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Abstract: The present study evaluated the impact of chronic herbicide (oxyfluorfen; OXY) exposure
on catfish, Clarias gariepinus, in terms of growth, hematobiochemical parameters, immune response,
antioxidant- and immune-related gene expression, and resistance to monogenean parasites, Quadria-
canthus aegypticus. In addition, the protective role of Wormwood, Artemisia cina (AC) against OXY
exposure through diet inclusion was also analyzed. The catfish fingerlings were exposed to OXY
(1.16 mg/L) for 60 days and fed diets without AC supplementation (control) and with 5% AC sup-
plementation. The results demonstrated that exposure to OXY stunted growth; decreased survival,
erythrograms and leukograms, serum protein, and acetylcholinesterase; and negatively altered the an-
tioxidant status. On the contrary, AC supplementation significantly reduced OXY’s negative impacts
on growth and hematological, biochemical, and antioxidant balance. In addition, exposure to OXY
markedly increased levels of biomarkers of hepatorenal damage, stress indicators, and DNA dam-
age, which were alleviated with AC supplementation. OXY exposure induced immunosuppression
manifested by a decrease in lysozyme activities, complement c3, nitric oxide levels, and phagocytic
activity. Furthermore, exposure to OXY negatively regulated the expression of immune-antioxidant
genes (CAT, GPX1, SOD1, GST, and TGF-B1). However, it upregulated the expression of CYP1a, IL-1p,
and TNF-a in the liver, anterior kidney, and intestine of C. gariepinus. Meanwhile, the addition of
AC to the OXY-exposed fish diets notably restored immune components and remedied the altered
immune-related gene expressions. Likewise, the AC supplementation significantly alleviated the
OXY-induced reduction in the fish survival rate after Q. aegypticus challenge. Accordingly, AC dietary
supplementation in catfish diets could alleviate the negative impact of exposure to OXY on growth
performance, physiological status, and some immune-antioxidant-related gene expression.
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Key Contribution: Chronic exposure to oxyfluorfen (OXY) induced growth retardation, immuno-
suppression, and hematobiochemical and antioxidant disturbances in C. gariepinus. Exposure to OXY
significantly modulated inflammatory and antioxidant-related gene expression. Dietary Artemisia cina
restored the physiological status, antioxidant balance, and disease resistance of OXY-exposed fish.

1. Introduction

The African catfish (Clarias gariepinus, Burchell, 1822) is one of the most popular
fish species farmed today, both in and out of its natural habitats [1]. Due to its excellent
nutritional value and fatty acid profile, the demand for C. gariepinus is increasing. So,
many trials have been carried out recently to enhance its growth and health aspects [2—4].
Despite C. gariepinus being a fast-growing species resistant to harsh farming circumstances,
infectious diseases may occur when exposed to various disease agents, parasites [5], and
aquatic contaminations [2], thus inducing production losses [6].

Globally, herbicides are increasingly used in agriculture with a consequent contamina-
tion of the water systems through the water drainage systems, which exert toxicological
impacts on the aquatic environment [4,7]. Due to its negative impact on living organismes,
the contamination of herbicides in aquatic and terrestrial environments has received in-
creased attention to identify the problem and provide solutions. Oxyfluorfen (OXY) is a
common pre- and post-emergence herbicide used in vegetable, rice, soybean, and peanut
fields to control broad-leaved and annual grass weeds [8]. The principal consequences of
OXY exposure studies in living hosts were protoporphyrinogen oxidase inhibition, heme
production suppression, anemia, and liver damage [9]. Due to several physicochemical
characteristics, such as its poor biodegradability, low vapor pressure, and low solubility in
water, OXY could pose a major threat to aquatic creatures, including fish [10]. The half-life
of OXY in the soil is between 72 and 150 days [11], and its presence in fresh water bodies
and sediment was recorded [12,13]. The bioconcentration of OXY in the organs of fish and
whole fishes has been documented [14].

In freshwater aquaculture systems, the rate of fish development must be continuously
monitored during the growing season. Any deviation from the expected growth rate may
be a sign of disease, poor water quality, or feeding problems [15]. A strong indicator of the
external changes in the aquatic medium in which fish live is the antioxidant system in fish
organs such as the kidney, intestinal tract, and liver, which can be tested biochemically and
molecularly [16]. Moreover, biochemical variables in blood are critical for general health,
toxicity, and fish biomonitoring [17,18].

The primary line of defense against invasive diseases for fish is their innate immune
system, which is more important for fish than mammals [19]. Lysozyme activity, nitric oxide
(NO), and complement 3 are key indicators of fish innate immunological defense [20,21].
Cytokines play a crucial role in the immune system via their unique receptors that at-
tach to the cellular membrane, enhancing the cascade-enhancing induction, stimulation,
or repression of genes regulated by nuclear cytokines [22]. Several essential cytokines,
including tumor necrosis factor-oc (INF-«), interleukin-1f3 (IL-18), transforming growth
factor-B (TGF-B), interferon (IFN), and various chemokines, have been identified in teleost
fish [23,24]. Additionally, a positive correlation between antioxidant enzyme activity (CAT,
SOD, GSH, and GPx) and innate immune response in fish has been proven [25].

Multiple illnesses in fish and other aquatic organisms have been linked to OXY. For
example, exposure to OXY in Paramisgurnus dabryanus resulted in DNA damage [26]. Sim-
ilarly, stunted skeletal growth and negative genome-level consequences were observed
in several fish species [27]. Furthermore, Gambusia affinis and Oreochromis niloticus had
less acetylcholinesterase (AChE) in their brains after exposure to OXY [28]. Moreover,
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heat shock protein 70 was upregulated in the kidney and liver of O. niloticus exposed to
OXY [29]. Exposure to sublethal OXY levels resulted in leukopenia, anemia, lymphopenia,
monocytopenia, eosinopenia, and hepato-renal damage in C. gariepinus [8,30] and O. niloti-
cus [31]. Accordingly, the need for antistress, antitoxic, and growth enhancers to alleviate
the negative impact of stressful conditions has been demonstrated [32]. Natural plants can
serve as better alternatives to antimicrobials in aquaculture, since they have a diverse range
of functions, including growth promotion, antioxidant and antimicrobial activities, and
their ability to reduce stress [33,34].

