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Abstract: Although copper (Cu) is an essential trace element for fish, excessive concentrations can induce toxic effects. In contrast, nickel 
(Ni) is generally regarded as a non-essential heavy metal with potential toxicity. Collectively, exposure to concentrations 
exceeding safe thresholds for either metal poses a significant risk to fish health. Therefore, the combined toxicity of Cu–Ni 
co-exposure in Oreochromis niloticus was assessed with or without supplementation with watermelon rind (WMR). Fingerlings 
(37.30 ± 0.20 g) were randomly divided into four treatments: control, WMR (40 g/kg), Cu + Ni (3.35 and 3.60 mg/L, respectively), 
and WMR + Cu + Ni for 45 days. The findings demonstrated a significant decrease in growth parameters (weight gain and specific 
growth rate) and an increase in the feed conversion ratio and fish mortality due to Cu–Ni co-exposure. A decline in growth 
hormone levels and  digestive enzyme activities (amylase,  lipase, and trypsin) was accompanied by a rise in leptin levels in the Cu 
+ Ni group. In addition, the histomorphology of intestinal tissues was altered, as evidenced by necrosis and epithelial desquama-
tion, as well as reduced intestinal mucosal fold width and height. Additionally, decreased glutathione peroxidase, superoxide 
dismutase, and total antioxidant capacity, together with elevated malondialdehyde levels, were induced by Cu–Ni co-exposure. 
Furthermore, the combined exposure caused a downregulation of nutrient transporters (slc15a1a, slc15a2, and  slc2a1b) and  an  
upregulation of inflammatory genes (il1b and rela). Interestingly, the WMR diet enhanced antioxidant defences, improved 
digestive capacity, modulated gene expression, and ameliorated intestinal histology in the Cu + Ni-exposed group, resulting 
in increased growth and a reduction in mortality. 
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1. Introduction 

Aquaculture is a significant provider of highly nutritious 
protein, fostering food security and rural communities 

globally (Guillen et al., 2025; Haque & Mahmud, 2025). 
Globally, Oreochromis niloticus (Nile tilapia), as the second 
most farmed fish species, holds significant economic 
importance due to its massive annual production volume 
(FAO, 2026). O. niloticus has become a particularly valu-
able species due to its swift growth, effective feed 
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conversion, and environmental adaptability, thereby 
becoming a cornerstone in the aquaculture industry (El-
Sayed & Fitzsimmons, 2023). Nonetheless, there are several 
challenges facing and impeding aquaculture expansion, 
and environmental pollutants are one of them (Narwal 
et al., 2025). Water pollution is a severe worry to aquacul-
ture, as chemicals such as heavy metals (HMs) and indus-
trial effluents hinder fish well-being and survivability 
(Kakade et al., 2023). Long-term contact with these con-
taminants increases disease vulnerability and retards 
growth, which ultimately compromises aquaculture sus-
tainability and productivity (Mustafa et al., 2024). 

Copper (Cu) and nickel (Ni) are two HMs that often 
coexist in the environment. Each metal has its distinctive 
toxicological implications (Mebane et al., 2020). Cu is a 
crucial trace element for organisms’ development, but 
too much exposure to it can have detrimental conse-
quences (Malhotra et al., 2020). Although traditionally clas-
sified as a non-essential metal, Ni exhibits biological 
effects and toxicity that depend on its bioavailability, 
dose-response relationships, and environmental condi-
tions (Nys et al., 2025; Zhou et al., 2025). In aquatic ecosys-
tems, both metals are present at low levels naturally 
through natural rock weathering, but anthropogenic activ-
ities can increase their concentrations above background 
levels (Morariu et al., 2025; Oladimeji et al., 2025). Recent 
toxicological studies highlight that metal mixtures can 
produce synergistic or antagonistic effects distinct 
from single-metal exposures, necessitating more compre-
hensive real-world monitoring (Majid et al., 2025; 
Smii et al., 2025). Consequently, their elevated levels can 
impact aquatic organisms (Timpano et al., 2022). The toxi-
city of HM in fish is primarily mediated through excess 
reactive oxygen species (ROS) release, leading to oxidative 
damage, hormonal dysregulation, and compromised 
intestinal integrity (Shahjahan et al., 2022; Yin et al., 
2025), alongside the inhibition of antioxidant defences 
(Bhat et al., 2025). 

Intestinal health is essential for optimal growth and feed 
utilization in fish, as the intestine is the main site of digestion, 
nutrient absorption, and immune defence. Healthy intestinal 
tissues ensure efficient enzyme secretion and nutrient 
uptake, supporting growth and metabolism (Muneeb et al., 
2026). Conversely, intestinal damage induced by environ-
mental stressors, such as metal co-exposure, disrupts these 
processes, impairing absorptive capacity and leading to 
growth retardation (Taslima et al., 2022). To elucidate the 
underlying mechanisms of Cu–Ni co-exposure toxicity, we 
evaluated key molecular markers that reflect intestinal 
health status. Specifically, we assessed intestinal absorptive 
capacity by analysing the expression of specific nutrient  

transporters: solute carrier family 15 member A1a (slc15a1a), 
solute  carrier family 15 member A2 (slc15a2), and solute car-
rier family 2 member 1b (slc2a1b) (Kombat et al., 2024). 
Furthermore, we evaluated pro-inflammatory genes such 
as interleukin-1 beta (il1b) and v-rel avian reticuloendothe-
liosis viral oncogene homolog A (rela) to monitor  the nuclear  
factor kappa B (NF-κB)-mediated stress response and inflam-
mation (Wu et al., 2026). These markers are important as they 
reliably reflect intestinal homeostasis and physiological 
health in the context of metal-induced toxicity (Wang et al., 
2023; Yin et al., 2025). 

Previous studies have shown that single Cu and Ni 
exposure impedes growth and fish survivability (Gao 
et al., 2023; Naz et al., 2023; Wang et al., 2020). Cu exposure 
induced oxidative stress, hemato-biochemical disruptions, 
and delayed growth in O. niloticus (Shokr, 2020). Mean-
while, Ni-exposed O. niloticus showed immunosuppres-
sion and pathological alterations (El-Houseiny et al., 
2022; Ahmed et al., 2025). However, studies on the com-
bined effects of these metals in fish are limited. For 
instance, while Pavione and Val (2025) reported that 
Cu–Ni co-exposure induced neurotoxicity and metabolic 
disturbances in tambaqui (Colossoma macropomum), 
such interactive effects remain unexplored in O. niloticus. 

Recently, there has been an urgent need for nutritional 
practices to reduce the negative consequences of water-
borne pollutants. In this sense, applications of aquafeed 
supplements have drawn attention, especially with growing 
concerns over chemical additives (Abdel Rahman et al., 2025; 
Hu et al., 2025). Modern nutraceutical approaches increas-
ingly focus on sustainable agro-byproducts, as they offer an 
eco-friendly strategy to alleviate oxidative stress and support 
gut health in aquaculture (Lourenço et al., 2025; Vahdat et al., 
2026). Citrullus lanatus (watermelon) represents one of the 
most extensively consumed fruits in the world and an abun-
dant, affordable fruit in Egypt (Al-Sayed & Ahmed, 2013). 
Watermelon  rind  (WMR),  as  a by-product,  is  a rich source  
of prebiotics, pectin, and fibre. Also, it has a high content of 
citrulline, amino acids, and vitamins (Manivannan et al., 
2020; Ben Romdhane et al., 2024). Due to the presence of 
carboxyl (pectin) and hydroxyl (cellulose) functional groups 
in WMR, it can serve as an effective HM-binding agent (Reddy 
et al., 2014; Onyango et al., 2025). In addition, WMR contains a 
considerable quantity of phenolic compounds that exhibit 
strong hydroxyl radical-scavenging, antioxidant, and antibac-
terial activity (Gu et al., 2023; Rezagholizade-Shirvan et al., 
2023). Dietary WMR has previously shown benefits for 
growth and immunity of O. niloticus (Doan et al., 2021). 

Nevertheless, the mitigating potential of WMR against 
the cumulative toxic effects of Cu–Ni co-exposure, particu-
larly concerning intestinal gene expression, remains 
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unexplored. Therefore, this study aims to investigate the 
toxicity mechanism of Cu–Ni co-exposure and the poten-
tial alleviating effect of WMR on growth, digestive func-
tion, and intestinal health markers in O. niloticus. 

2. Material and methods 

2.1 Preparation of toxicants 

Copper chloride (CuCl2 · 2H2O) and nickel chloride (NiCl2 · 
6H2O) obtained from Alpha Chemika, Mumbai, India, were 
utilized as a source of Cu and Ni. For this trial, the nominal 
concentrations of these metal salts were set at 3.35 mg/L and 
3.60 mg/L, respectively. These concentrations were selected 
as 1/10 of the reported 96-h lethal concentration 50 for 
O. niloticus (Abdel-Hamid et al., 2021, for  Cu;  Abou-Hadeed  
et al., 2008, as cited in El-Houseiny et al., 2022, for Ni), respec-
tively. These chemicals were dissolved in deionized water to 
generate a stock solution, which was then adjusted to the 
necessary nominal levels immediately before use. 

2.2 Formulation of investigated diets 

The watermelons were bought from a local market in 
Zagazig, Egypt. The rinds (comprising the peel and white 
mesocarp) were separated, accounting for approximately 
30–40% of the total fruit weight (Rico et al., 2020; Ashoka 
et al., 2022). The rinds were then oven-dried at 60°C for 2 
days until a constant weight was achieved, resulting in a 
moisture content of 13.50% determined according to stan-
dard methods (AOAC, 2005). Subsequently, the dried mate-
rial was crushed into fine powder (WMR) and incorpo-
rated into the basal diet at 0 and 40 g/kg to prepare 
control and WMR diets (Doan et al., 2021). The feed com-
ponents were pelleted in a meat mincer, pelletized into 2-
mm pellets, and then forced-air dried for a whole day. 
Until they were needed, the pellets were then kept at 
4°C. O. niloticus’s nutritional needs were taken into con-
sideration when developing the tested diets’ components 
in line with NRC (2011) guidelines. Moreover, the investi-
gated diets were chemically analysed adopting the AOAC 
(2005) methodology as presented in Table 1. 

2.3 Fish housing and experimental scheme 

Fingerlings of O. niloticus were acquired from the Fish 
Research Unit at Zagazig University, Egypt. Fish were kept 

in 150-L glass aquariums with proper ventilation for a dura-
tion of 15 days, with 10 fish kept in each tank. In addition to 
that, each tank was provided with chlorine-free water and 
compressed air for adequate oxygenation. Throughout the 
acclimation and experimental phases, fish were hand-fed to 
apparent satiation three times daily at 08:00, 13:30, and 16:00, 
ensuring adequate feed intake (FI) while minimizing waste. 
Moreover, water’s physical and chemical characteristics 
were monitored daily in line with the APHA (2005) guideline.  
The results highlighted that the values of 6.00 ± 0.90 mg/L, 
28.80 ± 0.07°C, 7.10 ± 0.05, and 0.03 ± 0.001 mg/L were for 
dissolved oxygen, temperature, pH, and unionized ammonia. 
During the trial, a 12-h dark: 12-h light photoperiod was main-
tained. The initial weight (IW) of the fish was 37.30 ± 0.20 g. 

