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This study aimed to determine the optimal dietary copper requirement for juvenile 
bighead carp (Aristichthys nobilis). Six diets were formulated by supplementing a basal 
diet with 2.49, 5.15, 7.99, 14.11, 25.75 and 49.21 mg/kg copper from CuSO₄·5H₂O. 900 
Juvenile bighead carp (initial weight: 1.40±0.04 g) were fed these diets for 67 days to 
analyze growth performance, body composition, tissue copper accumulation, serum 
biochemical indices, and digestive enzyme. Weight gain rate (WGR) and specific growth 
rate (SGR) peaked at 1356.98% and 3.98% day-1 in the 14.11 mg/kg copper group, 
significantly exceeding the control group (P<0.05). Copper accumulation exhibited tissue 
specificity: liver > intestinal wall > vertebrae > gill > muscle. Dietary copper improved 
hepatic function, evidenced by reduced serum aspartate aminotransferase (AST) and 
alanine aminotransferase (ALT), alongside enhanced calcium and phosphorus 
metabolism. The addition of dietary copper inhibited the activities of intestinal amylase 
and lipase. The results demonstrated that dietary copper levels of 7.99–25.75 mg/kg 
significantly improved liver function, enhanced serum calcium and phosphorus, and 
promoted erythropoiesis, hematocrit, and hemoglobin synthesis. Broken-line regression 
analysis identified the optimal copper requirement as 12.13–12.23 mg/kg for maximal 
WGR and SGR. These findings provide a practical basis for copper supplementation in 
bighead carp aquaculture. 

1. INTRODUCTION 

Copper was confirmed as an essential nutrient in the an
imal body in 1928.1 Copper plays a pivotal role in iron 
absorption and metabolism, and is indispensable for the 
synthesis of hemoglobin and erythrocyte maturation.2 

Functioning as a structural component of metalloenzymes, 
copper directly participates in critical metabolic pathways 
such as the respiratory complex IV, cytochrome C oxidase, 
and the antioxidant enzyme superoxide dismutase 1.3 Fur
thermore, copper is integral to osteogenesis, as well as the 
biosynthesis of collagen and elastin, which are fundamen
tal to connective tissue integrity.4 

Poor copper nutrition in fish can lead to adverse symp
toms. For example, Yellow catfish (Pelteobagrus fulvidraco) 
have shown that the growth rate is slow when copper is 
deficient in the diet.5 Zinc superoxide dismutase and cy
tochrome C oxidase activities were significantly reduced in 
catfish (Ictalurus punctatus) fed diets containing 0 or 2 mg/
kg supplemental copper, compared to those fed diets with 

≥4 mg/kg supplemental copper.6 Dietary copper deficiency 
may be associated with symptoms of reduced immunity. Al
kaline phosphatase (ALP) and acid phosphatase (ACP) ac
tivities were also found to be reduced in blunt snout bream 
(Megalobrama amblycephala) when dietary copper was low.7 

Simultaneously, as a heavy metal, copper also has some 
toxicity. When animals consume and absorb excess copper 
beyond their physiological capacity, it accumulates in tis
sues such as the liver, from which the overloaded copper 
ions are subsequently released into the blood and interact 
with other biological macromolecules in the body, includ
ing enzymes and nucleic acids, interfering with the body’s 
normal physiological functions and causing copper poison
ing. For example, when Nile tilapia (Oreochromis niloticus) 
were fed a diet containing 1095 mg/kg of copper, the growth 
of the fish was significantly lowered and the number of red 
blood cells, hemoglobin, and hematocrit of the fish were 
also significantly reduced,8 while 2000 mg/kg induced chro
mosomal aberrations in head kidney cells.9 
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However, to date, no studies have reported the optimal 
dietary copper requirement for bighead carp. Although sub
stantial research has been conducted on copper require
ments of aquatic species with different feeding habits—for 
example, carnivorous large yellow croaker (Larimichthys 
crocea) juveniles are reported to require 5–7 mg/kg dietary 
copper,10 while omnivorous common carp (Cyprinus carpio) 
require only 2.19–2.91 mg/kg11—the filter-feeding bighead 
carp exhibits distinctive copper utilization patterns. Its 
specialized feeding mechanism—filtering plankton through 
gill rakers—may result in significantly different copper 
bioavailability in the digestive tract compared to species 
with other feeding habits.1 Thus, it is challenging to apply 
copper recommendations for other fish species to precisely 
design feed formulations for bighead carp. 
In the present work, different levels of CuSO₄·5H₂O were 

added to the diet to investigate the effects of dietary copper 
on growth performance, nutrient composition, tissue cop
per content, serum indices, and digestive enzyme activity. 
This study aimed to determine the optimal dietary copper 
requirements for bighead carp. 

