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ABSTRACT 

In vivo Hofin exists as a complex with endogenous ligands, not as a free 

ion. Previous Jn vitro studies have demonstrated that metal ion form has a 

profound influence upon toxicity. We modeled Hg(ll) ligand complexes using 

two independently developed computer programs. Models generated at 

physiological pH using published Hg(ll) ligand Kf's, predict Hg(ll) primarily will 

exist as a Hg(thiol)2 complex. The Hg(thiol)2 complexes, Hg(SG)2, Hg(Cys)2 

and Hg(CysGly)2, were synthesized, purified and identified. Hg(ll) was 

administered to LLC-PKi cells growing in defined media either with or without 

exogenous thiols. Hg(ll) was administered as HgCl2, Hg(SG)2, Hg(Cys)2, and 

HgCl2 + either 1 or 2 moles of; GSH, L-Cys, D-Cys, CysGly and albumin. The 

LLC-PKi cells were incubated in Hg(ll) concentrations ranging from 0 - 120 |iM 

for 20 hrs. Toxicity was determined by the XTT assay. All forms of Hg(ll) were 

more toxic when administered to LLC-PKi cells growing in defined media without 

exogenous thiols. Under all conditions, the least toxic form of Hg(ll) was the 

Hg(thiol)2 complexes and the most toxic form was HgClj. Addition of a single 

thiol equivalent to LLC-PKi cells in thiol containing media shifted the Hg(ll) 

dose-response curves rightward « 20nM. Addition of Hg(ll); 2 albumin reduced 

Hg(ll) toxicity in both experimental protocols. 

A self consistent set of relative competitive or conditional Kf's for Hg(ll) 

with GSH, L-Cys, CysGly, OMRS, DMSA and EDTA was obtained using 

immobilized metal ion affinity chromatography (IMAC). Determining conditional 

Kf's using IMAC is advantageous in that the physical nature of water associated 

with the packed column is similar to that found in biological conditions and buffer 
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composition can be manipulated to resemble biological fluids. Thiol sepharose 

4B (Pharmacia LKB Biotechnology Inc., Piscataway NJ), GSH immobilized to 

sepharose, columns were loaded with HgCl2, or Hg(SG)2 and the affinity of Hg 

for the ligands was determined by competitive displacement chromatography. 

Our results demonstrate that the relative ranking of Hg-ligand Kf's is DMSA and 

DMPS > GSH, GSH « L-Cys « CysGly, > EDTA. The absolute values for the 

relative Hg-thiol complex Kf's must be > 1021-5. (Martell and Smith, 1982). 
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CHAPTER 1 

Introduction 

Mercury, Hg, is a naturally occurring nonessential metal. Being an 

element, it can not be chemically decomposed into simpler substances. 

Significant quantities of Hg enter into the environment from both natural sources 

and human activities (ATSDR, 1994). Most naturally occurring Hg sources are 

present in low concentrations, except for ore deposits. However, Hg 

concentrations associated with human activities can be quite high. Mercury has 

been identified in at least 600 of the 1300 hazardous waste sites comprising the 

National Priorities List, NPL, (Note, the NPL is a list of the most hazardous waste 

sites in the United States as identified by the Environmental Protection Agency, 

EPA) (ATSDR, 1994). Mercury released into the environment enters into a 

global biogeochemical cycle exists as one of three different forms; elemental 

mercury, inorganic mercury or organic mercury. Each form of Hg has its own 

toxicological properties however, all forms of Hg are nephrotoxic (Zaiups and 

Lash, 1994). In addition, depending upon the dose and form, Hg can damage 

many if not most of the organ systems in the body; the brain, the nervous 

system, the liver, the lungs, the heart, the immune system, the gastrointestional 

system, hematologic effects, musculoskeletal effects, developmental effects, 

fetal effects, dermal effects, etceteras (ATSDR, 1994). 
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Physical and Chemical Properties of Elemental Mercury 

Mercury, Hg, is a group IIB metal with unique physical and chemical 

properties. It has three common oxidation states; Hg(0), elemental or metallic 

mercury, Hg(l), mercurous mercury (eg. Hgz^*), and Hg(ll), mercuric mercury 

(eg. Hg^*) and six possible coordination numbers; 2, 3, 4, 5, 6 or 8. The most 

common coordination number for Hg is two; mainly because of the high 

promotional energies, ns^->nsnp 524 kJ/mol, involved in the formation of two 

covalent bonds and as a consequence of this, it is difficult to add further bonds 

(Cotton and Wilkinson, 1980). Linear two-coordination is more characteristic for 

Hg than for any other metal (Cotton and Wilkinson, 1980). 

Mercury's atomic number is 80, atomic weight 200.6, density 13.6 

grams/ml at 25 °C, melting point -38.6 °C, and boiling point 356.6 °C. At room 

temperature, RT, Hg(0) is a uniquely volatile silver-white metallic liquid, that 

produces a monatomic vapor with a vapor pressure of 2 x 10'̂  mm at 25 °C 

(Budavari, 1989). At 20 °C, air saturated with Hg(0) vapor exceeds the toxic limit 

[0.05 mg/m^ for Hg(0) vapor (ATSDR, 1994)] by more than 100 times (Weast, 

1976). Elemental mercury is surprisingly soluble in both polar and non-polar 

liquids. It's lipid solubility is 5-50 mg/L (Berlin, 1986), and it's water solubility is 

reported to range from 6.0 x 10'̂  g/L at RT (Berlin, 1986) to 6.39 x 10'̂  g/l at 25 

°C (Cotton and Wilkinson, 1980). Due to its high vapor pressure, Hg(0) can 

readily be lost from dilute aqueous solutions. Elemental mercury even can be 
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lost from aqueous solutions of mercury salts due to reduction of Hg(ll) by traces 

of reducing materials and/or disproportionation of Hg2^* (Cotton and Wilkinson, 

1980). 

Elemental mercury is inert to nonoxidizing acids but reacts directly with 

halogens, many metals and many non-metals. At RT, Hg(0) and oxygen are 

unstable with respect to HgO; their rate of combination is exceedingly slow 

(Cotton and Wilkinson, 1980). At higher temperatures, 300 - 350 °C , the 

reaction proceeds at a useful rate but at temperatures > 400 °C, the stability 

relationship reverses and HgO rapidly decomposes to (Cotton and Wilkinson, 

1980): 

HgO(s) = Hg(,) + 1/2 O2 AHdi„ = 160 kJ mol'̂  

Physical and Chemical Properties of Mercurous Mercury 

Mercurous mercury, Hga^^, the univalent state of mercury, is binuclear 

compound containing a mercury-mercury bond. Mercurous ions form few stable 

complexes; partially due to their low tendency to form covalent bonds but 

probably more important is the fact that most ligands form more stable 

complexes with mercuric ions thus, causing Hg2^* disproportionation (Cotton and 

Wilkinson, 1980). Mercurous ions are thermodynamically stable to 

disproportionation but only by a small extent. This is evident when reviewing the 

thermodynamics of the Hg(l)-Hg(ll) equilbria. The important thermodynamic 
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values in the disproportionation reaction, Hg2^* = Hg(0) + Hg^* a rapid and 

reversible reaction, are the following potentials (Cotton and Wilkinson, 1980); 

The standard reduction potential of the reaction is E° = -0.131 V and the 

disproportionation when any reagent reduces the activity of Hg^"^ to a greater 

extent than it lowers the activity of Hg2^^. A significant number of ligands can 

accomplish this task (NH3, amines, OH", CN", SCN", S '̂, etceteras) and as a 

result there are few stable Hga^" compounds (Cotton and Wilkinson, 1980). 

Physical and Chemical Properties of Mercuric Mercury 

Mercuric ions tend to form complexes with characteristic coordination 

numbers and stereochemical arrangements being two coordinate, linear and four 

coordinate, tetrahedral (Cotton and Wilkinson, 1980). The Hg-ligand bond in 

Hg(ll) compounds has considerable covalent character especially in two 

coordinate compounds (Cotton and Wilkinson, 1980). Mercuric ions form the 

most stable complexes with C, N. P and S containing ligands. In particular, they 

have a very high affinity for sulfur containing compounds. In fact the name 

"mercaptan" for RSH compounds stems from the affinity of Hg(ll) ions for sulfur 

(Cotton and Wilkinson, 1980). 

Hg2'* + 2e = 2Hg(0) 

2Hg^* + 2e = Hgz^" 

Hg^^ + 2e = Hg(0) 

E° = 0.7960 V 

E° = 0.9110V 

E° = 0.8535 V 

6.0 X10'̂ . Thus, Hg2^^ will undergo equilibrium constant is K 
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Mercuric oxide, HgO, can be formed by the direct interaction of Hg and O2 

at 300 - 350 °C, gentle pyrolysis of mercurous or mercuric nitrate and heating an 

alkaline solution of KzHgU (Cotton and Wilkinson, 1980). When HgO is 

dissolved in water experimental evidence suggests that mercuric hydride is 

formed (no polymeric species appear to be formed) although it can not be 

isolated (Cotton and Wilkinson, 1980). In aqueous solutions Hg(ll) ions appear 

to be solvated by six water molecules (Cotton and Wilkinson, 1980). 

Mercuric ions react with halides, non-metals and some metals. In a 

halide system, depending upon the concentration of halide ion, the following 

equilibrium is present; 

HgX* o HgXa o HgX=^ o HgX'̂ . 

Mercuric halides have extensive covalent character except for HgF2, which 

essentially is an ionic compound (Cotton and Wilkinson, 1980). When Hg(ll) 

ions react with other metals, compounds containing linear bonds, as in M-Hg-M 

or M-Hg-X, are typically formed (Cotton and Wilkinson, 1980). 

Mercuric ions can react with a vast number of organic compounds to 

produce organomercury compounds of the types RHgX or R2Hg. RHgX 

compounds are typically crystalline solids whose properties are dependent upon 

the nature of X. If X is a atom or group that can form covalent bonds to mercury 

(CI, Br, CN, OH, etceteras), then the compound is a covalent nonpolar 

substance that is more soluble in organic liquids than in water (Cotton and 
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Wilkinson, 1980). When X can form a ionic bond with mercury (S04^", NO3", 

etceteras), then the substance is salt like and presumably quite ionic (Cotton 

and Wilkinson, 1980). 

Dialkyls and diaryl mercury compounds are nonpolar, volatile, toxic, 

colorless liquids or low melting solids. These compounds are generally stable in 

air and/or water presumably because of the low affinity of Hg for O2 and the low 

polarity of the Hg-C bond (Cotton and Wilkinson, 1980). However, these 

compounds are photochemically and thermochemically unstable. All RHgX or 

R2Hg compounds have linear bonds although deviation from linearity has been 

claimed in a few cases (Cotton and Wilkinson, 1980). 

An environmentally important organomercury compound is methyl 

mercury, CHaHgR. Methyl mercury is more toxic than either Hg(0) or other Hg^* 

species (Fitzgerald and Clarkson, 1991). Elemental mercury released into the 

environment can be converted to CHaHgR by biological methylation. As with 

other forms of the Hg(ll) ion, CHaHg"*" has a high affinity for sulfur compounds. 

Formation constants for CHaHg"^ or Hg^* and the anionic form of a sulfhydryl 

group, R-S", are > 10^° higher than Hg^" affinity constants for carboxyl or amino 

groups (Ballatori, 1991). The binding of CHaHg"^ by sulfhydryl, SH, containing 

amino acids produces a monomeric, nonpolar complex while binding of Hg^" by 

SH containing amino acids produces a polymeric, polar compound (Cotton and 

Wilkinson, 1980). 
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Occurrence, Uses and Exposure to Mercury 

Increasing Hg deposition in the environment (Fitzgerald & Clarkson, 

1991), has increased the risk of Hg exposure and possible Hg intoxication. Ice 

samples obtained from the Greenland ice caps have exhibited a steady increase 

in Hg content since the year 1900 through the present (Goyer, 1991). This 

increase has been related to increases in the background level of Hg present in 

rain water and is thought to be directly attributable to man-made releases 

(Goyer, 1991). It is estimated that approximately two-thirds of the world's total 

Hg yield has been produced during the 20® century and that since 1900, 

anthropogenic contributions have increased ~ 3 fold (Fitzgerald and Clarkson, 

1991). Anthropogenic sources are estimated to release ~ 20,000 tons of 

Hg/year into the environment (Berlin, 1986). However, the majority of Hg in the 

environment emanates from nonanthropogenic sources, principally the natural 

degassing of the earth's crust (including land areas, rivers and oceans) which is 

estimated to release ~ 30,000 -150,000 tons of Hg/year (Berlin, 1986). 

In excess of 10,000 tons of Hg/year is produced for industrial applications 

(Berlin, 1986). Mercury is used by several industries for a variety of purposes; 

the chloralkali industry, electrical equipment, paints, measurement and control 

systems, military uses, agriculture, dentistry, laboratories, catalysts, paper-pulp 

industry, and phannaceuticals (Berlin, 1986). In recent years anthropogenic Hg 

releases into the environment have declined. As an example, the estimated Hg 



20 

loss in water effluent from chloralkali plants, one of the largest Hg users, has 

been reduced by 99%, and Hg use by the paper pulp industry has dramatically 

declined (banned in Sweden since 1966) (Goyer, 1991). However, 

anthropogenic sources still release significant quantities of Hg into the 

environment. The dominant source of anthropogenic Hg release into the 

environment is associated with combustion of fossil fuels; fossil fuels may 

contain as much as 1 ppm Hg (Goyer, 1991). Industrial Hg releases, both 

inorganic and organic, are estimated to account for approximately one third of all 

atmospheric Hg (Goyer, 1991). Refining petroleum products and the burning 

coal and natural gas emit ~ 5000 tons of Hg/year (Goyer, 1991). Other 

significant anthropogenic sources releasing Hg into the environment are the 

incineration of solid wastes and smelting processes used in the production of Cu 

and Zn (Fitzgerald and Clarkson, 1991). 

As previously stated, Hg released into the environment enters into a 

global biogeochemical cycle where it can readily be inter-converted from any 

one of the three chemical forms to any of the other three chemical forms. 

Transformation can occur by biotic and abiotic oxidation and reduction, 

bioconversion of organic and inorganic forms, and the photolysis of 

organomercurials (ATSDR, 1994). For example, Hg(0), especially in the 

presence of organic material, can be oxidized to Hg(ll) (Goyer, 1991); in 

reducing conditions Hg(ll) can be converted to Hg(0) (Goyer, 1991); Hg(ll) can 

also be methylated by microorganisms (both in aerobic and anerobic conditions) 
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(ATSDR, 1994); and lastly, methylated Hg compounds can be converted to 

Hg(0) by various biologicai/geochemical reactions (Fitzgerald and Clarkson, 

1991). 

Humans potentially are exposed to Hg present in the air, ambient 

concentration 10-20 ng/m^, (ATSDR, 1994), water, ambient concentration in 

fresh water 25 ng/l (Clarkson etal., 1988), and soil, normal soil concentration 

range 20 - 626 ng/gm soil (ATSDR, 1994). The average total daily Hg intake is 

estimated to be approximately 10 ng/day in the absence occupational exposure 

(Berlin, 1986). 

Mercuric Mercury Toxicology 

Mercury has well documented adverse human health effects. 

Toxicologically Hg can be divided into inorganic [Hg(ll)] and organic compounds. 

Toxicity of the various fonns of Hg is related perse to cationic mercury whereas 

solubility, biotransformation and tissue distribution are influenced by both the 

valence state and the anionic component(s) (Goyer, 1991). The work presented 

In this thesis will focus upon Hg(ll). 

Typical in vivo Hg(ll) toxicity experiments involve administering a soluble 

Hg(ll) salt to an animal(s) and observing the resultant toxicity. Inorganic 

mercury distributes throughout the body to different organs and within those 

organs to specific cell types. In mammalian organisms it accumulates in the; 

epithelial lining of the intestinal tract, squamous epithelium of the skin and hair; 

glandular tissues like the salivary glands, thyroid, liver, pancreas and sweat 
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glands; and in the kidney as well as in epithelial organs, like the testes and the 

prostrate (Berlin, 1986). Inorganic mercury does not readily transverse the 

blood brain barrier (BBB) and does not enter into the brain (Berlin, 1986). 

In Vivo Mercuric Mercury Non-renal Toxicity 

In vivo Hg(ll) administration has been reported cause the following non

renal effects; diarrhea (Aaronson and Spiro, 1973), pseudomembraneous 

"colitis" (Lewin, 1929; Troen etal, 1951), significant decreases in plasma thyroid 

hormone (T3 & T4) levels (Sin et al., 1990, Tan et al., 1990), increased hepatic 

MT synthesis (Liu etal., 1991) a rapid and reversible inhibition of transcellular 

water movement through the lung by water channels (Folkesson et al., 1994), 

increased blood pressure, deaeased cardiac contractility and no effect upon 

heart rate (Carmignani etal., 1992), positive cardiac ionotropic response, 

decreases baroreceptor reflex sensitivity, increased blood pressure, and cardiac 

contractility (Boscolo etal., 1989, Carmignani etal., 1992), increased incidence 

of squamous cell papillomas of the forestomach, and inaeased incidence of 

thyroid follicular cell carcinomas (ATSDR, 1994), dose related increases in the 

frequency of chromosome aberrations and the percentage of aberrant cells in 

the bone manrow(Ghosh etal., 1991), profound immunodisregulation in 

susceptible animals (Brown Norway rats, Lewis rats, some mice and rabbits) 

(van der Meide et al., 1993). 

Mercuric Mercury Target Organ 
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The target organ of Hg(ll) toxicity is the kidney (Berndt et al., 1985, 

Tanaka et. al., 1990). It accumulates and retains more Hg(ll) than any other 

organ in the body. Within 5 min. following i.v. administration of a non-toxic dose 

of Hg(ll), approximately 10% of the administered dose is found within the 

kidneys and by 3 hrs. greater than 50% of the administered dose is found there 

(Zaiups, 1993b). Even up to two weeks following Hg(ll) administration, up to 

90% of the remaining body burden is located within the kidneys (Clarkson, 

1988). In fact, the overall elimination of Hg(ll) from the body occurs at the same 

rate as renal Hg(ll) elimination (ATSDR, 1994). 

Within the kidney, the majority of Hg(ll) accumulates in the renal cortex 

and the outer stripe of the outer medulla. The renal cortex is composed of the 

SI and S2 segments of the proximal tubules and the outer stripe of the outer 

medulla is composed of the S3 segment of the proximal tubules. Initially, 1-3 

hrs., Hg(ll) preferentially accumulates in the renal cortex (Zaiups, 1993b). 

During this same period of time, Hg(ll) accumulation in the outer stripe of the 

outer medulla also increases markedly (Zaiups, 1993b). At some point in time 

between 3 hrs. and 24 hrs. following Hg(ll) administration, the concentration of 

Hg(ll) in the outer stripe of the medulla increases to greater than that in the renal 

cortex (Zaiups, 1993b). Thus, Hg(ll) accumulation in the proximal tubules 

undergoes a time related shift from the renal cortex to the outer stripe of the 

outer medulla. In addition to the time related intrarenal shift in Hg(ll) 

accumulation, a dose related shift in intrarenal Hg(ll) accumulation also occurs. 
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At low Hg(ll) doses (0.5 nmol/Kg) the majority of Hg(ll) accumulates in the renal 

cortex (Zaiups and Diamond, 1987). Increasing the Hg(ll) dose, increases Hg(ll) 

accumulation in the outer stripe of the outer medulla and in the inner medulla 

[Note; Hg(ll) accumulation in the inner medulla is always much, much less than 

that present in the cortex or outer medulla] (Zaiups and Diamond, 1987; Zaiups, 

1993b). Intrarenal changes in Hg(ll) accumulation may be an important factor in 

Hg(ll) induced nephrotoxicity in that nephrotoxicity becomes apparent 48-96 

hrs, following Hg(ll) administration (Bemdt and Ansari, 1990). 

Nephrotoxic doses of Hg(ll) disrupt both the structure and function of the 

straight part of the proximal tubule (SPT) (Bemdt and Ansari, 1990). Damage 

associated with Hg(ll) nephrotoxicity is manifested by epithelial injury and 

necrosis observed mainly in the pars recta region of the proximal tubule (Bemdt 

and Ansari, 1990; Zaiups et ai, 1990). The pars recta is composed of both the 

terminal portion of the S2 segment and the complete S3 segment of the proximal 

tubules (Zaiups, 1993b). The morphological sequence of events in Hg(ll) 

nephrotoxicity are; disruption of the brush border membranes with loss of the 

membranes into the tubular lumen (affected proximal tubule cells swell), swelling 

of the endoplasmic reticulum with vacuole formation, rounding and clumping of 

the mitochondria, and ultimately the onset of necrosis and cell sloughing (Bemdt 

et ai, 1985; Berndt and Ansari, 1990). Increasing the Hg(ll) dose damages 

other areas of the nephron in addition to the pars recta (Bemdt and Ansari, 

1990). 
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In Vivo Mercuric Mercury Renal Toxicity 

The in vivo administration of soluble Hg(ll) salts has been reported to 

produce a variety of effects both renal and non-renal. In general, renal effects 

are associated with oxidative stress, mitochondrial function and alterations in 

urinary reabsorption. Specific renal effects have been reported to include; 

significant increases in kidney GSH and UDPglucuronyltransferase (Sin et al., 

1990; Tan eta!., 1990), increased hydrogen peroxide (H2O2) production by renal 

mitochondria, renal mitochondria lipid peroxidation, LPO, and a time and dose 

dependent decrease in renal mitochondrial GSH content (Lund ef a/., 1993), 

increases in LPO (Girardi and Elias, 1995; Yonaha eta!., 1980, 1982; Fukino et 

aL, 1984), decreases in renal vitamin E and vitamin C contents (Stohs and 

Bagchi, 1995), increases in catalase and GSH peroxidase activities (Girardi and 

Elias, 1995), massive calcium accumulation (Trump and Berezesky, 1987), 

increases in metallothionein, MT, synthesis (Liu eta!., 1991), production of 

caicuria, magnesuria and proteinuria (Liu ef a/., 1991), increased MT excretion 

in conjunction with proteinuria (Liu etal., 1991), induction of glycosuria (Holmes 

et al., 1992), transient reductions in urinary excretion of the citric acid 

intermediates succinate, 2-oxoglutarate (2-OG) and citrate (Holmes etal., 1992), 

impaired reabsorption of low molecular weight proteins, amino acids, glucose, 

sodium, Na", potassium, IC, and phosphate (Holmes etal., 1992). 

