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Per- and polyfluoroalkyl substances (PFAS) are a large class of synthetic chemicals 
widely used in industrial and consumer products owing to their unique surfactant 
properties. Their environmental persistence and bioaccumulative nature have 
resulted in widespread contamination of water, soil, and food sources, raising 
significant concerns for human health. Epidemiological and toxicological studies 
increasingly associate PFAS exposure with elevated risks of cancers, including 
liver, kidney, breast, and testicular cancers; however, the mechanisms underlying 
these associations remain incompletely understood. One emerging explanation is 
that PFAS disrupt lipid metabolism, a pathway frequently reprogrammed during 
cancer initiation and progression. PFAS share structural similarities with 
endogenous fatty acids and can bind to lipid transport proteins and/or activate 
lipid-sensitive nuclear receptors. Current evidence indicates that PFAS exposure is 
associated with increased blood lipid levels, as well as dysregulation of key 
transcription factors—such as peroxisome proliferator-activated receptors and 
sterol regulatory element-binding proteins—that can link PFAS exposure to 
tumor-promoting metabolic alterations. These disruptions can impair dietary 
fatty acid uptake and de novo lipid synthesis, leading to abnormal lipid 
accumulation, oxidative stress, and activation of pro-oncogenic signaling 
pathways. The purpose of this review is to synthesize current evidence on 
how PFAS exposure contributes to carcinogenesis through the disruption of 
lipid metabolism. By integrating findings from population studies, mechanistic 
research, and molecular insights, this review highlights lipid dysregulation as a 
critical connection between PFAS exposure and cancer biology and underscores 
the need for deeper investigation into this pathway.
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1 Introduction

1.1 PFAS as environmental pollutants linked to the adverse 
effects on human health

Environmental contaminants have increasingly been implicated in the onset and 
progression of human diseases, largely through their capacity to disrupt biological 
homeostasis. Among these, per- and polyfluoroalkyl substances (PFAS) have emerged as 
persistent pollutants with broad bio-accumulative potential (National Academies of Sciences 
Engineering and Medicine, 2022). PFAS are a large, diverse class of synthetic chemicals, 
comprising over 15,000 distinct structures and have been extensively used in industry and 
consumer products worldwide since the 1940s (National Academies of Sciences Engineering 
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and Medicine, 2022). Long carbon chain PFAS chemicals, i.e., 
perfluorooctanoic acid (PFOA) and perflurooctanecsulfonic acid 
(PFOS), also known as “legacy PFAS,” have been used in products 
for decades, and they are the most well-studied (Roth et al., 2021). 
Although legacy compounds such as PFOA and PFOS have been 
phased out in many regions, emerging replacements such as 
hexafluoropropylene oxide dimer acid (HFPO/GenX), and 
perfluorohexane sulfonic acid (PFHxS) have shown comparable, 
and in some cases greater, toxicity (Nian et al., 2020). Table 1
demonstrates structural differences of “legacy” and newer PFAS. 
During the production process and use of these products, PFAS 
substances can migrate into the soil, water, and air, contributing to 
widespread environmental contamination (Buck et al., 2011). 
Human exposure can be from contaminated drinking water, 
consumption of food that is contaminated through 
environmental exposure or packaging material (Buck et al., 
2011). Other routes of exposure are occupational, such as via 
fire-fighting foam or chemicals used in manufacturing (Agency 
for Toxic Substances and Disease Registry, 2021).

Even though the effects of PFAS on human health are 
incompletely understood, multiple studies have linked 
contaminated drinking water to various adverse health outcomes 
including the increased risk of cancer. In the Mid-Ohio Valley, 
resident adults (age 18 years old or older) exposed to PFOA in 
drinking water from chemical plant emissions showed positive 
associations between cumulative serum PFOA concentrations and 
an increased risk of kidney and testicular cancer (Barry et al., 2013). 
The same cohort also demonstrated that increasing PFOA and PFOS 
levels were associated with elevated total cholesterol and low-density 
lipoprotein cholesterol (LDL-C) (Frisbee et al., 2010; Steenland et al., 
2009). In Wilmington, North Carolina, residents exposed to both 
fluoro-ethers and legacy PFAS, PFOA, and PFOS through drinking 
water had higher total and non-HDL cholesterol, especially in older 
adults (Rosen et al., 2022). A Swedish cohort in Ronneby exposed to 
PFAS from firefighting foams showed elevated PFOS and PFHxS 
levels, which were associated with increased risks of polycystic 
ovarian syndrome, possible uterine leiomyoma, and moderately 
increased kidney cancer risk (Hammarstrand et al., 2021). 
Advanced machine learning utilizing the analysis association 
between PFAS and prostate-specific antigen metrics shows that 
elevated serum levels of perfluorodecanoic acid (PFDA), PFOA, 
PFOS, and perfluorononanoic acid (PFNA) are linked to prostate 
hyperplasia (Wang et al., 2024). These examples suggest a link 
between PFAS exposure, dysregulation of lipid metabolism, and 
carcinogenesis, as discussed in this review.

1.2 Population studies linking PFAS exposure 
to carcinogenesis

Growing epidemiological evidence shows that PFAS 
exposure is associated with an increased risk of various 
cancers (Liu et al., 2023). The National Academies’ 
2022 report, “Guidance on PFAS Exposure, Testing, and 
Clinical Follow-Up,” states that PFAS exposure has been 
linked to a number of adverse health effects including certain 
cancers (National Academies of Sciences Engineering and 
Medicine, 2022). Human occupational and community 
exposure to PFAS has been associated with kidney, testis, 

breast, prostate, and liver cancer (National Academies of 
Sciences Engineering and Medicine, 2022).

A case-cohort study within the Dongfeng-Tongji cohort found 
that an increase of exposure of PFOA and perfluoroheptanoic acid 
(PFHpA) is associated with an elevated incident risk of breast cancer 
(Feng et al., 2022). The computational analysis of the four 
perfluorinated carboxylic acids (PFCAs) including PFOA, PFNA, 
PFDA, and PFHpA as a mixture, found that an increase in plasma 
concentrations of the four PFCAs was associated with a 19% 
increased incidence risk of breast cancer [HR (95%CI) = 1.19 
(1.01, 1.41), P = 0.046]. PFOA, PFNA, and PFHpA accounted for 
56%, 25%, and 19% of the positive effect, respectively (Feng et al., 
2022). Another nested case-control study in the French E3N cohort 
found positively linear associations between PFOS serum 
concentrations and the risk of estrogen receptor and 
progesterone receptor positive breast cancer (Mancini et al., 
2020). Low concentrations of PFOS and PFOA were associated 
with receptor-negative breast cancer (Mancini et al., 2020).

