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Gut Dysbiosis Promotes Preeclampsia by
Regulating Macrophages and Trophoblasts

Jiajia Jin; Liaomei Gao; Xiuli Zou;” Yun Zhang, Zhijian Zheng, Xinjie Zhang, Jiaxuan Li, Zhenyu Tian, Xiaowei Wang,
Junfei Gu, Cheng Zhang®, Tiejun Wu, Zhe Wang, Qunye Zhan

BACKGROUND: Preeclampsia is one of the leading causes of maternal and perinatal morbidity and is characterized by
hypertension, inflammation, and placental dysfunction. Gut microbiota plays key roles in inflammation and hypertension.
However, its roles and mechanisms in preeclampsia have not been fully elucidated.

METHODS: 16S rRNA gene sequencing and targeted metabolomics were conducted on stool samples from 92 preeclamptic
patients and 86 normal late-pregnant women. Then, fecal microbiota transplantation and in vitro and in vivo functional
experiments were performed to explore the roles and mechanisms of gut microbiota in preeclampsia development.

RESULTS: We revealed the gut microbiota dysbiosis in preeclamptic patients, including significant redgitiqmcjp short-chain fatty
acid-producing bacteria and short-chain fatty acids. The gut microbiota of preeclamptic patientsisighifieantly exacerbated
pathologies and symptoms of preeclamptic rats, whereas the gut microbiota of healthy pregnant women had significant
protective effects. Akkermansia muciniphila, propionate, or butyrate significantly alleviated the symptoms of preeclamptic
rats. Mechanistically, they significantly promoted autophagy and-M2 polarization of macrophages in placental bed, thereby
suppressing inflammation. Propionate-also significantly promoted-trophoblast invasion, thereby improved spiral arterial
remodeling. Additionally, we identified a marker set consisting of Akkermansia, Oscillibacter, and short-chain fatty acids that

could accurately diagnose preeclampsia.

CONCLUSIONS: Our study revealed that gut microbiota dysbiosis is an important etiology of preeclampsia. Gut microbiota and
their active metabolites have great potential for the treatment and diagnosis of preeclampsia. Our findings enrich the gut—
placenta axis theory and contribute to the development of microecological products for preeclampsia.

GRAPHIC ABSTRACT: A graphic abstract is‘available for this article.

Key Words: dysbiosis ® gut microbiota ® hypertension ® placenta ® preeclampsia

of the leading causes of maternal and perinatal mor-

bidity." New-onset hypertension is the main charac-
teristics of preeclampsia. Women with preeclampsia have
a significantly increased risk of future cardiovascular
disease and acute events.? Moreover, preeclampsia can
affect the neurodevelopment of infants after birth.3 How-
ever, there is still no effective treatment for preeclampsia
other than terminating the pregnancy.

As a pregnancy-specific disease, preeclampsia is one

It is thought that inadequate spiral artery remodel-
ing in early pregnancy causes preeclampsia. Many
inflammatory and vasoactive factors play key roles in
preeclampsia development* However, innate immune
abnormalities in the uteroplacental region caused by
macrophages also are suggested to be the main etiol-
ogy of preeclampsia. Nevertheless, the placenta, which
is the source and target of multiple pathological stimuli,
is central to the pathogenesis of preeclampsia, but the
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Gut Dysbiosis Promotes Preeclampsia

Novelty and Significance

What Is Known?

* Preeclampsia is characterized by hypertension, inflam-
mation, and placental dysfunction.

* Gut microbiota and its metabolites play key roles in
inflammation and hypertension.

* Intestinal flora of preeclamptic patients and animals
showed significant dysbiosis.

What New Information Does This Article

Contribute?

* Gut microbiota dysbiosis is present in preeclamptic
patients and dysbiosis of intestinal flora may contribute
to the development of preeclampsia.

* Akkermansia muciniphila regulates macrophage polar-
ization and spiral artery remodeling in the placenta
through metabolite propionate/butyrate and alleviates
the findings in preeclamptic rats.

* A biomarker panel consisting of intestinal bacteria and
short-chain fatty acids may have the potential to dem-
onstrate preeclampsia.

Preeclampsia is one of the leading causes of mater-
nal and perinatal morbidity, in which inflammation and
placental dysfunction play crucial roles. Currently,
effective methods of early screening and treatment for
preeclampsia are still lacking. Numerous studies have

demonstrated that gut microbiota and their metabo-
lites are key regulators in host homeostasis and dis-
eases. Intestinal flora of preeclamptic patients and
animals showed significant dysbiosis. However, the
causal relationship between gut dysbiosis and pre-
eclampsia and its underlying mechanisms have not
been elucidated to date. In the present study, we
revealed the gut dysbiosis in preeclamptic patients,
characterized by significant reductions in short-chain
fatty acid-producing bacteria and short-chain fatty
acids. The gut microbiota of preeclamptic patients
significantly exacerbated pathologies and symptoms
of preeclamptic rats, whereas the gut microbiota of
healthy pregnant women had significant protective
effects. Mechanistically, Akkermansia muciniphila, pro-
pionate, or butyrate significantly alleviated symptoms
of preeclamptic rats by promoting autophagy and M2
polarization of macrophages and spiral arterial remod-
eling in placental bed. Additionally, we also identified
a marker set consisting of Akkermansia, Oscillibacter,
and short-chain fatty acids with potential to adjunc-
tively diagnose preeclampsia. Our findings enrich the
gut—placenta axis theory and contribute to developing
microecological products for adjunctive diagnosis and
treatment of preeclampsia.

