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Toxicants with the potential to bioaccumulate in humans and animals have long been a cause for concern, particularly due to their association with multiple diseases and organ injuries. Per- and polyfluoro alkyl substances (PFAS) and polycyclic aromatic hydrocarbons (PAH) are two such classes of chemicals that bioaccumulate and have been associated with steatosis in the liver. Although PFAS and PAH are classified as chemicals of concern, their molecular mechanisms of toxicity remain to be explored in detail. In this study, we aimed to identify potential mechanisms by which an acute exposure to PFAS and PAH chemicals can induce lipid accumulation and whether the responses depend on chemical class, dose, and sex. To this end, we analyzed mechanisms beginning with the binding of the chemical to a molecular initiating event (MIE) and the consequent transcriptomic alterations. We collated potential MIEs using predictions from our previously developed ToxProfiler tool and from published steatosis adverse outcome pathways. Most of the MIEs are transcription factors, and we collected their target genes by mining the TRRUST database. To analyze the effects of PFAS and PAH on the steatosis mechanisms, we performed a computational MIE-target gene analysis on high-throughput transcriptomic measurements of liver tissue from male and female rats exposed to either a PFAS or PAH. The results showed peroxisome proliferator-activated receptor (PPAR)-α targets to be the most dysregulated, with most of the genes being upregulated. Furthermore, PFAS exposure disrupted several lipid metabolism genes, including upregulation of fatty acid oxidation genes (Acadm, Acox1, Cpt2, Cyp4a1-3) and downregulation of lipid transport genes (Apoa1, Apoa5, Pltp). We also identified multiple genes with sex-specific behavior. Notably, the rate-limiting genes of gluconeogenesis (Pck1) and bile acid synthesis (Cyp7a1) were specifically downregulated in male rats compared to female rats, while the rate-limiting gene of lipid synthesis (Scd) showed a PFAS-specific upregulation. The results suggest that the PPAR signaling pathway plays a major role in PFAS-induced lipid accumulation in rats. Together, these results show that PFAS exposure induces a sex-specific multi-factorial mechanism involving rate-limiting genes of gluconeogenesis and bile acid synthesis that could lead to activation of an adverse outcome pathway for steatosis.
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1 INTRODUCTION
Per- and polyfluoro alkyl substances (PFAS) are synthetic compounds, comprised of at least one aliphatic unit of perfluorocarbon, with surfactant and heat-resistant properties that make them useful for many commercial products (AbdulHameed et al., 2019; Roth et al., 2021; Wang et al., 2022; Louisse et al., 2023). However, despite their benefits, exposure to PFAS chemicals has been associated with an increased occurrence of adverse health outcomes (Khalil et al., 2016; Fenton et al., 2021; Schultz et al., 2023) due to their bioaccumulation, with PFAS chain length and chemical functional group attachment affecting the bioaccumulation process (Fenton et al., 2021; Haug et al., 2023). In addition, the PFAS dose and length of exposure have been shown to affect the adverse outcomes (Wan et al., 2012; Fenton et al., 2021). Long-chain PFAS [“legacy” PFAS, such as perfluorooctanoic acid (PFOA)] have longer half-lives and consequently more detrimental outcomes than shorter-chain PFAS [“emerging” PFAS, such as ammonium 2,3,3,3-tetrafluoro-2-(heptafluoropropoxy)-propanoate (HFPO-DA)], leading to the discontinuation of long-chain PFAS production and use of shorter-chain PFAS as safer alternatives (Heintz et al., 2022). The United States Environmental Protection Agency (EPA) has announced a National Primary Drinking Water Regulation (NPDWR) to establish legally enforceable levels, called Maximum Contaminant Levels (MCLs), and health-based, non-enforceable Maximum Contaminant Level Goals (MCLGs) for six PFAS in drinking water (PFOA and PFOS as individual contaminants and PFHxS, PFNA, PFBS, and HFPO-DA as a PFAS mixture). The regulation requires monitoring the levels of the six previously mentioned PFAS in public water systems and implementation of methods to reduce contamination if initial monitoring reveals levels exceeding the MCLs (United States Environmental Protection Agency, 2024a; United States Environmental Protection Agency, 2024b). Due to such increasing concerns about the persistent bioaccumulation and toxic associations of PFAS chemicals, particularly in the liver, there is a growing need to study the effects of PFAS compounds at various exposure lengths and doses as well as during acute exposures.
Similarly, polycyclic aromatic hydrocarbons (PAH), another class of chemical made of fused carbon and hydrogen aromatic rings that are byproducts of the incomplete combustion of organic compounds, are known to bioaccumulate in marine organisms (D’Adamo et al., 1997; Liu et al., 2023). In addition, long-term PAH exposure has been associated with tumor development in various organs in humans (Rengarajan et al., 2015; Mallah et al., 2022). Similar to PFAS toxicants, the dose and duration of PAH exposure are known to affect the severity of the outcome (Patel et al., 2020). While the carcinogenic effects of PAH make them a chemical of concern, there is limited information on the toxic effects of PAH on the liver, which is a primary site of PAH metabolization (Zhou et al., 2024). Current studies only report associations of PAH exposure with impaired liver function (Xu et al., 2021; Choi et al., 2023; Zhou et al., 2024) and lack information on the molecular mechanisms underlying specific hepatotoxic endpoints.
