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Newly synthesized
chitosan-nanoparticles attenuate
carbendazim hepatorenal toxicity
in rats via activation of Nrf2/HO1
signalling pathway

Elshazly Mo?, Yasmin A. Ebedy?, Marwa A. Ibrahim?, Khaled Y. Farroh? &
Eman I. Hassanen®*

Widespread application of carbendazim (CBZ) is a major environmental impact because of its residues
that caused multi-organ dysfunction. Recently, Chitosan nanoparticles (CS-NPs) are extensively

used as nanocarriers due to their non-toxic and biodegradable nature. Therefore, the current study
aimed to investigate the possible mechanistic pathway of modified CS-NPs to reduce the hepatic and
nephrotoxicity of CBZ in rats. CS-NPs were synthesized by the ionic gelation method by using ascorbic
acid instead of acetic acid to increase its antioxidant efficiency. Twenty-adult male Wistar rats were
grouped (n=5) as follows: Group (1) negative control, group (2) received CS-NPs, group (3) received
CBZ, and group (4) co-administered CS-NPs with CBZ. Rats received the aforementioned materials
daily by oral gavage for 28 days and weighed weekly. The results revealed that CBZ receiving group
showed severe histopathological alterations in the liver and kidney sections including cellular necrosis
and interstitial inflammation confirmed by immunostaining and showed marked immunopositivity

of iNOS and caspase-3 protein. There were marked elevations in the serum levels of ALT, AST, urea,
and creatinine with a significant increase in MDA levels and decrease in TAC levels. Upregulation of
the Keap1l gene and down-regulation of Nrf2 and HO-1 genes were also observed. Co-treatment of
rats by CS-NPs with CBZ markedly improved all the above-mentioned toxicological parameters and
return liver and kidney tissues to normal histological architecture. We concluded that CBZ caused
hepatorenal toxicity via oxidative stress and the Nrf2/HO-1 pathway and CS-NPs could reduce CBZ
toxicity via their antioxidant, anti-apoptotic, and anti-inflammatory effects.

Carbendazim (CBZ, methyl N-(1H-benzimidazol-2-yl) carbamate) is a systemic fungicide that is commonly used
in agriculture to combat fungal infections'. CBZ is extensively used as a biocide for the protection of product
categories such as film, leather, rubber, fiber, polymerized materials, and building facades, according to European
Union (EU) regulation number 528/20122. CBZ is a huge global concern because it is frequently transferred via
rains to areas where it poses harm to the environment, animal health, and human health®. The residual concentra-
tion of CBZ in farmland is about 0.18-1.74 mg/kg soil, while those in some fruits and vegetables were 0.37 and
0.60 mg/kg*. Moreover, CBZ is considered as a persistent environmental contaminant because its benzimidazolic
ring which is difficult to break so, its degradation is slow®. Several countries have reported that CBZ is frequently
detected in soil and water for 3 days to 12 months®’. Humans are exposed to carbendazim by direct (inhalation
and cutaneous contact) or indirect (ingestion of polluted water, food, and occupational exposure) pathways®.
CBZ gets metabolized to 5-hydroxy-2-benzimidazole carbamate and 5,6-HOBC-N-oxides (5,6- HOBC-N-oxides)
that are poorly catabolized and retained in tissues such as gonads, liver, adrenals, adipose, skin and other organs.
The CBZ and its retained metabolites in tissues have been shown to cause infertility and destruction of testicles
in rats and mice”!?. It was discovered to induce a variety of negative health effects in animal models, including
hepatotoxicity, reproductive toxicity, and endocrine disruption''. Overproduction of reactive oxygen species
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(ROS), which interact with various cellular constituents such as DNA, proteins, and lipids, causes cell and DNA
damage, which is a primary factor in the toxicity generated by carbendazim'**3.

Nanotechnology is the study of extremely small structures with dimensions ranging from 0.1 to 100 nm'.
Nanoparticles (NPs) have significantly increased their use due to their reduced size and unique features'®. They’re
used in a variety of biological, biotechnological, and optical applications'®. Chitosan is a type of natural polysac-
charide polymer made from chitin'”. It is a non-toxic, biodegradable, and biocompatible agent that has been
studied extensively in a variety of biomedical studies, including vaccine delivery, preparation of hydrogels, films,
and natural fiber'®"®. Recently, chitosan nanoparticles (CS-NPs) are extensively used as nanocarriers for vari-
ous biological agents such as drugs, proteins, and genes®’. CS-NPs are also used in the agricultural field as plant
growth promoters and protectors and also used as encapsulated agents for several agrochemicals?'. It is reported
that the encapsulation of pesticides with non-toxic NPs as CS-NPs can control the release of pesticides™.

The adverse health effects of CBZ residues on non-target organisms have directed the science to search for
methods to minimize these effects. CS-NPs are known to have many benefits in medicine and agriculture due to
their antimicrobial and chelating properties in addition to their biocompatible nature, but their pathophysiology
in the body hasn’t been fully elucidated. The in-vivo antioxidant effects of CS-NPs and their mechanisms didn’t
report until now. Therefore, the current study aimed to investigate the ameliorative effect of CS-NPs against
CBZ-induced hepatorenal oxidative stress damage and discuss the role of Keap1/Nrf2/HO-1 signaling pathway.

Materials and methods

Chemicals. Carbendazim (purity: 97%, CAS number: 10605-21-7, MW: 191.19 kg/Mol), Chitosan (molecu-
lar weight 50,000-190,000 Da, degree of deacetylation 75-85%, viscosity 20-300 cP), ascorbic acid and other
chemicals used for nanoparticles preparation were purchased from Sigma-Aldrich Chemicals Co., St. Louis,
MO, USA.

Chitosan nanoparticles preparation and characterization. Chitosan nanoparticles were synthesized
by the ionic gelation method as described by Agarwal et al.* but, with some modification. Briefly, CS aqueous
solution (0.1% W/V) was prepared by dissolving 0.1 g chitosan in ascorbic acid solution (0.4% W/V) with stir-
ring for 1 h. Afterward, 0.033 g TPP was dissolved in 10 ml deionized water and added dropwise to the chitosan
solution with continuous stirring. The resulting chitosan particle suspension was centrifuged at 12000 g for
30 min, and the pellet was resuspended in deionized water. The chitosan nanoparticles suspension was then
freeze-dried before further use or analysis.

The elemental and physicochemical structures of the prepared CS-NPs were characterized using FTIR
(Thermo Fisher Scientific Inc., Pittsburgh, PA, USA) and XRD (X’Pert Pro, Analytical, Netherlands). The wave-
length was measured using UV-spectrophotometer (Cary 5000, Varian, Australia). The average size and zeta
potential were determined by photon correlation spectroscopy and laser doppler anemometry, respectively,
in triplicate using Nano-Zetasizer 3,000 HS (Malvern Instruments, Malvern, UK). The morphological shape
of CS-NPs was determined by using transmission electron microscopy (TEM, Tecnai G20, FEI, Netherlands).
Additionally, periodical DLS analysis were done to ensure the stability of NPs in the solution to avoid the par-
ticles aggregation.

