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In humans, the metabolic and immune changes occurring during perinatal period
also describe metabolic syndrome. Gut microbiota can cause symptoms of metabolic
syndrome in pregnant women. Increased gut permeability is also involved in metabolic
disorders in non-pregnant hosts. However, longitudinal studies investigating the
changes in metabolic characteristics, gut microbiota, and gut permeability of sows
throughout pregnancy and lactation are lacking. The correlation between gut microbiota
and metabolic status of sows is also poorly known. The present study was conducted
to investigate the temporal variations in sow metabolic characteristics, gut microbiota,
gut permeability, and gut inflammation at days 30 (G30) and 109 (G109) of gestation
and days 3 (L3) and 14 (L14) of lactation. Results showed that insulin sensitivity
was decreased in L3. Circulating concentrations of pro-inflammatory cytokine IL-6
increased in G109 and L3. 16S rRNA gene sequencing of the V3-V4 region showed
that gut microbiota changed dramatically across different reproductive stages. The
bacterial abundance and alpha diversity in L3 were the lowest. The phyla Proteobacteria
and Fusobacteria exhibited the highest relative abundance in L3. Among the genera,
Bacteroides, Escherichia_Shigella, and Fusobacterium were highest, but Oscillospira
the lowest, in relative abundance in L3. The fecal levels of acetate and total short-chain
fatty acids were increased in G109, but fecal butyrate concentrations were markedly
decreased in L3. The plasma zonulin concentrations, a biomarker for gut permeability,
were increased in G109 and L3. The plasma endotoxin concentrations were increased
in L3. Furthermore, levels of fecal lipocalin-2 and pro-inflammatory cytokines IL-6 and
TNF-a were increased in G109 and L3. In contrast, fecal levels of anti-inflammatory
cytokine IL-10 were significantly decreased in G109 and L3. Additionally, the increased
relative abundances of Fusobacterium in L3 were positively correlated with plasma
zonulin and fecal endotoxin but negatively correlated with fecal IL-10. These findings
indicate that the mother sow exhibits a metabolic syndrome and dramatical changes in
gut microbiota during perinatal period, especially in early lactation. Besides, increased
gut permeability and plasma endotoxin concentrations caused by negative microbial
changes would possibly be the potential mechanisms under which sow’s metabolic
disorders and inflammatory status were exacerbated during early lactation.

Keywords: sow, illumina sequencing, gut microbiota, metabolic syndrome, pregnancy and lactation,
Fusobacterium
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Metabolic Syndrome and Gut Microbiota in Sows

INTRODUCTION

The immunological and metabolic statuses of breeding sows
directly affect the overall productivity of porcine operations.
During normal, healthy pregnancy and lactation, the female body
undergoes substantial immunological and metabolic changes
(Luan et al.,, 2014; Nair et al,, 2017). These changes are also
described as metabolic syndrome including reduced insulin
sensitivity in late pregnancy (Barbour et al, 2007). Reduced
insulin sensitivity has been correlated with changes in the
immune status in pregnancy, including elevated levels of
circulating pro-inflammatory cytokines that are thought to
drive obesity-associated metabolic inflammation (Saltiel and
Olefsky, 2017). In contrast to the obese state where they are
detrimental to health, reduced insulin sensitivity is beneficial
for fetal growth and the energetic demands of lactation (Nelson
et al, 2010; Abduljalil et al., 2012). However, in sows, the
excessive decrease in insulin sensitivity during late pregnancy
and lactation may unfortunately result in the decreased lactation
feed intake of sows (Pére and Etienne, 2007). Therefore,
longitudinal studies are needed to investigate the changes in
metabolic characteristics of sows throughout pregnancy and
lactation.

The gut microbiota plays a critical role in nutrient metabolism,
immune development, protection from pathogens, and
incidence of many chronic diseases in the host (Sommer
and Bickhed, 2013; Gresse et al, 2017). Recently, Koren
et al. (2012) observed dramatic changes in the gut microbiota
composition of women; these alterations included the loss
of diversity and increased Proteobacteria and Actinobacteria
abundances from the first to the third trimester of pregnancy
that also persisted 1 month postpartum. Notably, these
pregnancy-induced changes in gut microbiota are similar
to those detected in inflammatory bowel disease and obese
individuals. Interestingly, when germ-free mice are colonized
with third trimester maternal microbiota, the mice demonstrate
heightened inflammatory responses and insulin insensitivity.
This observation suggests that the gut microbiota alterations
may directly influence maternal pregnancy-associated metabolic
changes (Koren et al, 2012). However, in breeding sows,
information regarding how the gut microbiota varies across
the reproductive cycle is limited. Likewise, scant information
is known on whether and how the gut microbiota contributes
to metabolic changes over the course of normal pregnancy and
lactation.

In non-pregnant individuals, increased gut permeability
is involved in several disorders associated with low-grade
inflammation and insulin resistance, including obesity and type
2 diabetes (Teixeira et al., 2012; Cox et al., 2017). The proposed
mechanism is presumed to involve the increased passage of gut
microbiota components, such as bacterial lipopolysaccharide
(LPS), through the intestinal barrier into the circulation.
Subsequently, the increased circulating concentrations of
bacterial LPS can lead to metabolic endotoxemia, a potential
mediator of low-grade inflammation and subsequent metabolic
disorders (Cani et al., 2008; Moreira et al., 2012). Emerging
data indicate that dysbiosis in gut microbiota may induce an

increase in gut permeability (Cani et al, 2009; Shen et al,
2013). Moreover, initial evidence suggests that gut permeability
and circulating concentrations of endotoxin were increased
in healthy pregnant women relative to those of non-pregnant
women (Kerr et al, 2014). However, little is known about
the effects of pregnancy and lactation on gut permeability
of sows and whether this can lead to subsequent health
consequences.

In this study, attempts were made to explore whether breeding
sows undergo metabolic syndrome during perinatal period.
The work also aimed to evaluate the temporal changes in gut
microbiota and their metabolites, gut permeability, and gut
inflammation of sows over the course of pregnancy and lactation.
The hypothesis of this study is that the mother sow exhibits
metabolic syndrome and dramatic changes in gut microbiota
during perinatal period and that increased gut permeability and
plasma endotoxin concentrations caused by negative microbial
changes lead to sow’s metabolic disorders.

MATERIALS AND METHODS

Animals, Diets, and Sample Collection

All procedures involving animals were carried out in accordance
with guidelines for animal studies issued by the Institutional
Animal Care and Use Committee of Huazhong Agricultural
University and its protocol approved by this committee (permit
number: HZAUSW-2016-009). A total of twelve multiparous
Landrace sows with an average parity of 4.95 £ 1.00 were selected.
The sows had no diarrhea or other digestive disorders and did
not undergo medication before the study. The sows were allowed
to consume the same gestation and lactation diets ad libitum.
Details are provided in the Supplementary Material describing
sow diet ingredients and nutrient composition (Supplementary
Table 1). All diets did not contain any probiotics, antibiotics,
or other medicine. Pregnant sows were housed individually in
gestation stalls. The sows were moved from the gestation stalls
to the farrowing rooms on day 107 of gestation. The sows and
piglets were then individually housed in farrowing pens with
crates, slatted floors, and heat pads for the piglets. The sows and
piglets had free access to water.

