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Abstract

Aims—Perfluoroalkyl Substances (PFAS) are synthetic hydrocarbons shown to preserve 

pancreatic islet cell viability and reduce islet cell hypoxia and apoptosis. We investigated the 

relationship of serum PFAS with diabetes, and whether this varied by diabetes type.

Methods—6,460 individuals with and 60,439 without diabetes from the C8 Health Project, were 

categorized into three groups: Type 1 (n=820), Type 2 (n=4,291), or Uncategorized diabetes 

(n=1,349, missing data on diabetes type or diabetes based on blood sugar at study entry). Four 

PFAS were investigated: perfluorohexane sulfonate (PFHxS), perfluoroctanoic acid (PFOA), 

perfluoroctane sulfonate (PFOS), and perfluorononaoic acid (PFNA).

Results—PFAS levels were significantly lower in those with diabetes, and lowest in those with 

Type 1 diabetes. In age and sex adjusted analyses, ORs (CI) for Type 1, Type 2, and Uncategorized 

diabetes compared to no diabetes were 0.59 (0.54–0.64), 0.74 (0.71–0.77), 0.84 (0.78–0.90) 

respectively for PFHxS; 0.69 (0.65–0.74), 0.87 (0.89–0.91), 0.92 (0.88–0.97) respectively for 

PFOA; 0.65 (0.61–0.70), 0.86 (0.82–0.90), 0.93 (0.86–1.03) respectively for PFOS; and 0.65 

(0.57–0.74), 0.94 (0.88–1.00), 0.95 (0.85–1.06), respectively for PFNA. Further adjustment for 

eGFR and other covariates did not eliminate these inverse associations.

Conclusions—PFAS levels were negatively associated with diabetes. This inverse relationship 

was strongest for Type 1 diabetes, suggesting the relationship with serum PFAS may vary with the 

severity of islet cell deficiency.
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1. Introduction

Perfluoroalkyl substances (PFAS), also called perfluorocarbons, are synthetic “hydrocarbon” 

compounds in which the hydrogen atoms have been partially or completely replaced by 

fluorine. Possessing both hydrophobic and oleophobic characteristics, they are industrial 

compounds used in the manufacture of Teflon™ cooking products and water-proof 

surfactants.[1] Because their strong carbon-fluorine bonds resist environmental degradation, 

PFAS are persistent environmental contaminants that have been found in the serum of the 

majority of the human populations studied.[1, 2] These environmental pollutants have been 

linked to adverse health outcomes,[1, 3] including birth defects and certain cancers.[4, 5]

The fluorine substitution of hydrogen makes PFAS highly efficient oxygen carriers. They 

have a higher oxygen carrying capacity than hemoglobin, with an oxygen solubility reported 

to be 25 times greater than either blood or water.[6, 7] As such, they have been experimented 

with as blood substitutes,[8, 9] in the development of synthetic blood, and in the 

preservation of organs harvested for transplants.[6] The high oxygen transport capacity of 

PFAS has been shown to reduce the hypoxia-induced damage associated with organ 

preservation, such as for the kidney and pancreas.[6, 10–12] In particular, PFAS have been 

shown to preserve pancreatic islet viability, functionality, and extracellular matrix in murine 

models.[13] They have also been shown to increase insulin mRNA expression[13] and to 

reduce pancreatic islet cell hypoxia and apoptosis.[14]

Although these environmental pollutants have been associated with certain adverse health 

effects, their relationship with other chronic diseases and conditions has been mixed. A 

weak relationship has been reported with kidney disease, and weak to no [15] and 

protective[16] relationships reported for Type 2 diabetes.[15] In the National Health and 

Nutrition Examination Survey, PFAS were associated with both increased beta cell function 

and insulin resistance.[17] The relationship of PFAS with Type 1 diabetes has not been 

investigated. Type 1 diabetes is a disease of islet cell destruction, characterized 

pathologically as the nearly complete deficiency of islet cells. As PFAS have been shown to 

reduce islet cell apoptosis in murine models, using the C8 Health Project population we 

investigated the association of PFAS with diabetes in a population with exposure to PFAS 

contaminated drinking water, and whether this relationship varied by diabetes type.

