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Abstract

Background The embryo implantation quality during early pregnancy is the predominant factor for embryo sur-
vival and litter performance in sows. Gut microbiota is demonstrated to show a correlation to pregnancy outcomes
by participating in regulating maternal metabolism. However, the specific functional microbiota and its mechani-

cal effects on regulating embryo implantation and survival remain unclear. The objective of this study was to clarify
whether embryo implantation and litter performance were affected by maternal intestinal microbiota, and to identify
specific microbial communities and its mechanism in regulating embryo implantation.

Results In this study, we first conducted 165 rRNA sequencing and metabolomic analysis revealing the intestinal
microbiota and metabolism of 42 sows with different litter size to select the potential functional microbiota that may
contribute to embryo survival. Then, we explored the effects of that microbiota on embryo implantation and litter
performance through microbiota transplantation in mice and sows. We found that maternal intestinal L. vaginalis
exhibits enrichment in sows with higher litter size, which could facilitate embryo implantation and survival and ulti-
mately increases litter size in mice. We further employed transcriptomic analysis to determine the characteristics

of uterus, which found an enhanced uterine receptivity after L. vaginalis gavage. The plasma untargeted metabolomic
analysis after L. vaginalis gavage in mice and targeted metabolomics analysis of in vitro cultured medium of L. vagi-
nalis were used to evaluate the metabolic regulation of L. vaginalis and to reveal the underlying functional metabo-
lites. Next, an increasing adhesion rate of endometrial-embryonic cells and an obvious increasing formation of pino-
podes in cell surface of porcine endometrial epithelial cells were observed after treatments of L. vaginalis metabolites,
especially galangin and daidzein. Also, the gene expression levels related to uterine receptivity were increased

after treatments of L. vaginalis metabolites in porcine endometrial epithelial cells. Finally, we found that L. vaginalis

or its metabolites supplementation during early gestation significantly increased the litter performance in sows.

Conclusions Overall, intestinal microbial-host interactions can occur during early pregnancy and may be contrib-
ute to maternal metabolic changes and influence pregnancy outcomes in mammals. Our study provides insights
of maternal intestinal L. vaginalis to enhance uterine receptivity and to benefit embryo/fetal survival through a gut-
uterus axis, contributing to advanced concept and novel strategy to manipulate gut microbiota during early preg-
nancy, and in turn to improve embryo implantation and reduce embryo loss in sows.
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Introduction
Reproductive performances, especially litter perfor-
mances of multiparous animals and pregnancy outcomes
of uniparous animals, are impacted by many factors, such
as genetic inheritance, food, environment, and manage-
ment. Litter performance including litter size (number
of pups born) and live litter size (number of pups born
alive) are traits with low heritability, which is estimated
to be nearly 0.1 in pigs [1]. Therefore, appropriate regu-
lation of maternal nutritional metabolic status can be a
considerable efficient way to facilitate embryo develop-
ment and survival [2]. Embryo implantation quality is the
predominant factor for embryo survival and litter perfor-
mance, as embryo loss most occurs during peri-implan-
tation period in mammals [3, 4]. Recent years, with the
continuous maturity of assisted reproduction technol-
ogy including in vitro fertilization and embryo transfer,
the quality of early embryo development and the embryo
preparation have been effectively improved, render-
ing the uterine receptivity become a key factor restrict-
ing the smooth implantation of embryos into the uterus
[5]. Altered uterine receptivity, which can be caused by a
poor-receptive endometrium or a shifted receptive win-
dow, will contribute to embryo implantation failure or
poor implantation quality and efficiency, and then lead
to embryo loss including fetal development delay, malfor-
mation, miscarriage, stillbirth, or preterm birth [6, 7].
Gut microbiota is demonstrated existing correlation
effects to fetal development by participating in regulating
maternal metabolism and interacting with host signaling
pathways [8, 9]. Notably, the abundance of microbiota
in the gastrointestinal tract exceeds the number of host
cells by 10 times in humans, with bacteria making up the
majority and colon containing 70% of the body’s micro-
biota [10]. Changes in the composition and abundance
of intestinal microbiota, as well as their metabolites’
translocation to brain, ovaries, uteri, and placenta during
pregnancy, may alter the maternal reproductive endo-
crine system and regulate epigenetic modifications of
embryonic development and fetal physiology [9, 11, 12].
Therefore, dietary intervention with functional probiot-
ics and prebiotics may ameliorate or prevent the develop-
ment of metabolic syndrome, while improving pregnancy
outcomes in mammals [8, 13, 14]. However, the specific
functional microbiota and its mechanical effects on regu-
lating embryo implantation and survival remain unclear.
Based on the emerging link between the microbi-
ota and reproduction [2, 9, 11], we aimed to determine
whether and how embryo implantation and survival is
affected by maternal intestinal microbiota, to identify
specific microbial communities and investigate its role in
improving embryo implantation. The early embryo loss of
pigs is the highest among all domestic animals, as about
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30-50% of embryos are lost during gestation [3, 15]. As
such, improving embryo survival during early gestation
could effectively increase the efficiency of pig production
and makes pigs as an important model to study embryo
implantation and survival. Here, we analyzed the intes-
tinal microbiome of sows with different litter size and
selected the potential functional microbiota that may
contribute to embryo survival at early gestation. We fur-
ther explored the effects and underlying mechanisms
of that microbiota on litter performance and embryo
implantation efficiency through microbiota transplan-
tation in mice. Remarkably, we found that Lactobacillus
vaginalis (L. vaginalis) could effectively improve embryo
implantation efficiency and enhance uterine receptivity,
which in turn increase the litter size and litter weight in
mice. We further revealed the enhancement effects of L.
vaginalis metabolites (especially galangin and daidzein)
on endometrium-embryo adhesion and the formation
of pinopode on cell surface of porcine endometrial epi-
thelial cells (PEECs). Finally, we confirmed the impor-
tant roles of oral administration of L. vaginalis or its
metabolites during early gestation in promoting litter
performances in sows. These results suggest that mater-
nal intestinal microbiota may be powerful modulators in
gut-uterus axis and L. vaginalis may provide an avenue to
improve embryo implantation and combat embryo loss
in mammals.

Results

A distinct intestinal microbiota composition in sows

with different reproductive performances

To explore the intestinal microbial characteristics in sows
with different reproductive performance, we collected
and frozen the fresh feces of Landrace X Yorkshire cross-
bred (L XY) sows at early gestation and recorded the
numbers of total piglets (litter size) and live piglets (live
litter size) born at delivery (Fig. 1A). Sows with litter size
nearly 15 ~21 or 9~ 11 were respectively grouped into
High L X Y group or Low L X Y group, and both the litter
size and live litter size of sows were significantly different
in High Lx Y group and Low Lx Y group (Fig. 1B and
C). The concentration of estradiol in High LX Y group
was significantly higher than that in Low LX Y group
(Fig. 1D). However, the levels of progesterone and SCFAs
were not significantly different between High Lx Y and
Low Lx Y groups (Fig. 1E and F).