A study on the occupational effect of a mix of PFOA and PFOS 
on workers who had worked for at least 6 months in a factory 
producing these chemicals was done to identify their association 
with liver cancer and liver cirrhosis (Girardi and Merler, 2019). This 
study of 462 male employees showed an increased mortality due to 
liver cancer (SMR: 2.32; CI: 1.11-4.87) and liver cirrhosis (RR: 3.87; 
CI: 1.18-12.7) (Girardi and Merler, 2019). The PFOA serum levels of 
120 workers in the selected time period (2000-2013) was very high 
(average of 4048 ng/mL) (Girardi and Merler, 2019). The mortality 
rates of these workers, with the addition of causes of liver cancer and 
liver cirrhosis, increased in association with the probability of PFAS 
exposure (Girardi and Merler, 2019).

PFAS exposure has also been linked to ulcerative colitis, which 
is recognized as a potential precursor for colorectal cancer 
(Durham et al., 2023). A positive link between PFOA exposure 
and ulcerative colitis has been reported in the occupational cohort 
of 3713 workers using lifetime serum cumulative dose (combining 
occupational and non-occupational exposure) as the exposure 
metric (Ste et al., 2015).

Kidney cancer has shown consistent associations with increasing 
PFAS levels. For example, a Swedish cohort studied the effect of 
kidney cancer outcomes with high PFAS exposure in drinking water 
(Li H. et al., 2022). This study showed a moderately increased risk of 
kidney cancer (HR 1.84; 95%CI 1.00-3.37) in subjects who lived in 
the contaminated water area where exposure was estimated to be 
highest (Li H. et al., 2022). These findings were consistent with 
previous studies that positively related PFOA exposure to kidney 
cancer (Barry et al., 2013; Ste et al., 2015; Vieira et al., 2013). In 
addition, a case-cohort study in the American Cancer Society’s CPS- 
II LifeLink cohort reported that serum PFOA concentrations were 
positively associated with renal cell carcinoma of the kidney among 
women (Winquist et al., 2023).

Epidemiological studies also link the PFAS exposure to 
testicular germ cell tumors (TGCTs) showing that several 
species of PFAS exhibiting pro-tumorigenic effects on TGCTs 
(Boyd et al., 2024; Purdue et al., 2023). The nested case-control 
study involved active-duty Air Force servicemen with serum 
from the Department of Defense Serum Repository show that 
elevated PFOS concentrations were positively associated with 
TGCT (Purdue et al., 2023).
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TABLE 1 Structure of “legacy” and other emerging PFAS chemicals.

Compound Structure Reference

Legacy Compound: Perfluorooctanoic acid (PFOA) NCfBI (2026h)

Legacy Compound: Perfluorooctanesulfonic acid (PFOS) NCfBI (2026b)

Perfluorononanoic acid (PFNA) NCfBI (2026d)

Perfluorodecanoic acid (PFDA) NCfBI (2026f)

Hexafluoropropylene oxide (HFPO) NCfBI (2026a)

Perfluoroheptanoic acid (PFHpA) NCfBI (2026c)

Perfluorohexane sulfonic acid (PFHxS) NCfBI (2026e)

Lithium bis [(trifluoromethyl)sulfonyl] azanide (HQ-115) NCfBI (2026g)
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Emerging evidence has also implicated PFAS in lung cancer 
progression. A study observed that serum PFOA levels in 
patients with advanced lung adenocarcinoma were 
significantly higher than those in patients with early-stage 
disease (Mei et al., 2024) suggesting a possible role in cancer 
progression or severity.

Associations have also been suggested between PFAS exposure 
and certain hematologic cancers. A case-cohort study suggested an 
association between PFHxS concentrations and chronic 
lymphocytic leukemia/small lymphocytic lymphoma among men 
(Winquist et al., 2023).

While population-based studies offer compelling evidence 
linking PFAS exposure to cancer risk (Table 2), they do not fully 
explain the biological mechanisms driving tumor development. A 
growing body of research suggests that the lipid-mimicking 
properties of PFAS may contribute to carcinogenesis by 
disrupting normal lipid metabolism.

1.3 Role of lipid metabolism in cancer

In their 2011 update to the Hallmarks of Cancer framework, 
Hanahan and Weinberg introduced the concept of metabolic 
reprogramming as one of the new hallmarks of cancer (Hanahan 
and Weinberg, 2011). This review focuses on lipid metabolism 
reprogramming and how its plays a large role in cancer growth 
and progression. There are two major sources of lipids: de novo lipid 
synthesis and dietary fatty acid uptake (Cheng et al., 2018; Cheng 
et al., 2022). Utilization of lipids allows cancer cells to sustain rapid 
growth, proliferation, and survival by providing essential building 

blocks for membranes, energy, and signaling molecules (Cheng 
et al., 2018; Cheng et al., 2022; Beloribi-Djefaflia et al., 2016; Bian 
et al., 2021; Broadfield et al., 2021; Chen and Huang, 2019; Currie 
et al., 2013; DeBerardinis et al., 2008).

The pathway of de novo lipid metabolism, also known as 
lipogenesis or lipid synthesis, involves the cellular production of 
lipids such as fatty acids, triglycerides, and cholesterol, from simpler, 
non-lipid precursors like glucose (Cheng et al., 2022). Key regulators 
in this process include Sterol Regulatory Element-Binding Proteins 
(SREBPs), which regulate expression of genes involved in lipid and 
cholesterol synthesis (Nian et al., 2020; Cheng et al., 2018). SREBPs 
are highly upregulated in several cancers and can promote tumor 
growth and survival (Nian et al., 2020; Cheng et al., 2018). In 
addition, fatty acid synthase (FASN), a key enzyme in de novo 
fatty acid synthesis, is shown to promote the initiation and 
progression of colorectal cancer by enhancing beta-catenin 
signaling and increasing stem-like properties of cancer cells 
(Kelson et al., 2024). The altered lipid metabolism also helps 
cancer cells to survive under metabolic stress due to nutrient 
deficiency and hypoxia within the tumor microenvironment (Fu 
et al., 2021; Molendijk et al., 2020). This dysregulation can also 
modulate ferroptotic-mediated cells in circulating tumor cells 
during the metastatic process (Fu et al., 2021). This reduces the 
oxidative stress of the cancer cells and increases their survival during 
migration through the blood (Fu et al., 2021).

Dietary lipid metabolism refers to the uptake and processing of 
pre-formed lipids from external sources, primarily through the diet 
(Maerten et al., 2024). This pathway involves the absorption of lipids 
from the digestive system, their transport into the bloodstream, and 

TABLE 2 Summary of population studies linking PFAS to carcinogenesis.

Objective Findings References

To study the relationship between PFOA exposure and cancer in a 
worker cohort

Found a positive (but not statistically significant) association 
between PFOA exposure and prostate cancer; inverse association 
for bladder cancer

(Steenland et al., 2015)

To investigate mortality rates in men with high internal exposure 
to PFOA.

