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Abstract

An experiment was conducted to test the hypothesis that inclusion of Cu oxide (Cu,0) in diets for growing-finishing pigs
improves body weight (BW) and bone mineralization, and reduces accumulation of Cu in the liver compared with pigs fed
diets containing Cu sulfate (CuSO,). Two hundred growing pigs (initial BW: 11.5 + 0.98 kg) were allotted to a randomized
complete block design with 2 blocks of 100 pigs, 5 dietary treatments, 5 pigs per pen, and a total of 8 pens per treatment.
Treatments included the negative control (NC) diet that contained 20 mg Cu/kg, and 4 diets in which 125 or 250 mg Cu/

kg from CuSO, or Cu,0 were added to the NC diet. The experiment was divided into 4 phases and concluded when pigs
reached market weight. Pig weights were recorded on day 1 and at the end of each phase and feed provisions were recorded
throughout the experiment. On the last day of phases 1 and 4, 1 pig per pen was sacrificed to obtain samples of liver and
spleen tissue, and the right metacarpal was collected. Results indicated that pigs fed diets containing 250 mg Cu/kg from
CuSO, had greater BW at the end of phases 1 and 2 than pigs fed NC diets. Pigs fed diets containing 250 mg Cu/kg from
Cu,0 had greater (P < 0.05) BW at the end of phases 1, 2, 3, and 4 compared with pigs fed NC diets, and these pigs also had
greater BW at the end of phases 3 and 4 than pigs fed all other diets. Pigs fed the diets with 250 mg Cu/kg tended to have
greater (P < 0.10) feed intake than pigs fed the NC diet at the end of phase 2, and for the overall experimental period, pigs
fed diets containing 250 mg Cu/kg from Cu,0 had greater (P < 0.05) feed intake than pigs on all other treatments. However,
no differences in gain:feed ratio were observed among treatments. Copper accumulation in liver and spleen increased

with Cu dose, but at the end of phase 1, pigs fed 250 mg Cu/kg from CuSO, had greater (P < 0.05) Cu concentration in liver
and spleen than pigs fed 250 mg Cu/kg from Cu,O. Pigs fed diets containing 250 mg Cu/kg from Cu,O had greater (P < 0.05)
quantities of bone ash and greater (P < 0.05) concentrations of Ca, P, and Cu in bone ash than pigs fed NC diets or the 2 diets
containing CuSO,, but Zn concentration in bone ash was less (P < 0.05) in pigs fed diets containing 250 mg Cu/kg from Cu,O.
To conclude, supplementing diets for growing pigs with Cu,0 improves growth performance and bone mineralization with
less Cu accumulation in liver compared with pigs fed diets containing CuSO,.

Key words: bone mineralization, copper, copper oxide, copper sulfide, growth performance, pigs

© The Author(s) 2021. Published by Oxford University Press on behalf of the American Society of Animal Science.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com.

1202 dunf g|. uo Jasn sioulj|| Jo Ausioaun Aq 0022+29/.2 1 9BYS/9/66/2101e/seljwod dno-oiwapeoe//:sdny wols papeojumoq


https://orcid.org/0000-0001-8365-340X
https://orcid.org/0000-0001-8853-8945
mailto:hstein@illinois.edu?subject=
https://orcid.org/0000-0001-8365-340X
https://orcid.org/0000-0001-8853-8945

2 | Journal of Animal Science, 2021, Vol. 99, No. 6

Abbreviations

ADFI average daily feed intake
ADG average daily gain

AEE acid hydrolyzed ether extract
BW body weight

CP crude protein

DM dry matter

FTU phytase units

GF gain-to-feed ratio

NC negative control
Introduction

Copper is an essential micro mineral for pigs and is involved
in iron transport and metabolism, hematopoiesis, bone
formation, and immune function, and Cu can also enhance the
antioxidant capacity (Ewing and Charlton, 2007; Scheiber et al.,
2013; Espinosa and Stein, 2021). The minimum requirement for
Cu by growing-finishing pigs (11 to 135 kg body weight, BW)
is 3.0 to 5.0 mg/kg (NRC, 2012), but supplementing diets with
pharmacological doses of Cu (125 to 250 mg/kg per diet) improves
growth performance (Hill et al., 2000; Pérez et al., 2011; Shelton
et al., 2011) and reduces the prevalence of diarrhea in weanling
pigs (Pérez et al., 2011; Espinosa et al., 2017). To assure adequate
dietary Cu to meet requirements for body functions and growth
promotion, Cu may be supplied in the forms of sulfates, oxides,
chlorides, or chelates. However, the most common source is
Cu sulfate (CuSO,-5H,0), because of its high solubility in water
and acid solutions (Park and Kim, 2016) and relatively low cost
compared with other sources.

