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Abstract 

The intensive use of pesticides in agriculture poses serious risks to aquatic ecosystems and non-target 

organisms, yet toxicological data remain limited. This study evaluated the acute effects of three 

widely used pesticides—pirimiphos-methyl (10 and 60 μg/L), propamocarb hydrochloride (40 and 

80 μg/L), and 2,4-D (50 and 100 μg/L)—on the liver of common carp (Cyprinus carpio Linnaeus, 1758), 

a sentinel species in aquaculture, but also a species equally important in risk assessment and 

environmental monitoring. Fish were exposed for 96 hours under controlled conditions, and 

histopathological, histochemical, and biochemical biomarkers were analyzed. All tested pesticides 

induced significant histopathological alterations, predominantly circulatory and degenerative 

changes, with severity increasing at higher concentrations. Propamocarb hydrochloride and 2,4-D 

caused more pronounced and partly irreversible hepatotoxicity compared to pirimiphos-methyl. 

Histochemical assessment revealed altered glycogen metabolism, while biochemical assays showed 

inhibition of key liver enzymes, such as ALAT and ASAT, but also ChE and LDH, indicating 

disrupted metabolic processes. These findings highlight the vulnerability of aquatic organisms to 

pesticide exposure and support the use of fish liver biomarkers as effective tools in ecotoxicology 

research. The study also emphasizes the need for stricter regulation and environmental monitoring 

of pesticide contamination in aquatic systems. 

Keywords: common carp; liver; biomarkers; pesticides; pollution 

 

1. Introduction 

The global pesticide use, associated with an increasing risk of exposure to all organisms and the 

environment, has increased manifold in recent decades. Modern agriculture is heavily dependent on 

the use of pesticides, primarily to protect crops and increase yields [1, 2]. The benefit of their 

application is undeniable, since crop productivity would decrease drastically without their use. On 

the other hand, there is clear evidence that the widespread use of pesticide substances causes 

irreversible damage to ecosystems and their inhabitants, including humans. Their excessive and 
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incorrect application is one of the reasons for the presence of pesticide residues in various food 

products, which eventually threatens human health. This is especially exacerbated by frequent or 

prolonged consumption of contaminated foods. In this regard, in recent decades, a worldwide 

increase in the incidence of several types of allergies, an increase in the number of various genetic 

defects, and last but not least, a sharp increase in cancer diseases has been observed. This worrying 

trend is largely due to the highly polluted environment, primarily as a result of human activity. One 

of the major pollutants is pesticides [3]. Other factors that pose a potential risk to humans are 

treatment with unauthorized preparations, the use of unregulated imported products, and the 

presence of numerous warehouses with outdated pesticides, which are released into the environment 

under the influence of atmospheric conditions [2]. In addition, the spread of pesticides outside 

agricultural lands can also affect crops grown near the application sites where they are not permitted 

or desired [4] and affect protected natural areas [5, 6], a high number of plants, as well as aquatic 

organisms [7]. Moreover, the irrational use of pesticides causes biodiversity loss and damage to 

ecosystem functions, including their significant impact on aquatic ecosystems [8, 9]. Pesticides also 

cause negative impacts due to their accumulation in the environment, including the aquatic one, 

causing long-term negative effects on ecosystems and people. Once in the biosphere, they are 

included in the cycle of substances in nature, with the main circulation routes being water, air, and 

soil. The intensity of these processes is determined by the conditions of the external environment and 

the chemical nature of the pesticides, with their solubility and volatility being of the most significant 

importance [10]. Water pollution can be defined as the alteration of its characteristics due to the 

addition of anthropogenic pollutants to an extent that it cannot serve human drinking purposes or 

support the survival of biotic communities. This occurs when pollutants are discharged directly or 

indirectly without adequate treatment to remove harmful components [11]. 

Fish occupy high levels in the trophic chain; therefore, they represent an integrated picture of 

the entire ecosystem and can be used as bioindicators for the state of the environment [12].  

In ecotoxicological studies, biomarkers are useful tools used in the monitoring of aquatic 

ecosystems. The inclusion of complex biomarkers at different levels of biological organization is a 

suitable approach to detect biological responses induced by pollutants. Therefore, it is necessary to 

apply them in monitoring studies of polluted ecosystems, providing an ecotoxicological assessment 

necessary for proper environmental management [13]. 

The liver is one of the organs frequently used for investigating complex biomarkers in aquatic 

organisms, including fish. According to Aniladevi et al. [14], assessing the changes in this organ may 

indicate disturbances in the detoxification mechanism of waste products, drugs, heavy metals, and 

organic pollutants, such as pesticides. Exposure to pesticides can cause histopathological, 

histochemical, and biochemical changes in the liver, which are important biomarkers for the 

determination of the pollution degree and effects in aquatic ecosystems [15]. Furthermore, 

conducting experimental studies related to the identification of morphological and biochemical 

changes at the tissue or cellular level can show the state of the studied organ as a result of the action 

of a certain environmental pollutant, and this can also affect the health of the whole organism [16-

19].  

According to Slaninova et al. [20], monitoring a single biomarker is not sufficient to determine 

the impact of pesticides on the fish organism. According to the authors, it is necessary to prepare a 

comprehensive multi-biomarker assessment, including tissue changes and changes in the enzymatic 

activity. Therefore, with the present study, we aimed to investigate the pesticide-induced liver 

damage after exposure to three different pesticides following histopathological, histochemical, and 

biochemical assessment.  

2. Materials and Methods 

The animal study protocol was approved by the Research Ethics Committee at Paisii Hilendarski 

University of Plovdiv, Faculty of Biology (protocol code No. 13/14.05.2025; date of approval: May 14, 

2025).  

2.1. Experimental Fish 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 December 2025 doi:10.20944/preprints202512.0512.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.0512.v1
http://creativecommons.org/licenses/by/4.0/


 3 of 28 

 

The test species of this study was common carp (C. carpio), which is one of the most preferred 

species for industrial breeding, compared to other freshwater fish. Common carp, a prominent 

freshwater species domesticated for more than 8000 years, is one of the most widely farmed fish 

globally due to its adaptability, rapid growth, and high protein content, making it integral to both 

fisheries and aquaculture [21, 22]. Furthermore, common carp is a species that not only has a high 

commercial value worldwide, but is widely used as a bioindicator of toxicity in the freshwater 

environment [23]. 

2.2. Experimental Pesticides 

Pirimiphos-methyl  

Pirimiphos-methyl is an organophosphorus insecticide that is commonly used for the 

prevention and control of insects during the storage of agricultural produce [24]. Residues in crops 

resulting from its excessive application pose a health risk to humans and animals [25]. Pirimiphos-

methyl is also widely used against the malaria mosquito Anopheles sp. , especially in Africa [26, 27]. 

The mechanisms of resistance to pirimiphos-methyl are poorly understood, but organophosphates, 

such as carbamates, block the action of the AChE enzyme by competitive binding to its active site 

[28]. Pirimiphos-methyl is also responsible for the phosphorylation of AChE, which regulates the 

hydrolysis of acetylcholine in the synaptic cleft of the insect nervous system [29]. Like AChE, the 

circulating enzyme BchE, known as pseudocholinesterase, is also a target for phosphorylation and 

inhibition by the insecticide [30]. 

Propamocarb hydrochloride 

Propamocarb hydrochloride was first introduced into the European markets for the control of 

oomycete pathogens in ornamental crops and some vegetables in 1978 [31]. Propamocarb 

hydrochloride is relatively unstable, stable to photodegradation in water, photodegradable in soil 

with a half-life of 35 days, degraded fairly rapidly by microbially-mediated metabolism, resistant to 

anaerobic metabolism, rapidly dissipates under field conditions, and has limited hydrolytic potential 

and bioconcentration in fish [32]. Propamocarb hydrochloride has a systemic activity following 

absorption through leaves, stems, and roots and through transport through the vascular system in 

treated plants [33]. The fungicide has good protective and curative activity against downy mildew 

without phytotoxic effects in fruits and vegetables, such as cucumbers, tomatoes, and potatoes  [34-

36]. It causes mild cytotoxicity to cortical neurons and has moderate effects on intracellular membrane 

potential, glucose consumption, ATP levels, and cytoskeleton [37]. 

