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Purpose: Selenium nanoparticles (SeNPs) have recently gained much attention in nanome-
dicine applications owing to their unique biological properties. Biosynthesis of SeNPs using
nutraceuticals as lycopene (LYC) maximizes their stability and bioactivities. In this context,
this study aimed to elucidate the renoprotective activity of SeNPs coated with LYC (LYC-
SeNPs) in the acute kidney injury (AKI) model.

Methods: Rats were divided into six groups: control, AKI (glycerol-treated), AKI+sodium
selenite (Na,SeOs; 0.5 mg/kg), AKI+LYC (10 mg/kg), AKI+LYC-SeNPs (0.5 mg/kg) and
treated for 14 days.

Results: Glycerol treatment evoked significant increases in rhabdomyolysis-related mar-
kers (creatine kinase and LDH). Furthermore, relative kidney weight, Kim-1, neutrophil
gelatinase-associated lipocalin (NGAL), serum urea, and creatinine in the AKI group
were elevated. Glycerol-injected rats displayed declines in reduced glutathione level, and
superoxide dismutase, catalase, glutathione peroxidase, and glutathione reductase activ-
ities, paralleled with downregulations in Nfe2/2 and Hmox-1 expressions and high renal
MDA and NO contents. Glycerol-induced renal inflammation was evident by rises in
TNF-a, IL-1B, IL-6, and upregulated Nos2 expression. Also, apoptotic (elevated caspase-
3, Bax, and cytochrome-c with lowered Bcl-2) and necroptotic (elevated Pipk3 expres-
sion) changes were reported in damaged renal tissue. Co-treatment with Na,SeO3, LYC,
or LYC-SeNPs restored the biochemical, molecular, and histological alterations in AKI.
In comparison with Na,SeO; or LYC treatment, LYC-SeNPs had the best nephroprotec-
tive profile.

Conclusion: Our findings authentically revealed that LYC-SeNPs co-administration could
be a prospective candidate against AKI-mediated renal damage via antioxidant, anti-
inflammatory, anti-apoptotic and anti-necroptotic activities.

Keywords: acute kidney injury, apoptosis, inflammation, lycopene, selenium nanoparticles,
oxidative stress, necroptosis

Introduction

Acute kidney injury (AKI) is a severe clinical condition of abrupt kidney dysfunc-
tion associated with structural damage and failure to maintain the acid-base balance
or eliminate waste products." Many aetiological factors are involved in the patho-
physiology of AKI, including renal ischemia, nephrotoxic drugs, endogenous tox-
ins, or infections.” It was reported that the loss of renal function had been reversed
in most survived patients. However, the deaths are still high (over 50%).* To date,

International Journal of Nanomedicine 2021:16 4335-4349 4335
© 2021 Al-Brakati et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/
BY N

terms.php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creativecommons.org/licenses/by-nc/3.0/). By accessing
the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed.
For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-6688-0106
http://orcid.org/0000-0001-8762-4999
http://orcid.org/0000-0003-0067-2838
http://orcid.org/0000-0003-2830-3479
http://orcid.org/0000-0002-1520-1601
http://orcid.org/0000-0002-2654-2591
mailto:aest1977@hotmail.com
http://www.dovepress.com/permissions.php
https://www.dovepress.com

Al-Brakati et al

Dove

there are no efficient therapies to prevent or accelerate the
recovery from AKI. Hence, the search for an effective AKI
therapy has gained much attention.’

Intramuscular glycerol injection evokes AKI through
induction of rhabdomyolysis (RM).> This experimental
model is commonly used for understanding the mechan-
isms of renal injury. The extensive breakdown of skeletal
muscles generates a high amount of myoglobin, surpassing
plasma protein-binding capacity, resulting in glomerular
filtration and tubular reabsorption of myoglobin.
Myoglobin precipitation in the renal tubules aggravates
tubular necrosis and obstruction with subsequent renal
failure from RM-
induced myoglobinuria represents about 10-40% of the
total AKI cases.®

Although the precise mechanisms implicated in RM-

dysfunction.*” Consequent renal

related AKI are unclear, recent studies have demonstrated
that the pathogenesis of AKI encompasses the generation
of harmful free radicals and the release of inflammatory

mediators.'

Furthermore, tubular cell apoptosis is the
dominant form of cellular death in the AKI model and is
involved in renal injury. In addition to apoptosis, necrop-
tosis is a highly regulated necrosis that depends on phos-
phorylation of receptor-interacting protein kinase 3
(RIPK3) and strongly contributes to the pathogenesis of
AKIL” Former in vitro and in vivo investigations found
that necroptosis inhibitors as necrostatin-1 or knockdown
of RIP3 provoked noteworthy renoprotection in different
AKI models.'*"?

Abundance of experimental evidence was reported that
AKl-associated tissue damage can be ameliorated or
avoided by natural antioxidants supplementation via sup-
pression of lipid peroxidation and scavenging of excess
free radicals.'*"?

