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This study was conducted to analyze plasma reproductive hormone and biochemical parameter changes, as well as fecal microbiota
composition and metabolites in sows, at different pregnancy and lactation stages, using Bama mini pig as an experimental animal
model. We found that plasma prolactin (PRL), progesterone, follicle-stimulating hormone (FSH), and estrogen levels decreased
from day 45 to day 105 of pregnancy. Plasma total protein and albumin levels were lower in pregnant sows, while glucose, urea
nitrogen, total cholesterol, and high-density lipoprotein-cholesterol, as well as fecal acetate, butyrate, valerate, total short-chain
fatty acids, skatole, and tyramine levels, were higher in lactating sows. Interestingly, the lactating sows showed lower α-diversity
and Spirochaetes and Verrucomicrobia relative abundances, while pregnant sows showed a higher Proteobacteria relative
abundance. Notably, the Akkermansia relative abundance was highest on day 7 of lactation. Spearman analysis showed a
positive correlation between plasma triglyceride and cholinesterase levels and Akkermansia and Streptococcus relative
abundances. Moreover, Oscillospira and Desulfovibrio relative abundances were also positively correlated with plasma FSH, LH,
and E2 levels, as well as PRL and LH with Bacteroides. Collectively, plasma reproductive hormones, biochemical parameters, and
fecal microbiota composition and metabolite levels could alter along with pregnancy and lactation, which might contribute to
the growth and development demands of fetuses and newborns.

1. Introduction

Pregnancy and lactation are extremely complex physiological
processes during which a variety of systemic changes occur,
including body weight, blood hormones, and fecal metabo-
lites fluctuations, as well as immune conditions [1, 2]. Previ-
ous study showed that the host’s hormones could shape the
gut microbial structure and function, and the gut microbiota
also altered the production and regulation of hormones in
turn [3]. Thus, it is not surprising that the maternal intestinal
microbiota shifts dramatically during pregancy and lactation.
Accumulating evidences demonstrate that gut microbiota
governs host metabolism, and its composition varies in hosts

in different physiological states [4, 5]. Indeed, it has been well
established that the gut microbiota composition is inconsis-
tent in mammals during pregnancy [4, 6]. For example, the
gut microbiota changes dramatically from the first to the
third trimesters of pregnancy (e.g., the increased Actinobac-
teria and Proteobacteria relative abundances and beta diver-
sity and reduced individual richness) [4]; the intestinal
microbiota composition is also dynamic in lactating
mammals [7]. However, the intestinal microbiota variation
or difference in the composition during pregnancy and lacta-
tion remains poorly understood.

Notably, maternal physiological changes during preg-
nancy could highly influence growth and/or development
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of fetus, which might be influenced by gut microbes [4].
Indeed, maternal microbes (e.g., Firmicutes and Proteobac-
teria) could colonize the fetal/neonatal gut during pregnancy
(via placenta) or lactation (via maternal milk and mother’s
feces), affecting the offspring’s growth and development
(e.g., fetal programming) [7, 8]. Because the gut microbiota
is involved in regulating various host functions (e.g., nutrient
absorption and body pathological or physiologic metabo-
lism) [9] and the offspring’s growth and development largely
depends on maternal physiological changes during preg-
nancy and lactation. Therefore, it is urgent to fully under-
stand how maternal gut microbiota composition changes
and the relationship between intestinal microbiota and
maternal metabolism during pregnancy and lactation.

Bama mini pig is genetically stable and size small and
shares higher blood biochemical parameter, as well as internal
organ shape and size similarities with humans [10]. Moreover,
their gut microbiota structure and function are similar to
human’s [11]. Bamamini pig is the preferred experimental ani-
mal for studying how the gut microbiota changes and interacts
with their host during pregnancy and lactation. Therefore, we
analyzed the fecal microbiota composition and their metabo-
lites, as well as plasma reproductive hormone and biochemical
parameter levels during pregnancy and lactation. Then, corre-
lation analyses were conducted to find the relationships
between the aforementioned indexes.

2. Materials and Methods

2.1. Animals and Experimental Design. In this study, a total of
16 Bama mini pigs with 3-5 parity were herd in a mini pig
farm of Goat Chong located in Shimen Town, Changde City,
Hunan Province, China. After insemination, the sows were
housed individually in crates (2:2m × 0:6m) from day 1 to
day 105 of pregnancy and then housed in farrowing crates
(2:2m × 1:8m) until weaning. Throughout the experimental
period, there was no antibiotic or probiotic use, and diet
intake changed with sow body condition (fed at 8:00 and
17:00 each day), and water was drunk freely. The sows were
fed 0.8, 1.0, 1.2, 1.5, and 2.0 kg of the pregnant diets during
1-15, 16-30, 31-75, 76-90, and 91-105 days of pregnancy,
respectively, fed 1.0 kg pregnant diets before a week of partu-
rition and ad libitum after three days of parturition, and fed
2.4 kg lactation diets until weaning. The sows’ nutrition met
the Chinese conventional diet- (GB diet-) recommended
requirements (NY-T, 2004) (Table 1).

2.2. Sample Collection. According to Kong et al. [12], the
early, middle, and later stages of pregnancy in mini pigs are
from days 1 to 45, days 46 to 75, and days 76 to delivery,
respectively. During the trial period, there were four sows
returned to estrus in the early pregnancy and two sows
returned to estrus in the middle pregnancy. In order to min-
imize abortion caused by sampling stress and to ensure that
the same gilts were sampled at each time point, 6-8 blood
samples and feces samples of sows per stage were chosen
for subsequent analysis. The litter sizes used for the experi-
ment were 8-12.

On days 45, 75, and 105 of pregnancy and 7 and 21 of lac-
tation, fresh sow feces were collected in 10mL sterile centri-
fuge tubes and stored immediately at -20°C until
processing. Meanwhile, precaval vein blood samples were
collected in 10mL heparinized tubes, centrifuged at 3500 g
and 4°C for 10min, and stored at -20°C for further analysis.

2.3. Determination of Plasma Reproductive Hormones and
Biochemical Parameters. Plasma reproductive hormones,
including prolactin (PRL), luteinizing hormones (LH),
follicle-stimulating hormones (FSH), progesterone (PROG),
and estradiol (E2), were determined using enzyme linked
immunosorbent assay (ELISA) kit (Suzhou keming Co.,
Ltd, China), following the manufacturer’s instructions.

Table 1: Composition and nutrient levels of the basal diets (air-dry
basis; %).

