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ABSTRACT 16 

This study evaluated dinotefuran (DTF)-induced neurotoxicity and the potential protective 17 

effects of aloe-emodin (Al-EMD) in the brain tissue of rainbow trout (Oncorhynchus mykiss). 18 

The 96-h LC50 values were 154.89 mg/L for DTF and 3.16 mg/L for Al-EMD; 50% of these 19 

values (77.5 and 1.58 mg/L, respectively) were used in the subsequent experiment. Fish were 20 

assigned to control, DTF, Al-EMD, and DTF+Al-EMD groups. Exposure was conducted for 21 

10 days under semi-static conditions, followed by an untreated recovery period from days 11 22 

to 21. Brain tissue was evaluated using neurotoxicity (AChE and BDNF), oxidative stress and 23 

antioxidant (SOD, CAT, GPx, MDA, MPO, and ROS), inflammatory (TNF-α and IL-6), Nrf2, 24 

oxidative DNA damage (8-OHdG), apoptosis (caspase-3), and histopathological endpoints. 25 

DTF exposure was associated with decreased AChE, BDNF, SOD, CAT, GPx, and Nrf2 levels 26 

and with increased MDA, MPO, ROS, TNF-α, IL-6, 8-OHdG, and caspase-3. Histopathological 27 

examination showed neuronal degeneration, necrosis, and vascular hyperemia. Co-28 

administration of Al-EMD attenuated several DTF-associated biochemical and histological 29 

alterations, and partial normalization was observed during the recovery period. Under the 30 

present experimental conditions, these findings indicate that DTF induces marked neurotoxic 31 

and oxidative injury in rainbow trout brain tissue and that Al-EMD has potential protective 32 

effects. Further studies with greater tank-level replication, environmentally representative 33 



exposure concentrations, and pathway-specific analyses are required before broader 34 

mechanistic or applied conclusions can be drawn. 35 

 36 
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 38 

INTRODUCTION 39 

Fish and other aquaculture products from freshwater and marine environments are critical to 40 

achieving food security goals and potentially providing more environmentally sustainable 41 

animal foods (Gephart et al., 2021). Freshwater ecosystems are the most polluted 42 

environments worldwide (Atamanalp et al., 2022). It is known that aquatic organisms are 43 

exposed to many stressors such as acidic substances, climate changes, sewage pollution and 44 

chemicals, which are the most common sources of pollution in fresh waters. The 45 

indiscriminate use of chemicals, especially pesticides in agriculture, pollutes the ecosystem 46 

and poses a serious risk to all aquatic life, including fish. 47 

Neonicotinoid insecticides are widely used in food products because they are less toxic to 48 

mammals and have a greater affinity for binding to insects (Jeschke et al., 2011; Yan et al., 49 

2016; Gül et al., 2019). Dinotefuran (DTF), a new class of neonicotinoid insecticides, is a 50 

third-generation neonicotinoid with high insecticidal activity, selectivity and broad spectrum 51 

of two enantiomers (R-dinotefuran and S-dinotefuran) with different bioactivity and toxicity 52 

(Wang et al., 2018; Di et al., 2021). DTF has high solubility and mobility in water with a half-53 

life of 50-100 days in soil. May pass into the water column via runoff, rainfall/surface runoff, 54 

causing damage to aquatic organisms (Liu et al., 2018; Di et al., 2021). While the direct 55 

potential risks of DTF on fish and amphibians are considered low, the potential for indirect 56 

risks has been reported to exist (U.S. Environmental Protection Agency, 2020).  57 

Studies on the toxic effects of neonicotinoid insecticides on non-target organisms have 58 

reported negative effects on reproduction/growth, affecting the nervous system, disrupting 59 

metabolic balance, and damaging DNA (Qi et al., 2020). Recognizing that pollutants are a 60 

major threat to the aquatic ecosystems and organisms, it is important to take sustainable 61 

measures for decontamination. In particular, the use of effective, efficient and economical 62 

products that are assumed to be curative has brought about environmentally friendly 63 

prophylactic approaches (Rodrigues et al., 2020). The sustainable use of medicinal plants as 64 

alternative therapeutic agents in intensive aquaculture systems has gained increasing scientific 65 

interest in recent years. Among these plants, Aloe vera has attracted considerable attention 66 



because of its diverse biological activities, including anti-inflammatory, antioxidant, 67 

immunostimulatory, hepatoprotective, and gut health–promoting properties. Previous studies 68 

have demonstrated that dietary supplementation with appropriate concentrations of A. vera 69 

products, particularly at levels below 2%, can enhance growth performance, improve general 70 

physiological condition, and increase resistance to environmental and physiological stressors 71 

in fish species. Despite these promising outcomes, further toxicological evaluations and 72 

species-specific investigations are still required to validate its growth-promoting and 73 

immunomodulatory effects. In addition, more comprehensive experimental designs 74 

incorporating different biological and environmental factors are necessary to better understand 75 

the potential applications of A. vera in aquaculture practices. In recent years, research has 76 

focused on the application of new environmentally friendly and alternative supplements to 77 

improve fish growth, immune responses and disease resistance (Doan et al., 2019). However, 78 

