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Quercetin Protects Against Deltamethrin-Induced Hepatotoxicity in
Rats: Histomorphometric and Stereological Evidence of Reduced
Oxidative Stress, Inflammation, and Apoptosis
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SUMMARY: Deltamethrin (DLM), a widely used pyrethroid insecticide, induces hepatotoxicity through oxidative stress,
inflammation, and apoptosis. This study investigated the protective effects of quercetin against DLM-induced liver itguiiynvienty
male Wistar rats were randomly assigned to four groups: Sham, Que (50 mg/kg quercetin), DLM (5 mg/kg deltamethrin), and DLM-Que
Treatments were administered orally once daily for 5 weeks. Serum alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) were measured to assess liver function. Oxidative stress markers (GSH, SOD, CAT, and MDA), inflammafryNE-,
and NFkB) and apoptosis-related (caspase-3, bax, and bcl-2) gene expression were evaluated in liver tissue. Histopathological and
stereological analyses were also performed. DLM administration caused marked hepatic injury, characterized by histopathological
alterations, elevated ALT, AST, and MDA levels, reduced antioxidant enzyme activities, increased expression of inflamnpatsry and
apoptotic gnes, and decreased bcl-2 expression. Quercetin significantly attenuated these changes by restoring antioxidant ssatgs, suppres
inflammatory responses, and modulating apoptosis-related gene expression. Histological findings were supported by sti&nlogical
showing significant improvements in hepatocyte density, sinusoidal length, and liver volume in the DLM-Que group compidred with
DLM group. These findings demonstrate that quercetin protects against DLM-induced hepatotoxicity through regulation & oxidativ
stress, inflammation, and apoptosis and may represent a promising therapeutic strategy against pesticide-induced liver injury.
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INTRODUCTION

The liver is a crucial organ that performs a broadlthough it is a highly effective insecticide, and relatively
spectrum of physiological functions including metabolismgss toxic to mammals than other insecticides, there are
detoxification, biosynthesis of critical biomolecules andnhcreasing reports of various toxicological effects associated
immune regulation (Ariast al, 2020). The liver is especially with chronic or excessive exposure to DLM including
vulnerable to toxic insults because it plays a key role mephrotoxicity and hepatotoxicity (Rjeilet al., 2016;
biotransformation of both xenobiotics and environmentdlhalatbaryet al, 2016, 2017). Liver is one of the most
toxicants (Hintoret al, 2017). Synthetic pyrethroids are onecrucial locations for metabolism of DLM and is vulnerable
of the many pollutants found in the environment, and, it®o DLM effects. DLM has been shown to cause oxidative
particular, deltamethrin has been used in agriculture asttess through the production of reactive oxygen species
home gardens and poses a risk to human health becaus@R@S) causing lipid peroxidation, protein carbonylation and
its toxicity to nontarget organisms (lat al, 2019; Haret DNA damage (Liet al, 2019). In addition, oxidative stress
al., 2020). induced by deltamethrin can lead to a chain reaction of

inflammatory response and apoptotic signaling pathways,

Deltamethrin (DLM) is a type Il synthetic pyrethroidwhich ultimately results in liver dysfunction and
that is widely used as an insecticide (Rehmaal, 2014). hepatocellular injury (Arorat al, 2016).
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The discovery of natural compounds withExperimental Design and Treatment Groups
antioxidant, anti-inflammatory and anti-apoptotic properties
that can reduce the harmful effects of different After a week of acclimatization, 20 adult male Wistar
environmental factors has been the focus of a large numbats were randomly distributed into four experimental
of studies (Geronikaki & Gavalas, 2006). A naturafjroups of 5 rats each. Randomization was done by using
occurring flavonoid, rich in fruits, vegetables and grainsimple random number table: each animal was assigned
guercetin has been found to be a powerful bioactiwgith an identification number, and the grouping of animals
compound with established hepatoprotective effects (Kellwas done by random number. The randomization was done
2011; Miltonprabuwet al, 2017). The protective action of by a researcher not involved in subsequent experimental
quercetin is mediated by several mechanisms, such aspitecedures, sample collection or data analysis (allocation
antioxidant activity, by scavenging free radicals andoncealment); to minimize selection bias. All treatments
enhancing endogenous antioxidant defense systems,vilgre given by oral gavage once a day for five weeks. (1)
inhibiting pro-inflammatory cytokines (e.g., tumor necrosi§ham group received only dimethyl sulfoxide (DMSO;
factor a [TNFa], IL-1[3, and IL-6), and by suppression ofMerck, Germany), which served as the vehicle control. (Il)
apoptosis-related proteins (Domitrotal, 2012; Costa Quercetin (50 mg/kg/day; Sigma-Aldrich, USA) group was
et al, 2021). administered. (1ll) DLM group, received deltamethrin (5

mg/kg/day; Sigma-Aldrich, USA), diluted in DMSO. (1V)

The current study is designed for the evaluation @LM-Que group, received both treatments for 5 weeks.
hepatoprotective activity of quercetin against DLM induced
liver toxicity in experimental model. This study specifically The dose and duration of DLM administration was
addresses the evaluation of quercetin's modulation dfosen according to the similar previous studies (Ben Slima
oxidative stress, inflammatory responses and apoptotital, 2013; Khalatbargt al, 2017). In addition, this dose
pathways induced by DLM exposure. By assessingf quercetin (50 mg/kg/day) was selected due to previous
biochemical markers, histopathological changes, arsdudies showing antioxidant and anti-inflammatory
molecular signaling pathways, this research seeks to provigi®tective effects of quercetin at this concentration in liver
a mechanistic understanding of the protective effects mflated conditions (Kumar Mishet al., 2013; El Faras &
quercetin and support its potential use as a naturalsawaf, 2017; Uylagt al, 2018; Zhanget al, 2021,

therapeutic agent in pesticide-induced liver injury. Firouzehet al, 2024), and our preliminary pilot evaluations
that established its efficacy and tolerability in our

MATERIAL AND METHOD experimental conditions.

