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  The Steroid and Xenobiotic Receptor (SXR/PXR) is a nuclear receptor that regulates 

inducible xenobiotic metabolism. SXR is also implicated in other processes and perturbing its 

function can lead to adverse health consequences. The work described here investigates 

connections between SXR and adverse health consequences induced by the gut microbiome and 

xenobiotic chemicals.  

The B-1a B cell lymphoma phenotype previously reported in SXRKO mice was lost 

following a change in the diet; it was not recovered after returning to the previous diet (Chapter 

1), suggesting the microbiome may be involved. The studies in Chapter 2 characterized the 

results of a fecal microbiome transplant from a mouse with a phenotype resembling the B-1a B 

cell lymphoma into wild-type and SXRKO mice. This transplant did not lead to B-1a B cell 

lymphoma in SXRKO mice. However, gene expression analysis revealed that SXRKO mice 

resisted some changes in gene expression induced by the gut microbiome, likely attributable to 

elevated intestinal inflammation. Chapter 3 investigated differences between the microbiomes 



xvii 
 

in current and archival samples with and without tumors and revealed Akkermansia sp. and 

Prevotella sp. as candidate microbes linked to lymphoma in SXRKO mice. Expansion of these 

microbes in the gut increased the number of B-1a B cells in the peritoneal cavity of SXRKO 

mice and revealed differences in microbiome-induced gene expression changes between wild-

type and SXRKO mice. These studies established SXR as a potential bridge between the gut 

microbiome and adverse impacts on the host. 

Chapter 4 explored the role of SXR during exposure to the environmental toxicant PCB-

153, revealing that SXRKO mice developed hemolytic anemia, increased oxidative stress and 

accumulation of hydroxylated metabolites. Chapter 5 revealed that wild-type and SXRKO mice 

did not respond differently to oxidative stress or anemia induced by phenylhydrazine. These 

findings demonstrated that SXR is protective against xenobiotic-induced oxidative stress and the 

associated health consequences, due to its role in the metabolism and/or clearance of toxic 

metabolites.  

The gut microbiome and oxidative stress both have large impacts on health. Taken 

together, these results demonstrate a protective role of SXR in these processes and the 

corresponding adverse health consequences. 

 

 

 

 

 

 

 



1 

INTRODUCTION 

 

 

Nuclear receptors 

Nuclear receptors are ligand-modulated transcription factors that regulate expression of specific 

genes in response to a broad spectrum of ligands, including hormones, biological metabolites, 

and xenobiotic chemicals1, 2. These receptors have shown to interact with each other and with 

other proteins to regulate genes involved in development, homeostasis, and metabolism3, 4. 

Biological and chemical interactions with these receptors can have significant effects on these 

processes. 

 

Steroid and Xenobiotic Receptor, SXR/PXR 

The steroid and xenobiotic receptor (SXR), also known as the pregnane X receptor (PXR) and 

formally known as NR1I2, is a nuclear receptor that is expressed at high levels in the liver and 

intestine and at lower, but detectable, levels in most other tissues5, 6. Ligands for this receptor are 

diverse and include hormones, bile acids, natural products, pharmaceutical drugs, and xenobiotic 

chemical toxicants7, 8. Upon ligand binding, SXR can induce the transcription of all three phases 

of xenobiotic metabolizing enzymes: phase I enzymes such as cytochrome P450 (CYP3A) genes, 

phase II conjugating enzymes such as glutathione S-transferase (GST), and phase III ABC drug 

transporters6, 9, 10. Therefore, SXR functions as a molecular sensor for a broad spectrum of 

ligands to regulate the metabolism and clearance of endogenous and xenobiotic chemicals. As 

predicted, SXR loss-of-function studies have demonstrated perturbed xenobiotic metabolism and 

confirmed the important role of SXR in the appropriate metabolism of these compounds11, 12. The 
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many functions of SXR in xenobiotic metabolism and clearance, and its ability to regulate 

expression of Cyp3A genes, which are activated by over 50% of pharmaceuticals13, has guided 

the majority of research on SXR towards drug-drug interactions. However, many studies have 

demonstrated additional functions of SXR beyond xenobiotic metabolism, including roles in 

inflammation, lipid and glucose metabolism, atherosclerosis, and immune dysfunctions5, 14-18. 

These studies not only prove that SXR has other important physiological functions, but it also 

implicates SXR as a link between xenobiotic chemicals and physiological alterations to these 

other pathways.  

 

SXR and inflammation 

SXR engages in a mutually inhibitory interaction with nuclear factor kappa B (NF-κB), a master 

regulator of inflammation and a transcription factor that is involved in multiple cellular 

pathways15, 19, 20. Activation of one pathway led to inhibition of the other, and genetic 

knockdown of SXR resulted in elevated activity of NF-κB15. SXR null (SXRKO) mice displayed 

elevated expression of inflammatory cytokines in the liver and intestine, and histological and 

physiological evidence of intestinal inflammation15, 21. SXR has also been implicated in various 

inflammatory conditions, including inflammatory bowel disease (IBD)22,  non-alcoholic fatty 

liver disease (NAFLD)23, and even cancer14, 24. 

 

B-1a B cell lymphoma in SXR-knockout mice 

The pro-inflammatory environment of SXRKO mice was demonstrated to progress into tumors 

in multiple tissues accompanied by large increases in B-1a B cells in the blood, peritoneal cavity, 

and spleen, characteristic of B-1a B cell lymphoma5. This expansion of B-1a B lymphocytes in 
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SXRKO mice was not fully characterized, but was shown to occur in part due to increased NF-

κB signaling5. These results established SXR as a tumor suppressor in B-1a B cells, and provided 

a possible link between xenobiotic chemicals and B-1a B cell lymphomagenesis. Chapter 1 of 

this dissertation describes the discovery that this lymphoma phenotype disappeared in our colony 

of SXRKO mice after a change in the diet and the investigations that lead to the hypothesis that 

the gut microbiome impacts the development of B-1a B cell lymphoma in SXRKO mice. 

 

SXR and the gut microbiome 

The gut microbiome is the community of microorganism present in the gut that aids in 

metabolism and providing protection against intestinal pathogens. The microbiome can impact 

various metabolic processes and host immunity and, therefore, has the capability to directly or 

indirectly impact almost every physiological function in the host25. Perturbations to the gut 

microbiome can have extensive impacts on health and were shown to be associated with disease 

states, such as obesity and inflammatory bowel disease (IBD)26-28. Many xenobiotics and dietary 

factors produce significant impacts on the gut microbiome. Statins induce microbiota dysbiosis 

through a SXR-dependent mechanism29. It was also demonstrated that a bacterial metabolite, 

indole 3-propionic acid (IPA), interacted with SXR to regulate intestinal permeability21. These 

studies demonstrated that SXR interacts with the gut microbiome and are consistent with the 

possibility that these interactions could lead to the consequences associated with dysbiosis of the 

gut microbiome. Chapters 2-3 of this dissertation describe the investigations into the impact of 

the gut microbiome on the development of the B-1a B cell lymphoma phenotype in SXRKO 

mice and reveal new functions for SXR in gut microbiome-induced changes to the host. 
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Interactions among SXR, polychlorinated biphenyls, and other environmental toxicants 

Polychlorinated biphenyls (PCBs) are a class of environmental contaminants formerly widely 

used in various industrial products, including plastics, adhesives, and electrical equipment30. 

Continued production of these chemicals was banned in the late 1970’s due to evidence of 

various harmful effects to human health associated with exposure31. Many PCBs interact with 

SXR, demonstrating both activation and inhibition7, 32-34. Other environmental toxicants, such as 

polybrominated diphenyl ethers (PBDEs), that demonstrate similar toxic effects also interact 

with SXR35, 36. Therefore, SXR serves a possible mechanistic bridge between exposure to these 

harmful toxicants and the resulting adverse consequences. Chapter 4 of this dissertation 

discusses the discovery that SXRKO mice developed oxidative stress and hemolytic anemia with 

exposure to PCB-153, as a result of altered xenobiotic metabolism leading to increased 

accumulation of toxic metabolites. 

 

Xenobiotic-induced oxidative stress and hemolytic anemia 

Many xenobiotic compounds and their metabolites were shown to induce oxidative stress, and 

thus, promote adverse consequences37-39. Oxidative stress induced by some xenobiotics can lead 

to the premature lysis of red blood cells, or hemolytic anemia40, 41. Other xenobiotics, such as 

primaquine, require biological activation into a toxic metabolite to induce the oxidative stress 

and hemolytic properties40. SXR regulates inducible xenobiotic metabolism and thus can regulate 

both the production and clearance of xenobiotic metabolites. The roles of SXR in xenobiotic-

induced oxidative stress, and in the associated physiological consequences, such as hemolytic 

anemia, have not yet been deeply studied. Chapter 4 demonstrates that SXR plays a protective 

role against the oxidative stress induced by PCB-153 metabolites. Chapter 5 demonstrates that 
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SXR does not have a protective role against phenylhydrazine-induced oxidative stress and 

hemolytic anemia. These results together reveal that SXR has a protective role against 

xenobiotic-induced oxidative stress, but it likely applies only to xenobiotics that require 

biological activation to induce toxicity. 

 

Human relevance of SXR loss-of-function 

There are currently 9,451 reported single nucleotide polymorphisms (SNPs) of human SXR in 

the NCBI dbSNP, many of which can impact the expression of SXR itself and/or that of its target 

genes42, 43. In addition, polymorphisms in human SXR were linked to multiple functional 

consequences, including altered metabolism, increased inflammation, and susceptibility to 

disease44-46. Pharmaceutical research aims to target inhibition of SXR to reduce drug-drug 

interactions that can lead to decreased drug efficacy and increased drug toxicity47-49. More 

investigation into the consequences of SXR inhibition or loss-of-function should be conducted 

before it is targeted in human health.  

 

This study 

The work described in this dissertation investigates the connections between SXR and adverse 

health consequences induced by the gut microbiome (Part I, Chapters 1-3) and xenobiotic 

chemicals (Part II, Chapters 4-5). Chapter 1 describes the discovery that the B-1a B cell 

lymphoma phenotype present in our SXRKO mouse colony for more than 10 years was lost 

following a change in the diet and was not recovered after a switch back to the previous diet. 

This led me to hypothesize that the gut microbiome impacted the development of the lymphoma 

phenotype of SXRKO mice. Chapter 2 describes attempts to recover the lymphoma phenotype 
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in SXRKO mice via fecal microbiome transplant from a mouse with a phenotype resembling the 

previous B-1a B cell lymphoma. Chapter 3 describes investigations into the differences in the 

gut microbiome between SXRKO mice that displayed the B-1a B cell lymphoma phenotype and 

those that did not and the results of expanding the abundance of candidate microbes in the gut on 

the phenotype of SXRKO mice. Chapter 4 describes the discovery of oxidative stress and 

hemolytic anemia in SXRKO mice following exposure to the environmental toxicant, PCB-153, 

and the accumulation of hydroxylated PCB-153 metabolites due to an altered metabolism profile. 

Chapter 5 describes the investigation into the impact of a known inducer of oxidative stress and 

hemolytic anemia, phenylhydrazine, between wild-type and SXRKO mice. The chapters in Part I 

demonstrate that the gut microbiome and SXR interact and can impact the host, but did not 

demonstrate that the gut microbiome induces the B-1a B cell lymphoma phenotype of SXRKO 

mice. The chapters of Part II demonstrate that SXR has an important role in the metabolism and 

clearance of toxic xenobiotic metabolites that are capable of inducing oxidative stress and 

hemolytic anemia. Overall, these studies revealed that SXR loss-of-function has adverse health 

consequences that can be induced or impacted by the gut microbiome and xenobiotics, 

suggesting that pharmacological inhibition of SXR may have more risk than benefit and that 

human containing some SXR SNPs may be more susceptible to adverse effects associated with 

gut microbiome dysbiosis and certain xenobiotics.  
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CHAPTER 1 

Diet has an indirect role on the B-1a B cell lymphoma phenotype of mice lacking the Steroid and 

Xenobiotic Receptor (SXR/PXR) 

 

 

Summary 

The Steroid and Xenobiotic Receptor (SXR/PXR) is a nuclear hormone receptor expressed 

highly in the liver and intestine where, upon activation by xenobiotics, it induces transcription of 

genes involved in all three phases of xenobiotic metabolism. SXR also engages in a mutually 

inhibitory relationship with NF-κB, a major regulator of inflammation, providing additional roles 

of SXR outside of xenobiotic metabolism. Casey et al. discovered that the pro-inflammatory 

environment of SXR knockout (SXRKO) mice led to the development of a B-1a B cell 

lymphoma phenotype, characterized by splenomegaly, elevated percentages of B-1a B cells in 

the blood, spleen, and peritoneal cavity, and lymphatic tumors in multiple tissues. In this study, 

we discovered that this B-1a B cell lymphoma phenotype was lost following a switch in diet, 

from a non-irradiated to irradiated rodent chow, in the SXRKO mouse colony. We conducted 

experiments to test whether the phenotype of SXRKO mice was dependent on the diet. Wild-

type (WT) and SXRKO mice were either continued on the current irradiated diet or switched to 

the previous non-irradiated diet. These mice were also bred to generate an F1 generation exposed 

to each diet throughout development. Both the F0 and F1 generations were investigated for signs 

of B-1a B cell lymphoma at either 6 or 8 months of age. Switching the diet back to the previous 

non-irradiated chow did not restore the lymphoma phenotype, as determined by the percentage of 

B-1a B cells present in the spleen and peritoneal cavity and absence of tumors. However, there 
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was one F1 SXRKO mouse on the non-irradiated diet that displayed a pre-lymphoma phenotype, 

characterized by a large increase in the percentage of B-1a B cells in both the spleen and 

peritoneal cavity. 16S rRNA microbiome sequencing analysis revealed that the two diets did not 

result in many alterations to the gut microbiome. However, we found that the microbiome of the 

pre-lymphoma SXRKO mice appeared to be different, suggesting that the microbiome may be 

playing a role in the development of B-1a B cell lymphoma in SXRKO mice. Therefore, we 

hypothesize that the initial change in diet altered the gut microbiome of our SXRKO mouse 

colony leading to the loss of the phenotype. We infer that the previous non-irradiated diet is 

preferential to the bacteria that are important for the phenotype, since the switch to an irradiated 

diet eliminated the phenotype and because the one pre-lymphoma SXRKO mouse was 

maintained on the non-irradiated diet. Our results indicate that the diet may not play a direct role 

on the development of B-1a B cell lymphoma in SXRKO mice, but rather that the microbiome 

could potentially be having an impact. The microbiome obtained from the pre-lymphoma mouse 

provided us with the material needed to test this hypothesis, which is discussed in Chapter 2 of 

this dissertation.  
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Introduction 

The steroid and xenobiotic receptor (SXR/PXR), formally known as NR1I2, is a nuclear 

hormone receptor activated by a diverse array of chemicals, including xenobiotic compounds, 

pharmaceutical drugs, vitamins, hormones, and natural products6, 50. SXR is expressed highly in 

the liver and intestine where it heterodimerizes with the retinoid X receptor (RXR), and induces 

transcription of enzymes responsible for xenobiotic and hormone metabolism50, 51. These target 

genes include enzymes involved in all three phases of xenobiotic and drug metabolism, such as 

phase I cytochrome P450 (CYP3A) genes, phase II conjugating enzymes such as glutathione S-

transferase (GST), and phase III ABC drug transporters10, 52. SXR null (SXRKO) mice display 

defects in inducible xenobiotic metabolism, making them hypersensitive to the effects of certain 

xenobiotics12, 52. In addition, constitutive activation of SXR leads to increased protection against 

these same xenobiotics12.  

SXR/PXR has been shown to engage in a mutually inhibitory interaction with nuclear 

factor kappa B (NF-κB), a master regulator of inflammation and a transcription factor that is 

involved in multiple cellular pathways20, 53. Activation of SXR results in NF-κB repression, and 

conversely, pharmaceutical activation of NF-κB leads to inhibited SXR activity20, 53. In addition, 

SXRKO mice display elevated mRNA levels of various inflammatory cytokines in the liver and 

intestine and histological evidence of acute inflammation, particularly in the intestine53. This 

interaction with NF-κB is responsible for additional physiologic functions of SXR/PXR that are 

independent of metabolism and provides a connection between xenobiotics and the immune 

system.  

This pro-inflammatory environment of SXRKO mice was shown to progress to a B-1a B 

cell lymphoma with age, characterized by high increases in B-1a B cell content in the spleen, 
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peritoneal cavity, and blood, and the development of lymphatic tumors in multiple tissues5. How 

the acute inflammation progresses into B-1a B cell lymphoma in SXRKO mice is not known, but 

would provide extremely valuable information on how immune cancers and autoimmune 

diseases develop. 

Diet and nutrition are factors that are long known to impact health54. Many natural 

products and vitamins interact with SXR/PXR. For example, both Vitamin E and K are activators 

of SXR55, 56. Natural products, such as St. John’s Wart, also activate SXR8. In addition, dietary 

phytochemicals, or chemicals produced by plants, have been demonstrated to activate SXR and 

induce up-regulation of its target genes57. The results of these studies suggest that diet may 

modulate SXR activity. Therefore, it is possible that some dietary components can have 

differential effects on the host depending on whether they modulate SXR activity. 

Diet is also a major factor that affects the gut microbiome - the community of 

microorganisms present in our gut58. The gut microbiome has recently been shown to induce 

large differences on host health and even to impact the development of certain phenotypes in 

mouse models25, 59-63.  SXR has been demonstrated to interact with gut microbial metabolites to 

regulate intestinal permeability21. In addition, statin treatment was shown to cause gut dysbiosis, 

or an overall disruption to the gut microbiome, in mice via a SXR-dependent mechanism29. 

These data suggest that SXR can induce changes to the host physiology and health through direct 

and indirect interactions with the gut microbiome.  

The mutually inhibitory relationship between SXR and NF-κB also provides mechanisms 

that may impact the interaction between the diet and host, especially since SXR is highly 

expressed in the intestines. In addition, SXR has been implicated in inflammatory gut conditions 

in both humans and in rodent models, which have also been associated with alternations to the 
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gut microbiome45, 64. Therefore, this connection to intestinal inflammation could implicate SXR 

in changes to the gut microbiome and the disease outcomes related to alterations to the gut 

microbiome.  

The studies in this chapter discuss the various experiments to test the impact of the diet 

on the development of the lymphoma phenotype s of the B-1a B cell lymphoma phenotype of 

SXRKO mice following a change in the diet, and the characterization of a single SXRKO mouse 

displaying a B-1a B cell lymphoma-like phenotype and a distinct gut microbiota. Our results 

demonstrated that diet does not have a direct impact on the development of lymphoma in 

SXRKO mice, but are consistent with the possibility that alterations in the gut microbiome that 

are induced by dietary changes may be having an impact on the development of lymphoma.  
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Materials and Methods 

Mouse maintenance: Wild-type and SXRKO animals were identically raised and housed at the 

University of California, Irvine on a standard diet.  SXRKO mice were descendants of a gift 

from the Salk Institute; all other animals were descendants of 129S6/SvEv mice purchased from 

Taconic Biosciences (Germantown, NY). Mice were maintained on either the irradiated PicoLab 

Rodent Diet 20/5053 (LabDiet) or non-irradiated ProLab RMH 2500/5P14 (LabDiet) for all diet 

experiments as noted. Mice were housed in micro-isolator cages in a temperature-controlled 

room (25–28°C) with a 12-h light/dark cycle. Water and food were provided ad libitum. Animals 

experiments were carried out in accordance with the Institutional Animal Care and Use 

Committee at the University of California, Irvine, and were consistent with Federal guidelines.  

Diet Experiments: 6-8 week old wild-type and SXRKO mice were either continued on the 5053 

irradiated rodent chow or were switched to the 5P14 non-irradiated rodent chow. The blood of 

these mice was monitored monthly for blood B-1a B cell content. The B-1a B cell content of the 

spleen and peritoneal cavity were analyzed after euthanasia at 6 months of age. A subset of these 

mice was used to generate a F1 generation exposed to the diet during development. The F1 mice 

were euthanized at either 6 or 8 months of age to investigate the B-1a B cell content of the spleen 

and peritoneal cavity. 

Blood collection: Approximately 50 µL of whole blood was collected from the saphenous vein 

of the mice using heparinized capillary tubes. Red blood cells (RBCs) were lysed by incubating 

cell suspension in ACK lysis buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA) for 

5 min. RBC-depleted blood cells were washed and resuspended in FACS buffer (PBS, 1% FBS, 

0.02% sodium azide) at 400K cells/mL for antibody staining and flow cytometric analysis. 
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Peritoneal cavity lavage: Mice were euthanized by isoflurane overdose. Whole blood was 

collected by cardiac puncture. The skin was carefully cut to reveal the peritoneum without 

puncturing or nicking it. 9 mL of ice cold FACS buffer was injected into the peritoneum, 

avoiding injecting organs. The filled peritoneum was then physically agitated to dislodge any 

cells, then a syringe and 25-gauge needle were used to extract most of the peritoneal fluid. A 

pipet was then used to extract the small amount of remaining liquid from the peritoneum. RBCs 

were lysed by incubating cell suspension in ACK lysis buffer (150 mM NH4Cl, 10 mM KHCO3, 

0.1 mM Na2EDTA) for 5 min. RBC-depleted cells were washed and resuspended in FACS 

buffer (PBS, 1% FBS, 0.02% sodium azide) for antibody staining and flow cytometric analysis. 

Tissue collection: Liver, small intestine, colon, caecum, and spleen tissue were dissected, flash 

frozen in liquid N2 and stored at -80˚C. A section of the spleen was set aside before flash 

freezing to undergo splenocyte isolation. 

Spleen cell isolation: Spleen sections were physically dissociated using a petri dish and syringe 

plunger in 1 mL of ice-cold PBS containing 1% FBS. RBCs were lysed by incubating cell 

suspension in ACK lysis buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA) for 5 

min. RBC-depleted splenocytes were washed, resuspended in FACS buffer (PBS, 1% FBS, 

0.02% sodium azide), and filtered through a 100 µm cell strainer to yield single cells for 

antibody staining and flow cytometric analysis. 

Flow cytometry (FACS) analysis: RBC-depleted spleen, peritoneal cavity, and blood cells were 

diluted into aliquots of 200K cells, stained with an antibody cocktail of anti-mouse CD5-APC 

(eBioscience), CD19-PE (eBioscience), and IgD-FITC (eBioscience) for 30 min, washed with 

cold FACS buffer (PBS, 1% FBS, 0.02% sodium azide), and fixed with 1% paraformaldehyde. 



14 

Cells were measured on a BD LSR II cytometer. Data was analyzed using FlowJo software 

(Treestar). 

Fecal sample collection and analysis: Fecal samples were collected from all mice, flash frozen, 

and stored at -80˚C. Fecal DNA was extracted using the PowerFecal DNA kit (MO BIO/Qiagen) 

according to manufacturer’s protocol.   

16s rRNA sequencing: microbial DNA was amplified for the V3-V4 variable regions of the 16S 

rRNA gene. DNA libraries were prepared by the UCI Genomics High Throughput Facility 

following the Illumina protocol for 16S rRNA metagenomic sequencing library preparation. 16S 

rRNA sequencing was performed on Illumina MiSeq with 2x300bp paired-end reads at the 

Institute for Integrative Genome Biology at the University of California, Riverside. Fastq files 

were processed using QIIME65.  

QIIME microbiome sequencing analysis 

Paired-end reads were joined using the fastq-join function. Joined files were then quality filtered 

and merged into one data file with each sample labeled by the file name using the 

multiple_split_libraries_fastq.py function. The seqs.fna file from the previous command was 

then filtered to remove any chimeric sequences using Usearch6.166, installed within QIIME. 

