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Polybrominated diphenyl ethers (PBDEs) are flame retardants that are widely used in
plastics, rubbers, textiles, furniture and electronic devices. Worrisome levels of PBDEs
have been detected in fatty food, household dust, human blood and breast milk due to
their lipophilic and bio-accumulative features. Animal studies, with limited supporting
human epidemiology data, have found associations between PBDE exposure and
multiple detrimental effects including neurotoxicity, thyroid hormone disorders, and
hepatotoxicity such as oxidative stress and cancer. In liver, which is the major organ for
xenobiotic biotransformation and nutrient homeostasis, certain PBDE congeners are
oxidized by cytochrome P450s (Cyps) to form more toxic metabolites. The gut
microbiome has been increasingly recognized as a novel frontier for xenobiotic
metabolism, and previous work from our laboratory has demonstrated that lack of a gut
microbiome profoundly altered the expression of xenobiotic-processing genes (XPGs) in
the liver. However, very little is known regarding the interactions between PBDEs and

the gut microbiome, and how such interactions modify the hepatic xenobiotic



biotransformation and intermediary metabolism pathways. Therefore, the goal of my
dissertation is to utilize multidisciplinary approaches, including germ-free mice, second
generation sequencing (RNA-Seq and microbial 16S rRNA sequencing), targeted
proteomics (LC-MS), targeted metabolomics (GC-MS for PBDE phenolics and UPLC-
MS/MS for bile acids), as well as bioinformatics, to strategically investigate the effect of
PBDEs on the gut microbiome in vivo, and further determine how the gut microbiome
modulates PBDE-mediated regulation of the hepatic transcriptome and the
biotransformation and disposition of PBDEs. To achieve this goal, | exposed nine-
week-old male C57BL/6 conventional (CV) and germ-free (GF) mice with vehicle (corn
oil, p.o. 10 ml/kg) and the most predominant PBDE congeners, BDE-47 or BDE-99 (100
umol/kg, p.o.), for four consecutive days. Gut microbiomes were quantified using 16S
rRNA sequencing of the large intestinal content (LIC) of CV mice. Both BDE-47 and
BDE-99 profoundly decreased the bacterial richness (i.e. a diversity). PBDEs
differentially regulated 45 bacterial species, especially an up-regulation of Akkermansia
muciniphila and Erysipelotrichacea allobaculum, which are known to have anti-
inflammatory and anti-obesity properties. In livers of GF mice, the major BDE-47
hydroxylated metabolite, 5-OH-BDE-47, was higher as compared to livers of CV mice;
whereas 4 minor BDE-47 metabolites and 4 minor BDE-99 metabolites were lower.
RNA-Seq of the hepatic transcriptome in CV and GF mice showed that the interactions
between gut microbiome and PBDEs not only regulated the protein-coding genes
(PCGs), but also long non-coding RNAs (IncRNAs), which are increasingly recognized
as novel biomarkers for toxicological responses. The absence of gut microbiome

sensitized the liver to BDE-99-mediated transcriptional regulation of both PCGs and



IncRNAs in GF mice. Besides xenobiotic metabolism, the gut microbiome is also
important for endogenous functions such as bile acid (BA) homeostasis, which
regulates nutrient absorption, and may contribute to obesity, inflammation, and cancer.
Targeted metabolomics of 56 BAs in serum, liver, small intestinal content (SIC) and LIC
of CV and GF mice showed that PBDEs, especially BDE-99, markedly increased many
unconjugated BAs in multiple bio-compartments in a gut microbiota-dependent manner.
Therefore, these BAs may serve as secondary signaling molecules to relay toxicological
response following PBDE exposure. Taken together, the present study revealed for the
first time that there is a novel interaction between the gut microbiome and PBDEs, and
this markedly impacts both xenobiotic biotransformation and intermediary metabolism
pathways in the host liver. Targeting the “gut-liver axis” may lead to the design of novel

probiotic therapies to reduce the toxicities of PBDEs in vulnerable populations.
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CHAPTER 1: Introduction

Polybrominated diphenyl ethers (PBDEs)

PBDEs are a class of brominated flame retardants used in a wide variety of consumer
products such as textiles, carpets, polyurethane foams, furniture, electronic devices and

building materials. The general chemical structure of PBDEs is shown in Fig 1.1, which

Br Br Br Br
Y O N 0 o)
Br—— | | —Br,
AN Z Br Br Br Br

PBDEs BDE-47 BDE-99 Br

Figure 1.1 General chemical structures of PBDEs (m+n =1 to 10), BDE-47 and BDE-99.

contains a central biphenyl structure surrounded by up to 10 bromine atoms.
Depending on the number and position of bromine atoms, there are 209 possible PBDE
congeners (ranging from mono- to decabromodiphenyl ethers). PBDEs are highly
lipophilic, and thus their solubility in water is low, especially for the higher brominated
compounds. The commercially produced PBDEs consist predominantly of penta-, octa-,
and decabromodiphenyl ether mixtures. Although the production of pentaBDE and
octaBDE ceased in 2004 and decaBDE was also phased out years later in 2013, human
exposures to PBDEs continues due to their highly persistent and bio-accumulative
nature in the environment. PBDEs have been reported to exhibit neurotoxicity, thyroid
hormone disorders, and hepatotoxicity in animal studies, leading to growing public

concerns about their use (Darnerud, 2003).
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PBDEs have been detected in air, soil, sediments, birds, marine species, fish, and
human tissues, as well as blood and breast milk (Darnerud et al., 2001; Frederiksen et
al., 2009). The widespread contamination of the environment by PBDEs and the
detection of them in wildlife and in human tissues have raised great concerns for their
potential adverse health effects to humans and the environment. Diet and house dust
appear to be the major sources of PBDE exposure in the general population (Costa and
Giordano, 2007). Among food, fish has the highest content of PBDEs, followed by meat
and dairy products (Schecter et al., 2004). According to a US EPA 2010 report, the
adult daily intake dose of total PBDEs is estimated to be 7.1 ng/kg body weight (which is
equivalent to 31.0 ng/g lipid weight, assuming a body fat proportion of 25%); whereas
for children, the estimated intakes of total PBDEs are higher at 47.2 ng/kg/day for ages
1-5, 13.0 ng/kg/day for ages 6-11, and 8.3 ng/kg/day for ages 12-19 (EPA 2010 May,

https://cfpub.epa.gov/ncealrisk/recordisplay.cfm?deid=210404). PBDE levels in breast

milk, cord blood and placentas are generally higher in North America than in other
regions, such as Asia, Europe, Oceania and Africa (Frederiksen et al., 2009; Tang and
Zhai, 2017). Analysis of 2,062 human serum samples from the National Health and
Nutrition Examination Survey (NHANES) 2003-2004 detected PBDEs in nearly all
participants, with BDE-47 [geometric mean 20.5 ng/g lipid] and BDE-99 [5.0 ng/g lipid]
among the highest serum concentration of PBDE congeners measured (Sjodin et al.,
2008). BDE-47 and BDE-99 are also the predominant congeners detected in seafood
and breast milk, which raises concerns for potential adverse effects for newborns and
children (Darnerud, 2003; Guvenius et al., 2003; Lind et al., 2003; Schecter et al., 2003;

Darnerud and Risberg, 2006; Hooper et al., 2007; Abdallah and Harrad, 2011).
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Therefore, my dissertation focuses on these two most predominant PBDE congeners,

BDE-47 and BDE-99.

Because of the lack of consensus on the levels of BDE-47 and BDE-99 that are
considered to be toxic to humans, a reference dose (RfD) of 0.1 ng/kg body weight per
day was suggested for both BDE-47 and BDE-99 (USEPA 2010). For BDE-47, the RfD
of 0.1 ug/kg body weight was derived from a benchmark dose lower confidence limit
(BMDL4sp) of 0.35 mg/kg body weight per day, based on the changes in habituation
ratios in adult mice (Eriksson et al., 2001), with application of a total uncertain factor of
3,000 to account for interspecies variability, human variability, extrapolation from a
single dose (on postnatal day 10) to chronic exposure and for database deficiencies.
For BDE-99, the RfD of 0.1 ug/kg body weight was derived from a BMDL1sp of 0.29
mg/kg body weight per day, based on the effects on spontaneous motor behavior in
mice (Viberg et al., 2004), with application of a total uncertain factor of 3,000 to account
for interspecies variability, human variability, extrapolation from a single dose (on
postnatal day 10) to chronic exposure and for database deficiencies (USEPA 2010). In
this dissertation, the adult male mice were orally administered a low dose (5 mg/kg body
weight, which is equivalent to 10 umol/kg) or a high dose (50 mg/kg body weight, which
is equivalent to 100 umol/kg) of BDE-47 or BDE-99 for four consecutive days and the
tissues were collected on the fifth day. These doses are relatively higher than those of
environmental exposure to humans. However, these doses are still relevant to assess
the exposure risk to humans because of the highly persistent and bio-accumulative

potential of PBDEs in breast-fed infants and children. According to the literature, the
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concentrations of BDE-47 in human plasma from the United States range from 10 to
511 ng/g of lipid weight (lwt), with an average of 50 ng/g lipid (Petreas et al., 2003). The
blood concentration of BDE-99 in the general U.S. populations ranges from 2.46 to 241
ng/g Iwt, with an average of 11.6 ng/g lipid (Fitzgerald et al., 2012). In human breast
milk, the mean BDE-47 and BDE-99 are approximately 27.8 ng/g lwt and 5.7ng/g Iwt
(Frederiksen et al., 2009). There is a significant gap between human bio-monitoring
data and health assessment of PBDEs in humans and animals. Using these doses and
dosing regimen, which are similar to those used in adult mice to induced cytochrome
P450s (Pacyniak et al., 2007), we could compare our results with previous literature to
characterize the effect of PBDEs on hepatic enzymes. Meanwhile, to make sure there
are no off-target effects from liver injury, | quantified the serum alanine
aminotransferase (ALT) from all treatment groups and performed Hematoxylin & Eosin
(H&E) staining of liver histological sections collected from the high dose group. The
results indicated the serum ALT levels were all within the normal range and there were
no apparent liver injuries sustained by the high dose group. Therefore, we performed
all the downstream experiments in the high dose group to maximally capture the effects

induced by PBDEs through the gut-liver axis.

Toxicokinetics and toxicodynamics of BDE-47 and BDE-99

The toxicokinetics of BDE-47 have been studied in rats and mice orally dosed with *C-
labelled BDE-47 (Orn and Klasson-Wehler, 1998; de Wit, 2002). The results indicated
that BDE-47 was efficiently absorbed from the gastrointestinal tract (>80%), and

accumulated in adipose tissue, liver, adrenal, ovary, lung and brain. There were
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marked species differences in regards to the metabolism and excretion of BDE-47. In
rats, 86% of the administered dose (approximately 14.6 mg/kg body weight via a single
gavage dose) was retained after 5 days with the highest concentrations found in
adipose tissue; 14% of the administered dose was excreted in feces, with less than 0.5%
excreted in urine. Of the amount excreted, 79% was the parent compound and 21%
was as metabolites. The parent compound of BDE-47 was detected in all tissues
analyzed, whereas five hydroxylated metabolites of BDE-47 were only detected in liver
at low concentrations. In mice, 47% of the administered dose was retained in the body
after 5 days, 20% was excreted in feces and 33% in urine. Of the amount excreted, 15%
was the parent compound and 85% was metabolites. Mice appeared to have a higher
rate of biotransformation and subsequent urinary excretion of BDE-47, compared with
rats. The radioactivity was about 3 times higher in adipose tissue, relative to liver in rats,

whereas the adipose and liver concentrations were similar in mice.

Studies of BDE-99 in several strains of rats suggest that absorption varies between 60
and 90%. The study (Hakk et al., 2002) with '*C-labelled BDE-99, which was given as a
single oral dose of 8 mg/kg to groups of conventional and bile-duct-cannulated male
Sprague-Dawley rats, indicated that over 50% of the dose was retained at 72 h and
preferably accumulated in adipose tissue, followed by adrenals, gastrointestinal tract
and skin. Fecal elimination is the major route of elimination of BDE-99 in rats,
evidenced by over 43% of the administered dose excreted via feces, 3.6% via bile and
less than 1% via urine at 72 h. Of the amount excreted, more than 90% was parent

BDE-99. In addition, small amounts of mono- and di-hydroxylated metabolites of penta-
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and tetraBDE were detected in feces, suggesting the gut microbiome or intestinal
epithelial enzymes are capable of oxidizing BDE-99 in vivo. In this dissertation, | will

mainly focus on the role of gut microbiome in the biotransformation of PBDEs.

In studies with mice, gender differences in elimination were observed for both BDE-47
and BDE-99, in that male mice appeared to have higher urinary excretion than female
mice. This has been suggested to be due to the higher levels of major urinary proteins
(Mups) in male mice that bind to PBDEs for their elimination (Staskal et al., 2006). The
half-life of tetra- to hexa-PBDEs has been shown to range from 20 to 120 days in
rodents, with an increase proportional to the degree of bromination (Hakk et al., 2002).
For humans, the half-life of lower brominated PBDE congeners were estimated to be
much longer, with 1.8 years for BDE-47 and 2.9 years for BDE-99 (Costa and Giordano,
2007). The biotransformation and excretion of BDE-47 is species-dependent, in which
mice have a faster biotransformation and excretion than rats. Male mice appeared to
have higher urinary excretion of BDE-47 and BDE-99 than female mice. Formation of
hydroxylated and debrominated metabolites of BDE-47 and BDE-99 has been
demonstrated in rats and mice. In addition, the methoxylated PBDE congeners have
been found in fish and seals, which may be formed by in vivo methylation of
hydroxylated PBDE metabolites, or by microbial transformation (Darnerud et al., 2001).
Microbial degradation is thought to be an important process to modify PBDE
contamination in the environment. PBDEs can be reductively debrominated by
anaerobic or aerobic microbes (Tokarz et al., 2008; Qiu et al., 2012; Zhang et al., 2013;

Xu et al., 2014; Yang et al., 2017b). However, most studies have been done in vitro
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with individual bacterial strains.

Little is known about the microbial communities

involved in PBDE anaerobic degradation in vivo, as well as how PBDEs affect microbes

involved in diverse biological functions in vivo.

Hepatocyte Hepatocyte
Phase-I Phase-lIl
biotransformation conjugation
Substrate Metabolite % Substrate Metabolite
oO——m > a—dE
Passive Oxidation o
S _ — Glucuronidation
Reduction Sulfonation
Hydrolysis GSH conjugation
— < Acetylation
Uptake Efflux Methylation Efflux
transporters transporters Amino acid conjugation | transporters

- Fatty acid conjugation

Figure 1.2 Biotransformation of xenobiotics in liver. (from Cui, J. Y. & Li, C. Y. (2018) Regulation of
Xenobiotic Metabolism in the Liver. Comprehensive Toxicology, Third Edition. Vol. 2, pp. 168-214)

As shown in Figure 1.2, the phase-| xenobiotic-biotransformation enzymes perform

oxidation, reduction, and hydrolysis reactions to add a small function group to the
substrates and slightly increase the water-solubility; and phase-Il enzymes catalyze
various conjugation reactions to further increase their elimination (Aleksunes and
Klaassen, 2012). Uptake and efflux transporters are also important in modulating the
absorption, disposition, and excretion of chemicals (Klaassen and Aleksunes, 2010). It
is well known that the expression of xenobiotic-processing genes (XPGs) is regulated
by xenobiotic-sensing transcription factors such as the aryl hydrocarbon receptor (AhR),
constitutive androstane receptor (CAR/Nr1i3), and pregnane X receptor (PXR/Nr1i2)

(Klaassen and Slitt, 2005; Aleksunes and Klaassen, 2012).
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Regarding the pharmacodynamics of PBDEs, PBDE exposure can regulate the
expression and/or activity of certain xenobiotic-processing genes. BDE-47 and BDE-99
have been shown to be activators of CAR and PXR in both rodent livers and human
hepatocytes, leading to induced expression of genes important in xenobiotic metabolism
(Pacyniak et al., 2007; Sueyoshi et al., 2014). BDE-99 has also been shown to activate
AhR-signaling, leading to induced expression of CYP1A and Ugt1ab in zebrafish liver
cells (Yang et al., 2016b). Thus, activation of these transcription factors by PBDEs may
alter the expression of many DPGs and influence the pharmacokinetics of co-
administered drugs or other chemicals, resulting in drug-drug interactions or adverse
drug reactions. PBDEs have been shown to up-regulate both phase-l and phase-II
xenobiotic-metabolizing enzymes. Rats exposed to pentaBDEs showed up-regulated
expression of CYP1A1 and CYP1A2 as indicated by the increased activity of liver
microsomal ethoxyresorufin-O-deethylase (EROD) (von Meyerinck et al., 1990). Higher
UGT activity was also observed in rats exposed to PBDE mixtures at a concentration of

100 umol/kg bw for 14 days (Hallgren et al., 2001).

In liver, BDE-47 and BDE-99 were oxidized predominantly by human CYP2B6 to
hydroxylated metabolites (OH-BDEs) (Erratico et al., 2012; Erratico et al., 2013; Feo et
al., 2013; Gross et al., 2015). The OH-BDEs have been identified in blood samples of
women and children who were environmentally exposed to PBDEs (Qiu et al., 2009), as
well as in blood, bile, urine, and feces of rodents after exposure to BDE-47, BDE-99, or

PBDE mixtures (Orn and Klasson-Wehler, 1998; Hakk et al., 2002; Malmberg et al.,
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2005; Chen et al., 2006; Marsh et al., 2006; Staskal et al., 2006). The OH-BDEs are
considered more potent and toxic than their parent compounds in disrupting Ca*
homeostasis, altering neuronal viability, and competing with thyroxine for binding to
human transthyretin (Meerts et al., 2000; Canton et al., 2005; Hamers et al., 2006;
Dingemans et al., 2011). The OH-BDEs are substrates for phase-ll conjugation
enzymes such as UDP-glucuronosyl transferases (Ugts) and sulfotransferases (Sults) in
vitro (Erratico et al., 2015). Transporters are also important for PBDE disposition.
Uptake transporters bring various chemicals into hepatocytes for biotransformation,
whereas efflux transporters export chemicals out of hepatocytes for elimination into
urine or bile. Previous studies have shown that BDE47 and BDE-99 were transported
to hepatocytes by the human uptake transporters SLCO/OATP1B1, OATP1B3, and
OATP2B1 (Pacyniak et al., 2010) and by the mouse transporters Slco/Oatp1a4,
Oatp1b2, and Oatp2b1 (Pacyniak et al., 2011). The efflux of water-soluble conjugates
of hydroxylated PBDEs likely occurs via efflux transporters, which has yet to be

determined.

Additionally, numerous in vitro studies in multiple cell types have shown that PBDEs can
induce oxidative stress, which may lead to DNA damage, and apoptosis (He et al., 2008;
Costa et al., 2015). For example, the pentaBDE mixture DE-71 and BDE-47 increased
the production of reactive oxygen species (ROS) in human neutrophil granulocytes
(Reistad and Mariussen, 2005). BDE-47 was also reported to cause oxidative stress
and apoptosis in human neuroblastoma cells, in hippocampal neurons, and human fetal

liver hematopoietic cells (He et al., 2008; Shao et al., 2008). BDE-99 has been shown
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to induce apoptosis in human astrocytoma cells (Madia et al., 2004). A study of
pentaBDE mixture DE-71 in neurons and astrocytes have demonstrated the
neurotoxicity of DE-71 is modulated by intracellular GSH levels, which are major
components of the cellular antioxidant defense mechanism. Moreover, cells that were
collected from glutamate cysteine ligase modifier subunit knockout mice (Gclm™) with
significantly lower levels of GSH than wild-type mice were more susceptible to DE-71
toxicity. Consistently, in vivo exposure of mice to BDE-47 (10 mg/kg, on PND 10)
caused an increase of oxidative stress in cerebellum and hippocampus (Giordano et al.,
2008). However, the mechanisms involved in PBDE-induced oxidative stress and
mitochondrial dysfunction, leading to apoptotic cell death, have not been elucidated.
One potential mechanism is that the antioxidant transcription factor nuclear factor E2-
related factor (Nrf2) may play a critically protective role in the regulation of PBDE-
mediated cellular defense responses. Nrf2 is a well-known redox-sensitive
transcriptional factor that translocates to the nucleus where it binds to antioxidant
response element (ARE) and activates downstream genes (Motohashi and Yamamoto,
2004). Nrf2 regulates many XPGs, especially phase-Il detoxification and antioxidant
enzymes, such as glutathione S-transferase (GST), NAD(P)H: quinone oxidoreductase
1 (NQO1), heme oxygenase-1 (HO-1) and UDP-glucuronosyltransferase (UGT), as well
as transporters gene such as multidrug resistance-associated protein (MRP)(Klaassen
and Slitt, 2005; Shen and Kong, 2009). Induction of these enzymes in cells is well
known to confer resistance against carcinogen, reactive metabolites or reactive oxygen
species by enhancing their elimination. It is suggested that BDE-47 activated oxidative

stress response pathway and stimulated the expression of redox-sensitive genes and
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augmentation of intracellular GSH through the activation of Nrf2 in human extravillous
trophoblast cell line (Park and Loch-Caruso, 2014). Therefore, although this
dissertation is mainly focusing on the effect of PBDEs on hepatic xenobiotic-processing
genes through CAR/PXR, other pathways such as oxidative stress or Nrf2 pathways

may also contribute to XPG regulation in our research model.

Gut Microbiome

Studies have found that the enterohepatic circulation of PBDEs is affected by variation
in gut microbial populations, leading to increased residence time in the body and toxicity
(Meijer et al., 2006). Exposure to environmental toxicants or drugs can modify the gut
microbiome composition and functionality, and this may interfere with the
pharmacokinetics/toxicokinetics of other chemicals co-administered chemicals. The gut
microbiome contains a wide spectrum of microorganisms which reside in the
gastrointestinal tract and play an important role in nutrient absorption, host intermediary
metabolism, and xenobiotic biotransformation (Shreiner et al., 2015; Fu and Cui, 2017).
Disruptions in the composition of gut microbial communities and altered interactions
between microbiota-host interactions have been linked to several diseases, such as
cancer, nonalcoholic fatty liver disease (NAFLD), and insulin resistance (Dumas et al.,
2006), as well as allergies, inflammatory bowel disorders, obesity, and diabetes (Wikoff
et al., 2009; Jumpertz et al., 2011). For example, obese patients have an increased
Firmicutes/Bacteriodetes ratio in their feces (Ley et al., 2005; Turnbaugh et al., 2006;
Duncan et al., 2008) and have reduced bacterial diversity (Turnbaugh and Gordon,

2009; Turnbaugh et al., 2009). Germ-free (GF) mice are protected from obesity (Rabot
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et al., 2010), and colonization of GF mice with feces from obese human results in
increased total body and fat mass as well as obesity-associated metabolic phenotypes
(Ridaura et al., 2013). The gut microbiome, serving as an “internal environment”, can
directly biotransform xenobiotics utilizing their own microbial enzymes, or produce
microbial metabolites that enter the enterohepatic circulation to interact with the host
receptors and modify hepatic biotransformation indirectly. Gut microbiomes may
communicate with distinct xenobiotic sensors to regulate xenobiotic metabolism. For
instance, the secondary bile acid lithocholic acid (LCA), which is exclusively produced
by intestinal bacteria, is an activator of mouse and human PXR (Staudinger et al., 2001;
Kliewer et al., 2002). The microbial metabolite of the essential amino acid tryptophan,
indole-3-propionate acid (IPA), is also a novel PXR activator in mouse intestine. [IPA
improves gut barrier permeability and reduces metabolic endotoxins and host
inflammation through PXR (Venkatesh et al., 2014). Using GF mice, our laboratory has
observed a marked decrease in the expression and activity of Cyp3a as compared to
conventional (CV) mice, whereas conventionalization of GF mice restored to control
levels Cyp3a mRNA, protein and enzyme activities (Selwyn et al., 2015b). However, it
is unclear how and to what extent gut microbiome-mediated modulation of DPGs will
affect PXR-signaling and hepatic biotransformation of PBDEs. Therefore, in my
dissertation | used both CV and GF mice to study the role of the gut microbiome in

modulation PBDE-mediated effects.

In addition to xenobiotic biotransformation, the gut microbiome plays an essential role in

intermediary metabolism. In the intestine, gut microbiota convert primary BAs into
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secondary BAs via dehydroxylation, deconjugation, and epimerization reactions (Chiang,
2009). The intestinal microbiota contains enzymes that metabolize BAs; for example,
bile salt hydrolases (Bshs), which are widely present in intestinal bacteria, remove
glycine or taurine from conjugated BAs. The bacteria Clostridia bacteria contain
hydroxysteroid dehydrogenases and 7-dehydratases, which produce BA intermediates
and secondary BAs (Ridlon et al.,, 2006). Ninety-five percent of BAs undergo
reabsorption from the intestinal lumen via active transport and recirculate to liver via the

portal blood (Chiang, 2003) (Fig. 1.3). BAs function as signaling molecules and not
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Figure 1.3 Gut-liver axis on bile acid metabolism. (Figure modified based on
https://hackyourgut.com/2017/02/28/bile-flow-bacteria-and-chronic-inflammation/)

only regulate their own biosynthesis, but also communicate with distinct host receptors

to regulate many physiological pathways in xenobiotic biotransformation and

27



intermediary metabolism (Chiang, 2003). Clinically, many therapeutic drugs have been
shown to produce cholestatic liver injury by elevating hepatic BA levels (Padda et al.,
2011). In laboratory animals, activation of the xenobiotic sensor, CAR, by its activators,
phenobarbital and TCPOBOP, led to decreased BA levels in mouse liver, but increased
fecal excretion of muricholic acids (Sberna et al., 2011; Lickteig et al., 2016). Lack of
gut microbiota in GF mice resulted in higher BA concentrations in serum, liver, bile, and
ileum than that in CV mice (Selwyn et al., 2015c). However, very little is known
regarding to what extent environmental chemicals such as PBDEs may modulate the

host BA homeostasis, and whether gut microbiota is involved in this process.

Long non-coding RNAs (IncRNAs)

Recently, IncRNAs are increasing recognized as novel biomarkers and key regulators of
toxicological response (Dempsey and Cui, 2016). LncRNAs are transcribed from
mammalian genome, are >200 nucleotides in length and generally lack protein coding
capacity. They play pivotal roles in the regulation of genomic integrity, imprinting,
MRNA processing, cell differentiation and development (Guttman et al., 2009; Loewer et
al., 2010; Guttman et al., 2011; Hung et al., 2011; Parasramka et al., 2016). Specifically,
IncRNAs frequently serve as the co-modulators of transcription factors to regulate gene
expression (Lan et al., 2016). LncRNAs may serve as scaffolds to transport
transcription factors to their promoter region, resulting in transcriptional activation or
repression. LncRNAs can also function as ‘decoys’ or ‘molecular sinks’ to bind with
chromatin regulatory proteins thereby inhibiting their function (Wang and Chang, 2011;

Dempsey and Cui, 2016). Some IncRNAs act in cis to activate the transcription of the
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neighboring genes, whereas others in trans may exhibit suppressive functions (Zhou et

al., 2015).

Regarding the involvement of IncRNAs in human diseases, aberrant INcRNA expression
has been reported in cancer and metabolic disorders (Wapinski and Chang, 2011; Bhan
and Mandal, 2014). LncRNAs have been found to regulate cellular cholesterol
metabolism (Lan et al., 2016), lipid metabolism and BA homeostasis (Li et al., 2015).
Regarding environmental chemicals, altered expression of IncRNAs has been reported
for polycyclic aromatic hydrocarbons (Gao et al., 2016), benzene (Bai et al., 2014),
cadmium (Zhou et al., 2015), and bisphenol A (Kumamoto and Oshio, 2013). In blood
samples obtained from humans exposed to benzene, the INncRNAs NR 045623 and
NR_028291 were up-regulated with increasing levels of benzene exposure (Bai et al.,
2014). Rats treated with cadmium showed increased expression of
ENST000004144355 in a dose-dependent manner, implicating that IncRNAs may serve
as novel biomarkers for DNA damage and repair in cadmium toxicity (Zhou et al., 2015).
However, there is little information regarding the mechanisms of IncRNAs involved in
the toxification/detoxification following xenobiotic exposure of PBDEs, and hepatic

IncRNA expression is regulated by the gut microbiome.

Dissertation Outline
The overall goal of this dissertation is to characterize the interactions between the gut
microbiome and the environmental chemicals PBDEs on host hepatic xenobiotic

biotransformation and intermediary metabolism in liver. The objective of this
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dissertation is to utilize multidisciplinary approaches to strategically investigate the gut-
liver axis on the biotransformation of PBDEs, and the regulation of the hepatic

transcriptome by PBDE-gut microbiome interactions. My central hypothesis is that

PBDE-gut microbiome interactions markedly regulate the expression of hepatic
xenobiotic-processing genes (XPGs), the activities of drug-metabolizing enzymes, as
well as the production of endogenous intermediary metabolites such as bile acids.
Chapter 1: Introduction.

Chapter 2: The gut microbiome is a novel frontier for xenobiotic metabolism, serving as
an internal environment to modify the bioavailability, efficacy, and toxicity of chemicals
from the external environment. PBDEs are among the most abundant and persistent
environmental contaminants in the human population, and especially the BDE-47 and
BDE-99 congeners are prevalent in seafood and human breast milk at worrisome levels.
Very little is known about the potential interactions between the gut microbiome and
PBDEs. In this chapter, | used a GF mouse model, PBDE targeted metabolomics,
RNA-Seq, and LC-MS/MS-based targeted proteomics, to strategically investigate how
the gut microbiome modifies PBDE-mediated regulation of the hepatic XPGs, and
characterize how the lack of a gut microbiome modifies the hepatic hydroxylation of

PBDEs.

Chapter 3: In addition to xenobiotic metabolism, the gut microbiome also plays an
essential role in the metabolism of bile acids (BAs), which are important signaling
molecules implicated in obesity and diabetes, inflammation, and cancer.

Pharmacological activation of the major xenobiotic-sensing nuclear receptor, pregnane
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X receptor (PXR) by its prototypical (rodent-specific) agonist pregnenolone-16a-
carbonitrile (PCN) has been shown to decrease the activity of the rate-limiting enzyme
for BA synthesis in rodent liver. PBDEs have also been shown to activate PXR in
rodent liver and human hepatocytes. However, very little is known regarding the effect
of PBDEs on BA homeostasis. In this chapter, | utilized bacterial metagenomics (16S
rRNA sequencing of large intestinal contents [LIC]), targeted proteomics (LC-MS/MS of
BA-processing genes), and targeted metabolomics (LC-MS/MS of 56 BAs), to
characterize the effect of PBDEs on the composition of the gut microbiome composition

and the production of microbial metabolites that are involved in BA homeostasis.

Chapter 4: LncRNAs are increasingly recognized as novel regulators and biomarkers
for chemical-mediated toxicities. However very little is known regarding the regulation
of IncRNAs following the toxic exposure to PBDEs in the liver, which is the major organ
for xenobiotic biotransformation. Therefore, in this chapter | analyzed RNA-Seq data
collected from both CV and GF mice to capture the hepatic transcriptome of both
IncRNAs and PCGs responsive to PBDE exposure. The goal of the chapter is to unveil
and compare the common and unique PBDE-target genes and signaling pathways in
response to PBDE and gut microbiome mediated effects. Another goal of this chapter is
to identify distinct IncRNAs as novel biomarkers for PBDEs exposure, which may also
facilitate future mechanistic studies of INcRNAs in gene expression during toxicological

responses.
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To address my research goals, | have developed three related hypotheses and specific

aims to test these hypotheses.

Specific Aims and Hypotheses

Chapter 2
Specific Aim: Determine the necessity of gut microbiome on host hepatic
biotransformation of PBDEs.
Hypothesis: Gut microbiome interacts with hepatic xenobiotic biotransformation

enzymes to modulate the hepatic biotransformation of PBDEs.

Chapter 3
Specific Aim: Characterize the effect of PBDEs on gut microbiome composition
and function, as well as on the production of microbial metabolites that modulate
bile acid homeostasis.
Hypothesis: Oral exposure to PBDEs causes dysbiosis and aberrant regulation

of BA homeostasis.

Chapter 4
Specific Aim: Explore novel biomarkers for PBDEs and gut microbiome
interactions
Hypothesis: Gut microbiome not only modifies the PBDE-mediated hepatic
expression of protein-coding genes, but also modulates the expression of

IncRNAs, which may serve as novel biomarkers for PBDEs exposure.
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CHAPTER 2: Novel Interactions between Gut Microbiome and Host Drug-
processing Genes: Modification of Hepatic Metabolism of PBDEs
This chapter was published in Journal of Drug Metabolism & Disposition on 2017/09.
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ABSTRACT

The gut microbiome is a novel frontier in xenobiotic metabolism. Polybrominated
diphenyl ethers (PBDEs), especially BDE-47 and BDE-99, are among the most
abundant and persistent environmental contaminants that produce a variety of toxicities.
Little is known about how the gut microbiome affects the hepatic metabolism of PBDEs
and the PBDE-mediated regulation of drug-processing genes (DPGs) in vivo. The goal
of this study was to determine the role of gut microbiome in modulating the hepatic
biotransformation of PBDEs. Nine-week-old male C57BL/6J conventional (CV) or germ
free (GF) mice were treated with vehicle, BDE-47 or BDE-99 (100 umol/kg) for four days.
Following BDE-47 treatment, GF mice had higher level of 5-OH-BDE-47 but lower levels

of 4 other metabolites in liver than CV mice; whereas following BDE-99 treatment, GF
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mice had lower levels of 4 minor metabolites in liver than CV mice. RNA-Seq
demonstrated that the hepatic expression of DPGs was regulated by both PBDEs and
enterotypes. Under basal condition, the lack of gut microbiome up-regulated the Cyp2c
subfamily but down-regulated the Cyp3a subfamily. Following PBDE exposure, certain
DPGs were differentially regulated by PBDEs in a gut microbiome-dependent manner.
Interestingly, the lack of gut microbiome augmented PBDE-mediated up-regulation of
many DPGs, such as Cyp1a2 and Cyp3a11 in mouse liver, which was further confirmed
by targeted metabolomics. The lack of gut microbiome also augmented the Cyp3a
enzyme activity in liver. In conclusion, our study has unveiled a novel interaction

between gut microbiome and the hepatic biotransformation of PBDEs.

INTRODUCTION

The liver is a major organ for the metabolism and excretion of xenobiotics. Many
genes encoding drug-metabolizing enzymes or transporters (together called drug-
processing genes [DPGs]) are highly expressed in liver. Drug metabolizing enzymes
include phase-l enzymes that perform oxidation, reduction, and hydrolysis reactions;
and phase-ll enzymes that catalyze various conjugation reactions (Aleksunes and
Klaassen, 2012; Li et al., 2016b). Uptake transporters bring various chemicals into
hepatocytes for biotransformation, whereas efflux transporters export chemicals out of
hepatocytes for elimination into urine or bile (Klaassen and Aleksunes, 2010). The
expression of DPGs is regulated by xenobiotic-sensing transcription factors such as the
aryl hydrocarbon receptor (AhR), constitutive androstane receptor (CAR/Nr1i3), and

pregnane X receptor (PXR/Nr1i2) (Klaassen and Slitt, 2005; Cui et al., 2009; Aleksunes
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and Klaassen, 2012; Cui and Klaassen, 2016; Li et al., 2016b; Park et al., 2016).
Activation of these transcription factors by drugs or other xenobiotics alters the
expression of DPGs, which may influence the pharmacokinetics of co-administered
drugs or other chemicals, resulting in drug-drug interactions or drug-food reactions.
Polybrominated diphenyl ethers (PBDEs) are widely used as flame retardants and
persistently present in the environment due to their lipophilic and bio-accumulative
properties. Accumulating evidence have shown the adverse effects of PBDEs on
laboratory animals, including thyroid hormone disorders (Zhou et al., 2002),
neurotoxicity (Madia et al., 2004), hepatic oxidative stress (Fernie et al., 2005), and
carcinogenesis (National Toxicology, 1986). Among all 209 known PBDE congeners,
BDE-47 and BDE-99 are the most predominant congeners detected in humans (Sjodin
et al., 2001; Schecter et al., 2003; Hites, 2004). BDE-47 and BDE-99 are also
activators of CAR and PXR in both rodents and human hepatocytes, leading to induced
expression of genes important in xenobiotic metabolism and disposition (Pacyniak et al.,
2007; Sueyoshi et al., 2014). Studies incubating BDE-47 and BDE-99 with rat or human
microsomes have demonstrated that PBDEs are first biotransformed to hydroxylated
metabolites (OH-BDEs) by cytochrome P450 enzymes (Hamers et al., 2008; Lupton et
al., 2009; Stapleton et al., 2009; Dong et al., 2010; Erratico et al., 2010; Erratico et al.,
2011; Feo et al., 2013). OH-BDEs have been identified in blood samples of women and
children who were environmentally exposed to PBDEs (Qiu et al., 2009), and in blood,
bile, urine, and feces of rodents after exposure to BDE-47, BDE-99, or PBDE mixtures
(Orn and Klasson-Wehler, 1998; Hakk et al., 2002; Malmberg et al., 2005; Chen et al.,

2006; Marsh et al., 2006; Staskal et al., 2006). The OH-BDEs are potentially more

35



potent and toxic than their parent compounds in disrupting Ca* homeostasis, altering
neuronal viability, and competing with thyroxine for binding to human transthyretin
(Meerts et al., 2000; Canton et al., 2005; Hamers et al., 2006; Dingemans et al., 2011).
The OH-BDEs are then further metabolized by phase-ll enzymes such as UDP-
glucuronosyl transferases (Ugts) and sulfotransferases (Sults) before elimination
(Erratico et al., 2015).

The gut microbiome is recognized as an additional regulator of DPGs in liver.
Profound differences have been reported in the expression patterns of DPGs between
CV and GF mice (Bjorkholm et al., 2009; Toda et al., 2009; Selwyn et al., 20153a;
Selwyn et al., 2015b; Selwyn et al., 2015d). Alterations in the gut microbiome by either
diet or other environmental factors have been suggested to contribute to inter-individual
variations in drug response and altered expression of DPGs. This in turn may also
change the composition of gut microbiota and ultimately exaggerate the adverse effects
of the initial insults (Klaassen and Cui, 2015; Nayak and Turnbaugh, 2016). Therefore,
classification of the human gut microbiome into distinct “enterotypes”, defined by their
bacterial composition, has been proposed to serve as a new research paradigm to
better understand the interplay between microbial variation and human diseases
(Arumugam et al., 2011; Knights et al., 2014; Nayak and Turnbaugh, 2016).

Despite the known importance of hepatic DPGs and gut microbiome in xenobiotic
biotransformation, very little is known regarding the potential contribution of the liver-
gut-bacteria axis on hepatic PBDE metabolism and disposition in vivo. The goals of the
present study were to: 1) investigate how gut microbiome modifies the PBDE-mediated

regulation of the hepatic DPGs; 2) how the lack of gut microbiome modifies the hepatic
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hydroxylation of PBDEs. To accomplish these goals, we used GF mouse models,
PBDE targeted metabolomics, RNA-Seq, and LC-MS/MS-based targeted proteomics, to
strategically investigate the novel interactions between gut microbiome and host DPGs,
and their effect on the metabolism of the major PBDE congeners BDE-47 and BDE-99

in liver.

MATERIALS AND METHODS

Chemicals. BDE-47 (2, 2, 4, 4’-tetrabromodipheny! ether) was purchased from Chem
Service, Inc. (West Chester, PA). BDE-99 (2, 2', 4, 4’,5-pentabromodiphenyl ether) was
purchased from AccuStandard, Inc. (New Haven, CT). The phosphate-buffered saline
(PBS, 10x, pH 7.4) was purchased from Thermo Fisher Scientific (Grand Island, NY).
Synthetic heavy labeled peptides (Supplementary Table 1S) were obtained from
Thermo Fisher Scientific (Rockford, IL). Ammonium bicarbonate (98% purity) and
Pierce™ Trypsin protease (MS-grade) were purchased from Thermo Fisher Scientific
(Rockford, IL). Chloroform, ethyl ether, Optima MS-grade acetonitrile, methanol and
formic acid were purchased from Fischer Scientific (Fair Lawn, NJ). All other chemicals
and reagents, unless indicated otherwise, were purchased from Sigma-Aldrich (St.

Louis, MO).

Animals. Eight-week-old male C57BL/6J CV mice were purchased from the Jackson
Laboratory (Bar Harbor, ME), and were acclimated to the animal facility at the University
of Washington for one-week prior to experiments. The initial breeding colony of GF

mice in C57BL/6 background was established with mice purchased from the National
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Gnotobiotic Rodent Resource Center (University of North Carolina, Chapel Hill). All
mice were housed according to the Association for Assessment and Accreditation of
Laboratory Animal Care International guidelines, and studies were approved by the
Institutional Animal Care and Use Committee (IACUC) at the University of Washington.
CV and GF mice were exposed to the same diet (laboratory autoclaved rodent diet
[LabDiet #5010]), water (non-acidified autoclaved water), and bedding (autoclaved
Enrich-N'Pure). All chemical solutions were sterilized using the Steriflip Vacuum-driven
Filtration System with a 0.22 ym Millipore Express Plus Membrane (EMD Millipore,
Temecula, CA). All gavage needles and syringes were sterilized by autoclave. At 9-
weeks of age, CV mice (n=5 per group) were randomly allocated for the treatment of
vehicle (corn oil, 10ml/kg), BDE-47 (10 ymol/kg and 100 pmol/kg), or BDE-99 (10
pumol/kg and 100 umol/kg) via oral gavage once daily for 4 days. Livers were collected
24 hours after the last dosing on the 5™ day and immediately frozen in liquid nitrogen.
Based on the highest induction of Cyp2b10 and Cyp3a11 mRNAs in CV mice, age-
matched GF mice (n= 3 or 4 per group) were treated with vehicle (corn oil, 10ml/kg),
BDE-47 (100 pymol/kg) or BDE-99 (100 pmol/kg) following the same procedure (as
shown in Fig. 1). Due to the potential variations caused by the estrous cycle in adult
female mice, only male livers were used for this study. All tissues were immediately

frozen in liquid nitrogen and stored at -80 °C until further analysis.
Serum alanine aminotransferase (ALT) quantification and Haemotoxylin & Eosin

(H&E) staining. Serum samples were analyzed by standard enzymatic-colorimetric

assays using ALT kits according to the manufacturer’s protocol (Pointe Scientific, Inc.
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Canton, MI). H&E staining of liver sections collected from CV and GF mice treated with
corn oil, BDE-47, or BDE-99 was performed at the Histology and Imaging Core Facility

(HIC) at University of Washington. Representative slides were shown (x100).

