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This study was to evaluate the effects of glucose tolerance status, maternal starch supplementation and
soybean substitution in diets on the performance of dams and their offspring. Eighty-eight pregnant
sows (Landrace � Large White) were selected from an initial total of 120 sows, based on blood glucose
test values, and assigned to 4 experimental treatments in a 2 � 2 factorial design. The factors were
glucose tolerance status (glucose intolerant [GIT] vs. normal glucose tolerant [NGT]) or dietary treat-
ments (corn starch diet [CS] vs. soybean substitution diet [SS]). A higher area under the curve (AUC) for
post-meal glucose was observed (P < 0.05) in the GIT group than in the NGT group on d 109 of gestation.
The CS group had a lower value of homeostasis model assessment-insulin resistance than the SS group
(P < 0.05) on d 109 of gestation. Corn starch supplementation for sows decreased the stillbirth rate
(P < 0.05), regardless of the sows' glucose tolerance status. The villus height of the jejunum and the villus
height to crypt depth ratio of the ileum were greater in normal birth weight piglets from the CS group
than from the SS group (P < 0.01), and so was the activity of sucrase in the jejunum and ileum (P < 0.01).
Compared with the SS group, the CS group showed a reduction in pre-weaning mortality rate, an in-
crease in the number of high-birth-weight piglets, and a decrease in the number of low-birth-weight
piglets (P < 0.05) under GIT status. In conclusion, sows fed CS decreased stillbirth rate and improved
insulin resistance, as well as improving the intestinal morphology and digestive enzyme activities of
their progeny, regardless of glucose tolerance status. Additionally, the CS group improved birth weight
distribution and decreased pre-weaning mortality rate of piglets under GIT status.
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1. Introduction

During the last third of gestation, fetal nutrient supply usually
becomes limited. One of the main adaptive responses during late
gestation to favor glucose availability to the pregnant uterus is the
progressive insulin resistance of the mother, which corresponds to
a decrease in the effectiveness of insulin in regulating blood glucose
(Corson et al., 2008). Glucose tolerance of pregnant sows is closely
linked to their reproductive performance. Poor glucose tolerance
has been proposed as a potential contributor to the high (10% to
13%) pre-weaning mortality rate in piglets (Phillips et al., 1982).
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Additionally, studies have shown a positive correlation between pig
mortality and glucose curve characteristics based on glucose
tolerance tests, such as area under the curve (AUC), glucose clear-
ance kinetics, andmaximum increase in glucose (Kemp et al., 1996).
Under the influence of glucosemetabolic abnormality, thematernal
fetus presents a lowweight status. To date, little attention has been
directed towards the glucose tolerance status of sows and its effect
on the development of their offspring. Therefore, it is vital to
recognize glucose tolerance status of late pregnant sows and
develop related feed strategies to alleviate impaired glucose toler-
ance for improving the reproductive performance of sows.

Glucose tolerance in pregnant sows is influenced by diet
composition in gestation (Bikker et al., 2007). Maternal diet
appeared to influence the relationship between glucose tolerance
and litter outcome (Huang et al., 2021a,b). Nevertheless, energy
accounts for more than 70% of the diet composition, suggesting a
necessity to develop appropriate energy sources in the diet during
gestation and lactation to improve the reproductive performance of
sows by regulating the balance of glycolipidmetabolism. Starch and
lipid are the main energy sources of sow diets, whereas legume
animal feeds (in the form of soybean oil and extruded soybean) are
good lipid sources for sows. Their concentration in the maternal
diet has been shown to be related to glucose clearance time (P�ere
and Etienne, 2019). Supplementing additional energy from starch
sources to gestating sows has been demonstrated to improve
glucose tolerance with no change for stillborn piglets (Van Der
Peet-Schwering et al., 2004). High-fat diets have been reported to
reduce the number of births and impair the insulin sensitivity of
offspring (Taylor et al., 2005). It has also been reported that
maternal fatty acid supplementation can alter the degree of insulin
sensitivity (Corson et al., 2008), and maternal palm oil throughout
gestation causes maternal glucose intolerance, which may be
linked to the decreased number of stillborn piglets (Almond et al.,
2015). Maternal diet compositions varied in their influences on
maternal glucose tolerance (Gatlin et al., 2002). Currently, there is
not a conclusive conclusion on the modulatory effects of maternal
diet compositions on fetal consequences and insulin resistance.

A reduced activity of enterocyte brush border enzymes makes
the enterocytes open to alimentary pathogens and xenobiotic
substances for a longer period of time, which may increase the
susceptibility to mortality of piglets (Ferenc et al., 2014). Neonatal
piglets with intrauterine growth restriction showed continuous
impairment of intestinal development and a decrease in both the
expression of key enzymes related to glucose and energy meta-
bolism and the thickness of mucosa and muscle layers in both the
jejunum and ileum (Wang et al., 2010; Qi et al., 2020). Additionally,
in the final stages of pregnancy and at birth, fetal gut morphology
and function need to be finely modulated for the intrauterine
Table 1
The number of sows during the experimental period.

Item No. of sows

All sows performed meal tests on d 75 of gestation 120
Sows were eliminated1 32
Subsample 88
GIT group2 44
NGT group2 44

GIT ¼ glucose intolerant; NGT ¼ normal glucose tolerant; AUC ¼ area under curve.
1 Sows with AUC values of blood glucose ranging from (AUCMean_120 sows -

0.5SD_120 sows) to (AUCMean_120 sows þ 0.5SD_120 sows) were eliminated.
2 To meet the needs of great difference of AUC for blood glucose after meal of

subsamples, 44 sows with AUC values of blood glucose less than (AUCMean_120 sows -
0.5SD_120 sows) were allotted to the GIT group, and 44 sows with AUC of blood
glucose greater than (AUCMean_120 sows þ 0.5SD_120 sows) were allotted to the NGT
group.
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environment (such as nutrition level) (P�ere and Etienne, 2007;
Pinheiro et al., 2013). We hypothesized that the supplementation of
starch and soybean substitution in the maternal diet of sows would
influence the gut growth in piglets, thereby affecting the perfor-
mance of offspring.