A total of 160 fingerlings were randomly allocated into 
four different sets, each with 40 fish (4 replicates per set; 

Table 1. Diet formulations and chemical composition of the tested 
diets 

Control diet WMR diet 

Ingredients (g/kg) 

Fish meal 66% CP 80 80 

Soybean meal 48% CP 300 300 

Corn gluten meal 60% CP 120 120 

Corn oil + Cod liver oil 40 40 

Premix* 30 30 

Wheat bran 80 80 

Ground yellow corn 350 310 

WMR 0 40 

Total 1,000 1,000 

Chemical analysis (%) 

Nitrogen-free extract** 49.42 48.58 

Crude fibre 5.36 5.87 

Crude lipids 7.21 7.10 

Ash 6.94 7.40 

Crude protein 31.07 31.05 

Gross energy (kcal/kg) 4,468 4,405 

WMR: watermelon rind. 
* Each 1 kg of premix contained: Vitamins: vitamin K3 (1.50 g), 
vitamin E (7 g), vitamin D3 (2,000,000 IU), vitamin A (8,000,000 
IU), nicotinic acid (20 g), vitamin B1 (0.70 g), pantothenic acid (7 g), 
vitamin B2 (3.50 mg), biotin (50 mg), folic acid (0.70 mg), vitamin 
B12 (7 mg); Minerals: manganese sulphate (5.30 g), copper sul-
phate (2.70 g), cobalt sulphate (70 mg), zinc sulphate (4 g), iron 
sulphate (20 g), sodium selenite (70 mg), calcium iodine (0.34 g), 
and carrier (CaHPO4·2H2O up to 1 kg). 
**Nitrogen-free extract = 100 – (% crude fibre + % crude lipids + % 
crude protein + % ash). 
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10 fish per replicate). The treatments were control, WMR, 
Cu + Ni, and WMR + Cu + Ni. The control and WMR groups 
were fed basal diets supplemented with 0 g/kg and 40 g/kg 
of WMR, respectively, without heavy metal exposure. 
Meanwhile, the Cu + Ni and WMR + Cu + Ni groups 
were fed the control and WMR diets, respectively, and 
co-exposed to nominal concentrations of copper chloride 
(3.35 mg/L) and nickel chloride (3.60 mg/L). On day 0, the 
feeding schedule and toxicant exposure began concur-
rently and lasted for 45 days. This study was conducted 
under a semi-static renewal system; to maintain optimal 
water quality and prevent waste accumulation, daily 
siphoning of fish wastes was performed. Furthermore, a 
50% partial water exchange was carried out twice weekly. 
Physicochemical measurements were taken before and 
after each renewal. To maintain the target nominal con-
centrations, the appropriate volume of metal stock solu-
tions was added immediately following each partial water 
exchange. The Institutional Animal Care and Use 
Committee of Zagazig University certified the study 
strategy for the use and handling of animals (ZU-IACUC/ 
2/F/275/2026). 

2.4 Growth performance determination 
and sampling 

Fish were weighed at the end of the trial (final weight, 
FW). Growth performance parameters, including weight 
gain (WG), specific growth rate (SGR), FI, and feed conver-
sion ratio (FCR), were calculated for each replicate tank 
using these formulas: 

( ) ( ) ( )WG g =  FW g −  IW g 

( ) 
( ) 

SGR %/day = 
In FW − In IW 

time days 
× 100,  

where In is the natural logarithm 

( ) ( )

( )

FI g = Weight of supplied feed g 

− Weight of refused feed g 

( )  

( )  
FCR = 

FI g 

WG g 

Mortality was recorded daily, and FCR was adjusted for 
biomass changes as needed. After a 45-day trial, 8 fish 
from each treatment group were randomly sampled for 
equal representation across replicate tanks (n = 2/replicate 
tank). Intermediate sampling was omitted to minimize 
stress and maintain experimental stability, with all 

analyses reflecting stable, long-term responses. The pre-
vious method (Neiffer & Stamper, 2009) involved anesthe-
tizing fish with benzocaine solution (100 mg/L water). 
After inserting anticoagulant-free syringes into the caudal 
peduncle to induce bleeding, the blood was then left to 
coagulate (4°C for 6 h). Serum was collected using a cen-
trifugation of specimens for 10 min at 1,198 × g to analyse  
growth-regulating hormones. Following blood collection, the 
whole fish were sacrificed humanely using a high dose of 
benzocaine solution (300 mg/L water) following AVMA (2007) 
recommendations. Intestinal tissues were then harvested and 
used for the analysis of digestive enzymes (n = 2/tank, total = 
8/group), histological examination (n = 1/tank, total = 4/ 
group), antioxidant indices (n = 2/tank, total = 8/group), and 
gene expression (n = 2/tank, total = 8/group). 

2.5 Determination of growth regulatory 
hormones and digestive enzymes 

The regulatory hormones for growth, including growth 
hormone (GH; Cat. No. MBS044656) and leptin (Cat. No. 
MBS280395), were measured in the serum using 
MyBioSource, Inc., San Diego, USA. Intestinal specimens 
were used to estimate amylase, lipase, and trypsin fol-
lowing the techniques of Bernfeld (1955), Worthington 
(1993), and Khangembam et al. (2012), respectively, by 
applying a spectrophotometer, Jenway 6305 (Staffordshire, 
UK). Moreover, the Bradford method (Kruger, 2009) was 
employed to measure the quantity of total protein in the 
samples to evaluate enzyme activity per gram of tissue. 

2.6 Intestinal histomorphometric 
investigations 

Applying routine histology methods (Suvarna et al., 2018), 
tissue portions from the intestinal tract (0.50 cm in length) 
were collected in 10% neutral-buffered formalin solution 
and fixed for 24 h. After that, the tissues were carefully 
washed with distilled water to remove leftover formalin. 
Tissues were then dehydrated in a graded ethanol series 
(70–100% with 1 h for each phase), cleared in xylene, and 
infiltrated and embedded in paraffin. Subsequently, sam-
ples were sectioned at approximately 5-μm-thickness 
crosswise employing a Leica® microtome RM2125RTS 
(Leica Biosystems, Germany). Finally, the sections were 
stained with haematoxylin and eosin. Microscopic inspec-
tion was performed on 50 random fields per group (dis-
tributed across 4 fish/treatment) at 100× under an 
AmScope microscope. In this investigation, mucosal fold 
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width (MW), mucosal fold height (MH), and mucosal sur-
face area (MSA) were quantified based on the method of 
Wilson et al. (2018). To ensure independent biological 
replication, data from these fields were averaged for 
each fish, and the mean values were used for statistical 
analysis (n = 4 per group). 

2.7 Intestinal antioxidants/oxidants 
measures 

Based on the prior approach (Fernandez-Botran et al., 
2002), the intestinal homogenates were prepared to mea-
sure the antioxidant defences, including glutathione per-
oxidase (GPx), superoxide dismutase (SOD), and total anti-
oxidant capacity (TAC), as well as lipid peroxide index 
[malondialdehyde (MDA)]. In this sense, the specimens 
were first diluted with sodium chloride solution (NaCl, 
0.9%), and then they were homogenized in phosphate-buf-
fered saline at pH 7.50. Centrifugation was conducted to 
extract the supernatant to assess these indices for 15 min 
at 3,000 rpm. 

The techniques of Paglia and Valentine (1967), Nishi-
kimi et al. (1972), Koracevic et al. (2001), and Ohkawa et al. 
(1979) were applied to estimate GPx, SOD, TAC, and MDA. 
In addition, colorimetric kits from Biodiagnostic, Egypt, 
were utilized for the detection of GPx (Cat. No. GP2524), 
SOD (Cat. No. SD2521), TAC (Cat. No. TA2513), and MDA (Cat. 
No. MD2529). Furthermore, the total protein content in the 

supernatants was quantified (Kruger, 2009). All indices 
were normalized to total protein content and expressed 
as U/mg protein for GPx and SOD, ng/mg protein for TAC, 
and nmol/mg protein for MDA. 

2.8 Gene expression analysis 

The expression of the nutrient transporters (slc15a1a, 
slc15a2, and  slc2a1b) and  inflammatory genes (il1b and 
rela) was assessed using specific primers (Table 2). After a 
45-day experiment, intestinal specimens (50 mg) were used to 
extract total RNA using QIAzol from QIAGEN (Germany). 
Quantitative real-time PCR (RT-qPCR) was performed using 
a Rotor-Gene Q2 plex real-time thermal cycler from QIAGEN. 
With the Thermo Scientific NanoDropR ND-1000 UV–Vis spec-
trophotometer (Waltham, USA) at 260–280 nm, the effective-
ness of the extraction method was examined. The cDNA was 
created using a reverse transcriptase kit from Applied Bio-
systems (Foster City, USA). 

The cycling protocol consisted of an initial denatura-
tion step at 95°C for 10 min, followed by 40 cycles of dena-
turation, annealing, and extension at 95°C for 10 s, at 60°C 
for 15 s, and at 72°C for 15 s, respectively. The glyceralde-
hyde-3-phosphate dehydrogenase (gapdh) gene was 
chosen as a standard gene since it remained steady during 
all treatments. Following amplification, a melting curve 
assessment was done to guarantee that each amplifier 
was running at maximum efficiency. The relative gene 

Table 2. Gene primers of O. niloticus for RT-qPCR amplification 

Target gene Primer sequences TM Efficiency Size Accession no. 

gapdh GATAATGGCAAACTTGTCGTCG 58.33 99.53 205 NM_001279552.1 

ACATTGGAGCATCGGGTGAG 60.11 

slc15a1a ACGATTGGACAGGTTGCGAT 60.04 101.5 133 XM_005452882.2 

TGCCCAGAGCAATGAGGAAG 60.03 

slc15a2 CTGCCTGTTTGCACCTGAAC 59.97 99.36 85 XM_005475385.4 

CAGACACTGGCTGCACTACA 59.97 

slc2a1b CACTGTGGTGTCGCTGTTTG 59.97 99.5 172 NM_001279727.1 

TGCCACGAAGGCAAAAATGG 59.97 

il1b CTCATGTCTGTCCGCTACCC 59.90 98.54 103 KF747686.1 

TGAAGCTTCTGTAGCGTGGG 60.04 

rela GAGAAAGCGGACAGGAGACAT 59.79 93.68 133 XM_025905614.1 

AGCAGCTTGTGGAGGCTTG 60.60 

TM: melting temperature; gapdh: glyceraldehyde-3-phosphate dehydrogenase. slc15a1a: solute carrier family 15, member 1a; slc15a2: 
solute carrier family 15, member 2; slc2a1b: solute carrier family 2, member 1b; il1b: interleukin-1 beta; rela: v-rel avian reticuloen-
dotheliosis viral oncogene homolog A. 
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expression levels were calculated using the 2–ΔΔCT method 
(Livak & Schmittgen, 2001), using the gapdh gene as the 
internal reference. The resulting fold change values were 
then subjected to statistical analysis. 

2.9 Statistical analysis of data 

All indices were statistically analysed using the replicate 
tank (n = 4 tanks per group) as the independent biological 
replicate. The normality and homogeneity of variance 
for the assessed parameters were verified using the 
Shapiro-Wilk and Levene tests, respectively. The data 
were then tested using two-way ANOVA in SPSS (Ver. 21, 
IBM Corp., Armonk, NY, USA). Treatment means were com-
pared using Tukey’s HSD post hoc test, with significance 
set at P < 0.05. Results were presented as mean ± standard 
error (SE). Furthermore, GraphPad Prism (Ver. 10, San 
Diego, CA, USA) was used to visualize the gene expression 
findings. 

3. Results 

3.1 Growth indices 

Table 3 highlights that the individual and interaction effects 
of WMR supplementation and Cu + Ni exposure were signif-
icant for growth metrics (P < 0.01). The FW, WG, SGR, and FI 
were considerably enhanced in the WMR group relative to 
the control, while the FCR was significantly decreased. On the 
other hand, the Cu + Ni group showed a marked decline in 
the FW, WG, SGR, and FI, alongside an elevated FCR in 

contrast to the control. However, there was a significant 
improvement in the FW, WG, SGR, and FI, and a lowering 
of the FCR in the WMR + Cu + Ni  group compared with the  Cu  
+ Ni group. 

3.2 Mortality (%), growth-regulating 
hormones, and digestive enzymes 

Two-way ANOVA revealed significant individual effects of 
WMR supplementation, Cu + Ni exposure, as well as their 
interaction on mortality and biochemical parameters (P < 
0.05, Table 4), except for the individual effect of WMR on 
trypsin and the interaction effect on GH. No mortality was 
observed in the control or WMR groups, whereas Cu + Ni 
exposure induced significant mortality, which was remark-
ably mitigated by WMR supplementation (P < 0.01). Raw 
counts per replicate tank are provided in Supplementary 
Table S1 to demonstrate inter-tank variation. Regarding 
metabolic and digestive parameters, the WMR group exhib-
ited considerably enhanced amylase, lipase, and trypsin 
compared to the control. In contrast, the Cu + Ni group 
showed elevated leptin levels and suppressed digestive 
enzyme activities relative to the control. Notably, the 
WMR + Cu + Ni group revealed decreased leptin and 
enhanced digestive enzyme activities compared with the 
Cu + Ni group. 

