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ABSTRACT

This study investigated the effects of different amounts of wheat aleurone (WA) (0, 15%, 30%) inclusion in
gestation diets on the reproductive performance, postprandial satiety, stress status and stereotypic be-
haviors of sows. A total of 84 Landrace x Yorkshire sows (parity 4.87 + 1.32) at breeding were randomly
allotted to one of the three isoenergetic and isonitrogenous dietary treatments based on parity and body
weight. The results showed that, compared with the control (0), sows fed the WA diet had a higher serum
concentration of peptide YY (PYY) (P < 0.05) and glucagon like peptide-1 (GLP-1) (P < 0.05) and a lower
concentration of saliva cortisol (P < 0.01). Importantly, compared with the control group, only the 15%
WA group had a higher concentration of the total antioxidant capacity (T-AOC) (P < 0.05), lower pro-
portions of sitting (P = 0.05) and stillbirth rates (P < 0.01). Accordingly, the production cost per piglet
born alive ($ 6.9 vs. $ 7.6) or per piglet born healthy ($ 7.4 vs. $ 7.9) declined in the 15% WA group versus
the control group. Overall, 15% WA inclusion in gestation diets contributed to enhancing postprandial
satiety, alleviating stress status and decreasing stillbirth rate of sows. This study provides a reference for
the application of WA as a partial substitute for conventional feed ingredients to improve sows’ repro-

ductive performance.
© 2021 Chinese Association of Animal Science and Veterinary Medicine. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

has been raised as a welfare concern (Knudsen, 2019). Furthermore,
insufficient satiety may result in the development of stress and

Generally, pregnant sows are fed a restricted diet during
gestation to avoid excess weight gain and associated farrowing and
locomotion problems (Meunier-Salaiin et al., 2001). However,
restricting pregnant sows’ diets is considered to cause hunger and
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abnormal behavior in gestating sows, increase their bodily injury,
and produce a negative influence on their reproductive perfor-
mance (Sekiguchi and Koketsu, 2004; Vanderhaeghe et al., 2013).

Inclusion of fiber in gestation diets is a method for promoting
satiety and reducing apparent feeding motivation in sows without
providing excess energy, thereby improving their welfare under
feed restriction during pregnancy. Several studies have shown that
fiber inclusion in gestation diets increases postprandial satiety as
a consequence of gut-fill, delay of gastric emptying, and release of
satiety-inducing gut peptides (Meunier-Salaiin et al., 2001; Quesnel
et al,, 2009; Sun et al., 2015; Huang et al., 2020). However, a pre-
vious study indicated that the inclusion of dietary fiber in sows’
gestation diet produces no effects on stereotypic behaviors and
stillbirth rate (Holt et al., 2006). This difference in research results
may be attributable to the different type and amount of dietary
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fibers included in the diets (Jensen et al., 2012; Souza da Silva et al.,
2013; Sun et al., 2015).

The wheat aleurone (WA) layer, also known as the outer endo-
sperm, is the innermost layer of the wheat grain cortex for storage
of minerals, vitamins, and bioactive phytochemicals (Brouns et al.,
2012). WA seems to be the key component in the whole grain
antioxidant potential, with ferulic acid as the main responsible
compound (Brouns et al., 2012). The previous study showed that
the contribution of ferulic acid to the antioxidant capacity was
larger in the aleurone fractions (41% to 60%) than in the barn
fractions (20% to 47%) (Mateo Anson et al., 2008), which may avoid
the oxidative damage by the electron donation and the transfer
of hydrogen atoms to free radicals (Graf, 1992). Moreover, WA
contains 37.2% total dietary fiber, which can be regarded as a con-
tent source of dietary fiber. Studies in rats or in vitro have shown
that WA contributes to increasing antioxidant capacity, decreasing
pro-inflammatory factors or the risk of colon cancer, attenuating
postprandial blood glucose level, and reducing symptoms of hy-
pertension as well as hyperglycemia (Sagara et al., 2007; Anson
et al, 2010; Stein et al., 2010; Brouns et al., 2012; Rosa et al.,
2013; Malunga et al., 2017). However, the effects of including WA
in gestation diets on the satiety and reproductive performance of
sows have not been reported.

The purpose of this study is to investigate the effects of WA
addition to the diets of sows in gestation on postprandial satiety,
stress status and reproductive performance. The results will facili-
tate the understanding and development of effective sow gestation
diets to improve their reproductive performance and welfare under
feed restriction.

2. Materials and methods

All animal procedures in this study were conducted under the
protocol approved by the South China Agricultural University An-
imal Care and Use (No. 20110107-1, Guangzhou, China).

