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Metalaxyl, a benzenoid fungicide, has hazardous effects on mammalian animals. Exposure to metalaxyl causes
oxidative stress as well as clear toxicity. The possible protective impact of quercetin or rosemary extract against
liver damage caused by the fungicide metalaxyl in rats were evaluated. Twenty-eight male albino rats split into
four equal groups. G1 (control group); Rats were received distilled water. G2 (metalaxyl): Rats were administered
oral dosages of metalaxyl (130 mg/kg b.wt) 1/10 LD50 three times a week for six weeks. G3 (metalaxyl + querce-
tin): Rats were given 50 mg/kg b.wt/day of quercetin in addition to (130 mg/kg b.wt) of metalaxyl. G4 (metalaxy!
+ Rosemary extract): Rats were given (200 mg/kg b.wt/day) of Rosemary extract in addition to 130 mg/kg b.wt
of metalaxyl. The findings showed that rats exposed to metalaxyl had markedly elevated levels of liver marker
enzymes and clearly up-regulation of Caspase-3 gene expression. However, rats exposed to metalaxyl showed a
considerable downregulation of the expression of the liver HO-1, Nrf2, and Bcl-2 genes. Conversely, Quercetin
or Rosmary extract co-treatment with metalaxyl induce significant decreases in serum liver enzymes along with
downregulation in caspase 3, while up-regulation of HO-1, Nrf2 and Bcl-2 gene expression in hepatocytes of
treated rats. These results suggest that quercetin and rosemary extract may have a potential protective role as
strong hepatoprotective, anti-inflammatory and anti-apoptotic properties, mitigate oxidative stress caused by
metalaxyl toxicity induced -liver damage by inhibiting caspase 3 mediated initiation of HO-1, Nrf2 and Bcl-2
genes.

Introduction

Metalaxyl, N-(2, 6 Dimethylphenyl)-N-(methoxyacetyl)-DL-alanine
methyl ester, is a systemic benzenoid fungicide which represents the
most famous member of the amide group. It is used for tropical and
subtropical crops in foliar spray mixtures, as a seed treatment and a soil
treatment to prevent soil-borne pathogens, fungal infections on orna-
mentals, fruits, peanuts, grasses, cotton, and soybeans (Ding et al., 2012).

Metalaxyl is applied to combat soil-borne fungal infections on grass-
es, fruits, peanuts, soybeans, and cotton (Sukul and Spiteller, 2000). The
fears caused by metalaxyl result from its high residual level in crops,
particularly vegetables grown in greenhouses, and other environmental
components (Pattanasupong et al., 2004). It is highly dissolve in water, ca-
pable of penetrating groundwater, and stable in the presence of sunshine
possesses a 400-day half-life (United States Environmental Protection
Agency, 1994). Yin et al. (2017) reported that metalaxyl induces DNA hy-
pomethylation in organism lead to toxic-epigenomics in organism. Who
added that, metalaxyl affected on the activity of methyltransferase, which
causes modification of DNA methylation levels and pattern.

The liver is the primary organ included in the metabolism of xeno-
biotics, such as fungicide, and plays a significant role in maintaining ho-
meostasis. Traditional liver function tests are frequently used for evalua-
tion dysfunction of the biliary and hepatocellular systems via assessment
of serum levels of alkaline phosphatase (ALP) and aminotransferases (ALT,
AST), respectively (Lozano-Paniagua et al., 2021).

Many fungicides primarily affect biological targets by electrophilical-
ly attacking cellular components related with synchronous generation of
reactive oxygen species (ROS) (Al-Attar, 2015). ROS is a primary origin of
oxidative stress in tissue (Elzoghby et al,, 2014). Nuclear factor erythroid
2-related factor 2 (Nrf2) is a known redox controller of cells that reg-
ulators the expression of a variety of genes dependent on antioxidant

response elements as well as eventually stimulates the body’s antioxi-
dant protection abilities (Kim et al, 2010). Pesticide exposure-stimulated
organism damage is frequently associated with Nrf2-mediated cellular
defense mechanisms (Zheng et al.,, 2020). According to Yang et al. (2021),
Nrf2 with its target gene products, Heme oxygenase-1 (HO-1) and NA-
D(P)H Quinone Dehydrogenase 1 (NQO1), can be activated in response
to a variety of toxins, and they represent the potential of organisms at-
tacking oxidative stress to enhance an anti-oxidative response. In addi-
tion, cell apoptosis-linked protein expression Bcl-2 as well as enzyme ac-
tivities (caspase-3) were associated with the molecular mechanisms of cell
apoptosis (Wang et al., 2020).

