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Abstract: The purpose of this study was to evaluate the impact of the backfat thickness of sows on
reproductive performance and on lipid metabolism, oxidative stress, and inflammation. At farrowing,
60 sows were assigned to three groups: the low-backfat-thickness group (LBF, n = 20): sows’ backfat
thickness was between 9 and 12 mm; the medium-backfat-thickness group (MBF, n = 20): sows’
backfat thickness was between 13 and 20 mm; and the high-backfat-thickness group (HBE, n = 20):
sows’ backfat thickness was between 21 and 25 mm. Maternal and fetal blood and placental samples
were collected. Compared with the LBF and HBF groups, the MBF group delivered a significantly
greater number of live piglets than the LBF or HBF groups. The different backfat thicknesses of sows
had different effects on the lipid-related hormones and adipokines of maternal and fetal serum and
placenta. Sows with poor or excessive backfat displayed higher levels of oxidative stress and higher
levels of pro-inflammatory cytokines. According to these data, the thickness of a sow’s backfat affects
the characteristics of farrowing piglets and their lipid metabolism, as well as placental inflammation,
maternal inflammation, and oxidative stress. A moderate backfat thickness (between 13 and 20 mm)
was associated with greater reproductive performance in sows.

Keywords: sows; backfat thickness; reproduction; lipid metabolism; oxidative stress; inflammation

1. Introduction

The reproductive performance of sows is currently considered one of the most chal-
lenging subjects in the swine industry and is also the key to increasing the production
profitability of the pig industry. The backfat thickness measurement serves as a useful tool
for monitoring and improving the efficiency of farms [1]. In pigs, during gestation and
lactation, an excessive loss of backfat has been significantly correlated with the number of
stillborn piglets, the size and growth of litters, and prolonged weaning to the estrus interval
in several studies [2,3]. Excessive backfat in sows is linked to changes in the decreasing
volume of the abdominal cavity, which corresponds with the impact of placental and fetal
development during late gestation [4]. A relationship has been established between backfat
thickness and reproductive performance in sows; the molecular mechanisms connecting
maternal backfat thickness to the characteristics of newborn piglets at farrowing as well as
to maternal, placental, and fetal lipid metabolism remain elusive.

The maternal conditions are demonstrated to be closely related to the endocrine
function of sows and piglets [5]. Pregnant sows are characterized by a high level of oxida-
tive stress, which further influences the endocrine function of the fetoplacental unit [6,7].
Additionally, oxidative stress in placental tissue due to redox imbalance stimulates the
generation of inflammatory mediators and inflammation, which leads to placental insuf-
ficiency [8]. Herein, we hypothesize that the thickness of the backfat of sows is related
to placental oxidative stress and inflammation. Consequently, the purpose of this study
was to assess the impact of backfat thickness on the characteristics of newborn piglets at
farrowing and their lipid metabolism and other measures of inflammation and oxidative
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stress. Furthermore, the data collected were used to test our hypothesis about the correla-
tion between backfat thickness in sows and placental oxidative stress and inflammation, as
well as the correlation between sows and their piglets.

2. Materials and Methods
2.1. Experimental Animals

The experiment was conducted at the Research Farm of Nanjing Agricultural Uni-
versity where there were no special provisions to control the environmental conditions of
the experimental animals. A total of 60 large white sows (parity from 3-5) were chosen
from a herd of 151, all housed in passively ventilated gestation stalls (2.20 m x 0.65 m)
with concrete slatted floors. Sows had access to free water and were fed at 0900 and
1600 h daily with a standard grain-based diet (Table S1). The diet was purchased from
Jiangsu Zhengchang Industrial Co. Ltd. Sows were fed formula diets that were designed
to meet the nutrient requirements of pregnancy development by the NRC (2012). Sow
backfat thickness was measured at 65 mm to the left side of the dorsal midline at the level
of the last rib (known as the P2 point) using an ultrasonic scanner (Lean-meter, Renco,
Minneapolis, MN, USA) at approximately day 110 of gestation [9]. Measuring units are
given in millimeters. Based on backfat thickness, sows (n = 60) were assigned to three
groups, a low-backfat-thickness group (LBE, n = 20): sows’ backfat thickness was between 9
and 12 mm; a medium-backfat-thickness group (MBEF, n = 20): sows’ backfat thickness was
between 13 and 20 mm; and a high-backfat-thickness group (HBF, n = 20): sows’ backfat
thickness was between 21 and 25 mm.

2.2. Data and Sample Collection

There are several indicators for measuring litter size at birth in pigs, including the
number of piglets born, number of live piglets, mummified fetuses, stillborn piglets,
litter weight at birth, average birth weight, and placenta weight. Placental efficiency
was calculated by dividing piglet weight by placental weight, and stillbirth ratio was
calculated by dividing stillborn piglets by the total litter of piglets. One piglet per litter
(body weight close to the average weight of the litter) was selected at birth, and the
corresponding placentas of selected piglets were collected. Samples were immediately
collected from the maternal jugular vein and piglet umbilical cord after delivery. Samples
of blood were collected in 5 mL sterile vacuum tubes (Greiner, Frickenhausen, Germany)
and then centrifuged for 15 min at 4 °C at 3000x g.

To match piglets with their placentas, placentas were collected immediately within
20 min of delivery according to the modified method suggested by Wilson et al. [10].
After the expulsion of the piglet, the umbilical cord was marked and tied with a silk
line labeled with a tag. The birth weight and birth order of newborn piglets were noted.
Placenta samples were excised from the maternal side of the placenta at 2 cm from the
insertion point of the umbilical cord, and maternal blood and decidua were removed. After
collection, placental tissues were washed with phosphate-buffered saline (PBS), minced
with dissecting scissors and placed into 1.5 mL tubes. During collection, all samples were
kept on ice and frozen at —80 °C. Biochemical and gene expression analysis of the placental
samples was performed on individual samples by group. A total of 60 placental samples
were examined (20 per group) in this study.