Total RNA isolation. Total RNA was isolated from frozen tissues using RNA-Bee
reagent (Tel-Test Inc., Friendswood, TX) according to the manufacturer's protocol.
RNA concentrations were quantified using NanoDrop 1000 Spectrophotometer (Thermo
Scientific, Waltham, MA) at 260 nm. Integrity of total RNA samples was evaluated by
formaldehyde-agarose gel electrophoresis with visualization of 18S and 28S rRNA
bands under ultraviolet light, and by Agilent 2100 Bioanalyzer (Agilent Technologies Inc.
Santa Clara, CA). Samples with RNA Integrity Numbers above 8.0 were used for RNA-

sequencing.

Quantification of gene expression by RT-qPCR. Total RNA was transcribed to cDNA
using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City,
CA). The cDNAs were amplified by PCR using SsoAdvanced Universal SYBR Green
Supermix in a BioRad CFX384 Real-Time PCR Detection System (Bio-Rad, Hercules,
CA). The PCR primers were synthesized by Integrated DNA Technologies (Coralville,
IA). The primers for B-actin were GGCCAACCGTGAAAAGATGA (Forward) and
CAGCCTGGATGGCTACGTACA (Reverse), for Cyp1a2 were
GACATGGCCTAACGTGCAG (Forward) and GGTCAGAAAGCCGTGGTTG (Reverse),
for Cyp2b10 were AAGGAGAAGTCCAACCAGCA (Forward) and

CTCTGCAACATGGGGGTACT (Reverse), and for Cyp3a1l1 were

39



ACAAACAAGCAGGGATGGAC (Forward) and GGTAGAGGAGCACCAAGCTG
(Reverse). The ddCq values were calculated for each target gene and were normalized

to the expression of the housekeeping gene B-actin.

Complementary DNA library preparation and RNA-sequencing. The
complementary DNA (cDNA) libraries were constructed from total RNA samples using
an lllumina TruSeq Stranded mRNA kit (lllumina, San Diego, CA). Briefly, 1.25 pg of
total RNA was used as the RNA input. The mRNAs were selected from the total RNAs
by purifying the poly-A containing molecules using poly-T primers. The RNA
fragmentation, first and second strand cDNA syntheses, end repair, adaptor ligation,
and PCR amplification were performed according to the manufacturer’s protocol. The
cDNA libraries were validated for integrity and quantity using an Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA) before sequencing. The cDNA
libraries were sequenced on an lllumina HiSeq2000 sequencer using a 50 bp paired-
end multiplexing strategy with 5 samples per lane at Dr. Nickerson’s Sequencing Facility

at the UW Genome Sciences Department.

RNA-Seq data analysis. FASTQ files were de-multiplexed and concatenated per
sample for downstream analysis. Quality control of all FASTQ files was performed

using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). = RNA-Seq

reads from FASTQ files were mapped to the reference genome (NCBI GRCm38/mm10)
using Hierarchical Indexing for Spliced Alignment of Transcripts (HISAT) (version 0.1.6

beta) (Kim et al., 2015). SAM (sequencing alignment/map) files were converted to
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binary format using Samtools (version 1.2) (Li et al., 2009a). The output files in BAM
(binary alignment/map) format were analyzed by Cufflinks (version 2.2.1) to estimate
the transcript abundance (Trapnell et al., 2010). The mRNA abundance was expressed
as FPKM (fragments per kilobase of transcript per million mapped reads). Differential
expression analysis was performed using Cuffdiff. The differentially expressed genes
were defined as FDR (false discovery rate adjusted p-value) <0.05 in at least one of the
chemical-treated groups as compared to the vehicle-treated group of the same
enterotypes of mice, as well as genes that were differentially expressed by the lack of
gut microbiome under the same treatment. The RNA-Seq generated an average of 70
million reads per sample, and more than 80% of the reads were mapped to the mouse
reference genome (NCBI GRCm38/mm10). The data discussed in this publication have
been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO

Series accession number GSE101650.

Extraction and quantification of PBDE hydroxylated metabolites. The extraction
and measurement of OH-BDEs was modified from the methods described by Hovander
et al. (Hovander et al., 2000). Briefly, liver samples were first homogenized with 4-
volumes of deionized water and then spiked with the surrogate, 4-OH-PCB-159. Next,
the homogenates were denatured by adding 6 M HCI and 2-propanol. After 5-min at RT,
the mixture was extracted with hexane/methyl tert-butyl ether (MTBE; 1:1 v/v). The
organic extract was volume reduced and the phenolic fraction (containing the OH-BDEs)
was separated from neutral compounds by adding a solution of potassium hydroxide

(0.5 M in 50% ethanol). The aqueous layer, which contains phenolic compounds, was
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acidified with 2 M HCI and then extracted with hexane/MTBE mix (9:1 v/v). The
hexane/ether extract, which now contained the phenolic compounds, was dried over ~ 2
g of sodium sulfate for 1 hour, then volume reduced to 2 ml and mixed with 200 pl of
diazomethane for derivatization. After overnight incubation at RT, the derivatized
extract was further cleaned using an acid silica gel column. The columns were prepared
with 2 g of acid silica, 1 g of neutral silica, and a top layer of sodium sulfate. Prior to
sample loading, the column was exhaustively rinsed with dichloromethane and hexane.
After loading, the samples were eluted from the column with 40 mL of dichloromethane.
Afterwards, the dichloromethane extract was evaporated and then solvent exchanged
with hexane and subsequently evaporated to approximately 100 pL in volume and
spiked with an internal standard (BDE-166) for analysis. Quantification of OH-BDEs in
the hexane extract was by gas chromatography mass spectroscopy (GCMS) in the
negative chemical ionization (NCI) mode using an Agilent 7890B / 5977A GCMS system.

Calibration curves were made using authentic OH-BDE standards.

LC/MS-MS protein quantification. The procedure is similar as published in a prior
paper with few modifications (Selwyn et al., 2015a). Briefly, the membrane proteins of
the mouse livers were isolated using the Mem-PER plus membrane protein extraction
kit (Pierce Biotechnology, Rockford, IL). The total membrane protein concentration was
quantified using a bicinchoninic acid (BCA) kit, followed by digestion using an in-solution
trypsin digestion kit (Pierce Biotechnology, Rockford, IL). Eighty pl of the tissue extract
(2 mg/ml total protein) was mixed with 10 pl DTT (250 mM), 20 pl of 0.2 mg/ml bovine

serum albumin, 10 pl of 10 mg/ml human serum albumin and 40 pyl ammonium
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bicarbonate buffer (100 mM, pH 7.8), and incubated at 95°C for 5 min (denaturation and
reduction). Subsequently, 20 pl iodoacetamide (500 mM) was added and the sample
was incubated for 30 min at ambient temperature in the dark (alkylation). Ice-cold
methanol (0.5 ml), chloroform (0.1 ml) and water (0.4 ml) were added to each sample.
After centrifugation at 16,000 x g for 5 min at 4°C, the upper and lower layer were
removed and the pellet was washed with ice-cold methanol (0.5 ml) and centrifuged at
8,000 x g for 5 min at 4°C. The pellet was resuspended with 40 yl 50 mM ammonium
bicarbonate buffer. Trypsin (20 pl) was added at 1:80 trypsin: protein ratio (w/w) and
samples were incubated for 18 h at 37°C. Trypsin digestion was stopped by adding 10
I of chilled quenching solvent (80% acetonitrile with 0.5% formic acid) and 30 pl heavy
peptide internal standard, samples were centrifuged for 5 min at 4,000xg and 4°C, and
supernatant was collected in LC-MS/MS vials. The stable isotope-labeled heavy
peptides were used as internal standards (Thermo Fisher Scientific, Rockford, IL). LC-
MS/MS consisted of an Acquity LC (Waters Technologies, Milford, MA) coupled to an
AB Sciex Triple Quadrupole 6500 MS system (Framingham, MA). One to three
surrogate peptides per protein were designed for the quantification of selected proteins
(Supplemental Table 1) according to a previously published protocol (Vrana et al., 2017)
(QPrOmics; www.gpromics.uw.edu/qpromics/assay/). The peptide separation was
achieved on an Acquity UPLC column (HSS T3 1.8 pm, 2.1x100 mm, Waters,
Hertfordshire, UK). Mobile phase A (water with formic acid 0.1%; v/v) and mobile phase
B (acetonitrile with formic acid 0.1%; v/v) were used with a flow rate of 0.3 ml/min in a
gradient manner. Peak integration and quantification were performed using Analyst

(Version 1.6, Mass Spectrometry Toolkit v3.3, Framingham, MA, USA). A robust
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strategy was used to ensure optimal reproducibility when quantifying these proteins, for
example, ion suppression was addressed by using heavy peptide. Bovine serum
albumin (BSA) was used as an exogenous internal standard, which was added to each
sample to correct for protein loss during processing and digestion efficiency. In total,
three-step data normalization was used; first average light peak areas for specific
peptide daughter fragments were divided by corresponding average heavy peak areas.
This ratio was further divided by BSA light/heavy area ratio. Data were further
normalized to average quality control values (pooled representative sample). The
protein abundance data are expressed as the mean (normalized to total protein) of the

three biological replicates with standard error (SE).

Preparation of crude membrane and microsomal fractions (for enzyme activities).
For isolation of crude membranes, livers were homogenized in Sucrose-Tris (ST) buffer
(0.25 M sucrose, 10 mM Tris-HCI, pH 7.4) containing protease inhibitors (1:100, Sigma-
Aldrich Corp., St. Louis, MO), and centrifuged at 100,000 x g for 60 min at 4°C. The
resulting pellet constituted the crude membrane fraction and was re-suspended in ST
buffer. For isolation of microsomes, homogenates were first centrifuged at 10,000 x g
for 20 min at 4°C. The supernatant was then centrifuged at 100,000 x g for 60 min. ST
buffer was used to re-suspend the microsomal pellet. Protein concentration was
determined using the Qubit Protein Assay Kit (Thermo Fisher Scientific, Grand Island,

NY).
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Enzyme activity of Cyp1a, Cyp2b and Cyp3a in mouse liver microsomes. The
Cyp1a, Cyp2b, and Cyp3a enzyme activities in liver microsomes from CV and GF mice
were determined using a P450-Glo™ Screening system (Promega, Madison, WI) as
described previously . Briefly, a luminogenic P450-Glo™ substrate (100 uM Luciferin-
ME for Cyp1a, 3 pM Luciferin-2B6 for Cyp2b, or 3 pyM Luciferin-IPA for Cyp3a) was
incubated at 37°C with 10 ug of liver microsomal protein, control membrane, or positive
P450 enzyme for 10 min. The reactions were initiated by adding the NADPH-
regeneration system and incubated for 10 min. At the end of the incubation, an equal
volume of the luciferin detection reagent (50 ul) was added at room temperature, and
luminescence was quantified 20 min later using a Glomax'™ 96 Microplate Luminometer
(Promega Corporation, Madison, WI). The magnitude of the light signal is dependent
on and directly proportional to the amount of luciferin product generated by the P450

reaction.

Clustering analysis. A hierarchical clustering dendrogram (Ward’s minimum variance
method, distance scale) of the differentially expressed DPGs was generated based on
their standardized mean FPKM values, using JMP Genomics software (SAS Institute,

Inc., Cary, NC).

Statistical analysis. RNA-Seq data are expressed as mean FPKM £ S.E. Genes with
mean FPKM value per treatment group lower than 1 in all groups were defined as not
expressed in liver. Asterisks (*) represent significant differences between corn oil- and

PBDE-treated groups of the same enterotypes of mice. Pounds (#) represent significant
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differences between CV and GF mice under the same treatment. The mean FPKM and
fold change of differentially regulated DPGs by gut microbiome or by PBDEs were

summarized in Supplemental Table 2 and 3.

RESULTS
Dose-response of PBDE exposure on hepatic gene expression

To determine at which dose PBDEs produce more changes in DPG expression in
livers of CV mice, CV mice were treated with vehicle, a low dose (10 umol/kg), or a high
dose (100 umol/kg) of BDE-47 or BDE-99 as described in Fig. 1A (upper panel). The
mMRNAs of phase-l drug-metabolizing enzymes Cyp1a2 (prototypical AhR-target gene),
Cyp2b10 (prototypical CAR-target gene), and Cyp3a11 (prototypical PXR-target gene)
were quantified in livers of CV mice using RT-gPCR. As shown in Fig. 1B, Cyp1a2,
Cyp2b10, and Cyp3a11 mRNAs were all up-regulated by BDE-47 and BDE-99 only at
the high dose. Therefore, the high dose of PBDEs were selected for the GF mice
treatment to compare the effect of the lack of gut microbiota on the regulation of DPGs

in liver (Fig. 1A, lower panel).

Serum ALT and liver histology after PBDE exposure

To ensure that the doses used in this study did not produce any off-target effects due
to liver injuries, serum ALT and liver histology were performed as shown in
Supplemental Fig. 1. Serum ALT levels were within the normal range [between 4 and
36 IU/L at 37°C] in all treatment groups of CV and GF mice (Supplemental Fig. 1A).

Consistent with the serum ALT data, H&E staining showed no apparent hepatic injuries
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in livers of CV and GF mice treated with corn oil, BDE-47 or BDE-99 (Supplemental Fig.

1B).

Hydroxylated metabolites of PBDEs in livers of CV and GF mice

Sixteen hydroxylated metabolites of BDE-47 and BDE-99 were measured by PBDE
targeted metabolomics (GC-MS-NCI) in livers of CV and GF mice treated with corn oil,
BDE-47 (100 umol/kg) or BDE-99 (100 umol/kg) (Fig. 2). Total hepatic levels of PBDE
hydroxylated metabolites were similar between CV and GF mice treated with the same
PBDE congener (Fig. 2A). However, at equal molar dose, the total hydroxylated
metabolites of BDE-99 were higher than those of BDE-47 in CV mice, whereas this
difference was not observed in GF mice. This suggests that the bioavailability of BDE-
99 is higher than BDE-47, which may be due to a combination of the host and
microbiota effects, including different substrate specificities of the host transporters or
P450s, or different microbial biotransformation pathways in gut microbiome that
influence the absorption of the two PBDE congeners. Alternatively, this may also
suggest that BDE-99 is more readily hydroxylated than BDE-47 due to substrate
specificities and/or levels of preferred P450s.

Regarding individual hydroxylated metabolites of PBDEs (Fig. 2B), low levels of
PBDE hydroxylated metabolites were detected in livers of CV mice treated with corn oil.
These PBDE metabolites are likely a result of a background exposure to PBDEs from
diet, bedding, and other environmental factors within the animal facility. Control GF
mice appeared to have higher levels of many PBDE metabolites, although statistical

significance was not achieved (Fig. 2B top panel). Following BDE-47 treatment (Fig. 2B

47



middle panel), 12 out of 16 PBDE hydroxylated metabolites were detected in livers of
CV and GF mice. The major hydroxylated metabolite of BDE-47 was 5-OH-BDE-47 in
livers of both CV and GF mice, with a higher level observed in GF conditions. Four
minor BDE-47 metabolites were decreased in livers of GF mice as compared to livers of
BDE-47 treated CV mice, including 4’-OH-BDE-17, 2’-OH-BDE-28, 3-OH-BDE-47, and
4’-OH-BDE-49. There was no difference for 6-OH-BDE-47 between BDE-47 treated CV
and GF mice. Unexpectedly, although mice were treated exclusively with BDE-47
which contains 4 bromine atoms, there were low levels of other tetraBDEs (2’-OH-BDE-
68 and 2’-OH-BDE-75) and also pentaBDEs (6-OH-BDE-85, 5-OH-BDE-99, 4’-OH-
BDE-101 and 4’-OH-BDE-103) detected in livers of BDE-47-treated CV and/or GF mice.
Among these, 2’-OH-BDE-75, 6-OH-BDE-85, and 4’-OH-BDE-101 were increased in
livers of GF mice compared with livers of BDE-47-treated CV mice. These hydroxylated
tetraBDE and pentaBDE metabolites may come from the diet or other environmental
sources. Following BDE-99 treatment (Fig. 2B bottom panel), 13 out of 16 hydroxylated
PBDE metabolites were detected in livers of CV and GF mice. The major hydroxylated
metabolite of BDE-99 was 5-OH-BDE-99 in livers of both CV and GF mice, and it
remained unchanged between CV and GF conditions. Four minor BDE-99 hydroxylated
metabolites were decreased in livers of GF mice as compared to livers of BDE-99
treated CV mice, including 4-OH-BDE-49, 6-OH-BDE-85, 4’-OH-BDE-101, and 4’-OH-
BDE-103. There was no difference for 6'-OH-BDE-99 between BDE-99 treated CV and
GF mice. In addition, very low amounts of tetraBDEs (4’-OH-BDE-17, 5-OH-BDE-47, 6-
OH-BDE-47, 2-OH-BDE-68, 2’-OH-BDE-75) and pentaBDEs (3-OH-BDE-100 and 5’-

OH-BDE-100) were detected in livers of BDE-99 treated CV and GF mice. Chemical
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structures of individual BDE-47 and BDE-99 metabolites, especially the major
metabolite and the metabolites that were altered in GF condition, were plotted using
ChemDoodle and are shown in Fig. 3. In summary, the lack of gut microbiota modifies
the bioavailability and the hepatic metabolism of PBDEs. Divergent regulatory patterns
were observed regarding individual hydroxylated PBDE metabolites between CV and
GF conditions, indicating the involvement of multiple P450s that are divergently
regulated by gut microbiota in PBDE hepatic oxidative metabolism.

To determine the role of the gut microbiome on hepatic transcriptome that is likely to
be involved in PBDE metabolism and disposition, the expression of various phase-|
(Cyp1, 2, and 3 family members, which are critically involved in xenobiotic metabolism)
and phase-ll drug metabolizing enzymes (Ugts, Sults, and Gsts), as well as transporters
(Slco and Abcc family members) was examined. Only DPGs that were differentially
expressed by PBDEs or by the lack of gut microbiome are shown in Figures 4-7. DPGs
were plotted separately to better visualize the fold changes, and plotted together to

compare the absolute abundance within the same family/subfamily.

Regulation of hepatic Cyp1 and Cyp2a-c genes by BDE-47 and BDE-99 in CV and
GF mice

For the Cyp1 family, both Cyp1a1 and Cyp1a2 were differentially regulated by
PBDEs (Fig. 4A), whereas Cyp1b1 remained unchanged (data not shown). Cyp1a2
was the predominant Cyp1 isoform that was much more abundantly expressed in the
liver as compared to Cyp1al. Under basal conditions, Cyp1al mRNA remained

unchanged between CV and GF mice, whereas the lack of gut microbiome lead to a

49



moderate increase in the constitutive expression of Cyp1a2 mRNA (1.62-fold). In livers
of CV mice, BDE-47 did not alter Cyp1a1l mRNA expression, but up-regulated Cyp1a2
mRNA (2.26-fold); whereas in livers of GF mice, BDE-47 did not alter the mRNAs of
Cyp1a1l or Cyp1a2. In livers of CV mice, BDE-99 did not alter the mRNAs of Cyp1a1 or
1a2, however, it markedly increased the mRNAs of both Cyp1a1 (2.22-fold) and 1a2
(2.45-fold) in livers of GF mice, suggesting that the lack of gut microbiome augmented
BDE-99 mediated up-regulation of Cyp1a1 and Cyp1a2 mRNAs in mouse liver.

For the Cyp2a subfamily, Cyp2a4, 2a5, and 2a22 were differentially regulated by
PBDEs in liver, among which Cyp2a5 mRNA was the highest expressed isoform in all
treatment groups (Fig. 4B). Lack of gut microbiome had no effect on the basal
expression of these Cyp2a isoforms. In livers of CV mice, BDE-47 markedly increased
the mRNAs of Cyp2a4 (2.87-fold) and 2a5 (2.86-fold); whereas in livers of GF mice,
BDE-47 also increased the mRNAs of Cyp2a4 (3.47-fold) and 2a5 (3.10-fold), with
higher fold-increase in Cyp2a4 mRNA as compared to BDE-47 treated CV mice.
Cyp2a22 mRNA was not altered by BDE-47 in livers of CV mice, but was up-regulated
by BDE-47 in livers of GF mice as compared to GF control group (1.62-fold), suggesting
that the lack of gut microbiome augmented BDE-47-mediated up-regulation of Cyp2a22
in mouse liver. In livers of CV mice, BDE-99 increased the Cyp2a5 mRNA (3.82-fold)
and tended to increase Cyp2a4 mRNA (3.58-fold, although a statistical significance was
not achieved), but slightly decreased the mRNA of Cyp2a22 (15.75%). In livers of GF
mice, the mRNA fold-increases were much greater for BDE-99-mediated up-regulation
of Cyp2a4 (10.09-fold) and 2a5 (10.23-fold), whereas Cyp2a22 mRNA remained

unchanged. In summary, BDE-99 had a more prominent effect than BDE-47 on the up-
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regulation of Cyp2a4 and Cyp2a5 mRNAs in GF condition; lack of gut microbiome
augmented BDE-47 mediated up-regulation of Cyp2a4 and Cyp2a22; and also
augmented BDE-99-mediated up-regulation of Cyp2a4 and 2a5 in mouse liver.

For the Cyp2b subfamily, Cyp2b9, 2b10, and 2b13 were differentially regulated by
PBDEs in liver and all of them were lowly expressed under basal conditions in CV mice.
The lack of gut microbiome resulted in a constitutive increase in the basal mRNA
expression of Cyp2b9 (2.59-fold) and 2b13 (3.69-fold) (Fig. 4B). In livers of CV mice,
BDE-47 up-regulated the mRNAs of both Cyp2b10 (18.84-fold) and 2b13 (14.38-fold),
and such up-regulation was also observed in livers of GF mice (22.41-fold for Cyp2b10
and 12.71-fold for Cyp2b13). The BDE-47 mediated up-regulation of Cyp2b13 was
greater in livers of GF mice as compared to BDE-47 treated CV mice. Interestingly,
BDE-47 decreased Cyp2b9 mRNA in CV conditions (45.20%) but this pattern was
reversed in GF conditions as evidenced by a 3.22-fold increase in Cyp2b9 mRNA in
livers of BDE-47 treated GF mice. In livers of CV mice, BDE-99 markedly increased the
MRNAs of Cyp2b10 (29.40-fold) and Cyp2b13 (22.22-fold), and such up-regulation was
also observed in livers of GF mice (53.56-fold for Cyp2b10 and 10.08-fold for Cyp2b13).
The BDE-99 mediated up-regulation of Cyp2b10 was greater in GF mice as compared
to BDE-99 treated CV mice. BDE-99 did not alter the Cyp2b9 mRNA in CV or GF
conditions as compared to the control group of the same enterotype. In summary, the
lack of gut microbiome increased the basal expression of Cyp2b9 and 2b13 mRNAs,
and reversed the BDE-47-mediated regulatory pattern of Cyp2b9 mRNA; BDE-99
appeared to have a more prominent effect than BDE-47 on the mRNA expression of

Cyp2b10, which is the highest expressed Cyp2b isoform under treatment conditions; the
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lack of gut microbiome augmented BDE-47 mediated up-regulation of Cyp2b9 and
Cyp2b13, and also augmented BDE-99 mediated up-regulation of Cyp2b10 in mouse
liver.

For the Cyp2c subfamily, 12 Cyp2c members (Cyp2c29, Cyp2c37, Cyp2c38,
Cyp2c39, Cyp2c40, Cyp2c50, Cyp2cd54, Cyp2c55, Cyp2c67, Cyp2c68, Cyp2c69 and
Cyp2c70) were differentially regulated by PBDEs in liver, among which Cyp2c29 mRNA
was the highest expressed isoform under basal and treatment conditions, followed by
Cyp2c50, and Cyp2c37 and 2c54 at similar levels (Fig. 4C). Under basal conditions,
the lack of gut microbiome led to a constitutive increase in the basal mRNA expression
of Cyp2c40 (2.38-fold), Cyp2c50 (1.61-fold), Cyp2c54 (1.96-fold), Cyp2c67 (1.99-fold),
Cyp2c68 (1.81-fold), Cyp2c69 (2.77-fold), and Cyp2c70 (2.15-fold); whereas other
Cyp2c isoforms remained unchanged (Fig. 4C). In livers of CV mice, BDE-47 up-
regulated the mRNAs of most Cyp2c isoforms, including Cyp2c29 (3.22-fold), Cyp2c37
(2.50-fold), Cyp2c39 (2.21-fold), Cyp2c50 (2.56-fold), Cyp2c54 (2.52-fold), and
Cyp2c55 (13.45-fold). The BDE-47 mediated up-regulation was also observed in livers
of GF mice (3.00-fold for Cyp2c29, 2.51-fold for Cyp2c37, 2.23-fold for Cyp2c50, 1.87-
fold for Cyp2c54, and 15.88-fold for Cyp2c55). Compared to BDE-47 treated CV mice,
BDE-47 treated GF mice had higher hepatic levels of Cyp2c37 and 2c54, indicating a
augmentation effect of BDE-47 due to lack of gut microbiota. In livers of CV mice, BDE-
99 increased the mRNAs of Cyp2c29 (3.44-fold), Cyp2c37 (2.73-fold), Cyp2c39 (2.51-
fold), Cyp2c50 (2.70-fold), Cyp2c54 (2.73-fold), and Cyp2c55 (18.68-fold). The BDE-99
mediated up-regulation was also observed in livers of GF mice (3.13-fold for Cyp2c29,

3.91-fold for Cyp2c37, 3.74-fold for Cyp2c50, 2.91-fold for Cyp2c54, and 52.83-fold for
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Cyp2c55). BDE-99 slightly down-regulated the mRNAs of Cyp2c40 (14.74%) and
Cyp2c69 (8.90%) in livers of CV mice, and such down-regulation was also observed in
livers of GF mice (22.37% for Cyp2c40 and 31.11% for Cyp2c69). The lack of gut
microbiome augmented the BDE-99 mediated mRNA increase in Cyp2c37, 2c40, 2¢50,
2c54, and 2¢55, as compared to BDE-99 treated CV mice. In summary, the lack of gut
microbiome increased the basal expression of many Cyp2c isoforms; BDE-99 appeared
to have a more prominent effect than BDE-47 on the mRNA expression of Cyp2c37,
2¢50, 2c54, and 2¢55; and the lack of gut microbiome augmented PBDE mediated up-

regulation of many CypZ2c isoforms in mouse livers.

Regulation of hepatic Cyp2d, Cyp2e1, Cyp2g1, Cyp2j9 and Cyp2r1 genes by BDE-
47 and BDE-99 in CV and GF mice

For the Cyp2d subfamily, eight Cyp2d family members (Cyp2d9, Cyp2d10, Cyp2d11,
Cyp2d12, Cyp2d13, Cyp2d26, Cyp2d34, and Cyp2d40) were differentially regulated by
PBDEs in liver (Fig. 5A). Among these Cyp2d isoforms, Cyp2d9, 2d10, and 2d26 were
the most abundantly expressed in general. The lack of gut microbiome had no effect on
the basal expression of these Cyp2d isoforms. In livers of CV mice, BDE-47 had
minimal effect on the mRNA expression of Cyp2d9, 2d10, 2d11, 2d12, 2d26, 2d34 and
2d40, but markedly decreased Cyp2d13 mRNA (42.66%); whereas in livers of GF mice,
BDE-47 decreased Cyp2d40 mRNA (26.47%). Compared to BDE-47 treated CV mice,
BDE-47 treated GF mice had lower hepatic expression of Cyp2d9, 2d11, and 2d12. In
livers of CV mice, BDE-99 down-regulated the mRNAs of Cyp2d11 (12.08%), Cyp2d13

(40.34%), and Cyp2d34 (12.12%). BDE-99 also down-regulated Cyp2d11 (35.58%)
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and Cyp2d34 (17.86%) in livers of GF mice, but reversed the down-regulation pattern
for Cyp2d13, evidenced by a 1.59-fold mRNA increase in GF conditions. In addition, in
livers of GF mice, BDE-99 decreased the mRNAs of Cyp2d9 (28.10%), 2d10 (27.41%),
2d12 (29.47%), 2d26 (45.16%), and 2d40 (54.63%). The lack of gut microbiome
augmented BDE-99 mediated down-regulation of Cyp2d11, 2c12, 2d34, and 2d40, but
also augmented the BDE-99 mediated up-regulation of Cyp2d13. In summary, the lack
of gut microbiome had no effect on the basal expression of Cyp2d isoforms; whereas
PBDEs tended to down-regulate certain Cyp2d isoforms in either CV or GF conditions,
except for Cyp2d13 which was up-regulated in livers of BDE-99 treated GF mice. BDE-
99 in general had a more prominent effect than BDE-47 on the regulation of most
Cyp2d isoforms.

For the Cyp2e1, Cyp2g1, Cyp2j9, and Cyp2r1 genes, under basal conditions, the
lack of gut microbiome increased the mRNAs of Cyp2e1 (1.67-fold) and Cyp2g1 (2.33-
fold), but decreased Cyp2j9 mRNA (62.55%). In livers of CV mice, BDE-47 markedly
increased Cyp2g1 mRNA (3.25-fold) and decreased Cyp2j9 mRNA (64.05%), but had
no effect on Cyp2e1 and Cyp2r1. In livers of GF mice, BDE-47 had minimal effect on
the mRNA expression of Cyp2e1, Cyp2g1, Cyp2j9, and Cyp2r1. No difference was
observed for their mMRNA abundances between BDE-47 treated CV and GF mice. In
livers of CV mice, BDE-99 increased the mRNAs of Cyp2g1 (4.49-fold) and Cyp2r1
(1.61-fold), and tended to increase their mMRNAs in GF mice, although a statistical
significance was not achieved. Interestingly, BDE-99 decreased Cyp2j9 mRNA in CV
conditions (48.87%) but this pattern was reversed in GF conditions as evidenced by an

increase in its mMRNA (2.36-fold).
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Regulation of hepatic Cyp3a genes by BDE-47 and BDE-99 in CV and GF mice

For the Cyp3a subfamily, eight Cyp3a family members (Cyp3a11, Cyp3ai3,
Cyp3a16, Cyp3a25, Cyp3ad1a, Cyp3ad1b, Cyp3ad4, and Cyp3as9) were differentially
regulated by PBDEs in liver, among which Cyp3a11 mRNA was the highest expressed
isoform (Fig. 5B). Under basal conditions, the lack of gut microbiome led to a dramatic
decrease of most Cyp3a isoforms, including Cyp3a11 (89.69%), Cyp3a16 (91.13%),
Cyp3ad1a (89.82%), Cyp3ad1b (89.96%), Cyp3ad4 (87.75%), and Cyp3a59 (56.16%).
In livers of CV mice, BDE-47 increased the mRNAs of Cyp3a11 (1.55-fold), Cyp3a16
(1.57-fold), Cyp3ad41a (1.48-fold), and Cyp3a41b (1.46-fold), and such up-regulation
was further increased in GF conditions (6.78-fold for Cyp3a11, 7.87-fold for Cyp3a16,
7.12-fold for Cyp3a41a, and 7.12-fold for Cyp3a41b). In livers of GF mice, BDE-47 also
increased the mRNAs of Cyp3a44 (6.63-fold) and Cyp3a59 (2.74-fold), indicating the
augmentation effect of GF conditions in BDE-47 mediated transcriptional regulation. In
livers of CV mice, BDE-99 increased the mRNAs of Cyp3a13 (2.33-fold) and Cyp3a59
(1.50-fold), whereas the lack of gut microbiota augmented the BDE-99 mediated mRNA
increase of Cyp3a11 (10.96-fold), 3a16 (10.54-fold), 3a25 (3.48-fold), 3a41a (9.34-fold),
3a41b (9.34-fold), 3a44 (8.53-fold), and Cyp3a59 (6.42-fold). In summary, the lack of
gut microbiome resulted in a constitutive decrease in the basal mMRNA expression of
most Cyp3a isoforms, and also augmented PBDE-mediated transcriptional increase of

many Cyp3a isoforms in mouse liver.

Regulation of hepatic Ugts by BDE-47 and BDE-99 in CV and GF mice
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For the Ugt family, Ugt2b1, Ugt2b5, Ugt2b34, Ugt2b35, Ugt2b36, Ugt2b37, Ugt2b38,
UDP-glucose 6-dehydrogenase (Ugdh), and UDP-glucose pyrophosphorylase 2 (Ugp2)
were differentially regulated by PBDEs in liver (Fig. 6A). Ugdh and Ugp2 are enzymes
involved in the synthesis of cosubstrates for phase-Il glucuronidation reaction. Ugp2
catalyzes the synthesis from glucose-1-phosphate to UDP-glucose, and Ugdh converts
UDP-glucose to UDPGA, which is the cosubstrate for UDP-glucuronidation. Lack of gut
microbiome had minimal effect on the basal expression of these genes. In livers of CV
mice, BDE-47 increased the mRNAs of Ugt2b1 (1.61-fold), Ugt2b5 (1.34-fold), Ugt2b34
(1.38-fold), and Ugt2b35 (1.37-fold), and the up-regulation of Ugt2b34 and Ugt2b35
were also observed in GF mice (1.76-fold for Ugt2b34 and 1.77-fold for Ugt2b35). BDE-
47 also increased Ugdh mRNA in livers of GF mice (1.82-fold). In livers of CV mice,
BDE-99 increased the mRNAs of Ugt2b34 (1.85-fold), Ugt2b35 (1.79-fold), and Ugt2b37
(1.25-fold); whereas in livers of GF mice, BDE-99 markedly increased the mRNAs of
Ugt2b1 (2.60-fold), 2b5 (2.40-fold), 2b34 (3.60-fold), 2b35 (3.94-fold), 2b36 (2.40-fold),
2b38 (2.63-fold), Ugdh (4.91-fold), and Ugp2 (2.05-fold), and tended to increase
Ugt2b37 (statistical significance was not achieved). Under BDE-99 treated conditions,
the lack of gut microbiome lead to a greater fold increase of the mRNAs of Ugt2b1,
2b35, 2b38, as well as Ugdh and Ugp2, suggesting that it augmented BDE-99-mediated

up-regulation of these genes in mouse liver.

Regulation of hepatic Sults by BDE-47 and BDE-99 in CV and GF mice

For the Sult family, Sult1a1, Sult1b1, Sult1c2, Sult1d1, Sult1e1, Sult2a1, Sult2a2,

Sult2a7, Sultba1, and 3’- Phosphoadenosine 5-phosphosulfate synthase 2 (Papss2)
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were differentially regulated by PBDEs in liver, among which Sultlal mRNA was the
highest expressed isoform (Fig. 6B). Papss2 catalyzes the synthesis of 5'-
phosphoadenosine-5’-phosphosulfate (PAPS), the sulfate donor for all Sulfation
reactions. Under basal conditions, the lack of gut microbiome increased the mRNAs of
Sult1a1 (1.57-fold) and Sult1b1 (1.74-fold), but decreased Papss2 mRNA (54.13%). In
livers of CV mice, BDE-47 increased the mRNAs of Sult1c2 (1.62-fold) and Sult5a1
(1.74-fold); whereas in livers of GF mice, BDE-47 increased the mRNAs of Sult1c2
(2.52-fold), Sult2a1(24.13-fold), and Sult2a2 (25.39-fold). Compared to BDE-47 treated
CV mice, BDE-47 treated GF mice had higher levels of Sult1a1, 1b1, 1d1, 1e1, and 2a2.
In livers of CV mice, BDE-99 increased the mRNAs of Sult1c2 (2.20-fold), Sult1d1
(1.68-fold), and Sult2a7 (2.38-fold); whereas in livers of GF mice, BDE-99 increased the
mRNAs of Sult1c2, Sult1d1, Sult1e1, and Papss2 (2.70-fold for Sult1c2, 4.17-fold for
Sult1d1, 15.48-fold for Sult1e1, and 3.12-fold for Papss2), but decreased the mRNA of
Sult2a1 (99.64%). Compared to BDE-99 treated CV mice, BDE-99 treated GF mice
had higher levels of Sult1a1, 1b1, 1d1, 1e1, and Papss2. In summary, the lack of gut
microbiome increased the basal expression of Sult1a1l and Sult1b1, but decreased
Papss2; the lack of gut microbiome augmented BDE-47 mediated up-regulation of
Sult2a2, and augmented BDE-99 mediated up-regulation of Sult1d1, Sult1e1, and

Papss2 in mouse livers.

Regulation of hepatic Gsts by BDE-47 and BDE-99 in CV and GF mice

For the Gst family, Gsta1, Gsta2, Gsta4, Gstk1, Gstm1-m7, Gstp1, Gstp2, Gstt2,

Gstt3, Gstz1, and Gclc were differentially regulated by PBDEs in liver, among which

57



Gstm1 was the highest expressed isoform (Fig. 7A). Under basal conditions, the lack of
gut microbiome increased the basal mMRNAs of Gstm2 (1.76-fold) and Gstm6 (1.45-fold).
In livers of CV mice, BDE-47 markedly increased the mRNAs of Gsta1 (3.04-fold),
Gsta2 (1.48-fold), Gsta4 (1.69-fold), Gstm1 (2.03-fold), Gstm2 (1.49-fold), Gstm3 (2.86-
fold), Gstm4 (1.96-fold), Gstp1 (1.71-fold), and Gstp2 (1.72-fold), and Gstt3 (1.86-fold).
In livers of GF mice, BDE-47 also increased the mRNAs of many Gst isoforms (4.55-
fold for Gsta1, 2.82-fold for Gsta2, 2.20-fold for Gsta4, 2.54-fold for Gstm1, 5.24-fold for
Gstm3, 2.16-fold for Gstm4, and 2.56-fold for Gstt3). However, the BDE-47 mediated
MRNA increase in Gstm2, Gstp1, and Gstp2 was gut microbiota-dependent. Conversely,
BDE-47 mediated mRNA increase in Gsta2, m3, and t3 was augmented by lack of gut
microbiota. In livers of CV mice, BDE-99 up-regulated Gsta1 (4.14-fold), Gstm2 (1.97-
fold), Gstm3 (4.12-fold), Gstm4 (1.74-fold), Gstt3 (1.98-fold), and such up-regulation
was also observed in GF mice (19.15-fold for Gsta1, 3.25-fold for Gstm2, 18.41-fold for
Gstm3, 3.12-fold for Gstm4, and 3.19-fold for Gstt3). In GF mice, BDE-99 also up-
regulated the mRNAs of Gsta2 (4.93-fold), Gstm1 (3.84-fold), and Gclc (2.70-fold), but
down-regulated the mRNAs of Gstk1 (31.12%) and Gstz1 (32.33%). The lack of gut
microbiota augmented the BDE-99 mediated mRNA increase in Gsta1, Gsta2, Gstm2,
Gstm3, Gsitt3, and Gclc, and the mRNA decrease in Gstk1 and Gstz1. In summary, the
lack of gut microbiome increased the basal expression of Gstm2 and Gstm6; lack of gut
microbiome augmented BDE-47 mediated up-regulation of Gsta2, Gstm3, and Gstt3,
and augmented BDE-99 mediated up-regulation of Gsta1, Gsta2, Gstm2, Gstm3, Gstt3,

and Gclc.
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Regulation of hepatic uptake transporters by BDE-47 and BDE-99 in CV and GF
mice

For the solute carrier organic anions (Slco) uptake transporters, Slco1a1, Slco1a4,
Slco1b2, and Slco2a1 were differentially regulated in liver, among which Slco1b2 was
the highest expressed isoform (Fig. 7B). The lack of gut microbiome had no effect on
the basal mRNAs of these Slco isoforms. In livers of CV mice, BDE-47 had minimal
effect on the mRNAs of Slco1a1, 1a4, 1b2, and 2a1; whereas in livers of GF mice, BDE-
47 increased Slco1a4 mRNA (1.74-fold). BDE-99 also did not affect the mRNAs of
these Slco transporters in liver of CV mice, however, in livers of GF mice, BDE-99
increased the mRNAs of Slco1a4 (3.11-fold) and Slco1b2 (2.69-fold), but slightly
decreased Slco2a1 (20.72%). In summary, lack of gut microbiota augmented PBDE-
mediated (and especially BDE-99 mediated) transcriptional changes of these hepatic

uptake transporters.

