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Simple Summary: Piglets frequently experience post-weaning diarrhea (PWD) due to various stress
factors at the weaning stage. PWD affects the growth performance and mortality of piglets, and
they face various diseases due to reduced immunity response. A high dose of zinc oxide (ZnO) is
used as a feed additive to prevent diarrhea occurrence and to promote immune system development.
However, most of ZnO is discharged as manure, causing soil heavy metalization, accumulation
in pork, increased and antimicrobial resistance. For this reason, research to reduce zinc excretion
and prevent PWD through the supplementation of low-dose zinc in feed is essential; moreover,
it is essential to develop alternatives to ZnO addition. Therefore, we hypothesized that different
ratios of inorganic zinc and organic zinc at 1000 mg/kg or a low-protein diet with commercial feed
additives containing either essential oils, protease, and xylanase (MFA) could replace high-dose ZnO
by preventing diarrhea and improving growth performance, nutrient digestibility, and gut health.
We found that inorganic and organic zinc at a ratio of 500:500 mg/kg and a low-protein diet with
essential oil, protease, and xylanase can be used to replace medical ZnO in weaned piglet diets.

Abstract: One hundred twenty weaned piglets (9.34 ± 0.74 kg) were used in a four-week experiment
to investigate the effects of replacing medical ZnO with a different ratio of inorganic and organic zinc
(IZ:OZ) or a low-crude-protein diet (LP) with mixed feed additives (MFAs) in the weaned piglets’
diet. The dietary treatments included a control (CON), T1 (T1; ZnO 1000 mg/kg), T2 (IZ:OZ 850:150),
T3 (IZ:OZ 700:300), T4 (IZ:OZ, 500:500), and T5 (LP with MFAs (0.1% essential oils + 0.08% protease +
0.02% xylanase)). The growth performance was decreased (p < 0.05) in the CON treatment compared
with the T4 treatment. The diarrhea incidence was decreased (p < 0.05) in the T4 and the T5 treatment
compared with the CON and the T1 treatments. The apparent total tract digestibility (ATTD) of
nutrients were increased (p < 0.05) in the T4 and T5 treatments compared with the CON, T1, and T2
treatments. The T4 treatment had a higher (p < 0.05) ATTD of zinc than the T1, T2, and T3 treatments.
The fecal microflora was improved (p < 0.05) in the T5 treatment compared with the CON and T3
treatments. In conclusion, IZ:OZ 500:500 could improve growth performance, nutrient digestibility,
and zinc utilization while reducing diarrhea incidence in weaned piglets. Moreover, LP with MFA
could replace medical ZnO.
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1. Introduction

Post-weaning diarrhea (PWD) is caused by a variety of factors, such as the isolation
of piglets from sows, the mixing of pigs in cages, adaptation to new environments, and
intestinal morphological changes due to solid diet feeding [1]. These stress factors may
negatively affect the immune response system and the intestinal dysfunction in weaned
piglets; moreover, the undigested protein in the intestine promotes the proliferation of
Escherichia coli, and the intestinal barrier is damaged by the enterotoxin generated by
E. coli [2]. This condition produces enterotoxin and accretion, which are the main causes
of disease outbreaks, and causes damage to the swine industry for two weeks after wean-
ing [2]. To prevent PWD, Poulsen [3] suggested the addition of 2500 mg/kg of zinc oxide
(ZnO) to piglet diets, which resulted in tremendous growth in piglet nutrition, manage-
ment, breeding, and genetics [4]. The medical supplementation of the piglet diet with
2500 mg/kg ZnO promoted performance and prevented PWD for a period of two weeks
after weaning. However, most ZnO is discharged as manure, causing soil heavy metal-
ization, increased antimicrobial resistance, and accumulation in pork, which is a global
problem [5,6]. Therefore, the European Union has limited the use of ZnO to 150 mg/kg
and is phasing out the use in weaned piglet diets by 2022. China limits ZnO to 1600 mg/kg
in weaned piglet diets [7]. However, studies on the effect of adding ZnO at concentrations
of less than 2500 mg/kg are very limited and have shown conflicting results [8,9]. Thus,
research to reduce zinc excretion and prevent diarrhea through the addition of low-dose
zinc in feed is essential.

In our previous study, we conducted different forms of Zn such as Zn chelated with
glycine and nano-particle size to replace high doses of inorganic Zn (IZ) in weaned piglet
diets [10]. In our results, organic zinc (OZ) chelated with glycine had a higher utilization in
weaned piglets than IZ and nanoparticle-sized zinc [10]. Moreover, many studies suggested
that OZ has high stability and bioavailability, and it prevented precipitation compared to
IZ [6,11,12]. It can be used as an alternative to high- dose ZnO at a lower dose.