Animals and experimental design. All the procedures of the experimental study were designed in
accordance with the ARRIVE guidelines (PLoS Bio 8(6), €1000412,2010) and approved by the institutional
animal care and use committee (IACUC) of Cairo University (protocol number: Vet CU12102021369), Cairo,
Egypt. Twenty mature male albino Wistar rats weighing 170-200 g were purchased from VACSERA, Helwan,
Egypt. All rats were caged in plastic cages (5 rats/cage) in a well-ventilated environment and acquired 12 h of
light every day. They had been consumed dry commercial standard pellets and had access to tap water ad libitum
through the trial time frame. Two weeks of acclimatization were done before the start point of the experiment
to ensure their health status.

Rats were randomly allocated into 4 groups (n=>5) using the block randomization strategy and received the
treatments every day by means of oral gavage for 28 days. Group (1) received normal saline and was kept as a
control negative. Group (2) received 5 mg/kg bwt CS-NPs. Group (3) received 300 mg/kg bwt CBZ correspond-
ing to 1/20 LD50 and equivalent to human dose of 42.8 mg/kg bwt**?>. Group (4) received CS-NPs+ CBZ at the
same doses mentioned previously. The dose of CS-NPs was selected in accordance with the previous study?.
CS-NPs were freshly prepared once a week to avoid particles aggregation. All rats were observed daily for any
signs of illness and weighted weekly throughout the experimental period.

Sampling. After 28 days postdosing, all rats were anesthetized with Ketamine and Xylazine then blood sam-
ples were collected from the tail vein and centrifuged at 3500 rpm for 15 min to obtain serum samples preserved
at -20°C for further use. Afterward, all rats were euthanized by cervical dislocation to collect liver and kidney
tissue specimens that were divided into two parts. The first part was fixed in 10% neutral buffered formalin to
carry out the histopathological and immunohistochemical assessment, while the second part was preserved at
-80°C till used for oxidative stress evaluations and molecular studies.

Liver and kidney biomarkers. Serum levels of alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), creatinine, and blood urea nitrogen (BUN) were estimated following the directions of the manu-
facturer’s kits (Bio-diagnostic Co., Egypt).
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Sense Antisense Amplicon | Accession no
Nrf-2 TGTAGATGACCATGAGTCGC | TCCTGCCAAACTTGCTCCAT | 159 NM_031789.2
Ho-1 AGCGAAACAAGCAGAACCCA | ACCTCGTGGAGACGCTTTAC | 166 NM_012580.2
Keap-1 | ATGTGATGAACGGGGCAGTC | AAGAACTCCTCCTCCCCGAA | 190 NM_057152.2
ACTB CCGCGAGTACAACCTTCTTG | CAGTTGGTGACAATGCCGTG | 297 NM_031144.3

Table 1. The primer set for the measured genes. Nrf-2 nuclear factor-erythroid 2-related factor 2, Ho-1 heme
oxygenase-1, Keap-1 kelch like ECH associated protein 1, ACTB ACTB actin beta gene.

Oxidative stress evaluation. Malondialdehyde (MDA) level, reduced glutathione (GSH) content, cata-
lase activity, and total antioxidant capacity (TAC) were measured in hepatorenal tissue homogenates and serum
samples following the manufacturer kits instruction (Bio-diagnostic Co., Egypt).

Histopathological examination. Formalin-fixed liver and kidney tissue specimens were processed by
using an ascending grade of alcohol and xylene. Then, the specimens were embedded in paraffin wax, cut by the
ordinary microtome at 4.5 pum, stained with H&E, and then examined under light Olympus BX43 microscope
and the images were captured by Olympus DP27 camera linked to CellSens dimensions software (Product Ver-
sion, 1.13; Core Version, XV 3.12 (Build 13,479)) https://www.olympus-lifescience.com/en/software/cellsens/?.

The semiquantitative multiparametric classical scoring system was used to assess the degree of severity of the
pathological changes in liver and kidney sections in accordance with the protocol mentioned by Khalaf et al.?®.
The diffuse microscopic lesions were blindly evaluated and scored as slight, mild, moderate, and severe, on five-
pointed ordinal scale, as the accompanying (0 = normal histology, 1 <25%, 2=25:50%, 3 =50:75%, and 4>75%
tissue damage). While grading scheme for focal lesions were blindly assessed as follows: (0) no foci; (1) <3 foci;
(2) 3-6 foci; (3) 7-12 foci; (4) > 12 foci/ field at low power (100X)*.

Immunohistochemical staining. Localization of Caspase-3 and inducible nitric oxide synthase (iNOS)
were carried out on formalin-fixed paraffin-embedded liver and kidney sections. Briefly, the slides were incu-
bated with different primary antibodies (Abcam, Ltd.) at 1/200 dilutions, then incubated with Peroxidase Block
(Sakura BIO) and the reagent needed for the identification of the antigen-antibody complex (Power-Stain 1.0
Poly HRP DAP Kit; Sakura). The sections were treated with 3, 3'-diaminobenzidine chromogen substrate for
10 min and counterstained by Hematoxylin and inspected by light Olympus BX43 microscope and caught by
Olympus DP27 camera connected to CellSens dimensions software (Olympus).

Absolute quantitative scoring of the immunostaining reactions was done by using Image] software. The
average size of various immunostaining reactivity was determined as the percentage of specific positive area
concerning the total area per low power magnification (100X).

Quantitative RT-PCR for Nrf2, HO-1, and Keapl genes. The Total RNA was extracted from both the
liver and kidney tissues using EasyRNA™ Cell/Tissue RNA Mini Kit (Biovision #K1337) according to the manu-
facturer’s instructions. The isolated RNAs were used for the synthesis of first-strand cDNA using Super Script
Reverse Transcriptase (Thermoscientific) according to the manufacturer’s instructions. Quantitative real-time
PCR was performed using Power Track™ SYBR Green Master Mix Applied Biosystems™ on an ABI Prism Step
One Plus Real-Time PCR System (Applied Biosystems) according to the manufacturer’s instructions. The primer
sets of the tested genes were gathered in Table 1 and the target mRNA expression was normalized to ACTB.

Statistical analysis. The obtained data were expressed as means+error of mean (SEM) and analyzed by
using SPSS version 24.0 software (SPSS Inc., Chicago, IL, USA). One-way analysis of variance (ANOVA) fol-
lowed by Tukey Post Hoc-test Comparison of means was performed. A value of P<0.05 was considered statisti-
cally significant. Nonparametric values as microscopic lesion scoring values were represented as median values
and analyzed using Kruskal Wallis H-test followed by Mann-Whitney U-test.

Ethics approval and consent to participate. All Institutional and National Guidelines for the care and
use of animals were followed.