Nonstandard Abbreviations and Acronyms
Eng endoglin

Flt-1 fms-like tyrosine kinase receptor-1
GPCR G protein-coupled receptor

IQR interquartile range

MIF macrophage migration inhibitory factor
SCFA short-chain fatty acid

TLR4 toll-like receptor 4

mechanisms of spiral artery dysplasia are incompletely
characterized to date.

The human gut microbiota and their metabolites are
key regulators of host immune system including macro-
phage® Lipopolysaccharide and short chain fatty acids
(SCFAs) produced by intestinal bacteria can regulate
macrophage polarization and inflammation by inhibiting
histone deacetylase.® The gut microbiota and its metab-
olites have also been reported to be closely related to
the placental function. For example, SCFAs contribute
to placental integrity and promote placental vasculariza-
tion.” Intestinal-derived endotoxin induces inflammatory
responses in the maternal placenta.®

2  September 2, 2022

Accumulating evidence suggests that the gut micro-
biota dysbiosis plays critical roles in many diseases, includ-
ing hypertension, the typical symptom of preeclampsia.
The gut microbiota of hypertensive patients and animals
is notably abnormal® Improvement of the gut dysbiosis
can reduce blood pressure (BP).'° Intestinal Lactobacillus
murinus, which is depleted in high-salt-induced hyperten-
sive mice, was shown to inhibit the differentiation of T lym-
phocytes to Th17 cells by producing indole compounds,
thereby reducing inflammation and BP.'" Moreover, Bacte-
roides fragile has been reported to reduce BP by antago-
nizing the production of intestinal-derived corticosterone

Considering these relationships between gut micro-
biota and hypertension, inflammation, and placental func-
tion, speculation that gut microbiota plays important roles
in preeclampsia seems obvious. Some studies showed
that high intake of probiotics containing lactobacilli was
associated with a reduced risk of preeclampsia.’® The
gut microbiota of preeclamptic patients (PEs) was mark-
edly abnormal.'*"'" Recently, 2 studies showed that gut
microbiota dysbiosis and intestinal-derived SCFAs were
involved in preeclampsia.’®'® Another study suggested
that abnormal gut microbiota disrupted the gut barrier
and led to colonization of intestinal bacteria in the uter-
ine cavity, thus causing preeclampsia®® However, the
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presence or absence of bacteria in the placenta is still
hotly debated.”’

In the present study, we demonstrated the gut dysbio-
sis in PEs, which is an important cause of preeclampsia.
Akkermansia muciniphila and propionate/butyrate, whose
abundances notably decreased in PEs, significantly alle-
viated the symptoms of preeclamptic rats by regulating
macrophage polarization and spiral artery remodeling in
the placenta, indicating their great potential for auxiliary
treatment and diagnosis of preeclampsia.

METHODS

An expanded Methods section is available in the Supplemental
Material. The datasets can be downloaded from GSA database
(CRA006784).

RESULTS

Significant Gut Dysbiosis in Preeclamptic
Patients

Herein, the feces of 92 PEs and 86 normal late-preg-
nant women (LPs) were analyzed using 16S rRNA gene
sequencing (Table S1). The average sequencing. depth
was saturated and not significantly different between the 2
groups (Figure STA and S1B). However, the o and.3 diver-
sity and Firmicutes/Bacteroidetes (F/B) ratio_of the gut
microbiota in PEs were significantly changed, suggesting
gut dysbiosis (Figure 1A and 1B; Figure S1€.and.S1D).
At phylum and genus levels, the abundances of many bac-
teria were markedly changed in PEs and plenty of them
were significantly correlated with key clinical indicators of
preeclampsia. For example, the-abundance of Akkerman-
sia, which was obviously reduced in PEs, was significantly
negatively correlated with BP and UP (Figure 1C through
1E; Figure STE). These results implied that these intesti-
nal bacteria might be involved in preeclampsia.

Additionally, we found that the correlations among
harmful or beneficial bacterial genera in the intestine
were mainly positive, while the correlations between
beneficial and harmful bacterial genera were primarily
negative (Figure S1F and S1G). In the gut microbiota
of PEs, the positive correlations among harmful bacte-
ria and the negative correlations between beneficial and
harmful bacteria were markedly increased (Figure S1G).
This suggested that the co-symbiosis of gut microbiota
in PEs was disordered, which might be related to the gut
dysbiosis in PEs.

Significant Reductions in Intestinal SCFA-
Producing Bacteria and SCFAs Correlates With
Symptoms of PEs

SCFA-producing bacteria and SCFAs are known to
play key roles in host homeostasis. We found that the
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abundances of many intestinal SCFA-producing bacte-
ria were significantly reduced in PEs (Figure 2A). More-
over, the levels of 3 key enzymes for SCFA production
in intestinal bacteria were also significantly decreased in
PEs, indicating the decreased ability of intestinal bacte-
ria to produce SCFAs (Figure 2B). Especially, the fecal,
serum, and placental levels of propionic acid and butyric
acid were significantly reduced in PEs, and their lev-
els in feces, serum, and placenta significantly positively
correlated with each other (Figure 2C and 2D). These
results suggested that propionic and butyric acid pro-
duced by intestinal bacteria may reach the placenta via
the circulation. Moreover, the placental levels of propionic
and butyric acid, but not other SCFAs were significantly
negatively correlated with BP and UP (Figure 2E; Fig-
ure S2A). Some SCFA-producing bacteria, including A.
muciniphila, whose abundance was significantly reduced
in the feces of PEs, were significantly positively corre-
lated with the levels of propionate and butyrate in the
placenta (Figure 2F). In particular, the significant reduc-
tion of A. muciniphila in the feces of PEs was confirmed
by gPCR (Figure 2G).

