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Abstract
Kidney injury represents a global concern, leading to chronic kidney disease. The organophosphate insecticide malathion 
(MT) demonstrates environmental disturbance and impairment of different mammalian organs, including kidneys. Likewise, 
gamma-irradiation (IRR) provokes destructive effects in the kidneys. Rutin is a flavonoid glycoside that exhibits nephro-
protective and radio-protective properties. This manuscript focused on investigating the protective response of rutin on MT- 
and IRR-triggered kidney injury in rats. Rats were randomly divided into eight groups of twelve: G1 (C), control; G2 (Rutin), 
rutin-treated rats; G3 (IRR), gamma-irradiated rats; G4 (MT), malathion-treated rats; G5 (IRR/MT), gamma-irradiated rats 
treated with malathion; G6 (IRR/Rutin), gamma-irradiated rats treated with rutin; G7 (MT/Rutin), rats treated with mala-
thion and rutin; and G8 (IRR/MT/Rutin), gamma-irradiated rats treated with malathion and rutin, every day for 30 days. The 
results demonstrated that rutin treatment regulated the biochemical parameters, the oxidative stress, the antioxidant status, 
and the inflammatory responses due to the down-regulation of the renal NF-κB p65 protein expression. Moreover, it amended 
the activity of acetylcholinesterase (AchE), angiotensin ACE I, and ACE II-converting enzymes. Besides, it regulated the 
iNOS, eNOS, miR-129-3p, miR-200c, and miR-210 gene expressions and bradykinin receptor (B1R and B2R) protein 
expressions. Histopathological examinations of the kidney tissue confirmed these investigated results. It could be concluded 
that rutin demonstrated nephro/radioprotection and counteracted the toxicological effects triggered in the kidney tissues of 
IRR, MT, and IRR/MT intoxicated rats, via regulating miR-129-3p, miR-200c-3p, and miR-210-3p gene expressions, which 
consequently regulated B2R protein expressions, ACE II activity, and HIF-1α production, respectively.
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Introduction

Exposure to chemical or physical pollutants instigates 
nephrotoxicity, which can form a global concern due to inat-
tention of the disease diagnoses and management, leading 
to chronic kidney disease (CKD). CKD is associated with 
diabetic and cardiovascular complications (Salem and Ismail 

2021). The manipulation of the organophosphate insecticide 
malathion (O,O-dimethyl S-(1, 2-dicarbethoxyethyl, MT) is 
not limited to controlling pests in agricultural sectors, but 
also handled indoors and outdoors to control pets, and pro-
vide livestock protection. As a result, malathion deposits 
can precipitate in soils, plants, and foodstuffs that can easily 
be transferred and encourage the environmental disturbance 
and impairment of different human beings’ organs (Alex and 
Mukherjee 2021; Nangare et al. 2022). Humans acquire sev-
eral toxicological problems that have resulted from direct 
exposure or indirect administration of malathion that is 
mainly due to the repression of acetylcholinesterase activ-
ity (Ince et al. 2017). Malathion toxicity extended to affect 
all body organs, including the kidneys (Selmi et al. 2018; 
Fenik et al. 2011; Poomagal et al. 2021). Acute and chronic 
exposure to malathion convinces oxidative stress in vivo and 
in vitro, leading to depression of the antioxidant protective 
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system, DNA damage, and impairment of the kidney func-
tions (Ince et al. 2017), leading to chronic kidney diseases 
(CKD), which may terminate with kidney failure. Malathion 
also exhibited immune-toxicity and inflammatory effects 
that should be organized (Hefnawy et al. 2016). The effect 
of malathion on kidney impairment has not been appropri-
ately studied in the scientific research, which requires further 
investigations.

Ionizing radiation has evoked a lot of consideration due 
to its benefits in medical, agricultural, and industrial fields, 
as well as its achievable destructive effects on the human 
population. The deleterious effects of ionizing radiation 
have been contributed to the generation of reactive oxygen 
species (ROS), through water radiolysis. Radiation reduces 
the activity of endogenous antioxidant enzymes, which are 
the first line of defense in maintaining redox balance and 
normal metabolic activities. ROS can instigate DNA, pro-
tein, and lipid damage in cells by facilitating an imbalance 
of pro-oxidant and antioxidant status (Jit et al. 2022; Srini-
vasan et al. 2007). Antioxidant defenses, both enzymatic 
(as superoxide dismutase (SOD) and catalase (CAT)) and 
non-enzymatic (including glutathione (GSH)), counteract 
the damage caused by ROS. Antioxidants are produced by 
the human body or obtained through diet in normal circum-
stances, and they can lower the reactive species concentra-
tions in both cases. The imbalance between the production 
of reactive species and the antioxidants designates oxidative 
stress, which affects different organs, including the kidneys 
(Mahgoub et al. 2020; Maurya et al. 2006). Kidneys are 
very sensitive organs toward radiation exposure, especially 
radiotherapy. Accordingly, natural pharmaceuticals, as pure 
natural compounds, or herbal remedies are under inquiry to 
protect or limit the hazardous impacts of radiation nephropa-
thy (Turkyilmaz et al. 2022).

Rutin (quercetin 3 rutinoside or (3,3′,4′,5,7‐pentahy-
droxyflavone‐3‐rhamnoglucoside) is a naturally occurring 
flavonoid glycoside (the phenolic compound quercetin is the 
basic unit of rutin, which is substituted with glucose and 
rhamnose sugar groups at the hydroxy group in position C-3 
(see supplementary data)) that is present in passionflower, 
buckwheat, spinach, leaf of tomato, apples, onions, and tea 
(Aksu et al. 2017). It belongs to the bioflavonoid family, 
and it has anti-carcinogenic, antioxidant, anti-viral, antialler-
genic, anti-inflammatory, and anti-apoptotic effects (Nafees 
et al. 2015). These antioxidant and anti-inflammatory speci-
fications of rutin counteracted different nephrotoxic symp-
toms in rat model (Diwan et al. 2017). Moreover, rutin dem-
onstrated radio-protective properties (Sunada et al. 2014).

The effect of malathion and gamma-irradiation on kid-
ney impairment has not been sufficiently investigated, 
which needs more exploration. In view of that, this manu-
script aims to study the nephroprotective response of rutin, 
concerning the relations of the gene expression ratios of 

miR-129-3p, miR-200c, and miR-210, as well as the pro-
tein expression ratios of NF-κB p65 and bradykinin recep-
tors (B1R and B2R) to the developed oxidative stress, and 
the emerged inflammation by IRR and MT exposure trig-
gered kidney injury in rats.

Materials and methods

Chemicals

Malathion (Nasr lathion®, 1%WP) was provided by El-
Nasr Chemical Industries Co., Egypt. Rutin, urethane, 
and carboxymethyl cellulose (CMC) were obtained from 
Sigma Aldrich. Formalin was obtained from El-Gomhou-
ria Co., Egypt. Biodiagnostics kits (Cairo, Egypt) were 
used to determine oxidative stress parameters and anti-
oxidant enzyme activity. Sodium and potassium levels 
were assessed by DiaSys Diagnostic Systems (GmbH, 
Germany) kits. ELISA kits for rats were obtained from 
MyBioSource and Elabscience (USA). Total RNA extrac-
tion kit was obtained from Qiagen (USA). Polyvinylidene 
fluoride (PVDF) membranes were obtained from Bio-
Rad (Bio-Rad Laboratories, Inc. Life Science Research 
Group, CA, USA). TRIzol reagent, primary and second-
ary antibodies (phospho-nuclear factor kappa-light-chain 
enhancer of activated B cells p65 subunit (p-NF-κB 
p65, Ser536) monoclonal antibody (T.849.2, Cat: MA5-
15,160), B1 bradykinin receptor rabbit polyclonal anti-
body (BDKRB1 (B1R), Cat. No: PA5-77,292, B2 brad-
ykinin receptor rabbit polyclonal antibody (BDKRB2 
(B2R), Cat No: 720288), β-actin (Cat. No: MA5-16,140), 
and TaqMan™ MicroRNA reverse transcription kit 
(Cat. No:4366597) were obtained from Thermo Fisher 
Scientific (USA). mirVana™ miRNA isolation kit (Cat. 
No:AM1560) was obtained from Life Technologies Cor-
poration (USA). miRNA-129–1-3pmiRNA PCR kit (Cat. 
No: MBS8297717), miR-200c-3p miRNA PCR kit (Cat. 
No: MBS8297433), and miR-210-3p PCR kit (Cat. No: 
MBS8297441) were obtained from MyBioSource. All 
other chemicals used for this study were of analytical 
grade.

Irradiation facilities

The 137Cesium Canadian Gamma Cell-40 located at the 
National Center for Radiation Research and Technology 
(NCRRT) was used for the whole-body gamma-irradiation 
of animals. The radiation dose rate was 0.666 rad/s, during 
the time of exposure to achieve a total dose of 3 Gy (Rezk 
and Abdel-Rahman 2013).
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Animals

Ninety-six Wistar male albino rats, 120–150 g, 3 months 
age, were transmitted from the Helwan farm animal house, 
VACSERA (The Holding Company for Biological Prod-
ucts and Vaccines), Helwan, Egypt into the NCRRT animal 
residence. The animals were acclimatized under the proper 
laboratory conditions of illumination, temperature, humid-
ity, and feeding with ordinary laboratory pellet diet, 21% 
protein, then incessant ad libitum drinking water performing 
the international and NCRRT guidelines for animal experi-
ments. The Ethical Committee of the NCRRT approved this 
study (21A/21).

Experimental design

Rats were randomly divided into eight groups of twelve: 
group 1 (G1: control; C): the animals were treated orally 
with 1.0 mL of carboxymethyl cellulose (CMC, 0.5% w/v) 
solution as well as 0.2 mL of corn oil every day for 30 days. 
Group 2: (G2: Rutin) rutin-treated rats, the rats administered 
orally with 1.0 mL of rutin solution (100 mg rutin powder 
suspended in CMC (0.5% w/v) solution /kg body weight 
(b.wt) by intra-gastric gavage every day for 30 days (Diwan 
et al. 2017). Group 3 (G3: IRR): the rats were exposed to a 
single dose of gamma irradiation; 3 Gy on day zero of the 
experiment. Group 4 (G4: MT): the animals received mala-
thion by intra-gastric gavage, prepared in 0.2 mL corn oil 
at a dose of 50 mg/kg b. wt (Baiomy et al. 2015) every day 
for 30 days. Group 5 (G5: IRR/MT): the rats were exposed 
to a single dose of 3 Gy gamma-irradiation on day 0 of the 
experiment, then, after 24 h, the rats started MT oral admin-
istration (50 mg/kg b.wt in 0.2 mL corn oil) every day for 
30 days. Group 6 (G6: IRR/Rutin): the rats were exposed 
to a single dose of gamma-irradiation; 3 Gy of the whole-
body, 24 h before starting rutin administration (100 mg 
rutin powder suspended in CMC (0.5% w/v) solution/kg 
b.wt, every day for 30 days). Group 7 (G7: MT/rutin): the 
rats were orally administered with 1.0 mL of rutin solution 
(100 mg rutin powder suspended in CMC (0.5% w/v) solu-
tion/kg b.wt, 2 h before receiving MT (50 mg/kg b. wt in 
0.2 mL corn oil) every day for 30 days. Group 8 (G8: IRR/
MT/Rutin): the rats were exposed to a single dose; 3 Gy of 
whole body, after 24 h, rats were orally administered with 
1.0 mL of rutin solution (100 mg rutin powder suspended in 
CMC (0.5% w/v) solution/kg b.wt, 2 h before receiving MT 
(50 mg/kg b. wt in 0.2 mL corn oil) every day for 30 days.

