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Abstract 

Chronic exposure to chlorpyrifos (CPF), a widely used organophosphorus insecticide, poses 

significant neurobehavioral risks, potentially mediated by oxidative stress and neuroinflammation. 

This study investigates the impact of repeated exposure to low dose of CPF exposure on 

neurobehavioral functions and hippocampal astrocyte activation and assesses the protective role 

of zinc supplementation. Adult male albino rats were assigned to control, CPF-treated, and 

CPF+zinc-treated groups. CPF was administered orally (18 mg/kg/day) for three weeks, with and 

without zinc sulfate (15 mg/kg/day). Neurobehavioral assessments included the Passive 

Avoidance and Open Field tests. Immunohistochemistry for Glial Fibrillary Acidic Protein 

(GFAP) was performed to evaluate astrocyte activation, with morphometric analysis quantifying 

GFAP immunoreactivity and the percentage of GFAP-positive astrocytes. The results show that 

CPF-treated rats exhibited significant memory and exploration deficits and increased anxiety-like 

behaviors compared to controls. These changes coincided with elevated GFAP immunoreactivity 

and an increased number of GFAP-positive astrocytes. Zinc co-administration ameliorated 

neurobehavioral impairments, reduced GFAP expression, and decreased astrocyte activation 

compared to CPF-only treatment. In conclusion, Repeated exposure to CPF was associated with 

neurobehavioral deficits and hippocampal astrocyte activation. Zinc supplementation showed a potential 

neuroprotective role, as evidenced by reduced astrocyte reactivity and partial improvement in behavioral 

performance. 
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1. Introduction 



            Organophosphorus compounds (OPs) as widely used insecticides are a major cause of 

global poisoning and mortality, with approximately 3 million exposures and over 2.2 thousand 

deaths annually, according to WHO. In Egypt, OPs are the leading cause of poisoning-related 

deaths, accounting for 23.8% of all fatalities. (Shah et al.2016; Abdelhamid 2021) 

  Chlorpyrifos (CPF) is one of the most hazardous organophosphorus compounds, with possible 

adverse health effects. (Rathod et al.2017) 

Chlorpyrifos (CPF), commonly used in agriculture, disperses into the environment, 

contaminating air, soil, water, and food. Its lipophilic nature allows it to penetrate the skin, 

accumulating in tissues, organs, milk, and body fluids. (Lu C et al.2020) Farm workers often 

underestimate CPF's hazards and use limited protective measures due to cultural and financial 

factors. (Salvi et al.2003) Studies indicate that prolonged CPF exposure poses significant health 

risks, including potential neurobehavioral and cognitive impairments. (Cañadas et al.2005) (Rauh 

2018). 

Acetylcholinesterase inhibition plays a crucial part in the long-term toxicity of OPs. 

However, over twenty years of experimental research support the idea that this mechanism cannot 

alone account for the large spectrum of symptoms that have been described. (Burke et al. 2017) 

(Mense et al. 2006). 

Zinc (Zn), an essential trace element, plays a vital role in numerous metabolic, structural, 

and functional processes in the body. It is a key component of various enzymes, including 

hydrolases, transferases, oxidoreductases, ligases, isomerases, and lyases. (Rusch et al.2021) 

(Maywald et al. 2022) Additionally, zinc is critical for both physiological and pathological 



processes in the central nervous system, with its homeostasis being essential for normal brain 

function. (Li et al.2022) 

The telencephalon is the brain's principal zinc storage site, notably in regions such as the 

cortex, hippocampus, and amygdala. (Choi et al.2020) 

Therefore, the present study aimed to study the neurobehavioral changes of exposure to 

repeated low doses of chlorpyrifos and investigate the possible ameliorative effect of zinc on such 

changes. Furthermore, we aimed to explore the potential reversibility of these changes after 

chlorpyrifos withdrawal, offering new insights into protective strategies and recovery pathways 

2. Materials And Methods 

2.1. Animals and Housing 

Forty male Wister albino rats, aged approximately 6 weeks and weighing 150–200 g, were 

obtained from the Animal House Center in faculty of medicine- Alexandria university. All rats 

were confirmed to be in good health at the start of the experiment, showing no clinical signs of 

disease as assessed by veterinary examination. The rats were kept under controlled conditions, 

including a closed environment with a temperature of 24°C, 52% humidity, a 12-hour light/dark 

cycle, and unrestricted access to food and water. 

2.2. Experimental Design 

The rats were randomly assigned to three groups: 

Group I (Control): Ten rats received corn oil (5 mL/kg BW) orally via an oro-gastric tube daily 

for three weeks. 



Group II (Chlorpyrifos-Treated): This group included 20 rats, divided into two subgroups of 

10 rats each: 

• Subgroup IIa: Rats received daily oral doses of chlorpyrifos ( 97% purity, purchased 

from Egypt-Chem International for Agrochemicals, Egypt.) in a dose of 18 mg/kg BW 

for three weeks and were subsequently sacrificed after a three-week period. (Voorhees et 

al. 2019) (Middlemore-Risher et al.2010) 

• Subgroup IIb: Rats received daily oral doses of chlorpyrifos (18 mg/kg BW) for three 

weeks, followed by a two-week withdrawal period without exposure. During this phase, 

the rats were kept in a low-stress environment with ad libitum access to food and water. 

