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Abstract
Diabetes mellitus (DM2) was considered a more common comorbidity and was associated with high mortality due 
to metabolic disease in the COVID-19 pandemic. For this reason, glibenclamide (GLI) was commonly prescribed for 
its control. However, it has been found in environmentally relevant concentrations in various water reservoirs due 
to its high consumption. Common carp (Cyprinus carpio), besides its nutritional properties and economic 
importance, is also considered a good bioindicator for assessing environmental health and pollutants presence; 
nonetheless, there are currently insufficient studies on the effect of GLI on the physicochemical and textural 
properties of the muscle of this bioindicator species. In this study, the effect of this drug at two environmentally 
relevant concentrations (50 and 1,000 ng/L) at five exposure times (every 24 up to 96 h) on the quality of carp 
muscle was investigated. Parameters such as carbonylated proteins, lipid peroxidation, total sulfhydryl content, 
water holding capacity, pH, electrophoretic profile, and texture profile analysis were determined. Regardless of the 
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concentration of GLI used, the evaluated parameters showed significant muscle damage; therefore, it must be 
emphasized that this emerging pollutant not only damages environment, but also affects edible species present in 
different water reservoirs.

Keywords: Cyprinus carpio, glibenclamide, protein oxidation, lipid oxidation, protein degradation

INTRODUCTION
The presence of pharmaceuticals and their metabolites in the environment has emerged as a burgeoning 
concern owing to their potential deleterious impacts on aquatic ecosystems and human health. The 
contemporary lifestyle prevalent in our society has contributed to a surge in the prevalence of overweight 
and obesity, leading to the escalation of chronic degenerative ailments, including Type II Diabetes Mellitus 
(DM2), coronary heart disease, arterial hypertension, and even cancer. Furthermore, there exists a direct 
correlation between DM2 and the mortality rate associated with COVID-19[1,2].

According to the International Diabetes Federation[3], it is projected that the number of adults affected by 
diabetes will increase from 463 million to 578 million by the year 2030. This anticipated rise indicates a 
significant surge in the utilization of disease control medications. Among these medications, the 
sulfonylurea hypoglycemic drug Glibenclamide (GLI) holds a prominent position, being widely prescribed 
globally. Consequently, the presence of Glibenclamide has been detected in hospital effluents, with 
concentrations of 2.03 µg/L observed in Toluca (Mexico), ranging from 0.6 to 4.6 × 10-3 µg/L in Catalonia, 
2.0 µg/L in the Ebro River, and 15.9 µg/L in Barcelona (Spain) within hospital wastewater that had 
undergone conventional disposal treatments. Furthermore, Glibenclamide was found at a concentration of 
70 ng/L in the Ahar River (India), which is present in urban and industrial wastewater effluents[4-8]. This 
position GLI as an emerging contaminant of ecotoxicological significance, as its impact on aquatic life has 
been evidenced through biomarkers of oxidative stress, including lipoperoxidation (LPx) and carbonylated 
proteins (PCC), as well as the evaluation of superoxide dismutase and catalase, revealing damage to organs 
such as the brain, liver, gills, and blood of common carp (Cyprinus carpio) at concentrations of 50, 100, and 
1,000 ng/L, as well as in Danio rerio and male albino rat neonates exposed to GLI[9-12]. These effects are 
correlated with oxidation processes, occurring both in its active form and in its biotransformed states, 
specifically 3 cis and 4 trans-hydroxy derivatives[13]. When deposited in tissues susceptible to peroxidation, 
such as cell membranes, this alteration disrupts the physiological functions of organisms[14].

The oxidation of unsaturated lipids in fish results in the generation of unstable hydroperoxides, which, 
upon fragmentation, liberate ketones, fatty acids, and low-molecular-weight aldehydes, notably 
malondialdehyde (MDA). This MDA serves as an intermediate for quantifying the extent of damage via this 
pathway, leading to nutritional degradation and the emergence of unpalatable tastes and odors. In addition, 
these intermediates (MDA and ketones) can exert an impact on proteins, potentially manifesting in changes 
in texture[15-17].

