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Summary: Perfluoroalkyl substances (PFAS) are found throughout the environment, in humans and wildlife worldwide due to their ubiquitous usage, global transport and biological persistence. Here we estimate the temporal dietary exposure to long-range transported PFAS during 2006-2020 in the East Greenland Ittoqqortoormiit (Scoresby Sound) community based on consumption of traditional marine foods as compared to Internationally established Tolerable Weekly Intake (TWI) for immune toxicity of 4.4 ng/kg body weight. We found a biomagnification factor of 4-10 between ringed seal:polar bear, and estimate that ~90% of the Ittoqqortoormiit community exceeded the established ∑4PFAS TWI by 13-folds through consumption of polar bears and ringed seals. Using temporal trends of PFAS in polar bears and ringed seals from 2006-2020 to predict future exposure patterns to Ittoqqortoormiit Inuit, we estimate that the average inhabitant will continue to exceed established toxicity guidelines until 2090. The prolonged elevated exposure to PFAS in this Inuit community over the next century is concerning in terms of multi-generational disease prevalence and non-infectious diseases such as cardio-metabolic diseases, cancer and reduced fertility. Our findings emphasize the need for additional regulation of PFAS and the development of non-toxic sustainable compounds through international collaboration, not least through the Stockholm Convention. 
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Introduction
Perfluoroalkyl substances (PFAS) are resistant to biotransformation and show significantly delayed excretion and therefore found ubiquitously in the environment as well as humans and wildlife 1-3. These industrial ‘forever chemicals’ are broadly used in commercial and consumer products including non-stick and stain-resistant cookware, food packaging such as pizza boxes, and waterproof rain wear 4. In addition, PFAS are used as constituents in foams to extinguish fuel-based fires used for training exercises, aircraft crashes and other fuel fires 5. The broad and high-tonnage global usage of PFAS results in contamination of drinking water and the environment that poses major threats to humans and biodiversity 6-12. 
The persistent and proteophilic characteristics of PFAS allows them to biomagnify in marine food webs leading to high concentrations in liver, kidney, muscle and blood in high trophic feeders like marine mammals and Indigenous Peoples 13,14. In environmental samples, perfluorooctane sulfonate (PFOS) is the dominant PFAS. The European Food Safety Authority has determined that PFOS is immunotoxic due, in part, to its ability to reduce antigen-specific antibody production (i.e., immunization efficacy) 15-17. Moreover, studies suggest that other PFAS also may reduce immunization efficacy, including in children, which suggests that exposure to PFAS may be a risk factor for pandemics and other infectious diseases 15,18-20. PFAS exposure also has been linked to effects on other physiological processes, increasing the risk of thyroid disease, elevated cholesterol levels, liver disease, kidney and testicular cancer, and developmental effects such as decreased birth weight 2,21. These major immunotoxic effects and other health risks highlight the need to monitor hot spot communities and assess environmental burdens to assess risks of exposure to humans and wildlife 8,10,22-24.
The exposure of humans, including Arctic Peoples, to PFAS occurs worldwide 8,25 (Figure 1). PFAS are transported over large distances to the Arctic from sources in industrialized regions at more southern latitudes through atmospheric deposition and marine and riverine inputs 25. Some PFAS have been found at concentrations in apex predators such as polar bears (Ursus maritimus) up to at least 1,000,000 times higher than in phytoplankton at the base of the food web (Figure 1) 8,10. This food web magnification not only threatens polar bears, but importantly puts local Inuit communities at even higher risk due to their traditional diet of country foods including polar bears, seals, toothed whales, and other marine species 10,26. A recent review of regional concentration and profile differences across the circumpolar Arctic show the highest PFAS levels in Greenland men increasing with age during 2010-2020 27. In addition, concentrations of regulated PFAS under the Stockholm Convention including PFOS, perfluoro-octanoate (PFOA) and perfluorohexane sulfonate (PFHxS) decreased while unregulated PFAS including perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA) and perfluoroundecanoic acid (PFUnDA), increased during the study period. 