Chimeric sequencing were identified using the identify_chimeric_seqs.py and the recent 

Greengenes reference sequence file (gg_13_8_otus.fasta)67. The discovered chimeric sequences 

were then removed from the seqs.fna file using the filter_fasta.py command. The chimeras.txt 

file obtained from the previous command and the added parameter of “-n”. OTU picking was 

then conducted on the newly filtered sequencing file using the pick_de_novo_otus.py command 

using Usearch6.1 as the OTU picking method and Uclust for assigning taxonomy to the OTUs68. 

This step was conducted on the UCI high performance computer (HPC) cluster. Taxonomy 
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assignments were summarized into a readable format using the 

summarize_taxa_through_plots.py and the otu_table.biom file generated in the previous 

command. Visualizations and statistical analyses were conducted using Calypso69. QIIME script 

is available in Figure 1.8. 

RNA isolation: Frozen tissue sections were homogenized rapidly in 1 mL of Trizol reagent 

(ThermoFisher Scientific). RNA was isolated from the tissue-Trizol homogenate by 

phenol/chloroform extraction. RNA was precipitated with an equal volume of 100% isopropanol, 

centrifuged and salt removed by washing with 70% ethanol. Final RNA product was resuspended 

in DNase/RNase-free sterile, ultrapure water (ultrafiltered, UV sterilized water from Barnstead 

Nanopure water system, hereafter called nanopure water), quantified by spectrophotometry, and 

integrity verified by denaturing agarose gel electrophoresis. 

cDNA synthesis: cDNA was made using 2 µg of intact total RNA and Superscript III reverse 

transcriptase (Applied Bioscience) according to manufacturer’s protocol. Synthesized cDNA was 

diluted 5-fold with nanopure water for downstream qPCR analysis. 

Designing qPCR primers: Gene sequences were obtained from Ensembl genome browser. 

PerlPrimer was used to design and identify candidate forward and reverse primers. Primer oligos 

were ordered from Sigma-Aldrich and resuspended in 10 mM Tris pH 8.0, 0.1 mM EDTA 

buffer. Primer sequences are listed in Table 1.1. 

Quantitative real time reverse transcriptase PCR (qPCR): Diluted cDNA was combined with 

SYBR green qPCR Master Mix (Applied Biosystems) and the primer mix for gene of interest 

then run on the Roche LightCycler 480.  Technical replicate Ct values were averaged for each 

biological replicate. Mean Ct values were normalized to 36B4/Rplp0 (ΔCt), and relative fold 



16 

change mRNA levels were then calculated by using ΔΔCt method70 with relative gene 

expression presented as mean fold change over vehicle control ± SEM. 

Statistical analysis: Data visualization and statistical analyses were conducted in Prism 8 

(GraphPad Software). Thirteen to twenty biological replicates were used all diet experiments and 

down-stream flow cytometry and qPCR mRNA expression analyses. Unpaired t-test was used to 

determine statistical significance. * = p-value <0.05, ** = p-value <0.01, ***= p-value <0.001, 

#= p-value <0.0001 
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Results 

Loss of B-1a B cell lymphoma phenotype in SXR knockout mice following a change in diet  

Analysis of the spleen and peritoneal cavity of SXRKO and WT mice with ages ranging 

from 4-9 months of age done in the Summer of 2014 revealed that the B-1a B cell lymphoma 

phenotype previously reported in 2011, by Casey et al., was no longer being presented in aged 

SXRKO mice. This loss of phenotype was evident by the lack of increased percentage of B-1a B 

cells in the spleen and peritoneal cavity, splenomegaly, and splenic tumors (Figure 1.1). We 

confirmed that these SXRKO mice still retained the mutation in the SXR/PXR gene (Figure 1.2) 

and that this resulted in the loss of SXR/PXR mRNA in tissues with known expression (Figure 

1.1D). The SXRKO mice still presented the elevated expression of certain inflammatory genes, 

such as IL-6 and IL-1β (Figure 1.1E-F), which results from increased NF-κB activity and was 

previously reported to be a phenotype of SXRKO mice53. These results demonstrated that the 

SXRKO mice in our colony still retained the elevated inflammatory phenotype, but that 

something was interfering with the development of the B-1a B cell lymphoma phenotype in aged 

SXRKO mice.  

Analysis of our records showed that one year prior to this analysis, the rodent chow given 

to our SXRKO colony was changed. The colony was originally maintained on the ProLab RMH 

2500/5P14 (LabDiet), and in the summer of 2013 they were switched to an irradiated equivalent 

diet, PicoLab Rodent Diet 20/5053 (LabDiet) by ULAR staff. These two diets have comparable 

profiles in terms of the composition of protein, fat, and carbohydrates, but there are differences 

in the some of the ingredients used between the two diets. For example, the 5P14 diet contains 

porcine animal fat, porcine meat meal and fish meal to contribute to the dietary proteins and fat, 

while the 5053 diet does not contain the porcine animal fat or meat meal. There are also differing 
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levels of vitamins and minerals in the two diets (Table 1.3). The most significant difference 

between the two diets is the fact that the 5053 is irradiated, whereas the 5P14 diet was not. 

Irradiation is used on laboratory rodent diets to provide reliable microbial control. However, the 

process of irradiation can also damage organic molecules in the diet leading to ineffective 

antioxidants, vitamins, and other important food components. In addition, irradiation essentially 

kills any present microbes in the diet, and therefore, can impact the gut microbiome of the mice 

consuming it. We hypothesized that this change in diet eradicated the B-1a B cell lymphoma 

phenotype of our SXRKO mouse colony, either through a direct interaction with a component in 

one of the diets, or indirectly by altering the gut microbiome. 

Diet does not directly affect the development of the B-1a B cell lymphoma phenotype of SXRKO 

mice  

To test the hypothesis that the diet directly impacted the development of the B-1a B cell 

lymphoma phenotype in SXRKO mice, we conducted diet exposure experiments using the 

current and previous diet used in our mouse colony. Wild-type and SXRKO mice were either 

continued on the 5053 (irradiated) or switched to the 5P14 (non-irradiated) rodent chow starting 

at 6 weeks of age. The mice were maintained on the experimental diets until 6 months of age, 

when they were dissected and investigated for signs of B-1a B cell lymphoma. The endpoint of 6 

months of age was chosen based on the original report that the lymphoma phenotype was present 

in 6 month old SXRKO mice5. Three independent diet studies conclusively showed that the 

switch back to the non-irradiated 5P14 diet was not sufficient to restore the B-1a B cell 

lymphoma phenotype in SXRKO mice, evident by the lack of increase of B-1a B cells in the 

spleen and peritoneal cavity determine by flow cytometry analysis (Figure 1.3). A subset of these 

diet experiment mice was used for breeding purposes to generate an F1 population that had been 
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exposed to the experimental diet throughout development to test whether exposure to the diet 

during early development was important. The F1 generation mice were continued on the 

experimental diet throughout lifespan and were sacrificed at two different time points: 6 months 

and 8 months of age. We extended the dissection age for a subset of animals in case the 

development of lymphoma was occurring later than what was previously reported.  At 6 months 

of age, exposure starting in utero to the non-irradiated 5P14 diet did not return the B-1a B cell 

lymphoma of F1 SXRKO mice, determined by the lack of a large increase of splenic and 

peritoneal B-1a B cells compared to wild-type controls. The SXRKO males on the 5P14 diet had 

a small increase in splenic B-1a B cell percentage, but it was still not above the normal range 

(Figure 1.4A). SXRKO females appeared to actually have a decrease in B-1a B cell content for 

both tissues and both diets (Figure 1.4C-D). Monthly blood measurements did not reveal any 

increase in blood B-1a B cell content throughout the lifespan of these mice (Figure 1.4F-G). The 

F1 mice diet experiment mice also did not display B-1a B cell lymphoma at 8 months of age 

(Figure 1.5). However, there was one 8-month-old SXRKO female from this study on the 5P14 

diet that had a large increase in the percentage of B-1a B cells in both the spleen and peritoneal 

cavity, characteristic of the previously reported lymphoma phenotype (Figure 1.5C-D). This 

mouse will be referred to as “Mouse #96” for the remainder of this dissertation. 

Mouse #96, a source of microbiome study material for the lymphoma phenotype 

A single F1 diet experiment female SXRKO mouse, Mouse #96, displayed a phenotype 

resembling the previously reported B-1a B cell lymphoma phenotype at 8 months of age. 

Although the switch back to the non-irradiated/5P14 diet demonstrated to not induce the 

lymphoma phenotype, we asked if the microbiome of Mouse #96 was different than the other 

diet experiment mice, which could have impacted its susceptibility to the development of the B-
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1a B cell lymphoma. 16S rRNA sequencing of microbial DNA isolated from fecal samples 

revealed that there were little differences in the microbiome between the two diets, though there 

were a few significantly different changes (Figure 1.6, Table 1.2). However, the microbiome of 

Mouse #96 was indeed significantly different than other mice from the F1 diet experiment 

(Figure 1.7). Determining statistical significance of individual microbes was not possible since 

we only had one individual, however, we observed that certain microbes, such as Coprobacillus 

and Prevotella, were much more abundant in the microbiome of Mouse #96 compared to the 

other F1 diet experiment mice (Figure 1.7A-B). Since Mouse #96 has a phenotype resembling 

the B-1a B cell lymphoma phenotype and appeared to have a distinctly different microbiome 

than the other mice that did not display a phenotype, the microbiome from this mouse served as 

the study material to determine in the microbiome could impact the development of the B-1a B 

cell lymphoma phenotype of SXRKO mice. 
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Discussion 

We observed complete loss of the previously observed B-1a B cell lymphoma phenotype 

of SXRKO following a change in the diet. Diet composition experiments were conducted to test 

if returning the SXRKO mice to the previous diet returned the phenotype. SXRKO mice placed 

on the previous 5P14 diet at 6-8 weeks of age then maintained until 6 months of age did not 

show an increase in B-1a B cell content in the peritoneal cavity, spleen, or blood, demonstrating 

that the diet did not return the lost phenotype.  

The F1 SXRKO mice that had been exposed to the diet throughout development also did 

not have increased percentages of B-1a B cells in any tissue investigated at 6 months of age. 

Interestingly, a single F1 SXRKO female maintained on the previous 5P14 diet (Mouse #96) 

displayed a large percentage of B-1a B cells in both the spleen and peritoneal cavity at 8 months 

of age. These findings partly recapitulated characteristics of the previously reported B-1a B cell 

lymphoma phenotype. It is possible that we needed to extend the study or increase the number of 

generations maintained on the non-irradiated 5P14 diet in order to obtain more SXRKO mice 

with this phenotype.  

Investigations of the microbiome of the F1 diet experiment mice using 16S rRNA 

sequencing revealed that the diet had little overt impact on the microbiome composition. 

However, it appeared that the microbiome of Mouse #96 was distinctly different as it contained 

increased abundance of certain microbes compared to the microbiome of other mice from the 

study. We hypothesize that the distinct microbiome of Mouse #96 was favorable to the 

development of the B-1a B cell lymphoma phenotype. Although the diet alone did not return the 

lymphoma phenotype, we believe that the previous diet allowed, or promoted the establishment 

of certain microbes that interacted with the SXRKO tissues to predispose the animals to 
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lymphoma. Then, changing to the irradiated 5053 diet resulted in alterations to the gut 

microbiome and, thus, altered the phenotype of SXRKO mice. Since Mouse #96 displayed a 

phenotype that resembled the B-1a B cell lymphoma phenotype and a distinctly different 

microbiome, it provided us with the material needed to investigate the connection between the 

microbiome and lymphoma phenotype in SXRKO mice. 
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Figure 1.1 Absence of B-1a cell lymphoma phenotype in SXRKO mice one year after 

diet change  

No change in B-1a cell content of either the spleen or peritoneal cavity (PerC) between WT 

and SXRKO mice, as measured by percentage of CD19+CD5+ lymphocytes determined by 

flow cytometry (A). SXRKO mice display slightly larger spleens by weight (B) but the 

spleens are not visually larger and do contain tumors (C). These SXRKO mice were 

confirmed to not express SXR/PXR mRNA (D). SXRKO mice retained the increased 

expression of certain inflammatory genes in liver, such as IL-6 (E) and IL-1β (F). 
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Figure 1.2: Genotypic analysis of WT and SXRKO mice not displaying B-1a cell 

lymphoma phenotype. PCR results of DNA from WT and SXRKO mice amplifying exon 2 

and 3 of mouse SXR gene (A) and PCR results of DNA from WT and SXRKO mice 

targeting the Neomycin resistance gene present in the SXR gene sequence in SXRKO mice 

(B).  Diagram of SXR gene sequence of SXRKO mice, obtained from Xie, et al. 2000, 

displaying location of intact exons and inserted Neomycin resistance gene (C). 
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Figure 1.3 5P14 diet does not induce B-1a cell lymphoma in SXRKO mice 

F0 male SXRKO mice do not display increased percentage of B-1a cells in the spleen (A) or 

peritoneal cavity (PerC) (B) compared to WT controls after being on diet for 4 months. F0 

female SXRKO mice also display no increase in B-1a cell percentage in the spleen (C) or 

PerC (D) after 4 months of exposure to the diets compared to WT controls. 
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Figure 1.4: Percentage of B-1a cells in the spleen, peritoneal cavity, and blood of F1 diet 

experiment mice on either irradiated or non-irradiated diet at 6 months of age. 

Percentage of B-1a cells in the spleen (A) and peritoneal cavity (PerC) (B) of WT and 

SXRKO F1 male mice on either the irradiated (5053) or non-irradiated (5P14) diet at 6 

months of age, determined by flow cytometry. Percentage of B-1a cells in the spleen (C) and 

PerC (D) of WT and SXRKO F1 female mice on either the irradiated (5053) or non-irradiated 

(5P14) diet at 6 months of age, determined by flow cytometry. Percentage of B-1a cells over 

time in the blood of male (E) and female (F) WT and SXRKO F1 mice maintained of either 

5053 or 5P14 diet. 
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Figure 1.5: A single F1 diet experiment mouse displays B-1a cell lymphoma-like 

phenotype. Percentage of B-1a cells in the spleen (A) and peritoneal cavity (B) of F1 male 

WT and SXRKO mice and in the spleen (C) and peritoneal cavity (D) of F1 female WT and 

SXRKO mice after in utero and chronic exposure to the diets until 8 months of age. Mouse 

#96, displayed a lymphoma-like phenotype with a elevated percentages of B-1a cells in both 

the spleen and PerC (labeled in panel C and D). Representative flow plots of the spleen (E) 

and peritoneal cavity (F) of Mouse #96 (right) and a WT mouse on 5P14 diet (left), gating on 

CD19+/CD5+ B-1a cells. 



28 

 

Figure 1.6: Genus level composition of the gut microbiome of diet experiment mice. Gut 

microbiome composition at genus level of F1 diet experiment mice at 8 months of age, 

determine by 16S rRNA sequencing, n=4 per group. 
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Figure 1.7: Mouse #96 has a distinct microbiome. Abundance ratios of 

Coprobacillus (A) and Prevotella (B) in the microbiome of F1 diet 

experiment mice, determined by 16S rRNA sequencing on DNA isolated 

from fecal samples. Samples are labeled by sample code (FS= fecal sample). 

Mouse #96/FS10 is labeled in both panels.  
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Figure 1.8: Example QIIME script for 16S rRNA sequencing analysis. QIIME script used 

for 16S rRNA microbiome sequencing analysis and contents of de_novo_otus_parameters.txt 

file 
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Table 1.1: qPCR and PCR primer sequences 

Gene (mouse) Forward primer  Reverse primer  

36B4/Rplp0 AAGCGCGTCCTGGCATTGTCT CCGCAGGGGCAGCAGTGGT 

SXR/PXR GATCATCCCTCTTCTGCCACAC CAGGTTCCCGTTTCCGTGTC 

IL-6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC- 

IL-1β GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT 

SXR intron 2 (PCR) CTTGGGACCTTGGCTTCTTATC CTTCCTCGGAGCCTTGTTATTC 

Neo-SXR exon 5 (PCR) AGGTGAGATGACAGGAGATC TCACAFCCACTGTGGAACAC 
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Nutrients (%, unless otherwise noted) 5053 5P14 Minerals (%, unless otherwise noted) 5053 5P14

Protein 20 24 Ash 6.1 6.9

Arginine 1.22 1.55 Calcium 0.81 0.95

Cystine 0.28 0.34 Phosphorus 0.63 0.69

Glycine 0.96 1.17 Phosphorus (non-phytate) 0.33 0.33

Histidine 0.5 0.59 Potassium 1.07 1.2

Isoleucine 0.97 1.16 Magnesium 0.22 0.25

Leucine 1.56 1.87 Sulfur 0.34 0.29

Lysine 1.16 1.4 Sodium 0.3 0.4

Methionine 0.7 0.43 Chloride 0.51 0.7

Phenylalanine 0.9 1.11 Fluorine 10 12

Tyrosine 0.59 0.73 Iron (ppm) 220 290

Threonine 0.77 0.92 Zinc (ppm) 87 110

Tryptophan 0.26 0.31 Manganese (ppm) 85 110

Valine 1 1.25 Copper (ppm) 13 17

Serine 1.03 1.27 Cobalt (ppm) 0.71 0.51

Asparic acid 2.19 2.61 Iodine (ppm) 0.97 1.4

Glutamic acid 4.34 5.23 Chromium (ppm) 0.81 1.2

Alanine 1.15 1.21 Selenium (ppm) 0.3 0.48

Proline 1.47 1.7 Vitamins 5053 5P14

Taurine 0.02 0.005 carotene (ppm) 1.5 2

Fat (ether extract) 5 4.5 Vitamin K (ppm) 3.3 3.2

Fat (acid hydrolysis) 5.6 6 thiamin hydrochlorine (ppm) 17 20

Cholesterol (ppm) 141 101 riboflavin (ppm) 8 12

Linoleic acid 2.19 1.53 niacin (ppm) 90 130

Linolenic acid 0.26 0.11 pantothenic acid (ppm) 17 24

Arachidionic acid <0.01 0.004 choline chloride (ppm) 2000 2300

Omega-3 fatty acids 0.33 0.17 folic acid (ppm) 3 7.9

Total saturated acids 0.93 1.55 pyridoxine (ppm) 9.6 8

Total monosaturated fatty acids 0.99 1.24 biotin (ppm) 0.3 0.28

Fiber (crude) 4.7 5.3 B12 (mcg/kg) 51 49

Neutral detergent fiber 16.4 15.4 vitamin A (IU/gm) 15 22

Acid detergent fiber 6 6.3 Vitamin D3 (IU/gm) 2.2 5

Nitrogen-free extract 52.9 49.3 Vitamin E (IU/kg) 99 52

Starch 33.9 21.5 Ascorbic acid (mg/gm) - -

Glucose 0.19 0.2 Calories provided by (%) 5053 5P14

Fructose 0.23 0.2 Protein 24.651 28.768

Sucrose 3.18 3.4 Fat (ether extract) 13.205 12.137

Lactose 1.34 0.6 Carbohydrates 62.144 59.095

Total digestible nutrients 76.2 75.7 Other 5053 5P14

Gross energy, kcal/gm 4.07 4.05

Physiological fuel value, kcal/gm 3.41 3.34

Metabolizable energy, kcal/gm 3.07 3.04

Irradiated YES NO

Table 1.3: Comparison of diet composition of 5053 and 5P14 (LabDiet)
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CHAPTER 2 

The microbiome from a mouse with a lymphoma-like phenotype is distinct and transmissible but 

does not lead to transmission of the lymphoma phenotype in mice lacking the Steroid and 

Xenobiotic Receptor (SXR/PXR) 

 

 

Summary 

The microorganisms present in the gut, known as the gut microbiome, are important for digestive 

health, protection against intestinal pathogens, production of micronutrients and absorption of 

many macronutrients. It has now been demonstrated that the gut microbiome plays important 

roles in many other physiological functions including inflammation, immune cell development, 

and even neurological processes. In mouse models, perturbations to the gut microbiome can 

cause large changes to phenotypes and even lead to a complete loss of a phenotype. The B-1a B 

cell lymphoma phenotype characterized in aged SXR knockout (SXRKO) mice, which was first 

reported in 2011 (Casey et al 2011), was no longer observed in our mouse colony following a 

change in the diet. Placing the SXRKO mice back on the 5P14 diet did not return the B-1a B cell 

lymphoma phenotype in most mice, but did result in one female SXRKO mouse (Mouse #96) 

that displayed a large increase of B-1a B cells in both the spleen and peritoneal cavity at 8 

months of age, characteristic of the previously reported B-1a B cell lymphoma phenotype. The 

microbiome of Mouse #96 appeared to be distinctly different than that of mice displaying no 

aberrant B-1a B cell phenotype leading us to hypothesize that the phenotype was associated with 

the gut microbiome. We performed a microbiome transplant of fecal material from Mouse #96 

on both wild-type (WT) and SXRKO mice to investigate if the microbiome promoted the 
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elevated B-1a B cell phenotype. The transplanted mice were then bred to determine if the 

changes in the microbiome were transmissible to the F1 generation and to study if exposure to 

the microbiome during development had a differential impact on the phenotype of SXRKO mice. 

16S rRNA analysis revealed that the microbiome transplant from Mouse #96 was successful and 

transmitted to the F1 generation. The sequencing results also revealed that the experimental 

microbiome, originating from Mouse #96, led to a distinctly different microbiome than that of 

mice transplanted with a WT control microbiome. The experimental microbiome transplant did 

not result in a B-1a B cell phenotype in either WT or SXRKO mice, demonstrating that the 

phenotype was not dependent on the microbiome or that the transplant lacked a component of the 

microbiome that was important for the cancer phenotype. Gene expression analysis on the colon 

of these mice demonstrated that SXRKO mice tended to be resistant to gene expression changes 

induced by the microbiome. Further analysis is needed to determine the mechanism behind this 

observation and to investigate if it has any impact on the phenotype of SXRKO mice. 
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Introduction 

The community of microorganism present in our gut, known as the gut microbiome, 

exists in a symbiotic relationship with the host, aiding in metabolism and providing protection 

against intestinal pathogens. The microbiome can impact various metabolic processes and host 

immunity and, therefore, has the capability to directly or indirectly impact almost every 

physiological function in the host25. Perturbations to the gut microbiome can have extensive 

impacts on health and were shown to be associated with disease states, such as obesity and 

inflammatory bowel disease (IBD)26-28. Experiments in mouse models  demonstrated a direct link 

between the microbiome and the development of disease, showing that alterations to the 

microbiome can lead to disease61, 71, 72. The composition of the microbiome was also shown to be 

a necessary component for the development of certain phenotypes in mouse models and ablation 

or perturbations of the gut microbiota led to a reduction or loss of the observed phenotype62. 

The gut microbiome is very dynamic and has been shown to be impacted by many 

factors, such as alcohol consumption, cigarette smoking, and exercise. Stress, disrupted circadian 

rhythm, and presence of existing conditions or diseases have also shown to induce changes to the 

gut microbiome composition. Diet is a major inducer of rapid and direct alterations to the gut 

microbiome58, 62. Diet induced changes to the gut microbiome can be both reversible and 

irreversible, leading to a variety of physiological impacts to the host. 

Mice lacking the SXR/PXR (SXRKO mice) display increased widespread inflammation 

due to the mutually inhibitory relationship between SXR/PXR and NF-κB, a major transcription 

factor involved in the inflammatory response53. This increased inflammatory state of SXRKO 

mice was shown to lead to the development of a B-1a B cell lymphoma phenotype, characterized 
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by elevated levels of B-1a lymphocytes present in the blood, spleen, and peritoneal cavity, 

accompanied by tumors in various tissues5.  