Intestinal Bacteria and SCFAs Have Potential
for Preeclampsia Diagnosis

To assess the value of gut microbiota and SCFAs in pre-
eclampsiadiagnosis, a linear discriminant effect size anal-
ysis was performed. Fifteen intestinal bacteria with linear
discriminant analysis scores >3 (<—3) were identified at
the genus level (Figure S2B). Using the 16S rRNA gene
sequencing data of 139 samples as the training dataset,
a prediction model consisting of intestinal bacteria for
preeclampsia diagnosis was established using the ran-
dom forest algorithm (Figure 3A). Then, its accuracy was
verified in another sample set of 20 PEs and 19 LPs. The
results demonstrated that PEs and LPs could be distin-
guished only based on the abundances of Akkermansia
and Oscillibacter with 89.7% accuracy (Figure 3B). The
diagnostic efficacy of the marker set comprising intesti-
nal bacteria and/or serum propionic acid and butyric acid
was comparable to those of the main clinical indicators
(SBPR, DBP, and UP). Moreover, the diagnostic efficacy
of this marker set was obviously increased by integrating
BP and UP, which increased the accuracy to 98.98%
(Figure 3C). These results implied that intestinal bacte-
ria and circulating SCFAs have potential as diagnostic
markers for preeclampsia.

Intestinal Barrier Damage and Inflammation
Significantly Enhanced in PEs

SCFA-producing bacteria and SCFAs are key regula-
tors of host inflammation and intestinal barrier. Using

flow cytometry, we found that compared with LPs, the
percentages of Treg and Th17 cells in the peripheral
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Figure 1. Gut dysbiosis in preeclamptic patients.

A, Comparison of a diversity of the gut microbiota in healthy late-pregnant women (LPs) and preeclamptic patients (PEs). B, Plot of principal
coordinates analysis (PCoA) based on the Bray—Curtis distance matrix of the 16S rRNA gene sequencing data. C, Comparison of the relative
abundances of gut bacterial phyla in the PEs and LPs groups. D, Heatmap of the relative abundances of the top 20 significantly differentially
abundant gut bacteria in the PEs group compared with the LPs group at genus level. E, Correlation heatmap between clinical indicators of
preeclampsia and the abundant bacterial genera. For € and D, relative abundance: read number of a certain phylum/genus divided by the total
read number of all bacteria in this sample. Data are presented as median and IQR in A—C. Wilcoxon rank—sum test was used for statistical
analysis in A and B. Wilcoxon rank—sum test (C, D) and Spearman’s correlation test (E) were used for statistical analysis with FDR adjustment
(FDR<0.05). *Adjusted A<0.05; “Adjusted A<0.01; **Adjusted A<0.001. LPs: n=67; PEs, n=72.

blood CD4+ cells of PEs were significantly lower and
markedly higher, respectively (Figure 4A; Figure S2C),
which resulted in a significantly decreased peripheral
Treg/Th17 ratio in PEs (Figure 4B). CCR9 is an impor-
tant intestinal homing marker. Our results showed that
the proportion of CCR9+ Treg cells in peripheral CD4+
T cells or Treg cells of PEs was significantly decreased,
while the proportion of CCRO+ Th17 cells in peripheral
CD4+ T cells or Th17 cells was significantly increased
(Figure 4C and 4D). This implied that the abnormalities
of peripheral Treg and Th17 cells in PEs were closely

4 September 2, 2022

related to the intestine. Moreover, the serum IL-10
level was markedly decreased, while the serum levels
of IL-17 and IL-1B were significantly increased in PEs
(Figure 4E). Additionally, the serum level of lipopolysac-
charide, an essential indicator of intestinal barrier dam-
age, was considerably increased in PEs. However, the
fecal level of 2-Arachidonoylglycerol, a protector of the
intestinal barrier, was significantly decreased in PEs (Fig-
ure 4F). These results indicated intestinal barrier dam-
age in PEs. Furthermore, there were strong correlations
between the above indicators (Figure 4G). Akkermansia

Circulation Research. 2022;131:00-00. DOI: 10.1161/CIRCRESAHA.122.320771
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Figure 2. The levels of short-chain fatty acid (SCFA)-producing bacteria and SCFAs and the correlations among them and

clinical indicators in preeclamptic patients.

A, Comparison of the-relative.abundances of representative SCFA-producing bacteria (read-number-of.a certain bacterial genus divided by

the total read number of all bacteria in this sample) in healthy late-pregnant

women (LPs, n=67) and preeclamptic patients (PEs, n=72). B,

Comparison of the relative levels of the key enzyme genes for producing propionate and butyrate compared to the level of universal 16S rRNA
gene in the intestinal bacteria of LPs (n=24) and PEs (n=24). mmdA: methylmalonyl-CoA decarboxylase; pduP: propionaldehyde dehydrogenase;
butCoA: butyryl-CoA transferase. C, Comparison of the levels of SCFAs in feces (n=15), serum (n=20), and placenta (n=14) of PEs and LPs. D,
Correlation heatmap of propionic and butyric acid levels in feces, serum, and placenta. E, The scatter plots showing the relationships between

the placental levels of propionic and butyric acid and key clinical indicators of preeclampsia. r: Spearman correlation coefficient; adj p: Holm
adjusted P. F, Correlation heatmap between the placental levels of SCFAs and 20 significantly differentially abundant bacteria in preeclampsia.
G, Comparison sof the relative abundance of Akkermansia muciniphila compared with the abundance of universal 16S rRNA gene in feces (n=8)
of the LPs and PEs. Data are presented as median and IQR in A—C and G. For statistical analysis, Wilcoxon rank—sum test with FDR adjustment
(<0.05) was used in A and C. Wilcoxon rank—sum test were used in B and G. Spearman correlation test with FDR adjustment (<0.05) was used

in D and F. "Adjusted A<0.05; ""adjusted A<0.01; **adjusted A<0.001.

abundance was also significantly positively correlated
with the levels of fecal 2-Arachidonoylglycerol and serum
IL-10 but negatively correlated with the serum levels of
lipopolysaccharide and IL-17 (Figure 4H).

