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NTP Report on Carcinogens Listing for Cadmium and Cadmium Compounds

Carcinogenicity

Cadmium and Cadmium Compounds are known to be human carcinogens based on
findings of increased risk of cancers in exposed worker populations and supporting evidence of
malignant tumor formation by multiple routes of exposure at various sites in multiple species of
experimental animals.

In several cohort studies of workers exposed to various cadmium compounds, the risk for
death from lung cancer is elevated (IARC, 1993). Although confounding factors, such as co-
exposure to arsenic, were present in several of these studies, it was concluded that the increase in
lung cancer risk was unlikely to be completely explained by exposure to arsenic (IARC, 1993).
Follow-up analysis of some of these cohorts has not definitively eliminated arsenic as a possible
confounding factor but has confirmed that cadmium exposure is associated with elevated lung
cancer risk under some circumstances (Sorahan and Lancashire, 1997; Sorahan et al., 1995). In
some early cohort studies, an increased risk of mortality from prostate cancers was found in
cadmium-exposed workers but later cohort studies have not confirmed this observation.
Additional epidemiological evidence (case-control studies, geographic distribution studies, etc.)
suggests an association between cadmium exposure in human populations and prostate (van der
Gulden et al., 1995; Garcia Sanchez et al., 1992; Shigematsu et al., 1982; Bako et al., 1982);
renal (Mandel et al., 1995; Kolonel, 1976); and bladder (Siemiatycki et al., 1994) cancers.

Inhalation of a variety of cadmium compounds has repeatedly been reported to produce
dose-dependent increases in pulmonary adenocarcinomas in rats, and occasionally to produce
pulmonary tumors in mice but not in hamsters (IARC, 1993). Intratracheal instillation of
cadmium compounds produces malignant lung tumors in rats (IARC, 1993). Oral exposure to
cadmium chloride produces dose-related increases in leukemia and benign testicular tumors in
rats. In several studies, single or multiple injections (s.c., i.m., or i.p.) of a variety of soluble and
insoluble cadmium compounds have caused local sarcomas in rats and mice (IARC, 1993;
Waalkes and Rehm, 1994a). Subcutaneously injected cadmium compounds produce a variety of
tumors including prostate tumors in rats, testicular tumors in rats and mice, lymphomas in mice,
adrenal tumors in hamsters and mice, and lung and liver tumors in mice (IARC, 1993; Waalkes
and Rehm, 1994a, b, c; Waalkes et al., 1994). Based on the carcinogenicity of a wide variety of
cadmium compounds, it was concluded by IARC that it is ionic cadmium that is the active,
carcinogenic species (IARC, 1993).

Other Information Relating to Carcinogenesis or Possible Mechanisms of Carcinogenesis

Many studies have shown in cultured animal cells that cadmium compounds damage
genetic material. DNA strand breaks, mutations, chromosomal damage, cell transformations, and
disrupted DNA repair have been observed in in vitro studies. Cadmium does not bind covalently
to cellular components, including DNA. Cadmium can induce chromosomal aberrations in
exposed human populations. It has been concluded by IARC that ionic cadmium is the active,
genotoxic form of the metal (IARC, 1993).

The sensitivity of cells or tissues to cadmium appears to be related, at least in part, to
expression cf the metallothionein (MT) gene. Activation of the MT gene can limit the genotoxic
effects of cadmium. Relative expression of the pulmonary MT gene appears to be the basis for
the sensitivity of rats and the insensitivity of mice to lung tumors induced by inhaled cadmium.
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Additionally, other target tissues of cadmium carcinogenesis in rodents show minimal basal
expression or poor activation upon stimulation of the MT gene (Oberddrster et al., 1994).

No data are available that indicate the mechanisms thought to account for cadmium
carcinogenesis in experimental animals would not also operate in humans.
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Listing Criteria from the Report on Carcinogens, Eighth Edition =~ }

Known To Be A Human Carcinogen:
There is sufficient evidence of carcinogenicity from studies in humans which mdlcates a
causal relationship between exposure to the agent, substance or mixture and human
cancer.

Reasonably Anticipated To Be A Human Carcinogen: ,
There is limited evidence of carcinogenicity from studies in humans, which indicates that
causal interpretation is credible, but that alternative explanations, such as chance, bias or
confounding factors, could not adequately be excluded; or

There is sufficient evidence of carcinogenicity from studies in experimental animals
which indicates there is an increased incidence of malignant and/or a combination of '
malignant and benign tumors: (1) in muitiple species or at multiple tissue sites, or (2) by
multiple routes of exposure, or (3) to an unusual degree with regard to incidence, site or
type of tumor, or age at onset; or

There is less than sufficient evidence of carcinogenicity in humans or laboratory animals,
however; the agent, substance or mixture belongs to a well-defined, structurally related
class of substances whose members are listed in a previous Report on Carcinogens as'
either a known to be human carcinogen or reasonably anticipated to be human
carcinogen, or there is convincing relevant information that the agent acts through
mechanisms indicating it would likely cause cancer in humans.

Conclusions regarding carcinogenicity in humans or experimental animals are based on scientific
judgment, with consideration given to all relevant information. Relevant information includes,
but is not limited to dose response, route of exposure, chemical structure, metabolism,
pharmacokinetics, sensitive sub populations, genetic effects, or other data relating to mechanism
of action or factors that may be unique to a given substance. For example, there may be
substances for which there is evidence of carcinogenicity in laboratory animals but there are
compelling data indicating that the agent acts through mechanisms which do not operate in
humans and would therefore not reasonably be anticipated to cause cancer in humans.
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1.0 CHEMICAL PROPERTIES
1.1 Chemical Identification
Cadmium is a silver-white, blue-tinged, malleable metal. It has an atomic weight of
112.41 and belongs to group IIB of the periodic table. Cadmium is a rare element and not found
in nature in its pure state. The cadmium minerals do not occur in quantities that support mining.
Cadmium is generally the by-product of processing sulfide ores for zinc, lead, and copper
(IARC, 1993).

Cd

Cadmium 7440-43-9 112.41 Insoluble
Cadmium acetate 543-90-8 | Cd(CH,COO), 230.50 Freely Soluble
Cadmium 513-78-0 CdCO, 172.42 | Practically Insoluble
carbonate
Cadmium 10108-64-2 CdCl, 183.32 Freely Soluble
chloride
Cadmium 21041-95-2 Cd(OH), 146.43 | Practically Insoluble
hydroxide
Cadmium nitrate 10325-94-7 Cd(NO;), 236.43 | Soluble in 0.6 part
water
Cadmium oxide 1306-19-0 Cdo 128.41 | Practically Insoluble
Cadmium stearate 2223-93-0 Cd(C;¢H,,0,) 681.37 n.g.
Cadmium sulfate 10124-36-4 CdsSoO, 208.47 Freely Soluble
Cadmium sulfide 1306-23-6 Cds 144.47 0.13mg/100 g
Cadmium-copper 7364-06-0 CdsCu varies with ng.
alloy compound
12685-29-9 alloy
132295-56-8
132295-57-9

n.g.= not given

*Solubility taken from The Merck Index (Budavari, 1996).
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1.2 Physical-Chemical Properties

Cadmium occurs as a soft, blue-white, malleable metal or grayish-white powder. It is
soluble in acid, ammonium nitrate, and hot sulfuric acid and insoluble in cold and hot water.
Cadmium carbonate occurs as a white amorphous powder that is soluble in acids, potassium
cyanate, and ammonium salts and insoluble in ammonia and water, both cold and hot. Cadmium
chloride occurs as small, white-to-colorless, hexagonal crystals. It is soluble in water and
acetone and insoluble in ethanol. Cadmium fluoborate is extremely hygroscopic and very
soluble in water. When heated to decomposition, it emits toxic fumes of cadmium, hydrofluoric
acid, and other fluorinated compounds. Cadmium nitrate occurs as white, amorphous pieces or
hygroscopic needles. It is very soluble in acids and soluble in ethanol, acetone, water, and
ammonia. Cadmium oxide occurs as a colorless amorphous powder or brown-red cubic crystals.
It is soluble in acids, ammonium salts, and alkalies, but is insoluble in cold and hot water.
When heated to decomposition, it emits toxic fumes of cadmium. Cadmium sulfate occurs as
white rhombic crystals. It is soluble in water but insoluble in alcohol, acetate, and ammonia.
Cadmium sulfide is a yellow-orange or brown powder. It forms a colloid in hot water; it is
soluble in acids and ammonia and insoluble in cold water. When heated to decomposition,
cadmium sulfate and cadmium sulfide emit toxic fumes of cadmium and sulfur oxides (SO,).

