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Project Description 
 
 Environmental mercury c an either bi oaccumulate within a n a quatic f ood c hain a s t he r eadily 
absorbed and highly toxic form methylmercury (MeHg) or biologically retire as insoluble and inert forms 
such a s mercury sulfide (HgS) and mercury selenide (HgSe). Based on ongoing CATM r esearch, it 
appears that the extraordinarily high-affinity binding between Se and Hg is involved in many important 
aspects o f M eHg bi oaccumulation a nd pa thophysiology. T his pr oject examines t hese i nteractions f rom 
multiple p erspectives i n order t o a ssess t he environmental b enefits o f S e bi nding with H g a nd t he 
physiological harms of Hg binding with Se.  
 
 
Goal and Objectives 
 
 In order to better understand how Se limits Hg accumulation and how Hg harms Se physiology, it 
is i mportant t o s tudy t heir i nteractions f rom multiple pe rspectives in a n integrated r esearch pr ogram. 
Research in pr evious years has used animal models to study Se-dependent protection against Hg toxicity 
and invertebrates t o a ssess S e-dependent H g r etirement f rom a quatic ecosystems. T o c ontinue with a n 
integrated analysis approach, the goals of this project are threefold: 1) to assess environmental factors of 
Hg a nd S e a ccumulation by  a nalyzing p lants a nd invertebrates a nd t he p otential ways of r emotely 
detecting Hg and Se accumulation in plants; 2) to investigate the influence of Se status on M eHg toxicity 
at the cellular level in time–dose-dependent studies; and 3) to investigate effects of Hg accumulation in 
humans through the e xamination o f Hg c oncentrations i n no rmal he art tissues and i n he arts removed 
during transplantation procedures performed on  patients w ith i schemic he art disease o r di lated 
cardiomyopathy. 
 
 
Rationale 
 
 The importance of t he Hg–Se interaction has many environmental and physiological implications 
that can influence MeHg exposure risks. Selenium, an important nutrient present in many foods including 
fish, is known to counteract Hg toxicity. It had previously been thought that selenium’s potent protective 
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effect a gainst H g t oxicity was due  t o i ts e xceptional bi nding a ffinity f or H g. H owever, a di fferent 
perspective on this interaction suggests MeHg toxicity is actually the result of this binding affinity. This 
mechanism i nvolves mercury s equestering i ntracellular selenium, t hereby inhibiting f ormation of vital 
selenoenzymes in the central nervous system. If this is the case, the greatest r isk from MeHg exposure 
will occur in Se-poor populations whose diets originate from locally grown foods and freshwater fish. The 
Se-rich fields and pa stures of  t he midsection of N orth America produce S e-rich f oods t hat a re broadly 
distributed through the centralized food distribution system. However, populations and individuals living 
in S e-poor r egions may b e a t r isk of having lower S e s tatus i f t hey pr imarily consume l ocally grown 
foods. Selenium-poor regions of the world include much of northern Europe, most of Africa, and many 
parts of Asia. Because of the particularly low soil Se levels in Finland and New Zealand, risks associated 
with Hg exposure would be far more pronounced than elsewhere. Populations in these countries and other 
Se-poor regions need to be cautious of consuming diets exclusively comprising foods grown in their local 
areas, since a low Se status will offer less Se-dependent protection against MeHg exposure. Fish 
originating from lakes in regions with low Se availability will be particularly risky to consume since these 
lakes will tend to display increased MeHg bioaccumulation in fish, and there will be far less Se available 
to counteract the toxicity of the MeHg that is consumed. 
 
 Selenium availability for uptake by plant life in the aquatic environment is likely to have an 
important e ffect on H g bi oaccumulation in t he f ood chain. F ormation of  H gSe is minimal in t he water 
column but  greatly potentiated by the molecular species of Hg and Se that occur within living cells. Plant 
life, especially in the cases of  Hg hyperaccumulator plant species, is likely to contribute to Hg retirement 
through HgSe formation as a result of biochemical processes that parallel those occurring in animal cells. 
Invertebrates t hat f orm t he ba se of  t he a quatic f ood c hain will c ontribute t o H g r etirement a lso b y 
facilitating HgSe formation. L ikewise, selenium a vailability and uptake b y plant and a nimal life in the 
aquatic environment will diminish the bioaccumulation of Hg in the food chain. Since HgSe is insoluble 
and extremely resistant to dissociation, Hg occurring in this form in the t issues of pr ey animals is poorly 
absorbed by predators that consume them. Therefore, if MeHg accumulation is reduced in the insects that 
make up 90% of the food consumed by fish, it will diminish the amount of MeHg accumulation in fish.  
 