Most of the existing studies on PFAS and PAH exposure include only males, and the few studies that include both males and females provide conflicting evidence regarding the sex-dependent effects of PFAS. Based on their experiments on mice, Roth et al. reported that female mice show a greater likelihood of developing hepatic toxicity due to PFAS exposure (Roth et al., 2021). Based on their analysis of data from male and female patients and murine data from Schlezinger et al. (Schlezinger et al., 2020), Sen et al. reported that females are likely more sensitive to PFAS exposure than males (Sen et al., 2022). In contrast, Kim et al. reported that exposure to perfluorooctane sulfonate (PFOS) caused a larger disruption of lipid metabolism in the liver of male rats compared to female rats and that the no-observed-adverse-effect level (NOAEL) value was lower in male versus female rats (Kim et al., 2011). The discrepancy observed in these results can be due to variation in study design, such as choice of chemical, animal species and diet, and length and means of toxicant exposure, which makes it further challenging to compare such studies directly and make conclusions regarding sex-specific effects of the toxicants. This demands inferences from experiments that follow the same protocol to study various chemicals and both sexes. Furthermore, most epidemiological studies on human populations indirectly assessed PFAS toxicity by measuring serological biomarkers of injury, such as alanine aminotransferase (ALT) and aspartate aminotransferase (AST). For example, Costello et al. (Costello et al., 2022) provided a detailed systematic review of evidence from studies that associated PFAS exposure and ALT levels, in humans and rodents, and concluded that PFAS exposure correlated with increased ALT levels, indicating liver injury. Similarly, various human-health assessment studies have associated PFAS exposure with alterations in serum lipids and increased ALT (Steenland et al., 2009; Nelson et al., 2010; Gallo et al., 2012; Eriksen et al., 2013; Attanasio, 2019; Li et al., 2020). Some studies even associated PFAS exposure with sex-dependent outcomes, such as thyroid dysfunction and reproductive disorders (Melzer et al., 2010; Blake et al., 2018; Hammarstrand et al., 2021; Xie et al., 2021; Sang et al., 2024). Studies using serum measurements of liver injury markers, however, do not provide insights into the PFAS-induced molecular mechanisms of liver injury, particularly for specific endpoints, such as steatosis, hepatocellular carcinoma, and inflammation.
Of all the possible toxicity-induced liver injury phenotypes, many rodent and human studies have consistently linked PFAS exposure with various degrees of lipid accumulation in the liver (Wan et al., 2012; Bagley et al., 2017). The increased buildup of lipids in the liver leads to an adverse outcome called hepatic steatosis, which can progress to liver cirrhosis or non-alcoholic fatty liver disease (NAFLD). Thus, understanding the progression from exposure to steatosis can help elucidate the molecular mechanisms of PFAS-induced liver injury via steatosis. Steatosis adverse outcome pathways (AOPs) are frameworks that link a molecular initiating event (MIE) (such as molecular binding to a toxicant) to steatosis through a sequence of biological steps organized into intermediate effects (e.g., upregulation of specific genes or increased fatty acid synthesis) and key events (such as liver triglyceride accumulation) (Ankley et al., 2010; Mellor et al., 2016). Although researchers have described various steatosis AOPs, how PFAS exposure leads to steatosis via the previously described AOPs remains underexplored to our knowledge.
While existing studies report various metabolic pathways and mechanisms by which PFAS cause steatosis, they do not describe the effect of dose response or organism sex and include an analysis of only a limited set of pathways. Thus, there is a need for further studies on the effects of PFAS and PAH exposure on the liver that explore known AOP mechanisms of steatosis induction and how the mechanisms vary by sex.
In this study, we analyzed rat gene expression responses to PFAS and PAH with regard to steatosis AOP mechanisms, with a focus on identifying responses that are dependent on toxicant class, dose, or sex. We obtained gene expression data, which are publicly available in the National Toxicology Program (NTP) Chemical Effects in Biological Systems databases, from previously published reports (Auerbach et al., 2023a; Auerbach et al., 2023b; Auerbach et al., 2023c; Auerbach et al., 2023d) that detailed experiments where male and female Sprague Dawley rats were subjected to a daily dose of either PFAS or PAH for five consecutive days and transcriptomics data were collected on the sixth day for targeted RNA-sequencing analysis (TempO-Seq). The experiments tested four chemicals (2,3-Benzofluorene, 6:1 fluorotelomer alcohol, 10:2 fluorotelomer alcohol, and perfluorohexanesulfonamide) that were selected from a list of data-poor compounds identified as high priority by the EPA (Kim et al., 2011; Li et al., 2020; Costello et al., 2022; Sen et al., 2022). Here, we used the results for the whole transcriptome that was extrapolated from the targeted RNA-sequencing platform. We analyzed the gene expression responses of these four chemicals to identify the sex-dependent molecular mechanisms by which PFAS and PAH induce a steatosis outcome in rat livers, including the key MIEs and intermediate genes. Some of the mechanisms involved disruption of a higher number of genes in male rats than in female rats and some even at doses lower than the minimum dose that induced gene disruptions in female rats. We identified the peroxisome proliferator-activated receptor (PPAR)- and hepatocyte nuclear factor 4α (HNF4 [image: image])-mediated pathways in our study, consistent with previously reported mechanisms in mouse and human hepatocytes (Takacs and Abbott, 2007; Wolf et al., 2008; Beggs et al., 2016; Louisse et al., 2023). By analyzing an independent but similar dataset from male Sprague Dawley rats exposed to PFOA (Gwinn et al., 2020), we found supporting evidence for the expression of the genes that we identified and determined to be sex- and toxicant class-specific. Our results show that PFAS chemicals exhibit sex-specific differences in the molecular mechanisms by which they might activate a steatosis AOP. Specifically, we observed dysregulation of certain key genes belonging to the bile secretion pathway. Overall, the results suggest that the PPAR signaling and bile secretion pathways potentially play important roles in the sex-dependent activation of a steatosis AOP for PFAS exposures. Finally, the approach employed in this study can be applied to determine the activation of steatosis AOP mechanisms in any liver gene expression dataset and the lowest dose at which an activation response occurs in the case of toxicant exposure.
2 MATERIALS AND METHODS
2.1 Chemical selection rationale
Auerbach et al. performed experiments with four chemicals [2,3-Benzofluorene, 6:1 fluorotelomer alcohol (FTOH), 10:2 FTOH, and perfluorohexanesulfonamide (PFHxSAm)] after selecting them from a list of data-poor compounds identified by the EPA and published their data as part of NIEHS reports (Auerbach et al., 2023a; Auerbach et al., 2023b; Auerbach et al., 2023c; Auerbach et al., 2023d). Prior to these experiments, existing literature lacked in vivo toxicological information on these four chemicals, and there were no quantitative risk assessment values for these chemicals according to the EPA CompTox Chemicals Dashboard (United States Environmental Protection Agency, 2022; United States Environmental Protection Agency, 2023; United States Environmental Protection Agency, 2024a). We wanted to analyze the potential of these compounds to cause hepatic steatosis particularly to provide toxicity data on these understudied chemicals.