Regulation of hepatic efflux transporters by BDE-47 and BDE-99 in CV and GF
mice

For the ATP-binding cassette (Abc) efflux transporters, Abcb1a, Abcb1b, Abcc2,
Abcc3, Abcc4, and Abcc10 were differentially regulated in liver, among which Abcc3
was the highest expressed isoform (Fig. 7B). Under basal conditions, the lack of gut
microbiome decreased the constitutive mRNA expression of Abcb1a (41.23%) and
Abcc10 (57.60%). BDE-47 increased the mRNAs of Abcb1b (1.32-fold), Abcc3 (1.42-
fold), and Abcc4 (1.82-fold), but decreased Abcc10 mRNA (53.27%) in liver, all in a gut

microbiome dependent manner. In livers of CV mice, BDE-99 increased Abcc4 mRNA
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(2.43-fold), and such up-regulation was also observed in GF mice (3.91-fold).
Conversely, BDE-99 decreased Abcc10 mRNA in CV conditions (44.81%) and this
pattern was reversed in GF conditions as evidenced by an increase in its mMRNA (2.21-
fold) by BDE-99 treatment. The lack of gut microbiota also augmented the BDE-99
mediated increase in the mRNAs of Abcc2 (2.97-fold) only in livers of GF mice. In
summary, the lack of gut microbiome decreased the basal mRNAs of Abcb1a and
Abcc10; the BDE-47 mediated up-regulation of Abcb1b, Abcc3, and Abcc4 depended
on the presence of gut microbiota, whereas the lack of gut microbiome augmented
BDE-99 mediated up-regulation of Abcc2, and reversed BDE-99 mediated regulatory
pattern on the expression of Abcc10 in mouse liver.

As shown in Fig. 8, a two-way hierarchical clustering dendrogram of the mean FPKM
values revealed 4 distinct patterns of the 86 DPGs that were differentially expressed
and summarized in Figures 1 through 7. PBDEs appeared to have a more prominent
effect than enterotypes in modulating the expression of these genes, evidenced by a
greater separation between vehicle-treated vs. PBDE-treated groups and CV control vs.
GF control groups, BDE-99 appeared to have a more prominent effect than BDE-47 in
the differential expression of these DPGs. Genes in Pattern | (39 DPGs) were
sensitized to BDE-99 mediated differential regulation due to the lack of gut microbiota.
Genes in Pattern Il (12 DPGs) were sensitized to BDE-47 mediated differential
regulation due to lack of gut microbiota. Genes in Pattern Il (14 DPGs) were affected
more by enterotypes, because they were in general up-regulated in livers of GF mice
under both basal and PBDE-treated conditions. Conversely, Genes in Pattern IV (21

DPGs) were in general down-regulated in livers of GF mice. For example, many Cyp3a
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and Cyp2d subfamily members were down-regulated in GF mice under both control and
PBDE-treated conditions (Fig. 8). In summary, both PBDEs (to a greater extent) and
enterotypes (to a lesser extent) regulate the expression of DPGs in liver. The gut
microbiome-dependent effect and germ free augmentation effect are summarized in
Table 1, which is complimentary to Figure 8 as it displays the differentially regulated
DPGs per category (namely Phase-I, Phase-ll, and transporters), and also highlights
three distinct regulatory patterns, namely 1) genes that were regulated by gut microbiota
under basal conditions (category A); 2) genes that were regulated by PBDEs in a gut
microbiome-dependent manner (category B); and 3) genes that were regulated by
PBDEs in the absence of gut microbiome (category C). Information between Figure 8
and Table 1 can be cross-referenced, for example, genes in pattern | (Fig. 8) were up-
regulated to a greater extent by BDE-99 due to lack of gut microbiome. The majority of
these genes also belong category C in Table 1 (augmentation effect due to lack of gut
microbiome), including Cyp1a1, Cyp1a2, Cyp2a4, Cyp2a5, Cyp2b10, Cyp2cs, Ugt2bs,
Slco1a4, Slco1b2, Abcc10 and etc.  Similarly, genes in pattern Il (Fig. 8) were up-
regulated to a greater extent by BDE-47 effect due to lack of gut microbiome, and they
were also shown in category C of Table 1, including Cyp2a22, Sult2a2, Cyp2b13,
Cyp2b9 and etc. Genes in Pattern Ill (Fig. 8) were affected more by enterotype and
were generally up-regulated in livers of GF mice. These genes were shown in category
A of Table 1, such as Cyp2c40, Cyp2c69, Cyp2c67, Cyp2c68, Cyp2e1, Gstm6, and
Sult1lal. Genes in Pattern IV (Fig. 8) were in general down-regulated in livers of GF
mice, such as Gstp1, Gstp2, and Sult5a1, and these genes also belong to category B of

Table 1 (gut microbiome-dependent effect).
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LC-MS/MS proteomic quantification of Cyp1a2 and Cyp3a11 in CV and GF mouse
livers

The hepatic Cyp1a2 and Cyp3a11 proteins in CV and GF mice were further
quantified by a LC-MS/MS proteomic approach as described in Materials and Methods.
These two proteins were quantified based on either their importance in drug-processing
or availability of surrogate peptides. As shown in Fig. 9A, Cyp1a2 protein was not
altered by BDE-47, however, it was increased by BDE-99 in both CV and GF mice, with
a greater effect observed in GF conditions (1.70-fold in CV mice, 3.09-fold in GF mice).
Compared to BDE-99 treated CV mice, the lack of gut microbiome augmented BDE-99
mediated up-regulation of Cyp1a2 protein expression in GF mouse livers (1.62-fold).
Consistent with the literature (Selwyn et al., 2015d), the constitutive level of Cyp3a11
protein was down-regulated by the lack of gut microbiome (decreased 91.27%).
Interestingly, in livers of GF mice, both BDE-47 and BDE-99 up-regulated or restored
Cyp3a11 protein level, with a greater effect observed for BDE-99 (6.05-fold by BDE-47,
and 10.00-fold by BDE-99). However, the increased Cyp3a11 protein in GF mice under
BDE-47 treatment was still lower than its vehicle control level in CV mice (43.10%
lower). As for BDE-99 effect, there was no significant difference between CV and GF
mice. These observations suggested that at the given dose, BDE-99 is more effective
than BDE-47 in up-regulating Cyp3a11 protein expression under GF conditions (Fig.

9A).

Enzyme activities of Cyp1a, Cyp2b, and Cyp3a in CV and GF mouse livers
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Because the importance of Cyp1, Cyp2 and Cyp3 enzymes in xenobiotic metabolism
and their dramatic changes induced by PBDE in CV and GF mice, the enzyme activities
of Cyp1a, Cyp2b, and Cyp3a were quantified in CV and GF mice treated with corn oil,
BDE-47 or BDE-99 (Fig. 9B). Under control conditions, Cyp1a enzyme activity
increased 1.68-fold in GF mice, and this was consistent with the basal mRNA increase
of Cyp1a2 (Fig. 4A). Although Cyp1a2 mRNA was up-regulated by BDE-47 in livers of
CV mice (Fig. 4A), Cyp1a2 protein and Cyp1a activity was not altered by BDE-47 in
livers of CV mice. The discrepancies of Cyp1a2 mRNA, protein and activity by BDE-47
could be due to post-transcriptional modification such as the production of microRNAs,
which are known to simultaneously inhibit mMRNA translation into protein. In livers of CV
mice, Cyp1a2 mRNA also tended to be up-regulated by BDE-99, followed by the
increased expression of Cyp1a2 protein (Fig. 9A). However, Cyp1a activity was not
altered by BDE-99 in livers of CV mice, suggesting the presence of post-translational
modification that regulate protein degradation. In livers of GF mice, Cyp1a2 mRNA and
protein were both up-regulated by BDE-99. However, Cyp1a activity was decreased by
both BDE-47 (24.13%) and BDE-99 (68.18%) in livers of GF mice, suggesting that there
may be extensive post-translational down-regulation of Cypla gene expression to
prevent the induction of Cyp1a activity in GF conditions.

Under control conditions, Cyp2b enzyme activity increased 1.64-fold in GF mice, and
this correlates with the basal mRNA increase in Cyp2b9 and 2b13, but not Cyp2b10
(Fig. 4B). In livers of CV mice, Cyp2b10 mRNA was up-regulated by both BDE-47 and
BDE-99 (Fig. 4B). Expectedly, Cyp2b enzyme activity was increased by BDE-99 (3.26-

fold), and tended to be increased by BDE-47 (although a statistical significance was not
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achieved) (Fig. 9B). In livers of GF mice, Cyp2b enzyme activity was increased by
BDE-47 (2.51-fold), and this correlates with a greater fold-increase in the mRNAs of
Cyp2b9 and Cyp2b13 in BDE-47 treated GF mice, but not with the Cyp2b10 data which
were equally up-regulated by BDE-47 between CV and GF conditions (Fig. 4B).
Therefore, surprisingly, the major Cyp2b isoform Cyp2b10 did not appear to contribute
to the PBDE-mediated increase in Cyp2b enzyme activities, and the minor Cyp2b
isoforms Cyp2b9 and 2b13 may be more important in contributing the overall increase
in the Cyp2b enzyme activities following PBDE exposure.

Regarding Cyp3a enzyme activities, in livers of CV mice, Cyp3al1 mRNA was
moderately up-regulated by BDE-47 (Fig. 5B), however, its protein and enzyme activity
was not altered by PBDEs, suggesting the involvement of post-transcriptional
modification mechanisms that may suppress the expression and activity of Cyp3a11. In
livers of GF mice, consistent with the mRNA and proteomic data (Fig. 5B and Fig. 9A),
Cyp3a activity was markedly decreased by the lack of gut microbiome in the control
group (79.57%). Following PBDE exposure, consistent with mRNA and proteomics
data, the lack of gut microbiota markedly augmented PBDE-mediated increase in Cyp3a

enzyme activities (BDE-47: 6.78-fold increase; BDE-99: 6.08-fold increase) (Fig. 9B).

DISCUSSION

The present study has unveiled a novel interaction between the gut microbiome and
host DPGs on the metabolism of BDE-47 and BDE-99 in CV and GF mice. A
systematic comparison of the hepatic DPGs expression between CV and GF mice has

revealed three notable findings: 1) under basal condition, the lack of gut microbiome
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displays divergent regulatory patterns on DPGs expression, with a marked up-regulation
of Cyp2c genes (e.g. Cyp2c40, Cyp2c50, Cyp2c54, Cyp2c67, Cyp2c68, Cyp2c69 and
Cyp2c70), and a marked down-regulation of Cyp3a genes (e.g. Cyp3al11, Cyp3a1i6,
Cyp3a4d1a, Cyp3ad1ib, Cyp3ad4, and Cyp3a59); 2) the lack of gut microbiome abolishes
PBDE-mediated up- or down-regulation of certain DPGs as observed in CV mice,
suggesting that the expression of these DPGs is gut microbiome dependent. For
example, the up-regulation of Ugt2b1, Ugt2b5, SultSa1, Gstp1, Gstp2, Abcb1b, Abcc3
and Abcc4 by BDE-47 is only observed with the presence of gut microbiome in livers of
CV mice but not in GF mice. Similarly, the down-regulation of Abcc10 by BDE-47 is
only observed in CV mice but not in GF mice; 3) the lack of gut microbiome potentiates
PBDE-mediated alterations on some DPGs expression in mouse liver. For example,
many Cyp2 family members (such as Cyp2a5, Cyp2b10, Cyp2c37, Cyp2c50, Cyp2c54,
and Cyp2c55) are up-regulated by BDE-99 in livers of both CV and GF mice, with a
much greater fold-change observed in GF condition (Table. 1).

Intestinal microbiota can regulate certain host DPGs (Selwyn et al., 2015d). In this
study, the lack of gut microbiome up-regulates Cyp1a2, Cyp2b9, Cyp2c40, Cyp2c50,
Cyp2c54, Cyp2c67, Cyp2c68, Cyp2c69, Sult1lal, and Sult1b1, but down-regulates
Cyp3a11, Cyp3a16, Cyp3ad4, and Cyp3a59 in livers of GF mice, which are consistent
with previous reports in adult male GF mice by RNA-Seq (Selwyn et al., 2015a; Selwyn
et al., 2015d). The observations of up-regulated Cyp2b9 and Cyp2b13 and down-
regulated Cyp3a subfamily by the lack of gut microbiome are also consistent with
findings from two other groups (Bjorkholm et al., 2009; Toda et al., 2009; Selwyn et al.,

2015b). Although previous study has shown decreased Cyp1a2, Cyp2b9, and Cyp2b13
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mMRNAs in GF mice as compared to CV mice (Toda et al., 2009), in the present study,
these genes appeared to be up-regulated in livers of GF mice. Toda et al also showed
decreased mRNAs of Sult1d1 and Abcc3 in GF mice (Toda et al., 2009), however, in
the present study the mRNA levels of Sult1d1 and Abcc3 remained the same in GF and
CV mice. These discrepancies are likely due to differences in the strain of mice (IQl GF
mice vs C57BL/6J GF mice) and experimental conditions.  Additionally, the
observations of up-regulated Cyp2g1, and down-regulated Cyp2j9, Cyp3a41b, Papss2
and Abcc10 by the lack of gut microbiome has not been reported previously.

The present study has added new knowledge to the existing paradigm regarding the
role of gut microbiome in xenobiotic metabolism. It is known that PBDEs can modulate
the expression of the prototypical target genes of CAR (mouse Cyp2b10 and human
CYP2B6) and PXR (mouse Cyp3a11 and human CYP3A4) in mouse liver and human
hepatocyptes (Erratico et al., 2012; Sueyoshi et al., 2014). The present study provides
the first evidence showing that the lack of gut microbiome can modify PBDE-mediated
alterations on DPGs expression in mouse liver. For example, the lack of gut
microbiome abolishes BDE-47 mediated up-regulation of Cyp1a2, Ugt2b1, Ugt2b5,
Sultba1, Gstp1, Gstp2, Abcc3, and Abcc4, and down-regulation of Cyp2d13 and
Abcc10 in GF mice. Similarly, the lack of gut microbiome also abolishes BDE-99
mediated up-regulation of Cyp2a22, Cyp2c39, Cyp2g1, Cyp2r1, Cyp3a13, and Sult2a7
in GF mice. Interestingly, the lack of gut microbiome can also potentiate PBDE
mediated alterations, evidenced by a greater fold change observed in GF conditions.
Many DPGs that were minimally or moderately regulated by PBDEs in the livers of CV

mice were markedly altered by PBDEs with the absence of gut microbiome in GF mice.
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These genes include Cyp2a22 and Cyp3al11 by BDE-47, Cyp3a59, Ugt2b35, Ugdh,
Sult1d1, and Sult1e1 by BDE-99, as well as Cyp3a16, Cyp3ad1a, Cyp3ad1b, Cyp3ad4,
Gsta2, Gstt3 and Slco1a4 by both BDE-47 and BDE-99. The augmentation effect of the
lack of gut microbiome seemed to be more prominent for BDE-99. For example, the
lack of gut microbiome potentiates BDE-99 mediated up-regulation of over half of DPGs
as shown in this study, including phase | gene family (Cyp1 to Cyp3), phase Il gene
families (Ugts, Sults and Gsts), as well as transporters (Slco1a4, Slco1b2, Abcb1a,
Abcc2 and Abcc10).

The present study has provided critical information on the in vivo hepatic metabolism
of BDE-47 and BDE-99 in CV and GF mice, with a primary focus on the hydroxylated
PBDE metabolites. Accumulated evidence have demonstrated that PBDEs are first
biotransformed to hydroxylated metabolites in mammals (Hamers et al., 2008; Lupton et
al., 2009; Stapleton et al., 2009; Dong et al., 2010; Erratico et al., 2010). Almost 20 OH-
BDE metabolites have been identified in rat blood after exposure to a mixture of tetra- to
decaBDEs. In the present study, sixteen hydroxylated metabolites of PBDEs were
measured by PBDE targeted metabolomics (GC-MS-NCI) in livers of CV and GF mice
treated with BDE-47 or BDE-99. 12 out of 16 measured OH-BDEs were detected in
livers of CV and GF mice treated with BDE-47. The major hydroxylated metabolite of
BDE-47 was 5-OH-BDE-47 in livers of both CV and GF mice, with a higher level
observed in GF conditions. The findings of six hydroxylated BDE-47 metabolites in the
present study, namely 5-OH-BDE-47, 4'-OH-BDE-49, 3-OH-BDE-47, and 6-OH-BDE-47,
4’-OH-BDE-17, and 2’-OH-BDE-28, are consistent with previous in vitro studies which

incubated BDE-47 with phenobarbital-induced rat liver microsomes or recombinant
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human CYPs (Hamers et al., 2008; Erratico et al., 2013; Feo et al., 2013). Following
BDE-99 treatment, 13 out of 16 measured OH-BDEs were detected in livers of CV and
GF mice. The major hydroxylated metabolite of BDE-99 was 5-OH-BDE-99 in livers of
both CV and GF mice. The findings of hydroxylated BDE-99 metabolites, namely 5'-
OH-BDE-99, 6’-OH-BDE-99, and 4’-OH-BDE-101, are consistent with previous studies
which incubated BDE-99 with rat liver microsomes (Stapleton et al., 2009; Erratico et al.,
2011). In human blood, 5-OH-BDE-47 and 5-OH-BDE-99 are also reported being the
two most abundant metabolites of BDE-47 and BDE-99, respectively. The mean
concentrations of BDE-47 and BDE-99 are 60 + 29 ng/g lipid and 19 * 8.6 ng/g lipid in
human fetal and maternal blood samples from the United States (Qiu et al., 2009).
However, the present study did not measure 4-OH-BDE-90 and 2,4,5-TBP as observed
in previous report, due to the lack of corresponding standards. Compared with prior in
vitro and in vivo studies, the present study is the first study to introduced gut
microbiome as key determinants of the biotransformation of BDE-47 and BDE-99.

The present study has suggested the involvement of multiple DPGs in the
biotransformation of BDE-47 and BDE-99 with the absence of gut microbiome.
Evidence from human or rat microsomes and recombinant human CYP enzymes has
demonstrated that BDE-47 and BDE-99 are initially oxidized to hydroxylated metabolites
(OH-BDEsSs) by various CYPs, particularly by CYP2A2 and CYP3A1 in rats, and CYP2B6
in humans (Erratico et al., 2011; Feo et al.,, 2013). The lack of gut microbiome
increased the major metabolite of BDE-47 in livers of GF mice, but decreased the other
four minor metabolites, suggesting the involvement of multiple Cyps in the

biotransformation of BDE-47. For example, the lack of gut microbiome up-regulated the
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expression of Cyp2b9, Cyp2b13 and many Cyp2c subfamily members, which could
contribute to the increased formation of the major BDE-47 metabolite; whereas the lack
of gut microbiome significantly down-regulated Cyp3a enzymes (such as Cyp3aii,
Cyp3a16, Cyp3ad41a, Cyp3ad1b, Cyp3ad44 and Cyp3a59) in livers of GF mice, which
may be responsible for the decreased four minor BDE-47 metabolites. Conversely, the
lack of gut microbiome not only affects the biotransformation of PBDEs through the
baseline expression levels of these enzymes, it also modulates how these PBDEs and
their metabolites in turn affect the expression of these and other drug metabolizing
enzymes.

The Promega P450-Glo assay used in the present study provides a highly sensitive
and selective substrate for each specific CYP enzyme (CYP1 to 3) in liver microsomes
(Cali et al., 2006; Hrycay and Bandiera, 2009; Cali et al., 2012). Although it was initially
designed for human samples, it has been widely used in the mouse studies as shown in
the prior publications (Sekiya and Suzuki, 2011; Lee et al., 2013; Selwyn et al., 2015a).
For example, the CYP1A1 activity was measured in mouse with C57BL/6 background
using the P450-Glo CYP1A1 assay (containing Luciferin-CEE substrate)(Lee et al.,
2013). The CYP1A2 activity was measured in mouse embryonic fibroblasts, defined
transcription factor-induced hepatocyte-like cells, and mouse primary hepatocyte using
P450-Glo CYP1A2 (containing Luciferin-ME substrate)(Lim et al., 2016). The Cyp3a
activity was measured in germ-free mice and mouse hepatocyte using the P450-Glo
CYP3A4 assay (containing Luciferin-IPA) (Sekiya and Suzuki, 2011; Selwyn et al.,
2015a). The recombinant human P450 isoforms have shown that CYP2B6 was the

predominant isoform that could metabolize Luciferin-2B6 to luciferin, and CYP3A4 was
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the predominant isoform that could metabolize Luciferin-IPA to luciferin. According to
NCBI Homologene database, the mouse Cyp2b and Cyp3a are sequence homologs of
the corresponding human P450s within the same families, and the human P450s are
not sequence homologs of the mouse P450s of other families such as Cyp1a, CypZ2a, or
Cyp2c. Therefore, the substrates used in this study are most likely substrates for the
mouse P450s of the same family as humans. However, it is possible that the CYP2B
substrates can be metabolized by multiple mouse Cyp2b isoforms other than Cyp2b10.
Because there lacks a systematical comparison of PBDE exposure in humans at
various groups such as newborns and children, elderly, adults, and occupational
workers who are at a high risk of PBDE exposure. The low dose used in the present
study was based on the exposure to PBDEs in newborns because these data are
readily available (Frederiksen et al., 2009). This human-relevant dose is one of the
examples that represent one of the most vulnerable populations. In the present study,
the mice were dosed with 5 mg/kg and 50 mg/kg of PBDEs, which are calculated based
on the potential exposure for infants, who are more vulnerable to adverse drug
reactions than adults. The dose estimation is based on the fact that BDE-47 and -99 in
human breast milk are approximately 27.8ng/g liquid weight (lw) and 5.7ng/g Iw
(Frederiksen et al., 2009). Assuming newborns weigh 5kg on average, and consumes
960 g per day, the 1-day human exposure of BDE-47 and BDE-99 in newborns is
approximately 5.337 mg/kg (10.2 umol/kg) and 1.094 mg/kg (1.8 umol/kg), respectively.
Therefore, the low dose is actually within the range of acute to sub-chronic exposure in
the newborn vulnerable populations, whereas the high dose represents the dose of

choice across species. Results from the National Health and Nutrition Examination
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Survey have shown that the adult intake dose of total PBDEs was estimated to be 7.7
ng/kg body weight/day, and children’s estimated intakes were higher at 49.3 ng/kg/day
for ages 1-5, 14.4 ng/kg/day for 6-11, and 9.1 ng/kg/day for 12-19 (Lorber, 2008).
Therefore, the acute low doses of PBDEs used in the present study (4 consecutive days)
are similar to newborn sub-chronic exposure in humans (approximately 3 months),
whereas the acute high doses of PBDEs considered an extrapolation of 10 across
different species. These doses are similar to what have been used in adult mice to
induce Cyps (Pacyniak et al., 2007).

In conclusion, we report a novel interaction between the gut microbiome and host
hepatic DPGs in vivo. Most notably, the lack of gut microbiome augmented BDE-99
mediated up-regulation of many DPGs and also impacts the hydroxylation of PBDEs.
Using GF mice as a research model, the present study is the first to characterize the
effect of the gut microbiome on the host metabolism of the environmental PBDEs.
However, there are some limitations to this study. Future studies are needed to
systematically determine the distribution of PBDEs and quantify the blood and lipid
metabolome profiles of PBDEs. Future studies are also needed to determine members
of the gut microbiota that have the most significant effect on host DPGs expression

involved in PBDE metabolism.

71



Figure 1
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Figure 1. (A) A diagram illustrating the experimental design and dosing regimen of mice.
Briefly, 9-week-old C57BL/6J CV mice were treated with vehicle (corn oil, 10ml/kg, oral gavage),
BDE-47 (10 umol/kg or 100 umol/kg, oral gavage) or BDE-99 (10 umol/kg or 100 umol/kg, oral
gavage) once daily for 4 days (n=5 per group). Tissues were collected 24h after the final dose.
Age-matched GF mice were treated with vehicle (corn oil, 10ml/kg, oral gavage), BDE-47 (100
umol/kg, oral gavage) or BDE-99 (100 umol/kg, oral gavage) following the same procedure (n=
3 or 4 per group). (B) RT-gPCR quantification of mMRNAs of the prototypical AhR-target gene
Cyp1a2, the prototypical CAR-target gene Cyp2b10, and the prototypical PXR-target gene
Cyp3a11 in liver of CV mice treated with corn oil, BDE-47 (10 or 100 umol/kg) or BDE-99 (10 or
100 umol/kg). Data are expressed as percentage of the housekeeping gene (-actin (n= 5 per

group). Asterisks (*) indicate statistically significant differences between corn oil- and PBDE-
treated groups in liver (p<0.05).
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Figure 2
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Figure 2. Concentrations of hydroxylated PBDE metabolites (pg/ml, mean * standard error) in
livers of CV and GF mice treated with corn oil, BDE-47 (100 umol/kg) or BDE-99 (100 umol/kg).
(A) The total hepatic levels of hydroxylated PBDE metabolites in CV and GF mice treated with
corn oil, BDE-47 (100 umol/kg) or BDE-99 (100 umol/kg). Asterisks (*) represent statistically
significant differences between comparison groups. (B) Concentrations of individual
hydroxylated metabolites of BDE-47 and BDE-99 in livers of CV and GF mice treated with corn
oil, BDE-47 (100 umol/kg) or BDE-99 (100 umol/kg). Asterisks (*) represent statistically
significant differences between CV and GF mice.
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Figure 3
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Figure 3. Chemical structures (plotted by ChemDoodle) of hydroxylated metabolites of BDE-47
(A) and BDE-99 (B) in livers of CV and GF mice treated with corn oil, BDE-47(100 umol/kg) or
BDE-99 (100 umol/kg). The major hydroxylated metabolite of BDE-47 or BDE-99 was labeled.
Compared to CV mice, the up-regulated (red arrow) or down-regulated (blue arrow) individual
metabolite in GF conditions were highlighted.
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Figure 4
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Figure 4. Regulation of Phase-I Cyp1 (A),
metabolizing enzymes by BDE-47 or BDE-99 in livers of CV and GF mice. Only Cyps that were
differentially expressed by PBDEs or by lack of gut microbiota were shown. Genes in the same
family were grouped together in the same figure to quantitatively compare the mRNA
abundance, and were also presented individually to better visualize the mRNA fold-changes by
BDE-47 or BDE-99 in CV and GF mice.
differences between corn oil- and PBDE-treated groups of the same enterotypes of mice (FDR-
adjusted p value <0.05). Pounds (#) represent statistically significant differences between CV
and GF mice under the same treatment.
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Figure 5. Regulation of Phase-l Cyp2d, Cyp2e1, Cyp2g1, Cyp2j9, Cyp2r1 (A), and Cyp3a (B)
drug-metabolizing enzymes by BDE-47 or BDE-99 in livers of CV and GF mice. Only Cyps that
were differentially expressed by PBDEs or by lack of gut microbiota were shown. Genes in the
same family were grouped together in the same figure to quantitatively compare the mRNA
abundance, and were also presented individually to better visualize the mRNA fold-changes by
BDE-47 or BDE-99 in CV and GF mice. Asterisks (*) represent statistically significant
differences between corn oil- and PBDE-treated groups of the same enterotypes of mice (FDR-
adjusted p value <0.05). Pounds (#) represent statistically significant differences between CV
and GF mice under the same treatment.

76



Figure 6
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Figure 6. Regulation of Phase-Il Ugts (A) and Sults (B) by BDE-47 or BDE-99 in livers of CV
and GF mice. Only DPGs that were differentially expressed by PBDEs or by lack of gut
microbiota were shown. Genes in the same family were grouped together in the same figure to
quantitatively compare the mRNA abundance, and were also presented individually to better
visualize the mRNA fold-changes by BDE-47 or BDE-99 in CV and GF mice. Asterisks (*)
represent statistically significant differences between corn oil- and PBDE-treated groups of the
same enterotypes of mice (FDR-adjusted p value <0.05). Pounds (#) represent statistically
significant differences between CV and GF mice under the same treatment.
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Figure 7
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Figure 7. Regulation of Phase-Il Gsts (A), as well as transporters in the Slco and Abc families
(B) by BDE-47 or BDE-99 in livers of CV and GF mice. Only DPGs that were differentially
expressed by PBDEs or by lack of gut microbiota were shown. Genes in the same family were
grouped together in the same figure to quantitatively compare the mRNA abundance, and were
also presented individually to better visualize the mRNA fold-changes by BDE-47 or BDE-99 in
CV and GF mice. Asterisks (*) represent statistically significant differences between corn oil-
and PBDE-treated groups of the same enterotypes of mice (FDR-adjusted p value <0.05).
Pounds (#) represent statistically significant differences between CV and GF mice under the
same treatment.
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Figure 9

A .
(=
'g 2 250 250 s Corn Oil
® o Cyp1a2 s # 200 Cyp3al1 == BDE-47
- 0
S —200 N == BDE-99
o g 150
q’ A
° 2100 100
oN
23 s0 50 4
% E
_ 0
S8 o
= cv GF cv GF
B
700 2e+5
o 245 Cypia 600 Cyp2b Cyp3a £
[}
gé sers 500 2e+5
85 400
o
@ %” 1e+5 i 300 4 1e+5
£ > 200 Seta
EE Sets e 4
58 100
- o 0 0 0
cv GF cVv GF Cv GF

Figure 9. (A) UPLC-MS quantification of Cyp1a2 and Cyp3a11 protein levels in livers of CV and
GF mice treated with corn oil, BDE-47 (100 umol/kg) or BDE-99 (100 umol/kg). (B) Enzyme
activities of Cyp1a, Cyp2b and Cyp3a in livers of CV or GF using the Promega P450-Glo™
CYP1A, CYP2B and CYP3A Assays. Asterisks (*) represent statistically significant differences
between corn oil- and PBDE-treated groups of the same enterotypes of mice (p<0.05). Pounds
(#) represent statistically significant differences between CV and GF mice under the same
treatment (p<0.05).
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Supplemental Figure 1
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Supplemental Figure 1. (A) Serum Alanine Aminotransferase (ALT) quantification in
CV and GF mice treated with corn oil, BDE-47 or BDE-99 at various doses. Serum ALT
is expressed as mean IU/L * standard error of mean (S.E.M). (B) Haemotoxylin & Eosin
staining of livers from CV and GF mice treated with corn oil, BDE-47 (100 pmol/kg) or
BDE-99 (100 uymol/kg) (x100).
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Table 1. DPGs that were differentially regulated by the lack of gut microbiome and by
PBDEs in livers of CV and GF mice treated with corn oil, BDE-47 (100 umol/kg) or BDE-
99 (100 umol/kg). CVCO, Corn Qil-treated Conventional mice, GFCO, Corn Oil-treated

Germ free mice.

Category Treatment | Phase | Phase Il Transporters
A. Genes that were | Corn Ol Cyp1a2, Cyp2hb9, Sult1a1, Abcb1a,
differentially Cyp2b13, Cyp2c Sult1b1, Abcc10
regulated by gut (2c40, 2¢50, 2c¢54, Papss2,
microbiome 2c67, 2¢c68, 2c69, Gstm2,
(CVCO vs GFCO) 2c70), Cyp2ef, Gstm6
Cyp2g1, Cyp2j9,
Cyp3a (3a11, 3a16,
3ad1a, 3a41b, 3a44,
3a59)
B. Genes that were | BDE-47 Cyp1a2, Cyp2c39, Ugt2b1, Abcb1b,
differentially Cyp2d13, Cyp24g1, Ugt2b5, Abcc3,
regulated by PBDEs Cyp2j9 Sultba1, Abcc4,
only in CV mice Gstm2 Abcc10
(gut microbiome Gstp1,
dependent effect) Gstp2
BDE-99 Cyp2a22, Cyp2c39, | Ugt2b37,
Cyp2g1, Cyp2r1, Sult2a7
Cyp3a13
C. Genes that were | BDE-47 Cyp2a4, Cyp2a22, Sult2a2, Slco1a4
differentially Cyp2b9, Cyp2b13, Gstaz,
regulated by PBDEs Cyp2c37, Cyp2c54, | Gstm3,
preferably in GF Cyp3al1, Cyp3a16, | Gstt3
mice Cyp3adia,
(augmentation effect Cyp3a41b, Cyp3a44
due to the lack of BDE-99 Cyp1a1, Cyp1a2, Ugt2b1, Slco1a4,
gut microbiome) Cyp2a4, Cyp2a5, Ugt2b35, | Slco1b2,
Cyp2b10, Cyp2c Ugt2b38, | Slco2a1,
(2c37, 2¢40, 2¢50, Ugdh, Abcc2,
2c54, 2¢55, 2¢69), Ugp2, Abcc10
Cyp2d (2d11, 2d12, | Sult1d1,
2d13, 2d34, 2d40), Sulttet,
Cyp2j9, Cyp3a Papss2,
(3a16, 3a25, 3a41a, | Gstaf,
3a41b, 3a44, 3a59) | Gsta2,
Gstm2,
Gstm3,
Gstt3,
Gclc
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Supplemental Table 1 — Optimized LC-MS/MS parameters for analysis of surrogate
peptides of mouse drug-metabolizing enzymes Cyp1a2 and Cyp3a11. DP: declustering
potential, CE: Collision energy and RT-retention time. Terminal K and R residues were
labeled with "*C and "N.

Protein Peptide Light/Heavy Parent Daughter DP CE RT
sequence ion (m/z) | ion (m/z) V) (eV) | (min)

Cyp1a2 | FLTNNNSAID(K) Light 618.8 976.5 66.2 29 18.6
618.8 875.4 66.2 29 18.6

618.8 761.4 66.2 29 18.6

Heavy 622.8 984.5 66.2 29 18.6

622.8 883.4 66.2 29 18.6

622.8 769.4 66.2 29 18.6

VMLFGLG(K) Light 432.8 765.4 527 | 17.4 | 16.8

432.8 634.4 527 | 17.4 | 16.8

432.8 521.3 527 | 17.4 | 16.8

Heavy 436.8 773.4 527 | 17.4 | 16.8

436.8 642.4 527 | 17.4 | 16.8

436.8 529.3 527 | 17.4 | 16.8

NSIQDITSALF(K) Light 668.9 894.5 69.9 | 259 | 10.5

668.9 779.5 69.9 | 259 | 105

668.9 568.3 69.9 | 259 | 105

Heavy 672.9 902.5 69.9 | 259 | 105

672.9 787.5 69.9 | 259 | 105

672.9 572.3 69.9 | 259 | 105

Cyp3a11 | LQDEIDEALPN(K) Light 692.9 1143.6 85 29 12.5
692.9 899.5 85 29 12.5

692.9 786.4 85 29 12.5

Heavy 696.9 1151.6 85 29 12.5

696.9 794.4 85 29 12.5

Bovine AEFVEVT(K) Light 461.8 722.4 70 25.8 | 10.8
serum 461.8 476.3 70 25.8 | 10.8
?I'BbS“/;‘;'” 461.8 575.3 70 | 25.8 | 108
Heavy 465.8 730.4 70 25.9 | 10.8

465.8 484.3 70 25.9 | 10.8

465.8 583.4 70 25.9 | 10.8
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Supplemental Table 2. Average FPKM values and standard errors for DPGs that were differentially regulated by PBDEs
or by enterotypes from RNA-Seq.

Genes Category cvco s.e. CVBDE47 s.e. CVBDE99 s.e. GFCO s.e. GFBDE47 s.e. GFBDE99 s.e.
Cyp1a1l Phase | 1.09 0.20 1.91 0.29 1.51 0.41 1.58 0.46 2.04 0.21 3.51 0.45
Cyp1a2 Phase | 391.96 44.93 884.13 58.82 719.69 252.70 635.10 130.15 | 1098.82 98.74 1557.19 108.28
Cyp2a4 Phase | 17.80 2.30 51.16 12.44 63.80 19.38 17.73 0.66 61.55 2.12 178.85 3.27
Cyp2a5 Phase | 227.48 25.65 651.65 167.32 | 869.87 249.35 216.37 10.84 671.54 64.42 2214.54 60.40
Cyp2a22 Phase | 14.28 1.55 12.04 0.76 12.03 1.67 12.74 1.39 20.64 5.69 12.73 0.83
Cyp2b9 Phase | 3.29 1.1 1.80 0.85 2.87 0.15 8.54 1.28 27.51 15.20 17.72 4.49
Cyp2b10 Phase | 18.72 1.45 352.58 57.93 550.29 8.35 18.00 4.28 403.26 56.66 963.99 50.05
Cyp2b13 Phase | 0.75 0.16 10.73 1.75 16.58 0.05 2.76 1.92 35.05 19.44 27.80 2.03
Cyp2c29 Phase | 1358.95 | 41.58 | 4370.67 381.61 | 4671.23 469.56 1605.94 | 149.43 | 4820.12 180.39 | 5023.44 331.18
Cyp2c37 Phase | 193.49 4.46 484.33 30.88 529.16 151.28 280.93 48.12 704.26 88.19 1097.83 74.38
Cyp2c38 Phase | 14.98 1.68 11.18 0.93 13.37 1.17 11.06 1.24 15.80 1.37 10.87 2.26
Cyp2c39 Phase | 2.31 0.16 5.11 0.29 5.82 0.53 2.52 0.29 5.99 0.49 5.42 0.52
Cyp2c40 Phase | 31.17 2.41 28.77 1.97 26.57 3.78 74.28 9.59 81.17 14.66 57.66 4.77
Cyp2c50 Phase | 428.37 18.40 1094.53 48.36 1155.31 268.69 690.14 123.18 | 1537.97 188.07 | 2583.09 128.07
Cyp2c54 Phase | 197.33 4.94 497.79 20.44 538.88 68.84 386.07 40.27 721.67 85.91 1124.85 40.02
Cyp2c55 Phase | 5.29 1.44 71.18 28.12 98.82 64.68 3.80 1.51 60.33 5.37 200.72 4.68
Cyp2c67 Phase | 86.29 6.83 78.28 6.76 75.96 8.48 171.48 29.38 170.33 15.63 142.56 4.70
Cyp2c68 Phase | 79.52 8.20 73.29 5.37 77.77 9.74 144.31 26.17 161.41 15.16 160.21 17.51
Cyp2c69 Phase | 15.52 1.79 15.08 1.10 14.14 1.61 43.04 5.62 45.67 10.44 29.65 1.47
Cyp2c70 Phase | 163.19 2.40 186.35 7.91 194.20 10.70 351.01 44.65 | 413.47 7.32 349.02 5.75
Cyp2d9 Phase | 989.42 176.76 | 1286.08 158.88 | 980.33 78.66 1102.76 | 299.52 | 828.56 103.00 | 792.92 54.41
Cyp2d10 Phase | 607.44 128.67 | 690.92 71.80 541.79 38.30 640.74 155.53 | 623.36 54.81 465.12 30.33
Cyp2d11 Phase | 53.17 12.52 56.61 7.03 46.75 2.58 53.34 16.09 | 45.75 217 34.36 245
Cyp2d12 Phase | 65.64 11.69 84.59 12.78 65.10 7.41 71.12 19.29 55.31 6.20 50.17 3.29
Cyp2d13 Phase | 64.03 8.18 36.71 2.03 38.20 2.35 42.44 8.76 34.58 2.1 67.50 8.83
Cyp2d26 Phase | 598.42 107.28 | 578.12 74.99 539.59 53.48 772.39 207.59 | 655.98 52.65 | 423.57 15.26
Cyp2d34 Phase | 13.13 1.80 13.91 1.51 11.54 0.32 12.27 1.17 12.81 0.89 10.08 0.81
Cyp2d40 Phase | 78.85 15.75 75.74 11.22 63.17 8.76 75.15 18.71 55.25 3.25 34.10 245
Cyp2e1 Phase | 3362.01 | 323.90 | 4122.52 274.33 | 4936.22 461.03 5611.13 | 808.69 | 5093.98 321.62 | 3883.34 286.75
Cyp2g1 Phase | 0.38 0.05 1.25 0.20 1.73 0.03 0.90 0.12 1.65 0.08 1.43 0.03
Cyp2j9 Phase | 3.05 1.18 1.10 0.25 1.56 0.70 1.14 0.71 0.80 0.06 2.69 0.50
Cyp2r1 Phase | 6.88 1.69 8.41 1.42 11.05 0.53 6.44 2.24 7.13 0.98 11.23 0.63
Cyp3a1l1 Phase | 2650.58 | 328.62 | 4119.00 572.44 | 3393.70 1426.97 | 273.31 52.72 1854.17 185.95 | 2994.30 72.10
Cyp3a13 Phase | 53.24 3.74 70.47 5.06 124.03 43.48 55.29 7.45 77.39 6.05 90.14 3.07
Cyp3a16 Phase | 88.04 10.42 138.11 18.59 114.66 54.11 7.81 1.13 61.45 5.30 82.33 4.44
Cyp3a25 Phase | 243.23 61.21 218.09 31.57 250.25 77.40 135.64 59.83 204.05 12.91 471.74 32.52
Cyp3a41a | Phase | 56.71 6.61 84.17 10.97 71.95 41.81 5.77 1.04 41.06 4.95 53.88 1.98
Cyp3a41b | Phase | 57.49 6.53 84.17 10.97 71.95 41.81 5.77 1.04 41.06 4.95 53.88 1.98
Cyp3a44 Phase | 70.69 5.76 111.66 12.23 89.84 37.46 8.66 0.53 57.46 5.80 73.93 2.90
Cyp3a59 Phase | 33.31 7.34 37.59 5.21 49.89 12.58 14.60 6.13 39.99 2.32 93.73 8.45




