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Konjac flour-mediated gut microbiota 
alleviates insulin resistance and improves 
placental angiogenesis of obese sows
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Abstract 

Our previous study revealed that dietary konjac flour (KF) could remodel gut microbiota and improve reproductive 
performance of sows, but its underlying mechanisms remain unclear. This experiment aimed to investigate how die-
tary KF improves reproductive performance of obese sows. Here, 60 sows were assigned into three groups accord-
ing to their backfat thickness: normal backfat sows fed with control diet (CON-N), high backfat sows fed with control 
diet (CON-H) and high backfat sows fed with KF inclusion diet (KF-H). The characteristics of sows and piglets were 
recorded. Next, fecal microbiota transplantation (FMT) was performed on female mice, followed by recording 
the characteristics of female mice. The results showed that compared with CON-H group, KF-H group showed down-
trend in stillbirth rate (P = 0.07), an increase in placental efficiency (P < 0.01) and average piglet weight (P < 0.01); cou-
pled with a decrease in the values of homeostasis model assessment-insulin resistance (P < 0.01); as well as an increase 
in placental vascular density and protein expression of angiogenesis markers (P < 0.01). As expected, sows fed KF 
diets had improved abundance and diversity of gut microbiota. More importantly, compared with CON-H(FMT) 
group, KF-H(FMT) group showed improvement in reproductive performance and insulin sensitivity (P < 0.05), as well 
as an increase in placental labyrinth zone and protein expression of angiogenesis markers (P < 0.05). Furthermore, we 
found a content increase (P < 0.05) of SCFAs in both KF-H group sow and KF-H (FMT) group mice. Overall, KF supple-
mentation could alleviate insulin resistance, promote placental angiogenesis, and ultimately improve the reproduc-
tive performance of sows via gut microbiota remodeling.
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Introduction
In order to provide the fetus with sufficient nutrition for 
growth and development (Valencia-Ortega et  al. 2021), 
the maternal sensitivity to insulin will decrease with the 
progress of pregnancy (Sonagra et al. 2014). However, the 
natural progression of this metabolic mechanism can be 
disrupted by maternal obesity, thus exacerbating mater-
nal insulin resistance and leading to adverse maternal and 
fetal outcomes (Getahun et al. 2010; Grieger et al. 2018). 
Excessive backfat thickness at day 109 of gestation has 
been reported to increase insulin resistance in perinatal 
sows, and decrease the number of live piglets and litter 
weight (Cheng et  al. 2019). However, the mechanism of 
insulin resistance responses in perinatal obese sows to 
reproductive performance has not fully elucidated.

Prior to birth, all the nutrients and oxygen required for 
fetal growth come from the maternal, and the placenta is 
the unique medium for the fetus to absorb nutrients and 
release metabolic wastes from the mother (Macpherson 
et al. 2017; Wu et al. 2022), revealing that placental vas-
cular development is an important factor in determining 
fetal growth (Huang et al. 2021b). Mesenchymal stromal 
cells isolated from gestationally diabetic human placen-
tae showed insulin resistance and decreased angiogenesis 
(Mathew and Bhonde 2017), but whether there are simi-
lar results in sows is inconclusive.

Accumulated evidence suggests that abundant fiber 
consumption can reduce the risk of insulin resistance 
and/or increase insulin sensitivity (Breneman and Tucker 
2013; Deng et al. 2021; Kwon et al. 2018). Our previous 
study also found that sow dietary supplementation with 
highly fermentable fiber konjac flour (KF) could cause 
changes of gut microbiota abundance and improve insu-
lin resistance (Tan et  al. 2016a). However, whether KF 
can improve the reproductive performance and insulin 
resistance of sows through gut microbiota and its metab-
olites has not been confirmed. As an effective means to 
reestablish gut microbiota, fecal microbiota transplan-
tation (FMT) is regarded as a breakthrough in medical 
progress in recent years. Therefore, this study aimed to 
use the FMT technology to verify whether KF can alle-
viate insulin resistance of sows by regulating gut micro-
biota to promote placental angiogenesis and reproductive 
performance.

Materials and methods
Animals and experimental design
This study was conducted in Jiangxi WanNianXinXing 
Agri-animal Co., Ltd., China (Jiangxi, China). A total 
of 60 Duroc × landrace × yorkshire sows with a similar 

farrowing time were blocked by backfat at day 65 of ges-
tation, and assigned to one of three treatment groups 
(n = 20 per treatment): normal backfat sows fed with 
control diet (CON-N) (Average backfat thickness = 17.9 
mm), high backfat sows fed with control diet (CON-H) 
(Average backfat thickness = 22.1 mm) and high backfat 
sows fed with KF inclusion diet (KF-H) (Average backfat 
thickness = 21.4 mm), respectively. All diets are designed 
to meet or exceed the nutritional requirements of the 
sow as recommended by the National Research Council 
(NRC 2012). The composition and nutrient composition 
of the experimental diets are shown in Table 1.

The sows were housed in separate barns and all sows 
had free access to water. Feeding was done once a day 
(05:30) at 2.0 kg in late gestation.15 days before parturi-
tion, the feeding rate was gradually increased to 2.5  kg. 
7  days before parturition, the sows are moved from the 
gestation room to the farrowing room and the ventilation 
system keeps the room at a suitable temperature.

Sample collection and reproductive performance analysis
The number and weight of each live piglet and stillborn 
piglet were recorded at the time of sow delivery. Placental 
efficiency was calculated by dividing the birth weight of 
the piglets by the weight of the placenta. Following the 
previous method (Huang et  al. 2021a), the piglets were 
delivered with the umbilical cord tied with fine cotton 
thread and labeled with a number before the umbilical 
cord was broken. After each placenta was expelled and 
weighed, small pieces of placental tissue (n = 6 per group) 
were taken and placed in liquid nitrogen for rapid freez-
ing, and then a portion of fresh unextruded placental 
tissue was cut and immediately fixed in 4% paraformalde-
hyde. On the 100th day of gestation, blood was collected 
from sows of each test group via ear vein before feeding. 
Blood samples were centrifuged at 3000×g for 10 min 
at 4  °C to obtain supernatant and stored at − 20  °C for 
analysis (n = 6). On day 100 of gestation, six sows in each 
treatment group were selected and fresh feces were col-
lected directly by massaging the rectum and then imme-
diately stored at − 80 °C for further analysis.