Currently, low-protein diets, plant extracts, and enzymes have been studied as meth-
ods that do not add zinc to the diet. The recommended crude protein (CP) concentration
in a piglet diet is 20–23% [13], but piglets aged 3–4 weeks lack sufficient endogenous
enzymes to digest this amount of protein [14]. As the undigested protein in the intestine
is the main cause of diarrhea, many researchers have investigated the effect of reducing
diarrhea by using a low-protein diet (CP concentration in basal diet: 20–23% vs. low protein
diet: 17.8~20.2%) [15–18]. As a feed additive, essential oil (EO) helped to improve growth
performance and intestinal morphology and reduce the incidence of diarrhea in weaned
piglets [19,20]. In our previous studies, a dietary supplementation of 0.1–0.2% essential
oils complex in the piglet diet was shown to improve immune response and intestinal mi-
croflora [21,22]. The addition of 300–800 mg/kg protease increased the enzymatic activity
and improved the apparent total digestibility of CP and amino acids, thereby improving
piglet growth performance and reducing diarrhea incidence [23–25]. Xylanase hydrolyzes
xylan in fibrin helps the proliferation of probiotic microorganisms and suppresses the
proliferation of pathogenic microorganisms in the intestines, thereby improving intestinal
health and enhancing immunity [26–29]. Moreover, Patráš et al. [30] reported that supple-
mentation of 100–200 mg/kg xylanase effectively degrades non-starch polysaccharides in
the upper digestive tract and improves amino acid availability in weaning piglets.

Therefore, we hypothesized that high-dose ZnO could be replaced by IZ and OZ ratios
within zinc concentrations of 1000 mg/kg or by the mixed addition of EO, protease, and
xylanase (MFA) in a low-protein diet (LP) by improving growth performance and reducing
zinc excretion and diarrhea incidence. Thus, we conducted a study to investigate (1) the
effects of replacing medical ZnO with different ratios of inorganic:organic zinc (IZ:OZ) on



Animals 2021, 11, 3132 3 of 13

growth performance, diarrhea scores, nutrient digestibility, zinc utilization, blood profiles,
and fecal microflora and (2) whether a low-protein diet (CP content: 0 to 2 weeks, basal
diet 20.8 vs. LP diet 18.7%; 2 to 4 weeks, basal diet 18.8% vs. LP diet 16.9%) supplemented
with a mixture of 0.1% EO, 0.08% protease, and 0.02% xylanase could replace medical ZnO
by showing similar effects.

2. Materials and Methods

The experimental protocol for this study was reviewed and approved by the Institu-
tional Animal Care and Use Committee of Chungbuk National University, Cheongju, Korea
(approval #CBNUA-1530-21-01). The organic Zn was chelated with glycine (containing 27%
of Zn) from Dr. Eckel Animal Nutrition GmbH & Co. KG (Anta®min; Niederzissen, Ger-
many). The essential oils (Avi®power, containing thymol 1.4% and carvacrol 1.4%; VetAgro
SpA, Reggio Emilia, Italy), xylanase (Signis®, AB Vista, Marlborough, UK), and protease
(PT125TM, an alkaline serine endopeptidase produced by Streptomyces spp.; Eugene-Bio,
Suwon, Korea) were mixed feed additives supported by Eugene-Bio.

2.1. Dietary Treatments

The dietary treatments consisted of CON (control; no additional added zinc ox-
ide in diet), T1 (positive control; CON + 1000 mg/kg zinc oxide), T2 (CON + IZ:OZ
850:150 mg/kg), T3 (CON + IZ:OZ 700:300 mg/kg), T4 (IZ:OZ 500:500 mg/kg), and T5
(low-protein diet (LP) + mixed additives (0.1% EO + 0.08% protease + 0.02% xylanase,
MFA)) in each experiment. All diets were formulated to meet or exceed the NRC (Table 1).

Table 1. Compositions of the weaning diets (as-fed basis).

Items
0 to 2 Weeks 2 to 4 Weeks

Basal Diet Low CP Diet Basal Diet Low CP Diet

Ingredient, %
Corn 34.43 38.34 60.81 66.12

Extruded corn 15.00 15.00 5.00 5.00
Lactose 10.00 10.00 3.00 3.00

Dehulled soybean meal, 51% CP a 13.50 10.00 13.00 8.07
Soy protein concentrate, 65% CP 10.00 10.00 10.00 10.00

Plasma powder 6.00 4.50 3.00 2.50
Whey 5.00 6.00 - -
Soy oil 2.20 2.20 2.00 2.00

Monocalcium phosphate 1.26 1.26 1.15 1.15
Limestone 1.40 1.40 0.99 0.99

L-lysine-HCl, 78% 0.06 0.12 0.04 0.07
DL-methionine, 50% 0.15 0.18 0.11 0.30

Choline chloride, 25% 0.10 0.10 0.10 0.10
Vitamin premix b 0.25 0.25 0.20 0.20

Trace mineral premix c 0.25 0.25 0.20 0.20
Salt 0.40 0.40 0.40 0.30

Total 100.00 100.00 100.00 100.00
Calculated value d

ME, kcal/kg 3508 3503 3386 3385
CP, % 20.78 18.70 18.78 16.92

Lysine, % 1.35 1.34 1.15 1.15
Metionine, % 0.39 0.40 0.30 0.30

Ca 0.82 0.82 0.70 0.70
p 0.65 0.65 0.60 0.60
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Table 1. Cont.

