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Abstract: Deltamethrin (DLM) is a synthetic pyrethroid with anti-acaricide and insecticidal prop-
erties. It is commonly used in agriculture and veterinary medicine. Humans and animals are
exposed to DLM through the ingestion of polluted food and water, resulting in severe health issues.
N-acetylcysteine (NAC) is a prodrug of L-cysteine, the precursor to glutathione. It can restore the
oxidant-antioxidant balance. Therefore, this research aimed to examine whether NAC may protect
broiler chickens against oxidative stress, at the level of biochemical and molecular alterations caused
by DLM intoxication. The indicators of liver and kidney injury in the serum of DLM-intoxicated
and NAC-treated groups were examined. Furthermore, lipid peroxidation, antioxidant markers,
superoxide dismutase activity, and apoptotic gene expressions (caspase-3 and Bcl-2) were investi-
gated. All parameters were significantly altered in the DLM-intoxicated group, suggesting that DLM
could induce oxidative damage and apoptosis in hepato-renal tissue. The majority of the changes in
the studied parameters were reversed when NAC therapy was used. In conclusion, by virtue of its
antioxidant and antiapoptotic properties, NAC enabled the provision of significant protection effects
against DLM-induced hepato-renal injury.

Keywords: deltamethrin; N-acetylecystine; caspase3; Bcl2; hepato-renal toxicity; antioxidant

1. Introduction

Insecticides have been used in agriculture for a long time and have a significant
impact on rising agricultural production [1]. Since the sale of organophosphorus insecti-
cides is now ruled by stricter government regulations, pyrethroids have emerged as the
preferred insecticide, and their use has skyrocketed [2]. Deltamethrin (DLM; Figure 1)
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is an essential member of the pyrethroid family and is considered a type II pyrethroid.
Among organophosphorus pesticides, DLM is the most widely used pesticide. DLM is an
extensively used insecticide in many agricultural and veterinary applications to combat
insects, including controlling insects in poultry farms [3]. Therefore, DLM is considered
as a potential environmental contaminant that poses health risks to humans and a variety
of animals [4,5]. Direct inhalation of DLM spray during application or ingestion of DLM-
contaminated food and drink are the most common avenues of exposure [6]. It has the
ability to, directly and indirectly, disrupt the DNA structure and cellular antioxidant compe-
tence [7]. Hepatotoxicity, nephrotoxicity, genotoxicity, immunosuppression, mutagenicity,
and infertility are common health hazards of DLM toxicity [8].
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Depletion of the endogenous antioxidant system along with the overproduction of
reactive oxygen species (ROS) are the main mechanisms involved in the DLM-induced
oxidative damage and consequently tissue injury [9,10]. DLM is largely excreted by the
kidney and is metabolized by the hepatic microsomal enzyme system, intestinal esterases,
and plasma carboxylesterases [11]. These metabolites can accumulate in the hepatic and
renal tissue due to the initiation of oxidative damage [12]. In addition to conventional
DLM poisoning therapies, antioxidants may be promising agents for scavenging ROS and
preserving the antioxidant enzyme activities [13,14]. DLM can cause apoptosis in cells by
activating mitochondria-mediated apoptosis [15].

N-acetylcysteine (NAC; Figure 1) is an amino acid that contains a thiol group. In the
1960s, it was available as a safe and inexpensive mucolytic drug [16]. Despite the fact
that cysteine occurs naturally in a variety of foods, NAC is not a natural drug, but it is a
precursor of the amino acid L-cysteine. It is well known that L-cysteine is essential for the
synthesis and regeneration of reduced-glutathione (GSH). As a one of the most effective
antioxidants compounds, GSH has the ability to protect tissues from the harmful effects
of ROS under oxidative stress conditions [17]. Therefore, NAC is a promising therapy
for a number of xenobiotic-induced oxidative stress [14]. It has been used to treat heart
injury, lung disease, and cancer for many decades [18]. Dietary NAC has been shown
to reduce liver damage in a porcine model by enhancing the cellular antioxidant ability
and energy metabolism [19]. Moreover, in a study conducted by Yi et al. [20], NAC has
greatly improved the cellular antioxidant potency building up a protective panel against
aflatoxicosis in broiler chickens.

Thus, the aim of this study was to evaluate whether NAC could protect broiler chickens
against DLM-induced toxicity. Body weight gain, feed conversion rate, serum biochemistry,
tissue lipid peroxidation, antioxidant biomarkers, and caspase3 and Bcl2 mRNA expression
were determined in DLM- and/or NAC-treated broiler chickens.

2. Materials and Methods
2.1. Chemicals

Deltamethrin (Butox®, 50 mg/mL) was bought as a commercial product in clinical
formulation for veterinary use from Intervet Co. (Paris, France). While, N-acetyl-L-cysteine
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was purchased as a commercial product from the South Egypt Drug Industries Company,
SEDICO (6th of October, SEDICO, Cairo, Egypt).

2.2. Experimental Animals

One-day-old, apparently healthy, Cobb broiler chicks were purchased from the El-
Wataniya Poultry Company (Egypt). Chicks were divided into four experimental groups;
each was performed into three replicates of five chicks:

• The first group (control) received a basal diet without any treatments;
• The second group (NAC) fed on a diet supplemented with NAC, 5.2 g/kg diet [21];
• The third group (DLM) fed on a diet contaminated with DLM 300 mg/kg diet [22];
• The fourth group (DLM+NAC) fed on a diet mixed with DLM and NAC, at the same

rates of the above-mentioned doses.

