
Advances in Animal and Veterinary Sciences

February 2025 | Volume 13 | Issue 2 | Page 304

INTRODUCTION 

Mercury (Hg), a xenobiotic heavy metal, remains a 
global health and environmental threat, underlined 

by historical public health catastrophes in Minamata, Ja-
pan (Ministry of the Environment Japan, 2015), and Iraq 
(Skerfving and Copplestone, 1976). Among its various 
forms, inorganic Hg (Hg²⁺), commonly found in industrial 

emissions, dental amalgams, and some pharmaceuticals, is 
recognized for its neurotoxic effects (Chamoli and Karn, 
2024). This form of Hg is a pervasive contaminant that can 
affect many populations worldwide (Wu et al., 2024).

Of interest, organic Hg, the prevalent form of human in-
toxication, undergoes a progressive metabolic conversion 
by intestinal microflora into inorganic Hg at a low daily 
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rate (Teixeira et al., 2014). Both elemental and organic Hg 
can cross the blood-brain barrier (BBB), undergoing rapid 
intracellular oxidation into ionic Hg²⁺, subsequently per-
sisting within cerebral cells for years (Clarkson and Ma-
gos, 2006). Accumulation of Hg²⁺ in the brain has been 
associated with neural excitability and irritability (Cariccio 
et al., 2019), neuropsychiatric disorders (Stojsavljević et al., 
2023), and neurodegenerative diseases, such as Alzheimer’s 
(Paduraru et al., 2022) and Parkinson’s (Pyatha et al., 2022). 
It has also been demonstrated that Hg species can cross the 
placental barrier, leading to significant neurodevelopmen-
tal impairments (Maccani et al., 2015). Recent studies also 
report an association between elevated Hg levels and de-
creased cognitive performance in otherwise healthy young 
adults (Takeuchi et al., 2022), indicating that Hg toxicity 
extends to mental health even at low environmental expo-
sure levels.

The neurotoxicity of inorganic Hg involves complex in-
teractions within the central nervous system (CNS). The 
myriad ways in which Hg disrupts cellular and molecular 
processes, leading to oxidative stress (OS) (Beauvais-Flück 
et al., 2017), mitochondrial dysfunction (Han et al., 2022), 
and inflammation (Pollard et al., 2019), remain a subject 
of ongoing investigations. OS, in particular, serves as a key 
mechanism by which heavy metals like Hg exert their toxic 
effects (Lamtai et al., 2021; El Brouzi et al., 2021; Zghari et 
al., 2023a) and is increasingly involved in the onset of neu-
rocognitive and affective disorders (Crespo-Lopez et al., 
2022). Several studies have demonstrated that chronic Hg 
exposure can trigger reactive oxygen species (ROS) pro-
duction, including superoxide and hydroxyl radicals ( Jan 
et al., 2015), causing damage to lipids, proteins, and DNA 
molecules, leading to cellular dysfunction (Murphy et al., 
2022). Given its reduced antioxidant capacity, high oxygen 
consumption, and high lipid content, the brain is especially 
vulnerable to OS (Cobley et al., 2018).

Despite the well-documented neurotoxic effects of high-
dose Hg exposure, the impact of sub-chronic low-dose ex-
posure remains less well understood. Therefore, in this ex-
periment, we aim to address a specific gap in the literature 
by exploring the neurobehavioral effects of low-dose Hg 
exposure over an extended period, mimicking real-world 
environmental exposure levels that could pose risks to hu-
man health. In addition, this study investigates the role of 
OS in affective and cognitive impairments induced by pro-
longed, low-dose exposure to mercuric chloride (HgCl2) in 
adult male Wistar rats. By performing extensive behavioral 
and biochemical assessments, we aim to elucidate how low-
dose Hg disrupts neural processes, particularly focusing on 
the hippocampus and its vulnerability to OS. This research 
addresses the following questions:1) Does prolonged low-
dose Hg exposure induce measurable anxiety, depression, 

and memory impairments in rats? 2) How does Hg expo-
sure at sub-chronic low doses affect markers of OS in the 
hippocampus? 3) Is there a dose-dependent relationship 
between Hg exposure levels and the severity of neurobe-
havioral alterations? Through this investigation, we aim to 
provide a nuanced understanding of Hg’s neurotoxic mech-
anisms at low exposure levels, contributing critical insights 
to risk assessments and preventive strategies for Hg-related 
neurobehavioral disorders.