Cyprinus carpio holds significant global economic value[18]. It is classified as a semi-fat fish, characterized by 
its fat content reaching as high as 14%, consisting of polyunsaturated fatty acids, along with a protein 
content of 16%[19,20]. Despite the abundance of evidence showcasing the impact of emerging contaminants on 
the lipid and protein components in aquaculture species, there remains a paucity of studies investigating the 
oxidative effects on muscle quality, particularly at concentrations typically encountered within aquatic 
environments. Hence, the aim of this study was to assess the impact of GLI at concentrations prevalent in 
aquatic environments, specifically targeting the quantification of LPx, PCC and their effects on the textural 
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and physicochemical properties of Cyprinus carpio. This evaluation was conducted under exposure 
conditions of 50 and 1,000 ng/L, representing the minimum and maximum environmental concentrations 
found in effluents and water bodies, with discernible and evident toxicological consequences.

EXPERIMENTAL
Test xenobiotic
A 1 L solution of GLI was prepared using glibenclamide sourced from Vertec, Sigma-Aldrich (Toluca, State 
of Mexico), purity exceeding 99%, and CAS number 10236-21-8. Preparation was performed by simply 
mixing the glibenclamide in the dilution water by mechanical means in distilled water containing 0.02% 
(V/V) dimethyl sulfoxide from Sigma-Aldrich. Two distinct concentrations were then derived from this 
solution: 50 ng/L (low concentration) and 1,000 ng/L (high concentration), to which the biomarkers were 
exposed.

Transport and acclimatization of the bioindicator
For the present study, Cyprinus carpio, four-month-old juvenile stage (nonsexual maturity nor final growth 
size), with an average weight of 145 ± 9.3 g and a length of 19 ± 0.8 cm (n = 50), from the Tiacaque Aquatic 
Center in the State of Mexico were used, fish were transported in vivo in chlorine-free water in polyethylene 
bags to ensure adequate oxygenation to maintain life. The bioindicators were acclimated for approximately 
15 days in aquaria featuring the following water parameters: hardness of 18.5 ± 0.6 mg/L, alkalinity of 
17.8 ± 5.3 mg/L, neutral pH, minimum oxygen content of 85%, standard day-night photoperiods, and room 
temperature. Daily maintenance involved cleaning and replacing two-thirds of the aquarium contents. To 
ensure optimal water quality, the absence of impurities (metals and/or drugs) that could impact the system 
was confirmed through atomic absorption analysis.

GLI exposure
Two concentrations were chosen from a range identified in various aquatic environments: 50 and 
1,000 ng/L. The bioindicators underwent acute exposure for a duration of 4 days, with sampling conducted 
at 24-hour intervals[21-23]. The experimental setups were conducted in triplicate, involving five organisms for 
each exposure day. The exposure began on day zero, utilizing 40 L glass tanks. Both concentrations were 
tested simultaneously, along with a blank control, resulting in a total of two hundred and twenty-five 
organisms. The experiments were conducted under normal photoperiod conditions and maintained an 
average optimal oxygenation level of 85%. The exposure was performed using a static fast procedure, 
adhering to the guidelines outlined in the Organization for Economic Cooperation and Development 
(OECD) Guide 203[24]. Following each exposure period, once anesthesia was administered, organisms were 
euthanized, and their muscle tissue was directly excised using a scalpel for subsequent physicochemical and 
textural property tests. Additionally, a supernatant (-4 °C/15 min/12,500 rpm) was collected for the 
determination of oxidized compounds, maldondialdehyde, and carbonyl proteins.

Oxidized compounds
Lipid oxidation
The level of oxidation was quantified based on malondialdehyde intermediate formation during lipid 
oxidation reactions. To accomplish this, the 2-thiobarbituric acid assay (TBARS using reagent from Fluka, 
Sigma-Aldrich, Toluca, State of Mexico, Mexico) following Büege and Aust[25] method was employed. 50 µL 
of the sample was mixed with a reagent combination of thiobarbituric acid-trichloroacetic acid (TCA) 
0.37%-15% (Sigma-Aldrich, St. Louis, MO, USA) and Tris-HCL buffer (J.T. Baker, Pennsylvania, PA, USA). 
This mixture was heated in water bath for 15 min, followed by rapid cooling (-4 °C/3 min) and subsequent 
incubation (37 °C/30 min). The supernatant obtained via centrifugation (10 min/3,500 rpm) was then 
analyzed at a ƛ 353 nm using a GENESYS™ 10S Vis spectrophotometer (Thermo Scientific, Madison, WI, 
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USA). Results were reported as nM MDA (malondialdehyde) per mg, utilizing an extinction coefficient 
(CEM) of 1.56 × 105 M-1·cm-1.