2.3. Biochemical Analysis

For biochemical analysis, approximately 0.5 g of each placenta tissue sample was
homogenized in 5 mL 0.85% chilled normal saline. Supernatants were further centrifuged
for 10 min at 4 °C at 3000 x g and were then used for analysis. Commercial ELISA kits were
purchased from RD systems (Minneapolis, MN, USA) and were used to detect the contents
of insulin (INS), leptin (LEP), adiponectin (ADP), tumor necrosis factor-alpha (TNF-«),
cytokine interleukin 6 (IL-6), cytokine interleukin 8 (IL-8), and cytokine interleukin 13 (IL-
1$3) in sow serum, piglet cord serum, and placenta homogenate. All samples were measured
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in a single assay, and all intra-assay and inter-assay CVs were <10% and <15%, respectively.
Low-density lipoprotein cholesterol (LDL-c), high-density lipoprotein cholesterol (HDL-c),
and glucose (GLU) concentrations in maternal and fetal serum were analyzed with a Unicel
36 DX600 Synchron (Beckman Coulter, Mississauga, ON, Canada). The commercial kits
used for these measurements included the total triglyceride (TG), the free fatty acids (FFA),
the cholesterol (CHO), the malondialdehyde (MDA), the inhibition of hydroxyl radical
(OH), the total antioxidant capacity (T-AOC), and the glutathione peroxidase (GSH-Px),
superoxide dismutase (SOD), and catalase (CAT) activities.

2.4. Gene Expression Analysis of Placenta

Total RNA from placenta samples was processed using TRIZOL reagent (Sigma-
Aldrich, St. Louis, MO, USA) as directed by the manufacturer. Quantification of total
RNA was performed using a NanoDrop® ND-1000 Spectrophotometer. About 1 pg of
total RNA was converted into cDNA using the reverse transcription cDNA kit (Thermo
Fisher Scientific, Waltham, MA, USA) as per the manufacturer’s instructions. Real-time
qPCR was performed with 1 uL cDNA in a total volume of 20 pL with SYBR Green PCR
master mix (Invitrogen, Carlsbad, CA, USA) using 7900HT Fast Real-Time PCR System
(Life Technology, Carlsbad, CA, USA). The primer sequences are summarized in Table S2.

The 20 pL reaction system consisted of the cDNA template, forward and reverse
primers, and 1x SYBR Green PCR Master Mix. The real-time qPCR running protocol
was set as follows: 10 min at 95 °C for initial denaturation, followed by 15 s at 95 °C for
denaturation, 10 s at the primer-specific temperature (Table S2) for annealing, then 30 s at
72 °C for an extension. All real-time qPCR data were normalized through reference genes,
(-acting, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Each PCR reaction
was performed in triplicate. To confirm the specificity of the amplification, a dissociation
procedure was used to generate melting curves. The relative expression of target genes was
calculated via the 2-AACT method.

2.5. Statistical Analysis

IBM SPSS 20.0 (IBM SPSS Statistics, Armonk, NY, USA) was used for statistical analyses.
For the results of the reproductive performance, biochemical indexes, and real-time qPCR,
values are displayed as the mean + S.E.M. Multiple group comparisons were carried out by
one-way ANOVA, followed by a Student-Newman-Keuls test. Regression analyses were
conducted using the Proc MIXED procedure in SAS version 9.2 (SAS Institute, Cary, NC,
USA). The categorized backfat thickness at 110 d of gestation was specified as a fixed effect.
The response variables were related measurements, including lipid-related hormones,
oxidative stress, and inflammation factors. Differences were considered significant when
p < 0.05 and as a tendency when 0.05 < p < 0.10.

3. Results
3.1. Maternal, Placental, Neonatal Characteristics

Compared to the LBF and HBF groups, the MBF group had more piglets per litter and
more piglets born alive per litter (p < 0.05, Table 1) than the LBF and HBF groups, but the
MBF and HBF groups did not show any differences (p > 0.05) (Table 1). In the MBF group,
the litter birth weight was higher (p < 0.05) than in the LBF and HBF groups. Stillborn
piglets were significantly fewer per litter (p < 0.05) in the MBF group, but the values were
not significantly different from those in the LBF and HBF groups (p > 0.05). Of the three
groups, the LBF group had the highest stillbirth rate, whereas the MBF group had the
lowest number. The average birth weight of the HBF group was similar to that of the LBF
and MBF groups, of which the MBF group was the heaviest (p < 0.05). Mummified fetuses
per litter and placenta weight did not differ between the three groups (p > 0.05).
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Table 1. Characteristics of sows and newborn piglets at farrowing .
Characteristics Group LBF Group MBF Group HBF SEM p-Value

Litter size at birth in sows
Total number of piglets born per litter (sow) 13.80° 15.142 13.10° 0.29 0.04
Number of piglets born alive per litter (sow) 11.25° 13.012 11.46° 0.25 0.04
Stillbirth piglets per litter (sow) 3.002 1.51P 2302 0.15 0.03
Mummified fetuses per litter (sow) 0.31 0.27 0.29 0.06 0.23

Stillbirth ratio (%) 21.73% 9.97% 17.56%
Litter birth weight (kg) 16.60 P 19.652 17.17°b 0.40 <0.01
Average birth weight (kg) 1.35P 1.482 1.422b 0.02 0.04
Placenta

Placenta weight (kg) 2.73 3.20 3.10 0.17 0.12
Placental efficiency 516" 6.142 5220 0.17 0.03

1 All values are mean with pooled SEMs. In rows with different superscript letters, the values differ significantly

(p < 0.05).

3.2. Lipids and Lipid-Related Hormones and Adipokines in Maternal and Fetal Serum and

Placenta Homogenate

In the MBF group, the TG concentration of the sow serum and placenta homogenate
was (p < 0.05) lower than in the LBF and HBF groups, whereas the piglet cord serum TG
concentrations were higher (p < 0.05) than in the HBF group (Table 2). The sow serum
concentrations of HDL were higher (p < 0.05) in the MBF group than in the LBF and HBF
groups, but the values of piglet cord serum did not differ (p > 0.05) among the three groups.
In addition, the LEP level of piglet cord serum was significantly and linearly correlated

with backfat thickness (p = 0.01; p < 0.01).