Observed increased mortality from testicular and kidney cancer, as 
well as other malignancies

(Girardi and Merler, 2019)

To examine serum PFAS concentrations and their relationship 
with breast cancer risk in the French E3N cohort

Reported positive associations between specific PFAS compounds 
(e.g., PFOS, PFOA) and breast cancer risk

(Mancini et al., 2020)

To evaluate cancer incidence in a Swedish population exposed to 
PFAS-contaminated drinking water

Found elevated incidence of kidney cancer and prostate cancer in 
highly exposed individuals

(Li et al., 2022a)

To provide guidance on PFAS exposure, testing, and clinical 
follow-up

Focused on exposure assessment, not specific cancer outcomes. 
However, it recognizes PFAS exposure as a risk factor for multiple 
cancers

(National Academies of Sciences 
Engineering and Medicine, 2022)

To assess the association between plasma PFAS exposure and 
breast cancer incidence in the Dongfeng-Tongji cohort

Found that higher plasma PFAS levels were associated with an 
increased risk of breast cancer

(Feng et al., 2022)

To investigate the association of serum concentrations of PFAS 
and testicular germ cell tumors among U.S Air Force servicemen

Higher PFOS serum concentrations were associated with an 
increased risk of testicular germ cell tumors among U.S. Air Force 
servicemen, while other PFAS showed weak, null, or inverse 
associations

(Purdue et al., 2023)

To assess associations between PFAS and selected cancers within 
the American Cancer Society’s CPS II LifeLink Cohort

Reported associations between PFAS exposure and kidney cancer, 
prostate cancer, chronic lymphocytic leukemia, small lymphocytic 
lymphoma, and testicular cancer

(Winquist et al., 2023)

To determine how PFOA triggers changes in the cellular 
mechanics of lung adenocarcinoma that leads to cancer metastasis

Patients with advanced lung adenocarcinoma had significantly 
higher PFOA serum levels than those patients with early-stage 
lung adenocarcinoma

(Mei et al., 2024)
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FIGURE 1 
Schematic overview illustrating the link between PFAS exposure, lipid metabolism dysregulation, and cancer progression. Top: Primary routes of 
PFAS exposure (from most to least abundant: drinking water, occupational settings, dietary intake, and consumer products) along with representative 
sources for each route. Middle: PFAS-induced disruption of lipid metabolism, highlighting interference with de novo lipid synthesis and fatty acid uptake 
pathways; red arrows indicate PFAS effects on specific enzymes and pathways. Detail panel depicts PFAS binding to transcription factors such as 
PPARs, leading to altered expression of lipid metabolic genes. Bottom: Downstream consequences of PFAS exposure, illustrating the progression from 
oncogenic signaling activation to increased cancer risk, tumor development, and eventual metastasis and invasion.
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uptake by the cells through specific transporters such as Fatty 
Acid Binding Protein 4 (FABP4) and Fatty Acid Translocase, 
also known as CD36 (Birchfield et al., 2025; Wan et al., 2012). 
Upregulation of fatty acid transporters is commonly associated 
with carcinogenesis and tumor aggressiveness (Pascual et al., 
2017; Zhao et al., 2017; Acharya et al., 2023). Dividing tumor 
cells require significant amounts of fatty acids for membrane 
synthesis and cholesterol to maintain their membrane integrity 
and function (Cheng et al., 2018; Currie et al., 2013). Cancer cells 
often store excess cholesterol as cholesteryl esters (CEs) and fatty 
acids as triglycerides (TGs) within intracellular lipid droplets 
(LDs) (Cheng et al., 2018; Geng et al., 2023; Gupta et al., 2024). 
These LDs act as critical reservoirs for maintaining energy 
homeostasis in cancer cells (Geng et al., 2023; Geng and Guo, 
2024). The mobilization of stored lipids, often via autophagy 
(hippophagy), is a pro-survival mechanism that enables cancer 
cells to maintain growth and resist various cancer therapies 
(Geng and Guo, 2024).

PFAS chemicals, due to their structural similarity to endogenous 
fatty acids and their ability to bind to lipid transport proteins and 
activate lipid-sensitive nuclear receptors, are increasingly recognized 
as metabolic disruptors (Hammarstrand et al., 2021; Birchfield et al., 
2025; Vanden Heuvel et al., 2006; Wolf et al., 2008). These 
compounds can dysregulate both de novo lipid synthesis and 
fatty acid uptake, thus contributing to both cancer initiation and 
progression.

1.4 Link between structural properties of 
PFAS and lipid metabolism

PFAS are referred to as “forever chemicals” due to their high 
thermal and chemical stability. They exhibit minimal 
biodegradability and can bioaccumulate in the body over time 
(Agency for Toxic Substances and Disease Registry, 2021). 
Structurally, PFAS consist of a perfluoroalkyl chain and a 
functional head group (such as carboxylic acid, sulfonate, alcohol, 
phosphate, amino) attached to a nonfluorinated hydrocarbon 
(Agency for Toxic Substances and Disease Registry, 2021). 
Variations in structure, including chain length and branching, 
determine their behavior, classification, and nomenclature 
(Agency for Toxic Substances and Disease Registry, 2021). The 
exceptional stability of PFAS arises from the unique properties of the 
carbon-fluorine (C–F) bond (Agency for Toxic Substances and 
Disease Registry, 2021). Their lipid-like properties allow PFAS to 
act as molecular mimics, activating lipid-sensitive nuclear receptors 
such as peroxisome proliferator-activated receptors (PPARs), which 
can dysregulate lipid metabolism through altered gene expression 
pathways (Buck et al., 2011). Notably, PFOA and PFOS are classified 
as “perfluorinated fatty acid analogs” and their structural 
resemblance to natural fatty acids underlies their biological 
activity (Vanden Heuvel et al., 2006).

Studies on PFAS ability to bind to proteins like FABP4 show that 
“hydrophobic interactions within the binding cavity” are enhanced 
by these PFAS structures, which explains their strong binding 
affinities (Birchfield et al., 2025). The chain length and 
headgroups of PFAS are critical factors in these interactions, 
similar to how different fatty acid structures interact with 
proteins (Wolf et al., 2008).

Liver fatty acid binding proteins (L-FABP) are crucial proteins 
that regulate the transport of PFAS (Yang et al., 2020). L-FABPs 
deliver PFAS to PPARs and thus regulate the signaling pathways of 
PPARs (Yang et al., 2020). FABP protein can form a complex with 
CD36 on the cytoplasmic side of the cell membrane, promoting the 
uptake of PFAS in the cell (Sheng et al., 2018). Notably, while short- 
chain (n < 8) PFAS structurally resemble endogenous fatty acids, 
studies have shown that even long-chain PFAS (n > 8) can still bind 
to L-FABP and be transported into the cell nucleus (Sheng 
et al., 2018).

The strong protein-binding affinity of PFAS and their capacity 
to dysregulate lipid metabolism have raised significant concerns 
regarding long-term health outcomes in exposed populations.

