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 Abstract  
 
Background: The body burden of metals and persistent organic pollutants (POPs) is particularly high in 

populations that rely on fish and other marine species for sustenance. This exposure has been 

associated with an increased risk of type 2 diabetes, but results remain contrasted.  

Objective: We studied this association in two Indigenous populations of northern Québec (Canada) 

with markedly different prevalences of diabetes and levels of exposure to POPs and mercury. 

Methods: As part of health surveys conducted in 2004-2009, diabetes prevalence and glucose 

metabolism (glucose, insulin, HOMA-IR, HOMA-B) in non-diabetic fasting adults were assessed using 

similar protocols in two populations: Inuit from Nunavik (n=877) and Cree from Eeyou Istchee territory 

(n=780). Blood mercury, plasma polychlorinated biphenyls (PCBs), organochlorine (OC) 

pesticides/metabolites and polybrominated diphenylethers (PBDEs) levels were measured in samples 

collected at the time of examination. Logistic and linear regressions and restricted cubic splines 

analyses were conducted adjusting for sex, age, waist circumference, smoking and omega-3 fatty acid 

content in plasma phospholipids. 

Results: Diabetes prevalence was higher in Cree (20%) than in Inuit (7%), whereas environmental 

exposure was 2 to 3-fold greater in Inuit than in Cree participants. In the range of exposure common to 

the two populations, we observed similar linear increases in the risk of diabetes with increasing 

contaminant exposure. Among Cree participants, fasting glucose was positively associated with 

plasma PBDE level, and HOMA-B negatively associated with concentrations of ∑PCBs, 

dichlorodiphenyldichloroethylene, PBDEs and ∑OC pesticides. Among Inuit participants, a trend 

towards reduced insulin secretion was observed in association with most contaminants, but the 

relation was nonlinear (greater reduction at intermediate levels of exposure). A significant increase in 

fasting glucose levels was observed at elevated blood mercury levels (> 16 µg/L). 

Conclusion: The observed association between POPs exposure and diabetes risk in the two 

populations studied should be confirmed using prospective design. Our results suggest the need for 

additional research on the physiopathological process through which POPs exposure may induce type 

2 diabetes in these Indigenous populations. 
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1. Introduction 

 

The prevalence of type 2 diabetes mellitus (T2DM) is increasing among Indigenous populations of 

Canada with a projection of 214% overall increase between 2000 and 2030 (Leung, 2016). However 

there are large disparities among Indigenous populations: age-adjusted T2DM prevalence is much 

higher in First Nations peoples (17.2% when living on reserve; 10.3% off reserve) than in Metis (7.3%) 

or Inuit (5.0%) (similar to the general Canadian population) (PHAC, 2011). Specific genetic 

polymorphisms conferring susceptibility to T2DM have been identified among some First Nations 

populations (Hegele et al., 2003) and Inuit (Manousaki et al., 2016). These genotypes, in combination 

with lifestyle changes and dietary transition, may partly explain the differences in T2DM prevalence 

between Indigenous populations. At different periods of time in their history, these populations have 

faced profound societal changes, as a result of residential schools and other legacies of colonization, 

resulting in a shift away from traditional lifestyles and diet. Initially composed of local and highly 

nutritious fish, seafood, marine and terrestrial mammals, wild birds and plants, these are now 

increasingly replaced by imported nutrient-poor, energy-dense processed foods. Concomitantly, a 

reduction of the daily level of physical activity has occurred. Both are major risk factors of obesity, 

which is a major driver of T2DM. Conversely, despite their modest contribution to total energy intake, 

traditional foods are still an integral part of Indigenous cultures, and continue to largely contribute to 

diet quality and nutrient intakes (Willows et al 2019; Kenny et al 2019 ; Batal and Decelles 2019).  

Unfortunately, worldwide increase of industrial activity has brought chemical contamination of the 

environment, bioaccumulation and biomagnification of metals and persistent organic pollutants (POPs) 

including polychlorinated biphenyls (PCBs) in some freshwater fish and marine species, and 

ultimately, to an increased body burden of these contaminants in populations that rely on these 

species for sustenance (AMAP, 2015). Thus, despite the many benefits of traditional foods, some of 

them can also be a source of exposure to environmental contaminants, especially predatory fish and 

marine mammals that are at the top of the food chain. Whereas several fish species are often 

consumed by different Indigenous communities, marine mammals are almost uniquely consumed by 

Inuit communities (Noreen et al 2018; Lemire et al, 2015). This translates into a high exposure to 

mercury and PCBs, but also to elevated intakes of marine food nutrients, such as omega-3 



 

 polyunsaturated fatty acids, iron, selenium, iodine and lipophilic vitamins, in Inuit communities 

(AMAP, 2015; Lemire et al., 2015; Laird et al., 2013).  

Recent reviews have concluded that body burden of several of these contaminants has been 

associated with an increased risk of T2DM (Lee et al., 2014; Thayer et al., 2012; Taylor et al., 2013; 

Roy et al., 2017). This contamination could therefore contribute to the rising epidemics of diabetes in 

several Indigenous populations of Canada. High exposure levels to these contaminants have been 

reported in several of these communities (Liberda et al., 2014; Donaldson et al., 2010). The role of this 

exposure in T2DM onset has been studied, with conflicting results, among Inuit populations in 

Greenland (Jorgensen et al., 2008; Jeppesen et al., 2015) and Canada (Inuvialuit Settlement Region, 

Nunavut and Nunatsiavut) (Singh et al., 2017), and among First Nations in Manitoba and Ontario 

(Marushka L et al., 2017). Possible reasons for these discrepancies include different population 

characteristics such as exposure levels or prevalence of other T2DM risk factors, and different 

methods used to assess glucose metabolism, environmental exposures and dose-response 

relationships. 

 

In the present study, we evaluated the associations between POPs and mercury exposure with altered 

glucose metabolism in two Indigenous populations of Northern Quebec, Canada that exhibit different 

exposure levels and different genetic backgrounds. Similar methods were used in both populations for 

assessing exposure to these contaminants and health outcomes.  

 

2. Methods 

 

 2.1. Population and data collection  

Comprehensive environmental health surveys were conducted between  2004 and 2009 in two 

Indigenous populations living in Northern Quebec (Inuit of Nunavik, Cree of Eeyou Istchee) using 

similar protocols. The Qanuippitaa? Nunavik Health Survey was conducted during the summer of 2004 

among Inuit adults (aged 18years and over) from 14 Nunavik villages. A clinical and paraclinical exam 

was organized onboard the Canadian Coast Guard Icebreaker Amundsen. Each individual who 

agreed to participate in the survey signed a consent form. The study protocol was approved by the 

ethics committee of Laval University; more details are available in Rochette and Blanchet (2007). The 



 

 Multi-community Environment-and-Health Study is a cross-sectional investigation that was carried 

out in nine Cree communities located in theEeyou Istchee territory between 2005 and 2009 collecting 

similar clinical and personal information. All of the study’s components were reviewed and approved 

by the ethics committees of the participating institutions: McMaster, Laval and McGill universities. 

Community consent was obtained through formal resolutions, and all individual participants provided 

informed written consent. More details about this second study is available in Nieboer et al. (2013). 

The enrolled individuals answered a series of questionnaires documenting lifestyle and dietary habits, 

and diagnosed health conditions including diabetes. Subsequently, a series of tests and 

anthropometric measurements (height, weight, waist circumference) were conducted during a clinical 

session and blood samples were collected for measures of glucose metabolism and biomarkers of 

exposure to environmental contaminants. Medical records were also reviewed for several health 

outcomes including diabetes and medication use. 

Among the 914 Inuit participants who participated in the clinical session in 2004, 37 were excluded 

because of missing values on essential variables (disease, glucose), 62 (7.1%) were identified with a 

diagnosis of diabetes and 815 were considered non-diabetic. Among these 815 a priori non-diabetic 

participants, 144 were in a non-fasting state and were excluded, leaving 671 participants for which 

biological measures were performed; 161 of them also underwent an oral glucose tolerance test 

(OGTT). Out of 881 Cree participants, 101 could not be assessed for diabetic status and 158 had 

diagnosed diabetes (20.3%). Biological measures were performed for the remaining 599 subjects a 

priori non-diabetic, in fasting state, with full data on main covariates (only 59 were also submitted to 

OGTT and data will not be reported).  