In the LBF group, the concentrations of INS and LEP of the placenta homogenate were
lower (p < 0.05) than in the HBF group, and the concentrations did not differ significantly
between the MBF or HBF groups and the LBF group. The correlated analysis results
showed that TG concentrations in the piglet cord serum and placenta homogenate were
significantly associated with backfat thickness (p < 0.01, p = 0.04, respectively; Table 2).
There was a linear increase in the CHOL concentrations of maternal blood with increased
backfat thickness (p = 0.04). Additionally, a tendency for a linear increase in the NEFA
concentrations of the placenta homogenate was observed with increased backfat thickness

(p = 0.03).
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Table 2. The concentrations of lipids, lipid-related hormones, and adipokines in sow serum, piglet
cord serum, and placenta homogenate 1

p-Value
Characteristic Group LBF Group MBF Group HBF SEM Q2 L3
Sow serum

GLU (mmol-L~1) 3.98 413 3.85 0.12 0.63 0.49
TG (mmol-L~1) 0.942 0.60P 0.992 0.06 <0.01 0.07
FFA (mmol-L~1) 0.142b 0.11b 0.16 @ 0.01 0.05 0.07
CHO (mmol-L~1) 6.23 6.03 6.88 0.20 0.26 0.04
HDL-c (mmol-L~1) 1.09b 1.272 1.00P 0.03 0.03 0.45
LDL-c (mmol-L~1) 4.03 3.87 4.39 0.15 0.06 0.21
INS (mIU-L~1) 20.28 22.50 25.49 1.70 0.51 0.32
LEP (ng-mL~1) 18.342 13.76 2P 9.69 P 1.10 0.04 0.08
ADP (mg-L™1) 8.14 b 13.642 7.42b 1.32 0.05 0.37

Piglet cord serum
GLU (mmol-L~1) 3.70 4.16 3.85 0.12 0.63 0.13
TG (mmol-L~1) 0.13ab 0.142 0.10" 0.01 0.03 <0.01
FFA (mmol-L~1) 0.12 0.11 0.12 0.01 0.74 0.35
CHO (mmol-L~1) 1.04 1.19 1.20 0.05 0.57 0.17
HDL-c (mmol-L~1) 0.54 0.52 0.45 0.02 0.16 0.06
LDL-c (mmol-L~1) 0.11 0.18 0.16 0.03 0.79 0.33
INS (mIU-L~1) 25.10 24.41 22.19 0.89 0.09 0.21
LEP (ng-mL~1) 3.53b 6.152 6.412 0.35 0.01 <0.01
ADP (mg-L~1) 9.11 8.50 6.95 0.32 0.13 0.10
Placenta homogenate

TG (mg-g~! protein) 1.832b 1.64° 2.232 0.10 0.02 0.04
FFA (mg-g~! protein) 1.18° 1.21b 1.642 0.10 0.05 0.03
CHO (mg-g~! protein) 0.92 0.80 1.08 0.06 0.17 0.11
INS (mIU-g~! protein) 21.25 b 17.79 b 22.70 2 0.87 0.03 0.19
LEP (ug-g~! protein) 4.640 3.87b 5.00 0.18 0.03 0.167
ADP (mg-g~! protein) 5.02 2b 5232 416" 0.19 0.05 0.281

1 All values are mean with pooled SEMs. In rows with different superscript letters, the values differ significantly
(p < 0.05); 2 Q: Quadratic discriminant analysis;  L: Linear discriminant analysis.

3.3. Oxidant/Antioxidant Status in Maternal and Fetal Serum and Placenta Homogenate

In the LBF and MBF groups, the MDA concentration of sow serum, as well as in the
piglet cord serum and placenta homogenate, was lower than in the HBF group (p > 0.05),
and the changes in sow and piglet cord serum exhibited a linear increase as the backfat
thickness increased (p < 0.01, p < 0.01, respectively; Table 3). In the MBF group, the SOD
concentrations in the sow serum and placenta homogenate were higher (p < 0.05) than in
the LBF or HBF groups, and the changes in the placenta homogenate exhibited a linear
decrease alongside backfat thickness (p = 0.02). The OH- inhibition of the sow and piglet
cord serum was higher (p < 0.05) in the HBF than in the LBF and HBF groups, and the
OH- inhibition of the placenta homogenate was no different (p > 0.05) in the three groups.
In addition, there was a linear decrease in the OH- inhibition and GSH-Px concentration in
the piglet cord serum with increased backfat thickness (p < 0.01, p < 0.01, respectively).
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Table 3. Oxidant/antioxidant status in sow serum, piglet cord serum, and placenta homogenate !.

p-Value
Characteristic Group LBF Group MBF Group HBF SEM 02 L3
Sow serum
MDA (nmol-mL~1) 3.78"P 3.35b 5.292 0.30 <0.01 <0.01
SOD (U-mL™1) 39.06 P 50.93 4096 1.41 <0.01 0.33
OH- inhibition (U-mL~1) 41.662 45.642 34.75P 2.30 <0.01 0.25
GSH-Px (U-mL™1) 238.89 203.70 199.37 11.25 0.48 0.33
CAT (U-mL™ 1) 6.28P 6.972 6.70 2b 0.36 0.04 0.46
T-AOC (U-mL~1) 2.78 b 4542 2,56 0.42 0.03 0.15
Piglet cord serum
MDA (nmol-mL~1) 1.84P 1.34b 2412 0.21 0.03 <0.01
SOD (U-mL~1) 18.86 19.95 20.24 0.58 0.06 0.48
OH- inhibition (U-mL~1) 46.67 2 45.872 38.45P 1.65 <0.01 <0.01
GSH-Px (U-mL~1) 106.67 90.37 87.62 7.4 0.16 <0.01
CAT (U-mL™1) 4012 3.18Pb 4192 0.25 0.04 0.04
T-AOC (U-mL1) 228 2.87 242 0.19 0.45 0.36
Placenta homogenate
MDA (nmol-mg~! protein) 2.75b 3.16° 5492 0.38 <0.01 0.15
SOD (U-mg~! protein) 11.99 2b 12.832 10.73 b 0.45 0.04 0.02
OH. inhibition (U-mg™! 18.30 21.22 19.15 0.79 0.32 0.28
protein)
GSH-Px (U-mg~! protein) 124.07 113.35 128.80 3.99 0.21 0.13
CAT (U-mg~! protein) 5.78 P 5.75b 7122 0.38 0.03 0.24
T-AOC (U-mg~! protein) 0.952 0.942 0.65° 0.14 0.02 0.34

1 All values are mean with pooled SEMs. In rows with different superscript letters, the values differ significantly
(p < 0.05); 2 Q: Quadratic discriminant analysis; 3 L: Linear discriminant analysis.

