
ABSTRACT 

DOYLE, MICHAEL GEORGE. Evaluation of Anthropogenic Chemicals and their 

Environmental and Health Effects Using Mass Spectrometry. (Under the direction of Dr. Erin 

Baker). 

 

This work explores the utility of mass spectrometry in the assessment of anthropogenic 

chemical spread and exposure related health effects. This work starts with an introduction and 

overview of anthropogenic chemicals before exploring their sources and spread in chapter 2 and 

the health effects of flame retardants in developing rat pups in chapter 3.  

Chemicals landfills and wastewater have been identified as major sources pollutants. To 

minimize the footprint caused by the chemical in our landfills on the environment, wildlife, and 

human health, is imperative to assess their liquid components, or landfill leachate, following 

attempts at removing the harmful chemicals. Landfill leachate includes the chemicals and liquids 

occurring in a landfill and is treated using onsite treatment plants or at offsite municipal wastewater 

treatment plants before being discharged back into public water sources. The ever-growing 

diversity of dissolved anthropogenic chemicals in landfill leachate such as pharmaceuticals, 

personal care products (PPCPs) and per- and polyfluoroalkyl substances (PFAS) however 

challenge the effectiveness of both onsite and offsite water treatment.  Thus, ensuring the safety 

of treatment plant discharge requires a more comprehensive understanding of wastewater make-

up and potential chemical modifications following cleanup steps. In this study, we evaluated the 

chemical features and annotated molecules changing throughout landfill leachate and wastewater 

treatment plants with nontargeted liquid chromatography and mass spectrometry (LC-MS) 

measurements. Processes including clarification, reverse osmosis and different disinfection 

methods were evaluated in our study for two landfill leachate treatment plants and two wastewater 

treatment plants in the southeastern United States. In a comparison the treatment steps and 

discharged water for all four treatment plants, we found the great reduction in observed chemical 

features linked to reverse osmosis which was performed at both landfill leachate treatment plants 

but not at the wastewater plants. 

Firemaster® 550 (FM 550) is a chemical flame retardant composed of both brominated 

(BFR) and organophosphate (OPFR) molecules used to reduce combustion of household foam 

products like couches, mattresses and baby cushions. Recently, reports of endocrine disrupting, 

neurodevelopmental and behavioral effects from this chemical mixture in animal models have 



surmounted growing concern over long-term exposure to these chemicals in house dust. Many 

studies have been conducted to explore the effects of FM 550 as a mixture, but relatively little is 

known about the molecular alterations occurring from its individual BFR and OPFR components. 

Since lipids are major structural component for brain tissue there is great interest in how they are 

altered by FM 550 and its BFR and OPR components. This study therefore explores lipidomic 

alterations in developing brains of Wistar rat pups caused by these flame retardant chemicals, 

separately and mixed. Across gestation, Wistar rat dams were fed 1000 ug BFRs, 1000 ug OPFRs 

or 2000 ug of the FM 550 mixture. Liquid chromatography, ion mobility spectrometry and mass 

spectrometry (LC-IMS-MS) measurements were then utilized to examine the lipidomic alterations 

in the cortex tissue of post-natal day 1 rat pups. Analysis of covariance (ANCOVA), adjusted for 

sex, compared 417 lipids observed for the control pups not exposed to any flame retardants to each 

of the exposed groups. After adjustments for multiple comparisons, a total of 87 lipids were found 

to have statistically significant abundance differences among exposed groups (p ≤ 0.05) with the 

most lipids altered by FM 550 (76 lipids), and more lipids affected by the OPFRs (38 lipids) than 

BFRs (29 lipids). Dichotomous lipidomic changes between male and female pups were also 

explored across exposures with many differences noted in the lipid species. Thus, this work 

elucidates the lipidomic alterations caused by perinatal exposure to flame retardant chemicals, 

independently and mixed, and can be used to inform future studies on the physiological 

mechanisms underlying perinatal flame retardant exposure. 

  



 

 

 

 

 

 

 

 

 

 

 

© Copyright 2022 by Michael George Doyle 

All Rights Reserved



Evaluation of Anthropogenic Chemicals and their Environmental and Health Effects Using Mass 

Spectrometry 

 

 

 

 

by 

Michael George Doyle 

 

 

 

 

A thesis submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Master of Science 

 

 

 

Chemistry 

 

 

 

Raleigh, North Carolina 

2022 

 

 

 

APPROVED BY: 

 

 

 

______________________________                       _______________________________ 

Dr. Erin Baker                                     Dr. David Muddiman 

Committee Chair 

 

 

______________________________                        

Dr. Heather Patisaul   



 

 

ii 

 

BIOGRAPHY 

Michael was born and raised in New Orleans, Louisiana then later moved to Winston-

Salem, North Carolina in 2005. Michael earned a B.A. in English from the University of North 

Carolina at Greensboro (UNCG) in 2011, and taught English and Kindergarten until 2016 in Seoul, 

South Korea. Upon returning to the US, Michael studied biochemistry at UNCG and conducted 

research on the purification of novel cancer therapeutics from fungus under the direction of Dr. 

Nicholas Oberlies. After receiving a BS in Biochemistry, Michael moved to Raleigh in 2019 to 

study cheminformatics with Dr. Denis Fourches at North Carolina State University (NCSU). When 

Dr. Fourches moved to industry, Michael continued learning to analyze chemical datasets under 

the direction of Dr. Erin Baker at NCSU. Michael enjoys philosophy, debate, and theorizing about 

the meaning of life from a literary, cultural, and scientific perspective. Michael is a huge fan of the 

Oxford comma and their lovely puppy, Beignet. 

  



 

 

iii 

 

TABLE OF CONTENTS 

LIST OF TABLES ......................................................................................................................... v 

LIST OF FIGURES ...................................................................................................................... vi  

Chapter 1: Introduction to Anthropogenic Chemicals ............................................................ 1 

References ...................................................................................................................................... 6 

 

Chapter 2: Assessing Dissolved Chemicals in Landfill Leachate and Wastewater 

Treatment Systems......................................................................................................... 11 

Introduction .................................................................................................................................. 13 

Materials and Methods ................................................................................................................. 14 

Site Description and Sample Collection .......................................................................... 14 

Sample Preparation and DOM Isolation .......................................................................... 16 

LC-MS Analysis .............................................................................................................. 16 

Data Analysis ................................................................................................................... 17 

Results and Discussion ................................................................................................................ 18 

Conclusions .................................................................................................................................. 24 

References .................................................................................................................................... 25 

 

Chapter 3: Impacts of Gestational FireMaster 550 (FM 550) Exposure on the 

Neonatal Cortex are Sex Specific and Primarily Attributable to the 

Organophosphate Esters ............................................................................................... 30 

Introduction .................................................................................................................................. 30 

Materials and Methods ................................................................................................................. 33 

Animals ............................................................................................................................ 34 

Dosing Prep ...................................................................................................................... 34 

Exposure .......................................................................................................................... 35 

Tissue Collection and Cortical Isolation .......................................................................... 35 

RNA Extraction and Sequencing ..................................................................................... 36 

RNA-seq Data Processing and Analyses ......................................................................... 36 

Transcriptomics and Pathways Analysis ......................................................................... 36 

NanoString Validation ..................................................................................................... 37 

Lipid Extraction ............................................................................................................... 37 

LC-IMS-CID-MS ............................................................................................................. 38 

Lipidomics Statistical Analysis and Interpretation .......................................................... 39 

Results .......................................................................................................................................... 39 

Transcriptomics................................................................................................................ 39 

GO Biological Processes.................................................................................................. 40 

Predicted Protein-Protein Interaction Hub Proteins ......................................................... 41 

KEGG Pathways .............................................................................................................. 41 

Transcriptomics Validation .............................................................................................. 42 

Lipidomics Results........................................................................................................... 42 

Discussion .................................................................................................................................... 43 

The Significance of Sex Differences in Evaluating Exposure Outcomes ........................ 44 

FR Disruption of Mitochondrial Function ....................................................................... 46 

FR Disruption of Neurotransmitter System Development ............................................... 46 



 

 

iv 

 

FRs and Neonatal Cortical Lipid Composition ................................................................ 48 

Disruption of Other Neurodevelopmental Mechanisms .................................................. 49 

Conclusions .................................................................................................................................. 50 

References .................................................................................................................................... 92 

  



 

 

v 

 

LIST OF TABLES 

 

Table 3.1 Detailed list of the top 50 highly expressed genes ................................................... 67 

 

Table 3.2 List of the 22 ectopic genes removed from analysis ................................................ 73 

 

Table 3.3 List of Genes Selected for NanoString mRNA Expression Validation .................... 77 

 

Table 3.4 Liquid Chromatography Lipidomics Elution Gradient ............................................ 79 

 

Table 3.5 List of all shared male G0 Biological Processes ...................................................... 80 

 

Table 3.6 List of Unique Male Biological Processes for Each Exposure Group ..................... 82 

 

Table 3.7 List of Male KEGG Pathways Enriched in Each Exposure Group .......................... 85 

 

Table 3.8 Predicted Hub Transcription Factor Protein-Protein Interactions (PPI) in Males .... 86 

 

Table 3.9 Raw Gene Counts from the NanoString mRNA Expression Validation .................. 87 

 

Table 3.10 Statistically Significant Lipids in the Control Versus Exposure Groups ................. 89 

 

Table 3.11 Sex-Specific Statistically Significant Lipids in the Control Versus Exposure 

Groups .............................................................................................................................. 89 

 

Table 3.12 Mitochondrial Pathway Gene Expression Across Exposure Groups ....................... 90 

 



 

 

vi 

 

LIST OF FIGURES 

Figure 1.1 Structures of common anthropogenic chemicals ........................................................ 1 

 

Figure 1.2 Exposure pathway overview ...................................................................................... 3 

 

Figure 2.1 Treatment sequence of each treatment plant ............................................................ 15 

 

Figure 2.2 Box plots and heatmaps of feature abundances ........................................................ 19 

 

Figure 2.3 Principal component analysis of features detected among all landfill leachate 

and wastewater treatments. ....................................................................................... 20 

 

Figure 2.4 Volcano plots of discharge versus influent .............................................................. 21 

 

Figure 2.5 Proportion of annotated chemicals remaining following treatment ......................... 28 

 

Figure 3.1 Illustration of how cortical tissue for RNAseq and lipidomic analysis was 

collected in the PND1 offspring gestationally exposed to FM 550, BFR or 

OPFR ........................................................................................................................ 51 

 

Figure 3.2 Heat map of top 50 highly expressed genes, a list which contained some 

disproportionally over-expressed genes ................................................................... 52 

 

Figure 3.3 PCA (of the top 500 expressed genes) for all individuals across all exposure 

groups revealed a clear separation due to sex (PC2; explaining 18% of the 

variance) ................................................................................................................... 53 

 

Figure 3.4 Differentially expressed genes (DEGs) separated by sex, exposure group and 

direction of expression change ................................................................................. 54 

 

Figure 3.5 Shared DEGs by direction across exposure group in males ..................................... 55 

 

Figure 3.6 Summary of the ten most significant upregulated and downregulated GO 

Biological Processes in the exposure groups examined ........................................... 56 

 

Figure 3.7 Upregulated KEGG pathways .................................................................................. 58 

 

Figure 3.8 Statistically significant lipids observed in all exposure versus control 

comparisons .............................................................................................................. 60 

 

Figure 3.9 Sex specific statistically significant lipids observed in exposure versus 

control comparisons ................................................................................................. 62 

 

Figure 3.10 Example of how enriched genes factor into the identified upregulated KEGG 

pathways ................................................................................................................... 63 



 

 

1 

 

CHAPTER 1 

Introduction to Anthropogenic Chemicals 

 

Anthropogenic chemicals arise as a direct result of human activity as opposed to chemicals 

that would occur naturally with examples including both manufactured chemicals and natural 

chemicals displaced or increased by human activity such as greenhouse gases. Due to their 

multitudes of uses and advancements in capabilities such as industry, agriculture and medicine, 

anthropogenic chemicals have become essential for many. For example, few would argue over the 

convenience of a waterproof raincoat on a rainy day, the security provided by flame retardant 

treated furniture when a candle is accidentally knocked over, or the necessity of antibiotics in 

treating infections. Unfortunately, many anthropogenic chemicals are now persistent and 

ubiquitous throughout our environment and can have unintended and detrimental effects to the 

ecosystems and human populations exposed to them. Thus, despite the immense value of 

anthropogenic chemicals to society, their benefits are becoming overshadowed by unintended and 

devastating negative impacts. Government agencies and scientist global must therefore work to 

better understand the fates and effects of anthropogenic chemicals with attempts to mitigate and/or 

minimize their impacts.1–4 

Figure 1.1 Structures of common anthropogenic chemicals. From left-to-right: dibutyl 

phthalate (DBP) a plasticizer; perfluorooctanoic acid (PFOA) a PFAS; bisphenol A (BPA) a 

plasticizer; atrazine an herbicide; triphenyl phosphate (TPP) a flame retardant and plasticizer; 

and 2-Ethylhexyl 2,3,4,5-Tetrabromobenzoate (TBB) a flame retardant. Symbols for common 

sources are next to each chemical. 
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One of the most popular cases of environmental concern over the effects of anthropogenic 

chemicals is atmospheric ozone depletion commonly known as the “ozone hole.” In the 1970s, it 

was discovered that gases from aerosols, chlorofluorocarbons, industrial solvents and other 

pollutants were responsible for diminishing the amount of ozone existing in the atmosphere, 

making Earth’s ecosystems increasingly vulnerable to harmful ultraviolet (UV) radiation.5 Efforts 

to curb this impending crisis are largely due to global recognition and coordinated action under 

the Montreal Protocol on Substances that Deplete the Ozone Layer, which has been the only UN 

treaty to garnish universal ratification of all 198 United Nations (UN) member states. Under the 

treaty’s regulations, production of roughly 100 ozone depleting substances such as 

chlorofluorocarbons and hydrochlorofluorocarbons were reduced by 98% from 1986 to 2015.6 

Predictive climate-chemistry models showed that the Antarctic “ozone hole” would have been up 

to 40% larger in 2013 if measures had not been taken to phase out and reduce the total amount of 

chemicals known to disrupt atmospheric ozone.7 The rate of ozone depletion has slowed so 

significantly since the 1990s that additional ozone reduction and UV increases no longer 

anticipated as a result of these efforts. Now, the disrupted ozone is expected to recover slowly over 

the next few decades.8,9 

While the atmospheric crisis was averted due to swift global action due to scientific 

findings from the 1970s, there is still great concern that other chemical threats to the ecosystems 

and human health exceed what can be monitored and regulated feasibly. The United Nations 

Environment Programme estimated in 2019 that there are over 144,000 synthetic chemicals or 

mixtures of chemicals,10 though the actual number of anthropogenic chemicals may be much 

greater. In 2020, analysis conducted by Wang et. al. revealed 350,000 chemicals or chemical 

mixtures registered for production in the chemical inventories of 19 countries.11 Moreover, the 

identities of a large portion of the chemicals in these inventories are unknown since over 50,000 

were reported as “confidential” and up to 70,000 were “ambiguously described.”11 In the United 

States alone, over 1,500 new chemicals were added to this inventory in 2019.1,12 With such a large 

number of anthropogenic chemicals, it has become increasingly imperative to understand which 

chemicals are impacting environmental and human health. 

While anthropogenic chemicals are not dangerous when isolated and properly contained, 

issue arises when humans, the environment, and ecosystems are exposed to them. Exposure can 

be thought of as the amount of a chemical stressor reaching humans, the environment or 



 

 

3 

 

ecosystems. Thus, the chemical identity, quantity, route and duration of contact become essential 

knowledge in considerations of an exposure.13,14 Unfortunately, exposure to chemicals is often an 

unavoidable reality and the extent to which anthropogenic chemicals have associated fingerprints 

ranging from the highest mountains to the deepest oceans. For example, chemicals of 

anthropogenic origin, such as diethyl-meta-toluamide and cocaine, have been found in atmospheric 

particulates and precipitation;15 per- and polyfluoroalkyl substances (PFAS) have been detected in 

Figure 1.2 Exposure pathway overview. Chemicals from industry, waste infrastructure and 

consumer products are spread through environmental mediums and impact exposed ecosystems 

and humans. 
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the snow and melt water from Mt. Everest;16 and over 700 hypoxic “dead zones” have been 

identified in oceans in lakes and oceans where pollution from agrochemicals and fertilizers result 

in conditions responsible for decimating these ecosystems.17,18 Furthermore, known carcinogens 

of anthropogenic origin have been detected in the tissue and biofluids of all human populations, 

including infants and the unborn.19–21 The impacts of anthropogenic chemical pollution however 

are not fully understood, and are even underestimated due to the complexity of exposure patterns 

and missing or incomplete characterization of chemical toxicity for a large majority of chemical 

pollutants.22 Thus, improved analytical methods are essential and must be able to confidently 

detect and quantify a vast amount of chemicals from environmental mediums such as soil, air and 

water as well as biological mediums such as biofluids and tissue. Furthermore, a deeper 

understanding of the nature and mechanisms of chemical threats to the ecosystems and human 

health are also of utmost importance. 

In the United States, the 1976 Toxic Substances Control Act (TSCA) granted purview over 

to the Environmental Protection Agency (EPA) to regulate manufactured chemicals.23 However, 

many existing chemicals were not subject to regulation as the powers granted to the EPA were not 

extended to chemicals like pesticides, insecticides and herbicides which were regulated by the 

Federal Insecticide, Fungicide and Rodenticide Act or pharmaceuticals, food additives and 

personal care products which were controlled by Federal Food, Drug and Cosmetic Act under the 

FDA. Under the TSCA, newly manufactured chemicals were subject to review and regulatory 

approval by the EPA. However, over 62,000 chemicals already in production and use were not 

subject to this mandate.24 Meanwhile, the burden of proof was on the EPA to demonstrate that the 

thousands of new chemicals being produced each year posed an “unreasonable risk” to health or 

the environment. Over the decades following the 1976 order, the EPA was fraught with backlash 

from industry, drawn-out legal proceedings and restrictive budgetary constraints challenging the 

TSCA’s intended purpose.24 The TSCA was amended in 2016 by the Frank R. Lautenberg 

Chemical Safety for the 21st Century Act.25 Under the revised TSCA, the term “unreasonable risk” 

remains intentionally undefined “to account for the number of different risk characterization 

approaches and for changing science.”26 However, the revised act specifies relevant factors and 

considerations for risk determination by the EPA with emphasis on how chemicals are currently 

used. These factors include, but are not limited to: 1) cancerous and  non-cancerous effects of a 

chemical substance to human health and the environment, 2) any exposed or susceptible 
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populations, 3) the nature of the hazard including severity and reversibility, 5) and lastly, 

uncertainty.26 Under the new TSCA, the EPA must now assess all chemicals in the inventory 

totaling over 87,000 chemicals, and all new chemicals must be reported to the EPA for risk 

evaluation prior to manufacturing. While regulation capabilities of the EPA have been 

strengthened, there is still a large gap between the data available at present and what is needed to 

full assess potential risks associated with so many potential threats. However, a great deal of other 

types of chemicals like pharmaceuticals, cosmetic and personal care products, and food additives 

are still under the jurisdiction of other regulatory agencies.  