  

2.2. Diagnosis of T2DM and laboratory analyses 

Prevalent T2DM among participants was assessed from previous diagnosis confirmed by medical 

chart review, or from consumption of antidiabetic drugs as indicated in medical records (more details 

are given in supplemental file 1).  

Fasting plasma insulin (pmol/L) was measured with the chemiluminescent detection immunoassay 

system (ADVIA Centaur CP Immunoassay system; Bayer HealthCare, Toronto, ON. Canada). Blood 

glucose (mmol/L) was quantified by a spectrophotometric assay (Vitros 950; Ortho-Clinical 



 

 Diagnostics) (Chateau-Degat et al., 2009). All analyses were performed by the Clinical Biochemistry 

Laboratory of the Centre Hospitalier de l’Université Laval (CHUL), Québec. We used the homeostasis 

model assessment (HOMA) to assess insulin resistance (HOMA-IR) and pancreatic β-cell function 

(HOMA-B) (Matthews et al., 1985; Song et al., 2007).  The HOMA-IR score was calculated for each 

participant using the following formula: HOMA-IR = [fasting glucose (mmol/L)] × [fasting insulin (mIU/L) 

/22.5]. The HOMA-B (or HOMA β-cell) was calculated as follows: HOMA-B = [20 x fasting insulin 

(mIU/L)] / [fasting glucose (mmol/L) − 3.5].  

 

2.3. Exposure assessment  

We analyzed plasma samples of participants to determine their body burden of the following POPs:  7 

polychlorinated biphenyls (PCBs) congeners (IUPAC nos.105, 118, 138, 153, 156, 170 and 180) 

(NIOSH, 1977; Patterson et al., 1991); 13 organochlorine (OC) pesticides or metabolites (aldrin, ß-

hexachlorocyclohexane [HCH], α-chlordane, γ-chlordane, oxychlordane, trans-nonachlor, cis-

nonachlor, p,p’-dichlorodiphenyltrichloroethane, p,p’-dichlorodiphenyldichloroethylene [DDE], 

hexachlorobenzene [HCB], mirex, toxaphene congeners Parlar no. 26 and Parlar no. 50 [toxaphene 

26+50]), and 5 brominated organic compounds (polybrominated biphenyl [PBB] congener no. 153, 

polybrominated diphenyl ethers  [PBDEs] congeners nos. 47, 99, 100, and 153). Total mercury (Hg) 

and omega-3 polyunsaturated fatty acids (omega-3 PUFAs) were quantified in whole blood and 

plasma phospholipids, respectively (Liberda et al.. 2014; Rochette and Blanchet, 2007).  Data for 

PBDE 47, PBDE 153, and toxaphene congeners were not available for some Cree participants, 

leaving 519 subjects for analysis relative to these compounds. 

Organohalogenated compounds were extracted from plasma using solid-phase extraction. The 

resulting extract was cleaned on florisil columns and analysed by high resolution gas 

chromatography–mass spectrometry (HRGC–MS) at the Centre de Toxicologie du Québec. Limits of 

detection (LODs) were based on a signal-to-noise ratio of 3:1 for all compounds. LODs changed over 

the course of the projects, due to instrument optimization; the most conservative (highest) LOD values 

were assigned to each compound: 0.005 µg/L: toxaphene congeners; 0.02 µg/L: all PCBs congeners, 

aldrin, α-chlordane, γ-chlordane, oxychlordane, mirex, trans-nonachlor, PBB 153, PBDE nos. 99, 100 

and 153; 0.03 µg/L: PBDE 47; 0.04 µg/L: HCB; 0.05 µg/L: ß-HCH, DDT; 0.09 µg/L: DDE. Intra-day 

precision (typically <3%), inter-day precision (mostly ≤ 10%, but 25–35% for the brominated 



 

 compounds) and recoveries (mostly ≥ 70%) were all in the acceptable range. The measurement of 

whole blood total mercury (Hg) concentration was performed by ICP-MS at the Centre de Toxicologie 

du Québec and the complete analytic method was detailed elsewhere (Valera et al. 2009). LOD for the 

determination of Hg was 0.12 µg/L. 

 

Cholesterol and triglycerides were analyzed using a Hitachi 917 Chemistry Analyzer. Total plasma 

lipids (as an adjustment variable for lipophilic contaminants) were then estimated from cholesterol and 

triglyceride levels. Plasma phospholipids were isolated from the lipid extract by chromatography, and 

the fatty acid profile, including DHA and EPA (omega-3 PUFAs), was determined by capillary gas–

liquid chromatography as described by Jacobson et al. (2008).  

 

2.4. Statistical analysis 

Because glucose, insulin, HOMA-IR and HOMA-B values were substantially skewed, we used a 

logarithmic transformation of these variables for the analysis. Two extreme values were also 

winsorized to reduce the impact of outliers. Imputations were performed for missing values on main 

covariates and the results were bootstrapped in order to take into account the complex survey design 

(Inuit study). 

Ten contaminant categories were created: ∑PCBs (105,118,138,153,156,170,180), dioxin-like PCBs 

(105+118+156), DDE, HCB, mirex, oxychlordane+trans-nonachlor, PBDE (47+153), toxaphene 

(26+50), ∑OC pesticides (HCB, mirex, oxychlordane, trans-nonachlor, DDE), and Hg. Contaminant 

concentrations were grouped in tertiles (µg/L) in each study population. Omega-3 PUFAs 

concentration was considered as a continuous variable.   

All multivariate models were adjusted for age (years), sex, waist circumference (cm), smoking (never 

smoker, ex-smoker, occasionally, daily – for Cree; current non-smoker, occasional smoker, daily 

smoker – for Inuit), omega-3 PUFAs (% of total fatty acids by weight in plasma phospholipids) and 

total lipids (g/L) (when appropriate).  

 

Odds ratio of T2DM for each group of contaminants was estimated by logistic regression in each 

population separately. Linear trend tests for odds ratios and percent changes were obtained using 

orthogonal polynomial contrast on risk factor levels. Accordingly, the median values for each tertile 



 

 were used to create polynomial coefficients, using the SAS proc IML. The latter coefficients were 

then applied in the contrast statement to achieve a dose response trend. Likewise, within each 

population, an interaction term between the risk factor components (∑PCBs, DDE) and waist 

circumference (above and below the median) was also tested.   

The shape of dose-response associations for the main contaminants (∑PCBs and DDE), was also 

explored using spline regression modeling in order to detect non-linear relationship between the 

exposure (ng/g plasma lipids) and the outcome that would not otherwise be captured with the 

exposure categorization (tertiles). Restricted cubic spline was selected to insure stability at tails. A 

model including three knots (5th, 50th and 95th percentiles) allowed an adequate fit of the data. Graphs 

are represented as the log(odds) of T2DM by contaminant levels. Log(Odds) were derived at minimum 

value (reference value) of the exposure. To test whether the shape of the outcome-exposure 

relationship is different between the two populations (Inuit and Cree), an interaction term (population 

by exposure components) was used. An overall model was first assessed; the model estimates were 

then contrasted at specific range of data points for each population to derive the log(Odds) function.    

Regressions models were also used in order to evaluate the relationship between environmental 

contaminants and biomarkers of glucose metabolism among non-diabetic participants. Percent of 

change coefficients ((exp(β)−1)x100) were calculated (as the dependent variables were log-

transformed) to provide a measure of change for the selected glucose metabolism marker that occurs 

for any tertile of exposure compared to the reference (lower tertile).  

Statistical analyzes were performed by SAS software, version 9.4 (SAS Institute. Cary. NC). 