Maternal dietary treatment has been shown to affect maternal
glucose metabolism in pregnant sows, but whether this effect is
influenced by maternal glucose tolerance status remains to be
elucidated (P�ere and Etienne, 2019). Additionally, it is still unknown
whether maternal glucose intolerance can impair fetal intestinal
function by intestinal morphology and enzyme activity, and result
in poor growth of their offspring. Against this background, the aim
of the present study was to determine the effects of glucose toler-
ance status, maternal starch supplementation and soybean sub-
stitution in diets during late gestation and lactation on the
performance of sows and their offspring.

2. Materials and methods

All experimental procedures involving animals were approved
by the Animal Care and Use Committee of the Institute of Sub-
tropical Agriculture, Chinese Academy of Science (ISA-2019-025)
and followed the Guidelines for the Care and Use of Laboratory
Animals of South China Agricultural University (Guangzhou, China).

2.1. Meal tests

Meal tests were performed before the experiment (d 75 of
gestation) and in late gestation (d 109). On d 75 of gestation, meal
tests were performed on a total of 120 multiparous sows
(Landrace � Large White). Specifically, sows were deprived of feed
from 15:00 in the afternoon to 08:00 the following day. The sows
had a meal of 1.5 kg, and blood samples were taken from the ear
vein. Blood glucose concentrations were measured at 0, 30, 60, 90
and 120 min after the beginning of the meal using an automatic
glucometer (Sinocare Inc., Changsha, China). For the meal test
profiles concerning the tolerance tests, AUC for blood glucose was
calculated by linear interpolation of glucose concentrations be-
tween the measurements, using the fasting glucose concentration
as the base line (GraphPad Prism, GraphPad, San Diego, CA, USA).

2.2. Experimental design, animals, and housing

From the initial population of 120 sows, 32 sows were elimi-
nated from the experiment based on blood glucose AUC values
from (AUCMean_120 sows e 0.5SD_120 sows) to (AUCMean_120

sows þ 0.5SD_120 sows) after their meal on d 75 of gestation (Table 1).
To meet the needs of significant difference in blood glucose AUC
values post a meal, we sampled the remaining 88 sows from the
original AUC dataset in order to establish a subsample. Forty-four
sows with blood glucose AUC values less than (AUCMean_120 sows -
0.5SD_120 sows) were allotted to the glucose intolerant (GIT) group
(Table 2). Forty-four sows with blood glucose AUC values greater
than (AUCMean_120 sowsþ 0.5SD_120 sows) were allotted to the normal
glucose tolerant (NGT) group (Table 3). Eighty-eight sows
(Landrace � Large White) with an average parity of 3.19 ± 0.15 and
an average BW of 269.33 ± 4.1 kg were finally selected.

Forty-four sows from each group were assigned to 2 dietary
treatments: corn starch diet (CS, n ¼ 22) and soybean substitution
diet (SS, n ¼ 22) in the form of extruded soybean and soybean oil.
The experimental diets were formulated to meet the nutrient re-
quirements of sows (NRC 2012), and their composition and nutrient
content are presented in Table 4. The experiment was performed
from d 85 of gestation to the end of weaning (d 21 of lactation).



Table 2
The number of sows during the gestation and lactation period.

Item NGT GIT

No. of sows 44 44
Gestation diet SS CS SS CS
On d 75 of gestation 22 22 22 22
Excluded during gestation1 3 2 2 3
On d 109 of gestation 19 20 20 19
Excluded during gestation1 3 2 2 1
Farrowing 16 18 18 18
Excluded during lactation2 2 e 2 e

Weaning 14 18 16 18

NGT ¼ normal glucose tolerant; GIT ¼ glucose intolerant; SS ¼ soybean substitution
diet in the form of extruded soybean and soybean oil; CS ¼ corn starch diet.

1 Sows were culled when returning to oestrus, miscarried or non-pregnant or
because of illness, death or serious lameness.

2 Sows with piglets suffering from severe diarrhea.

Table 4
Ingredients and nutrient composition of experimental gestation and lactation diets
(as-fed basis, %).

Item Gestation diet Lactation diet

SS CS SS CS

Ingredients
Corn 51.55 19.35 52.90 9.10
Soybean meal (43% CP) 10.80 20.00 23.50 28.50
Corn starch e 32.00 e 42.00
Wheat bran 19.70 19.70 9.75 10.55
Corn protein powder1 1.50 3.50 1.50 4.50
Extruded soybean 8.00 e 2.00 e

Soybean oil 3.00 e 5.00 e

Dicalcium phosphate 2.00 2.00 2.00 2.00
Limestone 1.35 1.35 1.35 1.35
Salt 0.30 0.30 0.30 0.30
Sodium sulfate 0.30 0.30 0.30 0.30
Choline chloride 0.20 0.20 0.10 0.10
Lysine sulfate (70%) 0.20 0.20 0.20 0.20
Premix2 1.00 1.00 1.00 1.00
Mildewcide 0.10 0.10 0.10 0.10

Calculated composition
DE, Mcal/kg 3.21 3.19 3.38 3.36
NE, Mcal/kg 2.36 2.33 2.46 2.42
CP 15.59 15.59 17.58 17.57
EE 7.28 2.07 8.06 1.58
CF 3.55 3.27 3.19 2.80
Starch 37.58 49.25 36.46 51.05
NDF 14.32 12.18 11.52 8.89
Ca 1.07 1.07 1.09 1.09
NPP 0.50 0.46 0.49 0.45
Lys 0.87 0.90 1.06 1.09
Met 0.28 0.26 0.31 0.29
Thr 0.59 0.58 0.70 0.69
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Feed was offered twice a day at 08:00 and 15:00 during the
experiment. Both gestation and lactation diets were in pellet form.
Sows were fed 3.0 kg/d from d 85 of gestation to farrowing, and half
of the daily feed was given in each meal. During lactation, all sows
were allowed to consume 2 diets ad libitum (Table 4). Sows and
piglets were given free access to drinking water. During the
experimental period, sows with piglets that were suffering from
severe diarrhea were excluded (Table 2). Furthermore, data from
sows with illness, serious lameness, death and reproductive failure
were also excluded from further analysis (Table 2). Feed samples
were analyzed in terms of crude protein (CP) (ISO 5983-2), crude
fiber (CF) (ISO 6865-2000), and ether extract (EE) (ISO 6492-1999).
Trp 0.20 0.20 0.23 0.23
Analyzed composition
CP 15.77 15.64 18.60 18.63
CF 3.42 3.21 3.59 3.22
EE 6.98 2.04 7.60 1.96

SS ¼ soybean substitution diet in the form of extruded soybean and soybean oil;
CS ¼ corn starch diet; EE ¼ ether extract; CF ¼ crude fiber; NDF ¼ neutral detergent
fiber; NPP ¼ non-phytin phosphorus.