Ethics approval To minimize circadian variability, all substances

were freshly prepared prior to each administration and

The experimental protocol was approved by Animadministered at the same time each day (10:00 AM).
Research Ethics Committee. All authors state that all animEdeatment period was 35 days, on the 36th day samples
experiments conform to the ARRIVE guidelines 2.Qvere taken following anaesthetic and analysed. Doses,
(Animal Research: Reporting of in vivo Experiments) andutes and duration of exposure selected were intended to
should be performed in compliance with the U.K. Animalapproximate sub-chronic exposures yet were within the
(Scientific Procedures) Act, 1986 and associated guidelindisyits of ethical approval and physiologic relevance.
EU Directive 2010/63/EU for animal experiments, or the
National Institutes of Health guide for the care and use of To minimize experimental bias, the following
Laboratory animals (NIH Publications No. 8023, revisegrocedures were applied: (1) the groups for the experimental

1978). animals were allocated at random as described above; (II)
all the sample labeling and coding were carried out by a
Animal Model and Housing Conditions researcher not engaged in the data collection; (lI1)

investigators involved in stereological, molecular (qRT-

Twenty adult male Wistar rats (weight 230-250 glPCR), and biochemical (enzyme activity and oxidative
were obtained and acclimatized under standard laborat@tyess) assays were blinded to group identity while the data
conditions (temperature 24—-26, 12/12 h light/dark cycle, were acquired and analyzed.
and constant humidity) with free access to food and water.
The local Ethics Committee approved all procedures, aftistomorphometry and Stereological Measurements
they were carried out following institutional and
international guidelines for the care of animals. Liver samples were obtained and then fixed i&6L0
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neutral buffered formalin (Merck, Germany) for a minimurmumerical density of hepatocytes were used for quantitative
of 72 h. Increasing concentrations of ethanol (50-100 %) weggaluations. Furthermore, sinusoidal vessel density was
used to dehydrate the samples before clearing them in xylatetermined. We used unbiased methods that were based on
and embedding them in paraffin at 60— in a Leica the principles of point counting and field sampling to ensure
automated embedder (Leica Biosystems, Germany). Faccuracy and reproducibility (Fig. 1) (Howard & Reed, 2004;
preparation of serial sections, a rotary microtome (Leic&lshehriet al, 2025).
RM2235, Germany) was used to cytrb-thick sections. Eight
random sections of each liver were stained with hematoxylMolecular Assessment
and eosin (H&E; Merck, Germany) for stereological analysis.
The images were taken with an Olympus BX53 microscope Total RNA was isolated from liver tissues using the
(Olympus Corp., Japan) and processed using ImageJ softwgideasy Mini Kit (Qiagen, Germany) to assess the expression
(National Institutes of Health, USA). Total liver volume ancdbf mRNA inflammatory (IL-B, TNF-a and NFkb) and

- G i e T T T s apoptosis (caspase-3, bax and bcl-
¢ fﬁ’;’?'\.'/" ;‘SL U R R L 2) genes. The iScript™ cDNA

o a0 s R R S Synthesis Kit (Bio-Rad, USA)
was used for complementary DNA
(cDNA) synthesis. Genespecific
primers (Table I) were used in
guantitative real-time PCR. The
internal control was GAPDH and
gene expression was determined
by 27-DDCt method. Three
biological replicates were used for
each analysis.

SN

=3 Sampling frame

% + Point counting grid
L_ _ J' (area estimation) (volume/volume estimation)

Fig. 1. Schematic Representation of the Stereological Methods Applied to Liver Tissue.
Representative H&E-stained liver section (¥10). A point grid and an unbiased counting frame
were superimposed on the image for estimation of hepatocyte number and sinusoidal length.
This figure is a schematic illustration provided to demonstrate the stereological procedures used

in the study.

Table I. Primer sequences used for gene expression analysis using quantitative real time-PCR.

Gene Sequence (5'>3") Length (bp) Accession no
ig F TCleMocAseTeTocRC R p——
£ SerocerereaTcacTiech
" AchceTeASCreRCCT IO
Bck2 F: CTGGTGGACAACATCGCTCT 115 NM_016993.1

R: GCATGCTGGGGCCATATAGT

F: AGTGCCAGCCTCGTCTCATA
GAPDH R: GATGGTGATGGGTTTCCCGT 248 NM_017008.4
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Biochemical and Oxidative Stress Analysis to the sham and Que groups (P=0.0032 and P=0.0002,
respectively), while co-treatment with quercetin (DLM-Que