Most plants contain a class of naturally occurring polyphenolic chem-
icals called flavonoids, which have been shown to have a major effect on
the inflammatory process. Common flavonoids like quercetin are found
in a variety of fruits and vegetables, including broccoli, soybeans, ber-
ries, apples, and grapes. Many fruits and vegetables contain quercetin,
(3,3'4',5,7-pentahydroxyflavone), one of the plant flavonoids that be-
longs to the polyphenol group (Bao et al.,, 2017). Several pharmacological
investigations have revealed that quercetin possesses strong antioxidant,
neuroprotective, anti-inflammatory, anti-apoptotic and anti-angiogenic,
properties (Wang et al, 2018). Additionally, it has been proposed that
due to its potent anti-inflammatory with antioxidant features, it can in-
hibit diseases including obesity, diabetes, and cancer. Quercetin has been
reported to be more effective than vitamins C, E and other natural antiox-
idants that stop oxidation of lipids, besides being a strong antioxidant as
well as free radical scavenger (Smart et al., 2018). Quercetin is one of the
most prevalent flavonoids, which has demonstrated to exhibit strong an-
tioxidant, anti-inflammatory, anti-diabetic, anti-fibrotic, and anti-carcino-
genic properties (Hassan et al,, 2019). Moreover, quercetin treatment may
have hepato-protective benefits via anti-inflammatory activity, capturing
of free radical, and the regeneration of endogenous antioxidant defense
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system mechanisms against oxidative stress and liver damage induced by
metalaxyl in rats (Hussein et al., 2017).

Rosemary (Rosmarinus officinalis) is one common household plant,
has several phytochemicals, likewise rosmarinic acid, betulinic acid, cam-
phor, caffeic acid, ursolic acid, and the antioxidants carnosic acid (Akela
et al, 2018). Rosemary leaves extracts have several bioactivities in vitro,
such as antioxidant, antibacterial, anti-tumor, antiulcerogenic, antidiuret-
ic, antidiabetic, anti-inflammatory, and antithrombotic agents (Tousson et
al,, 2019). Accordingly, the current study was designed to explore the del-
eterious effects of metalaxyl toxicity caused-liver injury, oxidative stress,
inflammation, and apoptosis in rats. Also, the possibility for the protective
influence of quercetin and rosemary extracts on metalaxyl induced alter-
ations of molecular markers and histopathological examination of liver
tissues were evaluated.

Materials and methods

Experimental Animals

Twenty-eight male albino rats, weighing between 100 and 150 g at
4-5 weeks of age, were obtained from Laboratory Animals Research Cen-
ter, Faculty of Veterinary, Benha University, Egypt. Animals were housed
in separated stainless steel cages and kept up 12 hours, light/dark cycle,
(24.0+1.0°C and 52.0+12.0 % relative humidity. Water and food were giv-
en ad- libitum. Rats were adapted for two weeks before the experiment's
beginning. The Experimental protocol was carried out in compliance with
the guidelines for Institutional Animals Care as well as Use Committee
and adopted by Research Ethics Committee, Faculty of Veterinary Medi-
cine, Benha University (BUFVTM 07-02-23).

Chemicals and natural agents

The chemicals and antioxidant employed in the existing study were:

Metalaxyl: Metalaxyl, N-(2,6-Dimethylphenyl)-N-(methoxyacetyl)-DL-ala-
nine methyl ester, technical grade of 98% was purchased from Zhejiang
Heben Pesticide and Chemicals Co., Ltd. China. Metalaxyl was dissolved
in 860 pL of dimethyl sulfoxide (DMSO) after that, 11.2 mL of propylene
glycol was added. Freshly prepared metalaxyl compound was given at a
dose of 130 mg/kg b.wt (1/10 of LD50) orally three times a week for 6
weeks (Sakr and Lamfon, 2005).
Quercetin: {2-(3,4-Dihydroxyphenyl)-3,5,7-trihydroxy-4H-1-benzopyran-
4-one dihydrate, 3,3'4',5,7-Pentahydroxyflavone dehydrate). Quercetin
was purchased from Aktin Chemicals, Inc. company (Nature connecting
health); Chengdu; China.

Preparation of Quercetin stock solution

About 200 mg of Quercetin was added to 1 ml of DMSO. About (0.5
ml) of quercetin DMSO stock solution was added to (1ml) Tween 80 and
diluted to create 7 ml using normal saline. Each rat received 1 ml of this
solution orally (Indap et al,, 2006). For six weeks, rats were given a daily
dosage of (50 mg/kg b.wt) from quercetin, which was prepared by dis-
solving it in DMSO, Tween 80, and normal saline solution.
Rosemary: Rosemary was purchased from Al-Harraz Co for Agriculture
Seeds, Herbs and Medicinal plants, Cairo, Egypt.