A. vera polysaccharides act as immunostimulants that exhibit adjuvant activity and increase 79 

the release of different types of cytokines (Peng et al., 1991) and stimulate hematopoiesis 80 

(Egger et al., 1996). It also triggers the release of interleukins (ILs), TNF-α, and modulates 81 

immune signaling through upregulation (Devi et al., 2019). Neurotoxicity is an etiologic 82 

phenomenon of alteration in the structure and function of the central nervous systems by a 83 

biological, chemical or physical agent (Salvi et al., 2020). Therefore, it can be assumed that 84 

water pollutants that cause oxidative stress or alter AChE activity act similarly in a wider range 85 

of aquatic species. Such changes act at the level of metabolism, leading to a decrease in the 86 

physiological state of living organisms. Based on this, it has been reported that some pollutants 87 

can affect relationships within ecosystems through mechanisms such as oxidative stress and 88 

disruption of neurotransmission (Formicki et al., 2025). The homeostasis of an organism 89 

depends on bidirectional communication between the neuroendocrine system and the immune 90 

system to mount adaptive responses to physiological disturbances and pathogenic challenges. 91 

Although the neuroendocrine system and the immune system were initially thought to act 92 

independently, recent publications recognize that a pervasive communication network controls 93 

a harmonious neuroendocrine-immune interaction. Acetylcholinesterase (AChE) is an 94 

essential enzyme involved in cholinergic neurotransmission by catalyzing the hydrolysis of 95 

acetylcholine (ACh) and regulating its concentration within the synaptic cleft (Serafini et al., 96 

2019). Through this mechanism, AChE terminates excitatory signaling at the postsynaptic 97 

membrane and ensures the proper transmission of nerve impulses (Zhang et al., 2017). 98 

Acetylcholine-mediated neurotransmission represents one of the primary functional pathways 99 

of the nervous system. Besides functioning as a preganglionic neurotransmitter in the 100 



sympathetic nervous system and a postganglionic neurotransmitter in the parasympathetic 101 

nervous system, ACh also acts as an excitatory signaling molecule (Olivares-Rubio and 102 

Espinosa-Aguirre, 2021). Due to their sensitivity to toxic compounds, cholinesterases are 103 

widely accepted as valuable biomarkers for evaluating environmental pollution (Umar and 104 

Aisami, 2020). 105 

BDNF (Brain-derived neurotrophic factor), a member of the neurotrophin family together with 106 

neurotrophins (NT) and nerve growth factor (NGF), plays significant roles in neuronal 107 

differentiation, neurogenesis, synaptic plasticity, and neuronal maturation (Topal et al., 2021). 108 

Oxidative stress develops when the production of ROS exceeds the antioxidant defense 109 

capacity of cells, leading to cellular dysfunction and tissue injury. Reactive species including 110 

H2O2 - hydrogen peroxide, OH−hydroxyl radicals, and O2−superoxide anions are naturally 111 

produced during metabolic and immune processes. Nevertheless, excessive ROS accumulation 112 

disrupts antioxidant defense systems, while also promoting lipid peroxidation, DNA damage, 113 

apoptosis-related pathways, and cellular injury. Therefore, these parameters are considered 114 

important indicators of oxidative damage. 115 

Cytokines are regulatory proteins involved in immunity, inflammation, and hematopoietic 116 

processes. Among the major proinflammatory cytokines, tumor necrosis factor-alpha (TNF-α) 117 

and interleukin-6 (IL-6) have critical physiological and pathological functions. TNF-α is a 118 

multifunctional cytokine associated with cell proliferation, survival, apoptosis, necrosis, 119 

inflammatory responses, and immune regulation, and it also contributes to the progression of 120 

chronic inflammatory disorders. Although TNF-α genes have been identified in several fish 121 

species, their precise biological activities remain under investigation. Nuclear factor erythroid-122 

2–related factor 2 (Nrf2) is another important regulator that mediates cellular defense 123 

mechanisms against oxidative stress caused by environmental contaminants. IL-6, a 124 

pleiotropic cytokine, contributes to humoral immunity by stimulating B-cell differentiation 125 

into plasma cells and promoting antibody production (Uçar et al., 2022). Pollutant-induced 126 

oxidative stress can severely impair cellular macromolecules, including lipids, proteins, and 127 

DNA, ultimately leading to lipid peroxidation, protein oxidation, DNA fragmentation, and cell 128 

death through apoptotic or necrotic pathways (Wang et al., 2016). Today, contamination of 129 

aquatic environments with insecticides is a global concern. There are limited studies on the 130 

adverse effects of Dinotefuran (DTF), one of these insecticides, on rainbow trout 131 

