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Lachnospiraceae-derived butyrate mediates protection
of high fermentable fiber against placental
inflammation in gestational diabetes mellitus
Shuangbo Huang1, Jianzhao Chen1, Zhijuan Cui1, Kaidi Ma1, Deyuan Wu1, Jinxi Luo1, Fuyong Li,
Wenyu Xiong1, Sujuan Rao1, Quanhang Xiang2, Wei Shi3, Tongxing Song4, Jinping Deng1,
Yulong Yin1,5, Chengquan Tan1*

Inflammation-associated insulin resistance is a key trigger of gestational diabetes mellitus (GDM), but the un-
derlying mechanisms and effective interventions remain unclear. Here, we report the association of placental
inflammation (tumor necrosis factor–α) and abnormal maternal glucose metabolism in patients with GDM, and a
high fermentable dietary fiber (HFDF; konjac) could reduce GDM development through gut flora–short-chain
fatty acid–placental inflammation axis in GDM mouse model. Mechanistically, HFDF increases abundances of
Lachnospiraceae and butyrate, reduces placental-derived inflammation by enhancing gut barrier and inhibiting
the transfer of bacterial-derived lipopolysaccharide, and ultimately resists high-fat diet–induced insulin resis-
tance. Lachnospiraceae and butyrate have similar anti-GDM and anti–placental inflammation effects, and they
can ameliorate placental function and pregnancy outcome effects probably by dampening placental immune
dysfunction. These findings demonstrate the involvement of important placental inflammation–related mech-
anisms in the progression of GDM and the great potential of HFDFs to reduce susceptibility to GDM through gut-
flora-placenta axis.
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INTRODUCTION
Gestational diabetes mellitus (GDM), the most common metabolic
disturbance during pregnancy, affects 14% of pregnancies and is as-
sociated with an increased risk of adverse pregnancy outcomes, in-
cluding prematurity, macrosomia, and placental abruption (1).
GDM is characterized by hyperglycemia, hyperinsulinemia,
insulin resistance, and abnormal placental development in the
second and third trimesters (2). In patients with GDM (GDMs), el-
evated serum inflammatory cytokines are reported to be associated
with insulin resistance and can be used to identify its early onset (3).
In general, chronic inflammation is associated with maternal
obesity (4). A recent study of a cohort of GDMs controlled in
body mass index (BMI) suggested that inflammatory factors may
serve as biomarkers of GDM independent of BMI and that other
features such as immune-endocrine interactions may play a
central role in GDM development (3). Notably, the placenta is a
source and target of multiple pathological stimuli in the second
and third trimesters in metabolic diseases (5), and a previous
study attributed insulin resistance during pregnancy to the in-
creased production of placental tumor necrosis factor–α (TNF-α)

(6). However, the role of placental inflammation in GDM
remains unclear.

The human gut flora and its derivatives play a key regulatory role
in the development of metabolic diseases during pregnancy, such as
preeclampsia (3). Several preclinical studies in preeclampsia have
demonstrated that the inflammatory response that triggers maternal
and placental inflammation involved the disruption of gut barrier
and Toll-like receptor (TLR) signaling promoted by bacterial com-
ponents transferred from gut to placenta (7, 8). Moreover, short-
chain fatty acids (SCFAs) produced by gut flora contribute to mac-
rophage differentiation and placental function, which, in turn,
inhibit inflammation and resist pre-eclampsia development in pre-
clinical models (9). Emerging clinical studies have indicated that
GDM is induced through heightened inflammation initiated by mi-
crobial dysbiosis (3). However, the role of gut-placenta axis in GDM
progression is unclear. Recent data in pregnant women indicate that
a decrease in SCFAs may serve as a potential early biomarker of
GDM (3). This suggested that the research focusing on gut flora–
derived SCFAs may provide insight for improving the therapeutic
effect of GDM.

Dietary fiber, especially high fermentable dietary fiber (HFDF),
which can be fermented to produce abundant SCFAs, is promoted
as part of a healthy dietary pattern and diabetes management (10).
Inadequate dietary fiber intake is an important cause of microflora
dysbiosis and GDM (11, 12). In human studies, HFDFs were shown
to improve insulin sensitivity and reduce the risk of diabetes
because of their protective effects on gut homeostasis and chronic
inflammation (13). Our and other previous studies in sows andmice
have demonstrated that konjac flour, a source of HFDF, has benefi-
cial effects on glucose metabolism and anti-inflammation during
pregnancy (14–16). However, it remains unknown whether HFDF
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can resist high-fat diet (HFD)–induced maternal insulin resistance,
inflammation, and poor pregnancy outcomes via gut-placenta axis.

Therefore, this work aimed to investigate the mechanistic link
between GDM and placental inflammation and explore how
HFDF improves maternal insulin resistance during pregnancy.
Here, we report that abnormal glucose metabolism in GDMs is as-
sociated with placental inflammation. Konjac flour (hereafter re-
ferred to as HFDF) could reduce GDM development through gut
flora–SCFA–placental inflammation axis in GDM mouse model.
Mechanistically, the HFDF increases the abundances of Lachnospir-
aceae and butyrate, enables the reduction of placental-derived in-
flammation by enhancing gut barrier, inhibits the transfer of
bacterial components [lipopolysaccharide (LPS)], and ultimately
resists HFD-induced insulin resistance. Moreover, butyrate abun-
dances in placentae of patients and mice with GDM are negatively
correlated with placental TNF-α. We found that Lachnospiraceae
and butyrate have similar anti-GDM and anti–placental inflamma-
tion effects, which are associated with dampened macrophage infil-
tration andM1macrophage polarization and increased regulatory T
(Treg) cells in placenta. All the results indicated that the flora-metab-
olite-placenta axis may underlie the placental inflammation in
GDM and that HFDF intake could be a promising intervention
against GDM.

RESULTS
Abnormal glucose metabolism in GDMs is associated with
placental inflammation
Abnormal glucose metabolism during pregnancy has been reported
to be ascribed to the increased production of TNF-α (6). To
examine the association between placental inflammation and ab-
normal glucose metabolism in GDMs, we included 63 eligible
women [21 GDMs and 42 women without GDM (non-GDMs)]
in follow-up study. In this cohort, prepregnancy overweight
GDMs (average BMI, 24.31 kg/m2) had significantly higher TNF-
α levels in the full-term placentae, umbilical vein serum, and
artery vein serum compared to non-GDMs (average BMI, 20.58
kg/m2) (Fig. 1, A to C, and table S1), agreeing with previous obser-
vations (6). Further linear regression analysis revealed that TNF-α
in the full-term placentae, umbilical vein serum, and umbilical
artery serum exhibited a significant positive relationship with
fasting blood glucose (R = 0.6932, 0.5888, and 0.4316, respectively;
P < 0.0001, P < 0.0001, and P = 0.0004, respectively) and hemoglo-
bin A1c (HbA1c; R = 0.4431, 0.3105, and 0.3911, respectively; P =
0.0003, 0.0133, and 0.0015, respectively) (Fig. 1, D to I). Histomor-
phology showed that, compared to non-GDM placentae, GDM pla-
centae had increases in placental inflammatory cell infiltration,
vascular infarction, macrophages numbers (CD68+), C-C motif
chemokine ligand 2 (CCL2) expression [one of the key factors in
macrophage recruitment (17)], and M1 polarization [inducible
nitric oxide synthase (iNOS)+ CD68+; proinflammatory] (Fig. 1, J
to O), all of which suggest a higher inflammatory environment in
GDM placentae. In human studies, because of the challenge to
confirm causation or identify the mechanisms linking GDM and
placental inflammation, we established a GDM mouse model,
where female C57BL/6J mice were fed the HFD during pregestation
(before mating, 4 weeks) and postgestation [embryonic day 0.5
(E0.5) to E18.5, 18.5 days] (fig. S1A). Elevated mRNA levels of pla-
cental inflammatory factor (especially TNF-α) indicate the

increased placental inflammation in GDM mice (fig. S1B).
Notably, there was a characteristic rapid restoration of glucose ho-
meostasis [glucose tolerance tests (GTTs)] and circulating TNF-α in
the mother immediately after placental expulsion (within 3 days of
delivery) (fig. S1, C to E), reflecting that these changes are mediated
by placental factors. In addition, blocking CCL2/CCR2 signaling by
intraperitoneal injection of CCR2 inhibitors during gestation was
found able to alleviate HFD-induced placental inflammation and
GDM phenotype (fig. S1, F to J). These data indicate that abnormal
maternal glucosemetabolism is associated with placental inflamma-
tion in GDMs.

HFDF modulates the phenotypes of GDM, inflammation,
and maternal obesity in E18.5 mice
To evaluate the effects of HFDF on GDMphenotypes, we fed female
mice chow diet (chow group), HFD (GDM group), or HFD with
HFDF (GDM + HFDF group) during pregestation and postgesta-
tion (Fig. 2A). In the primary screening tests, we measured circulat-
ing glucose and HbA1c and found that HFDF treatment could
alleviate hyperglycemia caused by HFD (Fig. 2, B and C). The hy-
poglycemic effect of HFDF was first observed at E12.5 and main-
tained through the rest of gestation (Fig. 2B). Further GTTs
showed that HFDF treatment could prevent impaired maternal
glucose tolerance and hinder GDM development (Fig. 2D). The
primary defect in glucose intolerance was determined by measuring
insulin sensitivity and insulin secretion, twomajor features of GDM
(18). An in vitro glucose–stimulated insulin secretion test was per-
formed using pancreatic islets isolated from mice, and the stimula-
tion index was shown to be similar between GDM + HFDF group
and GDM group (Fig. 2E), implicating a similar insulin secretory
capacity. The in vivo results showed that insulin levels in the
serum were significantly lower in GDM + HFDF mice than in
GDM mice (Fig. 2F), suggesting that compensatory insulin secre-
tion was alleviated in GDM + HFDF mice. Insulin tolerance tests
(ITTs) and homeostasis model assessment of insulin resistance
(HOME-IR) index also showed significant improvement of
insulin tolerance in GDM + HFDF mice relative to GDM mice
(Fig. 2, G and H). Moreover, HFDF was seen to reduce the rate of
embryo resorption and abnormal fetuses (Fig. 2, I and J), which are
typical adverse pregnancy outcomes in GDM (2). Circulating TNF-
α levels are positively correlated with insulin resistance (19). Con-
sistent with GDM-associated insulin resistance, HFD increased cir-
culating TNF-α levels, but they were significantly reduced by HFDF
(Fig. 2K). Serum TNF-α was seen to have a significant positive re-
lationship with HOME-IR in mice (R = 0.9094, P < 0.0001)
(Fig. 2L). These results suggest that HFDF could reduce HFD-
induced maternal inflammation and contribute to alleviate insulin
resistance by improving insulin sensitivity rather than insulin
secretion.

HFDF did not affect food and energy intake in GDM mice but
significantly reduced HFD-induced prepregnancy body weight after
4 weeks of feeding (fig. S2, A and B). However, the effect of HFDF
resistance to maternal weight gain was shown to diminish upon
entry into gestation (fig. S2B), probably due to improvement in
HFD-induced impaired gestational product development, includ-
ing placentae and fetus (fig. S2C). After excluding the interference
of pregnancy products, HFDF still had a suppressive effect on
obesity during pregnancy (fig. S2D). Analysis of organ phenotypes
showed that HFDF could resist HFD-induced obesogenic metabolic
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phenotype, as demonstrated by significant reduction in liver weight
and steatosis and a downtrend in fat weight in GDM + HFDF mice
versus GDM mice (fig. S2, E to I). Collectively, HFDF intervention
can not only suppress the HFD-induced inflammatory phenotype
but can also curb maternal obesity, either or both of which may
explain the suppressive effect of HFDF on GDM.

