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ABSTRACT 


The effect on Ni 2+ uptake by human serum albumin 

(HSA), sodium diethyldithiocarbamate (DOC), D-penicillamine 

(O-Pen) , ethylenediaminetetra-acetic acid [di sodi urn salt] 

(EDTA) , L-aspartic acid (L-Asp) , L-Lysine (L-Lys) , and 

L-histidine (L-His) was examined in three cell lines: (1) 

human red blood cells (RBCs), (2) cultured human 

B-lymphoblasts and (3) rabbit alveolar macrophages. It was 

found that EDTA, L-His, HSA, and O-Pen were good inhibitors 

of 63 Ni 2+ uptake by cells and each was able to remove 

63 Ni 2+ previously associ a ted with the cells. In contrast 

L-Lys and L-Asp, which do not bind Ni 2+ well, were both 

poor inhibitors of Ni uptake and poor sequestering agents 

for cell-associated Ni 2 +. Thus it seems that at 

physiological concentrations , L-His and HSA play a major 

role in regulating the association of Ni 2+ with cells. DOC 

enhanced cellular uptake of 63Ni2+ , but was not very 

effective in removing 63Ni 2+ from cells. An increase in pH 

enhanced 63Ni2+ uptake in the lymphoblasts, macrophages and 

human peripheral lymphocytes. This dependence was 

interpreted to indicate the existence of either: (1) an 

increase in membrane permeability with an increase in pH; 

(2) the development of a proton gradient across the cell 

membrane favouring the anti port transport of H+ and Ni 2+; 
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or (3) Ni 2+;proton competition for cellular binding groups. 

The cellular uptake of Ni 2+ is interpreted in terms of an 

"equilbrium" model of metal-ion transport. It is concluded 

that since HSA and L-His can control cellular uptake and 

removal of Ni 2 +, they may play a role in regulating the 

cellular toxicity of this ion. 

It was found that L-His and O-Pen acted similarly 

such that at various concentrations both inhibited cellular 

uptake of 63 Ni 2+ but did not change the normal distribution 

of Ni 2+ within the cell. Conversely, DOC enhanced Ni 2 + 

uptake by cells while simultaneously shifting the 

distribution of Ni 2 + from the cell lysate to the cellular 

membranous pellet. Furthermore, DOC caused Ni 2+ to become 

more lipophilic as shown by the increase of 63 Ni 2+ in a 

chloroform extract. DOC also caused a change in Ni 2+ 

distribution in whole blood by enhancing Ni 2 + association 

with RBCs and lymphocytes and decreasing serum-associated 

N·2+
l • The different responses produced by O-Pen, L-His and 

DOC are ascribed to the hydrophilicity of the 

[Ni(D-Pen) 2 J
2- and Ni(His) 2 complexes and the lipophilicity 

of the Ni(DDC) 2 complex, and allow a rationalization of the 

contrasting therapeutic effects of O-Pen and DDC. 
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1. INTRODUCTION 

1.1 Introductory Remarks 

In this thesis, experimental evidence is presented 

which demonstrates the effects of natural and synthetic 

nickel sequestering agents upon the distribution, uptake 

and removal of cell-associated Ni 2+. In order for the 

reader to appreciate the need for such a study, this 

introductory chapter provides the basic background 

information on nickel toxicology. It is shown how common 

exposure to nickel is, and what consequential effects can 

arise from such contact. It is futher illustrated that 

crucial to the understanding of nickel toxicity, especially 

of carcinogenesis, is a knowledge of how Ni2+ is 

accumulated by cells and what factors regulate such 

association and the intra-cellular distribution of Ni2+. 

1.2 Health Effects of Exposure to Nickel and its Compounds 

1.2.1 General Population. Since nickel is used in so many 

metal-containing products, the general population is 

constantly exposed to nickel in every-day life. Nickel is 

found in costume jewelry, as well as in coins and stainless 

steel products. Thus the most common type of exposure to 

nickel that the general population experiences is by skin 

contact. Those individuals who are sensitive to nickel 

usually have a dermatological response. Nickel dermatitis 

is characterized by inflammation of the skin upon continued 

contact with nickel-containing items (Sunderman et al., 
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1975). A simple test for diagnosing individuals for nickel 

sensitivity is by use of a patch test. It involves placing 

a few drops of a water soluble nickel compound (e.g. Niso4 ) 

on a patch, and taping it to an individual's skin. 

Inflammation under the patch usually develops in 48 h. 

Unfortunately, this test is not very sensitive for persons 

who produce only mild reactions to nickel, or who display a 

very delayed test result. A complementary and perhaps more 

sensitive test in diagnosing nickel sensitivity in people 

is to look for lymphocyte transformation induced by nickel 

sulfate in vitro (Al-Tawi 1 et al., 1981) • This test is 

based on the fact that lymphocytes isolated from 

individuals sensitive to nickel will undergo a 

lymphocyte/lymphoblast transformation after 7 to 8 days 

incubation in the presence of a Ni(II) salt. The 

transformation is monitored by the increased uptake of 

3 h . d.H- t ym 1 1 ne when the cells proliferate during 

blastogenesis. 

1.2.2 Nickel-Related Occupations 

1.2.2.1 Nickel Carbonyl Nickel carbonyl is a very 

lipophilic gas. Consequently, when this gas is inhaled, it 

passes through the lungs' membranes easily and causes 

nickel to be deposited in the lung and other tissues. 

Clinical symptoms of nickel carbonyl poisoning appear 

similar to those produced by severe viral or influenza! 

pneumonia (Vuopala et al., 1970; Sunderman Jr., 1977) • 
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Severe exposure to nickel carbonyl can lead to death, 

usually by respiratory failure. A number of fatal 

accidents are known. 

Nickel carbonyl (Ni (CO) 4 ) is produced as an 

intermediate in the purification of nickel in refineries 

(Head et al., 1976). Carbon monoxide is passed over crude 

nickel at high pressures to produce the Ni (CO) 4 complex. 

This gas is removed to a different chamber, and at ambient 

pressure upon heating this complex degrades readily to 

nickel powder and carbon monoxide gas. Accidental 

exposures to this toxic gaseous form of nickel constitutes 

a serious risk. Nickel carbonyl is also employed as an 

intermediate in the production of methyl and ethyl acrylate 

monomers {which are used in the making of plastics), as 

well as in nickel vapour-plating operations (Sunderman Sr., 

1970). 

1.2.2.2 Cancer Exposure to inhalation of relatively 

insoluble compounds was linked to an increase in cancer as 

·far back as the 1950's (Doll, 1958; Morgan, 1958) • This 

1 ink has been confirmed more recently by Roberts et al. 

(1982) and Pederson et al. (1978). Exposure by this means 

usually generates an increase in lung and nasal cancer, but 

an increase of cancer in kidney, prostate and stomach have 

also been suggested (ibid). The nickel containing-dust is 

produced through primary refinery processes (roasting, 

smelting and sintering), and is also generated in welding, 
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the casting of alloys, grinding and polishing. The nickel 

compounds that are most strongly incriminated as 

carcinogens are nickel sulfides and perhaps nickel 

sulfide/oxide mixtures. Sunderman and Hopfer (1983) have 

shown in animal studies that alpha-Ni 3s and beta-NiS can
2 

cause 100% induction of sarcomas at the injection sites, 

whereas Ni dust and amorphous NiS caused 55% and only 4% 

incidence of sarcoma development, respectively. Their work 

suggests that those compounds with well-defined crystal 

structures are the most potent carcinogens. This agrees 

well with work done by Kasprzak et al. (1983), who have 

shown that colloidal Ni(OH) 2 is non-carcinogenic in rats, 

whereas "dried 11 and more crystal! i ne forms appear to be 

carcinogenic. Surface charge on particulates (~ 2 ~m 

diameter) of these nickel compounds have also shown to be 

important in determining their relative ability to be 

phagocytized, induce cellular transformation and cause 

cellular toxicity in cultured mammal ian cells (Heck and 

Costa, 1982). Recent evidence indicates that most likely 

it is not necessarily the sign of the surface charge that 

is important for activity, but the magnitude (Nieboer et 

al., 1983a). It would appear for a nickel compound to be 

carcinogenic it must be crystalline, it must possess 

surface charge of low magnitude (which appears to 

facilitate phagocytosis and reduce cell damage), and must 

have favourable dissolution properties (slow and 
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regulated) • These characteristics appear to maximize 

intracellular bioavailability of Ni 2+ which, as shown below 

(Section 1.5), may enhance carcinogenic action of the 

nickel (II) ion. 

1.2.2.3. Nickel-Induced Asthma Cases have been reported 

of nickel-exposed workers who experience asthma attacks 

while at work. For such individuals, asthma could be 

induced by inhalation challenge with nickel salts (McConnel 

et al., 1973; Malo et al., 1982). In the patient studied 

by Malo et al. (1982), not only did the individual have 

asthma attacks on inhalation challenges with Niso4 , he also 

showed a positive response to the allergy skin tests with 

NiSo 4 • Upon further investigation, evidence was found that 

the asthmatic response was consistent with circulating IgE 

and IgG antibodies against the Ni-human serum albumin 

antigen suggesting antibodies with nickel specificity. 

1.3 Nickel Essentiality 

So far this report has stressed the hazardous side 

of nickel, but as shown in this section, nickel appears to 

be a required metal in a number of biological systems and 

is thus needed in certain biochemical functions. Rats fed 

on a Ni-deficient diet showed a decrease in malate and 

glucose-6-phosphate dehydrogenase activity, as well as 

reduction in growth and erythrocyte count, a decrease in 

hematocrit and hemoglobin level in blood, and alterations 

in the content of iron, copper and zinc in various body 



7 

organs (Kirchgessner and Schnegg, 1976). Nickel deficiency 

has also been established in other animals, namely in pigs, 

goats, chicks and sheep (see summary in Cecutti and 

Nieboer, 1981). Common deficiency symptoms were 

ultrastructural changes in liver, reduced oxidative ability 

and diminished activity of other key 1 i ver enzymes. In 

humans nickel has a well-defined narrow concentration range 

in serum and urine, implying a physiological or homeostatic 

control. Renal excretion is a major excretionary pathway. 

Ni has also been found in significant amounts in human 

fetal tissues (Cecutti and Nieboer, 1981). Jack-bean plant 

urease has has proven to be a metalloenzyme requiring 

Ni Z+ for the urea/NH 3 interconversion (Dixon ~ al., 

1980). Polocco (1977) has also demonstrated that soybean 

tissue cultures need Ni 2+ for utilizing urea as the only 

nitrogen source. Furthermore, nickel is a growth 

requirement for many algae when urea is the nitrogen source 

(Rees and Beckheet, 1982). 

Nickel is known to be essential to microbes. A 

decade ago, Bertrand (1974) observed that the presence of 

Ni 2+ stimulated N2-fixation in soil bacteria. Methanogenic 

bacteria can use methanol, acetate, or plus as theH2 co 2 

energy source (Thompson 1982), and it has been shown that 

nickel was needed for the following biological reaction to 

take place (Diekert et ~, 1981): 

(1.1) 
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This reaction is catalyzed by the co-enzyme methyl 

reductase (CoM) , the prosthetic group of which is factor 

The latter factor (which has been found in every 

methanogenic bacterium so far examined) has been shown to 

contain the tetrapyrrole moiety, as well as nickel in the 

Ni (III) oxidation state (Thompson, 1982). The involvement 

of the Ni (III)/Ni (II) redox couple in the formation of 

methane explains why growth of methanogenic bacteria is 

dependent on nickel (Thauer et al., 1980; Thauer, 1982). 