 
  

1. Results 

 

The prevalence of T2DM was 20.3% among Cree and 7.1% among Inuit. Table 1 contains descriptive 

data for markers of glucose metabolism in fasting adult participants from both populations. Although 

median age at enrollment (33-34 years) was similar in the two groups, all indicators of metabolic 

disturbances (waist circumference, fasting glucose, fasting insulin) were markedly higher in the Cree 

population. Conversely, plasma concentrations of all POPs (except PBDE), of Hg and omega-3 

PUFAs (Table 2) were higher in the Inuit compared to the Cree population. When grouped into tertiles, 

the second tertile of environmental contaminants and nutrients distributions in the Inuit population was 



 

 approximately equivalent to the third tertile in the Cree population. Due to low percentage of 

detection of toxaphene 26+50 in the Cree population, results relative to these compounds are not 

reported. Concentrations of several of these contaminants were highly correlated (r>0.9 between 

∑PCBs, DDE, mirex, and oxychlordane+transnonachlor) (Supplemental File 2). 

 
All contaminant concentrations, except PBDE and Hg, were associated with an increased risk of 

prevalent T2DM in the Cree population (Table 3). In the Inuit population, significant trends were 

observed for ΣPCBs, mirex, and ΣOC pesticides. When modelling non-linear dose-response curves of 

log(Odds) in association with ΣPCBs and DDE, including Cree and Inuit populations with the same 

reference value, the interaction was not statistically significant (Figures 1-2). Within the range of 

exposure common to the two populations (<1200 ng/g lipids for DDE, <2300 ng/g lipids for ∑PCBs), 

the risk of T2DM increased in a similar fashion among Cree and Inuit but kept increasing beyond this 

range only among Inuit. Interaction between plasma ΣPCBs or DDE levels and waist circumference 

did not reach statistical significance. However among Inuit, linear trends of risk of T2DM with 

contaminant levels are observed only among subjects with waist circumference above 

median, whereas in the Cree population, linear trends of risk of T2DM are observed in both 

strata. (Supplemental File 3) 

 In the Inuit population free of previously diagnosed diabetes, higher plasma concentrations of ∑PCBs, 

dioxin-like PCBs and some OCs (HCB, mirex, toxaphene) were associated with decreasing levels of 

fasting insulin (up to a 13% decrease), but not with increasing fasting glucose levels (Table 4). 

However, the decrease in insulin was not linearly related to exposure, as it was more pronounced in 

the second tertile of exposure. Similar patterns of associations were observed for HOMA-IR or HOMA-

B levels, with decreased levels occurring in the intermediate range of concentrations. In the 

subsample of Inuit participants submitted to the OGTT test (n=161), a linear decrease in glucose level 

was observed in association with higher concentrations of mirex. A notable exception in the direction 

of these associations was the positive association between DDE concentration and an increase in 

insulin and in HOMA-IR levels (up to 9%) (Figure 3). Increased blood Hg concentration was 

associated with a linear increase in fasting glucose (+3% in the third tertile of exposure) and this 

association was more pronounced in the subsample submitted to the OGTT test (+26% in the third 

tertile).  

 



 

 In the Cree population free of previously diagnosed diabetes, fewer changes in markers of glucose 

metabolism were observed in association with exposure to POPs (Table 5). An increase in fasting 

glucose was observed in association with PBDE plasma level, and a decrease in HOMA-B with 

increasing concentrations of ∑PCBs, dioxin-like PCBs, DDE, PBDE and ∑OC pesticides, although the 

shape of the relationship was not always linear (Figure 4).   

  
 
 
 
4. Discussion 

 

Our results obtained in two different Northern Quebec Indigenous population indicate similar dose-

response associations between POPs exposure and T2DM risk, despite markedly different exposure 

levels, glucose metabolism measures and diabetes prevalence. However, the patterns of association 

between exposure and biomarkers of glucose metabolism differed between the two groups of non-

diabetic adults, suggesting different processes linking environmental contaminants to diabetes onset 

in these populations, perhaps linked to abdominal obesity. 

 

The two populations studied present contrasted characteristics at baseline, both in terms of T2DM 

prevalence (20% among Cree, 7% among Inuit) and markers of glucose metabolism (altered among 

Cree), and in terms of exposure to environmental contaminants (higher among Inuit). In the Cree study 

population, the median fasting plasma glucose level (5.32 mmol/l) and waist circumference (108.9 cm) 

were at the cutoff points for definition of metabolic syndrome (Goldenberg et al., 2013). Conversely, 

blood levels of total PCBs and ∑OC pesticides were 2 to 3 times, and mercury level up to 7 times 

higher among Inuit compared to Cree.  

 

Previous studies pertaining to POPs exposure and risk of diabetes in different Inuit populations have 

reported contrasted results. Among Inuit from Greenland, a previous cross-sectional study conducted 

between 1999 and 2002 (Jorgensen et al., 2008) reported plasma concentrations of total PCBs and 

OCs at least 4 times higher than in the present study in Nunavik. However, contrary to our findings, no 

association was observed between exposure to POPs and diabetes prevalence. As suggested by the 

authors, because very high levels of exposure are present in their population, the range of exposures 



 

 may not have been large enough to reveal associations with metabolic dysfunctions (see Figure 2). 

Nevertheless, both in Inuit populations from Greenland and Nunavik (present study), an inverse 

association with insulin levels is observed: in Greenland, Jorgensen et al. (2008) reported inverse 

associations between stimulated insulin level and total PCBs or several OC pesticides, whereas in 

Nunavik we also found inverse associations between fasting insulin and these contaminants 

(stimulated insulin was not measured in our study). In the Adult Inuit Health Survey conducted in 

Nunavut, Inuvialuit Settlements and Nunatsiavut in the Canadian Arctic (Nunavik not included) in 

2007-2009, POPs blood plasma levels were similar to those observed in our Nunavik Inuit population 

(Singh et al., 2017). In this cross-sectional survey, they reported an association between POPs 

exposure and (self-reported) diabetes as well as fasting glucose. The latter finding is hard to interpret 

however, since the authors apparently did not exclude prevalent cases of diabetes when performing 

these statistical analyses. The potential impact of mercury exposure on glucose metabolism was 

studied previously in the Inuit population of Greenland (Jeppesen et al., 2015). The authors reported a 

positive association between mercury exposure and T2DM prevalence and with fasting glucose and 

2h-glucose; the relationship appeared linear in their range of exposure levels (median 17.3 µg/L; 

range: 0.05-490 µg/L). Whereas we do not find an association between mercury exposure and T2DM 

prevalence in the Nunavik Inuit population, similar associations with 2h-glucose are observed, but 

statistical significance was reached only in the higher exposure range (our third tertile > 16 µg/L) for 

fasting glucose.  

 

In summary, our results combined to those obtained in similar studies conducted in other Inuit 

populations suggest an association between POPs exposure and diabetes prevalence. Moreover, our 

results obtained in non-diabetic individuals suggest that reduced insulin secretion, rather than early 

signs of insulin resistance, is associated with increasing contaminant concentrations, but mostly at 

intermediate levels of exposure. The existence of non-monotonic dose-response curves in these 

associations has already been suggested (Lee et al., 2014). Although we did not find an association 

between mercury exposure and T2DM prevalence, our results suggest that an increase in glucose 

levels may occur at blood mercury levels above 16 µg/L, which is coherent with the data from a 

previous study among Greenlandic Inuit (Jeppesen et al., 2015). 

 



 

 The risk of diabetes in relation with POPs exposure was previously studied in the Mohawk population 

of Akwesasne, a First Nations community located along the St Lawrence River in New York State, 

USA (Codru et al., 2007). In this cross-sectional study, blood concentrations of total PCBs, DDE, HCB 

and mirex were 2 to 3 times higher than those observed in the Cree participants in our study. The 

authors reported positive associations between elevated serum concentrations of PCBs, DDE and 

HCB and diabetes prevalence, but a negative association with mirex. An update of this analysis has 

subsequently been published (Aminov et al., 2016) with an extended sample of the same Mohawk 

population. Serum concentrations of 101 PCB congeners and 3 pesticides (DDE, HCB, mirex) were 

measured and statistical analyses included mutual adjustment for concentrations of other POPs. 

