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Acetamiprid is a class of neuroactive insecticides widely used to control insect pests. The current study aimed to investigate the potential neuroprotective effects of luteolin against acetamiprid-induced neurotoxicity in the rat cerebral cortex. Four equal groups of adult male rats (10 in each): control, acetamiprid (40 mg/kg for 28 days), luteolin (50 mg/kg for 28 days), and acetamiprid+luteolin cotreatment were used. Acetamiprid was shown to alter the oxidative state by increasing oxidant levels [nitric oxide (NO) and malondialdehyde (MDA)] and decreasing antioxidants [glutathione (GSH), glutathione peroxidase (GPx), glutathione reductase (GR), superoxide dismutase (SOD), and catalase-(CAT)], with increased activity of nuclear factor erythroid 2–related factor 2-(Nrf2). Likewise, acetamiprid increases the inflammatory response, as evidenced by increased interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), and nuclear factor kappa B-(NF-κB). In contrast, the treatment with luteolin brought these markers back to levels close to normal, showing that it protects neurocytes from oxidative damage and the neuroinflammation effects of acetamiprid-induced inflammation. Luteolin also demonstrated a neuroprotective role via the modulation of acetylcholinesterase (AChE) activity in the cerebral cortex tissue. Histopathology showed severe neurodegenerative changes, and apoptotic cells were seen in the acetamiprid-induced cerebral cortex layer, which was evident by increased protein expression levels of Bax and caspase-3 and decreased Bcl-2 levels. Histochemistry confirmed the neuronal degeneration, as proven by the change in neurocyte colour from brown to black when stained with a silver stain. Luteolin may have a neuroprotective effect against biochemical and histopathological changes induced by acetamiprid in the rat cerebral cortex.
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1 Introduction

Neurotoxicity occurs through exposure to several toxic agents, such as pesticides, that change the histoarchitecture and function of the nervous tissue (1). Numerous prior studies have indicated a relationship between the excessive application of pesticides and brain diseases (2, 3). Furthermore, direct or indirect exposure to pesticides causes many toxic symptoms, including respiratory failure, neuromuscular paralysis, and convulsions.

Acetamiprid is a neonicotinoid compound typically used to manage insects and mitigate their effects on vegetables and fruits (4). It induces insect paralysis and death by agonising on nicotinic acetylcholine receptors (5). In this regard, it has been reported that even low concentrations of indirect exposure to acetamide-contaminated food and water can induce various neurogenic diseases (6).

Prolonged exposure to acetamiprid increases oxidative stress, inflammation, and apoptosis, leading to organ damage (7). Moreover, other studies have shown that extended exposure to acetamiprid leads to significant histopathological changes in the brain (8), liver (8), and kidney (9). This occurs by increasing the production of reactive oxygen species (ROS) and disrupting the balance of oxidative processes (10). Acetamiprid is broken down in the liver to make 5-hydroxyimidacloprid. This compound raises ROS levels and stops antioxidant enzymes from releasing lipid peroxide, which increases oxidative stress. Moreover, the elevation of ROS inside the nucleus has detrimental effects on the structure of DNA, leading to abnormal gene expression (10, 11).

Acute activation of inflammation in neural tissue, which is often a protective reaction to different stimuli, may be harmful, particularly when caused by certain chemical exposures. Acetamiprid has been discovered to activate inflammatory pathways in neuronal cells, producing pro-inflammatory cytokines and mediators (12). The initial protective reaction might result in persistent neuroinflammation, contributing to neuronal damage and degeneration (13). In addition, acetamiprid has been implicated in activating apoptosis in nervous tissue. Acetamiprid’s disruption of crucial signaling pathways in neurons may trigger apoptosis, resulting in cellular demise and possibly playing a role in neurodegenerative disorders (12). Like other neonicotinoid compounds, acetamiprid inhibits AChE, accumulating acetylcholinesterase at the cholinergic synapses, inducing neurotoxicity, and eventual neurodegeneration (14).

Luteolin has several pharmacological activities and antioxidant properties associated with scavenging oxygen species (15). Moreover, multiple studies have documented luteolin’s beneficial effects in treating several neural diseases (16, 17). Luteolin protects against lead-induced testicular toxicity by preventing oxidative stress, inflammation, and apoptosis, thus improving degenerative changes in testicular tissue in rats (18). Similarly, luteolin was foun effective against bisphenol-induced renal toxicity due to the activation of anti-oxidation and anti-inflammatory mediators (19). Luteolin is also neuroprotective in mice’s brains from sodium nitroprusside-induced oxidative damage by scavenging and chelating effects (20). In addition, luteolin was found to be effective in treating neurodegenerative disorders in lipopolysaccharide-activated microglia through decreasing proinflammatory and proapoptotic gene expression (21). Furthermore, luteolin has been proven to have anti-inflammatory effects against brain injury induced by fibrillary Aβ1-40 (22). Likewise, luteolin was also found to have a neuroprotective role against ischemic stroke by inhibiting apoptosis and oxidative damage in keratinocytes (23). So, according to these previous studies, the study aimed to evaluate the possible neuroprotective role of luteolin against acetamiprid-induced neurotoxicity and regenerate the neurocytes in the rat cerebral cortex.



2 Materials and methods


2.1 Experimental animals and study design

Forty male Wistar rats (weight 150–200 g) were purchased from the animal unit of King Abdulaziz University, Saudi Arabia. Rats were acclimatized for 1 week before the start of the study. Rats were placed in cages (12-h light/dark cycle) at room temperature. The rats had free access to standard laboratory food and water ad libitum throughout the experiment. The research ethics committee approved all experimental protocols for laboratory animal care, Taif university (approval no. 43–068).



2.2 Animal groups

Rats were split into four groups of 10 each:

• Control group: rats were given physiological saline (0.9% NaCl) for 28 days.

• Luteolin group: according to Li et al. (24), rats were given luteolin (50 mg/kg) daily for 28 days. Luteolin administration at a dose of 50 mg/kg showed potent anti-inflammatory and antioxidant activity in colitis model induced in rats (24).

• Acetamiprid group: according to Dhouib et al. (25), rats were orally gavaged with acetamiprid (40 mg/kg) for 28 days. Dhouib et al. (25) showed that acetamiprid administration at a dose of 40 mg/kg induced neurotoxicity through enhancing neuronal oxidative stress, inflammatory response, impaired motor coordination and caused histopathological changes

• Acetamiprid+luteolin group: rats were orally gavaged 40 mg/kg of acetamiprid an hour before 50 mg/kg of luteolin for 28 days.