Fresh feces were collected directly by massaging the rectum of
each sow on days 30 (G30) and 109 (G109) of gestation and days 3
(L3) and 14 (L14) of lactation. Then, 48 samples stored in dry ice
were transported to the laboratory and then stored at —80°C until
analysis. Three meal tests were conducted at three physiological
stages, namely, days 30 and 109 of gestation and day 3 of lactation.
Each test was started in the morning after an overnight fasting
period of 16-18 h. Blood samples (5 mL) obtained from ear veins
were collected 5 min before each meal and 15, 30, 60, 90, 120, 180,
and 240 min after the start of each meal for the analysis of glucose
values. Blood samples for zonulin, endotoxin, and inflammatory
cytokine analyses were collected in heparinized tubes (5 mL) from
sows before feeding on days 30 and 109 of gestation and on days 3
and 14 of lactation. Plasma samples were obtained by centrifuging
the blood samples at 3000 x g for 10 min at 4°C and then stored
at —80 °C until analysis.
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FIGURE 1 | During the perinatal period, especially in early lactation, sows showed obvious metabolic syndrome. Effects of reproductive stages on plasma
concentrations of glucose (A) and the area under curve (AUC) of plasma glucose after meal tests (B) and plasma concentrations of IL-6 (C) and TNF-a (D). Data are
presented as means + SEM (n = 12). a,b, Significant effect of sampling day (values with different lowercase letters are significantly different). G109, day 109 of
gestation; L3, day 3 of lactation. **P < 0.01; ***P < 0.0001. a-c, significant effect of sampling day (P < 0.05; values with different lowercase letters are significantly
different).

Analysis of Fecal Short-Chain Fatty
Acids (SCFAs)

The SCFAs concentrations of feces were analyzed through a
gas chromatographic method previously described by Bosch
et al. (2008). Briefly, approximately 1.5 g of feces were first
homogenized in 1.5 mL of deionized water. The samples were
centrifuged at 15,000 x g at 4°C for 10 min. Supernatants (1 mL
each) were then acidified with 25% metaphosphoric acid at a 1:5
ratio (1 volume of acid for 5 volumes of sample) for 30 min
on ice. The sample was injected into a GC 2010 series gas
chromatograph (Shimadzu, Japan) equipped with a CP-Wax 52
CB column 30.0 m x 0.53 mm i.d (Chrompack, Netherlands).
The injector and detector temperatures were 75 and 280°C,
respectively. Total SCFAs were determined as the sum of analyzed
acetate, propionate, and butyrate. Additionally, three-branched
fatty acids, namely, isobutyrate, isovalerate, and valerate were
measured. All procedures were performed in triplicate.

Metabolic Biomarker Analyses

Several metabolic biomarkers related to gut health and body
insulin sensitivity were measured in the animal molecular
nutrition laboratory. These biomarkers included fecal endotoxin,
plasma zonulin, and endotoxin as markers for gut permeability
(Cani et al., 2008; Tripathi et al, 2009); plasma TNF-a
and IL-6 as markers for systemic immune system activation
(Bethin et al, 2000); fecal lipocalin-2 and a set of fecal

cytokines as markers for gut local inflammation (Chassaing
et al, 2012; Koren et al,, 2012); and plasma glucose before
and after meal as markers for insulin sensitivity (Pere et al.,
2000). Zonulin, endotoxin, lipocalin-2, IL-6, IL-10, and TNF-
a concentrations in feces or plasma were determined by
using sow enzyme-linked immunosorbent assay kits (Bio-
Swamp, Wuhan, China) according to the manufacturer’s
instructions. Plasma glucose was determined with a glucose
dehydrogenase activity colorimetric assay kit (BioVision Inc.,
CA, United States). Values were obtained by measuring the
OD4s59 by using a Labsystems Multiskan MS microplate
reader (Vantaa, Finland). All procedures were performed in
triplicate.

DNA Extraction, 16S rDNA Amplification,

and lllumina Miseq Sequencing

Microbial DNA was extracted from 220 mg of each
fecal sample with a QIAamp Fast DNA Stool Mini Kit
(Qiagen, Germany) according to the manufacturers
instructions. Successful DNA isolation was separated by
agarose gel electrophoresis. The forward primer 341F (5'-
ACTCCTACGGGAGGCAGCAG-3') and the reverse primer
806R (5-GGACTACHVGGGTWTCTAAT-3') were used for
the amplification of the V3-V4 hypervariable region of an 16S
rRNA gene. The PCR conditions were pre-denaturation cycle
at 94°C for 4 min, 25 cycles of denaturation at 94°C for 30 s,
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FIGURE 2 | Changes in the five distinct bacterial phyla in sow gut across the reproductive cycle. (A) Firmicutes, (B) Bacteroidetes, (C) Proteobacteria,
(D) Fusobacteria, (E) Verrucomicrobia, and (F) Actinobacteria. Data are presented as means + SEM (n = 12). a—c, significant effect of sampling day (P < 0.05;
values with different lowercase letters are significantly different). G109, day 109 of gestation; L3, day 3 of lactation

annealing at 50°C for 45 s, elongation at 72°C for 30 s, and a
final post-elongation cycle at 72°C for 5 min. The PCR products
were purified with AmpureXP beads (AGENCOURT). After
purification, the PCR products were used for the construction
of the libraries and then paired-end sequenced (2 x 250)
on a MiSeq platform (Illumina, United States) at the Beijing
Genomics Institute (BGI, China).

Sequence Filtering, OTU Clustering, and

Sequence Analyses

Sequences with an average Phred score of lower than 30,
ambiguous bases, homopolymer runs exceeding 6 bp, primer
mismatches, and sequence lengths shorter than 100 bp were
removed. Only sequences with overlaps longer than 10 bp and
without any mismatch were assembled according to their overlap
sequences. Reads that failed to assemble were discarded. Barcode
and sequencing primers were trimmed from the assembled
sequence. To avoid the effect of the sequencing depth on
the composition of microbiota (Hughes and Hellmann, 2005),
we rarefied the library size to 27871 tag-depth per sample
by using the rarefy function in R package. High-quality tags
were clustered into operational taxonomic units (OTUs) at the
97% similarity with the USEARCH (Edgar, 2010). Taxonomy
assignments for 16S rRNA gene sequences were performed

with the RDP classifier program (V2.2) (Wang et al., 2007)
and the Silva 16S sequence database. A Venn diagram was
generated for comparison among the OTUs of the groups.
The alpha diversity values of each sample were assessed on
the basis of the observed OTUs, abundance-based coverage
estimator (ACE), bias-corrected Chao richness estimator (Chao
1), Shannon index, and Simpson index. Beta diversity measures
depended on Bray-Curtis distance were calculated using mothur.
Linear discriminant analysis coupled with effect size (LEfSe) was
conducted to identify bacterial taxa differentially represented
between different stages at genus or higher taxonomy levels
(Segata et al., 2011).

Statistical Analyses

Each sow was considered an experimental unit in all
statistical analyses. Before analysis, Kolmogorov-Smirnov
and Levene tests were performed for the normality and
heteroscedasticity of the data (with the significance level
set at 5%). Data on SCFAs, lipocalin-2, glucose, zonulin,
endotoxin, and cytokines values were assessed by ANOVA.
The procedure for the repeated measurements of SAS (SAS
Institute, Inc., Cary, NC, United States) was used. Data were
given as means =+ standard errors of the means. A mean
comparison was performed using the Duncan’s Multiple
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FIGURE 3 | The changes of 7 distinct genera in the gut microbiota composition of sows across the reproductive cycle. (A) Bacteroides, (B) Escherichia-Shigella,
(C) Fusobacterium, (D) Oscillospira, (E) Akkermansia, (F) Lachnospiraceae_XPB1014, (G) Ruminococcaceae_UCG-010, and (H) Prevotella_9. Data are presented
as means + SEM (n = 12). a—c, significant effect of sampling day (values with different lowercase letters are significantly different). G109, day 109 of gestation; L3,
day 3 of lactation.

