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ABSTRACT 

The action of Zirconium (Zr) on biological systems presents an 
enigma. It is ubiquitous, being present in nature in amounts higher 
than most trace elements. It is taken up by plants from soil and water 
and accumulated in certain tissues. The entry into animal systems in 
vivo is related to the mode of exposure and the concentration in the 
surrounding environment. Retention is initially in soft tissues and 
then slowly in the bone. The metal is able to cross the blood brain- 
barrier and is deposited in the brain and the placental barrier to enter 
milk. The daily human uptake has been known to be as high as 125 
rag. The level of toxicity has been found to be moderately low, both in 
histological and cytological studies. The toxic effects induced by very 
high concentrations are nonspecific in nature. Despite the presence 
and retention in relatively high quantities in biological systems, Zr 
has not yet been associated with any specific metabolic function. Very 
little information is available about its interaction with the com- 
pounds of the genetical systems, such as nucleic acids. Apparently, 
the metal is neither an essential nor toxic element in the conventional 
sense. However,  the increasing exposure to this element through its 
increasing use in new materials and following radioactive fallout, has 
increased the importance of the study of its effects on living organ- 
isms. The tetravalent nature of the ionic state and the high stability of 
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the compounds formed are important factors that need to be con- 
sidered, as also the accumulation of this element in the brain, 
reminiscent of the relationship between AI 3+ and Alzheimer's 
disease. 

Index Entries: Zirconium, action of on biological systems, reten- 
tion, level of toxicity. 

INTRODUCTION 

The trace element zirconium (Zr), although ubiquitous in the bio- 
sphere and present in higher organisms in amounts comparable or high- 
er than that of other essential elements, such as copper, had been 
neglected as a biologically important metal. More than two decades ago, 
the possibility of Zr being an essential trace element was postulated by 
Schroeder and Balassa (1) on certain criteria then available, but they also 
suggested that it might be a natural contaminant with no physiological 
effects. Since then, considerable information has accumulated on the 
distribution, uptake, retention, and the modes of action of the com- 
pounds of this metal with biological systems. It has been shown to be 
present in high amounts in forms available to living systems. Interest has 
increased in the radionuclide of this element (95zr) after its identification 
in large amounts in worldwide radioactive fallouts and uptake and reten- 
tion in plants and animals. In this review, an attempt has been made to 
assess the biological significance of this metal and its compounds, which 
show certain unique patterns of behavior. 

POSITION IN PERIODIC TABLE 
AND GENERAL PROPERTIES 

Zirconium is a metallic element with the atomic number 40 and mol 
wt 91.99, and belongs to the group IVB and second transition series of 
the fifth period of Mendeleyev's periodic table. It was named from Arabic 
zargun, meaning gold color. Discovered in the semiprecious gem zircon, 
as orthosilicate, by Klaproth in 1789, Zr was isolated as an element by 
Berzelius in 1824 (2). 

In its metal form, Zr is hard and resistant to corrosion, heat, and 
acid. Cationic salts are hydrolysed to form insoluble but stable zirconyl or 
zirconium oxysalts. ZrO 2+ ions readily polymerize with increasing pH, 
allowing extensive olation and oxolation. Zr forms unstable simple cat- 
ionic salts such as halides and sulfates, and stable anionic zirconates by 
boiling (3,4). It has a high affinity for free PO 3+ ions, forming insoluble 
precipitates, which hamper the coprecipitation of other metals like Cd, 
Cu, Mn, and Pb (5). Whether or not it can act as a catalyst at biological 
temperature is not known (1). Some chemical and physical properties are 
given in Table 1. 
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Table l 
Chracteristics of Zirconium 

249 

Melting Electronic Ionic Stereochemical 
point valency configuration radius Coordination number structure 

1855~ +2 to +4 like inert gas 0.72 ~ 6 and 7 shared by other Octahedral to 
members of the same tetragonal, 
periodic group, pentagonal, 
8 is the stable form. bipyramidal 
The coordination to cubic 
tendency increases as (6,7) 
R = N  R - O - R  
R - C O O -  ROOH 

USES 

Until the advent of atomic energy, Zr had very few uses other than 
in cosmetics and jewelry. With increasing industrialization it has found 
application in different industrial processes (Table 2), because of its 
relative inactivity, low biological toxicity, resistance to high temperature, 
and capacity to form stable complexes (8,9). 

DISTRIBUTION 

Distn'bution in Nature 

Zirconium behaves like an essential trace metal in the biosphere, 
although the possibility that it is a natural contaminant with no consider- 
able physiological effects must be considered (1). Its mean concentration 
in rock is 170 ppm, in soil 300 ppm, in marine sediments 132 ppm, and in 
sea water 4 ppb (29). Since carbonates, hydroxides, oxides, and silicates 
of Zr are insoluble, dissolved salts may be rapidly precipitated from sea 
water, producing high concentrations in marine sediments. The major 
minerals are baddeleyite, a form of ZrO2, and zircon or zirconium ortho- 
silicate (ZrSiO4). It ranks 9 of all elements in abundance on earth's crust 
(29), 32 among all elements in the universe, and 11 among the trace 
elements (30). Some common sources of Zr are given in Table 3. 

DistributJon Within Organisms 

Analysis of water, soil, and vegetation shows that Zr was ubiquitous 
in the biosphere and was often present in appreciable quantities. 

In Plants (Table 4) 
In isolated and purified envelopes of E. coli K12 strains, an intermedi- 

ate amount of Zr deposition was detected at the polar head group regions 
of the membranes or along the peptidoglycan layer (62). The dinoflagel- 
late Gymnodinium brevis of Florida Gulf Coast was seen to contain 0.34 to 
3.4 ppm Zr (63), but Sargassum from Guanica contained only traces of 
95Zr (64). 
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Table 2 
Biological and Industrial Uses of Zirconium 

Chemical form Uses References 

Zr-alloy 

Zr-silicate, 
Zr-oxychloride 

Zr-citrate, 
Zr-hexacyanoferate 

Electronic industry 

Antiperspirants and toiletries (11-13) 

(14,15) Removes radiostronfium from the human 
body and from femurs and 
gastrointestinal tract of rat 

Zr-complexes Displaces Pt and induces immunological (16-20) 
tolerance against A1 and ethanol 

Zr-complexes Anticaries substance (21-25) 

Zr-in metallic form Bone and muscle implant material (26-28) 

Following radioactive detonation, marine plants are capable of accu- 
mulating a large amount of radionuclides. In the western and southern 
coasts of Puerto Rico, the rate of uptake of 95Zr by the alga Padina was five 
times greater than that of other nuclides (64). In alga Porphyra, 50% of the 
accumulated 95Zr was rapidly lost in 6 d (65). 95Zr was recorded in green 
alga Ulva pertusa (48,66). In mining districts near Timmin and Elliot lakes 
in Canada, Zr was found to be concentrated by freshwater filamentous 
algae (67). It is probably taken up by marine plants through absorption 
on the external surface, since it can form strong complexes either in 
soluble form or colloidal state with biological surfaces. Because of their 
higher oxidation state, radioisotopes of Zr are found to be tightly bound 
to the surface of organic debris and plankton (68,69). At several locations 
in Austria, the natural distribution of short lived 95zr was collected and 
accumulated by the lichen (70,71). In the lichens Cladonia-cetraria 95zr was 
decreased gradually with time, more rapidly during winter (72,73). 

The terricolous mosses Rhytidiadelphus squarrosus, R. triquetrus, Bra- 
chythecium mildeanum, B. rivulare, Ciriphyllum piliferum, and Plagiommium 
ellipticum growing in the parks of the Russian city of St. Petersburg 
accumulated the element in larger amounts than in a control park located 
40 km outside the city (74). In Bieszczady (Poland), Zr content was 4.0 
mg/kg dry matter of pasture plants (75). Concentrations of 95Zr ranged 
between 10-10 to 10 -~ mg/kg air dry weight in forests of the Arkhangel 
district of Russia. The maximum amounts occurred in mosses and in 
litter, while the minimum amounts were found in wood (76). 

