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ABSTRACT 

EFFECTS OF ENVIRONMENTAL POLLUTANTS ON LIVER DISEASE: ROLE 

OF THE GUT-LIVER AXIS 

Ngozi Victoria Adiele 

May 30, 2023 

Polychlorinated biphenyls (PCBs) and polystyrene (PS) microplastics are 

environmental pollutants associated with various diseases including toxicant 

associated fatty liver disease (TAFLD). Previously, exposure to Aroclor 1260 (a 

PCB mixture) has been shown to exacerbate TAFLD, partly through Aroclor 1260 

induced gut dysbiosis. Studies has also demonstrated that PS exposure alters 

gut microbiome composition and induced obesity. However, the effects of Aroclor 

1260 on the gut and the effects of PS on the liver are still understudied. 

Therefore, we hypothesize that environmental pollutants will disrupt the gut-liver 

axis through changes in gut and its microbiome as well as changes in liver 

functions. Our findings indicated that chronic Aroclor 1260 exposure could 

increase microbial activity and compromise gut barrier functions. While our 

findings on PS indicated a size-dependent effect on hepatic metabolic gene 

expression as well as the enrichment of hepatic receptor such as FXR and LXR 

receptors, involved in the regulation of metabolic pathways within the gut-liver 

axis. In conclusion, our findings showed minor changes in the gut and the liver by 
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both Aroclor 1260 and PS, respectively. However, further studies are needed to 

understand the effects of these compounds on the gut-liver axis. 
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CHAPTER I: INTRODUCTION 

Toxicant associated fatty liver disease (TAFLD) and toxicant associated 

steatohepatitis (TASH) 

Despite significant advancements in technology and economic growth 

since the industrial revolution/era, there have been negative impacts on the 

ecosystem. For example: harm to wildlife, reduction in biodiversity, and harmful 

effects on human health due to the introduction of various chemicals. Without a 

thorough understanding/knowledge of their detrimental effects, the production 

and use of chemicals for industrial activities such as manufacturing, mining, 

metal working and agriculture resulted in the release of various pollutants into the 

air, water, and soil. For example, the incidence of vinyl chloride exposure in 

Rubbertown, Louisville, KY has been linked to various kinds of cancers including 

hepatic angiosarcoma, a rare form of liver cancer [1, 2]. This among other 

incidences, have provided evidence of the harmful chemical effects on human 

health. Over time, adverse health effects from these chemical exposures became 

more apparent, and regulations have been put in place to limit their use and 

release into the environment. However, many of these chemicals remain 

persistent in the environment and have been referred to as "forever chemicals" 

because they do not break down easily and can remain in the environment for 

decades [3]. 
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One of the organs largely affected by environmental pollutants is the liver. 

The liver is the largest internal organ in the body, responsible for the 

detoxification of xenobiotics and the metabolism of macromolecules 

(carbohydrates, lipids, nucleic acids, and proteins) to produce energy. Both 

energy production and xenobiotic metabolism in the liver are mainly regulated by 

the activation of hepatic receptors such as aryl hydrocarbon receptor (AhR), 

constitutive androstane receptor (CAR), estrogen receptor (ER), glucocorticoid 

receptor (GR), farnesoid X receptor (FXR), liver X receptor (LXR), peroxisome 

proliferator-activated receptor (PPAR), pregnane X receptor (PXR), and retinoic 

acid receptor (RXR). The activation of these receptors by environmental 

pollutants have been shown to play a role in a myriad of health outcomes such 

as cardiovascular disease, cancer, and metabolic syndrome manifestation [4, 5]. 

According to Cobbina & Akhlaghi (2017), metabolic syndrome is defined 

by the presence of at least three of the following health conditions occurring 

together: abdominal obesity, increased triglycerides levels, reduced high-density 

lipoprotein (HDL) cholesterol, increased blood pressure, and hyperglycemia 

increases the risk for: type 2 diabetes, cardiovascular diseases, liver diseases, 

inflammation and immune disorders in the body [6]. In the liver, the manifestation 

of the metabolic syndrome is characterized by the development of fatty liver 

disease [7]. 

 Fatty liver disease is a pathological spectrum of diseases ranging from 

simple steatosis (accumulation of lipids in hepatocytes) to steatohepatitis 

(development of inflammation with steatosis). Steatohepatitis can eventually lead 
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to fibrosis with or without progression to cirrhosis, and possibly to hepatocellular 

carcinoma (HCC) [5]. Over the years, the term fatty liver disease was largely 

associated with alcohol consumption, also known as Alcohol-associated liver 

disease and steatohepatitis (ALD/ASH). The term “nonalcoholic fatty liver 

disease and nonalcoholic steatohepatitis (NAFLD/NASH)” describes the 

occurrence of fatty liver disease in non-alcohol drinkers who were mildly obese, 

differentiating the occurrence of fatty liver due to alcohol consumption and other 

factors such as a high caloric diet [8]. This term was further adjusted to 

encompass other etiologies of fatty liver disease such as toxicant associated fatty 

liver disease/ toxicant associated steatohepatitis (TAFLD/TASH) and 

chemotherapy associated steatohepatitis (CASH) [5].  

 The term TAFLD/TASH was initially coined by our research group to 

describe the presence of non-alcoholic steatohepatitis (NASH) which was 

characterized by insulin resistance, decreased antioxidants, and increased pro-

inflammatory cytokines in non-alcohol drinkers who did not present obesity [1, 9]. 

Eventually, it was used to describe fatty liver disease development from 

exposure to both industrial/ occupational and/or environmental toxicants [9, 10]. 

Some of these toxicants include organochlorine pesticides, vinyl chloride, carbon 

tetrachloride, polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-

dioxins (dioxins), particulate matter, metals, volatile organic chemicals (VOCs), 

pesticides and others [11]. Most of these chemicals are now further identified as 

endocrine disrupting chemicals, metabolism disrupting chemical and/or signaling 
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disrupting chemicals due to their ability to disrupt essential physiological 

processes in the body [12]. 

Mechanisms contributing to TAFLD/TASH 

Environmental pollutants are often categorized by the systematic effects 

they produce. For example, endocrine disrupting chemicals affect the endocrine 

system, while metabolism disrupting chemicals impact metabolism of 

endogenous and xenobiotic molecules, and signaling disrupting chemicals 

interfere with the signaling pathways of receptors in the body such as epidermal 

growth factor receptor (EGFR) signaling. Furthermore, disruption of normal 

physiological processes in other functionally linked organs such as the gut can 

contribute to hepatotoxicity effects [12]. For the purposes of this thesis, we will 

focus on metabolic disrupting chemicals (MDCs), also known as metabolic 

disruptors, their effects on the liver and how the effects of environmental 

pollutants on gut and its microbiota contribute to hepatotoxicity. 

 MDCs are chemicals that increase the susceptibility of animals including 

humans to diabetes, obesity and other metabolic disorders [13]. The liver is the 

main organ responsible for the metabolism of endogenous and xenobiotic 

molecules. However, an interesting theory, which has emerged in recent years is 

the role of the gut and its microbiome in hepatotoxicity [12, 14]. Recent studies 

have shown that the alteration of the gut and its microbiome contributes both 

directly and indirectly to hepatoxicity through the activation of nuclear receptors 

[5, 15-17]. Alterations to the gut and its microbiome can lead to the leaking of 

intestinal content including harmful bacteria into systemic circulation and the liver 
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resulting in increased hepatic susceptibly to inflammation and metabolic 

disruption [17]. In addition to xenobiotic metabolism, activation of xenobiotic 

nuclear receptors PXR and CAR can also regulate energy metabolism, gut 

microbiome function and bile acid homeostasis [5, 15]. Activation of these 

receptors have been demonstrated to contributed to the modulation of steatosis, 

obesity, insulin resistance and inflammation [15]. Recent studies by Wahlang et 

al. demonstrated that the activation of PXR and CAR by Aroclor 1260 in the gut 

contributed to the exacerbation of hepatic steatosis in diet-induced obese mice 

[15]. 

An indirect pathway by which the gut and its microbiota can contribute to 

metabolic disruption in the body, specifically in the liver, is through enterohepatic 

circulation which facilitates the gut-liver interaction [18]. The alteration of gut 

microbiome can influence the composition of secondary bile acids reabsorbed 

into the liver and consequent activation of nuclear receptors such as FXR [16] 

while also altering cholesterol regulation by LXR.  

Primary bile acids [Cholic acid, chenodeoxycholic acid and α- and β-

muricholic acid (found in mice)] are synthesized from cholesterol. Primary bile 

acids are then conjugated by the addition of glycine and taurine to make them 

more soluble [16]. Bile acids are stored in the gallbladder, where they are ejected 

into the small bowel for the emulsification of dietary fat and the absorption of 

lipids and lipid soluble vitamins. Approximately 90% of bile acids are reabsorbed 

into the liver through the portal vein and is regulated by transporters found in the 

enterocytes and hepatocytes. This process of bile acid excretion into the gut and 
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reabsorption into the liver is known as enterohepatic circulation. Although 5% of 

the daily released bile acid are excreted out in feces, 1-2% of the released bile 

acid are transformed/ deconjugated into secondary bile acids by gut microbiome 

in the terminal ileum. Transformed/ deconjugated bile acids are then reabsorbed 

into the liver through systematic circulation [16]. Bile acid composition through its 

antimicrobial properties regulate gut microbiome composition. Gut microbiome 

also regulates bile acid composition by modulating their deconjugation. This 

regulatory effect is mediated by FXR signaling through various mechanisms. Bile 

acids are ligands of FXR and regulate bile acids, lipids, and glucose metabolism 

as well as inflammation and fibrosis through FXR activation. FXR is localized in 

the liver and in the gut and the activation of FXR in the gut and/or liver results in 

lipid and glucose regulation via the binding of bile acids. FXR signaling can 

reduce hepatic triglyceride through Pparα activation and sterol-regulatory 

element-binding protein-1c (SREBP-1c) inhibition via induced expression of 

atypical nuclear receptors small heterodimer partner (SHP). Additionally, hepatic 

function is also regulated via ileal FXR activation which suppresses bile acid 

synthesis by the activation of FGFR4 via Fgf15 binding [16, 19]. 

Environmental pollutants such as PCBs has also been demonstrated to 

undergo enterohepatic circulation and are known to alter gut microbiome 

composition [11, 20]. As mentioned earlier, gut microbiome composition 

regulates the diversity of bile acids and the antimicrobial properties of bile acids. 

For example, rats on cholic acid diet showed a 0-37% decrease in the 

Bacteroidetes bacterial phylum but a 54%-95% increase in the Firmicutes 
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bacterial phylum. Notably, the relative abundance for dehydroxylating bacterial 

species Clostridium and the Ruminococcus genus belonging to the phylum 

Firmicutes were increased in these rats. This resulted in the increased 

conversion of cholic acid to deoxycholic acid, a better antimicrobial agent than 

cholic acid [21]. Therefore, if environmental pollutants altered gut microbiome 

composition, the subsequently deconjugated primary bile acids can either 

activate or inhibit FXR signaling in a context dependent manner. 

Significance of the study 

The liver is the largest internal organ in the body, weighing approximately 

3lbs in a human adult. As previously mentioned, the liver is a vital organ in the 

body, as it is responsible for critical functions such as metabolism and 

detoxification of both endobiotic and xenobiotics molecules. The liver functions to 

detoxify environmental toxicants which may cause injury and induction of 

disease. Various environmental chemicals such as dioxins, PCBs, pesticides, 

metals, microplastics, and others have been associated with TAFLD [10, 12, 22]. 

However, the similar pathology between NAFLD and TAFLD, prevents the proper 

etiological distinction between the two diseases clinically. Furthermore, the study 

of TAFLD is still relatively new and therefore, there are no clinical effective ways 

to distinguish between NAFLD and TAFLD. Hence, the importance of studying 

the effects of environmental toxicants on the liver and how they contribute to the 

induction/ exacerbation of TAFLD/TASH [23].  

There is a worldwide increase in the prevalence of NAFLD [24]. The global 

prevalence for NAFLD is estimated to be 25.5% and the prevalence for NAFLD in 
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North America is estimated to be 24.1%, based on previously reported findings in 

adults aged 18 and older as well as published peer-reviewed journals from 1989 

to 2015 [25]. In addition, NAFLD projection studies revealed the global 

prevalence of NAFLD will increase to 33.5% by 2030 with approximately a 

hundred million adults in the United States living with NAFLD [26]. These 

estimations prompt the investigation of the factors that contribute to NAFLD 

including environmental toxicant and gut barrier dysfunction. 

The importance of studying the effects of environmental chemicals on the 

liver also extends to understanding extra-hepatic effects. These chemicals have 

been associated with negative effects on other organs and tissues such as 

cardiovascular and reproductive diseases. However, organ-organ interactions 

and the effects of these chemicals are largely understudied, for example, the 

effects on the gut-liver axis. Recent studies have shown that changes to the gut 

and its microbiome can lead to a leaky gut. Subsequently, leaky gut has been 

shown to induce or exacerbate liver disease [17]. Therefore, it is important to 

investigate the roles of these chemicals in the induction of liver disease as well 

as their role in the gut and ultimately the gut-liver axis. 

Overall objective 

The objective of the current study was to evaluate two groups of toxicants, 

namely: microplastics (MPs) and polychlorinated biphenyls (PCBs) on their role 

in dysregulating the gut-liver axis and/or impacting the integrity of gut 

permeability.  
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 Growing evidence suggests that microplastics exposure induces obesity 

and diabetes as well as alter gut microbiome composition in rodent and marine 

models [27]. This finding suggests that MP exposure could potentially cause 

TAFLD and/or TASH. Additionally, findings by Deng et al. suggest that MP 

exposure leads to increased inflammation and lipid droplet deposition in H&E-

stained liver tissues [22]. These findings show that microplastics alter the gut-

liver axis. However, the investigation of the liver with the possible induction of 

TAFLD/TASH by MP exposure and the contribution of the gut and its microbiome 

is still unstudied. Furthermore, multiple studies including studies from our group 

have shown the effects of polychlorinated biphenyls on the liver. We have 

demonstrated that a PCB mixture (Aroclor 1260) can promote steatohepatitis in 

part through the activation of nuclear receptors [5, 15, 28]. Some of the effects of 

Aroclor 1260 on the liver were shown to be contributing effects from gut barrier 

dysbiosis and gut microbiome composition alteration [15]. However, the chronic 

effects of PCBs on the gut barrier function and integrity as well as the gut 

microbiome composition has not been studied. 