(Middlemore-Risher et al.2010) 

Group III (Chlorpyrifos + Zinc): 

• Ten rats received daily oral doses of chlorpyrifos (18 mg/kg BW) and zinc sulfate 

(purchased from International Pharma Company, Egypt) in a dose of 15 mg/kg BW 

concurrently via an oro-gastric tube for three weeks.( Cavalcanti et al.2020)( Joshi et 

al.2012) (Goel et al.2000). 

2.3.Assessment 

At the end of the experimental period, rats in all groups were assessed using a combination of 

biochemical, behavioral, and histopathological methods tailored to the specific exposure durations 

and treatment protocols for each group. 

Neurobehavioral tests: 



Passive Avoidance Task (Ishiyama et al.2007): The Passive Avoidance Task evaluates learning 

and memory using a fear-based model. Rats explore a two-compartment apparatus during training 

and receive a mild foot shock upon entering the dark compartment. In the testing phase, 24 hours 

later, the latency to re-enter the dark compartment is measured. Increased latency compared to 

training indicates memory retention and successful learning. The task stops if the rat does not enter 

within 300 seconds.  

Open field test (Yang et al.2017): The open field test evaluates exploration and anxiety in rats 

when exposed to a novel environment. The test is conducted in arena that is consisted of an open 

wooden box, whose dimensions were 75 (length) x 75 (width) x 35 (height) cm, and its floor was 

divided into 16 squares. Each rat is placed at the center of the arena and observed for 5 minutes. 

Behavioral parameters include Latency times: Time taken to move from the center to the first 

square and to rear up on hind legs for the first time, Number of squares crossed and Number of 

rears. 

Reduced movement, fewer rears, and longer latencies suggest higher anxiety and hesitancy, while 

increased exploration indicates lower anxiety and curiosity.  

Biochemical assay: After behavioral tests, the rats were sacrificed using 4% isoflurane inhalation 

followed by cervical dislocation to ensure humane euthanasia in accordance with ethical research 

guidelines, and then blood samples were collected for biochemical analysis.  

Serum Zinc levels were measured using a colorimetric assay kit following the manufacturer’s 

instructions. The method is based on the formation of a red chelate complex between zinc and 2-

(5-Bromo-2-pyridylazo)-5-(N-propyl-N-sulfopropylamine)-phenol (5-Br-PAPS), with 

absorbance measured at 546 nm.( Johnsen et al.1987) 



 Butyryl cholinesterase activity was measured using a colorimetric assay kit following the 

manufacturer’s instructions. The method is based on the hydrolysis of butyryl thiocholine by 

butyryl cholinesterase, producing thiocholine, which reacts with DTNB to form a yellow 

compound measured at 405 nm. (Jońca et al.2015) 

The assays were validated for linearity (zinc up to 200 µg/dL, cholinesterase up to 0.4 ΔA/min), 

precision (consistent absorbance readings), and accuracy (calculated concentrations matching 

expected values). No significant interference from hemolysis was observed. Samples remained 

stable at 2–8°C for 24 hours without degradation 

Histological examination: 

1)  Light Microscopic Study: The left half of the cerebral hemisphere from each animal was 

fixed in 10% formol saline and processed for light microscopic study. Paraffin sections (5 

μm thick) were stained with Haematoxylin and eosin stain (Bancroft et al.2013) and 

Immunohistochemical stain for Glial Fibrillary Acidic Protein (GFAP) of the 

astrocytes.(Jackson et al.2013) 

2) Immunohistochemical stain: Paraffin sections on poly-L-lysine-coated slides were 

deparaffinized, rehydrated, and treated with 3% H2O2 to inhibit endogenous peroxidase. 

Sections were incubated with a primary anti-GFAP antibody (1/500 dilution) to detect 

astrocyte activity, followed by a biotinylated secondary antibody and DAB chromogen for 

visualization. Slides were counterstained with hematoxylin, with dark brown cytoplasmic 

staining indicating positive immunoreactivity. Saline phosphate buffer replaced the 

primary antibody for negative controls, while brain white matter served as a positive 



control. A blinded observer examined the slides using an Olympus digital microscope. 

(Goyal et al. 2015) 

3) Morphometric and statistical Analysis: With the use of Image J software, version K 1.45, 

the color intensity of GFAP immune-positive areas and the number of immune-positive 

cells were measured. Ten nonoverlapping fields (x400) were examined for all rats/ each 

experimental group using Leica Qwin 500 LTD image analysis. The mean area percent of 

GFAP-positive immune reaction and the number of GFAP-positive cells were counted per 

5 high power fields (x400) in slides from each animal in each group using (CX21, Japan. 

Light microscope). (Marques et al.2023) 

1. Statistical analysis : Data were analyzed using the IBM SPSS software package version 23.0. 

Statistical significance was determined at the 5% level. The Kruskal-Wallis test was used for 

non-normally distributed quantitative variables to compare more than two groups, with 

Bonferroni adjustments for pairwise comparisons. For normally distributed quantitative 

variables, the F-test (ANOVA) was applied, followed by the Tukey Post Hoc test for pairwise 

comparisons. (Kotz et al.2006) 

3. Results 

3.1. Neuro-behavioral study 

1. Passive avoidance test:(Table 1) 

 Chlorpyrifos exposure significantly impaired memory, evidenced by reduced latency to enter the 

dark compartment in Subgroup IIa compared to controls (p < 0.001). Two weeks of recovery 

(Subgroup IIb) showed memory improvement, but this was not statistically significant compared 



to Subgroup IIa (p = 0.819). Zinc co-administration (Group III) significantly improved memory 

compared to Subgroup IIa (p = 0.001) and Subgroup IIb (p = 0.026), highlighting its protective 

effect. 