3.3 Intestinal histopathology and 
histomorphometry 

Normal histomorphological features of the intestine, 
including the submucosa, lamina propria, and muscular 

Table 3. Effect of copper (Cu) and nickel (Ni) co-exposure and/or dietary watermelon rind powder (WMR) supplementation on growth 
metrics of O. niloticus 

Parameters Control WMR Cu + Ni WMR + Cu + Ni P-value of WMR P-value of Cu + Ni P-value of interaction 

IW (g) 37.30 ± 0.36 37.20 ± 0.50 37.33 ± 0.48 37.37 ± 0.41 0.95 0.82 0.88 

FW (g) 75.63 ± 0.77b 109.40 ± 0.67a 54.07 ± 1.13 d 65.07 ± 1.03c <0.01 <0.01 <0.01 

WG (g) 38.33 ± 0.47b 72.20 ± 0.32a 16.74 ± 0.66 d 27.70 ± 0.63c <0.01 <0.01 <0.01 

SGR (%/day) 1.57 ± 0.01b 2.40 ± 0.02a 0.82 ± 0.02 d 1.23 ± 0.01c <0.01 <0.01 <0.01 

FI (g) 77.63 ± 0.97b 92.15 ± 1.21a 65.36 ± 1.92c 70.44 ± 0.99b <0.01 <0.01 <0.01 

FCR 2.03 ± 0.03c 1.28 ± 0.01 d 3.91 ± 0.06a 2.54 ± 0.05b <0.01 <0.01 <0.01 

IW: initial weight; FW: final weight; WG: weight gain; SGR: specific growth rate; FI: feed intake; FCR: feed conversion ratio. The data 
were analysed by two-way ANOVA (n = 4 replicate tanks per group), where the tank served as an independent experimental unit. 
Values having various superscripts in the same row differ significantly (Tukey’s HSD test; P < 0.05). Control and WMR groups: fish fed 
on control and WMR diets, respectively, without Cu–Ni co-exposure. Cu + Ni and WMR + Cu + Ni groups: fish fed on control and WMR 
diets, respectively, and exposed to Cu–Ni toxicity. 
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layer, were observed in the control and WMR groups 
(Figure 1a and b). On the other hand, the Cu + Ni group 
revealed necrotic and desquamated epithelial lining of 

the mucosa, accompanied by intense inflammatory cell 
aggregates in the lamina propria and submucosa (Figure 
1c). Furthermore, an improvement in the structural 

Table 4. Effect of copper (Cu) and nickel (Ni) co-exposure and/or dietary watermelon rind powder (WMR) supplementation on mortality 
(%), growth-regulating hormones, and digestive enzyme activities of O. niloticus 

Parameters Control WMR Cu + Ni WMR + Cu + Ni P-value 

of WMR 

P-value of Cu 

+ Ni 

P-value of interaction 

Mortality (%) 0.00 ± 0.00c 0.00 ± 0.00c 25.00 ± 2.89a 7.50 ± 2.50b <0.01 <0.01 <0.01 

GH (ng/mL) 15.19 ± 0.33 18.73 ± 0.31 10.50 ± 0.55 12.69 ± 0.63 <0.01 <0.01 0.18 

Leptin (ng/mL) 9.88 ± 0.32c 10.86 ± 0.34c 18.57 ± 0.38a 15.92 ± 0.23b 0.02 <0.01 <0.01 

Amylase (U/g protein) 97.10 ± 0.39b 101.40 ± 0.49a 71.82 ± 0.70 d 92.39 ± 0.94c <0.01 <0.01 <0.01 

Lipase (U/g protein) 38.63 ± 0.17b 43.23 ± 0.95a 26.21 ± 1.20c 34.96 ± 1.01b <0.01 <0.01 0.04 

Trypsin (U/g protein) 45.08 ± 0.75b 56.02 ± 1.11a 25.08 ± 1.48 d 40.59 ± 0.25c 0.18 <0.01 0.04 

GH: growth hormone. The data were analysed by two-way ANOVA (n = 4 replicate tanks per group), where the tank served as an 
independent experimental unit. Values having various superscripts in the same row differ significantly (Tukey’s HSD test; P < 0.05). 
Control and WMR groups: fish fed on control and WMR diets, respectively, without Cu–Ni co-exposure. Cu + Ni and WMR + Cu + Ni 
groups: fish fed on control and WMR diets, respectively, and exposed to Cu–Ni toxicity. 

Figure 1. Representative photomicrograph (H&E) of O. niloticus intestine following copper (Cu) and nickel (Ni) co-exposure and/or 
dietary watermelon rind powder (WMR) supplementation. (a and b) Intestine of the control and WMR groups, showing 
normal histomorphology of mucosal folds, lamina propria, muscular layer, and submucosa. (c) Intestine of the Cu + Ni group, 
showing necrotic, desquamated epithelial lining mucosa (arrow), along with intense inflammatory cell aggregates in the 
lamina propria and submucosa (star). (d) Intestine of the WMR + Cu + Ni group, showing minor denudation of the mucosal 
fold epithelium and an edematous intestinal wall (star). MW: mucosal fold width. MH: mucosal fold height. Control and WMR 
groups: fish fed on control and WMR diets, respectively, without Cu–Ni co-exposure. Cu + Ni and WMR + Cu + Ni groups: fish 
fed on control and WMR diets, respectively, and exposed to Cu–Ni toxicity. Scale bar: 100 µm. 
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integrity of intestinal layers was observed in the WMR + 
Cu + Ni group, despite the presence of some denuded 
mucosal fold epithelium and an edematous intestinal 
wall (Figure 1d). 

Moreover, the intestinal morphometrics, including 
MW, MH, and MSA, were significantly influenced by the 
individual effects of both WMR and Cu + Ni exposure (P < 
0.01; Table 5). The WMR supplementation substantially 
increased MW, MH, and MSA over the control (P < 0.01). 
Conversely, Cu + Ni exposure caused a marked decline in 
these parameters relative to the control (P < 0.01). 
Regarding the interaction effect, while it did not signifi-
cantly alter MW (P = 0.75) and MH (P = 0.31), it exerted a 
significant influence on MSA (P < 0.01). Notably, WMR 
inclusion in the Cu + Ni group significantly enhanced 
MSA compared to the Cu + Ni group alone. 

3.4 Antioxidant–oxidant response 

The individual effects of the WMR supplementation and 
Cu + Ni exposure, as well as their interaction, were 

significant for GPx, SOD, TAC, and MDA (P < 0.01; Table 
6). The WMR group showed a notable increase in GPx, 
SOD, and TAC, and a decline in MDA levels compared 
with the control. Conversely, the GPx, SOD, and TAC in 
the Cu + Ni group were significantly diminished, and 
MDA levels were increased relative to the control. Com-
pared to the Cu + Ni group, incorporation of WMR into 
the diet of Cu + Ni-exposed fish remarkably improved 
GPx, SOD, and TAC, and decreased MDA. 

3.5 Expression of nutrient transporters 
and inflammatory genes 

Figures 2 and 3 highlight that the individual and interac-
tion effects of WMR supplementation and Cu + Ni expo-
sure were significant for slc15a1a, slc15a2, slc2a1b, il1b, 
and rela genes (P < 0.01). The WMR group showed signifi-
cantly upregulated slc15a1a, slc15a2, and slc2a1b genes 
compared with the control. Nevertheless, a marked down-
regulation in slc15a1a, slc15a2, and slc2a1b and upregula-
tion of il1b and rela were obvious in the Cu + Ni group 

Table 5. Effect of copper (Cu) and nickel (Ni) co-exposure and/or dietary watermelon rind powder (WMR) supplementation on intestinal 
morphometries of O. niloticus 

Parameters Control WMR Cu + Ni WMR + Cu + Ni P-value of WMR P-value of Cu + Ni P-value of interaction 

MW (µm) 87.28 ± 1.44 111.00 ± 0.43 62.00 ± 0.91 85.00 ± 1.29 <0.01 <0.01 0.75 

MH (µm) 533.80 ± 1.46 672.90 ± 13.95 405.80 ± 10.67 522.60 ± 11.68 <0.01 <0.01 0.31 

MSA (mm2) 0.05 ± 0.001b 0.07 ± 0.002a 0.02 ± 0.00c 0.04 ± 0.00b <0.01 <0.01 <0.01 

MW: mucosal fold width; MH: mucosal fold height; MSA: mucosal surface area. The data were analysed by two-way ANOVA (n = 4 
replicate tanks per group), where the tank served as an independent experimental unit. Values having various superscripts in the same 
row differ significantly (Tukey’s HSD test; P < 0.05). Control and WMR groups: fish fed on control and WMR diets, respectively, without 
Cu–Ni co-exposure. Cu + Ni and WMR + Cu + Ni groups: fish fed on control and WMR diets, respectively, and exposed to Cu–Ni toxicity. 

Table 6. Effect of copper (Cu) and nickel (Ni) co-exposure and/or dietary watermelon rind powder (WMR) supplementation on 
antioxidant status of O. niloticus 

Parameters Control WMR Cu + Ni WMR + Cu + Ni P-value 

of WMR 

P-value of Cu 

+ Ni 

P-value of interaction 

GPx (U/mg protein) 67.14 ± 0.36b 74.98 ± 1.92a 41.83 ± 0.65c 62.44 ± 0.90b <0.01 <0.01 <0.01 

SOD(U/mg protein) 75.92 ± 1.00b 82.67 ± 1.06a 52.04 ± 0.74 d 67.96 ± 0.82c <0.01 <0.01 <0.01 

TAC(µmol/mg protein) 2.80 ± 0.02b 4.67 ± 0.09a 1.46 ± 0.17 d 2.31 ± 0.05c <0.01 <0.01 <0.01 

MDA(nmol/mg protein) 1.60 ± 0.08c 1.47 ± 0.08c 8.57 ± 0.18a 6.04 ± 0.17b <0.01 <0.01 <0.01 

GPx: glutathione peroxidase; SOD: superoxide dismutase; TAC: total antioxidant capacity; MDA: malondialdehyde. The data were 
analysed by two-way ANOVA (n = 4 replicate tanks per group), where the tank served as an independent experimental unit. Values 
having various superscripts in the same row differ significantly (Tukey’s HSD test; P < 0.05). Control and WMR groups: fish fed on 
control and WMR diets, respectively, without Cu–Ni co-exposure. Cu + Ni and WMR + Cu + Ni groups: fish fed on control and WMR diets, 
respectively, and exposed to Cu–Ni toxicity. 
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compared with those in the control. Relative to the Cu + Ni 
group, the expression of slc15a1a, slc15a2, and slc2a1b was 
upregulated, and the expression of il1b and rela was 
decreased in the WMR + Cu + Ni group. 

4. Discussion 

The present study investigated the alleviating effects of 
dietary WMR on the growth and gut health of O. niloticus 
co-exposed to waterborne Cu and Ni toxicity. Cu + Ni co-

exposure suppressed O. niloticus growth (lower WG and 
SGR, higher FCR), consistent with previous reports on 
O. niloticus following single exposure to Cu (Shokr, 2020) 
and Ni (Ahmed et al., 2025; El-Houseiny et al., 2022; 
Sheethal et al., 2024). These adverse consequences result 
from metabolic stress that redirects energy allocation 
away from growth towards detoxification and tissue 
repair (Jiang et al., 2015; Sreedevi et al., 1992). 

The observed reduction in digestive enzyme activities 
(amylase, lipase, and trypsin) likely impairs nutrient diges-
tion and limits the availability of energy for growth 

Figure 2. Effect of the interaction between copper (Cu) and nickel (Ni) co-exposure and dietary watermelon rind powder (WMR) 
supplementation on intestinal nutrient transporter genes of O. niloticus. (a) slc15a1a: solute carrier family 15, member 1a. 
(b) slc15a2: solute carrier family 15, member 2. (c) slc2a1b: solute carrier family 2, member 1b. The data were analysed by two-
way ANOVA (n = 4 replicate tanks per group), where the tank served as an independent experimental unit. Values on the bars 
(means ± SE) with various superscripts differ significantly (Tukey’s HSD test; P < 0.05). Control and WMR groups: fish fed on 
control and WMR diets, respectively, without Cu–Ni co-exposure. Cu + Ni and WMR + Cu + Ni groups: fish fed on control and 
WMR diets, respectively, and exposed to Cu–Ni toxicity. 
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(Xie et al., 2019; Lee et al., 2023). These inhibitory effects 
are likely mediated by oxidative stress and intestinal 
damage, which diverts energy towards detoxification 
(Kharkan et al., 2023; Pavione & Val, 2025; Wang et al., 
2023). In addition, this work indicates that Cu and Ni co-
exposure disrupted endocrine growth regulation by mod-
ifying GH and leptin signalling. We observed decreased 
GH and elevated leptin levels in the metal-exposed fish. 
GH stimulates somatic growth via the GH/IGF axis, and its 
inhibition by pollutants negatively affects cell prolifera-
tion and differentiation (Bersin et al., 2024; Canosa & Ber-
tucci, 2023; Caputo et al., 2021). 