After 30 days of malathion and rutin administration, the rats 
spent an overnight fasting period. Then, the cardiac blood was 
collected from all animals in plain tubes under urethane anes-
thesia (1.2 g/kg b.wt.) (Moheban et al. 2016). The collected 
blood stood at 37 °C and centrifuged at 3000 g to separate 
the serum for the biochemical examination. The kidneys from 

each rat were immediately excised. Kidney tissue samples 
were collected and fixed in a 10% neutral buffered formalin 
solution for histopathological explorations. Other kidney sam-
ples were rinsed in ice-cold physiological saline, dried care-
fully, weighed, and stored at − 80 °C for subsequent analyses. 
For trace elements analysis, the kidney samples were rinsed 
in ice-cold de-ionized water, dried carefully, weighed, and 
stored at − 80 °C.

Histopathological explorations

For histopathological explorations, kidney tissue samples were 
fixed in a 10% neutral buffered formalin solution. Tissue speci-
mens were dehydrated in scaling ethanol concentration, rinsed 
with xylene, immobilized in paraffin wax, and split at a 5-µm 
thickness. The sections were fixed stained by hematoxylin 
and eosin on glass slides (H&E) (Bancroft and Layton 2013). 
The following scores were applied for the Grading System 
for Renal Lesions: 0, normal histology; 1, tubular epithelial 
cell degeneration, without significant necrosis or apoptosis; 
2, tubular epithelial cell necrosis and apoptosis < 25%, tubular 
epithelial cell necrosis and apoptosis < 50%; 3, tubular epi-
thelial cell necrosis and apoptosis < 75%; 4, tubular epithelial 
cell necrosis and apoptosis ≥ 75%; and 5, tubular epithelial cell 
necrosis and apoptosis ≥ 75% (Zhang et al. 2008).

Biochemical assessments

Blood biochemical parameters urea, creatinine (Create), 
total-protein (TP), and albumin (ALB) were measured in 
serum using VITROS 350 Reference Fluid, Micro Slide 
Assay (Dry Chemistry system, Ortho-Clinical Diagnostics, 
Inc., Johnson & Johnson, Linden, NJ, USA) at the Regional 
Center for Food and Feed (RCFF), Agricultural Research 
Center, Giza, Egypt.

Preparation of kidney homogenates

The kidney tissues’ samples were homogenized in ice-cold 
potassium-phosphate-buffered saline (50 mM, pH 7.4, 1/10 
weight/volume to prepare a 10% (w/v)) kidney homogenates 
(Kadir et al. 2013), using a Universal Laboratory aid Teflon 
Homogenizer (type MPW-309, Poland), centrifuged using 
a universal cooling centrifuge (16R, Germany) at 1200 g 
for 15 min at 4 °C. The kidney homogenates were used to 
assess the oxidative stress parameters, antioxidant enzymes 
activity, as well as sodium and potassium level assessments.

Determining oxidative stress parameters 
and antioxidant enzymes

Biodiagnostics kits (Cairo, Egypt) were used to determine 
the levels of malondialdehyde (MDA) (Satoh 1978), nitric 
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oxide (NO) (Montgomery and Dymock 1961), hydrogen per-
oxide  (H2O2) (Fossati et al. 1980), the reduced glutathione 
(GSH) contents (Ellman 1959), as well as superoxide dis-
mutase (SOD) (Nishikimi et al. 1972) and catalase (CAT) 
(Aebi 1974) activities in the kidney homogenates, according 
to the mentioned procedure.

Assessment of sodium and potassium levels

Sodium  (Na+) and potassium  (K+) levels were assessed in 
the kidney tissues using commercial kits (DiaSys Diagnostic 
Systems GmbH, Germany) according to the experimental 
procedure.

Assessment of the trace elements: calcium 
and magnesium levels

The kidney tissue samples of different studied groups were 
digested in mixtures of concentrated nitric acid  (HNO3) and 
hydrogen peroxide  (H2O2) (5:1 v/v) until overall digestion of 
organic materials, using Milestone MLS-1200 Mega, High-
Performance Microwave Digester Unit, Italy. The calcium 
 (Ca2+) and magnesium  (Mg2+) levels were estimated in the 
prepared tissue samples, using an atomic absorption spectro-
photometer (AAS, Thermo Scientific, iCE 3000, England), 
at the RCFF.

The inflammatory markers assessment by ELISA 
technique

ELISA kits for rats from MyBioSource were used 
for the assessment of interleukin-1 beta (IL-1β, 
Cat.No:MBS825017),  interleukin-2 (IL-2, Cat.
No:MBS2701041) ,  in te r l euk in-4  ( IL -4 ,  Ca t .
No:MBS2883072) ,  in te r l euk in-6  ( IL -6 ,  Ca t .
No:MBS355410), tumor necrosis factor-alpha (TNF-α, Cat.
No:MBS824824), and nuclear factor-kappa B (NF-κB, Cat.
No:MBS268833) levels in the kidney tissues. Analyses were 
performed in line with the manufacturer’s protocol for the 
commercial kits.

Hypoxic induced factor‑1 alpha assessment

ELISA kit for rats, from MyBioSource, was used to 
assess the hypoxic induced factor-1 alpha (HIF-1α, Cat.
No:MBS028091) in the rats’ kidney tissues, according to 
the catalog’s instruction.

Acetylcholinesterase activity assessment

Elabscience ELISA commercial kit for rats was used to 
assess the acetylcholinesterase activity (AchE, Cat. No: 

E-EL-R0355), in the rats’ kidneys tissues, according to the 
catalogs’ instructions.

Angiotensin‑converting enzyme activity assessment

Elabscience ELISA commercial kits for rats were used to 
assess the activity of angiotensin-converting enzymes ACE 
I (Cat. No: E-EL-R2401) and ACE II (Cat. No: E-EL-
R2453), in the rats’ kidneys tissues, according to the cata-
logs’ instructions.

Real‑time quantitative reverse transcription–
polymerase chain reaction

Total RNA in kidney tissues was extracted using Qiagen 
kit (USA) and quantified as formerly explained (Salem and 
Ismail 2021). The sequences of PCR primer pairs of induci-
ble nitric oxide synthase (iNOS) and endothelial nitric oxide 
synthase (eNOS) and the housekeeping reference gene beta-
actin (β-actin) with the corresponding bank gene accession 
number are denoted in the Supplementary data Table 1. The 
relative expression ratios of iNOS and eNOS genes were 
standardized to β-actin and calculated via the expression 
 2−ΔΔCt (Pfaffl 2001); the experimental details are presented 
in the Supplementary Data 1.1.

Western blotting analysis

TRIzol reagent was used to extract tissue proteins, which was 
estimated by Lowry’s method for total protein concentrations 
(Lowry et al. 1951). Twenty micrograms of protein per lane 
was isolated with 10% sodium dodecyl sulfate (SDS) poly-
acrylamide gel electrophoresis, then transported to polyvi-
nylidene fluoride (PVDF) membranes. Membranes were then 
incubated at room temperature for 2 h with a blocking solu-
tion (5% nonfat dried milk/10 mM Tris–HCl/pH 7.5/100 mM 
NaCl/0.1% Tween 20). Membranes were incubated overnight 
at 4 °C with the designated primary antibodies (phospho-
nuclear factor kappa-light-chain-enhancer of activated B cells 
p65 subunit (p-NF-κB p65, Ser536) monoclonal antibody 
(dilution factor is 1:1000, T.849.2, Cat. No: MA5-15,160), 
B1 bradykinin receptor rabbit polyclonal antibody (BDKRB1 
(B1R), dilution factor is1:1000, Cat No: PA5-77,292, B2 
bradykinin receptor rabbit polyclonal antibody (BDKRB2 
(B2R), dilution factor is 1:500, Cat. No: 720288), and β-actin 
(dilution factor is 1:500, Cat. No: MA5-1140), Invitrogen, 
Thermo Fisher Scientific), then incubated with a mouse anti-
rabbit secondary monoclonal antibody coupled to horseradish 
peroxidase (dilution factor is 1:10,000), at room temperature 
for 2 h. Chemiluminescence detection was achieved using 
the Amersham detection kit. After each incubation process, 
the membranes were washed several times (with 10 mM 
Tris–HCl/pH 7.5/100 mM NaCl/0.1% Tween 20) at room 
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temperature. Then, the amount of the analyzed protein was 
computed by densitometric analysis using BioRad software 
for image and gel analysis, USA. The results were standard-
ized to β-actin protein expression.

Assessment of the micro‑RNA expression

Total miRNA in kidney tissues was isolated using mir-
Vana™ miRNA isolation kit (Life Technologies Corpora-
tion, USA (Cat. No:AM1560), reverse transcribed to cDNA 
using TaqMan™ microRNA reverse transcription kit 
(Thermo Fisher Scientific, USA, Cat. No:4366597) apply-
ing the company’s information and quantified using the rno-
miRNA-129–1-3pmiRNA PCR kit (Cat. No: MBS8297717, 
NC-051339.1), rno-miR-200c-3p miRNA PCR kit (Cat. No: 
MBS8297433, NC_051339.1), and rno-miR-210-3p PCR 
kit (Cat. No: MBS8297441, NC_051339.1) from MyBio-
Source. These kits contain SYPR green dye. The rela-
tive expression levels of each miRNA were calculated as 
 2−ΔΔCt (Pfaffl 2001), after normalization to the expression 
of the housekeeping gene RNU6 in each examined sample.

Statistical analysis

The Statistical Package for Social Science Software program 
(SPSS, version 21.0) and Microsoft Excel were used to ana-
lyze the data. The data were explained as mean ± standard 
error (SE). ANOVA (one-way analysis of variance) with 
Tukey post hoc multiple comparisons was used to test the 
variation in the means of the variables among groups. The 
probability of P < 0.05 was thought to be significant.

Results

Histopathology

The control (C, G1) and rutin-treated animal (Rutin, G2) 
kidney tissue sectors demonstrated normal histological 
structure designated by circumscribing glomeruli with the 
ordinary construction of capillary tufts and Bowman’s cap-
sule. The renal tubules of both proximal and distal convo-
luted tubules displayed intact epithelial lining and regular 
arrangement (score 0) (Fig. 1 a and 1 b).