Items
Pregnant sows’

diet
Lactating sows’

diet

Ingredients

Corn 37.50 66.00

Soybean meal 9.50 25.00

Wheat bran 14.00 5.00

Barley 25.00

Soybean hull 10.00

Pregnant sows’
premix1

4.00

Lactating sows’
premix2

4.00

Total 100.00 100.00

Nutrient levels3

DE (MJ/kg) 12.55 13.87

CP 12.82 16.30

CF 4.56 2.87

SID Lys 0.48 0.75

SID met+Cys 0.43 0.51

SID Thr 0.37 0.53

SID Trp 0.13 0.17

Ca 0.62 0.65

P 0.47 0.50

Note: 1Pregnant sows’ premix provided the following per kg of diets:
CaHPO4·2H2O 10 g, NaCl 4 g, CuSO4·5H2O 80mg, FeSO4·H2O 360mg,
ZnSO4·H2O 240mg, MnSO4·H2O 100mg, MgSO4·7H2O 1 g, 1% ICl 50mg,
1% Na2SeO3 36mg, 1% CoCl2 16mg, NaHCO3 1.4 g, VA 10000 IU, VD3

1800 IU, VE 20mg, VK3 2.4 mg, VB1 1.6 mg, VB2 6mg, VB6 1.6 mg, VB12
0.024mg, folic acid 1.2 mg, nicotinamide 20mg, pantothenic acid 12mg,
biotin 0.12mg, ferrous glycinate 100mg, choline chloride 1 g, phytase
200mg, fruity 80mg, and limestone 12 g. 2Lactating sows’ premix provided
the following per kg of the diet: CaHPO4·2H2O 10 g, NaCl 4 g,
CuSO4·5H2O 80mg, FeSO4·H2O 360mg, ZnSO4·H2O 240mg,
MnSO4·H2O 100mg, 1% ICl 50mg, 1% Na2SeO3 36mg, 1% CoCl2 16mg,
NaHCO3 1.4 g, VA 10000 IU, VD3 1800 IU, VE 20mg, VK3 2.4 mg, VB1
1.6 mg, VB2 6mg, VB6 1.6 mg, VB12 0.024mg, folic acid 1.2 mg,
nicotinamide 20mg, pantothenic acid 12mg, biotin 0.12mg, lysine 1.5 g,
ferrous glycinate 100mg, choline chloride 1 g, phytase 200mg, fruity
80mg, and limestone 12 g. 3Nutrient levels were calculated values. Ca:
calcium; CF: crude fiber; CP: crude protein; DE: digestible energy; P:
phosphorus; SID: standard ileum digestible.
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Plasma biochemical parameters, including total protein
(TP), albumin (ALB), alanine aminotransferase (ALT),
aspartate aminotransferase (AST), alkaline phosphatase
(ALP), urea nitrogen (UN), ammonia (AMM), glucose
(GLU), triglyceride (TG), total cholesterol (TC), high-
density lipoprotein-cholesterol (HDL-C), low-density
lipoprotein-cholesterol (LDL-C), and cholinesterase (CHE),
were determined using commercially available kits (F.
Hoffmann-La Roche Ltd, Basel, Switzerland) and Roche
automatic biochemical analyzer (Cobas c311, F. Hoffmann-
La Roche Ltd, Basel, Switzerland).

2.4. DNA Extraction, PCR Amplification, and MiSeq
Sequencing. Fecal microbial DNA was extracted using the
Fast DNA SPIN extraction kit (MP Biomedicals, Santa Ana,
CA, USA), following the manufacturer’s introductions. Final
DNA concentration and purity were determined using a
NanoDrop ND-1000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA).

The bacteria 16S rRNA gene V3-V4 hypervariable region
amplification was performed using the forward primer 338F
(5′-GCACCTAAYTGGGYDTAAAGNG-3′) and reverse
primer 806R (5′-TACNVGGGTATCTAATCC-3′) [13].
The PCR thermal cycle conditions comprised 2min initial
denaturation at 98°C; 25 cycles of 15 s at 98°C, 30 s annealing
at 55°C, and 30 s elongation at 72°C; and a final extension at
72°C for 5min. The PCR components include 5μL of Q5
reaction buffer (5×), 5μL of Q5 High-Fidelity GC buffer
(5×), 0.25μL of Q5 High-Fidelity DNA Polymerase
(5U/μL), 2μL (2.5mM) of dNTPs, 1μL (10μM) each of for-
ward and reverse primers, 2μL of DNA template, and 8.75μL
of ddH2O. The PCR amplicons were further purified with
AgencourtAMPure Beads (Beckman Coulter, Indianapolis,
IN) and quantified with the PicoGreen dsDNA Assay Kit
(Invitrogen, Carlsbad, CA, USA), following the manufac-
turer’s protocols. The resulting PCR products were success-
fully separated using 1.2% agarose gel electrophoresis.

The equimolar purified amplicons were pooled and pair-
end (2 × 300) sequenced using the MiSeq Reagent Kit v3 (600
cycles) on an Illumina MiSeq platform (Illumina, San Diego,
USA), following the standard protocols by Shanghai Personal
Biotechnology Co. Ltd. (Shanghai, China). Raw 16S gene
data are available in the NCBI Sequence Read Archive with
accession number PRJNA595474.

2.5. Determination of Fecal Metabolites. Fecal short-chain
fatty acid (SCFA) levels were determined by gas chromatog-
raphy, as previously detailed [14]. Fecal indole, skatole, and
bioamine levels were determined by the reverse-phase high-
performance liquid chromatography (Agilent 1290, Santa
Clara, CA, USA), as previously described [14].

2.6. Statistical Analyses. Data analyses and graph preparation
were performed using SPSS 22, Excel 2010, R package
ggplot2 [15], and GraphPad Prism ver7.0 (San Diego, CA,
USA). Plasma biochemical parameters, reproductive hor-
mones, fecal metabolites, and microbiota alpha diversity
were analyzed by one-way analysis of variance (ANOVA)
and Duncan’s multiple range post hoc test. The structural

variation of microbial community among samples was ana-
lyzed with the beta diversity analysis (PERMANOVA) [16].
The relative abundance of gut microbiota at phyla and genera
levels during pregnancy and lactation was analyzed via
Metastats analysis (http://metastats.cbcb.umd.edu/) [17].
Spearman’s correlation between the fecal metabolites, plasma
indexes, and relative abundance of different microbial genera
was performed using the R package [18]. All data were
presented as means ± standard error of mean (SEM) and
considered statistically significant when P < 0:05.