In conclusion, there is very convincing evidence 

that nickel is an essential requirement for various 

biochemical processes in animal, bacterial and plant 

systems. 

1.4 Nickel Distribution and Metabolism 

The typical Canadian consumes in his diet about 

350-580 ~g/day of nickel, of which 1-10% is absorbed from 

the gastrointestinal tract (Kirkpatrick and Coffin, 1977). 

As mentioned previously, another form of nickel absorption 

is by inhalation of nickel compounds, such as documented 

for nickel refinery and electroplating workers. The 

average person dwelling in an urban center is exposed to 

approximately 0.025 ~g Ni/m3 of air. The amount of nickel 

inhaled annually would be about 0.2 mg, assuming that 20 m

of air is breathed daily (Cecutti and Nieboer, 1981; 

Barrie, 19 81) • 

Nickel has been found in most human tissues. It 

3 
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has been concluded that the highest concentration of nickel 

occurs in tissues exposed to exogenous factors, like the 

lung, large and small intestines and skin {Sumino et al., 

1975). Substantial amounts of nickel have also been found 

in the kidney, muscle, and rib bone. It has been concluded 

that an average 70-kg subject would have a total nickel 

content of 7-10 mg. There is no evidence that nickel is 

stored in a particular organ. 

Nickel can be detected in whole blood {3-7 ~g/L), 

serum {1-5 ~g/L), urine (0.7-5.2 ~g/L), saliva (2.2+1.2 

pg/L), sweat (52_:t36 ).lg/L), and feces (14.2+2. 7 ~g/g or 

258+126 ~g/day) (Cecutti and Nieboer, 1981; Sunderman Jr., 

1983a). Most of the nickel that is ingested orally is 

excreted in the feces. Renal excretion is the principal 

route in rodents for the elimination of injected Ni 2+ 

(Sunderman Jr., 1977). The mean concentration of nickel in 

sweat from healthy men is approximately 20 times greater 

than the mean concentration of nickel in urine. Under 

conditions of profuse sweating, appreaciable amounts of 

nickel appear in sweat, which probably accounts for the 

diminished concentrations of serum nickel in workmen who 

were chronically exposed to extreme heat (Sunderman Jr., 

1977). Thus it appears that removal of absorbed Ni 2+ 

occurs principally by sweating and renal excretion. 

Nickel is transported in the body via serum by 

binding to carriers. The major Ni(II)-binding ligands have 
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been established to be L-histidine (L-His) and human serum 

albumin (HSA), and possibly a nickel metalloprotein which 

most likely is an alpha-macroglobulin (also called 

nickeloplasmin) (Sunderman, 1977; Nomoto, 1980). Although 

discrepancies exist about the relative affinity Ni 2+ has 

for each of these carriers, free L-Hi s appears to be the 

most important natural low-molecular-weight ligand. As 

amino acid residue 3, L-His also plays a major role in the 

b . d. . f N' 2+1n 1ng s1te o 1 to HSA (Lucassen and Sarkar, 19 7 9) • 

The amino acids L-aspartic acid (L-Asp) and perhaps 

L-cysteine (L-Cys) have also been shown to have some 

ability to bind Ni 2+ (Abbrachio et al., 1982a; Lucassen and 

Sarkar, 1979; see below for additional evidence). The 

metalloprotein nickeloplasmin is not well characterized, 

and considerable doubt exists about its importance in the 

distribution of Ni 2+ in serum. Indeed it is interesting to 

note that in older studies, it was determined that 

approximately 26% of serum-bound nickel was associated with 

a nickel metalloprotein fraction (Sunderman et al., 1972); 

whereas in a more recent experiment, Sarkar (1983) showed 

that only approximately 0.1% of Ni 2+ may be designated as 

such. It is generally believed that protein-bound Ni 2+ is 

in equilibrium with that complexed with free L-His. 

Lucassen and Sarkar (1979) showed that 96% of all the Ni2+ 

in Ni(II)-supplemented human serum was associated with 

albumin, and that L-His was the main Ni (II)-binding amino 
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acid. 

N·2+Thus by binding to these carriers, 1 may be 

transported, and of course, can only undergo renal 

excretion when complexed to 1 ow molecular 1 igands. Van 

Soestbergen and Sunderman (1972) have also provided 

evidence that Ni 2+ is bound to both L-His and L-Asp in the 

ultrafiltrable fractions of rat serum and urine. This 

agrees well with the work of Lucassen and Sarkar (1979) 

mentioned above. Paulsen et al., (1978) have also 

N .2+ H'identified the presence of a 1 - 1S complex in the 

Ni(II)-containing ultrafilterable fraction of rabbit serum. 

In fact it was the only free amino acid identified prior to 

hydrolysis of this fraction. Furthermore, Asato et al., 

(1975) have studied the ul trafil trates from rabbits that 

received intravenous injections of 63 NiC1 2 • It was found 

that the 63 N i (I I) -ul traf i 1 terable complexes were rapidly 

cleared from serum via urine and bile. Although the 

identity of all the ultrafilterable Ni(II)-ligands have not 

yet been totally established, preliminary studies indicated 

that 63Ni 2+ was again complexed with L-His, L-Cys and 

L-Asp, both singly or as mixed-ligand species. Additional 

background material on the roie of ligands in nickel 

transport and distribution is provided in Chapter 2. 

1.5 Biochemistry of Nickel 

The toxic effects displayed by phagocytized 

Ni-containing solid compounds are believed to be the result 
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of the release of Ni 2+ on dissolution. Ni 2+ has the 

ability to compete with endogenous divalent cations for 

2+binding sites, such as and Mg • can form 

2octahedral complexes like ca + and Mg 2 +, and it almost has 

2the same ion size as Mg 2+ ca + and Mg2 + are class A ions, 

and both have preference for binding sites containing 

oxygen as the donor atom. Ni 2+ exhibits both class A 

(oxygen-seeking) and B (nitrogen- and sulphur-seeking) 

character. Nevertheless, Ni 2+ tends to bind with oxygen 

sites even better than ca 2 + and Mg 2 +. Consequently it 

competes effectively with these class A ions for metal-ion 

binding centers (Nieboer and Richardson, 1980). Ni 2+ has a 

much slower rate of metal complex formation in solution 

than Mg 2 + and ca 2 +. Perhaps because of this, it may 

inhibit biological processes by slowing down the critical 

reactions. Complex formation is very rapid for ca2+ 

(forward rate constant, kf of lo 8-lo 9s- 1 ), somewhat slower 

for Mg2+ (kf ~ 10 5s- 1 ), and slowest for Ni 2+ (kf =104s- 1 ) 

(Nieboer, 1981). Substitution of Ni 2 + for ca 2+ and Mg 2 + 

can lead to inhibition, activation or inactivation of 

enzymes (Nielson, 1974 and 1980; Nieboer et al., 1983a). 

Ca 2+ has been implicated in many hormone release processes, 

and in some cases inhibits those processes which 

require ca 2+. Dormer et al., (1973) have studied three 

different ca 2+-requiring systems in detail: the release of 

the salivary enzyme amylase from the parotid gland, the 
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release of insulin from mouse pancreatic islets, and the 

release of growth hormone from bovine pituitary slices. In 

each case, the presence of Ni 2+ had inhibited the release 

of the hormone or enzyme in conditions which would 

otherwise cause stimulation. Substitution of Ni 2+ for ca 2+ 

from isolated rat uterine strips inhibited spontaneous 

contractile acitivity and decreased the basal tone (Rubanyi 

and Balogh, 1982). Even algae have shown to be affected by 

N
1 
·2+ 

' sueh t hat N1. 2+ caused a decrease in cell division, 

calcification, and cell protein content in the 

coccolithophorid algae, Cricosphaera carterae (Stillwell 

. 2+ . h 1 1 2 + . d 2 +and Ho11and , 1977) • Nl m1g t a so rep ace Mn an Zn 

in some cases (Van de Drift and Vogels, 1970; Cecutti and 

Nieboer, 1981). A summary of effects of essential ions 

replaced by Ni 2+ is given in Table 1.0. 

Should Ni 2+ enter the nucleus, it can potentially 

cause quite detrimental effects. Mg 2+ is the counter ion 

to the negatively charged phosphate groups and thus 

stabilizes genetic materials (Eichorn, 1975). · It is also 

needed to regulate the incorporation of the proper 

nucleotides in both DNA and RNA synthesis (Spiro, 1980). 

Not surprisingly, if Ni 2+ replaces Mg 2+ a decrease in the 

fidelity of DNA synthesis is observed (Sirover and Loeb, 

1976). Ni 2+ can also bind to DNA and RNA polymerases and 

appears to deactivate them (Sirover and Loeb, 1976; 

Sunderman, Jr., 1979). Therefore, Ni 2+ is a potential 
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Table 1.0 THE EFFECT OF THE REPLACEMENT OF ESSENTIAL METAL 
IONS BY Ni 2+ (reprinted from Nieboer et al., 1983a)a 

A. Ni 2+;ca 2+ PROTAGONISM/ANTAGONISM 

1. Activates (+)/Inhibits (-) Enzymes 

+, human salivary alpha-amylase 

-, staphylococcal nuclease 


2. Stimulates (+)/Inhibits (-) Excitable Tissues 

uncoupling of excitation (+) and contraction (-) in 
frog skeletal and cat heart muscles 

+ (low levels), - (high levels), uterine contraction in 
rat 

3. Stimulates (+)/Inhibits (-) Exocytosis 

+, epinephrine in frog adrenal 
+, prolongs trasmitter release in frog neuromuscular 
junction 

-, amylase (rat parotid) 

-, growth hormone (bovine pituitary) 


B. Ni 2+/Mg 2+ PROTAGONISM/ANTAGONISM 

Activates (+)/Inhibits (-) Enzymes 

+, phosphoglucomutase (rabbit muscle) 

+, ribulose diphosphate carboxylase 

-, yeast enolase 


, pyruvate kinase (rabbit muscle) 

-, AMV and E. coli DNA polymerases 


C. Ni 2+;zn2+ PROTAGONISM/ANTAGONISM 

Activates (+),/Inhibits (-) Enzymes 

+, carboxypeptidase A (bovine) 

+, aspartate transcarbamoylase (E. coli) 

-, alkaline phosphatases (E. coliT 

-, carbonic anhydrase B (humanr-­

aA decrease in enzyme activity of >70% relative to the 
native enzyme was considered inhibitory. 
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mutagen and carcinogen. 

1.6 Chelation Therapy of Ni(II)-Poisoning 

As mentioned previously, there seems to be a 

physiologic control of Ni 2+ in vivo because of the narrow 

concentration range found in blood. Evidence has been 

presented indicating that HSA and L-His may play a role in 

this regulation, due to their ability to bind Ni 2 + 

(Lucassen and Sarkar, 1979; Nomoto, 1980; Sunderman et al., 

1972). Upon exposure to high levels of nickel, such as in 

nickel carbonyl poisoning, chela ting agents are used as 

antidotes. Two such chelating agents currently being 

studied in Ni(II)-poisoning in man and animal are 

diethyldithiocarbamate (DDC) and D-Penicillamine (D-Pen). 

