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Introduction: The potential link between perfluorooctanoic acid (PFOA)

exposure and kidney cancer risk in humans remains uncertain. This meta-

analysis aims to clarify the association by analyzing serum PFOA levels, a direct

biomarker of internal exposure, rather than relying on indirect environmental or

occupational measures.

Methods: A systematic literature search was conducted using PubMed and Web

of Science to identify relevant studies. Random-effects models were applied to

pool effect estimates for both continuous serum PFOA levels and categorical

comparisons (highest vs. lowest exposure groups). Subgroup and sex-stratified

analyses were also performed.

Results: Three studies met the inclusion criteria, encompassing 1,011 kidney

cancer cases and 2,251 controls. Analysis of continuous PFOA levels yielded a

non-significant meta-relative risk (mRR) of 0.59 (95% CI: 0.06–5.89), with

substantial heterogeneity. The highest versus lowest exposure comparison also

showed no significant association (mRR: 0.98; 95% CI: 0.64–1.50). Sex-stratified

results from two studies revealed no significant differences in risk.

Discussion: The findings suggest that any increased kidney cancer risk related to

serum PFOA exposure is likely small and not statistically significant based on

current evidence. Despite biological plausibility for renal toxicity, epidemiological

data remain inconclusive. Further research with larger populations and

standardized exposure assessment is needed to determine PFOA’s potential

carcinogenic effects on the kidney.
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Introduction

Perfluorooctanoic acid (PFOA) is a synthetic fluorocarboxylic

acid that belongs to the chemical family of per- and polyfluoroalkyl

substances (PFAS), a very heterogeneous family that includes more

than 12,000 different substances (1). It has been used as a surfactant

in emulsion polymerization to produce fluorinated polymers and in

many other applications, including firefighting foams, cosmetic

formulations, textiles, etc. (2). Because a growing body of

evidence has shown that PFOA is bioaccumulative, highly

persistent, toxic, and ubiquitous in the environment and in

humans (3), in Europe, under the Stockholm Convention, PFOA

has been banned under the Persistent Organic Pollutants (POPs)

Regulation as of July 4, 2020 (4).

PFOA was recently classified as a Group 1 human carcinogen by

the International Agency for Research on Cancer (IARC) in Lyon,

France. The Group 1 classification for PFOA was based on the

combination of (i) limited evidence of human carcinogenicity for

renal cancer and testicular cancer, (ii) sufficient evidence of

carcinogenicity in laboratory animals, and (iii) strong mechanistic

evidence of epigenetic alterations and immunosuppression in

exposed humans (5).

Without challenging the IARC classification or the well-

documented carcinogenicity of PFOA in animal models, our

objective is to critically assess the human epidemiological

evidence linking PFOA exposure to renal cancer, with a particular

focus on the biological plausibility of this association. A key element

in evaluating this risk lies in accurately quantifying human exposure

to PFOA. In this context, serum levels of PFOA are widely

recognized as a reliable indicator of cumulative exposure,

regardless of the exposure pathway. Human biomonitoring plays

a crucial role in this process, as it directly measures the internal dose

of hazardous chemicals within the body. Unlike environmental

monitoring, which only estimates potential external exposures (e.g.,

in air, water, or soil), biomonitoring provides an integrated

assessment of actual internal exposure from all sources, including

food, water, air, and consumer products (6, 7). Therefore, it serves

as a fundamental tool for assessing the relationship between PFOA

body burden and adverse health outcomes such as renal cancer.

PFOA is characterized by a long biological half-life, estimated to

range from 1.48 to 5.1 years (8). This prolonged retention in the body

indicates that serum PFOA levels primarily reflect cumulative

exposure over an extended period rather than recent contact with

contaminated sources. Consequently, due to PFOA’s bioaccumulation

potential, blood levels serve as a robust biomarker of cumulative

exposure, providing a reliable measure of long-term body burden

rather than transient or estimated workplace exposures (9). This

cumulative representation is particularly crucial for assessing

potential health risks, including the development of kidney cancer.

Several studies have examined the risk of kidney cancer

associated with exposure to PFOA. Some of these studies have

reported statistically significant associations between PFOA

exposure levels and an increased risk of kidney cancer (10–12)

while others have not confirmed these findings (13–17). However,

by histologic subtypes analysis, 17, reported a statistically significant
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association between serum PFOA concentrations and risk of renal

cell carcinoma of the kidney among women [hazard ratio (HR) and

95% confidence interval (CI) per PFOA doubling: 1.54 (95% CI:

1.05, 2.26)] but not men (17).

