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kidney tissues. Histological analysis revealed gradual
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Cd/ZnONPs mixture treatments. These findings suggest that
and Cd and ZnONPs mixtures caused a toxicity on the
antioxidant defense system and physiology of Helix aspersa.
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1. Introduction

Land snails have emerged as a valuable tool for assessing heavy metal contamination in
terrestrial ecosystems due to their unique biological characteristics. Their sedentary lifestyle
confines them to a specific area, reflecting the local soil composition and potential
contaminant sources (Nica et al., 2013). As detritivores or herbivores, they accumulate heavy
metals from ingested soil and plant material through a process known as bioaccumulation
(Thanh-Nho et al., 2019). This bioaccumulation allows researchers to analyze the metal
concentrations within snail tissues, providing a direct measure of the environmental burden.
Additionally, land snails exhibit a high sensitivity to a range of heavy metals, and the specific
metal profile within their tissues can offer insights into the types of pollutants present (Nica
etal., 2013; Thanh-Nho et al., 2019).

Cadmium (Cd) is highly toxic and omnipresent aquatic environmental metal (Gnatyshyna et
al. 2023; Xu et al. 2017), due to the increased agricultural and industrial human activities (L.-
M. Cai et al., 2019). Cd is an accumulative metal in aquatic organisms, inducing generation
reactive oxygen species (ROS) resulting in an imbalance of antioxidants (Gnatyshyna et al.,
2023; Wu et al., 2023). In addition, biochemical, organ weights and growth are the main
fundamental parameters in aquatic organisms for evaluating toxicity( Cai et al., 2020).
Nanoparticles (NPs), with their unique size-dependent properties, have revolutionized various
fields. Their applications range from targeted drug delivery in medicine (Ayub and Wettig,
2022)to lightweight and strong materials in engineering(Manocha et al., 2006). NPs can enter
ecosystems unintentionally through industrial processes or wastewater treatment plants(Zahra
et al., 2020). In the cell, the small sized of NPs can interact with cell components, and
consequently induce the production of reactive oxygen species (ROS), leading to oxidative
stress and cell damage(Wang et al. 2015). NPs can interact with metals in mixtures to induce
whether high or/and less toxic effects on target or non-target organisms. However, research is
ongoing in areas like using NPs for environmental remediation or developing NPs for disease
diagnosis and treatment with minimal side effects(Palit, 2018). Also, zinc oxide nanoparticles
(ZnONPs) and offer a unique advantage due to their high surface area and reactivity (Akhtar
et al., 2021).Recent research suggests a potential benefit for mitigating the toxicity of other
heavy metals in aquatic environments(Kumar et al., 2022). As the impact of ZnONPs on Cd
toxicity remains unclear, this study aimed to elucidate the optimal ZnONPs concentrations
for alleviating or/and increasing Cd-mediated oxidative stress and physiological impairments
in this ecologically relevant invertebrate.

2. Materials and Methods

Chemicals

Zinc oxide nanoparticles (ZnONPs) with the following information: 10-50 nm average size,
+99% purity, 5.606 g/cm?® density, and approximately 20-60 m2 /g surface area were
purchased from Sigma-Aldrich Chemical Company (Dorset, UK) (Figure 1), cadmium
chloride (CdCl2), DMN, thiobarbituric acid(TBA), and 5'-5'-dithiobis-2-nitrobenzoic
(DTNB)were also supplied by Sigma-Aldrich Chemical Company (Dorset, UK). All other
reagents of analytical grade were procured from local suppliers.
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Figure 1. SEM images of ZnO nanoparticles. a.ZnONPs in 1um scale, and b.ZnONPs in
200 nm scale.

Animals

Land snails, Helix aspersa, obtained from a snail farm in Bouchegouf region of Guelma city
(northeastern Algeria) were acclimatized under standard laboratory conditions (20+2°C,
16h/8h light/dark, and 80-85% humidity) as previously described (Gomot-De Vaufleury,
2000). Animals were placed into transparent perforated plastic boxes (25x15x15 cm, 5625
cm?) supported with a perforated lid to ensure good ventilation, and were had ad libitum
acess to food (wheat flour and lettuce leaves).

