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Dexamethasone (glucocorticoid) was recently shown to be a life-saving drug for the treatment of SARS-CoV-2 disease. Water and sediments can be contaminated by sewage treatment plants when this product is widely used. Accordingly, we evaluated the effects of dexamethasone as pharmaceutical residue on Clarias gariepinus, following exposure and post-exposure recovery on blood biochemical, antioxidant, and cytokine markers. Three experimental groups were examined. Control, fish exposed to 0.3 mg/L of dexamethasone, and fish exposed to 3 mg/L of dexamethasone for 7 days, followed by a 15-days recovery period. Hematological indices, such as red blood cell number, hemoglobin (Hb), platelets, mean corpuscular hemoglobin concentration, and large lymphocytes, were significantly declined following the exposure to dexamethasone compared to control. In contrast, hematocrit (Ht), mean corpuscular volume, monocytes, small lymphocytes, and mean corpuscular hemoglobin increased significantly depending on the dose–concentration. Liver and kidney functions, other biochemical parameters (albumin and globulin), cortisol, and cytokine (IL-1β and IL-6) concentrations increased significantly after exposure to dexamethasone compared to control. Antioxidants and acetylcholinesterase enzymes were significantly decreased in catfish treated with dexamethasone cumulatively with doses. After a recovery period, blood biochemical, antioxidant, and cytokine markers were still elevated compared with the control group. In conclusion, dexamethasone at concentrations present in water bodies causes deleterious effects on blood biomarkers, biochemical, and antioxidant as well as immune upregulation in catfish until after depuration period.
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INTRODUCTION
Recently, human and veterinary pharmaceuticals are contaminating aquatic ecosystems (Soliman et al., 2019). Quantifying active pharmaceutical ingredients (APIs) has been accomplished by measuring surface water, ground water, effluents, and biota (Togola and Budzinski, 2008). Inflammation, autoimmune diseases, and cancer are among the conditions that are treated with glucocorticoids (Miyoshi et al., 1997). Dexamethasone has anti-inflammatory and immunosuppressive effects and is a powerful synthetic glucocorticoid drug. It is used to treat a wide range of illnesses, including allergies, asthma, COVID-19, rheumatic problems, and skin diseases (Miyoshi et al., 1997; Sanders et al., 2020). There have been high levels of trace amounts of dexamethasone detected in sewage effluent, which belongs to the glucocorticoid cortisone family (Herrero et al., 2013). Brank et al. (1998) reported that river water collected downstream from a French pharmaceutical factory contained high levels of dexamethasone (10 mg/L); however, the concentration in the sewage effluents was reported as 0.3 mg/L (Chang et al., 2007).
Fish health has become increasingly concerned as a result of aquatic pollutants (Sayed and Soliman, 2017). Environmental risk assessment for pharmaceutical contaminants is based on several approaches. Among such contaminants, DEXA is recognized for its detrimental effects on brown trout (Pickering et al., 1987). Dexamethasone has been reported to adversely affect fathead minnow growth, reproduction, and development (LaLone et al., 2012). It also inhibits hepatic CYP450 in juvenile rainbow trout (Carletti et al., 2007), causes oxidative stress and reduced testosterone concentrations in Hopliasmala baricus (Guiloski et al., 2015), affects the hematological and immunological response in freshwater fish (Ribas et al., 2016), and induces hepatomegaly and steatosis in larval stage of zebrafish (Haider and Rauf, 2014). The highest concentrations of dexamethasone have been found in wastewater from hospitals, suggesting that it will likely increase in different environmental matrixes due to its increase during the COVID-19 pandemic (Musee et al., 2021). Data on DEXA’s effects on marine aquatic ecosystems and wildlife are limited. For an improved management of dexamethasone, studies involving long-term toxicological outcomes, realistic exposure concentrations, and whole organisms are needed. As a result, human lives can be saved and ecological integrity can be protected.
African catfish (Clarias gariepinus) is a toxicological model and has been used in immunological and biomedical studies as an excellent model (Mekkawy et al., 2011). Accordingly, we investigated the effects of high and low-dose dexamethasone on this model using hematological, biochemical, antioxidants, and immunological biomarkers.
MATERIALS AND METHODS
Chemicals
Dexamethasone sodium was purchased from Sigma-Aldrich, United Kingdom.
Fish collection
Juveniles of the African catfish, C. gariepinus, were collected from the aquaponic unit at Assiut University. Fish is fed twice (5% body weight) with commercial pellets daily. The conditions were as 27–28°C with a 12 h:12 h light–dark cycle in multiple tanks (24 fish/100 L each) for 2 weeks to acclimate before the experiments. A daily replacement of approximately 20% of water was performed during the acclimation period. Fish ranged between 23–34 cm in total length and 83–140 g in weight. They were examined before the experiments to determine whether the fish were healthy and parasite-free (Fish and Service, 2010).
Dexamethasone exposure
