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Persistent organic pollutants (POPs), such as polybrominated diphenyl ethers (PBDEs), are
ubiquitously detected in the environment despite being banned from commercial and industrial
use. Due to their lipophilic nature, PBDEs bioaccumulate in the human environment, including
food (e.g. milk, meat, seafood), soil, and water. In humans, such exposures have been linked to
inflammation and metabolic disorders. The liver is a vital organ responsible for xenobiotic
metabolism and nutrient homeostasis. It functions as a central hub for digestive and systemic
regulation, playing crucial roles in the metabolism of carbohydrates, amino acids, nucleotides,
fatty acids, cholesterol, hormones, and especially, xenobiotics including drugs and toxicants
present in our environment such as PBDE:s. In close interactions with the liver, the gut microbiome
can influence the host’s xenobiotic biotransformation capacity. Disruption of the microbial
ecosystem—gut dysbiosis—is now recognized as a critical factor influencing disease susceptibility

by modulating host metabolism, immunity, and response to environmental exposures. However,



very little is known regarding how maternal exposure to PBDEs modulate the metabolic signatures
involved in obesity/diabetes and inflammation later in life, and how microbial metabolites, such
as indole-3-propionic acid (IPA) could modify the effect of PBDEs during the interplay between
endogenous versus toxicological pregnane X receptor (PXR) activation, an important nuclear
receptor for xenobiotic biotransformation. Therefore the goal of my dissertation is to investigate
how developmental PBDE exposure disrupts the gut microbiome and microbial metabolism of
tryptophan (Aim 1), as well as to investigate whether microbial indole metabolites and indole
derivatives reduce inflammation and improve diabetic- or inflammation-related phenotype
following developmental PBDE exposure (Aim 2), and lastly to determine whether targeting gut
microbiome mechanistically contributes to developmental PBDE exposure-mediated disruption of
PXR signaling and delayed onset of obesity and inflammation (Aim 3). I hypothesized that
maternal PBDE exposure induces acute and persistent gut dysbiosis, disrupting the interplay
between endogenous PXR activation (by indoles) and xenobiotic PXR activation (by PBDEs),
ultimately contributing to the delayed onset of obesity and inflammation. To achieve Aim 1,
breeders of conventional (CV) humanized PXR-transgenic (hPXR-TG) mice were exposed to
vehicle, 0.1 mg/kg/day DE-71 via diet, DE-71+IPA (20 mg/kg/day via drinking water), or IPA
from 4 weeks preconception until end of lactation, whereas weaned pups were fed standard chow
with no DE-71 with or without IPA supplementation via drinking water. Organs were collected at
postnatal day (PND) 21, 3 months, and 6 months of age. Targeted and untargeted metabolomic
responses were analyzed with metagenomic shotgun sequencing to identify differentially abundant
bacterial taxa and predict microbial functional changes associated with PBDE exposure. For Aim
2, serum immunoassays, cytokine and chemokine levels in the intestine and liver, and liver

histopathological analysis were assessed in PND21, 3 months, and 6 months of age. Overall, the



maternal DE-71 exposure on the gut microbiome of pups were amplified over time. The regulation
of hepatic cytokines and prototypical xenobiotic-sensing transcription factor target genes by DE-
71 and IPA was age- and sex-dependent, where DE-71-induced mRNA increased selected
cytokines (1110, 1112p40, 1115 [both sexes]). The hepatic mRNA of the aryl hydrocarbon receptor
(AhR) target gene Cypla2 was increased by maternal DE-71 and DE-71+IPA exposure at PND
21 but intestinal Cyplal was not altered by any of the exposures and ages. In addition, maternal
DE-71 exposure increased serum indole, a known AhR ligand, in age- and sex-dependent manner.
To achieve Aim 3, 3 months- and 6 months-old germ-free (GF) hPXR-TG mice were used for
fecal microbiota transplantation (FMT) using fecal donors from CV control and DE-71-exposed
mice were utilized. To investigate whether gut microbiome perturbations contribute to PBDE-
mediated disruption of PXR signaling and delayed-onset inflammation, analysis of inflammatory
signaling in metabolic organs, xenobiotic-sensing transcription factor-target gene expression,
RNA sequencing, metagenomic shotgun sequencing, and targeted and untargeted metabolomics
were assessed across multiple tissues. Overall, the microbiome from DE-71 exposed donors
produced more pronounced changes in the hepatic transcriptomes of the female recipients than
males, with enriched pathways linked to sterol and cholesterol metabolism and stress-activated
protein kinase signaling cascades. Interestingly, exposed GF male recipients exhibited enrichment
of pathways related to xenobiotic metabolism and fatty acid metabolic processes. In the large
intestinal tissues, transcripts of tight junction genes 7jp/ and 7jp2 were consistently
downregulated, indicative of compromised intestinal barrier integrity, or “leaky gut,” likely driven
by DE-71-induced gut microbiome dysbiosis. Furthermore, hepatic inflammatory markers were
more pronounced in female recipients compared to males, suggesting sex-specific susceptibility

to inflammation following microbial transfer. In conclusion, my findings demonstrate that



maternal PBDE exposure induces a proinflammatory signature along the gut-liver axis,
characterized by gut dysbiosis, disrupted tryptophan metabolism, and attenuated PXR signaling in
postweaned hPXR-TG offspring over time. Notably, these effects were partially mitigated by IPA
supplementation, highlighting the potential of microbiome-derived metabolites in counteracting

environmentally-induced metabolic dysfunction.
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CHAPTER 1. Introduction
Persistent organic pollutants: polybrominated diphenyl ethers (PBDEs)

Environmental chemicals such as persistent organic pollutants (POPs) are widespread in
the environment and are known to exert endocrine-disrupting effects, contributing to a range of
adverse health outcomes including metabolic disorders, reproductive and developmental toxicity,
and immune dysfunction (Chiu et al. 2021). Among these, polybrominated diphenyl ethers
(PBDEs) are a class of flame retardants previously used in plastics, furniture, electronics, and other
household products (Vojta et al. 2016; J. Xu et al. 2019; Xue et al. 2023). Due to their lipophilic
nature, PBDEs persist in the environment and bioaccumulate in the food chain, commonly detected
in meat, seafood, dairy products, human breast milk, and household dust (Babalola and Adeyi
2018; Cade, Kuo, and Schultz 2018; Pietron et al. 2019; Xue et al. 2023). Developmental exposure
to PBDEs has been linked to an increased risk of diabetes in both humans and rodent models
(Zhang et al. 2016). DE-71, a human health-relevant industrial PBDE mixture with BDE-47 and
BDE-99 as its major congeners, is commonly used to study the toxicological effects of PBDEs. In
a previous study, maternal exposure to DE-71 resulted in diabetic-like phenotype and disrupted
the regulation of glucose homeostasis and hepatic lipid metabolism in adult female mouse
offspring (Kozlova et al. 2020). Additionally, neonatal oral exposure to BDE-99 led to the
emergence of cancer-prone hepatic transcriptomic signatures at 60 days old young adulthood pups
(Lim et al. 2021). However, little is known about how maternal PBDE exposure modulates
metabolic signatures associated with inflammation and metabolic disorders later in life. Therefore,
the goal of the present study was to test the hypothesis that maternal PBDE exposure leads to

persistent dysregulation of metabolic pathways linked to obesity, diabetes, and inflammation.

Gut microbiome
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The gut microbiome, comprising an estimated over 3 million unique genes, exhibits
considerable variability influenced by host genetics, diet, xenobiotic exposure, and anatomical
location. It plays a critical role in xenobiotic biotransformation, nutrient acquisition, energy
harvest, and the regulation of host metabolic pathways—all of which are intricately linked to
pathogenesis of metabolic syndrome (Koppel, Maini Rekdal, and Balskus 2017,
Spanogiannopoulos et al. 2016; S. F. Clarke et al. 2012). Disruption of the gut microbiome through
dietary changes or environmental toxicant exposure can impair physiological and metabolic
homeostasis, potentially leading to the development of metabolic diseases later in life (Bassols et
al. 2016; Kalliomaiki et al. 2008; Martinez and Guerra 2018). For instance, acute exposure to BDE-
47 and BDE-99 has been shown to induce gut dysbiosis, including enrichment of obesity-
associated microbes in male mice (Scoville et al. 2019). Similarly, neonatal oral exposure to BDE-
99 resulted in persistent alterations to the gut microbiome detectable in young adult male offspring
(Lim et al. 2021). Collectively, these findings support the concept that gut microbiome alterations

may serve as novel biomarkers of metabolic toxicity following developmental PBDE exposure.

Xenobiotic-sensing nuclear receptor: pregnane X receptor (PXR)

Pregnane X receptor (PXR) is a xenobiotic-sensing nuclear receptor that regulates the
inducible expression of genes involved in xenobiotic metabolism, including biotransformation
enzymes and drug transporters. Through this regulation, PXR enhances drug metabolism, reduces
inflammation, and plays a critical role in lipid, glucose, and energy homeostasis (Kliewer,
Goodwin, and Willson 2002; Xie and Chiang 2013). Notably, PXR gene polymorphisms have
been linked to disease severity in metabolic syndrome (Sookoian et al. 2010). Upon ligand

activation, PXR induces a broad spectrum of drug-metabolizing enzymes and efflux transporters
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as a compensatory mechanism for xenobiotic detoxification (Aleksunes and Klaassen 2012;
Kliewer, Goodwin, and Willson 2002; Xie and Chiang 2013). Indole-3-propionic acid (IPA), a gut
microbiota-derived tryptophan metabolite, is a well-characterized endogenous ligand for PXR.
IPA has been shown to protect intestinal barrier function and attenuate inflammation in a PXR-
dependent manner (Venkatesh et al. 2014a; Wikoff et al. 2009). Moreover, IPA is increasingly
recognized as a protective biomarker associated with lower risk of obesity, type 2 diabetes (T2D),
and systemic inflammation (Chen et al. 2022; Tuomainen et al. 2018; B. Zhang et al. 2022).
Importantly, neonatal activation of PXR not only increases the expression of PXR target genes but
also suppresses PPARa target gene expression, suggesting potential cross-talk between these
pathways (Giebel et al. 2016). In addition, age-dependent epigenetic regulation at the Cyp3a locus
has been observed in mice, where PXR activation enhances permissive histone methylation,
promoting gene transcription. Similar epigenetic remodeling has been reported in human liver
cells, further supporting Cyp3a transcriptional activation following PXR stimulation (Yan et al.
2017). Taken together, combining microbial and metabolomic data in the context of toxic
exposures can enhance our understanding of the mechanistic pathways underlying toxicity and

dysbiosis-associated diseases.
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Dissertation Outline

The overall goal of this dissertation is to elucidate the maternal impact of environmental
contaminant exposure, specifically PBDEs, on the gut-liver axis and to characterize persistent
metabolic and inflammatory responses triggered by these toxicants. By understanding these
mechanisms, this research aims to identify novel therapeutic strategies to prevent or mitigate
disease in vulnerable populations, including underserved communities. The objective of this
research is to utilize a multi-omics approach to investigate gut microbiome-mediated and age-
dependent mechanisms underlying metabolic disorders, such as obesity, diabetes, and
inflammation arising from maternal PBDE exposure. Additionally, this work explores how indole-
3-propionic acid (IPA) modulates PBDE-induced effects by influencing the balance between
endogenous and toxicological PXR activation. My central hypothesis is that early-life PBDE
exposure induces acute and persistent gut dysbiosis, disrupting the interplay between endogenous
PXR activation (by indoles) and xenobiotic PXR activation (by PBDEs), ultimately contributing

to the delayed onset of obesity and inflammation.

Chapter 1. Introduction

Chapter 2. Polybrominated diphenyl ethers (PBDEs) are previously used flame retardants that
persist in the environment due to their lipophilic nature and have been implicated in metabolic
disorders. The gut microbiome is increasingly recognized as a key regulator of disease
susceptibility and metabolic health. However, the mechanisms by which maternal PBDE exposure
modulates metabolic signatures linked to obesity, diabetes, and inflammation later in life remain

poorly understood. In this chapter, to investigate the basal role of the gut microbiome in PBDE-
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induced alterations in serum and liver gene expression and metabolism over time, I analyzed liver
and serum targeted and untargeted metabolomic responses in conventional (CV) mice exposed to
PBDEs at three time points: Day 21, 3 months, and 6 months. Additionally, I conducted
metagenomic shotgun sequencing to identify differentially abundant bacterial taxa and predict
microbial functional changes associated with PBDE exposure, providing insights into

microbiome-mediated metabolic regulation.

Chapter 3. Indole-3-propionic acid (IPA) is a microbial tryptophan metabolite and a known
pregnane X receptor (PXR) ligand that plays a crucial role in protecting mucosal barrier function
and reducing inflammation in a PXR-dependent manner. Additionally, IPA has been identified as
a protective biomarker against obesity, type 2 diabetes, and inflammation. However, the
mechanisms by which IPA modulates PBDE-induced effects remain poorly understood. In this
chapter, to determine whether microbial indole metabolites and derivatives mitigate inflammation
following developmental PBDE exposure, I performed serum immunoassays, quantified cytokine
and chemokine levels in the intestine and liver, and conducted liver histopathological analysis to

assess inflammatory responses and tissue alterations.

Chapter 4. Metabolic flux analysis (MFA) is a robust quantitative technique used to measure the
rates of metabolic reactions within cells via in vitro. This approach yields valuable insights into
cellular metabolism, revealing essential regulatory control points and rate-limiting steps. However,
there is lack of physiological complexity, especially the absence of multi-organ interactions that
critically influence systemic metabolic flux when doing in vitro. Therefore, in this chapter, |

applied MFA in an in vivo system to trace metabolites across multiple bio-compartments using
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3C11-L-tryptophan in CV and germ-free (GF) mice. This approach was designed to investigate
tissue-specific metabolic responses associated with gut microbiome-dependent tryptophan
metabolism. To evaluate these effects, I conducted both targeted and untargeted metabolomics

analyses across various tissues to assess differential metabolic outcomes.

Chapter 5. Targeting gut microbiota and their metabolites has emerged as a critical strategy for
regulating host metabolism. Alterations in the gut microbiome have been linked to inflammatory
diseases, including metabolic disorders. However, the mechanistic role of the gut microbiome in
mediating developmental PBDE-induced metabolic disruptions remains unclear. In this chapter, |
utilized GF mice for fecal microbiota transplantation (FMT) using fecal donors from CV control
and DE-71-exposed mice to determine whether gut microbiome perturbations contribute to PBDE-
mediated disruption of PXR signaling and delayed-onset inflammation. To assess these effects, |
conducted inflammatory signaling analysis in metabolic organs, xenobiotic-sensing transcription
factor-target gene expression, RNA sequencing, and targeted and untargeted metabolomics across
multiple tissues. Additionally, I performed metagenomic shotgun sequencing to identify
differentially abundant bacterial taxa, comparing these profiles with those of CV mice to better

understand the microbiome’s role in PBDE-induced metabolic dysregulation.

Chapter 6. Conclusion and future work
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Specific Aims and Hypotheses

Chapter 2.
Specific Aim: To determine that developmental PBDE exposure disrupts the gut
microbiome and microbial metabolism of tryptophan.
Hypothesis: PBDE exposure will disrupt the gut microbiome and microbial indole
metabolites of tryptophan, such as IPA, will decrease in PBDE-exposed mice at certain
developmental stages, whereas indole-supplement diet will increase the indole levels in

PBDE-exposed mice.

Chapter 3.
Specific Aim: To determine whether microbial indole metabolites and indole derivatives
reduce inflammation and improve diabetic- or inflammation-related phenotype following
developmental PBDE exposure.
Hypothesis: PBDE-exposed hPXR-TG mice will have more pro-inflammatory and
diabetic status when compared to vehicle-treated mice and indole supplementation will at

least partially protect against PBDE-mediated inflammation and diabetic phenotype.

Chapter 4.
Specific Aim: To investigate the role of tryptophan metabolism within multiple bio-
compartments using metabolic flux analysis (MFA) into the in vivo system using '3C11-L-
tryptophan.
Hypothesis: Gut microbiome’s presence or absence will uniquely influence how

tryptophan-derived carbons are incorporated into host metabolic pathways, with effects
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varying across various tissues in a tissue-specific manner.

Chapter 5.
Specific Aim: To determine that targeting the gut microbiome mechanistically contributes
to developmental PBDE exposure to delayed onset of obesity and inflammation.
Hypothesis: GF mice with fecal microbiome transplant and without developmental PBDE

exposure will develop a certain degree of inflammation and obesity-related genotype in

adulthood.
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Chapter 2 & Chapter 3
Maternal PBDE exposure disrupts gut microbiome and promotes hepatic proinflammatory

signaling in humanized PXR-transgenic mouse offspring over time

These chapters were published in Toxicological Sciences on 6/2023.

Kim S, Li H, Jin Y, Gu H, Mani S, Cui JY. Maternal PBDE exposure disrupts gut microbiome
and promotes hepatic pro-inflammatory signaling in humanized PXR-transgenic mouse offspring
over time. Toxicol Sci. 2023 Jun 2. doi:10.1093/toxic/kfad056. PMID: 37267213
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ABSTRACT

Developmental exposure to polybrominated diphenyl ethers (PBDEs), a persistent environmental
pollutant, has been linked to increased diabetes prevalence. The microbial tryptophan metabolite,
indole-3-propionic acid (IPA), is associated with lower inflammation, reduced type 2 diabetes risk,
and pregnane X receptor (PXR) activation. To investigate IPA’s role in modifying PBDE
developmental toxicity, we exposed humanized PXR-transgenic (hPXR-TG) mouse dams to
vehicle, DE-71 (0.1 mg/kg/day, an industrial PBDE mixture), DE-71+IPA (20 mg/kg/day), or IPA
alone from four weeks preconception through lactation. Pups were weaned at postnatal day 21,
with [PA supplementation continuing in designated groups. Tissues were collected at multiple time
points up to six months (n=5 per group). Maternal DE-71 exposure persistently altered gut
microbiome composition, with effects amplifying over time. Hepatic cytokine expression and
xenobiotic-sensing transcription factor target gene regulation were age- and sex-dependent, with
DE-71 exposure increasing /10, 1112p40, and I/1 mRNA (both sexes), and additional cytokines
in males. Aryl hydrocarbon receptor (AhR) signaling was activated by DE-71 exposure, as
indicated by increased hepatic Cypla2 expression at postnatal day 21, though intestinal Cyplal
expression remained unchanged. Serum indole levels, a known AhR ligand, were elevated in an
age- and sex-dependent manner following maternal DE-71 exposure. In conclusion, maternal DE-
71 exposure induced a pro-inflammatory signature along the gut-liver axis, characterized by gut
dysbiosis, disrupted microbial tryptophan metabolism, attenuated PXR signaling, and elevated
AhR activation in hPXR-TG pups post-weaning. Notably, IPA supplementation partially mitigated
these effects, suggesting a potential microbiome-targeted intervention for PBDE-induced

metabolic dysfunction.
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INTRODUCTION

Polybrominated diphenyl ethers (PBDEs), previously used as flame retardants, persist in
the environment due to their lipophilic nature, leading to continued detection in breast milk, blood,
and fatty foods. Developmental PBDE exposure is linked to increased diabetes prevalence in
humans and animal models (Zhang et al. 2016). DE-71, a human health-relevant PBDE mixture,
contains BDE-47 and BDE-99 as dominant congeners. Maternal DE-71 exposure disrupts glucose
homeostasis, alters hepatic lipid metabolism, and induces a diabetic phenotype in female adult
offspring (Kozlova et al. 2020). Additionally, our previous study demonstrated that neonatal oral
BDE-99 exposure led to cancer-prone hepatic transcriptomic signatures in young adult mice (Lim
etal. 2021).

The gut microbiome plays a pivotal role in host xenobiotic metabolism (Koppel, Maini
Rekdal, and Balskus 2017; Spanogiannopoulos et al. 2016), as well as in obesity and diabetes (S.
F. Clarke et al. 2012; Drissi et al. 2014). Early-life gut dysbiosis has been linked to the onset of
immune and metabolic disorders (Bassols et al. 2016; Kallioméki et al. 2008; Martinez and Guerra
2018). In response to environmental insults, increased bacterial swarming activity and associated
enzyme production serve as biomarkers of intestinal stress in mice and humans (De et al. 2021).
Our previous work showed that acute BDE-47 and BDE-99 exposure induced gut dysbiosis,
including obesity-associated microbes in male mice (Scoville et al. 2019), while neonatal oral
BDE-99 exposure led to persistent gut microbiome disruption in young adult males (Lim et al.
2021). These findings support the concept that altered gut microbiome composition serves as a
biomarker of metabolic toxicity following developmental PBDE exposure.

