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Clostridium difficile-derived membrane
vesicles promote fetal growth restriction
via inhibiting trophoblast motility through
PPARγ/RXRα/ANGPTL4 axis
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Fetal growth restriction (FGR) is a common complication of pregnancy, which seriously endangers
fetal health and still lacks effective therapeutic targets. Clostridium difficile (C. difficile) is associated
with fetal birthweight, and itsmembrane vesicles (MVs) are pathogenic vectors.However, the role ofC.
difficile and its MVs in FGR remains unclear. Here we found that supplementation with C. difficile
altered the characteristics of gut microbiota and reduced the birth weight in mice. Interestingly, C.
difficile MVs entered placenta, inhibited trophoblast motility, and induced fetal weight loss in mice.
Mechanistically,C. difficileMVs activated the PPARpathway via enhancing the transcriptional activity
of PPARγ promoter, consequently inhibiting trophoblast motility. Moreover, PPARγ expression was
significantly elevated in FGR placenta, and negatively correlated with fetal birth weight. Together, our
findings reveal the significance of C. difficile and its MVs in FGR, providing new insights into the
mechanisms of FGR development.

Fetal growth restriction (FGR), also known as intrauterine growth restric-
tion, is a common complication of pregnancy associated with neonatal
mortality andmorbidity and long-term fetal health1–5. At present, there is no
recognized effective treatment for FGR except for close prenatalmonitoring
and optimizing the timing of pregnancy termination to improve fetal
prognosis3,6,7. However, until now, the specific pathogenesis of FGR is not
completely clear.

The gut microbiota plays a vital and complex role in the main-
tenance of maternal and infant health, so it is gaining increasing
attention8–11. Our previous studies also found that the dysbiosis of gut
microbiota is an essential cause of placental disease preeclampsia, in
which the abundance of Clostridium is significantly up-regulated8. Pla-
cental dysfunction is the main factor of FGR, suggesting that the dys-
regulation of Clostridium may be related to FGR12. In addition, the
abundance of Clostridium is reported to be significantly elevated in
pregnant women with FGR13. C. difficile is an important component of
the Clostridium and associated with fetal weight14–17. Nevertheless, it is
undefined whether C. difficile is involved in FGR.

Bacterial membrane vesicles (MVs) are vital mediums for bacteria to
influence the host18,19. Our previous studies showed that Akkermansia
relieve preeclampsia-like symptoms throughouterMVs inmice20.C.difficile
also produces MVs, thereby inducing inflammatory responses in intestinal
epithelial cells21. Yet, the role of C. difficile MVs in FGR is still unknown.
Given this, we hypothesized thatC. difficile and itsMVsmight contribute to
the occurrence of FGR.

In this study, we found that C. difficile and its MVs induced low birth
weight in mice. Further studies have revealed that C. difficileMVs involved
in FGR through inhibiting trophoblast motility via activating the PPARγ/
RXRΑ /ANGPTL4 axis. Our findings provide new insights into the reg-
ulation of the gut microbiota in placenta-derived diseases.

Results
C. difficile is involved in FGR
Based on previous reports, we used dexamethasone (DEX) to induce FGR
models inmice22. Since pregnantwomenwith FGRdid not present diarrhea
symptoms caused by C. difficile toxins, we chose non-toxin-producing
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C. difficile for our study. The role of C. difficile in FGR was studied by
exogenous supplementation of C. difficile by intragastric administration in
mice. The treatment process of mice is shown in Supplementary Fig. 1A.
Comparedwith the control group, the birth weight and length ofmice in C.
difficile, DEX, and C. difficile+DEX groups decreased significantly
(P < 0.001, Supplementary Fig. 1B–D). Interestingly, C. difficile also affects
the characteristics of gut microbiota. After C. difficile supplementation, no
statistical differences in α-diversity represented by Simpson, ACE, PD-tree,
andGood’s coverage indices, were found among all groups (Supplementary
Fig. 1E–H).However, by calculating theweightedUniFrac distance between
individual samples to estimate the β-diversity, both PCoA andNMDS plots
revealed that after 14 days ofC. difficile supplementation, the gutmicrobiota
structure of C. difficile group had a significant deviation and formed a
distinct cluster. Meanwhile, there was no significant change in the gut
microbiota of the control group during the 14 days (Supplementary Fig.
1I, J). In addition, LEfSe analysis was used to identify differentially abundant
taxa between the groups. Supplementary Fig. 1K shows that Verrucomi-
crobiales, Ileibacterium, and Clostridium-sensu-stricto-1 were highly abun-
dant in the C. difficile group after 14 days of C. difficile supplementation.

Taken together, these data provided evidence that C. difficile affected
the occurrence of FGR.