To date most traditional risk assessments rely on dose-response relationships which are 

correlated to a reference dose that would cause toxic effect. These types of assessments have been 

beneficial for understanding the effects of an individual chemical, but not the hazards associated 

with the thousands of chemicals an individual may be exposed to over a lifetime. When toxicity 

tests are performed for a mixture as opposed to a single chemical, often effects can be seen at much 

lower chemical concentrations.27–29 Further, adaptive responses to a chemical may mount 

homeostatic alterations or a stress response within an organism even if these types of responses 

are not considered as an adverse outcome measured in the traditional sense.30,31  In fact, chemicals 

considered nontoxic have the potential to produce lethal effects when an organism is exposed to a 

second chemical after an adaptive response to the first chemical has been mounted by in an 

organism.32 Thus, homeostatic perturbations along with toxicity testing need to be investigated to 

provide greater awareness of the total effects of chemicals and chemical mixtures. 

While many toxicity and risk-based studies are performed on individual chemicals of 

interest, omics technologies are often used to characterize homeostatic responses to chemical 

mixtures and have the potential to elucidate the mechanisms by which chemicals effect biological 

and environmental systems.31,33,34 Broadly, the field of omics is interested in the detection, 

identification, and quantification of a vast array of molecules to better understand their complex 

roles, relationships or perturbations. Omics measurements include many areas of reach including 

genomics, epigenomics, transcriptomics, proteomics, lipidomics, metabolomics, exposomics, etc. 

Mass spectrometry and its use in many omics analyses is also well suited to this task as thousands 

of chemicals can be detected, identified and quantified from a single sample. Herein, we explore 

mass spectrometry-based omics applications of anthropogenic chemicals by assessing their spread 

throughout the environment and their health effects. First, we explore the anthropogenic chemical 
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pollutants spread in water by detecting the chemicals coming from landfills and wastewater and 

comparing the treatments systems involved in cleaning up. Since water from these treatment 

systems is then discharged into public water sources, it is imperative to evaluate the chemicals 

present to better understand the potential effects on nearby ecosystems and spread throughout the 

environment. Next, we utilize animal models to explore the neurodevelopmental effects of 

exposure to chemical mixtures during fetal development. Lipidomic mass spectrometry-base 

measurements were utilized to investigate the molecular perturbations in the cortex tissue of rat 

pups exposed to chemical mixtures throughout the course of gestation. From these two studies, we 

ascertain a greater understanding of exposure and health effects of chemicals ubiquitous in the 

environment resulting from human activity. 
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Introduction  

Global development and rising populations have increased the volume and variety of waste 

discarded in landfills.1 Various household products, toxicants, personal care products, 

pharmaceuticals, batteries, and products with chemical coatings such as flame retardants are 

commonly discarded in landfills,2 and numerous previous studies of chemicals present in landfills 

and their run-off illustrate negative effects on the environment, wildlife, and human health.3–7 

Landfill leachate is a liquid effluent from the discarded liquids, wastes and precipitation that 

infiltrates landfills. As water percolates the waste mass, a myriad of organic and inorganic 

materials dissolve into the aqueous phase some of which are released as a result of decomposition 

of organic matter. Landfill leachate composition is influenced by the material discarded and waste 

age.8,9  For example, anaerobic fermentation in young landfills produces free volatile fatty acids 

which comprise up to 95% of the young leachate organic composition.10,11  As the volatile fatty 

acids decompose further to biogas in maturing landfills, the organic composition of leachate is 

dominated by non-biodegradable, refractory compounds and humic substances.12 Landfill leachate 

is a complex matrix that can therefore have a breadth of chemical diversity presenting analytical 

challenges for chemical characterization as well as engineering challenges for contaminant 

removal to protect human health and the environment. 

The unique varieties of landfill leachate due to composition, age, and source require 

numerous chemical measurements to characterize and infer the associated risks and optimal 

treatment strategies. Traditional discharge standards rely on quality measurements such as pH, 

alkalinity, chemical oxygen on demand, biochemical oxygen on demand, levels of suspended 

solids, chloride, phosphorus, ammonia, heavy metals and total nitrogen.1,13–15 Unfortunately, these 

methods of analysis provide little information about the specific chemicals dissolved in discharged 

waters which may be relevant for environmental regulation and contaminant monitoring. Recently, 

dissolved organic matter (DOM) isolation used in geochemical and other environmental samples 

has been adapted for use in landfill leachate analysis.16–19 This technique involves pH adjustment 

and isolation using XAD resin to obtain fractions referred to as humic acid, fulvic acid and 

hydrophilic fractions.16,20,21 Fractionation is typically followed by analyses including Fourier 

Transform infrared spectroscopy (FT-IR), UV absorbance and emission excitation matrix 

spectroscopy (EEM), which provide information on the general classes of compounds present.16,20 

Advanced chemical profiling for specific dissolved chemicals of health and environmental concern 
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are greatly needed. Over the past few decades, mass spectrometry (MS) has enabled the detection 

of chemicals with a high degree of accuracy.22,23 By coupling liquid chromatography and MS (LC-

MS) both targeted and nontargeted analyses are possible for assessing the dissolved chemicals in 

wastewater and landfill leachate.24–27 Furthermore, thousands of chemicals can be annotated in a 

single LC-MS analysis enabling a study of their fate throughout cleanup and spread throughout 

the environment. Since chemical profiling of specific dissolved chemicals of health and 

environmental concern is rare, the need for these analytical studies to evaluate dissolved chemicals 

before, during and following cleanup is rapidly increasing.  

Currently, two main practices are being employed to remove chemicals from landfill 

leachate. Some landfills are equipped with landfill leachate treatment plants (LLTPs) which utilize 

state-of-the-art reverse osmosis membrane filtration systems to remove dissolved chemicals. 

However, about 60% of U.S. landfills shipped an estimated 61 million m3 of landfill leachate 

offsite to wastewater treatment plants (WWTPs) for co-treatment with wastewater.28 Increasingly, 

WWTPs are refusing to accept landfill leachate since it has: 1) refractory organic matter that 

interferes with the UV-disinfection process, 2) high concentrations of ammonia that complicate 

conventional treatment and 3) been identified as a potential route of surface and groundwater 

pollution for chemicals such as pharmaceuticals and personal care products (PPCPs), 1,4-dioxane, 

per- and polyfluoroalkyl substances (PFAS) and other toxicants.29–32 In the present study, LC-MS 

nontargeted analyses were utilized to analyze samples collected at different points along the 

treatment systems of two LLTPs (LF-A and LF-B), one WWTP not accepting landfill leachate 

(WW-C) and one WWTP also treating landfill leachate (WW-D). Within this study, we were able 

to assess and compare the number of chemical features through the different cleanup steps for each 

treatment plant and evaluate those chemical features remaining in the discharged water. 

 

Materials and Methods 

Site Description and Sample Collection. Landfill leachate treatment plant A (LF-A) and 

landfill leachate treatment plant B (LF-B) are both on-site treatment plants with a direct discharge 

permit, at subtitle D landfills located in the Southeastern US. Both LF-A and LF-B and has been 

historically meeting discharge requirements. LF-A opened 1981 and has been accepting primarily 

municipal solid waste and some amount of construction and demolition waste since 2011. The 

landfill leachate treatment configuration can be summarized into unit processes/operations which 
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include: (1) flow equalization; (2) physical process for the removal of large, settled particles; (3) 

unit processes for the removal of chemical oxygen demand (COD) and ammonia; (4) ultrafiltration 

(UF); (5) reverse osmosis (RO); (6) permeate conditioning prior to discharge. Landfill leachate 

samples from LF-A were collected in December 2017 along various points in the treatment system. 

LF-B has been accepting primarily municipal solid waste as well as a small amount of auto 

shredder fluff, biosolids, construction and demolition waste, various industrial waste, and yard 

waste. Similarly, Leachate samples from LF-B were collected in October 2018 at various points 

in the treatment system. Representative treatment system diagrams and sampling points for all 

treatment systems in this study is include in the Figure 2.1. 

 

Both wastewater treatment plant C (WW-C) and wastewater treatment plant D (WW-D) 

are also located in the Southeastern US. WW-C has a capacity of 12 million gallons per day and 

receives only municipal wastewater, no industrial wastewater or landfill leachate. WW-C 

implements a conventional activated sludge process with the clarified water disinfected by UV 

irradiation prior to discharge into a nearby river. WW-C does not accept or treat landfill leachate. 

It opened in 1970 serving a population of about 20,000 to 30,000 people with a treatment capacity 

of 20 million gallons per day and daily average flow of 5-7 million gallons per day. WW-D also 

employs an activated sludge process. In contrast to WW-C, WW-D receives both industrial 

Figure 2.1 Treatment sequence of each treatment plant. Sampled treatments are outlined in 

red. Samples collected between treatments indicated by red arrows. 
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wastewater as well as landfill leachate. The treated water for WW-D is chemically disinfected by 

chlorination prior to discharge into a nearby river. 

In this study, landfill leachate and wastewater samples were collected by opening sampling 

valves and allowing flow for 3-5 minutes. A 4-L high density polyethylene (HDPE) sampling 

container was rinsed at least twice with 300 mL portions of landfill leachate prior to sample 

collection. The sample bottle was capped and stored in a cooler with ice during transport to the 

laboratory. Where sampling ports were not available, a 1 L polyethylene bottle was mounted in a 

telescopic pole and then immersed directly (e.g., in water tanks or in the river at the point of 

discharge) to collect samples. Upon arrival at the laboratory, the sample was stored at 4 °C until 

analyzed (within a week). 

Sample Preparation and DOM Isolation. Landfill leachate and wastewater samples having 

a volume equivalent to ~60 mg of dissolved organic carbon (DOC) were acidified to pH = 2, 

centrifuged (1372 g) for 15 min, and then filtered 0.45 micron membrane filter. The dissolved 

chemicals from collected samples were extracted using a 6 mL (1 g sorbent) Bond Elut PPL SPE 

cartridge (Agilent, Santa Clara CA).33,34 Briefly, the cartridge was conditioned with 6 mL (one bed 

volume) of methanol after which an acidified sample was introduced at a flow rate not exceeding 

30 mL/min. Salts in the sample were removed by washing the cartridge with 12 mL of 0.01 M 

HCl. The cartridge was then dried using a stream of N2 (1.5 atm exit pressure) for 5 min. The 

sample was eluted with 6 mL of methanol using a SPE vacuum manifold at a flow rate not 

exceeding 2 mL/min. A 1 mL aliquot of the extract was set aside for LC-MS analysis. The average 

recovery from isolation ranged from 60-75 % (as % of initial DOC) with an average of 68.5 % 

which is within the range previously reported in the literature.33,35 

LC-MS Analysis. The provided samples were transferred directly to LC autosampler vials 

for analysis. Quality control (QC) samples were prepared by pooling and mixing equal volumes 

of each sample. The QC sample and blank samples were injected at regular intervals throughout 

the randomized sequence. Chromatographic separation was achieved using a Thermo Vanquish 

Horizon UPLC system and a Restek Raptor C18 column (2.1 x 100 mm, 1.8 mM) with a linear 

gradient of 1-99% mobile phase B (MPB) over 12.5 min (mobile phase A (MPA) 95:5 

water/acetonitrile + 0.1% FA; MPB 95:5 acetonitrile/water + 0.1% FA; flow rate 450 mL/min; 

column compartment 40°C; 2 mL injections). High resolution MS data was acquired using a 

Thermo Orbitrap ID-X mass spectrometer with a heated electrospray ionization (ESI) source. Full 
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scan (MS1) and data dependent (MS2) data were acquired in both positive and negative ion modes 

with a mass range of m/z 90-900. Full scan data was acquired with an AGC target of 1.0e6 (sheath 

gas 50 au, aux gas 10 au, sweep gas 1 au, capillary temperature 325 °C, vaporizer temperature 350 

°C, S-lens RF level 35, Internal calibration on) and spray voltages of 3.5 kV and -2.5 kV for 

positive and negative data. Fragmentation was achieved in the higher energy collisional 

dissociation cell (HCD) using a normalized collision energy of 30 detected with a resolving power 

of 30,000 (AGC target 1.0e5, cycle time 0.6 sec).  

Raw data files were uploaded into Compound Discoverer 3.0 (Thermo Fisher Scientific, 

location) and processed using a workflow to find and identify differences between samples. This 

workflow performed retention time alignment and compound grouping across all 

samples. Elemental compositions were predicted for all compounds and chemical background was 

hidden using blank samples. Compound annotations were assigned using the MS2 data in 

comparison with the mzCloud36 database (Thermo Fisher Scientific) as well as molecular formula 

comparisons with selected ChemSpider libraries (EPA DSSTox37, EPA ToxCast38, FoodDB39, 

HMDB40, Mass Bank41) which were further ranked using the mzLogic algorithm (Thermo Fisher 

Scientific). All compound annotation parameters included a mass accuracy threshold of 5 ppm and 

instrument performance was tracked throughout data acquisition using an external reference 

mixture (Waters LCMS QC Reference Material) to verify sub ppm mass accuracy throughout the 

sample sequence. Compounds were annotated after removal of background using technical blanks 

and filtering out compounds with a peak area maximum relative standard deviation (max RSD) 

greater than 30% in pooled QC samples. Compound names were ranked using mzCloud 

annotations as a first order priority (match factor threshold 50%), ChemSpider molecular formula 

matches with mzLogic similarity scores as the second order priority, and predicted compositions 

as the third order priority. Peak areas were exported along with the highest ranked compound 

annotation name but subjected to further analysis.  

Data Analysis. Statistical analysis was performed on all features with abundances greater 

than 1000 counts. Peak areas were transformed to a log2 scale to compare relative abundances of 

each feature across treatments and treatment plants. Student’s t-tests (α ≤ 0.05) were performed on 

the normalized peak areas of features using PmartR package42 in R (Version 4.0.3) to compare 

treatments in sequence and determine which features increased or decreased as a result of each 

treatment step. Additional t-tests were performed to compare discharged waters from each facility 
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to that of the entering material. ClassyFire was then used to assign chemical taxonomy to annotated 

chemicals,43 and ToxPi GUI software was utilized to generate radial pie charts to illustrate the 

proportion of chemicals remaining after each treatment.44  

 

Results and Discussion  

Dissolved chemicals in landfill leachate or wastewater samples from four water treatment 

locations (LF-A, LF-B, WW-C and WW-D) in the Southeastern US were evaluated by nontargeted 

LC-MS with ESI in both positive and negative ion mode. The primary goal of this analysis was to 

determine potential chemicals entering treatment facilities, observe the effects of each treatment 

on the relative number of dissolved chemicals, and assess the number of possible chemicals in the 

water discharged from the treatment plants. In the feature analyses of the entering water for all 

plants, over 37,000 features were observed in positive ion mode and over 21,000 features in 

negative ion mode, and each feature correlated to co-eluting isotopic envelops. The number of 

features at each select step in the four plants were then assessed, along with changes in relative 

abundance between treatments and treatment plants with box plots and heatmaps in Figure 2.2. 

The beginning to exiting treatment sequences are organized from left to right for all treatment 

plants. The box plots and heatmap illustrate that water entering the treatment facilities contained 

more chemical features with higher abundance than the water leaving the facility. Additionally, 

the LLTPs (LF-A and LF-B) had much higher initial relative abundances than those entering the 

WWTPs perhaps due to a wide range of materials entering from landfills. Also of interest was that 

the mean feature abundances from LF-A and LF-B in the discharged water was lower than that of 

WW-C and WW-D. This is unsurprising as reverse osmosis filtration is known to be more effective 

at removing dissolved chemicals than activated sludge clarification. An increase in feature 

abundance was observed between the reverse osmosis and discharged water in LF-A because 

additional chemicals from final treatment and storage tanks were combined prior to discharge. 

Positive and negative ion mode data showed similar trends in the reduction of chemicals across 

treatments and facilities. Thus, for subsequent visualizations of feature abundance data both 

ionization modes are combined. 
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A principal component analysis (PCA) was performed on feature abundances following 

each treatment to assess sample likeness. The PCA plot (Figure 2.3) shows the influent for each 

treatment plant in distinct locations along the PC1 and PC2 dimensions, illustrating the uniqueness 

Figure 2.2. Box plots and heatmaps of feature abundances. Treatments are displayed from left 

to right in the order of treatment sequence for each facility. Box plot lower and upper boundaries 

indicate 25th and 75th percentiles, while the inner line indicates median, and dots indicate 

features with log2 abundances outside of the 10th or 90th percentile. Heatmaps of individual 

features displayed log2 abundance on a scale of blue (high) to white (low). 
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of the chemical compositions from each LLTP or WWTP. Intermediate treatments are plotted near 

the influent of their respective treatment plants indicating the chemical profiles from these samples 

are more similar their respective treatment plants. Notably, the WW-D influent is farther to the 

right in the first principal component dimension (PC1) indicating a chemical profile more similar 

to that of the LLTPs compared to WW-C. This was expected since WW-D co-treats a small amount 

of landfill leachate whereas WW-C does not. Furthermore, the chemical profile of the main 

treatments of each facility (either reverse osmosis or clarification) are more distinct compared to 

the influent and intermediate processes and are plotted closer to the technical blank in both 

principal component dimensions (PC1 and PC2). Interestingly, the LLTPs stages following reverse 

osmosis both had chemical profiles closer to the technical blanks than those from the WWTPs. 

This indicates that reverse osmosis in LLTPs can filter dissolved chemicals more effectively than 

activated sludge process followed by clarification in WWTPs and indicate that a wide range of 

Figure 2.3 Principal component analysis of features detected among all landfill leachate and 

wastewater treatments. Feature abundance data were combined for positive and negative ion 

mode. R2 indicates percent of variability in feature abundances among sampled treatments 

explained by each principal component dimension (PC1 or PC2). The main treatment 

corresponds to reverse osmosis filtration for LF-A and LF-B and activated sludge clarification 

for WW-C and WW-D. 
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chemicals survive a conventional WWTP and are likely to be released to the environment.  It 

should be noted that since the discharged LF-A sample was a combination of the final conditioning 

treatments and storage tanks it was slightly farther from the technical blank in the PC1 dimension 

than its sample measured directly after reverse osmosis. In contrast, the discharge sample for LF-

B remained virtually the same as the sample after reverse osmosis even though final conditioning 

and storage are also present before discharge from LF-B. This observation highlights the need to 

consider the differential effects of subsequent conditioning and storage of treated water prior to 

discharge since new contaminants may still arise after the main treatment.  

To understand how each chemical feature was influenced at each treatment plant, Student’s 

t-tests were performed to compare the discharged and influent from each plant in volcano plots 

presented in Figure 2.4. Due to the efficiency of reverse osmosis filtration, the LLTPs had a greater 

Figure 2.4 Volcano plots of discharge versus influent. Features with statistically significant 

differences (p ≤ 0.05) between conditions are shown in blue for those decreasing and red for 

those increasing. 
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number of features decreasing in abundance as well as largest average fold changes for decreased 

features. The total average log2 fold change for all features in LF-A and LF-B was -6.81 and -7.61, 

illustrating that the reverse osmosis membrane filtration is operating at a slightly higher efficiency 

for LF-B compared to LF-A. For the WWTPs, the average log2 fold change was only -2.32 and -

2.27 for WW-C and WW-D, respectively. While WW-D co-treats a small amount of landfill 

leachate its effect on feature was not statistically significant. These plots demonstrate that most 

features are decreased by all treatments; however, it is worth noting that decreasing abundances 

do not guarantee feature elimination. While these features abundances were reduced by their 

respective treatments, they are still discharged at detectable levels. Further, some features were 

shown as increasing in abundance prior to discharge. More features increased upon discharge from 

WWTPs than LLTPs again illustrating the efficiency of reverse osmosis filtration over 

clarification. 