3. Results

3.1. Changes in Plasma Levels of Reproductive Hormone and
Biochemical Parameter in Sows During Pregnancy and
Lactation. Plasma reproductive hormone levels changed dra-
matically during pregnancy (Figure 1). The PRL and FSH
levels on pregnancy 105 d were significantly decreased
(P < 0:05), compared with days 45 and 75 of pregnancy.
The PROG level on days 75 and 105 of pregnancy was signif-
icantly decreased (P < 0:05) compared with day 45 of preg-
nancy. In addition, the LH level was higher (P < 0:05) on
day 45, while E2 level was lower (P < 0:05) on day 105, com-
pared with the day 75 of pregnancy. The plasma levels of bio-
chemical parameters associated with protein and gluco-lipid
metabolism in sows also changed differently from pregnancy
to lactation (Figure 2). Plasma TP and ALB levels were signif-
icantly lower (P < 0:05) in all pregnant stages, whereas UN
and GLU were higher (P < 0:05) during lactation. Notably,
ALP activity on lactation 21 d was higher (P < 0:05) than on
pregnancy 75d and lactation 7 d. Both AST and ALT activi-
ties on pregnancy 105 d were higher (P < 0:05) than on
45 d. In addition, plasma biochemical parameters associated
with nitrogen metabolism changed with pregnancy and lac-
tation. On lactation 21 d, TC and HDL-C levels were higher
(P < 0:05) than those of other pregnant stages and the TG
level highest (P < 0:05) on pregnancy 105 d.

3.2. The Fecal Microbiota Community Profile in Sows during
Pregnancy and Lactation.A total of 1,465,181 sequences were
obtained from 37 samples after size filtering, quality control,
and chimera removal, with an average of 39,600 sequences
per fecal sample. Based on a 97% similarity, 48,615 opera-
tional taxonomic units (OTUs) were obtained with an aver-
age of 1,314 OTUs per sample (Supplementary Table S1).
The diversity and richness of the observed_species of fecal
microbiota in gestating and lactating sows were measured
by the Chao1 and Shannon indexes, respectively (Figure 3).
Observed_species between pregnancy and lactation were
significantly different, with highest Chao1 index (P < 0:05)
on pregnancy 75 d. However, the Shannon index on
pregnancy 105 d was lowest (P < 0:05) among the different
stages.

Nonmetric multidimensional scaling (NMDS) can assess
the between group distance in the sow fecal bacteria commu-
nity structure. Microbial community profiles were clustered
more closely to each other from pregnancy days 45 to 105,
while clearly separated between gestation and lactation
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(Figure 3(d)), indicating that the β-bacterial diversity of sam-
ples between gestation and lactation differed significantly.

3.3. Change of Fecal Microbial Community and Composition
in Sows During Pregnancy and Lactation. The microbial
community compositions of all fecal samples were analyzed
at phylum and genus levels. Based on 97% 16S rRNA gene
sequence identity, 15 microbial phyla and top 20 microbial
genera, with a clear classification status, were identified in
all pregnancy and lactation stages. Firmicutes (69.58%,
66.15%, 63.69%, and 74%), Bacteroidetes (18.4%, 22.75%,
20.71%, and 17.1%), and Spirochaetes (7.88%, 7.13%,
12.40%, and 3.74%) were the top three dominant phyla on
pregnancy 45, 75, and 105 d and on lactation 21 d, respec-
tively; whereas Firmicutes (67.11%), Bacteroidetes (18.08%),
and Proteobacteria (5.17%) were the top three dominant
phyla on lactation 7 d (Figure 4(a)). Aside from these domi-
nant phyla, there were other dominant phyla with >1% rela-
tive abundances of the total microbial composition, including
Proteobacteria (1.39%), on pregnancy 45d; Proteobacteria
(1.27%), 105 d; Spirochaetes (3.27%), Actinobacteria
(2.85%), and Fibrobacteres (1.85%) on lactation 7 d; and
Fibrobacteres (1.54%), Proteobacteria (1.39%), and Actino-
bacteria (1.17%) on lactation 21 d (Figure 4(a)). At the genus
level, 20 bacterial taxa distributions were clearly and visually
presented (Figure 4(b)), indicating the varied relative abun-
dances of bacterial genera from pregnancy to lactation, with
the top three dominant genera, including Streptococcus
(9.66%), Treponema (6.75%), and Prevotella (3.86%).

3.4. Differences in Microbial Communities during Pregnancy
and Lactation. The different fecal microbial phylum abun-
dances between pregnancy and lactation are shown in
Figure 4(c). Verrucomicrobia and Spirochaetes relative abun-
dances increased (P < 0:05) during pregnancy but decreased
(P < 0:05) during lactation. Further, TM7 relative abundance
was the highest (P < 0:05) on lactation 7 d among all the
groups.

Fecal microbial relative abundance at the genus level var-
ied greatly among different stages of pregnancy and lactation
(Figure 4(d)). The relative abundances of Streptococcus and
Treponema during lactation were significantly lower
(P < 0:05) than those during pregnancy. Interestingly, Akker-
mansia, Bacteroides, and Desulfovibrio relative abundances
were higher (P < 0:05) during lactation than pregnancy.

3.5. Changes in Fecal Metabolite Abundances in Sows During
Pregnancy and Lactation. The changes in sow fecal metabo-
lites during pregnancy and lactation are shown in Figure 5.
Acetate, propionate, butyrate, valerate, straight-chain fatty
acids, and SCFAs levels were higher (P < 0:05) during lacta-
tion than pregnancy. Interestingly, isobutyrate, isovalerate,
and branched-chain fatty acids (BCFAs) levels on day 105
of pregnancy, were the lowest (P < 0:05) compared to other
stages. Putrescine, cadaverine, and spermidine levels were
lower (P < 0:05) during lactation, whereas tyramine, indole,
and skatole levels were higher (P < 0:05), compared with
those during pregnancy.

3.6. Correlation between Fecal Microbiota Relative
Abundances and Plasma Parameters. The correlation
between fecal microbiota and plasma reproductive hormones
or biochemical parameters is presented in Figure 6(a). There
were positive correlations (P < 0:05) between microbial rela-
tive abundances and plasma indexes levels, including Cupria-
vidus, Proteobacteria, and Oscillospira and E2, LH, and FSH;
Bacteroides and LH and PRL; Desulfovibrio and E2, LH, FSH,
and PRL; Streptococcus and CHE, TG, and ALB; and Akker-
mansia and CHE. There were negative correlations (P < 0:05)
between Bacteroides and ALP; Desulfovibrio and CHE;
Streptococcus and UN and LH; Akkermansia and LH, FSH,
and PRL; and Verrucomicrobia and GLU.