Hypothesis 

Therefore, we hypothesize that environmental pollutants will disrupt the 

gut-liver axis by altering gut microbiome composition resulting in 

increased intestinal permeability and decreased intestinal function and this 

subsequently impacts liver morphology and function.  
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CHAPTER II: INVESTIGATING THE CHRONIC EFFECTS OF AROCLOR 1260 

ON THE GUT AND GUT MICROBIOME 

 INTRODUCTION 

Polychlorinated biphenyls (PCBs) are polyhalogenated aromatic 

hydrocarbons containing up to 10 chlorine atoms on a biphenyl ring [28]. Based 

on the positioning of these chlorine atoms, it was theorized that there are 209 

possible PCB congeners and 130 of these congeners were produced until they 

were banned in 2001 worldwide [28]. PCB congeners have been grouped into 

two distinct identifications: coplanar and non-coplanar. Coplanar PCBs are also 

referred to as dioxin-like PCBs because they are similar to dioxins and can bind 

and activate aryl hydrocarbon receptors (AhR). Non-coplanar PCBs, are also 

known as non-dioxin-like PCBs or phenobarbital-like PCBs, referring to their 

activation of pregnane xenobiotic receptors (PXR) and constitutive androstane 

receptors (CAR) [11, 12]. 

PCBs were produced in North America by the Monsanto manufacturing 

plant located in Anniston, Alabama until production was discontinued in 1970’s 

by the US congress. PCBs were produced for use as dielectric fluids (coolants) in 

transformers, capacitors, and other electric equipment. Monsanto commercially 

sold PCBs as mixtures of congeners, under the trade name “Aroclor”. The 

subsequent numbers after Aroclor signify the number of carbon atoms consisting 

of the phenyl rings and the percentage of chlorine atom by mass of mixture. For 
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example, Aroclor 1260 is a mixture of mostly non-coplanar PCBs. The 12 

indicates the number of carbon atoms on the phenyl rings and while 60 refers to 

the 60% chlorination by weight of mixture [29]. The chemical and physical 

properties of some of the PCB congeners contribute to their distribution in the 

environment as well as their degradation. For example, lower chlorinated and 

smaller molecular weights PCB congeners make them more volatile and airborne 

prone compared to highly chlorinated PCB congeners. A high percentage of 

chlorination, however, make certain PCB congeners more resistant to 

biodegradation [30]. These higher molecular weight PCB congeners tend to 

bioaccumulate in fatty tissues in the body due to their increased lipophilicity 

compared to the lower molecular weight PCB congeners [31]. Although PCBs 

manufacturing has been banned for over 30 years, they are still present in the 

environment and subsequently amplify across trophic levels of the food chain 

[30, 32]. Humans are exposed to PCBs through the air, water, and soil [33]. 

These exposures cause a myriad of health effects including cardiovascular 

disease, insulin resistance, obesity, reproductive defects, cancer, and 

hepatotoxicity such as toxicant associated fatty liver disease (TAFLD) [34, 35].  

A previous study by our group utilizing a diet-induced obesity model with 

Aroclor 1260 exposure for 12 weeks demonstrated that in addition to activation of 

hepatic CAR and PXR, Aroclor 1260 can induce TAFLD/TASH through 

extrahepatic effects. An extrahepatic effect previously shown to contribute to the 

effects of Aroclor 1260 on the liver is the gut and its microbiome [36]. CAR and 

PXR are known for their roles in the detoxification of xenobiotics molecules 
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including environmental pollutant, however, recent studies has demonstrated that 

CAR and PXR regulate of energy metabolism as well as intestinal homeostasis 

and gut microbiome composition [15, 37]. The gut and the gut microbiome are 

involved in energy metabolism and the metabolism of xenobiotics. Studies have 

shown that the gut microbiome plays a role in intestinal homeostasis as well as in 

energy and endobiotic (such as bile acids) metabolism, which can influence liver 

health [16, 17]. 

A study by our group showed that 12-week Aroclor 1260 exposure in diet-

induced obese mice altered bacteria composition and decreased the gene 

expression for tight junction marker in the ileum and intestinal functional markers. 

These findings were shown to contribute to the exacerbation of steatohepatitis in 

the exposed mice, indicating the importance of the study of the gut-liver axis and 

environmental pollutants [15].  

However, chronic studies on the effects of Aroclor 1260 on the gut is still 

largely unknown. We aimed to investigate the chronic effects of Aroclor 1260 

exposure on gut microbiome composition and ileal gene expression in the 

absence of a high fat diet. Therefore, we postulate that chronic Aroclor 1260 

exposure will disrupt gut microbiome composition resulting in a decrease 

in tight junction and mucosal barrier integrity genes and an increase in pro-

inflammatory markers in the intestine.  
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 METHODS 

Animal experiments, diets and chemicals use 

The University of Louisville Institutional Animal Care and Use Committee 

(IACUC) approved the animal use, protocol, and care. Forty 8-week-old male 

C57BL/6J mice were purchased from Jackson Laboratory (Strain#: 000664; Bar 

Harbor, Maine). We chose male mice for this study to establish a baseline for 

future studies investigating sex-dependent effects. The mice were divided into 

two groups: Control (10 mice) and Aroclor 1260 exposure (30 mice). The study 

design was based on a previous study using mice exposed to Aroclor 1260 and 

were fed either high-fat diet or a low-fat diet [38]. Five mice per cage were 

housed in a pathogen- free, temperature regulated (23.9 °C) room with a twelve-

hour light-dark cycle that is accredited by the Association for Assessment and 

Accreditation of Laboratory Animal Care (AAALAC). Mice were allowed to 

acclimatize to the animal facility for one week. The mice were fed an autoclaved 

low-fat diet containing 10.2% kcal from fat (from Harlan Teklad, TD.06416) from 

the first week and had ad libitum access to food and water. Mice were given 

either a single dose of corn oil for unexposed control mice or a single dose of 

Aroclor 1260 (catalog: C-260N-1G; AccuStandard, New Haven, CT) at 20 mg/kg 

via oral gavage on week 3. Dosing was designed to mimic the highest PCB 

levels observed in Anniston cohort as previously reported [39, 40]. Additionally, a 

single dose was administered for this study because the half-life for highly 

chlorinated PCBs such as Aroclor 1260 are estimated to be between 33 -34 

months [41], therefore, we postulated that administering a single dose will be 
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sufficient for the duration of the study. Mice were allowed to age to 33 weeks and 

were euthanized by the intraperitoneally (I.P.) administration of 120/16 mg/kg 

body weight of ketamine/xylazine mixture for anesthesia and euthanasia was 

performed by portal vein exsanguination. Ileum scrapings and cecum samples 

were collected at the time of euthanasia. 

16S Metagenomics sequencing library preparation and sequencing 

Cecum samples were snap frozen during mice euthanasia and tissue 

collection. Using the Illumina MiSeq technology, cecal microbiome composition 

was analyzed targeting the 16S library ribosomal RNA variables V3 and V4 

regions. Firstly, microbial genomic DNA was isolated from the cecal samples 

using the DNeasy Powersoil pro isolation Kit (catalog: 47014, Qiagen, 

Germantown, MD, USA) keeping in line with the manufacturer's instructions. 

DNA was quantified using the NanodropTM OneC Microvolume UV-Vis 

Spectrometer from Thermo Scientific (catalog: 701-058112; Madison, MI) and 

followed by a further quantitation of microbial genomic DNA using the Qubit 

Broad Range (BR) assay (Thermo Fisher Scientific, Waltham, MA) in a Qubit 2.0 

fluorometer. V3 and V4 regions on the resulting DNA were amplified using 

forward (5' 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG

) and reverse (5' 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTA

ATCC) primers complementary to the region of interest with overhang adapters 

(Forward overhang: 5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG‐ 
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[locus specific sequence]; Reverse overhang: 5’ 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG‐ [locus specific 

sequence]) according to the Illumina’s 16S amplicon PCR guide (Illumina, San 

Diego, CA, USA). Next, the V3 and V4 amplicons were purified using AMPure XP 

beads (catalog: A63881, Beckman coulter genomics, Indianapolis, IN, USA) and 

then the libraries were prepared by index PCR according to the Illumina’s 16S 

library preparing guide. Briefly, Index PCR was carried out using the Nextera XT 

Kit (catalog: FC-121-1012, Illumina, San Diego, CA, USA) to attach dual indices 

and Illumina sequencing adapters. A pooled library was made by mixing aliquots 

of the libraries and the concentration of the pooled library was determined using 

a bioanalyzer. The pooled libraries were denatured and PhIX control (Illumina, 

San Diego, CA, USA) library was mixed into the pooled library. To confirm 

sample concentration, sequencing was performed on a Nano-300 cycle test chip 

(MS-103-1001). Lastly, the sequencing was followed by the Illumina MiSeq 

reagents kit v3 (600 cycles (MS-102-3003) at 9pM and 30% PhIX. This method 

has been previously published by our group [15]. 

Sequencing data analysis 

Before statistical analysis, raw sequenced data’s quality was checked 

using FastQC (https://www.bioinformatics.barraham.ac.uk/projects/fastqc/ 

version 0.10.1). Several assessments were carried out using multiple algorithms 

to encompass all information from the sequenced data. First, the sequence data 

was cut and analyzed using QIIME 2 software [42-45]. The sequenced reads 

were demultiplexed and then the demultiplexed sequence reads were denoised 

https://www.bioinformatics.barraham.ac.uk/projects/fastqc/
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into amplicon sequence variants or into clusters of operational taxonomic units 

(OTU) using Divisive Amplicon Denoising Algorithm (DADA2) [43, 45, 46]. Alpha 

and beta diversity analyses of the feature table were performed, and a 

phylogenetic tree was generated using representative sequences. Various 

algorithms (Shannon index, observed features and faith_Pd) were used in the 

assessment of alpha diversity. The differences in bacteria richness/ abundance 

in each sample were assessed using the Shannon index algorithm [47, 48]. 

Observed features/ species algorithm also known as OTUs was used to measure 

the number of unique/ different bacteria present in each sample [49]. The faith_ 

phylogeny distance (Faith_pd) algorithm was used to measure the biodiversity of 

each sample based on phylogeny or based on their relatedness [50]. The 

faith_pd simply measures the evolutionary relationship between bacteria species. 

The Emperor tool was employed to assess for sample metadata (distance 

between sample or Beta diversity) on a principal covariant analysis plot using 

both UniFrac (weighted and Unweighted) and Jaccard algorithms. UniFrac and 

Jaccard algorithm was used to assess the beta diversity between the two groups. 

The unweighted variants (measures the absence and presence of species 

between groups) [51] and the weighted (measures the abundances of individual 

species between each group while taking into account the absences or the 

presence of each species) [52] of the UniFrac (measures the phylogenetic 

distance between samples) beta diversity [51, 53] was envisaged displayed as a 

three principal coordinates plot using principal covariant analysis on the Emperor 

tool. The Jaccard (measures the similarity between the groups) [54] algorithm 
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was also displayed as a three principal coordinates plot. Phylum taxonomy 

analysis was performed using pre-trained classifiers which have sequences 

assigned to certain OTUs at a 99% similarity to the Greengenes database 

(http://greengenes.lbl.gov/ v13.8) [55] from the V3V4 regions of sequences. Taxa 

results from QIIME 2 was analyzed on the Galaxy platform [56] and generated 

results were bar graphs represented as relative abundance (frequency of the 

taxa relative to the frequency of other taxa) with significance set at α ≤ 0.05 

obtained using a Mann-Whitney U test. NAFLD activity score (NAS), a score 

calculated using the sum of steatosis (0-3), lobular inflammation (0-3) and 

hepatocyte ballooning (0-2) in each liver section, was used to further evaluate the 

alpha, beta and phylum taxonomy into low and high NAS score compared to the 

control [57]. 

Real-time qPCR of ileal scrapings 

Ileal scraping samples were collected by cutting the ileum open to expose 

the epithelial lining. Ileal epithelial lining was scraped out and placed in a tube 

with RNA-STAT60 (Tel-Test, Inc., Friendswood, TX, USA) and 0.5 mm silica 

beads (Biospec Products, Bartletsville, OK, USA). Tissues were then 

homogenized using a Mini-Beadbeater 16 bead mill homogenizer (Biospec 

Products, Bartlesville, OK, USA). Total RNA was extracted using RNA-STAT 60 

chloroform and phenol manufacturer’s protocol (Tel-Test, Inc., Friendswood, TX, 

USA) from the homogenized tissue. Resulting RNA was eluted in nuclease free 

water and quantified using NanoDropTM OneC Microvolume UV-Vis Spectrometer 

from Thermo Scientific (catalog: 701-058112; Madison, MI). cDNA was prepared 

http://greengenes.lbl.gov/
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from RNA samples by reverse transcription using single step cDNA synthesis 

reagent, QScript (catalog: 95048-500; Quantabio; Beverly, MA). RT-qPCR was 

performed using the iTaq universal probe super mix from Bio-Rad (catalog: 

1725134; Hercules, CA) on the CXX384TM. Expression for genes of interest were 

investigated employing commercially available predesigned TaqMan Gene 

Expression Asssays (Applied Biosystems, Foster City, CA, USA): Tight-junction 

protein -1 (Tjp1); (Mm01320638_m1), Occludin (Ocln); (Mm00500910_m1), 

Mucin 2 (Muc2); (Mm01276676_m1), Regenerating family member 3 gamma 

(Reg3g); (Mm00441127_m1), Claudin-1 (Cldn); (Mm00516701_m1), Claudin-2 

(Cldn2); (Mm00516703_s1), Interferon gamma (Ifng); (Mm01168134_m1), Trefoil 

factor 3 (Tff3); (Mm00495590_m1), Interleukin-6 (Il-6); ); (Mm00446190_m1), 

Cadherin-5 (Cdh5); (Mm00486938_m1), Fibroblast growth factor 15 (Fgf15); 

(Mm00433278_m1), Interleukin-1 beta (Il-1β); (Mm00434228_m1), Claudin-3 

(Cldn3);( Mm00515499_s1), Cathelicidin antimicrobial peptide (Camp); 

(Mm00438285_m1), Interleukin-10 (Il-10); (Mm01288386_m1), tumor necrosis 

factor (Tnfα); (Mm00443258_m1), Transforming growth factor beta (Tgfβ); 

(Mm01178820_m1), Intercellular adhesion molecule (Icam); (Mm00516023_m1), 

cytochrome P450, family 1, subfamily a, polypeptide 1 

(Cyp1a1);( Mm00487218_m1), cytochrome P450, family 2, subfamily b, 

polypeptide 10 (Cyp2b10); (Mm01972453_s1), cytochrome P450, family 3, 

subfamily a, polypeptide 11 (Cyp3a11); (Mm00731567_m1), cytochrome P450, 

family 2, subfamily c, polypeptide 29 (Cyp2c29); (Mm07306461_m1). 18S rRNA 

(18s) (catalog: 4319413E; Applied biosystems; Waltham, MA) was used as the 
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housekeeping gene and relative mRNA expressions was calculated using the 2-

ΔΔCt method. Mean expression of each gene in the control mice (corn oil fed) 

were normalized to 1. Data for all other animals were as fold induction compared 

to mean control. 