Lycopene (LYC) is a naturally occurring carotenoid,
richly found in tomato and tomato products with potent
antioxidant efficacy exceeding other antioxidants such as
B-carotene and o-tocopherol.'* Tts remarkable antioxidant
capacity is attributed to numerous double bonds allocated
in its chemical structure."> LYC has a strong ability to
quench singlet-oxygen and break peroxyl radicals.'®
Earlier studies have illustrated the antioxidant effect of
LYC against renal insult induced by cisplatin,'’

9

gen‘tamicin,18 methotrexate,’> colistin,'® and mercuric

chloride'® toxicities. Also, LYC was shown to markedly
relieve the renal inflammation and apoptotic changes in

response to diabetic nephropathy and obesity.?"'

Selenium, an essential element, is a structural compo-
nent of antioxidant enzymes as glutathione peroxidases
and thioredoxin reductase.”” The use of traditional sele-
nium compounds is limited because its safe dose level is
narrow, which restricts its application. Therefore, selenium
nanoparticles (SeNPs) area more efficient and safe sele-
nium form with high bioavailability and low toxicity.?
Preparation of SeNPs is usually done by chemical reduc-
tion, using a reducing agent and stabilizer. The use of
stabilizers may hamper the biological utilization of
SeNPs in addition to their chemical toxicity.”> Instead
of the chemical method, great attention has been drawn
recently to the eco-friendly or green synthesis of SeNPS
using biomolecules (plant proteins and polysaccharides) as
a capping agent during processing.** ¢ The eco-friendly
approach for SeNPs synthesis is better than other physical
and chemical methods due to its low cost, minimum
hazard, and high potency.’® Recent studies stated that
treatment with green synthesized SeNPs had noticeable
antioxidant and anti-apoptotic activities.***’

Based on our knowledge, no research exists on the
palliative effect of green synthesized SeNPs on the acute
renal injury. Hence, this study was performed to elucidate
the potential renoprotective properties of LYC-capped
SeNPs on renal damage relative to the sole treatment
with either sodium selenite or LYC via assessment of
oxidative stress, inflammation, apoptotic, and necroptotic
signaling pathways.

Materials and Methods

Chemicals and Reagents

Sodium selenite and glycerol were purchased from
MO, USA.
Lycopene was purchased from Puritan’s Pride
(Ronkonkoma, NY, USA). All other used chemicals
were of high analytical grade.

Sigma Chemical Company, St. Louis,

Synthesis of Lycopene Coated-Selenium
Nanoparticles (LYC-SeNPs)

Ten milliliters of 10 mM sodium selenite (Na,SeO;) was
mixed with 3.5mg/mL LYC (10 mL) under magnetic
stirring for 24 h. The obtained solution of LYC-SeNPs
was lyophilized by vacuum freeze dryer (Labconco
Freezone 4.5 Liter Freeze Dry System, Marshall
Scientific, Hampton NH, USA), and the obtained solid
powder was utilized in the present study.
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Characterization of the Prepared
Nanoparticles (LYC-SeNPs)

The average diameter, size distribution, and surface
charges of the LYC-SeNPs were measured by the
Zetasizer Nano ZS particle analyzer (Zetasizer Nano
7590, Malvern Panalytical, UK). The absorbance of the
LYC-SeNPs was measured at
between 200 and 800 nm with 1 nm wavelength intervals
using UV-visible spectrophotometer (V-730 UV-visible
spectrophotometer, JASCO, Japan). The crystalline size

wavelengths ranging

was characterized by X-ray diffraction (XRD; Malvern
Panalytical, UK). Furthermore, transmission electron
micrographs were recorded using a high-resolution trans-
mission electron microscope (TEM; JEOL Ltd., Japan)
equipped with an electron diffraction pattern. The
of LYC-SeNPs
using Fourier Transform InfraRed spectroscopy (FTIR;
PerkinElmer, USA).

molecular structure was analyzed

Stability of Nanoparticles in Decreased or

Increased pH

The stability of nanoparticles in decreased or increased pH
was studied by decreasing or increasing the pH gradually
with 0.01 M HCI or 0.01 M NaOH, respectively, and the
appearance of LYC-SeNPs was observed. The starting pH
was approximately 7.0 and the pH was decreased to 1.0 or
increased to 9.0 or until complete dissolution or aggregation
of nanoparticles. The pH was measured with the pH meter.

Animals and Ethics Statement
Wistar male albino rats at three months old (150-180 g)
were used for this study. They were housed in the animal
facility of the Zoology Department, Science of Faculty,
Helwan University (Cairo, Egypt) under controlled envir-
onmental conditions (24 + 2°C temperature, 50—60% rela-
tive humidity, and a regular light-dark cycle). Rats were
fed on standard rodent-chew diets (Harlan Laboratories
Inc., Harlan, Indianapolis, IN; Teklad Diets T.2918) with
free access to water. Animal handling and all experimental
procedures were performed following the guidelines of the
Zoology Department, Faculty of Science, Helwan
University (Approval number: HU2019/Z/AER0319-04).
AKI was induced in tested rats via intramuscular (IM)
injection of 50% glycerol (10 mL/kg) diluted in saline
(0.9% NaCl) into the hind limbs with water restriction 24
hours before the injection.”®

Experimental Protocol
Rats were allocated into 4 equal groups (7 rats per each) as
follows:

Group 1 (CON): rats served as control and received
intramuscular injection with physiological saline (0.9%
NaCl).