3.7. Correlation between Fecal Metabolite Levels and the
Relative Abundances. The Spearman correlation between
the fecal metabolites and microbial genera abundances in
the sows is shown in Figure 6(b). The relative abundances
of Spirochaetes and Treponema were negatively correlated
with valerate, butyrate, BCFAs, isovalerate, isobutyrate, and
skatole levels and were positively with spermidine level
(P < 0:05). Moreover, Spirochaetes was negatively correlated
(P < 0:05) with acetate level, but Treponema was positively
correlated (P < 0:05) with putrescine level. Verrucomicrobia
was negatively correlated (P < 0:05) with indole level; Strep-
tococcus was negatively with butyrate level and positively
(P < 0:05) with spermidine level; Akkermansia was nega-
tively (P < 0:05) with butyrate and skatole levels and posi-
tively (P < 0:05) with spermidine level; Cupriavidus was
positively (P < 0:05) with valerate, butyrate, BCFAs, isovale-
rate, isobutyrate, and indole levels and negatively (P < 0:05)
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Figure 1: The changes of plasma reproductive hormone levels in sows at different stages of pregnancy. PRL: prolactin; PROG: progesterone;
LH: luteinizing hormone; FSH: follicle-stimulating hormone; E2: estradiol. P45, P75, and P105 mean days 45, 75, and 105 of pregnancy,
respectively. The same as below. Data show the means ± SEM. A,B indicates statistically significant differences (P < 0:05). n = 6‐8 per group.
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with spermidine level; and Desulfovibrio was positively
(P < 0:05) with tyramine level.

4. Discussion

Many intricate and comprehensive physiology and metabo-
lism alterations occur in sows during pregnancy and lacta-
tion, accompanied with hormonal and metabolic changes to
meet maternal nutrient needs and support growth and devel-
opment of offspring. In this study, changes in fecal microbi-

ota composition and metabolites, as well as protein and
gluco-lipid metabolisms, were analyzed at pregnancy (from
day 45 to day 105) to lactation (from day 7 to day 21) stages.
Our data showed that maternal fecal microbiota composition
and metabolite alterations changed during pregnancy and
lactation to meet the growth and development demands of
their fetuses and/or newborns.

The nutrient metabolism status of sows during preg-
nancy and lactation are crucial for modulating body health
and offspring growth. Generally, plasma TP and ALB levels
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reflect the absorption and metabolism of protein in sows
[19]. Plasma UN level can evaluate the body protein and
amino acid catabolism status, and a decrease in plasma UN
level reflects that the amino acid composition in body is well
balanced [20]. In this study, plasma TP and ALB levels were
higher, and the UN level was lower during pregnancy stage
than lactation, implying that protein utilization was
increased in sows during pregnancy, which could benefit
sows to favor growth and development of their fetuses. The
higher plasma UN level during lactation might be induced
by higher crude protein (16.30%) level in lactating diets.
The lactating sows were fed 2.4 kg diets with a 16.30% CP
level while the pregnant sows were fed 0.8-2.0 kg diets with
12.82% CP level. The higher plasma UN level might cause
an increase of milk UN level, which is positively correlated
with blood UN level [21], suggesting that it can facilitate
fat deposition and growth and development of suckling
piglets [22].

Blood TG, TC, HDL-C, and LDL-C levels reflect the lipid
utilization and absorption [12]. HDL-C can transport TC to
the liver for metabolizing to be other substances, thereby
maintaining a stable TC level in the body [23]. The plasma
TC and HDL-C levels were higher on day 21 of lactation than
other stages in the present study, consistent with a previous
report [6], suggesting that lipoprotein metabolism was
enhanced in sows to offset the nutrient loss induced by lacta-

tion. Previous studies demonstrated that there is a diabeto-
genic status in late pregnancy, including high TG level,
insulin resistance, and/or hyperglycemia, which could pro-
vide adequate nutrients to the fetuses, as well as fulfill the
energy demands of infants during lactation [24, 25]. Koren
found that the reduced insulin sensitivity and increased
blood glucose level in pregnant women are beneficial in the
context of a normal pregnancy [4]. Interestingly, we found
that plasma TG level was the highest on day 105 of preg-
nancy, while GLU level presented an increasing trend during
pregnancy, suggesting that metabolic syndrome in sows is
existed during late pregnancy to favor the availability of glu-
cose and other nutrients for growth and development of
fetuses.

Reproductive hormones change regularly during the
reproductive cycle. FSH can promote follicular development
and act synergistically with LH to promote the secretion of E2
by host, which roughly complied with our findings that a syn-
ergic relationship between FSH, LH, and E2. Additionally,
proliferation of some bacterial species (e.g., Lactobacillus,
Streptococcus, and Escherichia coli) was enhanced by female
hormones [26]. There was a similar changed trend between
PROG, E2, and PRL during different pregnancy stages, which
were the lowest on pregnancy 105 d. Indeed, several bacteria
(e.g., Bacteroides, unclassified Lachnospiraceae, Clostridiales,
and Akkermansia) could metabolize E2 and PROG [27],
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suggesting that there is an association between hormones and
gut microbiota. Moreover, Adlercreutz reported that there
was a correlation between E2 level and fecal microbiota com-
position and abundance [28], and Kornman and Loesche
found E2 and PROG could foster the growth of Bacteroides
(including Prevotella intermedius) by taking up E2 and PROG
[27]. The mechanism might be that gut microbiota composi-
tion was affected by the changes of hormones receptor [29],
and some bacteria have also been found to involve in the
secretion or modification of hormone [30]. SCFAs (including
acetate, propionate, and butyrate) produced by gut microbi-
ota could inhibit PRL gene transcription, thus reducing the
PRL production [31]. These findings suggested that gut
microbiota played an important role in hormones metabo-
lism of host.

Gut microbiota structure and composition shift dramati-
cally during pregnancy and lactation. The alpha diversity of
gut microbiota is closely related to host health [32], and
low alpha diversity is expected to mirror the adverse meta-
bolic conditions (e.g., increased gut permeability) [33]. In
the present study, the Shannon index increased on day 21
of lactation compared with on day 105 of pregnancy, which
is consistent with previous studies [12, 34]. These findings
suggested that the gut microbiota might have a positive
effect on sow’s metabolism during lactation. In addition,
bacterial community composition analysis (β-diversity)
showed that the gut microbial composition of sows was
significantly altered during pregnancy and lactation, which

might be caused by delivery, different diets, or the change
of feeding environment.

