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Abstract

In this study, we investigated the effects of in utero and lactational exposure to BDE-47 on the progression of obesity and
metabolic dysfunction in a diet-induced obesity model. Pregnant ICR mice were treated via oral gavage with low doses of
BDE-47 (0, 0.002, and 0.2 mg/kg body weight) from gestational day 6 to postnatal day 21. After weaning, male offspring
were fed an AIN93-based normal diet (ND) or high-fat diet (HFD: 60% calories from fat) for 14 weeks. We examined body
weight, liver weight, histopathology, blood biochemistry, gene expression, and serum metabolic changes. A combination of
16S rRNA gene sequencing and '"H NMR-based metabolomics was conducted to examine the effects of BDE-47 on the gut
microbiome. Results showed that in utero and lactational exposure to BDE-47 caused a worsening of HFD-induced obesity,
hepatic steatosis, and injury; impaired glucose homeostasis and metabolic dysfunction, and mRNA levels of genes involved
in lipid metabolism were significantly altered in the BDE-47-treated HFD group. The gut microbiome were perturbed by
BDE-47, causing diversity reduction, compositional alteration, and metabolic changes. These changes were more pronounced
for BDE-47-treated HFD mice. All these results indicate that early life exposure to low doses of BDE-47 can promote obesity
and the development of metabolic dysfunction.
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Introduction

Polybrominated diphenyl ethers (PBDEs), which were once
widely used as flame retardants in textiles, electronics,
plastics, and furniture, were restricted or banned in some
countries in the mid-2000s because of these compounds’
persistence, bioaccumulation, and adverse health effects
in humans and wildlife (EPA 2007; Meeker et al. 2009).
After being withdrawn from use in products, PBDE lev-
els are decreasing in human samples in some areas (Guo
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et al. 2016), but levels are still high enough to potentially
induce significant reproductive and developmental toxicity
(Suvorov and Takser 2010). Moreover, the use of products
containing PBDEs or the re-processing of e-waste could
contribute to the release of environmentally relevant com-
pounds. Consistent with this, residents in the vicinity of
e-waste recycling facilities can experience high exposures
to these compounds (Song and Li 2014). Therefore, it is
necessary to evaluate PBDE-induced health effects on the
local populations.

Among the 209 PBDE structures, BDE-47 is the most
abundant in human samples, and BDE-47 concentrations
in serum samples from Jiading, Shanghai were estimated as
0.978-5.380 ng/g lipid weight (Xu et al. 2017), while three
cohorts of Northern California women showed a geometric
mean of BDE-47 serum concentrations as high as 24.6 ng/g
in 2014, having reached a plateau between 2011/12 and
2014 (Parry et al. 2018). BDE-47 exposure has been associ-
ated with liver toxicity (Dunnick and Nyska 2009; Suvorov
and Takser 2010), neurotoxicity (Dingemans et al. 2007;
Koenig et al. 2012), thyroid toxicity (Talsness et al. 2008),
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and reproductive toxicity (Huang et al. 2015; Talsness et al.
2008). Recent studies have further linked BDE-47 expo-
sure to an increase in the incidence of obesity and diabetes
in animal models. For example, perinatal exposure to low
doses of BDE-47 has been shown to increase body weight,
plasma IGF-1, and glucose uptake in male adult rats (Suvo-
rov et al. 2009), while perinatal exposure to BDE-47 caused
a decrease in the weight of mice offspring after weaning day.
Body weight changes in adulthood have rarely been reported
in the previous studies (Ta et al. 2011). More importantly,
BDE-47’s biological effects and obesity-related mechanisms
have not been clarified. Therefore, in this study, we evalu-
ated the effects of fetal exposure to low doses of BDE-47
on obesity and related metabolic dysfunction in adult mice.

The prevalence of obesity worldwide has dramatically
increased over past 50 years. Many factors such as age,
genetics, and dietary habits have been identified as major
risks, but they cannot sufficiently explain the rapid increase
in obesity and obesity-related diseases in recent years.
There is growing evidence that environmental toxins may
play vital roles in obesity and obesity-related metabolic
syndrome pathogenesis and development. Among obesity-
related mechanisms, impaired lipid metabolism is thought
to be a key cause. Gut microbiota, which play important
roles in metabolic processing, nutrient digestion, immune
development, and epithelial homeostasis (Nicholson et al.
2012), can also be an important factor in the development
of obesity and metabolic syndromes (Devaraj et al. 2013;
Upadhyaya and Banerjee 2015). Because the homeostasis
of gut microbiota develops in early life and the composi-
tion of the gut microbiome is highly diverse, it is vulnerable
to external factors, such as environmental toxins, diet, and
antibiotics at this stage. Therefore, the harmful effects of
environmental chemicals on human health may be exacer-
bated by gut microbiome alteration or disruptions. Several
studies have demonstrated positive interactions between
environmental chemicals and gut microbiota. For example,
2,3,7,8-tetrachlorodibenzofuran (TCDF) exposure altered
the gut microbiota by shifting the ratio of Firmicutes to
Bacteroidetes, which further led to altered bile acid metab-
olism, inflammation, and host metabolic disorders (Zhang
et al. 2015). Diazinon exposure induced perturbations of
the gut microbiome and its functions that were identified as
potential mechanisms contributing to diazinon neurotoxicity
(Gao et al. 2017). Early low-dose cadmium exposure that
caused diversity reduction and composition alterations of gut
microbiota led to fat accumulation in adult male mice (Ba
et al. 2017). Here, to elucidate the role of gut microbiota in
BDE-47-induced metabolic orders, we examined the impact
of BDE-47 exposure on the gut microbiome composition
and on metabolic profiles.