Cadmium metal is available in purities ranging from 99.5%-99.999% in the following
grades: technical, powder, pure sticks, ingots, slabs, and high-purity crystals with less than 10
ppm impurities. Cadmium carbonate is available in a commercial grade that has a purity of
about 98% with lead, zinc, and iron as impurities. Reagent-grade cadmium carbonate, with
purities ranging from 99.9%-99.995%, is also available. Commercial cadmium chloride is a
mixture of hydrates that is similar to the dihydrate form of cadmium chloride. The commercial
grade available in the United States typically contains about 51% cadmium and 0.005% each of
iron and copper; higher purity grades (99.9%) are also available. Cadmium fluoborate is
available commercially in a 50% aqueous solution. Cadmium nitrate is available in technical and
reagent grades (purity > 99%) with typical impurities of chloride, sulfate, copper, iron, lead, zinc,
and arsenic. Commercial-grade cadmium oxide is available in the United States with a purity of
99.7%; common contaminants are lead and thallium. Cadmium sulfate is available in technical
and C.P. grades. Cadmium sulfide is available in technical, N.D., high-purity (single crystals),
and commercial grades. Typically, cadmium sulfide is available in mixtures depending upon its
use as either a pigment or a phosphor.

1.3 Packaging and Shipping
Cadmium is available in bars, sheets, wire, or gray, granular powder (HSDB, 1997).

2.0 HUMAN EXPOSURE

Consumption of food, drinking water, incidental ingestion of soil or dust contaminated
with cadmium, inhalation of cadmium-containing particles from ambient air, inhalation of
cigarette smoke, or working in an occupation involving exposure to cadmium fumes and dusts
are all means of human exposure to cadmium (ATSDR, 1997). Food is the major source of
cadmium exposure for nonsmokers. Drinking water normally has very low levels of cadmium.

Exposure to cadmium may be monitored in blood or urine by atomic absorption
spectrometry and polarography. Cadmium concentrations of 0.1 pg/L can be determined using
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graphite furnace atomic absorption spectroscopy. These methods are explained in detail by
IARC (Vol. 58, 1993, pp. 124-125). Neutron activation analysis (in vivo and in vitro) and x-ray
fluorescence (in vivo) are used as techniques to measure cadmium in tissue (ATSDR, 1997). The
in vivo techniques are used to measure occupational exposure.

2.1 Use

The principal use of cadmium is the coating and electroplating of metals to prevent
corrosion. Relative cadmium usage in 1991 was estimated as 45% for batteries, 20% for coating
and plating, 16% for pigments, 12% for plastic and synthetic products, and 7% for alloys and
other metal products. From 1988 to 1991, the relative consumption of cadmium increased about
5% per year for batteries, decreased about 10% for coating and plating, remained at
approximately 15% for pigments, remained at an average of 12% for plastic and synthetic
products, and remained at an average of 9% for alloys (USDOI, 1991).Cadmium sulfide (CdS)
and cadmium selenium sulfide (CdSeS) are used in pigments, primarily for plastics, and as
stabilizers for poly(vinyl chloride) (PVC). Cadmium is also used in nickel-cadmium (Ni-Cd)
batteries (electrode material), fungicides, alloys, and other uses (IARC, 1993; Carson et al.,
1986; ATSDR, 1997).

Cadmium carbonate and cadmium chloride have been used as fungicides for golf courses
and home lawn turf (ATSDR, 1997). By 1997, all cadmium pesticides had undergone voluntary
cancellation (OPP, 1997). Cadmium carbonate is used as a catalyst in organic reactions and as a
source of cadmium in other reactions. The intermetallic compounds, including cadmium sulfide
(CdS), cadmium selenide (CdSe), and cadmium telluride (CdTe), have been used as
semiconductors for photoconductors, photovoltaic cells, and infrared windows (ACGIHa, 1986;
Kirk-Othmer V.4, 1978; both cited by IARC, 1993). Cadmium salts, especially the oxide and
anthranilate, are used as anthelmintics in treating swine and poultry (Budavari, 1996). Cadmium
chloride is used in photocopying, printing, dyeing, electroplating baths, and the manufacture of
special mirrors and of cadmium yellow. A cadmium fluoborate bath is used for electrodeposition
of cadmium on high-strength steels to avoid the problem of hydrogen embrittlement inherent in
cyanide plating (Kirk-Othmer V.4, 1978; cited by IARC, 1993). Cadmium nitrate and cadmium
oxide are used in the production of cadmium salts, photographic emulsions, coloring glass and
porcelain, and in the laboratory as reagents. Cadmium oxide also finds use in plating baths, in
electrodes for storage batteries, in phosphors, as a nematocide, as a starting material for PVC
heat stabilizers, and as an additive in nitrite rubbers and plastics such as Teflon®. Cadmium
sulfate and cadmium sulfide are used in pigments, fluorescent screens, in photoelectric cells, and
in electroplating. Cadmium sulfide is the most widely used cadmium compound and is used
primarily as a pigment (Sax, 1987; Kirk-Othmer V.4, 1978; both cited by IARC, 1993).

2.2 Production, Producers, and Import/Export Volume

Cadmium is chiefly recovered as a by-product of smelting domestic and imported zinc
concentrates; as such, its production is dependent upon the demand for zinc. TRI95 (1997) listed
ASARCO Incorporated, Denver, CO (cadmium refinery); Big River Zinc Corp., Sauget, IL;
Jersey Miniere Zinc Co., Clarksville, TN; and Zinc Corp. of America, Bartlesville, OK, as
producers in 1995. These producers recovered and produced cadmium as a by-product of
smelting domestic and imported zinc concentrates, and one company (ASARCO, Inc.) in
Colorado refined cadmium from other sources such as lead smelter baghouse dust (Llewellyn,
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1993). In 1997, only two companies produced primary cadmium in the United States—the
electrolytic plants in Sauget, IL, and Clarksville, TN (USDOI, 1997).

Production for 1972 through 1977 ranged from 4.1 million to 7.5 million 1b (Kirk-Othmer
V.4, 1978; cited by IARC, 1993). The 1979 TSCA Inventory reported that in 1977, there were
14 producers of cadmium producing 6.3 million Ib and 18 importers importing 2.6 million Ib
(TSCA, 1979). From 1980 through 1989, U.S. annual cadmium production averaged 3.3 million
1b (range 2.2-4.2 million Ib), imports averaged 5.6 million Ib (4.2-7.0 million 1b), and exports
averaged 0.45 million Ib (0.02-1.4 million Ib). In the period 1990-1997, production remained
about the same (average 3.3 million Ib, range 2.2-4.5 million 1b), but imports were lower
(average 3.0, range 1.7-4.5 million Ib) and exports were higher (average 1.1 million 1b, range
0.02-3.2 million 1b) (USDOI, 1985, 1987, 1988, 1990, 1991, 1997; Plachy, 1997).

2.3 Types of Exposure
2.3.1 Environmental Exposure
2.3.1.1 Ambient Air

Atmospheric cadmium is generally in the form of particulate matter. Combustion
processes produce very fine cadmium-containing particles. The principal species in the air are
cadmium oxide and some cadmium salts, which occur as stable forms in the environment.
Cadmium compounds in atmospheric emissions are dispersed by winds and deposited by wet or
dry processes (ATSDR, 1997).

Cadmium concentrations in ambient air are generally less than 0.005 pg/m®, but
concentrations up to 0.5 pg/m’ have been detected in air near cadmium-emitting facilities
(Elinder, 1985a; cited by ATSDR, 1997).

The mean annual airborne concentration of cadmium in an area about 1 km from a zinc
smelter was 0.023 pg/m®. Concentrations of 0.003-0.023 pg/m’ were found in U.S. urban areas
(IARC, 1993).