C. difficileMVs induce FGR in vivo
C. difficile MVs were isolated using ultracentrifugation. Transmission
electron microscopy showed that C. difficileMVs had a spherical structure
(Fig. 1A). The mean diameter of C. difficile MVs was 126 ± 30 nm, as
measured usingNanoparticle tracking analysis (NTA) (Fig. 1B). To explore
whether C. difficile MVs could enter the placenta, C. difficile MVs were
labeledwithCy7andadministered tomice by intragastric administrationon
E17.5. Interestingly, Cy7 fluorescence was detected in the placenta at 12 h
after intragastric administration (Fig. 1C). These data indicated that C.
difficileMVs may enter the placenta and affect its function.

To determine whether C. difficile acts in vivo through MVs, pregnant
micewere treatedwithC.difficileMVs.Weobserved that comparedwith the
control group, the number of fetuses in C. difficile MVs group decreased
significantly (P < 0.001, Fig. 1D, E). In addition, placental weight, fetal
weight, and fetal body length were significantly lower in C. difficile MVs
group than in the control group (P < 0.001, Fig. 1F–I). Furthermore, the
fetal-placental weight ratio in C. difficileMVs group was significantly lower
than that in the control group, suggesting decreased placental utilization
efficiency and inadequate placental function (P < 0.001, Fig. 1J). Placental
structure was further analyzed by HE staining to evaluate the effect of C.
difficile MVs on placental function. As shown in Fig. 1K, L, exogenous
supplementation of C. difficileMVs resulted in increased infarct, interstitial
collagen deposition, and dysfunction of spiral artery recast in mouse pla-
centa. The labyrinth/junctional zone ratio ofC. difficileMVs groupwas also
higher than that of the control group. Overall, these data indicated that C.
difficile MVs impaired placental structure and function, thereby inducing
FGR in mice.

C. difficileMVs inhibit the motility of HTR-8/SVneo cells
To further explain the role of C. difficile MVs in placental function, we
performed a series of cell function and molecular biological experiments to
investigate the effects of C. difficileMVs on trophoblast motility, including
cell adhesion,migrationand invasion functions. Thedecrease of trophoblast
motility leads to spiral artery recasting disorder, placental insufficiency, and
promotes FGR23–25. Fibronectin1 (FN1) and vitronectin (VTN), both
extracellular matrix proteins, are major controllers of the extracellular
environment and directly affect cell motility26,27. In HTR-8/SVneo cells, the
protein expression levels of FN1 and VTN in C. difficile MVs group were
significantly lower than those of control group (P < 0.01, Fig. 2A). Mean-
while,weobserved the same trend at themRNA level (P < 0.01, Fig. 2B). The
results of the adhesion assay showed that C. difficile MVs reduce the
adhesion ability of HTR-8/SVneo cells (P < 0.01, Fig. 2C). The results of the
wound healing assay showed that C. difficile MVs stimulation caused a

decrease in the migration ability of HTR-8/SVneo cells compared with the
control cells (P < 0.01, Fig. 2D). The results of the Transwell assay also
showed thatC. difficileMVs treatment inhibited themigration and invasion
of HTR-8/SVneo cells (P < 0.01, Fig. 2E). Meanwhile, the treatment of C.
difficile MVs had no significant effect on apoptosis of HTR-8/SVneo cells
(Supplementary Fig. 2). These findings indicated that C. difficile MVs
inhibited the adhesion, migration and invasion of HTR-8/SVneo cells.

C. difficileMVs alter transcriptome and motility of HTR-8/
SVneo cells
RNA sequencing was performed to detect differentially expressed genes
between control andC. difficileMV-treated cells to determine the underlying
mechanismbywhichC.difficileMVsmodulate themotility ofHTR-8/SVneo
cells. C. difficileMVs treatment resulted in 172 up-regulated genes and 182
down-regulated genes in HTR-8/SVneo cells (Fig. 3A). GO analysis showed
that the functions of these C. difficile MV-affected genes were significantly
related to cell motility, migration, junction and adhesion, such as positive
regulation of cell motility, wound healing, adherens junction, cell adhesion
molecule binding, positive regulation of cell migration and cell-substrate
junction (Fig. 3B). This suggests that C. difficileMVs can affect the adhesion
migration and invasion abilities of HTR-8/SVneo cells. KEGG pathway
analysis revealed that C. difficile MVs might significantly affect the PPAR
signaling pathway (Fig. 3C). We showed the differential expression of genes
involved in the PPAR signaling pathway, including PPARγ, RXRα,
ANGPDL4, and FN1, as a heatmap (Fig. 3D). Collectively, our results indi-
cated thatC.difficileMVsmay inhibit trophoblastmotility through thePPAR
signaling pathway.