2. Open field test: (Table 2) 

Chlorpyrifos exposure (Subgroup IIa) induced anxiety-like behavior, shown by increased latency 

times to cross and to first rear compared to controls (p < 0.001). Recovery from chlorpyrifos 

(Subgroup IIb) did not result in significant changes in these latencies compared to Subgroup IIa (p 

= 0.579 and 0.728, respectively). 

Zinc co-administration (Group III) significantly reduced latency to cross (p = 0.018) compared to 

Subgroup IIa but did not significantly affect latency to first rear (p = 0.105). No significant 

differences were observed between Group III and Subgroup IIb in latencies (p = 0.071 and 0.202). 

Chlorpyrifos exposure also significantly reduced the number of crosses and rears compared to 

controls (p < 0.001). Recovery for two weeks resulted in non-significant increases in these 

parameters compared to Subgroup IIa (p = 0.286 and 0.249). Zinc co-administration significantly 

increased both the number of crosses and rears compared to Subgroup IIa (p < 0.001) and Subgroup 

IIb (p = 0.022 and 0.018, respectively). 

3.2. Biochemical tests 

1- Serum butyrylcholinesterase activity (U/L): (Table 3) 

A significant reduction in serum butyrylcholinesterase activity was observed in the 

chlorpyrifos-treated group (Subgroup IIa; 257.6 ± 24.0 U/L) compared to the control group 

(587.8 ± 54.0 U/L; p < 0.001). Recovery from chlorpyrifos exposure for two weeks (Subgroup 



IIb) significantly improved enzyme activity (555.8 ± 51.9 U/L) compared to Subgroup IIa (p 

< 0.001). Zinc co-administration (Group III) did not result in a significant increase in enzyme 

activity (310.8 ± 24.4 U/L) compared to Subgroup IIa (p = 0.070). However, a significant 

difference was noted between Subgroup IIb and Group III (p < 0.001 

2- Serum zinc level (μg/dl): (Table 4) 

Serum zinc levels significantly decreased in the chlorpyrifos-treated group (Subgroup IIa; 83.0 

± 9.3 μg/dL) compared to controls (94.6 ± 4.5 μg/dL; p = 0.002). Recovery from chlorpyrifos 

exposure for two weeks (Subgroup IIb) resulted in a non-significant change in zinc levels (85.2 

± 5.8 μg/dL) compared to Subgroup IIa (p = 0.17). In the group receiving both chlorpyrifos 

and zinc (Group III), a significant increase in zinc levels was observed (93.1 ± 3.1 μg/dL) 

compared to Subgroup IIa (p = 0.011). Additionally, a significant difference in zinc levels was 

noted between Subgroup IIb and Group III (p < 0.04). 

3.3. Histological results 

Group I (Control group) 

Examination of hippocampus of the control group showed normal structure of hippocampus 

proper (cornu-ammonis) and its subregions CA1, CA2, CA3 & CA4 areas and a dark C shaped 

dentate gyrus. CA1 & CA3 areas are formed of; stratum alveolus (SA), stratum oriens (SO), 

stratum pyramidale (SP), and stratum radiatum (SR). The stratum pyramidale contains rows of 

small pyramidal neurons having large vesicular nuclei with prominent nucleoli and pale basophilic 

cytoplasm. The pyramidal neurons of SP were seen in 4-6 rows in CA1, on the other hand, they 

were large arranged in 2-5 rows in CA3. (Fig. 1). 



Regarding Immunohistochemical results, CA1 and CA3 histological sections, group I 

showed mild immunoreaction in the star shaped astrocytes cytoplasm that revealed as scattered 

brownish small cells and their thin short branching processes in SO, SP and SR layers of 

hippocampus that reached the near blood capillaries. (Fig. 2). 

Group II (Chlorpyrifos-treated group) 

Sections of subgroup IIa (Group treated with chlorpyrifos) in CA1 and CA3 were examined, 

and the results showed areas of neuronal loss along with disarray in the pyramidal cell layers of 

CA1 and CA3. Disintegrated chromatin is seen in many pyramidal neurons, and some of them 

have pyknotic nuclei with shrunken cell bodies. In the neuropil, there were also some vacuoles 

visible between the pyramidal neurons (Fig. 3). 

Examination of hippocampus of rats of subgroup IIb (the Recovery group) revealed similar 

histological changes as subgroup IIa.  Most pyramidal nerve cells revealed shrunken cell bodies 

and deeply stained nuclei. Only a few pyramidal neurons appeared with lightly stained nuclei (Fig. 

5). Regarding Immunohistochemical results, subgroups IIa and IIb revealed strong moderate 

positive immunoreaction in the star-shaped astrocytes’ cell body and in their thick cell processes 

(Fig. 4&6). 

Group III (chlorpyrifos + zinc group): 

Examination of hippocampal sections of rats of subgroup III (given zinc as a co-

administration with chlorpyrifos) revealed almost restored architecture of hippocampus proper. 