The potential mechanism of PFOA in renal carcinogenesis

remains unclear. It is uncertain whether the established

mechanisms of PFOA action, primarily mediated through binding

to peroxisome proliferator-activated receptor alpha (PPARa) in the

liver, also play a role in the kidney (18, 19).

In this study, we performed a meta-analysis to assess the

association between serum PFOA levels and kidney cancer risk.

Unlike exposure estimates, which have inherent limitations,

biomonitoring of PFOA blood levels provides a more accurate

measure of internal exposure (6). Additionally, we explored the

biological plausibility of a kidney-specific relationship between

elevated serum PFOA levels and an increased risk of kidney cancer.
Methods

The meta-analysis took into account the recommendations of

the Preferred Reporting Items for Systematic Reviews and Meta-

Analyses (PRISMA) (20). The literature search was conducted

independently by two researchers (TAD, FC) using PubMed and

Web of Science databases for articles published up to February 25,

2025. In our search, we used a combination of keywords

synonymous with PFOA blood levels and kidney cancer risk.

Publications were independently reviewed and selected by two

authors (FC and TAD) for inclusion.

Meta-analysis was performed in R environment, using the

metagen function of the meta package. In detail, we used log-

transformed precalculated effect size measures and their standard

errors (calculated from the 95% confidence intervals reported in the

studies). A secondary analysis of the effects of the fourth quartile

(fifth quartile in one study) versus the first quartile was performed

using a similar case-control method, with the control being the first

quartile of PFOA exposure. Forest and funnel plots were drawn

using the meta::forest and meta::funnel functions, respectively.

Random effect models were tested. The I2 statistic was used to

calculate the between-studies heterogeneity. Publication bias was

measured by performing Egger’s test with the metabias function

(with k.min = 3) of meta package.
Results

Based on our comprehensive literature search and study

selection process, we included three independent studies in the

meta-analysis. All the selected studies met the criteria for reporting

PFOA serum levels. Figure 1 illustrates the flow chart detailing our

scientific literature search and study selection process, leading us to

use three articles in our meta-analysis. Further details of the

included studies and their references are provided in Table 1.

Regarding study selection, we excluded data from (13, 14), and

(11) from our analysis, as these studies were incorporated into (12),
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which was included in our meta-analysis. The study by (10) was also

excluded due to its partial overlap with the population in (14) and

its limitations in assigning historical estimated serum levels.

Additionally, it had a limited number of cases with exposure

estimates based on residence at the time of diagnosis and used

cancer registry cases as controls, excluding several cancer types.

Lastly, the occupational study by (15) was not included in our meta-

analysis, as it lacks estimates of individual serum levels.

Using a random-effects model, the meta-analysis of relative

risks for kidney cancer, based on total quantitative exposure data,

and including 1,011 cases and 2,251 controls, yielded a meta-

relative risk (mRR) of 0.59 (95% CI: 0.06–5.89), with statistically

significant heterogeneity among the studies (I² = 90%, P < 0.01)

(Figure 2A). The meta-analysis comparing the highest exposure

quartile to the lowest quartile (with 12 reporting quintiles, which

were incorporated into our analysis) produced an mRR of 0.98 (95%

CI: 0.64–1.50) (Figure 2B), with no statistically significant

heterogeneity among the studies (I² = 0%, i = 0.66). No

publication bias was detected in either meta-analysis (P = 0.30

and P = 0.81, respectively). Funnel plots are presented in Figure 3.
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In addition, we performed meta-analysis stratified by sex, with

data available from just two studies. In both sexes, the mRRs were

not statistically significant (mRRmales = 0.95, 95% CI: 0.34 – 2.64;

mRRfemales = 0.98, 95% CI: 0.01 – 74.52; Supplementary Figure 1).

We found significant heterogeneity between studies, only in the

meta-analysis with data from females (I2males = 0%, Pmales = 0.50

and I2females = 79%, Pfemales = 0.03). Calculation of the publication

bias was not possible with just two studies included in the meta-

analyses stratified by sex.

We repeated the analyses using data restricted to the renal cell

carcinoma (RCC) histotype. Indeed, Winquist et al. also reported

results from the analysis on individuals who developed this specific

histotype of kidney cancer (the other studies already focused on RCC).