Artemisia cina (AC), also known as Santonica, wormwood, and worm seed, is a peren-
nial herbaceous plant in the daisy family [35]. Since ancient times, it has been and continues
to be applied in traditional remedies to cure various diseases, including bacterial, fungal
and viral infections, cancer, and malaria [36]. Artemisinin, quercetin, guaianolide, barrelin,
capillarisin, artemalin, fisetin, and barrelierin are among the examples of the physiolog-
ically active compounds isolated from plants of the Artemisia genus [37]. The terpenoid
santonin is the most prevalent and well-researched component of this plant. This substance
has potent anthelmintic properties [38]. Additionally, medications containing artemisinin
have an antiparasitic capability, and earlier studies have demonstrated artemisinin to be an
effective anticancer agent [39]. Adding AC at 3% and 5% to C. gariepinus diets considerably
enhanced growth and immune response [40]. AC diet supplementation in concentrations
showed efficacy in treating Gyrodactylus rysavyi of Cyprinus carpio [41]. Moreover, the addi-
tion of A. infra at 5% in C. gariepinus diets was shown to improve innate immune response
and hematological parameters while increasing resistance to Aeromonas hydrophila [6]. In
light of the previous assumptions, this study was designed to define the effects of the co-
dietary administration of AC and OXY exposure on C. gariepinus’s productive performance,
physiological and health indicators, and ability to fight against monogeneous parasites of
Quadriacanthus aegypticus.

2. Material and Methods
2.1. Tested Compounds

OXY (2-chloro-1-(3-ethoxy-4-nitrophenoxy)-4-(trifluoromethyl) benzene goal, C15H;1C
IF3NOy), was purchased from Chem (West Chester, PA, USA). Artemisia cina L. leaves or
wormseed plants (Shieh Baladi) were purchased from a perfumery shop in Zagazig city,
Egypt. A. cina leaves were properly cleaned under running water to remove sand and
other impurities. Then, they were dried for three days in a sun shed room before being
placed in a hot-air oven for eight hours at 60 °C. A mortar and pestle were used to grind
the dried leaves to fine powder. The other chemicals used in the biochemical analysis were
of analytical grade and obtained from Sigma Co. (St. Louis, MO, USA).

2.2. Fish Rearing Conditions

Two hundred apparently healthy African catfish (C. gariepinus; 70.0 & 1.15 g average
body weight) were obtained from the Abbassa fish hatchery in the Egyptian province
of Sharkia. Before the trial, the fish had a 15-day adaptation period and were fed a
basal diet without feed supplements. The health of the fish was routinely examined
prior to the experiment [42]. The fish were randomly stocked in 100 L tanks at an ini-
tial stocking density of 20 fish per tank (three tanks per group) with continuous aer-
ation via an air stone from a central air compressor. The water in the tanks was re-
newed daily at a 50% rate, including the disposal of water through the siphoning of
the deposited waste and feces. A controlled photoperiod of 10 h light: 14 h dark was
maintained in the laboratory throughout the experiment. The water parameters were
monitored and were within the varieties necessary for fish growth throughout the exper-
iment [43] (pH = 6.5 £ 0.3; ammonia = 0.03 £ 0.001 mg/L; dissolved oxygen= 6.2 mg/L;
nitrite = 0.015 & 0.001 mg/L; and water temperature= 26 + 0.3 °C). The Zagazig Univer-
sity EAURC (Ethics of Animal Use in Research Committee) approved this protocol. All
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experimental techniques met the NIH general criteria for the care and use of laboratory
animals in research.

2.3. Experimental Design and Diets

The fish were allocated into four groups, with five replicates per group and ten fish
in each replicate. The control group was fed a basal diet without supplementation. The
AC group was fed a basal diet containing 5% AC [40]. The OXY group was exposed to a
1/10 LCsp of OXY (1.16 mg/L) according to Abd El-Rahman, Ahmed [8] and fed a basal
diet. The AC+OXY group was fed 5% AC supplemented diet and exposed to 1.16 mg
OXY /L. The concentration of OXY was kept constant within the experimental period in
OXY-exposed groups during the water exchange rate by using a new water volume with
the same OXY level (1.16 mg/L).

A pellet machine mechanically mixed the diet ingredients into 1.5 mm pellets. Once
the diets were prepared, they were air dried for 24 h at room temperature and then placed
in a refrigerator at 4 °C for later use. The ingredients and chemical composition of the
tested diets are detailed in Table 1. Using a forced-air oven, every experimental diet was
analyzed for moisture, crude protein using the macro-Kjeldahl method, crude fat using
the ether extraction technique, total ash using the muffle furnace, and crude fiber using
the AOAC [44] procedures. The fish were fed with an experimental diet twice daily (at
8:00 a.m. and 3:00 p.m.), for 60 days, at a rate of 3% of the total biomass. Based on the
weight of the fish, the diet was adjusted every two weeks.

Table 1. Ingredients and proximate chemical analysis of experimental diets.

Ingredients (g/100 g)

Experimental Diets

Control 5% Artemisia cina
Fish meal 66% 18 18
Ground corn 25 20
Soybean meal 44% 35 35
Corn oil 3 3
Wheat bran 10 10
Cod liver oil 2 2
starch 4 4
Artemisia cina powder 0 5
Vitamin premix ! 1 1
Mineral premix 2 2 2
Total 100 100
Chemical analysis
Crude protein (N x 6.25) 32.10 32.05
Crude lipids 11.27 11.34
Crude fiber 4.45 4.25
Ash 7.60 7.75
Nitrogen free extract 3 44.58 44.61
Gross energy (kcal/kg) 4 470.56 471.59

Specific growth rate (SGR) = 100 (Lin W2 — Lin W1)/days where W1 = Initial fish weight

I Vitamin premix (per kg of premix): vitamin A, 8,000,000 IU; vitamin E, 7000 mg; vitamin D3, 2,000,000 IU;
vitamin K3, 1500 mg; biotin, 50 mg; folic acid, 700 mg; nicotinic, 20,000 mg; pantothenic acid, 7000 mg; vita-
min By, 700 mg; vitamin By, 3500 mg; vitamin B, 1000 mg; vitamin By, 7 mg. 2 Mineral premix (per kg of
premix): zinc sulfate, 4.0 g; iron sulfate, 20 g; manganese sulfate,5.3 g; copper sulfate, 2.7 g; calcium iodine,
0.34 g; sodium selenite, 70 mg; cobalt sulfate, 70 mg, and CaHPO4-2H,0 up to 1 kg. 3 Calculated by differ-
ence (100—protein% + lipids% + ash% + crude fiber%). 4 Gross energy (GE) was calculated as 5.65, 9.45, and
4.11 kcal/ g for protein, lipid, and NFE, respectively (NRC, 1993).