The movement of radioactive Zr from the soil into the plant is greatly 
influenced by the absorption and desorption processes of the element in 
the soil. It was seen to be transmitted through the xylem vessels of wheat 
seedlings germinated in nutrient medium containing radioactive Zr. But 
when the plants were transferred to the medium after the seedling stage, 
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the root system acted as a barrier against the penetration of Zr. Trans- 
location from root to upper parts of the plants was slow (77). The 
accumulation of Zr by different plant systems is affected by time and 
partly by the organ concerned, but usually not by the presence of other 
chemicals. Predominant accumulation was recorded in roots and a lesser 
extent in above ground organs of pea plant, including the grain (78). 
However, plants growing on ejecta from the Sudan thermonuclear 
cratering detonation in 1962, concentrated significant amounts of 95zr 
and its uptake by roots persisted through three years (47). Such uptake 
through roots was reported in plants grown on soils contaminated with 
radioactive fallout from nuclear weapon tests and with nuclear reactor 
byproducts (45,46,68,79,80). Adsorption by foliage was also recorded. 
Various amounts of 95zr have been reported in barley, maize, and alfalfa. 
Increased soil moisture enhanced its concentration in plants by 1.5 to 3 
times (81). From silt contaminated with radioactive waste from Sellafield 
nuclear fuel processing plant, Zr was absorbed chemically and physically 
in the form of a complex hydrous oxide (82). 

Ecklemia cava and Eisenia bicylis growing in seawater absorbed 95z~ via 
roots. The concentration and uptake were faster from water than from 
marine sediment (57). The plants Eichhornia crassipes, Lemna minor, and 
Elodea canadensis, growing in waste water, absorbed Zr in ionic conditions 
(83). In plots of corn fields established at six sites in Michigan and one in 
Arizona (USA), Zr was one of the major contaminants (1,000 rag/L) and 
its amount was not affected in the presence of fertilizers or other contam- 
inants (84). 

Distribution in Animals 
Zr is widely distributed in animals, primarily in soft tissues (85,86). 

Distribution in mammalian tissues is shown in Table 5. In animals, 
studies on Zr metabolism centered mostly on 95Zr, as a product of nuclear 
fission (87,88). It was followed through body fluid from point of entry 
and deposited mainly in the bone (89). Gastrointestinal absorption of 
simple cationic Zr salts in laboratory animals was negligible (90,91). 
Parenterally administered salts were slowly absorbed from injection 
sites. The chemical was readily absorbed as citrate or tartarate (92). 
Radioactive Zr was absorbed at a considerably higher rate in suckling rats 
(93), and it also appeared in newborn rat and in milk following exposure 
of the mother (94). Siliceous sponges Spirastrella cuspidifera and Prostylyssa 
foetida accumulated 95z~ by preferential uptake (95). Accumulation in two 
sponges Ircinia strobilina and Spheciospongia vesparia was, however, very 
small and the excess was ejected into the water passages (64,95). Caribou 
and wolf tissues from the Anaktuvuk Pass region in Alaska also revealed 
the presence of the fallout 95Zr (73). Percutaneous absorption in rodents 
was Na < Zr < Zn. The comparative permeability of the skin to the 
compound ZrPT was rabbit K rat < guinea pig (97). 

The amount of cationic zirconium (Zr +4) increased with time in 
mitochondrial fraction of liver after administration of Zr as oxalate. Car- 
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Table 5 
Distribution of Zirconium in Tissues of Wild and Domestic Animals 

and in Human Body (wet weight) 

Laboratory animals 
Wild animals (~g/g) (no. of 
(~g/g) samples given in 

brackets) 

Human tissues and fluid 
(l~g/g) 

Deer Adults rats 
Brain 3.31 Heart (6) 5.72 
Hooves 1.99 Liver (1) 4.70 
Fat 3.09 Kidney (1) 16.02 
Kidney 14.77 Lung (2) 3.82 

Woodchuck Spleen (5) 15.39- 
47.71 

Kidney 7.91 
Liver 3.53 

Fox 
Liver 8.93 

Bat (Whole) 5.14 

Raccoon 
Aorta 11.54 

Total blood 6.18 
Liver (3) 6.28 
Lung (4) 3.46 
Spleen (4) 1.88 
Muscle 18.71 

Total human 
body content 420 mg 

bohydrate chains of sulfated glycoproteins played an important role as 
the binding substances (99,100). Following intravenous injection, Zr was 
taken up mostly in soft tissue organs, including liver, lung, pancreas, 
kidney, and thymus gland. As nitrate, Zr had a fairly high uptake rate in 
cardiac muscle, which decreased with time (101). Although Zr could be 
detected in the brain, the uptake rate was much smaller than that for 
other organs, which might be due to the blood-brain barrier (101). 

Retention of 95Zr has been related principally to the mode of expo- 
sure. In rat lungs following intratracheal intubation, it was highest 24 h 
after administration. It decreased after day 7 of the experiment (102). One 
or two years of exposure to Zr +4 in drinking water induced the greatest 
level of increase in kidney and spleen (86,103). A relatively high quantity 
was deposited in liver, spleen, and kidneys (94), and retained to a lesser 
degree in lung (104). Injected and ingested Zr-citrate complexes were 
retained in blood for sometime, transported to other tissues, and then 
metabolized (91). Whole body accidental exposure to 95Zr in dogs and 
humans showed primary retention in the pulmonary region (105). The 
effects of aerosols containing 95Zr, when inhaled by mice, initially de- 
pended on the temperature of formation. At highest temperatures the 
deposited par~.icles were retained in the lung and later translocated to 
the skeleton (indicating an excess burden of 95zr). At lowest temperature, 
the highest doses were retained by the skeleton, liver, and lung (106). 
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The whole body retention of Zr for suckling rats, previously treated with 
cortisone acetate, was significantly reduced (93). 

Amounts of 95zr increased in tibia up to seven days after administra- 
tion, to a higher lever than in other organs (102). Young rats adsorbed 
more parenterally injected Zr salts than adult or old animals, and re- 
tained them longer in the skeleton because of vigorous metabolism in the 
bone marrow (89). The amount of Zr in bone marrow of suckling rats was 
approximately four to five times greater, whereas that in most of their 
soft tissues was almost same (93). 

Six hours of exposure to Zr led to 0.27% of the metal being deposited 
in internal organs (107). Only a small fraction was absorbed and selec- 
tively fixed in the ovaries, and to a lesser degree in lung and bone. In 
ovary, Zr induced vascular variation (hypervascularization) one month 
after exposure (104). 

95zr hydroxylacetate, administered intravenously to rats, was elimi- 
nated from the blood with a half life of about 70 min (108). It is generally 
absorbed very poorly in gastrointestinal tract via oral administration and 
mostly excreted through the feces. Less than one per cent of the daily 
intake of Zr of humans was reported to be excreted in the urine (98). The 
way of excretion was suggested to be the hepatobiliary route like most 
cationic metals, although Zr-citrate complexes retained in kidney were 
evidently excreted very rapidly (109). Of the intubated Zr in lung, 50% 
were similarly excreted within 63 d (102). 

The adult rat showed a much steeper and larger initial loss of Zr. The 
initial rapid loss of the nuclides from sucklings disappeared at around 
weaning age, followed by considerably slower exponential decrease (93). 
Following contamination of the skin surface of rats by 95zr oxalate, the 
elimination half life of Zr was 20% within 6 h and 80% in 10 d (107). 
Nuclides were easily extracted from the liver because they existed in their 
free forms in the intracellular fluid (110,111). The percentage of urinary 
excretion was 1.06 for nitrate and 3.73 for oxalate 3 h after administration 
(107). 