Results

Characterization of CS-NPs. The results of FTIR showed bands at 3425 and 3835/cm representing OH
groups. The band at 2921/cm represents the N-H and C-H bonds in CH2 and CH3 groups respectively, while
the C=0 bonds are located at positions 2344 and 1752/cm. The bands at 1615 and 1514/cm represent the C=C
bonds. The methyl group is located at 1382/cm position. The band at 1240/cm is due to the C-O group. The band
at 1146 /cm is for the antisymmetric stretching of C-O-C bridge. Peaks at 1080 and 1042/cm correspond to C-O
bonds. The bands below 1000 may be due to the CH-CH2 and CH=CH groups with its cis and transpositions
(Fig. 1a). XRD physicochemical characterization showed characteristic peaks of 26 around 10° to 35° (Fig. 1b).
In addition, UV-spectrophotometer revealed particles with broad peak absorption (3.8%) at wavelength 256-
292 nm (Fig. 1c). Moreover, the dynamic light scattering (DLS) showed a particle size distribution curve (22.3%)
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Figure 1. Characterization of the prepared CS-NPs. (a) Elemental structure by FTIR. (b) Physicochemical
structure by XRD. (c) Peak absorption. (d) The particle size distribution curve. (e) Average zeta potential. (f)
Transmission electron microscope photograph.

at 35 nm and a zeta potential peak (100%) at 40.3 mV (Figs. 1d,e). TEM photograph showed spherical to amor-
phous shaped particles of CS-NPs (Fig. 1f).

Clinical signs and body weights. There were no clinical signs observed on rats in any groups throughout
the experimental period. The average body weights (ABW) were almost stable among all groups during the first
three weeks of the experiment. At 4th week, the ABW significantly decrease in CBZ receiving group compared
with the control group but, was quite similar in other groups (Table 2).

Biochemical parameters. A significant increase in the serum levels of ALT, AST, BUN and creatinine
were observed in CBZ receiving group compared with other groups. On the other hand, there was a significant
decrease in the aforementioned biomarkers in the group receiving CS-NPs + CBZ compared with CBZ group but
still high when compared with the control group (Table 3).
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Control CS-NPs CBZ CBZ +CS-NPs
Wi 196.33+£12.23% 193.66+8.17% 200+7.50* 200+5.22%
w2 215.66+9.38* 218.33+11.56° 216.8+8.01* 214.4+7.52°
w3 220.66+10.68* 214.66+9.70° 216.4+7.56 222.6+6.86"
W4 220.33+£9.70* 218.33+£9.52% 202.2+7.57° 222.4+8.53%

Table 2. The effect of carbendazim (CBZ) and/or chitosan nanoparticles (CS-NPs) on the average body
weights. All data are presented as mean + SEM (n =5 rats/ group). Values bearing different superscripts (a, b) at
the same row means significant at P<0.05.

Group/parameter Control CS-NPs CBZ CBZ+ CS-NPs
ALT (U/L) 23.67+1.11* 22.64+1.52* 64.55+3.24° 37.15+3.16°
AST (U/L) 52.64+3.14* 51.61+3.22* 61.51+3.51° 55.29+2.81%
Urea (mg/dl) 32.52+1.54* 31.33+1.30° 65.15+£2.37° 40.58 £2.24¢
Creatinine (mg/dl) 0.64+0.08* 0.61+0.09* 1.3240.07° 0.91+0.02¢

Table 3. The effect of carbendazim (CBZ) and/or chitosan nanoparticles (CS-NPs) on some liver and kidney
biomarkers. All data are presented as mean + SEM (n=5 rats/ group). Values bearing different superscripts (a,
b, ¢) at the same row means significant at P<0.05.

Group/parameter | Control CS-NPs CBZ CBZ+CS-NPs
Liver

MDA (nmol/g) 21.13£0.72* |20.98+3.05 |4561+1.27° | 25.82+2.90°
GSH (mg/g) 132+0.15° | 15.1+2.52%® 9.342.67° | 12.1+5.12°
Catalase (U/g) 65+0.56* | 75.6+5.18" 46.7+3.53¢ 59+2.23%
Kidney

MDA (nmol/g) 30.38+1.62% |27.57+5.41% |7439+2.81° |15.82+1.36°
GSH (mg/g) 4342.15* | 412+0.65 | 165+2.02° | 452+1.56*
Catalase (U/g) 35+1.72* | 365+0.16° | 1594519 29+1.81¢
Serum

TAC (nmol/L) 1.91+0.32° ‘ 2.92+0.15 ‘ 0.53+0.02° ‘ 1.14+1.08¢

Table 4. The effect of carbendazim (CBZ) and/or chitosan nanoparticles (CS-NPs) on some oxidative stress
markers. All data are presented as mean + SEM (n=5 rats/ group). Values bearing different superscripts (a, b, c)
at the same row means significant at P <0.05.

Oxidative stress evaluations. There was a significant increase in MDA levels in both liver and kidney
homogenates obtained from CBZ receiving group compared with other groups. On the other hand, the MDA
levels were significantly decreased in the group receiving CS-NPs+CBZ compared with CBZ receiving group.
Regarding TAC content, the lowest value was noticed in the group receiving CBZ while other TAC values were
quite close to each other. While the levels of GSH and catalase activity were markedly decreased in CBZ receiving
group compared with other groups (Table 4).

Histopathological examination. Liver tissue sections obtained from the control group and those receiv-
ing CS-NPs showed ordinal histological architecture (Fig. 2a). On the other side, liver sections obtained from
CBZ receiving group showed severe histopathological alterations. Severe diffuse hepatocellular vacuolar degen-
erations with sparse cell necrosis were observed in most sections (Fig. 2b). There were multifocal to convalescent
areas of hemorrhage within the hepatic parenchyma (Fig. 2c). Vascular congestion and sinusoidal exocytosis
(Fig. 2d) were the constant lesions noticed in all sections. Portal triad showed congestion, fibroplasia and mono-
nuclear inflammatory cells infiltration (Fig. 2e). Most sections showed thickening in the Glissonian capsule by
fibrosis and inflammatory cells infiltration (Fig. 2f). Co-administration of CS-NPs with CBZ markedly improved
the microscopic picture of liver tissue (Fig. 2g). Neither hepatocellular cytoplasmic vacuolization nor portal
inflammation was recorded. Mild to moderate vascular congestion and sinusoidal lymphocytosis were observed
(Fig. 2h).

Kidney tissue sections obtained from the control group and those receiving CS-NPs showed normal histo-
logical structure (Fig. 3a). On the other side, kidney tissue sections obtained from CBZ receiving group showed
severe histopathological alterations. The most prominent lesions observed were several degenerative changes
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Figure 2. Photomicrograph of liver tissue sections stained by H&E representing; (a) Control group showing
normal histological structure. (b—f) CBZ receiving group showing diffuse hepatocellular cytoplasmic
vacuolization (black arrows) and sparse cell necrosis (blue arrows), hemorrhage (black stars), focal necrotic area
with inflammatory cells infiltration (circle), sinusoidal congestion (red triangle), thickening of the Glissonian
capsule with extensive inflammatory cells infiltration (black triangles). (g—h) CS-NPs+ CBZ receiving group
showing; (g) Sinusoidal lymphocytic exocytosis (blue triangle). (h) Normal histological structure.

and necrosis of the tubular epithelium (Figs. 3b,c). Most of the glomeruli showed atrophy of the capillary tuft
and widening of the bowman’s space (Fig. 3d). There were vascular congestion, hemorrhage, and inflammatory
cells infiltration in the interstitial tissue (Fig. 3e). Co-administration of CS-NPs with CBZ markedly improved
the microscopic picture of kidney sections. Neither tubular degenerations nor interstitial inflammations were
recorded. Mild to moderate interstitial and glomerular congestion were recorded (Fig. 3f).