In vivo Hg(ll) renal toxicity has been linked to Hg(ll) uptake. Both have 

been suggested to involve; nonprotein sulfhydryl groups , NPSH, (primarily 
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GSH) and/or a y-glutamyltranspeptidase (y-GT) dependent system (Johnson, 

1982; Bemdt etal., 1985; Baggett and Bemdt, 1986; Tanaka etal., 1990; GIrardi 

and Elias, 1991,1993; Tanaka-Kagawa etal., 1992; de Ceaumzetal., 1994; 

Zaiups, 1995), an organic ion dependent system (Zaiups, 1995; Zaiups and 

Minor, 1995; Zaiups and Barfuss, 1995c; Zaiups and Barfuss, 1996b) and 

endocytotic cotransport with albumin (Zaiups and Barfuss, 1993). 

Inhibition of y-glutamyltranspeptidase (y-GT) by acivicin pre-treatment 

(acivicin decreases GSH by inhibition of y-glutamyltranspeptidase) decreased 

renal GSH content, decreased renal Hg(ll) content, increased urinary Hg(ll) 

excretion (Zaiups, 1995; de Ceaumz etal., 1994; Tanaka etal., 1990; Bemdt et 

al., 1985) and decreased Hg(ll) induced nephrotoxicity (de Ceaumz etal., 1994; 

Tanaka et al., 1990). Bemdt (Bemdt et a!., 1985) reported that acivicin pre-

treatment reduced renal Hg(ll) content although the reduction was not 

significant. He attributed this to the relatively small amount of Hg(ll) present in 

the urine as compared to the much larger concentration contained within the 

kidney (Bemdt et al., 1985). Reduction in renal Hg(ll) content following acivicin 

pre-treatment was due almost exclusively to a reduction in Hg(ll) accumulation 

by the renal cortex (Zaiups, 1995). Acivicin pre-treatment also shifted Hg(ll) 

binding in urine from the high molecular fraction (HMW) to the low molecular 

weight fraction (LMW) (de Ceaurriz et al., 1994). The majority of Hg(ll) excreted 

In the urine of mice following acivicin pre-treated has been identified as Hg(SG)2 

via size exclusion chromatography (Tanaka et al., 1990). Acivicin administered 
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2 hrs. after Hg(ll) administration, reduced renal Hg(li) content and increased 

urinary Hg(ll) excretion (Tanaka-Kawawa etal., 1992). However, when aclvicin 

was administered 24 hrs. after Hg(ll), renal Hg(ll) content was not significantly 

decreased but urinary Hg(ll) excretion was increased (Tanaka-Kawawa etal., 

1992). 

Acivlcin pre-treatment did not produce statistical differences in hepatic 

Hg(ll) content (Zaiups, 1995; de Ceaurrizefa/., 1994), fecal Hg(ll) elimination 

or Hg(ll) content in whole blood (Zaiups, 1995). it did however increase Hg(li) 

content in the plasma and shift Hg(ll) binding from the HMW fraction to the LMW 

fraction (de Ceaurriz et al., 1994). 

In addition to aclvicin, other treatments have been employed to decrease 

GSH content. Studies using diethyl maleate (DEM, reduces GSM concentration 

via conjugation) pre-treatment to reduce renal GSH have reported reductions in; 

renal GSH content, renal Hg(ll) accumulation (Bemdt etal., 1985; Baggett and 

Berndt, 1986; Johnson, 1982) and Hg(ll) nephrotoxicity (Johnson, 1982). Girardi 

however has reported tjiat DEM pretreatment reduced renal GSH but increased 

both renal Hg(il) accumulation and renal toxicity (Girardi and Elias, 1991,1993). 

DEM pretreatment also significantly reduced hepatic GSH content but had no 

significant effect on hepatic Hg(ll) accumulation (Bemdt et al., 1985, Baggett 

and Berndt, 1986). Buthionine sulfoximine (BSO, a potent inhibitor of y-

glutamylsynthetase) pre-treatment significantly reduced the renal, hepatic and 

plasma GSH levels while increasing Hg(ll) toxicity (Naganuma etal., 1990). 
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The combined pre-treatment of BSO and DEM significantly reduced both 

renal GSH and renal Hg(ll) accumulation in addition to inaeasing renal Hg(ll) 

nephrotoxicity (Bemdt et a!., 1985; Baggett and Bemdt, 1S86). This pre-

treatment also significantly depleted hepatic GSH content (Bemdt etal., 1985; 

Baggett and Bemdt, 1986) although hepatic Hg(ll) content was either unaffected 

(Bemdt et a!., 1985) or only minimally reduced (Baggett and Bemdt, 1986). 

Tanaka specifically investigated the role of hepatic GSH in renal Hg(ll) 

toxicity and accumulation by selectively reducing hepatic GSH via pre-treatment 

with 1,2-dichloro-4-nitrobenzene (DCNB, a specific hepatic GSH inhibitor). This 

reduced both renal Hg(ll) content and Hg(ll) induced nephrotoxicity (Tanaka et 

a/., 1990). DCNB pre-treatment significantly depressed both hepatic NPSH and 

GSH concentrations while having no effect on either renal NPSH or GSH 

concentrations (Tanaka et al., 1990). Glutathione accounts for > 95% of the 

hepatic NPSh while only accounting for ~ 40% of the renal NPSH (Tanaka et al., 

1990). However, others using hepatic portal vein or intrarenal injections of 

Hg(ll) administered as HgCl2, have reported that renal Hg(ll) accumulation does 

not appear to involve hepatic GSH and a Hg(ll)-glutathione complex (Chey et al., 

1989; Kee and Sin, 1992). They suggest that renal Hg(ll) accumulation involves 

renal metallothlonein (Chey etal., 1989; Kee and Sin, 1992). Zaiups (Zaiups 

and Barfuss, 1996a) has also reported that hepatic GSH may also play a role in 

renal Hg(ll) accumulation via a hepato-biliary-enteric metabolic pathway. 
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Recently, organic anion transport has been implicatecl in renal Hg(ll) 

transport. Within the hr. following pre-treatment with p-aminohippurate (PAH, 

a water soluble organic anion which competitively inhibits renal transport of 

organic anions) significant reductions in renal Hg(il) content, increased urinary 

Hg(ll) excretion, altered intrarenal Hg(ll) distribution (significant reductions in 

Hg(il) accumulation in both the renal cortex and outer stripe of the outer 

medulla) and increased Hg(li) content in the blood were all observed (Zaiups, 

1995, Zaiups and Minor, 1995, Zaiups and Barfuss, 1995c). By 24hrs. however, 

the only significant differences following PAH pre-treatment were a deaease in 

renal Hg(ll) content and a reduction in Hg(ll) accumulation in the renal cortex 

(Zaiups, 1995). PAH pre-treatment did not significantly affect hepatic Hg(ll) 

accumulation, fecal or urinary Hg(ll) elimination (Zaiups, 1995). PAH's rapid 

clearance is thought to be responsible for its transitory effects (Zaiups, 1995). In 

fact, PAH treatment 3hrs. following a non-toxic Injection of Hg(ll) had no 

inhibitory effect on renal Hg(ll) uptake (Zaiups and Barfuss, 1995c). No reports 

are available concerning PAH's effects upon inorganic mercury's toxicity. All 

studies presently conducted have utilized non-toxic doses of Hg(ll), 0.5 iimol 

Hg(ll)/Kg. 

In addition to GSH, cysteine has also been reported to be involved in the 

renal toxicity and accumulation of Hg(ll) (Zaiups and Barfuss, 1995b: Zaiups and 

Barfuss, 1996). Administration of both a toxic and non-toxic dose of Hg(ll) as 

Hg(ll): 2 L;Cys has been demonstrated to Increase renal Hg(ll) accumulation 



(Zaiups and Barfuss, 1995b; Zaiups and Barfuss, 1996). Specifically, the renal 

Hg(ll) concentration was significantly enhanced in the renal cortex and outer 

stripe of the outer medulla (Zaiups and Barfuss, 1995b; Zaiups and Barfuss, 

1996). Within the 1*^ hr following Hg(ll) administration as Hg(ll): 2 Cys, the 

initial rate of Hg(ll) uptake was significantly enhanced, the fraction of Hg(ll) 

present in the blood plasma significantly increased and Hg(l[) in the blood 

significantly decreased (Zaiups and Barfuss, 1995b; Zaiups and Barfuss, 1996). 

At 24hrs. there were no significant differences in Hg(ll) blood disposition, plasma 

disposition, renal accumulation or hepatic accumulation (Zaiups and Barfuss, 

1995b; Zaiups and Barfuss, 1996). However, decreased hepatic Hg(ll) 

accumulation was observed within the 1** hr following administration of higher 

doses of Hg(ll) administered as Hg(ll): 2 Cys (Zaiups and Barfuss, 1996). In 

either study, no significant differences were observed in urinary excretion of 

Hg(ll) (Zaiups and Barfuss, 1995b; Zaiups and Barfuss, 1996). Similar results 

were observed following Hg(ll) administered as Hg(ll): 2GSH. However, there 

were significant increases in urinary excretion of Hg(ll) when Hg(ll) was 

administered as Hg(SG)2. Zaiups hypothesizes that in vivo the Hg(Cys)2 

complex is formed from the metabolism of Hg(SG)2. 

Following in vivo Hg(ll) administration, Hg(ll) present in whole blood is 

approximately equally distributed between the red blood cells (RBC's) and 

plasma (Ballatori, 1991; Berlin, 1986). Inorganic mercury in plasma is nearly all 

bound by proteins (Ballatori, 1991) with < 1% of the Hg(ll) being free (Bemdt et. 
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a/., 1985). Of the plasma proteins, albumin, (the most abundant plasma protein, 

containing a single free sulfhydryl group (Jocelyn, 1972; Brown & Shockley 

1982), binds the most Hg(ll) (Zaiups and Barfuss, 1993). 

A small portion of the albumin in circulation is filtered and passes through 

the glomerulus where it can be reabsorbed by endocyotic mechanisms along the 

proximal tubule (Maack, 1992). Endocytotic reabsorption of albumin occurs 

along the SI - S3 segments of the proximal tubules (Zaiups and Barfuss, 1993), 

the same portion of the proximal tubules involved with Hg(ll) absorption. In rats 

made proteinuric by Hg(ll) administration, Hg(ll) excreted in the urine was found 

largely bound to albumin (Madsen, 1980). In addition, Hg(ll) present in the 

kidneys was found associated with lysosomes (Madsen, 1980). Lyosomes are 

the subcellular organelle responsible for the degradation of reabsorbed proteins. 

Thus, Hg(ll) may be transported to and taken up by the kidney as a Hg-albumin 

complex. 

In vivo experiments simultaneously administering Hg(ll) and albumin in a 

1 ; 2 ratio, have concluded that renal Hg(ll) uptake does not occur exclusively by 

endocytotic cotransport of Hg(ll) bound to filtered albumin (Zaiups and Barfuss, 

1993). Zaiups (Zaiups and Barfuss, 1993) concluded that there is probably 

more than one mechanism for renal Hg(ll) uptake. However, the close 

association of renal Hg(ll) and albumin (~ 0.5 ratio) present in the kidney at early 

time points, partially supports the hypothesis that renal Hg(ll) transport does 

involve endocyrotic cotransport with albumin (Zaiups and Barfuss, 1993). 
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Mercuric Mercury Nephrotoxicity, In Vivo Mechanisms 

Mechanistically, in vivo Hg(ll) induced nephrotoxicity is hypothesized to 

be related to the interaction of Hg(ll) with sulfhydryl groups located on critical 

proteins and enzymes. Sulfhydryl containing proteins are rather ubiquitous, they 

occur in intracellular, extracellular, and organelle membranes. Sulfhydryl groups 

often play an integral role in the structure or function of most all proteins. Thus, it 

is difficult to determine the precise target of Hg(ll). Houser (Houser et al., 1992), 

has proposed Hg(ll) induces alterations in both the structure and function of 

mitochondrial and plasma membranes. If the plasma membrane is sufficiently 

damaged, major alterations can occur in the internal cellular environment 

leading to cellular damage and even cell death. Mitochondrial damage can also 

result in cellular damage or cell death via disruptions in cellular energy 

production. 

Several investigators have reported that Hg(ll) promotes LPO 

(Gstraunthaler ef a/., 1983; Lund etal., 1993; Girardiaand Elias, 1995). 

Decreases in free sulfhydryl groups can lead to oxidative stress and free radical 

production, which in turn can result in LPO, alterations in membrane integrity 

and tissue damage. Lund (Lund etal., 1993) reported that Hg(ll) administration 

also enhanced renal mitochondrial H2O2 formation and GSH depletion. Girardia 

(Girardia and Elias, 1995) has reported that Hg(ll) increased both GSH 

peroxidase, and catalase activity and did not inhibit endogenous superoxide 

dismutase activity (SOD). Pretreatment with SOD (4 or 8 mg/kg) protected from 
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Hg(ll) induced renal failure, alterations in renal morphology. LPO overproduction 

and the consumption of NPSH (Girardia and Elias, 1995). Increases in renal 

Hg(ll) content had a direct relationship with increases in GSH peroxidase and 

catalase activity (Girardia and Elias, 1995). Girardia hypothesized that Hg(ll) 

nephrotoxicity resulted from free radical, in particular superoxide anion, 

production exceeding antioxidant enzyme activities and resulting in cellular 

damage (Girardia and Elias, 1995). However, other investigators have not 

confirmed this and in fact some of their results are contrary to those of Giardia 

(Girardia and Elias, 1995). Gstraunthaler (Gstraunthaler et al., 1983) reported 

that Hg(ll) administration reduced SOD, catalase and GSH peroxidase activities. 

He attributed Hg(ll) nephrotoxicity to cell death resulting from LPO which 

occurred due to the inhibition of antioxidant enzymes (Gstraunthaler et a/., 

1983). Paller (Paller, 1985) reported that Hg(ll) treatment did not result in an 

inaease in LPO and that pretreatment with either superoxide radical 

scavengers, SOD (the same concentration as used by Girardia, 8mg/kg) and 

allopurinol, or hydroxyl radical scavengers, tryptophan, N-acetyl-tryptophan, and 

ascorbic acid, did not moderate the toxic effects of Hg(ll). They concluded that 

there was no conclusive role for oxygen free radicals in the pathogenesis of 

Hg(ll) induced nephrotoxicity (Paller, 1985). It should be noted that all three of 

the previous experiments (Gstraunthaler ef a/., 1983; Girardia and Elias, 1995; 

Paller, 1985) administered the Hg(ll), as HgCb, subcutaneously. However, 

Paller (Paller, 1985) and Gstraunthaler (Gstraunthaler etal., 1983) used a 
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4mg/kg Hg(ll) dose while Girardia (Girardia and Elias, 1995) utilized a 5mg/kg 

dose of Hg(ll). 

In Vitro Mercuric Mercury Non-renal Toxicity 

A typical in vitro Hg(ll) toxicity experiment involves administering soluble 

Hg(ll) salts to isolated tissue preparations or cell culture systems (usually a renal 

preparation) and observing toxicity. Correlation's are made relating in vitro 

mechanisms of Hg(ll) toxicity with in vivo Hg(ll) nephrotoxicity. 

Soluble Hg(ll) salts have been administered to an assortment of in vitro 

preparations, producing a variety of effects. Non-renal in vitro Hg(ll) effects are 

summarized in Table 1.1. 

Table 1.1 

Non Renal In Vitro Hg(ll) Effects 

Harm Effects References 
Enzvmatic 
• Induction of Phase 11 Enzymes 
• Inhibition of GSH-transferases 
• Inhibition of Na-K-ATPase 

Putzerefa/., 1994 
Alamar, 1990; Freundt, 1991 
Anner, 1992 

Channel 
• Reduction in Voltage Activated Ca^" 

Channel Currents 
• Blockage of IC Channels 

• Activation of IC Channels 

Anner, 1992 

Gillie and Armstrong, 1982; Benndorf, 
1988 
Gorman, 1979 

TransDort 
• Inhibition of Na-Alanine Cotransport 

• Blockage of Thiazide Sensitive 
NaCI Cotransport 

• Inhibition of Water Transport 
Through CHIP28 

Bellinger ef a/., 1991; Busselberg, 
1995; Ballatori eta!., 1988 
Wilkinson et al., 1993 

Preston eta/., 1993 
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DNA Damaoe 
• Chromatin Binding 

• Single Strand Breaks 

• Inhibition of DNA Repair 
Mechanisms 

Rozalski and Wierzbicki, 1983; 
Cantoni etal., 1984a, 1984b; Christie 
etaL, 1984,1985 
Cantoni and Costa, 1983; Cantoni et 
al., 1984a, 1984b; Christie etal., 1984, 
1985 
Cantoni and Christie, 1983; Christie et 
a/., 1984 

Lioid Peroxidation and Mitochondrial 

Bucio etal., 1995; Strubelt etal., 1996 
Strubeltefa/., 1996; Lund etal., 1993 

Damaoe 
• Increased Lipid Peroxidation 
• Mitochondrial Damage 

Bucio etal., 1995; Strubelt etal., 1996 
Strubeltefa/., 1996; Lund etal., 1993 

Cellular Ion Reaulation 
• Altered Ca^^ Homeostatsis 
• Induce CI" Secretion 
• Inhibition of Active iC Secretion 

Stohs and Bagochi, 1995 
Bohmeefa/., 1992a, 1992b 
Wilson etal., 1993 

MonDhoioaical and Miscellaneous 

Bucio etal., 1995 

Strubelt etal., 1996 

Ribarov and Benov, 1981 
Folkesson efa/., 1994 

Ballatori etal., 1988 

Chanaes 
• Stimulate Cellular Proliferation, 

Dose Related Changes in 
Morphology 

• Reduced O2 Consumption, 
increased LDH Release, Inhibition 
of Oxidative Phosphorylation, 
Decreased GSH Content, 
Increased Liver Weight, Decreased 
Biliary Flow 

• Erythrocyte Hemolysis 
• Inhibition of Transcellular Water 

Movement in Whole Lung Alveolar 
Epithelia 

• Decreased ATP Content 

Bucio etal., 1995 

Strubelt etal., 1996 

Ribarov and Benov, 1981 
Folkesson efa/., 1994 

Ballatori etal., 1988 

What becomes apparent from reviewing the literature is that although many of 

the effects observed following Hg(ll) administration in vitro are the same as 

those observed in vivo, in vitro Hg(ll) application also produces numerous effects 
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not observed in vivo. In addition, in vitro Hg(li) application effects many tissues 

and organs not reported to be effected following in vivo Hg(ll) application. 

In Vitro Mercuric Mercury Renal Toxicity 

Renal in vitro Hg(li) effects include; dose dependent injury to straight 

proximal tubules (renal cortical tissue slices) (Ruegg et a/., 1987), dose-

dependent cytotoxicity (Madin Darby bovine kidney cells, MDMK) (Bracken, et 

ai, 1984), inhibition of brush border glucose transport (renal slices) (Berndt, 

1990), no effect on glucose transport (basolateral membrane vesicles) (Ansari, 

eta!., 1990), significant reduction of para-aminohippurate, PAH, transport across 

basolateral membrane vesicles (Ansari, etal., 1990), significant depression of 

tetraethylammonium (TEA) and PAH uptake (renal slices) (Berndt etal., 1985), 

an ionophore in liposomes and brush border vesicles (Kamiski, 1992), being a 

potent mediator of electroneutral CI70H~ exchange across lipid bilayers 

(Kamiski, 1992), competitively inhibit Na-K-ATPase activity, ICso = 3 x 10"® M, 

(renal cortical homogenates) (Kramer ef a/., 1986), deplete ATP, impair oxidative 

phosphorylation and damage DNA (Lund etal., 1993), inhibit succinate 

dehydrogenase (renal tubule cells) (Lund et ai, 1993), increase cellular 

NAD(p)H oxidation (Lund etal., 1993), activation of a K^ conductive pathway in 

the cell membrane of MDMK cells (Jungwirth et a!., 1991b), increase 

intracellular Ca^* activity in cultured renal tubular cells (Smith, 1987) and MDCK 

cells (Jungwirth etal., 1991b), inhibition of amiloride-sensitive Na* channels in 

primary cells of distal tubule segments (Jungwirth etal., 1991a), weakly inhibit 
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Mg-ATPase activity (renal cortical homogenates) (Kramer ef a/., 1986), dose 

dependent inhibition and inactivation of uroporphyrinogen decarboxylase 

(Woods and Fowler, 1987), inhibition of proximal tubule water transport (Berry 

and Verkman, 1988), and in vitro Hg(ll) is a potent glomerulotoxin (Wilks, et a!., 

1990). 