The pregnane X receptor (PXR) is a xenobiotic-sensing nuclear receptor essential for

xenobiotic metabolism and an energy receptor essential for xenobiotic metabolism and energy
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regulation (Kliewer, Goodwin, and Willson 2002; Xie and Chiang 2013). The aryl hydrocarbon
receptor (AhR), a ligand-dependent transcription factor, regulates the xenobiotic response
(Flaveny, Murray, and Perdew 2010). Serum AhR ligand activity has been linked to insulin
resistance and type 2 diabetes (T2D) in humans (Roh et al. 2015). Upon ligand activation, PXR
and AhR regulate drug-metabolizing enzymes and efflux transporters, facilitating xenobiotic
detoxification (Aleksunes and Klaassen 2012; Kliewer, Goodwin, and Willson 2002; Xie and
Chiang 2013). However, PXR-AhR crosstalk is complex, as AhR activation can suppress PXR-
mediated gene expression, and vice versa, which may influence ligand specificity and activity.
The role of PXR in metabolic syndrome is species- and context-dependent. In terms of
species differences, humanized PXR transgenic (hPXR-TG) mice exhibit resistance to high-fat
diet (HFD)-induced weight gain but display impaired glucose and insulin signaling (Spruiell et al.
2014). Conversely, PXR-null mice are protected from HFD-induced hepatic steatosis and
inflammation, with an associated attenuation of the HFD-induced Firmicutes/Bacteroidetes ratio
shift (a hallmark of obesity) and reduction in proinflammatory microbes (Kim et al. 2021). Given
these, hPXR-TG mice provide a relevant model for studying the role of human PXR in metabolic
syndrome and diabetes risk. Regarding context specificity, pharmacological PXR activation exerts
anti-inflammatory effects in inflammatory bowel disease (Cheng, Shah, and Gonzalez 2012).
However, pathophysiological PXR activation by HFD promotes hepatic inflammation and induces
an obese- and proinflammatory gut microbiome profile (Kim et al. 2021). The endogenous PXR
ligand, indole-3-propionic acid (IPA), a microbial metabolite of tryptophan, is known to protect
the intestinal barrier and reduce inflammation via PXR activation (Venkatesh et al. 2014a; Wikoff
et al. 2009). Additionally, IPA is a protective biomarker against obesity, T2D, and inflammation

(Chen et al. 2022; Tuomainen et al. 2018; B. Zhang et al. 2022).
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Our previous study demonstrated that acute exposure to BDE-47 and BDE-99, known PXR
activators in mouse liver (Pacyniak et al. 2007), led to reduced serum IPA levels in male mice
(Scoville et al. 2019). However, how maternal PBDE exposure influences metabolic signatures
linked to obesity, diabetes, and inflammation in the offspring later in life remains unclear, as does
the role of IPA in modulating PBDE-induced effects through endogenous versus toxicological
PXR activation. Therefore, the goal of our study is to delineate this potential relationship and we
hypothesize that maternal PBDE exposure induces persistent gut dysbiosis, including altered
microbial tryptophan metabolism, leading to disrupted PXR signaling and increased biomarkers
of obesity, diabetes, and inflammation. Furthermore, we propose that IPA supplementation will

partially mitigate these effects, protecting against DE-71-induced metabolic dysfunction.

MATERIALS AND METHODS
Chemical preparation

Individual components of the PBDE commercial mixture (DE-71) were purchased from
AccuStandard, Inc. (New Haven, Connecticut) and prepared according to the ratio of each
component (Konstantinov et al. 2008). Briefly, DE-71 mixture was prepared in corn oil (1 mg DE-
71/g corn oil). The mixture was then evaporated with a vacuum overnight and then dissolved DE-
71 mixture was used in the study upon successful congener-specific analysis. The corn oil (vehicle)
and DE-71 mixture were then supplied to Envigo (Indianapolis, Indiana) and mixed each into the
rodent chow. The final concentration of DE-71 was 625 pg/kg rodent chow. The food dyes Yellow
No. 5 and Blue No. 1 were mixed into the control diet (LabDiet No. 5021) and DE-71-containing
diet, respectively, for easy differentiation by the laboratory personnel. Indole propionic acid (IPA)

was purchased from Sigma Aldrich (St. Louis, Missouri, Catalog No.: 57410-25G-F). All other
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chemicals, unless otherwise noted, were purchased from Sigma Aldrich. The overall experimental

design is summarized in Figure 1.

Animals and chemical exposures

The hPXR-TG mice were generously provided by Dr. Frank Gonzalez (National Cancer
Institute, Bethesda, Maryland), as previously described (Ma et al. 2007). The original breeder pairs
were acclimated to the University of Washington animal facility and bred for at least two
generations before experimental use. All mice were housed in accordance with the Association of
Assessment and Accreditation of Laboratory Animal Care International (AAALAC) guidelines,
and all procedures were approved by the Institutional Animal Care and Use Committee (IACUC)
at the University of Washington. Mice were housed in standard air-filtered cages with autoclaved
Enrich-N’Pure bedding (Andersons, Maumee, Ohio) and given ad libitum access to non-acidified
autoclaved water. hPXR-TG breeders were exposed to vehicle, DE-71 (0.1 mg/kg/day via diet),
DE-71+IPA (20 mg/kg/day via drinking water), or IPA alone from four weeks preconception
through lactation. Weaned pups were placed on a standard LabDiet No. 5010 (St. Louis, Missourt)
with no direct DE-71 exposure. In the present study, an IPA dose of 20 mg/kg/day administered
via drinking water was selected based on prior evidence demonstrating that IPA at this dosage
effectively prevented gut dysbiosis, reduced endotoxin leakage, and attenuated hepatic
inflammation and steatohepatitis in rats (Z.-H. Zhao et al. 2019). Additionally, IPA at the same
dose for five days (Z.-B. Huang et al. 2022) protected against sepsis-related mortality, reducing
bacterial burden and organ damage in mice. Clinical correlations with septic patients revealed
significantly lower fecal IPA levels, which were associated with worse clinical outcomes. Based

on these findings, this IPA dose was selected for the present study.
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Tissue collection

Tissues were harvested at postnatal day (PND) 21, 3 months, and 6 months of age. Whole
blood was collected via cardiac puncture and transferred to a MiniCollect serum separator (Greiner
Bio-One, Kremsmiinster, Austria), and was kept on ice for at least 30 min to allow sufficient time
for blood coagulation. Serum was collected by centrifugation at 4000 rpm (1503 x g) at 4°C for
20 min and stored at —80°C until analysis. Large intestinal contents (LICs) were flushed with 10
mL of ice-cold phosphate-buffered saline (PBS) containing 0.1% dithiothreitol (Sigma Aldrich),
immediately frozen on dry ice, and stored at —80°C. Liver samples were rapidly frozen in liquid

nitrogen and stored at —80°C for subsequent analysis.

Metagenomic shotgun sequencing and data analysis

Bacterial DNA was isolated from large intestinal content (LIC) pellets using the OMEGA
E.N.Z.A. Stool DNA Kit (OMEGA Biotech, Inc., Norcross, GA) following the manufacturer’s
protocol. DNA concentration was quantified using a Qubit fluorometer (Thermo Fisher Scientific,
Waltham, MA). Metagenomic shotgun sequencing (Diversigen, New Brighton, MN) was
conducted to assess gut microbiome composition and functional changes over time. DNA
sequences were aligned to a curated database comprising all bacterial genomes from RefSeq, along
with manually curated, high-quality metagenomically assembled and cell-cultured mouse-specific
genomes. Alignments were performed at 97% identity against all reference genomes. Samples with
>10,000 sequences were retained for downstream analysis, and operational taxonomic unit (OTU)
counts were normalized to genome length. Functional microbiome changes were predicted by

comparing aligned reads to the Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology
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(KO) groups.

Large-scale targeted LC-MS/MS metabolomics

The large-scale targeted LC-MS/MS method utilized in this study was adapted from
established protocols previously applied in numerous studies (Carroll et al. 2015a; Eghlimi et al.
2020; Gu et al. 2015a; 2016; Jasbi et al. 2019; 2021; Shi et al. 2019). All LC-MS/MS experiments
were conducted using an Agilent 1290 UPLC-6490 QQQ-MS system (Santa Clara, CA). Tissue
samples (~20 mg) were homogenized in 200 pL. methanol (MeOH):PBS (4:1, v/v) containing
1810.5 uM '*Cs-lactate and 142 uM '3Cs-glutamic acid using a Bullet Blender homogenizer (Next
Advance, Averill Park, NY). These internal standards were used to assess MS signal stability but
were not used for indole quantification, consistent with previous studies (Carroll et al. 2015a;
Eghlimi et al. 2020; Gu et al. 2015a; 2016; Jasbi et al. 2019; 2021; Shi et al. 2019). An additional
800 uL MeOH:PBS (4:1, v/v, containing internal standards) was added, and samples were
vortexed for 10 s, then stored at —20°C for 30 min. After 30 min of ice bath sonication, samples
were centrifuged at 14,000 rpm for 10 min (4°C), and 800 pL of supernatant was transferred to a
new tube. Samples were then vacuum-dried using a CentriVap Concentrator (Labconco, Fort Scott,
KS). Before LC-MS/MS analysis, dried residues were reconstituted in 150 puL of 40% PBS/60%
acetonitrile (ACN). A quality control (QC) sample was pooled from all study samples. Each
sample was injected twice into the LC-MS/MS system, 10 uL for analysis using negative
ionization mode and 4 pL for analysis using positive ionization mode. Both chromatographic
separations were performed in hydrophilic interaction chromatography mode on a Waters XBridge
BEH Amide column (150 x 2.1 mm, 2.5 um particle size, Waters Corporation, Milford,

Massachusetts). The flow rate was 0.3 mL/min, auto-sampler temperature was kept at 4°C, and the
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column compartment was set at 40°C. The mobile phase was composed of Solvents A (10 mM
ammonium acetate, 10 mM ammonium hydroxide in 95% H20/5% ACN) and B (10 mM
ammonium acetate, 10 mM ammonium hydroxide in 95% ACN/5% H20). After the initial 1 min
isocratic elution of 90% B, the percentage of Solvent B decreased to 40% at t=11 min. The
composition of Solvent B was maintained at 40% for 4 min (t= 15 min), and then the percentage
of B gradually went back to 90%, to prepare for the next injection.

The mass spectrometer utilized an electrospray ionization (ESI) source, and targeted data
acquisition was performed in multiple-reaction-monitoring (MRM) mode. The entire LC-MS
system was controlled using Agilent MassHunter Workstation software, with extracted MRM

peaks integrated using Agilent MassHunter Quantitative Data Analysis (Santa Clara, CA).

Untargeted LC-MS metabolomics

The untargeted LC-MS metabolomics method used in this study was adapted from
previously established protocols (Gu et al. 2015b; Qi et al. 2013; Y. Wei et al. 2021; Yao et al.
2014). LC-MS experiments were conducted using a Thermo Vanquish UPLC-Exploris 240
Orbitrap MS system (Waltham, MA). Leftover samples from targeted LC-MS/MS metabolomics
were analyzed using this high-resolution mass spectrometer equipped with an ESI source.
Untargeted data were collected over a mass range of 70-1050 m/z. Peak identification was
performed using a combination of in-house chemical standards (~600 aqueous metabolites) and
spectral searches against multiple metabolomics databases, including HMDB, LipidMaps,
METLIN, mzCloud, Metabolika, and ChemSpider. For MS data extraction, the absolute intensity
threshold was set at 1000, with a mass accuracy limit of 5 ppm. Metabolite identification and

annotation were based on retention time (RT), exact mass, MS/MS fragmentation patterns, and
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isotopic distributions. Thermo Compound Discoverer 3.3 was used for aqueous metabolomics data
processing, including peak picking, alignment, and normalization. To ensure data quality and
reproducibility, only signals/peaks with a coefficient of variation < 20% across QC pools, and the

signals showing up in > 80% of all the samples were included for further analysis.

Gas Chromatography- Mass Spectrometry (GC-MS)

GC-MS experiments were performed using an Agilent 7820A GC system coupled to an
Agilent 5977B mass spectrometer (Agilent Technologies, Santa Clara, CA). Sample separation
was achieved using an HP-5ms capillary column (30 m x 250 um i.d., 0.25 um film thickness)
coated with 5% phenyl-95% methylpolysiloxane (Agilent Technologies). A 1 pL sample was
injected, with a solvent delay time of 5 min. The oven temperature program was set as follows:
initial hold at 60°C for 1 min, ramped to 325°C at a rate of 10°C/min, and held at 325°C for 10
min. Helium was used as the carrier gas at a constant flow rate of 20 mL/min. The inlet, transfer
line, and electron impact (EI) ion source temperatures were set to 250°C, 290°C, and 230°C,
respectively. The electron energy was maintained at —70 eV, and mass spectral data were collected
in full scan mode (m/z 30-600).

Data processing was performed using Agilent MassHunter Workstation Software
Quantitative Analysis (B.09.00). Peak identification, integration, and quantification were carried
out with a signal-to-noise (S/N) ratio threshold of 3. The RT and quantification masses for BDE-

47 and BDE-99 were determined using chemical standards.

RNA isolation

Total RNA was extracted from frozen liver samples using RNA-Bee reagent (Tel-Test Inc.,
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Friendswood, TX) following the manufacturer’s protocol. RNA concentration was determined by
measuring absorbance at 260 nm using a NanoDrop 1000 Spectrophotometer (Thermo Scientific,
Waltham, MA). RNA integrity was assessed by formaldehyde-agarose gel electrophoresis, with
visualization of 18S and 28S rRNA bands under UV light. The quality of total RNA was further

confirmed using an Agilent 2100 Bioanalyzer (Agilent Technologies Inc.).

RT-qPCR quantification of liver and data analysis

Total RNA was extracted from liver and intestinal tissues (n = 5 per group) at postnatal
day (PND) 21, 3 months, and 6 months of age. RNA was reverse-transcribed into complementary
DNA (cDNA) using the High-Capacity cDNA Reverse Transcription Kit (Life Technologies, CA).
Quantitative PCR (qPCR) was performed using Sso Advanced Universal SYBR Green Supermix
on a Bio-Rad CFX384 Real-Time PCR Detection System (Bio-Rad, Hercules, CA). Gene
expression data were normalized to the geometric mean of the housekeeping genes Gapdh and f-

actin using the AACq method and expressed as a percentage of housekeeping gene expression.

H&E staining of liver sections

Liver tissues were fixed in 10% neutral-buffered formalin, embedded in OCT, sectioned ,
and stained with hematoxylin and eosin (H&E) for blinded evaluation. Histopathological signs of
necrosis included pyknosis, karyolysis, karyorrhexis, cytoplasmic hyper-eosinophilia, membrane
disruption, and cell loss. Inflammatory markers were assessed based on edema and leukocyte
accumulation. Fibrosis was identified by the replacement of damaged tissue with angiogenic
connective tissue. Apoptosis features included chromatin condensation, cell shrinkage, and

cytoplasmic bleb formation.
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Statistical analysis

A three-way analysis of variance (ANOVA) was initially performed to assess the effects
of sex, age, and chemical exposure on microbiome composition, metabolite levels, and host gene
expression. For each sex and age group, one-way ANOV A was used to evaluate chemical exposure
effects, followed by Duncan’s post-hot test, with adjusted p-values < 0.05. Statistical analyses

were conducted using SPSS Version 29.0.1.0 (IBM, Armonk, NY).

RESULTS
Effects of maternal PBDE exposure on gut microbiome

To determine the effects of maternal PBDE exposure on the gut microbiome composition
and predicted functions in hPXR-TG mouse pups, DNA was extracted from LIC, and metagenomic
shotgun sequencing was performed as described in the Materials and Methods section. At the
phylum and class levels, microbial composition remained largely unchanged across exposures,
with a moderate DE-71-induced decrease in the Deferribacteres phylum and Bacilli class and an
IPA-mediated increase in Clostridia class in 21-day-old male pups and 6-month-old female pups
(Supplementary Figures 1 and 2). Notably, Clostridia levels were slightly lower in control female
pups compared to control males at PND 21. Interestingly, most DE-71-induced microbial
alterations occurred at the species level, with an age-dependent increase in the number of affected
taxa, suggesting that DE-71 exposure had a persistent and progressive impact on gut microbiome
composition throughout development (Figure 2A).

At PND 21, maternal DE-71 exposure led to an increase in Lachnoclostridium edouardi, a

known biomarker for hepatic steatosis (Dong et al. 2021), and Clostridium innocuum, associated
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with proinflammation (Chia et al. 2018; Mefferd et al. 2020), in female pups. Additionally,
Mordavella sp. Marseille P3756, a microbe known to be increased by antibiotic use and a Western
diet in mice (Cabral et al. 2020), was also elevated. Notably, IPA supplementation normalized the
abundance of these microbes back to control levels (Figure 2B). A similar trend was observed for
L. edouardi and C. innocuum in male pups, though the changes did not reach statistical significance
(Figure 2B). Maternal DE-71 exposure also increased the abundance of microbial genes associated
with bacterial swarming activity, including aroE (though not statistically significant in male pups),
hyaB, and zwf, which serve as indicators of gastrointestinal stress (De et al. 2021) in both sexes.
Unlike its effects on microbial composition, IPA supplementation did not reverse these DE-71-
mediated alterations (Figure 2B). Many of these bacterial enzymes are also involved in bacterial
stress responses and reactive oxygen species (ROS) regulation, suggesting they may serve as novel
biomarkers of maternal DE-71 toxicity (Inoue et al. 2007).

At 3 months of age, maternal DE-71 exposure reduced the DNA abundance of Eubacterium
sp. 14-2, a known anti-obesity microbe (Jones et al. 2019), in both male and female pups, while
IPA supplementation partially restored its levels. In male pups, DE-71 exposure significantly
decreased Lachnospiraceae bacterium MI18-1, which plays a role in regulating microbial
metabolites in a rat model of T2D (Mercer et al. 2020), and Blautia caecimuris, a microbe
associated with anti-inflammatory properties (X. Liu et al. 2021). IPA supplementation partially
corrected these reductions, restoring L. bacterium M18-1 in males and B. caecimuris in females.
However, DE-71+IPA further reduced L. bacterium M18-1 in females, while IPA alone decreased
B. caecimuris in both sexes (Figure 2C). Additionally, sdhA, a key bacterial enzyme associated
with swarming motility (Zhuang et al. 2016), was reduced by all three exposures (DE-71, DE-

71+IPA, and IPA alone), but only in male pups.
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At 6 months of age, maternal DE-71 exposure increased Alistipes shahii and Bacteroides
faecichinchillae, microbes associated with anti-obesity effects (Gong et al. 2022; Won et al. 2020),
in male and female pups, respectively. Maternal DE-71 exposure also increased Bacteroides
caccae, a known taxonomic T2D biomarker (Cunningham, Stephens, and Harris 2021; Qin et al.
2012), in female pups. The observed DE-71-induced increases in these potentially protective
microbes may reflect a compensatory response to metabolic disruption. IPA supplementation
reversed these DE-71-mediated effects (Figure 2D). Maternal DE-71 exposure also reduced sdhB,
a bacterial swarming-related enzyme, in male pups, whereas the opposite trend was observed in
female pups. IPA supplementation partially normalized these DE-71-mediated effects; however,
IPA alone also reduced sdhB in male pups. In summary, maternal DE-71 exposure induced
persistent gut dysbiosis linked to obesity, inflammation, and T2D, with effects that persisted
throughout development. IPA supplementation partially mitigated some, but not all, DE-71-
induced alterations. In addition, distinct age- and sex-specific regulatory patterns were observed,
and IPA itself exhibited baseline effects on certain microbes and microbial enzyme DNA
expression.

To further investigate microbial functional pathways associated with maternal DE-71
exposure, predicted changes in microbiome metabolic activity were assessed using metagenomic
shotgun sequencing data. At PND 21, maternal DE-71 exposure resulted in a significant increase
in microbial DNA encoding oxidoreductases, enzymes involved in glucose metabolism (Hardman
and Scopes 1988), in both male and female pups. IPA supplementation had a minimal impact
during DE-71+IPA coexposure, although IPA alone increased oxidoreductase gene abundance in
female pups (Figure 3A). In male pups, maternal DE-71 exposure also elevated DNA levels

encoding cysteine peptidases family C16, which has been linked to obesity and insulin resistance
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in adolescents (Elshorbagy et al. 2012). This effect was normalized by IPA supplementation, while
IPA alone increased its abundance in female pups (Figure 3A). Additionally, in PND 21 female
pups, maternal DE-71 exposure slightly increased the abundance of microbial genes encoding
acid-D-ammonia ligases, which are involved in acid-base homeostasis, cell signaling, and cellular
proliferation (Chek et al. 2021). IPA supplementation reversed these DE-71-induced changes,
while IPA alone and in combination with DE-71 modestly increased the DNA abundance of these
enzymes in male pups (Figure 3A).

At 3 months of age, maternal DE-71 exposure slightly reduced microbial DNA encoding
ligases involved in the formation of phosphoric-ester bonds in both male and female pups. This
DE-71-mediated reduction was partially reversed by IPA supplementation (Figure 3B). In female
pups, maternal DE-71 exposure significantly increased the abundance of microbial DNA encoding
serine peptidases family S51, enzymes associated with proteolytic processing, while a similar non-
significant trend was observed in male pups. Notably, IPA supplementation reversed these DE-71-
induced changes in both sexes (Figure 3B). Interestingly, the DNA encoding twitching motility
proteins of the pilus system, which is linked to formation of biofilms on gastrointestinal injuries
(Zolfaghar, Evans, and Fleiszig 2003), was increased by maternal DE-71 exposure in male pups
and IPA supplementation corrected this DE-71-mediated effect. In females, DE-71+IPA
coexposure group reduced its DNA abundance (Figure 3B).