In this study, we evaluated hepatic steatosis and injury,
glucose tolerance, and metabolic profiles in adult mice
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after gestational and lactational exposure to low doses of
BDE-47. Genes involved in lipid metabolism were quanti-
fied by a quantitative polymerase chain reaction (qQPCR);
the effects of BDE-47 on the gut microbiome were exam-
ined using a combination of 16S rRNA gene sequencing
and nuclear magnetic resonance (NMR) spectroscopy-
based fecal metabolomics.

Materials and methods
Animals and exposure

Primigravida pregnant ICR mice were purchased from
Peking University Health Science Center and were housed
individually under controlled environmental condition
(22 °C, a 12:12 h light:dark cycle) with free access to food
and water. The pregnant mice were provided with a rodent
growth and breeding feed (Keao Xieli Feed Co., Ltd, Bei-
jing, China) containing the constant phytoestrogens in it,
excluding the absence of phytoestrogens feed during fetal
development on obesity development of mice offspring
(Ruhlen et al. 2008), and all animals were exposed to the
same levels of phytoestrogens according to the equiva-
lent food intake among groups. From gestational day 6 to
postnatal day 21, pregnant mice (six pregnant mice per
group) were orally gavaged with corn oil (control group,
vehicle) or BDE-47 (0.002 mg/kg (low, L) or 0.2 mg/kg
(high, H) BW) corn oil solutions. Each dam was culled to
eight pups at postnatal day 2. The low dose was within the
relevant human concentration and equivalent to that used
in a previous low-dose exposure study in rats (Suvorov
and Takser 2010). After weaning at day 21, male offspring
were divided into two groups (six mice per group and one
mice from each dam) by providing them with an AIN 93
based normal diet (ND) or a western high-fat diet (HFD:
60% calories from fat, Trophic Animal Feed High-tech
Co. Ltd., Beijing, China) for 14 weeks. Body weights were
measured weekly in the morning, and blood was collected
at weaning, at 14 weeks after fasting overnight and at
16 weeks at the end of this study. The experimental design
is shown in Fig. 1. The male offspring were selected,
because many previous studies had demonstrated that male
mice were more sensitive to environmental toxin-induced
obesity and glucose intolerance than females (Alonso-
Magdalena et al. 2010; Ba et al. 2017), which was prob-
ably due to the presence of physiological estrogens that
protected female mice against metabolic diseases (Liu and
Mauvais-Jarvis 2010). All animals were treated humanely
and with regard to the alleviation of suffering according
to the independent Animal Ethical Committee of China
Agricultural University.
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Fig. 1 Experimental design. From gestational day 6 to postnatal day
21, pregnant mice were orally gavaged with corn oil (control group,
vehicle) or BDE-47 (0.002 mg/kg (low, L) or 0.2 mg/kg (high, H)
BW) corn oil solutions. After weaning at day 21, male offspring were

Blood measurements

Blood glucose levels were determined using a glucose meter
(Beijing Yicheng JSP-7, China). Serum aspartate ami-
notransferase (AST) and alanine aminotransferase (ALT)
activities were measured using their respective assay kits
from Nanjing Jiancheng Bioengineering Institute. Serum
thyroxin (T4) levels were determined by enzyme-linked
immunosorbent assay (ELISA) kits (Hengyuan Biological
Technology Co., Ltd., Shanghai, China).

Glucose tolerance test

A glucose tolerance test (GTT) was performed to assess
glucose homeostasis by evaluating the effectiveness of the
clearance of the glucose load administrated by oral gavage.
At 14 weeks, mice were orally administrated D-glucose (2 g/
kg) in sterilized 0.9% NaCl after overnight fasting, and glu-
cose were measured before and 15, 30, 45, 75, and 105 min
after glucose loading.

Liver triglyceride, total cholesterol,
and histopathology analysis

Lipids were extracted with 900 pl chloroform:methanol
(v/v=2:1) from 100 mg liver using MM 400 (RETSCH,
Germany). Liver triglyceride (TG) and cholesterol (T-Cho)
were quantified by TG and total T-Cho assay kits (Nanjing
Jiancheng Bioengineering Institute, China), respectively,
according to the manufacturer’s instructions. Liver sections
from 16-week-old mice were frozen using the optimal cut-
ting temperature or fixed in 10% neutral buffered forma-
lin for 24 h, and then embedded in paraffin for histological
examination. Tissue sections were stained with either Oil
Red O or hematoxylin—eosin (H&E) and examined under
light microscopy at 200X magnification.

RNA extraction and qPCR analysis

Total RNA was extracted from the liver of six treatment
groups (ND + vehicle, ND +L-BDE, ND + H-BDE,

divided into two groups by providing them with an AIN 93 based
normal diet (ND) or a western high-fat diet (HFD: 60% calories from
fat) for 14 weeks (n=06)

HFD + vehicle, HFD + L-BDE, and HFD + H-BDE, five
mice/group) with TRIzol A +reagent (Qiagen, Beijing,
China) according to the manufacturer’s instructions. Then,
RNA (1.5 pg) was reverse-transcribed to cDNA using a
FastQuant RT Kit (with gDNase) (Qiagen, China) after the
removal of genomic DNA. The qPCR was performed on
Bio-Rad CFX 96 PCR system with SuperReal PreMix Plus
(SYBR Green) (Qiagen, China). The relative mRNA levels
were normalized with the delta—delta cycle threshold (C,)
method, using glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as the reference gene, and the expression lev-
els in the ND + vehicle group were set to 1. PCR primers
(Table S1) were ordered from Sangon Biotech, Shanghai,
China.