2.2 Animal exposure experiments
All the experiments were performed by Auerbach et al. using male and female Sprague Dawley rats, and detailed descriptions of the experimental study design and protocols have been published in previous NIEHS reports (Auerbach et al., 2023a; Auerbach et al., 2023b; Auerbach et al., 2023c; Auerbach et al., 2023d). Briefly, 6- to 7-week-old male and female Sprague Dawley (Hsd:Sprague Dawley) rats were obtained from Envigo (Haslett, MI) and, after a quarantine period, randomly assigned to one of 10 dose groups for each chemical (n = 5 for each sex in each dose condition; n = 10 controls for each sex). 2,3-Benzofluorene, 6:1 FTOH, and PFHxSAm were formulated at doses of 0.15, 0.50, 1.40, 4, 12, 37, 111, 333, or 1,000 mg/kg and 10:2 FTOH at doses of 0.07, 0.20, 0.70, 2, 6, 18, 55, 160, or 475 mg/kg. Vehicle controls included corn oil (2,3-Benzofluorene and 6:1 FTOH) and acetone:corn oil (1:99) (PFHxSAm and 10:2 FTOH). The chemicals 10:2 FTOH and PFHxSam were obtained from SynQuest Laboratories Inc. (Alachua, FL) while 6:1 FTOH and 2,3-Benzofluorene were obtained from Apollo Scientific, Ltd. (Stockport, UK) and Finetech Industry Limited (London, UK), respectively. The chemicals were tested for purity using gas chromatography and/or mass spectrometry. All chemicals had a purity ≥95%, with 6:1 FTOH having the highest purity (99%), followed by 2,3-Benzofluorene (98.7%), 10:2 FTOH (97.8%), and PFHxSAm (95%). To select the dose levels for each chemical, median lethal dose (LD50) predictions were obtained from the OPEn structure-activity/property Relationship App (OPERA) (Mansouri et al., 2018). The rats in each dose group received one of the four study chemicals or vehicle (control group) by oral gavage for 5 consecutive days (days 0–4). On day 5, in random order, the rats were euthanized by CO2/O2 (70%/30%) anesthesia, and samples from the left liver lobe were collected within 5 min. About 250 mg of each tissue were cryopreserved in RNAlater until processing for RNA isolation.
Total RNA was extracted from the cryopreserved liver samples using RNeasy 96 QIAcube HT kits (catalog no. 74171, Qiagen Inc., Valencia, CA). After RNA purity and quality checks, the samples were stored until processing for sequencing using the rat S1500+ TempO-Seq platform (Yeakley et al., 2017; Mav et al., 2018). For sequencing, 1 μL of each RNA sample was hybridized with the S1500+ beta detector oligo pool mix followed by nuclease digestion and polymerase chain reaction (PCR) amplification. The PCR amplification products were cleaned using a PCR clean-up kit (Machery-Nagel, Mountain View, CA) before sequencing on a HiSeq 2500 Sequencing System (Illumina, San Diego, CA). Sequencing data were processed using Illumina’s BCL2FASTQ software with all parameters set to default.
The TempO-Seq sequences were then aligned to the probe sequences from the target platform using Bowtie version 1.2.2 (Langmead et al., 2009). Samples were filtered out if they had values below the following thresholds: sequencing depth <300K, total alignment rate <40%, unique alignment rate <30%, number of aligned reads <300K, or percentage of probes with at least five reads <50%. All liver samples met the inclusion criteria. Outliers were removed following identification by principal component, hierarchical cluster, and inter-replicate correlation analyses. Unattenuated equivalent counts were calculated using the attenuation factors provided in the platform documentation and were subsequently normalized at the probe level by applying reads per million normalization. Following normalization, a pseudo-count of one was added to each normalized expression value, and these values were log2 transformed. In this study, we used the normalized log-transformed values from the S1500+ dataset and extrapolated them to the whole transcriptome (∼17K genes) using a principal component regression (Jolliffe, 1982) approach implemented in GeniE version 3.0.4 (Sciome, 2022). The extrapolation training data included publicly available Affymetrix GeneChip Rat Genome 230 2.0 Microarray samples (∼40K) from Gene Expression Omnibus (GEO) and the Open TG-GATES Database (Igarashi et al., 2015).
Using the extrapolated log-transformed whole transcriptome (∼17K genes) dataset, we identified differentially expressed genes per dose by performing a one-way analysis of variance (ANOVA) as implemented in the anovan function in the Statistics and Machine Learning Toolbox (v12.3) on MATLAB R2022a and then estimating the false discovery rate to correct for multiple comparisons. We used the resulting gene fold change values for all the subsequent analyses.
2.3 Selection of MIEs and target genes
We used the webtool ToxProfiler to select the potential protein targets that act as MIEs for steatosis (AbdulHameed et al., 2021). ToxProfiler uses the structure of a chemical to predict the probability of it binding to an established toxicity target. Therefore, we provided the structures of the PFAS and PAH chemicals administered in the rat experiments as input to ToxProfiler. To test if functional group attachments affect target binding, we added additional PFAS compounds to the input list. Supplementary Table S1 in Supplementary Material S1 contains the list of compounds and their SMILES that we input to ToxProfiler. We identified additional nuclear receptor MIEs from published steatosis AOPs reviewed by Mellor et al. (Mellor et al., 2016). Furthermore, we also included additional steatosis-specific MIEs by mining the EPA-AOP database (EPA-AOP DB) (Mortensen et al., 2021) by searching for AOPs with “steatosis” or “fatty liver” in the name field. We then extracted MIEs for these AOPs from the AOP-Wiki (Society for Advancement of AOPs, 2012) using the corresponding AOP ID. We provide a complete list of MIEs identified from EPA-AOP DB and AOP-Wiki in Supplementary Datasheet S1.