Leptin regulates fish appetite and energy homeostasis 
and is primarily produced by adipose tissue (Picó et al., 
2022). Beyond its satiety role, leptin in teleosts influences 
immune, reproductive, and osmoregulatory functions 
(Copeland et al., 2011; Ohga et al., 2021). Its elevation in 
our study likely signals a metabolic shift towards survival 
over growth, leading to the observed reduction in FI (Liu 
et al., 2018). Moreover, the rise in leptin may act as a 
counter-regulatory response to declining GH levels, 
reflecting an antagonistic interaction (Gong et al., 2022). 
Such endocrine disruptions are consistent with the toxic 
stress response documented in O. niloticus under Ni expo-
sure (El-Houseiny et al., 2022) and other teleost species 
under Cu exposure (Zebral et al., 2018). These findings 
confirm that such hormonal alterations play a central 
role in metal-induced growth impairment. 

Dietary WMR effectively counteracted Cu and Ni-
induced growth inhibition by enhancing digestive enzyme 
activity, endocrine control, and FI. Our findings align with 
previous studies in O. niloticus showing that WMR and 
C. lanatus seed-enriched diets promote growth and reduce 
FCR (Doan et al., 2020, 2021; Iheanacho et al., 2018). These 
benefits stem from WMR’s nutrient profile, including pre-
biotic fibres, phytochemicals, vitamins, and carbohy-
drates, which optimize digestion and gut microbiota. 
Furthermore, bioactive compounds like citrulline act as 
antioxidants and immune stimulants, reducing the meta-
bolic cost of stress and redirecting energy towards somatic 
growth (Gorbanalinejad & Nobakht, 2017; Tarazona-Díaz 
et al., 2011), thereby improving overall performance. 

Cu and Ni co-exposure induced significant intestinal 
histopathological and morphometric damage, likely 
driven by oxidative stress, ROS-mediated DNA damage, 
and lipid/protein oxidation (Das & Saikia, 2024; Pavione 
& Val, 2025). Comparable intestinal histopathological 
changes have been observed in Cu-exposed tiger pufferfish 
(Takifugu rubripes) (Liu et al., 2024) and Ni-exposed 
O. niloticus (Ahmed et al., 2025), corroborating these find-
ings. Dietary WMR mitigated Cu + Ni-induced intestinal 
damage, likely through its antioxidant, radical-scavenging, 
and anti-inflammatory properties. These protective effects 
are attributed to WMR’s rich bioactive profile, including 
citrulline, lycopene, flavonoids, vitamin C, alkaloids, and 
beta-carotene (Bahrudin et al., 2025; Rahman et al., 2013). 

Figure 3. Effect of the interaction between copper (Cu) and nickel (Ni) co-exposure and dietary watermelon rind powder (WMR) 
supplementation on intestinal inflammatory genes of O. niloticus. (a) il1b: interleukin-1 beta. (b) rela: v-rel avian reticuloen-
dotheliosis viral oncogene homolog A. The data were analysed by two-way ANOVA (n = 4 replicate tanks per group), where 
the tank served as an independent experimental unit. Values on the bars (means ± SE) with various superscripts differ 
significantly (Tukey’s HSD test; P < 0.05). Control and WMR groups: fish fed on control and WMR diets, respectively, without 
Cu–Ni co-exposure. Cu + Ni and WMR + Cu + Ni groups: fish fed on control and WMR diets, respectively, and exposed to Cu–Ni 
toxicity. 
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By suppressing oxidative stress, these constituents miti-
gate tissue damage, a finding supported by earlier studies 
in lead-exposed rats (Michael et al., 2021). This role of 
WMR in maintaining gut integrity is further corroborated 
by its efficacy in enhancing intestinal histoarchitecture in 
rohu (Labeo rohita) (Vijayan et al., 2024). 

Cu and Ni co-exposure significantly suppressed 
nutrient transporters (slc15a1a, slc15a2, and slc2a1b). The 
slc15 family is critical for peptide reabsorption, and its 
downregulation suggests impaired uptake and stunted 
growth (Orozco et al., 2017; Vacca et al., 2022). Similarly, 
slc2a1b (glut1b) facilitates glucose uptake to meet the ener-
getic demands of the intestinal epithelium (Zhang et al., 
2023). Thus, its downregulation suggests both restricted 
energy (glucose) uptake and systemic metabolic disruption 
in the gut (Kang et al., 2021; Wei et al., 2025). These mole-
cular changes likely result from metal-induced oxidative 
stress, which compromises transporter structure and func-
tion (Jiang et al., 2015; Kumar et al., 2023). 

Collectively, these hormonal and transcriptional 
changes highlight an integrated metabolic response, 
where energy is diverted from growth towards stress 
adaptation. This indicates that metal-induced growth sup-
pression results from the combined effects of endocrine 
dysregulation and impaired intestinal metabolic function. 
This aligns with previous findings in O. niloticus, where Cu 
exposure disrupted slc family expression (Huang et al., 
2015). Notably, dietary WMR partially restored nutrient 
transporter expression, likely mediating its growth-enhan-
cing effects through the same antioxidant mechanisms 
observed in other models (Agbana, 2023). 

Metal co-exposure (Cu and Ni) induced oxidative stress 
in O. niloticus, evidenced by depleted antioxidant defences 
(GPx, SOD, TAC) and elevated MDA levels. This redox 
imbalance, which correlated with a high mortality rate 
(25% in the Cu + Ni group), highlights the failure of the 
fish’s antioxidant system to counteract the ROS generated 
by Cu and Ni. Mechanistically, Cu promotes ROS through 
redox cycling and Fenton-like reactions (Jiang et al., 2014), 
while Ni triggers ROS via the Ni2+/Ni3+-mediated Fenton/ 
Haber–Weiss pathway (Guo et al., 2015; Salnikow et al., 
1994). These results corroborate the oxidative damage 
and physiological impairment documented in O. niloticus 
under individual Cu or Ni exposure (Abdel-Hamid et al., 
2021; Ahmed et al., 2025). 

Conversely, dietary WMR exerted pronounced antiox-
idant effects in O. niloticus, significantly boosting GPx, 
SOD, and TAC levels while reducing MDA, which likely 
contributed to the lower mortality rate (7.50% in the 
WMR + Cu + Ni group). These findings align with reports 
of WMR enhancing antioxidant defences and mitigating 

lipid peroxidation in L. rohita (Vijayan et al., 2024). Such 
potent antioxidant characteristics are attributable to 
WMR’s rich profile of phenolic acids (vanillic, p-hydroxy-
benzoic, gallic, and chlorogenic acids) and flavonoids 
(hesperetin and catechin), which effectively neutralize 
metal-induced oxidative stress (Alsuwayt, 2025; Mushtaq 
et al., 2015). 

Cu and Ni co-exposure induced a pro-inflammatory state in 
O. niloticus, characterized by the upregulation of il1b and rela. 
This response is likely mediated by metal-induced ROS acting as 
signalling molecules for inflammatory pathways (Guo et al., 
2019;Wu et al., 2026). Our  findings corroborate previous reports 
of disrupted inflammatory mechanisms in O. niloticus under Ni 
stress (El-Houseiny et al., 2022), as well as similar observations 
in other teleosts under Cu exposure (Wang et al., 2023). Notably, 
dietary WMR suppressed these metal-induced inflammatory 
pathways in this study. The anti-inflammatory efficacy of 
WMR has been previously reported in topmouth gudgeon 
(Pseudorasbora parva) (Wu et al., 2021). It is largely attributed 
to WMR’s rich bioactive profile, including flavonoids, phenolics, 
citrulline, and arginine, which effectively modulate inflamma-
tory signalling and nitric oxide pathways (Nahar et al., 2024; 
Priastomo et al., 2025). 

In this study, Cu–Ni co-exposure impaired growth, diges-
tive, and antioxidant functions while inducing intestinal 
damage and inflammation, all of which were effectively miti-
gated by WMR supplementation. As a study limitation, the 
reported exposure concentrations were nominal, based on 
the mass of metal salts added to the tanks. Since analytical 
verification was not performed, the findings should be inter-
preted as the biological response to these nominal levels. 

5. Conclusion 

The present study demonstrates that exposure to a 
combined mixture of Cu and Ni compromises intestinal 
integrity and physiological function, ultimately leading 
to reduced growth in O. niloticus. This growth inhibition 
is likely mediated through the disruption of the nutrient 
transporters (slc15a1a, slc15a2, and slc2a1b) and hormonal 
control of growth (GH and leptin). Moreover, Cu and 
Ni negatively influence digestive function, weaken antiox-
idant defences, and upregulate inflammatory pathways 
(il1b and rela). Conversely, WMR supplementation 
effectively alleviates Cu- and Ni-induced intestinal 
damage, restores nutrient transport balance, and 
improves growth performance, possibly by enhancing 
antioxidant status. As a result, WMR may serve as a func-
tional dietary strategy to protect O. niloticus exposed to 
waterborne contaminants. 

Copper–nickel co-exposure with potential toxicity 
alleviation 

378 



Acknowledgments 

This work was supported by the Deanship of Scientific 
Research, Vice Presidency for Graduate Studies and 
Scientific Research, King Faisal University, Saudi Arabia 
[Grant No. KFU265830]. The authors thank the Aquatic 
Animal Medicine Department, Faculty of Veterinary 
Medicine, Zagazig University, for their kind help during 
the experimental procedures. We want to express our sin-
cere gratitude to Dr. Mohammed S. Sobh, Department of 
Pathology, Faculty of Veterinary Medicine, Zagazig 
University, for his valuable efforts in performing the his-
topathological examination. 

Funding information 

This work was supported by the Deanship of Scientific 
Research, Vice Presidency for Graduate Studies and 
Scientific Research, King Faisal University, Saudi Arabia 
[Grant No. KFU265830]. 

Author contributions 

Conceptualization, A.N.A.R., A.Y., S.T.E., R.E.I.; Data cura-
tion, A.N.A.R., T.K.; Formal analysis, A.N.A.R., T.K.; 
Investigation, A.N.A.R., A.Y., S.T.E., T.K., A.T.M., M.A., 
R.T.M., H.A.H., A.A., R.E.I.; Methodology, A.N.A.R., R.E.I.; 
Resources, A.N.A.R., A.Y., S.T.E., T.K., A.T.M., M.A., R.T.M., 
H.A.H., A.A., R.E.I.; Validation, A.N.A.R; Visualization, 
A.N.A.R., R.E.I.; Writing – original draft, A.N.A.R.; Writing 
– review & editing, all authors. All authors have read and 
agreed to the published version of the manuscript. 

Conflict of interest statement 

The authors have no relevant financial or non-financial 
interests to disclose. 

Data availability statement 

Data are available upon reasonable request from the cor-
responding author. 

References 

Abdel-Hamid, E. A. A., Hashem, S. H., & Ghareib, A. A. 
(2021). The effect of a mixture of environmental 

pollutants on some biomarkers in the Nile tilapia 
(Oreochromis niloticus). Egyptian Journal of Aquatic 
Biology and Fisheries, 25(2), 665–681. https://doi.org/ 
10.21608/ejabf.2021.166982 

Abdel Rahman, A. N., Sobh, M. S., Mansour, A. T., 
AlSaqufi, A. S., Alkhamis, Y., Hassanien, H. A., 
Abbas, A., Khamis, T., Ibrahim, R. E., & Elazab, S. T. 
(2025). Protective effects of dietary Cucurbita pepo on 
oxidative damage, histopathological alterations, and 
endoplasmic reticulum stress in the brain and gills 
of Oreochromis niloticus exposed to trace elements. 
Veterinary Research Communications, 50, 79. https:// 
doi.org/10.1007/s11259-025-11019-w 

Abou-Hadeed, A., Ibrahim, K., El-Sharkawy, N., Saleh 
Sakr, F., & Abd El-Hamed, S. (2008). Experimental stu-
dies on nickel toxicity in Nile tilapia health. 8th 
International Symposium on Tilapia in Aquaculture. 