Here we combine time-trend data (2006-2020) as well as future projections of PFAS tissue levels in polar bears and ringed seals (Pusa hispida) with food intake data from Inuit in Ittoqqortoormiit (Scoresby Sound), Central East Greenland to characterize exposure and risk of adverse health effects to this population. We aim to 1) determine the biomagnification of PFAS along the human food chain including ringed seals and polar bears, 2) estimate the individual and community exposure to PFAS and their associated risks for adverse immune response, and 3) forecast future PFAS exposure in East Greenland Inuit over the next century to estimate when prolonged risks for adverse immune effects fall below established toxicity guidelines. 
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Figure 1. Circumpolar mapping showing the study location of Ittoqqortoormiit community (yellow circle) and the dominating ocean and atmospheric transport routes (left), and the conceptual trophic transfer of PFOS in the Eastern Arctic marine food webs (right).

Methods
[bookmark: Age_determination][bookmark: Chemical_analyses][bookmark: PBPK_and_RQ_modelling][bookmark: Results_and_discussion][bookmark: Contaminant_loads][bookmark: Materials_and_methods][bookmark: Samples]Muscle and liver tissue was sampled from polar bears (n=95) and ringed seals (n=52) of different age and sex collected in the period 2006-2020 as part of the Ittoqqortoormiit community subsistence harvest in East Greenland (Tables S1 and S2). All polar bear tissue samples were legally exported using IUCN CITES export and import permissions from Greenland to Denmark as outlined in Supplementary Information and kept frozen until arrival at the Department of Ecoscience, Aarhus University (Roskilde). The concentration of ∑4PFAS (PFOS, PFOA, PFHxS and PFNA) was analyzed at the Department of Environmental Science, Aarhus University, Roskilde, Denmark (See Supplementary Information). Sixteen anonymous inhabitants of Ittoqqortoormiit (8 subsistence hunters and 8 non-subsistence hunters), representing ~5% of the total community population, filled out a lifestyle and food frequency questionnaire (FFQ) designed for Inuit (n=16) (See Supplementary Information) 8,28,29. The FFQ was approved by the Ethical Committee for Scientific Investigations in Greenland (KVUG) and Nunatsinni Nakorsaaneqarfik and was conducted in accordance with the Helsinki Declaration. The FFQ was used in this study to estimate the weekly consumption (gram/week) of ringed seal muscle and liver as well as polar bear muscle (gram/week) of the participants (table S1). We focus on polar bear and ringed seal as a previous study found these to be the most important dietary sources for PFAS exposure in Ittoqqortoormiit 8. Weekly tissue intake was combined with tissue-specific ∑4PFAS concentrations (table S1-S3) to estimate long-term weekly dietary exposure to ∑4PFAS. These ∑4PFAS consumption estimates were then compared to the European Food Safety Authority (EFSA) 2020 Tolerable Weekly Intake (TWI) of 4.4 ng/kg body weight for immune toxicity in non-pregnant adults 30,31 (See Supplementary Information). All statistical analyses and graphics were performed in R version 4.2.3. The relationship between muscle and liver concentrations was investigated using linear regression analysis. Time trends for PFOS, PFOA, PFNA, PFHxS and Ʃ4PFAS in polar bear and ringed seals from 2006-2020 were explored using the HARSAT (Harmonized Regional Seas Assessment Tool) package version 1.0.0 (https://harsat.amap.no); see Supplementary Information R-code “TimeTrend analysis using HARSAT.r”. Briefly, a model with a (log-)linear trend is ﬁtted to the data to assess change in patterns and then compared with a non-linear trend model in which concentrations varied smoothly (and non-linearly) over time. Then, depending on the length of the time series, smoothers are ﬁtted on up to 4 degrees of freedom, after which the model with the lowest Akaike Information Criterion corrected for small sample size is selected 32. We use Monte Carlo simulations on weekly tissue consumption and weekly ∑4PFAS intake to expand on our small sample sizes to explore general patterns in the risk of adverse immunological effects for the Ittoqqortoormiit community. Specifically, we simulate 2500 data points from a normal distribution assuming mean and standard deviations from empirical data of tissue consumption (gram/week) and ∑4PFAS intake. No truncation was applied as improbable values (i.e. <0) represented less than 1% of the simulated data. See Supplementary Information for further information including all input/raw data.