16S rRNA gene sequencing

Fecal pellet bacteria were extracted using a DNA Stool Mini
Kit (Qiagen, Hilden, Germany) according to the manufactur-
er’s instructions. For 16S rRNA gene sequencing, 16S rDNA
was amplified with universal 338F (5'-ACTCCTACGGGA
GGCAGCA-3') and 806 R (5'-GGACTACHVGGGTWT
CTAAT-3’) primers to target the V3—4 region of 16S genes,
followed by purification with an AxyPrep DNA Purification
kit (Axygen Biosciences, Union City, USA), and quantifica-
tion by a QuantiFluor-3T Fluoremeter (Promega, Wisconsin,
USA) and PicoGreen dsDNA Quantitation Reagent (Invit-
rogen, Carlsbad, USA) to produce an even concentration.
Sequencing was performed on an Illumina Miseq platform
(Ilumina, San Diego, USA). Data analysis was performed
using QIIME software (version 1.8, http://qiime.org/) and
UCLUST (version 1.2.22, http://www.drive5.com/uclust/
downloads1_2_22q.html) for operational taxonomic unit
(OTU) picking and diversity analysis.

"H NMR-based metabolomics analysis of fecal
extracts

Feces from 16-week-old mice were subjected to an NMR-

based metabolomics analysis. Briefly, 50 mg fecal pellets
were directly extracted by precooled phosphate buffer with
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«Fig. 2 Effects of BDE-47 exposure on a high-fat diet (HFD)-induced
obesity, hepatic steatosis, injury, and glucose homeostasis. a—c Body
weight (BW) gain, liver weight, and epididymal white adipose tis-
sue (WAT) weight. d, e Serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) activities. f Representative images
of Oil Red O staining of hepatic sections from different groups. g, h
Liver triglycerides (TG) and total cholesterol (T-Cho) content meas-
ured at 16 weeks. i Glucose tolerance test (GTT). j Area under curve
(AUC) of GTT. *P<0.05, **P<0.01 compared with the normal
diet (ND)+ vehicle group; *P<0.05, #P<0.01 compared with the
HFD + vehicle group, n=6

homogenization using an MM 400 (Retsch GmbH, Ger-
many). After centrifugation at 10,800Xg for 10 min, 550 pl
of each supernatant was transferred into a 5 mm NMR
tube. The "H NMR analysis of fecal extracts was recorded
on a Bruker Avance III 600 spectrometer (Bruker, Bill-
erica, MA, USA) at 298 K. Typical one-dimensional NMR
spectra were acquired for each of the samples using the
first increment of the nuclear Overhauser effect spec-
troscopy pulse sequence (NOESYPRI1D) according to a
previous study (Gronwald et al. 2008). All NMR spectra
were processed using the software MestRenova 6.1.0. Free
induction decays were multiplied by an exponential func-
tion of 1 Hz prior to Fourier transformation. Phase and
baseline corrections were then manually performed and
the spectral region 80.5-9.0 was integrated into regions
with an equal width of 0.01 ppm after excluding regions
of water resonances. The remaining integrated areas were
normalized to the total spectral area to facilitate compari-
sons among the samples.

Gas chromatography-mass spectrometry (GC-
MS)-based serum metabolomics analysis

Serum from 16-week-old mice was subjected to a GC-MS-
based metabolomics analysis. Briefly, 50 pl of serum was
extracted with 200 pl of precooled methanol, followed
by centrifugation at 10,000xg for 10 min. The resultant
upper phase (150 pl) was transferred into a GC-MS vial
and evaporated to dryness under a stream of nitrogen, fol-
lowed by derivatization with 50 pl of O-methoxylamine
(20 mg/ml in pyridine) and then 50 pl of N-methyl-N-
(trimethylsilyDtrifluoroacetamide (MSTFA) (1% TCMS
silylation reagent). Analyses were performed using a Trace
GC gas chromatograph coupled to a Quantum XLS mass
spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA) running in full scan mode. The resultant data were
processed with XCMS to extract peak intensities. Fea-
tures with significant changes were identified from thein
National Institute of Standards and Technology (NIST)
Standard Reference Database.

Multivariate statistical analysis

Binning data from the NMR spectroscopy or peak intensities
from GC-MS were imported into SIMCA + 13.0 for mul-
tivariate statistical analysis. Principal component analysis
(PCA) was first performed to reveal the intrinsic clusters and
exclude potential outliers. Partial least squares-discriminant
analysis (PLS-DA) was then conducted on the refined data.
Variable Importance in Projections (VIPs) based on loading
plots was used to determine metabolites that best defined
group separations. The discriminated metabolites were also
assessed using non-parametric tests (Kruskal-Wallis) or
parametric tests [analysis of variance (ANOVA)] via SPSS
19.0 (IBM, USA). Metabolites with VIP>1 and P <0.05
were selected as potential discriminatory features.

Statistical analysis

All the experimental values are presented as the
mean + SEM. Graphical illustrations were performed with
GraphPad Prism version 6.0 (GraphPad), and statistical
analyses were performed using SPSS 19.0 (IBM, USA).
The significance of variables among the different groups
was determined by one-way ANOVA and a Tukey’s post-hoc
test (P <0.05). The normality of the variables was confirmed
by the Shapiro—Wilk test and homogeneity of variance by
the Levene’s test. A non-parametric Kruskal-Wallis was
used when data did not meet the parametric assumptions. P
values < 0.05 were considered to be significant.

Results

Effects of BDE-47 exposure on litter size and body
weight

BDE-47 exposure has no adverse effects on the birth date
and litter size; however, decreased body weights were
observed at day 21 (Figure S1A), along with a decreased
level of T4 in the high-dose BDE-47 exposure group (Figure
S1B).