Epidemiological studies are relatively few. In 36 whole enamel sam- 
ples from premolar teeth of 11-year-old New Zealand children, concen- 
trations of Zr were lower than those of samples from the USA (112). In 
hair samples from 11 Chinese residents of Hong Kong, a relatively high 
level of Zr was found (113). Presence of Zr in human bone in the Bei~ing 
(China) area showed the median of log distributions to be 1.5 x 10 -5 g/g 
ash (114). 

Uptake Rate and Retention of Zirconium by Tumors 
In tumors, Zr was observed to be bound mainly with acid mu- 

copolysaccharides. 95zr, in the mitochondrial fraction, increasing with 
time after administration. After injecting Zr-oxalate in Ehrlich tumor, a 
typical autoradiogram showed greater dominance of 95z~ in connective 
tissue than in viable tumor tissue and in necrotic tumor tissue regardless 
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Table 6 
Zirconium Concentration in Common Foods 

Food types (~g/g) Food types (t~g/g) 

Cereals and grains 2.08 Fruit 0.54 
Dairy products 2.67 Nuts 2.31 
Meat/Poultry 1.22 Vegetables 1.56 
Seafood 0.54 Oils and fats 4.13 

of time (100). In tumor and liver, 50-60% of 95Zr remained in supernatant 
after digestion with pronase E. Tumor uptake and accumulation rates of 
nitrate were more or less similar to oxalate (115). Table 6 shows the 
concentration of this element in some common foods. 

INTERACTION WITH OTHER CHEMICALS 

Tissues of rodents fed Zr in drinking water for life showed signifi- 
cantly higher copper content in livers of rat than in control (116). Distri- 
bution of radioactive indium in the body, with other metals like Zr, 
ensured its accumulation with subsequent introduction (18-28%) into the 
kidneys as well (117). 

Injected 95z, could be removed by 7-aminoalkyline phosphonic acids 
in white rats. The lowest deposits in the bones occurred in the presence 
of diethylene and ethylene diamine dimethyl phosphonic acids (94). 
Femoral bone deposition of Zr, however, could not be removed by these 
chemicals (104). In a strain of Acetobactor methanolicus, which is able to 
accumulate large amounts of gluconic acid, up to 45% of Zr can be 
organoheterotrophically leached (118). 

EFFECTS ON LIVING ORGANISMS 

Plants 

Ecological hazards posed by Zr through damage of living plant 
systems had earlier been considered to be negligible. Although industrial 
wastes provided Zr in more assimilable forms than those previously 
available, no known toxic effect of these effluents had been reported up 
to 1973 (119). As sulphate, Zr influenced growth and production of citric 
acid in Aspergillus niger (120). The chloride efficiently removes phosphate 
ions in an aqueous medium, rendering them unavailable for algal uptake 
(121). Growth of phytoplankton was reduced by passive influence of 
ZrCI 4 through inactivation of phosphorus cycling. In a eutrophic farm 
pond with Anabaena circinaris, dramatic differences in phytoplankton 
production were observed between treated populations with Zr and 
controls (122). When present in large quantities in water, 95Zr decreased 
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the populations of Oribatei, Collembola, Gamasida, and Acaria, and also 
reduced pigmentation and size of many organisms (123). 

Animals 

Short term experiments in the laboratory indicate that ZrC14 re- 
moved PO 3- efficiently (121) but did not affect the benthic macro- 
invertebrates (122). The lethal doses of Zr varied depending on the salt 
used and water type in the cases of fathead minnows and bluegill sunfish 
(124). 

Absorption was also found to be conditioned by the concentration 
of calcium in the water (109). Zr salts are of low toxicity to animals 
(125-127). The mode of administration is a major factor, with parenteral 
injection leading to greater toxicity than through oral ingestion. 

Very few reports are available about physiological or pathological 
changes due to acute Zr toxicity. In rats, ZrO2 was not lethal when given 
orally at up to 10 g/kg body weight. Intraperitoneally, Zr-gluconate was 
more toxic than citrate (125), the lethal doses being 247 and 1170 mg/kg 
body weight respectively (16). Daily doses of 450 mg/kg were tolerated 
for 8 d (17). The oral lethal dose (LD50), ranged from 853 mg/kg body 
weight for Zr nitrate to 2290 for sodium zirconyl sulfate, expressed as Zr 
(128). After a single oral dose, Zr oxide was not toxic, oxychloride was 
slightly toxic, and chloride was moderately toxic (104). 

Growth rate, survival, and longevity in rats and mice were not 
reversely affected by 5 ppm Zr in the drinking water in life term studies 
(86,103). In female rats, Zr oxychloride (0.23 g/Zr/kg per day) did not 
influence the growth curve (104). Hearts of male rats fed with Zr weighed 
14.6% less than that of the control rats, whereas hearts of females 
weighed 3.5-7.4% more (103). This observation has not been repeated in 
other animals. 

Rabbits inhaling Zr lactate aerosol developed pulmonary granu- 
lomata (129). Following intratracheal intubation, at day 63, black spots 
were observed in the alveolar wall of the lung (102). At certain concentra- 
tions, ZrC14 induced cerebral and pulmonary disorders as well (104). The 
extraordinary tolerance of animals to Zr had earlier been attributed to the 
presence of the metal in tissues and reasonably large concentrations in 
foods. The low toxicity of oral administration was related to its insolu- 
bility in the intestine or to low pH of intestine that favors olation of Zr 
salts (1). However, intraperitoneal injection of zirconyl sulfate induced 
considerable toxicity (8). Zr had a low toxicity in inhibiting hepatic 
succinic dehydrogenase (91,127). 

Male Sprague-Dawley rats, injected intraperitoneally with 1 mg/kg 
body wt Zr as chloride, did not exhibit any significant toxicity in urine 
after 24 h (130). Following single subcutaneous injection to rats, 95zr was 
deposited mainly in the bone and caused radiation injury to the bone 
marrow (89). Intradermal injection as chloride in the external ear of ICL 
and CBA/J mice induced dysplasia of cartilage (131) with the develop- 
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ment of benign chondromas (132). Blanching of older teeth in adult rats 
was caused by Zr (103). 

Microscopical, electron microscopic, and electromicrographic stud- 
ies showed no cytotoxic effect of ZrO2 on the bone cells surrounding 
bone cement implants in rabbits (133). 

Glucose levels are somewhat elevated in serum of fasting and non- 
fasting Long-Evans strain of female rat. Glycosuria was found in about 
half of the animals, and the difference from the control was significant at 
P K 0.01 level. Fasting serum chloresterol levels were high in male mice 
fed with Zr (134,103). 

Radiological hazards, following gastrointestinal absorption of 95zr, 
were twenty times greater than the figures used by the International 
Commission on Radiological Protection. In a survey of metabolism, the 
rat fetus was seen to easily receive a dose greater than I rem of 95Zr in the 
first two months of pregnancy (135). 

Moderate toxicity of Zr reported by some workers might be due to 
intracellular metabolism. Insolubility of Zr 4+, even at the pH present in 
lysosomes, may not damage the cells (136). Macrophages collected after 
intraperitoneal injection of Zr as oxide showed a decreased level, where- 
as there as an increase in PMNs observed even 2-3 d after injection (137). 

Hypersensitivity induced through inhalation of Zr 4+ aerosols (138), 
though to a moderate extent when compared with other allergens 
(136,139), was of delayed, cell mediated type. It caused allergic granu- 
lomatosis, arising as a foreign body reaction without any immunological 
mechanisms being involved when administered to nonsensitized ani- 
mals (1,140,141). Certain experimental granulomas produced in guin- 
eapigs sensitive to Zr may contain varying amounts of rough endo- 
plasmic reticulum (142). lntradermal and intraperitoneal injections of Zr 
salts in CBA/J mice produced local foreign body type granulomas that 
regularly persisted over eight months. Delayed immune type of epithe- 
loid cell granulomatous hypersensitivity, such as was induced in hu- 
mans, was not seen (132). General structure of the granuloma elicited by 
Schistosoma eggs in rodents was very similar to that of zirconiosis, al- 
though the cause remained unknown (143). 