2. MATERIALS AND METHODS 

2.1. PREPARATION OF EXPERIMENTAL DIETS 

In this study, casein, soybean meal, starch, soybean oil, and 
corn oil were used as the main raw materials to prepare 
the basal diet. The experimental diets were formulated by 
supplementing the basal diet with copper sulfate pentahy
drate (CuSO4·5H2O) to achieve six graded copper levels: 0 
(control, L1), 3 (L2), 6 (L3), 12 (L4), 24 (L5), and 48 (L6) 
mg/kg. The copper content in the six kinds of diets was 
determined by a graphite furnace atomic absorption spec
trometer (Z2000, Hitachi, Tokyo, Japan) to be 2.49, 5.15, 
7.99, 14.11, 25.75, and 49.21 mg/kg. The ingredients used 
in this investigation and the proximate composition of the 
basal diet are presented in Table 1. The raw materials were 
crushed through a 60-mesh sieve, then mixed with approx
imately 20% water and homogenized in a stepwise manner. 
The mixture was granulated into 2 mm diameter pellets, air 
dried, and then sealed in a refrigerator at -20°C until use. 

2.2. MANAGEMENT OF EXPERIMENTAL ANIMALS 

Experimental juvenile bighead carp were obtained from the 
farm in Huanggang City, Hubei Province, China, and were 
transported to the Hubei Key Laboratory for Animal Nutri
tion and Feed Science. After disinfection, they were tem
porarily cultured and acclimated for 16 days. After acclima
tization, 900 juvenile bighead carp (initial mean weight: 
1.40±0.04 g) with healthy bodies, complete fins, and similar 
specifications were randomly divided into 6 groups with 
3 replicates per group and 50 fish per replicate, using a 
computer-generated random number table. The fish were 
placed in 18 cylindrical buckets, and the culture experiment 
was conducted using the recirculating aquaculture system. 
The fish were fed regularly twice a day (8:30 and 18:00), and 
the food residues were removed when the fish were sati

ated. The water temperature was maintained at 30±3.2°C, 
the dissolved oxygen was 7-8.5 mg/L, the pH was 7.0-7.7, 
ammonia nitrogen and nitrite were below 0.2 mg/L, and the 
copper content in the recirculating water was 2.43-3.72 μg/
L. The feeding trial lasted for 67 days. 

2.3. SAMPLE COLLECTION 

At the end of the rearing experiment, the fish were starved 
for 24 hours. The number and total mass of experimental 
fish in each aquarium were recorded for the calculation of 
weight gain rate (WGR) and specific growth rate (SGR). Five 
fish were randomly selected from each bucket, weighed, 
and stored in a -20°C refrigerator for basic compositional 
analysis of the whole fish. After randomly weighing five fish 
per bucket, the head length, body length, and body height 
were measured. The visceral mass and liver were then sep
arated and weighed. Finally, the dorsal muscle above the 
lateral line scale was removed and placed in a 2 mL cen
trifuge tube for the analysis of the basic muscle compo
nents. Five fish per aquarium were randomly dried and used 
for the copper content in bighead carp. Blood was collected 
from the tail vein of the remaining experimental fish for the 
determination of blood physiological and biochemical in
dices. Whole blood was collected using sodium heparin an
ticoagulant tubes, mixed immediately, and stored at 4°C for 
hematological analysis. For serum preparation, blood sam
ples were collected in non-anticoagulant tubes, allowed to 
stand at room temperature for 30 minutes, and then cen
trifuged at 3000×g for 15 minutes. The supernatant was 
aliquoted and stored at -80°C for subsequent biochemical 
parameters. After blood collection, gills, livers, intestines, 
and muscles were removed, and the remaining parts were 
placed in boiling deionised water to isolate the vertebrae. 

2.4. MEASUREMENT OF INDICATORS 

2.4.1. DETERMINATION OF ESSENTIAL NUTRIENTS 

The contents of moisture, crude protein, crude fat, and 
crude ash were determined by the constant temperature 
drying weight loss method at 105±2°C, the Kjeldahl nitro
gen determination method, the Soxhlet extraction method 
and the combustion method at 550°C (AOAC 1984), respec
tively. 

2.4.2. DETERMINATION OF COPPER CONTENT 

The determination of copper content in whole fish, muscle, 
vertebral column, liver, intestine, and gills was carried out 
according to ISO 6869:2000. Homogenized dried samples 
(1g) were ashed in a muffle furnace for 6h. The ash was di
gested in 5 mL of concentrated HNO₃ at 70°C for 3h, then 
acidified with 3mL of 2N HCl for 40 min. The solution was 
diluted to 50mL with distilled water. Copper concentration 
was measured using an atomic absorption spectrophotome
ter-graphite furnace (Z2000, Hitachi, Tokyo, Japan). 
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Table 1. Formulation and proximate composition of the basal diet (dry matter basis %).             