Genes Category cvco s.e. CVBDE47 | s.e. CVBDE99 | s.e. GFCO s.e. GFBDE47 | s.e. GFBDE99 | s.e.
Ugt2b1 Phase Il 131.71 24.72 212.08 33.52 191.94 68.91 200.54 81.29 238.35 45.63 521.31 33.15
Ugt2b5 Phase Il 351.46 45.27 | 472.00 57.26 | 475.38 139.52 293.53 80.82 | 419.95 10.51 703.66 17.99
Ugt2b34 Phase Il 128.43 39.38 177.76 36.49 237.90 33.90 96.47 43.66 169.83 19.70 346.89 8.42
Ugt2b35 Phase Il 73.11 17.52 100.44 16.62 131.08 27.65 57.68 21.63 101.86 14.60 227.49 4.69
Ugt2b36 Phase Il 275.05 36.81 350.55 41.71 393.74 102.83 247.31 47.63 345.49 3.69 593.76 17.40
Ugt2b37 Phase Il 30.73 4.08 39.25 4.64 38.28 10.56 23.42 6.41 34.66 0.90 55.44 2.31
Ugt2b38 Phase Il 63.16 10.87 78.91 11.97 86.40 28.88 52.18 18.20 65.37 9.38 137.20 6.11
Ugdh Phase Il 53.81 14.78 68.26 10.31 78.98 21.88 35.07 12.80 63.78 4.46 172.16 5.30
Ugp2 Phase Il 74.58 23.86 80.16 21.16 101.28 28.46 79.21 38.63 86.11 10.64 162.70 5.73
Sult1a1 Phase Il 129.10 12.15 105.33 8.48 113.90 16.26 203.16 6.23 241.49 25.39 226.81 5.18
Sult1b1 Phase Il 6.89 1.43 7.44 0.71 8.56 0.55 11.96 2.06 10.77 0.77 16.64 0.30
Sult1c2 Phase Il 1.97 0.13 3.20 0.98 4.34 0.77 1.62 0.45 4.07 0.56 4.35 0.28
Sult1d1 Phase Il 20.84 9.18 22.16 7.39 34.92 1.53 22.80 12.09 30.45 6.16 95.12 3.18
Sult1e1 Phase Il 0.02 0.00 0.01 0.01 0.05 0.04 0.10 0.06 0.21 0.05 1.54 0.07
Sult2a1 Phase Il 0.03 0.00 0.01 0.01 0.01 0.01 0.84 0.76 20.38 20.07 0.00 0.00
Sult2a2 Phase Il 0.04 0.02 0.03 0.02 0.01 0.01 1.22 1.15 30.86 30.33 0.03 0.02
Sult2a7 Phase Il 1.18 0.45 0.99 0.05 2.80 1.73 0.45 0.07 0.79 0.13 1.04 0.10
Sult5a1 Phase Il 8.17 1.75 14.23 1.73 10.34 5.46 7.09 2.25 8.66 1.10 8.74 0.76
Papss2 Phase Il 34.62 12.57 29.50 4.93 33.37 2.14 15.88 6.39 23.33 4.24 49.56 0.75
Gsta1 Phase Il 16.64 3.04 50.54 8.84 68.91 55.57 10.13 1.76 46.04 8.78 193.95 12.62
Gsta2 Phase Il 46.67 7.28 69.27 10.14 65.13 41.69 34.63 4.86 97.54 17.09 170.69 8.38
Gsta4 Phase Il 79.81 5.52 134.76 7.95 118.01 58.75 81.07 16.34 178.75 39.76 161.34 5.71
Gstk1 Phase Il 126.44 16.44 114.05 13.33 85.31 0.59 146.40 28.80 129.71 9.49 100.84 4.01
Gstm1 Phase Il 2164.30 | 83.33 | 4393.48 790.27 | 5111.82 1735.97 | 1675.81 | 314.18 | 4264.18 642.48 | 6435.67 63.64
Gstm2 Phase Il 54.97 0.52 82.04 11.81 108.17 8.31 96.89 28.36 159.32 19.38 315.24 9.39
Gstm3 Phase Il 119.71 15.43 342.75 127.73 | 493.32 309.24 84.61 6.98 443.57 62.22 1558.04 50.20
Gstm4 Phase Il 54.12 0.40 106.27 4.98 94.16 35.17 42.00 5.36 90.75 7.46 130.86 0.52
Gstm5 Phase Il 8.35 0.49 9.38 0.32 9.36 0.86 8.33 1.59 8.45 1.29 5.95 0.44
Gstm6 Phase Il 82.23 3.05 95.75 7.08 79.76 21.56 119.26 23.77 130.40 6.24 147.11 1.88
Gstm7 Phase Il 37.78 2.52 35.54 1.78 30.77 243 51.35 6.12 56.82 3.69 43.01 1.95
Gstp1 Phase Il 1779.56 | 278.93 | 3050.83 194.72 | 1941.65 958.66 984.02 204.51 | 1370.70 218.00 | 1517.70 35.96
Gstp2 Phase Il 525.78 85.16 903.40 76.97 549.05 269.83 281.98 62.71 429.54 104.61 | 418.79 12.09
Gstt2 Phase Il 33.74 1.81 40.68 4.06 42.13 3.20 44.95 10.85 65.61 12.23 52.15 1.73
Gstt3 Phase Il 48.89 2.63 90.87 12.22 96.99 3.07 53.25 9.14 136.14 8.37 169.77 6.63
Gstz1 Phase Il 412.49 38.08 | 420.78 35.95 373.20 15.17 551.25 113.77 | 457.81 8.11 373.02 1.81
Gclc Phase Il 92.19 20.38 70.81 8.07 78.88 21.32 57.29 20.30 81.33 9.29 154.83 1.12
Slco1a1 Transporters | 46.21 15.70 50.54 11.86 | 42.06 19.18 64.14 29.20 | 45.18 10.56 66.35 4.23
Slco1a4 Transporters | 9.10 2.53 9.16 1.89 11.47 1.68 8.17 4.17 14.25 2.37 25.41 2.62
Slco1b2 Transporters | 155.06 70.43 131.28 35.09 194.67 6.93 122.65 73.85 120.61 18.99 329.73 11.62
Slco2a1 Transporters | 29.88 1.52 31.72 1.77 26.19 0.36 26.11 2.40 29.52 1.20 20.70 0.59
Abcb1a Transporters | 0.89 0.24 0.84 0.12 1.04 0.01 0.52 0.14 0.84 0.12 1.13 0.12
Abcb1b Transporters | 0.33 0.05 0.44 0.06 0.42 0.06 0.32 0.08 0.41 0.02 0.52 0.02
Abcc2 Transporters | 65.28 14.86 60.79 9.09 81.07 4.55 41.97 13.94 59.92 12.47 124.44 6.27
Abcc3 Transporters | 87.27 3.48 123.51 7.24 118.86 15.44 71.51 2.63 108.41 11.49 135.10 3.51
Abcc4 Transporters | 0.75 0.08 1.37 0.19 1.83 0.49 0.44 0.09 0.76 0.19 1.70 0.13
Abcc10 Transporters | 1.28 0.27 0.60 0.08 0.70 0.11 0.54 0.15 0.51 0.00 1.19 0.22
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Supplemental Table 3. Fold change and FDR-adjusted p value for DPGs that were differentially regulated by PBDEs or
by enterotypes under basal and PBDE-treated conditions. (Data are expressed as ratios of the FPKM from RNA-Seq).

Gene GFCOvs | p CVBDE47 | p CVBDE99 | p GFBDE47 | p GFBDE99 | p GFBDE47 vs | p GFBDE99 vs | p
Symbol cvco value | vs CVCO value | vs CVCO | value | vs GFCO value | vs GFCO value | CVBDE47 value CVBDE99 value
Cyp1a1l 1.45 0.59 1.75 0.35 1.39 0.93 1.29 0.21 2.22 0.00 1.07 0.88 2.33 0.00
Cyp1a2 1.62 0.03 2.26 0.00 1.84 0.09 1.73 0.19 245 0.03 1.24 0.27 2.16 0.01
Cyp2a4 1.00 0.03 2.87 0.04 3.58 0.26 3.47 0.00 10.09 0.00 1.20 0.00 2.80 0.00
Cyp2a5 0.95 0.56 2.86 0.00 3.82 0.00 3.10 0.00 10.23 0.00 1.03 0.69 2.55 0.00
Cyp2a22 0.89 0.60 0.84 0.06 0.84 0.02 1.62 0.01 1.00 0.10 1.71 0.00 1.06 0.59
Cyp2b9 2.59 0.00 0.55 0.00 0.87 0.12 3.22 0.00 2.08 0.08 15.25 0.00 6.18 0.00
Cyp2b10 0.96 0.53 18.84 0.00 29.40 0.00 22.41 0.00 53.56 0.00 1.14 0.40 1.75 0.04
Cyp2b13 3.69 0.01 14.38 0.00 22.22 0.01 12.71 0.00 10.08 0.00 3.27 0.00 1.68 0.54
Cyp2c29 1.18 0.26 3.22 0.00 3.44 0.01 3.00 0.00 3.13 0.00 1.10 0.55 1.08 0.94
Cyp2c37 1.45 0.07 2.50 0.00 2.73 0.00 2.51 0.00 3.91 0.00 1.45 0.03 2.07 0.00
Cyp2c38 0.74 0.66 0.75 0.36 0.89 0.60 1.43 0.29 0.98 0.38 1.41 0.04 0.81 0.04
Cyp2c39 1.09 0.54 2.21 0.02 2.51 0.02 2.38 0.07 2.15 0.52 1.17 0.18 0.93 0.10
Cyp2c40 2.38 0.00 0.92 0.23 0.85 0.00 1.09 0.74 0.78 0.00 2.82 0.00 217 0.00
Cyp2c50 1.61 0.03 2.56 0.00 2.70 0.00 2.23 0.01 3.74 0.00 1.41 0.09 2.24 0.02
Cyp2c54 1.96 0.00 2.52 0.00 2.73 0.00 1.87 0.05 2.91 0.00 1.45 0.04 2.09 0.01
Cyp2c55 0.72 0.53 13.45 0.00 18.68 0.00 15.88 0.00 52.83 0.00 0.85 0.68 2.03 0.00
Cyp2c67 1.99 0.00 0.91 0.96 0.88 0.56 0.99 0.87 0.83 0.10 2.18 0.00 1.88 0.00
Cyp2c68 1.81 0.01 0.92 0.98 0.98 0.99 1.12 0.90 1.1 0.92 2.20 0.00 2.06 0.00
Cyp2c69 2.77 0.00 0.97 0.97 0.91 0.01 1.06 0.61 0.69 0.00 3.03 0.00 2.10 0.00
Cyp2c70 2.15 0.00 1.14 0.28 1.19 0.52 1.18 0.78 0.99 0.36 2.22 0.00 1.80 0.00
Cyp2d9 1.11 0.29 1.30 0.15 0.99 0.83 0.75 0.10 0.72 0.02 0.64 0.04 0.81 0.24
Cyp2d10 1.05 0.37 1.14 0.38 0.89 0.58 0.97 0.49 0.73 0.02 0.90 0.73 0.86 0.28
Cyp2d11 1.00 0.96 1.06 0.86 0.88 0.03 0.86 0.07 0.64 0.00 0.81 0.00 0.73 0.01
Cyp2d12 1.08 0.83 1.29 0.46 0.99 0.58 0.78 0.27 0.71 0.00 0.65 0.04 0.77 0.00
Cyp2d13 0.66 0.18 0.57 0.00 0.60 0.02 0.81 0.17 1.59 0.01 0.94 0.69 1.77 0.00
Cyp2d26 1.29 0.12 0.97 0.85 0.90 0.61 0.85 0.20 0.55 0.00 1.13 0.53 0.78 0.12
Cyp2d34 0.93 0.08 1.06 0.43 0.88 0.01 1.04 0.40 0.82 0.01 0.92 0.44 0.87 0.00
Cyp2d40 0.95 0.42 0.96 0.81 0.80 0.27 0.74 0.03 0.45 0.00 0.73 0.06 0.54 0.00
Cyp2e1 1.67 0.05 1.23 0.28 1.47 0.50 0.91 0.43 0.69 0.05 1.24 0.31 0.79 0.52
Cyp2g1 2.33 0.01 3.25 0.00 4.49 0.00 1.84 0.14 1.59 0.49 1.32 0.14 0.82 0.12
Cyp2j9 0.37 0.03 0.36 0.00 0.51 0.02 0.70 0.37 2.36 0.02 0.73 0.27 1.73 0.00
Cyp2r1 0.94 0.84 1.22 0.18 1.61 0.04 1.11 0.80 1.74 0.12 0.85 0.61 1.02 0.76
Cyp3a1l1 0.10 0.00 1.55 0.03 1.28 0.60 6.78 0.00 10.96 0.00 0.45 0.00 0.88 0.78
Cyp3a13 1.04 0.45 1.32 0.07 2.33 0.00 1.40 0.32 1.63 0.22 1.10 0.47 0.73 0.02
Cyp3a16 0.09 0.00 1.57 0.03 1.30 0.65 7.87 0.00 10.54 0.00 0.44 0.00 0.72 0.00
Cyp3a25 0.56 0.12 0.90 0.96 1.03 0.89 1.50 0.14 3.48 0.00 0.94 0.97 1.89 0.00
Cyp3a41a | 0.10 0.00 1.48 0.01 1.27 0.39 7.12 0.00 9.34 0.00 0.49 0.00 0.75 0.00
Cyp3a41b | 0.10 0.00 1.46 0.01 1.25 0.39 7.12 0.00 9.34 0.00 0.49 0.00 0.75 0.00
Cyp3a44 0.12 0.00 1.58 0.44 1.27 0.15 6.63 0.00 8.53 0.00 0.51 0.00 0.82 0.01
Cyp3a59 0.44 0.01 1.13 0.16 1.50 0.02 2.74 0.00 6.42 0.00 1.06 0.25 1.88 0.00
Ugt2b1 1.52 0.07 1.61 0.01 1.46 0.15 1.19 0.58 2.60 0.00 1.12 0.38 2.72 0.00
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Gene GFCOvs | p CVBDE47 | p CVBDE99 | p GFBDE47 | p GFBDE99 | p GFBDE47 vs | p GFBDE99 vs | p
Symbol cvco value | vs CVCO value | vs CVCO | value | vs GFCO value | vs GFCO value | CVBDE47 value CVBDE99 value
Ugt2b5 0.84 0.89 1.34 0.05 1.35 0.27 1.43 0.18 2.40 0.00 0.89 0.80 1.48 0.10
Ugt2b34 0.75 0.57 1.38 0.04 1.85 0.02 1.76 0.04 3.60 0.00 0.96 0.89 1.46 0.11
Ugt2b35 0.79 0.69 1.37 0.04 1.79 0.02 1.77 0.04 3.94 0.00 1.01 0.70 1.74 0.01
Ugt2b36 0.90 0.82 1.27 0.10 1.43 0.20 1.40 0.27 2.40 0.00 0.99 0.78 1.51 0.08
Ugt2b37 0.76 0.17 1.28 0.74 1.25 0.01 1.48 0.24 2.37 0.75 0.88 0.89 1.45 0.07
Ugt2b38 0.83 0.39 1.25 0.31 1.37 0.44 1.25 0.45 2.63 0.01 0.83 0.27 1.59 0.00
Ugdh 0.65 0.31 1.27 0.09 1.47 0.10 1.82 0.03 4.91 0.00 0.93 0.98 2.18 0.00
Ugp2 1.06 0.61 1.07 0.44 1.36 0.22 1.09 0.73 2.05 0.02 1.07 0.45 1.61 0.02
Sult1a1 1.57 0.03 0.82 0.50 0.88 0.48 1.19 0.81 1.12 0.58 2.29 0.00 1.99 0.00
Sult1b1 1.74 0.01 1.08 0.37 1.24 0.33 0.90 0.47 1.39 0.56 1.45 0.02 1.94 0.00
Sult1c2 0.82 0.83 1.62 0.02 2.20 0.00 2.52 0.00 2.70 0.00 1.27 0.11 1.00 0.70
Sult1d1 1.09 0.55 1.06 0.44 1.68 0.02 1.34 0.25 4.17 0.00 1.37 0.03 2.72 0.00
Sult1e1 4.56 1.00 0.68 1.00 2.22 1.00 2.13 1.00 15.48 0.00 14.34 0.05 31.83 0.00
Sult2a1 29.74 0.14 0.50 1.00 0.47 1.00 24.13 0.00 0.00 0.00 1443.11 0.20 0.23 1.00
Sult2a2 34.16 0.07 0.75 1.00 0.25 1.00 25.39 0.00 0.02 0.20 1156.00 0.05 3.32 1.00
Sult2a7 0.38 0.09 0.84 0.97 2.38 0.01 1.77 0.23 2.32 0.10 0.80 0.43 0.37 0.00
Sult5a1 0.87 0.77 1.74 0.00 1.27 0.54 1.22 1.00 1.23 0.68 0.61 0.01 0.85 0.10
Papss2 0.46 0.04 0.85 0.87 0.96 0.98 1.47 0.16 3.12 0.00 0.79 0.30 1.49 0.01
Gsta1 0.61 0.05 3.04 0.00 4.14 0.00 4.55 0.00 19.15 0.00 0.91 0.38 2.81 0.00
Gsta2 0.74 0.88 1.48 0.03 1.40 0.32 2.82 0.00 4.93 0.00 1.41 0.02 2.62 0.00
Gsta4 1.02 0.39 1.69 0.00 1.48 0.16 2.20 0.02 1.99 0.10 1.33 0.07 1.37 0.06
Gstk1 1.16 0.21 0.90 0.92 0.67 0.06 0.89 0.26 0.69 0.01 1.14 0.44 1.18 0.36
Gstm1 0.77 0.95 2.03 0.00 2.36 0.06 2.54 0.01 3.84 0.00 0.97 0.87 1.26 0.67
Gstm2 1.76 0.01 1.49 0.02 1.97 0.00 1.64 0.29 3.25 0.00 1.94 0.00 2.91 0.00
Gstm3 0.71 0.49 2.86 0.00 4.12 0.00 5.24 0.00 18.41 0.00 1.29 0.02 3.16 0.00
Gstm4 0.78 0.93 1.96 0.00 1.74 0.03 2.16 0.02 3.12 0.00 0.85 0.50 1.39 0.05
Gstm5 1.00 0.56 1.12 0.46 1.12 0.79 1.01 0.66 0.72 0.06 0.90 0.80 0.64 0.00
Gstm6 1.45 0.03 1.16 0.20 0.97 0.86 1.09 0.73 1.23 0.61 1.36 0.06 1.84 0.00
Gstm7 1.36 0.07 0.94 0.93 0.81 0.30 1.1 0.85 0.84 0.06 1.60 0.01 1.40 0.02
Gstp1 0.55 0.27 1.71 0.01 1.09 0.93 1.39 0.72 1.54 0.61 0.45 0.00 0.78 0.20
Gstp2 0.54 0.35 1.72 0.02 1.04 0.23 1.52 0.06 1.49 0.33 0.48 0.38 0.76 0.09
Gstt2 1.33 0.08 1.21 0.17 1.25 0.39 1.46 0.42 1.16 0.55 1.61 0.00 1.24 0.20
Gstt3 1.09 0.26 1.86 0.00 1.98 0.01 2.56 0.00 3.19 0.00 1.50 0.03 1.75 0.00
Gstz1 1.34 0.10 1.02 0.64 0.90 0.61 0.83 0.20 0.68 0.01 1.09 0.64 1.00 0.76
Gclc 0.62 0.22 0.77 0.44 0.86 0.57 1.42 0.21 2.70 0.00 1.15 0.30 1.96 0.00
Slco1a1 1.39 0.15 1.09 0.36 0.91 0.80 0.70 0.19 1.03 0.78 0.89 0.83 1.58 0.01
Slco1a4 0.90 0.93 1.01 0.60 1.26 0.25 1.74 0.04 3.1 0.00 1.56 0.00 2.22 0.00
Slco1b2 0.79 0.68 0.85 0.85 1.26 0.31 0.98 0.93 2.69 0.00 0.92 1.00 1.69 0.03
Slco2a1 0.87 0.79 1.06 0.47 0.88 0.47 1.13 0.93 0.79 0.03 0.93 0.78 0.79 0.02
Abcb1a 0.59 0.01 0.94 0.69 1.16 0.20 1.60 0.01 2.15 0.00 1.00 0.85 1.09 0.84
Abcb1b 0.96 1.00 1.32 0.03 1.26 0.09 1.30 1.00 1.66 1.00 0.94 1.00 1.26 0.29
Abcc2 0.64 0.28 0.93 0.87 1.24 0.35 1.43 0.21 297 0.00 0.99 0.91 1.54 0.04
Abcc3 0.82 0.98 1.42 0.04 1.36 0.30 1.52 0.26 1.89 0.10 0.88 0.55 1.14 0.69
Abcc4 0.58 0.25 1.82 0.00 243 0.00 1.75 0.12 3.91 0.00 0.56 0.00 0.93 0.36
Abcc10 0.42 0.04 0.47 0.01 0.55 0.02 0.95 0.73 2.21 0.04 0.86 0.54 1.70 0.00
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CHAPTER 3: PBDEs Profoundly Alter Gut Microbiome and Increase Unconjugated

Bile Acids in A Microbiota-dependent Manner
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Running title: Effect of PBDEs on gut microbiome and bile acid homeostasis

ABSTRACT

Polybrominated diphenyl ethers (PBDEs) are persistent environmental contaminants
with well-characterized toxicities in host organs. However, little is known about
interactions between PBDEs and gut microbiome, which is a newly discovered “organ”
for xenobiotic biotransformation. Microbiomes metabolize primary bile acids (BAs) into
more lipophilic secondary BAs that may be absorbed and interact with certain host
receptors. The goal of this study is to test our hypothesis that PBDEs alter microbiome
function, resulting in dysbiosis and aberrant regulation of BA homeostasis. Nine-week-
old male C57BL/6J conventional (CV) or germ-free (GF) mice were administered corn
oil (10mg/kg), BDE-47 (100pmol/kg) or BDE-99 (100umol/kg) by gavage once daily for
4-days (n=3-5/group). Gut microbiomes were characterized using 16S rRNA
sequencing in large intestinal content of CV mice. Both BDE-47 and BDE-99 profoundly
decreased the alpha diversity of the gut microbiome. PBDEs differentially regulated 45
bacterial species. @ Most notably, both PBDE congeners profoundly increased
Akkermansia muciniphila and Erysipelotrichacea Allobaculum, which have been

previously reported to have anti-inflammatory and anti-obesity properties. Targeted
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metabolomics of 56 BAs was conducted in serum, liver, small and large intestinal
content (SIC and LIC) of CV and GF mice. BDE-99 markedly increased many
unconjugated BAs in multiple bio-compartments in a gut microbiota-dependent manner,
and this correlated with an increase in microbial 7a-dehydroxylation enzymes for
secondary BA synthesis, and increased expression of host intestinal transporters for BA
retrieval. Targeted proteomics showed that PBDEs down-regulated BA-synthesizing
enzymes and transporters in livers of CV but not GF mice. In conclusion, there is a
novel interaction between PBDEs and the endogenous BA-signaling through modifying

the “gut-liver axis” at the doses of PBDEs used in this study.

INTRODUCTION

Polybrominated diphenyl ethers (PBDEs) are flame retardants that are added to a
variety of consumer products, such as plastics, rubbers, textiles, furniture, and
electronic devices. PBDEs are highly persistent and bioaccumulative in the
environment and humans are exposed to PBDEs via food consumption and inhalation.
Potentially toxicologically relevant concentrations of PBDEs have been detected in
house dust, human blood, breast milk, and body fat (Frederiksen et al., 2009). Using
animal models, numerous studies have shown that, at sufficient doses, PBDEs can
affect thyroid hormone concentration, behavior, learning ability, memory, brain
development, and cancer development (Gascon et al., 2011; Linares et al., 2015).
Among the 209 PBDE congeners, 2, 2', 4, 4’-tetrabromodiphenyl| ether (BDE-47) and 2,
2,4, 4, 5-pentabromodiphenyl ether (BDE-99) are the most predominant ones detected

in the environment and in human samples (Erratico et al., 2011). BDE-47 and BDE-99
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activate the major xenobiotic-sensing nuclear receptors pregnane X receptor
(PXR/Nr1i2) and constitutive androstane receptor (CAR/Nr1i3) in both rodents and
human hepatocytes, leading to up-regulated expression of cytochrome P450s (Cyps)
(Pacyniak et al.,, 2007; Sueyoshi et al., 2014). Using RNA-Seq, we recently
demonstrated that BDE-47 and BDE-99 differentially regulated many other phase-I
drug-metabolizing enzymes (i.e. enzymes involved in oxidation, reduction, and
hydrolysis), phase-ll enzymes (i.e. enzymes involved in conjugation) as well as
transporters in mouse liver. In addition, we demonstrated that the lack of gut microbiota
in germ free (GF) mice altered the oxidation of BDE-47 and BDE-99, and profoundly
modified the PBDE-mediated transcriptomic response in liver (Li et al., 2017). This has
provided the first evidence that there is a novel interaction between gut microbiota and
environmental contaminants (PBDEs) that influence the host hepatic xenobiotic
biotransformation. However, very little is known regarding the interactions between

PBDEs and gut microbiota on intermediary metabolism.

Bile acids (BAs), which are jointly produced by liver and intestinal bacteria, are
important signaling molecules for intermediary metabolism within the gut liver axis and
in extrahepatic organs, such as brown adipose tissue and muscle. Primary BAs are
synthesized in liver from cholesterol via classical and alternative pathways. The
classical pathway accounts for at least 75% of the total BA pool. Enzymes involved in
classic pathway of BA synthesis include the rate-limiting enzyme cholesterol 7a-
hydroxylase (Cyp7a1) and 12a-hydroxylase (Cyp8b1), which determine the ratio of

cholic acid (CA) over chenodeoxycholic acid (CDCA), as well as other enzymes
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downstream. The alternative pathway is initiated by sterol-27 hydroxylase (Cyp27a1),
followed by 7a-hydroxylase (encoded by Cyp7b1) and other downstream enzymes
(Thomas et al., 2008). The major primary BAs in humans are CA and CDCA, whereas
CDCA in mice is converted to the primary BAs a-muricholic acid (eMCA) and BMCA.
BAs are conjugated with glycine or taurine in humans and primarily with taurine in mice.
The primary BAs are secreted across the canalicular membrane of hepatocytes via the

bile salt export pump (Bsep) into bile.

Gut microbiota contains a wide spectrum of microorganisms which reside in the
gastrointestinal tract and play an important role in nutrient absorption, host intermediary
metabolism, and xenobiotic biotransformation (Shreiner et al., 2015; Fu and Cui, 2017).
Disruptions in the composition of gut microbial communities and altered interactions
between microbiota-host have been linked to several diseases, such as cancer and
metabolic disorders (Jumpertz et al., 2011). In the intestine, gut microbiota converts
primary BAs to secondary BAs via dehydroxylation, deconjugation, and epimerization.
The intestinal microbiota contains enzymes that metabolize BAs; for example, bile salt
hydrolases (Bshs), which are widely present in intestinal bacteria, removes glycine or
taurine from conjugated BAs. The bacteria Clostridia contain hydroxysteroid
dehydrogenases and 7-dehydratases, which produce BA intermediates and secondary

BAs (Ridlon et al., 2006).

Ninety-five percent of BAs undergo reabsorption from the intestinal lumen via active

transport and recirculate to liver by the portal blood (Chiang, 2003). Specifically, BAs
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are actively transported across the apical membrane of ileal enterocytes via the apical
sodium bile acid transporter (Asbt/Slc10a2). They are then transported across the
enterocytes via the heterodimer organic solute transporter a« and [ (Osta/Ostf) and
enter portal circulation. In particular, the basolateral efflux transporter multidrug
resistance related protein 4 (Mrp4/Abcc4) has been shown to have BA transport
properties in liver (Dawson et al., 2009). We have recently shown that Mrp4 gene
expression is higher in the intestine than that in the liver of mice (Fu et al., 2017). In
human enterocyte-derived Caco-2 cells, MRP4 has been shown to be localized to the
basolateral membrane (Ming and Thakker, 2010). These studies suggest that Mrp4
may also contribute in BA re-absorption in intestine. Upon reaching the liver BAs are
taken up across the sinusoidal membrane of hepatocytes via sodium taurocholate
cotransporting polypeptide (Ntcp/Slc10a1) and organic anion transporting polypeptide
1b2 (Oatp1b2/Slco1b2) transporters (Russell, 2003; Klaassen and Cui, 2015).
Accumulation of BAs in hepatocytes or the biliary tract may lead to oxidative stress,

inflammation, and cholestatic liver injury (Perez and Briz, 2009).

BAs functioning as signaling molecules not only regulate their own biosynthesis, but
also communicate with distinct host receptors to regulate many physiological pathways
in xenobiotic and intermediary metabolism (Chiang, 2003). The farnesoid-X-receptor
(FXR) is a BA receptor that regulates BA synthesis in liver. In the intestine, BAs
activate FXR in the ileum enterocytes, and induce the secretion of fibroblast growth
factor (Fgf) 15 (FGF19 in humans). Fgf15 is then released into the portal blood and

delivered to liver where it activates the FGF receptor 4 (Fgfr4) and negatively regulates
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bile acid synthesis (Inagaki et al., 2005). Activation of hepatic FXR by BAs up-regulates
the expression of small heterodimer partner (SHP) and subsequently represses hepatic
BA synthesis (Goodwin et al., 2000). By using tissue-specific Fgf15-null mice, it has
been demonstrated that the intestinal FXR/Fgf15 pathway is critical for suppressing
both Cyp7a1 and Cyp8b1 gene expression, whereas the liver FXR/SHP pathway is
important for suppressing Cyp8b1 gene expression and only has a minor role in
suppressing Cyp7al gene expression (Kong et al., 2012). Activation of another BA
receptor, namely TGRS by BAs in brown adipose tissue, has been shown to promote
thermogenesis and energy expenditure (Sajner and Krizek, 1984). Modulating the BA
receptors FXR and TGRS as well as gut microbiota has been shown to help reduce

obesity, type-Il diabetes, and inflammation (Klaassen and Cui, 2015).

Clinically, many therapeutic drugs have been shown to produce cholestatic liver injury
by elevating hepatic BA levels (Padda et al., 2011). In laboratory animals, activation of
xenobiotic sensor CAR by its activators, phenobarbital and TCPOBOP, led to
decreased BAs in mouse liver, but increased fecal excretion of muricholic acids (Sberna
et al., 2011; Lickteig et al., 2016). Lack of gut microbiota in GF mice resulted in higher
BA concentrations in serum, liver, bile, and ileum than that in CV mice (Selwyn et al.,
2015c). However, very little is known regarding to what extent environmental chemicals
such as PBDEs may modulate the host BA homeostasis, and whether gut microbiota is

involved in this process.
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To investigate to what extent PBDEs modulate host BA homeostasis and the potential
involvement of the “gut-liver axis” in this process, the present study utilized a multi-
omics approach, including targeted proteomics (LC-MS/MS of BA-processing genes),
targeted metabolomics (LC-MS/MS of 56 BAs), and bacterial metagenomics (16S rRNA
sequencing in large intestinal content [LIC]), to test our working hypothesis that the gut
microbiome, as a newly discovered “dispersed organ”, serves as a critical interface in
modulating the crosstalk between the environmental chemicals PBDEs and the

endogenous BA-signaling pathways (Figure 1).

MATERIALS AND METHODS

Chemicals

BDE-47 was purchased from Chem Service, Inc. (West Chester, PA). BDE-99 was
purchased from AccuStandard, Inc. (New Haven, CT). Phosphate-buffered saline (PBS,
10x, pH 7.4), LC-MS grade methanol, water, and acetonitrile were purchased from
Thermo Fisher Scientific (Grand Island, NY). Bile acid standards and deuterated
internal standards (IS) lithocholic acid-2,2,4,4-D4 (LCA-D4), deoxycholic acid-2,2,4,4-
D4 (DCA-D4), cholic acid-2,2,4,4-D4 (CA-D4), glycochenodeoxycholic acid-2,2,4,4-D4
(GCDCA-D4), and glycocholic acid-2,2,4,4-d4 (GCA-d4) were purchased from
Steraloids, Inc. (Newport, Rl). All other chemicals and reagents, unless indicated

otherwise, were purchased from Sigma-Aldrich (St. Louis, MO).

Animals and Procedures
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Eight-week-old male C57BL/6J conventional (CV) mice were purchased from The
Jackson Laboratory (Bar Harbor, ME) and were acclimated to the animal facility at
University of Washington for one week prior to experiments. The initial breeding colony
of germ-free (GF) mice in C57BL/6 background was established with mice purchased
from the National Gnotobiotic Rodent Resource Center (University of North Carolina,
Chapel Hill). All mice were housed according to the Association for Assessment and
Accreditation of Laboratory Animal Care International guidelines, and the animal studies
were approved by the Institutional Animal Care and Use Committee (IACUC) at the
University of Washington. The CV mice were exposed to the same diet (laboratory
autoclaved rodent diet #5010, LabDiet, St. Louis, MO), water (non-acidified autoclaved
water), and bedding (autoclaved Enrich-N’Pure) as the GF mice. All chemical solutions
were sterilized using the Steriflip Vacuum-driven Filtration System with a 0.22 uM
Millipore Express Plus Membrane (EMD Millipore, Temecula, CA). All gavage needles
and syringes were sterilized by autoclave. As described in Figure 1, at 9 weeks of age,
CV and GF mice were randomly allocated for the treatment of vehicle (corn oil, 10
mi/kg), BDE-47 (100 pymol/kg), or BDE-99 (100 pymol/kg) via oral gavage once daily for 4
consecutive days (n = 3~5 per group). On the 5" day (24 hours after the final dose),
various tissues were collected. Blood was collected via cardiac puncture and
centrifuged at 1500g for 10 min at 4°C to obtain serum. Livers were removed and
immediately frozen in liquid nitrogen. Small and large intestinal contents (SIC and LIC)
were flushed using PBS containing 10mM dithiothreitol (DTT) (Sigma Aldrich, St. Louis,

MO), and centrifuged at 20,000g for 30 min at 4 °C. The intestinal tissues were
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separated into various sections, namely duodenum, jejunum, ileum, and colon. All

samples were stored at -80 °C until further analysis.

Quantification of Bacterial DNA and 16S rRNA Gene Sequencing

Total genomic bacterial DNA was extracted from the LIC of CV mice using OMEGA
E.ZN.A. DNA Stool Kit (Omega Bio-tek, Inc., Norcross, GA) according to the
manufacturer’s instructions. The concentration of total DNA was determined using a
Qubit 2.0 Fluorometer (Life Technologies, Grand Island, NY). The integrity and quality
of DNA samples were confirmed using an Agilent 2100 Bioanalyzer (Agilent
Technologies Inc., Santa Clara, CA). The V4 region of 16S rRNA gene was amplified
and sequenced using a HiSeq 2500 platform (250bp paired-end) (Beijing Genome
Institute Americans Corporation, Cambridge, MA) (n=3 per group). The paired-end
sequence reads were merged, de-multiplexed, and chimera-filtered using QIIME version
1.9.1 (Quantitative Insights Into Microbial Ecology) (Caporaso et al., 2010). Operational
Taxonomy Unit (OTU) clustering and taxonomy classification were performed using
open-reference operational taxonomic unit picking method (UCLUST version 1. 2. 22q)
against the 99% representative databases for Greengenes (version 13.8). Functional
profiles of microbial communities were predicted using PICRUSt (Phylogenetic
Investigation of Communities by Reconstruction of Unobserved States) (Langille et al.,
2013). Differentially enriched pathways were plotted as two-way hierarchical clustering
dendrograms using JMP Genomics (SAS Institute, Inc., Cary, NC). Selected
differentially regulated bacteria were validated by quantitative polymerase chain

reaction (QPCR) using Bio-Rad CFX384 Real-Time PCR Detection System (Hercules,
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CA). The 16S rRNA primers for the detection of Akkermansia muciniphila,
Erysipelotrichaceae Allobaculum, and Clostridium scindens were designed based on
the 16S rRNA sequences of these bacteria (Supplemental Table 1). The primers
recognizing the universal bacterial 16S rRNA sequences were provided by the
University of North Carolina Gnotobiotic core facilities (Supplemental Table 1). All
primers were synthesized by Integrated DNA Technologies (Coralville, 1A). The
abundances of the genomic DNA were expressed as mean delta-delta cycle value of

the quantitative PCR (ddCq) as compared to the universal bacteria.

Targeted Metabolomics of Bile Acids (BAs) using Liquid Chromatography-
Tandem Mass Spectrometry (LC-MS/MS)

A standard stock solution of each individual BA and deuterated internal standards (IS)
were prepared at a concentration of 2 mg/ml in methanol. IS (10 yM of LCA-D4, DCA-
D4, CA-D4, GCDCA-D4, and GCA-D4) were added to the samples, and BAs were
extracted from the serum, liver, SIC, and LIC using methods reported previously (Zhang
and Klaassen, 2010). Fifty-six BAs were quantified as listed in Supplemental Table 2.
Among them, T-aMCA and T-BMCA were summed together and expressed as T-
a+BMCA. The concentrations of individual BAs were analyzed relative to their

corresponding internal standards.

For serum BA extraction, 50 pyl serum samples was spiked with 25 pl of the mixed

internal standard solution. The samples were vortexed and put on ice for 5 min. Cold

methanol (500 pl) was added for protein precipitation, and samples were vortexed 3 x
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10s and maintained on ice for 10 min. After centrifugation at 12,000g for 10 min at 4 °C,
supernatants were transferred to clean tubes. The residues were reconstituted in 500 pl
methanol, vortexed for 10 min, and centrifuged at 12,000g for 10 min at 4 °C. The two
extraction supernatants were pooled and dried under vacuum. The residue was then
reconstituted by adding 100 yl methanol solution (methanol: water = 50:50, v/v), and
centrifuged at 20,000g for 10 min at 4 °C. The supernatants were transferred to

individual glass vials for MS analysis.

For liver BA extraction, approximately 60 mg frozen liver were accurately weighed and
homogenized in 5 volumes of water (300 pl for 60 mg). For each 300 yl homogenate,
1.5 ml of acetonitrile (ACN) with 5% ammonia hydroxide (NH4OH) and 25 pl of IS
solution was added. Tubes were vortexed and shaken for 1 h at room temperature.
The mixtures were centrifuged at 12,0009 for 15 min at 4 °C, and supernatants were
transferred to clean tubes. A second BA extraction was performed with 750 uyl methanol,
shaking for 20 min, sonicating for 5~10 min, and centrifuging at 15,000g for 20 min.
Finally, the two extraction supernatants were pooled and dried under vacuum. The
residue was then reconstituted by adding 100 pl 50% MeOH, vortexed, transferred onto
the 0.22 ym Costar Spin-X centrifuge tube filter (Sigma-Aldrich, St. Louis, MO), and

centrifuged at 20,0009 for 10 min before injection.

For BA extraction from SIC and LIC, approximately 60 mg frozen pellets were

accurately weighed and homogenized in 5 volumes of water (300 ul). For each 300 pl

99



homogenate, 1.5 ml ACN with 5% NH4,OH and 20 pl IS were added. The rest of the

procedures were same as those for liver BA extraction.

For BAs measurements, 2 pL of each prepared sample was injected into a LC-MS/MS
system (Waters Acquity I-Class UPLC TQS-micro MS, Waters, Milford, MA) for analysis
using negative ionization mode. The LC-MS/MS system was equipped with an
electrospray ionization source. Chromatographic separation was achieved on a Waters
XSelect HSS T3 column (2.5 ym, 2.1 x 150 mm). The mobile phase A was 5 mM
ammonium acetate in H,O with 0.1% acetic acid, and the mobile phase B was
acetonitrile with 0.1% acetic acid. After 1 min of isocratic elution of 75% of solvent A, the
mobile phase composition changed to 5% A at t=15 min. It was then maintained at 5%
A for 10 min, followed by a rapid increase at t=25 min to 75% A to prepare for the next
injection. The total experimental time for each injection was 40 min. The flow rate was
0.3 mL/min, the auto-sampler temperature was 4C, and column compartment
temperature was 40C. The targeted LC-MS/MS data was acquired using multiple-
reaction-monitoring (MRM) mode. The experimental parameters for all the 56 BAs and
five I1Ss, such as MRM transitions and retention times, were validated by spiking
mixtures of standard compounds into a pooled study sample. TargetLynx software
(Waters, Milford, MA) was used to integrate extracted MRM peaks. To determine
absolute bile acid concentrations, calibration curves were first constructed for all the
BAs standards in reference to their corresponding ISs. Concentrations of the bile acids
in the study samples were then calculated from the peak areas and the slopes of the

calibration curves.
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Total RNA Isolation

Total RNA was isolated from liver and intestinal tissue sections using RNA-Bee reagent
(Tel-Test Inc., Friendswood, TX). The concentration of total RNA was quantified using
NanoDrop 1000 Spectrophotometer (Thermo Scientific, Waltham, MA) at 260 nm. The
quality of RNA was evaluated by formaldehyde-agarose gel electrophoresis with
visualization of 18S and 28S rRNA bands under ultraviolet light, and was confirmed
using an Agilent 2100 Bioanalyzer (Agilent Technologies Inc. Santa Clara, CA). Liver

samples with RNA integrity number (RIN) above 8.0 were used for RNA-sequencing.