Oxidation of proteins
PCC were quantified by reacting the supernatant with 10 mM dinitrophenylhydrazine from Sigma-Aldrich, 
St Louis, MO, USA, as described in Burcham[26], with some modifications. The button resulting from 20% 
TCA precipitation was washed and dissolved in 6 M guanidine from Sigma-Aldrich, St Louis, MO, USA. 
Measurements were made at 366 nm, expressed as nM reactive carbonyls (C=O)/mg proteins in wet tissue 
using CEM 21,000 M-1·cm-1.

SDS-PAGE
Into the polyacrylamide gels prepared according to García-Carreño et al., 20 µL of the samples with high 
and low GLI concentrations at different time points and 10 µL of the Biorad tracer (CAT No. 161-0375) 
were injected in the Mini-PROTEAM system (CAT No. 1658050), Bio-Rad Laboratories, Inc., Hercules, CA, 
USA at 200 v/ 4 °C followed by staining with Coomassie Brilliant Blue R-250 from Sigma-Aldrich, St Louis, 
MO, USA, Subsequently, gels were stained using Coomassie Brilliant Blue R-250 sourced from Sigma-
Aldrich, St. Louis, MO, USA, allowing for identification of protein bands based on molecular weight[27].

Texture properties
Warner-Bratzler Share force
The Warner-Bratzler knife (HDP/BSW, Stable MicroSystems, Surrey, UK) was adapted to the texture meter 
TA-XT2 v 2.63 (Texture Technology Corporation, Scarsdale, New York, USA), where the resistance 
(Newtons) was determined when cutting muscle (3 cm2) at 1 mm/s according to de Huidobro et al.[28].

Texture profile analysis
Using a TA-XT2 Texutrometer, hardness, cohesiveness, elasticity, gumminess, and chewiness were 
determined according to Jafarpour and Gorczyca[29], applying a 5 K load cell to protein gels (50 mg/mL) 
obtained by gelation using temperature ramping according to Silva-Ríos et al.[30].

Physicochemical and textural properties
Sulfhydryl group
A total of 1 mL of protein concentrate (PC) was prepared using the method described by Morachis-Valdez 
et al. and subsequently dissolved in 8M urea (J.T. Baker, Pennsylvania, PA, USA)[31]. The reaction was 
initiated with the addition of 5,5'-dithio-bis-2-nitrobenzoic acid (Sigma-Aldrich, St. Louis, MO, USA), and 
the absorbance was measured at 412 nm. The results are presented as µM of SH (sulfhydryl) per milligram 
of protein using the Ellman method[32].

pH
The pH was determined using a digital potentiometer (Hanna instrument pH 210, Ukraine) according to 
the method AOAC 981.12/2002.

Water holding capacity
Five g of muscle were shaken with a glass rod for 1 min with 0.6 M NaCl, allowed to settle for 30 min, 
shaken again, and centrifuged (3,500 rpm/15 min) in Eppendorf Centrifuge 5810R, Madrid, Spain, 
indicating NaCl/100 g retention, according to Dublán-García[33].



Page 5 of Martínez-Viveros et al. Water Emerg Contam Nanoplastics 2023;2:19 https://dx.doi.org/10.20517/wecn.2023.17 13