Rosemary extract
Preparation of Rosemary leaves extract

In order to inhibit decomposing of chemical contents, dried rosemary
leaves about 250 g were ground into a fine powder. Then, in a stoppered

container the plant powder was added to ethanol [ethanol/water (70:30)],
the mixture was left to stand at room temperature for a minimum of three

days. Following this, the mixture was filtered to make a liquid extract,
which was then concentrated at 50°C and low pressure using a rotary
evaporator. This process was frequented at least three times. Lastly, the
extract was weighted and kept at -20°C until it was needed (Abdel-Gawad
etal, 2021).

Other chemicals applied in current study were of the highest pure
grades obtained from El Gomhouria Company; for Trading Chemicals and
Medical Appliances; Egypt.

Design of experimental work

The rats were split up into four equal major groups, each with seven
rats, as follow:
G1 (Normal control): rats did not receive any treatment.
G2 (Metalaxyl): Rats given oral dosages of metalaxyl 1/10 LD50 (130 mg/
kg b.wt) three times a week for six weeks.
G3 (Metalaxyl + quercetin): Rats were given quercetin orally (50 mg/kg
b.wt/day) and given metalaxyl (130 mg/kg b.wt) three times a week.
G4 (Metalaxyl + Rosemary extract): Rats were given rosemary extract oral-
ly (200 mg/kg b.wt/day), (Al-Attar and Shawush, 2014) , and given metal-
axyl (130 mg/Kg b.wt) three times a week for six weeks.
N.B: During the experimental period, the dosage was adjusted every week
according to any change in body weight to maintain similar dose per kg
body weight of rat over the entire period of study for each group.

Sampling
Blood samples

At the end of the six-week experiment, Blood samples were obtained
by ocular vein puncture into tubes with screw caps, which were subjected
to centrifugation at 2900 r.p.m. for 10 minutes for serum separation. The
separated serum was preserved in a deep freeze at -20°C. until used for
the assessment of liver biomarker enzymes [Alanine transaminase (ALT),
Aspartate transaminase (AST) and Alkaline phosphatase (ALP)] activities.

Liver specimens

After obtaining of blood sample, rats were euthanized in accordance
with Animal Ethics Committees. After being dissected, the liver tissue
specimens were split into two parts. The first portion was cleaned with
sterile physiological saline to eliminate any blood cells and clot, it was
placed in Eppendorf tubes, instantaneously stored in liquid nitrogen, and
preserved at -80°C until the RNA was extracted to determine the gene
expression by reverse transcription polymerase chain reaction (RT-PCR).
The second part of the liver was preserved in 10% formalin solution for
histopathological investigation.

Analyses
Biochemical analysis

Serum ALT and AST activities were assessed using the kinetic method
outlined by (Schumann and Klauke, 2003) while ALP activity was deter-
mined following the procedure described by Tietz et al. (1983) using a
commercial kit supplied by SPINREACT, Santa Coloma, Spain.

Molecular analysis

The mRNA expression levels of B-cell lymphoma 2 (Bcl-2), Caspase-3,
and heme oxygenase-1 (HO-1), nuclear factor erythroid 2—related factor
2 (Nrf2) in livers of rats were evaluated using real-time gPCR (Table 1). Us-
ing a complete RNA purification kit and the manufacturer’s instructions,
pure RNA was isolated from liver tissues (Thermo Scientific, Fermentas,
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Table 1. Sequences of forward and reverse primers for genes used in RT- qPCR.

Gene Forward primer (5 ------ 3) Reverse primer (/5 ------ 3)

Caspase3 GGTATTGAGACAGACAGTGG CATGGGATCTGTTTCTTTGC

Bcl-2 ATCGCTCTGTGGATGACTGAGTAC AGAGACAGCCAGGAGAAATCAAAC
Nrf2 CACATCCAGACAGACACCAGT CTACAAATGGGAATGTCTCTGC
HO-1 GGAAAGCAGTCATGGTCAGTCA CCCTTCCTGTGTCTTCCTTTGT
GAPDH CAACTCCCTCAAGATTGTCAGCAA GGCATGGACTGTGGTCATGA

#K0731). Every cDNA sample was reverse transcribed via used the Re-
vert Aid TM First Strand CDNA synthesis kit (#EP0451, Thermo Scientific,
Fermentas, USA). Next, using gene-specific primers and the manufactur-
er's protocol (Thermo Scientific, USA, # K0221), RT-PCR with SYBR Green
was utilized to evaluate gene expression. The target genes expression
normalizes with glyceraldehyde-3-phosphate-dehydrogenase (GAPDH)
using 2-AACt technique (Livak and Schmittgen, 2001).
Histopathological examination

Liver tissue specimens for histopathological examination were placed
in 10% neutral buffered formalin solution (Bancroft and Gamble, 2008).
Following appropriate fixation, the specimens underwent dehydration in
increasing grades of ethyl alcohol, were subsequently cleared with xylol,
encased in paraffin, and then blocked. For microscopy, these specimens
were split at a thickness of 5 um as well as subjected to staining with
hematoxylin and eosin (H and E).