Absorption of Cu primarily occurs in the small intestine
where Cu passes from enterocytes to the interstitial fluids
and then to the hepatic portal vein. Absorbed Cu is rapidly
deposited in the liver by albumin (Linder and Hazegh-Azam,
1996; Espinosa and Stein, 2021), and liver concentrations of
Cu, therefore, can be used to asses bioavailability of Cu. High
doses of Cu from Cu sulfate (250 to 500 mg Cu/kg) results
in a linear increase in Cu accumulation in the liver of pigs
(Izquierdo and Baker, 1986), poultry (Hamdi et al., 2018),
and ruminants (Arnhold et al., 1998), which may result in
generation of hydroxyl radicals in the liver (Luza and Speisky,
1996). However, a new source of Cu, dicopper oxide (Cu,O;
Animine, Annecy, France) results in lower accumulation of Cu
in the liver of weanling pigs and broiler chickens compared
with Cu sulfate (Bikker et al., 2018; Hamdi et al., 2018), which
may be because Cu,O has lower solubility than CuSO,. Soluble
sources of Cu interact in the intestinal digesta with phytate
and may form Zn-Ca-Cu-phytate or Cu-Ca-phytate complexes
(Oberleas, 1973) that are resistant to the hydrolytic activity of
phytases (Persson et al., 1998). Indeed, Cu sulfate decreases
apparent P retention (Banks et al., 2004), and Cu sulfate also
reduces phytase activity more than dicopper oxide (Hamdi
et al,, 2018). Formation of the mineral-phytate complexes and
the reduction of phytase activity by Cu sulfate may reduce
bone mineralization, especially if Cu sulfate is provided for
a long period of time. There is, however, limited information
about using therapeutic levels of Cu on Cu accumulation in
tissues and bone in growing-finishing pigs. Therefore, the
objective of this experiment was to test the hypothesis that
adding therapeutic levels of Cu as Cu,O to diets for growing-
finishing pigs will result in increased bone mineralization and
reduced accumulation of Cu in the liver compared with pigs
fed diets in which Cu is provided as CuSO,.

Material and Methods

The Institutional Animal Care and Use Committee at the
University of Illinois, USA, reviewed and approved the protocol
for the experiment. The experiment was a collaborative project
between the University of Illinois and Universitat Autonoma
de Barcelona, Bellaterra, Spain, and the animal part of the
experiment was conducted at the University of Illinois, Urbana-
Champaign, IL, USA. Pigs used in the experiment were the
offspring of L 359 boars mated to Camborough females (Pig
Improvement Company, Hendersonville, TN).

Animals, housing, and experimental design

A total of 200 growing pigs (100 barrows and 100 gilts) originating
from 2 weaning groups and with an average initial BW of
11.5 + 0.98 kg were used in the experiment. Pigs were allotted
to a randomized complete block design with 2 blocks of 100
pigs with weaning group being the blocking factor. There were
S dietary treatments, 5 pigs per pen, and 4 replicate pens per
treatment in each block. Thus, there were a total of 8 replicate
pens per treatment in the experiment. Pigs were housed in pens
with fully slatted floors and a dry feeder and a nipple drinker
were installed in each pen.

Diets and feeding

A 4-phase feeding program was used (Table 1); therefore,
a total of 20 diets based on corn and soybean meal were
formulated. Diets used in phases 1, 2, and 3 contained 500
units of phytase (FTU) per kilogram (Quantum Blue, AB
Vista Feed Ingredients, Malborough, UK). Dietary treatments
consisted of the negative control (NC) diet with 20 mg Cu/kg,
and 4 diets in which 125 or 250 mg Cu/kg from either CuSO,
or Cu,0 was added to the NC diet. Pigs were fed experimental
diets for 116 d with phase 1 lasting 26 d, phases 2 and 3
lasting 35 d, and phase 4 lasting 20 d. Feed was provided on
an ad libitum basis with water being available at all times. All
diets were formulated to meet current estimates for nutrient
requirements for growing-finishing pigs (NRC, 2012) and all
diets were prepared in a meal form.

Data recording and sample collection

Pig weights were recorded at the start of the experiment and
on the last day of each phase. The amount of feed offered to
each pen was recorded daily and the amount of feed left in
the feeder was recorded on the last day of each phase. On the
last day of phase 1, the pig in each pen that had a BW closest
to the pen average (4 barrows and 4 gilts per treatment) was
sacrificed to obtain liver, spleen, and bile samples and the right
metacarpal was collected as well from each pig. The weights
of these tissues were recorded and samples were analyzed for
Cu and Zn. Liver dry matter (DM) was determined in duplicate
on a separate aliquot (3 g) after drying for 5 hr at 103 °C in a
forced air oven. Bile was collected from the gallbladder and
stored at —20 °C for analysis of Cu. Metacarpals were cleaned
of adhering tissue, dried at 105 °C for 24 hr, defatted (Blavi
et al,, 2019), and ashed in a muffle furnace at 600 °C for 20 hr.
Total ash weight was recorded, percentage of ash in the fat
free bone was calculated, and Ca, P, Cu, and Zn in bone ash
were analyzed.