2.4. Growth Efficiency

Every two weeks, fish were sampled for growth performance evaluation via sensitive
weight balance. The following parameters were calculated:

and W2 = Final fish weight. @
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Weight gain = Final weight of fish-Initial weight of fish (2
Feed intake (FI) = amount of feed consumed /number of survival fish number. (3)

Feed conversion rate (FCR) = Consumed feed by fish (g)/Fish weight gain (g). (4)

2.5. Sampling

After 60 days of the experiment, the fish were anesthetized with tricaine methane-
sulfonate (MS-222, Argent Chemical Labs, Redmond, WA, USA). Blood samples were
collected from 10 fish randomly selected from each tank. Blood was extracted from the
caudal veins of five and placed in heparinized vials to be analyzed for hematological
parameters. Another five blood samples were collected using sterile syringes without
anticoagulants and centrifuged for 20 min at 1075x g; 4 °C to extract serum samples, which
were then kept at —20 °C until they were used. The biochemical and immunological assays
were performed and oxidant/antioxidant statuses were determined on serum. Six fish from
each group were aseptically necropsied, and liver, anterior kidney, and intestinal samples
were obtained. These tissue samples were placed on an RNAlater and stored at —20 °C for
real-time PCR application.

2.6. Estimation of Health-Related Indicators
2.6.1. Hematological Examination

According to the protocol outlined by Feldman, Zinkl [45], hematological parameters
involving red blood cell count (RBC), hemoglobin concentration (Hb), mean corpuscular
volume (MCV), packed cell volume (PCV), mean corpuscular hemoglobin (MCH), and
mean corpuscular hemoglobin concentration (MCHC) were measured using an automated
hematology analyzer, Hema Screen 18 (Hospitex Diagnostics, Sesto Fiorentino, Italy). Fol-
lowing the Dacie and Lewis manual method, total leukocyte counts (WBCs) and differential
leukocyte counts (heterophils, lymphocytes, eosinophil, monocytes, and basophils) were
carried out [46].

2.6.2. Hepatorenal Function Indices

Following the methods designed by Henry [47] and Reinhold [48], the total serum
proteins and albumin were evaluated spectrophotometrically. Serum globulins were ob-
tained following the procedures of Coles [49] by deducting albumins from the total proteins.
According to Adeyemi, Osilesi [50], the hepatic enzymes including alanine transaminase
(ALT), aspartate transaminase (AST), and serum alkaline phosphatase (ALP) were measured
colorimetrically at a wavelength of 540 nm. Urea and creatinine were determined using the
Ajeniyi and Solomon [51] technique. Bilirubin was determined according to Kaplan [52].

2.6.3. Stress Indicators

The serum glucose was calculated using the Trinder [53] method and colorimetric
diagnostic tools from Spectrum-Bioscience (Egyptian Company for Biotechnology, Cairo,
Egypt). The method described by Tunn, Mollmann [54] was used to determine the serum
cortisol level. Serum cholesterol was measured using Spinreact kits (Esteve De Bas, Girona,
Spain) following the method of Naito [55].

2.6.4. Evaluation of Oxidant/Antioxidant Status

The serum’s antioxidant activity was evaluated using commercial colorimetric kits
from Biodiagnostic Co, Cairo, Egypt. The technique of Aebi [56] was used to measure cata-
lase activity (CAT). The methodology developed by Nishikimi, Rao [57] was used to mea-
sure the activity of superoxide dismutase (SOD). Using Bio-Assay Systems’ EnzyChrom™
Glutathione Peroxidase Assay Kit (EGPX-100), the quantitative colorimetric measurement
of glutathione peroxidase (GPx) was carried out (BioAssay Systems, CA 94545, USA) [58].
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Quantitative colorimetric glutathione dehydrogenase (GSH) followed the Beutler [59] pro-
tocol. The Uchiyama and Mihara [60] method was used to detect malondialdehyde (MDA).

2.6.5. Evaluation of Nonspecific Inmunological Indicators

Following the manufacturer’s recommendations, ELISA kits from MyBioSource, San
Diego, USA, were used to measure the levels of some immunological parameters, including
nitric oxide (NO) and complement 3 (C3). Using a Micrococcus lysodeikticus suspension,
the turbidimetric method [61] was used to measure the serum lysozyme activity (Sigma-
Aldrich, St. Louis, MO, USA). The test depends on the lysis of a lysozyme-sensitive
Gram-positive bacteria (M. lysodeikticus). The approach of Sakai, Kobayashi [62] was used
to measure phagocytic activity. Blood that had been anticoagulant treated (heparinized
blood) was mixed with 1.0 x 10° Staphylococcus albus cells/mL in PBS with 7.2 pH, and the
mixture was then incubated at 37 °C for 30 min. A drop of the mixture was transferred and
flattened on a microscope slide. Cells were fixed for 30 min with methanol. After 1-2 min
of Levowitz—Weber staining, they received three rounds of distilled water washing. Under
an oil immersion light microscope, the data were read. The number of phagocytic cells that
engulfed bacteria were counted. The following formula was used to calculate the activity
of phagocytosis:

PA =100 x the number of phagocytosing cells/number of total cells.

2.6.6. Neuro-Stress and DNA Damage Assays

Using acetylcholine iodide, the degree of acetylcholine esterase (AChE) activity
in serum was determined spectrophotometrically [63]. 8-hydroxy-2-deoxyguanosine
(8-OHdG activity), a biomarker of oxidative DNA damage, was measured using a com-
mercial MyBioSource ELISA kit (San Diego, CA, USA) according to the manufacturer’s
guidelines, as stated by Setyaningsih, Husodo [64].

2.7. Transcriptional Analysis of Stress and Immune-Related Genes

From intestine, liver, and kidney tissues, total RNA was extracted using Trizol (In-
vitrogen; Thermo Fisher Scientific, Inc., MA, USA). A total of 1 pg of RNA was used for
cDNA synthesis using a HiSenScript™ RH (-) cDNA kit (iNtRON Biotechnology Co.,
Sangdaewon-Dong, Jungwon-Gu, Seongnam-5i, Gyeonggi-do, Republic of Korea), which
synthesized cDNA. In-keeping with the company’s instructions, the RT-PCR was carried
out in the Mx3005P real-time PCR system (Agilent Stratagene, Santa Clara, CA, USA) using
TOPrealTM qPCR 2X PreMIX (SYBR Green with low ROX) (Enzynomics, Yuseong-gu,
Daejeon, Republic of Korea). Following the guidelines provided by the manufacturer, the
PCR cycling conditions comprised initial denaturation for 15 min at 95 °C, followed by
40 cycles of denaturation for 10 s at 95 °C, annealing for 15 s at 60 °C, and extension for
30 s at 72 °C. Sangon Biotech (Beijing, China) created the oligonucleotide-specific primers
depicted in Table 2 [65,66]. The level of GAPDH gene expression was used to standardize
the level of the examined genes, and the relative fold changes in gene expression were
calculated using the 2~#2CT comparative method [67].