1 Calculated chemical concentrations using values for feed ingredients from (NRC,
2012), the nutritive values of corn protein powder referred to the Feed Composition
and Nutritive Values in China from China Feed-database Information Network
Centre (http://www.chinafeeddata.org.cn).

2 Provided the following per kilogram of diet: Cu, 10.0 mg; Fe, 130 mg; Mn, 45
mg; Zn, 60 mg; I, 0.30 mg; Se, 0.27 mg; Co, 0.1 mg; Vitamin A, 6,760 IU; Vitamin D3,
4,992 IU; Vitamin E, 209.8 mg; Vitamin K3, 3.7 mg; Thiamin, 3.7 mg; Riboflavin, 12
mg; Vitamin B6, 7.5 mg; Vitamin B12, 0.050 mg; Niacin, 50 mg; Folic acid, 3.7 mg; D-
pantothenic acid, 31.2 mg; D-biotin 0.624 mg; Vitamin C 200 mg.
2.3. Recording and sampling

The bodyweight (BW) of all sowswasmeasured on d 85 and 109
of gestation, and at farrowing and weaning. On d 109 of gestation,
32 sows were chosen from 4 groups for meal tests. The numbers of
total piglets born, born alive, cross-fostering, d 10 and 21 of lacta-
tion, and stillborn at farrowing were recorded. Cross-fostering was
kept within diet treatments to adjust litter size within 48 h post
parturition. Piglet weights were recorded separately at farrowing,
cross-fostering, d 10 and 21 of lactation and weaning. The feed
intake of sows was recorded every day in lactation. On d 109 of
gestation, blood samples were collected from 32 sows (8 sows per
dietary treatment with a similar parity and BW) after an overnight
fast (12 h) using a 5-mL syringe and 5-mL vacuum blood collection
tube containing an anticoagulant (EDTAK2) and then placed on ice
immediately. Blood samples were centrifuged at 4 �C and 3,000� g
for 15 min to obtain the serum and plasma, followed by storage
Table 3
Blood glucose concentrations and area under the curve (AUC) of glucose after a meal in

Item GIT1

No. of sows 44
Blood glucose, mmol/L
Fasting (0 min) blood glucose 3.7
30 min postprandial glucose 4.5
60 min postprandial glucose 5.1
90 min postprandial glucose 4.4
120 min postprandial glucose 4.4

AUC, mmol/L per min
0 to 60 min AUC 266.0
0 to 120 min AUC 537.9

GIT ¼ glucose intolerant; NGT ¼ normal glucose tolerant.
1 Sows with AUC values of blood glucose less than (AUCMean_120 sows - 0.5SD_120 sows)
2 Sows with AUC of blood glucose greater than (AUCMean_120 sows þ 0.5SD_120 sows) we
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at �20 �C for further analysis. Four different groups were chosen
from 24 litters (6 litters per group), with 2 piglets selected from
each litter, including one with normal birth weight (NBW, 1.3 to
sows on d 75 of gestation.

NGT2 SEM P-value

44

4.0 0.033 0.00
4.3 0.059 0.07
4.4 0.062 0.00
4.1 0.038 0.00
4.1 0.049 0.03

254.7 2.372 0.02
506.5 4.185 0.00

were allotted to the GIT group.
re allotted to the NGT group.

http://www.chinafeeddata.org.cn
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1.5 kg) and one with low birth weight (LBW, <1.1 kg). Piglets were
slaughtered by an intra-arterial injection of pentobarbital (200 mg/
kg) after general anaesthesia. Meanwhile, the duodenum, jejunum,
ileum, stomach, heart, spleen, lung, kidney, livers, and pancreas of
the piglets were removed. Finally, the mucosal samples of the
jejunum and ileum were snap-frozen in liquid nitrogen and stored
at �80 �C, and the samples of the jejunum and ileum were fixated
in neutral buffered formaldehyde for further analysis.

2.4. Chemical analyses

Plasma glucose concentrations were determined using a glucose
dehydrogenase activity colorimetric assay kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) according to the manu-
facturer's instructions. The plasma insulin level was determined
using an ultrasensitive pig insulin ELISA kit (Wuhan Mskbio
Biotechnology Institute, Wuhan, China) according to the manu-
facturer's instructions. Insulin resistance and sensitivity were
evaluated by the homeostasis model assessment (HOMA) values
using the following indirect methods (Tan et al., 2018).

HOMA-insulin resistance (HOMA-IR) ¼ [Fasting insulin (mIU/
L) � Fasting glucose (mmol/L)]/22.5

HOMA-insulin sensitivity (HOMA-IS) ¼ 1/[Fasting insulin (mIU/
L) � Fasting glucose (mmol/L)]

2.5. Visceral organ indices

The visceral organ indices were obtained by weighing the du-
odenum, jejunum, ileum, stomach, heart, spleen, lung, kidney, liver,
and pancreas immediately after animal sacrifice. The lengths of the
small intestine were also measured. The specific visceral organ
index was calculated as follows, and the intestinal weight per
length was calculated as follows (Zhang et al., 2018).

The specific visceral organ index (g/kg)¼ The visceral organweight
(g)/Final BW before slaughtering (kg)

The intestinal weight per length ¼ The intestine weight (g)/The
intestine length (cm)

2.6. The small intestinal morphology

After embedding the samples of the small intestine tissues
(approximately 3 cm from jejunum and ileum) in paraffin wax, 4
transverse sections (5 mm) were cut, installed on glass slides and
stained with hematoxylin-eosin for analysis. Villus height, crypt
depth and thevillusheight to crypt depth ratioweredeterminedwith
a projectingmicroscope (Olympus CX41, Japan). The villus heightwas
measured from the tip to the base, and the crypt depthwasmeasured
from the cryptevillus junction to the base. A total of 8 well-oriented
villi and their associated crypts per section were selected and
measured under a light microscope at 40 � magnification and
analyzed using Image Pro-Plus 5.0 image analysis software (Media
Cybernetics, Rockville, MD, USA).