Group 2 (AKI): rats received vehicle for 14 days.

Group 3 (Na,SeO;+AKI): rats were orally adminis-
tered with Na,SeO03(0.5 mg/kg) for 14 days before being
subjected to AKI.

Group 4 (LYC+AKI): rats were orally administered
with LYC (10 mg/kg) for 14 days before being subjected
to AKI.

Group 5 (LYC-SeNPs+AKI): rats were orally adminis-
tered with LYC-SeNPs (0.5 mg/kg) for 14 days before
being subjected to AKI.

Twenty-four hours after the last treatment, all animals
received an overdose of pentobarbital (100 mg/kg i.p.) and
were euthanized by decapitation. Blood samples were
collected for biochemical tests. Kidneys were then imme-
diately removed and weighed. The right kidney was used
for performing the biochemical and molecular analyses,
while the left one was examined for histopathological
alterations.

Determination of Kidney Weight
The relative kidney weight was assessed based on the
following mathematical calculation:*’

Relative kidney weight = (Left kidney weight/Body
weight) x 100.

Preparation of Kidney Homogenate

A 10% (w/v) renal tissue was homogenized in 50 mM
Tris—HCI (pH 7.4). The homogenate was centrifuged at
4°C for 10 min at 3,000 x g. The obtained supernatant
was stored at —80°C for biochemical analysis. The renal
protein content was measured using bovine serum albu-

min as a reference protein according to Lowry’s
method.*°

Determination of Intensity of

Rhabdomyolysis

Lactate dehydrogenase (LDH) and creatine kinase (CK)
were evaluated using kits supplied by Randox/Laboratory,
Crumlin, United Kingdom, following the manufacturer’s
directions.
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Assessment of Renal Function

Biomarkers

Levels of urea, creatinine were measured in serum samples
by kits (Randox/Laboratory, Crumlin, United Kingdom)
based on the manufacturer’s information.

Measurement of Kidney Injury
Molecule-1 (Kim-1) and Neutrophil

Gelatinase-Associated Lipocalin (NGAL)
The plasma levels of Kim-1 (R&D Systems, Catalogue
Number: AF3689) and NGAL (MyBioSource, Catalogue
Number: MBS260195) were analyzed by ELISA kits fol-
lowing the manufacturer’s protocol.

Evaluation of Renal Non-Enzymatic

Oxidative Stress Markers

Peroxidation of lipids was estimated by measured malon-
dialdehyde (MDA).*! Further, nitric oxide (NO) content in
renal samples was measured by Griess reagent.’
Additionally, reduced glutathione (GSH) in renal tissue
was evaluated.>

Assessment of Kidney Antioxidant

Enzymatic Activities

Superoxide dismutase (SOD) and catalase (CAT) enzy-
matic activities were measured according to Nishikimi
et al** and Aebi,*® respectively. Moreover, glutathione
peroxidase (GPx) and glutathione reductase (GR) enzy-
matic activities were assessed according to Paglia and
Valentine®® and De Vega et al’” respectively.

Measurement of Inflammatory

Biomarkers

Renal inflammatory reaction was assayed by quantification
of tumor necrosis factor-a (TNF-a; Catalogue Number:
EZRTNFA), interleukin-1p (IL-1B; Catalogue Number:

Table | Primer Sequences of Genes Analyzed in Real Time-PCR

RABO0278), and IL-6 (Catalogue Number: EZRIL6) using
kits supplied by Merck Millipore (Toronto, Ontario,
Canada) and Sigma-Aldrich (St. Louis, MO, USA),
respectively, following the manufacturers’ instructions.
The levels of measured cytokines were normalized by

total protein level.

Assessment of the Renal Apoptotic

Markers

Pro-apoptotic proteins (Cyt ¢, Bax and caspase-3), as well
as the anti-apoptotic protein (Bcl-2), were measured by
ELISA kit (Cusabio, Wuhan, China) following the manu-
facturer’s procedures. The catalogue Number for Cyt c:
CSB-EL006328RA, Bax: CSB-EL002573RA, caspase-3:
CSB-E08857r and Bcl-2: CSB-E08854r.

Quantitative Real-Time PCR

Extraction of total RNA was done from renal tissue by
TRIzol reagent, followed by cDNA synthesis using
RevertAid™ H Minus Reverse Transcriptase (Fermentas,
Thermo Fisher Scientific Inc., Canada) as mentioned in
manufacturer’s protocol. qrt-PCR was employed using the
QuantiFast SYBR Green RT-PCR kit (Qiagen, Hilden,
Germany). All reactions were conducted in duplicate
using the ViiA™ 7 System (Thermo Fisher Scientific,
CA, USA). The PCR cycling conditions included initial
denaturation at 95°C for 12 min, followed by 40 cycles of
denaturation at 94°C for 60s and annealing at 58°C for
60s, extension at 72 °C for 90s, then held for a final
extension at 72°C for 10 min. The relative gene expression
was determined between the different groups using the
A5Ct method.*® Glyceraldehyde-3-phosphate dehydrogen-
ase (Gapdh) was used as a housekeeping gene. The primer
sequences (Jena Bioscience [Jena, Germany]) for estima-
tion of Nef2, Hmox-1, Nos2, and Ripk3 gene expressions

are listed in Table 1.%°

Name Accession Number Sense (5'—3') Antisense (5'—3")