Chapter 1 described the discovery that this B-1a B cell lymphoma phenotype 

disappeared following a change in the diet of our SXRKO colony and that simply returning the 

SXRKO mice to the previous diet did not rescue the phenotype. However, the diet experiment 

produced one SXRKO mouse that displayed a high increased percentage of B-1a B cell in both 

the spleen and peritoneal cavity, characteristic of the previously reported B-1a B cell lymphoma 

phenotype5. We refer to this single SXRKO mouse with B-1a B cell lymphoma as Mouse #96. 

16S rRNA sequencing analysis revealed that the microbiome of Mouse #96 was different than 

that of other mice in our colony. Therefore, we hypothesized that the microbiome composition of 

SXRKO mice impacts the development of the B-1a B cell lymphoma phenotype. Mouse #96 

provided the material to test whether the aberrant B-1a B cell lymphoma phenotype is linked to 

the microbiome.  

We used fecal samples obtained from Mouse #96 to perform fecal microbiome 

transplants into both wild-type and SXRKO mice and investigated F0 and F1 mice for signs of 

B-1a B cell lymphoma to determine if the microbiome was a contributing factor.  
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Materials and Methods 

Mouse maintenance: Wild-type (C57Bl6/J) and SXRKO mice were identically raised and housed 

at the University of California, Irvine on a standard diet.  SXRKO mice were descendants of a 

gift from the Salk Institute. SXRKO mice were backcrossed to a C57Bl6/J background for six 

generations. All mice were maintained on standard non-irradiated ProLab RMH 2500/5P14 

(LabDiet). Mouse cages were enriched with wood chip bedding and cotton nestlets. All 

experiments were carried out in accordance with the UCI Institutional Animal Care and Use 

Committee.  

Microbiome/Fecal Transplant: In order to expand the amount of available fecal samples from 

Mouse #96, a few SXRKO males and females (n=2, n=4 respectively) were treated with an 

antibiotic cocktail (1 g/L Ampicillin, 1 g/L Metronidazole, 0.5 g/L Vancomycin, 1 g/L 

Neomycin) via drinking water for 4 weeks to clear the existing commensal microbiome. Mice 

received a fecal transplant from Mouse #96, via oral gavage, two days following the end of the 

antibiotic treatment. To obtain material for fecal transplant, fecal samples from Mouse #96 were 

placed in PBS and then dissociated with repetitive pipetting. The feces from these transplanted 

mice were then collected and used as our “test” microbiome samples. Fecal samples from non-

transplanted wild-type mice were collected in parallel to use as the “control” microbiome. Next, 

both wild-type and SXRKO mice (n=4 to 5 per group) were pretreated with antibiotics for 4 

weeks to clear their commensal microbiomes and then administered either test or control fecal 

transplants via oral gavage. These mice were then bred at 20 weeks old and their pups were 

studied (n=4 to 10 per group). Both F0 and F1 generations were euthanized and analyzed at 10 

months of age. 
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Blood collection: Approximately 50 µL of whole blood was collected from the saphenous vein 

of the mice. Blood was collected using heparinized capillary tubes. Red blood cells (RBCs) were 

lysed by incubating cell suspension in ACK lysis buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 

mM Na2EDTA) for 5 min. Cells were washed and resuspended in FACS buffer (PBS, 1% FBS, 

0.02% sodium azide) at 400K cells/mL for flow cytometry antibody staining. 

Peritoneal cavity lavage: Mice were euthanized by isoflurane overdose and cervical dislocation. 

The skin was carefully cut to reveal the peritoneum without puncturing or nicking it. 

Approximately 9 mL of ice cold FACS buffer was injected into the peritoneum, avoiding 

injecting into internal organs. The filled peritoneum was then agitated to dislodge any cells 

attached to tissues. A syringe and 25-gauge needle were used to extract the large amount of 

liquid from the peritoneum. A pipet was then used to extract the small amount of remaining 

liquid from the peritoneum. RBCs were lysed by incubating cell suspension in ACK lysis buffer 

(150 mM NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA) for 5 min. RBC-depleted cells were 

washed and resuspended in FACS buffer (PBS, 1% FBS, 0.02% sodium azide) for flow 

cytometry antibody staining. 

Tissue collection: Liver, small intestine, colon, caecum, and spleen tissue were dissected, flash 

frozen in liquid N2 and stored at -80˚C. A section of the spleen was set aside before flash 

freezing to undergo splenocyte isolation. 

Spleen cell isolation: Spleen sections were physically dissociated using a petri dish and syringe 

plunger in 1 mL of ice-cold PBS containing 1% FBS. RBCs were lysed by incubating cell 

suspension in ACK lysis buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA) for 5 min. 

RBC-depleted splenocytes were washed, resuspended in FACS buffer (PBS, 1% FBS, 0.02% 
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sodium azide), and sent through a 100 µm cell strainer to prepare for flow cytometry antibody 

staining. 

Flow cytometry (FACS) analysis: RBC-depleted spleen, peritoneal cavity, and blood cells were 

diluted in cold FACS buffer (PBS, 1% FBS, 0.02% sodium azide), aliquoted at 200K cells, and 

stained with and antibody cocktail of anti- mouse CD5-APC (eBioscience), CD19-PE 

(eBioscience), and IgD-FITC (eBioscience) for 30 min. Cells were measured on a BD LSR II 

cytometer. Data was analyzed using FlowJo software (Treestar). 

Fecal sample collection and analysis: Fecal samples were collected from all mice, flash frozen, 

and stored at -80˚C. Fecal DNA was extracted using the PowerFecal DNA kit (MO BIO/Qiagen) 

according to manufacturer’s protocol.   

16s rRNA sequencing: microbial DNA was amplified for the V3-V4 variable regions of the 16S 

rRNA gene. DNA libraries were prepared by the UCI Genomics High Throughput Facility 

following the Illumina protocol for 16S rRNA metagenomic sequencing library preparation. 16S 

rRNA sequencing was performed on Illumina MiSeq with 2x300bp paired-end reads at the 

Institute for Integrative Genome Biology at the University of California, Riverside. Fastq files 

were processed using QIIME65. 

QIIME microbiome sequencing analysis: Paired-end reads were joined using the fastq-join 

function. Joined files were then quality filtered and merged into one data file with each sample 

labeled by the file name using the multiple_split_libraries_fastq.py function. The seqs.fna file 

from the previous command was then filtered to remove any chimeric sequences using 

Usearch6.166, installed within QIIME. Chimeric sequencing were identified using the 

identify_chimeric_seqs.py and the recent Greengenes reference sequence file 

(gg_13_8_otus.fasta)67. The discovered chimeric sequences were then removed from the seqs.fna 
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file using the filter_fasta.py command, the chimeras.txt file obtained from the previous command 

and the added parameter of “-n”. OTU picking was then conducted on the newly filtered 

sequencing file using the pick_de_novo_otus.py command using Usearch6.1 as the OTU picking 

method and Uclust for assigning taxonomy to the OTUs68. This step was conducted on the UCI 

high performance computer (HPC) cluster. Taxonomy assignments were summarized into a 

readable format using the summarize_taxa_through_plots.py and the otu_table.biom file 

generated in the previous command. Visualizations and statistical analyses were conducted using 

Calypso69. 

RNA isolation: Frozen tissue sections were homogenized rapidly in 1 mL of Trizol reagent 

(ThermoFisher Scientific). RNA was isolated from the tissue-Trizol homogenate by 

phenol/chloroform extraction. RNA was precipitated with an equal volume of 100% isopropanol, 

centrifuged and salt removed by washing with 70% ethanol. Final RNA product was resuspended 

in DNase/RNase-free sterile, ultrapure water (ultrafiltered, UV sterilized water from Barnstead 

Nanopure water system, hereafter called nanopure water), quantified by spectrophotometry, and 

checked for integrity by denaturing agarose gel electrophoresis. 

cDNA synthesis: cDNA was made using 2 µg of intact RNA and Superscript III reverse 

transcriptase (Applied Bioscience) according to manufacturer’s protocol. Synthesized cDNA was 

diluted 5-fold with nanopure water for downstream qPCR analysis. 

Designing qPCR primers: Gene sequences were obtained from Ensembl genome browser. 

PerlPrimer was used to design and identify candidate forward and reverse primers. Primer oligos 

were ordered from Sigma-Aldrich and resuspended in Tris-EDTA buffer. Primer sequences are 

listed in Table 2.1. 
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Quantitative real time reverse transcriptase PCR (qPCR): Diluted cDNA was combined with 

SYBR green qPCR Master Mix (Applied Biosystems) and the primer mix for gene of interest 

and run on the Roche LightCycler 480. Expression values were compared to the housekeeping 

gene 36B4/Rplp0 to determine relative mRNA expression. For qPCRs to quantify bacteria 

abundance, Ct values for 16S rRNA gene was divided by the weight of the fecal sample to get 

approximate bacterial abundance in fecal sample (arbitrary unit (AU)/weight of fecal sample).  

Statistical analysis: Data visualization and statistical analyses were conducted in Prism 8 

(GraphPad Software). Unpaired t-test was used to determine statistical significance. * = p-value 

<0.05, ** = p-value <0.01, ***= p-value <0.001, #= p-value <0.0001 
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Results 

Microbiome transplant from Mouse #96 results in a distinct microbiome  

To investigate whether the microbiome of Mouse #96 was responsible for the B-1a B cell 

lymphoma phenotype observed, we used fecal material to conduct a microbiome transplant into 

both wild-type (WT) and SXRKO mice and measured the splenic and peritoneal B-1a B cell 

content. The fecal material used to conduct the microbiome transplant originated from either 

Mouse #96, which will be referred to as the “test” microbiome, or from WT mice in our colony 

that did not display an elevation of B-1a B cell percentage, which will be referred to as the 

“control” microbiome. 12 week old WT and SXRKO mice received the microbiome transplant 

via oral gavage following four weeks of antibiotic treatment to clear the existing microbiome and 

one-week break (Figure 2.1). The microbiomes of the mice were monitored by qPCR to 

determine total microbial content before and after the antibiotic treatment and after the 

microbiome transplant, confirming a reduction of commensal bacteria after antibiotic treatment 

and subsequent reconstitution of a microbiome following the fecal microbiome transplant 

(Figure 2.2). These mice were bred to generate the F1 generation exposed throughout 

development (Figure 2.1). 16S rRNA sequencing analysis of fecal DNA revealed that the 

microbiome transplant was successful and that the microbiomes from the control and test groups 

were distinctly different and were transferred to the F1 generation (Figure 2.3, Figure 2.4). In 

addition, the sequencing revealed that the microbiome of the test transplant group clustered with 

the microbiome of Mouse #96 and test fecal gavage material clustered, and had similar microbial 

diversity as determined by the Shannon Index (Figure 2.3A-B). There was some spread in the 

variance within each microbiome group, but this was shown not to be because of gender or 

mouse genotype (Figure 2.4B). We hypothesize that these differences were due to natural 
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variance in the reconstitution of the microbiome, although overall the microbiomes within each 

group were more similar to each other than to those of the other microbiome group.  

There were few changes detected between Mouse #96 and the test microbiome samples. 

For example, there was an increase in unclassified Mogibacteriacaeae in the test microbiome 

group that was not increased in Mouse #96 (Figure 2.5E). However, for the most part, the 

changes in the microbiome of Mouse #96 was reflected in the test microbiome group. For 

example, a large increase in AF-12 and Odoribacter, and large decrease in Anaeroplasma were 

observed in both Mouse #96 and the test microbiome transplant mice when comparing to the 

control transplant mice (Figure 2.5A-B, D). 

Phenotype of Mouse #96 was not transmitted with a fecal microbiome transplant 

Both the F0 and F1 mice from the microbiome transplant study were euthanized at 10 

months of age and investigated for signs of B-1a B cell lymphoma. No changes in B-1a B cell 

content were observed in the F0 mice between WT and SXRKO from either microbiome group 

(Figure 2.6). For the F1 mice exposed to the microbiome throughout development, no changes in 

B-1a B cell content in either the spleen or peritoneal cavity were observed between male WT and 

SXRKO of either microbiome group (Figure 2.7A-B). F1 female SXRKO mice from the test 

microbiome group displayed an increased percentage of B-1a B cells in the peritoneal cavity 

compared to WT mice of the same transplant group (Figure 2.7D). However, there was no 

increase in the spleen percentage of B-1a B cells in F1 SXRKO females with the test microbiome 

(Figure 2.7 C), indicating the absence of B-1a B cell lymphoma.  

Female SXRKO mice display elevated expression of NF-κB subunit p65 and sirtuins in the colon  

Although the microbiomes tested in this study did not induce the development of the B-

1a B cell lymphoma, we asked if the different microbiomes caused any gene expression 
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alterations to the gut of the host and whether those changes were different between WT and 

SXRKO mice. We investigated gene expression in the colon, which is the major site of 

microbiota-host interactions. We focused on inflammatory genes, due to the interaction between 

SXR and NF-κB, and genes related to the microbiome, such as the sirtuin family of genes. 

Consistent with previous findings, female SXRKO mice displayed increased NF-κB activity with 

elevated expression the key subunit, p65, compared to WT mice (Figure 2.8A). This was 

observed in both microbiome groups, although the difference was significant only in the control 

microbiome. Interestingly, increased p65 expression was not observed in male SXRKO mice 

(Figure 2.9A) 

Sirtuins are NAD, dependent protein deacetylases that regulate various pathways such as 

gene silencing and DNA repair. Sirtuin 1 (Sirt1) can reduce inflammation by deacetylating the 

p65 subunit of NF-κB73, 74. Sirtuins have also been shown to be important mediators of 

microbiota-host interactions75, 76. We discovered that F1 female SXRKO mice displayed 

increased expression of Sirt1 compared to WT controls in both microbiome groups (Figure 

2.8B). Sirt6 was also increased in SXRKO females compared to WT controls, though this 

difference was only observed in the control microbiome group (Figure 2.8C). Interestingly, Sirt6 

mRNA expression was also different between the microbiome groups of WT mice with an 

increase observed in the test microbiome group (Figure 2.8C). There were no changes in gene 

expression levels for both sirtuins in the colons of F1 male mice (Figure 2.9B-C). The increased 

expression of Sirt1 and Sirt6 in female SXRKO mice is likely attributable to the increased 

expression of NF-κB in these mice.  
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SXRKO mice are resistant to microbiome-induced gene expression changes in the colon 

Nuclear factor erythroid 2–related factor 2 (Nrf2) is an inducible transcription factor 

involved in cellular response to oxidants and electrophiles. Nrf2 can inhibit NF-κB activity77, 

functioning similarly to Sirt1 and SXR. In addition, Sirt1 is  an upstream regulator of the Nrf2 

pathway78. Nrf2 also shares similar target genes involved in xenobiotic detoxification with 

SXR79. We observed trends for increased expression of Nrf2 induced by the test microbiome in 

the colon of F1 WT females (Figure 2.8 D). Interestingly, SXRKO females did not display these 

trends in gene expression (Figure 2.8D). Nrf2 was shown to heterodimerize with the proto-

oncogene, c-Jun, to induce transcription of detoxifying enzyme and antioxidant response genes80. 

We observed a similar trend of increased c-Jun mRNA expression in the test microbiome group 

in female WT mice and a lack of increased expression in SXRKO females in the test microbiome 

group (Figure 2.8E). These results demonstrated that loss of SXR can result in resistance to 

microbiome induced changes in expression of Nrf2 and c-Jun mRNA in the host colon. Whether 

loss of SXR leads to resistance to other microbiome induced gene expression changes to the host 

still needs to be investigated. Similar to the p65 and sirtuin expression profiles, we did not 

observe these changes in male mice (Figure 2.9 D-E). 
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Discussion 

Fecal microbiome transplants utilizing samples from Mouse #96 resulted in a distinct 

microbiome that matched that of the originating Mouse #96 microbiome. Despite having a 

microbiome matching that of Mouse #96, we did not observe any large increase in the percentage 

of B-1a B cells in the spleen or peritoneal cavity of SXRKO mice from the test microbiome 

group. These results demonstrated that the microbiome of Mouse #96 we were able to transfer 

was not sufficient to produce an increased number of B-1a B cells.  

Although our 16S rRNA sequencing results suggested that the microbiome of Mouse #96 

was successfully transplanted into the experimental mice and that the experimental microbiome 

matched that of Mouse #96, it is possible that some microorganisms did not successfully 

colonize and that this is responsible for the failed transmission of the B-1a B cell phenotype. 

Many factors, such as temperature, housing conditions and water source, can impact the gut 

microbiome and could have prevented successful colonization of a microbe(s) key to the 

phenotype81. The only way to accurately test the hypothesis that the microbiome is important for 

the development of the B-1a B cell lymphoma phenotype in SXRKO mice is to have a current 

colony of mice that display the phenotype and then investigate the effect of ablating or 

perturbing the microbiome. Unfortunately, determining the impact of these factors on the 

microbiome and phenotype of our mice and determining what individual microbes may be 

important cannot be easily achieved since we do not have a colony of mice currently presenting 

the B-1a B cell lymphoma phenotype. 

We were able to observe gene expression differences between SXRKO and WT mice 

induced by the microbiome. There was a trend toward increased Nrf-2 and Jun mRNA 

expression in the colon of WT mice with the test microbiome compared to the control 
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microbiome. However, this trend was not observed in SXRKO mice. There was an increase in 

sirtuins (Sirt1 and Sirt6) and p65 mRNA expression in female SXRKO mice compared to WT 

controls. We infer that the increased p65 and sirtuin gene expression of SXRKO mice made them 

resistant to gene expression changes induced by the microbiome since we observed trends for 

gene expression changes between the two microbiomes in the wild-type mice, but no trends in 

the SXRKO mice and because inflammation and sirtuins have demonstrated to impact the gut 

microbiome75. More studies will be required to confirm this and to investigate what other 

microbiome-induced gene expression changes may be absent in SXRKO mice. 

The gene expression changes observed between WT and SXRKO mice may play a part in 

differential responses to the gut microbiome. Only F1 female mice showed these alterations in 

gene expression and this was the only group to display an aberrant B-1a B cell percentage. 

Whether these two observations are linked is yet to be determined. Many phenotypes were 

shown to be sexually dimorphic and connected to differences in the microbiome82, 83. Therefore, 

this phenomenon is not uncommon, but the molecular mechanism for the phenotype we observed 

has not been determined yet. 

Overall, the results of this study demonstrated that a fecal microbiome transplant from a 

SXRKO mouse displaying a pre-lymphoma phenotype did not result in the transmission of the 

phenotype in either WT or SXRKO mice, despite an apparently successful transplantation. 

However, it does not completely rule out the possibility that the microbiome is an important 

component in the B-1a B cell lymphoma phenotype of SXRKO mice since we do not have the 

appropriate mice to accurately test it. We did observe gene expression changes in the colon 

between WT and SXRKO mice that were accompanied by differential changes in expression of 

some genes that appeared to be induced by the microbiome. This suggests that SXR does play a 



49 

role in the interactions between the microbiome and host at the gene expression level. Additional 

studies are needed to fully characterize this interaction. 
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Figure 2.1: Experimental design for fecal microbiome transplant experiment 
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Figure 2.2: qPCR validation of 16S rRNA gene abundance in feces of 

F0 mice following antibiotic treatment and fecal transplant.  
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Figure 2.3 Fecal microbiome transplant results in a distinct microbiome matching 

that of Mouse #96. Principle Component Analysis (PCA) plot of 16S rRNA 

sequencing of fecal samples from microbiome transplant mice, demonstrating that fecal 

transplant was successful (A). The microbiome originating from Mouse #96 has 

increased diversity, as determined by Shannon index, compared to control microbiome 

(B) 
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Figure 2.4: Fecal microbiome transplant results in a distinct 

microbiome matching that of Mouse #96. Principle Coordinate 

Analysis (PCoA) plots indicate that the microbiome of transplant mice 

cluster mostly based on the transplant group “test” or “control” (A). 

There appears to be no clustering based on gender or mouse genotype 

(B). 
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Figure 2.5 Abundance of various microbes in the feces of mice from both transplant 

groups and Mouse #96. Percentage of microbiota abundance of genus AF-12 (A), 

Anaeroplasma (B), Mucispirillum (C), Odoribacter (D), Anaerostipes (E), and Clostridium 

(F) in feces from 10 month old F1 transplant mice, comparing to that of Mouse #96. 
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Figure 2.6: F0 WT and SXRKO mice of either transplant microbiome group do not 

display B-1a cell lymphoma. Percentage of B-1a cells in spleen (A) and peritoneal cavity 

(B) of F0 male mice, determined by flow cytometry analysis. Percentage of B-1a cells in 

the spleen (C) and peritoneal cavity (D) of F0 female mice, determined by flow cytometry 

analysis. 
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Figure 2.7: F1 WT and SXRKO mice of either transplant microbiome group do not 

display B-1a cell lymphoma. Percentage of B-1a cells in spleen (A) and peritoneal cavity 

(B) of F1 male mice, determined by flow cytometry analysis. Percentage of B-1a cells in 

the spleen (C) and peritoneal cavity (D) of F1 female mice, determined by flow cytometry 

analysis. 
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Figure 2.8: Gene expression changes 

in the colon of F1 female fecal 

transplant mice. Relative mRNA 

expression of p65 (A), Sirt1 (B), Sirt6 

(C), Nrf2 (D), and Jun/c-jun (E) in the 

colon of F1 female WT and SXRKO 

mice from either microbiome group. 

Relative expression compared to 

36B4/Rplp0. 
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Figure 2.9: Gene expression changes 

in the colon of F1 male fecal 

transplant mice. Relative mRNA 

expression of p65 (A), Sirt1 (B), Sirt6 

(C), Nrf2 (D), and Jun/c-jun (E) in the 

colon of F1 male WT and SXRKO mice 

from either microbiome group. Relative 

expression compared to 36B4/Rplp0. 
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Table 2.1: qPCR primer sequences 

Gene Forward primer  Reverse primer  

Mouse 36B4/Rplp0 AAGCGCGTCCTGGCATTGTCT CCGCAGGGGCAGCAGTGGT 

Universal 16S rRNA ACTCCTACGGGAGGCAGCAGT ATTACCGCGGCTGCTGGC 

Mouse p65 AGAGAAGCACAGATACCACC TCAGCCTCATAGTAGCCATCC 

Mouse Sirt1 TATCCTTTCAGAACCACCAAAGCG TCAGGAATCCCACAGGAGACAG 

Mouse Sirt6 TCCCAAGTGTAAGACGCAGTACG CAACGAGTCCTCCCAGTCCA 

Mouse Nrf2 GAAAGACAAGAGCAACTCCA TACAGTCTTCAAAGTACAAGGC 

Mouse Jun GCCAGCAACTTTCCTGACCC TGAGTATAGGTTCCTCTTCTCCCT 
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CHAPTER 3 

Increasing abundance of Akkermansia muciniphila and Prevotella copri in the gut microbiome 

leads to increased B-1a B cell content in the peritoneal cavity of mice lacking the Steroid and 

Xenobiotic Receptor (SXR/PXR), but does not induce development of B-1a B cell lymphoma 

 

 

Summary 

The gut microbiome affects numerous physiological functions including inflammation, immune 

cell development, and even neurological processes. In addition, single microbial species have 

shown to induce specific effects on the host that go as far as promoting, or treating disease. Mice 

lacking the Steroid and Xenobiotic Receptor (SXR/PXR) were reported to develop a B-1a B cell 

lymphoma phenotype. This phenotype disappeared following a change in the diet of our SXR 

knockout (SXRKO) mouse colony and was not recovered following a switch back to the original 

diet. We hypothesized that the initial change in diet led to the loss of certain microbial species 

that were important for the development of the B-1a B cell lymphoma phenotype in SXRKO 

mice. We aimed to determine what microbes were different between mice that displayed a B-1a 

B cell lymphoma phenotype and those that did not by conducting 16S rRNA sequencing on 

archival samples and samples from our current colony of mice that no longer displayed a 

lymphoma phenotype. From this analysis, we selected two candidate microbes: Prevotella and 

Akkermansia. We administered these microbes to wild-type and SXRKO mice and evaluated 

animals for signs of B-1a B cell lymphoma at 10 months of age. Increasing the abundance of 

both microbes in the gut resulted in increased percentages of B-1a B cells in the peritoneal cavity 

of SXRKO mice compared to wild-type controls. There were no increases in the percentage of 
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B-1a B cells in the spleen, indicating that there was no B-1a B cell lymphoma in the treated 

animals. We speculate that the increase of peritoneal cavity percentage of B-1a B cells in 

SXRKO mice is due to increased intestinal permeability leading to elevated levels of bacteria 

reaching the peritoneal cavity and, therefore, inducing an elevated immune response. 
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Introduction 

The complex community of microorganisms present in the gut, known as the gut 

microbiome, has been shown to impact both health and disease59. Perturbations to the gut 

microbiome composition, or dysbiosis, have been associated with gut-related diseases in humans, 

such as inflammatory bowel disease27, 28, as well as extra-intestinal conditions, such as obesity, 

cardiovascular disease, and autism25, 59, 84. Rodent studies have also demonstrated these 

associations and provided more direct links between the microbiome and disease states of the 

host62, 85-88. Microbiomes have shown to differ between common mouse strains originating from 

different vendors, and even among different rooms at an individual vendor, and these differences 

have demonstrated to impact phenotypes89-91. 