HFDF alleviates placental dysfunction and inflammation in
E18.5 GDM mice
We attempted to identify the specific tissue(s) associated with
HFDF-induced reduction of inflammation in GDM model, and
the changes in HFDF-induced gestational products and liver phe-
notypes prompted us to investigate their metabolic phenotypes.
Compared with GDM group, GDM + HFDF group showed a

Fig. 1. Relationship between placental inflammation
(TNF-α) and abnormal glucose metabolism in GDM
women. (A to C) TNF-α levels in the placenta and umbilical
veins and arteries. Non-GDMs, n = 42; GDMs, n = 21. (D to F)
Two-tailed Pearson’s correlation coefficient analysis of TNF-α
levels in the placenta, umbilical vein serum, and artery serum
in terms of fasting glucose levels. (G to I) Two-tailed Pear-
son’s correlation coefficient analysis of TNF-α levels in the
placenta, umbilical vein serum, and artery serum in terms of
blood HbA1c levels. (J) Representative hematoxylin and
eosin (H&E)–staining images of midsagittal placental tissue
sections used in histomorphological analysis. Placental infl-
ammatory cell infiltration (&) and vascular infarction (#). See
table S1 for quantification of H&E staining. Non-GDMs, n =
42; GDMs, n = 21. Scale bar, 100 μm. (K and M) Immuno-
histochemistry and quantification of CCL2 in placenta. Non-
GDMs, n = 42; GDMs, n = 21. Scale bar, 200 μm. IOD, inte-
grated optical density. (L, N, and O) Localization of macro-
phage (CD68+; red), M1 macrophage (iNOS+/CD68+; green/
red; yellow arrow), and M2 macrophage (CD206+/CD68+;
pink/red; it was not quantified because it was almost non-
existent) in placenta by immunofluorescence. Non-GDMs, n
= 12; GDMs, n = 12. Scale bar, 50 μm. DAPI, 40 ,6-diamidino-2-
phenylindole. Data were analyzed by unpaired Student’s t
test (A and M to O) or Mann-Whitney U test (B and C) and
represented the means ± SEM. *P < 0.05, **P < 0.01, and ***P
< 0.001.
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decrease in placental weight while an increase in placental efficiency
(Fig. 3, A and B), suggesting the potential improvement of its func-
tion. Hematoxylin and eosin (H&E) staining also showed signifi-
cant structural changes in GDM + HFDF placentae, with an
increase in the proportion of the placental labyrinth/total zones
and blood sinusoids area relative to GDM group (Fig. 3, C to F).
Moreover, HFDF was seen to up-regulate the expression of platelet
endothelial cell adhesion molecule (CD31) and cytokeratin 7 (CK7)
in placentae (Fig. 3, G and H), which are the markers of placental
angiogenesis and spiral artery remodeling, respectively (20). HFDF
was also found able to reduce HFD-induced impairment of insulin
signaling pathways [insulin receptor substrate (IRS)–protein kinase
B (Akt)–glucose transporter type 4 (GLUT4)] in the placenta and
maternal liver (Fig. 3, I and J, and fig. S3, A and B).

In addition, the inflammatory responses in the placenta and liver
were also analyzed. HFDF could inhibit the activation of TLR4/
nuclear factor κB (NF-κB) signaling pathway in the placenta and
liver in GDM model (Fig. 3, K and L, and fig. S3, C and D).
HFDF could also reduce TNF-α levels in the placenta and liver of
E18.5 mice (Fig. 3M and fig. S3E). Notably, hepatic inflammatory
cell infiltration did not appear to differ between groups (fig. S3F).
Immunofluorescence analysis confirmed that the alleviation of pla-
cental inflammation by HFDF in E18.5 GDM mice was associated
with immune homeostasis, as evidenced by the reduction of CCL2
expression, macrophage infiltration [mouse epidermal growth
factor–like module-containing mucin-like hormone receptor–like
1 (F4/80+)] and M1 polarization (iNOS+ F4/80+; proinflammatory)
in placenta (Fig. 3, N, O, and Q to S). Macrophage differentiation

Fig. 2. Effects of HFDF on HFD-induced maternal insulin resistance, inflammation, and poor pregnancy outcomes. (A) Schematic of the maternal diet regimen.
C57BL/6 female micewere fed chow diet (chow group), HFD (GDM group), or HFD supplemented with HFDF (GDM+ HFDF group) during pregestation (before mating, 28
days) and postgestation (E0.5 to E18.5, 18 days) (n = 10 mice per group). (B) Blood glucose 2 hours after feeding at different treatment stages (n = 6 mice per group). (C)
SerumHbA1c level at E18.5 (n = 6mice per group). (D) GTT and area under the curve (AUC) at E16.5 (n = 6mice per group). (E) The stimulation index of insulin release from
isolated pancreatic islets of mice at E18.5 (n = 6mice per group). (F) Serum insulin level (n = 6mice per group). (G) ITT and AUC (n = 6 mice per group). (H) HOME-IR index
(n = 6 mice per group). HOME-IR = [fasting insulin (mIU/liter) × fasting glucose (mM) / 22. 5]. (I and J) Rates of embryo resorption and abnormal fetuses at E18.5 in each
group (n = 10 litters per group). (K) Serum TNF-α level at E18.5 (n = 6 mice per group). (L) Two-tailed Pearson’s correlation coefficient analysis of serum TNF-α levels and
HOME-IR at E18.5 in mice. Results represent two independent experiments. Data were analyzed by two-way analysis of variance (ANOVA) followed by post hoc Bonferroni
tests (B, D, and G), one-way ANOVA followed by post hoc Tukey’s tests [(C), (E), (F), (H), and (K)], and chi-square test [(I) and (J)] and represented the means ± SEM. * or #P <
0.05, ** or ##P < 0.01, and *** or ###P < 0.001, relative to chow and GDM groups, respectively.
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Fig. 3. Effects of HFDF on HFD-induced placental endothelial dysfunction, inflammation, and insulin resistance. Schematic of the maternal diet regimen and
breeding is shown in Fig. 2A. (A) Placental weight (n = 10 litters per group). (B) Placental efficiency (ratio of fetal weight to placental weight, n = 10 litters per
group). (C to F) Representative H&E images of midsagittal placental tissue sections, with red arrow marking the labyrinth zone/junctional zone and yellow dashed
line marking the typical blood sinusoid. Scale bars, 1 mm (C) and 50 μm (D). (G and H) Immunofluorescence of CD31 (marker of placental angiogenesis; red) and
CK7 (marker of spiral artery remodeling; green) in placenta. Scale bar, 1 mm. (I to L) Immunoblots and quantification of insulin signaling pathway (GLUT4, p-IRS/IRS,
and p-Akt/Akt) and TLR4/NF-κB inflammatory pathway [TLR4, p-p65/p65, and p–inhibitor of NF-κB (IκBα)/IκBα] in placenta. (M) Placental TNF-α level in each group. (N and
Q) Immunohistochemistry and quantification of CCL2 (one of the key factors in macrophage recruitment) in placenta. Scale bar, 500 μm. (O, R, and S) Localization of
macrophage (F4/80+; red), M1 macrophage (iNOS+/F4/80+; green/red; yellow arrow), and M2 macrophage (CD206+ F4/80+; pink/red; it was not quantified because it was
almost nonexistent) in placenta by immunofluorescence. Scale bar, 200 μm. (P and T) Localization of Treg cell (Foxp3+/CD4+; yellow arrow) in placenta by immunofluor-
escence. Scale bar, 200 μm. (C to T) n = 6 placentae from 6 litters per group. Data were analyzed by one-way ANOVA followed by post hoc Tukey’s tests and represented
means ± SEM. * or #P < 0.05, ** or ##P < 0.01, and *** or ###P < 0.001, relative to Chow and GDM group, respectively.
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has been reported to be regulated by Treg cells (21). HFDF could also
prevent depletion of Treg cells [forkhead box P3 (Foxp3)+ CD4+] in
placenta of GDM mice (Fig. 3, P and T). Collectively, HFDF could
reduce placental and hepatic dysfunction at E18.5 in GDM model,
particularly the inflammatory responses associated with macro-
phage infiltration, M1 polarization, and depletion of Treg cells in
placenta.

Suppression of placental inflammation in mice during
E12.5 to E18.5 is necessary for HFDF to fight HFD-
induced GDM
Placenta is the main site of TNF-α production in mid to late gesta-
tion (6). In Fig. 2B, HFDF was shown to resist HFD-induced hyper-
glycemia during E12.5 to E18.5, which is the stage of placental
development and secretion of inflammatory factors, inferring that
the placenta may be the main source of inflammation affecting the
system. We speculate that HFDF may exert anti-GDM effects by re-
ducing placental inflammation at E12.5. HFDF was first found able
to reverse maternal and placental TNF-α levels in GDM model as
early as E12.5 (Fig. 4, A and B). In Fig. 4C, further Pearson’s corre-
lation analysis showed significant correlations of placental TNF-α
with serum HbA1c (R = 0.7893, P < 0.0001), blood glucose (R =
0.6303, P = 0.005), fasting insulin (R = 0.5608, P = 0.0155),
HOME-IR (R = 0.8057, P < 0.0001), and placental efficiency (R =
−0.6452, P = 0.0038) at E12.5. These results suggest that improved
maternal glucose metabolism in GDM + HFDF mice may be asso-
ciated with reduced placental inflammation.

The causal role of placental inflammation in the systemic effects
of HFDF on maternal obesity–related insulin resistance was further
explored through an in vitro and an in vivo experiment. For the in
vitro experiment, we established a placental explant–liver section
model (Fig. 4D), and a higher TNF-α production capacity was
found in GDM placental explants than in GDM + HFDF placental
explants, indicating a higher inflammation level in the former group
at E12.5 (Fig. 4E). Treatment with culture supernatants in placental
explants fromGDMwas shown to eliminate the protective effects of
HFDF on insulin resistance and inflammation in the maternal liver
(Fig. 4, F and G). For the in vivo experiment, a mouse model was
established for the targeted induction of intrauterine inflammation
by intrauterine injection of Escherichia coli (Fig. 4H), a typical
model of uterine/placental inflammation (22). As expected, intra-
uterine injection of inactivated E. coli at E12.5 induced maternal
and placental TNF-α secretion in E18.5 mice (Fig. 4, I and J). Com-
pared with Luria-Bertani (LB)–injectedmice at E18.5, E. coli–inject-
ed mice showed an increase in 2-hour postprandial blood glucose,
ITT, embryo resorption rate, serum, and placental TNF-α levels (fig.
S4, A to E), proving evidence that placental inflammation could
induce GDM phenotype independent of HFD or obesity. The up-
regulation of placental inflammation levels in the second and third
trimesters eliminated the anti-GDM effect of HFDF (Fig. 4, K toM).
Besides, consistent with the in vitro placental explant–liver section
model, the recovery of placental inflammation abolished HFDF-
induced relief of maternal hepatic insulin resistance and inflamma-
tion as indicated by the changes of p-65 and Akt protein activities
(Fig. 4, N and O). We noted that the effects of HFDF on maternal
feed intake, maternal body weight, liver weight, hepatic steatosis,
and fat weight were not altered by the short-term placental inflam-
mation induced by inactivated E. coli injection versus LB injection
(fig. S4, F to N), but the beneficial effects of HFDF on maternal

glucose metabolism and inflammation were eliminated. These
results reinforced the notion that HFDF acts on placental inflamma-
tion to reduce maternal inflammation and insulin resistance and
hinder GDM development, which may be independent of changes
in maternal obesity phenotype.