To dig out the functional bacteria that may influ-
ence the embryo survival, we generated fecal 16 s rIRNA
sequencing analysis in sows with different litter size,
and the 16 s rRNA tags (V3-V4) showed a satisfactory
sequencing depth of bacterial DNA (Figure S1A). Tags
were rarefied and clustered in 3036 ASVs (Figure S1B),
and the B-diversity of gut microbiota that showed by
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Fig. 1 Adistinct intestinal microbiota composition in sows with different reproductive performances. A Overview of study design for unveiling
relationship of maternal intestinal microbiota and reproductive performance in sows with higher or lower litter size. B-C Number of litter size

and liver litter size in sows. D-F Levels of estradiol (E;), progesterone (P,), and short chain fatty acids (SCFAs) in feces of sows at day 28 of pregnancy.
G Intestinal different bacteria showed in genus and species level between sows with higher and lower litter size. H-1 The abundance of intestinal

C. butyricum and L. vaginalis in sows detected by gRT-PCR. J-M The scatter plots of correlation coefficient for abundance of C. butyricum and L.
vaginalis correlated with litter size and live litter size. Statistical analyses were performed using unpaired Students't-test (B—F) or Mann-Whitney U
test (G). ns, not significant; *p < 0.05; **p < 0.01. J-M Correlation coefficients were analyzed using Pearson correlation analysis, and least square linear
regression lines (red line) with 95% confidence interval (pink shading) are provided for visual representation of the non-parametric testing

PCoA on ASV level demonstrated obvious difference
between High Lx Y and Low LXx Y groups (Figure S1C).
However, we found that the a-diversity indices includ-
ing sobs, chao, ACE, Shannon, Simpson, and cover-
age were not significantly different in these two groups
(Figure S1D). Further taxon analysis showed that the

intestinal bacteria of these 42 sows were dominated by
two phyla (i.e., Firmicutes and Bacteroidota) (Figure S1E)
and 15 genera (Figure S1F). Compared with Low LX Y
group, sows in High LX Y group harbored more dgA-11
gut group, Anaerovorax, Family XIII UCG-001, Oscillo-
spira, Quinella, Pyramidobacter, Roseburia, and Bacillus
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in genus level and more C. butyricum and S. hyointesti-
nalis in species level (Fig. 1G). In addition, the results of
linear discriminant analysis effect size (LEfSe) suggested
that C. butyricum and S. hyointestinalis were characteris-
tic bacteria that enriched in sows’ gut in High LX Y group
(Figure S1G). However, the concentration of intestinal S.
hyointestinalis was too low in both High Lx Y and Low
Lx Y groups (0.01 £0.01% vs 0) (Fig. 1G). Moreover, the
abundances of C. butyricum and L. vaginalis in High L X
Y group were both 1.5 times larger than that in Low Lx
Y group (Fig. 1G). Then, we used qRT-PCR revealing that
the abundances of C. butyricum and L. vaginalis in High
L x Y group were significantly higher than that in Low L X
Y group (Fig. 1H and I). Importantly, we found that the
abundances of C. butyricum and L. vaginalis were both
significantly correlated with the litter size and live lit-
ter size of sows (Fig. 1]-M). Therefore, we assumed that
C. butyricum and L. vaginalis were potential functional
microbiota in regulating embryo survival and pregnancy
outcomes.

Untargeted metabolomics reveals intestinal metabolism

changes in sows with different reproductive performances
Metabolic regulation could play important roles in
microbiota regulating reproduction in mammals, but
the mechanisms through which maternal gut microbiota
might influence intestinal metabolism and consequently
embryo development have not yet been fully understood.
We determined the intestinal metabolites profiling using
untargeted metabolomics and the partial least squares
discriminant analysis (PLS-DA) showed that the detected
metabolites had a distinct signature between High Lx Y
and Low Lx Y groups (Fig. 2A). A total of 3172 metabo-
lites were detected, with 37 metabolites were significantly
higher and 60 metabolites were significantly lower in
High L X Y group than that in Low Lx Y group (Fig. 2B).
The expression profile and variable importance in the
projection (VIP) of different metabolites were showed in
Figure S2, and the enrichment of these different metabo-
lites demonstrated that linoleic acid metabolism was the
major pathway, followed with retinol metabolism, argi-
nine biosynthesis, pyrimidine metabolism, arachidonic
acid metabolism, thiamine metabolism, aminoacyl-tRNA
biosynthesis, and taurine and hypotaurine metabolism
(Fig. 2C). A correlation analysis was conducted among
the abundances of intestinal different metabolites and the
bacteria including C. butyricum and L. vaginalis, as well
as litter sizes of sows. The results showed that the litter
sizes and abundances of C. butyricum and L. vaginalis
had a similar correlation pattern to these metabolites
(Fig. 2D). Among these metabolites, nirvanol showed
a significant positive correlation, but linoleic acid and
4B-hydroxystanozolol showed a significant negative
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correlation to the litter sizes and abundance of C. butyri-
cum and L. vaginalis (Fig. 2D).

Microbiota transplantation of L. vaginalis improves embryo
implantation and increases litter sizes in mice

Using microbiota transplantation, we aimed to inves-
tigate the effects of C. butyricum and L. vaginalis on
embryo implantation and survival. As shown in Fig. 3A,
C. butyricum and L. vaginalis were gavaged alone or in
combination from pre-breeding to early pregnancy in
mice. Firstly, we found that the total litter size, live litter
size, and total litter weight were significantly increased
after L. vaginalis transplantation alone or mixed with C.
butyricum (Fig. 3B-D). However, C. butyricum trans-
plantation alone had no significant effects on total litter
size, live litter size, and total litter weight (Fig. 3B-D). In
addition, the average litter pups’ weight and coefficient
of variation (CV) of litter pups’ weight were not signifi-
cantly influenced after C. butyricum and L. vaginalis gav-
age alone or in combination (Fig. 3E-F). Moreover, the
ratio of male was increased, but the ratio of female was
decreased in litter pups after C. butyricum or L. vaginalis
transplantation (Fig. 3G-H). Given the fact that the qual-
ity of embryo implantation determines the pregnancy
outcomes [16, 17], we hypothesized that the improved
litter performance induced by L. vaginalis transplanta-
tion may result from the benefits of embryo implanta-
tion. To further identify this speculation, the number
of implantation sites in uterus and embryo survival rate
(embryo implantation efficiency) was investigated. We
found that the number of embryo implantation sites and
the embryo survival rate were increased after L. vagi-
nalis transplantation alone or mixed with C. butyricum
(Fig. 31-J). However, there were no effects on the number
of embryo implantation sites but had an increasing ten-
dency to improve the embryo survival rate induced by C.
butyricum transplantation alone (Fig. 31-]). In addition,
the number of corpus luteum in ovaries was not signifi-
cantly influenced after C. butyricum and L. vaginalis gav-
age alone or in combination (Fig. 3K). Overall, this leads
to hypothesis that L. vaginalis is a key intestinal microbe
to benefit embryo implantation and survival during early
pregnancy, subsequently to increase the litter size and lit-
ter weight.