Ingredients (%) 
Groups 

L1 L2 L3 L4 L5 L6 

Casein 50.00 50.00 50.00 50.00 50.00 50.00 

Soybean meal 10.00 10.00 10.00 10.00 10.00 10.00 

Starch 20.00 20.00 20.00 20.00 20.00 20.00 

Soybean oil 3.00 3.00 3.00 3.00 3.00 3.00 

Corn oil 4.00 4.00 4.00 4.00 4.00 4.00 

Mineral premixa 1.00 1.00 1.00 1.00 1.00 1.00 

Vitamin premixb 1.00 1.00 1.00 1.00 1.00 1.00 

Choline chloride 0.30 0.30 0.30 0.30 0.30 0.30 

Monocalcium phosphate 2.50 2.50 2.50 2.50 2.50 2.50 

Cellulose powder 8.2000 8.1988 8.1976 8.1952 8.1904 8.1808 

Copper sulfate pentahydrate 0.0000 0.0012 0.0024 0.0048 0.0096 0.0192 

Total 100 100 100 100 100 100 

Cu (mg/kg) 2.49 5.15 7.99 14.11 25.75 49.21 

Nutrients composition (%) 

Crude protein 43.66 43.83 43.83 44.26 44.44 44.35 

Crude fat 6.37 6.73 6.55 6.52 6.55 6.53 

Crude ash 4.43 4.42 4.39 4.47 4.46 4.92 

Moisture 6.86 6.86 6.82 6.87 6.85 6.94 

aThe mineral premix supplied the following (g/kg diet): MgSO4, 200 g; MnSO4·H2O, 12 g; KIO3, 0.6 g; FeSO4·7H2O, 150 g; CoCl2·6H2O, 2.4 g; ZnSO4·7H2O, 54 g; Na2SeO3·5H2O, 0.06 
g; NaCl, 100g; KH2PO4, 320 g. bThe vitamin mixture supplied the following (g/kg mixture): VB1, 5 g; VB2, 10 g; VB6, 40 g; calcium pantothenate, 10 g; biotin, 0.3 g; folic acid, 1.5 g; 
inositol, 200 g; VC, 39.5 g; nicotinic acid, 6.05 g; VE, 50 g; VA, 4 g; VK, 4 g; VD3, 400 IU. 

2.4.3. SERUM BIOCHEMICAL INDICES 

After thawing of serum samples frozen at -80°C at 4°C, 
CHEMIX-800 is used to measure the content of calcium 
(Ca), phosphorus (P), total protein (TP), albumin (ALB), 
triglycerides (TG), total cholesterol (T-CHO) and blood glu
cose (Glu) and the activities of aspartate aminotransferase 
(AST), alanine aminotransferase (ALT) and alkaline phos
phatase (ALP). The reagents used were purchased from Sys
mex. White blood cell (WBC), red blood cell (RBC), haemo
globin (HGB) and erythrocyte specific volume (HCT) 
contents were measured using an automated blood cell 
analyser. 

2.4.4. DETERMINATION OF INTESTINAL DIGESTIVE 
ENZYME ACTIVITY 

The frozen samples were thawed at 4°C, then homogenised 
with 0.9% normal saline in a 1:9 ratio, and the supernatant 
was collected for measurement after centrifugation. In
testinal amylase and lipase activities were analyzed using 
commercial assay kits (Nanjing Jiancheng Bioengineering 
Institute, China) following the manufacturer’s protocols. 

2.5. STATISTICAL ANALYSIS 

The experimental design employed three biological repli
cates, with all measured indicators subjected to three tech
nical replicate determinations within each biological repli
cate. All data are presented as mean ± S.E. (standard error 

of the mean). All data were first subjected to Shapiro-Wilk 
test for normality and Levene’s test for homogeneity of 
variance, followed by analysis using one-way analysis of 
variance (ANOVA) and Tukey’s multiple comparison test 
with SPSS (SPSS Company, New York, USA). The significant 
difference was set at P < 0.05. 

3. RESULTS 

3.1. GROWTH PERFORMANCE 

WGR and SGR exhibited significant dose-dependent re
sponses to dietary copper supplementation (Table 2). Com
pared to the control, all experimental groups showed 
markedly elevated WGR and SGR (P<0.05). Notably, the L4 
achieved peak WGR and SGR, surpassing other groups 
(P<0.05). While WGR did not differ significantly among L2, 
L3, L5, and L6 (P>0.05), SGR in L4 was significantly higher 
than L1-L3 and L5 (P<0.05). HSI and VSI exhibited a bell-
shaped curve, peaking at L3 and L4. Both HSI and VSI in 
copper-supplemented groups (L2-L6) were significantly el
evated compared to the control (P<0.05). The highest HSI 
and VSI were observed in L3 and L4, respectively, though 
no significant intergroup differences occurred among L2-L6 
(P>0.05). Body height/body length ratios in L2 and L6 were 
significantly reduced relative to L1 (P<0.05). No significant 
variations were detected in condition factor (CF) or head 
length/body length across all groups (P > 0.05). Notably, a 
small number of individuals with body surface deformities 
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Figure 1. Heatmap of tissue-specific copper accumulation in bighead carp fed diets with graded copper levels.               

were observed in groups L5 and L6 during the middle to late 
stages of aquaculture. 
Using the data in Table 2, with WGR and SGR as de

pendent variables and dietary copper levels as independent 
variables, a broken line regression analysis was conducted 
and the regression equation obtained was as follows: 
yWGR1=51.213x+627.11 (R2=0.845), yWGR2= -5.468x+1320.2 
(R2=0.2971) and ySGR1=0.0678x+3.0431 (R2=0.8078), y 
SGR2=-0.006x+3.9382 (R2=0.2774). According to the above 
regression equations, the optimum dietary copper require
ment of bighead carp (initial mass: 1.40±0.04 g) was 12.23 
mg/kg and 12.13 mg/kg, respectively, when the maximum 
WGR and SGR were obtained. 