(Oncorhynchus mykiss). However, since there are gaps in these studies to elucidate the 132 

mechanism, the present study was designed to investigate the effect of DTF application on 133 



oxidative status, cytotoxicity, DNA damage, apoptotic status indicators in brain tissue of O. 134 

mykiss by determining the species-specific LC50 value. The study aims to fill this gap by 135 

evaluating the damage caused by DTF in rainbow trout brain tissue and the protective benefits 136 

of Aloe vera (as Aloe-emodin) against dinotefuran-induced toxicity with multidimensionally 137 

designed parameters and to provide valuable information for its potential use in sustainable 138 

aquaculture practices. 139 

 140 

MATERIAL AND METHOD 141 

Fish material and source  142 

640 Oncorhynchus mykiss (average weight of 22±3g according to OECD report 210) obtained 143 

from Atatürk University Faculty of Fisheries, Inland Fish Application and Research Center 144 

were used. The fish is rainbow trout, the necessary permissions for this study were obtained 145 

from the Ministry of Agriculture and Forestry and the Local Animal Ethics Committee of 146 

Ataturk University Local Ethical Committee for Animal Studies (approved in 25.05.2023, 147 

Acceptance No:91). The manuscript does not contain clinical studies or patient data. 148 

 149 

Determination of LC50 Value 150 

For the LC50 determination, 100 fish were used across five concentrations for each test 151 

compound. Each concentration was tested in two replicate groups with 10 fish per replicate. 152 

The 96-h LC50 values were estimated by probit analysis. The replicate structure and fish 153 

allocation are reported here to distinguish the concentration groups from the subsequent 154 

sublethal exposure experiment. 155 

Trial design  156 

The sublethal experiment included four groups: control, DTF, Al-EMD, and DTF+Al-EMD, 157 

with two replicate tanks per group. Treatments were applied for 10 days using a semi-static 158 

exposure design, with exposure media renewed every 24 h. Days 11–21 constituted the recovery 159 

period, during which no further DTF or Al-EMD was administered. Brain tissues were sampled 160 

at the end of the exposure period (day 11) and after the recovery period (day 21) (Haghighat et 161 

al., 2021). Because fish within the same tank shared the exposure environment, the limited 162 

number of replicate tanks should be considered when interpreting inferential statistics and 163 

generalizing treatment effects. 164 

Chemical materials and exposure details 165 



DTF (dinotefuran) and Al-EMD (aloe-emodin) were obtained from Sigma-Aldrich® (MO, 166 

USA). A semi-static design was used for chemical exposure. OECD 305 (OECD, 2012) was 167 

used as procedural guidance for aquatic exposure, but the present 96-h LC50 determination 168 

should not be interpreted as an OECD 305 acute-toxicity test. Based on previous zebrafish 169 

toxicity information (Ran et al., 2021) and the physicochemical persistence of DTF (Zhang et 170 

al., 2023), the DTF concentrations tested for LC50 estimation were 50, 100, 150, 200, and 250 171 

mg/L. Al-EMD was tested at 1, 2, 3, 4, and 5 mg/L. LC50 values were estimated using the EPA 172 

Probit Analysis Program (V.1.5) (Uçar et al., 2022). The subsequent experiment used 50% of 173 

the estimated 96-h LC50 for each compound (77.5 mg/L DTF and 1.58 mg/L Al-EMD). These 174 

concentrations represent experimentally derived sublethal challenge concentrations and are not 175 

presented as measured environmental exposure levels. 176 

Monitoring of Water Quality Parameters: Throughout the experimental period, water quality 177 

variables including temperature, pH, and dissolved oxygen concentration were measured and 178 

recorded on a daily basis. 179 

 180 

Brain Tissue Collection and Homogenate Preparation 181 

 182 

During both the exposure phase (days 1–10) and recovery phase (days 11–21), brain tissues 183 

were excised from the fish and rinsed with cold phosphate-buffered saline (PBS, pH 7.4) to 184 

eliminate residual blood contamination. Tissue homogenization and centrifugation procedures 185 

were carried out with slight modifications following the method of Alak et al. (2021). 186 

Homogenates were centrifuged at 4000 rpm for 15 min, and the obtained supernatants were 187 

subsequently used for biochemical analyses. 188 

 189 

Neurotoxicity Biomarkers 190 

 191 

Acetylcholinesterase (AChE) activity was quantified according to the method of Ellman et al. 192 