Significant associations were reported between diabetes prevalence and serum levels of low-

chlorinated non-dioxin-like PCBs congeners and HCB. Another large study conducted among First 

Nations adults in Ontario, Canada focused on risks and benefits of fish consumption in relation with 

T2DM risk (Marushka L et al., 2017). Globally, a frequent consumption of fish (>= once a week), and 

the estimated DDE and PCBs intakes from fish, were associated with increased risk of T2DM. Our 

study is the first to report an association between PBDE exposure and impairment of glucose 

metabolism in a First Nations population, and these results add to the growing knowledge on the 

potential health effects of brominated flame retardants (Kim et al., 2014). 

In summary, in coherence with results of other studies conducted in First Nations populations, we 

observed an association of POPs exposure with diabetes prevalence. In addition, among non-diabetic 

participants, we observed a decrease in HOMA-B, indicative of reduced β-cell function, in association 

with ∑PCBs, DDE, PBDE and ∑OC pesticides exposures.  

 

With regard to the effect of POPs on insulin levels, there is in-vitro evidence indicating that POPs can 

directly reduce insulin secretion of beta cells at very low doses, following a non-linear relationship (Lee 

et al., 2017). Results from the latter study also suggest the possibility that a compensatory over-

secretion of insulin among individuals exhibiting insulin resistance may mask a direct effect of POPs 

on pancreatic beta-cell function. Accordingly, a recent review article on POPs and T2D concluded that 

the role of POPs would be more prominent in the development of beta-cell dysfunction-dominant T2D 

rather than insulin resistance-dominant T2D (Lee et al., 2018). 

 



 

 Assuming that a similar linear dose-response relationship exists between the main POPs exposures 

and T2DM risk among Cree and Nunavik Inuit populations, in their common range of exposure (<1200 

ng/g lipids for DDE, <2300 ng/g lipids for ∑PCBs - that concern the majority of the two populations), 

the population fraction of T2DM attributable to POPs exposure is likely to be higher among Inuit 

compared to Cree, because exposure levels are higher among Inuit. This potential impact is likely to 

decline over the next decades, because of decreasing environmental levels and human body burden 

of most POPs in the Arctic (AMAP 2015), except for PBDE. 

 

A number of limitations are present in our study. Although we had the opportunity to study a large 

number of POPs, several of them are highly correlated. Some combinations of contaminants are 

driven by one main compound: for example, ∑OC pesticides concentrations are largely explained by 

DDE, especially among Cree where DDE represents 82% of ∑OC pesticide concentration. The large 

number of tests performed has increased the likelihood of positive findings. However, due to high 

correlations among several POPs, significant associations found with some specific compound (such 

as DDE or mirex) may be attributed to the mixture rather than to the compound itself. Diagnosis of 

diabetes was based on medical records, an improvement over studies relying only on self-reported 

diabetes, but we cannot exclude that some cases may have been missed. Some potential 

confounders such as alcohol consumption, physical activity or family history of diabetes were difficult 

to assess with precision in these two populations and could not be taken into account. Most of the 

contaminants measured in our study persist for many years in the body; however simultaneous cross-

sectional assessment of blood contaminant levels and disease status may also have introduced 

measurement error or even reverse causation, due to the lipophilic properties of several POPs (Zong 

et al., 2018). In addition, the duration of disease (median 5.5 years among Cree, 3.3 years among 

Inuit) may also have introduced behavior changes (including dietary) that modified their current 

circulating levels of pollutants. Despite these potential limitations, common to most cross-sectional 

studies on this issue, our study relied on a detailed assessment of contaminants and nutrients 

biomarkers in two large population samples. The originality of our analysis lies in parallel observations 

of disturbances of glucose metabolism and diagnosed T2DM in two Indigenous populations of Canada 

with contrasted characteristics.  

 



 

 Conclusion 

The observed link between POPs exposure and T2DM risk in the two populations studied should be 

confirmed using preferably a prospective design. Our results also suggest the need for additional 

research on the physiopathological process through which POP exposure may induce type 2 diabetes 

in these Indigenous populations. 

 

  



 

  
References 
 
AMAP Assessment 2015: Human Health in the Arctic. Arctic Monitoring and Assessment Programme 
(AMAP), Oslo, Norway. 
 
Aminov Z, Haase R, Rej R, Schymura MJ, Santiago-Rivera A, Morse G, DeCaprio A, Carpenter DO; 
Akwesasne Task Force on the Environment.Diabetes Prevalence in Relation to Serum Concentrations 
of Polychlorinated Biphenyl (PCB) Congener Groups and Three Chlorinated Pesticides in a Native 
American Population. Environ Health Perspect. 2016 Sep;124(9):1376-83. doi: 10.1289/ehp.1509902. 
 
Batal M, Decelles S. A Scoping Review of Obesity among Indigenous Peoples in Canada. J 
Obes. 2019 Jun 3;2019:9741090. doi: 10.1155/2019/9741090. eCollection 2019. 
 
Chateau-Degat ML, Pereg D, Egeland GM, Nieboer E, Bonnier-Viger Y, Laouan-Sidi EA, 
Dannenbaum D, Dewailly E. Diabetes and related metabolic conditions in an aboriginal Cree 
community of Quebec, Canada. Can J Diabetes. 2009;33(3):156-62. doi: 10.1016/S1499-
2671(09)33006-3. 
 
Codru N, Schymura MJ, Negoita S, the Akwesasne Task Force on Environment, Rej R, Carpenter DO. 
Diabetes in relation to serum levels of polychlorinated biphenyls and chlorinated pesticides in adult 
Native Americans. Environ Health Perspect. 2007 Oct;115(10):1442-7. doi: 10.1289/ehp.10315. 
 
Donaldson SG, Van Oostdam J, Tikhonov C, Feeley M, Armstrong B, Ayotte P, et al. Environmental 
contaminants and human health in the Canadian Arctic. Sci Total Environ. 2010 Oct 15;408(22):5165-
234. doi: 10.1016/j.scitotenv.2010.04.059.  
 
Goldenberg R, Punthakee Z. Definition, Classification and Diagnosis of Diabetes, Prediabetes and 
Metabolic Syndrome.  Can J Diabetes. 2013; 37:S8-S11. doi: 10.1016/j.jcjd.2013.01.011. 
 
Hegele RA, Zinman B, Hanley AJ, Harris SB, Barrett PH, Cao H. Genes, environment and Oji-Cree 
type 2 diabetes. Clin Biochem. 2003 May;36(3):163-70. 
 
Jacobson JL, Jacobson SW, Muckle G, Kaplan-Estrin M, Ayotte P, Dewailly E. Beneficial effects of a 
polyunsaturated fatty acid on infant development: evidence from the inuit of arctic Quebec. J 
Pediatr. 2008 Mar;152(3):356-64. doi: 10.1016/j.jpeds.2007.07.008.  
 
Jeppesen C, Valera B, Nielsen NO, Bjerregaard P, Jørgensen ME. Association between whole blood 
mercury and glucose intolerance among adult Inuit in Greenland. Environ Res. 2015 Nov;143(Pt 
A):192-7. doi: 10.1016/j.envres.2015.10.013. 
 
Jørgensen ME, Borch-Johnsen K, Bjerregaard P. A cross-sectional study of the association between 
persistent organic pollutants and glucose intolerance among Greenland Inuit. Diabetologia. 2008 
Aug;51(8):1416-22. doi: 10.1007/s00125-008-1066-0.  
 
Kenny TA, Hu XF, Kuhnlein HV, Wesche SD, Chan HM. Dietary sources of energy and nutrients in the 
contemporary diet of Inuit adults: results from the 2007-08 Inuit Health Survey. Public Health 
Nutr. 2018 May;21(7):1319-1331. doi: 10.1017/S1368980017003810. Epub 2018 Jan 14. 
 
Kim YR, Harden FA, Toms LM, Norman RE. Health consequences of exposure to brominated flame 
retardants: a systematic review. Chemosphere. 2014 Jul;106:1-19. doi: 
10.1016/j.chemosphere.2013.12.064.  
 