Gapdh NM_017008.4 AGTGCCAGCCTCGTCTCATA TCCCGTTGATGACCAGCTTC
Nfe212 NM_031789.2 CAGCATGATGGACTTGGAATTG GCAAGCGACTCATGGTCATC
Hmox | NM_012580.2 TTAAGCTGGTGATGGCCTCC GTGGGGCATAGACTGGGTTC
Ripk3 NM_139342.1 GAGACCCAAGCTGAGCCTAA ACGTCTACAACGTCTACGGC
Nos2 NM_012611.3 GGTGAGGGGACTGGACTTTTAG TTGTTGGGCTGGGAATAGCA

Abbreviations: Gapdh, Glyceraldehyde 3-phosphate dehydrogenase; Nfe2/2, Nuclear factor-erythroid 2-related factor 2; Hmox/, Heme oxygenase |; Ripk3, Receptor

Interacting Serine/Threonine Kinase 3; Nos2, Nitric oxide synthase 2.
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Light Microscopy and Histopathological

Screening

The left kidneys from all studied groups were fixed in 10%
neutral buffered formalin for 24 h. Tissue samples were
dehydrated, embedded in paraffin, and finally sectioned at
8 um thick sections. Renal specimens were stained with
hematoxylin and eosin (H&E) and examined under
a Nikon Eclipse E200-LED (Tokyo, Japan) microscope at
400x magnification.

Statistical Analysis

Obtained data were analyzed by one-way analysis of var-
iance (ANOVA) and Duncan’s post-hoc multiple tests to
assess the differences between the groups. The results
were displayed as mean =+ standard error of the mean
(SEM). The level of statistical significance was set at
P-values lower than 0.05 (P< 0.05).

Results

Physical and Chemical Characterization of
the Prepared LYC-SeNPs

When adding LYC to Na,SeOs3, the color changed from
colorless to red color (Figure 1A). SeNPs were charac-

129.3 nm
(Figure 1B) and a mean zeta potential of —25.3 mV

terized with an average diameter of

(Figure 1C). The UV-visible spectroscopic analysis of

the LYC-SeNPs revealed that the maximum absorption
(Amax) Was recorded at 353nm after one day of prepara-
tion (data not shown). Furthermore, the XRD pattern
result showed a broader pattern without any definite
Braggs peaks. The obtained results indicate that LYC-
SeNPs are not crystalline; rather they are more amor-
phous (Figure 1D). The prepared LY C-SeNPs-calculated
crystalline size is <102 nm using Scherrer’s equation.
This amorphous character in agreement with the earlier
studies carried out with Withania somnifera® and
Bacillus sp.*° Moreover, TEM is employed to analyze
the shape of the LYC-SeNPs biosynthesized LYC. TEM
image of LYC-SeNPs revealed spherical particles within
the diameter <130 nm. These particles are well distrib-
uted with no aggregation (Figure 1E). The FT-IR analy-
sis result of synthesized LYC-SeNPs is depicted in
Figure 1F. A broad peak observed at 3306.17 cm '
corresponds to O-H stretch alcohols and phenols. The
absorption peak at 2129.66 cm ' corresponds to C—H
stretch alkynes. The band at 1635.65 cm ™' is due to C—
O asymmetric stretch carbon compounds. The absorp-
tion peak at 1039.05 cm 'is attributed to the C-N
stretching of the amines. C—X stretching in alkyl halides
causes a band at 602.98 cm '. These results reveal the
presence of various functional groups that may be
responsible for both reduction and stabilization of the
SeNPs.

D XRD
(Coupled TwoTheta/Theta)
B Size distribution m\

P E TEM

! S .
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Figure | Characterization of lycopene-coated selenium nanoparticles (LYC-SeNPs). (A) Color of LYC-SeNPs at 24 h. (B) Hydrodynamic diameter of LYC-SeNPs by
Zetasizer. (C) Surface charge of LYC-SeNPs by Zeta potential. (D) XRD spectra of LYC-SeNPs. (E) Morphological shape of LYC-SeNPs as observed by TEM. (F) FT-IR

spectra of LYC-SeNPs.
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The LYC-SeNPs
decreased pH till 1.0. However, the nanoparticles aggre-

nanoparticles were stable in
gated and/or precipitated as pH was increased 11.3, but
when the pH was decreased again, the LYC-SeNPs were

resolved and the color changed from colorless to red color.

LYC-Capped SeNPs Improved

RM-Related Biomarkers in the AKI Model
The sequences of LYC, Na,SeOs, and LYC-SeNPs supple-
mentation on creatine kinase and LDH in glycerol-injected
rats are shown in Figure 2. Marked increases (P< 0.05) in
RM indicators were observed in the AKI group related to
the control group. In contrast, when glycerol-injected rats
were co-administrated with LYC or Na,SeO;, substantial
declines (P< 0.05) in RM parameters were detected com-
pared to the AKI group. Interestingly, the co-treatment
with LYC-SeNPs resulted in marked declines (P> 0.05)
in LDH level compared to AKI and LYC administered
group but not different from Na,SeO; group. Creatine
kinase level displayed a pronounced decrease (P<0.05) in
the LYC-SeNPs group relative to the AKI and the treated
groups with LYC and Na,SeO; These results suggested
that administration of LYC-SeNPs exerted better protec-
tion on muscle fiber damage than the effect of either LYC
or selenium alone.