Finally, features from this study were annotated using Compound Discoverer 3.0 to assign 

chemical structures to 1,273 features in positive ion mode, 906 features in negative ion mode, and 

266 features observed in both modes. In total, 1,913 distinct chemical annotations were assigned 

level 3 confidence tentative structures based on LC, MS1 and MS2 database matches.45 More 

detailed analyses to confirm chemical identities however would require reference standards, 

additional measurement dimensions, and wastewater specific libraries. Additional confirmation of 

chemical identity was not conducted here and therefore, the following analysis focused on possible 

chemical classes rather than individual chemicals of concern. Chemical classes were assigned by 

Classyfire.77 For visualization, the ToxPi GUI44 was used to generate radial pie charts of the 

chemical classes present throughout the LLTP or WWTP treatment processes (Figure 2.5). 

Reductions in each slice indicates the proportion of each class removed by each treatment and the 

numbers for each process indicate the proportion of total chemicals remaining in those samples. 

Reverse osmosis filtration from LF-A and LF-B eliminated more than 70% annotated chemicals 

while clarification removed fewer than 50% of the annotated chemicals. While many classes were 

greatly reduced in the cleanup processes, lipids were among the most effectively removed 

chemicals in these treatment plants based on the proportion annotated. Interestingly, organic 

nitrogen containing compounds and alkaloids were among the most resistant to any treatment, but 

their total amounts were most pronounced following clarification in WWTPs. WW-D, which co-

treats a small amounts of landfill leachate, had fewer annotated chemicals remaining in the 
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discharge (0.5609) than WW-C (0.6194) which does not accept any landfill leachate. It is also 

worth noting that these differences arose after the clarification treatments in each plant where WW-

C relies on UV disinfection and WW-D relies on chemical disinfection. Prior to clarification the 

proportions of dissolved chemicals for WW-C and WW-D were very comparable (0.6737 for WW-

C and 0.6831 for WW-D), illustrating chemical disinfection removes more of the annotated 

chemicals. However, to prevent contamination of the disinfection system, samples from this 

Figure 2.5 Proportion of annotated chemicals remaining following treatment. Individual 

chemical classes are indicated by colored slices and proportions remaining at each step are 

shown by the numbers which are in reference to all annotated chemicals.  
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specific region were not collected for WW-D, but the effect is seen in the difference between the 

discharge and clarifier ToxPis. While standards would help with the confidence of each chemical 

annotation, this class analysis, again showed the greater reduction in discharged dissolve chemicals 

for the LLTPs as compared to the WWTPs. 

 

Conclusions 

The production and treatment of landfill leachate is a global dilemma that presents a 

potential route for the spread of environmental contaminants through discharge into surface and 

groundwater. Herein, we applied nontargeted LC-MS to analyze the treatment steps of two LLTPs 

and two WWTPs. The fate of over 50,000 features, including 1,913 annotated chemical structures, 

were evaluated in the study. At the feature level, the largest effect on relative abundances was 

found to be due to reverse osmosis or activated sludge-clarification, where reverse osmosis 

occurring in the LLTPs had the greatest feature number and abundance reduction. The t-tests 

comparing discharged water to influent for each treatment plant also showed LLTPs had far more 

total features downregulated and fewer upregulated features upon discharge than WWTPs. 

Features were then annotated as level 3 confidence tentative structures using their LC, MS1 and 

MS2 data, and the annotated chemicals were combined into their corresponding chemical classes 

to illustrate those removed by each treatment and plant. Alkaloids and organic nitrogen compounds 

were the most recalcitrant classes of annotated chemicals remaining in the discharge from all 

treatment plants. At least 56% of the initial annotated dissolved chemicals were detected in the 

discharged waters from the WWTPs, and interestingly, WW-C which utilized UV disinfection and 

did not co-treat landfill leachate had the greatest proportion (0.6194) of annotated chemicals 

remaining in discharged water. Furthermore, while the PCA plots illustrated the chemical profiles 

of the discharged water from the LLTPs was very close to blanks, measurable levels for a wide 

range of dissolved chemicals were observed in all treatment plants, thus, additional attention 

should be paid to all discharged water from treatment plants. 
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Introduction 

Chemical flame retardants (FR) are applied to a myriad of consumer products to comply 

with flammability standards aimed at delaying the spread of fire. Due to continued widespread 

use, FRs are prevalent pollutants in the natural and human environment including house dust and 

food sources (Dodson et al. 2012; Li et al. 2019; Ma et al. 2012). This is concerning because 

multiple FRs are thought to be neurotoxic and endocrine disrupting (Dishaw et al. 2014; Gaylord 

et al. 2020; Roze et al. 2009). In response to these toxicological concerns, over the last two decades 

the FR landscape has changed considerably with some phasing out and others phasing in. Most 

significantly, use of some polybrominated diphenyl ethers (PBDEs) was discontinued after being 

identified as thyroid disrupting and linked to deficits in memory and cognitive function (Costa et 

al. 2014). Since the PBDE phaseout, different brominated FRs (BFRs), sometimes called novel 

brominated FRs and other alternative FRs, have been developed and implemented as replacements 

(Dong et al. 2021; Hou et al. 2021).  Also, use of organophosphate esters (OPEs) as FRs (OPFRs) 

has rapidly grown in popularity largely because of their relatively rapid metabolism and assumed 

lower human toxicity; although that presumption of greater safety has been questioned (Behl et al. 

2015; Blum et al. 2019; Hendriks and Westerink 2015; Patisaul et al. 2021). Notably, some OPEs 

have also been used in a variety of industrial applications for decades prior to their adoption as 

FRs, so global production was already high and human exposure widespread (Gbadamosi et al. 

2021). The newer BFRs and OPFRs present in commercial mixtures such as FireMaster 550 (FM 

550) were designed to be less neurotoxic than their predecessors, yet their potential to disrupt 

neurodevelopment has not been thoroughly investigated. Here, we utilized a combination of 

transcriptomic and lipidomic approaches to understand how exposure to these “next generation” 

FRs impacts neurodevelopment in Wistar rats. 

Commercially available FRs are often mixtures, sometimes containing both BFR and 

OPFR components. FM 550 is one such mixture that has been used since the early 2000s as an 

additive to treat foam-based furniture, baby products, and car seats among other common items 

(Stapleton et al. 2011; Stapleton et al. 2012).  FM 550 is composed of two brominated compounds, 

2-ethylhexyl-2,3,4,5-tetrabromobenzoate (EH-TBB) and bis(2-ethylhexyl) 2,3,4,5-

tetrabromophthalate (BEH-TEBP), the OPE triphenyl phosphate (TPHP), and numerous 

isopropylated triarylphosphate isomers (ITPs) (Stapleton et al. 2014; van der Veen and de Boer 

2012a). FM 550 components can readily escape from products and multiple studies have 
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demonstrated environmental mobility, persistence, and bioaccumulation (Ma et al. 2012; 

Salamova et al. 2014). Indoors, this includes contamination of house dust (Dodson et al. 2012; 

Stapleton et al. 2008; van der Veen and de Boer 2012b), where inhalation or ingestion is the most 

significant route of human exposure, especially for children (Gbadamosi et al. 2021). Higher levels 

of FM 550 components are regularly found in children compared to adults, likely due to increased 

hand-mouth behavior (Butt et al. 2016; Cowell et al. 2017; Gibson et al. 2019). In humans, OPFRs 

are metabolized more quickly than BFRs leading some to conclude they are, consequently, less 

likely to result in fetal exposure or toxicity (Phillips et al. 2020; Roberts et al. 2012). We and 

others, however, have detected them in animal and human placenta, along with evidence of 

placental stress and other biomarkers of disrupted placental function (Baldwin et al. 2017; Phillips 

et al. 2016; Rock et al. 2018; Rock et al. 2020; Varshavsky et al. 2021).  

Evidence of OPFR neurotoxicity is also growing (Behl et al. 2016; Blum et al. 2019; Glazer 

et al. 2018; Patisaul et al. 2021). Of additional concern is that human OPFR exposure is now on 

par with, or even higher than, historical PBDE peak exposure levels (Blum et al. 2019). Although 

the OPEs used as FRs were designed to have limited capacity to inhibit acetylcholine esterase, the 

primary mode of action by which the structurally similar OP pesticides have long been recognized 

to be neurotoxic, emerging evidence suggests they can still disrupt cholinergic and other 

neurotransmitter signaling pathways including cholinergic neurodifferentiation (Behl et al. 2015; 

Behl et al. 2016; Dishaw et al. 2011). Despite their widespread use, proper risk assessment of 

OPFRs and the newer BFRs has yet to be conducted, and there is growing concern, particularly 

with regard to their potential neurotoxicity. 

To date, we and others have shown in a variety of experimental models that FM 550 is 

disruptive of sexually dimorphic socioemotional behaviors (Baldwin et al. 2017; Gillera et al. 

2020; Witchey et al. 2020) and their related neural pathways (Bailey and Levin 2015; Baldwin et 

al. 2017; Castorina et al. 2017; Glazer et al. 2018; Guigueno et al. 2018; Jarema et al. 2015; 

Quevedo et al. 2019; Rock et al. 2018; Rock et al. 2020; Slotkin et al. 2017; Witchey et al. 2020). 

Less is known, however, about how each of the chemical classes may be contributing to those 

adverse outcomes. In a related, prior study using Wistar rats, we explored how perinatal exposure 

to FM 550 or its component classes alter a suite of behaviors in both sexes as adults (Witchey et 

al. 2020). The animals were gestationally exposed to 1000 µg of the BFR mixture, 1000 µg of the 

OPFR mixture or 2000 µg FM 550 (Witchey et al. 2020) via oral intake by the dam. Not 
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surprisingly, we demonstrated that both the BFRs and the OPFRs can induce adverse behavioral 

outcomes, albeit differently, suggesting each class impacts the brain via different modes of action.  

The present studies were conducted to further understand the underlying mechanisms 

driving these differences and identify unique outcomes of exposure to the full FM 550 mixture. 

Using postnatal day (PND) 1 cortices from siblings of the animals used for our previously 

published behavioral study (Witchey et al. 2020), we employed a combination of transcriptomics, 

lipidomics, and validating PCR approaches to determine the possible pathways each chemical class 

disrupts. While transcriptomics is commonly utilized in exposure studies, lipidomics studies and 

combined multi-omic evaluations are rare due to the complexity of lipidomics measurements (e.g., 

numerous lipid isomers and large dynamic range). However, since lipids constitute a major 

structural component of brain tissue and are involved in numerous signaling and biochemical 

processes, assessing how specific lipid species change in response to exposure is a potentially 

powerful method of assessing developmental neurotoxicity. Here we combined new analytical 

techniques to provide an in-depth lipid analyses of the species affected by environmental exposure 

in the developing brain. Collectively, our analyses explored how FM 550 and its component 

classes altered cortical lipid composition in combination with transcripomics, to better understand 

molecular and structural perturbations associated with behavioral and cognitive deficits observed 

in prior studies.  

In addition to its disruptive effects on sexually dimorphic socioemotional behaviors, FM 

550 and its components have been found to be endocrine disrupting (Patisaul et al. 2013), 

disruptive of embryonic neural pathways (Rock et al. 2018; Rock et al. 2020), and adipogenic with 

compromised bone composition a potentially consequential outcome (Macari et al. 2020; Pillai et 

al. 2014). Thus, we anticipated significantly altered pathways and genes, including peroxisome 

proliferator-activated receptors (PPARs) and their transcriptional partners, associated with these 

phenotypes. Given the rapidly emerging body of work demonstrating that OPFRs may not be as 

low risk as previously thought (Patisaul et al. 2021) this component class was of key interest. 

 

Materials and Methods 

The ARRIVE (Animal Research: Reporting of In Vivo Experiments) Guidelines Checklist 

for Reporting Animal Research was used in the construction of this manuscript with all elements 

met (Kilkenny et al. 2010). The ARRIVE guidelines were developed in consultation with the 
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scientific community as part of an NC3Rs (National Centre for the Replacement Refinement and 

Reduction of Animals in Research) initiative to improve the standard of reporting of research using 

animals. 

Animals: All animals were siblings of animals used for a previously published study 

(Witchey et al. 2020).  Animal care, maintenance and experimental protocols met the standards of 

the Animal Welfare Act and the U.S. Department of Health and Human Services ‘Guide for the 

Care and use of Laboratory Animals’ and were approved by the North Carolina State University 

(NCSU) Institutional Animal Care and Use Committee (IACUC). All procedures were approved 

and monitored by a supervising veterinarian throughout the duration of the project. Wistar rats 

were obtained from Charles River (Raleigh, NC) and/or bred in house as indicated in humidity- 

and temperature-controlled rooms, each with 12-h:12-h light:dark cycles at 25°C and 45–60% 

average humidity in the AAALAC approved Biological Resource Facility at NCSU. As in our 

prior studies (Patisaul and Adewale 2009; Rock et al. 2019), and in accordance with recommended 

practices for endocrine disrupting chemical (EDC) research, all animals were housed in conditions 

specifically designed to minimize unintended EDC exposure including use of glass water bottles 

with metal sippers, soy free diet, woodchip bedding, and thoroughly washed polysulfone caging 

(Howdeshell et al. 2003; Li et al. 2008; Thigpen et al. 1999). Animals were generated from 

breeding adult naive Wistar rats obtained from Charles River (Raleigh, NC; 56 females at PND 72 

and 16 males at PND 90) maintained on Teklad 2020 (phytoestrogen-free) diet. Dams were 

randomly assigned to the four treatment groups (control, BFR, OPFR and FM 550) with average 

weight per group equaling approximately 300g.  

Dosing Prep: All animals were orally dosed using concentrated solutions of FM 550, BFR 

or OPFR as previously described (Witchey et al. 2020). Exposure concentrations were based on 

previous work demonstrating transplacental/lactational transfer, bioaccumulation, and 

neurotoxicity at levels lower than the purported NOAEL for the BFR mixture (Baldwin et al. 2017; 

Patisaul et al. 2013; Phillips et al. 2016; Rock et al. 2020). A concentration of 1000 µg/day was 

chosen for the BFR and OPFR groups to represent the approximate concentration of BFRs and 

OPFRs the 2000 µg/day FM 550 groups pups were exposed to (Phillips et al. 2017; van der Veen 

and de Boer 2012b). All mixtures were prepared in Dr. Heather Stapleton’s lab at Duke University. 

The FM 550 commercial mixture was obtained from Great Lakes Chemical (West Lafayette, 

Indiana) and a 50 mg/mL dosing solution was prepared by diluting the appropriate amount of FM 



 

 

35 

 

550 into sesame oil. The Stapleton lab also prepared the BFR and OPFR mixtures into working 50 

mg/mL solutions. The OPFR mixture is the same as previously reported (Phillips et al. 2017; Rock 

et al. 2020) and included organic components of TPHP and isopropylated triphenyl phosphates 

(ITPs; also abbreviated IPPs). The FM 550 brominated component mixture (BFR) contained 2-

ethylhexyl-2,3,4,5- tetrabromobenzoate (EH-TBB) and bis (2-ethylhexyl)-2,3,4,5-

tetrabromophthalate (BEH-TEBP). Each dosing solution (sesame oil vehicle, 1000 µg BFR, 1000 

µg OPFR, and 2000 µg FM 550) was coded to ensure experimental blinding, stored in foil wrapped 

scintillation vials at 4°C. 

Exposure: Dam exposure was once per day, orally via a food treat as previously described 

(Witchey et al. 2020), beginning 72 hours after pairing and continuing through PND 1. This 

method of dosing was chosen to reduce handling and, consequently, possibly confounding prenatal 

stress (Charil et al. 2010). As previously reported (Baldwin et al. 2018), dosing was based on 

average group body weight (bw) of 300 g before they were impregnated; producing exposures of 

approximately 3.3 mg/kg bw/day BFR or OPFR and 6.6 mg/kg bw per day FM 550. Relative 

exposure likely decreased slightly across gestation as body weight increased. (Charil et al. 2010) 

  Tissue Collection and Cortical Isolation: Parturition checks were done in the morning at 

the time of dosing and the first day a litter was present was designated PND 0. On PND1, pups 

were euthanized via rapid decapitation four hours after dosing (13:00 h ± 60 min) to control for 

time post-exposure and time of collection. Whole neonatal heads were collected, flash frozen, and 

stored at -80°C.  To verify offspring sex, a single paw was collected, and PCR performed for sry 

as previously described (Baldwin et al. 2017; Poletti et al. 1997). Once sex was verified, 6 male 

and 6 female PND1 whole heads per exposure group were selected. For all compounds only one 

pup per sex (littermates in most cases) per litter were used (litter is the experimental unit). The 

OPFR group only had 5 females because of limited litter availability.  

Similar to our previous work (Arambula et al. 2016; Arambula et al. 2018), the whole heads 

were cryosectioned at 20 µm (Leica CM 1900) from the most anterior portion of the cortex and 

the forebrain portion of the sections collected with a brush (Figure 3.1) and transferred to an 

Eppendorf tube and stored at −80°C for RNA extraction and sequencing. Anatomical landmarks 

were identified using The Developing Rat Nervous System (Paxinos and Ashwell 2018). For 

transcriptomics, forebrain tissue was collected from the regions depicted on P0 coronal plates 212–

216.  Anterior landmarks included clear separation of cortex and olfactory bulb and collection 
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stopped on plate 216 as identified by the position of the corpus collosum, fornix and lateral 

ventricle. A 1.25mm width by 1-1.15 mm deep micropunch was then used to isolate the medial 

portion of the cortex for lipidomics. These isolated tissues represent plates 216 – 221. 

RNA Extraction and Sequencing: RNA extraction was performed with the Qiagen RNEasy 

Miniprep kit according to the manufacturer protocol (Qiagen, Cat. 74134). RNA quality was 

determined using an Agilent 2100 Bioanalyzer and all samples were found to have RNA integrity 

numbers (RIN) ≥ 9.2. Sequencing libraries were prepared as described previously (Puzianowska-

Kuznicka et al. 2006) by the NC State Genome Science Lab (GSL), using NEBNext Ultra 

Directional RNA Library Prep kit and NEBNext Poly(A) mRNA Magnetic Isolation Module 

(catalogs E7420 and E7490; New England Biolabs, Ipswich, MA, USA) for Illumina sequencing. 

Isolation, heat fragmentation and priming were performed according to manufacturer instructions. 

cDNA synthesis was followed by purification and size selection. Finally, library clean-up was 

performed used AMPure XP beads (Beckman Coulter Genomics, Brea, CA, USA; Cat. A63881) 

and quality was assessed using the Agilent 2100 Bioanalyzer. For each sample, library sequencing 

was performed using a 50-bp paired-end protocol on a single lane of an NovaSeq6000 sequencer. 

Approximately, 50 to 90 million uniquely mapped reads were generated per fetal forebrain library. 

The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus. 