To collect the genes that are targets of the potential MIEs, we used the TRRUST database (Han et al., 2018), which is a curated repository of human and mouse transcription factor and target interactions, and downloaded the table of human transcription factor and regulatory interactions, which contains genes that act as transcription factors mapped to their target genes and the type of interaction (activation, repression, or unknown). From the downloaded table, we extracted targets of the 28 MIEs identified in the previous step and converted their gene symbols to rat gene symbols using online DAVID gene ID conversion tool (Huang et al., 2008). We counted the number of activated genes for each MIE at each toxicant dose based on whether a gene was up- or downregulated with a log2 fold change (FC) value of ≥0.6 or ≤ −0.6, respectively. Furthermore, we considered gene responses to be dose-based if there was an observed increase in the FC value in the same direction (up- or downregulation) as the increase in the toxicant dose. This dose association is reported only based on the observed trend in the direction of the FC.
2.4 Visual analysis of MIE-target gene network
We first generated an Excel table containing columns of source nodes (MIEs) and target nodes (target genes) and imported it into the Cytoscape desktop app (Shannon et al., 2003). We provide this table as part of Supplementary Datasheet S1. We applied the default and automatic preferred layout to visualize the MIE-gene network. We used dark blue squares to represent the MIE transcription factors and circle nodes to represent the target genes. To further visualize network-level dysregulation, we imported the gene expression FC values for the target genes at the highest dose level of a toxicant in our study. We then used the FC values to color the target nodes as either a green node to indicate negative FC or downregulation of the gene or a red node to indicate positive FC or upregulation. We have also visualized this information as a heatmap (Supplementary Datasheet S2) to trace gene patterns that showed sex- or toxicant class-dependent expression.
2.5 Software
We used the Statistics and Machine Learning Toolbox (v12.3) to perform the ANOVA, using the anovan function, on MATLAB R2022a (MathWorks Inc, 2022), the Cytoscape desktop app (Shannon et al., 2003) for network visualizations, and the pandas (The Pandas Development Team, 2023), numpy (Harris et al., 2020), seaborn (Waskom, 2021), and matplotlib (Hunter, 2007) packages for data analysis and heatmap visualizations on Python 3.10.
3 RESULTS
3.1 Identification of steatosis MIEs and their target genes in the exposure dataset
To identify MIEs associated with PFAS, we first performed a chemical structure-based prediction of protein targets for toxicity using the webtool ToxProfiler. Figure 1A shows the ToxProfiler predictions in the form of a matrix, with rows representing chemicals and columns representing toxicity targets, and lists the three PFAS and one PAH that were part of the 5-day rat exposure study (indicated in bold font) as well as a few additional PFAS chemicals that we included to determine the effect of functional group attachment on the binding of PFAS to toxicity targets (see Supplementary Material S1, Supplementary Table S1). Our results showed that all PFAS compounds have a consistent binding profile (predominantly nuclear receptors) independent of the functional group attachments or the chain length and that this binding profile is different from that predicted for the PAH. We then augmented the ToxProfiler results with MIE information from the US EPA-AOP DB (Mortensen et al., 2021) and AOP-Wiki (Society for Advancement of AOPs, 2012). The EPA-AOP DB search returned 52 AOPs for “fatty liver” and 11 AOPs for “steatosis.” We then extracted MIEs for these AOPs from AOP-Wiki and obtained 25. Since the ToxProfiler results included many nuclear receptors, we checked the literature for the association between nuclear receptors and steatosis and identified a review paper by Mellor et al. (Mellor et al., 2016) that lists and describes nuclear receptors that can act as MIEs in steatosis. We integrated this reviewed list with our MIEs from ToxProfiler and AOP-Wiki. The final list included 28 MIEs, which are listed with their sources in Supplementary Datasheet S1. Figure 1B shows the sources of MIEs and the number of MIEs common between the sources in the form of a Venn diagram. There were 6 MIEs that were common to all sources: AHR, ESR1/ESR2, GR/NR3C1, PPARγ, PPARα, and PXR. We collected the target genes associated with the 28 transcription factors that act as MIEs from the TRRUST database and then mapped them to the rat 5-day exposure data. Out of the 28 MIEs identified, 19 mapped to transcription factors annotated in the TRRUST database. Figure 1C shows a summary of the final list of MIEs that act as transcription factors and the genes they modulate as a network diagram. Most of the target genes (indicated as white circles) clustered around their transcription factors (indicated as blue squares) except for genes modulated by more than one transcription factor. Figure 1D shows the list of MIEs, the number of target genes for each MIE, and the number of target genes mapped to the rat 5-day exposure data. The MIEs androgen receptor (AR) and estrogen receptor 1 (ESR1) mapped to a high number of genes in the rat exposure data since they have many targets. We used the genes mapped in this section for our further analysis.
[image: Figure 1]FIGURE 1 | Selection of molecular initiating events (MIEs) and their target genes. (A) Binding targets of PFAS and PAH chemicals as predicted using ToxProfiler. Each row represents a chemical, and each column represents a toxicity target. Red cells denote a high probability of binding between a chemical and a toxicity target, such as ESR, PXR, and GR for PFAS compounds. (B) Overlap of MIEs collected from different sources. (C) Network visualization of steatosis-associated MIEs analyzed in this study and their target genes. The blue squares represent MIEs acting as transcription factors to the genes represented by the circle nodes. (D) List of MIEs analyzed in this study, the number of genes they modulate, and the number of those genes that map to the rat PFAS and PAH exposure dataset.
We counted the target genes that were either upregulated (FC ≥ 0.6) or downregulated (FC ≤ −0.6) for each MIE to identify exposure-induced toxicity mechanisms. Table 1 shows the number of target genes dysregulated for each MIE at each toxicant dose. The results show that most of the targets modulated by PPAR were dysregulated upon exposure to toxicants. A closer look at the number of dysregulated MIE targets revealed that most of the PPAR targets were upregulated while the HNF4α targets were downregulated (Supplementary Material S1, Supplementary Table S2). Following the PPAR targets, nuclear receptor subfamily 3 group C member 1 (NR3C1), ESR1, and AR modulated the greatest number of dysregulated targets. In addition, we found that the number of dysregulated genes was generally higher in male rats compared to female rats exposed to the same dose of toxicant. Furthermore, male rats showed dysregulation responses at doses lower than the first dose at which female rats showed any dysregulation. For example, female rat livers exhibited dysregulation of only one or two targets of PPARα and PPARγ in response to 111 mg/kg 6:1 FTOH while male rat livers showed a dysregulation of 6–11 targets in response to 37 mg/kg of the same toxicant. The PAH chemical 2,3-Benzofluorene induced dysregulation of the least number of target genes compared to the other toxicants. Out of the three PFAS, PFHxSAm did not affect as many genes in female rats as in male rats, and 10:2 FTOH induced the lowest number of MIE target dysregulations in both male and female rats.
