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Abstract

:

Organofluorines occur in human serum as complex mixtures of known and unidentified compounds. Human biomonitoring traditionally uses targeted analysis to measure the presence of known and quantifiable per- and polyfluoroalkyl substances (PFAS) in serum, yet characterization of exposure to and quantification of PFAS are limited by the availability of methods and analytical standards. Studies comparing extractable organofluorine (EOF) in serum to measured PFAS using organofluorine mass balance show that measurable PFAS only explain a fraction of EOF in human serum and that other sources of organofluorine may exist. The gap in fluorine mass balance has important implications for human biomonitoring because the total body burden of PFAS cannot be characterized and the chemical species that make up unidentified EOF are unknown. Many highly prescribed pharmaceuticals contain organofluorine (e.g., Lipitor, Prozac) and are prescribed with dosing regimens designed to maintain a therapeutic range of concentrations in serum. Therefore, we hypothesize organofluorine pharmaceuticals contribute to EOF in serum. We use combustion ion chromatography to measure EOF in commercial serum from U.S. blood donors. Using fluorine mass balance, we assess differences in unexplained organofluorine (UOF) associated with pharmaceutical use and compare them with concentrations of organofluorine predicted based on the pharmacokinetic properties of each drug. Pharmacokinetic estimates of organofluorine attributable to pharmaceuticals ranged from 0.1 to 55.6 ng F/mL. Analysis of 44 target PFAS and EOF in samples of commercial serum (n = 20) shows the fraction of EOF not explained by Σ44 PFAS ranged from 15% to 86%. Self-reported use of organofluorine pharmaceuticals is associated with a 0.36 ng F/mL (95% CL: −1.26 to 1.97) increase in UOF, on average, compared to those who report not taking organofluorine pharmaceuticals. Our study is the first to assess sources of UOF in U.S. serum and examine whether organofluorine pharmaceuticals contribute to EOF. Discrepancies between pharmacokinetic estimates and EOF may be partly explained by differences in analytical measurements. Future analyses using EOF should consider multiple extraction methods to include cations and zwitterions. Whether organofluorine pharmaceuticals are classified as PFAS depends on the definition of PFAS.
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1. Introduction


Per- and polyfluoroalkyl substances (PFAS) are a class of thousands of anthropogenic chemicals widely used in commercial products, industrial manufacturing, food packaging, pesticides, and aqueous film-forming foams for their durable and water-repellant properties [1]. PFAS are widely detected in the environment, in wildlife, and in humans [2,3,4,5,6,7]. A number of adverse health effects are associated with low levels of some PFAS in serum [8,9,10,11,12,13]. Traditional human biomonitoring studies measure 6–12 PFAS in serum [14], yet upwards of 12,000 individual PFAS are reported to exist [15]. The large number of PFAS makes a chemical-by-chemical approach to investigation unworkable, and class-based approaches to identify and track PFAS in humans and the environment based on their chemical structure have been proposed [16,17,18,19,20]. Further challenges are the differences in the definition of a PFAS [21]. Characterizing exposure to the full suite of PFAS is also limited by current analytical methods, which can only quantify exposure to compounds for which analytical standards exist and are readily available. Most of what is known about the health risks associated with PFAS comes from data on a very small subset of PFAS [22], yet less is known about the thousands of other PFAS in commerce [3].



Observations from the 1960s showed inorganic fluoride only partly explained the mass of total fluorine in serum, revealing unknown sources of organofluorine in serum [23]. In the 1990s and early 2000s, the identities of PFOA, PFOS, and other PFAS with industrial uses in the latter half of the 20th century were established [24], yet there remains a gap in our knowledge of the contributors to the fluorine detected in serum. Novel methods using combustion ion chromatography (CIC) for fluorine show large amounts of extractable organofluorine (EOF) in serum [25]. Using fluorine mass balance approaches, pioneering studies have shown that conventional PFAS—defined here as those with industrial uses and their precursors and replacements that are typically measured in human biomonitoring—only partly explain EOF in serum, with the fraction of unexplained organofluorine (UOF) ranging from 24% to 89% [25,26,27,28].



There are a number of potential types of UOF in human serum. (1) Replacements for conventional PFAS or their precursors, for which analytical standards are not available. For example, perfluoroalkyl acid (PFAA) precursors can be metabolized in humans to form terminal PFAS species [2], but the vast array of PFAS precursors as well as their respective intermediates are not quantifiable using traditional liquid chromatography mass spectrometry (LC-MS/MS) techniques [27,29,30,31]. (2) Ultra-short-chain PFAS that are not typically biomonitored. For example, trifluoroacetic acid (TFA) is a breakdown product of some organofluorine compounds that is frequently detected in the environment but only rarely measured in serum [27]. (3) Organofluorine pharmaceuticals. (4) Other organofluorine compounds, including pesticides. Whether these additional sources contribute to UOF as “PFAS” depends on the structural definition of PFAS being used.



Many highly prescribed pharmaceuticals contain organofluorine and can be classified as PFAS under some definitions [21]. Organofluorine has been used in the pharmaceutical industry since 1954 and is useful in altering the physiochemical properties of a drug to achieve a desired pharmacological effect [32]. Today, roughly 20% of pharmaceuticals currently registered with the FDA contain organofluorine [32], including the frequently prescribed anti-depressant Prozac, the protease inhibitor Paxlovid used for treating COVID-19, and Lipitor, the top-prescribed medication in the U.S. and used to lower cholesterol. With the correct dosing regimen, pharmaceuticals are prescribed in such a way that they remain present in serum within a clinically effective range [33].



We hypothesize that a portion of UOF in serum is attributable to organofluorine pharmaceuticals. In this pilot study using human serum, we used fluorine mass balance to assess differences in UOF associated with reported pharmaceutical use and compared them with concentrations of organofluorine predicted based on the pharmacokinetic properties of each pharmaceutical. To our knowledge, this is the first study to use CIC for fluorine to measure EOF in U.S. serum and determine the fraction of EOF not explained by conventional PFAS.




2. Materials and Methods


2.1. Organofluorine Pharmaceutical Selection


To identify highly prescribed organofluorine pharmaceuticals likely to be used among a random sample of U.S. adults, we used the list of 340 organofluorine pharmaceuticals approved in the U.S., Japan, and Europe between 1954 and 2019 generated by Inoue et al. [32] based on the publicly available KEGG drug database [34]. The KEGG Drug Database is a publicly available repository of approved drugs in the U.S., Europe, and Japan, which includes their chemical properties and molecular structures, as well as other identifiers for prescription and over-the-counter (OTC) pharmaceuticals. Cross-referencing the 340 organofluorine pharmaceuticals with drug utilization data from the ClinCalc Drug Database (version 2022.08) [35], we identified nine organofluorine pharmaceuticals that ranked among the top 100 prescribed drugs in the U.S. in 2020 (Table 1), therefore representing the organofluorine pharmaceuticals most likely to be used among U.S. adults.




