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The current dietary copper (Cu) requirement (8 mg/kg) of broilers is mainly based on growth, hemo-
globin concentration, or hematocrit, which might not be the most sensitive indices to evaluate dietary Cu
requirements of broilers. The present study was carried out to estimate dietary Cu requirements of
broilers fed a conventional corn-soybean meal diet from 1 to 21 d of age using biochemical or molecular
biomarkers. A total of 384 1-d-old Arbor Acres male broilers were randomly allocated to 1 of 6 treat-
ments with 8 replicates and fed a Cu-unsupplemented corn-soybean meal basal diet containing 5.17 mg
Cu/kg by analysis and the basal diet supplemented with 3, 6, 9, 12 or 15 mg Cu/kg as CuSO4,5H2O for
21 d. Regression analysis was performed to estimate the optimal dietary Cu level using the broken-line
model. Dietary supplemental Cu level affected (P < 0.05) Cu contents in serum and liver and kidney
monoamine oxidase (MAO) activity, but had no effects (P > 0.05) on the growth performance, Cu con-
tents in heart, kidney, pancreas and spleen, Cu- and zinc-containing superoxide dismutase (CuZnSOD)
activity and ceruloplasmin content in serum, CuZnSOD and cytochrome c oxidase (COX) activities and
ceruloplasmin, CuZnSOD, MAO A, MAO B, COX 4I1 and COX 1 mRNA and protein expressions in the above
tissues of broilers. As dietary supplemental Cu levels increased, Cu contents in serum and liver increased
linearly (P < 0.05), but kidney MAO activity decreased linearly and quadratically (P < 0.05). The estimated
dietary Cu requirement based on the fitted broken-line model (P ¼ 0.035) of kidney MAO activity was
11.30 mg/kg. In conclusion, kidney MAO activity is a new and sensitive criterion to evaluate the dietary
Cu requirement of broilers, and the dietary Cu requirement was 11.30 mg/kg for broilers fed the con-
ventional corn-soybean meal diet from 1 to 21 d of age, which is higher than the current National
Research Council (NRC) Cu requirement (8 mg/kg) of broilers.
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1. Introduction

As an essential trace element, copper (Cu) is fundamental to the
growth, development, and function of living organisms (Myint
et al., 2018). The importance of dietary Cu for broilers has been
well documented (Ognik et al., 2018). As Cu concentrations in
common feedstuffs are low, Cu additives are usually supplemented
in diets for optimal growth. The current National Research Council
(NRC 1994) recommends that the dietary Cu requirement for
broiler chicks from 1 to 21 d of age is 8 mg/kg, but this requirement
is based on a previous study (McNaughton and Day 1979), which
was carried out using semi-purified diets with growth performance
ishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
s/by-nc-nd/4.0/).
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Table 1
Composition and nutrient levels of the basal diet for 1- to 21-d-old broilers (%, as-fed
basis).

Item Content

Ingredients
Corn 52.37
Soybean meal 38.73
Soybean oil 4.83
CaHPO4

1 1.69
CaCO3

1 1.25
NaCl1 0.30
DL-Met 0.29
Premix2 0.34
Corn starch þ Cu3 0.20
Nutrient levels
ME, MJ/kg 3.00
Crude protein4 21.56
Lys 1.15
Met 0.58
Met þ Cys 0.90
Ca4 1.02
Nonphytate P 0.39
Cu4, mg/kg 5.17

1 Reagent grade.
2 The premix provided following per kilogram of the basal diet: vitamin A (as all-

trans retinol acetate) 15,000 IU, cholecalciferol 4,500 IU, vitamin E (as all-rac-a-
tocopherolacetate) 24 IU, vitamin K (as menadione sodium bisulfate) 3 mg, thiamin
(as thiamin mononitrate) 3 mg, riboflavin 9.6 mg, vitamin B6 3 mg, vitamin B12
0.018 mg, calcium pantothenate 15 mg, niacin 39 mg, folic acid 1.5 mg, biotin
0.15 mg, choline (as choline chloride) 700 mg, Zn (ZnSO4�7H2O) 60 mg, Mn
(MnSO4�H2O) 110 mg, Fe (FeSO4�7H2O) 40mg, I (KI) 0.35 mg, Se (Na2SeO3) 0.35 mg.