2.1. Animals, experiment design and housing

A total of 84 mixed-parity Landrace x Yorkshire sows (parity
4.87 + 1.32; backfat thickness 17.63 + 3.97 mm, mean + SD) were
allotted to 1 of the following 3 dietary treatments based on parity
and body weight, with 28 replicates per dietary treatment
at breeding. Three isoenergetic and isonitrogenous gestation diets
were formulated (Table 1): a control diet based on corn, wheat bran
and soybean meal (control diet); the second diet included 15%
wheat aleurone (15% WA diet); and the third diet included 30%
wheat aleurone (30% WA diet). The WA was provided by Jiaxing
Zhishifang Food Science and Technology Co., Ltd (Jiaxing, China). It
was separated and extracted from wheat bran by the company
using Vortex Cyclone Separation Technology.

The sows were housed in individual stalls during gestation and
the diets were supplied twice a day (07:00 and 17:00) as restricted-
feeding from mating until the day of farrowing, with half of the
daily feed given at each meal. Daily allowances during gestation are
presented in Appendix Table 1. At day 109 of gestation, the sows
were moved to farrowing rooms and kept in individual farrowing
crates with stalls in pens to provide space for the pigs after birth. In
contrast, all sows were fed ad libitum the same lactation diets
(Table 1), which were supplied 4 times a day (07:00, 11:30, 15:30
and 18:00). Sows and piglets were given free access to drinking
water, and piglets were not provided with creep feed during
lactation. During the experimental period, sows with illness,
serious lameness, death and reproductive failure, such as return to
estrus, abortion or non-pregnant after breeding, were culled from
further analysis (Appendix Table 2).
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2.2. Performance measurement

Body weight and backfat thickness of sows were measured on
day 0 and 109 of gestation and at weaning. Backfat thickness was
measured at 65 mm on each side of the dorsal midline at the last rib
level (P2) using ultrasound (Renco Lean-Meatier; Renco Corpora-
tion, Minneapolis, MN). At farrowing, the birthweight of piglets
born alive and the number of total piglets born (which included live
piglets, stillborn piglets, malformed piglets, and mummified fe-
tuses) were recorded respectively. Cross-fostering was kept within
diet treatments to adjust litter size to about 12.0 + 0.5 piglets per
sow within 48 h after parturition. Piglets were weaned at an
average age of 22 + 1 days. At weaning, the number of weaned
piglets was recorded. Piglets were weighed within 24 h of birth
(day 0), after cross-fostering (day 1), on day 7, 14, 21 and at
weaning. The daily feed intake of sows during lactation was
measured each morning by weighing daily feed refusals. After
weaning, the sows were transferred to the gestation house. Estrous
detection was done every day in the presence of a boar, and the
time of estrus was recorded, which was used to calculate the wean-
to-estrus interval.

2.3. Behavior determination

On day 71, 72 and 73 of gestation, 24 sows (8 replicates per
dietary treatment) were observed successively by 2 video-cameras
at 2 h after morning feedings. Each sow was observed for a total of
60 min (5 min x 12 sessions) within each observation period (Sun
et al., 2015), and the final ethogram is provided in Appendix Table 3
(de Leeuw et al., 2008).

2.4. Blood sampling and saliva sampling

Twenty-four sows (8 sows per dietary treatment) were selected
for blood sampling. This was done at intervals of the following:
before feeding and 2 h after feeding on day 70 of gestation (G70d),
before feeding on day 109 of gestation (G109d), and on day O of
lactation and the day of weaning. Blood samples (10 mL) were
collected from the ear vein of fasting sows into vacuum tubes
(5 mL) and heparinized tubes (5 mL) by veterinarian (Tan et al.,
2015b). Serum samples were obtained by centrifuging the blood
samples in the vacuum tubes at 3,000 x g and 4 °C for 15 min, and
stored at —80 °C for further analysis. Plasma samples were obtained
by centrifuging the blood samples in the labeled heparinized tubes
at 3,000 x g and 4 °C for 15 min, and stored at —80 °C for further
analysis.

Before feeding on day 70 of gestation, 24 sows (8 sows per di-
etary treatment) were selected for saliva sampling. The saliva
samples of sows (3 mL) were collected using a saliva collection kit
provided by Guangdong Dream Biotechnology Co., Ltd (Guangzhou,
China). The samples were centrifuged for 20 min at 2,000 x g and
4 °C for separation of supernatant, and stored at —80 °C for further
analysis.