On the last day of the experiment, 1 barrow or gilt in each pen
with a BW that was closest to the pen average was transported
to the Meat Science Laboratory at the University of Illinois (4
barrows and 4 gilts per treatment), where pigs were euthanized
after an overnight fast. Samples collected from these pigs were
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Table 1. Ingredient composition of the control diet in phases 1, 2, 3,
and 4, as fed-basis!

Phase Phase Phase Phase

Ingredients, % 1 2 3 4
Ground corn 59.75 67.64 75.43 78.77
Soybean meal, 48% CP 26.00 27.00 19.50 16.00
Dried whey 5.00 — — —
Fish meal, select 3.00 —_ - —

Menhaden, 64% CP
Soybean oil 3.00 2.70 2.50 2.50
Ground limestone 0.86 0.85 0.80 0.74
Dicalcium phosphate, 0.55 0.90 0.77 0.65

195% P
L-Lysine HCL, 78% Lys 0.35 0.11 0.18 0.13
DL-Met, 98% Met 0.09 — — —
L-Threonine, 98% Thr 0.10 — 0.02 0.01
Salt 0.40 0.40 0.40 0.40
Vitamin-mineral premix?  0.30 0.30 0.30 0.30
Phytase premix?® 0.10 0.10 0.10 —
Titanium dioxide 0.50 — — 0.50

'Four additional diets in each phase were formulated by adding
125 or 250 mg Cu/kg from copper sulfate pentahydrate (25% Cu) or
125 or 250 mg Cu/kg from copper (I) oxide (75% Cu) to the control
diet used in each phase. The 2 copper sources were added at the
expense of ground corn.

2 Provided the following quantities of vitamins and micro
minerals per kilogram of complete diet: vitamin A as retinyl
acetate, 11,136 IU; vitamin D, as cholecalciferol, 2,208 IU; vitamin
E as DL-a tocopheryl acetate, 66 IU; vitamin K as menadione
dimethylprimidinol bisulfite, 1.42 mg; thiamin as thiamine
mononitrate, 0.24 mg; riboflavin, 6.59 mg; pyridoxine as pyridoxine
hydrochloride, 0.24 mg; vitamin B_,, 0.03 mg; p-pantothenic acid
as D-calcium pantothenate, 23.5 mg; niacin, 44.1 mg; folic acid,
1.59 mg; biotin, 0.44 mg; Cu, 10 mg as copper sulfate and 10 mg

as copper chloride; Fe, 126 mg as ferrous sulfate; I, 1.26 mg as
ethylenediamine dihydriodide; Mn, 60.2 mg as manganese sulfate;
Se, 0.15 mg as sodium selenite and 0.15 mg as selenium yeast; and
Zn, 125.1 mg as zinc sulfate.

*Phytase premix was prepared by mixing 900 g ground corn and
100 g Quantum Blue 5000 G (AB Vista Feed Ingredients, Marlborough,
UK) to provide 500 phytase units per kilogram complete diet.

identical to the samples collected at the end of phase 1, and the
same procedures for sample collection were used. In addition,
hot carcass weight, fat depth, loin depth, dressing percentage,
and lean percentage were determined using standard procedures
(Overholt et al., 2016).

Chemical analysis

All diets were analyzed for DM (method 930.15; AOAC Int.,
2007), and ash (Method 942.05: AOAC Int., 2007). Nitrogen was
analyzed by combustion (method 999.03; AOAC Int., 2007)
using a Leco FP 628 apparatus (LECO Corporation, Saint Joseph,
MI) with aspartic acid being the calibration standard; crude
protein (CP) was calculated as N x 6.25. Acid-hydrolyzed ether
extract (AEE) was analyzed using the acid hydrolysis filter
bag technique and 3N HCl (Ankom HCI Hydrolysis System,
AnkomTechnology, Macedon, NY). Diets were also analyzed
for phytase activity (Phytex Method, Version 1; Eurofins, Des
Moines, IA). The detection limit of phytase activity was 70
units/kg. Copper was analyzed in diets, liver, spleen, bile,
and bone ash; Zn was analyzed in diets, liver, spleen, and
bone ash; and Ca and P were analyzed in diets and bone
ash. All minerals were analyzed using inductively coupled

Blavietal. | 3

plasma-optical emission spectrometry (Method 985.01 A,
B, and C; AOAC Int., 2007) after wet ash sample preparation
(Method 975.03 B(b); AOAC Int., 2007).