However, several emerging PFAS substitutes, including GenX 
and HQ-115, possess chemical structures that differ substantially 
from those of legacy PFAS (Figure 1) and long-chain fatty acids, yet 
they still disrupt lipid metabolism-associated signaling pathways 
(Shi et al., 2023; Boyd et al., 2025; Dunn et al., 2024; Sands et al., 
2024; Zhang et al., 2025). These observations highlight critical 
knowledge gaps regarding the molecular mechanisms by which 
these newer compounds reprogram lipid metabolic networks and 
contribute to carcinogenesis, underscoring the urgent need for 
systematic mechanistic and translational studies.

2 The mechanisms linking PFAS, lipid 
metabolism and carcinogenesis

PFAS are generally considered non-mutagenic, meaning they 
do not directly induce DNA mutations (Buck et al., 2011). 
However, increasing evidence indicates that PFAS contribute to 
carcinogenesis through DNA damage, epigenetic modifications, 
and alterations of signaling and metabolic pathways, thereby 
creating a pro-carcinogenic cellular environment (Winquist 
et al., 2023). These molecular disruptions are closely linked to 
dysregulated lipid metabolism, a hallmark of cancer metabolic 
reprogramming. Multiple studies demonstrate that PFAS 
interfere with normal lipid homeostasis, leading to 
hepatotoxicity, dyslipidemia, and aberrant lipid uptake, 
synthesis, and storage across various cell types which are all 
processes associated with elevated cancer risk (Sadrabadi et al., 
2024; Haug et al., 2023; India-Aldana et al., 2023; Boyd et al., 2022; 
Kirkwood-Donelson et al., 2024; Zaytseva, 2021; Das et al., 2017; 
Wang et al., 2013; Yu et al., 2023).

2.1 Lipid accumulation and steatosis

Experimental evidence shows that PFAS exposure elicits dose- 
dependent metabolic changes (Das et al., 2017; Louisse et al., 2020). 
In hepatocyte models, a PFAS mixture containing 47.8% PFOS, 
28.7% PFOA, 12.1% PFHxS, 6.3% PFDA, and 5.1% PFNA induced 
broad metabolic shifts, notably affecting the metabolism of lipids, 
steroids, bile acids, amino acids, and carbohydrates (Boyd et al., 
2025). PFAS exposure led to dysregulation of pathways associated 
with oxidative stress, function of mitochondria, cytoskeleton, and 
lipid-rich membranes (Boyd et al., 2025). In human HepaRG liver 
cells show that PFOA, PFOS, and PFNA increased intracellular 
triglyceride levels (Louisse et al., 2020). PFOS exposure further 

Frontiers in Toxicology frontiersin.org06

Ferguson et al. 10.3389/ftox.2026.1768277

https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2026.1768277


induced lipogenic gene expression, and excessive fatty acid and 
triglyceride accumulation, promoting hepatic steatosis and fibrosis 
(Wan et al., 2012; Marques et al., 2020).

These steatotic responses align with findings that PFOA- and 
PFOS-mediated lipid accumulation promotes non-alcoholic fatty 
liver disease (NAFLD), a risk factor for liver cancer (Gou et al., 
2024). Mechanistically, PFAS exposure downregulated Nudix 
hydrolase 7, reducing Ace-CoA hydrolase activity and driving 
lipid accumulation in hepatocytes (Gou et al., 2024).

Population-level evidence supports these findings. 
Analysis of the National Health and Nutrition Examination 
Survey (NHANES) data revealed a significant association 
between PFAS exposure and hepatic steatosis/NAFLD (Wu 
et al., 2023). Transcriptomic and bioinformatic analyses 
identified transcriptional upregulation of hepatic acyl-CoA 
oxidase 1 (ACOX1) in the PPARα-regulated peroxisomal β- 
oxidation pathway as a key event in PFAS-perturbed lipid 
metabolism in humans, mice, and rats (Yang W. et al., 
2023). This ACOX1-mediated oxidative stress can 
contribute to mitochondrial compromise and lipid 
accumulation (Yang W. et al., 2023).

2.2 Disruption of de novo lipid metabolism

Beyond lipid accumulation, PFAS alter de novo lipid 
biosynthesis by modulating fatty acid and cholesterol metabolism 
(Yang W. et al., 2023; Cao et al., 2022; Hari et al., 2024; Sim et al., 
2023). In HepaRG cells, PFOS and PFOA elevated multiple lipid 
species, including ceramide, diacylglycerol, N-acylethanolamine, 
phosphatidylcholine, and triglycerides (Kashobwe et al., 2024a). 
In mouse liver, PFOS exposure causes hepatic steatosis by 
significantly increasing TG levels, expression of ATP-citrate lyase, 
and FASN (Lee et al., 2023). Integrated transcriptomic and lipidomic 
analyses of epithelial cells chronically exposed to PFOA and PFOS 
revealed enhanced lipid biosynthesis via the SREBP axis and 
compound-specific alterations in membrane lipids (Paddayuman 
et al., 2025).

PFAS-induced lipid dysregulation also extends to extrahepatic 
tissues. Low-dose PFOA exposure enhanced fatty acid metabolism 
and steroidogenic processes in Leydig cells, stimulating steroid 
hormone synthesis (Huang et al., 2022). Similarly, PFOS localized 
within mouse testicular tissue and increased levels of fatty acid 
metabolites such as palmitic acid, oleic acid, stearic acid, and 
cholesterol (Boyd et al., 2024) In humans, PFOS, PFOA, and 
PFDA were positively associated with cholesterol, lipoprotein 
subfractions, apolipoproteins, and composite fatty acid and 
phospholipid profiles (Haug et al., 2023), indicating systemic 
alterations in lipid metabolism.

Consistent with these findings, our group reported that 
PFOS exposure through drinking water downregulated 
mitochondrial hydroxy- 3methylglutaryl CoA synthase 2 
(HMGCS2), a rate-limiting enzyme in ketogenesis (Tessmann 
et al., 2024). Because HMGCS2 governs ketone body production, 
its inhibition may alter tumor metabolism and the tumor 
microenvironment (Wei et al., 2022). PFOS exposure 
concurrently upregulated β-catenin, c-MYC, mTOR, and 
FASN which are key regulators linked to colorectal cancer 
(Tessmann et al., 2024).

2.3 Lipid transport and uptake dysregulation

In addition to modifying lipid synthesis, PFAS disrupt lipid 
transport and uptake mechanisms. PFOS increased gene expression 
of CD36 and lipoprotein lipase, enhancing triglyceride breakdown 
and cellular lipid absorption (Wan et al., 2012). Conversely, certain 
PFAS downregulated lipid transport genes including Apoa1, Apoa5, 
and Pltp (Hari et al., 2024), suggesting a complex and potentially 
varied impact of PFAS exposure on lipid transport mechanisms 
depending on the specific PFAS and environment.