 Currently, there a re no t echniques a vailable that a llow a  rapid, pr ecise, and inexpensive means of 
identifying areas that have high concentrations of heavy metals. Extensive sampling is currently needed to 
map soil Se or Hg concentrations. However, spectroscopic analysis of vegetation may provide a means of 
detection that can be used to identify either isolated or regional distributions of these elements. Remote 
sensing has shown that Se-rich soybean showed a spectral reflectance shift to shorter wavelengths in the 
long-wavelength edge of the chlorophyll absorption band centered at 680 nm and higher reflectance in the 
550–650-nm r egion. T herefore, selenium incorporation in plants reportedly causes a s pecific shift i n 
reflectance of ligh t a t 660  nm . T his s pectral s hift m ay enable r apid a nd r emote detection of S e 
distribution, thereby establishing a  means of  identifying a reas of  high- vs. low-Se soil a vailability. T his 
approach is currently being assessed in a  related C ATM pr oject. If it proves t o be sufficiently s ensitive, 
sensing through satellite imaging may eventually become possible.  
 
 Studies p erformed on men in eastern F inland i ndicate Hg exposure f rom c onsistently eating t heir 
local lake f ish i s associated with increased c ardiovascular risk. S ince eastern F inland has ve ry poo r Se 
availability, l ow Se a nd high M eHg c ontents in f ish from t hat r egion may have c aused i mpairments i n 
selenoenzyme functions t hat may have c ontributed t o c ardiovascular i mpairments a s a  result of  
diminished f ree r adical de toxification. T he i nfluence of S e on  H g methylation/demethylation r ates a nd 
Hg-dependent losses of available Se for sustaining selenoenzyme activities is important m etabolic 
interactions t hat ne ed t o be  a ssessed f or unde rstanding t hese pa thologies. H owever, t hese molecular 
effects are difficult to study in human or animal models. Therefore, f or a t horough investigation of 
mechanisms involved in any biological issue, cell culture must be included. The specific advantage of cell 
culture m ethods is t hat t hey r educe t he p hysiological a nd b iochemical constraints imposed b y in vivo 
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studies. C ell c ulture offers a  c ompletely c ontrolled environment, t hereby pr oviding a n opportunity t o 
investigate very specific research questions and biological mechanisms.  
 
 The t oxic effects of M eHg and i norganic H g i n cultured cells va ry somewhat w ith c ell t ype a nd 
occur at slightly different concentrations (1), but differences in the molecular mechanisms associated with 
their r espective pa thologies have not b een a dequately studied. The e ntry of  i norganic m ercury i nto the 
brain is largely prevented by the blood–brain barrier, whereas organic mercury can pass the barrier more 
easily (2). However, it interesting to note that a  s ignificant fraction of t he t otal Hg bound in animal and 
human brains (3–5) is inorganic, a portion of which appears to originate from MeHg demethylation (6). In 
the br ain, gl ial c ells a ppear t o b e r esponsible f or t his de methylation a ctivity (7). M ethylmercury a t a  
concentration of 0. 1 µM has shown to be cytotoxic to certain cell lines (8) but no one has measured the 
direct effects of MeHg exposure on Se-dependent enzyme activities in cultured cells.  
 
 Unusually high concentrations of Hg and antimony (Sb) accumulation have been reported in heart 
tissues of  human pa tients s uffering f rom dilated c ardiomyopathy ( DCM). T hese l evels have no t b een 
confirmed and may b e due t o a nalytical errors r esulting f rom t he s mall s ample s izes r equired s ince t he 
sampling used biopsy methods. However, if validated, this phenomenon could lead to further direction in 
understanding M eHg-associated cardiovascular disease. Since almost half of all heart t ransplants are 
performed on DCM patients, significant amounts of heart tissue can be accessed from the explanted heart 
removed during t ransplantation. T he larger t issue s amples will pr ovide a n opportunity f or t he hi ghest-
quality analytical evaluations s o that these levels can be reassessed a nd validated. L ikewise, s elenium 
levels will also be assessed, since selenium plays an important role in Hg toxicity, and Hg accumulation 
seldom occurs without formation of HgSe.  
 
 
Approach 
 
 Hg–Se Interactions in the Food Chain 
 
 Interactive e ffects o f H g on  Se and Se on  H g accumulation w ill be investigated i n a m odel 
invertebrate s pecies ( Achaeta domesticus; h ouse c rickets) a nd i n pl ants know n t o hy peraccumulate H g 
and Se. S elenium enters the food chain when inorganic S e taken up from soil becomes nonspecifically 
incorporated into selenomethionine. When plant materials are consumed by animals, the inorganic 
selenium in the selenomethionine is slowly released and is subsequently used in de novo selenocysteine 
synthesis cycles that are continuous in animal tissues (See Figure 1).  
 
 Once created, a  s elenocysteine molecule ca nnot b e r eused, but  must b e degraded on ce more t o 
release inorganic S e f or a  n ew c ycle of de novo  s elenocysteine s ynthesis. Therefore, a lthough 
selenomethionine a nd selenocysteine are the primary food forms of Se, inorganic selenium must be 
released from all these food forms before the selenium content of the food can be used by the cell. Since 
selenium from sodium selenite enters the selenium cycle directly without requiring initial degradation, it 
is the form that is most commonly used in Se nutrition studies. Therefore, although it is not a normal form 
found in f ood, i t directly r eflects t he effects of t he forms of s elenium na turally present in f oods. F ood 
forms a re a  m ixture of organic f orms including s elenomethionine a nd s elenocysteine. T herefore, t hese 
studies will compare the interactions between MeHg and Se (both inorganic and organic forms).  
 