Catfish are capable of absorbing drug molecules from water through their mucosal skin, gills, and gut (Peatman et al., 2015). Dexamethasone was dissolved in dimethyl sulphoxide (DMSO) solution, and the solutions were diluted in double-deionized water before use as 3–0.3 mg/L. Briefly, the selected concentration was chosen because it environmental relevant concentration (Brank et al., 1998), where a significant alteration in physiology was observed, but gross morphology and survival of the organisms were not affected. In addition, the dose of the current study ranged from 0.3–3.0 mg/L was selected according to Guiloski et al. (2015). The acclimatized fish (n = 8/group in triplicates) were randomly divided into three groups: control, exposed to 0.3 mg/L dexamethasone (low dose), and exposure to 3.0 mg/L dexamethasone (high dose) for 7 days followed by a 15-days recovery period. Food was supplied to each aquarium for 1 h before dosing to minimize the removal of dexamethasone from residual food and feces in the test water and water partially substituted every day. The water content of dissolved oxygen, pH, and temperature were 8.23 ± 4.5 mg/L, 6.7 ± 0.34, and 25 ± 3°C, respectively. After exposure, four fish randomly selected from each treatment and benumbed using ice (Hamed et al., 2019). Blood samples (1.5 ml) were collected from the caudal vein into heparinized tubes for the measurement of hematological, biochemical, antioxidants, and immunological indices, and the rest of fish remained in tanks without treating (recovery period) for 15 days. Experimental setup and fish handling were according to the guidelines of the Research and Ethical Committee of the Assiut University.
Haemato-biochemical parameters
Hematological parameters, such as RBCs, WBCs, differential WBCs, blood platelets, HCT, and Hb were estimated using a hematocytometer and other related parameters such as MCV, MCHC, and MCH were calculated using equations according to Mekkawy et al. (2011).
Colorimetric estimation of the biochemical parameters in serum (creatinine, uric acid, urea, liver enzymes (AST and ALT), glucose, total protein, and albumin) were measured with a spectrophotometer (Jasco-V530) at wavelength (340–546 nm), depending on the parameter being tested, according to Hamed et al. (2019).
Antioxidants and cortisol measurements
Based on the method described by Knedel and Böttger (1967), serum acetylcholinesterase (AchE) was measured using Stanbio kits. Cortisol was measured by enzyme-linked immunosorbent assay (ELISA) according to Foster and Dunn (1974). According to Habig et al. (1974), glutathione-s-transferase activity was determined. Superoxide dismutase (SOD) was measured according to Nishikimi et al. (1972). Total antioxidant capacity (TAC) was measured using kits (Sigma-Aldrich, United States). A thiobarbituric acid reaction was used to measure malondialdehyde (MDA) (Ohkawa et al., 1979).
Immunological parameters
The serum cytokines, IL-1β and IL-6, were measured by ELISA kits using ultrasensitive commercial kits (Human Ultrasensitive, Biosource International Inc.), according to Wang and Secombes (2009) and Hanington and Belosevic (2007), respectively.
Statistical analysis
Data were described by the mean of samples ±SE. A one-way analysis of variance was used to compute the results (SPSS software package, Version 15) (Stevens, 2013). Values of p < 0.05 were considered significant.
RESULTS
Biochemical parameters
Kidney function (creatinine, urea, and uric acid) showed significant (p < 0.05) increases after exposure to 0.3–3.0 mg/L dexamethasone for 7 days in dose-dependent manner compared to control, while serum globulin and albumin levels show a significant decrease with the two treated groups compared with the control. The liver functions such as the aspartate aminotransferase (AST) level became higher in the high concentration group only. On the other hand, alanine aminotransferase (ALT), glucose, and total protein levels appeared with no significant change in the results (Table 1). After the recovery period, higher levels of the biochemical indices were still detected in the dexamethasone-exposed groups compared with the control group (Table 1).
TABLE 1 | Biochemical parameters (means ± SE) of the African catfish (Clarias gariepinus) after dexamethasone exposure (7 days) and recovery (15 days).
[image: Table 1]Hematological parameters
Hematological indices including erythrocyte count (RBCs) were significantly (p < 0.05) decreased after exposure to 0.3–3.0 mg/L of dexamethasone for 7 days compared with the control group. The Hb and MCH values were found to be higher at low dexamethasone concentration compared to high concentration and control (Table 2). In contrast, small lymphocytes were significantly (p < 0.05) increased after exposure to 0.3–3.0 mg/L of dexamethasone. Monocyte and eosinophil noted with a significant increase in values only in the high dose exposure while large lymphocyte, MCHC, and thrombocyte were opposite as their levels only marked with a significant decrease only in the higher concentration treated group for 7 days on the other side, white blood cells did not change after the exposure period (Table 2). After the recovery period, only neutrophil, monocyte, eosinophil, MCV, and Ht returned to the normal levels in the treated groups compared to the control group. Large lymphocyte and small lymphocyte still unchanged after the recovery period compared with the control. The other hematological indices were detected unchanged in levels in the high dose treated group compared with the control group (Table 2).
TABLE 2 | Hematological profile (means ± SE) of the African catfish (Clarias gariepinus) after dexamethasone exposure (7 days) and recovery (15 days).
[image: Table 2]Antioxidants and stress indices