Items
0 to 2 Weeks 2 to 4 Weeks

Basal Diet Low CP Diet Basal Diet Low CP Diet

Analyzed value
ME, kcal/kg 3512 3507 3402 3396

CP, % 20.92 18.76 18.82 16.94
a CP, crude protein. b Provided per kg of complete diet: vitamin A, 11,025 IU; vitamin D3, 1103 IU; vitamin E, 44 IU; vitamin K, 4.4 mg;
riboflavin, 8.3 mg; niacin, 50 mg; thiamine, 4 mg; d-pantothenic, 29 mg; choline, 166 mg; and vitamin B12, 33 µg. c Provided per kg of
complete diet without Zinc: Cu (as CuSO4•5H2O), 12 mg; Mn (as MnO2), 8 mg; I (as KI), 0.28 mg; and Se (as Na2SeO3•5H2O), 0.15 mg.
d Values were calculated using the National Swine Nutrition Guide (NSNG; V 2.0).

A total of 120 weaned piglets ((Yorkshire × Landrace) × Duroc, 28 day of age) with an
initial body weight (BW) of 9.34 ± 0.74 kg were used in a four-week experiment. Pigs were
blocked based on initial body weight into a complete block design. There were four pigs’ in
a pen and five replicate pens per diet. All pigs were housed in an environmental controlled
room (30 ± 1 ◦C). Each pen was equipped with a single-sided stainless self-feeder and a
nipple drinker, and feed and water were freely available. Feed intake was recorded every
8:00 and 17:00, and individual pig BW was recorded at the end of weeks 0, 2, and 4 to
determine the average daily gain (ADG), the average daily feed intake (ADFI), and the
feed efficiency ratio (G:F). The subjective score of diarrhea was checked at 9:00 and 18:00
by the same person. We used Trckova et al.’s [31] methods to check the diarrhea score,
which was assigned as follows: 0, well-formed feces; 1, normal feces; 2, sloppy feces; and 3,
diarrhea. The diarrhea scores were recorded as an average daily diarrhea score for each
pen and were reported as the diarrhea scores by period.

2.2. Chemical Analysis for Diet and Feces

We used the method of Fenton and Fenton [32] to determine the apparent total
digestibility (ATTD) of gross energy (GE), dry matter (DM), and crude protein (CP). The
piglet diets were mixed with 0.2% chromium oxide and fed within 10 to 14 and 24 to 28 days.
Three pigs per pen were randomly selected, and fresh fecal matter was collected via rectal
massage on days 14 and 28. Samples were mixed and stored in a freezer at −20 ◦C until
analyzed. Before chemical analysis, samples were dried at 70 ◦C for 72 h and then finely
ground to a size that could pass through a 1 mm screen. We analyzed GE, DM, and CP
for all feed and fecal samples using the AOAC [33] procedure outlined. We analyzed
chromium by ultraviolet absorption spectrophotometry (Shimadzu, UV-1201; Shimadzu,
Kyoto, Japan) according to the chromium analysis method described by Williams et al. [34].
We used an adiabatic oxygen bomb calorimeter (Parr Instruments, Moline, IL, USA) to
analyze GE in diet and feces. Diets and feces samples were wet-digested using nitric-
perchloric acid and then diluted with deionized, distilled water for analyses of minerals.
Concentrations of zinc were analyzed using UV absorption spectrophotometry (Shimadzu,
UV-1201; Shimadzu, Kyoto, Japan).

For the blood profiles, two pigs per pen were sampled at the end of experiment. Blood
samples were collected into both nonheparinized tubes and vacuum tubes containing
K3EDTA (Becton, Dickinson and Co., Franklin Lakes, NJ, USA) to obtain serum and whole
blood. After collection, serum samples were centrifuged (3000× g) for 20 min at 4 ◦C.
The red blood cells (RBC), white blood cells (WBC), lymphocyte, monocyte, eosinophil,
basophil, glucose, cholesterol, and blood urea nitrogen (BUN) levels in the whole blood
were determined by using an automatic blood analyzer (ADVIA 120, Bayer, Tarrytown,
NY, USA). The immunoglobulin G (IgG) and immunoglobulin M (IgM) were determined
by using an automatic biochemistry blood analyzer (HITACHI 747; Hitachi, Tokyo, Japan).
The zinc concentration of blood was determined according to the method described by
Hill et al. [9].
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2.3. Procedures of Microbial Shedding

Microbial analysis was immediately carried out according to the method described
by Hu et al. [35]. We collected fresh fecal samples directly via rectal massage from two
pigs per pen. After that, they were placed on ice and transported directly to the lab,
and 1 g of a composite fecal sample from each treatment was diluted in 9 mL of 1%
peptone broth (Becton, Dickinson and Co., Franklin Lakes, NJ, USA) and then homogenized.
Then, viable bacteria were counted in fecal samples by placing serial 10-fold dilution on
MacConkey agar plates (Difco Laboratories, Detroit, MI, USA) and lactobacilli medium III
agar plates (Medium 638, DSMZ, Braunschweig, Germany) to isolate the Escherichia coli
and Lactobacillus. The MacConkey agar plates were incubated for 24 h at 37 ◦C, and the
lactobacilli medium III agar plates were then incubated for 48 h at 39 ◦C under anaerobic
conditions. The E. coli and Lactobacillus colonies were counted immediately after removal
from the incubator.