Different treatments were given to all of the groups for 35 days. The chicks were kept
in separate units on the floor for sanitary reasons. Per week, the starting temperature of
32 ◦C was reduced by 2 ◦C. Continuous lighting was used, and food and water were freely
available. Diet was formulated as starter and finisher to meet the nutritional requirements
(Table 1). The chicks were vaccinated according to the local immunization program’s
guidelines (Newcastle disease and infectious bronchitis viruses). The experiment was
conducted and approved according to the guidelines of the Ethical Committee of the
Faculty of Veterinary Medicine, Benha University (Approval number; BUFVTM 06-03-21).

Table 1. The formulation of the basal diet for broilers.

Ingredients
(kg/100 kg)

Starter Diet
(0 to 21 Days)

Finisher Diet
(22–35 Days)

Yellow corn 58.57 64
Soyabean meal (48%) 32 25

Corn gluten (60%) 5 5
Soybean oil 0.7 2.5

Di-calcium phosphate (22% Ca
and 19% Ph) 1.5 0.95

Limestone (35% Ca) 1.7 1.74
Common salts 0.2 0.15

Methionine (95%) 0.13 0.36
Lysine (98%) 0 0.1

Vitamins and mineral premix * 0.2 0.2

Calculated composition
Protein (%) 23 20

k. calory ME/kg 2950 3120
Calcium (%) 1 0.9

Phosphorus (%) 0.48 0.35
* Each 2 kg contain the following vitamins and minerals: Vit. A 12 MIU, Vit. D3 2 MIU, Vit. E 1000 mg, Vit.
k3 1000 mg, Vit. B1 1000 mg, Vit. B2 5000 mg, Vit. B6 1500 mg, Vit. B12 10 mg, biotin 50 mg, pantothinic acid
10 g, nicotinic acid 30 g, folic acid 1000 mg, manganese 60 g, zinc 50 g, iron 30 g, copper 4 g, iodine 300 mg,
selenium 100 mg, cobalt 100 mg, carrier (CaCO3) to 3 kg. (Vitamin-mineral premix for poultry, Agrivet Pharma,
Cairo, Egypt).

2.3. Growth Parameters

The feed intake and weight gain were measured daily. Feed conversion ratio (FCR)
was measured at the completion of the experiment according to the following formula.

FCR =
Feed consumption
Body weight gain

(1)

2.4. Blood Samples

At the end of the experiment, blood samples were collected from each group through
wing vein and at room temperature for clotting. Clear sera were harvested by centrifugation
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at 2000× g for 10 min, then carefully transferred into clean dry vials and frozen at −20 ◦C
until further biochemical examinations.

2.5. Hepato-Renal Function Tests

Liver and kidney function tests including alanine aminotransferase (ALT), aspartate
aminotransferase (AST), creatinine, and urea were estimated using commercially available
kits according to the manufacturer’s instructions (Laboratory Biodiagnostics, Giza, Egypt).

2.6. Determination of Oxidative Stress Markers

After dissection of liver and kidney, red blood cells and clots were removed by per-
fusion in a phosphate buffered saline solution (pH 7.4) containing 0.16 mg/mL heparin.
One gram of each tissue was homogenized in 5 mL of cold buffer (50 mM potassium
phosphate and 1 mM EDTA, pH 7.5). Aliquots of tissue homogenates were centrifuged at
4000 rpm/20 min/4 ◦C and then kept at −20 ◦C until use. Malondialdehyde (MDA) and
GSH levels and superoxide dismutase (SOD) activity were measured using commercially
available kits (Laboratory Biodiagnostics, Giza, Egypt).

2.7. Real-Time PCR

The total RNA was extracted from liver and kidney tissues using RNeasy mini kit
(Qiagen, Germantown, MD, USA). Then, cDNA was synthesized using a high capacity
cDNA reverse transcription kit (Qiagen, USA). The transcription levels of the apoptotic
genes (caspase3 and Bcl2) were normalized to the housekeeping gene β-actin. The mRNA
expression level was quantified using the standard 2−∆∆CT method [23]. The specific primer
sequences of caspase3, Bcl2, and β-actin were designed as reported previously and are
presented in Table 2.

Table 2. Primer pairs sequences of caspase3, Bcl2, and β-actin genes.

Gene Name Primer Sequence (5′-3′) Reference

Caspase3 F: TGGCCCTCTTGAACTGAAAG
R: TCCACTGTCTGCTTCAATACC [24]

Bcl2 F: ATCGTCGCCTTCTTCGAGTT
R: ATCCCATCCTCCGTTGTTCT [25]

ß-actin F: CCACCGCAAATGCTTCTAAAC
R: AAGACTGCTGCTGACACCTTC [26]

2.8. Examination of Histopathology

Specimens from the liver and kidney were taken from slaughtered chickens and fixed
for at least 24 h in a 10% formalin solution. Thereafter, all samples were dehydrated in
graded dilutions of ethanol followed by paraffin embedding. Next, the obtained paraffin
blocks were sectioned into 4 µm thickness and stained with hematoxylin and eosin (H&E).

2.9. Statistical Analysis

Using SPSS version 20.0 software, the variations between the averages were calculated
using the analysis of variance test (one-way ANOVA) and Duncan’s multiple range tests
(SPSS Inc., Chicago, IL, USA). All data is provided in average ± standard error (SE).

3. Results
3.1. Effect of DLM and/or NAC on Growth Performance

As presented in Table 3, DLM treatment group resulted in significant decreases in the
body weight, weight gain, and FCR of broiler chickens. Meanwhile, the NAC-treated group
gained weight and had a lower FCR compared to the control chickens. The DLM+NAC-
treated group showed an improvement in the growth performance in comparison with the
DLM-treated group.
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Table 3. Effect of DLM and/or NAC on growth performance.