Most pyramidal neurons in CA1 and CA3 appeared with vesicular nuclei and prominent nucleoli. 

Focal regions of neuronal loss were observed in a few numbers of pyramidal neurons with deeply 

stained nuclei and shrunken cell bodies (Fig. 7). Regarding Immunohistochemical results, the 



GFAP immunoreaction markedly declined in group III that revealed less cytoplasmic reaction in 

the cell bodies of astrocytes in addition to their thin processes (Fig 8). 

3.4.Histo-morphometric results  

Area percent of GFAP (Fig.9) 

Subgroup IIa (chlorpyrifos exposure) showed a significant increase in GFAP levels compared to 

the control, with mean values of 94.61 ± 3.08 (CA1) and 94.50 ± 2.98 (CA3), both p < 0.001. 

Subgroup IIb (withdrawal group) exhibited similar GFAP levels to subgroup IIa, with no 

significant differences (p = 0.998 in CA1, p = 0.817 in CA3). 

Group III (chlorpyrifos with zinc co-administration) showed a significant reduction in GFAP 

immunoreactivity compared to subgroup IIa, with mean values of 87.42 ± 1.72 (CA1, p = 0.001) 

and 88.24 ± 1.68 (CA3, p = 0.021). When compared to subgroup IIb, group III also showed a 

significant decrease in GFAP levels (p < 0.001 in CA1, p = 0.002 in CA3). 

The number of GFAP positive astrocytes (Fig.10) 

Subgroup IIa (chlorpyrifos-treated) showed a significant increase in astrocytes with GFAP 

immunoreaction compared to control, with mean values of 27.93 ± 0.80 in CA1 and 28.40 ± 0.51 

in CA3 (p < 0.001). 

After 2 weeks of withdrawal (subgroup IIb), no significant reduction was noted compared to 

subgroup IIa, with mean values of 27.27 ± 1.39 (CA1) and 27.40 ± 1.12 (CA3), and p values of 

0.952 and 0.979, respectively. 



Group III (zinc co-administration) demonstrated a significant reduction in GFAP-positive 

astrocytes compared to subgroups IIa and IIb, with mean values of 19.53 ± 1.92 in CA1 and 21.47 

± 1.30 in CA3 (p < 0.001 vs. IIa, p = 0.003 vs. IIb).  

4. DISCUSSION 

Studying repeated OP toxicity in humans is challenging due to variable exposures, genetic 

differences, and environmental factors. Experimental animal studies offer a controlled 

environment to better understand OP toxicity and its long-term effects. The current study was 

conducted on albino rats due to their neuroanatomical and neurophysiological similarities to 

humans.( Costa et al.2006) (Huff et al.2008)  

A low dose of CPF at 18 mg/kg body weight, approximately 1/13 of the acute oral LD50 for 

rats, was selected to avoid acute toxicity and severe harm. Administered orally over three weeks, 

this dose aligns with prior research and models repeated, low-level exposure similar to that 

experienced by humans in agricultural settings or through pesticide-contaminated 

products.(Mohamed et al.2018) (Terry et al.2012) 

Over the 3-week treatment period with CPF in the current study, all rats survived without 

showing significant signs of cholinergic overstimulation despite about 40% decrease in 

cholinesterase enzyme activity.  This can be explained by the difference in the body's response to 

acute versus small doses in repeated exposure to organophosphorus compounds. Repeated- small 

dose exposure leads to a gradual decrease in cholinesterase activity, allowing the body to adapt 

through different mechanisms. Additionally, the slower progression of exposure provides time for 

the body to metabolize and eliminate the compounds, preventing the severe symptoms of typical 

acute poisoning. (Naughton et al.2018) 



In the present study, the passive avoidance test was used to evaluate memory function after 

repeated CPF exposure.  In CPF group, the short latency to enter the dark room indicates significant 

memory impairment in the rats. They are unable to recall the learned avoidance behavior. This 

result highlights potential issues with memory function, cognitive processing, or learning 

capability, which can be attributed to CPF. 

These results align with prior studies demonstrating CPF-induced memory deficits, 

increased impulsivity, and cognitive impairments in rodents at various doses and durations.( 

Cavalcanti et al.2020) (Terry et al.2012) (Nikbin et al.2022) Similarly, human studies have 

reported poorer memory and attention in children living near agricultural areas with high 

organophosphate use, emphasizing the potential cognitive risks associated with CPF 

exposure.(Rohlman et al.2005) 

To assess behavioral changes and anxiety-related behaviors following CPF exposure, the 

present study utilized the open field test which is a widely used experimental paradigm. (Kraeuter 

et al. 2019) The observed reductions in locomotor activity and exploratory behavior in the CPF-

treated rats suggest heightened anxiety levels, which can be attributed to the neurotoxic effects of 

CPF.  

These findings align with Aminu et al. 2018 , who observed anxiety-like behaviors in rats 

exposed to CPF (14.9 mg/kg) over two weeks, evidenced by decreased locomotor activity and 

reduced rearing in the open field test conducted on days 10 and 14. Similarly, Silva et al. 2017 

reported that CPF exposure during gestational days 14–20 at doses of 0.1, 1, and 10 mg/kg/day 

caused anxiogenic-like behavior in offspring at 21 days of life. 