3 Cu sulfate supplement added in place of equivalent weights of cornstarch.
4 Values determined by analysis; each value is based on triplicate determinations.
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as the main criteria for estimating dietary Cu requirements. How-
ever, the Cu requirements estimated with purified or semi-purified
diets might be not applicable to those birds fed conventional corn-
soybean meal diets because of the absence of phytate and fiber
(Wedekind et al., 1992) as well as the abnormal growth of birds due
to the reduced feed intake. Phytate and fiber in diets of broiler
chicks could inhibit Cu absorption by binding Cu in the intestinal
tract, thus decreasing Cu bioavailability. Therefore, it is necessary to
find new and more sensitive criteria to evaluate dietary Cu re-
quirements so as to meet the metabolic needs of broiler chicks for
Cu in conventional diets.

Our previous studies have demonstrated that the activities and
gene expressions of key metalloenzymes were new and sensitive
criteria to evaluate dietary manganese, zinc, iron and selenium
requirements of broilers (Huang et al., 2007; Li et al., 2011a; Liao
et al., 2013, 2017, 2021; Lu et al., 2016; Ma et al., 2016). In fact, Cu
functions in the body as a metal cofactor for a variety of enzymes,
including Cu- and zinc-containing superoxide dismutase (CuZn-
SOD), cytochrome c oxidase (COX), ceruloplasmin and monoamine
oxidase (MAO). The CuZnSOD has been considered a good marker
of Cu status (Harris 1992). Besides, CuZnSOD is a reactive oxygen
species (ROS) scavenger and plays an important role in the pro-
tection of cells against oxidative stress (Fang et al., 2013). The COX is
the terminal enzyme of the mitochondrial respiratory chain and
plays a central role in the oxidative production of cellular energy
(Rak et al., 2016). The ceruloplasmin is a multi-Cu oxidase and
participates in defense mechanisms against oxidative stress
(Calabrese et al., 1988; Harris and Gitlin 1996). The MAO serves an
essential role in catalyzing the degradation of different mono-
amines by oxidative deamination (Yeung et al., 2019). During this
process, hydrogen peroxide, a major source of ROS, is formed as a
side-product. The ROS can predispose cellular DNA to damage
(Srinivas et al., 2019). It has been reported that the activities of Cu-
containing enzymes CuZnSOD, COX, ceruloplasmin and MAO in
animals could be affected by dietary Cu level (Mills et al., 1976;
Sharma et al., 2005). However, it remains unclear whether the ac-
tivities and gene expressions of Cu-containing enzymes could be
used to evaluate the dietary Cu requirements of broilers from 1 to
21 d of age.

Therefore, the objective of this study was to investigate the ef-
fect of various dietary Cu levels on the growth performance, serum
markers, tissue Cu concentrations, as well as the activities and gene
expressions of Cu-containing enzymes in various tissues, in order to
find new and sensitive criteria and estimate Cu requirements of
broilers fed a conventional corn-soybeanmeal diet from 1 to 21 d of
age.

2. Materials and methods

2.1. Animals, diets and experimental design

All experimental procedures were approved by the Animal
Management Committee (in charge of animal welfare issue) of the
Institute of Animal Science, Chinese Academy of Agricultural Sci-
ences (IAS-CAAS, Beijing, China) and performed in accordance with
the guidelines. Ethical approval on animal survival was given by the
animal ethics committee of IAS-CAAS.

A total of 384 1-d-old Arbor Acres (AA) male broiler chicks
(Huadu Broiler Breeding Co., Ltd., Beijing, China) were used in the
21 d experiment. The broilers were randomly allotted by body
weight to 1 of 6 treatments with 8 replicate cages of 8 chicks each in
a completely randomized design. All of the broiler chicks were
housed in electrically heated, thermostatically controlled, stainless
steel cages (160 cm � 90 cm � 75 cm) equipped with fibreglass
feeders and waterers. They were maintained on a 24 h constant
228
light schedule, and allowed ad libitum access to experimental diets
and tap water containing no detectable Cu. Dead birds were
recorded daily, and chick body weight and feed intake per cage
were measured at the beginning and 21 d of age to calculate the
average daily gain, average daily feed intake, feed-to-gain ratio, and
mortality from 1 to 21 d of age.