C. difficileMVs activate PPAR signaling pathway in HTR-8/
SVneo cells
Further verification by Westen blot and qRT-PCR showed that C. difficile
MVs promoted the protein and mRNA expression of PPARγ, ANGPTL4
and RXRα to activate PPAR signaling pathway (P < 0.05, Fig. 4A, B). To
clarify the mechanism of C. difficile MVs activating PPAR pathway, we
conducted double luciferase reporter gene experiments. The results showed
that C. difficile MVs enhanced the transcriptional activity of PPARγ pro-
moter (P < 0.05, Fig. 4C). Previous studies have shown that PPARγ forms
dimerswithRXRα to co-regulate the expression ofANGPTL4. In this study,
we also found that PPARγ binds to RXRα protein (Fig. 4D). According to
these results, C. difficile MVs promoted the transcriptional activity of
PPARγ promoter and activated the PPAR pathway.

PPARγ is crucial in inhibiting motility of HTR-8/SVneo cells byC.
difficileMVs
To clarify the role of PPARγ in C. difficileMVs-mediated inhibition of cell
motility, we used T0070907 and PPARγ shRNA for rescue experiments.
T0070907 is a potent and selective PPARγ inhibitor. The results of the
adhesion assay revealed that the use of T0070907 or PPARγ shRNA effec-
tively enhanced the adhesion ability of HTR-8/SVneo cells, compared with
C. difficile MVs group (P < 0.01, Fig. 5A). Both T0070907 or silencing of
PPARγ promoted the mRNA expression of FN1 and VTN inhibited by C.
difficile MVs in HTR-8/SVneo cells (P < 0.001, Fig. 5B). In the wound
healing assay, T0070907orPPARγ shRNAtreatment resulted in an increase
in the migration ratio of HTR-8/SVneo cells compared with the C. difficile
MVs group (P < 0.05, Fig. 5C). The results of the Transwell assay also
showed thatT0070907orPPARγ shRNAtreatment increased themigration
and invasion rates of HTR-8/SVneo cells (P < 0.05, Fig. 5D). These results
strongly indicated that C. difficile MVs inhibited trophoblast adhesion,
migration and invasion through the PPAR pathway, and that T0070907 or
PPARγ shRNA effectively mitigated this effect in HTR-8/SVneo cells.

PPARγ is upregulated in the placenta of FGR patients
Compared with healthy pregnant women, the protein expression levels of
PPARγ, RXRα and ANGPTL4 were considerably increased in the placenta
of FGR pregnant women, while the expression levels of VTN and FN1 was
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Fig. 1 | C. difficileMVs are involved in the occurrence of FGR. A TEM of isolated
C. difficile MVs. B Size distribution of C. difficile MVs analyzed by NTA. C The
distribution of Cy7-labeled C. difficile MVs in the mouse fetuses and placenta was
examined by fluorescence imaging after oral administration of PBS and Cy7-C.
difficileMVs for 12 h.DRepresentative photograph of the number of fetuses in both
groups. E The number of fetuses in the C. difficile MVs group was significantly
reduced.FRepresentative photograph of the fetuses andplacentas fromboth groups.

Fetal body length (G), fetal weight (H), placental weight (I), and fetal-placental
weight ratio (J) were significantly decreased in the C. difficileMVs group compared
with the control group. K The placentas from each group were collected on E17.5
and stained withHE (scale bar is 1000, 100 and 50 um respectively). LThe labyrinth/
junction zone ratio was significantly higher in the C. difficile MVs group. Data are
represented asmean ± SD including at least three replicates. Datawas analyzed using
t-test. *P < 0.05; **P < 0.01; ***P < 0.001.
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substantially decreased (P < 0.05, Fig. 6A). The relative mRNA expression
level of PPARγ was also significantly increased in the placenta of pregnant
women with FGR, and was negatively correlated with fetal birth weight,
weight percentile, body length, head circumference and placental weight
(P < 0.05, Fig. 6B–G). These data demonstrated that PPARγ may exert
significant contribution in the development of FGR.

Discussion
FGR is a common complication of pregnancy, that seriously affects fetal
health during the perinatal period and adulthood28.Nevertheless, because its
etiology is not fully understood, there is a lack of effective prediction, pre-
vention, and treatment strategies3. Increasing data have suggested that gut
microbes are involved in the regulation of maternal and infant health10. In
this study, we aimed to explore themechanism of FGR from the perspective
of the gut microbiota. The results showed that C. difficile altered the
structure of gut microbiota and was involved in the development of FGR.
Moreover, C. difficile MVs inhibited trophoblast motility by activating
PPAR pathway, consequently inducing FGR. Finally, elevated levels of
PPARγ were also found in the placenta of pregnant women with FGR and
were associated with decreased fetal birth weight.

Currently, more and more studies have shown that the imbalance of
gut microbiota is closely related to FGR29,30. A study reported that the gut
microbiota is disturbed inpregnantwomenwith FGR,where the abundance
of clostridium is elevated13.C. difficile is an important part of theClostridium
and is associated with changes in fetal weight17,31. However, whether C.
difficile is involved in thedevelopmentofFGR isunclear.Our results showed
for the first time that C. difficile altered the structure of the gut microbiota
and participated in the development of FGR.