2.5. Fecal sampling

On day 60 of gestation, 18 Sows (6 sows per dietary treatment)
were fed their respective experimental diets containing 0.3%
chromic oxide as an exogenous marker. The experimental diets
were fed for a 6-day adjustment period, followed by a 3-day
collection period. Fecal samples were collected twice daily at
07:00 and 15:30, pooled, placed in plastic bags, and frozen
at —20 °C. After sample collection, the fecal samples for each sow
were thawed and pooled together, followed by drying in a forced-
draft oven (65 °C) for 72 h, grinding through a 1-mm screen, and



J. Deng, C. Cheng, H. Yu et al.

Table 1
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Ingredients and nutrient composition of experimental gestation diets and lactation diets (%, as-fed basis).

Item Gestation diets’ Lactation diet
CON 15%WA 30%5WA

Ingredients
Corn 61.6 60.1 54.5 61.0
Soybean meal, 43% CP 11.0 10.5 6.0 19.5
Wheat bran 20.0 0.0 0.0 -
Wheat aleurone” - 15.0 30.0 -
Soybean hull 3.0 10.0 5.0 5.0
Wheat middlings - - - 1.5
Corn meal - - - 04
Fish meal, 67% CP — — - 1.0
Extruded soybean - - - 5.5
Soybean oil - - - 0.6
Glucose - - - 13
Dicalcium phosphate 1.7 1.7 1.7 1.6
Limestone 1.0 1.0 1.0 0.9
Salt 0.5 0.5 0.5 0.5
Lysine sulfate (70%) 0.2 0.2 0.3 0.3
Threonine - - - 0.1
Methionine - - - 0.1
Choline chloride 0.1 0.1 0.1 0.1
Sodium bicarbonate 0.4 04 0.4 04
Mildewcide 0.1 0.1 0.1 -
Premix’ 0.4 0.4 04 0.4

Nutrient composition
Digestive energy, Mcal/kg 2.99 3.03 2.99 3.30
Crude protein 13.32 13.34 13.35 17.61
Ether extract 3.15 3.01 3.32 4.05
Crude fiber 5.35 7.47 6.17 3.80
Neutral detergent fiber 17.02 18.54 19.13 12.26
Calcium 0.84 0.86 0.83 0.85
Total phosphorus 0.73 0.70 0.80 0.64
Lys 0.71 0.71 0.68 1.15
Met 0.23 0.23 0.21 0.34
Thr 0.48 047 043 0.78
Trp 0.17 0.16 0.16 0.19

1 CON, control diet group; 15% WA, 15% wheat aleurone diet group; 30% WA, 30% wheat aleurone diet group.
2 Wheat aleurone contains gross energy 4.67 Mcal/kg, 21% crude protein, 37.2% total dietary fiber, 34.5% insoluble fiber, 2.7% soluble fiber, 8.7% crude fiber and 26.3% neutral

detergent fiber. Wheat aleurone contains total ferulic acid 2,265 pg/g.

3 Provided the following per kilogram of diet: Fe 145 mg as ferrous sulfate; Zn 75 mg as zinc sulfate; Mn 50 mg (as MnO,); Cu 10.0 mg (as CuSO,4-5H,0); Se 0.3 mg selenium
selenite; 1 0.25 mg as potassium iodide; Co 0.1 mg; vitamin A 7,500 IU; vitamin D3 4,992 IU; vitamin E 215.2 mg; vitamin C 200 mg; niacin 50 mg; riboflavin 22 mg; pyridoxine

8.5 mg; vitamin K 35.1 mg; folic acid 4.5 mg; ammonium 3.7 mg.

thorough mixing before a subsample was collected for chemical
analysis. The digestibility of dietary nutrients was evaluated by the
equation: nutrient digestibility = 1 — (TC x FN)/(FC x TN) (Zhao
et al,, 2018), where TC and TN are chromic oxide and nutrient
contents in diets, respectively; FC and FN, the chromic oxide and
nutrient content in feces, respectively. The apparent total tract di-
gestibility of gross energy (GE), dry matter (DM), crude protein (CP)
and neutral detergent fiber (NDF) in diets was calculated using the
direct method (Adeola, 2000).

2.6. Chemical analysis and calculation

After grinding through a 1-mm screen, all samples were
analyzed in duplicate. GE was determined by an automatic adia-
batic oxygen bomb calorimeter (IKA-Werke GmbH & Co. Kg. Calo-
rimeter system C200); DM by AOAC 2006, method 934.01; CP by
AOAC 2006, method 990.03; crude fiber (CF) by AOAC 2000,
method 978.10. NDF was analyzed according to the method
described by Van Soest et al. (1991). The level of total ferulic acid in
WA was measured by HPLC analysis as previously reported (Kim
et al., 2006).