2. Materials and Methods

The C8 Health Project is a community-based study designed to investigate the effects of 

exposure to perfluorooctanoic acid (PFOA) contaminated drinking water.[18] The C8 Health 

Project was created as part of a settlement agreement from the case of Jack W. Leach, et al. 
v. E.I. du Pont de Nemours & Company after it was found that perfluorooctanoic acid had 

contaminated the drinking water of six water districts in the mid-Ohio Valley between 1950 

and 2004. A post-hoc agreement between the settling parties of the class action lawsuit 

created a population-wide health survey of the individuals affected by the PFOA 

contamination. From August 2005 to August 2006, baseline data were gathered on 69,030 

individuals working or living in six PFOA-contaminated water districts in West Virginia and 

Ohio, including those exposed to contaminated private-well drinking water. Estimated 
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participation rate in the C8 Health Project among adult residents of the affected water 

districts was 81%.[19] Data from the C8 Health Project (n=69,030) was obtained for use in 

the current study.

The enrollment and data collection methods for the C8 Health Project have been described 

in detail previously.[18] The health survey collected a wide range of serum and 

anthropometric measures in order to assess the potential link between PFOA and human 

disease. Brookmar Inc., Parkersburg, West Virginia administered the consent process and 

data collection. Parents or guardians of those under 18 who were dependents were required 

to complete the survey for minors. We obtained institutional review board approval at West 

Virginia University for access to the C8 Health Project de-identified data for the following 

study.

The presence of diabetes was determined by 1) self- or parent/guardian report of a physician 

diagnosis of diabetes or 2) having a non-fasting blood-sugar of ≥200 mg/dL or fasting blood 

glucose of ≥127 mg/dL at study entry. Of the 69,030 study participants, 5,387 reported a 

physician diagnosis of diabetes and an additional 1,105 were classified as having diabetes 

based on blood glucose level at study entry. Of the 6,492 with diabetes and 62,538 without 

diabetes, 32 and 2,099, respectively, had missing data on the four major perfluoroalkyl 

substances of interest, providing for a final study population of 6,460 with and 60,439 

individuals without diabetes. Study participants with diabetes were categorized into three 

groups: self-reported Type 1 diabetes (n=820), self-reported Type 2 diabetes (n=4,291), or 

Uncategorized diabetes (n=1,349). The Uncategorized diabetes group was made up of 

individuals reporting diabetes type as not known and those with missing data on diabetes 

type (19.1%), or those who were classified as having diabetes based on blood sugar at study 

entry (81.9%).

Perfluoroalkyl substances, including PFOA, were analyzed at a single commercial 

laboratory after serum was separated from participant blood samples and shipped on dry ice 

to the laboratory. The protein precipitation extraction method with reverse phase high-

performance liquid chromatography/tandem mass spectrometry was utilized for PFAS 

assays. A triple quadropole mass spectrometer in pre-selected reaction monitoring mode, 

monitoring for the M/Z transitions of PFAS species with an internal 13C PFAS standard 

corresponding to the target compound was utilized for detection of each PFAS. The results 

from the assay were transferred to the Windows-based information system of the C8 Health 

Project. Of the 12 PFASs tested, 4 were detectable in the serum of over 90% of project 

participants. As such, these four compounds, PFHxSs (perfluorohexane sulfonate), PFOA 

(perfluoroctanoic acid), PFOS (perfluorooctane sulfonate), and PFNA (perfluorononaoic 

acid) were the focus of the current study.

There were 13,018 children and adolescents under the age of 20 years. Estimated glomerular 

filtration rate was calculated based on CKD-EPI formula [20] in adults and children age 13 

years and older. In children aged less than 13 years, the Schwartz formula[21] was used. In 

analysis conducted for the population as a whole and in those persons aged 20 years and 

older (n=54,102), BMI was calculated as weight in kilograms divided by the height in 

meters squared (kg/m2). When analyses was restricted to 13,018 children and adolescents 
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under the age of 20, a program obtained from the CDC website for growth chart training was 

used to calculate age- and sex- standardized BMI percentiles, based on the CDC year 2000 

standard pediatric population.[22]

General linear models were used to test for differences in continuous variables in the four 

diabetes groups and the chi square test was used to test for differences in categorical data. 