2,4-D 

2,4-D is a synthetic auxin herbicide commonly used to control dicotyledonous weeds in cereal 

crops. The herbicide was developed during World War II and introduced to the market in the 1940s 

[38] for the control of broadleaf weeds [39]. Due to its efficacy, selectivity, low cost, and broad 

spectrum of pest control, it has become a widely used herbicide in agricultural and urban areas 

around the world [40]. In 2025, 2,4-D was the most common herbicide ingredient used residentially 

in the U.S. [41]. Moreover, 2,4-D is registered as an ingredient in approximately 1500 agricultural and 

domestic pesticides, either as the sole active ingredient or in combination with others. The compound 

mimics natural plant auxins and promotes division, differentiation, and elongation of plant cells, and 

therefore acts as a growth regulator [38, 42]. However, even at low concentrations, 2,4-D has 

herbicidal effects on dicotyledons due to its ability to induce uncoordinated cell growth, damage to 

vascular tissues and roots, and malformation of leaves and stems [43]. 

2.3. Experimental Exposure 

Juvenile fish used in the present experiment were supplied by the “Institute of Fisheries and 

Aquaculture”, Plovdiv City, Bulgaria, where they are bred and raised under strictly controlled 

conditions. The experimental individuals were of the same size and age group (length: 10 cm ± 2.5 

cm; weight: 22 g ± 1.5 g), without any external pathological changes. Twenty individuals were used 

for each experimental concentration (in 100-L glass tanks), as well as in the control and solvent control 

groups (total n = 160). They were left for 14 days to acclimatize before the experimental exposure 

began in two 100-L tanks, where they were fed on a diet based on their weight. During the 
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experiment, the fish were not fed, and the water was renewed on the second day (48 hours). The 

experiment lasted 96 hours. 

Dechlorinated in advance tap water with different concentrations of pesticides dissolved in it 

was used. Two concentrations were prepared for each pesticide (pirimiphos-methyl – 10 μg/L and 60 

μg/L; propamocarb hydrochloride – 40 μg/L and 80 μg/L; 2,4-D – 50 μg/L and 100 μg/L). As 

previously described, the experimental concentrations were selected based on LC50 values provided 

by the manufacturers—600000 μg/L for pirimiphos-methyl (96 hours, aquatic invertebrates), 80000 

μg/L for propamocarb hydrochloride, and 100000 μg/L for 2,4-D—corresponding to 1/60000 and 

1/10000 (pirimiphos-methyl), and 1/2000 and 1/1000 (propamocarb and 2,4-D) of their respective LC50 

values [18]. A control group and a solvent control group of fish were also used for comparison, in 

which no toxicant was added, but only dechlorinated tap water or solvent (acetone) at low 

concentrations not expected to cause detectable histological or biochemical alterations in the liver. 

All aquariums were equipped with aerator pumps to supply the necessary oxygen. The water 

parameters, such as temperature, pH, dissolved oxygen, and electrical conductivity, were recorded 

every day until the experiment lasted [44]. The fish were then dissected according to the procedure 

described by Rosseland et al. [45], which complied with the requirements for the humane treatment 

of experimental animals as outlined in Directive 2010/63/EU [46].  

2.41. Histopathological Assessment 

The histopathological processing of the materials was carried out according to the standard 

methodology of Romeis [47], which includes fixation of the sample in 10% neutral buffered formalin, 

tissue processing (alcohol dehydration, xylene clearing, paraffin wax infiltration), embedding, 

microtome sectioning (Leica RM 2125 RTS), and hematoxylin and eosin (H&E) staining. The prepared 

slides were evaluated using a Leica DM 2000 microscope and imaging software (LAS V4.13). The 

histopathological changes in the liver were further assessed using the scale described by Bernet et al. 

[48]. The alterations were classified into four groups: circulatory, proliferative, degenerative, and 

inflammation-related changes, with each group encompassing specific changes that affected 

functional units of the organ or the entire organ. In addition, a 5-point scale was used to determine 

the severity of each change according to Saraiva et al. [49], as follows: (0)—no changes in the hepatic 

structure (up to 10% of the organ structure); (1)—very mild changes in the hepatic structure (from 

10% to 20% of the organ structure); (2)—mild degree of changes in the hepatic structure (from 20% to 

30% of the organ structure); (3)—moderate degree of changes in the hepatic structure (from 30% to 

50% of the organ structure); (4)—severe degree of changes in the hepatic structure (from 50% to 80% 

of organ structure); (5)—very severe degree of changes in the hepatic structure (over 80% of the organ 

structure). The pathological degree of each change was also determined using the significance factor 

(W) according to Bernet et al. [48] —W is a constant value and is categorized according to the author 

as follows: (1)—minimal pathological significance, reversible change after cessation of the toxicant; 

(2)—low pathological significance, the lesion is reversible in most cases if the stressor is neutralized; 

(3)—high pathological significance, irreversible changes, leading to partial or complete loss of organ 

function. The indices of histopathological changes are the result of the product of the degree of each 

specific change in the group multiplied by W. The summation of these final values for the organ 

determines the index (I) for the respective group of changes (circulatory IC, degenerative IR, 

proliferative IP, and inflammatory II). The sum of all indices also determines the organ index (IO) for 

pathological change—IO refers to a class, according to Zimmerli et al. [50], as follows: class I (Index ≤ 

10)—normal histological structure with mild pathological changes (reversible); class II (Index 11–

20)—normal histological structure with moderate pathological changes (reversible); class III (Index 

21–30)—moderate degree of change in the histological structure (reversible); class IV (Index 31–40)—

severe degree of change in the histological structure (irreversible); class V (Index > 40)—very severe 

degree of change in the histological structure (irreversible). 

2.5. Histochemical Assessment 

The liver samples from the individuals were processed using a Leica CM 1520 freezing 

microtome (Leica Microsystems, Wetzlar, Germany). 5 μm-thick cryosections were prepared from 
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the material. PAS-reaction analysis (Schiff-Iodic acid) (Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany) according to McManus [51] for polysaccharides (liver glycogen) was performed. The 

histochemical changes in the liver of experimental individuals were presented semi-quantitatively 

according to our modified scale based on Mishra & Mohanty [52], as follows: (0) – negative reaction 

of histochemical staining; (1) – very weak positive histochemical reaction; (2) – weak positive 

histochemical reaction; (3) – moderate positive reaction to histochemical staining; (4) – strong positive 

histochemical reaction in the fish hepatocytes.  

2.6. Biochemical Assessment 

A biochemical evaluation of hepatic ASAT, ALAT, ChE, and LDH activities was conducted. 

Liver samples were rapidly thawed on ice and homogenized in chilled phosphate buffer (50 mM, 300 

mM NaCl, pH 7.4) using a Pyrex Potter–Elvehjem tissue grinder fitted with a PTFE pestle (Thermo 

Fisher Scientific, Waltham, MA, USA). The resulting homogenates were centrifuged at 9000 rpm for 

15 min at 4 °C in a refrigerated centrifuge (MPW, Poland). Determination of the activity of the enzyme 

LDH (LDH FL DGKC, Chema Diagnostica, Via Campania 2/4, 60030 Monsano (AN) - ITALY – UE, 

assay kit) was carried out according to the method of Vassault [53]. Determination of the activity of 

the enzymes ASAT (GOT/AST FL IFCC, Chema Diagnostica, Via Campania 2/4, 60030 Monsano (AN) 

- ITALY – UE, assay kit) and ALAT (GPT/ALT FL IFCC, Chema Diagnostica, Via Campania 2/4, 60030 

Monsano (AN) - ITALY – UE, assay kit) was carried out according to a method developed in parallel 

by Henley & Pollard [54] and Wroblewski & Ladue [55], which was modified and improved by 

Reitman & Frankel [56]. Determination of ChE activity (ChE DGKC FL, Chema Diagnostica, Via 

Campania 2/4, 60030 Monsano (AN) - ITALY – UE, assay kit) was performed according to Burtis & 

Ashwood [57].  

All enzymatic activities were measured spectrophotometrically, using a Beckman Coulter 

Spectrophotometer DU 800 (Beckman Coulter, Inc., Brea, CA, USA) at 25 °C. The total protein content 

of the supernatant for each test was measured according to Bradford [51] with Coomassie Brilliant 

Blue G-250, using bovine serum albumin at an absorbance of 595 nm, and presented as milligrams 

protein per milliliter homogenate. The specific enzyme activity is the number of enzyme units per ml 

divided by the protein concentration in mg/ml. Thus, the activity of the enzymes tested was 

expressed as specific enzyme activity (U/mg protein).  