Bacterial membrane vesicles are an important medium for their
interaction with the host32,33. Recent studies have shown the presence of
bacterial membrane vesicles in the human placenta, which may result in a
low-grade localized inflammation to prime an antigen response in the
placenta34.Meanwhile, studies have shown that bacterialmembrane vesicles
are involved in preeclampsia and FGR by affecting placental function, and
are markers of gestational diseases35–38. C. difficile also produces membrane
vesicles39. A study has shown that C. difficileMVs induce an inflammatory
response in intestinal epithelial cells21. However, the role of C. difficileMVs
in FGR remains unclear. Our study showed for the first time thatC. difficile
MVs induced FGR by inhibiting the motility of trophoblast and damaging
placental structure and function.

Fig. 2 | The effect of C. difficileMVs on the adhesion, migration and invasion of
HTR-8/SVneo cells. A The protein expression levels of β-actin, FN1 and VTNwere
detected by western blotting. B The mRNA expression levels of FN1 and VTN was
detected by qRT-PCR. C Adhesion ability of the HTR-8/SVneo cells treated with C.
difficile MVs 5 μg/ml was detected by adhesion experiment. D Migration ability of

theHTR-8/SVneo cells treated withC. difficileMVs 5 μg/ml for 24 h was detected by
wound-healing assay. E Transwell assay was used to analyze the migration and
invasion capabilities of HTR-8/SVneo cells treated with C. difficileMVs 5 μg/ml for
24 h. Data are represented as mean ± SD including at least three replicates. Data was
analyzed using t-test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 3 | The transcriptome of HTR-8/SVneo cells was altered by C. difficileMVs
treatment. A C. difficile MVs up-regulated 172 genes and down-regulated 182
genes in HTR-8/SVneo cells. B GO analysis showed that the adhesion and
junction function of HTR-8/SVneo cells were affected by difficile MVs treatment.

C KEGG analysis revealed significant enrichment of PPAR signaling pathway in
C. difficileMV-treatedHTR-8/SVneo cells.DHeatmap of differentially expressed
genes associated with PPAR signaling pathway in the C. difficileMVs and control
groups.
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In order to further explore the mechanism of action of C. difficile
MVs in trophoblast cells, we analyzed the target genes regulated by C.
difficile MVs via transcriptome. We found for the first time that C.
difficile MV enhanced the transcriptional activity of PPARγ and acti-
vated the PPAR signaling pathway, thereby inhibiting the trophoblast
motility. At present, the effect of PPARγ on trophoblast migration and
invasion is still controversial21. A study has shown that IL-17 activates
the PPARγ/RXRα signaling pathway, which promotes proliferation,
migration and invasion of trophoblast cells40. However, it has also been
found that overexpression of PPARγ not only inhibits migration, but
also restrains invasion in trophoblast cells41. In addition, PPARγ also
inhibits the migration and invasion of other cells, such as hepatocellular
carcinoma and pulmonary artery smooth muscle cells42,43.

In summary, this study explored the mechanism of C. difficile
and its MVs involved in FGR, providing new insights into the etiology
of FGR. However, this study has some limitations. First, although it
has been confirmed that C. difficile MVs enhance the transcriptional
activity of PPARγ, the molecular mechanism of C. difficile MVs and
its components involved in transcriptional regulation of HTR-8/
SVneo cells remains to be further explored. Second, the study did not

explore the effects of C. difficile MVs on placental transcriptome of
mice and the role of silencing PPARγ in vivo. In addition, sample
collections are challenging in clinical setting, resulting in a small
sample size of human. Finally, the role ofC. difficile in FGR by altering
the gut microbiota remains to be further explored.

Methods
Patients and specimens
A total of 12 healthy pregnant women and 12 pregnant women with FGR
were included in the study (Table 1). All patients delivered at full term.
Placenta samples and fetal clinical indicators were collected after delivery.
All placental tissues were obtained with informed consent, and this study
was approved by the Research Ethics Committee of Nanfang Hospital,
Southern Medical University.

Bacterial culture
C. difficile strain BNCC 340237 from the BeNa Culture Collection
(Guangzhou, CHN) was used in this study. C. difficile BNCC 340237 strain
did not produce tcdA or tcdB. C. difficile was cultured in thiolate liquid
medium at 37 °C in an anaerobic environment with 80% N2, 10% H2, and

Fig. 4 |C. difficileMVs enhanced transcriptional activity of PPARγ and activated
PPAR pathway. A C. difficile MVs treatment up-regulated the protein expression
levels of PPARγ, ANGPTL4 andRXRΑ.BqRT-PCRwas used tomeasure themRNA
expression levels of PPARγ, ANGPTL4 and RXRΑ in the two groups. C The tran-
scriptional activity of PPARγ promoter was measured by dual luciferase reporter

assay in HTR-8/SVneo cells treated with C. difficile MVs 5 μg/ml for 24 h. D The
binding of PPARγ to RXRΑ protein was verified by Co-IP experiment. Data are
represented asmean ± SD including at least three replicates. Datawas analyzed using
t-test. *P < 0.05; **P < 0.01; ***P < 0.001.
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10% CO2 for 24 h. Thiolate liquid medium: casitone 15.0 g, yeast extract
5.0 g, glucose 5.0 g, sodium thiolate 0.5 g, L-cystine 0.5 g, sodium chloride
2.5 g, resazerin 0.001 g, AGAR 0.75 g, distilled water 1.0 L, pH 7.1 ± 0.2.