Range test method (Duncan, 1955) with a significant level of
P < 0.05.

We used a nonparametric Mann-Whitney test to
determine the variance of alpha diversity indices and relative
abundance of gut microbiota. Structural variations between
interindividual and intraindividual were tested by students
t-test with 1000 Monte Carlo permutations based on Bray-
Curtis and weighted UniFrac distances. Correlations were
analyzed by using Spearman’s correlation in R 3.0.2 with the
Rstudio 0.97.310 package and gplots package for the heat
map. Differences were considered statistically significant
when P-value < 0.05. The data were corrected by false
discovery rate analysis according to the Benjamini-Hochberg

method, with an o of < 0.05 (Benjamini and Hochberg,
2000).

RESULTS

During the Perinatal Period, Especially in
Early Lactation, Sows Showed Obvious

Metabolic Syndrome

To determine whether the metabolic characteristics change over
the course of a normal pregnancy and lactation in sows, the
concentrations of plasma glucose before and after meal and
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circulating pro-inflammatory cytokines (TNF-a and IL-6) were
assessed. Between 60 and 240 min after meals, L3 showed
higher plasma glucose concentrations than those of G30 or
G109 (Figure 1A). Furthermore, the area under curve of the
plasma glucose levels were remarkly higher in L3 than in G30
or G109 (Figure 1B). Although no significant difference in
plasma TNF-a level was noted (Figure 1D), the plasma IL-
6 levels in G109 and L3 were markedly higher than those
in G30 and L14 (Figure 1C). Taken together, the results
supported that the sow’s body exhibits a reduce in insulin
sensitivity and develops a low-grade inflammation during early
lactation.

The Gut Microbiota Composition of
Sows Is Profoundly Altered During

Pregnancy and Lactation

All 48 fecal samples were subjected to 16S rRNA gene sequencing.
Mlumina Miseq sequencing of the V3-V4 regions of bacterial
16S rRNA genes generated 1 333 411 high-quality sequences. On
the basis of 97% sequence similarity, we obtained 6047 OTUs,
3131 of which existed in all groups and were thus defined as core
OTUs (Supplementary Figure 1). The core OTUs comprised
51.8% of the total OTUs, whereas 78, 146, 86, and 161 OTUs
were uniquely identified at G30, G109, L3, and L14, respectively
(Supplementary Figure 1). The OTUs were classified into 15
bacterial phyla and 231 genera. The top 10 phyla and top 10
genera in relative abundance of fecal microbiota present in sows
are displayed in Supplementary Figure 2. Firmicutes (56.58%)
and Bacteroidetes (35.07%) were the most dominated phyla
in sows, followed by Spirochaetes (3.40%) and Proteobacteria
(2.20%). At the genus level, Eubacterium_coprostanoligenes
(6.47%), Bacteroides (5.68%), Prevotellaceae_ NK3B31 (5.45%),

Lachnospiraceae_XPB1014  (5.04%), Christensenellaceae_R-7
(4.73%), Rikenellaceae_ RC9_gut (3.92%), Treponema_2 (3.07%),
Clostridium_sensu_stricto_1 (2.87%), Lachnospiraceae_ NK4A136
(2.82%), and Ruminococcaceae_ UCG-005 (2.61%) were the
10 most abundant genera. Significant differences in the levels
of phylum and genus of fecal microbiota among the four
breeding stages were further identified. The relative abundance
of the phylum Firmicutes was higher in G30 and G109 than
in L14 (Figure 2A). However, the relative abundance of
Bacteroidetes was lower (P < 0.05) in G30 and G109 than
in L14 (Figure 2B). In addition, the relative abundance of
Proteobacteria and Fusobacteria was the highest (P < 0.05) in
L3 and Verrucomicrobia and Actinobacteria were the highest
(P < 0.05) in L14 (Figures 2C-F). At the genus level, the
relative abundances of Bacteroides, Escherichia Shigella and
Fusobacterium were the highest but that of Oscillospira was
the lowest in L3 (Figures 3A-D). Akkermansia, which was
abundant in the gut of the G30 sows, was nearly absent in
the G109, L3, and L14 sows (Figure 3E). Furthermore, the
mean relative abundances of Lachnospiraceae_XPB1014,
Ruminococcaceae_UCG-010, and Prevotella_9 were the highest
in G30, G109, and L14, respectively (Figures 3F-H). Of the
above genera, the bacterial abundances of 26 genera changed
across different reproductive stages (Supplementary Table 2).
The microbial compositions among the four breeding stages
were further analyzed using the LefSe (Figure 4). Our LEfSe
analysis revealed that Lachnospiraceae, Ruminococcus_1,
Oscillospira, and Akkermansia were enriched in G30 sows;
Clostridia and Ruminococcaceae_ UCG_010 were enriched
in GI09 sows; Gammaproteobacteria, Fusobacterium,
Enterobacteriaceae, and Escherichia_Shigella were enriched
in L3 sows; Ruminococcaceae NK4A214, Lactobacillales,
Roseburia, and Faecalibacterium were enriched in L14 sows
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FIGURE 5 | The gut microbiota diversity of sows is significantly altered during pregnancy and lactation. (A) Comparisons of the number of observed OTUs among
different reproductive stage sows. (B) Comparisons of bias-corrected Chao richness estimator (Chao 1) among different reproductive stage sows. (C) Comparisons
of Shannon diversity indices among different reproductive stage sows. (D) Trajectory of the gut microbiota structure of sows across reproductive cycle based on
Bray—Curtis distance. (E) Interindividual variations were determined by average Bray—Curtis distances between individuals in day 30 (G30) and 109 (G109) of
gestation and day 3 (L3) and 14 (L14) of lactation, respectively. (F) Intraindividual variations were determined by distances between paired G30 and G109, G109 and
L3, and L3 and L14 samples, respectively. Data are presented as means + SEM (n = 12). a—d, significant effect of sampling day (P < 0.05; values with different
lowercase letters are significantly different). G109, day 109 of gestation; L3, day 3 of lactation.

(Figures 4A,B). Therefore, the above results indicate that the
gut microbiota composition of sows is profoundly altered during
pregnancy and lactation.

The Gut Microbiota Diversity of Sows Is
Significantly Altered During Pregnancy

and Lactation

Given the remarkable changes in composition of the gut
microbiota of the sows across different breeding stages, we
assessed the alpha and beta diversity of the fecal microbiota.
The observed OTUs, Chao 1, ACE, and Shannon index were
lowest in L3 (Figures 5A-C and Supplementary Figure 3A).
No remarkable difference was noted in the observed OTUs,
Chao 1, and ACE among the G30, G109, and L14 sows.
The Shannon index in L14 was higher than that in G30 and
G109. In addition, the Simpson index in L3 was higher than
that in G30, G109, or L3 (Supplementary Figure 3B). The
dramatic changes in the alpha diversity of gut microbiota in
sows across different breeding stages enabled us to assess the
extent of interindividual and intraindividual structural variations
of gut microbiota in sows. Through principal coordinate

analysis (PCoA) based on Bray-Curtis distance, we found
that the gut microbiota of sows were less dispersed in G30
and L14 but showed obvious segregation in G109 and L3
(Figure 5D). Moreover, the results of the PCoA based on
weighted UniFrac distance revealed a similar shifting pattern
(Supplementary Figure 4A). The interindividual Bray-Curtis
distances among different individuals increased significantly
from G30 to L3 and then decreased markedly from L3 to L14
(Figure 5E). Moreover, the dramatic intraindividual variations
from G109 to L3 and from L3 to L14 were significantly higher
than that from G30 to G109 (Figure 5F). Such structural
variations were also confirmed by weighted UniFrac distance
(Supplementary Figure 4B). Taken together, the gut microbiota
diversity of sows is significantly altered during pregnancy and
lactation.