2.2. Pharmacokinetic Estimates


We used the pharmacokinetic properties of the nine organofluorine pharmaceuticals shown in Table 1 to estimate the concentration of organofluorine in serum attributable to each of these compounds. Pharmaceuticals are prescribed to maintain blood concentrations within a therapeutic range, i.e., the steady state. The average concentration at steady state is commonly used to estimate levels of a compound in serum. For purposes of this analysis, we assumed steady-state concentrations for each of the nine pharmaceuticals were achieved given that all the compounds are prescribed for chronic conditions [21] with dosing regimens that aim to maintain relatively constant levels of the compound within a therapeutic range. Pharmacokinetic information was obtained from FDA drug labels when available and from the clinical literature when FDA drug labels were incomplete. For each pharmaceutical, the estimated range of serum levels of the parent compound (ng/mL) was represented by the range of average plasma concentrations at steady state (CSS). When available, we used the range of average plasma concentrations reported in the drug label or the literature. Otherwise, we used the pharmacokinetic parameters in Equation (1) to determine the average plasma concentration at steady state.


   C  S S   =   A U C  τ   



(1)







CSS is the average concentration at steady state (ng/mL), the area under the curve (AUC) is equivalent to the total exposure to the compound over the course of the dosing interval (ng*h/mL), and τ is the duration of the dosing interval in hours (h).



To determine the concentration of organofluorine in serum attributable to a given compound, we multiplied the proportion of the compound due to fluorine by the serum concentration of the compound (Equation (2)) [27].


   C F  =   #   flourine   atoms ×   M  W F    M  W C      × C  



(2)




where CF (ng F/mL) is the concentration of the compound in equivalents of fluorine, MWF is the atomic weight of fluorine (g/mol), MWC is the molecular weight of the compound (g/mol), and C is the concentration of the compound in serum (ng/mL), for pharmaceuticals the range of steady-state concentrations.




2.3. Serum Procurement and Sampling Protocol


All serum samples were sourced commercially from BioIVT Laboratory Services (Westbury, NY, USA), a biospecimen procurement company. Samples were collected from consenting donors by BioIVT at blood collection centers across the U.S. between 10 December 2020, and 18 January 2021 [41]. Per this study-specified sampling protocol, donors ages 25–65 with no previous history of taking cholestyramine (Questran), a cholesterol-lowering medication associated with increased elimination of PFAS [42], were eligible for inclusion in the study. At the time of sample collection, donors were verbally screened by BiolVT to ascertain their current medication use, and information was collected on donor demographics related to age, sex, and race/ethnicity.



We provided BioIVT with a list of the generic drug names and corresponding brand names for the nine organofluorine pharmaceuticals in Table 1. Serum was collected from ten males and ten females, half of whom reported using one or more of the nine organofluorine pharmaceuticals at the time of sampling, and the other half reported not using these pharmaceuticals. We classified the first group as pharmaceutical users and the second as non-users.




2.4. Sample Handling


As per BioIVT internal standard operating procedures, individuals’ whole blood was drawn into a 500 mL dry collection bag (Terumo BCT, INC., Lakewood, CO, USA, model 1BB*D606A) and spun at 5000× g for 10 min at −5 °C. The supernatant liquid was transferred into another bag and allowed to clot at room temperature for up to 48 h, and then spun at 5000× g for 20 min at −4 °C. The supernatant liquid was aliquoted into individual 3 mL vacutainers, frozen on dry ice for transport, and shipped via Boston University SPH to Örebro University, Örebro, Sweden, where it was stored at −20 °C and analyzed for PFAS and EOF.




2.5. Sample Extraction


The sample extraction method used was based on an ion-pair extraction method originally published by Hansen et al. [24] and later modified in this study. In brief, the samples were extracted in duplicate; the first subsample (Replicate 1) was used for target analysis (spiked with an internal standard), and the second subsample (Replicate 2) was used for EOF analysis (no internal standard added). First, 2 mL of a 0.5 M TBA solution in water was added to the sample and vortex mixed; then, 5 mL of MTBE was added to the mixture. The mixture was shaken horizontally at 250 rpm for 15 min and then centrifuged for 10 min at 8500 rpm (8000× g). The extraction was repeated twice with 3 mL of MTBE instead of 5 mL after collecting the organic solvent layer. The organic solvent extracts from all three cycles were combined and evaporated to 0.2 mL under a stream of nitrogen, then reconstituted to 1.0 mL with MeOH and evaporated to a final volume of 0.5 mL for instrumental analysis.




2.6. Instrumental Analysis and Quantification


The analysis and quantification have been described in detail previously [43]. In brief, the target analytes were quantified using an Acquity ultra-performance liquid chromatograph (UPLC) with a Xevo TQ-S micro tandem mass spectrometer (MS/MS). Both instruments were from the Waters Corporation (Milford, MA 01757, United States). The target analytes were separated using a C18 BEH column (2.1 × 100 mm, 1.7 μm); the mobile phases were a 30/70 (v/v) mixture of MeOH and water and 100% MeOH. Both mobile phases had 5 mmol/L 1-methylpiperidine and 2 mmol/L ammonium acetate as additives [44]. The 44 target PFAS included legacy compounds, potential precursors, and novel PFAS species, which were quantified using internal calibration with corresponding internal standards (mass-labelled standards). For those without a corresponding internal standard, the compound with the closest retention time of the same compound class was used. Details of the list of internal standards used can be found elsewhere [27]. Repeated injections of a standard mixture during analytical runs were used to monitor the performance of the UPLC-MS/MS system.



A combustion ion chromatography (CIC) system was used to determine EOF content. The CIC system was made of a combustion module (Analytik Jena, Germany), a 920 absorber module (Metrohm, Switzerland), and a 930 compact IC flex ion chromatograph module (Metrohm, Switzerland). EOF analysis results are described in ng F/g, which are equivalent to the concentration of fluorine in serum (ng F/mL) using the density of serum (~1 g/mL). Separation was achieved using an ion-exchange column (Metrosep A Supp 5–150/4.0), and the mobile phase was a carbonate buffer (64 mmol/L sodium carbonate and 20 mmol/L sodium bicarbonate). Water was used as the absorber solution. An external calibration curve, produced by combusting PFOA (Aldrich, Burlington, United States), was used for quantification.