2.7. Measurement of digestive enzyme activities

Frozenmucosal samples of jejunums and ileums (0.5 g each) were
weighed and homogenized with 9 times the volume (wt/vol) of pre-
cooledphysiological saline.Next, themixturewascentrifugedat4,000
� g for 10 min at 4 �C to collect the supernatant solution, followed by
measuring the supernatant protein concentration as well as the
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activities of lactase, maltase, and sucrase in the supernatant solution
using commercial kits according to the manufacturer's instruction
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

2.8. Statistical analyses

The data related to the reproductive performance of sows and
glucose tolerance were analyzed as a 2 � 2 factorial treatment
arrangement using the general linear model procedure of SAS (SAS
Inst. Inc., Cary, NC, USA). Themodel utilized included themain factors
of glucose tolerance status, diets (CS or SS) and their interaction. The
datawith significant effects of interactions were statistically analyzed
using one-way ANOVA and Duncan's multiple-range tests. The piglet
stillbirth rate, pre-weaning mortality rate, and birth weight range
were analyzed using the Chi-square test. Differences between mean
valueswere considered statistically significant at P< 0.05, and a trend
toward significance was noted at 0.05� P � 0.10.

3. Results

3.1. Meal tests in sows

In Table 3, a higher AUC of glucose (GIT: 537.9 vs. NGT: 506.5,
P < 0.01) from 0 to 120min after themeal was seen in the GIT group
than in the NGT group on d 75 of gestation, coupled with differ-
ences in 0 (fasting), 60-, 90-, and 120-min postprandial blood
glucose concentration (P < 0.05), indicating a lower rate of glucose
clearance in these sows. This result demonstrates the successful
construction of the model of GIT and NGT for pregnant sows.

Fig. 1 shows the effects of maternal dietary CS and SS on glucose
tolerance in NGT and GIT sows. A higher AUC of glucose from 0 to
120 min (P < 0.05; Fig. 1A and B) after the meal was seen in the GIT
group than in the NGT group on d 109 of gestation, which accorded
with the results on d 75 of gestation, indicating that the poor
glucose tolerance of sows on d 75 of gestation remained unchanged
on d 109 of gestation. The GIT group exhibited a higher insulin
concentration than the NGTgroup, whereas the CS group decreased
the blood glucose of sows (P < 0.05; Fig. 1C) compared with the SS
group. Homeostasis model assessment values were affected by the
glucose tolerance status and dietary treatments (P < 0.05; Fig. 1D).
Additionally, the CS group had a lower HOMA-IR value and a
greater HOMA-IS value than the SS group.

3.2. Sow performance

Table 5 shows the effects of diets and glucose tolerance status on
BW and feed intake of sows during lactation. The BW was not
affected by glucose tolerance status and diets (P > 0.05). From d 1 to
21 of lactation, ADFI exhibited an increase in the CS group vs. the SS
group (P < 0.05). No interaction was observed between glucose
tolerance and diets in their effects on BW and ADFI throughout
lactation in this study.

3.3. Piglet performance

Table 6 shows the effects of diets and glucose tolerance status on
the performance of sows and piglets. Specifically, both diets and
glucose tolerance status showed no impact (P > 0.05) on the
numbers of total piglets born, born alive and after cross-fostering,
but the number of piglets on d 10 of lactation was greater in the
CS group than in the SS group (P < 0.05). The BW of piglets on d 10
of lactation and ADG from d 1 to 10 of lactation showed a reduction
(P < 0.05) in the GIT group compared with the NGT group.
Furthermore, the GIT group tended to have a lower litter weight on
d 10 of lactation than the NGT group (P ¼ 0.05). However, glucose



Fig. 1. Effects of maternal dietary treatment, glucose tolerance status and their interaction on (A) meal tests, (B) area under the curve (AUC) of glucose from 0 to 120 min after meal,
(C) plasma glucose and insulin, and (D) HOMA-IR and HOMA-IS in sows on d 109 gestation. NGT-SS ¼ normal glucose tolerant sows fed a soybean substitution diet; NGT-
CS ¼ normal glucose tolerant sows fed a corn starch diet; GIT-SS ¼ glucose intolerant sows fed a soybean substitution diet; GIT-CS ¼ glucose intolerant sows fed a corn starch diet;
BG ¼ blood glucose; HOMA-IR ¼ homeostasis model assessment-insulin resistance; HOMA-IS ¼ homeostasis model assessment-insulin sensitivity. GT ¼ glucose tolerance effect of
sows; D ¼ diet effect of sows. Data are expressed as means ± SEM; n ¼ 8.

Table 5
Effects of maternal dietary treatment, glucose tolerance status and their interaction on body weight (BW) and feed intake of sows during lactation.

Item NGT GIT SEM P-value

NGT-SS NGT-CS GIT-SS GIT-CS GT D GT � D

No. of sows 14 18 16 18
BW of sows, kg
Day 85 of gestation 257.5 266.6 262.7 270.6 3.781 0.55 0.27 0.93
Day 109 of gestation 272.8 281.2 277.1 287.1 3.840 0.52 0.24 0.91
Gain during gestation 15.4 14.5 14.4 16.6 1.038 0.79 0.72 0.46
Parturition 247.4 255.7 252.3 259.2 3.676 0.58 0.32 0.93
Weaning 225.3 228.6 235.2 240.9 3.439 0.12 0.52 0.86
Loss during lactation 22.1 27.1 17.1 18.3 1.591 0.07 0.21 0.81

Average daily feed intake, kg
1st week of lactation 3.10 3.39 3.23 3.54 0.105 0.50 0.17 0.97
2 nd week of lactation 5.43 5.71 5.54 5.87 0.109 0.56 0.17 0.90
3rd week of lactation 5.46 5.98 5.51 5.98 0.123 0.92 0.05 0.91
Mean from 1st week to 3rd week 4.67 5.03 4.76 5.13 0.080 0.54 0.02 0.97

NGT ¼ normal glucose tolerant; GIT ¼ glucose intolerant; NGT-SS ¼ NGT sows fed a soybean substitution diet; NGT-CS ¼ NGT sows fed a corn starch diet; GIT-SS ¼ GIT sows
fed a soybean substitution diet; GIT-CS ¼ GIT sows fed a corn starch diet; GT ¼ glucose tolerance effect of sows; D ¼ diet effect of sows.
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tolerance status exhibited no effects (P > 0.05) on the weight of
piglets and litter on d 21 of lactation or ADG from d 1 to 21 of
lactation among the 4 treatments. Theweight of piglets at birth and
the litter weight on d 21 of lactation showed an increased tendency
in the CS group compared with the SS group (P ¼ 0.08 and 0.09).