Cardiac puncture was used to collect blood and letgroup) partially reversed the liver volume (P=0.0316 vs.
clot for 30 min at room temperature. AST and ALT level®LM) (Fig. 2B).
were determined by enzymatic reagent kits following the
manufacturer's instructions after centrifugation of the serum The same pattern was observed with hepatocytes,
at 3000 rpm, 4C, for 10 min. A small sample of liver tissuewith a significant decrease in the DLM group, and the sham
was taken and homogenized in phosphate-buffered saliaed Que groups experienced higher densities (P=0.0004 and
for the oxidative stress markers. The levels of reducdt=0.0003, respectively). To our surprise, the DLM+Que
glutathione (GSH) and superoxide dismutase (SOD) wegeoup showed a significant improvement over DLM
assessed spectrophotometrically using trichloroacetic a¢ié=0.035) (Fig. 2C).
(Sigma-Aldrich, USA) and pyrogallol (Sigma-Aldrich, USA)
at 420 nm and 412 nm, respectively (Ellman, 1959;&un The number of sinusoidal vessels was significantly
al., 1988). The levels of catalase (CAT) were measured bgduced in the total length of sinusoidal vessels of the livers
adding hydrogen peroxide to a phosphate buffer arilthe DLM group (P=0.001 and P=0.0005, respectively) in
measuring the absorbance at 245 nm (Aebi, 1974). The leeeimparison with the sham group. This reduction was
of malondialdehyde (MDA) was measured by thiobarbiturisignificantly reversed in the DLM-Que group in comparison
acid (Sigma-Aldrich, USA) and absorbance was read at 5&6th DLM group (P=0.0011) (Fig. 2D).
nm (Mihara & Uchiyama, 1978).

Quercetin attenuated inflammation after DLM-induced

Statistical Analysis hepatotoxicity

The analyses were done with SPSS v23 (IBM, USA), The expression levels of pro-inflammatory genes IL-
and data are presented as me&D. Differences between 1B, TNF-a and NFkb were significantly induced after DLM
groups were compared by one-way ANOVA and Tukey@&xposure. As anticipated, both sham and Que groups expressed
post hoc test. The p value < 0.05 was used as the criteriorsighificantly less in all genes compared to DLM group (all

statistical significance. P<0.0001). The sham and Que groups also had a significantly
lower expression of the genes for I3-1P=0.003 and
RESULTS P=0.0035, respectively) and TNFHP=0.0181 and P=0.0221,

respectively) compared to the DLM-Que group and similarly
Quercetin mitigates DLM-induced histopathological showed a significantly lower expression of the gene for NF-
alterations and restores liver microarchitecture Kb (P=0.0045 and P=0.003, respectively). In particular,

quercetin significantly reduced these inflammatory markers,

The liver showed significant structural changes aftdt.-13, TNF-a, and NFkb, in the DLM-Que group, in

DLM exposure on H&E staining. The hepatic lobulacomparison to DLM alone (P=0.0003, P=0.0002, and
architecture in the DLM group was severely distorted witR=0.0003, respectively) indicating a potent modulatory effect
disarrayed hepatic cords, constriction of sinusoid spaces afdjuercetin on hepatic inflammation (Fig. 3A, B).
irregular central vein morphology. Cytoplasmic
vacuolization and pyknotic nuclei were often seen in thQuercetin attenuated apoptosis after DLM-induced
hepatocytes, suggesting early necrotic changes and dedpatotoxicity
damage. Liver sections in the sham group on the other hand
showed normal lobular architecture with hepatic cords The DLM group had a significant increase in Bax
radiating away from the center of the lobule, normadnd caspase-3 transcripts (both, P<0.0001) in the analysis
hepatocyte morphology, and well-defined sinusoidsf apoptotic markers, when compared with the sham and
Likewise, the hepatic plates and sinusoid distribution in tHgue group respectively. The DLM-Que group had
guercetin group remained near normal. The partial recovesignificantly higher gene expression levels of caspase-3 and
of hepatic organization by co-administration of DLM withbax than both the sham and Que groups (P=0.0098 and
guercetin is also interesting, evidenced by the improvemdpt0.0103, respectively, for the DLM-Que group compared
in hepatocyte morphology, more even sinusoidab sham;P=0.0012 and P=0.0012, respectively, for the DLM-
arrangement, and the reduction of degenerative change®ine group compared to Que). Importantly, the expression
the liver when compared to the DLM group (Fig. 2A). Thesef these was significantly reduced by quercetin co-
observations were confirmed by stereological analyses. DLatiministration compared with DLM alone (P=0.0004 and
group liver volume was significantly reduced in comparisoR=0.0009, respectively) (Fig. 4A, B).
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Fig. 2. The effects of quercetin on liver histology and stereological characteristics after DLM-induced hepatotoxic efisentagpe

tissue sections of liver stained with H&E from experimental groups. The hepatic lobular architecture in the sham groupvgthorma
radiating hepatic cords, normal hepatocyte morphology, and normal sinusoidal distribution. The histological appearance of the Q
group is similar to the sham group. The DLM group is, on the other hand, structurally disorganized, with disruption afdnépatic
narrow sinusoidal spaces and hepatocyte degeneration and cytoplasmic vacuolization. The combination of quercetin andl{pLM partia
reversed the liver architecture, as there was improvement in hepatocyte morphology and more organized sinusoidal streeemes tha

in the DLM group (A). The quantitative stereological analysis is shown as (B) total liver volume, (C) numerical densitipoytespa