The quality assurance and quality control (QA/QC) measures, including the performance of samples using SRM1957 and the relative standard deviation (RSD) of QC samples consisting of PFOS and PFOA, recoveries of target PFAS, as well as repeatability of the CIC system, are described in more detail elsewhere [43]. The limits of quantification (LOQ) of individual PFAS ranged from 0.020 to 0.065 ng/mL (Supplemental Information Table S1). To calculate ΣPFAS values, measurements of target PFAS below the LOQ were substituted with the value of zero, as described elsewhere [43]. The LOQ (3.8 ng F/g) of EOF using CIC was calculated as the average of three procedural blanks plus three times the standard deviation of the procedural blanks before applying any concentration factor for the volume of blood used. Samples with values below the LOQ were replaced with the LOQ value divided by the concentration factor of the sample. Reported sample concentrations might result in lower values than the LOQ value due to different concentration factors (SI Table S2).




2.7. Organofluorine Mass Balance


Individual PFAS concentrations were converted to fluorine-equivalent concentrations using Equation (2), where C is now the serum concentration of the PFAS determined using LC-MS/MS. The known EOF for the measured 44 PFAS (Σ CF-PFAS; ng F/mL) was determined by summing the fluorine concentrations attributable to Σ44 PFAS. The concentration of unknown organofluorine (CUOF; ng F/mL) was calculated as the difference between the concentration of total EOF (CEOF; ng F/mL) and known EOF (Σ CF-PFAS; ng F/mL).




2.8. Statistical Analysis


We used the Shapiro–Wilks test to assess the normality of the concentration of UOF. Since the distribution of UOF concentration was approximately normal, bivariate analyses were conducted using two sample t-tests to assess differences in UOF across sex, race/ethnicity, and age (treated as a dichotomous variable with observations falling above or below the median of 48.5 years). We used Spearman’s rank correlation to determine whether the concentration of UOF is associated with the concentration of organofluorine attributable to target PFAS.



We used linear regression to determine the crude difference in the concentration of UOF between donors who reported use of organofluorine pharmaceuticals and those who did not. Based on the results of bivariate analyses, we used multiple linear regression to consider the effect of age as a potential confounder in our estimates of the effect of pharmaceutical use on UOF. We performed regression diagnostics to confirm the assumptions of homoscedasticity, linearity, and independence were met and to identify potential influence points and outliers.



Given the skewed distribution of PFAS measured in both groups, we used the Wilcoxon rank-sum test to compare the distributions of Σ44 PFAS between pharmaceutical users and donors who reported no pharmaceutical use. To compare our sample with national levels reported by the National Health and Nutrition Examination Survey (NHANES), we compared the median concentrations of a subset of Σ5 PFAS monitored by NHANES for U.S. adults in 2017–2018 and detected in >95% of donated sera (n = 20): PFOA, PFOS, PFHxS, PFHpS, and PFNA (SI Table S2) [45].





3. Results


3.1. Pharmacokinetic Estimates of Serum Fluorine


Estimated serum organofluorine concentrations for each of the nine pharmaceuticals are presented in Table 1. Concentrations of organofluorine attributable to each pharmaceutical range from 0.1 to 55.6 ng F/mL, directly influenced by the number of fluorine atoms in their molecular structure. Atorvastatin (Lipitor), estimated to contribute 0.1–0.4 ng F/mL, is the most widely used drug of the nine, with over 114 million U.S. prescriptions per year in 2020. On the high end, Fluoxetine (Prozac) contributes 15.8–55.6 ng F/mL with 23 million prescriptions per year. Two compounds, Citalopram and Escitalopram, share the same molecular formula, but the former is a mixture of two enantiomers while the latter is one enantiomer and is prescribed at half the dose, explaining why the estimated levels of organofluorine in serum differ by a factor of two.




3.2. Characteristics of Study Serum Donors and PFAS Concentrations


Demographic data for the serum donor population are presented in Table 2, PFAS results are presented in Table 3, and Supplemental Information is presented in Table S2. Donors that reported using pharmaceuticals were on average five years older than donors with no reported pharmaceutical use but did not differ in their median age (Table 2). Pharmaceutical users had somewhat higher serum concentrations of Σ44 PFAS (Table 3).



The median values of Σ5 PFAS (SI Table S2) were lower in female donors compared to male donors, which is consistent with data from NHANES (data not shown) [45]. For both males and females in our study, median concentrations of Σ5 PFAS were lower than national levels reported in NHANES in 2017–2018; however, 100% of donors in our study identified as Black or Hispanic, who have lower median levels of PFAS compared to non-Hispanic white populations in NHANES [45,46].




3.3. Extractable Organofluorine in Serum


Concentrations of EOF observed in our study ranged from <2.02 to 11.2 ng F/mL and were slightly higher amongst the pharmaceutical users (Table 3). Consistent with NHANES, the individual PFAS analytes comprising the majority of identified EOF were linear and branched PFOS, collectively accounting for roughly 50%, followed by PFHxS (23%), and PFOA (14%) (SI Table S2). The concentration of EOF was similar across Black and Hispanic donors (data not shown).




3.4. Unexplained Organofluorine in Serum


The proportion of UOF relative to EOF measured in serum ranged from 15% to 86% (Figure 1), which is comparable with previous studies that show the proportion of UOF ranging from 30% to 70% [26,27]. The distribution of UOF (ng F/mL) in our study was approximately normal and ranged from 0.94 to 7.48 ng F/mL (Table 3). The mean concentration of UOF was slightly lower in serum from Black donors compared to Hispanic donors and slightly greater in females compared to males, but neither difference was statistically significant (p > 0.05) (Table S3a,b). On average, study participants above the median age of 48.5 had a 1.4 ng F/mL greater concentration of UOF than those below the median age (p = 0.056) (Table S3c). The concentration of UOF and fluorine attributable to Σ44 PFAS do not appear to be correlated, with a Spearman correlation coefficient of ρ = 0.06 (p-value = 0.82) suggesting that contributors to UOF are not associated with the fluorine attributed to the 44 PFAS measured in serum.




3.5. Linear Regression of UOF on Pharmaceutical Use


Comparing the difference in the concentration of UOF between groups, people who report using organofluorine pharmaceuticals had 0.36 ng F/mL greater UOF, on average, compared to people who reported not using these pharmaceuticals (95% CI: −1.26, 1.96, Figure 2), but the difference was not statistically significant at the α = 0.05 level. Adjusting for age had no effect on the relationship between pharmaceutical use and the concentration of UOF (Table 4). Diagnostic tests showed the linear model did not violate regression assumptions. We identified one potential outlier; omitting the observation, the crude mean difference in UOF between pharmaceutical users and non-users increased to 0.81 ng F/mL (95% CI: −0.56 to 2.18).