In contrast, Savy et al. 2015 found no significant effects on locomotor activity or anxiety-

like behavior in rats given a lower CPF dose (1 mg/kg via intraperitoneal injection for five days). 

This discrepancy may be attributed to the lower dose used in their study compared to the current 

research. 

Moreover, Behavioral testing conducted after a two-week withdrawal period revealed no 

significant improvement in anxiety-like behavior or memory function in rats previously exposed 

to CPF, despite a marked recovery in cholinesterase (ChE) activity. These findings are consistent 

with Ribeiro et al. 2022 , who reported that after a 12-week washout period following 21 days of 

CPF exposure, rats showed full recovery of ChE activity but continued to exhibit anxiety-related 

behaviors (open-field and elevated plus-maze) and despair (forced swim test). This suggests that 

behavioral impairments from CPF exposure may persist beyond biochemical recovery. 

The mechanisms underlying neurobehavioral deficits caused by chronic exposure to CPF 

remain uncertain and controversial. While these deficits are often linked to acetylcholinesterase 

(AChE) inhibition, resulting in overstimulation of cholinergic receptors in the hippocampus and 

amygdala, some studies suggest non-cholinergic pathways may also contribute. Researchers have 

proposed mechanisms such as oxidative stress-induced neuronal damage, reduced mitochondrial 

function, altered N-methyl-D-aspartate (NMDA) receptor activity, disrupted glucocorticoid levels, 

and impaired microtubule motility, indicating that CPF's neurotoxicity extends beyond AChE 

inhibition emphasizing the complex nature of CPF neurotoxicity. ( Slotkin et al.2012) (Lee et al. 

2012) The study reveals a significant reduction in zinc levels in the group exposed to CPF 

compared to controls. Zinc supplementation restored serum zinc concentrations to normal levels 

but did not significantly improve serum butyrylcholinesterase activity compared to the CPF-only 

group. 



Increased antioxidant defences in response to CPF toxicity could explain this zinc deficiency 

in CPF group. The levels of most zinc-containing proteins, metallothioneins, and antioxidant 

enzymes are significantly elevated to counter the toxicity. It may result in a net consumption of 

zinc in this process.( Jarosz et al.2017)  

Moreover, CPF-induced hepato-renal dysfunction alters zinc metabolism and excretion; 

liver injury reduces the synthesis of proteins such as albumin and metallothioneins, which are 

essential for zinc transport and buffering, while kidney damage may contribute to increased urinary 

zinc loss, further depleting systemic zinc levels.(Verma et al.2007) 

In agricultural countries, the widespread use of organophosphorus compounds for pest 

control makes avoiding exposure challenging, raising concerns about their neurobehavioral 

effects. Consequently, current research emphasizes identifying protective agents to mitigate these 

adverse outcomes. 

Zinc supplements have emerged as a potential candidate for this purpose as it is distributed 

throughout the body, with especially high concentrations in the limbic system, including the 

hippocampus, hypothalamus, and amygdala. The crucial role of zinc in neurogenesis, neuronal 

migration, synaptogenesis, and neurotransmission makes it closely related to learning and memory 

function.( Gower-Winter et al.2012)  

Consistent with the present study, Goel et al. 2000 demonstrated significant reductions in 

serum and hepatic zinc concentrations in animals treated with chlorpyrifos (13.5 mg/kg body 

weight) for eight weeks. Zinc supplementation normalized these levels in both liver and serum. 

Similarly, Abass et al. 2016 linked low serum zinc levels to organophosphorus-induced delayed 



polyneuropathy in farmers, highlighting zinc's role in the activity of antioxidant and esterase 

enzymes. 

Increased antioxidant defences in response to CPF toxicity could explain this zinc deficiency 

in CPF group. The levels of most zinc-containing proteins, metallothioneins, and antioxidant 

enzymes are significantly elevated to counter the toxicity. It may result in a net consumption of 

zinc in this process.( Abass et al.2016)  

In the current study, a zinc supplement dose of 15 mg/kg was chosen to balance efficacy and 

safety, offering potential protective benefits without toxicity. This suggests that AChE inhibition 

may not be the sole mechanism behind neurobehavioral deficits. Consistent with these findings, 

Franco et al. 2009 reported that zinc did not affect AChE activity or reverse malathion-induced 

AChE inhibition. Similarly, Tahmasebi et al. 2022 observed that antioxidants failed to restore 

plasma cholinesterase activity reduced by organophosphates. However, Singla and Dhawan 2017 

demonstrated that zinc co-administration in aluminum-treated rats restored AChE activity after 8 

weeks, possibly by displacing aluminum from AChE active sites or preventing its binding, 

enhancing zinc's role in biochemical processes. 

Regarding behavioral testing, the co-administration of zinc to the CPF-administered group 

showed an improvement in retention latency time to enter the dark room in the passive avoidance 

test, compared to the group administered CPF alone. This suggests that zinc may protect memory 

function from the deteriorating effects of CPF. Furthermore, the zinc-supplemented group 

exhibited improvements in latency time to cross, as well as in the number of crossings and rears, 

which can be attributed to the anxiolytic effects of zinc.  



This study aligns with findings by Abass et al. 2016, who highlighted zinc's neuroprotective 

potential against pesticide-induced neurodegenerative and behavioral disorders. Rivers-Auty et al. 