All treatments lasted for 28 consecutive days. On day 28, rats in all the groups were killed, the brains were collected from the rats, and each rat’s cerebral cortex layer was dissected for histopathology, histochemistry, and immunosorbent assay.



2.3 Chemicals

Acetamiprid-N-desmethyl (190604–92-3) and luteolin (CAS Number: 491–70-3) were purchased from Sigma-Aldrich, United States.



2.4 Estimation of redox status


2.4.1 Oxidative stress index evaluation

A spectrophotometer (UV–Vis Spectrophotometer from LAB-KITS) was used to measure antioxidant activity in this study. Malondialdehyde (MDA) Cat.No.: E-BC-K025-M was measured as a lipid peroxidation (LPO) using the thiobarbituric acid according to Ohkawa, Ohishi (26). Based on Ellman’s method, the level of decreased GSH Cat Number: E-BC-K096-S in the brain homogenates was evaluated (27). Nitric oxide (NO) Cat Number: E-BC-K035-S level was measured using Griess reagent in accordance with the method described by Green, Wagner (28).



2.4.2 Antioxidant activity assessment

The activities of glutathione peroxidase (Cat Number: E-BC-K096-S) and glutathione reductase (Cat Number: E-BC-K096-S) in the cerebral cortex was estimated using the methods of Paglia and Valentine (29) and De Vega, Fernandez (30), respectively. Cerebral cortex superoxide dismutase (SOD) Cat Number: E-BC-K019-S activity was tested based on the method of Nishikimi et al. (31). Catalase (CAT) Cat Number: E-BC-K031-M activity was estimated according to the procedures described by Aebi (32). All kits were purchased from Elabscience Bionovation, Inc., United States. The levels of Nrf2 (catalog number: MBS752046, MyBioSource, KSA) was determined as described by the manufacturer’s kit. Cerebral cortex protein levels were determined for all measurements using the protocols described by Bradford (33).




2.5 Estimation of inflammatory cytokines

ELISA was used to measure levels of inflammatory cytokines in this study. Tumor necrosis factor-α (TNF-α) (catalog number: CSB-E11987r, Cusabio Biotech Co., Ltd.), interleukin-1β (IL-1β) (catalog number: E-EL-R0012, Elabscience Biotechnology Co., Ltd., Wuhan, China), and nuclear factor kappa B (NF-κB) (catalog number: E-EL-R0674, Elabscience Biotechnology Co., Ltd., Wuhan, China) were assayed using ELISA kits supplied by the manufacturer’s instructions.



2.6 Assessment of proapoptotic and antiapoptotic proteins

Cerebral cortex apoptotic proteins were assessed using ELISA kits for Bax and Bcl-2 (BioVision, Inc., Milpitas, CA, United States; catalog numbers E4513 and CSB-E08854r, respectively). A colourimetric kit was used to measure caspase-3 activity (Sigma-Aldrich: CASP3C-1KT). All assays were performed according to the manufacturer’s instructions.



2.7 Determination of acetylcholinesterase (AChE) in the cerebral cortex tissue

Acetylcholinesterase (Cat Number: E-BC-K174-M, Elabscience Bionovation, Inc., United States) activity in the cerebral cortex was measured using the method explained by Ellman, Courtney (34). Based on the yellow colour that appeared after the addition of thionitrobenzoic acid, measured at 412 nm, acetylcholinesterase activity was identified.



2.8 Histopathological and histochemical examinations of the cerebral cortex


2.8.1 Histopathology examination

For histopathological examination of the cerebral cortex, brains were immediately removed after killing the rats, and the cerebral cortex was carefully separated from the brain. The samples of the cerebral cortex were fixed in 10% neutral formaldehyde for 24 h and dehydrated using high-grade alcohol within paraffin, and then the cerebral cortex was cut by microtome (Leica) into 5-μm thickness. Specimens were stained with hematoxylin and eosin (35). Finally, the slides were examined using a Nikon Eclipse E200-LED (Tokyo, Japan) microscope.



2.8.2 Histochemistry examination

This study examined neuronal degeneration in the cerebral cortex tissue using silver staining as a specific stain for the degenerative tissue, especially in nervious tissue (36). A small part of the cerebral cortex tissue was deparaffinized, rehydrated, and incubated in 20% silver nitrate in the dark for half an hour at 37°C. Then, the slides were added to a solution of ammonium hydroxide + silver nitrate for 15 min in the dark. The developer (20 mL 37% unbuffered formalin, 100 μL nitric acid+0.5 mg citric acid in 100 mL of distilled water) was added to the silver nitrate solution and used to stain the slides before fixation with 5% aqueous sodium thiosulfate (37).




2.9 Statistical analyses

All results were expressed as the means ± SD. Data for multiple variable comparisons were analyzed by one-way analysis of variance (ANOVA), followed by Tukey HSD post-hoc test, using the statistical package SPSS. The acceptable level of significance was set at p < 0.05.




3 Results


3.1 Effect of the luteolin treatment against the oxidant/antioxidant status following acetamiprid exposure of the cerebral cortex

Levels of pro-oxidant and antioxidant molecules were measured to evaluate the effect of luteolin treatment on the oxidative state in the cerebral cortex following acetamiprid administration. The activities of cerebral cortex redox antioxidant enzymes, as seen in Figure 1, shows that the antioxidant enzymes SOD, CAT, GPx, and GR were significantly less active (p < 0.05) in the group that was given acetamiprid compared to the group receiving no treatment. In contrast, rats pre-treated with luteolin exhibited a noteworthy increase in the enzymatic activity of all the enzymes examined compared to the group that received treatment alone. On the other hand, levels of oxidative biomarkers in rat cerebral cortex tissue, as seen in Figure 2, demonstrated a statistically significant elevation (p < 0.05) in the level of MDA and NO, while concurrently seeing a notable reduction in the levels of GSH in the rats treated with acetamiprid in comparison to the control rats. However, luteolin raised GSH levels and decreased nitric oxide and MDA levels in comparison to the treated group. Nevertheless, the administration of luteolin effectively mitigated the acetamiprid-induced oxidative stress in the cerebral cortex tissue of rats by augmenting the antioxidant defence mechanism against harmful free radicals.
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FIGURE 1
 Effects of orally administered luteolin on antioxidant enzymes, GPx, GR, SOD, and CAT in cerebral cortex tissue following acetamiprid exposure. Results are shown as the mean ± standard deviation (SD). a and b indicate significant differences (p < 0.05) compared with the control and acetamiprid-treated groups.