Laird BD, Goncharov AB, Egeland GM, Chan HM. Dietary advice on Inuit traditional food use needs to 
balance benefits and risks of mercury, selenium, and n3 fatty acids.J Nutr. 2013 Jun;143(6):923-30. 
doi: 10.3945/jn.112.173351. Epub 2013 Apr 24. 
 
Lee DH, Porta M, Jacobs DR Jr, Vandenberg LN. Chlorinated persistent organic pollutants. obesity. 
and type 2 diabetes. Endocr Rev. 2014 Aug;35(4):557-601. doi: 10.1210/er.2013-1084 



 

 Lee YM, et al. Low-dose persistent organic pollutants impair insulin secretory function of pancreatic 
beta-cells: human and in vitro evidence. Diabetes 2017; 66:2669-80 
 
Lee YM, et al. Persistent Organic Pollutants and Type 2 Diabetes: A Critical Review of 
Review Articles. Front Endocrinol (Lausanne) 2018;9: 712 

 

Lemire M, Kwan M, Laouan-Sidi AE, Muckle G, Pirkle C, Ayotte P, Dewailly E. Local country food 

sources of methylmercury, selenium and omega-3 fatty acids in Nunavik, Northern Quebec. Sci Total 

Environ. 2015 Mar 15;509-510:248-59. doi: 10.1016/j.scitotenv.2014.07.102. Epub 2014 Aug 15. 

 
Leung L. Diabetes mellitus and the Aboriginal diabetic initiative in Canada: An update review. J Family 
Med Prim Care. 2016 Apr-Jun;5(2):259-265. 
 
Liberda EN, Tsuji LJ, Martin ID, Cote S, Ayotte P, Dewailly E, Nieboer E. Plasma concentrations of 
persistent organic pollutants in the Cree of northern Quebec. Canada: results from the multi-
community environment-and-health study. Sci Total Environ. 2014 Feb 1;470-471:818-28. doi: 
10.1016/j.scitotenv.2013.10.048 
 
Manousaki D, Kent JW Jr, Haack K, Zhou S, Xie P, Greenwood CM, Brassard P, Newman DE, Cole 
S, Umans JG, Rouleau G, Comuzzie AG, Richards JB. Toward Precision Medicine: TBC1D4 
Disruption Is Common Among the Inuit and Leads to Underdiagnosis of Type 2 Diabetes. Diabetes 
Care. 2016 Nov;39(11):1889-1895. 
 
Marushka L, Batal M, David W, Schwartz H, Ing A, Fediuk K, Sharp D, Black A, Tikhonov C, Chan 
HM. Association between fish consumption, dietary omega-3 fatty acids and persistent organic 
pollutants intake, and type 2 diabetes in 18 First Nations in Ontario, Canada. Environ Res. 2017 
Jul;156:725-737. doi: 10.1016/j.envres.2017.04.034. 
 
Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. Homeostasis model 
assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin 
concentrations in man. Diabetologia. 1985 Jul;28(7):412-9. 
 
National Institute for Occupational Safety and Health (NIOSH). Occupational exposure to 
polychlorinated biphenyls (PCBs): criteria for a recommended standard. DHEW (NIOSH) Publication 
No. 77-225, Washington DC: U. S. Dept. of Health, Education and Welfare. Public Health Service, 
Center for Disease Control, and National Institute for Occupational Safety and Health; 1977. 
 

Nieboer E, Dewailly E, Johnson-Down L, Sampasa-Kanyinga H, Château-Degat M-L, Egeland GM, 

Atikessé L, Robinson E, Torrie J. Nituuchischaayihtitaau Aschii Multi-community Environment-and-

Health Study in Eeyou Istchee 2005- 2009: Final Technical Report. Nieboer E, Robinson E, Petrov K, 

editors. Public Health Report Series 4 on the Health of the Population. Chisasibi QC: Cree Board of 

Health and Social Services of James Bay; 2013.  

 
Noreen W, Johnson-Down L, Jean-Claude M, Lucas M, Robinson E, Batal M. Factors associated with 
the intake of traditional foods in the Eeyou Istchee (Cree) of northern Quebec include age, speaking 
the Cree language and food sovereignty indicators. Int J Circumpolar Health. 2018 
Dec;77(1):1536251. doi: 10.1080/22423982.2018.1536251. 
 
Patterson Jr DG, Isaacs SG, Alexander LR, Turner WE, Hampton L, Bernert JT et al. Determination of 
specific polychlorinated dibenzo-p-dioxins and dibenzofurans in blood and adipose tissue by isotope 
dilution-high-resolution mass spectrometry. IARC Sci Publ 1991:299–342. 
 
PHAC. Public Health Agency of Canada. Diabetes in Canada: Facts and Figures from a Public Health 
Perspective. Ottawa, 2011. 
 



 

 Rochette L, Blanchet C. Qanuippitaa. How are we? Methodological report. Institut National de santé 
publique du Québec, 2017. 
https://www.inspq.qc.ca/pdf/publications/692_esi_methodological_report.pdf 
 
Roy C, Tremblay PY, Ayotte P. Is mercury exposure causing diabetes, metabolic syndrome and 
insulin resistance? A systematic review of the literature. Environ Res. 2017 Jul;156:747-760. doi: 
10.1016/j.envres.2017.04.038 
 
Singh K, Chan HM. Persistent organic pollutants and diabetes among Inuit in the Canadian Arctic. 
Environ Int. 2017 Apr;101:183-189. doi: 10.1016/j.envint.2017.02.002. 
 
Song Y, Manson JE, Tinker L, Howard BV, Kuller LH, Nathan L et al. Insulin sensitivity and insulin 
secretion determined by homeostasis model assessment and risk of diabetes in a multiethnic cohort of 
women: the Women's Health Initiative Observational Study. Diabetes Care. 2007 Jul;30(7):1747-52. 
Epub 2007 Apr 27. 

 
Taylor KW, Novak RF, Anderson HA, Birnbaum LS, Blystone C, Devito M et al. Evaluation of the 
association between persistent organic pollutants (POPs) and diabetes in epidemiological studies: a 
national toxicology program workshop review. Environ Health Perspect. 2013 Jul;121(7):774-83. 
doi: 10.1289/ehp.1205502 
 
Thayer KA, Heindel JJ, Bucher JR, Gallo MA. Role of environmental chemicals in diabetes and 
obesity: a National Toxicology Program workshop review. Environ Health Perspect. 2012 
Jun;120(6):779-89. doi: 10.1289/ehp.1104597. 
 
Valera B, Dewailly E, Poirier P. Environmental mercury exposure and blood pressure among Nunavik 
Inuit adults. Hypertension. 2009 Nov;54(5):981-6. doi: 10.1161/HYPERTENSIONAHA.109.135046.  
 

Willows N, Johnson-Down L, Kenny TA, Chan HM, Batal M. Modelling optimal diets for quality and cost: 

examples from Inuit and First Nations communities in Canada. Appl Physiol Nutr Metab. 2019 Jul;44(7):696-

703. doi: 10.1139/apnm-2018-0624.  
 
Zong G, Valvi D, Coull B, Göen T, Hu FB, Nielsen F, Grandjean P. Sun Q. Persistent organic 
pollutants and risk of type 2 diabetes: A prospective investigation among middle-aged women in 
Nurses' Health Study II. Environ Int. 2018 May;114:334-342. doi: 10.1016/j.envint.2017.12.010.  



 1

 
 Inuit               Cree 
Variable a Total Population  

(n=671) 
Subsample OGTT  

(n=161) 
Total Population  

(n=599) 
Age (years)  32.9 

[24.4-43.6] 
38.8 

[27.2-50.1] 
33.8 

[25.1-43.9] 
% men 53.0 

 
57.3 

 
43.6 

 
Waist   
circumference 
(cm) 

88.6 
[79.9-98.8] 

90.1 
[80.9-100.2] 

108.9 
[99.8-118.9] 

 
% ever smoker  
 

 
77.7 

 
74.0 

 

 
90.5  

 
Fasting glucose  
(mmol/l) 

4.36 
[3.97-4.69] 

4.49 
[4.23-4.75] 

5.32 
[4.97-5.78] 

Fasting insulin  
(pmol/l) 

42.4 
[33.6-60.8] 

43.9 
[33.7-65.7] 

129.5 
[85.1-195.3] 

HOMA-IR 1.18 
[0.90-1.74] 

1.30 
[0.91-1.90] 

4.54 
[2.89-7.29] 

HOMA- Bb 

 
144.0 

[100.8-249.6] 
125.0  

[97.0-215.6] 
197.0 

[135.9-281.4] 
    
a: continuous variables are presented as median and interquartile range [Q1-Q3]   
b: n=622 Inuit, measures below 3.5 mmol/L are excluded. 
 