In the MBF group, the CAT concentrations in the piglet cord serum and placenta
homogenate were lower (p < 0.05) than in the LBF or HBF groups. The sow serum con-
centration of TAC was greater (p < 0.05) in the MBF than in the LBF and HBF groups,
and the TAC concentration of the placenta homogenate in the LBF and MBF groups was
increased (p < 0.05) compared with the HBF group. There was a linear increase in the CAT
concentration in the piglet cord serum with increased backfat thickness (p = 0.04).

3.4. Pro-Inflammatory Cytokines in Maternal and Fetal Serum and Placenta Homogenate

In the MBF group, the tumor necrosis factor-oc (TNF-ot) concentration in sow and piglet
cord serum was not significantly different from that in the LBF and HBF groups, but the HBF
group had a higher concentration of sow serum (p < 0.05) and a lower concentration of cord
serum in piglets (p < 0.05) than in the LBF group (Table 4). No difference (p > 0.05) in the
TNF-« concentration in the placenta homogenate, nor the IL-6 concentration in the placenta
homogenate, was found between the MBF or HBF groups and the LBF group, whereas
the concentrations of TNF-o and IL-6 in the placenta homogenate were lower (p < 0.05) in
the MBF than the HBF group. In the LBF and MBF groups, the IL-6 concentration of the
sow serum was reduced (p < 0.05) compared with the HBF group; however, there were
higher IL-6 concentrations (p < 0.05) in the placenta homogenate than in the HBF group.
The correlated analysis results showed that the TNF-« and IL-6 concentrations in the sow
serum were significantly associated with backfat thickness (p < 0.01, p = 0.02, respectively).
In addition, there was a linear decrease in the TNF-a concentration of the piglet cord serum
with increased backfat thickness (p = 0.04).



Vet. Sci. 2022, 9, 302 7 of 13

Table 4. The concentration of pro-inflammatory cytokines in sow serum, piglet cord serum, and
placenta homogenate !.

p-Value
Characteristic Group LBF Group MBF Group HBF SEM Q2 L3
Sow serum
TNF-« (ng-L~1) 57.85b 72.26 ab 90.57 @ 5.02 0.04 <0.01
IL-6 (ng-L™1) 149.10® 198.45° 267.03 2 12.55 0.03 0.02
IL-8 (ng-L~7) 76.86 65.34 81.90 4.33 0.29 0.24
IL-18 (ng-L™1) 46.83 61.34 65.90 3.33 0.44 0.28
Piglet cord serum

TNF-« (ng-L~1) 73.842 65.42 b 58.89 P 1.99 0.03 0.04
IL-6 (ng-L™1) 111.822 106.85 2 98.67 b 4.20 0.04 0.10

IL-8 (ng- L™ 1) 56.83 60.34 61.90 1.33 0.20 0.25
IL-1B (ng-L 1) 36.63 41.34 50.91 3.43 0.07 0.08

Placenta homogenate

TNF-« (ng-g~! protein) 22.39 2P 21.10° 25172 0.77 0.04 0.20
IL-6 (ng-g~! protein) 65.03 2P 58.85 P 75.112 3.16 0.04 0.12
1IL-8 (ng-g*1 protein) 76.84 68.64 79.90 3.63 0.24 0.19
IL-1B (ng-g~! protein) 22.69 2P 20.39 0 34312 2.66 0.05 0.07

1 All values are mean with pooled SEMs. In rows with different superscript letters, the values differ significantly
(p < 0.05); 2 Q: Quadratic discriminant analysis; 3 L: Linear discriminant analysis.

3.5. Inflammatory Genes’ Expression in Placenta

The mRNA expressions of IL-6 and lectin-like oxidized LDL receptor-1 (LOX-1) were
significantly lower in the MBF group than in the HBF group and were similar to those in
the LBF group (Figure 1). Compared with the MBF group, however, the mRNA expression
of the cytokine interleukin 6 receptor (IL-6R) was reduced in the LBF and HBF groups.
The MBF groups expressed lower levels of TNF-ao mRNA (p < 0.05) than the LBF and
HBF groups, but the values between the LBF and HBF groups did not differ significantly
(p > 0.05). In the LBF and HBF groups, suppressors of cytokine signaling 3 (SOCS3) mRNA
expression were decreased (p < 0.05) compared with the HBF group, but no significant
difference (p > 0.05) was found between the LBF and MBF groups. The MBF group showed
a higher level of mRNA expression of placental growth factor-1 (PIGF-1) than the LBF
and HBF groups (p < 0.05), but no significant difference (p > 0.05) was found between the
three groups. Among the groups, there were no significant differences in the mRNA levels
of tumor necrosis factor receptor-1 (TNF-R1) and vascular endothelial growth factor-a
(VEGF-A) (p > 0.05).
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Figure 1. The mRNA levels of inflammatory genes in the placenta according to backfat thickness.
Values are mean + S.E.M. A difference in letter between columns is significant at p < 0.05.

4. Discussion

Previous studies have established the relationship between backfat thickness and
reproductive performance in sows, and they mainly focused on the excess backfat which
caused difficulties that influenced fetuses. However, the effects of the backfat thickness of
sows on placental inflammation, oxidative stress, and placental lipid concentrations remain
to be elucidated. According to the current study, the concentrations of lipids involved
in the metabolism and pro-inflammatory cytokines; the oxidant/antioxidant statuses of
the sow serum, piglet cord serum, and placenta homogenate; and the relative mRNA
levels of inflammatory genes in the placenta were measured to assess how the thickness
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of backfat influenced reproductive performance, lipid metabolism, antioxidant status,
and inflammation.