D-Pen is an experimental drug used in animals that have 

been exposed to high levels of the Ni 2+ ion, and has proven 

effective in decreasing serum levels of Ni 2+ in rats and 

enhancing its renal excretion (Horak et al., 1976) • 

Oskarsson and Tjalve (1983), employing autoradiography and 

liquid scintillation counting, have also shown that D-Pen 

is most efficient in decreasing 63 Ni 2+ levels associated 

with tissues in rats injected with 63 NiC1 2 • 

DDC is a therapeutic drug used in man for treatment 

of Ni(C0) 4 poisoning. Baselt et al., (1977) have shown the 

usefulness of DDC in decreasing the toxic effects and 

enhancing Ni 2+ excretion in rats exposed to Ni(C0) 4 . 

Interestingly, D-Pen had little therapeutic effect when 
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used immediately after Ni (C0) 4 exposure (ibid). 

Futhermore, DDC proved ineffective for treatment of 

Ni(II)-salt poisoning. In fact, DDC could actually-

increase Ni (II) -associated tissue levels in rats when DDC 

was administered just before or just after 63 NiC1 2 

injections (Oskarsson and Tjalve, 1980). Thus the 

chemo-therapeutic action of these two drugs are obviously 

expressed by different mechanisms. The nickel-DDC complex 

is lipophilic, whereas the nickel-D-Pen complex is 

hydrophi 1 ic, and these differences in chemical properties 

may determine the different effects which these chelating 

agents have on the fate of Ni 2+. Additional detail on the 

nickel therapeutic use of DDC is provided in Chapter 3. 

1.7 Thesis Objectives 

As indicated, studies have been reported on the 

whole body distribution of Ni 2+ and the effects that 

Ni (I I) -chelation agents such as D-Pen and DDC have upon 

Ni 2+ distribution and excretion. There have, however, been 

no studies completed on the effects of these complexing 

agents and of natural ligands (i.e. HSA or L-His) on the 

cellular uptake and intracellular d istr ibuti on on Ni 2+. 

Such a study would prove beneficial, since many of the 

toxicological effects of nickel occur at the cellular 

level. For example, the nature of the interaction of Ni 2 + 

in peripheral lymphocytes that induces blastogenesis is not 

known, nor is the role of uptake of Ni 2+ by cells and its 
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concomitant intracellular compartmental i za ti on defined in 

carcinogenesis. By studying the ability of natural and 

synthetic ligands in regulating the cellular association 

and distribution of Ni 2 +, it might be possible to 

demonstrate their potential in controlling the toxic 

effects that this ion exerts in vivo. Consequently, the 

effect of D-Pen, DOC, ethylenediaminetetra-acetic acid 

(EDTA), HSA, t-His, L-Asp and L-Lys on the cellular uptake 

and distribution of Ni 2+ are examined in three cell lines: 

( 1 ) human red blood cells, ( 2 ) cultured human 

B-lymphoblasts and (3) rabbit alveolar macrophages. The 

effect of DDC on the distribution of Ni 2+ in human whole 

blood is also studied. Appropriate rationale for selecting 

these cell types is provided in Chapter 2. 



CHAPTER 2 


THE INFLUENCE OF pH AND Ni(II)-BINDING LIGANDS UPON 


CELLULAR UPTAKE AND REMOVAL OF NICKEL(II) 
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2.1 INTRODUCTION 


Exposure to nickel compounds has a variety of effects 

ranging from contact dermatitis to the development of fatal 

carcinomas. In the general population, many people have 

been shown to suffer from nickel hypersensi ti vi ty and to 

give positive patch tests to nickel. A lymphocyte response 

is known for nickel sensitive patients (Macleod et al, 

1970; Al-Tawil et al., 1981; Thulin, 1976). Lymphocytes 

isolated from nickel hypersensitive patients undergo 

lymphoblast transformation when Ni 2+ is added to the 

incubation medium, whereas lymphocytes from non-sensitive 

controls showed 1 i ttle or no stimulation (Macleod et al., 

1970; Al-Tawil et al., 1981). The slight activation of the 

control lymphocytes may be because Ni 2+ is a weak mitogen, 

as NiS0 4 has been demonstrated to stimulate cord blood 

lymphocytes from new born infants (Al-Tawil et al., 1981). 

Consequently in view of the above studies, a strain of 

cultured human B-lymphoblasts and human peripheral 

lymphocytes were selected for Ni 2+ uptake studies. Other 

cell lines employed were human erythrocytes and rabbit 

alveolar macrophages. Macrophages have been shown to be 

sensitive to nickel inasmuch as Ni 2+ inhibits these 

phagocytes, both in vitro (Castranova et al., 1980) and in 

vivo (Gardner, 1980). 63Ni 2+ transport in the body is by 
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the blood stream, so it would be of interest to observe the 

effects of 63 Ni 2+ upon human erythrocytes since Ni 2+ is in 

almost continuous contact with RBCs until excreted from the 

body. Another reason for using RBCs is that not much is 

known about Ni 2+ distribution in blood. In fact most 

analyses of Ni 2+ are performed on blood plasma or serum 

fractions instead of whole blood (Barton et al., 1980). 

N·2+Many ligands are capable of binding 
1 ' but 

their effect on the uptake of this ion by the mentioned 

cell types is not known. In this and the following 

chapter, it is reported how a number of natural ligands and 

synthetic chelating agents can regulate cellular uptake of 

N·2+
1 • The rationale for selecting a number of ligand 

systems for study is provided in this and subsequent 

paragraphs. Two major natural Ni 2+-binding ligands in 

serum are HSA and L-Hi s. As discussed in Chapter 1, at 

physiological ligand concentrations, 95.7% of Ni 2+ in serum 

is associated with HSA while 4.2% is associated with amino 

acids, of which 72% is bound to L-His. The remaining 0.1% 

is bound to an unidentified high molecular weight (HMW) 

protein (Lucas sen and Sarkar, 1979). Unfortunately, 

although physiological concentrations of HSA and L-His were 

employed, the amount of Ni 2+ used by Lucassen and Sarkar 

was in a ratio of 1:1 with these ligands (;35 mg Ni/1), 

which far exceeds in vivo levels of Ni2+ found in serum of 

2. 6+0. 9 JJg/1 (Sunderman Jr., 1977). Great discrepancies 
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have been reported in the actual amount of Ni 2+ that binds 

to the HMW protein found in human serum. 	 As mentioned, 

N·2+Sarkar (1983) f ound t hat 0 • 1% o f t he tota1 1 found in 

human serum binds to a HMW protein, possibly an 

alpha-2-macroglobulin, whereas Nomoto (1980) has determined 

that 43% of the total Ni 2+ found in human serum binds to an 

alpha-2- macroglobulin. Also Sunderman et al. (1972) have 

found that 26% of Ni 2+ in human serum binds to a HMW 

protein, which they called nickeloplasmin. Thus the actual 

serum constituents and the relative affinity that Ni 2+ has 

for each is sti 11 not clear. The affinity of Ni 2+ for 

L-His is higher than for HSA because at equimolar 

concentrations of these two ligands, 70% of Ni 2+ combines 

with L-His and 30% with HSA (Lucassen and Sarkar,l979). 

Similar conclusions may be deduced from the relative 

magnitudes of the equilibrium constants (Glennon & Sarkar, 

1982). Interestingly, the Ni 2+ complex of HSA is proving 

to be of biological importance. Antibodies have been found 

to Ni 2+ in an individual with occupational asthma caused by 

nickel sulphate inhalation (Nieboer et al., 1983b). The 

actual antigen to the antibodies was found to be the 

Ni 2+-HSA complex, specifically with Ni 2+ bound at its 

Cu 2+/Ni 2+ transport site. Furthermore, it is believed that 

Ni 2 + alone is not antigenic enough to produce a 

hypersensitive dermatological response. This has been 

demonstrated in leukocyte migration tests (Thulin, 197 6) • 
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When Ni 2+ was used alone, leukocytes isola ted from nickel 

sensitive patients showed no inhibition of migration when 

compared with those of controls. If the Ni 2+ was first 

bound to a protein (HSA, bovine serum albumin, or human 

epidermis protein), it caused an inhibition of migration of 

leukocytes isolated from Ni 2+ sensitive patients. This 

suggests that Ni 2+ acts as a hapten which is inactive until 

bound to a protein. From this brief review, the selection 

of HSA and L-His for the current work evolves naturally 

from their relatively high abundance in serum and their 

known affinity for Ni 2+ with some recognized biological 

consequences. 

L-Lys and L-Asp were also selected, and may be 

considered as controls for L-His and HSA since these two 

amino acids have been shown to have little or no apparent 

binding capacity for Ni 2+ under physiological conditions 

(Lucassen & Sarkar, 1979). 

And finally, some synthetic nickel ligands have 

also been investigated in relation to nickel poisoning, of 

which DDC and D-Pen are the most prominent. DDC has been 

used as an antidote to nickel carbonyl [Ni(C0) 4 ] poisoning 

in man and animals, and D-Pen as an antidote to Ni 2+ 

poisoning in rodents (Baselt et al., 1977; Sunderman, Sr., 

1979; Horak. et al., 1976). Thus it would be interesting to 

' t ff t N' 2+ ' ' see how these therapeu t 1c agen s a ec 1 -assoc1at1on 

with cells. EDTA was also included in our experiments, 
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since as a chelator it is known for its high binding 

capacity for divalent cations. 

Ion transport across membranes has been shown to be 

influenced by extracellular and intracellular pH {Nicholls, 

1982). It should further be stressed that pH is an 

important factor regulating the access of ions to binding 

sites in biological molecules, since the proton directly 

competes with metal ions {Nieboer & Richardson, 1980). 

Thus the effects of different proton concentrations on 

cellular uptake of 63 Ni 2+ merit investigation. 

In all experiments performed with 63 Ni2+, a simple 

saline-verona! buffer was used so that the maximum effect 

of Ni 2+ uptake and binding could be observed. If a complex 

medium were employed {e.g., alpha-MEM), there would be 

problems with Ni 2+ binding to serum proteins and amino 

acids from the fetal calf serum, as well as competition by 

ca2+ and Mg 2 + with Ni 2+ for cellular binding sites. 

2.2 MATERIALS AND METHODS 

2.2.1. Rabbit Alveolar Macrophages. Lungs were obtained 

from normal rabbits exsanguinated by cardiac catherization. 