Serum pig peptide YY (PYY) was analyzed by the Pig PYY
enzyme linked immunosorbent assay (ELISA) kit (CSB-EL019128P]I,
CUSABIO, Wuhan, Hubei, China). Serum glucagon like peptide-1
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(GLP-1) was analyzed using the Pig GLP-1 ELISA kit (MM-
3727902, MEIMIAN, Yancheng, Jiangsu, China). Plasma cortisol was
analyzed using the Pig Cortisol ELISA Kit (CSB-E06811p, CUSABIO,
Wuhan, Hubei, China).

The contents of total antioxidant capacity (T-AOC), malondial-
dehyde (MDA), 8-hydroxy-deoxyguanosine (8-OHdG), and protein
carbonyl in the serum of G109d sows were determined using assay

Table 2
Effects of different amounts of wheat aleurone inclusion in gestation diets on the
digestibility of energy and nutrients.

Item Diet! SEM  P-value®
CON 15%WA  30%WA Diet Linear Quadratic
No. of sows 6 6 6
DM 829 828 82.2 0.8 091 0.69 091
GE 85.7 847 84.3 0.7 0.72 042 0.72
CP 842 818 834 0.7 043 0.68 043
NDF 60.8 65.0 62.8 2.0 0.71 0.69 0.70

DM = dry matter; GE = gross energy; CP = crude protein; NDF = neutral detergent
fiber.

! CON, control diet group; 15% WA, 15% wheat aleurone diet group; 30% WA, 30%
wheat aleurone diet group.

2 Linear (L) and quadratic (Q) effects of inclusion amounts of wheat aleurone were
contrasted.
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kits according to the manufacturers’ instructions (Nanjing Jian-
cheng Bioengineering Institute, Nanjing, China).

2.7. Statistical analysis

The number of sows during the experimental period is shown in
Appendix Table 2. Data are presented as means + SEM. An indi-
vidual sow was considered as the experimental unit in all statistical
analyses. Before analysis, the data were tested for normality and
homoscedasticity using the Kolmogorov—Smirnov and Levene tests
(with the significance level set at 5%). Then the data were subjected
to ANOVA using the GLM procedure of SAS 9.2 (SAS Institute Inc.,
Cary, NC, USA) in a completely randomized design. Repeated
measures analysis of variance as implemented in the MIXED pro-
cedure of SAS was used to examine the responses of litter perfor-
mance. This model included the effects of dietary treatment, parity
of sows, number and birth weight of piglets, with dietary treatment
considered as the main effect, and the other 3 as random effects.
Regression analysis was performed to evaluate the linear and
quadratic effects of different levels of WA. The stillbirth rate was
calculated with the chi-square test. Differences were considered as
statistically significant at P < 0.05 and as a trend to significance at
0.05 < P < 0.10. Probability values < 0.01 are considered as highly
statistically significant.

3. Results
3.1. Sow and piglet performance

Tables 2, 3 and 4 show the effects of different amounts of WA
inclusion in gestation diets on performance of sows and piglets.

The three dietary treatments showed no difference (P > 0.05) in
the body weight and backfat thickness of sows at mating, on day
109 of gestation, at farrowing and at weaning, nor in average daily
feed intake during overall lactation (P > 0.05). Additionally, WA

Animal Nutrition 7 (2021) 412—420

inclusion in sows’ gestation diets showed no influence (P > 0.05) on
the body weight or backfat thickness gain during gestation or loss
during lactation, or weaning-to-estrus interval of sows (Table 3).
However, sows fed 15% WA diet showed significantly lower still-
birth rate than those fed the control diet (P < 0.01) (Fig. 1).

When compared with the control (0), WA inclusion (15% and
30%) showed no obvious impact (P > 0.05) on the numbers of total
piglets born, piglets born alive, piglet stillbirth and pigs per litter at
birth and day 7, 14 and 21 of lactation. Meanwhile, the three
treatments exhibited no difference in the litter weight, average
piglet weight and average daily gain of suckling piglets during
overall lactation (P > 0.05) (Table 4).

3.2. Behavior determinations

Table 5 shows the effects of WA inclusion on the behavior of
pregnant sows. The sows in the 3 treatments exhibited no differ-
ences (P > 0.05) in physical activity (standing, lying, kneeling and
position change), drinking behavior, sham-chewing behavior,
sniffing and licking behavior (de Leeuw et al., 2008). However,
compared with the control (0), the 15% WA group showed a sig-
nificant decline (P = 0.05) in the proportion of sitting behavior of
sows as well as 86% and 67% decrease (P > 0.05) in the time spent
on sham-chewing behavior (1.8% vs. 13.1%) and sniffing and licking
behavior (0.6% vs. 1.9%) of sows (Table 5). The frequency of position
change behavior was twice lower in the 15% treatment than in the
control (P > 0.05) (Table 5).