In addition to overall microbiome dysbiosis, differences in the abundance of individual 

microbes has also been shown to impact the development of human and rodent disease 

phenotypes. For example, segmented filamentous bacteria (SFB) were shown to impact immune 

development in mice and the development of mouse disease models through their ability to 

induce IL-17 producing T-helper (Th-17) cells89, 90, 92. While the presence of this microbe has 

been demonstrated to impact mostly gut related inflammatory conditions, the presence of SFB 

also impacts the development of an autoimmune arthritis in mice; germ-free mice had a strong 

attenuation of the arthritis phenotype and the addition of SFB alone recovered the phenotype93. 

Other commensal gut microbes have also demonstrated to impact mouse models. For example, 

Prevotella copri was also shown to increase susceptibility to arthritis in a murine disease 

model88, and Helicobacter pylori and Helicobacter felis have been shown to be required for the 

development and progression of cancers of the gut in several murine models, mimicking H. 

pylori induced stomach cancer in humans94, 95.  
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SXR/PXR is a ligand activated nuclear receptor involved in xenobiotic metabolism 

expressed highly in the liver and intestine6. SXR also has a mutually inhibitory relationship with 

NF-κB, a major transcription factor involved in the inflammatory response53. SXR null 

(SXRKO) mice display elevated levels of inflammatory cytokines in the intestine and colon53. In 

addition, SNPs of the SXR locus have been associated with increased susceptibility to IBD45. 

Despite the connections between IBD and SXR, the interaction between SXR and the gut 

microbiome, and to the disease outcomes associated with alterations to the gut microbiome, have 

not been highly investigated. 

Some studies have demonstrated interactions between SXR and the gut microbiome. For 

example, induce microbiota dysbiosis through a SXR-dependent mechanism29. It was also 

demonstrated that a bacterial metabolite, indole 3-propionic acid (IPA), interacts with SXR/PXR 

to regulate intestinal permeability21. This study also showed that SXRKO mice have increased 

intestinal permeability and inflammation. Increased intestinal permeability, or “leaky gut”, has 

been demonstrated to lead to increased translocation of bacteria or bacterial components through 

the gut mucosa to the peritoneal cavity, bloodstream, and extraintestinal organs to induce 

immunological impacts96-99.  

Chapter 1 discussed how a B-1a B cell lymphoma phenotype, first reported in 2011 and 

characterized by increased percentages of B-1a B lymphocytes in various tissues and tumors in 

multiple tissues5, was lost in our colony of SXRKO mice following a change in the diet and it 

was not recovered following a switch back in the diet. Due to the overwhelming evidence that 

diet greatly impacts the gut microbiome58, 62, 100 and that gut microbes can have huge impacts on 

mouse phenotypes, we hypothesized that the change in diet altered the gut microbiome of our 

SXRKO mouse colony leading to the loss of the B-1a B cell lymphoma phenotype. 
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In an attempt to discover what microbes were different in mice that displayed the 

lymphoma phenotype and those that did not, as well as which ones had changed due to the diet, 

we conducted 16S rRNA sequencing on current day and archival samples from mice with 

intestinal B-1a B cell lymphoma. From this analysis, we obtained candidate microbes to 

investigate further. Prevotella copri and Akkermansia muciniphila populations were greatly 

increased in abundance in the gut microbiome of wild-type (WT) and SXRKO mice. F0 and F1 

mice from this study were investigated at 10 months of age for signs of the B-1a B cell 

lymphoma phenotype. Expansion of both microbes in the gut led to increased percentages of B-

1a B cells in the peritoneal cavity of SXRKO mice compared to WT controls. Additional gene 

expression analysis revealed that SXRKO mice had increased expression of genes encoding tight 

junction proteins in the intestine compared to WT mice. Therefore, our results suggested that 

expansion of Prevotella copri and Akkermansia muciniphila in the gut of SXRKO mice led to an 

increased percentage of B-1a B cells in the peritoneal cavity as a result of increased intestinal 

permeability and/or inflammation. Whether this finding would eventually lead to increased 

percentages of B-1a B cells in other tissues and be involved in the development of the B-1a B 

cell lymphoma phenotype is not known and still needs to be investigated in the future. 
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Materials and Methods 

Mouse maintenance: Wild-type and SXRKO (C57BL/6J) mice were equally maintained and 

housed by the Blumberg lab at the University of California, Irvine. SXRKO mice were 

descendants from a colony of 129S6/SvEv mice from the Salk institute and were backcrossed 

onto C57BL/6J background strain for 6 generations to obtain an essentially pure C57BL/6J 

background. Mice were maintained on standard rodent chow, ProLab RMH 2500/5P14 

(LabDiet). Water and food were provided ad libitum. Mouse cages were enriched with wood 

chip bedding and additional cotton nestlets. All experiments were carried out in accordance with 

the Institutional Animal Care and Use Committee at the University of California, Irvine, and 

were consistent with Federal guidelines.  

Fecal sample collection and analysis: Fecal samples were collected from all mice, flash frozen, 

and stored at -80˚C. Fecal DNA was extracted using the PowerFecal DNA kit (MO BIO/Qiagen).   

Extraction of DNA from paraffin-embedded intestine samples: Excess paraffin was trimmed 

away from paraffin-embedded tissue sections then the remaining tissue was placed in a 

microcentrifuge tube. DNA was extracted using the QIAamp DNA FFPE Tissue Kit (QIAGEN) 

according to manufacturer’s protocol. DNA was precipitated with 100% ethanol and sodium 

acetate, washed with ethanol, and resuspended in 10 mM Tris pH 8.0, 0.1 mM EDTA buffer.  

16s rRNA sequencing: microbial DNA was amplified for the V3-V4 variable regions of the 16S 

rRNA gene. DNA libraries were prepared by the UCI Genomics High Throughput Facility 

following the Illumina protocol for 16S rRNA metagenomic sequencing library preparation. 16S 

rRNA sequencing was performed on Illumina MiSeq with 2x300bp paired-end reads at the 

Institute for Integrative Genome Biology at the University of California, Riverside. Fastq files 

were processed using QIIME65. 
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QIIME microbiome sequencing analysis: Paired-end reads were joined using the fastq-join 

function. Joined files were then quality filtered and merged into one data file with each sample 

labeled by the file name using the multiple_split_libraries_fastq.py function. The seqs.fna file 

from the previous command was then filtered to remove any chimeric sequences using 

Usearch6.166, installed within QIIME. Chimeric sequencing were identified using the 

identify_chimeric_seqs.py and the recent Greengenes reference sequence file 

(gg_13_8_otus.fasta)67. The discovered chimeric sequences were then removed from the seqs.fna 

file using the filter_fasta.py command. The chimeras.txt file obtained from the previous 

command and the added parameter of “-n”. OTU picking was then conducted on the newly 

filtered sequencing file using the pick_de_novo_otus.py command using Usearch6.1 as the OTU 

picking method and Uclust for assigning taxonomy to the OTUs68. This step was conducted on 

the UCI high performance computer (HPC) cluster. Taxonomy assignments were summarized 

into a readable format using the summarize_taxa_through_plots.py and the otu_table.biom file 

generated in the previous command. Visualizations and statistical analyses were conducted using 

Calypso69. 

Culturing of Prevotella copri and Akkermansia muciniphila: Freeze-dried human fecal isolates 

of Prevotella copri and Akkermansia muciniphila from were obtained from DSMZ (Germany). 

Pellets were resuspended in PYG Tween FA/GLC media (Anaerobe Systems) under anaerobic 

conditions (0% O2, 5% CO2, 2.5% H2). Bacteria concentration was determined by measuring 

optical density at 600 nm (OD600). Bacteria was expanded during the exponential growth period 

by dilution bacteria 1:10 fresh PYG Tween FA/GLC media. Prevotella copri took approximately 

24 hours to reach stationary phase. Akkermansia muciniphila took approximately 48 hours to 

reach stationary phase. 
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Bacterial reconstitution experiments: 6-8 week old male and female WT and SXRKO mice were 

treated with an antibiotic cocktail (1 g/L Ampicillin, 1 g/L Metronidazole, 0.5 g/L Vancomycin, 

1 g/L Neomycin) via drinking water for 4 weeks to clear the existing commensal microbiome. 

Antibiotic treatment water was replaced every 48 hours. Two days after the end of the antibiotic 

treatment, mice received 100 µL of solution containing approximately 2.6x107 CFU of 

Prevotella copri, Akkermansia muciniphila, or a 1:1 mixture of the two microbes via oral gavage 

for three doses given every other day. Control mice received 100 µL of media alone. Upon 

successful bacteria reconstitution, these mice were then bred at 20 weeks old and their pups were 

studied. Both F0 and F1 generations were analyzed at 10 months of age for signs of B-1a B cell 

lymphoma. Diagram of experimental design found in Figure 3.4. 

Peritoneal cavity lavage: Mice were euthanized by isoflurane overdose and cardiac puncture. 

The skin was carefully cut to reveal the peritoneum without puncturing or nicking it. 9 mL of ice 

cold FACS buffer was injected into the peritoneum, avoiding injecting organs. The filled 

peritoneum was then agitated to dislodge any cells then a syringe and 25-gauge needle were used 

to extract the large amount of liquid from the peritoneum. A pipet was then used to extract the 

small amount of remaining liquid from the peritoneum. RBCs were lysed by incubating cell 

suspension in ACK lysis buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA) for 5 

min. Cells were washed and resuspended in FACS buffer (PBS, 1% FBS, 0.02% sodium azide) 

at 400K cells/mL for antibody staining and flow cytometric analysis. 

Tissue collection: Liver, small intestine, colon, caecum, and spleen tissues were dissected, flash 

frozen in liquid N2 and stored at -80˚C. A section of the spleen was set aside before flash 

freezing to undergo splenocyte isolation. 
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Spleen cell isolation: Spleen sections were physically dissociated using a petri dish and syringe 

plunger in 1 mL of ice-cold PBS containing 1% FBS. RBCs were lysed by incubating cell 

suspension in ACK lysis buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA) for 5 

min. Cells were washed, resuspended in FACS buffer (PBS, 1% FBS, 0.02% sodium azide), and 

filtered through a 100 µm cell strainer to yield single cells for antibody staining and flow 

cytometric analysis. 

Flow cytometry (FACS) analysis: RBC-depleted spleen and peritoneal cavity cells were diluted 

in cold FACS buffer (PBS, 1% FBS, 0.02% sodium azide), aliquoted at 200K cells, stained with 

and antibody cocktail of anti- mouse CD5-APC (eBioscience), CD19-PE (eBioscience), and 

IgD-FITC (eBioscience) for 30 min. Cells were measured on a BD LSR II cytometer. Data was 

analyzed using FlowJo software (Treestar). 

RNA isolation: Frozen tissue sections were homogenized rapidly in 1 mL of Trizol reagent 

(ThermoFisher Scientific). RNA was isolated from the tissue-Trizol homogenate by 

phenol/chloroform extraction. RNA was precipitated with an equal volume of 100% isopropanol, 

centrifuged and salt removed by washing with 70% ethanol. Final RNA product was resuspended 

in DNase/RNase-free sterile, ultrapure water (ultrafiltered, UV sterilized water from Barnstead 

Nanopure water system, hereafter called nanopure water), quantified by spectrophotometry, and 

integrity verified by denaturing agarose gel electrophoresis. 

cDNA synthesis: cDNA was synthesized using 2 µg of intact total RNA and Superscript III 

reverse transcriptase (Applied Bioscience) according to manufacturer’s protocol. Synthesized 

cDNA was diluted 5-fold with nanopure water for downstream qPCR analysis. 

Designing qPCR primers: Gene sequences were obtained from Ensembl genome browser. 

PerlPrimer was used to design and identify candidate forward and reverse primers. Primer oligos 
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were ordered from Sigma-Aldrich and resuspended in 10 mM Tris pH 8.0, 0.1 mM EDTA 

buffer. Primer sequences can be found in Table 3.1. 

Quantitative real time reverse transcriptase PCR (qPCR): Diluted cDNA was combined with 

SYBR green qPCR Master Mix (Applied Biosystems) and the primer mix for gene of interest 

and run on the Roche LightCycler 480. Technical replicate Ct values were averaged for each 

biological replicate. Mean Ct values were normalized to 36B4/Rplp0 (ΔCt), and relative fold 

change mRNA levels were then calculated by using ΔΔCt method70 with relative gene 

expression presented as mean fold change over vehicle control ± SEM. For qPCRs to quantify 

bacteria abundance, Ct values for bacteria of interest was normalized by total 16S rRNA gene Ct 

value to get percent of total bacteria and/or divided by the weight of the fecal sample to get 

approximate bacterial abundance in fecal sample (arbitrary unit (AU)/weight of fecal sample).  

Statistical analysis: Data visualization and statistical analyses were conducted in Prism 8 

(GraphPad Software), except for 16S rRNA sequencing analysis, which was conducted in 

Calypso69. Unpaired t-test was used to determine statistical significance. * = p-value <0.05, ** = 

p-value <0.01, ***= p-value <0.001, #= p-value <0.0001 
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Results 

16S rRNA sequencing of current and archival samples to obtain candidate microbes that might 

be important for the B-1a B cell lymphoma phenotype of SXRKO mice 

We conducted 16S rRNA sequencing of both current and archival samples aiming to 

reveal what microbes were different between mice displaying a lymphoma phenotype and those 

that did not. The archival samples included DNA extracted from paraffin-embedded intestinal 

tissue from SXRKO mice that displayed intestinal tumors, SXRKO mice that did not display 

tumors, and wild-type (WT) mice. This analysis revealed that the microbiome composition of the 

tumor-bearing mice was the most different compared to the other groups when investigating the 

operational taxonomic units (OTUs) that resulted from the 16S rRNA sequencing analysis 

(Figure 3.1). Several bacterial genera showed a statistically significant difference in abundance 

in the tumor-bearing SXRKO mice compared to either WT mice or SXRKO mice that did not 

present tumors (Table 3.2). For example, the genera Prevotella and Sphingomonas were 

significantly more abundant in SXRKO mice with tumors compared to WT controls (Figure 

3.2A, D) and Sutterella and Lactobacillus were increased in SXRKO mice with tumors 

compared to both WT and non-tumor bearing SXRKO mice (Figure 3.2B-C).  

We also compared the results of the archival samples, using the paraffin-embedded tissue 

sections, to the microbiome composition of mice in our current colony, utilizing fecal samples 

from the F1 diet experiment mice described in Chapter 1, including Mouse #96. This 

comparison revealed significant differences in the genera Acinetobacter, Akkermansia, 

Methylobacterium, and Sphingomonas, all of which were increased in the archival tumor-bearing 

SXRKO mice compared to the current SXRKO mice samples (Figure 3.3, Table 3.3). These 

differences should be viewed with some caution since we are comparing two different sources of 
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microbial DNA (paraffin-embedded intestinal tissue vs fecal sample). The fecal samples contain 

vastly more microbes than the proximal gut, and the composition of microbes present in these 

two areas is also different101. 

From the 16S rRNA sequencing results, we decided to further investigate the microbes 

Prevotella and Akkermansia. Prevotella abundance was significantly increased in tumor-bearing 

SXRKO mice compared to WT mice in the archival paraffin-embedded intestinal tissues (Figure 

3.2A). Several Prevotella species have been demonstrated to be increased in patients with 

colorectal cancer and Prevotella abundance is impacted by the diet102-104, making it a relevant 

candidate bacterium to investigate in our study. Akkermansia was chosen because it has been 

associated with colon tumorigenesis in murine models105, 106, and was increased in the archival 

SXRKO samples compared to current samples from SXRKO mice that do not display tumors or 

the B-1a B cell lymphoma phenotype (Figure 3.3B). 

Increased colonization of Prevotella and Akkermansia in the gut induced increases in B-1a B 

cell percentage in the peritoneal cavity of SXRKO mice 

We asked if increasing the abundance of Prevotella and Akkermansia in the gut of 

SXRKO would push the development of the B-1a B cell lymphoma phenotype. To do this, 

human gut isolates of Akkermansia muciniphila and Prevotella copri were cultured and then 

administered to mice via oral gavage, following a 4 week antibiotic treatment course to reduce 

the commensal microbiome. WT and SXRKO mice received either Prevotella copri, 

Akkermansia muciniphila, or the 1:1 mixture of the two (Figure 3.4). The microbiomes of these 

mice were monitored before and after the antibiotic treatment and after the reconstitution of the 

selected microbes. These results demonstrated that Akkermansia was successful colonized in 

mice that received either Akkermansia alone or the combination (Figure 3.5A). Prevotella, 
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however, failed to colonize without the presence of Akkermansia (Figure 3.5B). Therefore, we 

removed the Prevotella-only group from analysis for this experiment (Figure 3.4). After 

successful colonization of the bacteria, the mice were bred to obtain a F1 generation that was 

developmentally exposed to the new microbiome. Both the F0 and F1 mice were aged until 10 

months of age and investigated for signs of B-1a B cell lymphoma. F0 male SXRKO mice had 

increased percentage of B-1a B cells in the peritoneal cavity independent of the bacteria 

treatment group, although it was only statistically significant in the mice administered 

Akkermansia alone (Figure 3.6 B). This was interesting because we had not seen an increase in 

B-1a B cell content in this tissue of SXRKO mice in other experiments (Chapter 1 and 2). Even 

although there was an increase in B-1a B cell percentage in the peritoneal cavity of SXRKO 

males, this was not associated with any increase in the splenic B-1a B cell content, indicating 

these mice did not have a B-1a B cell lymphoma. (Figure 3.6A). No change was observed in 

either tissue for the F0 females in the bacteria groups (Figure 3.6C-D). There was a difference 

between WT and SXRKO in the peritoneal cavity of F0 female mice administered media only. 

However, it appears that the difference is due to a decrease in WT B-1a B cell content (Figure 

3.6C). 

The F1 SXRKO mice from the Akkermansia or Akkermansia+Prevotella bacterial groups 

demonstrated increased percentages of B-1a B cells in the peritoneal cavity compared to WT 

controls, and this was observed for both males and females (Figure 3.7 B, D). For these mice, we 

also did not observe any increase in B-1a B cell content in the spleen, indicating the absence of 

B-1a B cell lymphoma (Figure 3.7 A, C). Increased percentage of B-1a B cell content in the 

peritoneal cavity was observed in both F0 and F1 generations, although it was strongest in the F1 

generation. This suggests that the expansion of Prevotella copri and Akkermansia muciniphila in 
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the gut led to some innate immune response in SXRKO mice and that earlier and/or 

developmental exposure to the altered microbiome yielded a stronger phenotype. 

Increased expression of tight junction related genes and Sirtuin 1 in the colon of SXRKO mice 

Since we observed an increase in the percentage of B-1a B cells present in the peritoneal 

cavity of SXRKO mice that possessed increased abundance of Akkermansia muciniphila and 

Prevotella copri in the gut, we asked whether this could be due to increased intestinal 

permeability of the bacteria or bacterial components. SXRKO mice have been previously 

reported to have increased intestinal permeability. Therefore, we investigated the mRNA 

expression of genes encoding tight junction proteins in the colon, including tight junction protein 

1 (Tjp1), occluding (Ocln), and E-cadherin (Cdh1). We observed trends for inherent increases in 

Tjp1, Ocln, and Cdh1 in the colon of F1 male SXRKO mice compared to WT controls (Figure 

3.8A-C). F1 female SXRKO mice displayed trends for increased expression for all tight junction 

genes, most notably with Tjp1, in the colon for all bacteria groups compared to WT mice of the 

respective group (Figure 3.9A-C). Ocln expression was also increased in jejunums of F1 male 

SXRKO mice in the media only group compared to WT controls (Figure 3.10B). These results 

demonstrated increased expression of genes related to tight junctions in the gut, which is likely a 

response to the altered gut microbiome and/or increased intestinal permeability.  

Sirtuins have shown to have anti-inflammatory properties in the intestine. Recently, a 

knockout of Sirt2 resulted in increased intestinal permeability in mice. We previously observed 

increased sirtuin expression in SXRKO mice (Chapter 2). In this study, we observed an increase 

in Sirt1 expression in SXRKO mice in the media only group compared to WT controls, although 

it did not reach statistical significance (Figure 3.8D, 3.9D).  
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Discussion 

We identified several bacterial groups that were different between SXRKO mice that 

possessed tumors and SXRKO and WT mice that did not. We also identified a number of 

microbes significantly different between the archival samples and present day samples. Both 

analyses provided us with candidate microbes that could have been important for the 

development of the B-1a B cell lymphoma phenotype.  

We performed bacterial reconstitution experiments with Akkermansia, which was 

increased in archival samples compared to present day samples, and Prevotella, which was 

increased in tumor bearing SXRKO mice compared to non-tumor bearing mice from the same 

experiment and cohort. Increasing the abundance of both microbes in the gut led to increased 

percentages of B-1a B cells in the peritoneal cavity of SXRKO mice compared to wild-type 

controls. This increase was observed in both the F0 and F1 generation.  

The increase in B-1a B cell content in the peritoneal cavity was not accompanied by an 

increase in B-1a B cell percentage in the spleens, indicating an absence of the B-1a B cell 

lymphoma phenotype. It is possible that the candidate microbes we chose to investigate were not 

the only ones important for the development of the B-1a B cell lymphoma phenotype. 

Unfortunately, we did not possess the necessary samples to accurately compare the microbiomes 

between the mice that had the lymphoma phenotype vs those that do not, since we do not have a 

current colony of SXRKO mice displaying the phenotype and fecal samples were not saved from 

the previous colonies that did. There were also other microbes that were present at statistically 

significant levels in the analyses that we conducted that we were not able to investigate in vivo. It 

is possible that one of these other microbes is important for the progression of the B-1a B cell 

lymphoma phenotype either alone, or in combination with Prevotella or Akkermansia. 
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It is also possible that we did not observe the B-1a B cell lymphoma in this experiment 

because we did not let the mice age long enough. It was reported that SXRKO mice display 

increased B-1a B cell percentages at 5 months of age and tumors between 6-7 months of age5. 

Although we went beyond this age, it is possible that these mice could have been developing the 

phenotype slower due to nonideal conditions.  