HFDF improves gut barrier and reduces bacterial-derived
LPS translocation in GDM model
Maternal and placental inflammatory responses are associated with
gut barrier dysfunction (23), so we further investigated whether
HFDF affects intestinal barrier function in GDM mice. HFD was
first found to induce a reduction in colon length in GDM model
(Fig. 5A), which is one of the typical features of colonic inflamma-
tion (24). Further histological analysis revealed that HFDF could
reduce histological damage score, increase the number of goblet
cells and mucus secretion, and decrease fibrosis in GDM model
(Fig. 5, B to H). These results support that HFDF could alleviate
colonic inflammatory effects. Moreover, the serum levels of
diamine oxidase (DAO), LPS, and fluorescein isothiocyanate
(FITC)–dextran flux were shown to increase significantly in GDM
mice but decreased under HFDF treatment (Fig. 5, I to K). Immu-
noblotting or quantitative real-time polymerase chain reaction
(qPCR) results also showed that HFDF treatment could elevate
the levels of barrier-forming tight junction markers and down-reg-
ulate the expression of inflammatory-related signaling pathways
and inflammatory cytokines in the colon (Fig. 5, L to P). These
results suggested an overall protective effect of HFDF against
HFD-induced gut barrier damage in GDM model.

Increased gut permeability can lead to the translocation of bac-
terial components (such as LPS) or gut bacteria into extraintestinal
tissues (including placenta) and the subsequent inflammation (25).
Intrauterine injection of inactivated E. coli was shown to abolish the
protective effect of HFDF on maternal inflammation and GDM
(Fig. 4, H to O). Moreover, the GDM and GDM + HFDF placentae
showed marked changes in the expression of TLR4 (Fig. 3K), which
could act as a receptor for LPS in the outer membrane of Gram-neg-
ative bacterial cells (8). On the one hand, we measured the LPS con-
centration in human placentae, the LPS concentration was
significantly higher in the placentae of GDMs than non-GDMs,
and placental LPS showed a significant positive correlation with pla-
cental TNF-α (R = 0.6136, P < 0.0001) (Fig. 5, Q and R). In GDM
mice, HFDF treatment significantly reduced placental LPS concen-
tration, which was significant positively correlated with placental
TNF-α (R = 0.9011, P < 0.0001) (Fig. 5, S and T). On the other
hand, placental bacterial translocation may play an important role
in metabolic disorder of pregnancy (7). In fig. S5A, placentae from
each group are separated in a sterile environment, followed by qPCR
analysis of bacteria in mouse placentae to evaluate the bacterial 16S
rRNA gene, and the levels of total bacterial load were significantly
increased in GDM mice while decreased in GDM + HFDF mice.
Fluorescence in situ hybridization (FISH) analysis showed that
the relative fluorescence intensity was increased in the junction
zone of GDM placentae but decreased in that of GDM +HFDF pla-
centae (fig. S5, B and C). Notably, we were still unable to determine
whether placental inflammation in pregnant women is associated
with the colonization of pathogens in the placenta, as high bacterial
loads were present in the placentae of all pregnant women regard-
less of GDM status (fig. S5, D and E). Collectively, HFDF is more
likely to alleviate placental inflammation by reducing gut barrier
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damage and placental bacterial component (LPS) translocation in
GDM model.

HFDF reshapes gut bacteria in GDM model
Gut dysbiosis may induce changes in gut barrier function (2), so the
effect of HFDF on gut flora was investigated by high-throughput se-
quencing of 16S rRNA in fresh feces. The α-diversity (Simpson

index) was not significantly different between the three groups
(Fig. 6A). Notably, we observed a distinct clustering of flora compo-
sition for the three groups using Bray-Curtis–based principal coor-
dinates analysis (PCoA) (Fig. 6B). The variations at phylum and
genus levels indicated that HFDF still has a unique microbial com-
position compared to Chow (Fig. 6C), suggesting that HFDF could
reshape gut bacteria. The microbial function predicted by Tax4fun

Fig. 4. The central role of HFDF in hindering GDMdevelopment by suppressing placental inflammation. (A and B) Serum (n = 6mice per group) and placental (n = 6
placentae from 6 litters per group) TNF-α levels E12.5. Schematic of the maternal diet regimen and breeding is shown in Fig. 2A. (C) Two-tailed Pearson’s correlation
coefficient analysis of placental TNF-α levels and GDM parameters in E12.5 mice. (D) Schematic representation of primary liver sections treated with placental explant
supernatant. Results represent two independent experiments. (E) TNF-α levels in culture supernatants derived from placental explants (n = 6 placenta from 6 litters per
group). (F and G) Immunoblots and quantification of insulin signaling pathway (p-IRS/IRS and p-Akt/Akt) in liver slices (n = 3 liver from 3 mice per group). (H) Schematic
representation for placental inflammation induction. (I and J) Serum and placental TNF-α levels of GDM, or GDM + HFDF mice at 6 days after placental inflammation
induction treatment (at E18.5) (n = 6mice per group). (K) ITT and AUC of GDM or GDM +HFDFmice at E18.5 (n = 6mice per group). (L) Serum HbA1c level of GDM or GDM
+HFDFmice at E18.5 (n = 6mice per group). (M) Rate of embryo resorption in each group (n = 6 litters per group). (N andO) Immunoblots and quantification of p-p65/p65
and p-Akt/Akt in livers of GDM or GDM + HFDF mice at E18.5 (n = 6 placentae from 6 litters per group). Data were analyzed by one-way ANOVA followed by post hoc
Tukey’s tests [(A), (B), and (E)] and two-way ANOVA followed by post hoc Bonferroni tests [(G) to (L) and (O)] or chi-square test (M) and representedmeans ± SEM. #P < 0.05,
** or ##P < 0.01, *** or ###P < 0.001, and ns (not significant), relative to chow and GDM group, respectively.
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revealed that pentose phosphate pathway and starch and sucrose
metabolism [related to SCFA synthesis (26)] were enriched in
GDM + HFDF mice, but LPS biosynthesis protein pathway was en-
riched in GDM mice (Fig. 6D). Moreover, the differential bacterial
taxa were investigated by linear discriminant analysis (LDA) effect
size, and eight core genera were identified (Fig. 6E). Abundance
comparison of predominant genera showed the enrichment of

g_Lachnospiraceae_NK4A136_group, g_Dubosiella, and g_Mono-
globu in GDM + HFDF (Fig. 6F). The volcano plot flagged g_Lach-
nospiraceae_NK4A136_group as the most enriched and
representative bacteria in GDM + HFDF (Fig. 6G). Random
forest algorithm identified g_Lachnospiraceae_NK4A136_group as
the most important bacterial genus enriched in GDM + HFDF
mice, while g_Odoribacter in GDM mice (Fig. 6H). Further

Fig. 5. Effects of HFDF on placental inflammation associ-
ated with impaired gut barrier and placental bacterial
components (LPS) translocation in GDM model. Schematic
of the maternal diet regimen and breeding is shown in Fig. 2A.
At E18.5, serum and intestinal samples were obtained after
execution of mice. (A) Representative colon images and colon
length (n = 10 mice per group). (B, E, and F) Representative
H&E staining images of colon sections, histological score, and
goblet cell (yellow dashed lines) number per colonic crypt (n =
6mice per group). Scale bar, 200 μm. (C and G) Representative
Alcian blue–periodic acid Schiff (AB-PAS) staining images of
colon sections and quantification of mucus secretion (white
arrows) (n = 6 mice per group). Scale bar, 200 μm. (D and H)
Representative Picrosirius red of colon sections and quantifi-
cation (n = 6 mice per group). (I to K) Serum DAO, LPS, and
FITC-dextran flux levels (n = 6 mice per group). FITC-dextran
flux was analyzed in another independent experiment. (L to
O) Immunoblots and quantification of barrier-forming tight
junction markers and TLR4/NF-κB inflammatory pathway in
colon (n = 6 mice per group). (P) 4 Expression levels of cyto-
kines and inflammatory-related factors in placenta (n = 6 mice
per group). (Q) Placental LPS level in women (non-GDMs, n =
42; GDMs, n = 21). (R) Two-tailed Pearson’s correlation
coefficient analysis of placental LPS levels and placental TNF-α
in women. (S) Placental LPS level in mice (n = 6 placentae from
6 litters per group). (T) Two-tailed Pearson’s correlation
coefficient analysis of placental LPS levels and placental TNF-α
in mice. Data were analyzed by one-way ANOVA followed by
post hoc Tukey’s tests (A to P and S) or unpaired Student’s t
test with Welch’s correction (Q) and represented means ±
SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, relative to chow
group or non-GDM. #P < 0.05, ##P < 0.01, and ###P < 0.001,
relative to GDM group.
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Fig. 6. Effects of HFDF on gut bacteria in GDM model. Schematic of the maternal diet regimen and breeding is shown in Fig. 2A. At E12.5, fresh feces of mice were
obtained, followed by 16S rRNA analysis (n = 8 mice per group). (A) Simpson index. (B) PCoA based on Bray-Curtis between Chow, GDM, and GDM + HFDF groups. (C)
Average relative abundances of predominant taxa at phylum and genus level (n = 8 mice per group). (D) Relative abundance of Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways (top 10) in gut predicted by Tax4fun. (E) The most differentially abundant taxa between three groups identified by LDA effect size. Only
LDA threshold of ≥4 taxa are shown. (F) Relative abundances of g_Lachnospiraceae_NK4A136_group, g_Dubosiella, g_Odoribacter, g_Parabacteroides, g_Bifidobacterium,
and g_Helicobacter (n = 8 mice per group). g_Ileibacterium and g_Monoglobu are not shown because they were identified in only about half of the samples. (G) Volcano
plot for the relative abundance distribution of microbial amplicon sequence variants (ASVs). Each symbol represents one bacterial taxon. (H) Identification of key bacterial
genera by the random forest method using the 16S rRNA gene sequencing data of GDM and GDM + HFDF groups. Higher mean decrease Gini values indicate greater
importance of the variable. (I) Pearson’s correlation coefficient analysis between the relative abundance of selected bacterial genera and insulin resistance, litters, TNF-α,
or gut barrier parameters in GDM and GDM + HFDF mice. These parameters are based on the data from Figs. 2 to 5. Data were represented means ± SEM or means with
95% confidence interval (CI). P values were analyzed by one-way ANOVA followed by post hoc Tukey’s tests (A), unpaired Student’s t test (D), or one-way ANOVA followed
by two-stage step-up false discovery rate (FDR) method of Benjamini, Krieger, and Yekutieli (F). * or #P < 0.05, ** or ##P < 0.01, and ###P < 0.001, relative to chow and GDM
group, respectively.
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Pearson’s correlation analysis of these key genera suggests that
g_Lachnospiraceae_NK4A136_group may play a beneficial role in
alleviating insulin resistance, reducing placental inflammation,
and maintaining gut barrier function, whereas g_Odoribacter may
exert a detrimental effect (Fig. 6I). Collectively, HFDF could
reshape gut bacteria and avoid microbial dysbiosis, which may
play an important role in suppressing inflammation-associated
insulin resistance in GDMmodel. We also proposed that g_Lachno-
spiraceae_NK4A136_group is crucial for mediating the anti-GDM
effect of HFDF.