RNA-seq Data Processing and Analyses: Quality control of read data was evaluated with 

FastQC. Alignment was performed using STAR short read aligner (Wise et al. 2016) to Rattus 

norvegicus (rn6) reference genome. The number of reads mapped to GENCODE was determined 

using feature Counts software. PCA plots and heatmaps were generated using 500 genes to assess 

data quality. It was observed that a small number of disproportionally over-expressed genes were 

potentially driving some samples to be outliers. To further examine this phenomenon, a heatmap 

of the top 50 expressed genes was created (Figure 3.2). Additional details of each gene ID listed 

in the heatmap was generated using Uniport (www.uniport.org) including gene symbol, full gene 

name and function. The NCBI database (www.ncbi.nlm.nih.gov) was then used to confirm 

presence and/or absence of those genes in neuronal tissue using RPKM data (Table 3.1). The 

primary tissue sources of some of the 50 genes in question included blood, hair, muscle, eye, skin, 

and bone, but not brain. Due to the tissue extraction method, risk of contamination by small 

amounts of these other tissues is plausible. Based on this analysis, 13 genes expressed in bone and 

19 genes expressed in eye were removed from the DEG set prior to any further analysis (Table 
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3.2). Because the PCA plots for the DEGs revealed clear separation by sex (Figure 3.3), the data 

were analyzed within sex to account for sex-specific effects. 

Transcriptomics and Pathways Analysis: The goal of the approach was to probe for 

potential for sex-specific vulnerabilities and directional (up- or down-regulated) effects across 

exposure groups. Dispersion was estimated using DESeq2 Bioconductor package in the R 

statistical computing environment to normalize count data, estimate dispersion and fit a negative 

binomial model for each gene. The overall mean of the normalized counts, the log2 (fold-change), 

the P value and the adjusted P value (padj). Pathway analysis of the separate gene lists was 

conducted. Pathway analysis was performed with Enrichr using the modules for GO Biological 

Processes, Predicted Protein-Protein Interaction Hub Proteins (PPI), and KEGG. 

NanoString Validation: To validate the RNAseq analysis and test predicted hub PPIs, a 

subfraction of each RNA extraction was also analyzed using the NanoString nCounter Analysis 

System (NanoString Technologies, Seattle, WA), which detects multiplexed gene targets without 

amplification or reverse transcription (Brumbaugh et al. 2011; Eastel et al. 2019). Genes were 

selected based on the results of the pathway analyses including the PPI (see Table 3.1 for selection 

details). In total, the code set included 29 up- or downregulated DEGs and 16 PPIs as well as 6 

positive and 8 negative controls and 7 housekeeping genes for quality assurance (Table 3.3). 

Samples were normalized to 20 ng/µL prior to hybridization according to the manufacturer’s 

instructions. Briefly, a master mix was created using 70 µL of hybridization buffer into the reporter 

code-set tube. For each individual sample, 8 µL of master mix, 5 µL of RNA sample and 2 µL of 

capture probe-set was added to NanoString strip tubes and allowed to hybridize at 65°C for 20 

hours in a thermal cycler. Following hybridization, all samples were run on the NanoString 

nCounter Max Analysis System. The nCounter Prep Station incubation time was set to high 

sensitivity and nCounter Digital Analyzer set to max count. 

Lipid Extraction: Lipids were isolated from cortical micropunches using a modified Folch 

extraction (Dittmar et al. 2008; Nakayasu et al. 2016). Cortical tissue was combined with 750 µL 

of -20°C methanol and homogenized in 2.0 mL, 2.4 mm tungsten-carbine bead tubes for 5 min 

with a Fisherbrand 24 bead mill. Samples were then transferred to Fisherbrand glass culture tubes 

containing another 750 µL of -20°C methanol where 3 mL of chloroform and 200 μL of water 

were added. The samples were then vortexed for 30 s, sonicated for 30 min, vortexed again for 30 

s, and incubated for 1 h at 4°C. Following incubation 1.2 mL of water was added and samples were 
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centrifuged for 10 min at 1000 x g. A 300 µL aliquot of the bottom lipid layer was finally 

transferred to a Sorenson microcentrifuge tube and dried in vacuo. The dried lipids were 

reconstituted in 190 µL of -20°C methanol and 10 µL of chloroform and then stored at -20°C until 

analysis with liquid chromatography, ion mobility spectrometry, collision induced dissociation and 

mass spectrometry (LC-IMS-CID-MS). 

LC-IMS-CID-MS Analysis: The cortical lipid extracts were evaluated using an Agilent 

1290 UPLC coupled to an Agilent 6560 IM-QTOF platform (Santa Clara, CA) with a commercial 

gas kit and MKS Instruments precision flow controller (Andover, MA). Lipids were first separated 

by reversed-phase LC by injecting 10 µL onto a Waters (Milford, MA) CSH column (3.0 mm x 

150 mm x 1.7 µm particle size). The 34-minute gradient having a flow rate of 250 µL/min and 

mobile phase A of 10 mM ammonium acetate in 40:60 LC-MS grade acetonitrile/water and mobile 

phase B of 10 mM ammonium acetate in 90:10 LC-MS grade isopropanol/acetonitrile is detailed 

in (Table 3.4). Both positive and negative mode ESI analyses were performed on all samples. 

Following electrospray ionization (ESI), the ions were analyzed using the Agilent 6560 IM-QTOF 

MS platform (Abou-Elwafa Abdallah 2016; May et al. 2014). Collision cross section were 

collected for all features detected and collision induced dissociation (CID) was performed with 

high purity nitrogen by ramping collision energies based on the ion arrival times analogous to 

previous IMS experiments (Baker et al. 2008; Becker et al. 2009). Alternating scans of no 

fragmentation and all-ions data independent acquisition (DIA) were used to collect precursor and 

fragmentation information at 1 sec/spectra for a mass range of 50-1700 m/z. 

Lipid Annotations: Spectra were annotated in Skyline by matching features to an in-house 

lipid library of 778 lipids with experimentally determined LC, IMS, MS and MS/MS information 

(Adams et al. 2020a; Kirkwood et al. 2022; MacLean et al. 2010). Lipid annotations were made 

based on LC retention time, IMS collisional cross section, and m/z tolerances for precursor and 

fragment ions. The mass errors for all precursor annotations were <2 ppm and fragment mass error 

were <10 ppm. LC elution times were within 2 seconds of predicted elution times derived from 

Skyline’s iRT feature and experimental collisional cross sections were within 1% of the library 

values. Using our LC-IMS-CID-MS platform enables the annotation of lipid fatty acyl and head 

group moieties but fatty acyl back bone attachment to the sn-1 or sn-2 positions, and double bond 

orientations and placement are not differentiable with this platform and method (Koelmel et al. 

2017).  To elaborate, lipids were annotated with “_” to denote ambiguous fatty acyl positions and 
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“/” when stereochemistry is known (e.g., PC(0:0_18:0) versus PC(0:0/18:0) or PC(18:0/0:0)). 

Lipids were also annotated with “a” or “b” to denote potential isomers. Additionally, features with 

multiple potential lipid matches are noted with “;” (e.g., PC(18:1_16:0); PC (18:0_16:1)). Lipids 

were also assigned annotations for their summed carbon and double bond number when individual 

fatty acyl information could not be obtained or annotated (e.g., PE(34:1)). Finally, peak areas of 

all annotated lipids were exported from Skyline for further processing and statistical analysis. 

Lipidomics Statistical Analysis and Interpretation: The peak areas were transformed to a 

log2 scale and normalized against their total ion current (TIC) since tissue variability was possible. 

Samples were screened for potential outliers through analysis of the PAV-RMD algorithm (Matzke 

et al. 2011), Pearson’s correlation and principle component analysis using the pmartR (Stratton et 

al. 2019) package in R (Team 2013) (Version 4.0.3 Vienna, Austria). Analysis of covariance 

(ANCOVA) was conducted to assess whether exposure influenced lipid abundances by comparing 

mean lipid peak areas of the control group to the exposed groups while accounting for differences 

in sex. Planned comparisons were implemented to compare control group lipid abundances to each 

of the exposed groups (BFR, OPFR or FM 550) separately and determine whether each lipid had 

a statistically significant fold change. Holm’s correction was used to adjust p-values for multiple 

comparisons, and lipids having an adjusted p ≤ 0.05 were considered statistically significant (Holm 

1979). Lipids were visualized using the SCOPE cheminformatics toolbox (Odenkirk et al. 2020). 

In SCOPE, lipids were matched to the Lipid Maps Database to derive SMILES from which the 

ECFP6 fingerprints were calculated using the rcdk R package (Guha 2007; Rogers and Hahn 2010; 

Sud et al. 2007; Weininger 1988). Hierarchical clustering of molecular fingerprints utilizing 

Euclidean distances and average linkages were calculated using the phangorn R package, and 

heatmaps were plotted with the ggtree R package (Schliep 2011; Yu 2017). The resulting SCOPE 

dendrograms enabled visualization of the comparisons between the control and different exposure 

groups (BFR, OPFR or FM 550). 

 

Results 

Transcriptomics: For all compounds, the number of DEGs was greatest in males (Figure 

3.4) with differential expression of 2633 FM 550, 2421 BFR, and 2858 OPFR genes at an adjusted 

p-value of <0.05. Affected numbers of DEGs were drastically lower in female offspring: 7 FM 

550, 2 BFR and 535 OPFR DEGs. To perform the pathway analyses, data were examined within 
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sex and direction of change (up- or down-regulated). For the males, there were 1406, 1101, and 

1412 upregulated and 1168, 1276, and 1375 downregulated genes in FM 550, BFR and OPFR 

exposed groups respectively. Because so few genes were affected in the female FM 550 and BFR 

groups, pathway analysis was only performed on the OPFR female group, which consisted of 345 

upregulated and 138 downregulated DEGs (Figure 3.5).  

Pathway Analysis: Shared Expression Across Group: Using the Ensembl IDs, to compare 

DEGs across groups, separate Venn diagrams were created for upregulated and downregulated 

genes within sex (https://bioinfogp.cnb.csic.es/tools/venny/) to identify overlapping DEGs. In 

males, 35% of the upregulated (703) and 30.1% of downregulated (629) genes were identified as 

DEGs in all three exposure groups (Figure 3.5). The FM 550 and BFR groups had 8.4% 

upregulated and 8.5% downregulated genes in common, while the FM 550 and OPFR groups had 

13.7% upregulated and 6.8% downregulated genes in common. Thus, again, the OPFRs were more 

explanatory of the FM 550 effects. For the subsequent analysis, within each DEG subset (sex and 

direction), gene names were identified from the Ensembl IDs using Biodnet. Genes without names 

and genes for ribosomal proteins (rp) were removed from and excluded from subsequent analysis. 

The modules in Enrichr used to identify enriched targets/pathways were Transcription Factor 

Protein-Protein Interaction (PPI), KEGG 2021 Human, and GO Biological Process 2021. 

GO Biological Processes: For the GO Biological process analyses, in males, there were 

157 FM 550, 163 BFR and 180 OPFR upregulated and 24 FM 550, 42 BFR and 55 OPFR 

downregulated. Approximately 36% (92) of the upregulated and 26% (18) of the downregulated 

GO Biological processes were significantly altered across all three exposure groups: FM 550, BFR 

and OPFR exposed males (Table 3.5). When comparing the top 10 upregulated and downregulated 

GO Biological pathways within each male exposure group, there were 5 and 4 consistently 

identified pathways respectively (Figure 3.6). The 5 upregulated were mRNA processing, RNA 

splicing via transesterification reactions, mRNA via spliceosome, mitochondrial ATP synthesis 

coupled electron transport and respiratory electron transport chain. The 4 downregulated were 

nervous system development, positive regulation of synaptic transmission, regulation of cationic 

channel activity and axonogenesis. When looking at unique GO Biological processes within 

exposure groups, OPFR exposure affected more GO processes related to mitochondrial function 

(13 upregulated) than BFR exposure (5 upregulated). BFR exposure uniquely produced effects on 

GO processes related to RNA replication including RNA polymerase 1 promotor (3 upregulated) 

https://bioinfogp.cnb.csic.es/tools/venny/
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and helicase activity (2 upregulated). The GO Biological processes specific to OPFR males were 

related to axon guidance/neuron growth (6 downregulated) and synaptic signaling (3 

downregulated) (Table 3.5). 

In the OPFR females, 16 GO Biological pathways were significantly upregulated. Of the 

16, 11 were also identified in the OPFR- exposed males, 7 of which were related to mitochondrial 

regulation and found within the top ten significantly altered pathways in males (Figure 3.6). No 

GO Biological pathways were significantly downregulated in the OPFR females.  

Predicted Protein-Protein Interaction Hub Proteins: In males, 24 FM 550, 31 BFR and 42 

OPFR PPIs were identified for the upregulated DEGs, with 18 commonly predicted across all three 

groups. These were (in no specific order) ESR1, HTT, POU5F1, ILF3, ILF2, POLR2A, TARDBP, 

BRCA1, MYC, NANOG, RAD21, CTCF, TBP, TRIM28, TP53, UPF1, HSF1, PML. In the male 

downregulated DEG sets, only 1 FM 550, 3 BFR and no OPFR PPIs were identified. 

Downregulation of RXRA was predicted in both FM 550 and BFR exposed males (Table 3.7). No 

statistically significant PPIs were predicted for either the up- or downregulated DEGs in the OPFR 

females.   

KEGG Pathways: In males, 71% of upregulated KEGG pathways were shared across FM 

550, BFR and OPFR exposed animals. Many of the 22 pathways common to all three were related 

to neuronal degenerative diseases including Huntington disease, Parkinson’s disease, Alzheimer’s 

disease, and oxidative phosphorylation (Figure 3.7A). Pathways unique to component class 

included ribosome biogenesis in eukaryotes and circadian rhythm for OPFR males and mitophagy 

for BFR males. There were also four KEGG pathways only observed to be upregulated in FM 550 

males: nucleotide excision repair, pyrimidine metabolism, salmonella infection and shigellosis. By 

contrast, 2 FM 550, 4 BFR and 10 OPFR KEGG pathways were downregulated in males (Table 

3.6). The only pathway shared between all male exposure groups was endocytosis. In the OPFR 

males, 8 KEGG pathways were exclusively downregulated including cholinergic and 

glutamatergic synapse and long-term depression.  

In the OPFR females, there were 13 upregulated and 6 downregulated KEGG pathways. 

Twelve of the 13 upregulated KEGG pathways were also upregulated in OPFR-exposed males 

(Figure 3.7B). These were oxidative phosphorylation, Parkinson disease, thermogenesis, Prion 

disease, Huntington disease, diabetic cardiomyopathy, amyotrophic lateral sclerosis, non-alcoholic 

fatty liver disease, pathways of neurodegeneration, Alzheimer disease, retrograde 
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endocannabinoid signaling, and cardiac muscle contraction. Two downregulated KEGG pathways 

were also common to both sexes: endocytosis and axon guidance.   

Five upregulated KEGG pathways related to neurodegeneration were shared between all 

male exposures and OPFR females: Parkinson disease, Huntington disease, oxidative 

phosphorylation, Alzheimer’s disease, and pathways of neurodegeneration. Within those KEGG 

pathways, 18 DEGs were commonly to all (Figure 3.7C). The majority of those shared genes are 

associated with cellular respiration including subunits of mitochondrial ATP synthase (ATP5), the 

terminal enzyme of the mitochondrial respiratory chain, cytochrome c oxidase enzyme (COX), 

NADH:ubiquinone oxidoreductase subunits (NDUFA) important for oxidative phosphorylation 

system in mitochondria, and components of the Ubiquinol-Cytochrome C Reductase (UCQR) 

complex, which is part of the part of the mitochondrial electron transport chain. 

Transcriptomics Validation: NanoString was used to validate aspects of the transcriptional 

data including 19 upregulated, 10 downregulated and 16 predicted PPI (Table 3.8). The average 

gene expression count ranges were 5-92 for negative controls, 138-89,160 for positive controls, 

and 836-4148 for housekeeping genes. Three genes of interest, POU5F1, OXTR and FOXP3, were 

found to have gene expression counts below those of the negative controls and thus considered not 

detected. This is not surprising since none are highly expressed in PND 1 cortex. Similarly, 4 

upregulated DEGs (GNG5, Ndufa2, CLOCK, HTT), 1 downregulated DEG (CACNG) and 3 PPIs 

(ESR1, BRCA1 and RXRA) had expression levels below the lowest expressing housekeeping 

gene, Gusb, and were thus considered low expressors or undetected. These genes are also not 

highly expressed in developing cortex. Thus, confirmation of these PPIs would require 

examination of regions that more strongly express them. Full results are presented in Table 3.9.  

Lipidomics Results: A total of 443 lipids (208 lipids in negative ion mode and 235 in 

positive) were identified from a target list of 778 lipids with LC-IMS-CID-MS. As illustrated in 

Figure 3.8A, the BFR-exposed pups had 29 significantly disrupted lipids, while those exposed to 

OPFRs had 38. As expected, the FM 550 exposed pups had the most lipidomic changes with 76 

statistically significant lipids. Of those, 16 were shared by all exposure groups, and the OPFR 

exposed group had more lipid dysregulation in common with the FM 550 exposed group. Further 

breakdown of the statistically significant lipids is shown in Table 3.10. The disrupted lipids were 

then clustered by structural similarity and saturation or unsaturation of the fatty acyl chains (Figure 

3.8B). Saturated free fatty acids (FAs) and saturated triacylglycerols (TGs) were observed to be 
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downregulated for all the FM 550 exposed pups and the OPFR exposed pups, albeit to a lesser 

extent. Additionally, several sphingolipids, a lipid class including ceramides (Cers) and 

sphingomyelins (SMs), were also affected by exposure. Interestingly, Cers were upregulated by 

all three exposures, whereas SMs were predominantly downregulated in only the FM 550 exposed 

group.  

Analysis by sex revealed strong sex differences in cortical lipid composition and impacts 

of exposure. In the unexposed controls, females had 101 statistically significant lipids with lower 

abundances than the males and only 2 with higher abundances. A high degree of dichotomy was 

also observed between the exposure groups within sex (Figure 3.9 and Table 3.11). Specifically, 

while the BFRs did not show strong lipid class-based trends for either sex, OPFR exposure caused 

SMs to decrease more in males than females. Additionally, while the male pups did not show any 

Cer dysregulation, many Cer species increased in the females in all three exposure groups. Both 

female and male rat pups also showed considerable Cer upregulation when exposed to FM 550, 

but only the males had substantial dysregulation of SMs. Both males and females in the FM 550 

group had upregulation of unsaturated TGs and downregulation of saturated TGs, illustrating an 

exposure-based effect on double bond presence and absence for the fatty acyl groups in the lipids. 

When comparing commonalities between sexes for the BFR and OPFR exposed pups, there was 

very little overlap among the dysregulated lipids. Female and male pups therefore showed more 

dysregulation in common with respect to the whole FM 550 mixture as opposed to its individual 

components.  

 

Discussion 

Both the transcriptomics and lipidomics analyses universally indicated that the OPFRs 

were the most biologically active component of the FM 550 mixture, with strong sex differences 

in response to prenatal exposure. Both component classes and the full FM 550 mixture appear 

capable of impairing aspects of mitochondrial function including oxidative phosphorylation, 

electron transport, and respiratory complex assembly and function. Mitochondrial dysfunction 

likely underlies the exposure-related identification of other pathways and systems, especially the 

numerous neurodegenerative pathways identified. Particularly in males, genes essential to 

mitochondrial function (ex. ATP5, COX, NDUF, UCQR) involving all but one of the electron 

chain complexes (Figure 3.10A), primarily drove neurodegenerative pathway enrichment. In 
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males, OPFRs also downregulated KEGG pathways related to glutamatergic and cholinergic 

synapse function, and the synaptic vesicle cycle.  The lipid analysis was largely concordant with 

the transcriptomics and indicative of sex-specific disruption of neurodevelopmental processes, 

especially myelination. Mitochondria are essential to support the high-energy demanding nature 

of myelination, preserving membrane potential, neural circuit reorganization, and synaptic 

refinement that occurs postnatally (Khacho and Slack 2018; Son and Han 2018). Accordingly, 

mitochondrial dysfunction has been linked to many different pathological conditions of the 

developing central nervous system more common to boys including schizophrenia and autism 

spectrum disorders (ASD) (Mahony and O'Ryan 2021; Rose et al. 2018). Thus, the data generated 

herein support stated concerns that FR, particularly OPFR, exposure contributes to greater risk of 

male-biased neurodevelopmental disorders (Blum et al. 2019; Messer 2010; Vuong et al. 2020). 