The results of thesemeta-analysis, that included 962 cases and the same

number of controls as above, were similar to those already shown: on

the basis of quantitative exposure data, we observed a mRR of 0.59

(95% CI: 0.06–5.76), with statistically significant heterogeneity among

the studies (I² = 89%, P < 0.0001; Supplementary Figure 2A). Themeta-

analysis comparing the highest exposure quartile to the lowest quartile

produced an mRR of 0.96 (95% CI: 0.64–1.45) (Supplementary
FIGURE 1

Flowchart for the identification and selection of studies to be included in the meta-analyses.
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Figure 2B), with no statistically significant heterogeneity among the

studies (I² = 0%, P = 0.71). No publication bias was detected in either

meta-analysis (P = 0.37 and P = 0.58, respectively). Funnel plots are

presented in Supplementary Figures 2C, D. When we did sex-stratified

meta-analyses (using the two studies with these data available),

however, we did not confirm the association between serum PFOA

concentrations and risk of renal cell carcinoma of the kidney among

women reported by Winquist et al. (Supplementary Figure 3).

Since in two of the three studies (Steenland et al. and Winquist

et al.) the majority of patients included were white, and the study of

Rhee et al. reported also the results of the analysis stratified by

ethnicity, we performed an additional meta-analysis considering

this subset of individuals (based on total quantitative exposure data

and including a total of 663 cases and 1,903 controls). We observed

an mRR = 0.75 (95% CI: 0.04–16.01), with a significant
Frontiers in Oncology 04
heterogeneity among the studies (I² = 91%, P < 0.01). No

publication bias was detected (P = 0.74). Results are shown in

Supplementary Figure 4.

Finally, we carried out an additional meta-analysis with the subset

of subjects whose blood samples were collected before 2002. Since the

pooled analysis of Steenland et al. included data from the cohort

analyzed by (11), recruited before 2002, and by (14), whose

participants had blood withdrawal in 2005-2006, we decided to

perform the meta-analysis using the data from Shearer et al.,

together with those from Winquist et al. (all before 2002) and the

subgroup before 2002 in Rhee et al. including a total of 571 cases and

1,403 controls. Again, no significant association was observed between

PFOA serum levels and kidney cancer risk (mRR = 1.35, 95% CI: 0.71–

2.57; Supplementary Figure 5). The studies are quite heterogeneous (I²

= 65%, P = 0.058) and there was no publication bias (P = 0.55).
TABLE 1 Characteristics of the studies included in the meta-analysis.

First author
and year

Reference Study design Exposure
source

Potential confounders
included in the analysis

Data availability for
sex-stratified
meta-analyses

Steenland et al., 2022 (12) Cohort Occupational Exposure, hypertension, BMI No

Rhee et al., 2023 (16) Nested case-control Environmental BMI, estimated glomerular filtration
rate, smoking status,
hypertension history

Yes

Winquist et al., 2024 (17) Case–cohort Environmental year of serum sample collection, age
at serum sample collection, BMI,
race, education, smoking status and
alcohol consumption

Yes
FIGURE 2

Forest plot (random-effects model) of studies’ relative risks, 95% confidence intervals (CI), and meta-analyses for: (A) Per natural log-unit increase in
serum/plasma PFOA concentrations (ng/mL) and renal cancer risk. (B) Upper versus lower quartile in serum/plasma PFOA concentrations and renal
cancer risk. *, Upper quintile data was used, as quartiles were not available in Steenland et al. I2, Higgins & Thompson’s statistic.
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Discussion

Our meta-analysis found no statistically significant association

between serum PFOA levels and renal cancer risk, regardless of

whether exposure was analyzed as a continuous variable (reflecting

quantitative levels) or as a categorical variable comparing the

highest and lowest exposure groups. The analysis based on

quantitative exposure showed significant heterogeneity, whereas

the high versus low exposure comparison did not. Similarly, sex-

stratified meta-analyses revealed no statistically significant

associations in either males or females.

Two other meta-analyses showed results somehow comparable

with ours. Bartell and Vieira (21) reported a statistically significant

increase in kidney cancer risk per 10 ng/mL increase in serum

PFOA levels (RR = 1.16; 95% CI: 1.03–1.30), but a non-significant

increase per loge increase in serum PFOA (RR = 1.49; 95% CI: 0.77–

2.88). However, their meta-analysis included studies that did not

report serum PFOA levels, requiring the authors to estimate these

values. As a result, the calculated meta-risks do not strictly reflect

real PFOA blood levels but rather an approximation of PFOA

exposure (21).
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The meta-analysis by Seyyedsalehi and Boffetta (22) reported a

statistically significant association between overall PFAS exposure

and kidney cancer risk (RR = 1.18; 95% CI: 1.05–1.32; I² = 52.8%, 11

studies). However, this analysis included studies assessing exposure

to PFAS mixtures as well as studies without data on PFOA blood

levels, limiting its ability to specifically assess the risk associated

with PFOA blood levels (22).

