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effects (such as decreased heart rate variability, increased 
blood pressure, and reduced myocardial contractile force) 
and systemic effects involving blood coagulation, inhibi-
tion of endothelial cell migration, and greater oxidative 
stress via the promotion of free radicals and reactive oxy-
gen species, lipid peroxidation, and inhibition of antioxi-
dant systems ( 1–3 ). Epidemiological studies of health 
outcomes such as hypertension and myocardial infarction 
are confl icting ( 4–9 ), perhaps owing to differences in co-
exposures to benefi cial nutrients such as long-chain n-3 
fatty acids and Se. Direct antagonistic effects of MeHg on 
Se-dependent antioxidant enzymes have been noted ( 10 ). 
Additionally, sequestration of Se caused by Hg-Se adducts 
can lead to a functional defi cit of tissue Se caused by de-
creased availability of Se for incorporation into selenopro-
teins involved in antioxidant defense ( 11 ). MeHg-induced 
oxidative stress has also been associated with depressed 
tissue levels of sulfhydryl-dependent antioxidant proteins 
and the reduced form of glutathione (GSH) ( 12 ). In-
creased dietary Se, however, can counteract the sequestra-
tion of Se by Hg-Se adducts ( 13 ) and so maintain normal 
selenoenzyme activities ( 14 ). 

      Abstract   Despite animal and in vitro studies demonstrat-
ing pro-oxidative effects of Hg, previous human work 
showed no relationship between tissue Hg and plasma levels 
of F 2 -isoprostanes (IsoPs), a whole-body oxidative stress 
marker. We hypothesized that another IsoP species, iso-
furans (IsoFs), was a more sensitive indicator of Hg-medi-
ated oxidative stress, which can be modifi ed by tissue Se 
status. A cross-sectional study was carried out involving indi-
viduals from a random subset (n = 233) of Inuit adults from 
a population-based survey (n = 2,595) of 36 Canadian Arctic 
Inuit communities to assess the relationships of plasma 
IsoPs to Se and Hg status indicators    . F 2 -IsoPs were inversely 
correlated with blood Se ( r  =  � 0.186,  P  = 0.005) and toenail 
Se ( r  =  � 0.146,  P  = 0.044), but not correlated with Hg. IsoFs 
were inversely correlated with blood Se ( r  =  � 0.164,  P  = 
0.014) and positively correlated with Hg ( r  = 0.228,  P  < 
0.001) and Hg:Se ( r  = 0.340,  P  < 0.001). The strength of the 
correlations remained unchanged after multivariate adjust-
ments. Multivariate analysis showed that F 2 -IsoPs were not 
positively associated with Hg but with Hg:Se ( �  = 0.148,  P  = 
0.021).   We conclude that Se and Hg status and their inter-
actions are important factors modulating F 2 -IsoP and IsoF 
levels such that the Inuit may be protected from Hg-induced 
oxidative stress because of their high Se status.  —Alkazemi, 
D., G. M. Egeland, L. J. Roberts, H. M. Chan, and S. Kubow. 
 New insights regarding tissue Se and Hg interactions on oxi-
dative stress from plasma IsoP and IsoF measures in the 
Canadian Inuit population.  J. Lipid Res.  2013.  54:  1972–1979.   

 Supplementary key words isoprostane • isofuran • C-reactive pro-
tein • mercury • selenium 

  Methylmercury (MeHg) is postulated to increase cardiovas-
cular risk via several pathways, including direct cardiovascular 
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tension that can occur in settings of mitochondrial dys-
function ( 26 ). 

 In a subsample of the International Polar Year (IPY) In-
uit Health Survey study population, we showed that IsoFs 
and F 2 -IsoPs were positively associated with pro-infl amma-
tory C-reactive protein (CRP), after adjustments for covari-
ates ( 27 ). Oxidative stress and infl ammation are considered 
contributing components to the progression of athero-
sclerosis ( 28 ) and, thereby putative mediators of MeHg’s 
adverse cardiovascular effects. In the current study the as-
sociation between F 2 -IsoPs and IsoFs was examined with 
respect to tissues refl ecting short-term (blood) Hg and Se 
and long-term Se (toenail) intake of MeHg and Se and their 
relationship with CVD risk factors. An additional aim was 
to examine how much of the variability in plasma F 2 -IsoP 
and IsoF levels can be explained by Hg body burden, the 
Hg-Se interaction, and cardiometabolic health outcomes. 
We hypothesized that plasma levels of IsoPs and IsoFs 
would associate with Hg exposure and that enhanced tis-
sue Se status would protect against MeHg-related oxidative 
stress. 

 SUBJECTS AND METHODS 

 Subject recruitment 
 The current study is based upon a random subsample of par-

ticipants of a population-based IPY Inuit Health Survey, details 
of which are available elsewhere ( 29 ). In brief, a cross-sectional 
survey was conducted in the summer and fall 2007 and 2008 for 
33 coastal communities and for three noncoastal communities 
representing all communities in the Inuvialuit Settlement Region 
(ISR, Northwest Territories) and the Nunavut and Nunatsiavut 
Region (Northern Labrador). Trained interviewers and nursing 
staff collected information on subjects’ dietary habits, physical 
activity, psychosocial factors, medical history, blood pressure, an-
thropometric indices, fasting lipids, and various clinical indices. 
Fasting blood samples were prepared and stored at  � 80°C for 
future analyses. Territorial research licenses were obtained and 
the Ethical Review Board of the McGill University Faculty of Med-
icine approved the study. Informed consent was obtained from 
all participants prior to enrollment. 

 Anthropometric, physiologic measures and defi nitions 
for categorical variables 

 Height, weight, waist circumference (WC), and blood pressure 
were measured during clinical session, and were performed by a 
trained research nurse according to a standard protocol as previ-
ously reported ( 30 ). A body mass index (BMI) of 25.0–29.9 kg/m 2  
was considered overweight and a BMI of 30 kg/m 2  or greater was 
considered obese. 

