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ABSTRACT 

The objective of this study was to determine the 

absorption and disposition in rats of two cobalt compounds: 

cobalt chloride, an aqueous-soluble compound, and cobalt 

naphthenate, an aqueous-insoluble compound. Their in vitro 

dissolution rates were investigated to determine whether they 

correlate with their toxicity. Dissolution of cobalt 

naphthenate was strongly media and pH dependent and showed 

increased dissolution in the presence of protein and at low 

pH. Cobalt oxide, an aqueous-insoluble cobalt compound, was 

unaffected by solution conditions. The in vitro alveolar 

macrophage results indicated that compounds added as 

particulates were more cytotoxic than those added in solution. 

Cobalt chloride was the most cytotoxic and cobalt oxide the 

least. These results suggest that the order of in vi tro 

cytotoxicity to alveolar macrophages may be predicted from 

their in vitro dissolution behavior. When the in vitro 

dissolution of the cobalt compounds was tested at a pH of 2 to 

model the environment inside the stomach, the dissolution of 

cobalt naphthenate and cobalt chloride was identical. This 

indicated that oral exposure to cobalt naphthenate could 

resul t in essentially complete dissociation of cobal t at 

gastric pH. The distribution and elimination of cobalt 
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naphthenate was identical to that of an equivalent Co(II) dose 

of cobalt chloride. The oral blood cobalt concentration 

curves were triphasic and exhibited similar pharmacokinetic 

parameters. Following intravenous administration, 

approximately 10% of the dose was found in the feces, 

indicating that cobalt can be secreted in the bile. The 

intravenous cobalt concentration curve was also triphasic with 

a terminal elimination half-life of 19.0 hr. Intestinal ring 

incubation experiments indicated that cobalt transport has 

both active and passive components. The finding that uptake 

was saturable may explain the small degree of absorption 

following oral dosing. The resul ts of the heme oxygenase 

assays indicated that subcutaneous and intravenous 

administration resulted in increased activity over controls at 

an equivalent hepatic Co(II) content. Thus, these results 

demonstrated that the extent of cobalt absorption across the 

gastrointestinal tract is incomplete and that concentration 

and route of exposure may determine its systemic toxicity. 

(Research supported by NIEHS Graduate Training Program in 

Environmental Toxicology #ES-07091, and NIEHS Studies of 

Chemical Disposition in Mammals #ES-85230). 
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Cobalt, atomic weight 58.9, atomic number 27, has an 

electronic configuration of [Ar]3d7 4s2 placing it in Group 

VIII of the periodic classification of elements along with 

iron and nickel, with which it is chemically similar. Cobalt 

has two normal valence states; in solution CoCII), a 3d7 ion, 

is more stable, while CoCIII), a 3d6 ion, is a powerful 

oxidizing agent. The coordination numbers of cobalt complexes 

involving nitrites, cyanides, and halides with planar or 

octahedral geometry are 4 and 6 for Co(Il), and 6 for (III) 

(Domingo, 1989). Cobalt is a silver-grey, hard metal that is 

magnetic up to 1123°C. Cobalt melts at 1493°C, boils at 

3100°C, and has a density of 8.90 g/cm3 (Elinder and Friberg, 

1986). 

Cobalt (II) reacts with a number of elements and 

compounds including halides. Cobalt (II) chloride is red in 

color and is obtained by heating cobalt metal in the presence 

of chlorine gas (deBie and Doyen, 1962). The hexahydrate 

readily dissolves in water (449 gIL at 20°C) to yield a pink 

solution or in alcohol to yield a blue solution. This 

compound is widely used as an indicator in silica gel and 

other desiccants; in the anhydrous condi tion, the salt is 
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blue-violet whereas the hexahydrate is pink. 

Cobalt also forms three oxides: cobaltous oxide (CoO), 

cobaltous-cobaltic oxide (Co304 or CoO- Co203), and cobaltic 

oxide (C0203). The commercial products are often mixtures of 

these oxides and are useful as pigments in ceramics and 

enamels, as decolorizers in pottery and glass, for surface 

decoloration of porcelain, and as an adherent under coatings 

for vitreous enamels (deBie and Doyen, 1962). Cobaltous oxide 

may be prepared by (1) controlled oxidation of the metal in 

air or oxygen atmosphere, (2) by thermal decomposition of the 

hydroxide, the carbonate, or a higher cobalt oxide, or (3) by 

treating the metal with steam as follows: 

Co + H20 -+ CoO + H2 

Heating cobaltous oxide in air above 100°C causes formation of 

cobalto-cobaltic oxide, C0304 • Cobaltic oxide is obtained by 

further oxidation of cobal tous oxide or cobal to-cobal tic oxide 

and is generally obtained as the monohydrate. This compound 

is unstable when heated above 300°C and evolves oxygen. The 

resulting compound is cobaltous oxide: 

C0203 -+ CoO + 02 

Cobalt (II) can also form organometallic compounds with 

various ligands such as naphthenic acid. Cobalt naphthenate 

can be produced by reacting cobal tous acetate, cobal tous 

oxide, or cobalt metal with naphthenic acid in a closed 

reactor (Hawley, 1981: CMA, 1983). A production volume range 
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of 1.3-13 million pounds was reported for the compound in 1977 

(USEPA, 1985). 

Cobalt naphthenate is a brown, amorphous powder or 

bluish-red solid (Hawley, 1981). Cobalt naphthenate solution 

(6% Co (II» in mineral spirits is a slightly viscous, violet

blue colored liquid (CHA, 1983). The physical state (solid or 

liquid) and properties of the product will vary depending on 

the amount of the metal present, the method of preparation, 

and the nature of the naphthenic acid moieties (CSG/Dynamac, 

1983). The generalized structural formula can be found in 

Figure 1. The molecular weight varies from 180-350 g/mole 

(OHM-TAOS, 1984). The other physical properties of the 

compound are as follows: the solid form of the compound has 

a melting point of 140·C (Bennett, 1974); the cobalt 

naphthenate solution has a boiling point of 157-193 ·C at 1 

atm, a vapor pressure of lmm Hg at 20·C (HAZARDLlNE, 1985) and 

a flash point of 40·C (CHA, 1983), and a specific gravity of 

0.9 at 25·C (for a 6% solution) as compared to water (CHA, 

1983). The compound is insoluble in water but is soluble in 

alcohol, ether, and oils (Hawley, 1981; CHA, 1983). 

Occurrence and Use of Cobalt compounds 

Cobalt occurs in the earth's crust at an average of 23 

ppm and in seawater at 0.1 ppb, whereas soil may contain up to 

100 ppm. It always occurs in nature in association with 
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H ----,r--------.----f-( CH 2 >. COO - Co2 + 

R 
n 

2 

FIGURE 1: Generalized structural :formula of cobalt 
napbtbenate, where R=alkyl group (usually CH3); n=1 to 5 
fused cyclopentane rings (some cyclohexyl rings may also 
be present); and, m>1. 
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nickel and usually with arsenic. The most important cobalt 

minerals are smaltite (COAs2) and cobaltite (CoAsS). However, 

the chief technical sources of cobalt are residues called 

"speisses", which are obtained in the smelting of arsenical 

ores of nickel, copper, and lead (Domingo, 1989). During the 

1960s and 1970s, the consumption of cobalt and its compounds 

increased at a rate of about 2-5% per year. In 1981 and 1982, 

the world mining production of cobalt was about 27,000 metric 

tons. Major producers were Zaire (50%), Zambia (12%), and the 

U.S.S.R. (8%) (Elinder and Friberg, 1986). Cobal t is not 

commonly found in drinking water. Because of this, no 

drinking water limit has been set. Atmospheric concentrations 

of cobalt in remote areas are usually below 1 ng/m3 • In 

industrial areas, cobalt levels in air are usually 

approximately 1 ng/m3 , while levels of up to 10 ng/m3 have been 

reported (Elinder, 1984). 

Cobalt has been used for the coloring of pottery and 

glass since 1450 B.C. when the Babylonians and Egyptians used 

it extensively (Domingo, 1989). Colors ranging from deep blue 

to green can be made by combining cobalt with nickel, 

chromium, or manganese. Not until the 20!h century was cobalt 

used in alloys. In 1927, it was discovered that powdered 

tungsten carbide could be heated in the presence of 5-12% 

cobalt powder as a binder to form cemented tungsten carbide or 

"hard metal" (Jensen and Tuchsen, 1990). Hard metal has many 
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industrial applications due to its great strength at elevated 

temperatures and resistance to oxidation by hot gasses. These 

physical characteristics have increased the demand for cobalt 

to be used in jet engines, rocket nozzles, and gas turbines. 

More than 75% of the world's production of cobalt is used in 

the manufacturing of alloys (Domingo, 1989). Other 

applications have been for cemented tungsten carbides and 

high-speed steels where it has been used on the surfaces of 

drill tips and cutting tools. Its magnetic properties have 

allowed development of permanent magnets for high fidelity 

loudspeakers, which consume almost a quarter of the total 

production. The cobal t compounds oleate, resinate, and 

linoleate have been used as drying agents for lacquers, 

varnishes, paints, and inks. Cobalt compounds are powerful 

dryers by virtue of their action as oxidizing catalysts for 

the polymerization of unsaturated glycerides. Apart from its 

action as a drying agent, cobalt is an important catalyst 

source for the petroleum industry and has been used in the 

after-burners of internal combustion engines to reduce air 

pollution (Domingo, 1989). A marginal part of refined cobalt 

is used in fertilizers, since a low cobalt concentration in 

soil can cause cobalt deficiency in sheep and cattle (Elinder 

and Friberg, 1986). 

Cobal t naphthenate is used primarily as a drier in paints 

and other organic coatings (CHA, 1983). In this application, 
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the compound catalyzes the oxidation and polymerization of 

drying oils and resins (i.e., promotes film formation) by 

promoting the cross-linking of double bonds in the 

polyunsaturated acids. Because the naphthenic acid portion is 

oil- and organic solvent-soluble, it serves as a carrier for 

the active cobalt portion of the metal "surfactant". Cobalt 

naphthenate is generally added to surface coatings as a drier 

at a concentration of <0.5% (CHA, 1983). The compound is also 

used as an adhesive agent in the bonding of rubber to steel 

and other metals (Hawley, 1981), and in the curing of 

unsaturated polyester resins used in glass-fiber laminate 

production (Kirk-Othmer, 1981). When used in combination with 

a bonding agent in rubber-metal laminates, cobalt naphthenate 

is added to the rubber compound at a concentration of 0.1-0.3 

wt% cobalt (Kirk-Othmer, 1982). The chemical manufacturer's 

association (CHA, 1983) estimated that approximately 85% of 

total domestic production of cobalt naphthenate in 1982 was 

consumed in industrial applications such as coatings and 

catalysts. The remainder was used primarily in consumer 

product applications such as paints. 

occupational Exposure to Cobalt 

occupational exposure to cobalt is considerable and 

widespread. In the U. S., it has been estimated that more than 

1 million workers are exposed to cobalt or cobalt compounds. 
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The number of cobalt-exposed workers in Scandinavian countries 

is not known, but it has been estimated that more than 10,000 

people are exposed to hard-metal dust, and 500 workers are 

engaged in cobalt production (Jensen and Tuchsen, 1990). 

occupational exposure to cobal t as an airborne dust 

occurs in the production of cobalt oxide and in the tungsten 

and cemented carbide industries. Typical concentrations in 

the working environment range from 0.01 to 1.7 mg/m3 (Elinder 

and Friberg, 1986). Numerous cases of pneumoconiosis have 

been reported at cobalt air concentrations as low as 0.1-0.2 

mg/m3 (Domingo, 1989). It has been suggested that hard metal 

dust containing cobalt at a mean concentration of 0.126 mg/m3 

causes chronic bronchial obstruction (Domingo, 1989). 

occupational asthma has been demonstrated in workers exposed 

to cobalt not combined with tungsten carbide (Key, 1961). 

Inhalation challenge tests with cobalt for asthma have been 

shown to be positive, while those with tungsten carbide have 

been negative (Schepers, 1955b, 1955c: Coates et al., 1973). 

Cobalt exposure has also been recorded among diamond polishers 

and dental technicians (Elinder and Friberg, 1986) • 

Occurrence of bronchial asthma, interstitial lung disease, and 

combined asthma and alveolitis have been described in diamond 

polishers 

(Schepers, 

exposed 

1955a: 

to diamond-cobalt polishing wheels 

Coates et al., 1971). Inhalation of 

airborne cobal t results in an increase of lung diseases 
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including diffuse interstitial fibrosis and bronchial asthma 

as well as myocardial toxicity (Kennedy et al., 1981). 

The National occupational Hazard Survey (NOHS) conducted 

by the National Institutes for occupational Safety and Health 

from 1972 to 1974 estimated that 77,560 workers in 8,063 

plants were potentially exposed to cobalt naphthenate (NIOSH, 

1976). The industries with the largest number of exposed 

workers were water transportation, printing and publishing, 

and special trade contractors. The occupational groups with 

the largest number of exposed workers were sailors and 

deckhands, printing press-persons, and plate printers. 

The Chemical Manufacturers Association (CMA, 1983) noted 

that of the approximately 80,000 workers estimated to have 

been exposed to cobalt naphthenate according to the NOHS, 

about 50,000 exposures can be eliminated as a result of the 

discontinued use of the compound in applications such as 

printing inks, and by the packaging of the compound in closed 

containers. These changes help to prevent the inhalation and 

dermal exposure resulting from the handling and transport by 

occupational groups such as longshore-persons and warehouse

persons. About 13,000 of the remaining 30, 000 potential 

exposures are sailors and deckhands who contact the compound 

in paint at concentrations below 0.1%. 

The American Conference of Governmental Industrial 

Hygienists (ACGIH) have not established workplace exposure 
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limits for cobalt naphthenate (ACGIH, 1985) •. However, ACGIH 

recol&1lllended that an 8-hr time-weighted average threshold limit 

value (TLV) of 0.05 mg/m3 and the short-term exposure limit 

TLV of 0.1 mg/m3 for cobalt metal, dust, and fumes be adhered 

to. 

Dietary Intake and Nutritional Importance of Cobalt 

Cobalt is a vital trace element in animal nutrition. The 

first evidence that cobalt was essential in the diet was 

obtained about 60 years ago as a result of Australian research 

into the cause of two naturally occurring debilitating 

diseases of sheep and cattle, known as IIcoast disease ll and 

IIwasting disease ll , characterized by poor growth, emaciation, 

and anemia (Underwood, 1975). Ruminant animals, in contrast 

to humans and some other monogastric mammals, have an 

intestinal microflora which can utilize cobalt in the 

formation of vitamin B12 (Elinder, 1984). Normal growth and 

health of sheep and cattle have been secured by the 

administration of small oral doses (0.1-1.0 mg cobalt/day) of 

a cobalt salt (Underwood, 1975). Cobalt is also present in, 

plant and animal tissues, and the adult human body contains 

about 1.2 mg of cobalt; 14% is in bone, 43% in muscle, and the 

remainder in other soft tissues with about 100 ~g in the form 

of vitamin B12 (Venugopal and Luckey, 1978). 

Cobalt is essential to humans as an integral and 
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necessary component of cyanocobalamin or vitamin B12 (Sriram 

et al., 1989). Cobalt represents 4% of the vitamin by weight, 

and one molecule contains one atom of cobalt (II) (Schroeder 

et al., 1967). The prosthetic qroup of the vitamin has a 

heme-like structure in a planar arrangement. In 

microorganisms the prosthetic qroup exists as cyano-cobalamin, 

but in animals it is present as methyl-cobalamin or as 

adenosyl-cobalamin. Cobalamin is very important as an in vivo 

methylating agent, and it also functions as a coenzyme in the 

mutases which catalyze hydrogen transfers (Nilsson et al., 

1985). No functions for cobalt in human nutrition other than 

in vitamin B12 have been established (Underwood, 1975). 

In humans, vitamin B12 is ingested in the diet. one pg 

of vitamin B12/day containing 0.0434 pg cobalt can prevent 

pernicious anemia (Schroeder et al., 1967). Major sources of 

vitamin B12 are meats, especially the liver and kidney. 

Fruits, vegetables, and cereals contain most of their cobalt 

in the form of vitamin B12 • To properly absorb vitamin B12 , 

humans require the interaction of a glucoprotein, called 

intrinsic factor, which is formed in the stomach. In the 

presence of this factor, absorption is about 70%, but in its 

absence, it drops to less than 2%. The average daily intake 

of cobalt in all forms ranges from 0.30-1.77 mg/day, with a 

mean of 1.02 mg/day (Underwood, 1975). 
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Toxicology of Cobalt 

Acute toxicity. The approximate acute lethal doses (LDso) 

of certain cobalt compounds for rats by different routes of 

administration are listed in Table 1. The most significant 

clinical and physical symptoms appearing after acute cobalt 

intoxication were respiratory disturbances, increased heart 

rate, sedation, periorbital bleeding, paralysis of the hind 

legs, and diarrhea (Llobet and Domingo, 1983). All animals 

receiving cobalt compounds showed an increase in body 

temperature, varying from 2.5 to 7.5°C (Speijers et al., 

1982). 

Inhalation. occupational exposure to cobalt-containing 

dust has been described in workers from the hard metal 

industry. The inhalation of aerosols containing cobalt 

results in pneumoconiosis ("hard metal disease") (Coates and 

Watson, 1971; Hartung et al., 1982), and cobalt dust in low 

concentrations can also cause asthma (Coates and Watson, 1971; 

Sjogren et al., 1980). Other adverse health effects reported 

among workers occupationally exposed to cobalt include partial 

or complete loss of the sense of smell, dyspnea, 

gastrointestinal distress, weight loss, peripheral neuritis, 

auditory nerve problems, headaches, weakness, and irritability 

(Domingo, 1989). No data exist for the inhalation exposure of 

humans or animals to cobalt naphthenate. 

Exposure of Syrian hamsters to 10 g/m3 CoO resulted in 
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TABLE 1 

ACUTE TOXICITY OF COBALT COMPOUNDS IN THE RAT 

Cobalt LDso values Co(II) iOD 
Comgound fmglkgl fmglkgl Route 

CoCI2• 6H2O* 766.0 190.0 Oral 

CoCI2• 6H2O* 42.6 10.6 IP 

CoCI2 • 6H2O* 20.0 9.1 IV 

coCl2 • 6H20* 66.0 30.0 SC 

Cobalt 
Naphthenate ** 2800.0 333.2 Oral 

*From Speijers et ale (1982); Llobet and Domingo (1983). 

-*Based on 11.9% Co(II); from Monsanto Co. (1973, as cited 
in USEPA, 1984). 
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emphysema and proliferative changes of bronchi and bronchioles 

(Wehner et al., 1977). Miniature swine exposed to metallic 

cobal t particles, o. 1 to 1 mg/m3 , for 3 months developed 

decreased lung compliance and a thickening and collagenization 

of alveolar septa in lung biopsies (Kerfoot et al., 1975). 