Parameters Control NAC DLM DLM+NAC

B. wt (7 days; g) 143.80 ± 0.50 a 144.13 ± 0.97 a 139.27 ± 0.41 b 143.27 ± 1.01 a

B. wt (35 days; g) 1938.6 ± 2.11 b 2119.6 ± 1.73 a 1526.7 ± 8.70 d 1761.9 ± 8.92 c

Weight gain (g) 1794.8 ± 2.28 b 1975.5 ± 1.52 a 1387.5 ± 8.76 d 1618.6 ± 9.08 c

Feed intake (g) 3254.3 ± 2.48 c 3383.3 ± 7.17 a 3931.7 ± 2.63 d 3286.3 ± 13.10 b

FCR (%) 1.81 ± 0.002 c 1.71 ± 0.004 d 2.11 ± 0.013 a 2.03 ± 0.016 b

All data are expressed means ± SE (n = 3). B. wt; body weight, FCR; feed conversion ratio. The means with
different superscript letters are considerad statistically significant at p ≤ 0.05 in the same raw.

3.2. The Effect of DLM and/or NAC on Biochemical Markers of the Liver and Kidney

In comparison to the control group, there are significant increases in serum ALT, AST,
urea, and creatinine in response to DLM treatment. On the other hand, serum from the NAC
treated group showed no significant changes in such markers (Figure 2). However, when
DLM-intoxicated chickens were simultaneously treated with NAC, marked restoration of
liver and kidney function tests were observed (Figure 2).
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3.3. The Effect of DLM and/or NAC on Oxidative Cascade in Liver and Kidney Tissues

As depicted in Figure 3, the control and NAC groups exhibited no alterations in the
oxidative stress indexes. However, homogenate of the chicken’s liver or kidney tissues of
DLM-treated birds showed a dramatic increase in MDA level and a significant decrease
in SOD activity and GSH concentration compared to controls. Notably, administration
of NAC along with DLM could markedly alleviate the DLM-induced alterations in the
oxidative stress markers when compared to DLM group.
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3.4. The Effect of DLM and/or NAC on Caspase-3 and Bcl2 mRNA Expression in Liver and
Kidney Tissues

The data presented in Figure 4 revealed that the DLM-treated group displayed a
drastic up-regulation of caspase3 expression alongside dramatic down-regulation of Bcl2
expression levels in hepatic and renal tissues when compared to the other groups. Inter-
estingly, the DLM+NAC treated group showed remarkable down-regulation of hepatic
and renal caspase3 and up-regulation of hepatic and renal Bcl2 when compared to the
DLM group.

3.5. The Effect of DLM and/or NAC on Histopathological Character of Liver Tissues

Expectedly, the histopathological examination of liver tissue obtained from control and
NAC-treated chickens showed a normal histological structure of hepatic lobules, sinusoids,
and portal area (Figure 5A,B). The DLM group exhibited alterations in the histological
picture represented by widened portal blood vessels with congestion, inflammatory cells
between the hepatic cords, and thickened wall of the hepatic blood vessels (Figure 5C).
However, chickens co-administrated with both DLM and NAC showed lesser damages
when compared to the DLM-exposed group (Figure 5D).
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3.6. The Effect of DM and/or NAC on Histopathological Character of Kidney Tissues

Kidneys of the control and NAC groups showed normal architecture of the renal
structure including renal corpuscles, proximal tubules, and distal tubules (Figure 6A,B).
Contrarily, DLM-exposed birds caused severe renal injury indicated by hyperplasia and
necrosis in renal glomeruli, tubular dilatation, sloughing of apical epithelium, and lympho-
cytic cell infiltration (Figure 6C). Observably, the co-treatment with NAC could attenuate
the DLM-induced kidney injury seen by improvements in the forementioned lesions in
comparison to DLM only treatment (Figure 6D).
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4. Discussion

Environmental pollution is one of the leading causes of health problems [27,28]. DLM,
a pyrethroid insecticide, is widely used in agriculture and veterinary medicine around
the world, posing a risk of non-target organisms such as humans and farm animals being
exposed [29].

In the current study, as expected, the DLM-treated group showed a significantly lower
FCR comparing to the control, NAC, and DLM+NAC groups. This may be due to the
pesticide’s anorectic properties combined with low feed-conversion quality. Excessive
replication of saprophytic bacteria in poultry feed results in the release of various metabo-
lites that can enhance the toxicity of DLM in terms of slowing growth rate [30]. Moreover,
our data revealed a remarkable hepato-renal dysfunction after DLM exposure, indicated
by elevated AST and ALT activities along with substantial increases in creatinine and urea
levels. These data were in parallel to those obtained by Abdel-Daim et al. [31]. However,
co-treatment with NAC markedly restored these markers close to normal levels in the
DLM-intoxicated birds. This means that NAC could protect the liver and kidney from the
DLM-induced damage by suppressing enzyme leakage across cellular membranes, preserv-
ing the integrity of plasma membranes, and thereby restoring the levels of these enzymes.

The oxidative stress caused by overproduction of free radical was blamed for the
DLM-induced hepato-renal injuries [31]. Several researches documented that DLM may
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cause an increase in ROS production, resulting in initiation of oxidative damage in rat’s
tissues such as the liver, kidney, and brain [4,31,32]. In addition, DLM has been reported to
cause oxidative stress, resulting in body damage in the freshwater Nile tilapia [5,33].