Figure 1. (A) Changes in LPx of Cyprinus carpio muscle expressed as nM MDA/mg protein exposed to two concentrations of GLI (50 and 
1,000 ng/L) for 12, 24, 48, 72 and 96 h. Values are the means of three replicates ± SE. *Significant differences from control group; 
abcdeDifferent letters represent statistically significant differences between concentrations (P < 0.05) ANOVA, and Tukey (P < 0.05); 
(B) Changes in PCC of Cyprinus carpio muscle, expressed in mmol C=O/mg protein, upon exposure to two concentrations of GLI (50 and 
1,000 ng/L) for 12, 24, 48, 72 and 96 h. Values are the means of three replicates ± SE. *Significant differences from control group; 
abcdeDifferent letters represent statistically significant differences between concentrations (P < 0.05), ANOVA, and Tukey (P < 0.05); 
(C) SDS-PAGE Profile of myofibrillar proteins of Cyprinus carpio muscle exposed to two concentrations of GLI (50 and 1,000 ng/L) for 12, 
24, 48, 72, and 96 h. Bands according to Precision Plus Protein™ Kaleidoscope™ Prestained Protein Standards #1610375; (D) Warner-
Bratzler share force in Cyprinus carpio muscle exposed to two different GLI concentrations (C1: 50 ng/L and C2: 1,000 ng/L) for 0, 24, 
48, 72, and 96 h. Values are the means of three replicates ± SE. *Significant differences from control group, ANOVA, and Tukey 
(P < 0.05). C1: Concentration 1 (50 ng/L); C2: concentration 2 (1,000 ng/L); C10: concentration 1 (50 ng/L) zero time; C20: 
concentration 2 (1,000 ng/L); C124: concentration 1 (50 ng/L) 24 h; C224: concentration 2 (1,000 ng/L) 24 h; C148: concentration 1 
(50 ng/L) 48 h; C248: concentration 2 (1,000 ng/L) 48 h; C172: concentration 1 (50 ng/L) 72 h; C272: concentration 2 (1,000 ng/L) 72 h; 
C196: concentration 1 (50 ng/L) 96 h; C296: concentration 2 (1,000 ng/L) 96 h; LPx: lipid peroxidation; M: protein marker; MDA: 
malondialdehyde; PCC: protein carbonyl content; TC: test control.

Statistical analysis
ANOVA and Tukey’s test were used for mean differences (P < 0.05) using the program SPSS, v17 Martínez-
Viveros et al.[9].

RESULTS AND DISCUSSION
Oxidized compounds
A significant increase (P < 0.05) was observed in MDA and PCC at different exposure times, from 1,268% to 
1,176% in malondialdehyde at 50 ng/L and from 67% to 608% at 1,000 ng/L, while carbonylated products 
increased from 256% to 439% at 50 ng/L and decreased from 117% to 115% at 1,000 ng/L starting from 48 h 
[Figure 1A and B].

SDS-PAGE
In the electrophoretic profile, the appearance of low-molecular-weight bands with increasing exposure time 
is observed for both GLI concentrations compared with the control [Figure 1C].
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Figure 2. (A) Changes in sulfhydryl group (- SH) in Cyprinus carpio muscle expressed as µM - SH/mg protein exposed to two different 
concentrations of GLB (C1: 50 ng/L and C2: 1,000 ng/L) for 0, 24, 48, 72, and 96 h. Values are the means of three replicates ± SE. 
*Significant differences from control group; aDifferent letters represent statistically significant differences between concentrations 
ANOVA, and Tukey (P < 0.05); (B) Changes in water holding capacity (WHC) in Cyprinus carpio muscle expressed as NaCl/100 g 
retention exposed to two different concentrations of GLB (C1: 50 ng/L and C2: 1,000 ng/L) for 0, 24, 48, 72, and 96 h. Values are the 
means of three replicates ± SE. *Significant differences from control group; aDifferent letters represent statistically significant differences 
between concentrations (P < 0.05) ANOVA, and Tukey (P < 0.05); (C) Changes in pH in Cyprinus carpio muscle exposed to two different 
concentrations of GLB (C1: 50 ng/L and C2:1000 ng/L) for 0, 24, 48, 72, and 96 h. Values are the means of three replicates ± SE.

Texture properties
For the shear force [Figure 1D], a significant decrease (P < 0.05) was observed starting at 48 h for the high 
concentration, dropping from 38% to 18%. However, this decrease was not observed for the low 
concentration, which increased from 24% to 28% in 72 h. The results of the texture profile analysis (TPA) 
presented in Table 1 indicate that, following the exposure period, all response variables for both 
concentrations exhibited a significant decrease (P < 0.05) compared with the control and the previous 
exposure time.