Agbana, J. A. (2023). Watermelon rind (Citrullus lanatus) 
supplementation improves growth performance of 
pigs via enhanced nutrient transporters gene expres-
sion. International Journal of Advanced Academic 
Research, 9(10), 37–43. 

Ahmed, S. A. A., El-Rahman, G. I. A., Mohammed, H. A., 
Abdo, S. A., Aly, M. Y. M., Ghannam, H. E., 
Mahsoub, F., Khamis, T., & Ibrahim, R. E. (2025). 
The ability of dietary essential oils to mitigate 
nickel-induced growth retardation, immune-antioxi-
dant suppression, and endoplasmic reticulum stress 
activation in Nile tilapia. Fish Physiology and 
Biochemistry, 51(2), 76. https://doi.org/10.1007/s10695-
025-01482-2 

Al-Sayed, H. M., & Ahmed, A. R. (2013). Utilization of water-
melon rinds and sharlyn melon peels as a natural 
source of dietary fiber and antioxidants in cake. 
Annals of Agricultural Sciences, 58(1), 83–95. https:// 
doi.org/10.1016/j.aoas.2013.01.012 

Alsuwayt, B. (2025). Polyphenol-rich Citrullus lanatus 
rind extract mitigates doxorubicin-induced cardio-
toxicity: HPLC profiling and in vivo evaluation. 
Pharmaceutics, 17, 1469. https://doi.org/10.3390/ 
pharmaceutics17111469 

AOAC (2005). Official methods of analysis of association of 
official analytical chemists (18th ed.). Association of 
Official Analytical Chemists, Washington, DC, USA. 

APHA (2005). Standard methods for examination of water 
and wastewater (21st ed.). American Public Health 
Association, New York, USA. 

Ashoka, S., Begum, S. S., Ray, B. R. M., & Muthuraju, M. 
(2022). Nutritional evaluation of watermelon 
(Citrullus lanatus) rind petha for its sensory, shelf-
life and consumer acceptability. Asian Journal of 

Afaf N. Abdel Rahman et al. 

379 

https://doi.org/https://doi.org/10.21608/ejabf.2021.166982
https://doi.org/https://doi.org/10.21608/ejabf.2021.166982
https://doi.org/https://doi.org/10.1007/s11259-025-11019-w
https://doi.org/https://doi.org/10.1007/s11259-025-11019-w
https://doi.org/https://doi.org/10.1007/s10695-025-01482-2
https://doi.org/https://doi.org/10.1007/s10695-025-01482-2
https://doi.org/https://doi.org/10.1016/j.aoas.2013.01.012
https://doi.org/https://doi.org/10.1016/j.aoas.2013.01.012
https://doi.org/https://doi.org/10.3390/pharmaceutics17111469
https://doi.org/https://doi.org/10.3390/pharmaceutics17111469


Dairy and Food Research, 41(2), 225–230. https://doi. 
org/10.18805/ajdfr.DR-1737 

AVMA (2007). Guidelines on Euthanasia. American 
Veterinary Medical Association. https://www.avma. 
org/issues/animal_welfare/euthanasia.pdf 

Bahrudin, M., Al Fauzi, A., & Sugianto, P. (2025). Effectiveness 
of  red watermelon in preventing atherosclerosis  
through the  role  of  lipids, PCSK9, LOX-1, CD36,  and  
ABCA1 in Wistar rats. Current Issues in Molecular 
Biology, 47(6), 433. https://doi.org/10.3390/cimb47060433 

Ben Romdhane, M., Bouallegue, A., Bourhia, M., 
Bougatef, A., Salamatullah, A., Ellouz-Chaabouni, S., 
& Haddar, A. (2024). Watermelon rind dietary 
fibers as natural source to enhance texture of wheat 
bread. Foods, 13(18), 2909. https://doi.org/10.3390/ 
foods13182909 

Bernfeld, P. (1955). Amylases, α and β. Methods in 
Enzymology, 1, 149–158. https://dx.doi.org/10.1016/ 
0076-6879(55)01021-5 

Bersin, T. V., Cordova, K. L., Journey, M. L., Beckman, B. R., 
& Lema, S. C. (2024). Food deprivation reduces sensi-
tivity of liver Igf1 synthesis pathways to growth hor-
mone in juvenile gopher rockfish (Sebastes carnatus). 
General and Comparative Endocrinology, 346, 114404. 
https://dx.doi.org/0.1016/j.ygcen.2023.114404 

Bhat, R. A.,  Alam, A.,  Jha,  D.  N.,  Kumar, V.,  Kumar,  J., Thakur,  V.  
R., & Das,  B.  K.  (2025). Fate and  effects of heavy metals in 
fishes: antioxidant defense system, miRNA/gene expres-
sion response, and histopathological reproductive mani-
festations. Biological Trace Element Research, 203, 
4326–4346. https://doi.org/10.1007/s12011-024-04478-w 

Canosa, L. F., & Bertucci, J. I. (2023). The effect of environ-
mental stressors on growth in fish and its endocrine 
control. Frontiers in Endocrinology, 14, 1109461. 
https://doi.org/10.3389/fendo.2023.1109461 

Caputo, M., Pigni, S., Agosti, E., Daffara, T., Ferrero, A., 
Filigheddu, N., & Prodam, F. (2021). Regulation of GH 
and GH signaling by nutrients. Cells, 10(6), 1376. 
https://doi.org/10.3390/cells10061376 

Copeland, D. L., Duff, R. J., Liu, Q., Prokop, J., & 
Londraville, R. L. (2011). Leptin in teleost fishes: 
an argument for comparative study. Frontiers in 
Physiology, 2, 26. https://doi.org/10.3389/fphys.2011. 
00026 

Das, J. N., & Saikia, S. (2024). Metal induced oxidative stress 
in fishes: A review. Journal of Advanced Zoology, 45(1), 
434–449. https://doi.org/10.53555/jaz.v45i1.3582 

Doan, H. V., Lumsangkul, C., Hoseinifar, S. H., Hung, T. Q., 
Stejskal, V., Ringø, E., Dawood, M. A. O., & Esteban, M. 
Á. (2020). Administration of watermelon rind powder 
to Nile tilapia (Oreochromis niloticus) culture under 

biofloc system: Effect on growth performance, innate 
immune response, and disease resistance. 
Aquaculture, 528, 735574. https://doi.org/10.1016/j. 
aquaculture.2020.735574 

Doan, H. V., Hoseinifar, S. H., Naraballobh, W., 
Paolucci, M., Wongmaneeprateep, S., 
Charoenwattanasak, S., Dawood, M. A. O., & Abdel-
Tawwab, M. (2021). Dietary inclusion of watermelon 
rind powder and Lactobacillus plantarum: Effects on 
Nile tilapia’s growth, skin mucus and serum immu-
nities, and disease resistance. Fish and Shellfish 
Immunology, 116, 107–114. https://doi.org/10.1016/j.fsi. 
2021.07.003 

El-Houseiny, W., Khalil, A. A., Abd-Elhakim, Y. M., 
Arisha, A. H., Moselhy, A. A. A., Dahshan, H., 
Saber, T., Saber, T. M., & Ahmed, M. M. (2022). 
Alleviative effects of dietary Silybum marianum and 
co-enzyme Q10 on waterborne nickel-induced 
impaired growth, immunosuppression, tissue 
damage, immune-related genes dysregulation, and 
reduced resistance to Pseudomonas aeruginosa in 
Oreochromis niloticus. Aquaculture Reports, 26, 
101308. https://doi.org/10.1016/j.aqrep.2022.101308 

El-Sayed, A.-F., & Fitzsimmons, K. (2023). From Africa to the 
world – the journey of Nile tilapia. Reviews in 
Aquaculture, 15(1), 6–21. https://doi.org/10.1111/raq.12738 

FAO (2026). Cultured Aquatic Species Information 
Programme – Oreochromis niloticus. Oreochromis nilo-
ticus (Linnaeus 1758) (J. E. Rakocy, Text). Fisheries and 
Aquaculture Department. http://www.fao.org/fishery/ 
culturedspecies/oreochromis_niloticus/en 

Fernandez-Botran, R., Gorantla, V., Sun, X., Ren, X., Perez-
Abadia, G., Crespo, F. A., Oliver, R., Orhun, H. I., 
Quan, E. E., & Maldonado, C. (2002). Targeting of gly-
cosaminoglycan-cytokine interactions as a novel ther-
apeutic approach in allotransplantation. 
Transplantation, 74(5), 623–629. https://doi.org/10. 
1097/00007890-200209150-00007. 

Gao, S., Sun, P., Zhao, X., Chang, K., & Chen, W. (2023). 
Waterborne copper exposure decreases fish growth 
and survival by promoting gills and liver impairments 
in largemouth bass (Micropterus salmoides). 
Environmental Science and Pollution Research, 30(5), 
119204–119216. https://doi.org/10.1007/s11356-023-30755-7 

Gong, N., Lundin, J., Morgenroth, D., Sheridan, M., 
Sandblom, E., & Björnsson, B. (2022). Roles of leptin 
in initiation of acquired growth hormone resistance 
and control of metabolism in rainbow trout. 
American Journal of Physiology – Regulatory, 
Integrative and Comparative Physiology, 322(5), 
R434–R444. https://doi.org/10.1152/ajpregu.00254.2021 

Copper–nickel co-exposure with potential toxicity 
alleviation 

380 

https://doi.org/https://doi.org/10.18805/ajdfr.DR-1737
https://doi.org/https://doi.org/10.18805/ajdfr.DR-1737
https://www.avma.org/issues/animal_welfare/euthanasia.pdf
https://www.avma.org/issues/animal_welfare/euthanasia.pdf
https://doi.org/https://doi.org/10.3390/cimb47060433
https://doi.org/https://doi.org/10.3390/foods13182909
https://doi.org/https://doi.org/10.3390/foods13182909
https://doi.org/https://dx.doi.org/10.1016/0076-6879(55)01021-5
https://doi.org/https://dx.doi.org/10.1016/0076-6879(55)01021-5
https://doi.org/https://dx.doi.org/0.1016/j.ygcen.2023.114404
https://doi.org/https://doi.org/10.1007/s12011-024-04478-w
https://doi.org/https://doi.org/10.3389/fendo.2023.1109461
https://doi.org/https://doi.org/10.3390/cells10061376
https://doi.org/https://doi.org/10.3389/fphys.2011.00026
https://doi.org/https://doi.org/10.3389/fphys.2011.00026
https://doi.org/https://doi.org/10.53555/jaz.v45i1.3582
https://doi.org/https://doi.org/10.1016/j.aquaculture.2020.735574
https://doi.org/https://doi.org/10.1016/j.aquaculture.2020.735574
https://doi.org/https://doi.org/10.1016/j.fsi.2021.07.003
https://doi.org/https://doi.org/10.1016/j.fsi.2021.07.003
https://doi.org/https://doi.org/10.1016/j.aqrep.2022.101308
https://doi.org/https://doi.org/10.1111/raq.12738
http://www.fao.org/fishery/culturedspecies/oreochromis_niloticus/en
http://www.fao.org/fishery/culturedspecies/oreochromis_niloticus/en
https://doi.org/https://doi.org/10.1097/00007890-200209150-00007
https://doi.org/https://doi.org/10.1097/00007890-200209150-00007
https://doi.org/https://doi.org/10.1007/s11356-023-30755-7
https://doi.org/https://doi.org/10.1152/ajpregu.00254.2021


Gorbanalinejad, V., Nobakht, A. (2017). The effects of dif-
ferent levels of watermelon skin with and without 
enzyme, on performance, carcass traits, blood bio-
chemical parameters and immune status of broilers. 
Iranian Journal of Animal Science Research, 9(1), 
57–72. https://doi.org/10.22067/ijasr.v9i1.57242 