 The c rickets f rom t he t rophic L evel 1  study w ill b e f ed t orula ye ast-based di ets pr epared w ith 
graduated concentrations (0.1, 1.0, or 3 µ mol Se/kg) of inorganic sodium selenite. The Se absorbed and 
retained in the tissues of these crickets will almost exclusively be present as selenocysteine since animal  
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Figure 1. Selenium transport and form-dependent metabolism in animals. 
 
 
tissues a re unable to f orm s elenomethionine. Absorption and retention of Se will be a ssessed in t he 
presence and absence of 0.5 µmol MeHg/kg added to the diets. At the end of the trophic Level 1 phase of 
the s tudy, Se-dependent effects on Hg retention will be  di rectly a ssessed in f reeze-dried c ricket t issues. 
Any M eHg-dependent effects on Se retention will b e determined b y c omparing S e pr esent in t issues of  
the 1-µmol Se, 1.0-µmol MeHg/kg test group to the amount of Se present in tissues of the control group 
fed 1 µmol Se/kg without any added MeHg. 
 
 Since crickets a re opportunistic c annibals, cr ickets in t he t rophic L evel 2 s tudy will b e f ed 
selenocysteine in the form of ground crickets from trophic level 1. To ensure adequate nutritional status, 
the pow dered c ricket meal will b e mixed w ith S e-free t orula yeast-based di ets c ontaining a dequate 
amounts of nutrients. At the end of trophic Level 2 phase of the study, diet-dependent effects on Se and 
Hg retention w ill be di rectly a ssessed in freeze-dried cricket t issues. C rickets f rom t he t rophic Level 2  
study will be used as food in the trophic Level 3 study involving fish. 
 
 Hg–Se Interactions in Plants 
 
 To i nvestigate t he s pectral r eflectance shift of vegetation induced by Se, H g, and H g binding of 
Se), Polypogon monspeliensis (rabbitfoot grass) a nd Eichornia crassipes (water hya cinth) pl ants were 
grown under controlled conditions and provided basal nutrient solutions prepared with or without Hg and 
Se added at graduated concentrations. As the plants grew, Hg- and Se-dependent spectral reflectance of P. 
monspeliensis leaves was measured by spectrophotometer (as reported in a related CATM project). At the 
end of the project, Hg and Se concentrations in plant tissues were determined by elemental analysis.  
 
 MeHg–Se Interactions at the Cellular Level  
 
 To understand the environmental and epidemiological effects of mercury exposure, it is important 
to understand mercury mechanisms a t the cellular level, particularly in t he central nervous system. Our 
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approach for this study is to us e cell cultures grown in the presence of media containing graduated 
concentrations of S e, a nd s ubject t hem t o M eHg a nd inorganic H g a dded a t i ncremental log 
concentrations ranging from unexposed to toxic levels. Parallel s tudies of t hese Se-conditioned a nd Hg 
exposed cultures will be  challenged for specified time periods to establish the time- and dose-dependent 
effects of MeHg toxicity and Se’s protective effects against toxicity. The end points measured include cell 
proliferation rates, viability, mercury and selenium concentrations in the cells, Se-dependent e nzyme 
activities, and rates of MeHg demethylation.  
 
 Hg’s Effects on Cardiovascular Disease 
 
 Working with r esearch pa thologists a nd s urgeons a t t he M ayo C linic i n R ochester, M innesota, 
tissue s amples have b een collected f rom t he explanted hearts r emoved f rom pa tients undergoing heart 
transplantation in r esponse t o ischemic heart disease ( IHD) and DCM. The Hg and S e contents of t hese 
samples a re b eing a ssessed i n comparison t o heart t issues without r ecognizable pa thology collected at 
autopsy f rom patients dying of accidental causes. The elemental analysis data will be compiled a nd 
statistically compared in order to confirm or refute the reported observations of unusually high Hg levels 
in DCM hearts.  
 
 
Progress/Status 
 
 Hg–Se Interactions in the Food Chain 
 
 Diets us ed i n this s tudy were ba sed on t he AIN-93G formula customized t hrough use of  low-Se 
torula yeast a s t he pr otein source (Teklad, Madison, Wisconsin). Table 1 contains composition details. 
Low-Se torula yeast basal diets measured by hydride generation–atomic fluorescence spectroscopy (HG-
AFS; P S A nalytical, D eerfield B each, F lorida) were found t o contain 0. 10 ± 0. 03 µmol S e/kg ( 0.0 ±  
0.01 ppm Se). This is a  low but  apparently nutritionally adequate level of S e for animal life (9). T hese 
basal di ets were a ugmented with N a2SeO4 to a djust S e c oncentrations to levels th at r eflect th e 
nutritionally relevant range of dietary Se concentrations. Diets for this study were low-Se, adequate-Se, or 
rich-Se prepared to contain ~0.1, 1.0, or 3.0 μmol Se/kg, respectively.  
 