In rabbits, exposure to metallic cobalt dust at 0.2 and 

1.3 mg/m3 for 1 month had no effect on alveolar macrophages 

(Johansson et al., 1980). However, exposure to 0.4 and 2.0 

mg/m3 of cobaltous chloride for 1 and 4 months increased the 

number of alveolar macrophages and their oxidative metabolic 

activity (Johansson et al., 1983, 1986). The alveolar type II 

cells from rabbits exposed to 0.5 mg/m3 cobaltous chloride for 

1 month showed an abnormal distribution pattern. The cells 

were grouped in clusters projecting into the alveolar lumen 

(Johansson et al., 1984). Rabbits similarly exposed to 

cobaltous chloride at 0.4 to 2.0 mg/m3 for 14 to 16 weeks 

demonstrated focal swelling of both type I and II cells. Some 

of the type II cells lacked microvilli. The authors have 

speculated that nodular accumulations of type II cells 

represent the primary lesion in cobaltous chloride exposed 

lungs (Johansson et al., 1987). 

Chronic inhalation toxicity of metallic cobalt was 

studied in rats. Animals were exposed to 0.001, 0.005, 0.05, 

or 0.5 mg/m3 of cobalt 24 hr/day for 3 months. Metallic 

cobalt aerosol concentrations of 0.5, 0.05, and 0.005 mg/m3 
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had an activating effect on the hematopoietic system and a 

disruptive effect on protein carbohydrate metabolism (Popov, 

1977). 

Contact allergy. Cobalt is a metal with marked allergic 

potential. simultaneous allergies to nickel and cobalt are 

frequent I and cobalt has been thought to be of significance in 

the persistent hand eczema of patients with positive patch 

tests to nickel as well as cobalt (Menne, 1980; Domingo, 

1989). Among those workers in the cemented tungsten carbide 

industry, 1.7 to 9.4% of the population showed dermal 

hypersensitivity (Menne, 1980). An erythematous, papular type 

of dermatitis, and positive patch tests to metallic cobalt 

powder were often reported. Cutting fluids used in grinding 

hard metal contained up to 200 mg/kg cobalt and produced 

eczema in some workers. Aside from occupational exposures in 

the manufacturing of cobalt-containing alloys, coatings, 

pigmented glass and ceramics, and paints, farm workers have 

demonstrated an allergic dermatitis from handling the cobalt 

preparations used in agriculture (Rystedt, 1979). 

Contact eczema 

effects developed 

and irritative dermatitis are adverse 

by workers occupationally exposed to 

unsaturated polyester paints containing cobalt naphthenate 

(Kadlec et al., 1974). The presence of cobalt and or nickel 

have been postulated to be the causative agents responsible 

for these reactions. other cases of eczema and contact 
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dermatitis caused by allergic reactions to cobalt naphthenate 

have been reported in workers preparing plastic components for 

aircraft, and in workers using rubber products (Bedello et 

al., 1984). 

Oral toxicity. One of the most striking effects produced 

by cobalt salts is polycythemia in all animal species, which 

has been known for more than 55 years (Domingo, 1989). As a 

resul t of this potent erythropoiesis stimulating effect, since 

1929 metallic cobalt or its salts (such as cobaltous chloride 

or cobaltous sulfate) have been orally administered to animals 

and man as an adjunct to iron in the treatment of anemia 

produced by disease (Crosby, 1955). Cobalt stimUlates the 

formation of a plasma erythropoietic active substance, 

erythropoietin. The postulated stimUlUS to the secretion of 

erythropoietin is tissue hypoxia subsequent to cobalt 

inhibi tion of tissue respiration and oxidative phosphorylation 

(Berk et al., 1949; Taylor and Marke, 1978). The ensuing 

polycythemia is primarily due to the newly formed 

erythropoietin which proceeds to stimUlate erythropoietin

responsive cells in the bone marrow wi th the subsequent 

proliferation of new red blood cells (Venugopal and Luckey, 

1987) • The proliferation of red cells is preceded by 

hyperplasia of the bone marrow and a marked reticulocytosis. 

The absorption of both iron and cobalt is increased in 

man and in the rat with iron deficiency. The predominant site 
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of absorption of both elements following oral administration 

in the rat is the proximal jejunum (Schade et al., 1970). The 

addi tion of cobalt to increasing concentrations of iron 

competitively inhibits the absorption of iron from the lumen, 

whereas the administration of iron with an oral dose of cobalt 

reduces cobalt absorption (Thomson et al., 1971). It has been 

postulated that both iron and cobalt absorption share a common 

absorptive pathway which is also shared by manganese. The 

affinity of the uptake pathway decreases in the following 

order: iron> cobalt> manganese (Thomson and Valberg, 1972). 

This trend may be explained due to the similarity of the 

electronic configurations of iron and cobalt. The ionic radii 

of the elements are very close, and both tend to co-ordinate 

with six ligands to form octahedral complexes (Valberg et al., 

1969) • The uptake of these compounds from the lumen is 

mediated by a transport system in which two kinetic process 

operate simultaneously: the first is diffusion which is 

limited by the concentration of the available metal in the 

lumen: the second process displays saturation kinetics and 

competi ti ve inhibition and may be carrier-mediated (Thomson et 

al., 1971). It has been further speculated that diffusion may 

be the major mechanism for cobalt absorption in normal 

animals, whereas carrier-mediated transport may play a role in 

anemic animals (Thompson and Valberg, 1971). Therefore, 

because inorganic iron binds to receptors on the brush border 
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and is absorbed by a saturable active process, it was inferred 

that the kinetics of cobalt uptake were similar (Davenport, 

1982). 

Congestive heart failure among heavy beer drinkers was 

attributed to the cardiotoxic action of cobalt salts which 

were used as additives to improve foaming. Between August 

1965 and April 1966 an apparently new, bizarre syndrome 

characterized by fulminating heart failure in heavy beer 

drinkers was encountered in the Quebec city area. Some time 

later the syndrome was also recognized in omaha, Minneapolis, 

and Belgium. The victims suffered from severe cardiomyopathy 

which apparently resulted from drinking a brand of beer to 

which cobalt had been added at concentrations of 1.2-1.5 ppm. 

Pericardial effusion and polycythemia were present in the 

majority and suggested cobalt intoxication (Domingo, 1989). 

The mechanism responsible for this cardiotoxici ty resul ted 

from the ability of cobalt (II) to depress oxygen uptake in 

heart mitochondria by inhibiting the enzymes a-ketoglutarate 

dehydrogenase and pyruvate dehydrogenase (Venugopal and 

Luckey, 1978). The heart is susceptible to cobalt toxicity 

because of its large dependence on oxidative metabolism for 

its high energy requirements. Experimental cobal t 

cardiomyopathy has also been described in rats (Rona, 1971) 

and rabbits (Hall and smith, 1968). Cardiac lesions involving 

the pericardium, the myocardium, and the endocardium were 
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produced in guinea pigs by the oral administration of 20 

mg/kg/day of cobalt chloride (Mohiuddin, et al., 1970). It 

has been suggested that cobalt is a myocardial toxin 

inhibiting mitochondrial respiration. To investigate this, 

rats were orally administered 40 mg/kg cobalt sulfate/day for 

8 weeks, and an increase in the cobalt concentration of the 

mitochondrial and microsomal fraction was observed (Clyne et 

al., 1990a). However, a reduction in mitochondrial 

respiration, as measured by the ATP-production rate, was not 

found (Clyne et al., 1990b). These findings may suggest that 

cobalt does not primarily affect mitochondria, but may exert 

its main influence on the microsomal fraction. 

Hepatic toxicity. Cobalt has been shown to induce 

hepatic microsomal heme oxygenase in vivo following 

subcutaneous injection of cobaltous chloride (Maines and 

Kappas, 1974, 1975). Heme is essential for cell respiration, 

energy generation, and oxidative biotransformation. Heme 

oxygenase is the rate-limiting enzyme in the conversion of 

heme to bilirubin (Tenhiinen et a1., 1968). The oxidative 

degradation of heme to the open tetrapyrrole, biliverdin, is 

catalyzed by the microsomal enzymes heme oxygenase and NADPH

cytochrome c reductase (Ewing and Maines, 1991). Although the 

exact mechanism of heme degradation is not yet fully 

understood, it is generally accepted that the role of heme 

oxygenase is to bind the substrate in a specific orientation, 
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such that upon degradation the predominant end product is the 

IXa isomer of biliverdin (Trakshel et al., 1986). The dual 

function of the reductase is to activate molecular oxygen and 

to promote the reduction of heme iron to the ferrous state. 

In mammals, the cytosolic enzyme biliverdin reductase 

catalyzes the conversion of biliverdin to bilirubin (Trakshel 

and Maines, 1989). It has been demonstrated that increased 

liver heme oxygenase activity may be associated with elevated 

biliary excretion of bilirubin glucuronides (Stelzer and 

Klaasen, 1985). Heme oxygenase has been included in the group 

of heat shock proteins as determined by their enhanced rate of 

synthesis in response to this and other stimuli. The 

subcutaneous administration of cobalt to rats causes a marked 

increase in the oxidative degradation of heme by hepatic 

microsomal enzymes. This 'effect may be related to the 

cellular response to stress produced at those cobalt 

concentrations needed to achieve enzyme induction. The 

mechanism by which in vitro cobalt treatment leads to this 

enhancement of enzymatic activity is not known because it does 

not manifest certain criteria associated with drug or other 

chemically mediated hepatic "enzyme induction", such as an 

increase in liver weight or hepatic microsomal protein content 

(Maines and Kappas, 1974). Under normal conditions, heme 

oxygenase has a defined cellular function. Bile pigments had 

been viewed as waste products of cellular metabolism and a 
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means for disposal for senescent heme comp~unds, such as 

hemoglobin, myoglobin, and the various cytochromes. Recently, 

it has become evident that bile pigments display potent 

antioxidant activity and thus may serve an important fUnction 

in cellular defense against free radical-mediated injury 

(Ewing and Maines, 1991). 

It has been shown that, within 2 hours following the 

subcutaneous injection of cobaltous chloride, the heme 

oxidation activity of microsomes was increased to about twice 

that of control values (Maines and Kappas, 1975). Eight hours 

after this injection, heme oxidation was nearly 7-times 

greater than control. The increase in heme oxidation activity 

reached a maximum by 16 hours, and further inj ections of 

cobaltous chloride only maintained the maximum level of heme 

oxidation activity reached by 16 to 24 hours (Maines and 

Kappas, 1975). 

Carcinoqenici tv. There has been considerable concern 

about the biocompatability of the metals used in the 

manufacture of implants. The most commonly used materials for 

metallic implants are alloys which contain cobalt. Animal 

studies which have been performed indicate that the systemic 

carcinogenici ty of cobalt metal and its salts is low. Most of 

the tumors observed following intramuscular or subcutaneous 

inj ection are sarcomas at the inj ection sites. Cobal t powder, 

cobalt oxide, and cobalt sulfide have resulted in injection 
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site fibrosarcoma following subcutaneous -injection, and to 

rhabdomyosarcoma following intramuscular inj ection in rats 

(Heath, 1956; Kasantzis, 1981). Pure metal cobalt powder 

produced malignant tumors in 8 of 20 rats injected 

subcutaneously (Shabaan et al., 1977). The carcinogenic 

process appears to begin first with an extensive and 

continuing breakdown of the differentiated muscle fibers into 

free myoblasts, and secondly the transformation of some of 

these myoblasts into malignant variants (Heath, 1960). 

CUrrently, it has not been possible to induce cancer in 

experimental animals using cobalt by any other route than by 

injection. Hamsters exposed to cobalt oxide by inhalation in 

a lifelong experiment did not show a significant incidence of 

lung cancer compared to controls (Elinder, 1984). The human 

data are limited to asses the potential carcinogenic risk for 

workers. Cobalt (II) interacts with protein and nucleic acid 

synthesis and displays only weak mutagenic activity in 

microorganisms (Kanematsu et ale, 1980; Sirover and Loeb, 

1976). 

The intramuscular inj ection of cobal t naphthenate in 

rabbits also resulted in necrotic lesions and a variety of 

tumors within a period of 2-6 months (Nowak, 1966). The 

tumors which developed were either granulocellular 

rhabdomyomas or reticulosarcomas at the site of injection. 
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Disposition and Pharmacokinetics of Cobalt 

Cobalt, in the form of cobalamin, is an essential trace 

element for man and other animals. It is ubiquitous in foods, 

where the best sources of cobalt are fish, cocoa, bran, and 

molasses (>1.0 ppm). Leafy plants such as lettuce, cabbage, 

and spinach'have a relatively high cobalt content (>0.6 ppm), 

whereas it is low in grasses and cereals. In legumes, which 

are relatively rich in cobalt, it has been suggested that the 

element is necessary for the fixation of nitrogen (Schroeder 

et aI, 1967; Underwood, 1975). 

Several studies wi th inorganic sal ts of cobal t 

demonstrated the rapid elimination of cobalt in the urine and 

showed that the liver was the only organ containing a 

significant amount of cobalt several days after 

administration. When cobalt is given orally, approximately 

80% is unabsorbed and excreted in the feces, with the 

remainder excreted in the urine (Gregus and Klassen, 1986). 

Taylor (1961) examined the gastrointestinal absorption in the 

rat of cobalt complexed with either glycine, blood serum, or 

lactose as either CO(II) or Co(III) and found that they were 

all absorbed similarly from aqueous solutions. Histidine, 

lysine, glycylglycine, EDTA, and casein all depressed the 

absorption of cobalt. The urinary excretion of cobalt(II) 

following oral administration is roughly proportional to dose. 

Murdock, (1959) found that of the total dose, approximately 
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27, 25, 15, and 12% was excreted in the urine 72 hours 

following the administration of 0.25, 1.25, 5, and 10 mg 

Co(II)/kg, respectively. Absorption was found to be rapid, as 

evidenced by the appearance of labeled cobalt within 30 

minutes in the urine of all animals tested. If cobalt is 

given intravenously, bile and urine are the predominant routes 

of excretion. Following the intravenous administration of 1 

mg Co(II)/kg as cobaltous chloride to rats, 4.7% of the dose 

was secreted in the bile by 2 hours (Gregus and Klassen, 

1986). Following the injection of the same dose of cobalt(II) 

to rats, 72.6% of the dose was excreted in the urine by 4 

days. 

Following the oral or parenteral administration of 

soluble cobalt compounds to the rat, the largest concentration 

was found in the liver, kidneys, and heart (Hollins and 

McCullough, 1971: stenberg, 1983: Alexandersson, 1988). This 

distribution pattern was also found following the oral or 

intravenous administration of cobaltous chloride to rabbits, 

swine, and young calves illustrating no species variability 

(Comar and Davis, 1947). Cobalt is also not sequestered in 

tissues (Gregus and Klassen, 1986). It is not bound to red 

cells or white blood cells, but is found exclusively in the 

serum (Merritt et al., 1984). The carrier protein for cobalt 

in serum is albumen, and it does not exhibit any binding to 

human transferrin (Jones and Perkins, 1965). 
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Inhaled soluble cobalt salts are rapidly cleared from the 

lung, and excretion is primarily via the urine (Bucher et al., 

1990). The tissue distribution pattern is similar to that 

found following oral administration, with the liver, kidneys, 

and heart having the highest concentrations. In contrast, 

rats exposed by intratracheal instillation to cobalt oxide 

resulted in the containment of the compound within the lung 

throughout the study period, with only a transient increase in 

gut and carcass activity as the material was cleared. Over 

70% of the initial alveolar deposition had been excreted by 1 

month approximately equally in the urine and feces (Rhoads and 

Sanders, 1985). The lung clearance of cobalt (II) as cobalt 

oxide demonstrated a rapid initial elimination followed by a 

slower clearance phase. Following inhalation by beagle dogs 

of 57Co as cobalt oxide, the initial elimination half-life was 

found to be 10 days, followed by a longer half-life of 90 days 

(Kreyling et al., 1986). 

An investigation into the pharmacokinetics of cobalt (II) 

as cobalt chloride was conducted to formulate a compartment 

model describing the whole-body metabolism of cobalt with 

particular reference to plasma concentrations (Onkelinx, 

1976). Female rats were injected into the jugular vein with 

cobalt chloride and blood samples collected from 1 hour to 11 

days. Plasma, urine, feces, and tissues were collected 

following dosing • Cobalt elimination took place primarily via 
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the urine, with 4.9% of the dose excreted in the feces by 3 

days. The cobalt plasma concentration versus time curve 

displayed three segments with the following half-lives: 

t1/2(1)=1.986 hr, t'/2(2)=1.5.75 hr, and t1/2(3)=49.50 hr. The 

highest cobalt concentrations in the tissues were in the liver 

and kidney, ·where the concentrations decreased with time, but 

at a slower rate than in the plasma. The results obtained 

demonstrated first-order kinetics and were analyzed using a 

three-compartment model. Compartment I was the central 

compartment which included the plasma. Compartments II and 

III represented hypothetical compartments connected to 

compartment I by reversible exchange. 

statement of Problem 

Due to the potential for widespread worker exposure to 

various cobalt-containing compounds such as cobalt naphthenate 

and the paucity of toxicological information available, the 

biological profile of cobalt following exposure to this 

compound is of interest. In addition, to determine the extent 

of absorption of cobalt from this compound, it is necessary to 

examine the disposition of a soluble cobalt compound, cobalt 

chloride. The disposition resulting from the oral or 

parenteral administration of these compounds is either not 

known or not well characterized. Therefore, the evaluation of 

these parameters will aid in predicting the toxicity of cobalt 
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from different cobalt-containing compounds in humans. 

Objectives 

The obj ecti ve of this research was to determine the 

absorption and disposition in rats of cobal t chloride, an 

aqueous soluble cobalt compound, versus cobalt naphthenate, an 

aqueous insoluble cobalt compound. Chapter two examines the 

in vitro dissolution of various cobalt-containing compounds to 

evaluate the effects of biological conditions on the 

dissolution and dissociation of cobalt from the compounds 

studied. In addition, the ability of these various compounds 

to produce cytotoxicity to alveolar macrophages were 

investigated. This was performed to evaluate what effects the 

metals had on this cell type and to determine what impact the 

cytotoxicity, if any, will have on alveolar clearance. 

Chapter three explores the extent of the absorption of cobalt 

from cobalt chloride following oral administration as compared 

to intravenous administration. Additional studies were 

conducted to evaluate the ability of this absorbed cobalt to 

stimUlate heme oxygenase. A difference in the ability of 

cobalt administered by different routes to induce this hepatic 

enzyme will indicate the potential systemic toxicity following 

exposure to different cobalt-containing compounds. Intestinal 

ring experiments were also performed to characterize the 

uptake from the small intestine. The fourth chapter evaluates 
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the disposition of cobalt following the oral administration of 

cobalt naphthenate. If a comparable distribution and 

elimination resulted following exposure to this compound as 

compared with cobalt chloride, it would indicate that cobalt 

is released and absorbed equally from the gastrointestinal 

tract regardless of the aqueous solubility of the parent 

compound orally administered. These studies will aid in the 

determination of the potential toxicity to humans following 

exposure to cobalt-containing compounds. 
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DXSSOLUTXOH PROFXLES AND XH VXTRO CYTOTOXXCXTY OF 
ALVEOLAR MACROPBAGES BY COBALT-COHTAXHXHG COKPOUNDS 

ABSTRACT 
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This study assessed the in vitro cytotoxicity of 

different cobalt-containing dusts toward Fischer-344 rat 

alveolar macrophages. In addition, the in vitro dissolution 

rates of cobalt chloride, cobalt oxide, and cobalt naphthenate 

were investigated to correlate with their cytotoxicity. The 

results indicated that soluble cobalt compounds were more 

cytotoxic to alveolar macrophages than insoluble compounds. 