Table 1:  Characteristics of the Inuit and Cree adult populations (non-diabetic, fasting state) 
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 N %>LOD P10 P25 P50 P75 P90 Max 
Inuit         

∑PCB (ng/g) 671 100 78 175 366 850 2000 8342 
dioxin-like PCB (ng/g) 671 99.42 6.5 14 30 66 149 689 

p,p’-DDE (ng/g) 671 100 129 233 421 818 1672 8307 
HCB (ng/g) 671 99.59 14 25 52 116 228 1246 
Mirex (ng/g) 671 91.05 1.6 4.3 9.6 24 55 293 

Oxychlordane + trans-
nonachlor (ng/g) 

671 100 38 74 159 429 974 6395 

PBDE (47 +153) 
(ng/g) 

669 85.5 <LD 2.7 8.3 15 35 402 

Toxaphene 26 + 50 
(ng/g) 

671 98.14 7.6 14 32 80 177 968 

∑OC pest (ng/g) 671 100 207 375 698 1471 3131 14688 
 

Hg (µg/L) 671 100 2.46 5.32 10.3 20.7 38.2 152 

Omega-3 (% total FA)   671 100 5.19 6.78 9.03 11.7 14.3 19.5 

 

Cree         
∑PCB (ng/g)   599 99.3 17 45 169 542 1548 13200 

dioxin-like PCB (ng/g) 599 88.1 <LD 4.6 16 51 160 1978 
p,p’-DDE (ng/g) 599 99.8 38 64 143 355 823 7144 

HCB (ng/g) 599 99.8 3.3 3.8 8.0 16 32 240 
Mirex (ng/g) 599 78.8 <LD 1.8 7.7 30 94 645 

Oxychlordane + trans-
nonachlor (ng/g) 

599 92.8 1.1 4.0 11 28 67 483 

PBDE 47 +153 (ng/g) 479 82.5 <LD 5.1 9.8 18 33 219 
Toxaphene 26 + 50 

(ng/g) 
479 39.9 <LD <LD <LD 2.4 5.6 53 

∑OC pest (ng/g) 599 100 46 73 175 442 1088 8212 

 

Hg (µg/L) 

 

599 

     

    100 

 

0.41 

 

0.98 

 

3.00 

 

7.99 

 

16.5 

 

82.2 

Omega-3 (% total FA) 598     100 4.92 5.35 5.95 6.77 7.74 17.4 

Σ PCB = sum (105+118+153+156+170+180); dioxin-like PCB = sum (105+118+156);  
Σ OC pest = sum (HCB+mirex+oxychlordane+trans-nonachlor+p,p'-DDE); FA: fatty acids 
 
Table 2: Blood levels of POP (ng/g lipids), mercury (Hg) and omega-3 polyunsaturated fatty acids in 
Inuit and Cree adult populations (non-diabetic, fasting state) 
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Inuit  

(n=877) 
Cree 

(n=778) 
Variable/Tertiles  ORa 95% CI Variable/Tertiles  ORa 95% CI 

∑PCBb                 <1.42 (ref)  
(µg/L)                      

1  ∑PCBb                <0.59 (ref) 
(µg/L)                      

1  

                              1.42-4.40 1.20 
 

[0.33 – 4.35]                             0.59-3.02 1.86 
 

[0.98 – 3.51] 

                                   >4.40 
                     

4.37 
 

[1.27 – 15.08]                                   >3.02 
 

2.50 [1.20 – 5.24] 

P Trend  0.003  P Trend  0.025  

Dioxin -like          <0.12 (ref )                    
PCBc (µg/L)                      

1 
 

 Dioxin -like         <0.06 (ref)  
PCBc (µg/L)                      

1  

                              0.12-0.36 
 

1.11 
 

[0.29 – 4.29]                              0.06-0.29 
 

2.46 
 

[1.26 – 4.81] 

>0.36 
                    

2.51 
 

[0.75 – 8.44]                               >0.29                    3.63 
 

[1.70 – 7.76] 

P Trend  0.060  P Trend  0.002  

p.p' -DDE               <1.8 (ref)           
(µg/L)                      

1  p.p' -DDE           <0.60 (ref) 
(µg/L)                      

1  

                                  1.8-4.5 1.15 
 

[0.33 – 3.97]                             0.60-2.20 2.31 
 

[1.18 – 4.55] 

                                      >4.5                    2.35 [0.68 – 8.06]                                    >2.20                    3.14 [1.43 – 6.91] 

P Trend  0.115  P Trend  0.008  

HCB                     <0.21 (ref) 
(µg/L)                      

1 
 

 HCB                   <0.03 (ref)  
(µg/L)                      

1 
 

 

                              0.21-0.63 0.72 
 

[0.19 – 2.69]                             0.03-0.10 1.90 
 

[0.99 – 3.64] 

>0.63  2.20 
 

[0.55 – 8.74]                               >0.10 
 

3.59 
 

[1.72 – 7.52] 

P Trend  0.104  P Trend  0.001  

Mirex                 <0.035 (ref)  
(µg/L)                      

1 
 

 Mirex                   <0.02 (ref) 
(µg/L)                      

1  

                            0.035-0.12 0.57 
 

[0.18 – 1.86]                              0.02-0.17 1.99 
 

[1.06 – 3.73] 

                                  >0.12 
 

2.35 
 

[0.84 – 6.55]                                  >0.17                  2.48 
 

[1.16 – 5.30] 

P Trend  0.019  P Trend  0.042  

Oxychlordane    <0.67 (ref)  
trans -nonachlor          
(µg/L)                      

1 
 

 Oxychlordane   <0.05 (ref)      
trans -nonachlor          
(µg/L)                      

1  

                              0.67-2.16 0.51 
 

[0.15 – 1.78]                              0.05-0.17 2.49 
 

[1.23 – 5.05] 

                                  >2.16 
 

2.11 
 

[0.70 – 6.36]                                 >0.17 
  

5.83 
 

[2.58 – 13.2] 

P Trend  0.064  P Trend  <0.001  

∑OC pest d          <2.92 (ref)     
(µg/L)                      

1 
 

 ∑OC pest c           <0.73 (ref)    
(µg/L)                      

1 
 

 

                              2.92-8.13 0.58 
 

[0.15 – 2.30]                               0.73-2.73 2.78 
 

[1.38 – 5.61] 

                                    >8.13 
  

2.54 
 

[0.79 – 8.16]                                     >2.73 
 

3.93 
 

[1.73 – 8.92] 

P Trend  0.018  P Trend  0.003  

PBDE 47+153     <0.02 (ref)  
(µg/L)                      

1  PBDE 47+153      <0.04 (ref) 
(µg/L)                      

1  

                              0.02-0.08 1.16 
 

[0.55 – 2.45]                             0.04-0.09 1.40 
 

[0.78 – 2.53] 

                                    >0.08 
                      

0.90 [0.40 – 2.04]                                   >0.09                    0.99 [0.54 – 1.81] 

P Trend  0.716  P Trend  0.773  

Toxa 26+50         <0.13 (ref)  
(µg/L)                      

1 
 

    

                              0.13-0.43 0.71 
 

[0.20 – 2.55]    

                                   >0.43 
 

1.82 
 

[0.54 – 6.13]  
  

 
 

 

P Trend  0.159     

Mercury               <7.21 (ref)  
(µg/L)                      

1 
 

 Mercury                <1.84 (ref) 
(µg/L)                      