Statistical analyses 

Data were analyzed using a Mann Whitney U test or a Kruskal-Wallis test (for 

Aroclor 1260 exposed mice divided based on low and high NAS score) on 

GraphPad Prism (version 9.5.1) for windows (GraphPad Software Inc., La Jolla, 

CA, USA), by comparing the control and the Aroclor 1260 exposed mice. Graphs 

were expressed as mean ± SD and statistical significance was set at p ≤ 0.05.  
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 RESULTS 

Previous studies [15] have indicated that Aroclor 1260 exposure altered 

expression of genes encoding proteins for gut permeability and function as well 

as inflammatory markers. The aim was to assess the effects of Aroclor 1260 on 

gut function (intestine and intestinal microbiome maintenance and repair), 

permeability, and inflammation, and correlate to the effect observed in the 16S 

analyses of ileal gene expression. Although the intestine comprises the 

duodenum, the jejunum and the ileum, the ileum was used for this study because 

it is more immunologically active compared to the other parts of the gut [58] 

Importantly, the ileum is often used in the assessment of leaky gut (gut barrier 

dysfunction) because the ileum is most susceptible to alterations in gut 

permeability [15, 58]. Gut dysbiosis is characterized by disruption to gut barrier, 

gut microbiome alterations and an increase in inflammation resulting in a leaky 

gut. The intestinal barrier comprises of structural and functional genes that 

encode proteins involved in cell adhesion (Tjp1 and Cldn2), maintenance/ repair 

(Tff3), and physical defense (Muc1) such as the mucosal layer [59, 60]. 

Effects of Aroclor 1260 on alpha diversity  

Alpha diversity measures the diversity in bacterial composition present 

within each sample. The Shannon index showed no change between the Aroclor 

1260 exposed mice compared to the control (Fig 1A). The observed features (Fig 

1B) and the Faith_pd (Fig 1C) also showed no change between the Aroclor 1260 

exposed mice compared to the control.
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Figure 1: Effects of Aroclor 1260 on microbiome alpha diversity. 

Microbiome alpha diversity was measured using three QIIME algorithm namely: 

Shannon index (measures the number of different bacteria present in a sample) 

(A), Observed features/species (measures the bacteria richness of the sample) 

(B) and Faith_pd (measures biodiversity based on phylogeny) (C). Values are 

represented as mean ± SD with significance defined as p ≤ 0.05. p-values were 

determined using the Mann-Whitney-U statistical test.  
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Effects of Aroclor 1260 on beta diversity 

Beta diversity is used to assess gut microbiome composition between two 

groups by considering the distance between samples on a principal components 

analysis (PCA) plot. The UniFrac and the Jaccard algorithms (Fig 2A, B & C) 

showed no changes between the control and the Aroclor 1260 exposed mice. 

However, the Jaccard algorithm showed two distinct separate groups on the 

three axis principal coordinates plots.  
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Figure 2: Effects of Aroclor 1260 on microbiome beta diversity. 

Microbiome beta diversity was determined using UniFrac (unweighted and 

weighted variants) and Jaccard. Weighted and Unweighted UniFrac (A and B) and 

Jaccard (C) for beta diversity. Measurements were envisaged with principal 

covariant analysis. q-values < 0.05 depicts significance between control group and 

Aroclor 1260 group using PERMANOVA. 
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Effects of Aroclor 1260 on microbiome phylum taxonomy 

When assessing microbiome phylum taxonomy, the following microbiome 

phylum were assessed: Firmicutes, Bacteroidetes and Proteobacteria. The 

Firmicutes and Bacteroidetes (F/B) ratio is often used in the assessment of 

obesity and inflammatory bowel disease (IBD). A high F/B ratio is associated with 

obesity while a low F/B ratio is associated with IBD [61]. Additionally, 

Proteobacteria is associated with inflammation [62]. There was no change in the 

relative abundance of Firmicutes or Bacteroidetes phylum (Fig 3A & B) between 

the control and the Aroclor 1260 exposed mice. There was no change to the F/B 

ratio (Fig 3C) between the control and the Aroclor 1260 exposed mice. However, 

the relative abundance of the Proteobacteria phylum (Fig 3D) showed a trending 

increase (p = 0.06) in the Aroclor 1260 exposed mice.
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Figure 3: Effects of Aroclor 1260 on microbiome phylum taxonomy. 

Relative abundance of bacteria at the phyla level in each sample was analyzed 

using a Mann Whitney U test. Bacteria namely: Firmicutes (A), Bacteroidetes (B) 

and Proteobacteria (D). A Firmicutes/ Bacteroidetes ratio (C) was calculated. 

Values are represented as mean ± SD with significance defined as p ≤ 0.05.  
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Analysis of alpha and beta diversity and phylum taxonomy based on NAFLD 

activity score (NAS) 

 The Jaccard algorithm showed two distinct group in the PCA plot. 

Previous finding have associated worsening of NAFLD with a decrease in gut 

microbiome [63]. We postulate that the two distinct groups observed in the 

Jaccard PCA plot could be low and high NAS score. To understand the distinct 

groups, the alpha and beta diversity as well as phylum was assessed based on 

the NAFLD activity score (NAS) which is a score calculated using the sum of 

steatosis (0-3), lobular inflammation (0-3) and hepatocyte ballooning (0-2). A total 

score of 1-4 was classified as simple steatosis/ low NAS score and a total score 

of 5-8 was classified as steatohepatitis (NASH) / high NAS score. The 

quantification for the NAS score was based according to previous reports [57].  

Effects of Aroclor 1260 on alpha diversity based on low and high NAS score. 

 Aroclor 1260 exposed group was reevaluated based on low and high NAS 

score from liver samples. Microbiome alpha diversity using the Shannon index, 

Observed features and Faith_pd (Fig 4A, B & C), showed no changes in alpha 

diversity between the control mice and the Aroclor 1260 exposed mice expressed 

as low and high NAS score.  
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Figure 4: Effects of Aroclor 1260 on microbiome alpha diversity based on 

low and high NAS score. 

Alpha diversity was measured using three QIIME algorithm namely: Shannon 

index (measures the number of different bacteria present in a sample) (A), 

Observed features/species (measures the bacteria richness of the sample) (B) and 

Faith_pd (measures biodiversity based on phylogeny) (C). Aroclor 1260 exposure 

group was divided into two groups based on low and high NAS score. Values are 

represented as mean ± SD with significance defined as p ≤ 0.05. p-values were 

determined using a Kruskal -Wallis statistical test. 
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Effects of Aroclor 1260 on beta diversity low and high NAS score 

 Aroclor 1260 exposed mice was reevaluated based on low and high NAS 

score from liver samples. Microbiome beta diversity using weighted and 

unweighted UniFrac and Jaccard algorithms (Fig 5A, B & C), showed no changes 

in beta diversity between the control and the Aroclor 1260 exposed mice 

expressed as low and high NAS score.  
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Figure 5: Effects of Aroclor 1260 on microbiome beta diversity based on 

low and high NAS score. 

Microbiome beta diversity was determined using UniFrac (unweighted and 

weighted variants) and Jaccard. Weighted and Unweighted UniFrac (A and B) and 

Jaccard (C) for beta diversity. Measurements were envisaged with principal 

covariant analysis. q-values depicts significance between control mice and Aroclor 

1260 exposed mice expressed as low and high NAS score using PERMANOVA. 
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Effects of Aroclor 1260 on microbiome phylum taxonomy low and high NAS 

score 

Microbiome phylum distribution in Aroclor 1260 exposed mice was 

reevaluated based on low and high NAS score from liver samples. The following 

microbiome phylum were assessed: Firmicutes, Bacteroidetes and 

Proteobacteria. There were no changes in the relative abundance of Firmicutes, 

Bacteroidetes and Proteobacteria phylum (Fig 6A, B &D) between the control 

and the Aroclor 1260 exposed mice expressed as low and high NAS score. 

There were no changes to the F/B ratio (Fig 6C) between the control and the 

Aroclor 1260 exposed mice expressed as low and high NAS score.  
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Figure 6: Effects of Aroclor 1260 on microbiome phylum taxonomy based on 

low and high NAS score. 

Relative abundance of bacteria at the phyla level in each sample was analyzed 

using a Kruskal-Wallis test based on low and high NAS score. Bacteria phyla 

namely: Firmicutes (A), Bacteroidetes (B) and Proteobacteria (D). A Firmicutes/ 

Bacteroidetes ratio (C) was calculated. Values are represented as mean ± SD with 

significance defined as p ≤ 0.05. 
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Effects of Aroclor 1260 on ileal permeability genes 

To assess the effect of Aroclor 1260 on ileal permeability, ileal mRNA 

level for genes that encode for protein involved in epithelial cell adhesion were 

measured. Occludin (Ocln), and claudins 1, 2 and 3 (Cldn 1, 2 & 3) are 

transmembrane protein that are linked to the actin cytoskeleton by tight junction 

scaffolding protein such as zonula occludens -1 which is encoded by the gene 

tight junction protein 1(Tjp1). Vascular endothelial (VE) -Cadherin 5 is an 

adhesion molecule between cells encoded by the gene cadherin 5 (Cdh5). 

Comparing the effects of Aroclor 1260 on gene expression of various tight 

junction and adhesion junction genes to the control, it was observed that Aroclor 

1260 did not alter the gene expression of Ocln, Cldn 1, 2 & 3 or Tjp1 (Fig 7A, B 

and Appx. Table 1). However, Cdh5 (Fig 7C) was significantly decreased in the 

Aroclor 1260 exposed mice. It could be inferred that Aroclor 1260 disrupts certain 

cell adhesion molecules such as cadherin 5 resulting in increased permeability in 

the gut.  
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Figure 7: Effects of Aroclor 1260 on ileal permeability gene expression. 

RT-qPCR was used to assess ileal permeability by measuring the mRNA levels of 

Occludin (Ocln) (A), Claudin-1 (Cldn-1) (B) and Cadherin-5 (Cdh5) (C). Values are 

represented as mean ± SD with significance defined as p ≤ 0.05. p-values were 

determined using the Mann-Whitney-U statistical test. 
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Effects of Aroclor 1260 on ileal function genes 

To further examine the effect of Aroclor 1260 on ileal mRNA levels, ileal 

functional genes was assessed. Ileal function gene which encodes for the mucus 

gel forming protein such as mucin 2 (Muc2), proteins involved in the 

maintenance/ repair/ regulation of the mucosal layer and tight junction such as 

trefoil factor 3 (Tff3) and bile acid homeostasis regulatory and liver repair protein 

such as fibroblast growth factor 15 (Fgf15) were assessed. Muc-2 and Fgf15 

mRNA level were not changed due to Aroclor 1260 exposed (Fig 8A & B). 

However, Tff3 expression was increased in the Aroclor 1260 exposed mice (Fig 

8C), suggesting that the intestine was responding to the disruption of the cell 

adhesion molecules.  
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Figure 8: Effects of Aroclor 1260 on ileal functional gene expression. 

RT-qPCR was used to assess ileal function by measuring the mRNA levels ileal 

functional markers such as: Mucin-2 (Muc2) (A), Fibroblast growth factor-15 

(Fgf15) (B), and Trefoil factor-3 (Tff3) (C). Values are represented as mean ± SD 

with significance defined as p ≤ 0.05. p-values were determined using the Mann-

Whitney-U statistical test. 
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Effects of Aroclor 1260 on ileal inflammatory genes 

Another important set of genes to investigate are genes involved in 

inflammatory and the maintenance of a healthy ileum. Tumor necrosis factor 

alpha (Tnfα) genes encodes proteins involved in the release of immune cells and 

regenerating islet-derived protein 3 gamma (Reg3g) gene encodes proteins 

involved in antimicrobial functions in the intestines. The mRNA levels of Tnfα and 

Reg3g (Fig 9A & B) were not changed due to Aroclor 1260 exposure. Other 

inflammatory markers such as pro inflammatory genes: interleukin 6 (Il-6), 

interleukin 1 beta (Il-1b), and intercellular adhesion molecule (Icam) (Appx. Table 

1) and anti-inflammatory genes: interleukin 10 (Il-10) (Appx. Table 1) were 

assessed and no changes were observed. However, the mRNA level for 

cathelicidin anti-microbial peptide (Camp) (Fig 9C), that encodes for a 

preproprotein which is secreted by macrophages and neutrophils when it 

becomes a matured protein, showed a trending decrease (p = 0.055) in the 

Aroclor 1260 exposed mice.   
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Figure 9: Effects of Aroclor 1260 on ileal inflammatory gene expression. 

RT-qPCR was used to assess ileal inflammation by measuring the mRNA levels 

inflammatory genes such as: Tumor necrosis factor (Tnfα) (A), Regenerating 

Family member 3 gamma (Reg3γ) (B) and Cathelicidin antimicrobial peptide 

(Camp) (C). Values are represented as mean ± SD with significance defined as p 

≤ 0.05. p-values were determined using the Mann-Whitney-U statistical test. 
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Effects of Aroclor 1260 on nuclear receptors target genes 

Previous studies have indicated that Aroclor 1260 affects nuclear receptor 

specifically xenobiotic nuclear receptor such as PXR and CAR [15, 36]. To 

observe if these receptors were activated, nuclear receptor target gene mRNA 

were assessed. The following genes were analyzed: cytochrome P450, family 3, 

subfamily a, polypeptide 11 (Cyp3a11), cytochrome P450, family 2, subfamily b, 

polypeptide 10 (Cyp2b10), and cytochrome P450, family 2, subfamily c, 

polypeptide 29 (Cyp2c29) (Fig 10A-C). The mRNA levels of these genes were 

not changed due to Aroclor 1260 exposure.  
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Figure 10: Effects of Aroclor 1260 on PXR and CAR target genes gene 

expression. 

RT-qPCR was used to assess the activation of nuclear receptors in ileal by 

measuring the mRNA levels of nuclear receptor target genes: Cytochrome P450, 

family 3, subfamily a, polypeptide 11 (Cyp3a11) (A), Cytochrome P450, family 2, 

subfamily b, polypeptide 10 (Cyp2b10) (B), and Cytochrome P450, family 2, 

subfamily c, polypeptide 29 (Cyp2c29) (C). Values are represented as mean ± SD 

with significance defined as p ≤ 0.05. p-values were determined using the Mann-

Whitney-U statistical test. 
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 DISCUSSION 

Aroclor 1260 is a mixture of PCBs which are popularly referred to as 

“forever chemical” due to their resistance to degradation and persistence in the 

ecosystem. Aroclor 1260 is composed largely of PCB congeners that are heavily 

chlorinated and have the tendency to bioaccumulate, and thus mimics PCB 

bioaccumulation patterns observed in the human population [28, 64]. Although 

studies have shown the effects of PCBs and PCB mixtures including Aroclor 

1260 in acute and sub-chronic studies, chronic studies evaluating the effects of 

PCB mixtures on the body especially the gut and its microbiome, have not been 

investigated. 