(1961). The assay is based on the enzymatic hydrolysis of acetylcholine to acetate and 193 

thiocholine, followed by the reaction of thiocholine with DTNB [5,5′-dithiobis-(2-nitrobenzoic 194 

acid)], producing a yellow-colored compound. Absorbance changes were monitored 195 

spectrophotometrically at 412 nm. Brain-Derived Neurotrophic Factor (BDNF) concentrations 196 

in brain homogenates were determined using a commercial ELISA kit (YL Biant, YLA0091FI) 197 

in accordance with the manufacturer’s instructions. 198 

 199 



 200 

Antioxidant and Oxidative Stress Biomarkers 201 

Catalase (CAT) activity was evaluated by initiating the reaction with hydrogen peroxide 202 

(H2O2). Absorbance values were monitored at 240 nm at 30 s intervals for 3 min, and enzyme 203 

activity was expressed as U/mg protein following the procedure of Aebi (1974). Glutathione 204 

Peroxidase (GPx) activity was determined by measuring the conversion of NADPH to NADP+ 205 

at 340 nm according to the method described by Beutler (1984). Superoxide Dismutase (SOD) 206 

activity was analyzed using a reaction mixture containing xanthine, EDTA, bovine serum 207 

albumin, and nitroblue tetrazolium (NBT). Supernatant samples or standard solutions were 208 

added to the mixture, followed by xanthine oxidase addition at 30 s intervals. After incubation 209 

at 25 °C for 20 min, the reaction was terminated using CuCl2 solution. The reduction of NBT 210 

by superoxide radicals generated from the xanthine/xanthine oxidase system was measured 211 

spectrophotometrically at 560 nm (Sun et al., 1988). Malondialdehyde (MDA) levels, indicative 212 

of lipid peroxidation, were measured based on the formation of a pink chromogen produced by 213 

the reaction between thiobarbituric acid (TBA) and MDA (Luo et al., 2016). Tissue 214 

supernatants were mixed with phosphate buffer, BHT, and TCA, followed by incubation at −20 215 

°C for 2 h and centrifugation. Subsequently, EDTA and TBA solutions were added to the 216 

collected supernatants, and samples were incubated in a water bath at 90 °C for 15 min. After 217 

cooling, absorbance values were recorded at 532 nm to determine MDA concentrations. 218 

Reactive Oxygen Species (ROS) production was assessed according to (Gupta et al., 2007) with 219 

minor modifications. Tissue samples were homogenized in Tris-HCl buffer, and homogenates 220 

were incubated with DCFDA at 37 °C for 30 min. Fluorescence intensity was measured using 221 

excitation and emission wavelengths of 485 nm and 525 nm, respectively. 222 

Cytokine Analyses 223 

Tumor Necrosis Factor-Alpha (TNF-α) levels were measured using a commercial ELISA kit 224 

(YLBiant, YLA0053FI). Absorbance was recorded at 450 nm following incubation procedures 225 

recommended by the manufacturer. Interleukin-6 (IL-6) concentrations were quantified using 226 

an ELISA-based assay, and absorbance values were measured at 450 nm. Nuclear Factor 227 

Erythroid 2-Related Factor 2 (Nrf2) levels were determined using a commercial ELISA kit, 228 

and absorbance readings were obtained at 450 nm after incubation. 229 

Assessment of DNA Damage and Apoptosis 230 

8-hydroxy-2′-deoxyguanosine (8-OHdG) and Caspase-3 were evaluated using commercial 231 

assay kits (Alak et al., 2018). A fish-specific ELISA kit (BT LAB Bioassay Technology 232 

Laboratory, Cat. No: EA0004FI) was utilized. Prior to analysis, all reagents and standards were 233 



equilibrated to room temperature. Blank wells received substrate solutions A and B together 234 

with stop solution. For experimental wells, 50 μL of sample and 50 μL of biotin antigen were 235 

added and incubated at 37 °C for 60 min on a plate shaker. Following incubation, wells were 236 

washed five times with washing buffer. Streptavidin-HRP solution was then added, and plates 237 

were incubated again at 37 °C for 60 min. After another washing step, substrate solutions A 238 

and B were introduced, and the plates were kept in the dark at 37 °C for 10 min. The reaction 239 

was terminated by adding stop solution, and absorbance was measured at 450 nm using an 240 

ELISA plate reader within 10 min. Sample concentrations were calculated from the standard 241 

calibration curve generated from standard optical density values. 242 

 243 

Histopathological Examination 244 

 245 

At the end of the experimental period, brain tissues were fixed in 10% formaldehyde for 48 h. 246 

Following routine histological processing, tissues were embedded in paraffin blocks, and 4 μm 247 

sections were prepared. Slides were stained with hematoxylin and eosin (H&E) and examined 248 

under a light microscope (Olympus BX51, Japan). Histopathological alterations were graded 249 

semi-quantitatively as absent (−), minimal (+), mild (++), moderate (+++), or severe (++++) 250 

based on tissue damage severity. 251 

 252 

Statistical analysis 253 

Statistical analyses were conducted using IBM SPSS Statistics. Data distributions were 254 

assessed for normality before parametric testing. Parametric outcomes were analyzed by one-255 

way analysis of variance (ANOVA), followed by Duncan’s multiple range test when an overall 256 

group effect was detected (Alak et al., 2017). Results are presented as mean ± standard error 257 