After inhalation of insoluble Zr salts, acute lung lesions developed 
due to Zr and A1 compounds in hamsters (144). Following intradermal 
injections of 5.0 and 0.5 mg of Zr carbonate and Zr aluminum glycine 
complex (ZAG) respectively to guineapigs, the site usually contained 
some macrophages that had ingested crystalline material. ZAGs in- 
creased skin thickness 14 d after injection, reaching a maximum at 21 d. 
the lesions showed granulomas consisting of shredded bundles of in- 
tensely basopholic collagen and many giant cells and histocytes that were 
highly polymorphic, hyperchromatic, occasionally phagocytic, and suc- 
ceeded by intense fibrosis (23,145). Rabbits inoculated intradermally with 
ZAG and sodium zirconium lactate (NZL) did not show positive skin 
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reactivity and macrophage inhibitory factor production, but multiple 
injection of NZL inhibited marginally macrophage migration and skin 
reactivity (141). In vitro, when alveolar microphages from the rabbit were 
exposed to Zr, lysosomal hydrolases increased significantly in the mito- 
chondrial fraction. Macrophage phagocytosis was observed mor- 
phologically in the exposed cell cultures (146). 

Human Beings--Level of Exposure and Diseases 

Human exposure to Zr is not uniform. A large amount of zircon was 
reported to be consumed in the United States. It could pass both the 
placental and mammary barriers, and was located in milk taken into 
polyethylene bottles directly from the udder of a cow. Daily oral intake 
by humans was reported as 3.5 mg (1), remaining fairly constant 
throughout life. Zr poisoning may occur because of excessive exposure, 
but industrially, it had not been considered to be a health hazard (98). 

Certain epidemiological studies indicate different types of toxicity, 
mainly related to the type of exposure. An admixture of radioactive 
elements in the dust of nonsoluble Zr-oxides and Zr-silicates, used as 
raw material for manufacturing fireproof materials, has been reported to 
cause and intensify the fibrogenic action on lungs (60). Among 136 
workers in Ceylon exposed to a number of minerals including zircon, six 
developed nonspecific respiratory dysfunction (147). Radiation hazard 
did not occur below 1.10-~Ci/g of Zr (148). In a department engaged in 
the manufacture of plumbous titanate zirconate, 42 workers complained 
of occupational dermatitis with hyperhydrosis of hands and tarnishes, 18 
of whom reported a "sweet" taste in the mouth and general indisposi- 
tion. In addition, a number showed an elevated thermal pain sensitivity 
and electric permeability, along with increased sweating and reduced 
capillary resistance to the skin (149). 

Some effects are also found in lungs of workers in the refractory 
industry, employed for periods of 25-50 yrs in an atmosphere concen- 
trated with radionuclide of the element (148). Hand finishers of Zr metal 
reactor, however, working for 1-17 yrs, showed no definite pathological 
effects (150). 

Zr granulomas in humans have been reported after cutaneous expo- 
sure to deodorant sticks that contain approximately 0.5% zirconyl sodi- 
um lactate (151,152), of allergic epithelial origin (153,154). Extensive 
sarcoid-like granulomas of glabrous skin as a result of allergic hypersen- 
sitivity to insoluble Zr oxide were also described. These effects resembled 
those caused by beryllium (155,156,157). Hypersensitive cells produced 
by intradermal injection of diluted Zr lactate were derived from mono- 
nuclear cells (153,158). A study of the composition of nineteen metals, 
including Zr, in the brain tissue and cerebrospinal fluid in patients with 
organic brain diseases showed a direct correlation between the content of 
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this metal in the brain tissue and CSF. In addition, a relationship was 
found between the content of individual metals with the amount of water 
(159). 

Six patients with dialysis osteomalacia were studied before and after 
treatment with desferrioxamine. Before treatment, all six had severe 
osteomalacia with histochemical evidence of metal Zr. After treatment, a 
decrease of Zr was associated with improvement in clinical, biochemical, 
radiological, and histological parameters. These observations suggested 
the possible role of this metal in the pathogenesis of dialysis osteomalacia 
(160). 

Effects on Genetical Systems 

In general, the cytotoxic effects of Zr were very low. The earliest 
report is of mild turbagenic action of Zr 4+ in onion root tips (161). In 
Syrian hamsters, intravenous exposure to 2000 PuO2-Zr 2 spheres per 
animal did not induce tumors, even at doses up to 118 nCi/g lung tissue 
(162). However, chromosome aberrations were induced by inhalation of 
238 PuO2 micropheres containing ZrO2 dust. Chromosomal aberrations 
increased 63 to 138 h after cell cultivation (0.18 and 0.24 aberration/cell, 
respectively). Mitotic indices were greatly depressed in lung tissue cul- 
ture when irradiated with 238 PuO2 dust. Many star clusters arose from 
alpha tracks of the microspheres, indicating an abundance of micro- 
pheres that caused continuous irradiation during culture period (163). Zr 
salts stimulated mouse spleen cell proliferation in direct proportion to the 
dose. Preincubation of splenocytes with Zr sulphate (2-100/1~M) assisted 
lectinmediated lymphocyte proliferation. At certain concentrations Zr 
salts possibly acted as lymphocyte mitogens and augmented the respon- 
siveness of immune cells, which could explain the characteristic induc- 
tion of delayed hypersensitivity and production of immunological granu- 
lomas by this metal in vivo (164). Following the study of 3H-thymidine 
incorporation in cultured cells from C57BL mice, the viability of spleen 
cells treated with ZrOCI 2 exhibited similar changes at concentrations 
between 1-40 I~M and decreased between 80--440 I~M. No effects were 
found with ZrO 2 and ZrSiO4 at 1-400 laM. The degree of 3H-thymidine 
incorporation was enhanced by 1-20 I~M of ZrOCI 2, and inhibited at 
40-400 ~M. The effect of Zr on the mouse spleen cell depends upon the 
solubility of Zr salts. ZrOC12 was found to be weakly mitogenic at a 
narrow concentration between 1-20 I~M, the maximum being at about 10 
I~M (165). 

Detailed studies on ZrOC12, administered as a single acute dose in 
higher plants, indicated that it was a weak turbagen. Soaking of Pisum 
sativum seeds in concentrations ranging between 1 and 104 ppm induced 
a high frequency of spindle disturbance, directly related to the concentra- 
tion used in the root meristems of the germinating seedlings. The effect 
decreased with time and was apparently caused by the affinity of Z r  4+ 
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for thiol groups in the spindle (166). Oral administration of a single dose 
of the salt in vivo to mice in various concentrations, taken as fractions of 
the LDs0 dose, induced clastogenic effects, including breaks, in the bone 
marrow chromosomes at different phases of the cell cycle. The action was 
dose-dependent (167). Female mice showed an enhanced susceptibility. 
In human leucocytes in vitro, the degree of clastogenicity was lower and 
chromosome breaks were relatively few in number. In all three test 
systems, however, ZrOC12 was significantly mitogenic in the initial 
stages (166), but zirconocene dichloride, a compound of Zr, did not show 
any biological activity (168) or recognizable antineoplastic properties 
(169). 

Reaction with Biological/Vlacromolecules 
The only early report of direct Zr involvement was the inhibition of 

alkaline phosphate in vivo (170) and ATPase in vitro by zirconyl chlo- 
ride (91). The next report was of ferroxidase or ceruplasmin inhibition of 
Zr 4+ (171). 

Later investigations have shown that the gelatinous metal hydrox- 
ides of Zr 4+ are capable of forming insoluble complexes with the en- 
zymes chymotrypsin, D-glucose oxidase, and B-D glucosidase trypsin. 
These complexes are enzymatically fully active, and might also form 
complexes with amino acids and peptides. All these complexes are con- 
sidered to be formed by the reoccupation of ligand sites of the metal ions. 
The metal hydroxide-amino acid complexes could also subsequently bind 
an enzyme molecule to give a product completely different from the 
soluble form of the enzyme (172). 