Thus, our meta-analysis is the first to estimate the meta-risk of

kidney cancer in relation only to blood PFOA levels, providing a

direct measure of actual exposure. However, we acknowledge its

limited statistical power, as only three studies met the inclusion

criteria. Notably, the study by (12), included in our analysis,

comprised a pooled analysis of a large dataset of kidney cancer

cases and controls, enhancing the robustness of our findings.

A limitation of our results and those of other studies on this

topic is the multicollinearity between exposure to PFOA and other

PFAS; in reality, exposure to a single PFAS is rare; it almost always

involves mixtures of different PFAS, the composition of which is

often not fully known (23). Multicollinearity in the levels of

exposure to different PFASs complicates the interpretation of the

results of epidemiological studies and renders the estimates of the
FIGURE 3

Funnel plot of Egger’s test on the associations between PFOA exposure and risk of renal cancer among studies included in the meta-analysis.
(A) Overall serum/plasma PFOA concentrations (ng/mL) and renal cancer risk. (B) Upper versus lower quartile in serum/plasma PFOA concentrations
and renal cancer risk.
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statistical coefficients related to a specific PFAS under investigation

partially unreliable. This problem cannot be solved, but it can be

mitigated by increasing the size of studies, improving the precision

of measurements of PFAS present in the blood of individuals, and

validating the results obtained in independent studies.

Another limitation is the variability of serum PFOA levels over time

(24) and their potential relevance to cancer risk. A long-term

prospective epidemiologic study monitoring serum PFAS levels and

their association with cancer risk over several decades would be

necessary to fully address this issue. While our results showed no

statistically significant association between PFOA serum levels and an

increased risk of kidney cancer, we believe that further studies are

needed to explore this important question more comprehensively.

Regardless of the statistical association between high PFOA

blood levels and an increased risk of kidney cancer, is there

biological plausibility for such a link in humans? Carcinogenicity

studies in rodents, which are often used to establish biological

plausibility and help interpret uncertain epidemiologic findings

(25), have not provided evidence supporting PFOA-induced

kidney carcinogenicity. A long-term study in male and female

rats exposed to ammonium pentadecafluorooctanoate at 30 ppm

or 300 ppm (approximately 1.5 and 15 mg/kg) found no increase in

kidney tumor incidence, though a significant rise in testicular

Leydig cell tumors was observed in male rats (26). More recently,

a long-term carcinogenicity study assessing both perinatal and

postnatal PFOA exposure reported increased incidences of

hepatocellular and pancreatic neoplasms in male rats, as well as

pancreatic tumors in female rats, but no increase in kidney tumor

incidence in either sex (27).

However, laboratory rodent models may not accurately reflect

the carcinogenic potential of PFOA and other PFAS in humans due

to substantial differences in their elimination half-lives. In humans,

the half-life of PFOA is approximately four years, whereas in

rodents, it ranges from just a few days to hours. This significant

discrepancy in toxicokinetics may limit the relevance of rodent

studies for assessing long-term human health risks (8, 28–30).

Renal PFOA toxicity might contribute to kidney cancer risk.

Elevated serum PFOA concentrations have been linked to decreased

estimated glomerular filtration rate (eGFR), a key indicator of kidney

damage (31). Additionally, studies have reported associations

between high serum PFOA levels and hyperuricemia, a biomarker

linked to hypertension, diabetes mellitus, cardiovascular disease,

inflammation, and chronic kidney disease (32–34).

However, a large longitudinal study (n = 32,254) on chronic

kidney disease in adults from a Mid-Ohio Valley community

exposed to elevated PFOA levels through contaminated drinking

water found no statistically significant association between PFOA

exposure and chronic kidney disease (35). These findings challenge

the hypothesis of an association between high serum levels of PFOA

and renal toxicity.

We should also consider the possibility of reverse causation, as

impaired renal function, such as in chronic kidney disease (CKD),

can reduce the clearance of PFOA, potentially leading to higher
Frontiers in Oncology 06
serum levels. This raises the concern that elevated PFOA

concentrations observed in some studies may be a consequence,

rather than a cause, of kidney dysfunction.
Conclusions

The current epidemiological evidence on the carcinogenicity of

PFOA in the human kidney remains limited and inconclusive.