2.8. Parasitic Challenge Test

At the end of the testing period (60 days), five fishes per replicate were challenged
with gill monogeneans (Quadriacanthus aegypticus) earlier isolated from naturally infected C.
gariepinus at the Aquatic Animal Medicine Department. Gills from freshly killed fish were
detached and observed under a dissecting microscope in bottled water. With tiny needles,
live monogeneans were removed from the gills and immediately processed. Some samples
were prepared for morphological investigation. The collected Q. aegypticus monogenean
parasites were identified according to the studies of Paperna [68] and El-Naggar and
Serag [69]. Following the feeding period, the fish were exposed using the bath exposure
method to a solution of Q. aegypticus (40 individuals/L) [70]. After 24 h of parasite exposure,



Fishes 2023, 8, 297

7 of 19

the fish were fed with the corresponding diets administered in the feeding trial. For 14 days,
all groups were closely monitored to note any clinical signs and mortality. The mean
intensity and infestation prevalence (%) were calculated following the Bush, Lafferty [71]
protocol. The prevalence (%) was measured as the proportion of infected fish relative to the
total number of fish inspected. The mean intensity was determined by dividing the total
number of infected fish by the average number of parasites.

Table 2. Oligonucleotide primer sequences and real-time PCR conditions.

Gene Name

GAPDH
CAT
SOD1
GPX1
GST
CYP1A
TNF-a
IL-1B

TGF-p1

AmAdTM AT A AO AT I AT A™

Primer Sequences Acceljsci(])s; No. Reference
ATCAGGTCACAGACACGGTTG NB_0012011991 )
T
ACATCAGACAGCCCTTCACA NB_001200741 cc
TCCAGGTCATICTGATGGCA Gusss17s 8
ATGCTCITIGACCAGECTCT Krassiss 8

CCGTTGAATGTCCGAAAGE X 0174647181 &
TGCITACTCAGGCGGCTATG XML &

GAPDH: glyceraldehyde-3-phosphate dehydrogenase; SOD1: superoxide dismutase; GPX1, glutathione peroxi-
dase; GST: glutathione S-transferases, CYP1A: cytochrome P450 1A, CAT: catalase, TNF-a: tumor necrosis factor
alpha, TGF-B: transforming growth factor-beta; IL1-: interleukin 1 beta.

2.9. Statistical Analysis

The One-Way Analysis of Variance (ANOVA) was used to statistically evaluate the
data using SPSS V. 16 (released 2007. SPSS for Windows, Version 16.0., SPSS Inc., Chicago,
IL, USA). The means of groups were compared using Tukey’s multiple comparisons post
hoc test at a p value of <0.05. The results were displayed as means =+ SE (standard error).

3. Results
3.1. Survival Percent and Growth Performance

Catfish’s, C. Gariepinus’s, exposure to OXY for 60 days caused a substantial decrease
in fish survival to 75%. Meanwhile, supplementation with AC at 5% alleviated OXY’s
negative impacts on survival to be not significantly different from that observed in the
control group (Table 3). Compared to the control fish, there was a substantial increase in
weight gain and final body weight in the AC-supplemented groups. Meanwhile, exposure
to OXY for 60 days resulted in a significant (p < 0.05) decrease in final body weight, specific
growth rate, and FI with a significant increase in FCR. Meanwhile, feeding AC ameliorated
the above negative alterations of OXY (Table 3).

3.2. Hematological Indices

The erythrogram of fish exposed to OXY revealed the lowest PCV, Hb, and RBCs and
the highest MCH and MCYV, as presented in Table 4. The leukogram revealed a significant
(p < 0.05) decline in most leukocytes in the OXY-subjected group. At the same time, AC
alone improved Hb content, leukocytosis, lymphocytosis, eosinophilia, heterocytosis, and
monocytosis. In the AC+OXY treatment, an enhancement in the recorded deviations in all
hematological indices to levels of the control.
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Table 3. Effect of oxyfluorfen (OXY) exposure and/or Artemisia cina (AC) supplementation for 60 days
on growth performance of C. gariepinus.

Experimental Groups

AC OXY AC+OXY

Control
Initial body weight (g) 70.00 # £+ 1.154
Final body weight (g) 120.00° + 1.732
Weight gain (g) 50.00° + 0.577
Specific growth rate (%) 0.89 b + 0.003
Feed intake (g) 75.00° + 0.577
Feed conversion ratio 1.50 € + 0.005
Mortality (%) 0.00 b + 0.000

Survival rate

100.00 2 £ 0.000

72.002 + 1.154
136.33 2 £ 2.027
64.332 + 0.881
1.06 @ + 0.002
82.002 + 1.154
1.27 4 + 0.005
0.00 b + 0.000
100.00 @ = 0.000

70.33 2 + 1.452
101.33 € + 1.763
31.00 4 + 0.577
0.60 4 + 0.010
59.00 € + 1.154
1.902 + 0.034
25.00 2 + 2.886
75.00° + 2.886

71.162 + 1.166
113.00 b + 2.081
41.83 € + 1.092
0.77 ¢ £ 0.010
71.00° + 1.154
1.69° +0.029
3.33b +3.333
96.66 2 -+ 3.333

Values are represented as the mean + SE. The means within the same row carrying different superscripts are
significant at p < 0.05. Control group was fed basal diet. AC group was fed a basal diet containing Artemisia cina
5%. OXY group was exposed to 1.16 mg/L oxyfluorfen and fed basal diet. AC+OXY group was fed a basal diet
containing AC and exposed to OXY.

Table 4. Effect of oxyfluorfen (OXY) exposure and/or Artemisia cina (AC) supplementation for 60 days
on hematological indices of C. gariepinus.