Statistical analysis

The means + SE were applied to express all the data. Using
SPSS, 18.0 software 2011, a one-way analysis of variance (ANOVA) was
employing to evaluate the statistical significance, and the Duncan’s mul-
tiple range test (DMRT) was applied to generate individual comparisons.
The statistical significance was determined as p < 0.05.

Results

Rats intoxicated with metalaxyl showed a marked elevation in serum
activities of ALT, AST and ALP in comparison to the control group. While
rats treated with quercetin and rosemary extract showed a highly signif-
icant reduction of ALT, AST, and ALP activities compared to the metal-
axyl-exposed rats (Table 2).

Table 2. Effects of Quercetin or Rosemary extract administration on the activity
of serum AST, ALT and ALP in rats exposed to metalaxyl.

Animal groups Parameters v+ (/) AST(UL)  ALP(UL)

G1: Normal control 56.05£2.27  69.90°43.65 120.33°+£7.27
G2: Metalaxyl 110.62*+4.29 152.43*+7.73 275.44*+12.64
G3: Metalaxyl + Quercetin 76.18+3.10 100.35°+5.21 210.35°+£9.21
G4: Metalaxyl + Rosmary extract 79.25°+3.33  92.25*+4.33 192.25+9.33

The data is displayed as Mean + Standard Error of the Mean (SEM). Means within the same
column carrying different superscript letters are significantly different (P< 0.05).

The livers of rats intoxicated with metalaxyl displayed a notable
up-regulation of the liver Caspase-3 gene expression level and a signif-

icant downregulation of Bcl-2, Nrf2 and HO-1 when compared to the
control normal group. On the other hand, treatment with quercetin or
rosemary extract significantly down-regulate liver Caspase-3 gene and
up-regulated Bcl-2, Nrf2, and HO-1 genes expressions compared to the
metalaxyl exposed group (Table 3).

Histopathological findings

Histopathological investigation of hepatic tissue of the control group
displayed normal histological appearance of central veins, portal areas,
and homogenous polyhedral hepatocytes (Fig. 1A). Meanwhile, livers
of metalaxyl exposed rats showed various histological alterations in the
hepatic parenchyma. Hepatic sinusoids and central veins were seen to
be noticeably dilated and congested. The hepatic parenchyma showed
presence of scattered foci of hepatic degeneration characterized by dis-
crete clear cytoplasmic vacuoles with peripheral flattened nuclei (fatty de-
generation) was noticed in the midzonal and peripheral areas of hepatic
lobules (Fig. 1B). Additionally, the hepatocytes displayed severe degrees
of degenerative alters in the form of hydropic degeneration, which was
mostly detected in all zones of the hepatic lobules and was characterized
via swollen pale vacuolated cytoplasm with occasional pyknosis, absence
of degenerated hepatocyte nuclei or rarely karyolysis.

Multifocally, perivascular mononuclear inflammatory cell aggregates
with Von Kuepfer's cells activations were noted (Fig. 1C, D). Occasionally,
small parts of hepatocytes exhibit coagulative necrosis that characterized
via preservation of cellular contour with pyknotic nuclei and homoge-
nous, hyper eosinophilic cytoplasm with leukocytic cellular infiltrations
primarily lymphocytes (Fig. 1E). The perivascular interstitium was expand-
ed through mononuclear inflammatory cells aggregation (Fig. 1F).

Microscopical investigation of the rats’ liver treated by metalaxyl
and quercetin showed a slight improvement in their hepatic histologi-
cal appearance in comparable to the group of rats treated with metal-
axyl. With the exception of the portal triad, which revealed the presence
of a congested portal vein with slight periductal fibrosis and leukocytic
cellular infiltration, the majority of the hepatic tissue showed a modest
degree of curing (Fig. 2A). The hepatocyte displayed hydropic degener-
ation, characterized through enlarged, vacuolated cytoplasm, pale with
few pyknotic nuclei which was accompanied by the expansion and Von
Kuepfer's cells activation (Fig. 2B). In the meantime, the livers of the rats
in the rosemary and metalaxyl group showed a significant restoration
of the normal hepatocellular architecture, associated with high regular
and less changed hepatocytes comparing with the metalaxyl-exposed rat
(Fig. 2C). The hepatocytes in the hepatic lobules’ centrilobular zone had
a normal histological appearance, but the hepatocytes in the periphe-
ro-lobular zones displayed mild hydropic degeneration and occasionally

Table 3. The protective impact of Quercetin or Rosemary extract on the relative expression of Caspase 3, Bcl-2 Nrf2, and HO-1 genes in the liver of rats intoxicated with metalaxyl.