Experimental procedures

After 2 months of acclimatization period, five replicates of 25 snail individuals for each
experimental group of control and five treated groups received respectively (mg/kg dry soil
weight "dwt"), 250mg Zinc oxide nanoparticles (ZnONPs)/kg dwt + 1500mg CdCl2/kg dw,
750mg ZnONPs/kg dwt + 1500mg CdClo/kg dwt, 2250mg ZnONPss/kg dwt + 1500mg
CdCly/kg dwt, 6750mg ZnONPs/kg dwt + 1500mg CdCly/kg dwt, and 20250mg ZnONPs/kg
dwt + 1500mg CdCl./kg dwt for 28 consecutive days. Of note, body weight of control and
treated animals were measured every week throughout the study period. After that, the snails
were sacrificed by freezing (—80 C), and then the hepatopancreas, and kidney were removed
and fixed for histological study and antioxidants evaluations.

Determination of oxidative stress markers

The frozen tissue of kidney and hepatopancreas samples were thawed in crushed ice and
homogenized using a manual homogenizer with an ice-cold Tris-HCI buffer. The homogenate
was then centrifuged at 10,0009 for 10 minutes at 4°C to separate the supernatant containing
the proteins. Aliquots of the supernatant were used to measure the total protein content using
the Bradford dye-binding assay, with bovine serum albumin as the standard as previously
described (Bradford, 1976), and the major oxidative markers. The GSH content was
determined in tissue homogenates using using Elman’s reagent (DTNB) as previously
reported (Weckbecker and Cory, 1988). In brief, a reaction mixture for each sample
containing 500 pL of the supernatant , 1.0 ml of Tris-EDTA buffer (pre-made, 0.02 M, pH
9.6) and 25 pL of Ellman's reagent (DTNB, pre-made, 0.01 M) was prepared, and then
incubate at room temperature for 5 minutes. The fluorescence of each sample was measured
at a wavelength of 412 nm, and the resulting fluorescence intensity can then be compared to a
standard curve generated using known concentrations of pure GSH. The GSH content was
expressed in micromoles of glutathione formed per milligram of protein (umol GSH/mg
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protein).GST activity was determined as described elsewhere (Habig et al., 1974), based on
the measurement of the enzyme's ability to conjugate glutathione (GSH) to a substrate, 1-
chloro-2,4-dinitrobenzene (CDNB), resulting in a product that absorbs light at 340 nm. The
rate of increase in absorbance at 340 nm is directly proportional to GST activity. GST activity
was expressed in umol /mn /mg protein. Catalase (CAT) activity was determined based on
the disappearance of hydrogen peroxide (H202) at a wavelength of 240 nm(Beers and Sizer,
1952), following the presence of a reaction mixture containing phosphate buffer (pH 7.0),
H202, and a small amount of tissue homogenates. A single unit of CAT activity is defined as
the quantity of enzyme that can convert 1 pmol of H202 to another molecule per minute. The
specific activity of CAT is reported in units that reflect the amount of enzyme activity per
milligram of protein in the sample. The level of malondialdehyde (MDA), a marker of lipid
peroxidation, in tissue homogenates was measured as previously described (Pothiwong et al.,
2007), using the thiobarbituricacid reactive substances (TBARS) assay. This involves mixing
the homogenate with a solution containing acetic acid and a detergent to break down cellular
components and release MDA. After adding thiobarbituric acid (TBA), the mixture was
incubated at high temperatures to trigger a reaction between MDA and TBA, forming a
colored product. Following cooling and centrifugation, the intensity of this red color is
spectrophotometrically measured 532 nm. The amount of MDA in samples was provided in
UM/mg protein. At the end of the fourth week of exposure, the snails were weighed, and then,
5 snails were randomly chosen from each treated group. Snails were killed by decapitation,
and the head of each animal was excised quickly, for the determination of
acetylcholinesterase ~ (AChE) activity. Moreover, the enzymatic activity of
acetylcholinesterase (AChE) was determined according to previously described protocol
(Dingova et al., 2014), which somehow is close to Ellman's method, involving the
preparation of a reaction mixture with homogenate supernatant, a buffer solution, and a
substrate like acetylthiocholine (ATC). Following incubation, the reaction is halted, and the
remaining unreacted ATC is measured using a colorimetric technique. AChE breaks down
ATC, and the difference between the initial ATC concentration and the remaining amount
reflects the enzyme's activity. This difference is converted into a color intensity, which can be
measured by a spectrophotometer at 412nm. Finally, the AChE activity is calculated and
typically expressed as micro-molar per milligram of protein in the homogenate.