 Laboratory methods 
 Fasting serum total cholesterol, high density lipoprotein cho-

lesterol (HDL-C), and triglycerides were determined using enzy-
matic colorimetric tests and low density lipoprotein cholesterol 
(LDL-C) was calculated by Nutrasource Diagnostics, Guelph, ON 
(Life Laboratories, Gamma Dynacare). Serum high sensitivity CRP 
concentration was determined using immunoturbidimetric assay 
with SYNCHRON® high sensitivity CRPH reagent in conjunction 
with SYNCHRON® Systems CAL 5 Plus (Beckman Coulter Inc., 
Fullerton, CA) in the Centre for Indigenous Peoples’ Nutrition 
and Environment (CINE) at McGill University. 

 Animal studies have generally indicated that Se intake 
mitigates against dietary MeHg toxicity, which appears to 
be related to both the absolute and relative amounts of 
MeHg and Se present in the diet ( 14, 15 ). The examina-
tion of the diets and tissues of MeHg-exposed animals has 
shown that Se:Hg molar ratios above one are protective 
against adverse effects associated with MeHg exposure 
( 14 ). Human studies, however, have shown mixed results 
regarding associations between tissue Se status and adverse 
outcomes from MeHg exposure and so their interactions 
remain unclear ( 1, 6 ). 

 Inuit have high exposures to Se and n-3 polyunsaturated 
fatty acids (PUFAs) compared with Caucasians ( 16, 17 ) as 
the seafood-based Inuit traditional diet has a rich content of 
Se and n-3 PUFAs, which are considered protective against 
cardiovascular disease (CVD) ( 16, 18 ). Additionally, Inuit 
appear to be protected against oxidative stress-mediated 
complications associated with hyperlipidemia as shown 
by the absence of elevated oxidized LDL in association 
with atherogenic blood lipid values ( 17, 18 ). The Inuit 
diet, however, is associated with MeHg exposure through 
the consumption of traditional food. Elevated exposure of 
MeHg among Inuit may be associated with cardiovascular 
risk as it was positively and independently associated with 
systolic blood pressure (SBP) and pulse pressure ( 19 ); which 
may indicate interference with the normal functioning of 
the cardiovascular system ( 20–22 ). 

 It is unclear, however, whether the high Se intake from 
the traditional Inuit diet protects against MeHg-mediated 
oxidative stress. Inuit subjects from Nunavik were recently 
shown to have elevated levels of plasma lipophilic anti-
oxidants such as  � -tocopherol, ubiquinone-10, and coen-
zyme Q 10  in comparison with healthy Caucasian controls, 
but no association between these plasma biomarkers was 
seen with MeHg or other markers of traditional food in-
take ( 23 ). Belanger et al. ( 17 ) suggested that an unusually 
elevated ratio of ubiquinone-10 to total CoQ 10  in Inuit 
plasma was refl ective of oxidative stress and that the high 
levels of plasma antioxidant components could refl ect an 
adaptive response to an oxidative stress of undetermined 
origin. Assessment of antioxidant-related plasma compo-
nents, however, may have limited sensitivity to assess the 
interrelationship between dietary MeHg exposure and tis-
sue Se on oxidative stress status. 

 In the present study, we evaluate the associations of MeHg 
and Se exposures with F 2 -isoprostanes (IsoPs), which is 
one of the most reliable approaches for in vivo assessment 
of whole body oxidative stress ( 24 ). While an inverse asso-
ciation between blood Se concentrations and F 2 -IsoPs has 
been noted in Finland ( 25 ), the relationship between tis-
sue Se status and dietary MeHg exposure has not been 
studied with respect to F 2 -IsoP levels. Further, we evaluate 
the ratio of isofurans (IsoFs) to F2-IsoPs to obtain a more 
comprehensive view of possible oxidative injury. IsoFs 
are products of lipid peroxidation with a substituted tet-
rahydrofuran ring ( 26 ). The formation of F 2 -IsoPs and 
IsoFs is differentially regulated by oxygen tension; the 
formation of F 2 -IsoPs is favored by low oxygen tension 
whereas the formation of IsoFs is favored by elevated oxygen 
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avoid two variables highly correlated in the same model. For the 
stepwise regression, an  � -value of 0.05 was used to exclude vari-
ables that had little or no infl uence on the biomarker under 
analysis. Sensitivity analyses were performed in order to assess 
whether results were similar after exclusion of individuals with 
subjects presented with acute infl ammation (CRP  �  10 mg/l), 
diabetes, hypertension, stroke, or other CVD. We also verifi ed 
whether exclusion of individuals taking medications for hyper-
tension changed the regression coeffi cients. All statistical analy-
ses were performed using SPSS version 13.0 software (SPSS Inc., 
Chicago, IL). 

 RESULTS 

 A total of 294 subjects aged 18 years and older were ran-
domly chosen from the IPY Inuit Health Survey from 
which specimens were available for laboratory analysis; 
and comprised the same subsample used in our previous 
study discussing plasma IsoPs in relation to CVD risk fac-
tors in more detail   ( 27 ). According to AHA recommenda-
tions ( 32 ), CRP levels of 10 mg/l or greater represent 
evidence of active infection, systematic infl ammatory 
processes, or trauma, and thus those individuals were 
excluded. A total of 294 subjects were assessed, of whom 
60 subjects had CRP  �  10 and were excluded; in addition, 
one outlier with an F 2 -IsoP level below the detection limit 
was excluded, which decreased the sample size to 233 sub-
jects. Complete ascertainment of the majority of variables 
was achieved; however there were missing data for F 2 -IsoPs 
(n = 2), IsoFs (n = 2), BMI (n = 8), WC (n = 11), blood Se 
(n = 6), blood Hg (n = 6), toenail Se (n = 38), SBP (n = 
20), and LDL-C (n = 5). All data presented represent indi-
viduals with CRP < 10 mg/l. The mean age ± SD of the 
participants was 42.6 ± 15.4 years. The levels of F 2 -IsoPs 
and IsoFs and their ratio (IsoFs:F 2 -IsoPs) were within the 
normal range, as previously reported (  Table 1  )  ( 27   ). Sixty-
six subjects (28.3%) of our population subsample had 
plasma F 2 -IsoP levels  � 35 pg/ml, which is considered to 
be the upper value in the range for normal human plasma 
levels (30 ± 5 pg/ml) ( 33 ). Of the 233 participants (56% 
women), mean BMI was 27.78 kg/m 2 ; 33.5% were over-
weight, and 30.4% were obese ( Table 1 ). Based on self-re-
ported medical histories, 5.7% of participants had diabetes, 
28.6% had hypertension, 13.7% had dyslipidemia, 8.5% 
had cancer, 5.3% had a history of myocardial infarction, 
and 3.1% had a stroke. Seventy percent of participants 
were current smokers with 41.8% of smokers reporting 
>10 cigarettes/day; 65% of all participants reported drink-
ing alcohol in the past year. 