TABLE 1 | Number of target genes disrupted (FC ≤ −0.6 or FC ≥ 0.6) for each MIE across three highest doses of PFAS chemicals (6:1 FTOH, 10:2 FTOH, and PFHxSAm) and a PAH chemical (2,3-Benzofluorene) exposures for male and female rats. MIEs were obtained from ToxProfiler and published AOPs and their target genes were obtained from TRRUST database.
[image: Table 1]To understand the overall expression patterns of the mapped genes that indicate activation of MIEs leading to steatosis, we superimposed the FC values of the genes from the rat PFAS and PAH exposure data on the MIE-target gene network in Figure 1C. The resultant network diagrams and genes dysregulated at the highest dose of each toxicant are shown in Figure 2, with nodes in green indicating downregulation of the gene (FC ≤ −0.6) and nodes in red indicating upregulation (FC ≥ 0.6). Our results here again suggested that the male rats showed disruption of a higher number of target genes compared to the female rats. Furthermore, we could visualize that 6:1 FTOH was the most potent chemical and disrupted the highest number of genes, in particular upregulating many of the PPARα targets. The expression of these genes in the form of a heatmap (Supplementary Datasheet 2) further helped identify genes that 1) responded identically across all the chemicals (consistent up- or downregulation), 2) showed a PFAS- or PAH-specific response, or 3) showed a sex-specific response. For example, we identified that the gene Abcc3 was consistently upregulated in response to all the chemicals irrespective of sex, suggesting that some of the responses are toxicant- and sex-independent. Similarly, we identified Cyp1a2 that was upregulated on exposure to the PAH and downregulated on exposure to any of the PFAS compounds, indicating responses that differed based on the class of chemical. We also identified genes with sex-dependent responses, such as the gene Igfbp1 that was consistently downregulated in male rats but upregulated in female rats. We labeled these nodes in the network diagrams in Figure 2. Our results indicate that sex and the class of the chemical can affect the responses of these target genes and that the variation in these gene responses may potentially differentially activate the steatosis AOP.
[image: Figure 2]FIGURE 2 | Molecular initiating event (MIE)-target gene network showing the expression response in male and female rats after exposure to the highest dose of each toxicant. The blue square nodes represent the MIEs, and the circle nodes denote the target genes. Nodes in green indicate downregulation of the gene [log fold change (FC) ≤ 0.0], and nodes in red indicate upregulation of the gene (log (FC) ≥ 0.0). Labeled genes represent examples of genes with expression independent of rat sex or toxicant class (Abcc3) and genes with expression dependent on sex (Igfbp1) or toxicant class (Cyp1a2). Dashed circles highlight MIEs and their targets that were found to be predominantly up- (PPARα) or downregulated (HNF4α) due to toxicant exposure. MIEs were obtained from ToxProfiler and published AOPs and their target genes were obtained from TRRUST database.
3.2 Identification of individual genes with rate-limiting function and chemical class- or sex-dependent expression
Given the individual differences in gene expression profiles between chemicals and by sex in the heatmap (Supplementary Datasheet S2), we further explored all the target genes independently across all the doses of all four chemicals in the 5-day rat studies, for both male and female rats. Our analysis identified several genes with key functional roles that are consistently up- or downregulated for each chemical, some of which even showed a dose-based trend. These included genes that have crucial rate-limiting liver metabolic functions, such as Pck1 in gluconeogenesis, Cyp7a1 in bile acid synthesis, and Scd in the synthesis of monounsaturated fatty acids. Figure 3 shows the observed expression pattern of these genes at the three highest dose levels of each toxicant in male and female rats. The logarithmic FC values of the genes Cyp7a1 and Pck1 showed a sex-dependent downregulation only in male rats, whereas they were upregulated in their female counterparts. The gene Scd, which plays a crucial role in fatty acid metabolism, showed a PFAS-specific upregulation in both male and female rats and was downregulated in response to the PAH chemical. Furthermore, we observed a dose-based trend for Cyp7a1 in male rats exposed to PFHxSAm and in female rats exposed to 10:2 FTOH or PFHxSAm such that the FC continuously increased (or decreased in the case of downregulation) with increasing concentrations of the chemical. Similarly, we observed a dose-based trend in the downregulation of Pck1 in male rats (FC < −2.0), with the highest FC at the highest dose in response to all toxicants except 10:2 FTOH. However, in female rats, the expression pattern of Pck1 was not consistent across all four of the chemicals, with inconsistent downregulation in response to 6:1 FTOH and PFHxSAm. We observed a similar behavior for the gene Scd, which showed increasing upregulation in response to increasing doses of 6:1 FTOH in both male and female rats, with some inconsistencies in response to 10:2 FTOH. Interestingly, two of these rate-limiting genes, Pck1 and Scd, were modulated by the transcription factor SREBF1, suggesting its importance in the activation of a liver steatosis response.
[image: Figure 3]FIGURE 3 | Disruption of genes with rate-limiting functions as a result of a 5-day acute exposure to three highest doses of PAH or PFAS compounds. The green and red bars denote negative and positive log fold change (FC) values indicating down- and upregulation, respectively. Each bar represents log (FC) value [FC: ratio of treatment dose group (n = 5) to the control group (n = 10)] for one of the top three doses for a given chemical as indicated in Table 1. The grey boxes with blue text contain the transcription factor(s)/MIEs (listed in Table 1) that are known to modulate the given gene.
With respect to sex-dependent gene responses, our analysis of the target gene expression profiles identified several genes that showed a sex-specific response upon toxicant exposure, as shown in Figure 4. Most of the genes, except G0s2, were downregulated in male rats but upregulated in female rats. In male rats, the FC values of G0s2, Igfbp1, and Myc were higher in response to 6:1 FTOH compared to other toxicants while the FC of Tat was approximately the same across all toxicants.