3.3. Serum concentration of PYY and GLP-1

Figure 2 shows the effects of different amounts of WA inclusion
on the serum concentration of PYY and GLP-1 of sows at day 70 of
gestation. The sows’ serum concentrations of pre-prandial and 2 h
postprandial PYY and GLP-1 of sows on day 70 of gestation were

Table 3
Effects of different amounts of wheat aleurone inclusion in gestation diets on body weight, backfat thickness, weaning to estrus interval and feed intake of sows during
lactation.
Item Diet' SEM P-value?
CON 15%WA 30%WA Diet Linear Quadratic
No. of sows 22 21 23
Average sow parity 4.5 4.5 4.8
BW of sows, kg
Mating 2283 223.7 226.9 29 0.81 0.86 0.81
Day 109 of gestation® 288.3 286.8 282.8 2.7 0.71 0.42 0.70
Gain® 59.9 63.1 55.9 1.9 0.28 0.37 0.31
Parturition 260.9 260.4 256.9 2.7 0.81 0.55 0.81
Weaning 2474 251.4 2449 2.8 0.64 0.70 0.64
Loss during lactation 13.5 9.0 11.9 1.4 0.42 0.69 0.42
Sow backfat thickness, mm
Mating® 17.5 17.5 17.2 0.5 0.92 0.82 0.97
Day 109 of gestation® 17.9 18.2 18.2 0.6 0.73 0.86 0.98
Weaning® 16.9 17.9 16.5 0.5 0.68 0.75 0.53
Backfat gain during gestation® 0.4 0.8 1.0 0.6 0.72 0.70 0.93
Backfat loss during lactation 1.1 0.3 1.7 04 0.40 0.51 0.40
Weaning to estrus interval®, d 4.2 4.1 4.1 0.1 0.83 0.53 0.80
Average daily feed intake?, kg
1st week of lactation 53 53 5.1 0.1 0.88 0.67 0.88
2 nd week of lactation 7.2 7.0 7.2 0.1 0.69 0.77 0.69
3rd week of lactation® 7.8 7.5 7.6 0.1 0.59 0.40 0.55
Mean of 1st week to 3rd week 6.8 6.6 6.6 0.1 0.71 0.49 0.71

AW N =

Results were analyzed using the Kruskal-Wallis test.
Number of sows in CON, 15% WA and 30% WA is 19, 21 and 21, respectively.

CON, control diet group; 15% WA, 15% wheat aleurone diet group; 30% WA, 30% wheat aleurone diet group.
Linear (L) and quadratic (Q) effects of inclusion amounts of wheat aleurone were contrasted.
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Table 4
Effects of different amounts of wheat aleurone inclusion in gestation diets on sows’ reproductive performance and litter performance.
Item Diet' SEM P-value?
CON 15%WA 30%WA Diet Linear Quadratic
No. of sows 22 21 23
Average sow parity 4.5 4.5 4.8
Total piglets born® 15.6 16.1 15.3 0.5 0.92 0.79 0.78
Piglets born alive® 133 14.8 13.7 0.4 0.53 0.67 0.30
Piglets stillborn® 2.0 1.1 13 0.2 0.14 0.12 0.08
Litter weight alive at parturition®, kg 18.7 20.0 18.6 0.5 0.45 0.94 0.47
Average weight of piglets born alive®, kg 14 14 14 0.03 0.66 0.68 0.85
No. of pigs per litter*>*
After cross-foster 12.1 11.7 11.5 0.1 0.29 0.11 0.26
On day 7 114 109 109 0.1 0.20 0.16 0.25
On day 14 11.0 10.5 10.7 0.2 0.42 0.60 0.54
On day 21 10.6 104 104 0.2 0.53 0.61 0.84
Piglet mean BW*, kg
After cross-foster 1.6 1.5 1.5 0.04 0.95 0.78 0.95
On day 7 3.0 3.0 3.0 0.1 0.87 0.95 0.97
On day 14 5.0 4.9 4.8 0.1 0.29 0.44 0.74
On day 21 6.7 6.7 6.6 0.1 0.54 0.28 0.53
Piglet average daily gain®, g/d
Day 1 to 7° 2033 2144 199.1 5.7 0.49 0.70 0.56
Day 7 to 14 269.8 2715 259.2 6.0 0.58 0.49 0.71
Day 14 to 21 260.4 260.7 240.7 6.3 0.34 0.14 0.25
Day 1 to 21 248.6 247.2 2374 4.4 0.46 0.24 0.76
Litter weight?, kg
After cross-foster 18.7 18.2 174 04 0.42 0.19 0.42
On day 7 335 328 34.0 0.8 0.64 0.40 0.66
On day 14 52.0 52.6 524 12 0.92 0.51 0.80
On day 21 70.1 70.5 69.0 1.7 0.62 0.38 0.68

AW N =

Number of sows in CON, 15% WA and 30% WA is 19, 21 and 21, respectively.

shown to increase significantly, linearly and quadratically (P < 0.05)
with increasing WA amount.