 IsoPs, IsoFs, Se, and Hg 
 Blood and toenail Se were not correlated ( r  =  � 0.002, 

 P  = 0.98). F 2 -IsoPs were negatively correlated with both 
blood Se ( r  =  � 0.186,  P  < 0.01) and toenail Se ( r  =  � 0.146, 
 P  = 0.04) (  Table 2  ).  F 2 -IsoPs were not associated with ei-
ther blood Hg ( r  = 0.057,  P  = 0.397) or Hg:Se ( r  = 0.109,  P  = 
0.104). IsoFs were negatively associated with blood Se ( r  = 
 � 0.164,  P  = 0.014) but were not associated with toenail 
Se ( r  =  � 0.070,  P  = 0.335). IsoFs, however, were positively 

 Assessment of Hg and Se exposure 
 Analyses for Hg and Se were performed at the Laboratoire de 

Toxicologie, Institut national de santé publique, Quebéc, on 
whole blood. Briefl y, blood samples were diluted in a basic solu-
tion containing octylphenol ethoxylate and ammonia, which was 
followed by inductively coupled plasma mass spectrometry. 
Matrix-matched calibration was performed using blood from a 
nonexposed individual. Toenails incorporate Se and may refl ect 
dietary intake over the past year ( 31 ). Toenail Se analysis was per-
formed at the laboratories of CINE and the Department of Natu-
ral Resource Sciences at McGill University. Briefl y, samples were 
cleaned in acetone and distilled water, then digested in concen-
trated nitric acid at 110°C for 4 h. Digests were dried at 160°C 
and reconstituted in 2% nitric acid. Se concentrations were mea-
sured using a Varian model ICP 820-MS with a collision reactor 
interface. 

 Plasma analysis of F 2 -IsoPs and IsoFs 
 Plasma samples were prepared from fasting blood samples and 

stored at  � 80°C until time of analysis. Purifi cation, derivatiza-
tion, and analysis of F 2 -IsoPs and IsoFs by stable isotope dilution 
gas chromatography-negative ion chemical ionization-mass spec-
trometry (GC-NICI-MS) were performed as previously described 
( 24 ). An Agilent 5973 mass spectrometer coupled to an Agilent 
6890N gas chromatograph using a 15 mDB 1701 GC column was 
utilized with an inlet temperature of 260°C. The helium carrier 
gas fl ow rate was 2 ml/min. For sample injection, the GC oven 
was programmed to run from 190 to 300°C at 20°C/min for 
9 min. Selective ion GC-NICI-MS monitoring was 569  m/z  for 
F 2 -IsoPs, 585  m/z  for IsoFs, and 573  m/z  for the internal standard 
[ 2 H 4 ]15-F2t-IsoP. Plasma values are expressed in pg/ml. The pre-
cision of the assay is ±6% and the accuracy is 96%. 

 Statistical analysis 
 Anthropometric, clinical, and biochemical measures for all 

subjects were reported as mean ± SD, or for skewed variables, as 
geometric mean and 95% confi dence intervals (CIs) from log-
transformed variables. All variables were evaluated as continuous 
data in statistical analyses. Plasma F 2 -IsoPs, IsoFs, and whole blood 
Hg, Se, and CRP were skewed and log-transformed before analy-
sis. Both IsoFs:F 2 -IsoPs Hg:Se ratios were calculated using the log-
transformed data for F 2 -IsoPs, IsoFs, Hg, and Se respectively. The 
prevalence of preexisting medical conditions was determined 
based on self-reported information through interviews with 
nurses. Participants provided their medications and supplements 
to nurses for correct documentation. Correlation analysis was 
performed using Pearson’s correlation analysis to assess the rela-
tionship between plasma concentrations of measures of oxidative 
stress (F 2 -IsoPs, IsoFs) and parameters of interest (Se, Hg, Hg:Se 
ratio, and toenail Se), in addition to their relationship to other 
study parameters including obesity measures and cardiovascular 
risk factors. Baseline characteristics were compared between Se 
tertiles using ANOVA and Boneferroni’s post hoc test when a sig-
nifi cant group effect was observed  . All  P  values were two tailed, 
and  P  < 0.05 was considered signifi cant for all tests performed. 
General linear models were used to calculate adjusted means of 
plasma IsoPs adjusting for important covariates including age, 
WC, and sex. To estimate fi nal predictors of the individual bio-
marker variability and to examine the infl uence of confounding 
variables, multivariate analysis with stepwise regression was used. 
Only variables that were statistically different among Se tertiles 
were included in the model to estimate their contribution to the 
variability in the IsoP levels. Final models were analyzed to verify 
if the assumptions of linear regression were met. Colinearity be-
tween variables included in the fi nal models was also assessed to 
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Hg values noted in the highest Se tertile category. Plasma 
concentrations of both F 2 -IsoPs and IsoFs decreased with 
increasing tertiles of Se in unadjusted ( Table 3 ) and ad-
justed analyses (  Table 4  ).  

 Final variance predictors of plasma IsoPs 
 Multivariate analyses (  Table 5  )  indicated that F 2 -IsoP 

concentrations were signifi cantly predicted by blood Se 
( �  =  � 0.138, SE = 0.05,  P  = 0.01) and toenail Se ( �  = � 0.096, 
SE = 0.04,  P  = 0.026), in separate analyses of these Se bio-
markers adjusted for WC ( �  = 0.003, SE = 0.001,  P  < 0.001) 
and gender ( �  = 0.052, SE = 0.63,  P  = 0.038). F 2 -IsoPs were 
not associated with Hg but were associated with the ratio 
of Hg:Se ( �  = 0.148, SE = 0.07,  P  = 0.021). Variance in IsoF 
concentrations was predicted by both Se ( �  =  � 0.238, SE = 
0.02,  P  = 0.016) and Hg ( �  = 0.222, SE = 0.05,  P  < 0.001) 
and Hg:Se ( �  = 0.534, SE = 0.11,  P  < 0.001) in addition to 
WC ( �  = 0.007, SE = 0.002,  P  < 0.001) and age ( �  =  � 0.003, 
SE = 0.002,  P  = 0.042). Variance in the IsoF:F 2 -IsoP ratio 
was predicted by Hg ( �  = 0.118, SE = 0.03,  P  < 0.001), 
Hg:Se ( �  = 0.323, SE = 0.08,  P  < 0.001), and WC ( �  = 0.003, 
SE = 0.001,  P  = 0.014). 