The dominant phyla were Firmicutes and Bacteroides in
animal gut [35] and the relative abundances of which were
higher than other microbiota in our study, though Firmicutes
and Bacteroidetes relative abundances were not significantly
different during pregnancy and lactation. Interestingly, we
also found that several gut microbiota composition varied
from pregnancy to lactation stages. Streptococcus (Firmicutes
phylum), Treponema (Spirochaetes phylum), and Spiro-
chaetes relative abundances were significantly reduced, but
Desulfovibrio relative abundance was increased during lacta-
tion, relative to several pregnancy stages in this study. These
alterations might be influenced by dietary fiber from feed
ingredients in the present study. Previous study found that
Streptococcus decreased while Desulfovibrio increased in
overweight and obese pregnant women after ingested high
fiber diets, though the changed fiber had no effects on micro-
bial alpha diversity [36], which is not consistent with our
findings. In addition, Streptococcus, the dominant human
milk bacteria [37], was thought to induce lactation mastitis
[38]. Previous studies showed that decreased Spirochaetes
abundance relieved constipation in mini sows [39] and that
Spirochaetes abundance was higher in obese pigs compared
with lean pigs [40]. Thus, these findings suggested that sows
at different pregnancy and lactation stages show varied intes-
tinal microbiota composition, which may depend on host
metabolism at disparate physiological states.
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Figure 4: Fecal microbiota community structure of sows at different stages of pregnancy and lactation. Fecal microbiota distributed at
phylum (a) and genera (b) levels. All of the phyla were listed, and only the top twenty genera were listed. Comparison of relative
abundances at the phylum (c) and genera (d) levels, and discrepancy of the top ten fecal microbiota was listed. n = 6‐8 per group.
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Metabolites produced by gut microbiota govern host
metabolism and health [41]. Several studies have shown that
SCFAs, particularly butyrate, produced by the Firmicutes
using dietary fiber and resistant starch as the substrates,
mainly provide energy for host colonic epithelium cells
[42], exert relieving metabolic syndrome effects (e.g., anti-
Type 2 diabetes during pregnancy) [43], and prevent hyper-
tension occurrence and/or development during pregnancy
[44]. In the present study, the SCFAs (including acetate,
butyrate, and valerate) levels decreased during pregnancy
than those during lactation and presented a decreasing trend

from early pregnancy to late pregnancy, suggesting that the
SCFAs not only favored maternal energy requirement but
were absorbed to benefit fetuses’ growth and development
[45]. These alterations in intestine SCFA levels might be
due to the stronger absorption capacity in Bama mini pigs
during late pregnancy, and the specific reasons remain to
be further investigated. Besides, the BCFAs are mainly
derived from the catabolism of proteins in the intestinal
lumen, which are the products of oxidative deamination of
leucine, isoleucine, and valine [46]. The present study
showed that isobutyrate, isovalerate, and total BCFA levels

P45
0

2

4

6

m
g/

g

8

P75 P105 L7 L21

Acetate Propionate Butyrate Valerate

P45
0

1

2

m
g/

g

3

P75 P105 L7 L21

BCFAs

P45
0.0

0.5

1.0

m
g/

g

1.5

P75 P105 L7 L21

SCFAs

P45
0

5

10

m
g/

g

15

P75 P105 L7 L21

Indole Skatole

P45
0

5

10

𝜇
g/

g

15

P75 P105 L7 L21 P45
0

5

10

𝜇
g/

g

15

P75 P105 L7 L21

Spermidine Tyramine

P45
0

1

2

𝜇
g/

g

3

P75 P105 L7 L21

Putrescine

P45
0.0

0.5

1.0

1.5

𝜇
g/

g

2.0

P75 P105 L7 L21

Cadaverine

P45
0

1

2

3

𝜇
g/

g

4

P75 P105 L7 L21

Tryptamine

P45
0.0

0.2

0.4

0.6

𝜇
g/

g

0.8

P75 P105 L7 L21

P45
0.0

0.2

0.4

0.6

𝜇
g/

g

0.8

P75 P105 L7 L21

Straight-chain fatty acids

P45
0

5

10

m
g/

g

15

P75 P105 L7 L21

P45
0.0

0.5

1.0

m
g/

g

m
g/

g

2.0

1.5

P75 P105 L7 L21 P45
0.0

0.1

0.2

0.5

0.3

0.4

P75 P105 L7 L21

Isobutyrate

m
g/

g

P45
0.0

0.1

0.2

0.3

0.4

P75 P105 L7 L21

Isovalerate

m
g/

g

P45
0.0

0.2

0.4

0.6

0.8

P75 P105 L7 L21

⁎
⁎

⁎
⁎

⁎
⁎

⁎⁎
⁎
⁎

⁎
⁎

⁎
⁎⁎

⁎
⁎

⁎
⁎⁎⁎⁎

⁎
⁎

⁎
⁎

⁎

⁎
⁎

⁎⁎

⁎⁎
⁎

⁎
⁎

⁎
⁎

⁎

⁎

⁎⁎⁎
⁎

⁎
⁎

⁎⁎⁎
⁎

⁎
⁎

⁎
⁎

⁎
⁎

Figure 5: The levels of short-chain fatty acids (SCFAs), bioamines, indole, and skatole of sows at different stages of pregnancy and lactation.
BCFAs: branched-chain fatty acids. Data show the means ± SEM. n = 6‐8 per group.
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were higher during lactation than pregnancy, which might be
due to the increased feed intake (2.4 kg per day) and CP level
(16.30%) in lactation diets, thus increasing the catabolism of
these amino acids in the hindgut [12]. However, the physio-
logical significance of which remains to be further explored.

In addition, polyamines, including putrescine, spermine,
and spermidine, present functions in gene expression regula-
tion, DNA and protein synthesis, and cell proliferation and
differentiation [47]. In the present study, both putrescine
and spermidine levels increased during pregnancy compared
with lactation, indicating that they are made available for
rapid fetus growth in the second and third trimesters, since
polyamines play a key regulatory role in angiogenesis, as well
as placental and fetal growth and development [48]. Indole

and skatole in the hindgut are produced by the decomposi-
tion of proteins undigested in the small intestine [49]. How-
ever, the present study showed that indole and skatole levels
were decreased during pregnancy but were increased during
lactation, which might result from undigested protein metab-
olites in lactation sows, because the dietary crude protein
level during lactation (16.30%) was higher than pregnancy
(12.82%). A previous study also showed that high wheat
bran-containing diets could affect gut microbiota structure
in pregnant sows [50], suggesting that maternal dietary
composition might influence gut microbial metabolites by
altering microbiota composition.