Effect of LYC-Loaded SeNPs
Administration on Kidney Weight and

Function Markers

The mitigating effect of LYC-SeNPs on renal damage in
glycerol-injected rats is illustrated in Figure 3. Significant
increments (P< 0.05) were detected in both kidney weight
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and relative kidney weight in the glycerol group relative to
the control one, while their levels showed notable
decreases (P< 0.05) in the treated groups compared to
the AKI group. No significant changes (P> 0.05) were
noticed upon comparing the treated groups with LYC,
Na2SeO3, or LYC-SeNPs in terms of kidney weight or
relative kidney weight. Regarding the serum kidney func-
tion markers (urea and creatinine), markedly elevated
levels (P< 0.05) were recorded in the AKI group with
respect to the control group (Figure 3). However, their
levels exhibited marked decreases (P< 0.05) in groups
that received Na,SeO;, LYC, or LYC-SeNPs compared
to the AKI group. It is noteworthy that LYC-SeNPs co-
administration evoked significant declines (P< 0.05) in
creatinine levels compared with the sole LYC or Na,
SeO; treatment.

Levels of NGAL and Kim-1 showed significant eleva-
tions (P< 0.05) following glycerol injection (Figure 3).
Meanwhile, co-treatment with Na,SeO;, LYC, or LYC-
SeNPs significantly reduced the concentrations of NGAL
and Kim-1 compared to the untreated AKI group.
Furthermore, the group co-treated with LYC-SeNPs had
the lowest levels (P< 0.05) of both NGAL and Kim-1
compared to the treated groups.

Augmentation of Renal Antioxidant
Response After LYC-SeNPs

Supplementation

The impact of different treatments on the renal tissue’s
redox status is represented in Figures 4 and 5. Marked
oxidant/antioxidant imbalance was observed in the AKI
group, evidenced by significant elevations (P< 0.05) in
MDA and NO levels paralleled with marked depletion
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Figure 2 The effect of lycopene coated selenium nanoparticles (LYC-SeNPs) on the rhabdomyolysis related parameters in glycerol-induced AKI model in rats. Data are
expressed as mean * SEM, n = 7. The statistical difference between groups was estimated using Duncan’s post-hoc test at P < 0.05. Bars that do not share same letters

(superscripts) are significantly different from each other (p < 0.05).
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Figure 3 The effect of lycopene coated selenium nanoparticles (LYC-SeNPs) on kidney weight and renal function markers in glycerol-induced acute kidney injury. Data are

expressed as mean + SEM, n = 7. The statistical difference between groups was estimated using Duncan’s post-hoc test at P < 0.05. Bars that do not share same letters

(superscripts) are significantly different from each other (p < 0.05).

(P< 0.05) in GSH level with respect to the control
group. Moreover, prominent suppressions (P< 0.05) in
the antioxidant enzymatic activities of SOD, CAT, GPx,
and GR after glycerol injection were observed. In con-
trast, co-treatment of the AKI group with Na,SeO;,
LYC, or LYC-SeNPs improved the redox status in the
renal tissue via enhancement (P< 0.05) of the antioxi-
dant defense members and GSH content (P< 0.05)
accompanied by diminished (P< 0.05) MDA and NO

levels when compared with the AKI untreated group.
Co-administration with LYC-SeNPs resulted in signifi-
cant GSH level increases and GPx accompanied by
a decline in MDA level with respect to the other treated
LYC-SeNPs

reversed the oxidative stress in renal tissue as indicated

groups. Remarkably, supplementation
by the restoration of antioxidant enzymatic activities
(SOD, CAT, and GR) and GSH level near to their

corresponding values in the control group.
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Figure 4 The effect of lycopene coated selenium nanoparticles (LYC-SeNPs) on non-enzymatic antioxidant parameters [malondialdehyde (MDA), nitric oxide (NO), and
glutathione (GSH)] levels in glycerol-induced AKI in rats. Data are expressed as mean + SEM, n = 7. The statistical difference between groups was estimated using Duncan’s
post-hoc test at P < 0.05. Bars that do not share same letters (superscripts) are significantly different from each other (p < 0.05).
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Figure 5 The effect of lycopene coated selenium nanoparticles (LYC-SeNPs) on antioxidant enzymatic activities in glycerol-induced acute kidney injury. Data are expressed
as mean = SEM, n = 7. The statistical difference between the control and glycerol injected groups was estimated using Duncan’s post-hoc test at P < 0.05. Bars that do not

share same letters (superscripts) are significantly different from each other (p < 0.05).

Abbreviations: GPx, glutathione peroxidase, GR, glutathione reductase; SOD, superoxide dismutase, CAT, catalase.