In Vitro-fn Vivo Mercuric Toxicity Correlation's 

Correlation's from in vitro Hg(ll) experiments to in vivo Hg(ll) toxicity have 

implicated several possible critical actions in Hg(ll) [Hg(ll) or Hg(ll) polyanionic 

complexes] toxicity; damage to the plasma membrane (Ballatori, et ai., 1988; 

Ansari, etal., 1990; Bemdt and Ansari, 1990), enzymatic inhibition (Almar and 

Dierickx, 1990; Anner, etal., 1992; Kramer, etal., 1986; Freundt and Ibrahim, 

1991; Woods and Fowler, 1987), mitochondrial damage (Lund et ai, 1993; 

Zaiups etal., 1993; Strubelt, etal., 1996), lipid peroxidation and/or free radical 

formation (Bansal, etal., 1992; Lund, etal., 1993; Woods, etal., 1990), and the 

inactivation of transporters and channels (Sellinger, etal, 1991; Folkesson, et 

ai, 1994; Jungwirth, eta!., 1991a, 1991b; Busselberg, 1995; Wilkinson, etal., 

1993). Implication of one mechanism as a key action in in vivo Hg(ll) 

nephrotoxicity does not preclude other mechanisms from also being intimately 

involved with in vivo Hg(ll) Induced nephrotoxicity. For instance, Hg(ll) Induced 

oxidative stress/free radical formation implicated by Lund and Woods (Woods, et 

a/., 1990, Lund, etal., 1993) as a key event underlying the nephrotoxicity 

associated with mercury compounds is intimately associated with mitochondria 
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and membrane damage. Hg(ll) markedly Increases the permeability of the Inner 

mitochondrial membrane to JC and Mg", causing problems with efficient oxidative 

phosphorylation (Lund, etal., 1993). In addition, Hg(ll) directly Interacts with the 

succinate dehydrogenase/ubiquinone-cytochrome b region to promote H2O2 

formation and causes the collapse of the mitochondrial Inner membrane 

potential allowing to rapidly leave the mitochondria and enter Into a Ca^" 

cycle, ultimately leading to more membrane damage, impaired respiration, and 

Increased reactive oxidant formation (Lund, etal., 1993). 

In Vitro Mercuric Mercury Transport 

Hg(ll) toxicity in vitro has also been related to Hg(ll) transport. Hg(li)'s 

selective damage to the SPT is hypothesized to be the result of selective uptake 

mechanisms (Ruegg, etal., 1987). Alternatively, Bracken has theorized that 

Hg(ll) cytotoxicity in bovine kidney cell cultures is the result of the cumulative 

accumulation of Hg(ll) (Bracken, etal., 1984). 

Hg(ll) transport in vitro, in renal cortical epithelial cells, RCE, is reported 

by Endo and co-workers to involve both active and passive transport 

mechanisms (Endo, etal., 1995a, 1995b). Hg(ll) uptake in RCE cells is 

characterized by a rapid initial phase, followed by a slower, more prolonged 

phase. The majority of Hg{ll) transport through the apical membrane occurs by 

simple diffusion, some of which is temperature sensitive. The remaining portion 

of the transported Hg(ll) is inhibited by metabolic inhibitors and thus Is thought to 

be transported by active transport mechanisms. Replacement of Na* with K* or 
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ir also decreased the internalization of Hg(ll) as did replacing NaCI with 

mannitol [this markedly decreased the Hg(ll) accumulation, mainly effecting 

internalized Hg(ll)]. Lastly, changes in pH also decreased the active transport of 

Hg(ll). From these results, they postulated that the active transport mechanism 

involved the Na*/H^ antiport located at the brush border membrane and/or the 

NaViC ATPase located at the basolateral membrane. Active transport of Hg(ll) 

in RCE cells may account for as much as 28% of the transported Hg(ll). In 

addition, the quantity of Hg(ll) internalized by RCE cells is much less than that 

which is not internalized. 

The Hg(ll) transported by passive diffusion in RCE cells is hypothesized 

to involve lipophilic Hg(ll) species, HgCb, Hg(OH)CI and/or Hg(0H)2 (Endo, et 

al., 1995a, 1995b). Changes in pH and halide ions both altered the in vitro 

transport of Hg(ll) by RCE cells (Endo, etal., 1995a). Decreasing pH, Increased 

Hg(ll) accumulation by the membrane fraction but decreased internalization of 

Hg(ll) (Endo, etal., 1995a). The authors attributed this to a conversion of Hg(ll) 

from hydroxide species to chloride species i.e from uncharged to charged 

species (Endo, et al., 1995b). Charged Hg(ll) chloride species, HgCb' and 

HgCU^*, are thought to bind to the lipid membrane more avidly than the 

hydroxide species but due to their charge, are internalized less (Endo, et al., 

1995b). Replacement of CI" with Br" or 1" increased both the membrane binding 

of Hg(ll) and the internalization of Hg(ll) (Endo, et al., 1995b). This was thought 
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to result from the formation of more lipophilic species {HgBr2 and Hgl2) which 

increased passive diffusion of Hg(ll) (Endo, etal., 1995b). 

In isolated hepatocytes Hg(ll) accumulation also involves a rapid initial 

phase which is followed by a slower, more prolonged phase and a significant 

fraction of the Hg(ll) is associated with the membranous fraction; 70 - 80% 

(Gearson and Shaikh, 1982) and 32% (Blazka and Shaikh, 1992). In addition, 

Hg(ll) accumulation is temperature insensitive, and is not dependent on the 

presence of intracellular binding ligands nor is it primarily dependent upon a 

sulfhydryl containing transport process (Blazka and Shaikh, 1992). 

Mercuric Mercury, Speciation and Toxicity 

As illustrated by the preceding literature review, many investigators 

administered soluble Hg(ll) salts directly to in vitro tissue preparations, 

generated results and subsequently interpreted these results as being 

representative of in vivo Hg(ll) toxicity; apparently disregarding the important 

role speciation plays in Hg(ll) toxicity. Speciation refers to chemical form of Hg: 

its correct oxidation state, the exact ligands bound to Hg, and the physiological 

concentration of each component. 

In systemic circulation, Hg does not freely circulate as the Hg^* ion but 

rather is bound to endogenous ligands. In whole blood Hg is approximately 

equally distributed between erythrocytes and plasma (Ballatori, 1991). Mercury 

present in erythrocytes is thought to be bound to hemoglobin sulfhydryl groups 

and possibly to GSH (Berlin, 1986). In plasma, Hg(ll) ions can be classified into 
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four distinct fractions; Hg(ii) ions incorporated into metalloproteins which are 

non-exchangeable, Hg(ll) ions relatively loosely bound by other types of proteins 

and in labile equilibrium with Hg(ll) ions in solution, Hg(ll) ions complexed with 

low molecular weight ligands, and free (or equated) Hg(il) ions (May and Linder, 

1977). The high affinity of human plasma proteins (mainly albumin and 

globulins) for Hg(ll), result in < 1% of the Hg(ll) being free (Bemdt et a/., 1985). 

Although the Hg(ll) ion may be the ultimate toxin, both the dose-response 

relationship and/or access into the cell is controlled by the form of Hg(ll). 

Differences in toxicity among the different forms of Hg (elemental, inorganic and 

organic) have been attributed to differences In distribution, differential 

accumulation in sensitive tissues (ATSDR, 1994) and/or metabolism. Although 

mechanistically, all forms of Hg are thought to cause toxicity through Hg binding 

with critical sulfhydryl groups (Berlin, 1986; ATSDR, 1994). 

In vitro experiments using isolated perfused tubules and primary cultures 

of proximal tubular cells have demonstrated that on a molar basis, methyl 

mercury, MeHg or CHaHgR, is more toxic than Hg(ll) (Barfuss et al., 1990; Aleo 

etal., 1992; Zaiups and Barfuss, 1993). However, in vivo Hg(ll) is a potent 

nephrotoxin while MeHg is primarily if not exclusively a neurotoxin ( Clarkson, 

1988; Ballatori, 1991; Zaiups and Lash, 1994). Significant differences exist in 

the absorption and distribution of MeHg and Hg(ll). The systemic distribution of 

MeHg is more diffuse and in general distributes more uniformly to the tissues 

than does Hg(ll) (Clarkson, 1988). Methyl mercury readily crosses the blood 
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brain barrier (BBB) and concentrates in the head, Hg concentrations in the head 

are ~ 6x higher than in the blood (Berlin, 1986), while Hg(ll) does not readily 

cross the BBB and enter into the head (Berlin, 1986). It was assumed that 

MeHg was translocated from the blood to the brain via passive diffusion across 

the BBB since brain endothelium has little passive permeability to non-lipophilic 

substances. In biological systems it was thought that MeHg formed lipid soluble 

compounds and thus could be transported across the BBB. However no lipid-

soluble MeHg compounds have ever been detected in the tissues of animals 

dosed with MeHg (World Health Organization, 1990). A series of papers 

predominantly by Clarkson, Ballatori and co-workers have recently demonstrated 

that MeHg neurotoxicity is associated with the specific transport of a MeHg-

cysteine complex across the BBB via the large neutral amino acid carrier 

(Clarkson, 1993; Mokrzan etal., 1995; Ascher and Clarkson, 1988,1989, Kerper 

etal., 1992). 

Lastly, in addition to the MeHg examples which demonstrated the 

importance of Hg(ll) speciation and its effect upon Hg(ll) toxicity, those few 

investigators who administered Hg(ll) bound to an endogenous ligand also have 

made it apparent that Hg(ll) ion form has a profound influence on Hg( II) toxicity 

Inorganic mercury, in a simple electrolyte solution containing no free 

sulfhydryl groups, at concentrations > 1 |iM produced cellular degeneration and 

necrosis in isolated proximal tubule segments, S1, S2 and S3 (Barfuss etal., 

1990). Both the cellular degeneration and necrosis occurred very rapidly 
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beginning at the end of the tubule segment attached to the perfusion pipette 

(Barfuss et a!., 1990). Inorganic mercury concentrations of 100 nM produced 

slight cellular swelling along the first 50 (im of the tubule while 10 ^m Hg(ll) 

produced no toxicity (Barfuss eta!., 1990). Zalups has also reported that in 

proximal tubular suspensions, 10^M Hg(ll) caused a significant increase in LDH 

release and a significant decrease in QOz consumption (Zalups, et al, 1993a). 

Inorganic mercury concentrations of less than 10 (iM Hg(ll) produced no cellular 

toxicity as measured by LDH release and QO2 consumption (Zalups, et al, 

1993a). 

Co-administration of Hg(ll) and the endogenous thiol containing ligands, 

GSH, cysteine, and albumin, has been reported to protect from Hg(ll) induced 

toxicity. Addition of Hg(ll) and > 4x GSH to perfusate, provided proximal tubule 

epithelial cells, in all three segments, with complete protection from Hg(ll) 

cytotoxicity (Zalups etal., 1991). However, addition of Hg(ll) and > 4x cysteine 

to perfusate resulted in significant injury to the SI proximal tubule segments as 

expressed by increased intracellular and/or transcellular volume marker 

movement and generalized swelling accompanied with apical vacuolization in 

the epithelial cells (Zalups etal., 1993a). Cellular swelling and vacuolization 

was also observed in the S2 segment however, no Hg(ll) cytoxicity was seen in 

the S3 segment (Zalups etal., 1993a). When rabbit albumin, > 4x the Hg(li) 

concentration, and Hg(ll) were present In perfusate, Hg(H) toxicity appeared to 
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somehow be spread or carried throughout the proximal tubule segments (Zaiups 

et al., 1993a). Cellular toxicity expressed as cellular swelling, severe enough to 

obstruct the tubular lumen, occurred throughout the entire length of the proximal 

tubule segment (Zaiups et al., 1993a). These effects of Hg(ll) + rabbit albumin 

were obsen/ed in all three segments of the proximal tubule (Zaiups etal., 1993). 

When Hg(ll) was administered as Hg-MT, mercury-metallothionein, to isolated 

perfused proximal tubules, no significant Hg(ll) accumulation occurred although 

mild toxicity was observed in the Sz and S3 segments (Zaiups etal., 1995). 

However, in proximal tubular suspensions the addition of GSH, cysteine 

or bovine serum albumin (all > 4x the concentration of Hg(ll)), ail provided 

complete protection from the cytotoxic effects of Hg(ll) (Zaiups et al., 1993a). 

The presence of bovine serum albumin in media also significantly reduced Hg(ll) 

toxicity in isolated proximal tubular cells (Lash and Zaiups, 1992). Addition of a 

synthetic Hg(SG)2 or Hg(Cys)2 complex to isolated rabbit renal proximal tubule 

suspensions has been reported to reduce both Hg(ll) accumulation and toxicity 

(Wei et al., 1996; Wei et al., 1997). Pre-incubation of the tubules with acivicin 

decreased toxicity but not accumulation of Hg(SG)2 (Wei et al., 1996; Wei et al., 

1997). Pre-incubation with PAH had no significant effect on Hg(ll) accumulation 

when Hg(ll) was administered as Hg(SG)2 (Wei et al., 1997). Pre-incubation of 

the tubules with both acivicin and PAH decreased Hg(ll) accumulation when 

administered as Hg(SG)2 (Wei et al., 1997). Pre-incubating the tubules with 

phenylalanine, a neutral amino acid transport inhibitor, decreased Hg(ll) 
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accumulation following Hg(Cys)2 administration (Wei etal., 1997). Lastly, in 

renal cortical slices, the addition of Hg(ll) and various molar ratios of GSH 

provided varying degrees of protection from Hg(ll) toxicity as measured by \C 

content remaining in the slice (Burton etal., 1995). The Hg(ll) + 1GSH provided 

the least protection while Hg(ll) + 3GSH provided the most protection (note: 

even with 3x GSH, there were still significantly differences in K* content as 

compared to controls) (Burton etal., 1995). Intermediate protection was 

provided by Hg(ll) + 2GSH (Burton etal., 1995). The protection provided by a 

synthetic Hg(SG)2 (synthesized by Divine) and Hg(ll) + 2GSH appeared to be 

similar (Burton etal., 1995). In vivo administration of Hg(ll) as a Hg-MT complex 

altered the site of Hg(ll) induced nephrotoxicity (Chan, etal., 1992). The Hg-MT 

complex damaged the terminal portions of the proximal convoluted tubules and 

the initial portions of the proximal strait tubule whereas Hg(ll) produced 

nephrotoxicity primarily in the pars recta (Chan, etal., 1992). In addition, 

administering Hg(ll) as Hg-MT increased both the renal Hg(ll) concentration and 

urinary Hg(ll) excretion (Zaiups, etal., 1993b). Co-administration of Hg(ll) with 

2x EDTA via intraarterial injection or in situ perfusion of the jejunum did not alter 

Hg(ll) induced toxicity in either the kidney or jejunum (Foulkes, 1991). 

Prediction of Mercuric Mercury Speciation 

Inorganic mercury speciation can be predicted using solution equilibria 

calculations found on standard computer programs (Martell and Motekaitis, 

1992; May etal., 1977; Schoenmakers etal., 1992). With the appropriate data 
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(the Hg(ll)-ligand formation constants (Kf's), the Hg(ll) concentration and the 

concentration of the various ligands), solution equilibria calculations can 

calculate the concentration of all the Hg(ll) species present in simulated plasma 

(Note; these same calculations could compute the concentrations of all the Hg(ll) 

species present in both blood and tissues). To do this requires the assumption 

of thermodynamic equilibrium i.e. all ligand exchanges are kinetically rapid (in 

the range of seconds or less). This is thought to be a valid assumption for two 

reasons; First, although biological systems never reach true equilibrium they 

often approach and sometimes attain a steady state. To achieve high 

efficiencies of energy conversion, most biological systems operate near a 

reversible equilibrium. Thus, to assume equilibrium exists is often justified (May 

and Linder, 1977). Secondly, transition metals exist in biological fluids in a 

steady state close to equilibrium whereby they are in a labile equilibrium 

between aquated ions (at an extremely low concentration), low molecular weight 

complexes and labile exchange proteins. From a thermodynamic point of view, 

such competing biochemistry is reflected in the existence of a steady state which 

suggests the solutions are pretty close to equilibrium (Williams, 1983). 

Presently, it is not possible to model the labile protein-Hg equilbria due to 

difficulties in; 1) determining the constants for the numerous individual binding 

sites on a given protein molecule, 2) accounting for interactive effects between 

individual binding sites, and 3) defining the potentially numerous individual 
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complex species that can be produced with a given protein (May and Linder, 

1977). 

Mercuric Mercury Formation Constants 

Two factors detennlne the concentration of Hg(ll)-ligand species: the free 

ligand concentration and the Kf of the various Hg(ll)-ligand complexes. The 

concentrations of Hg(ll) and the various endogenous ligands can be readily 

obtained from literature sources. The majority of the Hg(ll)-ligand Kf's also can 

be obtained form literature sources however, there is some question as to the 

nature of some Kr's in the literature. 

True J '̂s are calculated from the concentration of the unprotonated 

ligand. For example, the equilibrium of a 1 : 1 complex Is: 

Mn* + U" MLn -x K, = [ML]/[M][L1 

However, the actual equilibrium measured requires displacement of protons as 

demonstrated by the following example: 

Mn^ + HL o MLn -1 + Keq = [ML][H*]/[M][HL] = K,K.. 

The constant, K., is the acid dissociation constant for the reaction (HL H"" + L ) 

and, for multifunctional ligands like proteins, glutathione, etc., requires a 

knowledge of which functional groups (thiol, amino, carboxyl) are being bound. 

A search of the literature indicates some confusion on these points. To resolve 

this potential problem. Immobilized Metal Ion Chromatography (IMAC) was used 
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as an experimental method to determine an internally self consistent set of 

relative or conditional Kf's. 

Mercuric Mercury Formation Constants and IMAC 

Traditionally IMAC has been used for preparative purposes such as 

protein purification and metal receptor isolation. IMAC involves immobilizing a 

metal ion to a solid support, via chelation, and then investigating the interaction 

of various ligands with the immobilized metal ion. We used IMAC to chelate a 

Hg^^ ion to immobilized GSH (itself immobilized to a sepharose support) and 

then experimentally determined competitive or conditional relative Kf's for Hg(ll) 

and various endogenous thiol containing ligands. 

Previous Investigators have demonstrated that chromatographic 

techniques provide an excellent means for determining equilibrium constants in 

a variety of systems (Condor and Young, 1977). The calculation of relative 

conditional or competitive formation constants using IMAC has several 

advantages. Immobilization of either the metal or the ligand limits the diffusion 

dependence of interactions to a single species. In addition, the environment of 

the species of interest can be controlled and/or altered simply by flushing the 

column with a solvent. Thus allowing the opportunity to investigate both the 

elutant separation from the immobilized reagent or conduct further studies with 

the immobilized species. This is a major advantage of immobilized reagent over 

similar work carried out in solution. One of the major limitations of a free 

solution system is often the ability to accurately determine the solution 
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conditions which control the actual magnitude of the Kf. 
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Statement of the Problem 

Inorganic mercury, a prevalent environmental contaminant, is a potent 

human toxin, in particular a potent nephrotoxin. The specific mechanisms of 

Hg(ll) transport and toxicity are poorly understood. However, speciation will 

undoubtedly play an important if not dominant role. Thus, it Is suprising that the 

majority of research conducted investigating Hg(ll) transport and/or toxicity 

administered soluble Hg(ll) salts to in vitro preparations and did not address the 

effects of Hg(ll) speciation. The studies presented in this dissertation were 

designed to test the hypothesis that in blood Hq(ll) is predicted to exist as Hgfll) 

complexes with endogenous liaands and not as the free cation. The extent of 

Hq(in toxicity in an in vitro system will be dependent on the actual Hq(ll) complex 

used. In order to model in vivo Hodh toxicity, in vitro experiments must use the 

actual Ha-liaand species predicted to exist in blood. This dissertation developed 

a unified approach to systematically investigate the effect Hg(ll) speciation upon 

Hg(ll) toxicity. In the process the strengths of computer modeling, a theoretical 

approach, were combined with those of in vitro cell culture techniques, an 

experimental approach. Computer modeling was used to predict the LMW Hg(ll) 

species present in plasma since the concentration of many of these complexes 

are below the limits of detection for the best analytical techniques presently 

available. Predictions of Hg(ll) speciation derived from computer modeling are 

only as good as the data and assumptions used to construct the model. An 

experimental technique must then be used to test the validity of the modeling 
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and speciation predictions. Two different experimental models were used to test 

the validity of the computer models; A) immobilized metal ion affinity 

chromatography, IMAC, was used to develop a internally self consistent set of 

Hg(ll)-endogenous thiol Kr's and B) an in vitro cell culture preparation was used 

to test the effect Hg(ll) speciation had upon Hg(ll) nephrotoxicity. Stability 

constants are pivotal to accurate computer modeling. IMAC allowed us to obtain 

an internally self consistent set of relative conditional or competitive Kf's, 

obtained under more biologically relevant conditions than l '̂s commonly found 

in the literature, with which to test the accuracy of our computer modeling. 

In vitro cell culture offered us a valuable tool in which to test the effects of 

the individual Hg(ll) species upon Hg{ll) toxicity. Using an in vitro preparation, 

LLC-PKi cells a immortal renal cell line, to investigate Hg(ll) renal toxicity 

eliminated many of the confounding biological variables while still providing a 

valid model of the proximal tubules. In addition, during the Hg(ll) toxicity 

experiments, the LLC-PKi cells were in a defined medium, this allowed us to 

predict and control the Hg(ll) speciation. Thus, through the use of defined 

medium and pure Hg(thiol)2 complexes we were able to investigate the effect of 

Hg{ll) speciation on Hg(ll) nephrotoxicity. This dissertation and the systematic 

approach described within will also be useful for studying Hg(ll) transport and 

toxicity in other bodily compartments in addition to investigating the transport 

and toxicity of other metals. 
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Research Objectives 

The major research objective was to determine the effect Hg(ll) speciation 

has upon in vitro Hg(ll) toxicity. A number of specific aims were established to 

address this objective. 

1. Model Hg(ll) speciation in simplified biological conditions. 

2. Synthesize the predicted Hg(ll) ligand complexes. 

3. Determine an internally self consistent set of values for the Hg(ll)-ligand 

formation constants, if unavailable from the literature. 

4. Examine the toxicity of the various Hg(ll)-ligand complexes in in vitro 

preparations of isolated cell populations in culture. 

