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Table 1. Diet-Dependent Effects on Tissue Selenium and Mercury1,2 
MeHg, 
µmol/kg 

Se, 
µmol/kg 

MeHg: Se 
Ratio Blood, µmol Se/kg 

Kidney, µmol 
Se/kg Liver, µmol Se/kg 

Brain, µmol 
Se/kg 

0.5 10 0.05 7.17 ± 0.27 89.84 ± 6.00 42.47 ± 1.71 6.47 ± 0.98 
0.5 1 0.5 6.05 ± 0.22 67.19 ± 4.65 35.20 ± 7.64 6.31 ± 0.65 
0.5 0.1 5 0.71 ± 0.22 13.36 ± 1.20 1.02 ± 0.14 5.84 ± 0.45 
50 10 5 8.18 ± 0.41 992.58 ± 180.50 102.83 ± 6.21 24.90 ± 3.67 
50 1 50 4.23 ± 0.18 192.12 ± 33.07 31.86 ± 1.45 5.90 ± 0.69 
50 0.1 500 0.79 ± 0.14 16.30 ± 2.12 1.64 ± 0.24 2.73 ± 0.74 
ANOVA       
F   F=(5, 50) 643.86 F=(5, 52) 320.95 F=5, 51) 406.20 F=(5,50) 37.07 
Prob>F   P<0.0001 P<0.0001 P<0.0001 P<0.0001 
MeHg (50)   NS3 5.51 (P=0.017) 0.61 (P=0.002) NS 
Se: (1.0)   5.04 (P<0.001) 51.51 (P<0.001) 35.90 (P<0.001) 0.83 (PP<0.045) 
Se: (10.0)   6.42 (P<0.001) 76.83 (P<0.001) 43.92 (P<0.001) −2.60 (P<0.001) 
MeHg × Se: (50*1.0)  −1.66 (P<0.001) 118.71 (P<0.001) NS 2.57 (P<0.001) 
MeHg × Se: (50*10.0)  0.98 (P=0.001) 823.62 (P<0.001) 50.84 (P<0.001) 20.69 (P<0.001) 
Constant   0.83 (P<0.001) 14.04 (P<0.001) 1.15 (P<0.001) 5.56 (P<0.001) 
R2   0.981 0.964 0.954 0.914 
MeHg, 
µmol/kg 

Se, 
µmol/kg 

MeHg: Se 
Ratio Blood, µmol Hg/kg 

Kidney, µmol 
Hg/kg Liver, µmol Hg/kg 

Brain, µmol 
Hg/kg 

0.5 10 0.05 0.02 ± 0.02 0.95 ± 0.14 0.11 ± 0.12 0.06 ± 0.02 
0.5 1 0.5 0.04 ± 0.01 1.08 ± 0.25 0.08 ± 0.02 0.12 ± 0.06 
0.5 0.1 5 0.03 ± 0.02 0.89 ± 0.16 0.17 ± 0.12 0.15 ± 0.14 
50 10 5 384.12 ± 12.09 2444.30 ± 173.44 462.00 ± 35.73 130.24 ± 22.15 
50 1 50 354.92 ± 23.30 1569.73 ± 132.05 314.78 ± 53.43 103.14 ± 15.27 
50 0.1 500 358.80 ± 34.46 1008.37 ± 126.43 491.31 ± 39.93 127.91 ± 14.90 
ANOVA       
F   F=(5, 50) 470.1 F=(5, 52) 406.9 F=(5, 51) 163.1 F=(5, 46) 183.4 
Prob>F   P<0.0001 P<0.0001 P<0.0001 P<0.0001 
MeHg (50)   354.12 (P<0.001) 1060.65 (P<0.001) 478.66 (P<0.002) 130.63 (P<0.001) 
Se: (1.0)   NS NS NS NS 
Se: (10.0)   NS NS NS NS 
MeHg × Se: (50*1.0)  NS 490.80 (P<0.001) −161.43 (P<0.001) −29.08 (P<0.009) 
MeHg × Se: (50*10.0)  NS 1367.68 (P<0.001) NS NS 
Constant   NS 1.02 (P<0.001) NS 0.16 (P<0.003) 
R2   0.979 0.980 0.941 0.950 
1 95% bootstrap normal confidence intervals were estimated for total Hg and Se concentrations (dry-weight basis) in tissues 

collected from animals fed the indicated levels of Se and MeHg. 
2 ANOVA coefficients are differences between means of the indicated classes and the base (deleted) classes. 
3 Not sampled. 

