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Abstract:

Hexafluoropropylene oxide dimer acid (GenX), a replacement for legacy per- and polyfluoroalkyl
substances (PFAS), is increasingly detected in the environment, yet its chronic toxicity remains
poorly characterized. Current safety assessments rely largely on short-term, high-dose studies that
may not capture the biological consequences of long-term, low-dose exposure. To address this gap,
we employed 3D human liver (HepG2/C3A) spheroids cultured in a continuously rotating
bioreactor system (ClinoStar) to systematically evaluate dose- and time-dependent mRNA changes
in response to GenX under environmentally relevant conditions. Spheroids were exposed to GenX
(0.08-50 uM, spanning environmentally relevant to mechanistically informative concentrations)
for acute (4 days) and chronic (4 weeks) durations, followed by genome-wide TempO-Seq
transcriptomic profiling and benchmark dose (BMD) modeling. GenX elicited pronounced non-
monotonic mRNA changes in acute exposure conditions, with the greatest number of differentially
expressed genes (DEGs) observed at an intermediate concentration (0.4 pM). In contrast, chronic
exposure exhibited a generally concentration-dependent increase in DEGs, except for the 10 uM
condition, indicating a more consistent dose—response relationship than acute exposure. Notably,
acute and chronic exposures elicited qualitatively distinct mRNA changes with low concordance
across matched concentrations, demonstrating that exposure duration was a major determinant of
mRNA changes. Acute low-dose GenX exposure preferentially modulated mRNA encoding
components of cell cycle-related pathways, whereas acute higher dose exposures suppress mRNA
levels of the constituents of lipid metabolic pathways and increase expression of mRNA encoding
proteins involved in stress- and toxicity-associated signaling. Chronic exposure revealed a
different pattern of changes in mRNA expression not observed under acute exposure conditions,
including suppression of cellular components involved in lipid-related pathways at the lowest
concentration tested. At higher concentrations, mRNA levels of components of multiple metabolic
pathways were altered. Benchmark dose modeling identified a significantly lower transcriptomic
point of departure (tPOD) for chronic exposure as compared to acute exposure, suggesting
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increased cellular sensitivity to prolonged GenX exposure and supporting the relevance of chronic
models for human exposure assessment. Collectively, these findings demonstrate that GenX elicits
time-dependent and non-monotonic changes in mRNA levels of human liver (HepG2/C3A)
spheroids, with distinct responses depending on the exposure duration and dose. This study,
therefore, highlights the importance of incorporating chronic, human-relevant in vitro models and
transcriptomic endpoints into PFAS risk assessment and suggests that conventional short-term
assays may underestimate the biological impact of sustained low-dose exposure.

Key words: human-relevant, 3D spheroid, low-dose, time-dependent, non-monotonic DEG trend,
GenX

Key message (Impact of the study): This study provides systematic comparisons of short term
(4 day) versus longer term (4 weeks), environmentally relevant GenX exposure in human liver
spheroids, revealing non-monotonic, time-dependent changes in mRNA levels encoding cellular
components of lipid metabolism-related pathways with potential implications for appropriate dose
and time exposure parameters for use in New Approach Methods to be applied in risk assessment.
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1. Introduction

Perfluoroalkyl substances (PFAS) alternatives have been developed to replace ‘legacy’
PFAS that exhibit extreme environmental persistence and bioaccumulation in humans and wildlife
due to their resistance to degradation'. Among these alternatives, hexafluoropropylene oxide dimer
acid (HFPO-DA; GenX) was introduced as a replacement for perfluorooctanoic acid (PFOA)
following increasing regulatory restrictions on legacy PFAS*3. However, growing evidence
indicates that GenX is also an emerging environmental contaminant of concern*>. Reflecting these
concerns, the U.S. Environmental Protection Agency (EPA) released a human health toxicity
assessment for GenX in 2021 and subsequently included GenX among PFAS subject to regulatory
monitoring and drinking water standards®. More recently, the U.S. EPA announced the final
drinking water regulation for six PFAS, including GenX, pointing out urgent human health concern
of this chemical’. GenX has been detected in drinking water, groundwater, surface water, soil, and
vegetation near fluorochemical manufacturing facilities, with concentrations in some
contaminated regions exceeding recommended safety limites®®. Despite increasing environmental
detection, evidence of human exposure, and growing regulatory attention, the long-term health
effects and human-relevant mechanisms of GenX toxicity remain insufficiently characterized>!'%!!.

Accumulating epidemiological and experimental studies have identified potential adverse
effects of GenX'>!?, reporting GenX-induced toxicity in liver'*!5, reproductive system!'®!?,
endocrine systems'®, development'®, and immune function?’. The liver is the primary site of GenX
accumulation and one of its most sensitive toxicity targets?!?2, Hepatic effects associated with
GenX exposure include metabolic disruption, liver enlargement (i.e., hepatomegaly), altered lipid
homeostasis, and extensive transcriptional reprogramming®. Transcriptomic and systems
toxicology studies in rodents, fish, and in vitro models have demonstrated that GenX alters
pathways involved in lipid metabolism, bile acid homeostasis, immune signaling, and cellular
stress responses®* 228, Further, a recent study reported that GenX exposure suppress cholesterol
biosynthesis and innate immune signaling in human liver spheroids®. Dysregulation of bile acid
metabolism has also emerged as a potential contributor to GenX-induced hepatotoxicity, with in
vivo studies demonstrating increased total bile acids, elevated primary bile acids, and reduced
secondary bile acids following exposure®®*!. Collectively, these findings indicate that GenX
toxicity likely involves multiple interacting pathways and that a unified human-relevant
mechanistic framework remains to be developed.

Importantly, most current knowledge of GenX toxicity is derived from acute or relatively short-
term exposure studies conducted at moderate to high concentrations, particularly in case of in vitro
approaches**?. Such approaches may not adequately capture the biological consequences of
prolonged low-dose exposure that more closely reflect real-world human exposure scenarios.
Another limitation of previous studies is the lack of physiologically relevant human models
capable of maintaining long-term hepatic function while capturing adaptive responses to chronic
chemical exposure. Conventional two-dimensional (2D) hepatocyte cultures often fail to
recapitulate the cellular architecture, metabolic competence, and long-term functionality of human
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94  liver tissue®>*°. In contrast, three-dimensional (3D) human liver models, including HepG2 and
95 HepaRG cell lines-derived or primary hepatocytes-derived spheroids, iPSC-derived
96  spheroids/organoids provide a more predictive platform for chronic toxicity assessment by
97  maintaining hepatic phenotype, supporting prolonged culture, and enabling more human-relevant
98 toxicology evaluation®**. Incorporation of environmentally relevant exposure concentrations
99 further enhances the utility of these systems for human health risk assessment.

100  Most experimental studies investigating GenX toxicity, particularly those using human in vitro
101  models, relied on relatively short exposure periods ranging from several hours to only a few days.
102  For example, recent mechanistic studies examining GenX toxicity in human HepG2 cells and rat
103 thyroid FRTL-5 cells employed exposure durations of up to 72 h3*37. Similarly, a recent
104  transcriptomic study evaluating 24 different PFAS, including GenX, in human primary hepatocyte
105  spheroids examined responses after 24 h and 10 days of exposure?’. While these studies have
106  provided valuable insights into the early molecular events and mechanisms underlying GenX
107  toxicity, it remains unclear whether such relatively short-term exposure paradigms adequately
108  capture the biological responses associated with sustained or chronic exposure.

109  Although short term exposure studies are useful for identifying early molecular events and
110  mechanisms of action, their relevance to sustained human exposure remains uncertain because
111  transcriptional responses may evolve through adaptation, cumulative perturbation, or transition to
112  distinct biological states during chronic exposure. This issue is particularly important for
113  quantitative transcriptomics, in which benchmark dose or concentration modeling is increasingly
114  used to derive transcriptomic points of departure (tPODs) for chemical hazard and risk assessment.
115  Short-term tPODs have shown encouraging concordance with chronic apical effects, which
116  allowed it to be developed as efficient tools for screening and regulatory assessment*®. However,
117  tPOD estimates can vary with exposure duration in a chemical-dependent manner, and there
118  remains no universal basis for assuming that a tPOD derived from an acute in vitro exposure will
119  adequately represent the potency or biological processes associated with chronic exposure™.
120  Direct comparison of acute and chronic exposure conditions is therefore needed to determine
121  whether short-term transcriptomic responses provide a sufficiently protective and biologically
122 representative basis for assessing chemicals such as GenX for which there is sustained human
123  exposure.

124  In the present study, we systematically characterized dose- and time-dependent mRNA changes in
125  response to GenX using a 3D human liver cell line (HepG2/C3A) spheroid model cultured in a
126  rotating bioreactor system. To determine how exposure duration shapes biological responses,
127  spheroids were exposed to GenX across environmentally relevant and mechanistically informative
128  concentrations under acute (4 days) and chronic (4 weeks) exposure conditions. We hypothesized
129  that prolonged exposure would alter both the magnitude and nature of GenX-induced mRNA
130 changes, revealing biological effects that may not be predicted from conventional short-term
131  studies. Through transcriptomic profiling and benchmark dose modeling, this study provides
132  insight into the mechanisms and sensitivity of chronic GenX exposure and highlights the


https://doi.org/10.64898/2026.08.08.743693
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.08.08.743693; this version posted August 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

133  importance of exposure duration in the interpretation of transcriptomic data for PFAS risk
134  assessment.
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135 2. Methods
136  2.1. HepG2/C3A 3D spheroid culture and GenX exposure

137  HepG2/C3A cells (ATCC) were maintained in Minimum Essential Medium (MEM, Gibco)
138  supplemented with 10 % fetal bovine serum (FBS), 1 % non-essential amino acids (Gibco), and
139 1 % Antibiotic-Antimycotic (Gibco) under standard culture conditions (37°C, 5% CO.). Three-
140 dimensional (3D) spheroids were generated using the ClinoStar rotating bioreactor system
141  (CelVivo) as previously described®**¢. Briefly, HepG2/C3A cells were seeded onto a Spherical
142  Plate 5D (SP5D) plate at 500 cells per microwell and allowed to aggregate for 24 h at 37°C and
143 5% CO,. The pre-aggregated spheroids were subsequently transferred into ClinoReactors and
144  maintained under continuous rotation in the ClinoStar system. Culture medium was replaced two
145  to three times per week throughout the experiment. To evaluate concentration- and duration-
146  dependent transcriptomic responses, mature (a day after transfer of pre-aggregates) HepG2/C3A
147  spheroids were exposed to hexafluoropropylene oxide dimer acid (HFPO-DA; GenX) at nominal
148  concentrations of 0.08, 0.4, 2, 10, or 50 uM. Vehicle-treated (dimethyl sulfoxide, DMSO)
149  spheroids served as controls. Two exposure durations were evaluated: acute exposure (4 days) and
150  chronic exposure (4 weeks). For chronic studies, freshly prepared exposure medium containing
151  GenX was replenished during routine medium changes throughout the exposure period. At the end
152  of each exposure period, spheroids were harvested for transcriptomic analysis. Three independent
153  biological replicates were collected for each treatment group.