The Gut Microbiota Metabolites of Sows
Were Significantly Altered During

Pregnancy and Lactation
Significant changes in gut microbial composition may cause
changes in their metabolites. Therefore, we observed the
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FIGURE 6 | Fecal concentrations of intestinal microbial metabolites in sows during gestation and lactation. (A) acetate, (B) propionate, (C) butyrate, (D) SCFAs,
(E) isobutyrate, (F) isovalerate, (G) valerate, and (H) BCFAs. Data are presented as means + SEM (n = 12). a,b, significant effect of sampling day (values with
different lowercase letters are significantly different). G109, day 109 of gestation; L3, day 3 of lactation. SCFAs, short-chain fatty acid; BCFAs, branch-chain fatty
acids. SCFAs is the sum of acetate, propionate, and butyrate; BCFAs is the sum of isobutyrate, isovalerate, and valerate.

changes of several SCFAs in feces of sows at different
breeding stages. The fecal level of acetate, propionate, and
total SCFAs were significantly higher in G109 than those
in G30, L3, or L14 (Figures 6A,B,D). Interestingly, the
lowest fecal concentrations of butyrate were observed in
L3 (Figure 6C). No significant differences with respect to
the fecal levels of isobutyrate, isovalerate, and valerate and
total BCFAs were found among the four breeding stages
(Figures 6E-H).

Gut Permeability and Plasma Endotoxin
Concentrations of Sows Were Increased

in Early Lactation

Considering recent evidence suggesting that microbiota-derived
butyrate modulate intestinal barrier integrity via modulation of
expression of tight junction proteins (Kelly et al., 2015), we
investigated whether gut permeability changes in the course
of a normal pregnancy and lactation in sows. The results
presented in Figure 7A showed that the plasma levels of
zonulin were significantly increased in G109 and L3 than in
G30 and L14. Previous studies have suggested that the impaired
intestinal mucosal integrity may enhance concentrations of
zonulin in blood (Fasano, 2011). This finding suggests that
gut permeability of sows were increased during the perinatal
period. We next detected the endotoxin in feces and plasma of
sows at different breeding stages. The results showed that the
concentrations of fecal endotoxin increased dramatically from
G109 to L3 and then decreased in L14 (Figure 7B). The highest
plasma endotoxin concentration (P < 0.05) was found in L3
(Figure 7C).

A Low-Grade Inflammation Developed
During Perinatal Period at the Intestinal
Mucosal Epithelium of Sows

In non-pregnant individuals, increased gut permeability has
been associated with an increased risk of systemic or local
inflammation (Teixeira et al., 2012). However, little is know about
the effects of pregnancy and lactation on the local inflammatory
response within the intestine of sows. To address this question,
we measured four biomarkers for inflammation in the intestine.
These biomarkers included fecal lipocalin-2 (Chassaing et al.,
2012) and a set of fecal cytokines (IL-6, IL-10, and TNF-a)
(Saiki et al., 1998). The levels of fecal lipocalin-2 and the
proinflammatory cytokines IL-6 and TNF-a were significantly
higher in G109 and L3 than in G30 and L14 (Figures 7D-F).
In contrast, the levels of anti-inflammatory cytokine IL-10
were significantly lower in G109 and L3 than in G30 and
L14 (Figure 7G). Therefore, our data suggest that the mucosal
surfaces of the intestine in sows present low-grade inflammation
during perinatal period.

Correlations Between Gut Microbiota
and Parameters of Gut Permeability and

Gut Inflammation in Sows

A spearman correlation analysis was performed to evaluate the
potential link between alterations in gut microbiota composition
and the parameters of gut permeability and gut inflammation
in sows (Figure 8). The genus Fusobacterium was positively
correlated with plasma zonulin (r = 0.53, P < 0.05) and fecal
endotoxin (r = 0.54, P < 0.05) but negatively correlated with
fecal IL-10 (r = -0.57, P < 0.05). Lachnoclostridium (r = -0.62,

Frontiers in Microbiology | www.frontiersin.org

August 2018 | Volume 9 | Article 1989


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Cheng et al.

Metabolic Syndrome and Gut Microbiota in Sows

A B
1200 » 2000+
:
2 900 2 a 21500
£ @
E b b £
§ 600 3 10009 .
g 3
g 300 S 5001
a 3
0 & ol
B 150+ E 600-
8 ] 1
§ 1 5
2 100 a 3 £ 400
= ] o ]
P 2 1b
— 50_ > -
g B b b < 200
i3 ] ]
s ALE
(i} o
G
150 1 G30
a a ] G109
4 [ I
$ 100 O L4
“' b
\E b
g 50
=
0-

FIGURE 7 | Plasma concentrations of zonulin (A) and endotoxin (C) and fecal concentrations of endotoxin (B), Lipocalin-2 (D), IL-6 (E), TNF-a (F), and IL-10 (G) of
the sows during gestation and lactation. Data are presented as means + SEM (n = 12). a—c, significant effect of sampling day (values with different lowercase letters

are significantly different). G109, day 109 of gestation; L3, day 3 of lactation.

1004

(g]
Plasma endotoxin, Eu/ml

P < 0.05), Catenisphaera (r = -0.54, P < 0.05), and Butyricicoccus
(r = -0.52, P = 0.088) was negatively correlated with plasma
IL-6. Additionally, Parvimonas was positively correlated with
fecal endotoxin (r = 0.55, P < 0.05), and Terrisporobacter was
negatively correlated with fecal lipocalin-2 (r = —0.59, P < 0.05).

DISCUSSION

The immunological and metabolic status of breeding sows
directly affect the overall productivity of procine operations.
However, longitudinal studies investigating changes in the
metabolic characteristics of sows throughout pregnancy and
lactation are lacking. In the current study, the breeding sows were
found to suffer from symptoms of metabolic syndrome including
low-grade inflammation during perinatal period and reduced
insulin sensitivity in early lactation. This pro-inflammatory
environment in late pregnancy may promote the contraction
of the uterus, expulsion of the piglets and rejection of the
placenta (Mor and Cardenas, 2010). Furthermore, elevated levels
of circulating pro-inflammatory cytokines have been reported
for late pregnancy and have been correlated with levels of
insulin resistance (Mor and Cardenas, 2010). The increased

insulin resistance in mother sows also results in elevated insulin-
mediated glucose and free fatty acid levels, allowing for greater
substrate availability for newborn piglets growth (Girard et al,,
1992). However, in sows, an excessive decrease in insulin
sensitivity during early lactation may unfortunately result in
decreased lactation feed intake of sows (Pére and Etienne, 2007).
A decrease in feed intake during lactation directly causes sow
to reduce milk volume and increase body loss, which will affect
the growth performance of piglets and prolong the interval from
weaning to estrus (Koketsu et al., 1996; Eissen et al., 2003). Thus,
our findings suggest that pig producers need to attach importance
to monitoring and regulation of insulin sensitivity during early
lactation.