Macrophages were removed from the lungs by 3 pulmonary 

washes with 40 ml aliquots of verona! buffer {pH 7.4, 

S.Oxlo- 3 M with respect to sodium barbital plus 

5,5-diethylbarbituric acid, both obtained from Fisher 
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Scientific, Toronto, Ont., and O.l9M NaCl, from BDH 

Chemicals, Toronto, Ont.). The macrophage suspension was 

cleansed of red blood cells by centrifugation at 1,500 rpm 

for 10 min and then the resulting pellet was resuspended in 

5 ml of a Tris/NH 4cl red-cell lysing solution (pH 7.4, 

1.7xl0-2M Tris [tris(hydroxymethyl) aminomethane from 

Fisher Scientific], 5.0xl0- 4 M verona! buffer, O.l4M NH 4Cl 

[from BDH],and 0.02 M NaCl). This suspension was incubated 

at 37°C for 5-10 min, and then the cells were pelleted and 

the supernatant decanted. The macrophage pellet was 

subsequently resuspended in 40 ml of verona! buffer and 

repelleted. Again the supernatant was decanted and the 

cells resuspended in verona! buffer to give a final 

concentration of 2. OxlO 7 cells/ml, of which 100 .ul was 

added to each incubation tube. Details of this collection 

procedure are provided by McGee and Myrvik (1981). Note 

that handling of macrophages was done in plasticware since 

macrophages tend to stick to glass. 

2.2.2. B-lymphoblasts. The B-lymphoblast cell line was 

of human origin isolated at Sick Children's Hospital, 

Toronto, by B. Zimmerman. The lymphoblasts were cultured 

in an alpha-MEM medium (Stanners ~ al.,l971) supplemented 

to contain by volume: 15% fetal bovine serum, 1% of an 

antibiotic-antimycotic mixture, 1% L-glutamine (200mM), 1% 

Hepes buffer (1. OM) , 1% sodi urn bicarbonate (7. 5% w/v) and 

0.2% Fungizone (amphotericin-a, 250 mcg/ml). All 



25 

ingredients were purchased from Gibco, Burlington, Ont., 

except the fetal bovine serum which was purchased from Flow 

Laboratories Mississauga, Ont. The cells were incubated 

under 5% co2 tension and near 100% humidity. On the day of 

an experiment, the cultured cell suspension was transferred 

to 50 ml centrifuge tubes, and the lymphoblasts were 

pelleted by centrifuging at 1,500 rpm for 10 min. The 

alpha-MEM supernatant was decanted and the cells were 

resuspended in 40 ml of veronal buffer. The cells were 

repelleted as described above and were then washed twice 

more. The resulting ·cell pellet was resuspended in verona! 

buffer to yield a cell concentration of 2.0x10 7 cells/ml. 

As with the macrophages, 100 ~1 of this stock solution of 

cells was used for each experiment to give a final assay 

concentration of 2.0x10 6 cells. 

2.2.3. Human Erythrocytes. On the day of experiment, 

blood was taken by venipuncture into a heparinized tube and 

0. 5 ml was suspended in 4 0 ml of verona! buffer and then 

centrifuged at 1, 500 rpm for 10 min. The supernatant was 

aspirated and the RBC pellet was washed and centrifuged 

twice more, and was then suspended in verona! buffer at a 

concentration of S.Oxlo 7 cells/ml. For all studies, 100 ~1 

of this suspension was used for each tube so that it would 

contain 5.0xl0 6 cells. 

2.2.4. Cell Viability. The viability of macrophages, 

lymphoblasts and lymphocytes was checked using the trypan 
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blue exclusion method (McGee and Myrvik, 1981). 

2.2.5. Uptake Studies. The nickel-complexing ligands 

used in this assay were: HSA, L-His, L-Lys, L-Asp, DDC, 

D-Pen and EDTA. All were purchased from BDH, J. T. Baker 

(Phillipsburg, N.J.) or Sigma (St. Louis, Mo.). 63NiC1 2 

was purchased from New England Nuclear Corporation 

(Lachine, Que.) and had a specific activity of 0.6mCi/~mol 

( i n 0 • 2 m1 of 0 • 5 M HC 1 ) • The incubation vials were 15ml 

Falcon 2059 plastic centrifuge tubes. Each incubation tube 

contained (in the order added): 100 pl of 63NiC1 2 (diluted 

in veronal buffer to give approximately 70,000 cpm/tube and 

7.0xlo- 7 M in the 100 ~1), 100 ~1 of ligand (10- 2 to 10-6M 

dissolved in veronal buffer), 700 ~1 of veronal buffer, and 

100 ~1 of the cell suspension (in the concentrations given 

above). Here, and throughout this study, the veronal 

buffer {pH 7. 4) employed was Sxl0- 3M (sum of the acid and 

its conjugate base) and O.l9M in NaCl. The vials were 

then incubated unstoppered for 2 hr at 37°C and near 100% 

humidity. Following incubation, 3. 0 ml of veronal buffer 

was added to each assay vial, which was followed by 

centrifugation at 1,500 rpm for 10 min. The supernatant 

was removed by decantation and the cells were washed twice 

more with 3 ml aliquots of veronal buffer. The resulting 

cell pellet was transferred to scintillation counting vials 

with 3 washes of 0. 3 ml distilled water for RBCs, or 3 

washes of 0.3 ml of distilled water acidified with 1 M HCl 
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for macrophages and lymphoblasts. The radioactivity was 

assessed by liquid scintillation counting of 63Ni 2+ using 

10 ml of cocktail (either Aquasol 2 from New England 

Nuclear, or ACS from Amersham). The vials were allowed to 

sit overnight prior to counting so as to allow the 6 3Ni 2+ 

to stabilize, thus avoiding chemiluminescence as 

recommended by Kasprzak and Sunderman (1979). 

2.2.6. Removal Studies. Preparation and concentrations 

of ligands and 63 Ni 2+ were the same as for the uptake 

studies. For these assays, all incubation vials contained 

100 ll1 of 63 Ni 2+ (approximately 70,000 cpm) • The initial 

incubation conditions were as described for the uptake 

studies. After the incubation, the cells were washed as 

already described. The pellets were then resuspended in 

900 .u1 of verona! buffer, to which was added 100 .ul of 

ligand at various concentrations ( lo- 2-lo- 6M) • The cells 

were allowed to incubate for 1/2 hr under the previously 

described conditions. Following the incubation period, 

ml of veronal buffer was added to each tube and the cells 

were pel1eted at 1, 500 rpm for 10 min and the supernatant 

decanted. The cell pellet was washed twice more with 3 ml 

aliquots of buffer and was then transferred and counted as 

described for the uptake studies. 

2. 2. 7. Effect of pH on the Uptake of Ni 2+. A titration 

curve was established by titrating barbital (2.0x10-2M; 

0.76M NaCl) into sodium barbital (2.0x10- 2M; 0.76M NaCl) 

3 
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and vice versa to determine the relative volumes required 

for pH values from 5 to 9. Using this curve, appropriate 

volumes of the parent buffer solutions were combined to 

generate buffers of pH 6.0, 6.5, 7.0, 7.5, 8.0 and 8.5. 

These solutions were freshly prepared and diluted 4-fold 

before each experiment. 

Stock 63 Nic1 2 was diluted 1000 times 

(approximately 70,000 cpm/100 pl) in each of these buffers, 

then 100 pl aliquots of these dilutions were pipetted into 

plastic Falcon tubes in triplicate, followed by 850 ~1 of 

the appropriate buffer. Macrophages, peripheral 

lymphocytes or B-lymphoblasts were prepared in verona! 

buffer at pH 7. 4, as already described and 50 pl of the 

cell suspension was added to each tube to yield a final 

concentration of 10 6 cells per ml. The cells were then 

incubated in loosely capped tubes for 2 hr at 37°c and 100% 

humidity. At the end of the incubation period the tubes 

plus cells were centrifuged at 1500 rpm for 10 min and the 

supernantant was decanted. Two ml buffer of the 

appropriate pH was added to each tube, and was centrifuged 

and decanted as before. Washing was also repeated. The 

cells were then transferred into counting vials with 

verona! buffer pH 7.4, which was followed by the addition 

of lOml scintillation cocktail. 

Extra tubes with cold NiC1 2 (7xl0- 7M) replacing 

the 63 NiC1 2 , but with other conditions the same, were run 
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in parallel. One set was for testing cell viability at the 

end of the incubation period, and a second set for pH 

measurements. A third set of tubes without cells, but 

Contal.nl'ng 63 N1', · 1 d d t d t · 'f'was 1nc u e o e erm1ne non-spec1 1c 

binding of label to the walls of the tubes. 

2.3 RESULTS 

Viability before experiments always exceeded 90%, and cell 

mortality by the end of the experiment usually did not 

exceed 20% for lymphoblasts and lymphocytes or 15% for 

macrophages. 

Typical results for uptake and removal studies are 

presented in Figs. 2.1-2.6. From the data in Figs. 

2.1-2.3, it is clear that EDTA, D-Pen, L-His and HSA are 

very effective inhibitors of the uptake of 63 Ni 2+ by rabbit 

alveolar macrophages and human B-lymphoblasts. The amino 

acids L-Asp and L-Lys were shown to be poor blockers of 

63 63Ni 2+Ni 2+ uptake while DDC promoted the association of 

with these cells (as described in more detail in Chapter 

3). As shown in Figs. 2.4-2.6, the ligands that proved to 

be good inhibitors of 63 Ni 2+ uptake, were also good agents 

for the removal of 63Ni 2+ from cells. Again, L-Lys and 

L-Asp were proven to be less effective in the extraction of 

63N· 2+ . 1cant 1n .1 f rom ce11s. DDC s howed no s1gn1'f' e ffect . 1ts 

b 'l' 63 .2+a 1 1ty to remove N1 from lymphoblasts, RBCs or 
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macrophages. 

Tables 2.1 and 2.2 show the (therc 50 

concentration of ligand needed to inhibit Ni 2+ uptake by 

50%) and the (the concentration of ligand needed toRc 50 

reduce cell-associated Ni 2+ by 50%) values for all ligands 

and cell types tested. From the data in Table 2.1 it can 

be seen that EDTA is the strongest Ni 2+ inhibitor as it has 

the lowest value. It is followed closely by HSA,rc 50 

D-Pen and L-His, while L-Asp is a very poor inhibitor of 

Ni 2+ cellular uptake since its concentration is muchrc 50 

higher than the concentrations of L-Asp normally found in 

vivo. DDC and L-Lys did not inhibit Ni 2+ uptake enough to 

give values. Similar trends are shown in Table 2.2rc 50 

for values except that in general, the values forRC 50 Rc 50 

ligands were higher than the corresponding values.rc 50 

The only exceptions are D-Pen, L-His and L-Asp for 

macrophages where the values are very near the Rcrc 50 50 

values. 