2.4. Statistical Analysis

Data of growth performance, nutrient digestibility, zinc utilization, and blood profiles
were statistically analyzed as a randomized complete block design using the general linear
model’s procedure of SAS. The diarrhea score and fecal microflora were compared with a
chi-squared test, using the FREQ procedure of SAS. The pen was used as the experimental
unit for growth performance, and the diarrhea score and the individual pig were used as
an experimental unit for nutrient digestibility, zinc utilization, blood profiles, and fecal
microflora. Orthogonal contrasts were used to compare the possible relationship about the
effect of treatments: CON vs. other treatments; T1 vs. T2, T3, and T4; T5 vs. T2, T3, and
T4. Variability in the data was expressed as the pooled standard error, and p < 0.05 was
considered statistically significant.

3. Results
3.1. Growth Performance and Diarrhea Score

Pigs fed the CON and T5 diets had significantly lower (p < 0.05; contrast p < 0.05) BW
than did pigs fed the T1 and T4 diets at week 2 (Table 2). The final BW was significantly
decreased in the CON treatment compared with the T1, T2, T4, and T5 treatments. At 0
to 2 weeks, pigs fed with the CON and T5 diets had significantly lower (p < 0.05; contrast
p < 0.01) ADG than did pigs fed the T1 and T4 diets. At 2 to 4 weeks, there was a high
tendency (p = 0.064) for ADG in the T5 treatment compared with CON treatment.

Table 2. Effects of replacing medical zinc oxide with different ratios of inorganic:organic zinc or reducing crude protein diet
with mixed feed additives on growth performance and diarrhea score in weaned piglets.

Treatment CON T1 T2 T3 T4 T5
SE p-ValueInorganic:Organic

Zinc 0 1000:0 850:150 700:300 500:500 LP + MFA

Initial BW, kg 9.3 9.3 9.4 9.3 9.4 9.4 0.2 0.999
2 week BW, kg x, z 13.6 b 14.9 a 14.6 ab 14.0 ab 14.9 a 13.7 b 0.3 0.012

Final BW, kg x 21.3 b 23.2 a 23.0 a 22.3 ab 23.7 a 23.0 a 0.5 0.028
0 to 2 weeks
ADG, g x, y, z 330.8 b 430.8 a 400.0 ab 361.5 ab 423.1 a 330.8 b 20.3 0.001

ADFI, g 520.6 617.9 616.3 583.4 577.1 535.4 27.7 0.104
G:F, g/g 0.635 0.697 0.649 0.620 0.733 0.618 0.033 0.107

Diarrhea score 1 x, y 1.461 a 1.397 a 1.302 ab 1.266 ab 1.067 b 1.154 b 0.107 0.032
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Table 2. Cont.

Treatment CON T1 T2 T3 T4 T5
SE p-ValueInorganic:Organic

Zinc 0 1000:0 850:150 700:300 500:500 LP + MFA

2 to 4 weeks
ADG, g x 550.0 592.9 600.0 592.9 628.6 664.3 25.8 0.066
ADFI, g 1228.2 1249.7 1246.3 1166.8 1271.8 1310.2 60.5 0.685
G:F, g/g 0.448 0.474 0.481 0.508 0.494 0.507 0.025 0.368

Diarrhea score 1 x, y 0.567 a 0.505 a 0.360 b 0.335 b 0.268 b 0.367 b 0.103 0.033
Overall period
(0 to 4 weeks)

ADG, g x 444.4 b 514.8 a 503.7 a 481.5 ab 529.6 a 503.7 a 17.5 0.026
ADFI, g 887.5 945.5 943.0 885.9 937.3 937.1 37.4 0.773
G:F, g/g 0.501 b 0.544 ab 0.534 ab 0.543 ab 0.565 a 0.537 ab 0.020 0.255

Diarrhea score 1 x, y 1.101 a 0.905 a 0.824 ab 0.802 ab 0.668 b 0.742 b 0.063 0.012
Abbreviation: CON, no additional added zinc oxide in diet; T1, CON +1000 mg zinc oxide; T2, CON + inorganic:organic zinc 850:150 mg/kg;
T3, CON + inorganic:organic zinc 700:300 mg/kg; T4, CON + inorganic:organic zinc 500:500 mg/kg; T5, low-CP diet + 0.1% essential
oil + 0.08% protease + 0.02% xylanase; SE, standard error; ADG, average daily gain; ADFI, average daily feed intake; G:F, feed efficiency.
1 Diarrhea score was determined as follows: 0, well-formed feces; 1, normal feces; 2, sloppy feces; and 3, diarrhea a,b Means within column
with different superscripts differed significantly (p < 0.05). x Contrast: CON vs. other treatments (p < 0.05); y contrast: T1 vs. T2, T3, and T4
(p < 0.05); z contrast: T5 vs. T2, T3, and T4 (p < 0.05).

