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The objective of the three experiments herein were to characterize the effect of

pharmacological zinc and copper concentrations on nursery pig feed intake, stomach

ghrelin, energy and nutrient digestibility, and mineral retention in post-weaned pigs.

In Expt. 1, 300 weaned pigs were allotted across three dietary treatments (n = 10

pens/treatment) and fed in two diet phases (P1 and P2) lasting 7 and 14 days,

respectively. Treatments were: (1) Control diet with no pharmacological minerals in P1

and P2, CON; (2) CON + 3,000 mg/kg Zn and 200 mg/kg Cu (P1), no pharmacological

minerals in P2, ZC-CON; and (3) CON + 3,000 mg/kg Zn and 200 mg/kg Cu (P1), CON

+ 2,000 mg/kg Zn and 200 mg/kg Cu (P2); ZC. Over the 21-day test period, ZC pigs

had 15% higher ADG and 13–24% ADFI compared to the CON and ZC-CON pigs (P

< 0.05). ZC-CON and ZC pig daily feed intakes were 29 and 73% higher by day 5

and 7 post-weaning, respectively, compared to the CON pigs (P < 0.0001). However,

removing pharmacological minerals in P2 abruptly decreased ZC-CON daily feed intake

within 24 h to similar intakes as the CON compared to the ZC pigs (0.17, 0.14, and

0.22 kg/d, respectively, P < 0.05). Dietary pharmacological minerals increased stomach

fundus ghrelin-positive cells than CON pigs at day 7 (P = 0.005) and day 21 (P < 0.001).

However, fasting plasma total and acyl-ghrelin concentrations did not differ from a control

in response to zinc oxide daily drenching (Expt. 2). Expt. 3 showed that zinc and copper

to have moderate to low retention; however, pharmacological zinc and copper diets

increased zinc (P < 0.05) and copper retention (P = 0.06) after 28 days post-weaning

compared to control pigs. Pharmacological zinc and copper did not improve digestible

energy, metabolizable energy or nitrogen balance. Altogether, dietary pharmacological

zinc and copper concentrations improve growth rates and mineral retention in nursery

pigs. This improved performancemay partially be explained by increased stomach ghrelin

abundance and enhanced early feed intake in newly weaned pigs fed pharmacological

concentrations of zinc and copper.
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INTRODUCTION

Weaning is a critical period of pig production during which 19–
28-day-old piglets are removed from the sow and littermates,
transported to nursery facilities, and transitioned from milk
to solid feed (Lalles et al., 2004). Commercial pigs are
typically weaned during a critical period of gastrointestinal tract
development, and the subsequent weaning stress can result
in villus atrophy and crypt hyperplasia, as well as negative
impacts on intestinal barrier function, intestinal absorption and
secretion, immune system activation, and the enteric nervous
system (Lalles et al., 2004; Moeser et al., 2017). Further, weaning
stress commonly manifests a reduction in early voluntary feed
intake (McCracken et al., 1995) and growth rates (Campbell
et al., 2013). To combat this transition stress, newly weaned pigs
are initially provided with highly palatable diets with readily
digestible ingredients such as lactose and animal based proteins
to maximize feed intake, energy and nutrient digestibility, and
growth (Maxwell and Carter, 2001). Further, in many parts
of the world, post-weaning diarrhea (PWD) further impairs
nursery pig growth and health (Amezcua et al., 2002; Fairbrother
et al., 2005; Rhouma et al., 2017). To combat PWD and
enhance nursery pig performance, protocols in the United States
and elsewhere use pharmacological concentrations of zinc and
copper in diets. These two minerals, and especially zinc, are
essential trace mineral for pigs, and serve as components of
several metalloenzymes, providing structural integrity and/or
participating in the enzymatic reaction (Gropper and Smith,
2013). To meet mineral requirements, zinc and copper are
typically formulated in nursery pig diets at 80–100 and 5–
6 mg/kg, respectively (NRC, 2012). However, pharmacological
concentrations of zinc in pig diets are under intense scrutiny
by the European Union and are being phased out due to
antimicrobial resistance and environmental toxicity concerns
(Yazdankhah et al., 2014; Debski, 2016).

Pharmacological concentrations of zinc can be quantified as

amounts in a diet greater than the nutritional requirement of

the pigs. Pharmacological zinc (1,000–3,000 mg/kg) is commonly
added to the feed in the form of zinc oxide (ZnO) and is
used to control PWD and improve growth rates (Poulsen, 1995;
Carlson et al., 1999; Hill et al., 2000; Zhu et al., 2017). However,
alternatives to pharmacological zinc in nursery pig diets are now
desired. Though the mode of action by which pharmacological
Zn improves nursery pig growth is not entirely clear, potential
modes of action may include mitigating decreases in intestinal
integrity and permeability (Zhang and Guo, 2009; Hu et al.,
2013; Song et al., 2015) and modulating gut microbiota by
reducing lactic acid bacteria and increasing coliform counts
(Hojberg et al., 2005). Further, zinc is critical for the development
and function of the immune system (Kloubert et al., 2018)
where it has been hypothesized that pharmacological zinc may
improve nursery pig growth via modulation of the immune
system (Goswami et al., 2005) and by downregulating the mRNA
expression of proinflammatory cytokines (Hu et al., 2013; Zhu
et al., 2017). Pharmacological zinc has also consistently been
associated with reduced incidence of PWD (Carlson et al., 2004;
Ou et al., 2007; Heo et al., 2010), thereby improving nutrient

utilization and water retention by young pigs. In addition to
zinc, pharmacological concentrations of dietary copper (100–
200 mg/kg copper) have consistently been shown to improve
nursery pig growth performance and feed efficiency, irrespective
of copper source (Cromwell et al., 1998; Ma et al., 2015). Further,
copper is routinely formulated in North American nursery pig
diets above requirement (∼10–250 mg/kg) and this may also be
in combination with pharmacological zinc to improve growth
rates and reduce PWD (Flohr et al., 2016). Similar to zinc, the
mode of action by which pharmacological coppers improved
nursery pig growth is elusive. Dietary pharmacological copper
has been shown to have antimicrobial properties (Hojberg et al.,
2005) and increases anabolic hormone signaling (Wang et al.,
2016) in nursery pigs.