 
   Table 1. Modified Mineral Mix and Composition of AIN-93G Torula Yeast-Based Diets 

Mineral Mix Composition g/kg Diet Ingredients g/kg 
Calcium Carbonate, anhydrous, 40.04% Ca 555.26 Torula yeast 300 
Sodium Chloride, 39.34% Na 73.5 DL-methionine 6.7 
Copper Carbonate, 57.47% Cu 0.143 Arginine 0.1 
Potassium Iodate, 59.3% I 0.01 Tryptophan 0.3 
Ammonium Paramolybdate, 4 Hydrate, 54.34% Mo 0.008 Soybean oil 70 
Sodium Metasilicate, 9 Hydrate, 9.88% Si 1.45 Mineral mix 35 
Chromium Potassium Sulfate, 12 Hydrate, 10.42% Cr 0.275 Cellulose 50 
Lithium Chloride, 16.38%Li 0.017 Vitamin mix 10 
Boric Acid, 17.5% B 0.082 Choline bitartrate 1 
Sodium Fluoride, 45.24% F 0.064   
Nickel Carbonate, 45% Ni 0.032   
Ammonium Vanadate, 43.55% V 0.007   
Powdered Sucrose 369.15   

Total 1000 Total 1000 
Note: Sodium selenite additions replaced sucrose in Se-supplemented diets. Mineral mix was added at 35 g /kg (3.5%) of 
total diet prior to mixing. 
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 Diets that had been prepared with no MeHg added were found to contain 0.51 ± 0.35 μmol Hg/kg  
(0.10 ± 0.07 ppm H g), apparently arising in c onjunction with one or more of the c omponent materials 
comprising the basal diet. This level of Hg contamination is similar to what has previously been observed 
in l aboratory a nimal diets (10). Therefore, t he a ctual H g c oncentrations i n t he diet a fter t he M eHg 
additions were ~0.5 and 1.0 μmol MeHg/kg (~0.2 and 10.0 ppm Hg). Each of the Se diets was prepared 
with either low or high amounts of MeHg added in the following manner. Diets provided by Teklad were 
prepared w ith onl y 60 g/kg of  oi l/kg, −1% less than the AIN -93 r ecommended levels. This purposeful 
omission allowed MeHg to be added in safflower oil to be added at 1% wt/wt basis to complete the 70 g 
oil/kg recommended f or t his diet. R equired amounts of M eHgCl ( Sigma-Aldrich, S t. L ouis, M issouri) 
were dissolved in safflower oil and mixed for 30 minutes to ensure homogeneous distribution. Diets were 
prepared in 1.5-kg batches using 15 g of oil distributed evenly over 1485 g and completely mixed together 
for 5 minutes to obtain an even distribution of MeHg in the diet. After mixing, representative fractions of 
these diets were set aside for total Hg analysis.  
 
 The crickets f rom the t rophic Level 1 study were f ed torula yeast-based diets pr epared with 0. 1, 
1.0, or 3.0 µmol Se/kg as Na2SeO4. Dietary Se s ignificantly influenced t issue Se (p < 0.00001), but the 
amount of S e a bsorbed a nd r etained in t he t issues i ndicates significant homeostatic r egulation is 
occurring. Concentrations of Se in tissues of crickets fed a 0.1-µmol Se/kg diet (2.89 ± 0.29 µmol Se/kg) 
were not much lower than those in tissues of crickets fed 1.0-µmol Se/kg diet (3.41 ± 0.08 µmol Se/kg). 
Crickets fed diets containing 3.0 µmol Se/kg contained more Se (6.68 ± 0.30 µmol Se/kg) than the other 
crickets (p > 0.05). Dietary Se did not appear to influence accumulation of Hg in trophic Level 1 crickets 
and crickets that were fed 1.0 µmol Se/kg diets supplemented with MeHg did not contain different  
(p > 0. 05) amounts of S e than crickets fed diets containing 1.0 µmol Se/kg without added MeHg. Since 
the amount of Hg accumulated in crickets fed the basal diets containing 0.5 µmol Hg/kg was so low, the 
Hg in those diets appears to have been present as the less readily absorbed inorganic form. 
 
 Crickets in the trophic Level 2 s tudy that were fed ground crickets from trophic Level 1 contained 
uniformly greater ti ssue S e concentrations. H omeostatic r egulation was c learly evident a gain s ince 
concentrations of Se in t issues of crickets fed Group 2 crickets contained 5.92 ± 0.77 µmol Se/kg, while 
those eating G roup 3 a nd 4 c rickets c ontained 7. 76 ± 0.71 µmol S e/kg a nd 7. 13 ± 0.64 µ mol Se/kg, 
respectively. In Trophic Level 2,  crickets fed crickets containing t he greatest amount of S e did not have 
the highest t issue Se themselves and the statistically s ignificant r elationship between diet and t issue Se 
concentrations was no longer apparent. Crickets from the trophic Level 2 s tudy are currently being used 
as food in the trophic Level 3 study involving fish. 
 
 

 
 

Figure 2. Hg and Se contents of diets and tissues of crickets in food chain study (dry weight basis). 
 