While some studies have reported a statistically significant

association between elevated serum PFOA levels and increased

kidney cancer risk, others have failed to replicate these findings.

Our meta-analysis does not support a statistically significant

association between serum PFOA levels and kidney cancer risk,

suggesting that the existing human data are insufficient to establish

a causal relationship.

Mechanistic evidence is similarly inconclusive. Although PFOA

has demonstrated carcinogenic potential in rodent models, it has

not been shown to induce renal tumors in these species.

Importantly, the substantial species differences in PFOA

toxicokinetics, particularly the much shorter half-life in rodents,

limit the translational relevance of these findings to humans.

Chronic inflammation has been proposed as a plausible

mechanistic pathway linking PFOA exposure to renal

carcinogenesis, but current experimental evidence remains too

sparse and inconsistent to confirm this hypothesis.

In conclusion, while a potential link between high PFOA

exposure and kidney cancer risk cannot be entirely ruled out, the

current body of evidence does not provide robust epidemiological

or mechanistic support for this association. There is a clear need for

well-designed prospective studies with accurate exposure

assessment and mechanistic investigations using models that

better reflect human toxicodynamics. These efforts are essential to

clarify whether PFOA contributes to renal carcinogenesis and to

inform evidence-based regulatory and public health decisions.
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SUPPLEMENTARY FIGURE 1

Forest plot (random-effects model) of studies’ relative risks, 95% confidence

intervals (CI), and meta-analyses per natural log-unit increase in serum/
plasma PFOA concentrations (ng/mL) and renal cancer risk in (A) females

and (C) males. Funnel plot of Egger’s test on the associations between PFOA
exposure and risk of renal cancer among studies included in the meta-

analysis in females (B) and males (D).

SUPPLEMENTARY FIGURE 2

Forest plot (random-effects model) of studies’ relative risks, 95% confidence

intervals (CI), and meta-analyses for: (A). Per natural log-unit increase in

serum/plasma PFOA concentrations (ng/mL) and RCC risk. (B). Upper versus
lower quartile in serum/plasma PFOA concentrations and RCC risk. *, Upper

quintile data was used, as quartiles were not available in Steenland et al.
§
Only

RCC data were used from the study by Winquist et al. I2, Higgins &

Thompson’s statistic. Funnel plot of Egger’s test on the associations
between PFOA exposure and risk of RCC among studies included in the

meta-analysis with continuous data (C) and quartiles (D).

SUPPLEMENTARY FIGURE 3

Forest plot (random-effects model) of studies’ relative risks, 95% confidence

intervals (CI), and meta-analyses per natural log-unit increase in serum/plasma

PFOA concentrations (ng/mL) and RCC risk in (A) females and (B) males. Funnel
plot of Egger’s test on the associations between PFOA exposure and risk of RCC

among studies included in the meta-analysis in females (C) and males (D).

SUPPLEMENTARY FIGURE 4

(A) Forest plot (random-effects model) of studies’ relative risks, 95%

confidence intervals (CI), and meta-analyses for per natural log-unit
increase in serum/plasma PFOA concentrations (ng/mL) and kidney cancer

risk in Whites. * Only RCC data were used from the study by Rhee et al. I2,
Higgins & Thompson’s statistic. (B) Funnel plot of Egger’s test on the

associations between PFOA exposure and risk of kidney cancer in Whites

among studies included in the meta-analysis.

SUPPLEMENTARY FIGURE 5

(A) Forest plot (random-effects model) of studies’ relative risks, 95% confidence

intervals (CI), andmeta-analyses for per natural log-unit increase in serum/plasma
PFOA concentrations (ng/mL) and kidney cancer risk in subjects whose blood

sample collection was done before 2002. * Only data before 2002 were used

from the study by Rhee et al. I2, Higgins & Thompson’s statistic. (B) Funnel plot of
Egger’s test on the associations between PFOA exposure before 2002 and risk of

kidney cancer among studies included in the meta-analysis.
References
1. Spyrakis F, Dragani TA. The EU’s per- and polyfluoroalkyl substances (PFAS)
ban: A case of policy over science. Toxics. (2023) 11:721. doi: 10.3390/toxics11090721

2. Glüge J, Scheringer M, Cousins IT, DeWitt JC, Goldenman G, Herzke D, et al. An
overview of the uses of per- and polyfluoroalkyl substances (PFAS). Environ Sci Process
Impacts. (2020) 22:2345–73. doi: 10.1039/d0em00291g