Metal chelates of Zr with asparagine and glutamine were reported 
potentiometrically (173,174). The basic Cr(III)-Zr(IV) sulfate complex 
(compound A), isolated previously, reacted with a series of amino acids 
at moderate to acidic pH values to produce either 1:1 or 2:1 amino 
acid:compound A complex. The complexes were usually relatively insol- 
uble and electrically neutral. The absorption of proteins on metal (Zr) 
surfaces was characterized through its surface concentration, optical 
thickness, refractive index, and relative surface coverage as a function of 
time. Lysozyme was reported to be absorbed in a two layer structure on 
Zr, but ovalbumin was absorbed in a smaller amount in a monolayer 
structure (175). Zirconium compounds form coordination complex and 
stable chelates with bidentate ligands. A 2:1 cationic complex was iso- 
lated from reaction of an excess of alpha alanine with compound A (176). 

Interaction of macromolecules like acid mucopolysaccharides with 
zirconyl ion was detected by spectrophotometry (177) or by Chapman's 
method (178). Substances normally present in the acid mucopolysac- 
charide preparations such as protein, glycoprotein, and nucleic acid did 
not interfere with zirconyl ion (177). 

Cellular nucleic acid showed a blocking reaction with Zr(IV) oxide 
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chloride, forming a faint color after staining with toluidine blue. This 
blocking mechanism was suggested to be caused by salt linkage between 
the phosphoric acid of the nucleic acid and Zr at low pH (179). The 
uptake of 1-histidine (His), 1-1ysine, and 1-arginine by Y-Zr-phosphate 
was studied (180). 

Rat tail tendon tropocollagen reacts with a basic Cr-Zr sulphate 
complex (zircryst: Na2ZeBCr2(SO4) (~ 6H20) in pH 3.0. Additional 
crosslinks, both intra and intercellular, were induced into the collagen. 
The zircryst moiety remained essentially intact throughout, resulting in 
an increase in thermal stability of the protein (181). Certain drugs like 
ampicillin and dopamine formed stable chelates with Zr 4+ (182). ZrOC12 
enhanced direct plaque formation in mouse spleen cells blended with 
macrophages obtained from mice intraperitoneally injected with Zr- 
oxychloride for a week. From this result, it is suggested that the sup- 
pressed IgM immune response resulted from macrophages activated by 
the addition of ZrOC12 (183). 

Zirconium is widely distributed in nature and appears in all biolog- 
ical systems, often in appreciable quantities. Different plant systems, 
from algae, lichens, bryophytes, and ferns, to conifers and pasture plants 
have been observed to contain Zr, the amount depending upon the level 
of the element present in the soil or environment. It is widely distributed 
in animals, mainly in the soft tissues. The Zr content in the adult human 
body is about 420 mg. The daily human intake is more than Mn and 
relatively high for trace metals. The human exposure has been further 
enhanced through radioactive fallout as measured by the incidence of the 
radionuclide 95zr, in soil, water, and vegetation. Some common food- 
stuffs and beverages contain appreciable quantities of Zr. 

The mode of uptake and return cycle of the metal in living systems 
have not been worked out in all cases. In plants, the intake is principally 
through leaf or root absorption. In animals, the retention and excretion 
levels depend on the route of administration and the duration of expo- 
sure (Fig. 1). The radionuclide 95ZF is found to be concentrated mostly in 
liver, lung, pancreas, kidney, thymus gland, reproductive organs, and, 
after prolonged exposure, in bone. Zr is shown to cross the blood-brain 
barrier and is deposited in brain. In liver, Zr as cation is concentrated in 
the mitochondria and is mostly bound to acid mucopolysaccharide. Ex- 
cretion is suggested to take place through the hepatobiliary route like 
other metal cations. 

Ingestion of Zr has been observed to enhance the copper content in 
rat liver and the accumulation of indium in kidney. Removal of Zr after 
deposition in the tissues is very difficult because of the stability of the 
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Fig. 1. Possible biogeochemical cycle of Zr from available information. 

compounds formed. Only gluconic acid and 7-amino-alkyline phospho- 
ric acids are reported to be able to remove Zr deposits in tissues. 

Reports on toxicity of Zr compounds in animals are very few, possi- 
bly because of their relatively low affinity for biological macromolecules, 
low solubility in intestine, or to the low pH of the intestine that favors 
olation of Zr salts. Human epidemiological studies have suggested the 
association of exposure to Zr with pulmonary disorders, allergic granu- 
lomata formation, and organic disease of brain and osteomalacia. How- 
ever, these reports have not been confirmed. 

Zr salts stimulated the proliferation of cells and were weakly mito- 
genic, up to a certain level. With higher concentrations, turbagenic, and 
to some extent clastogenic, effects were induced in higher organisms, 
following exposure both in vivo and in vitro. Zr has been recorded to 
inhibit the activity of enzymes like ATPase, alkaline phosphatase, and 
peroxidase. It also forms metal chelates with amino acids, complexes 
with enzymes, and binds with acid mucopolysaccharides. As the oxy- 
chloride, Zr enhances direct plaque formation, suggesting an immune 
response. Although it has not yet been shown to enter into the metabol- 
ism of any organism, the role of this metal in the biological pathways 
remains an enigma. However, increasing exposure to this element and 
reports of deposition in human brain necessitate further investigations 
on any association with degenerative disorders, as found between alumi- 
num, which has very similar properties, and Alzheimer's disease. 

Biological Trace Element Research Vol. 35, 1992 



266 Ghosh, Sharma, and Talukder 

ACKNOWLEDGMENTS 

The authors are grateful to A. K. Sharma, for facilities and encour- 
agement,  and to the University Grants Commission and Council of 
Scientific and Industrial Research, Government  of India for financial 
assistance. 

REFERENCES 

1. H. A. Schroeder and J. J. Balassa, ]. Chron. Dis. 19, 573-586 (1966). 
2. C. D. Hodgman (ed.), Handbook of chemistry and physics, 44th ed., Chemical 

Rubber Publishing Co., Cleveland, OH, (1962). 
3. J. C. Bailer (ed.), The chemistry of co-ordination compounds, Reinhold, New 

York, (1956). 
4. J. V. Silverton and J. L. Heard, Inorg. Chem., 2, 243 (1963). 
5. T. Osanai, K. Hayakawa, N. Kikuchi, S. Konno, K. Ito, N. Shibata, and So 

Suzuki, Eisei Kagaku 35, 297-300 (1989). 
6. F. A. Cotton and G. Wilkinson, Advanced inorganic chemistry: A comprehen- 

sive test, 2nd ed., First Wiley Eastern Reprint, New Delhi, (1969). 
7. S. Syamal and M. R. Maurya, Indian J. Chem. Sect. A. Inorg. Phys. Theor. 

Anal. 24, 836-840 (1985). 
8. B. Venugopal and T. D. Luckey (eds.), Metal toxicity in Mammals, Vol. 2, 

Plenum Press, New York, (1978). 
9. P. B. Hammond and R. P. Beliles, in: Cassarett and Doull's Toxicology, The 

Basic Science of Poisons, 2nd ed., J. Doull, C. D. Klassen, and M. O. Audur 
eds., Macmillan & Co., London, 1980, pp. 409-467. 

10. M. Sayer and K. Sreenivas, Science 247, 1056-1060 (1990). 
11. P. D. Stecher (ed.), Merck Index, 7th ed., Merck and Co., Rahway, NJ, 

1960. 
12. W. B. Shelley and H. J. Hurley, Jr., Acta Derm. Venereol. 55, 241-260 

(1975). 
13. S. A. McWilliams, I. Montogomery, D. M. Jenkinson, H. Y. Elder, S. M. 