4. Discussion


Previous studies using organofluorine mass balance revealed the occurrence of UOF in environmental and biological matrices [25,47,48,49,50,51], yet the characterization of total and unknown EOF in U.S. serum is not understood. In this study, we show that the concentration of EOF in serum from a sample of U.S. adults is only partially explained by conventional PFAS. The 44 PFAS we targeted account for 14–85% of EOF in serum, comparable with previous findings from China, which showed the concentration of Σ10 PFAS accounted for 30–70% of EOF [26], and from Sweden, which showed the concentration of Σ61 PFAS accounted for 30–74% of EOF [27]. Substituting zero for left-censored values used to calculate Σ44 PFAS in our study may underestimate the fraction of EOF explained by targeted PFAS.



Previous studies in Sweden suggest UOF may differ by sex and age [27]. Bivariate analyses in our study suggested a small difference by sex (UOF slightly increased in females) and a larger difference by age (higher above the median age than below). Age did not appear to confound the relationship between UOF and reported use of organofluorine pharmaceuticals, but the small sample size in this exploratory study limited further examination of possible confounders. Importantly, limited information on the commercial donor population and demographics besides sex, age, and race/ethnicity reduces our ability to generalize results to other populations.



Our results suggest people who reported using organofluorine pharmaceuticals have a slightly greater concentration of UOF (0.36 ng F/mL) compared to those who do not report using these pharmaceuticals. While this difference is consistent with the estimated organofluorine concentrations contributed by some drugs (e.g., Lipitor and Crestor), it is two orders of magnitude lower than some others (Table 1). If taken as prescribed, organofluorine pharmaceuticals should exist in serum at relatively stable levels, and the estimated concentration of organofluorine attributable to some pharmaceutical compounds exceeded 40 ng F/mL (i.e., Prozac, Januvia). For comparison, the median blood level for PFOS in the general U.S. population in 2017–2018 was 4.30 ng/mL and 1.47 ng/mL for PFOA [45].



There are at least two possible explanations for the discrepancy between the pharmacokinetic estimates and the analysis of EOF in serum: (1) uncertainties in knowledge about pharmaceutical use; and (2) analytical approaches to the quantification of EOF related to pharmaceuticals in serum. We assumed that the pharmaceuticals were in steady state, using the average concentration at steady state to represent the range of levels that would be expected upon continuous administration of a drug, yet we lacked information on the duration, frequency, or compliance of serum donors for the pharmaceuticals they reported using. We also lacked information on socioeconomic status that could influence whether pharmaceuticals are used as prescribed in this population (e.g., adherence) and whether the results can be generalized to other populations. Self-reported pharmaceutical use could introduce non-differential misclassification of exposure if donors did not accurately recall the names of their medications or if they did not truthfully report their medication use (e.g., because of associated social stigma [52]). This misclassification would bias our results towards the null. Furthermore, people may not take the pharmaceuticals as prescribed (e.g., accidentally or intentionally skipping doses), though the slow elimination rates of some organofluorine pharmaceuticals make it likely for the compound to persist in the body for days to weeks even if dosing is skipped or stopped [53].



Discrepancies between the pharmacokinetic estimates and the EOF analysis may also be explained by differences in analytical measurements. We used ion-pair extraction, a method shown to capture some PFAS (neutral, sulfonates, and carboxylates); however, the capability for capturing cationic or zwitterionic compounds varies and depends on chain length [54]. Depending on the functional groups and the dissociation constant, organofluorine pharmaceuticals can be neutral, anionic, cationic, or zwitterionic at physiological pH (Table 1), as can some “PFAS” [1,55]. Since no alkaline buffer was used for the ion-pair extraction, Januvia, Prozac, Citalopram/Escitalopram, and Paxil (Table 1), each of which exist as cations at physiologic pH, may not be captured using conventional extraction methods developed for anionic compounds. It is possible that traditional extraction techniques for anionic compounds do not capture the full suite of organofluorine compounds in a sample, and true EOF is likely much larger, particularly in samples where cationic organofluorine species are present. Furthermore, our analysis was limited to pharmacokinetic estimates for organofluorine from parent compounds, not considering the contributions from fluorinated metabolites that can also accumulate in serum. For example, fluoxetine (Prozac) is extensively metabolized into norfluoxetine, which is measured at concentrations of 72–258 ng F/mL and has a fluorine equivalent of 13–47 ng F/mL [53]. Fluorinated metabolites exist for other organofluorine pharmaceuticals as well, but differences in pharmacokinetics related to age, sex, diet, genetic polymorphisms in metabolizing enzymes, and drug-drug interactions make estimating the organofluorine contribution from active and inactive metabolites more complicated [56]. Therefore, the estimated concentration of organofluorine in serum attributable to pharmaceuticals is likely even greater, with true EOF accounting for contributions from organofluorine pharmaceuticals and metabolites.



Our results suggest that organofluorine pharmaceuticals contribute to EOF, but that a substantial amount of EOF remains unexplained. Large fractions of UOF among people who report not using the nine organofluorine pharmaceuticals suggest other sources of UOF. Other sources of EOF not measured in this study may include pesticides, ultra-short-chain organofluorine compounds such as TFA, as well as PFAS or their precursors, for which analytical standards are not available or have not yet been identified. We did not analyze ultra-short-chain PFAS in our study, though one study in Sweden detected TFA in >60% of blood samples [27]. While short-chain compounds typically have shorter biological half-lives [57], continuous exposure to these compounds in the environment may contribute to EOF.



Recent studies using EOF as a class-based analytical method to screen for PFAS in environmental media may wish to understand the extent to which unknown PFAS contribute to contamination [58]. However, whether organofluorine compounds such as TFA or pharmaceuticals contribute to EOF as “PFAS” depends on the definition of PFAS being used and the user-specific working scope. For example, as written, the definition developed by the U.S. Department of Defense for the purpose of monitoring for PFAS in surface waters includes 94% of organofluorine pharmaceuticals [21]. In this context, measuring the presence of pharmaceuticals could be of great importance, and analyses using EOF to screen for PFAS should consider using multiple extraction methods that can measure anions, cations, and zwitterions because organofluorine pharmaceuticals are present in surface water [21,59]. Non-pharmaceutical organofluorines also exist as cations and zwitterions [1,55]. All of these compounds would contribute to EOF if fully extracted, yet whether they contribute as “PFAS” depends on how PFAS are defined and the context in which they are studied. Future analyses using EOF to screen for PFAS may consider multiple extraction methods to detect these compounds in environmental and biological media.