The levels of total antioxidant capacity (TAC), superoxide dismutase (SOD), and acetylcholinesterase exhibited a significant decrease (p < 0.05) after exposure, especially to the high dose (3 mg/L) for 7 days compared with the control group, while a significant increase in levels were noted in cortisol and malondialdehyde after high dose, and there was no change in glutathione-s-transferase levels with the two treated groups (Table 3). After the recovery period, the activities of the tested antioxidant still with a significant difference in the high dose treated group compared with the control group except glutathione-s-transferase and cortisol levels (Table3).
TABLE 3 | Antioxidant parameters (means ± SE) of the African catfish (Clarias gariepinus) after dexamethasone exposure (7 days) and recovery (15 days).
[image: Table 3]Immunological parameters
The cytokines, IL-1β and IL-6, exhibited a significant increase in the serum of the catfish after exposure to low and high doses of dexamethasone (Figures 1, 2). After the recovery period, the activities of the cytokines are still with a significant difference in the treated groups compared to the control group (Figures 1, 2).
[image: Figure 1]FIGURE 1 | IL-1β concentration in the African catfish (Clarias gariepinus) after dexamethasone exposure (7 days) and recovery (15 days).
[image: Figure 2]FIGURE 2 | IL-6 concentration of the African catfish (Clarias gariepinus) after dexamethasone exposure (7 days) and recovery (15 days).
DISCUSSION
There have been some studies describing the effects of synthetic glucocorticoids on aquatic vertebrates (Carletti et al., 2007; LaLone et al., 2012; Haider and Rauf, 2014; Guiloski et al., 2015; Ribas et al., 2016). There have been studies involving dexamethasone exposure in fish species, but these only examined physiologic effects associated with the stress response rather than harmful effects (Li et al., 2008; Lutton and Callard, 2008; Pierce et al., 2009). Hematological indices are important markers that reflect the health status of fish (Thummabancha et al., 2016). Based on the results of this study, the dexamethasone at higher concentration exerts hematologic changes including decreased RBC’s, hemoglobin, and MCHC. Consistent with our results, (Ribas et al., 2016) observed that in Hopliasmala baricus, the red blood cell count and hemoglobin level of fish exposed to dexamethasone decreased significantly. Also, Petrillo et al. (2017) stated that, as a result of dexamethasone treatment, erythrocytes, and hemoglobin levels decreased, while MCV was increased, suggesting a slight macrocytic anemia in pacu (Piaractus mesopotamicus). This anemia may be as a result of hematopoietic tissue damage, RBC’s are lysed and/or erythropoiesis is suppressed, causing this anemia. Cell membranes are likely to be more mechanically fragile as a result of this (Rosenberg et al., 1998), which was indicated by RBC’s alterations (data under preparation). Also, a reduction in RBC’s may also be attributed to hemodilution; nevertheless, they can result from the destruction of red blood cells or inability to synthesize new ones, resulting in reduced oxygen uptake by the cells (Dethloff et al., 2001).
The hematometric indices, MCV and MCH, were increased significantly only in the group exposed to low dose of dexamethasone. The MCHC show a marked decrease in levels within the high dexamethasone exposed group. As a result, these results are in agreement with that of Ribas et al. (2016), who observed an increase in these hematological parameters in H. malabaricus exposed to dexamethasone.
Fish have an adaptive immune response that relies heavily on lymphocytes; so a decrease in large lymphocytes represents a decrease in immunity (Ribas et al., 2016). No changes were observed in white blood cells count in fish exposed to lower and higher doses of dexamethasone. These results are in accordance with Reidarson and McBain (1999) as there was no change in leukocyte number in two Atlantic bottlenose dolphin after exposed to dexamethasone, and opposite to Guiloski et al. (2015) who exposed African catfish to dexamethasone, and observed an immunosuppressive state was manifested by a reduction of leukocyte counts. Such failure can render an organism more susceptible to infection (Ribas et al., 2016). Our study showed that dexamethasone high concentration exert immunological dysfunction in fish, which weakens its immune system and may lead to severe physiological disorders; the results reveal a significant changes in values including neutrophilia, monocytosois, and lymphocytopenia in large lymphocytes at 3.0 mg/L, and these results are in agreement with results of Davis et al. (2008).
Fish and their environments are assessed by biochemical parameters, such as glucose and proteins, which indicate the fish’s health status. Inappropriate carbohydrate metabolism is indicated by elevated blood glucose levels (Ramesh et al., 2018) and additionally, it may be used to detect fish stress due to environmental factors. In addition, changes in plasma protein levels indicate a person’s general health status and how toxicants affect their metabolism (Lavanya et al., 2011). Our results indicated an increase in serum glucose (hyperglycemia) levels in Clarias gariepinus exposed to different dexamethasone concentrations for 7 days. These results are in agreement with that of Fazio (2019) who observed a significant increase in serum glucose levels on sea bream (Sparus aurata) after exposure to stress. Similar results were reported in bottlenose dolphins (Reidarson and McBain). The significant higher glucose associated with the higher cortisol level was observed in the exposed groups. Cortisol levels increase during stress, and high cortisol levels increase gluconeogenesis and blood glucose (Vijayan et al., 2010).