Metabolic syndromes, including hyperglycemia and
excess energy intake, can be induced by the high plasma
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Figure 6: Correlations between the discrepant fecal microbiota and metabolite levels of sows. The plasma parameters (a) and fecal
metabolites (b) are presented to be correlated with gut microbiota, respectively. Spearman correlations were used, and ∗ means the
correlation significant. PRL: prolactin; LH: luteinizing hormone; FSH: follicle-stimulating hormone; PROG: progesterone; E2: estradiol; TP:
total protein; ALB: albumin; ALT: alanine aminotransferase; AST: aspartate aminotransferase; ALP: alkaline phosphatase; UN: urea
nitrogen; AMM: ammonia; GLU: glucose; TG: triglyceride; TC: total cholesterol; HDL-C: high-density lipoprotein-cholesterol; LDL-C:
low-density lipoprotein-cholesterol; CHE: cholinesterase; BCFAs: branched-chain fatty acids; SCFAs: short-chain fatty acids.
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TG, TC, LDL-C, or GLU levels [51]. Previous study showed
that Akkermansia muciniphila could enhance the glucose tol-
erance, regulating host’s metabolism [52]. In the present
study, the GLU level and Akkermansia abundance were the
highest on day 7 of lactation, which is consistent with previ-
ous findings [53]. Recent studies showed that Akkermansia
abundance reduced in host with type 2 diabetes [25, 54],
which was negatively correlated with the metabolic syn-
dromes, obesity, type 2 diabetes, and hypertension [55]. It
was also reported that Akkermansia could play an immune-
modulatory role by interacting with host intestinal epithelial
cells [56]. Hence, it is interesting to investigate the relation-
ship between intestinal microbiota and hormones or metab-
olites levels in pregnant and lactating sows. Here, we showed
a positive correlation between TG and CHE levels, and
Akkermansia and Streptococcus relative abundances.
Akkermansia abundance was also positively correlated with
spermidine level but negatively with LH, FSH, PRL, butyrate,
or skatole levels. These relationships implied that there might
be a synergistic effect or negative feedback mechanism
between fecal microbiota and their metabolites and/or
plasma metabolites.

In conclusion, gut microbiota was mainly dominated by
the Firmicutes, Bacteroidetes, and Spirochaetes phyla, though
the Firmicutes and Bacteroidetes phyla showed no significant
differences during pregnancy and lactation. Compared with
pregnancy, the fecal microbial alpha diversity and relative
abundances of Spirochaetes, Streptococcus, and Treponema
decreased during lactation. Akkermansia relative abundance
was the highest on day 7 of lactation. In addition, there is a
tight cross-talk between gut microbial remodeling and host
physiological status, including plasma biochemical parame-
ter and reproductive hormone changes, as well as fecal
metabolite changes. Further, it will be interesting to explore
whether and how Akkermansia influences pregnancy and
lactation in mammals.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Ethical Approval

Animal use and animal trials in this study have been
approved by the Animal Care and Use Committee of the
Institute of Subtropical Agriculture, Chinese Academy of
Sciences, No. ISA-2018-071.

Conflicts of Interest

The authors declare no conflict of interest.

Authors’ Contributions

XK designed the experiment; CM, QG, WZ, MA, and XK
carried out the animal experience, sample collection, and
sample analysis; CM and WZ performed the statistical anal-

yses; CM wrote the manuscript; XK revised the manuscript.
All authors read and approved the final manuscript.

Acknowledgments

The present study was jointly supported by National Key
Research and Development Project (2018YFD0500404-4),
National Natural Science Foundation of China (31772613),
STS regional key project of the Chinese Academy of Sciences
(KFJ-STS-QYZD-052), Special Funds for Construction of
Innovative Provinces in Hunan Province (2019RS3022),
and Talent Projects of Guangxi Science and Technology
Department (AD17195043). We thank the staff and post-
graduate students of Hunan Provincial Key Laboratory of
Animal Nutritional Physiology and Metabolic Process for
collecting samples and technicians from CAS Key Laboratory
of Agro-ecological Processes in Subtropical Region for pro-
viding technical assistance. We would like to thank Editage
(https://www.editage.cn/) for English language editing.

Supplementary Materials

Table S1: mean count of clean sequences and OTUs among
five stages of gestation and lactation. (Supplementary
Materials)

References

[1] D. Newbern and M. Freemark, “Placental hormones and the
control of maternal metabolism and fetal growth,” Current
Opinion in Endocrinology Diabetes and Obesity, vol. 18,
no. 6, pp. 409–416, 2011.

[2] G. Mor and I. Cardenas, “The immune system in pregnancy: a
unique complexity,” American Journal of Reproductive Immu-
nology, vol. 63, no. 6, pp. 425–433, 2010.

[3] J. M. Evans, L. S. Morris, and J. R. Marchesi, “The gut micro-
biome: the role of a virtual organ in the endocrinology of the
host,” The Journal of Endocrinology, vol. 218, no. 3, pp. R37–
R47, 2013.

[4] O. Koren, J. K. Goodrich, T. C. Cullender et al., “Host remod-
eling of the gut microbiome and metabolic changes during
pregnancy,” Cell, vol. 150, no. 3, pp. 470–480, 2012.

[5] Q. H. Mu, X. Cabana-Puig, J. Mao et al., “Pregnancy and lacta-
tion interfere with the response of autoimmunity to modula-
tion of gut microbiota,” Microbiome, vol. 7, Article ID 105,
2019.

[6] Y. J. Ji, H. Li, P. F. Xie et al., “Stages of pregnancy and weaning
influence the gut microbiota diversity and function in sows,”
Journal of Applied Microbiology, vol. 127, no. 3, pp. 867–879,
2019.

[7] W. Chen, J. Mi, N. Lv et al., “Lactation stage-dependency of the
sow milk microbiota,” Frontiers in Microbiology, vol. 9, Article
ID 945, 2018.

[8] M.Wang, M. Li, S. Wu et al., “Fecal microbiota composition of
breast-fed infants is correlated with human milk oligosaccha-
rides consumed,” Journal of Pediatric Gastroenterology and
Nutrition, vol. 60, no. 6, pp. 825–833, 2015.

[9] C. M. Rath and P. C. Dorrestein, “The bacterial chemical rep-
ertoire mediates metabolic exchange within gut microbiomes,”
Current Opinion in Microbiology, vol. 15, no. 2, pp. 147–154,
2012.

11Mediators of Inflammation

https://www.editage.cn/
http://downloads.hindawi.com/journals/mi/2020/8829072.f1.docx
http://downloads.hindawi.com/journals/mi/2020/8829072.f1.docx


[10] J. Yang, L. Dai, Q. Yu, and Q. Yang, “Histological and anatom-
ical structure of the nasal cavity of Bama minipigs,” PLoS One,
vol. 12, no. 3, Article ID e0173902, 2017.

[11] E. M. Walters and R. S. Prather, “Advancing swine models for
human health and diseases,” Molecular Medicine, vol. 110,
no. 3, pp. 212–215, 2013.

[12] X. F. Kong, Y. J. Ji, H. W. Li et al., “Colonic luminal microbiota
and bacterial metabolite composition in pregnant Huanjiang
mini-pigs: effects of food composition at different times of
pregnancy,” Scientific Reports, vol. 6, no. 1, Article ID 37224,
2016.

[13] J. G. Caporaso, C. L. Lauber, W. A. Walters et al., “Global pat-
terns of 16S rRNA diversity at a depth of millions of sequences
per sample,” Proceedings of the National Academy of Sciences,
vol. 108, Supplement 1, pp. 4516–4522, 2011.

[14] C. Hu, F. Li, Y. Duan, Y. Yin, and X. Kong, “Glutamic acid sup-
plementation reduces body fat weight in finishing pigs when
provided solely or in combination with arginine and it is asso-
ciated with colonic propionate and butyrate concentrations,”
Food & Function, vol. 10, no. 8, pp. 4693–4704, 2019.