At 6 months of age, maternal DE-71 exposure did not alter microbial DNA abundance for
oxidoreductases and isomerases-enzymes involved in glucose metabolism (Sierkstra et al. 1993)-
in male pups. However, in female pups, DE-71 exposure increased the abundance of these
enzymes, and this effect was normalized by IPA supplementation (Figure 3C).

In summary, functional predictions of the microbiome revealed age- and sex-specific
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regulatory patterns in response to maternal DE-71 exposure, particularly in pathways related to
glucose metabolism, cell signaling, cell proliferation, and biofilm formation-the latter being
implicated in gastrointestinal injury. While IPA supplementation was able to reverse some of the
DE-71-mediated alterations, it did not fully normalize all affected pathways. In addition, IPA alone
induced distinct microbial functional changes, highlighting its independent influence on host-

microbiome interactions.

Differential regulation of other DNA encoding intestinal content bacterial enzymes related
to diabetes and obesity in postweaning pups following in response to maternal DE-71
exposure

As shown in Supplementary Figure 3A, at PND 21, maternal DE-71 exposure upregulated
microbial DNA encoding ketoreductase tylD, an enzyme involved in the biosynthesis of 6-deoxy-
D-allose, a structural analog of D-glucose (Fouces et al. 1999), and glucose-fructose
oxidoreductase (gfo), which plays a role in glucose metabolism (Zachariou and Scopes 1986), in
female pups. IPA supplementation partially reversed these DE-71-mediated effects. At 3 months
of age, maternal DE-71 exposure increased DNA abundance of limonene hydroxylase (K14732),
an enzyme implicated in diabetes-related metabolic changes (Bacanli et al. 2017), and NADP-
reducing hydrogenase subunit hndD, associated with energy metabolism (de Luca et al. 1998),
specifically in male pups. IPA supplementation attenuated these elevations, though not completely
(Supplementary Figure 3B). At 6 months of age, a broader range of differentially regulated
microbial enzymes was observed, many associated with secondary metabolite biosynthesis and
xenobiotic biodegradation (Supplementary Figure 3C). Among these, impose isomerase (ioll),

involved in carbohydrate metabolism (Bui et al. 2021), was significantly upregulated by DE-71
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exposure in female pups, with a similar non-significant trend shown in males and IPA
supplementation corrected the DE-71-mediated effect (Supplementary Figure 3C). Interestingly,
GTP cyclohydrolase I, previously reported to be elevated in overweight premenopausal women
(Wu et al. 2020), was upregulated by DE-71 exposure in both sexes and IPA supplementation
reversed this effect (Supplementary Figure 3C).

These results demonstrate that maternal DE-71 exposure modulates the DNA abundance
of several microbial enzymes associated with obesity and diabetes, in a sex- and age-specific
manner. [PA supplementation was able to reverse a subset of these changes, highlighting its
potential as a microbiome-targeted intervention. In conclusion, maternal DE-71 exposure
persistently disrupted the gut microbiome composition and predicted metabolic functions across
developmental stages, with alterations linked to pathways associated with obesity and diabetes.
IPA supplementation partially ameliorated these DE-71-induced dysbiotic effects, supporting its

role in mitigating environmentally-driven metabolic disturbances.

Effects of maternal PBDE exposure on tryptophan microbial metabolites

Given that microbial metabolism of tryptophan (Figure 4A) is known to influence host
xenobiotic-sensing nuclear receptors, such as the PXR and AhR, we hypothesized that early-life
DE-71 exposure-mediated gut dysbiosis may contribute to altered host receptor signaling by
modulating microbial tryptophan-derived metabolites (Figure 4A). To evaluate this, targeted
metabolomic profiling of serum and liver samples from pups at various developmental stages was
conducted, as described in the Materials and Methods section. At PND 21, maternal DE-71
exposure led to an increase in serum indole, a known AhR ligand (Hubbard, Murray, and Perdew

2015), in male pups, with a non-significant increase trend in serum of female pups, whereas IPA
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supplementation effectively reversed this DE-71-mediated elevation (Figure 4B). In addition, DE-
71 exposure increased serum indole-3-lactic acid, another AhR agonist implicated in
bifidobacterial host-microbiota interactions (Wong et al. 2020), in both sexes. Again, IPA
supplementation reversed this effect, suggesting its potential role in modulating microbial
metabolite signaling (Figure 4B).

At 3 months of age, maternal DE-71 exposure increased or tended to increase serum indole
levels in both male and female pups, while IPA supplementation reversed these DE-71-mediated
changes (Figure 4B). Notably, IPA alone elevated serum indole levels in female pups, but not in
males. Serum IPA concentrations were unaffected by maternal DE-71 exposure in either sex;
however, DE-71+IPA coexposure showed a non-significant increasing trend, whereas IPA alone
had no effect on serum IPA (Figure 4B). In the liver, maternal DE-71 exposure significantly
reduced IPA levels in male pups, an effect that was normalized by IPA supplementation. In
contrast, female hepatic IPA levels remained unchanged by either DE-71 or IPA exposure (Figure
4C). At 6 months of age, there were no statistical changes in serum or hepatic tryptophan-derived
metabolites (data not shown).

In summary, maternal DE-71 exposure persistently altered microbial tryptophan
metabolism in an age- and sex-dependent manner. Key changes included increased serum indole
at PND 21 and 3 months and reduced hepatic IPA levels at 3 months in male pups, as well as
elevated serum indole-3-lactic acid at PND 21 in both sexes. IPA supplementation partially or fully
corrected most of these DE-71-induced alterations. Additionally, IPA alone exerted distinct
effects, such as an increase in serum indole at 3 months in female pups, highlighting its

independent influence on microbial metabolite profiles.
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Expression of prototypical xenobiotic-sensing transcription factor-target genes in pups

The mRNA expression of Cypla2 (cytochrome P450 family 1 subfamily A member 2,
AhR-target) (Flaveny, Murray, and Perdew 2010; Lo and Matthews 2012) and Cyp3all (PXR
target) (Cui and Klaassen 2016; Kiyosawa et al. 2008) was assessed in the livers of offspring
following maternal DE-71 exposure as shown in Supplementary Figure 4. At PND 21, maternal
DE-71 exposure significantly upregulated Cyp/a2 mRNA expression in the livers of both male
and female pups. IPA coexposure normalized Cypla2 expression in female pups but not in male
pups. Interestingly, IPA treatment alone increased hepatic Cypla2 expression in females, but had
no effect in males (Supplementary Figure 4A). By 3 and 6 months of age, Cypla2 mRNA
expression was no longer affected by DE-71 exposure in either sex (data not shown), suggesting
that the AhR activation by DE-71 was transient and age-specific.

Regrading Cyp2b10, the prototypical target gene of constitutive androstane receptor (CAR)
that is responsible for binding to specific protein on cancer cells (P. Wei et al. 2000), at PND 21,
maternal DE-71 exposure significantly increased hepatic Cyp2b10 mRNA expression in both male
and female pups, while IPA coexposure further enhanced this upregulation, indicating a potential
synergistic effect (Supplementary Figure 4A). At 3 months of age, DE-71 exposure had no
significant effect on Cyp2bh10 mRNA expression (data not shown). However, at 6 months of age,
Cyp2b10 mRNA was again upregulated by DE-71 in the livers of both sexes. In male pups, both
IPA alone and DE-71+IPA coexposure also increased Cyp2bl() expression (Supplementary
Figures 4B-C), suggesting a persistent and sex-specific modulation of CAR signaling by maternal
exposure and microbial metabolites.

Regarding the prototypical PXR target gene Cyp3all, at PND 21, both DE-71 and DE-

71+IPA coexposure significantly upregulated Cyp3all mRNA expression in male pups, indicating
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early activation of PXR signaling. At 3 months of age, DE-71 exposure continued to elevate
Cyp3all mRNA in male livers, whereas in female pups, DE-71 led to a slight reduction in
expression. At 6 months of age, IPA treatment alone resulted in a notable increase in hepatic
Cyp3all mRNA expression in male pups, suggesting that [IPA may independently modulate PXR-
regulated pathways in a sex- and age-dependent manner.

Regarding Cyp4al4, the prototypical target gene of lipid-sensing nuclear receptor
peroxisome proliferator-activated receptor (PPARa) (Patsouris et al. 2006), at PND 21, both DE-
71 and DE-71+IPA coexposure significantly increased hepatic Cyp4al4 mRNA expression in
male and female pups, suggesting early activation of PPARa signaling. At 6 months of age, DE-
71 exposure continued to elevate Cyp4al4 expression in both sexes, but IPA coexposure
normalized expression levels back to control, indicating a potential corrective effect of IPA on
DE-71-induced disruption of hepatic lipid metabolism. Interestingly, IPA alone increased
Cyp4al4 mRNA expression exclusively in the livers of 6 months old female pups, suggesting a
sex- and age-specific regulatory role of microbial metabolites on host lipid signaling pathways
(Supplementary Figure 4C).

Regarding NAD(P)H quinone dehydrogenase (Ngol), the prototypical target gene of the
major sensor for oxidative stress and electrophiles, namely nuclear factor erythroid 2-related factor
2 (Nrf2) (F. He, Ru, and Wen 2020), DE-71 exposure did not have effect at 21 days or 3 months
of age, however, at 6 months of age, DE-71 significantly increased Ngo!l expression in the livers
of both male and female pups (Supplementary Figure 4). IPA coexposure attenuated this DE-71-
induced upregulation, suggesting a potential antioxidant effect of IPA in mitigating oxidative
stress-related gene activation.

Interestingly, the host response to maternal DE-71 and IPA exposure was tissue-specific.
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At PND 21, the hepatic AhR target gene Cypla2 was significantly upregulated by both DE-71 and
DE-71+IPA in both sexes. In contrast, the intestinal AhR target gene Cyplal—the predominant
Cypla isoform in the intestine (as Cypla2 was not detectable in intestinal tissue)-remained
unchanged across all exposures and time points (Supplementary Figure 5). At PND 21, intestinal
Cyp3all mRNA was increased by DE-71 but was normalized by IPA coexposure in male pups;
whereas at 6 months of age, all 3 exposures decreased Cyp3all mRNA in intestine of male pups,
but DE-71 and IPA increased Cyp3all mRNA in intestine of female pups (Supplementary Figure
5).

In summary, the regulation of prototypical xenobiotic-sensing transcription factor target
genes by maternal DE-71 and IPA exposure was highly age-, sex-, and tissue-dependent. DE-71
significantly upregulated hepatic Cyp/a2 mRNA, a canonical AhR target gene, at PND 21 in both
sexes; however, this effect was not sustained at later time points, indicating transient AhR
activation. In contrast, persistent DE-71-mediated effects were observed for other nuclear
receptors. Specifically, early-life exposure to DE-71 led to sustained upregulation of Cyp2b10
(CAR target) and Cyp4al4 (PPARa target) at PND 21 and 6 months, as well as Ngo! (Nrf2 target)
at 6 months, in both male and female pups. In addition, Cyp3all (PXR target) was upregulated in
the livers and intestines of PND 21 male pups, and in the livers of 3-month-old females, indicating
activation of PXR signaling across tissues and time points. IPA normalized the DE-71 effect back
to control for Cypla2 mRNA in females at PND 21 and 3 months of age, Cyp2b10 mRNA in
females at 6 months of age, as well as Cyp4al4 and Ngol mRNAs in both sexes at 6 months of
age. However, IPA was not able to correct the other DE-71-mediated effect and may have distinct
regulatory patterns on its own.

The DE-71-induced increase in hepatic Cyp/a2 mRNA expression in both sexes at PND
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21 was accompanied by a corresponding increase or trend toward increased serum levels of indole,
a known AhR ligand. Interestingly, although IPA supplementation normalized serum indole
concentrations in both sexes, it only restored hepatic Cypla2 mRNA to control levels in female
pups (Figure 4 and Supplementary Figure 4), suggesting potential sex-specific regulation of AhR
signaling. At 3 months of age, serum indole remained elevated following DE-71 exposure,
particularly in male pups, yet hepatic Cypla2 mRNA levels were unchanged. This apparent
dissociation may be attributed to differences in indole tissue distribution, as hepatic indole levels—
which directly influence local AhR activation—were not significantly altered (data not shown).
Similarly, the DE-71-mediated reduction in hepatic IPA levels in male pups at 3 months did not
lead to a decrease in Cyp3all mRNA expression, a canonical PXR target gene. This suggests that
DE-71 may directly maintain PXR activity, potentially through receptor interaction or alternative

regulatory mechanisms, independent of changes in endogenous ligand levels such as IPA.

Hepatic gene expression of inflammation markers

To evaluate the effects of maternal DE-71 exposure on hepatic inflammatory responses,
the mRNA expression of inflammation-related cytokines was assessed by RT-qPCR across
treatment groups and developmental stages, with a focus on how IPA coexposure modulated DE-
71-mediated effects. At PND 21, maternal DE-71 exposure significantly increased hepatic 111
mRNA in both sexes and 7nfo mRNA in male pups. Notably, IPA coexposure did not attenuate
these DE-71-mediated upregulation of 1110, an anti-inflammatory cytokine often co-induced with
proinflammatory markers during immune activation, and ///2p40, a cytokine subunit primarily
produced by activated proinflammatory cells in response to pathogenic stimuli (Supplementary

Figure 6A). At 3 months of age, DE-71 and DE-71+IPA coexposure increased ///2p40 mRNA in
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the livers of male pups, whereas in female pups, IPA coexposure attenuated the DE-71-induced
elevation. Interestingly, DE-71 reduced the expression of certain proinflammatory cytokines in a
sex-specific manner, including interferon gamma (/fny) in male livers at 3 months and monocyte
chemotactic protein-1 (Mcp-1) in female livers at 6 months. IPA alone influenced cytokine
expression, including downregulation of /fiy in male pups at 3 months, and upregulation of Mcp-
1 in both sexes at 6 months (Supplementary Figures 5B and 5C).

In summary, the regulation of hepatic cytokine expression by DE-71 and IPA was both
age- and sex-dependent. While IPA effectively attenuated the DE-71-induced increase in ///0 and
1112p40, it did not block the upregulation of 7//f (in both sexes) or Tnfo (in males). In addition,
DE-71 appeared to reduce the expression of certain cytokines (/fny and Mcp-1) in an age- and sex-

dependent manner.

Histopathological examination of livers following early life exposure to DE-71 and effect of
IPA exposure

Representative H&E stained liver sections are shown in Supplementary Figure 7. At PND
21, maternal DE-71 exposure promoted apoptotic features in the livers of both male and female
pups with widespread nuclear shrinkage observed morphologically throughout the hepatic lobes,
with effects more pronounced in males than females. Notably, this DE-71-induced apoptotic
pattern was attenuated by IPA coexposure. At 3 and 6 months of age, DE-71-exposed livers
exhibited an increased incidence of immune cell infiltration, again more prominent in males, and
IPA treatment did not reverse this effect.

In summary, maternal DE-71 exposure modulated the hepatic proinflammatory cytokines

and liver inflammation in an age- and sex-dependent manner, and some but not all of these effects
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were partly corrected by IPA treatment.

Effects of maternal DE-71 exposure on other serum metabolites as determined by untargeted
metabolomics

To determine the unbiased metabolic effects of maternal DE-71 exposure and IPA
supplementation on postweaned offspring, untargeted metabolomics was performed on serum and
liver samples collected at PND 21 (Figure 5), 3 months (Figure 6), and 6 months of age (Figure
7). At PND 21, maternal DE-71 exposure altered a greater number of serum metabolites in female
pups compared to males (Figure 5). In male pups, DE-71 exposure resulted in changes to several
metabolites associated with obesity and diabetes, including cytosine and pyruvic acid, which have
also been linked to cancer-related pathways (Ehrich et al. 2006; Roudier and Perrin 2009). In
female pups, maternal DE-71 exposure significantly impacted a range of metabolites implicated
in obesity, diabetes, inflammation, and cancer, Notably, L-pyroglutamic acid, a metabolite
elevated in gestational diabetes mellitus (Tian et al. 2021), was strongly upregulated by DE-71 in
both sexes, and IPA supplementation effectively attenuated this elevation (Figure 5C). Similarly,
L-phenylalanine, known to influence gut hormone secretion and glucose tolerance with potential
therapeutic relevance for obesity and T2D (Alamshah et al. 2017), exhibited an upregulation
response to DE-71 exposure in both sexes at PND 21, though this change did not reach statistical
significance and IPA supplementation partially reversed the DE-71-mediated effect (Figure 5C).

As shown in Figure 6, at 3 months of age, the serum metabolomic profile of female pups
exhibited more differentially regulated metabolites in response to maternal DE-71 exposure
compared to males. For example, leucine has been shown to modulate dietary amino acid balance

and reduce adiposity, therefore protecting organism against obesity (Zhou et al. 2021). In our
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study, leucine was slightly upregulated by DE-71 exposure in females 3 months of age, however,
IPA was not able to suppress the damage done by DE-71 (Figure 6C).

As shown in Figure 7, at 6 months of age, the serum metabolomic profiles of female pups
exhibited more differentially regulated metabolites in response to maternal DE-71 exposure
compared to males. Among these, myristic acid was previously shown to improve hyperglycemia
and symptoms of T2D mellitus in mice (Takato et al. 2017). In our study, myristic acid was reduced
by maternal DE-71 only in females 6 months of age, and IPA supplementation was partially able
to reverse the DE-71-mediated effect (Figure 7C). Stearic acid was previously shown to increase
apoptosis (programmed cell death) and cytotoxicity in preadipocytes in mice (Shen et al. 2014). In
our study, stearic acid was increased in both males (trend was not statistically significant) and
females; however, IPA supplementation was not able to correct the DE-71-mediated effects
(Figure 7C).

Overall, untargeted metabolomics revealed a clear female-predominant metabolic response
to maternal DE-71 exposure and IPA supplementation. Several serum metabolites associated with
obesity and diabetes were found to be persistently altered by DE-71 exposure across
developmental stages. While IPA supplementation was able to reverse some of these DE-71-
induced metabolic disruptions, its effects were metabolic-specific, and not all alterations were
corrected, highlighting the partial and selective efficacy of IPA in mitigating environmentally-
induced metabolic dysregulation.

As summarized in Figure 8, we have demonstrated that maternal DE-71 exposure induces
a constellation of proinflammatory and obesity/diabetes-prone signatures across metagenomic,
metabolomic, and hepatic gene expression profiles within the gut-liver axis of postweaned hPXR-

TG offspring. Key features include persistent gut dysbiosis, disrupted microbial tryptophan
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metabolism, attenuated PXR signaling, and elevated AhR activation, observed in an age- and sex-
dependent manner over the developmental time course. Importantly, IPA supplementation was
able to partially mitigate several of these DE-71-induced alterations, though its corrective effects
were selective and not universally observed, highlighting the complex and context-specific nature

of the host-microbiome-environment interaction.

DISCUSSION

Our study demonstrated that PBDEs modulate the gut-liver axis in a sex- and age-
dependent manner. Untargeted metabolomics revealed that maternal PBDE exposure dysregulated
more circulating intermediary metabolites in female offspring than in males at all three
developmental stages examined (Figures 5-7). At PND 21, female pups also exhibited a greater
increase in obesity- and inflammation-associated microbial taxa in response to DE-71 exposure
compared to males (Figure 2), suggesting a female-predominant metabolic susceptibility. While
most existing literature on sex-specific PBDE toxicity focuses on neurodevelopmental and
cognitive outcomes in both humans (Azar et al. 2021) and animal models (Viberg, Fredriksson,
and Eriksson 2004), recent evidence supports sex-specific metabolic disturbances. A recent study
showed that DE-71-exposed female offspring displayed more lipid disorders including
hypercholesterolemia and elevated lipids than the male offspring, associated with female-specific
downregulation of the expression of various hypothalamic genes involving energy regulation
circuits that control lipid homeostasis (Kozlova et al. 2022). These findings suggest that PBDEs,
as endocrine-disrupting chemicals (EDCs), may exert sex-dependent effects via the hypothalamus-
liver axis. In addition, thyroid hormones—another known target of PBDE toxicity—may contribute

to the observed female-biased metabolic changes, particularly in the gut-liver axis, as thyroid
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hormone-related disorders and transcriptomic alterations are more prevalent in females than males
(Cho et al. 2018; Morganti et al. 2005). Furthermore, baseline sex differences in the gut
microbiome composition between control males and females may predispose offspring to sex-
specific microbiome and metabolic responses following PBDE exposure. Regarding the age effect,
we observed an age-dependent increase in the number of DE-71-regulated microbial species,
persisting well beyond the cessation of exposure (Figure 2A). This suggests that maternal DE-71
exposure induces long-lasting and progressively amplified alterations in the intestinal
microenvironment, potentially disrupting microbial colonization dynamics and influencing the
developmental trajectory of the gut microbiome over time.