154  2.2. TempO-Seq

155  Transcriptome profiling was performed using the TempO-Seq Human Whole Transcriptome Assay
156  panel (BioSpyder Technologies Inc, Carlsbad, California) as previously described*®. Briefly, total
157 RNA was extracted and purified from each sample (spheroids) using a RNeasy Plus Mini Kit
158  (Qiagen) following the manufacturer’s instructions. Throughout the RNA extraction procedure,
159  we measured the 260/280 and 260/230 absorbance ratios to determine RNA purity and the presence
160 of contaminants in our biological samples. Genomic DNA contamination was removed
161  using DNase [ (Ambion, UK) according to the manufacturer’s instructions. All sample O.D. values
162  showed a 260/280 ratio of less than 1.8 and a 260/230 ratio of less than 2.0. The resultant RNA
163  samples were then diluted with sterile water to obtain a consistent concentration of 100 ng/puL.
164  across all samples. An equal volume of 2X TempO-Seq Enhanced Lysis Buffer was added to each
165  RNA sample, which provides an assay-ready sample in 1X TempO-Seq Enhanced Lysis Buffer.
166  The assay-ready samples were annealed to the detector oligo (DO, targeting and binding a single
167  RNA of interest) mix using the following steps: the assay-ready samples were incubated on plate
168  at 70°C for 10 minutes, then ramped to 45°C for 50 minutes with the same ramp rate; the plate was
169 maintained at 45°C for 16hours, then cooled to 25°C. Annealing was followed
170 by nuclease digestion (37°C for 1.5 hours, the type of nuclease is not indicated by BioSpyder
171 protocol) to remove excess oligos, and ligating (by incubating for 1 hour at 37°C, then immediately
172 raise to 80°C for 15 minutes) of a pair of DOs. The ligated product was PCR amplified using
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173  primers that contain sample tag (index) sequences and adaptors required for sequencing using the
174  following. PCR cycles: 1. 37°C for 10 minutes, 2. 95°C for 1 minute, 3. 25 cycles of 95°C 10 sec;
175  65°C 30sec; 68°C 30 sec, 4. 68°C for 60 sec, 5. Hold at 25°C. The amplified assay products are
176  then pooled and purified/concentrated using the Macherey-Nagel NucleoSpin Gel and PCR
177  Cleanup kit (Takara Bio USA, Inc, Mountain View, California). The library was sequenced using
178  aNovaSegX (performed at BioSpyder).

179  Primary data analysis was performed on a raw fastq files by BioSpyder using the TempO-SeqR
180  (v.3.0) program. Initially, reads were extracted from the bcl files and demultiplexed with bcl2fastq
181  v.2.20.0.42. The fastq files were processed with the TempO-SeqR (v.3.0), which uses star v.2.5 to
182  align the reads, and the count function from QuasR to extract feature counts using a gtf reference.
183  Araw gene count table that details the signal levels (counts) for each probe in each sample was
184  provided by BioSpyder.

185  2.3. Bioinformatics

186  All bioinformatics analyses for the raw gene count data were conducted using integrated
187  Differential Expression and Pathway analysis version 1.13 (iDEPv1.13)*
188  million (CPM) normalized and genes without 0.5 CPM in at least one sample were removed from
189 analysis. To facilitate clustering analyses and PCA, the filtered gene count data were log2
190 transformed using the loga(cpm-+c) function in the EdgeR package implemented in iDEPv1.13%.
191  To assess sample variability, Pearson correlations of the log>(cpm+c) values were plotted to
192  visually assess within sample similarity and between sample variability.

. Counts were count per

193  Differentially expressed genes

194  iDEPvl1.13 was used to perform differential gene expression analysis on all pairs of sample groups
195  using the DESeq2*! R package implemented in iDEPv1.13. Expression was filtered at a fold-
196  change > 2 and a false discovery rate (FDR) threshold of < 0.05.

197  Biological pathway enrichment analysis

198  The resulting differentially expressed genes (DEGs) between comparison samples were then used
199  to conduct enrichment analysis using Gene Ontology (Ensembl 92) and Kyoto Encyclopedia of
200 Genes and Genomes (KEGG, Release 86.1) database. The background genes used for the
201  enrichment analysis are the filtered genes from the genome-wide original gene list. Enrichment p-
202  values are calculated based on a one-sided hypergeometric test, which is then adjusted for multiple
203 testing using the Benjamini-Hochberg procedure and converted to FDR. The pathways are first
204 filtered based on an FDR threshold of 0.05, and then the significant pathways are sorted by FDR.
205  Functional analysis of DEGs was also conducted using STRING-DB_v12.0(STRING: functional
206  protein association networks, accessed 07/08/2026) for DEGs identified following 4-day and 4-
207 week exposure to provide clustered networks. Upregulated and downregulated genes were
208 analyzed separately. Gene symbols were mapped to Homo sapiens proteins, and only successfully

209 mapped genes were included in the analysis. Functional enrichment was assessed using GO-BP
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210 annotations available in STRING, with the whole human genome used as the statistical
211 background. Enriched GO-BP terms were ranked according to false discovery rate (FDR), and
212 terms with an FDR < 0.05 were considered statistically significant.

213  Trendy analysis

214  Raw gene expression data was normalized using Median Normalization*? to account for variation
215  in library size and sequencing depth across sample. Briefly, this method first calculates a ‘size
216  factor’ for each sample accounting for variations in sequencing depth. Then, the method divides
217  the expression values of each gene by the corresponding size factor. The result i1s a set of
218 normalized expression values that are adjusted to a common scale across all samples.

219  To investigate transcriptomic responses across increasing GenX concentrations, we adapted the
220  Trendy package*, which was originally developed for time-course gene expression analysis, to
221  identify genes exhibiting non-linear dose-response relationships. In this framework, GenX
222 concentration was treated as an ordered variable analogous to time. Trendy fits a series of
223  segmented regression models to each gene and identifies statistically significant breakpoints
224  representing changes in the direction or magnitude of expression responses across the dose range.
225  Separate analyses were conducted for the acute (4 days) and chronic (4 weeks) spheroid exposure
226  datasets. For each gene, the optimal segmented regression model was selected using the lowest
227  Bayesian Information Criterion (BIC). Model fitting parameters included a maximum of three
228  breakpoints, a minimum of five samples per segment, and a breakpoint significance threshold of
229 p <0.2, consistent with the recommended Trendy settings. Genes identified by Trendy were
230 interpreted as exhibiting distinct dose-responsive expression patterns, including monotonic,
231 threshold-like, and non-monotonic responses.

232 2.4, Transcriptomic point-of-departure (tPOD) analysis

233  Transcriptomic point-of-departure (tPOD) analysis was performed using BMDExpress3.0**+
234  (BMDExpress - Sciome) to quantify concentration-dependent transcriptional potency of GenX

235  exposure in HepG2/C3A spheroids. Acute (4 days) and chronic (4 weeks) exposure datasets were
236 analyzed independently to determine whether exposure duration alters transcriptomic sensitivity
237 and pathway-level potency. The CPM-normalized gene expression data were imported into
238 BMDExpress3.0 for benchmark concentration modeling. Genes were prefiltered using Williams
239 trend test and fold-change criteria to identify transcripts exhibiting concentration-dependent
240  responses. Genes passing the prefiltering step were modeled using Bayesian Model Averaging with
241  Hill, Power, Exponential 3, and Exponential 5 models. A benchmark response corresponding to
242  one standard deviation from the control mean was applied. Modeled genes were subsequently
243  filtered to remove poorly fitted or unreliable benchmark concentration estimates, including genes
244  with benchmark concentrations greater than the highest tested concentration and genes with
245  excessive uncertainty based on BMCU (Upper)/BMCL (Lower) ratios*®. Genes passing all pre-
246  and post-filtering criteria were retained for downstream tPOD analysis. For each exposure duration,
247  tPOD values were estimated using gene-level benchmark concentration distributions and pathway-
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level benchmark concentration analysis. Gene-level benchmark concentrations were used to derive
the most sensitive tPOD. Pathway-level tPODs were calculated from biological pathways
containing multiple responsive genes, and the lowest reliable pathway-level tPODs were
interpreted as the lowest concentration associated with biological pathways perturbation. Acute
and chronic tPODs were compared to evaluate whether chronic GenX exposure increased
transcriptomic sensitivity (i.e., lower concentration to meet criteria for tPOD relative to short-term
exposure).
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260  Figure 1. Experimental design & global transcriptional overview. (A) Schematic experimental
261  design of this study. 3D spheroids generated using HepG2/C3A cells were exposed to GenX e for
262 4 days (acute) or 4 weeks (4 weeks) at different doses from an environmentally relevant dose (0.08
263  uM) to a mechanistically informative dose (50 uM). Collected samples were used for TempO-Seq
264  (transcriptome profiling), followed by pathways-level enrichment and tPOD comparison analyses.
265 (B) PCA plot of all samples analyzed in this study. (C)/(D) Comparison of differentially expressed
266  genes (DEGs) in acute (4 days) and chronic (4 weeks) GenX exposed HepG2/C3A spheroids
267  across doses (DEGs criteria: LogoFC>1 and FDR<0.05).