Age related microbiome dysbiosis can lead to increased intestinal permeability. With 

increased intestinal permeability, higher amounts of bacteria and bacterial components can cross 

the mucosal barrier and enter the peritoneal cavity and blood stream. There is no evidence that 

bacterial infection can induce a B-1a B cell lymphoma, however, it has been demonstrated to 

encourage autoimmune disorders, which are associated with an increased risk for developing 

lymphomas107. The peritoneal cavity contains large number of lymphocytes, many of which are 

innate immune cells that are the first responders against pathogens108.  B-1a B lymphocytes are a 

subset of innate immune cells that are found at a high percentage in the peritoneal cavity, are 

autoreactive and, therefore, implicated in autoimmunity108, 109. We infer that the increases in 

peritoneal B-1a B cell content observed in this study is likely due to increased amount of bacteria 

and/or bacterial components reaching the peritoneal cavity as a result of the increased intestinal 

permeability. Whether this increased intestinal permeability of SXRKO mice could lead to or 

promote the development of B-1a B cell lymphoma has yet to be determined.  

Since SXRKO mice have previously been reported to have increased intestinal 

permeability, we speculate that the increased expression of multiple tight junction genes and 

sirtuins observed in this study is due to the elevated intestinal permeability and inflammation that 

has previously been reported in SXRKO mice. Overall, this study suggests that perturbations to 

the gut microbiome leads to an increased innate immune response in the peritoneal cavity of 
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SXRKO mice, observed as an increase in B-1a B cell content, which is likely due to the elevated 

intestinal inflammation and permeability reported in these mice. 
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Figure 3.1: Redundancy Analysis (RDA) of OTUs obtained from 16S rRNA sequencing 

of paraffin-embedded intestinal tissue from WT, SXRKO, and tumor-bearing SXRKO 

mice. 
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Figure 3.2: Abundance ratios of significantly different genera in paraffin-embedded 

intestinal tissue of tumor bearing SXRKO mice compared to non-tumor bearing 

SXRKO mice and WT mice. Abundance ratios of genera Prevotella (A), Sutterella (B), 

Lactobacillus (C), and Sphingomonas (D) determined by 16S rRNA sequencing analysis of 

paraffin-embedded intestinal tissue from WT, SXRKO, and tumor bearing SXRKO mice. 
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Figure 3.3: Abundance ratios of significantly different genera between historic paraffin-

embedded intestinal tissue of SXRKO mice and current fecal samples from non-tumor 

bearing SXRKO mice. Abundance ratios of genera Acinetobacter (A), Akkermansia (B), 

Methylobacterium (C), and Sphingomonas (D) determined by 16S rRNA sequencing analysis 

of paraffin-embedded intestinal tissue from SXRKO from 2007 and fecal samples from 2016 

SXRKO colony. 
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Figure 3.4: Experimental design for microbiome bacteria expansion experiment 
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Figure 3.5: Relative abundance of Akkermansia muciniphila and Prevotella copri after 

bacteria reconstitution. Abundance of Akkermansia muciniphila (A) and Prevotella copri 

(B) in WT and SXRKO mice 10 days after oral gavage of media, Prevotella copri, 

Akkermansia muciniphila, or 1:1 mixture of both bacteria. Abundance was determined by 

qPCR quantification and normalized to 16S rRNA qPCR quantification. 
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Figure 3.6: B-1a cell content in the spleen and peritoneal cavity of F0 WT and SXRKO 

mice with microbiota expanded with Akkermansia or a mixture of Prevotella and 

Akkermansia. Percentage of B-1a cells determined by flow cytometry in the spleen (A) and 

peritoneal cavity (B) of F0 males and spleen (C) and peritoneal cavity (D) of F0 females. 

Mice were administered Akkermansia muciniphila, 1:1 mixture of Prevotella copri and 

Akkermansia muciniphila, or media following antibiotic cocktail treatment to expand the 

abundance of indicated bacteria.  



83 

 
  

 

 

 

Figure 3.7: B-1a cell content in the spleen and peritoneal cavity of F1 WT and SXRKO 

mice with microbiota expanded with Akkermansia or a mixture of Prevotella and 

Akkermansia. Percentage of B-1a cells determined by flow cytometry in the spleen (A) and 

peritoneal cavity (B) of F1 males and spleen (C) and peritoneal cavity (D) of F1 females. F0 

parents were administered Akkermansia muciniphila, 1:1 mixture of Prevotella copri and 

Akkermansia muciniphila, or media following antibiotic cocktail treatment to expand the 

abundance of indicated bacteria.  
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Figure 3.8: Colon mRNA expression of F1 male WT and SXRKO mice with microbiota 

expanded with Akkermansia or a mixture of Prevotella and Akkermansia. Relative mRNA 

expression of Tjp1 (A), Ocln (B), Cdh1 (C), and Sirt1 (D) in the colon of F1 males. F0 

parents were administered Akkermansia muciniphila, 1:1 mixture of Prevotella copri and 

Akkermansia muciniphila, or media following antibiotic cocktail treatment to expand the 

abundance of indicated bacteria. Gene expression is normalized to 36B4/Rplp0. 
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Figure 3.9: Colon mRNA expression of F1 female WT and SXRKO mice with 

microbiota expanded with Akkermansia or a mixture of Prevotella and Akkermansia. 

Relative mRNA expression of Tjp1 (A), Ocln (B), Cdh1 (C), and Sirt1 (D) in the colon of F1 

females. F0 parents were administered Akkermansia muciniphila, 1:1 mixture of Prevotella 

copri and Akkermansia muciniphila, or media following antibiotic cocktail treatment to 

expand the abundance of indicated bacteria. Gene expression is normalized to 36B4/Rplp0. 
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Figure 3.10: Jejunum mRNA expression of F1 WT and SXRKO mice with microbiota 

expanded with Akkermansia or a mixture of Prevotella and Akkermansia. Relative mRNA 

expression of Tjp1 (A), Ocln (B) in the jejunum of F1 males and Tjp1 (C), Ocln (D) in the 

jejunum of F1 females. F0 parents were administered Akkermansia muciniphila, 1:1 mixture 

of Prevotella copri and Akkermansia muciniphila, or media following antibiotic cocktail 

treatment to expand the abundance of indicated bacteria. Gene expression is normalized to 

36B4/Rplp0. 
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Table 3.1: qPCR primer sequences 

Gene or microbe Forward primer  Reverse primer  

Mouse 36B4/Rplp0 AAGCGCGTCCTGGCATTGTCT CCGCAGGGGCAGCAGTGGT 

Universal 16S rRNA ACTCCTACGGGAGGCAGCAGT ATTACCGCGGCTGCTGGC 

Akkermansia muciniphila CAGCACGTGAAGGTGGGGAC CCTTGCGGTTGGCTTCAGAT 

Prevotella copri CCGGACTCCTGCCCCTGCAA GTTGCGCCAGGCACTGCGAT 

Mouse Tjp1 GCCTCAAGTTCCTGAAGCCC TCCACGTTCACATTGCTTAGTCC 

Mouse Ocln GGCAAGCGATCATACCCAGAG GAAGTCATCCACACTCAAGGTCAG 

Mouse Cdh1 GCGGATAACCAGAACAAAGACCA GCAGCAGGATCAGAATCAGCAG 

Mouse Sirt1 TATCCTTTCAGAACCACCAAAGCG TCAGGAATCCCACAGGAGACAG 
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Summary: 

Background: Polychlorinated biphenyls (PCBs) are environmental toxicants; PCB exposure has 

been associated with adverse effects on wildlife and humans. However, the mechanisms 

underlying these adverse effects are not fully understood. The Steroid and Xenobiotic Receptor 

(SXR/PXR, NR1I2) is a nuclear hormone receptor that regulates inducible metabolism of drugs 

and xenobiotics and is activated or inhibited by various PCB congeners. 
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Objectives: The aim of this study was to investigate the effects of exposure to PCB-153, the 

most prevalent PCB congener in human tissues, on mice lacking SXR (SXRKO) and to elucidate 

the role of SXR in PCB-153 metabolism and promotion of its harmful effects. 

Methods: Wild-type and SXRKO mice were chronically or perinatally exposed to a low dose 

(54 µg/kg/day) of PCB-153. Blood, livers, and spleens were analyzed using RNA-seq and 

molecular techniques to investigate impacts of exposure on metabolism, oxidative stress, and 

hematological parameters. 

Results: SXRKO mice perinatally exposed to PCB-153 experienced elevated oxidative stress 

leading to hemolytic anemia and premature death. Transcriptomal analysis revealed that 

expression of genes involved in metabolic processes were altered in SXRKO mice. Elevated 

levels of the PCB-153 metabolite, 3-OH-PCB-153, were found in exposed SXRKO mice 

compared to exposed wild-type mice. Blood hemoglobin levels were reduced in throughout the 

lifespan and occurrence of intestinal tumors was increased at 10 months of age in chronically 

exposed SXRKO mice. 

Discussion: Our results demonstrated that altered metabolism induced by SXR loss-of-function 

resulted in the accumulation of harmful hydroxylated metabolites upon exposure to PCB-153, 

leading to oxidative stress, hemolytic anemia, and tumor development. These results suggest a 

more general role of SXR in maintaining balanced oxidation/reduction and proper metabolism to 

protect against xenobiotic-induced oxidative stress. This role of SXR could be generally 

applicable to other environmental toxicants, as well as pharmaceutical drugs.  
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Introduction 

Polychlorinated biphenyls (PCBs) are a class of environmental contaminants formerly widely 

used in industrial products, including plastics, adhesives, and electrical equipment 30. Continued 

production of these chemicals was banned in the late 1970’s due to evidence of harmful effects 

of exposure on human health 31. These effects ranged from acute to developmental and included 

inflammatory responses, neurological abnormalities and an increased risk for multiple types of 

cancer 110, 111. Despite the ban on their production, PCBs are still found in the environment due to 

their high chemical stability. Many PCB congeners are also resistant to biological degradation, 

which leads to bioaccumulation in animals and humans 112, 113. The highest levels of human 

exposure to PCBs resulted from dietary consumption of contaminated food, mainly fish and 

poultry, and inhalation of contaminated air and house dust 114-116. 

PCBs were detected at high levels (between 0.5-4 mg/kg), in human breast milk, raising 

additional concerns about potential effects of exposure during development 110, 116, 117. 

Associations were observed between prenatal and perinatal PCB exposure and reduced birth 

weight, immunological disruptions, and neurological abnormalities that can lead to physiological 

and cognitive consequences later in life in both animals and humans 118-120. Their continued 

presence in humans, food sources, and indoor and outdoor air indicates that PCBs are a still a 

current and persistent risk to the environment and future generations 114, 121-123. 

The mechanisms through which PCBs contribute to acute and lifelong effects following 

developmental exposure remain poorly understood. There are 209 PCB congeners that differ in 

the number and location of chlorine substituents. PCBs are often characterized into two groups 

based on similarity to tetrachlorodibenzodioxin (TCDD, colloquially called ‘dioxin’), a known 

carcinogen. Like TCDD, dioxin-like PCBs (DL-PCBs) activate the aryl hydrocarbon receptor 
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(AhR), which underlies many of their adverse health effects 124-126. Non-dioxin-like PCBs (NDL-

PCBs) that do not activate the AhR also induce adverse effects in vitro and in animal exposure 

studies and have been associated with harmful effects, such as cancers, in exposed humans, yet 

the underlying mechanisms remain largely uncharacterized 127-132. Determining the mode of 

action of NDL-PCBs is important for treatment of exposed individuals and to understand the 

action of alternative chemicals with similar structures (e.g. polybrominated biphenyls and 

polybrominated diphenyl eithers) that may act through the same pathways and induce similar 

adverse effects.  

Some NDL-PCBs can interfere with estrogen, androgen, and thyroid signaling, resulting in 

adverse reproductive consequences 133, 134. However, the ability of these chemicals to induce 

tumor progression, alter immune processes, or increase risk for various cancers in exposed 

individuals is not understood, nor are the adverse effects on children exposed during early 

development. NDL-PCBs interact with the Constitutive Androstane Receptor (CAR) and the 

Steroid and Xenobiotic Receptor (SXR/PXR), both of which are broad-specificity, xenobiotic 

sensing receptors 7, 32, 33, 42. NDL-PCBs directly bind to and induce expression of target genes for 

these receptors. SXR was more strongly activated than was CAR in certain human cell lines, 

whereas CAR was more robustly activated in rat hepatocytes 32, 33. Some of the same highly-

chlorinated, NDL-PCB congeners that activated SXR in rodents showed antagonistic activity 

against human SXR 34. 

PCB-153 (2,2',4,4',5,5'-hexachlorobiphenyl) is a highly chlorinated NDL-PCB that was reported 

to be the most prevalent congener found in human tissue and breast milk, and in contaminated 

fish 110, 116. Unlike some other NDL-PCBs, PCB-153 does not interfere with thyroid signaling 134. 

Despite its inactivity on common PCB induced pathways, PCB-153 increased tumor incidence in 
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rodents and was associated with increased risk for non-Hodgkin’s lymphoma and other cancers 

in exposed humans 128, 135, 136. In addition, PCB-153 was reported to be the most potent NDL-

PCB congener on SXR induction of target genes in some human cell lines and rat hepatocytes 32, 

33; although, we showed that it was a human SXR antagonist in primary human hepatocytes and 

human LS-180 cells 34. 

SXR, also known as the Pregnane X Receptor (PXR) and formally known as NR1I2, is a nuclear 

hormone receptor expressed at high levels in the liver and intestine and at lower, but detectable 

levels in most other tissues 6, 137. When it is activated by ligands (drugs, endobiotic and 

xenobiotic chemicals), SXR/PXR up-regulates expression of genes encoding all three phases of 

xenobiotic metabolizing enzymes: phase I enzymes such as cytochrome P450 (CYP3A) genes, 

phase II conjugating enzymes such as glutathione S-transferase (GST), and phase III ABC drug 

transporters 6, 9, 10. Predictably, SXR null (SXRKO) mice display defects in inducible xenobiotic 

metabolism, making them hypersensitive to the effects of certain xenobiotics 52.  

Here we showed that SXR loss-of-function resulted in impaired metabolism of PCB-153 that led 

to increased levels of hydroxylated PCB-153 metabolites, oxidative stress and hemolytic anemia 

in perinatally exposed mice. Chronic exposure to a low dose of PCB-153 also resulted in tumor 

development in SXRKO mice. These results demonstrated that SXR is important for the proper 

metabolism of PCB-153 by preventing accumulation of harmful hydroxylated metabolites. We 

also identified hemolytic anemia as a previously uncharacterized effect of PCB-153 exposure. 

These results uncovered an unexpected role for SXR in maintaining balanced 

oxidation/reduction and proper metabolism to protect against xenobiotic-induced oxidative 

stress. These results could be generally applicable to other environmental toxicants, as well as 

pharmaceutical drugs.  
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Materials and Methods 

Animal maintenance and exposure 

Wild type (WT) and SXRKO (C57BL/6J) mice were maintained and housed at the University of 

California, Irvine. SXRKO mice were descendants from a colony of 129SVEV mice from the 

Salk institute (a gift of Prof. Ron Evans) and were backcrossed onto the C57BL/6J background 

for 6 generations to obtain SXRKO mice with an essentially pure C57BL/6J background. Mice 

were housed in micro-isolator cages in a temperature-controlled room (23–25°C) with a 12-h 

light/dark cycle. Water and food (5P14 ProLab RMH 2500, LabDiet) were provided ad libitum. 

Animals were treated humanely, and all procedures were approved by the Institutional Animal 

Care and Use Committee of the University of California, Irvine.  

PCB-153 exposure 

2,2',4,4',5,5'-Hexachlorobiphenyl (PCB-153) was purchased from ChemService Inc. Stock 

solutions were prepared at 20 mM in DMSO at 20 mM. Stocks were further diluted in DMSO to 

1 mM concentration and stored at -80˚C until use. Chemical exposure was administered via the 

drinking water. Mice received 1 µM PCB-153 or vehicle (0.1% DMSO) in 0.5% 

carboxymethylcellulose prepared in autoclaved tap water. Water containing PCB-153 or vehicle 

was replaced twice weekly. WT and SXRKO females (8-10 weeks old) were randomly assigned 

to exposure groups (DMSO or PCB-153); exposure began 3 days prior to breeding. PCB or 

vehicle-containing water was removed for breeding and resumed following 3 days of mating, 

then continued throughout pregnancy and lactation. After weaning, male offspring continued on 

the exposure they received in utero. Exposure was continued until euthanasia at 4 weeks, or 10 

months of age (Figure 4.1A). Female offspring were not investigated because we observed no 

effects in females in a pilot PCB-153 exposure study (data not shown). 
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The dose of PCB-153 used in this study is equivalent to 0.25 µmol/kg/day or 54 µg/kg/day, 

assuming that mice consumed 1.5 mL/10 g of body weight of water a day. The no observed 

adverse effect level (NOAEL) for PCB-153 for rodents is between 1 and 250 mg/kg/day 

depending on the biological endpoint investigated 138. The worst case, environmentally-relevant 

dose of PCB-153 is 1.7 µmol/kg/day 129. We chose the dose of 0.25 µmol/kg/day (54 µg/kg/day), 

because it is relevant to human exposure levels, we observed effects in a pilot study, and it is five 

times lower than the rodent NOAEL. 

Complete blood count 

Whole blood (50 µL) was collected bimonthly into heparinized capillary tubes from the 

saphenous vein beginning at 6 weeks until 9 months of age. Blood parameters were measured on 

a VetABC hematology analyzer (scil Animal Care Company) within 4 hours of blood collection. 

Blood parameters measured included: white blood cell count (WBC), red blood cell count 

(RBC), hematocrit (HCT), hemoglobin (HGB), mean corpuscular volume (MCV), mean cell 

hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), red blood cell 

distribution width (RDW), platelet count (PLT), lymphocyte count (LYM), monocyte count 

(MON), and granulocyte count (GRA).  

Tissue and cell collection 

Mice were euthanized by isoflurane overdose. Whole blood was collected by cardiac puncture. 

Aliquots of whole blood (20 µL) were flash frozen and stored at -80˚C until further analysis. 

Remaining blood was centrifuged to isolate plasma. Plasma was stored at -80˚C. Livers and 

spleens were dissected, flash frozen in liquid N2 and stored at -80˚C. A section of each spleen 

was set aside before flash freezing for splenocyte isolation.  
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Spleen and bone marrow cell isolation 

Spleens were physically dissociated using a Petri dish and syringe plunger in 1 mL of cold PBS 

containing 1% fetal bovine serum (FBS) (Omega Scientific). Hind legs were dissected, tibias and 

femurs were isolated, and bone marrow cells were extracted by flushing cold PBS + 1% FBS 

buffer into the marrow cavity using a 25-gauge needle. Erythrocytes were lysed by incubating 

cell suspensions in ACK lysis buffer (150 mM NH4Cl + 10 mM KHCO3 + 0.1 mM Na2EDTA) 

for 5 min. Cells were washed and resuspended in FACS buffer (PBS+ 1% FBS + 0.02% sodium 

azide) for flow cytometry antibody staining. 

Flow cytometry analysis 

Splenic and bone marrow cells were diluted in cold FACS buffer (PBS+ 1% FBS + 0.02% 

sodium azide), divided into 4x104 cell aliquots, stained with an antibody cocktail of anti-mouse 

TER119-APC (TONBO biosciences), CD71-PE (eBioscience), and CD45-Alexa Fluor700 

(BioLegend) for 30 min. Cells were analyzed on a BD FortessaX20 cytometer and data 

processed using FlowJo software (Treestar).  

Erythrocyte MDA/lipid peroxidation measurement 

Flash frozen blood samples were mixed with 1 mL of sterile, ultrapure water (ultrafiltered, UV 

sterilized water from a Barnstead Nanopure water system, hereafter called nanopure water) to 

lyse the red blood cells (RBCs). RBC membranes were pelleted and supernatants discarded. 

RBC membranes were washed with nanopure water and pelleted again. Malondialdehyde 

(MDA) levels were obtained using the Lipid Peroxidation MDA Assay Kit (Sigma Aldrich) 

following the manufacturer’s protocol. Supernatants were measured on a fluorescence plate 

reader with excitation at 532 nm and emission at 553 nm. 
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Hemoglobin measurement 

Flash frozen blood samples were diluted 1:200 in nanopure water. Hemoglobin content was 

determined using the Hemoglobin Assay Kit (Sigma Aldrich) according to manufacturer’s 

protocol. Colorimetric products were measured at 400 nm. 

GSH/GSSG level determination 

Flash frozen blood samples were diluted with 500 µL of nanopure water and deproteinized using 

1/5 volume of 100% Trichloroacetic acid (Sigma Aldrich). Supernatants were neutralized by 

slowly adding sodium bicarbonate until pH= 4-6. GSH and total glutathione levels were 

determined using the GSH/GSSG Ratio Detection Assay Kit (Abcam) according to the 

manufacturer’s protocol. Fluorometric product were excited at 490 nm and emission measured at 

520 nm. 

Ex vivo hemolysis assay 

Blood was collected from untreated 4 week old wild-type and SXRKO mice (n = 3) by cardiac 

puncture using a needle and heparinized syringe. Blood was centrifuged and plasma was 

removed. Packed erythrocytes were washed twice with 1x PBS (pH 7.4) then diluted 1:50 in 1x 

PBS (pH 6.2). A more acidic pH was used in order to obtain higher sensitivity to agent induced 

hemolysis 139. Red blood cells were treated with different concentrations of PCB-153 or with 

positive control (1% SDS) for 2 hours at 37˚C. Cells were pelleted and supernatants were 

transferred to a clear 96-well plate. Absorbance of free heme in the supernatant was measured at 

405 nm. 

RNA extraction 

Frozen tissue sections were homogenized rapidly in 1 mL of Trizol reagent (Thermo Fisher 
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Scientific). RNA was isolated from the tissue-Trizol homogenate by chloroform extraction. RNA 

was precipitated with an equal volume of 100% isopropanol, centrifuged and salt removed by 

washing with 70% ethanol. Final RNA product was resuspended in DNase/RNase-free nanopure 

water, quantified by spectrophotometry, and integrity verified by denaturing agarose gel 

electrophoresis. 

RNA-seq library prep and sequencing 

Extracted RNA was further purified using a Zymo Quick-RNA Microprep Kit. RNA-seq 

libraries were prepared by the UCI Genomics High Throughput Facility using 1 µg of RNA and 

the Illumina TruSeq stranded mRNA library prep kit. Two separate libraries were made for the 

liver and spleen samples with 20 samples each using Illumina reagents. Each library was 

sequenced on a HiSeq4000 instrument using single-stranded 100 bp read length, with one library 

per flow cell lane. We obtained an average of 18.6±2.6 million reads per sample. 

RNA-seq analysis and visualization 

Sequence quality was checked in the Fastq files using FastQC (Babraham Bioinformatics)140. 

Fastq files were then aligned to the mouse MM10 genome assembly (ENSEMBL) using the 

STAR aligner 141 on the UC Irvine high performance computing cluster. The resulting BAM files 

were also checked with FastQC. The average number of uniquely mapped reads was 84.7±2.3%. 

Spleen sample “WD2” was removed from downstream analysis due to lower mapping quality 

(76.1%) compared to all other spleen samples. Reads were counted using 

Rsubread/featureCounts (R, Bioconductor)142 and differential expression analysis was conducted 

using DESeq2 (R, Bioconductor) 143. Differentially expressed genes (DEGs) were selected using 

a Benjamini-Hochberg adjusted p value (p-adj) < 0.05 and absolute value (log2FC) > 0.3. 

Normalized counts obtained from DESeq2 analysis were used to generate heatmaps. Heatmaps 
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were plotted using pheatmap package in R. Raw and processed RNA-seq data files are available 

at Gene Expression Omnibus (GSE135916). The annotated HPC and R scripts used for the 

RNA-seq analysis are in the Appendix. 