Some studies have suggested that intestinal barrier
damage causes intestinal bacteria to enter the circula-
tion and colonize extraintestinal tissues, including the
placenta. However, many studies oppose this idea. There-
fore, we detected intestinal bacteria that were reported
to be present in the placenta in most studies by gPCR.
The results showed that the abundances of these bacte-
ria were very low in the placentas of both LPs and PEs
and did not differ significantly compared to those in the
negative controls without template DNA (blank) (Figure
S2D). This result indicated that the reported bacteria in

Circulation Research. 2022;131:00-00. DOI: 10.1161/CIRCRESAHA.122.320771

the placenta are likely to originate from contamination
during the experimental procedure.

Gut Dysbiosis Contributes the Development of
Preeclampsia

To evaluate the causal relationship between gut dysbiosis
and preeclampsia, fecal microbiota transplantation was
performed in the classical preeclamptic rat model (Figure
S3). The results showed that quadruple broad-spectrum
antibiotics effectively eliminated the gut microbiota of
the rats. The gut microbiota from the donors success-
fully colonized recipient rats (Figure S4A through S4C).
The BP of healthy pregnant rats remained relatively con-
stant and normal throughout pregnancy (Figure 5A). The
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Figure 3. The potential of intestinal bacteria for preeclampsia diagnosis.

A The characteristic gut bacteria identified by random forest using the 16S rRNA gene sequencing data of 139 samples of healthy late-pregnant
women (LPs) and preeclamptic patients (PEs). A rectangle indicates 2 gut bacterial genera that accurately distinguish PEs and LPs with 89.7%
accuracy. g: genus. B, Graphic-representation of the accuracy verification of the classifier (Akkermansia and Oscillibacter) in-another test dataset of
PEs (n=20) and LPs (n=19). C, Receiver operating characteristic (ROC) curves for the efficacy of clinical indicators, intestinal bacteria, and serum
SCFAs alone or in combination for preeclampsia diagnosis. AKK: A. muciniphila; Osci: Oscillibacter; Pro: propionate; But: butyrate.

fecal microbiota transplantation results demonstrated
that the gut microbiota of PEs significantly elevated BP
levels (Figure BA; Figure S4D and S4E) but had no sig-
nificant effects on inflammatory factor levels, intestinal
barrier function (except for ZO-1 protein) or spiral artery
remodeling in normal pregnant rats (Figure 5B through
5G). However, in preeclamptic rats, the gut microbiota
of PEs significantly elevated BP and serum IL-17 levels
but significantly decreased serum IL-10 level, indicating
an enhanced inflammatory response (Figure 5A and 5B;
Figure S4D and S4E). Moreover, the gut microbiota of
PEs significantly elevated serum lipopolysaccharide lev-
els but decreased fecal 2-Arachidonoylglycerol levels,
goblet cell numbers per crypt, and tight junction protein
expression in the intestine of preeclamptic rats. These
results indicated significant disruption of intestinal bar-
rier (Figure 5C through 5E). However, the gut microbiota
of LPs significantly alleviated the aforementioned patho-
logical abnormalities including spiral artery dysfunction
in preeclamptic rats (Figure BA through 5G). Addition-
ally, the gut microbiota of PEs significantly reduced fecal

A. muciniphila and the key enzymes for propionate and
butyrate production (pduP and butCoA). Conversely, the
opposite was observed for the gut microbiota of LPs
(Figure S4F and S4G). There are significant correlations
among the levels of fecal A. muciniphila, butCoA, pduP,
intestinal barrier-related indicators, and BP (Figure S4H
and S4l). These results demonstrated that gut dysbiosis
could aggravate intestinal barrier damage and contribute
to preeclampsia development.

A. muciniphila and Propionate/Butyrate
Alleviate the Symptoms of Preeclamptic Rats
by Improving Spiral Artery Remodeling and
Inflammation in the Placenta

Targeted metabolome analysis showed a significant
increase in acetic and propionic acid levels in the cul-
ture supernatants of A. muciniphila, suggesting that A.
muciniphila could directly produce acetic and propionic
acid (Figure SbA). These products can be used as sub-
strates for butyric acid production by other intestinal

6  September 2, 2022 Circulation Research. 2022;131:00-00. DOI: 10.1161/CIRCRESAHA.122.320771
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Figure 4. Increased inflammation and impaired intestinal barrier function and their correlations in preeclamptic patients.

A, Comparison of the percentages of Treg (CD4+CD25+Foxp3+) and Th17 (CD4+IL17+) cells among the peripheral CD4+ T cells of healthy
late-pregnant women (LPs) and preeclamptic patients (PEs). B, Comparison of the peripheral Treg/Th17 cell ratios of the LPs and PEs groups.
C, Comparison of the percentages of CCR9+ Treg cells in CD4+ T cells or in Treg cells in the peripheral blood of the LPs and PEs groups. D,
Comparison of the percentages of CCR9+ Th17 cells in CD4+ T cells or in Th17 cells in the peripheral blood of LPs and PEs groups. For A-D,
n=6. E, Comparison of serum levels of IL-10 (n=14), IL-17 (n=14), and IL-1p (LPs: 20, PEs: 19) in LPs and PEs groups. F, Comparison of the
serum levels of LPS (n=15) and fecal levels of 2-AG (LPs: 22, PEs: 23) in PEs and LPs groups. G, Correlation heatmap between inflammatory
factors and intestinal barrier-related factors. H, The scatter plots showing the relationships between the relative levels of Akkermansia (read
number of Akkermansia genus divided by the total read number of all bacteria in this sample) and 2-AG as well as the serum levels of IL-10, LPS,
and IL-17. r: Spearman correlation coefficient; adj p: Holm adjusted P. Data are presented as median and IOR in A-F. T test (A-D, LPS in F) and
Wilcoxon rank-sum test (E, 2-AG in F) were used for statistical analysis. Spearman’s correlation test was used for statistical analysis with FDR

adjustment in G. "Adjusted A<0.05; **Adjusted A<0.001.