268

269  3.1. GenX-induced transcriptional responses are both dose- and time-dependent, with unexpected
270  reversals in DEG magnitude across doses

271  Figure 1A summarizes the overall experimental approach used in this study. We used a ClinoStar
272  bioreactor system (CelVivo) to continuously rotate HepG2/C3A spheroids generated by pre-
273  aggregation procedure (see Methods), supporting prolonged cultures. The HepG2/C3 A spheroids
274  were then exposed to GenX, either acute (4 days) or chronic (4 weeks) from environmentally
275  relevant (0.08 pM) to mechanistically informative concentrations (50 pM)*’*3. Although 0.08 uM

276  concentration exceeds typical levels detected in human serum**->°

51,52

, it falls within the range of

277  reported concentrations in water at contaminated sites
29,53

and was previously used in in vitro
278  studies to account for limited toxicokinetic processes” -, enabling detection of early molecular
279  perturbations. After exposures, RNAs from both dose-dependent acute and chronic samples were
280 used for whole-transcriptome profiling via TempO-Seq followed by pathway enrichment and

281  tPOD comparison analyses (Figure 1A).
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282  Dimension reduction of the data from all of spheroid RNA samples of both acute and chronic
283  GenX exposure via PCA revealed that acute and chronic sets are clearly separated (Figure 1B).
284  Notably, chronic exposure samples are more separated from each other than the acute counterparts
285  (Figure 1B). HepG2/C3A 3D spheroids exposed to GenX for 4 days or 4 weeks exhibited varying
286 numbers of differentially expressed genes (DEGs) across GenX concentrations (0.08 uM to 50
287  uM). For acute exposure to GenX, DEGs of 0.08 uM, 0.4 uM, 2 uM, 10 uM, 50 uM were 161 (Up:
288 142, Down: 19), 476 (Up: 349, Down: 127) 103 (Up: 15, Down: 88), 87 (Up: 71, Down: 16), and
289 65 (Up: 6, Down: 59), respectively (Figure 1C). The DEGs of acute GenX exposure in HepG2/C3A
290  spheroids showed a non-monotonic dose-response (NMDR) (Figure 1C) which is defined as a
291  dose-response curve in which the slope changes sign at least once over the range of doses
292  examined®*>. For the chronic exposure scenario, the pattern of DEGs looked more monotonic
293  except for the dose of 10 uM (Figure 1D). DEGs of 0.08 uM, 0.4 uM, 2 uM, 10 uM, 50 uM were
294 59 (Up: 32, Down: 27), 983 (Up: 789, Down: 294), 1711 (Up: 749, Down: 962), 157 (Up: 97,
295 Down: 60), and 2656 (Up: 1168, Down: 1488), respectively (Figure 1D). Together, acute and
296  chronic exposure to GenX shows qualitatively different transcriptomic responses, indicating
297 NMDR behavior in human HepG2/C3A spheroids.
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322  Figure 2. Conserved mRNA changes across GenX concentrations during acute (4 days) exposure
323  condition. UpSet plots (A and C) showing the overlap of significantly altered genes (either
324  increased (“Up-regulated”) or decreased mRNA expression (“Down-regulated”)) among
325  HepG2/C3A spheroids exposed to GenX for 4 days at 0.08, 0.4, 2, 10, and 50 uM. Horizontal bars
326 indicate the total number of differentially expressed genes (DEGs) (FDR <0.05) identified at each
327  concentration, whereas vertical bars represent the number of genes shared among the indicated
328  dose combinations. Constitutively altered transcripts across all GenX concentrations during acute
329  exposure were subjected to Trendy segmented regression analysis*’. Representative expression
330 patterns illustrate transcripts exhibiting monotonic, threshold-like, and non-monotonic dose-
331  dependent changes across the exposure range (B and D). Expression values are presented as
332  normalized counts. Solid lines indicate fitted segmented regression models generated using Trendy.

333

334  3.2. Conserved GenX-responsive genes exhibit distinct transcriptional dynamics during acute and
335  chronic exposure.

336  To identify changes in mRNA level consistently associated with GenX exposure regardless of
337  concentration, we focused on genes that were differentially expressed (either increased or
338  decreased mRNA levels) across all exposure concentrations within each exposure duration. These
339  constitutively responsive genes were further analyzed using a modified application of Trendy
340 analysis®® to characterize their expression dynamics across the concentration gradient (see
341  Methods). We identified 8 constitutively increased GenX-responsive transcripts and 9 decreased
342  transcripts in acute exposure (Figure 2), while 132 increased and 186 decreased transcripts in
343  chronic exposure (Figure 3).

344  Acute exposure revealed multiple classes of dose-responsive behavior, including monotonic,
345  threshold-like, and non-monotonic expression patterns (Figure 2A). Several transcripts exhibited
346 maximal responses at intermediate concentrations, consistent with the non-monotonic DEG
347  distribution observed in Figure 1. Trendy analysis identified several transcripts exhibiting distinct
348  dose-dependent mRNA level changes following acute GenX exposure. While most responsive
349  transcripts displayed biphasic (i.e., adaptive) patterns with an initial increase followed by
350  stabilization or decline (e.g., COPRS, C190rf48), a small subset of transcripts, including CNNM?2
351 and CTDNEPI, showed a sustained monotonic increase across the entire concentration range
352  (Figure 2B). These findings suggest that acute GenX exposure elicits both adaptive transcriptional
353  or other mRNA regulatory responses as well as a limited number of robust concentration-specific
354  molecular responses. Analysis of the acute decreased transcripts (Figure 2C) identified a subset of
355  transcripts exhibiting biphasic trajectories characterized by an initial decrease followed by partial
356  recovery at higher concentrations, consistent with adaptive or non-monotonic regulatory responses,
357 including AKRI1C4 and SLC38A2 (Figure 2D). In contrast, several transcripts, such as APOH and
358 ASGRI, displayed sustained concentration-dependent decreases across the entire GenX exposure
359 range (Figure 2D).
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364  Figure 3. Conserved mRNA changes responses across GenX concentrations during chronic (4
365  weeks) exposure condition. UpSet plots (A and C) showing the overlap of significantly altered
366  transcripts (either increased (UP DEGs) or decreased (DOWN DEGs) mRNA expression) among
367 HepG2/C3A spheroids exposed to GenX for 4 weeks at 0.08, 0.4, 2, 10, and 50 uM. Horizontal
368  bars indicate the total number of differentially expressed genes (DEGs) (FDR <0.05) identified at
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369 each concentration, whereas vertical bars represent the number of transcripts shared among the
370 indicated dose combinations. Constitutively altered transcripts across all GenX concentrations
371  during chronic exposure were subjected to Trendy segmented regression analysis*’. Representative
372  expression patterns illustrate transcripts exhibiting monotonic, threshold-like, and non-monotonic
373  dose-dependent changes across the exposure range (B and D). Expression values are presented as
374  normalized counts. Solid lines indicate fitted segmented regression models generated using Trendy.

375  Compared to acute exposure, chronic exposure generated more stable and sustained transcriptional
376  trajectories, characterized by progressive increases or decreases across increasing concentrations
377  (Figure 3). Of note, due to the substantially larger number of constitutive DEGs in the condition
378  of chronic exposure, we first sought any enriched biological pathways in those DEGs. For
379  increased DEGs, circadian rhythm was the top KEGG enriched pathway, allowing us to prioritize
380 the member genes (CRYI, FBXL3, and BHLHE40) (Figure 3A and 3B). For decreased DEGs,
381  primary bile acid biosynthesis was identified as a top KEGG enriched pathway, and we focused
382  on member genes (CYP2741, SCP2, and AKRID]I) for the Trendy analysis (Figure 3C and 3D).
383  Trendy analysis of chronically increased transcripts revealed significant enrichment of circadian
384  rhythm pathway (Figure 3A). Notably, core circadian regulators, including CRYI, FBXL3, and
385 BHLHE40, exhibited progressive increases across the GenX concentration range (Figure 3B),
386  suggesting that long-term GenX exposure induces a coordinated transcriptional or other mRNA
387  regulatory program involving circadian clock regulation. These findings further support the notion
388 that exposure duration fundamentally influences the molecular response landscape and may
389  determine whether early adaptive responses transition into sustained biological reprogramming.
390 Constitutively decreased transcripts across increasing GenX concentrations during chronic
391  exposure condition identified a coordinated set of transcripts encoding cellular components
392 involved in primary bile acid biosynthesis that exhibited dose-dependent mRNA level alterations
393  (Figure 3C). Notably, CYP27A41 and SCP?2 displayed progressive decreases in expression, whereas
394  AKRIDI exhibited a biphasic response characterized by an initial decrease followed by partial
395 recovery at higher concentrations (Figure 3D). Given the central roles of the corresponding gene
396  products in cholesterol turnover, intracellular sterol transport, and bile acid biosynthesis®, these
397  patterns collectively suggest that disruption of bile acid homeostasis represents a sensitive
398 molecular response to chronic GenX exposure. Collectively, although concentration-specific
399 mRNA changes dominated both exposure durations, chronic exposure produced substantially
400 larger sets of transcripts shared across multiple concentrations, suggesting convergence toward
401  stable mRNA changes during prolonged GenX exposure.
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Figure 4. Acute GenX exposure induces concentration-dependent mRNA changes consistent with
a transition from cell cycle regulation to lipid metabolism and endocrine-related pathways.

414
Functional enrichment analysis of differentially expressed genes following 4 days of GenX

415
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416  exposure at 0.08 (A), 0.4 (B), 2 (C), 10 (D), and 50 (E) uM, respectively. Representative enriched
417  KEGG and Gene Ontology Biological Process (GO-BP) terms are shown for each concentration
418  with graphical presentation of clustered KEGG pathways and GO-BP. For the lowest concentration
419  (0.08 uM), additional GO-BP enrichment analysis generated using STRING-DB is also presented.
420  Enriched pathways were identified using DEGs (|log2FC| > 1, FDR < 0.05). Only the top 10
421  enriched pathways are shown.

422

423  3.3. Acute Low-dose GenX exposure drives robust changes in gene expression in human hepatic
424  spheroids.

425 We next characterized concentration-dependent biological responses following acute GenX
426  exposure based on KEGG and Gene Ontology Biological Process (GO-BP) enrichment analyses
427  of gene products of differentially expressed genes (Figure 4). We inferred distinct biological
428  changes across the concentration range, revealing a progressive transition from mRNA changes
429  consistent with a cell proliferative response at low concentrations to more metabolic and signaling
430  perturbations at higher concentrations. At environmentally relevant concentrations (0.08 and 0.4
431 uM), enriched pathways were dominated by cell cycle-related processes. KEGG analysis
432  identified cell cycle-associated pathways among genes whose mRNA expression level increased,
433  while GO-BP analysis showed significant enrichment of chromosome segregation, mitotic nuclear
434  division, and cell cycle progression, indicating an early adaptive transcriptional response or other
435 mRNA regulatory response (Figure 4A-B). Additional GO-BP enrichment analysis using
436  STRING-DB at 0.08 uM further supported these findings, highlighting interconnected biological
437  processes involved in mitotic cell cycle regulation, chromosome organization, and cell division,
438  confirming that low-dose GenX primarily perturbs proliferative regulatory networks.

439  Atthe intermediate concentration (2 uM), pathway enrichment of the protein products of the DEGs
440  shifted toward lipid metabolism while maintaining enrichment of cell cycle-related processes,
441  suggesting the onset of metabolic perturbation accompanying continued proliferative responses
442  (Figure 4C). In contrast, relatively few significantly enriched pathways were detected at 10 pM
443  despite measurable mRNA changes, consistent with a transient reduction in coordinated pathway-
444  level responses (Figure 4D). At the highest concentration (50 uM), pathway enrichment shifted
445  toward endocrine- and development-associated biological processes, including regulation of
446  hormone levels and hormone metabolic processes, together with activation of PI3K-Akt, Toll-like
447  receptor, and Hippo signaling pathways and suppression of cholesterol metabolism pathways
448  (Figure 4E). Collectively, these findings demonstrate that acute GenX exposure induces
449  concentration-dependent biological responses characterized by a progressive transition from early
450 mRNA changes encoding proteins involved in cell cycle regulation at low concentrations to lipid
451  metabolic perturbation and ultimately stress- and endocrine-associated signaling pathways at
452 higher concentrations.