Effects of BDE-47 exposure on HFD-induced hepatic
steatosis, injury, and glucose homeostasis

The decreased body weight observed during puberty
prompted us to investigate whether this body weight change
continued later in life and affected metabolism. Therefore,
we recorded body weight changes from 4 to 16 weeks in
male mice exposed to BDE-47 after mice were fed either
an ND or HFD for 12 weeks starting at the age of 4 weeks.
After 12 weeks of diet intervention, body weight, body
composition, hepatic steatosis, hepatic injury, and glucose
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homeostasis were investigated. The HFD led to a signifi-
cant increase in body weight, liver weight, and epididymal
fat weight when compared with the ND, and this increase
was further enhanced by H-BDE and L-BDE in the HFD-
fed mice, whereas BDE had no effect on these factors in
mice that were fed an ND (Fig. 2a—c). Hepatic injury was
roughly assessed by the serum levels of ALT and AST.
Serum ALT activities were significantly higher in the
HFD + L-BDE group than in the ND + vehicle group, while
serum activities of AST were not different between either
groups (Fig. 2d, e). The histological analysis of liver sam-
ples showed the presence of steatosis in HFD-fed mice. In
addition, BDE-47 exposure significantly worsened steatosis
and led to severe microvesicular fatty changes and hepato-
cyte ballooning (Fig. 2f). The worsened steatosis caused
by BDE-47 was demonstrated by the quantification of TG
and T-Cho (Fig. 2g, h), which indicated an additive effect
of BDE-47 exposure. We further determined the effect of
BDE-47 exposure on glucose homeostasis. The fasting
glucose levels were significantly increased by the HFD but
not by BDE-47 (Supplemental Material, Figure S2). How-
ever, impaired glucose tolerance was only observed in the
HFD + L-BDE group (Fig. 2i), accompanied by the eleva-
tion of the total area under the curve (AUC) for blood levels
in GTT (Fig. 2j). These observations suggest that in utero
and lactation exposure to BDE-47 has no effects on obesity,
NAFLD, and glucose tolerance in ND-fed mice, whereas
BDE-47 exposure leads to obesity, a worsening of hepatic
steatosis, and injury and impaired glucose tolerance when
combined with a HFD intervention.

Effects of BDE-47 exposure on expression of genes
involved in lipid metabolism, inflammation,
and xenobiotic metabolism

To elucidate the mechanisms involved in the aggravation
of hepatic steatosis and injury in HFD + BDE groups, the

levels of several genes that are markers of lipid metabo-
lism, and involved, respectively, in fatty acid synthesis
(Fasn, Scdl, Srebfl, and Acaca), fatty acid uptake and
lipid storage (Ppary and Cd36), B-oxidation (Ppara
and Cptla), and TG synthesis (Dgatl, Dgat2, and
Mogat) were quantified by qPCR (Fig. 3a). When com-
bined with an HFD intervention, BDE-47 exposure sig-
nificantly increased the expression of Fasn, an enzyme
which encodes an enzyme crucial for palmitate synthesis.
The expression of Scdl, which encodes an endoplasmic
reticulum enzyme that catalyzes the rate-limiting step
in the formation of monounsaturated fatty acids, was
decreased in HFD-fed mice, with no additive effects of
BDE-47. Expressions of Ppara and its target gene Cptla,
which regulate fatty acid catabolism and mitochondrial
B-oxidation, were significantly increased by BDE-47 expo-
sure in ND-fed mice, whereas co-treatment BDE-47 with
an HFD counteracted the increase in Ppara and Cptla.
Compared with the ND + BDE and HFD + vehicle groups,
HFD + H-BDE resulted in a further increase in expression
of the nuclear receptor gene Pparg and fatty acid trans-
porter Cd36, which encodes proteins involved in fatty acid
uptake and lipid storage. Similarly, expression of MogatI,
encoding an upstream enzyme regulating the monoacylg-
lycerol pathway, was increased in the HFD + BDE groups
compared with the ND groups and HFD + vehicle group.
In contrast, expressions of Dgatl and Dagat2, encoding
two enzymes involved in de novo TG synthesis, displayed
a non-significant decrease in HFD-fed mice, but there was
an increase in the ND + H-BDE group (for Dagat2). These
results suggested that BDE-47 exposure led to a dramatic
increase in the accumulation of TG by activating the mon-
oacylglycerol pathway rather than de novo TG synthesis.
In addition, BDE-47 exposure could promote fatty acid
uptake while inhibiting fatty acid catabolism, which may
result in an increase in fatty acid levels and the inflamma-
tion response when combined with an HFD intervention.
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Fig. 3 Effects of co-exposure to a high-fat diet (HFD) and BDE-47 on
the hepatic mRNA levels of the markers of lipid metabolism, inflam-
mation, and xenobiotic metabolism. The mRNA levels of hepatic
genes were measured by a quantitative polymerase chain reaction
(qPCR). Mean expression in the normal diet (ND)+ vehicle group
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was set at 100%. a Markers of lipid metabolism (fatty acid synthesis,
fatty acid f-oxidation, fatty acid uptake, and triglyceride (TG) syn-
thesis). b Markers of inflammation. ¢ Marker of xenobiotic metabo-
lism. ¥*P<0.05, **P<0.01 compared with the ND + vehicle group;
#P <0.05, P <0.01 compared with the HFD + vehicle group, n=6
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We further quantified the expression levels of the genes
Ccl2, 11p, Itgam, and Cd38, as markers of inflammation
(Fig. 3b). Except for gene Ccl2, the expression of which
was significantly increased by the combination of HFD
and BDE-47, expressions of the other three genes were not
influenced by either BDE-47 or HFD. The expression lev-
els of the target gene of the constitutive androstanol recep-
tor (CAR), Cyp2b10 were increased by either BDE-47 or
HFD alone, whereas in combination, they led to a relative
decrease in the expression of Cyp2b10 (Fig. 3c).