[15] J. L. V. Maag, “ganatogram: An R package for modular visual-
isation of anatograms and tissues based on ggplot 2,”
F1000Research, vol. 7, p. 1576, 2018.

[16] B. H. McArdle and M. J. Anderson, “Fitting multivariate
models to community data: a comment on distance-based
redundancy analysis,” Ecology, vol. 82, no. 1, pp. 290–297,
2001.

[17] J. R. White, N. Nagarajan, and M. Pop, “Statistical methods for
detecting differentially abundant features in clinical metage-
nomic samples,” PLoS Computational Biology, vol. 5, no. 4,
article ID e1000352, 2009.

[18] W. Zhang, C. Ma, P. Xie et al., “Gut microbiota of newborn
piglets with intrauterine growth restriction have lower diver-
sity and different taxonomic abundances,” Journal of Applied
Microbiology, vol. 127, no. 2, pp. 354–369, 2019.

[19] A. J. Verheyen, D. G. Maes, B. Mateusen et al., “Serum bio-
chemical reference values for gestating and lactating sows,”
Veterinary Journal, vol. 174, no. 1, pp. 92–98, 2007.

[20] M. M. Gadhia, A. M. Maliszewski, M. C. O'Meara et al.,
“Increased amino acid supply potentiates glucose-stimulated
insulin secretion but does not increase β-cell mass in fetal
sheep,” American Journal of Physiology-Endocrinology and
Metabolism, vol. 304, no. 4, pp. E352–E362, 2013.

[21] J. W. Spek, A. Bannink, G. Gort, W. H. Hendriks, and
J. Dijkstra, “Effect of sodium chloride intake on urine volume,
urinary urea excretion, and milk urea concentration in lactat-
ing dairy cattle,” Journal of Dairy Science, vol. 95, no. 12,
pp. 7288–7298, 2012.

[22] C. Alexopoulos, A. Karagiannidis, S. K. Kritas et al., “Field
evaluation of a bioregulator containing live Bacillus cereus
spores on health status and performance of sows and their lit-
ters,” Journal of Veterinary Medicine. A-Physiology Pathology
Clinical Medicine, vol. 48, no. 3, pp. 137–145, 2001.

[23] L. Tian, Y. Xu, M. Fu, T. Peng, Y. Liu, and S. Long, “The impact
of plasma triglyceride and apolipoproteins concentrations on
high-density lipoprotein subclasses distribution,” Lipids in
Health and Disease, vol. 10, no. 1, 2011.

[24] S. M. Nelson, P. Matthews, and L. Poston, “Maternal metabo-
lism and obesity: modifiable determinants of pregnancy out-
come,” Human Reproduction Update, vol. 16, no. 3, pp. 255–
275, 2010.

[25] X. Zhang, D. Shen, Z. Fang et al., “Human gut microbiota
changes reveal the progression of glucose intolerance,” PLoS
One, vol. 8, no. 8, article e71108, 2013.

[26] E. S. Pelzer, J. A. Allan, C. Theodoropoulos, T. Ross, K. W.
Beagley, and C. L. Knox, “Hormone-dependent bacterial
growth, persistence and biofilm formation-a pilot study inves-
tigating human follicular fluid collected during IVF cycles,”
PLoS One, vol. 7, no. 12, article e49965, 2012.

[27] K. S. Kornman andW. J. Loesche, “Effects of estradiol and pro-
gesterone on bacteroides-melaninogenicus and bacteroides-
gingivalis,” Infection and Immunity, vol. 35, no. 1, pp. 256–
263, 1982.

[28] H. Adlercreutz, M. O. Pulkkinen, E. K. Hamalainen, and
J. T. Korpela, “Studies on the role of intestinal bacteria in
metabolism of synthetic and natural steroid hormones,”
Journal of Steroid Biochemistry, vol. 20, no. 1, pp. 217–
229, 1984.

[29] R. Menon, S. E. Watson, L. N. Thomas et al., “Diet complexity
and estrogen receptor β status affect the composition of the
murine intestinal microbiota,” Applied and environmental
microbiology, vol. 79, no. 18, pp. 5763–5773, 2013.

[30] J. M. Ridlon, S. Ikegawa, J. M. Alves et al., “Clostridium scin-
dens: a human gut microbe with a high potential to convert
glucocorticoids into androgens,” Journal of Lipid Research,
vol. 54, no. 9, pp. 2437–2449, 2013.

[31] J. F. Wang, S. P. Fu, S. N. Li et al., “Short-chain fatty acids
inhibit growth hormone and prolactin gene transcription via
cAMP/PKA/CREB signaling pathway in dairy cow anterior
pituitary cells,” International Journal of Molecular Sciences,
vol. 14, no. 11, pp. 21474–21488, 2013.

[32] F. A. Duca, Y. Sakar, P. Lepage et al., “Replication of obesity
and associated signaling pathways through transfer of micro-
biota from obese-prone rats,” Diabetes, vol. 63, no. 5,
pp. 1624–1636, 2014.

[33] K. Mokkala, H. Röytiö, E. Munukka et al., “Gut microbiota
richness and composition and dietary intake of overweight
pregnant women are related to serum zonulin concentra-
tion, a marker for intestinal permeability,” The Journal of
Nutrition, vol. 146, no. 9, pp. 1694–1700, 2016.

[34] L. Chen, Y. Xu, X. Chen, C. Fang, L. Zhao, and F. Chen, “The
maturing development of gut microbiota in commercial pig-
lets during the weaning transition,” Frontiers in Microbiology,
vol. 8, 2017.

[35] G. L. Jiang, Y. Y. Liu, A. O. Oso et al., “The differences of
bacteria and bacteria metabolites in the colon between fatty
and lean pigs1,” Journal of Animal Science, vol. 94, Supplement
3, pp. 349–353, 2016.

[36] L. Gomez-Arango, H. L. Barrett, S. A. Wilkinson et al., “Low
dietary fiber intake increases Collinsella abundance in the gut
microbiota of overweight and obese pregnant women,” Gut
Microbes, vol. 9, no. 3, pp. 189–201, 2018.

[37] L. Fernández, R. Arroyo, I. Espinosa, M. Marín, E. Jiménez,
and J. M. Rodríguez, “Probiotics for human lactational masti-
tis,” Beneficial microbes, vol. 5, no. 2, pp. 169–183, 2014.

[38] D. Tena, C. Fernández, B. López-Garrido et al., “Lactational
mastitis caused by Streptococcus lactarius,” Diagnostic Micro-
biology and Infectious Disease, vol. 85, no. 4, pp. 490–492,
2016.