Calculations and statistical analyses

The average daily gain (ADG), average daily feed intake (ADFI),
and gain-to-feed ratio (G:F) were calculated for each pen and
treatment group. Bone ash percentage was calculated by dividing
the quantity of bone ash by the quantity of fat-free, dried bone,
and multiplied by 100. The quantity of bone P and Ca in grams,
and Cu and Zn in micrograms was calculated by multiplying the
bone Ca, P, Cu, or Zn concentration by the quantity of bone ash
and dividing by 100.

Normality of residuals was verified using the UNIVARIATE
procedure (SAS Inst. Inc., Cary, NC) and outliers were identified
using PROC ROBUSTREG of SAS. Growth performance data
were analyzed as a randomized complete block design, using
the PROC MIXED of SAS with a model that included treatment
and block as main effects, and BW group nested within block
as random effect. Mineral concentration in liver, spleen, and
bile, bone mineralization, and carcass characteristics data
were also analyzed as a randomized complete block design,
using the PROC MIXED of SAS with a model that included
treatment as main effect and block as random effect. Mean
values were calculated using the LSMeans statement. Pen
was the experimental unit for all analysis. An a value of 0.05
was used to assess significance among means and tendencies
were considered at 0.05 < P < 0.10.

Results

Analyzed values for DM, ash, CP, Lys, AEE, phytase activity, and
minerals in diets were in agreement with formulated values
(Tables 2).

Growth performance

There were no differences in initial BW among treatments
(Table 3). At the end of phases 1 and 2, pigs fed 250 mg Cu/kg
from CuSO, or Cu,0 had greater (P < 0.05) BW than pigs fed
the NC diet. Addition of 250 mg/kg of CuSO, or Cu,0 to the NC
diet also increased ADG (P < 0.05) in phase 1, and 250 mg/kg of
Cu,O increased (P < 0.05) ADG in phase 2. Pigs fed 250 mg Cu/kg
from CuSO, or Cu,0 also tended (P = 0.08) to have greater ADFIin
phase 2 compared with pigs fed the NC diet.

At the end of phases 3 and 4, pigs fed 250 mg Cu/kg from
Cu,0 had greater (P < 0.05) BW compared with pigs from all
other treatments, and pigs fed 250 mg Cu/kg from Cu,O tended
(P = 0.08) to have greater ADG in phase 3 compared with pigs
fed 250 mg Cu/kg from CuSO,. In phase 3, pigs fed 250 mg Cu/kg
from Cu,O had the greatest (P < 0.05) ADFI and pigs fed 125 mg
Cu/kg had the least ADFI. Therefore, pigs fed 125 mg Cu/kg from
Cu,O had greater (P < 0.05) G:F compared with pigs fed the other
diets. However, in phase 4, no differences among treatments
were observed for ADFI and G:F.

For the entire period, pigs fed 250 mg Cu/kg from Cu,0
tended (P = 0.09) to have greater ADG compared with pigs
fed the NC diet or the diet containing 250 mg Cu/kg from
CuSO,, and they also had greater (P < 0.05) ADFI compared
with pigs fed all other diets. There were no differences among
treatments in ending live weight, hot carcass weight, dressing
percentage, 10th-rib fat depth, loin muscle area, or estimated
carcass lean (Table 4).
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Table 2. Analyzed composition of experimental diets

DM, % Ash, % CP, % Lys, % Fat, % Ca, % P, % Cu, mg/kg Zn, mg/kg
Phase 1
Control 87.19 4.07 17.88 1.38 5.50 0.81 0.54 26.5 116
125 mg/kg CuSO, 87.05 5.11 17.93 1.29 4.79 0.79 0.52 142 129
250 mg/kg CuSO, 87.02 5.47 16.94 1.38 4.65 0.73 0.56 245 132
125 mg/kg Cu,0 86.76 5.05 17.98 1.49 5.33 0.72 0.53 128 134
250 mg/kg Cu,0 87.16 5.62 18.23 1.31 5.52 0.81 0.54 254 123
Phase 2
Control 86.40 3.99 16.47 1.04 6.22 0.61 0.44 29.1 141
125 mg/kg CuSO, 86.29 4.08 17.15 1.05 5.68 0.66 0.41 198 141
250 mg/kg CuSO, 86.30 4.03 16.61 0.92 4.90 0.61 0.41 303 167
125 mg/kg Cu,0 86.21 4.19 17.04 1.03 5.38 0.74 0.41 165 146
250 mg/kg Cu,0 86.26 4.01 17.56 0.99 5.09 0.69 0.44 279 166
Phase 3
Control 86.57 3.71 13.14 0.88 5.60 0.63 0.42 20.5 137
125 mg/kg CuSO, 86.53 3.38 13.68 0.85 5.06 0.65 0.35 162 135
250 mg/kg CuSO, 86.53 3.51 14.79 0.91 4.37 0.59 0.38 276 134
125 mg/kg Cu,0 86.61 3.72 12.53 0.89 5.97 0.64 0.37 168 129
250 mg/kg Cu,0 86.48 3.77 12.81 0.86 4.81 0.54 0.35 262 141
Phase 4
Control 87.64 3.90 11.81 0.78 5.60 0.46 0.36 24.1 133
125 mg/kg CuSO, 87.70 4.36 11.86 0.85 4.77 0.48 0.31 161 129
250 mg/kg CuSO, 87.66 4.25 13.50 0.83 4.45 0.47 0.31 274 137
125 mg/kg Cu,0 87.45 4.06 12.39 0.80 5.07 0.47 0.34 141 127
250 mg/kg Cu,0 87.61 4.10 11.56 0.84 4.49 0.45 0.31 248 128