The kidney tissue section from the animal’s group 
exposed to 3 Gy as a single dose of γ-radiation (IRR, 
G4) exhibited minor histopathological modifications of 
renal tubular epithelial lining performed in swelling of 
cell lining appearance. Tubular epithelial cells displayed 
degeneration, with insignificant necrosis or apoptosis. The 
glomeruli demonstrated severe congestion of glomerular 
tufts (score 1) (Fig. 1 c). The kidney tissues of MT (G4) 
showed shrinkage of capillary tufts with the widening of 

Bowman’s space of some glomeruli. The renal tubules dis-
played epithelial cell degeneration with marked swelling 
of tubular epithelial lining associated with narrowing and 
occlusion of tubular lumen by albuminous and cellular 
casts. Tubular epithelial cell necrosis and apoptosis < 25% 
(score 2) were seen. Interstitial edema characterized by 
widening spaces in-between the renal tubules and few 
mononuclear cell infiltration mainly lymphocytes and 
macrophages were noticed (Fig. 1 d).

On the other side, kidney tissue sections of the animals 
intoxicated with IRR/MT (G5) showed hypercellularity 
of capillary tufts with narrowing the Bowman’s space of 
some glomeruli. Degeneration of renal tubular epithelial 
lining appeared in the form of swelling and granularity of 
its cytoplasm. Intratubular albuminous eosinophilic casts 
and congestion of interstitial capillaries were seen. Tubu-
lar epithelial cell necrosis and apoptosis < 50% were seen 
(score 3) (Fig. 1 e).

The kidney tissue sections of the irradiated animals 
treated with rutin (IRR/Rutin, G6) showed a normal 
histological structure of glomerular capillary tufts and 
Bowman’s capsule. The renal tubules of both proximal 
and distal convoluted tubules showed intact epithelial 
lining and regular arrangement (score 0) (Fig. 1 f). On 
the other hand, kidney tissues of animals co-treated with 
MT and rutin (MT/Rutin G7) showed mild histological 
changes of renal tubular epithelial lining appearing in 
the form of swelling of cell lining. Tubular epithelial cell 
degeneration, without significant necrosis or apoptosis, 
was observed. The glomeruli showed a mild degree of 
glomerular tufts congestion score (1) (Fig. 1 g). In the 
same direction, the kidney tissue sections of the irradi-
ated animals co-treated with malathion and rutin (IRR/
MT/Rutin, G8) showed mild histological changes of renal 
tubular epithelial lining appeared in the form of mild 
swelling of cell lining. Tubular epithelial cell degenera-
tion was seen, without significant necrosis or apoptosis. 
The glomeruli showed a hypercellular capillary tufts 
score (1) (Fig. 1 h).

Biochemical analysis

The data demonstrated that IRR exposure, MT adminis-
tration, and their combined toxic effect (IRR/MT) veri-
fied substantial increases (P < 0.01) in urea and creati-
nine levels, but significant declines (P < 0.01) in TP and 
ALB levels occurred in the blood serum, as compared 
to the controls. However, rutin treatment recovered the 
kidney function via regulation of urea, creatinine, TP, 
and ALB levels in the serum of IRR, MT, and IRR/MT 
intoxicated animals toward their corresponding control 
values (Fig. 2).
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Fig. 1  Histopathological 
changes in the kidney tissues. 
Photomicrograph of kidney 
tissue sections showing (a: C, 
control (G1); and b: Rutin (G2), 
rutin treated animals) normal 
structure glomeruli and renal 
tubules arrow (c: IRR (G3), 
gamma-irradiated animals); 
shrinkage of capillary tufts, 
interstitial edema, and few mon-
onuclear cell infiltration arrow 
(d: MT (G4), malathion-treated 
animals); swelling of tubular 
epithelial lining and congestion 
of glomerular tufts arrow (e: 
IRR/MT (G5), gamma-irradia-
tion/malathion-treated animals); 
severe congestion and dilatation 
of capillary tufts arrow (f: IRR/
Rutin (G6), gamma-irradiation/
rutin-treated animals); swell-
ing and granularity of tubular 
epithelial lining and congestion 
of interstitial capillaries arrow 
(g: MT/Rutin (G7), malathion/
rutin-treated animals); and 
intact and regular arrangement 
of tubular epithelial lining 
arrow (h: IRR/MT/Rutin (G8), 
gamma-irradiation/malathion/
rutin-treated animals) mild 
swelling of tubular epithelial 
lining and hypercellular of cap-
illary tufts arrow (H&E × 400)
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Oxidative stress and antioxidants in the kidney

The oxidative stress and antioxidant enzymes were deter-
mined in the kidney tissues of different experimental groups. 
The levels of MDA, NO, and  H2O2 were significantly 
increased, accompanied by significant decreases in the GSH 
contents and suppression of the SOD and CAT activities 
in the kidney tissues of IRR, MT, and IRR/MT groups, as 
compared to the control values. However, rutin treatment 
exhibited depression in the levels of MDA, NO and  H2O2, 
as well as elevation of the GSH contents and enhanced the 
activity of the antioxidant enzymes (SOD and CAT) in the 
kidney tissues of IRR, MT, and IRR/MT intoxicated animals 
(Fig. 3).

The levels of sodium and potassium

The level of  Na+ was dramatically enhanced, while  K+ level 
diminished, respectively, in the kidney tissues’ homogen-
ates of the IRR, MT, and IRR/MT intoxicated animals, as 
compared to the control values. However, rutin treatment 
recovered the levels of  Na+ and  K+ in the kidney tissues of 
IRR, MT, and IRR/MT intoxicated animals (Fig. 4).

The levels of the trace elements: calcium 
and magnesium

The levels of  Ca2+ and  Mg2+ were significantly elevated in 
the kidney tissues of the IRR, MT, and IRR/MT intoxicated 

Fig. 2  Biochemical parameters in the serum. C, control; rutin, rutin-
treated animals; IRR, gamma-irradiated animals; MT, malathion-
treated animals; IRR/MT, gamma-irradiation/malathion-treated ani-
mals; IRR/rutin, gamma-irradiation/rutin-treated animals; MT/rutin, 
malathion/rutin-treated animals; IRR/MT/rutin, gamma-irradiation/

malathion/rutin-treated animals; Creat, creatinine; TP, total protein; 
ALB, albumin. The statistical significance to control, IRR, MT, and 
IRR/MT are denoted by a, b, c, and d, respectively, at p < 0.05. Statis-
tical significance was analyzed by one-way ANOVA with Tukey post 
hoc multiple comparisons
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animals, in contrast to the control values. However, rutin 
administration ameliorated the levels of  Ca2+ and  Mg2+ in 
the kidney tissues of IRR, MT, and IRR/MT intoxicated 
groups (Fig. 4).

Inflammatory markers

On the other hand, the levels of the pro-inflammatory 
markers IL-1β, IL-2, IL-6, TNF-α, and NF-κB were 
elevated, while the level of IL-4 was declined in the 
kidney tissues of IRR, MT, and IRR/MT treated rats, 

Fig. 3  The renal antioxidant status. C, control; rutin, rutin-treated 
animals; IRR, gamma-irradiated animals; MT, malathion-treated ani-
mals; IRR/MT, gamma-irradiation/malathion-treated animals; IRR/
rutin, gamma-irradiation/rutin-treated animals; MT/rutin, malathion/
rutin-treated animals; IRR/MT/rutin, gamma-irradiation/malathion/
rutin-treated animals; MDA, malondialdehyde; NO, nitric oxide; 
 H2O2, hydrogen peroxide; GSH, reduced glutathione; SOD, superox-
ide dismutase; CAT, catalase. The statistical significance to control, 
IRR, MT, and IRR/MT are denoted by a, b, c, and d, respectively, at 
p < 0.05. Statistical significance was analyzed by one-way ANOVA 
with Tukey post hoc multiple comparisons

◂

Fig. 4  The levels of sodium, potassium, magnesium, and calcium 
in the kidney tissues. C, control; rutin, rutin-treated animals; IRR, 
gamma-irradiated animals; MT, malathion-treated animals; IRR/MT, 
gamma-irradiation/malathion-treated animals; IRR/rutin, gamma-
irradiation/rutin-treated animals; MT/rutin, malathion/rutin-treated 
animals; IRR/MT/rutin, gamma-irradiation/malathion/rutin-treated 
animals;  Na+, sodium;  K+, potassium;  Ca2+, calcium;  Mg2+, mag-

nesium. The statistical significance to control, IRR, MT, and IRR/
MT are denoted by a, b, c, and d, respectively, at p < 0.05. Statisti-
cal significance was analyzed by one-way ANOVA with Tukey post 
hoc multiple comparisons. Sodium and potassium assessed by com-
mercial kits. Calcium and magnesium assessed by atomic absorption 
technique
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as compared to the control values. However, rutin treat-
ment regulated the inflammatory status. The levels of the 
pro-inflammatory markers IL-1 β, IL-2, IL-6, TNF-α, 

and NF-κB were reduced, while the level of IL-4 was 
increased in the kidney tissues of IRR/rutin, MT/rutin, 
and IRR/MT/rutin groups (Fig. 5).
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Hypoxia‑induced factor‑1α level

The level of HIF-1α was significantly increased in the kid-
ney tissues of IRR-, MT-, and IRR/MT-intoxicated animals, 
as compared to the control value. However, rutin treatment 
depressed these levels in the kidney tissues of IRR, MT, and 
IRR/MT intoxicated animals (Fig. 6).

Acetylcholinesterase activity

The activity of AchE was suppressed in the kidney tissues of 
IRR-, MT-, and IRR/MT-intoxicated rats, as compared to the 
control animals. However, rutin administration encouraged 
the activity of AchE in the kidney tissues of the IRR-, MT-, 
and IRR/MT-intoxicated animals (Fig. 7).

Angiotensin converting enzyme activity

The activity of ACE I was recovered, while the ACE II activ-
ity was repressed in the kidney tissues of IRR-, MT-, and 
IRR/MT-intoxicated rats, as compared to the control group. 
However, rutin administration ameliorated the activities of 
ACE I and ACE II in the kidney tissues of the IRR-, MT-, 
and IRR/MT-intoxicated animals (Fig. 7).

The gene expression ratio of inducible nitric oxide 
synthase (iNOS) and endothelial nitric oxide 
synthase (eNOS)

The mRNA gene expression ratios of iNOS were up-regu-
lated, while the mRNA gene expression ratios of eNOS were 
down-regulated, respectively, in the kidney tissues of IRR-, 
MT-, and IRR/MT-intoxicated rats, compared to the control 
animals. However, rutin treatment regulated the mRNA gene 
expression ratios of iNOS and eNOS in the kidney tissues 
of the IRR-, MT-, and IRR/MT-intoxicated groups (Fig. 8).