Experimental Groups

Control AC (00,0 4 AC+OXY
Erythrogram
Red blood cells (10°/mm3) 2.68 2 £ 0.090 2.882 £ 0.091 1.29 ¢ £ 0.087 220" 4+ 0.063
Hemoglobin (gm/dl) 10.31° +0.087 10.87 # + 0.053 7.54 9 +0.061 8.95¢ £ 0.057

Hematocrit (%)

Mean corpuscular volume (fl)
Mean corpuscular hemoglobin (%)
Leukogram
White blood cells (103 /mm?)
Lymphocytes (10% /mm?3)
Heterophils (103 /mm?)
Eosinophils (103 /mm?)
Monocytes (10° /mm?)

30.93b + 0.261
115.60P +2.928
38.53P +0.978

32.632 £+ 0.160

113.57bP +4.286
37.85b +1.427

22644 4+ 0.183
176.89 @ + 10.363
58.96 2 + 3.456

26.85°¢ + 0.173
121.82b +£2.715
40.60° + 0.907

7.612 £0.138 7.952 £+ 0.030 517 ¢ £0.024 7.09° 4 0.049
3.712 +0.070 3.822 4 0.024 2.59 € £0.012 3.39° +0.024
2.55P 4+0.043 2.67 2 £0.012 1.67 € + 0.005 2.45° 4+ 0.008
0.452P +0.018 0.47 @ + 0.008 0.29 € £0.008 0.40° 4 0.008
0.89° 4 0.018 0.97 @ + 0.008 0.62 9 + 0.005 0.83 € £ 0.008

Values are represented as the mean + SE. The means within the same row carrying different superscripts are
significant at p < 0.05. Control group was fed basal diet. AC group was fed a basal diet containing Artemisia cina
5%. OXY group was exposed to 1.16 mg/L oxyfluorfen and fed basal diet. AC+OXY group was fed a basal diet
containing AC and exposed to OXY.

3.3. Protein Profile and Hepatorenal Function

As shown in Table 5, the protein profile did not reveal significant differences between
the AC and the control. However, the fish exposed to OXY had significantly (p < 0.05)
lower levels of total protein, globulin, and albumin levels than the control. Adding AC
alongside OXY exposure reduced the total protein and albumin in the AC+OXY groups.
However, except for globulin, the protein profile differed significantly from the controls.
When comparing the OXY group to the control, hepatorenal function indicators (ALT, AST,
ALDP, bilirubin, creatinine, and urea) displayed a significant (p < 0.05) rise in the OXY group
while revealing no significant difference between all other experimental groups, except for
bilirubin, which attained the lowest value in AC-supplemented groups.
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Table 5. Effect of oxyfluorfen (OXY) exposure and/or Artemisia cina (AC) supplementation for 60 days
on immunological indices and hepato-renal function indicators of C. gariepinus.

Experimental Groups

Control AC (0),:4'¢ AC+OXY
Total protein (g/dL) 6.102 +0.21 6.182 +0.22 3.60 € 4+ 0.12 5.18b +0.14
Albumin (g/dL) 2722 +£0.15 27124015 1.38 ¢ + 0.04 2.13P +0.06
Globulin (g/dL) 3.372 +0.06 3.462 +0.07 221 +0.15 3.052 + 0.08
ALT (U/L) 16.03P +0.84 16.01° +0.89 50.232 + 1.36 19.73b +0.82
AST (U/L) 31.83b +1.48 31.83P +1.01 60.332 4 1.45 36.83P + 1.01
ALP (IU/L) 37.10b + 0.40 36.66 P + 0.24 52.362 +1.36 39.60 b + 1.06
Total bilirubin (mg/dL) 0.24 ¢ +0.01 02344 0.02 1.012 4+ 0.03 0.32b +0.01
Urea (mg/dL) 2.77° +0.06 2.60° +0.06 7.502 +0.29 313 +0.19
Creatine (mg/dL) 0.60P ¢ + 0.01 0.56 < + 0.01 1.012 £ 0.02 0.67P +0.014
Lysozyme activity (units/L) 16.82° £+ 0.31 20.282 +0.92 9.90 ¢ + 0.25 14.43° £+ 0.54
Complement 3 (jg/mlL) 74.062 + 1.38 1.35 + 79.96 2 49.63¢ + 1.67 65.66 0 4+ 1.11
Nitric oxide (pmol/L) 39.16° +1.17 46.832 + 1.48 21.16 € + 1.30 34000 +1.15
Phagocytic activity (%) 26.73° +0.43 29.453 + 047 15.83 4 + 0.52 23.95¢ + 0.24

Values are represented as the mean + SE. The means within the same row carrying different superscripts are
significant at p < 0.05. Control group was fed basal diet. AC group was fed a basal diet containing Artemisia cina
5%. OXY group was exposed to 1.16 mg/L oxyfluorfen and fed basal diet. AC+OXY group was fed a basal diet
containing AC and exposed to OXY.

3.4. Immunological Response Parameters

Table 5 displays the immune response in fish in various groups. It was shown that
including AC in the diet improved the immunological response, as evidenced by an
increase in lysozyme activity, C3, NO levels, and phagocytic activity, all below normal in
the OXY group. The NO and lysozyme activity level were significantly modulated in the
AC-fortified groups with OXY exposure, where they reached the control level. However, in
the AC+OXY groups, the enhancement in C3 and PA% was still noticeably lower than in
the control group.

3.5. Activity of Antioxidant Enzymes

As shown in Table 6, there was remarkable lowering in the SOD, GSH, GPy, and
CAT activities with an increase in MDA in the OXY group relative to the control group.
The above-mentioned data were reversed in the AC and the control. In the AC+OXY
group, there was a significant improvement in these indicators, but they did not attain the
control levels.

3.6. Stress, DNA Damage Markers, and AChE Activity

The serum cortisol, glucose, and cholesterol assessment showed a more substantial
increase in the OXY group than the control group (Table 6). Fish that received AC-enriched
diets exhibited a significant reduction (p < 0.05) in serum cortisol and glucose levels,
which was insignificant compared to the control. These levels in the AC+OXY group
were high above the control. The serum 8-OHdG level significantly increased when OXY
was administered alone relative to the control. Compared to the OXY-exposed group,
supplementing with an AC-based diet concurrently with exposure to OXY reduced the
rise in 8-OHAG, although it did not reach the control value. Compared to the non-exposed
groups (control and AC), OXY and co-treated groups had lower AChE enzyme activity
levels. The fish that received an AC-enriched diet simultaneously with OXY exposure
significantly (p< 0.05) increased the AChE activity compared to the OXY group (Table 6).
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Table 6. Effect of oxyfluorfen (OXY) exposure and/or Artemisia cina (AC) supplementation for 60 days
on antioxidant status, stress, and DNA damage indicators of C. gariepinus.