453
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461  Figure 5. Chronic GenX exposure progressively shifts biological responses toward metabolic
462  reprogramming and cellular signaling. Functional enrichment analysis of differentially expressed
463  genes following 4 weeks of GenX exposure at 0.08 (A), 0.4 (B), 2 (C), 10 (D), and 50 (E) uM,
464  respectively. Representative enriched KEGG and Gene Ontology Biological Process (GO-BP)
465  terms are shown for each concentration with graphical presentation of clustered KEGG pathways
466 and GO-BP. For the lowest concentration (0.08 uM), additional GO-BP enrichment analysis
467  generated using STRING-DB is also presented. Enriched pathways were identified using DEGs
468  (|log2FC| > 1, FDR < 0.05). Only the top 10 enriched pathways are shown.

469
470  3.4. Chronic (4 weeks) GenX exposure reveals qualitatively distinct transcriptional programs.

471  Functional enrichment analysis of proteins encoded by DEGs following 4 weeks of GenX exposure
472  demonstrated a progressive concentration-dependent remodeling of biological processes that
473  differed markedly from the acute response (Figure 5). In contrast to acute exposure, where low
474  concentrations primarily affected cell cycle-associated pathways, chronic exposure initiated
475  coordinated mRNA changes consistent with metabolic alterations even at the lowest concentration
476  tested, indicating increased biological sensitivity to prolonged GenX exposure.

477 At 0.08 uM, enrichment analysis revealed mRNA changes consistent with suppression of lipid
478  metabolism-related pathways, including steroid hormone biosynthesis and glycosphingolipid
479  Dbiosynthesis, together with changes in amino acid metabolism, suggesting that prolonged exposure
480 to environmentally relevant GenX concentrations was sufficient to perturb hepatic metabolic


https://doi.org/10.64898/2026.08.08.743693
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.08.08.743693; this version posted August 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

481  homeostasis (Figure 5A). At 0.4 uM, metabolic pathway remodeling became more pronounced,
482  with additional enrichment of fatty acid metabolism and xenobiotic-related pathways, indicating
483  expansion of the metabolic response beyond the lowest exposure concentration (Figure 5B). At the
484  intermediate concentration (2 pM), broader perturbation of lipid metabolism and cellular
485  metabolic processes was observed, accompanied by increasing enrichment of pathways involved
486 in cellular signaling and homeostatic regulation (Figure 5C).

487  Although relatively fewer significantly enriched pathways were detected at 10 pM, similar to the
488 acute response, extensive transcriptional alterations remained evident, suggesting transient
489  attenuation of coordinated pathway enrichment despite substantial gene expression changes
490  (Figure 5D). At the highest concentration (50 uM), chronic GenX exposure induced widespread
491  suppression of metabolic pathways, including cytochrome P450-mediated xenobiotic metabolism,
492  amino acid metabolism, and lipid metabolic processes, together with enrichment of multiple
493  signaling pathways associated with cellular stress and structural remodeling (Figure SE). Overall,
494  chronic GenX exposure produced a coordinated concentration-dependent transcriptional
495  reprogramming characterized by an early disruption of metabolic homeostasis at environmentally
496 relevant concentrations followed by broad metabolic suppression and activation of cellular
497  signaling pathways at higher concentrations.

498
499  3.5. Exposure Duration Drives Progressive Transcriptomic Divergence Following GenX exposure.

500 To evaluate whether acute transcriptional responses could predict long-term outcomes, we
501  performed correlation analyses comparing acute (4 days) and chronic (4 weeks) transcriptomic
502  profiles across matched exposure concentrations (Supplementary Figure S2). We first evaluated
503 correlations among biological replicates within each exposure condition and demonstrated
504  excellent reproducibility, with Pearson correlation coefficients exceeding 0.99 for both control (0
505 uM) and high-dose (50 uM) groups (Figure S2A—S2B and Figure S2D-S2E). To assess the
506 intrinsic stability of the steady state mRNA expression levels of the 3D liver spheroid model over
507 time, untreated control samples collected after 4 days and 4 weeks were compared. Control
508  spheroids maintained a highly stable transcriptional profile throughout the culture period,
509 exhibiting a strong correlation (R = 0.98) between time points (Figure S2C). These findings
510 indicate that prolonged culture alone had minimal impact on global gene expression patterns. In
511  contrast, GenX exposure introduced a progressive temporal divergence that became increasingly
512  apparent at higher concentrations. At 50 uM, the correlation between acute and chronic
513 transcriptomic profiles decreased relative to untreated controls (R = 0.95), accompanied by
514  increased dispersion of individual genes from the diagonal distribution (Figure S2D and S2F).
515  Although the overall correlation remained high, the increased scatter indicates that prolonged
516  exposure resulted in substantial mMRNA changes beyond the initial acute response.

517  These findings demonstrate that chronic GenX exposure does not simply amplify acute mRNA
518  changes but instead induces a distinct mRNA expression profile that emerges over time. Together
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519  with the differential pathway enrichment and DEG analyses, the correlation results identify
520  exposure duration as an independent determinant of GenX-induced transcriptomic changes and
521  support the importance of incorporating chronic exposure models into GenX hazard assessment.

522
523
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525  Figure 6. Benchmark dose (BMD) accumulation analyses for acute and chronic GenX exposure.
526  Best benchmark dose (BMD) generated from transcriptomic benchmark dose modeling of GenX-
527  exposed 3D human liver spheroids. Curves represent the cumulative number of genes meeting
528  benchmark dose modeling criteria across increasing BMD values. Red lines indicate acute
529  exposure (4 days), and blue lines indicate chronic exposure (4 weeks). Benchmark dose modeling
530  was performed using normalized gene expression data and the best-fitting model selected for each

531  gene according to BMDExpress criteria®.

532

533 3.6. Benchmark dose modeling reveals time-dependent expansion of transcriptional
534  responsiveness

535 To evaluate the influence of exposure duration on GenX-induced transcriptional responses,
536  benchmark dose (BMD) distributions were compared between acute (4 days) and chronic (4 weeks)
537  exposures using cumulative accumulation plots generated by BMDExpress 3.0 (Figure 6). Chronic
538  exposure produced a marked upward shift in the accumulation curves relative to the acute
539  condition, indicating that a substantially greater number of genes met benchmark dose modeling
540 criteria. Differences were also evident in the distribution of BMD estimates. The chronic exposure
541  curves were shifted toward lower BMD, benchmark dose lower confidence limit (BMDL)
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542  (Supplementary Figure S3A), and benchmark dose upper confidence limit (BMDU)
543  (Supplementary Figure S3B) values compared with the acute exposure, indicating that a larger
544  proportion of transcriptional responses occurred within lower dose ranges. In addition, the chronic
545  condition exhibited a steeper accumulation pattern across intermediate BMD values, reflecting a
546  greater concentration of responsive genes within a relatively narrow benchmark dose range.

547  In contrast, acute exposure produced a more gradual accumulation profile and a smaller overall
548  number of modeled genes (i.e., the number of accumulated genes presented in y-axis of Figure 6).
549 The higher plateau observed following chronic exposure further demonstrates a broader
550 transcriptional response after prolonged GenX treatment. Collectively, these findings indicate that
551  exposure duration substantially influences the distribution and extent of GenX-induced
552  transcriptional responses, with chronic exposure resulting in a larger number of benchmark dose-
553  responsive genes and a distinct BMD distribution compared with acute exposure.

554

555
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556 4. Discussion

557  The present study provides systematic comparisons of acute and chronic GenX exposure in a
558  human-relevant 3D liver spheroid model across environmentally relevant and mechanistically
559  informative concentrations. Three principal findings emerged from our analysis. First, exposure
560  duration was a major determinant of transcriptomic outcome, with acute and chronic exposure
561  producing qualitatively distinct molecular responses. Second, GenX elicited non-monotonic
562 transcriptomic responses during acute exposure, whereas chronic exposure generated broader and
563 more coordinated dose-dependent effects. Third, prolonged exposure increased transcriptomic
564  sensitivity and revealed mRNA changes consistent with lipid metabolic perturbations and
565  pathway-level responses that were not apparent during short-term exposure. Collectively, these
566  findings demonstrate that both concentration and exposure duration are likely critical determinants
567 of GenX associated transcriptomic responses and these factors should be considered in the
568  application of transcriptomic based indicators from NAMs in human health risk assessment.

569  One of the most notable findings was the pronounced non-monotonic response observed following
570 acute exposure. The largest transcriptional perturbation occurred at 0.4 puM rather than at the
571  highest tested concentration, indicating that biological responses did not increase proportionally
572  with dose. Similar non-monotonic behavior has increasingly been reported for PFAS and other
573  environmental contaminants, presenting a significant challenge for toxicological risk assessment
574  because low- and intermediate-dose responses cannot necessarily be predicted from high-dose
575  studies alone>’%!. Acute exposure also exhibited clear concentration-specific biological responses.
576  Low concentrations primarily result in mRNA changes in proteins involved in cell cycle-associated
577  pathways, suggesting rapid adaptive and proliferative signaling, whereas intermediate
578  concentrations preferentially altered lipid metabolic pathways, including fatty acid metabolism
579  and PPAR signaling. Additional STRING-DB GO-BP network analysis further demonstrated that
580 these low-dose responses in acute exposure were centered on interconnected biological processes
581 involved in mitotic cell cycle regulation, chromosome organization, and cell division, suggesting
582  that environmentally relevant GenX concentrations perturb proliferative regulatory networks
583  rather than overt stress-response pathways. At the highest concentration, stress- and toxicity-
584  associated pathways such as PI3K-Akt, ErbB, and Toll-like receptor signaling became dominant.
585  PI3K-Akt signaling pathway has been suggested as one of potential PFAS-induced toxicity
586  mechanisms, which also regulates apoptosis and cellular proliferation®%, This progression
587  suggests a transition from early adaptive responses to metabolic disruption and ultimately
588 activation of cellular stress-survival programs. The non-monotonic nature of these responses
589  further implies that distinct biological programs may be engaged across different exposure levels
590 rather than representing a simple increase in response magnitude.