HFDF improves GDM phenotype, bacterial-derived LPS
translocation, and placental inflammation of mice through
flora mediation
We also examined to what extent the restoration of HFD-induced
loss of gut barrier by HFDF requires the presence of a flora. First, we
tried to ablate the flora with antibiotics (Fig. 7A). Oral antibiotic
mixture was shown to reduce the fecal DNA and total bacterial
load in mice to 1/3 and 1/10, respectively (fig. S6, A and B), indicat-
ing that their gut flora was mostly cleared. Notably, antibiotic treat-
ment greatly reduced the ameliorative effect of HFDF on bacterial-
derived LPS translocation and placental inflammation and sup-
pressed the systemic anti-GDM effect (Fig. 7, B to G, and fig. S6,
C to N). The effect of HFDF-induced changes in flora on placental,
gut, and metabolic parameters was further investigated by fecal mi-
crobiota transplantation (FMT) (Fig. 7H), where the flora was trans-
ferred from chow, GDM, or GDM + HFDF donor mice to their
respective conventional recipient mice, followed by examination
of GDM-related traits. Fecal flora transplantation from GDM or
GDM + HFDF donors did not affect α-diversity of HFD-fed recip-
ients but did significantly affect β-diversity on Bray-Curtis (fig. S7,
A to D). The phylum- and genus-level variations suggested a differ-
ent microbial composition among the recipient groups (fig. S7, E
and F). From the donors, 810 amplicon sequence variants (ASVs)
successfully colonized the intestine of recipient mice (fig. S7G).
These results suggested that the fecal flora composition of donors
was successfully reproduced in recipient mice. As expected, FMT
(GDM + HFDF) mice resisted a series of metabolic syndromes of
pregnancy induced by HFD, thus preventing placental LPS translo-
cation and placental inflammation, maintaining gut barrier func-
tion, and improving GDM phenotype, adverse pregnancy
outcomes, and placental function (Fig. 7, I to N, and fig. S8, A to
W). Collectively, these data indicate that HFDF regulates placental
inflammation and GDM phenotype via alteration of placental bac-
terial-derived LPS translocation mediated by flora.

Lachnospiraceae-derived butyrate alleviates gut barrier
impairment and reduces placental inflammation and GDM
phenotype
In Fig. 6 (E to I), g_Lachnospiraceae_NK4A136_group was identi-
fied as a key genus enriched under HFDF treatment, which may
play a beneficial role in alleviating insulin resistance and maintain-
ing gut barrier function. This pattern was recapitulated in FMT re-
cipient mice. LDA, random forest algorithm, and volcano plot
analysis flagged Lachnospiraceae as the most enriched and represen-
tative bacterium in GDM + HFDF mice (fig. S7, H to K). At the
genus level, the abundance variations in g_Lachnospiraceae_N-
K4A136_group showed the same trend between recipient and
donor mice (fig. S7L). These results further suggest that

g_Lachnospiraceae_NK4A136_group could be the key regulator of
gut-placenta axis under HFDF treatment.

Microbial functions in recipient mice were predicted using
Tax4fun, and FMT (GDM + HFDF) recipients showed the enrich-
ment of valine, leucine, and isoleucine degradation and phenylala-
nine metabolism, related to SCFA metabolism (fig. S7M).
Lachnospiraceae and its microbial metabolite butyrate play an ame-
liorating role in colitis, radiation syndromes, and graft-versus-host
disease (27–29). Meanwhile, SCFAs could improve the impaired
placental function and inflammatory response induced by intesti-
nal-derived endotoxin (8). We observed increases in acetate and bu-
tyrate in colon content and placenta of GDM + HFDF or FMT
(GDM + HFDF) mice versus GDM or FMT (GDM) mice (fig. S9,
A and B). These SCFAs and metabolic parameters are correlated
with g_Lachnospiraceae_NK4A136_group (fig. S9C). Notably, data
from pregnant women demonstrated lower butyrate levels in the
umbilical vein serum and placenta of GDMs than those of non-
GDMs (fig. S9, D and E), and butyrate levels in the umbilical vein
serum and placentawere negatively correlated with placental TNF-α
(R = −0.3619 and −0.5706, respectively; P = 0.0036 and 0.0230, re-
spectively; fig. S9, F and G). These results suggest that the bacterial
metabolite butyrate may enter the placenta through circulation and
thus suppress the GDM phenotype associated with placental in-
flammation. Moreover, the roles of Lachnospiraceae and its micro-
bial metabolite in GDM and placental inflammation were
investigated through treatments of live Lachnospiraceae, live Lach-
nospiraceae + β-acid, sodium acetate, or sodium butyrate in GDM
model (Fig. 8A). β-Acid, an ingredient derived from hops, could
reduce bacterial-mediated SCFA production (fig. S10A) (30–32).
Live Lachnospiraceae and butyrate could reverse HFD-induced pla-
cental inflammation (CCL expression, macrophage infiltration, M1
macrophage polarization, and depletion of Treg cell), gut barrier im-
pairment, and GDM phenotype, while β-acid supplementation
could eliminate the beneficial effects of live Lachnospiraceae
(Fig. 8, B to N, and fig. S10, B to M). The effects of heat-inactivated
Lachnospiraceae, which can cause the loss of butyrate production
(33), and culture supernatants of Lachnospiraceae were also verified
(fig. S10N). Heat-inactivated Lachnospiraceae did not have anti-
GDM effects, whereas the culture supernatant of Lachnospiraceae
could reproduce the benefits of live Lachnospiraceae or butyrate
(fig. S10, O to U). These results suggested that Lachnospiraceae-
derived butyrate could alleviate gut barrier impairment and
reduce placental inflammation and GDM phenotype.

Butyrate alleviates gut barrier impairment and placental
inflammation in GDM mice partially through GPR109A
G protein–coupled receptor 109A (GPR109A) is an important me-
diator of butyrate (34), so we hypothesized that GPR109A can
mediate the role of butyrate in regulating gut barrier, placental in-
flammation, and subsequent anti-GDM (fig. S11A). The presence of
a specific inhibitor of GPR109A [mepenzolate bromide (MPN)] was
shown to partially reverse the effects of butyrate on reducing serum
FITC flux, serum LPS, placental LPS levels, and increasing tight
junction protein expression (fig. S11, B to E). Moreover, MPN
could partially abolish the protective effect of butyrate on placental
inflammation associated with placental immune dysfunction (mac-
rophage infiltration andM1macrophage polarization) (fig. S11, F to
M). Notably, MPN could partially abolish the anti-GDM effect of
butyrate as shown by GTT and ITT (fig. S11, N to Q). Therefore,
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Fig. 7. Effects of flora on the ability of HFDF to prevent placental inflammation and suppress insulin resistance during pregnancy. (A) Illustration of antibiotic
(ABX) experiment. Results represent two independent experiments. (B and I) Serum LPS level of ABX experiment and FMT experiment (n = 6 mice per group). (C and J)
Placental LPS level of ABX experiment and FMTexperiment (n = 6 placentae from 6 litters per group). (D andK) Serum TNF-α level of ABX experiment and FMTexperiment
(n = 6 mice per group). (E and L) Placental TNF-α level of ABX experiment and FMT experiment (n = 6 placentae from 6 litters per group). (F andM) GTT of ABX and FMT
experiment (n = 6 mice per group). (G and N) ITT of ABX and FMT experiment (n = 6 mice per group). (H) Illustration of FMT experiment. Data were analyzed by unpaired
Student’s t test with Welch’s correction [(B) to (E)], one-way ANOVA followed by post hoc Tukey’s tests (I to L), or two-way ANOVA followed by post hoc Bonferroni tests
(GTT and ITT) and represented means ± SEM. #P < 0.05, ** or ##P < 0.01, and *** or ###P < 0.001, relative to chow and GDM group, respectively.
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Fig. 8. Effects of Lachnospiraceae and SCFAs on HFD-induced placental inflammation and GDM development. (A) Schematic of medium control [brain-heart in-
fusion (BHI)], transfer experiments with bacteria (Lachnospiraceae), Lachnospiraceae + β-acid (an inhibitor of bacterial SCFA production), acetate, or butyrate. At E18.5,
serum, intestinal, and placental samples were obtained after execution of mice (n = 6 mice per group). (B and C) Serum and placental LPS level (n = 6 mice per group). (D
and E) Serum and placental TNF-α level (n = 6 mice per group). (F) GTT and AUC (n = 6 mice per group). (G) ITT and AUC (n = 6 mice per group). (H and K) Immuno-
histochemistry and quantification of CCL2 (one of the key factors inmacrophage recruitment) in placenta (n = 6 placentae from 6 litters per group). Scale bar, 200 μm. (I, L,
and M) Localization of macrophage (F4/80+; red), M1 macrophage (iNOS+/F4/80+; green/red; yellow arrow), and M2 macrophage (CD206+ F4/80+; pink/red; it was not
quantified because it was almost nonexistent) in placenta by immunofluorescence (n = 6 placentae from 6 litters per group). Scale bar, 50 μm. (J andN) Localization of Treg
cell (Foxp3+/CD4+; yellow arrow) in placenta by immunofluorescence (n = 6 placentae from 6 litters per group). Scale bar, 50 μm. Data were analyzed by one-way ANOVA
followed by post hoc Tukey’s tests (B to E, AUC, and K to N) or two-way ANOVA followed by post hoc Bonferroni tests (GTT and ITT) and representedmeans ± SEM. & and $P
< 0.05, && and $$P < 0.01, and &&& and $$$P < 0.001, with & versus BHI-Recip and $ versus Lachnospiraceae-Recip.
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butyrate can improve gut barrier, placental inflammation, and the
subsequent GDM phenotype at least partially through GPR109A.

DISCUSSION
Although a recent high-profile study reported that inflammation in
a human cohort can serve as an early marker of GDM (3), whether
placental inflammation is mechanistically involved in the progres-
sion of GDM is unclear. This study first focused on circulating and
placental TNF-α changes rather than other inflammatory cytokines
due to the following considerations: (i) In clinical studies, TNF-α–
mediated insulin resistance has been reported as a crucial factor in
GDM (6, 35, 36); (ii) TNF-α is mainly synthesized and secreted by
the placenta during pregnancy; (iii) most of the placental TNF-α
(94%) was released into the maternal circulation during pregnancy
(6); and (iv) our results showed that TNF-α had the highest fold
change in the placentae of GDM mice. Thus, TNF-α was used to
quantify placental inflammation in this study. Here, abnormal
glucose metabolism in GDMs was found to be associated with pla-
cental TNF-α, and this notion was reinforced by the rapid restora-
tion of glucose homeostasis and circulating TNF-α following
placental expulsion at delivery in the mouse model. We found
that HFDF treatment could reduce GDM development through
the gut-placental inflammation axis. Mechanistically, the HFDF
was shown to increase the abundances of Lachnospiraceae and bu-
tyrate, enabling the reduction of placental-derived inflammation by
enhancing gut barrier and inhibiting the transfer of bacterial-
derived LPS, ultimately resisting HFD-induced insulin resistance.
Lachnospiraceae and butyrate were also found to have similar
anti-GDM and anti–placental inflammation effects, which are asso-
ciated with dampened macrophage infiltration andM1macrophage
polarization and increased Treg cells in placenta. In addition, buty-
rate could alleviate gut barrier impairment and placental inflamma-
tion in GDM mice partially through GPR109A. These findings
demonstrate the central role of placenta in the pathophysiological
mechanisms of GDM and the potential of fermentable fibers as a
means of reducing GDM susceptibility via the gut flora–placental
inflammation axis (Fig. 9).