[image: Figure 2]

FIGURE 2
 Effects of orally administered luteolin on NO, MDA, and GSH in cerebral cortex tissue following acetamiprid exposure. Results are shown as the mean ± standard deviation (SD). a and b indicate significant differences (p < 0.05) compared with the control and acetamiprid-treated groups.


To determine the molecular antioxidant mechanism, the Nrf2 level in cerebral cortex tissue was quantified. The ELISA results indicated that the concentrations of Nrf2 decreased significantly (p < 0.05) after exposure to acetamiprid compared to the control group. No statistically significant alteration was observed in the activity of these antioxidant molecules in the group that received luteolin treatment. In contrast, the administration of luteolin prior to exposure to acetamiprid resulted in a substantial increase (p < 0.05) in the concentrations of Nrf2-inactivated SOD, CAT, and GPx in the cerebral cortex tissue, as compared to their activities in the group exposed to acetamiprid (Figure 3).

[image: Figure 3]

FIGURE 3
 Effects of orally administered luteolin on Nrf2 in cerebral cortex tissue following acetamiprid exposure. Results are shown as the mean ± standard deviation (SD). a and b indicate significant differences (p < 0.05) compared with the control and acetamiprid-treated groups.




3.2 Effect of the luteolin administration on the neuroinflammatory status of the cerebral cortex following acetamiprid administration

Neuroinflammation biomarkers showed that acetamiprid-treated rats displayed notably (p < 0.05) increased levels of proinflammatory cytokines (TNF-α, IL-1β and NF-κB) in cerebral cortex tissues as compared with control rats. Contrariwise, a significant decrease (p < 0.05) of TNF-α, IL-1β and NF-κB was shown in the luteolin-treated rats after acetamiprid treatment compared to the acetamiprid group (Figure 4).
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FIGURE 4
 Effects of orally administered luteolin on the levels of inflammatory mediators (TNF-α, IL-1β, and NF-κB) in cerebral cortex tissue following acetamiprid exposure. Results are shown as the mean ± standard deviation (SD). a and b indicate significant differences (p < 0.05) compared with the control and acetamiprid-treated groups.




3.3 Effects of luteolin treatment on apoptotic proteins following acetamiprid exposure

To examine neuronal apoptotic effects in the acetamiprid-treated rats and the possible antiapoptotic role of luteolin treatment. The levels of Bcl-2, Bax, and caspase-3 activity were investigated in the cerebral cortex of rats in all groups. The apoptotic protein results demonstrated a significant elevation (p < 0.05) in the levels of apoptotic proteins (Bax and caspase-3) in acetamiprid-treated rats compared with control rats. In contrast, a significant decrease (p < 0.05) in the Bcl-2 level (antiapoptotic protein) was shown in acetamiprid-treated rats compared with control rats.

Nevertheless, the administration of luteolin effectively inhibited the apoptotic cascade, restored the abnormal levels of apoptotic proteins to their baseline values, and counteracted the changes in apoptotic proteins induced by exposure to acetamiprid, as evidenced by a comparison with untreated acetamiprid levels. These findings suggest that luteolin plays a protective role in preventing neuronal loss following exposure to acetamiprid, as depicted in Figure 5.
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FIGURE 5
 Effects of orally administered luteolin on the levels of apoptosis markers, caspase-3, Bax and Bcl-2 in cerebral cortex tissue following acetamiprid exposure. Results are shown as the mean ± standard deviation (SD). a and b indicate significant differences (p < 0.05) compared with the control and acetamiprid-treated groups.




3.4 Effects of luteolin treatment on AChE activity following acetamiprid exposure

The AChE activity was investigated in the cerebral cortex tissue of rats in all groups. The acetamiprid-treated rats presented a significant (p < 0.05) increase in AChE activity in comparison with rats in the control group. This result indicates that acetamiprid exposure led to reduced levels of acetylcholine in cerebral cortex tissue. However, luteolin treatment restored AChE activity to near-normal levels, indicating the potent neuromodulator role played by luteolin against neurotransmitter damages in cerebral cortex tissue induced-acetamiprid. A significant decrease in AChE activity was seen in the rats treated with luteolin compared to those in the acetamiprid group (Figure 6).
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FIGURE 6
 Effects of orally administered luteolin on AChE activity in cerebral cortex tissue following acetamiprid exposure. Results are shown as the mean ± standard deviation (SD). a and b indicate significant differences (p < 0.05) compared with the control and acetamiprid-treated groups.




3.5 Effects of luteolin treatment on neuropathological alterations in the cerebral cortex neurocytes following acetamiprid exposure

Histological examination of rats in the control and luteolin groups showed the typical architecture of the cerebral cortex neurocytes. Cortical histopathological changes following acetamiprid exposure revealed severe atrophied, shrunken neurocytes with degenerative vacuolar changes and hyperchromatic nuclei. Additionally, apoptotic cells were also seen. Also, some neurocytes appeared to have vacuolation of the neuropil (Figure 7). Conversely, luteolin treatment in rats pretreated with acetamiprid restored histopathological alterations in rats in the cerebral cortex, evidenced by the few necrosis, vacuolation in the neuropil, and remarkable regression of the degenerative changes and pyramidal neurons accompanied by decreased perineuronal haloes induced by acetamiprid (Figure 7).

[image: Figure 7]

FIGURE 7
 Effects of orally administered luteolin on the histopathological changes top panel for cerebral cortex by using hematoxylin and eosin stains, and bottom panel by using silver stain in cerebral cortex tissue following acetamiprid exposure.


To confirm that neuronal degeneration was observed in the cerebral cortex tissue by histological examination following acetamiprid exposure, the silver stain was used as a specific marker to identify neuronal degeneration in the cerebral cortex tissue following acetamiprid exposure (38).

Histochemical examination of the cerebral cortex confirms neural degenerative changes in the cerebral cortex tissue following acetamiprid exposure; neurocytes appeared argyrophilic (neurocyte contents stained with darker brown or black by silver salts). On the other hand, luteolin treatment in rats pretreated with acetamiprid restored neural degenerative alterations in the cerebral cortex, as evidenced by the change in the colour of the neurocytes from black to light brown (Figure 7).