4.1. Effects of Backfat Thickness on Reproductive Performance

When sows have excess backfat during gestation, they tend to have problems farrow-
ing, more stillborn piglets, and other reproductive performance disorders [11]. Moreover,
piglets weaned from sows with lower backfat thickness are less numerous [12]. Consistent
with previous research [13,14], piglet births per litter, as well as piglets born alive, were
significantly higher in the MBF group than in LBF or HBF groups. Additionally, the MBF
group had a significantly lower number of stillbirths per litter than either the LBF or HBF
groups, but these values did not differ between the groups [14]. Excessive backfat of
sows is associated with changes in the decreasing volume of the abdominal cavity, which
could impact placental and fetal development [4]. The results of our study agree with
previous research showing that a high backfat thickness in sows could cause many stillborn
piglets [3]. There could also be a problem with fat deposition blocking the birth canal,
which results in difficulties during parturition. According to this study, sows with a low
backfat thickness had the highest rate of stillbirth, whereas the smallest litters had the
lowest birth weights. The thin sows had low energy storage, which failed to regulate their
normal physiological processes and maintain pregnancies [15]. A previous study has also
shown that the placenta of neonates with a low birth weight is susceptible to oxidative
damage [16]. Thus, sows with low backfat during pregnancy possess poor reproductive
indices. A lower placental efficiency could relate to intrauterine growth retardation, and
small-for-gestational-age offspring [17] and is also positively related to litter size [18]. In the
present study, the MBF group had a significantly higher placental efficiency than the LBF
and HBF groups. As reviewed by Konig et al. (2020), the placental efficiency in crossbred
Danish genetic sows is higher than that in purebred German Saddleback sows, suggest-
ing that this pattern contributes to a higher fecundity in breeds [19]. These observations
indicate that maintaining moderate backfat thickness in sows is extremely important for
optimizing fertility.

4.2. Effects of Backfat Thickness on Lipid-Related Hormones and Adipokines

An important role of lipid metabolism can be found in pregnancy initiation and
development [20]. Fetal lipids, fetal growth, and fat mass are related to maternal serum
TG and FFA [21]. In this study, a significantly lower concentration of TG in the MBF group
was observed compared to the LBF and/or HBF groups, whereas the piglet cord serum TG
concentration was significantly greater than in the HBF group. The above results indicated
that sows with suitable backfat can support more TG for fetal lipogenesis. A higher level
of the FFA of sow serum and placenta homogenate was found in the HBF group than in
the LBF and/or MBF groups, but the piglet cord serum FFA was the same in all three
groups. In our study, we found that higher concentrations of FFA were redistributed by
the placenta and were not transferred to the fetus by simple diffusion. In the past, low
blood HDL-c levels have been linked to pre-eclampsia and gestational diabetes in pregnant
women [22]. In our study, the MBF group had significantly higher HDL-c levels in the sow
serum than both the LBF and HBF groups. Thus, we speculate that sows with excess or
poor backfat can experience negative pregnancy outcomes or can produce preterm births
and low-birth-weight fetuses.

There has been evidence that placental nutrient transporters are stimulated by mater-
nal hormones, including INS, LEP, and ADP [23]. It has been shown that obesity in sows
leads to higher maternal plasma concentrations of INS and lower plasma levels of ADP in
late pregnancy. Consistent with a previous study, higher values of INS in the sow serum
and placenta homogenate were found in the HBF group compared to the LBF and/or
MBEF groups, but in contrast, the ADP levels of the sow serum and placenta homogenate
were the lowest in the HBF group. A previous study indicated that a significant linear
relationship between backfat thickness and plasma LEP was found [24]. Similarly, our
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work showed higher LEP levels in the piglet cord serum and placenta homogenate in the
HBF groups than in the LBF or MBF group. However, the LEP level in the sow serum in
the LBF groups was the highest among the three groups. The response to energy restriction
in LEP is regulated by changes in adipocyte glucose and lipid metabolism, i.e., decreased
glucose uptake and metabolism and increased lipolysis.

4.3. Effects of Backfat Thickness on Oxidant/Antioxidant Status and Pro-Inflammatory Cytokines

We have found a complex variation of cytokines related to inflammatory and oxidative
stress responses with different backfat thickness, especially between the HBF group and the
MBF group. Compared with the LBF and the MBF groups, the MDA concentrations in the
sow serum, piglet cord serum, and placenta homogenate were higher in the HBF groups.
Similarly, increased oxidative stress and expression of pro-inflammation cytokines in the
placenta are linked to excessive backfat thickness in sows [25]. This suggests that sows with
excess backfat would experience oxidative stress. Additionally, sows in the MBF group had
higher SOD concentrations in their serum and placenta homogenate than in the LBF or HBF
groups. The inhibition of placental and maternal SOD observed here may be a critical factor
for negative outcomes such as fetal death and mummified fetuses, which have greater
incidence in sows with excess backfat [4]. It has been shown by a previous study that a
positive correlation exists between maternal CAT and babies’ birth weights [26]. Consistent
with the above study, the CAT concentrations in the sow serum were the highest in the MBF
group. Previous research has indicated that increasing obesity correlates with increased
ROS, such as OH: and hydrogen peroxide [27]. Moreover, the OH- inhibition and T-AOC
level also represent the ability of the antioxidant system. Our results showed that sows
with excess backfat had lower levels of OH- inhibition and T-AOC. The measurements
of the pro-inflammatory cytokines in the placenta and maternal blood (TNF-« and IL-6)
were primarily affected by oxidative stress. In a previous study, it was shown that TNF-«
and IL-6 were associated with obesity or insulin resistance [28]. As part of this study, the
TNF-« and IL-6 levels in maternal serum and placenta revealed a uniform trend toward
being similarly increased in the HBF groups. Notably, the levels of TNF-« and IL-6 in the
piglet cord serum were reduced in the HBF groups. Thus, we speculated that maternal
obesity may amplify inflammation by increasing the expression of maternal and placental
pro-inflammatory cytokines. However, the placenta plays a barrier role, inhibiting the
inflammation of fetuses in this process [29].