The results of the microscopic lesion scoring revealed a significant increase in all the examined histopatho-
logical parameters of both liver and kidney sections obtained from CBZ receiving group compared with other
groups. Otherwise, group co-administered CS-NPs with CBZ showed a significant reduction in all lesions scoring
of both liver and kidneys compared with CBZ receiving group and nearly similar to those of the control group
in some parameters (Table 5).
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Figure 3. Photomicrograph of kidney tissue sections stained by H&E representing; (a) Control group with
normal histological structure. (b—e) CBZ receiving group showing severe cytoplasmic vacuolization (black
arrows) and necrosis (blue arrows) of the tubular epithelium, intraluminal cellular cast (black stars), glomerular
degeneration (black circle), widening of the bowmen’s space with atrophy of the glomerular tuft (blue circle),
glomerular congestion (red circle), interstitial vascular congestion (red triangle), inflammatory cells infiltration
(black triangle), and fibroplasia (blue triangle). (f) CS-NPs + CBZ receiving group showing cellular swelling (red
arrow) and necrosis (blue arrow) in some tubular epithelium.

Hepatic microscopic lesion scoring

HCD 0° 0° 4° 2¢
HCN 0° 0° 4° 1c
Inflammation 0° 0° 4" 1¢
Portal fibrosis 0° 0° 3b 0
Perihepatitis 0? 0? 30 0?
Renal microscopic lesion scoring

RTD 0° 0° 4° 2c
RTN 0° 0° 4° e
Hemorrhage 0? 0? 20 0
Inflammation 0? 0? 4b 0°
Glomerular atrophy 0* 0° 4t 0?

Table 5. The hepatic and renal microscopic lesion scoring in different treatment groups. Values represented as
median (n="7 microscopic field in 5 sections representing 5 rats/group). Different letter at the same row means
significant difference at P<0.05. (0) normal histology, (1) mild changes <25% tissue damage, (2) moderate
changes 25-50% tissue damage, (3) severe changes 50-75% tissue damage, (4) extremely severe changes>75%
tissue damage. HCD hepatocellular degeneration, HCN hepatocellular necrosis, RTD renal tubular epithelial
degeneration, RTN renal tubular epithelial necrosis.

Scientific Reports | (2022) 12:9986 | https://doi.org/10.1038/s41598-022-13960-1 nature portfolio



www.nature.com/scientificreports/

Immune expression in liver tissue

Casp-3 (%) 0.5+£0.1* 0.3+£0.02* 13£3.5° 5+0.8°
iNOS (%) 0+0° 0+0° 21+4.6° 7+1.6°
Immune expression in kidney tissue

Casp-3 (%) 0.5+0* 0.5+0.2* 15£1.7° 3+0.8°
iNOS (%) 0.1+0° 0+0° 18+2.1° 6+2.4°

Table 6. Mean percentage area of different immune markers expression in liver and kidneys. Values
represented as Mean + SEM (n =7 microscopic field in 5 sections representing 5 rats/group). Values with
different letters at the same row means significant difference at P<0.05.

CS-NPs+CBZ

Figure 4. Photomicrograph of liver tissue sections representing the localization of casp-3 and iNOS protein
in different treated groups. (a, b) Control negative group showing normal slight to negative casp-3 and iNOS
protein expression. (¢, d) CBZ receiving group showing strong positive casp-3 and iNOS protein expression in
the tubular epithelium and interstitial inflammatory cells. (e, f) CS-NPs + CBZ receiving group showing weak
expressions of both casp-3 and iNOS proteins.

Immunohistochemical staining. Both liver and kidney sections obtained from the control group and
those receiving CS-NPs showed normal negative to slight positive expression of casp-3 and iNOS. On the other
hand, liver and kidney sections of CBZ receiving group showed strong immunopositivity of casp-3 and iNOS.
Co-administration of CS-NPs with CBZ had the ability to reduce all the above-mentioned immune markers
(Figs. 4 and 5). The results of the quantitative scoring reported in Table 6 showed the highest immunopositive
percentage area for casp-3 and iNOS in liver and kidney sections of CBZ group compared with other groups.
Otherwise, the positive percentage area of both immune markers was significantly decreased in the liver and
kidney sections of CS-NPs cotreatment group compared with CBZ group.
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‘Caspace-3 ' iNOS

Figure 5. Photomicrograph of kidney tissue sections representing the localization of casp-3 and iNOS protein
in different treated groups. (a, b) Control negative group showing normal slight to negative casp-3 and iNOS
protein expression. (¢, d) CBZ receiving group showing strong positive casp-3 and iNOS protein expression in
the tubular epithelium and interstitial inflammatory cells. (e, f) CS-NPs + CBZ receiving group showing weak
expressions of both casp-3 and iNOS proteins.

Quantitative RT-PCR for Nrf2, HO-1, and Keapl genes. The group receiving CBZ showed significant
downregulation of the transcript levels of Nrf2 and HO-1 genes with upregulation of Keapl gene in both liver
and kidneys compared with the control group. Co-administration of CS-NPs with CBZ abled to upregulate the
protective genes (Nrf2 and HO-1) and downregulate Keapl gene compared with CBZ receiving group (Fig. 6).

Discussion

Carbendazim is the most widely used systemic fungicide in agricultural and veterinary practices®. It is also
considered an environmental pollutant as it leaves residues in crops, food chains, soil, and water causing severe
dangerous effects in different body organs®. Recently, nanotechnology has been used in several agricultural pur-
poses as nano-agrochemicals, nano-fertilizers, or as encapsulating materials®’. Chitosan nanoparticles (CS-NPs)
is extensively used in agricultural field as growth promotor to increase the shelf life of some plants and crops®.
CS-NPs caught the attention of many researchers and found many uses due to its antioxidant, non-toxic and
biocompatible nature®*. Despite the many uses of CS-NPs, its antioxidant mechanism hasn’t been studied yet.
For this reason, the current study aimed to explore the mechanistic way of CS-NPs to minimize the hepatorenal
toxicity induced by CBZ in rats. In addition, new formula of CS-NPs was prepared by using ascorbic acid solution
instead of acetic acid to increase its antioxidant effect even if administered at very low dosage level.