MATERIALS AND METHODS 

Animal Model and Housing Conditions 
Male adult Wistar rats (approximately 60 days old, initial 
weight:120 ± 20 g) were obtained from Ibn Tofaïl Univer-
sity’s Central Animal House. The choice of age and weight 
aligns with prior studies assessing neurobehavioral out-
comes in rats, as adulthood begins after the eighth week of 
postnatal life (Sengupta 2013). The animals were housed 
in conditions of 21 ± 1°C and 40 ± 5% relative humidity, 
under a 12-hour light-dark cycle, with unlimited access to 
commercial food pellets and tap water. Ethical approval for 
experimental procedures was granted by the local institu-
tional ethics committee for animal experiments. The ani-
mals were weighed weekly for dose adjustment.

Figure 1: Description of the experimental setup, including 
the exposure of the model to HgCl2 and the composition of 
the experimental groups exposed to either NaCl (0.9%) or 
HgCl2; following a 60-day intraperitoneal injection period, 
rats underwent behavioral testing, including the Open 
Field test (OFT), Elevated Plus Maze (EPM), Forced 
Swimming Test (FST), Y-maze and Morris Water Maze 
(MWM) test; Subsequently, animals were euthanized 
and their hippocampi were collected for the evaluation of 
oxidative stress markers (lipid peroxidation (LPO), nitric 
oxide (NO) levels, and catalase (CAT) activity).

Experimental Design 
A total of 24 rats were allocated into four groups (n = 6 per 
group). This group size is consistent with prior studies em-
ploying similar behavioral paradigms and dosing protocols 
(Khan et al., 2022; El-Hamzaoui et al., 2024) while also 
recognizing the associated limitations in statistical power. 
Figure 1 provides an overview of the experimental design. 
The groups were as follows:
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Group DRUGS AND DOSES
Control NaCl 0.9%
Hg-0.25 HgCl2 at 0.25 mg/kg
Hg-0.5 HgCl2 at 0.5 mg/kg
Hg-1 HgCl2 at 1 mg/kg

Drug Administration 
Saline solution, or HgCl2, was injected intraperitoneally 
(i.p.) and was obtained from Sigma Aldrich (St. Louis, 
MO, USA). Injections were performed daily between 4:00 
pm and 4:30 pm for 8 weeks. Post-administration, rats un-
derwent behavioral tests, followed by evaluations for OS 
indicators post-sacrifice. 

Neurobehavioral Tests 
A battery of neurobehavioral tests was performed. All 
equipment was properly cleaned and sterilized with a 7% 
alcohol solution before testing each rat to prevent any be-
havioral biases from residual odors. 

Anxiety-Like Measurement 
Open field test (OFT): Rats, when placed in new 
environments, tend to explore. Their behavior within this 
environment provides insight into their anxiety levels 
(Carola et al., 2002). Rats were individually placed in an 
apparatus measuring 100-L × 100-W × 40-H cm. Their 
behavior was monitored and recorded with emphasis on 
three metrics:Time Spent in the Center Area (TCA), 
Number of Returns to the Center (NRC), and Number of 
Total Squares (NTS). Anxiety levels were determined based 
on TCA and NRC, whereas NTS evaluated locomotor 
activity.

Elevated plus maze (EPM): This test gauges anxiety-like 
behavior in rats using the dual drive of exploration of a new 
space and aversion due to the elevation and brightness of 
the maze (Pellow et al., 1985). Conducted a day after the 
OFT, each rat was placed on the central area (10× 10 cm) 
of the maze facing an open arm. The maze has two open 
arms (50 × 10 cm) and two closed arms (50 × 10 × 40 cm). 
Key metrics recorded during a 5-minute duration included 
the number of entries in open arms (EOA), time spent in 
open arms (TOA), and total arm entries (TAE). EOA and 
TOA indicate open space-induced anxiety-like behavior. 
TAE measures locomotor activity.