The Cu-unsupplemented corn-soybean meal basal diet was
formulated to meet or exceed the current NRC (1994) requirements
and Chinese Feeding Standard of Chicken (2004) for starter broilers
for all nutrients except for Cu, manganese, zinc, iron and selenium
(Table 1). However, the NRC (1994) requirement recommendations
for trace minerals of broilers are too old, and thus, dietary sup-
plemental manganese, zinc, iron and selenium levels in Table 1
were based on the recent research results on dietary manganese,
zinc, iron and selenium requirements of broilers fed the conven-
tional corn-soybean meal diets from 1 to 21 d of age from our
laboratory (Huang et al., 2007; Li et al., 2011a; Liao et al., 2021; Ma
et al., 2016). Dietary treatments included the Cu-unsupplemented
corn-soybean meal basal diet (control) and the basal diet supple-
mented with 3, 6, 9, 12 or 15 mg Cu/kg in the form of CuSO4�5H2O.
The dietary Cu concentrations for the 6 treatments by analysis on
an as-fed basis were 5.17, 8.23, 11.30, 14.40, 16.50 and 20.20 mg/kg,
respectively (Table 2). All of these diets were fed to broilers inmash.
2.2. Sample collections and preparations

The feed ingredient and diet samples were taken for analyses of
calcium, Cu, or dietary crude protein contents. The tap water was
collected for analysis of Cu content. Four birds from each cage were
selected based on the mean body weight of the birds within the
cage. Blood samples were taken from each bird via wing vein and
then immediately centrifuged for 15 min at 3,000�g at 4 �C to
harvest serum samples for analyses of serum Cu and ceruloplasmin
content and CuZnSOD activity. Then the selected birds in each cage



Table 2
Analyzed Cu contents in diets of broilers from 1 to 21 d of age.

Supplemental Cu, mg/kg Analyzed Cu contents1, mg/kg

0 5.17
3 8.23
6 11.3
9 14.4
12 16.5
15 20.2

1 Values of analyzed Cu contents are based on triplicate determinations.
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were killed by cervical dislocation, and heart, liver, kidney, pancreas
and spleen samples were collected. One subsample was snap-
frozen in liquid N2 and then stored at �80 �C for analyses of
mRNA and protein expressions, and another subsample was kept
on ice and stored at �20 �C for determinations of Cu contents and
CuZnSOD, COX and MAO activities. To reduce individual biological
variation, samples from 4 broiler chicks in each replicate cage were
pooled into 1 sample before analyses, and thus there were a total of
8 replicate samples for each treatment.

2.3. Measurements of Cu, Ca and crude protein concentrations

The Cu concentrations in tap water, diets and tissues were
determined by inductively coupled plasma emission spectroscopy
(model 9000, Thermo Jarrell Ash, Waltham, MA) as described
previously (Li et al., 2011b; Zhang et al., 2017). Validation of the
mineral analysis was conducted using bovine liver powder (GBW
[E] 080193, National Institute of Standards and Technology, Beijing,
China) as a standard reference material. The crude protein and Ca
contents in feed ingredients and diet samples were determined
using Association of Official Analytical Chemists methods (1990).

2.4. Measurements of enzyme activities and ceruloplasmin content

The ceruloplasmin content in serum was measured using a
microplate reader with ceruloplasmin assay kit (Shanghai jiang Lai
Biological Technology Co., Ltd., Shanghai, China) according to the
instructions of the manufacturer. The CuZnSOD, MAO and COX
activities were measured using a microplate reader with CuZnSOD,
MAO or COX assay kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the instructions of the manufacturer,
respectively.

2.5. Total RNA isolation and real-time PCR

Total RNA was isolated from heart, liver, kidney, pancreas and
spleen samples (50 mg) using TRIzol Reagent (Invitrogen, USA)
according to the manufacturer's protocol, and then treated with
RNase-free DNase and reverse-transcribed to cDNA using Super-
Script III First-Strand Synthesis for RT-PCR kit (cat no. 18080-051,
Table 3
Primer sequences for real-time PCR amplification.

Genes GenBank ID Primer sequences

Ceruloplasmin XM_015291853.2 F:GTTATCAAGGCGG
CuZnSOD NM_205064.1 F:ATTACCGGCTTGT
MAO A XM_015300467.2 F:GCTCCAAGTTGCT
MAO B XM_416766.6 F:ACCAGCTCATCAA
COX 1 JX_160009.1 F:GCAGGTGTTTCCT
COX 4I1 XM_015292558.1 F:CTTTCCACCTCCAT
b-actin NM_205518.1 F:ACCTGAGCGCAAG
GAPDH NM_204305.1 F:CTTTGGCATTGTG