One mode of action that has partially been examined is the
orexigenic effects of zinc. Early work in nursery pigs reported
that feeding high levels of zinc from ZnO (1,000–5,000 mg/kg)
stimulated voluntary feed intake by 113% compared to pigs
fed the basal diets (Hahn and Baker, 1993). Mechanistically,
pharmacological zinc has been shown to stimulate stomach
ghrelin secretions (Yin et al., 2009) and increase plasma ghrelin
concentrations (Zhang and Guo, 2008) in young pigs. Altogether,
these data suggest that pharmacological zinc augments early
weaned pig growth via an orexigenic effect on voluntary feed
intake. Thus, the objective of the study herein was to characterize
the effect of pharmacological zinc and copper on early nursery
pig voluntary feed intake, growth performance, energy and
nutrients digestibility and balance. It was hypothesized that
pharmacological zinc and copper would enhance voluntary
feed intake and that this is driven by increased stomach
ghrelin abundance and elevated plasma ghrelin concentrations in
nursery pigs. Further, we hypothesized that pharmacological zinc
and copper would increase nitrogen retention in nursery pigs.
To assess these hypotheses three experiments were conducted in
newly weaned nursery pigs.

MATERIALS AND METHODS

All animal procedures were approved by the Iowa State
University Institutional Animal Care and Use Committee
(IACUC protocol #20-106, #7-17-8575-S, and #21-021) and
adhered to the guidelines for ethical and humane use of animals
for research.

Experimental Design, Animals, and Diets
Experiment 1

A total of 300 mixed sex pigs, weaned at ∼19–24 d of age [5.70
± 1.0 kg BW; Camborough (1050) × 337, Hendersonville, TN],
were randomly selected to evaluate the effect of pharmacological
zinc and copper on daily feed intake in newly weaned pigs. Pigs
were randomly allocated across 30 pens with each pen containing
five gilts and five barrows. The pens were then assigned to one of
three dietary treatments that were fed over 2 phases (phase 1: d
0–7, phase 2: d 8–21). The dietary treatments were: (1) Control
diet with no added pharmacological minerals (CON, n= 10), (2)
CON + 3,000 mg/kg Zn and 200 mg/kg Cu (phase 1), and no
pharmacological minerals in phase 2 (ZC-CON), and (3) CON+
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3,000 mg/kg Zn and 200 mg/kg Cu in phase 1 and 2,000 mg/kg
Zn and 200 mg/kg Cu in phase 2 (ZC). Pharmacological zinc was
added in the form of ZnO and pharmacological copper was added
in the form of copper sulfate at the expense of corn. The corn-
soybean meal, mash-based diets were formulated to be isocaloric
and isonitrogenous within phases 1 and 2, and met or exceeded
nutrient requirements for this size pig based on (NRC, 2012)
guidelines (Table 1). Diets were ad libitum fed throughout the
21-d experiment and water was offered at all times.

Individual pig body weight was recorded weekly (d 0, 7,
14, and 21) to calculate pen average daily gain (ADG). Pen
feed disappearance was recorded daily from d 0 to 14 to
determine daily feed intake, and feed disappearance recorded
weekly between d 12 and 21 to determine average daily feed

TABLE 1 | Diet composition, as fed (Expt. 1).

Phase 1 Phase 2

Ingredient, % CON ZC CON ZC

Corn, yellow dent 45.80 44.89 58.01 57.41

Soybean meal, 46.5% CP 15.00 15.00 30.00 30.00

HP300a 12.08 12.21 6.64 6.7

Whey, dried 20.83 20.83 – –

Plasma, spray-dried 2.50 2.50 – –

Soybean oil 0.95 1.27 1.83 2.05

L-lysine HCl 0.40 0.40 0.44 0.44

DL-methionine 0.18 0.18 0.17 0.17

L-threonine 0.08 0.08 0.13 0.13

Limestone 0.87 0.86 0.87 0.87

Monocalcium phosphate 21% 0.54 0.55 1.14 1.14

NaCl 0.40 0.40 0.40 0.40

Phytase, Optiphos 5000b 0.02 0.02 0.02 0.02

Vitamin premixc 0.20 0.20 0.20 0.20

Trace mineral premixd 0.15 0.15 0.15 0.15

Copper sulfate, 25.2% Cu – 0.07 – 0.07

Zinc oxide, 72% – 0.39 – 0.25

Calculated composition

Crude Protein, % 26.32 26.38 24.83 24.84

MEe, kcal/kg 3,400 3,400 3,395 3,395

Lys, SIDf % 1.50 1.50 1.45 1.45

Phosphorus, available, % 0.51 0.51 0.46 0.46

Calcium, total % 0.65 0.65 0.66 0.66

Zinc, mg/kg 165 3,000 165 2,000

Copper, mg/kg 16.5 200 16.5 200

aHamlet Protein, Findlay, OH, USA.
bHuvepharma, Peachtree City, GA, USA. Minimum activity of 500 phytase unites (FTU)/kg

complete feed.
cProvided per kilogram of diet: 6,125 IU vitamin A, 700 IU vitamin D3, 50 IU vitamin

E, 30mg vitamin K, 0.05mg vitamin B12, 11mg riboflavin, 56mg niacin, and 27mg

pantothenic acid.
dProvided per kilogram of diet: 22mg Cu (as CuSO4), 220mg Fe (as FeSO4 ), 0.4mg I (as

Ca(IO3 )2 ), 52mg Mn (as MnSO4 ), 220mg Zn (as ZnSO4 ), and 0.4mg Se (as Na2SeO3 ).
eME, metabolizable energy.
fSID, standardized ileal digestibility.

intake (ADFI) within each phase and overall (d 0–21). ADG and
ADFI were used to determine feed efficiency (Gain:Feed, G:F).

On d 7 and 21, the median BW pig from half the pens in each
treatment (n = 5 pigs per treatment) was chosen and euthanized
via captive bolt followed by exsanguination. Thereafter, a liver
sample (∼10 g) was collected and snap frozen until trace mineral
analysis was conducted at the Iowa State University Veterinary
Diagnostic Laboratory (ISUVDL). Sections of stomach fundus,
jejunum (∼ 60 cm distal from the pyloric sphincter) and ileum
(36 cm proximal from the ileal-cecal junction) were excised
and fixed in 10% neutral buffered formalin for 24 h and then
transferred to 70% ethanol and stored until further analysis.