Table 3. Body weight and growth performance of pigs fed diets without Cu supplementation (control) or with 125, 250 mg/kg of Cu from CuSO,

or Cu,0"
CusoO, Cu,0 P-value
Item Control 125 250 125 250 SEM Treatment
BW
Initial BW, kg 11.55 11.52 11.51 11.48 11.50 0.217 0.998
Phase 12, kg 28.46° 29.5220 29.962 29.13® 30.052 0.744 0.036
Phase 22, kg 58.77¢ 62.13% 62.79%® 59.88% 64.312 1.551 0.007
Phase 32, kg 96.74° 97.99° 96.84° 97.68° 103.292 2.100 0.027
Phase 4%, kg 117.21° 117.94° 115.96° 117.44° 123.232 2.268 0.032
ADG
Phase 1, kg/d 0.66° 0.69%® 0.712 0.68® 0.712 0.015 0.042
Phase 2, kg/d 0.87° 0.932® 0.93% 0.88° 0.982 0.027 0.026
Phase 3, kg/d 1.08* 1.02% 1.0V 1.07% 1.09% 0.035 0.083
Phase 4 kg/d 1.00 0.87 0.96 1.03 0.96 0.044 0.142
Overall, kg/d 0.89 0.91% 0.90v 0.91% 0.95* 0.019 0.092
ADFI
Phase 1, kg/d 1.02 1.08 1.07 1.05 1.08 0.026 0.173
Phase 2, kg/d 1.82y 1.96% 1.99% 1.89% 2.02% 0.062 0.085
Phase 3, kg/d 2.68% 2.50¢ 2.55b¢ 2.52¢ 2.76 0.065 0.005
Phase 4, kg/d 2.83 2.88 2.76 2.94 2.92 0.086 0.300
Overall, kg/d 2.17° 2.16° 2.14° 2.17° 2.332 0.055 0.034
GF
Phase 1 0.649 0.651 0.660 0.648 0.651 0.0071 0.674
Phase 2 0.475 0.476 0.475 0.466 0.486 0.0058 0.170
Phase 3 0.404° 0.404° 0.394° 0.426* 0.394° 0.0088 0.035
Phase 4 0.331 0.310 0.349 0.351 0.329 0.0178 0.303
Overall 0.421 0.421 0.419 0.421 0.409 0.0059 0.356

‘Data are means of 8 observations per treatment.

’Phase 1, days 1 to 26; phase 2, days 26 to 61; phase 3, days 61 to 96; and phase 4, days 96 to 116.
a<Values within a row without a common superscript are different (P < 0.05).

“Values within a row without a common superscript tend to be different (P < 0.10).
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Mineral concentration in the body

There were no differences in liver and spleen weight among
treatments at the end of phases 1 and 4 (data not shown).
At the end of phases 1 and 4, pigs fed 250 mg Cu/kg from
CuSO, had greater (P < 0.05) concentration of Cu in liver, bile,
and spleen compared with pigs fed the NC diets (Table 5),
and pigs fed 250 mg Cu/kg from Cu,O had greater (P < 0.05)
concentration of Cu in liver and bile than pigs fed the NC
diets. Liver concentration of Cu was less (P < 0.05) for pigs
fed diets containing 125 mg Cu/kg compared with pigs fed
250 mg Cu/kg, regardless of source. The concentration of Cu
was greater (P < 0.01) in liver and spleen from pigs fed 250 mg
Cu/kg from CuSO, than from pigs fed 250 mg Cu/kg from Cu,0
at the end of phase 1, but not at the end of phase 4. However,
at the end of phase 4, a greater (P < 0.05) concentration of
Cu was observed in bile from pigs fed 250 mg Cu/kg from
Cu,0 compared with pigs fed 250 mg Cu/kg from CuSO,. No
differences among dietary treatments were observed for Zn
concentration in liver and spleen at the end of phases 1 and 4
(data not shown).