and (D) sinusoidal vessel length. All data are reported as thesn&@ar(n=5).
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Fig. 3. Quercetin effects on the expression of
inflammatory genes in the liver of rats with DLM-
induced hepatotoxicity. Liver tissue was analysed by
gRT-PCR to determine relative levels of mRNA for IL-
1b, TNF-a, and NF-kb (A, B, and C). The levels of gene
expression were normalized to the GAPDH expression
and compared by the 2*-DDCt method. Data are
presented as meanSD (n = 5).
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Fig. 4. The effect of quercetin on the expression of
genes related to apoptosis in a rat liver under
hepatotoxicity conditions induced by DLM. The
relative mRNA expression of caspase-3, bax and bcl-
2 was determined in liver tissue by gRT-PCR (A-C).
The level of expression was normalized against
GAPDH and calculated as 2*-DDCt. Data are shown
as meart SD (n =5).
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The anti-apoptotic gene bcl-2, on the other handyoup, but co-treatment with quercetin partially restored
had the opposite trend. DLM treatment significantlghe expression of bcl-2 (P=0.0251) (Fig. 4C) suggesting
reduced its expression while the expression in sham athét quercetin may restore the pro- and anti-apoptotic
Que groups were preserved (both, P<0.0001). Furthermdvalance.
the expression level of both sham and Que groups were
also significantly higher than the DLM-Que group (botlQuercetin attenuated DLM-induced liver dysfunction
P=0.0004). The expression of bcl-2 was reduced in DLM

Biochemical analysis of liver enzyme activity

P=00134 showed that DLM treatment had significantly increased

AST and ALT serum levels when compared with the sham

P=10.0071 | and Que groups (both, P<0.0001). Importantly, animals in

I I DLM-Que had a significant reduction in both enzymes as

501 P<0.0001 P=0.0010 compared to the DLM group (P=0.001 and P=0.0022,
respectively) indicating partial functional recovery of the

404 liver. However, although the levels of both enzymes were
lower in the DLM-Que group than in the DLM group, the
levels of AST (P=0.0134 and P=0.0071) and ALT

(P=0.0284 and P=0.0309) enzymes were still higher than
in the sham and Que groups, respectively. (Fig. 5A, B).

A

304

AST (U/T)

Quercetin attenuated oxidative stress after DLM-
10 induced hepatotoxicity

GSH, SOD and CAT levels were increased in the
3 Que and sham groups compared to the DLM group (all,
Sham Que DLM  DLM-Que P<0.0001) for assessment of antioxidant biomarkers. The
two control groups had higher GSH (P=0.0075 and
P=0.0049, respectively), SOD (P=0.0302 and P=0.0035,
respectively) and CAT (P=0.016 and P=0.0051,
respectively) levels compared to the DLM-Que group. In
P =0.0284 ) . o
B groups that received deltamethrin, there was a significant
P =0.0309 increase in GSH, SOD and CAT levels in the DLM-Que
| | group as compared to the DLM group (P=0.0002, P=0.0029
501 P<0.0001 P =0.0022 and P=0.0029, respectively) (Fig. 6A-C).

The MDA concentrations were however
significantly lower in the sham and Que groups than in the
DLM group (P=0.0019 and P=0.0003, respectively).
Importantly, the antioxidant enzyme activities were
significantly restored in DLM-Que group when compared
with DLM alone (P=0.0241) (Fig. 6D) indicating strong
antioxidative activity of quercetin.

ALT (U/T)

DISCUSSION

The main objective of this work was to explore the
Sham Que DLM  DLM-Que hepatoprotective property of quercetin against the liver
oxicity induced by chronic DLM. The prime results

Fig. 5. Changes in AST and ALT activities in blood serum OL : . N . .
hepatotoxic rats induced by DLM treatment. The effect ofquer(:etlnSt""b"Sh that DLM causes severe liver injury involving

on the AST and ALT levels of DLM induced hepatotoxicity in rats.ox'd‘ﬂ’ltlv_e stress, |r_1flamr‘r_1at!0n and apOF’_tF’S'S’ whereas
To determine the hepatic function after treatment, (A) AST arfiU€rcetin through its antioxidant and anti-inflammatory
(B) ALT were measured in the blood. Data are presented as md¥@perties significantly reduces the liver injury and partially

+SD (n=5). restores liver function and architecture.
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Fig. 6. Dietary supplementation with quercetin alters the oxidative-stress markers in a DLM-induced hepatotoxicity in rats. The
antioxidant biomarker levels in liver homogenates were analyzed biochemically and were found as (A) GSH, (B) SOD and (C)
CAT and oxidative stress marker (D) MDA. Data are presented as#r&ar(n = 5).