3.2. WHOLE FISH AND MUSCLE COMPOSITION 

The effects of different dietary copper levels on the nutri
tional components of whole fish and muscle are shown in 
Table 3 and Table 4, respectively. There were no signifi
cant differences in the crude protein, crude fat, crude ash, 
and moisture content of whole fish and muscle among all 
groups (P>0.05). 

3.3. COPPER CONTENT IN TISSUE 

As shown in Table 5 and Figure 1 copper accumulation 
exhibited tissue-specific dynamics: liver > intestinal wall 
> vertebrae > gill > muscle, while the whole fish average 
was positioned between the liver and intestinal wall in this 
gradient. Liver copper retention surged at L5 and L6, sur
passing the food safety threshold of 50 mg/kg for aquatic 
products according to the Safety requirements for agricul
tural product-Safety requirement for non-environmental pol
lution aquatic products and Limit of toxic and harmful sub

Figure 2. Copper content in the liver of bighead carp         
fed diets with graded levels of copper; Different letters          
on the same line indicate a significant difference         
(P<0.05); Error bars represent the standard error        
calculated based on 3 biological replicates, with each         
biological replicate containing independent     
measurements from 5 fish; the same below.        

stances in pollution-free food and aquatic products (Figure 2), 
while the control group maintained a baseline level of 24.43 
mg/kg. Whole fish copper content increased progressively 
with dietary copper levels, reaching the highest concentra
tion in the L6, which was significantly elevated compared 
to all other groups (P<0.05). A transient peak in intestinal 
wall copper content was observed at the L4, suggesting a 
saturation of intestinal absorption capacity at intermediate 
dietary copper levels. Despite these variations, no signifi
cant differences in intestinal copper content were detected 
among L2-L6 (P>0.05). Vertebral copper accumulation was 
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Table 2. Effects of different copper levels in feed on the growth of bighead carp.              

Indexes Groups 

L1 L2 L3 L4 L5 L6 

IBW1 (g) 1.43±0.01 1.38±0.03 1.39±0.01 1.39±0.01 1.41±0.01 1.40±0.01 

FBW2 (g) 11.19±0.49a 15.72±1.40b 14.59±0.94b 20.32±3.51c 15.67±0.61b 16.89±2.00b 

WGR3 (%) 684.40±17.89a 1042.51±79.86b 947.63±41.25b 1356.98±139.86c 1008.96±30.33b 1107.66±89.45b 

SGR4 (% day-1) 3.07±0.03a 3.63±0.11b 3.50±0.06b 3.98±0.15c 3.59±0.04b 3.71±0.12bc 

CF5 (%) 1.81±0.03 1.80±0.01 1.83±0.02 1.83±0.03 1.82±0.02 1.87±0.02 

HSI6 (%) 0.58±0.06a 1.00±0.05b 1.11±0.05b 1.07±0.03b 1.06±0.04b 1.04±0.03b 

VSI7 (%) 8.79±0.21a 10.05±0.23b 10.16±0.17b 10.23±0.16b 9.79±0.21b 9.82±0.16b 

Head length/ Body length 0.319±0.003 0.315±0.003 0.318±0.003 0.317±0.004 0.315±0.003 0.313±0.003 

Body height / Body length 0.295±0.004ab 0.287±0.002a 0.295±0.003ab 0.293±0.002ab 0.299±0.003b 0.290±0.002a 

Note: Different letters on the same line indicate a significant difference (P<0.05); The data are expressed as mean ± S.E (n=3 biological replicates, with each biological replicate containing 3 technical replicate measurements); the same below. The calculation methods of 
1IBW, initial mean weight; 2FBW, final mean weight; 3WGR, weight gain rate; 4SGR, specific growth rate; 5CF (condition factor,%) = FBW/ final mean body length3 × 100. 6HSI, hepatosomatic ratio; and 7VSI (viscerosomatic index) refer to Yang et al.12 
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Table 3. Effect of different copper levels on whole body composition (dry weight %).             

Groups Crude protein (%) Crude fat (%) Crude ash (%) Moisture (%) 

L1 56.43±0.05 22.39±0.04 13.75±0.66 78.45±0.79 

L2 54.87±1.23 22.41±0.61 14.39±0.99 79.39±1.28 

L3 55.04±0.30 21.80±0.87 15.34±0.70 80.68±1.37 

L4 55.44±0.85 22.84±0.90 15.29±0.29 80.15±1.17 

L5 54.94±0.20 23.42±1.14 13.39±0.49 79.98±0.42 

L6 54.88±0.58 23.03±0.98 13.65±0.68 77.95±0.95 

Table 4. Effect of different copper levels on proximate muscle composition.          

Groups Crude protein (wet weight %) Crude fat (dry weight %) Crude ash (dry weight %) Moisture (%) 

L1 17.39±1.61 5.57±0.06 5.48±0.08 79.71±0.27 

L2 15.62±0.25 5.58±0.07 5.46±0.25 79.89±0.45 

L3 18.09±0.50 5.39±0.12 5.57±0.09 79.66±0.41 

L4 17.78±0.64 5.10±0.35 5.58±0.06 79.82±0.24 

L5 18.04±0.19 4.74±0.58 5.64±0.18 80.33±0.31 

L6 17.63±0.51 4.81±0.09 5.72±0.04 80.59±0.21 

Table 5. Effects of different copper levels in feed on copper content in tissue (mg/kg).              