Messenger RNA quantification

The mRNA of Cyp7a1 (Figure 12A) as well as the mRNAs of other BA-processing
genes in liver were retrieved from our previously published RNA-Seq dataset (Li et al.,
2017). The data have been deposited in the NCBI Gene Expression Omnibus and are
accessible through the GEO Series accession number GSE101650. Intestinal mMRNAs
of various BA-processing genes were determined using RT-qPCR. Briefly, total RNA
from intestinal tissue sections was transcribed to cDNA using a High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA). The cDNAs were
amplified by PCR using SsoAdvanced Universal SYBR Green Supermix in a BioRad
CFX384 Real-Time PCR Detection System (Bio-Rad, Hercules, CA). The PCR primers
were synthesized by Integrated DNA Technologies (Coralville, 1A) and the primer
sequences are listed in Supplemental Table 1. The ddCq values were calculated for
each target gene and were normalized to the expression of the housekeeping gene [3-

actin.
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Targeted Proteomics by LC-MS/MS

The procedure is similar to a previous publication with a few modifications (Selwyn et al.,
2015a; Li et al., 2017). Briefly, the membrane proteins of the mouse livers were isolated
using a Mem-PER plus membrane protein extraction kit (Pierce Biotechnology,
Rockford, IL). Eighty pl of the tissue extract (2 mg/ml total protein) was mixed with 10 pl
DTT (250 mM), 20 pl of 0.2 mg/ml bovine serum albumin, 10 pl of 10 mg/ml human
serum albumin, and 40 pl ammonium bicarbonate buffer (100 mM, pH 7.8), and
incubated at 95 °C for 5 min (denaturation and reduction). Subsequently, 20 pl
iodoacetamide (500 mM) was added and the sample was incubated for 30 min at
ambient temperature in the dark (alkylation). Ice-cold methanol (0.5 ml), chloroform (0.1
ml) and water (0.4 ml) were added to each sample. After centrifugation at 16,0009 for 5
min at 4 °C, the upper and lower layer were removed and the pellet was washed with
ice-cold methanol (0.5 ml) and then centrifuged at 8,000g for 5 min at 4 °C. The pellet
was resuspended with 60 pl 50 mM ammonium bicarbonate buffer. Trypsin (20 pl) was
added at a 1:80 trypsin: protein ratio (w/w), and samples were incubated for 16 h at
37 °C. Trypsin digestion was stopped by adding 10 ul of chilled quenching solvent (80%
acetonitrile with 0.5% formic acid) and 20 pl heavy peptide internal standard, samples
were centrifuged for 5 min at 4,000g under 4 °C, and supernatant was collected into a
LC-MS vial. The stable isotope-labeled heavy peptides were used as internal standards
(Thermo Fisher Scientific, Rockford, IL). LC-MS/MS consisted of an Acquity LC
(Waters Technologies, Milford, MA) coupled to an AB Sciex Triple Quadrupole 6500 MS

system (Framingham, MA). One to three surrogate peptides per protein were designed
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for the quantification of selected proteins (Supplemental Table 3) according to a
previously published protocol (Prasad and Unadkat, 2014). The peptide separation was
achieved on an Acquity UPLC column (HSS T3 1.8 pm, 2.1x100 mm, Waters,
Hertfordshire, UK). Mobile phase A (water with 0.1% formic acid; v/v) and mobile phase
B (acetonitrile with 0.1% formic acid; v/v) were used with a flow rate of 0.3 ml/min in a
gradient manner. Peak integration and quantification were performed using Analyst
(Version 1.6, Mass Spectrometry Toolkit v3.3, Framingham, MA, USA). A robust
strategy was used to ensure optimal reproducibility when quantifying these proteins
(Bhatt and Prasad, 2017). For example, ion suppression was addressed by using
heavy peptide. Bovine serum albumin (BSA) was used as an exogenous internal
standard, which was added to each sample to correct for protein loss during processing
and digestion efficiency. In total, three-step data normalization was used; first average
peak areas of light peptides were divided by corresponding average heavy peptide peak
areas. This ratio was then divided by BSA light/heavy peak area ratio. Finally, the data
were normalized to average quality control values (pooled representative sample).

Specific peptides targeting these proteins are listed in Supplemental Table 3.

Statistical Analysis

Data are presented as mean * standard error (SE). Statistically significant differences
were determined by Analysis of variance (ANOVA) followed by Duncan’s post-hoc test
(p<0.05). Asterisks (*) represent statistically significant differences between corn oil-
and PBDE-treated groups within CV or GF mouse colonies. Pounds (#) represent

significant differences between CV and GF mice under the same treatment. A
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hierarchical clustering dendrogram (Ward’'s minimum variance method, distance scale)
of the differentially enriched pathways was generated by JMP Genomics software (SAS
Institute, Inc., Cary, NC). Pearson’s correlations between BAs and bacterial species

were performed with R (ggplot2).

RESULTS

Effect of PBDEs on gut microbiome using 16S rRNA sequencing

To determine the effect of oral exposure to PBDEs on gut microbiome, 16S rRNA
sequencing targeting V4 region was performed in the LIC of CV mice treated with corn
oil, BDE-47 (100 umol/kg), or BDE-99 (100 umol/kg) (n=3 per group). The sequence
analysis yielded a total of 104,282 + 3,574 reads per sample (Supplemental Table 4).
Rarefaction analysis (QIIME) was performed from 0 to 80,000 reads with an increment
of 10,000 reads. The alpha diversity, which describes species richness, demonstrated
that both BDE-47 and BDE-99 profoundly decreased microbial richness compared to
corn oil-treated control group in the LIC of CV mice (Figure 2A). The beta diversity,
which describes the species differences among different samples, was calculated using
weighted UniFrac distance matrix and visualized by principle coordinates analysis
(PCoA). As shown in Figure 2B, there was a clear separation between PBDE-treated
samples and control samples. The BDE-47 treated samples were clustered separately

from BDE-99 treated samples at PC2 direction in the PCoA plot (Figure 2B).

The majority of OTUs were assigned to the phyla Firmicutes (52.6 = 1.6%),

Bacteroidetes (35.1 = 2.0%), and Verrucomicrobia (8.3 + 1.8%); Actinobacteria,
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Tenericutes, Fusobacteria, Proteobacteria, Acidobacteria, Deferribacteres, Chlorobi,
Planctomycetes, Crenarchaeota, Fibrobacteres, Nitrospirae, and Chloroflexi were
detected at levels <1%. In addition, 2.5 £ 0.4% of sequences were not assigned to any
bacterial phylum (Supplemental Figure 1). To identify specific taxa affected by PBDE
exposure, more in-depth comparisons at the class and species levels were conducted
among corn oil, BDE-47, and BDE-99 treated conditions. At class level (Figure 2C), the
abundance of Actinobacteria in Actinobacteria phylum decreased 69.2% by BDE-99.
Coriobacteriia in Actinobacteria phylum and Bacilli in Firmicutes phylum were
decreased by both BDE-47 (Coriobacteriia: 44.2%, Bacilli. 69.4%) and BDE-99
(Coriobacteriia: 54.7%, Bacilli: 68.0%). Conversely, Erysipelotrichi in Firmicutes phylum,
Gammaproteobacteria in  Proteobacteria phylum, and Verrucomicrobiae in
Verrucomicrobia phylum were profoundly increased by both BDE-47 (7.5-, 6.1-, and 3.3-
fold increase) and BDE-99 exposure (5.7-, 7.8-, and 5.2-fold increase) (Figure 2C).
Analysis conducted at the species level identified 154 bacterial taxa, of which 41 were
differentially regulated by PBDEs as compared to corn oil-treated control group. These
bacterial species partitioned into three distinct patterns: Pattern | include 4 taxa that
were increased by both BDE-47 and BDE-99, including Allobaculum, Anaerotustis,
Bacteroidales other, and other unassigned bacterial species; Pattern Il included 6 taxa
that were decreased by BDE-47 but increased by BDE-99, including Clostridiales,
Peptostreptococcaceae, Clostridiaceae, Coprobacillus, SMB53, and muciniphila;
Pattern Ill was the largest cluster, which included 31 taxa that were consistently
decreased by both BDE-47 and BDE-99. This third cluster included two species in the

Bifidobacterium genus, Bacteroidales, Bacillaceae, two species in the Clostridium genus,
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Bacillales other, Staphylococcus, Bacillus other, Pseudobutyrivibrio, Planococcaceae,
Staphylococcus other, Staphylococcaceae other, Adlercreutzia, Reuteri, 2 species in
the Lactobacillus genus, Planococcaceae other, Cocleatum, Butyrivibrio, Salinicoccus,
Lactobacillales, Granulicatella, Enterococcus, Facklamia, Dorea, Lachnospiraceae,
Mogibacteriaceae, Erysipelotrichaceae, Dehalobacterium, and Ruminococcus (Figure
3A). The relative abundance of these bacterial species was determined across all
treatment groups. Figure 3B showed the top 10 most abundant bacterial species (note:
all other taxa that were lower than the top 9 taxa were summed and labeled “other taxa”
as the 10" category). On average, across all treatment groups, the predominant
species were S24-7 (32.8 £+ 1.9%) in Bacteroidetes phylum and Clostridiales (16.3 +
1.9%) in Firmicutes phylum. Most notably, Akkermansia muciniphila in Verrucomicrobia
phylum and Erysipelotrichaceae Allobaculum in Firmicutes phylum were minimally
present in corn oil treated control group, but were markedly increased after PBDE
exposure, suggesting that they may be novel biomarkers for PBDE exposure (Figure
3B). The elevated levels of Akkermansia muciniphila and Erysipelotrichaceae

Allobaculum by PBDEs were further confirmed by qPCR (Figure 3C).

To further examine the effect of PBDEs on BA-metabolizing bacteria and microbial
enzymes, qPCR was performed on Clostridium scindens, which is a bacterium with
known functions of 7a de-hydroxylation (Ridlon et al., 2006); the BA-inducible operons
baiCD and baiJ, which are microbial enzymes involved in BA dehydroxylation (i.e.
secondary BA synthesis); as well as bile salt hydrolase (bsh), which performs BA

deconjugation.  Interestingly, although PBDEs did not alter the abundance of

106



Clostridium scindens, baiCD was markedly increased by BDE-99 (1.8-fold increase),
and baiJ was markedly increased by both BDE-47 (1.7-fold) and BDE-99 (1.9-fold). Bsh
appeared to be increased by BDE-99 although a statistical significance was not
achieved (Figure 3C). Together these data indicate that bacteria other than Clostridium
scindens, which are likely from Pattern | and Pattern |l may be responsible for the up-

regulation of microbial BA-metabolizing enzymes.

Predicted functional composition of gut microbiome with PICRUSt

The functional profiles of gut microbiota were predicted by PICRUSt (Langille et al.,
2013) across all three treatment groups. A total of 39 differentially enriched KEGG
pathways by PBDEs were identified and plotted using the mean value for each
treatment (Figure 4). These pathways can be grouped into 4 categories, namely
bacteria-specific processes (Figure 4A), xenobiotic biodegradation and metabolism
(Figure 4B), basal cellular processes (Figure 4C), and intermediary metabolism (Figure
4D). For bacteria-specific processes, BDE-99 increased the abundance of all 5§ KEGG
pathways, namely penicillin and cephalosporin biosynthesis, lipopolysaccharide
biosynthesis, beta-lactam resistance, stilbenoid, diarylheptanoid and gingerol
biosynthesis (which are reported to have anti-inflammatory or anti-cancer functions),
and phosphotransferase system (PTS, a bacterial-specific pathway for carbohydrate
metabolism).  BDE-47 also increased stilbenoid, diarylheptanoid and gingerol
biosynthesis and the PTS pathways (Figure 4A). These data indicate that there may be
a compensatory mechanism to up-regulate these microbial processes to adapt to

PBDE-induced dysbiosis.
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For xenobiotic biodegradation and metabolism (Figure 4B), BDE-99 up-regulated 4
KEGG pathways, namely caffeine metabolism, fluorobenzoate degradation, geraniol
degradation, as well as chlorocyclohexane and chlorobenzene degradation. Conversely,
both BDE-47 and BDE99 decreased the KEGG pathways related to dioxin degradation,
xylene degradation, drug metabolism, and ethylbenzene degradation (BDE-99 mediated
decrease in ethylbenzene degradation was apparent, but not statistically significant).
These data suggest that the microbial biotransformation of PBDEs may interact with the

metabolism of other xenobiotics listed in this heatmap.

Regarding basal cellular functions (Figure 4C), BDE-47 increased the KEGG pathway of
ion channels, but decreased the KEGG pathways involved in cell division, glycan
biosynthesis and metabolism, glycosphingolipid biosynthesis, electron transfer carriers,
basal transcription factors, and G protein-coupled receptors. BDE-99 markedly
increased the KEGG pathways involved in cell motility and secretion, transcription
related proteins, glycosaminoglycan degradation, ubiquitin system, non-homologous
end-joining, and ion channels, but decreased the KEGG pathways involved in apoptosis,
cell division, glycan biosynthesis and metabolism, electron transfer carriers, and basal
transcription factors. These data further suggested that there is a compensatory
mechanism of bacterial functions in order to adapt to PBDE-induced insults on the basal

functions of the gut microbiota.
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Within intermediary metabolism pathways (Figure 4D), BDE-47 decreased the KEGG
pathways involved in ether lipid metabolism, mineral absorption, alpha-linolenic acid
metabolism (which is anti-inflammatory), and cyanoamino acid metabolism, but
increased arachidonic acid metabolism (which is involved in inflammation). BDE-99
also showed the same trend in regulating these pathways, and in addition, BDE-99
decreased the KEGG pathways involved in carbohydrate digestion and absorption,
nicotinate and nicotinamide metabolism, but increased arachidonic acid metabolism,
fatty acid elongation in mitochondria, steroid and steroid hormone biosynthesis,
ubiquinone and other terpenoid-quinone biosynthesis, and carotenoid biosynthesis.
These data suggest that PBDEs may lead to a pro-inflammatory stage in the Gl tract,
and perturb the absorption and biotransformation of essential micronutrients. The BDE-
99-mediated increase in steroid/steroid hormone synthesis also coincides with
increased microbial biotransformation of BAs (Figure 3C), which is part of the steroid

hormone signaling.

BAs in serum, liver, SIC, and LIC of CV mice

BAs are a group of steroids that are synthesized jointly by hepatic and microbial
enzymes. To determine how oral exposure to PBDEs affects BA homeostasis, targeted
metabolomics analysis of BAs was performed in serum, liver, SIC, and LIC of CV mice

treated with corn oil, BDE-47 (100 ymol/kg) or BDE-99 (100 pmol/kg) (n=3 per group).

In serum, 12 BAs were detectable in CV mice, including four unconjugated BAs (Figure

5A) and eight taurine (T)- or glycine (G)-conjugated BAs (Supplemental Figure 2A). In
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general, PBDEs did not markedly alter the primary or secondary conjugated BAs in
serum, except for a moderate decrease in G-CA (22.6%) by BDE-99, and an apparent
decrease in T-a/BMCA by BDE-47 (although a statistical significance was not achieved)
(Supplemental Figure 2A). Regarding the unconjugated BAs in serum, BDE-99
increased the primary BA 3-MCA (3.4-fold) and also tended to increase the primary BA
CA (1.7-fold) and the secondary BA wMCA (1.9-fold); conversely, BDE-47 decreased
the secondary BA 3DHCA (72%), and tended to decrease the primary BAs CA (51.7%),
BMCA (62.8%), and the secondary BA wMCA (58.4%), although a statistical

significance was not achieved.

In the liver, 23 BAs were detected in CV mice, including 12 unconjugated BAs (Figure
5B) and 11 T- or G-conjugated BAs (Supplemental Figure 2B). In general, PBDEs had
less effect on the conjugated BA profiles, except for an increase in the primary BA G-CA
(3.3-fold) and the secondary BA T-DCA (3.2-fold) by BDE-99. In contrast, BDE-99
markedly increased most unconjugated primary BAs, including CA (6.3-fold), aMCA
(3.6-fold), and BMCA (3.6-fold), as well as most unconjugated secondary BAs, including
wMCA (3.0-fold), Murocholic acid (3.2-fold), HDCA (3.5-fold), 12DHCA (3.1-fold), 58-
Cholanic Acid-3a, 6a-diol-7-one (3.3-fold), and 5 B-Cholanic Acid-38, 12a-diol (2.1-fold)

(Figure 5B).

In the SIC, 24 BAs were detected in CV mice, including 14 unconjugated BAs (Figure
6A) and 10 T- or G-conjugated BAs (Supplemental Figure 3A). For conjugated BAs,
PBDEs in general decreased many primary and secondary BAs in SIC, namely T-

ao/BMCA by BDE-47 (66.1%), T-UDCA by BDE-47 and BDE-99 (58.9% and 52.2%), G-
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CA by BDE-47 and BDE-99 (66.2% and 59.9%), T-LCA by BDE-47 and BDE-99 (72.7%
and 56.5%), T-HCA by BDE-99 (47.4%), and T-HDCA by BDE-47 and BDE-99 (57.4%
and 52.7%). Conversely, BDE-99 markedly increased conjugated BAs such as the
primary BAs BMCA (2.1-fold) and UDCA (2.4-fold), and most unconjugated secondary
BAs, including wMCA (3.1-fold), DCA (2.4-fold), HCA (1.9-fold), 3 DHCA (3.5-fold), 3a-
OH-12 Ketolithocholic Acid (2.1-fold), 8(14), (58)-Cholenic Acid-3a, 12a-diol (2.1-fold),
and 9(11), (5B)-Cholenic Acid-3a-ol-12-one (1.8-fold). BDE-47 also increased several
unconjugated secondary BAs, including wMCA (3.4-fold), HCA (2.7-fold), 3 DHCA (4.3-

fold), and 9(11), (5B)-Cholenic Acid-3a-ol-12-one (1.6-fold) (Figure 6A).

In the LIC, 25 BAs were detected in CV mice, including 14 unconjugated BAs (Figure
6B) and 11 T- or G-conjugated BAs (Supplemental Figure 3B). For conjugated BAs,
BDE-47 increased the primary BA T-a/BMCA (7.5-fold) and the secondary BA T-DCA
(12.2-fold), whereas BDE-99 increased the primary BA G-CDCA (7.4-fold) and the
secondary BA T-HDCA (5.1-fold) (Supplemental Figure 3B). Among unconjugated BAs,
BDE-47 increased the primary BA aMCA (1.9-fold), as well as the secondary BAs LCA
(2.2-fold), HCA (5.1-fold), HDCA (1.8-fold), 3 DHCA (20.1-fold), Allolithocholic acid (6.5-
fold), Isolithochoilc acid (2.3-fold), and 3-Ketocholanic acid (1.8-fold). BDE-99
decreased the primary BA CDCA (65.6%), but increased UDCA (2.8-fold), as well as

the secondary BAs DCA (2.8-fold) and Allolithocholic acid (4.7-fold) (Figure 6B).

Pearson’s correlation between secondary BAs and bacterial species
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Because secondary BAs were exclusively produced by gut microbiota, to determine
which bacterial species may contribute to altered total secondary BA pool in CV mice,
individual secondary BAs from all four compartments of CV mice were summed and
then correlated with 41 bacterial species that were differentially regulated by PBDEs
(Figure 7). Both unconjugated secondary BAs (which were exclusively produced by gut
microbiota) and conjugated secondary BAs (which were produced by bacteria and then
conjugated in liver) were considered. Pearson’s correlation analysis revealed that 20
out of 41 bacterial species were positively correlated with taurine-conjugated secondary
BAs (including T-wMCA, T-HCA, T-HDCA, and T-LCA), but negatively correlated with

many unconjugated secondary BAs.

A. muciniphila, which was markedly increased by both BDE-47 and BDE-99, was
positively associated with DCA and its taurine-conjugate, suggesting that it may
contribute to the conversion of CA to DCA. A. muciniphila also positively correlated with
several other minor secondary BA species in the intestine. E. Allobaculum, which was
also markedly increased by both BDE-47 and BDE-99, was positively correlated with
the major secondary unconjugated BAs wMCA and LCA, but was negatively correlated
with their taurine-conjugates. This indicates that E. Allobaculum may be involved in the
epimerization and dehydroxylation reactions in synthesizing these secondary BAs, but

may inhibit the bacteria that perform deconjugation reactions.

In addition, for other bacteria that were differentially regulated by PBDEs, T-wMCA, the

predominant secondary BA in LIC of CV mice, was positively correlated with Dorea,
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Bifidobacterium,  Ruminococcus, Enterococcus, Clostridium, Dehalobacterium,
Lactobacillus, and Mogibacteriaceae (with correlation r>0.7), whereas most of these
bacteria showed negative correlation with its unconjugated BA wMCA. These findings
suggested that these bacteria may also contribute to wWMCA synthesis through
epimerization reactions, while inhibiting other bacteria that can perform deconjugation of
T-wMCA in the intestine. Anaerofustis, which showed negative correlation with T-wMCA,
was highly positively correlated with wMCA, suggesting that this bacterium is
responsible for the deconjugation of T-wMCA. Similarly, the major secondary BA T-
LCA was found negatively correlated with Bacteroidales and Anaerofustis, whereas its
unconjugated metabolite LCA was positively correlated with Bacteroidales. Therefore,

Bacteroidales was likely responsible for the deconjugation of T-LCA.

Comparison of PBDE-mediated changes in BA compositions in serum, liver, SIC,
and LIC between CV and GF mice

To determine the BA compositional changes caused by PBDEs and the necessity of gut
microbiota in modulating the basal and PBDE-regulated BA profiles, the proportions of
individual BAs in serum, liver, SIC, and LIC of CV and GF mice were analyzed across
all three treatment groups. The BAs with a percentage value above 1% were labeled

(Figure 8-11).

In serum (Figure 8), compared to corn oil-treated CV mice with more diversified BA

profiles, the BA profiles in corn oil-treated GF mice were predominated by the primary

BAs T-a/BMCA (58%) and T-CA (35%), whereas other BAs were minimally detected.
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Following PBDE exposure, BDE-99 had a more prominent effect on BA compositional
changes than BDE-47 in CV mice, namely an apparent decrease in the major primary
conjugated BAs T-CA (from 18% in controls to 10%) and T-a/BMCA (from 30% in
controls to 26%). Conversely, the major secondary BA wMCA increased from 9%
control levels to 15% following BDE-99 exposure. In PBDE-exposed GF mice, serum
BA profiles were still predominated by T- /BMCA and T-CA. In particular, BDE-47
treatment led to an apparent increase in T-a/BMCA (from 58% in controls to 69%),
whereas BDE-99 treatment led to an apparent increase in BMCA (from below 1% in

controls to 3%).

In the liver (Figure 9), under control conditions, Ta/BMCA and T-CA were the
predominant BAs detected, whereas lack of gut microbiota increased the percentage of
T-a/BMCA (from 64% CV levels to 74%), but decreased the percentage of T-CA (from
22% CV levels to 14%); in addition, there was a marked increase in hepatic BMCA in
control GF mice (from 2% CV levels to 8%). Following PBDE treatment in CV mice,
both BDE-47 and BDE-99 increased the proportions of T-CA and also doubled the
percentage of the major secondary BAs T-DCA and wMCA (from 1% in controls to 2%
by either PBDE). In addition, the percentage of the primary unconjugated BA BMCA
was doubled by BDE-99 (from 2% in controls to 4%) in livers of CV mice. In livers of GF
mice, PBDEs had much smaller effect, except for an apparent decrease in the

proportions of Ta+BMCA by BDE-99 (from 74% in controls to 67%).

In SIC (Figure 10), under control conditions, in CV mice, the predominant BA species

were T-a/BMCA (54%), CA (25%), and T-CA (9%), suggesting extensive deconjugation
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reactions from T-CA to CA that occur in this bio-compartment. In control GF mice,
however, the predominant BA species were T-a/BMCA (82%) and T-CA (13%), whereas
other BAs were minimal. Following PBDE exposure, the proportions of BA species
remained relatively constant in GF mice; however, in CV mice, there was a marked
increase in the percentage of CA (from 25% in controls to 42% by BDE-47 and to 35%
by BDE-99), and correspondingly, the percentage of the primary BA T-CA was also
reduced by BDE-99 in CV mice (from 9% to 4%). The percentage of T-a/BMCA was
also reduced (from 54% in controls to 31% by BDE-47 and to 43% by BDE-99) (Figure
10). These data suggested that PBDEs further enhanced the BA deconjugation

reactions in a microbiota-dependent manner.

In LIC (Figure 11), under control conditions, the BA profiles in CV mice were more
diverse than those in GF mice, and the most predominant BAs were T-a/BMCA (36%)
and wMCA (17%). In GF mice, the LIC BAs were predominated by T-a/BMCA (89%),
followed by T-CA that increased from 3% in CV mice to 7%, whereas other BA levels
were minimal. Following PBDE exposure, the BAs in GF mice remained relatively
constant; in contrast, in CV mice, both PBDEs increased the percentage of T-a/BMCA
(from 36% in controls to 72% by BDE-47 and to 52% by BDE-99), but decreased the
percentages of wMCA (from 17% in controls to 7% by BDE-47 and to 4% by BDE-99)
and B-MCA (from 6% in controls to 1% by both PBDEs). BDE-99 exposure also led to
an apparent increase in the percentages of the secondary BAs DCA (from 6% in
controls to 10%) and T-HDCA (from 2% in controls to 5%), as well as the primary BA

UDCA (from 5% in controls to 9%) (Figure 11).
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Host BA-processing gene expression in livers of CV and GF mice

To determine to what extent BA-metabolizing enzymes and transporters are affected by
PBDEs and gut microbiota interactions, the expression of major BA-processing genes
involved in BA biosynthesis (Cyp7a1, Cyp8b1, Cyp27a1, Cyp7b1, Hsd3b7, Akric14),
conjugation (Slc27a5), and transport (Ntcp, Oatp1b2, Bsep) were quantified using
targeted proteomics (except for Cyp7al which was below the LC-MS detection limit,

thus the mRNA level was shown instead) (Figure 12A-B).

Cyp7al1 and Cyp8b1 are involved in the classical pathway of BA synthesis. Under
control conditions, the mRNA of the rate-limiting enzyme Cyp7a1 was higher in CV mice
than that in GF mice. Following PBDE exposure, Cyp7al mRNA was increased 1.6-fold
by BDE-47 and 2.0-fold by BDE-99 in CV mice. However, in GF mice, Cyp7al mRNA
was not altered by BDE-47, but increased 4.2-fold by BDE-99, suggesting that the BDE-
47 mediated increase in Cyp7al mRNA was dependent on gut microbiota, whereas the
lack of gut microbiome augmented BDE-99 mediated up-regulation of Cyp7a1 in liver.
Cyp8b1 protein was lower in GF mice than CV mice under control conditions (62.4%),
whereas BDE-99 decreased Cyp8b1 protein expression (41.3%) in CV mice (BDE-47
also tended to lower Cyp8b1 protein in CV mice, although a statistical significance was
not achieved). The PBDE-mediated decrease in Cyp8b1 was completely abolished in
livers of GF mice. Cyp27a1 and Cyp7b1 are key enzymes in the alternative pathway of
BA synthesis. The level of Cyp27a1 protein was lower in control GF mice (31.4%) as

compared to control CV mice, whereas both BDE-47 and BDE-99 decreased Cyp27a1
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protein in livers of CV mice (39.3% and 30.6%, respectively) but not in GF mice,
suggesting that the down-regulation of Cyp27a1 protein by PBDEs is gut microbiome
dependent. The Cyp7b1 protein was not altered by either PBDEs or gut microbiota.
The proteins of the downstream BA-synthetic enzymes, namely Hsd3b7 (which
catalyzes the inversion of 33-hydroxyl group of cholesterol to the 3a-hydroxyl group of
bile acids) and Akr1c14 (aldo-keto reductase), were also determined. Both enzymes
were lower in control GF mice as compared to control CV mice, whereas both BDE-47
and BDE-99 decreased their protein levels (39.0% by BDE-47 and 40.0% by BDE-99 for
Hsd3b7; 30.0% by BDE-47 and 32.3% by BDE-99 for Akr1c14). This down-regulation
in their protein expression was absent in livers of GF mice. Regarding BA conjugation,
Slc27a5 is a bile acid-CoA ligase (Bal) that mediates the conjugation of primary BAs
with glycine or taurine before excretion into bile canaliculi. The Slc27a5 protein was

decreased 35.2% by BDE-47 in CV mice but not in GF mice (Figure 12A).

Regarding BA transporters, the proteins of the major basolateral uptake transporter for
conjugated BAs, sodium taurocholate cotransporting polypeptide (Ntcp/Sic10a1), as
well as the major basolateral uptake transporter for unconjugated BAs, organic anion
transporting polypeptide (Oatp/Slco) 1b2, were both lower in control GF mice than those
in control CV mice. Both BDE-47 and BDE-99 decreased the proteins of Ntcp (41.0%
and 38.6%) and Oatp1b2 (32.9% and 28.7%) in a gut microbiota-dependent manner.
The protein of the rate-limiting canalicular BA efflux transporter Bsep was similar
between livers of CV and GF mice under control conditions, whereas both BDE-47 and

BDE-99 decreased its expression (33.7% and 32.4%) in livers of CV mice. This down-

117



regulation was dampened by the lack of gut microbiota, since there was no change in
Bsep protein expression by BDE-47 and a 20.5% decrease by BDE-99 in livers of GF

mice (Figure 12B).

The mRNA expression of many other genes involved in BA homeostasis were also
quantified in livers of CV and GF mice, including the BA-synthetic enzymes Cyp39a1
and Akr1d1, the BA-conjugation enzyme Baat (bile acid CoA:animo acid N-
acyltransferase), the basolateral BA-efflux transporters Osta (Slc51a) and Ostp (Slc51b),
the cholesterol efflux transporter Abca1, the lipid uptake transporter Atp8b1, the BA-
efflux transporter Asbt (Slc10a2), as well as various transcription factors, including
Nr1h4 (or FXR), NrOb2 (or Shp), Mafg (Musculoaponeurotic fibrosarcoma oncogene
homolog G), Crip2 (cysteine-rich intestinal protein 2), Zfp385a (Zinc-finger protein 385a),
Nr1h2 (or LXRB), and Nr1h3 (or LXRa) (Supplemental Figure 4). The mRNAs of Abcb4,
Abcgb, and Abcg8 were not altered by lack of gut microbiota or PBDEs (data not
shown). Under control conditions, lack of gut microbiome moderately decreased
Cyp39a1 mRNA (54.1%). Following PBDE exposure, many of the mRNAs in CV mice
were not affected. However, in GF mice BDE-47 increased the mRNAs of Cyp39a1
(2.0-fold) and Slc51b (5.7-fold), and BDE-99 increased Akr1d1 (2.4-fold), Sic51b (5.1-
fold), Abca1 (2.0-fold), Atp8b1 (2.0-fold), Slc10a2 (3.9-fold), and Mafg (2.3-fold).
Conversely, the mRNAs of the majority of transcription factors were decreased by BDE-
99 in GF mice, including NrOb2 (22.4%), Crip2 (28.0%), Zfp385a (43.1%), Nr1h2

(24.1%), and Nr1h3 (37.8%) (Supplemental Figure 4).
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In summary, in regards to gut microbiota- and PBDE exposure-mediated changes in BA
homeostasis, host hepatic BA-processing genes were differentially regulated. At the
protein level, most of the BA-synthetic enzymes and transporters were down-regulated
by PBDEs in a gut microbiota-dependent manner. The BDE-99-mediated increase in
most hepatic unconjugated BAs as well as two conjugated BAs (G-CA and T-DCA) (Fig.
5B and Supplemental Figure 2B) correlated with the compensatory decrease in BA-
synthesizing enzymes as well as BA-transporters. BDE-47 decreased the proteins of
many BA-processing genes without altering hepatic BA levels, suggesting the

involvement of other unknown mechanisms.

BA-transporters and Fgf15 gene expression in various parts of the intestine

The mRNA expression of major intestinal transporters involved in enterohepatic
circulation of BAs was determined in four intestinal sections of CV and GF mice,
including uptake transporter Asbt and efflux transporters Osta, Ostf, and Mrp4. The
intestinal hormone Fgf15, which regulates hepatic BA-synthesis, was also determined

(Figure 12C).

The apical sodium dependent bile acid transporter (Asbt) brings BAs from the intestinal
lumen into enterocytes. In ileum, where the peak basal expression of Asbt was
observed, both BDE-47 and BDE-99 markedly increased Asbt mRNA in CV mice (5.0-
fold and 3.8-fold); however, in GF mice, only BDE-47 increased Asbt mRNA (13.9-fold),
whereas BDE-99 did not alter Asbt mMRNA. Asbt mRNA was not affected by either lack

of gut microbiota or PBDE exposure in other sections of intestine. The basolateral BA
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efflux transporters Osta and Ostf transport the reabsorbed BAs from enterocyte to
portal blood. The mRNA expression of Osta was not affected by lack of gut microbiota
under control conditions, and PBDEs exposure did not affect Osta in CV mice. In GF
mice, BDE-47 increased Osta mRNA (10.1-fold) in jejunum, and BDE-99 increased
Osta mRNA (3.3-fold) in colon. The basal mRNA expression of Ostp was lower in
jejunum and ileum of GF mice (37.5% and 67.3%, respectively). In CV mice, BDE-99
moderately increased Ostf in duodenum (30%). For the basolateral efflux transporter
Mrp4, its basal expression in duodenum was higher in GF mice (1.78-fold), and
interestingly, Mrp4 mRNA was consistently up-regulated by BDE-99 in all four sections
of intestine of CV mice (duodenum: 1.7-fold, jejunum: 2.0-fold, ileum: 2.6-fold, and colon:

2.1-fold) in a gut microbiota-dependent manner.

The mRNA of the intestinal hormone Fgf15 was not altered by lack of gut microbiota
under control conditions, and remained unchanged following PBDE exposure in CV
mice. However, in GF mice, BDE-47 increased Fgf15 mRNA in duodenum (8.0-fold)

and BDE-99 increased Fgf15 mRNA in colon (9.1-fold).

In summary, the PBDE (and especially BDE-99) mediated up-regulation in transporters
for intestinal BA-retrieval correlated well with the rise of hepatic BA levels in CV mice
(Fig. 5B and Supplemental Figure 2B). The lack of up-regulation of the intestinal
hormone Fgf15 in CV mice may provide an additional explanation for a permissive

environment of higher BA levels in livers of CV mice.
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DISCUSSION

Taken together, the present study provides the first evidence of the effect of PBDEs on
gut microbiota and BA homeostasis in vivo. Specifically, 100 umol/kg PBDEs,
administered once daily for four days by gavage, decreased the bacterial richness and
differentially regulated various bacterial species in the large intestine of mice. We
identified for the first time two bacteria that were overwhelmingly up-regulated by
PBDEs, namely Akkermansia muciniphila, which has been shown to be important for
anti-inflammation, anti-obesity, and positively correlated with circulating primary BAs
(Png et al, 2010; Pierre et al., 2016; Derrien et al, 2017), as well as
Erysipelotrichaceae Allobaculum, which has been shown to have anti-obesity properties
(Ravussin et al.,, 2012). These data suggest that, at least at the doses used in this
study, there is a novel interaction between PBDEs and the gut microbiome, which in
turn modified BA composition, which may have significant impacts on nutrition.
Regarding BA profiles, PBDEs (and especially BDE-99) increased the unconjugated
BAs in serum, liver, as well as SIC and LIC of CV mice. The lack of gut microbiome
resulted in a shift in BA composition toward an increase in conjugated muricholic acids

in all four compartments of GF mice.

To date, studies of PBDEs have focused mainly on detection of PBDEs in the
environment and their potential adverse health effects. Very little is known about the
effect of PBDEs on bacterial community structure in the Gl tract. In the environment, it
has been reported that PBDEs can be debrominated by anaerobic microbes in the

sediment using single strain or mixed bacteria (Robrock et al., 2008; Yang et al., 2017a).
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The bacteria that are positively correlated with anaerobic degradation of BDE-209 and
BDE-28 are from five bacterial classes, namely Clostridia, Bacilli, Betaproteobacteria,
Alphaproteobacteria, and Gammaproteobacteria (Yang et al., 2017a). Actinobacteria
and Erysipelotrichi were also positively related with the biodegradation of lesser-
brominated PBDE congeners, tri-BDE, and tetra-BDE (Xu et al., 2012). Additionally,
reductive debromination of deca-BDE, octa-BDE mixture, and penta-BDEs, such as
BDE-47 and BDE-99, has been demonstrated with anaerobic bacteria Dehalococcoides
species in sediment and sewage sludge (Wehrbein and Diedrich, 1992; Gerecke et al.,
2006; He et al., 2006; Robrock et al., 2008). As the human intestinal microbiota is
dominated by strict anaerobic bacteria, there has been limited information regarding
how Gl bacteria respond to PBDE exposure. The present study has provided the first
evidence that at class level oral exposure to BDE-47 and BDE-99 decreased
Actinobacteria,  Coriobacteriia, and Bacilli, but increased Erysipelotrichi,
Gammaproteobacteria, and Verrucomicrobiae in LIC of CV mice. The elevated
abundance of Gammaproteobacteria and Erysipelotrichi in the present study was
consistent with previous results from sediment at the class level. It is possible that the
exact taxa at the order, family, genus, and species levels may be different between
sediment microbes and the Gl tract; nevertheless, if the intestinal Gammaproteobacteria
and Erysipelotrichi share similar microbial genes as compared to the bacteria detected
in sediment, our study suggests that they may contribute to the debromination of
PBDEs in the Gl tract as well. Although Bacilli and Actinobacteria were positively
correlated with degradation of PBDEs (BDE-209 and BDE-28) in the sediment, the

abundances of Bacilli, Actinobacteria and Coriobacteriia (which is also from
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Actinobacteria phylum) in the present study were decreased in response to BDE-47 and
BDE-99 exposure. It is possible that these bacterial species are more sensitive and

susceptible to BDE-47 and BDE-99-mediated effects.

At the bacterial class level, Verrucomicrobiae and Erysipelotrichi were also increased by
PBDE treatment. The increased abundances of Akkermansia muciniphila from
Verrucomicrobiae class and Erysipelotrichaceae Allobaculum from Erysipelotrichi class
were further confirmed by gqPCR. Akkermansia muciniphila is a mucin degrader
residing in the mucus layer of the human intestinal tract and maintains the gut barrier. It
is abundant in human gut microbiota, accounting for 1-4% of the bacterial population in
the colon of healthy subjects (van Passel et al., 2011; Zhao et al., 2017). A. muciniphila
is thought to have anti-inflammatory effects in humans, and studies have shown inverse
relationships between A. muciniphila colonization and inflammatory conditions, such as
irritable bowel syndrome (Png et al., 2010). Reduced levels of A. muciniphila have also
been found in patients with metabolic disorders such as diabetes and obesity, which
suggests that it may also have anti-obesogenic properties (Derrien et al., 2017).
Similarly, lower abundances of E. Allobaculum was found in mice fed with high-fat diet
compared to mice fed with control diet, and E. Allobaculum was enriched in the weight
reduced mice. These findings suggest that E. Allobaculum also has anti-obesogenic
effects (Ravussin et al., 2012). Moreover, A. muciniphila and E. Allobaculum
abundances were found negatively correlated with circulating leptin concentrations in
obese mice (Ravussin et al., 2012). The mechanisms underlying the effects of A.

muciniphila and E. Allobaculum in inflammation and metabolic disorders are not
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completely understood, and no studies have linked these two bacterial species with
environmental chemical exposure in the literature. The involvement of PBDEs in
modulating the nutrition response by altering these two bacteria is worth investigating in

future studies.

Another interesting finding is that we have identified certain taxa as novel biomarkers to
differentiate BDE-47 from BDE-99 exposures. The present study showed that certain
bacteria were decreased by BDE-47 but increased by BDE-99 exposure, including
Clostridiales, Peptostreptococcaceae, Clostridiaceae, Coprobacillus, and SMBS53.
Clinically, Peptostreptococcaceae from Clostridia class was found higher in the guts of
colorectal cancer patients (Ahn et al., 2013). SMBS53, a bacteria from the Clostridiaceae
family, is highly enriched in the jejunum and ileum of small intestine, and it has been
linked with barrier defense that help fight infections with ulcerative colitis (Goodrich et al.,
2016; Yang et al., 2016a). Given that most studies in the literature have shown similar
features of BDE-47 and BDE-99 regarding metabolism and host response, our study
may add values to the research field on PBDEs by providing congener-specific

biomarkers from the stool sample to pinpoint the specific chemical exposure.

In the present study, we dosed conventional (CV) and germ-free(GF) mice with 100
umol/kg of PBDEs (which is equivalent to 50 mg/kg body weight) for four consecutive
days. This dose is relatively higher than those of environmental exposure to humans.
However, this dose is still relevant to assess the exposure risk to humans because the

bio-accumulative potential of PBDEs in infants and children. This dose and dosing
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regimen are similar to what have been used in adult mice to induce Cyps (Pacyniak et
al., 2007). According to the literature, the concentrations of BDE-47 in human plasma
from the United States range from 10 to 511 ng/g of lipid weight (Iwt), with an average of
50 ng/g lipid (Petreas et al., 2003). The blood concentration of BDE-99 in the general
U.S. populations ranges from 2.46 to 241 ng/g Iwt, with an average of 11.6 ng/g lipid
(Fitzgerald et al., 2012). In human breast milk, the mean BDE-47 and BDE-99 are
approximately 27.8 ng/g lwt and 5.7ng/g Iwt (Frederiksen et al., 2009). Because of the
limited information on the level of BDE-47 and BDE-99 that are adverse for humans, the
findings from the present study may provide some clues for the potential targets of
PBDE considering the potential uncertainty factors including the interspecies differences
(mouse to human), intraspecies differenes (infants and children are more vulnerable
and have higher exposure level than adults), and exposure duration (acute to lifetime

exposure), as well as the data deficiency for human daily exposure.

In addition to xenobiotic metabolism, our present study showed that PBDEs also
differentially regulated many pathways involved in intermediary metabolism, such as
steroid and steroid hormone biosynthesis. From BA metabolomics, we found that the
majority of unconjugated secondary BAs were increased by PBDEs in serum, liver, SIC,
and LIC of CV mice. These findings were consistent with the increased abundance of
bacteria (Clostridiales and Clostridiaceae) and the increased expression of microbial
enzymes (baiCD and baiJ) that are involved in BA metabolism (Figure 3A and 3C). The
microbial enzymes baiCD and baiJ are involved in BA dehydroxylation to convert

primary BAs to secondary BAs, and Bsh is involved in bile acid deconjugation to remove
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glycine or taurine conjugates. Our result showed that Bsh was increased by BDE-99,
but was not significant. Bsh activity is widely present in the microbes in the large and
small intestines, including Clostridium, Enterococcus, Bifidobacterium, Lactobacillus,
and Bacteroides (Ridlon et al., 2006). In addition, BA metabolism is carried out by a
variety of other bacterial species, including genera Bacteroides, Clostridium,
Lactobacillus, Bifidobacterium, Enbacterium, and Escherichia (Ridlon et al., 2006).
Discovering novel bacteria and microbial enzymes involved in BA deconjugation and
dehydroxylation will help us further understand the connection between the gut

microbiome and BA homeostasis.