PFAS also interact directly with lipid-binding proteins. FABP4, 
predominantly expressed in adipocytes, binds a broad range of PFAS 
(Birchfield et al., 2025). Because FABP4 regulates fatty acid 
transport, adipogenesis, insulin sensitivity, and cancer-related 
metabolic processes (Prentice et al., 2021), 
PFAS–FABP4 interactions may directly perturb lipid signaling 
and promote oncogenic metabolic phenotype (Jia et al., 2024).

2.4 Bile acid signaling and enterohepatic 
circulation

PFAS further affect bile acid homeostasis, an essential regulator 
of cholesterol and lipid metabolism (Fleishman and Kumar, 2024). 
Bile acid dysregulation has been implicated in tumorigenesis, as bile 
acid transporters influence several stages of cancer progression 
(Bintee et al., 2025). In male mouse ileum, PFAS exposure 
significantly upregulated the apical sodium-dependent bile acid 
transporter (ASBT), increasing bile acid reabsorption and altering 
enterohepatic circulation (Roth et al., 2024). ASBT is a crucial 
transporter responsible for actively absorbing approximately 95% 
of bile acids from the intestinal lumen back into ileal enterocytes, 
playing a central role in enterohepatic circulation (Roth et al., 2024). 
Transcriptomic analysis confirmed PFAS-induced alterations in 
fatty acid metabolism pathways (Roth et al., 2024). These 
findings are consistent with human studies demonstrating that 
ASBT contributes to PFAS reabsorption and accumulation 
through enterohepatic recirculation (Cao et al., 2022; Zhao 
et al., 2015).

2.5 Peroxisome proliferator- 
activated receptors

PPARs are a family of nuclear receptors, which include three 
main subtypes, PPARα, PPARγ, and PPARδ, that act as ligand- 
activated transcription factors (Berger and Moller, 2002). They play 
a critical role as lipid sensors and regulators of lipid metabolism by 
controlling gene expression (Berger and Moller, 2002). In normal, 
non-cancerous tissues, PFAS bind and activate PPARα, leading to its 
transactivation and changes in the expression of genes in lipid and 
carbohydrate metabolism, primarily in the liver (Vanden Heuvel 
et al., 2006). Heuval et al. (2006) reported that PFOA strongly 
activates PPARα in human, rat, and mouse tissues, compared to 
other nuclear receptors including PPARβ, PPARγ, Liver X Receptor 
Beta (LXRβ), and Retinoid X Receptor Alpha (RXRα) (Vanden 
Heuvel et al., 2006). Similarly, Sadrabadi et al. (2024) demonstrated 
that PFAS mixtures induce triglyceride accumulation and 
upregulate PPARα target genes related to lipid and cholesterol 
metabolism in differentiated HepaRG cells (Sadrabadi et al., 2024).
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Notably, the PFAS-mediated activation of mouse PPARα is 
generally higher compared to that of human PPARα (Wolf et al., 
2008). While PFOA and PFOS act mainly through PPARα 
transactivation in rodents, non-rodent species (including humans) 
exhibit a reduced response to these effects (Bjork et al., 2011). 
Although most PFAS are PPARα activators, some, like perfluoro- 
butane sulfonic acid (PFBS), might not activate human PPARα (Behr 
et al., 2020). Conversely, understudied PFAS such as PFOSA, 6:2 FTOH, 
and 8:2 FTSA can downregulate PPARα gene expression, indicating 
mechanistic diversity among PFAS compounds (Kashobwe et al., 2024b).

Activation of PPARα by PFAS has been implicated in NAFLD and 
liver toxicity, which may increase the risk of liver carcinogenesis (Yang 
W. et al., 2023; Li et al., 2019). The activation of PPARα and related 
pathways by PFAS may also have different consequences in malignant 
cells, where metabolic processes are reprogrammed to support rapid 
proliferation and survival (Yang W. et al., 2023). In 
HepG2 hepatocellular carcinoma cells, PFOA, PFOS, and several 
alternative PFAS (except PFBS) activate human PPARα, while 
Perfluoro-2-methyl-3-oxahexanoic acid (PMOH) and PFOA also act 
as weak agonists of PPARγ (Behr et al., 2020). GenX exposure, even at 
environmental concentrations, disrupts hepatic lipid metabolism via the 
PPARα signaling pathway affecting fatty acid transport, synthesis, and 
oxidation in male C57BL/6 mice (Shi et al., 2023).

In a recent study, PFOS and HQ-115 altered metabolites involved 
in steroid biosynthesis and lipid metabolism in testicular germ cell 
tumor (TGCT) cells, consistent with the ability of PFAS to mimic fatty 
acid-based ligands that regulate lipid metabolism and with their 
proposed role as endocrine disruptors (Boyd et al., 2024). 
Moreover, the follow-up study showed that PFOS, GenX, and HQ- 
115 exposure disrupted PPAR signaling, with the most prominent 
effect being antagonistic activity toward PPARγ (Boyd et al., 2025). 
These findings suggest that PPARγ may be particularly sensitive to 
PFAS exposure in TGCT patients. However, additional in vivo and 
human-based studies are required to validate these observations and 
determine their clinical relevance.

2.6 Sterol regulatory element- 
binding proteins

SREBP1 and SREBP2 are key regulators of lipogenesis and 
cholesterol synthesis and have been linked to PFAS-induced 
metabolic effects (Louisse et al., 2020; Yan et al., 2015). Low 
concentrations of PFOA exposure enhances survival of cancer 
liver cells by upregulating expression of SREBP1 and its 
downstream targets, FASN and ACC (Qi et al., 2023). In 
mice, PFOA and GenX induce hepatic expression of SREBP-1 
target genes involved in fatty acid synthesis (Attema et al., 2022). 
Interestingly, this effect is absent in PPARα−/− mice, suggesting 
that these effects are PPARα-dependent (Attema et al., 2022). 
Another study found that 28-day PFOA exposure enhanced both 
PPARα and SREBP transcriptional activity, stimulating SREBP 
maturation and transcriptional activation (Yan et al., 2015).

2.7 Constitutive androstane receptor (CAR) 
and pregnane X receptor (PXR)

Although PFAS effects are primarily linked to PPARα, they can 
also act through other nuclear receptors such as CAR and PXR, 

which regulate energy metabolism and hepatic lipogenesis (Bjork 
et al., 2011). In the absence of PPARα, PXR and CAR becomes more 
prominent in mediating the effects of PFOA (Bjork et al., 2011; 
Rosen et al., 2017). In Sprague-Dawley rats, PFOS-induced hepatic 
hypertrophy and adenomas were associated with activation of 
PPARα, CAR, and PXR (Elcombe et al., 2012). Conversely, 
studies in HEK293T and HepG2 cells found no activation of 
CAR or PXR by PFAS, suggesting compound- or model-specific 
variability (Behr et al., 2020). A mixture of PFOS and PFOA also 
exerted a synergistic effect on breast cancer cell proliferation 
mediated through PXR activation (Pierozan et al., 2020).