Cadmium intake from ambient air is less than 0.8 pg/day in non-industrial areas (WHO,
1989, cited by WHO, 1993). Annual cadmium levels in industrial areas of Germany,
Netherlands, and Belgium ranged from 1 to 3 ng/m?, 0.7 to 2 ng/m’, and 10 to 60 ng/m’,
respectively, between the years of 1980 to 1986 (Ros and Slooff, 1987; cited by WHO, 1993).

In 1995, atmospheric releases of “cadmium” totaled 11,939 1b (5.427 Mg). Of 45
facilities surveyed in 1995, 25 reported air emissions of cadmium. Sixteen reported emissions of
less than 50 Ib (0.023 Mg); 5 reported approximately 250 1b (0.113 Mg); 2 reported
approximately 1000 1b (0.454 Mg); 1 reported 1881 1b (0.853 Mg); and one reported 6640 1b
(3.012 Mg) (TRI95, 1997). Industries reporting releases of cadmium and cadmium-containing
compounds included the following categories: inorganic (SIC 2819) and agricultural chemicals
(SIC 2879); plastic materials and resins (SIC 2821); national security (SIC 9711); and hydraulic
cement (SIC 3241). Primary metal industries reporting releases were copper (SIC 3331); metal
products, nec (SIC 3399); and nonferrous metals, nec (SIC 3339). Industries involved in
recycling nonferrous metals (SIC 3341); metalworking (SIC 3351, 3356, 3362, 3369, and 3444);
and electroplating (SIC 3353 and 3471) reported releases. The manufacturers of the following
products also reported releases of cadmium or cadmium-containing compounds: batteries (SIC
3691 and 3692); rubber and plastic footwear (SIC 3021); and steel pipes and tubes (SIC 3317).
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Blast furnaces and steel mills (SIC 3312) are other sources in the iron and steel industry (TRI9S,
1997).

The total air release of “cadmium compounds” reported separately in 1995 was 41,113 1b
(18.65 Mg). Of 109 facilities reporting releases to air in 1995, 24 reported individual releases
greater than 200 1b (0.091 Mg), 6 of which reported releases greater than 1000 1b (0.454 Mg)
(TRI95, 1997). The industries reporting releases of cadmium compounds in air were classified in
the following categories based on the type of product manufactured: metals (SIC 3331 and
3339), chemicals (including inorganic chemicals, nec) (SIC 2819), and custom compound
purchased resins (SIC 3087) (TRI95, 1997).

There is significant inhalation exposure in industrial areas where zinc, lead, or copper
smelters are located. Ambient air concentrations in rural areas are usually less than 1 ng/m’, and
in urban areas range from 5-40 ng/m’. In the United States, about 2 million Ib of cadmium are
emitted during cadmium production and up to another 2 million Ib are emitted from the use of
cadmium. Burning of fossil fuels, such as coal or oil, and the incineration of municipal waste
materials contributes to the cadmium emitted in the air (ATSDR, 1997).

Industry has increased cadmium recovery at primary smelters so release to the
environment from industrial operations is expected to decrease (USDOI, 1991). Reduction of air
emissions is evident by atmospheric releases of cadmium (4775 1b) and cadmium compounds
(39,889 Ib) reported to the U.S. EPA in 1996 (TR196, 1998).

2.3.1.2 Water

Cadmium can occur in drinking water, which is contaminated by a cadmium impurity in
galvanized zinc coatings, or by cadmium in solders used to join copper pipes. A guideline value
of 3 pg/L for all cadmium forms in drinking water and a maximum level of 10 pg/L in drinking
and bottled water is recommended (WHO, 1984, 1992; 1992 paper cited by IARC, 1993).
Cadmium intake from drinking water is usually less than 2 pg/day (WHO, 1989; cited by WHO,
1993).

Cadmium solubility in water depends on the acidity of the water. At lower pHs,
suspended particles or sediment-bound cadmium dissolve (Ros and Slooff, 1987; cited by WHO,
1993).

In 1995, the total release of “cadmium” to surface water in the United States was 458 1b
(0.208 Mg). Of 9 facilities surveyed, 8 reported a release of less than 100 Ib (0.045 Mg) and 1
reported a release of 250 1b (0.113 Mg) (TRI9S, 1997). Industries reporting releases of cadmium
to water were classified into the following categories based on type of product produced: organic
fibers (SIC 2824), petroleum refining (SIC 2911), electronic connectors (SIC 3678), chemicals
(SIC 2869), primary metals (3339), secondary metals (SIC 3341), metalworking (SIC 3351,
3356, and 3362), and storage batteries (SIC 3691).

In 1995, the total release of “cadmium compounds” to waters in the United States was
650 Ib (0.295 Mg): 21 facilities reported minor releases, and only one reported a release greater
than 200 1b (0.091 Mg) (TR195, 1997). The industries reporting releases of cadmium compounds
to water were classified as manufactures of primary metals (SIC 3331 and SIC 3339).

In 1996, a total of 1010 Ib of cadmium and a total of 3614 1b of cadmium compounds
were released to surface water (TRI96, 1998).
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Cadmium can leach into ground water from pipes and solder used on pipes or from
chemical/hazardous waste sites. It has been estimated that the ground water in New Jersey has a
median level of 1 pg Cd/L with a high level of 405 pg/L. Ground water surrounding waste sites
was found to have a concentration of 6,000 pg/L (ATSDR, 1997).

2.3.1.3 Soil and Plants

Cadmium is taken up and retained by aquatic and terrestrial plants and is then transferred
to animals, where the cadmium deposits in the liver and kidneys. Cadmium in soil may exist in
soluble form in soil water or in insoluble complexes with inorganic and organic soil constituents.
Cadmium concentrations in soil tend to be greater when the pH of the soil is low. Increases in
cadmium soil levels have resulted from application of municipal sewage sludge and phosphate
fertilizers, which increases human exposures from food chain accumulation in plants and animals
(ATSDR, 1997).

The total reported U.S. land disposal releases of “cadmium” in 1995 were 19,938 pounds
(9.044 Mg) based on reports from nine facilities. Of these facilities, two released less than 100 1b
(0.045 Mg); five released 100 to 500 1b (0.045 to 0.227 Mg); one released 8500 Ib (3.856 Mg);
and one released 9946 1b (4.511Mg) (TRI9S, 1997).

In 1995, only five facilities were responsible for the total land releases of 49,119 1b of
“cadmium compounds” (TRI9S, 1997). In 1996, the total land release of “cadmium compounds”
was 10-fold higher (502,027 Ib). Five facilities were responsible for 97.3% of total land releases
in 1996. An inorganic pigments manufacturer, not among the top five in 1995, was responsible
for 67.4% of total releases to land in 1996. Total land release of “cadmium™ was also higher in
1996 (51,420 1b) (TR196, 1998).

The total underground injection of “cadmium compounds” (injected as a disposal
method) was 109 Ib (0.049 Mg) in 1995 (TRI95, 1997). In 1996, the total underground injection
of “cadmium compounds” was 82 Ib (TRI96, 1998).

Contaminated topsoil may be indirectly responsible for the greatest human exposure to
cadmium due to the uptake of cadmium in soil into edible plants and tobacco. Topsoil may be
contaminated by the application of phosphate fertilizers or sewage sludge. It has been found that
uncontaminated top soil in the Unites States may contain an average of 0.25 ppm cadmium;
levels up to 800 ppm have been found for soils in polluted areas (ATSDR, 1997).

2.3.1.4 Consumer Products

Cadmium pigments have been used in the production of cosmetics. The European
Economic Community (EEC) banned this use in 1990. Cadmium pigments have also been used
in plastics and printing inks for paper and textiles (IARC, 1993). Other consumer products
include nickel-cadmium (nicad) batteries and cadmium-plated fasteners (Budavari, 1996).

The greatest potential for above-average exposure of the general public to cadmium is
from smoking, which may double an individual's intake of cadmium; tobacco smokers are
exposed to an estimated 1.7 pg Cd/cigarette (ATSDR, 1997).

2.3.1.5 Food
Food is the main source of human exposure for nonsmoking members of the population.
In the United States, adult intake is estimated to be about 30 pg/day based on the Total Diet
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Study, with the largest contribution from grain cereal products, potatoes, and other vegetables;
average cadmium levels in U.S. foods range from 2 to 40 ppb (ATSDR, 1997). Some grains
have been found to have a higher natural concentration of cadmium than others because of
inherent genetic and physiological characteristics. The sunflower kernel, for example, does so,
even when grown in uncontaminated soils, and habitual consumption will lead to an increased
average intake of dietary cadmium. There is, therefore, potential for an increased body burden of
the element (Reeves and Vanderpool, 1997). Fishermen who consume large amounts of fish
from contaminated waters may also be exposed to higher levels of the metal, so much so that the
EPA has recommended that it be monitored in fish and shellfish tissue samples collected as part
of state toxics monitoring programs (ATSDR, 1997).