1 
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                              7.21-17.2 0.72 
 

[0.26 – 1.96]                                1.84-6.61 1.91 
 

[1.07 – 3.41] 

                                    >17.2 
 

1.18 
 

[0.42 – 3.31]                                      >6.61 
 

1.09 
 

[0.56 – 2.15] 

P Trend  0.551  P Trend  0.668  

a: adjusted for age, sex, waist circumference, smoking, omega-3 PUFAs, total lipids (except for mercury models);  
b: ΣPCB = sum (105+118+138+153+156+170+180); c: dioxin-like PCB = sum (105+118+156); d: ΣOC pest = sum (HCB+mirex 
+oxychlordane+trans-nonachlor+p.p’-DDE)  
 
Table 3: Odds Ratio of T2DM according to tertiles of circulating concentrations of POP and Hg in Inuit 
and Cree adult populations  
 



 

 

      
Variable/Tertiles  Glucose  

%change 
[95%CI]a 

Insulin  
%change 
[95%CI]a 

Homa-IR 
%change 
[95%CI]a 

Homa-B 
%change 
[95%CI]a 

2h-Glucose  
%change 
[95%CI]a 

∑PCBb       < 1.37 (ref) 
(µg/L)                    

0 0 0 0 0 

                     1.37-4.08 -0.01 
[-2.49 – 2.54] 

-10.1 
[-17.8 – -1.75] 

-10.1 
[-18.9 – -0.30] 

-15.4 
[-25.6 – -3.69] 

-8.39 
[-20.4 – 5.45] 

                              >4.08                    0.81 
[-2.51 – 4.24] 

-2.97 
[-13.6 – 8.93] 

-2.18 
[-14.2 – 11.49] 

-11.0 
[-24.2 – 4.60] 

-9.24 
[-28.4 – 14.97] 

P Trend 0.591 0.922 0.822 0.398 0.531 

Dioxin-like PCBc 
(µg/L)           <0.12 (ref) 

 
0 

 
0 

 
0 

 
0 

 
0 

                     0.12-0.32 0.43 
[-1.89 – 2.80] 

-9.99 
[-17.3 – -2.07] 

-9.71 
[-18.1 – -0.49] 

-10.4 
[-20.9 – 1.59] 

-1.51 
[-15.7 – 14.99] 

                            >0.32 0.78 
[-2.37 – 4.04] 

-0.72 
[-11.2 – 11.01] 

-0.12 
[-12.1 – 13.49] 

-5.32 
[-19.4 – 11.27] 

1.65 
[-21.9 – 32.27] 

P Trend 0.658 0.556 0.544 0.814 0.854 

p,p’- DDE    <1.80 (ref)      
(µg/L)          

0 0 0 0 0 

                     1.80-4.00 -1.25 
[-3.67 – 1.24] 

-1.84 
[-9.92 – 6.97] 

-2.85 
[-12.1 – 7.35] 

-3.85 
[-15.1 – 8.94] 

7.19 
[-6.23 – 22.54] 

>4.00 1.17 
[-1.60 – 4.01] 

8.02 
[-1.89 – 18.93] 

9.38 
[-1.84 – 21.89] 

-2.30 
[-15.2 – 12.57] 

10.07 
[-10.1 – 34.78] 

P Trend 0.188 0.045 0.033 0.857 0.412 

HCB            <0.20 (ref)   
(µg/L)                      

0 0 0 0 0 

                     0.20-0.59 -1.94 
[-4.31 – 0.49] 

-9.07 
[-16.2 – -1.39] 

-10.9 
[-18.9 – -2.20] 

0.59 
[-10.7 – 13.30] 

0.40 
[-11.7 – 14.13] 

                           >0.59 -1.44 
[-4.76 – 2.00] 

-5.52 
[-16.7 – 7.18] 

-7.05 
[-19.2 – 6.94] 

3.83 
[-14.6 – 26.23] 

2.10 
[-16.3 – 24.55] 

P Trend 0.596 0.661 0.583 0.692 0.834 

Mirex          <0.03 (ref) 
(µg/L)                    

0] 0 0 0 0 

                     0.03-0.10 -0.37 
[-2.74 – 2.06] 

-12.7 
[-19.9 – -4.79] 

-12.9 
[-21.0 – -3.96] 

-14.4 
[-24.9 – -2.36] 

-7.94 
[-20.3 – 6.28] 

                           >0.10 0.37 
[-2.67 – 3.51] 

-7.24 
[-17.7 – 4.49] 

-6.86 
[-18.5 – 6.43] 

-12.8 
[-25.7 – 2.27] 

-18.5 
[-34.6 – 1.58] 

P Trend 0.716 0.548 0.650 0.219 0.068 

Oxychlordane+trans -
nonachlor    <0.65 (ref) 
(µg/L)             

 
0 

 
0 

 
0 

 
0 

 
0 

                     0.65-1.98 0.05 
[-2.31 – 2.46] 

-1.89 
[-10.3 – 7.36] 

-1.94 
[-11.6 – 8.77] 

-3.72 
[-15.0 – 9.05] 

6.73 
[-7.70 – 23.42] 

                             >1.98 0.02 
[-3.03 – 3.17] 

2.61 
[-8.04 – 14.50] 

2.45 
[-9.47 – 15.94] 

-0.84 
[-15.0 – 15.69] 

11.57 
[-12.5 – 42.23] 

P Trend 0.999 0.491 0.557 0.935 0.438 

∑OC pestd  
 (µg/L)           <2.88 (ref) 

 
0 

 
0 

 
0 

 
0 

 
0 

                     2.88-7.27 -0.99 
[-3.28 – 1.36] 

-3.06 
[-11.2 – 5.87] 

-4.11 
[-13.3 – 6.10] 

-6.28 
[-16.9 – 5.75] 

3.05 
[-9.96 – 17.92] 

                              >7.27 1.29 
[-1.63 – 4.30] 

7.30 
[-3.60 – 19.43] 

8.53 
[-3.91 – 22.57] 

-3.96 
[-17.3 – 11.50] 

12.83 
[-9.88 – 41.26] 

P Trend 0.228 0.083 0.071 0.774 0.272 



 

 

PBDE 47+153  
(µg/L)            <0.02 (ref) 

 
0 

 
0 

 
0 

 
0 

 
0 

                     0.02-0.07 0.60 
[-1.72 – 2.98] 

2.91 
[-5.39 – 11.94] 

3.33 
[-6.10 – 13.71] 

-4.75 
[-16.0 – 7.97] 

8.37 
[-5.92 – 24.83] 

                           >0.07 0.67 
[-1.55 – 2.95] 

-2.47 
[-10.3 – 6.08] 

-2.06 
[-11.0 – 7.75] 

-7.85 
[-19.0 – 4.85] 

7.75 
[-6.50 – 24.18] 

P Trend 0.594 0.436 0.543 0.225 0.385 

Toxa 26+50  
 (µg/L)           <0.13 (ref) 

 
0 

 
0 

 
0 

 
0 

 
0 

                     0.13-0.39 -2.05 
[-4.26 – 0.21] 

-8.91 
[-16.3 – -0.84] 

-10.9 
[-19.2 – -1.78] 

-0.21 
[-11.4 – 12.43] 

1.07 
[-13.5 – 18.15] 

                              >0.39 -1.30 
[-4.06 – 1.55] 

-0.99 
[-10.8 – 9.88] 

-2.28 
[-13.1 – 9.88] 

2.78 
[-12.6 – 20.90] 

8.38 
[-14.8 – 37.81] 

P Trend 0.633 0.635 0.749 0.701 0.471 

Mercury      <6.81 (ref) 
(µg/L)            

0 0 0 0 0 

                     6.81-16.4 0.35 
[-2.12 – 2.88] 

2.85 
[-5.14 – 11.52] 

3.00 
[-6.24 – 13.16] 

1.63 
[-10.8 – 15.81] 

3.85 
[-10.8 – 20.89] 

                           >16.4 2.56 
[-0.10 – 5.28] 

1.94 
[-6.84 – 11.55] 

4.49 
[-5.81 – 15.92] 

-6.35 
[-17.2 – 5.92] 

26.23 
[2.63 – 55.25] 

P Trend 0.039 0.779 0.455 0.201 0.018 

a: % change adjusted for age, sex, waist circumference, smoking, omega-3 PUFAs, total lipids (except for mercury models);  
b: ΣPCB = sum (105+118+138+153+156+170+180); c: dioxin-like PCB = sum (105+118+156); d: ΣOC pest = sum (HCB+mirex 
+oxychlordane+trans-nonachlor+p.p’-DDE). 
 