On the molecular basis, marked downregulations (P<
0.05) were detected in mRNA expression of nuclear factor,
erythroid derived 2, like 2 (Nfe212), and heme oxygenase
1 (Hmox1) in the glycerol-induced AKI with respect to the
control groups. In contrast, Na,SeO; or LYC-treated rats
(P< 0.05) of these

had higher expression levels

antioxidant-related genes than rats with AKI. Lycopene
capped SeNPs administration upregulated their expres-
sions markedly (P< 0.05) with respect to the LYC or Na,
SeO; treated groups except for the non-significant differ-
ence in Hmox-1 expression level in Na,SeO; treated group
(Figure 6).
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Figure 6 The effect of lycopene coated selenium nanoparticles (LYC-SeNPs) on mRNA expression of Nfe2/2 and Hmox-1 in glycerol-induced AKI in rats. Data are
expressed as mean * SEM, n = 7. The obtained results were demonstrated as the mean * SEM of triplicate experiments and were referenced to Gapdh and represented as
a fold change (log2 scale), with respect to mRNA levels in the control group. The statistical difference between groups was estimated using Duncan’s post-hoc test at P <
0.05. Bars that do not share same letters (superscripts) are significantly different from each other (p < 0.05).

LYC-Coated SeNPs Alleviated
Glycerol-Induced Renal Inflammation in
the AKI Model

Compared to the renal tissue in the control group, signifi-
cant increases (P< 0.05) were observed in the IL-18, IL-6,
and TNF-a levels associated with upregulated Nos2
expression level (P< 0.05) in the kidney tissue of glycerol-
injected rats. Surprisingly, this inflammation situation in
renal tissue was attenuated (P< 0.05) by the Na,SeOs;,
LYC, or LYC-SeNPs administration, as shown by the
reversal in all parameters mentioned above. Selenium
nanoparticles loaded on LYC differed significantly (P<
0.05) from the LYC-treated group in terms of IL-1f and
TNF-a levels (Figure 7).

Amelioration of LYC-Conjugated SeNPs

on Apoptosis and Necroptosis in
Glycerol-Induced AKI

Glycerol-mediated AKI is associated with significant
induction of apoptotic and necroptotic pathways. As
shown in Figure 8, significant elevations (P< 0.05) in pro-
apoptotic proteins (caspase-3, Bax, and cyt-c) levels
accompanied by a marked decline (P< 0.05) in anti-
apoptotic protein (Bcl-2) were detected in kidneys with
glycerol-induced tissue damage. Further, marked upregu-
lation in mRNA expression of Ripk3, a necroptotic marker,
in glycerol injected rats compared to the control group. In
contrast, these parameters were markedly reduced (P<
0.05) when glycerol-injected rats were administered with
Na,SeO;, LYC, or LYC-SeNPs compared to the AKI
group. Notably, the application of LYC capped SeNPs
treatment in the AKI group and reversed significantly

(P< 0.05) the apoptotic damage in caspase-3, cyt-c, and
Bcl-2 compared to rats administered with LYC or Na,
SeOj; alone. These data suggested that when LYC coated
SeNPs formulation was used, it provided better protection
against AKI-induced renal damage than either agent alone.

Effect of LYC-Loaded SeNPs
Administration on Renal
Histopathological Changes

Microscopic screening of stained renal sections from the
control group showed normal tissue architecture of the
renal cortex and medulla (Figure 9). In contrast, sections
from the glycerol-treated group revealed extensive tissue
damage demonstrated by tubular dilation, vacuolation,
necrosis, and debris accumulation in the tubular lumina.
However, renal sections from rats treated with Na,SeO5 or
LYC showed some improvement of the renal histological
changes. Interestingly, LYC-SeNPs supplementation con-
tributed to a notable improvement in the renal tissue
alteration.

Discussion

Selenium nanoparticles have attracted extensive interest in
the fields of nanomedicine owing to their unique biological
activities. In particular, biogenic SeNPs synthesized by
green nanotechnology represent promising and safe sele-
nium supplements with low toxicity, high bioavailability,
low cost, and eco-friendly processing.*' In this regard, our
study herein illustrated the potential of SeNPs synthesized
using LYC as a therapeutic approach to alleviate AKI-
related tissue damage in terms of oxidative stress, inflam-
mation, apoptosis, and necroptosis.
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Figure 7 The effect of lycopene coated selenium nanoparticles (LYC-SeNPs) on the levels of inflammatory biomarkers (TNF-a, IL-1f and IL-6) and Nos2 mRNA expression
in glycerol-induced AKI in rats. For ELISA results, data are expressed as mean * SEM, n = 7. The statistical difference between the control and glycerol injected groups was
estimated using Duncan’s post-hoc test at P < 0.05. Bars that do not share same letters (superscripts) are significantly different from each other (p < 0.05). For qRT-PCR
findings, the obtained results were demonstrated as the mean + SEM of triplicate experiments and were referenced to Gapdh and represented as a fold change (log2 scale),

with respect to mRNA levels in the control group.