Fish’s nutritional and immune statuses are affected by circulating proteins, such as albumin (Lingaiah et al., 2012). Our results indicated a significant decrease in albumin (hypoalbuminemia) and globulin content in C. gariepinus exposed to dexamethasone. These results are opposite to the findings of La Mear et al. (1997) who demonstrated that dexamethasone increased albumin and globulin in neonatal rats. In agreement with Haider and Rauf (2014), they reported that after exposure to sub-lethal doses of diazinon, the albumin and globulin contents of Cirrhinus mrigala significantly decreased.
Exposure to stress can affect kidney function. Studies indicate that stress can cause adverse changes in urination at multiple levels, not just phenomenologically (Shimizu et al., 2021). A decrease in kidney excretion and an excess of purine precursors during synthesis may cause high uric acid concentrations (Schmidt et al., 2013). The high levels of creatinine and urea in the blood are an indication of impaired kidney function, which is linked to ROS production and kidney damage (Upasani and Balaraman, 2003). Thus, this could explain the increase in the creatinine, urea, and uric acid levels in catfish serum subjected to high concentration of dexamethasone in the present study.
A measure of liver function is AST and ALT, which are aminotransferase enzymes. As long as these enzymes remain low during normal liver function, their increase indicates that the liver is not functioning normally and that it is impaired (Zhang et al., 2019). Our results indicated a marked increase in liver enzyme activity in C. gariepinus exposed to high dexamethasone concentration for 7 days. These findings are in agreement with that of Jerez-Cepa et al. (2019) who observed a significant increase in the activities of aspartate aminotransferase (AST) in gilthead sea bream (Sparus aurata L.) after exposure to dexamethasone and with Thomas et al. (2014) on bottlenose dolphins (Tursiops truncatus). These enzymes are considered indicators of damage to cell membranes when they are liberated from the cell and increase in blood levels (Banaee et al., 2014). These enzymatic changes may occur because of the damage of hepatocytes, which are responsible for detoxication and their accompanying exodus into the blood. In contrast, Yahi et al. (2017) observed that, dexamethasone treatment decreased liver enzyme levels, indicating that higher concentrations have hepatoprotective properties.
Cortisol is the most common stress indicator, and high levels of stress on fish induce elevation of cortisol levels (Martínez-Porchas et al., 2009). In the present study, the level of cortisol significantly increased in the exposed group to high dexamethasone and this result were in accordance with that of Zanuzzo et al. (2019) on Piaractusm esopotamicus and Jerez-Cepa et al. (2019) on Sparus aurata.
Inflammatory and immune responses are regulated by cytokines, which are water-soluble proteins. The fish immune status can be enhanced by supplementing their diet with immuno-stimulants to stimulate the production of inflammatory cytokines (Awad et al., 2011). It has been shown that leukocytes produce the majority of inflammation cytokines, including IL-1β, and these play an important role in the host’s defense against infection, necrosis, and other forms of inflammation (Myren, 2007).
Pleiotropic cytokines regulate immune responses, hematopoiesis, inflammation, and oncogenesis through a variety of biological functions. In the present study, there was a significant increase in IL-1β and IL-6 production in serum and our findings agree with Begam and Sengupta (2015) who noted an increase in proinflamatory cytokines the in Channa punctatus after exposure to mercury.
Aquatic organisms were tested for various environmental stress effects using antioxidant biomarkers (Sayed et al., 2021). In the present study, the activities of SOD and TAC were significantly decreased in the two groups of exposure, these results agree with Hamed et al. (2020) as they reported a decrease in total antioxidant capacity (TAC) in Nile Tilapia after exposure to microplastic and with disagreement with Hoseini et al. (2022) as they noted a significant increase in SOD levels in common carp as a result of stress, whereas malondialdehyde (MDA) concentration showed a significant increase in the low dose and a significant increase in the high dose dexamethasone exposed group. These results are in accordance with Carneiro et al. (2022). In contrast, the levels of antioxidant enzymes were decreased compared with the control. Sayed et al. (2021) reported that there was a depletion of antioxidant enzymes in catfish (Clarias gariepinus) after exposure to hydroxychloroquine. In contrast, José et al. (1997) observed an increase in catalase and superoxide dismutase enzymes in the adult rat lung after dexamethasone injection. Also, calves orally treated with dexamethasone showed a significant increase of both glutathione peroxidase isoforms and SAC (Carletti et al., 2007). In organisms with a nervous system and muscle tissue, acetylcholinesterase (AChE) is a serine hydrolase enzyme. In aquatic ecosystems, it has been widely used as a biomarker for detecting neurotoxicity of pollutants that are involved in neurotransmission (Jebali et al., 2013; Kim and Lee, 2018). Studies have indicated that AChE concentration is inhibited in aquatic environments by environmental such as pharmaceuticals (Piner and Üner, 2012; Rhee et al., 2013). Data from our research revealed a marked decrease in AChE concentration in blood serum with the increase of dexamethasone concentrations to the groups after 7 days of exposure, our result matched with Brank et al. (1998) who observed a reduction in AchE activity in rat skeletal muscle after dexamethasone exposure. Also, Al-Ghais (2013) noticed that decrease in AChE concentration in Tilapia mossambica (Peters) reared in sewage treatment plant (STP) effluently.