The results of the present study showed a significant increase in MDA levels and a decrease in TAC, GSH,
and catalase activity in the group receiving CBZ suggesting oxidative stress damage on both liver and kidneys.
These findings together with the down-regulation of Nrf2 and Hol genes, and upregulation of Keapl gene
confirmed that the main mechanism of CBZ-induced hepatorenal toxicity is oxidative stress. Oxidative stress is
defined as the imbalance between oxidants and antioxidants that lead to the disruption of redox signals causing
molecular damage®. Malonaldehyde (MDA) is the end product of lipid peroxidation and its increase supports
the hypothesis of oxidative stress involvement®**”. While TAC measures the total antioxidant components and its
high level indicates a high response against free radicals®®. On the other side, catalase is an antioxidant enzyme
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Figure 6. Bar charts representing; (a) Nrf2 transcript level in liver, (b) Nrf2 transcript level in kidneys, (c)
HO-1 transcript level in liver, (d) HO-1 transcript level in kidneys, (e) Keap-1 transcript level in liver, (f) Keap-1
transcript level in kidneys. Values represented as Mean + SD. Values with different letters means significant
difference at P<0.05.

catalyzing the decomposition of H,0,%, whereas the reduced glutathione (GSH) is required for several cell
processes associated with abnormal changes in the maintenance and regulation of the thiol-redox status®. It
exerts a potent antioxidant role through direct interaction with reactive oxygen species (ROS) or by operating as
a cofactor for the peroxidase enzyme®'. CBZ can induce the excessive generation of reactive oxygen and nitrogen
species by altering the oxidants/antioxidants balance by promoting lipid peroxidation (LPO) and depleting both
enzymatic and non-enzymatic cellular antioxidants leading to a condition of oxidative stress and cell death*>*.
ROS overproduction initiates the processes of DNA and cell membrane damage via lipid peroxidation and
protein degradation**.

CBZ induced oxidative stress and can disturb various parts of cellular signaling and homeostasis through
mediating redox signaling and depletion of antioxidant reservoirs®. Exogenous stimuli such as inflammatory
cytokines increase intracellular ROS that contributes to the severity of pathological disorders*. One of the main
proteins that control the redox signaling in mitochondrial oxidative phosphorylation is cytochrome ¢ (Cc), the
functions of which are regulated by the phosphorylation of several residues®”. Under oxidative stress conditions,
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Ccacts as a programmed cell death inducer*. During early apoptosis, Cc population tightly bound to the mito-
chondrial membrane triggers the peroxidation of phospholipids®.

From the molecular aspect, the nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor play
a pivotal role in the regulation of cellular redox balance and activates the natural antioxidants in mammals®.
Down-regulation of Nrf2 could reduce the antioxidant defense, such as superoxide dismutase (SOD), glutathione
peroxidase (GSH-Px) and heme oxygenase-1 (HO-1), and glutathione reductase®'. On the other hand, Kelch-like
ECH-associated proteinl (Keapl) is a master negative regulator of Nrf2 and its up-regulation reflects the oxida-
tive stress damage®. The main intracellular sensor that monitors ROS is Keap1 gene®. The current study suggests
that CBZ induced hepatorenal toxicity through prolonged ROS generation that activates Keap1 and results in its
ability to degrade Nrf2 and down-regulates the expression of antioxidant factors as HO-1%4%.

Our results reported the highest values of both liver and kidney biomarkers in CBZ receiving group suggest-
ing hepatocellular and renal damage that reflects on the microscopic pictures and showed severe cellular injury
and interstitial inflammation in both liver and kidney sections. These findings may be related to the oxidative
stress induced by CBZ via continuous ROS production that leads to cellular damage via necrosis or apoptosis™.
Apoptosis is another mechanism of CBZ-induced hepatorenal toxicity in the current study and may be mediated
by both ROS and nitric oxide (NO) production®. ROS overproduction causes mitochondrial membrane perme-
ability via opening the transition pores leading to the release of cytochrome-c and activating several caspase
cascades™. Among the effector caspases, Casp-3 is responsible for initiating the hallmarks of the degradation
phase of apoptosis, including DNA fragmentation, cell shrinkage, and membrane blebbing and has a distinct role
in intrinsic apoptosis®. Moreover, NO is an intercellular messenger that has been recognized as one of the most
versatile players in the immune system and inflammatory process®’. The inducible nitric oxide (iNOS) is most
commonly associated with inflammatory conditions in which NO is produced in large amounts®2.

Our results showed that co-administration of CS-NPs with CBZ could reduce all the studied toxicological
parameters affirm to prevent both liver and kidney organs from being damage. The novel formulation of CS-
NPs exerts a potent antioxidant effect manifested by a significant decrease in MDA value and an increase in
TAC, GSH, and catalase activity. The results of the present study suggest that CS-NPs had the ability to protect
the hepatic and renal cell membrane from oxidative damage through down-regulation of Keap1 that activates
Nrf2/HO1 signaling pathway®. The Nrf2/HO-1 system activates cascade of events which in the end, affects
oxidative status of the cells and provides robust protection against oxidative challenge®*. Under the influence of
CBZ-induced oxidative stress, CS-NPs had the ability to induce several antioxidants and anti-apoptotic proteins,
including HO-1 via activation of Nrf2. Since Nrf2 is ubiquitously expressed, it plays a critical role in protecting
many cell types and organ systems from oxidative stress and an array of toxic insults®. Previous studies reported
that administration of rats with 200 mg/kg Chitosan had the ability to reduce the liver thiobarbituric acid reactive
substances (TBARS) and elevate the antioxidant enzyme activities including catalase and superoxide dismutase®.
Another study revealed that CS-NPs administration at a dosage level of 280 mg/kg demonstrated considerable
improvements in rat’s liver biomarkers, oxidant/antioxidant balance, and the microscopic picture®.

CS-NPs can also improve the microscopic picture of both liver and kidney sections and restore liver and kid-
ney biomarkers to the normal levels. In addition, our results revealed for the first time that CS-NPs have strong
anti-apoptotic and anti-inflammatory effects manifested by weak immunohistochemical staining of casp-3 and
iNOS in both liver and kidney sections. The advantage of this novel CS-NPs formula over other CS-NPs is that
novel CS-NPs formula has greater antioxidant effects which could be related to both chitosan and ascorbic acid.
The antioxidant capability of CS-NPs is supposed to operate by means of a direct radical scavenging mechanism®
such as super oxide radical and hydroxyl radical® or indirectly, via metal chelation, which could block the ROS
generation and lipid oxidation”. CS-NPs are known to increase the protein expression of Nrf2 and the mRNA
levels of NQO1, HO-1"". Notably, activation of the Nrf2 pathways has been demonstrated to be involved in sup-
pressing inflammatory responses’. It is reported that chitosan could induce the innate immune cells to release
a wide range of pro-and anti-inflammatory cytokines, chemokines, growth factors and bioactive lipids”®. The
new formula using ascorbic acid has increased the antioxidant activity by suppressing free radical generation
and attenuating oxidative damage’*. It is well known that ROS is the main cause of cell death so, decreasing ROS
will decrease the incidence of cell death”. Ascorbic acid is considered an anti-inflammatory agent’®, and can be
attributed to its ability to modulate the DNA binding activity of nuclear factor kappa-B’, as it can reduce plasma
levels of inflammatory mediators TNF-& and IL-67.