Results and Discussion
Trophic transfer along the human food chain
The concentration of Ʃ4PFAS was highest in polar bear liver (Mean: 1665; Range:160 - 4869 ng/g ww), followed by ringed seal liver (108; 22.9 - 483 ng/g ww), polar bear muscle (19.4; 6.69 - 74.4 ng/g ww), and ringed seal muscle (5.8; 1.77 - 16.6 ng/g ww) (Figure 2). The higher concentrations of PFAS in liver tissue than muscle was expected as these show different phospholipid levels and metabolic differences 8,11,33,34. Concentrations in polar bears are above levels reported in other marine mammal populations around the world reflecting the significant long-range transport from southern latitudes into the Arctic and the long and slow-growing Arctic food webs25,35. The Inuit exposure is lower than it is for polar bears due to local diet-mix of marine mammals and store food Lohmann et al. In review (Figure 1).
Based on the mean tissue values, the Ʃ4PFAS biomagnification factor of polar bear : ringed seal is 3.8 and 9.7 for muscle and liver, respectively, similar to previous findings of Arctic food webs 8,11,13,36 and elsewhere in global marine ecosystems 37-40. Overall, these findings show that PFAS transfers across the food chain and accumulates at elevated levels in top predators. The higher trophic position of polar bears puts them at greater health risk than ringed seals. Indeed, the use of physiologically based pharmacokinetic (PBPK) modelling has shown that the concentrations of PFOS in East Greenland polar bears increases the risk of especially cancer, immune suppression, and reproductive success 22,23,41,42. This highlights the risk from long-range pollution on Arctic marine top predators and Arctic biodiversity as previously outlined 10,22,23.

[image: ]
Figure 2. Box plot of Ʃ4PFAS in liver and muscle tissue from polar bears and ringed seals collected in Ittoqqortoormiit, East Greenland, in the period 2006-2020 (left panel) and correlations of Ʃ4PFAS in liver and muscle tissue for polar bear and ringed seal (mid and right panels).

Human exposure and risks
Weekly consumption of ringed seal muscle and liver varies in the community to a greater extent than consumption of polar bear muscle (table S1). Based on the EFSA TWI threshold value of 4.4 ng/kg body weight/week for long-term ∑4PFAS exposure and the median concentration of ∑4PFAS of 13.3 ng/g ww (25th-75th percentile: 10.6-18.8 ng/g ww) in polar bear muscle, we estimate current weekly consumption of polar bear muscle by children (30 Kg), women (60 Kg) and men (70 Kg) should not exceed 9.9 (7.0-12.4), 19.8 (14-24.8) and 23.1 (16.4-29.0) grams, respectively (Figure 3). Similarly, current weekly consumption of ringed seal liver by children, women and men should not exceed 3.4 (2.1-3.8), 6.8 (4.3-7.5) and 8.0 (5.0-8.8) grams, respectively, and current consumption of ringed seal muscle by children, women and men should not exceed 23.6 (18.2-33.7), 47.2 (36.5-67.3) and 55.1 (42.5-78.6) grams, respectively (Figure 3). Actual consumption shows current median weekly intake of the three tissues being 280 grams in total (table S1), highlighting an unsustainable long-term diet of polar bears and ringed seals for the Inuit society.