At 0 to 2 weeks, pigs fed the CON and T1 diet had a significantly higher (p < 0.05;
contrast p < 0.01) diarrhea score than did pigs fed the T4 and T5 diets. At 2 to 4 weeks, pigs
fed the CON and T1 diet had a significantly higher (p < 0.05; contrast p < 0.05) diarrhea
score than did pigs fed other diets. In the overall period, pigs fed the CON diet had a
significantly lower (p < 0.05; contrast p < 0.05) ADG than did pigs fed the other diets. The
feed efficiency was significantly decreased (p < 0.05; contrast p < 0.05) in the CON treatment
compared with the T4 treatment. Pigs fed the CON and T1 diets had a significantly higher
(p < 0.05; contrast p < 0.05) diarrhea score than did pigs fed the T4 and T5 diets.

3.2. Nutrient Digestibility

The ATTD of DM and GE were significantly decreased (p < 0.05; contrast p < 0.05) in
the CON treatment compared with the other treatments at 2 weeks (Table 3). Moreover,
pigs fed the T1 and T2 diets had significantly lower (p < 0.05) ATTD of DM than did pigs
fed the T3, T4, and T5 diets. The ATTD of CP was significantly increased (p < 0.05; contrast
p < 0.05) in the T4 and T5 treatments compared with the CON, T1, and T2 treatments. Pigs
fed the T4 diet had a significantly increased (p < 0.05; contrast p < 0.05) ATTD of GE than
did pigs fed the CON, T1, and T2 diets. At 4 weeks, pigs fed the CON and PC diets had a
significantly lower (p < 0.05; contrast p < 0.05) ATTD of DM than did pigs fed the T3 and
T4 diets.

3.3. Zinc Utilization

Pigs fed with the PC and T1 diets had a significantly higher (p < 0.05; contrast p < 0.05)
zinc intake than did pigs fed with the T3 and T4 diets at 2 weeks when the CON and T5
treatments were excluded (Table 4). Pigs fed with the PC diet had a significantly higher
(p < 0.05; contrast p < 0.05) zinc excrete and a lower (p < 0.05; contrast p < 0.05) ATTD of
zinc than the T2, T3, and T4 diets at 2 weeks. The zinc excrete was significantly decreased
(p < 0.05; contrast p < 0.05) in the order of the T4, T3, and T2 diets according to the order of
the highest OZ content at 2 weeks. The ATTD of zinc was significantly increased (p < 0.05;
contrast p < 0.05) in the order of the T4, T3, T2, and T1 diets according to the order of the
highest OZ content in the same period. At 4 weeks, when the CON and T5 treatments were
excluded, pigs fed with the T2 diet had a significantly higher (p < 0.05) zinc excrete than
did pigs fed with the T1, T3, and T4 diets. Pigs fed with the T4 diet had a significantly
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lower (p < 0.05) zinc excrete than did pigs fed with the T1, T2, and T3 diets. The ATTD of
zinc was significantly decreased (p < 0.05; contrast p < 0.05) in the T1 treatment compared
with other treatments at 4 weeks. Pigs fed with the T4 diet had a significantly higher
(p < 0.05) ATTD of zinc than did pigs fed with other diets.

Table 3. Effects of replacing medical zinc oxide with different ratio of inorganic:organic zinc or reducing crude protein diet
with mixed feed additives on nutrient digestibility in weaned piglets.

Treatment CON T1 T2 T3 T4 T5
SE p-Value

Inorganic:Organic Zinc 0 1000:0 850:150 700:300 500:500 LP + MFA

2 week ATTD, %
Dry matter x, y 80.4 c 81.6 b 81.0 b 82.9 a 82.9 a 83.1 a 0.2 0.010

Crude protein x 79.6 b 79.2 b 79.7 b 80.2 ab 81.0 a 81.0 a 0.3 0.001
Gross energy x, y 78.8 c 79.9 b 79.6 b 80.8 ab 81.8 a 80.9 ab 0.3 0.013

4 week ATTD, %
Dry matter x 81.4 b 81.6 b 82.3 ab 83.1 a 83.2 a 82.7 ab 0.2 0.031

Crude protein x 79.9 80.1 80.5 80.6 80.8 81.3 0.4 0.098
Gross energy x 79.2 79.5 79.3 80.0 80.7 80.3 0.3 0.102

Abbreviation: CON, no additional added zinc oxide in diet; T1, CON +1000 mg zinc oxide; T2, CON + inorganic:organic zinc 850:150 mg/kg;
T3, CON + inorganic:organic zinc 700:300 mg/kg; T4, CON + inorganic:organic zinc 500:500 mg/kg; T5, low-CP diet + 0.1% essential oil
+ 0.08% protease + 0.02% xylanase; SE, standard error; ATTD, apparent total tract digestibility. a–c Means within column with different
superscripts differed significantly (p < 0.05). x Contrast: CON vs. other treatments (p < 0.05). y contrast: T1 vs. T2, T3, and T4 (p < 0.05).