591 In contrast, chronic GenX exposure elicited broader and more coordinated transcriptional
592  responses characterized by early and persistent perturbation of lipid metabolic pathways. Even the
593 lowest concentrations altered mRNA expression of proteins in pathways associated with
594  glycosphingolipid metabolism, steroid metabolism, fatty acid metabolism, and peroxisomal
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595  function, supporting the growing consensus that disruption of lipid homeostasis represents a
596  central mechanism of PFAS toxicity®*®. Unlike the concentration-specific patterns observed
597  during acute exposure, chronic exposure produced a largely dose-dependent response profile,
598  consistent with progressive cellular adaptation and cumulative biological effects. Notably, low-
599  dose chronic exposure primarily affected pathways associated with metabolic homeostasis and
600 lipid regulation, whereas higher concentrations activated stress-response and toxicity-related
601  pathways with minimal overlap between the two response domains. These findings suggest a
602  mechanistic transition from adaptive metabolic remodeling to overt cellular stress and dysfunction
603  as exposure levels increase in a similar pattern with the acute exposure condition. Furthermore,
604  prolonged exposure was characterized by suppression of diverse metabolic pathways accompanied
605 by activation of inflammatory and stress-response signaling, indicative of a progressive loss of
606  hepatocellular metabolic identity®®®’. Similar metabolic reprogramming and fibroinflammatory
607  signatures have been reported in primary human hepatocytes exposed to GenX>°, supporting the
608  biological relevance of the transcriptional responses observed in the present spheroid model.
609 Notably, the presence of transcripts that were consistently altered across all exposure
610  concentrations suggests that a subset of cellular responses to GenX is highly robust and largely
611  independent of dose magnitude, potentially representing core molecular events associated with
612  GenX exposure rather than secondary concentration-dependent effects. Moreover, the dramatic
613 increase in the number of constitutively responsive transcripts during chronic exposure relative to
614  acute exposure suggests convergence towards a stable mRNA expression level changes that
615 become progressively independent of dose magnitude. This finding supports the notion that
616  prolonged GenX exposure promotes sustained biological reprogramming rather than transient
617  adaptive responses. For example, the sustained increased of expression level of circadian rhythm
618  genes following chronic GenX exposure is notable because circadian regulators are closely linked
619 to hepatic metabolism, xenobiotic responses, and lipid homeostasis®®®, suggesting that
620  dysregulation of clock-associated transcriptional programs may contribute to the metabolic
621  reprogramming observed following prolonged exposure.

622  Rather than representing a simple extension of the acute response, chronic GenX exposure shifted
623  the transcriptomic landscape from early adaptive responses toward a coordinated metabolic
624  reprogramming that became evident even at environmentally relevant concentrations. Functional
625  enrichment analysis further demonstrated that exposure duration substantially altered the
626  Dbiological processes affected by GenX. During acute exposure, low concentrations preferentially
627 cell cycle-associated pathways, suggesting an adaptive proliferative response, whereas
628 intermediate concentrations increasingly perturbed lipid metabolic pathways before shifting
629  toward endocrine- and signaling-related processes at the highest concentration. In contrast, chronic
630 exposure produced a progressive transition toward coordinated metabolic reprogramming
631  characterized by enrichment of organic acid metabolic processes, developmental programs, and
632  cell signaling pathways. Because fatty acids represent a major class of organic acids, enrichment
633  of organic acid metabolism is consistent with increasing evidence that chronic PFAS exposure
634  disrupts hepatic lipid homeostasis and broader intermediary metabolism. The emergence of cell
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635  signaling and stimulus-response pathways after prolonged exposure further suggests that chronic
636  GenX exposure induces coordinated regulatory responses beyond simple dose-dependent toxicity,
637  supporting the concept that sustained low-dose exposure engages biological programs that are not
638  fully captured in conventional short-term assays.

639  Perhaps the most important finding from a risk assessment perspective was the limited
640 concordance between acute and chronic responses. Many pathways enriched after 4 weeks of
641  exposure were absent or only weakly represented during acute exposure, and transcriptomic
642  correlation analyses demonstrated increasing divergence between acute and chronic transcriptional
643  states with increasing GenX concentration. These results suggest that chronic toxicity cannot be
644  reliably inferred from short-term studies and instead reflects secondary and adaptive molecular
645  programs that emerge during sustained exposure. Therefore, these findings suggest that exposure
646  duration should be considered not only when interpreting transcriptomic mechanisms but also
647  when applying tPODs in chemical risk assessment, as short-term transcriptomic responses may
648  not fully reflect the coordinated metabolic reprogramming associated with chronic exposure. Our
649  results also support the growing recognition that chronic low-dose PFAS exposure may engage
650  unique biological processes that cannot be predicted from acute or high-dose studies alone’®’!.
651  Consistent with this interpretation, benchmark dose modeling (BMD) demonstrated that chronic
652  exposure lowered transcriptomic points of departure and expanded the number of affected
653  biological pathways, indicating that prolonged exposure increased transcriptomic sensitivity to
654  GenX. That is, Chronic exposure resulted in a leftward shift of transcriptomic BMD distributions,
655  suggesting increased transcriptional sensitivity and expanded biological engagement following
656 prolonged GenX exposure. As transcriptomic points of departure become increasingly
657  incorporated into next-generation risk assessment (NRGA) frameworks’?, our findings suggest
658  that tPODs derived from chronic human-relevant spheroid models may provide more biologically
659 informative and health-protective estimates of chemical potency than those generated from
660 conventional acute exposure systems. More broadly, the data indicates that prolonged GenX
661  exposure unmasks molecular responses associated with metabolic dysfunction and loss of
662  hepatocellular identity that are not evident during short-term exposure, highlighting the importance
663  of incorporating exposure duration into PFAS hazard characterization and human health risk
664  assessment.

665  Declaration of Competing Interest
666  None declared.
667  Data availability

668 Raw and processed RNA-seq data are currently being deposited in the NCBI Gene Expression
669  Omnibus (GEO) database under the accession number, GSE339046.

670  Funding

671  This study was supported by NIEHS RO1ES033625, awarded to Christopher D. Vulpe.


https://doi.org/10.64898/2026.08.08.743693
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.08.08.743693; this version posted August 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

672 References

673

674 (1) Cheng, C.; Zhu, X.; Li, J.; Ornelas-Soto, N.; Wang, Y. Emerging PFAS Alternatives:

675 Unveiling Environmental Fates and Ecological Risks. Energy & Environmental

676 Sustainability 2025, 71 (3), 100041. https://doi.org/10.1016/j.eesus.2025.100041.

677 (2) Wen,Y.; Mirji, N.; Irudayaraj, J. Epigenetic Toxicity of PFOA and GenX in HepG2 Cells
678 and Their Role in Lipid Metabolism. Toxicology in Vitro 2020, 65, 104797.

679 https://doi.org/10.1016/j.tiv.2020.104797.

680 (83) Guo, W.; Hao, W.; Xiao, W. Emerging Perfluorinated Chemical GenX: Environmental
681 and Biological Fates and Risks. Environ. Health 2025, 3 (4), 338-351.

682 https://doi.org/10.1021/envhealth.4c00164.

683 (4) Blake, B. E.; Cope, H. A.; Hall, S. M.; Keys, R. D.; Mahler, B. W.; McCord, J.; Scott, B.;
684 Stapleton, H. M.; Strynar, M. J.; Elmore, S. A.; Fenton, S. E. Evaluation of Maternal,

685 Embryo, and Placental Effects in CD-1 Mice Following Gestational Exposure to

686 Perfluorooctanoic Acid (PFOA) or Hexafluoropropylene Oxide Dimer Acid (HFPO-DA or
687 GenX). Environ Health Perspect 2020, 128 (2), 027006.

688 https://doi.org/10.1289/EHP6233.

689 (5) Hopkins, Z.R.; Sun, M.; DeWitt, J. C.; Knappe, D. R. U. Recently Detected Drinking

690 Water Contaminants: GenX and Other Per- and Polyfluoroalkyl Ether Acids. Journal
691 AWWA 2018, 710 (7), 13-28. https://doi.org/10.1002/awwa.1073.

692 (6) USEPA, O. Human Health Toxicity Assessments for GenX Chemicals.

693 https://www.epa.gov/chemical-research/human-health-toxicity-assessments-genx-
694 chemicals (accessed 2026-04-27).

695 (7) USEPA, O. Drinking Water Health Advisories for GenX Chemicals and PFBS.

696 https://www.epa.gov/sdwa/drinking-water-health-advisories-genx-chemicals-and-
697 pfbs (accessed 2026-04-27).

698 (8) Brandsma, S. H.; Koekkoek, J. C.; van Velzen, M. J. M.; de Boer, J. The PFOA Substitute
699 GenX Detected in the Environment near a Fluoropolymer Manufacturing Plant in the
700 Netherlands. Chemosphere 2019, 220, 493-500.

701 https://doi.org/10.1016/j.chemosphere.2018.12.135.

702 (9) Gebbink, W. A.; van Asseldonk, L.; van Leeuwen, S. P. J. Presence of Emerging Per- and
703 Polyfluoroalkyl Substances (PFASSs) in River and Drinking Water near a Fluorochemical
704 Production Plant in the Netherlands. Environ. Sci. Technol. 2017, 517 (19), 11057-

705 11065. https://doi.org/10.1021/acs.est.7b02488.

706  (10) Pan,Y.; Zhang, H.; Cui, Q.; Sheng, N.; Yeung, L. W.Y.; Sun, Y.; Guo, Y.; Dai, J. Worldwide
707 Distribution of Novel Perfluoroether Carboxylic and Sulfonic Acids in Surface Water.
708 Environ. Sci. Technol. 2018, 52 (14), 7621-7629.

709 https://doi.org/10.1021/acs.est.8b00829.

710 (11) Kancharla, S.; Choudhary, A.; Davis, R. T.; Dong, D.; Bedrov, D.; Tsianou, M.;

711 Alexandridis, P. GenX in Water: Interactions and Self-Assembly. Journal of Hazardous

712 Materials 2022, 428, 128137. https://doi.org/10.1016/j.jhazmat.2021.128137.


https://doi.org/10.64898/2026.08.08.743693
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.08.08.743693; this version posted August 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

713 (12) Conley, J. M.; Lambright, C. S.; Evans, N.; Strynar, M. J.; McCord, J.; Mclntyre, B. S.;

714 Travlos, G. S.; Cardon, M. C.; Medlock-Kakaley, E.; Hartig, P. C.; Wilson, V. S.; Gray, L.
715 E. Adverse Maternal, Fetal, and Postnatal Effects of Hexafluoropropylene Oxide Dimer
716 Acid (GenX) from Oral Gestational Exposure in Sprague-Dawley Rats. Environ Health
717 Perspect 2019, 127 (3), 037008. https://doi.org/10.1289/EHP4372.

718 (13) Beale, D. J.; Sinclair, G. M.; Shah, R.; Paten, A. M.; Kumar, A.; Long, S. M.; Vardy, S.;
719 Jones, O. A. H. A Review of Omics-Based PFAS Exposure Studies Reveals Common
720 Biochemical Response Pathways. Science of The Total Environment 2022, 845,

721 157255. https://doi.org/10.1016/j.scitotenv.2022.157255.