Cobalt chloride, when added to cell cultures as a solid, was 

the most cytotoxic (63.66% total LDH) as compared with 

controls. The cytotoxicity produced by cobalt naphthenate was 

greater when it was added to cell cultures as a solid rather 

than in solution (13.47% versus 8.23% total LDH, 

respectively). Cobalt oxide, the least soluble cobalt 

compound investigated, was the least cytotoxic and barely 

increased LDH release over that of the controls (8.23.% total 

LDH). Dissolution of cobalt naphthenate was strongly media 

and pH dependent and showed increased dissolution in the 

presence of protein and at low pH. Aside from protein binding 

of cobalt chloride, the dissolution of both cobalt chloride 

and cobalt oxide were unaffected by solution conditions. 
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These results suggest that the order of in vitro cytotoxicity 

to alveolar macrophages of various cobalt compounds may be 

predicted from their in vitro dissolution behavior. 
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INTRODUCTION 

Cobalt is a technically important metal, used mainly as 

a binder in the hard-metal industry and as a constituent of 

many alloys. Cobalt compounds are used as drying agents in 

paints and lacquers. Cobal t is regarded as the main causative 

factor for hard-metal pneumoconiosis following inhalation 

exposure. Hard metal disease is a chronic lung parenchymal 

disease characterized by the presence of interstitial fibrosis 

and restrictive ventilatory impairment (Lison and Lauwerys, 

1990). 

Fibrotic changes in the lung have been demonstrated in 

animals following exposure to cobalt. Wehner et al. (1977) 

exposed Syrian hamsters to cobalt oxide (as CoO) for their 

life span and found pneumoconiosis. Kerfoot et al. (1975) 

found decreased lung compliance and increased content of 

collagen, elastic tissue, and fibroblasts in miniature swine 

exposed for 3 months to cobal t metal powder. Tracheal 

inj ection in rats of cemented carbide dust caused patchy 

fibrosis after 6 months (Kitamura et al., 1980). Johansson, et 

al. (1986,1987) exposed rabbits for 1 to 4 months to soluble 

cobalt chloride and found an altered growth pattern of 

alveolar type II cells and an increase in the number and the 

metabolic activity of the alveolar macrophages in the lavage 

fluid. 

The alveolar macrophage constitutes an essential first 
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line of pulmonary defense against inhaled particles (Waters, 

et al., 1975). It is well established that macrophages play 

a key role in initiating the cascade of adverse reactions 

leading to lung parenchymal disease induced by various 

compounds such as quartz, asbestos, and metallic as well as 

soluble nickel and cobalt (Brain, 1988: Johansson, et al., 

1991: Waters, et al., 1975). A potentially important aspect 

of macrophage-mediated clearance is the dissolution of 

particles in alveolar macrophages (AM) with subsequent 

clearance from the lung by either translocation of the 

internalized material to the blood or to the gastrointestinal 

tract via the mucociliary escalator. Particle dissolution of 

an inhaled aerosol has been recognized as an important 

clearance pathway, but the process was thought to be carried 

out in the alveolar lining layer, airway mucous, 'or 

interstitial fluid (Morrow, et al., 1966, 1968, 1973: Mercer, 

1967; Kanpilly, et al, 1973). Thus, emphasis has been placed 

on models estimating dissolution rates of particles in 

simulated lung fluids or serum (Kanapilly, et al., 1973). 

Macrophage-mediated particle dissolution is an important 

clearance mechanism for particles deposited in the lungs but 

has not received much attention. Recent studies have shown 

that in vivo clearance rates can be simulated in vi tro 

(Kreyling, et al, 1990). 

The aim of this study was to test the hypothesis that the 
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order of in vivo bioavailability of various cobalt compounds 

may be indicated from their in vitro dissolution behavior. 

This was performed by investigating the in vitro dissolution 

rates of cobalt chloride (CoC12), cobalt oxide (CoO), and 

cobalt naphthenate. Cobalt naphthenate is used as a drier in 

paints and other coatings and little is known concerning its 

toxicity. In addition, the in vitro toxicity of these 

compounds to alveolar macrophages was determined. Cell 

membrane integrity was used as an index of cytotoxicity by 

moni toring the release of the cytoplasmic enzyme, lactate 

dehydrogenase (LDH). 

MATERIALS AND METHODS 

Animals. Male Fischer-344 rats (approximately 250 g) 

were obtained from Sasco, Inc. (Omaha, NE) and acclimated for 

7 days prior to use. Rats were randomly allotted to groups 

(n=3) such that the group means and standard deviations in 

body weight were approximately equal. A standard laboratory 

diet (Wayne Lab-Blox) and water was provided ad libitum. A 

12-hour on 12-hour off light cycle was maintained in the 

animal room. The temperature and relative humidity were 

maintained at 22 degrees Celcius (OC) and approximately 40%, 

respectively. 

Metals. The following metallic powders were used: (1) a 
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soluble cobalt salt, cobalt (II) chloride hexahydrate 

(CoClzo6HzO) (>98% pure, 24.78% cobalt (II), Aldrich Chemical 

Co., Milwaukee, WI); (2) an insoluble cobalt compound, cobalt 

(II) oxide (CoO) (99.95% pure, 72.55% cobalt (II), Aldrich 

Chemical Co., Milwaukee, WI); and, an organometallic cobalt

containing compound, cobalt naphthenate obtained from Mooney 

Chemicals, Inc. (Cleveland, OH; purity> 99.6%; 11.9% cobalt 

(II». Cobalt naphthenate was ground to a fine powder in a 

mortar and pestle immediately prior to use in all experiments 

unless stated otherwise. 

Chemicals. Dulbecco's modified Eagle's medium (DMEM) 

without phenol red and phosphate buffered saline without CaClz 

or MgClz (PBS) were from GIBCO (Grand Island, NY). Bovine 

serum albumen (98.99% albumen) was purchased from Sigma 

Chemical Co. (st. Louis, MO). Eosin Y (used as a 0.2% 

solution in 0.9% saline, filtered) was obtained from Fisher 

Scientific (Tustin, CA). 

Gamble's solution: this solution contained the 

following: MgClz·6HzO (0.203 gIL), NaCI (6.019 gIL), KCI 

(0.298 gIL), NazHPo4, dibasic (0.142 gIL), NazS04 (0.071 gIL), 

caClz· 2H20 (0.368 gIL), NaCzH302 • 3H20 (0.953 gIL), NaHC03 (2.604 

gIL), Na3c 6H507 • 2HzO (0.097 gIL) in deionized water, adjusted to 

pH 7.4 and sterilized by filtration (0.2 ~M). 

Dulbecco's Modified Eagle Medium (DMEM): DMEM powder 
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with 4500 mg/mL D-glucose and L-glutamine and without sodium 

pyruvate, bicarbonate and phenol red (Gibco Laboratories, 

Grand Island, NY) was reconstituted to 1 L after the addition 

of 1. 33 g NaHzC03 • The antibacterials penicillin, 

streptomycin, and neomycin (PSN antibiotic mixture, Gibco 

Laboratories, Grand Island, NY) and the antifungal and 

antiyeast drug, amphotericin (Fungizone, Gibco Laboratories, 

Grand Island, NY) were added to the DMEM to a final 1% (v/v) 

concentration. The solution was sterilized by filtration 

through a 0.2 ~m filter apparatus (Nalgene, Rochester, NY). 

This solution has a 1 month shelf life if kept refrigerated. 

The pH was monitored and adjusted to 7.4 before each use. All 

other reagents were of the highest quality commercially 

available. 

Analytical Determination of Cobalt concentrat1on. OiE[t 

was analyzed by graphite furnace atomic absorption 

spectrophotometry (GFAAS) (Thermo Jarrell Ash Video 12E 

Spectrophotometer equipped with a model 188 graphite furnace 

atomizer, Menlo Park, CA). Absorbance was measured at 240.7 

nm and all samples were analyzed in triplicate. Cobalt 

concentrations were determined from a standard curve prepared 

by dilution of an aqueous cobalt solution (1000 ~g cobalt 

(II)/mL: Aldrich Chemical Co., 

containing 1% NH4N03 (used as 

Milwaukee, WI) using 1% HN03 

a matrix modifier) as the 
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diluent. The stock standard solution was diluted to yield 

five calibration standards ranging from 12.3-100 ~g Co(II)/mL. 

This calibration curve represents the linear working range of 

the instrument for cobalt (refer to Appendix I for a 

representative standard curve and Appendix II for data on the 

precision of the method). 

Macrophage Cell Isolation. The conditions employed for 

the purification and culturing of alveolar macrophages were 

modified from Fisher and Placke (1987). Alveolar macrophages 

were obtained by excising the bronco-pulmonary unit following 

pentobarbital injection (75 mg/kg, 65 mg/mL solution, Harvey 

Laboratories, Philadelphia, PA) and exsanguination. The blood 

was allowed to clot and autologous serum was obtained for 

addition to the macrophage culture. Bronchoalveolar lavage 

was carried out with warm Dulbecco's PBS (37°C) containing 1% 

(w/v) EDTA; the volume of lavage fluid for each animal was 

based on filling the lungs to 80% of the total lung capacity 

(Henderson, 1984). This procedure was repeated 10 times for 

each animal. The pooled lavage fluid was centrifuged for 30 

min at 175 x g and the supernatant discarded. The cell pellet 

was resuspended in 1 mL of PBS. A 50 ~L aliquot was added to 

450 ~L of the 0.2% Eosin Y solution and viability and cell 

count determined, based on the method of Mishell and Shiigi 

(1980). This procedure yielded an average of 1-2 x 106 cells 
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per animal with >95% viability. Into each of the 24 wells of 

a 16 mm tissue cuI ture plate (Becton Dickinson Labware, 

Lincoln Park, NJ) was placed 1 mL of PBS and 50 p,L of 

autologous sera. Either an 150 p,L aliquot of the solution of 

resuspended cells (test wells) (representing a density of 

approximately 0.5 x 106 cells/well) or PBS (background wells) 

was subsequently added. The culture plates were incubated at 

37°C for 2 hr in a humidified atmosphere containing 5% CO2 to 

allow for attachment. The media was carefully decanted, the 

wells washed twice with 1 mL DMEM to remove nonadherent cells, 

then replenished with fresh DMEM. 

Incubation of Macrophaqes with Cobalt Compounds. 

Immediately following completion of the isolation procedure, 

the cells were incubated for 24 hr with the following 

preparations (added at O.lx the oral LDso) in a final volume 

of 1 mL of DMEM: (1) the following compounds were added as 

particles: 40 mg CoO; 8 mg CoCl2 o 6H20, and 14 mg cobalt 

naphthenate (CoNap), (2) the following were added as a final 

concentration in 100 p,L aliquots: 8 mg CoCl2o 6H20; 14 mg CoNap 

in ethanol, and ethanol aloneo Controls were incubated under 

the same condi tions except that the test compounds were 

omitted. 

LDH Release 0 Macrophage LDH release was determined 
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using an LDH diagnostic kit purchased from Sigma Chemical Co. 

(st. Louis, MO). LDH activity was determined by assaying a 50 

~L aliquot of the media after the 24 hr incubation period. 

LDH activity was quantified spectrophotometrically by 

measuring the conversion of pyruvic acid to lactic acid in the 

presence of 2, 4 -dini trophenylhydraz ine. Total LDH content was 

determined after cell disruption by sonication. The LDH 

released during the exposure period was expressed as a 

percentage of the total enzyme content of the cells. LDH 

activity was measured in the presence of the test compounds 

alone to determine if activity was altered. None of the 

metals interfered with LDH activity. Background LDH levels in 

the sera were assessed by running media and sera without cells 

in culture. All tests were run in triplicate. 

In vitro Solubility. A batch dissolution system (Moss 

and Kanapilly, 1980) was used whereby the test compounds were 

directly added to a 100 mL final volume of incubation medium 

maintained in the absence of light. The following compounds 

were added such that each represented 12 mg Co (II): 16.540 mg 

CoO, 48.426 mg CoCl2, and 100.840 mg CoNap. Both the CoO and 

the CoCl2 were added in particulate form. The CoNap was added 

either as a particulate or in an ethanol solution. The 

following media were used: PBS, deionized, glass distilled 

H20, lavage fluid, Gamble's solution, and PBS with BSA. 
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Lavage fluid was obtained by performing a bronchopulmonary 

lavage on three animals with PBS at pH 7.4. The pooled lavage 

fluid was then centrifuged at 500 x g for 15 min to remove the 

cells. The total protein content was determined by a modified 

Lowry method (Hartree, 1972) and was found to be 

0.7 ± 0.012 mg/mL. Bovine serum albumen was added to the PBS 

with BSA incubations at a concentration of 0.7 mg/mL in an 

attempt to match the total protein content found in lavage 

fluid. Those incubations performed in lavage fluid were in a 

50 mL final volume and the compounds were added at one-half 

the amount stated above. All solutions were maintained at pH 

7.2-7.4 throughout the incubations by adjusting with dilute 

solutions of either NaOH or HCI, or by bubbling the Gamble's 

solution with 5%C02 • The dissolution of the three compounds 

were also investigated at pH 2 or pH 4.5. These incubations 

were conducted in deionized, glass distilled water maintained 

at the desired pH with NaOH or HC!. All solutions were 

incubated for a total of 48 hr in an incubator maintained at 

37°C with agitation. Aliquots of the solutions were removed 

at various time points from 0.5 to 48 hr and filtered through 

0.2 ~m filters (Acrodisc syringe filters, Fischer Scientific, 

Tustin, CAl. The filtrates were analyzed for cobalt content 

by GFAAS and expressed as a percentage of the total cobalt 

concentration. 



54 

Statistical analysis. Statistical differences were 

calculated with a one-way analysis of variance (ANOVA) using 

a Duncan I s multiple range test and Student 1st-test where 

required. Differences were considered significant at pSO.05. 

RESULTS 

LDH Release. Exposure of alveolar macrophages to cobalt 

oxide powder barely increased LDH release over that of 

controls (4.67 ± 1. 86% (control corrected), where control 

values were 3.46 ± 0.91% total LDHi total activity was 267.11 

± 6.38 mIU/mL) (Figure 2). When CoNap was added as a 

particulate, the increase was significantly greater than that 

of CoO (13.47 ± 2.68% total LDH). However, when CoNap was 

solubilized in ethanol and added in solution, the effect was 

similar to that of CoO (8.23 ± 1.06% total LDH (control 

corrected) ). Ethanol added alone did not significantly affect 

activity as compared to the controls (5.42 ± 1.03% total LDH). 

In contrast, a significant increase in LDH leakage was 

observed when COCl2 was added as a particulate (63.66 ± 2.61% 

of total enzyme content). Interestingly, when CoC12 was added 

at an equivalent amount in an aqueous solution, a smaller 

increase in LDH release was found (40.78 ± 4.71% total LDH). 

This trend was similar to that observed wi th CoNap. All 

values were corrected for the corresponding control. 
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FIGURE 2: In yi tro effect of various cobalt compounds on LDH 
release from alveolar macrophages. CoO, CoNap, and CoCl2 were 
added as particulates where indicated as (solid). CoNap 
(EtOH) was added as an ethanol solution. CoCl2 (aqueous) was 
added as an H20 solution. An aliquot of the incubation media 
was analyzed for LDH activity after 24 hr. Each point 
represents the mean and standard deviation (n=3) and have been 
corrected for the corresponding controls. Values not sharing 
common letters are statistically significant from each other 
(p~O.05). 
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To investigate what effect 

physical state had on CoNap dissolution behavior, the compound 

was either ground to a fine powder in a mortar and pestle, or 

used as an ethanol-solubilized solution (Figure 3). If CoNap 

was first solubilized in 2 mL ethanol and 0.1 mL added to PBS 

at pH 7.3, the cobalt remained in solution. The ground powder 

was approximately 25% dissolved by 48 hr. All further 

dissolution experiments utilized CoNap as the ground powder. 

The dissolution of the three cobalt-containing compounds 

in PBS at pH 7.3 were examined (Figure 4). By the end of the 

48 hr incubation period, CoNap was approximately 22% 

dissolved. Cobalt chloride was essentially 100% dissolved by 

8 hr. The dissolution of CoO was unaffected by solution 

conditions over the entire incubation period. When BSA was 

added to the PBS incubation media at pH 7.3 at the same final 

concentration found in lavage fluid, dramatically different 

results were obtained for CoNap and COCl2 (Figure 5). By 8 

hr, the dissolution of coCl2 was <10%. In contrast, the 

dissolution of cobalt naphthenate was increased approximately 

1.5-fold in the presence of protein. 

The dissolution behavior of the three cobalt compounds 

were investigated in Gamble's solution maintained at pH 7.3 

(Figure 6). The ionic content of this solution closely 

matched that of the pulmonary lining fluid without the 

presence of protein (Law, 1990). By 48 hr, the dissolution of 
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FIGURE 3: Dissolution of ground and ethanol-solubilized 
CONap. Aliquots of the ground powder or 0.1 mL of the 
ethanol-solubilized preparation were added to brown bottles 
containing 100 mL of PBS at pH 7.3. Samples of the incubation 
media were removed at the designated time points and analyzed 
for cobalt content by GFAAS. Each point represents the mean 
and standard deviation (n=3) (LD=limit of detection). 
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FIGURE 4: Dissolution of three cobalt-containing compounds in 
PBS at pH 7.3. Aliquots of the three compounds were placed 
into brown bottles containing 100 mL PBS, and samples of the 
incubation media removed at the designated time points. 
Cobalt was determined by GFAAS. Each point represents the 
mean and standard deviation (n=3) (LD=limit of detection). 
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FIGURE 5: Dissolution of three cobalt-containing compounds in 
PBS at pH 7.3 in the presence of BSA. Aliquots of the three 
compounds were placed into brown bottles containing 100 mL of 
PBS and 0.7 mg/mL BSA. Samples of the incubation media were 
removed at the designated time points and cobalt determined by 
GFAAS. Each point represents the mean and standard deviation 
(n=3) (LD=limit of detection). 
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FIGURE 6: Dissolution of three cobal t-containinq compounds in 
Gamble's solution. Aliquots of the three compounds were 
placed into brown bottles containing 100 mL of Gamble's 
solution at pH 7.3. Samples of the incubation media were 
removed at the designated time points and analyzed for cobalt 
by GFAAS. Each point represents the mean and standard 
deviation (n=3) (LD=limit of detection). 
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CoCl2 was approximately 85%; a 15% decrease as compared to 

PBS. Cobalt naphthenate was again approximately 25% 

dissolved, and CoO was below the limit of detection over the 

incubation period. 

The dissolution of the compounds were then investigated 

in lavage fluid (Figure 7). Initially, the dissolution of 

COCl2 was slowed until approximately 22 hr where it reached 

100%. The dissolution of CoNap was increased to approximately 

30%, while CoO was unaffected. 

The effect of pH on dissolution was also investigated by 

incubating the compounds at pH 4.5 (Figure 8) and pH 2 (Figure 

9). The results obtained at pH 4.5 were similar to those 

obtained in PBS (Figure 4). However, when the pH was dropped 

to 2, the dissolution of CoNap was identical to CoCl2 • Again, 

the dissolution of CoO was unaffected over the 48 hr 

incubation period. 