Glycerol injection is commonly used to induce AKI
model due to skeletal muscle degeneration and leakage of
its the which
a myoglobinuric state similar to clinical RM. Consistent

content into circulation, induces

with previous studies, our results revealed marked
increases in muscle damage markers (serum creatine
kinase and LDH) in the glycerol-injected group compared
to the control group.'**> The released products have been
reported to undergo glomerular filtration causing intratub-
ular obstruction, renal vasoconstriction, inflammatory
response, and production of reactive oxygen species lead-
ing to AKI.>* Renal impairment was evident in the AKI
group as witnessed by prominent elevations in serum urea
and creatinine levels associated with elevated relative kid-
ney weight as previously reported.>’ In support, renal
tissue histopathological alterations revealed tubular ische-
mia, vacuolation, and subsequent tubular necrosis and
glomerular injury. Additionally, KIM-1, as a specific mar-
ker of renal injury located in damaged renal epithelial cells
in the proximal tubule, displayed a marked increase in the

AKI group, which is consistent with former studies.”**
NGAL, stress protein, belongs to the lipocalin superfamily
and is considered an early diagnostic marker for AKI.** In
agreement with Sharawy et al*> a significant increment
was found in its level in the glycerol-treated group that
ensures renal damage.

Notably, LYC or Na,SeOstreatment demonstrated
marked alleviation in biomarkers related to RM and renal
damage and renal pathological alterations supporting their
capacities to improve kidney function and safeguard gly-
cerol-induced damage. Earlier investigations indicated
LYC treatment’s renoprotective effect against nephrotoxic
agents.'®'® Additionally, Tsitsimpikou et al** found that
LYC efficiently restored the levels of LDH and creatine
kinase levels to almost normal levels in exercise-induced
myocardial damage. The carotenoid LYC’s renoprotection
may be attributed to distinguished antioxidant and free
radical scavenging capacity and its cytoprotective efficacy
against proteins, lipids, and DNA oxidation." Similarly,
sodium selenite co-treatment improved the renal functions

https:
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Figure 8 The effect of lycopene coated selenium nanoparticles (LYC-SeNPs) on the levels of apoptotic and necroptotic related markers in glycerol-induced AKI in rats. For
ELISA results, data are expressed as mean + SEM, n = 7. The statistical difference between groups was estimated using Duncan’s post-hoc test at P < 0.05. Bars that do not
share same letters (superscripts) are significantly different from each other (p < 0.05). For qRT-PCR findings, the obtained results were demonstrated as the mean * SEM of
triplicate experiments and were referenced to Gapdh and represented as a fold change (log2 scale), with respect to mRNA levels in the control group.

Figure 9 Histopathological alterations in the renal tissue following glycerol injection and different treatments. (A) Control, (B) AKI, (C) Na,;SeO;+AKI, (D) LYC+AKI, and

(E) LYC-SeNPs+AKI. Hematoxylin and eosin (H&E), scale bar= 50 um.

and relieved the histological alterations induced by gly-
cerol. These findings are attributed to its potent antioxidant
capacity and are consistent with previous results.**>4
Interestingly, green synthesized SeNPs using LYC pro-

vided more significant renoprotection than using sodium

selenite or LYC alone. Krishnan et al** reported that
SeNPs loaded with Spermacoce hispida exhibited many
nephroprotective and hepatoprotective effects against acet-
aminophen toxicity compared to the sole treatment with
SeNPs in rats. Similarly, Ramamurthy et al*® stated that
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green synthesized SeNPs using fenugreek seed extract
notably inhibited the cell growth in human breast cancer
cells in dose-dependent manner. Further, LY C-rich nanoe-
mulsions recorded the best protection of cardiomyoblast
against doxorubicin toxicity via its excellent cytoprotec-
tive properties.*’

Multiple mechanisms are contributing to the pathogen-
esis of glycerol-induced AKI. The muscle damage induced
by glycerol results in the release of products such as
myoglobin and heme derivates into the bloodstream.
These products have a catalytic iron metal center, which
initiates free radicals production with consequent lipid
peroxidation and oxidative stress in the proximal renal
tubules."*? In the present study, renal tissue of the AKI
model exhibited marked elevations in MDA and NO levels
paralleled with a decline in GSH and suppression of SOD,
CAT, GPx, and GR enzymatic activities. These findings
agree with former authors.*** Supporting previous reports,
the current study revealed notable downregulations in
mRNA expressions of both Nrf2 and HO-1 in renal tissue
of the AKI group.**® Nrf2/HO-1 signaling pathway is
reported to contribute to the oxidative injury in rhabdo-
myolysis-induced AKIL.**® Nrf2 is a master transcriptional
factor regulating a battery of genes encoding antioxidant
proteins, like HO-1.* HO-1 can convert heme to biliver-
din and produce carbon monoxide with a cytoprotective
role.!*” Because of its importance in the catabolic process
of heme protein, it is suggested that HO-1 is included in
the catabolism of myoglobin in damaged renal tissues.*®

LYC is considered the most effective antioxidant car-
otenoid, owing to single oxygen radical and other reactive
species’ scavenging ability. During the quenching of' O,,
the LYC converts to a high energy-rich molecule, capable
of trapping other ROS, like OH, NO, or peroxynitrite.
However, further trapping to other radicals leads to the
oxidative breakdown of LYC.'®' In our study, LYC
recovered the oxidant/antioxidant imbalance in glycerol-
induced renal injury markedly. These results are consistent
with former reports.'®!7 Furthermore, the molecular
analysis confirmed the antioxidant potential of LYC by
notable stimulation for the Nrf2/HO-1 signaling pathway,
which is concomitant with Dai et al."”