Gu, I., Balogun, O., Brownmiller, C., Kang, H. W., & Lee, S.-
O. (2023). Bioavailability of citrulline in watermelon 
flesh, rind, and skin using a human intestinal epithe-
lial Caco-2 cell model. Applied Sciences, 13(8), 4882. 
https://doi.org/10.3390/app13084882 

Guillen, J., Asche, F., Borriello, A., Carvalho, N., Druon, J.-N., 
Garlock, T., Llorente, I., & Macias, D. (2025). What is 
happening to the European Union aquaculture pro-
duction? Investigating its stagnation and sustain-
ability. Aquaculture, 596, 741793. https://doi.org/10. 
1016/j.aquaculture.2024.741793 

Guo, H., Chen, L., Cui, H., Peng, X., Fang, J., Zuo, Z., Deng, J., 
Wang, X., & Wu, B. (2015). Research advances on path-
ways of nickel-induced apoptosis. International 
Journal of Molecular Sciences, 17(1), 10. https://doi. 
org/10.3390/ijms17010010 

Guo, H., Liu, H., Jian, Z., Cui, H., Fang, J., Zuo, Z., Deng, J., 
Li, Y., Wang, X., Zhao, L., Geng, Y., Ouyang, P., Lai, W., 
Chen, Z., & Huang, C. (2019). Nickel induces 
inflammatory activation via NF-κB, MAPKs, IRF3 and 
NLRP3 inflammasome signaling pathways in macro-
phages. Aging, 11(23), 11659–11672. https://doi.org/10. 
18632/aging.102570 

Haque, M. M., & Mahmud, M. N. (2025). Potential role of 
aquaculture in advancing sustainable development 
goals (SDGs) in Bangladesh. Aquaculture Research, 
2025, 6035730. https://doi.org/10.1155/are/6035730 

Hu, X., Ma, W., Zhang, D., Tian, Z., Yang, Y., Huang, Y., & 
Hong, Y. (2025). Application of natural antioxidants as 
feed additives in aquaculture: A review. Biology, 14(2), 
87. https://doi.org/10.3390/biology14010087 

Huang, Q., Vera Delgado, J. M., Seni Pinoargote, O. D., & 
Llaguno, R. A. (2015). Molecular evolution of the Slc15 
family and its response to waterborne copper and 
mercury exposure in tilapia. Aquatic Toxicology, 163, 
140–147. https://doi.org/10.1016/j.aquatox.2015.04.011 

Iheanacho, S. C., Ikwo, T. K., Igweze, N. O., & Ogueji, E. O. 
(2018). Effect of different dietary inclusion levels of 
melon seed (Citrullus lanatus) peel on growth, haema-
tology and histology of Oreochromis niloticus juvenile. 
Turkish Journal of Fisheries and Aquatic Sciences, 18, 
377–384. https://doi.org/10.4194/1303-2712-v18_3_03 

Jiang, W. D., Liu, Y., Hu, K., Jiang, J., Li, S. H., Feng, L., & 
Zhou, X. Q. (2014). Copper exposure induces oxidative 
injury, disturbs the antioxidant system and changes 

the Nrf2/ARE (CuZnSOD) signaling in the fish brain: 
protective effects of myo-inositol. Aquatic Toxicology, 
155, 301–313. https://doi.org/10.1016/j.aquatox.2014. 
07.003 

Jiang, W. D., Liu, Y., Jiang, J., Wu, P., Feng, L., & Zhou, X. Q. 
(2015). Copper exposure induces toxicity to the anti-
oxidant system via the destruction of Nrf2/ARE 
signaling and caspase-3-regulated DNA damage in 
fish muscle: amelioration by myo-inositol. Aquatic 
Toxicology, 159, 245–255. https://doi.org/10.1016/j. 
aquatox.2014.12.020 

Kakade, A., Sharma, M., Salama, E.-S., Zhang, P., Zhang, L., 
Xing, X., Yue, J., Song, Z., Nan, L., Yujun, S., & Li, X. 
(2023). Heavy metals (HMs) pollution in the aquatic 
environment: Role of probiotics and gut microbiota 
in HMs remediation. Environmental Research, 223, 
115186. https://doi.org/10.1016/j.envres.2022.115186 

Kang, T., Zhao, S., Shi, L., & Li, J. (2021). Glucose meta-
bolism is required for oocyte maturation of 
zebrafish. Biochemical and Biophysical Research 
Communications, 559, 191–196. https://doi.org/10.1016/ 
j.bbrc.2021.04.059 

Khangembam, B. K., Yvr, K. S., & Chakrabarti, R. (2012). 
Purification and characterization of trypsin from the 
digestive system of carp Catla catla (Hamilton). 
International Aquatic Research, 4(1), 9. https://doi. 
org/10.1186/2008-6970-4-9 

Kharkan, J., Sayadi, M. H., Hajiani, M., Rezaei, M. R., & 
Savabieasfahani, M. (2023). Toxicity of nickel 
oxide nanoparticle in Capoeta fusca, using bioaccu-
mulation, depuration, and histopathological changes. 
Global Journal of Environmental Science and 
Management, 9(3), 427–444. https://doi.org/10.22035/ 
gjesm.2023.03.05 

Kombat, E. O., Abakari, G., Salifu, A.-R., Alhassan, E. H., & 
Zhao, J.-L. (2024). Proteolytic enzyme activity and 
mRNA expressions of amino acid and peptide trans-
porter genes in tissues of Nile tilapia (Oreochromis 
niloticus) exposed to different salinities. Aquaculture, 
Fish and Fisheries, 4, e70024. https://doi.org/://doi.org/ 
10.1002/aff2.70024 

Koracevic, D., Koracevic, G., Djordjevic, V., Andrejevic, S., 
& Cosic, V. (2001). Method for the measurement of 
antioxidant activity in human fluids. Journal of 
Clinical Pathology, 54(5), 356–361. https://doi.org/10. 
1136/jcp.54.5.356 

Kruger, N. J. (2009). The Bradford method for protein 
quantitation. In J. M. Walker (Ed.), The Protein 
Protocols Handbook. Springer Protocols Handbooks. 
(pp. 17–21). Humana Press, Totowa, NJ. https://doi. 
org/10.1007/978-1-59745-198-7_4 

Afaf N. Abdel Rahman et al. 

381 

https://doi.org/https://doi.org/10.22067/ijasr.v9i1.57242
https://doi.org/https://doi.org/10.3390/app13084882
https://doi.org/https://doi.org/10.1016/j.aquaculture.2024.741793
https://doi.org/https://doi.org/10.1016/j.aquaculture.2024.741793
https://doi.org/https://doi.org/10.3390/ijms17010010
https://doi.org/https://doi.org/10.3390/ijms17010010
https://doi.org/https://doi.org/10.18632/aging.102570
https://doi.org/https://doi.org/10.18632/aging.102570
https://doi.org/https://doi.org/10.1155/are/6035730
https://doi.org/https://doi.org/10.3390/biology14010087
https://doi.org/https://doi.org/10.1016/j.aquatox.2015.04.011
https://doi.org/https://doi.org/10.4194/1303-2712-v18_3_03
https://doi.org/https://doi.org/10.1016/j.aquatox.2014.07.003
https://doi.org/https://doi.org/10.1016/j.aquatox.2014.07.003
https://doi.org/https://doi.org/10.1016/j.aquatox.2014.12.020
https://doi.org/https://doi.org/10.1016/j.aquatox.2014.12.020
https://doi.org/https://doi.org/10.1016/j.envres.2022.115186
https://doi.org/https://doi.org/10.1016/j.bbrc.2021.04.059
https://doi.org/https://doi.org/10.1016/j.bbrc.2021.04.059
https://doi.org/https://doi.org/10.1186/2008-6970-4-9
https://doi.org/https://doi.org/10.1186/2008-6970-4-9
https://doi.org/https://doi.org/10.22035/gjesm.2023.03.05
https://doi.org/https://doi.org/10.22035/gjesm.2023.03.05
https://doi.org/https://doi.org/://doi.org/10.1002/aff2.70024
https://doi.org/https://doi.org/://doi.org/10.1002/aff2.70024
https://doi.org/https://doi.org/10.1136/jcp.54.5.356
https://doi.org/https://doi.org/10.1136/jcp.54.5.356
https://doi.org/https://doi.org/10.1007/978-1-59745-198-7_4
https://doi.org/https://doi.org/10.1007/978-1-59745-198-7_4


Kumar, N., Thorat, S. T., Gite, A., & Patole, P. B. (2023). 
Synergistic effect of nickel and temperature on gene 
expression, multiple stress markers, and depuration: 
an acute toxicity in fish. Environmental Science and 
Pollution Research, 30, 123729–123750. https://doi.org/ 
10.1007/s11356-023-30996-6 

Lee, J., Jeon, M. J., Won, E.-J., Yoo, J.-w., & Lee, Y.-M. (2023). 
Effect of heavy metals on the energy metabolism in 
the brackish water flea Diaphanosoma celebensis. 
Ecotoxicology and Environmental Safety, 262, 115189. 
https://doi.org/10.1016/j.ecoenv.2023.115189 

Liu, C. Z., He, A.Y., Ning, L. J., Luo, Y., Li, D. L., Zhang, M. L., 
Chen, L. Q., & Du, Z. Y. (2018). Leptin selectively 
regulates nutrients metabolism in Nile tilapia 
fed on high carbohydrate or high fat diet. 
Frontiers in Endocrinology, 9, 574. https://doi.org/10. 
3389/fendo.2018.00574 

Liu, P., Liu, Y., Cheng, J., Xia, Y., & Yang, Y. (2024). Copper 
exposure causes alteration in the intestinal micro-
biota and metabolites in Takifugu rubripes. 
Ecotoxicology and Environmental Safety, 272, 116064. 
https://doi.org/10.1016/j.ecoenv.2024.116064 

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative 
gene expression data using real-time quantitative PCR 
and the 2−ΔΔCT method. Methods, 25(4), 402–408. 
https://doi.org/10.1006/meth.2001.1262 

Lourenço, S., Neves, M., Gonçalves, E. M., Roseiro, C., 
Pombo, A., Raimundo, D., & Pinheiro, J. (2025). 
Application of fruit and vegetable processing by-pro-
ducts as ingredients in aquafeed. Discovery Food, 5, 
45. https://doi.org/10.1007/s44187-025-00309-6 

Majid, S., Smeets, K., Vergauwen, L., Pilehvar, A., 
Knapen, D., & Blust, R. (2025). Insights into the com-
bined toxicity of copper and cadmium in zebrafish 
(Danio rerio) embryos and adults. Ecotoxicology and 
Environmental Safety, 299, 118368. https://doi.org/10. 
1016/j.ecoenv.2025.118368 

Malhotra, N., Ger, T. R., Uapipatanakul, B., Huang, J. C., 
Chen, K. H. C., & Hsiao, C. D. (2020). Review of 
copper and copper nanoparticle toxicity in fish. 
Nanomaterials, 10(6), 1126. https://doi.org/10.3390/ 
nano10061126 

Manivannan, A., Lee, E. S., Han, K., Lee, H. E., & Kim, D. S. 
(2020). Versatile nutraceutical potentials of water-
melon – a modest fruit loaded with pharmaceutically 
valuable phytochemicals. Molecules, 25(22), 5258. 
https://doi.org/10.3390/molecules25225258 

Mebane, C., Schmidt, T., Miller, J., & Balistrieri, L. (2020). 
Bioaccumulation and toxicity of cadmium, copper, 
nickel, and zinc and their mixtures to aquatic insect 
communities. Environmental Toxicology and 

Chemistry, 39(4), 812–833. https://doi.org/10.1002/ 
etc.4663 

Michael, O. S., Bamidele, O., Ogheneovo, P., Ariyo, T. A., 
Adedayo, L. D., Oluranti, O. I., Soladoye, E. O., 
Adetunji, C. O., & Awobajo, F. O. (2021). Watermelon 
rind ethanol extract exhibits hepato-renal protection 
against lead induced-impaired antioxidant defenses 
in male Wistar rats. Current Research in Physiology, 
4, 252–259. https://doi.org/10.1016/j.crphys.2021.11.002 