In conclusion, high consumption of drugs such as dexamethasone, combined with their presence in the environment, increases concerns about its consequences and negative impacts in aquatic organisms, for example, fish. Hence, dexamethasone at concentrations present in environmental water sources may cause deleterious effects on blood biomarkers, biochemical, and antioxidant factors as well as an upregulation in the immune response of catfish even after the depuration period.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was reviewed and approved by the Assiut University. Written informed consent was obtained from the owners for the participation of their animals in this study.
AUTHOR CONTRIBUTIONS
AS: conceptualization; AS and HT: methodology, visualization, and investigation. AS, HT, and HS: data curation and writing—original draft preparation. All authors: final Draft writing—reviewing and editing.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Al-Ghais S. M. (2013). Acetylcholinesterase, glutathione and hepatosomatic index as potential biomarkers of sewage pollution and depuration in fish. Mar. Pollut. Bull. 74, 183–186. doi:10.1016/j.marpolbul.2013.07.005
 Awad M. A., Al-Qurashi A. D., Mohamed S. A. (2011). Antioxidant capacity, antioxidant compounds and antioxidant enzyme activities in five date cultivars during development and ripening. Sci. Hortic. 129, 688–693. doi:10.1016/j.scienta.2011.05.019
 Banaee M., Sureda A., Zohiery F., Hagi B. N., Garanzini D. S. (2014). Alterations in biochemical parameters of the freshwater fish, Alburnus mossulensis, exposed to sub-lethal concentrations of Fenpropathrin. Int. J. Aquatic Biol. 2, 58–68. 
 Begam M., Sengupta M. (2015). Immunomodulation of intestinal macrophages by mercury involves oxidative damage and rise of pro-inflammatory cytokine release in the fresh water fish Channa punctatus Bloch. Fish. Shellfish Immunol. 45, 378–385. doi:10.1016/j.fsi.2015.04.017
 Brank M., Zajc‐Kreft K., Kreft S., Komel R., Grubič Z. (1998). Biogenesis of acetylcholinesterase is impaired, although its mRNA level remains normal, in the glucocorticoid‐treated rat skeletal muscle. Eur. J. Biochem. 251, 374–381. doi:10.1046/j.1432-1327.1998.2510374.x
 Carletti M., Cantiello M., Giantin M., Nebbia C., Cannizzo F. T. Bollo E., et al. (2007). Serum antioxidant enzyme activities and oxidative stress parameters as possible biomarkers of exposure in veal calves illegally treated with dexamethasone. Toxicol. Vitro 21, 277–283. doi:10.1016/j.tiv.2006.09.001
 Carneiro W. F., Castro T. F. D., Reichel T., de Castro Uzeda P. L., Martínez-Palacios C. A., Murgas L. D. S. (2022). Diets containing Arthrospira platensis increase growth, modulate lipid metabolism, and reduce oxidative stress in pacu (Piaractus mesopotamicus) exposed to ammonia. Aquaculture 547, 737402. doi:10.1016/j.aquaculture.2021.737402
 Chang H., Hu J., Shao B. (2007). Occurrence of natural and synthetic glucocorticoids in sewage treatment plants and receiving river waters. Environ. Sci. Technol. 41, 3462–3468. doi:10.1021/es062746o
 Davis A., Maney D., Maerz J. (2008). The use of leukocyte profiles to measure stress in vertebrates: A review for ecologists. Funct. Ecol. 22, 760–772. doi:10.1111/j.1365-2435.2008.01467.x
 Dethloff G., Bailey H., Maier K. (2001). Effects of dissolved copper on select hematological, biochemical, and immunological parameters of wild rainbow trout (Oncorhynchus mykiss). Arch. Environ. Contam. Toxicol. 40, 371–380. doi:10.1007/s002440010185
 Fazio F. (2019). Fish hematology analysis as an important tool of aquaculture: A review. Aquaculture 500, 237–242. doi:10.1016/j.aquaculture.2018.10.030
 Fish U., Service W. (2010). American Fisheries society–fish health section (AFS-FHS): 2010, standard procedures for aquatic animal health inspections. AFS-FHS blue book: Suggested procedures for the detection and identification of certain finfish and shellfish pathogens. 
 Foster L. B., Dunn R. T. (1974). Single-antibody technique for radioimmunoassay of cortisol in unextracted serum or plasma. Clin. Chem. 20, 365–368. doi:10.1093/clinchem/20.3.365
 Guiloski I. C., Ribas J. L. C., da Silva Pereira L., Neves A. P. P., de Assis H. C. S. (2015). Effects of trophic exposure to dexamethasone and diclofenac in freshwater fish. Ecotoxicol. Environ. Saf. 114, 204–211. doi:10.1016/j.ecoenv.2014.11.020
 Haider M. J., Rauf A. (2014). Sub-lethal effects of diazinon on hematological indices and blood biochemical parameters in Indian carp, Cirrhinus mrigala (Hamilton). Braz. Arch. Biol. Technol. 57, 947–953. doi:10.1590/s1516-8913201402086
 Hamed M., Soliman H. A., Osman A. G., Sayed A. E.-D. H. (2020). Antioxidants and molecular damage in Nile Tilapia (Oreochromis niloticus) after exposure to microplastics. Environ. Sci. Pollut. Res. Int. 27, 14581–14588. doi:10.1007/s11356-020-07898-y
 Hamed M., Soliman H. A., Osman A. G., Sayed A. E.-D. H. (2019). Assessment the effect of exposure to microplastics in nile Tilapia (Oreochromis niloticus) early juvenile: I. Blood biomarkers. Chemosphere 228, 345–350. doi:10.1016/j.chemosphere.2019.04.153
 Hanington P. C., Belosevic M. (2007). Interleukin-6 family cytokine M17 induces differentiation and nitric oxide response of goldfish (Carassius auratus L.) macrophages. Dev. Comp. Immunol. 31, 817–829. doi:10.1016/j.dci.2006.12.001