The BA profiles of GF mice differ markedly from those of CV mice under both control
and PBDE treated conditions. As expected, in the absence of gut microbiome, GF mice
have increased conjugated BAs and decreased secondary BAs. T-a/BMCA becomes
the major BAs in GF mice. Under control condition, the percentage of T-a/BMCA is
much higher in GF mice than that in CV mice, with a 1.9-fold increase in serum, 1.2-fold
increase in liver, 1.5-fold increase in SIC, and 2.5-fold increase in LIC (Figure 8 to
Figure 11). These findings are consistent with previous studies (Sayin et al., 2013; Hu
et al., 2014; Miyata et al., 2015; Selwyn et al., 2015c). T-CA was increased in all
compartments, except in the liver. In contrast, the unconjugated BAs were decreased in

all four compartments of GF mice compared with those of CV mice.

Many enzymes and transporters that are involved in BA synthesis, conjugation and

transport were decreased by PBDEs in a gut microbiome dependent manner. Under
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normal conditions, the nuclear receptor FXR regulates hepatic BA synthesis. Increased
BAs in the liver activate FXR, which activates Shp and decreases the expression of
Cyp7a1 for bile synthesis. Increased BAs in the ileum can also activate FXR, which
induces the secretion of Fgf15 into the portal circulation and decreases the transcription
of Cyp7a1 (Chiang, 2004). W.ith the increase in total BAs in serum, liver, and LIC
following BDE-99 exposure (Supplemental Table 5), we observed decreased protein
expression of Cyp8b1, Cyp27a1, Hsd3b7, Akric14, Slc27a5, and transporters Ntcp,
Oatp1b2, and Bsep in the liver of CV mice. T-BMCA is an FXR antagonist that
decreases the feedback secretion of intestinal Fgf15 and thus increases hepatic mMRNA
expression of BA-processing genes (Sayin et al., 2013). In the present study, we
observed a marked decrease of T-a/BMCA in the SIC of CV mice after PBDE treatment,
and we would expect to see increased Fgf15 in the ileum which would ultimately down-
regulate the BA related enzymes. However, there was neither an increase in the mRNA
of NrOb2 (Shp) in liver nor increased Fgf15 in ileum of CV mice. Therefore, in addition to
FXR, it is possible that there are other alternative pathways can modulate the down-
regulation of BAs synthesis in liver. Activation of human PXR by its prototypical ligand
Rifampicin can reduce hepatic BA levels in patients with cholestasis (Geenes et al.,
2015). PXR has been linked with hepatocyte nuclear factor 4 alpha (HNF-4«a), a key
hepatic regulator of genes involved in bile acid synthesis including Cyp7a1 and Cyp8b1
genes. BA activation of PXR leads to repression of the CYP7A1 gene (Staudinger et al.,
2001). Because BDE-47 and BDE-99 are known activators of human and mouse PXR,
the activated PXR may mediate the down-regulation of BAs-processing enzymes and

transporters in liver. However, the increased mRNA of Cyp7a1 by BDE-47 and BDE-

127



99 may be due to the down-regulated mRNA of NrOb2 (Shp) in livers of CV mice.
These findings suggest that, at the dose used in this study, PBDE exposure mainly
affects PXR signaling to modulate the BAs pathway in CV mice with a minor effect from

FXR activation.

In the present study, we found that the mRNA of Asbt was up-regulated by both BDE-47
and BDE-99 in the ileum. The ileal BA uptake transporter Asbt is thought to be
responsible for the reabsorption of most of the BAs from the intestine. Combined with
the decreased total BAs in SIC and increased total BAs in serum and liver following
BDE-99 exposure (Supplemental Table 5), these changes suggested that there was an
increase in the reabsorption of BAs. Mrp4 is a basolateral efflux transporter that
actively transports BAs from enterocyte to portal circulation. Our result showed that the
MRNA of Mrp4 was increased by BDE-99 in all four sections of intestine in CV mice
(Figure 12C), which was also consistent with the increased total BAs in serum and liver.
Considering Mrp4 is a well-known CAR-target gene (Aleksunes and Klaassen, 2012),
our results suggest, in addition to PXR and FXR mentioned above, there may be
crosstalk between PXR, FXR, and CAR in BDE-99 mediated alterations in BAs

homeostasis.

In conclusion, our study is the first report of novel interactions between the gut
microbiome and PBDE exposure on BA homeostasis using multi-omics approach. The
most notable findings in PBDE-treated CV and GF mice are: 1) PBDEs decreased

bacterial diversity, but increased bacterial species Akkermansia muciniphila and
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Erysipelotrichaceae Allobaculum; 2) PBDEs, especially BDE-99, increase unconjugated
BAs in the serum, liver, SIC, and LIC of CV mice; 3) the lack of gut microbiome
mediates a shift in BA composition toward an increase in T-a/BMCA in GF mice; 4)
PBDEs down-regulated enzymes and transporters involved in BA metabolism, in a gut
microbiome dependent manner. Our study focused on the associative rather than
causal relationship between PBDE exposure and gut microbiome. It remains to be
determined which specific bacteria are responsible for intestinal degradation of PBDEs,
which can be applied into the natural environment to reduce the health threat of PBDEs.
In addition, further research should be carried out to investigate the mechanism of

Akkermansia muciniphila and Erysipelotrichaceae Allobaculum in host metabolism.
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Figure 1
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qPCR) (CV only)
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Bile acids (BAs) Metabolomics in serum, liver, SIC and LIC

- Quantified a total of 56 BAs (Supplemental Table 1)

- Unconjugated primary BAs

- Unconjugated secondary BAs

- Taurine-conjugated primary and secondary BAs (major in mice)
- Glycine-conjugated primary and secondary BAs (minor in mice)

Figure 1. A diagram illustrating the experimental design and dosing regimen of mice. Briefly, 9-
week-old C57BL/6J CV and GF mice were treated with vehicle (corn oil, 10ml/kg, oral gavage),
BDE-47 (100 umol/kg, oral gavage) or BDE-99 (100 pmol/kg, oral gavage) once daily for 4
consecutive days. Tissues were collected 24h after the final dose (n = 3-5 per group). The
expression of genes involved in BA synthesis, conjugation, and transport was determined by
RNA-Seq and targeted proteomics using LC-MS/MS. The gut microbiota from LIC of CV mice
was determined by 16S rRNA sequencing. BAs in serum, liver, SIC and LIC were determined
by targeted metabolomics. A total of 56 BAs was quantified (as listed in Supplemental Table 1),
including primary and secondary BAs in either conjugated or unconjugated form.
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Figure 2

A a diversity (chao1 index) B B diversity (weighted)
- PC2 (21.50 %)
Emooo BDE-99
3}
215 8000
S
5
7
8 6000 *
= x X
5 *
5 x * Il Com Oil
© C3 (12.22 %
“0:’ 2000 * BDE-47 FeseE PC1 (55.06 %)
e Il BDE-99 BDE-47
00 10000 20000 30000 40000 50000 60000 70000 80000
Sequences per sample
Class Level
30
* wm Corn Oil
) - === BDE-47
Q 25 ;g 0016 == BDE-99
: 0.012
~ 20 b 0.6 k * 0.008
g g': * 0.004 *
= 1 5 b 0'0 0.000
R cte‘.\a ‘e"\'\a Gammaproteobacteria sk
o 10 - Act‘\n°bac.or‘\°“"‘°

Figure 2. Alpha diversity (A) and beta diversity (B) of gut microbiota in LIC of CV mice treated
with corn oil, BDE-47 (100 pmol/kg, oral gavage), or BDE-99 (100 pymol/kg, oral gavage) (n=3
per group). Data were analyzed using QIIME as described in Materials and Methods. Asterisks
represent statistically significant differences as compared to corn oil-treated group (t-test,
p<0.05). (C) The differentially regulated taxa at class level by BDE-47 and BDE-99 compared
with corn oil-treated group. Data were presented as mean percentage of operational
taxonomical units (OTUs) + SE. Asterisks represent statistically significant differences as
compared to corn oil-treated group (ANOVA, Duncan’s post hoc test, p<0.05).
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Figure 3
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Figure 3. Differentially regulated taxa at the species level by PBDEs in LIC of CV mice. (A) A
two-way hierarchical clustering dendrogram of the differentially regulated taxa at the species
level (41 in total). Data were analyzed using JMP Genomics as described in Materials and
Methods. Red represents relatively high abundance and blue represents relatively low
abundance. (B) The top 10 most abundant bacterial species that were differentially regulated
by PBDEs in LIC of CV mice. The taxa that were lower than the top 9 were summed and
presented as “other taxa” as the 10" category. (C) QPCR quanification of Akkermansia
muciniphila, Erysipelotrichaceae Allobaculum and Clostridium scindens, as well as microbial
enzymes involved in secondary BA synthesis (baiJ, baiCD, and bsh) in LIC of CV mice (n=3 per
group). Asterisks represent statistically significant differences as compared to corn oil-treated
group (ANOVA, Duncan’s post hoc test, p<0.05).
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Figure 4
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Figure 4. Hierarchical clustering dendrograms of differentially regulated KEGG pathways
predicted by PICRUSt, as described in Materials and Methods. (A) Bacteria-specific processes.
(B) Xenobiotic biodegradation and metabolism. (C) Basal cellular processes. (D) Intermediary
metabolism. Data were analyzed using JMP Genomics as described in Materials and Methods.
Red represents relatively high expression, and blue represents relatively low expression.
Asterisks (*) represent statistically significant differences as compared to corn oil-treated group
(ANOVA, Duncan’s post hoc test, p<0.05).
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Figure 5
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Figure 5. Concentrations of unconjugated primary and secondary BAs in serum (A) and liver (B)
of CV mice treated with corn oil, BDE-47 (100 ymol/kg), or BDE-99 (100 pmol/kg). BAs were
quantified using LC-MS/MS as described in Materials and Methods. Data were presented as
mean + SE (n=3 per group). Asterisks (*) represent statistically significant differences as
compared to corn oil-treated group by ANOVA (Duncan’s post hoc test, p<0.05).
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Figure 6
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Figure 6. Concentrations of unconjugated primary and secondary BAs in SIC (A) and LIC (B) of
CV mice treated with corn oil, BDE-47(100 pymol/kg), or BDE-99 (100 pmol/kg). BAs were
quantified using LC-MS/MS as described in Materials and Methods. Data were presented as
mean = SE (n= 3 per group). Asterisks (*) represent statistically significant differences as
compared to corn oil-treated group by ANOVA (Duncan’s post hoc test, p<0.05).
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Figure 7
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Figure 7. Pearson’s correlation between secondary BAs (including both taurine-conjugated and
unconjugated BAs) and bacterial species that were differentially regulated by PBDE exposure.

Red represents positively correlated, and blue represents negatively correlated.
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Figure 8
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Figure 8. Pie charts illustrating the proportion of individual BAs in serum of CV and GF mice
treated with corn oil, BDE-47 (100 ymol/kg), or BDE-99 (100 umol/kg). BAs with an average

percentage higher than 1% were plotted.
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Figure 9
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Figure 9. Pie charts illustrating the proportion of individual BAs in liver of CV and GF mice
treated with corn oil, BDE-47 (100 ymol/kg), or BDE-99 (100 umol/kg). BAs with an average

percentage higher than 1% were plotted.
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Figure 10
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Figure 10. Pie charts illustrating the proportion of individual BAs in SIC of CV and GF mice
treated with corn oil, BDE-47 (100 ymol/kg), or BDE-99 (100 umol/kg). BAs with an average
percentage higher than 1% were plotted.
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Figure 11
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Figure 11. Pie charts illustrating the proportion of individual BAs in LIC of CV and GF mice

treated with corn oil, BDE-47 (100 pmol/kg), or BDE-99 (100 umol/kg). BAs with an average
percentage higher than 1% were plotted.
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Figure 12
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Figure 12. Messenger RNA and protein expression of various BA-processing genes in liver and
intestine of CV and GF mice treated with corn oil, BDE-47 (100 pmol/kg), or BDE-99 (100
pmol/kg). (A) Hepatic mRNA of Cyp7a1 and protein expression of other genes involved in BA
synthesis (Cyp8b1, Cyp27a1, Cyp7b1, Hsd3b7, and Akr1c14) and conjugation (Slc27a5). (B)
Hepatic protein expression of uptake transporters Ntcp and Oatp1b2, as well as the efflux
transporter Bsep. (C) Messenger RNA expression of Asbt, Osta, Ostf, Mrp4, and Fgf15 in
intestine of CV and GF mice. Asterisks (*) represent statistically significant differences between
corn oil- and PBDE-treated groups within CV or GF mouse colonies. Pounds (#) represent
statistically significant differences between CV and GF mice under the same treatment (p<0.05).
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Supplemental Figure 1- Bacterial composition at Phylum level
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Supplemental Figure 1. Differentially regulated taxa at phylum level by BDE-47 and
BDE-99 compared with corn oil-treated group. Bacterial 16S rRNA sequencing was
performed in large intestinal content of CV mice as described in MATERIALS AND
METHODS.
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Supplemental Figure 2. Serum and liver conjugated BAs in CV mice
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Supplemental Figure 2. Concentrations of conjugated primary and secondary BAs in serum (A)
and liver (B) of CV mice treated with corn oil, BDE-47 (100 pymol/kg) or BDE-99 (100 pmol/kg).
BAs were quantified by LC-MS/MS as described in MATERIALS AND METHODS. Data are
presented as mean + S.E. n= 3 per group. Asterisks (*) represent statistically significant
differences as compared to corn oil-treated group by ANOVA (Duncan’s post hoc test, p<0.05).
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Supplemental Figure 3. SIC and LIC conjugated BAs in CV mice
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Supplemental Figure 3. Concentrations of conjugated primary and secondary BAs in small
intestinal content (SIC) (A) and large intestinal content (LIC) (B) of CV mice treated with corn oil,
BDE-47 (100 pmol/kg) or BDE-99 (100 pmol/kg). BAs were quantified by LC-MS/MS as
described in MATERIALS AND METHODS. Data are presented as mean = S.E. n= 3 per group.
Asterisks (*) represent statistically significant differences as compared to corn oil-treated group
by ANOVA (Duncan’s post hoc test, p<0.05).
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Supplemental Figure 4
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Supplemental Figure 4. Hepatic expression of other genes involved in BA homeostasis.
Asterisks (*) represent statistically significant differences between corn oil- and PBDE-treated
groups within CV or GF mouse colonies.
differences between CV and GF mice under the same treatment (p<0.05). Data were analyzed
from our RNA-Seq dataset (Li et al., 2017), which can be accessed from GSE101650.

Pounds (#) represent statistically significant
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Supplemental Table 1. Primer sequences specific for bacterial cDNA and

intestinal mRNA.

Target Genes Forward Primer (5'-3") Reverse Primer (5'-3')
Universal bacteria GTGSTGCAYGGYTGTCGTCA ACGTCRTCCMCACCTTCCTC
Akkermansia TCCATTTGGTCCAGCAATTT CGTGCGCCACTAGAGAATTA
muciniphila
Scc’frf(;gﬂs"m TGACCGCGATCACAACTTT GGCGCTTCGTTCGACTT

AGCGTTATCCGGAATGATTG CCGCTACACATGGAGTTC

pactertal | rysipelotrichaceae | CACGTAGTTAGCCGTGAC GTAACACGTAGGGAACCTG
allobaculum CAGGAGAGGGCGGTGGAA TTCGTGCCTCAGCGTCAG
TCCTCGCCGGGTACCATC TGAGCAAAGAGGAGGCATC

baiCD CAGCCCRCAGATGTTCTTTG GCATGGAATTCWACTGCYTC

baiJ TCAGGACGTGGAGGCGATCCA | TACRTGATACTGGTAGCTCCA

bsh ATGGGCGGACTAGGATTACC TGCCACTCTCTGTCTGCATC

B-actin GGCCAACCGTGAAAAGATGA CAGCCTGGATGGCTACGTACA

Asbt ACAGCCTGGGTTTCTTCCTG GGGGGAGAAGGAGAGCTGTA

Host Osta TTGTGATCAACCGCATTTGT CTCCTCAAGCCTCCAGTGTC

mRNA OstB ATCCTGGCAAACAGAAATCG GGCCAAGTCTGGTTTCTCTG
Mrp4 GCAAAGCCCATGTACCATCT ACCACGGCTAACAACTCACC
Fgf15 AGAACAGCTCCAGGACCAGA TCCATGCTGTCACTCTCCAG
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Supplemental Table 2. BAs quantified and normalized to corresponding internal

standards.

BA names IS used for normalization
12 Dehydrocholic Acid (12-dehydroCA) CA-d4

3 Dehydrocholic Acid (3-dehydroCA) CA-d4
Sbelta-Cholanic Acid-3alpha, 6alpha-diol-7-one (5b-Cholanic Acid-3a,6a-diol-7-one) DCA-D4
alpha-Muricholic Acid (aMCA) CA-D4
belta-Muricholic Acid (bMCA) CA-D4
Chenodeoxycholic Acid (CDCA) GCDCA-D4
Cholic Acid (CA) CA-D4
Deoxycholic Acid (DCA) DCA-D4
Glycochenodeoxycholic Acid (G-CDCA) GCDCA-D4
Glycocholic Acid (G-CA) GCA-D4
Hyodeoxycholic Acid (HDCA) DCA-D4
Murocholic Acid (MCA) DCA-D4
omega-Muricholic Acid (WMCA) CA-D4
Tauro-alpha+Tauro-belta Muricholic Acid (T-a/bMCA) GCA-D4
Tauro-ursodeoxycholic Acid (T-UDCA) GCDCA-D4
Taurochenodeoxycholic Acid (T-CDCA) GCDCA-D4
Taurocholic Acid (T-CA) GCA-D4
Taurodeoxycholic Acid (T-DCA) GCDCA-D4
Taurohyodeoxycholic Acid (T-HDCA) GCDCA-D4
Taurolithocholic Acid (T-LCA) LCA-D4
Ursodeoxycholic Acid (UDCA) DCA-D4

3,12-Diketocholanic Acid

N/A (not enriched in samples)

3,6-Diketocholanic Acid

N/A (not enriched in samples)

3,7-Diketocholanic Acid

N/A (not enriched in samples)

3-Ketocholanic Acid

N/A (not enriched in samples)

3alpha,12alpha,23-Nordeoxycholic Acid

N/A (not enriched in samples)

3alpha-Hydroxy-12 Ketolithocholic Acid

N/A (not enriched in samples)

3alpha-Hydroxy-6,7-DiketoCholanic Acid

N/A (not enriched in samples)

3alpha-Hydroxy-7 Ketolithocholic Acid

N/A (not enriched in samples)

3alpha-Hydroxy-7,12-DiketoCholanic Acid

N/A (not enriched in samples)

5-Cholenic acid-3belta-ol

N/A (not enriched in samples)

5alpha-Cholanic Acid-3, 6-dione

N/A (not enriched in samples)

5alpha-Cholanic Acid-3alpha-ol-6-one

N/A (not enriched in samples)

Sbelta-Cholanic Acid-3belta, 12alpha-diol

N/A (not enriched in samples)

8(14),(5belta)-Cholenic Acid-3alpha, 12alpha-diol

N/A (not enriched in samples)

9(11), (5belta)-Cholenic Acid-3alpha-ol-12-one

N/A (not enriched in samples)

Allolithocholic Acid

N/A (not enriched in samples)

Dehydrocholic acid

N/A (not enriched in samples)

Glyco-ursocholanic Acid

N/A (not enriched in samples)

Glycodehydrocholic Acid

N/A (not enriched in samples)

Glycodeoxycholic Acid

N/A (not enriched in samples)

Glycohyodeoxycholic Acid

N/A (not enriched in samples)

Glycolithocholic Acid

N/A (not enriched in samples)

Glycoursodeoxycholic Acid

N/A (not enriched in samples)

Hyocholic Acid

N/A (not enriched in samples)

Isodeoxycholic Acid

N/A (not enriched in samples)

Isolithocholic Acid

N/A (not enriched in samples)

Lithocholenic Acid

N/A (not enriched in samples)

Lithocholic Acid (LCA)

N/A (not enriched in samples)

Tauro-omega Muricholic Acid (T-wMCA)

N/A (not enriched in samples)

Tauro-ursocholanic Acid

N/A (not enriched in samples)

Taurodehydrocholic Acid

N/A (not enriched in samples)

Taurohyocholic Acid

N/A (not enriched in samples)

Ursocholanic Acid

N/A (not enriched in samples)

glycohyocholic Acid

N/A (not enriched in samples)
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Supplemental Table 3 — Optimized LC-MS/MS parameters for analysis of surrogate
peptides of mouse enzymes and transporter proteins that are involved in BA
homeostasis.

(DP- declustering potential, CE- Collision energy and RT-retention time)

Protein Peptide sequence Light/Heavy | Parention Daughter DP CE RT
(m/z) ion (m/z) V) (eV) | (min)
Cyp8b1 FVYSLLGPR 526.3 805.5 60 21 16
Light 526.3 642.4 60 21 16
526.3 442.3 60 21 16
531.3 815.5 60 21 16
Heavy 531.3 652.4 60 21 16
531.3 452.3 60 21 16
531.3 723.4 60 21 16
Cyp27a1 AQLQETGPDGVR Light 635.8 958.5 68 25 9
635.8 8304 68 25 9
635.8 600.3 68 25 9
Heavy 640.8 968.5 68 25 9
640.8 840.4 68 25 9
640.8 610.3 68 25 9
EADNPGILHPFGSV Light 743.7 900.5 75 31 17
PFGYGVR 743.7 852.0 75 31 17
743.7 766.9 75 31 17
Heavy 747.0 905.5 75 31 17
747.0 857.0 75 31 17
747.0 771.9 75 31 17
Cyp7b1 MFLGIQHPDSAVSF Light 569.0 787.4 63 22 15
R 569.0 713.9 63 22 15
569.0 657.3 63 22 15
Heavy 572.3 792.4 63 22 15
572.3 718.9 63 22 15
572.3 662.3 63 22 15
Akric14 HFDSAYLYQIEEEV Light 756.7 834.4 76 32 20
GQAIR 756.7 997.4 76 32 20
Heavy 760.0 834.4 76 32 20
760.0 997.4 76 32 20
Hsd3b7 TIQWVQAMEGSAR Light 738.9 948.5 75 29 15
738.9 849.4 75 29 15
Heavy 743.9 958.5 75 29 15
743.9 859.4 75 29 15
Slc27a5 SWLPAYATPHFIR Light 520.3 643.4 59 19 16
520.3 586.8 59 19 16
Heavy 523.6 648.4 59 19 16
523.6 591.8 59 19 16
QGFCIPVEPGKPGL 652.0 811.5 69 26 16
LLTK Light 652.0 674.9 69 26 16
652.0 512.3 69 26 16
654.0 814.5 69 26 16
Heavy 654.0 677.9 69 26 16
654.0 515.3 69 26 16
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Supplemental Table 4. 16S rRNA sequencing reads for bacterial samples from LIC of
CV mice treated with corn oil, BDE-47 (100 umol/kg), or BDE-99 (100 umol/kg), n=3 per

group.

Total Number of Sequence

Samples Reads
Corn Qil_1 117299
Corn Qil_2 104804
Corn Qil_3 124805
BDE-47_1 104760
BDE-47_2 100873
BDE-47_3 99396
BDE-99 1 89378
BDE-99 2 100445
BDE-99 3 96781
Total 938541
Average 104282.3333
SE 3574.111871

Supplemental Table 5. The average value of total, conjugated or unconjugated bile
acids in serum, liver, SIC and LIC of CV and GF mice treated with corn oil, BDE-47 or

BDE-99.
cv GF
Corn Oil BDE-47 BDE-99 Corn Oil BDE-47 BDE-99
Serum Total 816.85 444.25 953.95 3129.25 3778.66 1161.59
(nmol/ml)
Conjugated 463.33 243.10 387.91 3047.16 3689.70 1035.64
Unconjugated 353.52 201.15 566.04 82.09 88.97 125.95
Liver Total 43301.64 30528.04 78604.67 201752.25 | 162959.31 78134.88
(nmol/g)
Conjugated 40694.03 28131.94 69026.64 184093.96 | 145626.89 69251.89
Unconjugated 2607.60 2396.10 9578.03 17658.29 17332.42 8882.98
SIC Total 214886.92 | 125478.18 | 159234.59 | 690838.25 | 738743.74 787466.81
(nmol/g)
Conjugated | 144588.21 53031.56 80425.68 690649.24 | 738533.36 787074.19
Unconjugated 70298.71 72446.62 78808.91 189.02 210.38 392.62
LIC Total 26229.23 89158.92 40516.16 88653.29 66322.45 87939.26
(nmol/g)
Conjugated 10820.37 73151.82 25630.97 88510.77 66167.49 87732.08
Unconjugated 15408.86 16007.10 14885.19 142.52 154.96 207.18
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CHAPTER 4: Gut microbiome modifies the PBDE-mediated coordinate regulation
of protein-coding genes and long non-coding RNAs in livers of conventional and

germ-free mice

This chapter is in preparation for submission. The authors of the manuscript are:

Cindy Yanfei Li and Julia Yue Cui*
Department of Environmental and Occupational Health Sciences, University of

Washington, Seattle, WA 98105

Running title: Regulation of hepatic transcriptome by gut microbiome and PBDEs

Abstract

Gut microbiome communicates with the host liver to modify the hepatic xenobiotic
biotransformation and nutrient homeostasis. Polybrominated diphenyl ethers (PBDES)
are persistent environmental contaminants that are detected in fatty food, household
dust, and human breast milk that may have significant implications for human health.
Recently, it has been increasingly recognized that long noncoding RNAs (IncRNAs) are
novel biomarkers for toxicological response and may regulate the
transcriptional/translational output of protein-coding genes (PCGs). However, very little
is known regarding to what extent the interactions between PBDEs and gut microbiome
modulate the hepatic IncRNAs and PCGs, and what critical signaling pathways are

impacted on a transcriptomic scale. In the present study, we performed RNA-Seq in
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livers of nine-week-old male conventional (CV) and germ-free (GF) mice orally exposed
to the most prevalent PBDE congeners BDE-47 and BDE-99 (100 ymol/kg once daily
for 4-days; vehicle: corn oil, 10ml/kg), and unveiled the molecular pathways regulated
by PCGs that were co-regulated with neighboring IncRNAs. Lack of a gut microbiome
profoundly altered the PBDE-mediated transcriptomic response in liver, and the most
prominent effect was observed in livers of BDE-99-treated GF mice. The top pathways
of PCGs that were consistently up-regulated by PBDEs in both enterotypes were
xenobiotic metabolism, whereas PBDEs down-regulated genes were involved in lipid
metabolism and protein synthesis. Genomic annotation of the differentially regulated
IncRNAs revealed that majority of these IncRNAs overlapped with introns and 3’-UTRs
of PCGs, and lack of gut microbiome profoundly increased the percentage of PBDE-
regulated IncRNAs mapped to the 3-UTRs of PCGs, suggesting the potential
involvement of INcRNAs in increasing the translational efficiency of PCGs by preventing
mMiRNA-3’-UTR as a compensatory mechanism following PBDE toxic insult. Pathway
analysis of PCGs paired with IncRNAs revealed that in CV mice, BDE-47-regulated
pathways were nucleic acid and retinol metabolism as well as circadian rhythm;
whereas BDE-99-regulated metabolic pathways such as PPARa-target genes mediated
fatty acid metabolism. In GF mice, 19 IncRNA-PCG pairs were differentially regulated
by BDE-47 and they were associated with glutathione conjugation and transcriptional
regulation. In contrast, BDE-99 up-regulated Cyp3a genes that are involved in
metabolic pathway, but down-regulated Cyp4 genes that are involved in lipid
metabolism, and the neighboring INcCRNAs followed a similar expression pattern. Taken

together, the present study has revealed common and unique IncRNA and PCG targets
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of PBDEs in mouse liver, and showed for the first time that lack of gut microbiome in
mice sensitizes the liver to the toxic effects of BDE-99 but not BDE-47. LncRNAs may
serve as specific biomarkers to reflect the exposure to specific PBDE congeners and
changes in gut microbiome, and these IncRNAs may act in concert with PCGs to

modulate PBDE-mediated toxicities.

Introduction

Polybrominated diphenyl ethers (PBDEs) are flame retardants with widespread
application in plastics, rubbers, furniture, and electronic devices. Although the industrial
use of PBDEs have been recently banned, due to their lipophilic feature, PBDEs are
persistent and bio-accumulative in the environment. PBDEs have been detected in
human blood and breast milk (Frederiksen et al., 2009), raising potentially significant
concerns for human health. Animal studies have shown that PBDEs cause a variety of
adverse effects, including neurodevelopmental disorders (Madia et al., 2004), thyroid
toxicity (Chevrier et al., 2010), hepatic oxidative stress (Fernie et al., 2005), and
carcinogenesis (National Toxicology, 1986). BDE-47 and BDE-99, which are the
predominant PBDE congeners detected in humans (Lorber, 2008), have been shown to
activate the xenobiotic-sensing nuclear receptors pregnane X receptor (PXR) and
constitutive androstane receptor (CAR) in rodent livers and human hepatocytes, leading
to up-regulated expression of cytochrome P450s (Cyps) (Pacyniak et al., 2007; Erratico

et al., 2011; Sueyoshi et al., 2014).

152



Liver is a major organ for xenobiotic biotransformation. Within the gut-liver axis, liver is
connected with gut via portal vein circulation, from which the absorbed nutrients and gut
microbial metabolites may interact with distinct receptors in liver to modify various
metabolic pathways through remote-sensing mechanisms (Fu and Cui, 2017). We have
recently shown that lack of gut microbiome altered the basal expression of many Cyps
and other drug-processing genes (DPGs) in liver (Selwyn et al., 2015a; Selwyn et al.,
2015b), and we also showed that there is a novel interaction between PBDEs and gut
microbiome in modulating the expression of many DPGs by PBDEs in mouse liver.
Specifically, the presence of gut microbiome is necessary in PBDE-mediated
transcriptional regulation of many hepatic DPGs, and GF mice had altered hepatic
oxidation of major PBDE metabolites (Li et al., 2017). Therefore, the gut microbiome is
a novel regulator that modifies hepatic xenobiotic biotransformation. However, besides
drug metabolism, very little is known regarding to what extent gut microbiome and
PBDEs modulate intermediary metabolism, which is another important pathway in liver.
Specifically, the liver serves as a central hub for lipogenesis, gluconeogenesis,
cholesterol metabolism, bile acid metabolism and protein synthesis (Rui, 2014).
Disrupted intermediary metabolism in liver is closely associated with inflammatory,
proliferative and apoptotic signaling (Bechmann et al., 2012). Therefore, as a first step
to understand the regulation of various metabolic pathways by PBDE-gut microbiome
interactions, we used RNA-Seq as a transcriptomic approach to unveil the targeted

PCGs in a high throughput manner.
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In addition to PCGs, IncRNAs are increasing recognized as novel biomarkers and key
regulators of toxicological response (Dempsey and Cui, 2016). LncRNAs are
transcribed from the mammalian genome and are usually >200 nucleotides in length but
generally appear to lack protein coding capacity, while certain IncRNAs do code for
nonclassical small bioactive peptides called micropeptides (Rion and Ruegg, 2017).
Various modes of action for IncRNAs have been proposed. IncRNAs may serve as
scaffold to transport transcription factors to their promoter region, resulting in
transcription activation or repression. IncRNAs can also function as a ‘decoy’ or
‘molecular sink’ to bind with chromatin regulatory proteins thereby inhibiting their
function (Wang and Chang, 2011; Dempsey and Cui, 2016). Some IncRNAs act in cis
to activate the transcription of the neighboring genes, whereas others act in frans may
exhibit suppressive function (Zhou et al., 2015). Increasing evidence suggests that
IncRNAs play a critical role in the regulation of numerous cellular processes, including
stem cell pluripotency, development, cell differentiation and apoptosis (Guttman et al.,
2009; Loewer et al., 2010; Guttman et al., 2011; Hung et al., 2011; Parasramka et al.,
2016). Aberrant INcRNAs expression has been reported in various human diseases
such as cancer (Gupta et al., 2010; Chen et al., 2015; Parasramka et al., 2016).
LncRNAs have been linked to cellular cholesterol metabolism (Lan et al., 2016), lipid
metabolism and bile acid homeostasis (Li et al., 2015). In addition, IncRNAs have been
shown to be novel biomarkers for toxic exposure to classic toxicants such as polycyclic
aromatic hydrocarbons (Gao et al., 2016), benzene (Bai et al., 2014), cadmium (Zhou et
al., 2015), and bisphenol A (Kumamoto and Oshio, 2013). However, very little is known

regarding to what extent PBDEs and gut microbiomes modulate IncRNA gene
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expression in liver, and what the potential PCG targets are that may be influenced by

differentially regulated IncRNAs.

Therefore, the goal of the present study is 1) to characterize the functional interactions
between gut microbiome and PBDEs and the subsequent changes on hepatic
transcriptome including PCGs and IncRNAs; and more importantly, 2) unveil critical
signaling pathways that are targeted by INcRNA-PCG gene pairs. This study is among
the first to characterize the regulation of IncRNAs and PCGs simultaneously in response
to gut microbiome-PBDE interactions, paving the path for future investigations to identify

the mechanistic roles of IncRNAs and gut microbiome in PBDE-mediated toxicities.

Materials and methods

Animals and procedures

As we described previously (Li et al., 2017), eight-week-old C57BL/6J wild type
conventional (CV) mice were purchased from the Jackson Laboratory (Bar Harbor, ME).
The initial breeding colony of GF mice in C57BL/6 background was established with
mice purchased from the National Gnotobiotic Rodent Resource Center (University of
North Carolina, Chapel Hill). All mice in this study were exposed to the same diet
(LabDiet # 5010), bedding (autoclaved Enrich-N’Pure), and water. Mice were housed
according to the American Animal Association Laboratory animal care guidelines. As
described in Fig. 1, at 9-week of age, CV and GF mice (n=3-5 per group) were orally
dosed with sterile vehicle (corn oil, 10 ml/kg), BDE-47 (100 umol/kg) or BDE-99 (100

pumol/kg) once daily for four consecutive days. Livers were collected 24 hours after the
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final dose, immediately frozen in liquid nitrogen, and stored in a -80°C freezer. All
studies were approved by the Institutional Animal Care and Use Committee (IACUC) at

the University of Washington.

Total RNA extraction, DNA library construction and RNA-sequencing

RNA extraction, cDNA library construction and RNA-Sequencing were performed as
previously described (Li et al., 2017). Briefly, total RNA was extracted from livers of CV
and GF mice using RNA-Bee reagent following the manufacturer’s instructions (Tel-Test
Inc., Friendswood, TX). RNA concentrations were quantified using a NanoDrop 1000
Spectrophotometer (Thermo Scientific, Waltham, MA). Integrity of total RNA samples
was evaluated by Agilent 2100 Bioanalyzer (Agilent Technologies Inc. Santa Clara, CA).
Samples with RNA integrity values above 8.0 were sent for RNA-sequencing. The
complementary DNA (cDNA) libraries were constructed from total RNA samples using
an lllumina TruSeq Stranded RNA kit with Poly-A tail selection (lllumina, San Diego,
CA). Sequencing was performed on an lllumina HiSeq2000 sequencer using a 50bp
pair-end multiplexing strategy at the University of Washington Genome Sciences

Sequencing Facilities.

RNA sequencing data analysis

The raw and analyzed RNA-Seq data were deposited in Gene Expression Onmibus
(GEO) database (accession number: GSE101650), and the FASTQ files were analyzed
in the present study for INncRNA and PCG expression. As described in Fig. 1, the

FASTQ files containing pair-end sequence reads were mapped to the mouse reference
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genome (GRCm38/mm10) using HISAT (Hierarchical Indexing for Spliced Alignment of
Transcripts) (version 0.1.6 beta) (Kim et al., 2015). The output SAM (sequencing
alignment/map) files were converted to BAM (binary alignment/map) files and sorted
using SAMtools (version 1.2) (Li et al., 2009a). For the analysis of PCGs and IncRNAs,
the transcript abundance was estimated by Cufflinks (version 2.2.1) using the UCSC
mm10 PCG and NONCODE 2016 IncRNA reference databases in gene transfer format
(gtf), respectively. The mRNA abundance was expressed as fragments per kilobase of
transcript per million mapped reads (FPKM). PCGs with average FPKM value above 1
in at least one group were defined as significantly expressed in liver. Differential
expression analysis was performed using Cuffdiff with p-value <0.05 between chemical-
exposed groups and vehicle-exposed group of the same enterotypes of mice. Data
were expressed as mean FPKM t S.E. Asterisks (*) represent significant differences
between corn oil- and PBDE-treated groups of the same enterotype of mice. The Venn
diagrams of the differentially expressed PCGs and IncRNAs were generated based on
their standardized mean FPKM values, using the JMP Genome Software (SAS Institute,

Cary, NC).

Genomic annotation of IncRNAs and IncRNA-PCG pair identification
The web-based tool peak annotation and visualization (PAVIS,

https://manticore.niehs.nih.gov/pavis2/) (Huang et al., 2013) was used to annotate and

visualize the genomic location of IncRNAs relative to the closest PCGs, including up to
5 kb upstream of transcription start site (TSS), intronic, exonic, 5’-untranslated region

(UTR), 3-UTR, or up to 1 kb downstream of transcriptional termination site (TTS). A
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INcRNA-PCG pair is defined as: 1) the IncRNA overlapped with or was within 5 kb
upstream of TSS or 1 kb downstream of TTS of the closest PCG, and 2) both the PCG
and the neighboring INcCRNA were differentially regulated by PBDE exposure compared
to vehicle-treated group of the same enterotype of mice (p <0.05). The gene structure
and relative genomic location of the INcRNA-PCG pairs were visualized using Integrated

Genome Viewer (Broad Institute, Cambridge, MA).

Pathway analysis of differentially regulated PCGs and IncRNAs

The differentially regulated PCGs by 1) BDE-47 in CV mice, 2) BDE-99 in CV mice, 3)
BDE-47 in GF mice or 4) BDE-99 in GF mice were each analyzed using Ingenuity
Pathway Analysis (IPA, QIAGEN, Vallencia, CA) to determine significantly altered gene
networks. The PCGs that were uniquely regulated by each of the above four criteria
were further analyzed by IPA to determine the specific effect of BDE-47 and BDE-99 in
CV and GF conditions. The differentially regulated IncRNAs that match each of the
above four criteria were separated into four datasets, and their paired PCGs in each
dataset were submit for STRING (Search Tool for the Retrieval of Interacting

Genes/Proteins) analysis (https://string-db.org/).

Results

The present study utilized RNA-Seq and in vivo CV and GF mouse models to determine
the effect of functional interactions between the gut microbiome and PBDEs on the
hepatic transcriptome of PCGs and IncRNAs. RNA-Seq generated approximately 39 to

127 million reads per sample, among which 63% to 94% of the reads were uniquely
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mapped to the mouse reference genome (NCBI GRCm38/mm10), which were

equivalent to 35 million to 115 million uniquely mapped reads (Supplemental Table 1).

Regulation of PCGs by PBDEs and gut microbiome

Among the 24,487 annotated PCGs in the mouse reference genome (Fig. 2A), 14,026
genes were not expressed in livers of any groups (threshold: average FPKM < 1 in all
treatment groups). Among the expressed genes (FPKM> 1 in at least one treatment
group), 6,799 genes were stably expressed across all treatment groups, whereas a total
of 3,662 genes were differentially expressed by PBDEs in CV and GF mice (criteria: p <
0.05 in at least one of the 4 comparisons between corn oil (CO) and PBDE-exposed
groups of the same enterotype, namely 1) corn oil exposed CV mice (CV_CO) vs.
CV_BDE-47, 2) CV_CO vs. CV_BDE-99, 3) corn oil exposed GF mice (GF_CO) vs.

GF_BDE-47, and 4) GF_CO vs. GF_BDE-99).

To unveil the common and unique PCG targets by PBDEs and gut microbiome
interactions, a venn diagram of the 3,662 differentially expressed PCGs was generated
which revealed a clear separation by differences in both PBDE congeners (BDE-47 or
BDE-99) and in enterotypes (presence or absence of gut microbiome) (Fig. 2B). There
were 49 DPGs that were consistently differentially regulated in all 4 comparisons,
whereas uniquely regulated DPGs in each comparison were also observed, and
especially, the number of PCGs uniquely regulated by BDE-99 in GF conditions (2442)
was much higher than that in CV conditions (223), suggesting that lack of gut

microbiome sensitized the hepatic protein-coding transcriptome to BDE-99 mediated
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insult. Conversely, the numbers of PCGs uniquely regulated by BDE-47 were 140 in
CV conditions and 22 in GF conditions. Therefore, the two PBDE congeners lead to

different transcriptomic outcomes during PBDE-gut microbiome interactions.