Histopathological evaluation of H. aspersa tissues

The histopathology of H. aspersa was studied according to the routine histological technique
(Houlot, 1984).Tissue samples from hepatopancreas and kidney of control and treated snails
were preserved with formalin, dehydrated with alcohol, cleared with a solvent, and then
embedded in wax. Thin slices (2-5 microns) were cut, placed on slides, and stained with dyes
to highlight cellular structures. These slides were examined under a powerful microscope
(Leica DM 1000 LED) for abnormalities, which were documented and photographed in high
definition.

Statistical analysis

Data were provided as mean + SE, and statistically analyzed using PrismPad software.
Multiple comparisons between groups were tested by one-way ANOVA coupled with the
Tukey’s test. P <0.05, P<0.01,and P <0.001 were considered significant for all analyses.
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3. Results and discussion

Effect on body weight and hepatopancreas and kidney weights of H. aspersa

Table 1 shows a non-significant decrease in body weight, and a non-significant in kidney
weight in all Cd/mixtures treated animals compared with controls. In addition, smooth tissue
weight decreased significantly (P<0.001) in Cd/ZnONPs mixtures, and similarly
hepatopancreas weight decreased non-significantly in M1 and M2, but increased in M3, M4
and M5 compared with control animals.

Table 1.Changes in weights of kidney, hepatoponcreas and smooth tissues of control land
snails and those exposed to various mixtures (M1), containing each 1500mg CdCly/kg dry
soil weight "dwt"), and increased concentrations of ZnONPs; M1 (Cd/250mg ZnONPs/kg
dwt), M2 (Cd/750mg ZnONPs/kg dwt), M3 (2250mg ZnONPs/kg dwt), M4 (6750mg
ZnONPs/kg dwt), and M5 (20250mg ZnONPs/kg dwt) for 28 consecutive days.

Parameters Body weight Organ weights (g)
Groups Hepatopancreas Kidney Smooth tissue
Control 110.24+1.7 90.94+ 0.06 0.55+0.06 6.83+0.78

M1(CdCIl2/ZnONPs)  9.13+ 0.82ns 0.93+0.08ns 0.43 £ 0.04ns 5.07+0.19™

M2(CdCl,/ZnONPs)  9.83+0.97ns 0.73£0.04ns 0.41+0.03ns 5.54+0.22™"
M3(CdCl/ZnONPs)  9.81 £0.06 ns 0.82+0.06ns 0.46+0.03ns 5.59+0.28™"
M4(CdCl2/ZnONPs)  9.60+0.67 ns 0.74+0.04ns 0.42+0.02ns 5.240.26™"

M5(CdCI2/ZnONPs)  9.89 + 0.92ns 0.92+0.07ns 0.49+0.02ns
5.47+0.22™

Each value is displayed as mean + SEM (n = 6).
Values with superscripts are statistically different p value
*p< 0.05, ***p< 0.01, **p< 0.01 and ns: no significant versus control group.

Oxidative stress markers

As shown in Figure 1, the enzymatic activity of catalase significantly decreased in the
hepatopancreas of land snails treated with Cd/ZnONPs mixtures (M) M1, M2 (p<0.05), M3,
M4 and M5 (p<0.001) and combined treatments (Cd/ZnONPs), and similarly in kidney tissue
in M1(p<0.05), and M2, M3, M4 and M5 (p<0.01) compared with control group. Further, a
marked decrease in the glutathione S-transferase (GST) activity in hepatopancrea was noticed
in snails exposed to M3 (p<0.05), M4(p<0.01) and M5 (p<0.001), but not significant in M1
and M2. Also, the GST activity in kidney tissue deceased significantly in M1, M2, M3, M4
(p<0.05), and M5 (p<0.01) as compared to control animals.