 Herrero P., Borrull F., Marcé R., Pocurull E. (2013). Pressurised liquid extraction and ultra-high performance liquid chromatography-tandem mass spectrometry to determine endogenous and synthetic glucocorticoids in sewage sludge. Talanta 103, 186–193. doi:10.1016/j.talanta.2012.10.030
 Hoseini S. M., Gupta S. K., Yousefi M., Kulikov E. V., Drukovsky S. G. Petrov A. K., et al. (2022). Mitigation of transportation stress in common carp, Cyprinus carpio, by dietary administration of turmeric. Aquaculture 546, 737380. doi:10.1016/j.aquaculture.2021.737380
 Jebali J., Khedher S. B., Sabbagh M., Kamel N., Banni M., Boussetta H. (2013). Cholinesterase activity as biomarker of neurotoxicity: Utility in the assessment of aquatic environment contamination. Revista de Gestão Costeira Integrada-Journal Integr. Coast. Zone Manag. 13, 525–537. doi:10.5894/rgci430
 Jerez-Cepa I., Fernández-Castro M., Del Santo O'Neill T. J., Martos-Sitcha J. A., Martínez-Rodríguez G. Mancera J. M., et al. (2019). Transport and recovery of gilthead seabream (Sparus aurata L.) sedated with clove oil and MS-222: Effects on stress axis regulation and intermediary metabolism. Front. Physiol. 10, 612. doi:10.3389/fphys.2019.00612
 José H. J., Berenice S.-G. A., Cecilia V.-R. (1997). Induction of antioxidant enzymes by dexamethasone in the adult rat lung. Life Sci. 60, 2059–2067. doi:10.1016/s0024-3205(97)00193-8
 Kim Y. H., Lee S. H. (2018). Invertebrate acetylcholinesterases: Insights into their evolution and non-classical functions. J. Asia-Pacific Entomology 21, 186–195. doi:10.1016/j.aspen.2017.11.017
 Knedel M., Böttger R. (1967). A kinetic method for determination of the activity of pseudocholinesterase (acylcholine acyl-hydrolase 3.1. 1.8.). Klin. Wochenschr. 45, 325–327. doi:10.1007/BF01747115
 La Mear N. S., MacGilvray S. S., Myers T. F. (1997). Dexamethasone-induced myocardial hypertrophy in neonatal rats. Biol. Neonate 72, 175–180. doi:10.1159/000244481
 LaLone C. A., Villeneuve D. L., Olmstead A. W., Medlock E. K., Kahl M. D. Jensen K. M., et al. (2012). Effects of a glucocorticoid receptor agonist, dexamethasone, on fathead minnow reproduction, growth, and development. Environ. Toxicol. Chem. 31, 611–622. doi:10.1002/etc.1729
 Lavanya S., Ramesh M., Kavitha C., Malarvizhi A. (2011). Hematological, biochemical and ionoregulatory responses of Indian major carp Catla catla during chronic sublethal exposure to inorganic arsenic. Chemosphere 82, 977–985. doi:10.1016/j.chemosphere.2010.10.071
 Li D., Yang X.-L., Zhang S.-J., Lin M., Yu W.-J., Hu K. (2008). Effects of mammalian CYP3A inducers on CYP3A-related enzyme activities in grass carp (Ctenopharyngodon idellus): Possible implications for the establishment of a fish CYP3A induction model. Comp. Biochem. Physiol. C. Toxicol. Pharmacol. 147, 17–29. doi:10.1016/j.cbpc.2007.07.003
 Lingaiah H. B., Thamaraiselvan R., Periyasamy B. (2012). Dexamethasone induced alterations in lipid peroxidation, antioxidants, membrane bound ATPase in wistar albino rats. Int. J. Pharm. Pharm. Sci. 4, 497–499. 
 Lutton B., Callard I. (2008). Influence of reproductive activity, sex steroids, and seasonality on epigonal organ cellular proliferation in the skate (Leucoraja erinacea). Gen. Comp. Endocrinol. 155, 116–125. doi:10.1016/j.ygcen.2007.03.011
 Martínez-Porchas M., Martínez-Córdova L. R., Ramos-Enriquez R. (2009). Cortisol and glucose: Reliable indicators of fish stress?Pan-American J. Aquatic Sci. , 158–178. 
 Mekkawy I. A., Mahmoud U. M., Sayed A. E.-D. H. (2011). Effects of 4-nonylphenol on blood cells of the African catfish Clarias gariepinus (Burchell, 1822). Tissue Cell 43, 223–229. doi:10.1016/j.tice.2011.03.006
 Miyoshi H., Ohki M., Nakagawa T., Honma Y. (1997). Glucocorticoids induce apoptosis in acute myeloid leukemia cell lines with at (8; 21) chromosome translocation. Leuk. Res. 21, 45–50. doi:10.1016/s0145-2126(96)00089-6
 Musee N., Kebaabetswe L. P., Tichapondwa S., Tubatsi G., Mahaye N. Leareng S. K., et al. (2021). Occurrence, fate, effects, and risks of dexamethasone: Ecological implications post-COVID-19. Int. J. Environ. Res. Public Health 18, 11291. doi:10.3390/ijerph182111291
 Myren S. M. (2007). Expression of pro-inflammatory cytokines in Atlantic salmon (Salmo salar) after intraperitoneal injection of PLGA [Poly (DL-lactide-co-glycolic) acid] particles. Univ. i Tromsø . 
 Nishikimi M., Rao N. A., Yagi K. (1972). The occurrence of superoxide anion in the reaction of reduced phenazine methosulfate and molecular oxygen. Biochem. Biophys. Res. Commun. 46, 849–854. doi:10.1016/s0006-291x(72)80218-3
 Ohkawa H., Ohishi N., Yagi K. (1979). Assay for lipid peroxides in animal tissues by thiobarbituric acid reaction. Anal. Biochem. 95, 351–358. doi:10.1016/0003-2697(79)90738-3
 Peatman E., Lange M., Zhao H., Beck B. H. (2015). Physiology and immunology of mucosal barriers in catfish (Ictalurus spp.). Tissue barriers . 3, e1068907. doi:10.1080/21688370.2015.1068907
 Petrillo T. R., da Silva Claudiano G., Yunis-Aguinaga J., Manrique W. G., de Castro M. P. de Andrade Belo M. A., et al. (2017). Influence of dexamethasone and levamisole on macrophage recruitment, giant cell formation and blood parameters in the tropical fish Piaractus mesopotamicus. Biosci. J. 33, 1015–1027. doi:10.14393/bj-v33n4a2017-33016
 Pickering A., Pottinger T., Carragher J., Sumpter J. (1987). The effects of acute and chronic stress on the levels of reproductive hormones in the plasma of mature male Brown trout, Salmo trutta L. Gen. Comp. Endocrinol. 68, 249–259. doi:10.1016/0016-6480(87)90036-0