2021 demonstrated that zinc deficiency leads to cognitive deficits, while adequate zinc intake 

reduced cognitive decline in Alzheimer's patients. Akintoye et al. 2023 further noted zinc's role in 

improving memory deficits, its anxiolytic, antioxidant, and anti-inflammatory properties, and its 

ability to alleviate anxiety by increasing gamma-aminobutyric acid (GABA) concentrations. 

Zinc also enhances antioxidant generation capacity by inhibiting NMDA receptors, which 

play a pivotal role in inhibiting the transcription of pro-inflammatory mediators such as TNF and 

IL-6. (Krall et al. 2020)  

Banks and Lein 2012  reported that CPF exposure increased neuroinflammatory markers in 

the hippocampus and cortex, regions responsible for cognitive function. CPF can trigger 

neuroinflammation by activating microglia and astrocytes, causing the release of pro-

inflammatory cytokines like TNF-α and IL-1β. Chronic neuroinflammation impairs neurogenesis 

and synaptic plasticity and contributes to anxiety-like behaviors as mentioned by Réus et al. 2015.  

The current results were confirmed by histological analysis to determine whether the 

observed neurobehavioral deficits have a structural basis. By examining brain tissue at the 

microscopic level, we aimed to identify any potential changes in neuronal architecture, cell 

density, or other structural alterations that may underlie the cognitive and behavioral impairments 

detected in CPF-treated subjects.  

This approach helps to determine whether the neurobehavioral deficits are linked to visible 

structural damage or primarily to functional disruptions at the molecular or cellular levels. The 

susceptibility of various hippocampal subfields to damage remains a topic of debate. While some 



studies suggest that CA1 neurons are the most vulnerable, others indicate that CA3 and DG 

subfields are more prone to damage. (Huang et al.2013)  

This study revealed that repeated exposure to CPF caused significant structural damage in 

the hippocampus, including neuronal loss, apoptotic changes, and distorted pyramidal cells, likely 

due to oxidative stress and free radical production. CPF penetrates the blood-brain barrier, 

disrupting brain integrity, decreasing antioxidant enzyme activity, and triggering apoptosis. 

(Elmorsy et al.2022) (Barrera 2012) (Nakagami et al.2009) 

Zinc administration in the study nearly restored normal hippocampal architecture, showing 

sporadic apoptotic pyramidal cells and focal neuronal loss due to zinc's antioxidant and anti-

inflammatory properties. Zinc acts as a cofactor for superoxide dismutase (SOD) and stimulates 

metallothionein, scavenging hydroxyl radicals and reversing oxidative stress. Szewczyk et al. 2013 

highlighted Zinc’s neuroprotective role in conditions like depression, anxiety, learning 

impairments, and memory loss. Similarly, Hafez et al. 2023 reported modest histological 

improvements in the hippocampus with zinc supplementation in obese male rats.  

Astrocytes, essential glial cells in the CNS, support neuronal survival by providing structural 

and metabolic support, regulating the synaptic microenvironment, maintaining the blood-brain 

barrier, vascular reactivity, energy metabolism, and protecting against oxidative stress and reactive 

oxygen species. In response to brain damage, astrocytes activate and undergo morphofunctional 

remodelling, exhibiting resilience to toxins and enhanced proliferation. They protect neurons and 

fill spaces left by neuronal death through glial scar formation. Astrogliosis, a reaction to CNS 

injury, involves increased expression of intermediate filaments and GFAP, hypertrophy, and 

functional adaptations.( Fernandez et al.2010) (Vincent et al. 2010) 



GFAP, an intermediate cytoskeleton protein in astrocytes and ependymal cells, regulates 

astrocyte motility and shape by stabilizing structural processes and serves as a marker for astrocyte 

maturity in the CNS. During astrogliosis, GFAP synthesis increases and can be detected through 

immunostaining. In the current study, chlorpyrifos exposure activated astrocytes, marked by 

elevated GFAP expression, is likely as a compensatory response to neuronal damage. Zinc co-

administration with chlorpyrifos reduced GFAP activity, indicating its reparative effects on 

neurons. Histopathological findings further support Zinc’s role in mitigating gliosis and 

inflammation, consistent with previous studies showing its regulatory influence on GFAP 

activity.( Vazi et al.2021) 

5. Conclusion 

The study demonstrates that repeated low-dose exposure to chlorpyrifos impairs neurobehavioral 

functions in rats, accompanied by hippocampal histopathological alterations and potential 

involvement of non-cholinergic mechanisms, including reduced zinc levels. A two-week 

withdrawal period was insufficient for spontaneous recovery. Concurrent zinc supplementation 

during CPF exposure showed a protective effect, improving behavioral outcomes and reducing 

histopathological changes.  

While these findings support zinc’s potential neuroprotective role, further studies are needed to 

confirm long-term benefits and to explore optimal dosing strategies. 