Morariu, F. E., Zoican, E. C., Horablaga, M. N., Popa, N. F., 
Cristina, R. T., Dumitrescu, E., Grigorescu, C. C., 
Horablaga, A., & Morariu, S. (2025). Environmental 
trace metals contamination near a copper mining 
area from central-west region of Romania. Journal 
of Trace Elements in Medicine and Biology, 92, 
127780. https://doi.org/10.1016/j.jtemb.2025.127780 

Muneeb, M., Alawam, A. S., Batool, S., Saif, N., Arif, A., 
Fatima, A., Fatima, M., Ahmad, S., Rudayni, H. A., 
Allam, A. A., Abbas, K. S., & Alagawany, M. (2026). 
Nutritional and functional feed additives in fishes: A 
comprehensive review. Aquaculture Reports, 48, 
103615. https://doi.org/10.1016/j.aqrep.2026.103615 

Mushtaq, M., Sultana, B., Bhatti, H. N., & Asghar, M. (2015). 
RSM based optimized enzyme-assisted extraction of 
antioxidant phenolics from underutilized watermelon 
(Citrullus lanatus Thunb.) rind. Journal of Food 
Science and Technology, 52(8), 5048–5056. https://doi. 
org/10.1007/s13197-014-1562-9 

Mustafa, S. A., Al-Rudainy, A. J., & Salman, N. M. (2024). 
Effect of environmental pollutants on fish health: An 
overview. Egyptian Journal of Aquatic Research, 50(2), 
225–233. https://doi.org/10.1016/j.ejar.2024.02.006 

Nahar, N., Fatema, U., Sharma, P., Bhuiya, A., Begum, T., 
Azahar, N., Rahman, M., Wan, S. W., & Azad, A. (2024). 
Antioxidant, anti-inflammatory, antidiabetic, anthel-
minthic and thrombolytic activity of the methanol 
extract of Citrullus lanatus peel. Universal Journal of 
Pharmaceutical Research, 9(2), 7–14. https://doi.org/0. 
22270/ujpr.v9i2.1085 

Narwal, N., Zahid, A., & Mian, A. K. (2025). Ecotoxicological 
effects of emerging pollutants (nanomaterials and 
microplastics) on fish biology. Animal Reproduction, 
1(1), 60–74. https://doi.org/10.64636/ar.11 

Naz, S., Chatha, A. M., Téllez-Isaías, G., Ullah, S., Ullah, Q., 
Khan, M. Z., Shah, M. K., Abbas, G., Kiran, A., 
Mushtaq, R., Ahmad, B., & Kari, Z. A. (2023). A compre-
hensive review on metallic trace elements toxicity in 
fishes and potential remedial measures. Water, 15(16), 
3017. https://doi.org/10.3390/w15163017 

Neiffer, D. L., & Stamper, M. A. (2009). Fish sedation, 
anesthesia, analgesia, and euthanasia: considerations, 

Copper–nickel co-exposure with potential toxicity 
alleviation 

382 

https://doi.org/https://doi.org/10.1007/s11356-023-30996-6
https://doi.org/https://doi.org/10.1007/s11356-023-30996-6
https://doi.org/https://doi.org/10.1016/j.ecoenv.2023.115189
https://doi.org/https://doi.org/10.3389/fendo.2018.00574
https://doi.org/https://doi.org/10.3389/fendo.2018.00574
https://doi.org/https://doi.org/10.1016/j.ecoenv.2024.116064
https://doi.org/https://doi.org/10.1006/meth.2001.1262
https://doi.org/https://doi.org/10.1007/s44187-025-00309-6
https://doi.org/https://doi.org/10.1016/j.ecoenv.2025.118368
https://doi.org/https://doi.org/10.1016/j.ecoenv.2025.118368
https://doi.org/https://doi.org/10.3390/nano10061126
https://doi.org/https://doi.org/10.3390/nano10061126
https://doi.org/https://doi.org/10.3390/molecules25225258
https://doi.org/https://doi.org/10.1002/etc.4663
https://doi.org/https://doi.org/10.1002/etc.4663
https://doi.org/https://doi.org/10.1016/j.crphys.2021.11.002
https://doi.org/https://doi.org/10.1016/j.jtemb.2025.127780
https://doi.org/https://doi.org/10.1016/j.aqrep.2026.103615
https://doi.org/https://doi.org/10.1007/s13197-014-1562-9
https://doi.org/https://doi.org/10.1007/s13197-014-1562-9
https://doi.org/https://doi.org/10.1016/j.ejar.2024.02.006
https://doi.org/https://doi.org/0.22270/ujpr.v9i2.1085
https://doi.org/https://doi.org/0.22270/ujpr.v9i2.1085
https://doi.org/https://doi.org/10.64636/ar.11
https://doi.org/https://doi.org/10.3390/w15163017


methods, and types of drugs. ILAR Journal, 50(4), 
343–360. https://doi.org/10.1093/ilar.50.4.343 

Nishikimi, M., Rao, N. A., & Yagi, K. (1972). The occurrence 
of superoxide anion in the reaction of reduced phe-
nazine methosulfate and molecular oxygen. 
Biochemical and Biophysical Research 
Communications, 46(2), 849–854. https://doi.org/10. 
1016/S0006-291X(72)80218-3 

NRC (2011). Nutrient Requirements of Fish and Shrimp. The 
National Academies Press. https://nap. 
nationalacademies.org/catalog/13039/nutrient-
requirements-of-fish-and-shrimp. 

Nys, C., Middleton, E., Garman, E., Schlekat, C., Van 
Sprang, P., & De Schamphelaere, K. (2025). 
Development of a bioavailability-based acute effects 
assessment method for nickel. Environmental 
Toxicology and Chemistry, 44(3), 841–855. https://doi. 
org/10.1093/etojnl/vgae071 

Ohga, H., Ito, K., Kakino, K., Mon, H., Kusakabe, T., Lee, J. 
M., & Matsuyama, M. (2021). Leptin is an important 
endocrine player that directly activates gonadotropic 
cells in teleost fish, chub mackerel. Cells, 10(12), 3505. 
https://doi.org/10.3390/cells10123505 

Ohkawa, H., Ohishi, N., & Yagi, K. (1979). Assay for lipid 
peroxides in animal tissues by thiobarbituric acid 
reaction. Analytical Biochemistry, 95(2), 351–358. 
https://doi.org/10.1016/0003-2697(79)90738-3 

Oladimeji,  T.  E., Oyedemi, M. O.,  Odunfa, M.  K.,  
Agboola,  O., Adeoye,  J.  B., Oke, M. A.,  & Akindele,  O.  
O. (2025). From origin to oversight: properties, 
impacts and management of heavy metals. 
Discovery Applied Sciences, 7, 1353. https://doi.org/ 
10.1007/s42452-025-07880-8 

Onyango, C., Nyairo, W., Tchieta, G. P., & Shikuku, V. O. 
(2025). Watermelon rind based adsorbents for the 
removal of water pollutants: a critical review. 
Frontiers in Environmental Chemistry, 6, 1568695. 
https://doi.org/10.3389/fenvc.2025.1568695 

Orozco, Z. G., Soma, S., Kaneko, T., & Watanabe, S. (2017). 
Effects of fasting and refeeding on gene expression of 
slc15a1a, a gene encoding an oligopeptide transporter 
(PepT1), in the intestine of Mozambique tilapia. 
Comparative Biochemistry and Physiology Part B: 
Biochemistry and Molecular Biology, 203, 76–83. 
https://doi.org/10.1016/j.cbpb.2016.09.006 

Paglia, D. E., & Valentine, W. N. (1967). Studies on the 
quantitative and qualitative characterization 
of erythrocyte glutathione peroxidase. Journal of 
Laboratory and Clinical Medicine, 70(1), 158–169. 

Pavione, P. M., & Val, A. L. (2025). Interactive effect of 
copper and nickel on juveniles of tambaqui 

(Colossoma macropomum) exposed to pH 4 and pH 
7. Journal of Trace Elements and Minerals, 13, 100257. 
https://doi.org/10.1016/j.jtemin.2025.100257 

Picó, C., Palou, M., Pomar, C., Rodríguez, A., & Palou, A. 
(2022). Leptin as a key regulator of the adipose organ. 
Reviews in Endocrine and Metabolic Disorders, 23(1), 
13–30. https://doi.org/10.1007/s11154-021-09687-5 

Priastomo, M., Adlia, A., Rohayati, Lumbantobing, V., 
Widayat, W., Bahri, S., & Adnyana, K. (2025). 
Citrulline and arginine quantification in watermelon 
rind and anti-inflammatory potential using in silico 
analysis. Research Journal of Pharmacy and 
Technology, 18(10), 4849–4846. https://doi.org/10. 
52711/0974-360X.2025.00699 

Rahman, H., Priyanka, P., Lavanya, T., Srilakshmi, N., & 
Kumar, P. R. (2013). A review on ethnobotany, phyto-
chemistry and pharmacology of Citrullus lanatus L. 
International Research Journal of Pharmacy and 
Applied Sciences, 3(3), 77–81. 

Reddy, N. A., Lakshmipathy, R., & Sarada, N. C. (2014). 
Application of Citrullus lanatus rind as biosorbent 
for removal of trivalent chromium from aqueous 
solution. Alexandria Engineering Journal, 53(4), 
969–975. https://doi.org/10.1016/j.aej.2014.07.006 

Rezagholizade-Shirvan, A., Shokri, S., Dadpour, S. M., & 
Amiryousefi, M. R. (2023). Evaluation of physicochem-
ical, antioxidant, antibacterial activity, and sensory 
properties of watermelon rind candy. Heliyon, 9(6), 
e17300. https://doi.org/10.1016/j.heliyon.2023.e17300 

Rico, X., Gullón, B., Alonso, J. L., & Yáñez, R. (2020). 
Recovery of high value-added compounds from 
pineapple, melon, watermelon and pumpkin proces-
sing by-products: an overview. Food Research 
International, 132, 109086. https://doi.org/10.1016/j. 
foodres.2020.109086 

Salnikow, K., Gao, M., Voitkun, V., Huang, X., & Costa, M. 
(1994). Altered oxidative stress responses in nickel-
resistant mammalian cells. Cancer Research, 54, 
6407–6412. 

Shahjahan, M., Taslima, K., Rahman, M., Al-Emran, M., 
Alam, S., & Faggio, C. (2022). Effects of heavy 
metals on fish physiology – a review. 
Chemosphere, 300, 134519. https://doi.org/10.1016/j. 
chemosphere.2022.134519 

Sheethal, K. U., Nadoor, P., Somashekara, S. R., 
Suryawanshi, U. A., Amogha, K. R., Telvekar, P. A., 
Shelke, S. T., & Pathan, J. G. K. (2024). Physiological 
changes in nickel-exposed Nile tilapia Oreochromis 
niloticus during exposure and recovery periods. 
Journal of Science Research and Reports, 30, 333–340. 
https://doi.org/10.9734/jsrr/2024/v30i62048 

Afaf N. Abdel Rahman et al. 