Indexes 

Groups 

L1 L2 L3 L4 L5 L6 

Liver 24.43±3.60a 31.32±0.85a 33.00±2.53ab 41.86±4.46ab 49.75±4.69b 72.11±10.91c 

Whole fish 3.91±0.23a 4.02±0.22a 5.11±0.31b 5.41±0.34b 6.55±0.19c 12.48±0.53d 

Intestinal wall 1.47±0.10a 2.06±0.03ab 2.56±0.21ab 3.25±0.74b 2.45±0.29ab 3.00±0.81ab 

Vertebra 0.98±0.07a 1.00±0.03a 0.99±0.00a 1.20±0.07b 1.21±0.09b 1.21±0.02b 

Gill 0.52±0.02a 0.43±0.02a 0.45±0.01a 0.62±0.04b 0.63±0.03b 0.63±0.04b 

Muscle 0.22±0.05a 0.31±0.02ab 0.30±0.06ab 0.28±0.02ab 0.36±0.08ab 0.41±0.07b 

Note: Different letters on the same line indicate a significant difference (P<0.05). 

markedly higher in L4-L6 than in L1-L3 (P<0.05), reflect
ing dose-dependent mineral deposition. Gill copper con
tent displayed a biphasic trend, initially decreasing and 
subsequently increasing with higher copper supplementa
tion. Compared to the control, gill copper levels in L4-L6 
were significantly elevated (P<0.05), whereas L1-L3 showed 
no notable differences (P>0.05). Muscle tissue demon
strated minimal copper deposition even at the maximum 
dose, adhering to food safety standards. 
The correlation, as indicated by the Pearson correlation 

coefficient among muscle copper, muscle crude protein, 
muscle crude fat, muscle crude ash, and muscle moisture 
is illustrated in Figure 3. Muscle copper content exhibits a 
significant positive correlation with muscle moisture and 
muscle crude ash (P<0.05). Muscle crude fat exhibits a sig
nificant negative correlation with muscle crude ash and 
muscle moisture (P<0.05). 

3.4. SERUM BIOCHEMICAL INDICES 

Dietary copper levels exhibited selective effects on serum 
biomarkers in bighead carp (Table 6). Serum TP and ALB re
mained unaffected across all groups (P>0.05). Hepatic func
tion improved with copper supplementation, as evidenced 
by reduced AST activity in L2, L4-L6 compared to the con
trol (L1) (P<0.05). ALT activity followed a biphasic trend, 
declining to the lowest level in L5 and rising in L6, with L5 
significantly lower than L1-L3 and L6 (P<0.05). ALP activ
ity was suppressed in control, but enhanced in copper-sup
plemented groups, peaking at L6 (P<0.05). Lipid metabo
lism intensified at moderate copper doses, with TC and TG 
in L3-L4 surpassing the control (P<0.05). Serum GLU de
creased significantly in L4 compared to L1 (P<0.05). Ca and 
P levels peaked in L4, with L2-L4 showing marked eleva
tion over the control (P<0.05). Copper supplementation en
hanced hematopoiesis. WBC counts rose dose-dependently, 
reaching the highest level in L6, while the control was sig
nificantly lower (P<0.05). RBC counts and HGB in L2-L3 
and L6 exceeded the control (P<0.05), though no differ
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Figure 3. Correlation map of muscle copper, muscle crude protein, muscle crude fat, muscle crude ash, and                
muscle moisture. *Correlation is significant between 0.01 and 0.05, ** Correlation is significant between 0.001                
and 0.01, and ***correlation is significant at the 0.001 level for Pearson correlation coefficient.               

ences were observed between L4 and L5 (P>0.05). HCT mir
rored this trend, with L2 and L6 outperforming the control 
(12.20%) (P< 0.05). 

3.5. DIGESTIVE ENZYME 

Dietary copper levels significantly modulated digestive en
zyme profiles in bighead carp (Table 7). Intestinal amylase 
activity was highest in the control group, surpassing all 
copper-supplemented groups (P<0.05). L4 exhibited the 
lowest amylase and lipase activities, which were signifi
cantly reduced compared to other groups (P<0.05). Lipase 
activity in experimental groups remained suppressed rela
tive to the control group. The amylase and lipase activities 
in the copper-supplemented group generally exhibited a 
pattern of initial decline followed by an increase. 