2.8 Hepatocyte nuclear factor 4 alpha

HNF4α is a nuclear receptor expressed in the liver, gut, kidney, 
and pancreas that regulates genes involved in metabolism and is 
upregulated in multiple malignancies, including hepatocellular, 
colorectal, and pancreatic cancers (Sang et al., 2022). Molecular 
docking and dynamics simulations identify HNF4α as a potential 
target in PFOS- and PFOA-induced hepatic steatosis (Li et al., 2024). 
In human hepatocytes, PFOA and PFOS promote dedifferentiation 
and proliferation by downregulating positive HNF4α targets (e.g., 
CYP7A1) and inducing negative, pro-mitogenic targets (e.g., 
CCND1) (Beggs et al., 2016). In HepG2 cells, PFOA decreases 
HNF4α and its downstream regulator HNF1α, reducing 
expression of fatty acid oxidation genes (e.g., ACOX1) and 
promoting lipid accumulation (Scharmach et al., 2012). Together, 
these findings indicate that PFOS and PFOA can promote 
pathological liver changes and tumorigenesis through HNF4α- 
dependent mechanisms.

2.9 Pro-oncogenic signaling pathways

PFAS exposure can regulate cancer-associated signaling 
pathways, contributing to cancer initiation and progression 
(Zheng et al., 2024). In breast cancer cells, PFAS compounds 
promote cellular migration and invasion through the activation 
of oncogenic MAPK/ERK and PI3K/Akt signaling pathways via 
estrogen receptors, including ERα and G protein-coupled estrogen 
receptor (Liu et al., 2023; Hanahan and Weinberg, 2011; Gupta et al., 
2024). Similarly, PFOA has been found to activate the intracellular 
FAK-PI3K-Akt pathway in lung cancer cells, further supporting a 
role for PFAS in enhancing pro-tumorigenic signaling cascades (Mei 
et al., 2024). In colorectal cancer, PFOS exposure leads to the 
upregulation of proteins such as β-catenin, c-MYC, and mTOR 
(Boyd et al., 2024). The Wnt/β-catenin pathway, crucial for prenatal 
liver development, is affected by early PFOS exposure, suggesting a 
potential developmental window of susceptibility to PFAS-induced 
carcinogenesis (Tessmann et al., 2024; Lai et al., 2017). Recent multi- 
omics and computational analyses have identified molecular targets 
linking PFAS exposure to carcinogenic metabolic signaling. In 
hepatocellular carcinoma, PFAS were found to modulate genes 
involved in lipid, glucose, and drug metabolism, including 
APOA1, ESR1, IGF1, PPARGC1A, SERPINE1, and PON1 (Hong 
et al., 2025). Molecular docking simulations demonstrated strong 
binding affinities between PFAS compounds and these proteins, 
supporting their potential roles in PFAS-induced liver 
carcinogenesis (Hong et al., 2025).
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2.10 Oxidative stress and inflammation

Oxidative stress, a result of an imbalance between the production 
of reactive oxygen species (ROS) and the antioxidant system, is a 
common event in cancer pathophysiology (Li S. Q. et al., 2025). This 
imbalance can alter cellular lipid metabolism by promoting fatty acid 
synthesis and altering lipid utilization, which in turn supports cancer 
cell proliferation and survival (Li S. Q. et al., 2025). PFAS exposure 
has been shown to induce oxidative stress in multiple models (Gou 
et al., 2024; Qi et al., 2023; Li S. Q. et al., 2025; Yang Z. Y. et al., 2023; 
Alijagic et al., 2024; Wang et al., 2017; Hocevar et al., 2020; 
Kamendulis et al., 2014; Lee et al., 2015; Lin et al., 2020). PFOA 
exposure increases lipid peroxidation (8-iso-PGF2α) and induces 
antioxidant response genes (Sod1, Sod2, Gpx2, Nqo1) in mouse 
pancreas (Kamendulis et al., 2014). In pancreatic acinar cells, PFOA 
treatment activates the unfolded protein response (UPR), 
contributing to oxidative stress (Qi et al., 2023; Hocevar et al., 
2020). In liver cells, PFAS exposure, including PFOA, 
heptafluorobutyric acid (HFBA), and perfluorotetradecanoic acid 
(PFTA), elevated ROS levels (Qi et al., 2023).

PFAS-mediated lipid accumulation can further induce oxidative 
stress and inflammation (Alijagic et al., 2024; Li X. et al., 2025). In 
zebrafish embryos, PFOA and PFOS disrupt lipid metabolism and 
reduce DHA-containing glycerophospholipids while activating 
proinflammatory signaling (Yang Z. Y. et al., 2023). In Taiwanese 
adults, serum PFOA and PFOS levels correlate positively with LDL- 
C, HDL-C, triglycerides, and urinary oxidative stress biomarkers 
(Lin et al., 2020).

In HepaRG and HepG2 cells, PFOA, HFBA, and PFTA increase 
expression of inflammatory markers TNFα and IL6 (Qi et al., 2023). 
Similarly, PFOA-induced changes in the fetal liver of CD-1 mice 
include genes such as the suppression of IL6r (gp80) and Stat3 via 
IL6 (Rosen et al., 2007). PFOS induced inflammatory gene 
expression occurs in both wild-type and PPARα-null mice, with 
stronger effects in the latter, indicating a PPARα role in PFAS- 
mediated inflammation (Rosen et al., 2010). Additional PPARα- 
independent effects may involve PPARγ and PPARβ/δ activation 
(Rosen et al., 2010). PFAS can also stimulate inflammation in 
immune cells by activating the AIM2 inflammasome, inducing 
IL-1β release and pyroptosis in macrophages (Wang et al., 2021), 
and dysregulating inflammatory interleukins and lipid-related genes 
in lymphocytes (Li et al., 2020).

2.11 Epigenetic perturbations: DNA 
methylation and histone modification

PFAS exert both direct epigenetic effects and indirect influence 
through lipid metabolism disruption, creating a dual mechanism 
that increases disease and cancer risk (Imir et al., 2021). PFOS and 
PFOA induce global DNA hypomethylation and histone 
modification changes associated with tumorigenesis (Boyd et al., 
2024; Boyd et al., 2022; Pierozan et al., 2020; Wen et al., 2020; Ouidir 
et al., 2020; Pang et al., 2024). Global DNA methylation of 
HepG2 cells were analyzed after different levels of exposure to 
PFOA and GenX (Wen et al., 2020). From this study, there was 
an observed dose dependent reduction of methylation caused by 
PFOA (Wen et al., 2020). While the role that PFOA played on each 
TET was different, this difference suggested that epigenetic changes 

caused by PFOA can increase lipid anabolism and storage through 
altering cell homeostasis (Wen et al., 2020). PFOS exposure was also 
shown to induce gene expression alterations associated with the 
H3K27me3 polycomb pathway in normal mouse testes, suggesting 
its role in promoting pro-tumorigenic effects in testicular germ cell 
tumors (Boyd et al., 2024). Particularly when combined with dietary 
factors like a high-fat diet, PFAS exposure leads to both metabolic 
alterations and epigenomic reprogramming that increase 
tumorigenic risk in prostate cancer xenografts, suggests a 
complex interplay where both mechanisms contribute to the 
overall pro-carcinogenic effect (Imir et al., 2021).