3. Jane L Espartero L, Yamada M, Ford J, Owens G, Prow T, Juhasz A. Health-
related toxicity of emerging per- and polyfluoroalkyl substances: Comparison to legacy
PFOS and PFOA. Environ Res. (2022) 212:113431. doi: 10.1016/j.envres.2022.113431

4. ECHA. Per- and polyfluoroalkyl substances (PFAS) (2024). Available online at:
https://echa.europa.eu/hot-topics/perfluoroalkyl-chemicals-pfas (Accessed July 4,
2024).
5. Zahm S, Bonde JP, Chiu WA, Hoppin J, Kanno J, Abdallah M, et al.
Carcinogenicity of perfluorooctanoic acid and perfluorooctanesulfonic acid. Lancet
Oncol. (2023) 25(1):16–7. doi: 10.1016/S1470-2045(23)00622-8

6. Viegas S, Zare Jeddi M, B. Hopf N, Bessems J, Palmen N, S. Galea K, et al.
Biomonitoring as an underused exposure assessment tool in occupational safety and
health context—Challenges and way forward. Int J Environ Res Public Health. (2020) 17
(16):5884. doi: 10.3390/ijerph17165884

7. Kee KH, Seo JI, Kim SM, Shiea J, Yoo HH. Per- and polyfluoroalkyl substances
(PFAS): Trends in mass spectrometric analysis for human biomonitoring and exposure
patterns from recent global cohort studies. Environ Int. (2024) 194:109117.
doi: 10.1016/j.envint.2024.109117
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fonc.2025.1593300/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2025.1593300/full#supplementary-material
https://doi.org/10.3390/toxics11090721
https://doi.org/10.1039/d0em00291g
https://doi.org/10.1016/j.envres.2022.113431
https://echa.europa.eu/hot-topics/perfluoroalkyl-chemicals-pfas
https://doi.org/10.1016/S1470-2045(23)00622-8
https://doi.org/10.3390/ijerph17165884
https://doi.org/10.1016/j.envint.2024.109117
https://doi.org/10.3389/fonc.2025.1593300
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Spyrakis et al. 10.3389/fonc.2025.1593300
8. Rosato I, Bonato T, Fletcher T, Batzella E, Canova C. Estimation of per- and
polyfluoroalkyl substances (PFAS) half-lives in human studies: a systematic review and
meta-analysis. Environ Res. (2024) 242:117743. doi: 10.1016/j.envres.2023.117743

9. Gomis MI, Vestergren R, MacLeod M, Mueller JF, Cousins IT. Historical human
exposure to perfluoroalkyl acids in the United States and Australia reconstructed from
biomonitoring data using population-based pharmacokinetic modelling. Environ Int.
(2017) 108:92–102. doi: 10.1016/j.envint.2017.08.002

10. Vieira VM, Hoffman K, Shin H-M, Weinberg JM, Webster TF, Fletcher T.
Perfluorooctanoic acid exposure and cancer outcomes in a contaminated community: a
geographic analysis. Environ Health Perspect. (2013) 121:318–23. doi: 10.1289/
ehp.1205829

11. Shearer JJ, Callahan CL, Calafat AM, Huang W-Y, Jones RR, Sabbisetti VS, et al.
Serum concentrations of per- and polyfluoroalkyl substances and risk of renal cell
carcinoma. J Natl Cancer Inst. (2021) 113:580–7. doi: 10.1093/jnci/djaa143

12. Steenland K, Hofmann JN, Silverman DT, Bartell SM. Risk assessment for PFOA
and kidney cancer based on a pooled analysis of two studies. Environ Int. (2022)
167:107425. doi: 10.1016/j.envint.2022.107425

13. Steenland K, Woskie S. Cohort mortality study of workers exposed to
perfluorooctanoic acid. Am J Epidemiol. (2012) 176:909–17. doi: 10.1093/aje/kws171

14. Barry V, Winquist A, Steenland K. Perfluorooctanoic acid (PFOA) exposures
and incident cancers among adults living near a chemical plant. Environ Health
Perspect. (2013) 121:1313–8. doi: 10.1289/ehp.1306615

15. Raleigh KK, Alexander BH, Olsen GW, Ramachandran G, Morey SZ, Church
TR, et al. Mortality and cancer incidence in ammonium perfluorooctanoate production
workers. Occup Environ Med. (2014) 71:500–6. doi: 10.1136/oemed-2014-102109