Owing to its vital incorporation into selenium-
dependent enzymes as GPx and thioredoxin reductases,
selenium can adequately handle the free radicals and main-
tain the redox balance inside the cells.”*® Our findings
revealed marked improvement in the cellular antioxidant
capacity in renal tissue of sodium selenite-treated group,

which is in agreement with earlier authors.*® Using LYC
for the synthesis of SeNPs in our study provided distin-
guished antioxidant activities compared to the co-
treatment with LYC or sodium selenite. Zhang et al®’
stated that the SeNPs capped with Lycium barbarum poly-
saccharides had powerful antioxidant ability, and they
have a protective effect against H>O,-induced cell death
in the PC-12 cell line. It is assumed that the beneficial
effect of LYC-SeNPs is endorsed for the synergistic effects
that can be generated between plant polysaccharides and
SeNPs in addition to the increased bioavailability and
bioactivity.*’

Activation of pro-inflammatory pathways and renal
inflammation is a typical pathophysiological feature of rhab-
domyolysis-induced AKI, which may exacerbate tubular
epithelium damage and fibrosis.>®’ In our study, significant
increments were detected in the levels of IL-1p, TNF-a and
IL-6, as well as the fold change of Nos2 in the glycerol-
injected group. Such a strong inflammatory response in the
AKI model may be attributed to excess ROS production and
activation of nuclear factor kappa-B (NF-xB), which controls
the expression of iNOS and pro-inflammatory cytokines.
Additionally, iNOS triggers the generation of reactive nitro-
gen species that also interact with superoxide anions to
produce peroxynitrite radical and enhance the production of
pro-inflammatory cytokines.**

Marked lessening of the renal inflammation was observed
in LYC or sodium selenite co-treated rats as indicated by
lowered IL-1B, IL-6, and TNF-o and downregulated iNOS
expression, consistent with the findings of earlier studies.?**'
The anti-inflammatory action of LYC refers to the inhibition
of nuclear factor kappa B and the production of pro-
inflammatory mediators. Likewise, earlier reports stated
that elenium exerts its anti-inflammatory activity via
suppressingNF-kB,> iNOS, and COX-2.** Nanoformulation
of selenium based on LYC achieved a marked reduction in
TNF-a level than the individual LYC or selenium did, indi-
cating the optimized bioavailability of SeNPs. Quagliariello
et al*’ stated that lycopene-rich nanoemulsion potentially
lessened the inflammatory cytokines and NO in cardiomyo-
cytes exposed to doxorubicin. Also, SeNPs coated with Ulva
lactuca polysaccharide markedly diminished the inflamma-
tion in acute colitis.”’

In addition to the discussed pivotal role of oxidative stress
and inflammation in renal injury, apoptosis and necroptosis
of renal tubular epithelial cells are also crucial in glycerol-
induced AKI’s pathophysiology. In our study, noteworthy
increases were recorded in renal Bax, caspase-3, and Cyt-c
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levels associated with a marked decline in Bcl2 in the gly-
cerol-injected group indicating a pronounced shift towards
the direction of apoptosis. Myoglobin-induced oxidative
stress alters the mitochondrial permeability with the subse-
quent release of cytochrome-c and caspase activation.>>
These findings were in line with former studies.’””’
Necroptosis, a type of regulated necrosis, is a caspase-
independent death pathway involved in glycerol induced
AKI.*>* Also, renal injury induced by glycerol was accompa-
nied by a marked upregulation in Ripk3 expression. It was
formerly documented that TNF-a has a crucial role in trig-
gering the necroptotic signaling pathway via interaction with
TNF receptor 1 (TNFR1) and phosphorylation of RIPK3 by
RIPK1. Phosphorylated RIPK1 and RIPK3 activate mixed
lineage kinase domain-like pseudokinase (MLKL), which
also control necroptosis with RIPK.” This result came in
line with previous authors.>’->

Co-treatment with LYC evoked marked anti-apoptotic
and anti-necroptotic activities in the glycerol-injected
group, which is in agreement with previous studies.’>*
The significant cytoprotective effect of LYC in renal tissue
may refer to its antioxidant potential, activation of the
Nrf2 pathway paralleled with suppression of the NF-«xB,
and caspase/Bcl2 apoptotic pathways.'® It was reported
that administration of necrostatin-1, a RIPK1 inhibitor,
reduced creatinine plasma levels and tubular necrosis.>
Accordingly, the anti-necroptotic effect of LYC or sele-
nium is assumed to be related to their inhibitory action on
Ripk3. In support of former results,””*> LYC-SeNPs
exerted an anti-apoptotic effect compared to LYC or sele-
nium only due to suppression of caspases.

Conclusion

Taken together, biogenic SeNPs synthesized by LYC
exhibited considerable nephroprotective activity against
AKl-caused tissue damage in rat models. The possible
mechanisms of LYC-SeNPs effects may be attributed to
free radical scavenging ability with the enhancement of the
endogenous antioxidant system, attenuating the renal inflam-
mation, anti-apoptotic and anti-necroptotic activities. These
findings suggested that the synthesis of SeNPs by LYC is
a promising selenium supplement, which is a novel therapeu-
tic strategy in the amelioration of AKI-related tissue damage.
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