It is clear from the data in Fig. 2.7 that Ni 2+ 

uptake is a pH-dependent process. Both lymphocytes and 

lymphoblasts seem to accumulate the maximum amount of 

63
Ni 2+ at pH 8. 0, whereas macrophage uptake did not show 

evidence of levelling off with increasing pH. There was an 

increase in cell mortality at both extremes of pH (5.9% at 

pH 7.4, to 30% at pH 8.5 and 18% at pH 6.0 for lymphocytes 

and lymphoblasts, and 15% at pH 7.4 to 47.3% at pH 8.5 and 
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CONCENTRATION OF CHEMICAL IN INCUBATION MEDIUM (M) 

Fig. 2.1. The effect of Ni 2+-complexing agents upon the 
uptake of 63 Ni 2+ by human red bood cells. Labelled nickel 
and the ligands were both present in the incubation medium. 
The estimate of the standard deviation corresponds to a 
pooled value for duplicate samples. See text for 
additional comments on the DDC enhancement effect. 
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CONCENTRATION OF LIGAND IN INCUBATION MEDIUM (M) 

Fig. 2.2 Tg~] io/luence of Ni 2 +-comple~ing agents on the 
uptake of Ni + by cultured human B-lymphoblasts. 
Labelled nickel and the ligands were both present during 
incubation. The estimate of the standard deviation 
corresponds to a pooled value from dupl icte samples. See 
text for additional comments on the DOC enhancement effect. 
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RABBIT ALVEOLAR MACRO PHAGES 
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E'ig. 2.3. 63 Th~ effect of Ni 2+-complexing agents upon the 
uptake of -Ni + by rabbit alveolar macrophages. Labelled 
nickel and the ligands were both present in the incubation 
medium. The estimate of the standard deviation corresponds 
to a pooled value for duplicate samples. See text for 
additional comments on the DOC enhancement effect. 
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Fig. 2.4. The relative ability of chelating agents in2
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Ni + from human red blood cells preloaded with63 2
 

Ni +. The standard deviation shown corresponds to a 
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Fig. 2.6. T~e relative ability of chelating agents in 
extracting 3 Ni 2 + from rabbit alveolar macrophages 
preloaded with 63Ni 2+. The standard deviation shown 
corresponds to a pooled value from duplicate samples. 



37 

M 
Q 

'X 

~ 
0.. 
u 

w 
~ 
a: 
1­
z 
::::J 
0 
u 
__, 
w 
::::.::: 
u-
z 

C"") 
cc 

EFFECT OF pH ON UPTAKE OF 
63 NICKEL 

12 
o MACROPHAGES 

10 
• 

8 

6 

4 

2 

o LYMPHOBLASTS 

LYMPHOGYTES 

ao 6.5 8.0 8.5 

pH 

Fig. 2. 7. The effect of pH upon the uptake of 63Ni 2+ by 
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and cultured human B-lymphoblasts. The standard deviation 
is calculated from each sample done in triplicate. 
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G~bl~ 2.1. Concentration of ligand that inhibits 
Ni +uptake by 50% (IC )a.

50 

Ligand for rc for rc forICCO 50 50
RB s Macrophages Lymphoblasts 

EDTA b (3±1) x10- 7 c(2.8±0.5)x1o-7 c (1. 3+0. 4)x1o- 7 

HSA b (5±1) x1o- 7 c (2+1)xl0-6 c (5. 2±0. 5) x1o- 7 

D-Pen b (3. 3±0. 3)x10-7 b 0±l)x10-6 b (1. 6±0. 2)xl0-6 

L-His b (1. 0±0. 4 )x1o-6 b(9±3)xl0-6 b 
(1. 5±0 .1)xl0-6 

L-Asp b 0±2)x10-4 c(6±1)x10-4 ------­
L-Lys -------- -------- ------­
DDC -------- -------- ------­

ain case of L-Asp, L-Lys and DDC, 50% inhibition was not attained 
and thus no rc could be determined. rc values are expressed in50 50
mol / 1. 

bEstimate +SD; evaluated from the intersection of the horizontal 
line y=50%-with the inhibition curve and the associated error-band 
branches. The inhibition curves were constr ucted by pooling data for 
two separate experiments, each with duplicate samples. The lines 
joining the tips of the error bars constituted the error-band branches. 

cCalculated as per footnote b, but employing data for a single 
experiment with duplicate samples. 
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Table 2.~. Concentration of ligand that removes 50% of 63Ni 2+ 
( RC 50) a' • 

Ligand for for forRCCO Rc 50 Rc 50RB s Macrophages Lymphoblasts 

EDTA (5.1±0.4)xlo-6 (7. 7±0. 3 )xlo-6 (1. O±O. 3)xlo-5 

HSA (2. 8±0 .5 )xlo-5 (1.9±0.5)xl0-5 (4.4±0.6)xl0-5 

D-Pen (4 .2±0 .5 )xlo-6 (3. 6±0. 7)xl0-6 (1±2)xl0-S 

L-His (6. 4±0. 6)xl0-6 (6±1};xl0-6 (9±3)xl0-6 

-4L-Asp (7 .0±0. 9)xl0 (3. 3±0 .l)xlo-4 (6. 3±0. 4)xlo-4 

L-Lys ------ ------ -----­
DDC ------ ------ -----­

ain case of L-Lys and DDC, 50% removal was not attained and thus 
no could be determined. values ar~ expressed in mol / 1.Rc 50 Rc 50 

bEstimate +SD; evaluated from the intersection of the horizontal 
line Y=50%-with the removal curve and the associated error-band 
branches. The removal curves were constructed by employing data for 
a single experiment with duplicate samples. The lines joining the 
tips of the error bars constituted the error-band branches. 
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Table 2.3. % Inhibition (IP) of 63 Ni 2+ uptake at physiological 
concentrations of ligand. 

Ligand 	 Mea·n Serum IP for IP for IP for 
Concentration(M) RBCs Macrophages Lymphoblasts 

cHSAa 6.0xl0 -4 b97±4 99.0±0.9 c99.0±0.1 

L-His 7.4xl0 -5 b94±2 b84±3 b96±2 

b 
L-Asp 7.5xl0 -6 18±9- cl4±3 c-4±5 

-4 b
L-Lys 	 l.5xl0 20±9_. cl7±5 cl4-t3 

aThe HS~4values were_~btained by extrapolating its uptake curves 
from 10 M to 6.0xl0 M. 

bEstimate + SD; evaluated from the intersection of the vertical 
line X=physiological concentration with the inhibition curve and the 
associated error-band branches. The inhibition curves were constructed 
by pooling data for two separate experiments, each with duplicate 
samples. The lines joining the tips of the error bars constituted the 
error-band branches. 

cCalulated as per footnote b, but employing data for a single 
experiment with duplicate samples. 
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Table 2.4. % Removal (RP) of 63 Ni 2+ from cells at physiological 
concentrations.b 

Ligand 	 Mean Serum RP for RP for RP for 
Concentration(M) RBCs Macrophages Lymphoblasts 

HSAa 6.0xl0 -4 70. 0±0. 6 79±3 84±1 

L-His 7.4xl0 -5 65±2 79±1 76.7±0.4 

L-Asp 7.5xl0 -6 6±4 17.8±0.6 3.9±0.8 

L-Lys 1. SxlO -4 5±2 16±6 11±4 

aThe HSA	 values were ~btained by extrapolating its removal curves
4from 10-	 M to 6.0xl0- M. 

bEstimate + SD; evaluted from the intersection of the vertical 
line X=physiological concentration with the removal curve and the 
associated error-band branches. The removal ,curves were constructed by 
employing data for a single experiment with duplicate samples. The 
lines joining the tips of the error bars constituted the error-band 
branches. 
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Table 2.5. Relative uptake of 63 Ni 2+ by cells. 

Cell Type % 63 Ni 2+ Uptake 
per 10 6 cellsa 

Relative Affinity 

RBCs 

Lymphocytes 

Macrophagesb 

B-Lymphoblastsc 

0.4+0.1 

3.0+1.3 

5.6+4.3-
9.6.:!:,1.4 

0.13 

1.0 

1.3 

3.2 

ain veronal buSfer, pH 7.4, no ligand added; added 
[Ni 2+]=7.0xl0- M. Average~ SD for five or more experiments. 

bThe large standard deviation reflects that the magnitude of the 
nickel uptake depended on the lung specimens, although the trends 
reported (e.g. dependence on pH, and ligand concentration) 
were reproducible. 

cThe mean value reported for B-Lymphoblasts are for studies 
involving cells harvested and used in their mid-log growing 
phase. Use of end-of-growing-phase cells resulted in lower 
Ni 2 + accumulations and higher cell mortality. Nevertheless, 
the trends reported (e.g., dependence on pH, and ligand 
concentration) were reproducible. 
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23% at pH 6.0 for macrophages). A slight change in pH 

towards more acidic values was observed by the end of the 

incubation period. 

The compilations in Tables 2.3 and 2.4 show the 

relative abilities in blocking the association of Ni 2+ with 

cells at physiological concentrations of HSA and the three 

amino acids tested. It is clear that HSA and L-His were 

very good inhibitors and extractors of cell-associated 

N·2+
l , while L-Asp and L-Lys were relatively ineffective. 

2.4 DISCUSSION 

The concentrations of HSA and amino acids used 

(lo-3 to 10- 7M) were chosen so as to encompass the range 

found in vivo. The experimental concentration of added 

N i 2+ was 7. Oxlo- 8M (=4 .1 pg/1; 63 N i 2+ was 5-20% of total 

nickel in the labelled reagent) which is comparable to the 

levels in serum (2.6:t_0.9 .ug/1) for individuals not 

occupationally exposed to nickel (Sunderman Jr., 1977). 

The mean concentrations in adult plasma or serum of the 

three amino acids are: L-Asp, 7.5xlo-6M {range 

0-2.4xlo- 5M); L-Lys, 1.5xl0-4M (range 8.3xlo- 5-2.4xl0-4M); 

and L-His, 7. 4xl0- 5M (range 3. 2xlo- 5-l.lxl0-4M). For 

comparison, the mean serum/plasma concentration of albumin 

is 6. Oxl0- 4M (Dickinson et al., 1965), with a range of 

5. 4xlo- 4 to 7. 7xlo-4M {Cannon ~ al., 1974) • From the · 
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plots in Figs. 2.1-2.6 and the data in Tables 2.1-2.4, it 

can be seen how effective physiological concentrations of 

L-His and HSA are in controlling association and removal of 

63 . 2+ . . . .N1 from cells. The 1nh1b1tory effect of these l1gands 

is comparable to that exhibited by EDTA and D-Pen which, 

like L-His and HSA (Glennon and Sarkar, 1982), have a high 

capacity for binding nickel (Laitinen and Harris, 1975; 

Laurie et ~, 1979). The high (and in some cases 

undetected) values of and for L-Lys and L-AspIc 50 Rc 50 

were expected, since these amino acids have apparent low • 

affinities for Ni 2+ (Lucassen & Sarkar, 1979). DDC, 

however, has a relatively high capacity for binding Ni 2+ 

(Sandell and Onishi, 1978), and thus it might have been 

expected to yield similar and values to EDTA andIc 50 Rc 50 

D-Pen. Instead DDC enhanced Ni 2+ association with the 

cells, an unexpected action for a therapeutic drug whose 

activity was believed to be the removal of Ni 2+ from 

tissues. In Chapter 3 it is demonstrated that this 

behavior of DDC is related to the lipophilicity of its 

nickel complex. 

Lucassen and Sarkar (1979) determined that the only 

amino acid that could compete with HSA for Ni 2+ binding was 

L-His, as no other amino acid had any substantial binding 

capacity for Ni 2+. This was shown at a 1:1 ratio of HSA to 

each amino acid as well as at physiological concentrations. 

More recently, cysteine has been suggested to be an 



45 

efficient inhibitor of Ni 2+ uptake by chinese hamster ovary 

cells (Abbracchio et al., 1982a), but the cysteine 

concentrations needed to block effectively Ni 2+ uptake 

(2.5xlo- 4 to 5xlo-3M) were much higher than normal in vivo 

concentrations (the mean adult blood plasma level of 

cysteine is 4.4xl0- 5M, with a range of 8.3xlo-6-8.4xlo-5M, 

Dickinson et al., 1965) • In Figs. 2.1-2.6, it is shown 

that L-Asp also had some nickel regulating effect at 

concentrations well above the in vivo levels. Thus, it 

seems that neither cysteine nor aspartic acid contribute 

greatly to cellular Ni2+ regulation. 