4. DISCUSSION 

4.1. EFFECTS OF DIFFERENT DIETARY COPPER LEVELS 
ON GROWTH PERFORMANCE OF BIGHEAD CARP LARVAE 

Previous studies have demonstrated that dietary copper 
supplementation enhances growth in marine and freshwa
ter fish, including juvenile grouper (Epinephelus malabari
cus)13 and yellow catfish (Pelteobagrus fulvidraco).5 Aligning 
with these findings, our study revealed significantly higher 
WGR and SGR in copper supplemented groups compared to 
the control group. Broken-line regression identified an op
timal dietary copper level of 12.13–12.23 mg/kg for juve
nile bighead carp (initial mass: 1.40 g), which is comparable 
to the requirements of Atlantic salmon (Salmo salar, 5–10 

mg/kg)14 and beluga sturgeon (Huso huso, 10.3 mg/kg).15 

When a peak was observed at L4, the SGR at L5 declined, 
likely due to oxidative stress and mitochondrial function 
impairment induced by excessive copper in the feed. Copper 
significantly inhibited the activities of amylase and lipase, 
leading to reduced energy metabolism and ultimately sup
pressing growth performance.16 Notably, interspecies com
parisons require considering the unique filter-feeding phys
iology of bighead carp. As a filter-feeding fish, it ingests 
plankton via gills, leading to distinct copper bioavailability 
compared to carnivores and omnivores.17 Unlike grouper 
or sturgeon, which primarily rely on intestinal absorption, 
bighead carp acquires copper via both branchial uptake and 
intestinal absorption, contributing to higher requirements. 
This adaptation enhances trace element uptake, explaining 
why its optimal copper level (12.13-12.23 mg/kg) exceeds 
that of common carp (2.19-2.91 mg/kg) despite similar 
habitats. The increase in HSI may reflect enhanced func
tional metabolism or pathological alterations. In this study, 
the HSI values in the copper supplementation groups were 
significantly higher than those in the control group, with 
peaks observed in L3 and L4. The elevated HSI in the low-
to-medium copper dose groups primarily manifested as a 
functional adaptation, whereas the highest dose may be 
accompanied by subclinical pathological changes. Further 
histological analyses, such as H&E staining and transmis
sion electron microscopy, are needed to clarify the nature 
of hepatomegaly. VSI in the control group was significantly 
lower than in the copper supplemented groups. This con
trasts with studies on common carp (Cyprinus carpio), 
where copper nanoparticles did not alter VSI.11 The ob
served discrepancies may stem from differences in fish size, 
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Table 6. Effects of different copper levels in feed on serum biochemical indices of bighead carp.               

Indexes 

Groups 

L1 L2 L3 L4 L5 L6 

TP (g/dL) 22.53±2.48 27.07±3.34 24.73±0.83 25.43±1.11 23.27±0.81 25.00±1.17 

ALB (g/dL) 7.23±0.53 8.80±0.89 8.10±0.40 8.23±0.23 7.83±0.15 8.73±0.41 

AST (U/L) 70.33±2.96b 51.67±8.82a 60.00±5.13ab 51.33±2.60a 48.67±0.33a 48.33±2.96a 

ALT (U/L) 53.33±6.17cd 52.33±3.53cd 37.00±7.51bc 26.67±2.91ab 14.33±1.45a 56.67±7.17d 

ALP (U/L) 194.00±29.91a 318.67±23.24ab 341.00±51.42b 368.00±39.31b 253.67±17.98ab 371.00±62.40b 

TC (mg/dL) 65.46±6.37a 76.40±2.13ab 83.05±5.64b 89.47±2.73b 76.17±2.46ab 85.23±1.90b 

TG (mg/dL) 151.02±16.66a 179.19±3.53ab 213.02±21.73bc 231.04±14.80c 182.38±10.96ab 189.97±6.78abc 

GLU (mg/dL) 115.53±15.67b 92.83±4.48ab 106.20±9.47ab 78.70±3.24a 94.23±3.45ab 92.23±7.16ab 

Ca (mg/dL) 8.63±0.45a 10.07±0.42b 10.51±0.16bc 11.21±0.27c 10.56±0.09bc 10.49±0.37bc 

P (mg/dL) 11.98±1.57a 20.00±0.95bcd 17.00±1.45b 22.33±0.54d 21.00±0.82cd 18.07±0.78bc 

WBC (109/mm3) 11.80±0.81a 124.52±5.73d 80.58±1.85c 74.78±1.21bc 66.36±2.31b 143.82±3.91e 

RBC (1012/mm3) 1.42±0.17a 2.42±0.23b 2.17±0.18b 1.91±0.05ab 1.89±0.08ab 2.33±0.25b 

HGB (g/L) 41.33±2.03a 83.00±3.79bc 73.67±2.60b 73.33±0.88b 78.33±1.76b 94.00±7.00c 

HCT (%) 12.20±0.79a 26.00±0.95c 22.43±0.09b 22.10±0.38b 22.60±0.67b 27.43±0.77c 

Abbreviations: TP, total protein; ALB, albumin; AST, aspartate transaminase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; TG, triglyceride; TC, total cholesterol; GLU, glucose; Ca, calcium; P, phosphorus; WBC, white blood cell; RBC, red blood cell; HGB, hemo
globin; HCT, red blood cell-specific volume; Different letters on the same line indicate a significant difference (P<0.05). 
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Table 7. Effects of different levels of copper in feed on digestive enzyme activity in the intestinal tract of bighead                   
carp  

Groups Amylase (U/mg prot) Lipase (U/mg prot) 