(SE), with p < 0.05 considered statistically significant. The experimental design included two 258 

replicate tanks per treatment; therefore, statistical significance should be interpreted cautiously 259 

because fish sharing a tank are not fully independent exposure units. This limitation is explicitly 260 

considered in the Discussion and should be addressed with greater tank-level replication in 261 

confirmatory studies. 262 

 263 

Histopathological data were analyzed using GraphPad Prism. Statistical significance was 264 

accepted at p < 0.05. Since histopathological scores were nonparametric, group comparisons 265 

were performed using the Kruskal–Wallis test, while intergroup differences were evaluated 266 

with the Mann–Whitney U test. 267 



 268 

Findings and Results 269 

 270 

Determining the LC50 value of DTF and Al-EMD 271 

For DTF, five concentrations (50, 100, 150, 200, and 250 mg/L) were included in the 96-h 272 

toxicity assessment. Probit analysis yielded a 96-h LC50 of 154.89 mg/L. A concentration 273 

corresponding to 50% of this LC50 (77.5 mg/L) was selected for the subsequent sublethal 274 

exposure experiment (Figure 1). 275 

For Al-EMD, mortality at 1, 2, 3, 4, and 5 mg/L was used for probit analysis. The estimated 96-276 

h LC50 was 3.16 mg/L, and 50% of this value (1.58 mg/L) was used in the subsequent 277 

experiment (Figure 2). 278 

 279 

 280 

 281 

Figure 1. The probit analyses of Dinotefuran (DTF) pesticide  282 

 283 

 284 



Figure 2. Probit analysis of Aloe-emodin (Al-EMD) 285 

Neurotoxic biomarkers (AChE and BDNF) 286 

DTF exposure was associated with lower AChE activity and BDNF levels than the control. Co-287 

administration of Al-EMD attenuated these reductions, whereas Al-EMD alone did not 288 

reproduce the DTF-associated inhibition (Figure 3). After the recovery period, AChE and 289 

BDNF values were generally closer to those of the control group, indicating partial 290 

normalization after exposure ceased. 291 

 292 

 293 

Figure 3. Effects of DTF and/or Al-EMD on AChE activity and BDNF levels in O. mykiss 294 

brain tissue. Data are presented as mean ± SE. Different superscript letters (a–d) indicate 295 

statistically significant group differences (p < 0.05). 296 

 297 

Antioxidant system and immune system biomarkers (SOD, CAT, GPx, MDA, MPO, ROS, 298 

and TNF-α, IL-6, Nrf-2) 299 

DTF exposure altered the oxidative balance in brain tissue, with lower SOD, CAT, and GPx 300 

activities and higher MDA, MPO, and ROS values relative to the control. Co-administration of 301 

Al-EMD attenuated several of these changes, including reductions in lipid peroxidation and 302 

partial preservation of antioxidant enzyme activities (Figure 4). These findings are consistent 303 

with a protective antioxidant effect of Al-EMD under the conditions tested, although they do 304 

not by themselves establish a specific molecular pathway. 305 



 306 

Figure 4. Effects of DTF and/or Al-EMD on SOD, CAT, GPx, MDA, MPO, and ROS in O. 307 

mykiss brain tissue. Data are presented as mean ± SE. Different superscript letters indicate 308 

statistically significant group differences (p < 0.05). 309 

 310 

TNF-α levels were higher in the DTF group than in the control group. Co-administration of Al-311 

EMD attenuated the DTF-associated increase, indicating a partial reduction in the inflammatory 312 

response (p < 0.05; Figure 5). 313 

IL-6 levels were also elevated following DTF exposure. In the DTF+Al-EMD group, IL-6 314 

values were lower than in the DTF-only group and were closer to control values, suggesting 315 

that Al-EMD partially attenuated the DTF-associated inflammatory response (Figure 5). 316 



Nrf2 levels decreased in the DTF group relative to the control. The pattern across the Al-EMD-317 

containing groups indicates treatment-related modulation of Nrf2; however, because 318 

downstream ARE activation and Nrf2 target-gene expression were not measured, the present 319 

data should be interpreted as changes in Nrf2 level rather than direct evidence of Nrf2-pathway 320 

activation (Figure 5). 321 

 322 

 323 

Figure 5. Effects of DTF and/or Al-EMD on TNF-α, IL-6, and Nrf2 levels in O. mykiss brain 324 

tissue. Data are presented as mean ± SE. Different superscript letters indicate statistically 325 

significant group differences (p < 0.05). 326 

 327 

DNA and apoptosis biomarkers 328 

DTF exposure increased 8-OHdG levels relative to the control, consistent with greater oxidative 329 