Parameters Caspase-3 Bel-2 Nrf2 HO-1
Animal groups Fold change +SEM Fold change +SEM Fold change +SEM Fold change +SEM
G1: Normal control 1.00°+0.00 1.00*+ 0.00 1.00*+0.00 1.00*+0.00
G2: Metalaxyl 6.15*+0.3 0.049+0.003 0.26°+0.01 0.05%+0.01
G3: Metalaxyl + Quercetin 4.53+0.21 0.45°+0.02 0.91*+0.05 0.76*+0.04
G4: Metalaxyl + Rosmary extract 3.20°4+0.14 0.67°+0.02 0.62°+0.03 0.32°+0.02

The data is displayed as Mean + Standard Error of the Mean (SEM). Means within the same column carrying different superscript letters are significantly different (P< 0.05).
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minor portal inflammatory cellular infiltration (Fig. 2D).

Fig. 1. Liver sections of control (A), and toxic (B- E) groups, H&E. Control group (A),
showing normal histological appearance of central veins (cv), portal areas (pa), and he-
patocytes (he) (x100). Toxic group (B), showing marked congestion (C) of the central vein
and hepatic sinusoids with scattered foci of fatty degeneration (arrow, x100). (C) Diffuse
hydropic degeneration of hepatocytes with perivascular mononuclear inflammatory cell ag-
gregates (arrow) between the degenerated hepatocytes (x100). (D) high power of previous
figure showing Hepatocyte hydropic degeneration is described by enlarged, pale, vacuolat-
ed cytoplasm associated with karyolysis, or by the lack of nuclei (arrowhead, x400). (E)
Hepatocyte focal region of coagulative necrosis infiltrated by lymphocytes (arrow, x400).
(F) The perivascular interstitium showing aggregates of mononuclear inflammatory cells
(IC) (x400).

Fig. 2. Liver sections of treated groups with quercetin (A, B) and rosemary (C, D), H&E.
(A) Congestion of portal vein (arrow) with mild periductal fibrosis and leukocytic cellular
infiltration (thick arrow, x100). (B) Hepatocyte hydropic degeneration is distinguished by
enlarged, pale, vacuolated cytoplasm and pyknotic nuclei (arrow) in association with en-
largement and initiation of Von Kuepfer’s cells (arrowhead, x400). (C) Marked restoration
of normal histological appearance of central veins (cv) and hepatocytes (he) (x100). (D)
Mild portal inflammatory cell infiltrates (arrow) and mild degree of hepatocyte vacuolation
(zigzag arrow, x400).

Discussion

Many pesticides primarily attack cellular components electrophilical-
ly while also producing reactive oxygen species (ROS), which leads to the
extensive oxidation of biomolecules such as lipids, proteins, and nucleic
acids (Zaki, 2012). It has been shown that one of the primary mecha-
nisms underlying pesticide-induced toxicity is the production of oxida-
tive stress. While numerous medications are used to treat people with
pesticide intoxication, their application has been restricted due to ad-
verse effects. It makes constant that there is rising interest in determining
safeguard naturally antioxidants and determining their ability to reduce
pesticide-induced oxidative stress. Flavonoids are important members of
the polyphenol family and have potent antioxidant activities (Zeng et al.,
2021).

The findings of current study’s demonstrated that, rats intoxicated
with metalaxyl had significantly higher serum ALP, ALT and AST activities
in comparison to control group. Similarly, Al-Janabi et al. (2023) found
that, AST, ALT, and ALP exhibited a greater rise in serum activities due to
the toxicity of nano-fipronil pesticides. Additionally, Abolaji et al. (2017)
suggested that liver damage caused by the co-administration of fungi-
cides or insecticides alone, was indicated by a marked rise in plasma ALT
and AST activity. Certain serum biochemical parameter levels are em-
ployed as diagnostic evidence of liver injury. The generation of intracel-
lular enzymes, involving ALP, is one of the most dramatic and sensitive
signs of hepatocyte injury. The increased activity of these enzymes is an
indication of cellular leakage and/or a decline in functional integrity in
the liver's cellular membranes both of which are invariably related to he-
patic necrosis (Howell et al., 2014). Increased AST, ALT and ALP activities
were revealed to be associated to liver injury as well as altered hepatic
mechanisms (Kanbur et al, 2009). This increase may be explained by
the enzymes being released from the cytoplasm into the bloodstream,
which would indicate inflammation and necrosis (Sidhu et al,, 2014). Fur-
thermore, the increases of aminotransferases enzymes activities in serum
might be related to tissue damage and finally enzymes transfer from the
damaged liver tissues into the blood, in addition to enhancing the per-
meability of cell membranes (Pari and Murugavel, 2004). Whenever a he-
patocyte plasma membrane is ruptured, enzymes normally present in the
cytosol are generated into the bloodstream. Their evaluation in serum is
a useful method for figuring out the nature and extent of hepatocellular
injury (Shibabaw et al,, 2019). Likewise, exposure to other forms of pes-
ticides, as, imidacloprid and chloroquine, was also related to elevate ALT
and AST activities (Arfat et al., 2014).