Recently, Hansen and Stern (1983) have formula ted 

an important toxicological principle for nickel: namely, 

that equal transformation rates of baby hamster kidney 

cells (BHK-21) occurred at equal toxicities, regardless of 

the source of nickel. Both soluble and insoluble nickel 

compounds were studied. Equal toxicity, as measured by 

survival rates, was interpreted to correspond to equal 

intracellular concentrations of Ni2+. Consequently, nickel 

compounds with high phagocytic indices (Kuehn~ al., 1982) 

and relatively favourable dissolution rates (Kuehn & 

Sunderman, 1982), may be expected to have significant 

toxicity because of high bioavailablilty of Ni2+. A 

prerequisite for nickel carcinogenesis appears to be the 

accumulation of Ni 2+ in the cell nucleus, where it has the 

potential of interacting with DNA and presumably inducing 
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unwanted mutations (Costa et al., 1982). It seems clear 

from the present work, that the removal of Ni 2+ from the 

cell by the sequestering action of extracellular ligands 

such as HSA and L-His may influence the intracellular 

compartmentalization of Ni 2+, and may thus constitute an 

important detoxification mechanism. 

It is clear from the data plotted in Fig. 2.7 that 

an increase in pH produces an increase in cellular 

association of Ni 2+. It is interesting to speculate about 

the basis for this observation. Increasing the 

extracellular pH above 7.4 causes significant proton 

gradients to be established across membranes. Such 

gradients are implicated in the regulation of many 

biochemical processes, including the translocation of ions 

and neutral metabolites (Nicholls, 1982; Nieboer et al., 

1983c) • Consequently, the observed dependence on pH 

implies that either cell membrane permeability increases 

with pH, or that extrusion of protons accompanies Ni 2+ 

uptake. Interestingly, proton/Ni 2+ co-transport has been 

reported in the bacterium Methanobacterium bryantii 

(Jarrell and Sprott, 1982). Futhermore, it is likely that 

another contributing factor is a reduction in the 

competition of protons with Ni2+ for binding sites at 

higher pH values. This occurs because most functional 

groups that bind metal ions are weak acids, and thus metal 

complex formation reactions in aqueous media are 
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effectively proton displacements. Some degree of 

saturation at high pH values (~8) was evident for 

lymphocytes and lymphoblasts, but not for macrophages (see 

Fig. 2.7). The increase in cell mortality at pH 8.0 to 8.5 

may have contributed to this "leveling off" effect by 

lymphocytes and lymphoblasts and/or the greater increase of 

cellular Ni 2+ uptake in macrophages. 

The percentage uptake of 63 Ni 2 + under the 

experimental conditions varied with cell type. The 63 Ni 2+ 

uptake per 106 cells was: 0.4% for human RBCs, 5.6% for 

rabbit alveolar macrophages, 9.6% for cultured human 

B-lymphoblasts, and 3.0% for human peripheral blood 

lymphocytes (as summarized in Table 2.5). The 

physiological and biological significance of such 

differences in Ni 2 + uptake capacity is still to be 

elucidated, but no doubt is of relevance to our knowledge 

of the distribution of Ni 2+ among the cellular components 

of whole blood, and of the mechanism underlying the 

cellular response in individuals with ·nickel dermatitis. 
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THE EFFECT OF NI(II)-BINDING LIGANDS UPON CELLULAR 


AND WHOLE BLOOD DISTRIBUTION OF NICKEL(II) 
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3.1 INTRODUCTION 

Nickel has various forms to which man can be 

exposed. Commonly found compounds of nickel in industry 

are: metallic Ni, Ni-containing sulfur compounds (e.g. 

alpha Ni 3s 2 ), nickel oxides (e.g. NiO), and the gas nickel 

carbonyl (Ni (CO) 4 ). Some of these compounds (especially 

alpha Ni 3 s 2 ) have proven in animal studies to be 

carcinogenic (Sunderman & Maenza, 1976; Sunderman, 1981, 

1983b) and epidemiological studies have implicated their 

carcinogenicity in man (Doll, 1958; Morgan, 1958; Doll et 

al., 1977; Pedersen et al., 1978; Roberts, et al., 1982). 

As discussed in Chapter 2, an attractive model of nickel 

toxicity is that intracellular bioavailability is the most 

important determinant. Once Ni 2+ is introduced into the 

cellular cytosol, it appears to enter the nucleus causing 

chromosomal damage, such as increasing the amount of DNA 

single strand breaks, which lead to DNA crosslinkages and 

an increase in chromosomal abberations. It is also 

postulated that Ni 2+ may lead to a decrease in the fidelity 

of DNA synthesis resulting in mutations, transformations 

and ultimately carcinogenesis (Costa et al., 1982; Sirover 

and Loeb, 1976). 

Entry of nickel into the cells is usually by one of 
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several means. The simplest is the direct uptake of Ni2+: 

while facilitated transport by suitable ligands also is 

possible as demonstrated in the present studies. 

Considerable evidence exists that phagocytosis of nickel 

containing particulates (Costa et al., 1981; Kuehn et al., 

1982). Presumably, Ni 2+ ions are subsequently released 

into the cytosol by intracellular dissolution of the 

phagocytized material (Abbracchio et al., 1982b). From a 

mechanistic point of view, and as already alluded to, the 

intracellular accumulation and compartmentalization of Ni 2+ 

may thus be critical. In Chapter 2 it was shown that 

natural and synthetic nickel chelating agents were able to 

regulate the amount of nickel associated with cells. Since 

ligands such as L-His and HSA can readily remove Ni 2+ ions 

from cells, a detoxification mechanism may exist. A 

related question is whether ligands are able to influence 

the compartmentalization of cell-associated Ni 2+. This 

matter is examined in some detail in the current work. 

Two therapeutic agents used in Ni poisoning are 

diethyldi thiocarbamate (DDC) and D-Penicillamine (D-Pen). 

Although they have been proven to be effective in 

preventing injury caused by exposure to nickel compounds in 

animals, the exact mechanisms by which they act have not 

yet been determined. It has been shown that DDC has the 

best antidotal effects in Ni(C0) 4 poisoning, especially 

when administered just before or just after exposure to the 
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gas Ni (CO) 4 D-Pen did not show any antidotal effect 

until used at least 6 hr after exposure (Baselt ~ 

al,l977). In contrast, for Ni 2 + toxicity in rats 

(administered as NiC1 2 ), D-Pen was shown to be more 

effective in preventing death than was DDC (Horak et 

al,l976). It appears therefore that these reagents act by 

quite different mechanisms. Interestingly, it has been 

shown that DDC appears to enhance nickel deposition in such 

organs as the lung and the brain after injection of NiC1 2 , 

while D-Pen appears to remove from all tissues 

(Oskarsson and Tjalve, 1980). This observation agrees with 

results obtained in Chapter 2 where it was found that DDC 

enhanced association of Ni 2+ with cells; D-Pen, on the 

other hand, prevented such Ni 2+ uptake. Cell distribution 

studies described below indicate that these different 

experimental patterns may be correlated with the lipophilic 

character of the resulting nickel complexes. 

3.2 MATERIALS AND METHODS 

3.2.1. Distribution Studies. Isolation and purification 

of RBCs, rabbit alveolar macrophages and cultured human 

B-lymphoblasts was as described in the previous chapter. 

The nickel-complexing ligands used in this assay were: 

L-histidine and D(-)-penicillamine (from Sigma) and sodium 

diethyldithiocarbamate (from J. T. Baker) • 63 NiCl 2 was 
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purchased from New England Nuclear Corporation (Lachine, 

Que.) and had an activity of 2mCi in 0.2 ml of O.SM HCl. 

The incubation vials were l~ml Falcon 2059 plastic 

centrifuge tubes. Each incubation tube contained (in the 

order added) : 100 ~1 of 63 NiC1 2 (diluted in verona! buffer 

to give approximately 70,000 cpm/tube and 7.0xlo- 7 M in the 

100 ~1), 100 pl of ligand (l0-2-l0- 6M dissolved in verona! 

buffer), 700 .ul of verona! buffer, and 100 .ul of the cell 

suspension (in the concentrations given above). The vials 

were then incubated unstoppered for 2 hr at 37°c and near 

100% humidity. Following incubation, 3.0 ml of verona! 

buffer was added to each assay vial, followed by 

centrifugation at 1,500 rpm for 10 min. The supernatant 

was removed by decantation and the cells were washed twice 

more with 3 ml aliquots of verona! buffer. At this point 

the cells were lysed. For RBCs this was accomplished by 

adding 0.4 ml of distilled water to the cell pellet and 

briefly vortexing the vial. In order to lyse lyrnphoblasts 

and macrophages, 0.4 ml of distilled water was added to the 

cell pellet, which was then vortexed briefly, and frozen 

quickly in a methanol/dry ice bath, and subsequently was 

thawed. The suspensions were checked by means of a 

microscope to confirm lysis. If lysis was not complete, 

the freeze-thaw procedure was repeated. The cell 

pellet was isolated by centrifugation at 4°c for 40 min at 

20,000 x g (Clark and Switzer, 1977). The supernatant 
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containing the cell lysate was decanted and saved. The 

lymphoblast and macrophage membrane pellets were each 

washed twice with 0.3 ml distilled water followed by 

centrifugation at 4°C for 30 min at 20,000 x g. The 

supernatants were decanted and added to the supernatants 

collected earlier. The RBC membranes were washed and 

treated in a similar manner except that the 2 washes of 

distilled water were followed by 2 washes of O.OlM Tris-HCl 

buffer (pH 7.4) to remove all membrane-associated 

haemoglobin (Harris, 1969). The pooled lysates were 

counted in 10 ml of scintillation cocktail. The RBCs 

membrane pellet was transferred to scintillation vials with 

3 washes of 0.3 ml of distilled water followed by 30 s of 

vortexing. The lymphoblast and macrophage pellets were 

transferred in a like manner except that the distilled 

water was heated and had been acidified with 1M HCl. 

Results are reported only for those samples for which the 

sum of the radioactive counts for the residual pellet and 

lysate equalled those of unlysed cells. 

3.2.2. Extraction of Protein and Lipid from 

Lymphoblasts. Lipid and protein were extracted from cells 

by the method of Ong and Lee (1980a & 1980b). Lymphoblasts 

were incubated with 63Ni 2+ and DDC, then washed as 

described previously for uptake studies (see Section 

2.2.5). The washed cell pellet was suspended in 0.3 ml of 

veronal buffer followed by the addition of 0.3 ml of 
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chloroform and 0.3 ml of methanol. The mixture was shaken 

vigorously for 30 s, then another 0.3 ml chloroform and 0.3 

ml of distilled water were added, and shaken vigorously for 

an additional 10 min. The extraction mixture was then 

centrifuged at 2,000 rpm for 20 min which resulted in the 

formation of two distinct layers. The upper aqueous layer 

contained the water-soluble 63 Ni 2+ ions, while the lower 

chloroform layer contained the phospholipids and associated 

lipophilic 63 Ni 2+ complexes. The interface between the 

two layers consisted of insoluble protein and protein-bound 

63 Ni 2+ ions. The methanolic phase and the insoluble 

protein layer were removed together. The methanol/protein 

and chloroform layers were each analysed for 63Ni 2+ by 

scintillation counting. 