4.4. Effects of Backfat Thickness on Inflammatory Genes” Expression in Placenta

Pregnancy is characterized by a high level of oxidative stress, which further increases
placental oxidative stress [6,30]. Oxidative stress in placental tissue due to a redox im-
balance is causally associated with inflammation and inflammatory mediators [8]. We
found that the expression of IL-6 and TNF-& mRNAs in the placenta was similar to the
metabolites” expression in the placenta homogenate, and the expression level was lower in
sows with high backfat thickness. Compared with the MBF group, however, the mRNA
expression of IL-6R was reduced in the LBF and HBF groups. The results of a previous
study showed that a low IL-6R expression by target cells could preclude an IL-6-mediated
protective response through the classical signaling pathway [31]. The SOCS3 gene is a
negative feedback regulator of cytokine signaling. In particular, it inhibits insulin signaling
by inhibiting leptin and downstream events. A previous study has shown that an increased
expression of SOCS was found in obese subjects, which could cause preterm birth [32]. In
our study, we also found that SOCS mRNA was expressed at the highest levels in the HBF
group. LXA-1, one of the scavenger receptors, is recognized as a major ligand oxidized
by low-density lipoprotein. It has been reported that the upregulation of LOX-1 in the
placental tissues was associated with oxidative stress and inflammation [33]. LOX-1 mRNA
expression was increased in the HBF group. These results further indicate that sows with
excess backfat can experience increased oxidative stress and inflammation. PGF1 belongs
to the family of vascular endothelial growth factors (VEGFs), which play an important
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role in placental angiogenesis. As demonstrated in a previous study, a reduction in PIGF1
expression was observed in gestational hypertensive disorders, small-for-gestational-age
infants, as well as pre-term infants [34]. Thus, we speculate that sows with excess or lacking
backfat could experience placental insufficiency.

5. Conclusions

In the present study, it was found that maternal backfat thickness influences the
characteristics of newborn piglets at farrowing and as well as lipid metabolism, maternal
and placental inflammation, and oxidative stress. Our findings also show that excess or
poor backfat of sows was associated with a higher status of oxidative stress and a greater
expression of pro-inflammatory cytokines. Additionally, sows with a moderate backfat
thickness (between 13 and 20 mm) had greater reproductive performance.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/vetsci9060302/s1, Table S1: Ingredient and nutrient composition of the experi-
mental diets; Table S2: Primer sequences for quantitative real-time polymerase chain reaction.

Author Contributions: Conceptualization, J.H.; methodology, J.H.; software, ].H.; validation, ]. H.;
formal analysis, P.Y.; investigation, J.H.; resources, P.Y.; data curation, J.H.; writing—original draft
preparation, J.H.; writing—review and editing, P.Y.; visualization, P.Y.; supervision, P.Y.; project
administration, P.Y.; funding acquisition, P.Y. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Public Welfare Industry (Agriculure) Scientifci Research
Projects, grant number 201303145, and National Key R&D Plan, grant number 2016YFD0500508.

Institutional Review Board Statement: The animal study protocol was approved by the Guide
for the Care and Use of Laboratory Animals and prepared by the Ethics Committee of NANJING
AGRICULTURAL UNIVERSITY (Approval ID: SYXK2017-0016).

Informed Consent Statement: Informed consent was obtained from the owner of the animals.
Data Availability Statement: Data are contained within the article or Supplementary Materials.

Acknowledgments: We thank all the teachers and students from our laboratory that work hard for
this experiment.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Zhang, L.L.; Gu, X.L.; Wang, J.; Liao, S.; Duan, Y.H.; Li, H.; Song, Z.H.; He, X.; Fan, Z.Y. Effects of dietary isomaltooligosaccharide
levels on the gut microbiota, immune function of sows, and the diarrhea rate of their offspring. Front. Microbiol. 2021, 11, 588986.
[CrossRef] [PubMed]

Skorjanc, D.; Hohler, M.; Brus, M. Effect of backfat loss during lactation on weaning-to-oestrus interval of sows at gonadotropin
application. Arch. Anim. Breed. 2008, 51, 560-571. [CrossRef]

Roongsitthichai, A.; Koonjaenak, S.; Tummaruk, P. Backfat thickness at first insemination affects litter size at birth of the first
parity sow. Kasetsart | —Nat. Sci. 2010, 44, 1128-1136.

Zhou, Y.F; Xu, T;; Cai, A.L.; Wu, YH.; Wei, HK; Jiang, S.W.; Peng, J. Excessive backfat of sows at 109 d of gestation induces
lipotoxic placental environment and is associated with declining reproductive performance. J. Anim. Sci. 2018, 96, 250-257.
[CrossRef] [PubMed]

Duan, C.L; Pei, T.J.; Li, Y.J.; Cao, Q.; Fu, J]. Androgen levels in the fetal cord blood of children born to women with polycystic
ovary syndrome: A meta-analysis. Reprod. Biol. Endocrinol. 2020, 18, 81. [CrossRef] [PubMed]

Shang, Q.H.; Liu, S.J.; Liu, H.S.; Mahfuz, S.; Piao, X.H. Impact of sugar beet pulp and wheat bran on serum biochemical profile,
inflammatory responses and gut microbiota in sows during late gestation and lactation. J. Anim. Sci. Biotechnol. 2021, 12, 54.
[CrossRef] [PubMed]

Thorsell, A.; Natt, D. Maternal stress and diet may influence affective behavior and stress-response in offspring via epigenetic
regulation of central peptidergic function. Environ. Epigenet. 2016, 2, dvw012. [CrossRef] [PubMed]