The current results exhibited that Quercetin or rosemary extract
treatment dramatically lowers ALP, AST, and ALT activities in the serum,
suggesting a hepatoprotective effect on the liver of rats exposed to
metalaxyl-induced liver damage. In vivo studies have demonstrated the
exceptional antioxidant with anti-inflammatory features of the flavonoid
quercetin. Moreover, studies have shown that it has cytotoxic, hepatopro-
tective, antifungal, antioxidant, and anticarcinogenic properties (Batiha
et al, 2020). Similarly, David et al. (2011) demonstrated that quercetin
administration to rats intoxicated with thioacetamide for four days re-
sulted in notable decreases in serum activities of AST and ALT as well
as effective prevention of morphological changes, El-Shafey et al. (2015)
also found that giving quercetin daily (15 mg/kg) three weeks before a
paracetamol hazardous dose caused significant reduction in AST, ALT
and ALP activities. Consequently, it was assumed that quercetin displayed
preventive influences against metalaxyl-induced hepatotoxicity in vivo via
its antioxidant as well as anti-inflammatory features. Because quercetin
diffuses more readily into membranes and can scavenge free radicals at
several locations via the lipid bilayer, it may have an antioxidant influence
(Moridani et al., 2003). Hence, quercetin’s protective benefits in adult rats
were further supported by its ability to interact with and scavenge several
radicals, including peroxyl, hydroxyl, alkoxyl and superoxide. In the same
way quercetin acts as antioxidant via its O-dihydroxy structure which pro-
vides it the greater stability against free radicals so precipitating them
in their delocalized electrons (Padma et al., 2012). Also, Hussein et al.
(2017) stated that, in metalaxyl-exposed rats and received quercetin for
8 weeks, there was a significant reduction in serum activities of ALP, ALT
and AST compared to the metalaxyl group. Consequently, it was assumed
that quercetin’s antioxidant and anti-inflammatory properties prevented
metalaxyl-induced hepatotoxicity in vivo. Obvious reduced serum ALT
and AST activities were detected in quercetin plus imidacloprid treat-
ment (Hassan et al, 2019). The possible protective impact of quercetin
on liver function in rats receiving continuous intraperitoneal injection of
Clothianidin (CTD) is also observed by Gheshlaghi-Ghadim et al. (2022).
They found that rats treated with CTD, a pesticide belonging to the neon-
icotinoid class, had significantly higher serum ALT and AST activities and
their activities were decreased significantly in quercetin (10 mg/kg b.wt)
+ CTD treated animals.

The present study proved that rosemary extract treatment to meta-
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laxyl exposed rats significantly lowered serum ALT, AST and ALP activi-
ties. Similarly, Omar (2023) reported significant decline in serum AST and
ALT and ALP activities in fish fed 1% rosemary leaf powder suggesting a
hepatoprotective effect. Pretreatment with rosemary extract before hep-
atotoxic azathioprine administration prevent elevated activities of serum
ALT and AST in rats. The inhibition of up-regulation in these biomarkers’
enzymes suggesting that there was no liver injury, this was confirmed
by histopathological findings (Amin and Hamza, 2005). These protective
influences were related to the increase levels of antioxidants compounds
and free radical fighting properties of rosemary extract (Abdel-Wahhab et
al., 2011). Also, Shan et al. (2015) illustrated the influence of carnosic acid,
one of phytochemicals compound of rosemary, on non-alcoholic fatty
liver disease progression. They noticed activation of one of the pathways
decreasing hepatocyte apoptosis. Rosemary showed positive influences
at different stages of liver disease, no matter how advanced development
(Al-Attar and Shawush, 2015).