Conclusion

From the result of the current study, we can conclude that the newly prepared CS-NPs have a potent capacity to
reduce the hepatorenal toxicity induced by CBZ via the antioxidant and anti-inflammatory properties of both
chitosan and ascorbic acid. Chitosan up-regulates the expression of Nrf2 and the natural antioxidant HO-1, which
diminish the hepatorenal oxidative stress damage and inflammation induced by CBZ. In addition, using ascorbic
acid in CS-NPs preparation had the advantage to increase its antioxidant and anti-inflammatory capacity via
scavenging free radicals and modulating the expression of inflammatory proteins. Our novel CS-NPs formula
has potent anti-inflammatory and anti-apoptotic effects by diminishing the iNOS and caspase-3 expression. We
recommend using these newly formulated CS-NPs as an antioxidant agent for the treatment of several disorders
associated with oxidative stress damage. In addition, CS-NPs may be used safely as a nanocarrier for several
agrochemicals as fertilizers and pesticides, but further studies are needed to confirm the safety of these newly
formulated nanoconjugates.
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All data generated or analyzed during this study are included in this published article.

Scientific Reports |

(2022) 12:9986 | https://doi.org/10.1038/s41598-022-13960-1 nature portfolio



www.nature.com/scientificreports/

Received: 31 January 2022; Accepted: 31 May 2022
Published online: 15 June 2022

References

1.

Singh, S., Kumar, V. & Wani, A. Toxicity, monitoring and biodegradation of the fungicide carbendazim. Environ. Chem. Lett. 14,
317-329 (2016).

2. Merel, S., Benzing, S., Gleiser, C., Di Napoli-Davis, G. & Zwiener, C. Occurrence and overlooked sources of the biocide carbendazim
in wastewater and surface water. Environ. Pollut. 239, 512-521 (2018).

3. Owumi, S. E., Nowozo, S. O. & Najophe, E. S. Quercetin abates induction of hepaticand renal oxidative damage, inflammation,
and apoptosis in carbendazim-treated rats. Toxicol. Res. Appl. 3, 1-8 (2019).

4. Liu, S., Yang, R., Chen, H. & Fu, Q. Residue and degradation of carbendazim in rice and soil. J. Agro-Environ. Sci. 31, 357-361
(2011).

5. Mohapatra, S. S. L. Residue level and dissipation of carbendazim in/on pomegranate fruits and soil. Environ. Monit. Assess. 188(7),
406. https://doi.org/10.1007/s10661-016-5404-2 (2016).

6. Pourreza, N., Rastegarzadeh, S. & Larki, A. Determination of fungicide carbendazim in water and soil samples using dispersive
liquid-liquid microextraction and microvolume UV-vis spectrophotometry. Talanta 134, 24-29 (2015).

7. Arya, R. & Sharma, A. K. Bioremediation of carbendazim, a benzimidazole fungicide using Brevibacillus borstelensis and Strep-
tomyces albogriseolus together. Curr. Pharm. Biotechnol. 17, 185-189 (2015).

8. Olayemi, O. A. Comparative toxicity of two different pesticides on the skin of Japanese quail (Cortunix japonica). World Vet. J. 5,
13-18 (2015).

9. Lutz, P. Benzimidazole and its derivatives- from fungicides to designer drug. A new occupational and environmental hazard.
Medycyna Pracy 63(4), 505-513 (2012).

10. Diki¢, D. et al. Carbendazim impends hepatic necrosis when combined with imazalil or cypermethrin. Basic Clin. Pharmacol.
Toxicol. 110(5), 433-440 (2012).

11. Catalgol, S., Catalgol, B. & Alpertunga, B. Involvement of main oxidative stress mechanisms in the toxicity of benomyl and car-
bendazim in rats. Istanbul Ecz. Fak. Derg. ] Fac. Pharm. Istanbul 43, 103-120 (2013).

12. Ozden, S. & Alpertunga, B. Effects of methiocarb on lipid peroxidation and glutathione level in rat tissues. Drug Chem Toxicol.
33, 50-54 (2009).

13. Halliwell, B. & Gutteridge, J. M. C. Free Radicals in Biology and Medicine 5th edn, 268-340 (University Press, 2007).

14. Hassanen, E. I, Khalaf, A. A, Tohami, A. F, Mohammed, E. R. & Farroh, K. Y. Toxicopathological and immunological studies on
different concentrations of chitosan-coated silver nanoparticles in rats. Int. J. Nanomed. 14, 4723-4739 (2019).

15. Khan, I, Saeed, K. & Khan, I. Nanoparticles: Properties, applications and toxicities. Arab. J. Chem. 12(7), 908-931 (2019).

16. Hassanen, E. I. et al. Pomegranate juice diminishes the mitochondrial-dependent cell death and NF-«B signaling pathway induced
by Copper oxide nanoparticles on the liver and kidneys of rats. Int. ]. Nanomed. 14, 8905-8922 (2019).

17. Jesus, S. et al. Chitosan nanoparticles: Shedding light on immunotoxicity and hemocompatibility. Front. Bioeng. Biotechnol. 8, 100
(2020).

18. Sosnik, A., Neves, J. D. & Sarmento, B. Mucoadhesive polymers in the design of nano-drug delivery systems for administration
by non-parenteral routes: A review. Prog. Polym. Sci. 39(12), 2030-2075 (2014).

19. Ali, A. & Ahmed, S. A review on chitosan and its nanocomposites in drug delivery. Int. J. Biol. Macromol 109, 273-286 (2018).

20. Baghdan, E. et al. Lipid coated chitosan-DNA nanoparticles for enhanced gene delivery. Int. J. Pharmaceut 535, 473-479 (2018).

21. Divya, K., Vijayan, S., George, T. K. & Jisha, M. Antimicrobial properties of chitosan nanoparticles: Mode of action and factors
affecting activity. Fibers Polym. 18(2), 221-230 (2017).

22. Kashyap, P. L., Xiang, X. & Heiden, P. Chitosan nanoparticle-based delivery system for sustainable agriculture. Int. J. Biolog. Mac-
romol. 77, 36-51 (2015).

23. Agarwal, M. et al. Preparation of Chitosan nanoparticles and their in-vitro characterization. Int. J. Life Sci. Sci. Res. 4(2), 1713-1720
(2018).

24. Farag, A., Ebrahim, H., EIMazoudy, R. & Kadous, E. Developmental toxicity of fungicide carbendazim in female mice. Birth Defects
Res. B Dev. Reprod. Toxicol. 92(2), 122-130 (2011).

25. Ebedy, Y. A., Hassanen, E. L., Hussien, A. M., Ibrahim, M. A. & Elshazly, M. O. Neurobehavioral toxicity induced by carbendazim
in rats and the role of iNOS, Cox-2, and NF-«B signalling pathway. Neurochem. Res. https://doi.org/10.1007/s11064-022-03581-5
(2022).

26. Hanafi, N. Role of chitosan nanoparticles in targeting ehrlich tumor cells transplanted in albino mice. Int. J. Res. Biol. Sci. 2(1),
6-17 (2012).

27. Bancroft, J. D., & Layton, C (2013). in Bancroft s Theory and practice of histological techniques (ed Christopher Layton and John D.
Bancroft S. Kim suvarna) 173-186 (Churchill Living stone).

28. Khalaf, A. A. et al. Rosmarinic acid attenuates chromium-induced hepatic and renal oxidative damage and DNA damage in rats.
J. Biochem. Mol. Toxicol. 34(11), 22579 (2020).

29. Hassanen, E. I, Korany, R. M. S. & Bakeer, A. M. Cisplatin-conjugated gold nanoparticles-based drug delivery system for targeting
hepatic tumors. J. Biochem. Mol. Toxicol. 35, €22722. https://doi.org/10.1002/jbt.22722 (2021).