2.7. Statistical Analysis 

All statistical analyses were performed using treatment groups as the independent factor. Before 

hypothesis testing, each dataset was evaluated for normality using the Shapiro–Wilk test and for 

homogeneity of variances using Levene’s test. When both assumptions of normality and 

homoscedasticity were met, the data were analyzed using a one-way analysis of variance (ANOVA). 

The significant ANOVA results were followed by Tukey’s Honestly Significant Difference (HSD) post 

hoc test to determine pairwise differences among treatments. If either assumption was violated, a 

non-parametric Kruskal–Wallis test was applied. When the Kruskal–Wallis test indicated significant 

differences, Mann–Whitney U tests were used for post hoc pairwise comparisons. A significance level 

of p < 0.05 was used in all analyses. This decision-making framework (parametric vs. non-parametric) 

was consistently applied across all biochemical datasets, including LDH, ASAT, ALAT, and ChE 

activities. All graphs were generated using Python 3.11 with the following scientific libraries: NumPy 

(v1.26) for numerical computation; Pandas (v2.1) for data handling and restructuring; Matplotlib 

(v3.8) for graph production; Statsmodels (v0.14) for ANOVA, Tukey HSD, and other statistical tests. 

All visualizations (bar charts, SD error bars, and compact letter displays) were produced 

programmatically using these packages. 

3. Results 

3.1. Histopathological Assessment 

The study of the changes that occurred in the hepatic cells and liver tissue under the influence 

of the studied pesticides showed that even very low concentrations of pirimiphos-methyl, 

propamocarb hydrochloride, and 2,4-D caused a highly toxic effect.  
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Control group 

The results of the histopathological analysis showed normal morphology of the histological 

structure of the liver in the control group. According to the five-point (0–5) scale for the severity of 

changes, the control liver sections were assigned a value of 0 (Table 1 and Figure 1). The same was 

found for the solvent control, which will not be further discussed, as we did not observe any harm to 

fish liver histology. 

 

Figure 1. Normal morphology of the liver histological structure of common carp from the control group, х400, 

H&E. Histopathological alterations in the liver of common carp after acute exposure to pirimiphos-methyl. 

Upon exposure to pirimiphos-methyl in the liver of the tested fish, changes in the circulatory 

system were detected. They were mainly expressed as hyperemia of the blood vessels of the organ. 

The observed manifestation was similar at both experimental concentrations and was of a medium 

degree (Table 1, Figure 2 F). Intracellular edema was not detected at either experimental 

concentrations. The indices of histopathological changes in the peripheral circulatory system (ILC) for 

both concentrations were 3.  

Degenerative changes in the liver showed an increasing degree of manifestation proportional to 

increasing pesticide concentration (Figure 2 А, B, C, D, E). Granular degeneration was found to be 

very severe at a concentration of 10 μg/L and severe at a concentration of 60 μg/L of pirimiphos-

methyl. The higher degree of degenerative changes in the liver cells was vacuolar degeneration, 

which was observed to be severe at both experimental concentrations. When analyzing the 

histopathological sections, fatty degeneration was also found, which was described as mild at a 

concentration of 10 μg/L and moderate at a concentration of 60 μg/L pirimiphos-methyl (Table 1). 

Changes in hepatocytes associated with necrobiotic processes were also found, and they were 

very mild in both applied pirimiphos-methyl concentrations. The presence of necrosis with typical 

areas of necrotic masses was found only in single areas, which encompassed about 1-4 cells. 

Therefore, the degree of necrosis in hepatocytes was determined to be very mild at the lower 

concentration and mild at the higher concentration of insecticide applied. When comparing the 

indices of degenerative changes (ILR), for the lower concentration of pirimiphos-methyl of 10 μg/L, 

the value was ILR – 20, while at a concentration of 60 μg/L pirimiphos-methyl, the value was 23. This 

clearly shows that the influence of the higher concentration of the pesticide was reflected in a more 

severe degree of degenerative changes in the liver histological structure and therefore had a more 

serious negative effect, which undeniably affects the functioning of the organ. 

Table 1. Histopathological alterations in the liver of common carp after acute (96 hours) exposure to pirimiphos-

methyl. 

Reaction 

pattern 

Organ Alteration Importance 

factor 

Score value 

Control Pirimiphos-

methyl 

10 μg/L 60 μg/L 

Liver Hyperaemia WLC1 = 1 0A 3B 3B 
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Changes in the 

circulatory 

system 

Intracellular 

edema 

WLC2 = 1 0A 0A 0A 

Index for the circulatory system ILC =0 ILC =3 ILC =3 

Degenerative 

changes 

Liver Granular 

degeneration 

WLR1 = 1 0A 5B 4C 

Vacuolar 

degeneration 

WLR2 = 2 0A 4B 4B 

Necrobiosis WLR3 = 2 0A 1B 1B 

Necrosis WLR4 = 3 0A 1B 2C 

Fatty  

degeneration 

WLR5 = 1 0A 2B 3C 

Index for the degenerative changes ILR = 0 ILR=20 ILR=23 

Proliferative 

changes 

Liver Hypertrophy WLP1 = 1 0A 0A 0A 

Index for the proliferative changes ILP = 0 ILP = 0 ILP = 0 

Inflammation Liver Activation of 

RES 

WLI1 = 1 0A 0A 0A 

Lymphocyte  

infiltration 

WLI2 = 2 0A 0A 0A 

Index for the inflammatory processes ILI = 0 ILI = 0 ILI = 0 

Index for the organ  IL = 0 IL = 23 IL = 26 

0 – no changes in the histological structure of the organ; (1) – very mild changes in the histological structure of 

the organ; (2) – mild changes in the histological structure of the organ; (3) – moderate changes in the histological 

structure of the organ; (4) – severe changes in the histological structure of the organ; (5) – very severe changes in 

the histological structure of the organ. Different uppercase letters within the same row indicate statistically 

significant differences between groups based on the Mann–Whitney U test (p < 0.05). 

Proliferative changes were not detected, nor well as disorders associated with lymphocytic 

infiltration and activation of the reticuloendothelial system (indicators of an inflammatory process). 

The index of these changes was respectively with a value ILP=0 (Table 1).  

From the determined histopathological lesions, the liver index (IL) of the treated fish was also 

calculated, as at a concentration of 10 μg/L pirimiphos-methyl, the value was 23, and at a 

concentration of 60 μg/L, it was 26. 

Based on the results obtained and the scale proposed by Zimmerli et al. [50], it was calculated 

that the liver index (IL) falls into class III (index 21-30) for both applied concentrations of pirimiphos-

methyl. This is an indicator that the observed alterations in the liver were of a moderate degree of 

change in the histological structure, and the processes could be reversible. 

Acute exposure to pirimiphos-methyl caused pronounced histopathological alterations in the 

liver of common carp compared to the control and solvent groups. The Kruskal–Wallis test revealed 

significant treatment effects for the majority of degenerative lesions (p < 0.05). Mann–Whitney U tests 

demonstrated that both pesticide concentrations differed significantly from the control, as indicated 

by the distinct letter groupings (A, B, C). Hyperaemia showed a clear elevation in both treatment 

groups, while granular degeneration displayed a dose-dependent response, with the highest score 

observed at 60 μg/L. Similarly, necrosis and fatty degeneration increased significantly with 

concentration, reaching their highest levels in the 60 μg/L group. In contrast, intracellular edema and 

proliferative changes remained absent in all treatments, indicating that these lesion types were not 

triggered by acute pirimiphos-methyl exposure. 

Degenerative changes formed the dominant reaction pattern, with the index for degenerative 

lesions increasing from 0 in the control to 20 and 23 in the treated groups. The overall liver index (IL) 

showed a strong, concentration-dependent increase (0 → 23 → 26), confirming that pirimiphos-

methyl induces substantial and escalating hepatic damage. 
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Figure 1. Histopathological alterations in the liver of common carp after acute (96 hours) exposure to pirimiphos-

methyl (H&E), x400: A, B – granular degeneration (10 μg/L); C – vacuolar degeneration (10 μg/L); D – granular 

degeneration (60 μg/L); E – karyolysis (60 μg/L); F – hyperaemia (60 μg/L). 

Histopathological alterations in the liver of common carp after acute exposure to propamocarb 

hydrochloride 

After exposure to propamocarb hydrochloride, the prepared histopathological sections from 

each treated individual were analyzed similarly to the acute exposure to pirimiphos-methyl. Changes 

in the blood vessels of the liver were observed. Hyperemia was noted in many areas of the organ 

parenchyma at both applied concentrations of the pesticide. According to the histopathological scale, 

this disorder was defined as severe at both propamocarb hydrochloride concentrations, 40 μg/L and 

80 μg/L (Table 2, Figure 3 F). When analyzing the samples, intracellular edema was not detected at 

either experimental concentrations. The calculated index of changes in the circulatory system (ILC) 

was scored as 4 for both pesticide concentrations.  