Physicochemical properties
For the sulfhydryl groups, there was a significant decrease (P < 0.05) in both GLI concentrations (high and 
low) at the different exposure times compared with the control; specifically, at 50 ng/L, there was a 
reduction of 45.5%, while at 1,000 ng/L, the decrease was even more pronounced at 90.9% [Figure 2A].

A significant decrease in water holding capacity (P < 0.05) was observed for both the high and low 
concentrations of GLI after 48 h, from 22% to 43% and from 20% to 37%, respectively [Figure 2B].



Page 7 of Martínez-Viveros et al. Water Emerg Contam Nanoplastics 2023;2:19 https://dx.doi.org/10.20517/wecn.2023.17 13

Table 1. Results of texture profile analysis in Cyprinus carpio muscle exposed to two concentrations of GLB (50 ng/L and 1,000 ng/L) 
for 0, 24, 48, 72 and 96 h

Exposure time
0 h 24 h 48 h 72 h 96 h

Control 1.087 ± 0.021 1.022 ± 0.005 0.980 ± 0.009a 0.946 ± 0.008a 0.929 ± 0.003a

50 ng/L 0.955 ± 0.007 0.092 ± 0.006*a 0.040 ± 0.003*a 0.029 ± 0.002*a 0.010 ± 0.000*a

Hardness

100 ng/L 0.922 ± 0.005 0.066 ± 0.001*a 0.024 ± 0.002*a 0.011 ± 0.001*a 0.005 ± 0.001*a

Control 0.015 ± 0.001 0.013 ± 0.001 0.012 ± 0.000a 0.012 ± 0.000a 0.010 ± 0.000a

50 ng/L 0.014 ± 0.001 0.001 ± 0.000*a 0.001 ± 0.000*a 0.001 ± 0.000*a 0.001 ± 0.000*a

Cohesiveness

100 ng/L 0.014 ± 0.000 0.001 ± 0.000*a 0.001 ± 0.000*a 0.001 ± 0.000*a 0.001 ± 0.000*a

Control 0.367 ± 0.015 0.347 ± 0.015 0.333 ± 0.015a 0.277 ± 0.006a 0.253 ± 0.001a

50 ng/L 0.363 ± 0.006 0.001 ± 0.000*a 0.001 ± 0.000*a 0.001 ± 0.000*a 0.001 ± 0.000*a

Elasticity

100 ng/L 0.330 ± 0.010 0.001 ± 0.000*a 0.001 ± 0.000*a 0.001± 0.000*a 0.001 ± 0.000*a

Control 0.006 ± 0.000 0.005 ± 0.000 0.004 ± 0.000a 0.003 ± 0.000a 0.002 ± 0.000a

50 ng/L 0.005 ± 0.000 0.000*a 0.000*a 0.000*a 0.000*a

Chewiness

100 ng/L 0.005 ± 0.000 0.000*a 0.000*a 0.000*a 0.000*a

Control 0.016 ± 0.000 0.013 ± 0.000 0.012 ± 0.000a 0.011 ± 0.000a 0.009 ± 0.000a

50 ng/L 0.013 ± 0.000 0.000*a 0.000*a 0.000*a 0.000*a

Gumminess

100 ng/L 0.012 ± 0.000 0.000*a 0.000*a 0.000*a 0.000*a

*Significant difference from control group; asignificant difference from 0 h. ANOVA and Tukey (P < 0.05). Results expressed in N (Newtons).

Figure 3.  Structure of glibenclamide (GLI), 5-chloro-N-(2-{4-[(cyclohexylcarbamoyl)sulfamoyl]phenyl}ethyl)-2-
methoxybenzenecarboxamide.

pH showed a decrease for both concentrations (high and low) of GLI until 72 h, of one and two percentual 
points [Figure 2C].