In Figure 2, we noticed asignificant decreased in hepatic GSH content in (p<0.05) M3,
(p<0.01) M2, and (p<0.001) M3, but not significant in M1 and M2 treatments. Similarly, the
renal GSH content decreased significantly in M2and M3 treatments (p<0.05), M4 and M5
(p<0.001), but not significantly in M1 treated animals compared with controls. However,
the malondialdehyde (MDA)content increased significantly in heaptopancreas of snails of
M4(p<0.01), and hepatopancreas and kidney of snails of M5 (p<0.001) treatments, but not
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significantly in hapatopancreas of snails of M1 and M2, and kidney of snails of M1, M2, M3
and M4 treatments compared to the control group.
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Figure 1.Changes in the enzymatic activity of catalase and glutathione S- transferase (GST)
in hepatopancreas and kidney of control land snails and those exposed to various mixtures
(M1), containing each 1500mg CdCl./kg dry soil weight "dwt"), and increased concentrations
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of ZnONPs; M1 (Cd/250mg ZnONPs/kg dwt), M2 (Cd/750mg ZnONPs/kg dwt), M3
(2250mgZnONPs/kg dwt), M4 (6750mg ZnONPs/kg dwt), and M5 (20250mg ZnONPs/kg
dwt) for 28 consecutive days.

*p< 0.05, ***p< 0.01 and **p< 0.01 versus control group. ns: not significant versus control
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Figure 2.Changes in the GSH and MDA levels in hepatopancreas and kidney of control land
snails and those exposed to various mixtures (M1), containing each 1500mg CdClz/kg dry
soil weight "dwt"), and increased concentrations of ZnONPs; M1 (Cd/250mg ZnONPs/kg
dwt), M2 (Cd/750mg ZnONPs/kg dwt), M3 (2250mg ZnONPs/kg dwt), M4 (6750mg
ZnONPs/kg dwt), and M5 (20250mg ZnONPs/kg dwt) for 28 consecutive days.

*p< 0.05, ***p< 0.01 and **p< 0.01 versus control group. ns: not significant versus control

group.

Effect on acetylcholine esterase activity (Ach E)
The enzymatic activity of Ach E decreased significantly and in M1(p<0.01), M2, M3, M4
and M5(p<0.001) treatments compared with control snails (Figure 3).
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Figure 3.Changes in the AChE activity in control land snails and those and those exposed to
various mixtures (M1), containing each 1500mg CdCl./kg dry soil weight "dwt"), and
increased concentrations of ZnONPs; M1 (Cd/250mg ZnONPs/kg dwt), M2 (Cd/750mg
ZnONPs/kg dwt), M3 (2250mg ZnONPs/kg dwt), M4 (6750mg ZnONPs/kg dwt), and M5
(20250mg ZnONPs/kg dwt) for 28 consecutive days.

*p< 0.05, ***p< 0.01 and **p< 0.01 versus control group. ns: not significant versus control

group.

Hepatopancreas and kidney histopathological results

Figure 4 shows the different anomalies caused in hepatopancreas of snails compared to their
control. The hepatopancreas control group, (Fig. 4A) reveals a healthy histology, formed by
several tubules composed of secretory cells, absorbent cells and basal cells separated by
fibrous connective tissue. The sections of the group treated with Cd/ZnONPs revealed serious
anomalies evidencedby atrophy, degeneration and fat vaculationin addition to necrotic
change of tubule cells. However, the severity of histological alterations decreased in M5: Fig.
4B, M4: Fig. 4C, M3: Fig. 4D, M2: Fig. 4E, and M1:Fig. 4F.

As shown in Figure 5, the kidney sections from control snails revealed a normal structure of
hemolymphatic lacunae, and prismatic epithelium composed of homogeneous known
asnephrocytes (Fig. 5A). After exposure to the Cd/ZnONPs mixtures, the kidney developed
cellular hyperplasia with a vascular conjunction, and necrotic cells. While, these histological
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alterations in the kidney are significantly reduced in M5: Fig. 5B, M4: Fig. 5C, M3: Fig. 5D,