H&E staining
The placental tissues of sows and female mice embedded 
in paraffin were cut into 5 μm thick sections and then 
stained for H&E. A projection microscope (Olympus 
CX41, Japan) was used to locate the area of placental tis-
sue on the slide. Subsequently, the area of placental ves-
sels in sows and the area of placental labyrinth zone (LZ) 
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Intravenous glucose tolerance test
On day 100 gestation of sows or day 12.5 gestation of 
female mice, an intravenous glucose tolerance test 
(GTT) was performed as previously reported (Bowe 
et  al. 2014). Briefly, fasting blood samples were col-
lected after the experimental animals fasted overnight; 
blood samples were collected from the tail vein 15, 30, 
60, 90 and 120 min after intravenous or intraperitoneal 
injection of 0.5 g glucose-kg body  weight−1 of 50% glu-
cose solution and blood glucose was measured imme-
diately with an automated glucose analyzer (Sinocare 
Inc., Changsha, China). The collected fasting blood 
samples were centrifuged at 4 ℃ and 1500g for 10 min 
and then stored at − 20 ℃ after removing the superna-
tant for further analysis of glucose and insulin concen-
trations. For each GTT, the area under curve (AUC) of 
glucose was calculated by linear interpolation of glu-
cose concentrations between the measurements, using 
the fasting glucose concentration as the baseline.

Chemical analyses
Plasma glucose concentrations were measured using 
the Glucose Dehydrogenase Activity Colorimetric 
Assay Kit (Nanjing Jiancheng Bioengineering Institute, 
Nanjing, China) and plasma insulin levels were meas-
ured using the ultrasensitive porcine insulin ELISA kit 
(MEIMIAN, Jiangsu, China) according to the manufac-
turer’s instructions. Insulin resistance and sensitivity 
were evaluated through homeostasis model assessment 
(HOMA):

Antibiotics treatment (ABX) and FMT
Three-week-old C57BL/6 mice (Bestest, China) were 
purchased and fed for one week. In the fourth week, 
mice were treated with antibiotics according to the pro-
tocol of Liu et al. (2019). Briefly, a mixture of antibiotics 
(meilunbio, Dalian, China) metronidazole (1 g/L), ampi-
cillin (1 g/L), neomycin sulfate (1 g/L), and vancomycin 
(0.5 g/L) was added to the drinking water. The amount 
of water drunk by the mice (~ 5 mL/day) was measured 
early each morning to confirm that each mouse had con-
sumed enough antibiotics. Next, female mice were sub-
jected to FMT according to the method of Chen et  al. 
(2020). Fresh feces collected from three donors (sows) of 
the CON-N, CON-H or KF-H groups, respectively, were 

Homeostasis model assessment-insulin resistance
(HOMA-IR)
=

(
Fasting insulin (FPI)(mIU/L)

×Fasting glucose (FPG)(mmol/L)
)
/22.5.

Table 1 Ingredients and nutrient composition of experimental 
diets (as-fed basis)

a The mildewcide mainly consists of 99.5% potassium propionate
b The antiseptic mainly consists of 99% sodium diacetate
c Provided the following per kilogram of diet: 12,000 IU vitamin A; 200 mg 
vitamin C; 4800 IU vitamin  D3; 205 mg vitamin E; 3.6 mg vitamin K; 3.6 mg 
vitamin  B1; 12 mg vitamin  B2; 7.2 mg vitamin  B6; 0.048 mg vitamin  B12; 8.6 mg 
folic acid; 48.0 mg nicotinic acid; 0.6 mg biotin; 30.0 mg pantothenic acid; 
10.0 mg Cu; 130 mg Fe; 60 mg Zn; 45 mg Mn; 0.3 mg I; 0.1 mg Co. Premix is 
provided by Xinxing Agriculture and Animal Husbandry Co., LTD., Wannian 
County, Shangrao City (Jiangxi, China)
d Chemical concentrations were calculated using feed component values from 
(NRC 2012). Amino acid levels in diets are expressed as totals

Item CON KF

Ingredient, %

 Corn 34.78 32.78

 Rice bran meal 10.00 10.00

 Broken rice 16.67 16.67

 Soybean meal (43% CP) 14.50 14.50

 Triticale 20.00 20.00

 Konjac flour (KF) – 2.00

 Limestone 1.10 1.10

 Dicalcium phosphate 0.96 0.96

 Sodium chloride 0.40 0.40

 Lysine sulfate (70%) 0.10 0.10

 Choline chloride 0.13 0.13

 Threonine 0.05 0.05

  Mildewcidea 0.05 0.05

  Antisepticb 0.08 0.08

  Premixc 1.18 1.18

Calculated  compositiond, %

 NE, Mcal/kg 2.39 2.33

 Crude protein 13.87 13.87

 Ether extract 2.32 2.25

 Crude fiber 3.22 3.59

 Neutral detergent fiber 11.23 12.39

 Acid detergent fiber 3.96 4.39

 Calcium 0.72 0.72

 Total phosphorus 0.63 0.62

 Lysine 0.76 0.76

 Methionine 0.24 0.24

 Threonine 0.56 0.56

 Tryptophan 0.16 0.16

Analyzed composition, %

 Crude protein 14.43 14.25

 Crude fiber 2.98 3.48

 Neutral detergent fiber 12.47 13.77

 Acid detergent fiber 4.55 4.83

in mice were quantified by Image J software (National 
Institutes of Health, Bethesda, MD) to determine the rel-
ative number of placental vessels per unit tissue area and 
the relative area of placental LZ.
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used as a single source for the corresponding CON-N 
(FMT), CON-H (FMT) and KF-H (FMT) mice. The ABX 
female mice were gavaged at 0.2 ml of their respective 
donor fecal supernatant per mice every other day for 
4 weeks.

16S rRNA amplicon sequencing, data processing, 
and analysis
At G100, fresh feces of donor sow were obtained (n = 6), 
followed by 16S rRNA analysis. 16S rRNA amplicon 
sequencing, data processing, and analysis followed our 
previous report (Wang et  al. 2018). Briefly, total DNA 
was extracted from fresh feces (~ 50 mg) using the DNA 
Stool Mini Kit (51504, QIAGEN). After determining the 
DNA quality, the region V3 and V4 of 16 S rRNA genes 
were amplified by the universal primer: F, 5′-GTG CCA 
GCMGCC GCG G-TAA-3′; R, 5′-GGA CTA CHVGGG 
TWT CTAAT-3′. Then, amplicons were extracted from 
a 2% agarose gel, purification with the GeneJET Gel 
Extraction Kit (Thermo Scientific), and quantification 
using a Quant-iT PicoGreen dsDNA assay kit (6163, Inv-
itrogen; USA). Then, Sequencing libraries were generated 
using NEB Next® Ultra™ DNA Library Prep Kit for Illu-
mina (NEB, USA) following manufacturer’s recommen-
dations and index codes were added. The library quality 
was assessed on the Qubit@ 2.0 Fluorometer (Thermo 
Scientific) and Agilent Bioanalyzer 2100 system. At last, 
the library was sequenced on an Illumina HiSeq platform 
and 250 bp paired-end reads were generated.