Effects of BDE-47 exposure on gut microbiome
composition and its metabolic profiles

We examined the changes in the gut microbiome following
prenatal and postnatal exposure to BDE-47 in a diet-induced
obesity model. The effects of BDE-47 on gut microbiome
were determined by a 16S rRNA sequence-based analysis of
fecal pellets. PCA and non-metric multidimensional scaling
(NMDS) of the 16S rRNA sequencing results indicated that
BDE-47 exposure induced remarkable changes in the overall
gut microbiota community structure and composition in both
ND and HFD-fed BDE-exposed mice compared to ND-fed
vehicle-exposed mice (Fig. 4a, b). Shannon index, chaol,
observed_species, and PD_whole_tree revealed a significant
reduction in the alpha diversity of the microbial community
in the HFD + BDE groups (Fig. 4c), implying a cumulative
effect of HFD and BDE-47. Consistent with the change in
alpha diversity, most perturbed gut microbiota at the phylum
level were observed in the HFD + L-BDE or HFD + H-BDE
groups. Specifically, the abundances of Bacteroidetes and
Proteobacteria were decreased and that of Actinobacteria
was increased as a result of BDE-47 exposure in mice fed an
HFD compared to the ND + vehicle group (Fig. 4d). At the
genus level, a total of 6, 7, 13, and 10 bacterial genera were
altered in the ND + L-BDE, ND +H-BDE, HFD + L-BDE,
and HFD + H-BDE groups, respectively, compared with
the ND + vehicle group (Fig. 4e—k, Table S2). Moreo-
ver, the taxonomic classification of distinctive bacterial
genera was significantly different between BDE-exposed
mice fed an ND and an HFD. The predominant perturbed
bacteria among the microbiota are presented in Table S2.
As shown in Table S2, in ND-fed mice, BDE-L caused
an increase in the relative abundances of Parasutterella
and Gemella, but caused a decrease in the abundances of
Christensenellaceae_R-7_group, Atopostipes, Family_XIII
UCG-001, and Bacillus, BDE-H caused an increase in the
abundances of Candidatus_Saccharimonas, Ruminococ-
caceae_UCG-013, Staphylococcus, Gemella, Eubacterium_
nodatum_group, Corynebacterium_1, and Paenalcaligenes
when compared with the ND + vehicle group. In HFD-fed
mice, the vehicle group caused a decrease in the abundances
of Turicibacter, Akkermansia, and Family_XIII_UCG-001,

and an increase in the abundance of Dorea. Both BDE-L and
BDE-H caused a decrease in the abundances of Turicibacter
and Anaerotruncus compared to the ND + vehicle group. In
addition, BDE-L caused a decrease in the abundances of
Bacteroides, Ruminiclostridium_9, Helicobacter, Alloprevo-
tella, Oscillibacter, Christensenellaceae_R-7_group, Rumin-
iclostridium_5, Odoribacter, Ruminococcaceae_UCG-010,
and Rikenella, and caused an increase in the abundance of
Staphylococcus compared to the ND + vehicle group. How-
ever, BDE-H caused a decrease in the abundances of Rumi-
nococcaceae_UCG-014, Ruminococcaceae_UCG-009,
Candidatus_Saccharimonas, Ruminiclostridium_5, and
Family_XIII_UCG-001, and an increase in the abundances
of Dorea, Lactococcus, and Eubacterium_nodatum_group
compared to the ND + vehicle group.

To determine the metabolic changes in gut microbiota
caused by BDE-47 exposure, '"H NMR-based metabolomics
was coupled with a multivariate statistical analysis. Repre-
sentative 600 MHz 'H NMR spectra from fecal extracts are
shown in Figure S3. A clear separation between the ND and
HFD groups and between the BDE and vehicle groups was
observed on the score plots of 3D PCA (Figure S4) and PLS-
DA (Fig. 5a). This separation was similar to the 16S rRNA
gene sequencing results described previously. Pairwise
comparisons were then performed to obtain the metabolic
variations associated with HFD or BDE-47 exposure. As
shown in Fig. 5b, a total of 14 metabolites were altered by
BDE-47 exposure alone, HFD alone, or BDE-47 and HFD
in combination. In ND-fed mice, BDE-47 exposure caused
an increase in bile acids, succinate, taurine, glycine, glucose,
arabinose, and galactose levels, but a decrease in methionine
levels compared with the ND + vehicle group. In HFD-fed
mice, BDE-47 exposure caused an increase in bile acids,
choline, and a-ketoglutarate levels, but caused a decrease
or negated an increase in glucose, arabinose, and galactose
levels compared with the ND 4+ vehicle group. In particular,
choline and a-ketoglutarate metabolites were disrupted only
in the HFD + BDE groups, and the effects of BDE-47, either
alone or in combination with HFD on a glucose, arabinose,
and galactose were entirely the opposite.