 
 
expected to soon follow. This POINT model indicates the adequate Se group that was fed high MeHg 
retains near-normal levels of Se bioavailability after 18 weeks on this diet. A trend line based on declining 
bioavailability of Se during the last 16 weeks of the study indicates that after 40 weeks, Se bioavailability 
in this group will have declined to ~5% of normal. This corresponds to the time when groups fed these 
approximate amounts of Se and MeHg have been observed to show motor function defects.  
 
 Among rats fed rich-Se diets, the influx of dietary Se is accompanied by a rapid rise in tissue Se 
that would be expected to be followed by a steady decline as excretion of Se and MeHg increase. The  
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Table 2. Diet-Dependent Effects on Toxicity and Tissue Mercury:Selenium Molar Ratios1 

MeHg, 
µmol/kg 

Se, 
µmol/kg 

Calculated 
Se-HBV2 

Relative 
Toxicity3 

Blood 
Hg:Se 

Kidney 
Hg:Se 

Liver 
Hg:Se 

Brain 
Hg:Se 

0.5 10 200 3.18 ± 6.501 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 
0.5 1 2 0.00 ± 5.121 0.01 ± 0.00 0.02 ± 0.00 0.00 ± 0.00 0.02 ± 0.00 
0.5 0.1 −2 1.01 ± 6.641 0.03 ± 0.00 0.08 ± 0.01 0.19 ± 0.04 0.03 ± 0.01 
50 10 −248 −5.65 ± 5.151 42.63 ± 1.28 2.64 ± 0.06 4.59 ± 0.18 5.30 ± 0.24 
50 1 −2500 10.47 ± 6.352 84.66 ± 2.09 8.59 ± 0.43 10.83 ±0.77 17.72 ±0.70 
50 0.1 −25,000 43.00 ± 4.664 430.37 ± 36.69 55.54 ± 2.18 285.96 ± 11.49 41.19 ± 1.96 
        
R2 in relation to Dietary MeHg 0.1584 0.282 0.243 0.108 0.441 
F =   10.94 22.22 15.70 5.94 40.54 
        
R2 in relation to Dietary Se-HBV 0.735 0.845 0.955 0.962 0.827 
F =   161.05 289.01 1138.57 1359.67 234.22 
1 95% normal confidence intervals for group means (molar ratios individually calculated using tissue mercury and selenium molar   
 concentrations). 
2 Selenium-Health Benefit Values = (total Se × [Se/MeHg]) – (total MeHg × [MeHg/Se]). Index results were rounded to the nearest  
 whole number. 
3 Relative toxicity = relative growth inhibition × −1. Values with different superscripts are significantly different (P <0.01). 
4 Regressions and F statistics were calculated in relation to dietary µmol MeHg/kg or Se-HBV. 

 
 

 
 

Figure 4. POINT models of dietary treatment effects on bioavailability of Se. 
 
 
balance of dietary influx and excretory elimination eventually achieves a steady state, with Se 
bioavailability maintained at a greater abundance than is required for maintaining optimal Se status. This 
is also true in the absence of MeHg exposure; the steady state of bioavailable Se would, of course, be 
greater still. This model indicates that among animals fed a low-Se diet with high MeHg exposure, even 
one day’s consumption of a Se-rich diet (10-µmol Se/kg diet used in this version of the model) would be 
sufficient to bring internalbioavailability of Se back to a nearly normal range, regardless of whether  
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MeHg is present (Figure 5). However, replenishing high-Se diets to Se-deficient animals in the actual 
study (23) did not immediately restore their growth. This lag time may indicate normal anabolic processes 
and the sequential replenishment of Se in blood and tissue compartments.  
 
 By completing a regression analysis of growth impairments observed in the animal study against 
the Hg, Se, or Hg:Se ratios for tissues, the slopes, adjusted correlation coefficients (r2) and p values could 
be determined for the relationships (Table 3). Since toxic effects were only seen in the rats exposed to the 
highest level of dietary MeHg, only data from those groups are shown. The most notable aspect of these 
analyses is that the slopes of tissue Hg concentration relationships to toxicity were all negative and often 
significant (p < 0.05). This occurred because increasing dietary Se resulted in increased tissue retention of 
Hg but diminished toxicity. This is an extreme divergence from what would have otherwise been 
expected. These results do not imply that increasing tissue levels of Hg is healthy, just that tissue Hg 
levels alone do not provide a straightforward basis for evaluating risk.  
 