Bioinformatic analysis as previously described (Wang 
et  al. 2018). Briefly, using QIIME2, we merged, applied 
quality control and clustered the 16S rRNA gene reads 
into operational taxonomic units (OTUs). Taxonomic 
groups were based on the Greengenes Data-base V.13_8 
using closed reference to perform referenced-based OTU 
clustering. Sequences with ≥ 97% similarity were assigned 
to the same OTUs. We pick a representative sequence 
for each OTU and use the RDP classifier (http:// rdp. cme. 
msu. edu/) to annotate taxonomic information for each 
representative sequence (confidence threshold of 70%). 
The analysis of rarefaction curve, alpha-diversity (Shan-
non, chao1, observed species and PD whole tree), and 
beta-diversity (principal coordination analysis, PCoA) 
based on bray_curtis were performed using R package 
Vegan. One-way ANOVA followed by post hoc Tukey’s 
tests was performed to determine if the compositions 
of microbiota differed between groups unless otherwise 
noted. Linear discriminant analysis (LDA) effect size was 
used to elucidate the differences of bacterial taxa, with an 
LDA score threshold ≥ 3 as an important contributor to 
the model.

Western blotting
The placental tissues were lysed in RIPA buffer 
(CWBIO) on ice for 10 min. Then, the lysate was cen-
trifuged at 12,000g for 10 min. The protein concen-
tration was determined by BCA method (Beyotime). 
Identical amounts of protein samples were separated 
by SDS/PAGE, namely vascular endothelial growth 
factor A (VEGF-A), platelet endothelial cell adhesion 
molecule-1 (CD31) and β-actin proteins. and then were 
transferred to polyvinylidene fluoride (PVDF) mem-
branes After blocking with TBS/T buffer containing 5% 
milk, the membranes were incubated with the primary 
antibodies against VEGF-A (19003-1-AP, Proteintech, 
USA, 1:1000), CD31 (A0378, Abclonal, China, 1:1000) 
and β-actin (4970, CST, USA, 1:1000). After washing, 
PVDF membranes were incubated with appropriate 
HRP-conjugated anti-rabbit IgG secondary antibody 
(AS014, Abclonal, China, 1:5000). The density of bands 
was quantified using the ImageJ software (National 
Institutes of Health, Bethesda, MD) and then normal-
ized to β-actin content.

Fecal SCFAs analysis
Fecal SCFAs concentrations were measured as previ-
ously reported (Liu et  al. 2021). Briefly, fecal samples 
were thawed on wet ice, followed by placing 0.5 g of 
each fecal sample in a centrifuge tube with 1 mL of dis-
tilled water, and homogenizing the mixture by vortex-
ing for 1 min. After crushing in an ultrasonic bath for 
30 min, the mixture was centrifuged at 13,000 rpm for 
10 min to obtain the supernatant, followed by pour-
ing all the supernatant into a new 2 mL centrifuge 
tube, adding 20 μL of 25% metaphosphoric acid and 
0.25g anhydrous sodium sulfate, and homogenizing 
the mixture thoroughly by vortexing for 1 min. After 
adding 1mL methyl tert-butyl ether (operated in the 
fume hood), the mixture was thoroughly homogenized 
by vortexing for 5 min, followed by centrifugation at 
13,000 rpm for 5 min and collecting the upper methyl 
tert-butyl ether extract (operated in fume hood). After 
filtration through a 0.22  μm microporous membrane, 
the filtrate was placed in a sample bottle with a lined 
tube for fecal SCFAs analysis.

Statistical analyses
Except the rates of stillbirth and embryo resorption were 
tested by chi-square, the remaining data were statistically 
analyzed using the independent t-test in SPSS 24.0 (SPSS, 
Inc, Chicago). All data were tested for normality by 

http://rdp.cme.msu.edu/
http://rdp.cme.msu.edu/
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using the Kolmogorov–Smirnov test while homogeneity 
of variances was determined by using the Levene’s test. 
The results are represented as histograms from Graph-
Pad Prism (GraphPad Software Inc, San Diego, CA), with 
each bar representing the mean ± SEM. 0.05 < P < 0.10 
indicated a statistical trend of change, and statisti-
cal difference was expressed as *P < 0.05 and **P < 0.01, 
respectively.

Results
Effects of KF supplementation on insulin sensitivity 
and reproductive performance of high backfat sows
In Fig. 1A, the GTT results showed that at 15 min post 
glucose solution injection, CON-H sows were signifi-
cantly (P < 0.01) higher than CON-N or KF-H sows in 
glucose level, and at 0–120 min, CON-H sow were sig-
nificantly (P < 0.01) higher than KF-H sow and had an 
uptrend (P = 0.08) relative to CON-N sow in AUC of 
glucose. In Fig.  1B–D, insulin sensitivity indexes such 
as FPG, FPI and HOMA-IR were seen to be signifi-
cantly higher in CON-H group than in CON-N or KF-H 
group (P < 0.05). Figure 1E–H showed the reproductive 
performance of sows in the three groups. In Fig. 1F–H, 
compared with CON-H group, CON-N group had a 
downtrend (P = 0.09) in stillbirth rate, the placental 
efficiency had a tendency to increase (P = 0.09), and a 
significant increase in average piglet weight (P < 0.05). 

Meanwhile, KF-H group was significantly higher 
CON-H group (P < 0.01) in average piglet weight and 
placental efficiency (Fig. 1G, H), coupled with a down-
trend in the stillbirth rate of piglets (P = 0.07) (Fig. 1F).

Effects of KF supplementation on gut microbiota of high 
backfat sows
Figure  2 presented the effect of dietary KF on gut 
microbial diversity and flora structure of sows. Fig-
ure  2A showed the structural composition of the gut 
microorganisms at the phylum level in different groups 
of sows. The five most abundant phyla in the fecal sam-
ples of the three groups were Firmicutes, Euryarchae-
ota, Bacteroidetes, Spirochaetes and Proteobacteria. We 
also counted the abundance ratios of the Firmicutes 
and the Bacteroidetes, respectively, and although F/B 
Ratio did not show significant differences from a statis-
tical point of view, we could find that the F/B Ratio of 
the CON-H group was higher than that of the CON-N 
or KF-H groups from the results (Fig.  2B). As can be 
seen from Fig.  2C, the Shannon index of the CON-N 
group was significantly higher than that of the CON-H 
group (P < 0.01), while the Shannon, chao1, observed 
species and PD whole tree indices of the KF-H group 
were significantly higher than those of the CON-H 
group (P < 0.01). This highlights that diet KF reversed 