3.4. Blood Profiles

There was a high tendency (p = 0.084) for the blood concentration of monocytes in
the T3 treatment compared with the CON, T1, and T2 treatments (Table 5). The BUN
concentration in blood was significantly decreased (p < 0.05; contrast p < 0.05) in the T5
treatment compared with other treatments. Pigs fed with the T3 diet had a significantly
higher (p < 0.05) blood concentration of BUN than did pigs fed with the CON and T1 diets.
The zinc concentration in blood was significantly decreased (p < 0.05; contrast p < 0.05) in
the CON and T4 treatments compared with the T1, T2, T3, and T4 treatments. Pigs fed
with the T1 diet had a significantly higher (p < 0.05) zinc concentration in blood than did
pigs fed with the T2 and T4 diets.

Table 4. Effects of replacing medical zinc oxide with different ratio of inorganic:organic zinc or reducing crude protein diet
with mixed feed additives on zinc utilization in weaned piglets.

Treatment CON T1 T2 T3 T4 T5
SE p-Value

Inorganic:Organic Zinc 0 1000:0 850:150 700:300 500:500 LP + MFA

Two weeks
Zinc concentration, mg/kg x, z 100.0 c 1125.0 a 1100.0 a 1000.0 b 1000.0 b 100.0 c 11.2 0.001
Average daily feed intake, g x, z 520.6 617.9 616.3 583.4 577.1 535.4 27.7 0.104

Average daily zinc intake, mg x, z 52.1 c 695.1 a 677.9 a 583.4 b 577.1 b 53.5 c 18.5 0.001
Zinc excrete, mg/kg x, y, z 91.3 e 1048.5 a 982.3 b 867.0 c 827.0 d 90.3 e 10.0 0.001

ATTD of Zinc, % x, y, z 8.7 c 6.8 d 10.7 c 13.3 b 17.3 a 9.7 c 0.8 0.001

Four weeks
Zinc concentration, mg/kg x, z 100.0 c 1000.0 b 1200.0 a 1100.0 ab 1050.0 b 100.0 c 12.4 0.001
Average daily feed intake, g x, z 1228.2 1249.7 1246.3 1166.8 1271.8 1310.2 60.5 0.685

Average daily zinc intake, mg x, z 122.8 b 1249.7 a 1495.6 a 1283.5 a 1335.4 a 131.0 b 122.7 0.001
Zinc excrete, mg/kg x, z 91.0 d 926.0 b 1035.6 a 935.0 b 849.45 c 89.3 d 4.8 0.001

ATTD of Zinc, % x, z 9.0 c 7.4 d 13.7 b 15.0 b 19.1 a 10.7 c 0.9 0.001

Abbreviation: CON, no additional added zinc oxide in diet; T1, CON +1000 mg zinc oxide; T2, CON + inorganic:organic zinc 850:150 mg/kg;
T3, CON + inorganic:organic zinc 700:300 mg/kg; T4, CON + inorganic:organic zinc 500:500 mg/kg; T5, low-CP diet + 0.1% essential oil
+ 0.08% protease + 0.02% xylanase; SE, standard error; ATTD, apparent total tract digestibility. a–e Means within column with different
superscripts differed significantly (p < 0.05). x contrast: CON vs. other treatments (p < 0.05). y contrast: T1 vs. T2, T3, and T4 (p < 0.05).
z Contrast: T5 vs. T2, T3, and T4 (p < 0.05).
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Table 5. Effects of replacing medical zinc oxide with different ratio of inorganic:organic zinc or reducing crude protein diet
with mixed feed additives on blood profiles in weaned piglets.

Treatment CON T1 T2 T3 T4 T5
SE p-Value

Inorganic:Organic Zinc 0 1000:0 850:150 700:300 500:500 LP + MFA

Red blood cell, 106/µL 6.90 6.86 6.97 6.56 6.44 6.24 0.27 0.328
White blood cell, 103/µL 18.2 17.9 18.8 19.6 22.1 22.3 2.5 0.731

Lymphocyte, % z 66.9 68.1 64.3 63.6 68.3 67.8 4.5 0.959
Monocyte, % 3.0 3.0 2.3 6.6 4.9 4.5 1.2 0.084
Eosinophil, % 0.84 0.85 1.18 1.16 1.28 0.76 0.27 0.657
Basophil, % 0.88 0.78 0.90 0.74 0.58 0.72 0.16 0.746

Immunoglobulin G, mg/dL 169.6 171.5 157.4 201.2 162.4 178.4 25.5 0.865
Cholesterol, mg/dL 80.4 80.8 85.4 74.0 87.2 85.0 5.4 0.561

Glucose, mg/dL 110.6 108.8 123.2 99.4 115.6 99.4 5.6 0.143
Blood urea nitrogen, mg/dL z 6.40 b 6.20 b 6.60 ab 7.40 a 6.60 ab 5.20 c 0.29 0.011

Zinc, ug/dL x, z 81.4 c 142.3 a 113.3 b 109.0 b 106.0 b 79.7 c 9.4 0.001

Abbreviation: CON, no additional added zinc oxide in diet; T1, CON +1000 mg zinc oxide; T2, CON + inorganic:organic zinc 850:150 mg/kg;
T3, CON + inorganic:organic zinc 700:300 mg/kg; T4, CON + inorganic:organic zinc 500:500 mg/kg; T5, low-CP diet + 0.1% essential oil +
0.08% protease + 0.02% xylanase; SE, standard error. a–c Means within column with different superscripts differed significantly (p < 0.05).
x contrast: CON vs. other treatments (p < 0.05). z Contrast: T4 vs. T1, T2, and T3 (p < 0.05).