It is well known that pesticide poisoning causes oxidative damage via a promoted
generation of ROS and induction of lipid peroxidation [34]. ROS mediate the toxic im-
pact of pyrethroid insecticides [35], and oxidative stress is the primary cause of liver
harm [36,37]. MDA is a well-known by-product of lipid peroxidation and has been used as
an oxidative stress marker [38,39]. Accumulative evidence suggested that a large amount
of hydroxyl radical (OH•) are produced during oxidative stress. OH• is the most injurious
radical compared to other ROS that has a great affinity to the lipid content of the cell
membrane [34,39–43]. Therefore, it is strongly suggested that the increased MDA levels
was associated with DLM-induced ROS production.

In consistence with our previous studies, lipid peroxidation and loss of the cell mem-
brane integrity are the main causes participating in the leakage of liver transaminases into
the blood stream leading to elevation of their levels in the serum [34,39,41–43]. Moreover,
the observed loss of the renal brush border in the histopathological examination might
be attributed to the DLM-induced lipid peroxidation; where, the DLM-generated ROS
disrupts the lipid content of the apical membrane [39,44]. Consequently, progressive accu-
mulation of sloughed epithelia in the tubular lumen might explain the dilated tubules in the
DLM-injured group [43]. It is strongly reported that inflammatory response is associated
with oxidative stress; herein, the inflammatory cell infiltrations were seen in the liver and
kidney tissue after DLM exposure [40,45]. All of these observed pathological lesions were
improved after supplementation of NAC.

Reduced-glutathione (GSH) is a cellular antioxidant that plays a crucial role in the
scavenging of ROS [40,43]. SOD is required for dismutation of the normally generated
superoxide anion (O2

•−). However, when the O2
•− is over generated, the SOD is over-

whelmed leading to disruption of the cellular oxidant/antioxidant balance [40]. The present
investigation revealed enhanced lipid peroxidation alongside dramatic reductions in SOD
activity and GSH level, affirming that oxidative stress is a key factor in DLM-induced liver
and kidney damage.

Thiol group content of GSH is the main modulator of GSH function in conjugation
with the generated ROS. Therefore, NAC supplementation provides an alternative source of
thiol group offering other avenues for ROS-conjugation which helps to restore the depleted
cellular GSH [17]. Consistently, the present data indicated the potential use of NAC in
regeneration GSH in the DLM-intoxicated chicken. These findings are consistent with
Wong et al. [46], who found that NAC can regulate GSH levels and protect the liver against
reactive metabolite damage in a rat model.

Accumulative evidence suggested that the progressive injury caused by uncontrolled
ROS and oxidative damage will be ended by cell death due to stimulation of the apop-
totic cascade [47]. Bcl2 is an antiapoptotic protein that is mainly involved in the intrinsic
apoptotic pathway, also known as the mitochondria-associated pathway [48,49]. It is well
documented that the mitochondrial membrane loses its integrity in oxidative stress; thereby,
the cytochrome c is released into the cytoplasm, leading to up-regulation of the downstream
apoptotic proteins caspases, including caspase3 along with up-regulation of the antiapop-
totic proteins such as Bcl2 [49]. Our findings revealed the occurrence of apoptosis in
DLM-intoxicated chickens, as evidenced by increased caspase3 and decreased Bcl2 mRNA
expression levels in the liver and kidney. Khalaf and his group found that the insecticide
increased the expression of the caspase3 [50], confirming our obtained data. Our previous
studies with others have linked mitochondrial dysfunction to apoptosis through the devel-
opment of ROS and the activation of caspases [24,34,39–41,51]. Interestingly, in the present
investigation, treatment with the antioxidant NAC reversed DLM-induced apoptotic re-
sponses in hepatic and renal tissue, revealing the antiapoptotic competence of NAC against
DLM-induced tissue injury. Figure 7 summarizes the mechanistic insights associated with
the protective activity of NAC against DLM-induced toxicity.
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5. Conclusions

In the present work, DLM caused dramatic oxidative damage in the liver and kid-
ney tissue indicated by increased MDA concentration and exhaustion of the endogenous
antioxidant system. However, the overall results confirm the protective effect of NAC in
DLM-induced hepato-renal toxicity in broiler chicken by its ability to scavenge free radicals
and regenerate the GSH, which helped restore the cellular redox hemostasis. We anticipate
that NAC would a potential feed supplement for broiler chicken posing potent antioxidant
activity against DLM or other pesticide contaminants.

Author Contributions: Conceptualization, A.A. (Ali Allam), S.S.I., A.S. and M.A.; methodology,
A.A. (Ali Allam), S.S.I., G.Y., A.A. (Ahmed Abdeen) and M.A.; software, H.P.D., A.S., M.M.A.-D.,
K.J.A. and S.F.I.; validation, K.J.A., S.F.I. and A.A. (Ahmed Abdeen); formal analysis, S.S.I., A.A.
(Ahmed Abdeen), M.M.A.-D. and M.A.; resources, M.M.A.-D., S.F.I. and M.A.; data curation, A.S.,
K.S. and A.A. (Ahmed Abdeen); writing—original draft preparation, all authors; writing—review
and editing, A.A. (Ahmed Abdeen), H.P.D. and M.A.; visualization, A.A. (Ali Allam), S.S.I., G.Y. and
K.S.; supervision, S.S.I. and M.A.; project administration, M.A.; funding acquisition, K.J.A. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Princess Nourah bint Abdulrahman University Researchers
Supporting Project number (PNURSP2022R127), Princess Nourah bint Abdulrahman University,
Riyadh, Saudi Arabia. It was also supported by Taif University Researchers Supporting Project
number (TURSP-2020/128), Taif University, Taif, Saudi Arabia.