C. difficileMVs isolation
C. difficileMVswere isolated from the bacterial culturemedium supernatant.
Briefly, bacterial cells were removed by centrifugation at 6000 × g for 20min
at 4 °C. The bacterial supernatantswerefiltered through 0.22 μmsterilefilters
(Millipore, MA, USA). The C. difficileMVs were subsequently collected by
twice ultracentrifugation in an SW 32 Ti rotor (Optima XPN-100; Beckman
Coulter,USA)at 150,000 × g and4 °C for6 h.ThefinalprecipitatedC.difficile
MVs were resuspended in a small amount of PBS, and total protein was
quantified using the Pierce BCA Protein Assay Kit (ThermoFisher Scientific,
Waltham, MA, USA), after which C. difficileMVs were stored at−80 °C20.

Transmission electron microscope (TEM)
The morphology of the C. difficileMVs was observed using a transmission
electron microscope (Hitachi H-7650, Japan). Briefly, the collected C. dif-
ficileMVs were mixed with 4% paraformaldehyde and then adsorbed onto
carbon-coated copper ElectronMicroscopy (EM) grids (Agar Scientific) for
20min. Subsequently, the sampleswere sequentiallywashedwith PBS,fixed
with 1% glutaraldehyde for 2min, washed with deionized water, and con-
trasted with 1.5% uranyl acetate for 4min. Finally, the grids were air-dried
and placed in a dark, dust-free environment until observation. Images were
acquired at 20,000× magnification with a 100 nm scale bar.

Nanoparticle tracking analysis (NTA)
The size distribution of theC. difficileMVswas analyzed using aNanoSight
NS300 instrument (Malvern, UK). The collected C. difficile MVs were
diluted to a concentrationbetween108 and109/mLwithPBSand loaded into
a 1mL syringe. After machine calibration with polystyrene nanospheres, a
syringewas used to inject the sample into the sample cell at a rate of 40 μL/s.
Finally, the diameters of the observed C. difficileMVs were analyzed using
NanoSight Software NTA3.2 Dev Build 3.2.1644.

In vivo imaging
First, Cy7monoNHS ester (Cyanine 7monosuccinimidyl ester, APExBIO)
was used to mark C. difficile MVs. APExBIO was added to the C. difficile
MVs-PBS solution at a concentration of 5 μM and incubated at 37 °C for
30min. Then, PBS was added to wash the mixture. Subsequently, the Cy7-
labeled C. difficile MVs were collected, and excess dye was removed by
ultracentrifugation, as described above. Cy7-labeled C. difficile MVs
(2 × 109) were given to mice by intragastric administration. After 12 h, Cy7
fluorescence in the mice was recorded using a Bruker in vivo fluorescence
imaging system (Bruker FX Pro)45.

Animal experiments
All animal experiments were performed in accordance with the National
Institutes of HealthGuide for the Care andUse of Laboratory Animals, and
the experimental protocolswere approvedby the localAnimalCare andUse
Committee of Southern Medical University.

Fig. 5 | PPARγ is essential for C. difficile MVs to inhibit the motility of
HTR-8/SVneo cells. AThe inhibitory effect ofC. difficileMVs onHTR-8/SVneo cell
adhesion was mitigated by T0070907 and PPARγ shRNA. BDown-regulation of FN
and VTN by C. difficileMVs was eliminated by T0070907 and PPARγ shRNA in

HTR-8/SVneo cells. C, D The inhibition of C. difficileMVs on the migration and
invasion ofHTR-8/SVneo cells was alleviated by T0070907 andPPARγ shRNA.Data
are represented as mean ± SD including at least three replicates. Data was analyzed
using ANOVA with Tukey’s post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 6 | Expression levels of PPARγ, ANGPTL4, RXRα, VTN and FN1 in the
patient’s placenta. A Protein expression levels of PPARγ, ANGPTL4 and RXRα
were elevated in the FGR placenta, and the levels of VTN and FN1 were decreased.
B The mRNA expression level of PPARγ was significantly increased in the placenta
of FGR. Data are represented as mean ± SD including at least three replicates. Data