4 Discussion

The cerebral cortex layer is the most significant part of the brain, which contributes to higher-order brain functions, including learning, decision-making, emotion, and language (39). The cerebral cortex is histologically classified into six layers based on neurocyte types. Therefore, any alteration in the histological structure of the cerebral cortex cells induced by the toxic agents leads to the loss of many neuronal tasks like learning and spatial memory (40).

Acetamiprid exposure, common in agricultural settings, causes oxidative stress, DNA damage, and apoptosis. Therefore, it leads to neurodegenerative diseases (41). The present study evaluated the redox state, revealing elevated MDA and NO levels combined with a significant reduction in GSH, GPx, GR, and SOD in the cortical tissue following acetamiprid administration. In this regard, several studies have indicated that acetamiprid has toxic effects on the brain and that it induces oxidative stress due to increased production of ROS and LPO (42, 43). Oxidative stress plays a significant role in the process of tissue damage. It occurs when an imbalance between the production of reactive oxygen species (ROS) and the body’s ability to neutralize or repair their harmful effects arises (44–47). The overproduction of oxidative stress leads to several brain diseases (48, 49). Similar results were observed by Gasmi, Rouabhi (50), who reported that administration of acetamiprid leads to a decrease in the reduced glutathione and activity of glutathione peroxidase and catalase in the brains of rats. Also, they noted a rise in the enzyme activity of glutathione s-transferase and the rate of MDA.

The structural and functional abnormalities in nerve tissue after exposure to neonicotinoid insecticides are attributed to the depletion and inactivation of thiol-containing proteins (51). Glutathione and its derived enzymes are the first lines of antioxidant defence against toxic agents-induced oxidative stress. The depletion of glutathione enzymes may occur due to their conjugation with acetamiprid metabolites, which hinders the generation of ROS and, therefore, impedes oxidative damage (52). Further, it has been suggested that the overproduction of ROS inactivates SOD and CAT via downregulating their protein and mRNA expression upon exposure to neonicotinoids (52). The depletion of antioxidant proteins in neural tissue occurs via the inactivation of Nrf2, a transcription factor that controls the expression of genes associated with antioxidants (53).

MDA is a lipoperoxidation by-product that is powerfully used as a marker of the extreme production of peroxide radicals (54). Acetamiprid promotes the oxidative response by increasing the generation of reactive oxygen species, natural antioxidants necessary for free radical scavenging (6). Neonicotinoid insecticide acetamiprid targets neuronal signal transmission-critical nicotinic acetylcholine receptors (nAChRs) (55). Acetamiprid’s activation of these receptors in the nervous system may affect nitric oxide production (56). Neurovascular regulation, neurotransmission, and neuroplasticity depend on nitric oxide, a versatile nervous system signaling chemical (57, 58). Neonicotinoid insecticide interactions with nAChRs modify NO levels by affecting neuronal nitric oxide synthase (nNOS), which produces NO in neurons (59).

Luteolin is a flavone compound that exists naturally in many plant species, such as carrots and olive oil, and contains a range of pharmacological attributes, notably neuroprotective effects (15). In the presented study, luteolin administration effectively mitigates the oxidative stress induced by acetamiprid, a feature underscored by the significant enhancement in the activities of antioxidant enzymes such as SOD and CAT. This rise in antioxidant enzyme activity shows that luteolin may be able to improve the brain’s natural antioxidant defence system, lowering the harmful effects of free radicals and oxidative stress. Further delving into the molecular aspects of this protection, the current study observed a notable increase in Nrf2 levels following luteolin treatment. The Nrf2 pathway is essential for protecting cells from oxidative stress (60), and luteolin stimulation indicates a specific method by which luteolin increases the body’s endogenous antioxidant defences (61). Nrf2 is recognized for its ability to provide cellular protection against ROS through many mechanisms (62). These mechanisms include enhancing the synthesis of glutathione, upregulating enzymes involved in antioxidant defence and detoxification, and facilitating the degradation of superoxide and peroxide radicals by glutathione peroxidase and superoxide dismutase.

Several studies have reported that exposure to neonicotinoid insecticides increases ROS, activating inflammatory pathways in neuronal cells and producing pro-inflammatory cytokines (63). The present study showed a significant increase in proinflammatory mediators, including TNF-α, NF-κB and IL-1β in acetamiprid-exposed rats. Our results indicated a marked decrease in proinflammatory cytokines in lutein-treated rats following acetamiprid exposure compared to acetamiprid-exposed rats. Luteolin contains bioactive elements that neutralize free radicals by lowering lipoperoxidation and increasing antioxidant enzyme activity (64). Lutein may protect against neurotoxicity by neutralizing oxidative stress and reducing acetamiprid-induced neuroinflammatory reactions. Luteolin reduces inflammation by decreasing TNF-α, IL-1, and cyclooxygenase-2 activity and deactivates iNOS in brain tissue after acetamiprid treatment (65). The present study suggests that lutein reduces oxidative stress by reducing MDA and NO. The early defensive response of inflammation might eventually lead to the development of acute neuroinflammation, contributing to the damage and deterioration of neurons (66). In this regard, oxidative stress and possible changes in the homeostasis of cells could cause NF-κB pathways to be activated in nerve tissue (67).

Acetamiprid exposure increases proapoptotic proteins like Bax and caspase-3 and decreases the antiapoptotic protein Bcl-2 (12), which leads to oxidative stress and inflammatory pathways.

Several prior studies have indicated that neurodegenerative diseases resulting from neonicotinoid exposure correlate with increased ROS production levels and activation of TNF-α, caused by reduced levels of Bcl2 and the increase of Bax and caspase-3 (12, 59). Luteolin treatment effectively reversed these changes, highlighting its role in inhibiting the apoptotic pathways activated by acetamiprid, as revealed by the reduced expression proteins of Bax and caspase-3, along with the increased expression proteins of Bcl-2. This suggests that luteolin not only prevents cell death but also promotes cell survival in the context of pesticide-induced neurotoxicity.

Neonicotinoid insecticides are implicated in impacting neuronal nicotinic acetylcholine receptors in nervous tissue (59). Recent studies have indicated that neonicotinoid treatment decreased cholinergic neurotransmitters in the nervous tissue by inhibiting the enzyme AChE (41, 55). Acetamiprid exposure decreased acetylcholine activity, which could disrupt normal neurotransmitter function (68). In this context, it has been reported that an increase in acetylcholine activity is linked with several brain diseases, such as epilepsy disease (69).