Experimental Groups

Control AC (00,44 AC+OXY

Glutathione peroxidase (U/L) 123.33> +1.17 130.722 £ 1.29 87.76 4 +0.75 114.73¢ £ 1.51

Superoxide dimutase (U/mL) 4762 +£0.11 5.082 £+ 0.06 292+ 0.06 4.05° +0.08
Catalase (U/L) 190902 £+ 341 198.382 £ 2.31 14496 ¢ +2.63 175.63 P + 2.86
Malondialdehyde (nmol/mL) 13.55P +0.18 11.58 € £+ 0.24 24.662 +0.73 14.90 + 0.06

Glutathione dehydrogenase (imol/mL) 2.162 +£0.02 2232 4+0.01 1.34¢ 4+ 0.03 1.99° + 0.03
(mg/dL) Cortisol 60.98 €+ 1.79 60.13 ¢ + 1.81 90.932 4+ 2.37 73.80b 4+ 1.37
Glucose (mg/dL) 79.00 b + 1.15 76.66 € + 1.76 107.66 2 + 1.45 85.66 P + 1.763
Cholesterol (mg/dL) 90.50° 4+ 1.32 80.00 € £ 2.89 122.832 £ 1.59 97.33P +1.45
8-OHdG (ng/mL) 19.61 € +0.62 18.66 € + 0.57 77.012 £0.73 26.26° +0.72
AChE (U/L) 56.28 2 4+ 0.40 55.432 4+ 0.54 17.43 ¢ + 0.69 51.10° +0.78

Relative mRNA expression
/GAPDH

Values are represented as the mean + SE. The means within the same row carrying different superscripts are
significant at p < 0.05. Control group was fed basal diet. AC group was fed a basal diet containing Artemisia cina
5%. OXY group was exposed to 1.16 mg/L oxyfluorfen and fed basal diet. AC+OXY group was fed a basal diet
containing AC and exposed to OXY.

3.7. Relative Expression of Immune and Antioxidant-Related Genes

The control and AC groups revealed the lowest expression of the liver, intestinal, and
anterior kidney TNF-«, IL-1, and Cypla genes among all groups (Figures 1-3). Moreover,
the AC group showed the highest SOD1, GPX1, GST, CAT, and TGF-1 gene expression.
However, in fish exposed to OXY, mRNA expression rates were significantly diminished
relative to the control. Furthermore, OXY caused the significantly higher expression of
IL-1B, TNF-a, and Cypla. The addition of AC to the fish diet in conjunction with OXY
improved these metrics mentioned above toward the control.

Intestine

GST

CAT TNFa TGFb IL1p

Il CNT B AC B OXY AC+OXY

Figure 1. Effect of oxyfluorfen (OXY) exposure and/or Artemisia cina (AC) supplementation for
60 days on mRNA expression of superoxide dismutase (SOD1), glutathione peroxidase (GPx1),
glutathione S-transferases (GST), cytochrome P450 1A (CYP1A), catalase (CAT), tumor necrosis
factor alpha (TNF-«), transforming growth factor-beta (TGF-f), and interleukin 1 beta (IL1- ) in the
intestinal tissue of Clarias gariepinus. Data expressed as mean + SE, N = 10 for each group. Each bar
carrying different letters (a, b, and c) was significantly different at p < 0.05.
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Relative mRNA expression
/GAPDH

Relative mRNA expression
/GAPDH

GPX1 GST Cypla CAT TNFa TGFb IL1p

Bl CNT B AC B OXY ACHOXY

Figure 2. Effect of oxyfluorfen (OXY) exposure and/or Artemisia cina (AC) supplementation for
60 days on mRNA expression of superoxide dismutase (SOD1), glutathione peroxidase (GPx1),
glutathione S-transferases (GST), cytochrome P450 1A (CYP1A), catalase (CAT), tumor necrosis factor
alpha (TNF-x), transforming growth factor-beta (I'GF-p), and interleukin 1 beta (IL1- B) in the hepatic
tissue of Clarias gariepinus. Data expressed as mean £ SE, N = 10 for each group. Each bar carrying
different letters (a, b, and c) was significantly different at p < 0.05.

GPX1 GST Cypla CAT TNFa TGFb IL1p

Anterior kidney W CNT W AC W OXY AC+OXY

Figure 3. Effect of oxyfluorfen (OXY) exposure and/or Artemisia cina (AC) supplementation for
60 days on mRNA expression of superoxide dismutase (SOD1), glutathione peroxidase (GPx1),
glutathione S-transferases (GST), cytochrome P450 1A (CYP1A), catalase (CAT), tumor necrosis factor
alpha (TNF-a), transforming growth factor-beta (TGF-p), and interleukin 1 beta (IL1-8) in the anterior
kidney of Clarias gariepinus. Data expressed as mean + SE, N = 10 for each group. Each bar carrying
different letters (a, b, and c) was significantly different at p < 0.05.
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3.8. Quadriacanthus Aegypticus Challenge

The survival rate after parasitic exposure was significantly increased (p < 0.05) in C.
gariepinus fed with AC-based diets compared to the control of fish without AC supplemen-
tation. On the contrary, the lowest survival rate was reported in the OXY-exposed group.
Interestingly, AC supplementation alone or mixed with OXY groups showed the lowest
prevalence % of parasites compared to the control. The mean intensity achieved its lowest
rate in the AC+OXY group, followed by AC-supplemented and OXY groups. Similarly,
the group showed severe signs of asphyxia and postmortem gill lesions. Instead, the AC
groups showed mild respiratory symptoms without gill lesions (Table 7).

Table 7. Effect of oxyfluorfen (OXY) exposure and/or Artemisia cina (AC) supplementation
for 60 days on prevalence (%), mean intensity, clinical signs, and postmortem findings ob-
served in survived Clarias gariepinus fish in different experimental groups challenged with
Quadriacanthus aegypticus monogenea.

Experimental Groups

Control AC (0),:4'¢ AC+0OXY
Survived fish number 21 25 15 20
Survival rate percent 84 100 60 80
Infested fish number 20 3 5 2
Prevalence percent 95.23 12 33.33 10
Mean intensity - 87.66 2 + 1.45 17.0bc + 1.15 20.0° +1.15 11.66 € £ 0.88

Signs of asphyxia number 16/21 2/25 14/15 5/20
score +++ + ++++ ++

Postmortem number 13/20 0/3 5/5 1/2
change in gills score +++ - +H++ ++

The score of symptoms were recorded as follows: (-) no; (+) weak; (++) mild; (+++) moderate; (++++) severe.
Control group was fed basal diet. AC group was fed a basal diet containing Artemisia cina 5%. OXY group was
fed a basal diet and exposed to 1.16 mg/L oxyfluorfen. AC+OXY group was fed a basal diet containing AC and
exposed to OXY.