16. Rhee J, Chang VC, Cheng I, Calafat AM, Botelho JC, Shearer JJ, et al. Serum
concentrations of per- and polyfluoroalkyl substances and risk of renal cell carcinoma
in the Multiethnic Cohort Study. Environ Int. (2023) 180:108197. doi: 10.1016/
j.envint.2023.108197

17. Winquist A, Hodge JM, Ryan DW, Rodriguez JL, Troeschel AN, Daniel J, et al.
Case–cohort study of the association between PFAS and selected cancers among
participants in the american cancer society’s cancer prevention study II lifeLink
cohort. Environ Health Perspect. (2024) 131:127007. doi: 10.1289/EHP13174

18. Elcombe CR, Elcombe BM, Foster JR, Farrar DG, Jung R, Chang S-C, et al.
Hepatocellular hypertrophy and cell proliferation in Sprague-Dawley rats following
dietary exposure to ammonium perfluorooctanoate occurs through increased
activation of the xenosensor nuclear receptors PPARa and CAR/PXR. Arch Toxicol.
(2010) 84:787–98. doi: 10.1007/s00204-010-0572-2

19. Zhang Y, Li Y, Gao N, Gong Y, Shi W, Wang X. Transcriptome and metabolome
analyses reveal perfluorooctanoic acid-induced kidney injury by interfering with PPAR
signaling pathway. Int J Mol Sci. (2023) 24(14):11503. doi: 10.3390/ijms241411503

20. Moher D, Liberati A, Tetzlaff J, Altman DG, Group P. Preferred reporting items
for systematic reviews and meta-analyses: the PRISMA statement. BMJ. (2009) 339:
b2535. doi: 10.1136/bmj.b2535

21. Bartell SM, Vieira VM. Critical review on PFOA, kidney cancer, and testicular
cancer . J Air Waste Manag Assoc . (2021) 71:663–79. doi : 10 .1080/
10962247.2021.1909668

22. Seyyedsalehi MS, Boffetta P. Per- and poly-fluoroalkyl substances (PFAS)
exposure and risk of kidney, liver, and testicular cancers: A systematic review and
meta-analysis. Med Lav. (2023) 114:e2023040. doi: 10.23749/mdl.v114i5.15065
Frontiers in Oncology 08
23. Maranhao Neto GA, Polcrova AB, Pospisilova A, Blaha L, Klanova J, Bobak M,
et al. Associations between per- and polyfluoroalkyl substances (PFAS) and
cardiometabolic biomarkers in adults of Czechia: the kardiovize study. Int J Environ
Res Public Health. (2022) 19(21):13898. doi: 10.3390/ijerph192113898

24. Sonnenberg NK, Ojewole AE, Ojewole CO, Lucky OP, Kusi J. Trends in serum
per- and polyfluoroalkyl substance (PFAS) concentrations in teenagers and adults
1999–2018 NHANES. Int J Environ Res Public Health. (2023) 20(21):6984.
doi: 10.3390/ijerph20216984

25. Rusyn I, Wright FA. Ten years of using key characteristics of human carcinogens
to organize and evaluate mechanistic evidence in IARC Monographs on the
identification of carcinogenic hazards to humans: Patterns and associations. Toxicol
Sci. (2024) 198:141–54. doi: 10.1093/toxsci/kfad134

26. Butenhoff JL, Kennedy GLJ, Chang S-C, Olsen GW. Chronic dietary toxicity and
carcinogenicity study with ammonium perfluorooctanoate in Sprague-Dawley rats.
Toxicology. (2012) 298:1–13. doi: 10.1016/j.tox.2012.04.001

27. NTP. Toxicology and carcinogenesis studies of perfluorooctanoic acid
administered in feed to Sprague Dawley (Hsd: Sprague Dawley SD) rats (revised).
Natl Toxicol Program Tech Rep Ser. (2020) 598:NTP-TR-598. doi: 10.22427/NTP-TR-
598

28. Olsen GW, Burris JM, Ehresman DJ, Froehlich JW, Seacat AM, Butenhoff JL,
e t a l . Ha l f - l i f e o f serum el iminat ion of perfluorooctanesu l fona te ,
perfluorohexanesulfonate, and perfluorooctanoate in retired fluorochemical
production workers. Environ Health Perspect. (2007) 115:1298–305. doi: 10.1289/
ehp.10009