Figure 4. Histological alterations in the hepatopancreas (x 40) of control snails (A), and
snails exposed to M5 (B) (1500mg Cd + 20250mg ZnONPs/kg dry soil weight "dwt"), M4
(C) (1500mg Cd + 6750mg ZnONPs/kg dwt), M3 (D) (1500mg Cd + 2250mg
ZnONPs/kgdwt), M2 (1500mg Cd + 750mg ZnONPs/kg dwt) (E) and M1 (1500mg Cd +
250mg ZnONPs/kg dwt) (F)for 28 consecutive days.CT: Connective tissue, Cercle with L:
Lobule, Stars: Atrophy, degeneration and fat vaculation, Arrows: necrotic change of cells of
tubules.
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Figure 5. Histological alterations in the kidney of control snails and snails exposed to M5
(B) (1500mg Cd + 20250mg ZnONPs/kg dry soil weight "dwt"), M4 (C) (1500mg Cd +
6750mg ZnONPs/kg dwt), M3 (D) (1500mg Cd + 2250mg ZnONPs/kgdwt), M2 (1500mg Cd
+ 750mg ZnONPs/kg dwt) (E) and M1 (1500mg Cd + 250mg ZnONPs/kg dwt) (F)for 28
consecutive days. Arrow: necrosis, Star: Cellular Hyperplasia. (x 40)

4. Discussion

Heavy metals, in particular, cadmium are particularly harmful to snails due to their impact on
vital organs, including the hepatopancreas where metals can accumulate, and the kidneys,
interfering with their role in filtering waste and maintaining water balance (Huang et al.,
2018; Qiu et al., 2021). Also, ZNONPs were reported to be toxic at high concentrations for
non target organisms, and thus their combination with cadmium might have considerable
toxicities on human and animal health (Abdel-Azeem and Osman, 2021; Ali et al. 2012). In
this regard, ZnONPs+ Cd mixtures decreased body weight of animals but not significantly as
compared with controls. This result suggests the less toxicity of these mixtures on animals’
growth. The obtained results revealed decreased heaptopancreas, kidney and smooth tissue in
mixture treatments compared to the control group. This result showing reduced weight of the
soft tissues following the oral exposure of snails to metals has been previously reported in
some previous studies (Helmy et al., 2022; Korni et al. 2022). The decreased organ weights
in cadmium and/or ZnONPs exposed snails can be explained their involvement in the process
of detoxification and excretion of toxicants (Yap et al., 2023). In addition, cadmium and /or
ZnONPs can interfere with calcium uptake and utilization by the body. This can lead to
smooth muscle dysfunction and hypertrophy as the muscles try to compensate for the altered
calcium levels(Pinkina et al., 2022). Moreover, Cd/ZnONPs mixtures caused increased
MDA content in hepatopancreas and kidney, which somehow proves the induction of ROS
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generation responsible for lipid peroxidation and cell damage (De Silva et al., 2023). As a
result, metal mixture treatments decreased the enzymatic activity of catalase, GST, and the
content of GSH in the heaptopancreas and kidney. This finding was reported in some
previous studies (Jiang et al., 2018; Ju et al., 2024), suggesting the increased production of
reactive oxygen species, as well as the inhibiting effect of cadmium on the antioxidant
enzymes to neutralize free radicals and detoxify harmful compounds. In addition, cadmium
exposure can deplete GSH stores by increasing its utilization for detoxification. Additionally,
cadmium and ZnONPs might inhibit the enzymes involved in GSH synthesis, leading to a
decrease in its overall content. On top of that, results revealed a significant decrease in the
enzymatic activity of acetylcholinesterase (AChE) in cadmium and ZnONPs treated snails.
The effect of cadmium + ZnONPson Ach E may be associated with their direct bind to the
active site of AChE, hindering its ability to break down the neurotransmitter acetylcholine
(ACh). This leads to accumulation of ACh at nerve synapses, disrupting normal nerve
impulse transmission. Also, cadmium and ZnONPs exposure promotes free radical
generation, leading to oxidative stress. These free radicals can damage AChE molecules,
further reducing their activity (Arruebarrena et al., 2023).Furthermore, the altered
biochemical parameters were significantly supported by the histological observations of liver
and kidney tissues. In accordance with these findings, previous studies conducted on
cadmium intoxicated snails revealed marked tissue alterations characterized by tubular
necrosis and hypertrophy(Manzl et al., 2004), and similarly, ZnONPs were found to cause
histological abnormalities evidenced by cell necrosis and congestion (Ali et al., 2012).

5. Conclusion

The study demonstrates that ZnONPs combined with cadmium caused toxicity in land snails
evidenced by marked changes in hepatopancreas and kidney weights, but no significant effect
on body weight, and marked alterations in the biochemical and antioxidant parameters, in
addition to serious histological damages.
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