Fig. 1 Effects of KF supplementation on insulin resistance and reproductive performance of sows. A Intravenous glucose tolerance test (GTT) 
from 0 to 120 min and area under the curve (AUC) of glucose from 0 to 120 min in GTT. (n = 6) B Fasting blood glucose level (FPG) (n = 6). C Fasting 
blood insulin level (FPI) (n = 6). D The values of homeostasis model assessment-insulin resistance (HOMA-IR) (n = 6). E Average piglet weight (n = 20). 
F Placental efficiency (n = 20). G Total born piglet (n = 20). H Stillbirth rate (n = 20). All data represent the mean ± SEM. Except that the stillbirth rate 
was tested by chi-square, the remaining data were statistically analyzed using the independent t-test. 0.05 < P < 0.10 indicated a statistical trend 
of change; *P < 0.05 and **P < 0.01
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Fig. 2 Gut microbial diversity and biomarkers. Each fecal sample was regarded as an experimental unit (n = 6 per group). A Abundance of gut 
bacteria at phylum level in different samples. B F/B Ratio of different groups. C α-diversity index (Shannon, chao1, PD whole tree, observed species). 
D PCoA of gut microbiota. E Linear discriminant analysis (LDA) effect size (LEfSe). F Relative abundance of core genera in different experimental 
groups. All data represent the mean ± SEM. Statistical differences in mean values were evaluated by independent t-test and by Mann Whitney test. 
0.05 < P < 0.10 indicated a statistical trend of change; *P < 0.05 and **P < 0.01

Fig. 3 Insulin resistance and reproductive performance of female mice after fecal microbiota transplantation (FMT). Each sample of female mice 
was regarded as an experimental unit (n = 6 per group). A Diagram of FMT experiment model. B GTT from 0 to 120 min and AUC of glucose from 0 
to 120 min in GTT. C FPG of female mice. D FPI of female mice. E The values of HOMA-IR of female mice. F Embryo resorption rate. G Average fetal 
weight. H Placental efficiency. All data represent the mean ± SEM. Except that embryo resorption rate was tested by chi-square, the remaining data 
were statistically analyzed using the independent t-test. 0.05 < P < 0.10 indicated a statistical trend of change; *P < 0.05 and **P < 0.01
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the reduction in α-diversity of gut microbiota in sows 
with high backfat. In Fig. 2B, the results of PCoA analy-
sis based on bray_curtis distance showed that the sam-
ples in the CON-N and KF-H groups being obviously 
clustered, while the samples in the CON-H group dif-
fered more between groups. Figure  2E showed the 
biomarkers screened by the linear discriminant analy-
sis effect size (LEfSe) analysis. We counted the rela-
tive abundance of the five core genera on this basis, 
and the results showed that the relative abundance 
of Christensenellaceae_R_7_group, Ruminococcus, 
Treponema and Helicobacter was significantly higher 
in fecal samples from the KF-H group than from the 
CON-H group (Fig. 2F) (P < 0.01).

Effects of FMT supplementation on insulin resistance 
and reproductive performance in mice
As shown in Fig.  3B, after injection of glucose solution, 
the glucose level increased significantly in CON-H(FMT) 
female mice than in CON-N(FMT) or KF-H(FMT) 
female mice (P < 0.01). The AUC area of glucose at 0–120 
min was also significantly higher in CON-H(FMT) group 
than in CON-N(FMT) or KF-H(FMT) group (P < 0.01). 
In Fig.  3C–E, CON-H(FMT) group was also seen to be 
significantly higher than CON-N(FMT) or KF-H(FMT) 
group (P < 0.01) in the insulin sensitivity indexes such as 
FPG, FPI and HOMA-IR. Figure 3F–H shows the repro-
ductive performance of female mice in the three experi-
mental groups. Compared with CON-H(FMT) group, 
CON-N(FMT) group exhibited a significant (P < 0.05) 
decrease in embryo resorption rate and a significant 
(P < 0.01) increase in placental efficiency. Meanwhile, KF-
H(FMT) group also significantly increased (P < 0.01) in 
placental efficiency and had a downward trend (P = 0.06) 
in embryo resorption rate.

Effects of KF supplementation on placenta morphology 
and angiogenesis in sows and mice
In Fig. 4A, B, the placental vascular density of sows was 
shown to be significantly lower in CON-H group than 
in CON-N or KF-H group (P < 0.01). Protein expres-
sion analysis of angiogenesis markers in the placentae of 
sows found that CON-N and KF-H groups were signifi-
cantly higher than CON-H group (P < 0.01) in the protein 
expression levels of VEGF-A and CD31 in (Fig. 4C–E). In 
addition, H&E staining of female mice placentae showed 
that compared with CON-H (FMT) group, the placen-
tal LZ area of female mice was significantly increased in 
both CON-N(FMT) group (P < 0.01) and KF-H(FMT) 
group (P < 0.05) (Fig.  4F, G). Protein expression analy-
sis of angiogenesis markers in mice placentae showed 
that KF-H(FMT) group was significantly higher than 

CON-H(FMT) group (P < 0.01) in the protein expression 
levels of VEGF-A and CD31 (Fig. 4H–J).

Effects of KF supplementation on fecal SCFA content
In Fig. 5A–G, it was shown that compared with CON-H 
group, CON-N group had a significant increase (P < 0.05) 
in the contents of fecal total SCFA, acetate, propionate, 
butyrate, valerate, isobutyrate and isovalerate, as well as 
the SCFA in the KF-H group (P < 0.05). After FMT, fecal 
SCFA analysis also found that compared with CON-
H(FMT) group, both CON-N(FMT) and KF-H(FMT) 
groups showed a significant (P < 0.05) increase in the con-
tents of fecal total SCFA and acetate (Fig. 5H, I).

Discussion
Increased insulin resistance is part of the physiological 
alterations of pregnancy, and increased maternal insu-
lin resistance is thought to be caused by a combination 
of increased maternal obesity and the effects of placen-
tal hormone products (Salzer et al. 2015). Previous stud-
ies have demonstrated that thick backfat in sows at day 
109 of gestation aggravates metabolic disorders of peri-
natal sows and decreases the number of live piglets and 
litter weight (Cheng et  al. 2019). In addition, our study 
observed that high-fat-induced maternal obesity com-
promises placental angiogenesis and impairs neonatal 
glucose tolerance (Hu et al. 2019a, 2021b).

Dietary fiber has been widely reported to improve insu-
lin resistance in obese maternal, and in a 3-day inter-
vention in overweight and obese women, cereal fiber 
was observed to improve systemic insulin sensitivity 
(Weickert et al. 2006). Consistent with these studies, the 
present study found that insulin sensitivity and reproduc-
tive performance were significantly improved in high-
backfat pregnant sows fed KF. In our previous studies, 
KF was identified as a highly fermentable dietary fiber, 
and as a refractory carbohydrate, KF can exert various 
health benefits based on its physicochemical properties, 
such as interacting with and influencing the gut micro-
bial composition (Gill et al. 2021; Tan et al. 2016b; 2017). 
Our study also found that feeding KF improved the gut 
microbiota of pregnant sows, reversing the high backfat 
induced gut microbiota disturbances, including increased 
gut microbial diversity and promoting colonization of 
beneficial bacteria. F/B Ratio has been considered a 
marker of intestinal flora dysbiosis in some studies, and 
Jin et al. found significantly elevated F/B Ratio in the stool 
of pregnant women with preeclampsia (Jin et  al. 2022). 
We also found in our experiment that F/B Ratio was also 
elevated in the CON-H group compared to the CON-N 
and KF-H groups. In addition, by comparing the abun-
dances of the core genus, we found that dietary KF could 
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Fig. 4 Placental angiogenesis of sows and female mice. Each placental tissue was regarded as an experimental unit (n = 6 per group). A, B H&E 
staining analysis of blood vessel density in the placental tissue of sows. The black arrow indicates the location of the placental blood vessels. C–E 
Western blotting analysis of protein expressions of VEGF-A and CD31 in the placentae of sows. F, G H&E staining analysis of the placental labyrinth 
zone of female mice. H–J Western blotting analysis of protein expressions of VEGF-A and CD31 in the placentae of female mice. All data represent 
the mean ± SEM. Statistical differences in mean values of all indexes were evaluated by using the independent t-test. 0.05 < P < 0.10 indicated 
a statistical trend of change; *P < 0.05 and **P < 0.01
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improve the abundances of Christensenellaceae_R_7_
group and Ruminococcus. Christensenellaceae_R_7_
group has been proved to play an important role in 
intestinal immunity (Hu et al. 2019b; Wang et al. 2022). It 