To decipher the effective components affecting
embryo implantation and survival in microbiota trans-
plantation test, we separated the bacteria cells (LV_B)
and extracellular metabolites (LV_M) of L. vaginalis
after its in vitro culture for 30 h and then evaluated the
embryo survival rate after gavage of LV_B or LV_M in
mice (Fig. 3L). We find that gavage of LV_B or LV.M
could both increase the number of implantation sites
and embryo survival rate (Fig. 3M and N), whereas the
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Correlation between metabolites and bacteria and litter sizes
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Fig. 2 Untargeted metabolomics analysis reveals intestinal metabolism changes in sows with different reproductive performances. A-B PLS-DA
analysis and volcano plot (High Lx Y group vs Low Lx Y group) of fecal metabolome of sows at day 28 of pregnancy. C Pathway enrichment
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analysis. n= 21

number of corpus luteum was unchanged compared
with PBS or MRS groups (Fig. 30). Importantly, we
collected and identified the in vitro cultured metabo-
lites of L. vaginalis after its culture for 0, 4, 12, and 30
h according to the growth curve (Fig. 4A). The PCA
plot suggested that the metabolic patterns were similar
between 0 and 4 h, but that patterns were different to
12 h and 30 h (Fig. 4B). Among these, the metabolic
pattern at 30 h showed most difference compared with

the other three groups (Fig. 4B). The substrates and
products of L. vaginalis could be effectively located
according to the concentration heatmap (Fig. 4C) and
multiple changes of metabolites (Fig. 4D). The trend
analysis plots revealed the dynamic changes of metab-
olites’ concentrations under different times, which
further estimated the substrates and products of L.
vaginalis (Figure S3). Notably, the different metabo-
lites including substrates and products of L. vaginalis
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Fig. 4 Targeted metabolomics analysis exhibits ex vivo cultured metabolites of L. vaginalis. A Growth curve of L. vaginalis measured by turbidimetric
method. B PCA analysis of targeted metabolome of L. vaginalis ex vivo cultured for 0, 4, 12, and 30 h. C Heatmap of metabolites showing products
and substrates of L. vaginalis. D Fold changes and levels of metabolites after L. vaginalis cultured for 30 h. E Pathway enrichment analysis of different

metabolites (30 h vs 0 h) of L. vaginalis. n=6

was most enriched to tryptophan metabolism, pentose
and glucuronate interconversions, linoleic acid metab-
olism and retinol metabolism (Fig. 4E), which were
partially consistent with the intestinal enrichment
pathways in sows between High LX Y and Low LXx Y
groups (Fig. 2C).

Microbiota transplantation of L. vaginalis promotes uterine
receptivity and modulates plasma metabolism in mice

To further explore the potential mechanisms of L. vagi-
nalis in regulating embryo implantation, the histomor-
phology of uterine implantation site and colon tissue
was observed, and the microbiota composition in colon,
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ovarian steroid hormones synthesis, uterine receptiv- decidualized tissue can be clearly observed in both
ity, and metabolic changes in plasma were also inves-  groups, and the colon biopsy showed that the colonic
tigated. At day 6 of pregnancy, the gestational sac and  morphology was not affected after L. vaginalis gavage
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Fig. 5 Effects of L. vaginalis transplantation on histomorphology of uterus and colon, colonic microbiota composition, and steroid hormones
synthesis in mice. A-B Representative H&E-stained sections of uterine implantation site and colonic tissue of mice at day 6 of pregnancy. The
gestational sac was marked with blue arrows. C a-diversities of colonic bacteria of mice at day 6 of pregnancy. D Colonic microbial communities
clustered using PCoA of weighted Unifrac matrix. E-F The abundance of L. vaginalis detected by gRT-PCR in colon of mice at day 4 and day 6

of pregnancy. G-H Levels of estradiol and progesterone in plasma of mice at day 4 and day 6 of pregnancy. I The relative mRNA level of genes

related to steroid hormones synthesis in ovaries of mice at day 4 of pregnancy. Statistical analyses were performed using Mann-Whitney U test (C)
or unpaired Students't-test (F-H). ns, not significant; *p < 0.05; **p < 0.01
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(Fig. 5A and B). In addition, the colonic microbiota anal-
ysis suggested that the a-diversity including sobs, chao,
and ACE had an increasing trend, but Shannon, Simpson,
and coverage were not influenced after L. vaginalis gav-
age (Fig. 5C), and the B-diversity analysis showed obvious
difference between PBS and L. vaginalis gavage (Fig. 5D).
Moreover, we found that the abundances of L. vaginalis
in colon of mice at day 4 and day 6 of pregnancy were sig-
nificantly increased after L. vaginalis gavage (Fig. 5E and
F). Steroid hormones including estradiol and progester-
one are master regulators of embryo implantation, which
coordinate endometrial proliferation and differentiation,
and regulate the uterine receptivity [16, 17]. However,
we found that the concentrations of plasma estradiol and
progesterone were not influenced both at day 4 and day
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6 of pregnancy (Fig. 5G and H), additionally, the relative
mRNA level of genes related to steroidogenesis including
Cd36, Star, Cypllal, Cypl7al, and Cypl9lal in ovaries
at day 4 of pregnancy was unchanged after L. vaginalis
gavage (Fig. 5I), suggesting that the benefits of L. vagi-
nalis in improving embryo implantation and survival
were less likely taken action through regulating ovarian
steroidogenesis.