Int. J. Environ. Res. Public Health 2022, 19, 638 11 of 13

Institutional Review Board Statement: The experiment was conducted and approved according to
the guide lines of the Ethical Committee of the Faculty of Veterinary Medicine, Benha University
(Approval number; BUFVTM 06-03-21).

Informed Consent Statement: Not applicable.

Data Availability Statement: Upon request, the data utilized to verify the findings of this research
are obtainable from the corresponding authors.

Acknowledgments: The authors appreciate the help provided by the Center of Excellence in Screen-
ing of Environmental Contaminants (STDF; grant No. 31290). Appreciation is also extended
to the Princess Nourah bint Abdulrahman University Researchers Supporting Project number
(PNURSP2022R127), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia. This work
was also supported by Taif University Researchers Supporting Project number (TURSP-2020/128),
Taif University, Taif, Saudi Arabia.

Conflicts of Interest: There are no conflict of interest disclosed by the authors.

References
1. Kurek, M.; Barchańska, H.; Turek, M. Degradation processes of pesticides used in potato cultivations. In Reviews of Environmental

Contamination and Toxicology; Springer: Cham, Switzerland, 2016; Volume 242, pp. 105–151.
2. Lv, Y.; Bing, Q.; Lv, Z.; Xue, J.; Li, S.; Han, B.; Yang, Q.; Wang, X.; Zhang, Z. Imidacloprid-induced liver fibrosis in quails via

activation of the TGF-β1/Smad pathway. Sci. Total Environ. 2020, 705, 135915. [CrossRef]
3. Saoudi, M.; Badraoui, R.; Bouhajja, H.; Ncir, M.; Rahmouni, F.; Grati, M.; Jamoussi, K.; El Feki, A. Deltamethrin induced oxidative

stress in kidney and brain of rats: Protective effect of Artemisia campestris essential oil. Biomed. Pharmacother. 2017, 94, 955–963.
[CrossRef] [PubMed]

4. Abdou, R.H.; Abdel-Daim, M.M. Alpha-lipoic acid improves acute deltamethrin-induced toxicity in rats. Can. J. Physiol. Pharmacol.
2014, 92, 773–779. [CrossRef]

5. Abdel-Daim, M.M.; Abdelkhalek, N.K.M.; Hassan, A.M. Antagonistic activity of dietary allicin against deltamethrin-induced
oxidative damage in freshwater Nile tilapia; Oreochromis niloticus. Ecotoxicol. Environ. Saf. 2015, 111, 146–152. [CrossRef]

6. Barlow, S.M.; Sullivan, F.M.; Lines, J. Risk assessment of the use of deltamethrin on bednets for the prevention of malaria. Food
Chem. Toxicol. 2001, 39, 407–422. [CrossRef]

7. Salim, G.; Rachid, R.; Mohamed, K. Deltamethrin induced neurodegeneration and behavioral effect by dysfunction cytosolic
antioxidant system in rats brain. Algerian J. Nat. Sci. 2016, 1, 14–22.

8. Chargui, I.; Grissa, I.; Bensassi, F.; Hrira, M.Y.; Haouem, S.; Haouas, Z.; Bencheikh, H. Oxidative stress, biochemical and
histopathological alterations in the liver and kidney of female rats exposed to low doses of deltamethrin (DM): A molecular
assessment. Biomed. Environ. Sci. 2012, 25, 672–683. [PubMed]

9. Abdollahi, M.; Ranjbar, A.; Shadnia, S.; Nikfar, S.; Rezaie, A. Pesticides and oxidative stress: A review. Med. Sci. Monit. 2004, 10,
141–148.

10. Vanova, N.; Pejchal, J.; Herman, D.; Dlabkova, A.; Jun, D. Oxidative stress in organophosphate poisoning: Role of standard
antidotal therapy. J. Appl. Toxicol. 2018, 38, 1058–1070. [CrossRef]

11. Anand, S.S.; Bruckner, J.V.; Haines, W.T.; Muralidhara, S.; Fisher, J.W.; Padilla, S. Characterization of deltamethrin metabolism by
rat plasma and liver microsomes. Toxicol. Appl. Pharmacol. 2006, 212, 156–166. [CrossRef]

12. Abdel-Daim, M.M.; Abuzead, S.M.M.; Halawa, S.M. Protective role of Spirulina platensis against acute deltamethrin-induced
toxicity in rats. PLoS ONE 2013, 8, e72991.

13. Cankayali, L.; Demirag, K.; Eris, O.; Ersoz, B.; Moral, A.R. The effects of N-acetylcysteine on oxidative stress in organophosphate
poisoning model. Adv. Ther. 2005, 22, 107–116. [CrossRef]

14. El-Ebiary, A.A.; Elsharkawy, R.E.; Soliman, N.A.; Soliman, M.A.; Hashem, A.A. N-acetylcysteine in acute organophosphorus
pesticide poisoning: A randomized, clinical trial. Basic Clin. Pharmacol. Toxicol. 2016, 119, 222–227. [CrossRef] [PubMed]

15. Kumar, A.; Sasmal, D.; Bhaskar, A.; Mukhopadhyay, K.; Thakur, A.; Sharma, N. First record of the ground beetle Trechoblemus
postilenatus (Coleoptera, Carabidae) in Primorskii krai. Environ. Toxicol. 2016, 31, 808–819. [CrossRef] [PubMed]

16. Larsson, S.C.; Håkansson, N.; Wolk, A. Dietary cysteine and other amino acids and stroke incidence in women. Stroke 2015, 46,
922–926. [CrossRef]

17. Mokhtari, V.; Afsharian, P.; Shahhoseini, M.; Kalantar, S.M.; Moini, A. A review on various uses of N-acetyl cysteine. Cell J. 2017,
19, 11.