is significantly negatively correlated with metabolic dis-
eases such as body mass index and inflammation (Waters 
and Ley 2019). Goodrich et  al. believed that increasing 
the abundance of Christensenellaceae_R_7_group in the 

Fig. 5 Fecal SCFA content in sows and female mice. Each fecal samples were regarded as an experimental unit (n = 6 per group). A Total SCFA 
content of sows. B Acetate content of sows. C Propionate content of sows. D Butyrate content of sows. E Valerate content of sows. F Isobutyrate 
content of sows. G Isovalerate content of sows. H Total SCFA content of female mice. I Acetate content of female mice. J Propionate content 
of female mice. K Butyrate content of female mice. L Valerate content of female mice. M Isobutyrate content of female mice. N Isovalerate content 
of female mice. All data represent the mean ± SEM. Statistical differences in mean values of all indexes were evaluated by using the independent 
t-test. 0.05 < P < 0.10 indicated a statistical trend of change; *P < 0.05 and **P < 0.01
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intestine is beneficial to body health (Goodrich et  al. 
2014). Ruminococcus is a key bacterium for the diges-
tion of resistant starch (Hong et  al. 2022). Zhang et  al. 
found that Ruminococcus can produce SCFA in the gut 
tract and reduce and improve gut inflammation (Zhang 
et  al. 2017). Therefore, we hypothesize that dietary KF 
supplementation may alleviate insulin-resistant adverse 
pregnancy outcomes by improving the gut microbiome 
of sows and promoting SCFAs production.

FMT targeting gut microbiota is a new experimental 
approach in medical strategies (Bakker and Nieuwdorp  
2017; de Groot et  al. 2017). In recent landmark studies, 
patients with metabolic syndrome receiving FMT from 
healthy lean donors were shown to actually achieve meta-
bolic improvement (de Groot et  al. 2020; Kootte et  al. 
2017). In current study, fecal grafts from sows of different 
experimental groups were transplanted into female mice, 
and the FMT female mice showed similar metabolic sta-
tus and performance indexes as the donors. The insulin 
sensitivity and reproductive performance were signifi-
cantly improved in KF-H (FMT) mice compared with the 
mice receiving feces from CON-H sow. As an important 
organ linking maternal and fetus (Tan et  al. 2022), pla-
centa is accompanied by a large amount of angiogenesis 
during its formation, enabling the transfer of nutrition 
and energy from maternal to fetus (Hu et al. 2021a). Some 
studies have shown that insulin resistance can inhibit 
blood vessel dilatation, leading to cardiovascular diseases 
such as hypertension. It also plays a role in the damage 
and repair of blood vessels and the occurrence of athero-
sclerosis (Hill et al. 2021; Laakso and Kuusisto 2014; Lee 
et al. 2022). Our results showed a significant increase in 
placental blood vessel density of KF-H sows and in the 
placental LZ of KF-H(FMT) female mice. In female mice, 
placental LZ exchanges nutrients and gases between 
maternal and fetus. The placental zone has a complex 
structure, and defects in morphogenesis can compromise 
substrate exchange, thereby affecting fetal growth and 
viability (De Clercq et al. 2020; Kretschmer et al. 2020). 
In addition, we also found a significant increase in the 
expression levels of VEGF-A and CD31 in the placentae 
of KF-H sows and KF-H(FMT) mice. The similar results 
between sows and female mice further confirmed that KF 
may improve insulin resistance and adverse pregnancy in 
obese sows by mediating gut microbiota.

Moreover, we measured SCFAs in the feces from sows 
and female mice, and both KF-H sows and KF-H(FMT) 
female mice were found to have a significant increase in 
fecal total SCFA and acetate contents. As a product of 
gut bacterial metabolism, SCFA is particularly important 
in the diagnosis of gut dysbiosis (Ziętek et  al. 2021). In 
addition, SCFAs have been reported to act as signaling 
molecules that regulate the body’s energy homeostasis 

through G-protein receptors and are therefore critical 
for the developing fetus, its future metabolic fate and 
maternal health. (He et  al. 2020). Overall, our results 
indicated that dietary KF can alleviate insulin resistance 
of pregnant sows by increasing gut bacterial metabolites, 
thereby promoting placental vascular development and 
improving reproductive performance.

Acknowledgements
Not applicable.

Author contributions
CT and YY designed the project. DW and WX carried out the experiments. DW, 
WX, SM and HY analyzed the data. DW, SH and FL drafted the manuscript. XX, 
QC, BG and JD discussed and prepared the final report. All of the authors have 
read and approved the final manuscript.

Funding
The present work was supported by the National Natural Science Foundation 
China (32272895 or 32172744) and Natural Science Foundation of Guangdong 
Province (2021A1515012116).

Availability of data and materials
The link of gut microbiome data is: accession PRJNA1005452.

Declarations

Ethics approval and consent to participate
All experimental procedures in this study were approved by the Animal 
Management Regulations of the Ministry of Health of the People’s Republic of 
China and by the Animal Care and Use Committee of South China Agricultural 
University.

Competing interests
The authors declare that they have no conflict of interest.