Table 4: Adjusted percentage change (%) in markers of glucose metabolism according to POPs (µg/L) 
and Hg (µg/L) in the adult Inuit diabetes-free population (n=671)   



 

 

     
Variable/Tertiles  Glucose  

%change 
[95%CI]a 

Insulin  
%change 
[95%CI]a 

Homa-IR 
%change 
[95%CI]a 

Homa-B 
%change 
[95%CI]a 

∑PCBb     <0.41 (ref) 
    (µg/L)     

0 0 0 0 

                  0.41-2.29 2.59 
[-0.84 – 6.14] 

-2.01 
[-10.8 – 7.62] 

1.02 
[-9.24 – 12.43] 

-10.2 
[-18.9 – -0.63] 

                        >2.29 1.53 
[-2.85 – 6.11] 

-7.88 
[-18.4 – 4.02] 

-5.87 
[-18.1 – 8.14] 

-13.7 
[-24.3 – -1.51] 

P Trend 0.774 0.162 0.290 0.066 

Dioxin-like PCBc   
(µg/L)        <0.05 (ref) 

 
0 

 
0 

 
0 

 
0 

                  0.05-0.22 2.33 
[-1.06 – 5.84] 

-2.28 
[-11.0 – 7.24] 

0.51 
[-9.61 – 11.77] 

-10.0 
[-18.6 – -0.48] 

                        >0.22 2.26 
[-2.10 – 6.82] 

-3.72 
[-14.6 – 8.58] 

-0.92 
[-13.6 – 13.7] 

-10.7 
[-21.6 – 1.72] 

P Trend 0.479 0.582 0.853 0.203 

p,p’ -DDE   <0.5 (ref) 
(µg/L)                   

0 0 0 0 

                      0.5-1.5 0.95 
[-2.46 – 4.48] 

-6.17 
[-14.6 – 3.14] 

-4.99 
[-14.7 – 5.85] 

-10.6 
[-19.3 – -0.92] 

                          >1.5 3.14 
[-1.50 – 8.00] 

-1.30 
[-13.0 – 12.0] 

2.29 
[-11.5 – 18.2] 

-9.41 
[-21.1 – 3.96] 

P Trend 0.176 0.871 0.529 0.327 

HCB         <0.02 (ref) 
(µg/L)                  

0 0 0 0 

                  0.02-0.08 1.21 
[-2.10 – 4.63] 

-3.05 
[-11.6 – 6.26] 

-1.71 
[-11.5 – 9.15] 

-8.92 
[-17.5 – 0.59] 

                           >0.08 -1.59 
[-5.71 – 2.71] 

-2.10 
[-13.0 – 10.2] 

-3.32 
[-15.5 – 10.6] 

-0.70 
[-12.6 – 12.8] 

P Trend 0.331 0.814 0.641 0.760 

Mirex        <0.02 (ref) 
(µg/L)                  

0 0 0 0 

                  0.02-0.12 2.11 
[-1.34 – 5.67] 

0.84 
[-8.27 – 10.9] 

3.38 
[-7.20 – 15.2] 

-5.73 
[-14.9 – 4.48] 

                        >0.12 0.17 
[-4.02 – 4.54] 

-4.14 
[-14.8 – 7.85] 

-3.49 
[-15.6 – 10.4] 

-6.24 
[-17.5 – 6.57] 

P Trend 0.740 0.385 0.420 0.461 

Oxychlordane + 
trans -nonachlor  
(µg/L)        <0.03 (ref) 

 
0 

 
0 

 
0 

 
0 

                  0.03-0.12 0.30 
[-3.18 – 3.90] 

-4.97 
[-13.8 – 4.72] 

-4.17 
[-14.2 – 7.07] 

-8.06 
[-17.3 – 2.16] 

                           >0.12 2.20 
[-2.61 – 7.24] 

-6.56 
[-18.2 – 6.70] 

-3.84 
[-17.4 – 11.9] 

-12.7 
[-24.4 – 0.83] 

P Trend 0.330 0.393 0.717 0.094 

∑OC pestd   
(µg/L)        <0.57 (ref) 

 
0 

 
0 

 
0 

 
0 
 

                  0.57-1.88 1.07 
[-2.35 – 4.61] 

-6.99 
[-15.4 – 2.26] 

-5.70 
[-15.4 – 5.08] 

-11.9 
[-20.5 – -2.32] 

 
                           >1.88 3.55 

[-1.21 – 8.54] 
-3.15 

[-14.9 – 10.24] 
0.76 

[-13.1 – 16.82] 
-12.3 

[-23.8 – 0.89] 



 

 

 

P Trend 0.136 0.903 0.673 0.159 

PBDE 47+153 
(µg/L)         <0.04 (ref) 

 
0 

 
0 

 
0 

 
0 

                  0.04-0.09 0.25 
[-3.26 – 3.89] 

-2.15 
[-11.2 – 7.79] 

-1.92 
[-12.3 – 9.74] 

-2.06 
[-11.8 – 8.77] 

                           >0.09 3.73 
[0.08 – 7.51] 

-4.97 
[-13.8 – 4.72] 

-1.91 
[-12.4 – 9.78] 

-11.0 
[-19.9 – -1.16] 

P Trend 0.035 0.305 0.760 0.024 

Mercury  
(µg/L)        <1.54 (ref) 

 
0 

 
0 
 

 
0 

 
0 

 
                  1.54-5.29 

-0.74 
[-3.94 – 2.57] 

5.79 
[-3.34 – 15.78] 

5.35 
[-4.97 – 16.80] 

6.10 
[-3.79 – 17.02] 

                           >5.29 1.67 
[-2.21 – 5.71] 

1.05 
[-9.22 – 12.48] 

3.01 
[-8.86 – 16.43] 

-4.51 
[-15.0 – 7.27] 

P Trend 0.286 0.889 0.805 0.224 

a: % change adjusted for age, sex, waist circumference, smoking, omega-3 PUFAs, total lipids (except for mercury);  
b: ΣPCB = sum (105+118+138+153+156+170+180); c: dioxin-like PCB = sum (105+118+156); d: ΣOC pest = sum (HCB+mirex 
+oxychlordane+trans-nonachlor+p.p’-DDE) 
 
Table 5: Adjusted percentage change (%) in markers of glucose metabolism according to POPs (µg/L) 
and Hg (µg/L) in the adult Cree diabetes-free population (n=599) 
 



 
 

Figure 1:  Generalized additive model (using restricted cubic spline with 3 knots) of the 
relationship between p,p’-DDE plasma concentration (ng/g lipids) and the risk of T2DM in Inuit 
and Cree populations 

 



 
 

 Figure 2:  Generalized additive model (using restricted cubic spline with 3 knots) of the 
relationship between ΣPCB plasma concentration (ng/g lipids) and the risk of T2DM in Inuit 
and Cree populations 
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Figure 3 : Adjusted percentage change (%) in markers of glucose metabolism according to total PCBs (µg/L) and DDE (µg/L) (Inuit diabetes-free 
population   n=671) 
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Figure 4:  Adjusted percentage change (%) in markers of glucose metabolism according to total PCBs (µg/L) and DDE (µg/L)  (Cree diabetes-free 
population n=599) 



 

Highlights: 
 
. Several Indigenous people of Canada are exposed to mercury and mixtures of POPs 
  
. Levels of exposure are much higher in Inuit compared to Cree 
 
. In both populations, risk of diabetes increased with exposure to several POPs 
 
. In diabetes-free Inuit, reduced insulin secretion was associated with several POPs 
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