6. Recommendations 

To mitigate the risks associated with CPF exposure, regular health screenings to detect early signs 

of neurotoxicity are recommended. Zinc supplementation is recommended as a cost-effective 

protective measure for those frequently exposed. Further research is essential to understand CPF 



toxicity mechanisms beyond cholinergic pathways, evaluate long-term effects and recovery, and 

determine zinc’s optimal dosage and efficacy through larger studies and clinical trials. 
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Table 1:  Comparison between the different studied groups in passive avoidance test  

 
Control 

(Group I) 

n = 10 

Chlorpyrifos 

(Subgroup 

IIa) 

n = 10 

Recovery 

(Subgroup 

IIb) 

n = 10 

Chlorpyrifos 

& Zinc 

(Group III) 

n = 10 

Retention 

latency time 

in seconds 

    

Min. – Max. 280.0-300.0 90.0-240.0 180.0-280.0 200.0-300.0 

Mean ± SD 292.0±8.56 183.0±49.23 201.0±32.47 254.8±37.8 

F (p) 17.433*(<0.001*) 

P1  <0.001* <0.001* 0.156 

Sig. bet. groups P2=0.819, P3 = 0.001*, P4 = 0.026* 

 

Min.: Minimum           Max.: Maximum            SD: Standard Deviation  

F: F for ANOVA test, pairwise comparison between each 2 groups was done using Post Hoc Test  (Tukey) 

p1: p value for comparing between control and each other group. 

P2: p value for comparing between CPF and Recovery group. 

P3: p value for comparing between CPF and CPF & Zinc group. 

P4: p value for comparing between CPF & Zinc and Recovery group. 

*: Statistically significant at p ≤ 0.05 

 

 

 

 

 

 

 

 

 

 

 



Table 2: Comparison between the different studied groups in open field test. 

 
 Control  

 (Group I) 

n = 10 

Chlorpyrifos 

(Subgroup 

IIa) 

n = 10 

Recovery  

(Subgroup 

IIb) 

n = 10 

Chlorpyrifos 

& Zinc 

(Group III) 

n = 10 

Latency time to cross 

(seconds) 
    

Min. – Max. 2.0-4.0 3.0-15.0 2.0-9.0 3.0-5.0 

Median (IQR) 3.0 (2.0-3.3) 7.0 (4.8-12.8) 6.0 (5.0-7.5) 4.0 (3.0-4.0) 

H (p) 29.828*(<0.001*) 

P1  <0.001* 0.001* 0.116 

Sig. bet. Groups P2=0.579, P3 =0.018*, P4 = 0.071 

Latency time to rear 

(seconds) 
    

Min. – Max. 3.0-5.0 12.0-90.0 5.0-26.0 5.0-20.0 

 Median (IQR) 
5.0 (3.0-4.0) 

18.5 (15.8-

64.8) 

19.0 (15.0-

25.0) 
14.0 (8.8-18.5) 

H (p) 36.413*(<0.001*) 

P1  <0.001* <0.001* 0.010* 

Sig. bet. Groups P2=0.728, P3 =0.105 , P4 = 0.202 

Number of crosses     

Min. – Max. 45.0-58.0 15.0-30.0 20.0-50.0 38.0-54.0 

Median (IQR) 52.0 (52.5-

57.0) 

24.0(19.5-

26.0) 

29.0 (23.8-

33.5) 

44.5(29.3-

36.5) 

H (p) 35.552*(<0.001*) 

P1  <0.001* <0.001* 0.234 

Sig. bet. Groups P2=0.286, P3 =0.001*, P4 = 0.022* 

Number of rears     

Min. – Max. 25.0-30.0 6.0-16.0 11.0-17.0 20.0-29.0 

Median (IQR) 27.0 (27.0-

28.5) 
9.0 (6.8-12.0) 

14.5 (12.8-

17.0) 

24.5(14.0-

28.3) 

H (p) 39.487*(<0.001*) 

P1  <0.001* 0.001* 0.296 

Sig. bet. Groups P2=0.249, P3 <0.001* , P4=0.018*  

Min.: Minimum             Max.: Maximum            IQR: Interquartile range  

H: Kruskal Wallis test for comparing between the different groups and parwise comparison between group using Adjustment 

Bonferroni  

p1: p value for comparing between control  and each other group. 

P2: p value for comparing between CPF and recovery group. 

P3: p value for comparing between CPF and CPF & Zinc group. 

P4: p value for comparing between CPF & Zinc and recovery group. 

*: Statistically significant at p ≤ 0.05 

 

 

 

 



Table 3:  Comparison between the different studied groups in serum 

butyrylcholinesterase activity (U/L) 

 
Control  

 (Group I) 

n = 10 

Chlorpyrifos 

(Subgroup 

IIa) 

n = 10 

Recovery  

(Subgroup 

IIb) 

n = 10 

Chlorpyrifos 

& Zinc 

(Group III) 

n = 10 

     

Min. – Max. 466.0–615.0 237.0-298.0 480.0-606.0 280.0-356.0 

Mean ± SD 578.8±54.0 257.6±24.0 555.8±51.9 310.8±24.4 

F (p) 128.942*(<0.001*) 

P1  <0.001* 0.770 <0.001* 

Sig. bet. groups P2<0.001*, P3 = 0.070, P4 <0.001*  

Min.: Minimum           Max.: Maximum            SD: Standard Deviation  

F: F for ANOVA test, Pairwise comparison between each 2 groups was done using Post Hoc Test (Tukey) 
p1: p value for comparing between control and each other group. 

P2: p value for comparing between CPF and Recovery group. 

P3: p value for comparing between CPF and CPF & Zinc group. 

P4: p value for comparing between CPF & Zinc and recovery group. 