Previous epidemiologic studies showed that PBDE exposure led to childhood obesity and
pathogenesis of metabolic syndrome (J.-S. Lim, Lee, and Jacobs 2008; Turyk et al. 2010;
Windham et al. 2010). A recent study showed that maternal DE-71 exposure produced distinct
serum metabolite profiles related to metabolism of amino acids, lipids, and carbohydrates on rats
(H. Gao et al. 2021). Consistent with these findings, our study showed that maternal DE-71
exposure in hPXR-TG mice produced unique untargeted serum metabolomic signatures reflective
of disruptions in lipid and carbohydrate metabolism. Furthermore, our functional metagenomic
predictions revealed numerous DE-71-regulated microbial enzymes and KEGG pathways
associated with amino acid, lipid, and carbohydrate metabolism. These findings highlight novel
molecular and microbial targets through which maternal PBDE exposure may influence metabolic
programming, offering new mechanistic insights into the delayed onset of obesity and diabetes
observed in later life.

Our study showed that maternal DE-71 exposure led to sustained dysregulation of the gut

microbiome in offspring, consistent with previous findings (Gomez et al. 2021; Laue et al. 2019;
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Lim et al. 2021; Scoville et al. 2019). Alterations in the gut microbial community are known to
influence the production of microbial metabolites, which can enter the systemic circulation and
interact with host receptors across multiple organs—including the liver—to modulate xenobiotic
metabolism and immune response (Flannigan et al. 2023; Fu and Cui 2017; Sittipo, Shim, and Lee
2019; Spanogiannopoulos et al. 2016). To assess the potential for direct chemical contribution, we
quantified BDE-47 and BDE-99 levels in liver tissue using GC-MS and found no or minimal
detectable concentrations (Supplementary Figure 8). These results suggest that the persistent
effects observed in the gut-liver axis are primarily driven by persistent dysbiosis of the gut
microbiome and not the direct chemical effect.

Given that inflammation plays a central role in the development of obesity and diabetes
(Rohm et al. 2022), our findings highlight IPA as a promising microbiome-derived therapeutic
candidate to mitigate maternal DE-71-induced toxicity. We showed that IPA supplementation
partially reversed DE-71-mediated effects across multiple proinflammatory and prediabetic
parameters in an age- and sex-dependent manner, supporting its potential in modulating long-term
metabolic health outcomes. Our results further substantiate the anti-inflammatory properties of
IPA, aligning with previous studies demonstrating its ability to alleviate sepsis-associated acute
liver injury and suppress dextran sulfate sodium (DSS)-induced intestinal inflammation and
fibrosis, both of which are mediated through PXR activation (Flannigan et al. 2023; Wang et al.
2023). Interestingly, tissue-specific host response to DE-71 and IP was also observed in our study
regarding both PXR and AhR target gene expression, with liver being more responsive than
intestine. This finding aligns with a previous report showing that IPA does not alter the expression
of PXR target gene Mdrl or AhR target gene Cyplal in mouse colonic spheroid cultures

(Wlodarska et al. 2017), further emphasizing the tissue-specific context in which microbiome-
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derived metabolites like IPA exert their effects.

In our study, we observed that IPA modulates multiple nuclear receptors and transcription
factors beyond PXR, as indicated by its regulation of prototypical target gents including Cyplal,
Cyp2b10, Cyp4al4, and Ngol. Previously, using nuclear receptor reporter assays demonstrated
that IPA and indole mixtures robustly activate PXR, with additional moderate activity toward
CAR, PPARy, LXR, and FXR (Venkatesh et al. 2014a). Our findings further support the
multifaceted role of IPA in regulating these pathways. However, unlike their cooperative
activation of PXR, IPA and indole do not synergize in activating AhR, suggesting that in vivo—
where multiple microbial metabolites coexist-IPA’s influence on AhR is limited or unpredictable
(Vrzalové et al. 2022). Thus, AhR activation observed in our model is more likely driven by other
tryptophan-derived microbial metabolites, rather than IPA itself. Regarding oxidative stress, [IPA
has been previously shown to exhibit antioxidant properties, including attenuation of oxidative
injury in the ischemic hippocampus (Hwang et al. 2009), protection of hepatic microsomal
membranes from iron-induced damage (Karbownik et al. 2001), and reduction of lipid
peroxidation in skin membranes (Rynkowska, Stepniak, and Karbownik-Lewinska 2021). In our
study, DE-71 exposure upregulated Ngo/ mRNA, a canonical target of the oxidative stress sensor
Nrf2, while TPA supplementation attenuated this effect, indicating a protective antioxidant
response likely independent of PXR activation. Taken together, these data suggest that IPA’s
beneficial effects may be mediated through both PXR-dependent and -independent mechanisms,
including anti-inflammatory and antioxidant pathways. While IPA-PXR signaling is associated
with protection against inflammation and lower metabolic disease risk (Cheng, Shah, and
Gonzalez 2012; Tuomainen et al. 2018; Venkatesh et al. 2014a), indole-AhR signaling is also

linked to reduced obesity, inflammation, and metabolic dysfunction (Kahalehili et al. 2020; X. Xu
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et al. 2021). Therefore, AhR-PXR crosstalk, modulated by altered tryptophan microbial
metabolism, may contribute to DE-71-induced inflammation and metabolic dysfunction.
Additionally, we hypothesize that there is a yin-yang balance between PXR activation by
xenobiotics versus endobiotics; the exogenous PXR activation by environmental toxicants upsets
the gut microbiome, attenuating the endogenous PXR activation through reduced IPA levels.
While xenobiotic-induced PXR activation supports detoxification, this competition with
endogenous ligands may impair homeostasis functions, contributing to inflammation and
increased susceptibility to metabolic syndrome.

The present study has certain limitations. First, our findings regarding the role of the gut-
liver axis in maternal DE-71 exposure and IPA supplementation in hPXR-TG mice remain
associative. Future studies utilizing germ-free (GF) mice with fecal microbiota transplantation
(FMT) or antibiotic-treated mice on an hPXR-TG background would be valuable to establish
causality and further define the role of the gut microbiome in modulating proinflammatory
responses and metabolic outcomes. Second, we did not include PXR-null mice in the current
experimental design, nor did we use polychlorinated naphthalene (PCN) as a pharmacological
positive control for PXR activation. However, we recently published a separate study comparing
PXR-null mice, PCN-treated mice, and DE-71-exposed mice, which identified both overlapping
and distinct microbial alterations between pharmacologic and toxicologic PXR activation (Little
et al. 2022). These findings suggest that some effects of DE-71 may occur independently of PXR
signaling, and that PCN may not fully represent the endogenous role of PXR in regulating
microbiome function. In contrast, IPA serves as well-established endogenous microbial ligand for
PXR, with prior evidence demonstrating that IPA-induced Mdrl expression is abolished in the

intestines of PXR-null mice (Venkatesh et al. 2014b). Therefore, the inclusion of IPA in our study
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provides a more physiologically-relevant approach to investigate endogenous PXR signaling.
Nevertheless, as shown in both our study (Supplementary Figure 4) and previous literature
(Morgan et al. 2018), IPA does not robustly induce Cyp3all in the liver, indicating that its hepatic
effects may be mediated indirectly through gut PXR activation. Future work using PXR-null mice
in the FVB background is needed to confirm this mechanism. In addition, we did not assess fecal
metabolites, as the primary focus of this study was the gut-liver axis, and thus we focused on
internal metabolites such as serum and liver-derived tryptophan metabolites. However, we
recognize that excreted microbial metabolites may differ from biologically active circulating
metabolites. Given that many clinical studies use fecal metabolites as indirect biomarkers of host-
microbiome interactions, future research should include fecal metabolomic profiling to better
connect microbial output with systemic metabolic outcomes.

Despite the limitations, our study provided the first evidence that maternal DE-71 exposure
induced a proinflammatory signature within the gut-liver axis associated with dysregulated
tryptophan microbial metabolism and elevated AhR signaling in a sex-dependent manner. More
interestingly, several of the toxicological and molecular effects triggered by DE-71 were partially
attenuated by IPA supplementation, highlighting the potential of microbiome-derived metabolites
as therapeutic modulators. These findings underscore the importance of host-microbiome
interactions in shaping the long-term metabolic consequences of early-life environmental
exposures. Future studies should further explore the role of human PXR activation in mediating
these effects, with the goal of identifying novel therapeutic strategies to mitigate metabolic

diseases associated with developmental exposure to environmental toxicants.
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Figure legends

Figure 1. Experimental design of the study. Humanized PXR-transgenic (hPXR-TG) dams were
exposed to one of the following: (1) standard rodent chow, (2) DE-71 (an industrial PBDE mixture)
via diet, (3) indole propionic acid (IPA) supplementation via drinking water; or (4) DE-71 via diet

+ IPA via drinking water; from 4 weeks preconception until lactation. The pups were weaned at
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postnatal day (PND) 21, when the DE-71 exposure stopped; whereas the IPA supplementation
continued in the 2 corresponding groups (3 and 4). Tissues were collected at PND 21, 3 months,
and 6 months of age. Intestinal contents were subjected to metagenomic shotgun sequencing.
Serum tryptophan metabolites were quantified using LC-MS. Untargeted metabolomics was also
performed in serum. RT-qPCR was performed to quantify the mRNA expression of distinct liver
genes in these pups. Three-way analysis of variance (ANOVA) was first performed to determine
the effect of sex, age, and chemicals, as well as their potential interactions. Because the primary
focus of the study is the effect of chemicals, at each sex and age, 1-way ANOVA was then
performed followed by Duncan’s post hoc test. Statistically significant differences were

considered at p < 0.05.

Figure 2. Differentially regulated intestinal bacteria at the species level in 3 ages of the pups (PND
21, 3 months, and 6 months of age; n = 5 per group). A. Number of species significantly changed
by DE-71 exposure over time points. B. Examples of differentially regulated microbial species
(top row), as well as differentially regulated microbial DNA encoding swarming-related enzymes
(bottom row) at PND 21. C. Bacteria species level at 3 months of age where maternal DE-71
exposure reduced the anti-obesity and anti-inflammatory species in both sexes (top row) and the
differentially regulated microbial DNA encoding swarming-related enzymes (bottom row) at 3
months of age. D. Bacteria species level (top row) and the differentially regulated microbial DNA
encoding swarming-related enzymes (bottom row) at 6 months of age. To determine the chemical
effect, statistical analysis was done by 1-way ANOVA followed by Duncan’s post hoc test with
p-value < 0.05 being statistically significant. Groups a, b, and ab represent different post hoc

groups.
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Figure 3. Differentially regulated intestinal bacterial KEGG pathway related to obesity and/or
diabetes at PND 21 (A), 3 months of age (B), and 6 months of age (C). To determine the chemical
effect, at each age and sex, statistical analysis was done by 1-way ANOVA followed by Duncan’s

post hoc test, p-value < 0.05. Groups a, b, ab, bc, and ¢ represent different post hoc groups.

Figure 4. Tryptophan metabolites in serum and livers of mouse pups of the 4 exposure groups at
various postnatal ages (PND 21, 3 months, and 6 months; » = 5 per group). A. Diagram of
microbial tryptophan metabolism. B. Statistically significant tryptophan metabolites in serum at
PND 21 (top row) and 3 months of age (bottom row). C. Statistically significant tryptophan
metabolite in the liver of pups at 3 months of age. Statistical analysis was done by 1-way ANOVA
followed by Duncan’s post hoc test, p-value <.05. Groups a, b, and ab represent different post hoc
groups. Tryptophan metabolites in serum and livers of pups at 6 months of age were not included

because they were not statistically significant.

Figure 5. Two-way hierarchical clustering of differentially regulated untargeted metabolites in
serums of PND 21 pups (n = 5 per group). A. Differentially regulated untargeted metabolites in
the male serums of PND 21 pups. B. Differentially regulated untargeted metabolites in the female
serums of PND 21 pups. C. Bar plots of statistically significant untargeted metabolites related to
obesity and diabetes of 21-days old pups. Statistical analysis was done by 1-way ANOVA followed
by Duncan’s post hoc test; asterisks on Figures SA and 5B: p-value < 0.05. Groups a, b, and ab

represent different post hoc groups.
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Figure 6. Two-way hierarchical clustering of differentially regulated untargeted metabolites in
serums of 3 months old pups of the 4 exposure groups (n =5 per group). A. Differentially regulated
untargeted metabolites in the male serums of 3 months old pups. B. Differentially regulated
untargeted metabolites in the female serums of 3 months of pups. C. Bar plot of untargeted
metabolite related to obesity of 3 months old pups. Statistical analysis was done by 1-way ANOVA
followed by Duncan’s post hoc test; asterisks on Figures 6A and 6B: p-value < 0.05. Groups a, b,

and ab represent different post hoc groups.

Figure 7. Two-way hierarchical clustering of differentially regulated untargeted metabolites in
serums of 6 months old pups of the 4 exposure groups (n =5 per group). A. Differentially regulated
untargeted metabolites in the male serums of 6 months old pups. B. Differentially regulated
untargeted metabolites in the female serums of 6 months of pups. C. Bar plot of untargeted
metabolite related to obesity of 6 months old pups. Statistical analysis was done by 1-way ANOVA
followed by Duncan’s post hoc test; asterisks on Figures 7A and 7B: p-value < 0.05. Groups a, b,

and ab represent different post hoc groups.

Figure 8. Summary diagram of the major findings of this study. Overall, the effect of maternal
DE-71 exposure on hPXR-TG mice produced a proinflammatory signatures within the gut-liver
axis associated with dysregulated tryptophan microbial metabolism, attenuated PXR signaling, and
elevated AhR signaling in an age- and sex-dependent, and some but not all of these effects can be

at least partially corrected y IPA supplementation.
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Figure 3
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Figure 4
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Figure 8
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SUPPLEMENTAL FIGURE LEGENDS

Figure S1. Differentially regulated bacteria at phylum level at PND 21 (A), 3-months of age (B),
and 6-months of age (C). Asterisks (*) represent statistically significant differences between the
control group (two-way ANOVA; statistical significance was considered at p < 0.05).

Figure S2. Differentially regulated bacteria at class level at PND 21 (A), 3-months of age (B),
and 6-months of age (C). Asterisks (*) represent statistically significant differences between the
control group (two-way ANOVA; statistical significance was considered at p < 0.05).

Figure S3. Differentially regulated DNA encoding bacterial enzymes in intestinal content (n = 5
per group) at PND 21 (A), 3-months of age (B), and 6-months of age (C). Statistical analysis was
done by one-way ANOVA followed by Duncan’s post hoc test, p-value < 0.05. Groups a, b, and
ab represent different post hoc groups.

Figure S4. RT-qPCR quantification of mRNAs of the prototypical target genes of the major
xenobiotic-sensing transcription factors in livers of male and female pups (n = 4-5 per group) at
21-days of age (A), 3 months of age (B), and 6-months of age (C). Statistical analysis was done
by one-way ANOVA followed by Duncan’s post hoc test, p-value < 0.05. Groups a, b, ab, ac, and
c represent different post hoc groups.

Figure S5. RT-qPCR quantification of mRNAs of the prototypical target genes of the major
xenobiotic-sensing transcription factors in ileum of male and female pups (n = 4-5 per group) at
21-days of age (A) and 6-months of age (B). Statistical analysis was done by one-way ANOVA
followed by Duncan’s post hoc test, p-value < 0.05. Groups a, b, ab, ac, and c represent different
post hoc groups.

Figure S6. RT-qPCR quantification of inflammation-related mRNAs in the male and female livers

of maternal DE-71 exposed hPXR pups (n = 4-5 per group). A. PND 21; B. 3-months of age; C.
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6-months of age. Statistical analysis was done by one-way ANOVA followed by Duncan’s post
hoc test, p-value < 0.05. Groups a, b, ab, ac, and ¢ represent different post hoc groups.

Figure S7. H&E staining of livers of mouse pups of the four exposure groups at PND 21, 3-
months of age, and 6-months of age.

Figure S8. Quantification of PBDE concentrations in the liver samples using GC-MS. A.
Concentration of BDE-47 in the livers of different groups. B. Concentration of BDE-99 in the

livers of different groups. We found no or minimal levels of these chemicals in the samples.
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Figure S1
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Figure S2
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Figure S3
A) Day 21
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Figure S4
A) Day 21
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Cyp1a1

Figure S5
Day 21
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Figure S6

A)

Day 21
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Figure S7
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Figure S8
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Chapter 4
Exploring the chemical basis of the gut microbiome-driven tryptophan metabolism and

tissue-specific responses via metabolic flux analysis in male humanized PXR-transgenic mice

I plan to submit this work to Drug Metabolism and Disposition.
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ABSTRACT

The host nuclear receptor pregnane X receptor (PXR) and the gut microbiome are both critical
regulators of xenobiotic metabolism and metabolic diseases. These systems are intrinsically linked,
as several microbial metabolites have been identified as endogenous activators of PXR. One such
metabolite is indole-3-propionic acid (IPA), a tryptophan-derived compound known to have anti-
inflammatory and anti-obesity properties. In this study, we utilized '*Ci1-L-tryptophan isotope
tracing-based metabolic flux analysis to examine gut microbiome-dependent tryptophan
metabolism in vivo, using both conventional (CV) and germ-free (GF) humanized PXR-transgenic
(hPXR-TG) mice. We hypothesized that the presence or absence of the gut microbiome would
differentially influence the incorporation of tryptophan-derived carbons into host metabolic
pathways in a tissue-specific manner. Three-month-old male CV and GF hPXR-TG mice (n = 3-4
per group) were orally administered '*Ci11-L-tryptophan (20 mg/kg), and tissues including serum,
liver, duodenum, jejunum, ileum, colon, and brain were harvested 30 min post-gavage. LC-MS-
based metabolic flux analysis revealed distinct compartmentalized metabolic profiles between CV
and GF mice, as shown by principal component analysis. The colon exhibited the greatest number
of gut microbiome-dependent metabolites incorporating tryptophan-derived carbons, followed by
the small intestine and liver, while the brain was minimally affected likely due to restricted
metabolite transport across the blood-brain barrier. Interestingly, indoxyl sulfate, a known product
of host sulfotransferase (Sult) from indole, was elevated in the liver and various intestinal regions
of GF mice, consistent with previous findings of Sult upregulation in GF models. The absence of
the gut microbiome redirected tryptophan-derived carbon flux into several amino acid metabolic
pathways across the liver and intestine. These pathways include homocysteine and methionine

(linked to cardiovascular function), glutathione and cysteine (antioxidant defense),
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neurotransmitter-related pathways (glutamate, tyrosine, taurine), immune-related amino acids
(lysine, histidine), and key metabolic regulators (serine, aspartate, glycine, and branched-chain
amino acids). Additionally, pathways including bile acid biosynthesis, purine metabolism, and
fatty acid and caffeine metabolism were impacted. In conclusion, these results demonstrate that
the gut microbiome plays a fundamental role in directing the fate of dietary tryptophan, modulating
its transformation and incorporation into host metabolic networks in a tissue-specific manner.
These findings underscore the extensive impact of host-microbiome interactions on systemic
metabolism and provide mechanistic insight into how microbiome alterations may influence

disease susceptibility.
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INTRODUCTION

Metabolic flux analysis (MFA) is a powerful quantitative approach for determining the
rates of metabolic reactions within cells. By combining isotopic labeling experiments with
computational modeling, MFA enables the tracking of metabolite flow through -cellular
biochemical networks. This methodology provides critical insights into cellular metabolism,
identifying key regulatory nodes and rate-limiting steps. MFA has proven particularly valuable in
metabolic engineering, where it guides the optimization of microbial systems for enhanced
production of biofuels, pharmaceuticals, and other high-value compounds by adjusting specific
metabolic fluxes (Di Domenico et al. 2017; Shi et al. 2020). Moreover, isotope tracing-based MFA
reveals how metabolic pathways are reprogrammed in response to environmental perturbations,
offering deeper insights into cellular physiology and potential avenues for therapeutic targeting
(Sauer 2006).

Metabolism underpins nearly all biological processes, and disruptions in metabolic
function often signal underlying health problems or directly contribute to conditions such as
metabolic syndrome, cardiovascular disease, neurological disorders, and cancer (DeBerardinis and
Thompson 2012; Matsumoto and Kuhara 1996). Resources like the Kyoto Encyclopedia of Genes
and Genomes (KEGGQG) provide comprehensive annotations of metabolites and pathways, offering
critical insights into disease mechanisms. A well-known example is the Warburg effect, a
metabolic hallmark of many cancers, in which cells preferentially utilize glycolysis over oxidative
phosphorylation even in the presence of oxygen (J. Kim and Dang 2006). This metabolic
reprogramming results in elevated lactate production, supporting rapid cell proliferation and tumor
progression (Vander Heiden, Cantley, and Thompson 2009; Martinez-Outschoorn et al. 2017).

Such shifts highlight the importance of integrating metabolite profiling with genomic and
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proteomic data to uncover disease mechanisms and identify novel therapeutic targets, reinforcing
metabolism as a pivotal and dynamic area of biomedical research.