Experiment 2

To test the hypothesis that ZnO administration will elevate
fasting blood ghrelin concentrations in nursery pigs, 20 mixed
sex pigs (7.7± 1.16 kg BW), 4 days post-weaning were randomly
selected and placed in group pens. All pigs were fed the phase 1
control diet (Table 1) ad libitum and had free access to water at
all times. On four consecutive mornings, all pigs received a 10mL
oral gavage of either tap water (CON; n = 10 pigs) or a ZnO
slurry (ZN; containing 20mg Zn/mL; n = 10 pigs). All pigs were
fasted overnight on the third day and on the fourth day fasting
blood samples (8mL) were collected via jugular venipuncture
into vacutainer plasma EDTA and serum collection tubes (BD,
Franklin Lakes, NJ). Thereafter, pigs were euthanized by captive
bolt, exsanguinated, and liver samples (∼10 g) collected and
frozen. Blood samples were centrifuged (2000 × g for 10min
at 4◦C), plasma and serum collected, aliquoted, and stored at
−80◦C until analysis. Liver and serum samples were submitted
to the ISUVDL for zinc and trace mineral analysis. Fasting
total ghrelin (TSZ ELISA, Framingham, MA) and acylated
ghrelin (Bertin Corp., Rockville, MD) concentrations were
determined using commercially available ELISA kits according
to manufacturer’s instructions. Total ghrelin was reported in
ng/mL, while acylated ghrelin was reported in pg/mL.

Experiment 3

Experiment 3 examined the effects of pharmacological zinc and
copper on nutrient and energy digestibility in nursery pigs. One
hundred weaned barrows and gilts (BW 6.36 ± 0.85 kg) where
randomly assigned to 20 pens (mixed sex; 5 pigs/pen). Pens
were then randomly assigned to one of two dietary treatments:
(1) Control with no growth-promoting additives (CON) and (2)
CON + pharmacological zinc and copper (ZC). Diets (Table 2)
were fed in 2 phases in the nursery and pharmacological
miner concentration was reduced each phase to avoid toxicity
(Burrough et al., 2019): phase 1 (d 0–14) with ZC zinc and copper
at 2,000 and 200 mg/kg, respectively, and phase 2 (d 15–28) with
ZC zinc and copper at 1,600 and 57 mg/kg, respectively. Zinc
and copper concentrations in the ZC diets were reduced between
phases 1 and 2 to avoid any mineral toxicity and negative growth
effects that could occur feeding beyond 28 days (Burrough et al.,
2019). Diets within each phase were formulated tomeet or exceed
the nutrient requirements for this size pig (NRC, 2012). On d
28, 16 barrows were randomly selected (n = 8/treatment; BW
12.75 ± 1.04 kg) and moved into individual metabolism crates
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(0.53 × 0.71m). While in metabolism crates, barrows continued
eating the phase 2 treatment diets (Table 2) which contained
titanium dioxide as an indigestible marker. Pigs were fed twice
daily, equivalent to 3.5% of their average BW at d28 (∼85% of ad
libitum) that consisted of 225 g of feed at 0700 h and 225 g of feed
at 1700 h, with free access to water. Any feed refusal was recorded
each day.

After a 3-d adaptation period to the metabolism crate, a 3-
d total collection period was undertaken. Over this collection
period, urine and feces were collected to determine apparent total
tract digestibility (ATTD) and balance of GE, N, Zn, and Cu as
previously described (Kerr et al., 2009). Briefly, total urine and
feces were collected twice daily during the collection period. To
limit microbial growth and ammonia loss, 10mL of 6N HCl
was added to urine collection containers. During the collection
period, urine and feces was pooled within pig and stored at
−20◦C. Thereafter, urine was thawed, weighed to determine
output, and then a subsample was collected, filtered, and stored
at −20◦C for further analysis. Pooled fecal samples were dried

TABLE 2 | Diet composition, as fed (Expt. 3).

Phase 1 Phase 2

Ingredient, % CON ZC CON ZC

Corn, yellow dent 45.14 44.82 52.60 52.38

Soybean meal, 46.5% CP 28.44 28.44 27.06 27.06

Fishmeal 7.50 7.50 5.00 5.00

Whey, dried 15.00 15.00 10 10

Soybean oil 2.12 2.12 2.53 2.53

L-lysine HCl 0.27 0.27 0.31 0.31

DL-methionine 0.16 0.16 0.13 0.13

L-threonine 0.08 0.08 0.08 0.08

Limestone 0.49 0.49 0.79 0.79

Monocalcium phosphate 21% – – 0.20 0.20

Salt 0.40 0.40 0.40 0.40

Vitamin premixa 0.25 0.25 0.25 0.25

Trace mineral premixb 0.15 0.15 0.15 0.15

Copper sulfate, 25.2% Cu – 0.07 – 0.02

Zinc oxide, 72% – 0.25 – 0.20

Titanium dioxide – – 0.50 0.50

Calculated composition

Crude Protein, % 23.9 24.0 22.0 22.0

MEc, kcal/kg 3,400 3,400 3,400 3,400

Lys, SIDd % 1.50 1.50 1.35 1.35

Phosphorus, STTDe, % 0.45 0.45 0.40 0.40

Calcium, total % 0.80 0.80 0.80 0.80

Zinc, mg/kg 165 2,000 165 1,600

Copper, mg/kg 16.5 200.0 16.5 57.1

aProvided per kilogram of diet: 6,125 IU vitamin A, 700 IU vitamin D3, 50 IU vitamin

E, 30mg vitamin K, 0.05mg vitamin B12, 11mg riboflavin, 56mg niacin, and 27mg

pantothenic acid.
bProvided per kilogram of diet: 22mg Cu (as CuSO4 ), 220mg Fe (as FeSO4 ), 0.4mg I (as

Ca(IO3 )2 ), 52mg Mn (as MnSO4 ), 220mg Zn (as ZnSO4 ), and 0.4mg Se (as Na2SeO3 ).
cME, metabolizable energy.
dSID, standardized ileal digestibility.
eSTTD, standardized total tract digestibility.

at 70◦C for 48 h, weighed, ground through a 2-mm screen, and
stored for further analysis.