L1 0.1380±0.0006a 153.12±7.41a 

L2 0.1057±0.0012b 116.15±1.64b 

L3 0.0843±0.0047d 122.22±2.72b 

L4 0.0603±0.0003e 58.17±2.40d 

L5 0.1063±0.0003b 82.65±2.30c 

L6 0.0940±0.0006c 84.40±1.87c 

Note: Different letters on the same line indicate a significant difference (P<0.05). 

experimental duration, or environmental conditions. Ex
cessively high copper content in the feed, such as 25.75 mg/
kg in group L5 and 49.21 mg/kg in group L6, may lead to 
deformities through toxic effects and disruption of other 
mineral metabolism. As a heavy metal, high-concentration 
copper may stimulate the nervous and muscular systems of 
fish, causing abnormal muscle contraction or developmen
tal disorders, resulting in deformities such as body surface 
curvature and lateral line abnormalities.18 Excessively high 
copper content in the feed may disrupt the metabolic bal
ance of minerals such as calcium and phosphorus, affecting 
normal skeletal development and leading to body shape de
formities.19 

4.2. EFFECTS OF DIFFERENT DIETARY COPPER LEVELS 
ON WHOLE FISH, MUSCLE COMPONENTS AND THE 
CONTENT OF COPPER IN TISSUES 

In this experiment, there were no significant differences in 
whole fish and muscle composition between all the experi
mental groups. These results are consistent with the effects 
of copper on juvenile large yellow croaker.10 However, other 
studies have shown that the effects of dietary copper con
tent on Nile tilapia (Oreochromis niloticus),20 juvenile yel
low catfish,5 and juvenile beluga15 had significant effects 
on body composition. This may be due to differences in fish 
species, size, and rearing environment. 
The content of trace elements in animal bodies and tis

sues is an important index for assessing the dietary require
ments of these trace elements.21 The liver has a high stor
age capacity for heavy metals in animals and can act as a 
detoxification organ in the body when heavy metal levels 
in the body are high.22 The high storage capacity of cop
per in the liver is the physiological protection mechanism 
of fish. When the amount of copper consumed by fish ex
ceeds the requirement for body growth but does not cause 
body poisoning, the copper content of the liver will dou
ble, thus reducing the toxicity of the fish and playing the 
function of detoxification. When the amount of copper con
sumed by the fish is insufficient, the copper stored in the 
liver is released to supply the body’s growth and metab
olism.23 In our study, the copper content in the liver of 
fish increased significantly with higher dietary copper lev
els, demonstrating this protective function. Specifically, the 
liver copper content nearly doubled from 24.43 mg/kg in L1 
to 49.75 mg/kg in L5 and further increased to 72.11 mg/kg 

in L6. This substantial increase aligns with the notion that 
the liver can store excess copper to prevent systemic tox
icity, thereby acting as a detoxification organ. These find
ings underscore the liver’s role in safeguarding fish health 
by managing copper overload. In this study, hepatic copper 
overload in high copper groups may affect growth by induc
ing oxidative stress, and subsequent studies could measure 
oxidative stress indicators such as MDA and SOD. 
The copper content of fish bodies can also be used as a 

reference index to assess the copper requirements of fish.10,
24 Studies on juvenile grouper13 and Atlantic salmon14 

showed that the copper levels in juvenile grouper increased 
with increasing dietary copper levels. When dietary copper 
levels exceed 500 mg/kg, whole fish copper levels in Atlantic 
salmon continue to increase. Lee & Shiau25 found that cop
per levels in juvenile grass shrimp (Penaeus monodon) also 
increased with increasing dietary copper levels. The cop
per content in whole fish showed a significant increasing 
trend with the experimental groups, ranging from 3.91 to 
12.48 (mg/kg). This gradual rise in copper accumulation in
dicates that the fish body’s copper content is closely re
lated to the dietary copper level. Specifically, the notable 
differences among groups suggest that the whole fish cop
per content can serve as a sensitive reference index to as
sess the copper requirements of fish. In this experiment, 
the content of copper in the intestinal wall first increased 
and then decreased with an increase in dietary copper con
tent, and the intestine had the best digestion of dietary 
copper when the dietary copper content was 14.11 mg/kg. 
In this experiment, with increasing dietary copper content, 
the copper content in vertebral bone increased continu
ously, and the copper content in muscle first increased, 
then stabilized, and then continued to increase. This may 
be related to the level of copper in the diet, the different 
types of fish and the size of the fish. Some studies have 
shown that gill copper content increases with increasing 
copper levels in the aquatic environment, and there is a lin
ear correlation.26 The results of this study are consistent 
with this. The intestinal tract plays an important role in the 
regulation of metal uptake in fish . The significant positive 
correlation between muscle copper content and moisture, 
crude ash (P<0.05), may be related to copper’s involvement 
in mineral metabolism. As a coenzyme for metalloenzymes, 
copper can affect the deposition of minerals such as cal
cium and phosphorus, thereby regulating cellular hydration 
balance.27 The negative correlation between crude muscle 
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fat and moisture, crude ash content conforms to the general 
rule of fish muscle composition; lipid accumulation may 
occupy the space of water and minerals, and this pattern 
has also been observed in mirror carp (Cyprinus carpio) (un
published data). 