Hussain, T.; Tan, B.; Murtaza, G.; Metwally, E.; Yang, H.S.; Kalhoro, M.S.; Kalhoro, D.H.; Chughtai, M.L; Yin, Y.L. Role of dietary
amino acids and nutrient sensing system in pregnancy associated disorders. Front. Pharmacol. 2020, 11, 586979. [CrossRef]


https://www.mdpi.com/article/10.3390/vetsci9060302/s1
https://www.mdpi.com/article/10.3390/vetsci9060302/s1
http://doi.org/10.3389/fmicb.2020.588986
http://www.ncbi.nlm.nih.gov/pubmed/33488538
http://doi.org/10.5194/aab-51-560-2008
http://doi.org/10.1093/jas/skx041
http://www.ncbi.nlm.nih.gov/pubmed/29385477
http://doi.org/10.1186/s12958-020-00634-8
http://www.ncbi.nlm.nih.gov/pubmed/32782029
http://doi.org/10.1186/s40104-021-00573-3
http://www.ncbi.nlm.nih.gov/pubmed/33879267
http://doi.org/10.1093/eep/dvw012
http://www.ncbi.nlm.nih.gov/pubmed/29492293
http://doi.org/10.3389/fphar.2020.586979

Vet. Sci. 2022, 9, 302 12 0f13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kim, K.H.; Hosseindoust, A.; Ingale, S.L.; Lee, S.H.; Noh, H.S.; Choi, Y.H.; Jeon, S.M.; Kim, Y.H.; Chae, B.J. Effects of gestational
housing on reproductive performance and behavior of sows with different backfat thickness. Asian-Australas. J. Anim. Sci. 2016,
29, 142-148. [CrossRef]

Wilson, M.E.; Biensen, N.J.; Ford, S.P. Novel insight into the control of litter size in pigs, using placental efficiency as a selection
tool. J. Anim. Sci. 1999, 77, 1654-1658. [CrossRef]

Wang, L.X.; Zhang, S.; Johnston, L.].; Levesque, C.L.; Yin, ].D.; Bing, D. A systematic review and meta-analysis of dietary fat
effects on reproductive performance of sows and growth performance of piglets. J. Anim. Sci. Biotechnol. 2022, 13, 12. [CrossRef]
[PubMed]

Clowes, E.J.; Aherne, F.X.; Foxcroft, G.R.; Baracos, V.E. Selective protein loss in lactating sows is associated with reduced litter
growth and ovarian function. J. Anim. Sci. 2003, 81, 753-764. [CrossRef] [PubMed]

Ford, S.P; Long, N.M. Evidence for similar changes in offspring phenotype following either maternal undernutrition or
overnutrition: Potential impact on fetal epigenetic mechanisms. Reprod. Fertil. Dev. 2011, 24, 105-111. [CrossRef] [PubMed]
Roongsitthichai, A.; Tummaruk, P. Importance of backfat thickness to reproductive performance in female pigs. Thai. ]. Vet. Med.
2014, 44,171-178.

Tarres, ].; Tibau, J.; Piedrafita, J.; Fabrega, E.; Reixach, J. Factors affecting longevity in maternal Duroc swine lines. Livest. Sci.
2006, 100, 121-131. [CrossRef]

Hu, CJ.; Yang, Y.Y,; Deng, M.; Yang, L.F; Shu, G,; Jiang, Q.Y.; Zhang, S.; Li, X.Z.; Tan, C.Q.; Wu, G.Y. Placentae for low birth
weight piglets are vulnerable to oxidative stress, mitochondrial dysfunction, and impaired angiogenesis. Oxid. Med. Cell. Longev.
2020, 6, 8715412. [CrossRef]

Ying, C.; Mccauley, S.R.; Johnson, S.E.; Rhoads, R.P.; El-Kadi, 5.W. Downregulated translation initiation signaling predisposes
low-birth-weight neonatal pigs to slower rates of muscle protein synthesis. Front. Physiol. 2017, 8, 482. [CrossRef]

Krombeen, S.K.; Bridges, W.C.; Wilson, M.E.; Wilmoth, T.A. Factors contributing to the variation in placental efficiency on days
70,90, and 110 of gestation in gilts. J. Anim. Sci. 2019, 97, 359-373. [CrossRef]

Konig, N.L.; Wahner, M.; Seeger, J.; Sigmarsson, H.L.; Kauffold, J. An investigation into uterine capacity based on litter
and placental characteristics in two sow lines with different prolificacy (Danish Landrace x Danish Yorkshire versus German
Saddleback). Reprod. Dom. Anim. 2021, 56, 34-45. [CrossRef]

Lindsay, K.L.; Hellmuth, C.; Uhl, O.; Buss, C.; Wadhwa, P.D.; Koletzko, B.; Entringer, S. Longitudinal metabolomic profiling of
amino acids and lipids across healthy pregnancy. PLoS ONE 2015, 10, e0145794. [CrossRef]

Herrera, E.; Ortega-Senovilla, H. Lipid metabolism during pregnancy and its implications for fetal growth. Curr. Pharm. Biotechnol.
2014, 15, 24-31. [CrossRef] [PubMed]

Miehle, K.; Stepan, H.; Fasshauer, M. Leptin, adiponectin and other adipokines in gestational diabetes mellitus and pre-eclampsia.
Clin. Endocrinol. 2012, 76, 2-11. [CrossRef] [PubMed]

Liang, G.M,; Yan, ].Y.; Guo, J.; Tang, Z.L. Identification of ovarian circular rnas and differential expression analysis between
meishan and large white pigs. Animals 2020, 10, 1114. [CrossRef] [PubMed]

Blache, D.; Tellam, R.L.; Chagas, L.M.; Blackberry, M.A.; Vercoe, P.E.; Martin, G.B. Level of nutrition affects leptin concentrations
in plasma and cerebrospinal fluid in sheep. J. Endocrinol. 2000, 165, 625-637. [CrossRef]

Zhou, Y.FE; Xu, T.; Wu, YH.; Wei, HK,; Peng, J. Oxidative stress and inflammation in sows with excess backfat: Up-regulated
cytokine expression and elevated oxidative stress biomarkers in placenta. Animals 2019, 19, 796. [CrossRef]