Trace Mineral Analysis
For serum and liver trace mineral analysis, samples were
analyzed for zinc and copper using inductively coupled plasma-
mass spectrometry (ICP-MS; Analytik Jena, Wodburn, MA) in
collisional reaction interfacemode with hydrogen as the skimmer
gas. Liver samples were processed and analyzed on a wet tissue
basis per laboratory standard operating protocols as described
by Burrough et al. (2019). Briefly, 1.0 g of sample was weighed
into a 50mL digestion tube and 10mL of 70% nitric acid was
added. The samples were digested in a microwave digester, and
then filtered twice (Whatman #40 filter paper, GE Healthcare
Life Sciences, Buckinghamshire, UK) and diluted to 25mL with
18 MΩ water. A final 1:10 dilution was achieved using 1%
nitric acid and analyzed by ICP-MS. Analysis of zinc and copper
in feed, feces, and urine was determined using Method 985.01
(AOAC International, 2005) for inductively coupled plasma
spectrometry sample digestion. Briefly, ∼2 g of feed and ∼0.3 g
of fecal samples were dry-ashed to remove organic matter. Urine,
ashed feed and fecal samples were then treated with 16M nitric
acid to remove any remaining organic matter. All zinc and
copper concentrations were reported as mg/kg on a wet-weight
basis after digestion or on a dry matter basis for digestibility
and retention.

Intestinal Morphology
Formalin fixed jejunal and ileal sections were paraffin-embedded
into blocks, sectioned and stained with hematoxylin and eosin
for evaluation of intestinal morphology as described by Helm
et al. (2020). Briefly, images were taken at 20X magnification
using a DP80 Olympus Camera mounted on an OLYMPUS BX
53/43microscope (Olympus Scientific,Waltham,MA). Fifteen to
twenty well-orientated villus and crypt pairs were measured for
height and depth, respectively, in µm using OLYMPUS CellSens
Dimension 1.16 software (Olympus Scientific, Waltham, MA).
Villus to crypt ratios were also calculated and reported.

Immunohistochemistry
The abundance of ghrelin in stomach sections were assessed
as described by Paxton et al. (2014). Briefly, a commercial
monoclonal mouse anti-ghrelin antibody (Cat. No. MAB10404;
Millipore, Billerica, MA) was used for immunohistochemistry
(IHC) to assess presence of ghrelin in fundic cells. IHC was
performed on a BOND RX fully automated stainer (Leica
Biosystems, Buffalo Grove, IL, USA) using the manufacturer’s
recommended protocol (Protocol F). The primary antibody
was diluted 1:2,000 in a commercial diluent (BOND Primary
Antibody Diluent) and was detected with a commercial
secondary antibody (PowerVision Poly-HRP Anti-Mouse IgG,
Leica Biosystems, Buffalo Grove, IL, USA). Slides were imaged at
20X magnification as described for morphology measurements
for a total of 10 images per pig throughout the fundus. Images
were imported into and analyzed in HALO image analysis
software (HALOTM. Indica Labs, Inc., Corrales, NM, USA).
Briefly, for each image, a 10,138 µm2 section of fundic tissue
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was outlined as the region of interest (ROI), and the software
then counted both the total cells, and stained cells in each ROI.
Ghrelin-positive fundic cells were reported as number of ghrelin-
positive cells per area.

Energy and Nutrient Apparent Total Tract
Digestibility and Balance
Gross energy (GE) of the feed, feces, and urine was determined
using an isoperbolic bomb calorimeter (Model 6200, Parr
Instrument Company, Moline, IL) using benzoic acid as a
standard. For feed and fecal samples, ∼1.0 g of sample was
pelleted prior to determination of GE. For analysis of urine, 0.5 g
of dried cellulose was weighed into a crucible, and 1mL of filtered
urine was pipetted onto the cellulose. Crucibles were dried for
24 h at 50◦C. This process was repeated 2 additional times for a
total of 3mL of urine dried onto 0.5 g of cellulose. For calculation
of urine GE, GE of dried cellulose was determined and subtracted
from the determined GE of urine samples. The GE of the diet was
then multiplied by the total feed intake over the 3-d collection
period and divided by the days on feed to determine daily
GE intakes. Apparent digestible energy (DE) was calculated by
subtracting the GE of feces from the GE of intake. Metabolizable
energy (ME) was calculated by subtracting urinary GE from
apparent DE and was reported as a percent of DE. Nitrogen
content of feed, feces, and urine was determined using a thermo-
combustion analyzer (Variomax; Elementar Analysensysteme
GmbH, Hanau, Germany). Zinc and copper were assayed in feed
and feces as described above. Apparent total tract digestibility
of Zn and Cu is reported a percent of intake, and retention
was reported as a percent of digested Zn or Cu. Apparent
total tract digestibility (ATTD) coefficients and nutrient and
energy retention were calculated as previously described (Adeola,
2001). Furthermore, nitrogen digestibility was reported as both a
percent of intake as well as total grams absorbed (N intake g—
fecal N g), and N retention was reported as a percent of digestible
N and total grams retained (N Absorbed g—urinary N g).

Statistical Analysis
Statistical analysis of all data was performed in SAS 9.4 (SAS
Institute, Cary, NC). The following mixed model was fitted to
quantitative parameters for performance, trace mineral analysis,
intestinal morphology, blood parameters, ATTD and nutrient
retention data:

Y ij = µ + Ti + eij

wherein Yij = the phenotype measured on pen (Expt. 1
performance) or animal (Expt. 1, 2, and 3) j; Ti = fixed effect of
treatment (Expt. 1: CON, ZC-CON, ZC; Expt. 2: CON, ZN; Expt.
3: CON, ZC); and eij = error term of pen or animal j subjected to
treatment i eij ∼ N(0, σ2e).

The following mixed model was fitted to quantitative
parameters for daily feed intake (Expt. 1):

Y ijk = µ + Ti + Dj + (TD)ij + eijk

wherein Yijk = the phenotype measured on pen k; Ti = fixed
effect of treatment (Expt. 1: CON, ZC-CON, ZC); and eij = error

term of animal k subjected to treatment i eij ∼N(0, σ2e). For daily
feed intake data, pen k at day j was used as a repeated measure.

Least square means were determined using the LS means
statement and data are presented as Least Squares means with
a pooled standard error. For all analyses, differences were
considered significant when P < 0.05 and a tendency when
0.05 ≤ P ≤ 0.10.