[39] Y. Zhang, T. Lu, L. Han, L. Zhao, Y. Niu, and H. Chen, “L-glu-
tamine supplementation alleviates constipation during late
gestation of mini sows by modifying the microbiota

12 Mediators of Inflammation



composition in feces,” BioMed Research International,
vol. 2017, Article ID 4862861, 9 pages, 2017.

[40] R. B. Guevarra, J. Kim, S. G. Nguyen, and T. Unno, “Compar-
ison of fecal microbial communities between white and black
pigs,” Journal of Applied Biological Chemistry, vol. 58, no. 4,
pp. 369–375, 2015.

[41] W. R. Wikoff, A. T. Anfora, J. Liu et al., “Metabolomics
analysis reveals large effects of gut microflora on mamma-
lian blood metabolites,” Proceedings of the National Acad-
emy of Sciences of the United States of America, vol. 106,
no. 10, pp. 3698–3703, 2009.

[42] H. M. Hamer, D. Jonkers, K. Venema, S. Vanhoutvin, F. J.
Troost, and R. J. Brummer, “Review article: the role of butyrate
on colonic function,” Alimentary Pharmacology & Therapeu-
tics, vol. 27, no. 2, pp. 104–119, 2008.

[43] M. Nuriel-Ohayon, H. Neuman, O. Ziv et al., “Progesterone
increases Bifidobacterium relative abundance during late
pregnancy,” Cell reports, vol. 27, no. 3, pp. 730–736.e3,
2019.

[44] Y. L. Tain, W. C. Lee, K. L. H. Wu, S. Leu, and J. Y. H. Chan,
“Resveratrol prevents the development of hypertension pro-
grammed by maternal plus post-weaning high-fructose con-
sumption through modulation of oxidative stress, nutrient-
sensing signals, and gut microbiota,” Molecular Nutrition &
Food Research, vol. 62, no. 15, article e1800066, 2018.

[45] Y. Chen, X. Gong, G. Li et al., “Effects of dietary alfalfa flavo-
noids extraction on growth performance, organ development
and blood biochemical indexes of Yangzhou geese aged from
28 to 70 days,” Animal Nutrition, vol. 2, no. 4, pp. 318–322,
2016.

[46] X. F. Kong, X. L. Zhou, G. Q. Lian et al., “Dietary supplemen-
tation with chitooligosaccharides alters gut microbiota and
modifies intestinal luminal metabolites in weaned Huanjiang
mini-piglets,” Livestock Science, vol. 160, pp. 97–101, 2014.

[47] DK. Igarashi and K. Kashiwagi, “Polyamines: mysterious mod-
ulators of cellular functions,” Biochemical and Biophysical
Research Communications, vol. 271, no. 3, pp. 559–564, 2000.

[48] R. D. Pereira, N. E. de Long, R. C.Wang, F. T. Yazdi, A. C. Hol-
loway, and S. Raha, “Angiogenesis in the placenta: the role of
reactive oxygen species signaling,” BioMed Research Interna-
tional, vol. 2015, Article ID 814543, 12 pages, 2015.

[49] Q. K. Sheng, Z. J. Yang, H. B. Zhao, X. L. Wang, and J. F. Guo,
“Effects of L-tryptophan, fructan, and casein on reducing
ammonia, hydrogen sulfide, and skatole in fermented swine
manure,” Asian-Australasian Journal of Animal Sciences,
vol. 28, no. 8, pp. 1202–1208, 2015.

[50] M. Kraler, M. Ghanbari, K. J. Domig, K. Schedle, and
W. Kneifel, “The intestinal microbiota of piglets fed with
wheat bran variants as characterised by 16S rRNA next-
generation amplicon sequencing,” Archives of Animal Nutri-
tion, vol. 70, no. 3, pp. 173–189, 2016.

[51] F. Qian, A. A. Korat, V. Malik, and F. B. Hu, “Metabolic effects
of monounsaturated fatty acid-enriched diets compared with
carbohydrate or polyunsaturated fatty acid-enriched diets in
patients with type 2 diabetes: a systematic review and meta-
analysis of randomized controlled trials,” Diabetes Care,
vol. 39, no. 8, pp. 1448–1457, 2016.

[52] R. L. Greer, X. Dong, A. C. Moraes et al., “Akkermansia muci-
niphila mediates negative effects of IFNγ on glucose metabo-
lism,” Nature Communications, vol. 7, no. 1, article ID
13329, 2016.

[53] G. Di Cianni, R. Miccoli, L. Volpe, C. Lencioni, and S. Del
Prato, “Intermediate metabolism in normal pregnancy and in
gestational diabetes,” Diabetes/Metabolism Research and
Reviews, vol. 19, no. 4, pp. 259–270, 2003.

[54] C. Chelakkot, Y. Choi, D. K. Kim et al., “Akkermansia
muciniphila-derived extracellular vesicles influence gut per-
meability through the regulation of tight junctions,” Experi-
mental & Molecular Medicine, vol. 50, no. 2, article e450,
2018.

[55] C. Depommier, A. Everard, C. Druart et al., “Supplementation
with Akkermansia muciniphila in overweight and obese
human volunteers: a proof-of-concept exploratory study,”
Nature Medicine, vol. 25, no. 7, pp. 1096–1103, 2019.

[56] J. Reunanen, V. Kainulainen, L. Huuskonen et al., “Akkerman-
sia muciniphila adheres to enterocytes and strengthens the
integrity of the epithelial cell layer,” Applied and Environmen-
tal Microbiology, vol. 81, no. 11, pp. 3655–3662, 2015.

13Mediators of Inflammation


	Alterations in the Blood Parameters and Fecal Microbiota and Metabolites during Pregnant and Lactating Stages in Bama Mini Pigs as a Model
	1. Introduction
	2. Materials and Methods
	2.1. Animals and Experimental Design
	2.2. Sample Collection
	2.3. Determination of Plasma Reproductive Hormones and Biochemical Parameters
	2.4. DNA Extraction, PCR Amplification, and MiSeq Sequencing
	2.5. Determination of Fecal Metabolites
	2.6. Statistical Analyses

	3. Results
	3.1. Changes in Plasma Levels of Reproductive Hormone and Biochemical Parameter in Sows During Pregnancy and Lactation
	3.2. The Fecal Microbiota Community Profile in Sows during Pregnancy and Lactation
	3.3. Change of Fecal Microbial Community and Composition in Sows During Pregnancy and Lactation
	3.4. Differences in Microbial Communities during Pregnancy and Lactation
	3.5. Changes in Fecal Metabolite Abundances in Sows During Pregnancy and Lactation
	3.6. Correlation between Fecal Microbiota Relative Abundances and Plasma Parameters
	3.7. Correlation between Fecal Metabolite Levels and the Relative Abundances

	4. Discussion
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