DISCUSSION 

Particles deposited in the distal airspaces are rapidly 

encountered by pulmonary alveolar macrophages. Such 

interactions may ultimately be involved in the expression of 

pulmonary disease depending on the nature of the particulate 

challenge. The incubation of macrophages with various metals 

leads to cell surface morphologic alterations culminating in 

cell lysis which can result in a cascade of events leading to 
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FIGURE 7: Diss.olution or three cobalt-containing compounds in 
lavage rluid. Aliquots of the three compounds were placed 
into brown bottles containing 50 mL lavage fluid at pH 7.3. 
Samples of the incubation media were removed at the designated 
time points and analyzed for cobalt by GFAAS. Each point 
represents the mean and standard deviation (n=3) (LD=limit of 
detection). 
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FIGtJRE 8: Dissolution of three cobalt-containing' compounds at 
pH 4.5. Aliquots of the three compounds were placed into 
brown bottles containing 100 mL of deionized, glass distilled 
H20 pH adjusted with hydrochloric acid. The pH was monitored 
for the duration of the experiment and adjusted if necessary. 
Samples of the incubation media were removed at the designated 
time points and analyzed for cobalt content by GFAAS. Each 
point represents the mean and standard deviation (n=3) 
(LD=limit of detection). 
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FIGURE 9: Dissolution of three cobalt-containing compounds at 
pH 2. Aliquots of the three cobalt compounds were placed into 
brown bottles containing 100 mL deionized, glass distilled H20 
pH adjusted with hydrochloric acid. The pH was monitored for 
the duration of the experiment and adjusted if necessary. 
Samples of the incubation media were removed and analyzed for 
cobalt content by GFAAS. Each point represents the mean and 
standard deviation (n=3) (LD=limit of detection). 
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pulmonary damage. It has been clearly established that silica 

exposure induces surface morphological changes leading to cell 

death (Hill et al., 1982). Incubation of alveolar macrophages 

with cobalt-tungsten carbide powder resulted in pronounced 

al terations, including increased cytoplasmic vacuoles and 

phagocytic index (Lison et al., 1990). Johansson et al., 

(1986, 1987) found an increased number of macrophages in the 

lavage fluid of rabbits exposed to cobalt chloride alone or in 

combination with nickel. These cells were enlarged and 

engorged with surfactant-like laminated inclusions. Those 

cells exposed to nickel had the appearance of surface blebs. 

The use of macrophages in vitro cytotoxicity studies is 

supported by investigations evaluating the toxicity of 

compounds such as silica, and metals such as cobalt and nickel 

(Reiser et al., 1979; Johansson et al., 1986, 1991). strong 

correlations exist between the toxicity of these particles in 

vitro and their toxicity and fibrogenicity in vivo. In vitro 

dissolution studies can be used to model conditions found in 

various biological environments such as the lung or even the 

gastrointestinal tract, and help in the interpretation of cell 

culture results. The results obtained in this study clearly 

demonstrate that the rate of dissolution of cobalt from the 

various cobalt-containing compounds tested determined their 

resulting toxicity. Cobalt chloride, a soluble cobalt 

compound, was the most cytotoxic to the alveolar macrophages. 
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The finding that the addition of the solid instead of the 

soluble form resulted in greater toxicity indicated that the 

form of the compound plays a key role. This trend was also 

apparent when cobalt naphthenate was added as a ground powder 

or in solution. The results of the ethanol-solubilized versus 

ground cobal t naphthenate indicated that it was not the 

availability of the free Co(II) in solution which determined 

cytotoxicity. Rather, these results may indicate a cell-

surface interaction of the particle with the macrophage prior 

to its complete dissolution leading to phagocytosis. Small 

particles (0.5 to 3 ~m in diameter) aspirated to the distal 

airways and the alveoli are cleared by alveolar macrophages. 

Through phagocytosis and the production of oxygen radicals and 

proteases , alveolar macrophages can eliminate most of the 

particles and microorganisms from the distal airways. various 

soluble components present in the alveolar space can 

facilitate the phagocytosis of particulate material (Adams and 

Hamilton, 1988). These molecules, which include surfactant 

phospholipids and protein, glycoproteins such as fibronectin, 

and proteins like IgG, IgA, or complement fragments act as 

opsonins and increase the recogni tion and endocytosis of 

different compounds by phagocytosis through their binding to 

a specific receptor on the cell surface (Sibille and Reynolds, 

1990). The presence of residual protein or some component in 

the incubation media could conceivably complex with the solid 
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the 

then 

dissociate once engulfed into the phagosome and release a 

greater concentration of metal than that which is taken up via 

pinocytosis of the soluble compound. Analysis of the 

concentration of cobalt in the macrophages versus that in the 

incubation media following the addition of different cobalt 

compounds in the solid versus soluble forms will aid in 

establishing the results obtained. 

My findings following the incubation of cobalt compounds 

in Gamble's or lavage fluid indicated that protein clearly 

enhanced Co(II) dissolution from cobalt naphthenate, but 

affected the dissolution of cobalt chloride differently. The 

presence of surfactant and other phospholipid components in 

lavage fluid may present competing ligands for binding as 

demonstrated by the slow initial dissolution of the cobalt 

chloride, followed by complete dissociation by 22 hr. The 

addition of protein (BSA) to the incubation media enhanced the 

dissolution of cobalt naphthenate but decreased the free 

cobalt concentration of the cobalt chloride. These results 

indicated that the cobalt which dissociated from the cobalt 

chloride became bound to the BSA and was removed by filtration 

prior to GFAAS analysis. In contrast, protein may enhance the 

solubility of the entire cobalt naphthenate molecule. If 

Co(II) had dissociated from cobalt naphthenate, it would be 
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expected to bind to BSA and precipitate. The finding that 

cobalt oxide was not affected by the presence of protein can 

be explained by its low aqueous solubility. Clearly, these 

interactions may result in varying toxicity in vivo. 

Additional investigations with cobalt compounds of varying 

dissolution 'rates may help expand on these finding. 

By investigating the effect of pH, it may be possible to 

predict the in vivo effects cobalt may have following 

different routes of exposure. The results obtained at pH 4.5, 

that pH found inside alveolar macrophage cytoplasmic vacuoles, 

were identical to those obtained in PBS. This indicated that 

the dissociation of cobalt from slightly soluble compounds 

such as cobalt naphthenate would be slow and perhaps not as 

rapidly cytotoxic. In contrast, when the pH was dropped to 2 

to model the environment inside the stomach, the dissolution 

of cobalt naphthenate was identical to cobalt chloride. This 

pH effect can be explained because naphthenic acid is a weak 

acid and a low pH will displace Co(II) from the complex. This 

indicated that the oral exposure to cobalt naphthenate could 

resul t in essentially complete dissociation of cobalt at 

gastric pH. 

In conclusion, these results support the hypothesis 

stated and suggest that several factors play a role in 

determining the resulting toxicity following exposure to 

cobalt-containing compounds. These include the physical form 



69 

of the cobalt compound (aerosol versus a particulate) 

presented to the lungs following inhalation which will affect 

the cytotoxicity to alveolar macrophages. In addition, the 

aqueous solubility of the cobalt-containing compound, such as 

cobalt naphthenate, may have an influence on the dissolution 

rate of the compound either: (1) in the alveolar lining 

layer, (2) inside the cytoplasmic vacuole once engulfed, (3) 

inside the stomach following mucociliary clearance or oral 

exposure, or finally, the bioavailabilty of that cobalt once 

systemically absorbed. 
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ABSTRACT 
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The exposure of humans to inorganic cobalt compounds is 

widespread as these compounds are used in many industrial 

applications. Complexed cobalt is an essential micronutrient 

in the form of vitamin B12 • The extent of the gastrointestinal 

absorption of inorganic cobalt salts has not been well 

characterized, nor have those factors responsible for its 

uptake across the gastrointestinal tract been identified. 

Experiments were performed to evaluate the extent of 

absorption of cobalt following the oral as compared to the 

intravenous administration of cobalt chloride, and to 

characterize some of the processes responsible for that 

absorption. In addition, the ability of the absorbed cobalt 

following oral, IV, or subcutaneous administration to induce 

heme oxygenase was also evaluated. Cobalt chloride was given 

to male Fischer-344 rats orally at 33.3 mg Co(II)/kg or 

intravenously at 4.16 mg Co(II)/kg. By 36 hr, 74.48% of the 

oral dose was eliminated in the feces. Those tissues which 

accumulated cobalt to the greatest extent were the liver, 

kidney, and heart. The blood cobalt concentration curve 

versus time following a single oral dose was triphasic, peaked 
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at 3.22 hr, had an absorptive half-life of 0.91 hr, and a 

terminal elimination half-life of 22.9 hr. Following 

intravenous administration, approximately 10.14% of the dose 

was excreted in the feces, indicating that cobalt can be 

secreted in the bile. A semilog plot of cobalt 

concentrations in the blood as a function of time following a 

single intravenous injection displayed three segments. The 

first segment which occurred during the first 4 hr had a rapid 

half-life of 1.3 hr. The second phase from 4 to 12 hr 

demonstrated a slower clearance rate, with a half-life of 4.29 

hr. The final and slowest phase from 12 hr to 36 hr had a 

half-life of 19.07 hr. Intestinal ring incubation experiments 

indicated that cobalt transport has both active and passive 

components. The finding that uptake was saturable may explain 

the small extent of absorption following oral dosing. The 

results of the heme oxygenase assays indicated that 

subcutaneous and intravenous administration resulted in an 

increase in activity approximately 2-fold over controls, while 

oral administration did not. Thus, these results demonstrated 

that the extent of cobalt absorption across the 

gastrointestinal tract is incomplete, and that the 

concentration administered and the route of exposure may 

determine its systemic toxicity. 
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MATERIALS AND METHODS 

Animals. Male Fischer-344 rats (approximately 250 g) 

were obtained from Sasco, Inc. (Omaha, HE) and acclimated for 

7 days prior to use. Rats were randomly allotted to groups 

(n=3) such that the group means and standard deviations in 

body weight were approximately equal. A standard laboratory 

diet (Wayne Lab-Blox) and water were provided ad libitum. A 

12-hour on 12-hour off light cycle was maintained in the 

animal room. The temperature and relative humidi ty were 

maintained at 22 degrees Celcius (OC) and approximately 40%, 

respectively. 

Chemicals. Cobalt (II) chloride hexahydrate (CoCl2 ' 6H20, 

>98% pure, 24.78% Co(II» and ammonium nitrate (NH4N03) 

(99.999% pure) were purchased from Aldrich Chemical Co. 

(Milwaukee, WI). For use in the AAS cobalt analyses, 

concentrated nitric acid was purchased from J.T. Baker, Inc. 

(Phillipsburg, NJ, Ultrex II Ultrapure reagent). For the heme 

oxygenase assay, Hematin (from bovine blood) and the bilirubin 

standard (20 mg/dL) were obtained from Sigma Chemical Co. (st. 

Louis, MO). The hematin was prepared by dissolving it in a 

small amount of 0.1 N NaOH and adjusting the pH to 7.4. This 

solution was used within 15 min after preparation. The Krebs

Ringer bicarbonate buffer (with 1800 mg glucose/L, without 

calcium chloride and sodium bicarbonate) for the intestinal 
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ring incubations was purchased from Sigma Chemical Co. (st. 

Louis, MO). Upon preparation of the buffer, 1.26 g NaH2C03 was 

added, and the solution sterilized by filtration through a 0.2 

pm filter apparatus (Nalgene, Rochester, NY). The pH was 

maintained at 7.4 and checked prior to use. All other 

reagents were of the highest quality commercially available. 

Analytical Determination of Cobalt Concentration. Cobal t 

was analyzed by graphite furnace atomic absorption 

spectrophotometry (GFAAS) (Thermo Jarrell Ash Video 12E 

Spectrophotometer equipped with a model 188 graphite furnace 

atomizer, Menlo Park, CA). Absorbance was measured at 240.7 

nm and all samples were analyzed in triplicate. Cobalt 

concentrations were determined from a standard curve prepared 

by dilution of an aqueous cobalt solution (1000 pg cobalt 

(II)/mL: Aldrich Chemical Co., Milwaukee, WI) using 1% HN03 

containing 1% NH4N03 (used as a matrix modifier for the tissue 

and excreta samples) as the diluent. The stock standard 

solution was diluted to yield five calibration standards 

ranging from 12.3-100 pg Co(II)/mL. This calibration curve 

represents the linear working range of the instrument for 

cobalt (refer to Appendix I for a representative standard 

curve and Appendix II for data on the precision of the 

method) • 
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Tissue Digestion Procedure: Organ Disposition study and 

Heme Oxygenase Liver Samples. The tissue and excreta samples 

were prepared for GFAAS analysis by a modification of a 

microwave digestion procedure (stripp and Bogen, 1989). The 

feces samples were base digested overnight in 1M KOH (5 mL/g 

feces) prior to microwave digestion. The tissue samples were 

thawed, weighed, and a 0.5 9 sample was removed for acid 

digestion. The urine and blood samples were thawed and 1 mL 

and 2 mL was removed , respectively, for acid digestion. 

Approximately 1 9 of the KOH feces digest was weighed. All 

samples were placed into Falcon polypropylene tubes (17 x 100 

mm style, Becton Dickinson Labware, Lincoln Park, NJ) 

containing 2 mL of nitric and 0.5 mL of sulfuric acid. The 

tubes were placed into a styrofoam holder which was floated on 

water housed in a plastic container. This container was then 

placed into a Toshiba microwave oven (Model ER-885BT, 720 

watts). At first, power level 6 was used for 6 min, then 

power level 9 was used for 5-6 min until the samples were 

digested to completion. The digestate was brought to a final 

volume of 25 mL with 1% NH4N03 (matrix modifier) in 1% HN03 • 

The samples were filtered through 0.2 ~m filters (Acrodisc 

syringe filters, Fischer Scientific, Tustin, CAl to remove any 

particulate debris. The filtrates were then analyzed for 

cobalt content as previously described. 

In vi tro Intestinal Ring and Intravenous Blood 
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Samples. These samples were prepared for GFAAS analysis by a 

modification of the above procedure due to the smaller sample 

size. The intestinal rings and approximately 0.5 mL blood 

samples were weighed and placed into Falcon polypropylene 

tubes (12 x 75 mm style, Becton Dickinson Labware, Lincoln 

Park, NJ) and 1 mL nitric and 0.5 mL sulfuric acid added to 

each sample. The samples were then acid digested, brought to 

a 10 mL final volume, and prepared as described above for 

cobalt determination. 

Organ Disposition Study. The animals were divided into 

eight groups of three rats each. The groups were allocated to 

be terminated from 0.5 to 36 hr (i.e., eight time points) for 

necropsy and blood removal. Preliminary studies indicated 

that a 36 hr sampling period was sufficient for approximately 

80% of the dose of cobalt to be eliminated. Two dose groups 

were used in this study: COClz (33.3 mg Co(II)/kg) and 

vehicle control. The compound was prepared as an 

ethanol:Emulphor mixture (2:1) and administered by gavage in 

a final volume of approximately 0.5 mL. The animals were 

fasted overnight prior to compound administration. Those 

animals comprising the 8 to 36 hr groups were maintained in 

plastic metabolism cages (Nalgene, Nalge Co., Rochester, NY) 

following dosing. Urine and feces were collected separately 

from each animal at 12 hr intervals over the 36 hr period. 
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The volume of urine excreted was recorded upon collection. 

Samples for the 8 hr group were only collected at 8 hr. The 

animals were killed with an i.p. injection of sodium 

pentobarbital (75 mg/kg 65 mg/mL solution, Harvey 

Laboratories, Philadelphia, PA). Blood was removed by cardiac 

puncture into non-heparinized syringes. Those tissues found 

to be the target organs from preliminary studies were removed 

in toto at the time of necropsy. All tissues were stored in 

a freezer maintained at -40°C until sample preparation. 

Blood Concentration study. The animals were divided into 

three groups of three rats each. The groups were as follows: 

COCl2 administered by gavage at 33 • 3 mg Co (II) /kg , COCl2 

injected into the tail vein at 4.16 mg Co(II)/kg (1/8 the oral 

dose), and saline control injected into the tail vein. 

The rats were surgically implanted with jugular vein 

cannulas 24 hr prior to dosing. The cannulas used were made 

from a 10-12 cm piece of silastic tubing (Dow corning Silastic 

Medical Grade Tubing, VWR Scientific, Phoenix, AZ) connected 

by means of a 3-4 mm portion of a 22 gauge needle to a 4 mm 

piece of PE-50 tubing. The metal piece is inserted half-way 

into the PE-50, and the silastic tubing forced over the PE-50, 

thereby allowing both pieces of tubing to be secured to the 

metal piece with one suture. The PE-50 tubing length was 

measured prior to surgical insertion by laying the tubing on 
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the chest of the rat and cut at a 45 D angle at that length to 

ensure its insertion into the heart. The surgical procedure 

followed aseptic guidelines to avoid infection and was 

performed according to Weks and Davis, (1964) as follows: The 

animals were anesthetized with ether, and the neck was shaved 

on the dorsal neck-shoulder-blade area and right ventral neck. 

A small incision was made in the skin between or slightly 

ahead of the shoulder blades. A second incision was made on 

the ventral neck just above the location of the jugular vein 

where pulsing occurs. A cut was made from the point of 

pulsation toward the head for about 1-1.5 cm. Using forceps, 

the tissue was separated immediately above the jugular. The 

vessel was cleaned of connective tissue from the point of 

chest muscle penetration to the point where it bifurcates into 

two smaller vessels (approximately 1 cm). It was then ligated 

at the point of bifurcation, leaving the thread long enough to 

tape down to the table top. A probe was pushed subcutaneously 

from the ventral side incision through the dorsal neck 

incision. The silastic end of the cannula was pulled through 

such that the PE-50 end of the cannula was on the ventral 

side. The suture which ligated the vessel at the bifurcation 

was taped down such that the vein was pulled out of the chest 

cavity. A small incision in the vein was made approximately 

half-way between the chest muscle and the ligation. The 

cannula was then inserted into the hole and fed into the vein. 
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Saline was injected and withdrawn to ensure proper blood 

removal and cannula viability. The vein was tied off around 

the metal junction and was secured to the neck muscle using 

suture. The animal was closed at both incisions, tieing the 

cannula to the skin at the point of ventral neck incision. 

The catheter was trimmed such that 2.5-3 cm was exterior to 

the rat. Saline was injected into the cannula to ensure its 

patency, and the end plugged with a pin. The animals were 

allowed to recover for 24 hr and were fasted overnight prior 

to compound administration. 

Following the completion of the surgical procedure, the 

animals were placed into plastic metabolism cages. Urine and 

feces were collected at 12 hr intervals over the 24 hr 

recovery period. These samples were analyzed for cobalt 

content by GFAAS. The mean cobalt levels in the excreta were 

subtracted from the experimental samples such that each animal 

served as its own control. Following compound administration, 

urine and feces were collected separately from each animal at 

12 hr intervals over the 48 hr period. The volume of urine 

excreted was recorded upon collection. Approximately 0.5 mL 

blood samples were obtained from the indwelling catheters from 

0.5 to 36 hr. The animals were killed at 36 hr with an i.p. 

injection of sodium pentobarbital (75 mg/kg, 65 mg/mL), and 

the liver, small intestine, large intestine, and the contents 

were removed in toto. All samples were stored in a freezer 
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maintained at -40°C until sample preparation.-

Intestinal Ring study. The rats were fasted overnight 

prior to small intestine removal. The animals were 

anesthetized wi th ether, the small intestine removed by 

cutting distal to the pyloric sphincter and proximal to the 

cecum, and perfused and rinsed with cold (2°C) Krebs-Hepes 

buffer. The duodenum was removed by cutting at the Ligand of 

Trietz and the intestine was configured in an S-shape on a 

glass plate. Jejunal rings of 3-4 mm in width were cut from 

the first 1/3 of the intestine and maintained at 2°C in Krebs

Hepes buffer saturated with 95% 02' 5% CO2• The rings were 

blotted and weighed such that 100-200 mg of tissue was used 

for each incubation. The rings were allowed to equilibrate 

for 2 min in the incubation media prior to compound addition. 