ID ¼ identity; CuZnSOD ¼ Cu- and zinc-containing superoxide dismutase; F ¼ forward;
1 ¼ cytochrome c oxidase subunit 1; COX 4I1 ¼ cytochrome c oxidase subunit 4I1; GAPD
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Invitrogen). Two microliters of diluted cDNA (1:10, vol/vol) were
used for real-time PCRwith an ABI PRISM 7500 Sequence Detection
System (Applied Biosystems). All primers (Table 3) were synthe-
sized by Generay Biotech (Shanghai, China). The technical varia-
tions were normalized using b-actin and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as internal reference genes.
Data were analyzed using the method of 2�DDCt.
2.6. Tissue preparations and Western blotting

Total protein was extracted from 50 mg samples of frozen
heart, liver, kidney, pancreas and spleen, as previously described
(Liao et al., 2019a, b). The protein concentration was determined
using a Pierce BCA Protein Assay kit according to the manufac-
turer's instructions. Either a 40- or 60-mg sample of protein was
used for electrophoresis on a 7.5% or 10.0% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel.
Western blotting analyses for CuZnSOD (ABclonal, Wuhan,
China, catalog number A12537; 1:1,000), ceruloplasmin
(ABclonal, Wuhan, China, catalog number A7658; 1:1,000), MAO
A (ABclonal, Wuhan, China, catalog number A1354; 1:500), COX
4I1 (ABclonal, Wuhan, China, catalog number A6564; 1:500),
and COX 1 (ABclonal, Wuhan, China, catalog number A7531;
1:1,000) were performed. The bands were visualized by
enhanced chemiluminescence using a High-sig ECL Western
blotting Substrate Kit (Tanon, Shanghai, China, catalog number
180e5001). The signals were recorded with a chem-
iluminescence image scanner (Tanon, Shanghai, China) and
analyzed with Tanon Gis 1D software (Tanon, Shanghai, China).
Data were presented as the ratio of CuZnSOD, ceruloplasmin,
MAO A, COX 4I1 or COX 1 protein band intensity to GAPDH or b-
tubulin protein band intensity. The GAPDH or b-tubulin protein
was used to normalize the expression level of CuZnSOD, ceru-
loplasmin, MAO A, COX 4I1 or COX 1.
2.7. Statistical analyses

Data from the present study were subjected to one-way ANOVA
with the use of the general linear model procedure of SAS 9.4 (SAS
Institute Inc., Cary, NC). Differences among means were tested with
the LSD method. The cage was the experimental unit. The per-
centage mortality was transformed to arcsine for analysis.
Orthogonal comparisons were applied for linear and quadratic re-
sponses of dependent variables to independent variables. Regres-
sion analyses of broken-line, quadratic, and asymptotic models
were performed, and the best fit model between responsive criteria
and analyzed dietary Cu contents was used to estimate the dietary
Cu requirement (the inflection point from a broken-line model) for
broiler chicks (Liao et al., 2017; Lu et al., 2016; Ma et al., 2016). The
level of statistical significance was set at P < 0.05.
Product length, bp

AAGTGGG R:TGGGAGGCTGGAGATTCAGTA 158
CTGATGG R:TCCTCCCTTTGCAGTCACAT 174
GTATGA R:TCTCAATGCCCAGCTCTTTT 180
CCGAATC R:CACAGCCTCGTCTTCCTTTC 247
CCAT R:GGTTGCGGTCGGTAAGT 187
CTGTGTGA R:GCTGGATGGCTGAAATCG 174
TACTCTGTCT R:CATCGTACTCCTGCTTGCTGAT 95
GAGGGTC R:ACGCTGGGATGATGTTCTGG 128

R ¼ reverse; MAO A ¼ monoamine oxidase a; MAO B ¼ monoamine oxidase b; COX
H ¼ glyceraldehyde-3-phosphate dehydrogenase.



Table 4
Effect of dietary supplemental Cu level on the growth performance and mortality of broilers from 1 to 21 d of age1.

Supplemental Cu, mg/kg Average daily gain, g/d Average daily
feed intake, g/d

Feed-to-gain ratio Mortality2,
%

0 31.90 41.85 1.31 0.00
3 30.51 40.06 1.28 1.56
6 31.70 40.24 1.28 1.56
9 30.65 39.82 1.29 0.00
12 31.60 40.17 1.27 0.00
15 32.30 41.04 1.27 0.00
Pooled SE 0.44 0.50 0.02 0.90
P-value 0.053 0.091 0.733 0.556

1 Values are the means of 8 replicate cages of 8 birds per replicate cage (n ¼ 8).
2 The percentage of mortality was transformed to arcsine for analysis.

Table 5
Effect of dietary supplemental Cu level on Cu contents in serum and tissues of broilers at 21 d of age1.