The cause of reduced insulin sensitivity in lactation remains
unclear. In the case of non-pregnant obesity, recent studies
have suggested a role for gut microbiota in driving metabolic
diseases, including inflammation and reduced insulin sensitivity
(Boulangé et al., 2016; Saad et al., 2016). In addition, Koren
et al. (2012) observed dramatic changes in gut microbiota
composition of women from the first to the third trimester
of pregnancy, whereas the gut microbiota alterations directly
influence maternal pregnancy-associated metabolic changes.
These studies prompted us to investigate the effects of pregnancy
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and lactation on sow’s gut microbiota and its link with metabolic
syndrome in sows. The results suggest the emergence of a
dramatic change in gut microbiota of sows over the course of
pregnancy and lactation. The L3 sows exhibited the lowest gut
microbial richness and alpha diversity. Moreover, the between-
individual diversity increased from G30 to L3 and then decreased
from L3 to L14. This finding is consistent with the result of
Koren et al. (2012), who found that gut microbiota diversity and
richness decreased in 1 month of postpartum in women. Recent
studies have shown a correlation between low gut microbiota
richness and adverse metabolic conditions, including insulin
resistance and a more pronounced inflammatory phenotype (Le
Chatelier et al., 2013). Moreover, Mokkala et al. (2016) suggests
that low gut microbiota richness is associated with increased gut
permeability in overweight pregnant women. Similarly, we also
observed an increase in gut permeability in early lactation of
normal sows. Thus, the interplay between the gut microbiota
and gut permeability may be one of the potential mechanism
linking the gut microbiota to sow’s metabolic disorders during
early lactation.

Besides gut microbiota diversity, the phylogenetic
composition of gut microbiota in sows also shifts substantially
over the course of pregnancy and lactation. Firmicutes and
Bacteroidetes were the most dominant phyla regardless of
breeding stages, as previously suggested (Kong et al., 2016;
Chen et al, 2017). In our study, the relative abundance of

phylum Firmicutes was higher in pregnancy than in lactation,
whereas Bacteroidetes showed the opposite result. Earlier studies
showed that obesity is associated with an increase in Firmicutes
abundance (Tsai and Coyle, 2009). The increased Firmicutes
was considered a means of enhancing the body’s capacity for
energy acquisition from the diet, a potential advantage to support
growth of the fetus and prepare the body for the energy needs
of lactation (Turnbaugh et al., 2006). In agreement with this,
we observed that the fecal levels of acetate, propionate, and
total SCFAs were increased in late pregnancy of sows. Acetate
is utilized for lipogenesis in the liver and as a fuel source once
it enters the peripheral circulation (Topping and Clifton, 2001).
Propionate is largely taken up by the liver, and is used as a
substrate for hepatic gluconeogenesis. The increased SCFAs
production promotes intestinal energy availability that may
contribute to the energetic demands of lactation.

Remarkably, an enrichment of Proteobacteria and
Fusobacteria was observed in L3. Likewise, the genera Escherichia
shigella (phylum Proteobacteria) and Fusobacterium (phylum
Fusobacteria) were also enriched in L3. Proteobacteria are a
minor constituent within a balanced gut-associated microbial
community (Eckburg et al, 2005). However, a dysbiotic
expansion of facultative anaerobic Proteobacteria was observed
during conditions of gut inflammation, including irritable bowel
syndrome and inflammatory bowel disease (Morgan et al., 2012).
Similarly, an increased Proteobacteria was observed during late
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pregnancy in women which induces heightened inflammatory
responses and insulin insensitivity in germ-free mice (Koren
et al., 2012). Recent studies have proposed that an expansion
of Proteobacteria is a potential diagnostic microbial signature
of dysbiosis in gut microbiota and epithelial dysfunction (Shin
et al., 2015; Litvak et al., 2017). In addition to Proteobacteria,
substantial evidence suggests that Fusobacterium is closely
correlated with gut inflammation and cancer in humans and
other diseases in animals (De Witte et al., 2017; Yang Y. et al,,
2017). Neonatal piglet diarrhea is also associated with increases
in the relative abundance of Fusobacterium (Yang Q. et al., 2017).
Therefore, given these observations, we hypothesized that the L3
mucosal surfaces of the intestine in sows may present low-grade
inflammation. Consistent with the hypothesis, we observed that
levels of fecal lipocalin-2 and the pro-inflammatory cytokines
IL-6 and TNF-a were increased in L3. Meanwhile, the genus
Fusobacterium was shown to be negatively correlated with the
anti-inflammatory cytokine IL-10 in feces. Taken together, we
suggest that the enrichment of Proteobacteria and Fusobacteria
during early lactation leads to low-grade inflammation at
intestinal mucosal epithelium, and this inflammation may drive
the microbial dysbiosis into a positive feedback loop with the
altered host response. However, the underlying mechanism by
which gut microbiota in lactating sows leads to gut inflammation
needs further study.

The abundances of health-related bacteria were also impacted
in L3. For instance, Oscillospira, which is strongly correlated
with the formation of secondary bile acids and decreased in
abundance in inflammatory diseases (Walters et al, 2014;
Konikoff and Gophna, 2016), was less abundant on average
in L3. Notably, the relative abundances of butyrate-producing
bacteria such as Ruminococcus_1 (phylum Firmicutes, family
Ruminococcaceae) and Lachnospiraceae_XPB1014 (phylum
Firmicutes, family Lachnospiraceae) were reduced in L3. The
decrease in abundance of these two genera coincided with
the decreased concentrations of fecal butyrate in L3 sows.
Furthermore, we also observed that gut permeability and
plasma endotoxin concentrations of sows were increased in
early lactation, and a spearman correlation analysis showed that
Fusobacterium was positively correlated with the biomarker
of gut permeability. Recent evidence suggests that microbiota-
derived butyrate is essential for the maintenance of intestinal
epithelium integrity (Singh et al, 2014; Kelly et al., 2015;
Huang et al., 2015). Meanwhile, in non-pregnant individuals,
increased gut permeability and circulating concentrations
of endotoxin have been associated with several disorders
associated with low-grade inflammation and insulin resistance,
including obesity and type 2 diabetes (Teixeira et al., 2012;
Cox et al, 2017). Thus, based on these observations above,
we suggest that the decreased butyrate-producing bacteria
Ruminococcus_1 and  Lachnospiraceae_XPB1014 in early
lactation leads to a decrease in butyrate production, which
in turn contributes to an increase in gut permeability and
endotoxemia. Ultimately, increased endotoxemia triggers low-
grade inflammation and subsequent metabolic disorders in sows.
However, although these changes occur simultaneously in early
lactating sows, the direct link between them remains to be further
confirmed.

In conclusion, the present study suggests that the breeding sow
undergoes metabolic syndrome including insulin insensitivity
and low-grade inflammation during perinatal period, especially
in early lactation. The gut microbiota and their metabolites of
sows change dramatically over the course of pregnancy and
lactation. The representative changes include the expansion
of diversity between sows, an increase in Proteobacteria
and Fusobacteria, a decrease in butyrate-producing genera
Ruminococcus_1 and Lachnospiraceae_XPB1014, and reduced
bacterial richness and butyrate production during early lactation.
Besides, increased gut permeability and plasma endotoxin
concentrations caused by negative microbial changes would
possibly be the potential mechanisms under which sow’s
metabolic disorders and inflammatory status were exacerbated
during early lactation. Further studies are needed to elucidate the
mechanisms underlying the interplay among the gut microbiota,
gut permeability, and sow’s metabolic characteristics.