Discussion
Prior studies conducted within the research group have shown the impact of xenobiotic presence, including 
antidepressants (fluoxetine)[34]; hormones (17-β-estradiol)[35]; antibiotics (amoxicillin)[36]; plastic precursors 
(bisphenol A)[37,38]; sweeteners (Acesulfame potassium)[39] and sucralose[40,41]; caffeine[42]; nonsteroidal anti-
inflammatory drugs (ibuprofen and diclofenac)[43]; competitive inhibitors (captopril)[44]; hospital effluents[45]; 
and reservoir contaminants[46]. These compounds have been found at environmentally relevant 
concentrations in various water bodies, stemming from anthropogenic and industrial activities, causing 
harmful effects, notably oxidative stress, in different organs (brain, gills, liver, and blood) of 
environmentally significant bioindicators such as Daphnia magna, Danio rerio, Xenopus laevis, and 
economically important species such as the common carp (Cyprinus carpio). While damage has been 
documented, investigations into fish muscle are of particular interest because of its role as an important 
source of high-biological-value protein.
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In addition, previous studies have demonstrated protein damage resulting from oxidation caused by the 
presence of oxidizing agents (mentioned earlier), ionizing radiation, ultrasonication[47], and peroxide radical 
initiation[48], with observations of modifications in the amino acid chains[47], particularly in the essential 
ones. This phenomenon reduces nutritional properties[31]. Therefore, the identification of environmentally 
relevant levels of various xenobiotics can potentially result in a decline in nutritional quality.

Glibenclamide, a drug belonging to the sulfonylurea family, has been documented as having systemic 
phototoxic properties[49], a phenomenon attributed to the presence of aryl-halogen bonds, which can 
undergo photofragmentation upon direct UV light exposure, generating aryl radicals that can be replaced 
by a hydrogen atom or other molecular segments provided by the surrounding medium, or even undergo 
dimerization. In addition, the molecular segments possessing the highest electronic density are susceptible 
to interactions with electrophilic species. For instance, the aromatic segment with the alkyl substituent 
exhibits reactivity that can be influenced by the sulfamoyl group [Figure 3]. In essence, the photochemical 
transformation of the drug can form free radicals and participate as a photosensitizer in the formation of 
reactive oxygen species such as superoxide anions, hydroxyl radicals, and molecular singlet oxygen[50], in 
addition to those formed by the biotransformation of GLI by CYP450[10,51], revealing oxidative stress on 
biomarkers in the brain, gill, liver, and blood upon acute exposure of  common carp to GLI.

The current study revealed an elevated concentration of MDA in muscle tissue because of acute exposure to 
both GLI concentrations (50 and 1,000 ng/L) [Figure 1A]. This increase in MDA facilitates the oxidation of 
unsaturated lipids in Cyprinus carpio muscle, and Dominguez emphasizes the high susceptibility of this 
muscle tissue to oxidation, which occurs primarily through the autoxidation mechanism - a chain reaction 
involving the formation of free radicals, yielding various derivative compounds such as hydroperoxides, 
aldehydes, ketones, and ultimately, end products such as alkanes, alcohols, and carbonyl compounds[52]. 
This process results in the deterioration and loss of textural and physicochemical properties, including 
gelling and water-holding capacity[31].

Furthermore, these by-products, along with reactive oxygen species (ROS), are widely acknowledged to 
induce protein oxidation reactions[53,54]. In the present study, an increase in the formation of protein 
carbonyl compounds (PCC) was demonstrated, showing a dependency on the exposure time and both 
concentrations of GLI. This increase in PCC formation is attributed to radical formation reactions, 
elongation reactions, branching reactions, and termination reactions. These mechanisms differ from lipid 
oxidation reactions and glycation processes[53]. Notably, these mechanisms have been extensively described 
in prior studies by Lund et al., Estévez, and Domínguez et al.[15,16,52].

The oxidation induced by GLI in both concentrations resulted in a noticeable alteration of the 
electrophoretic profile of myofibrillar proteins, as illustrated in Figure 1C. This alteration is characterized by 
a reduction in the intensity of the protein bands, coupled with the emergence of low-molecular-weight 
bands in both myosin and actin. It is worth noting that actin, which is typically more stable, was also 
affected by these changes[55]. This occurrence of protein fragmentation coincides with the findings of Liu 
and Xiong[41], who induced oxidation through FeCl3/H2O2/ascorbate. The fragmentation of proteins may 
arise due to the direct impact of hydroxyl radicals (•OH) on the polypeptide backbone or on the side chains 
of glutamyl or prolyl residues.
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Figure 4. Gels of Cyprinus carpio myofibrillar proteins expressed in N (Newton) after exposure to two different concentrations of GLB 
(C1: 50 ng/L and C2: 1,000 ng/L) for 0, 24, 48, 72, and 96 h.