Western blot analysis of p‑NF‑κB p65

The protein expression ratios of p-NF-κB p65 were up-
regulated in the kidney tissues of the IRR-, MT-, and IRR/

MT-intoxicated animals. However, rutin treatment down-
regulated the p-NF-κB p65 protein expression ratios in the 
kidney tissues of IRR-, MT-, and IRR/MT-intoxicated ani-
mals (Fig. 9).

Western blot analysis of bradykinin receptors

The protein expression ratios of bradykinin receptors B1R 
and B2R were up-regulated in the kidney tissues of IRR-, 
MT-, and IRR/MT-intoxicated rats, as compared to the con-
trol ratios. On the contrary, rutin treatment down-regulated 
the relative protein expression ratios ofB1R and B2R in the 
kidney tissues of the IRR-, MT-, and IRR/MT-intoxicated 
groups (Fig. 9).

Micro‑RNA gene expression

The mRNA gene expression ratios of miR-129–1-3p were 
down-regulated; however, the mRNA gene expression ratios 
of miR-200c-3p and miR-210-3p were up-regulated in the 
kidney tissues of the IRR-, MT-, and IRR/MT-intoxicated 
rats, as compared to the control ratios. However, rutin treat-
ment up-regulated the mRNA gene expression ratios of miR-
129–1-3p and down-regulated the relative gene expression 
ratios of miR-200c-3p and miR-210-3p in the kidney tissues 
of the IRR-, MT-, and IRR/MT-intoxicated groups (Fig. 10).

Fig. 5  Inflammatory markers levels in the kidney tissues. C, control; 
rutin, rutin-treated animals; IRR, gamma-irradiated animals; MT, 
malathion-treated animals; IRR/MT, gamma-irradiation/malathion-
treated animals; IRR/rutin, gamma-irradiation/rutin-treated animals; 
MT/rutin, malathion/rutin-treated animals; IRR/MT/rutin, gamma-
irradiation/malathion/rutin-treated animals; IL-1β, interleukin-1 beta; 
IL-2, interleukin-2; IL-4, interleukin-4; IL-6, interleukin 6; TNF-α, 
tumor necrosis factor-alpha; NF-κB, nuclear factor–kappa B. The 
statistical significance to control, IRR, MT, and IRR/MT are denoted 
by a, b, c, and d, respectively, at p < 0.05. Statistical significance was 
analyzed by one-way ANOVA with Tukey post hoc multiple compari-
sons. These inflammatory markers are assessed by ELISA technique

◂

Fig. 6  The hypoxia induced factor-1 alpha level in the kidney tis-
sues. C, control; rutin, rutin-treated animals; IRR, gamma-irradiated 
animals; MT, malathion-treated animals; IRR/MT, gamma-irradia-
tion/malathion-treated animals; IRR/rutin, gamma-irradiation/rutin-
treated animals; MT/rutin, malathion/rutin-treated animals; IRR/
MT/rutin, gamma-irradiation/malathion/rutin-treated animals. The 
hypoxia induced factor-1 alpha (HIF-1α) level is assessed by ELISA 
technique. The statistical significance to control, IRR, MT, and IRR/
MT are denoted by a, b, c, and d, respectively, at p < 0.05. Statistical 
significance was analyzed by one-way ANOVA with Tukey post hoc 
multiple comparisons. HIF-1α is assessed by ELISA technique
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Discussion

Malathion belongs to the largest and most diversified group 
of pesticides, organophosphate insecticides. It is widely 
used in public health and agricultural fields. Consequently, 
it demonstrates harmful environmental effects, which results 
in severe acute and chronic ailments to different organs, 
including the kidneys (Baiomy et al. 2015; Ince et al. 2017). 
Several studies have demonstrated that MT administration 
is associated with renal histological modifications induc-
ing renal damage (Selmi et al. 2018). In this investigation, 
rats exposed to a single dose of IRR demonstrated physi-
ological variations in the kidney functions concomitant 
with mild histopathological changes. It is documented that 
gamma-irradiation exposure boosted the alterations in the 
renal functions (Elkady and Ibrahim 2016; Ismail et al. 
2016a; Salem and Ismail 2021). However, chronic toxicity 
of MT established histopathological alterations in the kid-
ney tissues with marked tubular epithelial cell necrosis and 
apoptosis, associated with significant increases in kidney 
functions and urea and creatinine levels, accompanied by 
significant decreases in TP and ALB levels in the serum 
of MT-treated animals. These results are confirmed by 
the early study of Baiomy and co-workers (Baiomy et al. 
2015). The combined treatment IRR/MT augmented these 
changes, whereas exposure to gamma irradiation prior to 
MT administration enhanced the acquired oxidative stress, 
thus amplifying the alterations in kidney functions and kid-
ney architecture. Likewise, enhancement of the levels of 
 Na+ and the trace elements  Mg2+ and  Ca2+ associated with 
declines in the and  K+ levels were detected in the kidney 
tissues of MT- and IRR-intoxicated rats, which was magni-
fied in IRR/MT-intoxicated rats. IRR exposure and/or MT 
chronic administration stimulates kidney dysfunction and 
elicits electrolyte imbalance. The oxidative stress developed 
in the kidney tissues assists membrane permeability altera-
tions, tubular epithelium, and tubulointerstitial components 
destruction, amino acid oxidative-deamination, and protein 
catabolism leading to renal impairment (Baiomy et al. 2015; 
Ismail et al. 2016a; Salem and Ismail 2021). The amino 
acid metabolism is altered in the liver of γ-irradiated rats 
(Zaher et al. 2016) or MT-intoxicated animals (Khalifa and 

Alkhalaf 2020); thus, TP and ALB levels were diminished in 
the blood circulation. However, rutin treatment protected the 
intoxicated kidney due to counteracting the kidney micro-
structure changes (Diwan et al. 2017).

Fig. 7  The activity of acetylcholinesterase, angiotensin I converting 
enzyme, and angiotensin II converting enzyme in the kidney tissues. 
C, control; rutin, rutin-treated animals; IRR, gamma-irradiated ani-
mals; MT, malathion-treated animals; IRR/MT, gamma-irradiation/
malathion-treated animals; IRR/rutin, gamma-irradiation/rutin-treated 
animals; MT/rutin, malathion/rutin-treated animals; IRR/MT/rutin, 
gamma-irradiation/malathion/rutin-treated animals; AchE, acetylcho-
linesterase; ACE I, angiotensin I converting enzyme. The statistical 
significance to control, IRR, MT, and IRR/MT are denoted by a, b, c, 
and d, respectively, at p < 0.05. Statistical significance was analyzed 
by one-way ANOVA with Tukey post hoc multiple comparisons. 
These enzymes are assessed by ELISA technique

▸
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In the current investigation, MT demonstrates alterations 
in the kidney functions accompanied by renal oxidative 
stress. MT suppressed the activity of antioxidant enzymes 
such as SOD and CAT, thus encouraging MDA accumula-
tion in the kidney tissues (Selmi et al. 2018; Akbel et al. 
2018; Salari et al. 2021). The data of this investigation dem-
onstrates renal impairment accompanied by elevated levels 
of MDA and NO, as well as depression of the CAT and 
SOD activities and depressed GSH contents in the MT- and 
IRR-intoxicated animals, which is augmented in IRR/MT 
group. Oxidative stress has been linked to MT, similar to 
other organophosphate insecticides (Dhouib et al. 2015). An 
imbalance between the systemic expression of ROS and a 
biological system’s ability to quickly detoxify the reactive 
intermediates is referred to as oxidative stress. The release 
of ROS by the mitochondrial respiratory chain is linked to 
oxidative stress, leading to a significant decay in the anti-
oxidant defense effectiveness, thus, initiating lipid peroxi-
dation and enzyme suppression in addition to destruction of 
DNA and most important biomolecules. The initial defense 
line against free radical-induced oxidative stress is the anti-
oxidant enzymes SOD, CAT, and glutathione peroxidase 
(GPx). Superoxide radicals are known to be converted by 
SOD to  H2O2 and molecular oxygen. CAT is responsible 
for the enzymatic breakdown of  H2O2 to molecular oxy-
gen and water. GPx catalyzes the interaction between glu-
tathione and  H2O2. MT exposure has been shown to induce 
lipid peroxidation in rodent tissues. It has been proposed that 

superoxide radicals, either alone or after being converted 
to  H2O2, promote oxidation of the cysteine in the enzyme, 
lowering SOD activity. As a result, suppressed SOD activ-
ity could indicate cellular oxidative stress because of MT 
exposure. Accordingly, MT can instigate an oxidative imbal-
ance by reducing the intracellular level of GSH and can also 
suppress the activities of GSH-dependent enzymes, GST 
and GPx, resulting in oxidative processes and increased cell 
death (Dhouib et al. 2015). In this investigation, the levels of 
MDA and  H2O2 were significantly increased, accompanied 
by significant decreases in the GSH contents and suppres-
sion of the SOD and CAT activities in the kidney tissues of 
IRR-, MT-, and IRR/MT-intoxicated animals. Similar out-
puts were documented previously (Dhouib et al. 2015; Ince 
et al. 2017). Under oxidative stress circumstances, oxygen 
and energy supply is depleted; accordingly, breakdown of 
the mitochondrial oxidative phosphorylation is constructed, 
and the cells undergo hypoxia, leading to enhancement of 
the HIF-1α levels in the cells (Schödel et al. 2009; Salem 
and Ismail 2021), which explains the elevated levels of 
HIF-1α in the kidney tissues of IRR-, MT-, and IRR/MT-
intoxicated animals in the current investigation. However, 
rutin administration reversed these toxic symptoms due to 
its potent antioxidant and free radical scavenging activities. 
Several natural products containing polyphenolic and flavo-
noid moieties were used as radioprotective agents as well 
as neutralizing agents of MT toxicity (Diwan et al. 2017; 

Fig. 8  The mRNA gene expression ratio of inducible nitric oxide 
synthase, and endothelial nitric oxide synthase in the kidney tissues. 
C, control; rutin, rutin-treated animals; IRR, gamma-irradiated ani-
mals; MT, malathion-treated animals; IRR/MT, gamma-irradiation/
malathion-treated animals; IRR/rutin, gamma-irradiation/rutin-treated 
animals; MT/rutin, malathion/rutin-treated animals; IRR/MT/rutin, 
gamma-irradiation/malathion/rutin-treated animals; iNOS, induc-

ible nitric oxide synthase; eNOS, endothelial inducible nitric oxide 
synthase. The statistical significance to control, IRR, MT, and IRR/
MT are denoted by a, b, c, and d, respectively, at p < 0.05. Statistical 
significance was analyzed by one-way ANOVA with Tukey post hoc 
multiple comparisons. The levels of iNOS and eNOS are assessed by 
RT-PCR technique
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Karabag-Coban et al. 2016; Ahmed et al. 2009; Alsherbiny 
et al. 2019; Khalifa and Alkhalaf 2020; Salari et al. 2021).