ACCESSION NUMBER

The 16S rRNA gene sequence information in this study
was deposited in NCBI Sequence Read Archive (SRA) under
accession number SRP150893.

AUTHOR CONTRIBUTIONS

JP conceived and designed the experiments and revised the
manuscript. SJ conceived and designed the experiments, analyzed
the data, and revised the manuscript. CC performed the
experiments, analyzed the data, and wrote the manuscript. HW
participated in the research - microbiology and analyzed the
data. CX and HY performed the measurement of pig metabolic
phenotypes. All authors approved the final version of the
manuscript to be published.

FUNDING

This research was supported by the National Natural Science
Foundation of China (31772609), China Agriculture Research
System (CARS-36), Special Fund Project for Technology
Innovation of Hubei Province (2016ABA113), Hubei Provincial
Creative TeamProject of Agricultural Science (2007-620), and
Fundamental Research Funds for the Central Universities of
China (2662017PY017).

ACKNOWLEDGMENTS

The authors acknowledge the YangXiang Joint Stock Company
for providing sow feeding facilities.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2018.
01989/full#supplementary- material

Frontiers in Microbiology | www.frontiersin.org

August 2018 | Volume 9 | Article 1989


https://www.frontiersin.org/articles/10.3389/fmicb.2018.01989/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2018.01989/full#supplementary-material
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Cheng et al.

Metabolic Syndrome and Gut Microbiota in Sows

REFERENCES

Abduljalil, K., Furness, P., Johnson, T. N., Rostami-Hodjegan, A., and Soltani, H.
(2012). Anatomical, physiological and metabolic changes with gestational age
during normal pregnancy. Clin. Pharmacokinet. 51, 365-396. doi: 10.2165/
11597440-000000000-00000

Barbour, L. A., McCurdy, C. E., Hernandez, T. L., Kirwan, J. P., Catalano, P. M., and
Friedman, J. E. (2007). Cellular mechanisms for insulin resistance in normal
pregnancy and gestational diabetes. Diabetes Care 30, 112-119. doi: 10.2337/
dc07-5202

Benjamini, Y., and Hochberg, Y. (2000). On the adaptive control of the false
discovery rate in multiple testing with independent statistics. J. Educ. Behav.
Stat. 25, 60-83. doi: 10.3102/10769986025001060

Bethin, K. E., Vogt, S. K., and Muglia, L. J. (2000). Interleukin-6 is an essential,
corticotropin-releasing hormone-independent stimulator of the adrenal axis
during immune system activation. Proc. Natl. Acad. Sci. U.S.A. 97, 9317-9322.
doi: 10.1073/pnas.97.16.9317

Bosch, G., Pellikaan, W. F., Rutten, P. G. P., van der Poel, A. F. B., Verstegen,
M. W. A, and Hendriks, W. H. (2008). Comparative in vitro fermentation
activity in the canine distal gastrointestinal tract and fermentation kinetics of
fiber sources. J. Anim. Sci. 86, 2979-2989. doi: 10.2527/jas.2007-0819

Boulangé, C. L., Neves, A. L., Chilloux, J., Nicholson, J. K., and Dumas, M. E.
(2016). Impact of the gut microbiota on inflammation, obesity, and metabolic
disease. Genome Med. 8:42. doi: 10.1080/19490976.2017.1421885

Cani, P. D., Bibiloni, R., Knauf, C., Waget, A., Neyrinck, A. M., Delzenne, N. M.,
et al. (2008). Changes in gut microbiota control metabolic endotoxemia-
induced inflammation in high-fat dietinduced obesity and diabetes in mice.
Diabetes Metab. Res. Rev. 57, 1470-1481. doi: 10.2337/db07- 1403

Cani, P. D, Possemiers, S., Wiele, T. V. D., Guiot, Y., Everard, A., Rottier, O., et al.
(2009). Changes in gut microbiota control inflammation in obese mice through
a mechanism involving glp-2-driven improvement of gut permeability. Gut 58,
1091-1103. doi: 10.1136/gut.2008.165886

Chassaing, B., Srinivasan, G., Delgado, M. A, Young, A. N., Gewirtz, A. T., and
Vijaykumar, M. (2012). Fecal lipocalin 2, a sensitive and broadly dynamic
non-invasive biomarker for intestinal inflammation. PLoS One 7:¢44328.
doi: 10.1371/journal.pone.0044328

Chen, L., Xu, Y., Chen, X., Fang, C., Zhao, L., and Chen, F. (2017). The maturing
development of gut microbiota in commercial piglets during the weaning
transition. Front. Microbiol. 8:1688. doi: 10.3389/fmicb.2017.01688

Cox, A.]., Zhang, P., Bowden, D. W., Devereaux, B., Davoren, P. M., Cripps, A. W.,
etal. (2017). Increased intestinal permeability as a risk factor for type 2 diabetes.
Diabetes Metab. 43, 163-166. doi: 10.1016/j.diabet.2016.09.004

De Witte, C., Flahou, B., Ducatelle, R., Smet, A., De Bruyne, E., Cnockaert, M., et al.
(2017). Detection, isolation and characterization of Fusobacterium gastrosuis
sp. nov. colonizing the stomach of pigs. Syst. Appl. Microbiol. 40, 42-50.
doi: 10.1016/j.syapm.2016.10.001

Duncan, D. B. (1955). Multiple range and multiple F tests. Biometrics 11, 1-42.
doi: 10.2307/3001478

Eckburg, P. B,, Bik, E. M., Bernstein, C. N., Purdom, E., Dethlefsen, L., Sargent, M.,
et al. (2005). Diversity of the human intestinal microbial flora. Science 308,
1635-1638. doi: 10.1126/science.1110591

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26, 2460-2461. doi: 10.1093/bioinformatics/btq461

Eissen, J. J., Apeldoorn, E. J., Kanis, E., Verstegen, M. W. A., and De Greef, K. H.
(2003). The importance of a high feed intake during lactation of primiparous
sows nursing large litters. J. Anim. Sci. 81, 594-603. doi: 10.2527/2003.813594x

Fasano, A. (2011). Zonulin and its regulation of intestinal barrier function: the
biological door to inflammation, autoimmunity, and cancer. Physiol. Rev. 91,
151-175. doi: 10.1152/physrev.00003.2008

Girard, J., Ferre, P., Pegorier, J. P.,, and Duee, P. H. (1992). Adaptations of
glucose and fatty acid metabolism during perinatal period and suckling-
weaning transition. Physiol. Rev. 72, 507-562. doi: 10.1152/physrev.1992.72.
2.507

Gresse, R., Chaucheyras-Durand, F., Fleury, M. A., Van de Wiele, T., Forano, E.,
and Blanquet-Diot, S. (2017). Gut microbiota dysbiosis in postweaning piglets:
understanding the keys to health. Trends Microbiol. 25, 851-873. doi: 10.1016/
j.tim.2017.05.004

Huang, C., Song, P., Fan, P., Hou, C., Thacker, P., and Ma, X. (2015). Dietary
sodium butyrate decreases postweaning diarrhea by modulating intestinal
permeability and changing the bacterial communities in weaned piglets. J. Nutr.
145, 2774-2780. doi: 10.3945/jn.115.217406