Numerous animal-based studies revealed the multiple effects of
HFD-induced GDM on placenta, such as endothelial disorders,
insulin resistance, or inflammatory responses, among other meta-
bolic phenotypes (37, 38). Although these studies have advanced
our knowledge of placental physiological response to maternal
glucose metabolism, it is still necessary to elucidate the causal rela-
tionship between changes in placental and maternal metabolism for
developing strategies against GDM transmission. Here, we demon-
strated that HFDF could restore HFD-inducedGDMphenotype, in-
cluding changes in maternal mass, circulating glucose metabolic
parameters, and placental and hepatic metabolic phenotypes. Pla-
cental inflammation induced by intrauterine E. coli injection was
shown to sufficiently reverse the beneficial effects of HFDF on
insulin resistance and adverse pregnancy outcomes in the short
term without affecting maternal weight, liver, or fat mass. This sug-
gested that weakening the placental inflammatory response, rather
than obesity, may be the main mechanism by which HFDF affects
maternal insulin resistance. Similar previous studies have shown
that TNF-α, which is mainly secreted by placenta during mid to
late pregnancy, can cause maternal insulin resistance independent
of maternal fat mass (6). This is interesting because it is known that,

in the absence of pregnancy, HFD can lead to the secretion of cyto-
kines from various organs, such as the liver and adipose tissue, and
these factors play important roles in overall maternal metabolism.
We speculate that the widely accepted dogma that increased adipos-
ity equates to increased maternal inflammation and insulin resis-
tance may not be so evident during pregnancy as in nonpregnant
state. Consistent with the data in clinical practice, 74% of GDMs
did not show obesity during pregnancy (39). Collectively, this
study has fortified the view that placental inflammation is a
central target for the response and regulation of maternal insulin
resistance.

In a healthy pregnancy, macrophages are the second largest leu-
kocytes at the maternal-fetal interface and have been shown to play
an important role in remodeling spiral arteries and placental devel-
opment (40). However, macrophages are also the key regulators of
inflammation (8). The deterioration of the placental proinflamma-
tory environment is characterized by placental inflammatory cell in-
filtration and macrophage phenotype changes, with placental
macrophages as the main producers of TNF-α (41). Proinflamma-
tory M1 macrophages secreting TNF-α, interleukin-1β (IL-1β), IL-
12, and IL-18 are more abundant in the placenta, decidua, and sur-
rounding uterine spiral arteries of women with metabolic abnor-
malities than in tissues from healthy pregnancies (40).
Dysregulation of macrophage polarization and secretion of proin-
flammatory factors are responsible for reduced trophoblast cell in-
vasion and inadequate spiral artery remodeling in preeclampsia
(40). In the present study, GDMplacentae had increases in placental
inflammatory cell infiltration, macrophage number, and CCL2 ex-
pression. Blocking CCL2/CCR2 signaling [one of the key factors in
macrophage recruitment (17)] could alleviate HFD-induced placen-
tal inflammation and GDM phenotype in mice. This indicates that
macrophage-associated inflammation also plays an important role
in GDM. Moreover, placentae in GDM + HFDF, Lachnospiraceae,
or butyrate treatments were found to exhibit unpolarized M0 mac-
rophages and reduced macrophage infiltration, whereas GDM pla-
centae exhibited increased macrophage infiltration and
proinflammatory M1 macrophage polarization. This suggests that
modulating macrophage function may be one of the mechanisms
for HFDF and gut flora to reduce placental inflammation.

Maternal glucose metabolism has a potential reciprocal role with
gut inflammation. On the one hand, several clinical and preclinical
studies have demonstrated that microbial-associated inflammation
may contribute to metabolic abnormalities during pregnancy (7, 8,
23). The disruption of intestinal barrier and TLR signaling driven by
the transfer of bacterial components such as LPS from gut to pla-
centa could induce an inflammatory response in the maternal pla-
centa in mouse model (7, 8, 42). Previous studies have reported that
the gut flora from patients with pre-eclampsia, another metabolic
disease of pregnancy, could induce pre-eclampsia in mice by
causing damage to intestinal barrier and inflammation and patho-
genic bacterial translocation from gut to placenta (7, 8). Similarly,
GDMs were reported to have a distinct placental flora profile (43). A
recent study on a human cohort reported that GDM was driven by
inflammation caused by flora in the months before diagnosis (3).
Therefore, we measured the LPS concentration in the placenta in
this study, and the LPS concentration was shown to be higher in
the placenta of GDMs than that of non-GDMs, and placental LPS
showed a positive correlation with placental TNF-α. We also mea-
sured the LPS concentration in the placenta of HFDF-treated mice,
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and HFDF treatment was shown to reduce the LPS concentration in
GDM placenta. These results suggested that the entry of bacterial
component (LPS) into the placenta through circulation may be an
important cause of placental inflammation. With gut flora removed
with antibiotics, the subsequent FMT experiment demonstrated an
indispensable role of gut flora in HFDF remodeling of gut function
and inhibition of placental LPS translocation against HFD-induced
placental inflammation and GDM. On the other hand, there is no
clear evidence that the development of GDM causes colonic inflam-
mation in pregnant women. Host metabolic health and diabetes
status have diet-independent effects on intestinal growth and func-
tion in the UC Davis type 2 diabetes mellitus rat (44). Moreover,
there is an association between type 2 diabetes and increased risk
of multiple gastrointestinal diseases, such as diabetes as an indepen-
dent risk factor for colon and rectal cancer in human, which high-
lights the importance of preventing gastrointestinal diseases in
patients with diabetes (45, 46). Excessive immune response in
GDM has been previously reported to cause chronic low-grade in-
flammation (3, 4), and our data support the role of the placenta as a
source of inflammation in GDM. Therefore, it is interesting to know
whether cytokines secreted by the placenta may, in turn, influence
the immune and inflammatory response in maternal organs such as
the colon.

Maternal dietary intervention in GDM through gut flora is con-
troversial. Despite previous demonstration of marked changes in
the gut flora of pregnant women with GDM (47), the effect of
dietary modulation of gut flora during pregnancy on GDM, partic-
ularly during the intervention window, remains controversial.
Several studies have consistently shown that supplementation of
probiotics or fish oil in early or mid-pregnancy does not prevent
GDM in late pregnancy (47–49). A possible explanation is that
the GDM status may disturb maternal gut flora flexibility and

thus limit the capacity of GDM women to respond to dietary inter-
ventions during gestation (47). A recent systematic review and
meta-analysis of prospective studies suggested that higher dietary
fiber intake starting before pregnancy was associated with a
reduced risk of GDM (50). Therefore, we hypothesize that preges-
tation and postgestation dietary fiber interventions in mouse model
may be more effective in preventing gestational diabetes targeting
gut function and flora. The results provide evidence that pregesta-
tion and postgestation diet is associated with the susceptibility of
mice to GDM, i.e., initiating HFDF supplementation before gesta-
tion prevents abnormal glucose metabolism and inflammatory re-
sponses to GDM through the gut flora–placenta axis. This also
implies that the window period for preventing GDM should start
before pregnancy.

Decrease in SCFAs is one of the early biomarkers of GDM (3).
SCFAs help maintain glucose homeostasis and suppress inflamma-
tory response (3). Our findings suggest that Lachnospiraceae_N-
K4A136_group, a member of the Lachnospiraceae family, may be
a core genus for GDM prevention under HFDF treatment. Lachno-
spiraceae is a highly abundant member of the gut bacteria able to
synthesize SCFAs by fermenting dietary polysaccharides (27–29).
The HFDF used in this study is a hydrogel-like polysaccharide ex-
tracted from the tubers of the konjac plant with highmicrobial avail-
ability and SCFA production (14–16). Data from pregnant women
demonstrated that butyrate levels in the umbilical vein serum and
placenta were lower in GDMs than in non-GDMs, and butyrate
levels in the umbilical vein serum and placenta were negatively cor-
related with placental TNF-α. Moreover, we found that the amelio-
rative effect of Lachnospiraceae on insulin resistance and
inflammation was reduced by β-acid (an inhibitor of bacterial
SCFAs production), suggesting the central role of SCFA in anti-
GDM. Thus, the circulation of the bacterial metabolite butyrate

Fig. 9. GDM is associated with the development of placental hypofunction and inflammation. A HFDF (konjac) could reduce GDM development through gut-SCFA-
placenta axis in the GDMmouse model. Mechanistically, the HFDF could increase the abundances of Lachnospiraceae and butyrate, enabling the reduction of placental-
derived inflammation by enhancing gut barrier and inhibiting the transfer of bacterial components (LPS), ultimately resisting HFD-induced insulin resistance. Lachno-
spiraceae and butyrate have similar anti-GDM and anti–placental inflammation effects, and they can ameliorate placental function and pregnancy outcomes probably by
dampening placental immune dysfunction.
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into the placenta may be another mechanism to alleviate GDM as-
sociated with placental inflammation.

Butyrate exerts metabolic protection in metabolic disease
models during pregnancy through a variety of mechanisms, includ-
ing reducing inflammation and improving gut barrier function. On
the one hand, butyrate exerts metabolic regulation through activa-
tion of GPR109A, the major receptor of butyrate (34). Butyrate
could enhance the gut barrier integrity through GPR109A and
then regulate the expression of the tight junction protein in an
Akt signaling–dependent manner in an enteritis model (51). More-
over, butyrate-GPR109A signaling could induce Treg differentiation
and confers an anti-inflammatory phenotype on macrophages in a
colon cancer model (34). Our data suggest that the effect of butyric
acid in improving the intestinal barrier in GDM mice was partially
reversed after pharmacological inhibition of GPR109A. Inhibition
of GPR109A also partially restored placental immune dysfunction
(increased macrophage infiltration, proinflammatory M1 macro-
phage polarization, and Treg depletion), placental inflammation,
and the GDM cascade in GDMmice. Thus, we proposed that buty-
rate can ameliorate gut barrier, placental inflammation, and subse-
quent GDM phenotype at least partially via GPR109A. On the other
hand, butyrate exerts effects by inhibiting histone deacetylase
(HDAC). Butyrate could promote Treg cell generation by inhibiting
HDAC expression, conferring anti-inflammatory effect in rheuma-
toid arthritis mice (52). In addition, butyrate could constrain neu-
trophil function and ameliorate mucosal inflammation in
inflammatory bowel disease by inhibiting HDAC (53). During preg-
nancy, Treg cells play an important role in maintaining an anti-in-
flammatory decidual environment and macrophage differentiation
and further regulate implantation and placental development. In-
sufficient Treg cell numbers or inadequate functional competence
is implicated in idiopathic infertility and recurrent miscarriage as
well as later-onset pregnancy complications stemming from placen-
tal insufficiency, including preeclampsia and fetal growth restric-
tion (54). In the present study, inhibition of GPR109A did not
affect the promotion of placental Treg cells by butyrate, suggesting
a potential role for butyrate-HDAC in GDM.

Results from the placental inflammation model suggest that
HFDF resistance to HFD-induced obesity may be independent of
maternal food intake and inflammation. The mechanisms of
HFDF resistance to HFD-induced maternal obesity may include,
but are not limited to, the following: (i) The FMT trial replicated
the inhibition of maternal fat deposition by HFDF, suggesting
that microbes may be key to reducing obesity-related traits.
HFDF-derived butyrate may increase energy expenditure and thus
fight maternal obesity. Butyrate acts on components of the energy
balance, i.e., stimulating energy expenditure, thereby reducing
obesity and obesity-associated disorders (55). Mechanistically, a
previous study indeed showed that butyrate could induce peroxi-
some proliferator–activated receptor-γ coactivator-1α activity,
thereby enhancing mitochondrial function in brown adipose
tissue and substantially promoting energy expenditure (56). (ii)
Chronic hepatic sympathetic overactivity mediates hepatic steatosis
(i.e., excessive hepatic triglyceride accumulation) (57). Monocar-
boxylic metabolites, as propionate and ketone bodies, have been re-
ported to inhibit hepatic steatosis by modulating the sympathetic
nervous system via GPR41 (58), so we speculate that HFDF-
derived butyratemay have similar effects inmodulating sympathetic
nerves. (iii) Obesity in mice can be inhibited by homeostasis in

circadian eating rhythms independent of energy intake (59, 60).
Mechanistically, the circadian variation in the mechanical sensitiv-
ity of the gastric vagus nerve in HFD-fedmice could completely dis-
appear and was replaced by changes in food ingestion behavior that
are independent of clock gene expression patterns (61). Our previ-
ous study in sows has shown konjac flour as a highly absorbent,
swelling, and viscous fiber, which can enhance satiation by increas-
ing gastrointestinal fullness (14). Therefore, HFDF may restore the
gastric vagus response to mechanical stimuli through its physical
properties, which, in turn, initiates satiety and restores circadian
eating patterns, thereby possibly inhibiting HFD-induced maternal
obesity. However, these hypotheses need further validation.