The existing results indicated that, in the liver of rats intoxicated with
metalaxyl, there was a notable up-regulation of the liver Caspase-3 gene
expression level and a considerable downregulation of Bcl-2, Nrf2 and
HO-1 compared to the control group. Similar to this, Li et al. (2021) ob-
served that treatment with deltamethrin (DLM) resulted in brain injury
by lowering antioxidant defense and mRNA expression of Nrf2 and its
downstream proteins levels. Treatment with deltamethrin declined the
expression of Bcl-2 gene and increased the level of caspase-3 gene, which
in turn caused apoptosis in the cerebrum. According to Yang et al. (2021)
Nrf2, its target gene product, and HO-1 can be activated in response to a
variety of toxins. These responses are indicative of an organism'’s capacity
for an anti-oxidative response against oxidative stress (Wang et al., 2020).
By reducing the anti-oxidative stress-linked protein or genes, deltame-
thrin-induced oxidative damage may be the cause of down-regulated
Nrf2 as well as HO-1. The organism'’s ability to defend against oxidative
stress was diminished throughout this period, and compensating for the
excessive generation of ROS is exciting (Li et al,, 2020).

Feng et al. (2023) stated that, exposure to 30 and 60 pM of organo-
phosphorus triphenyl phosphate (TPhP) led in downregulated protein
expression of Bcl-2 as well as caspase-3, with upregulation occurring by
32.4% and 59.9%. Furthermore, Algahtani and Mahmoud (2016) studied
the role of proapoptotic factors in cyclophosphamide (CYC)-induced he-
patocyte apoptosis and found elevated levels of caspase-3 and Bax gene
protein expression. They reported that in hepatic tissue, CYC enhanced
the expression of Bax and Cas-3.

Nuclear factor erythroid 2-related factor 2 signaling pathway is cru-
cial for cellular protection from endogenous and exogenous inflamma-
tion and oxidative stress (Wang et al,, 2022). Excessive ROS levels after
fungicide intervention may be enhanced the release of the vital transcrip-
tion factor Nrf2 and that controls the response of anti-oxidative stress in
the tissue (Krajka-Kuzniak et al, 2017). Nrf2 translocates to the nucleus
and induce the expression of antioxidant enzyme genes involving HO-
1and phase Il detoxification enzyme genes (Zou et al., 2018). Present data
display that metalaxyl exposure inhibited the Nrf2 signaling pathway, de-
creasing antioxidant enzymes activities, involving HO-1.

Elevated oxidative and reduce cellular homeostasis enhanced by
metalaxyl exposure linked to elevated apoptosis. Apoptosis is a physio-
logical mechanism of regulated death of cell (ElImore, 2007). These path-
ways included can be categorized to intrinsic and extrinsic pathway (Mor-
gan et al, 2017). Caspase 3 and Bcl2 induce extrinsic/ intrinsic apoptosis
pathways (Zou et al, 1997), and the last executor in extrinsic pathways
is caspase 3 (Falschlehner et al, 2007). Our data showed that metalaxyl
up-regulated caspase 3 and down-regulated Bcl2 gene expression. These
results mean that ROS mediate mitochondrial-dependent pathways in-
cluded in metalaxyl-induced apoptosis. The involvement of Bcl2 with re-
spect to mitochondrial membrane potential is widely known (Drechsel
and Patel, 2008). Also, metalaxyl induced caspase 3 as a repercussion of
apoptosis in liver cells. Similarly, Hassan et al. (2018) reported that Zineb
and metalaxyl fungicid increased Bax levels, inhibited Bcl2 levels, and
triggered caspase 3/ caspase 8 activities, which later showed apoptosis
through the Bax/Bcl2 and caspase 3/caspase 8 pathway.

Conversely, treatment with Quercetin or rosemary extract on meta-
laxyl exposed rats displayed notable downregulation of liver Caspase-3
gene expression and up-regulation of Bcl-2, Nrf2 as well as HO-1 gene
expression comparing to metalaxyl exposed group. Similarly, Yang et al.
(2022) demonstrated that quercetin inhibits Caspase-3 activation, hence
preventing cell death. In an ischemic brain injury model, quercetin was
found to be able to block cell death via decline Caspase-3 activity. Also,
Jia et al. (2011), described that, quercetin reversed the effects of cadmi-
um on granulosa cells, causing increases in Caspase-3 and Bax levels as
well as decreases in Bcl-2 expression. The authors highlighted the po-
tent antioxidant properties of quercetin, which have the ability to inhibit
granulosa cell cytotoxicity resulting from cadmium exposure. The current
study supports these earlier research findings in the literature by demon-

strating that cyclophosphamide (CYC) elevated the expression of Bax and
Caspase-3 while quercetin administration dramatically decreased apop-
tosis in hepatic.