Supplemental Cu,
mg/kg

Serum Cu, mg/L Heart Cu, mg/g fresh tissue Liver Cu,
mg/g fresh tissue

Kidney Cu,
mg/g fresh tissue

Pancreas Cu,
mg/g fresh tissue

Spleen Cu,
mg/g fresh tissue

0 84.57d 2.61 2.81b 1.97 1.10 0.49
3 113.28c 2.75 3.02ab 1.97 1.05 0.50
6 111.87c 2.77 2.92ab 1.94 1.07 0.48
9 123.32bc 2.65 3.02ab 1.95 1.16 0.48
12 141.42b 2.68 3.04a 1.93 1.03 0.52
15 184.49a 2.74 3.14a 2.01 1.12 0.49
Pooled SE 8.13 0.07 0.08 0.03 0.37 0.02
P-value
Dietary Cu <0.001 0.491 0.048 0.402 0.158 0.824
Linear <0.001 e 0.004 e e e

Quadratic 0.054 e 0.946 e e e

a-dValues in a column with different letter superscripts differ significantly (P < 0.05).
1 Values are the means of 8 replicate cages of 4 birds per replicate cage (n ¼ 8).

Table 6
Effect of dietary supplemental Cu level on serum CuZnSOD activity and cerulo-
plasmin content of broilers at 21 d of age1.

Supplemental Cu, mg/kg CuZnSOD, U/mL Ceruloplasmin, mg/mL

0 73.42 21.03
3 79.03 21.41
6 80.32 25.43
9 82.91 24.68
12 84.80 19.24
15 91.95 22.33
Pooled SE 5.09 3.01
P-value 0.215 0.721

CuZnSOD ¼ Cu- and zinc-containing superoxide dismutase.
1 Values are the means of 8 replicate cages of 4 birds per replicate cage (n ¼ 8).

Table 7
Effect of dietary supplemental Cu level on activities of Cu-containing enzymes in tissues

Supplemental
Cu, mg/kg

Heart Liver

CuZnSOD,
U/mg
,prot

MAO,
U/mg
,prot

COX,
mU/mg ,prot

CuZnSOD,
U/mg
,prot

MAO,
U/mg
,prot

C
m
,

0 178 6.15 12.42 278 10.86 4
3 166 6.23 14.64 271 11.68 4
6 167 5.94 13.89 270 13.23 5
9 169 6.76 13.93 275 10.95 6
12 169 6.55 14.98 278 11.01 6
15 179 7.63 12.99 270 13.03 6
Pooled SE 6 0.41 1.24 5 1.21 9
P-value
Dietary Cu 0.606 0.101 0.692 0.806 0.559 0
Linear e e e e e e

Quadratic e e e e e e

CuZnSOD ¼ Cu- and zinc-containing superoxide dismutase; MAO ¼ monoamine oxidase
a, bValues in a column with different letter superscripts differ significantly (P < 0.05).

1 Values are the means of 8 replicate cages of 4 birds per replicate cage (n ¼ 8).
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3. Results

3.1. Growth performance and mortality

Dietary supplemental Cu level did not affect (P > 0.05) the
average daily gain, average daily feed intake, feed-to-gain ratio, and
mortality of broiler chicks during 1 to 21 d (Table 4).

3.2. The Cu concentrations

The Cu concentrations in serum and liver were affected
(P < 0.05) by dietary supplemental Cu level, and increased linearly
(P < 0.05) as dietary supplemental Cu levels increased (Table 5).
However, Cu concentrations in heart, kidney, pancreas and spleen
were not affected (P > 0.05) by dietary supplemental Cu level.
of broilers at 21 d of age1.

Kidney Pancreas Spleen

OX,
U/mg
prot

CuZnSOD,
U/mg
,prot

MAO,
U/mg
,prot

CuZnSOD,
U/mg
,prot

MAO,
U/mg
,prot

CuZnSOD,
U/mg
,prot

MAO,
U/mg
,prot

9.09 191 16.79a 43.70 2.28 53.44 25.11
8.87 199 15.80ab 47.74 2.28 52.80 23.76
2.29 194 13.94b 42.51 2.40 50.04 22.71
3.66 194 15.60ab 44.83 2.43 48.28 23.49
2.90 194 13.82b 44.05 2.37 46.88 24.12
7.31 194 15.21ab 44.25 2.33 48.46 26.64
.14 3 0.65 3.07 0.19 2.60 1.48

.575 0.705 0.023 0.894 0.989 0.431 0.506
e 0.033 e e e e

e 0.048 e e e e

; COX ¼ cytochrome c oxidase.
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Further, the quadratic responses for serum and liver Cu concen-
trations were not significant (P > 0.05). Therefore, all of the above
indices were not suitable for assessing dietary Cu requirements of
broilers.