The rings were incubated at either O°C, 22°C (room 

temperature), or 37°C for either 0, 3, 6, or 9 min in a final 

volume of 20 mL. The incubation flasks were aerated with 

95%02' 5%C02 and incubated with 2, 20, or 200 ~M Co(II) as 

COCl2o Once the incubation was completed, the rings were 

removed, blotted, lyophilized, acid digested, and analyzed for 

cobalt content by GFAAS. 

Heme Oxygenase Study. Rats were allocated to four groups 

of three rats each. They were either injected subcutaneously 
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with 60 mg/kg COClz (27.2 mg Co (II)/kg) dissolved in 0.9% 

NaCl, orally administered 73.36 mg/kg COClz (33.3 mg 

Co(II)/kg) dissolved in an ethanol:Emulphor (2:1) solution, or 

injected into the tail vein with 3.68 mg/kg COClz (1.67 mg 

Co(II)/kg) dissolved in 0.9% NaCl. The control animals were 

administered the corresponding vehicle. Following the 

injection, the animals were fasted for 18 hr then killed with 

an Lp. injection of sodium pentobarbital (75 mg/kg; 65 

mg/mL). Hepatic microsomal fractions were prepared as 

described (Schacter et al., 1972). Briefly, the livers were 

perfused in situ with 0.9% NaCl for 4 min and homogenized in 

4 volumes of 0.1 M potassium phosphate buffer, pH 7.4. The 

homogenates were centrifuged at 755 x 9 for 10 min at 4°C and 

the supernatant fraction decanted and centrifuged for 20 min 

at 8,700 x g. The supernatant fraction was then centrifuged 

at 18,800 x 9 for 20 min to ensure adequate removal of the 

mitochondria. The resultant postmitochondrial supernatant was 

centrifuged at 110,00 x 9 for 60 min in an ultracentrifuge. 

The supernatant was decanted and retained for the heme 

oxygenase assay, the microsomal pellet suspended in 0.15 M 

KC1, and the suspension centrifuged at 110,00 x 9 for 45 min 

to ensure hemoglobin removal. This washed microsomal pellet 

was suspended in 0.1 M potassium phosphate buffer, pH 7.4, 

brought to a final 25 mL volume, and frozen at -40·C prior to 

protein assay. Protein was determined by using a modified 
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Lowry method (Hartree, 1972). 

Assay for Heme Oxygenase. Heme oxygenase was 

assayed as previously described (Trakshel and Maines, 1989). 

The reaction mixture contained the following (expressed as 

final concentrations): 0.25 mg of microsomal protein, 0.5 mM 

NADPH, 25 nmoles hematin, and 100 #,L of the microsomal 

supernatant which contained biliverdin reductase. This volume 

contained an excess of that required for the production of 

bilirubin which is measured in the reaction mixture. The 

mixture was brought to a total volume of 1 mL with 0.1 M 

potassium phosphate buffer, pH 7.4. NADPH was not added to 

the blank reaction mixture. The reaction mixture was 

incubated for 6 min at 37°C prior to measuring the rate of 

formation of bilirubin. This was performed by recording the 

increase in optical density at 468 nm using a Beckman DU-40 

double beam spectrophotometer. The amount of bilirubin formed 

was calculated from an extinction coefficient of 49 mM-1 cm-1 

measured between 470 and 530 nm. 

statistical Analysis. Statistical differences were 

calculated with a one-way analysis of variance (ANOVA) using 

a Duncan IS multiple range test and Student's t-test where 

required. Differences were considered significant at pSO.05. 
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RESULTS 

Organ Disposition studv. The urinary and fecal 

excretion of cobal t following the oral administration of 

cobal t chloride demonstrated that absorption was rapid as 

evidenced by the appearance of cobalt in the urine by 8 hr 

(Figure 10). The sum of both excretory routes was regarded as 

total excretion. Values were corrected by subtracting the 

mean control value for each time poirit (Appendix III). By 36 

hr, 23.89% of the dose was eliminated in the urine and 74.48% 

was excreted in the feces (Table 2). The maximum excretion of 

cobalt occurred from 12-18 hr. By 36 hr, 98.38% of the dose 

was eliminated in the excreta. These data indicate that the 

rate of uptake of cobalt is rapid, and that the majority of 

the dose was not absorbed. The distribution of cobalt 

expressed as the percent of dose of cobalt in various tissues 

from 2 to 36 hr is summarized in Table 3. The tissues were 

corrected for the corresponding control values (Table 4). A 

time-dependent increase in cobalt which peaked at 8 hr 

occurred in all tissues except the stomach. This tissue 

reached its maximal cobalt content by 2 hr post-dosing. This 

finding may indicate that cobalt may be absorbed by the 

stomach mucosa. The small intestine contained a large amount 

of cobalt from 2-4 hr which decreased by 36 hr. This increase 

supports the finding that this portion of the gastrointestinal 
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FIGURE 10: Excretion following the oral administration of 
33.3 mg Co(II)/kg as COC12 • Following dosing, the animals 
were placed into metabolism cages and urine and feces 
collected over a 36 hr period. The samples were then analyzed 
for cobalt content by GFAAS. Values represent the mean and 
standard deviation (n=3-l2) (LD=limit of detection). 



TABLE 2 

PERCENT OF DOSE OF Co(II) IN BXCRETA VERSUS TIME FOLLOWING ORAL 
ADMINISTRATION OF COBALT CHLORIDB: ORGAN DISPOSITION STUDY 

TIME (RR) 

8.0B 

12.0b 

18.08 

24.0c 

36.0B 

Total % 

·5f±SD 
Bn=3 
'n=12 
cn=6 

URIBE· 

3.52 ± 0.14 

9.99 ± 0.82 

5.96 ± 0.90 

2.99 ± 0.20 

1.41 ± 0.06 
-----------

23.89 ± 2.12 

FBCBS· TOTAL· 

11.50 ± 1.99 13.02 ± 2.13 

17.41 ± 1.17 27.40 ± 1.99 

18.75 ± 3.92 24.71 ± 4.82 

22.80 ± 1.00 25.79 ± 1.20 

4.02 ± 1. 98 5.43 ± 2.04 
----------- ------------

74.48 ± 10.06 98.38 ± 12.18 

Q) 

.c:. 
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TABLE 3 

PERCENTAGB OP DOSB OP CO(II) IN TISSUES POLLO.ING ORAL ADKINISTRATION OP 
COBALT CHLORIDE: ORGAN DISPOSITION STUDY 

TISSUE i HOUB· t HOUB· e HOUR· 12 HOUR· 18 HOUB· 24 HOUR· 

Heart O.O1±O.OO O.O1±O.OO O.Ol±O.Ol O.Ol±O.OO O.Ol±O.OO O.O1±O.OO 

Liver O.44±O.O5 O.44±O.O9 O.55±O.4O O.32±O.lO O.28±O.O2 O.24±O.O4 

Kidney O.O6±O.Ol O.O5±O.Ol O.O6±O.O2 O.O6±O.O2 O.O3±O.OO O.O3±O.Ol 

Sm. Int. 1.36±O.39 1.42±O.32 O.59±O.35 O.35±O.l7 O.22±O.O5 O.Ol±O.OO 

Lq.Int. O.O4±O.O3 O.32±O.l4 O.38±O.2l O.32±O.22 O.l3±O.O4 O.Ol±O.OO 

Stomach O.42±O.O8 O.26±O.O5 O.O4±O.O3 O.O2±O.OO O.O2±O.OO O.Ol±O.OO 

Sm.Int.C. 19.8±2.64 21.6±3.94 7.2l±3.l4 7.l5±2.49 O.35±O.l9 O.33±O.1l 

Lq.Int.C. 2.03±O.36 28.5±8.08 61.9±6.l8 47.0±lO.4 l7.3±3.65 l6.0±O.84 

Stom.C. 52.7±l5.6 28.l±9.8l 6.08±2.68 O.2l±O.l4 O.l7±O.l6 O.Ol±O.OO 

Blood O.l8±O.O4 O.25±O.O8 O.l5±O.O3 O.1l±O.O2 O.lO±O.Ol O.O7±O.Ol 

*x±SD (n=3) 

36 HOUR· 

O.Ol±O.OO 

O.O9±O.O2 

O.Ol±O.Ol 

O.Ol±O.OO 

O.O1±O.OO 

O.Ol±O.OO 

O.Ol±O.OO 

O.38±O.l6 

O.Ol±O.OO 

O.O5±O.OO 

C» 
U1 
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tract is responsible for the majority of the cobalt absorption 

(Ashmead et al., 1985). The uptake of cobalt at 36 hr was 

significantly different from the controls for all tissues 

except for the stomach contents (Table 4). The uptake of 

cobalt by the liver, kidney, and heart clearly demonstrates 

the peak in cobalt content which occurred at 8 hr, followed by 

a decrease (Figure 11). By 36 hr, the tissue cobalt levels 

had not dropped as low as the blood levels, indicating that 

the clearance of cobalt from these compartments was slower 

than that of the blood. 

The concentration of cobalt in blood collected from 0.5 

to 36 hr following a single oral dose indicates that from 0.5 

to 18 hr the blood cobalt concentration was elevated 40-80-

fold over control levels of approximately 0.025 ~g/mL (Figure 

12). The results show a rapid absorptive phase with a half

life of 0.99 hr, followed by two slower elimination phases of 

3.89 and 23.68 hr (data summarized in Table 5). By 36 hr, the 

blood cobalt concentration had returned close to control 

levels. 

Blood Concentration study. Samples were collected at 12, 

24, and 36 hr post-dosing to obtain the urinary and fecal 

excretion of cobalt following a single oral dose (Figure 13). 

Total excretion represents the sum of urine plus feces. The 

resul ts obtained were consistent with those of the organ 



TABLE .. 

UPTAKE OF Co (XX) BY TXSSUES AT 36 BR AFTER TIlE 
ORAL ADHXHXSTRATXOH OF COC12 : ORGAN DXSPOSZTXOH STUDY· 

TISSUE 

Blood 
Heart 
Kidneys 
Liver 
Lg. Int. 
Sm. Int. 
Stomach 
Lg.Int.C. 
Sm.Int.C. 
Stom. c. 

O. 039±0. 0108 

0.037±0.0318 

O. 273±0. 0538 

0.30S±0.1118 

0.387±0.0928 

0.372±0.1428 

0.OS6±0.0128 

7. 641±1. 9768 

1.332±0.5768 

0.49S±0.122 

33.3 rng CoCIIl/kg-

0.132±0.00Sb 
0.267±0.02Sb 
1.62S±0.095b 

19.36±3.213b 

6.327±0.115b 
2.204±0.00Sb 
0.797±0.067b 

15.199±4.001b 
3. 66S±1. 434b 
0.305±0.OS4 

S7 

*Values are expressed as ~g Co(II)/g tissue (n=3) 

**Data analyzed using an ANOVA and Duncan's multiple 
range test. Values sharing a common superscript are 
not statisically significant from each other 
(P:S;0.05). 
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Figure 11: Tissue cobalt levels after the oral administration 
of 33.3 mq Co(ZZ)/kq as COClz• Following dosing, the animals 
were killed at the designated time points, the tissues 
removed, and analyzed for cobalt content by GFAAS. Values 
represent the mean and standard deviation (n=3) (LD=limit of 
detection). 
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Fl:GURE 12: Blood concentration following the oral 
administration of 33.3 mg co(l:l:)/kg as C0012• Blood samples 
were collected by cardiac puncture over a 36 hr period. 
Cobalt levels were determined by GFAAS. Values represent the 
mean and standard deviation (n=3) (LD=limit of detection). 
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FIGURE 13: Excretion following the oral administration of 
33.3 mg Co(II)/kg as coC12• Following dosing, the animals 
were placed into metabolism cages and urine and feces 
collected over a 36 hr period. The samples were analyzed for 
cobal t content by GFAAS. Values represent the mean and 
standard deviation (n=3-9) (LD=limit of detection). 
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disposition study. The rate of elimination peaked by 24 hr, 

and the majority of the dose (68.61%) was eliminated in the 

feces. The data are summarized in Table 4. The total percent 

of the dose excreted by 36 hr was 95.81%. 

Samples were collected as described above for the urinary 

and fecal excretion of cobalt following a single intravenous 

injection (Figure 14). The rate of excretion was found to be 

very rapid, with 62.86% of the dose eliminated in the urine by 

12 hr (Table 4). The total percent of the dose eliminated in 

the feces over the 36 hr period was 10.14%, indicating that 

cobalt can be secreted in the bile. The total percent dose 

excreted by 36 hr was 85.56% (Table 5). 

The blood cobalt concentration-versus-time curve 

following a single oral dose was found to be tri-phasic 

(Figure 15). The results obtained were consistent with those 

from the organ disposition study (Figure 12). The peak blood 

cobalt concentration of 2.3 #g/mL occurred at 3.22 hr. The 

absorptive half-life was 0.91 hr, and the elimination half

lives were 4.55 and 22.90 hr (Table 6). 

A semilog plot of cobalt concentrations in blood as a 

function of time following a single intravenous injection 

displayed three segments (Figure 16). The peak cobalt 

concentration at time 0 was 36.58 #g/mL. During the first 4 

hr cobalt was rapidly cleared from the blood, demonstrating a 

half-life of 1.30 hr. The second phase from 4 hr to 12 hr 
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F:tGURE 14: Excretion followinq the intravenous administration 
of 4.16 mq Co(:t:t)/kq as coC12 • Following dosing, the animals 
were placed into metabolism cages and urine and feces 
collected over a 36 hr period. The samples were analyzed for 
cobal t content by GFAAS. Values represent the mean and 
standard deviation (n=3-9) (LD=limit of detection). 



TABLE 5 

PERCENT OP DOSE OP CO(II) IN EXCRETA VERSUS TIME POLLOWING ORAL OR 
INTRAVENOUS ADMINISTRATION OF COBALT CHLORIDE 

TIME (BR) URINE* 

CA) I.V. Administration: 

12.0B 62.86 ± 1.92 

24.0b 10.21 ± 0.20 

36.0c 2.35 ± 0.36 
------------

Total % 75.42 ± 2.54 

(B) Oral Administration: 

12.0B 

24.0b 

36.0c 

Total % 

*X±SD 
Bn=9 
bn=6 
cn=3 

14.51 ± 0.65 

11.65 ± 0.42 

1.04 ± 0.31 

27.20 ± 1.38 

PECES* TOTAL* 

5.73 ± 0.34 68.59 ± 2.26 

3.01 ± 0.51 13.22 ± 0.78 

1.40 ± 0.33 3.75 ± 0.69 
-----------

10.14 ± 1.18 85.56 ± 3.72 

16.07 ± 1.88 30.58 ± 2.52 

38.26 ± 0.99 49.91 ± 1.41 

14.28 ± 3.02 15.32 ± 3.33 

68.61 ± 5.88 95.81 ± 7.26 

10 
W 
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FIGURE 1S: Blood concentration following the oral 
administration of 33.3 mg Co(II)/kg as cOCl~. Blood samples 
were collected from an indwelling jugular ve1n cannula over a 
36 hr period. Cobalt levels were determined by GFAAS. Values 
represent the mean and standard deviation (n=3) (LD=limit of 
detection) • 
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FIGURE 16: Blood concentration following the intravenous 
injection of 4.16 mg Co(II)/kg as CoC12 • Blood samples were 
collected from an indwelling cannula over a 36 hr period. 
Cobal t levels were determined by GFAAS. Values represent the 
mean and standard deviation en=3). 
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TABLE 6 

PBARHACOKIHETIC PARAMETERS APTER ORAL AND INTRAVENOUS COBALT 
CHLORIDE: ORGAN DISPOSITION OF CO(II) AND BLOOD CONCENTRATION STUDIES· 

DOSE/ 
COMPOUND 

TIME TO 
PEAK CHr) 

(A) Orqan Disposition study: 

33.3 mq/kq 3.151 
Co(II) as CoCl2/0ral 

PEAK CONC. 
uq CoCII)/mL Blood 

2.27 

(B) Blood Concentration Study:** 

33.3 mq/kq 3.217 2.32 
Co(II) as COClz/Oral 

4.16 mq/kq 0.00 36.6 
Co(II) as COClz/I.V. 

*'l±SD (n=3) 

**Bioavailab!l!ty (F) = 16.77% 

t1jl.(~' 
.1RU 

0.99 

0.91 

1.30 

t,~(~, 
.1RU 

3.89 

4.55 

4.29 

t l«!:' rum 

23.68 196.1 

22.90 210.3 

19.07 156.4 

\0 
0'1 
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demonstrated a slower clearance rate, with a heHf-life of 4.29 

hr. The final and slowest phase from 12 hr to 36 hr had a 

half-life of 19.07 hr (Table 6). These data strongly suggest 

the existence of first-order kinetics and may indicate the 

potential for a three compartment model. 

Intestinal Ring study. The results obtained following 

the incubation of intestinal rings at O°C for 0-9 min 

indicated that there was an association of Co(II) with the 

membrane that increased with both time and concentration 

(Figure 17). When the incubation temperature was increased to 

room temperature (22°C), the results showed a temperature 

dependent increase in the uptake of cobalt which approached 

saturation at 200 f..£M Co(II) (Figure 18). The 200 f..£M 

concentration appeared to reach saturation in uptake from 6-9 

min. This saturable uptake was clearly demonstrated when the 

incubation temperature was increased to 37°C (Figure 19). 

There was a 1.3-fold temperature-dependent increase in the 

Co(II) uptake as compared to room temperature. 

reached after 6 min with 200 f..£M Co(II). 

saturation was 

To define the 

saturation curve of the intestinal rings in the presence of 

increasing concentration of Co(II), rings were cut from the 

proximal jejunum and incubated at 37°C for 5 min with various 

concentrations of Co(II) (Figure 20). Five minutes was 

selected as it represented a portion of the curve obtained at 
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FIGURE 17: I~testina1 ring content at O·C after incubation 
with various concentrations of Co(II) as coC12 • Cobalt was 
determined by GFAAS. Values represent the mean and standard 
deviation (n=3) (LD=limit of detection). 
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FZGURE 18: Intestinal ring content after incubation at 22-C 
with various concentrations of Co(II) as C0012- Cobalt was 
determined by GFAAS. Values represent the mean and standard 
deviation (n=3) (LD=limit of detection). 
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FIGURE 19: Intestinal ring content after incubation at 37·C 
with various concentrations of Co(II) as COC12- Cobalt was 
determined by GFAAS. Values represent the mean and standard 
deviation (n=3) (LD=limit of detection). 
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37°C which demonstrated linear uptake. The results indicated 

that there was a dose-dependent increase in the uptake of 

Co(II) into the rings which also approached saturation at 500 

#-,M CoCII). 