In contrast, this study showed that luteolin’s to restore acetylcholine activity to near-normal levels underlines its neuromodulatory role, further protecting against neurotransmitter imbalances caused by acetamiprid. Yu et al. (70) also found that pre-treatment with luteolin had a big effect on the levels of monoamines and activated AChE to protect rats from amyloid-β peptide-induced cognitive impairment. These results agree with the results of this study.

In the current study, histopathology showed that acetamiprid administration for 28 days induced degenerative changes in neurocytes along with apoptotic cells in the pyramidal layer of the cerebral cortex. Furthermore, the pyramidal cells showed irregularly stained nuclei, and other neurocytes appeared to have vacuolated foci with cellular loss compared to the non-treated rats. The findings of this study are consistent with the present study by Khovarnagh and Seyedalipour (8), who reported that acetamiprid altered the histo-architecture of the rat brain and induced damage including gliosis, hyperemia, and necrosis. In contrast, histopathology examination in luteolin showed enhancement of the histo-structural structure of the cerebral cortex, as evidenced by the few necrotic cells and remarkable improvement of the degenerative changes and pyramidal neurons, accompanied by decreased apoptotic cells.

The current study used the silver stain to confirm the cortical neurodegenerative changes. Histochemical examination confirmed neural degenerative changes following acetamiprid exposure; neurocytes appeared darker brown or black. In addition, consistent with expectations, the histochemistry examination showed the transformation of neurocytes from a black stain to a light brown shade, indicating an amelioration of neurocyte degeneration within the cortical layer.



5 Conclusion

The study determined that luteolin has neuroprotective properties that can counteract the damage caused by acetamiprid in the cerebral cortex. The findings suggest that luteolin acts through multiple pathways, including enhancing antioxidant defences, reducing inflammatory responses, inhibiting apoptotic pathways, normalizing acetylcholine activity, and mitigating histopathological alterations. These multifaceted protective mechanisms position luteolin as a promising candidate for addressing pesticide-induced neurotoxicity, with potential implications for neuroprotective strategies in environmental and occupational health contexts.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

This study and all experimental procedures were performed according to the principles of the Ethics Committee of Taif University, Taif, Saudi Arabia (Approval No. HAO-02-T-105) which are in line with the Declaration of Helsinki. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

AA: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by Taif University, Saudi Arabia, Project No. (TU-DSPP-2024-55).



Acknowledgments

The authors extend their appreciation to Taif University, Saudi Arabia, for supporting this work through project number (TU-DSPP-2024-55).



Conflict of interest

The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Ghasemnejad-Berenji, M, Nemati, M, Pourheydar, B, Gholizadeh, S, Karimipour, M, Mohebbi, I , et al. Neurological effects of long-term exposure to low doses of pesticides mixtures in male rats: biochemical, histological, and neurobehavioral evaluations. Chemosphere. (2021) 264:128464. doi: 10.1016/j.chemosphere.2020.128464 

 2. Parrón, T, Requena, M, Hernández, AF, and Alarcón, R. Association between environmental exposure to pesticides and neurodegenerative diseases. Toxicol Appl Pharmacol. (2011) 256:379–85. doi: 10.1016/j.taap.2011.05.006 

 3. Kamel, F, and Hoppin, JA. Association of pesticide exposure with neurologic dysfunction and disease. Environ Health Perspect. (2004) 112:950–8. doi: 10.1289/ehp.7135 

 4. Elbert, A, Haas, M, Springer, B, Thielert, W, and Nauen, R. Applied aspects of neonicotinoid uses in crop protection. Pest Manag Sci. (2008) 64:1099–105. doi: 10.1002/ps.1616 

 5. Gulen, M, Satar, S, and Ince, C. A fatal case of acetamiprid poisoning with turquoise urine. J Forensic Leg Med. (2022) 87:102335. doi: 10.1016/j.jflm.2022.102335 

 6. Lu, Z, Ye, W, Feng, P, Dai, M, Bian, D, Ren, Y , et al. Low concentration acetamiprid-induced oxidative stress hinders the growth and development of silkworm posterior silk glands. Pestic Biochem Physiol. (2021) 174:104824. doi: 10.1016/j.pestbp.2021.104824 

 7. Phogat, A, Singh, J, Kumar, V, and Malik, V. Toxicity of the acetamiprid insecticide for mammals: a review. Environ Chem Lett. (2022) 20:1453–78. doi: 10.1007/s10311-021-01353-1

 8. Khovarnagh, N, and Seyedalipour, B. Antioxidant, histopathological and biochemical outcomes of short-term exposure to acetamiprid in liver and brain of rat: the protective role of N-acetylcysteine and S-methylcysteine. Saudi Pharm J. (2021) 29:280–9. doi: 10.1016/j.jsps.2021.02.004 

 9. Toghan, R, Amin, YA, Ali, RA, Fouad, SS, Ahmed, MA-EB, and Saleh, SM. Protective effects of folic acid against reproductive, hematological, hepatic, and renal toxicity induced by Acetamiprid in male albino rats. Toxicology. (2022) 469:153115. doi: 10.1016/j.tox.2022.153115 

 10. Gomez, SD, Bustos, PS, Sánchez, VG, Ortega, MG, and Guinazu, N. Trophoblast toxicity of the neonicotinoid insecticide acetamiprid and an acetamiprid-based formulation. Toxicology. (2020) 431:152363. doi: 10.1016/j.tox.2020.152363 

 11. Campbell, A. Inflammation, neurodegenerative diseases, and environmental exposures. Ann N Y Acad Sci. (2004) 1035:117–32. doi: 10.1196/annals.1332.008 

 12. Öztaş, E, Kara, M, Boran, T, Bişirir, E, Karaman, EF, Kaptan, E , et al. Cellular stress pathways are linked to acetamiprid-induced apoptosis in SH-SY5Y neural cells. Biology. (2021) 10:820. doi: 10.3390/biology10090820 

 13. Ibrahim, KAE-M, Abdelrahman, SM, Elhakim, HK, and Ragab, EA. Single or combined exposure to chlorpyrifos and cypermethrin provoke oxidative stress and downregulation in monoamine oxidase and acetylcholinesterase gene expression of the rat’s brain. Environ Sci Pollut Res. (2020):27, 12692–12703. doi: 10.1007/s11356-020-07864-8