3.4. Stillbirth rate and pre-weaning mortality rate

Starch supplementation decreased the stillbirth rate, regardless
of the glucose tolerance status of sows (P < 0.05). Pre-weaning
mortality rate was lower in the CS group than in the SS group
only in GIT status (P < 0.05) (Fig. 2).
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3.5. Birth weight range of neonates

Compared with the SS group, the CS group significantly reduced
the proportion of piglets in the birth weight range from 0.8 to
1.0 kg (P < 0.05) and increased the proportion of piglets in the birth
weight range above 1.8 kg (P < 0.05) for pregnant sows in GIT status
(Fig. 3).

3.6. Relative weight of the internal organs and small intestine

Table 7 shows the relative weight of the internal organs and
small intestine of piglets. No difference was observed among LBW



Table 6
Effects of maternal dietary treatment, glucose tolerance status and their interaction on the performance of sows and piglets.

Item NGT GIT SEM P-value

NGT-SS NGT-CS GIT-SS GIT-CS GT D GT � D

No. of sows 14 18 16 18
No. of pigs per litter
Total piglets born 14.6 12.3 12.1 13.3 0.445 0.38 0.53 0.05
Piglets born alive 12.1 11.7 10.6 12.7 0.454 0.81 0.37 0.18
After cross-foster 9.6 9.9 10.1 10.2 0.157 0.24 0.65 0.75
Piglets on d 10 9.00 9.61 8.56 9.61 0.200 0.58 0.04 0.58
Piglets on d 21 9.00 9.56 8.50 9.50 0.205 0.50 0.06 0.59

Piglet mean BW, kg
At Birth 1.3 1.4 1.3 1.4 0.030 0.83 0.08 0.77
After cross-foster 1.6 1.6 1.5 1.5 0.047 0.35 0.88 0.76
On d 10 3.8 3.6 3.2 3.4 0.087 0.03 0.82 0.40
On d 21 6.3 6.3 5.8 5.9 0.127 0.26 0.87 0.87

Litter weight, kg
At Birth 16.3 17.0 17.1 19.3 0.487 0.11 0.13 0.43
After cross-foster 15.2 15.9 14.9 15.5 0.522 0.74 0.56 0.99
On d 10 33.7 35.3 28.1 32.7 1.140 0.05 0.08 0.44
On d 21 56.3 60.1 50.0 56.9 1.760 0.16 0.09 0.64

Average daily gain, g/d
1 to 10 d 216.7 206.3 174.6 186.0 6.299 0.03 0.91 0.43
11 to 21 d 256.4 262.8 261.6 255.9 8.020 0.91 0.96 0.69
1 to 21 d 473.1 469.1 436.2 441.9 10.907 0.27 0.92 0.90

NGT ¼ normal glucose tolerant; GIT ¼ glucose intolerant; NGT-SS ¼ NGT sows fed a soybean substitution diet; NGT-CS ¼ NGT sows fed a corn starch diet; GIT-SS ¼ GIT sows
fed a soybean substitution diet; GIT-CS ¼ GIT sows fed a corn starch diet; GT ¼ glucose tolerance effect of sows; D ¼ diet effect of sows.
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piglets in the weight of the duodenum, jejunum, stomach, heart,
spleen, lung, and kidney (P > 0.05). However, the pancreas weight
of LBW piglets was greater in the GIT group than in the NGT group
(P < 0.01). An interaction was observed between diets and glucose
tolerance status in their effect on the ileum weight per length
(P < 0.05). NBW piglets showed no difference (P > 0.05) among the
4 treatments in the weight of the duodenum, jejunum, ileum,
spleen, lung, kidney, and pancreas, except for greater stomach
weight in the NGT group than in the GIT group (P < 0.01). The
weight of the heart was positively affected in the LBW piglets of the
CS group relative to those of the SS group (P < 0.01).
Fig. 3. The Chi-square test of maternal dietary treatment and glucose tolerance status
on birth weight ranges of neonatal piglets. NGT-SS ¼ normal glucose tolerant sows fed
a soybean substitution diet; NGT-CS ¼ normal glucose tolerant sows fed a corn starch
diet; GIT-SS ¼ glucose intolerant sows fed a soybean substitution diet; GIT-
CS ¼ glucose intolerant sows fed a corn starch diet. a, b Mean values with different
3.7. Small intestinal morphology

The intestinal morphologies of the jejunum and ileum of
newborn piglets are shown in Table 8 and Fig. 4. Specifically,
compared to the NGT group, the GIT group showed a decrease
(P < 0.01) in the villus height to crypt depth ratio of the jejunum in
NBW piglets. Compared to the NGT sows fed a soybean substitution
Fig. 2. The Chi-square test of maternal dietary treatment and glucose tolerance status
on stillbirth rate and pre-weaning mortality rate of piglets. NGT-SS ¼ normal glucose
tolerant sows fed a soybean substitution diet; NGT-CS ¼ normal glucose tolerant sows
fed a corn starch diet; GIT-SS ¼ glucose intolerant sows fed a soybean substitution diet;
GIT-CS ¼ glucose intolerant sows fed a corn starch diet. a, b Mean values with different
small letters indicate significant difference (P < 0.05).

small letters indicate significant difference (P < 0.05).
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diet (NGT-SS) group, the GIT group showed an increase (P < 0.05) in
the crypt depth of the jejunum in NBW piglets. Meanwhile, the
villus height of the ileum or jejunum was greater in LBW or NBW
piglets from CS-fed sows than those from SS-fed sows (Fig. 4A and
B), with an increase (P < 0.01) in NBW piglets from CS-fed sows
over those from SS-fed sows in terms of the villus height to crypt
depth ratio of ileum Table 8.
3.8. Small intestinal digestive enzyme activities

Table 8 shows the digestive enzyme activities of the jejunum
and ileum in different groups. Compared with the NGT group, the
GIT group showed a decrease (P < 0.01) in the amount of lactase in
the ileum of LBW and NBW piglets. The activity of sucrase was
greater (P < 0.01) in the ileum of LBWand NBW piglets from CS-fed
sows than those from SS-fed sows. In the jejunum of NBW piglets,



Table 7
Effects of maternal dietary treatment, glucose tolerance status and their interaction on weight of internal organs and intestinal weight per length of newborn piglets.