Cetin, O.; Karaman, E.; Boza, B.; Cim, N.; Alisik, M.; Erel, O.; Alkis, I; Yildizhan, R.; Kolusari, A.; Sahin, G.H. Relationship
between maternal blood ceruloplasmin level, catalase and myeloperoxidase activity and neural tube defects. Ginekol. Pol. 2017,
88, 156-160. [CrossRef]

Laget, J.; Djohan, Y.F; Jeanson, L.; Muyor, K.; Badia, E.; Cristol, ].P.; Coudray, C.; Feillet-Coudray, C.; Vigor, C.; Oger, C.; et al.
Peripancreatic Adipose Tissue Remodeling and Inflammation during High Fat Intake of Palm Oils or Lard in Rats. Nutrients 2021,
13, 1134. [CrossRef]

Cicco, P.D.; Maisto, M.; Tenore, G.C.; Ianaro, A. Olive leaf extract, from olea europaea 1. reduces palmitate-induced inflammation
via regulation of murine macrophages polarization. Nutrients 2020, 2, 3663. [CrossRef]

Shibata, S.; Kobayashi, E.H.; Kobayashi, N.; Oike, A.; Okae, H.; Arima, T. Unique features and emerging in vitro models of human
placental development. Reprod. Med. Biol. 2020, 19, 301-313. [CrossRef]

Qi, L,; Jiang, J.; Zhang, J.; Zhang, L.; Wang, T. Maternal curcumin supplementation ameliorates placental function and fetal
growth in mice with intrauterine growth retardation. Biol. Reprod. 2020, 102, 1090-1101. [CrossRef]

Sindhu, S.; Thomas, R.; Shihab, P.; Sriraman, D.; Behbehani, K.; Ahmad, R. Obesity is a positive modulator of IL-6R and IL-6
expression in the subcutaneous adipose tissue: Significance for metabolic inflammation. PLoS ONE 2015, 10, €0133494. [CrossRef]
[PubMed]

Talbert, M.E.; Langefeld, C.D.; Ziegler, J.; Mychaleckyj, ].C.; Haffner, S.M.; Norris, ].M.; Bowden, D.W. Polymorphisms near SOCS3
are associated with obesity and glucose homeostasis traits in hispanic Americans from the insulin resistance atherosclerosis
family study. Hum. Genet. 2009, 125, 153-162. [CrossRef] [PubMed]


http://doi.org/10.5713/ajas.14.0973
http://doi.org/10.2527/1999.7771654x
http://doi.org/10.1186/s40104-021-00662-3
http://www.ncbi.nlm.nih.gov/pubmed/35130973
http://doi.org/10.2527/2003.813753x
http://www.ncbi.nlm.nih.gov/pubmed/12661656
http://doi.org/10.1071/RD11911
http://www.ncbi.nlm.nih.gov/pubmed/22394722
http://doi.org/10.1016/j.livprodsci.2005.08.007
http://doi.org/10.1155/2020/8715412
http://doi.org/10.3389/fphys.2017.00482
http://doi.org/10.1093/jas/sky409
http://doi.org/10.1111/rda.13847
http://doi.org/10.1371/journal.pone.0145794
http://doi.org/10.2174/1389201015666140330192345
http://www.ncbi.nlm.nih.gov/pubmed/24720597
http://doi.org/10.1111/j.1365-2265.2011.04234.x
http://www.ncbi.nlm.nih.gov/pubmed/21951069
http://doi.org/10.3390/ani10071114
http://www.ncbi.nlm.nih.gov/pubmed/32610571
http://doi.org/10.1677/joe.0.1650625
http://doi.org/10.3390/ani9100796
http://doi.org/10.5603/GP.a2017.0030
http://doi.org/10.3390/nu13041134
http://doi.org/10.3390/nu12123663
http://doi.org/10.1002/rmb2.12347
http://doi.org/10.1093/biolre/ioaa005
http://doi.org/10.1371/journal.pone.0133494
http://www.ncbi.nlm.nih.gov/pubmed/26200663
http://doi.org/10.1007/s00439-008-0608-3
http://www.ncbi.nlm.nih.gov/pubmed/19083014

Vet. Sci. 2022, 9, 302 13 0f 13

33. Zuniga, FA.; Ormazabal, V.,; Gutierrez, N.; Aguilera, V.; Radojkovic, C.; Veas, C.; Escudero, C.; Lamperti, L.; Aguayo, C.
Role of lectin-like oxidized low density lipoprotein-1 in fetoplacental vascular dysfunction in preeclampsia. BioMed Res. Int.
2014, 2014, 353616. [CrossRef] [PubMed]

34. Andraweera, PH.; Dekker, G.A.; Laurence, J.A.; Roberts, C.T. Placental expression of VEGF family mRNA in adverse pregnancy
outcomes. Placenta 2012, 33, 467-472. [CrossRef]


http://doi.org/10.1155/2014/353616
http://www.ncbi.nlm.nih.gov/pubmed/25110674
http://doi.org/10.1016/j.placenta.2012.02.013

	Introduction 
	Materials and Methods 
	Experimental Animals 
	Data and Sample Collection 
	Biochemical Analysis 
	Gene Expression Analysis of Placenta 
	Statistical Analysis 

	Results 
	Maternal, Placental, Neonatal Characteristics 
	Lipids and Lipid-Related Hormones and Adipokines in Maternal and Fetal Serum and Placenta Homogenate 
	Oxidant/Antioxidant Status in Maternal and Fetal Serum and Placenta Homogenate 
	Pro-Inflammatory Cytokines in Maternal and Fetal Serum and Placenta Homogenate 
	Inflammatory Genes’ Expression in Placenta 

	Discussion 
	Effects of Backfat Thickness on Reproductive Performance 
	Effects of Backfat Thickness on Lipid-Related Hormones and Adipokines 
	Effects of Backfat Thickness on Oxidant/Antioxidant Status and Pro-Inflammatory Cytokines 
	Effects of Backfat Thickness on Inflammatory Genes’ Expression in Placenta 

	Conclusions 
	References