Received: 17 August 2023   Accepted: 21 November 2023

References
Bakker GJ, Nieuwdorp M (2017) Fecal microbiota transplantation: therapeutic 

potential for a multitude of diseases beyond Clostridium difficile. Microbiol 
Spectr. https:// doi. org/ 10. 1128/ micro biols pec. BAD- 0008- 2017

Bowe JE, Franklin ZJ, Hauge-Evans AC, King AJ, Persaud SJ, Jones PM (2014) 
Metabolic phenotyping guidelines: assessing glucose homeostasis in 
rodent models. J Endocrinol 222(3):G13-25. https:// doi. org/ 10. 1530/ 
joe- 14- 0182

Breneman CB, Tucker L (2013) Dietary fibre consumption and insulin resist-
ance—the role of body fat and physical activity. Br J Nutr 110(2):375–383. 
https:// doi. org/ 10. 1017/ s0007 11451 20049 53

Chen X, Li P, Liu M, Zheng H, He Y, Chen MX, Tang W, Yue X, Huang Y, Zhuang 
L, Wang Z, Zhong M, Ke G, Hu H, Feng Y, Chen Y, Yu Y, Zhou H, Huang L 
(2020) Gut dysbiosis induces the development of pre-eclampsia through 
bacterial translocation. Gut 69(3):513–522. https:// doi. org/ 10. 1136/ 
gutjnl- 2019- 319101

Cheng C, Wu X, Zhang X, Zhang X, Peng J (2019) Obesity of sows at late 
pregnancy aggravates metabolic disorder of perinatal sows and affects 
performance and intestinal health of piglets. Animals (basel). https:// doi. 
org/ 10. 3390/ ani10 010049

De Clercq K, Lopez-Tello J, Vriens J, Sferruzzi-Perri AN (2020) Double-label 
immunohistochemistry to assess labyrinth structure of the mouse pla-
centa with stereology. Placenta 94:44–47. https:// doi. org/ 10. 1016/j. place 
nta. 2020. 03. 014

https://doi.org/10.1128/microbiolspec.BAD-0008-2017
https://doi.org/10.1530/joe-14-0182
https://doi.org/10.1530/joe-14-0182
https://doi.org/10.1017/s0007114512004953
https://doi.org/10.1136/gutjnl-2019-319101
https://doi.org/10.1136/gutjnl-2019-319101
https://doi.org/10.3390/ani10010049
https://doi.org/10.3390/ani10010049
https://doi.org/10.1016/j.placenta.2020.03.014
https://doi.org/10.1016/j.placenta.2020.03.014


Page 11 of 12Wu et al. AMB Express          (2023) 13:143  

de Groot PF, Frissen MN, de Clercq NC, Nieuwdorp M (2017) Fecal microbiota 
transplantation in metabolic syndrome: history, present and future. Gut 
Microbes 8(3):253–267. https:// doi. org/ 10. 1080/ 19490 976. 2017. 12932 24

de Groot P, Scheithauer T, Bakker GJ, Prodan A, Levin E, Khan MT, Herrema H, 
Ackermans M, Serlie MJM, de Brauw M, Levels JHM, Sales A, Gerdes VE, 
Ståhlman M, Schimmel AWM, Dallinga-Thie G, Bergman JJ, Holleman F, 
Hoekstra JBL, Groen A, Bäckhed F, Nieuwdorp M (2020) Donor metabolic 
characteristics drive effects of faecal microbiota transplantation on recipi-
ent insulin sensitivity, energy expenditure and intestinal transit time. Gut 
69(3):502–512. https:// doi. org/ 10. 1136/ gutjnl- 2019- 318320

Deng J, Cheng C, Yu H, Huang S, Hao X, Chen J, Yao J, Zuo J, Tan C (2021) Inclu-
sion of wheat aleurone in gestation diets improves postprandial satiety, 
stress status and stillbirth rate of sows. Anim Nutr 7(2):412–420. https:// 
doi. org/ 10. 1016/j. aninu. 2020. 06. 015

Getahun D, Fassett MJ, Jacobsen SJ (2010) Gestational diabetes: risk of recur-
rence in subsequent pregnancies. Am J Obstet Gynecol 203(5):467.
e461–466. https:// doi. org/ 10. 1016/j. ajog. 2010. 05. 032

Gill SK, Rossi M, Bajka B, Whelan K (2021) Dietary fibre in gastrointestinal health 
and disease. Nat Rev Gastroenterol Hepatol 18(2):101–116. https:// doi. 
org/ 10. 1038/ s41575- 020- 00375-4

Goodrich JK, Waters JL, Poole AC, Sutter JL, Koren O, Blekhman R, Beaumont 
M, Van Treuren W, Knight R, Bell JT, Spector TD, Clark AG, Ley RE (2014) 
Human genetics shape the gut microbiome. Cell 159(4):789–799. https:// 
doi. org/ 10. 1016/j. cell. 2014. 09. 053

Grieger JA, Bianco-Miotto T, Grzeskowiak LE, Leemaqz SY, Poston L, McCowan 
LM, Kenny LC, Myers JE, Walker JJ, Dekker GA, Roberts CT (2018) Meta-
bolic syndrome in pregnancy and risk for adverse pregnancy outcomes: 
a prospective cohort of nulliparous women. PLoS Med 15(12):e1002710. 
https:// doi. org/ 10. 1371/ journ al. pmed. 10027 10

He J, Zhang P, Shen L, Niu L, Tan Y, Chen L, Zhao Y, Bai L, Hao X, Li X, Zhang S, 
Zhu L (2020) Short-chain fatty acids and their association with signalling 
pathways in inflammation, glucose and lipid metabolism. Int J Mol Sci. 
https:// doi. org/ 10. 3390/ ijms2 11763 56

Hill MA, Yang Y, Zhang L, Sun Z, Jia G, Parrish AR, Sowers JR (2021) Insulin resist-
ance, cardiovascular stiffening and cardiovascular disease. Metabolism 
119:154766. https:// doi. org/ 10. 1016/j. metab ol. 2021. 154766

Hong YS, Jung DH, Chung WH, Nam YD, Kim YJ, Seo DH, Park CS (2022) Human 
gut commensal bacterium Ruminococcus species FMB-CY1 completely 
degrades the granules of resistant starch. Food Sci Biotechnol 31(2):231–
241. https:// doi. org/ 10. 1007/ s10068- 021- 01027-2

Hu C, Yang Y, Li J, Wang H, Cheng C, Yang L, Li Q, Deng J, Liang Z, Yin Y, Xie Z, 
Tan C (2019a) Maternal diet-induced obesity compromises oxidative 
stress status and angiogenesis in the porcine placenta by upregulating 
Nox2 expression. Oxid Med Cell Longev 2019:2481592. https:// doi. org/ 10. 
1155/ 2019/ 24815 92

Hu R, Zeng F, Wu L, Wan X, Chen Y, Zhang J, Liu B (2019b) Fermented carrot 
juice attenuates type 2 diabetes by mediating gut microbiota in rats. 
Food Funct 10(5):2935–2946. https:// doi. org/ 10. 1039/ c9fo0 0475k

Hu C, Wu Z, Huang Z, Hao X, Wang S, Deng J, Yin Y, Tan C (2021a) Nox2 impairs 
VEGF-A-induced angiogenesis in placenta via mitochondrial ROS-STAT3 
pathway. Redox Biol 45:102051. https:// doi. org/ 10. 1016/j. redox. 2021. 
102051