Inflammation is a vital biological mechanism toworsen liver injury. This upregulation is consistent with
remove harmful stimuli and does become injurious anmgrevious published data which has reported the
contributes to disease progression when it becomes excess$igpatotoxicity effect of pyrethroids is associated with an
or chronic, particularly in the liver (Campaegal, 2021). inflammatory response (Khalatbagy al, 2017; Kugukler
Toxic insults can lead to the upregulation of proetal, 2021; Alzahranét al, 2025). Most importantly, these
inflammatory cytokines, including tumor necrosis factopro-inflammatory cytokines were significantly reduced by
alpha (TNFe) and interleukin (IL-B), which play a critical quercetin co-treatment, indicating the anti-inflammatory
role in hepatic inflammation, which can contribute taactivity of quercetin could modulate hepatic inflammatory
additional cell damage (Liat al, 2011). We found in our response. This effect could be due to quercetin's inhibitory
study that exposure to DLM resulted in a significant increasdfects on NF<B signaling, a process which is known to
in the expression of ILf4, TNF-a and NF-kb in liver, what regulate the production of inflammatory cytokines (€@ho
reflected an activated inflammatory state which is likely tal., 2003; Minet al, 2007; Cheret al, 2020).
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Apoptosis is an important process in maintaininghe damage to hepatocyte cells. These enzymes were
tissue homeostasis by the removal of damaged significantly reduced upon quercetin treatment suggesting
dysfunctional cells. But, when the apoptosis in the liver isn improvement in the integrity of the membrane and liver
excessive, hepatocytes are lost and liver dysfunction afuthction. This biochemical enhancement aligns with the anti-
disease can occur (Neuman, 2001). The proteins that reguiaftammatory and antioxidant properties of quercetin that
apoptosis are divided into pro- and anti-apoptotic proteindiminish the oxidative damage and cell damage, which
among which caspase-3 and bax are pro-apoptotic proteiasults in the prevention of enzyme leakage.
while bcl-2 is an anti-apoptotic protein that regulate the fate
of cells (Sharmat al, 2011). The results show that DLM Histopathological examination allows a direct
strongly induced the levels of caspase-3 and bax expressigsualization of tissue level changes, which indicate
and down regulated that of bcl-2, suggesting that DLIvholecular and biochemical disturbances (Alshetral,
activated the intrinsic mitochondrial apoptotic pathway. Th2025). Signs of structural damage and impaired
change to apoptosis may be responsible for the damagertigrocirculation were observed in the liver tissue of DLM-
hepatocellular cells seen. Co-administration of quercettneated rats, such as disorganization of hepatic cords,
reversed these changes, reducing pro-apoptotic gemeeluction in sinusoidal spaces, decrease in the number of
expression and restoring bcl-2 levels, thus helping teepatocytes, and shortening of sinusoidal vessels. These
maintain cellular viability. This protective effect is in linechanges are associated with oxidative stress, inflammation
with previous results that have shown quercetin can maint@nd apoptosis observed in our study. Quercetin partially
mitochondrial integrity and prevent apoptosis in models @meliorated the microarchitecture in the liver, namely the
oxidative stress (Wangt al, 2017; Zhwet al, 2017). liver volume, hepatocyte density and the length of sinusoidal

vessels. This indicates that quercetin preserves the integrity

Excessive ROS production and/or inadequatef the structures, probably through its anti-damaging
antioxidant capacity leads to oxidative stress (giual, properties and the preservation of vascular functions.
2010). In this study, chronic exposure to DLM caused
significantly altered the oxidative balance in the liver. There In conclusion, the histological recovery supports the
was significant loss of important antioxidant defenses. Aesults of the biochemical and molecular markers observed,
the same time, there was a marked rise in MDA, a markerwfth a significant role played by quercetin as a
lipid peroxidation, and is considered a good indicator dfepatoprotective agent. The dosages of deltamethrin and
oxidative damage to the cell membranes. The results shquercetin used in the present study were optimized for the
that DLM produces excess production of ROS resulting Experimental rodent models, but when dosed accordingly
oxidative damage to the liver, which accounts for théor body surface area, they fall within the ranges commonly
hepatotoxicity observed. In liver tissue, MDA accumulationised in experimental sub-chronic environmental exposure
was significantly decreased and antioxidant enzymend therapeutic dosage studies on humans. This dose of DLM
activities were restored by quercetin administration. (6 mg/kg/day) is roughly equivalent to 0.8 mg/kg/day in
implies that quercetin has the potential to boost the bodyiesmans and is above typical environmental exposure levels,
antioxidant system and to absorb free radicals, which in tuoat is nevertheless useful to model cumulative effects under
inhibits lipid peroxidation and cell damage. Thea controlled dose exposure experiment. The dosage of
hepatoprotective activities of quercetin in this study are wejliercetin (50 mg/kg/day) is also comparable with the human
supported by its established antioxidant activity. Quercetidpse (8 mg/kg/day) that is attainable by dietary
due to its anti-oxidative properties, is able to maintaisupplementation or by pharmacologic formulations. The
hepatocyte functions and integrity and thus, decreasenversions, normalized to body surface area as described
subsequent inflammatory and apoptotic responses triggetsd Reagan-Shawet al (2008), offer a basis for clinical
by ROS (Diast al, 2005; Amalieet al, 2007; Liuet al, translatability, and indicate that this hepatoprotective effect
2010). seen in this model may have relevance to human exposure

scenarios.

ALT and AST are considered to be sensitive markers
of hepatocellular damage, since their increased serumlevels  Though quite robust in the current results, some
reflect hepatocellular membrane damage and leakageliofitations should be noted. The relatively small sample size
intracellular constituents. Various models of chemicah each group (n =5), may reduce statistical power and result
induced liver toxicity have been shown to have elevated ALl non-reproducible outcomes. The number of animals used
and AST levels (Lalat al, 2023). As a result of this study, was limited to the smallest number required according to
it was concluded that the DLM exposure induced significasthical guidelines and consistent with a number of studies
increase in both ALT and AST level, which further confirmereviously published with similar designs; however future
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stu_dies with larger numbe_rs Pf animals are Wa”’anted. 30, H. & CHEN, W. La quercetina protege contra la hepatotoxicidad
validate and extend these findings. Secondly, only a vehigiglucida por deltametrina en ratas: Evidencia histomorfométrica y
(DMSO) control was added. The use of low concentratiorstereoldgica de la reduccion del estrés oxidativo, la inflamacion y
of DMSO does not seem to have a significant effect gpoptosisint. J. Morphol., 44(4].320-1330, 2026.