 DISCUSSION 

 This study demonstrates that Inuit, who represent a 
unique population with elevated blood concentrations of 
both Hg and Se, showed variations in plasma IsoPs in rela-
tionship to both tissue Se and Hg. Despite high Hg expo-
sure exceeding levels reported in Caucasians ( 34, 35 ), the 
mean plasma concentration of F 2 -IsoPs for the population 
as a whole was within the normal range for healthy hu-
mans ( 33 ) and just over a quarter of the sample had levels 
exceeding the upper range value (35 pg/ml). In concor-
dance with previous reports regarding Inuit of Nunavik 
( 17 ), our fi ndings confi rm that Hg presence in the tradi-
tional diet may not be of major concern with respect to 
oxidative stress. The observation of a positive association 
of Hg with F 2 -IsoPs only when tissue Hg was considered in 
the form of the Hg:Se ratio is novel because human stud-
ies have not previously evaluated the interaction of tissue 

associated with blood Hg ( r  = 0.288,  P  < 0.001) and with 
Hg:Se ( r  = 0.340,  P  < 0.001). The IsoF:F 2 -IsoP ratio was not 
associated with either blood Se ( r  =  � 0.070,  P  = 0.301) or 
toenail Se ( r  = 0.014,  P  = 0.852); however, the IsoF:F 2 -IsoP 
ratio was positively associated with Hg ( r  = 0.269,  P  < 0.001) 
and with Hg:Se ( r  = 0.294,  P  < 0.001). 

 Comparison between Se tertiles 
 Participants were grouped into tertiles according to the 

blood Se distribution of the entire sample (<200,  � 200 
and <340, and  � 340 µg/l) (  Table 3  ).  Blood Hg concentra-
tions by Se tertiles showed wide and overlapping CIs, but 
the overall test for trend was signifi cant with the highest 

 TABLE 1. Characteristics of study population (n = 233) 

Mean (SEM or 95% CI)

Age, years 42.56 (0.63)
Males/females, n 103/130
BMI 27.78 (0.38)
WC, cm 92.43 (0.97)
Body fat, % 29.63 (0.71)
SBP, mm Hg 117.36 (1.13)
DBP, mm Hg 76.54 (0.73)
Total cholesterol, mmol/l 5.02 (0.08)
LDL-C, mmol/l 2.92 (0.07)
HDL-C, mmol/l 1.47 (0.03)
Triglycerides, mmol/l 1.44 (0.72)
FG, mmol/l 4.97 (0.04)
CRP, mmol/l 1.66 (0.02)
Se, µg/l* 302.69 (281.84–324.41)
Toenail Se, µg/g 0.99 (0.02)
Hg, µg/l* 18.15 (15.79–20.82)
Hg:Se 0.50 (0.13)
F 2 -IsoPs, pg/ml* 27.35 (25.73–28.64)
IsoFs, pg/ml* 20.81 (18.86–22.96)
IsoF:F 2 -IsoP 0.92 (0.89–0.95)
Males/females (% females) 103/130 (55.8)
Current smoking, % yes 69.7
Alcohol consumption, % yes 55.8
Medication intake any, **  % yes 38.4
Nutritional supplement any, #  % yes 9.6

DBP, diastolic blood pressure; FG, fasting glucose.
*Geometric mean (95% CI).
**Medications include self-reported prescription medications for 

diabetes, heart disease, dyslipidemia, cancer, and/or any others.
 # Multivitamins, various B vitamins, salmon oil, cod liver oil, vitamin 

D, calcium, and Ensure.

 TABLE 2. Bivariate correlations between plasma IsoPs, tissue Se and Hg, and CRP   

Pearson correlations F 2 -IsoPs IsoFs IsoFs:F 2 -IsoPs  

Blood Se
  r  � 0.186  **  � 0.164*  � 0.070
  p 0.005 0.014 0.301
Toenail Se
  r  � 0.146*  � 0.070 0.014
  p 0.044 0.335 0.852
Blood Hg
  r 0.057 0.288** 0.269**
  p 0.397 <0.001 <0.001
Hg:Se
  r 0.109 0.340** 0.294**
  p 0.104 <0.001 <0.001
CRP
  r 0.138* 0.158 0.074
  p 0.037 0.016 0.262

*Signifi cant at the 0.05 level.
**Signifi cant at the 0.01 level.
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corroborate the fi ndings of experimental animal studies 
where the presence of both Se and Hg within the same 
food matrix minimizes Hg-induced oxidative stress ( 13 ). 
The modulation of Hg-mediated induction of F 2 -IsoPs 
by tissue Se is also consistent with recent observations that 
Se supplementation prevented the increase in urinary 
F 2 -IsoPs induced by dietary MeHg exposure in rats ( 37 ). 
MeHg has repeatedly and consistently been shown to be 
an irreversible inhibitor of selenoenzymes ( 14, 15 ), which 
can be counteracted by higher Se intakes that provide 
added free Se to support Se-dependent selenoprotein syn-
thesis ( 38 ). Additionally, Se can provide protection by af-
fecting the kinetics and metabolism of Hg. In one small 
randomized trial, Seppanen et al. ( 39 ) found that Se supple-
mentation in a Finnish cohort with low Se intakes reduced 

Hg and Se on plasma IsoPs. A lack of relationship between 
Hg and plasma F 2 -IsoPs and other lipid peroxidation bio-
markers has been previously reported in a group of pre-
menopausal women with low blood Hg concentrations 
(mean of 1.10 µg/l; interquartile range of 0.58–2.0), but 
tissue Se was not evaluated ( 36 ). In further support of the 
relationship of Hg and Se on oxidative stress, we observed 
that Inuit in the two highest tertiles of blood Se were most 
protected from oxidative stress independent of other 
covariates that could infl uence Se status including tissue 
Hg, age, cardiometabolic risk factors, smoking, and blood 
lipids. 