 Sub-chronic exposure to Aroclor 1260 has previously been shown to 

exacerbate steatohepatitis in diet-induced obese mice in part through the 

activation of nuclear receptor PXR and CAR [36]. Furthermore, extrahepatic PXR 

and CAR activation in the gut was shown to contribute to the effects observed in 

the liver [15]. The study findings showed that gut microbiome composition was 

altered by Aroclor 1260 which concurrently decreased intestinal integrity. These 

findings showed the effects of Aroclor 1260 on the gut and implicated the gut-

liver axis as a mechanistic arm of environmental pollutants’ contribution to 

NAFLD. For this study we aimed to investigate the chronic effects of Aroclor 

1260 exposure on the gut microbiome composition as well as intestinal 

permeability and inflammation endpoint in the absence of diet-induced obesity. 

To investigate the effects of Aroclor 1260 on the gut and its microbiome, we 

assessed the following endpoints for the gut dysbiosis: gut microbiome 
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composition (alpha diversity, beta diversity and phylum taxonomy) and intestinal 

integrity and functions (intestinal permeability, function, inflammation, and 

nuclear receptor activation). Our result showed that gut microbiome associated 

with intestinal inflammation was not directly altered by Aroclor 1260 exposure. In 

addition, minor decrease in adhesion molecules gene expression as well as a 

minor increase in intestinal maintenance and repair gene expression indicates 

signs of a possible compensatory mechanism in place for injury. 

 To assess the effect of Aroclor 1260 on the gut, we examined the effects 

on the gut microbiome composition post-exposure. Contrary to what we 

expected, we observed no change in alpha diversity, a parameter often used to 

assess the overall wellness and richness of the gut microbiome. Similarly, beta 

diversity, which is an assessment of the differences in the total species 

composition was not altered by Aroclor 1260 exposure. This suggests that 

chronic Aroclor 1260 exposure did not alter gut microbiome composition nor 

bacteria richness/ wellness, which is partly consistent to previously reported 

findings which suggests that Aroclor 1260 did not alter alpha diversity although 

bacterial composition (beta diversity) was altered. This could be explained by the 

added effects of a high fat diet, previously reported to have contributed to the 

alteration of beta diversity [15]. Furthermore, we suspected that the exposure to 

a single dose of Aroclor 1260 was not sufficient to induce gut microbiome 

changes with such chronic studies. A deeper look into the effects of Aroclor 1260 

on bacterial phylum showed no significant changes in the relative abundance of 

Firmicutes, Bacteroidetes and the ratio of Firmicutes and Bacteroidetes. These 
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phyla of bacteria are not only the dominant bacterial phyla community in the 

human gut but the ratio of these two phyla has been correlated with obesity [65]. 

Nonetheless, mice exposed to Aroclor 1260 showed a non-significant trend for 

increased abundance of proteobacteria which have been correlated with various 

inflammatory diseases including but not limited to NAFLD [62]. 

The reevaluation of the alpha, beta and phylum diversity based on low and 

high NAFLD activity score (NAS) score also showed no changes between the 

low and high NAS score group and the control. This suggests the degree of 

NAFLD progression did not alter the alpha, beta diversities and phylum 

taxonomy. This is contrary to previous report stating that the gut microbiome of 

NAFLD patients become less diverse with NAFLD progression especially with 

worsening fibrosis [63]. The study also showed different bacterial phylum 

abundance at different stages of NAFLD. Our findings on the effect of Aroclor 

1260 on the gut microbiome were not in concordance with previous findings and 

what we expected to observe. One plausible explanation for this could be age-

related gut microbiome changes that were not accounted for in this chronic study, 

and potential changes in gut microbiome either with initial exposure or even 

during the mid-study period that were not captured.  

Based on these findings, we plan to collect fecal samples intermittently 

throughout the study period to evaluate the effects of aging on gut microbiota and 

microbiome changes over time. Furthermore, another explanation for the 

absence of gut microbiota changes in this chronic study could be that the single 

oral gavage of Aroclor 1260 may not have been sufficient or ideal for such 
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chronic studies, or Aroclor 1260 may have partitioned to other organ systems 

such as the adipose tissue, with time. The latter explanation is partially confirmed 

by the lack of xenobiotic receptor target gene induction in the ileum as assessed 

by RT-PCR for the CYP P450 enzymes. To account for the partitioning of Aroclor 

1260 to other organs, we plan to collect the adipose tissue and test for changes 

in the adipokine gene expression and their respectively protein expression levels. 

Assessments on the effect of Aroclor 1260 on ileal gene expression 

suggests that Aroclor 1260 could have induced a leaky gut in the ileum. We 

observed a decrease in the gene encoding the cadherin protein, CDH5, in the 

Aroclor 1260 exposed mice, suggesting an increase in permeability between 

epithelial cells. However, the increase in Tff3 gene expression suggests a 

possible compensatory protective mechanism of the Aroclor 1260 induced injury 

to the intestine. Consistent with our findings on the trend for increased 

Proteobacteria abundance, we observed a trend for decreased gene expression 

of Camp, an antimicrobial peptide encoding gene, suggesting possible increased 

microbial activity. While our findings suggest the existence of an Aroclor 1260 

induced intestinal injury which is trying to heal, the decrease in inflammatory 

gene expression suggests a possible increase in microbial activity as observed 

with increased Proteobacteria abundance. Although our findings suggested no 

changes on gut microbiota composition with chronic exposure to Aroclor 1260, 

which could be a result of aging, ileal changes at the transcript levels suggest 

possible protective mechanisms being initiated (Increased Tff3) to ileal injury 

induced by Aroclor 1260 exposure (decrease of Camp). 
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While this pilot project is one of the first studies to investigate the chronic 

effects of Aroclor 1260 on the gut and its microbiome, it is not without limitations. 

As discussed earlier, one vital limitation was the lack of frequent monitoring of 

fecal changes over time. As this was a chronic study, monitoring of fecal change 

over time would provide more information on how the gut microbiome change 

during the course of exposure. Observations on microbiome changes overtime 

would also provide more information on the impact of aging on the effects we 

observed. Importantly, we also did not mimic the exposure pattern of continuous 

exposure observed in humans. Humans are exposure to PCBs continuously 

based on food consumption patterns, among other factors. Therefore, it is 

important to design a continuous PCB exposure similar to human population 

exposures. Lastly, we did not account for sex differences. While the liver is a 

sexually dimorphic organ, sex differences in PCB activation of xenobiotics 

receptors and target gene induction has also been reported [57, 66]. However, in 

the current study, only male mice were used. Therefore, in future studies, we aim 

to: investigate the role of aging on gut microbiome with Aroclor 1260 exposure by 

monitoring fecal change over the course of the study; include a continuous 

dosing regimen; and investigate sex differences in a chronic Aroclor 1260 

exposure. Future directions for this study include: performing western blot 

experiments to measure ileal protein levels and measuring bacterial metabolite 

levels (possibly over time) to better correlate gut microbiota profile with liver 

function. 
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CHAPTER III: INVESTIGATING THE EFFECTS OF POLYSTYRENE 

EXPOSURE ON THE LIVER 

 INTRODUCTION 

Plastics, which are synthetic organic polymers have become a daily 

necessity in modern human life; however, they have also become a threat to 

human health and the environment. The versatility of plastics resulting from their 

physical and chemical properties has led to increased production and use of 

plastics for commercial and industrial purposes [67, 68]. Globally, the production 

of plastics has increased from 1.5 million metric tons in the 1950s to 390.7 million 

metric tons in 2021 [69]. This steady yet exponential increase in the production of 

plastics is estimated to triple by 2050 [70]. However, a major problem with these 

versatile products is that, despite the efforts to eliminate/ recycle them, majority 

of these products end up as environmental (both terrestrial and aquatic 

ecosystem) waste. According to the Organization for Economic Co-operation and 

Development (OECD), only 9% of the world’s plastic is recycled. The remaining 

91% are either in a landfill (50%), incinerated (19%) or mismanaged and 

uncollected as litter [71]. The presence of plastic waste in the environment has 

become a major environmental research focus, as it was identified that marine 

plastic debris majorly impacts aquatic life in the 1980s [72, 73]. However, a more 

growing concern is the equally increasing presence of microplastics in the 

environment and in human tissues [73, 74]. 
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Microplastics was a term coined by Thompson et.al in 2004 to describe 

the tiny size of plastics found in the environment [73]. Microplastics is now 

generally defined as plastic fragments <5000μm (microns) in diameter. The lower 

size limit for microplastics is inconsistent, however, it is assumed that the lower 

size limit is the starting size for nanoplastics which is 100nm [72]. Microplastics 

can be classified based on their origin (polystyrene (PS), polyacrylate (PA), 

Polyester (PES), polyethylene (PE)), and their structure or form such as fibers, 

fragments, and spherical beads [72, 74, 75]. By and large though, they are 

classified based on their source. There are two sources of microplastics: primary 

and secondary microplastics. Primary microplastic describes the plastics 

produced at the <5000μm sizes. These were designed to be used at this size for 

commercial and industrial purposes and until 2015, microplastics were used in 

cosmetics and personal hygiene products [72]. In 2015, the U.S Congress 

amended the Federal Food, Drug and Cosmetic Act (FD&C Act) by passing the 

Microbead-free water act, which prohibited “the manufacturing, packaging, and 

distribution of rinse-off cosmetics containing plastic microbead as well as non-

prescription drugs such as toothpaste). Secondary microplastics are derived from 

the physical and/or chemical (wind shear and thermo-oxidative process) 

degradation of large plastic debris. In addition, microplastics also include fiber 

shed of synthetic fabrics during laundry/ drying and fibers from abrasion of tires 

[76-78].  

Regardless of the source, microplastics have been measured in human 

stool samples, blood samples, placenta, and breastmilk [67, 79-81]. 
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Unsurprisingly, this observation shows that the accumulation of microplastics is 

not just in marine and terrestrial life but also in humans. The route of exposure 

includes ingestion of food and water contaminated with microplastics, and 

inhalation and dermal exposures via products containing microplastics [67, 82]. 

However, the main routes of exposure are ingestion and inhalation [67]. The 

health consequences of microplastics exposure are still largely unclear. The 

health effects of microplastics can vary based on various factors such the size, 

physical and chemical compositions, the exposure levels, and extent of 

bioaccumulation in various cells and tissue type depending on the organism or 

species [22, 83]. Furthermore, it has also been shown that various environmental 

chemicals such as Polycyclic Aromatic Hydrocarbons (PAHs), PCBs [77, 84] and 

microorganism [85] can bind to microplastics which can be released during 

leaching, adding to the numerous adverse health effects of microplastics on the 

body. This could also mean that secondary microplastics are more toxic than 

primary microplastics as identified by Xia et al. [86]. The biological responses 

due to the exposure of microplastics have been shown to be due to triggering 

immunes responses leading to the generation of reactive oxygen species (ROS). 

The resulting inflammation can lead to increased permeability of epithelial 

barriers allowing for the translocation of microplastics to various tissues such as 

the gut, liver, spleen, and other organs [22, 87]. Microplastics have also been 

shown to decrease energy metabolism as ATP concentration was low and lactate 

dehydrogenase activity was high resulting in decreased liver weight [22]. Deng et 

al. also observed a decrease in liver weight, total cholesterol, and triglycerides. It 
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has also been shown that microplastic exposures alters gut microbiome 

composition [22, 27, 88]. 

Previous studies have shown that, in both aquatic organisms as well as 

rodents, microplastics can cause inflammation, metabolic disorders and 

alterations in gut-microbiome composition [87]. A prior publication [27] showed 

polystyrene (PS) microplastics acted as a dose- and size- dependent obesogen. 

This study also showed that PS exposure led to an increase in Firmicutes/ 

Bacteroidetes ratio, which has been positively associated with obesity (a known 

risk factor for NAFLD) [89, 90]. In addition, these findings have shown that 

microplastics accumulate in liver tissues [22]. Based on these findings, we aimed 

to investigate the effects of PS exposure on the liver using the two sizes (0.5 µm 

and 5 µm) which have previous being shown to induce obesity and diabetes in 

C57BL/6J mice [27]. Therefore, we postulate that PS exposure will induce 

hepatic transcriptional reprogramming through gut-liver crosstalk, possibly 

as a consequence of alteration in gut microbiome, and in gut-derived 

signaling molecules such as bile acid.  
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 MATERIALS AND METHODS 

Animals, diets, and chemical use 

Animal protocols, procedures and care were done according to the 

University of Louisville Institutional Animal Care and Use Committee (IACUC). 

For this study, Thirty, 12 weeks old male C57BL/6J male mice were purchased 

from Jackson Laboratories (Bar Harbor, ME. USA). Five mice per cage were 

housed in an AALAC -and USDA- accredited facility at the University of 

Louisville. Mice were allowed to acclimatize for a week and mice were randomly 

selected to cages (5 mice per cage and 2 cages per exposure group). Mice were 

given either normal (filtered, autoclaved water) or normal water containing PS 

beads at a 1.0µg/ml concentration. Two PS bead stock solutions were purchased 

from Creative Diagnostics (Shirley, NY. USA) at sizes 5 µm beads (range= 4.5-

4.9µm; 5.0% w/v dispersed in DI water (8.28 x 108 particles/ml)) and 0.5 µm 

beads (range= 0.4-0.6µm; 5.0% w/v dispersed in DI water (1.4 x 1012 

particles/ml)). To prevent aggregation, freshly water solutions were prepared 

every other day using sonicated stock beads (prepared 30mins before dilution). 

On days fresh solutions were not supplied, previously supplied water bottles 

were perturbed to prevent potential settling of the PS beads. Water supplies and 

normal chow diet were accessible to the mice at ad libitum. These conditions 

were maintained for 12 week and the mice were then euthanized by sodium 

pentobarbital (150mg/Kg body weight) injection. Liver samples were collected 

and weighed at the time of euthanasia. Initial and final body weight were 

recorded at the beginning and end of study respectively while body mass 
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analysis was obtained by Lunar (Chicago, Il. USA) PIXImus Dual Energy X-ray 

Absorptiometer (DEXA) scanning after 9 weeks of PS exposure. 

Histopathological analysis: Hematoxylin-eosin staining 

The middle section of the right and left lobes of the liver tissue for each 

sample were fixed in 10% neutral buffered formalin for at least 48 hours. Tissues 

were then dehydrated in 75% ethanol until processing and paraffin embedding. 

After paraffin embedding, tissues were sectioned at 5 µm with Leica Biosystem’s 

Histoscore Autocut Automated Rotary Microtome (Leica Biosystem; Deer Park, 

IL). Tissue sections were stained with Modified Mayers hematoxylin (catalog: 22-

110-639; Epredia 72804; Kalamazoo, MI) and Eosin-Y w/ Phloxine (catalog: 22-

050-197; Epredia 71304; Kalamazoo, MI) (H&E) to assess hepatic morphology. 