There are several limitations to the present study. First, we failed
to assess the dietary fiber intake of the subjects by food frequency
questionnaire or 24-hour diet recalls in the human trial, so it is nec-
essary to obtain quantified fiber (especially HFDF) intake in rela-
tion to GDM and inflammation in future trials. Second, the
quantification of gut barrier function and SCFAs in this study
was done within colonic region—the putative site of konjac flour
fermentation. A recent study demonstrated the limitations of fecal
samples in capturing the diversity of microbial communities in the
colonic region (62). 16S rRNA analysis of feces may not fully char-
acterize the colonic gut flora. While feces are still a valuable and ef-
fective means of characterizing the distal colon microbiota, future
work may need to take gut biogeography into account. Last, any
study on the presence of bacteria in the placenta is likely to be ques-
tioned, but the presence of bacteria in GDM placentae has been pre-
viously reported (43). FISH and qPCR analyses showed that
bacterial load was elevated in GDM placentae but decreased in
GDM + HFDF placentae. Because of a small sample size and
limited sampling conditions, these data should be interpreted
with caution and only show an association of bacteria with
reduced adverse symptoms in GDM model. Notably, we detected
high bacteria loads in the placentae of all pregnant women regard-
less of GDM status, possibly due to contamination from vaginal de-
livery or cesarean section. Further evidence of the presence and
potential colonizers of GDM placental bacterial translocations is re-
quired to be demonstrated using sterile model animals to collect
placental samples in a stricter environment (sterile, isolated, low-
contamination, controlled environment) in further studies. We
intend to gradually address these problems step by step and
provide further insight into the mechanistic links between placental
inflammation and gut flora.

Overall, this study demonstrated that abnormal glucose metab-
olism in patients with GDM is associated with placental inflamma-
tion, and HFDF supplementation can reduce GDM development
through gut flora–placenta axis. We identified that the HFDF
could increase the abundances of Lachnospiraceae and butyrate, en-
abling the reduction of placental-derived inflammation by enhanc-
ing gut barrier and inhibiting the transfer of LPS, ultimately
resisting insulin resistance in an HFD-induced GDM model.
These findings show the involvement of important placental in-
flammation–related mechanisms in the progression of GDM and
the great potential of HFDFs to reduce susceptibility to GDM
through gut flora–placenta axis.
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MATERIALS AND METHODS
Clinical patient data and sample collection
From 2021 to 2023, a total of 24 patients with GDM and 42 non-
GDMs were recruited in Shenzhen, Guangdong, China. This obser-
vational study was approved by the Ethics Committee of Shenzhen
People’s Hospital and followed the Declaration of Helsinki (LL-KY-
2021349). All individuals were informed of the nature of the study,
and their informed consent was obtained. All procedures con-
formed to the relevant laws and institutional guidelines. GDM
was diagnosed at 24 to 28 weeks of pregnancy according to the cri-
teria of the International Diabetes and Pregnancy Study Group (63).
Information about maternal characteristics was obtained from stan-
dardizedmedical records, including age, body weight, first trimester
BMI, medical history, and oral GTT at 24 to 28 weeks of gestation,
systolic blood pressure, diastolic blood pressure, neonatal weight,
and neonatal sex. Moreover, all pregnant women with GDM re-
ceived only lifestyle modification interventions to avoid any devia-
tions from drug therapy. The exclusion criteria of the sampling were
as follows: This study excluded pregnant women with any prenatal
infection, high blood pressure, kidney disease, thyroid dysfunction,
and any other serious medical condition during pregnancy or re-
ceiving medication such as antibiotics and insulin. Initially, 66
women were recruited, but three GDMs did not provide placental
samples. Last, 63 women (21 GDMs and 42 non-GDMs) completed
the follow-up.

Peripheral blood (5 ml) was collected in the morning after an
overnight fast (≥8 hours) 24 to 28 weeks of gestation, and the
blood and serum samples were stored in −80°C for glucose and
HbA1c analysis. Moreover, venous and arterial blood samples
were collected from umbilical cords immediately after delivery, fol-
lowed by centrifugation at 4000 rpm for 15min to obtain cord blood
serum samples and storage at −80°C for analysis of relevant indica-
tors. Placental samples were collected using a previously reported
protocol, with minor modification (64). Briefly, after a vaginal
birth or cesarean section, the fresh placentae were washed in a
normal saline solution to remove any blood clots. The samples
were collected from the placental disc by cutting from the maternal
side to the fetal side, and they were divided into two portions. One
portion was fixed in 10% neutral buffered formalin for histological
and immunological analysis, and the other portion was stored at
−80°C for TNF-α analysis. For detailed maternal, neonatal, and pla-
cental characteristics, refer to table S1.

HFD-induced GDM mouse model and HFDF treatment
Animal studies were conducted according to the guidelines of
Guangdong Province on the Review of Welfare and Ethics of Lab-
oratory Animals and approved by the South China Agricultural
University Animal Care and Use Ethics Committee (2022F233).
Seven-week-old C57BL/6J mice were purchased from Bestest,
China and housed in a temperature/humidity-controlled environ-
ment (23° ± 3°C/70 ± 10%) on a 12-hour light/dark cycle with
free access to food and water. All mice were stabilized in the same
feeding management and environment for a week before initiating
any experimental procedures. The same-week-old female mice were
completely randomized to different experimental groups based on
body weight. The number of samples for each animal trial was spec-
ified in the corresponding legend.

GDMmousemodel was established as previously described (65),
and the experimental procedure is shown in Fig. 2A and fig. S1A.

Briefly, 8-week-old female mice were fed standard chow diet (chow,
XTADG001, Xietong Shengwu Co. Ltd., China) or a HFD (60%
energy from fat; XTHF60, Xietong Shengwu Co. Ltd., China)
during pregestation (before mating, 28 days) and postgestation
(E0.5 to E18.5, 18 days). For chow and HFD composition, refer to
table S2. Femalemiceweremated withmalemice overnight at a pro-
portion of 2:1 per cage. Pregnancy was determined by the presence
of vaginal plugs the next morning, which was identified as E0.5. The
GDM mice were defined using the International Association of Di-
abetes and Pregnancy Study Group criteria: a fasting blood glucose
of ≥5.1 mM or a blood glucose of 8.5 mM 2 hours after feeding (66).
This model is widely used to induce several characteristics resem-
bling human GDM, including maternal obesity and imbalance of
glucose metabolism (65).

GDM + HFDF treatment procedure is shown in Fig. 2A. Briefly,
8-week-old female mice received an HFD diet with highly ferment-
able konjac flour (HFDF) as a source of fiber during pregestation
and postgestation. See table S2 for HFD + HFDF diet composition.
The concentration of konjac flour in the diet was determined as re-
ported in our previous studies (14). The HFD and HFD + HFDF
diets consisted of 60% kcal from fat, 20% kcal from carbohydrates,
and 20% kcal from protein. The HFD and HFD + HFDF diets are
isocaloric (5243.21 kcal at water fuel energy/kg) and isofiber level
(6.5% fiber level in diet). Analysis of mouse metabolic phenotypes
was performed at indicated time points. Among them, E6.5, E12.5
to E18.5, and E15.5 to E18.5 are the developmental stages of epi-
blast, placenta, and fetal weight gain, respectively. After fasting for
4 hours from 8 a.m., mice were euthanized by CO2 inhalation on
E12.5 or E18.5 to collect blood and tissues. The placental units
were separated from the decidual tissue (maternal origin). All pla-
cental tissues were obtained from E12.5 (only in Fig. 4, B to D) or
E18.5 mice by cesarean section. The numbers and weight of viable
and resorbed pups were counted and recorded. Placental efficiency
was indicated by the ratio of fetal weight to placental weight. The
weight of the gestational product is the sum of the placenta and
fetal weight. Abnormal fetuses were defined as macrosomia and in-
trauterine growth restriction fetuses. All eligible mice in the same
cohort were included in the measurement of litter performance
during the experiment, unless they died or miscarried.

Pharmacological blockade of the CCL2/CCR2
The pharmacological blockade of CCL2/CCR2 experimental proce-
dure is shown in fig. S1F. Briefly, HFD-fed mice were intraperitone-
ally injected with 2 mg/kg of body weight of RS-504393 (CCR2
antagonist, HY-15418, MedChemExpress) or dimethyl sulfoxide
once daily during gestation. Intraperitoneal GTT was performed
at E18.5. After execution of mice at E18.5, serum and placental
samples were obtained after execution of mice.

GTTs and ITTs
Intraperitoneal GTT and ITT were performed at indicated time
points (E16.5 or E18.5). For GTT, an injection of glucose (2 g/kg
of body weight) was given to overnight (12-hour)–fasted mice, fol-
lowed by measuring blood glucose levels at different time points.
For ITT, 5-hour–fasted mice were intraperitoneally injected with
a single dose of insulin (1 U/kg), followed by measuring blood
glucose levels in tail vein blood by a blood glucose meter (Sinocare).
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Islet isolation and insulin secretion assay
Islet isolation and insulin secretion assay followed a previously re-
ported protocol with minor modification (67). Briefly, E18.5 mice
were killed, and the gallbladder region was exposed. After clamping
at the confluence of the common bile duct and duodenum, the pan-
creas was dilated by perfusing the bile duct with collagenase IV (2
mg/ml), followed by excising the pancreas and shaking at 37°C for
30 min. After washing and centrifugation, pancreatic islets were
hand-picked under a stereomicroscope and then incubated for 6
hours in RPMI 1640 medium with 5 mM glucose for recovery.
Next, the isolated islets were washed and incubated for 1 hour
with Krebs Ringer bicarbonate buffer (KRBB) containing 0.1%
fatty acid–free bovine serum albumin (BSA) supplemented with 5
mM D-glucose. For stimulated secretion, islets were washed again
and incubated in 25 mM D-glucose KRBB for 1 hour, and the stim-
ulation index was calculated as the amount of insulin secreted in 25
mM divided by the amount of insulin secreted in 5 mM. Insulin
secretion was determined using commercially available enzyme-
linked immunosorbent assay kits as instructed by the manufacturer
(MM-0579 M1, MEIMIAN, China).

Inactivated E. coli–induced placental inflammation model
The placental inflammation experiment (Fig. 4H) was performed
on E12.5 as previously described (22). Briefly, female mice received
HFD or HFD +HFDF during pregestation (before mating, 4 weeks)
and postgestation (E0.5 to E18.5, 18 days). E12.5 mice were anesthe-
tized with 0.015 ml/g of body weight of Avertin [2.5% tribromo
ethyl alcohol and 2.5% tert-amyl alcohol in phosphate-buffered
saline (PBS)], followed by making a 2-cm midline incision in the
lower abdomen, then intrauterine injection of a 100-μl solution
containing inactivated E. coli bacteria suspended in LB medium
(see the following text) or LB medium only (control) in the midsec-
tion of the right uterine horn at a site between two adjacent fetuses,
taking care not to inject individual fetal sacs. The abdomen was
closed in two layers, with 4-0 polyglactin sutures at the peritoneum
and wound clips at the skin. Surgical procedures lasted ~15 min.
Then, serum, liver, subcutaneous fat, inguinal fat, and placental
samples were obtained after execution of E18.5 mice.