Effects of BDE-47 exposure on host metabolic
profiles

The 3D PCA (Figure S5) and PLS-DA (Fig. 5c) score
plots showed that the metabolic profiles of HFD-fed mice
were significantly different from those of ND-fed mice.
Moreover, mice in the HFD groups were more suscep-
tible to BDE-47 induced toxicity than mice in the ND
groups, as seen by the clear separation of the HFD + BDE
and HFD + vehicle groups compared with the ND sepa-
ration results (Fig. 5c). Figure 5d shows the metabolites
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Fig.4 Effects of co-exposure to a high-fat diet (HFD) and BDE-47
on gut microbiome composition. a Principal component analysis
(PCA) and b non-metric multidimensional scaling (NMDS) of the
total population of the gut microbiome of fecal pellets. ¢ Alpha diver-
sity of the microbial community indicated by the Shannon index,
Chaol, observed_species, and goods_coverage. d 16S rRNA gene

perturbed by BDE-47 or HFD. Among these 12 metabo-
lites, seven metabolites, pyruvate, lactate, phosphoric acid,
glutamine, ornithine, 3-hydoxybutyric acid, and isoleu-
cine were only significantly different in the HFD + BDE-
47 groups compared with the ND + vehicle group. These
observations were consistent with the 16S rRNA and 'H
NMR analyses, as described previously.
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sequencing analysis at the phylum level of the fecal pellets. e-k 16S
rRNA gene sequencing analysis at the genus level of the fecal pellets.
*P<0.05, **P<0.01 compared with the normal diet (ND)+ vehicle
group; *P <0.05, #P <0.01 compared with the HFD + vehicle group,
n==6

Discussion

Recent animal studies have identified a strong relationship
between obesity and exposure to persistent organic pollut-
ants (POPs) in diet-induced obesity models, especially for
tetrachlorodibenzo-p-dioxin, tetrachlorodibenzofuran, and
dioxin-like polychlorinated biphenyls (PCBs). Although
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Fig.5 Effects of the co-exposure to a high-fat diet (HFD) and
BDE-47 on the metabolic profiles of the gut microbiome and host.
a 3D partial least squares-discriminant analysis (PLS-DA) score
plot from the nuclear magnetic resonance (NMR) spectra of aque-
ous fecal extracts. b Relative abundance of fecal metabolites of dif-
ferent groups. The relative amount of each metabolite in the nor-
mal diet (ND)+ vehicle group was set to 1. ¢ PLS-DA score plot

many studies have been conducted to examine their inter-
relationships, few have considered the effects of environ-
mental toxins exposure during early life stages. In this
study, we investigated the effects of in utero and lactation
exposure to low doses of BDE-47 on metabolic functions
in male offspring. Result showed that BDE-47 exposure
caused a worsening of HFD-induced obesity and NAFLD
via lipid metabolism and gut microbiome regulation.
One important finding of this study indicated that expo-
sure to BDE-47 interfered with metabolic adaptation to
the HFD. In contrast to the distinct response caused by
either BDE-47 exposure or the HFD alone, their com-
bination induced a unique alteration in gene expression
and the metabolic profile. The unique alterations of gene
expression in fatty liver implied that BDE-47 could inter-
act with the HFD to influence the lipid metabolism. The
previous studies have shown that environmental obesogens

ND + vehicle
ND + L-BDE

—
—
== ND + H-BDE
Fecal Metabolites =3 HFD + vehicle
=]
-

HFD + L-BDE
HFD + H-BDE

T3 ND + vehicle

= ND +L-BDE

=3 ND + H-BDE
Serum Metabolites == HFD + vehicle
== HFD + L-BDE
-

HFD + H-BDE

from a gas chromatography—mass spectrometry (GC-MS) analy-
sis of serum samples. d Relative abundance of serum metabolites
of different groups. The relative amount of each metabolite in the
ND + vehicle group was set to 1. *P<0.05, **P<0.01 compared
with the ND + vehicle group; *P <0.05, P <0.01 compared with the
HFD + vehicle group, n=6

can mimic natural lipophilic hormones and mediate their
effects via members of the nuclear receptor transcription
factor superfamily (Hugo et al. 2008). For example, per-
oxisome proliferator activated receptors (PPARs), which
are essential for adipogenesis and lipid metabolism and
have been reported to play critical roles in the develop-
ment of obesity and NAFLD, may be a relevant factor con-
tributing to BDE-47 induced toxicity (Gervois et al. 2004;
Lalloyer et al. 2011; Sanyal et al. 2010). The up-regulation
of Ppary and down-regulation of Ppara observed in this
study, which has also been reported in many previous stud-
ies, such as PCBs and TCDD (Duval et al. 2017; Wahlang
et al. 2013), indicated an important role for Ppar in the
accumulation of fatty acids and elevation in lipid stor-
age. The expression of Ppara and its target gene Cptla,
increased in BDE-47 exposed ND-fed mice as a result of
a metabolic adaptation to attenuate the harmful effects of
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BDE-47, while an increased in Ppara and Cptla mRNA
levels was counteracted in HFD-fed mice as a result of a
compensatory decrease caused by the HFD, which could
lead to more severe outcomes (Wahlang et al. 2013). How-
ever, BDE-47 caused an increase in the mRNA expres-
sion of Ppary and its target gene Cd36, and this effect
was enhanced by the HFD, thus reflecting the concurrent
stimulation of fatty acid uptake and lipid storage (Pparg)
by BDE-47 and the HFD. The up-regulation of Fasn and
down-regulation of Scdl, which indicated the activation
of fatty acid synthesis, but inhibition of unsaturated fatty
acids, were consistent with the changes in levels of pal-
mitelaidic acid (decrease) and octadecanoic acid (increase)
obtained from measurements of serum metabolic changes.
Although responsible for TG synthesis, the Dgatl and
Dgat2 expressions activated by BDE-47 in ND-fed mice
were not significantly different in HFD-fed mice compared
with ND-fed vehicle-exposed mice. A similar decrease in
Dgat2 expression has also been reported following TCDD
exposure in obese mice (Duval et al. 2017) and in a human
hepatic cell line (Ambolet-Camoit et al. 2015), which may
be due to a compensatory decrease in DGAT expression by
an elevation of MogatI expression (Shi and Cheng 2009).
Furthermore, Dgat2 knock-down indicates its potential
protective role against the aggravation of hepatic lesions
(Yamaguchi et al. 2007); therefore, the relative decrease
in Dgat2 induced by the combination of BDE-47 exposure
and the HFD could lead to poorly regulated TG storage
and lipotoxicity.