5. Conclusions


Since the detection of organofluorine in serum in the 1960s, efforts to close the fluorine mass balance gap rely on adequate analytical methods and standards to identify, detect, and quantify compounds of interest. Here, we present an illustrative example highlighting the importance of using appropriate analytical methods for the context of the analysis. The definition of PFAS has important implications for organofluorine mass balance, as the fraction of EOF explained by “PFAS” depends on the definition being used. Depending on the purpose for which a definition is being used (e.g., water quality monitoring, regulatory action to ban PFAS in consumer products) [21], the implications for EOF and the inclusion of cations and zwitterions may vary. Our findings suggest organofluorine pharmaceuticals contribute to EOF in serum, but a large fraction of EOF remains unexplained. Future analyses should consider multiple extraction methods to also include cations and zwitterions.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/toxics11050416/s1. Table S1: Analytes for targeted LC-MS/MS and their limits of quantification (LOQ); Table S2: Concentrations of target PFAS per subject (ng/mL), extractable organofluorine (EOF; ng F/mL), and the concentration of fluorine attributable to total PFAS (F44-PFAS; ng F/mL); Tables S3: Unexplained organofluorine (UOF) stratified by sex, race, and age.





Author Contributions


Conceptualization, E.H.P., T.F.W. and W.H.-B.; methodology, R.A., L.W.Y.Y., E.H.P., T.F.W. and W. H-B.; formal analysis, R.A. and E.H.P.; resources, T.F.W. and J.J.S.; writing—original draft preparation, E.H.P., T.F.W. and W.H.-B.; writing—review and editing, L.W.Y.Y., E.H.P., T.F.W., W. H-B. and J.J.S.; funding acquisition, T.F.W. All authors have read and agreed to the published version of the manuscript.




Funding


National Institute of Environmental Health Sciences R01 ES027813 (Webster PI). E.P. is supported by the National Institute of Environmental Health Sciences training grant (T32 ES014562).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Research data can be found in the Supplemental Information.




Acknowledgments


The authors thank Nathan Burritt for his excellent technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Glüge, J.; Scheringer, M.; Cousins, I.T.; DeWitt, J.C.; Goldenman, G.; Herzke, D.; Lohmann, R.; Ng, C.A.; Trier, X.; Wang, Z. An overview of the uses of per- and polyfluoroalkyl substances (PFAS). Environ. Sci. Process. Impacts 2020, 22, 2345–2373. [Google Scholar] [CrossRef] [PubMed]

	



Sunderland, E.M.; Hu, X.C.; Dassuncao, C.; Tokranov, A.; Wagner, C.C.; Allen, J.G. A review of the pathways of human exposure to poly- and perfluoroalkyl substances (PFASs) and present understanding of health effects. J. Expo. Sci. Environ. Epidemiol. 2019, 29, 131–147. [Google Scholar] [CrossRef] [PubMed]

	



De Silva, A.O.; Armitage, J.M.; Bruton, T.A.; Dassuncao, C.; Heiger-Bernays, W.; Hu, X.C.; Kärrman, A.; Kelly, B.; Ng, C.; Robuck, A.; et al. PFAS Exposure Pathways for Humans and Wildlife: A Synthesis of Current Knowledge and Key Gaps in Understanding. Environ. Toxicol. Chem. 2021, 40, 631–657. [Google Scholar] [CrossRef] [PubMed]

	



DeLuca, N.M.; Minucci, K.M.; Mullikin, A.; Slover, R.; Cohen Hubal, E.A. Human exposure pathways to poly- and perfluoroalkyl substances (PFAS) from indoor media: A systematic review. Environ. Int. 2022, 162. [Google Scholar] [CrossRef]

	



Trudel, D.; Horowitz, L.; Wormuth, M.; Scheringer, M.; Cousins, I.T.; Hungerbühler, K. Estimating Consumer Exposure to PFOS and PFOA. Risk Anal. 2008, 28, 2. [Google Scholar] [CrossRef]

	



Strynar, M.; Lindstrom, A.B. Perfluorinated compounds in house dust from Ohio and North Carolina, USA. Environ. Sci. Technol. 2008, 42, 3751–3756. [Google Scholar] [CrossRef]

	



Centers for Disease Control and Prevention. Early Release: Per- and Polyfluorinated Substances (PFAS) Tables, NHANES 2011-2018, Dec. 16. 2021. Available online: https://www.cdc.gov/exposurereport/pfas_early_release.html (accessed on 7 February 2022).

	



Grandjean, P.; Budtz-Jørgensen, E. Immunotoxicity of perfluorinated alkylates: Calculation of benchmark doses based on serum concentrations in children. Environ. Heal. 2013, 12, 35. [Google Scholar] [CrossRef]

	



NTP. Toxicity Report Tables & Curves: Perfluorinated Compounds: Carboxylates; U.S. Department of Health and Human Services: Washington, DC, USA, 2018. [Google Scholar] [CrossRef]

	



NTP. Toxicity Report Tables & Curves: Perfluorinated Compounds: Sulfonates; U.S. Department of Health and Human Services: Washington, DC, USA, 2018. [Google Scholar] [CrossRef]

	



DeWitt, J.C.; Blossom, S.J.; Schaider, L.A. Exposure to per-fluoroalkyl and polyfluoroalkyl substances leads to immunotoxicity: Epidemiological and toxicological evidence. J. Expo. Sci. Environ. Epidemiol. 2019, 29, 148–156. [Google Scholar] [CrossRef]

	



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, 1313–1318. [Google Scholar] [CrossRef]

	



Nelson, J.W.; Hatch, E.E.; Webster, T.F. Exposure to polyfluoroalkyl chemicals and cholesterol, body weight, and insulin resistance in the general U.S. population. Environ. Health Perspect. 2010, 118, 197–202. [Google Scholar] [CrossRef]

	



Centers for Disease Control and Prevention. Biomonitoring Summary | CDC. 2017. Available online: https://www.cdc.gov/biomonitoring/PFAS_BiomonitoringSummary.html (accessed on 22 October 2022).

	



USEPA. CompTox Chemicals Dashboard, PFASMASTER Chemical List. 2021. Available online: https://comptox.epa.gov/dashboard/chemical_lists/PFASMASTER (accessed on 13 August 2021).

	



OECD. Reconciling Terminology of the Universe of Per- and Polyfluoroalkyl Substances: Recommendations and Practical Guidance. Available online: https://www.oecd.org/chemicalsafety/portal-perfluorinated-chemicals/terminology-per-and-polyfluoroalkyl-substances.pdf (accessed on 29 July 2021).