On the other hand, nitric oxide synthases (NOS) are a 
group of enzymes that catalyze the conversion of L-argi-
nine to NO. NO is a crucial chemical in cellular signaling. 
NO has multiple functional roles in the kidneys, including 
renal blood flow, tubular regulation, and glomerular fil-
tration, all of which affect overall body homeostasis. NO 
overproduction is involved in severe kidney dysfunctions 

and the pathophysiology of various diseases affecting kid-
ney functions. The intra-renal NOS isoforms are relevant to 
NO-mediating kidney functioning (Mungrue et al. 2003), 
and the regulation of the NOS expressions has an effec-
tive role in NO activity in kidney tissues (Holmqvist et al. 
2005). iNOS and eNOS are involved in NO production, 
whereas NO stimulated by iNOS evokes tissue destruction. 
However, NO emitted by eNOS develops tissues protection 
(Betz et al. 2012). This released NO is involved in mediating 

Fig. 9  Western blots analysis (a) and the expression ratio of phospho-
nuclear factor–kappa B p65 (b), B1 bradykinin receptor (c) and B2 
bradykinin receptor (d) relative to β-actin in the rat kidney tissues of 
different experimental groups. C, control; rutin, rutin-treated animals; 
IRR, gamma-irradiated animals; MT, malathion-treated animals; 
IRR/MT, gamma-irradiation/malathion-treated animals; IRR/rutin, 
gamma-irradiation/rutin-treated animals; MT/rutin, malathion/rutin-
treated animals; IRR/MT/rutin, gamma-irradiation/malathion/rutin-
treated animals; p-NF-κB p65, phospho-nuclear factor kappa-light-
chain-enhancer of activated B cells p65 subunit; B1R, B1 bradykinin 

receptor rabbit polyclonal antibody (BDKRB1); B2R, B1 bradykinin 
receptor rabbit polyclonal antibody (BDKRB2). The statistical sig-
nificance to control, IRR, MT, and IRR/MT are denoted by a, b, c, 
and d, respectively, at p < 0.05. Statistical significance was analyzed 
by one-way ANOVA with Tukey post hoc multiple comparisons. The 
same amount of protein of the kidney tissues was analyzed by West-
ern blots. Rutin suppressed the up-regulation of p-NF-κB p65, B1R, 
and B2R protein expressions triggered by gamma-irradiation (IRR) 
and malathion (MT)
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organ toxicity by inflammatory response during oxidative 
stress conditions (Ismail et al. 2016b). The gene expression 
of iNOS was up-regulated, while that of eNOS was down-
regulated in parallel with elevated levels of NO in the cur-
rent investigation. Exposure to gamma-irradiation creates 
ROS and RNS (reactive nitrogen species), which prompts an 
inflammatory response and encourages the release of several 
pro-inflammatory cytokines such as TNF- and IL-6. The 
translocation of NF-κB from the cytoplasm to the nucleus 
could be stimulated by activated TNF-α and induction of the 
NF-κB signaling pathway, which includes the activation of 
different kinases, leading to phosphorylation and degrada-
tion of IκB, the inhibitor of NF-κB. The up-regulation of 
NF-κB levels activates the iNOS and the pro-inflammatory 
cytokines, such as TNF-α and IL-6 in an endless loop. The 
released IL-6 stimulates the production of iNOS and COX-2, 
which leads to an increase in prostaglandin PGE2 genera-
tion and increased oxidative stress in the intoxicated tissues 
(Zaher et al. 2016). The chronic inflammation-nephropathy 
observed due to MT toxicity is correlated with the altera-
tions in the kidney architecture (Jensen and Whatling 2010). 
Moreover, these inflammatory markers trigger the assembly 
of ROS and thus worsen kidney performance (Sureshbabu 
et al. 2015). Renal inflammation possesses a critical role 
during the progress of CKD, which enhances the occurrence 
of cardiovascular diseases and other metabolic diseases (Gu 
et al. 2020). The data demonstrates an elevated levels of 
IL-1β, IL-6, and TNF-α, and subsequently enhanced NF-κB 
level in the kidney tissues due to the exposure of animals to 
IRR or administration of MT. However, the exposure to IRR 
prior to MT chronic administration augments this inflam-
matory response in the kidney tissues of IRR/MT animal 
group. On the other hand, the IL-2 level is enhanced in the 
kidney tissues of IRR-, MT-, and IRR/MT-intoxicated ani-
mals. Hefnawy et al. (2016) reported that IL-2 level was 
elevated in the serum of MT-intoxicated patients, which 
could be related to the activation of the lymphocytes, T-cell 
proliferation, and enhancement of the immune response 
(Seth et al. 2008). On the contrary, rutin administration to 
IRR-, MT-, and IRR/MT-intoxicated animals exhibits anti-
inflammatory effects, which could be related to the enhance-
ment of the level of anti-inflammatory cytokine IL-4 in the 
kidney tissues. IL-4 level was declined in the kidney tissues 

Fig. 10  Relative gene expression ratio of micro-RNA 129-3p, micro-
RNA 200c-3p, and micro-RNA 210-3p in the kidney tissues. C, con-
trol; rutin, rutin-treated animals; IRR, gamma-irradiated animals; 
MT, malathion-treated animals; IRR/MT, gamma-irradiation/mal-
athion-treated animals; IRR/rutin, gamma-irradiation/rutin-treated 
animals; MT/rutin, malathion/rutin-treated animals; IRR/MT/rutin, 
gamma-irradiation/malathion/rutin-treated animals. The statistical 
significance to control, IRR, MT and IRR/MT are denoted by a, b, c, 
and d, respectively, at p < 0.05. Statistical significance was analyzed 
by one-way ANOVA with Tukey post hoc multiple comparisons

▸
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of intoxicated groups due to IRR exposure and MT admin-
istration in the current investigation. Improvement of IL-4 
can suppress the release of the pro-inflammatory cytokines 
IL-1β, IL-6, and TNF-α and can recover other anti-inflam-
matory mediators (Gu et al. 2020), accordingly regulating 
the NF-κB and its inflammatory pathways.

Inhibition of AchE is one of the most critical drawbacks 
of MT exposure due to encouragement of the cholinergic 
route (Bartling et al. 2007; Gupta et al.. 2019). AchE activ-
ity is depressed in the serum and tissues due to MT tox-
icity (Akhgari et al. 2003; Ince et al. 2017). AchE hydro-
lyzes acetylcholine to choline; accordingly, the inhibition 
of AchE encourages the accumulation of acetylcholine in 
kidney tissues. Acetylcholine enhances the renal blood flow 
and urinary nitrate/nitrite excretion in kidney tissues and 
encourages water and electrolyte clearances. However, in 
chronic renal diseases, this process is diminished. Moreover, 
in chronic renal failure, acetylcholine prompts alterations in 
these components, obstructs tubular sodium reabsorption, 
and diminishes water excretion. Thus, the accumulation 
of acetylcholine can suppress water and electrolyte clear-
ances in kidney tissues and can trigger alterations in the 
glomerular filtration rate (Vander 1964). MT is designated 
as an AchE inhibitor, whereas the phosphate group of MT is 
covalently attached to the serine residue at the active site of 
the enzyme (Colovic et al. 2013; Gupta et al. 2019). How-
ever, rutin administration re-activates AchE activity in the 
kidney tissues of IRR-, MT-, and IRR/MT-intoxicated ani-
mals and exhibited regulatory effects on AchE. In a previous 
investigation, rutin obstructed the AchE activity (Adefegha 
et al. 2018), whereas it developed a structural modification 
of AchE after their connection at Trp 279 or Trp 84 trypto-
phan moiety, forming rutin-AchE complex (Yan et al. 2018). 
On the other hand, in the current investigation, rutin admin-
istration recovers AchE activity that could be attributed to 
its potent antioxidant and scavenger activity of ROS. The 
mechanism of AchE reactivation by rutin warranted further 
investigations.

It is well known that MT exposure triggers kidney dys-
functions, characterized by alterations of urea, creatinine, 
TP, and ALB levels and structural modifications in the kid-
ney tissues (Badr 2020). On the other hand, organophos-
phates are implicated in CKD development (Wan et  al. 
2021). Hypertension is documented as one of the risk fea-
tures of CKD (Levey and Coresh 2012). The kidneys play 
a significant role in blood pressure regulation via different 
routes. One important route is the regulation of the renin-
angiotensin system (RAS) (Wu et al. 2020a; Paul et al. 
2006). Angiotensin-I-converting enzyme (ACE I) partici-
pates in the blood pressure regulation process by catalyzing 
the conversion of angiotensin I to angiotensin II (Ang II) and 
inactivates bradykinin. Ang II incorporates in hypertension 

and high levels of blood pressure (Wu et al. 2020b), medi-
ates renal inflammation via NF-κB signaling activation, and 
improves renal fibrosis via TGF-β1/Smad2/3 pathway (Liu 
et al. 2012). Subsequently, blocking the catalytic activity 
of ACE I is a therapeutic target to control hypertension to 
prevent Ang II accumulation. In addition, the RAS system 
establishes a balance between angiotensin II (Ang II) and 
angiotensin (Ang)-(1–7), whereas angiotensin-converting 
enzyme II (ACE II) prevents the accumulation of Ang II via 
its conversion to Ang-(1–7). This catalytic reaction is poten-
tiated by bradykinin, which can regulate ACE II (Fernandes 
et al. 2001). Bradykinin is the principal ligand of bradykinin 
receptors B1R and B2R. B1R is created and binds to brady-
kinin as a response to pathophysiologic disorders and could 
be simulated by inflammation (Leeb-Lundberg et al. 2005). 
However, the interaction between bradykinin and B2R is 
regulated by Ang-(1–7) (Fernandes et al. 2001; Leeb-Lun-
dberg et al. 2005). B2R creation is mediated by the activa-
tion of mitogen-activated protein kinase (MAPK) pathways 
(Leeb-Lundberg et al. 2005), enhancing the inflammatory 
signals via activation of the NF-κB pathway. On the other 
hand, B2R mediated the RAS route via complexion with 
ACE II (Fernandes et al. 2001; Leeb-Lundberg et al. 2005). 
The data showed an enhancement of ACE I activity, asso-
ciated with suppression of ACE II in the kidney tissues of 
IRR- and MT-intoxicated animals, and up-regulations of the 
B1R and B2R protein expressions, which are augmented in 
the IRR/MT group. However, rutin administration exhibits 
suppression of ACE I activity, activation of ACE II, and 
down-regulations of B1R and B2R protein expressions in 
the kidney tissues of IRR-, MT-, and IRR/MT-intoxicated 
animals; thus, rutin can prevent Ang II accumulation in the 
kidney tissues that further regulates renal hypertension. 
Rutin demonstrates antihypertensive properties in a mecha-
nism comprising ACE I suppression (Oyagbemi et al. 2020).