In addition, it has been reported that the decrease in myofibrillar protein bands could be linked to the 
formation of high-molecular-weight aggregates, which, under the pore size limitations of SDS-PAGE, are 
unable to permeate the gel network and consequently accumulate on its surface. Carbonyls formed during 
oxidation can react with the free amino groups of unoxidized amino acids, creating amide bonds[56]. The 
formation of bityrosine between protein molecules can also prompt polymerization and aggregation, 
whereas Schiff bases arising from oxidized myofibrils can generate aggregates[55-58].

Fish myosin is characterized by a substantial abundance of thiol groups, which, when oxidized, can form 
disulfide bonds, playing a crucial role in maintaining the structure of myofibrillar protein-based gels[59]. Our 
present study observed a decrease in sulfhydryl groups (-SH) for both GLI concentrations compared with 
control. This finding aligns with the observations of Liu et al., Qian et al., and Eymard et al., who noted 
similar results in the muscle tissues of grass carp, silver carp, and mackerel, respectively[48,58,60]. It is widely 
acknowledged that the presence of reactive oxygen species (ROS), reactive nitrogen species (RNS), and/or 
reactive chlorine species (RCS) can trigger a diverse range of modifications, impacting enzyme activities and 
protein-protein interactions. -SH groups are particularly vulnerable to oxidation, especially in the presence 
of hydrogen peroxide, which accumulates within cells and is generated through the phase 1 
biotransformation of GLI. Notably, the thiol groups in cysteine (amino acid prominently present in fish 
muscle along with the entirety of essential amino acids, as indicated by the FAO standard protein) are 
particularly susceptible to oxidation. This susceptibility leads to a series of oxidized products, including 
sulfenic acid (RSOH), sulfinic acid (RSOOH), and the cross-linking of disulfide groups (RSSR)[15,31,56,61,62]. 
Structural modification of the protein results in compromised functionality, affecting aspects such as gelling 
capacity and water holding capacity, as indicated in reference[47].
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The water holding capacity serves as a quantitative indicator of retained water, which could reflect the 
structure of the protein gel network. In this study, a decrease in water holding capacity (WHC) was 
observed with increased exposure time at both concentrations [Figure 2B]. This decrease may be attributed 
to the degradation of myosin at higher oxidant concentrations, resulting in an unstable gel network. The 
instability of the gel network is further evidenced by the deterioration in textural properties observed after 
24 h of exposure for both concentrations [Table 1], aligning with findings reported by Liu et al. and Zhou 
et al., who observed the same in WHC of the myofibrillar protein due to oxidative modification 
accompanied by a decrease in the sulfhydryl groups in isolated porcine myofibrillar protein[48,63]. These 
findings can be seen in Figure 4, where the integrity of the gels is affected. Consequently, within the context 
of the present investigation, a discernible decline in pH values was observed beyond the 72-hour threshold 
(P < 0.05). The underlying cause of this pH reduction [Figure 2C] may be attributed to the increased 
concentration of MDA and the accumulation of lipoperoxides. These factors collectively induce alterations 
in the structural composition of proteins within fish muscle as it approaches its isoelectric point, as 
previously noted by Wang et al.[64].

CONCLUSIONS
GLI concentrations of 50 and 1,000 ng/L induced an escalation in the extent of lipoperoxidation and 
carbonylated proteins, resulting in substantial repercussions on Cyprinus carpio muscle. This led to the 
attenuation of its physicochemical and textural attributes, thereby diminishing its functional integrity and 
presumably affecting its nutritional value. The inability to establish a three-dimensional network further 
compromised its potential technological utility. This investigation underscores that the presence of this 
xenobiotic exerts not only ecological ramifications but also influences species of economic and nutritional 
significance. For forthcoming inquiries, it is imperative to discover the driving forces behind myofibrillar 
protein oxidation and their implications for fragmentation, aggregation, and polymerization. This entails 
considering the oxidant’s inherent properties, exposure duration, and the appropriateness of SDS-PAGE 
parameters concerning pore dimensions to comprehensively elucidate these phenomena. Furthermore, the 
integration of other methodologies, such as proteomics, can provide a more comprehensive understanding.
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