Wilson, and A. M. Sutton, Br. J. Dermatol. 117, 617-626 (1987). 
14. Lewis's Pharmacology, (Revised by J. Crossland, 4th ed.), E & S, London, 

1970. 
15. J. Severa, Radiobiologiya 17, 629-631 (1977). 
16. J. Schubert, Science 105, 389 (1947). 
17. J. Schubert, J. Lab. Clin. Med. 34, 313-317 (1949). 
18. A. Grollman and E. F. Grollman, Pharmacology and Therapeutics, 7th ed., 

Lea and Febiger, Philadelphia, PA., 1970. 
19. W. L. Epstein, Adv. Biol. Skin 11, 313-335 (1971). 
20. G. L. Floersheim, Agents and Actions 21, 217-222 (1987). 
21. J. C. Muhler, G. K. Stookey, and C. W. Beck, J. Dent. Res. 49, 529-531 

(1970). 
22. J. C. Muhler, G. E. Kelley, G. K. Stookey, F. I. Lindo, and N. O. Harris, J. 

Amer. Dent. Assn. 18, 142-145 (1970). 
23. J. L. Turk and D. Parker, J. Invest. Dermatol. 68, 341-345 (1977). 
24. B. H. Clarkson, J. S. Wefel, and I. Miller, J. Dent. Res. 63, 13-18 (1984). 
25. V. R. Bobyleva, Stomatologiya 47, 19-22 (1986). 
26. P. I. Chang, Biomaterials 2, 151-155 (1981). 
27. J. S. Franco and J. Monterio, Folha, Med. 82, 47-51 (1981). 

Biological Trace Element Research Vol. 35, 1992 



Zr: An Abnormal  Trace Element  267 

28. P. Christel, A. Meunier, M. Heller, J. P. Torre, and C. N. Peille, J. Biomed. 
Mater. Res. 23, 45-62 (1989). 

29. J. Green, Bull. Geol. Soc. Am. 70, 1127 (1959). 
30. B. Mason, Principles of Geochemistry, 2nd ed., Wiley, New York, 1958. 
31. A. P. Vinogradov, The Geochemistry of rare and dispersed chemical elements in 

soil, 2nd ed., Consultant's Bureau Inc., New York, 1959. 
32. J. Lounamaa, Ann. Bot. Soc. 'Vanamo" 29, 4 (1956). 
33. D. N. Gomberg, P. O. Banks, and A. R. McBirney, Science (Washington) 

162, 121-122 (1968). 
34. M. C. Celorio, J. M. C. Villar, and F. G. Ojea, An Edafol. Agrobiol. 30, 697- 

719 (1971). 
35. J. M. C. Villar and F. G. Ojea, An. Edafol Agrobiol. 31, 243-267 (1973). 
36. C. W. Naeser, G. A. Izett, and R. Wilcox, Geology (Boulder) 1, 93-95. 
37. R. A. K. Tahirkheli and C. N. Naeser, ]. Ariz. Agad. Sci. 10, 111-113 (1975). 
38. E. Murad, J. Soil Sci. 29, 219-223 (1978). 
39. D. A. Robson, Trans. Nat. Hist. Soc. Nort. Humbria. 52, 27-34 (1984). 
40. A. J. Busacca and M. ]. Singer, Geoderma 44, 43-75 (1989). 
41. G. S. R. Krishnamurti, B. P. Sahi, and K. V. S. Satyanarayana, Indian J. 

Agric. Sci. 43, 946-953 (1973). 
42. D. N. Chakravarty, J. Sehgal, and G. Dev, J. Indian Soc. Soil Sci. 27, 417- 

426 (1979). 
43. Y. S. Kassem and A. A. Elwan, Egypt. J. Soil. Sci. 20, 57-64 (1980). 
44. L. E. Domingo and K. Kyuna, Plant Nutr. 29, 439-452 (1983). 
45. R. F. Palumbo and F. G. Lowman, U.S. Atomic Energy Comm. Doc., 

UWFL-56, (1958). 
46. H. L. Mills and L. M. Shields, Radiation Bot. 1, 84-91 (1961). 
47. E. M. Romney, A. J. Steen, R. A. Wood, and W. A. Rhoads, in: Radiologi- 

caI Concentration Processes: Proceedings of an International Symposium in Stock- 
holm, B. Aberg and F. P. Hungate, eds., Pregman Press, Oxford, London, 
1966, pp. 391-397. 

48. R. Nakamura, Y. Suzuki, and T. Ueda, J. Radiat. Res. 18, 322-330 (1977). 
49. M. Albertsten and G. Matthess, Meyniana 32, 7-72 (1980). 
50. S. Mattsson and R. Vesanen, Environ. Int. 14, 177-180 (1988). 
51. R. G. Cuddihy, G. L. Finch, G. L. Newton, F. F. Hahn, J. A. Mewhinney, 

S. J. Rothenberg, and D. A. Powers, Environ. Sci. TechnoI. 23, 89-95 (1989). 
52. P. Kresten and J. Chysster, J. Geol. Foren. Stockh. Forh. 111, 181-185 (1989). 
53. M. D. Kleinkoff, Bull. Geol. Soc. Am. 71, 1231 (1960). 
54. W. H. Durarn and J. Haffty, Cine. U.S. Geol. Surv. (Washington)445 (1961). 
55. J. F. Slowey, D. Hedges, and D. W. Hood, The chemistry and analysis of 

trace metals in sea water, Texas A & M Research Foundation Report on 
USAEC 62-91A, 1962. 

56. J. F. Slowey, D. Hayes, B. Dixon, and D. W. Hood, in: Marine Geochemis- 
try, D. R. Schink and T. R. Corliss, eds., Occasional Publ., 3, 1965, pp. 
109-129. 

57. A. Yamato, N. Miyagawa, and N. Miyanaga, Radioisotopes 33, 449-455 
(1984). 

58. E. Oudin and A. Cocherie, Geochim. Cosmochin. Acta 52, 177-184 (1988). 
59. V. M. Shevtsova, Gig. Tr. Prof. Zabol. 12, 24-30 (1968). 
60. M. F. Lemyasev, L. G. Babushkina, G. V. Semenov, B. A. Katsnel'son, I. 

V. Karagodina, S. I. Treiger, and G. V. Belobragina, Gig. Sanit. 35, 38-41 
(1970). 

61. P. Misaelides, C. Sikalidis, R. Tsitourilou, and C. Alexiades, Distribution of 

Biological Trace Element Research VoL 35, 1992 



268 Ghosh, Sharma, and Talukder 

fission products in dust samples from the region of Thessaloniki, Greece after the 
chernobyl Nuclear accident. Arch. Environ. Health, Bull. Environ. Contain. 
ToxicoI., Oil and Chemical Pollution, (i987). 

62. T. J. Beveridge and S. F. Koval, Appl. Environ. Microbiol. 42, 325-335 
(1981). 

63. A. Collier, Science 118, 329 (1953). 
64. F. G. Lowman, R. A. Stevenson, R. M. Escalera, and S. L. Ufret, Radiologi- 

cal Concentration Processes: Proceedings of an International Symposium in Stock- 
holm, B. Aberg and F. P. Hungate, eds., Pregman Press, Oxford, London, 
1966, pp. 735-751. 

65. E. E. Held, in: Radioecology, V. Schultz and A. W. Klement, Jr., eds., 
Reinhold, New York, 1963, pp. 577-579. 

66. R. Nakamura, Y. Suzuki, and T. Ueda, J. Radiat. Res. 16, 224-236, (1975). 
67. H. Mann and W. S. Fyfe, Biorecovery 1, 3-26 (1989). 
68. F. G. Lowman, R. F. Palumbo, and D. J. South, U.S. Atomic Energy Comm. 