bacteria. Therefore, to reveal the roles and mecha-
nisms of A. muciniphila in preeclampsia, we treated pre-
eclamptic rats with A. muciniphila, sodium propionate,
or sodium butyrate by oral administration (Figure S6A).
The results showed a significant increase in the abun-
dance of fecal A. muciniphila in A. muciniphila-treated
preeclamptic rats (AKKToPErat), suggesting its suc-
cessful colonization (Figure SBbB). A. muciniphila, pro-
pionate, and butyrate significantly increased propionate
and butyrate levels in the feces, serum, and/or pla-
centa (Figure S5C and S5D), and they also significantly
decreased BP and increased the weight and size of the
placenta and embryo in preeclamptic rats (Figure 6A

Circulation Research. 2022;131:00-00. DOI: 10.1161/CIRCRESAHA.122.320771

through 6C). Moreover, A. muciniphila and propionate
significantly upregulated Cytokeratin 7 expression and
downregulated a-SMA expression in the spiral arteries
of preeclamptic rats, indicating significant improvement
in spiral artery remodeling (Figure 6D and 6E). We found
that A. muciniphila and butyrate significantly increased
the expression of claudin-1, occludin, and ZO-1 and
goblet cell numbers in the intestinal epithelium of
preeclamptic rat, while propionate only significantly
upregulated the expression of claudin-1 and occludin.
These results indicated that intestinal barrier damage
in preeclamptic rats was significantly improved after
treatment (Figure 6F and 6G). We also found that A.
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Figure 5. Fecal microbiota transplantation (FMT) in the preeclamptic rats.

A, Dynamic changes and comparison of systolic blood pressure (SBP) and diastolic blood pressure (DBP) of the pregnant rats in different

groups during pregnancy. NC: normal pregnant rats; PErat: preeclamptic rats induced by L-NAME; PEToNCrat (PEToPErat): normal pregnant rats
(preeclamptic rats) transplanted with fecal microbiota of preeclamptic patients; LPToPErat: preeclamptic rats transplanted with fecal microbiota of
healthy late-pregnancy women. n=9. B and C, Comparison of serum levels of IL-17 (n=9) and IL-10 (=9) (B) as well as serum levels of LPS (n=9)
and fecal levels of 2-AG (n=6) (C) in pregnant rats of different groups. D and E, Inmunohistochemistry images of colon tissues of the pregnant rats
in different groups stained with claudin-1, occludin, ZO-1, and Alcian blue/periodic acid—Schiff (AB-PAS) (D) and quantitative comparison of goblet
cell numbers per crypt and expression levels of claudin-1, ZO-1, and occludin (E). n=6. F and G, Immunohistochemistry images of CK7 and a-SMA
protein in the placenta of pregnant rats with different treatments (F) and quantitative comparison of their levels (G). n=8. Data are presented as
mean=SEM (A) and median and ICR (B, C, E, G). Two-way ANOVA with Tukey's post hoc test was used for statistical analysis in A. One-way ANOVA
with Tukey post hoc test was used for statistical analysis in B, C, E, and G. ns: not significant. For A, *adjusted Pvs NC. +: adjusted Pvs PErat.
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Figure 6. Akkermansia muciniphila, propionate, or butyrate significantly alleviate pathological abnormalities in

preeclamptic rats.

A, Dynamic changes and comparison of systolic blood pressure (SBP) and diastolic blood pressure (DBP) of the pregnant rats in different
groups during pregnancy. NC: normal pregnant rats; PErat: preeclamptic rats induced by L-NAME; AKKToPErat: preeclamptic rats transplanted
with A. muciniphila; ProToPErat (ButToPErat): sodium propionate (sodium butyrate)-treated preeclamptic rats. n=12. B and C, Representative
images of embryo and placenta morphology of pregnant rats in each group (B) and comparison of their length and weight (C). n=12. D and E,
Immunohistochemistry images of CK7 and a-SMA protein in the placenta of pregnant rats in each group (D) and comparison of their expression
levels (E). n=6. F and G, Immunohistochemistry images of colon tissues of pregnant rats in each group stained with claudin-1, occludin, ZO-1,

and AB-PAS (F), and comparison of their expression levels and goblet cells numbers per crypt (G). n=6. Data are presented as mean+SEM (A) or
median and IOR (C, E, G). Two-way ANOVA with Tukey post hoc test was used for statistical analysis in A. One-way ANOVA with Tukey post hoc
test was used for statistical analysis in € (placenta weight), E (CK7), and G (claudin-1, occludin). Kruskal-Wallis test with FDR's post hoc test was

used for statistical analysis in € (fetus length, fetus weight, and placenta length), E (a-SMA), and G (ZO-1 and goblet). ns: not significant. For A,

~:adjusted Pvs NC +: adjusted Pvs PErat.

muciniphila, propionate, and butyrate significantly down-
regulated the mRNA and protein expression of placental
inflammatory factors (TIr4, Mif, Tnf, and Mcp1/Ccl?) in
preeclamptic rats (Figure S5E through S5G). Addition-
ally, these 3 treatments significantly reduced the mRNA
and soluble protein levels of antiangiogenic factor Eng
(endoglin) in placenta of preeclamptic rats, and butyr-
ate also had the same effect on Flt-1 (fms-like tyrosine
kinase receptor-1; Figure S6B and S6C). Modulation of
these angiogenesis-related factors may be an impor-
tant mechanism by which A. muciniphila, propionate,
and/or butyrate ameliorate poor spiral artery remodel-
ing in preeclamptic rats.