 

6



CATM ANNUAL REPORT PROJECT DESCRIPTIONS 
 
 
 

 

 Hg–Se Interactions in Plants  
 
 The best analytical precision in trace element analysis is attained using dry sampling methods, thus 
avoiding potential variance due to differences in water contents of individual samples. Previous work has 
established that the forms of Hg and Se present in plant materials were not lost during heat drying since 
the o bserved concentrations w ere e quivalent regardless of w hether analysis w as performed on  w et or  
freeze-dried homogenates. Leaves and stems of P. monspeliensis collected at the end of Task 1 were dried 
for 24 ho urs at 70°C in a laboratory oven prior to sampling. Because of their higher water contents and 
denser tissues, leaves, stems, and roots of E. crassipes collected at the end of Task 2 were oven-dried for 
48 hours prior to sampling for elemental analysis.  
 
 Accumulation of Hg and Se in P. monspeliensis 

 
 Germination of  P. monspeliensis seeds obt ained from t he N ational P lant G ermplasm R esources 
Laboratory was l ess t han 20% , so P. monspeliensis seeds were i nstead obtained from S andeman Seeds  
(Lalongue, France). The germination rate of these seeds (sets of 100 seeds examined in triplicate) was 95 
± 2%. Twenty milligrams of P. monspeliensis seeds was planted in potting soil in 12-inch-diameter pots. 
Plants w ere watered with 200 mL of D ynaGro P lant Growth Solution daily t hroughout the s tudy. P ots 
containing seeded s oil were c overed with transparent lids until germination was c omplete. P lants were 
grown indoors in ambient sunlight under temperature-controlled conditions (20°–25°C) during the entire 
study.  
 
 When the plants were approximately 4 inches high, the supplementation phase of the study began, 
using a fully crossed 3 × 3 factorial (nine growth treatment groups) study design to examine dose effects 
of Se and Hg on one another’s elemental uptake. During this phase, in addition to the 200 mL of diluted 
Dyna-Gro solutions, plants were supplemented with weekly additions of solutions prepared with 100 mL 
of graduated c oncentrations of  mercury a nd s elenium ( 50 mL of s upplementation s olution o f each 
element). The solutions contained low, medium, or high levels of Se as sodium selenite (0.01, 100, or 300 
mmol Na2SeO4/kg, respectively) and low, medium, or high levels of Hg as mercury chloride (0.01, 100, 
or 300 mmol HgCl2/kg, respectively). Plants were supplemented weekly for ~8 weeks. At the end of the 
study, pl ant l eaves and s tems were harvested f rom each t reatment group and s tored in t race metal-free 
plastic bags at −85°C until ready for analysis. 
 
 The a mount of S e in l eaves of P. monspeliensis plants g rown without a ppreciable a mounts of  
added S e or H g was 0. 83 ± 0.24 µ mol Se/kg (0.070 ± 0.02 µg S e/g). As s een in P anel A of F igure 3,  
addition of 100- or 300-mM S e solutions r esulted in minor increases in S e incorporation, but  when Hg 
was a dded, S e a ccumulation in leaves was gr eatly increased. T he r oots on t hese pl ants ha ve not b een 
analyzed ye t, s o i t i s not known whether t he effect of  H g on S e l evels in t he pl ants r epresents a n 
accentuated uptake from the soil or redistribution from the roots. 
 
 The amount of  Hg i n l eaves of  P. monspeliensis plants gr own w ithout appreciable amounts of  
added Se or Hg was 0.15 ± 0.04 µmol S e/kg (0.029 ± 0.008 µg Hg/g). P anel B of F igure 3 shows t hat 
addition of 100- or 300-mM S e s olutions s ynergistically increased H g contents of t he leaves when Hg 
was a lso a dded. S upplementation with 100  or 300 mM S e r esulted in 6 - and 50 -fold i ncreases i n H g 
accumulation in leaves. Once a gain, until t he r oots a re a nalyzed, i t is not known whether t hese results 
reflect an increased uptake from the soil or an increased redistribution of Hg from the roots. 
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Figure 3. Se (A) and Hg (B) concentrations in leaves and stems of P. monspeliensis grown in soil treated 

weekly with solutions containing the indicated concentrations of Hg and Se. 
 
 
 Accumulation of Hg and Se in E. crassipes 
 
 Twenty-seven individual 4-inch-diameter E. crassipes plants were obtained f rom P ond F actory 
Plants ( http://pondfactory.com/home.php). I ndividual plants were t ransferred t o t race metal-free pl astic 
containers pr epared with 1500 mL of  a  1:1500 s olution of  D ynaGro ( Dyna-Gro C ompany, S an P ablo, 
California). T he p lants w ere weighed a nd r andomly a ssigned t o H g a nd S e t reatment gr oups  
(three plants/group; 27 total plants) in a fully crossed 3 × 3 factorial (nine growth treatment groups) study 
of time- and dose-dependent interactive effects of these elements. Plants were supplemented weekly with 
20 mL of either low, medium, or high Na2SeO4 (0.01, 100, or 300 mmol Se/kg, respectively) and 20 mL 
of either l ow, medium, o r hi gh H gCl2 (0.1, 100 , o r 300 mmol H g/kg, r espectively). P lant g rowth was 
monitored during the ~8-week treatment study. At the end of the study the entire plant was harvested and 
divided into leaves, stems, and roots that were stored frozen in trace metal-free plastic bags at −85°C until 
ready for analysis. 
 