Multinomial logistic regression was used to test the independent relationships of the four 

PFAS with each of the three diabetes groups compared with no diabetes as the reference 

group. Multinomial logistic regression is a way to simultaneously assess the relationship of 

an independent variable with an outcome that has several mutually exclusive categories of 

response. The base multivariable models included terms for diabetes group, age, sex, and 

race. The fully adjusted multivariable models additionally included BMI, and eGFR. 

Because of the hypothesized effect of the high oxygen carrying capacity of PFAS on beta 

cell generation and preservation, serum hemoglobin and serum iron were also controlled for. 

The criterion for statistical significance was a two-tailed P-value of < 0.05. Statistical 

analysis was conducted using SAS version 9.3 (Cary, North Carolina). The deviance scores 

good-ness-of-fit statistics were less than one for all models, indicating that our models fit the 

data adequately.

3. Results

Characteristics of the study participants by diabetes group are presented in Table 1. For the 

population as a whole, those with self-reported Type 1 or diabetes or Uncategorized diabetes 

were more likely to be male. Mean BMI was significantly higher in each of the diabetes 

groups compared to those without diabetes, with those with Type 2 diabetes having the 

highest BMI. eGFR was significantly lower in each of the diabetes groups compared to those 

without diabetes.

Characteristics of adults aged twenty years and older (Appendix Table 1a) were similar to 

those of the population as whole, with the exception that individuals with Uncategorized 

diabetes were more likely to be male than those without diabetes and had a more similar 

distribution of non-White participants. Mean eGFR levels were lower in those with Type 1 

or Type 2 diabetes and slightly lower in those in the Uncategorized diabetes group compared 

to those without diabetes.

In children and adolescents under the age of 20 years (Appendix Table 1b), those with 

diabetes tended to be older with mean age approximately 1 year older for those with Type 1 

and Uncategorized diabetes, and approximately 2.5 years older for those with Type 2 

diabetes compared to those without diabetes. Those with Type 1 or Uncategorized diabetes 

were more likely to be male, while those with Type 2 diabetes were more like to be female 

than those without diabetes. Children and adolescents with Type 1 diabetes had a mean BMI 

nearly identical to their non-diabetic peers, while those with Type 2 diabetes had a mean 

BMI approximately 10 kg/m2 higher than their non-diabetic peers. Mean BMI in those in 

the Uncategorized diabetes group was slightly higher compared to those without diabetes, 

but still within the normal weight range. Both fasting and non-fasting glucose were highest 

in children and adolescents with Type 1 diabetes, with those in the Uncategorized diabetes 
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group having mean glucose levels intermediate that of those with Type 1 and Type 2 

diabetes. Appendix Figures 1 and 2 show the age and sex adjusted mean PFAS levels by 

diabetes group in adults and children, respectively.

Figure 1 shows the age and sex-adjusted relationship of the PFASs with each of the three 

diabetes groups compared to those without diabetes. For each of the four PFAS investigated, 

higher serum levels were associated with a lower likelihood of diabetes, with the strongest 

association observed for Type 1 diabetes. While in general the association with Type 2 

diabetes was similar to, although with a slightly more suggestive protective association than 

that of Uncategorized diabetes, there was a clear distinction in apparent risk associated with 

Type 1 diabetes. The exception was for PFHxS, where the association with Type 2 diabetes 

was intermediate that of Type 1 and Uncategorized diabetes, with no overlapping confidence 

intervals.

Table 2 shows the multivariable association of the two most commonly investigated PFASs, 

PFOA and PFOS, respectively, with the three diabetes types compared to no diabetes. 

Multivariable adjustment for race, BMI, eGFR, hemoglobin, and iron, in addition to age and 

sex, attenuated, but did not eliminate this association between PFOA and PFOS with Type 1 

diabetes and Type 2 diabetes. The inverse association of PFOS with Uncategorized diabetes 

was reduced to marginal significance, with an upper confidence interval reaching 1. Similar 

results were observed for PFHxS and PFNA (data not depicted).

When stratified by age 20, higher PFOA levels remained significantly associated with a 

lower risk of Type 1 diabetes in both children and adults. However for Type 2 and 

Uncategorized diabetes, the relationship with PFOA differed between children and adults. In 

those under the age of 20 years, PFOA demonstrated a non-significantly positive association 

with Type 2 and Uncategorized diabetes. In adults aged 20 years and older, this relationship 

was inverse. The association of PFOA with Type 1, Type 2, and Uncategorized diabetes 

stratified by age 20 is presented in Table 3.