was analyzed using t-test. *P < 0.05; **P < 0.01; ***P < 0.001. C–G Correlations
between the relative mRNA expression level of PPARγ and patient clinical para-
meters. Spearman’s correlation test was used for statistical analysis.HThe schematic
diagram of C. difficile and its MVs involvement in FGR.
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C57BL/6J mice (6 weeks old) were purchased from the Experimental
Animal Centre of Southern Medical University. Mice were maintained
under pathogen-free conditions and on a 12 h light/12 h dark cycle in a
temperature- and humidity-controlled room. Female mice were adminis-
tered C. difficile 200 μL (1 × 108 CFU/mL) or an equal volume of PBS by
intragastric administration every 2 days for 2 weeks. Thereafter, the female
mice were housed overnight in a 2:1 ratio with the male mice. The date of
gestation was determined by observing the copulation plug and marked as
E0.5. ThePBS treatedmicewere divided intoDEXgroup and control group.
Mice treated with C. difficile were divided into C. difficile group and C.
difficile+DEX group. There were 6 mice in each group. DEX was used to
establish the mouse FGR model. Pregnant mice in DEX and C. difficile+
DEX groups were intraperitoneally injected with DEX (1mg/kg/day, Sell-
eck, S1322) for 4 days starting at E14.5. Pregnant mice in the C. difficile and
C. difficile+DEX groups continued to be given C. difficile 200 μL (1 × 108

CFU/mL) intragastric administration every 2 days until days E17.5. Mouse
feces was collected on days 1 and 14 after intragastric administration of C.
difficile for 16S rRNA gene sequencing analysis. Fetal body weight and
length were measured on postnatal day 1.

Another batch of mice was administered exogenously with C. difficile
MVs (50 μg in 200 μL PBS) or the same volume of PBS by intragastric
administration every 2 days until E17.5. At day E17.5, pregnant mice were
anesthetizedwith pentobarbital (1.5% [w/v]) (60mg/kg). Themouse uterus
was then removed. The fetus and placenta were dissected and weighed.
Mouse tissues were either snap frozen and stored at−80 °C or immediately
fixed with 4% paraformaldehyde and embedded in paraffin according to
standard procedures.

16S rRNA gene sequencing
After genomic DNA extraction, the conserved region of rDNA was
amplified using specific primers with barcodes. PCR amplification products
were recovered and quantified using a QuantiFluorTM fluorometer. The
purified amplification products weremixed in equal amounts, connected to
a sequencing adapter, and the sequencing library was constructed and
sequencedonan IlluminaPE250platform.After raw readswere obtainedby
sequencing, the low-quality reads were filtered and assembled. The double-
end reads were spliced into tags, which were filtered, and the resulting data
were called clean tags. Next, clustering was performed based on clean tag to
remove the chimera tag detected during the clustering process, and the final
data obtained was an effective tag. After OTU were obtained, OTU abun-
dance statistics were performed based on the effective tag. Species annota-
tion, α diversity analysis, β diversity analysis, and community function
predictionwere performed according to the analysis process. If there was an
effective grouping, the differences between the groups were compared and
statistical tests were performed.

Cell culture
Ahuman trophoblast cell line (HTR‐8/SVneo cells)was purchased from the
American Type Culture Collection (Manassas, VA, USA) and maintained
in RPMI 1640 medium (Biological Industries, Israel) supplemented with
10% (v/v) fetal bovine serum (Data Inventory Biotechnology, Hong Kong,
China). HTR-8/SVneo cells were derived from chorionic villi explants of
human placenta. Cells were identified by the STR (short tandem repeat)
authentication and were free of mycoplasma infection. HTR‐8/SVneo cells
were grown in ahumidified incubator at 37 °Cwith 5%CO2.HTR‐8/SVneo
cellswere treatedwithC.difficileMVsat 5 μg/ml for 24 h, orT00709071 μM
for 24 h46.

Plasmids and established stable cells
The CDS sequences of the human PPARγ and RXRα genes were subcloned
into pSIN-3 × FLAG and pSIN-GFP lentiviral vector, respectively. The
PPARγ shRNA sequence was inserted into the PLKO vector. The shRNA
targeting sequenceswere listed in Table 2. All lentiviruses were produced on
HEK293T cells. HTR‐8/SVneo cells were infected with lentivirus in the
presence of polybrene, and selected with puromycin to establish stably
transfected cells47.

Hematoxylin and eosin (HE) staining
Placental tissues were fixed in 4% paraformaldehyde, embedded in paraffin
and sectioned. Deparaffinization was performed using xylene, ethanol, and
water. The sections were successively placed in hematoxylin and eosin
staining solutions. Finally, the sections were dehydrated and sealed.