To investigate whether the beneficial effects of L. vagi-
nalis on embryo survival was due to promoting uterine
receptivity, we performed uterine transcriptome analy-
sis, which demonstrated 420 genes upregulated and
96 genes downregulated after L. vaginalis transplanta-
tion (Fig. 6A). Importantly, embryonic skeletal system
development was the most affected pathway enriched

e Embryonic skeletal system development
o Human immunodeficiency virus - Mus muscul
@ Cellular response to interferon - beta
e Cytokine - cytokine receptor interaction
o Inflammatory response
Positive regulation of locomotion
o Initial triggering of complement
e Glossopharyngeal nerve morphogenesis
« Adipogenesis genes
* Negative regulation of leukocytemigration
Positive regulation of calcium ion transport into cytosol
» Regulationof cell-cell adhesion
» Calciumion transmembrane transport
© Malaria-Mus musculus
Positive regulation of epithelial cell proliferation
@ Ribonucleoside monophosphate catabolic process
Regulationof lipid metabolic process
Striatedmuscle cell proliferation
* Neutrophil degranulation
Macrophage differentiation
i DEGs GO terms
5 i Embryonic skeletal system development
Inflammatory response

Regulation of locomotion

Cell migration

Cell motility

Y

_ Cell migration involved in
S sprouting angiogenesis
Cell fate commitment
'Angiogenesis
£ 5:5 u . Cell - cell adhesion
2313 Cell adhesion molecule binding

Fig. 6 Microbiota transplantation of L. vaginalis enhances uterine receptivity. A Volcano plot showing different expressed genes (DEGs) in uterus
of mice at day 4 of pregnancy. B Network plot showing the subset of enriched GO terms in the top 20 clusters. C GSEA analysis showing enriched
KEGG pathways related to cell-cell adhesion. D Circos plot visualizing putative relationship between DEGs and GO terms. E Bar plot showing
mMRNA level of genes related to embryonic development, cell-cell adhesion, and angiogenesis. Statistical analyses were performed using unpaired

Students't-test. *p < 0.05; **p < 0.01.n=4
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by different expressed genes (DEGs), followed by cellu-
lar response to interferon-beta, inflammatory response,
positive regulation of locomotion, adipogenesis, regula-
tion of cell-cell adhesion, and regulation of lipid meta-
bolic process (Fig. 6B). Moreover, the GSEA results also
demonstrated significant enrichment plots included focal
adhesion and adherents junction (Fig. 6C). To further
identify the specific DEGs responsible for the enriched
GO terms including embryonic skeletal system develop-
ment, cell-cell adhesion, angiogenesis, cell fate commit-
ment, inflammatory response, regulation of locomotion,
cell migration and motility, chord plot was employed to
exhibit the connection of genes and GO terms (Fig. 6D).
Among these, an increased expression level of DEGs
related to embryonic development, cell-cell adhesion,
and angiogenesis were displayed in Fig. 6E.

In light of the important regulatory roles of metabolic
status on genes expression and body homeostasis, we
focused on subsequent metabolites profiling in plasma.
The PLSDA plot showed that the metabolic pattern of
L. vaginalis group was significantly different to control
group (Fig. 7A). The differential abundance score showed
that the most enriched KEGG pathways including GnRH
signaling pathway, arachidonic acid metabolism, primary
bile acid biosynthesis, linoleic acid metabolism, taurine
and hypotaurine metabolism, ovarian steroidogenesis,
bile secretion, regulation of lipolysis in adipocytes, aldos-
terone synthesis and secretion, and retrograde endocan-
nabinoid signaling (Fig. 7B). A joint analysis of plasma
metabolome and uterine transcriptome was performed
and suggested common enriched pathways including
neuroactive ligand-receptor interaction, glycerophos-
pholipid metabolism, alpha-linolenic acid metabolism,
linoleic acid metabolism, arachidonic acid metabolism,
steroid hormone biosynthesis, retrograde endocannabi-
noid signaling, aldosterone synthesis and secretion, and
regulation of lipolysis in adipocytes (Fig. 7C). Notably,
according to the expression profile and VIP of differ-
ent metabolites displayed in Fig. 7D, we selected the
top 5 metabolites including norizalpinin (also known as
galangin), norethindrone oxime, taurocholic acid (TCA),
daidzein, and caproic acid that not only had higher VIP
scores, but also exhibited higher AUC values (Fig. 7E), for
subsequent experiments to verify the effects of L. vagi-
nalis metabolites on endometrial epithelial cells receptiv-
ity in vitro.

L. vaginalis metabolites enhance endometrial epithelial
cells receptivity and improve litter performances in sows
Porcine endometrial epithelial cells (PEECs) and por-
cine iliac artery endothelial cells (PIECs) were used to
establish ex vivo cultured endometrium, and then por-
cine trophoblast cells (PTCs) were added to simulate
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endometrial-embryo cell adhesion (Fig. 8A and B). After
treatments of L. vaginalis metabolites including galangin,
norethindrone, TCA, daidzein, and caproic acid in endo-
metrium chip for 24 h, we found that galangin and daid-
zein could markedly motivate the adhesion of PTCs to
endometrial epithelium (Fig. 8C). Consistently, we found
an obvious increasing formation of pinopodes in cell sur-
face of PEECs after treatments of galangin and daidzein
(Fig. 8D). Moreover, the expression level of genes related
to uterine receptivity including carbohydrate sulfotrans-
ferase 4 (Chst4), integrin subunit beta 3 (Itgb3), bone
morphogenetic protein 6 (Bmp6), peroxisome prolifera-
tor activated receptor gamma (Pparg), and forkhead box
O1 (Foxol) were detected (Figure S4). The results indi-
cated that TCA increased the expression level of Chst4,
Pparg, and Foxol, caproic acid increased the expression
level of Itgh3 and Pparg, daidzein increased the expres-
sion level of Bmp6 and Foxol, and galangin increased the
expression level of Foxol (Figure S4 A—S4E). Moreover,
the expression level of gene, fibroblast growth factor 9
(Fgf9), was examined to exhibit an enhancing expression
of Fgf9 after treatments of norethindrone, caproic acid,
TCA, and Daidzein, suggesting an improvement effect of
L. vaginalis metabolites on embryo development (Figure
S4 F).

To further verify the effects of L. vaginalis on litter per-
formance in sows, oral administration of L. vaginalis or
its metabolites in sows during early gestation was con-
ducted (Fig. 8E). Notably, the total litter size, live litter
size, and litter size of pup’s weight higher than 0.95 kg
were significantly increased, whereas the average litter
pup’s weight was not changed after oral administration of
L. vaginalis and its metabolites (Fig. 8F-I). In addition,
the total litter weight was not changed after oral adminis-
tration of L. vaginalis but that was significantly increased
after oral administration of the metabolites of L. vaginalis
(Fig. 8]). Moreover, the abundance of L. vaginalis in feces
of sows was significantly increased after oral administra-
tion of L. vaginalis (Fig. 8K).