The Significance of Sex Differences in Evaluating Exposure Outcomes: Profound sex 

differences in cortical lipid composition and transcriptome were identified at birth and, 

consequently, strongly sex-specific effects of exposure were observed. That the perinatal period is 

a time of intense brain sexual dimorphism is well established (Giedd et al. 1997; Simerly 2002) 

and highly dependent on steroid hormones (McCarthy 2020; Schwarz and McCarthy 2008). In 

rodents, testicular androgens, generated by a perinatal testicular hormone surge, are largely 

aromatized in the developing male brain and masculinize it via estrogen receptors (ERs), 

particularly the alpha form of ER (ERα) (McCarthy 2008). In humans, although a similar androgen 

surge occurs in boys, brain masculinization requires androgen receptors, with ERs playing a vastly 

less significant role (Puts and Motta-Mena 2018; Wallen 2005). Thus, at birth, both rodent and 

human males have higher levels of circulating steroid hormones than females that drive brain 

sexual differentiation.  

Accordingly, many transcripts and lipids with sexually dimorphic expression at birth are 

steroid sensitive, especially to estrogens (Morselli et al. 2018). Significantly, at least one prior 

study using a combination of wildtype and ERα knockout mice found that OPFR exposure disrupts 

aspects of metabolic homeostasis with males displaying reduced energy intake and body weight 

but not ovariectomized females (Krumm et al. 2018). Also reported, was that perinatal exposure 

to the same OPFR mixture (tris(1,3-dichloro-2-propyl)phosphate (TDCPP), TPHP, and tricresyl 

phosphate (TCP), each at 1 mg/kg) via oral exposure to the mouse dam (GD 7 – PND 14) resulted 

in upregulation of hypothalamic ERα expression on PND 14 in females but not males (Adams et 
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al. 2020b). This upregulation was not observed at birth.  PPI performed herein identified ESR1 as 

a possible upstream target for both the BFRs and the OPFRs, as well as the full mixture, an 

observation consistent with the published mouse data. This prediction is also concordant with 

evidence reported by our group and others using a variety of in vitro and in vivo models 

demonstrating that FM 550 and its components are estrogen disrupting and can bind ERs including 

ERα (Belcher et al. 2014; Liu et al. 2012; Rock et al. 2018). However, our attempt via NanoString 

analysis to test if ERα expression was disrupted was unsuccessful because it is not highly expressed 

in the PND 1 rat cortex, thus it would have to be assessed elsewhere in the brain. 

Both brain RNA expression patterns and lipid composition, including mitochondrial lipid 

composition, are strongly sexually dimorphic at birth, with region-specific differences (Abel and 

Rissman 2012; McCarthy et al. 2009). For example, cortical cardiolipin content is not dimorphic 

across early neonatal development but saturation is, with females having a higher saturation ratio 

at birth then dropping to male typical levels by PND 4 (Acaz-Fonseca et al. 2020). This is strongly 

concordant with neonatal patterns of brain ER expression, which can be highly sexually dimorphic 

at birth, but change within days (Cao and Patisaul 2011; 2013).  In the cortex, the cardiolipin 

biosynthetic pathway is sensitive to estrogens (Acaz-Fonseca et al. 2017), as are many other 

nervous system lipids including endocannabinoids (Santoro et al. 2021) and their metabolism 

(Morselli et al. 2018). Critically, mitochondria are also highly sexually dimorphic with fatty acid 

utilization and functional capacities including electron transport capacity typically higher in adult 

female brain mitochondria than male brain mitochondria (Ventura-Clapier et al. 2017). Estrogens 

also profoundly alter mitochondrial biogenics via mechanisms involving both canonical ERs and 

GPER1 depending on age and tissue type (Klinge 2020).  

Collectively, these brain structural and functional sexual dimorphisms likely underly sex 

and region-specific vulnerabilities to neuropsychiatric disorders including ASD (May et al. 2019; 

McCarthy and Wright 2017; Werling and Geschwind 2013), and adverse outcomes to 

environmental insults including chemical exposures (Nguon et al. 2005; Rebuli and Patisaul 2016). 

Here we found that the OPFRs in particular disrupted mitochondrial pathways in both sexes related 

to the respiratory electron transport chain, mitochondrial ATP synthesis, and NADH 

dehydrogenase complex assembly with the male groups also showing strong evidence of 

downregulated pathways associated with nervous system development, axonogenesis, synaptic 
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transmission and both cholinergic and gluatamatergic synapse function, suggesting that male 

neurodevelopment is more sensitive to the consequences of mitochondrial disruption.   

FR Disruption of Mitochondrial Function: The BFRs and OPFRs both appear to have 

profound, albeit somewhat different, effects on mitochondrial function and, consequently, 

neurodevelopment, with the BFRs having a smaller sequala of effects than the OPFRs. Numerous 

mitochondrial GO processes were affected by both OPFR and FM 550 exposure (Table 3.12), 

including mitochondrial respiratory chain complex assembly (especially Complex I), indicating 

that the OPFRs are likely the primary drivers of FM 550 mitochondrial stress. Additionally, OPFR 

exposure exclusively affected 2 mitochondrial GO process: establishment of protein localization 

to mitochondrial membrane (GO:0090151) and mitochondrial RNA metabolic process 

(GO:0000959). Our OPFR results are consistent with prior work in the nematode (Caenorhabditis 

elegans) led by the National Toxicology Program (NTP), which reported evidence of significant 

OPE-related mitochondrial toxicity, particularly for TPHP, BDHP and TMPP, with various 

degrees of cytotoxicity at higher doses (Behl et al. 2016). The authors concluded that OPFRs are 

comparable to PBDEs on mitochondrial toxicity.  

By contrast, the BFRs primarily only affected GO processes related to mitochondrial ATP 

synthesis and electron transport, suggesting they may have a somewhat different mode of action 

on mitochondria than the OPFRs. BFRs were also linked to upregulated responses to hypoxia, and 

catabolic processes including ubiquitin-dependent protein catabolic processes. To at least some 

extent, thyroid hormones regulate maturation of brain mitochondria and the electron transport 

chain (Davies et al. 2021), and prenatal hypothyroidism has long been known to induce severe 

neurodevelopmental abnormalities (Prezioso et al. 2018). Many legacy BFRs, most notoriously 

the phased out PBDEs, impair thyroid signaling. Prior studies, however, have produced 

inconsistent results and collectively suggest that the thyroid-disrupting potential of the BFRs tested 

herein is minimal at best, particularly compared to the PBDEs (Goodchild et al. 2021; Patisaul et 

al. 2013; Springer et al. 2012).  

FR Disruption of Neurotransmitter System Development: Upregulated KEGG pathways in 

both sexes and all exposure groups included numerous pathways related to neurodegeneration 

including Parkinson’s, Alzheimer’s, and Huntington diseases. While this may seem 

counterintuitive for a newborn brain, the DEGs shared in these pathways are strongly involved in 

the electron transport chain and oxidative phosphorylation (Figure 3.10). Thus, critically, the 
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enrichment of neurodegenerative pathways in the FR exposure groups likely does not indicate that 

developmental exposure contributes to higher risk of later in life disorders such as Alzheimer’s 

Disease per say, but rather emphasizes the fundamental significance of mitochondrial health for 

nervous system health and cognitive development (for example see Figure 3.10B). Within the 

Alzheimer’s disease KEGG pathway, for example, exposure upregulated genes integral to four of 

the five electron transport chain complexes plus TUBB which is associated with axonal transport 

defects, demonstrating the importance of these genes for not only neurodegeneration but 

neurodevelopment. Finally, all FR groups produced evidence that fundamental processes such as 

those related to protein processing in the endoplasmic reticulum and RNA transport, were 

upregulated which also signifies neurodevelopmental disruption. 

In the OPFR exposed animals, aspects of endocytosis were disrupted as well as pathways 

for long term depression (LTD) and vesicle, vacuolar and cytoplasmic vesicle membrane 

formation, suggesting disruption of neurotransmitter systems and function.  Accordingly, 

downregulation of genes required for axon guidance was found in both sexes (Figure 3.11 A&B), 

as well as genes related to glutamatergic and cholinergic synapses specifically in males (Figure 

3.11 C&D), including ACHE and CAM2KA. Downregulation of the axon guidance KEGG 

pathway by OPFRs (Figure 3.11B) is consistent with our prior observation that prenatal exposure 

to OPFRs alters serotonergic innervation of the rat fetal forebrain (Rock et al. 2020).  Critically, 

glutamate, the most prevalent neurotransmitter in the frontal cortex, is packaged and released from 

presynaptic vesicles in glutamatergic synapses. Glutamatergic neurons are capable of many 

different forms of LTD and thus many forms of neuroplasticity (Santos et al. 2009) one of which, 

endocannabinoid-dependent LTD, is common in the forebrain to both glutamatergic and 

GABAergic synapses, particularly in the prefrontal cortex (Augustin and Lovinger 2018). This 

form of synaptic plasticity can, among many things, modulate dopamine signaling and affect 

motivated behaviors including addiction. Forebrain cholinergic systems regulate behaviors 

including attention, habit formation, memory, motor activity and reward, and arise from neuronal 

precursors that could either become GABAergic or cholinergic, with most cholinergic cortical 

innervation occurring just after birth in the rat. Acetylcholine is critical for cortical refinement 

including dendrite stabilization, neuritogenesis and synaptogenesis (Bruel-Jungerman et al. 2011). 

Mitochondria have an important role in supporting synaptic activity and the synthesis and 

packaging of some key neurotransmitters, including glutamate and choline (Mattson et al. 2008; 
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Vos et al. 2010). Thus, generally, OPFRs appear capable via multiple mechanisms of altering 

vesicle-related synaptic activity including amino acid neurotransmitter packaging and release, and 

cortical organization and plasticity. A significant finding of this research is that the results support 

prior work illustrating that OPEs, including TPHP, while perhaps not as capable of impacting 

acetylcholinesterase activity as their predecessors, impact other aspects of choline metabolism and 

signaling (Shi et al. 2021; Shi et al. 2018; Yuan et al. 2016).  

FRs and Neonatal Cortical Lipid Composition: A notable endpoint where the full mixture 

was more impactful than either component class was the exposure- and sex-dependent impact of 

ceramide levels. While both the OPFRs and the BFRs upregulated certain ceramide species in 

females, ceramide upregulation in males was only observed in the FM 550 group. This suggests 

that males may be more resilient to exposure of the individual FM 550 components, and the full 

mixture is needed to overcome this resilience and produce disruption. Similarly, SMs, which are 

derived from ceramides, essential for myelin formation, and ubiquitous in cell membranes, were 

profoundly downregulated in FM 550 males with females seemingly more resistant. 

Cers and SMs are intensely studied in the context of neurodegenerative disease because 

they are associated with Alzheimer’s disease and Multiple Sclerosis, but their roles in development 

are less well delineated. Interestingly, one rat study identified a transient dip in brain Cer levels at 

birth but did not account for sex (Dasgupta and Ray 2017). Similarly, sphingosine levels were 

shown to be markedly higher than dihydrosphingosine levels. Further work using a wider range of 

OPFR and BFR doses will be needed to more comprehensively explore the sex difference in 

ceramide and SM sensitivity. However, the observation that dysregulation was so sex specific is 

compelling, especially since Cers are beneficial for the early growth and development of neuronal 

cells, and sphingolipids are critical components of cell membranes and potent signaling molecules 

in many pathophysiological processes including neuroinflammatory processes (Mencarelli and 

Martinez-Martinez 2013). Accumulation of brain Cers have also been implicated in energy balance 

disorders and, because de novo synthesis occurs in the smooth endoplasmic reticulum and the 

mitochondria, their disruption lends further support to the conclusion that FM 550, and the OPFRs 

in particular, disrupt mitochondrial function (Cruciani-Guglielmacci et al. 2017). Cer 

concentrations are precisely controlled with cellular growth or death resulting from very slight 

shifts (Kolesnick and Krönke 1998). Cers are highly sensitive to endogenous estrogens, and 

essential to key aspects of neural and synapse development including myelination (Bernhard et al. 
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2019). More work is needed to understand how brain Cer composition may be vulnerable to FR 

exposure and what the resulting consequences may be.  

 Another finding of great interest from the lipidomic studies was the upregulation of TGs 

with unsaturated fatty acids and downregulation of TGs with saturated fatty acids for both the 

males and females exposed to FM 550. Saturated and unsaturated fatty acids are known to have 

different health effects and this split regulation indicates various enzymatic activity occurring for 

the different TGs upon exposure of the FM 550 mixture. To our knowledge, no prior study has 

reported this, likely because many fatty acid analyses are performed with gas chromatography 

coupled to mass spectrometry (GC-MS), which cleaves the fatty acyl groups from the lipid 

headgroups. This causes a pool of all fatty acids in the sample and ultimately the inability to 

distinguish specific lipid species trends. Therefore, we find this result quite novel and a unique 

benefit of our approach that we will follow up on in future studies. 

Disruption of Other Neurodevelopmental Mechanisms: A few of the GO processes 

associated with FM 550 or BFR exposure involved modulation of host of viral process. While this 

may at first appear odd, genes in this process include IGF2R and APOE, which have significant 

roles in embryonic development and neural function. APOE was downregulated in both the BFR 

and FM 550 males. APOE codes for Apolipoprotein E (ApoE) which is expressed at the surface 

of TG-rich lipoproteins, chylomicrons and very low density lipoproteins (VLDL), acting as a 

receptor binding ligand and is critical for lipid transport in the brain (Dergunov and Rosseneu 

1994; Mahley et al. 2009). In humans there are multiple APOE alleles, with apoE4 conferring the 

strongest genetic risk factor for Alzheimer’s disease (Serrano-Pozo et al. 2021).  

The hub PPI analysis predicted downregulation of RXRA for both FM 550 and the BFRs 

but not the OPFRs. RXRs are common binding partners to many other nuclear receptors, especially 

PPARs, liver X receptors (LXRs) and vitamin D receptors (VDRs). The PPI result is concordant 

with prior work in rat placenta identifying disruption of LXR/RXR pathways by FM 550 (Rock et 

al. 2018). Notably, the RXRA/PPARα heterodimer is required for PPARα transcriptional activity 

on fatty acid oxidation genes such as ACOX1 and the P450 system genes, and plays a significant 

role in oxidative stress, energy homeostasis, mitochondrial fatty acids metabolism and 

inflammation in the brain (Wójtowicz et al. 2020). Genes in the PPAR/RXR family are also 

involved in aspects of neural proliferation and differentiation, myelination, and synaptic plasticity, 

and have been associated with neurodevelopmental disorders including schizophrenia (Wada et al. 
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2020). Prior animal and in vitro studies suggest that FM 550 and the OPFRs, particularly TPHP 

and ITP, may have adipogenic effects via PPARγ activation and PPARγ-mediated aP2 enhancer 

activity (Belcher et al. 2014; Pillai et al. 2014; Tung et al. 2017). The combined effects of OPFR 

exposure on PPARγ-related targets and BFR exposure on LXR/LXR endpoints could possibly 

account for some unique and/or absence of effects by the FM 550 mixture.  

 

Conclusions 

Collectively, the data revealed multiple adverse modes of action for the BFRs and OPFRs 

on neurodevelopment. The OPFRs were more disruptive via multiple mechanisms including 

dysregulation of mitochondrial function and disruption of cholinergic and glutamatergic systems. 

The discovery that the lipid composition of the PND1 cortex is so highly sexually dimorphic 

provides novel insight as to how and why the brain responds differently to environmental and other 

exogenous exposures and stresses. That the female and male pups showed more dysregulation in 

common with respect to the FM 550 mixture than its individual components indicate that exposure 

to the different FR classes affect the sexes differently on a molecular level. Lipid classes with the 

most notable changes included the ceramides, sphingomyelins, and triacylglycerides. Since 

dysregulated ceramides are strongly associated with Alzheimer’s disease risk, the robust 

upregulation of ceramides observed in the OPFR exposed females could suggest heightened risk 

of brain metabolic disease. Downregulation of phosphatidylcholines has also been noted in 

Alzheimer’s disease due to choline shuttling, and downregulation was observed herein in pups 

exposed to OPFRs and the FM 550 mixture. Finally, this work emphasizes how essential it is that 

future work regarding the impact of FRs and other exposures on neurodevelopment focus on sex 

differences. Too many resources and published studies remain either highly male biased or sex-

agnostic (Bond et al. 2021).  
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Figure 3.1 Illustration of how cortical tissue for RNAseq and lipidomic analysis was collected in the PND1 

offspring gestationally exposed to FM 550, BFR or OPFR. A) For RNAseq analysis, whole PND1 heads were 

cryosectioned at 20 µm and the forebrain slices collected using The Developing Rat Nervous System (Paxinos and 

Ashwell 2018) atlas as a guide. Tissue collection began on plate 212 as indicated by clear separation of cortex and 

olfactory bulb and stopped on plate 216, recognized by the distinct position of the corpus collosum, fornix and 

lateral ventricle.  B) For lipidomic tissue collection, micropunches (1.25mm width by 1-1.15 mm deep) were then 

used to isolate the medial portion of the cortex from the same PND1 mounted heads. The isolated lipidomics tissue 

approximately contained cortical material from plates 216 – 221.  
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Figure 3.2 Heat map of top 50 highly expressed genes, a list which contained some disproportionally over-

expressed genes. These genes were driving some samples to be identified as potential outliers. These genes were 

then examined in detail to establish their function and tissue specific.
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Figure 3.3 PCA (of the top 500 expressed genes) for all individuals across all exposure groups revealed a clear 

separation due to sex (PC2; explaining 18% of the variance). 
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Figure 3.4 Differentially expressed genes (DEGs) separated by sex, exposure group and direction of expression 

change. Males had the highest number of DEGs regardless of exposure group, with only OPFR females having 

greater than 100 DEGs in both directions. For this reason, data from all the male exposure groups, but only the 

OPFR female exposure group, underwent pathways analysis. 
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Figure 3.5 Shared DEGs by direction across exposure group in males. Across all three exposure groups, 35% of 

upregulated (703) and 30.1% of downregulated (629) genes were identified as shared DEGs. The FM550 and BFR 

groups had 8.4% upregulated and 8.5% downregulated genes in common, while the FM550 and OPFR groups had 

13.7% upregulated and 6.8% downregulated genes in common. 
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Figure 3.6 Summary of the ten most significant upregulated and downregulated GO Biological Processes in the 

exposure groups examined. Five upregulated processes were shared across all groups (hatched bars). Within the 

OPFR male and females 6 upregulated processes were shared by both sexes (connected with dashed lines). Four 

downregulated process were shared across all groups examined (hatched bars). OPFR females had no downregulated 

processes. 