Images were captured using an Aperio GT 450 – Automated, high-capacity 

pathology slide scanner (Leica Biosystems; Deer Park, IL). H&E images were 

captured on Aperio Image Scope software at 10 and 20X magnification, 

respectively (v12.4.6.5003) (Leica Biosystems Pathology Imaging; Deer Park, 

IL). H&E foci scoring was performed using Aperio image scope application. On 

the application, the area of the right and the left lobe was measured and 

presence of foci (three or more granulocyte cells clusters) on each of the lobes 

were counted [91]. Foci counts were divided by the area of either the right or left 

lobes and then multiplied by 107 to transform the data to whole numbers. The 

relative foci count for each sample was determined by the sum of the resulting 

(foci count/area) x Fig 107) number from the right and left lobe. 

Blood chemistry analysis 
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Blood samples were obtained at the time of euthanasia, by cardiac 

puncture using 0.2M EDTA as an anticoagulant. Plasma was isolated by 

centrifugation and aliquots were used to measure liver enzymes: (alanine 

transaminase (ALT), aspartate transaminase (AST)) and plasma lipids: total 

cholesterol, triglyceride, high density lipoprotein (HDL) and low-density 

lipoprotein (LDL) using an Axcel Clinical Chemistry Analyzer (West Caldwell, NJ. 

USA). 

Hepatic triglyceride and cholesterol measurement 

Liver tissues were bead homogenized in 50 mM sodium chloride solution. 

Homogenates were extracted using chloroform and methanol (2:1 v/v) solution 

according to the modified Bligh and Dyer method [92, 93]. Hepatic lipids were 

extracted from the lower chloroform layer and then evaporated to dryness. 

Hepatic triglyceride and cholesterol were colorimetrically quantified using each 

lipid’s respective infinity reagents to generate standards (catalog: T7531-STD, 

C7509-STD, Thermo Fisher Scientific, Inc., Middletown, VA, USA). Standards 

and duplicated samples absorbance were read using a microplate absorbance 

reader at 500 nm (BioTek Gen 5, Winooski, VT). Hepatic triglyceride and 

cholesterol values were calculated from the standard curve based on the clinical 

standard from Pointe Scientific (Horiba Medical, Japan). Result triglyceride and 

cholesterol values obtained as mg/dL were mathematically restructured as mg 

triglyceride or cholesterol per gram of liver tissue. 

GSH and GSSG measurement using HPLC 



52 
 

To ascertain oxidative stress in this study, glutathione (GSH) and 

glutathione disulfide (GSSG) levels were measured by HPLC [94]. Liver tissues 

were sonicated in 5% perchloric acid and 0.2 M boric acid using 10µM γ-glutamyl 

glutamate as an internal standard for ~5 seconds on ice to form a homogenate. 

Homogenized liver tissues were centrifuged for 5 minutes at 16000x g, and the 

resulting deproteinized supernatant was derivatized with iodoacetate and dansyl 

chloride to produce S-carboxmethyl and N-dansyl derivatives, while the resulting 

pellet was reconstituted in 0.1 M sodium hydroxide for protein quantification 

using BioRad DC protein assay. S-carboxmethyl and N-dansyl derivatives were 

analyzed on an Arc HPLC equipped with a Spherisorb NH2 analytical column 

(4.6 x 150mm) and W2475 fluorescence detector (Waters Corporation, Milliford, 

MA, USA). Concentrations of cysteine (Cys), cystine (CySS), GSH and GSSG 

were determined by comparison to the internal standard and normalized to total 

protein. Redox potentials were calculated from the Nernst equation (Eh = E0 + 

30*log([oxidized] / [reduced] 2), where E0 = -250 mV for Cys/CySS and -264 mV 

for GSH/GSSG). 

Real-time qPCR of liver samples 

Liver samples were homogenized in RNA-STAT60 and 0.5 mm silica 

beads (Biospec Products, Bartletsville, OK, USA), and total RNA was extracted 

using the RNA-STAT 60 manufacturer’s protocol (Tel-Test, Inc., Friendswood, 

TX, USA). RNA quantity and purity was assessed with a NanoDropTM OneC 

Microvolume UV-Vis Spectrometer from Thermo Scientific (catalog: 701-058112; 

Madison, MI). cDNA was reverse transcribed using single step cDNA synthesis 
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reagent, QScript (catalog: 95048-500; Quantabio; Beverly, MA). Polymerase 

chain reaction (PCR) was performed on the CFX384™ Real-Time System (Bio-

Rad; Hercules, CA) using the iTaq universal probe super mix from Bio-Rad 

(catalog: 1725134; Hercules, CA) during RT-qPCR set-up. Expression for genes 

of interest were investigated employing commercially available predesigned 

TaqMan Gene Expression Assays (Applied Biosystems, Foster City, CA): 

glutamate-cysteine ligase, catalytic subunit (Gclc); 

(Mm00802658_m1),glutamate-cysteine ligase, modifier subunit (Gclm); 

(Mm01324400_m1), interleukin six (Il-6); (Mm00446190_m1), macrophage 

inflammatory protein 2 alpha (MIP2α); (Mm00436450-m1)monocyte chemo 

attractant protein 1 (MCP1); (Mm00441242-m1),Serine protease inhibitor protein 

(Serpine 1); (Mm00435858_m1), tumor necrosis factor alpha (TNFα); 

(Mm00443258-m1), transforming growth factor-beta 1 (TGFβ1); 

(Mm01178820_m1), tissue inhibitor of metalloproteinases-1 (TIMP-1); 

(Mm00441818_m1). Glyceraldehyde-3-phosphate Dehydrogenase (GADPH) 

(catalog: 4352339E; Applied biosystems; Waltham, MA) was used as the 

housekeeping gene and relative mRNA expressions was calculated using the 2-

ΔΔCt method. Mean expression of each gene in the control (given H2O) were 

normalized to 1. Data for all other animals were expressed as fold induction 

compared to mean control. 

Statistical Analysis 

Statistical analyses were performed using GraphPad Prism version 9.5.1 

for Windows (GraphPad Software Inc., La Jolla, CA, USA). Data were initially 



54 
 

assessed for normality using the D’Agostino & Pearson test as well as 

homoskedasticity using Barlett’s test. Based on result of these test, comparison 

of central tendencies was performed employing One Way ANOVA followed by a 

Tukey's post-hoc test (for parametric and homoscedastic data) or Kruskal-Wallis 

test followed by Dunn’s Multiple Comparison Test (for nonparametric and 

homoscedastic data), or Brown-Forsythe and Welch ANOVA test followed by 

Dunnett post-hoc test (for parametric but heteroskedastic data). Graphs are 

visually expressed as mean ± SD and a p-value ≤ 0.05 was considered 

statistically significant for all tests. 

RNA sequencing extraction, library preparation and sequencing run 

Total RNA was isolated from snap frozen liver tissues using the RNeasy 

plus mini kit (catalog: 74134; Qiagen; Germantown, MD) following to the 

manufacturer's instructions. RNA was assessed for purity using the NanoDropTM 

2000 Spectrophotometer (catalog: 701-058112); Thermo Scientific; Madison, MI) 

and quantified by Qubit fluorometer using the Qubit RNA HS Assay Kit (catalog: 

Q32855; Thermo Fisher; Waltham, MA). RNA integrity was assessed using the 

Agilent 2100 bioanalyzer with RNA Nano 6000 kit (catalog: 5067-1511; Agilent; 

Santa Clara, CA). mRNA strand libraries were prepared with Illumina stranded 

mRNA prep ligation (96 samples) (catalog: 20040534; Illumina; San Diego, CA) 

following the manufacturer’s protocol (document: 1000000124518 v03; Illumina; 

San Diego, CA). In brief, poly(A) mRNA was purified from 200ng total RNA using 

oligo dT beads and then the first and second strands were reverse transcribed to 

form cDNA. Amplification of cDNA was done according to protocol with a total of 
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13 cycles and barcoded indexes (IDT for Illumina RNA UD Indexes Set A, 

Ligation (Catalog: 20040553; Illumina; San Diego, CA) were simultaneously 

added. Quantity control for the libraries were performed by Qubit Fluorometer 

using Qubit 1X dsDNA HS assay kit (catalog: Q33231; Thermo Fisher; Waltham, 

MA) and average library size analysis was performed by Agilent 4159 

Tapestation System on a D5000 screen tape (catalog: 5067-5588; Agilent; Santa 

Clara, CA) and FA. Individual samples were normalized to 10nM prior to pooling 

and then re-quantified using the Qubit quantification assay. According to the 

NextSeq 2000 system guide (document: 1000000109376 v06; Illumina; San 

Diego, CA), the 2nM pooled libraries and PhiX control were diluted, and libraries 

were loaded at 750pM with 2% PhiX spiked in. libraries were further diluted and 

denatured on-instrument according to manufacturer’s protocol (Illumina; San 

Diego, CA). Sequencing was performed on the Illumina NextSeq 2000 platform 

using a P3 100 cycle reagent kit with a P3 flow cell. Libraries were sequenced 

with a single 101 cycle read length with 2 index reads of 10bp each. FASTQ files 

were generated for analysis by BaseSpace DRAGEN analysis Version 1.2.1 [95]. 

Sequencing data analysis 

The quality of the raw sequences was assessed using the Fastqc software 

(V 0.10.1) [96] , the sequences were of good quality and no trimming was 

necessary. The sequences were aligned to the Mus musculus reference genome 

assembly (GRCm39.fa) using STAR (v 2.6) [97] to generate alignment files in 

bam format. HTseq (v 0.10.) [98] was used to obtain the raw read counts from 

the STAR aligned bam format files. Normalized raw counts obtained using the 
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Relative Log Expression (RLE) method were filtered to exclude genes with fewer 

than 10 counts across samples. DEseq2 [99] analysis which employs Benjamini-

Hochberg for FDR calculations was used to assess differential expressed genes 

(DEGs). Enriched gene ontology biological processes and KEGG pathways were 

identified using R package ClusterProfiler [100] from the differential expressed 

genes. Core Pathway analysis was performed using Ingenuity Pathway Analysis 

(IPA) software (Qiagen, Germantown, MD) to determine overrepresented 

pathways based on differentially expressed genes for each comparison. 

Significance for up-regulated and down-regulated genes as well as 

overrepresented, activated or suppressed core pathways were set at a q-value < 

0.05 with a log2 fold change = 0.  
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 RESULTS 

Effects of polystyrene on body composition 

To investigate the effects of PS on body composition and metabolic 

disruption, we calculated the percentage (%) body weight increase, liver weight 

(% of body weight) and % fat. Using the final body weight at the end of the study 

period, and the initial body weight of the mice in each group, % body weight 

increase (Fig 11A) was calculated. The resulting data showed no changes in 

body weight between the control and exposed groups (0.5 µm and 5 µm). 

Analysis of % organ weight to body weight showed a significant decrease in % 

liver to body weight (Fig 11B) in 0.5 µm PS exposed mice compared to the 

unexposed mice. Similarly, there was a decrease in % liver to body weight in 5 

µm PS exposed mice compared to the unexposed mice. However, % fat 

assessment showed no change between the exposed groups (0.5 µm and 5 µm) 

and the control group (Fig 11C).  
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Figure 11: PS effects on body composition. 

% Body weight increase (A) and liver weight (% of body weight) (B) were 

calculated using the initial and final body weight. % Fat increase was calculated 

using initial and final DEXA body mass (C). Values are expressed as mean ± SD 

with significance defined as p ≤ 0.05. p-values were determined using either a 

Brown-Forsythe and Welch ANOVA test with a Dunnett’s post hoc (% body weight 

increase) or a one-way ANOVA test with a Tukey’s post hoc (Liver weight and % 

fat) after normality and homoskedasticity were determined. 
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Effects of Polystyrene on hepatic steatosis and liver injury 

To determine the effects of PS exposure effect on the liver and its 

function, H&E-stained liver sections were analyzed for the fatty droplet deposition 

and inflammatory foci were counted. Hepatic triglyceride and cholesterol levels 

were analyzed to assess lipid accumulation in the liver. Aspartate transferase 

(AST) and alanine transferase (ALT) plasma level, indicative of liver injury, were 

assessed. The H&E-stained liver sections (Fig 12A) showed no steatosis or 

histological changes between the control and the PS exposure groups. In 

addition, inflammatory foci count showed no difference between the control and 

PS exposure groups (Fig 12B). Analysis of hepatic lipids (Fig 13A & B) showed 

significant changes in the increase of liver cholesterol (Fig 13A) in both 0.5 µm 

and 5 µm exposed mice compared to control mice. However, there was no 

significant difference in hepatic cholesterol between the 0.5 µm and 5 µm 

exposed mice. Like the comparison between the exposure group for hepatic 

cholesterol, there was no significant change in hepatic triglyceride levels (Fig 

13B) between the control and exposure groups as well as between the exposure 

groups, suggesting a possible disruption in the cholesterol pathway by PS 

microplastics exposure. Interestingly, plasma cholesterol showed a significant 

decreased in total cholesterol level in the 5 µm exposed mice compared to 

control mice (Table 1) while plasma triglyceride (Table 1) showed no changes 

between the exposure groups and the control group or between the exposure 

groups. However, Plasma HDL and LDL were significantly decreased in the 5 µm 

exposed mice compared to the control (Table 1). There was no change in AST 
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and ALT levels (Fig 14A &B) observed between the exposure groups and the 

control group as well as between the exposure groups (Fig 14A &B), suggesting 

that there was no liver injury.  
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Figure 12: PS on H&E staining of liver tissue and foci count. 

H&E stained 5μm thin liver sections were assessed for liver morphology and lipid 

droplet accumulation. Images were captured at 10X magnification (A). Foci 

(inflammatory granules) (B) were counted on scanned H&E stained 5μm thin liver 

sections and presented as number of foci per area square. Values are expressed 

as mean ± SD with significance defined as p ≤ 0.05. p-values were determined 

using a Kruskal-Wallis test with a Dunn’s post hoc test after normality and 

homoskedasticity were determined.  
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Figure 13: PS effects on hepatic cholesterol and triglyceride levels. 

Hepatic cholesterol (A) and hepatic triglyceride (B) were quantified from liver 

samples using a colorimetric assay. Values are expressed as mean ± SD with 

significance defined as p ≤ 0.05. p-values were determined using either a Brown-

Forsythe and Welch ANOVA test with a Dunnett’s post hoc (cholesterol) or a one-

way ANOVA test with a Tukey’s post hoc (triglyceride) after normality and 

homoskedasticity were determined. 
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Figure 14: PS effects on plasma AST and ALT. 