722 (14) Yoo, H. J.; Pyo, M. C.; Rhee, K. H.; Lim, J.-M.; Yang, S.-A.; Yoo, M. K.; Lee, K.-W.

723 Perfluorooctanoic Acid (PFOA) and Hexafluoropropylene Oxide-Dimer Acid (GenX):
724 Hepatic Stress and Bile Acid Metabolism with Different Pathways. Ecotoxicology and
725 Environmental Safety 2023, 259, 115001.

726 https://doi.org/10.1016/j.ecoenv.2023.115001.

727  (15) Ren, W.; Wang, Z.; Guo, H.; Gou, Y.; Dai, J.; Zhou, X.; Sheng, N. GenX Analogs Exposure
728 Induced Greater Hepatotoxicity than GenX Mainly via Activation of PPARa Pathway
729 While Caused Hepatomegaly in the Absence of PPARa in Female Mice. Environmental
730 Pollution 2024, 344, 123314. https://doi.org/10.1016/j.envpol.2024.123314.

731 (16) Peng, B.-X.; Li, F.; Mortimer, M.; Xiao, X.; Ni, Y.; Lei, Y.; Li, M.; Guo, L.-H.

732 Perfluorooctanoic Acid Alternatives Hexafluoropropylene Oxides Exert Male

733 Reproductive Toxicity by Disrupting Blood-Testis Barrier. Science of The Total

734 Environment 2022, 846, 157313. https://doi.org/10.1016/j.scitotenv.2022.1573183.
735 (17) Zhang, J.-).; Chen, Y.-K.; Chen, Y.-Q.; Zhang, Q.-Y.; Liu, Y.; Wang, Q.; Xie, X.-L.

736 Gestational GenX Exposure Induces Maternal Hepatotoxicity by Disrupting the Lipid
737 and Bile Acid Metabolism Distinguished from PFOA-Induced Pyroptosis. Toxics 2025,
738 13 (8), 617. https://doi.org/10.3390/toxics13080617.

739  (18) Coperchini, F.; Croce, L.; Denegri, M.; Pignatti, P.; Agozzino, M.; Netti, G. S.; Imbriani,
740 M.; Rotondi, M.; Chiovato, L. Adverse Effects of in Vitro GenX Exposure on Rat Thyroid
741 Cell Viability, DNA Integrity and Thyroid-Related Genes Expression. Environmental
742 Pollution 2020, 264, 114778. https://doi.org/10.1016/j.envpol.2020.114778.

743 (19) Davidsen, N.; Rosenmai, A. K.; Lauschke, K.; Svingen, T.; Vinggaard, A. M.

744 Developmental Effects of PFOS, PFOA and GenX in a 3D Human Induced Pluripotent
745 Stem Cell Differentiation Model. Chemosphere 2021, 279, 130624.

746 https://doi.org/10.1016/j.chemosphere.2021.130624.

747 (20) Robarts, D. R.; Venneman, K. K.; Gunewardena, S.; Apte, U. GenX Induces

748 Fibroinflammatory Gene Expression in Primary Human Hepatocytes. Toxicology 2022,
749 477,153259. https://doi.org/10.1016/j.t0ox.2022.153259.

750 (21) Guo, H.; Chen, J.; Zhang, H.; Yao, J.; Sheng, N.; Li, Q.; Guo, Y.; Wu, C.; Xie, W.; Dai, J.
751 Exposure to GenX and Its Novel Analogs Disrupts Hepatic Bile Acid Metabolism in
752 Male Mice. Environ. Sci. Technol. 2022, 56 (10), 6133-6143.

753 https://doi.org/10.1021/acs.est.1c02471.

754 (22) Wan, G.; Zhang, Z.; Chen, J.; Li, M.; Li, J. GenX Caused Liver Injury and Potential
755 Hepatocellular Carcinoma of Mice via Drinking Water Even at Environmental


https://doi.org/10.64898/2026.08.08.743693
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.08.08.743693; this version posted August 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

756 Concentration. Environmental Pollution 2024, 346, 123574.

757 https://doi.org/10.1016/j.envpol.2024.123574.

758  (23) Teschke, R. Hepatotoxicity: Molecular Mechanisms and Pathophysiology. International
759 Journal of Molecular Sciences 2019, 20 (1), 211.

760 https://doi.org/10.3390/ijms20010211.

761 (24) Chappell, G. A.; Thompson, C. M.; Wolf, J. C.; Cullen, J. M.; Klaunig, J. E.; Haws, L. C.
762 Assessment of the Mode of Action Underlying the Effects of GenX in Mouse Liver and
763 Implications for Assessing Human Health Risks. Toxicol Pathol 2020, 48 (3), 494-508.
764 https://doi.org/10.1177/0192623320905803.

765 (25) Blake, B. E.; Miller, C. N.; Nguyen, H.; Chappell, V. A.; Phan, T. P.; Phadke, D. P.; Balik-
766 Meisner, M. R.; May, D.; Shah, R. R.; Fenton, S. E. Transcriptional Pathways Linked to
767 Fetal and Maternal Hepatic Dysfunction Caused by Gestational Exposure to

768 Perfluorooctanoic Acid (PFOA) or Hexafluoropropylene Oxide-Dimer Acid (HFPO-DA or
769 GenX) in CD-1 Mice. Ecotoxicology and Environmental Safety 2022, 248, 114314.

770 https://doi.org/10.1016/j.ecoenv.2022.114314.

771 (26) Heintz, M. M.; Chappell, G. A.; Thompson, C. M.; Haws, L. C. Evaluation of

772 Transcriptomic Responses in Livers of Mice Exposed to the Short-Chain PFAS

773 Compound HFPO-DA. Front. Toxicol. 2022, 4.

774 https://doi.org/10.3389/ft0x.2022.937168.

775 (27) Rericha, Y.; St Mary, L.; Truong, L.; McClure, R.; Martin, J. K;; Leonard, S. W.; Thunga, P.;
776 Simonich, M. T.; Waters, K. M.; Field, J. A.; Tanguay, R. L. Diverse PFAS Produce Unique
777 Transcriptomic Changes Linked to Developmental Toxicity in Zebrafish. Front Toxicol
778 2024, 6, 1425537. https://doi.org/10.3389/ftox.2024.1425537.

779  (28) Zang, X.; Wang, Y.; Jiang, L.; Qiu, Y.; Ding, Y.; Gu, S.; Cai, G.; Gu, T.; Hong, L. Single-Cell
780 Transcriptomics Reveals the Cellular Dynamics of Hexafluoropropylene Oxide Dimer
781 Acid in Exerting Mouse Male Reproductive Toxicity. JAnim Sci Biotechnol 2025, 16 (1),
782 42. https://doi.org/10.1186/s40104-025-01177-x.

783 (29) Addicks, G. C.; Rowan-Carroll, A.; Leingartner, K.; Williams, A.; Meier, M. J.; Lorusso,
784 L.; Yauk, C. L.; Atlas, E. Identification of Four Mechanisms of Toxicity for Per- and

785 Polyfluoroalkyl Substances through Transcriptomic Profiling in Human Liver Spheroids
786 Exposed to 24 PFAS. Toxicol Sci 2025, 207 (1), 161-180.

787 https://doi.org/10.1093/toxsci/kfaf075.

788 (80) Ren, W.; Dong, F.; Wang, Z.; Guo, Y.; Sheng, N.; Dai, J. Exposure to a GenX Homologue
789 Results in Sexually Dimorphic Bile Acid Metabolism Disorders Mediated by Hepatic
790 PPARa in Mice. Environ. Sci. Technol. 2025, 59 (46), 24695-24706.

791 https://doi.org/10.1021/acs.est.5c08503.

792 (81) Zhang, J.-).; Chen, Y.-K.; Chen, Y.-Q.; Zhang, Q.-Y.; Liu, Y.; Wang, Q.; Xie, X.-L.

793 Gestational GenX Exposure Induces Maternal Hepatotoxicity by Disrupting the Lipid
794 and Bile Acid Metabolism Distinguished from PFOA-Induced Pyroptosis. Toxics 2025,
795 13(8), 617. https://doi.org/10.3390/toxics13080617.

796  (32) Yoo, H. J.; Pyo, M. C.; Park, Y.; Kim, B. Y.; Lee, K.-W. Hexafluoropropylene Oxide Dimer
797 Acid (GenX) Exposure Induces Apoptosis in HepG2 Cells. Heliyon 2021, 7 (11),

798 e08272. https://doi.org/10.1016/j.heliyon.2021.e08272.


https://doi.org/10.64898/2026.08.08.743693
http://creativecommons.org/licenses/by/4.0/

799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841

bioRxiv preprint doi: https://doi.org/10.64898/2026.08.08.743693; this version posted August 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

(33)

(34)

available under a CC-BY 4.0 International license.

Kim, C.; Zhu, Z.; Tagmount, A.; Barbazuk, W. B.; Bacher, R.; Vulpe, C. D. Physiologically
Relevant 3D CRISPR Screening Enhances Mechanistic Insight into Chemical Toxicity
Compared to 2D Screening. Toxicology 2026, 522, 154422.
https://doi.org/10.1016/].t0x.2026.154422.

Godoy, P.; Hewitt, N. J.; Albrecht, U.; Andersen, M. E.; Ansari, N.; Bhattacharya, S.;
Bode, J. G.; Bolleyn, J.; Borner, C.; Bottger, J.; Braeuning, A.; Budinsky, R. A.; Burkhardt,
B.; Cameron, N. R.; Camussi, G.; Cho, C.-S.; Choi, Y.-J.; Craig Rowlands, J.; Dahmen,
U.; Damm, G.; Dirsch, O.; Donato, M. T.; Dong, J.; Dooley, S.; Drasdo, D.; Eakins, R.;
Ferreira, K. S.; Fonsato, V.; Fraczek, J.; Gebhardt, R.; Gibson, A.; Glanemann, M.;
Goldring, C. E. P.; Gbmez-Lechén, M. J.; Groothuis, G. M. M.; Gustavsson, L.; Guyot,
C.; Hallifax, D.; Hammad, S.; Hayward, A.; Haussinger, D.; Hellerbrand, C.; Hewitt, P.;
Hoehme, S.; Holzhutter, H.-G.; Houston, J. B.; Hrach, J.; Ito, K.; Jaeschke, H.; Keitel, V.;
Kelm, J. M.; Kevin Park, B.; Kordes, C.; Kullak-Ublick, G. A.; LeCluyse, E. L.; Lu, P,;
Luebke-Wheeler, J.; Lutz, A.; Maltman, D. J.; Matz-Soja, M.; McMullen, P.; Merfort, |.;
Messner, S.; Meyer, C.; Mwinyi, J.; Naisbitt, D. J.; Nussler, A. K.; Olinga, P.; Pampaloni,
F.; Pi, J.; Pluta, L.; Przyborski, S. A.; Ramachandran, A.; Rogiers, V.; Rowe, C.;
Schelcher, C.; Schmich, K.; Schwarz, M.; Singh, B.; Stelzer, E. H. K.; Stieger, B.; Stdber,
R.; Sugiyama, Y.; Tetta, C.; Thasler, W. E.; Vanhaecke, T.; Vinken, M.; Weiss, T. S.;
Widera, A.; Woods, C. G.; Xu, J. J.; Yarborough, K. M.; Hengstler, J. G. Recent Advances
in 2D and 3D in Vitro Systems Using Primary Hepatocytes, Alternative Hepatocyte
Sources and Non-Parenchymal Liver Cells and Their Use in Investigating Mechanisms
of Hepatotoxicity, Cell Signaling and ADME. Arch Toxicol 2013, 87 (8), 1315-1530.
https://doi.org/10.1007/s00204-013-1078-5.