3.3. Enzyme activities and ceruloplasmin content

Dietary supplemental Cu level did not affect (P > 0.05) CuZnSOD
activity and ceruloplasmin content in serum (Table 6). Supple-
mental Cu level affected (P < 0.05) MAO activity in kidney, but had
no effect (P > 0.05) on MAO activities in heart, liver, pancreas and
spleen (Table 7). The MAO activity in kidney decreased linearly and
quadratically (P < 0.05) as dietary supplemental Cu levels
increased. No significant alterations (P > 0.05) were detected for
CuZnSOD activities in heart, liver, kidney, pancreas and spleen, and
COX activities in heart and liver with the increase of dietary sup-
plemental Cu levels (Table 7). Based on these results, the MAO ac-
tivity in kidney was sensitive and suitable for assessing the dietary
Cu requirement of broilers.

3.4. mRNA and protein expressions

Dietary supplemental Cu level did not affect (P > 0.05) CuZnSOD,
MAO A and MAO B mRNA expressions in heart, liver, kidney,
pancreas and spleen, and COX 4I1 and COX 1 mRNA expressions in
heart, liver and kidney, and ceruloplasmin mRNA expression in
liver (Table 8). Consistent with the mRNA expressions, CuZnSOD,
MAO A, COX 4I1 and COX 1 protein expressions in heart, liver and
kidney and ceruloplasmin protein expression in liver, and CuZnSOD
protein expressions in pancreas and spleen were not affected
(P > 0.05) by dietary supplemental Cu level either (Table 9 and
Fig. 1). Therefore, all of these indices were not sensitive biomarkers
for assessing dietary Cu requirements of broilers.

3.5. Estimation of the dietary Cu requirement of broilers

The result of the dietary Cu requirement of broilers as estimated
by the broken-line model of regression analysis is shown in
Table 10. On the basis of the broken-line model (P ¼ 0.035) of
kidney MAO activity with the analyzed dietary Cu content, the
optimal dietary Cu requirement was estimated to be 11.30 mg/kg
for broiler chicks fed the conventional corn-soybeanmeal diet from
1 to 21 d of age.

4. Discussion

It is critically important to find more sensitive criteria to assess
Cu requirements and meet the metabolic needs of broiler chicks for
Cu from 1 to 21 d of age. The results from the present study indicate
that the activity of MAO in kidney is a new and sensitive criterion
for estimating the dietary Cu requirement of broilers fed the corn-
soybean meal diet, which has not been reported before.

Growth performance parameters were the early and commonly
used criteria to assess the Cu requirements of broilers fed with
purified or semi-purified diets (Aoyagi and Baker 1993;
McNaughton and Day 1979). The current NRC Cu requirement for
broilers is 8 mg/kg, which is based on the minimum dietary Cu
required for maximum performance (NRC 1994). However, the
growth performance indices are usually not sensitive for evaluating
Cu requirements of birdswhen fedwith conventional corn-soybean
meal diets (Samanta et al., 2011). In our current study, supple-
mental Cu level did not affect the growth performance of broilers
fed a conventional diet, which is in agreement with a previous
report (Samanta et al., 2011), indicating that the background Cu
level (5.17 mg/kg by analysis) in a Cu-unsupplemented corn-



Table 9
Effect of dietary supplemental Cu level on the protein expressions of Cu-containing enzymes in tissues of broilers at 21 d of age1.

Supplemental
Cu, mg/kg

Heart Liver Kidney Pancreas Spleen

CuZn
SOD,
RQ2

MAO A,
RQ2

COX
4I1, RQ2

COX 1,
RQ2

Ceruloplasmin,
RQ2

CuZn
SOD,
RQ3

MAO A,
RQ2

COX
4I1, RQ2

COX 1,
RQ2

CuZn
SOD,
RQ2

MAO A,
RQ2

COX
4I1,
RQ2

COX 1,
RQ2

CuZn
SOD,
RQ2

CuZn
SOD,
RQ2

0 1.35 0.86 1.38 1.00 0.97 1.31 0.92 1.15 0.87 1.45 1.11 1.52 0.94 1.46 1.48
3 1.24 0.94 1.27 1.04 0.93 1.41 1.00 1.27 0.86 1.57 1.29 1.52 1.06 1.46 1.41
6 1.21 0.95 1.40 1.28 0.98 1.31 0.81 1.21 0.82 1.52 1.19 1.60 1.08 1.53 1.52
9 1.54 1.21 1.51 1.26 0.91 1.35 0.91 1.36 0.78 1.53 0.92 1.45 1.04 1.26 1.55
12 1.33 0.96 1.38 1.17 0.83 1.44 0.99 1.23 1.07 1.58 1.05 1.49 1.12 1.63 1.62
15 1.11 0.91 1.66 1.49 0.93 1.40 0.87 1.40 1.03 1.64 1.26 1.54 1.04 1.78 1.65
Pooled SE 0.11 0.14 0.16 0.12 0.07 0.11 0.06 0.09 0.08 0.12 0.12 0.11 0.07 0.13 0.22
P-value 0.121 0.596 0.652 0.067 0.717 0.936 0.310 0.393 0.111 0.927 0.260 0.969 0.593 0.157 0.977

CuZnSOD ¼ copper- and zinc-containing superoxide dismutase; MAO A¼monoamine oxidase a; COX 4I1¼ cytochrome c oxidase subunit 4I1; COX 1 ¼ cytochrome c oxidase
subunit 1.

1 Values are the means of 8 replicate cages of 4 birds per replicate cage (n ¼ 8).
2 The protein expressions were calculated as the relative quantities (RQ) of the target gene protein to the GAPDH protein.

Fig. 1. Representative immunoblots of Cu-containing enzymes in heart (A), kidney (B), liver (C), pancreas (D) and spleen (E) of broilers at 21 d of age. CuZnSOD ¼ Cu- and zinc-
containing superoxide dismutase; MAO A ¼ monoamine oxidase a; COX 4I1 ¼ cytochrome c oxidase subunit 4I1; COX 1 ¼ cytochrome c oxidase 1.

Table 10
Estimation of dietary Cu requirement based on the broken-line model of kidney MAO activity on the analyzed dietary Cu content.

Dependent variable Regression equation1 R2 P-value Dietary Cu
requirement, mg/kg

Kidney MAO activity Y ¼ 18.952,7 - 0.402,7X (5.17 � X < 11.30);
Y ¼ 13.601,1 þ 0.070,9X (11.30 � X � 20.20)

0.180 0.035 11.30

1 Y is the kidneyMAO activity (U/mg,prot), and X is the analyzed dietary Cu content (mg/kg), which is defined as the analyzed Cu from both the basal diet and supplemental
Cu as CuSO4,5H2O.
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soybean meal basal diet and the current NRC Cu requirement are
enough for the growth performance of broilers, and that growth
performance is not sufficiently sensitive for assessing dietary Cu
requirements of broilers when a conventional corn-soybean meal
diet is used.

Numerous studies have demonstrated that serum and liver Cu
concentrations are sensitive indices of Cu deficiency in animals
(Hambidge 2003; Stemmer et al., 1985; Yang et al., 2018). In a
previous study in pigs, liver Cu content could reflect the bioavail-
ability of Cu sources because it showed a good linear response to
dietary supplemental Cu level (5 to 160 mg/kg) (Lin et al., 2020).
Similarly, in the present study, linear responses of serum and liver
232
Cu contents to supplemental Cu were observed, indicating that
serum and liver Cu contents are sensitive for assessing Cu
bioavailability, but not suitable for the assessment of dietary Cu
requirements of broilers.