Bone mineralization

At the end of phase 1, pigs fed 250 mg Cu/kg from Cu,0 had
greater (P < 0.05) quantity (g) of bone ash compared with pigs
fed the NC diet or the diet containing 250 mg Cu/kg from CuSO,
(Table 6), but the percentage (%) of bone ash was not different
among treatments. The percentages of Ca and P in bone ash
were also not affected by dietary treatments, but the quantity (g)
of Ca and P was greater (P < 0.05) in bone ash from pigs fed the
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diet supplemented with 250 mg Cu/kg from Cu,O than in bone
ash from pigs fed the diet containing 250 mg Cu/kg from CuSO,.
The concentration (mg/kg) and quantity (mg) of Cu in bone ash
was greater (P < 0.05) in pigs fed diets containing 250 mg Cu/
kg from Cu,O compared with pigs fed all other diets, with the
exception that Cu concentration in bone ash at the end of phase
1 from pigs fed 250 mg Cu/kg from CuSO, did not differ from that
of pigs fed 250 mg Cu/kg from Cu,O. The concentration (mg/kg)
of Zn in bone ash at the end of phase 1 was greater (P < 0.05)
for pigs fed the NC diet compared with pigs fed 250 mg Cu/kg
from CuSO, or 125 or 250 mg Cu/kg from Cu,O, but no differences
among treatments were observed for the quantity (mg) of Zn in
bone ash.

At the end of phase 4, no differences among treatments were
observed for total quantity or concentration of bone ash, Ca, P, or
Zn. However, pigs fed diets containing 250 mg Cu/kg from CuSO,
or Cu,O had greater (P = 0.05) Cu concentration in bone ash than
pigs fed the NC diet.

Discussion

The observation that 250 mg Cu/kg from CuSO, increased BW
and ADG at the end of phase 1 is in agreement with published
data (Hilletal.,2000; Pérezetal.,2011). However, it was surprising
that neither 125 nor 250 mg Cu/kg from CuSO, increased BW
at the end of phase 4 because in other experiments, Cu fed
during the entire growing-finishing period increased final
BW (Bowler et al., 1955; Davis et al., 2002). It is not clear why
CuSO, failed to increase final BW at the end of phase 4 in this

Table 4. Carcass characteristics of pigs fed diets without Cu supplementation (control) or with 125, 250 mg/kg of Cu from CuSO, or Cu,0*

CuSo, Cu,0 P-value
Item Control 125 250 125 250 SEM Treatment
Ending live weight, kg 107.73 110.73 110.96 113.33 115.41 2.498 0.217
Hot carcass weight, kg 83.66 86.27 86.55 87.12 90.63 1.971 0.194
Dressing percentage% 77.65 77.88 77.99 78.07 78.05 0.34 0.886
10th-rib fat depth, cm 1.65 1.84 1.62 1.68 1.49 0.136 0.499
Loin muscle area, cm 49.46 52.16 51.26 50.21 52.71 1.202 0.264
Estimated carcass lean, % 55.94 55.29 56.21 56.01 56.69 0.795 0.807
‘Data are means of 8 observations per treatment.
Table 5. Concentrations of copper at the end of phase 1 and phase 4 in liver, bile, and spleen of pigs fed experimental diets’
Cuso, Cu,0 P-value

Item Control 1252 250 1252 250 SEM Treat
Liver

Cu phase 1?, mg/kg DM 19.8¢ 24.5¢ 473.32 22.8° 339.9° 47.63 0.001

Cu phase 4%, mg/kg DM 26.5° 172.3° 897.12 99.3° 695.22 92.75 0.001
Bile

Cu phase 1, mg/kg 2.1° - 10.6* - 10.02 0.90 0.001

Cu phase 4, mg/kg 0.9¢ - 6.9° - 8.2¢ 0.42 0.001
Spleen

Cu phase 1, mg/kg 0.76° 0.77° 0.90? 0.78° 0.79° 0.021 0.001

Cu phase 4, mg/kg 0.82% 0.81%¢ 0.932 0.80¢ 0.89% 0.033 0.016

Data are means of 8 observations per treatment.
’Phase 1, day 26; phase 4, day 116.