E. coli bacteria were prepared as previously described (22). A
fresh culture of previously frozen E. coli (number 12014, American
Type Culture Collection, Manassas, VA) was grown overnight
in 4000 ml of LB broth, followed by concentrating the overnight
culture through centrifugation, suspending it in 10 ml of LB
broth, and determining its concentration by plating serial dilutions
in duplicate. The bacteria within the suspension were inactivated by
immersion in a boiling water bath for 30 min and then frozen at
−20°C. Inactivation was verified by lack of overnight growth on
plates and in broth culture. Once the concentration of the frozen
stock was known, it was thawed and diluted to 107 organisms/ml,
followed by aliquoting and freezing the latter suspension at
−80°C, which was thawed and diluted as needed before each
experiment.

Antibiotic treatment
The flora depletion experimental procedure is shown in Fig. 7A.
Briefly, 5-week-old C57BL/6J mice were purchased from Bestest,
China and housed in a temperature/humidity-controlled environ-
ment (23° ± 3°C/70 ± 10%) on a 12-hour light/dark cycle with
free access to food and water. Mice were pretreated for 2 weeks

with the antibiotic mixture, their sterile drinking water supplement-
ed with an antibiotic solution containing streptomycin (1 g/liter;
MB1275, MEILUNBIO, China), ampicillin (1 g/liter; MA0317,
MEILUNBIO, China), and neomycin (1 g/liter; MA0312, MEI-
LUNBIO, China), and then randomly divided into two groups
(HFD or HFD supplemented with 6.5% konjac flour). Confirmation
that each mouse has obtained adequate antibiotics was performed
by measuring water consumption (~5 ml/day) in the early morning
of each day. Drinking water was prepared daily. The dietary treat-
ment lasted from 4 weeks before breeding to E18.5. The depletion of
microbes was confirmed by fecal DNA levels and qPCR using the
universal bacteria-specific primers (table S3). At E18.5, serum, in-
testinal and placental samples were obtained after execution
of mice.

FMT experiment
FMT experimental procedure was performed based on established
protocols (7, 68, 69) as shown in Fig. 7H. Briefly, diet handling and
administration of chow, GDM, and GDM + HFDF donor mice are
shown in Fig. 2A. Donor mice were housed in single cages. Feces
from each of three pregnant donor mice from chow, GDM, and
GDM + HFDF groups were pooled and used as a source of FMT
(chow), FMT (GDM), and FMT (GDM + HFDF) recipient mice,
respectively. Each diet treatment contained nine donor mice and
obtained three sources of fecal transplant material. Donor stool
was diluted with saline containing 0.05% cysteine-hydrochloride,
homogenized for 1 min using a vortex to obtain a liquid slurry,
and then centrifuged at room temperature for 3 min (500g) to
remove particulate matter to facilitate administration. Fresh trans-
plant material was prepared under aseptic conditions within 10 min
before oral gavage to prevent changes in bacterial composition at 10:
00 a.m. each morning.

For recipient mice, 6-week-old mice housed in single cages were
pretreated for 2 weeks with the antibiotic mixture [an antibiotic sol-
ution containing streptomycin (1 g/liter), ampicillin (1 g/liter), and
neomycin (1 g/liter) in their sterile drinking water]. Water con-
sumption (~5 ml/day) was measured in the early morning of each
day to confirm whether each mouth obtained adequate antibiotics,
and drinking water was prepared every 3 days. The depletion of mi-
crobes was confirmed by fecal DNA levels and qPCR. Eight-week-
old mice were then randomly divided into three recipient groups
and orally administered 2 ml of respective donor fecal supernatant
(100 mg/ml) once every 3 days for 46 days [during pregestation
(before mating, 28 days) and postgestation (E0.5 to E18.5, 18
days)]. FMT(chow) mice were fed chow diet, and FMT (GDM)
and FMT (GDM + HFDF) mice were fed HFD throughout the ex-
perimental period. At E18.5, fresh feces, serum, subcutaneous fat,
inguinal fat, intestinal, and placental samples were obtained after
execution of recipient mice. The colonization of gut flora from
the donors in recipient mice was verified using 16S rRNA gene
sequencing.

In vivo permeability assay
Intestinal permeability was assessed with an in vivo FITC-dextran
(#46944-4 kDa; Sigma-Aldrich) permeability assay, as described
previously (70). Briefly, E18.5 mice fasted for 4 hours were
gavaged with 0.6 mg/g of body weight of FITC-dextran solution,
and their blood samples were collected by submandibular bleeding
3 hours later. Fluorescence intensity in the serum was measured
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using a microplate reader. FITC-dextran concentrations were deter-
mined from a standard curve generated by serial dilutions of
FITC-dextran.

SCFAs analysis in colon content, umbilical vein serum, and
placenta
The levels of acetate, propionate, butyrate, isobutyrate, isovalerate,
and valerate in colon content, umbilical vein serum, and placenta
were measured by gas chromatography. Briefly, colon content
(~200 mg), umbilical vein serum (200 μl), or placenta (~100 mg)
samples were homogenized in 20 μl of 25% metaphosphoric acid
solution and 0.25 g of anhydrous sodium sulfate for acidification
and salting out. Subsequently, the samples were homogenized in
methyl tert-butyl ether (1 ml), followed by centrifugation at 4°C
for 5 min (13,500g), transferring the supernatant into the vial,
and storage at −20°C until gas chromatography–mass spectrometry
(GC-MS) analysis. The concentrations of SCFAs in colon content
were normalized according to stool weight. The concentrations of
SCFAs in placenta were normalized according to protein levels
(P0012, Beyotime, China). Notably, we used a strategy of 50%/
50% males and females to avoid the interference of mice placen-
tal sex.

Transfer experiments with live, heat-inactivated
Lachnospiraceae cultures, supernatant, β-acid treatment,
acetate treatment, and butyrate treatment
The experimental procedure of transfer experiments with live Lach-
nospiraceae (American Type Culture Collection, TSD-26) cultures,
β-acid treatment, acetate treatment, and butyrate treatment is
shown in Fig. 8A. Briefly, Lachnospiraceaewas cultured in an anaer-
obic chamber in brain-heart infusion (BHI) broth supplemented
with 5% fetal bovine serum (FBS), 0.01% L-cysteine, 1% corn
starch, and 0.5% konjac flour. Five-week-old C57BL/6J mice
treated with the antibiotic mixture for 2 weeks were randomly
divided into five groups, followed by orally gavaging the mice sep-
arately once every 3 days (from 4 weeks before mating until day 18.5
of gestation) with 2 ml of BHI medium (control), live Lachnospir-
aceae cultures [108 colony-forming units (CFU)], and live Lachno-
spiraceae + β-acid [β-acid (20 mg/liter) in drinking water] (30),
acetate (200 mM; #S2889, Sigma-Aldrich), or butyrate (200 mM;
#B5887, Sigma-Aldrich). The success of colonization and treatment
of Lachnospiraceae, β-acid, and SCFAs in recipientmicewas verified
using qPCR and GC-MS, respectively. Moreover, the effects of heat-
inactivated Lachnospiraceae and culture supernatants of active
Lachnospiraceae were verified and shown fig. S10N. Briefly, the su-
pernatant was obtained by centrifugation of live Lachnospiraceae
(108 CFU) at 2500g for 10 min and filtered through a 0.2-μm
syringe filter. The precipitate (Lachnospiraceae) obtained by centri-
fugation was rinsed twice and resuspended in BHI medium, fol-
lowed by pasteurization at 75°C for 30 min and culture to ensure
that no active strain remained. Heat inactivation treatment can
cause the loss of butyrate production of Lachnospiraceae (33).
Fresh transplant material was prepared under aseptic conditions
within 10 min before oral gavage to prevent changes in bacterial
composition at 10:00 a.m. each morning. At E18.5, serum, intesti-
nal, and placental samples were obtained after execution of mice.

Pharmacological blockade of GPR109A
The pharmacological blockade of GPR109A experimental proce-
dure is shown in fig. S11A. Briefly, to further characterize the role

of the GPR109A receptor, HFD-fed mice were supplemented with
butyrate in drinking water (200 mM) and intraperitoneally injected
with MPN (5 mg/kg per day), a specific inhibitor of GPR109A (71),
during pregestation and postgestation. Intraperitoneal GTT and
ITT tests were performed at E16.5 and E18.5, respectively. At
E18.5, serum, intestinal, and placental samples were obtained
after execution of mice.

Histological analysis of colon, placenta, and liver
For histological analysis of the placentae fromwomen, the placentae
were fixed in 10% buffered formalin at room temperature, followed
by embedding in paraffin, sectioning the tissues into 5-μm-thick
slices, and staining them with H&E. Next, two independent observ-
ers, unaware of the experimental conditions, scored maternal vas-
culopathy and placental inflammation associated with pregnancy-
induced GDM according to the previously reported criteria (64,
72, 73). Briefly, an important feature of placental inflammation is
the presence of large infiltration of lymphocytes, plasma cells,
and/or macrophages in the basal plate. Vascular lesions were char-
acterized by the marked thickening of vessel wall, nonfunctioning
vessel infarction, and infiltration of inflammatory cells into the
vessel wall. Accelerated villous maturation was defined as the pres-
ence of small or short hypermature villi during gestation, usually
with an increase in syncytial knots.

For histological analysis of mice tissues, mice colons, placentae,
and livers were fixed in 10% buffered formalin at room temperature,
followed by embedding in paraffin, sectioning the tissues into 5-
μm-thick slices, and staining them with Picrosirius red, H&E, or
Alcian blue–periodic acid Schiff (AB-PAS). (i) For histological anal-
ysis of mice placentae, placental blood sinus area was investigated by
selecting six fields in each midsagittal placental tissue section, fol-
lowed by using ImageJ software to analyze the total areas of placen-
ta, junctional zone, and labyrinth, with the maximum area for the
layer of the whole placenta being calculated by two serial sections in
each individual. Notably, we used a strategy of 50%/50% males and
females to avoid the interference of mice placental sex. (ii) For his-
tological analysis of mice colon, two independent observers blinded
to the experimental conditions evaluated the severity of colitis in
H&E-stained sections according to the following criteria: 1 and 2,
no signs of inflammation; 3 and 4, low leukocyte infiltration; 5 and
6, moderate leukocyte infiltration; 7 and 8, high leukocyte infiltra-
tion, moderate fibrosis, high vascular density, thickening of the
colon wall, moderate goblet cell loss, and focal loss of crypts; and
9 and 10, transmural infiltrations, massive loss of goblet cells, exten-
sive fibrosis, and diffuse loss of crypts. ImageJ software was used to
determine the number of cupped cells in a single crypt from H&E.
In addition, one section per colonic sample was stained with AB-
PAS to evaluate mucin secretion. The integrated optical density
(IOD) of the colon mucus was measured using AB-PAS staining
pictures with an image analyzer (Image-pro Plus 6.0). Then, the
mucin density (IOD per area) was calculated to show the expression
level of colonmucin secretion. For fibrosis analysis, colonic sections
were deparaffinized and stained with Picrosirius red dye for 1 hour.
Staining quantification was performed by determining the ratio of
positively stained (red) pixels to the total pixel number of each
section (% fibrosis) using ImageJ. The birefringence of the Picrosir-
ius red–stained colonic sections was also imaged on an Olympus
BX41 microscope using the Olympus U-POT drop-in polarizer
and U-ANT transmitted light analyzer. (iii) For histological analysis

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Huang et al., Sci. Adv. 9, eadi7337 (2023) 3 November 2023 18 of 22



of mouse liver, two independent observers blinded to the experi-
mental conditions evaluated the hepatic steatosis in the H&E-
stained sections according to the criteria (ImageJ).