Similar relationships were observed for PFOS, although the inverse association of PFOS 

with Type 1 diabetes appeared to be substantially stronger in children and adolescents than 

in adults. In children and adolescents, a one unit increase in the natural log of serum PFOS 

levels was associated with nearly half the likelihood of Type 1 diabetes (OR=0.52, 95% 

CI=0.37–0.73), while the same unit increase was associated with an approximately 25% 

lower likelihood in adults (OR=0.77, 95% CI=0.71–0.84, p-value for multiplicative 

interaction =0.09), data not depicted.

4. Discussion

Perfluoroalkyl substances are hydrogen carbon chains in which the hydrogen atoms have 

been replaced by fluorine. This results in a complex with a high ability to bind and transfer 

molecular oxygen, exceeding even that of hemoglobin. It has been hypothesized that oxygen 

induces the differentiation of endocrine cells,[23–25] and within endocrine cells beta cells 

and alpha cells,[24] in both adult and embryonic pancreata.[23, 25] Hyperoxia has been 

shown to upregulate this process,[25] while hypoxia has been shown to induce islet cell 
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apoptosis. Our data resulting from a natural experiment in which humans were chronically 

exposed to PFOA contaminated drinking water suggests the hypothesis that enhanced 

oxygenation from PFAS may be protective against Type 1 diabetes, a condition manifest by 

beta cell deficiency.

PFAS, made up of the strongest single bonds found in organic chemistry,[2] are persistent 

environmental contaminants that are orally absorbed, but not metabolized, and stored in the 

kidney, liver, and blood serum, with half-lives of approximately four to eight years in 

humans depending on the PFAS.[1] We have shown that PFAS, specifically the long chain 

length perfluoroalkyl substances PFHxS, PFOA, PFOS, and PFNA are associated with a 

reduced odds of having diabetes, with the strongest association observed in both children 

and adults with Type 1 diabetes. These associations were independent of age, sex, and 

importantly, eGFR (a marker of clearance through the kidney) and hemoglobin and iron 

levels (markers of hypoxia). Adults with Type 1 diabetes had the lowest kidney function, 

hemoglobin and iron levels of all four diabetes groups while children and adolescents with 

Type 1 diabetes had the highest. Our results in adults, where the greatest inverse association 

was observed for Type 1 diabetes, followed by Type 2 diabetes, and the least association 

observed for those with Uncategorized diabetes suggests a gradient of beta cell presence, 

function, and/or viability with the degree of PFAS exposure. Our results showed a clear 

separation in the apparent risk associated with Type 1 diabetes compared to that associated 

with the other two diabetes risk groups. While there was overlap in the association of the 

PFAS with Type 2 and Uncategorized diabetes, the strong inverse association observed for 

Type 1 diabetes showed no overlap in apparent risk with the other diabetes groups. The null 

and non-significantly positive relationship of PFAS with Type 2 and Uncategorized diabetes, 

respectively, may be due to the greater heterogeneity in insulin resistance and beta cell 

deficiency in these populations. Early stages of Type 2 diabetes are characterized by insulin 

resistance, which is positively associated with PFAS,[17] and higher than normal insulin 

levels.

Few population studies have investigated the relationship of PFAS with diabetes, and the few 

that have generally have found a null to inverse relationship. Melzer et al found no 

significant relationship between PFOA or PFOS with self-reported diabetes in the NHANES 

population, though generally higher quartiles had a non-significantly lower risk compared to 

the first quartile of PFAS levels.[26] In a population of elderly adults, PFAS demonstrated 

no cross-sectional relationship with diabetes, with the exception of PFNA, which exhibited a 

curvilinear positive relationship.[27] In the C8 Health cohort, a previous cross-sectional 

study in adults has shown an apparent inverse relationship between the higher deciles 

compared to the first decile of PFOA and Type 2 diabetes,[28] consistent with the 

relationship observed in the current analyses of the same cohort. A prospective follow-up of 

this population found no association between PFOA and the incidence of Type 2 diabetes in 

adults;[15] however, the population for that follow-up study comprised only 56% of the 