WHO (1989; cited by WHO, 1993) set the provisional tolerable weekly intake (PTWI) of
dietary cadmium as 7 pg/kg body weight, which was reconfirmed in 1990 (WHO, 1993).

2.3.1.6 Biomarkers and Biological Exposure Indexes

The metallothionein (MT) gene expression has been developed for use as a biomarker of
heavy metal exposure (Ganguly et al., 1996). Reverse transcription-PCR (RT-PCR) was used to
determine the level of MT-specific mRNA in blood samples from exposed workers and control
subjects. There was a strong correlation between the airborne cadmium that registered on
personal monitors and the blood levels of cadmium.

An association has been observed between the increase of the cadmium concentration in
the urine, and abnormal values of several renal biomarkers (i.e., functional markers such as B,-
microglobulin in serum, urinary excretion of low and high molecular weight proteins;
cytotoxicity markers such as tubular antigens and enzymes in urine; biochemical markers such as
eicosanoids, glycosaminoglycans, and sialic acid in urine). Results of three studies support the
conclusion that low-molecular-weight proteinuria indicate an exposure to a concentration of
cadmium higher than the recommended biological threshold limit value. The authors noted that
additional studies on biomarkers other than microproteinuria are needed to assess the validity of
the use of biomarkers for identification of occupational exposure to cadmium (Lauwerys et al.,
1995).

The American Conference of Governmental Industrial Hygienists biological exposure
indexes (BEIs) for cadmium are 5 pg cadmium/g creatinine in the urine and 5 pg cadmium/L in
the blood (ACGIH, 1996).

2.3.2 Occupational Exposure
Occupational exposure to cadmium and cadmium compounds varies with the process in

which cadmium is being used. IARC (1993) summarized various occupational processes and
exposure concentrations. Exposure levels were obtained by ambient air monitoring and
biological monitoring (IARC, 1993).

The four major sources of occupational exposure are smelting of zinc and lead ores;
producing, processing, and handling of cadmium powders; welding or remelting of cadmium-
coated steel; and working with solders that contain cadmium. The major route of occupational
exposure to cadmium is inhalation of dust and fumes and incidental ingestion of dust from
contaminated hands, cigarettes, or food. In its more recent report, OSHA estimated that in 1990
approximately 512,000 workers were exposed to cadmium (ATSDR, 1997).

10
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The National Occupational Exposure Survey (NOES) conducted in 1981-1983 estimated
that 93,681 workers were exposed to cadmium or cadmium-containing substances; of these,
16,450 were female (18% of the surveyed workforce) (NIOSH, 1990). A breakdown of worker

exposure by industry is given in Table 2-1.

Table 2-1. NIOSH National Occupational Exposure Survey (NOES, 1980-83)2: By Industry

! ire. . .
Fabricated Metal Products 22 269 22
Transportation Equipment 3 65

Total

c.n i’laStics Pfodﬁ;:ts

Fabricated Metal Products 122 1224
Machinery, Except Electrical 3 44
Electric and Electronic Equipment 2 7
Instruments 118 2595 1887

Total

Heavy construction contractors

3894

1887

Special Trade Contractors 452 13779
Apparel and other textile products 37 73
Printing and publishing 154 1172
Chemicals and allied products 61 1062 797
Petroleum and coal products 7 775 105
Rubber and misc. plastics products 141 2588 121
Stone, clay, and glass products 110 5208
Primary metal industries 168 7875
Fabricated metal products 778 15077 4637
Machinery, except electrical 905 9172 1149
Electric and ¢lectronic equipment 162 2416 755
Transportaticn equipment 126 1258 135
Instruments and related products 278 9043 3088
Miscellaneous manufacturing 746 7053 2742
industrie:.
Trucking and warehousing 12 1020
Transportation by air 62 3561
Electric, gas, and sanitary services 204 3310
Automotive dealers & service stations 223 223
Business services 45 2467 705
Health services 101 502 307

Total

811 88968

360

14541

Primary metal industries 90 |
Transportation equipment 5 125
Total 95 485

a = (NIOSH, 1990); MF = manufacturer

11
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2.4 Regulations and Criteria

Under the Clean Water Act (CWA), the water quality criteria published by EPA for
cadmium and its compounds for the protection of human health are identical to Safe Drinking
Water Act (SDWA) standards of 10 pg/L. EPA's Carcinogen Assessment Group includes
cadmium oxide, cadmium sulfide, and cadmium sulfate on its list of potential carcinogens.
Under the Comprehensive Environmental Response, Compensation, and Liability Act
(CERCLA), reportable quantities (RQs) have been established for cadmium and cadmium
chloride. EPA issued a Rebuttable Presumption Against Registration (RPAR) for cadmium-
containing pesticides under FIFRA. Also under FIFRA, there are labeling and reporting
requirements. By 1997, all cadmium pesticides had undergone voluntary cancellation (OPP,
1997).

Cadmium and cadmium compounds are also regulated under the Resource Conservation
and Recovery Act (RCRA) and Superfund Amendments and Reauthorization Act (SARA). Both
RCRA and SARA subject cadmium and its compounds to reporting requirements.

FDA, under FD&CA, has set a maximum concentration level of 0.005 mg Cd/L in
bottled water and limits the amount of cadmium in color additives and direct food additives.

In 1984, NIOSH recommended that exposure to cadmium be reduced to the lowest
possible level (NIOSH, 1996).

OSHA adopted permissible exposure limits (PELs) for toxic effects other than cancer for
cadmium: 0.1 mg/m® as an 8-hr time-weighted average (TWA) for fumes, 0.3 mg/m’ as a ceiling
for fumes, 0.2 mg/m” as an 8-hr TWA for dust, and 0.6 mg/m® as a ceiling for dust; the standards
were adopted by OSHA. OSHA regulates cadmium and certain cadmium compounds under the
Hazard Communication Standard and as chemical hazards in laboratories.

REGULATIONS®
Regulatory Action Effect of Regulation/Other Comments

C | 45FR 51631. Published 8/4/80. CPSC The Commission noted that sludges may

P | 10: Commission denied a petition for a contain high levels of cadmium and cadmium

S | rule declaring sewage sludge products compounds, but declined to act based on

C | banned hazardous substances. anticipated EPA action on this matter. (Some
municipal sewage sludges have been sold as
fertilizers for home use.)

E | 40 CFR 60—PART 60—STANDARDS

P | OF PERFORMANCE FOR NEW

A | STATIONARY SOURCES. Promulgated:

36 FR 24877, 12/23/71. The provisions of
this part apply to cadmium, cadmium
chloride, cadmium sulfate, and cadmium
sulfide.
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Effect of Regulation/Other Comments
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40 CFR 60.740—Subpart VVV—
Standards of Performance for Polymeric
Coating of Supporting Substrates
Facilities. The provisions of this part
apply to cadmium, cadmium chloride,
cadmium sulfate, and cadmium sulfide.

40 CFR 61—PART 61—NATIONAL
EMISSION STANDARDS FOR
HAZARDOUS AIR POLLUTANTS.
Promulgated: 38 FR 8826, 04/06/73. U.S.
Code: 7401, 7412, 7414, 7416, 7601. The
provisions of this part apply to cadmium.

40 CFR 63—PART 63—NATIONAL
EMISSION STANDARDS FOR
HAZARDOUS AIR POLLUTANTS FOR
SOURCE CATEGORIES. Promulgated:
57 FR 61992, 12/29/92. U.S. Code: 7401
et seq. The provisions of this part apply to
cadmium and cadmium compounds (not
otherwise specified).

40 CFR 63.70—Subpart D—Regulations
Governing Compliance Extensions for
Early Reductions of Hazardous Air
Pollutants. The provisions of this part
apply to cadmium.