Moreover, rosemary contains the beneficial component carnosic acid
(CA). In vitro studies using neonatal rat ventricular cardiomyocytes ex-
posed to doxorubicin (DOX)-induced cardiotoxicity have demonstrated
its ability to decrease inflammation and reactive oxygen species. In the
rats’ hearts, CA significantly reduced pyroptosis and apoptosis respons-
es, which ultimately improved cardiac function. By stimulating Nrf2 and
heme HO-1 downstream, CA demonstrated its antioxidant impact. Fur-
thermore, in DOX-induced cardiotoxicity, CA therapy dramatically raised
Bcl-2 and prevented caspase-3 cleavage (Hu et al,, 2023). Carnosic acid
(CA) demonstrated its antioxidant activity by initiating HO-1 and Nrf2.
Also, by promptly inducing anti-oxidative and phase-2 detoxifying en-
zymes as well as linked stress-response proteins, Nrf2 is a crucial tran-
scription factor that plays a vital role in cellular defense against oxidative
and electrophilic insults (Kim et al., 2010). Furthermore, Nrf2 up-regulates
HO-1, a significant cytoprotective and anti-inflammatory enzyme. HO-1
is one of the enzymes that Nrf2 upregulates and has strong anti-inflam-
matory and antioxidative characteristics. Quercetin and rosemary in our
data significantly inhibited the metalaxyl-induced liver damage via atten-
uating different apoptotic markers through increase antioxidant activity
by HO-1/Nrf2 pathways and apoptosis regulation.

Histopathological investigation of hepatic tissue of metalaxyl ex-
posed rats showed various histological alterations in the hepatic paren-
chyma with the presence of scattered foci of hepatic degeneration char-
acterized by discrete clear cytoplasmic vacuoles with peripheral flattened
nuclei (fatty degeneration) in the midzonal and peripheral areas of hepat-
ic lobules. Also, hepatic sinusoids and central veins were seen to be no-
ticeably dilated and congested. Additionally, the hepatocytes displayed
highly degrees of degenerative changes in the form of hydropic degen-
eration, which was mostly detected in all zones of the hepatic lobules.
Similarly, Lamfon (2011) and Hassan et al. (2018) reported that, metalaxyl
caused various histopathological changes in the hepatocytes of rats such
as marked congestion of intrahepatic blood vessels, tissue impairment
and cytoplasmic vacuolization of the hepatocytes. Moreover, the existing
study shown that metalaxyl up-regulated caspase 3 and down-regulated
Bcl-2 gene expression promoting liver apoptosis. Apoptosis induced by
metalaxyl has been reported in hepatocytes of rats (EI-Ghonaimy, 2015).
Likewise, neuron apoptosis may be associated with the activation of
caspase-3 and Bax and the downregulation of Bcl-2 in cerebral ischemia/
reperfusion injury (Liu et al., 2013).

Histopathological alters in the livers of treated rats with metalaxyl
and quercetin displayed a slight improvement in their hepatic histological
appearance compared with metalaxyl treated group. Similarly, Bahar et
al. (2017) displayed that, administration of quercetin (25 or 50 mg/kg) to
Mn-exposed rats displayed improvement of histopathological alteration
compared with Mn-treated rats. Also, Sakr and Lamfon (2010) showed
that treating animals with metalaxyl followed by antox revealed an im-
provement in the histological changes observed in animals treated with
metalaxyl alone. Who added that, antox treatment leads to a decrease
in the percent of apoptotic cells. In current study, livers of the rats in
the rosemary and metalaxyl group showed a significant restoration of
the normal hepatocellular architecture. These results coincided with that
recorded by Morsi et al. (2024) who reported that, liver of the rats treated
with Etoposide chemotherapy with rosemary group displayed a signifi-
cant improvement as a majority of hepatocytes revealed normal appear-
ance. The generation of free radicals is highly responsible for the massive
degenerative changes produced by metalaxyl. The protective influences
of quercetin and rosemary extract were also verified by histopathologi-
cal examination, demonstrating that, they had the potential to scavenge
free radicals. Similarly, Al-Attar and Shawush, (2015) recorded that, ad-
ministering of rosemary extract before or during thioacetamide therapy
improvement of the histological picture of the liver in rats.

Conclusion

Quercetin and rosemary extract are potent antioxidants that inhibit
the generation of reactive oxygen species (ROS), alleviate oxidative stress
caused by metalaxyl, and protect the liver via activating the Nrf2/HO-1
pathway. Also, Quercetin and rosemary extract has strong anti-apoptotic
and anti-inflammatory properties by suppress caspase 3 mediated activa-
tion of the Bcl-2/Nrf2 signaling.
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