3.4. Plasma and saliva concentration of cortisol

Figure 3 shows the effects of different amounts of WA inclusion
on plasma and saliva concentrations of cortisol of sows on day 70 of
gestation. The 3 groups exhibited no differences (P > 0.05) in the
plasma concentrations of pre-prandial cortisol of sows on day 70 of
gestation (Fig. 3A). However, the saliva concentrations of pre-
prandial cortisol of sows on day 70 of gestation were shown to
decrease significantly, linearly and quadratically (P < 0.01) with
increasing WA addition (Fig. 3B).

3.5. Concentration of serum oxidative stress parameter of G109d
sows

Figure 4 shows the effects of different amounts of WA inclusion
on the serum levels of T-AOC, MDA, 8-OHdG and protein carbonyl of
sows on day 109 of gestation. The 3 groups exhibited no obvious
differences (P > 0.05) in serum concentrations of MDA, 8-OHdG and
protein carbonyl. However, the 15% treatment showed higher
concentrations of sows’ serum T-AOC than the control or 30%
treatment (P < 0.05) (Fig. 4).

3.6. Economic benefit analysis

Table 6 shows the economic benefit analysis results of different
amounts of WA inclusion in the gestation diets. The production cost
per piglet born alive ($ 6.9 vs. $ 7.6) or per piglet born healthy ($7.4
vs. $7.9) was shown to decline in the 15% WA group versus the
control group.
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CON, control diet group; 15% WA, 15% wheat aleurone diet group; 30% WA, 30% wheat aleurone diet group.
Linear (L) and quadratic (Q) effects of inclusion amounts of wheat aleurone were contrasted.
Results were analyzed using the Kruskal-Wallis test. Values are means + Pooled SEM.

4. Discussion

In the last 2 decades, with genetic improvement and an increase
in the total number of piglets born per litter, the number of stillborn
piglets has also increased, representing a major economic cost to
the pig industry (Lewis and Hermesch, 2013; Yang et al., 2019). In
the present study, the 15% WA treatment group showed a decline in
the number and the rate of stillborn piglets, which agreed with the
result reported by Feyera et al. who showed that the supplemented
dietary fiber reduced the proportion of stillborn piglets (Feyera
et al., 2017). Additionally, it also increased economic benefits. As
shown in Table 6, the production cost per piglet born alive ($ 6.9 vs.
$7.6) or per piglet born healthy ($ 7.4 vs. $ 7.9) was lower in the 15%

15-
A

£ 10-

= AB

£ B

= 54 "

= aata

17 2]

0 1 : 1 T

CON 15% WA 30% WA

Fig. 1. Effects of different amounts of wheat aleurone inclusion in gestation diets on
stillbirth rate. CON, control diet group; 15% WA, 15% wheat aleurone diet group; 30%
WA, 30% wheat aleurone diet group. Stillbirth rate was analyzed using the Chi-square
test. Different capital letters represent the extremely significant difference at P < 0.01.
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Table 5

Effects of different amounts of wheat aleurone inclusion in gestation diets on behavior of pregnant sows.'
Item Diet? SEM P-value®

CON 15%WA?* 30%WA Diet Linear Quadratic

No. of sows 8 6 8
Lying 91.9 933 90.2 2.0 0.57 0.74 0.70
Standing 7.7 6.7 5.9 1.5 0.89 0.62 0.89
Sitting 0.5 0.0 3.9 1.0 0.05 0.15 0.23
Drinking, times 2.0 2.0 24 1.0 0.72 0.76 0.94
Sham-chewing 131 1.8 4.2 29 0.22 0.19 0.25
Sniffing, licking 19 0.6 2.5 0.6 0.48 0.73 0.53
Position change, frequency 3.6 1.7 4.1 0.5 0.25 0.7 0.17

1 Results are presented as the proportion of observation time. Results were analyzed using the Kruskal—Wallis test.
2 CON, control diet group; 15% WA, 15% wheat aleurone diet group; 30% WA, 30% wheat aleurone diet group.