Depression-Like Measurement 
Forced swimming test (FST): The FST is based on the 
principle that when rodents are placed in a container filled 
with water from which they cannot escape, they will initially 
display vigorous movement (interpreted as an escape 
behavior). Over time, they’ll exhibit periods of immobility, 
which are indicative of a state of despair or hopelessness 
(Porsolt et al., 1977; Rhaimi et al., 2023). Rats were placed 

individually in a 30 cm-diameter transparent cylindrical 
container filled with water (23 ± 2 °C) to a height of 35 cm. 
Each rat’s behavior during a 5-minute FST was recorded, 
specifically:Immobility Time (IT) and Climbing Time. 
An increase in IT suggests depressive-like behavior, while 
increased climbing time indicates the opposite.

Cognitive Measurement 
Y-maze test: The Y-maze is based on the innate curiosity 
of rodents. They have a natural tendency to explore new 
environments, especially when given a choice. A decrease 
in spontaneous alternation (choosing a different arm than 
the one previously entered) suggests a potential impairment 
in the rodent’s short-term spatial memory (Sierksma 
et al., 2014). At the onset of an 8-minute test, rats were 
placed on the central area of a Y-maze with three arms 
(A, B, and C; dimensions 61 × 35 × 12 cm3). Sequences 
of arm entries were recorded for the entire test duration. 
Spontaneous alternation behavior, an indicator of spatial 
working memory, is characterized by the consecutive entry 
into three distinct arms. It is typically measured using the 
following formula:

Morris water maze test (MWM): The MWM is used 
to assess learning and memory cognitive functions (Morris, 
1984). The test involved a large circular water tank (110 
cm in diameter, 20 cm in height) filled with opaque water 
maintained at 22°C. A circular platform was hidden 0.5 cm 
below the water surface in the northeast section of the tank. 
The experiment consisted of two phases:an acquisition 
phase (4 trials per day over 4 days) and a probe trial 
conducted on the 5th day. The acquisition phase tracked 
each rat’s ability to locate the hidden platform within 60 
seconds. If unsuccessful, they were guided to the platform 
and allowed a 10s stay. The 5th day’s probe trial tested 
spatial memory over a 60-second duration. Post completion 
of the behavioral tests, rats are anesthetized and euthanized 
by rapid decapitation, followed by the extraction and 
preparation of their brains for comprehensive biochemical 
and histological analysis.

Sample Preparation and Analysis of OS 
Parameters in Hippocampus Tissues 
The hippocampus was meticulously dissected using a free-
hand technique under a dissecting microscope. Each dis-
sected tissue was homogenized using a mechanical homog-
enizer in 10 volumes (50 mM W/V) of ice-cold phosphate 
buffer (pH 7.4) (Nassiri et al., 2024). The tissue homogen-
ates were centrifuged at a relative centrifugal force of 1500 
rpm for 10 minutes at 4 °C using a refrigerated centrifuge, 
and the supernatant was used for the analysis of nitric ox-
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ide (NO) and lipid peroxidation (LPO) levels and catalase 
(CAT) activity.

NO levels were estimated using the Griess reagent (Green 
et al., 1982). The formation of lipid peroxides was provided 
by measuring the thiobarbituric-acid-reacting substances 
(TBARS) in cells via the method of Draper and Hadley 
(1990). The CAT activity was calculated using the meth-
od described by Aebi (Aebi, 1984). All readings were nor-
malized to protein content, determined using the Bradford 
method. CAT activity was measured in units/g of tissue, 
NO levels were expressed in μM/g of tissue, and LPO was 
quantified in nM/g of tissue (Brikat et al., 2024; Ibou-
zine-Dine et al., 2024a; Ibouzine-Dine et al., 2024b). 