Heme oXygenase study. The oral administration of 33.3 mg 

Co(II)/kg as cobalt chloride was not able to stimulate heme 

oxygenase activity above background (where control activity 

was found to be 1.2 ± 0.08 nmol bilirubin/min/mg protein) 

(Table 7). This was the dose of Co(II) administered in the 

oral disposition study. The largest increase in activity was 

obtained following the subcutaneous administration of 27.2 mg 

Co(II)/kg. When the hepatic CoCII) content following 

sUbcutaneous administration was adjusted to equal that 

obtained following oral dosing, an increase in heme oxygenase 

activity was still found. In addition, when an intravenous 

dose of Co(II) was administered which also produced an 

equivalent hepatic Co(II) content, an increase in activity was 

also obtained. 

DISCUSSION 

Metals are cleared from the body via two main routes: 

urinary and fecal excretion. Fecal excretion may originate 

from hepatobiliary transport, excretion by the pancreas and 

the glands of the alimentary canal, exfoliation of intestinal 
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TABLE 7 

LIVER Co(II) CONTENT AND HBHE OXYGENASE ACTIVITY 18 HOURS 
FOLLOWING THE ADMINISTRATION OF COBALT CHLORIDE 

Compound Doae Route Doae CollI) (mg/kg) 

CoC12 P.O. 33.3 

CoC12 S.C. 27.2 

CoC12 S.C. 7.25 

CoC12 S.C. 5.49 

CoC12 LV. 1.67 

*x±SD (n=3) 
**x±SD (n=4) 
§n.d.=not detected above background 

§§nmol bilirubin formed/min/mg protein 

ug ColII)JLiver Heme oxvaenase Activitv 

48.31 ± 7.70* n.d.§ 

174.13 ± 49.2** 7.86 ± 1. 92§§ 

61.27 ± 3.8S* 2.98 ± 0.76§§ 

48.51 ± 1.58* 2.27 ± 0.86§§ 

50.31 ± 4.18* 3.42 ± 0.64§§ 

"'" o 
w 
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epithelial cells, plasma protein exudation into the 

gastrointestinal tract, or by incomplete absorption after oral 

administration (Gregus and Klaasen, 1986). The results of the 

organ disposition study clearly demonstrate that cobalt is not 

well absorbed from the gastrointestinal tract following oral 

administration. The major~ty of the dose was excreted in the 

feces, with only approximately 25% excreted in the urine by 36 

hr. These results agree with those obtained in the literature 

which have shown the urinary excretion of cobalt to be rapid 

(Murdock, 1959; Gregus and Klaassen, 1986). 

These tissue distribution results are consistent with 

other findings reported in the literature following oral and 

parenteral injection, and indicate that the liver, kidney, and 

heart accumUlate cobalt to the largest extent of all the 

tissues analyzed (Comar and Davis, 1947; Taylor, 1961; Amiard, 

1976; Thomas, 1976). However, these organs have been shown 

not to retain the metal, and cobalt levels drop back to 

control values by 3-4 days. These investigations have also 

indicated that the spleen, pancreas, and testes accumulate 

cobalt, albeit to a lesser extent than those organs mentioned 

above. These tissues were not found to accumulate cobalt to 

a significant amount in our preliminary investigations. The 

difference may resul t from the dosage administered or the 

pattern of administration, as some investigators administered 

cobal t in the diet over a period of time. perhaps the 
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cumulative dose was higher and was therefore allowed to 

accumulate over time prior to necropsy. The effect dietary 

constituents have on the absorption of cobalt must also be 

considered as they may alter the distribution. 

The blood cobalt concentration versus time curves 

following a single oral dose demonstrated absorptive and 

distributive phases, and were consistent when measured in two 

different studies. In the organ disposition study, rats were 

serially sacrificed, while in the blood concentration study, 

rats were bled at separate times. The terminal elimination 

half-life of approximately 23 hr indicates that cobalt is not 

rapidly cleared from the blood following oral administration. 

The existence of another, longer clearance phase which may be 

defined beyond the 36 hr sampling time cannot be ruled out. 

The area under the blood curve was small following oral 

dosing, and was probably underestimated due to the short 

sampling period. A better approximation would then be the 

urinary excreta data, which indicated that the bioavailability 

would be approximately 25%. 

The blood curve obtained following intravenous 

administration indicate that cobalt clearance is triphasic and 

initially very rapid. The half-life values obtained were 

consistent with those reported by Onkelinx, (1976). As the 

plasma disappearance curve can be defined by three exponential 

terms, the number of compartments which can be assigned to a 
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compartmental model would be three. The limitation to this 

description is the length of time during which the system is 

observed. In this study, the 36 hr sampling period allowed 

the blood levels to almost fall to control values. 

Therefore, there may be a longer component to the blood 

concentration curve which was not determined in this study. 

Hollins and McCullough, (1971) were able to describe cobalt 

whole body retention in rats by a sum of five exponential 

terms over a period of 400 days, which suggests the existence 

of more than three compartments. In this study, however, 

compartments with extremely long half-lives would not be 

distinguished above control values and may represent re-entry 

into the blood from organ storage sites. 

The rate of urinary excretion obtained following the 

intravenous administration of cobalt chloride was found to be 

very rapid, with the majority of the dose eliminated by 12 hr. 

The total fecal elimination was found to be approximately 10% 

of the dose, and supports the finding that cobalt can be 

secreted in the bile in animals and in humans (Greenberg et 

al., 1942; Sheline et al., 1945; Ulrich and Copp, 1950; 

Stelzer and Klaassen, 1985; Ishihara and Matsushiro, 1986). 

Gregus and Klaassen, (1986) found that the cobalt which was 

secreted in the bile was not reabsorbed by the small 

intestine. Therefore, the urinary data collected following 

the oral administration of cobalt chloride represents minimal 
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absorption. 

The uptake of cobalt from the gastrointestinal tract has 

been determined to occur from the proximal jejunum (Ashmead et 

a1., 1985: Dintzis and Laszlo, 1989), but the processes 

controlling this absorption are not well understood. The 

experiments performed here which utilized intestinal rings cut 

from the proximal jejunum indicate that the uptake process was 

saturable and both concentration and temperature dependent. 

These are characteristics of active transport (Ashmead et a1., 

1985). There was also a diffusional component to absorption: 

this was demonstrated by the intestinal accumUlation of cobalt 

at a temperature of o·c. This uptake was also concentration 

dependent. Therefore, these experiments have determined that 

there are at least two processes controlling the uptake of 

cobalt from this part of the "gastrointestinal tract, and may 

help explain why cobalt is incompletely absorbed following 

oral administration. The interpretation of the data obtained 

by the use of intestinal rings is limited because the polarity 

of the cells is disregarded. ThUS, this method does not allow 

for the quantitative measure of cobalt translocation across 

the intestinal wall. To adequately determine the extent of 

uptake of cobalt from the small intestine, in situ intestinal 

perfusion experiments should be performed (Csaky, 1984). 

The onset of heme oxygenase enzyme stimUlation has been 

shown to be very rapid. The induction begins within 2 hours 
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after injection of the metal and reaches its maximum in 16 to 

24 hours (Maines and Kappas, 1975). This maximal activity can 

be maintained with repeated injections at 24 hour intervals. 

The heme oxygenase results obtained 18 hr following the 

subcutaneous inj ection of cobalt chloride were consistent with 

those obtained by other investigators (Maines and Kappas, 

1975; Tenhunen et al., 1968). To compare this effect with 

other routes of administration, liver cobalt content was 

chosen as a determining factor. The intravenous 

administration of cobalt as cobalt chloride was found to 

induce activity to the same extent at an equivalent hepatic 

Co(II) content as that following subcutaneous administration. 

However, the finding that oral administration did not induce 

activity at an equivalent hepatic Co(II) content was puzzling. 

The explanation for this finding may involve several factors. 

First, the dose necessary to induce enzyme activity following 

sUbcutaneous administration is very close to the LDso value. 

The same is also true for the intravenous dose. Because heme 

oxygenase is a heat shock protein, perhaps the large dose 

places enough stress on the animal to bring about enzyme 

induction. The oral dose used was lower and therefore may not 

induce the enzyme because of a decreased stress level. 

In addition, the level of regulation by cobalt on heme 

oxygenase gene expression has been suggested to be at the 

level of de novo protein synthesis (Lin et al., 1990). If 
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this is true, then the cumulative or peak amount of cobalt 

reaching the liver may not reach the critical concentration to 

turn on protein synthesis following oral administration. 

Rather, subcutaneous or intravenous administration may result 

in a larger hepatic cobalt content which is necessary to lead 

to induction. By the 18 hr time points, liver levels would 

have decreased. This explanation could be supported by 

investigating the hepatic cobalt content over time following 

these routes of administration. The hepatic cobalt content 

over time following intravenous administration was not 

measured in this study. Thomas, et ale (1976) evaluated the 

tissue distribution in rats of ~Co following either a single 

intravenous inj ection of 2.74 mg Co (II) /kg or the oral 

administration of 1.18 mg Co(II)/kg in drinking water/day for 

147 days. The liver had the highest cobalt content of all the 

organs investigated following intravenous administration but 

decreased rather rapidly compared to the other tissues. The 

liver also had the highest cobalt content of all the tissues 

investigated following oral administration. Peak cobalt 

levels were not only much less than that produced following 

intravenous administration, but they obviously took much 

longer to attain. When a comparison is made of the maximum 

oral hepatic Co(II) content obtained in this study versus the 

intravenous study performed by Thomas, et al., it can be found 

that intravenous administration produces a 3-fold higher 
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hepatic cobalt content over oral administration. To 

conclusively support this hypothesis, a hepatic Co(II) versus 

time following subcutaneous administration should be 

performed. 

Finally, another possible explanation which may resolve 

the difference in heme oxygenase activity obtained following 

oral versus intravenous or subcutaneous administration 

involves both the uptake process across the gastrointestinal 

tract and the intestinal mileau. It has been proposed that 

metals are not absorbed as ions, but rather as chelates to 

various ligands. In fact, the uptake of metals such as cobalt 

occur more rapidly as amino acid chelates, whereby they 

effectively shield the metal inside the chelated moiety and 

then use amino acid transporters (Ashmead et al., 1985). 

Experiments have been performed with in vitro intestinal 

segments comparing the extent of absorption of inorganic 

metals and chelates produced from both vegetable and animal 

sources of amino acids (Ashmead et al., 1985). In most cases, 

the extent of absorption of the amino acid chelates far 

exceeded that of the non-chelated inorganic ions. If the form 

of the cobalt transferred to the blood following intestinal 

mucosal uptake is different than that reaching the liver 

following other routes of administration, perhaps the cobalt 

may not be available to induce heme oxygenase. Further 

experimentation should be performed to evaluate those 
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potential differences in both the form of the cobalt following 

different routes of administration and the resulting hepatic 

cellular distribution. 

In conclusion, the results of the current investigation 

indicate that the extent of cobal t absorption across the 

gastrointestinal tract is incomplete and that the majority of 

the absorbed dose is cleared in the urine following the oral 

administration of cobalt chloride. Systemic absorption occurs 

very rapidly as large amounts of cobalt appear in the urine by 

6 hr. The bioavailabili ty value calculated was minimal as the 

area under the blood concentration curve values were 

underestimated due to a short sampling period. Those factors 

responsible for the uptake of cobalt across the 

gastrointestinal tract include biochemical processes which 

occur at the site of the intestinal mucosal cell. They appear 

to be saturable and therefore limit the extent of uptake. 

Once the cobalt enters the circulation, it may be available to 

exert systemic toxici ty • The extent of this toxici ty may 

depend not only on the dose administered, but also on the 

route of administration. 



CHAPTER 4 

ABSORPTION AND CLEARANCE OF COBALT 
HAPBTBBHATE IN RATS APTER A SINGLE ORAL DOSE 

ABSTRACT 
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The obj ecti ve of this proj ect was to investigate the 

absorption and clearance of cobalt naphthenate in Fischer-344 

rats following a single oral dose. A disposition study was 

conducted to determine the clearance of cobalt following 

cobalt naphthenate administration. Two dose groups (2.8 and 

280 mg/kg cobalt naphthenate; ca., 0.333 and 33.3 mg 

Co(II)/kg, respectively) and a vehicle control were studied. 

The dose levels employed were 0.001 and 0.1 X LDso cobalt 

naphthenate (where the oral LDso=2800 mg/kg, Monsanto, 1973 as 

cited in USEPA, 1984). Urine, feces, and tissues were 

collected over a 48 hr period. The majority of the dose in 

both the low and high dose groups was excreted in the feces, 

indicating that cobalt is incompletely absorbed from the 

gastrointestinal tract following oral dosing. Approximately 

the same percent of the dose was excreted in the urine for 

both dose groups, indicating that urinary elimination is not 

dependent on dose. The cobalt concentration in tissues from 

the low dose animals was not significantly different from 

those of the controls by 48 hr. In contrast, most of the 

tissues from the high dose animals had significantly increased 

cobalt levels as compared to the low dose group and the 
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controls. 

An absorption study was conducted to determine blood 

levels of cobalt following cobalt naphthenate dosing. Three 

dose groups (2 .8 mg/kg, 28 mg/kg, and 280 mg/kg cobal t 

naphthenate) were investigated. Blood was removed via cardiac 

puncture from O.S to 36 hr; urine and feces were collected 

from the 8 to 36 hr groups. Tissues were removed from the 2 

to 36 hr groups. The results obtained from the urine, feces, 

and tissue samples were similar to those collected in the 

disposition study. The blood versus time cobalt concentration 

curve for the low dose, intermediate dose, and high dose 

groups were elevated 4-S-fold, 14-25-fold, and 2S-60-fold over 

control blood levels, respectively. The peak plasma 

concentrations of 0.61 and 1.74 J,l.g Co(II)/mL occurred at 

approximately 4.25 and 3.29 hr, and the terminal elimination 

half-lives were 11.2 and 12.6 hr for the intermediate and high 

dose groups , respectively. Thus, al though the extent of 

cobalt absorption was not proportional to dose, the time to 

peak blood concentration and the apparent elimination rate 

constant was independent of dose. 



114 

MATERIALS AND KBTBODS 

Animals. Male Fischer-344 rats (150-250 g) were obtained 

from Sasco, Inc. (Omaha, HE) and acclimated for 7 days prior 

to use. Rats were randomly allotted to groups (n=3 for the 

disposition study; n=8 for the absorption study) such that the 

group means and standard deviations in body weight were 

approximately equal. A standard laboratory diet (Wayne Lab

Blox) and water were provided ad libitum. A 12-hour on 12-

hour off light cycle was maintained in the animal room. The 

temperature and relative humidity were maintained at 22 

degrees Celsius (OC) and approximately 40%, respectively. 

Chemicals. Cobalt naphthenate was obtained from Mooney 

Chemicals, Inc. (Cleveland, OH; purity> 99.6%; 11.9% cobalt 

(II» • Cobalt (II) chloride hexahydrate (CoClz• 6HzO, >98% 

pure, 24.78% CoCII» was purchased from Aldrich Chemical Co. 

(Milwaukee, WI). For use in the AAS cobalt analyses, 

concentrated nitric acid was purchased from J.T. Baker, Inc. 

(Phillipsburg, NJ, Ultrex II Ultrapure reagent). All other 

reagents were of the highest quality commercially available. 

Analytical Determination of Cobalt Concentration. 

Cobal t was analyzed by graphi te furnace atomic absorption 

spectrophotometry (GFAAS) (Thermo Jarrell Ash Video 12E 

Spectrophotometer equipped with a model 188 graphite furnace 
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atomizer, Menlo Park, CA). Absorbance was measured at 240.7 

nm and all samples were analyzed in triplicate. Cobalt 

concentrations were determined from a standard curve prepared 

by dilution of an aqueous cobalt solution (1000 ",g cobalt 

(II)/mL: Aldrich Chemical Co., Milwaukee, WI) using 1% HN03 

containing 1 % NH4N03 (used as a matrix modifier for the tissue 

and excreta samples) as the diluent. The stock standard 

solution was diluted to yield five calibration standards 

ranging from 12.3-100 ",g Co(II)/mL. This calibration curve 

represents the linear working range of the instrument for 

cobalt (refer to Appendix I for a representative standard 

curve and Appendix II for data on the precision of the 

method) . 

Tissue Digestion Procedure. The tissue and excreta 

samples were prepared for GFAAS analysis by a modification of 

a microwave digestion procedure (Stripp and Bogen, 1989). The 

feces samples were base digested overnight in 1M KOH (5 mL/g 

feces) prior to microwave digestion. The tissue samples were 

thawed, weighed, and a o. 5 g sample was removed for acid 

digestion. The urine and blood samples were thawed and 1 mL 

and 2 mL was removed, respectively, for acid digestion. 

Approximately 1 g of the KOH feces digest was weighed. All 

samples were placed into Falcon polypropylene tubes (17 x 100 

mm style, Becton Dickinson Labware, Lincoln Park, NJ) 
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containing 2 mL of nitric and 0.5 mL of sulfuric acid. The 

tubes were placed into a styrofoam holder which was floated on 

water housed in a plastic container. This container was then 

placed into a Toshiba microwave oven (Model ER-885BT, 720 

watts). At first, power level 6 was used for 6 min, then 

power level 9 was used for an additional 5-6 min until the 

samples were digested to completion. The digestate was 

brought to a final volume of 25 mL with 1% NH4N03 (matrix 

modifier) in 1% HN03 • The samples were filtered through 0.2 

IJ.m filters (Acrodisc syringe filters, Fischer Scientific, 

Tustin, CA) to remove any particulate debris. The filtrates 

were then analyzed for cobalt content as previously described. 

Organ Disposition Study. The animals were divided into 

three groups of five rats each. These groups were then be 

terminated at 48 hr for necropsy. Preliminary studies 

indicated that a 48 hr sampling period was sufficient for 

approximately 90% of the dose of cobalt to be eliminated. 

Three dose groups were used in this study: cobalt naphthenate 

at 0.333 mg Co(II)/kg (ca., 2.8 mg/kg cobalt naphthenate: 

0.001 x LDso) or 33.3 mg Co(II)/kg (ca., 280 mg/kg cobalt 

naphthenate; 0.1 x LDso)' or vehicle control. The compound was 

prepared as an ethanol: Emulphor mixture (2: 1) and administered 

by gavage in a final volume of approximately 0.5 mL. The 

animals were fasted overnight prior to compound 
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The animals were placed into plastic 

metaboiism cages (Nalgene, 

immediately following dosing. 

Nalge Co. , Rochester, NY) 

Urine and feces were collected 

separately from each animal. Urine collection began at 6 hr 

and was collected at 12 hr intervals starting at 12 hr. Feces 

was collected at 12 hr intervals over the 48 hr period. The 

volume of urine excreted was recorded upon collection. The 

animals were killed with an i.p. injection of sodium 

pentobarbital (75 mg/kg, 65 mg/mL solution, Harvey 

Laboratories, Philadelphia, PA). Blood was removed by cardiac 

puncture into non-heparinized syringes. Those tissues found 

to be the target organs from preliminary studies were removed 

in toto at the time of necropsy. All tissues were stored in 

a freezer maintained at -40°C until sample preparation. 