 Samples of ~ 0.2 g were t aken f rom each t reatment group a nd weighed i nto s ingle-use, sealable 
trace el ement-free 50 -mL d igestion t ubes ( Environmental E xpress, M t. P leasant, South C arolina) w ith 
every tenth sample being prepared in duplicate and with elemental spike recovery samples being prepared 
accompanying each batch. Each sample digestion batch included analysis blanks and reference materials 
(dogfish muscle c ertified r eference material D ORM-2, National R esearch C ouncil of C anada, O ttawa, 
Ontario, Canada) with certified Hg and Se concentrations.  
 
 Samples w ere treated w ith 5 mL o f HNO3 (Fisher t race metal grade, F isher Scientific, 
http://www.fishersci.com) a nd heated a t 85° C i n deep cell hot bl ocks ( Environmental E xpress) f or  
24 hours in capped tubes to preserve samples from t race element contamination. Samples were cooled, 
1.5 mL of 30% H2O2 (Fisher Certified A.C.S., Fisher Scientific) was added, and samples were r ecapped 
and r eturned t o heating in t he dry b lock a t 85° C for 8 hours more. S amples were c ooled a nd 15 mL of  
12 N H Cl ( Fisher T race M etal G rade, F isher S cientific) was added. S amples were heated a t 90° C f or  
90 minutes to reduce Se(VI) to Se(IV). Samples were cooled and diluted to 50 mL with double-distilled 
water. Samples were further di luted into instrumental calibration ranges and analyzed for Hg content by 
cold-vapor a tomic a bsorption s pectrophotometry us ing a  CE TAC M -6000A ( CETAC T echnologies, 
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Omaha, N ebraska) a nd S e was analyzed by hyd ride ge neration–atomic a bsorption s pectroscopy (HG–
AAS) us ing a  P  S A nalytical D ual M illennium E xcalibur ( P S Analytical, D eerfield B each, F lorida). 
Before data f rom s ample a nalysis runs were entered into t he database, Hg a nd Se concentrations in 
sample d igestion blanks and e lemental recoveries i n samples o f c ertified reference m aterials w ere 
evaluated to qualify the analysis batch data for inclusion.  
 
 Total Hg and Se mass concentrations (parts per million) for each sample were converted to molar 
concentrations (micromole per kilogram). Means and standard deviations of molar concentrations of Hg 
and Se were calculated and graphed for each treatment group. Elemental concentrations of Hg and Se in 
tissues of different dietary treatment groups were analyzed us ing ANOVA t o a ssess Hg–Se interactions 
and compared using t-tests (Microsoft Office Excel, http://office.microsoft.com). 

 
 The amount of Se incorporated into leaves of E. crassipes grown in water that was treated with low 
levels of Hg and Se was 0.36 ± 0.06 µmol Se/kg (0.030 ± 0.004 µg Se/g). As seen in Panel A of Figure 4, 
when solutions containing an additional 100 or 300 mM Se were added, the amount of Se in the leaves 
increased 10- and 20-fold, respectively. Increasing Hg exposure resulted in increased Se distribution into 
the leaves when Se was low, but leaves of plants supplemented with 100-mM Se solutions tended to have 
diminishing l eaf Se i n t he pr esence of increasing H g. Leaves of plants supplemented with 300 m M S e 
were observed t o have more S e a s increasing Hg was a dded. F urther work will b e ne eded to de termine 
whether this indicates f ormation of HgSe c omplexes as hypothesized or whether these r esults reflect a  
shift in compartment partitioning that increased Se distribution into the leaves. 
 
 Leaves of  plants grown in water without added H g or Se contained 0.37 ± 0.08 µmol Hg/kg  
(0.070 ± 0.02 µg H g/g). P lant i ncorporation of H g was l ess s ensitive t o S e-dependent e ffects t han S e 
incorporation was t o Hg effects (Panel B  of  F igure 4). A mounts of H g incorporated a ppeared to b e 
maximal i n a ll groups independent of a dded S e, s o i ncreases in its r ate of  upt ake may not have b een 
possible to observe using the conditions employed in this study. The roots and stems from the plants in 
these t reatment groups will b e a nalyzed t o determine w hether s imilar e ffects occurred t hroughout t he 
plant or varied by compartment. 
 
 

 
 
Figure 4. Se (A) and Hg (B) concentrations in leaves of E. crassipes grown in water treated weekly with 

solutions containing the indicated concentrations of Hg and Se. 
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 MeHg–Se Interactions at the Cellular Level  
 
 The cell culture study has only recently begun because of issues beyond our control that prevented 
us from occupying the cell laboratory. Arrangements have been made for temporary use of Dr. Ghribi’s 
cell lab in UND’s neuroscience building. The approach for this study is to use cell cultures grown in the 
presence of media containing graduated concentrations of Se and subject them to MeHg and inorganic Hg 
added at incremental log concentrations ranging from unexposed to toxic levels. Parallel studies of these 
Se-conditioned and H g-exposed cultures will b e c hallenged for s pecified t ime p eriods t o establish t he 
time- and dose-dependent effects of MeHg toxicity and Se’s protective effects against toxicity. The end 
points measured i nclude cell pr oliferation r ates, vi ability, mercury, a nd s elenium c oncentrations in t he 
cells, Se-dependent enzyme activities, and rates of MeHg demethylation.  
 