3.2.3. Distribution of 63 Ni 2+ in Whole Blood. The 

effect DDC has upon 63 Ni 2 + distribution between serum, 

lymphocytes and RBCs in whole blood was examined. Aliquots 

of 0.4 ml fresh heparinized whole blood were added to 

falcon tubes (type 2063). Next was added 50 .ul of 63Ni 2+ 

with known activity (48,000 cpm/50 )ll) and 50 ..ul of DDC 

(l0-2-lo- 6M). The contents were mixed with gentle shaking 

and were incubated as previously described (2h, 37°C, 100% 

humidity). After incubation, 0.5 ml of buffer was added to 

each vial, mixed and centrifuged at 1,500 rpm for 10 min. 

So as not to disturb the white buffy coat layer, the serum 

supernatant was removed carefully. The cells were washed 
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twice more in the same manner using 1 ml buffer, and the 

supernatants were removed and counted with the serum 

fraction. Next 1 ml of verona! buffer was mixed with the 

cells followed by the addition of 1.0 ml Ficoll Hypaque 

(1.075 g/ml). After centrifugation at 1, 700 rpm for 25 

min, the lymphocytes (as the white buffy coat) were removed 

from the Ficoll-buffer interface and counted in 

scintillation cocktail. Since the red cells remaining had 

too high a quench factor to be counted directly, the counts 

associated with the RBCs were calculated by: 

Counts added - (Serum counts + Lymphocyte counts) = RBC 

counts (J.l) 

3.3 RESULTS 

The results of the distribution studies are 

summarized in Figs. 3.1-3.8. It is clear that although 

L-His and o-Pen had an effect upon the relative amount of 

63Ni 2+ associated with cells, they essentially had no 

influence upon the pattern of distribution of 63 Ni 2+ 

between the cell lysate fraction and the membranous cell 

pellet fraction. This was demonstrated for all cell types 

tested. By contrast, as shown Figs. 3.6-3.8, increasing 

concentrations of DOC caused a shift in 63 Ni 2+ distribution 

from the cell lysate to the cell pellet. 

Also noteworthy is the distribution of 63 Ni 2+ in 
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Fig. 3 .1. The effect of L-histidine on the uptake and 
cellular distribution of 63Ni2+ by human red blood cell~. 
Error bars denote the mean standard deviation for duplicate 
samples; the absence of error bars indicates that the 
variance was small. 
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Fig. 3.2. The influence of L-histidine on the uptake and 
cellular distribution of 63Ni2+ by cultured human 
B-lymphoblasts. Error bars denote the mean standard 
deviation for duplicate samples; the absence of error bars 
indicates that the variance was small. 
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Fig. 3. 3. The influence of Jt,-fi s~idine on the uptake and 
cellular distribution of Ni +by rabbit alveolar_ 
macrophages. Error bars denote the mean standard deviation 
for duplicate samples; the absence of error bars indicates 
that the variance was small. 
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Fig. 3.4 The effect of D-pe~~cil~amine on the uptake and 
cellular distribution of Ni + by rabbit alveolar 
macrophages. Error bars denote the mean standard deviation 
for duplicate samples; the absence of error bars indicates 
that the variance was small. 



HUMAN B·LYMPHOBLASTS 

T ..... 
?/<.

+....., 
[Niz+J =1.ox1o-B

total 

C'll Veronal butler. pH 7.4 
z 

(') 0Pellet 
co 
u. S:ltvsate 
0 
z 
0 
j:: 
:::) 
ccc: 
1­
CJ) 

a 
UJ 
>
i= 
<( 
....I 
UJ
c: 

0 m-3 m-4 m-5 

60 


Fig. 3. 5 The effect of o6~en~l.illamine on the uptake and 
cellular distribution of Ni by human B-lymphoblasts. 
Error bars denote the mean standard deviation for duplicate 
samples; the absence of error bars indicates that the 
variance was small. 
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F~g. ~ .6.. The in~~u~~c.;_e of DDC ~n the uptake and cellular 
d1str1but1on of N1 by rabb1t alveolar macrophages. 
Error bars denote the mean standard deviation for duplicate 
samples; the absence of error bars indicates that the 
variance was small. 
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EFFECT OF DOC ON THE DISTRIBUTION 

OF 63Nt2 + IN WHOLE BLOOD 

~~g. 2 3.10. The effect of DOC upon the distribution of 
Ni + in human whole blood as partitioned between RBCs, 

lymphocytes, and serum. Error bars denote the mean 
standard deviation for duplicate samples; the absence of 
error bars indicates that the variance was small. 
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Table 3.1. The cellular distribution of 63 Ni 2+ in absence of ligand. 

Fraction RBCs Macrophages B-Lymphob1asts 

% in lysate 75.9+3.1 30.4+1.6 39.9+2.7 

% in pellet 25.6+3.1 68.8+1.1 59.3+2.5 
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the absence of 1 igand by the three different cell types. 

The fraction of radiolabel associated with the membranous 

pellet increased in the order: RBCs <B-lymphoblasts <rabbit 

alveolar macrophages (see Table 3.1). 

The lipophilicity of the Ni/DDC complex is 

demonstrated by the data in Fig. 3.9. There is a definite 

DOC concentration-dependent transfer of 63 Ni 2+ to the lipid 

components of the cell. 

The effect of DOC on in whole blood is 

illustrated in Fig. 3.10. Again there is a DOC 

concentration-dependent transfer of nickel from serum to 

RBCs and lymphocytes which peaks at 10-4 M DDC. 

3.4 DISCUSSION 

It is evident from the distribution studies shown 

in Figs. 3.1-3.8 that D-Pen and L-His differ from DOC in 

their mechanisms of action upon Ni 2+. L-His and o-Pen have 

the ability to block 63 Ni 2+ uptake into cells without 

changing the distribution of 63 Ni 2+ between the cell lysate 

and pellet. DOC, on the other hand, causes an increase in 

cell-associated 63Ni2+ and brings about a DOC 

concentration-dependent shift of 63Ni2+ from the cell 

lysate to the pellet (Figs. 3.6-3.8). This divergence in 

behaviour is probably due to the difference in the 

solubility properties of the corresponding ligand-Ni 2+ 



68 

complexes. L-His and O-Pen form hydrophilic complexes with 

N·2+ 
1 ' whereas the Ni 2+;ooc interaction results in the 

formation of a lipophilic complex. The predominant complex 

with O-Pen is (Ni(D-Pen) 2 ] 
2 -, which because of its 

relatively high negative charge is hydrophilic (Laurie et 

al., 1979; Jones et al., 1980). Lack of charge alone does 

not guarantee lipophilicity. This is illustrated by 

2 ] 0comparing the complexes (Ni(L-His) and [Ni(DDC) 2 ] 0 
, 

which are the dominant forms at physiological pH values. 

The latter complex is readily soluble in organic solvents 

(Sandell and Onishi, 1978), while the work of Glenhon and 

Sarkar (1982) indicates that the former species exists in 

aqueous solution. Presumably the polar nature of the L-His 

ligand renders its neutral 2:1 nickel complex hydrophilic. 

Thus it is not surprising to find that DOC increased the 

cell pellet concentration of 63Ni 2+, as shown in Figs. 

3.6-3.8, since the membranous cell pellet is high in 

lipids. This is further confirmed by the data in Fig. 3.9 

which show an increase of 6 3Ni2+ deposition in the 

lipophilic chloroform extract as the dose of DOC increases. 

These results are consistent with autoradiographic studies 

by Oskarsson and Tjalve (1980), who showed that DL-Pen 

treatment of Ni 2+ poisoning (by NiC1 2 ) caused a decrease in 

nickel levels in mouse tissues, whereas DOC brought about 

an increase in nickel deposition in all tissues. In a 

related study with mice exposed to Ni (CO) 4 , the Ni 2+ was 
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transferred from the lung to lipid-rich tissues in the body 

on treatment with DOC (Oskarsson and Tji:i.lve, 1979,1983). 

These observations are analogous to our whole-blood 

distribution findings. The data summarized in Fig. 3.10, 

show that DOC increased the association of 63 Ni 2+ with RBCs 

and lymphocytes of whole blood, and from the results in 

Figs. 3.6-3.9 it may be deduced that this corresponds to 

the depostion of Ni 2+ into the lipid structures of these 

cells. 

The decline in the enhanced uptake observed for the 

B-lymphoblasts (Fig. 2.2, Chapter 2), RBCs (Fig. 3.7) and 

B-lymphoblasts (Fig. 3.8) at high DOC concentrations (~ 

10- 5M) suggest that the external ligand-incubation solution 

begins to compete effectively for the Ni 2 +. This 

phenomenon was not observed for the alveolar macrophages 

(Fig. 3.6), which implies that the accessible lipid 

compartments proportionally constitute a larger fraction in 

this cell type. 

Since the concentration of the 63 Ni 2+ label in our 

experiments was comparable to that occurring naturally in 

blood ( 5 ~g/1, Sunderman, 1977), the data in Fig. 3.10 (in 

the absence of DOC) should reflect the actual distribution 

of Ni 2+ among the cellular components of blood. Thus about 

65% occurs in serum, with 35% associated with the RBCs, and 

<<1% with the lymphocytes. This distribution pattern 

predicts that the whole blood Ni 2+ concentration may be 
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expected to be comparable or slightly lower than serum 

levels. This conclusion is in conflict with the reported 

normal values of 2.6+0.9 ug/1 for serum compared to 4.8+1.9 

~g/1 for whole blood (Sunderman, 1977). The quoted average 

concentration for Ni 2+ in whole blood should be considered 

the least reliable because, unlike serum, no consensus 

exists about a dependable method for its analysis (Brown et 

al., 1981). There is evidence that adventitious 

contamination may have artificially elevated the reported 

whole blood results (Ni eboer & Jusys, 1983) , especially 

since the removal of iron required large sample size and 

extensive manipulation (Nomoto & Sunderman, 1970). 

Confirmation of this hypothesis and concern awaits the 

development of more reliable methods of whole-blood Ni 2+ 

analysis. 

The success of using DDC in the treatment of 

animals poisoned by Ni (CO) 4 has prompted its therapeutic 

use in man for the same purpose (Sunderman Jr., 1977; 

Sunderman Sr., 1979, 1981). The findings here and the 

whole body autoradiographic data reviewed suggest a 

possible mode of action. Ni 2+ released from Ni(C0) 4 either 

by decomposition or ligand displacement (Nieboer et al., 

1983c) presumably complexes with DDC, and in this form is 

temporarily stored in the lipid components of tissues. 