oxidative stress or liver function, but the addition of extra RESUMEN: La deltametrina (DLM), un insecticida

samples with solvent control or dose response experimepfgroide ampliamente utilizado, induce hepatotoxicidad a través
could provide further support for the protective effect ofiel estrés oxidativo, la inflamacién y la apoptosis. Este estudio
guercetin. Third, only short-term (5-week) exposure wasvestigo los efectos protectores de la quercetina contra el dafio
assessed and the long-term hepatoprotective effects dmgatico inducido por DLM en ratas. Veinte ratas macho Wistar
recovery following quercetin treatment were not evaluateéiéron asignadas aleatoriamente a cuatro grupos: Sham, Que
long-term follow-up studies are needed to determine tf@uercetina 50 mglkg), DLM (deltametrina 5 mg/kg) y DLM-Que.
persistence and reversibility of the effects of querceti os tratamientos se administraron por via oral una vez al dia durante

h th d ined | | d " semanas. Se midieron los niveles séricos de alanina
Fourth, the study examined male rats only, and s inotransferasa (ALT) y aspartato aminotransferasa (AST) para

differences were not included in the study; futur@yajuar la funcién hepatica. En el tejido hepatico se evaluaron los
investigations should include female rats to understamghrcadores de estrés oxidativo (GSH, SOD, CAT y MDA) y la
differences in response. Fifth, mechanistic evaluation waspresién génica de marcadores inflamatorios ALFNF-a y NF-
limited to a few inflammatory and apoptotic genes and, itB) y relacionados con la apoptosis (caspasa-3, bax y bcl-2). También
some instances, no protein-level validation (western blot 8¢ realizaron analisis histopatoldgicos y estereologicos. La
ELISA) was done, which may limit mechanistic conclusiongdministracion de DLM provocé un dafio hepatico marcado,
Sixth, oxidative stress was evaluated by classical biomark%draaenzado por alteraC|one_s, hlstopatologl_ca_s, niveles ele\_/ados de
! ) , AST y MDA, reduccidén de la actividad de enzimas

(MDA, GSH, SOD, CAT) and not by direct measurementgnoxidantes, aumento de la expresion de genes inflamatorios y
of ROS; addition of ROS-sensitive assays would furthgfoapoptéticos, y disminucién de la expresion de bel-2. La quercetina
support the interpretation of the mechanisms. Last, one-wagnu¢ significativamente estos cambios al restaurar el estado
ANOVA with Tukey's post hoc test was used initially forantioxidante, suprimir las respuestas inflamatorias y modular la
analyses and data was assumed to be normally distributg¥Rresion génica relacionada con la apoptosis. Los hallazgos

There are some limitations to this assumption as a result¥gtologicos fueron respaldados por datos estereol6gicos, que
gﬁtraron mejoras significativas en la densidad de hepatocitos, la

th.ehsmall sample size. The Sa.lme genler§1| p}i\tterl? \IN?; Tlf%]ngitud sinusoidal y el volumen hepatico en el grupo DLM-Que en
with subsequent nonparametric reanalysis (Kruskal-Wa é%mparacién con el grupo DLM. Estos hallazgos demuestran que la

with Dunn's multiple comparisons and Bonferrongyercetina protege contra la hepatotoxicidad inducida por DLM
correction), though some comparisons were not as significafédiante la regulacion del estrés oxidativo, la inflamacién y la
as seen with the parametric analysis, suggesting that the staglyptosis, y podria representar una estrategia terapéutica prometedora
might not have been powered enough to show subtle effeg@ntra el dafio hepatico inducido por pesticidas.

More research is needed with larger samples to validate the ) )

present findings. Lastly, although the doses of each tPA_L'_A(‘iBOFﬁAESt(;LAV.E: tQ“_iice“tnaf Deltametrina;
compound were chosen according to literature and pi!ofapaooxml ad, EsTres oxidalivo, Apoplosis.
experiments, they have an approximate relevance to hunﬁEFERENCES

exposure and should be interpreted with caution.

Aebi, H. Catalase. In: Bergmeyer, H. U. (EMgthods of Enzymatic Analysis.
CONCLUSION New York, Academic Press, 1974. pp.673-684.
Alshehri, M. A.; Alissa, M. & Alghamdi, A. Resveratrol attenuates

cyclophosphamide-induced hepatic apoptosis in association with the
In general, our study reveals that DLM causes jnnibition of oxidative stress and inflammation in a rat model of acute

considerable toxicity in the liver by causing oxidative stress, liver injury. Tissue Cell, 93202728, 2025.
inflammatory response, and apoptosis, which results in livéfzahrani, F. M.; Alzahrani, K. J.; Alsharif, K. F.; Hayat, M. F. & Al-Emam,

; ; : - - A. Afzelechin alleviates deltamethrin-induced hepatic dysfunction via
impairment and dysfunction. Quercetin effectively reduces regulating TLR4/MyD88, HMGB1/RAGE and NF-B pathwagxicol.

these effects by regulating inflammatory responses, appl. Pharmacol., 49117275, 2025.
regulating apoptotic signals, restoring antioxidant defensémaélia, P. M.; Possa, M. N.; Augusto, M. C. & Francisca, L. S. Quercetin

and maintaining the architecture of tissues. All these findings pg%";”ts oxidative stress in cirrhotic radg. Dis. Sci., 52(109616-21,
could pave the way for the use of quercetin as atherapetg,igsy ,_'M_; Alter, H. J.: Boyer, J. L.; Cohen, D. E.: Shafritz, D. A.;
agent for prevention and treatment of liver damage causedThorgeirsson, S. S.; Wolkoff, A. W. The Liv&iplogy and Pathobiology.
by pesticides. Hoboken, John Wiley & Sons, 2020.
Arora, D.; Siddiqui, M. H.; Sharma, P. K.; Singh, S. P.; Tripathi, A.; Mandal,
. . P.; Singh, U. S.; Singh, P. K. & Shukla, Y. Evaluation and physiological
Conflict of interest. The authors declare that there are N0 ¢orrejation of plasma proteomic fingerprints for deltamethrin-induced

conflicts of interest associated with this study. hepatotoxicity in Wistar rats.ife Sci., 16672-83, 2016.