 The c ell line growth cur ve of h uman ne uroblastoma SH-SY5Y c ells a dministered s pecified 
concentrations o f m ethylmercury and m ethylmercury chloride h as been e stablished and i s shown i n 
Figure 5. SH-SY5Y cells were grown in Dulbecco’s modified Eagle’s medium–nutrient mixture F12 ham 
(DMEM-F12) supplemented with 10% fetal bovine serum. When the cells had reached 80% confluence, 
the cells were incubated w ith m ethylmercury or mercury chloride for 24 hours. Methylmercury was 
administered at 0, 1, 5, 10 or 50 μM, and mercury chloride was administered at 0,  1,  5, and 10 mM. The 
viability of SH-SY5Y cells was determined by adding MTT to the SH-SY5Y cell cultures to reach a final 
concentration of  1 mg/mL according t o t he manufacturer’s r ecommendations. V alues obtained in th e 
presence of methylmercury or  mercury chloride were no rmalized against va lues obt ained i n the absence 
of treatments. Three repeats were carried out for each measurement.  
 

 

 
 
Figure 5. Growth rates of human neuroblastoma SH-SY5Y cells administered the indicated concentrations 

of methylmercury and methylmercury chloride. *p<0.05, **p<0.01, ***p<0.001 (Student t test). 
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 Selenium t reatment effects a re in progress. Our approach is t o use unsupplemented media as our 
basal concentration a nd t hen supplement with various concentrations of S e t o determine t he pr otective 
effects. The range of sodium selenite to be used in the studies has been established using prepared stock 
solutions of sodium selenite in PBS: Flask 1 – 0 added; Flask 2 – 0.5 µM; Flask 3 – 1µM; Flask 4 – 2 
µM; Flask 5 – 3 µM; Flask 6 – 5 µM; Flask 7 – 10 µM. Cell counts and viability were de termined each 
day × 7 days. 
 
 Mercury’s Effects on Cardiovascular Disease  
 
 Sample aliquots of ~0.5 g weighed to 0.0001 g from each heart sample were transferred into single 
use, t race element-free 50 -mL di gestion t ubes ( Environmental E xpress, M t P leasant, S outh Carolina), 
with every t enth s ample b eing pr epared i n duplicate and with elemental s pike r ecovery s amples b eing 
performed a ccompanying each ba tch. E ach digestion ba tch i ncluded b lank a nd c ertified s tandard 
reference materials (dogfish muscle certified reference material DORM-2, National Research Council of 
Canada, Ottawa, Ontario Canada).  
 
 Samples w ere treated w ith 5 mL of 16 N ni tric acid (Fisher trace metal grade, F isher S cientific, 
www.fishersci.com) a nd heated a t 85°C in deep cell hot blocks (Environmental Express, Mt. Pleasant, 
South C arolina) f or 24 hours i n c apped t ubes t o pr eserve s amples f rom t race element contamination. 
Samples were cooled, 1.5 mL of 30% hyd rogen peroxide (Fisher Certified A.C.S., Fisher S cientific, 
www.fishersci.com) was added, and samples were recapped a nd returned t o heating in t he dry b lock a t 
85°C. Samples were cooled, and 15 mL of 12 N HCl (Fisher trace metal grade, F isher Scientific) were 
added. Samples were heated at 90°C for 90 minutes in order t o r educe S e(VI) to S e(IV). Samples were 
cooled and di luted to 50 mL with double distilled water. Samples were analyzed for Hg content by cold-
vapor atomic absorption spectrophotometry using a CETAC M-6000A (CETAC Technologies Inc, 
Omaha, Nebraska), and Se was analyzed by hydride generation atomic fluorescence spectroscopy using a 
P S Analytical Dual Millennium Excalibur (PS Analytical, Deerfield Beach, Florida).  
 
 Mercury a nd selenium concentrations in normal hearts and hearts removed from patients with 
DCM or IHD are shown in Figure 4. Normal hearts contained 3.73 ± 0.54 µmol Se/kg a nd 0.47 ±  
0.16 µmol Hg/kg (0.295 ± 0.43 µg Se/g, 0.093 ± 0.033 µg Hg/g). No a ge- or s ex-related di fferences i n 
tissue t race element c oncentrations were noted in normal or diseased patient groups. H earts of  pa tients 
with DCM contained 3.65 ± 0.59 µmol S e/kg a nd 0.39 ± 0.29 µ mol Hg/kg and hearts of pa tients with 
IHD contained 3.50 ± 0.43 µmol Se/kg and 0.17 ± 0.11 µmol Hg/kg.  
 