4. Discussion

This study analyzed the effect of OXY sub-lethal exposure on the growth performance
and biological response of catfish, C. gariepinus, as well as the potential beneficial role of
AC dietary inclusion against OXY exposure. Fish exposed to OXY for 60 days displayed
substantial growth retardation revealed by reduced FBW, WG, SGR, and feed intake relative
to the control group. Similar growth reduction was observed in Nile tilapia after expo-
sure to OXY [31]. Furthermore, OXY resulted in the stunted skeletal growth of Japanese
medaka [27]. The growth inhibition effect of OXY could be triggered by the negative
impact on the health status of exposed fish, a great loss of the digestive cells and decreased
digestive enzyme activity [12], and severe kidney injury combined with the poor health
condition of organisms [30,72].

Meanwhile, AC dietary supplementation successfully improved the growth param-
eters and survival of catfish. It also alleviated the negative impact of OXY exposure on
zootechnical performance. Comparably, Saleh, Sakr [40] has shown that AC dietary sup-
plementation can boost the growth performance of C. gariepinus. AC was recently shown
to possess a valuable array of active compounds, such as phenolic compounds, alkaloids,
terpenoids, sterols, acetylenes, coumarins, and caffeoylquinic acids [35]. The AC-growth-
stimulating effects may be owed to the phytochemicals which act as growth promoters,
such as santonin, betaine, choline, and tannins [73]. In fish, phytochemicals and their
metabolic products may act as prebiotics by selectively inhibiting harmful intestine bacteria
and providing growth factors and fermentation substrates for healthy gastrointestinal bac-
teria [74]. As a result, farmed fish have improved growth characteristics, feed effectiveness,
and resistance to disease. Additionally, the AC-growth-enhancing effect could be correlated
to its strong antibacterial effect [75].



Fishes 2023, 8, 297

13 0of 19

Here, fish exposed to OXY displayed obvious anemic conditions and a substantial
decrease in total leukocyte count with a parallel decline in lymphocytes, eosinophils,
heterophil, and monocytes. Comparable shifts in hematological parameters have been
revealed for OXY-intoxicated C. gariepinus [8] and Nile tilapia [31]. Furthermore, com-
parable anemic symptoms with various kinds of herbicides such as atrazine [76], MCPA
herbicide [77], and pendimethalin [78] have been reported in C. gariepinus and C. carpio,
respectively. The increased rate of erythrocyte destruction caused by the stress situation
imposed by prolonged OXY exposure, which has a detrimental impact on the erythrogram,
hastened the unsaturated fatty acids’ peroxidation in the erythrocyte membranes [31]. It
has been noted that OXY prevents human protoporphyrinogen oxidase from producing
hemoglobin [79]. Additionally, the kidney’s interstitium is the primarily hematopoietic
system in fish. Therefore, renal injury due to OXY, as presented here, may have caused a
decline in the hematological markers. AC dietary supplementation, on the other hand, ef-
fectively corrected OXY-induced hematological changes. A similar positive effect of dietary
supplementation with A. infra [75] and A. cina [40] on hematoimmunological indicators has
been previously demonstrated in C. gariepinus. Additionally, Soares, Cardoso [80] reported
that the 30-day dietary supplementation of A. annua extract increased fish leukocytes and
red blood cell function. A rise in RBC, HB, and PCV may indicate a plant’s ability to
promote erythropoiesis [6]. An increased RBC count may be caused by the RBC release
from the spleen’s storage pool, which assists the erythrocytes in producing HB [81]. Fur-
thermore, these favorable outcomes could be linked to augmented oxygen-carrying efficacy,
decreased physiological stress, and enhanced health status [6].

Due to their roles in xenobiotic detoxification, biotransformation, and excretion, the
liver and kidneys are the most crucial target organs for most environmental pollutants.
Exposure to OXY increases AST, ALT, ALP, creatinine, urea, and bilirubin. When aquatic
organisms are exposed to OXY, their livers can bioaccumulate it at high bioconcentration
factors of up to 5000, as observed in channel catfish [8]. Consequently, OXY may disrupt
the functional integrity and increase their permeability due to its potent pro-oxidative
effects, which could release liver enzymes into the bloodstream and affect liver function [9].
According to Hassanein, Banhawy [29], protoporphyrinogen oxidase may be a possible
mechanism by which OXY causes hepatorenal damage, as previously demonstrated in
mouse kidneys and livers [82]. Similarly, significant hepatorenal damage due to OXY has
been described in C. gariepinus by Abd El-Rahman, Ahmed [8] and in tilapia fish by Ibrahim,
Ghamry [31]. Huang, Jia [72] verified that OXY increased serum levels of kidney injury
markers, including creatinine and urea, in zebrafish.

In the present study, C. gariepinus displayed hypoproteinemia, hypoalbuminemia,
hypoglobulinemia, and hypercholesterolemia. Overall, these results point to a fish liver that
is less functional, especially in producing blood proteins and controlling lipid metabolism.
Furthermore, the reduction in total proteins, albumin, and globulin may be caused by
the greater emigration caused by renal failure spurred by exposure to OXY. The results
demonstrated that an AC-enriched diet prevents the toxicity of OXY, as evidenced by the
above maintenance of the markers at levels similar to or even close to those of the control,
confirming the preventive properties of AC on the liver and kidneys. In this regard, Saleh,
Sakr [40] revealed a development pattern of the liver and spleen of C. gariepinus fed AC.

The results of the current investigation confirmed that fish exposed to OXY exhibited
immune-toxic damage and increased fish stress. This was demonstrated by a significant
decrease in lysozyme activity, nitric oxide, C3, and phagocytic activity but an increase
in cortisol and glucose levels. Likewise, Ibrahim, Ghamry [31] described a considerable
decrease in lysozyme activity and C3 and phagocytic activity following the exposure of O.
niloticus to OXY. Increased cortisol and glucose levels may result from severe liver damage
via inhibiting lipid metabolism and glycolysis pathways in the liver [83]. As opposed to
this, fish fed a diet supplemented with AC exhibit improved immune response, enhanced
immunological biomarkers, increased survivability, and decreased cortisol levels. Similarly,
adding A. afra leaf powder to the diet of O. mossambicus increased lysozyme activity [84].
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Moreover, there was an increase in both lysozyme and phagocytic activity in C. gariepinus
fed with 5% A. afra [6]. An earlier report has also shown that AC supplementation at a rate
of 5% can boost immune response in C. gariepinus. An increase in white blood cells indicates
that AC inclusion in the diet enhances immunity [85]. Artemisinin and its derivatives can
also actively modify the host’s immune system [86].