Doc., UWFL-51, (1957). 
69. R. F. Palumbo, USAEC Report, UWFL-61, 1959, p. 32. 
70. P. Eckl, R. Turk, and W. Hofmann, Noro. J. Bot. 4, 521-524 (1984). 
71. P. Eckl, W. Hofmann, and R. R. Turk, Radiat. Environ. Biophys. 25, 43-54 

(1986). 
72. W. C. Hanson, H. E. Palmer, and B. I. Griffin, Health Physics 10, 421-429 

(1964). 
73. W. C. Hanson, D. G. Watson, and R. W. Perkins, in: Radiological concentra- 

tion processes, B. Aberg and F. P. Hungate, eds., Pregman Press, Oxford, 
London, 1966, pp. 233-245. 

74. T. A. Paribok, N. A. Sazykina, V. N. Toporskii, and T. I. Nikolaeva, Bot. 
Zh. Leningr. 72, 981-986 (1987). 

75. S. Wojcik, A. Krupinski, W. Krasucki, L. Saba, and B. Rzaczynski, Pol. 
Arch. Water 16, 379-391 (1973). 

76. M. A. Naryshkin, R. M. Alkshakhin, A. A. Molchanov, A. D. Vakurov, 
and N. N. Mishenkov, Lesovedenie 4, 104-107 (1975). 

77. V. M. Klechkovsky and I. V. Guliakin, Behaviour of tracer amounts of 
strontium, caesium, ruthenium and zirconium in soils and plants accord- 
ing to the date of investigations with radiosotopes of these elements. 
USSR Ministry of Agriculture, Moscow, USSE, (1950). 

78. J. Wlamis and G. A. Pearson, Science 111, 112 (1950). 
79. E. M. Romney, H. Nishita, J. H. Olafson,and K. H. Larson, Soil Sci. Soc. 

Amer. Proc. 27, 383-385 (1963). 
80. H. Nishita, E. M. Romney, and K. H. Larson, in: Radioactive Fallout, Soils, 

Plants, Foods, Man, E. B. Fowler, ed., Elsevier, New York, 1965. 
81. N. I. Sanzharova and R. M. Aleksakhin, Pochvovedenie 0, 59-65 (1982). 
82. D. Charles and D. Prime, Environ. Pollut. Ser. B. Chem. Phys. 5, 273-296 

(1983). 
83. L. Ferrara, P. Forgione, O. Schettino, and V. Rullo, Boll. Soc. Ital. Biol. 

Sper. 61, 1343-1348 (1985). 
84. J. W. Budzynski and W. H. Fuller, Appl. Agric. Res. 1, 175-181. 
85. H. A. Schroeder, W. H. Vinton, and J. J. Balassa, J. Nutr. 80, 39-47 (1963). 
86. H. A. Schroeder, M. Mitchener, J. J. Balassa, M. Kanisawa, and A. P. 

Nason, J. Nutr. 95, 95-101 (1968). 
87. B. Kawin, D. H. Copp, and J. G. Hamilton, University of California Radia- 

tion Lab. Report, UCRL812, 1950, pp. 1-9. 
88. J. Mealey, Nature 179, 673-674 (1957). 

Biological Trace Element Research Vol. 35, 1992 



Zr: An Abnormal  Trace Element  269 

89. N. Ishinishi and T. Morishige, ]. Radiat. Res. 10, 101-106 (1969). 
90. J. G. Hamilton, New Engl. J. Med. 240, 863-865. 
91. K. W. Cochran, J. Doull, M. Mazur, and K. P. DuBois, Arch. Industr. Hyg. 

1, 637-650 (1950). 
92. J. Blackstrom, L. Hammerstrom, and A. Nelson, Acta Radiobiologica Ther. 

Phys. Biol. 6, 122-128 (1967). 
93. Y. Shiraishi and R. Ichikawa, Health Phys. 22, 373-378 (1972). 
94. N. O. Razumovskij, L. M. Baranovskaya, and O. L. Torchinskaya, Gig. 

Sanit. 3, 53-58 (1974). 
95. B. Patel, S. Patel, and M. C. Balani, Proc. R. Soc. Lond. B. Biol. Sci. 224, 23- 

42 (1985). 
96. L. H. Hyman, The Invertebrates: Protozoa through Ctenophora, McGraw-Hill 

London, 1940, p. 726. 
97. D. Howes and J. G. Black, Toxicology 5, 209-220 (1975). 
98. H. A. Schroeder and A. P. Nason, Clin. Chem. 17, 461-474 (1971). 
99. A. Ando, I. Ando, M. Takeshita, T. Hiraki, and K. Hisada, Eur. ]. Nucl. 

Med. 6, 221-226 (1981). 
100. A. Ando and I. Ando, Nucl. Med. Biol. 13, 21-30 (1986). 
101. A. Ando, |. Ando,T. Hiraki, and K. Hisada, Nucl. Med. Biol. 16, 57-80 

(1989). 
102. T. Morishige, Jpn. J. Hyg. 23, 400-405 (1968). 
103. H. A. Schroeder, M. Mitchener, and A. P. Nason, J. Nutr. 100, 59-68. 
104. J. L. Delongeas, D. Burnel, P. Netler, M. Gignon, J. M. Mur, J. J. Royer, 

and G. Gignon, Lab. Pharmacol. 14, 437-447 (1983). 
105. S. J. Waligora, Health Phys. 20, 89-91 (1971). 
106. R. G. Thomas, S. A. Walker, and R. O. Mochellan, Proc. Soc. Exp. Biol. 

Med. 138, 228-234 (1971). 
107. L. G. Barsegvan, O. V. Klykov, and D. P. Osanov, Gig. Sanit. 10, 32-34 

(1981). 
108. E. L. Dobson, J. W. Gofman, H. B. Jones, L. S. Kelly, and L. A. Walker, J. 

Lab. Clin. Med. 343, 305-312 (1949). 
109. H. A. Schroeder, J. Chron. Dis. 18, 217 (1965). 
110. A. Ando, I. Ando, M. Katayama, S. Sanada, T. Hiraki, H. Mori, N. 

Tonami, and K. Hisada, Eur. J. Nucl. Med. 12, 567-572 (1987). 
111. A. Ando, I. Ando, M. Katayama, S. Sanada, T. Hiraki, H. Mori, N. 

Tonami, and K. Hisada, Eur. J. Nucl. Meal. 14, 352-357 (1988). 
112. M. E. J. Curzon, F. L. Losee, and A. D. McAlister, NZ. Dent. J. 71, 80-83 

(1975). 
113. L. S. Chuang and J. F. Emery, J. Radioanal. Chem. 45, 169-180 (1978). 
114. L. Q. Lin and H. F. Wen, Chin. J. Prev. Med. 22, 98-100 (1988). 
115. A. Ando, I. Ando, S. Sanada, T. Hiraki, and K. Hisada, Eur. ]. Nucl. Med. 

10, 262 (1985). 
116. H. A. Schroeder and A. P. Nason, J. Nutr. 106, 198-203. 
117. V. I. Levin, L. P. Starovoitnova, G. E. Kodina, N. F. Tarasov, and M. D. 

Kozlova, Med. Radiol. 21, 38-43 (1976). 
118. U. Iske, M. Bullmann, and F. Glomitza, Acta Biotechnol 7, 401-407 (1987). 
119. W. B. Blumenthal, Am. Ind. Hyg. Assoc. ]. 34, 128-133 (1973). 
120. S. P. Tandon and A. S. Srivastava, Sydowia Ann. Mycol. 25, 137-142 (1971). 
121. S. A. Peterson, W. O. Sanville, F. S. Stay, and C. F. Powers, J. Water 

Pollut. Control Fed. 48, 817-831 (1976). 
122. W. D. Sanville, C. F. Powers, G. S. Schuytema, F. S. Stay, and W. L. 

Laver, J. Water Pollut. Control Fed. 54, 434 443. 

Biological Trace Element Research Vol. 35, 1992 



270 Ghosh, Sharma, and Talukder 

130. 
131. 
132. 
133. 
134. 
135. 
136. 
137. 