original adult cohort. Our multivariable adjusted results are consistent with the weak to null 

relationship with Type 2 diabetes generally observed by others. However, to our knowledge, 

we are the first to investigate the relationship of PFAS with Type 1 diabetes in adults, or with 

diabetes of any type in children.
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The strong inverse relationship we observed between PFAS and Type 1 diabetes is consistent 

with the inhibition of immune activation, reduction of insulitis, and reduced risk of Type 1 

diabetes after hyperbaric oxygen therapy in the NOD mouse model of diabetes.[29] It is also 

consistent with the hypothesized effect of oxygen on pancreatic endocrine tissue 

differentiation.[23–25] In vitro studies have also shown that hyperoxia induces preferential 

differentiation of endocrine cells as opposed to exocrine cells, and increased differentiation 

of beta cells compared to alpha cell.[24] In vitro studies have also shown that pancreatic 

progenitor cells bathed in oxygen diffusion membranes incorporating perfluorocarbons 

enhance pancreas endocrine cell differentiation compared with such membranes not 

incorporating perfluorocarbons.[24] Our results showing a cross-sectionally inverse 

association of PFAS with Type 1 diabetes are also consistent with these in vitro studies of 

perfluorocarbons on enhanced endocrine cell, and specifically, beta cell differentiation.

Controlled experimental studies have shown beneficial effects of perfluorocarbons on 

extracted pancreatic tissue, perhaps due to enhanced oxygenation. In rat psuedoislets 

cultured with perfluoroctyl bromide, insulin levels and insulin stimulation index were 

preserved three days after stimulation with buffer containing glucose.[14] While insulin 

levels and insulin stimulation index were similar in controls and in cells cultured with 

perfluoroctyl bromide on day 1, levels on day 3 in control cells were reduced compared to 

day 1, but remained similar to day 1 in treated cells. Markers of hypoxia, hypoxia inducible 

factor-alpha and VEGF mRNA levels significantly increased after three days in the control 

cells but remained similar throughout the experiment in cells cultured with perfluroctyl 

bromide.[14] Ramachandran et al showed that in human donor pancreata, islet cells from 

pancreas preserved in perfluorocarbon solution demonstrated decreased expression of the 

proapoptotic genes bad, bax, caspases, TRAF5, and TNF-β/LTB compared to control cells 

after prolonged cold storage.[30] In contrast, there was an increased expression of the anti-

apoptotic genes IAP2 and survivin in these islets isolated from pancreata stored in 

perfluorocarbon solution.[30] Improved islet yield has been observed from human pancreata 

preserved in perfluorocarbon solution.[31–33] Data from these studies indicate that 

preservation of the pancreas in perfluorocarbons reduces hypoxia and inhibits apoptosis of 

pancreatic islet cells, consistent with the lower likelihood of Type 1 diabetes in individuals 

with increased serum levels of PFAS observed in our study.

Experimental studies in murine models have shown the strongest antidiabetic relationship 

for the median chain length perfluorocarbons.[34, 35] In ob/ob mice, the perfluorocarbons 

C7 and C8 perfluoroacyl chains C8 (PFOA) and C9PFNA), respectively, demonstrated the 

greatest glucose lowering and insulin lowering after the 75 gram oral glucose tolerance test. 

With the exception of C6 (PFHxS), which was not investigated, longer and shorter length 

chain perfluorocarbons did not eliminate hyperglycemia in this mouse model.[34] Kees et at 

found the strongest glucose lowering effect for PFOA in the ob/ob mouse, but there was also 

the possible suggestion of liver toxicity associated with this perfluorocarbon.[35] In the 

db/db mouse model of Type 2 diabetes, perfluorocarbon treatment attenuated polydipsia; 

treatment with PFOA and PFNA completely eliminated it in this mouse model, providing 

further evidence of the greater anti-diabetic effect of perfluorocarbons of these chain lengths.