40 CFR 116—PART 116—
DESIGNATION OF HAZARDOUS
SUBSTANCES. Promulgated: 43 FR
10474, 03/13/78. U.S. Code: 33 U.S.C.
1251 et seq. The provisions of this part
apply to cadmium, cadmium chloride,
cadmium acetate, and cadmium bromide.

40 CFR 116.4—Sec. 116.4 Designation of
hazardous substances. U.S. Code:
FWPCA 311(b)(2)(A) and 501(a) as
amended by the CWA of 1977.

This part lists substances that, pursuant to
section 112 of the CAA, have been designated
as hazardous air pollutants, and applies to the
owner or operator of any stationary source for
which a standard is prescribed under this part.

Standards that regulate specific categories of
stationary sources that emit (or have potential
to emit) one or more hazardous air pollutants
are listed in this part pursuant to section
112(b) of the CAA.

The provisions of this subpart apply to an
owner/operator of an existing source wishing
to obtain a compliance extension from a
standard issued under section 112(d) of the
CAA.

This regulation designates hazardous
substances under section 311(b)(2)(a) of the
FWPCA. The regulation applies to discharge
of the substances identified in table 116.4 to
surface waters.

RQs apply to discharges of substances listed,
including isomers and hydrates and any
solutions or mixtures containing the
substances.

13
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REGULATIONS®

Regulatory Action

Effect of Regulation/Other Comments

b a-Nes!

40 CFR 117—PART 117—
DETERMINATION OF REPORTABLE
QUANTITIES FOR HAZARDOUS
SUBSTANCES. U.S. Code: FWPCA
311(b)(2)(A) and 501(a) as amended by the
CWA of 1977. The provisions of this part
apply to cadmium chloride, cadmium
acetate, cadmium bromide.

40 CFR 117.3—Sec. 117.3 Determination
of Reportable Quantities.

40 CFR 122—PART 122—EPA
ADMINISTERED PERMIT
PROGRAMS: THE NATIONAL
POLLUTANT DISCHARGE
ELIMINATION SYSTEM. Promulgated:
48 FR 14153, 04/01/83. U.S. Code: 33
U.S.C. 1251 et seq., the CWA. The
provisions of this part apply to cadmium.

40 CFR 122.21 ff—Subpart B—Permit
Application and Special NPDES Program
Requirements. Promulgated: 48 FR
14153, 04/01/83, as amended through 55
FR 48062, 11/16/90. The provisions of
this part apply to cadmium.

40 CFR 131—PART 131—WATER
QUALITY STANDARDS. Promulgated:
48 FR 51405, 11/08/83. U.S. Code: 33
U.S.C. 1251 et seq. (CWA). The
provisions of this part apply to cadmium.

Discharges to water of amounts equal to or
greater than the reportable quantities (RQ)
must be reported to EPA.

Compound RQ (Ib)

Cadmium acetate 10
Cadmium bromide 10
Cadmium chloride 10

Regulations cover basic EPA permitting
requirements for effluent discharges from
point sources to waters of the United States.
Appendix D lists pollutants that must be
identified by dischargers if expected to be
present.

Specific requirements pertaining to
application for a NPDES permit
(applicability, time to apply).

A water quality standard defines the water
quality goals of a water body, or portion
thereof, by designating the use or uses to be
made of the water, and setting criteria
necessary to protect the uses. This part
describes the requirements and procedures for
developing, reviewing, revising, and
approving water quality standards by the
States as authorized by section 303(c) of the
CWA.
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40 CFR 132—PART 132—WATER
QUALITY GUIDANCE FOR THE
GREAT LAKES SYSTEM. The
provisions of this part apply to cadmium.

40 CFR 136—PART 136—GUIDELINES
ESTABLISHING TEST PROCEDURES
FOR THE ANALYSIS OF
POLLUTANTS. U.S. Code: 33 U.S.C.
1251, et seq. The provisions of this part
apply to cadmium and cadmium nitrate.

40 CFR 141—PART 141—NATIONAL
PRIMARY DRINKING WATER
REGULATIONS. Promulgated: 40 FR
59570, 12/24/75. U.S. Code: Public
Health Service Act sections 1413-1416,
1445, and 1450 as amended by 1974
SDWA; U.S.C. 300. The provisions of
this part apply to cadmium.

40 CFR 141.31 ff—Subpart D—
Reporting, Public Notification and
Recordkeeping. The provisions of this
subpart apply to cadmium.

40 CFR 141.50 ff.—Subpart F—Maximum
Contaminant Level Goals. Promulgated:
50 FR 46901, 11/13/85, and others.

40 CFR 141.60 ff.—Subpart G—National
Revised Primary Drinking Water.
Regulations: Maximum Contaminant
Levels. The provisions of this subpart
apply to cadmium. Promulgated: 52 FR
25716, 07/08/87.

The procedures described in this part shall be
used whenever the waste constituent specified
is required to be measured for section 402 of
the CWA and/or reports required to be
submitted under NPDES permits.

To protect a safe drinking water supply,
community and non-transient, non-
community water systems must monitor for
certain compounds listed.

A supplier of water shall report to the State
the results of any test measurement or
analysis required by this part. This part gives
background information on several
compounds with health concerns at certain
levels of exposure.

The maximum contaminant level goal
(MCLG) for cadmium is 0.005 mg/L.

Maximum contaminant levels apply to
community water systems and non-transient,
non-community water systems based on the
best available technology treatment
techniques. The maximum contaminant level
for cadmium in community water systems and
non-transient, non-community water systems
is 0.005 mg/L.
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40 CFR 148—PART 148—HAZARDOUS
WASTE INJECTION RESTRICTIONS.
Promulgated: 53 FR 28154, 07/26/88.

The provisions of this part apply to
cadmium.

40 CFR 165—PART 165—
REGULATIONS FOR THE
ACCEPTANCE OF CERTAIN
PESTICIDES AND RECOMMENDED
PROCEDURES FOR THE DISPOSAL
AND STORAGE OF PESTICIDES AND
PESTICIDE CONTAINERS. The
provisions of this part apply to cadmium.

40 CFR 192—PART 192—HEALTH
AND ENVIRONMENTAL
PROTECTION STANDARDS FOR
URANIUM AND THORIUM MILL
TAILINGS. Promulgated: 48 FR 602,
01/05/83. U.S. Code: 42 U.S.C. 2022, as
added by the Uranium Mill Tailings
Radiation Control Act of 1978. The
provisions of this part apply to cadmium.

40 CFR 227—PART 227—CRITERIA
FOR THE EVALUATION OF PERMIT
APPLICATIONS FOR OCEAN
DUMPING OF MATERIALS.
Promulgated: 42 FR 2476, 01/11/77. U.S.
Code: 33 U.S.C. 1412 and 1418. The
provisions of this part apply to cadmium

compounds.

Hazardous wastes to be restricted from EPA
Class I hazardous waste injection wells are
identified.

All cadmium pesticides have undergone
voluntary cancellation (OPP, 1997)

The provisions of this part control the residual
radioactive material at designated processing
or depository sites under section 108 of the
Uranium Mill Tailings Radiation Control Act
of 1978, and apply to the restoration of such
sites following any use of the subsurface
minerals under section 104(h) of the Uranium
Mill Tailings Radiation Control Act of 1978.

Ocean dumping permits will be based on an
evaluation of the permit application pursuant
to the criteria set forth in this part and upon
the requirements set for disposal site
management pursuant to the criteria set forth
in part 228 of this subchapter H.
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40 CFR 228—PART 228—CRITERIA
FOR THE MANAGEMENT OF
DISPOSAL SITES FOR OCEAN
DUMPING. Promulgated: 42 FR 2482,
01/11/77. U.S. Code: 33 U.S.C. 1412 and
1418. The provisions of this part apply to
cadmium.

40 CFR 257—PART 257—CRITERIA
FOR CLASSIFICATION OF SOLID
WASTE DISPOSAL FACILITIES AND
PRACTICES. Promulgated: 44 FR
53460, 09/13/79. U.S. Code: 42 U.S.C.
6907(a)(3) and 6944(a); 33 U.S.C.
1345(d). The provisions of this part apply
to cadmium.

40 CFR 258—PART 258—CRITERIA
FOR MUNICIPAL SOLID WASTE
LANDFILLS. Promulgated: 56 FR
51016, 10/09/91. U.S. Code: 33 U.S.C.
1345(d) and (e); 42 U.S.C. 6907(a)(3),
6912(a), 6944(a) and 6949a(c). The
provisions of this part apply to cadmium.