*Cu analysis in bile was not performed in pigs fed 125 mg/kg of Cu from CuSO, and Cu,0O.
*dValues within a row without a common superscript are different (P < 0.05).
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Table 6. Bone mineralization at the end of phase 1 and at the end of phase 4 for pigs fed experimental diets*

CusO, Cu,0 P-value
Item Control 125 250 125 250 SEM Treat
Bone? ash
Phase 13, %* 54.3 54.7 53.7 56.3 56.7 1.27 0.423
Phase 4% % 66.7 65.1 66.0 67.6 68.2 3.31 0.960
Phase 1, g/bone 3.95b¢ 3.94%¢ 3.86° 4.22%® 4312 0.113 0.031
Phase 4, g/bone 17.10 17.27 17.71 17.84 18.93 0.845 0.472
Bone Ca
Phase 1, % 37.6 37.1 36.2 37.1 38.1 0.57 0.178
Phase 4, % 37.9 38.0 37.5 38.9 38.1 0.65 0.621
Phase 1, g/bone 1.492b¢ 1.47% 1.40¢ 1.562° 1.622 0.052 0.039
Phase 4, g/bone 6.43 6.62 6.60 6.60 7.10 0.264 0.463
Bone P
Phase 1, % 18.6 18.3 17.9 18.3 18.4 0.28 0.549
Phase 4, % 17.7 18.6 17.7 18.3 17.6 0.37 0.368
Phase 1, g/bone 0.75% 0.72 0.69¢ 0.76% 0.792 0.023 0.036
Phase 4, g/bone 3.09 3.03 3.10 3.10 3.27 0.123 0.718
Bone Cu
Phase 1, mg/kg 2.7° 2.4° 3.3® 2.1° 4.22 0.44 0.015
Phase 4, mg/kg 1.0¢ 1.38be 1.62 1.2b¢ 1.5%® 0.15 0.050
Phase 1, mg/bone 0.11° 0.10° 0.13° 0.08° 0.182 0.020 0.006
Phase 4, mg/bone 0.18 0.23 0.22 0.20 0.26 0.031 0.296
Bone Zn
Phase 1, mg/kg 297.3% 286.1% 263.9° 271.3b¢ 264.9¢ 7.46 0.012
Phase 4, mg/kg 207.4 216.4 203.8 219.6 214.0 7.02 0.341
Phase 1, mg/bone 11.76 11.29 10.18 11.46 11.47 0.500 0.228
Phase 4, mg/bone 35.51 37.00 35.15 40.06 39.84 2.327 0.327

*<Means within a row without a common superscript are different (P < 0.05).

Data are means of 8 observations per treatment.

’The bone used was the right metacarpal.

Phase 1, day 26; phase 4, day 116.

“Bone ash as percent of the weight of dried, defatted bone.

experiment, but it is possible that the accumulation of Cu in
the liver, especially at the end of phase 1, that was observed
for pigs fed CuSO, prevented pigs from reaching their growth
potential because feeding high levels of Cu for a long period
of time may be toxic for pigs (NRC, 2012; Espinosa and Stein,
2021). However, for the overall experimental period there was
not a strong correlation between liver Cu accumulation and
growth performance of pigs.

The observation that pigs fed 250 mg Cu/kg from Cu,0
had greater BW at the end of the experiment than pigs fed
250 mg Cu/kg from CuSO, indicates that pigs tolerated the
high levels of Cu from Cu,O better than from CuSO,. Copper
sulfate pentahydrate is soluble in both water (99%) and
acidic solvents (Pang and Applegate, 2006), whereas Cu,O is
not soluble in water (Baker, 1999). In the presence of phytic
acid, the solubility of Cu in Cu,0O at pH 4.5 is 80% to 90% and
at pH 6.5, the solubility is ~40%, whereas the solubility of
Cu in CuSO, is close to 100% regardless of pH (Hamdi et al,,
2018). Copper is absorbed as Cu* ions (Lonnerdal, 2008), and
absorption is influenced by the solubility of the compound
in the small intestine because only soluble compounds can
be absorbed (Wapnir, 1998). Results of an in vitro experiment
indicated that CuSO, is more soluble than Cu lysinate and
tribasic Cu chloride at pH 2.5, 5.5, and 6.5 (Pang and Applegate,
2006), and differences observed in growth performance among
Cu sources may be a result of differences in solubility (Pang
and Applegate, 2007). It is, therefore, possible that the greater
solubility of CuSO, compared with Cu,0 may result in greater
absorption of Cu from CuSO, as indicated by the greater

accumulation of Cu in the liver at the end of phase 1 if pigs
were fed diets containing CuSO, compared with pigs fed diets
containing Cu,O. This may also be the reason differences in
growth performance between pigs fed diets supplemented
with 125 mg Cu/kg of CuSO, or Cu,0 were not observed,
whereas if 250 mg Cu/kg was included, pigs fed the Cu,0
supplemented diets had greater growth performance than
pigs fed diets containing CuSO,.