Circulation Research. 2022;131:00-00. DOI: 10.1161/CIRCRESAHA.122.320771

A. muciniphila and Propionate/Butyrate Reduce
Inflammation by Promoting Autophagy and M2
Polarization of Macrophages in the Placental
Bed

Placental inflammation plays a central role in preeclamp-
sia, and macrophages are the key regulators of inflamma-
tion. We found that in the placental bed of preeclamptic
rats, A. muciniphila, propionate, or butyrate significantly
increased M2 macrophage proportion and decreased
M1 macrophage proportion and P62+ macrophage level,
thereby promoting M2 polarization and autophagy of
macrophages (Figure 7A and 7B; Figure S7A and S7B).
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Figure 7. Akkermansia muciniphila, propionate, and butyrate modulate macrophage polarization and autophagy.

A and B, Comparison of the relative levels of CD206+M2 and iINOS+M1 macrophages (A, n=8) and P62+ macrophages (B, n=6) compared
with macrophage (CD68+) levels in the placental bed of pregnant rats in each group. NC: normal pregnant rats; PErat: preeclamptic rats induced
by L-NAME; AKKToPErat: preeclamptic rats transplanted with A. muciniphila; ProToPErat (ButToPErat) sodium propionate (sodium butyrate)-
treated preeclamptic rats. C, Comparison of the relative expression levels of Nos2, /16, Tnf, Mrc1, and Tgfb1 mRNA compared with Gapdh mRNA
in each group of RAW264.7 cells. n=6. D, Comparison of the relative expression levels of P62 protein compared with GAPDH protein and
LC3-1I/LC3-! ratio in each group of RAW264.7 cells. n=6. E and F, Representative Western blot images of LC3, P62, phosphorylated (p)-mTOR,
mTOR, phosphorylated (p)-AMPK, and AMPK (E) or CD206, Arg1, iNOS, TNF-a, phosphorylated (p)-STAT1, and STAT1 (F) in RAW264.7 cells
with different treatments (left panel) and comparison of their relative levels compared to GAPDH protein (right panel). n=6. (G) Comparison of
ratios of LC3-11/LC3-I, p-AMPK/AMPK; or p-STAT1/STAT1 and the relative expression levels of P62, iINOS, TNF-a, CD206, and Arg1 proteins
compared with GAPDH protein in RAW264.7 cells with different treatments. n=6. Data are presented as median and IQR. One-way ANOVA with
Tukey's post hoc test was used for statistical analysis in B, C (except for Tgfb1), D, E (P62 and p-mTOR/mTOR), F, and G (iNOS, TNF-a, Arg1,
and p-STAT1/STAT1). Kruskal-Wallis test with FDR’s post hoc test was used for statistical analysis in A, C (Tgfb1), E (LC3-11/LC3-I, p-AMPK,
and AMPK), and G (LC3-II/LC3-l, P62, p-AMPK/AMPK, and CD206). ns: not significant. NC: negative control; LPS: LPS treatment (100 ng/
ml); L+Pro: LPS and sodium propionate (600 pmol/L) treatment; L+But: LPS and sodium butyrate (600 pmol/L) treatment. L+Pro+SiNC
(L+Pro+SIAMPK/SiGPR43/SiGPR109A): LPS, sodium propionate, and negative control of siRNA (SIRNA of AMPK, GPR43, or GPR109A)
treatment. L+Pro+vector (STAT1): LPS, sodium propionate, and STAT1 empty (expression) vector treatment.

Considering that A. muciniphila can produce propionic
and butyric acid either directly or indirectly and lipopoly-
saccharide level significantly increased in the placenta of
PEs (Figure S7C), we treated RAW264.7 cells with pro-
pionate, butyrate, and/or lipopolysaccharide. The results
demonstrated that propionate and butyrate significantly
reduced the effects of lipopolysaccharide to promote
M1 polarization and inhibit M2 polarization (Figure 7C;

10 September 2, 2022

Figure S8A and S8B). Moreover, they also noticeably
decreased P62 protein level and elevated LC3-1/LC3-
ratio, suggesting their promoting effects on macrophage
autophagy (Figure 7D; Figure S8C). Additionally, the
culture supernatant of A. muciniphila but not acetic acid
had effects like those of propionate as described above
without significant differences, implying that A. muciniph-
ila might promote autophagy and M2 polarization of

Circulation Research. 2022;131:00-00. DOI: 10.1161/CIRCRESAHA.122.320771
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macrophages through its metabolite propionate (Figure
S8D and S8E).

mTOR can inhibit autophagy and be negatively
regulated by AMPK. We found that in lipopolysaccha-
ride-treated RAW264.7 cells, propionate significantly
decreased p-mTOR/mTOR ratios and increased p-AMPK
levels. Meanwhile, propionate significantly increased
LC3-1I/LC3-I ratios while downregulating P62 expres-
sion, suggesting enhanced autophagy. Moreover, AMPK
siRNA significantly diminished the above effects of pro-
pionate (Figure 7E). Additionally, STAT1 can promote
M1 macrophage polarization. Our results showed that in
lipopolysaccharide-treated RAW264.7 cells, propionate
significantly reduced p-STAT1 levels, accompanied by a
significant downregulation of INOS and TNF-a protein.
However, STAT1 overexpression significantly diminished
the above effects of propionate (Figure 7F). We also
found that GPR43 and GPR109A but not GPR41 were
expressed in RAW264.7 cells (Figure S8F). In lipopoly-
saccharide-treated RAW264.7 cells, GPRT09A siRNA
significantly reduced the effects of propionate in enhanc-
ing autophagy and increasing p-AMPK/AMPK ratios.
Additionally, GPR43 siRNA significantly attenuated the
effects of propionate in inhibiting M1 polarization, pro-
moting M2 polarization and decreasing p-STAT1/STAT 1
ratios. Considering that GPR43, but not GPR109A, is
the receptor for propionate, the above results-implied
that propionate might regulate macrophage-autophagy
through a receptor-independent mechanism-involving
AMPK and GPR109A. Meanwhile, propionate promoted
macrophage M2 polarization through the GPR43-STAT 1
pathway (Figure 7G; Figure S8G and S8H).