18. Millea, P.J. N-acetylcysteine: Multiple clinical applications. Am. Fam. Physician 2009, 80, 265–269.
19. Valdivia, A.G.; Martinez, A.; Damian, F.J.; Quezada, T.; Ortiz, R.; Martinez, C.; Llamas, J.; Rodriguez, M.L.; Yamamoto, L.;

Jaramillo, F.; et al. Efficacy of N-acetylcysteine to reduce the effects of aflatoxin B1 intoxication in broiler chickens. Poult. Sci. 2001,
80, 727–734. [CrossRef]

20. Yi, D.; Hou, Y.; Tan, L.; Liao, M.; Xie, J.; Wang, L.; Ding, B.; Yang, Y.; Gong, J. N-acetylcysteine improves the growth performance
and intestinal function in the heat-stressed broilers. Anim. Feed Sci. Technol. 2016, 220, 83–92. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2019.135915
http://doi.org/10.1016/j.biopha.2017.08.030
http://www.ncbi.nlm.nih.gov/pubmed/28810533
http://doi.org/10.1139/cjpp-2014-0280
http://doi.org/10.1016/j.ecoenv.2014.10.019
http://doi.org/10.1016/S0278-6915(00)00152-6
http://www.ncbi.nlm.nih.gov/pubmed/23228837
http://doi.org/10.1002/jat.3605
http://doi.org/10.1016/j.taap.2005.07.021
http://doi.org/10.1007/BF02849882
http://doi.org/10.1111/bcpt.12554
http://www.ncbi.nlm.nih.gov/pubmed/26786042
http://doi.org/10.1002/tox.22091
http://www.ncbi.nlm.nih.gov/pubmed/25534813
http://doi.org/10.1161/STROKEAHA.114.008022
http://doi.org/10.1093/ps/80.6.727
http://doi.org/10.1016/j.anifeedsci.2016.07.014


Int. J. Environ. Res. Public Health 2022, 19, 638 12 of 13

21. Elmasry, D.; Hegazi, S.M.; El-Sabagh, M.; Nasef, S.A. Impact of N-acetyl cysteine (NAC) chit Nanocomposite as antioxidant on
broiler chicks. Afr. J. Biol. Sci. 2020, 16, 33–42. [CrossRef]

22. Ibrahim, S.S.; Elsabagh, R.; Allam, A.; Youssef, G.; Fadl, S.E.; Abdelhiee, E.Y.; Alkafafy, M.; Soliman, A.; Aboubakr, M. Bioremedia-
tion role of Spirulina platensis against deltamethrin-mediated toxicity and its chemical residues in chicken meat. Environ. Sci.
Pollut. Res. 2021, 28, 56188–56198. [CrossRef]

23. Yuan, J.S.; Reed, A.; Chen, F.; Stewart, C.N. Statistical analysis of real-time PCR data. BMC Bioinform. 2006, 7, 85. [CrossRef]
[PubMed]

24. Huang, J.; Cui, H.; Peng, X.; Fang, J.; Zuo, Z.; Deng, J.; Wu, B. The association between splenocyte apoptosis and alterations of
Bax, Bcl-2 and caspase-3 mRNA expression, and oxidative stress induced by dietary nickel chloride in broilers. Int. J. Environ. Res.
Public Health 2013, 10, 7310–7326. [CrossRef] [PubMed]

25. Liu, J.; Zhao, H.; Wang, Y.; Shao, Y.; Li, J.; Xing, M. Alterations of antioxidant indexes and inflammatory cytokine expression
aggravated hepatocellular apoptosis through mitochondrial and death receptor-dependent pathways in Gallus gallus exposed to
arsenic and copper. Environ. Sci. Pollut. Res. 2018, 25, 15462–15473. [CrossRef] [PubMed]

26. Yuan, J.M.; Guo, Y.M.; Yang, Y.; Wang, Z.H. Characterization of fatty acid digestion of Beijing Fatty and Arbor Acres Chickens.
Asian-Australas. J. Anim. Sci. 2007, 20, 1222–1228. [CrossRef]

27. Wang, X.H.; Souders II, C.L.; Xavier, P.; Li, X.Y.; Yan, B.; Martyniuk, C.J. The pyrethroid esfenvalerate induces hypoactivity and
decreases dopamine transporter expression in embryonic/larval zebrafish (Danio rerio). Chemosphere 2020, 243, 125416. [CrossRef]

28. Liu, G.; Yan, X.; Sedykh, A.; Pan, X.; Zhao, X.; Yan, B.; Zhu, H. Analysis of model PM2. 5-induced inflammation and cytotoxicity by
the combination of a virtual carbon nanoparticle library and computational modeling. Ecotoxicol. Environ. Saf. 2020, 191, 110216.
[CrossRef]

29. Sibiya, I.; Poma, G.; Cuykx, M.; Covaci, A.; Adegbenro, P.D.; Okonkwo, J. Targeted and non-target screening of persistent organic
pollutants and organophosphorus flame retardants in leachate and sediment from landfill sites in Gauteng Province, South Africa.
Sci. Total Environ. 2019, 653, 1231–1239. [CrossRef]

30. Prohaszka, L.; Hajdu, E.; Dworschak, E.; Rozsnyai, T. Growth depression in broiler chicks caused by incompatibility of feed
ingredients. Acta Vet. Hung. 1987, 35, 349–358.