To determine the top differentially regulated molecules and the associated signaling
networks, Ingenuity Pathway Analysis (IPA) was performed for the differentiated
regulated PCGs (p < 0.05) among the 4 comparisons (CV_CO vs. CV_BDE-47, CV_CO
vs. CV_BDE-99, GF_CO vs. GF_BDE-47, and GF_CO vs. GF_BDE-99). Regarding the
top molecules (Table 1), in livers of CV mice, the top 10 most up-regulated PCGs
following BDE-47 exposure include the phase-l drug-metabolizing enzymes cytochrome
P450 (Cyp) family, namely Cyp2b10, Cyp2b13, and Cyp2c55; metallothionein (Mt) 1
and Mt2, which are involved in zinc homeostasis and heavy metal detoxification
(Ruttkay-Nedecky et al., 2013); D site albumin promoter binding protein (Dbp) and
circadian associated repressor of transcription (Ciart, also known as Gm129), which
modulate important clock genes involved in circadian rhythm (Yamaguchi et al., 2000;
Annayev et al., 2014); regulator of G-protein signaling 16 (Rgs16), which inhibits
signaling cascades related to fatty acid oxidation in hepatocytes (Pashkov et al., 2011);
serum amyloid A2 (SaaZ2), which is an apolipoprotein and is highly expressed in liver in
response to inflammation (Zhang et al., 2005); and lipocalin 2 (Lcn2), which is an iron-
trafficking protein that maintains iron homeostasis (Srinivasan et al.,, 2012).
Hepatocyte-derived Lcn2 has also been reported to protect against bacterial infection
and promote liver regeneration (Xu et al., 2015a). In livers of CV mice, the top 10 most

down-regulated PCGs following BDE-47 exposure include growth arrest and DNA

160



damage 45g (Gadd45g) and proline-rich acidic protein 1 (Prap1), which are involved in
regulation of development, cell differentiation and survival (Zhang et al., 2003; Zhang et
al., 2014); trefoil factor 2 (Tff2), which mediates gastric cytoprotection and repair (Farrell
et al., 2002); regenerating islet-derived 3 beta (Reg3b) and deleted in malignant brain
tumors 1 (Dmbt1), which maintain intestinal homeostasis and prevent bacterial infection
(van Ampting et al., 2012; Reichold et al., 2013), as well as neuronal PAS domain
protein 2 (Npas2), which functions as a transcription activator involved in circadian

rhythms (DeBruyne et al., 2007) (Table 1).

In livers of CV mice, the top 15 networks of PCGs that were differentially regulated by
BDE-47 exposure are shown in Supplemental Table 2, which include pathways related
to RNA post-transcriptional modification, cellular development, cellular growth and
proliferation, cell cycle, gene expression, lipid metabolism, small molecule biochemistry,
carbohydrate metabolism, and drug metabolism. An example network (lipid and drug
metabolism, Network #14 as shown in red in Supplemental Table 2) is visualized in
Supplemental Fig. 1. BDE-47 markedly up-regulated Cyp2b family members that are
involved in xenobiotic metabolism. BDE-47 also up-regulated Cyp7al and Cyp7b1,
which are responsible for bile acid synthesis (Chiang, 2002); conversely, BDE-47
down-regulated Cyp4a14, which is the prototypical target gene of lipid sensor
peroxisome proliferator-activated receptor alpha (PPARa) and is involved in fatty acid
oxidation (Zhang et al., 2017a), suggesting that BDE-47 may activate the xenobiotic
oxidation and bile acid synthesis but suppress the hydroxylation of fatty acids and lipid

metabolism signaling.
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In livers of CV mice, the top 10 most up-regulated genes following BDE-99 exposure
include carboxyl ester lipase (Cel) and pancreatic lipase (Pnlip), which catalyze fat
digestion/absorption and glycerolipid metabolism (Hui and Howles, 2002; Zechner et al.,
2012); BDE-99 also up-regulated certain genes, such as chymotrypsinogen B1 (Ctrb1),
carboxypeptidase B1 (Cpb1), protease serine 2 (Prss2), Prss3, and trypsin 5 (Try5),
which involved in protein digestion and absorption (Kido et al., 1985); ribonuclease
(Rnase1), which catalyzes the cleavage of RNA (Verbeure et al., 2001); and Saa2 and
Lcen2, which suppress bacterial infection (Zhang et al., 2005; Xu et al., 2015a) (Table 1).
Interestingly, the fold increases of the top 10 PCG transcripts by BDE-99 exposure were
in general much greater than those of the top 10 PCG transcripts by BDE-47 exposure,
suggesting that at equal molar doses, BDE-99 is more potent than BDE-47 in up-
regulating the expression of hepatic PCGs (Table 1). In livers of CV mice, the top 10
most down-regulated PCGs following BDE-99 exposure include cyclin-dependent
kinase inhibitor 1A (Cdkn1a) and Gadd45g, which are involved in p53 signaling in
response to DNA damage (Tanikawa et al., 2017); lysyl oxidase-like 4 (LoxI4), which
modulates the formation of extracellular matrix (Kim et al., 2003); hyperpolarization-
activated cyclic nucleotide-gated channel (Hcn3), which is a potassium channel and
controls cellular excitability (Cao-Ehlker et al., 2013). BDE-99 also down-regulated
certain PCGs involved in circadian rhythm, such as the transcriptional activator Arntl
(Aryl hydrocarbon receptor nuclear translocator-like), the transcriptional repressor
Npas2, as well as Chka (choline kinase alpha), which is regulated by the clock

transcription factor REV-ERB (Grechez-Cassiau et al., 2015). In addition, elongation of
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very long chain fatty acids (Elovl3), as well as chloride intracellular channel 3 (Clic3)
which forms chloride ion channel and controls cellular growth, were down-regulated by

BDE-99 exposure in livers of CV mice (Table 1).

In livers of CV mice, the top 15 networks of genes that were differentially regulate by
BDE-99 exposure are shown in Supplemental Table 2, which include lipid metabolism,
small molecule biochemistry, molecular transport, gene expression, drug metabolism,
protein synthesis, RNA post-transcriptional modification, cell cycle, and carbohydrate
metabolism. An example network (#13) is shown in Supplemental Fig. 2, which is lipid
metabolism, small molecule biochemistry, vitamin and mineral metabolism. In this
network, a variety of P450s including Cyp2a, Cyp2b, Cyp2c, Cyp2g1, Cyp3a and the
cytochrome P450 oxidoreductase (Por), were all moderately up-regulated by BDE-99.
BDE-99 also up-regulated Cyp7b1, which is involved in the alternative bile acid
synthesis pathway, but down-regulated Cyp8b1, which is involved in the classic bile
acid synthesis pathway. BDE-99 also down-regulated many genes involve in lipid
metabolism and fatty acid degradation, including a consistent down-regulation of the
PPARa-targeted Cyp4 family members (Cyp4a11, Cyp4a14, Cyp4f14 [mouse homolog
of human CYP4F12]); Cyp46a1, which is the rate-limiting enzyme for cholesterol
degradation (Boussicault et al., 2016); 3-hydroxymethylglutaryl-CoA synthase (Hmgcs1),
which forms the intermediate HMG-CoA for cholesterol synthesis and ketogenesis
(Harris et al., 2000); and acyl-CoA synthetase (Acsl), which activates long-chain fatty

acids for both synthesis of cellular lipids and degradation via beta-oxidation (Li et al.,
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2009b). In addition, BDE-99 down-regulated Cyp26a1, which is involved in the

metabolism of retinoic acid (Ross and Zolfaghari, 2011).

In livers of GF mice, the top 10 most up-regulated genes following BDE-47 exposure
include many phase | and phase |l drug metabolizing enzymes, such as Sult2a2,
Sult2a1, Cyp2b10, Cyp2c55, Cyp2b13, Akr1b7, Fmo3, and Cyp3a16; BDE-47 also up-
regulated alpha-1-B glycoprotein (A1bg), and pancreatic lipase protein 1 (Pnliprp1),
which has been associated with dietary lipid absorption and fatty liver development
(Hoekstra et al., 2010). In livers of GF mice, the top 10 most down-regulated PCGs
following BDE-47 exposure include serine peptidase inhibitor member 9 (Serpina9);
alpha thalassemia/mental retardation syndrome X-linked homolog (Atrx), which is
involved in transcriptional regulation and chromatin remodeling (Lee et al., 2015);
pleckstrin homology domain interacting protein (Phip), which modulates insulin signaling
(Farhang-Fallah et al., 2000); IgA inducing protein (Igip), which induces the production
of IgA in maintaining gut homeostasis (Endsley et al., 2009); Rho-associated protein
kinase 1 (Rock1), which regulates actin cytoskeleton organization, cell maotility,
proliferation and apoptosis (Hartmann et al., 2015); B cell leukemia/lymphoma 6 (Bcl6),
which functions as a transcriptional repressor in modulating interleukin-4 signaling
(Lossos et al., 2003); and small nucleolar RNA 7A (Snora7a), which is involved in cell

proliferation especially in tumor cells (Lindahl et al., 1989).

In livers of GF mice, the top 12 networks of PCGs that were differentially regulated by

BDE-47 exposure are shown in Supplemental Table 2, which include pathways related
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to drug metabolism, glutathione depletion, lipid metabolism, carbohydrate metabolism,
and cell-cell signaling and interaction. An example network (drug metabolism,
glutathione depletion in liver, lipid metabolism, network #1 as shown in red in
Supplemental Table 2) is visualized in Supplemental Fig. 3. BDE-47 markedly up-
regulated Cyp2b10 (mouse homolog of human CYP2B6) and Cyp3a11 (mouse
homolog of human CYP3AS5) that are involved in xenobiotic metabolism. BDE-47 also
up-regulated Cyp2a, Cyp2c54, Cyp2c55 (mouse homolog of human CYP2C18), and
many other Cyp2c family members. The glutathione S-transferases (Gst), including
Gsta4, Gstab, Gstm3-5, and Gstt3 that are important for the detoxification and reduction

of reactive oxygen species, were also up-regulated by BDE-47 in GF mice.

In GF mice, the top 10 most up-regulated PCGs following BDE-99 exposure included
drug metabolizing enzymes Cyp2b10, Cyp2c55, Gstal, Gstm3, Sult1e1, and Akr1b7.
BDE-99 also up-regulated meiosis expressed gene 1 (Meig1), V-set domain containing
T cell activation inhibitor 1 (Vtcn1, also known as B7-H4), which suppresses T cell
function via inhibiting cell proliferation and cytokine secretion (Diao et al., 2017),
Pnliprp1, and small nucleolar RNA host gene 11 (Snhg11). Interestingly, the fold
increases of the top 10 PCG transcripts by BDE-99 exposure were in general much
greater than those of the top 10 PCG transcripts by BDE-47 exposure, again suggesting
that at equal molar doses, BDE-99 is more potent than BDE-47 in up-regulating the
hepatic PCGs expression (Table 1). In livers of GF mice, the top 10 most down-
regulated genes following BDE-99 exposure included trefoil factor 3 (Tff3), which

maintains the intestinal mucosa (Ge et al., 2015); histocompatibility 2, class Il antigen A,
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beta 1 (H2-Ab1); FLYWCH family member 2 (Flywch2); hemoglobin, beta adult t chain
(Hbb-bt), which transports oxygen to peripheral tissues; serine peptidase inhibitor
member 3C (Serpina3c); Serpina12; Cyp46a1, which is the rate-limiting enzyme for
cholesterol degradation (Boussicault et al., 2016); RAD51 homolog b (Rad51b), which is
involved in DNA repair (Lio et al., 2003); and acyl-CoA thioesterase 1 (Acot1), which
catalyzes the hydrolysis of acyl-CoAs to free fatty acid and Coenzyme A. Knockdown of
Acot1 in mice resulted in enhanced hepatic oxidative stress and inflammation (Franklin
et al., 2017). Additionally, Sult2a1, which catalyzes sulfonation of hydroxysteroids and

xenobiotics, was completely abolished in livers of GF mice following BDE-99 exposure.

In livers of GF mice, the top 15 networks of PCGs that were differentially regulated by
BDE-99 exposure are shown in Supplemental Table 2, which include pathways related
to cancer, developmental disorder, RNA post-transcriptional modification, metabolic
disease, carbohydrate metabolism, gene expression, protein synthesis, and various
cellular signaling pathways. An example network (gene expression, protein synthesis,
lipid metabolism, network #8 as shown in red in Supplemental Table 2) is visualized in
Supplemental Fig. 4. BDE-99 markedly down-regulated a series of mitochondrial
ribosomal proteins (Mrpl), which are essential for oxidative phosphorylation to produce
ATP (Sylvester et al., 2004). This massive down-regulation of Mrpl by BDE-99 may
lead to disordered oxidative phosphorylation and various mitochondrial diseases

(O'Brien et al., 2000).
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In summary, both PBDE exposure and gut microbiome regulated the hepatic
transcriptome in mice, and lack of gut microbiome appeared to sensitize mouse liver to

BDE-99 mediated effects on the transcriptome of PCGs.

PCGs that were commonly or uniquely regulated by PBDEs in CV and GF mice

Regarding the 49 consistently differentially regulated genes (Figure 2B), 32 of them
were shown in Fig. 3; whereas the rest 17 genes (including Cyp2a, Cyp2b, CypZ2c,
Ugt2b, Sults and Gsts) have been described previously in our recent publication (Li et
al., 2017), and all of them were up-regulated by BDE-47 and BDE-99 in livers of CV and
GF mice. KEGG pathway analysis (performed using STRING Analysis) of these 32
commonly regulated genes indicated they were enriched in metabolic pathway,
chemical carcinogenesis, retinol metabolism, steroid hormone biosynthesis, and
arachidonic acid metabolism (Supplemental Fig. 5). As shown in Fig. 3, these genes
were categorized into four distinct patterns. Pattern 1 included 16 genes (Fig. 3A),
which were up-regulated by both PBDEs in CV and GF mice, including RIKEN-derived
genes (1700067K01Rik and 4931406C07Rik); Aldo-keto reductase (Akr1b7) which is a
phase-l drug metabolizing enzyme (Liu et al., 2009); aminolevulinic acid synthase 1
(Alas1), which is the rate-limiting enzyme for heme synthesis in liver (Kubota et al.,
2016), and human hepatic ALAS1 is the target gene of the bile acid-activated nuclear
receptor farnesoid X receptor (FXR) (Peyer et al., 2007); Cyp2c53-ps (Cyp
pseudogene); Gadd45b; Gm10872; Gm3776; interferon alpha-inducible protein 27 like
2B (Ifi2712b); interferon-stimulated gene 15 (Isg15); leukocyte cell derived chemotaxin 1

(Lect1); Meig1; orosomucoid 3 (Orm3), which is expressed in hepatocytes under stress
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condition and is a direct FXR target gene (Porez et al., 2013); sphingomyelin
phosphodiesterase 3 (Smpd3) , which produces ceramide for cell growth, differentiation,
and apoptosis (Stoffel et al., 2005); suppressor of cytokine signaling 2 (Socs2), which
regulates hepatic homeostasis under high-fat dietary conditions (Zadjali et al., 2012);
and starch-binding domain 1 (Stbd1), which participates the metabolism and cellular

trafficking of glycogen (Jiang et al., 2010).

Pattern 2 included 5 genes (Fig. 3B), which were down-regulated by both PBDEs in CV
and GF mice, including family with sequence similarity genes (Fam222a); Fam89a;
nuclear factor interleukin 3 (Nfil3), which plays a critical role in the regulation of
apoptosis in lymphocytes (Kamizono et al., 2009); Ppard, which suppresses hepatic
lipogenesis in obese mice (Qin et al., 2008); and transforming growth factor beta-
stimulated clone 22 homolog (Tsc22d1), which controls systemic cholesterol
metabolism.  Overexpression of Tsc22d1 promotes high levels of high-density
lipoprotein (HDL) cholesterol in mice (Jager et al., 2014). Pattern 3 included 9 genes
(Fig. 3C), which were consistently down-regulated by BDE-47 in CV and GF mice, but
were down-regulated by BDE-99 in CV mice and up-regulated by BDE-99 in GF mice.
These genes included RIKEN-derived genes (1500017E21Rik, D930016DO06RIk,
F830016B08RIik), coiled-coil domain containing 141 (Ccdc141), leukocyte receptor
cluster member 8 (Leng8), olfactory receptor 1033 (OIfr1033), peptidylprolyl isomerase
G (Ppig), Rock1, and up-frameshift suppressor 3 homolog B (Upf3b). Pattern 4
consisted of 2 genes (Fig. 3D), which were up-regulated by both BDE-47 and BDE-99 in

CV mice, but were down-regulated in GF mice. These two genes are Mt1, which is
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involved in zinc homeostasis and heavy metal detoxification (Ruttkay-Nedecky et al.,
2013), and nicotinamide N-methyltransferase (Nnmt), which regulates hepatic nutrient
metabolism (Hong et al., 2015). The PBDE-mediated up-regulation of Mt1 and Nnmt
only occur with the presence of gut microbiome suggests a gut microbiome dependent

manner.

Regarding the unique effect of BDE-47 in CV mice, the top 10 most up-regulated PCGs
by BDE-47 are shown in Table 2, including Gm7694; major urinary protein family
members (Mup12 and Mup8), which regulate glucose and energy metabolism (Zhou et
al., 2009), oligoadenylate synthases (Oas1a and Oas1g), which regulate the early
phase of viral infection and inhibit viral replication (Choi et al., 2015); 2010003K11Rik;
calcium and integrin binding protein 3 (Cib3), which is involved in integrin signaling
pathway (Huang et al., 2012); phospholipid scramblase 1 (Plscr1), which is required for
maturation and differentiation of hematopoietic cells from progenitor cells (Dong et al.,
2004); membrane-spanning 4-domains subfamily A member 6D (Ms4a6d), which
regulates signal transduction (Ding et al., 2008); and Cyp4a12b, which is important for
fatty acid oxidation (Muller et al., 2007). The top 10 most down-regulated genes by
BDE-47 exclusively in livers of CV mice included zinc finger protein (Zfp935); small
nucleolar RNA host gene 5 (Snhg5), which is up-regulated in colorectal cancer and
causes tumor outgrowth in vivo (Damas et al., 2016); mitogen-activated protein kinase 8
interacting protein 3 (Mapk8ip3, also known as Jip3), which is involved in JNK signaling
pathway and down-regulates oxidative stress and inflammatory response in high fat

diet-treated mice (Rao et al., 2017); Ras related oncogene family member (Rab260s),
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which modulates intracellular membrane trafficking (Li et al., 2012); AT-rich interaction
domain 4B (Arid4b), which is a subunit of transcriptional repressor complex and
involves in cell proliferation, differentiation, apoptosis and cell fate determination (Tsai et
al., 2017); Ly6/PLAUR domain containing 8 (Lypd8), which prevents microbiota invading
the colonic epithelia in mice (Okumura et al., 2016); pre-mRNA processing factor
(Prpf39), which correlates with cisplatin cytotoxicity and knockdown of Prpf39 results in
a significant increase in cisplatin resistance (Stark et al., 2012); and proline rich acidic
protein 1 (Prap1), which maintains normal growth homeostasis in epithelial cells (Zhang
et al.,, 2003). Ingenuity Pathway Analysis (IPA) was performed for PCGs that were
uniquely regulated following BDE-47 exposure in CV mice, and is shown in
Supplemental Fig. 6, which include pathways related to cellular development, cancer,
cell death and survival, carbohydrate metabolism, lipid metabolism, and inflammatory
response. An example network (cellular development, cancer, cell death and survival,
network #1) is visualized in Supplemental Fig. 6. BDE-47 up-regulated Iron-binding
nuclear protein (Pir), Gstp1, and heme oxygenase 1 (Hmox1), which protect cells from
oxidative stress (Brzoska et al., 2011; Dunn et al., 2014). BDE-47 also up-regulated
mothers against decapentaplegic homolog 9 (Smad9; also known as Smad8), which
modulates transforming growth factor beta (TGF-3) cellular signaling during proliferation,
differentiation and development (Watanabe et al., 1997); guanylate binding protein 2
(Gbp2), which alters cell proliferation and inhibits cell spreading (Balasubramanian et al.,
2011); and hairy and enhancer of split-1 (Hes1), which encodes a transcription
repressor that influences cell proliferation and differentiation during embryogenesis

(Kageyama et al.,, 2007). Conversely, BDE-47 down-regulated lectin, galactoside-
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binding soluble 4 (Lgals4), which inhibits cell proliferation as a tumor suppressor (Satelli
et al., 2011); polycystin 2 (Pkd2), which transports calcium ions into the cell and
regulates cell growth and division, cell movement, and cell-cell interaction (Arnould et al.,
1999); and retinol binding protein 2 (Rbp2), which participates in the uptake and
intracellular metabolism of vitamin A for cell differentiation, proliferation, and apoptosis

(Doldo et al., 2015).

Regarding the unique effect of BDE-99 in CV mice, the top 10 most up-regulated genes
by BDE-99 are shown in Table 2, including carboxyl ester lipase (Cel), which is
important for cholesterol and lipid-soluble vitamin ester hydrolysis and absorption (Hui
and Howles, 2002); Ctrb1, Rnase1, Cpb1, Prss2, Try5, and Prss3. BDE-99 also up-
regulated pancreatic lipase (pnlip), which hydrolyzes triglycerides in the small intestine
and digests dietary fats (Szabo et al., 2015), 2210010C04Rik, and carboxypeptidase A1
(Cpal). Conversely, the top 10 most down-regulated genes by BDE-99 in CV mice
included folylpolyglutamyl synthetase (Fpgs), which maintains folate homeostasis for
cell proliferation (Shane, 1989); N-myc downstream regulated gene 1 (Ndrg1), which
responds to cellular stress signals (Ellen et al., 2008); seizure threshold 2 (Szt2), which
controls cell growth (Peng et al., 2017); inhibitor of DNA biding 3 (Id3), which inhibits
transcription (Lasorella et al., 2014); ELOVL fatty acid elongase 5 (Elovl5);
phosphoethanolamine/phosphocholine phosphatase (Phospho1), which is important for
skeletal development; Myb related transcription factor (Mypop), which regulates
hematopoiesis and tumorigenesis (Vargova et al., 2011); nerve growth factor receptor

(Ngfr); and tubulin beta 2B class llb (Tubb2b), which encodes tubulin that is major
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component of microtubules (Jaglin et al., 2009). Ingenuity pathway analysis (IPA) was
performed for the genes that were uniquely regulated following BDE-99 exposure in CV
mice, and is shown in Supplemental Fig. 7, which included carbohydrate metabolism,
lipid metabolism, small molecule biochemistry, post-translational modification, protein
degradation, protein synthesis, cancer, and cellular assembly and organization.
Examples of the top two networks are visualized in Supplemental Fig. 7. For example,
within the network of carbohydrate metabolism and lipid metabolism, BDE-99 down-
regulated regulatory factor X4 (Rfx4); MYCL proto-oncogene (Mycl); persulfide
dioxygenase (Ethe1), which modulates sulfide detoxification and regulates
mitochondrial catabolism of fatty acids (Hildebrandt et al., 2013); Forkhead Box protein
A2 (Foxa2), which regulates lipid metabolism and ketogenesis in the liver during fasting
and in diabetes (Wolfrum et al., 2004); mediator complex subunit 24 (Med24), which is
involved in adipogenesis (Chu et al., 2014); and Neural precursor cell expressed,
developmentally down-regulated gene 4-like (Nedd4l), which is associated with diabetes
and obesity (Wang et al., 2013b). Conversely, BDE-99 markedly up-regulated the
digestive enzyme Rnase1 and pnlip, which hydrolyze triglycerides in the small intestine
and digests dietary fats (Szabo et al., 2015). Within the network of post-translational
modification, BDE-99 also up-regulated a series of genes involved in protein
degradation such as serine protease, trypsinogen, and chymotrypsin, but down-
regulated many collagen-related protein synthesis, such as collagen type V alpha 1
chain (Col5a1), Col3a1, ERBB receptor feedback inhibitor 1 (Errfl1), serpin family H

member 1 (Serpinh1), and phospholipase C beta 3 (Plcb3).
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Regarding the unique effect of BDE-47 in GF mice, the top 10 most up-regulated genes
by BDE-47 are shown in Table 2, including Sult2a2, which is a bile salt sulfotransferase
that catalyzes sulfonation of hydroxysteroids (Runge-Morris et al., 2013); alpha-1B
glycoprotein  (A1bg); prostaglandin D2 synthase (Ptgds); GDP-mannose 4,6-
dehydratase (Gmds); Mup4; Acyl-CoA thioesterase 3 (Acot3), which catalyzes the
hydrolysis of acyl-CoAs to free fatty acid (Hunt et al., 2012); Fam213b; Eukaryotic
translation initiation factor 4E binding protein 3 (Eif4ebp3); Cyp39a1, which catalyzes
the hydroxylation of cholesterol in the alternative bile acid synthesis pathway (lkeda et
al., 2003); and Mup19. Conversely, the top most down-regulated genes by BDE-47
included glutamic-oxaloacetic transaminase 1 (Got1), which is important for amino acid
metabolism and the urea and tricarboxylic acid cycles (Abrego et al., 2017); Sestrin 2
(Sesn2) and dopachrome tautomerase (Dct), both of which protect cells from oxidative
stress (Lee et al., 2010; Ainger et al., 2014); ephrin type-A receptor A2 (EphaZ2), which
mediates neural development (Park et al.,, 2013); and small nucleolar RNA 7A
(Snora7a). Snora7a has been reported to promote cell proliferation and suppress
differentiation in mesenchymal stem cell (Zhang et al.,, 2017b). These results
suggested that without the presence of gut microbiome, not only steroid and bile acid
signaling pathways but the cellular signaling were distinctly regulated by BDE-47 in GF

mice.

Regarding the unique effect of BDE-99 in GF mice, the top 10 most up-regulated genes

by BDE-99 included Sultle1, Gm11974, monocyte to macrophage differentiation

associated 2 (Mmd2), Gm14403, and heat shock protein 90 alpha family class A
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member 1 (Hsp90aa1), which encodes protein Hsp90A that interacts with a number of
tumor promoting proteins (Zuehlke et al., 2015). BDE-99 also up-regulated zinc finger
protein 445 (Zfp445); sterile alpha motif domain containing 9 like (Samd9l), which acts
as a tumor suppressor (Tesi et al.,, 2017); aldehyde oxidase 1 (Aox1); roundabout
guidance receptor 1 (Robo1); and solute carrier family 10 member 2 (Slc10a2, also
known as apical sodium-bile acid transporters (Asbt)), which is responsible for the
uptake of bile acids from the intestine to enterohepatic circulation. Conversely, the top
10 most down-regulated genes by BDE-99 in GF mice included C-C motif chemokine
ligand 5 (Ccl5), which recruits leukocytes into inflammatory sites (Maghazachi et al.,
1996); calcium/calmodulin dependent protein kinase |l beta (Camk2b), which promotes
synapse formation and maintains synaptic plasticity in brain (Kool et al., 2016);
microtubule associated protein 1 light chain 3 alpha (Map1lc3a), which mediates the
interactions between microtubules and cytoskeleton (Mann and Hammarback, 1996);
calneuron 1 or calcium-binding protein (Caln1); carboxylesterase 4A (Ces4a), which is
responsible for the hydrolysis of xenobiotics and also involved in fatty acid metabolism
(Holmes et al., 2010); WAP four-disulfide core domain 2 (Wfdc2), which constitutes the
core of the protein and functions as protease inhibitor (Hellstrom et al., 2003); guanylate
cyclase activator 1A (Gucaa), which is involved in the calcium-dependent regulation of
guanylate cyclases in the retina (Kitiratschky et al., 2009); H2-Eb1, Flywch2, and
Serpina3c. Ingenuity pathway analysis (IPA) was performed for the genes that were
uniquely regulated following BDE-99 exposure in GF mice, and is shown in
Supplemental Fig. 8, which includes pathways related to developmental disorder; gene

expression, protein synthesis, cellular assembly and organization; cellular development;
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and DNA replication, recombination and repair. An example network (gene expression,
protein synthesis, cellular assembly and organization, network #2) is visualized in
Supplemental Fig. 8. BDE-99 down-regulated a large number of mitochondrial
ribosomal proteins (Mrpl) in GF mice. Mitochondrial ribosomal proteins are responsible
for oxidative phosphorylation to produce energy for cell growth, differentiation and
development (Sylvester et al., 2004). The down-regulated Mrpl by BDE-99 treatment
may lower ATP production and disturb normal cellular functions, which may ultimately
lead to cell death. The same finding was also observed in BDE-99 treated CV mice,

indicating BDE-99 mediated reduction of Mrpl are independent of gut microbiome.

Hepatic transcriptome of IncRNAs that were differentially regulated by PBDEs

As shown in Fig. 4A, among the 125,692 annotated IncRNAs, 119,820 IncRNAs were
not detected at significant levels in liver of any groups (threshold: average FPKM < 1 in
all treatment groups). Among the detected IncRNAs (average FPKM >1 in at least one
of the groups), 4,546 IncRNAs were stably expressed across all treatment groups,
whereas a total of 1,326 IncRNAs were differentially expressed by PBDEs in livers of
CV and GF mice (criteria: p < 0.05 in at least one of the 4 comparisons between corn oil
(CO) and PBDE-exposed groups of the same enterotype, namely 1) corn oil exposed
CV mice (CV_CO) vs. CV_BDE-47, 2) CV_CO vs. CV_BDE-99, 3) corn oil exposed GF

mice (GF_CO) vs. GF_BDE-47, and 4) GF_CO vs. GF_BDE-99).

A Venn diagram of these 1,326 IncRNAs revealed a clear separation by PBDE

exposure and enterotypes (Fig. 4B). Regarding the effects of PBDEs, between CV
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BDE-47 (pink color) and CV BDE-99 (green color), there were 143 IncRNAs commonly
regulated by both PBDEs, whereas 202 IncRNAs were uniquely regulated by CV BDE-
47, and 172 IncRNAs were uniquely regulated by CV BDE-99. Similarly, between GF
BDE-47 (purple color) and GF BDE-99 (orange color), there were 42 IncRNAs
commonly regulated by both PBDEs, whereas 38 IncRNAs were uniquely regulated by
GF BDE-47, and 926 IncRNAs were uniquely regulated by BDE-99 in livers of GF mice.
Regarding the necessity of gut microbiome in modulating PBDE-mediated IncRNAs
expression, between CV BDE-47 and GF BDE-47, there were 38 IncRNAs commonly
regulated by BDE-47 in both CV and GF mice, whereas 307 IncRNAs were uniquely
regulated by BDE-47 in CV mice, and only 42 IncRNAs were uniquely regulated by
BDE-47 in GF mice. Between CV BDE-99 and GF BDE-99, there were 103 IncRNAs
commonly regulated by BDE-99 in both CV and GF mice. To note, there were many
more InNcRNAs that were uniquely regulated by BDE-99 in GF mice (865 IncRNAs in
total) compared to that in CV mice (212 IncRNAs in total). In summary, both PBDEs
and the presence of a gut microbiome regulated the hepatic transcriptome of IncRNAs
in mice, and the lack of gut microbiome appeared to sensitize mouse liver to BDE-99-
mediated transcriptional regulation of IncRNAs. This trend (Fig. 4B) shared a high

similarity as compared to the regulation of PCGs (Fig. 2B).

Among the 4 comparison groups (CV_CO vs. CV_BDE-47, CV_CO vs. CV_BDE-99,
GF_CO vs. GF_BDE-47, and GF_CO vs. GF_BDE-99), there were 12 IncRNAs that
were commonly regulated by both BDE-47 and BDE-99 in livers of both CV and GF

mice. Further analysis of these 12 INRNAs revealed 2 distinct patterns (Fig. 5): pattern
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1 included 7 IncRNAs that were consistently up-regulated or consistently down-
regulated by both PBDEs in CV and GF mice, including NONMMUG002974.2,
NONMMUGO004627.2, NONMMUGO014825.2, NONMMUGO017205.2,
NONMMUGO021324.2, NONMMUG029461.1, and NONMMUGO013481.2 (Fig. 5A).
Pattern 2 included 5 IncRNAs that were consistently down-regulated by BDE-47 in livers
of both CV and GF mice, but were regulated by BDE-99 in a completely opposite
manner (Fig. 5B), in that the lack of a gut microbiome abolished BDE-99-mediated
down-regulation of these 5 IncRNAs in CV mice, resulting in a marked up-regulation of

these IncRNAs in livers of GF mice.

Genomic annotation of IncRNAs that were differentially regulated by PBDEs

To test our hypothesis that the differentially regulated IncRNAs by PBDEs and gut
microbiome are produced from distinct genomic regions proximal to key regulatory DNA
elements for the expression of PCGs, we used PAVIS to annotate the genomic
locations of differentially regulated IncRNAs relative to their neighboring PCGs (within 5

kb upstream and 1 kb downstream of the neighboring PCGs).

Under control conditions, lack of a gut microbiome altered the basal expression of 211
IncRNAs in liver, among which 90 IncRNAs were located within the genomic distance of
neighboring PCGs. As shown in Supplemental Fig. 9, the majority of these IncRNAs
were mapped to the intron region (35%) of neighboring PCGs, followed by 3'-

untranslated region (UTR) (27%), intergenic region (18%), upstream of transcriptional
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start site (TSS) (7%), downstream of transcriptional termination site (TTS) (6%), exonic

region (6%), and 5’-UTR region (1%).

Regarding the BDE-47 effect, in livers of CV mice, BDE-47 regulated 345 IncRNAs,
among which 255 IncRNAs were located within the genomic distance to their
neighboring PCGs. As shown in Fig. 6A, the majority of these INcRNAs were mapped
to the intron region (44%) of neighboring PCGs, followed by intergenic region (26%), 3’-
UTR (16%), downstream of TTS (5%), upstream of TSS (4%), exonic region (4%), and
5-UTR region (1%). In livers of GF mice, BDE-47 differentially regulated 80 IncRNAs
compared to the control GF group, among which 68 IncRNAs were located within the
genomic distance of neighboring PCGs. As shown in Fig. 6A, similar to data in CV mice,
the majority of them were likewise mapped to the intron region of neighboring PCGs
(47%), followed by 3’-UTR region (24%), intergenic region (14%), upstream of TSS
(6%), exonic region (6%), and downstream of TTS (3%). Comparing to CV BDE-47
group, there were more differentially regulated IncRNAs mapped to the 3’-UTR (from 16%
CV conditions to 24% GF conditions) in the GF BDE-47 group, but less IncRNAs
mapped to the intergenic region (from 26% CV conditions to 14% GF conditions).
Additionally, 1% of differentially regulated IncRNAs by BDE-47 exposure were mapped
to the 5-UTR region in CV conditions, but there were no differentially regulated

IncRNAs by BDE-47 mapped to this region in GF conditions.

Regarding the BDE-99 effect, in liver of CV mice, BDE-99 differentially regulated 315

IncRNAs, among which 214 IncRNAs were located within the genomic distance to their

178



neighboring PCGs. As shown in Fig. 6B, the majority of these INcRNAs were mapped
to the intron region (35%) of neighboring PCGs, followed by intergenic region (32%), 3’-
UTR (14%), upstream of TSS (7%), exonic region (6%), downstream of TTS (4%), and
5-UTR region (2%). In livers of GF mice, BDE-99 differentially regulated 968 IncRNAs
compared to the control GF group, among which 794 IncRNAs were located within the
genomic distance of neighboring PCGs. As shown in Fig. 6B, similar to CV conditions,
the majority of them were likewise mapped to the intron region of neighboring PCGs
(35%), followed by 3’-UTR region (27%), intergenic region (18%), upstream of TSS
(7%), exonic region (6%), downstream of TTS (6%), and 5-UTR region (1%).
Comparing to BDE-99-treated CV mice, there were more IncRNAs mapped to the 3'-
UTR region (from 14% CV conditions to 27% GF conditions), but less IncRNAs mapped
to the intergenic region (from 32% CV conditions to 18% GF conditions) in BDE-99-
treated GF mice. LncRNAs have been reported to function as miRNA decoys in
regulating the expression of PCGs via competing with miRNAs for the 3’-UTR binding
sites (Wang et al., 2013a; Yoon et al., 2014). The increased IncRNAs mapped to 3'-
UTR regions in the GF conditions suggested that they may contribute to increased

translation efficiency of the neighboring PCGs by preventing miRNA functions.

IncRNA-PCG pairs that were differentially regulated by PBDEs

To predict the potential functions of the differentially regulated IncRNAs by PBDEs, we
paired the differentially regulated IncRNAs with their neighboring PCGs as defined by
two criteria: 1) the INcRNA overlaps within 5 kb upstream of TTS and 1 kb downstream

of TTS of its closest PCG; 2) both IncRNA and its neighboring PCG are significantly
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differentially regulated by PBDEs (p <0.05). As shown in Table 3, in livers of CV mice,
there were 132 IncRNA-PCG pairs differentially regulated by BDE-47 and 130 pairs
differentially regulated by BDE-99; whereas in livers of GF mice, there were 19 IncRNA-
PCG pairs differentially regulated by BDE-47, and 544 pairs differentially regulated by
BDE-99. The gene symbols of the identified IncRNA-PCG pairs from each comparison
are present in Supplemental Table 3. Pathway analysis was performed using the paired
neighboring PCGs to predict the signaling pathways potentially regulated by the

neighboring co-regulated INcCRNAs.

As shown in Fig. 7, in livers of CV mice exposed to BDE-47, the major pathways for the
differentially regulated PCGs that were paired with IncRNAs include nucleic acid
metabolic process, cellular metabolic process, retinol metabolism, and circadian rhythm.
Examples of the INcRNA-PCG pairs involved in retinol metabolism and circadian rhythm
are shown in Fig. 8 and Fig. 9, which describe not only their genomic structures but also
the expression of the PCG and the paired IncRNA. For example, the IncRNA
NONMMUGO030290.1 is located at chromosome 4 and its size is 2508 base pairs (bp).
NONMMUGO030290.1 is transcribed from the intron region of its neighboring PCG
Cyp4a12a (a fatty acid oxidation enzyme) and ends up at its 3’-UTR region (Fig. 8A).
Both NONMMUGO030290.1 and Cyp4a12a were up-regulated by BDE-47 in livers of CV
mice (Fig. 8B). NONMMUGO020961.1 is another intronic INcCRNA, which is located at
chromosome 19 and its size is 74,299 bp. NONMMUGO020961.1 and its neighboring
PCG Aldh1a1 were both up-regulated by BDE-47 in livers of CV mice (Fig. 8A and 8B).

The IncRNA NONMMUG032898.1 is located at chromosome 5 with 8.4 kb in length. It
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is an intronic INRNA and is transcribed from the intron region of its neighboring PCG
Ugt2b1 (a phase Il drug metabolizing enzyme involved in glucuronidation) (Fig. 8A).
NONMMUGO032898.1 and Ugt2b1 were both up-regulated by BDE-47 in livers of CV
mice (Fig. 8B). Cyp4ai2a, Aldh1a1 and Ugt2b1 are known involved in the oxidative
metabolism and glucuronidation of retinoid substrates (Radominska et al., 1997;
Molotkov and Duester, 2003). Other co-upregulated INcRNA-PCG pairs include: the
IncRNA NONMMUGO034010.1, which is transcribed from the intron region of Por and
also overlaps with several exon regions of Por; the IncRNA NONMMUGO007536.2, which
is antisense to Nr1d1 (also known as Rev-Erba) that is involved in circadian rhythm
(Bugge et al., 2012); and NONMMUGO005353.2 and NONMMUG005354.2, which are
transcribed from the upstream and the first intron of epidermal growth factor
receptor (Egfr). Egfr signaling regulates growth, differentiation, proliferation and
migration in multiple organ systems, as well as macrophage function against bacterial

infection (Fraguas et al., 2011; Hardbower et al., 2016) (Fig. 9).

In livers of CV mice, the top pathways for the INRNA-PCG pairs that were differentially
regulated by BDE-99 include metabolic pathway and cellular biosynthetic process (Fig.
10). Examples of the IncRNA-PCG pairs that were differentially regulated by CV BDE-
99 are shown in Fig. 11, Fig. 12, and Supplemental Fig. 10. For example, the IncRNA
NONMMUGO030301.1, which is transcribed from the upstream of Cyp4a10,
NONMMUGO030286.2, which is transcribed from the downstream of Cyp4a14, and
NONMMUGO018018.1, which is transcribed from the intron region of Cyp4f1, were

consistently down-regulated by BDE-99 in livers of CV mice (Fig. 11A and Fig. 11B).
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Their neighboring PCGs Cyp4a10, Cyp4a14, and Cyp4f17 were also down-regulated by
BDE-99 in livers of CV mice (Fig. 11B). Cyp4 family are well known target genes of lipid
sensor PPARa and are involved in hydroxylation of fatty acids in liver (Bumpus and
Johnson, 2011). The IncRNA NONMMUGO041315.2, which is transcribed from
chromosome 8 with 7160 bp in length, is located in the upstream region of its
neighboring PCG Mt2 that protects cell from oxidative stress (Ruttkay-Nedecky et al.,
2013) (Fig. 11A). Both NONMMUGO041315.2 and Mt2 were up-regulated by BDE-99 in
livers of CV mice (Fig. 11B). As shown in Fig. 12, NONMMUGO032904.1, which is
transcribed from the first intron of Ugt2b37, was up-regulated by BDE-99 in livers of CV
mice. Conversely, NONMMUGO007594.1, which is located at chromosome 11 and
antisense to ATP citrate lyase (Acly). Both of NONMMUGO007594.1 and Acly were
down-regulated by BDE-99 in CV mice. Acly is important for the pyruvate citrate shuttle
and lipid synthesis. Hepatic Acly may also serve as a potential target to treat NAFLD
and type 2 diabetes (Wang et al., 2009). NONMMUG025007.2, which is transcribed
from the 3’-UTR region of Forkhead box A2 (Foxa2) in the opposite direction, was
down-regulated by BDE-99 in livers of CV mice (Fig. 12A and 12B). Foxa2 (also known
as HNF3B) is a critical transcription factor in regulating the earliest stages of liver
development and function (Wederell et al., 2008). Other co-regulated IncRNA-PCG
pairs are shown in Supplemental Fig. 10, including NONMMUGO052556.1, which is
located at chromosome 11 and overlaps with the PCG histone deacetylase 5 (Hdac)5),
an epigenetic mark for transcription repression that regulates cell differentiation and
liver gluconeogenesis (Fogg et al.,, 2014); and NONMMUGO034010.1, which is

transcribed from the intron region of P450 oxidoreductase Por (Supplemental Fig 10A).
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Both NONMMUG052556.1 and Hdac5 were down-regulated by BDE-99 in livers of CV
mice, whereas NONMMUGO034010.1 and Por were up-regulated by BDE-99 in livers of

CV mice (Supplemental Fig 10B).