Gene Ontology Analysis 

Differentially expressed genes were input into MouseMine (Mouse Genome Informatics) again 

using a Benjamini-Hochberg corrected p-value <0.05 to determine significance. For GO term 

enrichment, terms were reduced to 25 terms using Revigo 144 and independent selection of 

desired terms. GO term enrichment plots were made using ggplot2. Enrichment is plotted as (# 

of DEGs within the term)/(total # of genes in the term) X 100.  

qPCR validation of DEGs 

cDNA was synthesized using 2 µg of extracted intact RNA and Superscript III Reverse 

Transcriptase (Thermo Fisher Scientific) according the manufacturer’s protocol. Synthesized 

cDNA was diluted 5-fold for qPCR analysis. Diluted cDNA was combined with SYBR green 

qPCR Master Mix (Thermo Fisher Scientific) and the primer mix for gene of interest and 

analyzed using a Roche LightCycler 480. Technical replicate Ct values were averaged for each 

biological replicate. Mean Ct values were normalized to 36B4/Rplp0 or Actb, for liver or spleen 

respectively, (ΔCt), and relative fold change mRNA levels were then calculated by using ΔΔCt 

method 70 with relative gene expression presented as mean fold change over vehicle control ± 

SEM. Primers were designed using PerlPrimer software. qPCR primer sequences are given in 

Supplemental Table 4.1 

Extraction of PCB-153 and 3-OH-PCB 153 from liver 



101 

Liver samples (247±62 mg) were spiked with PCB-117 and 4’-OH-PCB-159 (50 ng each) as 

surrogate recovery standards. After homogenization in 2-propanol (3 mL), samples were 

extracted with diethyl ether (1 mL) and hexane:diethyl ether (9:1 v/v, 2.5 mL) following a 

published procedure 145. Combined extracts were washed with phosphoric acid (0.1 M solution in 

0.9% aqueous sodium chloride, 5 mL) and derivatized with diazomethane (0.5 mL) overnight at 

4oC. Sulfur removal and sulfuric acid treatment steps were employed before analysis as 

described 146, 147. 

Extraction of PCB-153 and 3-OH-PCB-153 from plasma  

Plasma samples (71±51 mg) were spiked with PCB-117 and 4’-OH-PCB-159 (50 ng each) as 

surrogate recovery standards and denatured with hydrochloric acid (6 M, 1 mL) and 2-propanol 

as reported previously 148, 149. All samples were extracted with hexane:methyl tert-butyl ether 

(1:1 v/v, 5 mL), then re-extracted with hexane (3 mL). The combined organic extracts were 

washed with potassium chloride solution (1 %, 4 mL) and underwent the derivatization and 

clean-up procedures as above. 

Quantitation of PCB-153 and 3-OH-PCB-153 

Quantitative analyses of PCB-153 and 3-OH-PCB 153 in sample extracts were carried out on an 

Agilent 7890A gas chromatography equipped with a SPB-1 capillary column (60 m × 250 μm × 

0.25 μm film thickness; Supelco, St Louis, MO, USA) and a 63Ni-micro electron capture detector 

(μECD) as previously reported 148-150. Helium was used as carrier gas with a constant flow rate of 

2 mL/min. The injector and detector temperatures were 240oC and 300oC, respectively. The 

column temperature program was initially set as 50 oC, held for 1 min, then gradually increased 

to 200 oC by 30 oC/min, increased to 250 oC by 1 oC/min and increased to final temperature of 

280 oC by 10oC/min and held there for 3 min. The PCB-153 and 3-OH-PCB-153 were identified 
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by the retention time of their authentic standards. The relative retention time (RRT) of all 

analytes was within 0.5 % of the RRT of the respective standard. The PCB 153 and 3-OH-PCB 

153 were quantified with the internal standard method as described 146. Levels were corrected for 

recoveries below 100%.  

QA/QC of PCB-153 and 3-OH-PCB-153 measurements 

The responses of PCB-153 (R2=0.999), 3-OH-PCB-153 (R2=0.999), PCB-117 (recovery 

standard, R2=0.999), 4’-OH-PCB-159 (recovery standard, R2=0.999) and PCB-204 (internal 

standard, R2=0.999) on the GC-ECD were linear from 1 to 1000 ng/mL. The limits of detection 

(LOD) of PCB-153 and 3-OH-PCB-153 were calculated from method blanks as LOD = mean 

blanks + k × standard deviation blanks (k is the student’s t value for a degree of freedom of n-

1=5 for liver and n-1=5 for serum at the 99 % confidence level). The LODs for analyses of liver 

samples were 0.09 ng and 0.03 ng for PCB-153 and 3-OH-PCB-153, respectively. The LODs for 

analyses of serum samples were 0.11 ng and 0.07 ng for PCB-153 and 3-OH-PCB-153, 

respectively. The background level of PCB-153 and 3-OH-PCB-153 in control liver samples 

were 0.15±0.07 ng/g (n=19) and 0.11±0.03 ng/g (n=19), respectively. The background levels of 

PCB-153 and 3-OH-PCB-153 in control serum samples were 0.83±1.64 ng/g (n=18) and 

0.85±2.38 ng/g (n=18), respectively. The recoveries of PCB-153 and 3-OH-PCB-153 spiked into 

control liver samples were 78±6 % (range: 73-87%; n = 5) and 86±9 % (range: 78-99%; n = 5), 

respectively. The recoveries of PCB-153 and 3-OH-PCB-153 spiked into control serum samples 

were 83±6 % (range: 74-90%; n = 6) and 70±17 % (range: 51-102%; n = 6), respectively. For 

liver analyses, the recoveries of the surrogate standards added to every samples were 95±12 % 

(range: 55-111 %; n=40) and 91±14 % (range: 56-120 %; n=40) for PCB-117 and 4’-OH-PCB-

159, respectively. For serum analyses, the recoveries of the surrogate standards added to every 
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samples were 88±8 % (range: 74-102 %; n=47) and 99±14 % (range: 59-120 %; n=47) for PCB-

117 and 4’-OH-PCB-159, respectively.  

Statistical analysis 

Data visualization and statistical analyses were conducted in Prism 8 (GraphPad Software), 

excluding RNA-seq analysis, which was completed in R and other software packages as 

indicated above. Thirteen to twenty biological replicates were used for exposure experiments and 

in vivo and FACS analyses. Down-stream biochemical analyses, RNA-seq analysis, and qPCR 

gene validations used 5 biological replicates per group. A p-value of <0.05 was considered 

statistically significant for all assays other than RNA-seq analysis, which used adjusted p-values 

based on Benjamini-Hochberg test.   
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Results 

Low-dose PCB-153 exposure in SXRKO mice led to premature death and reduced blood 

hemoglobin 

Wild-type (WT) and SXRKO females were exposed to approximately 54 µg/kg BW/day of PCB-

153, or vehicle (0.1% DMSO), in the drinking water throughout pregnancy and lactation. The 

offspring were continued on the same exposure after being weaned from the mother until either 4 

weeks or 10 months of age and were monitored to investigate the role of SXR on the action of 

developmental and chronic exposure to a NDL-PCB (Figure 4.1A).  

We observed premature death at 5 weeks of age in approximately 20% of male SXRKO 

offspring from the PCB-153 group in two independent experimental cohorts; no deaths were 

observed in the vehicle exposed SXRKO mice or in any of the WT exposure groups (Figure 

4.1B, Supplemental Table 4.2). Necropsy revealed no obvious causes of death (data not shown) 

and no additional deaths occurred after this age (Figure 4.1B). Blood parameters were monitored 

every 9-10 weeks in mice that survived after 5 weeks of age. A large decrease in hemoglobin 

levels was observed at 6 weeks of age in PCB-153-exposed, compared to vehicle (DMSO)-

exposed SXRKO mice (Figure 4.1C). Decreased hemoglobin levels were observed consistently 

throughout the lifespan of the SXRKO mice exposed to PCB-153; the largest differences were 

observed at younger ages. There were no differences between the exposure groups among wild-

type mice at any age (Supplemental Figure 4.1, Supplemental Table 4.3). No other blood 

parameters were consistently different between groups; although, a decreased hematocrit (HCT) 

and increased red blood cell distribution width (RDW) were transiently observed in PCB-153 

exposed SXRKO mice at 6 weeks of age compared to vehicle exposed controls (Supplemental 

Table 4.4).  
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SXRKO mice exposed to PCB-153 displayed hemolytic anemia at 4 weeks of age 

To further investigate the cause of death that occurred at 5 weeks of age in the PCB-153 exposed 

SXRKO mice and the possible connection to the decreased blood hemoglobin values, we 

investigated an independent cohort at 4 weeks of age and focused our investigation on the tissues 

involved in the production of red blood cells (RBCs) and iron homeostasis: blood, bone marrow, 

spleen, and liver. 

An increased percentage of erythroid precursors (TER119+, CD71+), the progenitors of RBCs, 

was observed in the bone marrow and spleen via FACS analysis in SXRKO mice exposed to 

PCB-153 at 4 weeks of age (Figure 4.2A-D). No changes were observed in exposed WT mice 

(Figure 4.2B,D). This was accompanied by a decrease in blood hemoglobin (Figure 4.2E), 

consistent with our observations performed in older animals (Figure 4.1C). PCB-153 exposed 

SXRKO mice also displayed decreased body weights compared to vehicle exposed and wild-type 

controls (Figure 4.2F). There were no changes in relative spleen or liver weights for exposed 

pups or dams (Supplemental Figure 4.2). 

Since the spleen is the site of stress erythropoiesis and because it is involved in the filtering and 

recycling of RBCs, we conducted RNA-seq analysis to evaluate alterations in splenic gene 

expression between PCB-153 and vehicle exposed SXRKO mice (Table 4.1). Numerous changes 

were observed, encompassing 380 gene ontology (GO) biological processes (BP) terms. 

Significant enrichments were found in terms that included heme metabolism, cell cycle, and 

immune system pathways (Supplemental Figure 4.3). SXRKO mice exposed to PCB-153 

displayed increased expression of genes related to erythroid development, supporting the 

phenotypic finding of increased splenic erythropoiesis (Figure 4.3A). Krupple like factor 1 

(Klf1), a transcription factor important for erythroid lineage commitment and erythrocyte 
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maturation 151, was significantly increased in SXRKO mice exposed to PCB-153 and this 

expression pattern was validated by qPCR (Figure 4.3B). Several other key differentially 

expressed genes (DEGs) for this pathway were validated with qPCR analysis (Supplemental 

Figure 4.4). PCB-153 exposed SXRKO mice also displayed elevated expression of genes related 

to heme metabolism (Figure 4.3C). This included important components in heme synthesis, such 

as ferrochelatase, Fech, one of the main components in the heme biosynthesis pathway and 

biliverdin reductase B (Blvrb), one of the most important enzymes involved in the catabolism of 

free heme (Figure 4.3C-D). Selected DEGs in this GO term were validated by qPCR 

(Supplemental Figure 4.4). The expression levels of genes in these GO terms parallels the 

observed level of splenic erythropoiesis which may explain the increased range of expression 

values in the PCB-153 exposed SXRKO mice (Supplemental Figure 4.5). The increase in both 

heme synthesis and catabolism, in conjunction with the increased erythropoiesis and decreased 

hemoglobin, led us to infer that SXRKO mice exposed to PCB-153 were undergoing hemolytic 

stress leading to anemia. Increased heme synthesis and erythropoiesis likely resulted from 

attempts to replenish the loss of RBCs and/or hemoglobin. We did not observe direct hemolysis 

of RBCs obtained from either wild-type or SXRKO mice by PCB-153 in an ex vivo hemolysis 

assay (Supplemental Figure 4.6), indicating that a physiological aspect of SXRKO mice likely 

promotes the hemolytic properties of PCB-153. 

Exposure of SXRKO mice to PCB-153 led to elevated oxidative stress in spleen and RBCs 

In addition to elevated heme synthesis and erythroid development, transcriptomal analysis in the 

spleens revealed enrichment for genes in GO terms related to oxidative stress (Supplemental 

Figure 4.3, Supplemental Figure 4.7A). SXRKO mice exposed to PCB-153 had a different 

expression profile for genes involved in responses to reactive oxygen species (ROS), with 
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increases in expression of key antioxidant genes including peroxiredoxin 2, Prdx2, and 

glutathione peroxidase 1, Gpx1 (Figure 4.4A, Supplemental Figure 4.7A-B), and the 

transcription factor Foxo3 (Supplemental Figure 4.7A), which is induced by ROS in erythrocytes 

to up-regulate antioxidant genes 152, 153. This coincided with alterations in the expression of genes 

involved in glutathione metabolism and synthesis in the spleen (Figure 4.4C). PCB-153 exposed 

SXRKO animals showed increased expression of glutathione S-transferases (GSTs), such as 

microsomal glutathione S-transferase 3 (Mgst3) and glutathione S-transferase pi 3 (Gstp3), and 

increased expression of Gclc and Gclm, which encode for the two subunits of glutamate-cysteine 

ligase, the first, rate-limiting enzyme of glutathione synthesis (Figure 4.4C, Supplemental Figure 

4.7C-D). RBCs of PCB-153 exposed SXRKO mice also displayed a lower ratio of reduced 

glutathione (GSH) to total glutathione content (Figure 4.4D), indicating elevated oxidative stress. 

RBC membranes of SXRKO mice exposed to PCB-153 showed signs of increased 

malondialdehyde (MDA) content, indicative of increased lipid peroxidation and oxidative 

damage, but this did not reach statistical significance (Figure 4.4B). These mice also exhibited 

altered gene expression of GO terms related to DNA damage in the spleen (Supplemental Figure 

4.8). These findings support the RNA-seq results pointing toward increased oxidative stress 

experienced by SXRKO mice exposed to PCB-153. 

Altered xenobiotic and glutathione metabolism profile in livers of SXRKO mice  

SXR is expressed at high levels in the liver, a principal site of xenobiotic metabolism. The liver 

transcriptomes in WT and SXRKO mice were compared to determine whether the phenotypic 

differences were the result of distinct metabolic responses to PCB-153. We found a low number 

of differentially expressed genes associated with PCB-153 exposure in the livers of either WT or 

SXRKO mice compared to the vehicle exposed counterparts in the RNA-seq data set (Table 4.2). 
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However, the results revealed inherent differences between WT and SXRKO mice in terms such 

as xenobiotic metabolism, oxidation-reduction processes, and glutathione metabolic process 

(Figure 4.5, Supplemental Figure 4.9). These inherent differences included differential 

expression of many cytochrome P450 genes. Several isoforms of the CYP2B family of P450s 

catalyze phase I metabolism of NDL-PCBs 154. Expression of Cyp2b9 and Cyp2b10 were 

elevated in SXRKO mice compared to WT (Figure 4.5A-B). We infer that this CYP2B gene 

expression profile of SXRKO mice could potentially cause increased metabolism and/or 

hydroxylation of PCB-153. However, many other CYP genes were down-regulated in SXRKO 

mice compared to WT, revealing an overall disrupted xenobiotic metabolism gene expression 

profile (Figure 4.5A). SXRKO mice also showed decreased expression of several glutathione S-

transferases (GSTs), such as Gstp1 (Figure 4.5C-D) and increased expression of several 

sulfotransferases (SULTs), such as Sult2a1 (Supplemental Figure 4.10C-D), compared to WT 

controls.  

Impaired PCB-153 metabolism in SXRKO mice 

We hypothesized that the inherent differences observed in the liver transcriptome between WT 

and SXRKO mice could lead to differential metabolism of PCB-153 and/or increased 

susceptibility to oxidative stress. Expression of UDP-glucuronyl transferase (UGT) genes was 

elevated in PCB-153 exposed SXRKO mice compared to exposed WT. This up-regulation of 

UGT genes was only observed in PCB-153 exposed SXRKO mice (Supplemental Figure 4.10A). 

Various UGT enzymes are involved in the conjugation of PCB-153 metabolites, notably 

hydroxylated PCB metabolites 154, 155. Levels of 3-OH-PCB-153 were elevated in the plasma and 

livers of PCB-153 exposed SXRKO mice compared to WT PCB-153 exposed mice (Figure 4.6). 

There was no increase in the levels of unmetabolized PCB-153 (Figure 4.6A,D), demonstrating 
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that SXRKO mice have impaired metabolism or clearance of the hydroxylated metabolites, 

leading to their increased accumulation. We infer that increased expression of UGT genes is a 

response to increased abundance of OH-PCB-153 in exposed SXRKO mice. One UGT gene, 

Ugt3a1, was down-regulated in unexposed SXRKO mice compared to unexposed WT mice 

(Supplemental Figure 4.10B). This inherent decrease in Ugt3a1 gene expression in SXRKO mice 

might play a role in the observed accumulation of 3-OH-PCB-153.  

SXRKO mice chronically exposed to PCB-153 developed intestinal tumors 

Chronic exposure to PCB-153 (54 µg/kg BW/day) led to the development of upper small 

intestinal tumors in SXRKO mice that were observed at 10 months of age. These tumors 

occurred in approximately 12% (4/34) of the PCB-153 exposed SXRKO mice and were located 

near the jejunum/duodenum junction (Figure 4.7A-B, Supplemental Figure 4.11A-B). These 

results derived from three independent exposure studies, one of which included a human SXR 

knock-in (hSXRki) transgenic mouse strain 156. No wild-type or hSXRki mice in either exposure 

group developed intestinal tumors in any of the studies. Tumor bearing SXRKO mice also 

displayed enlarged spleens accompanied by robustly increased erythropoiesis (Figure 4.7C-D, 

Supplemental Figure 4.11C). Since only the tumor bearing mice showed splenic erythropoiesis, 

and splenic erythropoiesis is a common side effect of tumor development, we infer that the 

erythropoiesis observed at 4 weeks of age and at 10 months of age were probably the result of 

independent mechanisms. 10 month old SXRKO mice chronically exposed to PCB-153 

displayed reduced body weights (Supplemental Figure 4.11D), matching the reduced body 

weights observed at 4 weeks of age (Figure 4.2F). We propose that the altered xenobiotic 

metabolism gene expression profile in the livers of SXRKO mice results in impaired metabolism 

and clearance of PCB-153, and associated toxic metabolites, leading to elevated oxidative stress 
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that acts on the RBCs to induce hemolytic anemia (Figure 4.8). It is plausible that this increased 

oxidative stress and consequential DNA damage experienced by SXRKO mice exposed to PCB-

153 also contributed to the development of the intestinal tumors in chronically exposed animals. 
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Discussion 

Polychlorinated biphenyls (PCBs) are highly persistent environmental contaminants known to 

cause many detrimental acute and developmental effects in humans and wildlife 110. PCB 

exposure during early development often leads to more severe and longer lasting effects than 

does adult exposure 120, 157, 158. Therefore, determining the underlying molecular mechanisms 

responsible for the effects elicited by acute, chronic, and developmental exposures and how to 

protect against them is vital to protect public health. While much is known about the mechanisms 

through which DL-PCBs act, a large knowledge gap remains concerning the mechanisms of 

action for NDL-PCBs. This study demonstrated that loss of SXR/PXR resulted in elevated 

toxicity of PCB-153, likely due to accumulation of harmful metabolites that induce oxidative 

stress. This highlights the importance of SXR/PXR in protection against exposure to NDL-PCBs 

and likely other xenobiotics with reactive metabolites. 

Here we showed that perinatal exposure of SXRKO mice to PCB-153 led to hemolytic anemia, a 

previously unreported effect of exposure to this toxicant. The anemia was characterized by 

reduced hemoglobin levels that persisted throughout the lifespan with increased compensatory 

and stress erythropoiesis observed by 4 weeks of age. Splenic erythropoiesis is commonly 

associated with anemia, which results from ineffective medullary erythropoiesis or another form 

of RBC stress 159, 160. Increased erythropoiesis in PCB-153 exposed SXRKO mice was observed 

in both the spleens and bone marrow, ruling out ineffective medullary erythropoiesis as the cause 

of the anemia. Increased expression of heme catabolic genes, such as Blvra and Blvrb, is 

consistent with the possibility that SXRKO mice exposed to PCB-153 also experienced elevated 

RBC destruction, characteristic of hemolytic anemia 161.  

ROS and oxidative stress cause cell damage leading to RBC destruction and anemia 162-164. 



112 

Oxidative stress-induced hemolytic anemia has been associated with exposure to some 

xenobiotics, and is thought to be caused by altered glutathione synthesis or glutathione redox 

cycle regulation 40, 161. Glutathione (GSH) is tripeptide that acts as both an antioxidant and 

detoxifying agent 165. GSH reduces hydrogen peroxides and other reactive oxygen species 

(ROS), this process produces the oxidized form of glutathione, GSSG 166. SXRKO mice 

perinatally exposed to PCB-153 have decreased levels of GSH (the reduced form of glutathione), 

in whole blood, indicating elevated oxidative stress. Here we also observed increased expression 

of mRNAs encoding key antioxidants, Gpx1 and Prdx2, which may indicate a physiological 

compensation to combat the increased oxidative stress.  

Our chronic exposure study demonstrated that exposure to PCB-153 in utero until 10 months of 

age resulted in intestinal tumor formation in some SXRKO mice. PCBs and/or their metabolites 

were reported to be genotoxic, and this is widely believed to be a primary mechanism through 

which PCB exposure led to cancers 39, 167, 168. Tumor bearing mice in our chronic exposure study 

also displayed anemia and elevated erythropoiesis. Splenic erythropoiesis was reportedly 

associated with tumor development in mouse models and it was shown recently that 

erythroblasts of tumor-bearing mice can further stimulate tumor progression 169. Since only the 

tumor bearing, 10 month old mice displayed erythropoiesis in our study, we inferred that tumor 

formation in aged, chronically exposed mice was not induced by the erythropoiesis we observed 

in young perinatally exposed SXRKO mice. Instead we hypothesized that tumors arose from 

elevated oxidative stress and genotoxicity elicited by PCB-153 exposure and SXR loss-of-

function; although, anemia/erythropoiesis may have helped promote tumor development. 

In addition to oxidation and reduction, GSH also participates in the detoxification of xenobiotics, 

but requires catalysis by glutathione S-transferase (GST). SXRKO mice showed altered 
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expression of mRNAs encoding glutathione S-transferases in the liver, with decreased Gstp1 and 

Gstp2 and increased Gstp3 expression. GSTs also detoxify harmful metabolites of oxidative 

stress 170. These differences suggested that SXRKO mice have altered detoxification by GSH, 

leading to increased levels of oxidative stress inducing metabolites and reduced levels of GSH. 

This would make SXRKO mice more susceptible to oxidative stress. GST deficiencies have been 

reported in human anemia cohorts 171, 172. Another study linked GST polymorphisms with sickle 

cell anemia 173. 

Transcriptomal analysis of livers revealed other inherent differences in gene expression between 

wild-type and SXRKO mice, mostly related to xenobiotic metabolism or oxidation-reduction 

processes, thus, we inferred that there may be resulting differences in PCB-153 metabolism. We 

observed increased levels of the hydroxylated metabolite of PCB-153, 3-OH-PCB-153, in both 

the plasma and livers of exposed SXRKO mice compared to exposed WT. Hydroxylated PCB 

metabolites are known to induce oxidative stress and DNA damage; this mechanism was 

hypothesized to be responsible for many of their adverse health effects 167, 174. Therefore, we 

propose that the oxidative stress induced hemolytic anemia in SXRKO mice was probably 

caused by elevated levels of hydroxylated PCB-153 metabolites.  

PCBs are hydroxylated by various cytochrome P450 enzymes, although it is thought that the 

Cyp2b family plays the largest role 154. We observed increased expression of mRNAs encoding 

Cyp2b9 and Cyp2b10 in the livers of SXRKO mice, which could explain the increased level of 

hydroxylated metabolites. The altered expression of GSTs in the liver of SXRKO mice could 

also contribute to the elevated levels of OH-PCB153 due to their involvement in the 

detoxification of arene oxide metabolites of PCBs 154. UDP-glucuronosyltransferases (UGTs) are 

phase II metabolizing enzymes that conjugate a glucuronic acid to the hydroxyl group of 
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hydrophobic compounds to aid in their clearance from the body 175. These enzymes conjugate 

various OH-PCB metabolites 154, 155. Decreased Ugt3a1 expression in SXRKO mice with both 

vehicle and PCB-153 exposure provides a possible explanation for the elevated levels of 3-OH-

PCB-153 metabolite. Many other UGT genes were up-regulated in the livers of PCB-153 

exposed SXRKO mice, but this up-regulation was not observed in WT exposed mice. 