CAR, which is responsible for the induction of the
enzymes that metabolize BDE-47(Sueyoshi et al. 2014)
and the regulation of lipid and xenobiotic metabolism,
may be another possible mechanism involved in BDE-47
induced obesity and NAFLD. More importantly, CAR is
thought to have a protective role during metabolic stress.
For example, treatment by the CAR agonist, TCPOBOP,
can attenuate diet-induced obesity, diabetes, and hepatic
steatosis in animal models (Dong et al. 2009; Gao et al.
2009). CAR activation has also been reported to be benefi-
cial in reducing steatohepatitis in the MCD mouse model
of diet-induced non-alcoholic steatohepatitis (NASH)
(Baskin-Bey et al. 2007). The previous studies have
reported that the consumption of a HFD interfered with
PCBs-activated CAR/pregnane X receptor (PXR) (Wahl-
ang et al. 2014); therefore, a similar response may be elic-
ited by BDE-47 exposure in combination with the HFD
(decrease), which could attenuate the protective effects of
the receptor against BDE-47 toxicity. Consistent with this
hypothesis, CAR activation (elevation of Cyp2b10 expres-
sions) by HFD was inhibited by the addition of BDE-47
(HFD + H-BDE), implying that the inhibition of CAR was
one reason for the accumulating effects of BDE-47 and
the HFD. Moreover, the activation of CAR in the HFD
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groups can explain to some extent the inactivation of the
inflammation-related genes Itgam, Cd38 and I11.

Another important finding of this study showed that
BDE-47 exposure in combination with an HFD reduced
the diversity and altered the community structure of the gut
microbiota, and in particular changed the bacteria composi-
tion involved in obesity-related metabolic pathways in the
HFD + BDE groups. At the phylum level, BDE-47 treatment
significantly shifted the microbial community from Bacte-
roidetes (decrease) towards Firmicutes (increase) in the
HFD + BDE groups, which was consistent with the results
of both obese human (Ley et al. 2005) and mice models
(Mujico et al. 2013). Firmicutes and Bacteroidetes are two
predominant members of the gut microbiota, and the ratio of
Bacteroidetes to Firmicutes has been shown to be inversely
associated with liver pathology (De Minicis et al. 2014).
At the genus level, BDE exposure induced different altera-
tions in gut microbiotal composition in ND-fed and HFD-fed
mice, and obesity-related bacteria were more significantly
disrupted in the HFD + L-BDE or HFD + H-BDE groups.
For example, shifts in Bacteroides have been associated with
weight loss and the amelioration of HFD-induced metabolic
syndromes (Gauffin Cano et al. 2012; Nadal et al. 2012),
whereas the abundance of Bacteroides was only decreased
in the HFD + L-BDE group in the present study. The abun-
dances of other probiotic bacteria, such as Anaerotruncus,
Oscillibacter, and Christensenellaceae, which suspected
to protect against HFD-induced obesity or NAFLD (Lam
et al. 2012; Stenman et al. 2016; Togo et al. 2016), were
also decreased in the HFD + BDE groups. In addition, some
bacteria such as Dorea that are positively correlated with
obesity or NAFLD, were up-regulated in the HFD + BDE
groups (Million et al. 2012; Raman et al. 2013). Interest-
ingly, we observed the down-regulation of most genera in
the HFD 4+ BDE groups, while up-regulation was observed in
the ND + H-BDE group. The up-regulation of the gut micro-
bial community in the ND + H-BDE group may reflect a
metabolic adaption to ameliorate the toxicity of BDE-47,
while an HFD counteracted this effect, leading to increased
BDE-47 toxicity compared with mice fed an ND. A similar
pattern of change has been observed in the gene expres-
sions of Ppara and Cptla, implying a possible connection
between the bacteria and the genes.

To understand how all of the effects of BDE-47 on obe-
sity, NAFLD, and gut microbiome are interrelated and
connected, we performed a Pearson correlation analysis
(Table S3). Body weight changes were positively cor-
related with liver weight (r=0.681, P<0.001), TG con-
tent (r=0.734, P<0.001) and ALT activity (r=0.621,
P <0.001), indicating that NAFLD worsened by BDE-47
exposure were obesity-related. Moreover, body weight,
liver weight, and liver TG content were significantly cor-
related with Fasn, Scdl, Ppara, Ppary, or Mogatl gene
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expressions (Irl=0.39-0.553, P <0.05), implying that per-
turbed lipid homeostasis was the mechanism accounting for
the NALFD. Gut microbiome alterations, including Turici-
bacter, Anaerotruncus, Ruminococcaceae_UCGO0I14, Helico-
bacter, Alloprevotella, Lactococcus, Parasutterella, Rumini-
clostridium5, Odoribacter, Ruminococcaceae_UCGOI3,
Ruminococcaceae_UCGO10, Staphylococcus, Rikenella,
Family_XIII_UCGO001, Gemella, and Corynebacterium_1,
correlated with body weight, liver weight, or TG content
(IM=0.371-0.661, P <0.05), implying the potential role of
gut microbiome in the development of obesity and NAFLD.
Furthermore, we found that some bacteria, including several
of the obesity or NAFLD relevant bacteria (Alloprevotella,
Lactococcus, Parasutterella, Ruminiclostridium5, Rumino-
coccaceae_UCGO13, and Gemella) were significantly cor-
related with the mRNA levels of genes Scdl, Ppara, Ppary,
and Mogatl (Irl =0.373-0.668, P <0.05), indicating that
a perturbed gut microbiome contributed to impaired lipid
metabolism. In addition, based on the differences between
alteration of gut microbiome correlated with NAFLD and
genes, we speculated that BDE-47 may directly interact with
the genes involved in lipid metabolism in the liver as several
of ways contribute to NAFLD development. All in all, we
concluded that the mechanism for BDE-47 induced worsen-
ing NAFLD as probably mediated through lipid metabolism
and gut microbiome regulation. As shown in Fig. 6, BDE-
47 exposure in combination with an HFD led to alterations
in the gut microbiota composition and its metabolic pro-
files, which then disrupted genes expressions involved in
lipid metabolism (impaired lipid metabolism can also be
caused directly by BDE-47 in liver), and the impaired lipid