1329



JU, H. & CHEN, W. Quercetin protects against deltamethrin-induced hepatotoxicity in rats: Histomorphometric and stereological evideoed okiedglive stress, inflammation, and apoptosis.
Int. J. Morphol., 44(4)1320-1330, 2026.

Ben Slima, A.; Ali, M. B.; Barkallah, M.; Traore, A. |.; Boudawara, T.;Lala, V.; Zubair, M.; Minter, DLiver Function TestsStatPearls. Treasure
Allouche, N. & Gdoura, R. Antioxidant properties of Pelargonium Island (FL), StatPearls Publishing, 2023.
graveolens L'Her essential oil on the reproductive damage induced biu, C. M.; Zheng, Y. L.; Lu, J.; Zhang, Z. F.; Fan, S. H.; Wu, D. M. & Ma,

deltamethrin in mice as compared to alpha-tocophkipids Health J. Q. Quercetin protects rat liver against lead-induced oxidative stress

Dis., 1230, 2013. and apoptosis€Environ. Toxicol. Pharmacol., 29(268-66, 2010.
Campana, L.; Esser, H.; Huch, M. & Forbes, S. Liver regeneration ahdu, G.; Tang, K.; Li, Q.; Yuan, G.; Cao, W. & Lu, W. Changes of IL-1,

inflammation: From fundamental science to clinical applicatibas. TNF-Alpha, IL-12 and IL-10 levels with chronic liver failur8urg.

Rev. Mol. Cell Biol., 22(9$08-24, 2021. Sci., 2(2)69-72, 2011.

Chen, T.; Zhang, X.; Zhu, G.; Liu, H.; Chen, J.; Wang, Y. & He, X. Quercetihu, Q.; Sun, Y.; Ares, |.; Anadon, A.; Martinez, M.; Martinez-Larrafiaga, M.
inhibits TNF-a induced HUVECs apoptosis and inflammation via R.; Yuan, Z.; Wang, X. & Martinez, M. A. Deltamethrin toxicity: A
downregulating NF-kB and AP-1 signaling pathway in viMedicine review of oxidative stress and metaboligtnviron. Res., 170260-81,
(Baltimore), 99(38g22241, 2020. 2019.

Cho, S.Y,; Park, S. J.; Kwon, M. J.; Jeong, T. S.; Bok, S. H.; Choi, W. Wiihara, M. & Uchiyama, M.Determination of malonaldehyde precursor in
Jeong, W. I.; Ryu, S. Y.; Do, S. H.; Lee, C.&8al. Quercetin suppresses tissues by thiobarbituric acid tesinal. Biochem., 86(1371-8, 1978.
proinflammatory cytokines production through MAP kinases andNFMiltonprabu, S.; Tomczyk, M.; Skalicka-Woz niak, K.; Rastrelli, L.; Daglia,
kappaB pathway in lipopolysaccharide-stimulated macrophegé. M.; Nabavi, S. F.; Alavian, S. M. & Nabavi, S. M. Hepatoprotective
Cell. Biochem., 243(1-2)53-60, 2003. effect of quercetin: from chemistry to mediciff@od Chem. Toxicol.,

Costa, A. C. F.; de Sousa, L. M.; dos Santos Alves, J. M.; Goes, P.; Pereira,108 (Pt. B)365-74, 2017.

K. M. A.; Alves, A. P. N. N,; Vale, M. L. & Gondim, D. V. Anti- Min, Y. D.; Choi, C. H.; Bark, H.; Son, H. Y.; Park, H. H.; Lee, S.; Park, J.
inflammatory and hepatoprotective effects of quercetin in an W.; Park, E. K.; Shin, H. |. & Kim, S. H. Quercetin inhibits expression
experimental model of rheumatoid arthritigflammation, 44(5p033- of inflammatory cytokines through attenuation of NF-kappaB and p38
43, 2021. MAPK in HMC-1 human mast cell linénflamm. Res., 56(%10-5,

Dias, A. S.; Porawski, M.; Alonso, M.; Marroni, N.; Collado, P. S. &  2007.

Gonzalez-Gallego, J. Quercetin decreases oxidative stress, NF-kappé@iman, M. G. Apoptosis in diseases of the li@eit. Rev. Clin. Lab. Sci.,
activation, and iINOS overexpression in liver of streptozotocin-induced 38(2)109-66, 2001.
diabetic ratsJ. Nutr., 135(10p299-304, 2005. Reagan-Shaw, S.; Nihal, M. & Ahmad, N. Dose translation from animal to

Domitrovic, R.; Jakovac, H.; Vasiljev Marchesi, V.; Vladimir-Knezevic, S.;  human studies revisiteBASEB J., 22(3§59-61, 2008.