Table 2. Histopathological alterations in the liver of common carp after acute (96 hours) exposure to 

propamocarb hydrochloride. 

Reaction 

pattern 

Organ Alteration Importance 

factor 

Score value 

Control Propamocarb 

hydrochloride 

40 μg/L 80 μg/L 

Changes in the 

circulatory 

system 

Liver Hyperaemia WLC1 = 1 0A 4B 4B 

Intracellular 

edema 

WLC2 = 1 0A 0A 0A 

Index for the circulatory system ILC =0 ILC =4 ILC =4 

Degenerative 

changes 

Liver Granular 

degeneration 

WLR1 = 1 0A 5B 5B 

Vacuolar 

degeneration 

WLR2 = 2 0A 4B 5C 

Necrobiosis WLR3 = 2 0A 1B 1B 

Necrosis WLR4 = 3 0A 2B 2B 
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Fatty  

degeneration 

WLR5 = 1 0A 2B 4C 

Index for the degenerative changes ILR = 0 ILR=23 ILR=27 

Proliferative 

changes 

Liver Hypertrophy WLP1 = 1 0A 0A 0A 

Index for the proliferative changes ILP = 0 ILP = 0 ILP = 0 

Inflammation Liver Activation of 

RES 

WLI1 = 1 0A 0A 0A 

Lymphocyte  

infiltration 

WLI2 = 2 0A 1B 1B 

Index for the inflammatory processes ILI = 0 ILI = 2 ILI = 2 

Index for the organ  IL = 0 IL = 29 IL = 33 

0 – no changes in the histological structure of the organ; (1) – very mild changes in the histological structure of 

the organ; (2) – mild changes in the histological structure of the organ; (3) – moderate changes in the histological 

structure of the organ; (4) – severe changes in the histological structure of the organ; (5) – very severe changes in 

the histological structure of the organ. Different uppercase letters within the same row indicate statistically 

significant differences between groups based on the Mann–Whitney U test (p < 0.05). 

Along with the circulatory system lesions, degenerative changes in the hepatocytes were also 

observed (Figure 3 A, B, C, D, E). Granular degeneration was found to be very severe at both 

propamocarb hydrochloride concentrations. Vacuole degeneration was severe at the lower 

concentration and very severe at the higher concentration of the pesticide. Necrobiosis was detected 

and reported to be very mild, while necrosis was observed to be mild at both tested concentrations. 

Fatty degeneration was found, but it was mild at a concentration of 40 μg/L and severe at a 

concentration of 80 μg/L of propamocarb hydrochloride. The calculated index of degenerative 

changes in the liver (ILR) was 23 for the concentration of 40 μg/L and 27 for the concentration of 80 

μg/L propamocarb hydrochloride. 

No proliferative changes were detected, and accordingly, the index for these changes (ILP) was 

0. 

From the group of inflammatory processes, lymphocyte infiltration was found to a very mild 

extent at both concentrations, while activation of the reticuloendothelial system was not detected. 

The inflammatory change index (ILI) was the same for both concentrations – 2. 

Exposure to propamocarb hydrochloride also resulted in statistically significant hepatic 

alterations. The Kruskal–Wallis test indicated significant differences among groups for most 

degenerative lesions (p < 0.05). Mann–Whitney U post hoc comparisons showed that both 

concentrations differed significantly from the control and solvent control groups, but in several cases 

the two exposed groups did not differ from each other (shared letter “B”). Hyperaemia increased 

sharply in both treatment groups, and granular degeneration reached the maximum score at both 

experimental concentrations. Vacuolar degeneration and fatty degeneration demonstrated clear 

dose-dependent patterns, with the highest doses showing significantly greater alterations. 

Necrobiosis and necrosis were elevated, but reached similar values at both propamocarb 

hydrochloride concentrations. 

The degenerative index (ILR) increased dramatically from 0 in the controls to 23 and 27 in the 

treated fish. Mild inflammatory responses also appeared at both concentrations (ILI = 2), unlike in 

Table 1. The overall liver index increased from 0 to 29 and 33, confirming that propamocarb 

hydrochloride causes extensive hepatic injury, particularly affecting degenerative pathways. 
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Figure 3. Histopathological alterations in the liver of common carp after acute (96 hours) exposure with 

propamocarb hydrochloride (H&E), x400: A – granular degeneration (40 μg/L); B, C – vacuolar degeneration (40 

μg/L); D – karyolysis (80 μg/L); E – fatty degeneration (80 μg/L); F – hyperaemia (80 μg/L). 

The organ index (IL) of fish treated with propamocarb hydrochloride was 29 at a concentration of 

40 μg/L, and in those treated with a concentration of 80 μg/L, the value was 33 (Table 2). 

From the obtained results and according to the scale proposed by Zimmerli et al. [50], it was 

calculated that the liver index (IL) at a concentration of 40 μg/L falls into class III (index 21-30). Based 

on this, the observed changes in the organ were of a moderate degree of change in the histological 

structure, and the process was reversible. IL at a concentration of 80 μg/L falls into class IV (index 31-

40). Therefore, the changes in the organ were of a severe degree in the histological structure, and the 

processes were already irreversible. The obtained results clearly indicate that the higher 

concentration of propamocarb hydrochloride has a higher degree of hepatotoxicity in the exposed 

fish. 

Histopathological alterations in the liver of common carp after acute exposure to 2,4-D 

Similar to the treatment with pirimiphos-methyl and propamocarb hydrochloride, lesions in the 

circulatory system of the organ were detected during the last herbicide exposure, which were 

expressed in a severe degree of hyperemia at both experimental concentrations, 50 μg/L and 100 μg/L 

(Table 3, Figure 4 A, C, E). Intracellular edema was not detected at either of the experimental 

concentrations. The index of circulatory changes was calculated at both concentrations with a value 

of ILC = 4. 

Degenerative changes in the liver parenchyma were registered (Figure 4 B, D, F). The observed 

granular degeneration in the hepatocytes was reported to be severe at a concentration of 50 μg/L and 

very severe at a concentration of 100 μg/L of 2-4 D. Hepatocyte vacuolar degeneration was also found, 

which was determined to be severe and very severe, respectively, at concentrations of 50 μg/L and 

100 μg/L. Furthermore, fatty degeneration was observed, and at the lower concentration, it was 

determined to be mild. At the higher concentration of the herbicide, this change was detected to be 

very severe. In addition, cells with morphological alterations were also found in the hepatocytes, 

which unquestionably indicated the development of necrobiotic processes associated with 

karyopyknosis, karyorrhexis, and karyolysis. These changes, however, were found in single cells 

from separate areas of the organ parenchyma. Therefore, the degree of manifestation of necrobiosis 

was described as very mild at both applied concentrations. In the histopathological sections, 
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hepatocytes with necrosis development were also observed, with the presence of destroyed cell 

membranes and necrotic masses. Taking into account the involvement of this disorder in the organ 

parenchyma, the degree of manifestation (necrosis) was determined as mild. Based on the 

degenerative changes found, the index (ILR) was calculated for the concentration of 50 μg/L was 22, 

while for the concentration of 100 μg/L, it was 28. 

Table 3. Histopathological alterations in the liver of common carp after acute (96 hours) exposure to 2, 4-D. 

Reaction 

pattern 

Organ Alteration Importance 

factor 

Score value 

Control 2, 4-D  

50 μg/L 100 

μg/L 

Changes in the 

circulatory 

system 

Liver Hyperaemia WLC1 = 1 0A 4B 4B 

Intracellular 

edema 

WLC2 = 1 0A 0A 0A 

Index for the circulatory system ILC =0 ILC =4 ILC =4 

Degenerative 

changes 

Liver Granular 

degeneration 

WLR1 = 1 0A 4B 5C 

Vacuolar 

degeneration 

WLR2 = 2 0A 4B 5C 

Necrobiosis WLR3 = 2 0A 1B 1B 

Necrosis WLR4 = 3 0A 2B 2B 

Fatty  

degeneration 

WLR5 = 1 0A 2B 5C 

Index for the degenerative changes ILR = 0 ILR=22 ILR=28 

Proliferative 

changes 

Liver Hypertrophy WLP1 = 1 0A 0A 0A 

Index for the proliferative changes ILP = 0 ILP = 0 ILP = 0 

Inflammation Liver Activation of 

RES 

WLI1 = 1 0A 0A 0A 

Lymphocyte  

infiltration 

WLI2 = 2 0A 1B 1B 

Index for the inflammatory processes ILI = 0 ILI = 2 ILI = 2 

Index for the organ  IL = 0 IL = 28 IL = 34 

0 – no changes in the histological structure of the organ; (1) – very mild changes in the histological structure of 

the organ; (2) – mild changes in the histological structure of the organ; (3) – moderate changes in the histological 

structure of the organ; (4) – severe changes in the histological structure of the organ; (5) – very severe changes in 

the histological structure of the organ. Different uppercase letters within the same row indicate statistically 

significant differences between groups based on the Mann–Whitney U test (p < 0.05). 