3 Linear (L) and quadratic (Q) effects of inclusion amounts of wheat aleurone were contrasted.

4 Two sows with serious lameness were culled.
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Fig. 2. Effects of different amounts of wheat aleurone inclusion in gestation diets on serum concentration of peptide YY (PYY) and glucagon like peptide-1 (GLP-1) on sows on day
70 of gestation. CON, control diet group; 15% WA, 15% wheat aleurone diet group; 30% WA, 30% wheat aleurone diet group. Values are means + SEM, n = 6 to 8. Linear (L) and
quadratic (Q) effects of the inclusion amounts of wheat aleurone were contrasted. Different lowercase letters represent significant difference at P < 0.05.
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Fig. 3. Effects of different amounts of wheat aleurone inclusion in gestation diets on plasma and saliva concentration of cortisol on sows on day 70 of gestation. CON, control diet

group; 15% WA, 15% wheat aleurone diet group; 30% WA, 30% wheat aleurone diet group. Values are means + SEM, n = 7. Linear (L) and quadratic (Q) effects of inclusion amounts of
wheat aleurone were contrasted. Different lowercase letters represent significant difference at P < 0.05.

WA group than the control group, which is of high realistic signif- It is worth noting that different amounts of WA inclusion in
icance to the pig production industry, especially at a time when the the gestation diets of sows did not affect the nutrient digestibility,
outbreak of African swine fever in China has caused a sharp decline thus leading to no weight changes during pregnancy. This suggests
in the number of pigs. that WA can serve as a fiber source for long-term bulk addition to
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Fig. 4. Effects of different amounts of wheat aleurone inclusion in gestation diets on serum levels of T-AOC(A), MDA(B), 8-OHdG (C) and protein carbonyl of G109d sows; T-
AOC = total antioxidant capacity; MDA = malondialdehyde; 8-OHdG = 8-hydroxy-deoxyguanosine. CON, control diet group; 15% WA, 15% wheat aleurone diet group; 30% WA, 30%
wheat aleurone diet group. Values are means + SEM, n = 8. Linear (L) and quadratic (Q) effects of inclusion amounts of wheat aleurone were contrasted. Different lowercase letters

represent significant difference at P < 0.05.

pregnant sow diets to replace part of the protein and energy feed
ingredients.

As reported previously, an increased stillbirth rate was posi-
tively correlated with a higher oxidative stress status in late preg-
nancy of sows (Zhao et al., 2013; Wang et al., 2019a). There is an
increased systemic oxidative stress during late gestation of sows
(Tan et al., 2015a; Wang et al., 2019a), which can alter maternal
parameters important for neonatal survival, such as colostrum
production and immunoglobulin content, as well as maternal care
to the newborns (Merlot et al., 2013). In this study, sows fed 15% WA
diet showed higher concentrations of serum T-AOC on day 109 of
gestation than those fed the control diet, thus enhancing the
antioxidant capacity of pregnant sows and contributing to the low
stillbirth rate in the 15% WA group. Besides, our results showed
that, despite no statistical difference, the 15% WA group was also
lower than the control group in the serum protein carbonyl con-
centration, which could contribute to the decreased stillbirth rate
in 15% WA group. This was consistent with a previous report
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showing that the number of stillborn piglets was positively corre-
lated with protein carbonyl concentration on day 90 of gestation
(Zhao et al., 2013). Eight-hydroxy-deoxyguanosine is the major

Table 6
Economic benefit analysis of different amounts of wheat aleurone inclusion in the
gestation diets.

Item Diet!

CON 15%WA  30%WA
Feed price, $/1,000 kg 373.1 3738 390.2
Feed consumption during gestation per sow, kg 271.0 271.0 271.0
Feed cost per sow, $ 101.1 1013 105.7
Piglets born alive 133 14.8 13.7
Production cost per piglet born alive, $ 7.6 6.9 7.7
Piglets born healthy 12.8 13.6 129
Production cost per piglet born healthy, $ 7.9 7.4 8.2

T CON, control diet group; 15% WA, 15% wheat aleurone diet group; 30% WA, 30%
wheat aleurone diet group.
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marker for oxidative damage to nucleic acids, which was reported
to be negatively correlated with the litter weight of sows (Zhao
et al., 2013). In the present study, the 3 groups showed no differ-
ence in the level of 8-OHdG, which agreed with no change in the
litter weight of the 3 dietary treatments.