[34]
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As reported by others,[17] we found higher concentrations of PFAS in children and 

adolescents than in our adult population. This is thought to be due to the greater water 

consumption per kg body weight in children compared to adults, resulting in greater mean 

serum levels of PFAS. In addition to the higher levels of PFAS in children than in adults in 

our population, mean levels of PFOA in children without diabetes in the C8 Health Project 

population were approximately 10 times higher than those of children in the US general 

population.[36] Levels of PFOA in our population with Type 1 diabetes were still six to 

seven times higher than general population norms.[36] Levels in our children with non-Type 

1 diabetes were approximately 15 times higher than general population norms[36] and it is 

possible that there may have been some hepatoxicity leading to impaired glucose 

homeostasis, particularly in those in the Uncategorized diabetes group made up largely of 

those classified as having diabetes based on blood glucose at study entry.

The strengths of the study include the population-based design, the large sample size, and 

the high study participation rates (>80% of affected population for this study) in an 

Appalachian region.[16] Additional strengths include our ability to evaluate persistent 

biomarkers of PFAS exposure obtained concurrently with survey information regarding 

diagnosis of diabetes and other conditions, and the measurement of a wide array of 

biomarkers, including serum hemoglobin, iron, and creatinine. Finally, our study included a 

large number of children and adolescents under the age of 20 years, which allowed for 

stratified analyses of the adult and pediatric populations.

Our study has a number of limitations as well. Most important, the cross-sectional nature of 

the data preclude determination of temporal and causal relationships. Thus, reverse causality 

remains a possibility. PFAS are excreted via the kidney and thus an increased filtration rate 

will result in lower serum concentrations of PFAS. Contrary to expectations of an increased 

prevalence of hyperfiltration in Type 1 diabetes, but consistent with our recent data on the 

association of PFAS with eGFR in this population,[37] the prevalence of hyperfiltration was 

highest in those without diabetes, i.e. twice that of those with Type 1 diabetes, the group 

with the next highest prevalence of hyperfiltration. However, adjustment for stage of eGFR 

did not alter the inverse association of PFAS with diabetes, suggesting that diabetes-

associated abnormalities in renal clearance did not explain the observed relationships. The 

relationship of the PFAS with the diabetes groups in children, where reverse causality due to 

decreased renal clearance resulting from kidney damage is even less likely to be operant, 

further suggests a gradient in the relationship between PFAS exposure and beta cell 

presence, function, and/or viability, as evidenced by the clear linear trend of serum PFAS 

concentration across the diabetes groups, particularly for PFHxS and PFOS (Appendix 

Figure 2). In addition, experimental studies in animal models and in human prancreata have 

shown PFAS to improve beta cell function, possibly through enhanced oxygenation, 

suggesting an anti-diabetic effect of PFAS is plausible. For the primary analyses, 

ascertainment of diabetes was based on participant-reported physician diagnosis, which may 

have introduced misclassification bias. However, agreement between self-report and medical 

record-verified data for diabetes in this study population was good (over 80%)[16]. This is 

further supported by the divergent relationship of hemoglobin concentration with diabetes 

type, where very poor blood glucose control in those with undiagnosed diabetes likely leads 

to hemoconcentration and thus the positive association between hemoglobin concentration 
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and odds of having undiagnosed diabetes. Data on HbA1c was not available in this 

population and thus we could not assess whether differences in glycemic control among the 

subgroups with diabetes partially accounted for the differential relationship of PFAS with 

diabetes between the groups. Finally, participants were drawn from an Appalachian 

population exposed to PFOA drinking water contamination; generalizability to other 

populations may thus be limited. However, our findings are broadly consistent with those of 

other large, population-based studies. Furthermore, while mean levels of PFOA were 

approximately five-fold higher than that observed in the general population, mean serum 

levels of PFOS were similar to that observed in the general population yet the same strong 

inverse association with Type 1 diabetes was observed.

In conclusion, we found that higher serum concentrations of PFAS were associated with a 

lower frequency of diabetes, particularly Type 1 diabetes. This lower frequency of Type 1 

diabetes was observed in both children and adults. Although our cross-sectional data limit 

the evaluation of causal relationships, the consistency of our findings with experimental 

studies is consistent with a biologically plausible causal relationship of our findings. Any 

true protective relationship of PFAS with diabetes, particularly Type 1 diabetes, may reflect 

enhanced oxygenation of pancreatic tissue due to higher serum PFAS concentrations 

circulating through pancreatic blood vessels. Further study is indicated due to the adverse 

associations of PFAS with some health outcomes and the lack of longitudinal data on the 

relationship of PFAS with Type 1 diabetes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Age and sex-adjusted association of perfluoroalkyl substances with diabetes, stratified by 

diabetes group. Panel a. ORs (95% CIs) for PFHxS with Type 1 diabetes, Type 2 diabetes, 

and Uncategorized diabetes, respectively: 0.59 (0.54–0.64), 0.74 (0.71–0.77), 0.84 (0.78–

0.90). Panel b. ORs (95% CIs) for PFOA with Type 1 diabetes, Type 2 diabetes, and 

Uncategorized diabetes, respectively: 0.69 (0.65–0.74), 0.87 (0.89–0.91), 0.92 (0.88–0.97). 