40 CFR 279—PART 279—STANDARDS
FOR THE MANAGEMENT OF USED
OIL. Promulgated: 57 FR 41612,
09/10/92. When burned for energy, used
oil exceeding any "Allowable Level" (AL)
in Table 1 is subject to this part. Limits:
AL for cadmium is 2 ppm (maximum
concentration).

The criteria of this part apply to the evaluation
of proposed ocean dumping under Title I of
the Act, and effective management of ocean
disposal sites to prevent unreasonable
degradation of the marine environment from
all wastes being dumped in the ocean.

Appendix I gives max. contaminant levels to
determine whether waste disposal activities
comply with the ground-water criteria of 40
CFR 257.3-4.

The provisions of this part establish minimum
national criteria under RCRA, as amended,
for all MSWLF units and under the CWA, as
amended, for MSWLF that are used to
dispose of sewage sludge. The criteria ensure
the protection of human health and the
environment.
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40 CFR 261—PART 261—
IDENTIFICATION AND LISTING OF
HAZARDOUS WASTE, Appendix VIII—
Hazardous Constituents. Promulgated: 45
FR 33119, 05/19/80; 53 FR 13388,
04/22/88. U.S. Code: 42 U.S.C. 6905,
6912(a), 6921, 6922, and 6938. Cadmium
and cadmium compounds are listed in
Appendix VIII as hazardous constituents of
waste; however, hazardous waste numbers
(HWN) are not given for either listing.

40 CFR 261—Subpart D—Lists of
Hazardous Wastes. The provisions of this
part apply to cadmium compounds.

40 CFR 264.90 ff.—Subpart F—Releases
From Solid Waste Management Units.
The provisions of this part apply to
cadmium.

40 CFR 264.272 ff—Subpart M—Land
Treatment. Promulgated: 47 FR 32361,
07/26/82. The provisions of this subpart
apply to cadmium.

40 CFR 266—Subpart H—Hazardous
Waste Burned in Boilers and Industrial
Furnaces. The provisions of this part apply
to cadmium.

Appendix VIII is a consolidated list of
hazardous constituents identified in this part.
Solid wastes containing these constituents are
subject to notification requirements of RCRA
section 3010 and must be disposed of in
RCRA-permitted facilities.

All solid waste management units must
comply with the requirements in CFR
264.101.

Owner/operator subject to this subpart must
establish a land treatment program that is
designed to ensure that hazardous constituents
placed in or on the treatment zone are
degraded, transformed, or immobilized within
the treatment zone.

Appendix V to Part 266 lists a risk specific
dose (for carcinogenicity; 10”) of 5.6 x 10”
pg/m’ for cadmium: The sum for all
compounds of the ratios of the actual ground
level concentration to the level established in
Appendix V cannot exceed 1.0 pg/m’.
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40 CFR 268—PART 268—LAND

DISPOSAL RESTRICTIONS. U.S. Code:

42 U.S.C. 6905, 6912(a), 6921, and 6924.
The provisions of this part apply to
cadmium.

40 CFR 268.40 ff.—Subpart D—
Treatment Standards. Promulgated: 56

FR 3879, 01/31/91. The provisions of this

part apply to cadmium.

40 CFR 300—PART 300—NATIONAL

OIL AND HAZARDOUS SUBSTANCES

POLLUTION CONTINGENCY PLAN.

Promulgated: 55 FR 8813, 03/08/90. U.S.
Code: 42 U.S.C. 9605; 42 U.S.C. 9620; 33

U.S.C. 1321(c)(2). The provisions of this
part apply to cadmium.

40 CFR 300—Subpart J—Use of
Dispersants and Other Chemicals. The
provisions of this part apply to cadmium.

40 CFR 302—PART 302—
DESIGNATIION, REPORTABLE
QUANTITIES, AND NOTIFICATION.
Promulgated: 5 0 FR 13474, 04/04/85.
U.S. Code: 42 U.S.C. 9602, 9603, and
9604; 33 U.S.C. 1321 and 1361. The
provisions of this part apply to cadmium,
cadmium acetate, cadmium bromide,
cadmium chloride, and cadmium
compounds.

If a generator's waste is listed in 40 CFR part
261, subpart D, the generator must test his
waste. This part identifies hazardous wastes
that are restricted from land disposal and
defines those limited circumstances under
which an otherwise prohibited waste may
continue to be disposed.

Restricted wasted identified in sec. 268.41
may be land disposed only if an extract of the
waste or of the treatment residue of the waste
developed using the test method in Appendix
II of part 261 does not exceed the value
shown in Table CCWE of sec.268.41 for any
hazardous constituent listed in CCWE for that
waste; exceptions do apply.

This part provides the organizational structure
and procedures for preparing for and
responding to discharges of oil and releases of
hazardous substances, pollutants, and
contaminants which may present an imminent
and substantial danger to public health or
welfare.

40 CFR Part 302 designates under section
102(a) of CERCLA 1980 those substances in
the statutes referred to in section 101(14) of
CERCLA, identifies reportable quantities for
these substances, and sets forth the
notification requirements for releases of the
substances. This part also sets forth
reportable quantities for hazardous substances
designated under section 311(b)(2)(A) of the
CWA.
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40 CFR 302.4—Sec. 302.4 Designation of
hazardous substances.

40 CFR 302.6—Sec. 302.6 Notification
requirements.

40 CFR 355—PART 355—
EMERGENCY PLANNING AND
NOTIFICATION. Promulgated: 52 FR
13395, 04/22/87. U.S. Code: 42 U.S.C.
11002, 11004, and 11048. The provisions
of this part apply to cadmium oxide and
cadmium stearate. The threshold planning
quantities for cadmium oxide and cadmium
stearate are 100/10,000 Ib. and
1000/10,000 1b., respectively.

40 CFR 355.50—Sec. 355.50 Penalties.

40 CFR 372—PART 372—TOXIC
CHEMICAL RELEASE REPORTING:
COMMUNITY RIGHT-TO-KNOW.
Promulgated: 53 FR 4525, 02/16/88. U.S.
Code: 42 U.S.C. 11013, 11028. This part
sets forth requirements for the submission
of information relating to the release of
toxic chemicals under section 313 of Title
III of SARA (1986). The provisions of this
part apply to cadmium.

EPA designated as hazardous those
substances that when released into the
environment may present substantial danger
to the public health or welfare or the
environment. Notification of EPA is required
if the RQ is released to the environment.

Compound Final RQ (Ib)
Cadmium 10
Cadmium acetate 10
Cadmium bromide 10
Cadmium chloride 10
Cadmium compounds not given

The provisions of this part establish the list of
extremely hazardous substances, threshold
planning quantities, and facility notification
responsibilities necessary for the development
and implementation of State and local
emergency response plans.

Information collected under this part is
intended to inform the general public and the
communities surrounding covered facilities
about releases of toxic chemicals, to assist
research, to aid in the development of
regulations, guidelines, and standards. See
section 372.65 for chemicals and chemical
categories to which this part applies.
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40 CFR 372—Subpart D—Specific Toxic
Chemical Listings. The provisions of this
part apply to cadmium.

40 CFR 372.65—Sec. 372.65 Chemicals
and chemical categories to which this part
applies. The provisions of this part apply
to cadmium.

40 CFR 401—PART 401—GENERAL
PROVISIONS. Promulgated: 39 FR
4532, 02/01/74, as amended at 47 FR
24537, 06/04/82. U.S. Code: 33 U.S.C.
1251 et seq. The provisions of this part
apply to cadmium.

40 CFR 403—PART 403—GENERAL
PRETREATMENT REGULATIONS FOR
EXISTING AND NEW SOURCES OF
POLLUTION. Promulgated: 46 FR 9439,
01/28/81. U.S. Code: Several sections of
the FWPCA and the CWA of 1977 (Public
Law 95-217). The provisions of this part
apply to cadmium.

40 CFR 413—PART 413—
ELECTROPLATING POINT SOURCE
CATEGORY. Promulgated: 46 FR 9467,
01/28/81. U.S. Code: 33 U.S.C. 1251 et
seq. as amended by the CWA of 1977
(Public Law 95-217). The provisions of
this part apply to cadmium.