 Tissue Hg levels were uniformly associated with dietary MeHg exposure in all the tissues studied. 
Importantly, since blood Hg was found to be inversely related to toxicity, the results of this study may 
have dramatic implications for human risk assessments that are based on analyses of blood Hg indices. 
 
 When the observed incidence of toxicity in relation to tissue Se is examined, a negative slope is 
also observed, indicating that increasing Se was associated with diminishing toxicity. These relationships 
were uniformly significant (p<0.05), and were often highly significant (p<0.01). The correlation 
coefficients (r2) for the inverse relationship between tissue Se and toxicity were generally far stronger 
than those observed for the inverse relationship between tissue Hg and toxicity. As would be expected, 
tissue Se levels were uniformly associated with dietary Se intake in all tissues studied. 
 
 

 
 
Figure 5. POINT model of effects of dietary treatment on Se bioavailability in rats. Graph depicts means 

± standard deviations of group data at the times indicated. 
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 In Table 3, the slope of the relationship between Hg:Se ratios and toxicity are all positive, 
indicating that the more moles of Hg that were present relative to moles of Se in a tissue, the greater the 
risk of toxicity. The correlation coefficients for tissue Hg:Se are far stronger than for either of the other 
indices. Testes and pituitary tissue were exceptions in that they appeared to be far better protected against 
Se loss than any of the other tissues and, as a result, displayed far less dramatic Hg:Se ratios than the 
other tissues. 
 
 The primary indices of MeHg exposure that are currently used for evaluating human health risks 
are hair, toenail, and blood Hg concentrations. This study supports the correlation of these indices with 
exposure levels. However, distribution of Hg into toenail and blood compartments was also highly 
influenced by Se status. Using growth inhibition of rats exposed to 70 µmol MeHg/kg as a measure of 
relative toxicity in these groups, the toxic effects and observed toenail and blood Hg concentrations were 
inversely related. In contrast to expectation, higher Hg contents in toenail and blood compartments were 
associated with diminishing toxicity. Lower hair and blood Hg were observed in the low-Se rats that 
showed the greatest toxic effects, while rats fed Se-rich diets were least affected but had the highest Hg 
contents. 
 
 
Quality Assurance/Quality Control 
 
 Quality Objectives 
 
 The EERC quality management system (QMS), authorized and supported by EERC managers, is in 
effect and governs all programs within the organization. Additionally, the CATM Program employs a 
quality assurance plan (QAP) that addresses trace metal emissions research at the EERC. The CATM 
QAP has been reviewed and accepted by EPA. The proposed project will follow the Quality Manual, the 
CATM QAP, and all revisions. An independent QA auditor reviews all aspects of quality assurance/ 
 
 
 Table 3. Correlations Between Indices and Toxicity 

Tissue Slope + Intercept Adjusted r2 p-Value 
Tissue Hg Relationship to Relative Toxicity 

Kidney y = -0.0003x + 0.7174 0.54 0.00001 
Liver y = -0.0049x + 0.3866 0.27 0.01 
Testes y = 0.002x - 0.2416 0.15 0.03 
Brain   0.34 
Blood   0.20 

Tissue Se Relationship to Relative Toxicity 
Kidney y = -0.0004x + 0.3433 0.48 0.00001 
Liver y = -0.0049x + 0.3866 0.63 0.000001 
Testes   0.25 
Brain y = -0.0145x + 0.2982 0.51 0.00003 
Blood y = -0.0186x + 0.2568 0.81 < 0.000001 

Tissue Hg:Se Relationship to Relative Toxicity 
Kidney y = 0.0079x + 0.0101 0.53 0.00001 
Liver y = 0.0015x + 0.0244 0.58 0.00001 
Testes   0.09 
Brain y = 0.0021x + 0.0637 0.21 0.01 
Blood y = 0.0005x + 0.0411 0.48 0.00003 
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quality control (QA/QC) for this project. This section addresses quality objectives, procedures for 
measurement/data acquisition, and procedures for assessing and validating data and results that are 
specific to this CATM project. 
 