Real-time quantitative PCR
Total RNA was extracted from placental tissues or HTR‐8/SVneo cells,
followed by reverse transcription to synthesize cDNA. The resulting cDNA
was subjected to qRT-PCR. Quantitative Real-Time PCR was performed
using iQ SYBR Green Supermix and an iCycler Real-Time PCR Detection
System (Bio-Rad). The sequences of the primers were shown in Table 3,
which were synthesized by Sangon Biotech (Shanghai, China). The relative

Table 2 | shRNAs used in PLKO vector

Name shRNA sequence

PPARγ shRNA #1 (Forward) CCGGATGGAGTCCACGAGATCATTTCTCGAGAAATGATCTCGTGGACTCCATTTTTTG

(Reverse) AATTCAAAAAATGGAGTCCACGAGATCATTTCTCGAGAAATGATCTCGTGGACTCCAT

PPARγ shRNA #2 (Forward) CCGGGACAACAGACAAATCACCATTCTCGAGAATGGTGATTTGTCTGTTGTC TTTTTG

(Reverse) AATTCAAAAAGACAACAGACAAATCACCATTCTCGAGAATGGTGATTTGTCTGTTGTC

PPARγ shRNA #3 (Forward) CCGGCTGGCCTCCTTGATGAATAAACTCGAGTTTATTCATCAAGGAGGCCAGTTTTTG

(Reverse) AATTCAAAAACTGGCCTCCTTGATGAATAAACTCGAGTTTATTCATCAAGGAGGCCAG

Table 1 | Clinical parameters of patients

Indicators Control
group
(N = 12)

FGR
group
(N = 12)

P

Pregnant
woman

Age (year) 30.7 ± 2.9 30.5 ± 2.9 0.907

BMI (kg/m²) 26.5 ± 3.3 25.7 ± 3.5 0.540

Gestation (week) 38.8 ± 1 38.9 ± 1.1 0.869

Fetus Birth weight (Kg) 3.3 ± 0.4 2.5 ± 0.2 0.000***

Weight
percentile (%)

53.8 ± 26.3 4.4 ± 2.8 0.000***

Body length (cm) 49.4 ± 1.5 47.7 ± 1.2 0.005**

Head
circumference (cm)

34.6 ± 1.7 32 ± 1.2 0.000***

Placenta Largest
diameter (cm)

21.6 ± 2.1 19.5 ± 1.7 0.013*

Smallest
diameter (cm)

20.8 ± 2.7 18.6 ± 1.4 0.018*

Thickness (cm) 2.9 ± 0.3 2.4 ± 0.3 0.002**

Weight (g) 560 ± 84.1 469.6 ± 53.3 0.005**

Data are represented as mean ± SD and analyzed using t-test.
*P < 0.05; **P < 0.01; ***P < 0.001.
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expression of target genes was normalized to the transcription level of 18S
rRNA and calculated using the 2−ΔΔCt method47.

Western blot analysis
CulturedHTR-8/SVneocells orplacental tissuewere collected and lysedwith
RIPA lysis buffer to generate proteins, as described previously. Quantifica-
tion was performed using a Bradford assay kit. Equal amounts of protein
samples were subjected to electrophoresis and transferred to polyvinylidene
difluoride membranes. Membranes were incubated with the following
antibodies: FN1 (1:2000, 15613-1-AP, Proteintech),VTN(1:10000, 66398-1-
Ig, Proteintech), PPARγ (1:1000, 60127-1-Ig, Proteintech), and β-actin
(1:10000, 66009-1-Ig, Proteintech). After incubation with HRP-conjugated
anti-rabbit or anti-mouse secondary antibodies (1:10,000, Proteintech), the
signal was detected using an enhanced chemiluminescence (ECL) kit.

Co-immunoprecipitation (Co-IP)
Cells were lysed using a low-salt IP buffer containing 1 × cocktail
(05056489001, Roche) solution. Supernatants were obtained by high-speed
centrifugation. The supernatant was then added to 20 µL protein A/G-
conjugated beads to wash the sample, quantify the protein, obtain 3 µg
protein, and dilute to 1000 µL. The samples from each group were equally
divided into IgG and input groups. The corresponding antibody (IgG 1 µg
or FLAG 1 µg) was added to the supernatant and incubated overnight. The
supernatants were then added to protein A/G-conjugated beads and incu-
bated for 2 h. Finally, the beads were collected, washed, and analyzed by
western blotting48.

Attachment assay
The 96-well plate was treated by 200 μl/well of 10 μg/ml fibronectin (Sigma,
#F0895) at 4 °C overnight. 200 μl of heat-denatured 1% bovine serum
albumin (BSA)was added to eachwell and incubated at 37 °C for 1 h.Wash
the 96-well plate 3 times with PBS. 10,000 cells were plated in each well and
incubated for 4 h at 37 °C. Thenon-adherent cellswere removedbywashing
with PBS. CCK8 (GLPBIO, GK10001) measures the number of cells49.

Wound-healing assay
The cells were seeded in a 6-well plate and grown to 90% confluence.
Woundswere createdusing200 µl pipette tips to scratcha straight line.After
that, cells were grown using serum-free medium treated with C. difficile
MVs at 5 μg/ml for 24 h, or T0070907 at 1 μM for 24 h. Wound areas were
imaged at 0 and 24 h under amicroscope. Image J software (NIH,USA)was
used to calculate the wound area50.