Discussion

Pregnancy outcomes were demonstrated to be associ-
ated with a profound alteration of gut microbiota, which
exerts a vital role in maintenance of maternal physiol-
ogy and fetal development during gestation [11, 12, 18].
Specifically, mounting evidence showed that maternal-
microbial metabolites could propel the maturation of
neonatal intestinal epithelium and drive the develop-
ment of offspring’s neurophysiology and innate immune
system [8, 12, 19, 20]. In addition, compared with sows
with lower litter size, sows with higher litter size had
a lower diversity of intestinal microbiota and signifi-
cantly increased insulin resistance and inflammatory
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Fig. 7 Microbiota transplantation of L. vaginalis modulates maternal plasma metabolism. A PLS-DA analysis of plasma metabolome in mice at day
4 of pregnancy. n= 5. B The differential abundance score (L. vaginalis vs PBS) of top 20 enriched KEGG pathways in plasma metabolome analysis

of mice at day 4 of pregnancy. C Correlation analysis showing the top 20 enriched KEGG pathways for plasma metabolome (blue bar) and uterine
transcriptome (red bar) of mice at day 4 of pregnancy. D Expression profile and VIP of different metabolites. E ROC analysis of different metabolites
including daidzein, norethindrone oxime, taurocholic acid, galangin, and caproic acid. Statistical analyses were performed using unpaired Students’

t-test. *p < 0.05; *p < 0.01

(See figure on next page.)

Fig. 8 L. vaginalis metabolites enhance endometrial epithelial cells receptivity and improves litter performances in sows. A Schematic
representation of the microfluidic chip used for simulating endometrial-embryo adhesion. B Physical photo of the microfluidic chip. C Fluorescence
microscopy viewing the attachment of PTCs to endometrial microfluidic chip. D Scanning electron microscopy viewing the microvilli on the cell
surface of PEECs. E Experimental scheme for the generation and analysis of bacterial cells or metabolites of L. vaginalis supply during early gestation
on offspring survival in sows. F-J Litter performance including total litter size, live litter size, litter size of litter pup’s weight higher than 0.95 kg,
average litter pup’s weight, and total litter weight of sows. K The abundance of intestinal L. vaginalis in sows detected by gqRT-PCR. Statistical
analyses were performed using unpaired Students't-test. ns, not significant; *p < 0.05; **p < 0.01
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response during late gestation [21]. However, embryo
loss most occurs during peri-implantation period at
early pregnancy, rendering embryo implantation qual-
ity into the predominant factor for embryo survival and
litter performance in sows [3]. Therefore, the investiga-
tion of whether and how embryo implantation and sur-
vival are affected by maternal microbiota is a top priority
to understand host-microbiota interactions and could
effectively improve litter performance through intestinal
microbiota modulation.

Here, we investigated gut microbiota and intestinal
metabolism of sows with different reproductive perfor-
mance and assumed C. butyricum and L. vaginalis could
be potential functional microbiota regulating embryo
survival during early gestation. Then, using microbiota
transplantation, we assessed the modulation of C. butyri-
cum and L. vaginalis on embryo survival and pregnancy
outcomes, which only found a significant improvement
of L. vaginalis on embryo implantation efficiency and lit-
ter performance in mice. In addition, the plasma metab-
olomics and uterine transcriptome analysis suggested
that L. vaginalis could improve embryo implantation
through modulating maternal plasma metabolism and
promoting uterine receptivity. Furthermore, we selected
the key metabolites raised by L. vaginalis and identified
their regulation on endometrial epithelial cell receptivity,
including endometrial-embryonic cells adhesion, the for-
mation of pinopodes in cellular surface of porcine endo-
metrial epithelial cells, and the genes’ expression related
to uterine receptivity. Notably, we also verified that oral
administration of L. vaginalis and its metabolites during
early gestation could significantly increase the litter per-
formances in sows.

Lactobacillus spp. is considered an optimal cervicov-
aginal microbiota that associated with favorable health
outcomes including lowering rates of preterm birth and
reduced susceptibility to sexually transmitted infections
in human [22, 23]. In contrast, cervicovaginal micro-
biota characterized by an increase in anaerobic bacteria
and depletion of lactobacilli is associated with adverse
pregnancy outcomes including low birth weight [24],
spontaneous preterm birth [23], and increased risk of
acquiring and transmitting infections [25]. Previous stud-
ies suggested that lactic acid from vaginal lactobacillus
could enhance cervicovaginal epithelial barrier integ-
rity by promoting tight junction protein expression [26].
Moreover, L. vaginalis BC17 can stimulate the growth of
Bifidobacterium spp. and exhibit safety for human use
[27]. Importantly, in addition to female genital tract, lac-
tobacillus most notably colonized at the digestive tract
and was identified to maintain intestinal barrier integ-
rity and resist gastrointestinal infection and inflamma-
tion [28]. In addition, Zeng et al. recently revealed that L.
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vaginalis exerts hepatoprotective effects during acetami-
nophen toxicity by liberating daidzein from the diet via
[B-galactosidase [29]. However, the impacts of intestinal
lactobacillus on pregnancy outcomes were less investi-
gated. Here, we first found an increased level of intestinal
L. vaginalis in sows with higher litter size and revealed
the improvement effects of L. vaginalis on uterine recep-
tivity and embryo implantation efficiency, which ulti-
mately increased the number of litter pups born in sows
and mice.

Two principal mechanisms have been proposed for
how the gut microbiota can contribute to host physiol-
ogy: (1) changes dietary nutrients utilization and (2)
altered host-microbial interactions that influence the
metabolic status [8, 14]. Therefore, we assessed intesti-
nal metabolism and performed correlation analysis with
candidate microbiota to assist us acquiring the functional
microbiota for improving embryo survival. In addition to
the products of bacterial metabolism, gut microbial liber-
ation of bioactive compounds from food that transported
into target tissues could also affect host physiology [29,
30]. Hence, we detected the in vitro cultured metabolites
of L. vaginalis and examined the plasma metabolism in
mice after L. vaginalis transplantation to locate the key
metabolites of L. vaginalis in regulating embryo survival.
Our data showed that the in vitro cultured products of L.
vaginalis mainly included lactic acid, short and medium
chain fatty acids, bile acid, benzazole, and their deriva-
tives. Additionally, L. vaginalis transplantation in mice
could remarkably increase the levels of caproic acid, tau-
rocholic acid, and dietary sourced flavonoids and isofla-
vone. Subsequently, the critical metabolites of L. vaginalis
influencing embryo survival were located to galangin,
norethindrone, and daidzein that could be liberated from
the diets, as well as taurocholic acid and caproic acid that
could be products of L. vaginalis metabolism.