RESULTS

Experiment 1
Experiment 1 was designed to evaluate the effect of
pharmacological zinc and copper on daily feed intake and
stomach ghrelin abundance in newly weaned pigs. Weaned
pigs were fed diets with or without growth-promoting
pharmacological levels of zinc and copper for 21 d and the
performance data is reported in Table 3. In the ZC-CON
treatment group, pharmacological minerals were only fed for the
first 7 d. By d 7 post-weaning, the ZC and ZC-CON pigs were
7% heavier than the CON (P = 0.037). At the end of phase 2 (d
21) the ZC pigs were 10% heavier than the CON pigs, with the
ZC-CON treatment being intermediate (P = 0.050). Over the
first 14 d post-weaning, daily feed disappearance was assessed
(Figure 1). As expected, daily feed intake increased significantly
over the test period (P < 0.0001). Accordingly, and in agreement
with our hypothesis, the ZC-CON and ZC pigs had 29% to 73%
higher daily feed intakes compared to CON pigs between day
5 and 7 (P < 0.05). Interestingly, following the phase 2 diet
change at d 7 from pharmacological zinc and copper to the CON

TABLE 3 | Growth performance of nursery pigs fed a control diet for 3 weeks

(CON), a diet with 3,000 mg/kg Zn for 1 week followed by a control diet for 2

weeks (ZC-CON), and a diet with 3,000 mg/kg Zn for 1 week followed by a diet

with 2,000 mg/kg Zn for 2 weeks (ZC) (Expt. 1).

Treatment1

Item CON ZC-CON ZC SEM P-value

Start body weight, kg 5.62 5.77 5.72 0.116 0.676

Day 7 body weight, kg 5.73b 6.19a 6.12a 0.126 0.037

Day 21 body weight, kg 9.64b 10.10ab 10.59a 0.258 0.050

Phase 1 performance (d 0–7)

ADG, kg/d 0.02b 0.06a 0.06a 0.010 0.006

ADFI, kg/d 0.07b 0.09a 0.09a 0.006 0.007

Gain:Feed 0.19b 0.58a 0.59a 0.101 0.013

Phase 2 performance (d 8–21)

ADG, kg/d 0.28b 0.28b 0.32a 0.012 0.023

ADFI, kg/d 0.34b 0.35b 0.40a 0.015 0.016

Gain:Feed 0.83 0.78 0.79 0.019 0.200

Overall performance (d 0–21)

ADG, kg/d 0.19b 0.20b 0.23a 0.010 0.035

ADFI, kg/d 0.21b 0.23b 0.26a 0.012 0.012

Gain:Feed 0.95 0.88 0.87 0.033 0.235

1n = 10 pens/treatment.
a,bMeans with differing superscripts indicate a significant (P < 0.05) difference.
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FIGURE 1 | Post-weaning daily feed intake in nursery pigs fed diets containing no pharmacological zinc or copper (CON), pharmacological zinc and copper (ZC) or

phase 1 (day 0–7) diets containing pharmacological zinc and copper, and CON in phase 2 (day 8–14; ZC-Con). Day P < 0.0001, Treatment P < 0.0001 and Day ×

Treatment P < 0.0001. n = 10 pens/treatment.

treatment diet in the ZC-CON pigs, d 8 feed intake immediately
and significantly decreased to similar amounts to that of the
CON pigs, while the ZC feed intake remained greater (0.14
and 0.17 vs. 0.22 kg, respectively, P = 0.001, Figure 1). These
data suggest an orexigenic effect of zinc oxide and which was
confirmed in phase 1 where there was a 29% increase in ADFI
in the ZC-CON and ZC pigs compared to the CON pigs (P =

0.007, Table 3). Phase 2 ADFI was also increased 17% in the ZC
treatment compared to the CON and ZC-CON pigs (P = 0.016,
Table 3). Overall (d 0–21), we reported a 13 and 24% increase in
ADFI in the ZC pigs compared to the ZC-CON and CON pigs,
respectively (P = 0.012, Table 3).

In support of the body weight and feed intake findings, the
ZC-CON and ZC pigs had an ADG of 0.06 kg/d compared to
0.02 kg/d in CON pigs in phase 1 (P = 0.0006, Table 3). In
phase 2, continuous pharmacological dietary zinc (ZC) pig ADG
was increased over the CON and ZC-CON pig treatments by
17% (P = 0.023). Overall (d 0–21), ZC pigs exhibited a 15 and
21% increase in ADG compared to ZC-CON and CON pigs,
respectively (P = 0.035, Table 3). Feed efficiency as determined
by G:F, was not different among treatments in phase 2 or overall
(P > 0.05). However, ZC and ZC-CON pig G:F was increased
210% from the CON in phase 1 (P = 0.013, Table 3).

The ability of the diets to enrich serum and liver zinc
concentrations are reported in Table 4. Unsurprisingly,
pharmacological zinc and copper resulted in increased liver
zinc concentrations at d 7 and 21 in the ZC-CON and ZC
pigs compared to the CON pigs (P < 0.0001 and P = 0.0142,
respectively). However, liver Cu concentrations tended to
be reduced in the ZC-CON and ZC pigs compared to CON
pigs at d 7 (P = 0.073). By d 21, ZC pigs had increased liver

Cu concentrations compared to ZC-CON and CON pigs (P
= 0.006).

Jejunum and ileum morphology were assessed at d 7 and
21 (Table 4). No jejunal villus height, crypt depth, or villus to
crypt ratio difference between treatments were observed at d 7
or d 21. Additionally, no ileum morphology differences at d 7
were reported between treatments. However, ZC pig ileum villi
lengths were 25% longer at d 21 compared to the CON pig (P
= 0.036), with ZC-CON pigs being intermediate. Further, there
was tendency for crypt depth to be increased at d 21 in the ZC and
ZC-CON treatments compared to CONpigs (P= 0.098,Table 4).

To test the hypothesis that dietary pharmacological zinc
augments stomach ghrelin abundance, ghrelin-positive stomach
fundic cells were assessed by IHC at d 7 and d 21 (Figures 2,
3). The abundance of ghrelin-positive fundic cells per area was
greater in ZC-CON pigs compared to CON pigs, with ZC pigs
being intermediate at d 7 (P = 0.005, Figure 2). At d 21, the
abundance of ghrelin-positive cells per area in ZC pigs was
greater than ZC-CON pigs, and ZC and ZC-CON pigs exhibited
a greater abundance of ghrelin-positive cells per area than CON
pigs (P < 0.001, Figure 2).