Since extracellular ligands such as HSA and L-His can 

Nl·2+remove from cells, equilibration with these ligands 
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results in transfer of Ni 2+ to the blood which facilitates 

its renal excretion (Sarkar, 1983). Since the toxicologic 

impact of this partitioning into cellular lipid components 

has not been studied, the use of DOC in man in chelation 

therapy should be carefully investigated. It is known, for 

example, that DOC and NiC1 2 act synergistically to cause 

superinduction of microsomal heme oxygenase activity in rat 

liver and kidney (Sunderman et al., 1983). Because there 

is some evidence that Ni 2+ is embryotoxic (Leonard et al., 

1981) , and since DOC may promote placental transport of 

Ni 2+, treatment of women of child-bearing years with DOC or 

its dimer Antabuse as practiced in the treatment of nickel 

hand dermatitis (Menne and Kaaber, 1978; Christensen and 

Kristensen, 1982) seems ill-advised. 



CHAPTER 4 

MODEL OF CELLULAR UPTAKE OF Ni2+ 
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4.1 Introductory Remarks 

In Chapters 2 and 3, experimental evidence was 

summarized for the effects of ligands and pH on the 

cellular association and/or uptake of Ni 2+. In this 

Chapter, a model of Ni 2+ uptake by cells is proposed and 

this ion's behaviour is compared to other metal ions. 

. f d 1 f . 2 +4 • 2 Bas1s or Mo e o Nl Uptake 

The data reported in Figs. 2.1-2.6 illustrate the 

relative ease of Ni 2+ passage in and out of a number of 

cell types. In the absence of 1 igands (other than the 

buffer), significant amounts of nickel were able to 

associate with cells. Roughly speaking, 50%+25% of the 

Ni2+ was incorporated into the lysate, depending on cell 

type, and this clearly confirms that intracellular 

accumulation had occurred. Formation of polar 

Ni (I I) -complexes effectively blocked Ni 2+ uptake. In the 

presence of the corresponding ligands, the sequestering of 

Ni 2+ from preloaded cells was also highly efficient. This 

suggests that Ni 2+ readily diffuses across cell membranes, 

and this appears not to depend on cell energy processes 

such as known for the ions K+, Na+ and ca 2+. Further proof 

that Ni 2+ translocation involves simple diffusion derives 

from the work of Evans, Dolovich and Nieboer (unpublished 

results), which showed that Ni2+ uptake by cells was 

relatively unaffected by oubain or iodoacetamide, which are 

known to disrupt cellular energy processes. With reference 
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to Figures 4.1 and 4. 2, it may be concluded that Ni 2+ 

uptake may be labelled as "equilibrium" uptake. 

4.3 Model of Metal-Ion Uptake 

The ability of Ni 2+ to pass through membranes of 

cells places Ni 2+ in a class different from most other 

cations. The endogenous metal cations fall into 1 of 2 

classes. The first category consists of those cations 

(such as H+, Na+, K+, Mg 2+, ca 2+, Mn 2+ and to some extent 

Fe 2+) which are actively transported across the membrane as 

the free ion by energy dependent processes (Williams, 1983; 

also see Fig. 4.1). A good example would be the ions whose 

transport is coupled to Na+;K+ ATPase. The 

Na+/K+-activated ATPase of most higher organisms expels 3 

Na+ from the cell with the consumption of 1 ATP and the 

influx of 1-2 K+. This cycle of reaction is Mg 2 + 

dependent. Furthermore, many processes depend on 

intracellular ca 2+ concentrations being kept very low. A 

Na+;ca 2 + exchange pump, which uses the normal Na+ 

concentration gradient across the plasma membrane to expel 

ca2+, is thought to operate in nerve cells, muscles of all 

types, and the gut (Harrison and Hoare, 1980). The passage 

of ions of this type through. membranes is therefore under 

strict cellular control. 

The second category consists of metal ions which 

must first bind to a carrier before they can be transported 

across membranes (formation of ML 1 in Fig. 4.1). These 
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synthesis

!+ 

ML3~L3 + 	 M -+--__;;~........ M + l2'> ML2 
1L f ~ k. t·M L

1 
~~=;z::=;z=t::; M L 1ne 1c trap

1 

(pH,", e:~) 

Figure 4.1 Diagram illustrating the various pathways of 
metal-ion uptake by cells. Ligand is an extracellularL3ligand that assists in the delivery of the metal ion, M(or 
its removal from) the extracellular compartment, while L1
and are intracellular ligands that combine with M.L2
Ligand L1 may facilitate trans-membrane transport of M, and 
is shown to compete for M with in the extracellularL3fluid {or on the membrane surface). While the complex ML1 
passess through the membrane, there can be coup! ing wi tfi 
energy from unrelated energy-generating biochemical 
reactions. Membranes can also have highly selective 
channels with gates that by-pass the need for complex 
formation, and such direct transfer of M may or may not 
require energy. Non-mediated transport is possible because 
the electric potential across membranes at rest is 
negative. This potential gradient promotes the inward 
diffusion of cations, providing the concentration gradient 
is favourable. 

Formal charges on H and L and ML are omitted for 
convenience, and the membrane is shaded. E0 ' refers to the 
redox potential at physiologic pH. Adapted from Williams 
{1981). 
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L2 synthesisL3 
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ML2ML3 

pH 7 (cont ro lied )pH variable 

Figure 4.2. The "equilibrium" metal-ion uptake model. In 
contrast to phases in solvent extraction (or similar 
processes), the extracellular phase, the membrane, and the 
intracellular phase of cells are not in equilibrium. This 
is so because the uptake of M is energized in an indirect 
way. Many energized steps exist , owing to the 
impermeability of the membrane to many species, and to the 
metabolism and synthetic activities of cells. However, if 
its assumed that a steady state prevails (e.g., of pH and 
potential gradients, or ligand concentrations in the 
various phases) , then the uptake of M can be treated as one 
iri which M distributes between two very different phases 
containing and (or t 1 ), respectively. Only M itselfL3 t 2 can equilibrate, ana no membrane processes are involved. 
The magnitude of the binding constants (of Mt 2 , Mt 3 ; or 
MLl) then determines partitioning of M between the outer 
aqueous phase and either the inner aqueous phase or the 
membrane. Often, to rna in ta in charge balance, concomitant 
with the uptake of M another cation (M') is released. High 
redox potentials (E 0 ') favour metal ions in high oxidation 
states. Adapted with minor modifications from Williams 
(1981). 
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include Mo, Cu, Zn, Co, and Fe (Williams, 1983}. For 

example it is well known that iron can easily be 

transported across membranes when bound to transferrin, 

haem, citrate or hydroxamic acids (Williams, 1983}. This 

often involves receptor sites with either the surface 

release and subsequent transport of ions, or the direct 

uptake of the complex (e.g. transferrin by endocytosis}. 

From the data reported in Chapters 2 and 3, it is evident 

that of the ligands examined, only DOC facilitated the 

intracellular uptake of Ni 2+. As explained {Section 3. 4}, 

the lipid solubility of the Ni (DOC} 2 complex appears to 

account adequately for this observation. Although the 

uptake of polar neutrally-charged nickel complexes such as 

Ni(His} 2 was not observed, such a mechanism cannot be 

ignored, in vivo {c.f., the iron(III}-citrate system}. 

Studies with Cr(III}-complexes also emphasize this. The 

chromium glucose tolerance factor, CrGTF, which has been 

identified in Brewer's yeast as a chromium{III} dinicotinic 

acid-glutathione complex, is characterized by enhanced 

intestinal and placental absorption {Mertz, 1983; Nieboer 

et al., 1983d}. Synthetic analogues behaved similarly, in 

contrast to the cr3+ ion which is not accumulated by cells 

{Langard, 1982}. 

4.4 The "Equilibrium" Model of Ni2+ Uptake 

For all ligands examined except DDC, the 

equilibrium distribution of Ni 2+ appeared to be controlled 
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by the binding capacities and concentrations of the 

extracellular ligand in the incubation medium. Since 

L-His, HSA, D-Pen and EDTA were very effective, these 

ligands can be said to bind Ni 2+ better than binding sites 

on the cell surface and inside the cell. In contrast, 

L-Asp and L-Lys appear to exhibit lower apparent affinities 

than intracellular ligands. Like extracellular 1 igands, 

those inside the cell are mainly proteins and amino acids, 

although Ni 2+ also has high affinity for the phosphate 

moieties of polynucleotides. Because of its boderline 

character, the Ni 2+ would seek out oxygen-, nitrogen- and 

perhaps sulphur-containing functional groups (Nieboer and 

Richardson, 1980; Williams, 1981, also see section 1.5). 

Interestingly, and by analogy to Ni 2+ (see Table 3.1), 

about 85% of Pb 2+ occurred in the cell cytosol of RBCs and 

15% in the corresponding membrane fraction (Ong and Lee, 

1980a,b). The cellular distributions of Ni 2+ and Pb 2+ are 

therefore very similar. Fractionation experiments 

indicated that about 90% of the membrane Pb4+ was 

associ a ted with protein, as was the case for Ca 2+. And 

like ca 2+, chemical blocking of carboxylate groups on the 

membrane proteins showed that 70% of the Pb2+ appeared to 

be bound to these oxygen-type binding centers. Since Pb2+ 

also is a borderline metal ion, the binding of Ni 2+ might 

be expected to parallel the Pb 2+ complex-formation patterns 

described. 
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It was noted that the flux of Ni 2+ ions was pH 

dependent (Fig. 2. 7; Section 2.3). This was explained as 

originating from either: (1) an increase in membrane 

permeability with increasing pH; (2) the development of a 

proton gradient across the cell membrane favouring the 

anti port transport and Ni 2+; or ( 3) Nl.2+;pro t on 

competition for cellular binding groups. Explanations (2) 

and (3) are consistent with the "equilibrium" model 

depicted in Fig 4.2. Thus one possibility is that M' in 

this figure represents the proton. The other 

interpretation is the expected competition between M and H+ 

for in Fig. 4.2. This may be illustrated by a specifict 3 

example if t were ammonia (Williams, 1981}. Ni 2+ binds to3 

ammonia molecules with a 1:1 binding constant of logK=3.0. 

However, the proton binds to NH with a pKa of 9.0. From3 

these data it may be shown that at pH<6, nickel ions do not 

bind NH 3 while protons do. It is conceivable, therefore, 

that Ni 2+ and H+ compete for functional groups at the cell 

surface. Consequently at pH values <7, it would appear 

that it was difficult for Ni 2+ to compete with the proton 

as little accumulation occurred (see Fig. 2.7). 

And finally, the illustrated models in Figs. 4.1 

and 4.2 facilitate an understanding of the additional 

events that must occur under simulated physiological and in 

vivo conditions. As summarized in Chapter 2, L-His and HSA 

added to veronal buffer in physiological concentrations 
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. h'b't d · 2+1n 1 1 e N1 uptake by 85-95%, depending on cell type. 

The whole blood distribution data summarized in Fig. 3.10 

indicated that about 0.3% of the added 63 Ni 2+ became 

associated with peripheral lymphocytes, 35% with RBCs, and 

65% with serum. The unexpected high association of Ni 2+ 

with the RBCs in whole blood may originate for one or more 

of the following reasons. ( 1) Endogenous cations might 

compete with Ni 2+ for extracellular 1 igands, which would 

increase the free Ni 2+ concentration and thus would enhance 

uptake. {2) The presence of chelating agents sui table for 

promoting uptake of Ni 2+ by facilitated diffusion might 

occur. And (3), a higher concentration ratio of cells to 

Ni 2+ than employed in the simple buffer systems exists in 

vivo and should promote additional association of Ni 2+ with 

RBCs in whole blood. 
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