Micro-RNA has been identified as 20–22 nucleotides 
arranged in a single non-coding mRNA strand. Micro-RNAs 
are implicated in normal kidney physiology as well as in 
kidney pathophysiologic disorders via regulation of their tar-
get genes (Salem and Ismail 2021). In the present work, the 
mRNA gene expression ratio of miR-129–1-3p was down-
regulated; however, the relative gene expression ratios of 
miR-200c-3p and miR-210-3p were up-regulated in the kid-
ney tissues of IRR-, MT-, and IRR/MT-intoxicated rats. The 
miR-129–1-3p expression exhibited a significant suppressive 
role of gastric cancer cells via targeting B2R. MiR-129–1-3p 
was adversely associated with B2R (Wang et al. 2014). How-
ever, overexpression of miRNA-200c-3p is a result of Ang 
II overproduction (Liu et al. 2020) and organizes ACE II 
protein expression by targeting ACEII 3′ untranslated region 
(Yu et al. 2021). Consequently, down-regulation of miRNA-
200c-3p can counteract the hypertensive nephrotoxicity. 
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On the other hand, miR-210 was overexpressed in damaged 
renal tubular cells and correlated to HIF-1α overexpression. 
Down-regulation of miR-210 can attenuate HIF-1α overpro-
duction and preserve renal tubular cells (Feng et al. 2018; 
Liu et al. 2017). Conversely, rutin treatments ameliorate 
these miRNAs’ relative gene expression ratios in the kid-
ney tissues of IRR-, MT-, and IRR/MT-intoxicated animals.

In conclusion

The data showed that rutin administration regulated the gene 
expression ratios of iNOS, eNOS, and the gene expression 
ratios of miR-129–1-3p, miR-200c, and miR-210. In addi-
tion, it regulated the protein expression ratios of B1R and 
B2R suppressed ACE I activity and enhanced ACE II activ-
ity. Consequently, rutin demonstrated nephroprotection on 
IRR, MT, and on the combined IRR/MT toxicity in rats 
due to its potent antioxidant, free radical scavenging, and 
anti-inflammatory activities, thus, maintaining the kidneys’ 
structure and function.

Abbreviations ACE I:  Angiotensin-converting enzyme I; ACE 
II: Angiotensin-converting enzyme II; AchE: Acetylcholinesterase; 
ALB: Albumin; B1R: Bradykinin receptor I; B2R: Bradykinin recep-
tor II; Ca2+: Calcium; CAT : Catalase; CKD: Chronic kidney diseases; 
CMC: Carboxymethyl cellulose; eNOS: Endothelial nitric oxide syn-
thase; GSH: Reduced glutathione; Gy: Gray; H2O2: Hydrogen per-
oxide; HIF-1α: Hypoxia-induced factor–1 alpha; HNO3: Nitric acid; 
H&E: Hematoxylin and eosin; IL-1β: Interleukin–1 beta; IL-2: Inter-
leukin–2; IL-4:  Interleukin-4; IL-6:  Interleukin 6; iNOS:  Induc-
ible nitric oxide synthase; IP: Intraperitoneally; IRR: Ionizing radia-
tion; K+: Potassium; MDA: Malondialdehyde; Mg2+: Magnesium; 
miRNA: Micro-RNAs; M-MLV: Employing Moloney murine leu-
kemia virus; MT: Malathion; Na+: Sodium; NF-κB: Nuclear factor-
kappa B; NO: Nitric oxide; PBS: Phosphate-buffered saline; p-NF-κB 
p65: Phospho-nuclear factor kappa-light-chain-enhancer of activated B 
cells p65 subunit; ROS: Reactive oxygen species; RT-PCR: Real-time 
polymerase chain reaction; SDS: Sodium dodecyl sulfate; SOD: Super-
oxide dismutase; SPSS: Statistical Package for Social Science; TNF-
α: Tumor necrosis factor-alpha; TP: Total-proteins

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11356- 023- 27166-z.

Acknowledgements The authors would like to thank staff members 
of the gamma-irradiation unit at the National Center for Radiation 
Research and Technology (NCRRT), Egyptian Atomic Energy Author-
ity (EAEA), Nasr City, Cairo, Egypt, for carrying out radiation of ani-
mals. The authors also are grateful to Prof. Dr. Ahmed H. Osman, 
Professor of Histopathology, Department of Pathology, Faculty of 
Veterinary Medicine, Cairo University, for his assistance in the his-
topathological study.

Author contribution Amel F.M. Ismail: conceptualization, data cura-
tion, formal analysis, funding acquisition, investigation, methodology, 
project administration, resources, software, supervision, validation, 
visualization, writing—original draft, and writing—review and edit-
ing. Asmaa A. Salem: funding acquisition, investigation, methodology, 

project administration, resources, software, supervision, validation, and 
review. Mamdouh M. T. Eassawy: funding acquisition, investigation, 
methodology, project administration, resources, software, supervision, 
validation, and review.

Funding Open access funding provided by The Science, Technology & 
Innovation Funding Authority (STDF) in cooperation with The Egyp-
tian Knowledge Bank (EKB).

Data availability The data will be available upon request.

Declarations 

Ethics approval This manuscript was approved by the Ethical Com-
mittee of the National Center for Radiation Research and Technology 
(NCRRT) (21A/21).

Consent to participate The authors declare that we consent to partici-
pate in a study, but object to having their data published in a journal 
article.

Consent for publication Not applicable.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, 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:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Adefegha SA, Oboh G, Fakunle B, Oyeleye SI, Olasehinde TA (2018) 
Quercetin, rutin, and their combinations modulate penile phos-
phodiesterase-5′, arginase, acetylcholinesterase, and angiotensin-
I-converting enzyme activities: a comparative study. Comp Clin 
Pathol 27:773–780. https:// doi. org/ 10. 1007/ s00580- 018- 2664-y

Aebi H (1974) Catalase. In: Bergmeyer HU (ed) Methods of enzymatic 
analysis. Verlag Chemie: Academic Press Inc., Weinheim, New-
York, pp 673–680. https:// doi. org/ 10. 1016/ b978-0- 12- 091302- 2. 
50032-3

Ahmed T, Tripathi AK, Suke SG, Kumar V, Ahmed RS, Das S et al 
(2009) Role of HSP27 and reduced glutathione in modulating 
malathion-induced apoptosis of human peripheral blood mono-
nuclear cells: ameliorating effect of N-acetylcysteine and cur-
cumin. Toxicol in Vitro 23:1319–1325. https:// doi. org/ 10. 1007/ 
s10661- 010- 1736-5

Akbel E, Arslan-Acaroz D, Demirel HH, Kucukkurt I, Ince S (2018) 
The subchronic exposure to malathion, an organophosphate pesti-
cide, causes lipid peroxidation, oxidative stress, and tissue damage 
in rats: the protective role of resveratrol. Toxicol Res 7:503–512. 
https:// doi. org/ 10. 1039/ c8tx0 0030a. PMCID: PMC60 62150

Akhgari M, Abdollahi M, Kebryaeezadeh A, Hosseini R, Sabzevari 
O (2003) Biochemical evidence for free radical-induced lipid 

https://doi.org/10.1007/s11356-023-27166-z
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00580-018-2664-y
https://doi.org/10.1016/b978-0-12-091302-2.50032-3
https://doi.org/10.1016/b978-0-12-091302-2.50032-3
https://doi.org/10.1007/s10661-010-1736-5
https://doi.org/10.1007/s10661-010-1736-5
https://doi.org/10.1039/c8tx00030a.PMCID:PMC6062150


72947Environmental Science and Pollution Research (2023) 30:72930–72948 

1 3

peroxidation as a mechanism for subchronic toxicity of malathion 
in blood and liver of rats. Hum Exp Toxicol 22:205–211. https:// 
doi. org/ 10. 1191/ 09603 27103 ht34

Aksu E, Kandemir F, Ozkaraca M, Omur A, Kucukler S, Comaklı S (2017) 
Rutin ameliorates cisplatin-induced reproductive damage via suppres-
sion of oxidative stress and apoptosis in adult male rats. Andrologia 
49(1):e12593. https:// doi. org/ 10. 1111/ and. 12593. (PMID: 27106863)

Alex V, Mukherjee A (2021) Review of recent developments (2018–
2020) on acetylcholinesterase inhibition based biosensors for 
organophosphorus pesticides detection. Microchem J 161:105779. 
https:// doi. org/ 10. 1016/j. microc. 2020. 105779

Alsherbiny MA, Abd-Elsalam WH, El badawyd SA, Tahere E, Faresf 
M, Torresg A et al (2019) Ameliorative and protective effects 
of ginger and its main constituents against natural, chemical and 
radiation-induced toxicities: a comprehensive review. Food Chem 
Toxicol 123:72–97. https:// doi. org/ 10. 1016/j. fct. 2018. 10. 048

Badr AM (2020) Organophosphate toxicity: updates of malathion potential 
toxic effects in mammals and potential treatments. Environ Sci Pollut 
Res 27:26036–26057. https:// doi. org/ 10. 1007/ s11356- 020- 08937-4

Baiomy AA, Attia HF, Soliman MM, Makrum O (2015) Protective effect 
of ginger and zinc chloride mixture on the liver and kidney altera-
tions induced by malathion toxicity. Inter J Immunopathol Phar-
macol 28(1):122–128. https:// doi. org/ 10. 1177/ 03946 32015 572083

Bancroft JD, Layton C (2013) The hematoxylins and eosin  (Ch 10), 
In Bancroft JD, Gamble M. Theory and practice of histological 
techniques, 7th ed. Churchill Livingstone, Edinburgh, London, 
Melbourne and New York, pp 173–186

Bartling A, Worek F, Szinicz L, Thiermann H (2007) Enzyme-kinetic 
investigation of different sarin analogues reacting with human ace-
tylcholinesterase and butyrylcholinesterase. Toxicol 233:166–172. 
https:// doi. org/ 10. 1016/j. tox. 2006. 07. 003

Betz B, Schneider R, Kress T, Schick MA, Wanner C, Sauvant C 
(2012) Rosiglitazone affects nitric oxide synthases and improves 
renal outcome in a rat model of severe ischemia/reperfusion 
injury. PPAR Res 2012:219319. https:// doi. org/ 10. 1155/ 2012/ 
219319. 10. 1155/ 2012/ 219319

Colovic MB, Krstic DZ, Lazarevic-Pasti TD, Bondzic AM, Vasic VM 
(2013) Acetylcholinesterase inhibitors: Pharmacology and toxi-
cology. Curr Neuropharmacol 11(3):315–335. https:// doi. org/ 10. 
2174/ 15701 59X11 31103 0006

Dhouib IE, Lasram MM, Annabi A, Gharbi N, El-Fazaa S (2015) 
A comparative study on toxicity induced by carbosulfan and 
malathion in Wistar rat liver and spleen. Pestic Biochem Physil 
124:21–28. https:// doi. org/ 10. 1016/j. pestbp. 2015. 03. 012