	



Kwiatkowski, C.F.; Andrews, D.Q.; Birnbaum, L.S.; Bruton, T.A.; DeWitt, J.C.; Knappe, D.R.U.; Maffini, M.V.; Miller, M.F.; Pelch, K.E.; Reade, A.; et al. Scientific Basis for Managing PFAS as a Chemical Class. Environ. Sci. Technol. Lett. 2020, 7, 532–543. [Google Scholar] [CrossRef]

	



TURI. TURA Science Advisory Board. 2021. Available online: https://www.turi.org/Our_Work/Policy/Toxics_Use_Reduction_Act/Councils_and_Committees/TURA_Science_Advisory_Board (accessed on 31 October 2021).

	



Cousins, I.T.; DeWitt, J.C.; Glüge, J.; Goldenman, G.; Herzke, D.; Lohmann, R.; Miller, M.; Ng, C.A.; Scheringer, M.; Vierke, L.; et al. Strategies for grouping per- and polyfluoroalkyl substances (PFAS) to protect human and environmental health. Environ. Sci. Process. Impacts 2020, 22, 1444–1460. [Google Scholar] [CrossRef] [PubMed]

	



Library of Congress. S.1790—116th Congress (2019-2020): National Defense Authorization Act for Fiscal Year 2020, Dec. 20. 2019. Available online: https://www.congress.gov/bill/116th-congress/senate-bill/1790 (accessed on 5 March 2022).

	



Hammel, E.; Webster, T.F.; Gurney, R.; Heiger-Bernays, W. Implications of PFAS Definitions Using Fluorinated Pharmaceuticals. iScience 2022, 25, 104020. [Google Scholar] [CrossRef] [PubMed]

	



ATSDR. PFAS in the US Population. 2020. Available online: https://www.atsdr.cdc.gov/pfas/health-effects/us-population.html (accessed on 5 January 2022).

	



Taves, D.R. Evidence that there are two forms of fluoride in human serum. Nature 1968, 217, 1050–1051. [Google Scholar] [CrossRef] [PubMed]

	



Hansen, K.J.; Clemen, L.A.; Ellefson, M.E.; Johnson, H.O. Compound-specific, quantitative characterization of organic fluorochemicals in biological matrices. Environ. Sci. Technol. 2001, 35, 766–770. [Google Scholar] [CrossRef]

	



Miyake, Y.; Yamashita, N.; So, M.K.; Rostkowski, P.; Taniyasu, S.; Lam, P.K.; Kannan, K. Trace analysis of total fluorine in human blood using combustion ion chromatography for fluorine: A mass balance approach for the determination of known and unknown organofluorine compounds. J. Chromatogr. A 2007, 1154, 214–221. [Google Scholar] [CrossRef] [PubMed]

	



Yeung, L.; Miyake, Y.; Taniyasu, S.; Wang, Y.; Yu, H.; So, M.K.; Jiang, G.; Wu, Y.; Li, J.; Giesy, J.P.; et al. Perfluorinated compounds and total and extractable organic fluorine in human blood samples from China. Environ. Sci. Technol. 2008, 42, 8140–8145. [Google Scholar] [CrossRef]

	



Aro, R.; Eriksson, U.; Kärrman, A.; Yeung, L.W.Y. Organofluorine Mass Balance Analysis of Whole Blood Samples in Relation to Gender and Age. Environ. Sci. Technol. 2021, 55, 13142–13151. [Google Scholar] [CrossRef]

	



Miaz, L.T.; Plassmann, M.M.; Gyllenhammar, I.; Bignert, A.; Sandblom, O.; Lignell, S.; Glynn, A.; Benskin, J.P. Temporal trends of suspect-and target-per/polyfluoroalkyl substances (PFAS), extractable organic fluorine (EOF) and total fluorine (TF) in pooled serum from first-time mothers in Uppsala, Sweden, 1996-2017. Environ. Sci. Process. Impacts 2020, 22, 1071–1083. [Google Scholar] [CrossRef]

	



Butt, C.M.; Muir, D.; Mabury, S.A. Biotransformation pathways of fluorotelomer-based polyfluoroalkyl substances: A. review. Environ. Toxicol. Chem. 2014, 33, 243–267. [Google Scholar] [CrossRef]

	



Yin, T.; Te, S.H.; Reinhard, M.; Yang, Y.; Chen, H.; He, Y.; Gin, K.Y.-H. Biotransformation of Sulfluramid (N-ethyl perfluorooctane sulfonamide) and dynamics of associated rhizospheric microbial community in microcosms of wetland plants. Chemosphere 2018, 211, 379–389. [Google Scholar] [CrossRef] [PubMed]

	



Poothong, S.; Papadopoulou, E.; Padilla-Sánchez, J.A.; Thomsen, C.; Haug, L.S. Multiple pathways of human exposure to poly- and perfluoroalkyl substances (PFASs): From external exposure to human blood. Environ. Int. 2020, 134, 105244. [Google Scholar] [CrossRef] [PubMed]

	



Inoue, M.; Sumii, Y.; Shibata, N. Contribution of Organofluorine Compounds to Pharmaceuticals. ACS Omega 2020, 5, 10633–10640. [Google Scholar] [CrossRef] [PubMed]

	



Wadhwa, R.R.; Cascella, M. Steady State Concentration; StatPearls: Treasure Island, FL, USA, 2022. Available online: https://www.ncbi.nlm.nih.gov/books/NBK553132/ (accessed on 7 November 2022).

	



KEGG. KEGG Drug Database, New Drug Approvals in the U.S. 2021. Available online: https://www.genome.jp/kegg/drug/br08319.html (accessed on 6 August 2021).

	



Agency for Healthcare Research and Quality (AHRQ). Medical Expenditure Panel Survey (MEPS) 2013–2020. 2022. Available online: https://clincalc.com/DrugStats/Top200Drugs.aspx (accessed on 7 November 2022).

	



Wishart, D.S.; Knox, C.; Guo, A.C.; Shrivastava, S.; Hassanali, M.; Stothard, P.; Chang, Z.; Woolsey, J. Drugbank: A comprehensive resource for in silico drug discovery and exploration. Nucleic Acids Res. 2006, 34, D668–D672. [Google Scholar] [CrossRef]

	



Lins, R.L.; E Matthys, K.; A Verpooten, G.; Peeters, P.C.; Dratwa, M.; Stolear, J.-C.; Lameire, N.H. Pharmacokinetics of atorvastatin and its metabolites after single and multiple dosing in hypercholesterolaemic haemodialysis patients. Nephrol. Dial. Transplant. 2003, 18, 967–976. [Google Scholar] [CrossRef]

	



Mayo Clinic Laboratories. Test Catalog. Mayo Foundation for Medical Education and Research. 2022. Available online: https://www.mayocliniclabs.com/test-catalog (accessed on 8 November 2022).