Hu C, Yang Y, Chen M, Hao X, Wang S, Yang L, Yin Y, Tan C (2021b) A mater-
nal high-fat/low-fiber diet impairs glucose tolerance and induces the 
formation of glycolytic muscle fibers in neonatal offspring. Eur J Nutr 
60(5):2709–2718. https:// doi. org/ 10. 1007/ s00394- 020- 02461-4

Huang S, Wu Z, Huang Z, Hao X, Zhang L, Hu C, Wei J, Deng J, Tan C (2021a) 
Maternal supply of cysteamine alleviates oxidative stress and enhances 
angiogenesis in porcine placenta. J Anim Sci Biotechnol 12(1):91. https:// 
doi. org/ 10. 1186/ s40104- 021- 00609-8

Huang Z, Huang S, Song T, Yin Y, Tan C (2021b) Placental angiogenesis in 
mammals: a review of the regulatory effects of signaling pathways and 
functional nutrients. Adv Nutr 12(6):2415–2434. https:// doi. org/ 10. 1093/ 
advan ces/ nmab0 70

Jin J, Gao L, Zou X, Zhang Y, Zheng Z, Zhang X, Li J, Tian Z, Wang X, Gu J, Zhang 
C, Wu T, Wang Z, Zhang Q (2022) Gut dysbiosis promotes preeclampsia 
by regulating macrophages and trophoblasts. Circ Res 131(6):492–506. 
https:// doi. org/ 10. 1161/ circr esaha. 122. 320771

Kootte RS, Levin E, Salojärvi J, Smits LP, Hartstra AV, Udayappan SD, Hermes G, 
Bouter KE, Koopen AM, Holst JJ, Knop FK, Blaak EE, Zhao J, Smidt H, Harms 
AC, Hankemeijer T, Bergman J, Romijn HA, Schaap FG, Olde Damink 

SWM, Ackermans MT, Dallinga-Thie GM, Zoetendal E, de Vos WM, Serlie 
MJ, Stroes ESG, Groen AK, Nieuwdorp M (2017) Improvement of insulin 
sensitivity after lean donor feces in metabolic syndrome is driven by 
baseline intestinal microbiota composition. Cell Metab 26(4):611-619.
e616. https:// doi. org/ 10. 1016/j. cmet. 2017. 09. 008

Kretschmer T, Turnwald EM, Janoschek R, Zentis P, Bae-Gartz I, Beers T, 
Handwerk M, Wohlfarth M, Ghilav M, Bloch W, Hucklenbruch-Rother 
E, Dötsch J, Appel S (2020) Maternal high fat diet-induced obesity 
affects trophoblast differentiation and placental function in mice†. Biol 
Reprod 103(6):1260–1274. https:// doi. org/ 10. 1093/ biolre/ ioaa1 66

Kwon YJ, Lee HS, Lee JW (2018) Association of carbohydrate and fat intake 
with metabolic syndrome. Clin Nutr 37(2):746–751. https:// doi. org/ 10. 
1016/j. clnu. 2017. 06. 022

Laakso M, Kuusisto J (2014) Insulin resistance and hyperglycaemia in car-
diovascular disease development. Nat Rev Endocrinol 10(5):293–302. 
https:// doi. org/ 10. 1038/ nrendo. 2014. 29

Lee SH, Park SY, Choi CS (2022) Insulin resistance: from mechanisms to 
therapeutic strategies. Diabetes Metab J 46(1):15–37. https:// doi. org/ 
10. 4093/ dmj. 2021. 0280

Liu M, Yuan J, Hu WJ, Ke CQ, Zhang YF, Ye Y, Zhong DF, Zhao GR, Yao S, 
Liu J (2019) Pretreatment with broad-spectrum antibiotics alters the 
pharmacokinetics of major constituents of Shaoyao-Gancao decoction 
in rats after oral administration. Acta Pharmacol Sin 40(2):288–296. 
https:// doi. org/ 10. 1038/ s41401- 018- 0011-0

Liu B, Zhu X, Cui Y, Wang W, Liu H, Li Z, Guo Z, Ma S, Li D, Wang C, Shi Y 
(2021) Consumption of dietary fiber from different sources during 
pregnancy alters sow gut microbiota and improves performance and 
reduces inflammation in sows and piglets. mSystems. https:// doi. org/ 
10. 1128/ mSyst ems. 00591- 20

Macpherson AJ, de Aguero MG, Ganal-Vonarburg SC (2017) How nutrition 
and the maternal microbiota shape the neonatal immune system. Nat 
Rev Immunol 17(8):508–517. https:// doi. org/ 10. 1038/ nri. 2017. 58

Mathew SA, Bhonde R (2017) Mesenchymal stromal cells isolated from 
gestationally diabetic human placenta exhibit insulin resistance, 
decreased clonogenicity and angiogenesis. Placenta 59:1–8. https:// 
doi. org/ 10. 1016/j. place nta. 2017. 09. 002

NRC (2012) Nutrient requirements of swine. National Academy Press, 
Washington DC

Salzer L, Tenenbaum-Gavish K, Hod M (2015) Metabolic disorder of preg-
nancy (understanding pathophysiology of diabetes and preeclampsia). 
Best Pract Res Clin Obstet Gynaecol 29(3):328–338. https:// doi. org/ 10. 
1016/j. bpobg yn. 2014. 09. 008

Sonagra AD, Biradar SM, K, D., Murthy, D. S. J. (2014) Normal pregnancy- a 
state of insulin resistance. J Clin Diagn Res 8(11):Cc01-03. https:// doi. 
org/ 10. 7860/ jcdr/ 2014/ 10068. 5081

Tan C, Wei H, Ao J, Long G, Peng J (2016a) Inclusion of Konjac flour in the 
gestation diet changes the gut microbiota, alleviates oxidative stress, 
and improves insulin sensitivity in sows. Appl Environ Microbiol 
82(19):5899–5909. https:// doi. org/ 10. 1128/ aem. 01374- 16

Tan C, Wei H, Zhao X, Xu C, Zhou Y, Peng J (2016b) Soluble fiber with high 
water-binding capacity, swelling capacity, and fermentability reduces 
food intake by promoting satiety rather than satiation in rats. Nutrients. 
https:// doi. org/ 10. 3390/ nu810 0615

Tan C, Wei H, Zhao X, Xu C, Peng J (2017) Effects of dietary fibers with high 
water-binding capacity and swelling capacity on gastrointestinal 
functions, food intake and body weight in male rats. Food Nutr Res 
61(1):1308118. https:// doi. org/ 10. 1080/ 16546 628. 2017. 13081 18

Tan C, Huang Z, Xiong W, Ye H, Deng J, Yin Y (2022) A review of the amino 
acid metabolism in placental function response to fetal loss and low 
birth weight in pigs. J Anim Sci Biotechnol 13(1):28. https:// doi. org/ 10. 
1186/ s40104- 022- 00676-5