In livers of GF mice, there were only 19 INRNA-PCG pairs differentially regulated by
BDE-47 and do not readily form gene networks. Examples of them are shown in Fig. 13,
as well as Supplemental Fig. 11 and 12. For example, NONMMUG021324.2, which is
located at chromosome 4, is completely overlapped with the pseudogene Cyp2c53-ps
(Fig. 13A). Both NONMMUG021324.2 and Cyp2c53-ps were up-regulated by BDE-47
in livers of GF mice (Fig. 13B). NONMMUGO004004.2, which is located at chromosome
10 and is antisense to Gstt3. NONMMUGO004004.2 and Gstt3 were also up-regulated
by BDE-47 in livers of GF mice. Another two IncRNAs, namely NONMMUG029461.1
and NONMMUG029462.1, which are both located at chromosome 4, are transcribed
from intronic and 3’-UTR region of Mup20. The expression of these two INRNAs and
Mup20 was up-regulated by BDE-47 in livers of GF mice. Supplemental Fig 11 and 12
showed more INcCRNA-PCG pairs that were differentially regulated by BDE-47 in livers of
GF mice, including NONMMUG041080.2, which is transcribed from the intronic region
of 170067K01Rik; NONMMUGO031557.2, which is transcribed downstream from
Fam213b which is related to fat metabolism (Wang et al., 2017); NONMMUG065104.1,
which is transcribed from the intronic region of tetratricopeptide repeat-containing
protein (Ttc39c) which is involved in protein complex formation (Xu et al., 2015b);
NONMMUGO029453.1, which is transcribed from the downstream region of Gm2083;

NONMMUGO013481.2, which is transcribed from the intronic region of Tsc22d1 which is
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related to cholesterol metabolism (Jager et al., 2014); as well as NONMMUG020688.1,
which is transcribed from the intronic region of transmembrane 7 superfamily member 2
(Tm7sf2, also known as delta(14)-sterol reductase) which is responsible for sterol
biosynthesis (Bellezza et al., 2013). All these IncRNAs were co-regulated along with

their neighboring PCGs by BDE-47 in livers of GF mice.

In livers of GF mice, the INcRNA-PCG pairs that were differentially requlated by BDE-99
were highly associated with the PPAR signaling pathway, metabolic pathways that
contain a number of PCGs (e.g., 7 Cyps, Aldh2, Ugt2b 36, Gclc), RIG-I-like receptor
signaling pathway, hepatitis C and pancreatic cancer (Figure 14; Supplemental Fig. 13).
The top two pathways, namely PPAR signaling pathway and metabolic signaling, are
visualized in Figure 14. Examples of INcCRNA-PCG pairs involved in these two pathways
are shown in Figure 15, 16 and Supplemental 14 to 16. For example, the IncRNA
NONMMUGO001037.1, which is located at chromosome 1 with 1256 bp in length, is
transcribed from the exon and intron region of Cyp27a1 (Fig. 15A). Cyp27a1 is the
rate-limiting enzyme for the alternative pathway for bile acid synthesis (Li and Chiang,
2009). Both NONMMUGO001037.1 and Cyp27a1 were down-regulated by BDE-99 in
livers of GF mice (Fig. 15B). NONMMUGO078162.1, which is located at chromosome 7,
is transcribed from the intron region of Slc27a5 (fatty acid transporters) and into its 5'-
UTR region (Steinberg et al., 2000). Although NONMMUGO078162.1 and Sic27a5 are
transcribed at the opposite direction, both of them are down-regulated by BDE-99 in
livers of GF mice. Similarly, NONMMUGO030301.1 and its neighboring PCG Cyp4a10,

and NONMMUGO030286.2 and its neighboring PCG Cyp4a14 were consistently down-
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regulated by BDE-99 in GF mice (Fig. 15). NONMMUGO034289.1, which is located at
chromosome 5, is transcribed from the intronic region of Cyp3a11 at the opposite
direction (Fig. 16). Both NONMMUGO034289.1 and Cyp3a11 were markedly up-
regulated by BDE-99 in GF mice. Consistently, NONMMUG034299.1, which is located
at chromosome 5 and transcribed from the intronic region of Cyp3a25, was also up-
regulated by BDE-99 in GF mice, as was its neighboring PCG Cyp3a25. Conversely,
NONMMUGO018026.1 and NONMMUGO018025.1, which are both transcribed from the
intronic region of Cyp4f genes, were down-regulated by BDE-99 in GF mice. More
INcRNA-PCG pairs that were differentially regulated by BDE-99 in GF conditions are
shown in Supplemental Fig. 14, 15 and 16. Most notably, NONMMUG032900.1, which
is transcribed from the intronic region of phase Il drug metabolizing enzyme Ugt2b36,
was markedly up-regulated by BDE-99 in livers of GF mice. NONMMUGO043407.1 is
transcribed from the intronic region of glutamate-cysteine ligase (Gclc), which is the
rate-limiting enzyme of glutathione synthesis against oxidative stress (Lu, 2009). Both
NONMMUGO043407.1 and Gclc were up-regulated by BDE-99 in livers of GF mice

(Supplemental Figure 16).

Discussion

Taken together, the present study has systematically characterized the effect of the
interactions between orally exposed PBDEs and the mouse gut microbiome on mouse
liver transcriptome including both protein-coding genes and long noncoding RNAs. This
study demonstrated for the first time that the presence of gut microbiota is necessary in

remotely modulating the PBDE-mediated differential expression of PCGs and IncRNAs
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in liver; whereas lack of a functional gut microbiota sensitized the liver to greater
transcriptomic response to the BDE-99 congener but not to the BDE-47 congener.
Regarding the signaling pathways, not only xenobiotic metabolism, but also
intermediary metabolism (such as PPARa-mediated lipid metabolism, as well as bile
acid synthesis), were also impacted by the interactions between PBDEs and gut
microbiota. Unique IncRNA-PCG pairs were identified that were co-differentially
regulated by PBDEs and the absence of a gut microbiome. These co-regulated
IncRNAs may act in concert with transcription factors to promote the formation of the
PCG transcripts in the same genomic neighborhood to increase the transcription
efficiency.  Furthermore, these results suggest that increased percentages of
differentially regulated IncRNAs mapping to the 3’-UTR region in livers of PBDE-
exposed GF mice may increase the translation efficiency of PCGs by antagonizing
miRNA functions, in response to increased xenobiotic insult as a result of lacking
microbial transformation pathways (such as reduction and hydrolysis) in the intestine of

GF mice.

Regarding the regulation of PCGs, after oral exposure, BDE-47 and BDE-99 produce
overlapping and unique effects in regulating hepatic gene expression in mice. It has
been shown that BDE-47 and BDE-99 are activators of xenobiotic sensors CAR and
PXR in rodent livers and human hepatocytes, leading to induced expression of
cytochrome P450s (Pacyniak et al., 2007; Sueyoshi et al., 2014). Data from the present
study are consistent with previous findings regarding the up-regulation of Cyp2b10,

which is the prototypical target gene of CAR, by both PBDEs in livers of CV and GF
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mice. Moreover, BDE-47 and BDE-99 also up-regulate many genes that are known
CAR and PXR targets in mice, such as Cyp2b13, Cyp2c55, Alas1, Akr1b7, and Gstm3
(Table 1 and Figure 3) (Podvinec et al., 2004; Liu et al., 2009; Li et al., 2016a). Among
them, Alas1 encodes 5-aminolevulinate synthase, which is the rate-limiting enzyme in
heme biosynthesis (Fraser et al., 2003; Podvinec et al., 2004). Up-regulation of Alas1
by PBDEs may increase the rate of heme biosynthesis. Akr1b7 is important for the
detoxification of lipid peroxides (Liu et al., 2009). Interestingly, both Alas1 and Akr1b7
have also been shown to be target genes of bile acid-activated nuclear receptor
farnesoid X receptor (FXR), which regulates lipid and glucose homeostasis (Peyer et al.,
2007; Ge et al., 2011). Besides xenobiotic metabolism, the activation of CAR and PXR
have been linked to diverse physiological pathways, including lipid metabolism, glucose
homeostasis, inflammation, and hepatogenesis (Moreau et al., 2008; Yan et al., 2015).
All of these pathways ranked at the top of PBDE-mediated effects in the present study
(Supplemental Fig. 5). PBDEs may also impact bile acid synthesis and fatty acid
oxidation, because in CV mice, PBDEs up-regulate Cyp7a1 and Cyp7b1 involved in bile
acid synthesis, but down-regulate Cyp4a family members involved in lipid metabolism
(Supplemental Fig 1 and 2). Another interesting finding is that the absence of gut
microbiota potentiated BDE-47 mediated up-regulation of many Gsts, which protect
cells from oxidative stress, whereas potentiated BDE-99 mediated down-regulation of a
large number of mitochondrial ribosomal proteins that are essential for energy
production; these data suggest that livers of GF mice are more vulnerable to oxidative

stress and mitochondrial damage following additional insult, likely because gut
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microbiota are responsible for the majority of reduction reactions of the whole organism

(Swanson, 2015; Wilson and Nicholson, 2017).

Regarding the regulation of INcCRNAs, IncRNAs have been increasingly recognized as
key regulators of human diseases, and may serve as novel biomarkers of environmental
exposure (Karlsson and Baccarelli, 2016). However, prior to this study, there was no
information regarding the regulation of hepatic IncRNAs by PBDEs and the gut
microbiome, both of which are known to modulate xenobiotic biotransformation in the
liver (Pacyniak et al., 2007; Sueyoshi et al., 2014; Selwyn et al., 2015a; Selwyn et al.,
2015b). The present study has filled this critical knowledge gap and demonstrated that
both PBDEs and the lack of a gut microbiome profoundly altered IncRNAs in mouse
livers, suggesting that the differentially regulated IncRNAs may also play important roles

in PBDE-mediated toxicity.

Importantly, the present study has unveiled the potential interactions between INcCRNAs
and PCGs by identifying INcRNA-PCG pairs that were uniquely regulated by different
PBDE congeners and by the absence of gut microbiome. The IncRNAs that were
paired with PCGs in the same genomic region may have a greater opportunity to
interact with transcription factors that regulate transcription, alternative splicing, and
inhibition of miIRNA binding to the 3’-UTR of these PCGs, simply because of the
‘geographical advantage”. It has been demonstrated that when IncRNAs reside on the
opposite strand of a protein-coding gene, they can regulate the transcription of the

protein-coding genes (Wright and Bruford, 2011; Engreitz et al., 2016). The molecular
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mechanisms for INcCRNAs to regulate gene expression are mainly dependent on their
ability to tether with proteins like transcription factors or chromatin modifiers, to either
activate or repress their activity in transcription (Peng et al., 2014). For example, in CV
mice, NONMMUGO034010.1, which overlaps with Por, is up-regulated by both BDE-47
and BDE-99 in the same pattern as Por (Fig. 9 and Supplemental Fig. 10).
NONMMUGO030301.1, which is transcribed from the upstream of Cyp4a10 in the same
direction, is down-regulated by BDE-99 as Cyp4a10. Whereas NONMMUGO030286.2,
which is antisense and overlaps with Cyp4a14, was also down-regulated by BDE-99 as
was Cyp4ai4 (Fig. 11). The down-regulation of Cyp4a10 and Cyp4a14 along with their
paired INcRNAs were also observed in BDE-99 treated GF mice (Fig. 15). In addition,
NONMMUGO034289.1, which is antisense and overlapping with Cyp3a11, is markedly
up-regulated by BDE-99 as Cyp3a11 in GF mice (Fig. 16). Further studies, such as
RNA-immunoprecipitation assays, are required to elucidate the functions of differentially
regulated IncRNAs by PBDEs and their impact on related signaling pathways such as

metabolic processes.

Although PBDEs as an entire class of persistent environmental chemicals are generally
thought to display many similar features such as receptor interaction and toxicities, our
study showed that the regulation of PCGs and IncRNAs is PBDE congener-specific, and
such regulation is further modified by the absence of a gut microbiome. GF mice are
more responsive to BDE-99-, but not BDE-47-, induced changes in gene expression, as
indicated by the approximately 3 to 4-fold greater number of responsive IncRNAs and

PCGs in GF mice than in CV mice, and by the larger magnitude of gene responses in

189



GF mice after BDE-99 exposure (Fig. 2 and 4). In contrast, for BDE-47, there are many
more IncRNAs and PCGs differentially regulated in CV mice than in GF mice, indicating
the BDE-47 mediated effects on hepatic gene expression are more gut microbiome-
dependent. Pathway analysis of the neighboring PCGs indicated that BDE-47 in CV
mice mainly affect genes involved in nucleic acid metabolic process, cellular metabolic
processes, retinol metabolism, and circadian rhythm; whereas BDE-99 in CV mice
produced more effect on metabolic pathway and cellular biosynthetic process. Livers of
GF mice were more resistant to BDE-47-mediated effects with less than 100 IncRNAs
differentially expressed. Conversely, there were 968 IncRNAs differentially regulated by
BDE-99 in GF mice, among which 544 IncRNAs are located closely with nearby PCGs.
Pathway analysis indicated that in livers of GF mice, BDE-99 affects diverse biological
processes, from which PPARa-signaling and metabolic processes are the top two most

affected pathways.

However, the mechanisms of gut microbiome-mediated regulation of PBDE metabolism
and the subsequent regulation of hepatic gene expression is not completely understood.
Studies have found that the enterohepatic circulation of PBDEs is affected by variation
in gut microbial populations, leading to increased residence time in the body and toxicity
(Stapleton et al., 2009). Higher levels of hydroxylated BDE-99 metabolites have been
detected in liver relative to hydroxylated metabolites of BDE-47 (Li et al., 2017).
Therefore, in addition to hepatic transcriptional factors, gut microbiota and gut-derived
PBDE metabolites may function together to further modify the expression of the hepatic

transcriptome. Because the sequencing libraries in the present study were constructed
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from poly-A tail selected RNAs, the detected IncRNAs are mainly polyadenylated, which
may miss 40% of IncRNA transcripts that are nonpolyadenylated (Cheng et al., 2005).
Future studies using whole transcriptome sequencing, which only removes ribosomal

RNA, will capture all forms of IncRNAs.

In conclusion, the present study identified the distinct role of the gut microbiome in
modulating PBDE-mediated gene expression in liver at a transcriptome scale, and for
the first time demonstrated that a large number of IncRNAs are dysregulated by PBDEs.
Many of the IncRNAs are novel and co-regulated with neighboring PCGs. Studies of
the regulation and interaction of differentially regulated IncRNAs and PCGs will provide
more clues to the mechanisms of PBDEs-mediated effects in diverse biological
processes. Moreover, the present study has laid the foundation for future investigations
regarding the mechanisms of PBDE-mediated toxicity and molecular biomarkers for
PBDE exposure. Further studies will be required to validate the direct binding of
IncRNAs to the targeted PCGs that share a similar or opposite expression pattern, and
determine the translation efficiency of the targeted PCGs using proteomics to unveil the

functional impact of IncRNAs on PCG protein expression.
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Figure 1
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Figure 1. Experimental design and workflow for RNA-Seq data analysis. Briefly, 9-week-
old male C57BL/6J conventional (CV) and germ-free (GF) mice in C57BL/6 background were
exposed to vehicle (corn oil, 10 ml/kg), BDE-47 (100 pmol/kg) or BDE-99 (100 pymol/kg) via oral
gavage once daily for 4 consecutive days. Livers were collected 24 hours after the final dose
(n=3~5 per group). Total RNAs were extracted from liver and sent for 50 bp paired-end RNA-
Sequencing. RNA-Seq data were quality-checked with FastQC and further analyzed by HISAT,
SAMtools, and Cufflinks as described in Materials and Methods. The transcript abundance of
protein-coding genes (PCGs) and long non-coding RNAs (IncRNAs) was estimated using the
mouse UCSC mm10 PCG and NONCODE 2016 as reference databases, respectively. The
differentially expressed PCGs and IncRNAs were analyzed by Cuffdiff between chemical-treated
groups and vehicle-treated groups of the same enterotypes of mice (p <0.05). The genomic
annotation of differentially regulated INcRNAs in at least one comparison and their closest PCGs
were annotated using PAVIS. A IncRNA is considered paired with the neighboring PCG if: 1)
IncRNA was transcribed within 5 kb upstream and 1 kb downstream of the neighboring PCG,
and 2) both IncRNA and the neighboring PCG were differentially expressed by PBDEs in livers
of CV and GF mice (p < 0.05).
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Figure 2
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Figure 2. Regulation of protein-coding genes (PCGs) in livers of CV and GF mice exposed
to corn oil, BDE-47 (100 pmol/kg), or BDE-99 (100 umol/kg). (A) A pie chart showing PCGs
that were not expressed in any treatment groups (blue), stably expressed in all groups (grey),
and differentially expressed by PBDE exposure in at least one of the four comparisons (orange).
These four comparisons are: CV_CO (corn oil) vs CV_BDE-47; CV_CO vs CV_BDE-99;
GF_CO vs GF_BDE-47; and GF_CO vs GF_BDE-99, FDR adjusted p-value <0.05). (B) A Venn
diagram showing the differentially expressed PCGs that were commonly or uniquely regulated
by PBDEs among the four comparisons as described in Fig. 2A. Venn diagram was generated
using JMP Genomics.
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Figure 3. PCGs that were differentially regulated by both PBDEs in livers of CV and GF
mice. (A) PCGs that were commonly up-regulated by BDE-47 and BDE-99 in livers of both CV
and GF mice. (B) PCGs that were commonly down-regulated by BDE-47 and BDE-99 in livers
of both CV and GF mice. (C) PCGs that were consistently down-regulated by BDE-47 in livers
of CV and GF mice, but were oppositely regulated in CV (down-regulation) and GF (up-
regulation) mice by BDE-99. (D) PCGs that were oppositely regulated in CV (up-regulation) and
GF (down-regulation) mice by both BDE-47 and BDE-99. Asterisks (*) indicate statistically
significant differences as compared to vehicle-treated groups of the same enterotypes of mice
(p <0.05).
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Figure 4
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Figure 4. Regulation of long noncoding RNAs (IncRNAs) in livers of CV and GF mice
treated with corn oil, BDE-47 (100 pmol/kg), or BDE-99 (100 pmol/kg). (A) A pie chart
showing INcRNAs that were not expressed in any groups (blue), stably expressed in all groups
(grey), and differentially expressed by PBDE treatment in at least one of the four comparisons
(orange). These four comparisons are: CV_CO (corn oil) vs CV_BDE-47; CV_CO vs CV_BDE-
99; GF_CO vs GF_BDE-47; and GF_CO vs GF_BDE-99, FDR adjusted p-value <0.05). (B) A
Venn diagram showing the differentially expressed IncRNAs that were commonly or uniquely
regulated by PBDEs among the four comparisons as described in Fig. 4A. Venn diagram was
generated using JMP Genomics.
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Figure 5
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Figure 5. IncRNAs that were differentially regulated by both PBDEs in livers of CV and GF
mice. (A) IncRNAs that were commonly up-regulated or down-regulated by BDE-47 and BDE-
99 in livers of both CV and GF mice. (B) IncRNAs that were consistently down-regulated by
BDE-47 in livers of CV and GF mice, but were oppositely regulated in CV (down-regulation) and
GF (up-regulation) mice by BDE-99. Asterisks (*) indicate statistically significant differences as
compared to vehicle-treated groups of the same enterotypes of mice (p < 0.05).
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Figure 6
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Figure 6. Genomic annotation of differentially regulated IncRNAs relative to the
closest PCGs, including up to 5 kb upstream of transcription start site (TSS),
intronic, exonic, 5’-untranslated region (UTR), 3’-UTR, and up to 1 kb downstream
of transcriptional termination site (TTS). (A) IncRNAs that were differentially
regulated by BDE-47 in livers of CV (left) and GF (right) mice, compared to the vehicle-
treated control group of the same enterotypes of mice. (B) IncRNAs that were
differentially regulated by BDE-99 in livers of CV (left) and GF (right) mice, compared to
the vehicle-treated control group of the same enterotypes of mice.

197



Figure 7 CV_BDE47
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Figure 7. Pathway analysis of IncRNA-PCG pairs that were differentially regulated
by BDE-47 in livers of CV mice compared to corn oil-treated CV group. The
INcRNA-PCG pairs between CV_CO and CV_BDE-47 were subjected to STRING
analysis using the default settings. The top network is shown.
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Figure 8 CV_BDE47
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Figure 8. Genomic location (A) and gene expression (B) of IncRNA-PCG pairs that
were differentially regulated by BDE-47 in livers of CV mice compared to corn oil-
treated CV mice. Drug-metabolizing enzymes Cyp4al2a and aldehyde
dehydrogenase (Aldh) 1a1 (phase |), as well as UDP-glucuronosyltransferase (Ugt) 2b1
(phase Il) are shown. Expression of IncRNAs and paired PCGs were plotted using
mean FPKM + S.E. Asterisks (*) indicate statistically significant differences as
compared to vehicle-treated groups of the same enterotypes of mice (p < 0.05).
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Figure 9 CV_BDE47
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Figure 9. Genomic location (A) and gene expression (B) of IncRNA-PCG pairs that
were differentially regulated by BDE-47 in livers of CV mice compared to corn oil-
treated CV mice. The P450-reductase (Por), nuclear receptor Nr1d1 (also known as
Rev-Erba), and epidermal growth factor receptor (Egfr) are shown. Expression of
IncRNAs and paired PCGs were plotted using mean FPKM * S.E. Asterisks (*) indicate
statistically significant differences as compared to vehicle-treated groups of the same
enterotypes of mice (p < 0.05).

200



Figure 10 CV_BDE99
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Figure 10. Pathway analysis of IncRNA-PCG pairs that were differentially
regulated by BDE-99 in livers of CV mice compared to corn oil-treated CV group.
The IncRNA-PCG pairs between CV_CO and CV_BDE-99 were subjected to STRING
analysis using the default settings. The top network is shown.
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Figure 11 CV_BDE99
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Figure 11. Genomic location (A) and gene expression (B) of IncRNA-PCG pairs
that were differentially regulated by BDE-99 in livers of CV mice compared to corn
oil-treated CV mice. The drug-metabolizing enzymes Cyp4a10, Cyp4a14, Cyp4f17, as
well as the cysteine-rich metal-binding protein metallothionein 2 (Mt2) are shown.
Expression of IncRNAs and paired PCGs were plotted using mean FPKM + S.E.
Asterisks (*) indicate statistically significant differences as compared to vehicle-treated
groups of the same enterotypes of mice (p < 0.05).

202



Figure 12 CV_BDE99
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Figure 12. Genomic location (A) and gene expression (B) of INcRNA-PCG pairs that
were differentially regulated by BDE-99 in livers of CV mice compared to corn oil-treated
CV mice. The drug-metabolizing enzyme Ugt2b37, fatty acid synthesizing enzyme ATP
citrate lyase (Acly), and the transcription factor forkhead box A2 (foxA2; also known as
HNF3p) are shown. Expression of IncRNAs and paired PCGs were plotted using mean
FPKM = S.E. Asterisks (*) indicate statistically significant differences as compared to
vehicle-treated groups of the same enterotypes of mice (p < 0.05).
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Figure 13 GF_BDE47
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Figure 13. Genomic location (A) and gene expression (B) of IncRNA-PCG pairs
that were differentially regulated by BDE-47 in livers of GF mice compared to corn
oil-treated GF mice. Cyp2c53-ps (pseudogene in the P450 family), drug metabolizing
enzyme glutathione S-transferase (Gst) t3, and major urinary protein (Mup) 20 are
shown. Expression of IncRNAs and paired PCGs were plotted using mean FPKM + S.E.
Asterisks (*) indicate statistically significant differences as compared to vehicle-treated
groups of the same enterotypes of mice (p < 0.05).
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Figure 14
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Figure 14. IncRNA-PCG pairs that were differentially regulated by BDE-99 in GF
condition were enriched in PPARa-signaling (A) and metabolic signaling (B)
pathways. The IncRNA-PCG pairs between GF_CO and GF_BDE-99 were subjected
to STRING analysis using the default settings. The top network is shown.
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Figure 15 GF_BDE99
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Figure 15. Genomic location (A) and gene expression (B) of IncRNA-PCG pairs
that were differentially regulated by BDE-99 in livers of GF mice compared to corn
oil-treated GF mice. Cyp27a1 (bile acid synthetic enzyme in alternative pathway),
solute carrier (Slc) 27a5 (also known as bile acid ligase), Cyp4a10, and Cyp4a14 are
shown. Expression of IncRNAs and paired PCGs were plotted using mean FPKM + S.E.
Asterisks (*) indicate statistically significant differences as compared to vehicle-treated
groups of the same enterotypes of mice (p < 0.05).
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Figure 16 GF_BDE99
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Figure 16. Genomic location (A) and gene expression (B) of IncRNA-PCG pairs
that were differentially regulated by BDE-99 in livers of GF mice compared to corn
oil-treated GF mice. The P450s Cyp3a11, Cyp3a25, Cyp4f13, and Cyp4f14 are shown.
Expression of IncRNAs and paired PCGs were plotted using mean FPKM + S.E.
Asterisks (*) indicate statistically significant differences as compared to vehicle-treated
groups of the same enterotypes of mice (p < 0.05).
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Supplemental Figure 1. Top network of PCGs that were differentially regulated by
BDE-47 in livers of CV mice compared to corn oil-treated CV group as analyzed by
Ingenuity Pathway Analysis (IPA, p<0.05).
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Supplemental Figure 2. Top network of PCGs that were differentially regulated by
BDE-99 in livers of CV mice compared to corn oil-treated CV group as analyzed by
Ingenuity Pathway Analysis (IPA, p<0.05).
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Supplemental Figure 3. Top network of PCGs that were differentially regulated by
BDE-47 in livers of GF mice compared to corn oil-treated GF group as analyzed by
Ingenuity Pathway Analysis (IPA, p<0.05).
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Supplemental Figure 4. Top network of PCGs that were differentially regulated by

BDE-99 in livers of GF mice compared to corn oil-treated GF group as analyzed by
Ingenuity Pathway Analysis (IPA, p<0.05).
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Supplemental Figure 5. KEGG pathway of PCGs that were commonly regulated by
both BDE-47 and BDE-99 in livers of CV and GF mice as analyzed by STRING Analysis

(p<0.05).
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00140
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KEGG Pathways
pathway description count in gene set  false discovery rate
Metabolic pathways 12 6.7e-05
Chemical carcinogenesis 11 2.66e-15
Retinol metabolism 9 4.89%e-12
Steroid hormone biosynthesis 8 2.56e-10
Arachidonic acid metabolism 6 9.66e-07

Metabolic pathways
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Supplemental Figure 6. Top network of PCGs that were uniquely regulated by BDE-47
in livers of CV mice compared to corn oil-treated CV group as analyzed by Ingenuity
Pathway Analysis (IPA, p<0.05).
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Supplemental Figure 7. Top networks of PCGs that were uniquely regulated by BDE-
99 in livers of CV mice compared to corn oil-treated CV group as analyzed by Ingenuity
Pathway Analysis (IPA, p<0.05).
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Supplemental Figure 8. Top network of PCGs that were uniquely regulated by BDE-99
in livers of GF mice compared to corn oil-treated GF group as analyzed by Ingenuity
Pathway Analysis (IPA, p<0.05).
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Supplemental Figure 9. Genomic annotations of IncRNAs that were differentially
regulated between control CV and control GF mice (p<0.05) in relative to the closest
PCGs.
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Supplemental Figure 10. Other examples of INcCRNA-PCG pairs that were differentially
regulated by BDE-99 in livers of CV mice compared to corn oil-treated CV group. The
epigenetic enzyme histone deacetylase (Hdac) 5 and P450-reductase (Por) are shown.
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Supplemental Figure 11. Other examples of INcCRNA-PCG pairs that were differentially
regulated by BDE-47 in livers of GF mice (p<0.05) compared to corn oil-treated GF
group. RIKEN-derived gene (1700067K01Rik), Family with sequence similarity 213

member B (Fam213b), and tetratricopeptide repeat domain 39C (Ttc39c) are shown.
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Supplemental Figure 12. Other examples of INcCRNA-PCG pairs that were differentially
regulated by BDE-47 in livers of GF mice (p<0.05) compared to vehicle-treated GF
group. Major urinary protein (Gm2083) and two cholesterol metabolism-related genes,
namely transforming growth factor beta-stimulated clone 22 homolog (Tsc22d1) and
transmembrane 7 superfamily member 2 (Tm7sf2, also known as delta(14)-sterol
reductase) are shown here.
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Supplemental Figure 13. KEGG pathways of INcRNA-PCG pairs that were differentially
regulated by BDE-99 in livers of GF mice compared to corn oil-treated GF group
(p<0.05).
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Supplemental Figure 14. Other examples of INcCRNA-PCG pairs that were differentially
regulated by BDE-99 in livers of GF mice compared to corn oil-treated GF group. Fatty
acid desaturase 2 (Fads2), glycoprotein (Cd36), and apolipoprotein (Apo)a1 are shown
here.
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Supplemental Figure 15. More INcRNA-PCG pairs that were differentially regulated by
BDE-99 in livers of GF mice compared to corn oil-treated GF group (p<0.05). Data were
analyzed using STRING Analysis. Apolipoprotein A2 (ApoaZ2), fatty acid binding protein
(Fabp5), and acetyl-CoA acyltransferase 1(Acaalb) are shown here.
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Supplemental Figure 16. More INcRNA-PCG pairs that were differentially regulated by

BDE-99 in livers of GF mice compared to corn oil-treated GF group (p<0.05).

The

phase Il drug metabolizing enzyme UDP-glucuronosyltransferase (Ugt) 2b36, 3-
hydroxymethylglutaryl-CoA synthase (Hmgcs1), and Glutamate-cysteine ligase catalytic
subunit (Gclc), which is the rate-limiting enzyme of glutathione synthesis against
oxidative stress, are shown here.
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Table 1. Top molecules that were differentially regulated by PBDEs in livers of CV and
GF mice compared to the vehicle-treated control group of the same enterotype of mice.

Treatment Up-regulated Down-regulated
Gene Fold-increase | Gene % decrease
CV_COvs Mt2 37.29 Gadd45g 18%
CV_BDE-47 | Cyp2b10 18.84 T2 18%
Dbp 14.68 Reg3b 17%
Cyp2b13 14.38 Prap1 17%
Cyp2c55 13.45 F830016B08Rik | 14%
Rgs16 11.67 Firre 13%
Saa2 11.17 Neat1 12%
Lcn2 10.65 Spink3 10%
Ciart 10.16 Npas2 6%
Mt1 9.34 Dmbt1 5%
CV_COvs Cel 533.16 Cdkn1a 16%
CV_BDE-99 Saa2 389.22 Loxl4 16%
Ctrb1 334.83 Hcn3 15%
Rnase1 322.47 Chka 14%
Cpb1 320.53 ElovI3 14%
Prss2 284.89 Clic3 13%
Try5 274.07 Serpina4-ps1 11%
Prss3 268.69 Gadd45¢g 8%
Pnlip 266.54 Arntl 6%
Lcn2 253.64 Npas2 1%
GFCO vs Sult2a2 25.39 Serpina9 36%
GF_BDE-47 Sult2a1 24.13 Atrx 36%
Cyp2b10 22.41 Phip 33%
Cyp2c55 15.88 F830016B08Rik | 32%
Cyp2b13 12.71 D930016D06Rik | 31%
Akr1b7 9.66 Igip 31%
A1bg 8.50 Rock1 28%
Fmo3 8.38 Malat1 25%
Cyp3a16 7.87 Bcl6 21%
Pnliprp1 7.66 Snora7a 18%
GFCO vs Cyp2b10 53.56 Tff3 28%
GF_BDE-99 Cyp2c55 52.83 H2-Ab1 27%
Meig1 21.79 Flywch2 26%
Gsta1 19.15 Hbb-bt 25%
Gstm3 18.41 Serpina3c 24%
Sult1e1 15.48 Cyp46a1 23%
Vtcn1 15.42 Rad51b 21%
Pnliprp1 15.39 Serpinal2 18%
Snhg11 12.46 Acot1 17%
Akr1b7 12.08 Sult2a1 0%
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Table 2. Top molecules that were uniquely regulated by BDE-47 in CV condition, by
BDE-99 in CV condition, by BDE-47 in GF condition, and by BDE-99 in GF condition.

Treatment Up-regulated Down-regulated
Gene Fold-increase | Gene % decrease
CV_COvs Gm7694 2.20 Zfp935 62%
CV_BDE-47 Mup12 2.07 Snhg5 63%
Oas1g 2.04 Mapk8ip3 65%
2010003K11Rik | 1.96 Rab260s 66%
Mup8 1.96 Arid4b 69%
Oas1a 1.84 Lypd8 70%
Cib3 1.84 Lgals4 75%
Plscr1 1.81 Rbp2 76%
Ms4a6d 1.75 Prpf39 78%
Cyp4ai12b 1.74 Prap1 83%
CV_COvs Cel 533.16 Fpgs 56%
CV_BDE-99 Ctrb1 334.83 Ndrg1 56%
Rnase1 322.47 Szt2 56%
Cpb1 320.53 Id3 58%
Prss2 284.89 Elovl5 58%
Try5 274.07 Phospho1 59%
Prss3 268.69 Nedd4l 60%
Pnlip 266.55 Mypop 60%
2210010C04Rik | 240.82 Ngfr 62%
Cpa1 227.64 Tubb2b 83%
GFCO vs Sult2a2 25.39 Got1 69%
GF_BDE-47 A1bg 8.50 Sesn2 62%
Ptgds 5.64 Epha2 59%
Gmds 3.41 Dct 57%
Mup4 2.65 Snora7a 18%
Acot3 2.1
Fam213b 2.08
Eif4ebp3 2.04
Cyp39a1 1.96
Mup19 1.88
GFCO vs Sult1e1 15.48 Ccl5 37%
GF_BDE-99 Gm11974 8.62 Camk2b 36%
Mmd2 5.86 Map1ic3a 36%
Gm14403 5.70 Caln1 33%
Hsp90aa1 4.52 Cesda 31%
Zfp445 4.40 Wifdc2 30%
Samd9l 4.37 Gucaila 28%
Aox1 4.24 H2-Eb1 28%
Robo1 4.01 Flywch2 26%
Slc10a2 3.90 Serpina3c 24%
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Table 3. Differentially regulated IncRNAs paired with neighboring PCGs by PAVIS.
INcRNA-PCG pair was defined as IncRNAs overlapped with or within 5 kb upstream and
1 kb downstream of closest PCGs.

Transcripts CV_BDE-47 | CV_BDE-99 | GF_BDE-47 | GF_BDE-99
IncRNAs differentially regulated | 345 315 80 968
Annotated IncRNAs 255 214 68 794
IncRNA-PCG pairs 132 130 19 544
Supplemental Table 1. Mapping statistics of RNA-Seq.

Sample Total reads reads mapped % mapped

CV_CO1 127166234 114920125 90.37%

CV_CO2 72155698 52298449 72.48%

CV_CO3 65480436 55736947 85.12%

CV_BDE47 1 115222113 91751368 79.63%

CV_BDE47 2 65093299 56155989 86.27%

CV_BDE47 3 48123870 43165414 89.70%

CV_BDE99 1 105371498 97936933 92.94%

CV_BDE99 2 46057295 42014130 91.22%

GF_CO1 92574095 87136316 94.13%

GF_CO2 84704938 53528596 63.19%

GF_CO3 47418827 43114075 90.92%

GF_BDE47 1 82417373 76999864 93.43%

GF_BDE47 2 38614284 35522885 91.99%

GF_BDE47 3 49942704 38686913 77.46%

GF_BDE99 1 48804600 44545654 91.27%

GF_BDE99 2 50005307 46728929 93.45%

GF_BDE99 3 44559087 41316843 92.72%

Supplemental Table 2. Top 15 networks for PCGs that were differentially regulated by PBDEs
in livers of CV and GF mice compared to corn oil-treated control group of the same enterotype
of mice. The network in red color was shown in Supplemental Figures.

CV_CO vs CV_BDE-47:

Top Diseases and Functions Focus
Molecules

1 RNA Post-Transcriptional Modification, Developmental Disorder, Hereditary 34
Disorder

2 | Cellular Development, Cellular Growth and Proliferation, Cell Cycle 32

3 | Cancer, Gastrointestinal Disease, Organismal Injury and Abnormalities 30

4 | Behavior, Nervous System Development and Function, Antimicrobial 27
Response

5 | Cancer, Organismal Injury and Abnormalities, Renal and Urological Disease | 27

6 | Cell Cycle, Gene Expression, Cellular Growth and Proliferation 26
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7 | Cancer, Cellular Movement, Organismal Injury and Abnormalities 26

8 | Lipid Metabolism, Small Molecule Biochemistry, Endocrine System 25
Development and Function

9 | Dermatological Diseases and Conditions, Organismal Injury and 24
Abnormalities, DNA Replication, Recombination, and Repair

10 | Carbohydrate Metabolism, Molecular Transport, Cell-To-Cell Signaling and 24
Interaction

11 | Immunological Disease, Antimicrobial Response, Inflammatory Response 24

12 | RNA Damage and Repair, Respiratory System Development and Function, 23
Cancer

13 | Carbohydrate Metabolism, Cell Morphology, Cellular Assembly and 23
Organization

14 | Lipid Metabolism, Small Molecule Biochemistry, Drug Metabolism 22

15 | Cell Cycle, Cellular Assembly and Organization, DNA Replication, 21
Recombination, and Repair

CV_CO vs CV_BDE-99:
Top Diseases and Functions Focus

Molecules

1 | Lipid Metabolism, Small Molecule Biochemistry, Molecular Transport 28

2 | Behavior, Nervous System Development and Function, Gene Expression 26

3 | Drug Metabolism, Protein Synthesis, Glutathione Depletion In Liver 26

4 | RNA Post-Transcriptional Modification, Cell Cycle, Connective Tissue 26
Development and Function

5 | Endocrine System Disorders, Gastrointestinal Disease, Immunological 26
Disease

6 | Lipid Metabolism, Small Molecule Biochemistry, Vitamin and Mineral 25
Metabolism

7 | Gene Expression, Lipid Metabolism, Molecular Transport 24

8 | Carbohydrate Metabolism, Cellular Development, Cellular Growth and 24
Proliferation

9 | Cancer, Connective Tissue Disorders, Endocrine System Disorders 23

10 | Endocrine System Disorders, Gastrointestinal Disease, Immunological 22
Disease

11 | Cardiovascular System Development and Function, Cardiovascular Disease, | 22
Cancer

12 | Cancer, Connective Tissue Disorders, Organismal Injury and Abnormalities | 21

13 | Lipid Metabolism, Small Molecule Biochemistry, Vitamin and Mineral 20
Metabolism

14 | Immunological Disease, Endocrine System Disorders, Gastrointestinal 20
Disease

15 | Cellular Compromise, Cellular Development, Embryonic Development 20

GF_CO vs GF_BDE-47:
Top Diseases and Functions Focus

Molecules
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1 Drug Metabolism, Glutathione Depletion In Liver, Lipid Metabolism 21

2 | Lipid Metabolism, Liver Cholestasis, Molecular Transport 21

3 | Drug Metabolism, Small Molecule Biochemistry, Cell-To-Cell Signaling and 19
Interaction

4 | Endocrine System Development and Function, Small Molecule 15
Biochemistry, Drug Metabolism

5 | Carbohydrate Metabolism, Digestive System Development and Function, 14
Cardiovascular Disease

6 | Cell-To-Cell Signaling and Interaction, Cell-mediated Immune Response, 14
Cellular Movement

7 | Organ Development, Reproductive System Development and Function, 13
Developmental Disorder

8 | Cellular Growth and Proliferation, Lymphoid Tissue Structure and 12
Development, Cellular Development

9 | Cell-To-Cell Signaling and Interaction, Molecular Transport, Small Molecule | 11
Biochemistry

10 | Cell-To-Cell Signaling and Interaction, Nervous System Development and 10
Function, Cellular Growth and Proliferation

11 | Embryonic Development, Organismal Development, Tissue Development 10

12 | Cell Cycle, Cellular Assembly and Organization, Cancer 1

GF_CO vs GF_BDE-99:
Top Diseases and Functions Focus

Molecules

1 | Cancer, Organismal Injury and Abnormalities, Hereditary Disorder 35

2 | Developmental Disorder, Hereditary Disorder, Metabolic Disease 35

3 | RNA Post-Transcriptional Modification, Cell Cycle, Developmental Disorder | 34

4 | Hereditary Disorder, Metabolic Disease, Neurological Disease 34

5 | Carbohydrate Metabolism, Drug Metabolism, Molecular Transport 34

6 | RNA Post-Transcriptional Modification, Embryonic Development, 34
Organismal Development

7 | RNA Post-Transcriptional Modification, Carbohydrate Metabolism, Lipid 34
Metabolism

8 | Gene Expression, Protein Synthesis, Lipid Metabolism 33

9 | Cellular Assembly and Organization, Hereditary Disorder, Nephrosis 33

10 | Connective Tissue Disorders, Dermatological Diseases and Conditions, 33
Developmental Disorder

11 | RNA Post-Transcriptional Modification, Cellular Assembly and Organization, | 33
Cell Cycle

12 | Cell Morphology, Cellular Function and Maintenance, Connective Tissue 33
Development and Function

13 | Cell Morphology, Organ Morphology, Organismal Injury and Abnormalities 33

14 | Small Molecule Biochemistry, Dermatological Diseases and Conditions, Hair | 32
and Skin Development and Function

15 | Developmental Disorder, Hereditary Disorder, Organismal Functions 32
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