Each aim is addressed in one of the following chapters: 

Chapter 2. Hg(ll) speciation was predicted in a simplified model of 

human plasma at physiological pH. The concentration(s) of Hg(ll), other metals, 

and endogenous ligands were all obtained from literature sources. In addition, 

the Hg(ll)-ligand formation constants (if available) were also obtained from 

literature sources. Speciation was predicted using two separate and 

independently developed computer programs; ECCLES (May eta!., 1977) and 

BEST/SPE (Marten and Motekaitis, 1992). 

Chapter 3. Potential problems exist with some of the published Hg(ll)-

ligand Kf's in addition published Hg(ll)-ligand Kf's for some of the relevant Hg(ll)-

ligand complexes do not exist. To remedy the problems, immobilized metal ion 

affinity chromatography was used to determine a internally self-consistent set of 



relative conditional or competitive formation constants for Hg(ll) and the 

following ligands; Glutathione (GSH), L-Cysteine (Cys), Cysteinylglycine 

(CysGly), 2-3-Dimercapto-1-propanesulfonic Acid (DMPS), Meso-2-3-

dimercaptosuccinic Acid (meso DMPS), Rac-2-3-dimercaptosuccinic Acid (rac 

DMPS), diethylenetriaminepentaacetic acid (DTPA) and 

ethylenediaminetetraacetic acid (EDTA). In addition, IMAC was used to 

investigate the mechanism by which the dithiol chelator DMPS removes Hg(ll) 

retained by the immobilized GSH. 

Chapter 4. To determine the effect of Hg(ll) speciation upon Hg(ll) 

toxicity, the predicted Hg(ll)-endogenous ligand complexes were synthesized, 

purified and identified. Once this task had been completed, HgCb, HgCl2 + (1 

2) 2GSH, 2CysGly, 2L-Cys, 2D-Cys, HgCIa + (1:1) 1GSH, 1 CysGly. 1L-Cys. 

1D-Cys 1-albumin and both the Hg(SG)2, and Hg(Cys)2 complexes and were 

administered to LLC-PKi cells, an in vitro cell culture preparation derived from 

the proximal epithelium of a Hampshire pig, growing in either defined medium 

containing exogenous thiols or defined medium containing no exgenous thiols 

The LLC-PKi  ce l ls  were exposed to Hg( l l )  concentrat ions ranged f rom 0-120 

uM Hg(ll) for 20 hrs. Cellular toxicity was determined by the XTT assay. The 

results demonstrated toxicity differences based on Hg(ll) speciation. 

Chapter 5. Summary; A comprehensive summary of the results and 

significance of the findings are included. In addition, a short "wish" list of 

possible future experiments is included. 
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CHAPTER 2 

PREDICTION OF Hg(ll) SPECIATION IN SIMULATED PLASMA VIA 

COMPUTER MODELING 

Computer modeling can be used to predict the molecular and ionic 

species present in complex biological systems. Metal speciation can be defined 

as knowledge of the individual physical chemical forms in which the metal exists 

and the concentrations of each of the forms (Williams, 1983) i.e. the correct 

oxidation state, the exact ligands bound to the metal and the concentration of 

each of the components. Before the advent of computers, predicting the 

speciation of anything other than very simple systems was accomplished using 

approximation techniques due to the complexity of the calculations involved. 

Speciation predictions require adopting a "model" which is described by a series 

of mass balance equations, written only in terms of the free concentrations and 

known equilibrium constants, for each component. A solution is achieved when 

iterative improvements in the free concentration estimates satisfy the mass-

balance equation of each component. With the advent of computers it became 

possible to simultaneously solve multiple equilbria equations and thus predict 

speciation in complex biological systems. Computer programs presently 

available for personal computers can routinely handle multiple metals, multiple 
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ligands and the resulting possibility of thousands of complexes (May, eta!., 

1977). 

Computer modeling makes the important assumption that the system(s) 

being simulated are at equilibrium. The assumption that equilibrium exists in 

biological systems is often justified. Although biological systems never reach 

true equilibrium they often approach and sometimes attain a steady state which 

is close to equilibrium. To achieve the high efficiencies of energy conversion 

that are necessary, most biological systems must operate near a reversible 

equilibrium (May etal., 1977). Transition metals in biological fluids exist in a 

labile equilibrium between equated ions (at an extremely low concentration), low 

molecular weight, LMW, complexes and labile exchange proteins (May et al., 

1977; Williams, 1983). Inert metalloproteins in which the metal is not available 

for exchange are also present (May etal., 1977; Williams, 1983). From a 

thermodynamic point of view, the competing reactions for complexation between 

the different ligands and metal ions in vivo reflect the existence of a steady state 

and thus, suggesting the solutions are close to equilibrium (Williams, 1983). 

Experimentally it is relatively easy to determine the total metal 

concentration present in plasma. However, experimentally identifying and 

determining the concentration of Individual metals and metal complexes can be 

extremely difficult if not impossible. Difficulties arise in at least two areas; A) 

measuring the concentrations of the individual species without altering the 

equilibrium and, B) many of the individual species are present at concentrations 
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orders of magnitude below the limits of detection for laboratory analysis. 

Computer simulation models can operate at concentrations orders of magnitude 

below the detection limits available for even the most sophisticated analytical 

techniques, thus revealing species, compositions and concentrations which are 

better indicators of biological activity or bioavailability (Williams, 1983). 

Speciation and the important role it plays in metal toxicology has been 

demonstrated in Hg toxicity. Toxicity of the various forms of Hg are related per 

se to cationic mercury whereas solubility, biotransformation and tissue 

distribution are influenced by both the valance state and the anionic 

component(s) (Goyer, 1991). In vivo Hg distribution studies have shown that Hg 

in systemic circulation is approximately equally distributed between erythrocytes 

and plasma. Whenever Hg compounds have been identified in biological media, 

they were complexed with molecules that contained at least one sulfhydryl group 

(Ballatori, 1991). This is not suprising since the Kf for Hg^"^ and a sulfhydryl 

group is ^ 10^° greater than Hg^" affinity constants for carboxyl or amino groups 

(Ballatori, 1991). 

investigations with other metal ions have demonstrated that although the 

LMW fraction of metal ion complexes is small in comparison to the protein metal 

fraction, it is of great significance due to the important role these complexes play 

in many vital physiological and biochemical processes (May et a!., 1977). For 

example, LMW complexes are believed to be involved as; intermediates when 

metal ions are inserted into or removed from certain metalloenzymes or carrier 
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proteins, in the transfer of certain metal ions across membranes, in keeping 

essential metals in solution, and in altering the electrochemical potential of 

certain redox couples (May et al., 1977; Williams, 1983). 

Given this information, it is surprising that many previous investigations 

have apparently disregarded the role speciation plays in Hg toxicity and 

administered soluble Hg salts directly to isolated tissue preparations or cell 

culture systems. The results generated were subsequently interpreted as 

representing in vivo Hg toxicity. The first step in establishing a relationship 

between in vivo and in vitro Hg toxicity experiments is the use of the chemical 

species found in whole blood. The goal of this chapter is to model the LMW Hg 

ion fraction in simulated human plasma and identify the Hg species predicted to 

be present. 
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MATERIALS AND METHODS 

Computer calculations were performed on a 486/66 Mhz IBM compatible 

personal computer equipped with 16MB of RAM and a 252 MB hard disk. The 

computer programs ECCLES (May ef a/., 1977) and BEST/SPE (Martell and 

Motekaitis, 1992) were both used to predict the metal speciation in simulated 

human plasma. Each program required adoption of a "model" consisting of the 

concentrations of all components and the Kf's for all complex species. The 

analytical concentration of each component, the Kf's for all complex species and 

the pH were all entered by the user as known values. A series of mass balance 

equations for each component were used to describe the system. All metal 

ligand complexes and protonated ligand species, equation 1 (a,b and c are 

stoichiometric coefficients, and M = metal, L = ligand and H = protron, are the 

individual components of the complex); 

aM + bL + cH* o MaUHc (1) 

were quantitatively described by their overall equilibrium constant 3,^ as shown 

in equation (2); 

[MriLnnr 

The total mass balance equation for a metal ion was described by equation (3); 

where Tx was the total analytical concentration of component X, [X] was the 

uncompiexed concentration 
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Tx = [Xl + 2:î  iCî  (3) 

and Cx was the concentration of each complexed species containing x, with i 

being the stoichiometric coefficient of X in that complex. Individual mass 

balance equations existed for each metal ion and each ligand in the system. By 

substituting the appropriate forms of equation (2) for the concentration term, Cj, 

in equation (3), the entire set of mass balance equations could be expressed 

only in terms of the free components and Kf's. The free concentration of each 

component was determined by iterative improvements in the initial free-

concentration estimates. The iterative or convergence process continued until 

equation (3) was satisfied for all components. In ECCLES, convergence was 

defined as all the calculated total component concentrations being within ± 

0.05% of the analytical values (Harris and Keen, 1989). The mathematical 

refinement procedures, iterative process, were different for both ECCLES (May 

etal., 1977) and SPE (Martell and Motekaitis, 1992). Once the free 

concentrations have been determined, the concentrations of the complexed 

species were then calculated by using the appropriate form of equation (2). 

In ECCLES, if more than one metal was listed in the input, the percentage 

of complex species present on the basis of each metal could be obtained in the 

output. SPE could plot the percentage of various complexes against a selected 

pH interval. It was not possible to plot against one of the other components 

instead of pH. However, the program was recently modified to allow calculations 

at a single pH value to be more readily performed. 
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The Plasma model 

Previous studies on the distribution of metals in blood plasma have 

indicated that a limited number of ligands comprise the bulk of LMW complexes. 

Ligands used in our modeling were chosen based on the following criteria; their 

concentration, the magnitude of their Hg(ll) Kf and the availability of a Kf for the 

Hg(ll)-ligand complex. In addition, preliminary calculations were also used to 

eliminate the LMW ligands whose combination of concentration and Hg(ll) Kf 

was too small to allow them to chelate an appreciable (a fraction of a percent) 

percentage of Hg(ll). The chosen ligands and metals together with their 

estimated total concentrations are listed in Table 2.1. Most ligand and metal 

concentrations represented the average of reported concentration ranges. The 

kf's of Hg^^ with the various ligands are listed in Table 2.1. 
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RESULTS 

The competitive equilibrium between Hg '̂̂  and selected low molecular 

ligands were simulated using the computer programs BEST/SPE (Martell and 

Motekaitis, 1992) and ECCLES (May etal., 1977), both of which were developed 

independently by the respective authors. Metal concentrations, ligand 

concentrations and metal-ligand l̂ 's, were all obtained from existing data bases 

and were chosen to represent both the compounds and concentrations expected 

in human blood. 

Although the Hg(ll)-albumin interaction is thought to be a labile protein-

Hg(ll) interaction analogous to the interactions of Zn and Cd with albumin (Cole, 

et al., 1985), we were unable to model this interaction due to difficulties in; 1). 

determining the constants for the numerous individual binding sites on an 

individual protein, 2) in taking into account interactive effects between the 

binding sites, and 3) in defining the individual complex species that can be 

produced with a given species of protein (May etal., 1977). 

The results predict that the most prevalent Hg(ll) species likely to be 

present in biological systems, at physiological pH (pH 7.4), under simplified 

experimental conditions was a Hg(thiol)2 complex Figure 2.1 and Table 2.2. 
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Metals/Liaands Concentration 
Mercury {M} 1.92 x 10"® M 
Calcium 2.38 x 10'® M 
Citric Acid 9.63 x 10'® M 
Chloride {L} 6.79 x 10"^ M 
Cysteine {C} 1.00 x 10'® M 
Glutathione {G} 1.00 x 10'® M 

Formation Constants (Kf's) 
Hg^^ + Cr HgCr 10®^® 

Hg^^ + Cr HgCl2 10^®^^ 

Hg^^ + Cr HgCb" 10^""^ 
Hg^^ + Cr HgCU^- 10^®^^ 

Hg^^ +Citrate -h. HgCitrate 10^°® 
Hg^''+ 2L-Cysteine Hg(Cys)2 10"°^ 
Hg^^ + 2Glutathione Hg(SG)2 10^^®® 

Table 2.1: Modeling Values: The metal 
concentrations, ligand concentrations and metal-
ligand formation constants used to model the 
LMW Hg(ll) fraction present under simplified 
experimental conditions. 
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Fig. 2.1: Hg(ll)Species Distribution: The low 
molecular weight Hg(ll) fraction of plasma as 
predicted by BEST/SPE, under simplified 
biological conditions. 

Modeling performed by Paul Oram 



64 

EH ECCLES 

pH=7.3 59.67% Hg(SG)2 
40.33% Hg(Cys)2 

pH=7.4 59.65% Hg(SG)2 
40.35% Hg(Cys)2 

pH=7.5 59.60% Hg(SG)2 
40.40% Hg(Cys)2 

Table 2.2; Hg(ll) Species Distribution: The low 
molecular weight Hg(ll) fraction in plasma as 
predicted by ECCLES under simplified biological 
conditions. 

Modeling performed by Paul Oram 
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DISCUSSION 

The main objective of this study was to predict the most prevalent LMW 

Hg(ll) species present in biological systems, at physiological pH (pH 7.4), under 

simplified experimental conditions. Our results suggest that this will be a 

Hg(SG)2 complex, although a Hg(Cys)2 complex will also be present. There are 

no previously published Hg(il) modeling studies with which to compare our 

results. However, there are published studies which modeled the LMW complex 

distribution of Zinc (Zn) and Cadmium (Cd) in human blood plasma at pH 7.4. 

The concentration of Zn(ll), Cd(ll) and cysteine used in these investigations 

were similar to the concentrations of Hg(ll) and cysteine that we used. These 

studies predicted that the predominant LMW Zn(ll) or Cd(ll) complex present in 

human plasma would be a cysteine complex. For Zn(ll), the predominant 

predicted complex was Zn(Cys)2, which was predicted to account for ~ 40% of 

the total LMW Zn distribution (Harris and Keen, 1989; May et al., 1977). For 

Cd(ll) however, the predominant LMW complex was Cd(Cys) which accounted 

for almost 50% of the total LMW Cd(ll) distribution (Cole et al., 1985; Williams, 

1993). None of the published Zn or Cd modeling investigations included GSM 

as a ligand. 

Although all three metals, Zn, Cd and Hg, occupy the same group (IIB) in 

the periodic table, chemically only Zn(ll) and Cd(ll) are similar; the chemistry of 

Hg(ll) differs considerably (Cotton and Wilkinson, 1980). However, all three 
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metals share a high affinity for sulfur containing compounds with Hg having the 

greatest affinity for sulfur (Cotton and Wilkinson, 1980). Thus, it would be 

expected that if modeling predicts the predominant LMW Zn and Cd complexes 

present in plasma are cysteine complexes, then by analogy the predominant 

LMW Hg complex present in plasma should also be a thiol containing complex. 

Since both the l̂ 's for Hg^^ with either L-Cys [Hg ; Cys (1 ;2)1 is 40.3 (Cheesman 

etal., 1988), or GSH [Hg : GSH (1:2)] is 41.58 (Stricks and Kolthoff, 1953), and 

the plasma concentrations of L-Cys and GSH [both approximately 10 (Lash 

and Jones, 1985)] are approximately equal, it should also be expected that the 

predominant predicted LMW Hg(ll) complexs in plasma would be « 50% Hg(GS)2 

and « 50% Hg(Cys)2. Additional support for the predominant predicted LMW 

Hg(ll) complexes in plasma being Hg(SG)2 and Hg(Cys)2 comes from the fact 

that the most common coordination state for Hg is two-coordinate and Hg^* 

complexes with sulfur tend to be polymeric (Cotton and Wilkinson, 1980). 

In our modeling the Hg(thiol)2 complex predicted to be the predominant 

LMW Hg(ll) species depended upon the concentration of GSH and L-Cys used. 

The literature reports a range of values for plasma concentrations of reduced 

GSH and L-Cys, the concentrations chosen determined upon Hg(thiol)2 complex 

was predicted to predominant. Modeling conducted with a L-Cys concentration 

greater than the GSH concentration predicted the predominant LMW species 

would be the Hg(Cys)2 complex. However, modeling conducted using a GSH 
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concentration greater than the L-Cys concentration predicted the predominant 

LMW species would be the Hg(SG)2 complex. 

While conducting our modeling work it became apparent to us that the 

only competing reaction we could think of was the oxidization of plasma thiols to 

GSSG, cystine, mixed disulfides and protein disulfides. If plasma thiols are 

predominately oxidized and the free thiol concentration is = 2x the plasma Hg(ll) 

concentration, then it would be possible for other Hg(ll) species to become 

important if not predominant. However, several authors report that the plasma 

concentration of GSH and cysteine are In the nM range (Lash and Jones, 1985; 

Mansoor et ai, 1992, Anderson and Meister, 1980). Mansoor (Mansoor et al., 

1992) has even reported that the plasma concentration of reduced CysGly is a 3 

liM. Thus, it is apparent that the concentration of reduced thiols in plasma is 

sufficent to ensure that the predominant LMW Hg(ll) species present in plasma 

will be a Hg(thiol)2 complex for Hg(ll) concentration >1nM. 

Both in vivo and in vitro Hg(ll) toxicity studies have implicated a Hg-thiol 

complex in Hg(ll) transport and/or toxicity (Zaipus, eta!., 1991; Zaipus, eta!., 

1993; Tanaka ef a/., 1990; Burton ef a/., 1995; Zaiups and Barfuss, 1995a; 

Zaiups and Barfuss, 1995b; Zaiups and Barfuss, 1996b; Wei etal., 1996, Wei et 

a!., 1997). Tanaka (Tanaka et al., 1990) has proposed that Hg is transported to 

the kidney via the plasma as a Hg(SG)2 complex. However, no published 

reports have isolated and/or identified the Hg(SG)2 complex in plasma. In 
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addition to its possible role in the transport and toxicity of Hg(ll), the Hg(SG)2 

complex has been implicated in the biliary Hg excretion (Ballatori and Clarkson, 

1984a, 1984b) and identified in urine (Tanaka etal., 1990). Zaiups and others 

have also proposed that a Hg(Cys)2 complex is involved in in vivo transport and 

toxicity of Hg(ll) (Zaiups and Barfuss, 1995b; Zaiups and Barfuss, 1996b; Wei et 

a/., 1996, Wei et al., 1997). It is thought that the Hg(Cys)2 complex is formed via 

the metabolism of Hg(SG)2 (Zaiups and Barfuss, 1995b; Zaiups and Barfuss, 

1996b; Wei etal., 1996, Wei etal., 1997). Thus, experimental evidence 

demonstrates the existence of a Hg(SG)2 complex in vivo and postulates its 

involvement in both the in vivo transport and toxicity of Hg(ll). 

The Hg(ll) concentration used in our modeling was the average Hg(ll) 

concentration reported to be present in whole blood (Altman, 1961). Previous 

investigators report that in vivo human plasma proteins bind Hg^" so avidly that < 

1 % of the Hg(ll) is free. Hg(ll) speciation predictions using either the 

concentration of Hg(ll) found in whole blood or the extrapolated free Hg^^ ion 

concentration in plasma differed only In the absolute concentration of each 

species. There were no significant differences in the speciation composition or 

percentage of Hg(ll) found in individual Hg species. Modeled metal speciation 

studies commonly plot the output as a percentage of the total metal or ligand 

present rather than as absolute concentration to allow for non-equilibrium 

factors, (Williams, 1983). 
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May (May et al., 1977) previously reported that the formation of LMW 

metal complexes in plasma are minimal due to the fact that the free 

concentration of LMW ligands commonly is several orders of magnitude larger 

than the concentration of metal-ligand complexes. Thus, changes in metal-

ligand complex concentration do not significantly alter the concentration of free-

ligands, i.e. free ligand concentrations are "concentration buffered", and as a 

consequence, the concentration of each metal-ligand complex is almost directly 

proportional to the free metal-ion concentration. That is the percentage of metal 

appearing in a given species is constant, regardless of the exact free metal ion 

concentration that exists in equilibrium with proteins (May et al., 1977). These 

observations held true for our modeling of Hg(ll) speciation. 

It is well known that Hg(ll) likes to form binary complexes. We were 

unable to model Hg^*-L-Cys complexes due to the unavailability of a Hg-Cys 

(1:1) Kf. However modeling Hg(ll) and GSH where both Hg-GSH (1:1) and Hg-

2GSH (1:2) Kf's were available suggests that the predominant Hg-L-Cys complex 

will be a Hg(Cys)2 complex if the cysteine concentration remains approximately 

twice the concentration of the Hg(ll) ion. Based upon published plasma 

concentration values for cysteine and GSH, this should be the case in plasma. 

However, if the Hg(ll): reduced thiol ratio does drop below 1 : 2, then the 

speciation of Hg(ll) will be altered. Under these conditions, both the Hg-mono-

thiol complexes and other complexes may make important contributions to 

the total LMW Hg speciation. 
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Thus in summary, the predominant low molecular weigh Hg complex in a 

simplified model of human plasma is predicted to be a Hg(thiol)2 complex, 

specifically Hg(SG)2 although significant quantities of the Hg(Cys)2 are also 

predicted to exist. Biological models are easy to disapprove of on the grounds 

that they are too simple, but it is important to remember that a good model 

attempts only to mimic the essential features of a real system, for otherwise they 

easily become obscured in a mass of detail (Berthon et ai, 1978). Models 

should be judged on their ability to predict real behavior. In this respect 

computer simulations of metal ion-ligand equilibria in biofluids have successfully 

rationalized the relative ability of many chelating agents to promote the excretion 

of transition metals (Berthon eta!., 1978), defined the supplementary doses of 

these metals required in total parenteral nutrition within the limits hitherto 

established be experimental trial and error (Berthon et a/., 1978) and predicted 

the metal ion-LMW ligand equilibria in biofluids ( May, et a/., 1977). We feel that 

our modeling accomplishes the goals described above, and thus is a good 

predictor of the LWM Hg(ll) speciation present in plasma. 
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CHAPTERTHREE 

ESTIMATION OF RELATIVE CONDITIONAL OR COMPETITIVE FORMATION 

CONSTANTS FOR Hg(ll) AND ENDOGENOUS THIOLS USING IMMOBILIZED 

METAL ION AFFINITY CHROMATOGRAPHY 

Both transport and toxicity of Hg are profoundly affected by Hg(H) 

speciation. Several methods have been developed to calculate metal 

speciation. Pivotal to all these calculations is the correct choice of stability 

constants for the equilibria under consideration (Schoenmakers et al., 1992). 