Investigating the embryo implantation process and
revealing maternal-embryo interactions in mammals is
fundamentally challenging as the implanting embryo is
concealed by the uterine tissues. Previously, ex vivo cul-
ture of peri-implantation embryos and embryonic cells
has been developed in 2D culture environment [31].
Recently, a murine 3D biomimetic culture environment
was established, which could enable direct analysis of
trophoblast invasion and reveal the first embryonic inter-
actions with the maternal vasculature [32-34]. Here,
we both established 3D and 2D culture environment to
simulate endometrium-embryo adhesion, which consist-
ently demonstrated a remarkable promotion effect of L.
vaginalis metabolites (especially galangin and daidzein)
on endometrial-embryonic cells adhesion. However, the
complexity of the maternal environment, which consists
of multiple cell types and tissue structures, cannot be
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fully recapitulated ex utero with the current state of tech-
nology in every in vitro model [34]. Therefore, it is not
only sufficient but also required to examine the improve-
ment effects of maternal L. vaginalis and its metabolites
supply during early gestation on embryo survival and lit-
ter performance in mice and sows.

C. butyricum is a butyrate producer that have been
investigated for potential protective or ameliorative
effects in a wide range of diseases, including intestinal
injury and inflammatory, neurodegenerative disease,
and metabolic disease [35]. Indeed, butyrate has been
shown to increase mucin and defensin expression to
maintain intestinal barrier function, as well as regulate
energy homeostasis via G protein-coupled receptors
or histone deacetylase inhibitor [36]. Interestingly, it is
noteworthy that our previous studies have described the
roles of butyrate in enhancing ovarian steroidogenesis
and improving uterine epithelial cell receptivity, which
could contribute to promote embryo implantation and
survival [37-39]. In our present study, we found that the
abundance of intestinal C. butyricum was significantly
increased in sows with higher litter size. However, nei-
ther the number of embryo implantation sites nor the
litter size and total litter weight was changed after C.
butyricum transplantation in mice. It is probably because
butyrate produced by C. butyricum that colonized at the
posterior intestine colon was most utilized for intestinal
epithelium cells on energy supply, and only a small part
of butyrate could enter the blood circulation to stimulate
the target tissues [36]. Moreover, it is also suggested that
C. butyricum may modulate the composition of the gut
microbiota, possibly increasing certain beneficial bacte-
rial taxa including Lactobacillus [40]. Therefore, whether
particular doses of C. butyricum benefit ovarian ster-
oidogenesis and uterine receptivity to, in turn improve
embryo implantation and survival through a butyrate-
producing pathway or gut microbiota composition
modulating is an interesting question for future study.
Moreover, there may be any other microbes (both bacte-
ria and fungi) that could affect embryo survival and litter
performance in mammals, thus it needs more efforts to
obtain as many as functional microbes considering the
critical regulations of breed, diets, and environment on
microbiota composition and activity.

In conclusion, we declared that intestinal microbial-
host interactions occurred during early pregnancy, which
could contribute to maternal metabolic changes and then
influence pregnancy outcomes in mammals. Overall, our
study demonstrated that maternal intestinal L. vaginalis
facilitated embryo implantation and survival during early
pregnancy, ultimately improved litter performance. Our
study provides insights of maternal microbiota improv-
ing pregnancy outcomes through a gut-uterus axis,
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contributing to advanced concept and novel strategy to
manipulate gut microbiota during early pregnancy, and
in turn to reduce embryo loss in mammals.

Materials and methods

Bacteria culture

Clostridium butyricum (C. butyricum) was purchased
from BeNa Culture Collection (Catalogue number:
BNCC337239), and Lactobacillus vaginalis (L. vaginalis)
was purchased from China Center of Industrial Culture
Collection (Catalogue number: CICC6120). C. butyricum
and L. vaginalis were respectively cultured in Reinforced
Clostridium Medium (RCM) and de Man, Rogosa, and
Sharpe (MRS) medium at 37 °C in an anaerobic incuba-
tor. The bacterial growth curve was measured by turbidi-
metric method, as previously described [41].

Cell culture

Porcine endometrial epithelial cells (PEECs, catalogue
number: BFN60808569) and porcine trophoblast cells
(PTCs, catalogue number: BFN60808646) were pur-
chased from Qingqi Biotechnology Development Co.,
Ltd. (Shanghai, China). Porcine iliac artery endothelial
cells (PIECs, catalogue number: SNL-035) were pur-
chased from Shanen Biotechnology Development Co.,
Ltd. (Wuhan, China). PEECs, PTCs, and PIECs were
both cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS, Gibco, catalogue number: 2305262RP) and 100 IU/
mL penicillin and 100 mg/mL streptomycin. Cells were
washed with phosphate buffered saline (PBS) and cul-
tured at 37 °C in a humidified 5% CO, incubator.

Feces collection and microbiota transplantation in sows

One hundred and sixty primiparous Landrace X York-
shire crossbred (L XY) sows with similar genetic back-
ground that fed in the DBN sows farm in Huangpi
district, Wuhan city, Hubei province, China, were used in
this study. LX Y sows were fed the fortified corn-soybean
diets, which were formulated to meet or exceed National
Research Council nutrient requirements. The fresh feces
of sows were collected in the morning of day 28 of ges-
tation (a period for placental development and embry-
onic organ formation) using sterile centrifugal tube and
freezed in the liquid nitrogen immediately. Most embryo
loss have occurred before or during day 28 of gestation,
and the potential litter size is established at this period
[42, 43]. Therefore, we collected the samples at day 28
of gestation of sows to explore the correlation between
intestinal microbiome and embryo survival. After far-
rowing, the number of total piglets born (litter size) and
the number of piglets born alive (live litter size) were
recorded, and sows with litter size nearly 15 ~21 or 9~
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11 were respectively grouped into High LX Y group (n=
21) or Low LX Y group (n=21).

For microbiota transplantation in sows, 40 LX Y mul-
tiparity sows with similar genetic background and body
condition were randomly assigned to 3 groups including
Control group (n= 16), LV_B group (n= 12), and LV_M
group (n= 12). Sows in control group did not do any
experimental treatment, and sows in LV_B and LV_M
groups were respectively oral administrated with 15 mL
L. vaginalis (2 x 10% CFU/kg, excluding in vitro cultured
medium and metabolites) or 15 mL in vitro cultured
metabolites of L. vaginalis every other day from day 1 to
day 28 of gestation. The metabolites of L. vaginalis were
obtained by centrifugating bacterial solution at 8000 g for
30 min and then filtrating through a sterile filter with a
pore size of 0.22 um after L. vaginalis cultured for 30 h.
The litter performance including total litter size, live lit-
ter size, litter size of litter pup’s weight higher than 0.95
kg, total litter weight, and average litter pup’s weight was
recorded. The feces of sows at day 28 of gestation were
collected to detect the abundance of L. vaginalis.