Experiment 2
To further assess the specific effects of pharmacological zinc
on feed intake regulation, nursery pigs were given a bolus
drench of ZnO daily for 4 days. On d 4, blood samples were
collected to evaluate the ability of zinc to increase fasting ghrelin
concentrations. As expected, short term ZnO administration
increased both serum and liver zinc concentrations by 200 and
119%, respectively, compared to the controls (P ≤ 0.05; Table 5).
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TABLE 4 | Liver zinc concentrations, jejunum and ileum morphology and ghrelin

positive fundic cells at d 7 and d 21 in pigs fed a control (CON) diet for 21 d, a diet

containing pharmacological zinc and copper for 7 d followed by a control diet for

14 d (ZC-CON), or a diet containing pharmacological zinc and copper for 21 d

(ZC) (Expt. 1).

Treatment1

Item CON ZC-CON ZC SEM P-value

Liver zinc, mg/kg

day 7 93b 251a 297a 18.04 <0.001

day 21 63b 86ab 152a 18.47 0.014

Liver copper, mg/kg

day 7 41.4 30.2 28.2 3.93 0.073

day 21 10.0b 13.0b 21.2a 2.06 0.006

Jejunum

Villus height, µm

day 7 259 265 255 18.97 0.944

day 21 313 263 306 21.16 0.236

Crypt depth, µm

day 7 158 160 151 11.97 0.896

day 21 182 148 165 11.31 0.143

Villus:Crypt

day 7 1.77 1.8 1.8 0.17 0.991

day 21 1.93 1.93 2.06 0.12 0.724

Ileum

Villus height, µm

day 7 251 246 267 34 0.901

day 21 234b 265ab 303a 15.55 0.036

Crypt depth, µm

day 7 154 160 152 8.04 0.779

day 21 135 163 153 7.9 0.098

Villus:Crypt

day 7 1.7 1.64 1.87 0.21 0.739

day 21 1.85 1.8 2.17 0.14 0.163

1n = 5 pigs/treatment/d.
a,bMeans with differing superscripts indicates a significant difference due to treatment.

However, fasting plasma total and acyl-ghrelin concentrations
did not differ between treatments.

Experiment 3
This experiment evaluated the effect of pharmacological zinc and
copper on nutrient digestibility and retention. Following 28 d
of feeding pharmacological zinc and copper, total intake and
excretion of energy, nitrogen, zinc, and copper were assessed
(Table 6). Although not different between the CON and ZC pigs
(P > 0.05), dietary copper and zinc retention as a percent of
intake was low at ∼54–59% and 36–42%, respectively. However,
ZC pigs had increased zinc retention as a percent of digested Zn
compared to the CON treatment group (P = 0.048), and copper
retention tended to be increased as well (P = 0.060). In terms
of mineral balance, both absorbed and retained zinc and copper
were greater in the ZC pigs compared to the CON pigs (P <

0.0001). There were no treatment effects on DE as a percent of
GE or on ME as a percent of DE. Nitrogen intake and absorption

FIGURE 2 | Ghrelin-fundic positive cells between the CON, ZC-CON, and ZC

treatment groups at d 7 and 21. At d7, pigs in the ZC-CON group exhibited

more ghrelin-positive cells per area (10,138 µm2 ) than the CON pigs (2.44 vs.

1.62 cells, respectively, P = 0.005), with ZC pigs being intermediate (2.06

cells). At d 21, pigs in the ZC group exhibited 126% more ghrelin-positive cells

per area compared to the CON pigs and 61% more ghrelin-positive cells per

area compared to the ZC-CON pigs (P < 0.001).

(g/d) did not differ between the CON and ZC treatments. Urinary
and fecal nitrogen excretions and nitrogen retention did not
differ between treatments (P > 0.05, Table 6).

DISCUSSION

The negative impacts of weaning stress ultimately lead to
reduced voluntary feed intake that contributes to the observed
decrease in growth rates (Campbell et al., 2013). To encourage
nursery pig post-weaning feed intake, phase feeding programs
are typically implemented with highly palatable and easily
digestible ingredients that meet the pig’s nutrient and energy
needs. According to the NRC (2012), the recommended dietary
inclusion of zinc for nursery pigs is∼80mg/kg; however, inmany
parts of the world zinc is commonly added at supra-nutritional
or pharmacological concentrations (i.e., >1,000 mg/kg) to the
nursery diet in the form of ZnO to improve growth rates and
control PWD (Poulsen, 1995; Carlson et al., 1999; Hill et al., 2000;
Sales, 2013; Zhu et al., 2017). In addition to zinc, pharmacological
concentrations of dietary copper (i.e., 100–200mg/kg copper) are
also routinely used to improve nursery pig growth performance
and feed efficiency in combination with pharmacological zinc
(Ma et al., 2015). However, high concentrations of zinc and
copper in pig diets has come under intense scrutiny due to
antimicrobial resistance and environmental toxicity concerns
(Yazdankhah et al., 2014; Debski, 2016). As such, alternatives
are desired and the mode of action by which pharmacological
minerals (i.e., zinc and copper) improves growth in weaned
pigs warrants explanation. There is extensive literature regarding
possible modes of action of pharmacological zinc including
mitigating the impact of weaning stress on intestinal integrity
and permeability (Zhang and Guo, 2009), modulation of the
immune system (Goswami et al., 2005), alteration of the
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FIGURE 3 | Representative immunohistochemistry staining for ghrelin (brown) in the fundus in post-weaned pigs fed without or with pharmacological zinc and copper.

Images (A–C) represents day 7 and (D–F) represents day 21 post weaned stomach samples. Pigs were fed a control diet in both phases [CON, images (A,D)].

Images (B,E) are stomach sections from pigs were fed pharmacological zinc and copper in phase 1, and a control diet in phase 2 (ZC-CON). Pigs were fed

pharmacological zinc and copper in both phases (ZC) are represented in images (C,F).

TABLE 5 | Plasma total ghrelin and acyl-ghrelin of pigs in a fasted state following

4 d of a zinc oxide bolus (ZN) or a saline bolus (CON) drench (Expt. 2).