No proliferative changes (ILP) were detected, and accordingly, the index for these changes was 

0. 

From the group of inflammatory processes, lymphocytic infiltration was found to a very mild 

extent at both 2,4-D concentrations, while activation of the reticuloendothelial system was not 

reported. The inflammatory change index (ILI) at both concentrations was 2. 

Based on the results obtained, the index of the analyzed organ (IL) of the fish treated with 2,4-D 

at a concentration of 50 μg/L was calculated to be 28, and those treated with a concentration of 100 

μg/L had a value of 34 (Table 3). 

The herbicide 2,4-D induced significant dose-dependent liver damage in common carp. The 

Kruskal–Wallis test detected significant differences among treatments for nearly all degenerative 

lesions (p < 0.05). Mann–Whitney U tests showed clear separation between the controls and both 

exposed groups (A vs. B/C), with the high concentration consistently showing the most severe 

alterations (C). Hyperaemia was markedly elevated in both treatments. Granular and vacuolar 

degeneration reached high values in the 100 μg/L group (5C), indicating substantial hepatocellular 
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impairment. Fatty degeneration showed a particularly strong dose-dependent pattern, increasing 

from 2B to 5C across concentrations. Necrobiosis and necrosis also increased significantly relative to 

controls, though differences between the two exposed groups were not evident for these lesions. 

The degenerative index rose sharply from 0 in the control to 22 and 28 in the treated fish. 

Inflammatory changes were present in both treatments (ILI = 2). The overall liver index increased 

progressively (0 → 28 → 34), representing the strongest hepatic impact among the three experimental 

pesticides. These results indicate that 2,4-D exerted potent and concentration-dependent hepatotoxic 

effects. 

From the obtained results and according to the scale proposed by Zimmerli et al. [50], it was 

calculated that the liver index (IL) at a concentration of 50 μg/L falls into class III (index 21-30), which 

indicates that the observed changes in the organ were of a moderate degree and the processes were 

still considered as reversible. IL at a concentration of 100 μg/L falls into class IV (index 31-40), which 

means that the organ had a severe degree of alterations in the histopathological structure, and the 

processes were irreversible. The results clearly showed that the higher concentration of 2,4-D triggers 

a higher degree of hepatotoxicity in common carp. 

 

Figure 4. Histopathological alterations in liver of common carp after acute (96 hours) exposure to 2,4-D (H&E), 

x400: A – hyperaemia (50 μg/L); B – vacuolar degeneration (50 μg/L); C – hyperaemia (50 μg/L); D – fatty 

degeneration (100 μg/L); E – hyperaemia (100 μg/L); F – vacuolar degeneration (100 μg/L). 

After summarizing the data based on the observed hepatic alterations according to the four 

categories, the degree of toxicity of the tested pesticides on fish can be summarized in the following 

descending order: for degenerative changes: propamocarb hydrochloride = 2,4-D > pirimiphos-

methyl; for changes in the circulatory system: propamocarb hydrochloride = 2,4-D > pirimiphos-

methyl; for inflammation: propamocarb hydrochloride = 2,4-D > pirimiphos-methyl. Since 

proliferative changes in the liver were not found, a comparison between the three pesticides 

according to this criterion could not be made. However, a general tendency of equalization of the 

indices of changes of propamocarb hydrochloride and 2,4-D was observed, while in pirimiphos-

methyl, they were less pronounced. 

3.2. Histochemical Assessment 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 December 2025 doi:10.20944/preprints202512.0512.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.0512.v1
http://creativecommons.org/licenses/by/4.0/


 13 of 28 

 

The histochemical analysis showed a negative impact of the pesticides applied on the structure 

of the liver of experimental fish. The intensity of the PAS-reaction in the liver of common carp differed 

significantly among treatments (Kruskal–Wallis test, H = 32.25, p < 0.001; Table 4). The control groups 

showed the weakest histochemical reaction, with PAS scores significantly lower than those of all 

pesticide-exposed groups (Mann–Whitney U test, p < 0.05). Moderate increases in PAS-positivity 

were observed in fish exposed to pirimiphos-methyl (10 and 60 μg/L), propamocarb hydrochloride 

(40 and 80 μg/L), and 2,4-D (50 μg/L). The strongest PAS-reaction was recorded in fish exposed to 

100 μg/L 2,4-D (3.80 ± 1.10), which differed significantly not only from the controls, but also from the 

60 μg/L pirimiphos-methyl treatment (p < 0.05). Overall, the results indicated a concentration-

dependent enhancement of PAS-reactivity in response to all three pesticides. 

Table 4. Mean ± SD of PAS-reaction intensity in the liver of common carp after acute (96 hours) exposure to 

pirimiphos-methyl, propamocarb hydrochloride, and 2,4-D. 

Experimental   

pesticide 
Controls 

Pirimiphos-methyl 
Propamocarb 

hydrochloride 
2, 4-D  

Concentration 

μg/L 
10 μg/L  60 μg/L 40 μg/L 80 μg/L 50 μg/L 100 μg/L 

Intensity of 

PAS-reaction in 

Common carp 

liver 

0.79± 

0.43A 

2.60± 0.55B, 

C 
1.80± 0.84B 

2.40± 0.89B, 

C 
3.00± 0.71B, C 

3.00± 0.71B, 

C 

3.80± 1.10B, 

C 

Scores represent histochemical PAS-reaction intensity (0 = negative; 1 = very weak; 2 = weak; 3 = moderate; 4 = 

strong). A, B,C Different superscript letters indicate statistically significant differences among treatments (Mann–

Whitney U test, p < 0.05). 

Histochemical alterations in the liver of common carp after acute exposure to pirimiphos-

methyl 

At a concentration of 10 μg/L pirimiphos-methyl, a moderate increase in glycogen levels was 

observed compared to the controls, indicating reduced glycogenolysis or increased glycogen 

synthesis. At a concentration of 60 μg/L pirimiphos-methyl, a slight increase in the glycogen levels 

compared to the controls was observed, but a decrease compared to the previous, lower concentration 

of the applied pesticide (Table 4, Figure 5).  

 

Figure 5. Intensity of the PAS-reaction in the liver of common carp after acute (96 hours) exposure to pirimiphos-

methyl: А – control, x400; B, C – 10 μg/L, x400; D, E, F – 60 μg/L, x400. 
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Histochemical alterations in the liver of common carp after acute exposure to propamocarb 

hydrochloride 

The fungicide propamocarb hydrochloride showed a moderate increase in the amount of 

glycogen compared to the controls, in a similar manner at both experimental concentrations (Table 4, 

Figure 6) to propamocarb hydrochloride: А – control, x400; B, C –40 μg/L, x400; D, E, F –80 μg/L, 

x400.  

 

Figure 6. Intensity of the PAS-reaction in the liver of common carp after acute (96 hours) exposure. 

Histochemical alterations in the liver of common carp after exposure to 2,4-D  

The herbicide 2,4-D also showed a moderate accumulation of glycogen compared to the control 

group, at both experimental exposures (Table 4, Figure 7). 

 

Figure 7. Intensity of the PAS-reaction in the liver of common carp after acute (96 hours) exposure to 2,4-D: А – 

control, x400; B, C –50 μg/L, x400; D, E, F –100 μg/L, x400. 

The toxicity of the experimental pesticides can be summarized in the following descending 

order: propamocarb hydrochloride = 2,4-D > pirimiphos-methyl. Overall, the results on glycogen 
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accumulation in the liver showed a similar degree of manifestation after exposure to propamocarb 

hydrochloride and 2,4-D, while after treatment with pirimiphos-methyl, the changes were expressed 

to a lesser extent.  