Immunohistochemical analysis of placenta
Briefly, mouse placenta tissues were collected and washed with iced-
cold PBS and fixed in 4% paraformaldehyde at 4°C overnight. Next,
the fixed samples were dehydrated in graded ethanol, embedded in
paraffin, sliced, and blocked by 2% BSA, followed by incubation
with appropriate primary and secondary antibodies. The positive
areas of each sample were measured using ImageJ software.

Immunofluorescence analysis of placenta
Briefly, the fixed, permeabilized, and sliced placental samples were
blocked with Quickblock blocking buffer for Immunol-staining
(Beyotime), followed by incubation successively with primary and
secondary antibodies. Stained tissues were viewed using a confocal
fluorescence microscope (Zeiss).

RNA isolation and qPCR
RNA isolation and qPCR followed the previously reported standard
procedures (74, 75). Briefly, total RNA from placenta (whole pla-
centa), liver (~100 mg), or colon (~50 mg) was extracted with the
reagent box of total RNA kit as instructed by the manufacturer
(EZB-RN001-plus, EZBioscience, China). The high-quality RNA
was then reverse-transcribed using the Primer Script RT Kit
(A0010CGQ, EZBioscience, China), followed by qPCR in ABI
QuantStudio 6 Flex system (Applied Biosystems, Carlsbad, CA)
using the iScript One-Step RT-PCR Kit with SYBR Green
(A0002, EZBioscience, China) with the primers listed in table S3.
Difference in transcript levels was quantified by normalization of
each amplicon to β-actin. Notably, we used a strategy of 50%/50%
males and females to avoid the interference of mice placental sex.

Western blotting
Immunoblotting analysis was performed following the standard
procedures. We used a strategy of 50%/50% males and females to
avoid the interference of mice placental sex. The placental (whole
placenta), colon (~50 mg), and liver (~100 mg) tissues were
washed with ice-cold PBS and lysed in radioimmunoprecipitation
assay buffer supplemented with protease and phosphatase inhibi-
tors (P1048, Beyotime, China). Protein concentration was quanti-
fied using a bicinchoninic acid protein assay kit (P0012,
Beyotime, China), and an equal amount of protein was subjected
to SDS–polyacrylamide gel electrophoresis. Next, proteins were
transferred onto polyvinylidene difluoride membranes, followed
by incubation with primary and secondary antibodies (AS014, Ab-
clonal, China), and visualized using chemiluminescent reagent
(P10300, NCM Biotech, China). The optical density of the signals
on the film was quantified by Image Lab software. The primary an-
tibodies used are shown in table. S3. Western blot images are pro-
vided in fig. S12.

Biochemical analysis
The levels of TNF-α (MM-0132 M1 and MM-0122H1, MEIMIAN,
China), insulin (MM-0579 M1, MEIMIAN), HbA1c (MM-1517H1
and MM-0159 M2, MEIMIAN, China), LPS (CSB-E13066m,
Cusabio, China; MM-1309H1, MM-0634 M1, and MEIMIAN,
China), and DAO (CSB-E10090m, Cusabio, China) were measured
with commercial kits as instructed by the respective manufacturers.
Moreover, the concentrations of TNF-α in women and mice

placentae were normalized according to protein levels (P0009, Be-
yotime, China). Notably, we used a strategy of 50%/50% males and
females to avoid the interference of mice placental sex.

16S rRNA amplicon sequencing, data processing, and
analysis
Fresh feces of mice were obtained, followed by 16S rRNA analysis.
Total DNAwas extracted from fresh feces (~50 mg) using the DNA
Stool Mini Kit (51504, QIAGEN). After determining the DNA
quality, the region V3 and V4 of 16S rRNA genes were amplified
using the universal primer: forward, 50-
GTGCCAGCMGCCGCGG-TAA-30; reverse, 50-GGAC-
TACHVGGGTWTCTAAT-30. Then, amplicons were extracted
from a 2% agarose gel, followed by purification with the GeneJET
Gel Extraction Kit (Thermo Fisher Scientific) and quantification
using a Quant-iT PicoGreen dsDNA assay kit (6163, Invitrogen,
USA). Subsequently, sequencing libraries were generated using
NEB Next Ultra II FS DNA PCR-free Library Prep Kit for Illumina
(NEB, USA) as directed by the manufacturer, and index codes were
added. The library quality was assessed on the Qubit@ 2.0 Fluorom-
eter (Thermo Fisher Scientific) and Agilent Bioanalyzer 2100
system. Last, the library was sequenced on an Illumina NovaSeq
platform, and 250–base pair paired-end reads were generated
(raw tags).

The main steps of the bioinformatic analysis are as follows. Se-
quencing data were processed using QIIME2 (V.2022.02; https://
magic.novogene.com/) (76). Briefly, the 16S rRNA gene reads
were merged and quality-controlled using fastp (V.0.23.1) to
obtain clean tags, followed by aligning the sequences of clean tags
with the SILVA species annotation data library (V.138.1; www.arb-
silva.de/) to detect and remove the chimeric sequences to obtain the
final effective tags. Subsequently, the DADA2 plugin (V.3.11) in
QIIME2 was used to reduce the noise of effective tags, and the
final amplicon sequence variations and feature table were obtained.
The representative sequences of each ASV were annotated based on
the SILVA database to obtain the corresponding species informa-
tion and species-based abundance distribution. R package Vegan
(V.4.0.3) was used to analyze rarefaction curve, α-diversity
(Shannon, Simpson, Chao1, or observed features), and β-diversity
(PCoA) based on Bray-Curtis. One-way analysis of variance
(ANOVA) followed by two-stage step-up false discovery rate
(FDR) method of Benjamini, Krieger, and Yekutieli was performed
to determine whether the flora compositions differed between
groups unless otherwise indicated (FDR P < 0.05 was considered
as a significant difference). Moreover, the key taxa were identified
through the following analysis: (i) LDA effect size (LEfSe, V.1.1.2)
was performed to determine the features most likely to explain the
differences between groups (77), with an LDA score threshold of ≥4
as an important contributor to the model; (ii) random forest anal-
ysis was performed to determine the enrichment of key bacterial
genera in GDM or GDM + HFDF group by the OECloud tools at
https://cloud.oebiotech.com; (iii) Pearson’s correlation coefficient
analysis between the relative abundance of selected bacterial
genera and insulin resistance, litters, TNF-α, or gut barrier param-
eters in mice was performed using the OmicStudio tools at www.
omicstudio.cn/tool; (iv) volcano plot was created to display relative
abundance distribution of microbial ASVs and fold change; and (v)
trend analyses were performed to identify core flora with consistent
trends in abundance in recipient and donor mice (7). Moreover,

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Huang et al., Sci. Adv. 9, eadi7337 (2023) 3 November 2023 19 of 22

https://magic.novogene.com/
https://magic.novogene.com/
http://www.arb-silva.de/
http://www.arb-silva.de/
https://cloud.oebiotech.com
http://www.omicstudio.cn/tool
http://www.omicstudio.cn/tool


microbial functions were predicted using Tax4fun (V.0.3.1) against
Kyoto Encyclopedia of Genes and Genomes (KEGG) (www.kegg.jp/
) databases using default parameters (78).

Bacterial quantification in placenta
Bacterial quantification in placenta was performed as previously de-
scribed (7). Briefly, placentae were isolated in a sterile environment,
followed by DNA extraction in an isolated, low-contamination, and
controlled environment. We also collected several types of negative
controls as follows: (i) Sterile wet swabs that were opened in the
sample collection room, waved in the air, and subjected to the
same treatment as the placental samples, such as washing with
sterile PBS, freezing in cryovials, and storage or transportation of
the samples; and (ii) DNA-free water that was processed with the
DNA extraction. For quantification of total fecal bacterial load,
total DNA was isolated from known amounts of feces using
QIAamp DNA Stool Mini Kit (QIAGEN). Next, DNAwas subject-
ed to quantitative PCR using QuantiFast SYBR Green PCR kit
(A0002, EZBioscience, China) to measure the total bacterial
number with universal 16S rRNA primers listed in table S3.
Results were expressed as bacterial number per milligram of stool
based on a standard curve.

Bacterial localization by FISH staining in mice placenta
The placental samples were handled in an isolated, low-contamina-
tion, and controlled environment where surfaces and equipment
were treated with ultraviolet radiation to minimize and fragment
environmental contaminant DNA. Moreover, personnel wore pro-
tective clothing and equipment to cover all exposed human surfaces.
The FISH was performed following a modified protocol described
by Chen et al. (7). Briefly, paraffin-embedded sections were subject-
ed to deparaffinization, rehydration, and permeabilization. The
probes used in this study included: eubacterial probes (EUB338 I-
III and BBL-0557, BIOSSCI, China) mixture complementary to a
16S rRNA region specific for most bacteria; NON338, an oligonu-
cleotide complementary to the probe EUB338 as a scrambled
control for nonspecific binding. All probes were 50-labeled with di-
goxigenin, and antidigoxigenin/horseradish peroxidase antibodies
were used as secondary antibodies. Tyramide signal amplification
was performed to increase the detection sensitivity of bacterial
signals. Six areas of each section were randomly photographed
under a fluorescence microscope. The specific probes for FISH
are shown in table S3. Notably, we used a strategy of 50%/50%
males and females to avoid the interference of mice placental sex.

In vitro tissue culture and placental explant–liver
section model
In vitro tissue culture of liver section was measured using a previ-
ously reported protocol (79). Briefly, mice liver tissue slices were ob-
tained from mice using sterile surgical techniques, followed by
culturing the liver tissue slices in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM; 11965175, Thermo Fisher Scientific,
USA) at 37°C in a humidified atmosphere with 5% CO2. The
high-glucose DMEM was supplemented with 10% FBS (16000044,
Thermo Fisher Scientific), streptomycin sulfate (100 mg/liter;
11860038, Thermo Fisher Scientific), and penicillin sodium
(100,000 U/liter). The liver was sectioned into 200-μm-thick slices
with a vibration slicer (VF-300 Microtome, USA) and then cultured
for further treatment. In vitro tissue culture of placental explant was
measured using a previously reported protocol with minor

modifications (80). Briefly, mice placentae were collected from
mice using sterile surgical techniques under 3% isoflurane anesthe-
sia, followed by euthanizing the mice by exsanguination while still
under anesthesia. After rinsing with sterile PBS, the placentae were
placed in sterile tissue culture medium (45% DMEM/45% Ham’s
F12/10% FBS + penicillin/streptomycin), and each placenta was
cut into four pieces, followed by placing each of them in an individ-
ual well of six-well plates containing 2 ml of the tissue culture
medium. Next, placental explant was cultured in sterile tissue
culture medium for 6 hours at 37°C in a humidified atmosphere
with 5% CO2, followed by collecting the placental explant superna-
tant to detect TNF-α secretion from isolated placentae or to process
liver sections.

Schematic representation of primary liver sections treated with
placental explant supernatant is shown in Fig. 4D. Briefly, culture
supernatants were collected from placental explants of GDM or
GDM + HFDF mice at E12.5, followed by treating the primary
liver sections from GDM or GDM + HFDF mice at E18.5 with
the two supernatants for 24 hours. Liver sections were then collect-
ed for further analysis.

Statistical analysis
All statistical analyses were performed using GraphPad Prism 9.5.1
software, and results were presented as means ± SEM unless other-
wise noted. Results represent an independent experiment unless in-
dicated. For the blinding to histological analysis and
immunofluorescence, samples from each group were named after
neutral codes and then given to investigators not involved in the ex-
perimental design for quantification. Statistical analysis methods
and biological replicates of each experiment were indicated in the
corresponding figure legends.

Supplementary Materials
This PDF file includes:
Figs. S1 to S12
Tables S1 to S3
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