Sulfotransferases (SULTs) are phase II metabolizing enzymes that conjugate a sulfonyl onto a 

hydroxyl group of xenobiotics to aid in its solubility and clearance 176. SXRKO mice had 

elevated expression of several SULTs compared to WT controls. This appears to contradict to 

our results of increased accumulation of 3-OH-PCB-153; however, it has been reported that 

some OH-PCB metabolites can inhibit SULT activity 177, 178. In addition, Sult2e1 was only up-

regulated in PCB-153 exposed SXRKO mice compared to exposed WT mice and this specific 

SULT isoform has been shown to bind to hydroxylated PCBs 179. The increased expression of 

several UGT genes and Sult3e1 in PCB-153 exposed SXRKO mice is likely a compensatory 

response to the increased presence of 3-OH-PCB-153. The up-regulation of these enzymes can 

result in an increase in phase II metabolites of 3-OH-PCB-153, which may also induce oxidative 

stress.  

Surprisingly, PCB-153 exposure had no significant effects on the liver transcriptomes of WT 

mice, and only a small effect on the liver transcriptomes of SXRKO mice. The lack of induction 

of typical xenobiotic metabolizing enzymes is probably the result of using a dose lower than the 

no observed adverse effect level (NOAEL) of PCB-153, which for mice is between 1 and 125 

mg/kg BW/day depending on the biological endpoint 138. Other studies showed that doses of 3.6 

mg/kg BW/day may be required to observe gene expression changes in the mouse liver 180. PCB-

153 was shown to be highly resistant to metabolism 181, which is likely the cause of the lack of 
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induction of xenobiotic metabolizing genes in the exposed WT mice in our study. We observed 

gene expression changes, oxidative stress, hemolytic anemia, premature lethality, and tumor 

development with exposure of SXRKO mice to a much lower dose of PCB-153 than in other 

studies. We propose that the altered metabolism profile of SXRKO mice led to the accumulation 

of the highly toxic hydroxylated metabolites of PCB-153 which then elicited these toxic effects. 

Our results suggest that exposure to PCB-153 during sensitive developmental time periods can 

lead to hemolytic anemia induced by elevated oxidative stress. Moreover, SXR loss-of-function 

increased susceptibility to this effect of PCB-153 via alterations in xenobiotic and glutathione 

metabolism leading to impaired metabolism and/or clearance of toxic PCB metabolites. We 

observed reduced body weights that coincided with reduced blood hemoglobin levels in SXRKO 

mice perinatally exposed to PCB-153 and this was consistently seen with chronic exposure up to 

10 months of age. We speculate that the reduced body weight and premature death at 5 weeks of 

age observed in PCB-153 exposed SXRKO mice may be linked directly to the anemia 

phenotype. Mice experience rapid growth from birth up until 5-6 weeks of age, which requires 

increased production of red blood cells 182, 183. We infer that anemia became fatal in some mice at 

5 weeks of age due to an unmet need for RBCs and hemoglobin. Exposure to PCBs during in 

utero or early development was associated with reduced birth weight, growth rate, adolescent 

body weight, and these growth abnormalities have also been associated with anemia 119, 157, 184. 

Therefore, our study revealed anemia as a possible component of the mechanism underlying 

these adverse effects of prenatal or perinatal PCB exposure. Anemia is a highly under-

investigated outcome in PCB exposed human cohorts and in laboratory animal exposure studies. 

Only one study reported an anemia phenotype in rats, and this used a high dose (50 mg/L or 14 

µmol/kg/day) of PCB-105 for 13 weeks of exposure 185, more than 50-fold higher than the dose 
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used in our study. A chronic exposure study in Rhesus monkeys to a mixture of PCBs led to 

anemia at a concentration of 200 μg/kg/day (or 0.55 µmol/kg/day) for a period of 27 months or 

longer 186. To our knowledge, we are the first to report anemia as an effect of low-dose perinatal 

PCB exposure.  

We recognize that the results from this study may not apply to all PCBs, or even all NDL-PCBs, 

because many studies have shown congener-specific effects. However, we believe it important to 

investigate PCB-153 since it is the most prevalent congener found in the environment, human 

tissue, and in breast milk 110, 116. Many replacement chemicals, such as polybrominated biphenyls 

(PBBs) and polybrominated diethers (PBDEs), were synthesized following the PCB ban. These 

chemicals have similar structures and properties to PCBs and many were demonstrated to induce 

Cyp gene expression, inflammation, and to interact with SXR. In addition, hydroxylated 

metabolites of these chemicals have been demonstrated to induce oxidative stress 37, 187. Whether 

SXR plays a key role in the protection and/or clearance of these chemicals, in vivo, remains to be 

investigated in the future. 

There are currently 9,451 reported SNPs of human SXR on the NCBI dbSNP, many of which 

can impact the expression of SXR itself and/or that of its target genes 42, 43. Polymorphisms in 

SXR have been linked to many functional consequences, including altered metabolism, increased 

inflammation, and susceptibility to disease 44-46. Some xenobiotics and pharmaceutical drugs 

were shown to suppress SXR signaling 188, 189. Antagonists of SXR are actively being developed 

to be used as pharmaceutical drugs 48. Our studies suggest that both genetic and chemical 

inhibition of SXR might predispose humans to increased oxidative stress and lead to more toxic 

effects from exposure to PCBs. We expect that SXR is important for the metabolism and 

clearance of other metabolites of many PCB congeners. SXR is responsible for the metabolism 
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of many xenobiotics; thus, adverse effects of impaired SXR function may not be exclusive to 

PCB exposure. SXR is likely to be protective against other drugs and xenobiotics with the 

potential to produce reactive metabolites. There is evidence that hydroxylated metabolites of 

other xenobiotics, such as those of the antimalarial agent primaquine, can induce oxidative stress 

and hemolytic anemia 40. Whether SXR also plays a role in the proper metabolism of these 

xenobiotics and protection against their reactive metabolites is yet to be investigated, but our 

results indicated that caution is warranted before inhibiting SXR/PXR function as a general 

method to promote increased efficacy of drugs that might otherwise be metabolized via an 

SXR/PXR-dependent process. 
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Figure 4.1: Premature death and decreased blood hemoglobin in SXRKO mice exposed to PCB-

153. Exposure scheme for perinatal exposure to PCB-153 (A). Survival of wild-type (WT) or 

SXR/PXR knockout (SXRKO) mice perinatally exposed to PCB-153 or vehicle (DMSO) (B). 

Hemoglobin measurements of SXRKO mice exposed to DMSO or PCB-153 throughout lifespan 

(C). * = p-value <0.05, ** = p-value <0.01, ***= p-value <0.001 
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Figure 4.2: Increased erythropoiesis in 4 week old SXRKO mice perinatally exposed to PCB-153. 

Representative FACS plots of bone marrow (A) or spleen (C) of SXRKO mice exposed to DMSO 

and PCB-153, gating on erythroid precursors. Quantifications of erythroid precursors in bone 

marrow (B) and spleen (D) of 4 week old perinatally exposed mice. Blood hemoglobin levels of 

SXRKO mice at 4 weeks of age perinatally exposed to either DMSO or PCB-153 (G). Body weights 

of perinatally exposed mice at 4 weeks of age (H). * = p-value <0.05, ** = p-value <0.01, ***= p-

value <0.001 
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Figure 4.3: Increased expression of erythrocyte development and heme metabolism genes in 

SXRKO mice exposed to PCB-153. Differentially expressed genes (DEGs) involved in erythrocyte 

development in the spleen between SXRKO mice exposed to DMSO and PCB-153 (A). qPCR gene 

expression analysis confirmed expression pattern of Kupple-like factor 1 (Klf1) erythroid 

transcription factor (B). SXRKO mice exposed to PCB-153 have increased expression of heme 

metabolism genes (C), including genes involved in heme catabolism, such as Blvrb (D). D= DMSO 

exposure, P= PCB-153 exposure, W= wild-type mice, K= SXRKO mice. * = p-value <0.05, ** = p-

value <0.01, ***= p-value <0.001 
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Figure 4.4: Elevated oxidative stress in spleen and RBCs of PCB-153 exposed SXRKO mice. 

Increased expression of reactive oxygen species (ROS) response genes, such peroxiredoxin 2 

(Prdx2) (A) in spleen of SXRKO mice exposed to PCB-153 compared to vehicle. 

Malonaldehyde (MDA) levels show trend of increased lipid peroxidation of RBC membranes 

from PCB-153 exposed SXRKO mice (B). SXRKO mice exposed to PCB-153 display 

increased expression of glutathione metabolism genes (C). Ratio of reduced glutathione (GSH) 

to total glutathione is decreased in RBCs of SXRKO mice exposed to PCB-153 (D). D= 

DMSO exposure, P= PCB-153 exposure, W= wild-type mice, K= SXRKO mice. * = p-value 

<0.05, ** = p-value <0.01, ***= p-value <0.001 

 



122 

 

Figure 4.5: Altered xenobiotic and glutathione metabolism in the liver between SXRKO and 

WT mice. Liver RNA-seq analysis revealed inherent differences in xenobiotic metabolism 

genes (A), including various CYP genes, such as Cyp2b10, which was validated by qPCR (B). 

Several genes related to glutathione metabolism were also different in the liver between 

SXRKO and WT mice (C). Expression pattern of Gstp1 was confirmed by qPCR (D). D= 

DMSO exposure, P= PCB-153 exposure, W= wild-type mice, K= SXRKO mice. * = p-value 

<0.05, ** = p-value <0.01, ***= p-value <0.001 
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Figure 4.6: Elevated levels of hydroxylated PCB-153 metabolites in exposed SXRKO mice. 

Levels of PCB-153 (A) and 3-OH-PCB-153 (B), and the ratio of 3-OH-PCB-153 to PCB-153 

(C) in the plasma. Levels of PCB-153 (D), 3-OH-PCB-153 (E), and the ratio of 3-OH-PCB-

153 to PCB-153 (F) in liver of PCB-153 exposed WT and SXRKO mice. * = p-value <0.05, 

** = p-value <0.01, ***= p-value <0.001 
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Figure 4.7: SXRKO mice chronically exposed to PCB-153 until 10 months of age develop 

intestinal tumors. Intestinal tumors were found in the upper intestine of ~12% of SXRKO 

mice chronically exposed to PCB-153 at 10 months of age, no tumors were found in PCB-153 

exposed WT or human SXR/PXR knock-in (hSXRki) mice or any of the vehicle (DMSO) 

exposed mice (A). Representative images of the tumors located near the duodenum-jejunum 

junction of the upper intestine (B). Representative FACS plots of the spleen of a non-tumor vs 

tumor bearing mouse, gating on erythroid precursors (C). Quantification of erythroid precursor 

percentage in the spleen of chronically exposed mice, tumor bearing mice are indicated with 

yellow symbols (D). * = p-value <0.05, ** = p-value <0.01, ***= p-value <0.001 
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Figure 4.8: Proposed mechanism of oxidative stress and anemia phenotype induced by 

PCB-153 in SXRKO mice. 
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Table 4.1: Spleen RNA-seq results 

 

 SXRKO DMSO 

vs 

WT DMSO 

SXRKO PCB 

vs 

WT PCB 

SXRKO PCB 

vs 

SXRKO DMSO 

WT PCB 

vs 

WT DMSO 

     

Total DEGs 23 198 1598 4 

Up-regulated 16 125 965 1 

Down-regulated  7 73 633 3 

GO terms (BP) 0 24 380 0 

Number of total, up-regulated, and down-regulated differentially expressed genes (DEGs) for each comparison and the resulting 

number of significant gene ontology (GO) terms for biological processes (BP). DEGs were determined by DESeq2 with adj p-

value<0.05 and absolute value of log2 (FC)>0.3. GO term significance determined by Benjamini-Hochberg correction test (adj p-

value <0.05) in MouseMine. 
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Table 4.2: Liver RNA-seq results 
 

 SXRKO DMSO 

vs 

WT DMSO 

SXRKO PCB 

vs 

WT PCB 

SXRKO PCB 

vs 

SXRKO DMSO 

WT PCB 

vs 

WT DMSO 

     

Total DEGs 260 394 60 0 

Up-regulated 142 180 19 0 

Down-regulated  118 214 41 0 

GO terms (BP) 47 103 9 0 

Number of total, up-regulated, and down-regulated differentially expressed genes (DEGs) for each comparison and the resulting 

number of significant gene ontology (GO) terms for biological processes (BP). DEGs were determined by DESeq2 with adj p-

value<0.05 and absolute value of log2 (FC)>0.3. GO term significance determined by Benjamini-Hochberg correction test (adj p-

value <0.05) in MouseMine. 
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Supplemental Figure 4.1: Blood hemoglobin levels of wild-type mice throughout 

lifespan. Hemoglobin levels of wild-type (WT) mice exposed to either PCB-153 or vehicle 

(DMSO) at 6 to 40 weeks of age as measured by the blood analyzer (A). Blood hemoglobin 

values in WT mice at 4 weeks of age perinatally exposed to either PCB-153 or DMSO, as 

determined by hemoglobin assay kit (B) 
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Supplemental Figure 4.2: Relative spleen weights of dams and pups from PCB-153 

exposure study. Relative liver weights (A) and spleen weights (B) for DMSO and PCB-153 

exposed WT and SXRKO dams. Relative liver weights (C) and spleen weights (D) for 

perinatally exposed WT and SXRKO mice at 4 weeks of age. 
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Supplemental Figure 4.3: Gene Ontology (GO) term enrichment of spleen RNA-seq 

data set comparing SXRKO mice exposed to PCB-153 vs SXRKO mice exposed to 

vehicle (DMSO). GO term enrichment of select biological processes (BP) of SXRKO PCB 

vs SXRKO DMSO in the spleen RNA-seq dataset. Number of significant genes within each 

term is to the right of the bar. 



131 

 

Supplemental Figure 4.4: qPCR validation of select differentially expressed genes 

(DEGs) related to erythrocyte development and heme metabolism in the spleen. 

Relative mRNA expression of Epor (A), Fech (B), Epb42 (C), Alad (D), Hbq1b (E), and 

Fam213a (F) determined by qPCR analysis compared to Actb housekeeping gene. 
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Supplemental Figure 4.5: mRNA expression of erythrocyte development and 

heme metabolism genes correlates with level of erythropoiesis in SXRKO mice 

exposed to PCB-153. Plots of percentage of splenic erythroid precursors vs 

normalized DESeq2 counts in the spleen dataset for A) Fech and B) Klf1. KP= 

SXRKO mice exposed to PCB-153. 
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Supplemental Figure 4.6: PCB-153 does not induce hemolysis of red blood cells ex vivo. Ex 

vivo hemolysis assay of red blood cells (RBCs) from WT (n=3) and SXRKO mice (n=3) treated 

ex vivo to vehicle (DMSO), positive control (1% SDS), and four different concentrations of 

PCB-153. 
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Supplemental Figure 4.7: Differentially expressed genes (DEGs) related to oxidative 

stress in the spleen of SXRKO mice exposed to PCB-153 vs vehicle (DMSO). Heatmap of 

DEGs in the GO term of Response to reactive oxygen species (ROS) (A). qPCR validation of 

the antioxidant gene Gpx1 (B) and glutathione S-transferase genes, Mgst3 (C) and Gstp3 in 

the spleen compared to Actb housekeeping gene 
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Supplemental Figure 4.8: Increased DNA repair genes in the spleen of SXRKO mice 

exposed to PCB-153. Heatmap of significant differentially expressed genes within the GO 

term of DNA repair between spleens of SXRKO mice exposed to PCB-153 vs DMSO (A). 

qPCR validation of Gadd45a (B) and Rad23a (C). 
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Supplemental Figure 4.9: Gene Ontology (GO) term enrichment of liver RNA-seq 

dataset comparing SXRKO vs wild-type mice exposed to vehicle (DMSO). GO term 

enrichment of select biological processes (BP) of SXRKO DMSO vs WT DMSO in the liver 

RNA-seq dataset. Number of significant genes within each term is to the right of the bar. 
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Supplemental Figure 4.10: Differential expression of various UGT and SULT genes 

between WT and SXRKO mice and with PCB-153 exposure. Heatmap of DEGs related to 

glucuronosyltransferase activity in the livers between SXRKO and WT mice exposed to PCB-

153 (A). Normalized counts of Ugt3a1 obtained from DESeq2 (B). Heatmap of DEGs related 

to sulfotransferase activity, comparing all groups (C). Normalized counts of Sult2a1 obtained 

from DESeq2 analysis (D). Lines demonstrate the comparisons that were significant as 

determined by DESeq2 using the criteria listed in the materials and methods. Adjusted p-

values determined by DESeq2 analysis are displayed above lines for corresponding 

comparisons. 
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Supplemental Figure 4.11: Tumor location, body weights, and spleen weights of mice 

chronically exposed to PCB-153. Representative images of SXRKO mice chronically 

exposed to PCB-153 displaying tumors in the upper small intestine near the duodenum-

jejunum junction (A). Representative histology images of the intestinal tumors at 40X total 

magnification (B). Spleen weights (C) and body weights (D) of chronically exposed mice. 

Tumor bearing mice are indicated with red symbols in panel C and D. 
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Supplemental Table 4.1: qPCR primer sequences 

Gene (mouse) Forward primer  Reverse primer  

36B4/Rplp0 AAGCGCGTCCTGGCATTGTCT CCGCAGGGGCAGCAGTGGT 

Actb GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT 

Fech GACCGAGACCTCATGACACTTCC ATAACTCATCCAGCAGCTTCACCA 

Klf1 GAGCCCTCCAAGAAACTTTCCT TCAGACCGCCACCACTTGAG 

Epor CGGGATGGACTTCAACTACAGC AACACCAGAAACGCACGGAG 

Prxd2 GGACTACAGAGGGAAGTACG TGAACTGAGAGTCCACAGAC 

Gpx1 CGTTTGAGTCCCAACATCTC ATCGTTCATCTCGGTGTAGTC 

Gstp1 TCCTTTGCCGATTACAACTTGC AGTCCACTACTGTTTGCCATTGC 

Gadd45a GCTGCTACCTCTGCTTACCTCTG  CCTTCCATTGTGATGAATGTGGGT  

Rad23a AGATGTTGAATGAGCCTCCCG  TGCCTTCAGCCTTTCTATAGCC  

Blvrb CAGGTTATGAGGTGACGGTG CCACAGTCTTGTCCACATCGG 

Gstp3 GTGACCTTGGATGTTTGGGAGC  CTTTGCCATAGAGCCCGAAGGA  

Mgst3 TACAGCACAGATCCTGAGAACG TAAACACCTCCCACCGTTAGGA 

Epb42 GACAGTCCTTCACTATCACCCTG TGGCTTGGGTCTTATTGATCTTGG 

Alad CAGTGCCTCCAACCTCATCTATCC GACGCCAAAGATCAGGACACAG 

Hbq1b AGACTTCAGCCCAGAGATGC GAGACTATAGAACCCTGTATCCC 

Fam213a GCAGACCTGATGTCCTTGAAGC ATGAACATCATCTTCCGCCTCTC 

Cyp2b10 GTGCCCACAGACAAATCTCCA GGACTTCTCCTTCTCCATGCG 
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Supplemental Table 4.2: Deaths at 5 weeks of age 

    DMSO PCB-153 

COHORT 1 
WT 0/6 (0%) 0/13 (0%) 

SXRKO 0/15 (0%) 3/17 (17.6%) 

COHORT 2 
WT 0/13 (0%) 0/10 (0%) 

SXRKO 0/3 (0%) 2/10 (20%) 
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CHAPTER 5 

 
 

Mice lacking the Steroid and Xenobiotic Receptor (SXR/PXR) are not more susceptible to the 

hemolytic and oxidative stress induced by phenylhydrazine 

 

Summary: 

In Chapter 4, we reported that mice lacking the Steroid and Xenobiotic Receptor (SXR/PXR) 

developed a phenotype of oxidative stress and hemolytic anemia following exposure to the 

environmental toxicant, PCB-153. We asked whether this phenotype in SXR knockout (SXRKO) 

mice was specific to PCB-153 exposure or if SXRKO mice had a general increased susceptibility 

to oxidative stress. To test this, we utilized the phenylhydrazine (PHZ) model of chemical-

induced oxidative stress and hemolytic anemia. Wild-type (WT) and SXRKO mice were injected 

interperitoneally with PHZ at 4 weeks of age and the resulting anemia and oxidative stress 

monitored. We discovered that there was no differential effect of PHZ induced anemia or 

oxidative stress between WT and SXRKO mice, investigating ROS production in red blood cells 

(RBCs) and multiple blood parameters. The compensatory erythropoiesis was also unchanged 

between male WT and SXRKO mice at both 2 and 7 days post PHZ injection. Interestingly, 

female SXRKO mice showed elevated compensatory erythropoiesis 7 days after the initial 

injection, despite having no difference in hematocrit, RBC count, or hemoglobin. Overall, these 

results demonstrate that SXRKO mice do not have a general susceptibility to oxidative stress, 

thus supporting our previous findings that it is the altered metabolism profile of SXRKO mice 

and the resulting accumulation of toxic xenobiotic metabolites that induce oxidative stress and 

hemolytic anemia. 
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Introduction 

 

Many xenobiotic chemicals lead to oxidative stress-induced hemolytic anemia40, 161. This 

can be because of direct action of the parent compound or as the result of a toxic metabolite(s) 

produced by the body. These compounds often deplete cellular glutathione levels, oxidize 

hemoglobin, or cause cell membrane damage in red blood cells (RBCs), leading to cell rupture or 

phagocytosis by macrophages161, 190, 191. There are several genetic mutations in both humans and 

rodent models that have demonstrated increased susceptibility to oxidative stress and chemical 

induced hemolytic anemia163, 171, 192.  

Polychlorinated biphenyls (PCBs) are persistent organic pollutants known to induce 

many adverse health effects in exposed individuals110. Both the parent compounds and their 

metabolites can induce oxidative stress39, 174, 193, 194. We previously reported that mice lacking the 

steroid and xenobiotic receptor SXR/PXR, SXRKO mice, developed oxidative stress-induced 

hemolytic anemia with exposure to PCB-153, and this phenotype was accompanied by an 

accumulation of hydroxylated metabolites of PCB-153 (Chapter 4).   

Therefore, we asked if the observed phenotype of oxidative stress and hemolytic anemia 

in SXRKO mice exposed to PCB-153 was due to an increased susceptibility to oxidative stress 

and/or anemia due to the loss of SXR. To study this, we implemented the phenylhydrazine 

(PHZ) model of oxidative stress-induced anemia. PHZ rapidly and reproducibly induces 

oxidative stress that targets the red blood cells (RBCs) leading to hemolytic anemia41. This 

phenotype is easily observed in wild-type (WT) mice with no genetic mutations. If SXRKO mice 

had an inherent susceptibility to oxidative stress and/or anemia, independent of xenobiotic 

metabolites, we would expect to observe an elevated response to PHZ (e.g. elevated oxidative 

stress, more severe anemia) compared to WT controls. We administered PHZ to 4 week old WT 
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and SXRKO mice and monitored the content of reactive oxygen species (ROS) in the blood, 

spleen, and bone marrow, multiple blood parameters, and the compensatory erythropoiesis. We 

observed no difference in the ROS content or blood parameters between WT and SXRKO mice 

following PHZ injection, indicating that SXRKO mice are not susceptible to all inducers of 

oxidative stress. This is consistent with our findings from Chapter 4 that the hemolytic anemia 

was the result of the accumulation of hydroxylated PCB-153 metabolites due to an altered 

metabolism profile of SXRKO mice. 
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Materials and methods 

Mouse maintenance: WT and SXRKO (C57BL/6J) mice were equally maintained and housed by 

the Blumberg lab at the University of California, Irvine. SXRKO mice were descendants from a 

colony of 129SVEV mice from the Salk institute and were backcrossed onto C57BL/6J 

background strain for 6 generations to obtain an essentially pure C57BL/6J background. Mice 

were housed in micro-isolator cages in a temperature-controlled room (25–28°C) with a 12-h 

light/dark cycle. Water and food (5P14 ProLab RMH 2500, LabDiet) were provided ad libitum. 