Stability constants must account for the experimental conditions which influence 

the metai-ligand equilibria (Schoenmakers ef a/., 1992). The vast majority of 

stability constants presently available were not determined in biologically 

relevant conditions. Many if not most of the remaining tasks to improve 

modeling metal speciation in plasma involve metal-ligand hQ's: (1) determine 

metal-ligand Kf's under biologically relevant conditions, (2) determine as of yet 

unmeasured Kf's for important complexes, and (3) determine mixed-ligand 

complex-fonmation constants (May ef al., 1977). 

Formation constants are calculated using the concentrations of the free 

metal ion, the unprotonated metal ion and the metal-ligand complex. For 

example, the equilibrium of a 1 ;1 metal - ligand complex is : M""*" + L^" <-> 

ML* '̂̂ , and the formation constant is defined as Kf = [ML]/[M][L]. However, the 
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actual equilibrium which is measured requires the displacement of protons like 

the following example: + HL <—> ML"~^ + H"*". Then the fomnation 

constant is described by the equation; Keq = [ML][H"'"]/[M1[HL] = KfKg. Where 

the constant, Ka, is the acid dissociation constant for the reaction (HL <-> H"'' + 

L"). Our search of the literature indicates some confusion on these points. To 

avoid these questions and furnish metal-ligand formation constants for use in the 

modeling of Hg(ll) speciation, we utilized immobilized metal ion affinity 

chromatography (IMAC), a chromatographic method, to obtain a self consistent 

set of relative competitive or conditional formation constants, Kf's, for Hg(ll) with 

the following ligands; Glutathione (GSH), L-Cysteine (Cys), Cysteinylglycine 

(CysGly), 2-3-Dimercapto-1-propanesulfonic Acid (DMPS), Meso-2-3-

dimercaptosuccinic Acid (meso DMPS), Rac-2-3-dimercaptosuccinic Acid (rac 

DMPS), diethylenetriaminepentaacetic acid (DTPA) and 

ethylenediaminetetraacetic acid (EDTA). 

IMAC offers several advantages in the calculation of relative conditional 

or competitive Kf's. Immobilization of either the metal or ligand allows us to take 

advantage of the fact that the diffusion dependence of the interaction is limited 

to a single species. This is a major advantage of the immobilized reagent over 

similar work carried out in free solution. With a immobilized reagent one is able 

to control the environment of the species of interest by simply flushing the 

packed column with a solvent. This allows the opportunity to investigate eluant 

separation from the immobilized reagent or carry out further studies with the 
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immobilized species. Ease of isolation and purification of a full range of reaction 

products is a critical part of a plan for dealing with an extremely complex 

chemical situation. A limitation of a free solution system is often the ability to 

accurately determine solution conditions which control the actual magnitude of 

the constant. Conditions that impact on the equilibrium constant do so in two 

ways: 1) conditions such as the pH, control the actual concentration of some 

species and 2) the physical nature of the system, controls the volume of solvent 

actually available in the system. The latter is a very important consideration 

since the concentration of a species is determined as much by volume as by the 

quantity of species present. Additional advantages in using IMAC are that: 1) 

the "conditions" of the flowing stream in the column can be controlled in a 

manner analogous to the biological fluid; 2) the limited motion of the 

"immobilized" species more closely approximates the behavior of large species 

such as proteins; 3) the physical nature of the water is thought to be structured 

in a manner quite similar to the water found in the heterogeneous biological 

fluids and; 4) a chromatographic approach allows us to more closely 

approximate the physical conditions that exist in a biological fluid which control 

the actual volume of water available to the species of interest. In a typical 

packed column, the volumes of water available to the species of interest are not 

only of the same order of magnitude as those found in the biological matrix, but 

even more importantly, the small amounts of water are in an environment that 
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"stmctures" the water in a manner analogous to that found in the biological 

matrix. Lastly, this is a fast relatively simple experimental methodology. 
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MATERIALS AND METHODS 

Chemicals 

Thiol sepharose 4B gel was obtained from Pharmacia (Pharmacia LKB 

Biotechnology Inc., Piscataway NJ). The Poly-Prep Econo-Columns were 

purchased from Bio-Rad (Bio-Rad Laboratories, Richmond CA). The followings 

ligands; glutathione [GSH], L-Cysteine [L-Cys], Cysteinyl-GIycine [CysGly] and, 

Disodium ethylenediaminetetraacetic acid [EDTA], were all purchased from 

Sigma Chemical Co. (St. Louis, MO.). The ligand diethylenetriaminepentaacetic 

acid [DTPA] was purchased from Aldrich Chemical Co. (Milwaukee, Wl). The 

ligands 2,3,-dimercapto-1-propanesulfonic acid [DMPS] and meso-2,3,-

dimercaptosuccinic acid [meso DMSA] were kindly donated by Dr. H.V. Aposhian 

(University of Arizona, Tucson, AZ) and the racemic-2,3,-dimercaptosuccinic 

acid [rac DMSA] was kindly donated from Dr. X. Fang (University of Arizona, 

Tucson, AZ). The HgCb solution was obtained from a 10,000 ppm stock solution 

prepared by dissolving HgO, purchased from J.T. Baker Chemical Co. 

(Phillipsberg, NJ), in Milll-Q H2O acidified with AR grade HCI, purchased from 

Mallinckrodt (Chesterfield, MO). The potassium phosphate buffer was prepared 

with K2HPO4, purchased from Fischer (Fair Lawn, NJ) and adjusted to pH = 7.3 -

7.4 via the addition of o-Phosphoric Acid (HPLC grade) purchased from Fischer 

(Fair Lawn, NJ). All glassware was triple rinsed with nitric acid (HNO3), reagent 

grade, purchased from Fischer Scientific (Fairlawn, NJ), followed by a triple 

rinse with Milli-Q water. 
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Column Preparation and Sample Analysis 

Thiol Sepharose 4B, glutathione coupled to CNBr activated sepharose 

4B, is a very hygroscopic gel. To obtain a constant, reproducible quantity of 

thiol sepharose 48 for casting into columns, the gel was standardized by volume 

not by weight. The thiol sepharose 48 was swollen in Milli-Q H2O at 4°C for 24 

hrs and then measured into 1 ml volumetric flasks. The 1 ml of gel was 

quantitatively transferred to a Bio-Rad Poly-Prep Econo-Column (Bio-Rad 

Laboratories, Richmond CA) where it was later converted to the free thiol form, 

i.e. reduced glutathione, by removal of the 2-thiolpyridyl protective group as 

presCTibed by Pharmacia (Pharmacia LKB Biotechnology Inc., Piscataway NJ). 

Upon completion of the regeneration process, each column was rinsed with 25 

ml of Milli-Q H2O and used within 6 hrs. All solutions used were degassed with 

argon prior to use. For each experiment, 1 ml aliquots of the sample elutant 

were collected via a ISCO Retriever II fraction collector (ISCO Inc., Lincoln NE.) 

attached to the column. All samples were analyzed for Hg using a Perkin-Elmer 

305A Flame Atomic Absorption spectrometer (Perkin-Elymer Corp., Norwalk 

CT.) monitoring X=254. Upon completion of each experiment, the columns were 

rinsed with Milli-Q H2O and stored at 4°C until they were again regenerated. 

Matrix-GS-Hg-R 
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Columns were loaded with 2 ml of 1.5 x 10"® M HgCU solution. When the 

meniscus of the HgCl2 solution became level with the thiol sepharose 4B gel, 

each column was rinsed with 10.0 ml of Mill-Q H2O, followed by 10.0 ml of 0.01 M 

potassium phosphate buffer, pH = 7.3 - 7.4. One ml of a 2.8 x 10"^ M ligand 

solution (GSH, CysGly, L-Cys, DMPS, meso DMSA, DMSA, IX EDTA, and 10X 

EDTA), dissolved in 0.01 M potassium phosphate buffer, pH = 7.3 - 7.4, was 

then applied to each column. The columns were then rinsed with 6 ml of 0.01 M 

potassium phosphate buffer, pH = 7.3 - 7.4, followed by 2 ml of 0.028 M GSH 

solution. Each column was then again rinsed with 6.0 ml of 0.01 M potassium 

phosphate buffer, pH = 7.3 - 7.4, followed by 2 ml of 0.028 M GSH solution again 

followed by 6.0 ml of 0.01 M potassium phosphate buffer, pH = 7.3 - 7.4. 

Matrix-GS-Hg-SG 

These experiments were performed identically to the matrix-GS-Hg-R 

experiments expect for the following modification; Each column was loaded with 

2 ml of a 1.5 X lO '̂ M HgClz + 2GSH. 

Matrix-GS-Hg-Ligand 

These experiments were performed identically to the matrix-GS-Hg-SG 

experiments except for the following modification; Each column was loaded with 
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2 ml of a 1.5 X 10"^ M HgClz + Ligand (2GSH, 2L-Cys. 2CysGly. 1/2 DMPS, 1/2 

meso DMSA, 1/2 rac DMSA, DTPA, IX EDTA and 10X EDTA) solution. 

Chelation vs Nucleophilic Attack, Matrix-GS-Hg-R 

The columns were loaded with 2 ml of 1.5 x 10"^ M HgCl2 solution. When 

the meniscus of the HgClz solution became level with the thiol sepharose 4B gel, 

each column was rinsed with 10.0 ml of Mill-Q H2O, followed by 10.0 mi of 0.01 M 

potassium phosphate buffer (pH = 7.3 - 7.4). Upon completion of the buffer 

rinse, a 1 ml imino diacetic acid [IDA] column was placed in line beneath the 1 

ml thiol sepharose 4B column. Prior to use, the IDA column had been rinsed 

and stored in 0.01 M potassium phosphate buffer (pH = 7.3 - 7.4). 

With the two columns inline, 1 ml of 2.7 x 10'̂  M DMPS solution, 

dissolved in 0.01 M potassium phosphate buffer (pH = 7.3 - 7.4) was applied to 

the thiol sepharose 48 column. When the meniscus of the DMPS solution 

became level with the top of the thiol sepharose 48 gel, flow was stopped and 

the DMPS was allowed to interacted with gel for either 1 minute or 30 minutes. 

After which, the columns were rinsed with 20.0 ml of 0.01 M potassium 

phosphate buffer (pH = 7.3 - 7.4). 

Upon completion of the buffer rinse, the columns, thiol sepharose 4B and 

IDA, were separated and each column was rinsed twice with 2 ml of 0.028 M 
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GSH solution followed by 6.0 ml of 0.01 M potassium phosphate buffer (pH = 7.3 

- 7.4). 

The thiol sepharose 4B column was then regenerated according the 

Pharmacia protocol and both the regeneration elutant and regeneration rinse 

were collected. These solutions were analyzed for DMPS via HPLC (Maiorino et 

al., 1986). 
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RESULTS 

Matrix-GS-Hg-R 

Thiol sepharose 4B columns converted to the free thiol form (i.e. reduced) 

(Pharmacia) retained Hg(ll) applied either as HgCb or HgCIa + Ligand (2GSH, 

2L-Cys, 2CysGly, DMPS, DMSA, and EDTA) (Fig 3.1, 3.2). Approximately 80% 

of the Hg(ll) retained by thiol sepharose 4B columns, which had been loaded 

with Hg(ll) administered as HgCU, was removed by rinsing the columns with 5 ml 

of 2.8 X 10*^M solutions of; GSH, L-Cys or CysGly (Fig. 3.1). Identical 

experiments rinsing the columns with DMPS or meso DMSA removed all the 

retained Hg(ll) (Fig. 3.1). Five milliliters of either 1 x EDTA (2.8 x 10"^ M) or 10x 

EDTA (2.8 X 10'̂ M), both pH = 11.4, removed = 10% and = 5% of the retained 

Hg(ll) (Fig. 3.1). This is similar to the quantity of Hg(ll) removed by a 0.01 M 

potassium phosphate buffer, pH = 7.3 - 7.4, rinse. Five ml of 1.4 x 10"^ M meso 

DMSA or DMPS removed = 90% of the retained Hg(ll), slightly more than 

removed by the mono-thiol containing ligands (Fig. 3.1). 

Matrix-GS-Hg-SG 

Thiol sepharose 4B columns loaded with Hg(ll), applied as HgCIa + 2GSH 

were rinsed with 1 ml of each of the following ligands; GSH, L-Cys, CysGly, 

EDTA, DMPS and meso DMSA. A 1 ml rinse of 2.0 x 10"^ M GSH, Cys, CysGly 

or DMPS all removed = 45% of the retained Hg(ll) (Fig. 3.2). Identical 

experiments rinsing the column with meso DMSA, removed s 75% of the 
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retained Hg(ll) (Fig. 3.2). However, rinsing the columns with 1 ml of either 1 x or 

20x EDTA (pH = 11.4), failed to remove detectable quantities of Hg(ll) (Fig. 3.2). 

Variations in flow rate, 0.4 ± 0.2 ml/min and 1.7 ± 0.2ml/min, had no significant 

effect upon the quaintly of Hg(ll) removed from the columns (Fig. 3.2). 

Matrix-GS-Hg-Ligand 

Thiol sepharose 4B columns in the free thiol form, i.e. GSH in the 

reduced state, were loaded with Hg(ll) applied as 2 ml of a 1.5 x 10'̂  M solutions 

of HgClz, HgClz + 2L-Cys (Cys-Hg-Cys), 2GSH (GS-Hg-SG), 2CysGly (CG-Hg-

CG), meso DMSA, rac DMSA, 1 x DTPA, 1 x EDTA or 20x EDTA. Approximately 

20% of the Hg(ll) applied to the columns as HgCIa, HgCb + 1 x EDTA or HgCb + 

20x EDTA was not retained while « 25% was not retained when applied as 

HgClz + 1X DTPA (Fig. 3.3). When Hg(ll) was applied to the columns as HgCl2 + 

2L-Cys, 2GSH, or 2CysGly = 50% was not retained and = 60% was not retained 

when the Hg(ll) was applied as HgClz + meso DMSA or DMPS (Fig. 3.3). Lastly, 

= 85% of the Hg(ll) applied as HgCl2 + rac DMSA was not retained by the gel 

(Fig. 3.3). 

Chelation vs Nucleophilic Attack, Matrix-GS-Hg-R 

Addition of HgCl2 to a imino diacetic acid (IDA) column results in complete 

retention of the Hg(ll) (Fig. 3.4). Addition of Hg-DMPS to a IDA column results in 

no Hg(ll) retention by the IDA column (Fig. 3.4). Following regeneration of the 

thiol sepharose 4B column, negligible quantities of DMPS were found in either 
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the regeneration or regeneration rinse solutions (Fig. 3.5). Negligible quantities 

of Hg(ll) was found retained on the IDA column (Fig. 3.6). Approximately 90% of 

the total Hg(ll) applied to the columns was recovered (Fig. 3.7). 
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1/2 GSH* 2GSH* 2 L-Cys* 2 CysGly DMPS* m-DMSA 1/2 DMPS1/2m-DMSA* EDTA 10XEDTA 

Ligands 
Fig. 3.1 Percentage of Hg removed from thiol sepharose 4B columns loaded with Hg (HgClg). The Hg 

was removed byeluting with 5 ml of the various ligands through each column. Each bar represents the 
average of 3 separate e)(periments ± standard deviation. Bars with an asterisk represent the average of 
2 separate experiments ± range. 



GSH L-Cys CysGly, (F) CysGly, (S) DMPS meso DMSA 1XEDTA 10XEDTA 

Ligands 
Fig. 3.2 Percentage of Hg removed from thiol sepharose 4B columns loaded v^ith Hg (HgClg + 2GSH). The Hg 
was removed byeluting 1 ml of the various ligands through each column. Each bar represents the average of 
3 separate experiments ± standard deviation. The CysGly (F) bar represents experiments where the flow rate 
was 1.8 ± 0.2 ml/min and the CysGly (S) bar represents experiments where the flow rate was 0.4 ± 0.2 ml/min. 
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Hg-Compounds 

Fig. 3.3 Percentage of Hg NOT retained by thiol sepharose 4B columns in the free thiol fonm (i.e. reduced 
GSH). Two ml of each Hg-compound (HgCl2 + ligand) was eluted through the columns and the percentage of 

Hg not retained was calculated. Each bar represents 3 separate experiments ± standard deviation. 
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Fig. 3.4. Precent Hg retained by an Imino Diacetic Acid (IDA) column following Hg application as 
either HgClg or Hg-DMPS. Each bar represents 3 separate experiments ± standard deviation. 
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Fig. 3.5 Percentage of DMPS recovered from thiol sepharose 4B columns following regeneration. Thiol 
sepharose 4B columns were loaded with Hg (HgClg) and the Hg was removed byeluting the columns with 1 

ml of a DMPS solution. The columns were then regenerated and the regeneration and regeneration rinse 
solutions were assayed for DMPS. Each bar represents 3 separate e)(periments ± standard deviation. 
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Fig. 3.6 Percent Hg retained by IDA columns inline with Thiol Sepharose 4B columns following 
elution with DMPS. Each bar represents 3 separate experiments ± standard deviation. 
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J,7 The cumulative (rinse + Hg removed by DMPS) percentage of Hg recovered from thiol sepharose 4B 
nns loaded with Hg (HgClg). The Hg was removed byeluting the columns with 1 ml of a DMPS 

fion. Each bar represents 3 separate experiments ± standard deviation. 
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DISCUSSION 

It is apparent from our data that thiol containing ligands removed 

significantly more of the Hg(ll) retained by thiol sepharose 4B than did non-thiol 

containing ligands. Neither EDTA, 1 x or 20x, pH=11.4, (optimal pH for EDTA 

chelation since all potential binding sites are unprotonated) nor DTPA was able 

to remove significant quantities of the retained Hg(ll). The published Kf for Hg-

EDTA is 10^^ ® (Martell and Smith, 1982) and the published Kf for Hg-DTPA is 

10^®'*(Martell eta!., 1993). Thus, our experimentally derived relative competitive 

or conditional Kf for the Hg-mono-thiol complexes must be > 10^ In addition 

to the information about minimum relative conditional or competitive Kf values for 

Hg(ll) and the mono-thiol containing ligands, the EDTA and DTPA data also 

demonstrated that Hg(ll) retained by thiol sepharose 4B is retained via a Hg-thiol 

interaction. The other potential binding sites on thiol sepharose 4B are 

carboxylic acid or amino groups. If significant amounts of Hg(ll) were retained 

by these groups, then the EDTA or DTPA treatments would have removed 

significant quantities of Hg(ll) since the Kf's of amino and carboxylic groups 

range from ~ 10® to 10^° (Ballatori, 1991). This is in agreement with NMR 

studies which have demonstrated that in solution, Hg(ll) binds to GSH 

exclusively through the Cys sulfhydryl group (Fuhr and Rabenstein, 1973). 

All mono-thiol containing ligands removed ~ equivalent quantities of the 

retained Hg(ll). In addition, the thiol sepharose 48 retained approximately 50% 
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of the Hg(ll) when applied as a Hg{thiol)2 complex; Hg{SG)2, Hg(Cys)2, or 

Hg(CysGly)2. From these observations we arrived at a two important 

conclusions; A) immobilization of GSH to the agrose backbone of the Sepharose 

4B matrix did not significantly effect its chemical reactivity with Hg(ll) and B) the 

relative conditional or competitive Kf's for the mono-thiol containing ligands are ~ 

equal with the Cys sulfhydryl group being the important variable in the mono-

thiol Kf's. If immobilization of GSH to the agrose backbone had altered the 

chemical reactivity of GSH towards Hg(ll), then the thiol sepharose 4B gel would 

have been expected to retain either greater than or less than 50% of the Hg(ll) 

administered to the column as Hg(SG)2 complex. If immobilization of GSH had 

somehow increased the reactivity of GSH towards Hg(ll), then thiol sepharose 

4B would have been expected to retain > 50% of the Hg(ll) applied to the column 

as Hg(ll) + 2GSH. If immobilization of GSH had decreased the reactivity of GSH 

towards Hg{ll), then thiol sepharose 4B would have been expected to retain < 

50% of the Hg(ll) applied to the column as a Hg(ll) + 2GSH solution. Since the 

thiol sepharose 4B column retained ~ 50% of Hg(li) applied as Hg(ll) + 2GSH, 

immobilization of GSH did not significantly alter the chemical reactivity of Hg(ll) 

with GSH. Changes in flow rate (10 x increase) did not effect the interaction of 

Hg(ll) with the thiol sepharose 48 and/or with the ligands. 

Our conclusions that the relative conditional or competitive Kf's for the 

mono-thiol containing ligands are ~ equal and that the important variable in the 
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Hg(li) mono-thiol Kf's is the Cys sulfhydryl group are supported by previously 

published Hg(ll)-thiol Kf's and Hg(il)-thiol NMR studies. There are no published 

K('s for Hg(ll) and CysGly however, the published Kf for a Hg(ll) and GSH (1:2) 

[41.58 (Stricks and Kolthoff, 1953)] and for Cys (1:2) [40.3 (Cheesman etal., 

1988)] are nearly identical. NMR experiments have demonstrated that Hg(ll) 

binds to both GSH and Cys exclusively through the Cys sulfhydryl group (over 

the pD range 1-13) in a 1 : 2 stoichiometric ratio forming a linear complex (Fuhr 

and Rabenstein, 1973; Cheesman etal., 1988). There are no published sources 

which identify the ^^C NMR spectra for Hg(CysGly)2. However, we have 

demonstrated that the NMR spectra of CysGly following compiexation with Hg(ll) 

was analogous to the published shifts in resonance resulting form the 

compiexation of GSH and Cys with Hg(ll). Thus, NMR data indicates that Hg(ll) 

binds to GSH, Cys and CysGly, exclusively through the Cys sulfhydryl group. 