DNA damage (Figure 6). Co-administration of Al-EMD attenuated this response, and values 330 



after the recovery period were generally closer to the control than those observed following 331 

DTF exposure. 332 

Caspase-3 levels were highest in the DTF-exposed group, whereas co-administration of Al-333 

EMD attenuated the DTF-associated increase. During the recovery period, caspase-3 values 334 

showed partial normalization relative to the exposure phase (Figure 6). Group differences were 335 

statistically significant where indicated by the superscript lettering (p < 0.05). 336 

 337 

 338 

Figure 6. Effects of DTF and/or Al-EMD on 8-OHdG and caspase-3 levels in O. mykiss brain 339 

tissue. Data are presented as mean ± SE. Different superscript letters indicate statistically 340 

significant group differences (p < 0.05). 341 

 342 

Histopathologic Findings 343 

Exposure period (Days 1–10; sampling on Day 11) 344 

Control: Histopathologic analysing of rainbow trout brain tissues revealed normal histologic 345 

structure (Figure 7-8). 346 

Al-EMD: Histopathologic analysing of rainbow trout brain tissues revealed normal histologic 347 

structure. (Figure 7-8). 348 

DTF: Histopathological analysing of rainbow trout brain tissues revealed severe degeneration 349 

and necrosis in neurons and hyperemia in vessels (Figure 7-8). 350 

Al-EMD+DTF: Histopathological analysing of rainbow trout brain tissues revealed mild 351 

degeneration and necrosis in neurons and hyperemia in vessels (Figure 7-8). 352 



 353 

Figure 7. Brain tissue, Control (A), Al-EMD (B), DTF (C), DTF+ Al-EMD (D), degeneration 354 

and necrosis of neurons, hyperemia of vessels, H&E, Bar:50µm.  355 

 356 



 357 
 358 
 359 

Figure 8. Statistical analysis data of histopathological staining results seen in brain tissue.  360 

Degeneration (** P<0.0022) Necrosis (** P<0.0022) Hyperemia (** P<0.0022), (Day 11). 361 

 362 

Recovery endpoint (Day 21) 363 

Control: Histopathologic analysing of rainbow trout brain tissues revealed normal histologic 364 

structure (Figure 9-10). 365 

Al-EMD: Histopathologic analysing of rainbow trout brain tissues revealed normal histologic 366 

structure (Figure 9-10). 367 

DTF: Histopathological analysing of rainbow trout brain tissues revealed severe degeneration 368 

and necrosis in neurons and Purkinje cells in the cerebellum, and hyperemia in the vessels 369 

(Figure 9-10). 370 

Al-EMD+DTF: Histopathological analysing of rainbow trout brain tissues revealed mild 371 

degeneration of neurons and Purkinje cells and hyperemia in vessels (Figure 9-10). 372 

 373 

 374 

 375 



 376 

Figure 9. Brain tissue, Control (A), Al-EMD (B), DTF (C), DTF+ Al-EMD (D), degeneration 377 

and necrosis of neurons, hyperemia of vessels, H&E, Bar:50µm. 378 

 379 

 380 
 381 
 382 
 383 
 384 
 385 



386 

 387 
Figure 10. Statistical analysis data of histopathological staining results seen in brain tissue.  388 

Degeneration (** P<0.0022) Necrosis (** P<0.0022) Hyperemia (** P<0.0022). (Day 21 389 

recovery) 390 

 391 

Discussion 392 

 393 

The brain, which is vital in the regulation of physiological functions in fish, is highly vulnerable 394 

to ROS produced by oxidative stress due to its metabolic activity and lipid-rich composition. 395 

ROS-induced oxidation of proteins and lipids in neuronal membranes can impair the fluidity, 396 

structural integrity, and permeability of brain cells (Alak et al., 2024). ROS can also reduce 397 

ATP generation in mitochondria and trigger apoptosis in neurons, thereby impairing brain 398 



function. The blood-brain barrier (BBB) is a selective barrier that protects the brain from toxins 399 

and provides a stable internal environment for neuronal function (Uçar et al., 2022). Pesticide 400 

damage to the BBB has been reported to cause leakage of ROS into brain tissue and exacerbate 401 

oxidative stress and neuronal damage (Abou Diwan et al., 2023).  402 

 403 

By triggering protein oxidation and inducing enzymes such as the vital acetylcholinesterase 404 

(AChE), pesticides cause i) acetylcholine accumulation (Faria et al., 2021), ii) neuromuscular 405 

impairments for neurotransmission, and iii) Causes decreased detoxification capacity of 406 

antioxidants such as GST/SOD (Moezzi et al., 2025). In this process, AChE inhibition causes 407 

acetylcholine accumulation; nerve transmission at cholinergic synapses is disrupted, which can 408 

result in hyperactivity, neuromuscular impairments and ultimately death of the organism 409 