 

 

57 

 

 



 

 

58 

 

Figure 3.7 Upregulated KEGG pathways. A) List of 22 upregulated KEGG pathways shared by 

OPFR, BFR and FM550 males. B) List of the 12 upregulated KEGG pathways shared between 

the OPFR males and females. The five neuronal degenerative pathways both sexes had in 

common are indicated by *. C) List of the 18 genes shared across the 5 neuronal degenerative 

pathways enriched in the OPFR exposed groups. All are involved in cellular respiration. 
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Figure 3.8 Statistically significant lipids observed in all exposure versus control comparisons. A) 

Venn diagram of statistically significant lipids from each exposure comparison and their overlap. 

B) Circular dendrogram of all 87 statistically significant lipids generated with an ECFP6 

fingerprint, Tanimoto distance, and average linkage for the corresponding exposure comparisons. 

Log2 fold change is overlaid for all three comparisons to visualize trends in significant 

dysregulation. All identified lipids without statistically significance are shown in grey whereas 

statistically significant species that were either upregulated or downregulated are displayed in red 

and blue. Lipid class abbreviations include: FA = fatty acid, ANA = anandamide, SM = 

sphingomyelin, Cer = ceramide, PE O- = ether-linked phosphatidylethanolamine, PE P- = vinyl 

ether-linked phosphatidylethanolamine, LPE = lysophosphatidylethanolamine, LPC = 

lysophosphatidylcholine, PC O- = ether-linked phosphatidylcholine, PC P- = vinyl ether-linked 

phosphatidylcholine, PC = phosphatidylcholine, PE = phosphatidylethanolamine, PS = 

phosphatidylserine, TG = triglyceride, DG = diglyceride. 
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Figure 3.9 Sex specific statistically significant lipids observed in exposure versus control 

comparisons. Circular dendrogram illustrating Female only (F) and Male only (M) comparisons. 

Log2 fold change is overlaid for all six comparisons to visualize trends in significant 

dysregulation. All identified but insignificant lipids are shown in grey whereas statistically 

significant species that were either upregulated or downregulated are displayed in red and blue. 

Lipid class abbreviations include: FA = fatty acid, ANA = anandamide, SM = sphingomyelin, 

Cer = ceramide, AC =  acylcarnitine, PE O- = ether-linked phosphatidylethanolamine, PE P- = 

vinyl ether-linked phosphatidylethanolamine, LPE = lysophosphatidylethanolamine, LPC = 

lysophosphatidylcholine, PC = phosphatidylcholine, PC O- = ether-linked phosphatidylcholine, 

PC P- = vinyl ether-linked phosphatidylcholine, PS = phosphatidylserine, TG = triglyceride, DG 

= diglyceride. 
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Figure 3.10 Example of how enriched genes factor into the identified upregulated KEGG 

pathways. The 18 commonly expressed genes within the neurodegenerative disease pathways 

identified were used to render KEGG pathways using Pathview 

(http://bioinformatics.sdstate.edu/go/). Depicted in red are FR-affected genes in the oxidative 

phosphorylation (A) and Alzheimer’s disease (B) pathways.  
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Figure 3.11 Representative renderings of 4 downregulated KEGG pathways in the exposed 

groups. DEGs within each are depicted in red. A) Endocytosis was the only downregulated 

pathway shared across all male exposure groups and the OPFR females. B) Axon guidance was 

the only significant downregulated pathway in both OPFR males and females. C & D) In males, 

OPFR downregulated KEGG pathways included glutamatergic and cholinergic synapses. 
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Table 3.1 Detailed list of the top 50 highly expressed genes 

Gene ID 
Gene 

Symbol 
Full Name 

Uniprot GO Molecular 

Function 
RPKM 

Primary 

Tissue 

Source 

Removed 

ENSRNOG

0000006049

6 

Kdm5d 

lysine 

demethylase 

5D,[Histone 

H3]-trimethyl-

L-lysine(4) 

demethylase 

androgen receptor 

binding, dioxygenase 

activity, DNA binding, 

histone demethylase 

activity, metal ion 

binding 

Rat 

brain 2 

wks: 

1.704 ± 

1.713 

Androgen 

receptor 
 

ENSRNOG

0000001683

7 

Ckm 
Creatine 

kinase M-type 

ATP binding, creatine 

kinase activity, kinase 

activity 

BLOD -  

ENSRNOG

0000002081

7 

Cyp2a1; 

Cyp2a2; 

Cyp2a3 

Cytochrome 

P450 2A1 

arachidonic acid 

epoxygenase activity, 

aromatase acitivy, heme 

binding, iron ion 

binding, oxidoreductase 

activity, steroid 

hydroxylase activity 

BLOD 
Steroidog

enenesis 
 

ENSRNOG

0000001627

5 

Ttr Transthyretin 

hormone activity, 

hormone binding, 

identical protein 

binding, protein-

containing complex 

binding, thryoid 

hormone binding. 

Rat 

brain 2 

wks: 

96.09 ± 

10.157 

Thyroid 

hormone 
 

ENSRNOG

0000006061

7 

Uty 

ubiquitously 

transcribed 

tetratricopeptid

e repeat 

containing, Y-

linked 

chromatin DNA 

binding, histone 

demethylase activity, 

histone demethylase 

activity, metal ion 

binding, RNA 

polymerase II cis-

regulatory region 

sequence-specific DNA 

binding 

Rat 

brain 2 

wks: 

1.803 ± 

1.778 

Y-link 

gene, 

regulation 

of gene 

function 

 

ENSRNOG

0000006004

8 

Eif2s3y 

Eukaryotic 

translation 

initiation 

factor 2 

subunit 3, Y-

linked 

GTPase activity, GTP 

binding, translation 

intitiation factor 

activity, tRNA binding 

Rat 

brain 2 

wks: 

6.369 ± 

6.393 

Y-link 

gene, 

regulation 

of 

translation 

 

ENSRNOG

0000005723

1 

Ddx3 

DEAD-box 

helicase 3, X-

linked 

ATPase activity, ATP 

binding, CTPase 

activity, DNA binding, 

DNA helicase activity, 

eukaryotic initiation 

factor 4E binding, 

gamma-tubulin binding, 

GTPase activity, 

mRNA 5'-UTR binding 

Rat 

brain 2 

wks: 

2.955 ± 

2.951 

Cell 

differentia

tion 
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Table 3.1 (continued). 

ENSRNOG00

000055225 
- - - - -  

ENSRNOG00

000037911 

LOC6802

27 
- - 

Rat 

brain 2 

wks: 

1.286 ± 

1.338 

-  

ENSRNOG00

000051257 
- - - - -  

ENSRNOG00

000060437 
- - - - -  

ENSRNOG00

000020951 
Slc4a1 

Band 3 anion 

transport 

protein 

actin binding, 

anion:anion antiporter 

activity, ankyrin 

binding, bicarbonate 

transmembrane 

transporter activity, 

chloride 

transmembraine 

transporter activity, 

enzyme binding, 

hemoglobin binding, 

inorganic anion 

exchanger activity 

BLOD Blood  

ENSRNOG00

000017786 
Acta1 

Actin, alpha 

skeletal 

muscle 

ATP binding BLOD Bone X 

ENSRNOG00

000017645 
Mylpf 

Myosin 

regulatory 

light chain 2, 

skeletal 

muscle 

isoform 

calcium ion binding, 

structural constituent of 

muscle 

BLOD Bone X 

ENSRNOG00

000013262 
Myl1 

Myosin light 

chain 1/3, 

skeletal 

muscle 

isoform 

calcium ion binding, 

structural constituent of 

muscle 

BLOD Bone X 

ENSRNOG00

000020332 
Tnnt3 

Troponin T, 

fast skeletal 

muscl 

calcium dependent 

protein binding, 

tropomyosin binding 

BLOD Bone X 

ENSRNOG00

000058560 
Col2a1 

Collagen 

alpha-1(II) 

chain 

extracellular matrix 

structural constituent, 

identical protein 

binding, metal ion 

binding, MHC class II 

protein binding, 

platelet-derived growth 

factor binding, 

proteoglycan binding 

Rat 

brain 2 

wks: .11

9 ± 

0.036 

Bone X 
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Table 3.1 (continued). 

ENSRNOG00

000008478 
Mmp13 Collagenase 3 

calcium-dependent 

protein binding, 

calcium ion binding, 

collagen binding, 

endopeptidase activity, 

fibronectin binding, low 

density lipoprotein 

binding, peptidase 

activity, zinc ion 

binding 

Rat 

brain 2 

wks: .04

8 ± 

0.025 

Bone X 

ENSRNOG00

000043451 
Spp1 

secreted 

phosphoprotei

n 1, 

Osteopontin 

cytokine activity, 

extracellular matrix 

binding, integrin 

binding 

Rat 

brain 2 

wks: 

3.522 ± 

0.793 

Bone X 

ENSRNOG00

000017539 
Mmp9 

Matrix 

metalloprotein

ase-9 

endopeptidase activity, 

fibronecting binding, 

identical protein 

binding, 

metalloendopeptidase 

activity, peptidase 

activity, protein-

containing complex 

binding, serine-type 

endopeptidase activity, 

zinc ion binding 

Rat 

brain 2 

wks: .12

1 ± 

0.056 

Bone X 

ENSRNOG00

000021155 
Ctsk Cathepsin K 

collagen binding, 

cysteine-type 

endopeptidase activity, 

cysteine-type peptidase 

activity, fibronectin 

binding, proteoglycan 

binding 

Rat 

brain 2 

wks: 

1.394 ± 

0.173 

Bone X 

ENSRNOG00

000046261 
Acp5 

Tartrate-

resistant acid 

phosphatase 

type 5 

acid phosphatase 

activity, ferric iron 

binding, ferrous iron 

binding, hyrolase 

activity 

Rat 

brain 2 

wks: .18

2 ± 

0.031 

Bone X 

ENSRNOG00

000002167 
Dmp1 

Dentin matrix 

acidic 

phosphoprotei

n 1 

extracellular matrix 

binding, Hsp70 protein 

binding 

Rat 

brain 2 

wks: .02

7 ± 

0.024 

Bone X 

ENSRNOG00

000003897 
Col1a1 

Collagen 

alpha-1(I) 

chain 

extracellular matrix 

structural constituent, 

identical protein 

binding, metal ion 

binding,  platelet-

derived growth factor 

binding, protease 

binding 

Rat 

brain 2 

wks: 

2.118 ± 

0.686 

Bone X 
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Table 3.1 (continued). 

ENSRNOG00

000002158 
Ibsp 

Bone 

sialoprotein 2 
integrin binding 

Rat 

brain 2 

wks: .14

1 ± 

0.045 

Bone X 

ENSRNOG00

000047175 
Cryaa 

crystallin, 

alpha A 

identical protein 

binding, structural 

constituent of eye lens, 

metal ion binding, 

structural molecule 

activity, unfolded 

protein binding 

Rat 

brain 2 

wks: 

BLOD 

Eye X 

ENSRNOG00

000047673 
Crybb3 

crystallin beta 

B3 

structural constituent of 

eye lens 

Rat 

brain 2 

weeks: .

006 ± 

0.017 

Eye X 

ENSRNOG00

000008700 
Cryba1 

crystallin, beta 

A1 

structural constituent of 

eye lens 

Rat 

brain 2 

weeks: .

353 ± 

0.116 

Eye X 

ENSRNOG00

000047653 
Crybb1 

Beta-crystallin 

B1 

structural constituent of 

eye lens 

Rat 

brain 2 

wks: .18

9 ± 

0.061 

Eye X 

ENSRNOG00

000049770 
Cryba4 

Beta-crystallin 

A4 

identical protein 

binding, structural 

constituent of eye lens 

Rat 

brain 2 

wks: .10

4 ± 

0.046 

Eye X 

ENSRNOG00

000032219 

Cryge; 

Crygd 

crystallin, 

gamma E 

structural constituent of 

eye lens 
BLOD Eye X 

ENSRNOG00

000032869 
Crygf 

crystallin, 

gamma F 

structural constituent of 

eye lens 

Rat 

brain 2 

wks: .00

5 ± 

0.015 

Eye X 

ENSRNOG00

000014790 
Cryga 

crystallin, 

gamma a 

structural constituent of 

eye lens 

Rat 

brain 2 

wks: .70

7 ± 

0.139 

Eye X 

ENSRNOG00

000032926 
Crygb 

crystallin, 

gamma b 

structural constituent of 

eye lens 

Rat 

brain 2 

wks: .17

8 ± 

0.073 

Eye X 
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Table 3.1 (continued). 

ENSRNOG00

000014950 
Crygc 

crystallin, 

gamma c 

structural constituent of 

eye lens 

Rat 

brain 2 

wks: .14

1 ± 

0.055 

Eye X 

ENSRNOG00

000017996 
Cryba2 

crystallin, beta 

A2 

identical protein 

binding, structural 

constituent of eye lens 

(mouse) 

Rat 

brain 2 

wks: .01

3 ± 

0.024 

Eye X 

ENSRNOG00

000009226 
Crygn 

crystallin, 

gamma n 

structural constituent of 

eye lens 

Rat 

brain 2 

wks: .00

7 ± 

0.011 

Eye X 

ENSRNOG00

000003132 
Mip 

Lens fiber 

major intrinsic 

protein 

calmodulin binding, 

structural constituent of 

eye lens, water channel 

activity 

Rat 

brain 2 

wks: .00

9 ± 

0.009 

Eye X 

ENSRNOG00

000050023 
Crybb2 

crystallin, beta 

B2 

identical protein 

binding, structural 

constituent of eye lens 

NA Eye X 

ENSRNOG00

000010524 
Cryab 

crystallin, 

alpha B 

identical protein 

binding, structural 

constituent of eye lens, 

metal ion binding, 

microtubule binding, 

protein-containing 

complex, cytoskeletal 

protein binding source, 

protein 

homodimerization 

activity, amyloid beta 

activity 

BLOD Eye X 

ENSRNOG00

000001251 
Grifin 

galectin-

related inter-

fiber protein 

carbohydrate binding BLOD Eye X 

ENSRNOG00

000017681 
Lim2 

Lens fiber 

membrane 

intrinsic 

protein 

structural constituent of 

eye lens 

Rat 

brain 2 

wks: .00

4 ± 

0.071 

Eye X 

ENSRNOG00

000010899 
Bfsp2 Phakinin 

structural constituent of 

eye lens 

Rat 

brain 2 

wks: .05

9 ± 

0.031 

Eye X 

ENSRNOG00

000005707 
Bfsp1 

Beaded 

filament 

structural 

protein 1, 

Filensin 

structural constituent of 

eye lens 

Rat 

brain 2 

wks: .22

6 ± 

0.083 

Eye X 
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Table 3.1 (continued). 

ENSRNOG00

000049495 
Krt71 Keratin 71 

hair follicle 

morphogenesis, 

intermediate filament 

organization 

Rat 

brain 2 

wks: .31

1 ± 

0.051 

Hair  

ENSRNOG00

000050042 
Myh8 Myosin-8 

actin binding, ATPase 

activity, ATP binding, 

microfilament motor 

activity 

BLOD Muscle  

ENSRNOG00

000008536 
Actc1 

Actin, alpha 

cardiac muscle 

1 

actin binding, ATPase 

activity, ATP binding, 

myosin binding 

BLOD Muscle  

ENSRNOG00

000008609 
Capn3 Calpain-3 

calcium-dependent 

cysteine type 

endopeptidase activity, 

calcium ion binding, 

catalytic activity, 

enzyme binding, ligase 

regulator activity, 

molecular adaptor 

activity, peptidase 

activity, signaling 

receptor binding, 

sodium ion binding, 

structural constituent of 

muscle, titin binding 

BLOD Muscle  

ENSRNOG00

000030170 
Krt10 

Keratin, type I 

cytoskeletal 10 

cytoskeletal protein 

binding, protein 

heterodimerization, 

structural constituent of 

skin epidermis 

Rat 

brain 2 

wks: .18

7 ± 

0.044 

Skin  

ENSRNOG00

000028996 
Krt1 

Keratin, type 

II cytoskeletal 

1 

carbohydrate binding, 

protein 

heterodimerization, 

structural constituent of 

skin epidermis 

Rat 

brain 2 

wks: .01

9 ± 

0.002 

Skin  
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Table 3.2 List of the 22 ectopic genes removed from analysis 

Gene ID 
Gene 

Symbol 
Full Name 

Uniprot GO 

Molecular Function 
RPKM 

Primary Tissue 

Source 

ENSRNOG00

000017786 

Acta1 Actin, alpha 

skeletal muscle 

ATP binding BLOD Bone 

ENSRNOG00

000017645 

Mylpf Myosin regulatory 

light chain 2, 

skeletal muscle 

isoform 

calcium ion binding, 

structural constituent 

of muscle 

BLOD Bone 

ENSRNOG00

000013262 

Myl1 Myosin light chain 

1/3, skeletal muscle 

isoform 

calcium ion binding, 

structural constituent 

of muscle 

BLOD Bone 

ENSRNOG00

000020332 

Tnnt3 Troponin T, fast 

skeletal muscl 

calcium dependent 

protein binding, 

tropomyosin binding 

BLOD Bone 

ENSRNOG00

000058560 

Col2a1 Collagen alpha-

1(II) chain 

extracellular matrix 

structural constituent, 

identical protein 

binding, metal ion 

binding, MHC class 

II protein binding, 

platelet-derived 

growth factor 

binding, proteoglycan 

binding 

Rat brain 

2 

wks: .119 

± 0.036 

Bone 

ENSRNOG00

000008478 

Mmp13 Collagenase 3 calcium-dependent 

protein binding, 

calcium ion binding, 

collagen binding, 

endopeptidase 

activity, fibronectin 

binding, low density 

lipoprotein binding, 

peptidase activity, 

zinc ion binding 

Rat brain 

2 

wks: .048 

± 0.025 

Bone 

ENSRNOG00

000043451 

Spp1 secreted 

phosphoprotein 1, 

Osteopontin 

cytokine activity, 

extracellular matrix 

binding, integrin 

binding 

Rat brain 

2 wks: 

3.522 ± 

0.793 

Bone 

ENSRNOG00

000017539 

Mmp9 Matrix 

metalloproteinase-

9 

endopeptidase 

activity, fibronecting 

binding, identical 

protein binding, 

metalloendopeptidase 

activity, peptidase 

activity, protein-

containing complex 

binding, serine-type 

endopeptidase 

activity, zinc ion 

binding 

Rat brain 

2 

wks: .121 

± 0.056 

Bone 
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Table 3.2 (continued). 