Statistical Analysis 
The data for this investigation were examined using a 
one-way analysis of variance (ANOVA), followed by Tuk-
ey’s HSD post-hoc test to identify statistically significant 
differences between the experimental groups. A repeated 
measure ANOVA was used for the MWM test. Results 
are presented as mean ± SEM. In addition to p-values, Co-
hen’s d-effect sizes were calculated to assess the magnitude 
of differences between groups. A p-value of less than 0.05 
was considered indicative of statistical significance. A mag-
nitude of d equal to or superior to 0.8 was interpreted as 
a large effect size (Cohen, 1988). All analyses were con-
ducted using SPSS version 29 (IBM Corp., Armonk, NY, 
USA), and graphs were made using Prism 8 (GraphPad 
Software Inc., San Diego, 189 CA, USA.)

RESULTS AND DISCUSSION

Effect of Hg on the Levels of Anxiety-Like 
Measured in Open Field Test 
Statistical analysis revealed that the TCA and NRC pa-
rameters were significantly affected by Hg treatment (Fig-
ures 2a and 2b). Both parameters decreased in comparison 
to the control group (TCA:Cont/Hg-0.5:p < 0.001, d = 
4.18 and Cont/Hg-1:p < 0.001, d = 3.86; NRC:Cont/Hg-
0.5:p < 0.001, d = 0.64 and Cont/Hg-1:p < 0.001, d = 1.02). 
Additionally, a dose-dependent response was observed, 
with statistically significant differences observed between 
the groups (TCA:Hg-0.25/Hg-0.5:p < 0.001, d = 4.00 
and Hg-0.25/Hg-1:p < 0.001, d = 3.53; NRC:Hg-0.25/
Hg-0.5:p < 0.001, d = 0.55 and Hg-0.25/Hg-1:p < 0.001, 
d = 1.28). However, locomotor activity, represented by the 
NTS, was unaffected by any treatment (p > 0.05), with an 
effect size of d = 0.3, indicating a minimal change (Fig-
ure 2c). This stability in NTS suggests that the anxiety-like 
behavior observed is not attributable to altered locomotor 
activity, which strengthens the interpretation of TCA and 
NRC reductions as true indicators of anxiety-like behavior 
rather than confounded by mobility limitations.

Figure 2: Low dose-dependent sub-chronic effect of HgCl2 
on anxiety-related behavior of male Wistar rats subjected 
to the open field test. (a) Total amount time spent in the 
center (TCA); (b) Number of returns into center area of 
the arena in the open-field behavior apparatus (NRC); 
(c) Number of total squares (NTS). Data are expressed as 
mean ± SEM. The significance level is 0.05 with *p < 0.05, 
**p < 0.01, ***p < 0.001.

Effect of Hg on Anxiety Levels Measured in 
Elevated Plus Maze Test 
Results indicated that EOA was significantly decreased by 
Hg treatment in a dose-dependent manner (Figure 3b). 
Compared to the control group, EOA was reduced in the 
Hg-0.25 (p < 0.01, d = 0.78), Hg-0.5 (p < 0.05, d = 0.35), 
and Hg-1 (p < 0.001, d = 1.53) groups. TAE showed no 
significant differences among groups (p > 0.05) (Figure 
3a), with negligible effect sizes (d lower to 0.1), suggesting 
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resilience in exploratory behavior despite the presence of 
anxiety-like responses. This lack of significant difference 
in TAE supports the notion that Hg exposure primarily 
affects anxiety responses without diminishing general ac-
tivity (Figure 3c). 

Figure 3: Low dose-dependent sub-chronic effect of HgCl2 
on anxiety-related behavior of male Wistar rats subjected 
to the elevated plus maze. (a) Total amount of time spent 
in exposed arms (TOA); (b) Number of entries in exposed 
arms (EOA); (c) Total number of arms entries (TEA). 
Data are expressed as mean ± SEM. The significance level 
is 0.05 with *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 4: Low dose-dependent sub-chronic effect of 
HgCl2 on depression-related behavior of male Wistar rats 
subjected to the forced swimming test. (a) Immobility 
time (IT); (b) climbing time. Data are expressed as mean 
± SEM. The significance level is 0.05 with *p < 0.05, **p < 
0.01, ***p < 0.001.