4.3. EFFECTS OF DIFFERENT DIETARY COPPER LEVELS 
ON BLOOD PHYSIOLOGICAL AND BIOCHEMICAL 
INDEXES 

Hematological parameters in fish serve as critical biomark
ers for evaluating systemic metabolism, nutritional home
ostasis, and disease susceptibility. Variations in these pa
rameters provide insights into physiological adaptations, 
pathological states, and xenobiotic toxicity.28 AST and ALT 
are the main enzymes indicators of liver function. When 
liver function is normal, the activities of serum AST and 
ALT in the blood remain very low; however, when liver 
cells are damaged, AST and ALT from the liver enter the 
blood, resulting in increased activities of AST and ALT in 
the blood. The higher the activity of AST and ALT, the 
greater the effect on liver damage.29 When the liver is dam
aged, the TP levels in the blood fall sharply.30 ALP is a 
pivotal enzyme in metabolic processes and plays an im
portant role in nutrient absorption and utilisation.19 In 
this study, dietary copper significantly increased ALP ac
tivity in bighead carp. This may reflect copper’s roles in 
enzyme function and liver health. However, excessive cop
per could cause oxidative stress and liver damage.31 Future 
work should explore these mechanisms further. Serum TC 
and TG levels are important indicators that reflect lipid me
tabolism and are closely related to energy metabolism.32 

Blood glucose levels are an indicator of the body’s glucose 
metabolism33 and are also used as an indicator of fish re
sponse to environmental stressors.34 Copper serves as a co
factor for cytochrome c oxidase and superoxide dismutase, 
both of which are crucial for mitochondrial ATP produc
tion.35 It may influence glucose metabolism by modulat
ing the activity of key enzymes involved in gluconeogene
sis and glycolysis.36 In this study, the AST/ALT activity in 
the L4 group was significantly lower than the control group, 
accompanied by enhanced hemoglobin synthesis, without 
displaying typical liver damage characteristics. The decline 
in GLU in the copper-supplemented group likely reflects 
an optimized adjustment of metabolic pathways. Copper 
maintains iron metabolism homeostasis, which is beneficial 
for haemoglobin synthesis and red blood cell maturation.37 

When copper is deficient, the synthesis of haemoglobin is 
impaired, which can lead to a shortened lifespan of the red 
blood cells.38 

Dietary copper (CuSO₄·5H₂O) supplementation signifi
cantly elevated ALP activity (P<0.05), indicating enhanced 
nutrient absorption and utilization efficiency. Contrasting 
with previous findings in common carp (Cyprinus carpio)11 

and grass carp (Ctenopharyngodon idella),23 where copper 
showed no impact on serum AST, ALT, TC, or Glu. Slightly 
different from the above results, serum AST activity exhib
ited a significant decrease, while ALT activity in groups L1, 
L2, and L6 was markedly higher compared to L3-L5. Con
currently, GLU levels in L4 declined significantly, whereas 

TC and TG showed a notable increase. Kim & Kang23 in 
their studies on juvenile rockfish (Sebastes schlegeli) found 
that dietary copper levels had no significant effect on red 
blood cells volume and haemoglobin concentration in juve
nile rockfish. Similar results were found in the Nile tilapia 
study.20 In contrast to the above results, it was concluded in 
this experiment that the addition of copper (CuSO4·5H2O) 
to the diet could increase the content and volume of red 
blood cells in the blood and promote the synthesis of 
haemoglobin. This may be related to the species, age, dis
solved oxygen in the environment, copper content, method 
of determination, fish body feeding, exercise, stress, and 
other aspects. Further experimental verification is therefore 
required. Previous studies have shown that copper interacts 
synergistically and antagonistically with other micronutri
ents such as iron and zinc. Changes in serum biochemical 
indices in this study may be related to copper’s effects on 
the absorption and metabolism of other trace elements.36 

4.4. EFFECTS OF DIFFERENT DIETARY COPPER LEVELS 
ON INTESTINAL DIGESTIVE ENZYME ACTIVITIES 

The activity of digestive enzymes may, to some extent, re
flect the digestive capacity of the body. For juvenile grass 
carp (Ctenopharyngodon idella), copper enhanced lipase ac
tivities while suppressing amylase.39 The results of this ex
periment were consistent with those above, but there were 
also differences. When the amount of copper added to feed 
was 7.99-25.75 mg/kg, the activity of amylase and lipase in 
the intestine of bighead carp was inhibited. The inhibitory 
effect of copper on digestive enzymes may be associated 
with copper accumulation in the intestinal wall, suggest
ing the need for further examination of changes in in
testinal tissue structure. The suppression of amylase and 
lipase activities could lead to reduced digestion and absorp
tion of carbohydrates and fats, respectively, potentially im
pacting the growth performance and overall health of the 
fish. It is worth noting that the effects of copper on di
gestive enzymes may vary among different fish species and 
at different life stages, which necessitates further research 
to establish species-specific and stage-specific dietary cop
per requirements for optimal digestive health and growth 
performance. Additionally, the mechanisms underlying the 
copper-induced changes in digestive enzyme activities war
rant further investigation to understand better the biologi
cal processes involved. 
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