	



Li, X.-N.; Xu, H.-R.; Chen, W.-L.; Chu, N.-N.; Zhu, J.-R. Pharmacokinetics of rosuvastatin in healthy Chinese volunteers living in China: A randomized, open-label, ascending single- and multiple-dose study. Clin. Ther. 2010, 32, 575–587. [Google Scholar] [CrossRef]

	



Martin, P.D.; Mitchell, P.D.; Schneck, D.W. Pharmacodynamic effects and pharmacokinetics of a new HMG-CoA reductase inhibitor, rosuvastatin, after morning or evening administration in healthy volunteers. Br. J. Clin. Pharmacol. 2002, 54, 472–477. [Google Scholar] [CrossRef]

	



BioIVT. Biofluids (Blood-Derived), Serum. 2022. Available online: https://bioivt.com/biofluids-blood-derived/serum (accessed on 25 October 2022).

	



Genuis, S.J.; Curtis, L.; Birkholz, D. Gastrointestinal Elimination of Perfluorinated Compounds Using Cholestyramine and Chlorella pyrenoidosa. ISRN Toxicol. 2013, 2013, 1–8. [Google Scholar] [CrossRef]

	



Aro, R.; Eriksson, U.; Kärrman, A.; Jakobsson, K.; Yeung, L.W. Extractable organofluorine analysis: A way to screen for elevated per- and polyfluoroalkyl substance contamination in humans? Environ. Int. 2022, 159, 107035. [Google Scholar] [CrossRef]

	



Eriksson, U.; Haglund, P.; Kärrman, A. Contribution of precursor compounds to the release of per- and polyfluoroalkyl substances (PFASs) from waste water treatment plants (WWTPs). J. Environ. Sci. 2017, 61, 80–90. [Google Scholar] [CrossRef]

	



Centers for Disease Control and Prevention (CDC). National Health and Nutrition Examination Survey Data 2017–2018. National Center for Health Statistics (NCHS). 2020. Available online: https://wwwn.cdc.gov/nchs/nhanes/continuousnhanes/default.aspxBeginYear=2017 (accessed on 11 September 2022).

	



Calafat, A.M.; Wong, L.-Y.; Kuklenyik, Z.; Reidy, J.A.; Needham, L.L. Polyfluoroalkyl chemicals in the U.S. population: Data from the national health and nutrition examination survey (NHANES) 2003-2004 and comparisons with NHANES 1999–2000. Environ. Health Perspect. 2007, 115, 1596–1602. [Google Scholar] [CrossRef]

	



Ruyle, B.J.; Pickard, H.M.; LeBlanc, D.R.; Tokranov, A.K.; Tchackray, C.P.; Hu, X.C.; Vecitis, C.D.; Sunderland, E.M. Isolating the AFFF signature in coastal watersheds using oxidizable PFAS precursors and unexplained organofluorine. Environ. Sci. Technol. 2021, 55, 3686–3695. [Google Scholar] [CrossRef] [PubMed]

	



Yeung, L.W.Y.; Mabury, S.A.; Mabury, S.A. Are humans exposed to increasing amounts of unidentified organofluorine? Environ. Chem. 2015, 13, 102–110. [Google Scholar] [CrossRef]

	



Yeung, L.; Miyake, Y.; Wang, Y.; Taniyasu, S.; Yamashita, N.; Lam, P. Total fluorine, extractable organic fluorine, perfluorooctane sulfonate and other related fluorochemicals in liver of Indo-Pacific humpback dolphins (Sousa chinensis) and finless porpoises (Neophocaena phocaenoides) from South China. Environ. Pollut. 2009, 157, 17–23. [Google Scholar] [CrossRef]

	



Schultes, L.; Vestergren, R.; Volkova, K.; Westberg, E.; Jacobson, T.; Benskin, J.P. Per- and polyfluoroalkyl substances and fluorine mass balance in cosmetic products from the Swedish market: Implications for environmental emissions and human exposure. Environ. Sci. Process. Impacts 2018, 20, 1680–1690. [Google Scholar] [CrossRef]

	



Schultes, L.; Peaslee, G.F.; Brockman, J.D.; Majumdar, A.; McGuinness, S.R.; Wilkinson, J.T.; Sandblom, O.; Ngwenyama, R.A.; Benskin, J.P. Total Fluorine Measurements in Food Packaging: How Do Current Methods Perform? Environ. Sci. Technol. Lett. 2019, 6, 73–78. [Google Scholar] [CrossRef]

	



MacLeod, J.; Hickman, M.; Smith, G.D. Reporting bias and self-reported drug use. Addiction 2005, 100, 562–563. [Google Scholar] [CrossRef]

	



U.S. Food and Drug Administration. U.S. FDA Drug Database: Prozac (Fluoxetine Hydrochloride). 2017. Available online: https://www.accessdata.fda.gov/scripts/cder/daf/index.cfm?event=overview.process&ApplNo=018936 (accessed on 28 October 2022).

	



Kaiser, A.-M.; Aro, R.; Kärrman, A.; Weiss, S.; Hartmann, C.; Uhl, M.; Forsthuber, M.; Gundacker, C.; Yeung, L.W.Y. Comparison of extraction methods for per- and polyfluoroalkyl substances (PFAS) in human serum and placenta samples—Insights into extractable organic fluorine (EOF). Anal. Bioanal. Chem. 2020, 413, 3. [Google Scholar] [CrossRef]

	



Backe, W.J.; Day, T.C.; Field, J.A. Zwitterionic, cationic, and anionic fluorinated chemicals in aqueous film forming foam formulations and groundwater from U.S. military bases by nonaqueous large-volume injection HPLC-MS/MS. Environ. Sci. Technol. 2013, 47, 5226–5234. [Google Scholar] [CrossRef]

	



Chappell, M.; Payne, S. Pharmacokinetics. Biosyst. Biorobotics 2002, 24, 61–72. [Google Scholar] [CrossRef]

	



Pizzurro, D.M.; Seeley, M.; Kerper, L.E.; Beck, B.D. Interspecies differences in perfluoroalkyl substances (PFAS) toxicokinetics and application to health-based criteria. Regul. Toxicol. Pharmacol. 2019, 106, 239–250. [Google Scholar] [CrossRef] [PubMed]

	