 To our knowledge, this is the fi rst human study to demon-
strate protective effects of tissue Se status on oxidative stress 
status in relation to MeHg exposure. The above fi ndings 

 TABLE 3. Characteristics of 233 subjects according to tertiles of blood Se concentrations 

T1 <200, Mean (95% CI) T2  � 200 and <340, Mean (95% CI) T3  � 340, Mean (95% CI)  P  Trend #  Overall

Number of subjects 76 78 79
Blood Se, µg/l 185.97 a  (181.46–190.48) 258.18 b * (250.63–265.73) 609.87 b ** ,c * (550.14–669.60) <0.01
Toenail Se, µg/g 0.97 (0.86–1.08) 1.00 (0.93–1.07) 0.99 (0.94–01.05) 0.83
Blood Hg, µg/l 29.32 ab  (21.87–36.72) 22.44 a  (15.92–28.96) 35.47 b * (27.62–40.37) 0.026*
Hg:Se 0.53 a  (0.47–0.59) 0.45 b  (0.41–0.50) 0.52 ab  (0.49–0.54) 0.037*
F 2 -IsoPs, pg/ml 29.64 a  (26.75–32.85) 27.54 ab  (25.28–30.22) 24.11 b ** (22.07–26.34) <0.01**
IsoFs, pg/ml 28.98 a  (24.46–34.33) 17.53 b ** (14.90–20.63) 18.14 b ** (15.24–21.60) <0.01**
IsoFs:F 2 -IsoPs 1.00 a  (0.95–1.05) 0.86 b ** (0.82–0.91) 0.91 b * (0.86–0.97) <0.01**
Age, years 39.28 a  (35.90–42.66) 38.25 a  (35.11–41.38) 49.92 b ** (46.44–53.41) <0.01**
BMI, kg/m 2 28.37 (26.91–29.84) 26.90 (25.65–28.15) 28.07 (26.82–29.33) 0.25
WC, cm 94.22 (90.65–97.80) 90.07 (86.93–93.21) 93.33 (89.84–96.81) 0.20
Body fat, % 30.94 (28.54–33.34) 27.87 (25.38–30.37) 30.04 (27.54–32.55) 0.19
SBP, mm Hg 116.25 (111.90–121.13) 115.86 (112.52–119.21) 119.52 (115.44–123.59) 0.35
DBP, mm Hg 76.52 (73.69–79.35) 76.85 (74.54–79.17) 76.29 (73.74–78.85) 0.94
Total cholesterol, mmol/l 4.73 a  (4.48–4.98) 4.94 ab  (4.71–5.17) 5.36 b ** (5.07–5.66) <0.01**
LDL-C, mmol/l 2.63 a  (2.42–2.85) 2.86 ab  (2.66–3.07) 3.18 b ** (2.92–3.43) <0.01**
HDL-C, mmol/l 1.44 (1.34–1.54) 1.47 (1.36–1.58) 1.53 (2.92–3.43) 0.48
Triglycerides, mmol/l 1.44 (1.18–1.70) 1.34 (1.18–1.50) 1.50 (1.18–1.81) 0.68
FG, mmol/l 4.88 (4.74–5.03) 4.90 (4.73–5.05) 5.12 (4.96–5.27) 0.049*
CRP, mmol/l 1.83 (1.46–2.26) 1.42 (1.14–1.74) 1.77 (1.43–2.18) 0.19

Missing data for few variables including F 2 -IsoPs (n = 2), IsoFs (n = 2), BMI (n = 8), WC (n = 11), blood Se (n = 6), blood Hg (n = 6), toenail Se 
(n = 38), SBP (n = 20), and LDL (n = 5) affected the fi nal number of subjects for each tertile, maximum number of subjects reported. Unmatched 
superscript letters in the same row indicate signifi cant statistical difference as determined by one-way ANOVA with Bonferroni adjusted multiple 
comparisons; whereby the mean difference is signifi cant at the 0.05 level. T1, tertile 1; T2, tertile 2; T3, tertile 3  ; DBP, diastolic blood pressure; FG, 
fasting glucose.

*Signifi cant at the 0.05 level.
**Signifi cant at the 0.01 level.
 # Trend at  P  > 0.05 and  P   �  0.07.

 TABLE 4. Adjusted mean and 95% CIs of plasma IsoPs by blood Se tertiles from general linear models 

T1 Se <200, Mean (95% CI) T2 Se  � 200 and <340, Mean (95% CI) T3 Se  � 340, Mean (95% CI) F-test, Effect of Tertiles, F ( P  value)

Adjusted for age, sex, WC, and current smoking
Number of subjects 76 78 79 —
F 2 -IsoPs, pg/ml 29.11 a  (26.30–32.21) 28.31 ab  (25.76–31.19) 24.21 b * (21.93–26.73) 3.538 (0.035)
IsoFs, pg/ml 27.54 a  (22.86–33.27) 19.14 b * (16.07–22.80) 17.18 b ** (14.35–20.56) 6.890 (0.001)
IsoFs:F 2 -IsoPs 0.99 a  (0.94–1.05) 0.88 b * (0.83–0.94) 0.90 ab  (0.84–0.95) 4.416 (0.013)
Adjusted for age, sex, WC, current smoking, LDL, FG, and Hg
Number of subjects 76 78 79 —
F 2 -IsoPs, pg/ml 29.04 a  (26.24–32.21) 28.91 ab  (26.24–31.77) 24.10 b * (21.82–26.55) 4.12 (0.018)
IsoFs, pg/ml 26.98 a  (22.59–32.14) 19.82 b * (16.83–23.39) 17.14 b ** (14.45–20.28) 6.678 (0.002)
IsoFs:F 2 -IsoPs 0.99 a  (0.93–1.04) 0.89 b * (0.84–0.94) 0.90 ab  (0.84–0.95) 3.65 (0.028)

Missing data for F 2 -IsoPs (n = 2), IsoFs (n = 2), BMI (n = 8), WC (n = 11), blood Se (n = 6), blood Hg (n = 6), toenail-Se (n = 38), SBP (n = 20), 
and LDL-C (n = 5) affected the fi nal number of subjects for each tertile, maximum number of subjects reported. Unmatched superscript letters in 
the same row indicate signifi cant statistical difference as determined by one-way ANOVA with Bonferroni adjusted multiple comparisons; whereby 
the mean difference is signifi cant at 0.05 level. T1, tertile 1; T2, tertile 2; T3, tertile 3; FG, fasting glucose.