Diwan V, Brown L, Gobe GC (2017) The flavonoid rutin improves 
kidney and heart structure and function in an adenine-induced 
rat model of chronic kidney disease. J Funct Foods 33:85–93. 
https:// doi. org/ 10. 1016/j. jff. 2017. 03. 012

Elkady AA, Ibrahim IM (2016) Protective effects of erdosteine against 
nephrotoxicity caused by gamma-radiation in male albino rats. Hum 
Exp Toxicol 35:21–28. https:// doi. org/ 10. 1177/ 09603 27115 574919

Ellman GL (1959) Tissue sulfhydryl groups. Arch Biochem Biophys 
82:70–77. https:// doi. org/ 10. 1016/ 0003- 9861(59) 90090-6

Feng M, Li Z, Wang D, Wang F, Wang C, Wang C, Ding F (2018) Micro-
RNA-210 aggravates hypoxia-induced injury in cardiomyocyte H9c2 
cells by targeting CXCR4. Biomed Pharmacother 102:981–987

Fenik J, Tankiewicz M, Biziuk M (2011) Properties and determina-
tion of pesticides in fruits and vegetables. TrAC Trends Anal 
Chem 30:814–826

Fernandes L, Fortes ZB, Nigro D, Tostes RC, Santos RA, Catelli 
De Carvalho MH (2001) Potentiation of bradykinin by angio-
tensin-(1–7) on arterioles of spontaneously hypertensive rats 
studied in vivo. Hypertension 37(2 Part 2):703–9

Fossati P, Prencipe L, Berti G (1980) Use of 3,5-dichloro-2-hydroxy-
benzenesulfonic acid/4-aminophenazone chromogenic system 

in direct enzymic assay of uric acid in serum and urine. Clin 
Chem 26(2):227–31

Gu L, Liu H, Liu X, Zeng X, Lei Z, Wan X (2020) The relation-
ship between interleukin-4 levels and cardiovascular events 
in patients with chronic kidney disease. Risk Manag Healthc 
Policy 13:2371–2377. https:// doi. org/ 10. 2147/ RMHP. S2708 45

Gupta VK, Siddiqi NJ, Ojha AK, Sharma B (2019) Hepatoprotec-
tive effect of Aloe vera against cartap- and malathion-induced 
toxicity in Wistar rats. J Cell Physiol 234:18329–18343. https:// 
doi. org/ 10. 1002/ jcp. 28466

Hefnawy AA, MonessHM ZAR, Hassan ME, Adly N (2016) 
Some clinical and biochemical effects associated with acute 
malathion-induced immunotoxicity in Minia City, Egypt. Ain 
ShamsJ Forensic Med Cl Toxicol 27:37–48

Holmqvist B, Olsson CF, Svensson M-L, Svanborg C, Forsell J, Alm 
P (2005) Expression of nitric oxide synthase isoforms in the 
mouse kidney: cellular localization and influence by lipopoly-
saccharide and Toll-like receptor 4. J Mol Hist 36:499–516. 
https:// doi. org/ 10. 1007/ s10735- 006- 9028-7

Ince S, Arslan-Acaroz D, Demirel HH, Varol N, Ozyurek HA, Zemheri 
F et al (2017) Taurine alleviates malathion induced lipid peroxida-
tion, oxidative stress, and proinflammatory cytokine gene expres-
sions in rats. Biomed Pharmacother 96:263–268

Ismail AFM, Salem AAM, Eassawy MMT (2016a) b) Hepatoprotec-
tive effect of grape seed oil against carbon tetrachloride induced 
oxidative stress in liver of γ-irradiated rat. J Photoch Photobiol 
B:biol 160:1–10. https:// doi. org/ 10. 1016/j. jphot obiol. 2016. 03. 027

Ismail AFM, Zaher NH, El-Hossary EM, El-Gazzar M (2016b) a). 
Modulatory effects of new curcumin analogues on gamma-
irradiation–Induced nephrotoxicity in rats. Chem Biol Interact 
260:141–153. https:// doi. org/ 10. 1016/j. cbi. 2016. 11. 010

Jensen IM, Whatling P (2010) Malathion: a review of toxicology. Ch. 
71,  3rd Edn. In Krieger RI (Ed.): Hayes' Handbook of Pesticide 
Toxicology. https:// doi. org/ 10. 1016/ B978-0- 12- 374367- 1. 00071-9

Jit BP, Pattnaik S, Arya R, Dash R, Sahoo SS, Pradhan B et al (2022) 
Phytochemicals: a potential next generation agent for radiopro-
tection. Phytomedicine 106:154188

Kadir FA, Kassim NM, Abdulla MA, Yehye WA (2013) Effect of oral 
administration of ethanolic extract of Vitex negundo on thio-
acetamide-induced nephrotoxicity in rats. BMC Complement 
Altern Med 13:294. https:// doi. org/ 10. 1186/ 1472- 6882- 13- 294

Karabag-Coban F, Bulduk I, Liman R, Ince S, Cigerci I, Hazman O 
(2016) Oleuropein alleviates malathion-induced oxidative stress 
and DNA damage in rats. Toxicol Environ Chem 98:101–108. 
https:// doi. org/ 10. 1080/ 02772 248. 2015. 11101 56

Khalifa FK, Alkhalaf MI (2020) Effects of black seed and thyme 
leaves dietary supplements against malathion insecticide-
induced toxicity in experimental rat model. J King Saud Univ 
Sci 32:914–919. https:// doi. org/ 10. 1016/j. jksus. 2019. 05. 008

Leeb-Lundberg LM, Marceau F, Müller-Esterl W, Pettibone DJ, Zuraw 
BL (2005) International union of pharmacology. XLV. Classifica-
tion of the kinin receptor family: from molecular mechanisms to 
pathophysiological consequences. Pharmacol Rev 57(1):27–77

Levey AS, Coresh J (2012) Chronic kidney disease. Lancet 379:165–
180. https:// doi. org/ 10. 1016/ S0140- 6736(11) 60178-5

Liu Z, Huang XR, Chen HY, Penninger JM, Lan HY (2012) Loss of 
angiotensin-converting enzyme 2 enhances TGF- β1/Smad-medi-
ated renal fibrosis and NF- κB-driven renal inflammation in a 
mouse model of obstructive nephropathy. Lab Invest 92:650–661

Liu L-L, Li D, He Y-L, Zhou Y-Z, Gong S-H et al (2017) miR-210 
protects renal cell against hypoxia-induced apoptosis by target-
ing HIF-1 Alpha. Mol Med 23:258–271

Liu Y, Jiang Y, Li W, Han C, Zhou L, Hu H (2020) MicroRNA-200c-3p 
inhibits proliferation and migration of renal artery endothelial 
cells by directly targeting ZEB2. Exp Cell Res 387:111778

https://doi.org/10.1191/0960327103ht34
https://doi.org/10.1191/0960327103ht34
https://doi.org/10.1111/and.12593
https://doi.org/10.1016/j.microc.2020.105779
https://doi.org/10.1016/j.fct.2018.10.048
https://doi.org/10.1007/s11356-020-08937-4
https://doi.org/10.1177/0394632015572083
https://doi.org/10.1016/j.tox.2006.07.003
https://doi.org/10.1155/2012/219319.10.1155/2012/219319
https://doi.org/10.1155/2012/219319.10.1155/2012/219319
https://doi.org/10.2174/1570159X11311030006
https://doi.org/10.2174/1570159X11311030006
https://doi.org/10.1016/j.pestbp.2015.03.012
https://doi.org/10.1016/j.jff.2017.03.012
https://doi.org/10.1177/0960327115574919
https://doi.org/10.1016/0003-9861(59)90090-6
https://doi.org/10.2147/RMHP.S270845
https://doi.org/10.1002/jcp.28466
https://doi.org/10.1002/jcp.28466
https://doi.org/10.1007/s10735-006-9028-7
https://doi.org/10.1016/j.jphotobiol.2016.03.027
https://doi.org/10.1016/j.cbi.2016.11.010
https://doi.org/10.1016/B978-0-12-374367-1.00071-9
https://doi.org/10.1186/1472-6882-13-294
https://doi.org/10.1080/02772248.2015.1110156
https://doi.org/10.1016/j.jksus.2019.05.008
https://doi.org/10.1016/S0140-6736(11)60178-5


72948 Environmental Science and Pollution Research (2023) 30:72930–72948

1 3

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein meas-
urement with the folin phenol reagent. J Biol Chem 193:265–275

Mahgoub S, Sallam AO, Sarhan HKA, Ammar AAA, Soror SH 
(2020) Role of Diosmin in protection against the oxidative 
stress induced damage by gamma-radiation in Wistar albino 
rats. Regul Toxicol Pharmacol 113:104622

Maurya DK, Devasagayam TP, Krishnan C, Nair K (2006) Some 
novel approaches for radioprotection and the beneficial effect 
of natural products. Indian J Exp Biol 44:93–114

Moheban AA, Chang HH, Havton LA (2016) The suitability of 
propofol compared with urethane for anesthesia during urody-
namic studies in rats. J Am Assoc Lab Anim Sci 55:89–94

Montgomery HA, Dymock JF (1961) The determination of nitrite 
in water. Analyst 86:414–416. https:// doi. org/ 10. 1039/ AN988 
13010 73

Mungrue IN, Bredt DS, Stewart DJ, Husain M (2003) From molecules 
to mammals: what’s NOS got to do with it? Acta Physiol Scand 
179:123–135. https:// doi. org/ 10. 1046/j. 1365- 201X. 2003. 01182.x

Nafees S, Rashid S, Ali N, Hasan SK, Sultana S (2015) Rutin amelio-
rates cyclophosphamide induced oxidative stress and inflamma-
tion in Wistar rats: role of NF-κB/MAPK pathway. Chem-Biol 
Interact 231:98–107. https:// doi. org/ 10. 1016/j. cbi. 2015. 02. 021

Nangare SN, Patil SR, Patil AG, Khan ZG, Deshmukh PK, Tade RS 
et al (2022) Structural design of nanosize-metal–organic frame-
work-based sensors for detection of organophosphorus pesticides 
in food and water samples: current challenges and future pros-
pects. J Nanostructure Chem 12:729–764. https:// doi. org/ 10. 1007/ 
s40097- 021- 00449-y

Nishikimi M, Roa NA, Yogi K (1972) The occurrence of superox-
ide anion in the reaction of reduced phenazine methosulfate and 
molecular oxygen. Biochem Biophys Res Commun 46:849–854. 
https:// doi. org/ 10. 1016/ s0006- 291x(72) 80218-3

Oyagbemi AA, Bolaji-Alabi FB, Ajibade TO, Adejumobi OA, Ajani 
OS, Jarikre TA et al (2020) Novel antihypertensive action of rutin 
is mediated via inhibition of angiotensin converting enzyme/min-
eralocorticoid receptor/angiotensin 2 type 1 receptor (ATR1) sign-
aling pathways in uninephrectomized hypertensive rats. J Food 
Biochem 44(12):e13534. https:// doi. org/ 10. 1111/ jfbc. 13534