30. Jing-Liang, X. et al. Isolation and characterization of a carbendazim-degrading Rhodococcus sp. djl-6. Curr. Microbiol. 53, 72-76
(2006).

31. Nowzo, S. O., Ozegbe, P. C. & Olasehinde, O. Carbendazim alters kidney morphology, kidney function tests, tissue markers of
oxidative stress and serum micro-elements in rats fed protein-energy malnourished diet. Int. J. Biol. Chem. Sci 11(3), 1046-1055
(2017).

32. Mustafa, I. F. & Hussein, M. Z. Synthesis and technology of nanoemulsion-based pesticide formulation. Nanomaterials 10(8),
1608. https://doi.org/10.3390/nan010081608 (2020).

33. Bandara, S., Du, H., Carson, L., Bradford, D. & Kommalapati, R. Agricultural and biomedical applications of Chitosan-based
nanomaterials. Nanomaterials 10(10), 1903. https://doi.org/10.3390/nan0o10101903 (2020).

34. Divya, K., Smitha, V. & Jisha, M. S. Antifungal, antioxidant and cytotoxic activities of chitosan nanoparticles and its use as an
edible coating on vegetables. Int. J. Biol. Macromol. 114, 572-577 (2018).

35. Pizzino, G. et al. Oxidative stress: Harms and benefits for human health. Oxid. Med. Cell. Longev. https://doi.org/10.1155/2017/
8416763 (2017).

36. Noeman, S. A., Hamooda, H. E. & Baalash, A. A. Biochemical study of oxidative stress markers in the liver, kidney and heart of
high fat diet induced obesity in rats. Diabetol. Metab. Syndr. 3, 17. https://doi.org/10.1186/1758-5996-3-17 (2011).

37. Weiss, S. L. & Deutschman, C. S. Elevated malondialdehyde levels in sepsis - something to “stress” about?. Crit. Care 18, 125.
https://doi.org/10.1186/cc13786 (2014).

38. Rubio, C. P,, Herndndez-Ruiz, J., Martinez-Subiela, S., Tvarijonaviciute, A. & Ceron, J. J. Spectrophotometric assays for total
antioxidant capacity (TAC) in dog serum: An update. BMC Vet. Res. 12, 166. https://doi.org/10.1186/s12917-016-0792-7 (2016).

39. Weydert, C.]. & Cullen, J. ]. Measurement of superoxide dismutase, catalase and glutathione peroxidase in cultured cells and tissue.
Nat. Protocols 5(1), 51-66 (2010).

Scientific Reports | (2022) 12:9986 | https://doi.org/10.1038/s41598-022-13960-1 nature portfolio


https://doi.org/10.1007/s10661-016-5404-2
https://doi.org/10.1007/s11064-022-03581-5
https://doi.org/10.1002/jbt.22722
https://doi.org/10.3390/nano10081608
https://doi.org/10.3390/nano10101903
https://doi.org/10.1155/2017/8416763
https://doi.org/10.1155/2017/8416763
https://doi.org/10.1186/1758-5996-3-17
https://doi.org/10.1186/cc13786
https://doi.org/10.1186/s12917-016-0792-7

www.nature.com/scientificreports/

40.
41.
42,
43.
44,
45.
46.

47.

48.
49.
50.

51.
. Taguchi, K. & Yamamato, M. The KEAP1-NRF2 system in cancer. Front. Oncol. 7, 85. https://doi.org/10.3389/fonc.2017.00085

53.
54.

55.
56.

57.
58.
59.
60.
61.
62.
63.
64.

65.
66.

67.
68.
69.
70.
71.
72.
73.
74.
75.
76.

77.

78.

Forman, H. J., Zhang, H. & Rinna, A. Glutathione: Overview of its protective roles, measurement, and biosynthesis. Mol. Aspects
Med. 30, 1-12 (2009).

Cooper, A. J. L, Pinto, J. T. & Callery, P. S. Reversible and irreversible protein glutathionylation: Biological and clinical aspects.
Med. Sci. Monit. 7(7), 891-910 (2011).

Metwally, S. A., Abdel-latif, H. A., Fawzy, H. M. & Hamdy, A. The protective effect of linseed oil against carbendazim induced
testicular toxicity in rats. Eur. J. Sci. Res. 49(2), 208-224 (2011).

Sakr, S. A. & Shalaby, S. Y. Carbendazim-induced testicular damage and oxidative stress in albino rats: Ameliorative effect of licorice
aqueous extract. Toxicol. Ind. Health 30(3), 259-267 (2014).

Gandhi, S. & Abramov, A. Y. Mechanism of oxidative stress in neurodegeneration. Oxid Med Cell Longev https://doi.org/10.1155/
2012/428010 (2012).

Abdollahi, M., Ranjbar, A., Shadnia, S., Nikfar, S. & Rezaie, A. Pesticides and oxidative. Reactive oxygen species, cellular redox
systems, and apoptosis. Free Radic. Biol. Med. 48, 749-762 (2004).

Hroudova, J., Singh, N. & Fisar, Z. Mitochondrial dysfunctions in neurodegenerative diseases: Relevance to Alzheimer’s disease.
Biomed. Res. Int. https://doi.org/10.1155/2014/175062 (2014).

Guerra-Castellano, A., Diaz-Moreno, 1., Velazquez-Campoy, A., De la Rosa, M. A. & Diaz-Quintana, A. Structural and functional
characterization of phosphomimetic mutants of cytochrome c at threonine 28 and serine 47. Biochim. Biophys. Acta 1857, 387-395
(2016).

Ow, Y. P, Green, D. R,, Hao, Z. & Mak, T. W. Cytochrome c: Functions beyond respiration. Nat. Rev. Mol. Cell Biol. 9, 532-542
(2008).

Guerra-Castellano, et al. Oxidative stress is tightly regulated by cytochrome ¢ phosphorylation and respirasome factors in mito-
chondria. Proc. Natl. Acad. Sci. 115, 201806833 (2018).

Mitsuishi, Y. et al. Nrf2 redirects glucose and glutamine into anabolic pathways in metabolic reprogramming. Cancer Cell 22(1),
66-79 (2012).

Sajadimajd, S. & Khazaei, M. Oxidative stress and cancer: The role of Nrf2. Curr. Cancer Drug Targets 18(6), 538-557 (2018).

(2017).

Taguchi, K., Motohashi, H. & Yamamoto, M. Molecular mechanisms of the Keap1-Nrf2 pathway in stress response and cancer
evolution. Genes Cells 16(2), 123-140 (2011).

Kaspar, J. W,, Niture, S. K. & Jaiswal, A. K. Nrf 2:INrf2 (Keap1) signaling in oxidative stress. Free Radic. Biol. Med 47, 1304-1309
(2009).

Circu, M. L. & Aw, T. Y. Reactive oxygen species, cellular redox systems, and apoptosis. Free Radic. Biol. Med 48, 749-762 (2010).
Khan, M. R., Badar, I. & Siddiquah, A. Prevention of hepatorenal toxicity with Sonchus asper in gentamicin treated rats. BMC
Complement Altern. Med. 11, 113. https://doi.org/10.1186/1472-6882-11-113 (2011).