 The primary quality objective for this project is to develop an informative computational Se 
physiology model that can be used to reflect pharmacokinetics and metabolic interactions of MeHg and 
its products as they relate to effects of toxic exposures in animals and humans of varying Se status. The 
data reflecting measures of food consumption, weight gain, and functional indices in studies where both 
MeHg and Se are at least partially defined will be compiled in a meta analysis that includes quantitative 
and qualitative descriptors. Data sets that include both tissue concentrations of Hg and Se as well as 
functional indices were given highest priority in establishing concentration-dependent relationships. 
POINT models of Se-deficient, Se-normal, and Se-rich animals will be developed with advice from 
experts in Se physiology, and functional models of effects of MeHg exposure in the Se status models will 
be evaluated with input from experts in Hg toxicology. Analysis will be validated by comparing positive 
and negative treatment controls for each independent variable assessed. 
 
 Measurement/Data Acquisition 
 
 The methods used in the analysis components of the complementary animal experiment employ 
appropriate methods for mercury and selenium analysis using established protocols. Sampling processing 
and digestion procedures, instrument calibrations, and QC considerations are included in the protocols. 
Selenium analysis is being performed using hydride-generated atomic fluorescence according to 
established analytical protocols of the Analytical Research Laboratory (ARL). Mercury analysis is being 
performed using cold-vapor atomic absorption (CVAA) methods according to established analytical 
protocols of the Analytical Research Laboratory. Mercury and selenium concentration data obtained from 
tissues analyzed in the complementary animal study are evaluated in relation to recognized health indices 
including food consumption, growth rate, growth efficiency, and motor function. These factors are used to 
calculate total dietary intakes of selenium and MeHg, and the single compartment accumulations are 
calculated using elemental retention and excretion factors adjusted for elemental interaction effects.  
 
 Assessment and Validation 
 
 Based upon the expected reproducibility of the sample analyses, the numbers of samples used for 
each task of the work plan provided statistically meaningful results using standard statistical analysis. In 
each of the three tasks, complete data sets will be verified and computational model results will be 
compared to results from similar studies and pertinent literature. Characteristic distribution effects 
observed in PBPK studies of MeHg distributions were compared to the tissue distribution models 
developed as part of this project. Kinetic models of selenium flux in animals treated with diets that were 
not supplemented with MeHg were used to compare with selenium distributions among organ systems.  
 
 This project is designed with a time line and milestones that facilitate accomplishing the goals of 
the project. During the course of the project, the schedule and milestones are reviewed in order to assess 
progress. 
 
 
Potential Applications and Benefits  
 
 Potential Users and Real-Life Applications  
 
 The overall goal of this project was to develop a computational method of interpreting and 
evaluating research data to assess mercury and selenium interactions and accumulation in tissues. This 
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POINT model will continue to be used to evaluate and interpret the results of complementary animal 
studies and can be extended for evaluation of human exposure to MeHg and its consequent effects on 
selenium physiology. This work provides an added tool for the evaluation of selenium’s protective effects 
in this seafood safety issue. Further research is needed to determine the effects of Hg–Se interactions in 
childhood development. As research data become available, they can be applied to this POINT model for 
a more comprehensive analysis to help determine true risk assessments.  
 
 Environmental and/or Health Benefits  
 
 Perhaps the most important beneficial application of the findings from this study is the future 
application of dietary selenium as a means of treating individuals that have been accidentally exposed to 
toxic quantities of mercury. No effective treatment for mercury toxicity had been recognized prior to this 
study. Although mercury toxicity is rare, it is clear that selenium supplementation to prevent or reverse its 
consequences would be a reasonable treatment modality for clinicians working with patients that have 
been exposed to high doses of mercury. Understanding the effects of selenium in prevention of MeHg 
toxicity will also help regulatory agencies estimate risks from fish MeHg exposures in human 
populations. 
 
 This study also helps to explain the contradictory results reported in population studies. The largest 
and most thorough population study, currently proceeding in the United Kingdom, has found that 
decreasing maternal fish consumption is associated with increased harm to the fetus and health of the 
children. Speculatively, the plot of their blood Hg levels would have a negative slope, similar to the 
results reported in this study. The added selenium supplied from increased fish consumption may, 
therefore, contribute to the health benefits of increased fish consumption in this population. 
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