The provisions of this part set forth the legal
authority and general definitions which will
apply to all regulations issued concerning
specific classes and categories of point
sources of industrial effluents under parts 402
through 699.

Establishes responsibilities of federal, state,
and local government; industry; and the
public to implement National Pretreatment
Standards to control pollutants that pass
through POTWs and contaminate sewage
sludge or interfere with treatment processes.
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40 CFR 415—PART 415—INORGANIC
CHEMICALS MANUFACTURING
POINT SOURCE CATEGORY.
Promulgated: 47 FR 28278, 06/29/82.
U.S. Code: 33 U.S.C. 1311; 1314(b), (¢),
(e), and (g); 1317(b) and (c); and 1361.
The provisions of this part apply to
cadmium, cadmium chloride, cadmium
sulfate, cadmium sulfide, and cadmium
nitrate.

40 CFR 421—PART 421—
NONFERROUS METALS
MANUFACTURING POINT SOURCE
CATEGORY. The provisions of this part
apply to cadmium. Promulgated: 49 FR
8790, 03/08/84. U.S. Code: 33 U.S.C.
1311, 1314(b), (c), (), and (g), 1316(b)
and (c), 1317(b) and (c), 1318, and 1361.

40 CFR 421.50 ff.—Subpart E—Primary
Electrolytic Copper Refining Sub-
category. The provisions of this subpart
apply to cadmium.

40 CFR 421.80 ff.—Subpart H—Primary
Zinc Subcategory. The provisions of this
subpart apply to cadmium.

40 CFR 421.90 ff.—Subpart I—
Metallurgical Acid Plants Subcategory.
The provisions of this subpart apply to
cadmium.

40 CFR 421.190 ff.—Subpart Q—
Secondary Indium Subcategory. The
provisions of this subpart apply to
cadmium.

Limitations depend on the specific compound
and specific industry category. Pretreatment
standards for existing sources (PSES) and
new sources (NSPS) are given for effluents
from specific industries achievable by
appropriate pretreatment.

The provisions of this part apply to facilities
producing primary metals from ore
concentrates and recovering secondary metals
from recycle wastes which discharge
pollutants to waters of the U.S. or which
introduce or may introduce pollutants into a
POTW.
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40 CFR 423—PART 423—STEAM
ELECTRIC POWER GENERATING
POINT SOURCE CATEGORY.
Promulgated: 47 FR 52304, 11/19/82.
U.S. Code: 33 U.S.C. 1311; 1314(b), (¢),
(e), and (g); 1316(b) and (c); 1317 (b) and
(c); 1361.

40 CFR 440—PART 440—ORE MINING
AND DRESSING POINT SOURCE
CATEGORY. Promulgated: 47 FR
54609, 12/03/82. U.S. Code: 33 U.S.C.
1311, 1314(b), (c), and (e), 1316, 1317,
and 1361. The provisions of this part
apply to cadmium.

40 CFR 455—PART 455—PESTICIDE
CHEMICALS. Promulgated: 43 FR
17776, 04/25/78. U.S. Code: 33 U.S.C.
1311, 1314, 1316, 1317, and 1361. The
provisions of this part apply to cadmium.

40 CFR 461—PART 461—BATTERY
MANUFACTURING POINT SOURCE
CATEGORY. Promulgated: 49 FR 9134,
03/09/84. U.S. Code: U.S.C. 1311,
1314(b). The provisions of this part apply
to cadmium.

40 CFR 469—Subpart A—Semiconductor
Subcategory. The provisions of this
subpart apply to cadmium.

40 CFR 471—PART 471—
NONFERROUS METALS FORMING
AND METAL POWDERS POINT
SOURCE CATEGORY. Promulgated: 50
FR 34270, 08/23/85. U.S. Code: 33
U.S.C. 1311, 1314(b), (c), (e), and (g),
1316(b) and (c), and 1361.

The provisions of this part apply to discharges
resulting from the operation of a generating
unit by an establishment generating electricity
for distribution and sale which results from a
process utilizing fossil-type or nuclear fuel in
conjunction with a thermal cycle that uses the
steam water system as the thermodynamic
medium.

The provisions of subparts A through M are
applicable to discharges from mines operated
to obtain iron, aluminum, uranium, radium,
vanadium, mercury, titanium, tungsten,
nickel, antimony, copper, lead, zinc, gold,
silver, molybdenum, and platinum ore.

The provisions of A through G apply to
battery manufacturing plants that discharge or
may discharge a pollutant to waters of the
U.S. or that introduce pollutants to a POTW.

Numerous chromium and cadmium effluent
limitations.

The provisions of this part apply to discharges
of pollutants to waters of the U.S. and into
POTWs from the forming of nonferrous
metals (including nonferrous metal alloys),
except beryllium, copper, and aluminum and
their alloys.
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REGULATIONS?

Regulatory Action

Effect of Regulation/Other Comments

> o

40 CFR 471—Subpart D—Precious Metals
Forming Subcategory. The provisions of
this subpart apply to cadmium.

40 CFR 471—Subpart G—Uranium
Forming Subcategory. The provisions of
this subpart apply to cadmium.

40 CFR 503—PART 503—STANDARDS
FOR THE USE OR DISPOSAL OF
SEWAGE SLUDGE. The provisions of
this part apply to cadmium.

40 CFR 795—PART 795—
PROVISIONAL TEST GUIDELINES.
The provisions of this part apply to
cadmium.

>om

21 CFR 73—PART 73—LISTING OF
COLOR ADDITIVES EXEMPT FROM
CERTIFICATION. Promulgated: 42 FR
15643, 03/22/77. U.S. Code: 21 U.S.C.
321, 341, 342, 343, 348, 351, 352, 355,
361, 362, 371, 379%.

21 CFR 73.1001ff—Subpart B—Drugs.

21 CFR 73.1646—Sec. 73.1646 Bronze
powder.

21 CFR 73.1647—Sec. 73.1647 Copper
powder.

21 CFR 73.1991—Sec¢. 73.1991 Zinc
oxide.

This part lists color additives that are exempt
from certification in foods, drugs, cosmetics,
and medical devices.

The color additives listed may be safely used
in amounts consistent with good
manufacturing practice to color externally
applied drugs, including those for use around
eyes.

The color additive bronze powder shall not
contain more than 15 ppm cadmium.

The color additive copper powder shall not
contain more than 15 ppm cadmium.

The color additive zinc oxide shall not contain
more than 15 ppm cadmium.
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REGULATIONS?

Regulatory Action

Effect of Regulation/Other Comments

> 0o

21 CFR 165—PART 165—BEVERAGES.
Promulgated: 60 FR 57124, 11/13/95
effective 5/13/96. U.S. Code: 21 U.S.C.
321, 341, 343, 343A, 348, 349, 371, 379%e.

21 CFR 165.110 ff.—Subpart B—
Requirements for Specific Standardized
Beverages—Bottled Water.

21 CFR 172—PART 172—FOQOD
ADDITIVES PERMITTED FOR DIRECT
ADDITION TO FOOD FOR HUMAN
CONSUMPTION. Promulgated: 42 FR
14491, 03/15/77. U.S. Code: 21 U.S.C.
321, 341, 342, 348, 371, 37%.

21 CFR 172.310 ff.—Subpart D—Special
Dietary and Nutritional Additives.

21 CFR 172.800 ff.—Subpart I—
Multipurpose Additives.

21 CFR 184—PART 184—DIRECT
FOOD SUBSTANCES AFFIRMED AS
GENERALLY RECOGNIZED AS SAFE.
Promulgated: 42 FR 14653, 03/15/77.
U.S. Code: 21 U.S.C. 321, 342, 348, 371.

21 CFR 184.1005 ff.—Subpart B—Listing
of Specific Substances Affirmed as GRAS.

21 CFR 184.1983—Sec. 184.1983 Baker’s
yeast extract.

The regulations in subparts A and B govern
the labeling and effective chemical substance
limits for specific standardized beverages.

Allowable concentration of cadmium in
bottled water is 0.005 mg/L.

The regulations in subparts A through I

govern the amount of food additives allowed

for human consumption.

Allowable concentrations of cadmium in
various special dietary and nutritional
additives are 0.05-0.1 ppm.