Jiang, J. et al. Carbendazim has the potential to induce oxidative stress, apoptosis, immunotoxicity and endocrine disruption during
zebrafish larvae development. Toxicol. In Vitro 29(7), 1473-1481 (2015).

Morciano, G. et al. Molecular identity of the mitochondrial permeability transition pore and its role in ischemia-reperfusion injury.
J. Mol. Cell Cardiol. 78, 142-153 (2015).

Wu, J. Q. Kosten, T. R. & Zhang, X. Y. Free radicals, antioxidant defense system, and schizophrenia. Prog. Neuropsychopharmacol.
Biol. Psychiatry 46, 200-206 (2013).

Brentnall, M., Rodriguez-Menocal, L., De Guevara, R. L., Cepero, E. & Boise, L. H. Caspase-9, caspase-3 and caspase-7 have distinct
roles during intrinsic apoptosis. BMC Cell Biol. 14, 32 (2013).

Tripathi, P, Tripathi, P, Kashyap, L. & Singh, V. The role of nitric oxide in inflammatory reactions. FEMS Immunol. Med. Microbiol.
51(3), 443-452 (2007).

Raposo, C. et al. Sildenafil (Viagra) protective effects on neuroinflammation: The role of iNOS/NO system in an inflammatory
demyelination model. Mediators Inflamm 2013, 321460 (2013).

Ding, Y. et al. Enhanced neuroprotection of acetyl-11-keto-B-boswellic acid (AKBA)-loaded O-carboxymethyl chitosan nanopar-
ticles through antioxidant and anti-inflammatory pathways. Mol. Neurobiol. 53, 3842-3853 (2015).

Loboda, A., Damulewicz, M., Pyza, E., Jozkowicz, A. & Dulak, J. Role of Nrf2/HO-1 system in development, oxidative stress
response and diseases: An evalutionarily conserved mechanism. Cell. Mol. Life Sci 73, 3221-3247 (2016).

Lee, J. M. et al. Nrf2, a multi-organ protector?. FASEB ] 19, 1061-1066 (2005).

Jeon, T. I. et al. Antioxidative effect of chitosan on chronic carbon tetrachloride induced hepatic injury in rats. Toxicology 187(1),
67-73 (2003).

El-Denshary, E. et al. Possible synergistic effect and antioxidant properties of Chitosan nanoparticles and quercetin against carbon
tetrachloride-induce hepatotoxicity in rats. Soft Nanosci. Lett. 5, 36-51 (2015).

Sun, T., Zhou, D., Xie, J. & Mao, E. Preparation of Chitosan oligomers and their antioxidant activity. Eur. Food Res. Technol. 225,
451-456 (2007).

Rajalakashmi, A., Krithiga, N. & Jayachitra, A. Antioxidant activity of the chitosan extracted from Shrimp Exoskeleton. Middle-
East J. Sci. Res 16(10), 1446-1451 (2013).

Schreiber, S. B., Bozell, J. J., Hayes, D. G. & Zivanovic, S. Introduction of primary antioxidant activity to chitosan for application
as a multifunctional food packaging material. Food Hydrocolloids 33(2), 207-214 (2013).

Tao, W. et al. Chitosan oligosaccharide attenuates nonalcoholic fatty liver disease induced by high fat diet through reducing lipid
accumulation, inflammation and oxidative stress in C57BL/6 mice. Mar. Drugs 17(11), 645 (2019).

Kim, J., Cha, Y. N. & Surh, Y. J. A protective role of nuclear factor-erythroid 2-related factor-2 (Nrf2) in inflammatory disorders.
Mutat. Res. Fund. Mol. Mech. Mutagen 690, 12-23 (2010).

Fong, D., Ariganello, M. B., Girard-Lauziere, J. & Hoemann, C. D. Biodegradable chitosan microparticles induce delayed STAT-1
activation and lead to distinct cytokine responses in differentially polarized human macrophages in vitro. Acta Biomater. 12,
183-194 (2015).

Monacelli, E et al. Aging and Alzheimer’s disease. Nutrients 9, 670 (2017).

Macan, A. M, Kraljevi¢, T. G. & Rai¢-Mali¢, S. Therapeutic perspective of vitamin C and its derivatives. Antioxidants 8, 247. https://
doi.org/10.3390/antiox8080247 (2019).

Jialal, I. & Singh, U. Is vitamin C an anti-inflammatory agent?. Am. J. Clin. Nutr. 83(3), 525-526 (2006).

Chio, C. C,, Chang, Y. H., Hsu, Y. W,, Chi, K. H. & Lin, W. W. PKA-dependent activation of PKC, p38 MAPK and IKK in mac-
rophage: Implication in the induction of inducible nitric oxide synthase and interleukin-6 by dibutyryl cAMP. Cell Signal 16,
565-575 (2004).

Zhang, N. et al. Protective effects and mechanisms of high-dose vitamin C on sepsis-associated cognitive impairment in rats. Sci
Rep 11, 14511. https://doi.org/10.1038/s41598-021-93861-x (2021).

Author contributions
Y.A.E. performed all parts of the experiment. E.I.H and M.O.E conceived the study, designed the experiment;
reviewed all the results, carried out data analysis, drafted the manuscript, and performed the pathological studies.

Scientific Reports|  (2022) 12:9986 | https://doi.org/10.1038/s41598-022-13960-1 nature portfolio


https://doi.org/10.1155/2012/428010
https://doi.org/10.1155/2012/428010
https://doi.org/10.1155/2014/175062
https://doi.org/10.3389/fonc.2017.00085
https://doi.org/10.1186/1472-6882-11-113
https://doi.org/10.3390/antiox8080247
https://doi.org/10.3390/antiox8080247
https://doi.org/10.1038/s41598-021-93861-x

www.nature.com/scientificreports/

M.A.I performed the molecular assays. K.Y.F prepare and characterize nanoparticles. All authors read, revised,
and approved the final manuscript.

Funding

Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coop-
eration with The Egyptian Knowledge Bank (EKB). This research didn’t receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to E.I.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:9986 | https://doi.org/10.1038/s41598-022-13960-1 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Newly synthesized chitosan-nanoparticles attenuate carbendazim hepatorenal toxicity in rats via activation of Nrf2HO1 signalling pathway
	Materials and methods
	Chemicals. 
	Chitosan nanoparticles preparation and characterization. 
	Animals and experimental design. 
	Sampling. 
	Liver and kidney biomarkers. 
	Oxidative stress evaluation. 
	Histopathological examination. 
	Immunohistochemical staining. 
	Quantitative RT-PCR for Nrf2, HO-1, and Keap1 genes. 
	Statistical analysis. 
	Ethics approval and consent to participate. 

	Results
	Characterization of CS-NPs. 
	Clinical signs and body weights. 
	Biochemical parameters. 
	Oxidative stress evaluations. 
	Histopathological examination. 
	Immunohistochemical staining. 
	Quantitative RT-PCR for Nrf2, HO-1, and Keap1 genes. 

	Discussion
	Conclusion
	References