Microbiota transplantation in mice

ICR mice (aged 7 weeks, 20-25 g body weight) were
housed in a temperature-controlled environment (22-25
C) on a 12-h-light/12-h-dark cycle with ad libitum access
to granulated feed and water. After 1 week of acclima-
tion, virgin female ICR mice had free access to drinking
water supplemented with 1 mg/mL ampicillin and 1 mg/
mL neomycin for 7 days. In Experiment 1, mice in group
PBS, CB, LV, or CB +LV were respectively received intra-
gastric administration of 200 pL PBS without or with
2% 10® CFU/kg C. butyricum or L. vaginalis (containing
in vitro cultured medium with metabolites) separately or
in combination with equal proportions. In Experiment
2, mice in MRS, LV_B, and LV_M groups were respec-
tively received intragastric administration of 200 pL
PBS containing MRS medium (1:100, v/v), 2x 10® CFU/
kg L. vaginalis (excluding in vitro cultured medium and
metabolites) or in vitro cultured metabolites (diluted in
PBS with ratio of 1:100, v/v) of L. vaginalis. Mice in PBS
group were received intragastric administration of 200 pL
PBS. In Experiment 1 and Experiment 2, after three times
intragastric administration during pre-breeding, preg-
nancy of mice was induced by overnight caging of two
females with one male of proven fertility. The presence of
vaginal plugs in the next morning is deemed as day 1 of
pregnancy (1 dpc), and the pregnant mice were continu-
ally gavaged with corresponding probiotics every other
day for three times. The numbers of embryo implanta-
tion sites in uterus and corpus luteum in ovaries, as well
as the embryo implantation efficiency (the number of
embryo implantation sites/the number of corpus luteum)
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at 6 dpc and the reproductive performance after farrow-
ing were recorded. At 0900 ~1000 in the morning, the
plasma samples were collected at 4 dpc and 6 dpc, and
the ovaries, uterus, and colonic tissue and contents were
obtained at 4 dpc in experiment 1.

Microbial genomic DNA extraction and 16S rRNA gene
sequencing

The bacterial genomic DNA of fecal samples or intestinal
contents was extracted using the protocol of the repeated
bead beating plus column method with a TIANamp stool
DNA kit. DNA concentrations were measured using a
Nanodrop-1000 instrument, and DNA quality assessed
by 0.8% agarose gel electrophoresis. The V3-V4 hyper-
variable region of the 16S rRNA gene was amplified with
the barcode fusion primers (338 F: 5'-ACTCCTACG
GGAGGCAGCAG-3’, 806R: 5 -GGACTACHVGGG
TWTCTAAT-3") as previously described [44]. The puri-
fied amplicons were pooled in equimolar amounts and
paired-end sequenced on an Illumina MiSeq PE300 plat-
form (Illumina, San Diego, USA) according to the stand-
ard protocols by Majorbio Bio-Pharm Technology Co.
Ltd. (Shanghai, China). After demultiplexing, the result-
ing sequences were quality filtered with fastp and merged
with FLASH. Then the high-quality sequences were de-
noised using DADA2 plugin in the Qiime2 pipeline with
recommended parameters, which obtains single nucleo-
tide resolution based on error profiles within samples.
DADA?2 denoised sequences are usually called ampli-
con sequence variants (ASVs). Bioinformatic analysis of
the fecal microbiota was carried out using the Majorbio
Cloud platform (https://cloud.majorbio.com).

Untargeted-metabolomics analysis

The polar metabolite profiles in feces or plasma were
detected at Majorbio using liquid chromatography tan-
dem mass spectrometry (LC—-MS/MS). Briefly, 50-mg
feces were weighed and then extracted using 400 pL
methanol:water (4:1, v/v) solution with 0.02 mg/mL
L-2-chlorophenylalanin as internal standard. Plasmas
were separated from blood samples by centrifugation.
The mass spectrometric data were collected using a
UHPLC-Q Exactive HF-X Mass Spectrometer (Thermo
Scientific, Waltham, MA) equipped with an electrospray
ionization source operating in either positive or negative
ion mode. The selection of significant different metabo-
lites was determined based on the p-value of Student’s ¢
test (p< 0.05), the variable importance in the projection
(VIP) obtained by the OPLS-DA model (VIP >1.0), and
the fold change (High Lx Y vs Low LXx Y) >2.0 or <0.5.
Differential metabolites among two groups were mapped
into biochemical pathways at MetaboAnalyst (https://
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www.metaboanalyst.ca/) based on Kyoto Encyclopedia of
Genes and Genomes (KEGG) database.

Quantification of SCFAs profiling

SCFAs in feces were quantified with gas chromatogra-
phy. Briefly, 1 g of feces were weighted, dissolved and
homogenized in 1 mL methanol. Then, the homogenized
solution was centrifuged at 12,000 g for 10 min at 4 °C to
obtain the supernatant that transferred into a new tube.
The supernatant was diluted (5:1, v/v) with 25% met-
aphosphoric acid at 4 °C overnight and then centrifuged
at 12,000 g for 10 min at 4 °C. Finally, the supernatant
was subjected for SCFAs analysis with a gas chromatog-
raphy following a previously published protocol [45].

Measurement of steroid hormones

Steroid hormones including estradiol and progesterone
in feces were measured using commercially available
radioimmunoassay kits (Beijing North Institute of Bio-
technology). Briefly, 0.2 g of fecal samples were weighted,
dissolved and homogenized in 1 mL 80% ethanol. After
incubation at 70 °C for 15 min and vortex for 1 min, the
homogenized solution was centrifuged at 4000 rpm for
15 min at 4 °C to obtain the supernatant. Then, 0.5 mL
80% ethanol was added into the residue and vortex for
1 min, followed by centrifuging at 4000 rpm for 15 min
at 4 °C to merge the supernatant. The supernatant was
dried in a vacuum concentrator using nitrogen, and the
residue was re-dissolved in phosphate buffer to detect the
estradiol or progesterone levels using iodine ['?°I] estra-
diol radioimmunoassay kit or iodine [**I] progesterone
radioimmunoassay kit with a modification of the previ-
ous method [38].