*Signifi cant at the 0.05 level.
**Signifi cant at the 0.01 level.



Oxidative stress among Canadian Inuit 1977

 Recent concerns have been raised that the high Hg con-
tent found in Northern traditional food may contribute to 
the development of cardiometabolic disorders ( 19, 45 ). 
We have previously demonstrated that oxidative stress in 
the Inuit is related to obesity-induced infl ammation and 
F 2 -IsoPs and IsoFs were both related signifi cantly to SBP 
and CRP ( 27 ). In our current analyses, however, SBP was 
not retained in the stepwise regression analyses evaluating 
associates of IsoPs where Hg, Se, toenail Se, or the Hg:Se 
ratio were signifi cant along with age, WC, and sex. The 
above results imply that the relationship of F 2 -IsoPs and 
IsoFs with either CRP or SBP in the Inuit population is Se 
and Hg codependent and is also suggestive of protective 
effects of Se on cardiometabolic disturbances associated 
with IsoPs. We speculate that the latter observation is re-
lated to the antioxidative and anti-infl ammatory proper-
ties of the different GSH peroxidases ( 46 ) that could be 
induced by the high tissue content of Se seen in this study. 
Further, Se may inhibit the activation of nuclear factor- � B 
by modulation of selenoprotein gene expression ( 47 ) that, 
in turn, impedes the transactivation of genes that encode 
pro-infl ammatory cytokines ( 48 ). In addition, dietary Se 
may inhibit the biotransformation of arachidonic acid to-
ward the formation of prostaglandins and thromboxanes 
that promote infl ammation ( 49 ). Our results differ from 
Valera, Dewailly, and Poirer ( 50 ) who showed a signifi cant 
positive correlation between blood Hg concentrations and 

hair Hg levels by one third over four months. Li et al. ( 40 ) 
found that when fi ve volunteers from the Wanshan mer-
cury mining area were supplemented with Se-enriched 
yeast for three months, an increased urinary Hg excretion 
was observed. 

 Although both IsoFs and F 2 -IsoPs were positively associ-
ated with the tissue Hg:Se ratio in our study, only IsoFs and 
the IsoF:F 2 -IsoP ratio were positively associated with tissue 
Hg content alone. The latter fi nding could be explainable 
by observations that the ratio of IsoFs to F 2 -IsoPs refl ects 
ambient oxygen concentrations within the environment in 
which lipid peroxidation occurs ( 26 ). Thus, as ambient 
oxygen concentrations increase as a result of mitochon-
drial disruption, the ratio is skewed toward IsoF formation 
and away from F 2 -IsoP production ( 26 ). In that regard, im-
paired mitochondrial oxygen consumption has been 
noted upon Hg exposure ( 41 ), which has been related to 
altered structural integrity of the mitochondrial inner 
membrane that is highly sensitive to oxidative stress ( 42 ). 
Interestingly, Inuit from Nunavik and sports fi sherman 
from James Bay in Québec exposed to high dietary Hg 
showed a higher ubiquinone-10 to ubiquinone-10-CoQ 10  
total redox ratio ( 17, 43 ), which could refl ect disrupted 
mitochondrial activity of thioredoxin that regenerates im-
portant antioxidants including ubiquinone ( 44 ). Further 
studies are needed to evaluate the utility of IsoFs as a sensi-
tive biomarker of Hg exposure’s systemic effects. 

 TABLE 5. Multivariate associations showing the regression coeffi cient ( � ) of plasma IsoP concentrations 

Stepwise Regression F 2 -IsoPs  �  (SE) IsoFs  �  (SE) IsoF:F 2 -IsoPs  �  (SE)

Model (a) Constant 1.449 (0.16) 1.264 (0.28) 0.664 (0.10)
Independent variables:
 Se  � 0.138 (0.05)*  � 0.238 (0.02)* NS
 WC 0.003 (0.001)** 0.007 (0.002)** 0.003 (0.001)**
 Sex 0.052 (0.63)** — —
 R 2 0.104 0.121 0.038
 F 7.13** 12.75** 7.31**

Model (b) Constant 1.16 (0.09) 0.55 (0.15) 0.528 (0.11)
Independent variables:
 Mercury NS 0.222 (0.050)** 0.118 (0.03)**
 WC 0.003 (0.001)** 0.007 (0.002)** 0.003 (0.03)*
 Sex 0.054 (0.03)*
 Age  � 0.002 (0.001)**  � 0.003 (0.002)* —
 R 2 0.101 0.182 0.102
 F 6.90** 13.73** 10.56**

Model (c) Constant 1.25 (0.10) 0.68 (0.15) 0.64 (0.111)
Independent variables:
 Toenail Se  � 0.096 (0.04)* NS NS
 WC 0.003 (0.001)** 0.007 (0.002)** 0.003 (0.001)*
 Sex 0.059 (0.03)* — —
 Age  � 0.002 (0.001)* — —
 R 2 0.13 0.09 0.04
 F 5.99** 17.09** 6.53*

Model (d) Constant 1.12 (0.09) 0.46 (0.15) 0.52 (0.11)
Independent variables:
 Hg:Se 0.148 (0.07)* 0.534 (0.11)** 0.323 (0.08)**
 WC 0.003 (0.001)** 0.006 (0.002)** 0.003 (0.001)*
 Sex 0.053 (0.07)* — —
 Age  � 0.003 (0.001)** — —
 R 2 0.12 0.19 0.12
 F 6.51** 22.22** 12.14**

In all models independent variables included: WC, sex, age, smoking, alcohol, diabetes mellitus or fasting 
glucose, hypertension or SBP or CRP, hyperlipidemia, or total cholesterol on a continuous scale. NS, not 
signifi cant.  

*Signifi cant at the 0.05 level.
**Signifi cant at the 0.01 level.
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both SBP and pulse pressure in Inuit adults from Nunavik, 
after considering the confounding effects Se, n-3 PUFAs, 
and other correlated variables. Our population had higher 
mean blood Hg concentrations compared with the cohort 
in Nunavik [90.75 (78.95–114.8) nmol/l vs. 20.2 (46.6–54.1) 
nmol/l] with comparable Se and n-3 PUFA concentra-
tions, which should have allowed us to detect any adverse 
effect of Hg in our cohort. 