Effect of Hg on Depression Levels Measured in 
Forced Swimming Test 
Statistical analyses for FST parameters revealed that 
sub-chronic Hg injection notably increased IT and de-
creased climbing time compared to the control group, re-
gardless of the dose of treatment (p < 0.001) (Figure 4a). A 
dose-dependent effect on IT was also observed between the 
distinct groups (Hg-0.25/Hg-0.5:p < 0.001, d = 2.09; Hg-
0.25/Hg-1:p < 0.001, d = 3.18; Hg-0.5/Hg-1:p < 0.001, 
d = 4.51). The climbing time reductions were particular-
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ly pronounced at 1 mg/kg, indicating that Hg exposure 
suppresses adaptive escape behavior, a hallmark of depres-
sive-like states in the FST (Control vs. Hg-1:d = 2.96) fur-
ther reinforcing this depressive-like response (Figure 4b). 

Effect of Hg on Memory Measured in Y-maze 
The spontaneous alternation percentage was significantly 
impacted by Hg treatment compared to the control group 
(Cont/Hg-1:p < 0.01, d = 2.20). Likewise, a dose-related 
significant increase in this parameter was observed in the 
Hg-0.25 group compared to the Hg-1 treated group (p < 
0.01, d = 2.13) (Figure 5).

Figure 5: Low dose-dependent sub-chronic effect of 
HgCl2 on cognitive-related behavior of male Wistar rats 
subjected to the Y maze. % of alternation:spontaneous 
alternation percentage. Data are expressed as mean ± SEM. 
The significance level is 0.05 with *p < 0.05, **p < 0.01, ***p 
< 0.001.

Figure 6: Low dose-dependent sub-chronic effect of 
HgCl2 on cognitive-related behavior of male Wistar rats 
subjected to the Morris water maze. (a) Latency:escape 
latency during the acquisition phase; (b) Time spent in the 
target quadrant. Data are expressed as mean ± SEM. The 
significance level is 0.05 with *p < 0.05, **p < 0.01, ***p < 
0.001.

Effect of Hg on Memory Measured in Morris 
Water Maze 
All groups showed decreased latency over four days during 
the acquisition phase to reach the hidden platform. Statis-
tical analysis revealed a significant difference (p < 0.05) be-

tween the rats in the Hg-0.5-treated group and the control 
group (Figure 6a). 

In the probe trial, the percentage of time spent in the target 
quadrant decreased significantly in all Hg-treated groups 
compared to controls (Cont/Hg-0.25:p < 0.01, d = 2.76; 
Cont/Hg-0.5:p < 0.001, d = 3.14; Cont/Hg-1:p < 0.001, d 
= 2.93) (Figure 6b). 

Hg effect on Oxidative stress 
Lipid peroxidation in hippocampus: Statistical analysis 
showed a significant dose-dependent increase in TBARS 
levels in the hippocampus at 0.5 and 1 mg/kg of Hg 
(Cont/Hg-0.5:p < 0.001, d = 1.0; Cont/Hg-1:p < 0.001, d 
= 1.3), indicating enhanced LPO. No significant increase 
was observed at 0.25 mg/kg (Cont/Hg-0.25 :p > 0.05, d = 
0.02). Moreover, significant differences were noted between 
the Hg-0.25/Hg-0.5 and Hg-0.25/Hg-1 groups (p < 0.01, 
d = 0.65; p < 0.001, d = 0.80, respectively), but not between 
the Hg-0.5 and Hg-1 groups (p > 0.05) (Figure 7a). 

Nitric oxide concentrations in the hippocampus: 
Hg at 1 mg/kg significantly reduced NO levels in the 
hippocampus compared to controls (p < 0.05, d = 0.85). No 
notable differences were observed among the other groups 
(Figure 7b). 

Catalase activity in the hippocampus: Statistical 
analyses revealed that sub-chronic Hg injection notably 
decreased CAT activity compared to the control group, 
regardless of the dose of treatment (p < 0.001, d ranging 
from 0.9 to 1.2), with no significant differences between 
the treatment groups (p > 0.05) (Figure 7c). 