Transwell assay
The Transwell assay was performed using 12 well plates with 8 µm inserts
(Corning, NY, USA). HTR-8/SVneo cells (5 × 105) in 200 µL of serum-free

medium were seeded into the inserts and treated with C. difficile MVs at
5 μg/ml for 24 h, or T0070907 at 1 μM for 24 h.Medium (600 µL) with 10%
FBS was added to the lower chamber. After being incubated at 37 °C, the
migration cells were fixed with 4% formaldehyde, stained with 0.1% crystal
violet, and then being counted under a microscope.

Flow cytometry for apoptosis analysis
HTR-8/SVneocells (1 × 104 /mL)were seeded in 24-well plates. The cells are
trypsinized and collected after replacing the freshmediumand treatingwith
C. difficileMVs at 5 μg/ml for 24 h. Cell apoptosis assay was performed by
FITC-AnnexinVApoptosisDetectionKit (Biolegend, SanDiego,CA,USA)
according to the manufacturer’s instructions. All cells were acquired by
FACS Calibur fow cytometer (BD Pharmingen, San Diego, CA, USA), and
the results were anglicized with Flowjo software and collecting 5000 events
for each sample50.

RNA sequencing
Total RNA was isolated from HTR-8/SVneo cells and C. difficile MV-
treated HTR-8/SVneo cells using TRIzol reagent and was sent to Novo-
gene for sequencing. mRNA was enriched by removing rRNA using a
conventional kit. Eukaryotic mRNA with polyA tails was enriched using
magnetic beadswith oligo(dT) and disrupted by buffer. Thefirst strand of
cDNA was synthesized in the M-MuLV reverse transcriptase system,
using fragmented mRNA as a template and random oligonucleotides as
primers. Subsequently, theRNAstrandwas degradedbyRNaseH, and the
second strand of cDNAwas synthesized from the dNTPs using the DNA
polymerase I system. The purified double-stranded cDNA was end
repaired, A-tailed, and ligated to a sequencing adapter. With ~200 bp
AMPure XP beads screening cDNA, PCR amplification and AMPure XP
beads were used to purify the PCR products, finally obtaining the library.
Based on the HISAT2 alignment results, we reconstructed the transcripts
using Stringtie and calculated the expression of all genes in each sample
using RSEM. Differential expression analysis was performed using
DESeq2 software, with a P ≤ 0.05 and |Log2Ration| ≥ 0. The differentially
expressed genes were mapped to each term in the GO database (http://
www.geneontology.org/), and the number of differentially expressed
genes in each term was calculated to obtain the number of differentially
expressed genes with GO function. KEGG annotation was performed
using R software’s “phyper” function for enrichment analysis of differ-
entially expressed genes48.

Luciferase reporter gene experiment
HTR-8/SVneo cells were transfected with the negative control plasmid and
PPARγ promoter-luciferase recombinant plasmid. HTR-8/SVneo cells
were treated with C. difficileMVs at 5 μg/ml for 24 h. After 48 h, luciferase
activity was detected using the Dual-Luciferase Reporter Assay System
(11402ES60, Yeasen Biotechnology). Promoter activity was normalized to
Renilla luciferase activity and expressed as fold-change relative to the
control51.

Statistical analysis
Data are presented as the mean ± SD of at least three independent experi-
ments. All statistical analyses were performed using SPSS 24.0 version and
GraphPad Prism 8. Student’s t-test (two cohorts), Permanova or ANOVA
with Tukey’s post hoc tests (>two cohorts) were used to determine differ-
ences among the groups. Correlation analyses were performed based on the
Spearman’s rho statistic. In the Figures, p < 0.05 indicates statistical sig-
nificance (ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001).

Data availability
The data analyzed in this study are available within the article or from the
corresponding author upon request. The raw sequencing datasets have been
deposited into China National GeneBank Sequence Archive (CNSA) of
China National GeneBank DataBase (CNGBdb) with the accession num-
bers CNP0005528 and CNP0005529.

Table 3 | Primers used in qRT-PCR

Gene name Primer sequence

PPARγ (Forward) GGGATCAGCTCCGTGGATCT

(Reverse) TGCACTTTGGTACTCTTGAAGTT

FN1 (Forward) CGGTGGCTGTCAGTCAAAG

(Reverse) AAACCTCGGCTTCCTCCATAA

VTN (Forward) GCCTTCACCGACCTCAAGAAC

(Reverse) CCCCTGACAGTTGATGCGG

RXRα (Forward) ATGGACACCAAACATTTCCTGC

(Reverse) GGGAGCTGATGACCGAGAAAG

ANGPTL4 (Forward) GGCTCAGTGGACTTCAACCG

(Reverse) CCGTGATGCTATGCACCTTCT

18s (Forward) CGGCGACGACCCATTCGAAC

(Reverse) GAATCGAACCCTGATTCCCCGTC
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