To study the immunotoxic effect of chronic OXY exposure on fish, the mRNA expres-
sion of some immune-related genes was assessed in the head kidney, liver, and intestine
of C. gariepinus. The genes analyzed, including TNF-«, IL-13, and TGF-31, have been
reported to play an important role in the immune defense of C. gariepinus [87]. IL-18 and
TNF-u are examples of the inflammatory cytokines generated during inflammation [88].
The anti-inflammatory cytokine TGF-p1 reduces inflammation in fish [89]. The levels of in-
flammatory and anti-inflammatory cytokines were upregulated in the tissues studied after
chronic exposure to OXY. Similarly, O. niloticus’s toxicity to OXY causes a down-regulation
of immune-related gene expression [31]. In zebrafish, OXY also triggered inflammation
by increasing the inflammatory factors TNF-«, IL-8, and IL-6 [83]. On the other hand, AC
dietary supplementation alone or with OXY significantly decreased the expression of TNF-x
and IL-1B genes while upregulating TGF-f1 in contrast to the only impact of OXY exposure.
Consequently, the immunostimulant action of AC may have an anti-inflammatory impact
as its underlying mechanism. The anti-inflammatory and immunomodulatory effects of
sesquiterpene lactones from the Artemisia genus could improve the management of chronic
diseases and, consequently, the efficacy of therapy [90]. Sakipova, Giorno [36] concluded
that AC has probable anti-inflammatory and antinociceptive actions.

According to the results of the numerous assays used to assess the oxidative status, the
most likely reason for the reduced organ function in C. gariepinus intoxicated with OXY was
the incidence of oxidative stress damage. The high release of reactive oxygen species (ROS)
and free radicals, as well as the incapacity of endogenous antioxidant mechanisms such as
CAT, SOD, GST, and GPx to mitigate the harmful effects of these free radicals, are the usual
causes of oxidative stress [91]. Our investigation demonstrated that serum levels of SOD,
CAT, GPx, and reduced GSH all significantly decreased after exposure to OXY. Additionally,
among all experimental groups, the OXY group had the highest MDA levels, which is a lipid
peroxidation marker. Our observations of decreased antioxidant enzyme activity in the
serum of C. gariepinus exposed to OXY matched the outcomes of gene expression analyses.
Indeed, we revealed that the liver, kidney, and intestinal tissues of the fish subjected to
sublethal OXY dosages considerably decreased the levels of mRNA expression of the
genes coding for these antioxidant enzymes (SOD1, CAT, GST, and GPX1). These results
indicated the inadequacy of the antioxidant systems to defend against oxidative stress
damage triggered by the excessive generation of free radicals in response to exposure to
OXY. Similar oxidative stress was described by Abd El-Rahman, Ahmed [8] in C. gariepinus
and Ibrahim, Ghamry [31] in O. niloticus exposed to OXY. The results of the tests used in
our investigation to define the level of Cypla gene mRNA expression in the tissues of OXY-
intoxicated C. gariepinus offered additional proof in favor of the development of an oxidative
stressful environment in these organs. Additionally, this expression can be related to DNA
damage [92]. The proposed mechanism of immunobiotics that intensify the activities of
antioxidant enzymes may increase resistance to toxin exposure [3]. Interestingly, adding
AC, either separately or combined with OXY, enhanced the resistance against the oxidative
damage imposed by OXY. The bioactive components of AC, such as thymol, carvacrol,
phenolic compounds, betaine, choline, tannins, pigments, essential oil, and santonin, may
contribute to its protective impact against oxidative damage induced by OXY [93]. 8-OHdG
is commonly used to diagnose ROS-induced oxidative DNA damage [94]. In the current
investigation, fish exposed to OXY for 60 days had considerably lower levels of AChE and
increased 8-OHdG levels. Similarly, significant drops in AChE levels have been observed in
the brain of Gambusia affinis, O. niloticus, and C. gariepinus after exposure to sublethal doses
of OXY [8,28,31]. The increase in 8-OHdG occurring in serum might have resulted from
oxidative stress induced by OXY [95]. Dietary AC administration restored AChE levels
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in fish that had been exposed to OXY, perhaps as a result of the supplement’s capacity to
mitigate the oxidative stress caused by OXY [96].

In the current trial, the C. gariepinus was challenged with Q. aegypticus gill monogenea
after OXY exposure for 60 days. The results showed that the percentage of OXY-exposed
fish that survived the challenge reduced significantly. However, the number of infested
fish with monogenea in the AC and OXY groups was lower than that in the control. AC’s
efficacy as an antiparasitic agent in combating the monogenetic parasite, Heterobranchus
longifilis, has been reported in C. carpio [41]. The World Health Organization recommends
the use of artemisinin to treat malaria, and this plant is the only known source of this
compound [97]. Artemisinin attacks the parasite’s mitochondria, which are essential for
the parasite’s effective functioning [96]. Additionally, the main component of wormseed is
the crystalline primary, santonin, from which the drug’s anthelmintic effects are derived.
The immunomodulatory, anti-inflammatory, antimicrobial, and antiulcer activities help in
promoting the health of fish, and consequently, the relative survival rate. Exposure to OXY
could disrupt parasite transmission via direct or indirect effects on hosts and parasites; this
can explain the decreased number of infested fish and prevalence percentage. Sublethal
exposure to OXY significantly altered the health state of intoxicated fish in our study,
and these changes had a deleterious effect on the general well-being, and consequently,
survival rate.

5. Conclusions

The results of this study revealed that catfish, Clarias gariepinus, exposed to sublethal
levels of OXY experienced growth suppression and hematologic, immunological, and an-
tioxidant disturbances. It also induced detrimental effects on the expression of antioxidant
and immune-related genes expression and resistance to monogenean parasites, Quadriacan-
thus aegypticus infection. Meanwhile, wormwood dietary supplementation, Artemisia cina,
at a level of 5% alleviated the negative impacts of OXY on the zootechnical performance,
physiological status, and monogenean parasite resistance of fish. It could be recommended
as an aquafeed supplementation to mitigate the adverse effects of agriculture chemicals
and infection.
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