Valencia-Ortega J, Saucedo R, Sánchez-Rodríguez MA, Cruz-Durán JG, Mar-
tínez EGR (2021) Epigenetic alterations related to gestational diabetes 
mellitus. Int J Mol Sci. https:// doi. org/ 10. 3390/ ijms2 21794 62

Wang H, Ji Y, Yin C, Deng M, Tang T, Deng B, Ren W, Deng J, Yin Y, Tan C 
(2018) Differential analysis of gut microbiota correlated with oxidative 
stress in sows with high or low litter performance during lactation. 
Front Microbiol 9:1665. https:// doi. org/ 10. 3389/ fmicb. 2018. 01665

Wang L, Liu Q, Chen Y, Zheng X, Wang C, Qi Y, Dong Y, Xiao Y, Chen C, Chen 
T, Huang Q, Zhai Z, Long C, Yang H, Li J, Wang L, Zhang G, Liao P, Liu 
YX, Huang P, Huang J, Wang Q, Chu H, Yin J, Yin Y (2022) Antioxidant 

https://doi.org/10.1080/19490976.2017.1293224
https://doi.org/10.1136/gutjnl-2019-318320
https://doi.org/10.1016/j.aninu.2020.06.015
https://doi.org/10.1016/j.aninu.2020.06.015
https://doi.org/10.1016/j.ajog.2010.05.032
https://doi.org/10.1038/s41575-020-00375-4
https://doi.org/10.1038/s41575-020-00375-4
https://doi.org/10.1016/j.cell.2014.09.053
https://doi.org/10.1016/j.cell.2014.09.053
https://doi.org/10.1371/journal.pmed.1002710
https://doi.org/10.3390/ijms21176356
https://doi.org/10.1016/j.metabol.2021.154766
https://doi.org/10.1007/s10068-021-01027-2
https://doi.org/10.1155/2019/2481592
https://doi.org/10.1155/2019/2481592
https://doi.org/10.1039/c9fo00475k
https://doi.org/10.1016/j.redox.2021.102051
https://doi.org/10.1016/j.redox.2021.102051
https://doi.org/10.1007/s00394-020-02461-4
https://doi.org/10.1186/s40104-021-00609-8
https://doi.org/10.1186/s40104-021-00609-8
https://doi.org/10.1093/advances/nmab070
https://doi.org/10.1093/advances/nmab070
https://doi.org/10.1161/circresaha.122.320771
https://doi.org/10.1016/j.cmet.2017.09.008
https://doi.org/10.1093/biolre/ioaa166
https://doi.org/10.1016/j.clnu.2017.06.022
https://doi.org/10.1016/j.clnu.2017.06.022
https://doi.org/10.1038/nrendo.2014.29
https://doi.org/10.4093/dmj.2021.0280
https://doi.org/10.4093/dmj.2021.0280
https://doi.org/10.1038/s41401-018-0011-0
https://doi.org/10.1128/mSystems.00591-20
https://doi.org/10.1128/mSystems.00591-20
https://doi.org/10.1038/nri.2017.58
https://doi.org/10.1016/j.placenta.2017.09.002
https://doi.org/10.1016/j.placenta.2017.09.002
https://doi.org/10.1016/j.bpobgyn.2014.09.008
https://doi.org/10.1016/j.bpobgyn.2014.09.008
https://doi.org/10.7860/jcdr/2014/10068.5081
https://doi.org/10.7860/jcdr/2014/10068.5081
https://doi.org/10.1128/aem.01374-16
https://doi.org/10.3390/nu8100615
https://doi.org/10.1080/16546628.2017.1308118
https://doi.org/10.1186/s40104-022-00676-5
https://doi.org/10.1186/s40104-022-00676-5
https://doi.org/10.3390/ijms22179462
https://doi.org/10.3389/fmicb.2018.01665


Page 12 of 12Wu et al. AMB Express          (2023) 13:143 

potential of Pediococcus pentosaceus strains from the sow milk bacte-
rial collection in weaned piglets. Microbiome 10(1):83. https:// doi. org/ 
10. 1186/ s40168- 022- 01278-z

Waters JL, Ley RE (2019) The human gut bacteria Christensenellaceae are wide-
spread, heritable, and associated with health. BMC Biol 17(1):83. https:// 
doi. org/ 10. 1186/ s12915- 019- 0699-4

Weickert MO, Möhlig M, Schöfl C, Arafat AM, Otto B, Viehoff H, Koebnick C, 
Kohl A, Spranger J, Pfeiffer AF (2006) Cereal fiber improves whole-body 
insulin sensitivity in overweight and obese women. Diabetes Care 
29(4):775–780. https:// doi. org/ 10. 2337/ diaca re. 29. 04. 06. dc05- 2374

Wu D, Feng L, Hao X, Huang S, Wu Z, Ma S, Yin Y, Tan C (2022) Effects of dietary 
supplementation of gestating sows with adenosine 5’-monophosphate 
or adenosine on placental angiogenesis and vitality of their offspring. J 
Anim Sci. https:// doi. org/ 10. 1093/ jas/ skac2 37

Zhang Y, Ma C, Zhao J, Xu H, Hou Q, Zhang H (2017) Lactobacillus casei Zhang 
and vitamin K2 prevent intestinal tumorigenesis in mice via adiponectin-
elevated different signaling pathways. Oncotarget 8(15):24719–24727. 
https:// doi. org/ 10. 18632/ oncot arget. 15791

Ziętek M, Celewicz Z, Szczuko M (2021) Short-chain fatty acids, maternal 
microbiota and metabolism in pregnancy. Nutrients. https:// doi. org/ 10. 
3390/ nu130 41244

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1186/s40168-022-01278-z
https://doi.org/10.1186/s40168-022-01278-z
https://doi.org/10.1186/s12915-019-0699-4
https://doi.org/10.1186/s12915-019-0699-4
https://doi.org/10.2337/diacare.29.04.06.dc05-2374
https://doi.org/10.1093/jas/skac237
https://doi.org/10.18632/oncotarget.15791
https://doi.org/10.3390/nu13041244
https://doi.org/10.3390/nu13041244

	Konjac flour-mediated gut microbiota alleviates insulin resistance and improves placental angiogenesis of obese sows
	Abstract 
	Introduction
	Materials and methods
	Animals and experimental design
	Sample collection and reproductive performance analysis
	H&E staining
	Intravenous glucose tolerance test
	Chemical analyses
	Antibiotics treatment (ABX) and FMT
	16S rRNA amplicon sequencing, data processing, and analysis
	Western blotting
	Fecal SCFAs analysis
	Statistical analyses

	Results
	Effects of KF supplementation on insulin sensitivity and reproductive performance of high backfat sows
	Effects of KF supplementation on gut microbiota of high backfat sows
	Effects of FMT supplementation on insulin resistance and reproductive performance in mice
	Effects of KF supplementation on placenta morphology and angiogenesis in sows and mice
	Effects of KF supplementation on fecal SCFA content

	Discussion
	Acknowledgements
	References