 14. Abdelhafez, HEDH, Hammam, FM, El-Dahshan, AA, AboDalam, H, and Guo, J. Imidacloprid induces neurotoxicity in albino male rats by inhibiting acetylcholinesterase activity, altering antioxidant status, and primary DNA damage. J Toxicol. (2023) 2023:4267469. doi: 10.1155/2023/4267469 

 15. López-Lázaro, M. Distribution and biological activities of the flavonoid luteolin. Mini Rev Med Chem. (2009) 9:31–59. doi: 10.2174/138955709787001712 

 16. Nabavi, SF, Braidy, N, Gortzi, O, Sobarzo-Sanchez, E, Daglia, M, Skalicka-Woźniak, K , et al. Luteolin as an anti-inflammatory and neuroprotective agent: a brief review. Brain Res Bull. (2015) 119:1–11. doi: 10.1016/j.brainresbull.2015.09.002 

 17. Ashaari, Z, Hadjzadeh, M-A-R, Hassanzadeh, G, Alizamir, T, Yousefi, B, Keshavarzi, Z , et al. The flavone luteolin improves central nervous system disorders by different mechanisms: a review. J Mol Neurosci. (2018) 65:491–506. doi: 10.1007/s12031-018-1094-2 

 18. Khodabandeh, Z, Dolati, P, Zamiri, MJ, Mehrabani, D, Bordbar, H, Alaee, S , et al. Protective effect of quercetin on testis structure and apoptosis against lead acetate toxicity: an stereological study. Biol Trace Elem Res. (2021) 199:3371–81. doi: 10.1007/s12011-020-02454-8 

 19. Dar, A, Fehaid, A, Alkhatani, S, Alarifi, S, Alqahtani, W, Albasher, G , et al. The protective role of luteolin against the methotrexate-induced hepato-renal toxicity via its antioxidative, anti-inflammatory, and anti-apoptotic effects in rats. Hum Exp Toxicol. (2021) 40:1194–207. doi: 10.1177/0960327121991905 

 20. Gupta, G, Tiwari, J, Dahiya, R, Kumar Sharma, R, Mishra, A, and Dua, K. Recent updates on neuropharmacological effects of luteolin. EXCLI J. (2018) 17:211–4. doi: 10.17179/excli2018-1041

 21. Dirscherl, K, Karlstetter, M, Ebert, S, Kraus, D, Hlawatsch, J, Walczak, Y , et al. Luteolin triggers global changes in the microglial transcriptome leading to a unique anti-inflammatory and neuroprotective phenotype. J Neuroinflammation. (2010) 7:3. doi: 10.1186/1742-2094-7-3

 22. Zhang, J-X, Xing, J-G, Wang, L-L, Jiang, H-L, Guo, S-L, and Liu, R. Luteolin inhibits fibrillary β-Amyloid1–40-induced inflammation in a human blood-brain barrier model by suppressing the p38 MAPK-mediated NF-κB signaling pathways. Molecules. (2017) 22:334. doi: 10.3390/molecules22030334 

 23. Dong, R, Huang, R, Shi, X, Xu, Z, and Mang, J. Exploration of the mechanism of luteolin against ischemic stroke based on network pharmacology, molecular docking and experimental verification. Bioengineered. (2021) 12:12274–93. doi: 10.1080/21655979.2021.2006966 

 24. Li, Y, Shen, L, and Luo, H. Luteolin ameliorates dextran sulfate sodium-induced colitis in mice possibly through activation of the Nrf2 signaling pathway. Int Immunopharmacol. (2016) 40:24–31. doi: 10.1016/j.intimp.2016.08.020 

 25. Dhouib, IB, Annabi, A, Doghri, R, Rejeb, I, Dallagi, Y, Bdiri, Y , et al. Neuroprotective effects of curcumin against acetamiprid-induced neurotoxicity and oxidative stress in the developing male rat cerebellum: biochemical, histological, and behavioral changes. Environ Sci Pollut Res. (2017) 24:27515–24. doi: 10.1007/s11356-017-0331-5 

 26. Ohkawa, H, Ohishi, N, and Yagi, K. Assay for lipid peroxides in animal tissues by thiobarbituric acid reaction. Anal Biochem. (1979) 95:351–8. doi: 10.1016/0003-2697(79)90738-3 

 27. Ellman, GL. Tissue sulfhydryl groups. Arch Biochem Biophys. (1959) 82:70–7. doi: 10.1016/0003-9861(59)90090-6 

 28. Green, LC, Wagner, DA, Glogowski, J, Skipper, PL, Wishnok, JS, and Tannenbaum, SR. Analysis of nitrate, nitrite, and [15N]nitrate in biological fluids. Anal Biochem. (1982) 126:131–8. doi: 10.1016/0003-2697(82)90118-X 

 29. Paglia, DE, and Valentine, WN. Studies on the quantitative and qualitative characterization of erythrocyte glutathione peroxidase. J Lab Clin Med. (1967) 70:158–69. doi: 10.1515/cclm.1974.12.10.444

 30. De Vega, L, Fernandez, RP, Mateo, MC, Bustamante, JB, Herrero, AM, and Munguira, EB. Glutathione determination and a study of the activity of glutathione-peroxidase, glutathione-transferase, and glutathione-reductase in renal transplants. Ren Fail. (2002) 24:421–32. doi: 10.1081/jdi-120006769

 31. Nishikimi, M, Appaji, N, and Yagi, K. The occurrence of superoxide anion in the reaction of reduced phenazine methosulfate and molecular oxygen. Biochem Biophys Res Commun. (1972) 46:849–54. doi: 10.1016/S0006-291X(72)80218-3 

 32. Aebi, H. Catalase in vitro. Methods Enzymol. (1984) 105:121–6. doi: 10.1016/s0076-6879(84)05016-3

 33. Bradford, MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal Biochem. (1976) 72:248–54. doi: 10.1016/0003-2697(76)90527-3 

 34. Ellman, GL, Courtney, KD, Andres, V Jr, and Featherstone, RM. A new and rapid colorimetric determination of acetylcholinesterase activity. Biochem Pharmacol. (1961) 7:88–95. doi: 10.1016/0006-2952(61)90145-9 

 35. Bancroft, JD, and Gamble, M. Theory and practice of histological techniques. New York: Elsevier Health Sciences (2008).