383 

https://doi.org/https://doi.org/10.1093/ilar.50.4.343
https://doi.org/https://doi.org/10.1016/S0006-291X(72)80218-3
https://doi.org/https://doi.org/10.1016/S0006-291X(72)80218-3
https://nap.nationalacademies.org/catalog/13039/nutrient-requirements-of-fish-and-shrimp
https://nap.nationalacademies.org/catalog/13039/nutrient-requirements-of-fish-and-shrimp
https://nap.nationalacademies.org/catalog/13039/nutrient-requirements-of-fish-and-shrimp
https://doi.org/https://doi.org/10.1093/etojnl/vgae071
https://doi.org/https://doi.org/10.1093/etojnl/vgae071
https://doi.org/https://doi.org/10.3390/cells10123505
https://doi.org/https://doi.org/10.1016/0003-2697(79)90738-3
https://doi.org/https://doi.org/10.1007/s42452-025-07880-8
https://doi.org/https://doi.org/10.1007/s42452-025-07880-8
https://doi.org/https://doi.org/10.3389/fenvc.2025.1568695
https://doi.org/https://doi.org/10.1016/j.cbpb.2016.09.006
https://doi.org/https://doi.org/10.1016/j.jtemin.2025.100257
https://doi.org/https://doi.org/10.1007/s11154-021-09687-5
https://doi.org/https://doi.org/10.52711/0974-360X.2025.00699
https://doi.org/https://doi.org/10.52711/0974-360X.2025.00699
https://doi.org/https://doi.org/10.1016/j.aej.2014.07.006
https://doi.org/https://doi.org/10.1016/j.heliyon.2023.e17300
https://doi.org/https://doi.org/10.1016/j.foodres.2020.109086
https://doi.org/https://doi.org/10.1016/j.foodres.2020.109086
https://doi.org/https://doi.org/10.1016/j.chemosphere.2022.134519
https://doi.org/https://doi.org/10.1016/j.chemosphere.2022.134519
https://doi.org/https://doi.org/10.9734/jsrr/2024/v30i62048


Shokr, E. A. M. (2020). Effect of copper on hematological, 
biochemical changes and reproductive hormones of 
the Nile tilapia Oreochromis niloticus. Egyptian 
Journal of Aquatic Biology and Fisheries, 24(2), 1–18. 
https://doi.org/10.21608/ejabf.2020.76626 

Smii, H., Leite, C., Pereira, E., Soares, A. M. V. M., 
Beyrem, H., Dellali, M., & Freitas, R. (2025). 
Interactive effects of titanium-based compounds 
with gadolinium and mercury in Mytilus galloprovin-
cialis. Aquatic Toxicology, 267, 106803. https://doi.org/ 
10.1016/j.aquatox.2025.107494 

Sreedevi, P., Sivaramakrishna, B., Suresh, A., & 
Radhakrishnaiah, K. (1992). Effect of nickel on some 
aspects of protein metabolism in the gill and kidney of 
the freshwater fish, Cyprinus carpio L. Environmental 
Pollution, 77(1), 59–63. https://doi.org/10.1016/0269-
7491(92)90158-7 

Suvarna, S. K., Layton, C., & Bancroft, J. D. (2018). Bancroft’s 
Theory and Practice of Histological Techniques (8th 
ed.). Churchill Livingstone, Elsevier. 

Tarazona-Díaz, M. P., Viegas, J., Moldao-Martins, M., & 
Aguayo, E. (2011). Bioactive compounds from flesh 
and by-product of fresh-cut watermelon cultivars. 
Journal of the Science of Food and Agriculture, 91(5), 
805–812. https://doi.org/10.1002/jsfa.4250. 

Taslima, K., Al-Emran, M., Rahman, M. S., Hasan, J., 
Ferdous, Z., Rohani, M. F., & Shahjahan, M. (2022). 
Impacts of heavy metals on early development, 
growth and reproduction of fish – A review. 
Toxicology Reports, 9, 858–868. https://doi.org/10. 
1016/j.toxrep.2022.04.013 

Timpano, A. J., Jones, J. W., Beaty, B., Hull, M., Soucek, D. J., 
& Zipper, C. E. (2022). Combined effects of copper, 
nickel, and zinc on growth of a freshwater mussel 
(Villosa iris) in an environmentally relevant context. 
Aquatic Toxicology, 242, 106038. https://doi.org/10. 
1016/j.aquatox.2021.106038 

Vacca, F., Gomes, A. S., Murashita, K., Cinquetti, R., 
Roseti, C., Barca, A., Rønnestad, I., Verri, T., & 
Bossi, E. (2022). Functional characterization of 
Atlantic salmon (Salmo salar L.) PepT2 transporters. 
The Journal of Physiology, 600(10), 2377–2400. https:// 
doi.org/10.1113/JP282781 

Vahdat, S., Noori, F., Van Stappen, G., & Agh, N. (2026). 
Effects of agricultural products, algae, and probiotics 
in a dry feed on growth performance, survival, immune 
response, biochemical indices, and reproductive traits of 
Artemia parthenogenetica. Aquaculture Reports, 46, 
103342. https://doi.org/10.1016/j.aqrep.2025.103342 

Vijayan, L., Arumugam, M., Palaniyappan, S., 
Jayaraman, S., Brown, P. B., Kari, Z. A., Abdel-

Warith, A.-W. A., Younis, E. M., & Ramasamy, T. 
(2024). Utilization of sustainable agri-waste water-
melon rind for fishmeal in Labeo rohita diets: 
Effects on nutritional indices, hemato-biochemical 
properties, histoarchitechtural traits, amino acid 
and fatty acid profiles. Aquaculture Reports, 36, 
102045. https://doi.org/10.1016/j.aqrep.2024.102045 

Wang, L., Hu, C., Wang, B., Wang, H., Wang, C., Shu, Y., 
Gao, C., & Yan, Y. (2023). Chronic environmentally 
relevant concentration of copper exposure induces 
intestinal oxidative stress, inflammation, and micro-
biota disturbance in freshwater grouper 
(Acrossocheilus fasciatus). Aquatic Toxicology, 263, 
106702. https://doi.org/10.1016/j.aquatox.2023.106702. 

Wang, Z., Yeung, K. W. Y., Zhou, G.-J., Yung, M. M. N., 
Schlekat, C. E., Garman, E. R., Gissi, F., Stauber, J. L., 
Middleton, E. T., Lin Wang, Y. Y., & Leung, K. M. Y. 
(2020). Acute and chronic toxicity of nickel on fresh-
water and marine tropical aquatic organisms. 
Ecotoxicology and Environmental Safety, 206, 111373. 
https://doi.org/10.1016/j.ecoenv.2020.111373 

Wei, Y., Liu, X., Huang, J., Chen, H., He, Y., Chen, Y., & Lin, S. 
(2025). Effect of dietary quercetin supplementation on 
high-starch diet-induced growth impairment, meta-
bolic dysregulation, and oxidative stress in large-
mouth bass (Micropterus salmoides). Aquaculture 
Reports, 41, 102704. https://doi.org/10.1016/j.aqrep. 
2025.102704 

Wilson, F., Cummings, T., Barbosa, T., Williams, C., 
Gerard, P., & Peebles, E. (2018). Comparison of two 
methods for determination of intestinal villus to crypt 
ratios and documentation of early age-associated 
ratio changes in broiler chickens. Poultry Science, 
97(5), 1757–1761. https://doi.org/10.3382/ps/pex349 

Worthington, V. (1993). Worthington Enzyme Manual: 
Enzymes and Related Biochemicals. Worthington 
Biochemical Corporation, Freehold, NJ, USA. 

Wu, P., Xu, X., & Yu, T. (2021). Dietary watermelon residue 
influencing the nonspecific immunity of juvenile 
Pseudorasbora parva. Fish and Shellfish Immunology, 
118, 421–425. https://doi.org/10.1016/j.fsi.2021.08.007 

Wu, X.-q., Li, M.-z., Lu, L., Chen, X.-m., Niu, X.-t., Kong, Y.-d., 
Wang, G.-q., Xia, C.-g., & Li, M. (2026). Copper mediates 
oxidative stress and immune response in snakehead 
(Channa argus) through Nrf2 and NF-κB pathway. Fish 
and Shellfish Immunology, 168, 110928. https://doi.org/ 
10.1016/j.fsi.2025.110928 

Xie, D., Li, Y., Liu, Z., & Chen, Q. (2019). Inhibitory effect of 
cadmium exposure on digestive activity, antioxidant 
capacity and immune defense in the intestine of 
yellow catfish (Pelteobagrus fulvidraco). Comparative 

Copper–nickel co-exposure with potential toxicity 
alleviation 

384 

https://doi.org/https://doi.org/10.21608/ejabf.2020.76626
https://doi.org/https://doi.org/10.1016/j.aquatox.2025.107494
https://doi.org/https://doi.org/10.1016/j.aquatox.2025.107494
https://doi.org/https://doi.org/10.1016/0269-7491(92)90158-7
https://doi.org/https://doi.org/10.1016/0269-7491(92)90158-7
https://doi.org/https://doi.org/10.1002/jsfa.4250
https://doi.org/https://doi.org/10.1016/j.toxrep.2022.04.013
https://doi.org/https://doi.org/10.1016/j.toxrep.2022.04.013
https://doi.org/https://doi.org/10.1016/j.aquatox.2021.106038
https://doi.org/https://doi.org/10.1016/j.aquatox.2021.106038
https://doi.org/https://doi.org/10.1113/JP282781
https://doi.org/https://doi.org/10.1113/JP282781
https://doi.org/https://doi.org/10.1016/j.aqrep.2025.103342
https://doi.org/https://doi.org/10.1016/j.aqrep.2024.102045
https://doi.org/https://doi.org/10.1016/j.aquatox.2023.106702
https://doi.org/https://doi.org/10.1016/j.ecoenv.2020.111373
https://doi.org/https://doi.org/10.1016/j.aqrep.2025.102704
https://doi.org/https://doi.org/10.1016/j.aqrep.2025.102704
https://doi.org/https://doi.org/10.3382/ps/pex349
https://doi.org/https://doi.org/10.1016/j.fsi.2021.08.007
https://doi.org/https://doi.org/10.1016/j.fsi.2025.110928
https://doi.org/https://doi.org/10.1016/j.fsi.2025.110928


Biochemistry and Physiology Part C: Toxicology & 
Pharmacology, 222, 65–73. https://doi.org/10.1016/j. 
cbpc.2019.04.012 

Yin, B., Wang, X., Liu, Y., Fang, J., & Wang, W.-X. (2025). 
How fish intestinal cells responded to dietary methyl-
mercury exposure? A single-cell transcriptomic ana-
lysis. Environmental Pollution, 371, 125967. https://doi. 
org/10.1016/j.envpol.2025.125967 

Zebral, Y. D., Anni, I. S. A., Afonso, S. B., Abril, S. I. M., 
Klein, R. D., & Bianchini, A. (2018). Effects of life-time 
exposure to waterborne copper on the somatotropic 
axis of the viviparous fish Poecilia vivipara. 

Chemosphere, 203, 410–417. https://doi.org/10.1016/j. 
chemosphere.2018.03.202 

Zhang,  Z., Li,  X., Zou,  G.,  & Liang,  H. (2023).  Molecular char-
acterization and response of silver carp (Hypophthal-
michthys molitrix) GLUT1 under hypoxia stress. Fishes, 
8(8), 425. https://doi.org/10.3390/fishes8080425 

Zhou, X., Liao, J., Lei, Z., Yao, H., Zhao, L., Yang, C., Zu, Y., & 
Zhao, Y. (2025). Nickel-based nanomaterials: a com-
prehensive analysis of risk assessment, toxicity 
mechanisms, and future strategies for health risk pre-
vention. Journal of Nanobiotechnology, 23, 211. https:// 
doi.org/10.1186/s12951-025-03248-7 

Afaf N. Abdel Rahman et al. 

385 

https://doi.org/https://doi.org/10.1016/j.cbpc.2019.04.012
https://doi.org/https://doi.org/10.1016/j.cbpc.2019.04.012
https://doi.org/https://doi.org/10.1016/j.envpol.2025.125967
https://doi.org/https://doi.org/10.1016/j.envpol.2025.125967
https://doi.org/https://doi.org/10.1016/j.chemosphere.2018.03.202
https://doi.org/https://doi.org/10.1016/j.chemosphere.2018.03.202
https://doi.org/https://doi.org/10.3390/fishes8080425
https://doi.org/https://doi.org/10.1186/s12951-025-03248-7
https://doi.org/https://doi.org/10.1186/s12951-025-03248-7

	1 Introduction
	2 Material and methods
	2.1 Preparation of toxicants
	2.2 Formulation of investigated diets
	2.3 Fish housing and experimental scheme
	2.4 Growth performance determination and sampling
	2.5 Determination of growth regulatory hormones and digestive enzymes
	2.6 Intestinal histomorphometric investigations
	2.7 Intestinal antioxidants/oxidants measures
	2.8 Gene expression analysis
	2.9 Statistical analysis of data

	3 Results
	3.1 Growth indices
	3.2 Mortality (%), growth-regulating hormones, and digestive enzymes
	3.3 Intestinal histopathology and histomorphometry
	3.4 Antioxidant-oxidant response
	3.5 Expression of nutrient transporters and inflammatory genes

	4 Discussion
	5 Conclusion
	Acknowledgments
	Funding information
	Author contributions
	Conflict of interest statement
	Data availability statement
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice




