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Objective: The goal of this study was to investigate the effects of cupric citrate (CuCit) on growth
performance, antioxidant indices, serum lipid metabolites, serum immune indices, and tissue
residues of copper (Cu), zinc, and iron in weaned pigs.

Methods: A total of 180 weaned pigs (DurocxLandracexLarge White) with an average body
weight of 8.98+1.21 kg were randomly assigned to a corn-soybean meal control ration, or 4
similar rations with 30, 60, 120, or 240 mg/kg Cu as CuCit. All diets contained 10 mg/kg Cu
as cupric sulfate from the vitamin-mineral premix. The experiment was divided into two phases:
0 to 14 d (phase 1) and 15 to 28 d (phase 2).

Results: Average daily gain (ADG; linearly, p<0.01) and average daily feed intake (ADFI linearly
and quadratically, p<0.05) were affected by an increase in CuCit during phase 2. Overall period,
ADG (p<0.05) and ADFI (p<0.01) were linearly increased with increasing dietary levels of
CuCit. Serum malondialdehyde concentrations (p<0.05) and glutathione peroxidase activity
(p<0.01) linearly decreased and increased respectively with an increase in CuCit. Serum levels
of Cu-Zn superoxide dismutase were linearly affected with an increase in CuCit (p<0.01). Hepatic
malondialdehyde levels decreased with an increase in CuCit (linearly and quadratically, p<0.01).
Serum total cholesterol concentrations were quadratically affected (p<0.05) and decreased in
pigs fed Cu as CuCit at 60 and 120 mg/kg and increased in pigs fed 240 mg/kg Cu as CuCit.
Serum high-density lipoprotein concentrations were linearly affected with an increase in CuCit
(p<0.01). Serum IL-1p levels were quadratically affected (p<0.05) by dietary treatment. Compared
with other treatments, 240 mg/kg Cu from CuCit quadratically increased hepatic (p<0.01) and
renal (p<0.05) Cu concentrations, and quadratically decreased hepatic and renal iron concen-
trations (p<0.05).

Conclusion: Cu administered in the form of CuCit at a dosage range of 30 to 60 mg/kg, effecti-
vely enhanced the growth performance and antioxidant status of weaned pigs.

Keywords: Cupric Citrate; Performance; Serum Metabolites; Antioxidant Status; Tissue Trace
Elements; Weaned Pigs

INTRODUCTION

Cupric supplementation at pharmacological doses beyond the recommendations of National
Research Council has been widely applied in the feed industry to improve pig performance [1-3].
While organic copper (Cu) is more efficient than inorganic Cu in enhancing the growth perfor-
mance of pigs [4,5]. Copper sulfate (CuSO,), the most common form of Cu used in pig industry,
is soluble in both water and acid. Comparatively, cupric citrate (CuCit) is poorly soluble in water,
but well soluble in acid and ammonia solutions, which facilitates better Cu absorption [6].
Therefore, the bioavailability of CuCit may be higher than that of CuSO,. Previous studies
demonstrated that dietary CuCit supplementation enhanced growth performance in
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weaned pigs at much lower doses than did CuSO, [7,8]. Thus,
if lower CuCit than CuSO, dietary concentrations could be
used, the growth-promoting effects of Cu could be main-
tained, and the environmental emission of Cu could be
reduced.

Cu affects a wide spectrum of biological activities such as
catalyzing the formation of hydroxyl radicals, which can lead
to lipid peroxidation [9], and it plays a critical role in iron and
zinc homeostasis [6,10]. In addition, pharmacological levels of
Cu affected lipid metabolism in swine [11,12], and Cu intake,
insufficiently or excessively, reduced immunity in experimental
animals [13,14]. Comparably, the positive performance of
weaned pigs was observed feeding diets containing 250 mg/kg
CuSO, [3]. Previous research found that diet supplemented with
125 mg/kg Cu as CuCit stimulated growth and improved feed
intake [8]. Therefore, in the present study we assumed that the
optimum levels of CuCit for weaned pigs were 120 or 240 mg/kg
with 10 mg/kg Cu in vitamin-mineral premix. In the meantime,
we wanted to study the effects of lower dosage (30 and 60 mg/kg)
of CuCit in weaned pigs. So the objective of this study was to
evaluate the effects of graded levels of CuCit on growth perfor-
mance, antioxidant status, serum lipid metabolites, immunity
and trace elements accumulation in tissues.

MATERIALS AND METHODS

The protocol employed in this trial was approved by the Institu-
tion of Animal Care and Use Committee of China Agricultural
University. The animal experiment was conducted according
to the National Institutes of Health Guidelines for the care and
use of experimental animals. CuCit (98.5% CuCit and 34.4%
Cu) used in this experiment was provided by Sichuan Animtech
Feed Co., Ltd. (Sichuan, Chengdu, China).

Animal, diet and experimental design

At 35 d of age, a total of 180 weaned pigs (DurocxLandracex
Large White) with an average body weight of 8.98+1.21 kg were
assigned by sex and body weight to five treatments with six repli-
cates per treatment and six pigs (three barrows and three gilts)
per pen in a randomized complete block design. They were treated
with gradient doses of Cu as CuCit (0, 30, 60, 120, and 240 mg/kg;
Table 1). Additionally, all diets contained 10 mg/kg Cu as CuSO,
from a vitamin-mineral premix and corn meal was replaced with
CuCit in the other four treatments. Pigs were placed in concrete
floor pens (1.2x2.0 m) partially slatted with steel, and each pen
was equipped with a self-feeder and a nipple drinker. Pigs had
ad libitumaccess to both feed and water. Diets were in a mash
form and formulated to meet or exceed NRC [1] requirements
in two phases: 0 to 14 d (phase 1) and 15 to 28 d (phase 2). Cu
concentrations in experimental diets, analyzed and presented
in Table 2, were as described by Armstrong et al [8].
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Table 1. Composition and chemical composition of the basal diets (as-fed basis)"?”

Items Phase 1 Phase 2

Ingredient (%)

Corn meal 55.00 58.76
Soybean meal 14.32 18.27
Soybean oil 1.97 2.00
Extruded soybeans 0@ 7.05
Fish meal 3.00 3.00
Soy protein concentrate 5.10 1.35
Whey powder 6.00 6.00
Dicalcium phosphate 1.46 1.24
Limestone 0.53 0.42
Salt 0.25 0.25
L-lysine-HCI 0.53

Performance measurements and blood sampling

On d 0, 14, and 28 of the experiment, body weight and daily
feed consumption were measured for the calculation of average
daily gain (ADG), average daily feed intake (ADFI), and gain-
to-feed ratio (G:F). On d 28, six pigs (three barrows and three
gilts) from each treatment (one pig per pen) were selected based
on the mean body weight of each pen. Blood samples were
collected from the precaval vein after 12 h fasting and allowed
to clot at room temperature of 25°C for 20 min and centrifuged
at 3,000xgfor 10 min at 4°C. The serum was then removed and
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Table 3. Effects of cupric citrate on growth performance in weaned pigs

Peng et al (2017) Asian-Australas J Anim Sci 00:1-8

Copper as cupric citrate (mg/kg) p-value
Item SEM
0 30 60 120 240 ANOVA Linear Quadratic
Phase 1,0to0 14 d
Average daily gain (g) 307 359 380 383 400 22 0.070 0.250 0.888
Average daily feed intake (g) 515 609 676 668 702 36 0.010 0.089 0.880
Gain-to-feed ratio 0.595 0.590 0.563 0.574 0.568 0.010 0.118 0.223 0.953
Phase 2, 15t0 28 d
Average daily gain (g) 452 509 511 468 438 15 0.005 0.002 0.063
Average daily feed intake (g) 832 936 928 863 781 30 0.008 0.007 0.031
Gain-to-feed ratio 0.544 0.545 0.550 0.545 0.561 0.011 0.772 0.988 0.380
Overall period, 0 to 28 d
Average daily gain (g) 380 434 446 426 419 16 0.084 0.023 0.323
Average daily feed intake (g) 673 773 802 767 742 26 0.029 0.009 0.161
Gain-to-feed ratio 0.563 0.563 0.555 0.556 0.564 0.009 0.874 0.845 0.346

SEM, standard error of the mean; ANOVA, analysis of variance.
Data are the means of six replicates of six pigs (three barrows and three gilts) per pen.

are shown in Table 6. Serum IL-1p levels were quadratically
affected (p<0.05) by dietary treatment. There were no significant
differences in serum IgM, IgA, IgG, or IFN-y levels among all
treatments.

Tissue trace elements

Table 7 shows the effects of CuCit on the concentrations of
tissue trace elements in weaned pigs. There were no significant
differences in serum Cu, Fe, or Zn levels among all treatments.

Table 4. Effects of cupric citrate on antioxidant status in weaned pigs

Compared with other treatments, 240 mg/kg Cu as CuCit
quadratically increased hepatic (p<0.01) and renal (p<0.05)
Cu concentrations, and quadratically decreased hepatic and
renal Fe concentrations (p<0.05). Hepatic and renal Zn levels
were not affected by Cu levels.

DISCUSSION

According to the results of present study, ADG and ADFI were

Copper as cupric citrate (mg/kg) p-value
Items SEM - -
0 30 60 120 240 ANOVA Linear  Quadratic
Serum
Malondialdehyde (nmol/mL) 9.50 7.35 7.24 7.94 8.14 0.47 0.021 0.007 0.232
Copper-zinc superoxide dismutase (U/mL) 48.48 50.49 50.89 48.78 48.20 0.41 <0.001 <0.001 0.112
Glutathione peroxidase (U/mL) 186.54 207.72 215.74 205.41 199.12 5.55 0.017 0.003 0.133
Ceruloplasmin (U/mL) 45.78 48.43 48.53 47.91 51.07 218 0.570 0.629 0.524
Liver
Malondialdehyde (nmol/mL) 6.10 3.40 3.46 451 6.10 0.40 <0.001 <0.001 0.001
Copper-zinc superoxide dismutase (U/mL) 30.57 28.13 27.91 29.28 29.13 0.92 0.292 0.058 0.682
Glutathione peroxidase (U/mL) 405.74 333.26 337.01 346.58 375.52 28.43 0.357 0.154 0.242
Ceruloplasmin (U/mL) 21.75 19.78 19.04 19.43 2238 1.59 0312 0.184 0.090
SEM, standard error of the mean; ANOVA, analysis of variance.
Data are the means of six replicates of one pig per pen.
Table 5. Effects of cupric citrate on serum concentrations of lipid metabolites in weaned pigs
Copper as cupric citrate (mg/kg) p-value
Items SEM : _
0 30 60 120 240 ANOVA Linear Quadratic
Total cholesterol (mmol/L) 1.80 1.81 1.53 1.60 1.97 0.10 0.035 0.093 0.022
Triglyceride (mmol/L) 0.45 0.52 0.46 0.47 033 0.05 0.141 0.550 0.057
High-density lipoprotein (mmol/L) 0.50 0.50 0.67 0.51 0.46 0.04 0.014 0.003 0.439
Low-density lipoprotein (mmol/L) 0.94 1.04 0.83 0.83 1.02 0.06 0.051 0.427 0.072
Very-low-density lipoprotein (mmol/L) 52.01 55.80 55.30 43.84 54.60 5.21 0.480 0311 0.19

SEM, standard error of the mean; ANOVA, analysis of variance.
Data are the means of six replicates of one pig per pen.
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linearly affected with increasing dietary levels of CuCit, and
lower dosages (30 and 60 mg/kg) of CuCit showed a better growth
performance over the experimental period from d 15 to 28 and
overall period. Comparably, the dose range of CuSO,, which
significantly improved growth performance in pigs was typically
higher at 100 to 250 mg/kg [3,17,18]. Furthermore, another
study predicted that peak ADG and ADFI in weaned pigs were
obtained with supplemental Cu levels at 150 and 114 mg/kg,
respectively, in the form of CuSO, [19]. However, it should be
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idation, because Cu (II) ions catalyzed the formation of hydroxyl
radicals, which can lead to lipid peroxidation [9]. As the com-
ponent of several enzymes such as Cu/Zn-SOD [24], Cu at an
appropriate dosage may decrease lipid peroxidation by increasing
the activity of antioxidant enzymes [25,26]. The degree of lipid
peroxidation could be evaluated by MDA [27]. Reports about
the effects of pharmacological Cu in feed on tissue MDA con-
centrations focused on the duodenum rather than the serum
and liver [16,28]. A previous study showed that duodenal MDA
contents were higher when pigs were fed 225 mg/kg supplemental
Cu as CuSO4 rather than TBCC [16]. In our trial, increasing
doses of CuCit led to linear and quadratic increases in serum
and hepatic MDA concentrations. And Cu supplemented at doses
between 30 and 120 mg/kg as CuCit led to lower serum and
hepatic MDA concentrations, which was in accordance with
the greater serum Cu/Zn-SOD and GSH-Px activity. Feng et
al [29] found 100 mg/kg Cu increased erythrocyte Cu/Zn-SOD
activity compared with that in control pigs [29]. Fry et al [28]
found that pigs fed 225 mg/kg CuSO, had lower serum GSH-Px
activity compared with that in the control treatment [28]. The
lower MDA levels, higher Cu/Zn-SOD and GSH-Px activity
observed in our study may be attributed to the lower Cu con-
centrations in tissues when pigs were fed 30 to 60 mg/kg Cu as
CuCit. Thus, low dosages of Cu may decrease the formation
rate of oxygen free radicals, which may increase the antioxidant
levels of weaned pigs, while high Cu levels may have the opposite
effect. Our research indicated the effects of dietary CuCit on
hepatic oxidative stress tended to fit the hormesis curve, where
hepatic MDA levels initially decreased and then increased with
increasing CuCit supplementation.

There were limited reports about the effects of dietary Cu
addition on serum lipid metabolites of pigs. A study suggested
100 mg/kg Cu as CuCit improved serum TC levels in weaned
pigs [30], however, serum TC concentrations were highest in
pigs fed the 240 mg/kg treatments. Serum HDL-C concentra-
tions linearly increased in pigs fed CuCit at 60 mg/kg, but these
treatments had no effect on TG, LDL-C, and VLDL-C levels
in our trial. Li et al [31] found no Cu treatment differences
were observed in plasma TC, TG, HDL-C, and LDL-C levels
[31]. Therefore, the effects of Cu as CuCit on lipid metabolites
in weaned pigs are inconclusive.

Cu plays an important role in maintaining the immune func-
tion of pigs, and its deficiency or excess intake could impair
immune cell numbers and functions [32]. Some studies showed
that interleukin-2 (IL-2) was reduced by Cu deficiency, which
possibly decreased T cell proliferation [14,33]. Appropriate serum
concentrations of immunoglobulins, IL-1f, and INF-y, which
are fundamental components of the immune system, indicate
the activation of an immune response [34]. In our research,
serum levels of IgM, IgA, IgG, and INF-y showed no differences
among all treatments. The results were similar to recent research
where 20 and 180 mg/kg Cu as CuCit had no effects on serum
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IgA, IgM, and IgG levels in piglets [35]. Although serum IL-1f
levels were quadratically affected by dietary treatments in our
trial, it did not indicate that CuCit had improved the serum
immunity in weaned pigs. Considering the definitive mechanisms
of the effects of CuCit on immunity in weaned pigs, further
research is warranted.

Divalent metal transporter 1 and copper transport receptor
1 are involved in the active transport of Cu (II), Fe, and Zn (II)
[36]. Thus, the absorption and utilization of Cu might be related
to Fe and Zn. In addition, under certain circumstances, a mucosal
block to metal absorption may occur via sequestration of Fe
and Cu by ferritin and metallothionein, respectively [37,38].
In our study, pigs fed Cu at 240 mg/kg from CuCit quadratically
decreased hepatic and renal Fe concentrations. There were no
significant differences in serum Fe or Zn, hepatic and renal
Zn levels among all treatments. Huang et al [16] indicated that
hepatic Fe and Zn levels were lower and higher, respectively,
in pigs fed 225 mg/kg Cu as TBCC than those in the control
and those fed 225 mg/kg Cu as CuSO, [16]. The results were
similar to those of Fry et al [28] which showed that hepatic Fe
concentrations were less in TBCC pigs compared with the control
group [28]. Whereas Cu lysinate (250 mg/kg) decreased Zn
solubility in the digestion of broilers, supplemental CuSO, and
TBCC did not [39]. This may indicate that diets supplemented
below 120 mg/kg Cu from CuCit had no effects on serum and
hepatic Fe or Zn levels when dietary Fe and Zn concentrations
were supplemented above the dietary requirements in this ex-
periment.

CONCLUSION

Cupric citrate (30 to 60 mg/kg) is an efficient copper supplement
due to a relative low supplemental dosage required to maintain
a high level of growth performance, antioxidant status and low
tissue residues.

CONEFLICT OF INTEREST

We certify that there is no conflict of interest with any financial
organization regarding the material discussed in the manuscript.

ACKNOWLEDGMENTS

This work was supported by Ministry of Agriculture of the
People’s Republic of China. All authors are grateful for the
help in laboratory analysis by staff of Ministry of Agriculture
Feed Industry Centre.

REFERENCES

1. Committee on Nutrient Requirements of Swine, National Research

Council. Nutrient requirements of swine. 11th ed. Washington, DC:



Peng et al (2017) Asian-Australas J Anim Sci 00:1-8

NS

~N

co

Ne)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

National Academy Press; 2012.

. Cromwell GL, Stahly TS, Monegue H]J. Effects of source and level

of copper on performance and liver copper stores in weanling pigs.
J Anim Sci 1989;67:2996-3002.

. Mei SE Yu B, Ju CE, Zhu D, Chen DW. Effect of different levels of

copper on growth performance and cecal ecosystem of newly weaned
piglets. Ital ] Anim Sci 2010;9:378-81.

. Coffey RD, Cromwell GL, Monegue HJ. Efficacy of a copper-lysine

complex as a growth promotant for weanling pigs. ] Anim Sci 1994;
72:2880-6.

. Zhao J, Allee G, Gerlemann G, et al. Effects of a chelated copper

as growth promoter on performance and carcass traits in pigs.
Asian-Australas ] Anim Sci 2014;27:965-73.

. Hellman NE, Gitlin JD. Ceruloplasmin metabolism and function.

Annu Rev Nutr 2002;22:439-58.

. Dove C. Copper citrate as a growth stimulating copper source for

nursery pigs. ] Anim Sci 1998;76:159.

. Armstrong TA, Cook DR, Ward MM, Williams CM, Spears JW.

Effect of dietary copper source (cupric citrate and,cupric sulfate)
and concentration on growth performance and fecal copper excretion
in weanling pigs. ] Anim Sci 2004;82:1234-40.

. Bremner I. Manifestations of copper excess. Am J Clin Nutr 1998;67:

1069S-73S.

Harris ZL, Takahashi Y, Miyajima H, et al. Aceruloplasminemia:
molecular characterization of this disorder of iron-metabolism.
Proc Natl Acad Sci USA 1995;92:2539-43.

Amer M, Elliot J. Effects of supplemental dietary copper on glyceride
distribution in the backfat of pigs. Can ] Anim Sci 1973;53:147-52.
Amer M, Elliot J. Effects of level of copper supplement and removal
of supplemental copper from the diet on the physical and chemical
characteristics of porcine depot fat. Can J Anim Sci 1973;53:139-45.
Massie HR, Ofosuappiah W, Aiello VR. Elevated serum copper is
associated with reduced immune response in aging mice. Gerontology

1993;39:136-45.

Percival SS. Copper and immunity. Am J Clin Nutr 1998;67:1064S-
8S.

Hill G, Miller E, Whetter P, Ullrey D. Concentration of minerals
in tissues of pigs from dams fed different levels of dietary zinc. J
Anim Sci 1983;57:130-8.

Huang YL, Ashwell M, Fry RS, et al. Effect of dietary copper amount
and source on copper metabolism and oxidative stress of weanling
pigs in short-term feeding. ] Anim Sci 2015;93:2948-55.

LiJ, Yan L, Zheng X, et al. Effect of high dietary copper on weight
gain and neuropeptide Y level in the hypothalamus of pigs. ] Trace
Elem Med Biol 2008;22:33-8.

Zhu D, Yu B, Ju C, Mei S, Chen D. Effect of high dietary copper on
the expression of hypothalamic appetite regulators in weanling
pigs. ] Anim Feed Sci 2011;20:60-70.

Ma YL, Zanton GI, Zhao J, et al. Multitrial analysis of the effects
of copper level and source on performance in nursery pigs. ] Anim
Sci 2015;93:606-14.

Armstrong TA, Spears JW, van Heugten E, Engle TE, Wright CL.

21.

22.

23.

24,

25.

26.

27.

28

29.

30.

31.

32

33.

34.

35.