3.3. Biochemical Assessment 

In a similar manner to the histopathological and histochemical lesions in the liver, we also 

determined changes at the cellular level. The biochemical alterations in the liver of common carp after 

acute exposure to the tested pesticides are presented below.  

Lactate dehydrogenase (LDH) 

The LDH activity showed a significant overall treatment effect (one-way ANOVA: F₆,₁₄ = 28.98, 

p < 0.001). The control group exhibited the highest LDH activity, which was significantly greater than 

all pesticide-exposed groups (Tukey HSD, p < 0.05). Among the treatments, the exposure to 50 μg/L 

2,4-D resulted in moderately elevated LDH activity compared to 60 μg/L pirimiphos-methyl, 40 μg/L 

propamocarb hydrochloride, and 80 μg/L propamocarb hydrochloride (p < 0.05), but it did not differ 

significantly from 10 μg/L pirimiphos-methyl or 100 μg/L 2,4-D. All pesticide treatments showed 

markedly reduced LDH activity relative to the controls, indicating a general suppression of LDH in 

response to pirimiphos-methyl, propamocarb hydrochloride, and 2,4-D exposures, with a partial 

increase at the 50 μg/L 2,4-D concentration. (Figure 8).  

 

Figure 8. LDH activity (U/mg protein) in the liver of common carp after acute (96 hours) pesticide exposure. 

Treatments: control (no pesticide), PM10 = 10 μg/L pirimiphos-methyl, PM60 = 60 μg/L pirimiphos-methyl, PH40 

= 40 μg/L propamocarb hydrochloride, PH80 = 80 μg/L propamocarb hydrochloride, D50 = 50 μg/L 2,4-D, D100 

= 100 μg/L 2,4-D. 

Values are mean ± SD. Different letters above the bars indicate significant differences among treatments (Tukey 

HSD, p < 0.05). 

Aspartate aminotransferase (ASAT) and Alanine aminotransferase (ALAT) 

Aspartate aminotransferase (ASAT) activity showed a strong overall treatment effect (one-way 

ANOVA: F₆,₁₄ = 66.85, p < 0.001). The control groups exhibited markedly higher ASAT activity 

compared with all pesticide-exposed treatments (Tukey HSD, p < 0.05). In contrast, none of the 

pesticide concentrations—10 μg/L pirimiphos-methyl, 60 μg/L pirimiphos-methyl, 40 μg/L 

propamocarb hydrochloride, 80 μg/L propamocarb hydrochloride, 50 μg/L 2,4-D, or 100 μg/L 2,4-

D—differed significantly from each other. All exposed groups displayed uniformly reduced ASAT 

activity relative to the control, indicating a consistent suppressive effect of pirimiphos-methyl, 

propamocarb hydrochloride, and 2,4-D on aminotransferase activity in the common carp hepatic 

tissue (Figure 9). 
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Figure 9. ASAT activity (U/mg protein) in the liver of common carp after acute (96 hours) pesticide exposure. 

Treatments: control (no pesticide), PM10 = 10 μg/L pirimiphos-methyl, PM60 = 60 μg/L pirimiphos-methyl, PH40 

= 40 μg/L propamocarb hydrochloride, PH80 = 80 μg/L propamocarb hydrochloride, D50 = 50 μg/L 2,4-D, D100 

= 100 μg/L 2,4-D. Values are mean ± SD. Different letters above the bars indicate significant differences among 

treatments (Tukey HSD, p < 0.05). 

Alanine aminotransferase (ALAT) activity differed significantly among treatments (one-way 

ANOVA: F₆,₁₄ = 17.77, p < 0.001). The control groups showed the highest ALAT activity, which was 

significantly greater than the activity measured in fish exposed to 10 μg/L pirimiphos-methyl, 60 μg/L 

pirimiphos-methyl, 40 μg/L propamocarb hydrochloride, 50 μg/L 2,4-D, 100 μg/L 2,4-D, and 80 μg/L 

propamocarb hydrochloride (Tukey HSD, p < 0.05). Among the treatments, the lowest activity was 

detected in the 50 μg/L 2,4-D group, which differed significantly from 40 μg/L propamocarb 

hydrochloride, 60 μg/L pirimiphos-methyl, 80 μg/L propamocarb hydrochloride, and 100 μg/L 2,4-

D. Several treatments—including 60 μg/L pirimiphos-methyl, 40 μg/L propamocarb hydrochloride, 

and 100 μg/L 2,4-D—formed a homogeneous subset, indicating comparable ALAT suppression. 

Overall, pesticide exposure resulted in a marked reduction of ALAT activity relative to the control, 

with the strongest inhibition occurring under 50 μg/L 2,4-D (Figure 10). 

 

Figure 10. ALAT activity (U/mg protein) in the liver of common carp after acute (96 hours) pesticide exposure. 

Treatments: control (no pesticide), PM10 = 10 μg/L pirimiphos-methyl, PM60 = 60 μg/L pirimiphos-methyl, PH40 

= 40 μg/L propamocarb hydrochloride, PH80 = 80 μg/L propamocarb hydrochloride, D50 = 50 μg/L 2,4-D, D100 
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= 100 μg/L 2,4-D. Values are mean ± SD (n = 3). Different letters above bars indicate significant differences among 

treatments (Tukey HSD, p < 0.05). 

Cholinesterase (ChE) 

Cholinesterase (ChE) activity also differed markedly among treatments (one-way ANOVA: F₆,₁₄ 

= 198.26, p < 0.001). The highest activity was observed in the control groups, which was significantly 

greater than in all pesticide-exposed fish (Tukey HSD, p < 0.05). Among the exposed groups, тхе fish 

treated with 10 μg/L pirimiphos-methyl exhibited the second-highest ChE activity, followed by 40 

μg/L propamocarb hydrochloride and 50 μg/L 2,4-D. In contrast, the lowest ChE activities were 

recorded in the 100 μg/L 2,4-D, 80 μg/L propamocarb hydrochloride, and 60 μg/L pirimiphos-methyl 

groups, which did not differ significantly from each other but were significantly lower than all other 

treatments. These results demonstrated a strong dose-dependent suppression of ChE activity across 

all three pesticides, with the greatest inhibition occurring at the higher concentrations of 2,4-D, 

propamocarb hydrochloride, and pirimiphos-methyl (Figure 11). 

 

Figure 11. Cholinesterase (ChE) activity (U/mg protein) in the liver of common carp after acute ( 96 hours) 

pesticide exposure. Treatments: control (no pesticide), PM10 = 10 μg/L pirimiphos-methyl, PM60 = 60 μg/L 

pirimiphos-methyl, PH40 = 40 μg/L propamocarb hydrochloride, PH80 = 80 μg/L propamocarb hydrochloride, 

D50 = 50 μg/L 2,4-D, D100 = 100 μg/L 2,4-D. Values are mean ± SD. Different letters indicate significant differences 

among treatments (Tukey HSD, p < 0.05). 

4. Discussion 

4.1. Histopathological Alterations in the Liver of Common Carp After Acute Exposure to the Experimental 

Pesticides 

The liver of fish and other vertebrates is the main detoxifying organ, and the effects of its 

constant exposure to pollutants, including pesticides, can be evident at the cellular and tissue level 

[58]. 

The results obtained from the present study did not show proliferative changes in the liver tissue 

after exposure to the tested concentrations of the three pesticides. This can be explained by the fact 

that proliferative changes are a compensatory-restorative response of the organism to the 

experimental toxicants. In general, they develop due to increased functional activity and can also 

contribute to organ damage. The high toxicity of pesticides, however, most likely did not provide the 

fish liver with the opportunity for such a response in our case. Moreover, the pesticide toxicity was 

mainly expressed in a high degree of degenerative changes. 

When comparing the indices of degenerative changes in the liver, the highest degree of 

manifestation of the changes was found upon exposure to the test fungicide propamocarb 

hydrochloride. The lowest degree of degenerative disorders in the liver was observed upon exposure 
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to the insecticide pirimiphos-methyl. Unlike the changes in the gills and kidneys in our previous 

study with the same experimental concentrations and pesticides [18, 19, 59], in which proliferative 

changes were significantly more pronounced than degenerative changes, the changes in the liver 

tissue were absolutely opposite – a lack of proliferative changes and relatively high degrees of 

manifestation of degenerative changes. This can be explained by the fact that the toxic compounds 

that enter the fish's body are directed to processes of neutralization of their action in the liver, where 

significant regressive changes in the tissue are induced. It should be emphasized that the observed 

changes in hepatocytes are the result of the action of pesticides in a short-term exposure of 96 hours. 