31. Abdel-Daim, M.; El-Bialy, B.E.; Rahman, H.G.A.; Radi, A.M.; Hefny, H.A.; Hassan, A.M. Antagonistic effects of Spirulina platensis
against sub-acute deltamethrin toxicity in mice: Biochemical and histopathological studies. Biomed. Pharmacother. 2016, 77, 79–85.
[CrossRef]

32. Abdel-Daim, M.M.; Abd Eldaim, M.A.; Mahmoud, M.M. Trigonella foenum-graecum protection against deltamethrin-induced toxic
effects on haematological, biochemical, and oxidative stress parameters in rats. Can. J. Physiol. Pharmacol. 2014, 92, 679–685.
[CrossRef] [PubMed]

33. Abdelkhalek, N.K.M.; Ghazy, E.W.; Abdel-Daim, M.M. Pharmacodynamic interaction of Spirulina platensis and deltamethrin in
freshwater fish Nile tilapia, Oreochromis niloticus: Impact on lipid peroxidation and oxidative stress. Environ. Sci. Pollut. Res.
2015, 22, 3023–3031. [CrossRef]

34. Abdel-Daim, M.M.; Abdeen, A. Protective effects of rosuvastatin and vitamin E against fipronil-mediated oxidative damage and
apoptosis in rat liver and kidney. Food Chem. Toxicol. 2018, 114, 69–77. [CrossRef] [PubMed]

35. Mossa, A.-T.H.; Refaie, A.A.; Ramadan, A.; Bouajila, J. Amelioration of prallethrin-induced oxidative stress and hepatotoxicity in
rat by the administration of Origanum majorana essential oil. BioMed Res. Int. 2013, 2013, 859085. [CrossRef]

36. Yang, D.; Tan, X.; Lv, Z.; Liu, B.; Baiyun, R.; Lu, J.; Zhang, Z. Regulation of Sirt1/Nrf2/TNF-α signaling pathway by luteolin is
critical to attenuate acute mercuric chloride exposure induced hepatotoxicity. Sci. Rep. 2016, 6, 37157. [CrossRef]

37. Zhang, Z.; Li, S.; Jiang, H.; Liu, B.; Lv, Z.; Guo, C.; Zhang, H. Effects of selenium on apoptosis and abnormal amino acid
metabolism induced by excess fatty acid in isolated rat hepatocytes. Mol. Nutr. food Res. 2017, 61, 1700016. [CrossRef]

38. Abdel-Daim, M.; Dawood, M.A.O.; AlKahtane, A.A.; Abdeen, A.; Abdel-Latif, H.M.R.; Senousy, H.H.; Aleya, L.; Alkahtani, S.
Spirulina platensis mediated the biochemical indices and antioxidative function of Nile tilapia (Oreochromis niloticus) intoxicated
with aflatoxin B1. Toxicon 2020, 184, 152–157. [CrossRef]

39. Abdeen, A.; Abdelkader, A.; Elgazzar, D.; Aboubakr, M.; Abdulah, O.A.; Shoghy, K.; Abdel-Daim, M.; El-Serehy, H.A.; Najda,
A.; El-Mleeh, A. Coenzyme Q10 supplementation mitigates piroxicam-induced oxidative injury and apoptotic pathways in the
stomach, liver, and kidney. Biomed. Pharmacother. 2020, 130, 110627. [CrossRef]

40. Aboubakr, M.; Elshafae, S.M.; Abdelhiee, E.Y.; Fadl, S.E.; Soliman, A. Antioxidant and Anti-Inflammatory Potential of Thymo-
quinone and Lycopene Mitigate the Chlorpyrifos-Induced Toxic Neuropathy. Pharmaceuticals 2021, 14, 940. [CrossRef]

41. Abdeen, A.; Aboubakr, M.; Elgazzar, D.; Abdo, M.; Abdelkader, A.; Ibrahim, S.; Elkomy, A. Rosuvastatin attenuates piroxicam-
mediated gastric ulceration and hepato-renal toxicity in rats. Biomed. Pharmacother. 2019, 110, 895–905. [CrossRef] [PubMed]

42. Abdeen, A.; Abou-Zaid, O.A.; Abdel-Maksoud, H.A.; Aboubakr, M.; Abdelkader, A.; Abdelnaby, A.; Abo-Ahmed, A.I.; El-Mleeh,
A.; Mostafa, O.; Abdel-Daim, M.; et al. Cadmium overload modulates piroxicam-regulated oxidative damage and apoptotic
pathways. Environ. Sci. Pollut. Res. 2019, 26, 25167–25177. [CrossRef]

43. Abdeen, A.; Samir, A.; Elkomy, A.; Aboubaker, M.; Habotta, O.A.; Gaber, A.; Alsanie, W.F.; Abdullah, O.; Elnoury, H.A.; Baioumy,
B.; et al. The potential antioxidant bioactivity of date palm fruit against gentamicin-mediated hepato-renal injury in male albino
rats. Biomed. Pharmacother. 2021, 143, 112154. [CrossRef]