The possible mechanisms linking PFAS exposure, lipid 
metabolism and carcinogenesis are summarized in Figure 1.

3 Potential intervention strategies to 
mitigate PFAS-Induced dysregulation 
of lipid metabolism to reduce 
cancer risk

Only a few studies suggest strategies to mitigate the toxic effects 
of PFAS chemicals on their dysregulation of lipid metabolism. A 
study by Li, R., et al. (2022) demonstrated that vitamin C 
supplementation reduced signs of PFOA-induced liver damage in 
mice, including increased total cholesterol and triglyceride levels, 
elevated liver damage markers (aspartate and alanine transaminase), 
and liver enlargement (Li R. et al., 2022). Another in vitro study 
showed that PFOA treatment of mouse pancreatic acinar cells 
resulted in endoplasmic reticulum stress and activation of the 
UPR pathway (Hocevar et al., 2020). PFOA-stimulated activation 
of the UPR was blocked by pretreatment with specific PERK and 
IRE1alpha inhibitors and the chemical chaperone 4-phenyl butyrate 
(Hocevar et al., 2020). This suggests potential chemical interventions 
targeting these pathways. A study by Yang et al. (2023) used an 
integrated approach including in vitro assays with mouse hepatocytes 
(Yang W. et al., 2023). They observed that mitochondrial 
compromise and lipid accumulation in PFOA/PFOS-exposed 
mouse hepatocytes could be mitigated by co-treatment with 
ACOX1 inhibitor and mitochondria ROS scavenger (Yang W. 
et al., 2023). This observation could lead to potential molecular 
targets for intervention in PFAS-induced liver metabolic disorders.

Several studies tested potential remedies but found them 
ineffective or with limited effects. For example, one study tested 
whether dietary choline supplementation attenuates PFOS-induced 
hepatic steatosis in male Sprague Dawley rats, but this intervention was 
ineffective in this experiment (Bagley et al., 2017). Another study 
examined the effects of PFOS exposure on intestinal tissues in mice, 
and tested whether diets containing soluble fibers inulin and pectin 
could reverse the adverse effects of PFOS (Deng et al., 2022). 
Transcriptomic analysis revealed that the number of differentially 
expressed genes associated with hepatic hyperlipidemia and lipid 
metabolism pathways (e.g., PPAR signaling, fatty acid degradation) 
was lower in inulin- and pectin-fed mice compared to control diet-fed 
mice after PFOS exposure (Deng et al., 2022). This suggests that the 
soluble fiber diets partially-rescued the lipid and metabolite 
disturbances caused by PFOS (Deng et al., 2022). While the high 
fiber diets improved lipid metabolism in the liver, this diet did not 
restore expression of ketogenic enzyme HMGCS2 in mouse intestinal 
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tissues (Tessmann et al., 2024), suggesting the limitation of this strategy 
in mitigating the harmful effect of PFOS in intestine. Furthermore, 
supplementation with DHA was ineffective in recovering the lipidomic 
dysregulations and protecting zebrafish embryos from developmental 
toxicity induced by PFAS (Yang Z. Y. et al., 2023).

These mixed outcomes highlight the complexity of PFAS- 
induced metabolic disturbances and underscore the urgent need 
for more targeted and effective therapeutic approaches. Further 
research is critical to better understand the mechanistic 
underpinnings of PFAS-induced lipid metabolism disruption and 
to develop reliable strategies for prevention and intervention. 
Table 3 provides the summary of potential intervention strategies 
to mitigate the effect of PFAS on lipid metabolism.

4 Discussion

PFASs have been in industrial use since the 1940s; however, 
the first studies showing the presence of these compounds in the 
blood of exposed workers came out in the 1970s and studies on 
PFAS in the blood of the general population came out in the 
1990s (National Academies of Sciences Engineering and 
Medicine, 2022; Grandjean and Clapp, 2015; Mueller and 
Schlosser, 2020). Since this time, multiple research studies 
have reported the harmful effects of these compounds on 
human health including cancer. The influence of PFAS 
chemicals on cancer biology, through the alteration of 
metabolic pathways is of growing concern in literature 
(Maerten et al., 2024; Hong et al., 2025; Guo et al., 2022; 
Boyd et al., 2022; Hu et al., 2022). There is growing interest 
in how PFAS might influence these metabolic pathways (Gou 
et al., 2024). While PFAS are well-documented for their role in 
lipid dysregulation in non-cancer models, especially in the liver, 
there is a recognized need for further understanding of their 
specific contribution to lipid metabolism in the context of cancer 
(Maerten et al., 2024; Hong et al., 2025; Alijagic et al., 2024; Imir 
et al., 2021).

There is significant impact of PFAS chemicals on lipid metabolism 
and their potential role in carcinogenesis (Boyd et al., 2022). PFAS, 
characterized by their strong chemical stability and lipid-mimicking 
properties, disrupt cellular lipid homeostasis by altering both de novo 
lipid synthesis and dietary lipid uptake pathways (Gou et al., 2024; Deng 
et al., 2022). These disruptions are mediated through the activation and 
dysregulation of key transcription factors and nuclear receptors, 
specifically PPARα, SREBPs, CAR, and PXR, which collectively drive 
abnormal lipid accumulation metabolic reprogramming, and oncogenic 
signaling (Nian et al., 2020; Maerten et al., 2024), PFAS-induced lipid 
metabolic changes also contribute to oxidative stress, inflammation, and 
epigenetic modifications such as DNA methylation and histone changes, 
which further promote tumorigenesis and cancer progression (Boyd 
et al., 2022). Epidemiological evidence supports associations between 
PFAS exposure and increased risk of various cancers, notably liver 
(Hong et al., 2025), breast (Liu et al., 2023), kidney (Behr et al., 2018), 
and testicular (Imir et al., 2021) cancers, underscoring the public health 
relevance of these findings.