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[bookmark: _Hlk171423778]Figure 3. Tolerable weekly intake for individual table S2 and S3 ∑4PFAS tissue concentrations (ng/g ww) for polar bear muscle (top), ringed seal muscle (mid) and ringed seal liver (bottom) for the period 2018-2020. TWI is shown for children (30 kg), adult women (60 kg), and adult men (70 kg). Solid and stipulated lines show median and quantile (25%, 75%) ∑4PFAS concentrations. 

Using Monte Carlo simulated data on weekly liver and muscle consumption and associated ∑4PFAS concentrations, we estimate the percentage of the population above the EFSA TWI to be 84%, 80% and 69% for consumption of polar bear muscle, ringed seal liver, and ringed seal muscle, respectively (Figure 4A). Considering combined consumption of all three tissues from the two species, we estimate 89% of the population exceeds the EFSA TWI threshold for immunological health effects (Figure 4B). The high percentage of the population exceeding available toxicity guidelines reflects the long-range transport potential of PFAS combined with its persistence and high levels in marine species in the Arctic 8,25,43-45. Inuit in Ittoqqortoormiit have previously been found to have among the highest blood serum levels of PFAS in the circumpolar Arctic 8,46, Lohmann et al. in review. In fact, polar bear consumers in East Greenland have the highest reported non-occupationally exposed serum concentrations worldwide despite its remoteness 8,46. This clearly highlights that there is a need to protect remote communities from high PFAS exposure through country food, including particularly pregnant and breast-feeding women that can transfer chemicals across the placenta and through milk 47-49.
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Figure 4. A. Empirical and Monte Carlo simulated data of weekly consumption (gram) of polar bear muscle, ringed seal liver, ringed seal muscle, and combination of all three. B. Monte Carlo simulation of ∑4PFAS weekly intake (ng/kg body weight/week) compared to the EFSA TWI of 4.4 ng/kg body weight/week. Based on tissue data from the period 2018-2020.
Temporal trends and predicted future PFAS intake
Our temporal trend analysis revealed that the annual %-change for Ʃ4PFAS is non-linear in polar bear liver, while statistically significant linear declines were found for polar bear muscle (-4.2% per year) and ringed seal liver (-11.7% per year) (Figure 5). Ʃ4PFAS in ringed seal muscle showed a non-significant decline (-1.1% per year). The declining trend in polar bear muscle and ringed seal liver and muscle is relevant to Inuit as these are tissues routinely consumed, while the increasing trend in recent years for polar bear liver is less concerning for the community as they do not consume this tissue to avoid hypervitaminosis A 50.. 
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Figure 5. Temporal trends (annual medians and 95% confidence bands) of Ʃ4PFAS in liver and muscle tissues from polar bears and ringed seals collected in Ittoqqortoormiit (Scoresby Sound), East 
Greenland during 2006-2020. The individual compounds trends are shown in figure S1-4.
Time-trends for each PFAS varied depending on tissue and species (Figures S1-S4). In ringed seals, PFNA and PFHxS increase in both liver and muscle, while all PFAS increase in polar bear liver but only PFNA in polar bear muscle. The increasing trend of Ʃ4PFAS in polar bear liver since 2015 indicates a change in sources or diet of the East Greenland polar bear subpopulation not reflected in muscle due to Ʃ4PFAS toxicokinetic and the metabolic characteristics of liver tissue 34. Previous studies have shown that climate change and loss of sea-ice has made the East Greenland polar bear population shift their diet towards high-trophic seal species, increasingly consuming hooded seals (Cystophora cristata) at the expense of ringed seals 51,52. It is therefore likely that the increases in ∑4PFAS in polar bear liver is due to changes in hooded seal access along its breeding and molting patches due to sea-ice reduction as well as well as increased use of PFNA and PFHxS due to the regulation and less use of PFOS Lohmann et al. In review.