Absorption study. Prior to conducting the actual study, 

a preliminary absorption study was conducted with an 

intermediate dose of 3.33 mg Co(II)/kg (ca., 2.8 mg/kg cobalt 

naphthenate; 0.01 x LDso) to determine the time required for 

the blood cobalt levels to reach control values. A 36 hr 

sampling period was sufficient to achieve such levels. The 

animals for the absorption study were then divided into eight 

groups of three rats each. The groups were allocated to be 

terminated from 0.5 to 36 hr (i.e., eight time points) for 

necropsy and blood removal. Two dose levels were used in this 
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study; 0.333 mg Co(II)/kg or 33.3 mg Co(II)/kg, or vehicle 

control. The dose preparation and dose volume used were the 

same as that described for the disposition study. The animals 

were fasted overnight prior to compound administration. Those 

animals comprising the 8 to 36 hr groups were maintained in 

plastic metabolism cages following gavage. Urine and feces 

were collected separately from each animal at 12 hr intervals 

over the 36 hr period. Samples for the 8 hr group were 

collected at 8 hr. The animals were killed and blood removed 

as previously described. Tissues were removed from the 8 to 

36 hr groups. 

Blood Binding Experiment. Rats were fasted overnight 

prior to blood removal. Blood was collected into heparinized 

syringes by cardiac puncture from three animals. The blood 

was pooled, and 3 mL samples were spiked with a 100 ~L aliquot 

of either CoCl2 at 1.58 mg Co(II)/mL or 1.61 mg Co(II)/mL, or 

cobalt naphthenate at 0.050 mg CoCII)/mL. The experiments 

were performed in triplicate. The spike solutions were 

prepared by dissolving the compounds in deionized, glass 

distilled H20. The cobalt naphthenate solution was prepared 

by placing an excess of the compound into water and sampling 

for 1 week to determine the amount of cobalt naphthenate which 

would solubilize. All spike samples were analyzed by GFAAS to 

determine the analytical CoCII) concentration. The whole 
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blood was spun for 10 min at 600 x g to obtain plasma samples. 

The plasma was then centrifuged using an Amicon Micropartition 

System (Harvard Apparatus, Millis, MA) through a 30,000 Dalton 

molecular weight cut off filter at 620 x g for 10 min at 37°C. 

The resulting plasma ul trafil trate contained the free or 

unbound cobalt. Appropriate blank samples were performed 

which consisted of unspiked blood to determine background 

cobalt and spiked aqueous samples to determine nonspecific 

binding to the filters. The whole blood, plasma, and 

ultrafiltrate were all analyzed by GFAAS to determine Co(II) 

concentrations. 

statistical Analysis. statistical differences were 

calculated with a one-way analysis of variance (ANOVA) using 

a Duncan's multiple range test and Student' s t-test where 

required. Differences were considered significant at p~0.05. 

RESULTS 

Organ Disposition Study. Samples were collected from 6 

to 48 hr post-dosing to obtain the urinary and fecal excretion 

of cobalt following a single oral dose of 0.333 mg Co(It)/kg 

as cobalt naphthenate (Figure 21). The sum of both excretory 

routes was regarded as total excretion. The absorption of 

cobalt from the gastrointestinal tract was rapid, as evidenced 

by the appearance of cobalt in the urine within 6 hr. By 48 
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PIGURE 21: Excretion data following the oral administration 
of 0.333 mg CO(II)/kg as cobalt naphthenate: organ 
Disposition study. Following dosing, the animals were placed 
into metabolism cages and urine and feces collected over a 48 
hr period. The samples were then analyzed for cobalt content 
by GFAAS. Values represent the mean and standard deviation 
(n=5) (LD=limit of deteection). 
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hr, 25.43% of the dose was eliminated in the urine and 53.46% 

was excreted in the feces (Table 8). The maximum excretion of 

cobalt occurred from 12-24 hr. By 48 hr, 78.89% of the dose 

was eliminated in the excreta. The remaining 20.69% of the 

dose was in the tissues (Table 9). The total amount absorbed 

was then 46.12% (cobalt remaining in tissues plus that 

excreted in the urine) as compared to 53.46% excreted in the 

feces. In Chapter 3 it was found that as much as 10% of the 

dose may be secreted in the bile, therefore fecal excretion 

may be an overestimation of the amount of cobalt which was not 

absorbed. These data indicate that the rate of uptake of 

cobalt from the gastrointestinal tract following the 

administration of cobalt naphthenate is rapid, and that at 

least half of the low dose administered was absorbed. 

The urinary and fecal excretion of cobalt following the 

oral administration of 33. 3 mg Co (II) /kg as cobalt naphthenate 

(Figure 22) were consistent with those of the low dose group. 

Approximately the same percent of the dose was excreted in the 

urine in the high dose group as in the low dose group (24.7%; 

Table 8). In contrast, 64.46% of the dose was excreted in the 

feces following the administration of cobalt naphthenate in 

the high dose group. Only 1.33% of the dose in the high dose 

group remained in the tissues at 48 hr (Table 9). However, 

20.69% of the dose remained in the tissues of the low dose 

group by 48 hr. The majority of this dose was in the 
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TABLE 8 

PERCENT OP DOSE OP CO(Z%) ZH EXCRETA VS. TIHB POLLO.IRG ORAL 
ADMIRISTRATZON OP COBALT IJAPJI'l'BBHATB: ORGAN DZSPOSITIOR STUDY 

TIME non URINE· PECBS· TOTAL· 

L2w ROI!~ G~o:gJi! 'O.3~~ mg gg Ui) l~g} : 

6.0 9.17 ± 5.66 9.17 ± 5.66 

12.0 11.08 ± 8.30 18.52 ± 17.57 29.60 ± 25.9 

24.0 3.25 ± 1.54 28.98 ± 5.43 32.23 ± 6.97 

36.0 1.13 ± 1.17 5.65 ± 0.00 6.78 ± 1.17 

48.0 0.80 ± 1.42 0.31 ± 0.00 loll ± 1.42 
----------- ------------ ------------

Total % 25.43 ± 2.67 53.46 ± 3.48 78.89 ± 4.57 

ligh Rgae G~oUR n3.3 IIlg CO(IJ;)lltg): 

6.0 4.95 ± 1.33 4.95 ± 1.33 

12.0 6.59 ± 8.88 18.67 ± 11.18 25.26 ± 20.1 

24.0 7.94 ± 1.37 30.00 ± 2.85 37.94 ± 4.22 

36.0 3.51 ± 1.37 12.25 ± 4.87 15.76 ± 6.24 

48.0 1.67 ± 0.93 3.75 ± 1.14 5.41 ± 2.07 
----------- ------------ ------------

Total % 24.7 ± 2.67 64.67 ± 5.22 89.32 ± 7.91 

·x±SD (n=5) 
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TABLE 9 

PERCEH'l' OF DOSE OF Co(ZZ) ZH TZSSUES 48 BR FOLLOWZHG 
ORAL ADHZHZSTRATZOH OF COBALT BAPHTBBHATE: 

ORGAN DZSPOSZTZOH STUDY 

TZSSUES 0.333 mq CO(ZZ)/kq* 33.3 mq Co(ZZ)/kq* 

Blood 1.990 ± 2.130 0.026 ± 0.021 

Heart 0.165 ± 0.173 0.005 ± 0.002 

Liver 2.250 ± 1.671 0.242 ± 0.096 

Kidney 0.845 ± 0.731 0.033 ± 0.008 

Testes 0.101 ± 0.053 0.007 ± 0.001 

Lungs 0.208 ± 0.203 0.003 ± 0.001 

Sm. Int. 0.624 ± 0.388 0.034 ± 0.014 

Lg.Int. 0.443 ± 0.292 0.053 ± 0.022 

Stomach 0.237 ± 0.201 0.008 ± 0.002 

Sm.Int.C. 2.865 ± 0.485 0.057 ± 0.035 

Lg.Int.C. 9.759 ± 3.680 0.848 ± 0.313 

Stom. C. 1.208 ± 0.362 0.009 ± 0.004 
------------- -------------

Total % 20.69 ± 4.973 1. 325 ± 0.231 

*x±SD (n=5) 
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FXGURE 22: Excretion data following the oral administration 
of 33.3 mg Co(XX)/kg as cobalt naphthenate: Organ Disposition 
study. Following dosing, the animals were placed into 
metabolism cages and urine and feces collected over a 48 hr 
period. The samples were then analyzed for cobalt content by 
GFAAS. Values represent the mean and standard deviation (n=5) 
(LD=limit of detection). 
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intestinal contents. 

The uptake of cobalt by the tissues from the low dose 

group was not significantly different from the controls by 48 

hr (Table 10). In contrast, most of the tissues 'from the high 

dose group had significantly greater amounts of cobal t as 

compared to' the controls and the low dose group. Those 

tissues which accumulated cobalt to the largest extent were 

the liver, kidney, and heart. Therefore, the cobalt tissue 

levels increased with dose. 

The amount of cobalt appearing in the excreta of control 

animals were subtracted from that of the treated animals. The 

control excreta data are presented in Appendix III. The 

urinary control levels were just above the limit of detection 

(8 ng Co(II)/L). The feces contained substantially higher 

amounts of cobalt than the urine, and was determined to be 5-

10 ~g cobalt per day. 

Absorption study. When the urinary, fecal, and total 

excretion for the low and high dose groups were plotted 

(Figures 23 and 24), the maximum excretion of cobalt was again 

found to occur from 12-24 hr (Table 11). These data have been 

corrected for the corresponding control values obtained in the 

disposition study. As found in the disposition study, the low 

and high dose animals excreted amounts of cobalt in the urine 

which was not significant over the 36 hr period; 31.78 and 
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TABLE 10 

UPTAKE OP Co(II) BY TISSUES AT 48hr APTER THE OBAL 
ADMINISTRATION OP COBALT RAPBTBB~TE: ORGAN DISPOSITION STUDY 

TISSUES 

Blood 

Heart 

Liver 

Kidney 

Testes 

Lunqs 

Sm. Int. 

Lq.Int. 

stomach 

control-

0.040 ± 0.0101 

0.033 ± 0.1671 

0.553 ± 0.1671 

0.242 ± 0.052 1 

0.077 ± 0.05211 

0.191 ± 0.313 

0.409 ± 0.3171 

0.369 ± 0.2101 

0.083 ± 0.04611 

Sm.Int.C. 1.351 ± 0.587 

Lq.Int.C. 5.783 ± 2.5921 

Stom. C. 0.478 ± 0.284 

0.333 lag Co/kg-

0.071 ± 0.04211 

0.126 ± 0.1321 

1.719 ± 1.2761 

0.646 ± 0.5591 

0.538 ± 0.5881 

0.159 ± 0.155 

0.477' ± 0.2971 

0.339 ± 0.2241 

0.181 ± 0.15411 

2.191 ± 0.371 

'7.464 ± 2.81611 

0.924 ± 0.277 

33.3 lag co/kg-

0.173 ± 0.094b 

0.368 ± 0.181b 

19.37 ± 7.668b 

2.617 ± 0.666b 

0.553 ± 0.112b 

0.229 ± 0.088 

2.741 ± 1.143b 

4.279 ± 1.777b 

0.609 ± O.l77b 

4.566 ± 2.817 

67.85 ± 25.02b 

0.691 ± 0.299 

·x±SD (n=5). Values are ~q Co(II)/q tissue. Data analyzed usinq 
an ANOVA and Duncan's multiple ranqe test. Values sharinq a common 
superscript are not statistically siqnificant from each other 
(p~0.05). 
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FIGURE 23: Excretion data following the oral administration 
of 0.333 mg Co(II)/kg as cobalt naphthenate: AJ:)sorption 
study. Following dosing, the animals were placed into 
metabolism cages and urine and feces collected over a 48 hr 
period. The samples were then analyzed for cobalt content by 
GFAAS. Values represent the mean and standard deviation (n=3) 
(LD=limit of detection). 
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FIGURE 24: Excretion data fo11owing the oral administration 
of 33 .. 3 mg CO(II)/kg as coba1t naphthenate: Absorption study. 
Following dosing, the animals were placed into metabolism 
cages and urine and feces collected over a 48 hr period. The 
samples were then analyzed for cobalt content by GFAAS. 
Values represent the mean and standard deviation (n=3) 
(LD=limit of detection). 
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TABLE 11 

PBRCBNT OJ' DOSB OJ' Co (XX) XII BXCRETA VS. TXHB J'OLLOWXIIG 
ORAL ADHXIIXSTRATXOII OJ' COBALT IlAPBTBBIlATB: ABSORPTXOII STUDY 

TXHB (IR) 

Lov Dos. Group (0.333 mq Co (X:n !kg) : 

8.0 8.37 ± 1.61 5.19 ± 5.56 13.56 ± 7.17 

12.0 16.76 ± 3.15 24.28 ± 6.69 41.04 ± 9.84 

18.0 1.12 ± 0.11 9.94 ± 0.25 11.06 ± 0.36 

24.0 3.87 ± 2.31 2.59 ± 0.50 6.46 ± 2.81 

36.0 1.66 ± 0.00 nd- 1.66 ± 0.08 
----------- ------------- ------------

Total % 31.78 ± 1.99 42.00 ± 8.14 73.78 ± 5.70 

High Dose GrouR (33.;1 m.g go U;;U lml : 

8.0 5.60 ± 0.81 9.89 ± 4.04 15.49 ± 4.85 

12.0 14.20 ± 1.88 25.82 ± 5.16 40.02 ± 7.04 

18.0 3.18 ± 0.75 20.76 ± 4.11 23.94 ± 4.86 

24.0 2.63 ± 0.14 11.30 ± 0.93 13.93 ± 1.07 

36.0 0.72 ± 0.37 5.37 ± 1.96 6.09 ± 2.33 
----------- ------------ ------------

Total % 26.33 ± 5.77 73.14 ± 3.46 99.47 ± 7.41 

*SZ±SD Cn=3) 

**nd=not detected above backqround 
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26.3%, respectively. The high dose group excreted more of the 

dose in the feces (73.1%) by 48 hr while the low dose group 

excreted only 42.0% in the feces by 48 hr. The low dose group 

in the disposition study excreted approximately 11.5% less of 

the dose in the feces, while the high dose group excreted 

approximately 8. 5% more in the feces as compared to the 

absorption study. These values were not found to be 

significantly different. 

The distribution of cobalt expressed as the percent of 

dose of cobalt in various tissues from 2 to 36 hr is 

summarized in Table 12 for the low dose group, and Table 13 

for the high dose group. The total uptake of cobalt by the 

tissues over time are provided in Tables 14 and 15 for the low 

and high dose groups, respectively. Only those tissues found 

to be the target organs in the disposition study were analyzed 

for cobalt content in the low dose group. As found with the 

cobalt chloride treated animals (Chapter 3: Table 3), a time

dependent increase in cobalt which peaked at 8 hr occurred in 

all tissues except the stomach and the large intestine. In 

the high dose group, the stomach reached its maximal cobalt 

content by 2 hr post-dosing. This finding may indicate that 

some cobalt may be absorbed by the stomach mucosa. The cobalt 

content in the large intestine peaked at 12 hr and then 

dropped rapidly over the remaining time period as cobalt was 

excreted. All of the organs except the spleen and testes 
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TABLE 12 

PERCBNTAGB OP DOSB OP Co(II) IN TISSUBS POLLO.ING ORAL ADMINISTRATION OP 
COBALT NAPHTBBHATB: ABSORPTION STUDY: 0.333 mq CO(II)/kq* 

TISSUB a ROUB t ROUR 8 1I0UB !UOUR 18 HOUR 24 HOUR 

Heart O.80±O.Ol l.l4±O.6l 2.03±O.lO l.O2±O.11 O.82±O.l2 O.47±O.20 

Liver 2.52±1.44 3.37±O.l8 5.5l±O.45 3.40±O.28 3.09±O.37 3.73±O.36 

Kidney O.90±O.l3 2.07±O.ll 3.43±O.22 2.32±O.l7 2.25±O.26 2.38±O.l6 

Spleen O.O1±O.Ol O.O1±O.Ol nd** nd** O.Ol±O.Ol O.O2±O.O2 

Testes O.O1±O.Ol O.O3±O.O3 nd** nd- O.O7±O.O9 O.O4±O.O4 

*x±SD (n=3) 

**nd=not detected above background 

36 HOUR 

O.36±O.Ol 

2.67±O.l9 

O.90±O.l4 

nd-

nd** 

"'" w 

"'" 



TABLE 13 

PERCENTAGE OP DOSE OP CO(II) IN TISSUES POLLOWING ORAL ADMINISTRATION OP 
COBALT NAPHTHBHATB: ABSORPTION STUDY: 33.3 _g CO(II)/kg* 

TISSUE 2 HOUR LHOUR 8 HOUR 1i HOUR 18 HOUR g.e HOUR 

Heart O.O1±O.OO O.O1±O.OO O.Ol±O.Ol O.Ol±O.OO O.O1±O.OO O.O1±O.OO 

Liver O.27±O.O3 O.31±O.O6 O.57±O.l9 O.30±O.l8 O.23±O.l4 O.26±O.l3 

Kidney O.O3±O.OO O.O3±O.OO O.O5±O.Ol O.O3±O.Ol O.O3±O.OO O.O3±O.Ol 

Spleen O.Ol±O.OO O.Ol±O.OO O.OI±O.OO O.Ol±O.OO O.Ol±O.OO O.OI±O.OI 

Testes O.O1±O.OO O.Ol±O.OO O.O1±O.OO O.OI±O.OO O.Ol±O.OO O.Ol±O.OO 

Sm. Int. O.59±O.27 O.77±O.16 O.79±O.75 O.60±O.84 O.l5±O.O5 O.O3±O.O3 

Lg.Int. O.04±O.OI O.l5±O.O2 O.45±O.23 O.50±O.26 O.17±O.O3 O.O7±O.O3 

Stomach O.45±O.24 O.15±O.O3 O.O8±O.Ol O.IO±O.02 O.02±O.OI O.OI±O.OO 

Sm.Int.C. 17.4±2.84 9.84±2.87 6.46±.936 6.25±9.22 O.81±O.37 O.32±O.lO 

Lg.Int.C. 3.5l±2.06 29.5±2.18 43.0±6.87 24.5±8.75 l6.7±4.75 l1.2±3.85 

Stom.C. 62.3±l7.4 30.l±3.93 l2.0±2.43 1.35±O.48 O.O4±O.O! O.OHO.OO 

*x±SD en=3) 

36 HOUR 

O.Ol±O.OO 

O.l8±O.O8 

O.O2±O.Ol 

O.Ol±O.OO 

O.O1±O.OO 

O.O3±O.Ol 

O.O3±O.OO 

O.O1±O.OO 

O.ll±O.O6 

O.84±O.16 

O.O6±O.O3 

I-' 
w 
N 
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TABLE 14 

TOTAL pq CO(II) IN TISSUES FOLLOWING ORAL ADMINISTRATION OF COBALT RAPBTBBRATE: 
ABSORPTION STUDY: 0.333 aq CO(II)/kq* 

TISSn 2 Rog .. HOUR 8 ROUR ~a BOUR 18 ROUR 24 ROg ~6 ROUB 

Heart O.O2±O.Ol O.O2±O.Ol O.O3±O.OO 0.02±0.Ol 0.02±0.O2 0.02±O.Ol 0.02±0.Ol 

Liver 1. 39±1.44 1.52±0.l8 2.53±O.45 1. 60±0. 08 1.43±0.36 1.69±O.37 l.40±0.20 

Kidney 0.lO±O.l3 O.38±0.1l 0.48±0.08 0.31±O.03 O.24±O.O6 0.40±O.O6 0.2l±O.O4 

Spleen O.O1±O.Ol O.01±0.O2 nd** nd** O.Ol±O.Ol 0.O2±O.O2 nd" 

Testes .Oll±.Ol2 .026±.035 O.O1±O.lO O.O1±O.Ol 0.07±O.O9 O.O4±O.O4 nd** 

Blood 1.53±O.34 2.1l±O.19 1.44±.O97 1. 69± .180 2.04±.096 2.25±1.05 0.82±0.16 

*X±SD (n=3) 

**nd=not detected above background 

~ 
to) 
to) 



TABLE 15 

TOTAL pq Co(II) IN TISSUES POLLOWING ORAL ADHINISTRATION OP COBALT RAPBTBENATB: 
ABSORPTION STUDY: 33.3 aq CO(II)/kq* 

TISSUE 2 ROUR f ROUR 8 ROUR 12 ROUR 18 ROn 2~_RctUR 36 ROUR 

Heart 0.14±0.05 0.14±0.04 0.28±0.08 0.14±0.05 0.13±0.03 0.15±0.07 0.14±0.04 

Liver 15.9±1. 70 19.3±3.68 38.3±12.7 18.8±10.6 10.7±4.63 14.1±7.91 10.2±4.80 

Kidney 1. 70±0.26 2.16±0.26 3.45±0.35 2.01±0.65 1. 72±0.20 1.61±0.47 1.36±0.29 

Spleen 0.07±0.01 0.09±0.04 0.17±0.05 0.09±0.03 0.08±0.00 0.39±0.61 0.09±0.00 

Testes 0.30±0.05 0.32±0.09 0.65±0.21 0.40±0.26 0.42±0.14 0.24±0.24 0.40±0.16 

Sm. Int. 34.9±16.3 48.9±10.3 53.5±26.8 36.5±50.8 8.20±2.81 1.90±1.78 1.94±.285 

Lq.Int. 2.44±0.72 11. O±l. 29 26.3±8.88 30.5±15.7 9.23±1.81 4 .08±1. 77 1.60±0.09 

Stomach 27.0±14.3 9.55±1.80 5.57±0.85 1.40±1.44 0.64±0.32 0.37±0.10 0.35±0.10 

Sm.Int.C. 1033±168.7 627.3±182.6 439.1±63.7 379.3±557.3 44.7±20.4 19.9±6.47 6.28±3.34 

Lq.Int.C. 208.7±123 1878±138.7 2923±467.1 1489±531.2 920.9±261.8 691.7±238.7 47.8±9.02 

Stom.C. 3707±1037 1971±250.6 812.8±165.1 81.7±29.4 2.10±.687 .535±.156 3.19±1.63 

·x±SD Cn=3) 

t-> 
w 
~ 



l. 