However, our current understanding of mechanism behind 
PFAS exposure is limited by several factors. Many mechanistic 
studies rely on in vitro or animal models that may not fully 
represent human exposure (Roth et al., 2024; Bjork et al., 2011). 
For example, the toxicological effects of PFAS, such as PFOA and 
PFOS, are often linked to the activation of the PPARα (Wolf et al., 
2008; Bjork et al., 2011). However, mouse PPARα generally appears 
more sensitive to PFAAs than human PPARα (Wolf et al., 2008). 
This difference in receptor activity contributes to the fact that while 
PFAS exposure causes a substantial shift toward fatty acid oxidation 
and hepatic triglyceride accumulation in rat liver cells, the observed 
changes in primary human liver cells are more subtle (Bjork et al., 
2011; Rosen et al., 2013). Furthermore, the proliferative hepatic 
response seen in rats due to the activation of PPARα and CAR/PXR 
by PFAS is not expected to be relevant in humans (Elcombe et al., 
2012). PFAS elimination kinetics vary widely by species (ITRC, 
2023). The biological half-life of PFOS, for instance, is estimated to 
be years in humans (i.e., 3.4 years) but only months 
(i.e., 1–2 months) in rodents (Deng et al., 2022). Differences in 

TABLE 3 Summary of possible mitigation strategies against PFAS-induced lipid metabolic disruptions.

Objective Finding(s) References

Test whether choline reduces PFOS-induced hepatic steatosis in male 
Sprague Dawley rats

Ineffective at attenuating PFOS-induced hepatic steatosis Bagley et al. (2017)

Determine if PFOA-induced ER stress and UPR activation can be 
chemically blocked in mouse pancreatic acinar cells

Activation of the UPR was blocked by PERK inhibitors, IRE1ɑ inhibitors, and 
chemical chaperone 4-phenyl butyrate, suggesting these as potential 
intervention targets

Hocevar et al. 
(2020)

Test whether vitamin C supplementation reduces PFOA-induced liver 
toxicity in mice

Vitamin C reduced PFOA-induced increases in total cholesterol, triglycerides, 
AST/ALT liver damage markers, liver enlargement, and liver enlargement- 
associated pathology

Li et al. (2022b)

Test whether soluble fibers reverse PFOS-induced lipid metabolic 
disruption

Lower number of lipid metabolism-related DEGs vs. control diet; liver lipid 
and metabolite disturbances were partially rescued via PPAR signaling and 
fatty acid degradation pathways, but did not restore intestinal ketogenic 
enzyme HMGCS2, showing limitations for intestinal protection

Deng et al. (2022)

Determine if DHA protects against PFAS-induced developmental 
lipidomic toxicity

Ineffective at restoring lipidomic disruptions or preventing developmental 
toxicity in zebrafish embryos

Yang et al. (2023b)

Assess mitigation of mitochondrial dysfunction and lipid accumulation in 
PFOA/PFOS-exposed mouse hepatocytes

Co-treatment with ACOX1 inhibitor and mitochondrial ROS scavenger 
reduced mitochondrial compromise and lipid accumulation, identifying 
possible molecular targets

Yang et al. (2023a)
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how PFAS are handled by specific transporters are also observed. For 
example, the ASBT in human transports PFOS, but rat ASBT does 
not transport PFOS, PFHxS, or PFBS (Zhao et al., 2015). Also, 
studies using immortalized cell lines (e.g., HepG2, a male cell line, or 
HepaRG, a female cell line) or primary hepatocytes sometimes fail to 
fully recapitulate the complex metabolic pathways observed in vivo 
(Alijagic et al., 2024; Rosen et al., 2013). For example, several genes 
typically regulated by PPARα agonists in vivo in mice were not 
altered in cultured mouse hepatocytes (Rosen et al., 2013).

Importantly, research models often use doses or exposure 
scenarios that are too high, not representing the chronic low-dose 
exposures that are typical of environmental contamination (Buck 
et al., 2011; Rosen et al., 2007). Many in vitro effects observed on key 
molecular targets, such as nuclear receptors, occur only at high 
concentrations, often exceeding 10 μM (Sadrabadi et al., 2024; 
Behr et al., 2020; Behr et al., 2018). These concentrations are 
several magnitudes above the typical average human blood 
concentration, which is often in the nanomolar range or below 
(Behr et al., 2020; Behr et al., 2018). Even in animal studies 
intended to be relevant, the resulting circulating PFAS levels in 
mice can still be substantially elevated, sometimes up to 
approximately 256-fold higher than those reported in highly 
exposed human occupational cohorts (Roth et al., 2024; Deng 
et al., 2022). While low, physiologically relevant concentrations of 
PFAS have been shown to induce effects in human liver cell models 
like activating the unfolded protein response pathway and increasing 
steatosis, the majority of strong findings derived from in vitro or 
animal models rely on concentrations significantly higher than 
typical environmental exposure levels (Shi et al., 2023; Qi et al., 2023).

Moreover, variability in PFAS species, chain lengths, and 
exposure contexts complicates the generalization of results (Buck 
et al., 2011; Rosen et al., 2007). PFAS encompass a large family of 
over 15,000 chemicals (Sunderland et al., 2019). Their biological 
activity depends heavily on factors like carbon chain length and 
functional group (ITRC, 2023). For instance, activation of mouse 
and human PPARα by perfluoroalkyl carboxylates shows a positive 
correlation with carbon chain length (up to C9), and carboxylates 
tend to be stronger activators than sulfonates (Wolf et al., 2008). The 
move toward replacement PFAS (e.g., GenX) adds complexity, as 
these compounds may have distinct toxicological profiles or can rely 
on different molecular pathways compared to legacy compounds 
like PFOA (Attema et al., 2022; ITRC, 2023).

Interventional studies aiming to mitigate PFAS toxicity have 
yielded mixed results, highlighting the need for more targeted and 
effective therapeutic strategies. For example, some dietary 
interventions, specifically soluble fibers like inulin and pectin, have 
shown promise in reducing PFOS-induced liver metabolic disturbances 
and accumulation in mouse models (Deng et al., 2022). This protective 
effect is linked to the fiber’s ability to modulate transporters that reduce 
PFOS reabsorption (Deng et al., 2022). Similarly, vitamin C 
supplementation has been shown to reduce signs of PFOA-induced 
hepatotoxicity in mice (Li R. et al., 2022). However, generalized clinical 
guidance still focuses primarily on blood testing and regular screenings 
for high-risk individuals, reflecting the lack of established, proven 
therapeutic interventions for PFAS toxicity in humans (National 
Academies of Sciences Engineering and Medicine, 2022).

Future research should prioritize longitudinal human studies 
that include detailed lipidomic and epigenomic profiling to clarify 

links between PFAS exposure, metabolic disruption, and cancer risk. 
There should be investigations into emerging PFAS compounds and 
their new biological effects as legacy PFAS (PFOS and PFOA) are 
phased out. In addition, there should be more research into 
novel pharmacological or dietary interventions targeting PFAS- 
induced dysregulation of lipid metabolism and associated 
signaling pathways. This would have potential for reducing 
PFAS-related carcinogenic risk. These comprehensive efforts 
would be essential to inform public health policies and 
develop effective mitigation strategies against the growing 
global burden of PFAS contamination.
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