With chronic exposure, we could assume that the degenerative changes would be even higher, more 

serious, and even lethal for the fish.  

Compared with the findings of Mohammod Mostakim et al. [60], who reported severe vascular 

rupture, hemorrhage, hypertrophy, and extensive necrosis in fish exposed to quinalphos, the 

pesticides in the present study primarily induced degenerative and circulatory changes without 

vessel rupture, hemorrhage, or hypertrophic responses, and necrosis remained mild and localized. 

Overall, the hepatic damage observed here was less structurally destructive and largely reversible 

compared to the more advanced and progressive lesions described for quinalphos. 

The observed circulatory changes in the liver with the three applied pesticides were of similar 

degrees of manifestation, mostly moderate and severe. Lesions related to inflammatory processes, 

which are expressed in lymphocyte infiltration, were observed with exposures to propamocarb 

hydrochloride and 2,4-D, while with pirimiphos-methyl, they were absent. We presume that the 

tested pesticide exposure causes serious disorders in the vascular system of the organ, an effusion of 

lymphocytes, which is in response to the deviations in ion exchange that probably have occurred. 

Oxidative stress has probably also developed. In a similar manner, serious disorders in the circulatory 

system were found in the gills under the action of the tested pesticides [18, 19, 59]. This is an indicator 

of the pronounced toxic effect of pesticides on the condition of the vessels, not only in the gills, but 

also in the liver, in the current study. 

Similar to our results, Nagaraju & Rathnamma [61] found cytoplasmic degeneration, atrophy, 

necrosis, vacuolation, blood vessel rupture, and hepatocyte wall loss in hepatocytes exposed to 

novaluron. We support the idea of Babatunde et al. [62], who  reported that increased vacuolization 

could be attributed to abnormal lipid accumulation in the liver, while liver cell necrosis could be due 

to the inability of fish to regenerate new liver cells as a result of continuous pesticide exposure. 

In comparison with the hepatic alterations described for oxadiargyl and pendimethalin [63]—

where fish exhibited marked necrosis, fibrosis, hemorrhage, bile duct hyperplasia, 

melanomacrophage proliferation, and pronounced inflammatory and fibrotic encapsulation—the 

lesions observed in the present study were limited mainly to degenerative and circulatory 

disturbances, with no evidence of fibrosis, hemorrhage, or strong inflammatory activation. Thus, the 

liver damage caused by the experimental pesticides appeared less advanced and did not progress 

towards the structural remodeling reported for oxadiargyl and pendimethalin. 

In contrast to the findings in Clarias gariepinus exposed to 2,4-D-amine, which reported advanced 

hepatitis accompanied by marked macrophage and lymphocyte infiltration, the present results 

revealed only very mild inflammatory involvement, with degenerative lesions predominating. Thus, 

the inflammatory response in our case was far less pronounced and did not progress to the hepatitic 

condition described for 2,4-D-amine exposure [64].  

Relative to the strong inflammatory reactions documented in fish exposed to PCBs, PAHs, 

polluted effluents, and cadmium, where liver tissue often shows clear infiltration by granulocytes 

and other immune cells [65-70], our present findings indicate only a subtle inflammatory presence. 

The hepatic alterations, which we observed here, were mainly degenerative, suggesting that the 

pesticides can elicit a far milder immune response than those reported for some other contaminants 

[71].  

Similar to our results, after exposure to glyphosate, the liver of common carp had slightly 

vacuolated cells, showing evidence of fatty degeneration. Necrosis was observed in some parts of the 

liver tissues, probably as a result of the excessive work required by the fish to eliminate the toxic 

substance from their bodies during the detoxification process. The inability of the organ to regenerate 
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new liver cells may also have led to necrosis [72]. Alterations, such as hepatocyte hypertrophy, 

necrosis, hemorrhage, and vacuolization, were found in the liver of C. gariepinus treated with 

diazinon. We agree with [73] that the presence of fatty vacuoles in the liver of the exposed fish is 

evidence of fatty degeneration. In our case, the necrosis that occurred in the fish liver may be related 

to the excessive work of detoxifying the pesticides from the body, similarly to the findings reported 

by [74]. In addition, liver histomorphology in common carp, but after exposure to two sublethal 

concentrations of glyphosate, showed hepatocytes with mild vacuolization, leukocyte infiltration, 

fatty degeneration, nuclear degeneration, and vasodilation. In a similar manner, the histopathological 

observations revealed that the changes in liver structure were time and concentration-dependent, i.e., 

the severity of the aberrations increased with increasing concentrations as well as with exposure time 

[75].  

In comparison to the study on fipronil-treated common carp, which reported extensive bile duct 

disruption, hepatocyte necrosis, karyorrhexis, karyolysis, vascular abnormalities, and cytoplasmic 

shrinkage [76], the present study observed primarily degenerative and circulatory changes without 

bile duct damage or widespread necrosis. This indicates that the hepatic lesions caused by the 

pesticides that we tested were less severe and structurally disruptive than those induced by fipronil. 

4.2. Histochemical Alterations in the liver of Common Carp After Acute Exposure to the Experimental 

Pesticides 

Glycogen plays a central role as the main energy reserve for animals, and its levels in the liver 

can serve as an important indicator of fish health. Our opinion is in line with previous studies 

showing that the rate of glycogen synthesis is regulated by the relative activities of glycogen synthase 

(GSase) and glycogen phosphorylase (GPase), with GPase catalyzing the rate-limiting step of 

glycogenolysis and exerting control over glycogenesis [77]. Similar to earlier observations, we also 

agree that carbohydrates are typically the first energy source mobilized to meet the demands of 

various metabolic processes, particularly under toxic stress or when tissue glycogen is depleted. On 

the other hand, stress triggers the release of adrenal hormones via activation of the sympathetic 

nervous system, which leads to increased secretion of catecholamines, glucagon, and growth 

hormone, further stimulating gluconeogenesis and glycogenolysis [78-84]. We believe that in the 

initial phases of toxicity, carbohydrates are preferentially used to cope with stress, whereas in later 

stages, lipids and proteins become the primary energy sources. In our opinion, pesticide-induced 

stress results from alterations in the hormones of the Hypothalamic-Pituitary-Adrenal (HPA) Axis, 

autonomic nervous system activation, cytokine signaling, and immune-neuroendocrine interactions, 

all of which favor hyperglycemia. 

Furthermore, oxidative stress caused by pollutants, such as pesticides, can damage organs, 

including the liver, leading to disturbances in carbohydrate, lipid, and protein metabolism. 

Mitochondrial damage may further impair the activity of respiratory chains and Krebs cycle 

enzymes, deplete adenosine triphosphate (ATP), and promote anaerobic metabolism over aerobic 

pyruvate oxidation [85]. Similar to the findings in other studies, we also agree that hyperglycemia is 

one of the most common metabolic signs of pesticide toxicity [86-89]. Chronic exposure to low levels 

of organophosphorus and organochlorine pesticides has been reported to exert deleterious effects on 

carbohydrate metabolism [90]. Тhat is why we also recommend that, in addition to metabolic liver 

enzymes, such experimental setups also include analyses of antioxidant enzyme activities, reactive 

oxygen species, and lipid peroxidation. 

Our observations are consistent with the notion that organs involved in carbohydrate, lipid, and 

protein metabolism, particularly the liver, can be affected by pesticides through alterations in 

glycolysis, gluconeogenesis, and glycogenolysis [91]. On the other hand, we think that pesticides may 

influence systemic metabolism by modulating neuronal stimulation and hormonal secretion, thereby 

affecting the energy balance of the entire organism. Interestingly, we also note that reduction of 

glycogen or lipids may occur directly as a result of intoxication or secondarily due to compromised 

body condition from stress, exhaustion, or co-morbidity. Contrary to what might be expected, 

pesticide exposure can sometimes lead to paradoxical accumulation of fat or glycogen in the liver 

[92]. The significant increase in glycogen content in the liver may be due to the increased energy 
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requirement, as suggested by Tendulkar and Kulkarni [93]. On the other hand, the decrease in 

glycogen in various tissues may be due to stress, leading to the breakdown of tissue glycogen [94] to 

meet the energy demand caused by toxic stress due to pesticide exposure. As explained by Tendulkar 

and Kulkarni [93], the decrease in glycogen content indicates its greater use for metabolic purposes 

and stress management. We assume that the higher toxicity is the reason for the lower glycogen 

accumulation at a concentration of 60 μg/L pirimiphos-methyl, compared to the other pesticide 

concentrations used.  