Pregnane X receptor (PXR) is an essential nuclear receptor that bridges host metabolism
and the gut microbiome. Predominantly expressed in the liver and intestines, PXR serves as a
xenobiotic sensing nuclear receptor that regulates the transcription of genes involved in xenobiotic
biotransformation, lipid metabolism, and immune modulation (Xie and Chiang 2013; Kliewer,
Goodwin, and Willson 2002). Recent studies highlight the bidirectional interplay between PSR
and the gut microbiome, showing that PXR activation can remodel microbial communities and
alter the production of microbial metabolites with implications for host metabolic health and
disease (Little et al. 2022; Dempsey et al. 2019; Mohandas and Vairappan 2017; Koppel, Maini
Rekdal, and Balskus 2017; Drissi et al. 2014). Microbial-derived metabolites can modulate PXR
activity thereby influencing the expression of genes governing inflammation and metabolic
homeostasis (Venkatesh et al. 2014b). This dynamic crosstalk positions PXR as a central mediator
in host-microbe interactions. Several microbial metabolites are known PXR ligands, where
lithocholic acid (LCA), a secondary bile acid generated by gut microbiota, activates PXR to
promote detoxification pathways and reduce bile acid toxicity (Staudinger et al. 2001). Another
key microbial metabolite, indole-3-propionic acid (IPA), a tryptophan derivative produced by
Clostridium sporogenes, also activates PXR and has been associated with antioxidant properties
and enhance intestinal barrier integrity (Venkatesh et al. 2014a). Together, these findings highlight
the essential role of microbial metabolites in regulating PXR activity and underscore the
importance of PXR in maintaining metabolic and immune balance through its interactions with

the gut microbiome.

74


https://www.zotero.org/google-docs/?broken=tZ0frL
https://www.zotero.org/google-docs/?broken=tZ0frL
https://www.zotero.org/google-docs/?broken=B6qGm5
https://www.zotero.org/google-docs/?broken=B6qGm5
https://www.zotero.org/google-docs/?broken=sAR5RZ
https://www.zotero.org/google-docs/?broken=JXB2Nz
https://www.zotero.org/google-docs/?broken=nWPlEI

Mouse and human PXR differ significantly in their ligand-binding specificity and
transcriptional activity due to sequence variations within their ligand-binding domains. Human
PXR (hPXR) exhibits broader ligand promiscuity, being activated by compounds such as rifampin
and LCA, whereas mouse PXR (mPXR) is selectively responsive to ligands like pregnenolone
16a-carbonitrile (PCN) (Moore et al. 2003). These species-specific distinctions have led to the
development of humanized PXR-transgenic (hPXR-TG) mouse models, which serve as a valuable
platform for investigating human-relevant PXR activation. hPXR-TG mice replicate human-
specific drug responses and pharmacokinetic interactions and enable mechanistic studies of
microbial metabolites like LCA and IPA, which preferentially activate hPXR (Ma et al. 2007).
Originally generated by Frank Gonzalez and colleagues, this transgenic model provides a critical
translational tool for studying human PXR biology in vivo (Ma et al. 2007).

MFA is most commonly conducted in in vitro systems, such as cultured cells or isolated
tissues, where experimental conditions can be tightly controlled to investigate specific metabolic
pathways (H. He et al. 2020). These in vitro models provide valuable insights into cellular
metabolism and are well-suited for mechanistic studies. However, a key limitation of in vitro MFA
is the lack of physiological complexity, particularly the absence of multi-organ interactions that
critically influence systemic metabolic flux. Furthermore, tissue-specific differences in metabolite
bioavailability and the expression of metabolic enzymes can result in differential incorporation of
labeled carbons across organs, limiting the extrapolation of in vitro findings to in vivo contexts.

Therefore, the objective of this study was to implement MFA in an in vivo system to enable
comprehensive tracing of metabolite incorporation across multiple bio-compartments.
Specifically, we employed '3Ci1-L-tryptophan isotope tracing-based MFA in conventional (CV)

and germ-free (GF) hPXR-TG mice to investigate gut microbiome-dependent tryptophan
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metabolism and tissue-specific metabolic responses in vivo. We hypothesized that the presence or
absence of the gut microbiome would distinctly influence the incorporation of tryptophan-derived

carbons into host metabolic pathways in a tissue-specific manner.

MATERIALS AND METHODS
Chemical preparation

The overall experimental design is illustrated in Figure 1. The '3Cii-labeled L-tryptophan
isotope was provided by Dr. Haiwei Gu at Arizona State University (No. 202114-65-5, Cambridge
Isotope Laboratories, Inc.). Tryptophan isotope (20 mg/kg) was prepared in freshwater. The

mixture was then aliquoted into 1.5 mL tubes and stored at -80°C until use.

Animals and exposures

The hPXR-TG mice were generously provided by Dr. Frank Gonzalez (National Cancer
Institute, Bethesda, MD), as previously described (Ma et al. 2007). Breeder pairs were acclimated
to the animal facility at the University of Washington and bred for at least two generations prior
to experimentation. All mice were housed in accordance with the guidelines of the Association for
Assessment and Accreditation of Laboratory Animal Care International (AAALAC). Animals
were maintained in individually ventilated cages with autoclaved Enrich-N’Pure bedding
(Andersons, Maumee, OH) and had ad libitum access to non-acidified, autoclaved drinking water
with LabDiet 5010 chow (St. Louis, MO). All procedures approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of Washington. At 3 months of age, males
CV and GF hPXR-TG male mice (n = 3-4 per group) were orally gavaged with 20 mg/kg of 3C11-

labeled L-tryptophan. In addition, 6 months of age males CV and GF male mice received identical
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treatment (n = 3-4 per group). Thirty min following oral gavage, animals were euthanized via CO2
for tissue collection. Whole blood was obtained via cardiac puncture and transferred to
MiniCollect serum separator tubes (Greiner Bio-One, Kremsmiinster, Austria), held on ice for a
minimum of 30 min to allow coagulation, and centrifuged at 4,000 rpm (1,503 x g) for 20 min at
4°C. Serum was collected and stored at —80°C. Large intestinal contents (LICs) were flushed with
10 mL of ice-cold phosphate-buffered saline (PBS), immediately snap-frozen on dry ice, and
stored at —80°C. Liver and brain tissues were flash-frozen in liquid nitrogen and stored at —80°C

until further use.

Large-scale targeted LC-MS/MS metabolomics

The large-scale targeted LC-MS/MS method employed in this study was adapted from
established protocols used in previous research (Carroll et al. 2015a; Eghlimi et al. 2020; Jasbi et
al. 2019; Shi et al. 2020; Gu et al. 2015a). All analyses were conducted using an Agilent 1290
UPLC coupled to a 6490 triple quadrupole mass spectrometer (QQQ-MS; Agilent Technologies,
Santa Clara, CA). Approximately 20 mg of each tissue sample was homogenized in 200 uL of
methanol:phosphate-buffered saline (MeOH:PBS, 4:1, v/v) containing 1810.5 pM !3Cs-lactate and
13Cs-glutamic acid, using a Bullet Blender homogenizer (Next Advance, Averill Park, NY). These
isotopically labeled internal standards were included to monitor instrument stability rather than for
the quantification of indoles. Following homogenization, an additional 800 uL of the MeOH:PBS
extraction buffer was added, and the samples were vortexed for 10 s, incubated at —20°C for 30
min, and then sonicated in an ice bath for 30 min. Samples were centrifuged at 14,000 rpm for 10
min at 4°C, and 800 uL of the supernatant was transferred to new tubes and dried under vacuum

using a CentriVap Concentrator (Labconco, For Scott, KS). Prior to LC-MS analysis, the dried

77


https://www.zotero.org/google-docs/?broken=MYNIda
https://www.zotero.org/google-docs/?broken=MYNIda

extracts were reconstituted in 150 pL of 60% acentonitrile (ACN)/40% PBS. Each sample was
injected twice: 10 pL for negative ion mode and 4 pL for positive ion mode. Chromatographic
separation was performed in hydrophilic interaction liquid chromatography (HILIC) mode using
a Waters XBridge BEH Amide column (150 x 2.1 mm, 2.5 pm particle size; Waters Corporation,
Milford, MA). The mobile phases consisted of Solvent A (10 mM ammonium acetate, 10 mM
ammonium hydroxide in 95% H20/5% ACN) and Solvent B (10 mM ammonium acetate, 10 mM
ammonium hydroxide in 95% ACN/5% H-0). The gradient began with 90% B for 1 min, decreased
to 40% B over 11 min, held for 4 min, and then returned to 90% B for column re-equilibration.
The flow rate was 0.3 mL/min, with the autosampler maintained at 4°C and the column at 40°C.
Mass spectrometric detection was performed using an ESI source in multiple-reaction monitoring
(MRM) mode. Data acquisition and instrument control were conducted using Agilent MassHunter
Workstation software, and peak integration was performed with Agilent MassHunter Quantitative

Analysis software (Agilent Technologies, Santa Clara, CA).

Statistical analysis

One-way or two-way analysis of variance (ANOVA) followed by Duncan’s post hoc test
was performed within each sex and species group to assess the effects of tryptophan isotope
incorporation. Statistical significance was determined at an adjusted p-value < 0.05 using SPSS
software Version 29.0.1.0 (IBM, Armonk, NY). For principal component analysis (PCA) and
volcano plots, prcomp function and limma R packages were used and controlled for errors of

multiple testing (adjusted p-value < 0.05).
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RESULTS
Metabolic flux analysis in male conventional (CV) and germ-free (GF) mice

To assess how the presence or absence of the gut microbiome influences the incorporation
of tryptophan-derived carbons into host metabolic pathways, large-scale targeted LC-MS/MS
metabolomics was performed on tissues collected 30 min after oral gavage with '3Cii-L-
tryptophan in male CV and GF mice. Principal component analysis (PCA) and volcano plots
revealed distinct metabolic flux profiles in serum, liver, and brain tissues between CV and GF
groups, highlighting systemic differences in tryptophan metabolism (Figure 2).

In parallel, analysis of gastrointestinal compartments, including the duodenum, jejunum,
ileum, and colon, demonstrated compartment-specific metabolic flux differences between CV and
GF mice (Figure 3). Each intestinal region exhibited unique metabolic signatures, reflecting spatial
heterogeneity and underscoring the gut microbiota’s influence on localized tryptophan
metabolism.

Collectively, the PCA plots in Figures 2 and 3 revealed clear separation between CV an
GF groups across all examined tissues, indicating that the microbiome plays a pivotal role in
shaping tissue-specific metabolic landscapes. Volcano plot analyses further identified key
metabolic features altered by microbiome status, emphasizing the microbiota’s role in regulating

both systemic and intestinal metabolic homeostasis.

Enriched metabolite pathway analysis in male CV and GF mice
Pathway enrichment analysis revealed distinct and tissue-specific alterations in metabolite
regulation between CV and GF male mice across serum, liver, and intestinal compartments (Figure

4). In serum, the most significantly enriched pathways included glutathione metabolism, aspartate
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metabolism, and tryptophan metabolism. Glutathione metabolism exhibited the highest
enrichment ratio, indicating a robust systemic response to microbial absence, particularly in redox
and amino acid pathways. In the liver, enrichment was observed in aspartate metabolism, tyrosine
metabolism, and purine metabolism, highlighting the liver’s central role in amino acid and
nucleotide processing influenced by tryptophan-derived flux. Within the duodenum, purine
metabolism, taurine and hypotaurine metabolism, and glutathione metabolism were significantly
enriched, suggesting heightened nucleotide synthesis and sulfur amino acid processing at the
proximal intestinal segment. In the ileum, homocysteine and methionine metabolism were notably
enriched, with homocysteine metabolism showing the highest enrichment ratio across all tissues
analyzed. This finding underscores the ileum’s role in sulfur amino acid metabolism and one-
carbon/methylation pathways. In the colon, diverse pathways including homocysteine degradation,
taurine and hypotaurine metabolism, and tryptophan metabolism were enriched, suggesting
enhanced sulfur compound detoxification and microbial-host co-metabolism in this compartment.
Overall, these results demonstrate that the absence of the gut microbiota induces tissue-specific
metabolic rewiring, especially impacting amino acid, nucleotide, and sulfur-containing compound

pathways along the gut-liver axis.

Differentially regulated metabolites between male CV and GF mice

Two-way hierarchical clustering analysis revealed distinct patterns of metabolite
regulation across serum, liver, and intestinal tissues in male CV and GF mice (Figure 5). The
heatmaps illustrate compartment-specific metabolomic differences, while the accompanying Venn
diagram highlights overlapping and unique metabolite alterations across tissues.

In the serum, 18 metabolites were significantly upregulated in GF mice. Notably, p-cresyl
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sulfate, a uremic toxin associated with oxidative stress and chronic kidney disease, was elevated
(Gryp et al. 2017). Similarly, 3B-hydroxy-5-cholenoic acid, a primary bile acid associated in
hepatobiliary dysfunction, was increased likely due to impaired microbial conversion to secondary
bile acids in the absence of a microbiome (Sugiyama et al. 1986; Heinken et al. 2019).
Indoleacrylic acid, a microbial tryptophan metabolite known to enhance epithelial barrier integrity
and suppress inflammation, was also elevated (Wlodarska et al. 2017). In contrast, seven serum
metabolites were significantly downregulated in GF mice. These included N-acetylaspartic acid, a
precursor of the neuropeptide acetyl aspartyl glutamate, with roles in brain energy homeostasis
and axon-glial signaling (Moffett et al. 2007). Acetyl-B-methylcholine, a parasympathetic
muscarinic agonist involved in gastrointestinal motility, was also reduced (Fisher et al. 2004;
Lopes et al. 2006). In addition, n-benzylformamide, an alcohol dehydrogenase inhibitor involved
in detoxification, was significantly decreased (Schindler, Berst, and Plapp 1998). These changes
suggest that microbial absence disrupts systemic metabolic functions related to inflammation,
detoxification, bile acid metabolism, and neuromodulation.

In the liver, 13 metabolites were significantly upregulated in GF mice. This included adenyl
succinic acid, a compound shown to enhance insulin secretion and reverse B-cell dysfunction
(Gooding et al. 2015), and indoxyl sulfate, a microbial metabolite linked to tight junction
disruption and oxidative stress-induced liver and kidney injury (Y. Huang et al. 2020; W.-C. Liu,
Tomino, and Lu 2018). Nine liver metabolites were significantly downregulated in GF mice. As
observed in serum, n-benzylformamide was decreased, reinforcing the theme of disrupted
detoxification. In addition, docosatetraenoylethanolamide, an anti-inflammatory ethanolamide that
interacts with cannabinoid receptors, was downregulated (Hanus et al. 1993; Alhouayek et al.

2017). These findings indicate that the absence of gut microbiota leads to pronounced alterations
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in host metabolite profiles, especially in pathways related to inflammatory regulation, bile acid
metabolism, neuronal signaling, and detoxification. These shifts underscore the microbiome’s
central role in maintaining systemic metabolic homeostasis.

In the intestinal compartments, heatmaps revealed distinct clustering patterns across the
duodenum, jejunum, ileum, and colon, indicating a high degree of tissue-specific metabolic
regulation. In the duodenum, 51 metabolites were significantly upregulated in GF mice. Among
these, adenylsuccinic acid and indoxyl sulfate were also elevated in the liver, suggesting consistent
systemic alterations. Reduced glutathione, a key antioxidant involved in inflammation control and
detoxification, was upregulated in GF mice; dysregulation of its metabolism has been implicated
in cancer and neurodegenerative disease (Vickers, Fisher, and Sinclair 2010; Townsend, Tew, and
Tapiero 2003). Conversely, 19 metabolites were significantly downregulated in the duodenum of
GF mice. Val-Ser, a dipeptide involved in amino acid metabolism, was significantly reduced and
has been associated with gastrointestinal disorders such as ulcerative colitis and irritable bowel
syndrome (Schirmer et al. 2024; X.-Y. Zhao et al. 2019). These findings indicate the critical role
of the gut microbiome in modulating duodenal metabolic functions, particularly those related to
inflammation, antioxidant defense, and amino acid homeostasis.

In the jejunum, 33 metabolites were significantly upregulated in GF mice. Notably, N-
acetylornithine, an intermediate in arginine biosynthesis and the urea cycle, was elevated where
reduced levels of this metabolite have been associated with liver disease (Soga et al. 2011). Acetyl-
B-methylcholine was also increased, in contrast to its downregulation in serum. Indoxyl sulfate, a
uremic toxin, was elevated in the jejunum, consistent with its increase in the duodenum and liver.
Meanwhile, 9 metabolites were involved in oxidative stress mitigation and anti-inflammatory

responses (Pekala et al. 2011; Fortin 2011), and methyldopa, an L-tyrosine derivative with
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immunomodulatory properties (Ostrov et al. 2018). These changes reflect the microbiome’s role
in regulating amino acid metabolism, detoxification, and inflammatory processes in the jejunum.

In the ileum, 39 metabolites were significantly upregulated in GF mice. Indoxyl sulfate and
acetyl-B-methylcholine were again elevated, indicating persistent effects across intestinal regions.
In contrast, 22 metabolites were significantly downregulated. These included genistein, an
isoflavonoid with tumor-suppressive activity (Brown et al. 2016; Walsh et al. 2007), and furoic
acid, known to inhibit fatty acid and cholesterol synthesis and associated with cancer risk (Guseva
et al. 2011; Seow et al. 2019). These findings suggest the microbiome regulates pathways related
to oxidative stress, intestinal signaling, and oncogenic suppression in the ileum.

The colon exhibited the most extensive metabolic alterations, with 88 metabolites
significantly increased and 59 metabolites decreased in GF mice. Upregulated metabolites
included adenylsuccinic acid, reduced glutathione, and p-cresylsulfate, all of which were elevated
in other tissues as well. Notably, hypaphorine, an indole alkaloid with anti-obesity, insulin-
sensitizing, and anti-inflammatory properties, was significantly downregulated (Sun et al. 2017;
Luan et al. 2017). Other downregulated compounds included 1-(B-D-ribofuranosyl)thymine,
involved in tRNA stability and linked to colorectal cancer (Altobelli, Angeletti, and Latella 2016),
and daidzein-7-O-glucuronide, an antioxidant isoflavonoid (Islam et al. 2015). These alterations
emphasize the critical role of the gut microbiome in modulating colon-specific detoxification and
metabolic disease susceptibility.

Brain tissue exhibited the fewest differentially regulated metabolites, with three
significantly upregulated and four downregulated in GF mice. Among the upregulated metabolites,
tixocortol, a glucocorticoid receptor agonist, suggesting potential modulation of stress,

metabolism, and inflammation (Frank, Ortlund, and Liu 2021). Pilocarpine, a muscarinic agonist

83


https://www.zotero.org/google-docs/?broken=l2n5ce
https://www.zotero.org/google-docs/?broken=uuaHxi
https://www.zotero.org/google-docs/?broken=48qqHi
https://www.zotero.org/google-docs/?broken=48qqHi
https://www.zotero.org/google-docs/?broken=cIW9MT
https://www.zotero.org/google-docs/?broken=cIW9MT
https://www.zotero.org/google-docs/?broken=DWfWng
https://www.zotero.org/google-docs/?broken=tSv2jZ
https://www.zotero.org/google-docs/?broken=O3SuQ7

and therapeutic agent for glaucoma, was also elevated, indicating altered cholinergic signaling
(Carlson and Kraus 2025). Conversely, cladribine, an immunosuppressive and antineoplastic agent
(Liliemark 1997), was significantly downregulated, alongside 2,3,4,5-tetrahydrodipicolinic acid,
a bacterial lysine synthesis intermediate (Angrish, Lalwani, and Khare 2023), suggesting microbial
contributions to brain metabolic signaling. These findings highlight the influence of the gut
microbiome on brain metabolic pathways, linked to neurotransmitter function and immune
modulation, underscoring the importance of the gut-brain axis.

The Venn diagram (Figure 5, bottom right) illustrates the overlap of differentially regulated
metabolites across serum, liver, and intestinal compartments. The colon exhibited the highest
number of unique metabolites, reflecting its distinct metabolic responsiveness to the presence or
absence of gut microbiota. Substantial overlap between serum and liver metabolites points to
coordinated metabolic regulation, likely influenced by systemic microbial-derived metabolites.

In summary, these findings indicate the critical role of the gut microbiome in shaping
tissue-specific metabolic responses. The pronounced alterations across intestinal, hepatic, and
even neural compartments in GF mice reveal the microbiome’s broad impact on metabolic
homeostasis. These insights highlight the need for further in vivo mechanistic studies to better

understand host-microbe metabolic interactions across organ systems.

DISCUSSION

This study provides compelling evidence that the gut microbiome significantly modulates
host metabolism, especially with respect to the incorporation of tryptophan-derived carbons into
tissue-specific metabolic pathways (Figure 6). Using LC-MS/MS-based metabolic flux analysis,

we observed distinct metabolomic profiles between CV and GF male mice, indicating that the
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microbiome exerts broad and compartmentalized effects on host metabolic networks.

PCA and volcano plot analyses demonstrated clear separations in metabolic profiles
between CV and GF mice across systemic (serum) and localized (liver, brain, and intestinal)
tissues (Figures 2-3). These findings provide the microbiome’s pivotal role in shaping host
tryptophan metabolism, aligning with previous work linking microbial modulation of tryptophan
pathways to immune regulation and neurotransmitter synthesis (Agus, Planchais, and Sokol 2018;
G. Clarke et al. 2014).