Plasma AST (A) and ALT levels (B) were measures using an Axcel Clinical 

Chemistry Analyzer. Values are expressed as mean ± SD with significance 

defined as p ≤ 0.05. p-values were determined using Kruskal-Wallis followed by 

Dunn’s post hoc test (AST & ALT) after normality and homoskedasticity were 

determined. 
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 Con 0.5µm 5µm 

Cholesterol (mg/dL) 83.60 ± 6.48 92.2 ± 14.01 61.70 ± 8.29
*‡

 

Triglyceride (mg/dL) 74.80 ± 14.37 68.40 ± 22.31 76.80 ± 33.52 

HDL (mg/dL) 49.40 ± 4.06 53.20 ± 8.18 34.20 ± 5.83
*‡

 

LDL (mg/dL) 19.24 ± 3.05 25.32 ± 8.63 12.14 ± 7.46
*‡

 

Table 1: PS effects on total cholesterol, triglyceride, high-density 

lipoproteins and low -density lipoproteins. 

 

Plasma lipid levels were measured using an Axcel Clinical Chemistry Analyzer. 

Values are expressed as mean ± SD with significance defined as p ≤ 0.05. p-

values were determined by using either a one-way ANOVA test with a Tukey’s 

post hoc (Plasma cholesterol, triglyceride and HDL) or a brown-Forsythe and 

welch ANOVA test with a Dunnett’s post hoc (LDL), after normality and 

homoskedasticity was determined. * p ≤ 0.05 between 5µm to control and 
‡
 p ≤ 

0.05 between 0. 5 µm and 5 µm. 



65 
 

Effects of polystyrene on hepatic inflammation and fibrosis 

Hepatic inflammation and fibrosis are indicators of advanced fatty liver 

disease. In previous studies, microplastics had been shown to induce 

inflammation [87]. To analyze the effects of PS on hepatic inflammatory and 

fibrotic markers, RT-qPCR was performed. The mRNA levels of genes encoding 

inflammatory markers: monocyte chemoattractant protein-1(Mcp-1) and 

interleukin-6 (Il-6) were analyzed. There was an increase in Mcp-1 gene 

expression in the 0.5 µm exposed mice compared to the control mice. Also, there 

was a significant increase in the 0.5 µm exposed mice compared to the 5 µm 

exposed mice (Fig 15A). There was a trend for decreased Il-6 gene expression 

was in the 5 µm group compared to the control (Fig 15B). However, there was no 

change in the Il-6 gene expression between the control and the 0.5 µm exposed 

mice nor between the two exposed groups. Additionally, other inflammatory 

markers namely, tumor necrosis factor alpha (Tnfα), and macrophage 

inflammatory protein-2 alpha (Mip-2α) mRNA levels were not altered in the 0.5 

µm and 5 µm exposures compared to the control (Appx. Table 2). Transforming 

growth factor beta 1 (Tgfβ-1) and plasminogen activator inhibitor 1 (Serpine1/Pai-

1) gene expressions were assessed for the presence of fibrosis. Tgfβ-1 mRNA 

level (Fig 16A) was significantly increased in the 5 µm exposed mice compared 

to the control mice. There were no changes in the steady state mRNA levels 

between 0.5 µm and the control mice or between the exposed mice. Pai-1 mRNA 

levels (Fig 16B) were not altered between the control and exposed mice. 

However, there was a significant difference in the Pai-1 mRNA levels between 
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the 0.5 µm and 5 µm exposed mice. Similarly, the gene expression for the fibrotic 

marker, tissue inhibitor of metalloproteinases (Timp) was not altered by PS 

exposure between the control and the exposed mice and the between the two 

exposed groups. Overall, the gene expression data on inflammatory and fibrotic 

markers suggest that there were few significant effects of PS on hepatic 

inflammation and fibrosis at the mRNA levels.  
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Figure 15: PS effects on inflammation related genes gene expression. 

qRT-PCR was used to assess mRNA levels of hepatic Monocyte chemoattractant 

protein-1 (Mcp-1) (A), and Interleukin-6 (Il-6) (B). Values are presented as mean 

± SD with significance defined as p ≤ 0.05. p-values were determined by either the 

Kruskal-Wallis test followed by a Dunn’s post hoc test (Mcp-1), or one-way ANOVA 

followed by a Tukey’s post hoc test (Il-6), after normality and homoskedasticity 

were determined. 
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Figure 16: PS effects on hepatic profibrotic gene expression. 

qRT-PCR was used to assess mRNA levels of the profibrotic marker Transforming 

growth factor beta 1 (Tgfβ-1) (A) and Plasminogen activator inhibitor-1 (Pai-1) (B). 

Values are presented as mean ± SD with significance defined as p ≤ 0.05. p-values 

were determined by a Kruskal-Wallis test followed by a Dunn’s post hoc test, after 

normality and homoskedasticity were determined. 
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Effects of polystyrene on oxidative stress 

Microplastics has been shown to induce oxidative stress in other studies 

[22]. To ascertain if PS induced oxidative stress in our exposures, hepatic 

glutathione (GSH) and glutathione disulfide (GSSG) levels were measured and 

normalized to total protein. Hepatic GSH (Fig 17A) and GSSG (Fig 17B) levels 

were not changed in the PS-exposed mice compared to the control mice and 

between the exposed mice. Additionally, the GSH/ GSSG ratio (Fig 17C) which is 

an indicator for increased oxidative stress showed no difference between the 

control and PS-exposed groups as well as between the two PS-exposed groups. 

This suggested that PS exposure does not induce oxidative stress in the liver at 

the concentration and time point used. However, the total protein levels (Fig 17D) 

used to normalize the GSH and GSSG levels showed a significant increase in 

the 5 µm exposed mice compared to the control mice, suggesting that PS may 

have impacted protein metabolism. Furthermore, supplemental data showed the 

RT-qPCR analysis of genes involved in GSH synthesis namely, Gclc and Gclm 

were not altered due to PS exposure (Appx. Table 2).  
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Figure 17: PS effects on hepatic oxidative stress. 

Oxidative stress was assessed by measuring glutathione (GSH), glutathione 

disulfide (GSSG) and hepatic total protein levels. GSH (A) and GSSG (B) were 

measured using HPLC and resulting concentrations were used to calculate 

GSH/GSSG ratio (C). Hepatic total protein levels were measured using protein 

assay (D). Values are presented as mean ± SD with significance defined as p ≤ 

0.05. p-values were determined using either a one-way ANOVA followed by a 

Tukey’s post hoc test (GSH, GSSG & GSH/GSSG ratio) or Kruskal-Wallis for 

followed by a Dunn’s post hoc test (Hepatic protein), after normality and 

homoskedasticity were determined. 
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Effects of polystyrene on genes involved in hepatic energy metabolism 

The liver’s main function is the metabolism and storage of 

macromolecules such as lipids, glucose, and proteins. To assess the effects of 

PS on liver physiological function, it is important to examine the effects of PS on 

energy metabolism. Cholesterol metabolism is one of the functions of the liver, 

Liver-X-receptor (Lxr) and its target gene cytochrome P450, family 7, subfamily 

a, polypeptide 1 (Cyp7a1) are genes involved in cholesterol and bile acid 

metabolism. There was no increase in Lxr mRNA levels in the PS exposed 

group compared to the control group. However, there was a significant decrease 

in the 5 µm exposed group compared to the 0.5 µm group (Fig 18A). in contrast, 

Cyp7a1 (Fig 18B) showed a trend for increased gene expression in the 5 µm 

exposed group compared to the control group (p = 0.0668). Fatty acid binding 

protein-1 (Fabp1), carnitine palmitoyltransferase-1 alpha (Cpt1α), and carnitine 

palmitoyltransferase-2 (Cpt2) mRNA levels were used to examine the effects of 

PS exposure on lipid metabolism. There was a significant decrease in Fabp1 

gene expression in the 0.5 µm exposed group compared to the control group 

(Fig 19A). Cpt1α and Cpt2 showed opposite effects in the 5 µm group. Cpt1α 

was significantly increased in the 5 µm exposed group compared to control 

group (Fig 19B) while Cpt2 was significantly decreased between the two groups 

(Fig 19C). Cpt2 was also significantly decreased in the 0.5 µm exposed group 

compared to the control group (Fig 19C). Genes which encode protein involved 

in glucose metabolism, namely, phosphoenolpyruvate carboxykinase-1 (Pck1) 

and glucose-6-phosphatase catalytic subunit-1 (G6pc1) were analyzed, and the 
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mRNA levels of these genes showed no difference between the PS exposed 

group and the control group as well as between the two exposed groups (Fig 

20A&B). Lastly, the gene hepatocyte nuclear factor-4 alpha (Hnf4α) which 

encodes for the protein HNF4α and is involved in lipid and glucose homeostasis 

[101], was assessed. There was no difference in Hnf4α gene expression 

between any of the groups (Fig 20C). The findings suggest that PS exposure 

altered lipid metabolism, to an extent but had no effect on glucose metabolism. 

Furthermore, the overall homeostasis of the liver can be inferred to be normal 

based on the lack of alteration in Hnf4α gene expression. Information regarding 

additional metabolic genes assessed are provided in Appx. Table 2.  



73 
 

  

Figure 18: PS effects on genes involved in hepatic cholesterol metabolism. 

qRT-PCR was used to assess mRNA levels of cholesterol and bile acids 

metabolism: Liver-X-receptors (Lxr) (A) and Cytochrome P450, family 7, subfamily 

a, polypeptide 1 (Cyp7a1) (B). Values are presented as mean ± SD with 

significance defined as p ≤ 0.05. p-values were determined by a one-way ANOVA 

followed by a Tukey’s post hoc test (Lxr) and Kruskal-Wallis followed by a Dunn’s 

post hoc test (Cyp7a1), after normality and homoskedasticity were determined. 
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Figure 19: PS effects on genes involved in hepatic lipid metabolism. 

qRT-PCR was used to assess mRNA levels of fatty acid metabolism marker: Fatty 

acid binding protein-1 (Fabp1) (A), Carnitine palmitoyltransferase-1 alpha (Cpt1α) 

(B), and Carnitine palmitoyltransferase-2 (Cpt2) (C). Values are presented as 

mean ± SD with significance defined as p ≤ 0.05. p-values were determined by 

one-way ANOVA followed by a Tukey’s post hoc test (Fabp1, Cpt1α & Cpt2), after 

normality and homoskedasticity were determined. 
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Figure 20: PS effects on genes involved in glucose metabolism and normal 

liver function. 

qRT-PCR was used to assess mRNA levels of glucose metabolism marker: 

Phosphoenolpyruvate carboxykinase-1 (Pck1) (A), Glucose-6-phosphatase 

catalytic subunit-1 (G6pc1) (B), and Hepatocyte nuclear factor-4 alpha (Hnf4α) 

(C). Values are represented as mean ± SD with significance defined as p ≤ 0.05. 

p-values were determined by one-way ANOVA followed by a Tukey’s post hoc test 

(Pck1, G6pc1 & Hnf4α), after normality and homoskedasticity were determined. 
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RNA sequencing analysis suggests polystyrene altered hepatic lipid gene 

expression 

Differentially expressed genes were defined as those with q-value < 0.05 

with no fold change cut off. RNA sequencing analysis demonstrated that 283 

genes were differentially expressed in the 0.5 µm vs control comparison group 

while only 49 genes were differentially expressed in the 5 µm vs control 

comparison groups (Table 2). When we compared the 0.5 µm vs control group, 

203 genes were predicted to be induced and 80 genes were predicted to be 

suppressed in the 0.5 µm vs control group (Table 2). Among the most induced 

genes were Steap4, Tnfaip3, and Ccl2 while among the most suppressed genes 

were Tpm2, Trib3, and Pcp4l (Fig 21 A&B). When we compared the 5 µm and 

control groups, 41 genes were predicted to be induced and 8 genes were 

predicted to be suppressed (Table 2). Among the most induced were Firre, 

Fam193b, and Mug-ps1, and among the most suppressed were, Slpi, Ctgf, and 

Sgk1 (Fig 21A&B). There was very little overlap in the differentially expressed 

genes in the two comparisons (0.5 µm vs control and 5 µm vs control) as 

depicted in (Fig 21A). However, 5 genes were differentially expressed in both the 

0.5 µm vs control and 5 µm vs control comparison groups, namely, Rev1, Brpf1, 

Cnnt2, Cavin2, and Pea15a (Fig 21A). Ingenuity pathway analysis (IPA) 

assessment predicted gene ontology (GO) processes enriched by 0.5 µm and 5 

µm PS exposure. Importantly, FXR/RXR activation and LXR/RXR activation were 

enriched in 0.5 µm and 5 µm exposure groups compared to the control (Fig 22). 

In addition to FXR and LXR activation, IPA analysis also predicted the 
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enrichment of receptors involved in various processes in the gut-liver axis in the 

0.5 µm vs control comparison group. For example: LPS/IL-1 mediated inhibition 

of RXR function, aryl hydrocarbon receptor signaling, toll-like receptor signaling 

and xenobiotic metabolism AHR signaling pathways (Fig 22 and Appx. Table 7). 

Additional RNA seq processes and DEGs can be found in Appx. Table 3 -7.   
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Table 2: Differentially expressed genes (DEGs) from RNA seq of 

C57BL/6Jmouse liver samples exposed to polystyrene. 

 
Exposure 

groups 
Total DEG 

No. of upregulated 
gene 

No. of downregulated 
gene 

0.5µm vs 
Control  

283 203 80 

5µm vs. 
Control 

49 41 8 

The number of DEGs in each PS exposure groups was compared to control 

(CON). Statistical significance determined by DESeq2 analysis: p ≤ 0.05; q 

≤ 0.05; log2FC ≥ 0, FPKM ≥ 1 in ≥ 3 sample; AVG FPKM ≥ 1. 
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Figure 21: Predicted differentially expressed genes (DEGs) with 

polystyrene microplastics exposure. 

Venn diagram showing the overlap and difference DEGs in 0.5 µm vs control and 

5 µm vs control comparison groups (A). Breakout boxes indict the top 10 uniquely 

induced (red colored genes) and suppressed (blue colored genes) DEGs in the 

exposed group. Cut-off values are log2 fold change of 0 and a q-value < 0.05. (B) 

The log2 fold change values of the top 10 induced and suppressed DEGs in the 

0.5 µm and 5 µm PS exposure groups. Additional DEGs for each PS exposure 

group in Appendix tables 3 –6.  
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Figure 22: Enrichment analysis of DEGs identified in different sizes of 

polystyrene exposure. 

DEGs (q –value < 0.05) were analyzed by the ingenuity pathway analysis (IPA) 

software. Pathway identified enriched processes in 0.5 µm vs control and 5 µm vs 

control comparison groups. Two processes were predicted to be activated in both 

groups. Venn diagram displays top 10 enriched process by 0.5 µm and 5 µm PS 

exposure groups. Cut-off values for enriched pathways are log2 fold change of 0 

and a q-value < 0.05. Additional enriched processes and related genes are in 

Appendix table 7. 
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 DISCUSSION 

In this study, we investigated the effects of microplastics exposure (PS) on 

the liver based on previous findings showing that PS exposure increased 

Firmicutes to Bacteroidetes (F/B) ratio, which was associated with obesity [27]. 