Item NGT GIT SEM P-value

NGT-SS NGT-CS GIT-SS GIT-CS GT D GT � D

No. of piglets 6 6 6 6
Piglets with LBW
Duodenum1, g/cm 0.09 0.08 0.10 0.09 0.007 0.48 0.68 0.99
Jejunum1, g/cm 0.06 0.07 0.07 0.06 0.005 0.34 0.32 0.42
Ileum1, g/cm 0.06 0.07 0.07 0.06 0.003 0.67 0.47 0.04
Stomach2, g/kg BW 4.99 6.08 5.21 5.48 0.326 0.70 0.18 0.41
Heart2, g/kg BW 6.92 7.55 9.06 6.90 0.226 0.48 0.51 0.27
Liver2, g/kg BW 21.58 24.74 27.16 24.63 1.374 0.12 0.85 0.10
Spleen2, g/kg BW 0.84 1.01 1.00 1.05 0.045 0.23 0.19 0.47
Lung2, g/kg BW 19.09 18.02 17.51 15.12 0.725 0.24 0.36 0.72
Kidney2, g/kg BW 7.64 8.00 8.34 8.74 0.392 0.25 0.53 0.98
Pancreas2, g/kg BW 0.83 0.93 1.11 1.13 0.060 0.00 0.42 0.64

Piglets with NBW
Duodenum1, g/cm 0.12 0.14 0.10 0.12 0.008 0.42 0.29 0.71
Jejunum1, g/cm 0.09 0.10 0.08 0.09 0.004 0.28 0.22 0.73
Ileum1, g/cm 0.09 0.10 0.08 0.10 0.004 0.76 0.04 0.67
Stomach2, g/kg BW 5.57 5.53 4.45 4.37 0.260 0.00 0.86 0.95
Heart2, g/kg BW 6.34 6.70 5.82 7.09 0.281 0.49 0.00 0.33
Liver2, g/kg BW 27.49 26.79 26.51 28.34 1.560 0.89 0.79 0.55
Spleen2, g/kg BW 0.89 0.92 0.97 0.92 0.046 0.60 0.90 0.55
Lung2, g/kg BW 15.69 16.54 17.32 16.78 1.007 0.51 0.92 0.63
Kidney2, g/kg BW 6.62 7.34 6.76 7.42 0.288 0.78 0.09 0.93
Pancreas2, g/kg BW 0.98 1.08 1.07 1.06 0.053 0.68 0.56 0.53

NGT ¼ normal glucose tolerant; GIT ¼ glucose intolerant; NGT-SS ¼ NGT sows fed a soybean substitution diet; NGT-CS ¼ NGT sows fed a corn starch diet; GIT-SS ¼ GIT sows
fed a soybean substitution diet; GIT-CS¼ GIT sows fed a corn starch diet; NBW¼ normal birth weight; LBW¼ low birth weight; GT¼ glucose tolerance effect of sows; D¼ diet
effect of sows.

1 Intestinal weight per length ¼ Intestine weight (g)/Intestine length (cm).
2 Weight of internal organ ¼ Organ weight (g)/Piglet birth weight (kg).

Table 8
Effects of maternal dietary treatment, glucose tolerance status and their interaction on intestinal morphology and digestion and absorption-related enzyme activity in the
small intestine of newborn piglets.

Item NGT GIT SEM P-value

NGT-SS NGT-CS GIT-SS GIT-CS GT D GT � D

No. of piglets 6 6 6 6
Piglets with LBW
Jejunum
Villus height, mm 512.92 660.79 626.36 717.24 28.356 0.11 0.03 0.58
Crypt depth, mm 57.43 60.94 61.67 64.93 2.500 0.45 0.53 0.98
VH:CD ratio 9.54 11.09 10.49 11.74 0.345 0.23 0.04 0.81
Lactase, U/mg prot 64.31 85.19 83.47 77.24 4.701 0.56 0.44 0.16
Sucrase, U/mg prot 1.52a 1.58a 0.62b 1.51a 0.107 0.00 0.00 0.00
Maltase, U/mg prot 5.42 6.16 4.36 6.11 0.337 0.41 0.07 0.44

Ileum
Villus height, mm 475.89 547.56 477.10 618.70 19.538 0.27 0.00 0.28
Crypt depth, mm 50.97 54.32 59.58 58.62 2.136 0.15 0.78 0.62
VH:CD ratio 9.98 10.42 9.37 10.98 0.335 0.97 0.14 0.39
Lactase, U/mg prot 22.76 26.01 19.72 21.83 0.667 0.00 0.02 0.58
Sucrase, U/mg prot 1.24 1.59 0.95 1.56 0.076 0.17 0.00 0.28
Maltase, U/mg prot 6.22 7.34 6.45 6.93 0.232 0.41 0.07 0.44

Piglets with NBW
Jejunum
Villus height, mm 593.84 772.87 641.08 752.37 25.031 0.74 0.00 0.41
Crypt depth, mm 53.23a 65.09ab 76.70b 68.12b 2.856 0.01 0.73 0.04
VH:CD ratio 11.62 12.59 8.92 11.36 0.429 0.00 0.02 0.27
Lactase, U/mg prot 78.75 98.73 59.93 83.17 4.686 0.04 0.01 0.84
Sucrase, U/mg prot 1.80 2.53 1.56 2.20 0.107 0.09 0.00 0.78
Maltase, U/mg prot 6.91 9.91 7.26 8.33 0.483 0.50 0.03 0.30