 36. Munoz, DG. Stains for the differential diagnosis of degenerative dementias. Biotech Histochem. (1999) 74:311–20. doi: 10.3109/10520299909034668

 37. Scott, CA, Rossiter, JP, Andrew, RD, and Jackson, AC. Structural abnormalities in neurons are sufficient to explain the clinical disease and fatal outcome of experimental rabies in yellow fluorescent protein-expressing transgenic mice. J Virol. (2008) 82:513–21. doi: 10.1128/JVI.01677-07 

 38. Ritter, S, and Dinh, TT. Capsaicin: a probe for studying specific neuronal populations in brain and retina. Methods Neurosci. (1992) 8:118–36. doi: 10.1016/B978-0-12-185266-5.50014-2

 39. Van Essen, DC, Drury, HA, Joshi, S, and Miller, MI. Functional and structural mapping of human cerebral cortex: solutions are in the surfaces. Proc Natl Acad Sci. (1998) 95:788–95. doi: 10.1073/pnas.95.3.788 

 40. Berihu, BA, Afwerk, M, Debeb, YG, and Gebreslassie, A. Review on histological and functional effect of aluminium chloride on cerebral cortex of the brain. Int J Pharm Sci Rev Res. (2015) 6:1105–16.

 41. Mohamed, Z, El-Kader, AE-KMA, Salah-Eldin, A-E, Mohamed, O, and Awadalla, EA. Protective effects of curcumin against Acetamiprid-induced neurotoxicity in male albino rats. Biol Bull. (2023) 45:1–13.

 42. Hathout, HM, Sobhy, HM, Abou-Ghanima, S, and El-Garawani, IM. Ameliorative role of ascorbic acid on the oxidative stress and genotoxicity induced by acetamiprid in Nile tilapia (Oreochromis niloticus). Environ Sci Pollut Res. (2021) 28:55089–101. doi: 10.1007/s11356-021-14856-9 

 43. Doltade, S, Lonare, M, Raut, S, and Telang, A. Evaluation of acetamiprid mediated oxidative stress and pathological changes in male rats: ameliorative effect of curcumin. Proc Natl Acad Sci, India, Sect B Biol Sci. (2019) 89:191–9. doi: 10.1007/s40011-017-0934-0

 44. Behairy, A, Elkomy, A, Elsayed, F, Gaballa, MM, Soliman, A, and Aboubakr, M. Antioxidant and anti-inflammatory potential of spirulina and thymoquinone mitigate the methotrexate-induced neurotoxicity. Naunyn Schmiedeberg’s Arch Pharmacol. (2024) 397:1875–88. doi: 10.1007/s00210-023-02739-4 

 45. Aboubakr, M, Elmahdy, AM, Taima, S, Emam, MA, Farag, A, Alkafafy, M , et al. Protective effects of N acetylcysteine and vitamin E against acrylamide-induced neurotoxicity in rats. Pak Vet J. (2023) 43:262–8. doi: 10.29261/pakvetj/2023.027

 46. Aboubakr, M, Elbadawy, M, Ibrahim, SS, Khalil, E, Darweish, M, Farag, A , et al. Allicin and lycopene possesses a protective effect against methotrexate-induced testicular toxicity in rats. Pak Vet J. (2023) 43:559–66. doi: 10.29261/pakvetj/2023.057

 47. Elsayed, A, Elkomy, A, Alkafafy, M, Elkammar, R, Fadl, SE, Abdelhiee, EY , et al. Ameliorating effect of lycopene and N-acetylcysteine against cisplatin-induced cardiac injury in rats. Pak Vet J. (2022) 42:107–1. doi: 10.29261/pakvetj/2021.035

 48. Kim, GH, Kim, JE, Rhie, SJ, and Yoon, S. The role of oxidative stress in neurodegenerative diseases. Exp Neurobiol. (2015) 24:325. doi: 10.5607/en.2015.24.4.325 

 49. Chen, X, Guo, C, and Kong, J. Oxidative stress in neurodegenerative diseases. Neural Regen Res. (2012) 7:376. doi: 10.3969/j.issn.1673-5374.2012.05.009 

 50. Gasmi, S, Rouabhi, R, Kebieche, M, Salmi, A, Boussekine, S, Toualbia, N , et al. Neurotoxicity of acetamiprid in male albino rats and the opposite effect of quercetin. Indian J Biotechnol. (2016) 12:113.

 51. Abdel-Razik, RK, Mosallam, EM, and Hamed, NA. Deterioration of cytochrome C content and mitochondrial dysfunction in brain of male rats after sub-chronic exposure to Thiamethoxam and protective role of N-acetylcysteine. Alex Sci Exch J. (2022) 43:91–106. doi: 10.21608/asejaiqjsae.2022.223119

 52. Xu, X, Wang, X, Yang, Y, Ares, I, Martínez, M, Lopez-Torres, B , et al. Neonicotinoids: mechanisms of systemic toxicity based on oxidative stress-mitochondrial damage. Arch Toxicol. (2022) 96:1493–520. doi: 10.1007/s00204-022-03267-5 

 53. Johnson, DA, and Johnson, JA. Nrf2—a therapeutic target for the treatment of neurodegenerative diseases. Free Radic Biol Med. (2015) 88:253–67. doi: 10.1016/j.freeradbiomed.2015.07.147 

 54. Tsikas, D. Assessment of lipid peroxidation by measuring malondialdehyde (MDA) and relatives in biological samples: analytical and biological challenges. Anal Biochem. (2017) 524:13–30. doi: 10.1016/j.ab.2016.10.021 

 55. Vehovszky, Á, Farkas, A, Ács, A, Stoliar, O, Székács, A, Mörtl, M , et al. Neonicotinoid insecticides inhibit cholinergic neurotransmission in a molluscan (Lymnaea stagnalis) nervous system. Aquat Toxicol. (2015) 167:172–9. doi: 10.1016/j.aquatox.2015.08.009 

 56. El-Kader, A, Awadalla, EA, Salah Eldin, AE, Mohamed, ZA, and Mohamed, O. Protective effect of curcumin against acetamiprid-induced neurotoxicity in male albino rats. J Environ Sci Stud. (2022) 3:303–12. doi: 10.21608/aujes.2022.150987.1084

 57. Garthwaite, J. Concepts of neural nitric oxide-mediated transmission. Eur J Neurosci. (2008) 27:2783–802. doi: 10.1111/j.1460-9568.2008.06285.x 

 58. Toda, N, Ayajiki, K, and Okamura, T. Cerebral blood flow regulation by nitric oxide in neurological disorders. Can J Physiol Pharmacol. (2009) 87:581–94. doi: 10.1139/Y09-048 