Animals were treated humanely and all procedures were approved by the Institutional Animal 

Care and Use Committee of the University of California, Irvine. 

Phenylhydrazine induced hemolytic anemia: Male and female WT and SXRKO mice (4 weeks of 

age) were injected with 40 µg/kg BW of phenylhydrazine hydrochloride (Sigma) 

intraperitoneally for two consecutive days. A control group of mice injected with vehicle (PBS) 

were also included. Extra nestlets and water-soaked food pellets were placed in the mouse cages 

following PHZ administration. Blood was monitored starting at Day 0 and every 2 days 

following. Mice were euthanized either 2 or 7 days after the first PHZ injection.  

Complete blood count: Whole blood (20 µL) was collected every 2 days from the saphenous vein 

of the mice. Blood was collected using heparinized capillary tubes. Blood parameters were 

measured on a VetABC hematology analyzer (scil Animal Care Company) within 4 hours of 

blood collection. Blood parameters measured included: white blood cell count (WBC), red blood 

cell count (RBC), hematocrit (HCT), hemoglobin (HGB), mean corpuscular volume (MCV), 

mean cell hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), red blood 

cell distribution width (RDW), platelet count (PLT), lymphocyte count (LYM), monocyte count 

(MON), and granulocyte count (GRA). 
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Tissue and blood collection: Mice were euthanized by isoflurane overdose. Whole blood was 

collected by cardiac puncture. An aliquot of whole blood (20 µL) was set aside for blood 

analysis and CM-H2DCFDA staining. Spleen tissue was dissected and placed on ice for 

splenocyte isolation. Legs were dissected and placed in ice-cold PBS for bone marrow isolation. 

Spleen and bone marrow cell isolation: Spleen tissue was physically dissociated using a petri 

dish and syringe plunger in 1 mL of cold PBS containing 1% FBS. Bone marrow cells were 

extracted from the tibia and femur by flushing cold PBS + 1% FBS buffer into the marrow cavity 

using a 25 gauge needle. Erythrocytes were lysed by incubating cell suspensions in ACK lysis 

buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA) for 5 min. Cells were washed and 

resuspended in FACS buffer (PBS, 1% FBS, 0.02% sodium azide) for antibody staining and flow 

cytometric analysis. 

ROS detection: whole blood was diluted 1:500 in Hank’s balanced salt solution (HBSS). Spleen 

and bone marrow cells were diluted to 4x106 cells/mL in HBSS. Cell aliquots (50µL) were 

combined with an equal volume of 20µM CM-H2DCFDA, (chloromethyl-2',7'-

dichlorofluorescein diacetate--Ex/Em: 502/523 nm , Thermo Fisher Scientific) in HBSS+2% 

FBS and incubated for 15 minutes at 37˚C. Stained cells were washed twice with cold FACS 

buffer (PBS, 1% FBS, 0.02% sodium azide), then proceeded to antibody staining for flow 

cytometric analysis. 

Flow cytometry: CM-H2DCFDA stained spleen and bone marrow cells were stained with an 

antibody cocktail of anti-mouse TER119-APC (TONBO biosciences) and CD71-PE 

(eBioscience), and for 15 min. Cells were washed with cold FACS buffer (PBS, 1% FBS, 0.02% 

sodium azide) and measured on a BD FortessaX20 cytometer within one hour. Data was 

analyzed using FlowJo software (Treestar). 
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Statistical analysis: Data visualization and statistical analyses were conducted in Prism 8 

(GraphPad Software). Ten biological replicates per group were used for phenylhydrazine 

injections, half were euthanized 2 days after the first injection and the other half were euthanized 

7 days after the first injection. Unpaired t-test was used to determine statistical significance: * = 

p-value <0.05, ** = p-value <0.01, ***= p-value <0.001, #= p-value <0.0001 
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Results 

WT and SXRKO mice show equal responses to phenylhydrazine-induced ROS and hemolytic 

anemia 2 days after injection 

Male and female WT and SXRKO mice at 4 weeks of age (n=10 per group) were injected 

with 40 µg/kg BW of phenylhydrazine (PHZ) on two consecutive days. Control mice were 

injected with PBS. We used mice at 4 weeks of age because this was the age we observed the 

hemolytic anemia in our previous study (Chapter 4). Half of the mice were dissected 2 days 

after the initial injection, which is when the anemia is the most robust41. At this timepoint, we 

observed a significant increase in reactive oxygen species (ROS) content in the RBCs of mice 

injected with PHZ compared to PBS injected mice (Figure 5.1A). We observed no difference in 

RBC ROS content between WT and SXRKO mice of either gender. Interestingly, female mice 

showed a higher percentage of CM-H2DCFDA+ cells compared to males. Complete blood 

counts of whole blood obtained via cardiac puncture revealed that PHZ injected mice were 

anemic, as measured by decreases in RBC count, hematocrit, and blood hemoglobin levels 

(Figure 5.1B-D). We observed no differences between WT and SXRKO mice or between 

genders for these three parameters. 

Erythropoiesis is induced when animals are anemic to replenish lost RBCs159, 160. Bone 

marrow is the normal site of erythropoiesis, but it can also be observed in the spleen during times 

of RBC stress160. PHZ injected mice had increased erythropoiesis in both the bone marrow and 

spleen 2 days after the initial PHZ injection (Figure 5.2). Erythropoiesis was mostly evident in 

the bone marrow at this time point (Figure 5.2A). We observed no difference in the percentage of 

erythroid precursors between WT and SXRKO mice in either tissue. These results demonstrate 
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that WT and SXRKO mice do not have differential responses to PHZ in terms of oxidative 

stress, anemia, and compensatory erythropoiesis that occurs 2 days following the injection. 

Comparable induction and recovery of anemia between WT and SXRKO mice up to 6 days after 

phenylhydrazine injection 

The blood of the remaining mice that were not dissected on day 2 was continuously 

monitored every 2 days. We observed that RBC count dropped 2 days after the first injection and 

didn’t show recovery until day 6; this trend was observed for both male (Figure 5.3A) and 

female (Figure 5.4A) mice. There were no differences between WT and SXRKO mice at any 

timepoint (Figure 5.3A, Figure 5.4A). Hematocrit dropped significantly at day 2, began 

recovering by day 4, and was completely recovered by day 6 (Figure 5.3B, 5.4B). This trend was 

observed for both males (Figure 5.3B) and females (Figure 5.4B). Male SXRKO mice showed a 

significant increase in hematocrit before PHZ injection and then a significant decrease at day 2 

(Figure 5.3B). However, these findings were not consistent with day 2 measurements of the other 

half of the injected mice that were dissected on day 2 (Figure 5.1C). No differences in hematocrit 

between WT and SXRKO were observed in female mice at any time point (Figure 5.4B). 

Elevated compensatory erythropoiesis in SXRKO mice 

By day 6 we observed full recovery of RBC content and hematocrit, indicating that there was 

sufficient erythropoiesis occurring since the induction of the anemia by PHZ. We analyzed the 

residual amount of erythroid precursors at day 7 in the PHZ injected mice. We observed that 

PHZ injected male mice still contained an increased percentage of erythroid precursors in both 

the bone marrow and spleen compared to the PBS injected mice, although the increase was only 

statistically significant with the SXRKO males (Figure 5.5). There was no difference between 

WT and SXRKO males. Interestingly, we observed increased erythropoiesis in PHZ injected 
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female SXRKO mice compared to PHZ injected female WT mice in both the bone marrow and 

spleen (Figure 5.5). However, the percentages for either group were not different than the PBS 

injected controls. These results suggest that SXRKO mice may have a delayed inhibition of the 

compensatory erythropoiesis that becomes induced in response to anemia.  
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Discussion 

Phenylhydrazine is a chemical known to induce both oxidative stress and hemolytic 

anemia and these effects have been demonstrated in several strains of mice41, 195. Elevated levels 

of ROS in the RBCs, and more severe changes to blood parameters following PHZ injection 

have been observed in mice with mutations or knockouts of several genes, demonstrating that 

loss of these genes leads to increased susceptibility to oxidative stress192, 196. We administered 

PHZ to WT and SXRKO mice to assess whether SXRKO mice were more susceptible to 

oxidative stress and/or anemia. We observed no differences between WT and SXRKO mice in 

RBC ROS content or in any blood parameter tested following injection of PHZ. These results 

demonstrated that SXRKO mice are not genetically more susceptible to PHZ induced oxidative 

stress or anemia. We infer that this may apply to other direct inducers of oxidative stress.  

These results support our previous findings that it is the altered metabolism of SXRKO 

mice that leads to accumulation of toxic PCB-153 metabolites that induce oxidative stress and 

anemia. PHZ does not require the transformation into a metabolite to induce the toxic effects and 

we infer that this is why WT and SXRKO mice showed an equal response to PHZ exposure. 

Metabolites of other xenobiotics, such as those of primaquine, have demonstrated to induce 

oxidative stress and anemia40. I hypothesize that SXRKO mice would demonstrate stronger 

toxicity with primaquine exposure compared to WT mice, similar to what was observed with 

PCB-153 exposure in Chapter 4. It may be interesting to investigate the effects of primaquine 

exposure between WT and SXRKO mice in the future. 
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Figure 5.1 Oxidative stress and anemia in WT and SXRKO mice 2 days following PHZ 

injection. Red blood cell (RBC) ROS content determined by CM-H2DCFDA staining (A), 

RBC count (B), hematocrit (C) and hemoglobin level (D) in WT and SXRKO mice 2 days 

after initial PHZ injection. PHZ groups: n=5 per group, PBS group: n=3. 
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Figure 5.2 Erythropoiesis in WT and SXRKO mice 2 days following PHZ injection. 

Percentage of erythroid precursors in the bone marrow (A) and spleen (B) determined by 

flow cytometry, gating on TER119+/CD71+ cells, in WT and SXRKO mice 2 days after 

initial PHZ injection. PHZ groups: n=5 per group, PBS group: n=3. 
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Figure 5.3 Blood parameters of male WT and SXRKO mice over time. RBC count (A) 

and HCT (B) in WT and SXRKO male mice measured every 2 days starting at Day 0 before 

PHZ injection and ending 6 days later. PHZ groups: n=5 per group for each time point, PBS 

group: n=3 for each timepoint. 
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Figure 5.4 Blood parameters of female WT and SXRKO mice over time. RBC count (A) 

and HCT (B) in WT and SXRKO female mice measured every 2 days starting at Day 0 

before PHZ injection and ending 6 days later. PHZ groups: n=5 per group for each time 

point, PBS group: n=3 for each timepoint. 
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Figure 5.5 Erythropoiesis in WT and SXRKO mice 7 days following PHZ injection. 

Percentage of erythroid precursors in the bone marrow (A) and spleen (B) determined by 

flow cytometry, gating on TER119+/CD71+ cells, in WT and SXRKO mice 7 days after 

initial PHZ injection. PHZ groups: n=5 per group, PBS group: n=3. 
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CONCLUDING REMARKS 

 

The steroid and xenobiotic receptor, SXR/PXR, is a master regulator of xenobiotic 

metabolism. It has become increasingly apparent that SXR plays additional roles and that 

perturbing its function can lead to adverse health consequences. This dissertation investigated 

new roles for SXR in interactions with the diet and gut microbiome (Part I), and xenobiotic-

induced oxidative stress (Part II). These studies established SXR as a candidate bridge between 

the gut microbiome and its impact on host health and provide further evidence of the important 

role of SXR in the protection against adverse effects induced by xenobiotics. 

The studies in Part I demonstrated that the diet and gut microbiome do not impact the 

development of the B-1a B cell lymphoma phenotype in SXRKO mice. They did demonstrate 

that SXR can impact intestinal inflammation (Chapter 2) and gene expression of tight junction 

proteins (Chapter 3) in response to changes in the gut microbiome, which can lead to an 

increased innate immune response, observed as increased percentage of B-1a cells in the 

peritoneal cavity (Chapter 3). These results suggest that SXR and the gut microbiome interact 

and that this interaction impacts the host. These findings pave the way for more investigations 

into the impact of the gut microbiome on other phenotypes reported for SXRKO mice (e.g. 

intestinal permeability) or in combination with xenobiotic exposure in mice with a functional 

SXR, to better understand the role of SXR in microbiome-induced health effects. 

Part II of this dissertation revealed that SXR is important for the proper metabolism and 

clearance of harmful xenobiotic metabolites, which otherwise can cause oxidative stress leading 

to adverse health consequences. Oxidative-stress induced hemolytic anemia was observed in 

SXRKO mice exposed to the environmental toxicant, PCB-153, and was accompanied by 
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increased accumulation of a hydroxylated PCB-153 metabolite (Chapter 4). No differences in 

oxidative stress or hemolytic anemia were observed between wild-type and SXRKO mice 

exposed to phenylhydrazine, an oxidative stress-inducing xenobiotic that does not require 

biological activation into a metabolite to induce its toxic effects (Chapter 5). These results 

demonstrated that the oxidative stress observed in SXRKO mice by exposure to some 

xenobiotics is due to the role of SXR in the proper metabolism and clearance of the harmful 

metabolites rather than SXR playing a direct function in the protection against general oxidative 

stress. It would be interesting to investigate whether SXR plays a similar role after exposure to 

other xenobiotic chemicals that have metabolites capable of inducing oxidative stress and 

anemia. These include pharmaceutical agents, such as primaquine, and other xenobiotic 

toxicants, such as polybrominated diphenylethers (PBDEs) and polybrominated biphenyls 

(PBBs).  

 Overall, the studies in this dissertation revealed new adverse health consequences related 

to SXR loss-of-function and set the stage for future investigations of these roles to provide more 

insight into human relevance. There are currently 9,451 reported single nucleotide 

polymorphisms (SNPs) of human SXR in the NCBI dbSNP, many of which can impact the 

expression of SXR itself and/or that of its target genes42, 43. In addition, human SXR 

polymorphisms have been linked to various functional consequences, including altered 

metabolism, increased inflammation, and susceptibility to disease44-46. Some xenobiotics and 

pharmaceutical drugs have shown to suppress SXR signaling188, 189 and antagonists of SXR are 

actively being developed to be used as pharmaceutical drugs48. Our studies suggest that both 

genetic and chemical inhibition of SXR might predispose humans to altered responses to the gut 

microbiome and to increased oxidative stress due to altered metabolism of certain xenobiotics, 
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both of which are associated with negative adverse health consequences. Pharmaceutical 

research aims to inhibit SXR function and activity due to its role in drug-drug interactions, but 

our studies suggest that inhibiting SXR may have adverse physiological impacts. The health 

consequences of SXR inhibition should be investigated more carefully before use in humans. In 

addition, these studies suggest that targeting SXR activation could possibly be beneficial to 

humans exposed to various toxicants, such as PCBs, to reduce the accumulation of the toxic 

metabolites. 
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######################### 

#STAR HPC Cluster Script# 

######################### 

 

#generate genome index on HPC cluster 

module purge 

module load gcc/6.4.0 STAR/2.6.0c 

STAR --runThreadN 12 \ 

--runMode genomeGenerate \ 

--genomeDir 

/bio/regusqui/PCB_RNAseq/mm10/STARindexENSEMBLandEncode \ 

--genomeFastaFiles 

/bio/regusqui/PCB_RNAseq/mm10/ENSEMBLfasta/Mus_musculus.GRCm38.d

na.primary_assembly.fa \ 

--sjdbGTFfile 

/bio/regusqui/PCB_RNAseq/mm10/ENCODEmouseAnnotation/gencode.vM20

.annotation.gtf \ 

--sjdbOverhang 99 

 

#Align fastq files to mouse genome (repeated for each file) 

STAR --runThreadN 16 \ 

--genomeDir /dfs3/bio/regusqui/PCB_RNAseq/mm10/STARindexENSEMBL 

\ 

--readFilesIn 

/dfs3/bio/regusqui/PCB_RNAseq/liver/fastq_files/reSequencedFiles

/KP2-GCCAAT-Sequences.txt.gz \ 

--readFilesCommand zcat \ 

--outFileNamePrefix 

/dfs3/bio/regusqui/PCB_RNAseq/liver/newBAMfiles/WD1_ \ 

--outSAMtype BAM Unsorted SortedByCoordinate  

 

##################### 

# Rsubread R Script # 

##################### 

 

#install Rsubread 

if (!requireNamespace("BiocManager", quietly = TRUE)) 

+ install.packages(BiocManager) 

BiocManager::install("Rsubread", version = "3.8") 

library("Rsubread") 

 

#set input and output directories 

dir_input <- "/dfs3/bio/regusqui/PCB_RNAseq/liver/newBAMfiles/" 

dir_output <- "/dfs3/bio/regusqui/PCB_RNAseq/liver/Rsubread/" 

setwd(dir_output) 

 

#specify GTF file 
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gtf.file <- 

"/dfs3/bio/regusqui/PCB_RNAseq/mm10/ENSEMBLannotation/Mus_muscul

us.GRCm38.95.gtf" 

 

#load STAR BAM files 

WD1 <- paste0(dir_input, "WD1_Aligned.out.bam") 

WD2 <- paste0(dir_input, "WD2_Aligned.out.bam") 

WD3 <- paste0(dir_input, "WD3_Aligned.out.bam") 

WD4 <- paste0(dir_input, "WD4_Aligned.out.bam") 

WD5 <- paste0(dir_input, "WD5_Aligned.out.bam") 

WP1 <- paste0(dir_input, "WP1_Aligned.out.bam") 

WP2 <- paste0(dir_input, "WP2_Aligned.out.bam") 

WP3 <- paste0(dir_input, "WP3_Aligned.out.bam") 

WP4 <- paste0(dir_input, "WP4_Aligned.out.bam") 

WP5 <- paste0(dir_input, "WP5_Aligned.out.bam") 

KD1 <- paste0(dir_input, "KD1_Aligned.out.bam") 

KD2 <- paste0(dir_input, "KD2_Aligned.out.bam") 

KD3 <- paste0(dir_input, "KD3_Aligned.out.bam") 

KD4 <- paste0(dir_input, "KD4_Aligned.out.bam") 

KD5 <- paste0(dir_input, "KD5_Aligned.out.bam") 

KP1 <- paste0(dir_input, "KP1_Aligned.out.bam") 

KP2 <- paste0(dir_input, "KP2_Aligned.out.bam") 

KP3 <- paste0(dir_input, "KP3_Aligned.out.bam") 

KP4 <- paste0(dir_input, "KP4_Aligned.out.bam") 

KP5 <- paste0(dir_input, "KP5_Aligned.out.bam") 

bam.files <- 

c(WD1,WD2,WD3,WD4,WD5,WP1,WP2,WP3,WP4,WP5,KD1,KD2,KD3,KD4,KD5,KP

1,KP2,KP3,KP4,KP5) 

 

#Run Rsubread to obtain exon counts 

counts <- featureCounts(files = bam.files, 

                         annot.ext = gtf.file, 

                         isGTFAnnotationFile = TRUE, 

                         GTF.featureType = "exon", 

                         GTF.attrType = "gene_name", 

                         allowMultiOverlap = TRUE, 

                         isPairedEnd = FALSE, 

                         nthreads = 24, 

                         countMultiMappingReads = TRUE, 

                         strandSpecific = 0) 

 

# Get counts in data frame 

liver_unsorted_counts.df <- as.data.frame(counts$counts) 

 

# Simplify column names 
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colnames(liver_unsorted_counts.df) <- 

sub("X.dfs3.bio.regusqui.PCB_RNAseq.liver.newBAMfiles.", "", 

colnames(liver_unsorted_counts.df)) 

colnames(liver_unsorted_counts.df) <- sub("_Aligned.out.bam", 

"", colnames(liver_unsorted_counts.df)) 

 

# Save data frame file 

write.table(liver_unsorted_counts.df, 

file=paste0(dir_output,"liver_unsorted_counts.txt"),quote=F,col.

names=T,row.names=T,sep="\t") 

 

################### 

# DESeq2 R Script # 

################### 

 

# Load DESeq2 

BiocManager::install("DESeq2", version = "3.8") 

library("DESeq2") 

 

# Set new input output and working directory 

dir_input <- "/dfs3/bio/regusqui/PCB_RNAseq/liver/Rsubread/" 

dir_output <- "/dfs3/bio/regusqui/PCB_RNAseq/liver/DESeq2/" 

setwd(dir_output) 

 

# Load Rsubread count file 

counts <- paste0(dir_input, "liver_unsorted_counts.txt" 

countData <- read.table(counts, as.is=T, header=T, row.names=1) 

 

 

# Define experimental design 

samples <- c("WD1", "WD2", "WD3", "WD4", "WD5", "WP1", "WP2", 

"WP3", "WP4", "WP5", "KD1", "KD2", "KD3", "KD4", "KD5", "KP1", 

"KP2", "KP3", "KP4", "KP5") 

condition <- c("WD", "WD", "WD", "WD", "WD", "WP", "WP", "WP", 

"WP", "WP", "KD", "KD", "KD", "KD", "KD", "KP", "KP", "KP", 

"KP", "KP") 

type <- "single-read" 

liver_colData <- data.frame(condition=condition, type=type, 

row.names=samples) 

 

#DEG analysis 

liver_dds_unsorted <- DESeqDataSetFromMatrix(countData = 

countData, colData = liver_colData, design = ~ condition) 

liver_dds_unsorted <- DESeq(liver_dds_unsorted) 

liver_DESeq2results_KDvsWD_alpha0.05 <- 

results(liver_dds_unsorted, alpha=0.05, contrast = 

c("condition", "KD", "WD")) 
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liver_DESeq2results_KPvsKD_alpha0.05 <- 

results(liver_dds_unsorted, alpha = 0.05, contrast = 

c("condition", "KP", "KD")) 

liver_DESeq2results_KPvsWP_alpha0.05 <- 

results(liver_dds_unsorted, alpha = 0.05, contrast = 

c("condition", "KP", "WP")) 

liver_DESeq2results_WPvsWD_alpha0.05 <- 

results(liver_dds_unsorted, alpha = 0.05, contrast = 

c("condition", "WP", "WD")) 

write.table(liver_DESeq2results_KDvsWD_alpha0.05, file = 

paste0(dir_output, "liver_KDvsWD_alpha0.05.txt"), quote = F, 

col.names = T, sep = "\t") 

write.table(liver_DESeq2results_KPvsKD_alpha0.05, file = 

paste0(dir_output, "liver_KPvsKD_alpha0.05.txt"), quote = F, 

col.names = T, sep = "\t") 

write.table(liver_DESeq2results_KPvsWP_alpha0.05, file = 

paste0(dir_output, "liver_KPvsWP_alpha0.05.txt"), quote = F, 

col.names = T, sep = "\t") 

write.table(liver_DESeq2results_WPvsWD_alpha0.05, file = 

paste0(dir_output, "liver_WPvsWD_alpha0.05.txt"), quote = F, 

col.names = T, sep = "\t") 

 

#obtain normalized counts 

liver_dds_unsorted <- estimateSizeFactors(liver_dds_unsorted) 

norm_liver_counts <- counts(liver_dds_unsorted, normalized=TRUE) 

write.csv(norm_liver_counts, file="norm_liver_counts.csv") 

 

 