Ileum
Villus height, mm 501.20 550.12 538.24 624.36 19.138 0.14 0.08 0.61
Crypt depth, mm 51.26 52.31 56.02 52.71 1.477 0.41 0.72 0.49
VH:CD ratio 10.36 10.94 9.79 12.10 0.291 0.55 0.00 0.10
Lactase, U/mg prot 26.20 37.61 23.51 31.06 1.294 0.00 0.00 0.18
Sucrase, U/mg prot 2.42a 2.18a 1.45b 2.52a 0.105 0.02 0.00 0.00
Maltase, U/mg prot 7.37 8.51 7.85 7.30 0.241 0.50 0.03 0.30

NGT ¼ normal glucose tolerant; GIT ¼ glucose intolerant; NGT-SS ¼ NGT sows fed a soybean substitution diet; NGT-CS ¼ NGT sows fed a corn starch diet; GIT-SS ¼ GIT sows
fed a soybean substitution diet; GIT-CS¼ GIT sows fed a corn starch diet; LBW¼ low birth weight; NBW¼ normal birth weight; GT¼ glucose tolerance effect of sows; D¼ diet
effect of sows; VH:CD ratio ¼ ratio of villus height to crypt depth; prot ¼ protein.
a, b Mean values with different small letters indicate significant difference (P < 0.05).
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Fig. 4. Effects of maternal dietary treatment and glucose tolerance status on the histomorphological structures of the jejunum and ileum in (A) low birth weight (LBW) and (B)
normal birth weight (NBW) of newborn piglets (n ¼ 6). NGT-SS ¼ normal glucose tolerant sows fed a soybean substitution diet; NGT-CS ¼ normal glucose tolerant sows fed a corn
starch diet; GIT-SS ¼ glucose intolerant sows fed a soybean substitution diet; GIT-CS ¼ glucose intolerant sows fed a corn starch diet. Magnification, 40 � ; scale bar, 200 mm.
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the CS group had higher (P < 0.01) levels of sucrase than the SS
group. Diets and glucose tolerance status showed an interaction
(P < 0.01) in their effects on the sucrase activity of both the jejunum
of LBW piglets and the ileum of NBW piglets. The jejunum of LBW
piglets and the ileum of NBW piglets from the GIT sows fed a
soybean substitution diet (GIT-SS) group showed lower sucrase
activity (P < 0.05) than the others. Interestingly, GIT decreased
(P < 0.01) the sucrase activity in the jejunum of LBW piglets and
ileum of NBW piglets, whereas starch supplementation restored it
to the NGT level (P < 0.01).
4. Discussion

The first aim of the present study was to evaluate the effects of
glucose tolerance status on the reproductive performance of sows.
We started with the glucose tolerance status of sows, which was
classified as NGT or GIT based on AUC of blood glucose after the
meals in late pregnancy. A higher AUC of glucose was seen in the
GIT group than in the NGTgroup on d 75 of gestation, indicating the
success in constructing the model of GIT and NGT pregnant sows.

During pregnancy and lactation, the sow undergoes many
physiological and metabolic changes, such as progressive and
reversible insulin resistance, to favor glucose availability to the
pregnant uterus (Tan et al., 2016). Progressive insulin resistance at
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the end of pregnancy has been reported in pregnant sows, which
continues during lactation and returns to normal sensitivity after
weaning (P�ere and Etienne, 2007). Here, the GIT group had a high
AUC of glucose on d 109 of gestation, which was consistent with the
result on d 75 of gestation, indicating that the poor glucose toler-
ance of sows on d 75 of gestation remained unchanged on d 109 of
gestation. Pregnant sows have been confirmed to be in poor glucose
tolerance status near parturition (P�ere and Etienne, 2007). When
compared to the NGT group, the GIT group showed an increase in
the plasma insulin of sows on d 109 of gestation, which may well
indicate the poor glucose tolerance in GIT sows. The insulin resis-
tance has been reported to result from the insulin-desensitizing
effects of hormonal products of the placenta, usually coupled
with an increase of insulin secretion from pancreatic b-cells to
compensate for the insulin resistance of pregnancy (Yaribeygi et al.,
2020).

Glucose intolerance during pregnancy was considered as an
adverse effect on fetal outcome (Buchanan et al., 2012; Amissah
et al., 2020; Hu et al., 2021). In the present study, sows with GIT
were shown to produce piglets with a lower litter weight (NGT:
34.5 kg vs. GIT: 30.4 kg) and BW (NGT: 3.7 kg vs. GIT: 3.3 kg) on d 10
of lactation, and a reduced ADG on d 1 to 10 of lactation (NGT:
211.5 g/d vs. GIT: 180.3 g/d). Intriguingly, those parameters (litter
weight and BW) from sows fed with starch were restored to the
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normal level on d 21 of lactation, regardless of glucose tolerance
status. The potential relationship between the parameters and
starch inclusion in the diet needs to be further elucidated.

Previous studies have reported the small intestine as an
important component of glucose homeostasis (Mingrone and
Castagneto-Gissey, 2014; Isah and Masola, 2017; Simon et al.,
2020). Gut development could be expected to link with the fetal
weight and correspondingly tissue growth and development
(Ferenc et al., 2014). In this study, maternal GIT status was shown to
have a negative influence on the villus height to crypt depth ratio
and the amount of lactase as well as sucrase of the jejunum and
ileum, with greater crypt depth of jejunum in the small intestine of
piglets. This suggests that various degrees of maternal GIT might
affect fetal gut morphology and function, leading to poor perfor-
mance of piglets.

However, the GIT-induced increase in weight and length of its
own small intestine has been observed in other studies (Mingrone
and Castagneto-Gissey, 2014). Adachi et al. (2003) demonstrated
that diabetes induced intestinal hyperplasia could contribute to
postprandial hyperglycaemia by increasing the total activity of di-
saccharidases, such as sucrase and maltase in its own small intes-
tine. This suggests that there is a more complicated connection
between maternal glucose tolerance status and fetal gut develop-
ment in the maternal and fetal circulation, but it needs further
investigation.