The enriched metabolite pathway analysis further revealed tissue-specific metabolic
rewiring in GF male mice (Figure 4). In serum, enriched pathways such as glutathione, aspartate,
and tryptophan metabolism suggest a systemic compensatory response to the absence of
microbiota, likely reflecting altered redox and amino acid homeostasis (K. Gao et al. 2020;
Mardinoglu et al. 2015). In the liver, enhanced aspartate and tyrosine metabolism pathways
confirm its central role in nutrient processing modulated by gut microbial signals (Schwabe and
Jobin 2013). The colon showed the most enrichment in homocysteine degradation and taurine
metabolism, highlighting its role in sulfur amino acid turnover and detoxification (Louis, Hold,
and Flint 2014).

Consistent with our previous findings, indoxyl sulfate, a hepatic sulfotransferase (Sult)-
derived metabolite from microbial indole, was significantly elevated in the liver, duodenum,
jejunum, and ileum of GF male mice (Figure 5). This supports the concept that microbiome
depletion diverts tryptophan-derived carbon into amino acid pathways including those for
aspartate, glutamate, taurine, methionine, serine, and branched-chain amino acids (Fu et al. 2016;

Selwyn, Cui, and Klaassen 2015).
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Region-specific shifts in intestinal metabolism were particularly evident in the colon,
which showed the greatest number of differentially regulated metabolites in GF mice. This
supports the notion that microbial presence directly shapes metabolic activity in distal gut
segments. In contrast, the brain showed limited metabolic changes; however, the upregulation of
pilocarpine and tixocortol and downregulation of cladribine and tetrahydrodipicolinic acid in GF
mice suggest disruption of gut-brain axis signaling, possibly due to altered blood-brain barrier
permeability and lack of microbial-derived neuroactive metabolites (Braniste et al. 2014; Cryan
and Dinan 2012).

Venn diagram analyses revealed overlapping and distinct tissue responses. The shared
metabolite changes between serum and liver suggest systemic coordination, whereas the colon-
specific changes emphasize localized microbiome-host metabolic interactions.

There are some limitations to this study. First is the use of single time point (30 min post
gavage), which may not fully capture the temporal dynamics of microbial-tryptophan metabolism.
Second is the sex differences, where this study only focused on male mice and inclusion of females
in future work is necessary to assess sex-specific differences.

Despite these limitations, this study provides the first in vivo MFA showing that the
presence or absence of the gut microbiome differentially alters tryptophan-derived carbon
incorporation into host metabolic networks in a tissue-specific manner. These findings highlight
the microbiome’s regulatory influence on host metabolism and emphasize the need for further
studies to identify specific microbial taxa and pathways involved. Such insights will be critical for

developing microbiome-targeted interventions for metabolic diseases.
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Figure legends

Figure 1. Experimental design of the study. Three-month-old male conventional (CV) and germ-
free (GF) humanized PXR-transgenic (hPXR-TG) mice (n = 3-4 per group) were orally gavaged
BC11-L-tryptophan (20 mg/kg) and collected various tissues after 30 min. LC-MS was used to
perform untargeted metabolic flux analysis in serum, liver, duodenum, jejunum, ileum, colon, and

brain with bioinformatics listed above.

Figure 2. Principal component analysis (PCA) and volcano plots of serum, liver, and brain
metabolic flux between CV and GF male mice using the prcomp function and limma R package

controlled for errors of multiple testing (adjusted p-value < 0.05).

Figure 3. PCA and volcano plots of intestinal compartments (duodenum, jejunum, ileum, and
colon) metabolic flux between CV and GF male mice using the prcomp function and limma R

package controlled for errors of multiple testing (adjusted p-value < 0.05).

Figure 4. Differentially regulated enriched metabolite pathway analysis of serum, liver,

duodenum, jejunum, ileum, and colon using MetaboAnalyst (adjusted p-value < 0.05).

Figure 5. Two-way hierarchical clustering of differentially regulated metabolites in different
tissues. Y-axis numbers indicate the total number of differentially regulated genes by 3Cii-L-
tryptophan (adjusted p-value < 0.05). Red represents relatively high expression and blue represents
relatively low expression. Venn diagram shows the common and uniquely regulated metabolites

by 3C11-L-tryptophan in serum, liver, and intestines (duodenum, jejunum, ileum, and colon).
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Figure 6. Summary diagram of the major findings of this study. Overall, the in vivo tryptophan
metabolic flux analysis demonstrated that the absence of the gut microbiome significantly altered
tissue-specific metabolic pathways. In addition, it showed disrupted regulation of detoxification
and inflammation pathways in multiple tissues, with colon exhibiting the most pronounced

metabolic changes.

88



Figure 1

3-months old _ Tissue collection
I-Iumar-lized PXR- CO”VEC’;;'O"?’I am 30 min Serum
transgenic (hPXR-TG) () Oral gavage: 13C,,-L-Tryptophan - Liver
mice - (20 mg/kg) Duodenum
- Germ Free i
Jejunum
Gy miee B0 ’

lleum

n = 3-4/exposure
Colon

Brain
Bioinformatics

Average value > 1 (Rel. Exchange [%])

Sum the value of duplicated metabolite names
Upper quartile normalization

Likelihood Ratio Test (LRT)

FC 1.5 (GF/CV, +1 to address all zeros in CV) — LC-MS based untargeted

Remove Unwanted Variables (RUVr) metabolomics coupled
edgeR, FDR-BH < 0.05 with flux analysis
Visualization (PCA, volcano, 2-way hierarchical

clustering heatmap)

89



12

-

(a0 6o-

(Hodi016or-

PO (37 58%)

15

(Bahos8o-

PC1 (30.82%)

90



e
o« |w
" . . 3
feiaa :
S % . o‘.
'
s
AP - © . v pe Al iy
s =, - ALS R o
.y wR el
B iy AR
AT . -
=0 W 2 M.
§ v . 4 u n
oot - i
s o . = q-n.ﬂ.”
G ; G Yea g
Fi . ') > ‘ o— -
. . ® A
R P
o
L 4
e .-. "
A o o AL L 2 . ° ! 4 : - s 2 ] s s
{04i016- tuasloibo- tuadioitor B - (0410380

Figure 3

-3
JR 1 A [
Z g z
: = 3
o g ~+— 1 1.3 £
g I 3 g
e i 2 _ T Y
BT -
O e
N G
NS
Se— 52
=
e o2 0029

Duodenum

91

10

0
PC1 (/0.4%)



Duodenum

[ ——

Taurine and
|
Metabolism

BUP ===

Cysteine Metabolism

Aspartate Metabolism

Glutarmate Metabolism

Frishmarr Rty

lleum

.
Metabolism
Glycine and Serine -

Metabolism

Valine, Leutine, and
Esoleucine
Degradation

Bile Acid Blosynthesis

Taurine and Hypotaurine
Metabolism

Tryptophan Metabolism

Methionine Metabolism

Liver

G o8 Bresiad Mealone e

Aspartate
Matabolksm

h

Jejunum

- -

Alpha Linolenic Add and
Linoleic Acid Metabolism

Metabolism

Colon

Drwvwm 4 Lt Wt Sets

Homocysteine

Purine Metabelism
Lysine Degradation

Aspartate Metabolism

Histidine Metabolism

Glycine and Serine

Bile Add Blosynthesis

\ |

92



Figure 5
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Figure 6
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* Invivo tryptophan metabolic flux analysis demonstrated that the absence of the
gut microbiome significantly altered tissue-specific metabolic pathways.

* Disrupted regulation of detoxification and inflammation pathways were
significantly shown in multiple tissues, with colon exhibiting the most
pronounced metabolic changes.
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Chapter 5
Gut microbiome mechanistically contributes to PBDEs-mediated hepatic pro-inflammatory

and immune signaling in humanized PXR-transgenic mice

I plan to submit this work to Drug Metabolism and Disposition.
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ABSTRACT

Polybrominated diphenyl ethers (PBDEs) are legacy flame retardants that persist in human tissues,
including maternal blood and breast milk. Prior studies have linked developmental PBDE exposure
to an elevated risk of diabetes in both humans and animal models. PBDEs are recognized activators
of the pregnane X receptor (PXR), a nuclear receptor central to xenobiotic metabolism and the
regulation of metabolic disorders, often in concert with the gut microbiome. Our previous work
demonstrated that maternal PBDE exposure induces a proinflammatory signature along the gut-
liver axis, influenced by microbial tryptophan metabolism in a sex-specific manner. To elucidate
the mechanistic role of the gut microbiome in mediating these effects—particularly its impact on
PXR signaling, inflammation, and metabolic dysfunction—-we conducted fecal microbiota
transplant (FMT) studies in germ-free (GF) humanized PXR-transgenic (hPXR-TG) mice. At 3
and 6 months of age, GF hPXR-TG mice were orally gavaged with large intestinal contents from
age-, sex-, and genotype-matched conventional (CV) donor mice that were exposed to control or
developmentally exposed to DE-71, a human health-relevant industrial PBDE mixture. Tissues
were collected one month post-transplantation (n = 3-5/group). Overall, microbiota from DE-71-
exposed donors elicited more pronounced hepatic transcriptomic alterations in female recipients
compared to males, with enriched pathways related to sterol and cholesterol metabolism and stress-
activated protein kinase signaling. In contrast, GF male recipients showed enrichment in pathways
involved in xenobiotic and fatty acid metabolism. In the large intestine, the tight junction gene
transcripts 7jpl and Tjp2 were consistently downregulated, indicative of compromised intestinal
barrier integrity, or “leaky gut,” likely driven by DE-71-induced microbial dysbiosis. In addition,
hepatic inflammatory markers were more elevated in female recipients, suggesting a sex-specific

response. In conclusion, these findings provide mechanistic evidence that gut microbiome
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dysbiosis contributes to DE-71-induced proinflammatory hepatic transcriptomic changes, with
more pronounced effects observed in females, highlighting the microbiome as a key mediator of

sex-specific toxicant responses.
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INTRODUCTION

Polybrominated diphenyl ethers (PBDEs) have been extensively used in industrial
applications and were once common as flame retardants. Because of their lipophilic nature, PBDEs
persist in the environment and remain detectable in daily lives such as fatty foods and human breast
milk. Exposure to PBDEs has been associated with elevated risk of metabolic disorders in both
humans and animal models (Zhang et al. 2016). More recently, PBDEs have been frequently
detected near electronic waste recycling sites, raising significant concerns about ongoing
environmental contamination (Renzelli et al. 2023). DE-71, a human health-relevant PBDE
mixture, contains BDE-47 and BDE-99 as its predominant congeners. Our previous research
demonstrated that maternal exposure to DE-71 induces proinflammatory signatures along the gut-
liver axis, which is linked to dysregulated microbial tryptophan metabolism in a sex-specific
manner (S. Kim et al. 2023).

Pregnane X receptor (PXR) is a xenobiotic-sensing nuclear receptor that modulates the
transcription of genes involved in the metabolism and clearance of both exogenous chemicals and
endogenous compounds. PXR is predominantly expressed in the liver and intestines, it regulates a
diverse set of genes encoding drug-metabolizing enzymes and transporters, including cytochrome
P450 family (e.g. CYP3A4), ATP-binding cassette (ABC) transporters, and phase II conjugating
enzymes (Brewer and Chen 2016). Through its ability to modulate a wide variety of xenobiotics
and endogenous ligands, PXR plays a central role in maintaining chemical homeostasis and
protecting against toxic insults. Beyond its main role in xenobiotic detoxification, PXR has also
been implicated in lipid and glucose metabolism, bile acid homeostasis, inflammation, and
immune modulation, linking to the pathogenesis of metabolic disorders and inflammatory disease

(Lv et al. 2022; Shah et al. 2007). Its broad ligand promiscuity and functional crosstalk with other
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nuclear receptors highlight its importance in toxicology, pharmacology, and disease pathogenesis.

The gut microbiome is increasingly recognized as a key regulator of host xenobiotic
metabolism and metabolic disorders (Koppel, Maini Rekdal, and Balskus 2017; S. F. Clarke et al.
2012; Drissi et al. 2014). Early-life gut dysbiosis has been associated with inflammation and
metabolic dysfunction later in life, including obesity, insulin resistance, and immune dysregulation
(Bassols et al. 2016; Martinez and Guerra 2018; Scoville et al. 2019; Lim et al. 2021). PBDEs are
known to bioaccumulate in human tissues and have been linked to development of metabolic
syndrome in both human epidemiological studies and animal models. Our previous work
demonstrated that maternal exposure to DE-71, a human-relevant industrial PBDE mixture,
resulted in sustained gut dysbiosis and sex-specific alterations in microbial tryptophan metabolism
in the offspring, highlighting the gut-liver axis as a key site of PBDE-induced metabolic toxicity
(S. Kim et al. 2023). Germ-free (GF) mouse models have emerged as a powerful tool for
elucidating the causal roles of the microbiome in disease pathogenesis. By allowing for controlled
colonization with defined microbial communities, GF models can isolate microbiota-dependent
effects of environmental toxicants, including PBDEs, and have revealed that gut microbiome
changes may serve as mechanistic mediators and predictive biomarkers of metabolic disruptions
(Aghighi and Salami 2024). Together, these findings highlight the importance of microbiome-
toxicant interactions in shaping host metabolic outcomes and provide a foundation for future
therapeutic strategies targeting microbial pathways.

However, the causal role of the gut-liver axis in mediating the effects of PBDE exposure
on the development of metabolic disorders and inflammation later in life remains poorly
understood. Therefore, the goal of this study is to elucidate the underlying mechanisms by

investigating the contribution of gut microbiota to PBDE-induced toxicity. We hypothesize that
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GF mice, which were not directly exposed to PBDEs but received fecal microbiota transplants
from developmentally-exposed donors, would develop certain degree of inflammation- and
obesity-related phenotypes in adulthood, thereby supporting a microbiome-mediated mechanism

of PBDE-induced metabolic disruption.

MATERIALS AND METHODS
Animal experiments and fecal microbiota transplantation

Germ-free (GF) and conventional (CV) hPXR-TG mice, originally gifted from Dr. Frank
Gonzalez (National Cancer Institute, Bethesda, Maryland) as described previously (Ma et al.
2007), were bred and maintained in the University of Washington gnotobiotic facility (Seattle,
Washington) in sterile isolator under a 12-h light/dark cycle. All mice were housed according to
the Association of 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. All mice were given ad libitum access to LabDiet No.
5010 (St. Louis, Missouri), which was autoclaved and sterility-tested prior to use. The inoculum
for fecal microbiota transplantation (FMT) was prepared by sterile PBS dilution at 1:10 (w/v) of
intestinal content collected from CV control-fed and DE-71-fed mice, which were described in
detail in our previous study (S. Kim et al. 2023). Briefly, 3 months- and 6 months-old male and
female GF mice were orally gavaged with 100 pL of the inoculum for one day (Figure 1). After a
month of FMT, mice were sacrificed and the tissues including blood, liver, small and large
intestines, small and large intestinal contents, and pancreas were collected, snap-frozen in liquid

nitrogen, and kept at -80°C until processed for further analysis.
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Tissue collection

Tissues were harvested after one month of FMT. Whole blood was collected via cardiac
puncture and transferred to a MiniCollect serum separator (Greiner Bio-One, Kremsmiinster,
Austria), and was kept on ice for at least 30 min to allow sufficient time for blood coagulation.
Serum was collected by centrifugation at 4000 rpm (1503 x g) at 4°C for 20 min and stored at
—80°C until analysis. Large intestinal contents (LICs) were flushed with 10 mL of ice-cold
phosphate-buffered saline (PBS), immediately frozen on dry ice, and stored at —80°C. Intestines
were snap-frozen in liquid nitrogen. Liver histology samples were fixed in 10% neutral-buffered
formalin. Rest of the liver samples were rapidly frozen in liquid nitrogen and stored at —80°C for

subsequent analysis.

Metagenomic shotgun sequencing and data analysis

Bacterial DNA was isolated from large intestinal content (LIC) pellets using the OMEGA
E.N.Z.A. Stool DNA Kit (OMEGA Biotech, Inc., Norcross, GA) following the manufacturer’s
protocol. DNA concentration was quantified using a Qubit fluorometer (Thermo Fisher Scientific,
Waltham, MA). Metagenomic shotgun sequencing (Diversigen, New Brighton, MN) was
conducted to assess gut microbiome composition and functional changes over time. DNA
sequences were aligned to a curated database comprising all bacterial genomes from RefSeq, along
with manually curated, high-quality metagenomically assembled and cell-cultured mouse-specific
genomes. Alignments were performed at 97% identity against all reference genomes. Samples with
>10,000 sequences were retained for downstream analysis, and operational taxonomic unit (OTU)
counts were normalized to genome length. Functional microbiome changes were predicted by

comparing aligned reads to the Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology
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(KO) groups.

Large-scale targeted LC-MS/MS metabolomics

The large-scale targeted LC-MS/MS method utilized in this study was adapted from
established protocols previously applied in numerous studies (Carroll et al. 2015b; Eghlimi et al.
2020; Gu et al. 2015b; 2016; Jasbi et al. 2019; 2021; Shi et al. 2019). All LC-MS/MS experiments
were conducted using an Agilent 1290 UPLC-6490 QQQ-MS system (Santa Clara, CA). Tissue
samples (~20 mg) were homogenized in 200 pL. methanol (MeOH):PBS (4:1, v/v) containing
1810.5 uM '*Cs-lactate and 142 uM '3Cs-glutamic acid using a Bullet Blender homogenizer (Next
Advance, Averill Park, NY). These internal standards were used to assess mass spectrometry
signal stability but were not used for indole quantification, consistent with previous studies
(Carroll et al. 2015b; Eghlimi et al. 2020; Gu et al. 2015b; 2016; Jasbi et al. 2019; 2021; Shi et al.
2019). An additional 800 uL MeOH:PBS (4:1, v/v, containing internal standards) was added, and
samples were vortexed for 10 s, then stored at —20°C for 30 min. After 30 min of ice bath
sonication, samples were centrifuged at 14,000 rpm for 10 min (4°C), and 800 pL of supernatant
was transferred to a new tube. Samples were then vacuum-dried using a CentriVap Concentrator
(Labconco, Fort Scott, KS). Before LC-MS/MS analysis, dried residues were reconstituted in 150
uL of 40% PBS/60% acetonitrile (ACN). A quality control (QC) sample was pooled from all study
samples. Each sample was injected twice into the LC-MS/MS system, 10 uL. for analysis using
negative ionization mode and 4 pL for analysis using positive ionization mode. Both
chromatographic separations were performed in hydrophilic interaction chromatography mode on
a Waters XBridge BEH Amide column (150 x 2.1 mm, 2.5 pm particle size, Waters Corporation,

Milford, Massachusetts). The flow rate was 0.3 mL/min, auto-sampler temperature was kept at
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4°C, and the column compartment was set at 40°C. The mobile phase was composed of Solvents
A (10 mM ammonium acetate, 10 mM ammonium hydroxide in 95% H20/5% ACN) and B
(10 mM ammonium acetate, 10 mM ammonium hydroxide in 95% ACN/5% H20). After the initial
1 min isocratic elution of 90% B, the percentage of Solvent B decreased to 40% at t=11 min. The
composition of Solvent B was maintained at 40% for 4 min (t= 15 min), and then the percentage
of B gradually went back to 90%, to prepare for the next injection.

The mass spectrometer utilized an electrospray ionization (ESI) source, and targeted data
acquisition was performed in multiple-reaction-monitoring (MRM) mode. The entire LC-MS
system was controlled using Agilent MassHunter Workstation software, with extracted MRM

peaks integrated using Agilent MassHunter Quantitative Data Analysis (Santa Clara, CA).

Untargeted LC-MS metabolomics

The untargeted LC-MS metabolomics method used in this study was adapted from
previously established protocols (Gu et al. 2015b; Qi et al. 2013; Y. Wei et al. 2021; Yao et al.
2014). LC-MS measurements were conducted using a Thermo Vanquish UPLC-Exploris 240
Orbitrap MS system (Waltham, MA). Leftover samples from targeted LC-MS/MS metabolomics
were analyzed using this high-resolution mass spectrometer equipped with an ESI source.
Untargeted data were collected over a mass range of 70-1050 m/z. Peak identification was
performed using a combination of in-house chemical standards (~600 aqueous metabolites) and
spectral searches against multiple metabolomics databases, including HMDB, LipidMaps,
METLIN, mzCloud, Metabolika, and ChemSpider. For MS data extraction, the absolute intensity
threshold was set at 1000, with a mass accuracy limit of 5 ppm. Metabolite identification and

annotation were based on retention time (RT), exact mass, MS/MS fragmentation patterns, and
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isotopic distributions. Thermo Compound Discoverer 3.3 was used for aqueous metabolomics data
processing, including peak picking, alignment, and normalization. To ensure data quality and
reproducibility, only signals/peaks with CV < 20% across QC pools, and the signals showing up

in >80% of all the samples were included for further analysis.