Kapatczynska, M.; Kolenda, T.; Przybyta, W.; Zajgczkowska, M.; Teresiak, A.; Filas, V.;
Ibbs, M.; Blizniak, R.; tuczewski, t.; Lamperska, K. 2D and 3D Cell Cultures —a
Comparison of Different Types of Cancer Cell Cultures. Arch Med Sci 2018, 14 (4),
910-919. https://doi.org/10.5114/a0ms.2016.63743.

Kim, C.; Zhu, Z.; Barbazuk, W. B.; Bacher, R. L.; Vulpe, C. D. Time-Course
Characterization of Whole-Transcriptome Dynamics of HepG2/C3A Spheroids and Its
Toxicological Implications. Toxicology Letters 2024, 401, 125-138.
https://doi.org/10.1016/j.toxlet.2024.10.004.

Coperchini, F.; Croce, L.; Denegri, M.; Pignatti, P.; Agozzino, M.; Netti, G. S.; Imbriani,
M.; Rotondi, M.; Chiovato, L. Adverse Effects of in Vitro GenX Exposure on Rat Thyroid
Cell Viability, DNA Integrity and Thyroid-Related Genes Expression. Environmental
Pollution 2020, 264, 114778. https://doi.org/10.1016/j.envpol.2020.114778.
Pagé-Lariviere, F.; Crump, D.; O’Brien, J. M. Transcriptomic Points-of-Departure from
Short-Term Exposure Studies Are Protective of Chronic Effects for Fish Exposed to
Estrogenic Chemicals. Toxicol Appl Pharmacol 2019, 378, 114634.
https://doi.org/10.1016/j.taap.2019.114634.

Carpi, D.; Liska, R.; Malinowska, J. M.; Palosaari, T.; Bouhifd, M.; Whelan, M.
Investigating the Dependency of in Vitro Benchmark Concentrations on Exposure Time
in Transcriptomics Experiments. Toxicol In Vitro 2024, 95, 105761.
https://doi.org/10.1016/].tiv.2023.105761.


https://doi.org/10.64898/2026.08.08.743693
http://creativecommons.org/licenses/by/4.0/

842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885

bioRxiv preprint doi: https://doi.org/10.64898/2026.08.08.743693; this version posted August 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

(40) Ge, S. X.; Son, E. W.; Yao, R. iDEP: An Integrated Web Application for Differential
Expression and Pathway Analysis of RNA-Seq Data. BMC Bioinformatics 2018, 19 (1),
534. https://doi.org/10.1186/s12859-018-2486-6.

(41) Love, M. |.; Huber, W.; Anders, S. Moderated Estimation of Fold Change and
Dispersion for RNA-Seq Data with DESeq2. Genome Biology 2014, 15 (12), 550.
https://doi.org/10.1186/s13059-014-0550-8.

(42) Anders, S.; Huber, W. Differential Expression Analysis for Sequence Count Data.
Genome Biol 2010, 77 (10), R106. https://doi.org/10.1186/gb-2010-11-10-r106.

(43) Bacher, R.; Leng, N.; Chu, L.-F.; Ni, Z.; Thomson, J. A.; Kendziorski, C.; Stewart, R.
Trendy: Segmented Regression Analysis of Expression Dynamics in High-Throughput
Ordered Profiling Experiments. BMC Bioinformatics 2018, 19 (1), 380.
https://doi.org/10.1186/s12859-018-2405-x.

(44) Yang, L.; Allen, B. C.; Thomas, R. S. BMDExpress: A Software Tool for the Benchmark
Dose Analyses of Genomic Data. BMC Genomics 2007, 8 (1), 387.
https://doi.org/10.1186/1471-2164-8-387.

(45) Phillips, J. R.; Svoboda, D. L.; Tandon, A.; Patel, S.; Sedykh, A.; May, D.; Kuo, B.; Yauk,
C.L.;Yang, L.; Thomas, R. S.; Gift, J. S.; Davis, J. A.; Olszyk, L.; Merrick, B. A.; Paules, R.
S.; Parham, F.; Saddler, T.; Shah, R. R.; Auerbach, S. S. BMDExpress 2: Enhanced
Transcriptomic Dose-Response Analysis Workflow. Bioinformatics 2019, 35 (10),
1780-1782. https://doi.org/10.1093/bioinformatics/bty878.

(46) O’Brien, J.; Mitchell, C.; Auerbach, S.; Doonan, L.; Ewald, J.; Everett, L.; Faranda, A.;
Johnson, K.; Reardon, A.; Rooney, J.; Shao, K.; Stainforth, R.; Wheeler, M.; Dalmas
Wilk, D.; Williams, A.; Yauk, C.; Costa, E. Bioinformatic Workflows for Deriving
Transcriptomic Points of Departure: Current Status, Data Gaps, and Research
Priorities. Toxicol Sci 2025, 203 (2), 147-159. https://doi.org/10.1093/toxsci/kfae145.

(47) Gou, X.; Tian, M.; Yan, L.; Xia, P.; Ji, H.; Tan, H.; Shi, W.; Yu, H.; Zhang, X. A Novel
Molecular Pathway of Lipid Accumulation in Human Hepatocytes Caused by PFOA
and PFOS. Environment International 2024, 191, 108962.
https://doi.org/10.1016/j.envint.2024.108962.

(48) Yang, W.; Ling, X.; He, S.; Cui, H.; Yang, Z.; An, H.; Wang, L.; Zou, P.; Chen, Q.; Liu, J.;
Ao, L.; Cao, J. PPARa/ACOX1 as a Novel Target for Hepatic Lipid Metabolism Disorders
Induced by per- and Polyfluoroalkyl Substances: An Integrated Approach.
Environment International 2023, 178, 108138.
https://doi.org/10.1016/j.envint.2023.108138.

(49) Borghese, M. M.; Ward, A.; MacPherson, S.; Manz, K. E.; Atlas, E.; Fisher, M.; Arbuckle,
T. E.; Braun, J. M.; Bouchard, M. F.; Ashley-Martin, J. Serum Concentrations of Legacy,
Alternative, and Precursor per- and Polyfluoroalkyl Substances: A Descriptive Analysis
of Adult Female Participants in the MIREC-ENDO Study. Environ Health 2024, 23 (1),
55. https://doi.org/10.1186/s12940-024-01085-z.

(50) Jamie R. Pritchett, Mt.; Jessica L. Rinsky, P.; Beth Dittman, M. S.; Ariel Christensen, M.
P. H.; Rick Langley, M. D.; Zack Moore, M. D.; Aaron T. Fleischauer, P.; Koehler, K.;
Antonia M. Calafat, P.; Rachel Rogers, P.; Esters, L.; Jenkins, R.; Collins, F.; Conner, D.;
Patrick Breysse, P. Notes from the Field: Targeted Biomonitoring for GenX and Other
Per- and Polyfluoroalkyl Substances Following Detection of Drinking Water


https://doi.org/10.64898/2026.08.08.743693
http://creativecommons.org/licenses/by/4.0/

886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928

bioRxiv preprint doi: https://doi.org/10.64898/2026.08.08.743693; this version posted August 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

(51)

(55)

available under a CC-BY 4.0 International license.

Contamination — North Carolina, 2018. MMWR Morb Mortal Wkly Rep 2019, 68.
https://doi.org/10.15585/mmwr.mm6829a4.

Sun, M.; Arevalo, E.; Strynar, M.; Lindstrom, A.; Richardson, M.; Kearns, B.; Pickett, A.;
Smith, C.; Knappe, D. R. U. Legacy and Emerging Perfluoroalkyl Substances Are
Important Drinking Water Contaminants in the Cape Fear River Watershed of North
Carolina. Environ. Sci. Technol. Lett. 2016, 3 (12), 415-419.
https://doi.org/10.1021/acs.estlett.6b00398.

Cheng, L.; Teagle, S.; Enders, J. R.; Weed, R. A.; Nichols, H. B.; Knappe, D.R. U.;
Hoppin, J. A. Historical Blood Serum Samples from Wilmington, North Carolina: The
Importance of Ultrashort-Chain Per- and Polyfluoroalkyl Substances. Environ. Sci.
Technol. 2025, 59 (43), 23125-23135. https://doi.org/10.1021/acs.est.5c08146.
Rowan-Carroll, A.; Meier, M. J.; Yauk, C. L.; Williams, A.; Leingartner, K.; Bradford, L.;
Lorusso, L.; Atlas, E. Deciphering Per- and Polyfluoroalkyl Substances Mode of Action:
Comparative Gene Expression Analysis in Human Liver Spheroids. Toxicol Sci 2025,
205 (1), 124-142. https://doi.org/10.1093/toxsci/kfaf023.

More, S.; Benford, D.; Hougaard Bennekou, S.; Bampidis, V.; Bragard, C.; Halldorsson,
T.; Hernandez-Jerez, A.; Koutsoumanis, K.; Lambré, C.; Machera, K.; Mullins, E.;
Nielsen, S. S.; Schlatter, J.; Schrenk, D.; Turck, D.; Tarazona, J.; Younes, M. Opinion on
the Impact of Non-monotonic Dose Responses on EFSA's Human Health Risk
Assessments. EFSAJ 2021, 719 (10), e06877. https://doi.org/10.2903/j.efsa.2021.6877.
van der Most, M. A,; Rietjens, |. M. C. M.; van den Brink, N. W. Evaluating Non-
Monotonic Dose-Response Relationships in Ecotoxicological Risk Assessment: A
Case Study Based on a Systematic Review of Data on Fluoxetine. Chemosphere 2024,
363, 142819. https://doi.org/10.1016/j.chemosphere.2024.142819.