Our results also showed that in lipopolysaccharide-
treated RAW264.7 cells, the autophagy inhibitor chloro-
quine significantly reduced the effects of propionate on
macrophage polarization, indicating that autophagy sup-
pression promotes M1 polarization and inhibits M2 polar-
ization of macrophages. However, the autophagy inducer
rapamycin had no significant impact on the effects of
propionate on macrophage polarization (Figure S8 and
S8J). These results implied that autophagy contributed
to M2 polarization of macrophages induced by propio-
nate, but it may function independently of mTOR.

Propionate Reduces Inflammation and
Promotes Trophoblast Invasion by Activating
AKT Pathway

Our results show that propionate is the major metabolite
of A. muciniphila and plays important roles in preeclamp-
sia. Considering that placental trophoblasts are critical
for spiral artery remodeling, we investigated the effect of
propionate on HTR-8/SVneo cells. We found that lipo-
polysaccharide significantly upregulated the mRNA and
protein expression of proinflammatory (TNF-a, MIF [mac-
rophage migration inhibitory factor], and TLR4 [toll-like

Circulation Research. 2022;131:00-00. DOI: 10.1161/CIRCRESAHA.122.320771
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receptor 4]) and antiangiogenic (ENG/SENG) factors.
However, propionate dramatically attenuated the above-
mentioned effects of lipopolysaccharide (Figure S9A
through S9C). Furthermore, propionate counteracted the
inhibitory effect of lipopolysaccharide on HTR-8/SVneo
cell migration and invasion in a concentration-dependent
manner (Figure 8A and 8B). Propionate also significantly
upregulated MMP2 and MMP9 expression, which were
inhibited by lipopolysaccharide and played key roles in
trophoblast invasion (Figure 8C). AKT pathway activa-
tion is important to trophoblast invasion. We found that
propionate significantly increased the p-AKT/AKT ratio
and downregulated the expression of the AKT inhibitory
molecule phosphatase and tensin homolog, thereby miti-
gating the effects of lipopolysaccharide in trophoblasts
(Figure 8D; Figure S9D). Moreover, GPR41 siRNA
diminished the above effects of propionate except for
the downregulation of phosphatase and tensin homo-
log expression in lipopolysaccharide-treated tropho-
blasts (Figure 8E through 8G). Additionally, GPR43 and
GPR109A siRNA had no significant effect on tropho-
blast invasion (Figure S9E). Thes€ results suggested that
propionate activated the AKT signaling.through GPR41
and promoted trophoblast invasion.

DISCUSSION

In“this-study, we revealed the gut dysbiosis in PEs and
demonstrated that it is an important etiology of pre-
eclampsia. We found- that-A..muciniphila-and propionate/
butyrate significantly ameliorated pathologies and symp-
toms in preeclamptic rats by promoting autophagy and
M2 polarization of macrophages in the placenta bed.
Moreover, propionate also significantly promoted tropho-
blast invasion (Figure S10). Intestinal bacteria and their
metabolites have important therapeutic and diagnostic
potential for preeclampsia.

A. muciniphila, a highly abundant intestinal bacte-
rial species, can produce acetic and propionic acid and
provide substrates for butyric acid production by other
SCFA-producing bacteria.?? A. muciniphila promotes host
immune homeostasis and intestinal barrier integrity.?
The abundance of intestinal A. muciniphila is significantly
decreased in many metabolic and inflammatory dis-
eases.?* Numerous studies have shown that A. muciniph-
ilais promising in the treatment of multiple diseases.?®%*
Our study also demonstrated for the first time that A.
muciniphila could effectively alleviate the symptoms and
pathological changes in preeclamptic rats, implying that it
has good potential for preeclampsia treatment.

Many studies have demonstrated that SCFAs exert anti-
hypertensive and cardioprotective effects in hypertensive
mice through multiple mechanisms, including reducing
inflammation and improving intestinal barrier function,?-%"
which is partly dependent on GPCRs (G protein-coupled
receptors).?® The intestinal SCFA-producing bacteria and
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Figure 8. Effects of propionate on migration and invasion of trophoblasts.
A and B, Representative images of migration (A) and invasion (B) of HTR-8/SVneo cells with different treatments (left) and comparison of their
levels (right. n=b. C, Representative Western blot images of MMP2 and MMP9 in each group of HTR-8/SVneo cells (left) and comparison of their
relative levels compared with GAPDH protein (right). n~=6. D, Representative Western blot images of phosphorylated (p)-AKT and AKT in each
group of HTR-8/SVneo cells (left) and comparison of p-AKT/AKT ratio (right). n=6. E and F, Representative Western blot images of GPR41,
p-AKT, AKT, and PTEN (E) in each group of HTR-8/SVneo cells and comparison of the ratio of p-AKT/AKT and the relative levels of GPR41

and PTEN compared with GAPDH protein (F). n=6. G, Representative images of migration and invasion of HTR-8/SVneo cells with different
treatments (left) and comparisons of their levels (right). n=5. Data are presented as median and IOR in A-D, F, and G. One-way ANOVA with
Tukey's post hoc test was used for statistical analysis in € and F. Kruskal-Walllis test with FDR’s post hoc test was used for statistical analysis

in A, B, D, and G. ns: not significant. NC: blank control; LPS: LPS treatment (100 ng/ml); L+P100: LPS and sodium propionate (100 umol/L)
treatment; L+P200: LPS and sodium propionate (200 pmol/L) treatment; L4+P400: LPS and sodium propionate (400 pymol/L) treatment;
L+P600: LPS and sodium propionate (600 umol/L) treatment; L+P600+SiNC (L+P600+SiGPR41): LPS, sodium propionate (600 pmol/L), and

negative control of siRNA (GPR41 SIRNA) treatment.