 59. Costas-Ferreira, C, and Faro, LR. Neurotoxic effects of neonicotinoids on mammals: what is there beyond the activation of nicotinic acetylcholine receptors?—a systematic review. Int J Mol Sci. (2021) 22:8413. doi: 10.3390/ijms22168413 

 60. Ma, Q. Role of nrf2 in oxidative stress and toxicity. Annu Rev Pharmacol Toxicol. (2013) 53:401–26. doi: 10.1146/annurev-pharmtox-011112-140320 

 61. Ashokkumar, P, and Sudhandiran, G. Protective role of luteolin on the status of lipid peroxidation and antioxidant defense against azoxymethane-induced experimental colon carcinogenesis. Biomed Pharmacother. (2008) 62:590–7. doi: 10.1016/j.biopha.2008.06.031 

 62. Shaw, P, and Chattopadhyay, A. Nrf2–ARE signaling in cellular protection: mechanism of action and the regulatory mechanisms. J Cell Physiol. (2020) 235:3119–30. doi: 10.1002/jcp.29219 

 63. Duzguner, V, and Erdogan, S. Chronic exposure to imidacloprid induces inflammation and oxidative stress in the liver & central nervous system of rats. Pestic Biochem Physiol. (2012) 104:58–64. doi: 10.1016/j.pestbp.2012.06.011

 64. Manju, V, Balasubramaniyan, V, and Nalini, N. Rat colonic lipid peroxidation and antioxidant status: the effects of dietary luteolin on 1, 2-dimethylhydrazine challenge. Cell Mol Biol Lett. (2005) 10:535.

 65. Aziz, N, Kim, M-Y, and Cho, JY. Anti-inflammatory effects of luteolin: a review of in vitro, in vivo, and in silico studies. J Ethnopharmacol. (2018) 225:342–58. doi: 10.1016/j.jep.2018.05.019 

 66. Williams, AJ, Wei, HH, Dave, JR, and Tortella, FC. Acute and delayed neuroinflammatory response following experimental penetrating ballistic brain injury in the rat. J Neuroinflammation. (2007) 4:17. doi: 10.1186/1742-2094-4-17

 67. Kumar, A, Negi, G, and Sharma, SS. Suppression of NF-κB and NF-κB regulated oxidative stress and neuroinflammation by BAY 11-7082 (IκB phosphorylation inhibitor) in experimental diabetic neuropathy. Biochimie. (2012) 94:1158–65. doi: 10.1016/j.biochi.2012.01.023 

 68. Gasmi, S, Chafaa, S, Lakroun, Z, Rouabhi, R, Touahria, C, Kebieche, M , et al. Neuronal apoptosis and imbalance of neurotransmitters induced by acetamiprid in rats. Toxicol Environ Heal Sci. (2019) 11:305–11. doi: 10.1007/s13530-019-0417-1

 69. Zimmerman, G, Njunting, M, Ivens, S, Tolner, E, Behrens, CJ, Gross, M , et al. Acetylcholine-induced seizure-like activity and modified cholinergic gene expression in chronically epileptic rats. Eur J Neurosci. (2008) 27:965–75. doi: 10.1111/j.1460-9568.2008.06070.x 

 70. Yu, T-X, Zhang, P, Guan, Y, Wang, M, and Zhen, M-Q. Protective effects of luteolin against cognitive impairment induced by infusion of Aβ peptide in rats. Int J Clin Exp Pathol. (2015) 8:6740.


Copyright
 © 2024 Albrakati. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fvets-11-1361792-g005.jpg
a (Sw/Bu) uproayg

S

@

=

2

5

2 3
=3

S wmrwmuan-no
g 474747 ETE
<

Q

(Buw/Bu) warorg

Bax

(Sw/3u) upjorg





OPS/images/fvets-11-1361792-g006.jpg
=

EerocwmTma~o

M (u1930d Swr/upu/ourt) Ay






OPS/images/fvets-11-1361792-g003.jpg
a

e me—S

RPN IR )

g
T
z (8/8d) ZgaN





OPS/images/fvets-11-1361792-g004.jpg
a
S

& (ujoad Suydd) pAs] D-INL

G o n =g o
i 3

£ (uroad Swy/dd) pasy go-AN

(uj0ad Suw/3d) paay

IL-1B





OPS/images/fvets-11-1361792-g007.jpg
80um 80

Control Luteolin Acetamiprid Acetamiprid+Luteolin





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The potential neuroprotective of luteolin against acetamiprid-induced neurotoxicity in the rat cerebral cortex



		1 Introduction



		2 Materials and methods



		2.1 Experimental animals and study design



		2.2 Animal groups



		2.3 Chemicals



		2.4 Estimation of redox status



		2.4.1 Oxidative stress index evaluation



		2.4.2 Antioxidant activity assessment









		2.5 Estimation of inflammatory cytokines



		2.6 Assessment of proapoptotic and antiapoptotic proteins



		2.7 Determination of acetylcholinesterase (AChE) in the cerebral cortex tissue



		2.8 Histopathological and histochemical examinations of the cerebral cortex



		2.8.1 Histopathology examination



		2.8.2 Histochemistry examination









		2.9 Statistical analyses









		3 Results



		3.1 Effect of the luteolin treatment against the oxidant/antioxidant status following acetamiprid exposure of the cerebral cortex



		3.2 Effect of the luteolin administration on the neuroinflammatory status of the cerebral cortex following acetamiprid administration



		3.3 Effects of luteolin treatment on apoptotic proteins following acetamiprid exposure



		3.4 Effects of luteolin treatment on AChE activity following acetamiprid exposure



		3.5 Effects of luteolin treatment on neuropathological alterations in the cerebral cortex neurocytes following acetamiprid exposure









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fvets-11-1361792-g001.jpg
A ®rewTma—o

z = =7 e $ u.. < m (ury0ad Suypy)
] (u30ad Sur/) A
4=z gz NzeTa-2eTas
(ueroud Buy/jownt) Ayande ¥o
m m (uj0ad Swyny) Ayanoy





OPS/images/fvets-11-1361792-g002.jpg
2
S
g
H

NO

200
180
160
140
120
100
80
60
40
20

pmol/g tissue

3
]






OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

The potential neuroprotective of
luteolin against
acetamiprid-induced
neurotoxicity in the rat cerebral
cortex












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Veterinary Science