These previously published reports support our conclusions that the relative 

conditional or competitive Kf s for Hg(SG)2, Hg(Cys)2, or Hg(CysGly)2, are all 

approximately equal, and the important component of the Hg(ll)-mono-thiol Kf's 

is the Cys sulfhydryl group. 

The dithiol containing ligands DMPS and meso-DMSA did not remove 

significantly greater quantities of the retained Hg(ll) loaded as GS-Hg-R, than 

did the mono-thiol containing ligands. Meso-DMSA removed significantly more 

Hg(ll) from thiol sepharose 4B columns loaded with Hg(ll) as GS-Hg-SG than did 

DMPS or the mono-thiol containing ligands. In addition, if the Hg-dithiol 
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complexes, DMPS-Hg, meso-DMSA-Hg or rac-DMSA-Hg, were allowed to form 

prior to introduction onto the thiol sepharose 4B column, less Hg(ll) was retained 

than when Hg(ll) was introduced as a Hg-mono-thiol complex. The thiol 

sepharose 4B columns retained the least amount of Hg(ll) when Hg(ll) was 

administered as the rac-DMSA-Hg complex. 

Neither the previously published Kf's for Hg-dithiol complexes nor the 

previously published Kf's for Hg(ll)-GSH (1:2) support our findings that dithiol 

chelators did not mobilize significantly more Hg(ll) from the thiol sepharose 48 

than did mono-thiol chelators. Jones reporiied that the Kf's for Hg(ll) with DMPS 

is 53.1 and for meso-DMSA is 45.9 (Jones and Basinger, 1980). However, 

these Kf's were not experimentally determined, but were estimates based on the 

Kf's of Hg(ll) complexes of other mercaptan compounds. Casas reported that the 

Kf's of several of the Hg-mercaptan complexes determined in the Jones lab 

could be erroneously overestimated because of systematic errors associated 

with their experimental procedures (Casas and Jones, 1980). 

Our data agrees with recently published experimentally derived Kf's for 

Hg(ll) chelates of meso- and rac-DMSA, 10^^® (meso-DMSA-Hg) and 10^®® (rac-

DMSA-Hg) (Fang et al., 1996). These published fonmation constants support the 

finding that the dithiol complexes did not remove significantly more Hg(ll) from 

the column than did the mono-thiol ligands. In addition, our experimental 

evidence in more consistent with the Hg-GSH (1:2) Kf value, 10^"^, as published 

by Oram (Oram etal., 1996). Oram (Oram etal., 1996) disputes the previously 
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published Hg-GSH (1:2) Kf value of as reported by Stricks and Kolthoff 

(Stricks and Kolthoff, 1953). He suggests that the Hg-GSH (1:2) Kf value 

published by Stricks and Kolthoff was incorrect due to experimental difficulties 

(Oram et al., 1996). The Kf value for Hg(ll) and GSH (1:2) as published by Oram 

(Oram et al., 1996) also supports our findings that the dithiol complexes did not 

remove significantly more Hg(ll) from the columns than did the mono-thiol 

ligands. The finding that meso-DMSA removed significantly more Hg(ll) from the 

thiol sepharose 4B columns loaded with Hg(ll) as GS-Hg-SG than did DMPS or 

the mono-thiol containing ligands may be related to entropic considerations, 

steric considerations and/or differences in speciation. This may also be the 

case for the finding that significantly less Hg(ll) was retained by the thiol 

sepharose 4B columns when Hg(ll) was administered as pre-formed Hg-dithiol 

complexes. For instance, while the Kf for Hg(ll) and rac-DMSA (1:1) is 28.5, the 

Kf for Hg(ll) and rac-DMSA (1 ;2) is 36.7 and the Kf for Hg(ll), rac-DMSA and a 

single proton (1:2:1) is 46 (Fang et al., 1996). A similar but less pronounced 

trend is also observed with meso-DMPS (Fang et al., 1996). 

In vivo experiments have shown that administration of dithiol compounds 

in addition to removing Hg(ll) from the kidney (Zaiups ef al., 1990; Zalups, 

1993), produce increased intracellular disulfide levels (Lash and Zalups, 1992). 

Thus, questions have arisen as to the mechanism by which dithiols remove 

metals. Two possibilities exist; A) the disulfide displaces the metal via 

nucleophilic attack resulting in the dithiol forming a disulfide with intracellular 
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thiols and displacing metal ions bound to intracellular thiols or B) the dithiol 

removes metal ions via chelation. 

Our experimental results suggest that DMPS removes Hg(ll) retained by 

thiol sepharose 48 via chelation. If DMPS had displaced Hg(li) from thiol 

sepharose 48 via nucleophilic attack, then significant quantities of DMPS would 

remain bound to the column and would be found in either the regeneration or 

regeneration rinse solution and/or significant quantities of Hg(ll) would be 

retained by the IDA column. Neither of these possibilities occurred; negligible 

quantities of DMPS were found in either the regeneration or regeneration rinse 

solutions; and negligible quantities of Hg(li) were found retained by the IDA 

column. We recovered ~ 90% of the total Hg(ll) applied to the columns. Thus, 

we conclude that DMPS removes Hg(H) from the thiol sepharose 48 gel via 

chelation. 

In summary, we have demonstrated that IMAC is a simple, rugged 

methodology for the determination of relative competitive or conditional 

formation constants. The mono-thiol containing ligands; GSH, Cys and CysGly, 

all have approximately equivalent relative competitive or conditional Kf's for 

Hg(ll). The Cys sulfhydryl group is the Important component In the Hg(ll)-mono-

thiol Kf's. Dithiol chelators do not have greater relative competitive or 

conditional Kf's for Hg(ll) than do the mono-thiol chelators. However, once 

formed, the Hg-dlthlol complexes, especially Hg-rac-DMSA, may have higher 

relative competitive or conditional Kf's due to steric, entropic and/or speciation 



96 

considerations. Lastly, the dithiol chelator, DMPS, removes Hg(ll) retained by 

GSH of the thiol sepharose by chelation not nucleophillic attack. 
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CHAPTER4 

MODELING. SYNTHESIS. AND COMPARATIVE TOXICITY OF Hg(ll) THIOL 

COMPLEXES IN LLC-PKi CELLS 

Mercury (Hg) is an important environmental contaminant with well 

documented deleterious effects on human health. The affinity of Hg(ll) for 

sulfhydryl groups is a major factor underlying the biochemical properties of Hg(ll) 

and its compounds. The affinity constant for Hg(ll) and the ionic form of a 

sulfhydryl, R-S", ranges from 10^® to 10^ approximately 10'° higher than Hg(ll) 

affinity constants for carboxyl or amino groups (Ballatori, 1991). Thus, it is not 

surprising that the mercury compounds identified in biological media have been 

complexed with molecules which contain at least one sulfhydryl group (Ballatori, 

1991). 

In whole blood. Hg(ll) is approximately equally distributed between the 

red cells and plasma (Ballatori, 1991). In erythrocytes. Hg(ll) is, probably to a 

large extend . bound to sulfhydryl groups on the hemoglobin molecule and 

possibly to glutathione (Beriin, 1986). Glutathione. GSH, is the most abundant 

naturally occurring thiol in mammalian tissue. Most mammalian cells have 

intracellular GSH concentrations in the millimolar range while the plasma GSH 

concentration range typically is micromolar (Meister, 1983). Mercury ions in 

plasma can be classified into four distinct fractions: 1) Hg(ll) rigidly incorporated 
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in metalloproteins and non-exchangeable, 2) Hg(ll) loosely bound by other types 

of proteins and in labile equilibrium with Hg in solution, 3) Hg(ll) complexed with 

low-molecular weight ligands (amino acids anions, peptides, and inorganic 

anions) and 4) free (or aquated) Hg(ll) ions (May etal., 1977). In humans, 

plasma proteins bind Hg(ll) with a high affinity, i.e. 1% or less of the Hg(ll) is free 

(Bemdt et. al., 1985). Albumin, the most abundant plasma protein, contains a 

single free sulfhydryl group (Jocelyn, 1972; Brown and Shockley, 1982) and 

binds most of the Hg(ll) (Zaiups and Barfuss, 1993). The low molecular weight 

fraction of Hg complexes, although small in comparison to the protein-Hg 

fraction, is thought to be of great importance since it may play a role in Hg(ll) 

transport throughout the body and into different organs. 

Hg(ll) in systemic circulation is transported throughout the body, where it 

distributes to specific organs and within those organs to specific cells (Berlin, 

1986). The kidney is generally considered to be the target organ for inorganic 

mercury toxicity (Bemdt etal., 1985; Tanaka et. al., 1990) and under all 

conditions is the dominant site of Hg(ll) accumulation (Berlin, 1986). In vivo 

experiments have demonstrated that within 24 hrs following administration of 

inorganic mercury, 50% or more of the administered dose was found in the renal 

mass (Rothstein and Hays, 1960; Zaiups and Barfuss, 1990) specifically, the 

peripheral part of the renal cortex which corresponds to the convoluted proximal 

tubules (Zaiups and Lash, 1994). In addition to the kidney, Hg(ll) also 

accumulates in; the liver, where the highest Hg(ll) concentration is in the 
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periportal region, the mucus membranes of the intestinal tract, the epithelium of 

the skin, the spleen, the interstitial cells of the testes, some parts of the brain 

and the choroid plexus (Berlin, 1986). 

The importance of Hg(ll) speciation in mercury toxicity can be illustrated 

by several examples, the simplest being solubility. At physiological pH Hg(ll) is 

insoluble in water; the Ksp (solubility product) of Hg(0H)2 is 3 x 10*^ and thus 

any mercury concentration above 10'̂ ^ M would be insoluble (Dean, 1979). 

Investigators can use mercuric to do incubations because it is a covalent 

compound (HgCb, Kf = 10") and the chloride ion effectively competes with the 

hydroxide ion to keep the Hg(H) in solution as HgCIa (Fernando and Ryan, 

1982). However, it should be cleariy recognized that mercuric chloride is not 

mercuric ion with a +2 charge but rather a covalent compound, which forms 

complexes with excess CP, e.g. HgCb" and HgCU '̂. The addition of organic 

llgands to Hg(ll) ions increases the complexity of Hg(ll) speciation. Under these 

conditions, the predominant species would be Hg-complexes with very little free 

Hg(ll) ion existing. For instance, if 1.98 x 10"® M Hg(ll) were present in a 

solution containing lO^M GSH and 6.79 x 10*^ M CI, a Hg-glutathione complex 

(Hg(SG)2. Kf = 10^®®) would form. The concentration of Hg(SG)2 would equal 

1.9 X 10"® M, free GSH would equal 9.96 x 10"® M, Hg-chloro complexes would 

equal 5.72 x 10'̂ ® M and Hg*^ would be less than 3.9 x 10*^ M. To view this 

from a different perspective, if binding agents were present (eg., 10 nM GSH), 
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total Hg(ll) concentrations above 10 would result in the presence of at least 

two chemical species in solution: Hg-chloro complexes and Hg(SG)2. 

it is evident that speciation plays a pivotal role in Hg(li) transport and 

toxicity. We have modeled Hg(ll) speciation present in simplified simulated 

biological conditions. This modeling predicted that the low molecular weight 

fraction of Hg(ll) would be bound to a thiol containing compound (GSH, L-Cys, 

CysGly). In the present study, toxicity of the various Hg(ll)-thiol compounds was 

tested in LLC-PKi cells (a cell line derived from pig proximal tubule cells). 

Toxicity of the various Hg(ll) species was measured in cell culture because the 

use of defined culture media allowed us to predict and control the Hg(ll) species 

present during each experiment. 
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MATERIALS AND METHODS 

Chemicals 

Mercury (II) nitrate mono-hydrate [Hg(N03)2 H2O] and 1,4-dioxane were 

purchased from Aldrich Chemical Co. (Milwaukee, Wl). The ligands, 

glutathione, [GSH], L-Cysteine, [L-Cys], and Cysteinyl-Glycine, [CysGly], were 

purchased from Sigma Chemical Co. (St. Louis, MO) and bovine albumin, 

fraction V, crystalline, was purchased from Calbiochem-Novabiochem Corp. (La 

Jolla, CA). The XTT (sodium 3'-[(phenylamino)-carbonyl]-3,4-tetrazolium]-6/s(4-

methoxy-6-nitro)benzene-sulfonic acid hydrate) and phenazine methosulfate 

(PMS) were obtained from Sigma Chemical Co. (St. Louis, MO). Potassium 

phosphate dibasic, K2HPO4, o-Phosphoric acid (HPLC grade), and sodium 

hydroxide, 10N certified, were all purchased from Fisher Scientific (Fairlawn, 

NJ). HPLC grade methanol (MEOH) was purchased from Baxter Healthcare 

Corp. (Muskegon, Ml). Deuterium oxide (D2O), was purchased from Cambridge 

Isotope Laboratories (Wobum, MA). The DMEM/F12 medium was purchased 

from Life Technologies Inc. (Grand Island, NY). Both DMEM medium without 

thiols (product number D 3967) and L-methionine were obtained from Sigma 

Chemical Co. (St. Louis, MO). Fetal Calf Serum was purchased from Hyclone 

Laboratories (Logan, UT). All water used in the experiments was obtained from 

a Milli-Q UF Plus system, Millipore Corp. (Bedford, MA). All glassware was triple 
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rinsed with nitric acid (HNO3), reagent grade, purchased from Fisher Scientific 

(Fairlawn, NJ), followed by a triple rinse with Milli-Q water. 

Modeling 

Computer programs, developed independently, by Martell and Motekaitis, 

BEST/SPE, (Martell and Motekaitis, 1992) and May, ECCLES, (May etal., 

1977), were used to predict the most prevalent Hg(ll) species likely to be present 

in biological systems under simplified conditions. Metal concentrations, ligand 

concentrations, and metal ligand formation constants, were all obtained from 

existing data bases. Estimates of the concentration of Hg-ligand complexes at 

physiological pH (pH = 7.4) with the following ligands; GSH, CI, L-Cys, citric 

acid, carbonate, phosphate and sulfate, have been calculated. Ligands and 

ligand concentrations were chosen to represent the compounds and 

concentrations expected in human blood. 

Synthesis 

Mercury Glutathione 

Hg(SG)2 was prepared by reacting a 2.1 :1.0 stoichiometric ratio of GSH 

and Hg(N03)2. The GSH solution, pH 5.0 - 5.5, was added to the Hg(ll) solution, 

pH 1.5 - 2.0, at a 1 ml/min, and allowed to react for 10-12 hrs at room 

temperature, RT, under an argon, Ar, atmosphere with continual stirring (prior to 

use, all solutions were degassed with Ar). Methanol was added to precipitate 

the Hg(SG)2. Following complete precipitation, the solution was filtered, the 
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precipitate washed 3 x with Milli-Q water and dried. The precipitate was 

resolubilized and identified by Carbon-13 NMR spectroscopy. Carbon-13 NMR 

spectra were obtained in potassium phosphate buffered DzO, pH 7.0 - 7.1, using 

a Hg(ll) concentration of 0.15 M, at RT under broadband decoupling conditions 

on a Bruker AM 250 spectrometer (Bruker Instrument Co., San Jose, CA) 

operating at 62.9 MHz. Dioxane was used as the chemical shift (5) reference 

(66.50 ppm). 

Mercury Cysteine 

Hg{Cys)2 synthesis was similar to that of Hg(SG)2 with the following 

exceptions. In this synthesis, the Hg(ll) solution, pH 1.5 - 2.0, was added to the 

L-Cys solution, pH 1.0 - 2.0, and allowed to react for« 1 - 2 hrs. Precipitation 

was achieved by raising the solution pH to between 2.0 and 4.0. Following 

complete precipitation, both the solution and precipitate were transferred to 50 

ml screw top conical tubes and centrifuged at«1000 x G for 10 minutes, the 

precipitate was washed 3x with Milli-Q water and freeze-dried. 

Mercury CysteinylGlycine 

Hg(CysGly)2 was synthesized in a manner analogous to both Hg(SG)2 

and Hg(Cys)2 with the following exceptions. CysGly and Hg(N03)2 were reacted 

In a 2.0 :1.0 stoichiometric ratio. CysGly, 0.25M, was dissolved in D2O and the 

pH adjusted to 2.0 - 2.5 by the addition of a small quantity of concentrated 

HNOa- The CysGly solution was added to the Hg(N03)2, 0.125M pH 1.0 -1.5, 
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and allowed to react at RT for« 1 hr. The pH of the Hg(CysGly)2 solution was 

then slowly increased by the addition of concentrated NaOH. For NMR spectra 

the pH was raised to 9.5 and for cellular toxicity studies the pH = 7.4. 

Cell Line 

The LLC-PKi cell line, a cell line derived from cultured pig proximal tubule 

cells, was obtained from the ATCC and maintained in DMEM/F12, without 

antibiotics and with 5% fetal calf serum (FCS). The cells used were between 

passage 199 & 250. 

Cellular Toxicity 

Thiol Containing Media 

Cell suspensions were plated into 96-weil tissue culture plates in 200 iil of 

DMEM/F12 medium containing 5% FCS, at a concentration of 8 x 10^ cells/well. 

The cells were allowed 24 hrs for attachment. Following attachment, the 

DMEM/F12 medium + 5% FCS was removed and 100 nl of DMEM/F12 medium 

without FCS was added. After 4 hrs, 50 nl of each treatment (HgCIa, HgCl2 plus 

various molar ratios of GSH, L-Cys, D-Cys, CysGly or albumin, and Hg(SG)2 or 

Hg(Cys)2). made up in DMEM/F12 (without 5% FCS) was added to each well, 

resulting in a total well volume of 150 ^1. Treatments were made up from stock 

solutions; 1 mM HgCb, Hg(SG)2, Hg(Cys)2. GSH, CysGly, L-Cys, D-Cys, Albumin 

and 2 mM GSH, CysGly, L-Cys, D-Cys. New treatment solutions were made up 

«1 hr before dosing the cells. After addition of the treatments, the cells were 
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incubated in the presence of Hg for 20 hrs. After 20 hrs, 50 ^1 of a XTT/PMS 

solution was added to each well resulting in a final concentration of 0.125 mg/ml 

XTT and 16.7 PMS. The cells were incubated in the presence of XTT for 4 

hrs. Following incubation, the reduced dye was measured with a Biotek 

microplate reader monitoring 450 nm, using wells containing no cells as blanks. 

Results were reported as optical density. The XTT assay measures reduction of 

a formazan dye by cellular dehydrogenase (mainly contained in mitochondria). 

Viable cells reduce the dye. Control experiments indicated that the presence of 

the treatments did not alter the reduction of the XTT by the cells. 

Thiol Free Media 

Cellular toxicity studies conducted in thiol free media were identical to 

those conducted in thiol containing media except that following attachment, the 

DMEM/F12 medium + 5% FCS was removed and 100 jil of DMEM medium (D 

3916) supplemented with L-methionine and without FCS was added. In addition, 

all treatments (HgCl2, HgCIa plus various molar ratios of GSH, L-Cys, CysGly or 

albumin) were also made up in DMEM (without 5% FCS ). Lastly, following 

incubation the reduced dye was measured with a Biolinx 220 microplate reader 

monitoring 480 nm. 

Statistical Analysis 
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The data was analyzed using Student's t-test for paired, two-tailed 

distributions. The results are presented as means ± standard deviation. 

Differences were considered significant when p was < 0.05. 
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RESULTS 

Modeling 

Modeling predicted that Hg(ll) would primarily exist as a Hg(thiol)2 

complex (Fig. 4.1). The close agreement of Hg(ll) distribution as estimated by 

BEST/SRE and ECCLES confirmed the assumption that a Hg(thiol)2 species 

would be the dominant low molecular weight Hg species present in human blood 

(Table 4.1). 

Synthesis 

The Hg(thiol)2 complexes predicted by computer simulation were 

synthesized. Both Hg(SG)2 and Hg(Cys)2 were synthesized, precipitated and 

then stored as solids. Hg(CysGly)2 was synthesized but not precipitated (due to 

the cost of CysGly). Hg(SG)2 and Hg(Cys)2 were identified by comparing their 

NMR spectra to published "C NMR spectrum (Table 4.2). Hg(ll) binds to 

both GSH and L-Cys through the Cys sulfhydryl group (over the pD range 1 -13) 

in a 1 ; 2 stoichiometric ratio forming a linear complex (Fuhr, 1973, Cheesman, 

1988). In both compounds, upon complexation with Hg(ll), the resonance of all 

Cys carbons shift, with the Cys-Cp resonance shifting the most (Fuhr and 

Rabenstein, 1973; Cheesman etal., 1988). Hg(ll) binds to Cys predominantly 

through the deprotonated Cys sulfhydryl group (Fuhr and Rabenstein, 1973; 

Cheesman etal., 1988). 
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There are no published sources which identify the NMR spectra for 

Hg(CysGly)2. Hg(CysGly)2 was identified by comparing the resonance shifts of 

CysGly upon complexation with Hg(ll) to the shifts in resonance that resulted 

from the complexation of GSH and L-Cys with Hg(ll) (resonance shifts were 

compared at identical pO values). The chemical shifts associated with CysGly 

upon complexation with Hg(ll) were similar to those observed upon Hg(ll) 

complexation with GSH and Cys. The Cys-Cp resonance of a 0.2M CysGly and 

0.1 M Hg(N03)2 solution at pD 9.5 was shifted 4.28 ppm while the Cys-Ca peak 

was only slightly shifted (Table 4.2). 