ENSRNOG00

000021155 

Ctsk Cathepsin K collagen binding, 

cysteine-type 

endopeptidase 

activity, cysteine-

type peptidase 

activity, fibronectin 

binding, proteoglycan 

binding 

Rat brain 

2 wks: 

1.394 ± 

0.173 

Bone 

ENSRNOG00

000046261 

Acp5 Tartrate-resistant 

acid phosphatase 

type 5 

acid phosphatase 

activity, ferric iron 

binding, ferrous iron 

binding, hyrolase 

activity 

Rat brain 

2 

wks: .182 

± 0.031 

Bone 

ENSRNOG00

000002167 

Dmp1 Dentin matrix 

acidic 

phosphoprotein 1 

extracellular matrix 

binding, Hsp70 

protein binding 

Rat brain 

2 

wks: .027 

± 0.024 

Bone 

ENSRNOG00

000003897 

Col1a1 Collagen alpha-1(I) 

chain 

extracellular matrix 

structural constituent, 

identical protein 

binding, metal ion 

binding,  platelet-

derived growth factor 

binding, protease 

binding 

Rat brain 

2 wks: 

2.118 ± 

0.686 

Bone 

ENSRNOG00

000002158 

Ibsp Bone sialoprotein 2 integrin binding Rat brain 

2 

wks: .141 

± 0.045 

Bone 

ENSRNOG00

000047175 

Cryaa crystallin, alpha A identical protein 

binding, structural 

constituent of eye 

lens, metal ion 

binding, structural 

molecule activity, 

unfolded protein 

binding 

Rat brain 

2 wks: 

BLOD 

Eye 

ENSRNOG00

000047673 

Crybb3 crystallin beta B3 structural constituent 

of eye lens 

Rat brain 

2 

weeks: .00

6 ± 0.017 

Eye 

ENSRNOG00

000008700 

Cryba1 crystallin, beta A1 structural constituent 

of eye lens 

Rat brain 

2 

weeks: .35

3 ± 0.116 

Eye 

ENSRNOG00

000047653 

Crybb1 Beta-crystallin B1 structural constituent 

of eye lens 

Rat brain 

2 

wks: .189 

± 0.061 

Eye 

ENSRNOG00

000049770 

Cryba4 Beta-crystallin A4 identical protein 

binding, structural 

constituent of eye 

lens 

Rat brain 

2 

wks: .104 

± 0.046 

Eye 
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Table 3.2 (continued). 

ENSRNOG00

000032219 

Cryge; 

Crygd 

crystallin, gamma 

E 

structural constituent 

of eye lens 

BLOD Eye 

ENSRNOG00

000032869 

Crygf crystallin, gamma 

F 

structural constituent 

of eye lens 

Rat brain 

2 

wks: .005 

± 0.015 

Eye 

ENSRNOG00

000014790 

Cryga crystallin, gamma a structural constituent 

of eye lens 

Rat brain 

2 

wks: .707 

± 0.139 

Eye 

ENSRNOG00

000032926 

Crygb crystallin, gamma b structural constituent 

of eye lens 

Rat brain 

2 

wks: .178 

± 0.073 

Eye 

ENSRNOG00

000014950 

Crygc crystallin, gamma c structural constituent 

of eye lens 

Rat brain 

2 

wks: .141 

± 0.055 

Eye 

ENSRNOG00

000017996 

Cryba2 crystallin, beta A2 identical protein 

binding, structural 

constituent of eye 

lens (mouse) 

Rat brain 

2 

wks: .013 

± 0.024 

Eye 

ENSRNOG00

000009226 

Crygn crystallin, gamma n structural constituent 

of eye lens 

Rat brain 

2 

wks: .007 

± 0.011 

Eye 

ENSRNOG00

000003132 

Mip Lens fiber major 

intrinsic protein 

calmodulin binding, 

structural constituent 

of eye lens, water 

channel activity 

Rat brain 

2 

wks: .009 

± 0.009 

Eye 

ENSRNOG00

000050023 

Crybb2 crystallin, beta B2 identical protein 

binding, structural 

constituent of eye 

lens 

NA Eye 

ENSRNOG00

000010524 

Cryab crystallin, alpha B identical protein 

binding, structural 

constituent of eye 

lens, metal ion 

binding, microtubule 

binding, protein-

containing complex, 

cytoskeletal protein 

binding source, 

protein 

homodimerization 

activity, amyloid beta 

activity 

BLOD Eye 

ENSRNOG00

000001251 

Grifin  galectin-related 

inter-fiber protein  

carbohydrate binding  BLOD Eye 

ENSRNOG00

000017681 

Lim2 Lens fiber 

membrane intrinsic 

protein 

structural constituent 

of eye lens 

Rat brain 

2 

wks: .004 

± 0.071 

Eye 
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Table 3.2 (continued). 

ENSRNOG00

000010899 

Bfsp2 Phakinin structural constituent 

of eye lens 

Rat brain 

2 

wks: .059 

± 0.031 

Eye 

ENSRNOG00

000005707 

Bfsp1 Beaded filament 

structural protein 1, 

Filensin 

structural constituent 

of eye lens 

Rat brain 

2 

wks: .226 

± 0.083 

Eye 
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Table 3.3. List of Genes Selected for NanoString mRNA Expression Validation 

Gene Pathway 
Male Female 

OPFR BFR FM550 OPFR BFR FM550 

Upregulated 

Ndufa3 

ILF3, mitochondrial pathways, 

Huntington, and prion disease 

• • •   • 

Ndufa2 • • • •   

Ndufa13*       

Ndufa12 • • • •   

Atp5me 
Oxidative phosphorylation, 

thermogenesis 
• • •   • 

SUMO1 ESR1 • • •    

TRAM1 ESR1 • • •    

Cox6c 
transcription factor HTT 

(Huntington disease) 
• • •    

SOD2* 
Huntington Disease, 

Mitochondrial function 
• • •    

Cys 

mitochondrial ATP synthesis 

coupled electron transport 

(GO:0042775) 

•  • •   

COX7B 

mitochondrial ATP synthesis 

coupled electron transport 

(GO:0042775) 

•  •    

NDUFB9 

mitochondrial ATP synthesis 

coupled electron transport 

(GO:0042775), mitochondrial 

electron transport, NADH to 

ubiquinone (GO:0006120) 

Parkinson disease 

Thermogenesis Alzheimer 

disease Huntington disease 

•  •    

MRPL52 

mitochondrial translational 

elongation (GO:0070125); 

mitochondrial translational 

termination (GO:0070126) 

•  •    

KRAS   • •    

CDC27 

transcription factor 

CTNNB1,cell cycle, Ubiquitin 

mediated proteolysis 

 • •    

GNG5 

Cholinergic Synapse, Glutamate, 

5HT1 signaling pathways 

(upregulated, pathway not 

significant btw groups) 

• • •    

VAMP3 

Glutamate, 5HT1 signaling 

pathways (upregulated, pathway 

not significant btw groups) 

• • •    
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Table 3.3 (continued). 

GNA13 

Cholinergic Synapse, Glutamate, 

5HT1 signaling pathways 

(upregulated, pathway not 

significant btw groups) 

• • •    

CLOCK  • • •    

Downregulated 

GRIN1 

Metabotropic glutamate receptor 

group III pathway Homo sapiens 

P00039 

• • •    

GNG3 
GABA-B receptor II signaling 

Homo sapiens P05731 
• • •    

GNAI2 

Metabotropic glutamate receptor 

group II pathway Homo sapiens 

P00040 

• • •    

SHANK3 

Glutamatergic synapse, nervous 

system development 

(GO:0007399), axonogenesis 

(GO:0007409) 

• • •    

SHANK1 

nervous system development 

(GO:0007399); axonogenesis 

(GO:0007409) 

• • •    

CACNG8 

nervous system development 

(GO:0007399); axonogenesis 

(GO:0007409) 

• • •    

SRC 

nervous system development 

(GO:0007399); axonogenesis 

(GO:0007409) 

• • •    

STX1B Synaptic Vesicle Trafficking • • •    

CAMK2A Cholinergic synapse •      

OXTR oxytocin signaling •      

Predicted Protein-Protein Interactions 

ILF3  • • •    

TARDBP  • • •    

ILF2  • • •    

BRCA1  • • •    

ESR1  • • •    

MYC  • • •    

CTCF  • • •    

POU5F1  • • •    

POLR2A  • • •    

TRIM28  • • •    

FOXP3  • • •    

HTT  • • •    
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Table 3.3 (continued). 

RNF2  • • •    

HDAC2  • • •    

RAD21  • • •    

RXRA  • • •    

 

Table 3.4 Liquid Chromatography Lipidomics Elution Gradient. 

Time (min) % Mobile Phase A* % Mobile Phase B** Flow Rate (mL/ min) 

0 60 40 0.25 

2 50 50 0.25 

3 40 60 0.25 

12 30 70 0.25 

15 25 75 0.25 

17 22 28 0.25 

19 15 85 0.25 

22 8 92 0.25 

25 1 99 0.25 

34 1 99 0.25 

Column Wash 

34.5 60 40 0.30 

35 1 99 0.30 

35.5 1 99 0.30 

36 60 40 0.35 

37 60 40 0.30 

38 60 40 0.25 

*Mobile phase A = 10 mM ammonium acetate in acetonitrile: water (40: 60) 

**Mobile phase B = 10 mM ammonium acetate in acetonitrile: isopropyl alcohol (10: 90) 
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Table 3.5 List of all shared male G0 Biological Processes 

Exposure 

group 

OPFR BFR FM 550 

Upregulated Downregulated Upregulated Downregulated Upregulated Downregulated 

Number of 

Processes 

Identified 

180 55 163 42 157 24 

List of 92 

upregulated 

shared 

processes 

mRNA processing (GO:0006397), RNA splicing, via transesterification reactions with bulged 

adenosine as nucleophile (GO:0000377), mRNA splicing, via spliceosome (GO:0000398), 

mitochondrial ATP synthesis coupled electron transport (GO:0042775), respiratory electron 

transport chain (GO:0022904), mitochondrial electron transport, NADH to ubiquinone 

(GO:0006120), mitochondrial respiratory chain complex assembly (GO:0033108), NADH 

dehydrogenase complex assembly (GO:0010257), mitochondrial respiratory chain complex I 

biogenesis (GO:0097031), mitochondrial respiratory chain complex I assembly (GO:0032981), 

translational termination (GO:0006415), RNA processing (GO:0006396), regulation of mRNA 

stability (GO:0043488), regulation of cellular amine metabolic process (GO:0033238), regulation 

of cellular amino acid metabolic process (GO:0006521), ubiquitin-dependent protein catabolic 

process (GO:0006511), RNA metabolic process (GO:0016070) 

SCF-dependent proteasomal ubiquitin-dependent protein catabolic process (GO:0031146), protein 

polyubiquitination (GO:0000209), regulation of cellular ketone metabolic process (GO:0010565), 

proteasome-mediated ubiquitin-dependent protein catabolic process (GO:0043161), positive 

regulation of ubiquitin-protein ligase activity involved in regulation of mitotic cell cycle transition 

(GO:0051437), proteasomal protein catabolic process (GO:0010498), protein ubiquitination 

(GO:0016567), ribonucleoprotein complex assembly (GO:0022618), positive regulation of protein 

ubiquitination involved in ubiquitin-dependent protein catabolic process (GO:2000060), positive 

regulation of ubiquitin protein ligase activity (GO:1904668), negative regulation of G2/M 

transition of mitotic cell cycle (GO:0010972), negative regulation of cell cycle G2/M phase 

transition (GO:1902750), negative regulation of ubiquitin-protein ligase activity involved in mitotic 

cell cycle (GO:0051436), regulation of transcription from RNA polymerase II promoter in response 

to hypoxia (GO:0061418), regulation of transcription from RNA polymerase II promoter in 

response to stress (GO:0043618), cellular response to hypoxia (GO:0071456), regulation of 

ubiquitin-protein ligase activity involved in mitotic cell cycle (GO:0051439), anaphase-promoting 

complex-dependent catabolic process (GO:0031145), NIK/NF-kappaB signaling (GO:0038061), 

antigen processing and presentation of exogenous peptide antigen via MHC class I, TAP-dependent 

(GO:0002479), negative regulation of ubiquitin protein ligase activity (GO:1904667), antigen 

processing and presentation of exogenous peptide antigen via MHC class I (GO:0042590), negative 

regulation of mitotic cell cycle phase transition (GO:1901991), proteasomal ubiquitin-independent 

protein catabolic process (GO:0010499), interleukin-1-mediated signaling pathway (GO:0070498), 

termination of RNA polymerase II transcription (GO:0006369), DNA-templated transcription, 

termination (GO:0006353), regulation of hematopoietic stem cell differentiation (GO:1902036), 

transcription from RNA polymerase II promoter (GO:0006366), regulation of hematopoietic 

progenitor cell differentiation (GO:1901532), gene expression (GO:0010467), transcription 

elongation from RNA polymerase II promoter (GO:0006368), regulation of establishment of 

protein localization to telomere (GO:0070203), regulation of stem cell differentiation 

(GO:2000736), Wnt signaling pathway, planar cell polarity pathway (GO:0060071), regulation of 

translation (GO:0006417), regulation of establishment of planar polarity (GO:0090175), 

nucleocytoplasmic transport (GO:0006913), nuclear-transcribed mRNA catabolic process, 

exonucleolytic (GO:0000291), regulation of translational initiation (GO:0006446), protein 

modification by small protein conjugation (GO:0032446), positive regulation of protein 

localization to chromosome, telomeric region (GO:1904816), transcription, DNA-templated 

(GO:0006351), nuclear-transcribed mRNA catabolic process, deadenylation-dependent decay 

(GO:0000288), positive regulation of protein localization to Cajal body (GO:1904871), regulation 

of protein localization to Cajal body (GO:1904869), exonucleolytic nuclear-transcribed mRNA 

catabolic process involved in deadenylation-dependent decay (GO:0043928), DNA-templated 

transcription, elongation (GO:0006354), positive regulation of establishment of protein localization 

to telomere (GO:1904851), protein deubiquitination (GO:0016579), stimulatory C-type lectin  
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Table 3.5 (continued). 

 receptor signaling pathway (GO:0002223), positive regulation of canonical Wnt signaling pathway 

(GO:0090263), protein modification by small protein removal (GO:0070646), innate immune 

response activating cell surface receptor signaling pathway (GO:0002220), non-canonical Wnt 

signaling pathway (GO:0035567), RNA 3'-end processing (GO:0031123), positive regulation of 

Wnt signaling pathway (GO:0030177), RNA transport (GO:0050658), nucleic acid metabolic 

process (GO:0090304), nucleotide-excision repair (GO:0006289), regulation of G2/M transition of 

mitotic cell cycle (GO:0010389), post-translational protein modification (GO:0043687), COPII-

coated vesicle budding (GO:0090114), protein stabilization (GO:0050821), cellular protein 

complex assembly (GO:0043623), vesicle coating (GO:0006901), COPII vesicle coating 

(GO:0048208), vesicle targeting, rough ER to cis-Golgi (GO:0048207), spliceosomal complex 

assembly (GO:0000245), regulation of mitotic cell cycle, phase transition (GO:1901990), 

interleukin-12-mediated signaling pathway (GO:0035722), RNA secondary structure unwinding 

(GO:0010501) 

cellular response to interleukin-12 (GO:0071349), DNA metabolic process (GO:0006259), RNA-

dependent DNA biosynthetic process (GO:0006278) 

List of 18 

downregulated 

shared 

processes 

regulation of cation channel activity (GO:2001257), axonogenesis (GO:0007409), positive 

regulation of synaptic transmission (GO:0050806), regulation of glutamate receptor signaling 

pathway (GO:1900449), nervous system development (GO:0007399), regulation of AMPA 

receptor activity (GO:2000311), regulation of dendrite morphogenesis (GO:0048814), regulation 

of neurotransmitter receptor activity (GO:0099601), positive regulation of excitatory postsynaptic 

potential (GO:2000463), axon development (GO:0061564), neuron projection morphogenesis 

(GO:0048812), positive regulation of synaptic transmission, glutamatergic (GO:0051968), 

regulation of dendritic spine development (GO:0060998), neurotransmitter receptor internalization 

(GO:0099590), positive regulation of lamellipodium organization (GO:1902745), cell 

morphogenesis involved in neuron differentiation (GO:0048667), postsynaptic density assembly 

(GO:0097107), neurotransmitter receptor transport, postsynaptic endosome to lysosome 

(GO:0098943) 
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Table 3.6 List of Unique Male Biological Processes for Each Exposure Group 

Upregulated 

OPFR (39) ribosome biogenesis (GO:0042254) 

establishment of protein localization to mitochondrial membrane (GO:0090151) 

mRNA export from nucleus (GO:0006406) 

snRNA transcription (GO:0009301) 

snRNA transcription from RNA polymerase II promoter (GO:0042795) 

protein catabolic process (GO:0030163) 

positive regulation of viral transcription (GO:0050434) 

proteolysis involved in cellular protein catabolic process (GO:0051603) 

T cell receptor signaling pathway (GO:0050852) 

negative regulation of translation (GO:0017148) 

spliceosomal snRNP assembly (GO:0000387) 

exonucleolytic trimming to generate mature 3'-end of 5.8S rRNA from tricistronic rRNA 

transcript (SSU-rRNA, 5.8S rRNA, LSU-rRNA) (GO:0000467) 

exonucleolytic trimming involved in rRNA processing (GO:0000459) 

regulation of DNA endoreduplication (GO:0032875) 

nuclear export (GO:0051168) 

DNA-templated transcription, initiation (GO:0006352) 

RNA splicing, via transesterification reactions (GO:0000375) 

transcription initiation from RNA polymerase II promoter (GO:0006367) 

mitochondrial RNA metabolic process (GO:0000959) 

mRNA polyadenylation (GO:0006378) 

negative regulation of Wnt signaling pathway (GO:0030178) 

RNA polyadenylation (GO:0043631) 

positive regulation of ribosome biogenesis (GO:0090070) 

positive regulation of rRNA processing (GO:2000234) 

negative regulation of DNA-dependent DNA replication (GO:2000104) 

coenzyme biosynthetic process (GO:0009108) 

transcription-coupled nucleotide-excision repair (GO:0006283) 

rRNA modification (GO:0000154) 

maturation of SSU-rRNA (GO:0030490) 

regulation of gene expression, epigenetic (GO:0040029) 

negative regulation of cellular amide metabolic process (GO:0034249) 

IRES-dependent viral translational initiation (GO:0075522) 

protein destabilization (GO:0031648) 

regulation of gene silencing by miRNA (GO:0060964) 

regulation of viral transcription (GO:0046782) 

N-terminal protein amino acid modification (GO:0031365) 

maturation of 5.8S rRNA (GO:0000460) 

chaperone-mediated protein complex assembly (GO:0051131) 

global genome nucleotide-excision repair (GO:0070911) 

BFR (38) regulation of telomere maintenance via telomerase (GO:0032210) 

cellular protein modification process (GO:0006464) 

establishment of integrated proviral latency (GO:0075713) 

'de novo' posttranslational protein folding (GO:0051084) 

DNA replication-independent nucleosome assembly (GO:0006336) 

establishment of viral latency (GO:0019043) 

regulation of helicase activity (GO:0051095) 

regulation of mRNA splicing, via spliceosome (GO:0048024) 

negative regulation of DNA replication (GO:0008156) 

positive regulation of type I interferon production (GO:0032481) 

chaperone mediated protein folding requiring cofactor (GO:0051085) 

transcription initiation from RNA polymerase I promoter (GO:0006361) 

transcription from RNA polymerase I promoter (GO:0006360) 
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Table 3.6 (continued). 

 negative regulation of apoptotic process (GO:0043066) 

histone exchange (GO:0043486) 

cellular response to ionizing radiation (GO:0071479) 

protein methylation (GO:0006479) 

positive regulation of interferon-alpha production (GO:0032727) 

retrograde vesicle-mediated transport, Golgi to ER (GO:0006890) 

cellular response to heat (GO:0034605) 

N-terminal peptidyl-methionine acetylation (GO:0017196) 

regulation of interferon-alpha secretion (GO:1902739) 

mRNA 5'-splice site recognition (GO:0000395) 

positive regulation of helicase activity (GO:0051096) 

positive regulation of interferon-alpha secretion (GO:1902741) 

monoubiquitinated protein deubiquitination (GO:0035520) 

cytoplasmic translational initiation (GO:0002183) 

ribosomal subunit export from nucleus (GO:0000054) 

transcription elongation from RNA polymerase I promoter (GO:0006362) 

telomere maintenance via telomerase (GO:0007004) 

intracellular protein transport (GO:0006886) 

positive regulation of transcription from RNA polymerase II promoter in response to stress 