Cognitive functions, including memory, learning, atten-
tion, and executive abilities, play a pivotal role in guiding 
complex behaviors and decision-making processes. Con-
currently, affective regulation significantly influences an 
individual’s emotional and social well-being. Hg-induced 
disturbances in these domains not only present a profound 
impact on the exposed organisms but also raise concerns 
about public health and environmental safety. 

This study seeks to expand the current understanding of 
the neurobehavioral and biochemical effects of sub-chronic 
i.p. administration of gradually increasing low doses (be-
low the lowest observed effect dose) of inorganic Hg on 
adult Wistar rats. Although data suggests that inorganic 
Hg can barely cross the BBB, chronic exposure has proven 
otherwise (Malqui et al., 2018). The i.p. route was chosen 
to bypass the conversion of inorganic Hg to methylmer-
cury (MeHg) in the gut (Li et al., 2019), whose effects are 
well documented (Novo et al., 2021; Panzenhagen et al., 
2024). Furthermore, other Hg forms, well-studied for their 
neurotoxic effects, convert to inorganic Hg once inside the 
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body. Therefore, it’s possible that Hg²⁺, the oxidized form 
of Hg, plays a direct role in the toxic effects linked to Hg 
vapor (Hg0) and MeHg exposure (Steckling et al., 2014). 
Experiments with primates indicate that chronic MeHg 
exposure increases Hg2+ levels in the CNS due to demeth-
ylation (Novo et al., 2021). Since Hg2+ cannot cross back 
the BBB easily, it accumulates in the CNS (Rooney, 2007).
Although the neurotoxic effects of Hg exposure on the de-
veloping brain are well-established, effects on adults have 
yielded inconsistent results (Azevedo et al., 2023), possibly 
due to fully matured protective mechanisms such as BBB. 
This protocol was designed to simulate real-life environ-
mental conditions involving continuous exposure of the 
adult brain to very low doses. Overall, our data reveal sig-
nificant enzymatic and behavioral changes, supporting the 
presence of HgCl2 in the brain. 

The anxiety-like behavior, as evidenced by the OFT and 
EPM results, indicates that rats exhibited a significant 
dose-dependent effect of HgCl2 on anxiety levels in re-
sponse to the unfamiliar environments of the testing appa-
ratus. The anxiogenic effect starts at a dose of 0.25 mg/kg 
and reaches the highest significant difference at a dose of 1 
mg/kg in comparison with the control group. Of interest, 
the depression-like measurements in the FST revealed dis-
tinct behavioral patterns, with HgCl2-exposed rats display-
ing significantly increased IT, suggesting a state of despair 
or hopelessness, while controls exhibited significantly pro-
longed climbing time, indicating a more adaptive response. 
It is important to note that a significant difference was ob-
served between treated groups, highlighting the dose-de-
pendent depressogenic-like effect. In addition to these af-
fective abnormalities, sub-chronic exposure to HgCl2 has 
been shown to alter cognitive functionalities, such as the 
working and short-term spatial memory tested in the Y 
maze, in which the spontaneous alternation score was sig-
nificantly reduced following the treatment only with a 1 
mg/kg dosage. Conversely, the spatial learning evaluated 
in the MWM was significantly affected by all treatment 
doses. These behavioral outcomes align with several prior 
studies associating Hg exposure with heightened anxie-
ty-like, depression-like levels and compromised cognitive 
functions in rodents (Mello-Carpes et al., 2013; Kern et al., 
2014; Mohammad Abu-Taweel and Al-Fifi, 2021).

Biochemical investigations revealed significantly higher 
levels of LPO in the hippocampus, as confirmed by ele-
vated TBARS concentrations in treated rats compared to 
controls. LPO was affected in a dose-dependent manner; 
an increase was observed following the 0.25 mg/kg treat-
ment, but no statistical significance was reached. While 
0.5 mg/kg and 1 mg/kg doses significantly increased LPO 
levels compared to the control and Hg-0.25 groups. LPO 
affects mitochondrial membranes (Angelova et al., 2021), 
and so does Hg, altering mitochondrial permeability and 

leading to increased Ca2+ release (Han et al., 2022), which 
stimulates acetylcholine (Ach) production (Skok et al., 
2016). 