Treatmenta

Item CON ZN SEM P-value

Serum zinc, mg/kg 1.26a 2.61b 0.371 0.016

Liver zinc, mg/kg 183 248 21.0 0.050

Plasma total ghrelin, ng/mL 9.37 14.69 3.85 0.390

Plasma acyl-ghrelin, pg/mL 42.29 46.32 2.84 0.377

an = 10 pigs/treatment. Pigs were drenched daily with either water or with 600 mg/kg Zn

in the form of zinc oxide. On d 4, pigs were sampled.
a,bMeans with differing superscripts indicates a significant difference due to treatment.

gut microbiota (Hojberg et al., 2005) and reduced incidence
of PWD (Poulsen, 1995; Zhu et al., 2017). Similar to zinc,
pharmacological copper has been shown to have antimicrobial
properties (Hojberg et al., 2005) and increases anabolic hormone
signaling (Wang et al., 2016) in nursery pigs. A relatively under-
investigated area, as it relates to both weaning stress and mode
of action of pharmacological minerals, is the orexigenic or
appetite regulation potential of therapeutic zinc and copper.
However, unlike zinc (Yin et al., 2009), copper does not appear
to have any orexigenic effects that enhance appetite. As early
feed intake is critical for weaning transition (McCracken et al.,
1995), the objective of the study was to characterize the effect
of pharmacological zinc and copper on early nursery pig
voluntary feed intake, growth performance, digestibility and
nitrogen balance.

In nursery pig diets containing pharmacological zinc
concentrations, improvements in ADG and ADFI has been
routinely reported (Hahn and Baker, 1993; Carlson et al., 1999;
Hill et al., 2000; Mavromichalis et al., 2000; Yin et al., 2009).
The growth performance results herein agree with this body
of work, in which 3,000 and 2,000 mg/kg zinc in the form
of ZnO improved early nursery pig growth in both phase 1
and phase 2, respectively. A primary driver of growth is the
supply of energy and nutrients to support lean tissue and bone
accretion. Thus, we hypothesized that pharmacological zinc
would enhance voluntary feed intake and that this orexigenic
phenotype is a result of increased stomach ghrelin abundance
and elevated plasma ghrelin concentrations. Although previous
work reports that reduced feed intake in conjunction with
weaning stressors contributes to reduced growth, and adequate
feed intake following weaning may counteract the deleterious
effects of weaning (McCracken et al., 1995), early feed intake has
been poorly characterized in post-weaned pigs. In the current
study (Expt. 1), daily feed intake of pigs fed pharmacological zinc
was significantly higher compared to CON pigs for the first 14-d
period. This increased voluntary feed intake was particularly
evident between d 4 and d 14 post-weaning. Interestingly,
when pigs were switched to phase 2 diets containing no
pharmacological zinc (ZC-CON), within 24 h voluntary feed
intake was attenuated by 27% from the ZC pigs. Thereafter, ZC-
CON feed intakes were similar to the CON. These findings are
indicative of a potential mode of action of pharmacological
Zn that is modulating early post-weaning voluntary
feed intake.

Frontiers in Animal Science | www.frontiersin.org 8 April 2022 | Volume 3 | Article 874284

https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/animal-science#articles


De Mille et al. Pharmacological Zinc in Nursery Pigs

TABLE 6 | Energy digestibility, mineral digestibility, and Nitrogen balance of pigs

fed a control diet (CON) vs. pigs fed a diet containing pharmacological levels of Zn

and Cu (ZC) (Expt. 3).

Treatments1

Item CON ZC SEM P-value

Digestibility

DE2, % of GE3 92.1 91.6 0.66 0.639

ME4, % of DE 91.6 93.1 1.59 0.515

Nitrogen balance

ATTD5, % 91.1 90.8 0.19 0.271

Intake, g 46.3 47.3 0.56 0.910

Absorbed, g 42.4 43.1 0.39 0.224

Excreted, g

Urine 6.57 5.83 0.65 0.433

Feces 3.91 4.56 0.37 0.231

Retained, g 35.9 37 0.64 0.208

Retained, % 84.5 86.4 1.49 0.380

Copper balance

ATTD, % 54.4 59 3.25 0.341

Intake, g 0.032b 0.417a 0.199 <0.0001

Absorbed, g 0.017b 0.066a 0.002 <0.0001

Excreted, g

Urine 0.001 0.001 0.0004 0.969

Feces 0.014b 0.046a 0.003 <0.0001

Retained, g 0.016b 0.064a 0.003 <0.0001

Retained, % 91.6 97.8 2.16 0.060

Zinc balance

ATTD, % 36.0 42.0 4.40 0.352

Intake, g 0.211b 1.804a 0.823 <0.0001

Absorbed, g 0.076b 0.758a 0.065 <0.0001

Excreted, g

Urine 0.023 0.015 0.006 0.395

Feces 0.135b 1.046a 0.065 <0.0001

Retained, g 0.055b 0.743a 0.065 <0.0001

Retained, % 65.4b 97.8a 8.9 0.048

1n = 8/treatment.
2Digestible energy.
3Gross energy.
4Metabolizable energy.
5Apparent total tract digestibility.
a,bMeans with differing superscripts indicates a significant difference due to treatment.

The ability of dietary zinc to enhance voluntary feed intake
may be through the orexigenic signaling action of ghrelin. The
ghrelin hormone, a peptide hormone found in the X/A-like cells
in the oxyntic mucosa of the gastric fundus, and is secreted into
the circulation (Date et al., 2000). Two major forms of ghrelin
are found in the stomach and plasma: the acylated form and
the desacylated form (Hosoda et al., 2000). The expression and
eventual secretion of ghrelin is increased by fasting and reduced
by meal intake (Kojima and Kangawa, 2002). In its acylated
form, this peptide crosses the blood brain barrier and can act on
orexigenic neurons to enhance appetite stimulation (Wren et al.,
2000; Asakawa et al., 2001; Cowley et al., 2003). In the brain,

the arcuate nucleus of the hypothalamus contains two distinct
neuronal populations: anorexigenic neurons and orexigenic
neurons (Sohn, 2015) which are regulated by hormones to
voluntary feed intake via control of hunger and satiety (Small and
Bloom, 2004). Interestingly, ZnO has been shown to increased
ghrelin secretion in cultured gastric mucosal cells (Yin et al.,
2009). Furthermore, oral administration of zinc to mildly zinc-
deficient rats stimulated food intake within 20min, and increased
hypothalamic neuropeptide Y and orexin mRNA expression
(Ohinata et al., 2009). Ohinata et al. (2009) additionally found
that oral zinc administration did not stimulate feed intake in
vagotomized rats, indicating that the effect of zinc on feed intake
is likely mediated through the afferent vagus nerve. It has been
shown that the orexigenic action of ghrelin is also abolished
in vagotomized rodents (Asakawa et al., 2001; Inui et al.,
2004; Ohinata et al., 2009); thus, the orexigenic action of zinc
appears to be related with ghrelin signaling (Suzuki et al., 2011).
Interestingly, the literature is sparse in regards to direct appetite
or orexigenic effects of dietary copper. As such, we speculate that
the appetite responses presented herein may predominantly be a
result of dietary pharmacological zinc administration.