 Pierce A., Dickey J., Felli L., Swanson P., Dickhoff W. (2009). Metabolic hormones regulate basal and growth hormone-dependent igf2 mRNA level in primary cultured coho salmon hepatocytes: Effects of insulin, glucagon, dexamethasone, and triiodothyronine. J. Endocrinol. 204, 331–339. doi:10.1677/JOE-09-0338
 Piner P., Üner N. (2012). In vivo acetylcholinesterase inhibition in the tissues of spinosad exposed Oreochromis niloticus. Environ. Toxicol. Pharmacol. 34, 473–477. doi:10.1016/j.etap.2012.06.012
 Ramesh M., Thilagavathi T., Rathika R., Poopal R. K. (2018). Antioxidant status, biochemical, and hematological responses in a cultivable fish Cirrhinus mrigala exposed to an aquaculture antibiotic Sulfamethazine. Aquaculture 491, 10–19. doi:10.1016/j.aquaculture.2018.02.046
 Reidarson T. H., McBain J. F. (1999). Hematologic, biochemical, and endocrine effects of dexamethasone on bottlenose dolphins (Tursiops truncatus). J. Zoo. Wildl. Med. 30, 310–312.
 Rhee J.-S., Kim B.-M., Jeong C.-B., Park H. G., Leung K. M. Y. Lee Y.-M., et al. (2013). Effect of pharmaceuticals exposure on acetylcholinesterase (AchE) activity and on the expression of AchE gene in the monogonont rotifer, Brachionus koreanus. Comp. Biochem. Physiol. C. Toxicol. Pharmacol. 158, 216–224. doi:10.1016/j.cbpc.2013.08.005
 Ribas J. L. C., Zampronio A. R., Silva De Assis H. C. (2016). Effects of trophic exposure to diclofenac and dexamethasone on hematological parameters and immune response in freshwater fish. Environ. Toxicol. Chem. 35, 975–982. doi:10.1002/etc.3240
 Rosenberg S. A., Yang J. C., Schwartzentruber D. J., Hwu P., Marincola F. M. Topalian S. L., et al. (1998). Immunologic and therapeutic evaluation of a synthetic peptide vaccine for the treatment of patients with metastatic melanoma. Nat. Med. 4, 321–327. doi:10.1038/nm0398-321
 Sanders J. M., Monogue M. L., Jodlowski T. Z., Cutrell J. B. (2020). Pharmacologic treatments for coronavirus disease 2019 (COVID-19): A review. Jama 323, 1824–1836. doi:10.1001/jama.2020.6019
 Sayed A. E.-D. H., Hamed M., Soliman H. A. (2021). Spirulina platensis alleviated the hemotoxicity, oxidative damage and histopathological alterations of hydroxychloroquine in catfish (Clarias gariepinus). Front. Physiol. 12, 683669. doi:10.3389/fphys.2021.683669
 Sayed A. E.-D. H., Soliman H. A. (2017). Developmental toxicity and DNA damaging properties of silver nanoparticles in the catfish (Clarias gariepinus). Mutat. Res. 822, 34–40. doi:10.1016/j.mrgentox.2017.07.002
 Schmidt J. A., Crowe F. L., Appleby P. N., Key T. J., Travis R. C. (2013). Serum uric acid concentrations in meat eaters, fish eaters, vegetarians and vegans: A cross-sectional analysis in the EPIC-oxford cohort. PloS one 8, e56339. doi:10.1371/journal.pone.0056339
 Shimizu T., Shimizu S., Higashi Y., Saito M. (2021). Psychological/mental stress‐induced effects on urinary function: Possible brain molecules related to psychological/mental stress‐induced effects on urinary function. Int. J. Urol. 28, 1093–1104. doi:10.1111/iju.14663
 Soliman H. A., Hamed M., Lee J.-S., Sayed A. E.-D. H. (2019). Protective effects of a novel pyrazolecarboxamide derivative against lead nitrate induced oxidative stress and DNA damage in Clarias gariepinus. Environ. Pollut. 247, 678–684. doi:10.1016/j.envpol.2019.01.074
 Stevens J. P. (2013). Intermediate statistics: A modern approach. Oxfordshire, England, UK: Routledge. 
 Thomas J., Vijayakumar S., Thanigaivel S., Mukherjee A., Chandrasekaran N. (2014). Toxicity of magnesium oxide nanoparticles in two fresh water fishes tilapia(Oreochromis mossambicus) and zebrafish (Danio rerio). Int. J. Pharm. Pharm. Sci. 6, 487–490. 
 Thummabancha K., Onparn N., Srisapoome P. (2016). Analysis of hematologic alterations, immune responses and metallothionein gene expression in Nile tilapia (Oreochromis niloticus) exposed to silver nanoparticles. J. Immunotoxicol. 13, 909–917. doi:10.1080/1547691X.2016.1242673
 Togola A., Budzinski H. (2008). Multi-residue analysis of pharmaceutical compounds in aqueous samples. J. Chromatogr. A 1177, 150–158. doi:10.1016/j.chroma.2007.10.105
 Upasani C., Balaraman R. (2003). Protective effect of Spirulina on lead induced deleterious changes in the lipid peroxidation and endogenous antioxidants in rats. Phytother. Res. 17, 330–334. doi:10.1002/ptr.1135
 Vijayan M. M., Aluru N., Leatherland J. F. (2010). Stress response and the role of cortisol. Fish Dis. Disord. 2, 182–201.
 Wang T., Secombes C. J. (2009). Identification and expression analysis of two fish-specific IL-6 cytokine family members, the ciliary neurotrophic factor (CNTF)-like and M17 genes, in rainbow trout Oncorhynchus mykiss. Mol. Immunol. 46, 2290–2298. doi:10.1016/j.molimm.2009.04.003
 Yahi D., Ojo N., Mshelia G. (2017). Effects of dexamethasone on liver enzymes and some serum electrolytes in pregnant Yankasa Sheep and Sahel Goat. Niger. Veterinary J. 38, 226–234. 
 Zanuzzo F. S., Sabioni R. E., Marzocchi-Machado C. M., Urbinati E. C. (2019). Modulation of stress and innate immune response by corticosteroids in pacu (Piaractus mesopotamicus). Comp. Biochem. Physiol. A Mol. Integr. Physiol. 231, 39–48. doi:10.1016/j.cbpa.2019.01.019
 Zhang Z., Guo C., Chang L.-y., Bo Y., Lin C. Tam T., et al. (2019). Long-term exposure to ambient fine particulate matter and liver enzymes in adults: A cross-sectional study in taiwan. Occup. Environ. Med. 76, 488–494. doi:10.1136/oemed-2019-105695
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Sayed, Taher, Soliman and Salah El-Din. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-13-1018795-t003.jpg
Exposure period