Russell, D. W. The Enzymes, Regulation, and Genetics of Bile Acid Synthesis. Annual
Review of Biochemistry 2003, 72 (Volume 72, 2003), 137-174.
https://doi.org/10.1146/annurev.biochem.72.121801.161712.

Dunder, L.; Salihovic, S.; Elmstahl, S.; Lind, P. M.; Lind, L. Associations between Per-
and Polyfluoroalkyl Substances (PFAS) and Diabetes in Two Population-Based Cohort
Studies from Sweden. J Expo Sci Environ Epidemiol 2023, 33 (5), 748-756.
https://doi.org/10.1038/s41370-023-00529-x.

Park, S. K.; Ding, N.; Han, D. Perfluoroalkyl Substances and Cognitive Function in
Older Adults: Should We Consider Non-Monotonic Dose-Responses and Chronic
Kidney Disease? Environmental Research 2021, 192, 110346.
https://doi.org/10.1016/j.envres.2020.110346.

Chu, C.; Fang, Q.-L.; Cui, X.-X.; Dong, P.-X.; Qian, Z.; McMillin, S. E.; Howard, S. W.;
Ou, Y.-Q.; Li, Q.-Q.; Wu, L.-Y,; Liang, L.-X.; Qin, S.-J.; Zeng, X.-W.; Hu, L.-W.; Xiang, M.-
D.; Dong, G.-H.; Zhao, X.-M. Non-Monotonic Association Between Chlorinated
Polyfluorinated Ether Sulfonic Acids Exposure and the Risk of Overweight/Obesity
Status in Adults. Expo Health 2023, 15 (3), 539-549. https://doi.org/10.1007/s12403-
022-00506-z.

Alijagic, A.; Sinisalu, L.; Duberg, D.; Kotlyar, O.; Scherbak, N.; Engwall, M.; OreSi¢, M.;
Hyodtylainen, T. Metabolic and Phenotypic Changes Induced by PFAS Exposure in Two


https://doi.org/10.64898/2026.08.08.743693
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.08.08.743693; this version posted August 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

929 Human Hepatocyte Cell Models. Environment International 2024, 190, 108820.

930 https://doi.org/10.1016/j.envint.2024.108820.

931 (61) Lagarde, F.; Beausoleil, C.; Belcher, S. M.; Belzunces, L. P.; Emond, C.; Guerbet, M.;
932 Rousselle, C. Non-Monotonic Dose-Response Relationships and Endocrine

933 Disruptors: A Qualitative Method of Assessment. Environ Health 2015, 14 (1), 13.

934 https://doi.org/10.1186/1476-069X-14-13.

935 (62) Wan, L.; Yu, H.; Lei, P.; Wang, L.; Luo, S.; Chen, L.; Chen, R.; Wang, H.; Cheng, Y.; Luo,
936 L.; Sun, D.; Huang, H. Per- and Polyfluoroalkyl Substances and the Human Urinary
937 System: Molecular Mechanisms, Biomarker Discovery, and Translational Perspectives
938 for Risk Mitigation. Ecotoxicology and Environmental Safety 2026, 320, 120381.

939 https://doi.org/10.1016/j.ecoenv.2026.120381.

940 (63) Glaviano, A.; Foo, A.S. C.; Lam, H.Y.; Yap, K. C. H.; Jacot, W.; Jones, R. H.; Eng, H.;
941 Nair, M. G.; Makvandi, P.; Geoerger, B.; Kulke, M. H.; Baird, R. D.; Prabhu, J. S.;

942 Carbone, D.; Pecoraro, C.; Teh, D. B. L.; Sethi, G.; Cavalieri, V.; Lin, K. H.; Javidi-Sharifi,
943 N. R.; Toska, E.; Davids, M. S.; Brown, J. R.; Diana, P.; Stebbing, J.; Fruman, D. A.;

944 Kumar, A. P. PIBK/AKT/mTOR Signaling Transduction Pathway and Targeted Therapies in
945 Cancer. Mol Cancer 2023, 22 (1), 138. https://doi.org/10.1186/s12943-023-01827-6.
946 (64) Shi, W.; Zhang, Z.; Li, X.; Chen, J.; Liang, X.; Li, J. GenX Disturbs the Indicators of

947 Hepatic Lipid Metabolism Even at Environmental Concentration in Drinking Water via
948 PPARa Signaling Pathways. Chem. Res. Toxicol. 2024, 37 (1), 98-108.

949 https://doi.org/10.1021/acs.chemrestox.3c00342.

950 (65) Fenton, S. E.; Ducatman, A.; Boobis, A.; DeWitt, J. C.; Lau, C.; Ng, C.; Smith, J. S.;

951 Roberts, S. M. Per- and Polyfluoroalkyl Substance Toxicity and Human Health Review:
952 Current State of Knowledge and Strategies for Informing Future Research. Environ
953 Toxicol Chem 2021, 40 (3), 606-630. https://doi.org/10.1002/etc.4890.

954  (66) Godoy, P.; Hewitt, N. J.; Albrecht, U.; Andersen, M. E.; Ansari, N.; Bhattacharya, S.;
955 Bode, J. G.; Bolleyn, J.; Borner, C.; Bottger, J.; Braeuning, A.; Budinsky, R. A.; Burkhardt,
956 B.; Cameron, N. R.; Camussi, G.; Cho, C.-S.; Choi, Y.-J.; Craig Rowlands, J.; Dahmen,
957 U.; Damm, G.; Dirsch, O.; Donato, M. T.; Dong, J.; Dooley, S.; Drasdo, D.; Eakins, R.;
958 Ferreira, K. S.; Fonsato, V.; Fraczek, J.; Gebhardt, R.; Gibson, A.; Glanemann, M.;

959 Goldring, C. E. P.; Gbmez-Lechén, M. J.; Groothuis, G. M. M.; Gustavsson, L.; Guyot,
960 C.; Hallifax, D.; Hammad, S.; Hayward, A.; Haussinger, D.; Hellerbrand, C.; Hewitt, P.;
961 Hoehme, S.; Holzhutter, H.-G.; Houston, J. B.; Hrach, J.; Ito, K.; Jaeschke, H.; Keitel, V.;
962 Kelm, J. M.; Kevin Park, B.; Kordes, C.; Kullak-Ublick, G. A.; LeCluyse, E. L.; Lu, P,;

963 Luebke-Wheeler, J.; Lutz, A.; Maltman, D. J.; Matz-Soja, M.; McMullen, P.; Merfort, |.;
964 Messner, S.; Meyer, C.; Mwinyi, J.; Naisbitt, D. J.; Nussler, A. K.; Olinga, P.; Pampaloni,
965 F.; Pi, J.; Pluta, L.; Przyborski, S. A.; Ramachandran, A.; Rogiers, V.; Rowe, C.;

966 Schelcher, C.; Schmich, K.; Schwarz, M.; Singh, B.; Stelzer, E. H. K.; Stieger, B.; Stober,
967 R.; Sugiyama, Y.; Tetta, C.; Thasler, W. E.; Vanhaecke, T.; Vinken, M.; Weiss, T. S.;

968 Widera, A.; Woods, C. G.; Xu, J. J.; Yarborough, K. M.; Hengstler, J. G. Recent Advances
969 in 2D and 3D in Vitro Systems Using Primary Hepatocytes, Alternative Hepatocyte
970 Sources and Non-Parenchymal Liver Cells and Their Use in Investigating Mechanisms
971 of Hepatotoxicity, Cell Signaling and ADME. Arch Toxicol 2013, 87 (8), 1315-1530.

972 https://doi.org/10.1007/s00204-013-1078-5.


https://doi.org/10.64898/2026.08.08.743693
http://creativecommons.org/licenses/by/4.0/

973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000

1001

1002

1003

1004
1005

1006

1007

1008

1009

bioRxiv preprint doi: https://doi.org/10.64898/2026.08.08.743693; this version posted August 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

(67) Bell, C. C.; Hendriks, D. F. G.; Moro, S. M. L.; Ellis, E.; Walsh, J.; Renblom, A.;
Fredriksson Puigvert, L.; Dankers, A. C. A.; Jacobs, F.; Snoeys, J.; Sison-Young, R. L.;
Jenkins, R. E.; Nordling, A.; Mkrtchian, S.; Park, B. K.; Kitteringham, N. R.; Goldring, C.
E. P.; Lauschke, V. M.; Ingelman-Sundberg, M. Characterization of Primary Human
Hepatocyte Spheroids as a Model System for Drug-Induced Liver Injury, Liver Function
and Disease. Sci Rep 2016, 6 (1), 25187. https://doi.org/10.1038/srep25187.

(68) DeBruyne, J. P.; Weaver, D. R.; Dallmann, R. The Hepatic Circadian Clock Modulates
Xenobiotic Metabolism in Mice. J Biol Rhythms 2014, 29 (4), 277-287.
https://doi.org/10.1177/0748730414544740.

(69) Bolshette, N.; Ibrahim, H.; Reinke, H.; Asher, G. Circadian Regulation of Liver Function:
From Molecular Mechanisms to Disease Pathophysiology. Nat Rev Gastroenterol
Hepatol2023, 20 (11), 695-707. https://doi.org/10.1038/s41575-023-00792-1.

(70) Zhang, B.; Zheng, T.; Chen, M.; Fang, Q.; Zhang, Q.; Chen, S.; Hao, T.; Wang, X.; Yuan,
M. Transcriptomic Analysis Reveals Chronic PFBA Exposure at Environmental Levels
Induces Liver Damage in Zebrafish. Aquatic Toxicology 2025, 289, 107584.
https://doi.org/10.1016/j.aquatox.2025.107584.

(71) Paddayuman, J. Z.; Cristobal, J. R.; Landau, L. J. B.; Gagnon, A. L.; Gokcumen, O.; Aga,
D. S.; Atilla-Gokcumen, G. E. Chronic PFOA and PFOS Exposure Triggers Cellular
Oxidative Stress and Alters Lipid Levels as Revealed through Multi-Omics Analysis.
Env Sci Adv 5 (4), 1081-1094. https://doi.org/10.1039/d5va00353a.

(72) Auerbach, S.; Casey, W.; Chang, D.; Cowden, J.; Davidson-Fritz, S.; Dean, J.; Devito,
M.; Everett, L.; Harrill, A. H.; Hester, S.; Hughes, M.; Lambert, J.; Lizarraga, L.;
Mezencey, R.; Patlewicz, G.; Thayer, K.; Thomas, R. S.; Vitense, K.; Wehmas, L.
DEVELOPMENT OF TRANSCRIPTOMIC POINTS OF DEPARTURE FOR ETAP. In Scientific
Studies Supporting Development of Transcriptomic Points of Departure for EPA
Transcriptomic Assessment Products (ETAPs); U.S. Environmental Protection Agency,
2024.


https://doi.org/10.64898/2026.08.08.743693
http://creativecommons.org/licenses/by/4.0/