*: Statistically significant at p ≤ 0.05 

Table 4: Comparison between the different studied groups in serum Zinc level(µg/dl) 

 
Control 

(Group I) 

(n = 10) 

Chlorpyrifos 

(Group IIa) 

(n = 10) 

Recovery  

(Group IIb) 

(n = 10) 

Chlorpyrifos & 

Zinc 

(Group III) 

(n = 10) 

Zinc level(µg/dl)     

Min. – Max. 90.0- 102.0 69.0-100.0 82.0-101.0 89.0-98.0 

Mean ± SD 94.6±4.5 83.0±9.3 85.2±5.8 93.1±3.1 

F (p) 6.104* (<0.001*) 

p1  0.002* 0.204 0.908 

Sig. bet. groups P2 = 0.175, P3 =0.011*, p4 = 0.04* 

 
Min.: Minimum           Max.: Maximum            SD: Standard Deviation  

F: F for ANOVA test, Pairwise comparison between each 2 groups was done using Post Hoc Test (Tukey) 
p1: p value for comparing between control and each other group. 

P2: p value for comparing between CPF and Recovery group. 

P3: p value for comparing between CPF and CPF & Zinc group. 

P4: p value for comparing between CPF & Zinc and recovery group. 

*: Statistically significant at p ≤ 0.05 

 



 

Figure 1: Light micrographs of the hippocampus of control sections of CA3 area showing A; 

stratum alveolus (SA), stratum oriens (SO), stratum pyramidale (SP) and stratum radiatum (SR). 

B; SP shows larger pyramidal neurons with vesicular nuclei, prominent nucleoli and pale 

basophilic cytoplasm in rows (arrow). H&E stain, scale bar A; 100 µm, B; 50 µm. 

 

Figure 2: Photomicrographs of GFAP immune-stained sections of rat hippocampus of control 

group. A (CA1) and B (CA3): showing mild positive reaction in the astrocytes appearing as 

scattered brownish star shaped cells. They exhibited small cell body with thin branching processes 



(arrow) in SO, SP and SR layers of hippocampus and extending near blood capillaries (BC). scale 

bar 50 µm. 

 

Figure 3: Light micrographs of the hippocampus of subgroup IIa. A; hippocampus proper 

(H). D; dentate gyrus. B (CA1); stratum oriens (SO), stratum pyramidale (SP) and stratum 

radiatum (SR) of hippocampus proper, showing some vacuoles (V) in between the pyramidal 

neurons in SP. Evident loss of pyramidal neurons (dotted circle). Some pyramidal neurons were 

seen with shrunken cell bodies and pyknotic nuclei (arrows) and most pyramidal neurons show 

nuclei with disintegrated chromatin (chevron arrow). H&E stain, scale bar A; 500 µm, B; 50 µm. 

 



Figure 4:  Photomicrographs of GFAP immune-stained sections of rat hippocampus of 

subgroup IIa. A (CA1) and B (CA3): showing severe immune-positive reaction in star-shaped 

astrocytes having numerous branching and thick cell processes (arrow). BC; Blood capillary. scale 

bar 50 µm 

 

 

 

 

Figure 5: Light micrographs of the CA3 of subgroup IIb. A; showing stratum alveolus (SA), 

stratum oriens (SO), stratum pyramidale (SP) and stratum radiatum (SR) of the hippocampus 

proper. B; SP appears thin with most pyramidal neurons having shrunken cell bodies and deeply 

stained nuclei (blue arrows). Few pyramidal neurons appear with lightly stained nuclei (black 

arrow).H&E stain, scale bar A; 100 µm, B; 50 µm. 



 

Figure 6: Photomicrographs of GFAP immune-stained sections of rat hippocampus of subgroup 

IIb received chlorpyrifos 18 mg kg for 3 weeks then left for 2 weeks of withdrawal period). A 

(CA1) and B (CA3): showing moderate positive brown color reaction in cytoplasm and the 

branching thick processes (arrow) of astrocytes. BC; Blood capillary. scale bar 50 µm 

 

Figure 7: Light micrographs of the CA3 of the hippocampus of group III showing A, B; stratum 

oriens (SO), stratum pyramidale (SP), and stratum radiatum (SR) of hippocampus proper. SP 

reveals many pyramidal neurons (P) with vesicular nuclei, prominent nucleoli, and pale basophilic 

cytoplasm, few with deeply stained nuclei and shrunken cell bodies (arrows). Focal areas of 

neuronal loss (dotted circle) are noted. H&E stain, scale bar A; 100 µm, B; 50 µm. 



  

Figure 8: Photomicrographs of GFAP immune-stained sections of rat hippocampus of group III. 

A (CA1) and B (CA3): showing an apparent decrease in the GFAP immuno-reactive astrocytes 

(arrow). BC; Blood capillary. scale bar 50 µm. 
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 2 

Figure 9: A bar chart demonstrating a comparative morphometric statistical analysis of the groups 3 

studied according to the area percentage of GFAP reaction in CA1 & CA3. 4 

# Significant when compared to control group 5 

## Significant when compared to Chlorpyrifos group. 6 
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*Significant when compared to Recovery group IIb 7 
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Figure 10: A bar chart demonstrating a comparative morphometric statistical analysis of the groups 14 

studied according to the number of GFAP positive cells in CA1 & CA3. 15 

# Significant when compared to control group 16 

## Significant when compared to Chlorpyrifos group. 17 

*Significant when compared to Recovery group IIb 18 
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