Figure 7: Low dose-dependent sub-chronic effect of HgCl2 
on levels of (a) thiobarbituric acid reactive substances 
(TBARS) content, (b) nitric oxide (NO) and (c) catalase 
activity (CAT) in the hippocampus of male Wistar rats. 
Data are expressed as mean ± SEM. The significance level 
is 0.05 with *p < 0.05, **p < 0.01, ***p < 0.001.

A study on adult mice showed that exposure to low HgCl2 
doses decreased Ach Esterase (AchE) activity (Malqui et 
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al., 2018). This cascade of cellular events contributes to 
the accumulation of ACh at the synaptic cleft, potential-
ly leading to the desensitization of cholinergic receptors 
on the postsynaptic membrane (Reddy et al., 2007). The 
resulting disruption in cholinergic signaling may provide 
an alternative mechanism underlying the observed be-
havioral impairments. In line with prior research (Zhao et 
al., 2021), our biochemical analyses illustrate Hg’s role in 
augmenting OS; diminished CAT activity and increased 
NO levels in the hippocampus post-Hg exposure testify 
to perturbations in the OS-mediated signaling pathways, 
previously suggested as a neurotoxic mechanism of trace 
heavy metals (Lamtai et al., 2020; Zghari et al., 2023b; El 
Brouzi et al., 2024; Lamtai et al., 2024). Here, we report 
on the inhibition of CAT activity; a significant decrease 
in this parameter was observed in comparison to controls, 
regardless of the treatment dose, as the effect was highly 
tangible even in the Hg-0.25 group treated with the lowest 
dose. NO levels were only sensitive to the 1 mg/kg dose, 
showing an increase in all treated groups but reaching sta-
tistical significance only with the highest dose. Among 
several brain regions, literature has proven that the hip-
pocampus is particularly vulnerable to OS (Huang et al., 
2015). The inhibition of CAT provides evidence that the 
enzymatic antioxidant defense system of the hippocampus 
was damaged, which can be the promoter of LPO observed 
above. Through a cascade of intracellular reactions, these 
disruptions could initiate the increase of NO (Songur et 
al., 2004). This is particularly relevant to the anxiety, de-
pression, and impaired memory observed in treated ani-
mals, as previous data provide evidence for a causal direct 
link between OS and high affective and cognitive disorders 
(Zhang and Kiryu, 2023; Apweiler et al., 2024). Hovatta et 
al., uncovered an intriguing aspect of anxiety genetics; the 
expression levels of two antioxidant enzymes, glyoxalase 1 
(Glo1) and glutathione reductase 1 (Gsr), were found to 
be positively correlated with the anxiety state of multiple 
mouse strains (Hovatta et al., 2005). Recent research sug-
gests that the combination of aggregated β-amyloid (Aβ) 
and a prooxidant cocktail is the most accurate method for 
replicating the natural progression of Alzheimer’s disease 
(AD), effectively mimicking hippocampal cell damage in 
vitro (Karapetyan et al., 2022). Our findings on memory 
impairment and the presence of high OS markers in the 
hippocampus of Hg-exposed Wistar rats align with this 
model. This similarity highlights Hg’s potential role in 
accelerating neurodegenerative processes, particularly in 
populations with existing vulnerabilities. Expanding neu-
rotoxicology research to focus on the long-term effects of 
low-dose Hg exposure could provide valuable insights into 
broader neurodegenerative trends.

One potential mechanism of Hg neurotoxicity involves its 
interference with glutamate transport. Hg increases gluta-
mate release and inhibits its uptake by astrocytes, leading 