Young, A.S.; Pickard, H.M.; Sunderland, E.M.; Allen, J.G. Organic Fluorine as an Indicator of Per- and Polyfluoroalkyl Substances in Dust from Buildings with Healthier versus Conventional Materials. Environ. Sci. Technol. 2022, 56, 17090–17099. [Google Scholar] [CrossRef] [PubMed]

	



Furlong, E.T.; Batt, A.L.; Glassmeyer, S.T.; Noriega, M.C.; Kolpin, D.W.; Mash, H.; Schenck, K.M. Nationwide reconnaissance of contaminants of emerging concern in source and treated drinking waters of the United States: Pharmaceuticals. Sci. Total Environ. 2017, 579, 1629–1642. [Google Scholar] [CrossRef] [PubMed]








[image: Toxics 11 00416 g001 550] 





Figure 1. Relative contribution of unidentified organofluorine and Σ44 PFAS to extractable organofluorine (EOF) (%) in individual serum samples from donors who report using select organofluorine pharmaceuticals (n = 10) and those who do not (n = 10). 
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Figure 2. Boxplots of UOF measured in donated serum (n = 20). Whiskers range from 1 SD above and below the mean for each group with the mean and median observation for UOF among reported users of nine organofluorine pharmaceuticals and non-users. 
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Table 1. Top nine U.S. prescribed organofluorine pharmaceuticals, names, uses, chemical properties, and pharmacokinetic-based estimates of organofluorine in order of U.S. prescriptions (2020).
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Pharmaceutical Information

	
Chemical Properties




	
Generic Name

	
Brand Name

	
Therapeutic Use

	
U.S. Prescriptions (2020)

	
Molecular

Formula

	
Molecular Weight

(g/mol)

	
Dissociation Constant (pka) a

	
#F

	
Fraction F

	
Estimated Serum Levels (ng/mL) b

	
Estimated

Organofluorine (ng F/mL)






	
Atorvastatin

	
Lipitor

	
statin

	
114,509,814

	
C33H35FN2O5

	
558.65

	
4.31

	
1

	
0.034

	
2.4–11.2 d

	
0.1–0.4




	
Escitalopram

	
Lexapro

	
SSRI

	
30,605,646

	
C20H21FN2O

	
324.40

	
9.78

	
1

	
0.059

	
15–80 e

	
0.9–4.7




	
Rosuvastatin

	
Crestor

	
Statin

	
29,750,488

	
C22H28FN3O6S

	
481.54

	
4.00

	
1

	
0.039

	
1.8–7.4 f, g

	
0.1–0.3




	
Pantoprazole

	
Protonix

	
Proton-pump inhibitor

	
26,604,040

	
C16H15F2N3O4S

	
383.37

	
3.92 (SB)8.19 (SA)

	
2

	
0.099

	
39.9–87.9

	
4.0–8.7




	
Fluticasone c

	
Flonase

	
intranasal corticosteroid

	
24,777,490

	
C22H27F3O4S

	
444.51

	
−3.4 (SB)13.56 (SA)

	
3

	
0.128

	
N/A

	
N/A




	
Fluoxetine

	
Prozac

	
SSRI

	
23,403,050

	
C17H18F3NO

	
309.33

	
9.80

	
3

	
0.184

	
91–302

	
15.8–55.6




	
Citalopram

	
Celexa

	
SSRI

	
18,549,176

	
C20H21FN2O

	
324.40

	
9.78

	
1

	
0.059

	
50–100 e

	
2.9–6.4




	
Sitagliptin

	
Januvia

	
anti-diabetic

	
9,885,657

	
C16H18F6N5O5P

	
407.32

	
8.78

	
6

	
0.280

	
165

	
46.3




	
Paroxetine

	
Paxil

	
SSRI

	
9,029,667

	
C19H20FNO3

	
329.37

	
9.77

	
1

	
0.058

	
30–120 e

	
1.7–6.9








Notes: a pKa values obtained from DrugBank Database [36].; b All pharmacokinetic data obtained from FDA drug labels unless otherwise noted.; c Limited pharmacokinetic information available for oral inhalation of Fluticasone.; d Lins et al., 2003 [37]; e Mayo Clinic Labs Test Catalog [38]; f Li et al., 2010 [39]; g Martin et al., 2002 [40]; Abbreviations: SSRI: selective serotonin reuptake inhibitor; Pantoprazole and Fluticasone are zwitterions with multiple functional groups; pKa values are provided for each functional group, denoted as strongest acid (SA) and strongest base (SB).
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Table 2. Demographic data for blood donors (n = 20). Donors who reported a history of taking Questran were excluded.
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No Reported Pharma Use (n = 10)

	
Reported Pharma Use (n = 10)




	

	
n (%)

	
n (%)






	
Sex

	

	




	
Male

	
5(50)

	
5(50)




	
Female

	
5(50)

	
5(50)




	
Race

	

	




	
Black

	
4(40)

	
4(40)




	
Hispanic

	
6(60)

	
6(60)




	
Age

	

	




	
mean (±SD)

	
45 (±11.8)

	
50 (±13.4)




	
median

	
49

	
48.5




	
range

	
28–59

	
32–74
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Table 3. Distribution of Σ44PFAS, EOF and UOF among donors who report using select organofluorine pharmaceuticals and those who do not.
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	No Reported Pharma Use

(n = 10)
	Reported Pharma Use (n = 10)





	Concentration of Σ44 PFAS (ng/mL)
	
	



	mean (±SD)
	6.54 (±3.55)
	9.51 (±7.35)



	median
	5.87
	7.49



	range
	3.16–14.90
	2.88–26.24



	Concentration of EOF (ng F/mL) a
	
	



	mean (±SD)
	6.10 (±2.59)
	6.93 (±2.76)



	median
	6.45
	6.26



	range
	2.02–10.04
	2.67–11.22



	Concentration of UOF (ng F/mL) b
	
	



	mean (±SD)
	3.37 (±2.04)
	3.73 (±1.31)



	median
	2.99
	4.02



	range
	0.94–7.48
	1.70–6.05







Notes: a EOF was measured using CIC for fluorine.; b UOF was determined as the concentration of EOF not explained by fluorine attributable to Σ44 PFAS.
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Table 4. Linear regression estimating the relationship between unexplained organofluorine (ng F/mL) and reported pharmaceutical use, adjusting for age.
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	Variable
	Coefficients (95% CI)
	Standard Error





	Intercept
	2.65 (1.36 to 3.94)
	0.61



	Organofluorine Pharmaceutical Use
	0.36 (−1.14 to 1.85)
	0.71



	Age a
	1.43 (−0.06 to 2.93)
	0.71







Notes: a Model is adjusted for age (above or below median age of 48.5).
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