Hughes, J. B., and Hellmann, J. J. (2005). The application of rarefaction
techniques to molecular inventories of microbial diversity. Methods Enzymol.
397, 292-308. doi: 10.1016/50076-6879(05)97017-1

Kelly, C. J., Zheng, L., Campbell, E. L., Saeedi, B., Scholz, C. C., Bayless, A. J.,
et al. (2015). Crosstalk between microbiota-derived short-chain fatty acids and
intestinal epithelial HIF augments tissue barrier function. Cell Host Microbe 17,
662-671. doi: 10.1016/j.chom.2015.03.005

Kerr, C. A, Grice, D. M, Tran, C. D., Bauer, D. C,, Li, D., Hendry, P., et al. (2014).
Early life events influence whole-of-life metabolic health via gut microflora
and gut permeability. Crit. Rev. Microbiol. 41, 326-340. doi: 10.3109/1040841X.
2013.837863

Koketsu, Y., Dial, G. D., Pettigrew, J. E., and King, V. L. (1996). Feed intake pattern
during lactation and subsequent reproductive performance of sows. J. Anim.
Sci. 74, 2875-2884. doi: 10.2527/1996.74122875x

Kong, X. F, Ji, Y. J, Li, H. W,, Zhu, Q. Blachier, F., Geng, M. M,, et al.
(2016). Colonic luminal microbiota and bacterial metabolite composition in
pregnant Huanjiang mini-pigs: effects of food composition at different times
of pregnancy. Sci. Rep. 6:37224. doi: 10.1038/srep37224

Konikoff, T., and Gophna, U. (2016). Oscillospira: a central, enigmatic component
of the human gut microbiota. Trends Microbiol. 24, 523-524. doi: 10.1016/j.tim.
2016.02.015

Koren, O., Goodrich, J. K., Cullender, T. C., Spor, A., Laitinen, K., Bickhed, H. K.,
et al. (2012). Host remodeling of the gut microbiome and metabolic changes
during pregnancy. Cell 150, 470-480. doi: 10.1016/j.cell.2012.07.008

Le Chatelier, E., Nielsen, T., Qin, J., Prifti, E., Hildebrand, F., Falony, G., et al.
(2013). Richness of human gut microbiome correlates with metabolic markers.
Nature 500, 541-546. doi: 10.1038/nature12506

Litvak, Y., Byndloss, M. X., Tsolis, R. M., and Bdumler, A. J. (2017). Dysbiotic
Proteobacteria expansion: a microbial signature of epithelial dysfunction. Curr.
Opin. Microbiol. 39, 1-6. doi: 10.1016/j.mib.2017.07.003

Luan, H,, Meng, N,, Liu, P., Feng, Q., Lin, S., Fu, J,, et al. (2014). Pregnancy-
induced metabolic phenotype variations in maternal plasma. J. Proteome Res.
13, 1527-1536. doi: 10.1021/pr401068k

Mokkala, K., Royti6, H., Munukka, E., Pietila, S., Ekblad, U., Rénnemaa, T.,
et al. (2016). Gut microbiota richness and composition and dietary intake of
overweight pregnant women are related to serum zonulin concentration, a
marker for intestinal permeability. J. Nutr. 146, 1694-1700. doi: 10.3945/jn.116.
235358

Mor, G., and Cardenas, I. (2010). The immune system in pregnancy: a unique
complexity. Am. J. Reprod. Immunol. 63, 425-433. doi: 10.1111/j.1600-0897.
2010.00836.x

Moreira, A. P. B., Texeira, T. F. S., Ferreira, A. B., Peluzio Mdo, C., and
Alfenas Rde, C. (2012). Influence of a high-fat diet on gut microbiota,
intestinal permeability and metabolic endotoxaemia. Br. J. Nutr. 108, 801-809.
doi: 10.1017/S0007114512001213

Morgan, X. C,, Tickle, T. L., Sokol, H., Gevers, D., Devaney, K. L., Ward, D. V.,
et al. (2012). Dysfunction of the intestinal microbiome in inflammatory bowel
disease and treatment. Genome Biol. 13:79. doi: 10.1186/gb-2012-13-9-r79

Nair, R. R., Verma, P., and Singh, K. (2017). Immune-endocrine crosstalk during
pregnancy. Gen. Comp. Endocrinol. 242, 18-23. doi: 10.1016/j.ygcen.2016.03.
003

Nelson, S. M., Matthews, P., and Poston, L. (2010). Maternal metabolism and
obesity: modifiable determinants of pregnancy outcome. Hum. Reprod. Update
16, 255-275. doi: 10.1093/humupd/dmp050

Pere, M. C., and Etienne, M. (2007). Insulin sensitivity during pregnancy, lactation,
and postweaning in primiparous gilts. J. Anim. Sci. 85, 101-110. doi: 10.2527/
jas.2006-130

Pere, M. C., Etienne, M., and Dourmad, J. Y. (2000). Adaptations of glucose
metabolism in multiparous sows: effects of pregnancy and feeding level. J. Anim.
Sci. 78, 2933-2941. doi: 10.2527/2000.78112933x

Saad, M. J. A, Santos, A., and Prada, P. O. (2016). Linking gut microbiota
and inflammation to obesity and insulin resistance. Physiology 31, 283-293.
doi: 10.1152/physiol.00041.2015

Frontiers in Microbiology | www.frontiersin.org

August 2018 | Volume 9 | Article 1989


https://doi.org/10.2165/11597440-000000000-00000
https://doi.org/10.2165/11597440-000000000-00000
https://doi.org/10.2337/dc07-s202
https://doi.org/10.2337/dc07-s202
https://doi.org/10.3102/10769986025001060
https://doi.org/10.1073/pnas.97.16.9317
https://doi.org/10.2527/jas.2007-0819
https://doi.org/10.1080/19490976.2017.1421885
https://doi.org/10.2337/db07-1403
https://doi.org/10.1136/gut.2008.165886
https://doi.org/10.1371/journal.pone.0044328
https://doi.org/10.3389/fmicb.2017.01688
https://doi.org/10.1016/j.diabet.2016.09.004
https://doi.org/10.1016/j.syapm.2016.10.001
https://doi.org/10.2307/3001478
https://doi.org/10.1126/science.1110591
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.2527/2003.813594x
https://doi.org/10.1152/physrev.00003.2008
https://doi.org/10.1152/physrev.1992.72.2.507
https://doi.org/10.1152/physrev.1992.72.2.507
https://doi.org/10.1016/j.tim.2017.05.004
https://doi.org/10.1016/j.tim.2017.05.004
https://doi.org/10.3945/jn.115.217406
https://doi.org/10.1016/S0076-6879(05)97017-1
https://doi.org/10.1016/j.chom.2015.03.005
https://doi.org/10.3109/1040841X.2013.837863
https://doi.org/10.3109/1040841X.2013.837863
https://doi.org/10.2527/1996.74122875x
https://doi.org/10.1038/srep37224
https://doi.org/10.1016/j.tim.2016.02.015
https://doi.org/10.1016/j.tim.2016.02.015
https://doi.org/10.1016/j.cell.2012.07.008
https://doi.org/10.1038/nature12506
https://doi.org/10.1016/j.mib.2017.07.003
https://doi.org/10.1021/pr401068k
https://doi.org/10.3945/jn.116.235358
https://doi.org/10.3945/jn.116.235358
https://doi.org/10.1111/j.1600-0897.2010.00836.x
https://doi.org/10.1111/j.1600-0897.2010.00836.x
https://doi.org/10.1017/S0007114512001213
https://doi.org/10.1186/gb-2012-13-9-r79
https://doi.org/10.1016/j.ygcen.2016.03.003
https://doi.org/10.1016/j.ygcen.2016.03.003
https://doi.org/10.1093/humupd/dmp050
https://doi.org/10.2527/jas.2006-130
https://doi.org/10.2527/jas.2006-130
https://doi.org/10.2527/2000.78112933x
https://doi.org/10.1152/physiol.00041.2015
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Cheng et al.