Panel c. ORs (95% CIs) for PFOS with Type 1 diabetes, Type 2 diabetes, and Uncategorized 

diabetes, respectively: 0.65 (0.61–0.70), 0.86 (0.82–0.90), 0.93 (0.86–1.03). Panel d. ORs 

(95% CIs) for PFNA with Type 1 diabetes, Type 2 diabetes, and Uncategorized diabetes, 

respectively: 0.65 (0.57–0.74), 0.94 (0.88–1.00), 0.95 (0.85–1.06).
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Table 1

Characteristics by Diabetes Status

Type 1
diabetes
n=820

Type 2
diabetes
n=4,291

Uncategorized*
n=1,349

No diabetes
n=60,439

Age, years 52.4 ± 17.4 58.4 ±13.4 51.5 ±15.3 38.2 ± 19.0

Sex, female 49.0 (402) 50.1 (2,151) 41.0 (553) 52.2 (31,560)

Diabetes duration, years 14.6 ±11.3 7.5 ±8.7 2.3 ±10.2 ------------------

PFHxS, ng/mL 3.4 ±3.8 3.8 ±4.6 4.2 ±4.9 5.2 ±10.4

PFOA, ng/mL 68.4 ±176.3 92.8 ±400.7 86.5 ±177.2 82.3 ±227.2

PFOS, ng/mL 21.8 ±17.1 25.2 ±17.0 25.1 ±16.7 23.1 ±15.4

PFNA, ng/mL 1.4 (0.94) 1.5 (0.82) 1.5 (0.77) 1.6 (0.88)

BMI, kg/m2 31.9 ±8.8 33.2 ±7.4 32.0 ±7.1 26.9 ±6.4

eGFR, mL/min/1.73m2** 78.3 ±28.9 77.6 ±21.8 85.6 ±20.8 95.5 ±24.5

  <60 mL/min/1.73m2 28.5 (225) 21.7 (903) 10.1 (134) 5.7 (3,286)

  60–89 mL/min/1.73m2 34.9 (275) 47.0 (1,959) 47.7 (631) 37.9 (22,059)

  90–119 mL/min/1.73m2 29.8 (235) 29.9 (1,245) 38.1 (503) 40.2 (23,374)

  ≥120 mL/min/1.73m2 6.8 (54) 1.4 (58) 4.1 (54) 16.3 (9,470)

Hemoglobin, g/dL 14.0 ±1.6 14.1 ±1.5 14.9 ±1.5 14.4 ±1.4

Iron, µ/dL 77.3 ±33.8 78.8 ±29.4 85.0 ±32.2 87.2 ±35.0

Data are presented as mean ± SD or % (n).

*
Diabetes type not reported, reported as not known, or based on blood glucose at study entry (n=1,105)

**
CKD-EPI formula in those age ≥13 years; Schwartz formula in those aged less than 13 years
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Table 2

Multivariable Adjusted Association of PFOA with Diabetes, by Diabetes Type

Type 1 diabetes Type 2 diabetes Uncategorized*

OR (95% CI) OR (95% CI) OR (95% CI)

PFOA

PFOA, ng/mL** 0.76 (0.71–0.80) 0.94 (0.92–0.97) 0.94 (0.90–0.99)

Age, years 1.03 (1.03–1.04) 1.07 (1.07–1.08) 1.05 (1.04–1.05)

Sex, female 0.48 (0.41–0.57) 0.60 (0.56–0.65) 0.80 (0.70–0.92)

BMI, kg/m2 1.10 (1.08–1.11) 1.13 (1.13–1.14) 1.10 (1.09–1.11)

eGFR, mL/min/1.73m2**

  90–119 Ref Ref Ref

  ≥120 1.21 (0.77–1.89) 0.76 (0.55–1.07) 1.39 (0.97–1.99)