Cellular Toxicity 

Thiol Containing Media 

The cellular toxicity studies conducted in DMEMyF12 media, 

demonstrated that 40-60nM HgCb caused complete cell death in the LLC-PKi 

cells (Fig. 4.2). Addition of equimolar albumin to HgCl2 had no effect on Hg(ll) 

toxicity (Fig. 4.2). Although, addition of Hg(ll) as Hg(ll): 2 albumin produced 

significant protection from Hg(ll) cytotoxicity (Fig. 4.2). Neither the Hg(SG)2 or 

Hg(Cys)2 complex was toxic in the dosing range tested (Fig. 4.3, 4.5). Addition 

of 2GSH, 2L-Cys or 2D-Cys to HgCb protected from Hg(ll) toxicity throughout 

the entire dosing range tested (Fig. 4.3, 4.5, 4.6). However, addition of 2CysGly 

to HgCl2 did not protect from Hg(ll) toxicity throughout the entire dosing range 

tested (Fig. 4.4). At 10O^M Hg + 2CysGly the LLC-PKi cells were « 60% of 
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control and at 120nM Hg + 2 CysGly they were « 25% of control (Fig. 4.4). 

Addition of 1 equivalent of thiol containing ligand, GSH, L-Cys, D-Cys, and 

CysGly, to HgCb shifted the Hg(ll) toxicity curve to the right« 20nM (Fig. 4.3, 

4.4, 4.5, 4.6). There was no appreciable difference in the toxicity produced 

following the addition of either stereoisomer D-Cys or L-Cys to HgCIa (Fig. 4.5, 

4.6). 

Thiol Free Media 

Results of the cellular toxicity studies conducted in DMEM media were 

similar to those obtained using DMEM/F12 media. However, in the thiol free 

media Hg(ll) was more toxic, with 10-20(iM HgCb causing complete cell death 

(Fig. 4.7). Addition of albumin, either 1 or 2 moles, to HgCIa had a significant 

protective effect and the protective effect appeared to be additive, i.e. the 

protection afforded form the addition of 2 equivalents of albumin appeared to be 

roughly twice that from the addition of 1 equivalent of albumin, (Fig. 4.7). Adding 

2GSH, 2CysGly or 2L-Cys to HgCl2 provided significant protection from Hg(ll) 

toxicity although the protection did not extend throughout the entire dosing range 

tested (Fig. 4.8, 4.9, 4.10). The addition of 2GSH provided the most protection 

from Hg(ll) cytotoxicity. At 40nM Hg + 2GSH the LLC-PKi cells were « 85% of 

control and at 10O^iM Hg + 2 GSH they were « 30% of control (Fig. 4.8). While 

at 40nM Hg + 2CysGly or 2L-Cys the LLC-PKi cells were « 20% of control and at 

lOO^iM Hg + 2 CysGly or 2L-Cys there was no significant difference from control 
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(Fig. 4.9, 4.10). The Hg(ll) cytotoxicity curves produced by the addition of either 

2CysGly or 2L-Cys + HgCl2 were virtually indistinguishable (Fig. 4.9, 4.10). 

Addition of single equivalent of thiol containing ligand, GSH, CysGly or L-Cys, to 

HgClz provided no protection as evidenced by the fact the cytotoxicity curves 

were not significantly different from the HgCb curve (Fig. 4.8, 4.9, 4.10). 
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-LOG [H+] 

Fig. 4.1 Hg(ll) Species Distribution; The low molecular 
weight Hg(ll) fraction as predicted by BEST/SPE, under 
simplified biological condiions. The concentration of metals 
and ligands are listed below. 

Component Concentration 
Cysteine (C) 

Glutathione (G) 
Chloride (L) 
Citric Acid 
Calcium 

Mercury (M) 

2.97 X 10-4 M 
9.53 X 10-4 M 
6.79 X 10-2 M 
9.63 X 10-5 M 
2.38 X 10-3 M 
1.92 X 10-8 M 

Modeling performed by Paul Oram 
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Best/SPE ECCLES 
PH = 7.3 94.09% Hg(SG)2 94.1% Hg(SG)2 

5.91 % Hg(Cys)2 5.9% Hg(Cys)2 
PH = 7.4 94.13% Hg(SG)2 94.1% Hg(SG)2 

5.87% Hg(Cys)2 5.9% Hg(Cys)2 
pH = 7.5 94.18% Hg(SG)2 94.2% Hg(SG)2 

5.82% Hg(Cys)2 5.8% Hg(Cys)2 

Metals/Ligands 
Mercury (M) 
Calcium 
Chloride (L) 
Citric Acid 
Cysteine (C) 
Glutathione (G) 

Concentration 
1.92 X 10-8 M 
2.38 X 10-3 M 
6.79 X 10-2 M 
9.63 X 10-5 M 
2.97 X 10-4 M 
9.53 X 10-4 M 

Table 4.1: Hg(ll) Species Distribution: The low 
molecular weight Hg(H) fraction as predicted by 
BEST/SPE and ECCLES under simplified biological 
conditions. The metals, ligands and predicted Hg(ll) 
species are listed. 

Modeling performed by Paul Oram 
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Mercury Glutathione [Hg(SG2)] 
Published chemical shifts associated with Cys-Cp and Cys-Ca, of Hg(SG)2 
as compared to GSH at pD = 7 (Fuhr, 1973); 
Cys-Cp s 4 ppm 
Cys-Ca s 1 ppm 

Chemical shifts associated with the Cys-Cp and Cys-C(x of our Hg(SG)2, 
as compared to GSH at pD = 7; 
Cys-Cp = 4.39 ppm 
Cys-Ca = 0.94 ppm 

Mercury Cysteine [Hg(Cys)2] 
Published chemical shifts associated with Hg(Cys)2, relative to 
trimethylsilane (TMS) (Cheesman, 1988); 

Cys-Cp = 33.5 ppm at pD = 9.5 
Cys-Cp = 33.8 ppm at pD = 10.0 
Cys-Cp = 33.9 ppm at pD = 10.5 
Cys-Cp = 33.9 ppm at pD = 11.0 

Chemical shifts associated with our Hg(Cys)2, relative to TMS; 

Cys-Cp = 33.17 ppm at pD = 9.55 
Cys-Cp = 33.66 ppm at pD = 10.0 
Cys-Cp = 33.86 ppm at pD = 10.5 
Cys-Cp = 33.95 ppm at pD = 11.0 

Mercury Cystelnylgiyclne [Hg(CysGly)2] 
There are no published carbon -13 NMR spectra for Hg(CysGly)2. 

Chemical shifts produced by Hg(ll) complexation with CysGly were 
analogous to those observed with Hg(SG)2 and Hg(Cys)2. Chemical shifts 
associated with Hg(CysGly)2, identified by carbon - 13 NMR spectroscopy, 
as compared to CysGly at pD = 9.50; 
Cys-Cp = 4.28 ppm 
Cys-Cct = 2.01 ppm 

Table 4.2: Carbon-13 NMR Identification of the Hg(thiol)2 complexes. 
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Fig. 4.2 LLC-PK^ cells incubated with Hg(ll), Hg(ll) + albumin, 2 albumin, in DMEM'F12 without 

serum, for 20 hrs at 37 °C. Cellular viability was detemriined by the XTT assay. Each point is the 
average of ^ three separate experiments ± the standard deviation. Asterisks indicate values that 
are significantly different from Hg(ll), HgClg, p < 0.05. 
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Fig. 4.3 LLC-PK^ cells Incubated with Hg(ll), Hg(ll) + GSH, 2 GSH and Hg{SG)2, in DMEM/F12 without 

serum, for 20 hrs at 37 ®C. Cellular viability was detenmined by the XTT assay. Each point is the 
average of ^ three e}f)eriments ± the standard deviation. Asterisks indicate values that are 
significantly different from Hg(ll), HgClg, p < 0.05. 
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Fig. 4.4 LLC-PK^ cells incubated with Hg(ll), Hg(ll) + CysGly, 2 CysGly, in DMEM^F12 without serum, 
for 20 hrs at 37 °C, Cellular viability was determined by the XTT assay. Each point is the average of 
> three separate experiments ± the standard deviation. Asterisks indicate values that are 
significantly different from Hg(ll), HgClg, p <0.05. 
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Fig. 4.5 LLC-PK^ cells incubated with Hg(ll), Hg(ll) + L-Cys, 2 L-Cys and Hg(Cys)2, in DMEM/F12 

without serum, for 20 hrs at 37 °C. Cellular viability was detemriined by the XTT assay. Each point is 
the average of ^ three separate e)^eriments ±the standard deviation. Asterisl<s indicate values that 
are significantly different from Hg(ll), HgCi^, p < 0.05. 
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Fig. 4.6 LLC-PK^ cells incubated with Hg(ll), Hg(ll) + D-Cys, 2 D-Cys, in DMEM/F12 without serum, 
for 20 hrs at 37 °C. Cellular viability was detemiined by the XTT assay. Each point is the average of 
^ three separate experiments ± tiie standard deviation. Asterisks indicate values that are 
significantly different from Hg(ll), HgClg, p < 0.05. 
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Fig. 4.7 LLC-PK^cells incubated with Hg(ll), Hg(ll) + albumin, 2 albumin, in DMEMwithout serum, for 
20 hrs at 37 "C. Cellular viability was detemiined by the XTT assay. Each point is the average of four 
separate experiments ±the standard deviation. Asterisks indicate values that are significantly different 
form Hg(ll), HgClg, p < 0.05. 
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Fig. 4.8 LLC-PK^ cells incubated with Hg(ll), Hg(ll) + GSH, 2 GSH, in DMEM without serum, for 20 hrs at 37 

°C. Cellular viability was determined bythe Xi i assay. Each point is the average of four seperate 
experiments ± the standard deviation. Asterisks indicate values that are significantly different from Hg(ll), 
HgClg, p < 0.05. 
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Fig. 4.9 LLC-PK^ cells incubated with Hg(ll), Hg(ll) + CysGly, 2 CysGly, in DMEM without serum, for 20 
hrs at 37 °C. Cellular viability was determined by the XTT assay. Each point is the average of four 
separate experiments ± the standard deviation. Asterisks indicate values that are significantly different 
from Hg(ll), HgClg, p < 0.05. 
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Fig. 4.10 LLC-PK^cells incubated with Hg(ll), Hg(ll) + L-Cys, 2 L-Cys, in DMEIVI without serunn, for 20 hrs at 37 
°C. Cellular viability was determined bythe XTT assay. Each point is the average of four separate experiments 
±the standard deviation. Asterisks indicate values that are significantly different from Hg(ll), HgClg, p <0.05. 
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DISCUSSION 

Speciation plays an important role in both the transport and toxicity of 

Hg(ll). To model in vivo Hg(ll) toxicity, in vitro experiments must use the actual 

Hg-ligand spedes present in blood. We have utilized computer speciation 

programs to predict the low molecular weight fraction of Hg(ll) complexes 

present in a simplified model of human blood plasma at physiological pH, 7.4. 

We were unable to model the labile protein-metal equilibrium (examples; 

albumin, transferrin, and aa macroglobulin) due to difficulties in; 1) determining 

formation constants (Kf's) of the numerous potential binding sites present on a 

given protein molecule, 2) determining the interactive effects between the 

binding sites and 3) defining the individual complex species that can be 

produced by a protein (May ef a/., 1977). Modeling using either the BEST/SPE 

or ECCLES programs, predicted that at physiological pH, Hg(ll) in plasma would 

primarily exist as a Hg(SG)2 complex (Fig. 4.1, Table 4.1). The close agreement 

of the LMW Hg(ll) speciation as predicted by the two different programs 

confirmed our initial assumption that a Hg(thiol)2 complex would be the dominant 

low molecular weight Hg species present in human plasma with an excess of 

reduced thiols. This assumption is further supported by the observation that 

whenever Hg compounds have been identified in biological media, the Hg was 

complexed with molecules which contained at least one sulfhydryl group 

(Ballatori, 1991). The LMW fraction of Hg(ll) complexes although small in 

comparison to the protein-Hg fraction, it is thought to be important due to the 
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role it is postulated to play in transporting of Hg ions throughout the body and 

into different organs. 

The Hg(thiol)2 complexes predicted by computer simulation were 

synthesized, purified and identified. The Hg(SG)2 and Hg(Cys)2 complexes were 

synthesized, precipitated and then stored as solids. Hg(SG)2 and Hg(Cys)2 were 

identified by comparing their NMR spectra to published NMR spectra of 

each complex in solution (Table 4.2). The excellent agreement between the 

published NMR spectra and our NMR spectra demonstrate that we 

successfully synthesized both the Hg(SG)2 and Hg(Cys)2 complex (Table 4.2). 

There are no published sources which identify the NMR spectra for 

Hg(CysGly)2. The Hg(CysGly)2 complex was identified by comparing the shifts 

in resonance of CysGly following complexation with Hg(ll) to the shifts in 

resonance of GSH and L-Cys that resulted following complexation with Hg(ll) 

(resonance shifts were compared at identical pD values). The chemical shifts 

associated with CysGly upon complexation with Hg(ll) were similar to those 

observed following Hg(ll) complexation with GSH and Cys (Table 4.2). Thus, we 

concluded that we successfully synthesized Hg(CysGly)2. 

We investigated Hg(il) speciation and its effects upon toxicity by 

administering the synthesized Hg(thlol)2 complexes to an in vitro cell culture 

preparation. The use of in vitro cell culture systems does have a few 

disadvantages; 1) the anatomical and physiological heterogeneity of the organ is 

absent, 2) the cellular milieu found in vivo is different, and 3) the isolated in vitro 
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cell culture preparations may in time develop different physiological function 

compared to similar cells in vivo. However, investigating Hg(ll) toxicity and the 

effect of speclation using these systems has several advantages; 1) a less 

complex biological system, 2) a homogenous population of cells, 3) a cellular 

environment (incubation media) which can be controlled and manipulated by the 

investigator thus, allowing the investigator to predict and control the composition 

of Hg(ll) species, 4) the concentration of Hg(ll) species at the cellular site is 

more uniformly distributed and can be better estimated than compared to in vivo 

techniques, 5) the Hg(ll) concentration can be kept in contact with the cells for 

longer periods of time if cellular accumulation is important and, 6) the cell 

preparations can be conveniently manipulated by the investigator. 

Since the target organ of Hg(ll) toxicity is the kidney, we chose an 

immortal kidney cell line, the LLC-PKi cell line, in which to conduct our 

experiments. This cell line is of renal tubular epithelial origin and was derived 

from the Hampshire pig (Hull etal., 1976; Gstraunthaler eta!., 1985; Kreisberg 

and Wilson, 19S8;Toutain and Morin, 1992). LLC-PKi cells have been widely 

used as a model for the proximal tubular epithelium. They express the following 

proximal tubular epithelium characteristics: regulatory functions in vitamin D 

metabolism, a Na^-dependent, phlorizin-sensitive glucose transport system, a 

Na^-dependent, amino acid, hexoses and phosphate transport systems, an 

amiloride-sensitive NaVH* exchanger, a NaVK*/2Cr co-transport system 

inhibited by bumetanide, a H*/organic cation exchanger inhibited by quinine, 
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high activities of apical brush border membrane enzymes y-

glutamyltranspeptidase, alkaline phosphatase and leucine aminopeptidase 

(paralleling the in vivo enzyme distribution), some of the morphological and 

biochemical properties of renal cells (i.e. at confluence they have a high degree 

of polarization and organization, have a polar enzyme distribution, form 

occluding junctions between neighboring cells, apical surface microvilli, 

etceteras), distribution and relative activity of Na-K-ATPase, lysosomal enzymes 

N-acetyl-glucosaminidase and acid phosphatase are similar to in vivo 

distribution and activities, and they possess a apical membrane organic cation 

transport system (Hull etal., 1976; Gstraunthaler etai, 1985; Kreisberg and 

Wilson, 1988; McKinney ef a/., 1990; Boogaard eta!., 1990; Toutain and Morin, 

1992). However, these cells also express characteristics anomalous of proximal 

tubules and which are more characteristic of distal tubule cells. This includes; 

elevation of cAMP adenylate cyclase, cAMP-dependent protein kinase by AVP 

and calcitonin, absence of gluconeogenesis due to lack of fructose 1,6-

diphosphatase and a hormonal response which more closely resembles the 

distal tubules rather than the renal proximal tubules (Kreisberg and Wilson, 

1988; Gstraunthaler e? a/., 1985; Toutain and Morin, 1992). 

inorgainc mercury was administered to LLC-PKi cells under two different 

experimental protocols; A) Hg(ll) + (x)reduced thiol was administered to LLC-PKi 

cells growing in defined media containing thiols (i.e. DMEM/F12, Dulbecco's 

Modified Eagle Media/F-12 Nutrient Mixture (Ham), which contains both L-
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Cystine 2HCI and L-Cysteine HCI HzO) and B) Hg(ll) + (x)reduced thiol was 

administered to LLC-PKi cells growing in defined media containing no thiols 

(DMEM, Dulbecco's Modified Eagle Media). The results from both sets of 

experiments demonstrate that Hg(ll) speciation has a profoundly effect on Hg(ll) 

toxicity. In general the results from each experimental protocol were similar, i.e. 

Hg(ll) administered as HgCb was more toxic than Hg(ll) administered as Hg(ll); 

2 GSH, CysGly or L-Cys. However, there were important differences in Hg(ll) 

toxicity produced by the various Hg(ll) species both within each experimental 

protocol and when comparing the two experimental protocols. 

In the first set of experiments, LLC-PKi cells growing in defined thiol 

containing media, Hg(ll) administered as either the synthetic complexes 

Hg(SG)2, Hg(Cys)2 or as Hg(ll); 2 GSH or L-Cys were not cytotoxic throughout 

the entire dosing range tested [0-120 iiM Hg(ll)]. However, Hg(ll) administered 

as Hg(ll); 2 CysGly was cytotoxic. No difference in toxicity was observed 

following the administration of Hg(ll) as Hg(ll): 2 L-Cys or D-Cys. These results 

are in agreement with previous in vitro experiments administering Hg(ll) with an 

excess of GSH or Cys to preparations in thiol containing media. Burton (Burton 

etal., 1995) administered various Hg(ll): GSH ratios to rabbit renal cortical 

slices and reported that 3 :1 GSH : Hg(ll) provided complete protection from 

Hg(ll) cytotoxicity (Burton etal., 1995). In addition, they also reported that Hg(ll) 

administered as a synthetic Hg(SG)2 complex (synthesized by Divine) 

significantly reduced Hg(ll) toxicity (Burton etal., 1995). However, Zaiups 
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(Zaiups, 1996b) in an in vivo experiment has reported that i.v. administration of 

Hg(li) to rats as Hg(ll); 2 L-Cys increased both the transport and nephrotoxicity 

ofHg(ll). 

In the second set of experiments, LLC-PKi cells growing in defined media 

without thiol, Hg(ll) administered as Hg(ll): 2 GSH, CysGly or L-Cys were all 

less cytotoxic than Hg(ll) administered as HgCb however, all were also 

cytotoxicity. Inorganic mercury administered as Hg(ll): 2 GSH was significantly 

less cytotoxic than Hg(ll) administered as Hg(ll); 2 CysGly or L-Cys. These 

results are in agreement with previous in vitro experiments where Hg(ll) 

administered with an excess of GSH or Cys to a variety of preparations, without 

exogenous thiols, was reported to reduce Hg(ll) cytotoxicity. In thiol free media, 

Hg(ll) administered as synthetic Hg(SG)2 or Hg(Cys)2 to suspensions of isolated 

rabbit renal proximal tubules was reported to be less toxic than Hg(ll) 

administered as HgCl2 (Wei et a/., 1996). Zaiups (Zaiups et al., 1991), using 

perfused isolated rabbit proximal tubules, reported that co-administration of GSH 

and Hg(ll) (>4:1) prevented tubular injury and that co-administration of Cys 

with Hg(ll) (> 4 ; 1) significantly decreased tubular injury (Zaiups et a/., 1991). 

Co-administration of GSH or Cys (40 (iM) with Hg(ll) (10 nM) to suspensions of 

isolated rabbit proximal tubule segments also provided complete protection from 

the toxic effects of Hg(ll) (Zaiups et al., 1993). Lastly, Lash incubated 

suspensions of primary rat kidney proximal tubular cells with GSH for 15 minutes 
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prior to a 1 hr incubation with 250 ^ HgClz and reported that complete 

protection from Hg(ll) cytotoxicity was achieved at 2GSH ; 1 Hg(ll) (Lash and 

Zaiups, 1992). It is apparent from both our experiments and experiments 

previously reported in the literature that the co-administration of Hg(ll) and > 2 

GSH or L-Cys protects against Hg(ll) cytotoxicity. It is also apparent from our 

experiments that co-administration of Hg(ll) with endogenous thiol containing 

ligands in greater than a 1 : 2 ratio does not always provide complete protection 

from Hg(ll) toxicity. Specifically, Hg(ll) administered as Hg(ll) and CysGly (1:2) 

to LLC-PKi cells growing in defined media containing exogenous thiols and 

Hg(ll) administered as Hg(ll); GSH CysGly or L-Cys (1:2) to LLC-PKi cells 

growing in defined media without exogenous thiols all produced varying degrees 

of cytotoxicity. The differences in toxicity observed between Hg(ll) administered 

as Hg(ll): 2GSH, 2CysGly or 2L-Cys, to LLC-PKi cells growing in thiol 

containing media or thiol free media may be related to differences in transport. 