 Unlike the Nunavik studies ( 17, 50 ), Hg and Se were not 
highly correlated ( r  = 0.323,  P  < 0.001), which could indi-
cate regional differences in the type of traditional food 
consumed or variability in Se and Hg content of traditional 
food consumed. Factors shown to affect F 2 -IsoPs such as 
n-3 PUFA ( 51 ) did not correlate with either of the plasma 
IsoPs measured in this study and thus was not included in 
further analyses. While most Hg exposure among Inuit is 
likely to be due to intake of MeHg from traditional foods, 
we did not separately examine different forms of Hg (inor-
ganic, methyl) which may exert different effects on oxida-
tive stress biomarkers. In addition, many other dietary 
factors that can further explain F 2 -IsoP variability were not 
included in this study, including plasma antioxidants such 
as  � -tocopherol, ascorbic acid, polyphenols, and carote-
noids. The nonlinear associations between Hg and Se across 
Se tertiles could be attributable to residual confounding 
resulting from not including other important constituents 
of the diet. Seasonal variability in exposures and associa-
tions could not be assessed. 

 To our knowledge, this is the fi rst human study to re-
port a relationship between tissue Hg and plasma F 2 -IsoP 
concentrations. Our fi nding that oxidative stress associ-
ated with Hg exposure was highly modulated by tissue Se 
status emphasizes the importance of concurrent tissue Se 
measurement for the assessment of Hg-mediated oxidative 
stress. We have also shown that concurrent measurement 
of Hg and Se can provide new insights with respect to 
quantifying risk of oxidative stress as a mechanistic link to 
the progression to CVD. More studies are needed to con-
fi rm our observations using larger sample sizes in order to 
perform more complex analyses dealing with Hg and Se 
interactions.  

 The authors acknowledge the assistance of all members of the 
IPY study staff, coordinators, nurses, interviewers, coastguard 
crew, and especially members of the community. They also thank 
Mr. William Zackert at Vanderbilt University Medical Center and 
Ms. Donna Leggee at McGill University’s CINE for their intensive 
laboratory training and their technical expertise. 

 REFERENCES 

    1 .  Mozaffarian ,  D.   2009 .  Fish, mercury, selenium and cardiovascular 
risk: current evidence and unanswered questions.    Int. J. Environ. 
Res. Public Health   .    6   :   1894 – 1916 .  

    2 .  Huang ,  Y. L. ,  S. L.   Cheng , and  T. H.   Lin .  1996 .  Lipid peroxidation 
in rats administrated with mercuric chloride.    Biol. Trace Elem. Res.   
  52   :   193 – 206 .  

    3 .  Chen ,  C. ,  L.   Qu ,  B.   Li ,  L.   Xing ,  G.   Jia ,  T.   Wang ,  Y.   Gao ,  P.   Zhang , 
 M.   Li ,  W.   Chen , and Z. Chai.  2005 .  Increased oxidative DNA damage, 
as assessed by urinary 8-hydroxy-2 ′ -deoxyguanosine concentrations, 



Oxidative stress among Canadian Inuit 1979

 Marnett ,  et al .  2005 .  Biomarkers of oxidative stress study III. Effects 
of the nonsteroidal anti-infl ammatory agents indomethacin and 
meclofenamic acid on measurements of oxidative products of lip-
ids in CCl4 poisoning.    Free Radic. Biol. Med.     38   :   711 – 718 .  

    25 .  Helmersson ,  J. ,  J.   Arnlov ,  B.   Vessby ,  A.   Larsson ,  G.   Alfthan , and  S.  
 Basu .  2005 .  Serum selenium predicts levels of F2-isoprostanes and 
prostaglandin F2alpha in a 27 year follow-up study of Swedish men.  
  Free Radic. Res.     39   :   763 – 770 .  

    26 .  Fessel ,  J. P. , and  L. J.   Roberts   2nd .  2005 .  Isofurans: novel products 
of lipid peroxidation that defi ne the occurrence of oxidant injury 
in settings of elevated oxygen tension.    Antioxid. Redox Signal.     7   :  
 202 – 209 .  

    27 .  Alkazemi ,  D. ,  G.   Egeland ,  L. J.   Roberts   2nd , and  S.   Kubow .  2012 . 
 Isoprostanes and isofurans as non-traditional risk factors for car-
diovascular disease among Canadian Inuit.    Free Radic. Res.     46   :  
 1258 – 1266 .  

    28 .  Uno ,  K. , and  S. J.   Nicholls .  2010 .  Biomarkers of infl ammation and 
oxidative stress in atherosclerosis.    Biomark. Med.     4   :   361 – 373 .  

    29 .  Saudny ,  H. ,  D.   Leggee , and  G.   Egeland .  2012 .  Design and meth-
ods of the Adult Inuit Health Survey 2007–2008.    Int. J. Circumpolar 
Health   .    71   :   19572 .    

    30 .  Egeland ,  G. M. ,  Z.   Cao , and  T. K.   Young .  2011 .  Hypertriglyceridemic-
waist phenotype and glucose intolerance among Canadian Inuit: 
the International Polar Year Inuit Health Survey for Adults 2007–
2008.    CMAJ   .    183   :   E553 – E558 .  

    31 .  Longnecker ,  M. P. ,  M. J.   Stampfer ,  J. S.   Morris ,  V.   Spate ,  C.   Baskett , 
 M.   Mason , and  W. C.   Willett .  1993 .  A 1-y trial of the effect of high-
selenium bread on selenium concentrations in blood and toenails.  
  Am. J. Clin. Nutr.     57   :   408 – 413 .  

    32 .  Grundy ,  S. M. ,  B. S.   Hansen ,  C. C.   Sidney ,  I.   James , and  R. A.   Kahn . 
 2004 .  Clinical management of metabolic syndrome.    Circulation   .  
  109   :   551 – 556 .  

    33 .  Milne ,  G. L. ,  H.   Yin ,  J. D.   Brooks ,  S.   Sanchez ,  L. J.   Roberts   2nd , and 
 J. D.   Morrow .  2007 .  Quantifi cation of F2-isoprostanes in biological 
fl uids and tissues as a measure of oxidant stress.    Methods Enzymol.   
  433   :   113 – 126 .  