Metabolic Syndrome and Gut Microbiota in Sows

Saiki, T., Mitsuyama, K., Toyonaga, A., Ishida, H., and Tanikawa, K. (1998).
Detection of pro-and anti-inflammatory cytokines in stools of patients with
inflammatory bowel disease. Scand. J. Gastroenterol. 33, 616-622. doi: 10.1080/
00365529850171891

Saltiel, A. R,, and Olefsky, J. M. (2017). Inflammatory mechanisms linking
obesity and metabolic disease. J. Clin. Invest. 127, 1-4. doi: 10.1172/JCI9
2035

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S,,
etal. (2011). Metagenomic biomarker discovery and explanation. Genome Biol.
12:60. doi: 10.1186/gb-2011-12-6-1r60

Shen, J., Obin, M. S., and Zhao, L. (2013). The gut microbiota, obesity and insulin
resistance. Mol. Aspects Med. 34, 39-58. doi: 10.1016/j.mam.2012.11.001

Shin, N. R., Whon, T. W., and Bae, ]. W. (2015). Proteobacteria: microbial signature
of dysbiosis in gut microbiota. Trends Biotechnol. 33, 496-503. doi: 10.1016/].
tibtech.2015.06.011

Singh, N., Gurav, A., Sivaprakasam, S., Brady, E., Padia, R., Shi, H., et al. (2014).
Activation of Gprl09a, receptor for niacin and the commensal metabolite
butyrate, suppresses colonic inflammation and carcinogenesis. Immunity 40,
128-139. doi: 10.1016/j.immuni.2013.12.007

Sommer, F., and Bickhed, F. (2013). The gut microbiota-masters of host
development and physiology. Nat. Rev. Microbiol. 11, 227-238. doi: 10.1038/
nrmicro2974

Teixeira, T. F., Souza, N. C., Chiarello, P. G., Franceschini, S. C., Bressan, J.,
Ferreira, C. L., et al. (2012). Intestinal permeability parameters in obese patients
are correlated with metabolic syndrome risk factors. Clin. Nutr. 31, 735-740.
doi: 10.1016/j.cInu.2012.02.009

Topping, D. L., and Clifton, P. M. (2001). Short-chain fatty acids and human
colonic function: roles of resistant starch and nonstarch polysaccharides.
Physiol. Rev. 81, 1031-1064. doi: 10.1152/physrev.2001.81.3.1031

Tripathi, A., Lammers, K. M., Goldblum, S., Shea-Donohue, T., Netzel-Arnett, S.,
Buzza, M. S., et al. (2009). Identification of human zonulin, a physiological
modulator of tight junctions, as prehaptoglobin-2. Proc. Natl. Acad. Sci. U.S.A.
106, 16799-16804. doi: 10.1073/pnas.0906773106

Tsai, F., and Coyle, W. J. (2009). The microbiome and obesity: is obesity linked to
our gut flora? Curr. Gastroenterol. Rep. 11, 307-313. doi: 10.1007/s11894-009-
0045-z

Turnbaugh, P. J., Ley, R. E.,, Mahowald, M. A., Magrini, V., Mardis, E. R., and
Gordon, J. I. (2006). An obesity-associated gut microbiome with increased
capacity for energy harvest. Nature 444, 1027-1031. doi: 10.1038/nature05414

Walters, W. A., Xu, Z., and Knight, R. (2014). Meta-analyses of human gut
microbes associated with obesity and IBD. FEBS Lett. 588, 4223-4233.
doi: 10.1016/j.febslet.2014.09.039

Wang, Q., Garrity, G. M., Tiedje, ]. M., and Cole, J. R. (2007). Naive bayesian
classifier for rapid assignment of rRNA sequences into the new bacterial
taxonomy. Appl. Environ. Microbiol. 73, 5261-5267. doi: 10.1128/ AEM.00062-
07

Yang, Q., Huang, X., Zhao, S., Sun, W., Yan, Z., Wang, P., et al. (2017). Structure and
function of the fecal microbiota in diarrheic neonatal piglets. Front. Microbiol.
8:502. doi: 10.3389/fmicb.2017.00502

Yang, Y., Weng, W., Peng, ], Hong, L, Yang, L. Toiyama, Y. et al
(2017). Fusobacterium nucleatum increases proliferation of colorectal cancer
cells and tumor development in mice by activating toll-like receptor 4
signaling to nuclear factor-kB, and up-regulating expression of microRNA-21.
Gastroenterology 152, 851-866. doi: 10.1053/j.gastr0.2016.11.018

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Cheng, Wei, Yu, Xu, Jiang and Peng. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Microbiology | www.frontiersin.org

13

August 2018 | Volume 9 | Article 1989


https://doi.org/10.1080/00365529850171891
https://doi.org/10.1080/00365529850171891
https://doi.org/10.1172/JCI92035
https://doi.org/10.1172/JCI92035
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1016/j.mam.2012.11.001
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.1016/j.immuni.2013.12.007
https://doi.org/10.1038/nrmicro2974
https://doi.org/10.1038/nrmicro2974
https://doi.org/10.1016/j.clnu.2012.02.009
https://doi.org/10.1152/physrev.2001.81.3.1031
https://doi.org/10.1073/pnas.0906773106
https://doi.org/10.1007/s11894-009-0045-z
https://doi.org/10.1007/s11894-009-0045-z
https://doi.org/10.1038/nature05414
https://doi.org/10.1016/j.febslet.2014.09.039
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.3389/fmicb.2017.00502
https://doi.org/10.1053/j.gastro.2016.11.018
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Metabolic Syndrome During Perinatal Period in Sows and the Link With Gut Microbiota and Metabolites
	Introduction
	Materials and Methods
	Animals, Diets, and Sample Collection
	Analysis of Fecal Short-Chain Fatty Acids (SCFAs)
	Metabolic Biomarker Analyses
	DNA Extraction, 16S rDNA Amplification, and Illumina Miseq Sequencing
	Sequence Filtering, OTU Clustering, and Sequence Analyses
	Statistical Analyses

	Results
	During the Perinatal Period, Especially in Early Lactation, Sows Showed Obvious Metabolic Syndrome
	The Gut Microbiota Composition of Sows Is Profoundly Altered During Pregnancy and Lactation
	The Gut Microbiota Diversity of Sows Is Significantly Altered During Pregnancy and Lactation
	The Gut Microbiota Metabolites of Sows Were Significantly Altered During Pregnancy and Lactation
	Gut Permeability and Plasma Endotoxin Concentrations of Sows Were Increased in Early Lactation
	A Low-Grade Inflammation Developed During Perinatal Period at the Intestinal Mucosal Epithelium of Sows
	Correlations Between Gut Microbiota and Parameters of Gut Permeability and Gut Inflammation in Sows

	Discussion
	Accession Number
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