135 

exhibited a large increase in cobalt levels in the high dose 

group as compared to the low dose group. The uptake of cobalt 

by the liver, kidney, and heart are illustrated in Figure 25 

for the low dose group, and Figure 26 for the high dose group. 

The graphical representation of the data clearly demonstrate 

the peak in cobalt content which occurred at 8 hr, followed by 

a decrease. These data indicate that cobalt, following the 

administration of cobalt naphthenate, was not retained within 

the tissues of the low dose group, but was at 36 hr for the 

high dose group. 

Figure 27 represents the blood concentration curve for 

the preliminary experiment performed with 3.33 mg Co(II)/kg 

cobalt naphthenate (intermediate dose). The blood versus time 

concentration curve for the low dose group demonstrate that, 

although a clearly defined peak was not observed, from 0.5 to 

24 hr the blood cobal t concentration was increased over 

controls (approximately 0.025 ,.,.g Co(II)/mL) to 0.1 ,.,.g/mL 

(Figure 28). The results from the high dose group show an 

elevation of 25-60-fold over the controls (Figure 29). The 

curves for the intermediate and high dose groups are tri

phasic, and clearly demonstrate absorptive and elimination 

phases. Pharmacokinetic parameters were calculated for the 

3.33 and 33.3 mg Co(II)/kg dose groups (Table 16). The peak 

blood cobalt concentration of 0.61 ,.,.g Co(II)/mL occurred at 

4.25 hr for the intermediate dose group, and 1.74 ,.,.g CO(II)/mL 
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FIGURE 25: Tissue coba1 t levels after the oral administration 
of 0.333 mg Co(II)/kg as cobalt naphthenate. Following 
dosing, the animals were killed at the designated time points, 
the tissues removed, and analyzed for cobalt content by GFAAS. 
Values represent the mean and standard deviation (n=3) 
(LD=limit of detection). 
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FIGURE 26: Tissue cobalt levels after the oral administration 
of 33.3 mq CO(II)/kq as cobalt naphthenate. Following dosing, 
the animals were killed at the designated time points, the 
tissues removed, and analyzed for cobalt content by GFAAS. 
Values represent the mean and standard deviation en=3) 
(LD=limit of detection). 
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FIGURE 27: .' Blood concentration following the oral 
administration of 3.33 mg Co(II)/kg as cobalt naphthenate. 
Blood samples were collected by cardiac puncture over a 48 hr 
period. Cobalt levels were determined by GFAAS. Values 
represent the mean and standard deviation (n=3) (LD=limit of 
detection). 
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FIGURE 28: Blood concentration following the oral 
administration of 0.333 mg Co(II)/kg as cobalt naphthenate. 
Blood samples were collected by cardiac puncture over a 36 hr 
period. Cobalt levels were determined by GFAAS. Values 
represent the mean and standard deviation (n=3) (LD=limit of 
detection). 
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FJ:GURE 29: Blood concentration followinq the oral 
administration of 33.3 mq Co(J:I)/kq as cobalt naphthenate. 
Blood samples were collected by cardiac puncture over a 36 hr 
period. Cobalt levels were determined by GFAAS. Values 
represent the mean and standard deviation (n=3) (LD=limit of 
detection). 
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Peak (b1"J 

0.333 
mq Co(II)/kq 

3.33 4.25 
mq Co (II) /kq 

33.3 3.29 
mq Co(II)/kq 

.;Z ± SD (n=3) 

**F=bioavailability 

TABLB 16 

PBARMACOKIHBTIC PARAMETERS APTER ORAL COBALT 
NAPHTBENATE: ABSORPTION STUDY· 

P.ak CODe. !,,~ !,nill !,~ 
Co(II) (LUI/IlL) 

0.61 1.09 6.09 24.68 

1.74 0.94 4.86 23.97 

AUC 

53.9 

189.6 

1.** 

4.31 

15.14 

.... 
~ .... 
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at 3.29 hr for the high dose group. The terminal elimination 

half-lives were 24.7 hr and 224.0 hr for the intermediate and 

high dose groups, respectively. A comparison of these data 

show that the peak blood concentration was not proportional to 

dose. The area under the plasma versus time curve was also 

not dose-dependent. Thus, the extent of absorption was not 

proportional to dose as indicated by the blood concentrations. 

However, the time to peak blood concentration and the apparent 

elimination rate constant did not change with dose. 

Blood Binding Experiment. If the concentration of 

Co(II), as COClz' is increased 10.8-fold, the plasma Co(II) 

content also increased by a factor of 8.7 (Table 17). The 

percent bound was consistent for both concentrations of COClz 

tested. When cobalt naphthenate was added to a sample of 

whole blood, the concentration of cobalt in the plasma and the 

percent bound was also consistent with the results obtained 

wi th COClz• However, the concentration of cobalt in the 

ultrafiltrate and the percent unbound was slightly higher. 

These results indicate that only a small fraction of plasma 

cobalt is ultrafilterable and available for exchange. This 

fraction is, however, concentration dependent in vitro. 

DJ:SCUSSJ:ON 

It has been demonstrated in the literature that the 
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TABLE 17 

BLOOD BINDING OF CO(II)· 

Sample Pl ••• a Ultrafiltrate 
(J.&q Co(II)/ Blood J.&q CO(II)/ "q CO(II)/IlL/ I£q CO (II)/JDL,I 

mL) IlL !Ii Boupd % Unbound 

coC12 (1580) 207.04 ± 7.08 164.60 ± 5.48/ 33.34 ± 9.67/ 
79.74% 20.26% 

COC12 (161) 25.61 ± 0.15 18.91 ± 2.03/ 2.46 ± 0.04/ 
86.99% 13.01% 

CoNap (50.1) 18.79 ± 1.15 13.29 ± 1.77/ 2.98 ± 0.05/ 
77 .58% 22.42% 

·x±SD (n=3) 



144 

qastrointestinal absorption of cobalt may depend on the type 

of compound administered, on the dose, and on the nutritional 

status of the animal. Less than 5% of CoO qiven by gavaqe to 

hamsters at a dose of 5 mq is absorbed (Wehner and Craiq, 

1972), whereas the absorption of cobalt chloride qiven orally 

to rats is estimated to be approximately 30% (Comar and Davis, 

1947; Taylor, 1961) • The pattern of distribution and 

elimination followinq the oral administration of cobalt 

naphthenate closely resembles that observed followinq the 

administration of a soluble cobalt compound (Chapter 3). 

Those tissues found to be the tarqet orqans followinq the oral 

administration of cobalt chloride were also the liver, kidney, 

and heart. The major route of elimination for both compounds 

was the feces, with approximately equal concentrations 

excreted in the urine. This supports the hypothesis that the 

deqree of absorption is dependent on release of free cobalt 

ion from a compound. The release of this free cobalt is 

dependent on a variety of factors, includinq qastric pH, and 

the uptake processes at the site of cobalt absorption from the 

qastrointestinal tract. The dissolution study results 

obtained in Chapter 2 found that at a pH of 2, the dissolution 

of cobalt naphthenate closely resembled that of cobalt 

chloride. Therefore, the release of free cobalt from cobalt 

naphthenate should not limit its deqree of absorption. This 

was sUbstantiated as the extent of urinary excretion followinq 
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the oral administration of equivalent doses of cobalt in the 

form of cobalt chloride and cobalt naphthenate was similar 

(27.2 % of the dose for CoCl2 versus 25.5 ± 1.15% for cobalt 

naphthenate). 

The distribution pattern of cobalt in the tissues was 

also the same as that obtained wi th radioactive cobalt or 

cobalt chloride (Comar et al., 1947; Cuthbertson et al., 1950; 

Murdock, 1959; Amiard, 1976). These results are also 

consistent with the data obtained in Chapter 3 following the 

single oral dose of cobalt chloride, and seem to indicate a 

greater capacity of the liver, kidney, and heart to 

concentrate cobat. The only difference observed in this study 

was that neither the pancreas, spleen, or testes accumulated 

much cobalt. These organs have been shown to concentrate 

cobalt to a small extent following the administration of other 

inorganic or radioactive forms of cobalt (Cuthbertson et al., 

1950; Hollins et al., 1971; Amiard, 1976). The reason for 

this discrepancy is not known, but may be due to the dose 

administered. The other investigations involved the 

administration of a larger initial oral dose of cobalt or fed 

rats cobalt in the diet for a period of time, thus allowing 

these organs to accumulate the metal. Components in food may 

also have an effect on distribution as they have been shown to 

change the rate of uptake (Taylor, 1961). However, this is 

presently unknown. The large increase in cobalt content in 



146 

the tissue of the small intestine supports the finding that 

this portion of the gastrointestinal tract is responsible for 

the majority of cobalt absorption (Ashmead et al., 1985). 

The blood-versus-time concentration results for the low 

dose group did not demonstrate a clearly defined absorption

elimination curve, but cobalt levels were elevated over the 

controls. In contrast, both the intermediate and high dose 

groups exhibited first-order kinetics, and the time-to-peak 

plasma concentrations and terminal elimination half-lives were 

independent of the dose. These pharmacokinetic parameters 

closely resemble those obtained following the oral 

administration of cobalt chloride (Chapter 3). The 

bioavailability was based on the intravenous area under the 

blood cobalt concentration curve for cobalt chloride. As 

found following the oral administration of cobalt chloride, 

these values were underestimated due to the short sampling 

period. The percent absorption is better approximated by the 

urinary results which indicated that the bioavailability would 

be approximately 25%. This value agrees with that obtained 

for cobalt chloride in Chapter 3. 

In an attempt to evaluate whether dissociated cobalt was 

being absorbed across the gastrointestinal tract as opposed to 

undissociated cobalt naphthenate, an investigation of the 

activity of heme oxygenase following the oral administration 

of cobal t naphthenate was conducted. Rats were orally 
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administered 33.3 mg Co(II)/kg and killed at 18 hr post

dosing. The activity of the enzyme was evaluated according to 

the procedures outlined in Chapter 3. The cobalt content of 

the liver was determined and found to be 44.42 ±3. 64 p.g 

Co (II)/tissue. This value was consistent with that which 

produced an increase in activity following the subcutaneous 

and intravenous administration of cobalt as cobalt chloride. 

However, this oral dose of cobalt naphthenate was unable to 

stimulate the enzyme. This finding is consistent with that 

obtained following the oral administration of an equivalent 

dose of cobalt chloride. It appears that the oral 

administration of cobalt-containing compounds is unable to 

induce this hepatic enzyme. Therefore, although the results 

do not support the hypothesis that cobalt is absorbed across 

the gastrointestinal tract undissociated from cobalt 

naphthenate, it does further suggest that perhaps either the 

form of the cobalt or the critical concentration necessary to 

stimulate this enzyme was not achieved following oral 

administration. Further experiments are necessary to evaluate 

these findings. 

In conclusion, it has been found previously that cobalt 

can b& released from cobal t naphthenate if exposed to an 

acidic milieu; a condition that exists in the stomach. This 

was supported by the distribution and excretion found after 

the oral administration of equivalent doses of cobalt chloride 
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and cobalt naphthenate. The cobalt which has been dissociated 

is then available for absorption across the gastrointestinal 

tract. The extent of this absorption is governed by both the 

contact time of the stomach contents with the gastrointestinal 

wall which is dependent on gastrointestinal motility, and on 

the uptake processes at the site of absorption. Blood data 

indicate that absorption was not proportional to dose, but 

that finding could have been due to rapid distribution into 

tissues. Differences in protein binding were probably not 

responsible as increasing doses of cobalt in the in vitro 

blood binding experiment yielded a dose responsive increase in 

the percent bound to plasma. Therefore, not all of the plasma 

binding sites are saturated. The urinary excretion data 

indicated that absorption was proportional to dose, and 

illustrated that this is the primary route of excretion for 

cobalt following the oral administration of cobalt 

naphthenate. 
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81J101ARY 

The obj ecti ve of this research was to determine the 

absorption and disposition in rats of two different cobalt 

compounds: cobalt chloride, an aqueous-soluble cobalt

containing compound, versus cobalt naphthenate, an aqueous

insoluble cobalt-containing compound. The hypothesis that the 

order of in vivo bioavailability of various cobalt compounds 

may be indicated from their in vitro dissolution behavior was 

tested. In Chapter 2, the in vi tro toxicity of these 

compounds to alveolar macrophages was determined. It was 

found that several factors played a role in determining the 

resulting toxicity following inhalation exposure to cobalt

containing compounds. The physical form of the cobal t 

compound presented to the lungs has an effect on the 

cytotoxicity to alveolar macrophages. The aqueous solubility 

of the cobalt compound may influence not only the rate of 

dissolution of the compound in the alveolar lining layer, but 

also the cobalt levels inside the cytoplasmic vacuole once 

engulfed. The latter point deserves consideration as the 

finding that compounds administered as a solid versus those 

given in solution were more cytotoxic indicated that the 

interaction of the metal with the cellular surface may 

determine the ensuing cytotoxicity. The in vitro dissolution 

resul ts obtained in Chapter 2 were able to predict the 
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disposition and metabolism of cobalt following the oral 

administration of cobalt naphthenate as compared to cobalt 

chloride (Chapters 3 and 4). When the dissolution 

characteristics of the two compounds were tested at a pH of 2 

to model the environment inside the gastrointestinal tract, 

the dissolution of cobalt naphthenatewas identical to that of 

cobalt chloride. This indicated that oral exposure to cobalt 

naphthenate could result in essentially complete dissociation 

of cobalt at gastric pH. The results obtained found that the 

distribution and elimination of cobalt naphthenate was 

identical to that of cobalt chloride. In addition, the blood 

cobal t concentration versus time curves following a single 

oral dose demonstrated consistent absorptive and distributive 

phases, with similar pharmacokinetic parameters. These 

findings support the hypothesis that cobalt bioavailability is 

dependent on the release of free cobalt ion from a compound. 

The oral absorption of that free cobalt is regulated by a 

variety of factors such as gastric pH and the biochemical 

processes which regulate absorption at the site of the 

intestinal mucosal cell. These processes appear to be 

saturable and therefore limit the extent of uptake. Once the 

cobalt has been absorbed, it may be available to exert 

systemic toxicity. The extent of this toxicity may depend not 

only on the dose administered but also on the route of 

administration, as the heme oxygenase results obtained 



151 

following oral dosing indicated that either (1) the form of 

the cobalt absorbed differed from that which reached the liver 

following intravenous or subcutaneous administration, (2) the 

oral administration of cobalt at the dose chosen was not close 

enough to the lethal concentration to place enough stress on 

the animal to activate the enzyme, or (3) the critical hepatic 

concentration necessary to induce the enzyme was never 

achieved. 

The results obtained from this research have demonstrated 

a number of interesting points. The target organs for cobalt 

disposition do not appear to vary following the oral 

administration of cobalt chloride versus cobalt naphthenate. 

Furthermore, the aqueous solubility of the parent compound 

does not predict the disposition of cobalt-containing 

compounds following oral administration. Once cobalt chloride 

and cobalt naphthenate have been ingested, both act as if they 

were aqueous soluble. These findings are critical in 

evaluating the risk posed to humans exposed either 

occupationally or environmentally to cobalt compounds. 
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FIGURE 1: Atomic absorption cobalt standard curve. It was 
prepared by dilution of a stock standard solution (1000 ~g 
CoCIl» to yield five calibration standards ranging from 12.3-
100 ~g CoCIl)/mL. Values represent the mean and standard 
deviation Cn=3). 
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DETERMXHATXON OF THE PRECXSXON OF THE COBALT 
ATOMIC ABSORPTION ANALYSIS METHOD* 

AAS Co(XX)Conc~(DDb) If ± SD % Recoverv 

10.6 10.9 ± 0.35 109.6 
11.3 
11.0 

26.1 26.0 ± 0.85 104.0 
26.8 
25.1 

51.4 50.9 ± 0.44 101.8 
50.6 
50.7 

74.6 75.2 ± 0.49 100.3 
75.8 
75.2 

99.9 100.6 ± 0.75 100.6 
101.4 
100.6 

·Samples analyzed in 1% HN03 containing 1% NH4N03 • No recovery 
differences were found when either digested tissue, blood, or 
excreta control samples were spiked with cobalt as the matrix. 
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FXGURE 1: The urinary and fecal excreta data collected for 
control rats. Animals were placed into metabolism cages and 
urine and feces collected over a 48 hr period. The samples 
were then analyzed for cobalt content by GFAAS. Values 
represent the mean and standard deviation en=3) eLD=limit of 
detection). 
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