[image: Figure 4]FIGURE 4 | Genes with sex-specific responses to top three highest doses of both PFAS and non-PFAS toxicants. The green and red bars denote negative and positive log fold change (FC) values indicating down- and upregulation, respectively. Each bar represents log (FC) value [FC: ratio of treatment dose group (n = 5) to the control group (n = 10)] for one of the top three doses for a given chemical as indicated in Table 1. The grey boxes with blue text contain the transcription factor(s)/MIEs (listed in Table 1) that are known to modulate the given gene.
In contrast to the genes that showed sex-dependent behavior, we identified several genes that had a similar response across all the chemicals in both male and female rats. For example, Figure 5 shows the genes that had a consistent downregulation (Abcg5, Cdkn1a, and Igfbp3) or upregulation (Abcc3 and Nqo1) across all toxicants and in both sexes. The transporter gene Abcg5 that is required to eliminate cholesterol from hepatocytes is downregulated upon toxicant exposure, indicating additional potential for cholesterol accumulation. The response of Nqo1, a gene that is elevated in response to stress and injury in the liver (Aleksunes et al., 2006; Ross and Siegel, 2021), was different for 6:1 FTOH and PFHxSAm. Most of these genes showed dose-based responses, with the greatest response elicited by the chemical 6:1 FTOH. Furthermore, we observed a greater magnitude of change in male compared to female rats at the highest dose of exposure. We also observed that most of these genes, except Igfbp3, were modulated by a single transcription factor.
[image: Figure 5]FIGURE 5 | Genes that showed a similar response across all four toxicants and between sexes after a 5-day exposure to the three highest doses of PAH or PFAS compounds. The green and red bars denote negative and positive log fold change (FC) values indicating down- and upregulation, respectively. Each bar represents log (FC) value [FC: ratio of treatment dose group (n = 5) to the control group (n = 10)] for one of the top three doses for a given chemical as indicated in Table 1. The grey boxes with blue text contain the transcription factor(s)/MIEs (listed in Table 1) that are known to modulate the given gene.
Since our study contains a combination of PFAS and PAH chemicals, we explored the expression dataset to identify target gene responses that differentiate PFAS from PAH chemicals. For example, we identified Cyp1a2, a key target of aryl hydrocarbon receptor (AHR), to be upregulated in response to 2,3-Benzofluorene but downregulated to the PFAS compounds. Figure 6 shows other genes, in addition to Cyp1a2, that respond differently to PFAS and PAH exposures, including Acat1, Acsl1, Angptl4, and Acox1. Most of these genes were upregulated in response to PFAS exposure, with the greatest dose-based response elicited by 6:1 FTOH. In addition, the observed FC values at the highest dose of each PFAS were higher in the male versus female rats. Interestingly, we observed that all these PFAS-specific genes are targets of either PPARα or PPARγ, indicating a major role of this transcription factor in modulating a PFAS-specific response.
[image: Figure 6]FIGURE 6 | Genes that showed a similar and PFAS-specific response in both male and female rats to a 5-day acute exposure to the three highest doses of PAH or PFAS compounds. The green and red bars denote negative and positive log fold change (FC) values indicating down- and upregulation, respectively. Each bar represents log (FC) value [FC: ratio of treatment dose group (n = 5) to the control group (n = 10)] for one of the top three doses for a given chemical as indicated in Table 1. The grey boxes with blue text contain the transcription factor(s)/MIEs (listed in Table 1) that are known to modulate the given gene.
3.3 Analysis of expression of other steatosis-associated genes
In addition to the target genes that we obtained based on the steatosis AOP MIEs as discussed above, a few studies have reported genes commonly disrupted by steatosis-inducing chemicals (AbdulHameed et al., 2019) or in response to PFAS exposure (Ankley et al., 2010; Bagley et al., 2017). Therefore, to further analyze steatosis- and PFAS-associated gene responses in the current data, we collected the genes from such studies and analyzed their expression in the current exposure dataset. The heatmap in Figure 7 shows the dose-wise expression of each of the genes, clustered by their expression. We identified a couple of genes, Zfp354a and Stac3, that were downregulated in male rats. At the highest dose, 6:1 FTOH induced maximum alterations in the FC values of most of the genes in both sexes. Several genes were upregulated across all toxicants (Acaa1b, Acaa1a, Vnn1, Ech1, Aldh1a1, Aldh1a7, Acaa2, Ephx2, Ephx1, and Akr7a3). One gene, Akr1b7, showed a PFAS-specific downregulation. A cluster of genes, which included Cish, Gadd45g, Onecut1, Cyp4a8, Hamp, and Aldh1b1, showed inconsistent responses between sexes, chemicals, and even doses of the same chemical. Bcl6 was downregulated in male rats at the highest dose of each toxicant, whereas it was upregulated in female rats on exposure to most toxicants, except 6:1 FTOH. The genes Gsta3, Cdkn3, Serbf1, Fads1, Serpina7, Cpt2, Hmgcs2, Fabp1, Pnpla2, Abhd3, Hsd17b4, Acadm, Acsm5, Ddhd2, Abcd3, Fitm2, Scarb2, and Acad10 were predominantly upregulated in response to the highest doses of PFAS, with higher FC values in male compared to female rats. However, in female rats, the FC values of these genes in response to 6:1 FTOH were comparable to those in male rats. Some transporter genes, including Slc27a1, Slc27a5, and Oat, were downregulated in male and female rats. The transporter gene Abcc2 showed sex-dependent FC, but the values were low (<0.5 and > −0.5). The transporter gene Slc25a30 was predominantly upregulated in male rats exposed to high doses of all toxicants but was mainly downregulated in female rats, except in response to 6:1 FTOH.
[image: Figure 7]FIGURE 7 | Dose response behavior of genes known to be involved in activation of steatosis AOP outcome. Logarithmic fold change expression of altered genes when male and female rats are exposed to different PFAS and PAH chemicals across various dose levels (x-axis represents increasing concentration of each chemical from left to right). Red cells indicate positive fold change values (upregulation) while green cells indicate negative fold change values (downregulation).