(Mukherjee et al., 2025).  410 

In this study, DTF exposure was associated with significant reductions in AChE activity and 411 

BDNF levels in O. mykiss brain tissue. These findings support a neurotoxic effect of DTF but 412 

do not identify a single molecular binding mechanism. The partial normalization of AChE and 413 

BDNF during the recovery period suggests that at least some DTF-associated neurochemical 414 

alterations may be reversible after exposure ceases. Co-administration of Al-EMD attenuated 415 

the reductions observed during DTF exposure, supporting a potential protective effect that 416 

requires confirmation in experiments with greater independent replication. 417 

Histopathological reactions of the fish showed the extent of damage to brain tissue caused by 418 

pesticides. The amount of damage and the gradual changes that DTF poisoning induces in the 419 

brain of the fish over the exposure period indicate that the histopathological responses depend 420 

not only on the pesticide concentration but also on how long the fish is exposed. As a result, 421 

histopathological changes such as vacuolization, necrosis and cerebral edema caused by ROS 422 

in the brain impair brain function, leading to neurological disorders and reduced survival of fish 423 

(Hawkey et al., 2023).  424 

 425 

Detoxification of xenobiotics in fish occurs through a series of enzymatic processes that are 426 

mainly divided into three phases: Phase I (functionalization), Phase II (conjugation), and Phase 427 

III (excretion) (Ensibi et al., 2010). Phytochemicals have been reported to influence these 428 

processes (Moezzi et al., 2025). In the present study, however, phase-specific detoxification 429 

enzymes were not comprehensively measured; therefore, the observed effects of Al-EMD 430 



should be described as protective associations rather than direct evidence that Al-EMD 431 

enhanced all phases of xenobiotic detoxification. The biochemical and histological findings 432 

nevertheless indicate that Al-EMD co-administration attenuated several DTF-associated 433 

alterations and may have contributed to recovery after exposure. 434 

Exposure to exogenous toxicants stimulates the production of both reactive oxygen species 435 

(ROS) and malondialdehyde (MDA), resulting in excessive oxidative stress (Ucar et al., 2024a). 436 

MDA, which is a major end-product of lipid peroxidation, is widely used as an indirect indicator 437 

of ROS generation, lipid membrane damage, and membrane system impairment. In the present 438 

study, DTF exposure significantly elevated ROS and MDA levels in the brain tissue of 439 

Oncorhynchus mykiss, indicating that DTF disrupted lipid metabolism and promoted oxidative 440 

injury in neural tissues. This increase may be associated with the progressive inability of 441 

antioxidant enzymes such as catalase (CAT) and superoxide dismutase (SOD) to neutralize 442 

excessive ROS accumulation over prolonged exposure periods (Ucar et al., 2024b; Ucar et al., 443 

2024a). 444 

According to (Ullah et al., 2024), pesticide-induced ROS generation in fish may arise through 445 

several interconnected mechanisms, including mitochondrial dysfunction, inhibition of 446 

antioxidant enzymes, and activation of inflammatory pathways. Mitochondrial dysfunction can 447 

result in incomplete oxygen reduction during ATP synthesis, leading to electron leakage and 448 

ROS formation. In addition, suppression of antioxidant enzymes such as SOD, CAT, and 449 

glutathione peroxidase (GPx) further enhances oxidative stress by weakening ROS scavenging 450 

capacity. ROS production may also increase during inflammatory responses because activated 451 

immune cells, including macrophages and neutrophils, release ROS as part of host defense 452 

mechanisms. However, excessive ROS generation ultimately contributes to oxidative damage. 453 

Previous studies have demonstrated that mitochondrial oxidative phosphorylation is closely 454 

associated with ATP generation as well as inflammation-related ROS production (Song et al., 455 

2024). 456 

The elevated ROS and MDA levels observed in the brain tissue of DTF-exposed fish suggest 457 

enhanced lipid peroxidation and disruption of membrane integrity. These findings further 458 

indicate that endogenous antioxidant defense systems, particularly SOD and CAT activities, 459 

were insufficient to counteract oxidative injury, resulting in impaired cellular defense 460 

mechanisms. Oxidative stress appears to be intensified through multiple pathways, including 461 



mitochondrial dysfunction, enzymatic inhibition, and depletion of non-enzymatic antioxidants 462 

(Ullah et al., 2024; Grădinariu et al., 2025). 463 

Oxidative stress is an important mechanism by which pesticides can impair cellular and immune 464 

function in aquatic organisms (Ucar et al., 2024a). In the present study, DTF exposure was 465 

associated with increased ROS and lipid peroxidation together with reduced SOD, CAT, and 466 