At intestinal pH, Cu and Zn have high affinity for phytic
acid (Persson et al., 1998), which results in Zn-Ca-Cu-phytate
and Cu-Ca-phytate complexes being formed (Oberleas, 1973).
These complexes tend to be resistant to the hydrolytic activity
of phytases (Selle and Ravindran, 2008) and Cu and Zn bound
in these complexes can, therefore, not be absorbed. Soluble
sources of Cu are likely to interact more with phytate and
phytase than less soluble sources. As a consequence, the
observation that pigs fed diets containing Cu,0 had greater
quantities of Ca, P, and Cu in bone ash compared with pigs
fed Cu sulfate may be the result of reduced formation of
Cu-phytate complexes in the intestinal tract compared with
pigs fed diets containing CuSO,. Hamdi et al. (2018) reported
that CuSO, precipitated more phytic phosphorus than Cu,0
at intestinal pH, which limited the bio-availability of phytate-
bound P to the phytase. The effect of Cu on phytase activity is
dependent on the source of Cu used and tribasic Cu chloride
and Cu lysinate inhibit phytate P hydrolysis much less than
CuSO,, Cu chloride, or Cu citrate (Pang et al., 2009).

Copper bioavailability may be affected not only by Cu
source but also by diet composition because the presence
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of chelating agents (phytate), metal-ion interactions,
fiber, and ascorbic acid may interfere with bioavailability.
Likewise, growth performance, tissue concentrations of Cu,
and the age of pigs may affect bioavailability of Cu (Baker
and Ammerman, 1995). Liver Cu concentration has been
used to compare the relative bioavailability of Cu from
different sources in pigs, chickens, cattle, and rats (Baker
and Ammerman, 1995). There is a positive correlation
between dietary concentration of Cu and Cu accumulation
in liver for most sources of Cu (Baker et al., 1991; Zhou
et al., 1994). Therefore, the observation in the present
experiment that pigs fed 250 mg Cu/kg from CuSO, had
greater Cu concentration in the liver than pigs fed 250 mg
Cu/kg from Cu,O at the end of phase 1 indicates that Cu
from Cu,O is less available than Cu from CuSO,. Greater Cu
concentrations in the liver of animals fed diets containing
CuSO, compared with those fed Cu,0 was also observed in
weanling pigs (Roméo et al., 2018) and in poultry (Hamdi
et al., 2018), further indicating reduced absorption if Cu,0
rather than CuSO, is provided due to the reduced intestinal
solubilization of Cu,0. However, in both trials the lower
hepatic accumulation did not negatively affect growth
performance, indicating that Cu in Cu,0 may have exerted
its effect in the intestinal tract rather than in the liver or
in other tissues. Indeed, the reason pigs fed the diets with
Cu,0 had greater final BW compared with pigs fed the
NC diets or diets containing CuSO,, despite the reduced
absorption of Cu as indicated by reduced Cu accumulation
in liver and spleen, indicates that Cu requirements were
met and that Cu primarily affects intestinal conditions. As
a consequence, it is likely that the growth promoting effect
of Cu in pigs primarily is a result of the impact of Cu on the
intestinal microbiota because dietary Cu reduces intestinal
concentrations of microbes, which may result in improved
intestinal health of pigs (Espinosa et al., 2019).

Bile Cu concentration is correlated with the amount of
Cu absorbed (Aoyagi and Baker, 1993a) and biliary excretion
is the primary route by which Cu is excreted from the body
(Davis and Mertz, 1987). Increasing dietary Cu increases Cu
in bile of chickens (Aoyagi and Baker, 1993b; Aoyagi and
Baker, 1993a) and pigs (Armstrong et al., 2000). The greater
concentration of Cu in bile in finishing pigs fed diets
containing Cu,0 compared with pigs fed CuSO, is difficult
to explain and does not support the hypothesis of reduced
absorption of Cu from pigs fed Cu,O. Nevertheless, more Cu
in bile results in more Cu from bile entering the duodenum,
but the Cu from bile is in a form that is not available for
absorption (Tao and Gitlin, 2003).

In conclusion, supplementing diets for growing pigs
with 250 mg Cu/kg of Cu,0 improved final BW and bone
mineralization of pigs compared with pigs fed diets containing
CuSO,. At the end of phase 1, pigs fed diets containing Cu,0
also had reduced Cu concentration in the liver and spleen
compared with pigs fed diets containing CuSO,. Therefore, it
appears that Cu,0 is at least as effective as CuSO, in improving
growth and bone mineralization of pigs, but without resulting
in the same accumulation of Cu in the liver in the early
growing period.
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