In another study, Natsoulis et al. characterized gene signatures associated with pharmacological and toxicological end points in the liver using a supervised classification approach (Natsoulis et al., 2008). We analyzed the expression of the genes that were part of the liver lipid accumulation signature, as classified in the previously mentioned study. The results of Natsoulis et al. associated a weight with each gene, with positive weights indicating upregulation with pathology and negative weights indicating downregulation with pathology. Using the weights, we identified the genes that were significantly dysregulated (q < 0.1) and followed the expression defined in the characterized signature or showed opposite behavior. Supplementary Datasheet S3 contains the gene sets analyzed along with their weights and expression in our dataset. We observed that while some of the genes followed the expected expression pattern (e.g., Snx10, Tf, Hdc, Hamp, and Fam13a) at the highest dose of each toxicant, a larger number of genes showed expression that was opposite to that in the gene signature (e.g., Cryl1, Ehhadh, Orm1, Serpina6, Nrep, and Abcg5). We obtained gene function information from the UniProt database (UniProt, 2023a) to understand the roles of the genes. The gene Orm1 showed an increasing FC in response to increasing doses of all the toxicants, indicating an acute inflammatory response in the liver (UniProt, 2014). Similarly, Adh5 was upregulated and mostly showed a dose-associated trend in response to all the toxicants, potentially increasing the oxidation of long-chain omega-hydroxy fatty acids and clearance of formaldehyde from the cells (UniProt, 2022). The gene Ehhadh, which catalyzes two reactions of long-chain fatty acid peroxisomal beta-oxidation (UniProt, 2023b), was upregulated in a dose-based, PFAS-specific manner, indicating higher fatty acid beta-oxidation in response to PFAS chemicals. These results indicate that the gene signature for PFAS- and PAH-induced lipid accumulation is potentially different from the classes of toxicants in the Natsoulis et al. study. These results also suggest the multi-factorial nature of PFAS- and PAH-induced lipid accumulation in the liver.
4 DISCUSSION
We analyzed liver transcriptomic data from male and female rats exposed to various doses of environmental toxicants, i.e., PFAS and PAH, to identify genes that are dysregulated and could potentially contribute to a steatosis outcome in the liver. We identified genes by grouping them into sets based on their responses: sex- and toxicant-independent, sex-dependent, or toxicant-dependent. Functionally, most of the dysregulated genes play roles in lipid metabolism and bile secretion processes (Figure 8). We observed that the key rate-limiting genes of the bile acid (Cyp7a1), glucose (Pck1), and monounsaturated fatty acid synthesis pathways (Scd) are disrupted in response to the toxicants and that Pck1 and Cyp7a1 are downregulated specifically in male rats upon exposure to the toxicants. The behavior of these genes has been previously reported to be associated with fatty liver disease in various organisms, including mice and humans (Liu et al., 2016; Chiang and Ferrell, 2020; Ye et al., 2023). From the metabolic pathway diagrams (Figure 8), we observed that the downregulation of Pck1 reduces the transformation of oxaloacetate to phosphoenolpyruvate, which reduces cycling of acetyl CoA into glucose and makes more acetyl CoA available for cholesterol and fatty acid production. The downregulation of Cyp7a1 reduces the production of bile acids from cholesterol, which can cause cholesterol to accumulate. The specific expression of these genes could contribute to the PFAS-induced and sex-dependent activation of steatosis observed in rodent studies (Kim et al., 2011; Roth et al., 2021; Sen et al., 2022). The up- or downregulation of additional genes that showed sex-specific responses (G0s2, Igfbp1, Mfsd2a, Myc, and Tat), as observed in the male rats, has been reported to increase lipid accumulation and lead to a non-alcoholic steatohepatitis-like phenotype (Fu et al., 2010; Wang et al., 2013; de la Garza et al., 2017; Jiang et al., 2021; Chin et al., 2023). The expression of several genes that showed a consistent response in male rats varied by dose and type of PFAS in female rats, which could further explain the contradicting results in sex-based PFAS studies (Kim et al., 2011; Roth et al., 2021; Sen et al., 2022).
[image: Figure 8]FIGURE 8 | Summary of major perturbations in the lipid and bile-acid metabolism. Genes with key metabolic functions in the bile secretion and lipid metabolism pathways of the liver, as determined using the Kyoto Encyclopedia of Genes and Genomes. Up- and downregulated genes are indicated in red and green, respectively. Sex- and toxicant-specific responses are summarized using symbols adjacent to the gene name. Pink ovals represent genes with rate-limiting functions (Pck1, Scd, and Cyp7a1).
While we observed that some genes respond differently between the sexes and some show a PFAS versus non-PFAS response, we also identified a set of genes that showed a similar response in both sexes and in response to both PFAS and non-PFAS exposures (Figures 5, 8). The upregulation of genes with fatty acid synthesis, transport, and oxidation functions and downregulation of lipid transport genes provide evidence of potential for lipid accumulation, particularly via the PPAR signaling pathway (Kanehisa and Goto, 2000; Heintz et al., 2022). We also analyzed the expression of the genes described above in an independent expression dataset of male Sprague Dawley rats exposed to various doses of PFOA (Gwinn et al., 2020) and observed that the male- and PFAS-specific responses were identical in this dataset (Supplementary Material S1; Supplementary Figure S1). Interestingly, the genes showed the adverse responses even at low doses of PFOA, which is a legacy PFAS that has been discontinued due to its high toxicity. These results suggest that the identified mechanism leading to steatosis outcome is similar among PFAS chemicals and that the length and type of PFAS likely influences the extent of disruption within the mechanism. A similar comparison would need to be performed between our results for 2,3-Benzofluorene and other PAH chemicals to make PAH-specific conclusions.
We noticed that the genes that were commonly up- or downregulated by PFAS and non-PFAS toxicants showed a lower FC in response to the non-PFAS compound. Furthermore, there were genes that showed a different response between PFAS and non-PFAS chemicals (see Figures 3, 6). Exposure to PAH caused a downregulation of Scd, which plays a rate-limiting function in the production of triglycerides and other fatty acids from acetyl CoA products. In contrast, exposure to PFAS caused an upregulation of Scd, suggesting that the adverse outcome of PFAS is dependent on increased production of fatty acids from acetyl CoA products, which could be a key step that makes the PFAS mechanism of injury different from that employed by PAH. The downregulation of Scd in response to PAH and upregulation in response to PFAS were similar between the sexes, with male rats showing higher FC than female rats. We also observed upregulation of Angptl4 in rats exposed to PFAS but not in rats exposed to PAH, which indicates increased cholesterol synthesis in PFAS-exposed rats (Lichtenstein et al., 2007). These results indicate that PFAS and PAH likely activate different molecular mechanisms in steatosis adverse outcome pathways and, while the mechanism is similar among the PFAS, the magnitude of the alteration likely depends on the PFAS chain length and functional group. This finding is supported by other studies that report PFAS chain length and functional moiety affecting PFAS activity in vivo (Wan et al., 2012; Fenton et al., 2021).