to neuronal excitotoxicity (de Paula Arrifano et al., 2023). 
Elevated glutamate levels in the synaptic cleft cause excess 
Ca2+ influx through NMDA receptors in the post-synap-
tic terminal, which increases NO synthase (iNOS) activi-
ty, which in turn boosts NO production in mitochondria 
(Farina et al., 2011). Additionally, microglia are extremely 
reactive to OS (Simpson and Oliver, 2020). ROS and reac-
tive nitrogen species (RNS) can trigger microglial activa-
tion, leading them to release pro-inflammatory cytokines 
like TNF-α, IL-1β, and IL-6, and additional ROS/RNS 
(Teleanu et al., 2022), creating a feed-forward loop of in-
flammation and OS. This process activates the nuclear fac-
tor-kappa B (NF-κB) pathway (Morgan and Liu, 2011), a 
crucial nuclear transcription factor, leading to the expres-
sion of genes encoding pro-inflammatory mediators (ElAli 
and Rivest, 2016). Both ROS and the neuroinflammation 
state can harm BBB endothelial cells, increasing permea-
bility and thus allowing peripheral immune cells to infil-
trate the CNS, which further exacerbates the inflammatory 
response (Chung et al., 2022). This mechanism is further 
supported by the stipulation of quick and robust activation 
of microglial cells following Hg treatment, mainly causing 
rapid ROS generation and glutathione depletion (Ni et al., 
2011). Moreover, the comorbidity of neuroinflammation 
with the development of neuropsychiatric and neurode-
generative diseases is now well-established in the scientific 
literature (Zhang et al., 2023). 

A cross-sectional epidemiological study conducted on 920 
Japanese young adults revealed that even low-level expo-
sure to Hg, mainly from daily fish consumption, is signif-
icantly and negatively associated with cognitive perfor-
mance. Interestingly, those results indicated that greater 
hair Hg level was significantly associated with lower gray 
matter volume in the left hippocampus (Takeuchi et al., 
2022). The accumulation of Hg in the brain could be as-
sociated with reduced cerebral blood flow, which has been 
proven to play a role in neurodegeneration (Ghaznawi et 
al., 2021). Accordingly, a recent meta-analysis found that 
exposure to low blood Hg levels was strongly correlated 
with levels of free thyroxine and thyroid-stimulating hor-
mone and inversely correlated with thyroxine (Hu et al., 
2021). Clinical investigations have also evidenced a signif-
icant association between untreated diagnosed thyroid dis-
orders and depression and anxiety (Ittermann et al., 2015). 
To support our hypothesis, there is a notable connection 
between increased ROS generation and oxidative damage 
with thyroid diseases (Kochman et al., 2021). Furthermore, 
thyroid dysfunction may lead to dysregulation of the hy-
pothalamic-pituitary-adrenal axis, which is highly impli-
cated in affective disorders and emotional responses (Tafet 
and Nemeroff, 2020). These interconnections may partially 
explain the anxiety-like and depression-like behavior ob-
served in our tested animals. 
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CONCLUSIONS AND 
RECOMMENDATIONS 

Taken together, the current findings indicate that 
sub-chronic, low-dose inorganic Hg exposure in adult 
Wistar rats significantly affects cognitive functions and 
emotional regulation, revealing pronounced anxiety-like 
and depression-like behaviors, hippocampus-dependent 
cognitive deficits, increased OS, elevated LPO, and de-
creased antioxidant enzyme activity. The 1 mg/kg dose of 
HgCl2, identified as the minimal dose with the maximum 
effect, will be the focus of further investigations. These 
results underscore the importance of refining risk assess-
ment strategies and developing targeted preventive ther-
apies supporting the internal antioxidant defense systems 
to safeguard the public health of heavy metal-induced be-
havioral disorders. The findings also highlight the need for 
enhanced environmental and public health policies. De-
spite low doses, chronic Hg exposure can accumulate and 
exert significant neurotoxic effects, even at levels that may 
be encountered in real-world settings. This supports regu-
latory calls to limit Hg exposure in industrial and agricul-
tural practices and raises awareness about the risks of Hg 
in consumer products. Incorporating these insights into 
public health guidelines could help mitigate the risks of 
Hg-related neurobehavioral disorders. 

However, our study has certain limitations, including a 
relatively small sample. This decision was guided by ethi-
cal considerations to minimize animal use, in accordance 
with principles of animal experimentation. Future stud-
ies should consider larger sample sizes and a more diverse 
range of animal models to strengthen the generalizability 
and robustness of the findings. Additionally, expanding re-
search to include both male and female subjects may reveal 
sex-specific responses to Hg exposure.
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