SCFAs are also reported to be associated with placental
function and fetal development”® A recent study found
that butyrate regulated inflammatory and angiogenic
factors in the placenta by modulating gut microbiota,
thereby reducing the BP of preeclamptic rats.'® However,
butyrate was also reported not to modulate gut micro-
biota.2® Our study suggests that both butyrate and pro-
pionate exerted anti-inflammatory effects by promoting

12 September 2, 2022

M2 polarization and/or autophagy of macrophage in the
placenta bed. Additionally, propionate significantly inhibits
the expression of antiangiogenic and inflammatory fac-
tors in trophoblasts and promotes trophoblast invasion.
Moreover, our results demonstrated that GPR41 siRNA
did not have a significant effect on phosphatase and ten-
sin homolog expression inhibited by propionate, suggest-
ing that propionate may regulate phosphatase and tensin
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homolog expression through other receptor or nonrecep-
tor mechanisms. Obviously, the roles and mechanisms of
SCFAs in placental development and function are diverse
and require further in-depth studies.

Studies have indicated that SCFAs modulate various
cytokines expression in macrophages through GPCRs
and have anti-inflammatory effects®' Butyrate can pro-
mote M2 polarization while inhibiting lipopolysaccharide-
induced M1 polarization.®2** Our study showed that in
addition to promoting M2 polarization, SCFAs enhance
macrophage autophagy, thereby inhibiting macrophage
inflammation. Nevertheless, due to the complexity of
macrophage types and functions, more comprehensive
studies on the regulation of macrophages in the placenta
by SCFAs and their mechanisms are still needed.

Liu et al reported significant abnormalities in the gut
microbiota of PEs. The low serum levels of acetate and
butyrate were associated with preeclampsia develop-
ment.'#163435 The probiotics and butyrate have also been
found to reduce BP in preeclamptic rats.'®% A recent
study reported that the gut microbiota of PEs significantly
increased BP in nonpregnant mice and gut barrier dam-
age allowed intestinal bacteria to colonize the placenta,
which led to preeclampsia.®® However, the animal model
used in that study had already developed hypertension
before pregnancy, so it did not meet the definition of pre-
eclampsia according to the NICE guidelines. Thus, that
animal experiments demonstrated the influence of gut
microbiota on the BP of pregnant mice with hypertension
but not preeclampsia.

Additionally, there is still intense debate whether gut
bacteria could transfer to placenta through the circula-
tion. Some studies suggest that human placenta has a
distinct microbiota. Bacteria associated with gastroin-
testinal and respiratory infections, or periodontitis have
been reported to be present in the placenta of PEs.®’
However, many studies demonstrated that the reported
bacteria in placenta should originate from the contami-
nants of the experimental or delivery process.?'3® Mar-
cus et al*' analyzed placental tissues from 537 pregnant
women using various methods and found that bacterial
sequences in placental DNA were very low and mainly
originated from contamination of reagents and equip-
ment. Microorganisms different from those in negative
controls were also not detected in the placenta of other
160 pregnant women.®® Most importantly, the sterile
animals obtained by cesarean section strongly support
the view that the placenta is sterile. Our findings also
suggest that the multiple bacteria previously reported to
be present in the placenta are more likely to be derived
from the contamination of experimental reagents.

To date, there is still a lack of effective treatment for
preeclampsia other than pregnancy termination. A high
intake of probiotics was reported to be significantly asso-
ciated with alow risk of preeclampsia.'® We found that oral
administration of A. muciniphila, propionate, or butyrate

Circulation Research. 2022;131:00-00. DOI: 10.1161/CIRCRESAHA.122.320771
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significantly decreased BP and improved placental func-
tion and embryonic development in preeclamptic rats.
Since A. muciniphila and propionate/butyrate normally
exist in human intestine, their safety is assured, allowing
them great potential for preeclampsia treatments. Addi-
tionally, the early screening and diagnosis of preeclamp-
sia is difficult due to the lack of specific indicators.*® In
the present study, we identified a marker set consisting
of SCFAs and intestinal bacteria for preeclampsia diag-
nosis, which deserves more in-depth study.

In conclusion, our study reveals gut dysbiosis of
preeclamptic patients that contribute to preeclampsia
development. We demonstrated the great potential of
A. muciniphila and propionate/butyrate for preeclampsia
treatments and the underlying mechanism. Additionally,
we identified a marker set consisting of intestinal bac-
teria and SCFAs with potential for preeclampsia diag-
nosis. Our findings enrich the gut—placenta axis theory
and contribute to developing microecological products
for the diagnosis and treatment of preeclampsia. Never-
theless, it should be noted that the diagnostic and thera-
peutic potential of Akkermansiarand SCFAs need to be
validated in larger patient cohoﬁ&.‘ Moreover, except for
bacteria, the roles of intestinal fungi and viruses in pre-
eclampsia are also-worth investigating using shotgun
metagenomic sequencing.
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