As obesity is known as a risk factor for NAFLD, we postulated that PS may 

induce NAFLD. Using 0.5 µm and 5 µm sized PS beads at 1.0µg/ml 

concentration in drinking water, we assessed fatty liver endpoints. In addition, 

RNA transcriptomics analysis was carried out for hypothesis-generation 

purposes and to shed further light on our findings. Our data showed that PS 

exposure did not induce fatty liver disease. However, minor changes in 

inflammatory and fibrotic gene expression, as well as subtle changes in 

metabolic gene expression including hepatic cholesterol levels, indicate a size 

dependent effect from PS exposure. This size-dependent effect was further 

confirmed by the results obtained from RNA sequencing analysis on liver 

samples. In addition, enriched pathways such as FXR and LXR signaling 

enrichment predicted using IPA software indicates signs of hepatic 

reprogramming from altered gut-microbiome contributing to systematic effects in 

both PS exposure groups. 

A previous study by Zhao et al. [27] demonstrated that PS exposure 

altered gut microbiome composition and increased Firmicutes to Bacteroidetes 

ratio in C57BL/6Jmice. These previous findings provided the rationale for our 

current study which was to investigate the effects of microplastics on the liver in 

the context of the gut-liver axis. In this study, we observed an increase in insulin 
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resistance in the PS exposed mice compared to the unexposed mice, consistent 

to previous findings [27]. Therefore, we suspect that in the current study, there 

was a change in the F/B ratio indicating possible alterations to the gut 

microbiome by both bile acid [102] and PS exposure [27].  

The RNA transcriptomic findings in addition to our initial characterization 

of the liver indicate a size-dependent effect from PS exposure. Our results 

showed that inflammation, fibrosis, and energy metabolism related genes were 

altered in either the 0.5-micron, 5 micron or both. The differential alteration of 

similar genes by each exposure group indicates a size-dependent effect. A 

possible explanation for this is the ability of smaller-sized beads (0.5 µm) to cross 

the lipid bilayer easily and exert more molecular effects compared to the larger-

sized beads. Similar to particulate matter which ranges in size as some 

microplastics, it has been previously reported in particulate matter and 

microplastic studies that smaller-sized particulate matter has more effects on 

downstream processes compared to larger-sized particulate matter [103, 104]. 

Alluding to our earlier explanation about a size-dependent effect, more genes 

were differentially expressed in the 0.5 µm PS exposed mice compared to the 5 

µm PS exposed mice. In addition, there were more enriched processes in the 0.5 

µm PS exposed mice compared to the 0.5 µm PS exposed mice.  

Furthermore, IPA analysis of RNA sequencing data predicted the 

enrichment of multiple pathways in the liver, indicating to changes in the gut and 

its microbiome. Some of the enriched pathways include FXR and LXR 

enrichment which was observed in both PS exposure groups and LPS/IL-1 
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mediated inhibition of RXR function, aryl hydrocarbon receptor signaling, toll-like 

receptor signaling and xenobiotic metabolism AHR signaling pathways, which 

was observed in the 0.5-micron exposure group. However, among the listed 

enriched pathways, FXR and LXR pathway enrichment could provide an 

explanation for our findings in the initial characterization of the liver.  

As earlier stated in the introduction, FXR activation mediates bile acid, 

lipid, and glucose metabolism and can indirectly influence protein metabolism as 

well [16, 19]. In addition, FXR signaling can regulate hepatic inflammation and 

fibrosis pathways [19]. Therefore, the predicted enrichment of the FXR signaling 

pathway could explain the increase in hepatic cholesterol and the decrease 

plasma cholesterol levels, the lack of effects in hepatic and plasma triglyceride 

levels and FXR-related glucose metabolism genes, as well as the minor changes 

in protein metabolism, hepatic inflammation, and fibrosis related genes. 

Moreover, LXR signaling is also involved in the maintenance and regulation of 

cholesterol, lipids and glucose metabolism and together with FXR, LXR 

maintains body lipid and cholesterol homeostasis [105]. These findings suggest a 

possible LXR and FXR receptor crosstalk which could be contributing to hepatic 

transcription reprogramming. However, further confirmatory analysis such RT-

qPCR and western blot is needed to determine the activation/ inhibition of FXR 

and LXR receptors. 

Furthermore, our findings showing the decrease in liver weight and the 

decrease in total cholesterol and triglyceride from PS exposure was not 

uncommon. Deng et al. demonstrated in their PS study that the decrease in liver 
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weight could be as a result of deficiency in energy metabolism [22]. Energy 

metabolism deficiency in their studies was correlated with a decrease in ATP 

concentrations, an increase in lactate dehydrogenase (LDH) activity and the 

presence of metabolites involved in energy metabolism in the serum. Further, 

Deng et al. findings showed a decrease in total cholesterol and triglycerides 

similar to our current study. In addition, Deng et al. observed an increase in lipid 

metabolism related metabolites such as taurine, and a decrease in the metabolite 

choline in the serum of PS exposed mice [22]. Their findings suggest that 

microplastic exposure alters hepatic function and energy metabolism. However, 

these endpoints were not assessed in this study. In the future, we plan to 

measure food intake, LDH levels as well as ATP concentrations to assess for 

energy metabolism changes resulting from PS exposure. 

Thus far, our study provides an array of evidence showing that PS 

exposure is size-dependent and alters various metabolic pathways. However, the 

major limitation in this study was the lack of fatty liver disease in the exposed 

mice. Our aim was to investigate the effects of PS on the liver as previous 

studies showed that PS exposure induced obesity and diabetes in the C57BL/6J 

[27]. As diabetes and obesity are risk factors for fatty liver disease, our 

assessment comprised of fatty liver endpoints. In the future, we plan to measure 

ATP and LDH levels as well as serum metabolite to evaluate the effects of PS on 

energy metabolism. As earlier listed, some of the predicted pathways from our 

RNA transcriptomics analysis indicate changes in gut-derived signaling 

molecules such as lipopolysaccharides (LPS) and bile acids. Therefore, we also 
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plan to measure plasma, hepatic and intestinal metabolites as well as hepatic 

and intestinal short-chain fatty acid and bile acid levels. Another limitation in this 

study was the lack of replicating human microplastics exposure. Humans are 

exposed to a diverse range of microplastics consisting of different sizes, 

polymers, and additives. Moreover, these microplastics beads, having been 

through various degrees of degradation, modifications, and through interaction 

with the environment, may have bound to environmental pollutants such as 

persistent organic pollutant and microorganism [84, 87]. However, for this study, 

we used commercially purchase beads which do not mimic microplastic exposure 

in humans. Therefore, models that more accurately mimic human exposures are 

needed to effectively understand the potential effects of microplastics on the 

body. In addition, humans are not only exposed to the microplastic but other 

environmental pollutants like PCBs and lifestyle factors could contribute to the 

effects of microplastics seen in humans. In future studies, the incorporation of 

multiple exposures will also provide a better understanding of the interactive 

effects of microplastics in the body. 

Considering the limitations of this study, the future direction of this study 

includes but is not limited to the following: Our findings relied largely on gene 

expression data and does not reflect actual protein levels. Hence, protein assays 

such as western blots and proteomic analysis are needed to confirm the changes 

in mRNA levels observed in these mice. Next, an ongoing metabolomics analysis 

would show the short chain fatty acids changed due to PS exposure and the 

metabolites generated due to microplastics exposure. Importantly, the 
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metabolomics analysis will show the various bile acids present in both the liver 

and the gut. This information can provide better understanding to our RNA 

transcriptomics assessment on the enrichment of FXR and LXR receptors as well 

as the effects observed in the liver.  
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CHAPTER IV: SUMMARY 

 There is a worldwide increase in NAFLD, with various factors contributing 

to this disease such as high caloric diet, sedentary lifestyle, and exposure to 

environmental pollutants [90]. TAFLD is a subtype of NAFLD that arises from 

exposure to environmental pollutants. Due to the growing industrialization and 

plethora of chemicals in our environment today, it is important to study the effects 

of environmental pollutants on TAFLD development.  

 The liver is the largest organ in the body, and it is the main organ for 

metabolism of xenobiotics and endogenous molecules. Therefore, it is prone to 

various effects from these molecules, especially environmental pollutants. There 

have been various studies showing the different mechanisms by which 

environmental pollutants affect the liver [12]. One of these mechanisms is 

through the gut and its microbiome [12, 15]. One of the ways the gut is 

connected to the liver is through enterohepatic circulation [20]. Also, there are 

various receptors whose function is in the regulation and maintenance of the 

physiological gut and liver homeostasis. These projects showed how the 

enterohepatic circulation and these receptors contribute to the maintenance of 

the gut-liver axis. 

 Aroclor 1260 is a mixture of PCBs known to induce detrimental effects on 

the gut-liver axis, in part, through the activation of the nuclear receptors CAR and 
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PXR. However, the full extent of these effects has not been studied in a chronic 

study. We investigated the chronic effects of Aroclor 1260 exposure on the gut. 

Our findings showed that Aroclor 1260 did not alter gut microbiome composition 

as expected but induced minor effects on gut permeability genes, in addition to 

gut maintenance and repair genes at the end of 34 weeks. We also observed a 

trend for increase in Proteobacteria phyla and a trend for decrease in Camp gene 

expression, which suggest possible increase in microbial activity (Fig 23). Based 

on our finding, we postulate that a single dose Aroclor 1260 induced toxicity 

could perhaps reverse with time, especially in the absence of multiple exposures 

to Aroclor 1260 over time or an initial insult to the gut. 

Next, we examined the effect of PS on the liver based on previous findings 

showing that PS altered gut microbiome composition and induced obesity and 

insulin resistance in C57BL/6Jmice. This study was a repeat of a previous study 

using the same parameters and PS bead sizes but only a single effective dose 

(1µg/ml) [27]. The findings from the previous study showed the effects of 

microplastics on the gut and hinted at the possible effects on the liver. Therefore, 

we aimed to understand the interactions between the gut and liver. Although we 

expected to observe fatty liver disease in the exposed mice, our findings 

suggested that the effects of PS were size-dependent. The size effects observed 

suggests that the 0.5 µm PS exposure group could be exerting its effects at the 

molecular level, while the 5 µm PS exposure group could be exerting its effects 

at the cellular level. In addition to our findings based on size, our major finding 

from the RNA transcriptomic analysis was the enrichment of FXR and LXR 
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receptors among the enrichment of other hepatic receptors. The enrichment of 

these receptors implies that PS exposure could impact gut microbiome 

composition resulting in alteration of gut derived signaling molecules such as bile 

acids. Importantly, altered bile acids could lead to hepatic reprogramming via 

FXR activation (Fig 24). However, further analysis is needed to confirm these 

speculations. 

 In summary, this project showed the role of environmental pollutants on 

the gut-liver axis. Although these pollutants act through various mechanisms, 

they still induce changes in the gut and liver which in turn influence each other. 

Our findings are unique as it examines organ-organ interactions/ crosstalk and 

sheds some light on the extrahepatic effects of toxicants, how these effects could 

lead to liver disease, and potentially other related cardio-metabolic complications 

such as diabetes, obesity, and cardiovascular disease.  
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Created with BioRender.com 

Figure 23: Summary of Aroclor 1260 findings. 
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Figure 24: Summary of Polystyrene exposure findings. 
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APPENDIX 

Appendix Table 1: Aroclor 1260 effects on ileal gene expression. 
* p ≤ 0.05 between 5µm to control and ‡ p ≤ 0.05 between 0. 5µm and 5µm. 
 

CONTROL PCB 

Tjp1 
1.00 ± 0.38 1.03 ± 0.47 

Icam 
1.00 ±0.86 0.88 ± 1.00 

Il-10 
1.00 ± 0.45 1.13 ± 1.14 

Cyp1a1 
1.00 ± 1.51 0.59 ± 0.66 
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Appendix Table 2: Polystyrene effects on hepatic gene expression. 
* p ≤ 0.05 between 5µm to control and ‡ p ≤ 0.05 between 0. 5µm and 5µm. 

 CONTROL 0.5µm 5µm 

Tnfα 1.00 ± 0.38 1.18 ± 0.41 1.04 ± 0.34 

Mip-2α 1.00 ± 0.26 3.78 ± 6.83 0.63 ± 0.38
‡

 

Timp1 1.00 ± 0.52 1.19 ± 0.52 1.01 ± 0.32 

Gclm 1.00 ± 0.08 0.94 ± 0.17 1.00 ± 0.10 

Gclc 1.00 ± 0.16 0.95 ± 0.40 0.89 ± 0.25 

Cd36 1.00 ± 0.26 0.75 ± 0.22 1.01 ± 0.40 

Fasn 1.00 ± 0.34 0.89 ± 0.36 1.17 ± 0.49 

Srebf1 1.00 ± 0.18 1.05 ± 0.17 1.16 ± 0.13 

Fgf21 1.00 ± 0.82 0.90 ± 1.01 1.53 ± 1.02 

Abop 1.00 ± 0.09 1.08 ± 0.13 0.99 ± 0.10 

Fxr 1.00 ± 0.18 0.90 ± 0.23 1.07 ± 0.15 

Pparα 1.00 ± 0.33 0.87 ± 0.30 1.11 ± 0.18 

Pnpla2 1.00 ± 0.15 1.15 ± 0.22 1.37 ± 0.22*
‡
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Appendix Table 3: Top 20 induced DEGs for PS_0.5_µm_vs_control (p 
≤0.05; q ≤0.05; |log2FC|≥0; FPKM≥1 in ≥3 samples; AVG FPKM≥1 MIN 
COUNT: 10). 

Gene 

Symbol 
Description Log2FC p-value q-value 

Steap4 STEAP family member 4 1.074 1.788e-10 2.381e-06 

Yod1 YOD1 deubiquitinase 0.608 2.309e-09 1.537e-05 

Tnfaip3 
tumor necrosis factor, alpha-induced 

protein 3 
1.012 6.326e-09 2.808e-05 

Bach1 
BTB and CNC homology 1, basic leucine 

zipper transcription factor 1 
0.805 2.071e-08 6.898e-05 

Fgfr1 fibroblast growth factor receptor 1 0.745 4.303e-08 0.000 

Cobl cordon-bleu WH2 repeat 0.643 5.733e-08 0.000 

Rrn3 
RRN3 RNA polymerase I transcription 

factor homolog (yeast) 
0.710 5.941e-08 0.000 

Stat3 
signal transducer and activator of 

transcription 3 
0.661 1.367e-07 0.000 

Ripk1 
receptor (TNFRSF)-interacting serine-

threonine kinase 1 
0.507 1.629e-07 0.000 

Saa2 serum amyloid A 2 0.769 3.216e-07 0.000 

Ccl2 chemokine (C-C motif) ligand 2 0.870 7.982e-07 0.000 

Sdad1 SDA1 domain containing 1 0.423 1.585e-06 0.001 

Il17ra interleukin 17 receptor A 0.553 1.650e-06 0.001 

Baz1a 
bromodomain adjacent to zinc finger 

domain 1A 
0.702 1.676e-06 0.001 

Lrig1 
leucine-rich repeats and immunoglobulin-

like domains 1 
0.533 2.760e-06 0.001 

Grem2 gremlin 2, DAN family BMP antagonist 0.853 2.901e-06 0.001 

Arid5b AT rich interactive domain 5B (MRF1-like) 0.826 2.945e-06 0.001 

Il1r1 interleukin 1 receptor, type I 0.737 3.673e-06 0.002 

Tirap 
toll-interleukin 1 receptor (TIR) domain-

containing adaptor protein 
0.472 5.470e-06 0.002 

Mdn1 midasin AAA ATPase 1 0.605 6.146e-06 0.002 
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Appendix Table 4: Top 20 suppressed DEGs for PS_0.5 µm _vs_control (p 

≤0.05; q ≤0.05; |log2FC|≥0; FPKM≥1 in ≥3 samples; AVG FPKM≥1 MIN 

COUNT: 10). 