Cvijanovic, O.; Tadic, Z.; Romic, Z. & Rahelic, D. Differential Rehman, H.; Aziz, A. T.; Saggu, S.; Abbas, Z. K.; Mohan, A. & Ansari, A.
hepatoprotective mechanisms of rutin and quercetin in CCl4-intoxicated A. Systematic review on pyrethroid toxicity with special reference to

BALB/cN mice. Acta Pharmacol. Sin., 33(1@p60-70, 2012. deltamethrinJ. Entomol. Zool. Stud., 2(6p-70, 2014.

El Faras, A. A. & Elsawaf, A. L. Hepatoprotective activity of quercetin againgRjeibi, I.; Saad, A. B. & Hfaiedh, N. Oxidative damage and hepatotoxicity
paracetamol-induced liver toxicity in raffanta Med. J., 45(292-8, associated with deltamethrin in rats: The protective effects of Amaranthus
2017. spinosus seed extra8iomed. Pharmacother., 863-60, 2016.

Ellman, G. L. Tissue sulfhydryl groupstch. Biochem. Biophys., 82(I)-  Sharma, S.; Singh, R. L. & Kakkar, P. Modulation of Bax/Bcl-2 and caspases
7, 1959. by probiotics during acetaminophen-induced apoptosis in primary

Firouzeh, G.; Susan, A. & Zeinab, K. Quercetin prevents rats from type 1 hepatocytesood Chem. Toxicol., 49(#)70-9, 2011.
diabetic liver damage by inhibiting TGF-b/apelin gene expresSiam.  Sun, Y.; Oberley, L. W. & Li, Y. A simple method for clinical assay of

Res. Pharmacol. Drug Discov.,100201, 2024. superoxide dismutas€lin. Chem., 34(3%97-500, 1988.

Geronikaki, A. A. & Gavalas, A. M. Antioxidants and inflammatory diseasetylas, M. U.; Sahin, A.; Sahinturk, V. & Alatas, I. O. Quercetin dose affects
synthetic and natural antioxidants with anti-inflammatory acti@iomb. the fate of hepatic ischemia and reperfusion injury in rats: An
Chem. High Throughput Screen., 94&5-42, 2006. experimental researchnt. J. Surg., 53.17-21, 2018.

Han, B.; Lv, Z.; Zhang, X.; Lv, Y.; Li, S.; Wu, P.; Yang, Q.; Li, J.; Qu, B. &Wang, R.; Zhang, H.; Wang, Y.; Song, F. & Yuan, Y. Inhibitory effects of
Zhang, Z. Deltamethrin induces liver fibrosis in quails via activation of quercetin on the progression of liver fibrosis through the regulation of
the TGF-b1/Smad signaling pathwdsnviron. Pollut., 259113870, NF-kB/IkBa, p38 MAPK, and Bcl-2/Bax signalinglnt.
2020. Immunopharmacol., 4726-33, 2017.

Hinton, D. E.; Segner, H. & Braunbeck,Thxic Responses of the Liver: ~ Zhang, X.; Li, Y.; Wei, X.; Hou, Y.; Jia, S.; Li, S. & Zhao, X. Metabolomics
Schlenk, D. & Benson, W. H. (Eds.). Target Organ Toxicity in Marine analysis of the effects of quercetin on hepatotoxicity induced by

and Freshwater Teleosts. Boca Raton, CRC Press, 2017. acrylamide exposure in raStee Radic. Res., 55(¢BB1-41, 2021.
Howard, V. & Reed, M.Unbiased Stereology: Three-Dimensional Zhu, M.; Zhou, X. & Zhao, J. Quercetin prevents alcohol-induced liver injury

Measurement in Microscopilew York, Garland Science, 2004. through targeting of PI3K/Akt/nuclear factor-kB and STAT3 signaling
Kelly, G. S. Quercetin. MonograpAltern. Med. Rev., 16(2)72-94, 2011. pathway.Exp. Ther. Med., 14(6)169-75, 2017.

Khalatbary, A. R.; Ahmadvand, H.; Ghabaee, D. N. Z.; Malekshah, A. K. &

Navazesh, A. Virgin olive oil ameliorates deltamethrin-induced

nephrotoxicity_in mice: A biochemical and immunohiStOChemicaborresponding author:

assessmentoxicol. Rep., $84-90, 2016. Wenbin Chen
Khalatbary, A. R.; Ghabaee, D. N. Z.; Ahmadvand, H.; Amiri, F. T. & Lehi .

S. T. Deltamethrin-induced hepatotoxicity and virgin olive o”Department of IT:nd.ocrlnolo.gy .

consumption: An experimental studsan. J. Med. Sci., 42(6586-92, Shandong Provincial Hospital Affiliated to

2017. Shandong First Medical University
Kiigukler, S.; Kandemir, F. M.; Ozdemir, S.; Comakli, S. & Caglayan, Glinan

Protective effects of rutin against deltamethrin-induced hepatotoxicitg H|NA

and nephrotoxicity in rats via regulation of oxidative stress,

igrgla;ggation, and apoptosiEnviron. Sci. Pollut. Res., 28(482975- E-mail: kuerten11081@outiook.com

, 1. ’ ’

Kumar Mishra, S.; Singh, P. & Rath, S. K. Protective effect of quercetin on

chloroquine-induced oxidative stress and hepatotoxicity in fiakar.

Res. Treat., 201341734, 2013.

1330