Gas Chromatography-Mass Spectrometry (GC-MS)

GC-MS experiments were performed using an Agilent 7820A gas chromatography system
coupled to an Agilent 5977B mass spectrometer (Agilent Technologies, Santa Clara, CA). Sample
separation was achieved using an HP-5ms capillary column (30 m x 250 pm i.d., 0.25 pm film
thickness) coated with 5% phenyl-95% methylpolysiloxane (Agilent Technologies). A 1 pL
sample was injected, with a solvent delay time of 5 min. The oven temperature program was set
as follows: initial hold at 60°C for 1 min, ramped to 325°C at a rate of 10°C/min, and held at 325°C
for 10 min. Helium was used as the carrier gas at a constant flow rate of 0 mL/min. The inlet,
transfer line, and electron impact (EI) ion source temperatures were set to 250°C, 290°C, and
230°C, respectively. The electron energy was maintained at =70 eV, and mass spectral data were
collected in full scan mode (m/z 30-600).

Data processing was performed using Agilent MassHunter Workstation Software
Quantitative Analysis (B.09.00). Peak identification, integration, and quantification were carried
out with a signal-to-noise (S/N) ratio threshold of 3. The retention times (RT) and quantification

masses for BDE-47 and BDE-99 were determined using chemical standards.

RNA isolation

Total RNA was extracted from frozen liver and large intestine tissues using RNA-Bee
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reagent (Tel-Test Inc., Friendswood, TX) following the manufacturer’s protocol. RNA
concentration was determined by measuring absorbance at 260 nm using a NanoDrop 1000
Spectrophotometer (Thermo Scientific, Waltham, MA). RNA integrity was assessed by
formaldehyde-agarose gel electrophoresis, with visualization of 18S and 28S rRNA bands under
UV light. The quality of total RNA was further confirmed using an Agilent 2100 Bioanalyzer

(Agilent Technologies Inc.).

RT-qPCR quantification of liver and data analysis

Total RNA was extracted from liver and intestinal tissues (n = 5 per group). RNA was
reverse-transcribed into complementary DNA (cDNA) using the High-Capacity cDNA Reverse
Transcription Kit (Life Technologies, CA). Quantitative PCR (qPCR) was performed using Sso
Advanced Universal SYBR Green Supermix on a Bio-Rad CFX384 Real-Time PCR Detection
System (Bio-Rad, Hercules, CA). Gene expression data were normalized to the geometric mean
of the housekeeping genes Gapdh and f-actin using the AACq method and expressed as a

percentage of housekeeping gene expression.

H&E staining of liver sections

Liver tissues were fixed in 10% necutral-buffered formalin, sectioned, and stained with
hematoxylin and eosin (H&E) for blinded evaluation. Histopathological signs of necrosis included
pyknosis, karyolysis, karyorrhexis, cytoplasmic hyper-eosinophilia, membrane disruption, and cell
loss. Inflammatory markers were assessed based on edema and leukocyte accumulation. Fibrosis
was identified by the replacement of damaged tissue with angiogenic connective tissue. Apoptosis

features included chromatin condensation, cell shrinkage, and cytoplasmic bleb formation.
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Statistical analysis
For each sex and age group, one-way ANOVA was used to evaluate chemical exposure
effects, followed by Duncan’s post-hoc test, with adjusted p-values < 0.05. Statistical analyses

were conducted using SPSS software Version 29.0.1.0 (IBM, Armonk, NY).

RESULTS
Effects of FMT from DE-71-exposed donors on gut microbiome composition and functional
pathways in GF mice

To evaluate the impact of FMT DE-71 exposure on GF gut microbiome composition and
predicted functional pathways, metagenomic shotgun sequencing data were analyzed. Relative
abundance at the phylum level showed that Firmicutes and Bacteroidota were the dominant phyla
across all treatment groups and sexes (Figure 2A). Heatmap clustering analysis revealed distinct
patterns of microbial functional enrichment related to metabolic pathways, demonstrating age- and
sex-specific responses. Specifically, pathways involved in amino acid biosynthesis (valine,
leucine, isoleucine, and lysine), one-carbon metabolism via folate, and fatty acid biosynthesis were
prominently enriched in female pups at 6 months exposed to CV DE-71-expoxed donors when
compared to those group of male pups and 3 months pups (Figure 2B). Conversely, metabolic
functions such as nucleotide metabolism, mismatch repair, glycolysis/gluconeogenesis, and
homologous recombination were variably impacted, showing distinctive patterns primarily on
male pups at different developmental ages (3 months and 6 months).

The composition of the gut microbiome at the phylum level was analyzed in CV and GF

mice following FMT from DE-71-exposed or control donors at 3 months and 6 months of age
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(Supplemental Figure 1). At 3 months of age, GF control-recipient males exhibited increased
Bacteroidota (42.1% to 57.6%), reduced Firmicutes (22.1% to 17.0%), markedly increased
Actinobacteria (6.9% to 24.5%), and substantially decreased Proteobacteria (28.9% to 0.9%)
compared to CV control-recipient males. Similarly, GF DE-71-exposed males showed increased
Bacteroidota (48.1% to 62.4%), decreased Firmicutes (21.2% to 12.0%), increased Actinobacteria
(8.6% to 14.5%), and decreased Proteobacteria (22.1% to 11.1%) compared to CV DE-71-
exposed males. Female mice followed similar trends: GF control-recipient females showed notable
increase in Bacteroidota (42.3% to 67.2%), decrease in Firmicutes (19.2% to 9.1%), increase in
Actinobacteria (9.1% to 22.6%), and great decrease in Proteobacteria (29.4% to 0%). GF DE-71-
exposed females demonstrated increased Bacteroidota (43.5% to 58.7%), decreased Firmicutes
(15.0% to 12.1%), slightly increased Actinobacteria (17.4% to 18.0%), and decreased
Proteobacteria (24.1% to 11.2%) when compared to CV DE-71-exposed females.

At 6 months of age, GF control-recipient males showed increase in Bacteroidota (44.1%
to 71.5%), decrease in Firmicutes (24.1% to 11.7%), increase in Actinobacteria (12.2% to 14.5%),
and decrease in Proteobacteria (19.6% to 2.2%) when compared to CV control-recipient males.
GF DE-71-exposed males also displayed increase in Bacteroidota (40.0% to 64.3%), decrease in
Firmicutes (21.6% to 6.2%), increase in Actinobacteria (13.4% to 27.7%), and decrease in
Proteobacteria (25.0% to 1.7%) compared to CV DE-71-exposed males. Similarly, GF control-
recipient females showed prominent increase in Bacteroidota (37.4% to 75.1%), decrease in
Firmicutes (16.0% to 9.7%), increase in Actinobacteria (7.3% to 15.2%), and great decrease in
Proteobacteria (39.3% to 0%). GF DE-71-exposed females showed great increase in Bacteroidota
(43.1% to 81.6%), decrease in Firmicutes (20.3% to 7.6%), slight decrease in Actinobacteria

(13.1% to 10.8%), and decrease in Proteobacteria (23.5% to 0%) when compared to CV DE-71-
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exposed females.

Collectively, these results suggest that developmental exposure to DE-71 leads to sex-
specific persistent alterations in the gut microbiota composition, with prominent shifts in the
relative abundance of major bacterial phyla, potentially contributing to altered gut microbiome

functionality and metabolic phenotype later in life.

FMT DE-71-mediated functional changes predicted from the transcriptomic response in
livers of GF groups

As shown in Figure 3, Gene Ontology (GO) enrichment was performed to determine
transcriptional changes in livers from GF hPXR-TG mice that received FMT from DE-71-exposed
donors compared to control donors at different time points and sexes. At 3 months of age, male
recipients exhibited significant enrichment in biological processes including fatty acid
metabolism, xenobiotic metabolism, and cellular response to xenobiotics. In contrast, pathways
related to the regulation of cellular response to growth factors and renal system vasculature
development were notably down-regulated (Figure 3A). Female recipients at the same age
displayed prominent enrichment pathways associated with sterol and cholesterol biosynthesis and
metabolism, whereas antigen processing, immune responses, and peptide presentation pathways
were down-regulated (Figure 3B).

At 6 months of age, male recipients showed significant enrichment in rhythmic processes
and circadian regulation pathways, with pronounced down-regulation in xenobiotic metabolism,
steroid metabolism, thyroid hormone metabolism, and oxidative detoxification pathways (Figure
3C). In female recipients at this age demonstrated significant up-regulation of pathways related to

proteasomal degradation, ubiquitin-dependent protein catabolism, stress-activated kinase
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signaling, and cellular carbohydrate metabolism. Conversely, pathways involved in protein
folding, translation, fatty acid metabolism, and responses to misfolded proteins were down-
regulated (Figure 3D).

Overall, these results indicate that gut microbiota from DE-71-exposed donors induce
persistent, sex- and age-specific hepatic transcriptomic signatures, by disruptions in metabolic,
inflammatory, oxidative stress, and detoxification pathways potentially contributing to long-term

hepatic metabolic dysfunction.

Effects of FMT DE-71 exposure on hepatic and ileal expression of inflammatory cytokines
in GF mice

The hepatic and ileal mRNA expression of inflammatory cytokines was assessed by RT-
qPCR at 3 months and 6 months of age in control and DE-71-exposed mice, revealing tissue- and
sex-dependent effects of developmental DE-71 exposure (Figures 4 and 5). In the liver of 3 months
of age, DE-71 exposure significantly decreased the mRNA expression of interleukin-10 (///0) and
interleukin-12 subunit p40 (//12p40) in males, with no significant effects observed in females
(Figure 4A). Other cytokines, including interleukin-4 (//4) and monocyte chemoattractant protein-
1 (Mcp-1), were unaffected at this age. At 6 months of age, DE-71 exposure significantly increased
hepatic 114 mRNA expression in males but significantly decreased 1//0 and Mcp-1 expression.
However, /110 and Mcp-1 expression was increased in female mice exposed to DE-71 (though
statistically not significant). ///2p40 and tumor necrosis factor-alpha (7nfa) were not significantly
altered in either sex, though a slight increase in 7Tnfa was noted in female mice exposed to DE-71
(Figure 4B).

In contrast, in the ileum of 3 months of age, DE-71 exposure significantly increased mRNA
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expression of interferon-gamma (Ifny), increased 1110 (not statistically significant), and decreased
1l112p35 in males. In female mice exposed to DE-71, interleukin-6 (//6) was increased (not
statistically significant) and the mRNA expressions of /10, 1112p35, Ifny were decreased (Figure
5A). At 6 months of age, DE-71 exposure significantly increased /16, 1/10, and 1/12p35 mRNA
expressions in females and decreased //6 mRNA expression in males (not statistically significant),
suggesting sex-specific patterns of inflammation (Figure 5B).

We also measured the tight junction gene transcripts 7jp/ and 7jp2, indicative of
compromised intestinal barrier integrity or “leaky gut” (Clayburgh, Shen, and Turner 2004; Alaish
etal. 2013) in the ileum of GF mice. In the ileum of 3 months of age, Tjp! was significantly down-
regulated in DE-71-exposed males (Figure 5A). Moreover, in the ileum of 6 months of age, Tjp/
and 7Tjp2 genes were significantly down-regulated in DE-71-exposed males and females (Figure
5B). These findings suggest that DE-71-induced microbial dysbiosis contributes to compromised
intestinal barrier integrity or “leaky gut” over time. In addition, the results highlight sex-, age-, and
tissue-specific regulation of inflammatory cytokine expression following developmental DE-71

exposure.

Effect of DE-71 exposure on the hepatic expression of xenobiotic-sensing transcription factor
target genes in GF mice

The mRNA expression of prototypical target genes of aryl hydrocarbon receptor (AhR),
constitutive androstane receptor (CAR), pregnane X receptor (PXR), and nuclear factor erythroid
2-related factor 2 (Nrf2) was measured in the livers of recipient mice at 3 and 6 months of age
(Figure 6). The mRNA transcript of Cypla2, which is a prototypical target gene of AhR (Flaveny,

Murray, and Perdew 2010; Lo and Matthews 2012), was down-regulated in 3 months and 6 months
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of DE-71-exposed females and was more up-regulated in 6 months of DE-71-exposed males when
compared to control (Figure 6A and 6B). The mRNAs transcripts of Cyp2b9 and Cyp2b10, which
are the prototypical target genes of CAR (Cui and Klaassen 2016; Kiyosawa et al. 2008; Maglich
et al. 2003), showed significant down-regulation of Cyp2b9 in 3 months old DE-71-exposed males
and Cyp2b10 in 6 months old DE-71-exposed males when compared to control males. The mRNA
transcript of Cyp3all, which is a prototypical target gene of PXR (Cui and Klaassen 2016;
Kiyosawa et al. 2008; Maglich et al. 2003), showed significant down-regulation in 6 months old
DE-71-exposed males when compared to control males (Figure 6B). The mRNA transcript of
Ngol oxidative stress pathway, which is a prototypical target gene of Nrf2 (F. He, Ru, and Wen
2020), showed significant down-regulation in 6 months old DE-71-exposed females when
compared to control females (Figure 6B), suggesting potential suppression of antioxidant defense
mechanisms. Taken together, these findings suggest that FMT from DE-71-exposed donors
suppresses hepatic xenobiotic-sensing nuclear receptor pathways in a sex-specific manner over

time, with more pronounced effects observed in male mice at 6 months of age.

Effect of DE-71 exposure on the hepatic expression of Phase II conjugation enzyme genes in
GF mice

To determine whether microbiota from DE-71-exposed donors influence hepatic Phase 11
detoxification pathways, the mRNA expression levels of UDP-glucuronosyltransferase (Ugt)
family genes (Meech et al. 2019; Peer et al. 2016) were measured in GF recipient mice at 3 and 6
months of age following FMT (Supplemental Figure 2). At 3 months of age, DE-71 exposure
significantly down-regulated Ugt2b36 in males and significantly down-regulated Ugt/al in

females (Supplemental Figure 2A). At 6 months of age, a divergent regulatory pattern emerged.
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In males, DE-71 exposure significantly increased the expression of Ugtlal, Ugtlia9, Ugt2b34, and
Ugt2bh35, indicating an up-regulation of hepatic glucuronidation capacity (Supplemental Figure
2B). In contrast, female recipients did not exhibit significant changes in any of the Ugt isoforms
(although statistically not significant but showed slight up-regulation of Ugt/al, Ugtla9, and
Ugt2b34). These findings demonstrate that DE-71-exposed mice alters hepatic Phase II

detoxification gene expression in a sex- and age-dependent manner.

Histopathological examination of livers following FMT DE-71 exposure to GF mice

Representative H&E staining slides are shown in Supplemental Figure 3. At both 3 and 6
months of age, DE-71 exposure appeared to promote inflammation and apoptosis in livers of both
male and female pups as evidenced by a diffusive pattern of nuclear shrinkage at the morphological
level across the liver lobes when compared to the control donor recipients (male < female; 3
months < 6 months). In summary, FMT of DE-71 exposed donors modulated the hepatic

proinflammatory cytokine and liver inflammation in an age- and sex-dependent manner.

Effects of DE-71 exposure on tryptophan microbial metabolites in GF mice

Since our previous study with CV mice showed that maternal DE-71 exposure persistently
modified tryptophan microbial metabolism over time in an age- and sex-dependent manner (Kim
et al. 2023), we performed targeted metabolomics in GF hPXR-TG mice following FMT from
developmentally DE-71-exposed donors in various tissues (Figures 7, Supplemental Figure 4-5).

In targeted liver metabolomics, 3 months old male recipients exposed to DE-71 exhibited

significant increases in nicotinamide mononucleotide, 5-hydroxyindoleacetic acid (HIAA),
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nicotinic acid mononucleotide, kynurenine, and quinolinic acid (Figure 7A). In 3-months-old DE-
71-exposed females, kynurenine, NAD, and nicotinic acid adenine dinucleotide were significantly
increased, whereas nicotinamide and ADP ribose were significantly decreased (Figure 7A). At 6
months old, male recipients exposed to DE-71 displayed significant decrease in melatonin,
anthranilic acid, NAD, and nicotinic acid adenine dinucleotide, while showed increase in indole
levels (Figure 7B). In 6-months-old DE-71-exposed females, nicotinamide-adenine dinucleotide
(NAD), nicotinic acid adenine dinucleotide, and anthranilic acid were significantly down-
regulated.

In targeted serum metabolomics, 3 months old male recipients exposed to DE-71 exhibited
significant increases in several tryptophan microbial metabolites, including tryptamine and indole-
3-acetic acid. In contrast, serum levels of nicotinamide, HIAA, and L-kynurenine were
significantly decreased (Supplemental Figure 4A). In 3-months-old DE-71-exposed females, only
indole-3-pyruvic acid was significantly elevated, highlighting a sex-specific metabolic response to
DE-71 exposure. At 6 months old, male recipients exposed to DE-71 showed a broader and more
pronounced dysregulation of serum tryptophan metabolites. Metabolites significantly increased
included 3-indolepropionic acid, ADP-ribose, nicotinic acid mononucleotide, NADH, and
serotonin. Conversely, kynurenic acid, L-kynurenine, and HIAA were significantly decreased
(Supplemental Figure 4B). Notably, no significant changes in serum tryptophan metabolites were
detected in 6 months old female mice.

In targeted large intestinal contents (LIC) metabolomics, 3 months old male recipients
exposed to DE-71 significantly increased N-formylkynurenine and significantly decreased indole-

3-lactic acid, tryptophan, and indole (Supplemental Figure 5A). In 3-months-old DE-71-exposed
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females, indole-3-lactic acid was significantly increased, whereas indole and melatonin were
significantly decreased. At 6 months old, male recipients exposed to DE-71 showed significant
decrease in NAD, indole, anthranilic acid, 3-hydroxykynurenine, nicotinic acid adenine
dinucleotide, 3-indolepropionic acid, and ADP ribose, whereas 3-hydroxytryptophan, tryptophan,
and indole-3-lactic acid were significantly increased (Supplemental Figure 5B). In 6 months old
DE-71-exposed females, indole-3-lactic acid and tryptophan were significantly increased, whereas
indole-3-pyruvic acid, nicotinic acid, xanthurenic acid, 3-indolepropionic acid, and kynurenic acid
were significantly decreased (Supplemental Figure 5B).

In summary, tryptophan microbial metabolites in DE-71-exposed GF mice modulated

tryptophan metabolism in a tissue- and sex-dependent manner.

Effects of DE-71 exposure on other metabolites determined by untargeted metabolomics in
GF mice

To further investigate the systemic metabolic consequences of developmental DE-71
exposure in an unbiased manner, untargeted metabolomics analysis was conducted (Supplemental
Figure 6-10). In the untargeted serum metabolomics, 3 months old DE-71-exposed female mice
exhibited enrichment in multiple amino acid-related pathways, including arginine and proline
metabolism, glycine, serine and threonine metabolism, lysine degradation, glutamate metabolism,
taurine and hypotaurine metabolism, and cysteine and methionine metabolism (Supplemental
Figure 6A). Additional enriched pathways included purine metabolism, biotin metabolism, and
pantothenate and CoA biosynthesis, suggesting widespread disruption of amino acid and cofactor

metabolism in females. At 6 months old, DE-71-exposed male mice showed enrichment pathways
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included purine metabolism, taurine and hypotaurine metabolism, glycine, serine, and threonine
metabolism, phenylalanine and tyrosine biosynthesis, and tryptophan biosynthesis, along with
lipid-related pathways such as butanoate metabolism, lipoic acid metabolism, and ether lipid
metabolism (Supplemental Figure 6B), suggesting persistent dysregulation of both nitrogen and
lipid metabolic processes in males. In contrast, 6 months old DE-71-exposed female mice
displayed distinct metabolic signature characterized by strong enrichment in butanoate
metabolism, alanine, aspartate, and glutamate metabolism, valine, leucine, and isoleucine
biosynthesis, and TCA cycle activity, indicating disruptions in branched-chain amino acid and
energy metabolism. Other enrichment pathways included fructose and mannose metabolism,
galactose metabolism, and lipoic acid metabolism, pointing to broad changes in carbohydrate and
mitochondrial function (Supplemental Figure 6C).

In the untargeted liver metabolomics, 3 months old DE-71-exposed male mice displayed
significant enrichment of multiple amino acid and energy metabolism pathways, such as glycine,
serine, and threonine metabolism, arginine and proline metabolism, alanine, aspartate, and
glutamate metabolism, purine metabolism, and butanoate metabolism (Supplemental Figure 7A).
Notably, neomycin, kanamycin, and gentamicin biosynthesis were highly enriched. At 3 months
old DE-71-exposed female mice, there were significant enrichment pathways related to nucleotide
and amino acid metabolism, such as nicotinate and nicotinamide metabolism, purine metabolism,
valine, leucine, and isoleucine biosynthesis, and taurine and hypotaurine metabolism
(Supplemental Figure 7B). At 6 months old DE-71-exposed male mice, metabolic disruptions
persisted with enrichment observed in the citrate cycle (TCA cycle), alanine, aspartate and

glutamate metabolism, glyoxylate and dicarboxylate metabolism, and pentose phosphate pathway
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(Supplemental Figure 8A). Additional pathways such as vitamin B6 metabolism, biotin
metabolism, and butanoate metabolism were altered. In contrast, no significantly enriched
metabolite sets were detected in 6 months old female livers (Supplemental Figure 8B).