http://doi.org/10.21608/ajbs.2020.75930
http://doi.org/10.1007/s11356-021-14617-8
http://doi.org/10.1186/1471-2105-7-85
http://www.ncbi.nlm.nih.gov/pubmed/16504059
http://doi.org/10.3390/ijerph10127310
http://www.ncbi.nlm.nih.gov/pubmed/24351749
http://doi.org/10.1007/s11356-018-1757-0
http://www.ncbi.nlm.nih.gov/pubmed/29569195
http://doi.org/10.5713/ajas.2007.1222
http://doi.org/10.1016/j.chemosphere.2019.125416
http://doi.org/10.1016/j.ecoenv.2020.110216
http://doi.org/10.1016/j.scitotenv.2018.10.356
http://doi.org/10.1016/j.biopha.2015.12.003
http://doi.org/10.1139/cjpp-2014-0144
http://www.ncbi.nlm.nih.gov/pubmed/25029214
http://doi.org/10.1007/s11356-014-3578-0
http://doi.org/10.1016/j.fct.2018.01.055
http://www.ncbi.nlm.nih.gov/pubmed/29432839
http://doi.org/10.1155/2013/859085
http://doi.org/10.1038/srep37157
http://doi.org/10.1002/mnfr.201700016
http://doi.org/10.1016/j.toxicon.2020.06.001
http://doi.org/10.1016/j.biopha.2020.110627
http://doi.org/10.3390/ph14090940
http://doi.org/10.1016/j.biopha.2018.11.004
http://www.ncbi.nlm.nih.gov/pubmed/30572194
http://doi.org/10.1007/s11356-019-05783-x
http://doi.org/10.1016/j.biopha.2021.112154


Int. J. Environ. Res. Public Health 2022, 19, 638 13 of 13

44. Abdeen, A.; Abdelkader, A.; Abdo, M.; Wareth, G.; Aboubakr, M.; Aleya, L.; Abdel-Daim, M. Protective effect of cinnamon against
acetaminophen-mediated cellular damage and apoptosis in renal tissue. Environ. Sci. Pollut. Res. 2019, 26, 240–249. [CrossRef]
[PubMed]

45. Abdel-Daim, M.M.; Sayed, A.A.; Abdeen, A.; Aleya, L.; Ali, D.; Alkahtane, A.A.; Alarifi, S.; Alkahtani, S. Piperine enhances the
antioxidant and anti-inflammatory activities of thymoquinone against microcystin-LR-induced hepatotoxicity and neurotoxicity
in mice. Oxid. Med. Cell. Longev. 2019, 2019, 1309175. [CrossRef]

46. Wong, C.K.; Ooi, V.E.C.; Wong, C.K. Protective effects of N-acetylcysteine against carbon tetrachloride-and trichloroethylene-
induced poisoning in rats. Environ. Toxicol. Pharmacol. 2003, 14, 109–116. [CrossRef]

47. Iyaswamy, A.; Wankhar, D.; Loganathan, S.; Shanmugam, S.; Rajan, R.; Rathinasamy, S. Disruption of redox homeostasis in liver
function and activation of apoptosis on consumption of aspartame in folate deficient rat model. J. Nutr. Intermed. Metab. 2017, 8,
41–50. [CrossRef]

48. Simon, H.-U.; Haj-Yehia, A.; Levi-Schaffer, F. Role of reactive oxygen species (ROS) in apoptosis induction. Apoptosis 2000, 5,
415–418. [CrossRef]

49. Pelicano, H.; Carney, D.; Huang, P. ROS stress in cancer cells and therapeutic implications. Drug Resist. Updat. 2004, 7, 97–110.
[CrossRef] [PubMed]

50. Khalaf, A.A.; Galal, M.K.; Ibrahim, M.A.; Abd Allah, A.A.; Afify, M.M.; Refaat, R. The Terminalia laxiflora modulates the
neurotoxicity induced by fipronil in male albino rats. Biosci. Rep. 2019, 39, BSR20181363. [CrossRef] [PubMed]

51. Aminzadeh, A.; Dehpour, A.R.; Safa, M.; Mirzamohammadi, S.; Sharifi, A.M. Investigating the protective effect of lithium against
high glucose-induced neurotoxicity in PC12 cells: Involvements of ROS, JNK and P38 MAPKs, and apoptotic mitochondria
pathway. Cell. Mol. Neurobiol. 2014, 34, 1143–1150. [CrossRef]

http://doi.org/10.1007/s11356-018-3553-2
http://www.ncbi.nlm.nih.gov/pubmed/30392171
http://doi.org/10.1155/2019/1309175
http://doi.org/10.1016/S1382-6689(03)00045-0
http://doi.org/10.1016/j.jnim.2017.06.002
http://doi.org/10.1023/A:1009616228304
http://doi.org/10.1016/j.drup.2004.01.004
http://www.ncbi.nlm.nih.gov/pubmed/15158766
http://doi.org/10.1042/BSR20181363
http://www.ncbi.nlm.nih.gov/pubmed/30777931
http://doi.org/10.1007/s10571-014-0089-y

	Introduction 
	Materials and Methods 
	Chemicals 
	Experimental Animals 
	Growth Parameters 
	Blood Samples 
	Hepato-Renal Function Tests 
	Determination of Oxidative Stress Markers 
	Real-Time PCR 
	Examination of Histopathology 
	Statistical Analysis 

	Results 
	Effect of DLM and/or NAC on Growth Performance 
	The Effect of DLM and/or NAC on Biochemical Markers of the Liver and Kidney 
	The Effect of DLM and/or NAC on Oxidative Cascade in Liver and Kidney Tissues 
	The Effect of DLM and/or NAC on Caspase-3 and Bcl2 mRNA Expression in Liver and Kidney Tissues 
	The Effect of DLM and/or NAC on Histopathological Character of Liver Tissues 
	The Effect of DM and/or NAC on Histopathological Character of Kidney Tissues 

	Discussion 
	Conclusions 
	References