AJAS

Effect of copper source (cupric citrate vs cupric sulfate) and level
on growth performance and copper metabolism in pigs. Asian-
Australas ] Anim Sci 2000;13:1154-61.

Kim BE, Nevitt T, Thiele DJ. Mechanisms for copper acquisition,
distribution and regulation. Nat Chem Biol 2008;4:176-85.
Pastorelli G, Rossi R, Zanardi E, Ghidini S, Corino C. Two different
forms and levels of CuSO4 in piglet feeding: liver, plasma and faeces
copper status. ] Anim Feed Sci 2014;23:52-7.

Cater MA, La Fontaine S, Shield K, Deal Y, Mercer JFB. ATP7B
mediates vesicular sequestration of copper: Insight into biliary
copper excretion. Gastroenterology 2006;130:493-506.

Kaim W, Rall J. Copper-a “modern” bioelement. Angew Chem Int
Edit 1996;35:43-60.

Ward JD, Spears JW. Long-term effects of consumption of low-copper
diets with or without supplemental molybdenum on copper
status, performance, and carcass characteristics of cattle. ] Anim
Sci 1997;75:3057-65.

Senthilkumar P, Nagalakshmi D, Reddy YR, Sudhakar K. Effect of
different level and source of copper supplementation on immune
response and copper dependent enzyme activity in lambs. Trop
Anim Health Prod 2009;41:645-53.

Draper H, Hadley M. Malondialdehyde determination as index
of lipid peroxidation. Methods Enzymol 1989;186:421-31.

. Fry RS, Ashwell MS, Lloyd KE, et al. Amount and source of dietary

copper affects small intestine morphology, duodenal lipid peroxi-
dation, hepatic oxidative stress, and mRNA expression of hepatic
copper regulatory proteins in weanling pigs. ] Anim Sci 2012;90:
3112-9.

Feng J, Ma WQ, Gu ZL, Wang YZ, Liu JX. Effects of dietary copper
(IT) sulfate and copper proteinate on performance and blood indexes
of copper status in growing pigs. Biol Trace Elem Res 2007;120:
171-8.

Armstrong TA, Spears JW, Engle TE, See MT. Effect of pharmacol-
ogical concentrations of dietary copper on lipid and cholesterol
metabolism in pigs. Nutr Res 2001;21:1299-308.

Li QH, Luo X, Liu B, Han J, Yu S. The effect of dietary copper as
copper-glycine on blood physiological and biochemical traits and
tissue copper contents of weanling pigs. Acta Vet Zootech Sin 2004;
35:23-7 (In chinese with english abstract).

. Bonham M, O'Connor JM, Hannigan BM, Strain J. The immune

system as a physiological indicator of marginal copper status? Br
J Nutr 2002;87:393-403.

Kelley DS, Daudu PA, Taylor PC, Mackey BE, Turnlund JR. Effects
of low-copper diets on human immune response. Am J Clin Nutr
1995;62:412-6.

Wang XX, Song PX, Wu H, et al. Effects of graded levels of isomal-
tooligosaccharides on the performance, immune function and
intestinal status of weaned pigs. Asian-Australas ] Anim Sci 2016;
29:250-6.

Yan JY, Zhang C, Tang L, Kuang SY. Effect of dietary copper sources
and concentrations on serum lysozyme concentration and protegrin-1

gene expression in weaning piglets. Ital ] Anim Sci 2015;14:3709.

www.ajas.info 7



AJAS

36. Espinoza A, Le Blanc S, Olivares M, et al. Iron, copper, and zinc
transport: inhibition of divalent metal transporter 1 (DMT1) and
human copper transporter 1 (hCTR1) by shRNA. Biol Trace Elem

Peng et al (2017) Asian-Australas J Anim Sci 00:1-8

38. Vasak M, Meloni G. Chemistry and biology of mammalian metallo-
thioneins. J Biol Inorg Chem 2011;16:1067-78.
39. Pang Y, Applegate TJ. Effects of dietary copper supplementation and

Res 2012;146:281-6. copper source on digesta pH, calcium, zinc, and copper complex
37. Collins JE Prohaska JR, Knutson MD. Metabolic crossroads of iron size in the gastrointestinal tract of the broiler chicken. Poult Sci
and copper. Nutr Rev 2010;68:133-47. 2007;86:531-7.

8 www.ajas.info