Our results showed that when compared with SS, maternal di-
etary CS substantially increased the value of HOMA-IS and reduced
the value of HOMA-IR on d 109 of gestation, regardless of glucose
tolerance status, which is in agreement with the results of Brunzell
et al. (1971), Van Der Peet-Schwering et al. (2004), and Almond
et al. (2015). One possible explanation for this result is the lower
blood glucose in the CS group on d 109 gestation, which was
consistent with a previous study (Verdonk et al., 1981; Bonora et al.,
2000), showing that high starch feeding could cause a decrease in
plasma glucose levels, coupled with a numerical decline in fasting
plasma insulin levels, suggesting an increase in tissue insulin
sensitivity or a counter-regulatory response to the glucose level.
Additionally, it can be inferred that dietary CS, which produces
glucose by hydrolysis of glycosidic bonds, is more efficient than SS
in blood glucose clearance.

Unfortunately, the decrease of insulin sensitivity in sows can
result in a lower feed intake during lactation (Mosnier et al., 2010).
However, when compared to the SS group, the CS group exhibited
an increase in ADFI throughout lactation, regardless of sows’ GIT
status. These results further demonstrate that starch contributes to
the improvement of insulin sensitivity. Furthermore, as a satiety
factor and an initiation signal, the blood glucose level is dynamic in
control of feed intake. Dietary starch might respond to the reduced
blood glucose by decreasing the neuronal signaling for glucose
metabolism, contributing to the feed intake of sows (Yang et al.,
2019).

Maternal starch supplementation has a large impact on the
performance of sows and piglets, whereas indexes vary with
maternal glucose tolerance status to different degrees. Starch
supplementation for sows tended to increase the weight of piglets
at birth and weaning, and decrease the stillbirth rate, regardless of
the glucose tolerance status of sows, which was in line with pre-
vious studies (Jones et al., 2002; Drozdowski et al., 2010). One
possible explanation for the discrepancy of piglet weight is the
difference in fetal gut growth and development. Due to the occur-
rence of most nutrient absorption in the small intestine of piglets,
the gut typically undergoes a rapid development in the final weeks
of pregnancy prior to delivery, which is a crucial stage for achieving
the full intestinal length and maturation of digestive activities
(Funston et al., 2010; Lalles, 2013; Qi et al., 2020). The influence of
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maternal nutrients on the maturation of fetal intestinal tract was
reflected by the increased BWof fetal pigs (Wright and Irwin, 2010;
Wang et al., 2018). When compared with the SS group, the CS group
showed an increase in the villus height of the ileum or jejunum in
LBWor NBW piglets and the villus height to crypt depth ratio of the
ileum in NBW piglets, suggesting an increased intestinal surface
area for piglets from CS-fed sows, endowing them with greater
capacity to absorb available nutrients and contributing to the
weaning weight of piglets.

Moreover, the digestive enzyme activity of the intestinal
epithelial cells is fully developed in piglets for the absorption of
nutrients after birth. One of the most important energy substances
is carbohydrate, such as lactose, which is extremely important for
the development of neonatal piglets (Kluess et al., 2010; Chen et al.,
2017; Navis et al., 2020). A variety of carbohydrates have been
found in the brush border of the small intestinal epithelium of pigs,
such as the well-studied lactase, maltase and sucrase. The present
study showed the activities of enzymes such as lactase, sucrase, and
maltase were improved in the small intestine of piglets from CS-fed
sows, hinting that starch supplementation can improve the di-
gestibility of nutrients, especially carbohydrates, to some extent,
and increase the weaning weight of piglets (Theil et al., 2014).
Interestingly, GIT decreased the sucrase activity in the jejunum of
LBW piglets and in the ileum of NBW piglets, which was restored to
the normal level by starch supplementation. This is an important
piece of evidence to support the assertion that starch can amelio-
rate the decline of the intestinal digestive ability induced by poor
glucose tolerance.

In previous studies, poor glucose tolerance of pregnant sows
was reported as a risk factor for the survival of piglets after birth
(Kemp et al., 1996; Muns et al., 2016). In the present study, starch
supplementation lowered the pre-weaning mortality rate only
under poor glucose tolerance status rather than normal status. This
implies that starch supplementation, owing to its ability to improve
insulin resistance, may contribute to reduced postnatal mortality of
piglets from sows under GIT status.

Another possible explanation for the discrepancy of pre-
weaning mortality rate is the different ranges of birth weight af-
ter cross-fostering of piglets (GIT:1.5 kg vs. NGT:1.6 kg, despite no
statistical difference). Many pieces of evidence have shown that
birth weight is the most important determinant for piglet survival,
with a direct impact on thermoregulatory capacity and growth
(Herpin et al., 2002; Chris et al., 2012; Panzardi et al., 2013). Chris
et al. (2012) have defined LBW piglets as piglets weighing be-
tween 0.8 and 1.0 kg, and high birth weight piglets as piglets
weighing over 1.8 kg. The LBWpiglets areweak and often die before
weaning (Quiniou et al., 2002). Several studies have shown a sur-
vival rate of over 90% for high birth weight piglets (with an indi-
vidual birth BW of 1.8 kg) (Chris et al., 2012). In the present study,
only in the GIT status, when compared with the SS group, the CS
group of pregnant sows significantly reduced the proportion of
piglets weighing from 0.8 to 1.0 kg and increased the proportion of
piglets weighing above 1.8 kg. These results may help to demon-
strate that dietary starch supplementation can improve the pre-
weaning mortality rate. However, it is unclear whether starch af-
fects the survival of piglets directly or indirectly by improving
glucose tolerance status, and the mechanism for the effects of
starch on birth weight ranges of neonates needs to be further
elucidated.

5. Conclusions

In the present study, regardless of glucose tolerance status,
starch inclusion in maternal diet was demonstrated to improve the
sows’ insulin resistance during late gestation, increase the weight
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of piglets at birth and weaning, and decrease the stillbirth rate by
improving intestinal development. The improvement of litter per-
formance in response to starch is affected by the glucose tolerance
status of sows. Only under poor glucose tolerance status could di-
etary starch improve pre-weaning mortality rate, increase the
number of high birth weight piglets and decrease the number of
LBW piglets. These findings have shed light on the glucose toler-
ance of sows and its effect on the development of their offspring as
well as facilitated the development of feed strategies to alleviate
impaired glucose tolerance to enhance the reproductive perfor-
mance of sows.
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