 No s ignificant differences in s elenium c ontents w ere noted b etween a ny of t he s tudy gr oups 
(Figure 6). Compared to normal hearts, mercury contents of DCM hearts were not significantly different, 
but hearts of patients with IHD contained significantly less mercury (p < 0.000001). Mercury contents of 
hearts from IHD patients were also lower than hearts of patients with DCM (p = 0.01).  
 
 In contrast to the previous investigation that noted extraordinarily hi gh m ercury contents in he art 
tissues of pa tients with DCM, this s tudy f inds the concentrations of mercury in DCM and normal hearts 
are indistinguishable. However, heart tissues from the IHD population used as a control group were found 
to contain s ignificantly less mercury t han was pr esent i n normal or D CM he arts. Since t issue mercury 
levels a re usually directly r elated t o s eafood consumption, t he low mercury levels noted in hearts from 
IHD patients may indicate low seafood consumption by this population.  
 

11



PROJECT DESCRIPTIONS CATM ANNUAL REPORT 

 

                     
 
Figure 6. Mercury and selenium concentrations in normal hearts and hearts removed from patients with 

DCM or IHD. 
 
 
 It is unknown why the Frustaci investigation observed elemental concentrations that are so much 
higher than this study, but the small sample mass (~1 mg) of the biopsy would greatly increase the effect 
of a ny c ontamination a rtifacts e ncountered d uring sample pr ocessing. S ince t he r eported mercury 
concentrations of t he heart bi opsy t issue s amples i ncreased as ej ection f raction de creased, i t i s a lso 
possible a c omponent of  t he r adioopaque s olution us ed for visually p ositioning b iopsy-sampling 
instruments may have contained mercury that contaminated the biopsy sample. These solutions may have 
either contained or appeared to have contained mercury. This possibility is being investigated.  
 
 
Quality Objectives Measurement/Data Acquisition 
 
 An EERC quality management system (QMS), authorized and supported by EERC managers, is in 
effect and governs a ll pr ograms within t he organization. Additionally, the CATM pr ogram has a  qua lity 
assurance plan (QAP) in effect that addresses trace metal emissions r esearch a t the EERC. The CATM 
QAP has been reviewed and accepted by EPA. This project follows the quality manual in order to obtain 
statistically valid and physiologically meaningful results regarding the interactions of mercury and 
selenium.  
 
 In the dietary treatment study performed on crickets, being able to measure, contrast, and compare 
the weight gains and survival of crickets fed diets that varied in mercury and selenium contents provides a 
measure of their concentration-dependent effects.  
 
 To va lidate c onsistency a nd validity in cell c ulture s tudies, r epeat s tudies will b e p erformed t o 
evaluate the effects of exposure to the forms and concentrations of Hg. At indicated times, the parameters 
are m easured a nd t he c oncentrations and  t ime-dependent pr otective effects o f selenium a gainst H g 
toxicity are evaluated a nd i ndividually p lotted. Multiple independent a ssessments a re p erformed, a nd a 
minimum of three separate experimental collections of data points for each treatment group are included 
in de termining t he mean v alues a nd s tandard de viations f or t he s urvival a nd pr opagation effects. 
Selenoenzyme activity in cul tured c ells will b e s imilarly measured in multiple i ndependent a ssessments 
using established kit methods a nd t heir a ccompanying p ool s tandards a nd controls, i ndependent 
measurements of  three or  m ore sets of samples a ssessing total Hg, S e, a nd M eHg contents will be 
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performed us ing large-scale batches of cultured cells to permit parallel assessments of total Hg and 
organic Hg.  
 
 In the s tudy of elemental distributions in human heart samples, the quality objective is to obtain 
analytically accurate and precise determinations of elemental contents. Trace elements were determined 
in ba tches t hat i nclude certified quality c ontrol s amples a nalyzed r elative t o c alibration s tandards 
according to established protocol.  
 
 Assessment and Validation 
 
 This project was designed with a time line and milestones that facilitate determining whether or not 
the objectives a nd t he goal o f t he pr oject a re a chieved. T he pr otocols h ave b een established a nd a re 
maintained t o ensure a ccurate a nd pr ecise a nalytical r esults a re o btained. All s ampling, i nstrument 
calibrations a nd quality control considerations a re i ncluded i n t he pr otocols. Q uality c ontrol s amples 
including a nalytical bl anks a nd c ertified r eference materials w ill b e included in each ba tch t o ensure 
validity of observed analysis values.  
 
 
Potential Applications and Benefits 
 
 The findings of these studies will provide important information for EPA, the U.S. Department of 
Energy, t he U.S. F ood a nd Drug Administration, t he U .S. D epartment of Agriculture, a nd t he World 
Health Organization. This information may assist these agencies in making r egulatory policy decisions 
regarding m ercury e xposure. A ssessing selenium’s regional d istribution and e nvironmental and 
physiological i nvolvement i n mercury toxicity issues w ill he lp these agencies a ssess the importance of 
selenium nutrition i n estimating risks o f human mercury exposure and i dentify populations at risk and 
potential methods for protection and remediation.  
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