(GO:0036003) 

macromolecular complex assembly (GO:0065003) 

positive regulation of response to DNA damage stimulus (GO:2001022) 

DNA-templated transcriptional preinitiation complex assembly (GO:0070897) 

mRNA modification (GO:0016556) 

protein targeting to membrane (GO:0006612) 

regulation of DNA replication (GO:0006275) 

FM 550 (25) nuclear pore complex assembly (GO:0051292) 

glycolipid biosynthetic process (GO:0009247) 

protein ubiquitination involved in ubiquitin-dependent protein catabolic process 

(GO:0042787) 

positive regulation of protein insertion into mitochondrial membrane involved in apoptotic 

signaling pathway (GO:1900740) 

regulation of protein insertion into mitochondrial membrane involved in apoptotic signaling 

pathway (GO:1900739) 

protein K48-linked ubiquitination (GO:0070936) 

RNA interference (GO:0016246) 

protein localization to microtubule (GO:0035372) 

protein localization to microtubule cytoskeleton (GO:0072698) 

negative regulation of establishment of protein localization (GO:1904950) 

regulation of protein localization (GO:0032880) 

GPI anchor metabolic process (GO:0006505) 

regulation of cyclin-dependent protein serine/threonine kinase activity (GO:0000079) 

ER to Golgi vesicle-mediated transport (GO:0006888) 

pore complex assembly (GO:0046931) 

nuclear pore organization (GO:0006999) 

pyrimidine-containing compound metabolic process (GO:0072527) 

establishment of protein localization to endoplasmic reticulum (GO:0072599) 

protein-DNA complex assembly (GO:0065004) 

regulation of protein ubiquitination (GO:0031396) 

nucleotide-excision repair, preincision complex assembly (GO:0006294) 

regulation of DNA repair (GO:0006282) 

positive regulation of mitochondrial outer membrane permeabilization involved in apoptotic 

signaling pathway (GO:1901030) 

regulation of proteolysis involved in cellular protein catabolic process (GO:1903050) 
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Table 3.6 (continued). 

 chromosome organization (GO:0051276) 

Downregulated 

OPFR (25) regulation of calcium ion-dependent exocytosis (GO:0017158) 

regulation of short-term neuronal synaptic plasticity (GO:0048172) 

negative regulation of potassium ion transport (GO:0043267) 

long-term synaptic potentiation (GO:0060291) 

chemical synaptic transmission (GO:0007268) 

regulation of synaptic vesicle exocytosis (GO:2000300) 

muscle contraction (GO:0006936) 

regulation of chaperone-mediated autophagy (GO:1904714) 

regulation of dendritic spine morphogenesis (GO:0061001) 

positive regulation of axonogenesis (GO:0050772) 

potassium ion transport (GO:0006813) 

positive regulation of neuron projection development (GO:0010976) 

regulation of axonogenesis (GO:0050770) 

actin filament organization (GO:0007015) 

regulation of calcium ion transmembrane transporter activity (GO:1901019) 

cardiac muscle cell action potential involved in contraction (GO:0086002) 

semaphorin-plexin signaling pathway (GO:0071526) 

neuron projection development (GO:0031175) 

regulation of insulin secretion (GO:0050796) 

negative regulation of receptor internalization (GO:0002091) 

positive regulation of glutamate receptor signaling pathway (GO:1900451) 

dendrite morphogenesis (GO:0048813) 

regulation of nervous system development (GO:0051960) 

monovalent inorganic cation transport (GO:0015672) 

semaphorin-plexin signaling pathway involved in neuron projection guidance (GO:1902285) 

BFR (11) negative regulation of protein import into nucleus (GO:0042308) 

brain development (GO:0007420) 

negative regulation of transcription, DNA-templated (GO:0045892) 

positive regulation of nervous system development (GO:0051962) 

dendritic spine morphogenesis (GO:0060997) 

Notch signaling pathway (GO:0007219) 

regulation of transcription from RNA polymerase II promoter (GO:0006357) 

endosome to lysosome transport (GO:0008333) 

oxoacid metabolic process (GO:0043436) 

chondroitin sulfate proteoglycan biosynthetic process (GO:0050650) 

positive regulation of lamellipodium assembly (GO:0010592) 

 

FM 550 (1) protein localization to synapse (GO:0035418) 
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Table 3.7 List of Male KEGG Pathways Enriched in Each Exposure Group 

 
Flame Retardant 

Upregulated Downregulated 
OPFR BFR FM550 

1 

•   Ribosome biogenesis in eukaryotes 

Circadian rhythm 

Adrenergic signaling in 

cardiomyocytes 

Rap1 signaling pathway 

Mannose type O-glycan 

biosynthesis 

Phospholipase D signaling 

pathway 

Synaptic vesicle cycle 

Cholinergic synapse 

Glutamatergic synapse 

Long-term depression 

 •  Mitophagy Cocaine addiction 

  • 

Nucleotide excision repair 

Pyrimidine metabolism 

Salmonella infection 

Shigellosis 

-------- 

2 

•  • 
Retrograde endocannabinoid signaling 

Cardiac muscle contraction 
------ 

• •  -------- Axon guidance 

 • • -------- 
Notch signaling 

pathway 

3 • • • 

Parkinson disease; Huntington disease; 

Oxidative phosphorylation; Prion disease; 

Amyotrophic lateral sclerosis; Alzheimer 

disease; Thermogenesis; Diabetic 

cardiomyopathy; Non-alcoholic fatty liver 

disease; Pathways of neurodegeneration; 

Spliceosome 

RNA transport; Proteasome; 

Spinocerebellar ataxia; RNA degradation; 

Protein export; Protein processing in 

endoplasmic reticulum; Basal transcription 

factors; RNA polymerase; mRNA 

surveillance pathway; Ubiquitin mediated 

proteolysis; Cell cycle 

Endocytosis 
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Table 3.8 Predicted Hub Transcription Factor Protein-Protein Interactions (PPI) in Males 

 

  

 

OPFR BFR FM550 Shared 

Upregulated 

ILF3, ESR1, POLR2A, TARDBP, BRCA1, 

MYC, NANOG, RAD21, CHD1, ILF2, RNF2, 

CTCF, SMC3, FOXP3, ELF1, HTT, TBP, 

TAF1, TRIM28, HDAC2, BRF2, TP63, 

POU5F1, TP53, NR3C1, SUZ12, UPF1, 

HSF1, VDR, TAF7, PML, ESRRA, AHR, 

IKZF1, POLE, ETS1, ESRRB, IRF1, IRF3, 

REST, HCFC1, SP3 

ESR1, ILF3, 

POU5F1, MYC 

ILF2, TRIM28, 

UPF1, NANOG, 

CTNNB1, BRCA1, 

TARDBP, TBP, 

RAD21, ATF2, 

FOXP3, NFKB1 

CTCF, HTT, SIRT3, 

POLR2A, KDM5A, 

PML, HSF1, UBTF, 

ERG, TP53, TAF1, 

EED, AIRE, RNF2, 

TP63 

ESR1, ILF3, UPF1, TARDBP, 

BRCA1, CTNNB1, TRIM28, 

MYC, TBP, RAD21, ATF2, 

ILF2, HDAC2, PML, POU5F1, 

TP53, CTCF, POLR2A, HSF1, 

SMC3, NANOG, HTT, FOS, 

SMAD2 

ESR1, HTT, POU5F1, 

ILF3, ILF2, POLR2A, 

TARDBP, BRCA1, 

MYC, NANOG, 

RAD21, CTCF, TBP, 

TRIM28, TP53, UPF1, 

HSF1, PML 

Downregulated  RXRA, EP300, 

STAT5A 
RXRA RXRA 
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Table 3.9 Raw Gene Counts from the NanoString mRNA Expression Validation 

Gene 
Male Female 

CTRL OPFR BFR FM550 CTRL OPFR BFR FM550 

Upregulated 

Ndufa3 15294 12788 14617 15206 13995 13289 14763 14779 

Ndufa2 752 637 721 766 717 702 762 767 

Ndufa13 2371 2174 2148 2370 2258 2207 2348 2277 

Ndufa12 12568 11882 12033 12871 12278 12178 12675 12558 

Atp5me 24324 20758 23835 24686 22697 21022 24209 23988 

SUMO1 14963 14663 14310 15064 14955 14935 15065 15214 

TRAM1 3100 3116 3180 3341 3021 3257 3584 3132 

Cox6c 13364 12260 12727 13555 13525 12480 13707 13440 

SOD2* 1064 926 971 1054 1020 914 1072 1058 

Cys 17851 15238 17517 17651 17355 15247 17901 17411 

COX7B 18687 17133 18165 19084 18189 17658 18832 18574 

NDUFB9 15188 14571 13932 15137 14884 14564 14710 14952 

MRPL52 12707 12269 12030 12705 12338 12961 12738 12652 

KRAS 5187 4813 4891 5422 5214 4677 5532 5402 

CDC27 4266 4006 3958 4285 4119 3938 4340 4334 

GNG5 149 156 150 159 163 161 160 160 

VAMP3 2071 2201 2044 2193 2087 2249 2215 2105 

GNA13 1465 1521 1435 1539 1461 1517 1592 1536 

CLOCK 733 695 757 747 731 710 802 739 

Downregulated 

GRIN1 2053 1814 1890 2048 2023 1783 1983 2080 

GNG3 23266 19626 21799 23521 22341 19994 22561 22859 

GNAI2 14186 13789 13267 14327 13796 13720 14241 14209 

SHANK3 1820 1636 1653 1734 1793 1580 1797 1777 

SHANK1 6093 5486 5700 6391 6202 5446 6283 6264 

CACNG8 715 606 701 721 704 597 714 719 

SRC 3366 3227 3300 3431 3356 3242 3477 3437 

STX1B 10448 9497 9470 10457 10157 9290 10322 10511 

CAMK2

A 
5893 4806 5183 5544 5309 4646 5306 5512 

OXTR 84 65 79 81 74 70 75 85 

Predicted Protein-Protein Interactions 

ILF3 4150 4239 3852 4131 4136 4225 4076 4150 

TARDBP 12393 11733 11571 12084 12780 11515 13325 12838 

ILF2 14505 13575 13557 14053 14032 13537 14247 14172 

BRCA1 171 165 178 179 169 188 198 178 
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Table 3.9 (continued). 

ESR1 122 102 117 123 130 104 134 124 

MYC 4253 4249 4092 4800 4606 4101 4647 4611 

CTCF 4694 4747 4575 4825 4709 4629 4942 4956 

POU5F1 18 16 17 19 18 20 20 16 

POLR2A 2715 2981 2382 2768 2729 2898 2787 2790 

TRIM28 3128 3169 2958 3178 3223 3044 3147 3241 

FOXP3 39 38 39 39 45 41 38 40 

HTT 898 875 816 897 886 835 940 915 

RNF2 8112 8138 7820 8295 8248 8108 8562 8368 

HDAC2 4295 3849 3981 4177 4277 3807 4329 4306 

RAD21 8006 8127 7524 8088 7972 8102 8196 8202 

RXRA 398 425 384 414 410 474 444 421 

Negative Controls 

NEG_A 85 92 85 88 85 87 82 88 

NEG_B 34 30 28 30 34 33 34 30 

NEG_C 10 12 9 11 11 11 11 10 

NEG_D 13 12 13 13 13 14 14 14 

NEG_E 20 26 26 24 23 25 24 26 

NEG_F 48 47 39 44 52 40 47 53 

NEG_G 6 6 6 6 5 7 8 6 

NEG_H 9 10 9 13 8 10 11 9 

Positive Controls 

POS_A 87449 87187 80893 89160 87686 86962 84898 87747 

POS_B 23836 24182 22466 24689 24168 24537 23596 24204 

POS_C 6103 6147 5741 6208 6084 6126 5919 6114 

POS_D 1690 1675 1585 1722 1679 1705 1646 1662 

POS_E 300 294 282 306 308 306 286 293 

POS_F 143 144 138 144 142 146 150 145 

Housekeeping Genes 

Ccdc127 1662 1634 1593 1705 1657 1599 1801 1729 

Cnot10 1704 1611 1684 1625 1670 1621 1678 1747 

 
 



   

89 

 

Table 3.9 (continued). 

Gusb 841 854 876 883 799 942 1124 836 

Lars 3957 3748 3781 4029 3956 3732 4179 4148 

Supt7l 1454 1497 1403 1454 1447 1493 1480 1492 

Tada2b 1165 1165 1130 1223 1190 1158 1248 1194 

Tbp 1037 982 1048 1074 1041 1028 1113 1069 

 

Table 3.10 Statistically Significant Lipids in the Control Versus Exposure Groups 

Exposure vs. Control Upregulated Downregulated Total 

BFR 20 9 29 

OPFR 18 20 38 

FM 550 29 47 76 

 

Table 3.11 Sex-Specific Statistically Significant Lipids in the Control Versus Exposure Groups 

Exposure vs. Control Upregulated Downregulated Total 

BFR 
Female 9 3 12 

Male 4 8 12 

OPFR 
Female 15 6 21 

Male 2 18 20 

FM 550 
Female 18 25 43 

Male 16 35 51 
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Table 3.12 Mitochondrial Pathway Gene Expression Across Exposure Groups 

Term OPFR BFR FM550 Genes in OPFR not co expressed in 

BFR 

mitochondrial ATP synthesis 

coupled electron transport 

(GO:0042775) 

38/85* 

 

21/85* 

(95%) 

 

32/85* 

(95%) 

 

NDUFB9; COX7B; NDUFA13; 

NDUFB10; NDUFB5; NDUFB3; 

UQCR10; COX5B; COX8A; 

NDUFA8; NDUFA6; UQCC3; 

NDUFA5; NDUFA4; NDUFC2; 

COQ7; NDUFS3; CYCS 

mitochondrial electron 

transport, NADH to 

ubiquinone (GO:0006120) 

22/46* 

 

11/46* 

(100%) 

 

19/46* 

(95%) 

NDUFB9, NDUFA8, NDUFA13; 

NDUFA6,; NDUFB10, NDUFA5; 

NDUFB5, NDUFA4, NDUFB3; 

NDUFC2, NDUFS3 

mitochondrial respiratory 

chain complex assembly 

(GO:0033108)  

30/97* 16/97* 

(75%) 

30/97* 

(80%) 

 

NDUFB9; NDUFA13; NDUFB10; 

COX16;; NDUFB5; NDUFB3; 

UQCR10; COX14; NDUFA8; 

NDUFA6; UQCC3; NDUFA5; 

NDUFC2; TIMM21; NDUFS3 

mitochondrial respiratory 

chain complex I biogenesis 

(GO:0097031)  

23/64* 13/64* 

(95%) 

 

22/64* 

(90%) 

 

NDUFB9; NDUFA8; NDUFA13; 

NDUFA6; NDUFB10; NDUFA5; 

NDUFB5; NDUFB3; NDUFC2; 

TIMM21; NDUFS3 

mitochondrial respiratory 

chain complex I assembly 

(GO:0032981)  

23/64* 13/64* 

(95%) 

22/64* 

(90%) 

NDUFB9; NDUFA8; NDUFA13; 

NDUFA6; NDUFB10; NDUFA5; 

NDUFB5; NDUFB3; NDUFC2; 

TIMM21; NDUFS3 

mitochondrial translational 

elongation (GO:0070125) 

26/87* 

 

10/87 

(100%) 

20/87* 

 

MRPS35; MRPS14; MRPS36; 

MRPL18; MRPL19; MRPL39; 

MRPL15; MRPL35; MRPL41; 

MRPL40; MRPS28; MRPL27; 

MRPS21; MRPL21; MRPL22; 

MRPL52 

mitochondrial translational 

termination (GO:0070126) 

26/89* 

 

10/89 

(100%) 

 

20/89* 

 

MRPS35; MRPS14; MRPS36; 

MRPL18; MRPL19; MRPL39; 

MRPL15; MRPL35; MRPL41; 

MRPL40; MRPS28; MRPL27; 

MRPS21; MRPL21; MRPL22; 

MRPL52 

mitochondrial translation 

(GO:0032543) 

28/107* 

 

12/107 

(95%) 

 

22/107* 

(90%) 

 

MRPS35; MRPS14; MRPS36; 

MRPL18; MRPL19; MRPL39; 

MRPL15; MRPL35; MRPL41; 

MRPL40; MRPS28; MTERF3; 

MRPL27; MRPS21; MRPL21; 

MRPL22; MRPL52 

mitochondrial electron 

transport, cytochrome c to 

oxygen (GO:0006123) 

10/21* 5/21 

(100%) 

10/21* 

(100%) 

 

COX8A; COX7B; NDUFA4; CYCS; 

COX5B 

mitochondrial transport 

(GO:0006839) 

22/135* 

 

13/135 

(85%) 

 

20/135* 

(90%) 

 

HSP90AA1; TIMM23; TIMM21; 

TIMM10; COX5B; TOMM20; 

SLC25A26; SLC25A30; MFN2; 

SLC25A14; TOMM5 

establishment of protein 

localization to mitochondrial 

membrane (GO:0090151) 

6/12* 

 

2/12 

(100%) 

 

4/12 

(100%) 

HSP90AA1; NDUFA13; TIMM29; 

TIMM10 
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Table 3.12 (continued). 

mitochondrial electron 

transport, ubiquinol to 

cytochrome c (GO:0006122) 

6/14* 

 

4/14 

(75%) 

 

5/14* 

(100%) 

UQCC3; CYCS; UQCR10 

mitochondrion organization 

(GO:0007005) 

23/167* 

 

16/167 

(80%) 

 

21/167* 

(95%) 

 

TIMM23; TIMM10; TOMM20; 

PIKFYVE; POLG2; TFAM; CYCS; 

MFN2; TOMM5; ATPAF1 

outer mitochondrial 

membrane organization 

(GO:0007008) 

4/7* 

 

2/7 

(100%) 

4/7* 

(100%) 

HSP90AA1; TOMM20 

 

establishment of protein 

localization to mitochondrion 

(GO:0072655) 

10/49* 

 

5/49 

(95%) 

10/49* TIMM23; MFN2; TIMM21; 

TIMM10; TOMM20; TOMM5 

protein import into 

mitochondrial matrix 

(GO:0030150) 

6/19* 

 

3/19 

(100%) 

6/19* 

(100%) 

TIMM23; TIMM21; TOMM20 

mitochondrial RNA 

metabolic process 

(GO:0000959) 

6/20* 

 

4/20 

(100%) 

 

3/20 

(100%) 

 

MTERF3 

TFAM 

protein targeting to 

mitochondrion 

(GO:0006626) 

14/54* 7/54 

(71%) 

 

12/54* 

(92%) 

NDUFA13; HSP90AA1; TIMM29; 

TIMM23; TIMM21; TIMM10; 

TOMM20; MFN2; TOMM5 

positive regulation of protein 

insertion into mitochondrial 

membrane involved in 

apoptotic signaling pathway 

(GO:1900740) 

4/30 

 

3/30 

(33%) 

 

8/30* 

(50%) 

 

MAPK8; BCL2L11; DYNLL2 

regulation of protein insertion 

into mitochondrial membrane 

involved in apoptotic 

signaling pathway 

(GO:1900739) 

4/30 

 

3/30 

(33%) 

 

8/30* 

(50%) 

 

MAPK8; BCL2L11; DYNLL2 

*p-adjusted ≤0.05 

() Percent related to OPFR 
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