In the untargeted LIC metabolomics, 3 months old DE-71-exposed male mice showed
enrichment in various metabolic pathways, including arginine and proline metabolism, butanoate
metabolism, alanine/aspartate/glutamate metabolism, glycolysis/gluconeogenesis, and nitrogen
metabolism. Other enrichment pathways included tryptophan metabolism, sulfur metabolism, and
purine metabolism (Supplemental Figure 9A). At 3 months old DE-71-exposed female mice, D-
amino acid metabolism was the most enriched pathway, followed by pentose phosphate pathway
and several amino acid and nucleotide metabolism pathways, including purine and pyrimidine
metabolism, nitrogen metabolism, and arginine biosynthesis (Supplemental Figure 9B). At 6
months old DE-71-exposed male mice, several amino acid metabolisms were observed, such as
arginine and proline metabolism, arginine biosynthesis, and tryptophan metabolism. In addition,
enrichment of nicotinate and nicotinamide metabolism and phenylalanine/tyrosine/tryptophan
biosynthesis were observed (Supplemental Figure 10A). At 6 months old DE-71-exposed female
mice, it shows fewer enrichment pathways, such as tryptophan metabolism and arginine
biosynthesis being the most prominent (Supplemental Figure 10B).

In summary, untargeted metabolomics analyses across multiple tissues revealed tissue-
specific metabolic reprogramming following DE-71 exposure, characterized by distinct age- and
sex-dependent enrichment patterns. Interestingly, tryptophan metabolism and related amino acid
pathways were consistently altered across compartments over time, suggesting that developmental

PBDE exposure disrupts microbial metabolite-host interactions in a sex-specific manner.
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DISCUSSION

The present study demonstrated that FMT exposure to DE-71 induces persistent, sex- and
age-specific alterations in gut microbiome composition, hepatic gene expression, and host
metabolic phenotypes, highlighting the microbiome’s critical role in mediating xenobiotic-induced
toxicity. Through FMT from DE-71-exposed CV donors into GF hPXR-TG mice, we observed
significant shifts in gut microbial communities at the phylum level, characterized by increased
Bacteroidota and decreased Firmicutes and Proteobacteria. These compositional changes were
more pronounced in females and at 6 months of age, suggesting persistent gut dysbiosis shaped by
developmental exposure and sex-specific factors (Figure 1 and Supplemental Figure 1). Functional
pathway analysis revealed that DE-71 exposure significantly perturbed microbial metabolic
functions, including amino acid biosynthesis, one-carbon metabolism, and lipid metabolism,
which are tightly linked to host energy homeostasis and immune function (Figure 2). These results
align with previous findings showing that environmental toxicants such as PBDEs modulate the
gut microbiome and its metabolic output in a sex-dependent manner (Lim et al. 2021; Scoville et
al. 2019; Kim et al. 2023).

In addition, GO enrichment analysis of hepatic transcriptomes revealed that microbiota
from DE-71-exposed CV donors reprogrammed hepatic gene expression in a sex-dependent
manner. In males, there were down-regulation of xenobiotic metabolism and oxidative stress
pathways over time, accompanied by disrupted circadian rhythm and metabolic signaling (Figure
3). In contrast, females exhibited up-regulation of proteasomal degradation and stress-activated
kinase signaling pathways, indicative of persistent hepatic stress and inflammation (Figure 3).
Together, these transcriptomic signatures suggest a gut-liver axis disruption that may lead to

hepatic dysfunction and metabolic disease later in life.
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Developmental DE-71 exposure altered the expression of inflammatory cytokine gene in
both the liver and ileum. In the liver, //10 and Mcp-1 were down-regulated in DE-71-exposed
males, whereas these markers were slightly elevated in females, indicating sex-specific immune
responses (Figure 4). In the ileum, the tight junction genes (7jp/ and 7jp2) were down-regulated
especially in males, suggesting compromised intestinal barrier integrity or “leaky gut” (Figure 5)
(Clayburgh, Shen, and Turner 2004; Alaish et al. 2013). These findings suggest that PBDE-
induced microbial dysbiosis contributes to immune dysregulation and epithelial barrier disruption,
potentially facilitating translocation of bacterial products and exacerbating hepatic inflammation.

For nuclear receptor target genes (AhR, CAR, PXR, and Nrf2), it supports the hypothesis
that developmental PBDE exposure impairs hepatic xenobiotic sensing and detoxification.
Notably, male mice at 6 months exhibited significant down-regulation of Cyp2b10, Cyp3all, and
Ngol, indicating reduced clearance of xenobiotic and mitigating oxidative stress (Figure 6). As for
Phase II conjugation, hepatic expression of Ugt isoforms, which are responsible for
glucuronidation, was significantly altered in DE-71-exposed males, with increased expression at
6 months of age (Supplemental Figure 2). This up-regulation may represent a delayed
compensatory response to earlier suppression of detoxification pathways. In contrast, female DE-
71-exposed recipients showed minimal or opposite changes, suggesting sex-specific regulation of
Phase II detoxification (Supplemental Figure 2).

Targeted and untargeted metabolomics revealed various disruptions in tryptophan
metabolism, which is a key microbial-host axis. For targeted metabolomics, DE-71 exposure
decreased anti-inflammatory metabolites such as indole and kynurenic acid (Alexeev et al. 2018)
in male large intestinal contents and serum, while increasing intermediates such as tryptamine and

serotonin, which may contribute to hepatic inflammation (Osawa et al. 2011) (Supplemental
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Figure 4-5). These effects were sex- and tissue-specific, with broader metabolic disruptions in
males and minimal changes in female serum at 6 months (Supplemental Figure 4-5). The observed
changes underscore the importance of microbial tryptophan metabolism in host-microbiome
communication and suggest its dysregulation as a potential mechanism linking early-life PBDE
exposure to metabolic disease later in life. In addition, untargeted metabolomics across serum,
liver, and intestinal tissues, revealed age- and tissue-dependent enrichment of amino acid, lipid,
and nucleotide metabolism pathways. DE-71-exposed male mice showed enrichment in TCA
cycle, vitamin B6, and purine metabolism in the liver, while females showed changes in branched-
chain amino acid metabolism and tryptophan metabolism in the intestine (Figure 7). These results
suggest that microbial metabolites not only modulate hepatic gene expression but also reshape
systemic metabolism in a sex-specific manner.

There are some limitations to this study. GF mice did not directly receive DE-71 exposure
but instead were exposed via FMT from DE-71-exposed donors, which may not account for
possible direct toxicant-host interactions. However, our main focus was to investigate the
microbiome’s role comparing with the CV mice. Since we only focused on the microbiome’s role,
future studies with metabolite supplementation, such as IPA, would be a great study to further
explain some direct causal links.

Despite the limitations, these findings demonstrate that developmental PBDE exposure
induces persistent alterations in gut microbiota, hepatic gene expression, and metabolic
homeostasis in sex- and tissue-specific manners. The microbiome plays a crucial role in mediating
these effects, potentially through microbial metabolites that regulate xenobiotic sensing,
inflammatory signaling, and energy metabolism. These results emphasize the need to consider

microbiome-host interactions in toxicological risk assessment and support the DOHaD hypothesis
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that early-life exposures can have consequences on health later in life. Further work is needed to

explore microbiome-targeted interventions that may mitigate these toxicant-induced effects.
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Figure legends

Figure 1. Experimental design of the study. Germ-free (GF) humanized PXR-transgenic (hPXR-
TG) breeders were exposed to standard rodent chow and standard water without PBDE exposure.
The pups were weaned at postnatal day (PND) 28. At 3 months and 6 months of age, control and
DE-71-exposed fecal microbiome transplant from CV mice were orally gavaged. After 1 month of
FMT, tissues were collected. Intestinal contents were subjected to metagenomic shotgun
sequencing. Serum, liver, and ileum tryptophan metabolites were quantified using LC-MS.
Untargeted metabolomics was also performed in serum, liver, and ileum. RT-qPCR was performed
to quantify the mRNA expression of distinct liver genes in these pups. Liver histology analysis
was performed along with RNA sequencing. Because the primary focus of the study is the effect
of chemicals, at each sex and age, one-way ANOVA was then performed followed by Duncan’s

post hoc test. Statistically significant differences were considered at p < 0.05.

Figure 2. Intestinal microbiome bacteria at phylum level in 2 ages of the pups (3 months and 6
months old age; n =5 per group). A. Relative abundance of bacteria at phylum level in each group.

B. Heatmap clustering analysis of microbial functional enrichment related to metabolic pathways.

Figure 3. Gene Ontology (GO) enrichment analysis in the livers of GF hPXR-TG mice that

received FMT from DE-71-exposed donors compared to control donors of; (A) males 3 months of

age, (B) females 3 months of age, (C) males 6 months of age, and (D) females 6 months of age.

Figure 4. Hepatic mRNA expression of inflammatory cytokines assessed by RT-qPCR at (A) 3

months and (B) 6 months of age in control and DE-71-exposed mice.
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Figure 5. Ileal mRNA expression of inflammatory cytokines assessed by RT-qPCR at (A) 3

months and (B) 6 months of age in control and DE-71-exposed mice.

Figure 6. Hepatic mRNA expression of prototypical target genes at (A) 3 months and (B) 6 months

of age in control and DE-71-exposed mice.

Figure 7. Tryptophan targeted metabolomics in the livers of GF hPXR-TG mice following FMT

from developmentally DE-71-exposed donors in males and females of (A) 3 months of age and

(B) 6 months of age.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
A) 3 months
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Figure 7
A) 3 months
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SUPPLEMENTAL FIGURE LEGENDS

Figure S1. Relative abundance of bacteria at phylum level at 3-months of age (A), and 6-months
of age (B).

Figure S2. mRNA expression levels of UDP-glucuronosyltransferase (Ugt) family genes
measured at 3 months (A) and 6 months (B) of age following FMT.

Figure S3. H&E staining of FMT livers of mouse pups at 3-months of age and 6-months of age.
Figure S4. Tryptophan targeted metabolomics in the serum of GF hPXR-TG mice following FMT
from developmentally DE-71-exposed donors in males and females of (A) 3 months of age and
(B) 6 months of age.

Figure SS. Tryptophan targeted metabolomics in the large intestinal content (LIC) of GF hPXR-
TG mice following FMT from developmentally DE-71-exposed donors in males and females of
(A) 3 months of age and (B) 6 months of age.

Figure S6. Untargeted metabolomics in the serum of GF hPXR-TG mice following FMT from
developmentally DE-71-exposed donors in (A) females 3 months of age, (B) males 6 months of
age, and (C) females 6 months of age.

Figure S7. Untargeted metabolomics in the livers of GF hPXR-TG mice following FMT from
developmentally DE-71-exposed donors in (A) males 3 months of age and (B) females 3 months
of age.

Figure S8. Untargeted metabolomics in the livers of GF hPXR-TG mice following FMT from
developmentally DE-71-exposed donors in (A) males 6 months of age and (B) females 6 months
of age.

Figure S9. Untargeted metabolomics in the LIC of GF hPXR-TG mice following FMT from

developmentally DE-71-exposed donors in (A) males 3 months of age and (B) females 3 months
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of age.
Figure S10. Untargeted metabolomics in the LIC of GF hPXR-TG mice following FMT from
developmentally DE-71-exposed donors in (A) males 6 months of age and (B) females 6 months

of age.
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Figure S1
A) Phylum (3 months)
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Figure S2
A) 3 months
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Figure S3

CT

DE-71

3mo

CT

DE-71

6mo

134




Figure S4
A) 3 months
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Figure S5
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Figure S6
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Figure S7
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Figure S8
A) 6 months Male
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Figure S9
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Figure S10
A) 6 months Male
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Chapter 6
Conclusion and Future work

Persistent organic pollutants (POPs), such as polybrominated diphenyl ethers (PBDEs),
were widely used in industrial and consumer products for their flame-retardant properties and
chemical stability. However, due to their lipophilicity and bioaccumulative nature, PBDEs have
become a significant environmental concern and are considered legacy contaminants that persist
in the environment despite being phased out in the early 2000s. These pollutants continue to
contribute to long-term human exposure through sources such as aging household products, breast
milk, meat, fish, and other consumable products. Although the acute and chronic hepatotoxic
effects of PBDEs have been well established in prior research, the impact of maternal PBDE
exposure on the gut microbiome and associated metabolic signatures linked to inflammation and
metabolic disorders later in life remains poorly understood. My dissertation research was designed
to address these critical gaps in toxicology and public health.

The developmental origins of health and disease (DOHaD) hypothesis states that exposure
to environmental chemicals during critical early-life stages can increase the risk of developing
diseases later in adulthood. Newborns are particularly vulnerable to chemical-induced toxicities,
which may cause acute or persistent alterations in physiological systems and disease susceptibility
later in life. Our previous work demonstrated that neonatal oral exposure to BDE-99, a PBDE
congener, resulted in persistent gut dysbiosis in young adult male offspring. PBDEs remain
environmentally persistent and are still ubiquitously detected in humans.

The gut microbiome is essential for regulating host metabolic processes, including
xenobiotic and intermediary metabolism. It contributes to host health by producing short-chain

fatty acids (SCFAs), modulating immune responses, and converting primary bile acids (BAs) into
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secondary BAs. Additionally, microbial metabolites that are produced in the gut can influence
pharmacological responses and facilitate the detoxification of toxic chemicals, such as heavy
metals and environmental toxicants. One such metabolite is indole 3-propionic acid (IPA), an
intestinal microbial metabolite of tryptophan that serves as a known ligand for pregnane X receptor
(PXR). IPA has been shown to maintain mucosal barrier integrity and attenuate inflammation in a
PXR-dependent manner. Furthermore, IPA is recognized as a protective biomarker associated with
reduced risk of obesity, type 2 diabetes (T2D), and inflammation.

Alterations in the gut microbiome due to their diet or environmental pollutants can disrupt
metabolic and physiological homeostasis, promoting the development of metabolic disorders. In
this study, dietary and oral exposure will be the primary routes of PBDEs, making the gut the first
site of interaction and metabolism that consists majority of the microbiome. Therefore, using
conventional (CV) mice with an intact microbiome and germ-free (GF) mice lacking microbiota,
and in the context of the DOHaD hypothesis, I hypothesized that maternal PBDE exposure leads
to persistent gut dysbiosis, driving hepatic proinflammatory responses and contributing to the onset
of metabolic disorders. To test this, CV humanized PXR-transgenic (hPXR) dams were assigned
to one of four exposure groups beginning 4 weeks preconception until lactation: 1) standard rodent
chow, 2) DE-71 (an industrial PBDE mixture, 0.1 mg/kg/day via diet, 3) IPA supplementation (20
mg/kg/day) via drinking water, and 4) DE-71 via diet + IPA supplementation via drinking water.
The pups were weaned at postnatal day (PND) 21, at which point DE-71 exposure ceased, while
IPA supplementation continued in the relevant groups (3 and 4). Tissues were collected at PND
21, 3 months, and 6 months of age. Metagenomic shogun sequencing was performed on large
intestinal contents (LIC) for metabolic function prediction, along with untargeted and targeted

metabolomics to compare the maternal PBDE exposure effects in CV and GF mice. I found that
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differentially regulated microbial species changed by DE-71 exposure in CV mice were increased
over time, indicating DE-71 effect was persistent and amplified over time in an age-dependent
manner, where most of the differentially regulated species were linked to obesity and diabetes.
IPA supplementation was able to partially prevent DE-71-derived changes in microbial species. In
metabolic function predictions, maternal DE-71 exposure at PND 21 altered microbial genes
involved in glucose metabolism and obesity-related pathways in the offspring at PND 21,
including increased DNA abundance of oxidoreductases and cysteine peptidase family C16 in
male pups, with these effects normalized by IPA supplementation. In female 3 months old, DE-71
increased serine peptidase family S51 primarily related to inflammation and was attenuated by
IPA. In addition, DE-71 upregulated twitching motility protein genes in male 3 months of age,
which are associated with gastrointestinal injury and biofilm formation that were reversed by IPA.
At 6 months of age, maternal DE-71 exposure led to increased expression of microbial genes
involved in glucose metabolism (oxidoreductases and isomerases) in female but not male
offspring, and this was partially prevented by IPA supplementation. Overall, functional predictions
of the microbiome revealed age- and sex-specific effects of DE-71 on pathways which were
partially prevented by IPA.

Fecal microbiota transplantation (FMT) from DE-71-exposed donors into GF mice
revealed persistent gut dysbiosis in a sex- and age-dependent manner. Specifically, DE-71
exposure increased the relative abundance of Bacteroidota while reducing Firmicutes and
Proteobacteria, with more pronounced changes in females at 6 months of age. Functional pathway
analysis indicated significant disruption of microbial metabolic functions in females, including
amino acid biosynthesis and lipid metabolism, which is linked to host energy homeostasis. Gene

ontology (GO) enrichment of hepatic transcriptomes showed that DE-71-associated microbiota
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reprogrammed liver gene expression in a sex-specific manner. In males, FMT from DE-71-
exposed mice led to downregulation of xenobiotic metabolism and oxidative stress pathways, as
well as disrupted circadian rhythm and metabolic signaling. In contrast, females exhibited
upregulation of proteasomal degradation and stress-activated kinase pathways, indicating
sustained hepatic stress and inflammation. Analysis of inflammatory gene expression revealed
greater elevations in hepatic and ileal cytokines in female recipients over time. In addition, tight
junction genes (7jpl and Tjp2) were persistently downregulated in both sexes, indicating
compromised intestinal barrier integrity or “leaky gut” following DE-71-induced microbial
dysbiosis. DE-71 exposure also impaired hepatic xenobiotic sensing and detoxification. Male
recipients at 6 months of age showed downregulation of nuclear receptor target genes, Cyp2b10,
Cyp3all, and Ngol and upregulation of phase II conjugation enzymes, Ugt isoforms, suggesting
delayed compensatory responses. Targeted metabolomics identified reduced levels of anti-
inflammatory microbial metabolites, such as indole and kynurenic acid and increased pro-
inflammatory intermediates, such as tryptamine and serotonin in males, with broader sex- and
tissue-specific disruptions. Untargeted metabolomics further supported these findings, revealing
pathway enrichment in the liver of FMT from DE-71-exposed male mice related to the TCA cycle,
vitamin B6, and purine metabolism. In contrast, females exhibited alterations in intestinal
metabolism, including branched-chain amino acid and tryptophan pathways. These findings
demonstrate that early-life DE-71 exposure induces persistent microbial dysbiosis and reprograms
host metabolic and inflammatory responses in a sex- and tissue-dependent manner, potentially
contributing to the development of metabolic disorders later in life. Future studies should further
explore the role of the microbiome using GF mouse models, incorporating direct DE-71 exposure

and supplementing with IPA to assess whether persistent signatures can be attenuated, and apply
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computational modeling approaches, such as proteomics, to elucidate the gene-protein mechanism
relationship.

By employing a multi-omics approach (metagenomics, metabolomics, and
transcriptomics), this study provides critical insights into the role of the gut microbiome in
mediating maternal PBDE-induced responses across the liver, serum, and intestine. Maternal DE-
71 exposure led to persistent gut dysbiosis and proinflammatory signatures along the gut-liver axis
in offspring, linked to dysregulated microbial tryptophan metabolism in a sex-dependent manner.
These effects were validated in GF mice, and notably, supplementation with IPA partially
mitigated several molecular and toxic outcomes of maternal DE-71 exposure. Our findings also
point forward PXR as a candidate mechanistic driver, given its known activation by both PBDEs
and tryptophan-derived microbial metabolites, such as IPA. Although hPXR-TG mice were used
to enhance translational relevance, further studies using PXR-null mice and PXR antagonists (e.g.,
ketoconazole) are needed to directly test the necessity and sufficiency of PXR in mediating the
observed outcomes (Kliewer 2003; Timsit and Negishi 2007). The observed sex-specific responses
likely arise from multiple layers of biological regulation. One important factor is sex hormone
signaling, particularly the influence of estrogen, which has been shown to modulate PXR
expression and transcriptional activity in the liver and intestine (Masuyama et al. 2005; Barretto
et al. 2021). Estrogen may enhance or suppress xenobiotic metabolism depending on the cellular
context and receptor crosstalk and can also influence gut permeability and immune tone.
Moreover, intrinsic differences in baseline microbiota composition between males and females
contribute to distinct microbial metabolic outputs, including those involving tryptophan pathways
(Kim et al. 2023; Barretto et al. 2021). For instance, female mice often harbor greater abundance

of bacteria involved in short-chain fatty acid and indole production, which could interact with
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nuclear receptors and modulate host responses differently than in males. These sex-driven
microbiome-host interactions may amplify or lower responses to environmental toxicants, leading
to divergent outcomes in inflammation, metabolism, and receptor activation. Furthermore, while
the IPA dose (20 mg/kg/day in drinking water) used here exceeds average endogenous levels, it
approximates the upper physiological range observed in humans with high microbial TPA
production and has been shown to exert barrier-protective and anti-inflammatory effects in murine
models (Venkatesh et al. 2014; Geddo et al. 2024). Future investigations leveraging these multi-
omics platforms could support a causal modeling framework to dissect host-microbe-chemical
interactions, guiding toxico-pharmaco-metagenomic strategies for preventing or treating
metabolic disorders in populations vulnerable to early-life chemical exposures. Collectively, this
study not only illustrates the gut microbiome’s critical role in shaping responses to environmental
toxicants, such as PBDEs, but also highlights its relevance to the DOHaD paradigm and the

growing need to integrate microbiome-informed mechanisms into environmental risk assessment.
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