Paul M, Mehr AP, Kreutz R (2006) Physiology of local renin-angioten-
sin systems. Physiol Rev 86(3):747–803. https:// doi. org/ 10. 1152/ 
physr ev. 00036. 2005

Pfaffl MW (2001) A new mathematical model for relative quantifica-
tion in real-time RT-PCR. Nucleic Acids Res 29(9):2002–2007. 
https:// doi. org/ 10. 1093/ nar/ 29.9. e45

Poomagal S, Sujatha R, Senthil Kumar P, Vo D-VN (2021) A fuzzy cog-
nitive map approach to predict the hazardous effects of malathion 
to environment (air, water and soil). Chemosphere 263:127926

Rezk RG, Abdel-Rahman N (2013) Protective effects of lipoic acid 
against oxidative stress induced by lead acetate and gamma-irra-
diation in the kidney and lung in albino rats. Arab J Nucl Sci Appl 
46(2):324–337 (ISSN 1110-0451, CODEN AJNADV)

Salari A, Roshanaei K, Rasoulian B, Fard JK (2021) Carvacrol loaded 
beta cyclodextrin-alginate-chitosan based nanoflowers attenuates 
renal toxicity induced by malathion and parathion: a comparative 
toxicity. Pestic Biochem Physiol 172:104747. https:// doi. org/ 10. 
1016/j. pestbp. 2020. 104747

Salem AA, Ismail AFM (2021) Protective impact of Spirulina platensis 
against γ-irradiation and thioacetamide-induced nephrotoxicity in 
rats mediated by regulation of micro-RNA 1 and micro-RNA 46a. 
Toxicol Res 10(3):453–466. https:// doi. org/ 10. 1093/ toxres/ tfab0 37

Satoh K (1978) Serum lipid peroxide in cerebrovascular disorders 
determined by a new colorimetric method. Clin Chim Acta 90:37–
43. https:// doi. org/ 10. 1016/ 0009- 8981(78) 90081-5

Schödel J, Klanke B, Weidemann A, Buchholz B, Bernhardt W, Bertog 
M et al (2009) HIF-prolyl hydroxylases in the rat kidney physi-
ologic expression patterns and regulation in acute kidney injury. 

Am J Pathol 174(5):1663–1674. https:// doi. org/ 10. 2353/ ajpath. 
2009. 080687

Selmi S, Rtibi K, Grami D, Sebai H, Marzouki L (2018) Cermak 
insecticide, provokes metabolic, histopathologic and molecular 
disorders in liver and kidney in prepubertal male mice. Toxicol 
Rep 5:189–195

Seth V, Banerjee BD, Ahmed RS, Bhattacharya A, Pasha ST (2008) 
Alterations in immunoglobulins and cytokine levels in blood of 
malathion poisoning cases. Indian J Biochem Biophys 45(3):209–
211. https:// nopr. niscpr. res. in/ handle/ 12345 6789/ 1935

Srinivasan M, Sudheer AR, Pillai KR, Kumar PR, Sudhakaran PR, 
Menon VP (2007) Modulatory effects of curcumin on γ-radiation-
induced cellular damage in primary culture of isolated rat hepato-
cytes. Environ Toxicol Pharmacol 24:98–105. https:// doi. org/ 10. 
1016/j. etap. 2007. 03. 001

Sunada S, Fujisawa H, Cartwright IM, Maeda J, Brents CA, Mizuno 
K et al (2014) Monoglucosyl-rutin as a potential radioprotector 
in mammalian cells. Mol Med Rep 10(1):10–14. https:// doi. org/ 
10. 3892/ mmr. 2014. 2181

Sureshbabu A, Ryter SW, Choi ME (2015) Oxidative stress and 
autophagy: crucial modulators of kidney injury. Redox Biol 
4:208–214. https:// doi. org/ 10. 1016/j. redox. 2015. 01. 001

Turkyilmaz IB, Us H, Us AS, Karabulut-Bulan O, Yanardag R (2022) 
Protective effect of melatonin and carnosine against radiation 
induced kidney injury. J Radioanal Nucl Chem 331:3551–3561. 
https:// doi. org/ 10. 1007/ s10967- 022- 08419-6

Vander J (1964) Effects of acetylcholine, atropine, and physostigmine on 
renal function in the dog. Am J Physiol 206:492–498. https:// doi. org/ 
10. 1152/ ajple gacy. 1964. 206.3. 492. 10. 1152/ ajple gacy. 1964. 206.3. 492

Wan E-T, Darssan D, Karatela S, Reid SA, Osborne NJ (2021) Asso-
ciation of pesticides and kidney function among adults in the US 
population 2001–2010. Int J Environ Res Public Health 18:10249. 
https:// doi. org/ 10. 3390/ ijerp h1819 10249

Wang D, Luo L, Guo J (2014) miR-129-1-3p inhibits cell migration by 
targeting BDKRB2 in gastric cancer. Med Oncol 31(8):98. https:// 
doi. org/ 10. 1007/ s12032- 014- 0098-1

Wu J-S, Li J-M, Lo H-Y, Hsiang C-Y, Ho T-Y (2020a) Anti-hyper-
tensive and angiotensin-converting enzyme inhibitory effects of 
Radix Astragali and its bioactive peptide AM-1. J. Ethnopharma-
col. 254:112724. https:// doi. org/ 10. 1016/j. jep. 2020. 112724

Wu Z, Pan Z, Wen Y, Xiao H, Shangguan Y, Wang H, Chen L (2020b) 
Egr1/p300/ACE signal mediates postnatal osteopenia in female 
rat offspring induced by prenatal ethanol exposure. Food Chem 
Toxicol 136:111083. https:// doi. org/ 10. 1016/j. fct. 2019. 111083

Yan X, Chen T, Zhang L, Du H (2018) Study of the interactions of forsyth-
iaside and rutin with acetylcholinesterase (AChE). Int J Biol Macro-
mol 119:344–1352. https:// doi. org/ 10. 1016/j. ijbio mac. 2018. 07. 144

Yu G, Jiao Y, Huang J-J, Fan M-D, Hao Y-C, Han J-Z, Qu L (2021) 
Acidic preconditioning reduces lipopolysaccharide-induced acute 
lung injury by upregulating the expression of angiotensin-convert-
ing enzyme 2. Exp Therap Med 21:441. https:// doi. org/ 10. 3892/ etm. 
2021. 9879

Zaher NH, Salem AAM, Ismail AFM (2016) Novel amino acid deriv-
atives bearing thieno[2,3-d]pyrimidine moiety down regulate 
NF-κB in γ-irradiation mediated rat liver injury. J Photochem 
Photobiol b: Biol 165:328–339. https:// doi. org/ 10. 1016/j. jphot 
obiol. 2016. 10. 029

Zhang J, Brown RP, Shaw M, Vaidya VS, Zhou Y, Espandiari P et al 
(2008) Immunolocalization of Kim-1, RPA-1, and RPA-2 in kidney 
of gentamicin-, mercury-, or chromium-treated rats: relationship 
to renal distributions of iNOS and nitrotyrosine. Toxicol Pathol 
36(3):397–409. https:// doi. org/ 10. 1177/ 01926 23308 315832

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

https://doi.org/10.1039/AN9881301073
https://doi.org/10.1039/AN9881301073
https://doi.org/10.1046/j.1365-201X.2003.01182.x
https://doi.org/10.1016/j.cbi.2015.02.021
https://doi.org/10.1007/s40097-021-00449-y
https://doi.org/10.1007/s40097-021-00449-y
https://doi.org/10.1016/s0006-291x(72)80218-3
https://doi.org/10.1111/jfbc.13534
https://doi.org/10.1152/physrev.00036.2005
https://doi.org/10.1152/physrev.00036.2005
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1016/j.pestbp.2020.104747
https://doi.org/10.1016/j.pestbp.2020.104747
https://doi.org/10.1093/toxres/tfab037
https://doi.org/10.1016/0009-8981(78)90081-5
https://doi.org/10.2353/ajpath.2009.080687
https://doi.org/10.2353/ajpath.2009.080687
https://nopr.niscpr.res.in/handle/123456789/1935
https://doi.org/10.1016/j.etap.2007.03.001
https://doi.org/10.1016/j.etap.2007.03.001
https://doi.org/10.3892/mmr.2014.2181
https://doi.org/10.3892/mmr.2014.2181
https://doi.org/10.1016/j.redox.2015.01.001
https://doi.org/10.1007/s10967-022-08419-6
https://doi.org/10.1152/ajplegacy.1964.206.3.492.10.1152/ajplegacy.1964.206.3.492
https://doi.org/10.1152/ajplegacy.1964.206.3.492.10.1152/ajplegacy.1964.206.3.492
https://doi.org/10.3390/ijerph181910249
https://doi.org/10.1007/s12032-014-0098-1
https://doi.org/10.1007/s12032-014-0098-1
https://doi.org/10.1016/j.jep.2020.112724
https://doi.org/10.1016/j.fct.2019.111083
https://doi.org/10.1016/j.ijbiomac.2018.07.144
https://doi.org/10.3892/etm.2021.9879
https://doi.org/10.3892/etm.2021.9879
https://doi.org/10.1016/j.jphotobiol.2016.10.029
https://doi.org/10.1016/j.jphotobiol.2016.10.029
https://doi.org/10.1177/0192623308315832

	Rutin protects against gamma-irradiation and malathion-induced oxidative stress and inflammation through regulation of mir-129-3p, mir-200C-3p, and mir-210 gene expressions in rats’ kidney
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Irradiation facilities
	Animals
	Experimental design
	Histopathological explorations
	Biochemical assessments
	Preparation of kidney homogenates
	Determining oxidative stress parameters and antioxidant enzymes
	Assessment of sodium and potassium levels
	Assessment of the trace elements: calcium and magnesium levels
	The inflammatory markers assessment by ELISA technique
	Hypoxic induced factor-1 alpha assessment
	Acetylcholinesterase activity assessment
	Angiotensin-converting enzyme activity assessment
	Real-time quantitative reverse transcription–polymerase chain reaction
	Western blotting analysis
	Assessment of the micro-RNA expression
	Statistical analysis

	Results
	Histopathology
	Biochemical analysis
	Oxidative stress and antioxidants in the kidney
	The levels of sodium and potassium
	The levels of the trace elements: calcium and magnesium
	Inflammatory markers
	Hypoxia-induced factor-1α level
	Acetylcholinesterase activity
	Angiotensin converting enzyme activity
	The gene expression ratio of inducible nitric oxide synthase (iNOS) and endothelial nitric oxide synthase (eNOS)
	Western blot analysis of p-NF-κB p65
	Western blot analysis of bradykinin receptors
	Micro-RNA gene expression

	Discussion
	In conclusion
	Anchor 39
	Acknowledgements 
	References