Our opinion is also in line with Ayoola [95], who considers that the changes associated with 

changes in the amount of glycogen (and lipids) in the liver of experimental individuals can generally 

be attributed to changes in glycolysis processes, which in turn depend on the applied concentrations 

of the toxicant, the duration of action, or its chemical nature. Moreover, our findings on glycogen 

accumulation in the liver of common carp are in line with previous reports showing pesticide-

induced alterations in carbohydrate metabolism. Similar to the study on Marcia opima, where acute 

and chronic exposure to cypermethrin led to a significant increase in glycogen content in the 

hepatopancreas [93], we also observed enhanced glycogen deposition following exposure to 

pirimiphos-methyl, propamocarb hydrochloride, and 2,4-D. On the other hand, contrary to studies 

with fenitrothion and carbofuran, where hepatic glycogen levels decreased through activation of 

glycogen phosphorylase [96], the pesticides in our study induced accumulation rather than depletion 

of glycogen. Our results also resonate with observations from acephate exposure, where increased 

glycogen content was accompanied by upregulation of gluconeogenic enzymes, including glucose-

6-phosphatase and tyrosine aminotransferase [97], suggesting that enhanced glycogen deposition 

may reflect an adaptive metabolic response to detoxification stress. 

4.3. Biochemical Alterations in the Liver of Common Carp After Exposure to the Experimental Pesticides 

Enzymes play an important role due to their specificity and rapid response to environmental 

changes. Their use as biomarkers of environmental status is based on a change in their catalytic 

activity induced by toxicants [98]. Studies on biochemical changes in fish allow the determination of 

the dose-response relationship, the threshold limit value, and the reversible and irreversible nature 

of the effect of the pollutant in the aquatic ecosystem. In addition, biochemical indicators of toxicity 

obtained after a relatively short exposure time can be useful in predicting the appropriate threshold 

concentration for the development of chronic effects [99]. Most pesticides exert their harmful effects 

by disrupting the redox system, directly related to the production of energy for cells [100]. 

ASAT is found in high concentrations in the liver of fish, but ALAT is considered to be an 

enzyme that is more specific for this organ [101]. According to El-Shehawi et al. [102], 

aminotransferases are widely used for the diagnosis of the damage that toxins cause to the liver in 

fish, as well as to other organs, such as gills and muscles. According to El-Shehawi et al. [103] in 

ecotoxicological studies, the increase or decrease in the levels of ALAT and ASAT in the blood and 

other studied tissues of fish can be used as a good indicator of water pollution. A number of authors 

have monitored the activity of aminotransferases in different organs of Cyprinid fish under the 

influence of various toxic compounds. Our results are in accordance with those of Rao [104], who 

reported that the decrease in the activity of aminotransferases in the liver of O. mossambicus under 

the influence of organophosphorus pesticides may be due to liver damage, which is also supported 

by the high degrees of degeneration in our study. In addition, Malarvizhi et al. [105] found a decrease 

in the activity of ASAT and ALAT in the liver of common carp upon exposure to carbamazepine. 

According to Tripathi & Shasmal [106], a decrease in the specific activity of metabolic enzymes upon 

exposure to organophosphorus and pyrethroid pesticides indicates the direct impact of these 

toxicants on the enzyme activity. We also agree with Abhijith et al. [107] that the detoxification 

mechanism may not be effective enough to prevent the toxicity and effect of the pollutant on the 

organism. 

Cholinesterases (ChE) are a family of enzymes that catalyze the hydrolysis of acetylcholine (Ach) 

to choline and acetic acid, a fundamental process that allows the regeneration of cholinergic neurons. 

Cholinesterases are divided into two groups: acetylcholinesterase (AChE) and butyrylcholinesterase 

(BuChE). AChE is involved in cholinergic neurotransmission by hydrolyzing acetylcholine. It is 
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expressed in nerve and blood cells. BuChE is known as plasma cholinesterase or 

pseudocholinesterase [108]. ChE is also present in the liver and participates in the detoxification 

process. According to Payne et al. [109], cholinesterase inhibition has been used as an ecological 

biomarker to demonstrate the contamination of aquatic ecosystems with organophosphorus 

compounds. ChE activity in fish is strongly influenced not only by organophosphorus and carbamate 

pesticides, but also by various other classes, as we confirmed in our study. Although organochlorine, 

pyrethroid, and neonicotinoid insecticides have different target molecules [110], ChE inhibition by 

these compounds in fish has also been described [111-114]. BuChE is a less selective enzyme than 

AChE, i.e., it has a broader substrate specificity, hydrolyzing the synthetic substrate butyrylcholine 

as well as acetylcholine at a relatively low rate [115, 116]. BuChE is thought to act on cell adhesion 

and as a xenobiotic scavenger, potentially protecting AChE from anticholinesterase agents [117]. 

Following exposure to chlorpyrifos, the increasing inhibition of ChE over time is due to the 

irreversible binding of organophosphorus pesticides to ChE [118]. Similar time-dependent actions 

have been observed previously in fish [119]. This is confirmed in the results of the present study, with 

specific enzyme activity decreasing in direct proportion to increasing the concentration of the applied 

pesticide. 

LDH, an important glycolytic enzyme that is contained in the cytoplasm of cells and is involved 

in maintaining the balance in carbohydrate metabolism. Any change in the metabolism of organisms 

as a result of toxic stress harms the activity of LDH [120]. LDH is involved in carbohydrate 

metabolism, but also serves as a significant indicator of environmental chemical pollution. The study 

of LDH activity can provide useful information about cellular metabolism in organisms that are 

exposed to stress factors [121]. As Yousafzai & Shakoori [122] pointed out, changes in LDH activity 

signal changes in cellular energy metabolism as a result of water pollution. For example, the altered 

LDH activity can serve as an enzymatic biomarker for the diagnosis of various disorders in tissues of 

many vertebrate organisms, which is often a result of oxygen depletion. According to Tripathi & 

Shasmal [106], a decrease in LDH activity in the liver of Heteropneustes fossilis exposed to chlorpyrifos 

may be due to the binding of the pesticides or their metabolites to the enzyme molecule. In the present 

study, an overall decrease in LDH activity was found. We believe, like the authors, that this is a result 

of chemically induced stress and a most likely increased amount of free radicals. Furthermore, this 

leads to intensive processes of gluconeogenesis and glycogen accumulation, which is also proven by 

the histochemical analysis using the PAS reaction method. Along with the processes of 

gluconeogenesis, an enhanced process of glycolysis probably also occurred, which in turn led to the 

accumulation of pyruvate, from there Acetyl CoA and as a result to hyperlipidemia. The stronger 

inhibition of the enzyme may also be associated with the higher degree of fatty degeneration 

established by the histopathological and histochemical analysis, which again shows intensive 

processes of glycolysis and hyperlipidemia. Similar to us, Abhijith et al. [107] found a decrease in 

LDH activity in the liver, as they examined the activity of the enzyme in the gills of Catla catla under 

exposure to methylparathion. The results showed a higher degree of glycolysis under pesticide stress. 

According to the same authors, pesticides can inhibit aerobic and anaerobic metabolism of fish, which 

leads to a decrease in LDH activity. It is likely that the pesticides used by us have similar mechanisms 

of action.  

5. Conclusions 

In summary, we can conclude that all three applied pesticides, the insecticide pirimiphos-

methyl, the fungicide propamocalb hydrochloride, and the herbicide 2,4-D, each tested in two 

experimental concentrations, which were times lower than the LC50, negatively affected the hepatic 

structure of common carp. Along with this, compensatory-adaptive mechanisms were activated in 

the body, which affects the functionality of the carp organs and inevitably leads to a deterioration in 

the health of the whole organism. There was a tendency towards increased morphological lesions 

and the degree of their expression in direct proportion to the increasing concentrations of the applied 

pesticides. Moreover, the results of the histochemical study showed that all tested concentrations of 

different classes of pesticides caused a change in the carbohydrate profile of the exposed species. The 

results of the present study further showed that key metabolic hepatic enzymes exhibited reduced 
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specific activity, providing further evidence of the toxic effects of the tested pesticides on the liver of 

common carp. The identification of histopathological, histochemical, and biochemical biomarkers in 

common carp could be used to determine maximum permissible concentrations of pesticides in biota, 

as well as for the Water Framework Directive and ecological biomonitoring, applying an assessment 

model based on correlation dependencies between the tested biomarkers. 
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