Recovery period

Control ~ Low High Control  Low High
Dexamethasone  Dexamethasone Dexamethasone  Dexamethasone

Acetylcholinesterase (/L) 553 + 5 538+ 6 439 £ 9° 540 + 6* 540 + 3¢ 452+8"

Cortisol (ug/dl) 13807 125+0.1° 165 +0.7° 139£09 13504 156 + 0.8
Glutathione-S-transferase (U/ml) 37528  342%1 337403 39 + 2 358 %05 355+ 04
Superoxide dismutase (U/ml) 27£01°  23:01° 19£01° 260" 24+01° 220"

Total antioxidant capacity (nmol/L) ~ 57.6 + 4.4 442 £ 0.4" 431£12° 565 + 3" 453 05" 47 +1°
Malondialdehyde (nmol/ml) 157 13" 18104 309 +2.6° 157 £0.9' 195+ 04" 335 £ 0.4°

Values with different superscript letters for the same raw and single sampl

ng time (exposure and recovery) are significantly different (p < 0.05).





OPS/images/fphys-13-1018795-t001.jpg
Exposure period Recovery period
Control Low High Control Low High
Dexamethasone Dexamethasone Dexamethasone Dexamethasone

Creatinine (mg/dl) 035 £ 001° 035 £ 00" 047 £ 00" 035 £ 00" 034 £ 00" 035 £ 00"
Uric acid (mg/dl) 235001 25£0.1° 25£01° 22£01° 23 £00° 26+0.1°
Urea (mmol/l) 226 04 238 0.1 243 %08 226 + 03 23 202" 237 £0.1°
AST (/L) 341£09° 341£03 366 £ 05" 33704 34:03 346 %04
ALT (wL) 174 +0.4° 176 +1° 198 £ 1.4° 177 202 178 £0.2* 187 £ 0.0°
Glucose (mg/dl) 737 28 824 %34 853 %57 768 £ 06 773 £ 08" 844 £33"
Total protein (mg/dl) 41£03 4201 4350 38£01° 37 £00° 420"
Albumin (mg/dl) 17 +0.1° 1509 1+0° 1.8 +0.0" 17 £0.0° 150
Globulin (g/dl) 23£03 27 £0.0° 32000 26 £0.0° 2500 2£00°

Filoen with Dirent sxpeowsiiot Lt dor the some: sov an i dngle-ming

ng Hitne Tiepomme: end evevesi) ave:skniboaniie- Ayt o< G





OPS/images/fphys-13-1018795-t002.jpg
Exposure period

Recovery period

Control Low High Control Low High
Dexamethasone  Dexamethasone Dexamethasone  Dexamethasone

(RBC's) (Million/mm”) 324004 3.07 + 0.03* 3+01° 31£01° ERE A 280
Hemoglobin (Hb) (g/dl) 89£014  9.6+01° 8402 91£01 96£0.1° 9.6 +0.1°
Ht (PCV) (%) 354010 369+02" 353010 356£01° 35906 346 %03
MCV (um’) 157 £19° 1199 % 14 177 %23 157 £22° 1167 £ 34 1226 + 0.5
MCH (Pg) 283£03  3L1£03" 279405 206407 31109 341£02"
MCHC (%) 254 £05" 259£02° 237 %05 255+ 02 267 £ 0.6 278 £0.3"
Thrombocytes (thousands/mm’) 213 £ 05" 217 29 206 +13° 212 £09° 214 £ 09 207 +14°
(WBCs) (thousands/mm) 109 £0.2° 10.8 £ 0.3 10.5 £ 0.2 113 £0.1° 112 + 00 106 + 02"
Neutrophils (%) 105 +03° 113£03 13503 105 £03° 113 £03 115205
Large lymphocyte (%) 728 0.3 713 £ 0.5" 60.8 + 0.9 728 £ 0.3 713 05" 713 + 03>
Small Lymphocyte (%) 12£04 135+ 03 19 £ 0.6° 11803  135£03 13 £ 00°
Monocyte (%) 2803 2803 38403 3400 28 +0.3° 2803
Eosinophils (%) 2200 200 28+ 03 250 2:0° 220

Pillns il AR e s S e e T el pR i aiti

i Sl Gt AR DR abe il e AR G S 008





OPS/xhtml/nav.xhtml
Contents

		Cover

		Immunological and hemato-biochemical effects on catfish (Clarias gariepinus) exposed to dexamethasone		Introduction

		Materials and methods		Chemicals

		Fish collection

		Dexamethasone exposure

		Haemato-biochemical parameters

		Antioxidants and cortisol measurements

		Immunological parameters

		Statistical analysis





		Results		Biochemical parameters

		Hematological parameters

		Antioxidants and stress indices

		Immunological parameters





		Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-13-1018795-g001.gif





OPS/images/fphys-13-1018795-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