Lipid accumulation in the liver and an increased incidence of fatty liver disease, such as hepatic steatosis, are the most commonly reported adverse outcomes of PFAS exposure (Wan et al., 2012; Beggs et al., 2016; Bagley et al., 2017; Das et al., 2017; Roth et al., 2021; Costello et al., 2022; Zhang et al., 2023). The responses of the specific genes described above have been reported to independently play roles in altering lipid composition within the liver and consequently contributing to steatosis and other liver injury phenotypes (Yu et al., 2002; Wu et al., 2004; Aleksunes et al., 2006; Li et al., 2009; Chai et al., 2012; Zhang et al., 2017; He et al., 2020; Pan et al., 2021; Chin et al., 2023). In addition to looking at genes with similar responses by toxicant or sex, we also analyzed the expression of a gene set associated with a toxicant-induced steatosis outcome (AbdulHameed et al., 2019). The results (shown in Figure 7) revealed that most of the genes in this set are disrupted more in response to PFAS than to PAH, which further suggests that PFAS chemicals likely have a greater potential to cause steatosis than PAH.
NAFLD occurs because of an imbalance between lipid uptake, biosynthesis, and elimination processes (via oxidation and export) in the liver (Tessari et al., 2009; Berlanga et al., 2014). Our analysis revealed many genes within each of the processes of lipid and fatty acid transport, lipogenesis, and fatty acid oxidation that could disrupt lipid homeostasis in the liver. Our results suggest that the steatosis outcome from the PFAS exposures could be multifactorial, with several genes in the lipid uptake, transport, and biosynthesis steps dominating the overall outcome compared to the protective upregulation of fatty acid oxidation-related genes driven by the PPAR signaling pathway. However, our analysis of transcriptomics data alone is insufficient to quantitatively identify the key driver of lipid imbalance caused by toxicant exposure. While the clinical chemistry data from the NIEHS studies (Auerbach et al., 2023a; Auerbach et al., 2023b; Auerbach et al., 2023c; Auerbach et al., 2023d), corresponding to the transcriptomics data analyzed here, showed an increase in ALT and AST levels (Supplementary Material S1, Supplementary Table S3), which provides indirect evidence of liver injury, a histological analysis would be required to confirm the steatosis outcome. ALT and AST levels were both increased in male and female rats exposed to the fluorotelomer alcohols (6:1 FTOH and 10:2 FTOH), and only ALT increased in response to PFHxSAm, suggesting varying potencies between the PFAS types. Interestingly, cholesterol levels showed a PAH-specific increase, while an increase in triglyceride levels was observed mostly in female rats.
In this study, we used published steatosis AOPs and predictions from ToxProfiler to identify molecular events that initiate a steatosis outcome in rats exposed to PFAS or PAH (Figure 1). Our results revealed that most of the disrupted genes are targets of PPAR, followed by glucocorticoid receptor (NR3C1), AR, and ESR1 (Table 1). Previous studies have reported PPAR-dependent and -independent mechanisms of PFAS toxicity in mouse, rat, and human hepatocytes (Takacs and Abbott, 2007; Wolf et al., 2008; Elcombe et al., 2012; Rosen et al., 2017; Heintz et al., 2022; Louisse et al., 2023). Some studies have also reported HNF4α-dependent mechanisms (Beggs et al., 2016) and estrogen receptor-mediated mechanisms (Behr et al., 2018; Qiu et al., 2020). Our results indicate that PFAS may be using estrogen signaling in addition to PPAR signaling to cause adverse outcomes, but the exact mechanism of toxicity may depend on the length and type of PFAS. Carboxylate-based PFAS have been reported to be more potent at activating PPAR signaling mechanisms than sulfonic acid-based PFAS (Wolf et al., 2008). We observed a similar result in the rat expression data we analyzed, suggesting that functional group attachment and length of PFAS need to be considered in studies analyzing the toxic effects of PFAS. Furthermore, the MIEs and genes studied here could be associated with outcomes other than steatosis. For example, our search of alternative AOPs on the EPA AOP-DB for the same set of genes revealed associations with reproductive dysfunction and early life stage mortality, with steatosis as one of the major outcomes, as shown in Supplementary Material S1, Supplementary Figure S2. Interestingly, some of the alternative outcomes (Leydig cell tumors, impaired fertility via malformation of the male reproductive tract, and decreased fertility via adult Leydig cell dysfunction) were also specific to male rats.
In conclusion, the widespread occurrence of toxicants that can bioaccumulate is a cause of concern due to their long half-lives and ability to rapidly accumulate in organisms (Fenton et al., 2021; Mallah et al., 2022). Here, we studied the potential of a limited set of PFAS and PAH chemicals to independently cause steatosis adverse outcomes in rats at various doses and during acute exposure. Although the FC values are not alarmingly high for the highest dose of any of the toxicants, it is possible that the toxicants induce more drastic effects on human livers due to species-specific metabolic differences or have a higher affinity for the human isoforms of the MIEs (Wolf et al., 2008; Qiu et al., 2020). The genes that we report to show dose-based trends were identified from observed FC responses, and further analysis that includes dose-response modeling would be needed to evaluate the significance of dose-dependency. The amount of data analyzed here was large, with over 350 samples across ∼17K genes, from which we extracted key sex-based differences that could potentially activate a steatosis outcome. While our approach does not describe the potential of PFAS to cause steatosis specifically in humans, we highlight genes and mechanisms that can be translated to understand adverse outcomes in humans and to design therapeutic approaches that can circumvent the toxic effects of PFAS. Finally, our approach can be applied to computationally design and analyze steatosis AOPs for various toxicants using any liver gene expression data.
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