In weaned pigs, pharmacological zinc has been shown to
elevate plasma acylated and serum total ghrelin (Zhang and
Guo, 2008; Yin et al., 2009). In the current study, quantification
of ghrelin-positive cells in the fundus of the stomach using
IHC, indicated that the inclusion of pharmacological minerals
increased the abundance of ghrelin-positive cells per unit area.
This was not surprising, as feed intake was increased significantly
due to the inclusion of pharmacological minerals by d 4, and this
increase was maintained during the study. To further test the
hypothesis of pharmacological zinc enhancing ghrelin in post-
weaned pigs, a second experiment was undertaken. For 4 d, pigs
were given a bolus drench of either 200 mg/d zinc in the form
of ZnO or a water control. Contrary to the previous reports that
showed fasting plasma acyl-ghrelin and serum total ghrelin to be
increased in nursery pigs in response to dietary pharmacological
zinc (Zhang and Guo, 2008; Yin et al., 2009), herein we were
unable to show any significant augmentation of fasting plasma
total and acylated ghrelin concentrations after the daily ZnO
bolus treatments. However, evaluation of serial post-prandial
ghrelin concentration changes post bolus of ZnO is needed
to truly understand the signaling interaction between zinc and
ghrelin. In addition to its orexigenic actions, circulating ghrelin
is the endogenous ligand for growth hormone secretagogue
receptor 1a, which stimulates the release of growth hormone
(Kojima et al., 1999; Chanoine, 2005; Khatib et al., 2014).
Although not evaluated herein, the increase in ADG reported in
response to ZnO could be via this anabolic signaling mechanism.

Weaning is commonly associated with changes in small
intestinal morphology, an indirectmeasure of nutrient absorptive
capacity, such reduced villus height, and increased crypt depth
(Hampson, 1986; Cera et al., 1988; van Beers-Schreurs et al.,
1998; Liu et al., 2002; Brown et al., 2006; Montagne et al.,
2007). Villus atrophy and crypt hyperplasia are indicative of
reduced absorptive capacity in the small intestine (Pluske et al.,
1997), where it is thought that the reduced nutrients available
in the lumen of the intestine due to reduced feed intake at
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weaning contributes to the altered morphology (Cera et al.,
1988; McCracken et al., 1995; Pluske et al., 1996; Spreeuwenberg
et al., 2001). Our group has previously reported that villus
lengths in the ileum are positively correlated with both ADG
and ADFI at d 7 and 21 post-weaning (De Mille and Gabler,
2021). In the present study, despite differences in feed intake,
morphology did not differ across dietary treatment at d 7.
These results are in agreement with Hedemann et al. (2006),
who reported that 2,500 mg/kg zinc did not significantly alter
intestinal morphology measures in nursery pigs. However, it has
been reported that pharmacological zinc can be beneficial to
small intestinal morphology, particularly in the case of increased
villus lengths (Li et al., 2001; Hu et al., 2013; Wang et al.,
2017). In agreement, in the current study by 21 days post-
weaning, ileal villus height was increased in pigs fed continuous
pharmacological minerals.

The physiological changes in the gastrointestinal tract at
weaning can also antagonize digestion and absorption, reducing
growth performance of nursery pigs (Boudry et al., 2004; Lalles
et al., 2004). Therefore, ATTD and balance of GE, N, zinc, and
copper were determined to evaluate digestive function. Herein, it
was observed that treatment did not impact DE,ME, or N balance
in 28-day post-weaned nursery pigs. However, pharmacological
minerals did significantly increase zinc retention of absorbed
zinc and tended to increase copper retention of absorbed copper.
These data are in partial agreement with these results, Buff et al.
(2005) observed that 2,000 mg/kg zinc numerically increases the
retention of zinc in late nursery pigs. Further, the retention of
zinc and copper from the diet ranges from 5 to 40% (Combs
et al., 1966; Houdijk et al., 1999; Rincker et al., 2005), and it
is worth noting here, that in the present study zinc absorption
ranged between 36 and 42%, while copper absorption ranged
between 54 and 59%. This poor absorption and retention rate
highlights the concerns regarding excess minerals in manure
becoming an environmental contaminant when applied to soil
(Payne et al., 1988; Anderson et al., 1991). Despite this low
retention, liver and serum zinc and copper concentrations were
increased by dietary pharmacological concentrations of zinc
and copper and support what has previously been reported in
similar age pigs (Burrough et al., 2019). In terms of ATTD,
Dove (1995) reported that the addition of 250 mg/kg copper
increased ATTD of fat, dry matter, and ash, as well as retention
of energy and N. However, in nursery pigs fed diets containing
1,500 or 2,500 mg/kg zinc, decreased digestibility of dry matter,
crude protein, calcium, and phosphorous, with no impact
on energy, were reported when compared to a control diet
(Han and Thacker, 2010). This is in contrast to Lei and Kim
(2018), whom reported increased ATTD of DM and N in
nursery pigs fed 2,500 mg/kg zinc. Despite these conflicting

reports, improved growth performance in nursery pigs fed
pharmacological zinc and copper may not be related to changes

in nutrient digestibility.

In conclusion, the data presented herein show that
pharmacological mineral inclusion in the nursery pig diet
promotes growth in the face of weaning stress. Feed intake was

determined daily for 14 d, and most interestingly, a significant

reduction in feed intake occurred within 24 h of removing
pharmacological minerals from the diet. Although we cannot
rule out the orexigenic contribution of pharmacological dietary
copper on augmenting feed intake post-weaning, based on
previous work linking ghrelin and zinc (Zhang and Guo,
2008; Ohinata et al., 2009; Yin et al., 2009), we hypothesize
that pharmacological zinc primarily enhances voluntary feed
intake of nursery pigs via ghrelin production in the gastric
mucosa. The abundance of ghrelin-positive fundic cells per area
were increased at both d 7 and d 21 due to the inclusion of
pharmacological minerals, supporting our hypothesis. However,
pharmacological mineral inclusion did not alter plasma total
or acylated ghrelin at either d. Pharmacological minerals did
increase villus heights in the ileum at d 21, but aside from the
improvements in zinc and copper retention, nutrient digestibility
was not augmented by treatment. Therefore, pharmacological
minerals augmented voluntary feed intake in nursery pigs, and
appears to be related to ghrelin abundance in the fundus.
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