As an exercise to explore when Inuit from Ittoqqortoormiit may stop exceeding the EFSA TWI values for immunological effects from Ʃ4PFAS dietary intake, we use existing consumption estimates (current study) and Ʃ4PFAS time-trends in polar bear and ringed seal tissues (% annual decline, Figure 5) to extrapolate future Ʃ4PFAS weekly intake. Specifically, we estimate intake of Ʃ4PFAS for polar bear muscle, ringed seal liver and ringed seal muscle (gram/week) based on predicted median (25th-75th quantiles) concentrations in those respective tissues each year for the period 2020-2125 and compare the combined Ʃ4PFAS intake from all tissues to the EFSA TWI (Figure 6). Our approach shows that Ʃ4PFAS intake for a 60 kg Ittoqqortoormiit Inuit is 13-fold higher (25th-75th percentile: 11- 20) than the EFSA TWI value and the fold-increase above the TWI declines over time (Figure 6). Only by 2090 does the median weekly Ʃ4PFAS intake fall below the EFSA TWI value. This approach does not account for unknown future changes in Inuit marine mammal consumption patterns or Ʃ4PFAS profile. The prolonged elevated risk persists for at least three generations from now and could have significant implications for the health of the community, where PFAS may increase the risks of multi-generational epigenetic changes and disease prevalence 53-55. It has been shown that PFAS exposure is of concern to highly-exposed populations as it reduces the efficacy of vaccines 15,18,19,56,57. However, as outlined above, in addition to immune health, PFAS exposure is also related to several other disease complexes including thyroid, androgen and estrogen hormones disruption including effect on fetal growth, breast cancer, infections and cardiometabolic and respiratory disease 42,58-67. The mechanisms behind these health effects are diverse and complex, involving a broad range of physiological processes 16,20,24,68,69. 
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Figure 6. Predicted temporal decrease in fold above TWI for a 60 kg Ittoqqortoormiit Inuit in the period 2020-2125. Solid and stipulated lines show median and quantile (25%, 75%). The estimate is based on table S1-4.

Considerations
The present study shows that 89% of the Ittoqqortoormiit (Scoresby Sound) population exceeds the TWI of 4.4 ng/kg body weight in non-pregnant adults for ∑4PFAS, which raises significant concerns for immunotoxic effects. When combining tissue consumption, a maximum of 5-10 grams of tissues can currently be eaten weekly to stay below EFSA TWI, which seems unrealistic according to the findings of the FFQ. Here it should be noted that marine mammal meat consumption is seasonal and there will be times of the year when intake will fall above and below these estimated toxicity levels. Furthermore, temporal projections show that the average community member does not fall below the EFSA TWI before the end of this century, highlighting the severity of long-range transport of industrial chemicals into the Arctic. This assessment focuses strictly on PFAS, but we know that many heavy metals and persistent organic pollutants (POPs) also accumulate in marine food webs and pose additional risk to wildlife and Indigenous Peoples in the Arctic not least given these substances travel across the placenta and into milk 47-49,70. To protect these highly exposed Arctic populations, results like the present are used by the Greenland Self-Government and its physician’s development consumption guidelines in tandem with consideration of healthy alternatives and low-cost food consideration the Arctic dilemma. The findings of this research and the growing knowledge of PFAS pollution globally highlight the urgent need to better regulate PFAS and other persistent, bioaccumulative and toxic chemicals through national and international efforts such as the Stockholm Convention. These regulations need to be combined with sustainable chemistry initiatives to alleviate socio-economic costs through investments in green chemistry and non-toxic solutions. 

Conclusions
We found a biomagnification factor of 4-10 between ringed seal:polar bear, and estimate that ~90% of the Ittoqqortoormiit community exceeded the established ∑4PFAS TWI by 13-folds through consumption of polar bears and ringed seals and that the average inhabitant will continue to exceed established toxicity guidelines until 2090. The prolonged elevated exposure to PFAS in this Inuit community over the next century is concerning in terms of multi-generational disease prevalence and non-infectious diseases such as cardio-metabolic diseases, cancer and reduced fertility. Our findings emphasize the need for additional regulation of PFAS and the development of non-toxic sustainable compounds through international collaboration, not least through the Stockholm Convention. 
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