Assays of the activities and gene expressions of selected Cu
metalloenzymes might provide sensitive functional biomarkers for
assessing the Cu status in the body (Failla and Hopkins 1998;
Hambidge 2003). Cu is required for the functions of numerous Cu-
containing enzymes, such as CuZnSOD, COX, ceruloplasmin and
MAO. The CuZnSOD is a ROS scavenger and plays an important role
in the protection of cells against oxidative stress (Fang et al., 2013).
A previous study has shown that CuZnSOD activity may be a
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sensitive and useful indicator for assessing the Zn status in Chinese
yellow-feathered chickens (Li et al., 2019). The COX plays a central
role in the oxidative production of cellular energy within mito-
chondria (Rak et al., 2016). It was reported in our previous study
that liver COX activity and mRNA expression are new and sensitive
criteria that can be used to evaluate the dietary iron requirements
of broilers (Ma et al., 2016). Ceruloplasmin is a multi-Cu oxidase,
and contains about 90% of the serum Cu, and also participates in
iron homeostasis and in defense mechanisms against oxidative
stress (Calabrese et al., 1988; Harris and Gitlin 1996). Plasma
ceruloplasmin content has been regarded as an indicator of Cu
status in human (Arredondo et al., 2008). However, in our present
study, no significant alterations were detected for CuZnSOD and
COX activities and CuZnSOD, COX and ceruloplasmin mRNA and
protein expressions in tissues and ceruloplasmin content in serum
with dietary supplemental Cu levels. Previous studies have
demonstrated that dietary severe Cu deficiency could decrease
CuZnSOD activity and expressions, whereas mild or marginal Cu
deficiency had little effect on these indices in tissues (Chung et al.,
1988; Dameron and Harris 1987), suggesting that the effect of Cu on
CuZnSOD activity and mRNA and protein expressions would
depend on the degree of dietary Cu deficiency. In the present study,
the Cu content in the Cu-unsupplemented corn-soybeanmeal basal
diet was 5.17 mg/kg by analysis, which belongs to a mild or mar-
ginal Cu deficiency based on the current NRC's Cu requirement
(8 mg/kg) of broilers. Therefore, it is not surprising that the sup-
plemental Cu levels in the present Cu-unsupplemented corn-soy-
bean meal basal diet didn't affect the CuZnSOD activity and mRNA
and protein expressions as well as the above other indices in serum
and various tissues. These results indicate that CuZnSOD and COX
activities and CuZnSOD, COX and ceruloplasmin mRNA and protein
expressions in tissues and ceruloplasmin content in serum were
not sensitive and useful criteria for Cu requirement estimation for
broiler chicks fed a conventional corn-soybean meal diet from 1 to
21 d of age.

Monoamine oxidase is a Cu-dependent enzyme, which employs
a flavin adenine dinucleotide (FAD) cofactor to catalyze the oxida-
tive deamination of several monoamines, including not only neu-
rotransmitters, but also exogenous amines ingested with normal
diets (tyramine), generating ROS and the corresponding aldehydes
as by-products (Wang et al., 2013). In animals, there are two iso-
forms (MAO-A and MAO-B) that can be distinguished on the basis
of their substrate specificity (Wang et al., 2013). A previous study
demonstrated that Cu deficiency in sheep resulted in low Cu con-
centration and lowMAO activity in plasma (Mills et al., 1966). In the
present study, no significant alterations were detected for MAO A
and MAO B mRNA and protein expressions in tissues with dietary
supplemental Cu levels. However, we found that the MAO activity
in kidney decreased linearly and quadratically with increasing di-
etary supplemental Cu levels. The Cu could regulate MAO expres-
sions and activity at transcriptional, translational or post-
translational modification levels. The results from the present
study suggested that Cu might modulate MAO activity in kidney at
a post-translational modification level based on other related re-
ports (Liao et al., 2019a, b; Prohaska and Brokate 2001). This result
is inconsistent with a previous result obtained from Mills et al.
(1966). It appears that the effect of Cu on MAO activity is depen-
dent on the dose of supplementation, species, tissues, duration, as
well as the dietary types, but the exact reasons are unknown. In the
present study, the Cu addition to diets decreased MAO activity in
kidney, so as to decrease the production of ROS to reduce oxidative
damage. In general, the MAO activity in kidney was well fitted to
the broken-line model, indicating that, to our knowledge, this is a
new and sensitive criterion for assessing the dietary Cu require-
ment of broiler chicks. The dietary Cu requirement estimated on the
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basis of the fitted broken-line model of kidney MAO activity was
11.30 mg/kg for broiler chicks fed a conventional corn-soybean
meal diet from 1 to 21 d of age, which is higher than the current
NRC (1994) Cu requirement (8 mg/kg) of broiler chicks based on
early results obtained with purified or semi-purified diets and the
growth performance of birds (Aoyagi and Baker 1993; McNaughton
and Day 1979). The above new findings would be of important
theoretical and practical significances for decreasing the produc-
tion of ROS in the body in order to reduce oxidative damage and
potentially improve the health of broilers.

5. Conclusions

The results from the present study indicate that the MAO ac-
tivity in kidney is a new and sensitive criterion for estimating the
dietary Cu requirement of broilers, and 11.30 mg/kg Cu was
required by broiler chicks fed a conventional corn-soybean meal
diet from 1 to 21 d of age based on the broken-line model of this
parameter, which is higher than the current NRC requirement
(8 mg/kg).
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