123. D. A. Krivolutskii and T. I. Kozhevnikova, Ekologiya 3, 69-74. 
124. J. E. Mckee and H. W. Wolf (eds.), Water Quality Criteria, 2nd end., State 

Water Pollution Control Board, Publication No. 3-A, Sacramento, CA., 
1963. 

125. D. T. McClinton and J. Schubert, ]. Pharmacol. 94, 1-5 (1948). 
126. D. M. Spink, Ind. Engr. Chem. 53, 97-104 (1961). 
127. E. Browning, Toxicity of Industrial Metals, 2nd ed., Butterworths, London, 

1969. 
128. E. Browning, Toxicity of Industrial Metals, Butterworths, London, 1961, p. 

323. 
129. J. T. Prior, G. P. Cronk, and D. B. Ziegler, Arch. Environ. Health 1960, 297- 

301 (1960). 
P. J. Dierick, Toxicol. Lett. 6, 235-238 (1980). 
W. B. Shelley, Cancer Research 33, 287-292 (1973). 
W. B. Shelley and C. J. Raque, ]. Invest. Dermatol. 57, 411-417 (1971). 
J. K. Draenert, A. Gruenert, and G. Ritter, Aktueltraumatol 7, 35-48 (1977). 
H. A. Schroeder, J. Nutr. 94, 475 (1968). 
C. R. Fletcher, Health Phys. 16, 209-220 (1969). 
P. O. Ganrot, Environmental Health Perspectives 65, 363 441 (1986). 
A. Pizzoferrato, A. Vespucci, G. Ciapetti, S. Stea, and C. Tarabusi, J. 
Biomed. Mater. Res. 21, 419-428 (1987). 

138. J. R. Brown, E. Mastromatteo, and J. Horwood, Am. Ind. Hyg. Assoc. J. 24, 
131-136 (1963). 

139. A. V. Roshchin, L. A. Taranenko, and N. Z. Muratova, Gig. Tr. Prof. 
Zabol. 2, 5-8 (1982). 

140. J. L. Turk, in: Mechanisms of Toxicity, W. N. Aldridge, ed., Macmillan & 
Co., London, 1971, pp. 103-110. 

141. K. Y. Kang, D. Bice, E. Hoffman, R. D'Amato, and J. Salvaggio, J. Allergy 
Clin. Immunol. 59, 425-436 (1977). 

142. J. L. Turk and R. B. Narayanan, Immunobiology 161, 274-282 (1982). 
143. S. Y. Li Hsu, M. E. Hsu, G. L. Lust, and J. R. Davis, J. Reticuloendothel. 

Soc. 12, 418-435 (1972). 
144. J. R. Leininger, R. L. Farell, and G. R. Johnson, Arch. Pathol. Lab. Med. 

101, 545-549 (1977). 
145. J. L. Turk and D. Parker, ]. Invest. Dermatol. 68, 336-340 (1977). 
146. K. Y. Kang and J. Salvaggio, Tohoku J. Exp. Med. 126, 317-324 (1978). 
147. C. G. Uragoda and M. R. M. Pinto, Med. J. Aust. 59, 167-169 (1977). 
148. P. P. Lyarskii, L. T. Elovskaya, and T. Yu. Kapitanov, Khig. Zdraveopaz. 

20, 65-69 (1977). 
149. N. N. Bukharovich, N. M. Speranskii, I. Ya. Zakharov, and A. F. Mal- 

itskii, Gig. Tr. Prof. Zabol. 16, 35-37 (1972). 
150. M. Hadji, C. Olympia, and R. Brubaker, J. Occup. Med. 28, 543-547 (1981). 
151. L. Rubin, A. H. Slepyan, L. F. Weber, and I. Neuhauser, J. Am. Med. 

Assoc. 162, 953-955 (1956). 
152. W. B. Shelley and H. J. Hurley, Brit. ]. Dermatol. 70, 75-101. 
153. W. L. Epstein, J. Invest. Dermatol. 34, 183-188 (1960). 
154. W. L. Epstein, J. R. Skahen, and H. Krasnobrod, ]. Invest. Dermatol. 38, 

223-232 (1962). 
155. W. B. Shelley, J. J. Hurley, R. L. Maycock, H. P. Close, and H. C. 

Catheart, J. Invest. Dermatol. 31, 301-303 (1958). 
156. W. Jones-Williams, Verh. Dtsch. Ges. Pathol. 64, 177-180 (1980). 

Biological Trace Element Research Vol. 35, 1992 



Zr: An Abnormal Trace Element  271 

157. M. J. M. Pineiro, K. Fukuyama, W. L. Epstein, and G. Rowden, J. Clin. 
Pathol. 81, 563-568 (1984). 

158. W. L. Epstein and H. Krasnobrod, Lab. Invest. 18, 190-195 (1968). 
159. V. N. Shevaga, Vrach. Delo. 0, 95-99 (1981). 
160. N. Ham-Kathryn, D. J. Brown, J. K. Dawborn, C. I. Johnson, S. Nelson, 

and J. M. Xipell, Pathology 17, 458-463 (1985). 
161. A. Levan, Nature 156, 751-752 (1950). 
162. E. C. Anderson, L. M. Holland, J. R. Prine, and D. M. Smith, Radiat. Res. 

78, 82-97 (1979). 
163. A. N. Stroud, Radiat. Res. 69, 583-590 (1977). 
164. R. J. Price and N. Skilleter, Toxicol. Lett. 30, 86-96 (1986). 
165. S. Sima, H. Kurita, T. Kuramoto, H. Hosoda, Y. Ukai, T. Yoshida, S. 

Tachikawa, Y. Ito, and K. Morita, Jpn. ]. Hyg. 43, 895-900 (1988). 
166. S. Ghosh, Ph.D. diss., University of Calcutta, India, 1990. 
167. S. Ghosh, A. Sharma, and G. Talukder, Mutat. Res. 243, 29-30 (1990). 
168. T. Jeffrey and T. J. Marks, J. Am. Chem. Soc. 107, 947-953 (1985). 
169. P. Koeof-Maier, B. Hesse, and H. Koepf, J. Cancer Res. Clin. Oncol. 96, 43- 

52 (1980). 
170. B. S. Gould, Proc. Soc. Exptl. Biol. Med. 34, 381-385 (1936). 
171. C. T. Huber and E. Frieden, J. Biol. Chem. 245, 3979-3984 (1970). 
172. J. F. Kenedy, A. S. Barker, and J. D. Humphreys, J. Chem. Soc. Perkin. 

Trans. I. 9, 962-967 (1976). 
173. M. K. Singh and M. N. Srivastava, Talanta 19, 699-700 (1972). 
174. R. C. Tewari and M. N. Srivastava, Talanta 20, 360-361 (1973). 
175. G. A. Ivarsson, P. O. Hegg, K. I. Lundstrom, and U. L. F. Jonsson, 

Colloids Surf. 13, 169-192 (1985). 
176. M. H. Davis and J. G. Scroggie, Aust. J. Chem. 27, 279-286 (1974). 
177. A. H. Wardi and G. A. Michos, Anal Biochem. 51, 274-279 (1973). 
178. L. K. Harding and D. H. Keeling, Int. J. Appl. Radiat. Isot. 23, 253 (1972). 
179. M. F. Liisberg, Acta Anat. 69, 655-666 (1968). 
180. T. Kijima and S. Ueno, Chem. Soc. Daton Trans. 6, 61~6 (1986). 
181. M. H. Davis and J. G. Scroggie, Int. J. Peptide Protein Res. 4, 319-325 

(1972). 
182. M. G. Abdelwahed and M. Ayad, Anal. Lett. 17, 205-216 (1984). 
183. T. Ito, S. Shima, K. Morita, S. Tachikawa, H. Kurita, T. Yoshida, K. 

Nagaoka, H. Hosoda, and K. Nagai, Jpn. J. Hyg. 41, 951-956 (1987). 

Biological Trace Element Research Vol. 35, 1992 