  60–89 0.85 (0.70–1.03) 0.69 (0.63–0.75) 0.72 (0.63–0.82)

  <60 2.40 (1.86–3.10) 0.75 (0.66–0.85) 0.63 (0.50–0.79)

Hemoglobin, g/dL 0.77 (0.73–0.82) 0.84 (0.81–0.87) 1.27 (1.20–1.34)

Iron, µ/dL** 0.82 (0.68–1.00) 0.93 (0.84–1.02) 0.82 (0.70–0.97)

PFOS

OR (95% CI) OR (95% CI) OR (95% CI)

PFOS, ng/mL** 0.73 (0.67–0.79) 0.92 (0.88–0.96) 0.95 (0.88–1.03)

Age, years 1.03 (1.03–1.04) 1.07 (1.07–1.08) 1.05 (1.04–1.05)

Sex, female 0.49 (0.41–0.57) 0.60 (0.56–0.65) 0.81 (0.70–0.93)

BMI, kg/m2 1.10 (1.09–1.11) 1.13 (1.13–1.14) 1.10 (1.09–1.11)

eGFR, mL/min/1.73m2**

  90–119 Ref Ref Ref

  ≥120 1.30 (0.94–1.81) 0.69 (0.52–0.92) 1.08 (0.79–147)

  60–89 0.84 (0.70–1.03) 0.69 (0.63–0.75) 0.72 (0.63–0.82)

  <60 2.47 (1.92–3.17) 0.75 (0.66–0.85) 0.63 (0.50–0.79)

Hemoglobin g/dL 0.79 (0.74–0.84) 0.84 (0.82–0.87) 1.26 (1.19–1.33)

Iron, µ/dL** 0.85 (0.70–1.03) 0.92 (0.84–1.02) 0.80 (0.68–0.94)

*
Diabetes type not reported, reported as not known, or based on blood glucose at study entry

**
Natural logarithmically transformed before analysis
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Table 3

Multivariable Adjusted Association of PFOA with Diabetes, by Age and Diabetes Type

Type 1 diabetes Type 2 diabetes Uncategorized*

OR (95% CI) OR (95% CI) OR (95% CI)

Adults age ≥ 20 years

PFOA, ng/mL** 0.74 (0.70–0.79) 0.91 (0.89–0.94) 0.92 (0.88–0.96)

Age, years 1.03 (1.02–1.03) 1.06 (1.06–1.06) 1.05 (1.04–1.05)

Sex, female 0.50 (0.43–0.60) 0.66 (0.61–0.71) 0.90 (0.78–1.03)

eGFR, mL/min/1.73m2**

  90–119 Ref Ref Ref

  ≥120 1.15 (0.73–1.79) 0.70 (0.51–0.97) 1.36 (0.95–1.94)

  60–89 0.87 (0.72–1.06) 0.70 (0.64–0.76) 0.71 (0.62–0.81)

  <60 2.54 (1.97–3.29) 0.79 (0.70–0.90) 0.61 (0.48–0.77)

Hemoglobin, g/dL 0.80 (0.76–0.85) 0.87 (0.84–0.89) 1.31 (1.25–1.38)

Iron, µ/dL** 0.64 (0.53–0.77) 0.69 (0.63–0.75) 0.63 (0.54–0.74)

Children and adolescents age <20 years

PFOA, ng/mL** 0.72 (0.54–0.97) 1.13 (0.82–1.56) 1.18 (0.90–1.55)

Age, years 1.00 (0.91–1.10) 1.27 (1.11–1.46) 1.05 (0.95–1.16)

Sex, female 1.01 (0.50–2.04) 4.43 (1.53–12.81) 0.33 (0.14–0.74)

eGFR, mL/min/1.73m2** 4.65 (0.60–35.7) 5.15 (0.35–77.8) 0.28 (0.05–1.62)

Hemoglobin, g/dL 1.54 (1.13–2.10) 1.15 (0.79–1.69) 0.89 (0.65–1.23)

*
Diabetes type not reported, reported as not known, or based on blood glucose at study entry

**
Natural logarithmically transformed before analysis
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