GPx activities, indicating that antioxidant defenses were insufficient to counteract the oxidative 467 

challenge. After exposure ceased, several antioxidant endpoints shifted toward control values. 468 

Al-EMD co-administration also attenuated multiple oxidative changes. These patterns support 469 

an antioxidant protective effect under the tested conditions, but the study did not directly assess 470 

mitochondrial respiration, glutathione turnover, or pathway-specific gene expression; 471 

consequently, those mechanisms should be regarded as literature-supported explanations rather 472 

than mechanisms demonstrated by the present experiment. 473 

Excessive ROS accumulation can promote inflammatory signaling and increased 474 

proinflammatory cytokine production, including TNF-α (Zeid et al., 2021). In the present study, 475 

DTF exposure increased TNF-α and IL-6 levels in brain tissue, whereas co-administration of 476 

Al-EMD attenuated these increases. Because cytokine protein levels rather than transcriptional 477 

activity were measured, these results demonstrate an inflammatory response but should not be 478 

interpreted as direct evidence of cytokine gene upregulation. 479 

Nrf2 is a major regulator of cellular antioxidant defense and, when activated, can interact with 480 

antioxidant response elements (AREs) to regulate detoxification and antioxidant genes. This 481 

pathway provides a plausible framework for interpreting phytochemical effects reported in the 482 

literature. In the present study, however, only Nrf2 levels were measured; ARE binding, nuclear 483 

translocation, NF-κB activity, and downstream Nrf2 target-gene expression were not assessed. 484 

Accordingly, the observed Nrf2 changes cannot establish activation of the Nrf2/ARE or NF-κB 485 

pathways, and pathway-level interpretations remain hypotheses for future mechanistic studies. 486 

8-Hydroxy-2′-deoxyguanosine (8-OHdG) is widely used as a marker of oxidative DNA 487 

modification. In the current study, DTF exposure increased 8-OHdG levels, consistent with 488 

oxidative DNA injury in brain tissue. This change occurred alongside increased ROS and 489 

reductions in several antioxidant enzyme activities, supporting an association between 490 

oxidative imbalance and DNA damage. Because the sublethal experiment used a single DTF 491 



challenge concentration, the present data do not establish a concentration-response relationship 492 

for these biomarkers. 493 

Histopathological findings were consistent with the biochemical evidence of tissue injury. 494 

H&E-stained brain sections showed persistent structural lesions after the exposure phase, while 495 

the DTF+Al-EMD group generally displayed less severe alterations than the DTF-only group. 496 

Recovery was incomplete, indicating that some structural damage persisted after exposure 497 

ceased. These observations support a potential protective effect of Al-EMD but do not establish 498 

a specific molecular repair mechanism (Abdel-Khalek et al., 2022). 499 

Taken together, the multi-biomarker results show that DTF exposure affects neurochemical, 500 

oxidative, inflammatory, DNA-damage, apoptotic, and histopathological endpoints in rainbow 501 

trout brain tissue. The novelty of the present work lies in evaluating these endpoints together 502 

with a post-exposure recovery phase and Al-EMD co-administration. The data support a 503 

protective potential for Al-EMD under the experimental conditions, but they should not be 504 

interpreted as definitive proof of a neural signaling pathway or as evidence for field-scale 505 

remediation efficacy. 506 

 507 

Study limitations should be considered when interpreting these findings. The treatment design 508 

used two replicate tanks per group, which limits tank-level statistical power and increases the 509 

risk of pseudoreplication if individual fish are treated as fully independent observations. The 510 

sublethal DTF concentration was derived from the experimentally estimated LC50 and should 511 

not be considered representative of typical environmental concentrations without field-512 

exposure data. In addition, the study measured selected protein/biochemical endpoints but did 513 

not directly assess receptor binding, Nrf2 nuclear translocation, ARE or NF-κB activity, or 514 

pathway-specific gene expression. Future studies should increase independent tank replication, 515 

report the number of fish contributing to each endpoint explicitly, use environmentally 516 

measured exposure ranges, and incorporate pathway-specific molecular assays. 517 

 518 

Conclusion 519 

In conclusion, DTF exposure produced marked neurochemical, oxidative, inflammatory, DNA-520 

damage, apoptotic, and histopathological alterations in the brain tissue of O. mykiss. Al-EMD 521 

co-administration attenuated several of these changes, and partial normalization of multiple 522 

endpoints was observed after exposure ceased. These findings support Al-EMD as a candidate 523 



protective phytochemical under the present experimental conditions. However, the limited 524 

tank-level replication, the experimentally derived sublethal DTF concentration, and the absence 525 

of pathway-specific molecular assays preclude definitive mechanistic, environmental, or 526 

economic conclusions. Additional independently replicated studies using environmentally 527 

relevant exposure scenarios are required to confirm the protective effect and clarify the 528 

underlying mechanisms. 529 
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