29. Worley RR, Moore SM, Tierney BC, Ye X, Calafat AM, Campbell S, et al. Per-
and polyfluoroalkyl substances in human serum and urine samples from a residentially
exposed community. Environ Int. (2017) 106:135–43. doi: 10.1016/j.envint.2017.06.007

30. Dzierlenga AL, Robinson VG, Waidyanatha S, DeVito MJ, Eifrid MA, Gibbs ST,
et al. Toxicokinetics of perfluorohexanoic acid (PFHxA), perfluorooctanoic acid
(PFOA) and perfluorodecanoic acid (PFDA) in male and female Hsd: Sprague
dawley SD rats following intravenous or gavage administration. Xenobiotica. (2020)
50:722–32. doi: 10.1080/00498254.2019.1683776

31. Moon J. Perfluoroalkyl substances (PFASs) exposure and kidney damage: Causal
interpretation using the US 2003–2018 National Health and Nutrition Examination
Survey (NHANES) datasets. Environ pollut. (2021) 288:117707. doi: 10.1016/
j.envpol.2021.117707

32. Su H-Y, Yang C, Liang D, Liu H-F. Research advances in the mechanisms of
hyperuricemia-induced renal injury. BioMed Res Int. (2020) 2020:5817348.
doi: 10.1155/2020/5817348

33. Niu Z, Duan Z, He W, Chen T, Tang H, Du S, et al. Kidney function decline
mediates the adverse effects of per- and poly-fluoroalkyl substances (PFAS) on uric acid
levels and hyperuricemia risk. J Hazard Mater. (2024) 471:134312. doi: 10.1016/
j.jhazmat.2024.134312

34. Zheng X, Pan Y, Qu Y, Ji S, Wang J, Li Z, et al. Associations of serum per- and
polyfluoroalkyl substances with hyperuricemia in adults: A nationwide cross-sectional
study. Environ Sci Technol. (2024) 58(29):12875–87. doi: 10.1021/acs.est.3c11095

35. Dhingra R, Lally C, Darrow LA, Klein M, Winquist A, Steenland K.
Perfluorooctanoic acid and chronic kidney disease: Longitudinal analysis of a Mid-
Ohio Valley community. Environ Res . (2016) 145:85–92. doi: 10.1016/
j.envres.2015.11.018
frontiersin.org

https://doi.org/10.1016/j.envres.2023.117743
https://doi.org/10.1016/j.envint.2017.08.002
https://doi.org/10.1289/ehp.1205829
https://doi.org/10.1289/ehp.1205829
https://doi.org/10.1093/jnci/djaa143
https://doi.org/10.1016/j.envint.2022.107425
https://doi.org/10.1093/aje/kws171
https://doi.org/10.1289/ehp.1306615
https://doi.org/10.1136/oemed-2014-102109
https://doi.org/10.1016/j.envint.2023.108197
https://doi.org/10.1016/j.envint.2023.108197
https://doi.org/10.1289/EHP13174
https://doi.org/10.1007/s00204-010-0572-2
https://doi.org/10.3390/ijms241411503
https://doi.org/10.1136/bmj.b2535
https://doi.org/10.1080/10962247.2021.1909668
https://doi.org/10.1080/10962247.2021.1909668
https://doi.org/10.23749/mdl.v114i5.15065
https://doi.org/10.3390/ijerph192113898
https://doi.org/10.3390/ijerph20216984
https://doi.org/10.1093/toxsci/kfad134
https://doi.org/10.1016/j.tox.2012.04.001
https://doi.org/10.22427/NTP-TR-598
https://doi.org/10.22427/NTP-TR-598
https://doi.org/10.1289/ehp.10009
https://doi.org/10.1289/ehp.10009
https://doi.org/10.1016/j.envint.2017.06.007
https://doi.org/10.1080/00498254.2019.1683776
https://doi.org/10.1016/j.envpol.2021.117707
https://doi.org/10.1016/j.envpol.2021.117707
https://doi.org/10.1155/2020/5817348
https://doi.org/10.1016/j.jhazmat.2024.134312
https://doi.org/10.1016/j.jhazmat.2024.134312
https://doi.org/10.1021/acs.est.3c11095
https://doi.org/10.1016/j.envres.2015.11.018
https://doi.org/10.1016/j.envres.2015.11.018
https://doi.org/10.3389/fonc.2025.1593300
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	PFOA biomonitoring and kidney cancer risk: a meta-analysis of serum levels
	Introduction
	Methods
	Results
	Discussion
	Conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