    34 .  Butler Walker ,  J. ,  J.   Houseman ,  L.   Seddon ,  E.   McMullen ,  K.  
 Toffl emire ,  C.   Mills ,  A.   Corriveau ,  J. P.   Weber ,  A.   LeBlanc ,  M.  
 Walker ,  et al .  2006 .  Maternal and umbilical cord blood levels of 
mercury, lead, cadmium, and essential trace elements in Arctic 
Canada.    Environ. Res.     100   :   295 – 318 .  

    35 .  Kingman ,  A. ,  T.   Albertini , and  L. J.   Brown .  1998 .  Mercury concen-
trations in urine and whole blood associated with amalgam expo-
sure in a US military population.    J. Dent. Res.     77   :   461 – 471 .  

    36 .  Pollack ,  A. Z. ,  E. F.   Schisterman ,  L. R.   Goldman ,  S. L.   Mumford ,  N. 
J.   Perkins ,  M. S.   Bloom ,  C. B.   Rudra ,  R. W.   Browne , and  J.   Wactawski-
Wende .  2012 .  Relation of blood cadmium, lead, and mercury levels 
to biomarkers of lipid peroxidation in premenopausal women.    Am. 
J. Epidemiol.     175   :   645 – 652 .  

    37 .  Jin ,  X. ,  N.   Hidiroglou ,  E.   Lok ,  M.   Taylor ,  K.   Kapal ,  N.   Ross ,  K.   Sarafi n ,  A.  
 Lau ,  A.   De Souza ,  H.   Chan ,  et al .  2012 .  Dietary selenium (Se) and vita-
min E (VE) supplementation modulated methylmercury-mediated 

changes in markers of cardiovascular diseases in rats.    Cardiovasc. 
Toxicol.     12   :   10 – 24 .  

    38 .  Khan ,  M. A. , and  F.   Wang .  2009 .  Mercury-selenium compounds and 
their toxicological signifi cance: toward a molecular understanding 
of the mercury-selenium antagonism.    Environ. Toxicol. Chem.     28   :  
 1567 – 1577 .  

    39 .  Seppänen ,  K. ,  M.   Kantola ,  R.   Laatikainen ,  K.   Nyyssönen ,  V. P.  
 Valkonen ,  V.   Kaarlöpp , and  J. T.   Salonen .  2000 .  Effect of supple-
mentation with organic selenium on mercury status as measured by 
mercury in pubic hair.    J. Trace Elem. Med. Biol.     14   :   84 – 87 .  

    40 .  Li ,  P. ,  X.   Feng ,  G.   Qiu ,  Z.   Li ,  X.   Fu ,  M.   Sakamoto ,  X.   Liu , and  D.  
 Wang .  2008 .  Mercury exposures and symptoms in smelting workers 
of artisanal mercury mines in Wuchuan, Guizhou, China.    Environ. 
Res.     107   :   108 – 114 .  

    41 .  Houston ,  M. C.   2011 .  Role of mercury toxicity in hypertension, car-
diovascular disease, and stroke.    J. Clin. Hypertens. (Greenwich)   .    13   :  
 621 – 627 .  

    42 .  Lund ,  B. O. ,  D. M.   Miller , and  J. S.   Woods .  1991 .  Mercury-induced 
H2O2 production and lipid peroxidation in vitro in rat kidney mi-
tochondria.    Biochem. Pharmacol.     42   :   S181 – S187 .  

    43 .  Bélanger ,  M. C. ,  M. E.   Mirault ,  E.   Dewailly ,  M.   Plante ,  L.   Berthiaume , 
 M.   Noël , and  P.   Julien .  2008 .  Seasonal mercury exposure and oxi-
dant-antioxidant status of James Bay sport fi shermen.    Metabolism   .    57   :  
 630 – 636 .  

    44 .  Arnér ,  E. S. J.   2009 .  Focus on mammalian thioredoxin reductases–
important selenoproteins with versatile functions.    Biochim. Biophys. 
Acta   .    1790   :   495 – 526 .  

    45 .  Fontaine ,  J. ,  E.   Dewailly ,  J. L.   Benedetti ,  D.   Pereg ,  P.   Ayotte , and 
 S.   Dery .  2008 .  Re-evaluation of blood mercury, lead and cadmium 
concentrations in the Inuit population of Nunavik (Quebec): a 
cross-sectional study.    Environ. Health   .    7   :   25 .  

    46 .  Alissa ,  E. M. ,  S. M.   Bahijri , and  G. A.   Ferns .  2003 .  The controversy 
surrounding selenium and cardiovascular disease: a review of the 
evidence.    Med. Sci. Monit.     9   :   RA9 – RA18 .  

    47 .  Kretz-Remy ,  C. , and  A. P.   Arrigo .  2001 .  Selenium: a key element 
that controls NF-kappa B activation and I kappa B alpha half life.  
  Biofactors   .    14   :   117 – 125 .  

    48 .  Maehira ,  F. ,  I.   Miyagi , and  Y.   Eguchi .  2003 .  Selenium regulates 
transcription factor NF-kappa B activation during the acute phase 
reaction.    Clin. Chim. Acta   .    334   :   163 – 171 .  

    49 .  Hong ,  Y. ,  C. H.   Li ,  J. R.   Burgess ,  M.   Chang ,  A.   Salem ,  K.   Srikumar , 
and  C. C.   Reddy .  1989 .  The role of selenium-dependent and se-
lenium-independent glutathione peroxidases in the formation of 
prostaglandin F2 alpha.    J. Biol. Chem.     264   :   13793 – 13800 .  

    50 .  Valera ,  B. ,  E.   Dewailly , and  P.   Poirier .  2009 .  Environmental mer-
cury exposure and blood pressure among Nunavik Inuit adults.  
  Hypertension   .    54   :   981 – 986 .  

    51 .  Nälsén ,  C. ,  B.   Vessby ,  L.   Berglund ,  M.   Uusitupa ,  K.   Hermansen , 
 G.   Riccardi ,  A.   Rivellese ,  L.   Storlien ,  A.   Erkkilä ,  S.   Ylä-Herttuala ,  L.  
 Tapsell ,  S.   Basu .  2006 .  Dietary (n-3) fatty acids reduce plasma F2-
isoprostanes but not prostaglandin F2alpha in healthy humans.    J. 
Nutr.     136   :   1222 – 1228 .       