3.5. Fecal Microflora

The E. coli concentration in fecal matter was significantly decreased (p < 0.05; contrast
p < 0.05) in the T3, T4, and T5 treatments compared with the CON and T1 diets (Table 6).

The Lactobacillus concentration in fecal matter was significantly increased (p < 0.05;
contrast p < 0.05) in the T5 treatment compared with other treatments.

Table 6. Effects of replacing medical zinc oxide with different ratio of inorganic:organic zinc or reducing crude protein diet
with mixed feed additives on fecal microflora in weaned piglets.

Treatment CON T1 T2 T3 T4 T5
SE p-Value

Inorganic:Organic Zinc 0 1000:0 850:150 700:300 500:500 LP + MFA

E. coli, log10cfug−1 x, y, z 5.031 a 4.867 ab 4.609 ab 4.258 b 4.351 b 4.326 b 0.282 0.400
Lactobacillus, log10cfug−1 x, y, z 7.625 b 8.033 b 7.737 b 7.734 b 7.698 b 8.716 a 0.163 0.001

Abbreviation: CON, no additional added zinc oxide in diet; T1, CON +1000 mg zinc oxide; T2, CON + inorganic:organic zinc 850:150 mg/kg;
T3, CON + inorganic:organic zinc 700:300 mg/kg; T4, CON + inorganic:organic zinc 500:500 mg/kg; T5, low-CP diet + 0.1% essential oil +
0.08% protease + 0.02% xylanase; SE, standard error. a,b Means within column with different superscripts differed significantly (p < 0.05).
x Contrast: CON vs. other treatments (p < 0.05). y Contrast: T1 vs. T2, T3, and T4 (p < 0.05). z Contrast: T5 vs. T2, T3, and T4 (p < 0.05).

4. Discussion

The main objective of this study was to investigate alternative medical ZnO using
different ratios of IZ and OZ under 1000 mg/kg or an LP diet with MFA in weaned piglet
diets. Our results showed that pigs fed the T1 diet had higher growth performance than
pigs fed the no-additional-ZnO-added diet. Consistent with our results, many studies
have reported that supplementation with low-dose ZnO (500 to 1500 mg/kg) improved
growth performance compared to no-zinc-added treatment [4,34,36]. In the present study,
growth performance was improved when some of the IZ was replaced with OZ. Many
researchers and our previous study found that OZ had higher bioavailability than IZ.
Moreover, a low dose of OZ could replace IZ such as ZnO and ZnSO4 [10–12]. Barszcz
et al. [37] reported that OZ formulations improved growth performance and increased
feed intake compared to inorganic sources. Zinc chelated with glycine stimulated appetite
and growth due to its role in the activity of metalloenzymes responsible for taste and the
regulation of blood leptin levels [38,39]. Similar to our result, Barszcz et al. [37] reported
that 460 mg/kg of zinc glycine chelate in weaning diets improved growth performance
more than a conventional IZ source in the weaned periods. Wen-bin et al. [40] reported
that the supplementation of weaned piglet diet with 200 mg/kg OZ improved growth
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performance more than high-dose ZnSO4. In the overall periods of our present study,
the LP diet with MFA showed growth performance similar to IZ: OZ supplementation.
However, in zero to two weeks, pigs fed the LP diet with MFA had lower ADG than those
fed the T1 and T4 diets. Similarly, Lynegaard et al. [41] and Nyachoti et al. [42] reported
that as the CP content in the diet decreased, the growth performance for two weeks after
weaning decreased compared to pigs fed general feed. In two to four weeks, LP diet
with MFA showed a high tendency to improve ADG compared to CON treatment. The
growth performance of piglets was improved due to the high antimicrobial and immune-
boosting effects of EO [20,43], and nutrient digestibility and intestinal health improved
from supplementation with protease [25,44] and xylanase [30,45]. Through this result, it is
thought that it will be a method that can replace high-dose ZnO in piglet diets.

PWD occurs immediately after weaning, lasts for two weeks, and causes economic
loss to swine farms by decreasing growth performance and, in severe cases, causing
mortality [2]. In the present study, supplementation with ZnO at 1000 mg/kg had no effect
on preventing PWD and had similar diarrhea scores as pigs in the CON treatment group.
However, the supplementation of weaned piglet diets with IZ:OZ at 500:500 mg/kg or the
LP diet with MFA could effectively prevent PWD compared to the CON and T1 treatments.
Katouli et al. [46] demonstrated that zinc in weaned piglet diets suppressed the excessive
proliferation of pathogenic microorganisms (E. coli) by maintaining stability in the intestinal
environment. As a result of this study, IZ:OZ at 500:500 mg/kg and the LP diet with MFA
were considered to relieve diarrhea by improving intestinal health. In addition, Medani
et al. [47] reported that a decrease in the secretion of chloride and the consequent decrease
in the secretion of water in the intestines may also contribute to diarrhea. Many researchers
have reported that a low-protein diet in postweaning pigs could have similar effects on
preventing PWD as high-dose ZnO for pharmacological use [15,16,48]. It is considered that
the addition of OZ [49] and LP diet with EO [43] and xylanase [50] had a positive effect on
the immune response and prevented the incidence of diarrhea.