Studies have shown that the active components of WA have
certain antioxidant capacity (Brouns et al., 2012). Ferulic acid can
mitigate oxidative stress by electron donation and hydrogen atom
transfer to free radicals (Graf, 1992). However, the amount of ferulic
acid is not directly proportional to the body's antioxidant capacity.
Higher amounts of ferulic acid may have no effect on the oxidative
stress state of the body, and may even exacerbate oxidative stress
(Wang et al., 2019b). This may explain why the 30% WA group had
no effect on the antioxidant capacity of pregnant sows.

The stillbirth rate was reported to increase with higher levels of
cortisol in pregnant sheep (Antolic et al., 2019). In our study, the WA
group had lower saliva concentrations of pre-prandial cortisol than
the control diet group, which contributed to the reduction or
downward trend for the stillbirth rate in the 15% and 30% WA
groups, respectively. One point we must emphasize is that the
saliva cortisol content can reliably reflect the activity of the hypo-
thalamic—pituitary—adrenal axis (HPA-axis), which is a more
practical method than blood collection in stress research as it can
avoid elevated cortisol levels induced by blood collection stress
(Cook et al., 1996). The results indicated that feeding sows with WA
can decrease the stress levels of pregnant sows, which in turn may
reduce the stillbirth rate.

A growing number of studies have indicated that animal welfare
is impaired in many conditions and should be improved (Sapkota
et al.,, 2016; Greenwood et al., 2019; Maes et al., 2019). Gestating
sows tend to suffer insufficient satiety frequently due to feed re-
striction (De Leeuw et al., 2005; Schneider et al., 2007; de Leeuw
et al., 2008; Greenwood et al., 2019). The insufficient satiety of
sows can be reflected by their stereotypical behaviors (often
referred to as sham-chewing behavior, sniffing behavior and licking
behavior) and physical activities (standing, lying, sitting, kneeling
and position change) (de Leeuw et al., 2008). Our results showed
that sows fed the 15% WA diet had a decrease in the proportion of
sitting behaviors, indicative of greater postprandial satiety. Previ-
ous studies have shown that dietary supplementation of WA could
delay the postprandial peaks of glucose and insulin in horses
(Delesalle et al., 2015), which was confirmed by Quemeneur et al.
(2020), who reported that the increase in the plasmatic concen-
tration of glucose following the meal was lower and delayed with
the diet supplemented with 4-g WA per kg in the growing pigs.
Moreover, previous studies have shown that a reduction in ste-
reotypical behavior is associated with an improvement in the
body's status of oxidative stress (Ben-Azu et al., 2016; Nadeem
etal., 2019; Zhang et al., 2019), which agreed with the current study
by an increase in the concentrations of serum T-AOC and a decrease
in the proportion of sitting behaviors for the 15% WA group versus
the control group.

Previous studies have revealed GLP-1 and PYY as important
regulators of satiety (Gibbons et al., 2013; Schueler et al., 2013; Tan
et al., 2016a), both of which affect satiety by reducing gut motility,
delaying gastric emptying and slowing transit time to enhance
digestion and nutrient absorption, thereby reducing appetite
(Sleeth et al., 2010). In our study, compared with the control group,
the 15% WA group significantly increased serum concentrations of
pre-prandial PYY and GLP-1 of sows, coupled with an increased
tendency in the serum concentrations of 2 h postprandial PYY on
day 70 of gestation. These results indicated that feeding sows with
15% WA increased the levels of serum satiety hormone of pregnant
sows, which may contribute to reducing abnormal behavior and
enhancing postprandial satiety. It has been reported that the
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microbiota of rodents and humans in the distal part of the gastro-
intestinal tract can ferment dietary fiber to produce short-chain
fatty acids (SCFA), which could activate the gene expression of
free fatty acid receptors FFA2 and FFA3 in L-cells and promote the
production of GLP-1 and PYY (Byrne et al., 2015). WA is a source of
insoluble fermentable dietary fiber (Mcintosh et al., 2001), which
may promote the generation of more GLP-1 and PYY by producing
more SCFA than the control group. In this study, we did not detect
the plasma concentrations of postprandial SCFA of pregnant sows,
but previous studies have indicated that, compared with the con-
trol, inclusion of dietary fiber remarkably increased the plasma
concentrations of 4 h postprandial acetic acid, propionic acid,
butyric acid and total SCFA of sows on late gestation (Sun et al.,
2015; Tan et al., 2016b, 2018).

5. Conclusions

In this study, feeding sows with 15% WA was shown to decrease the
stillbirth rate, alleviate stress status and enhance postprandial satiety
of pregnant sows. Importantly, 15% WA inclusion during gestation
could reduce the production cost per piglet born alive or per piglet
born healthy. This study facilitates the application of dietary fiber to
partially replace conventional feed ingredients to improve the
reproductive performance of sows and reduce the production cost.
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