Cells growing in GSH free media or under oxidative stress have been reported to 

induce a membrane transport process specific for cystine and glutamate 

(Deneke and Fanburg, 1989). Although we did not test for this possibility, 

increased transport of Hg(ll) as a Hg(Cys)2 complex may explain the observed 

differences in toxicity. Prescience for this type of transport mechanism, 

molecular mimicry, does exist as evidenced by the transport of another mercury 

species, methyl mercury, into the brain as a cysteine complex via the large 

neutral amino acid carrier (Clarkson, 1993). 
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Conflicting results have been reported concerning co-administration of 

Hg(ll) and albumin. Zaiups, (Zaiups etal., 1991) reported that co-administration 

of rabbit albumin and Hg(ll) (4:1 molar ratio) to isolated perfused rabbit 

proximal tubules provided no protection from the cytotoxic effects of Hg. In fact, 

albumin seemed to carry or spread the toxic effects of Hg(ll) along the entire 

length of the perfused segments of the proximal tubules (Zaiups etal., 1991). 

However, Zaiups (Zaiups et al., 1993) has also reported that administration of 

albumin (bovine serum albumin); Hg(li) (4 ; 1) to isolated proximal tubules 

provided complete protection from Hg(ll) cytotoxicity. Lastly, Lash (Lash and 

Zaiups, 1992) has reported that in the presence of bovine serum albumin, 

isolated suspensions of primary rat proximal tubule cells displayed a reduced 

toxicity to Hg(ll). In our first experiments, the co-admlnlstration of Hg(ll): 

albumin (1:1) did not protect from the cytotoxic effects of Hg(ll). The toxicity 

produced following the co-administration of Hg; albumin (1:1) was 

indistinguishable from that produced by Hg(ll) alone. However, Hg(ll) 

administered as Hg(ll): 2 albumin produced significant protection from Hg(ll) 

cytotoxicity. In the second set of experiments, Hg(ll) administered as Hg(ll); 2 

albumin provided significant protection from Hg(ll) cytotoxicity and the protection 

provided by Hg(ll) administered as Hg(ll): 1 albumin was significant although « 

14 that provided by the addition of 2 albumin. 

Co-adminlstering Hg(ll) and a equlmolar concentration of GSH, L-Cys or 

CysGly to LLC-PKi cells growing in thiol containing media, shifted the HgCb 
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dose response curve to the right approximately 20 ^iM. The same experiments 

conducted in thiol free defined media resulted in no significant protection from 

Hg(ll) induced cytotoxicity. Other published studies agree qualitatively with 

these results. Lash (Lash and Zaiups, 1992) reported that GSH provided 

concentration-dependent protection from Hg(ll) cytotoxicity when suspensions of 

primary rat kidney proximal tubular cells were pre-incubated with GSH prior to 

HgCIa administration. Pre-incubation with a GSH concentration equimolar to the 

concentration of Hg(ll) provided some protection from Hg{ll) cytotoxicity but not 

complete protection from Hg(ll) cytotoxicity (Lash and Zaiups, 1992). Co

administration of Hg(ll); GSH (1 ; 1) to rabbit renal cortical slices has also been 

reported to provided intermediate protection as compared to Hg(ll) alone or 

Hg(ll): GSH (1 : 3) (Burton etal., 1995). 

Conceptually LLC-PKi cells incubated with Hg(ll) in defined medium can 

diagramatically be represented as; 

Media 1 Cell 
HgRz ^ HgRz + R' 

Hg-membrane 
HgRz + R" 

HgRR' + R 

3 

HgRR" + R 
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When Hg(ll) exists as a HgRz complex where R represents a reduced 

thiol, a reduction in cellular toxicity and/or cellular accumulation is observed. If 

R represents CI ion ions, the Hg(ll) species is toxic. The difference in protection 

observed when R is GSH or CysGly and L-Cys may be related to differences in 

transport and/or interactions with the cellular membrane. Other investigators 

have reported that administering Hg(ll) as Hg 2GSH or Cys produced 

reductions in Hg(ll) accumulation by the cellular membrane and a reduction in 

cellular accumulation i.e. transport, as compared to Hg(ll) administered as HgCIa 

(Burton etal., 1995; Zaiups etal., 1993; Zaiups, etal., 1991; Lash, 1997). 

Cellular toxicity may result from the intracellular exchange of HgR2 for R' and/or 

R" where R' and R" are a critical intracellular thiol group (i.e. a thiol at the active 

site of an enzyme, mitochondrial GSH, a structural thiol, etceteras). Our results 

suggest that in thiol containing media the protective effect of the Hg(Cys)2 

complex is not the result of a specific L-cysteine uptake mechanism, due to the 

lack of toxicity differences between the Hg : 2L-Cys and the 2D-Cys. 

Speciatlon predictions of Hg(ll) in plasma with < a 1 ; 1 Hg(ll) to reduced 

thiol ratio, suggest that Hg(thiol)2, R-Hg-SH and various HgCI* complexes will 

exist (R represents H or CI and x can range from 2, 3 or 4). The mono-thiol-Hg-

R complexes may interact with cellular membranes and result in increased 

toxicity and/or transport. In addition, the mono-thiol-Hg-R complexes may also 

interact with specific transport mechanisms for S-GSH, CysGly and Cys-

conjugates that are unavailable for the Hg(thiol)2 complexes and again result in 



133 

increased transport and/or toxicity. Lastly, Hg-chloro complexes have been 

implicated in the toxicity and transport of Hg(ll) (Enod et a!., 1995; Endo et a!., 

1995b). The slight protective effect seen in the first set of experiments following 

the administration of Hg(l) as a 1 ; 1 Hg(ll}: thiol is hypothesized to be the result 

of the formation of Hg(thiol)2 complexes. 

Zaiups (Zaiups, 1993b) attributed the differences in toxicity following the 

addition of Hg(ll) and albumin observed between their experiment and the earlier 

experiment of Lash (Lash and Zaiups, 1992) to differences In the in vitro 

preparation. The discrepancies observed between our experiments where Hg(ll) 

was administered to LLC-PKi cells growing in thiol containing media as Hg(ll): 

albumin and those conducted by Zaiups (Zaiups, 1993b; Zaiups etal., 1991) and 

Lash (Lash and Zaiups, 1992) may be related to differences in the in vitro model, 

the quantity of albumin added in experiment and/or the thiol content of the 

media. In general Hg(ll) toxicity produced following administration as Hg(il); 1 

or 2 albumin seem to be similar to that observed following Hg(ll) administered as 

Hg(ll): 1 or 2 thiol, i.e. Hg(ll); 2 albumin or thiol complexes were less toxic than 

Hg(ll): 1 albumin or thiol complexes. When Hg(ll) was applied to LLC-PKi cells 

growing in thiol free media as Hg ; 1 albumin or 2 albumin, the protective effect 

appeared to be additive. Where the addition of Hg(ll): albumin produced » Yi 

the protective effect observed following the addition of Hg : 2 albumin. However 

in thiol containing media Hg(ll) administered as albumin 1:1 produced cellular 

toxicity that was indistinguishable from that of HgCI? while Hg(ll): 2 albumin 
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produced significant protection from Hg(ll) toxicity. Therefore, to see reductions 

in Hg(ll) toxicity, it appears that albumin may need to be added in a 2 :1 molar 

ratio where the molar ratio is representative of reduced thiols present on the 

albumin. Lastly, in the presence of reduced thiols, a single equivalent of 

albumin may not form a Hg-albumin complex whose strength of interaction is 

strong enough to retain Hg(ll) and thus the Hg(ll) will be in labile equilibrium with 

other LMW ligands which may be toxic, may allow for increased exchange of the 

Hg(ll) with the cellular membrane and/or have increased rates of transport. 

In summary, we have successfully modeled Hg-thiol speciation under 

simplified biological conditions at physiological pH and demonstrated that 

Hg(thiol)2 complexes will be the dominant low molecular weight Hg(ll) species. 

Through the use of defined media, where we could predict and control Hg(ll) 

speciation, and the administration of pure, known Hg(ll)-thiol complexes 

administered to LLC-PKi cells we have demonstrated that Hg(ll) speciation has 

a profound effect upon Hg(ll) toxicity. These methods should provide to be in 

valuable in correlating Hg(ll) speciation and toxicity in LLC-PKi Cells with Hg(ll) 

toxicity in vivo. 
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CHAPTER 5 

SUMMARY 

The findings presented in this dissertation support the hypothesis that in 

systemic circulation Hg(ll) will exist primarily as a Hg(ll) complex with 

endogenous ligands and not as a free ion. The extent of Hg(ll) toxicity in an in 

vitro system is dependent on the actual Hg(ll) species which are found in blood 

and in order to model in vivo Hg{ll) toxicity, in vitro experiments must use the 

actual Hg-ligand species found in blood. 

In summary: To investigate Hg(ll) speciation and its effect on Hg(ll) 

toxicity it was necessary to develop a systematic methodology which utilized 

both a theoretical and experimental approach. In vitro preparations are 

commonly used to investigate metal toxicity and transport, especially renal 

transport and toxicity of metals. To correlate in vitro Hg(ll) toxicity with in vivo 

Hg(ll) toxicity it is necessary to use the Hg(ll) species found in vivo, i.e. in the 

plasma. As shown in chapter 2; both the ECCLES and BEST/SPE programs 

predicted that in a simplified model of human plasma and at physiological pH, 

Hg(ll) would primarily exist as a Hg(thiol)2 complex, specifically a Hg(SG)2 

complex when under conditions of excess thiol [i.e. > 2 -SH : Hg(ll)]. Under 

these conditions, the concentration of free or equated Hg(ll) ions or Hg-chloro 

complexes were all predicted to be negligible i.e. < 1 % of the total Hg(ll) 

concentration. The metal concentrations, ligand concentrations and metal-
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ligand Kr's used to construct the model were all obtained from literature sources 

(when available). The model was simplified by screening and subsequently 

omitting metals and ligands whose concentrations and Kr's were too small for 

them to significantly participate (i.e. account for > 1% of the total LMW Hg(ll) 

species) in Hg(ll) speciation. The excellent agreement of the Hg(ll) speciation 

as predicted by the two programs indicate that there is a low probability of a 

systematic error or an inherent assumption resulting in the errant prediction that 

Hg(thiol)2 complexes will be the dominant LMW Hg(ll) species present under the 

conditions previously specified. This is possible because the two programs were 

independently developed and although they use the same theoretical basis for 

the construction of the models, they each use different mathematical approaches 

and algorithms in their calculations. 

Computer models are only as good as the assumptions and data used to 

construct the model. Thus, once computer models had been used to predict the 

LMW Hg(ll) species present in plasma, an experimental approach had to be 

used to test the validity of the models. Two experimental techniques were used 

to test the computer models; A) as described in Chapter 3, IMAC was used to 

develop a intemally self consistent set of Hg(ll)-endogenous thiol Kr's and B) as 

described in Chapter 4, the predicted Hg(thiol)2 complexes were synthesized, 

purified, identified and subsequently administered to a in vitro renal cell culture 

preparation (i.e. LLC-PKi cells) to test the effect of Hg(ll) speciation on Hg(ll) 

nephrotoxicity. 
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Determination of an internally self-consistent set of Hg(ll)-endogenous 

thiol relative competitive or conditional Kf's via IMAC has numerous benefits as 

identified in Chapter 3. The Hg(ll)-endogenous thiol relative competitive or 

conditional Kf's as derived by IMAC demonstrated that the absolute values of the 

Kf for Hg(thiol)2 complexes are in excess of 10^"*, the published Kffor Hg-DTPA 

(Martell etai. 1993). In addition, the relative competitive or conditional Kf's for 

the Hg(Cys)2, Hg(CysGly)2, and Hg(SG)2 complexes are all equivalent. The 

important constituent in the endogenous thiols in terms of the relative 

competitive or conditional Kf is the cysteine sulfhydryl group. The absolute value 

for the relative competitive or conditional Kf's of Hg(ll) with GSH, CysGly and L-

Cys as determined by IMAC are more in line with the recently published Kf for 

Hg(SG)2 (10^®®) (Oram ef a/., 1996) than the previously accepted Kffor Hg(SG)2 

(lO^i-M) (stricks and Kolthoff, 1953). Our work also demonstrated that the 

relative competitive or conditional Kf's for a 1:1 Hg(ll): dithiol chelator (DMSA or 

•MPS) have similar or only slightly greater values than do the Hg(thiol)2 

complexes. This is also supported by recently published experimentally derived 

Kf's for Hg(ll) chelates of meso- and rac-DMSA, 10^^® (meso-DMSA-Hg) and 

10^® ® (rac-DMSA-Hg) (Fang etal., 1996). The previously published Kf's for 

Hg(ll) with OMRS is 53.1 and for meso-DMSA is 45.9 (Jones and Basinger, 

1980). However, these i '̂s were not experimentally determined, but were 

estimates based on the Kf's of Hg complexes of other mercaptan compounds. 

Pre-forming the Hg(ll)-rac-DMSA complex did produce a significantly higher 
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relative competitive or conditional Kr as compared to the Kf's of the Hg(thiol)2 

complexes. This may be related to entropic, steric and/or speciation 

considerations. Lastly, in Chapter 3. we demonstrated that DMPS removes 

Hg(ll) retained by the GSH of a thiol sepharose column via chelation rather than 

by nucleophilic attack. 

In Chapter 4, we utilized a in vitro renal cell culture preparation to 

investigate the effect Hg(ll) speciation had upon the renal Hg(ll) toxicity. The in 

vitro preparation we choose were LLC-PKi cells, a immortal cell line derived from 

porcine proximal tubule epithelium. In Chapter 4, we explained our reasons for 

using this cell line for our Investigation. Inorganic mercury was administered to 

LLC-PKi cells growing in defined medium either with or without exogenous 

thiols. The use of defined medium allowed us to predict and control the 

composition of the Hg(ll) species present in the cell culture medium. The Hg(ll) 

was administered to the cells as the following species; Hg(SG)2, Hg(Cys)2, (both 

previously synthesized, purified and identified) HgClj and Hg(ll) + 2GSH, 2L-

Cys, 2D-Cys, 2 CysGly, 1GSH, 1L-Cys, 1D-Cys, 1, CysGly. The cells were 

exposed to Hg(ll) concentrations ranging from 0 -120 jiM Hg(ll) for 20 hrs. An 

experimentally derived ranking of toxicity (going from the most toxic species to 

the least toxic species and as determined by the XTT assay) based on Hg(ll) 

speciation was very similar for Hg(ll) administered to LLC-PKi cells in defined 

media with exogenous thiols [HgCb = Hg(ll) + 1 albumin > Hg(ll) + 1 GSH, L-

Cys, D-Cys, and CysGly > Hg(ll) + 2 CysGly = 2 albumin > Hg(ll) + 2 GSH, L-



139 

Cys, D-Cys, Hg(SG)2 and Hg(Cys)2] and without exogenous thiols [HgCl2 s 

Hg(ll) + 1 GSH, L-Cys, and CysGly > Hg(ll) + 1 albumin > Hg(ll) + 2 albumin > 

Hg(ll) + 2 CysGly and L-Cys > Hg(ll) + 2GSH]. It is apparent from both 

experimental protocols that administering Hg(ll) as Hg(ll); 2 thiols resulted in an 

reduction of Hg(ll) toxicity. This is in agreement with previous investigators who 

have also reported that Hg(ll) administered with an excess of GSH or L-Cys 

reduced toxicity (Zaiups etal., 1991, 1993; 1993, Burton etal., 1995, Wei etal., 

1996). In thiol containing media, addition of a single equivalent of the 

endogenous thiol containing ligands shifted the dose response curve rightward ~ 

20 nM as compared to HgCl2. However, the same response was not observed in 

thiol free media. Computer modeling of Hg(ll) speciation under conditions of 1:1 

Hg(ll) to thiol concentrations (see Chapter 2), predicts that Hg(thiol)2, Hg(thiol) 

and Hg-Chloro complexes will all exist in solution. We hypothesize that the 

slight protective effect seen when Hg(ll) was administered to LLC-PKi cells in 

thiol containing media as Hg(ll); 1 thiol, was the result of the formation of 

Hg(thiol)2 complexes. The nephrotoxicity observed may be the result of the Hg-

chloro complexes (HgCl2, HgCU', or HgCU^*) or the Hg-mono-thiol complexes. It 

Is possible that the increased concentration of thiols resulting from the 

exogenous thiols in the media shifted the Hg(il) equilibrium resulting in less toxic 

Hg(ll) species being present than when compared to thiol free media. This could 

explain the difference in toxicity observed following Hg(ll) administered as Hg(ll) 
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; 1 thiol to LLC-PKi cells growing in defined media with and without exogenous 

thiols. Inorganic mercury administered to cells in thiol free media as either a 

Mg(ll) :1 albumin or 2 albumin produced a reduction in Hg(ll) cytotoxicity. 

Furthermore, it appeared that the protection observed was additive. However in 

thiol containing media Hg(il) administered as albumin 1:1 produced cellular 

toxicity that was indistinguishable from that of HgClz while Hg(ll); 2 albumin 

produced significant protection from Hg(il) toxicity, in general it appears that the 

affect albumin has upon Hg(ll) toxicity is analogous to that observed following 

addition of endogenous thiols. Addition of either in a 2 :1 molar ratio offers 

more protection than addition of a 1 :1 molar ratio. Previous investigators have 

also reported conflicting results following co-administration of Hg(ll) and albumin 

(Zaiups et. al., 1991,1993; Lash and Zaiups, 1992). These differences were 

attributed to differences in the in vitro preparations used by the different 

investigators. All Hg(ll) compounds were more toxic to LLC-PKi in defined 

media without exogenous thiols than to LLC-PKi cells in defined media with 

exogenous thiols. We suggest these toxicity differences reflect differences in 

the LLC-PKi cells growing in the defined media with or without exogenous thiols 

(Increased cystine transport, reduced cellular thiol content, etceteras). 

We have developed a unified systematic methodology to Investigate the 

effect of Hg(ll) speciation on Hg(ll) toxicity. This method combines the strengths 

of computer modeling and in vitro cell culture techniques. Using this 

methodology it is possible to identify the toxic endogenous Hg(ll) species and 
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correlate in vivo Hg(ll) toxicity to in vitro Hg(ll) toxicity. This technique should 

prove to be a very powerful methodology for investigating both the renal toxicity 

and transport of Hg(ll). In addition, this methodology can be adapted to work 

with other metals, ligands and tissue preparations or combinations there of. 
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FUTURE EXPERIMENTS 

There are numerous experiments I would like to have 

accomplished during my doctoral thesis. Here is a short list of a few of them; 

Dr. Burke has informed me that GSH immobilized to silica is now 

available. It would be useful to conduct a series of experiments analogous to 

the IMAC experiments except utilizing the silica based columns. These columns 

should provide a more precise set of relative competitive or conditional Kf's since 

the silica based columns will not be subject to changes in column volume with 

changes in solvent composition. In addition, these columns would allow more 

precise control of flow rates and the use of higher flow rates. 

To Increase the complexity of computer simulations, relative conditional or 

competitive Kf's for other ligands need to be determined using the IMAC (or the 

new silica based columns) methodology. 

To refine the computer modeling, relative conditional or competitive Kf's 

need to be determined in under more biological based conditions (i.e. buffer 

conditions). This includes the relative conditional or competitive Kf's determined 

in this dissertation. 

One of the more interesting questions raised by this thesis is the question 

of the Hg(ll)-albumin interaction. Previous studies have reported that« 50% of 

the Hg(ll) in whole blood is complexed with albumin. However, given the Kf's of 
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the Hg(thiol)2 complexes it does not seem reasonable that the single free 

sulfhydryl group on albumin can successfully complete with the endogenous 

thiols in blood plasma for the Hg(ll). It can be hypothesized that albumin may 

bind the Hg(ll) as a Hg(SG)2 complex through electrostatic interactions. This 

question may be addressed through experiments analogous to the IMAC 

experiments using a soft gel with immobilized albumin (available from Sigma). 

Mixed ligand KF's are also needed to improve computer modeling. IMAC 

experiments or analogous experiments using the silica based gel can be used to 

calculate relative conditional or competitive l̂ 's for mixed thiol ligands. 

Utilize data obtained in the proposed experiments to improve the 

computer modeling. In addition it may be necessary to increase the complexity 

of the computer modeling to better simulate metal speciation in plasma. 

The LLC-PKi cells need to be further characterized i.e. assay y-GT levels, 

intracellular thiol levels, cystine transport, etceteras. 

Investigate the effect inhibition of Y-GT has upon Hg(ll) toxicity and/or 

transport of the various Hg(ll) species. y-GT can degrade y-glutamyl 

compounds either by hydrolysis, hydrolyze the y-glutamyl bond, or via 

transpeptidation, transfer of a y-glutamyl moiety to an acceptor molecule. 

Literature sources suggest that in vivo « 50% of renal y-GT activity is hydrolysis 

and the other 50% is transpeptidation. Oxidized glutathione is a relatively poor 

substrate for y-GT. However, it appears to be a better substrate for hydrolysis 
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rather than transpeptidation. Oxidized CysGly and cystine are both very good 

substrates for transpeptidation. It seems logical to investigate the possible role 

renal y-glutamyl amino acid transport may play in renal Hg(ll) toxicity and 

transport via transportation of y-glutamyKHg-thiob) complexes. 

Utilize cell culture inserts, and investigate possible apical or basolateral 

differences in the transport and toxicity of the various Hg(ll) species. 

Utilize other toxicity endpoints (for example K* content) in investigating 

the effect of Hg(ll) speciation on Hg(ll) toxicity. 

Investigate the effect of organic acid transport via the large neutral amino 

acid transporter on the transport and toxicity of the various Hg(ll) species. In 

addition, investigate the effect of temperature on the toxicity and transport of the 

various Hg(ll) species. 

Investigate the effect of metabolic inhibitors, free radical scavengers and 

depletion of intracellular GSH on the toxicity and transport of the various Hg(ll) 

species. Specifically, investigate the effect depleting the different intracellular 

GSH pools (cytosolic and mitochondrial) has upon transport and toxicity of the 

various Hg(ll) species. 
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