In the present study, weaned piglet diets with IZ:OZ at 500:500 mg/kg and the LP
diet with MFA showed higher ATTD of DM and CP. However, another study reported
that there was no significant difference in nutrient digestibility when OZ was added to a
weaned piglet diet or when IZ was replaced with OZ [37,51]. These findings were consid-
ered to be a result of the incidence of diarrhea and the intestinal microbial environment,
whereas the LP diet with MFA improved nutrient digestibility by various actions. EO
can stimulate and increase digestive enzyme secretions and gastric or intestinal motil-
ity [52,53]. The addition of protease can cleave protein chains more readily, increasing
the ATTD of CP [44]. Supplementation with xylanase may involve the breakdown of cell
wall non-starch polysaccharides, allowing enzymes to access nutrients, enhancing nutrient
digestibility [54,55].

In our study, the zinc utilization in the zinc-added treatment groups was highest at
an IZ:OZ of 500:500 mg/kg, and the zinc utilization increased as the ratio of IZ replaced
with OZ increased. This was consistent with previous studies [10,56,57]. Star et al. [56]
described that OZ bioavailability was increased compared to IZ owing to the nutrient
transport system in the intestine, such as the amino acid or peptide transport systems.
The results of this study confirmed that zinc excretion could be reduced when IZ instead
of OZ was used in weaned piglet diets. However, in contrast to zinc utilization, the
zinc concentrations in blood were lower in IZ: OZ at 500:500 mg/kg compared to the IZ
1000 mg/kg treatment. However, zinc supplementation resulted in higher serum zinc
levels than pigs fed the no-additional-zinc-added diets (CON and T5). Many researchers
reported that zinc blood concentrations were used as an indicator of zinc status and were
linearly increased with zinc supplementation [58–60]. Our results showed that the BUN
concentration was decreased in pigs fed LP with MFA diets. Consistently, previous studies
also reported that the BUN concentration decreased with decreasing CP levels in the
diet [15,61]. BUN is a metabolite of protein utilization and is used as an indicator to
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determine protein digestibility [62]. Low BUN concentrations are considered to indicate an
improvement in protein utilization.

Many researchers have reported that the dietary medical addition of high-dose ZnO
to diets improved the intestinal microbiota by helping to reduce E. coli, a pathogenic
microorganism, and aiding in the growth of beneficial bacteria [63,64]. In the present
study, fecal E. coli concentrations, a pathogenic microorganism, were reduced in ratios
of IZ:OZ from 700:300 to 500:500, which was consistent with previous studies. However,
there was no difference in the Lactobacillus concentration between the zinc treatments
(T1, T2, T3, and T4) and the CON treatment. The LP diet with MFA showed the effect
of increasing the Lactobacillus concentrations and reducing the E. coli concentrations in
feces. The improvement in the intestinal microbiota appeared to be due to the LP and MFA.
Reducing dietary CP levels has been considered to prevent excessive protein fermentation
in the large intestine and to prevent the growth of E. coli [14]. Peng et al. [65] demonstrated
that an LP diet could improve bacterial diversity in the intestinal digesta and mucosa,
which may reduce the incidence of intestinal infections from pathogenic microorganisms.
The strong antibacterial and intestinal morphology improvement effects of EO have been
demonstrated in many studies [19,20,65]. Through this effect of improving intestinal health,
the pigs fed the LP with MFA diet in the present study showed a decreased incidence of
diarrhea. Supplementation with exogenous enzymes has been shown to improve intestinal
microflora due to the use of prebiotics and bioactive compounds in feedstuff [66]. Similarly,
Kim et al. [67] demonstrated that the supplementation of piglet diets with multiple enzymes
including protease, xylanase, phytase, amylase, and β-mannanase improved the microflora
of the ileum, cecum, and feces. Supplementation with xylanase was reported to reduce
the E. coli concentrations in the intestine using a phenolic compound cross-linked with
xylan [68,69].

5. Conclusions

The addition of inorganic and organic zinc to the weaned piglet diet at a ratio of
500:500 mg/kg improved growth performance and nutrient digestibility and reduced
diarrhea incidence, zinc excretion, and E. coli concentrations in the feces. Likewise, a
low-protein diet with 0.1% essential oil, 0.08% protease, and 0.02% xylanase prevented
diarrhea incidence and improved nutrient digestibility and fecal microflora with very little
zinc excreted. In conclusion, inorganic and organic zinc at a ratio of 500:500 mg/kg and a
low-protein diet with essential oil, protease, and xylanase can be used to replace medical
ZnO in weaned piglet diets.
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