Combined effects (BDE-47+HFD )

Gut dysbiosis
(Bacteroidetesy Proteobacteria ¥

Actinobacteria

Firmicutes/Bacteroidetes ) T

Metabolic function

(Bile acids, glycine, taurine, choline,

succinate, monosaccharides, propionate) —

Mitochondria

metabolism then contributed to the development of NAFLD
and obesity.

Based on the results of the Pearson correlation analy-
sis, we may conclude the mechanism for BDE-47 induced
worsening of obesity and NAFLD. However, the dose-
dependent effects are still unclear. In this study, some
adverse effects of BDE exposure, such as ALT activity and
GTT, were more prominent in the BDE-L group, but not in
the BDE-H group of HFD-fed mice, while some adverse
effects such as Fasn and Ccl2 mRNA expression were only
observed in the BDE-H group of HFD-fed mice. Differences
in which gut microbiome were perturbed may be one pos-
sible reason. The Pearson’s correlation analysis indicated
that the gut microbiome was a possible factor promoting
the development of obesity and NAFLD. However, the
numbers and types of altered bacteria in the HFD + L-BDE
and HFD + H-BDE groups were different. More disrupted
genus of bacteria were observed in the L-BDE group (13)
than in the H-BDE group (10), and among the obesity or
NAFLD correlated bacteria, the number of such genus for
the the L-BDE group reached nine, while the H-BDE group
only reached six. These differences may reflect the different
capacity of two treatments to influence the gut microbiome.
Another possible mechanism may be linked to the insulin
signal pathway. Although we did not determine the insulin
concentrations or the activity of the insulin signal pathway,
differences between GTT may reflect insulin resistance or
impaired pancreatic function (Kramer et al. 2014; Ohashi
et al. 2015), and the insulin signal pathway can also regulate
the hepatic glucose and lipid metabolism. Specific factors
contributing to dose-specific effects should be determined in
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Fig.6 Schematic of the combined effects of a high-fat diet (HFD) and BDE-47 on the gut microbiome, liver gene expression, serum metabolic
profiles, and various endpoints. Significant increased or decreased endpoints were compared with the normal diet (ND) + vehicle group
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further studies. Dose-specific effects have been reported in
many previous studies, especially during early life exposure.
For example, in utero exposure to arsenic increased body
weight at 6 months in a low-dose group (10 ppb) but not a
high-dose group (42.5 ppm), although serum leptin levels,
which were positively associated with obesity, were only
significantly increased by high-dose of arsenic (Rodriguez
et al. 2016). Low-dose developmental bisphenol A expo-
sure at 0.5 pg/kg (but not 50 pg/kg) body weight caused an
increase in plasma TG levels in male mice offspring, while
in females, elevations in TG levels were observed at 50 pg/
kg but not at 0.5 pg/kg body weight (Lejonklou et al. 2017).
Maternal exposure to BPA also induced dose-specific effects
on islets in male offspring, and exposure level of 10 pg/kg
BPA reduced f-cell mass and increased p-cell death, while
10 mg/kg BPA exposure impaired mitochondrial function
(Bansal et al. 2017). Further studies should be conducted to
determine whether the dose-specific effects occurred after
exposure to BDE-47 during adulthood or not.

This study used a low BDE-47 dose (2 pg/kg body
weight), which is within the same range as levels measured
in the blood of the population of Shanghai (Xu et al. 2017)
but lower than in Northern California residents (Parry et al.
2018). Such low doses were nevertheless found to modulate
body weight, hepatic lipid metabolism, and gut microbi-
ome. More importantly, the sum of PBDE concentrations in
human serum sample was higher than BDE-47, and consid-
ering the similar structures among PBDEs congeners, more
severe health effects may occur in human beings exposed
to PBDEs. BDE-47 exposure in ND-fed mice was found to
have no effect on obesity or NAFLD, but in HFD-fed mice,
more obvious phenotype were observed under BDE expo-
sure. These results highlight the importance of a balanced
diet (low calorie) and safe food (no PBDEs contamination).

This study reports new findings regarding impaired glu-
cose homeostasis, indices of NAFLD, and increased body
weight in male offspring in combination with an HFD
intervention after in utero and lactational exposure to low
doses of BDE-47. It also improves our understanding of the
molecular mechanisms that underline the worsening hepatic
steatosis and obesity induced by an HFD, including impaired
lipid metabolism and gut dysbiosis. Further studies should
be conducted to solve several problems: (1) the effects of
BDE-47 exposure during fetal development on females to
know if the effects were sexually dimorphic; (2) fecal micro-
biota transplantation to build strong connection between gut
dysbiosis and obesity and NAFLD; (3) to identify particu-
lar strains that are targeted by BDE-47 exposure to develop
probiotics strategies for eliminating health hazards; and (4)
more dose-dependent studies to delineate the mechanism of
the dose-specific effects and determine whether or not the
dose-specific effects only occur after fetal exposure. These
results demonstrate that early life exposure to environmental
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pollutants can result in susceptibility to disease later in life
and suggest that more studies are necessary to investigate
this connection.
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