Gene 

Symbol 
Description Log2FC p-value 

q-

value 

Cyp2c37 
Cytochrome P450, family 2. 

subfamily c, polypeptide 37 
-0.644 1.349e-07 0.000 

Pcp4l1 Purkinje cell protein 4-like 1 -0.718 7.446e-07 0.000 

Plin5 Perilipin 5 -0.421 5.705e-06 0.002 

Ptp4a3 Protein tyrosine phosphatase 4a3 -0.623 7.491e-06 0.003 

Retsat 
retinol saturase (all trans retinol 

13,14 reductase) 
-0.501 1.088e-05 0.003 

Gm11837 Predicted gene 11837 -0.608 1.699e-05 0.004 

Tpm2 Tropomyosin 2, beta -0.769 1.839e-05 0.004 

Tor3a Torsin family 3, member A -0.597 2.043e-05 0.005 

Ly6a 
Lymphocyte antigen 6 complex, 

locus A 
-0.650 2.415e-05 0.005 

Dhrs7 
Dehydrogenase/reductase (SDR 

family) member 7 
-0.323 3.161e-05 0.006 

Trib3 Tribbles pseudokinase 3 -0.749 3.864e-05 0.007 

Septin4 Septin 4 -0.466 5.530e-05 0.009 

Slc25a4 

Solute carrier family 25 

(mitochondrial carrier, adenine 

nucleotide translocator), member 4 

-0.451 6.287e-05 0.010 

Gsto1 Glutathione S-transferase omega 1 -0.349 6.830e-05 0.010 

Mgst3 
Miicrosomal glutathione S-

transferase 3 
-0.595 0.000 0.013 

Cavin2 Caveolae associated 2 -0.428 0.000 0.014 

Gm20319 Predicted gene, 20319 -0.287 0.000 0.015 

Cyp2c38 
Cytochrome P450, family 2, 

subfamily c, polypeptide 38 
-0.540 0.000 0.016 

Abhd6 Abhydrolase domain containing 6 -0.348 0.000 0.016 
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G0s2 G0/G1 switch gene 2 -0.701 0.000 0.017 
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Appendix Table 5: Top 20 induced DEGs for PS_5 µm _vs_control (p ≤0.05; 

q ≤0.05; |log2FC|≥0; FPKM≥1 in ≥3 samples; AVG FPKM≥1 MIN COUNT: 10). 

Gene Symbol Description Log2FC p-value 
q-

value 

Ccnt2 Cyclin T2 0.585 1.339e-07 0.001 

Tmf1 TATA element modulatory factor 1 0.627 1.599e-07 0.001 

Firre 
Functional intergenic repeating RNA 

element 
0.954 2.612e-07 0.001 

C730036E19Rik RIKEN cDNA C730036E19 gene 0.866 2.879e-07 0.001 

Fam193b 
Family with sequence similarity 193, 

member B 
0.846 1.260e-06 0.003 

Rrnad1 
Ribosomal RNA adenine dimethylase 

domain containing 1 
0.506 1.326e-06 0.003 

Pnisr PNN interacting serine/arginine-rich 0.653 1.842e-06 0.003 

Srsf11 
Serine and arginine-rich splicing 

factor 11 
0.370 2.284e-06 0.003 

Leng8 
Leukocyte receptor cluster (LRC) 

member 8 
0.714 2.375e-06 0.003 

Fnbp4 Formin binding protein 4 0.553 3.532e-06 0.005 

Fbxl12 
F-box and leucine-rich repeat protein 

12 
0.682 8.956e-06 0.008 

Zkscan7 
Zinc finger with KRAB and SCAN 

domains 7 
0.479 1.036e-05 0.009 

Mug-ps1 Murinoglobulin, pseudogene 1 0.782 1.271e-05 0.010 

Trmt13 tRNA methyltransferase 13 0.571 1.566e-05 0.012 

Zc3h7a Zinc finger CCCH type containing 7 A 0.353 1.741e-05 0.012 

Hnrnpdl 
Heterogeneous nuclear 

ribonucleoprotein D-like 
0.293 1.802e-05 0.012 

C4a 
Complement component 4A 

(Rodgers blood group) 
0.753 1.848e-05 0.012 

Rev1 REV1, DNA directed polymerase 0.647 1.886e-05 0.012 

Cyp2d37-ps 

Cytochrome P450, family 2, 

subfamily d, polypeptide 37, 

pseudogene 

0.696 2.045e-05 0.012 

Ccnl1 Cyclin L1 0.603 2.238e-05 0.013 
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Appendix Table 6: Top 20 suppressed DEGs for PS_5 µm _vs_control (p 
≤0.05; q ≤0.05; |log2FC|≥0; FPKM≥1 in ≥3 samples; AVG FPKM≥1 MIN 
COUNT: 10). 

Gene 

Symbol 
Description Log2FC p-value q-value 

Slpi Secretory leukocyte peptidase inhibitor -0.931 3.649e-07 0.001 

Pea15a 
Proliferation and apoptosis adaptor 

protein 15A 
-0.342 8.750e-06 0.008 

Ccn2 Cellular communication network factor 2 -0.712 2.637e-05 0.013 

Ccdc80 Coiled-coil domain containing 80 -0.407 2.774e-05 0.013 

Hsd17b13 
Hydroxysteroid (17-beta) dehydrogenase 

13 
-0.320 4.165e-05 0.019 

Tpi1 Triosephosphate isomerase 1 -0.260 0.000 0.041 

Cavin2 Caveolae associated 2 -0.411 0.000 0.049 

Sgk1 Serum/glucocorticoid regulated kinase 1 -0.565 0.000 0.049 
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Appendix Table 7: Enriched processes in 0.5 µm vs control differential expressed 
genes (DEGs) analyzed by IPA software. (p≤0.05; q≤0.05; |log2FC|≥0). 

Ingenuity Canonical Pathways -log(p-value) Predicted Genes 

LPS/IL-1 Mediated Inhibition of 
RXR Function 

3.77 

ABCG5, ABCG8, ACSL4, Cyp2c54 
(includes others), CYP2C8, GSTA5, 
GSTO1, HS3ST3B1, IL1R1, MGST3, 
TRAF6 

IL-13 Signaling Pathway 3.44 
AKT1,IL13RA1,IL17RA,POSTN,ROCK2
,STAT3,TRAF6 

Hepatic Fibrosis Signaling 
Pathway 

3.44 

AKT1, CCND1, FGFR1, ICAM1, 
IL17RA, IL1R1, PTCH1, RIPK1, RND3, 
ROCK2, STAT3, TGFBR1, TIRAP, 
TRAF6 

Ascorbate Recycling (Cytosolic) 3.42 GLRX, GSTO1 

FXR/RXR Activation 3.23 
ABCG5, ABCG8, AKT1, FOXA3, 
PON1, SAA1, SLC10A2 

Glutathione-mediated 
Detoxification 

3.1 Gsta4, GSTA5, GSTO1, MGST3 

Role Of Chondrocytes in 
Rheumatoid Arthritis Signaling 
Pathway 

2.94 
CEBPG,IL17RA,IL1R1,RIPK1,STAT3,T
LR2,TRAF6 

Role of Macrophages, Fibroblasts 
and Endothelial Cells in 
Rheumatoid Arthritis 

2.82 
AKT1,CCND1,CEBPG,ICAM1,IL17RA,I
L1R1,RIPK1,ROCK2,STAT3,TLR2,TRA
F6 

Hepatic Cholestasis 2.81 
ABCG5, ABCG8, ATP8B1, IL1R1, 
PPRC1, SLC10A2, TIRAP, TRAF6 

IL-8 Signaling 2.55 
AKT1, CCND1, GNAT1, GNG11, 
ICAM1, RND3, ROCK2, TRAF6 

STAT3 Pathway 2.35 
FGFR1,IL13RA1,IL17RA,IL1R1,STAT3,
TGFBR1 

NRF2-mediated Oxidative Stress 
Response 

2.24 
AKT1, BACH1, Cyp2c54 (includes 
others), CYP2C8, FKBP5, GSTA5, 
GSTO1, MGST3 

Xenobiotic Metabolism PXR 
Signaling Pathway 

2.18 
CYP2C8, GSTA5, GSTO1, HS3ST3B1, 
MGST3, PPP1R10, PPP1R3C 

CD40 Signaling 2.15 ICAM1, STAT3, TNFAIP3, TRAF6 

IL-17A Signaling in Airway Cells 2.15 AKT1, IL17RA, STAT3, TRAF6 

ID1 Signaling Pathway 2.09 
AKT1, CCND1, FGFR1, PLXNB1, 
STAT3, TGFBR1, WDR48 

IL-10 Signaling 2.08 
AKT1,CCND1,ICAM1,IL1R1,STAT3,TR
AF6 

IL-17A Signaling in Fibroblasts 2.04 IL17RA, LCN2, TRAF6 

Aryl Hydrocarbon Receptor 
Signaling 

2.01 
CCND1, Cyp2c54 (includes others), 
CYP2C8, GSTA5, GSTO1, MGST3 

Neuroinflammation Signaling 
Pathway 

1.98 
AKT1, ICAM1, IL1R1, MFGE8, RIPK1, 
TGFBR1, TIRAP, TLR2, TRAF6 

TREM1 Signaling 1.94 AKT1, ICAM1, STAT3, TLR2 
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Acetone Degradation I (to 
Methylglyoxal) 

1.92 CYP2C8, DHRS7, POR 

Toll-like Receptor Signaling 1.92 TIRAP, TLR2, TNFAIP3, TRAF6 

Colorectal Cancer Metastasis 
Signaling 

1.9 
AKT1, CCND1, GNAT1, GNG11, 
RND3, STAT3, TGFBR1, TLR2 

Role of JAK family kinases in IL-
6-type Cytokine Signaling 

1.9 CCND1, CTF1, MCL1, STAT3 

LXR/RXR Activation 1.88 ABCG5,ABCG8,IL1R1,PON1,SAA1 

IL-6 Signaling 1.8 AKT1,IL1R1,MCL1,STAT3,TRAF6 

Apelin Muscle Signaling Pathway 1.77 AKT1, GNAT1, GNG11 

Xenobiotic Metabolism AHR 
Signaling Pathway 

1.76 GSTA5, GSTO1, MGST3, PON1 

Spliceosomal Cycle 1.74 BUD13, PRPF18, SF3B1 

FAT10 Cancer Signaling Pathway 1.72 AKT1, STAT3, TGFBR1 

Acute Phase Response Signaling 1.72 
AKT1,IL1R1,RIPK1,SAA1,STAT3,TRAF
6 

γ-linolenate Biosynthesis II 
(Animals) 

1.72 ACSL4, FADS2 

Cardiac Hypertrophy Signaling 
(Enhanced) 

1.67 
AKAP13,AKT1,CTF1,FGFR1,GNG11,IL
13RA1,IL17RA,IL1R1,RCAN1,ROCK2,
STAT3,TGFBR1 

Production of Nitric Oxide and 
Reactive Oxygen Species in 
Macrophages 

1.66 
AKT1,PON1,PPP1R10,PPP1R3C,RND
3,TLR2 

IL-1 Signaling 1.62 GNAT1, GNG11, IL1R1, TRAF6 

PI3K/AKT Signaling 1.57 
AKT1,CCND1,IL13RA1,IL17RA,IL1R1,
MCL1 

The Visual Cycle 1.56 DHRS7, RDH13 

Vitamin-C Transport 1.56 GLRX, GSTO1 

PTEN Signaling 1.54 
AKT1, CCND1, FGFR1, MAGI3, 
TGFBR1 

IL-22 Signaling 1.52 AKT1, STAT3 

Semaphorin Signaling in Neurons 1.5 PLXNB1, RND3, ROCK2 

Bupropion Degradation 1.49 CYP2C8, POR 

Pulmonary Fibrosis Idiopathic 
Signaling Pathway 

1.48 
AKT1,CCND1,FGFR1,IL13RA1,IL17RA
,ROCK2,STAT3,TGFBR1 

Role of JAK2 in Hormone-like 
Cytokine Signaling 

1.48 CCND1, PTPN1, STAT3 

1,25-dihydroxyvitamin D3 
Biosynthesis 

1.47 POR 

Glucocorticoid Receptor Signaling 1.46 

AKT1,FKBP5,ICAM1,IL13RA1,IL17RA,I
L1R1,MT-
ND6,STAT3,TAF2,TGFBR1,TLR2,TRA
F6 

ERB2-ERBB3 Signaling 1.43 AKT1, CCND1, STAT3 

Transcriptional Regulatory 
Network in Embryonic Stem Cells 

1.41 
AKT1, FGFR1, ONECUT1, STAT3, 
TGFBR1 
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Chronic Myeloid Leukemia 
Signaling 

1.4 
AKT1,CCND1,MCL1,PTCH1,SPRED1,
STAT3,TGFBR1 

Glutathione Redox Reactions I 1.4 GSTA5, MGST3 

CXCR4 Signaling 1.37 AKT1, GNAT1, GNG11, RND3, ROCK2 

Thrombin Signaling 1.36 
AKT1, ARHGEF26, GNAT1, GNG11, 
RND3, ROCK2 

SPINK1 General Cancer Pathway 1.36 AKT1, Mt2, STAT3 

Glutathione Redox Reactions II 1.35 GLRX 

Gαq Signaling 1.35 AKT1, GNAT1, GNG11, RND3, ROCK2 

HER-2 Signaling in Breast Cancer 1.35 
AKT1, CCND1, DDX19B, NUP160, 
NUP58, STAT3 

GM-CSF Signaling 1.34 AKT1, CCND1, STAT3 

Protein Kinase a Signaling 1.34 
AKAP13, GNG11, PPP1R10, 
PPP1R3C, PTCH1, PTPN1, PTPN3, 
ROCK2, TGFBR1 

p38 MAPK Signaling 1.32 IL1R1, TGFBR1, TIFA, TRAF6 

Ephrin B Signaling 1.31 GNAT1, GNG11, ROCK2 
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