Transcriptome analysis

Total RNA of uterine tissues of mice at day 4 of preg-
nancy was isolated using TRIzol and sent for library
preparation and sequencing by Majorbio Biotech using
Mlumina Hiseq 2000. The reads count for each gene in
each sample was counted, and fragments per kilobase
million mapped reads (FPKM) was then calculated to
estimate the expression level of genes. DEGseq was used
for differential gene expression analysis, and the signifi-
cant different expressed genes (DEGs) were filtered with
p value <0.05 and fold change >2.0 or <0.5. The DEGs
were enriched to GO terms, and a network plot was used
to show the subset of enriched clusters on Metascape
(https://www.metascape.org). Also, the biological path-
ways were analyzed using Gene Set Enrichment Analysis
(GSEA) based on KEGG database.
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Hematoxylin and eosin (H&E) staining

Uterine and colonic tissues of mice at day 6 of pregnancy
were collected and preserved in 4% paraformaldehyde
overnight. Then, tissues were embedded in paraffin wax
following immersion in a graded series of alcohols (70—
100%) and sectioned (5 mm) and dried at 56 °C for 24 h.
The slides were passed through a series of the clearing
agent xylene and rehydrated in a graded series of etha-
nol and wash in distilled water, followed by incubating
with hematoxylin solution and washing with running tap
water. Next, the sections were differentiated in 1% acid
alcohol and washed with running tap water, followed by
an incubation in eosin counterstain and dehydration in a
graded series of ethanol and immersion in xylene.

Metabolites detection of L. vaginalis

The metabolites of L. vaginalis were detected by high-
throughput targeted metabolomics analysis using ultra
performance liquid chromatography-mass spectrometry
(UPLC-MS) at Beijing Genomics Institute (BGI). Briefly,
the medium of L. vaginalis after in vitro cultured for 0,
4, 12, and 30 h were collected and filtered through a ster-
ile filter with a pore size of 0.22 um. Then, the extraction
agent (methanol:acetonitrile:water =4:2:1, v/v/v) con-
tained interior label was added into samples, followed
by vortex and centrifugation to obtain the supernatant,
which was transformed into a 96-well plate and added
derivatization reagent and EDC working reagent in turn.
After incubation of the 96-well plate in a thermostatic
oscillator for 60 min at 1200 rpm and 30 ‘C, pre-cooled
methanol:water (1:1, v/v) was added and centrifugated
to obtain the supernatant, which was transferred to the
microporous plate pre-loaded with the internal standard
II working liquid. The column was used BEH C18 (2.1
mm X10 cm, 1.7 um, waters), and the sample extracts
were analyzed using Waters UPLC I-Class Plus (Waters,
USA) equipped with QTRAP 6500 Plus (SCIEX, USA).

RNA isolation and qRT-PCR analysis

The gene expression levels related to endometrial epithe-
lium receptivity were detected after different doses of L.
vaginalis metabolites including galangin (MedChem-
Express, catalogue number: HY-N0382), norethindrone
(MedChemExpress, catalogue number: HY-N0554), TCA
(MedChemExpress, catalogue number: HY-N0545), daid-
zein (MedChemExpress, catalogue number: HY-N0019),
or caproic acid (Sigma-Aldrich, catalogue number:
153745) treatment for 24 h in PEECs. The gene expres-
sion levels related to ovarian steroid hormones synthesis
were also detected after L. vaginalis gavage in mice at day
4 and day 6 of pregnancy. Primers were designed using
Primer 3.0 and shown in Table S1. The RNA of PEEC cells
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or entire unilateral ovarian tissue of mice were isolated
using RNAiso Plus. The quality and quantity of RNA
were respectively evaluated by gel electrophoresis and
NanoDrop spectrophotometer. qRT-PCR was conducted
on an Applied Biosystems 7500 qPCR System (Applied
Biosystems) using gene-specific primer pairs to amplify
target cDNA segments with the SYBR Premix EX Taq kit.

Fabrication of a porcine endometrium-on-a-chip model

A porcine endometrium-on-a-chip model was estab-
lished by co-culturing PEECs and PIECs within a
microfluidic hydrogel scaffold, aiming to mimic the
endometrial epithelium and blood vessels of the porcine
uterus. In brief, digital light processing 3D printing was
used to fabricate the master molds for the microfluidic
chip and rods. Polydimethylsiloxane (PDMS) was applied
to the masters at a ratio of 10:1 base to curing agent and
allowed to polymerize for 5 h at 70 °C. Following curing,
the PDMS chip was demolded, and four through holes
were punched on the walls between each medium res-
ervoir and main chamber. The inner surface of the main
chamber underwent a coating process with 1% polyeth-
yleneimine for 10 min and 0.1% glutaraldehyde for 30
min to enhance collagen adhesion. Two PDMS rods (600
pum in diameter) were inserted through the holes in the
chip, and a solution of bovine dermis collagen precursor
(4 mg/mL) was loaded into the main chamber. The col-
lagen gel was allowed to polymerize in a 37 °C incuba-
tor for 0.5 h. Subsequently, the PDMS rods were carefully
removed with tweezers, creating hollow channels within
the hydrogel scaffold.

A suspension of PIECs at a density of 1x 10° cells/mL
was injected into the hollow channels and incubated for
30 min, allowing the endothelial cells to settle by grav-
ity and attach to the lower surface of the channels. This
process was repeated with flipping the chip at 180 C,
promoting cells adhesion to the opposite surface of the
channel. Following the attachment of PIECs, PEECs at a
density of 5x 10°/mL was loaded to the chamber above
the hydrogel scaffold and allowed to adhere to the hydro-
gel surface for 30 min. Subsequently, cell culture medium
was introduced into the top chamber and four reservoirs.
The chip was cultured in a 37 °C incubator.

Cell adhesion assay and cell surface morphology

The cell adhesion assay to simulate endometrium-embryo
adhesion was conducted by detecting the adhesiveness
of PTCs to endometrial microfluidic chip. After treat-
ments of L. vaginalis metabolites including galangin (5
uM), norethindrone (1 uM), TCA (10 uM), daidzein (20
uM), or caproic acid (100 uM) for 24 h in PEECs, PTCs
pre-stained with Hoechst for 1 h were suspended and
equivolumetrically seeded onto endometrial microfluidic
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chip to co-culture for 1 h at 37 °C. The unattached PTCs
were removed by washing with PBS for three times, and
the images were taken with a fluorescence microscope. In
addition, the microvilli and pinopode on cell surface of
PEECs were observed using a scanning electron micro-
scope after treatments of L. vaginalis metabolites includ-
ing galangin (5 pM), norethindrone (1 uM), TCA (10
uM), daidzein (20 uM), or caproic acid (100 uM) for 24 h.

Quantification and statistical analysis

Data were presented as means +SEM. Figures were pre-
pared with GraphPad Prism 9 or R v4.0.2. Statistical com-
parisons were analyzed using non-paired Student’s ¢-test
(for comparisons between two groups that coincide with
normal distribution), Mann—Whitney U test (for compari-
sons between two groups that do not coincide with normal
distribution), or one-way ANOVA with Dunnett correction
test (for comparisons among more than two groups with
one variable). For non-paired Student’s ¢-test and Mann—
Whitney U test, differences were considered statistically
significant if *p< 0.05 or **p< 0.01. For one-way ANOVA,
differences were considered statistically significant if p < 0.05
and represented as mean values without a common letter.
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