Allowable concentration of cadmium in
baker’s yeast glycan (based on dry weight) is
0.13 ppm.

Substances, directly added to human food,
that are generally recognized as safe (GRAS)
are listed.

Baker’s yeast extract cannot contain (on a dry
weight basis) more than 0.13 ppm cadmium.
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REGULATIONS?
Regulatory Action Effect of Regulation/Other Comments
N | 8/76. Criteria for a Recommended Summary of current NIOSH recommendation:
I | Standard: Occupational Exposure to exposure limit—Ca, lowest feasible
O | Cadmium. concentration.
S
H | 8/23/76. Recommended that exposure to This recommendation was based on observed
cadmium be limited to a 10-hr TWA of 40 | adverse lung and kidney effects.
pg/m’ and a ceiling limit of 200 pg/m’ (as
sampled over 15 min).
9/84. Recommended that exposure to Based upon lung cancer, prostatic cancer, and
cadmium be reduced to the lowest feasible | renal system effects.
level.
9/27/84. Current intelligence bulletin
#42—Cadmium.
5/7/90. Comments to the Department of
Labor, proposed rule on occupational
exposure to cadmium
7/17/90. Testimony to the Department of
Labor, proposed rule on occupational
exposure to cadmium.
9/4/90. A dose-response analysis and
quantitative assessment of lung cancer risk
and occupational cadmium exposure.
O | 29 CFR 1910.1000—Sec. 1910.1000 Air PEL (fumes) < 0.1 mg/m* (as Cd) 8-hr TWA,
S | Contaminants. Promulgated: 58 FR 0.3 mg/m® ceiling; PEL (dust) < 0.2 mg/m’ (as
H | 40191, 07/27/93. OSH Act: Air Cd) 8-hr TWA, 0.6 mg/m’ ceiling.
A | Contaminants.
29 CFR 1910.1200, 1915, 1917, 1918, Requires chemical manufacturers and
1926, 1928. Promulgated 11/25/83. OSH | importers and all employers to assess
Act: Hazard Communication. chemical hazards and to provide information
to employees. Hazard Communication
Program to include labels, material safety data
sheets, and worker training.
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REGULATIONS®
Regulatory Action Effect of Regulation/Other Comments
O | 29 CFR 1910.1450—Sec. 1910.1450 As a select carcinogen (IARC Group 2A),
S | Occupational Exposure to Hazardous cadmium and certain cadmium compounds
H | Chemicals in Laboratories. Promulgated: | are listed as chemical hazards in laboratories.
A | 61 FR 5508, 02/13/96. OSH Act: Final Employers are required to provide employee
rule for occupational exposure to information and training and a Chemical
hazardous chemicals in laboratories. Hygiene Plan.

* The regulations in this table have been updated through 62 FR 41162, July 31, 1997.

3.0 HUMAN STUDIES
3.1 Review of Cadmium Epidemiology (IARC, 1993)

The IARC Working Group for consideration of metallic cadmium, cadmium alloys, and
some cadmium compounds concluded that there is sufficient evidence in humans for the
carcinogenicity of cadmium and cadmium compounds (IARC, 1993, pp. 148-161; see Appendix
A). The majority of reviewed studies evaluated the risk from occupational cadmium exposure.
These studies provided strong, consistent evidence that the risk for lung cancer is increased
among workers exposed to cadmium.

In general, earlier studies indicated that there was an increased risk of prostate cancer
among cadmium workers, but later studies did not confirm the increase risk. A review of
epidemiologic studies on cadmium and prostate cancer (Waalkes and Rehm, 1994a) noted
several problems. The studies almost exclusively examined European populations; most studies
were limited to fatal cancers; and possible risk factors (confounders) in prostate carcinogenesis
(e.g., zinc, androgens, and estrogens) have never been incorporated in the occupational analyses.
Stayner et al. (1995), using data from the NIOSH cadmium study (Lemen et al., 1976),
performed a statistical evaluation of several statistical and biological models for quantitative risk
assessment and found that the selection of a particular model may greatly influence risk
estimation.

3.2 Human Studies Published Post-IARC (1993)

Full design details and results for the studies described in this section are presented in
Table 3-1. All standardized mortality ratios (SMRs) have been converted to base 1, to facilitate
comparison with risk and odds ratios (RRs and ORs).

3.2.1 Occupational Exposure
3.2.1.1 Case-Control Studies

Rooney et al. (1993) conducted a nested case-control study of prostate cancer among
workers of the United Kingdom Atomic Energy Authority. The cases (n = 136) were men who
worked for the United Kingdom Atomic Energy Authority and either died from prostate cancer
or were diagnosed with prostate cancer before 1987. Confirmation of the diagnosis was obtained
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for 70% of cases. The controls (n = 404) were men who worked for the Authority and did not
have prostate cancer. The cases were matched with the controls by year and age of starting work,
last place of work, ever having been monitored for ionizing radiation, and survival. Based on the
work of the subject and his/her exposure history obtained from records, health physicists
classified exposure level as none (or unlikely), probable but relatively low, or probable and
relatively high. No information on potential confounding factors was used in the study. Twelve
cases (9%) and 35 controls (9%) were considered exposed. No association was found between
potential occupational exposure to cadmium and prostate cancer (OR = 1.06; CI = 0.46-2.30).

In a population-based study conducted by Siemiatycki et al. (1994), 484 male residents of
Montreal with bladder cancer diagnosed between 1979 and 1986 were compared with 533
population-based controls identified from voter lists and random digit dialing, and with 1879
controls with cancer at other sites (excluding lung and kidney). Potential exposure to a variety of
substances was determined using job histories, and a detailed review was conducted by a team of
industrial hygienists and chemists. Occupational exposure to cadmium compounds was
classified as either nonsubstantial or substantial based on rater confidence, latency, duration, and
concentration and frequency. The risk of bladder cancer was increased at the substantial
exposure level for cadmium (OR = 4.0 [CI = 1.0-16.3]), adjusting for age, ethnicity,
socioeconomic status, smoking, coffee consumption, and status (self/proxy) of the respondent.
After adjustment for these factors and exposure to other occupational exposures, the odds ratio
was 3.2 (CI =0.7- 13.6).

A follow-up to the Siemiatycki et al. (1994) study was conducted by Aronson et al.
(1996), in which occupational risk factors for prostate cancer were analyzed. The results from a
case-control study in Montreal, Quebec, were used: cases included 449 males with prostate
cancer diagnosed between 1979 and 1985, controls included 533 population-based controls and
1,550 cancer controls. Cancer controls were cancer patients excluding those with lung cancer.
Lifetime exposure to cadmium compounds based on occupation was determined by personal
interview or proxy. Occupational exposure (substantial or non-substantial) was defined as in the
Siemmiatycki et al. (1994) study. No substantial exposure cases were found. The odds ratio of
prostate cancer from cadmium for the non-substantial exposure group was not statistically
significant (partially-adjusted OR = 1.01, CI = 0.36-2.82; fully-adjusted OR = 0.83, CI 0.28-
2.48).

Mandel et al. (1995) evaluated occupational exposure to cadmium in an international
multicenter case-control study of renal cell carcinoma. The 1732 incident cases (1050 men, 682
women) included patients aged 20-79 years diagnosed with renal-cell adenocarcinoma between
1989 and 1991 in six geographic regions in five countries. Population-based controls (1429 men,
880 women) were selected using a variety of methods and were frequency matched by sex and
age. Potential exposure to cadmium was based on self-report. An association was found for the
entire cadmium group before stratification for duration (OR = 2.0 [CI = 1.0-3.9]). When
exposure was further analyzed by duration, it was determined that the risk of renal-cell
adenocarcinoma in men actually decreased with increasing length of exposure (1-11 yr, OR =4.3
[CI=1.5-12.2]; 12-30 yr, OR = 1.0 [CI = 0.3-3.6]; 31-44 yr, OR = 1.0 [CI = 0.3-3.7]). Therefore,
the authors stated that these findings would “argue against a causal interpretation” of the
association between exposure to cadmium and the increased risk of renal-cell carcinoma. Data
for women was not given, but were described as not significant.
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van der Gulden et al. (1995) conducted a case-control study of prostate cancer in the
Netherlands. The cases were men (mean age 72 years) diagnosed with prostate cancer between
January 1988 and April 1990, selected from a Netherlands regional cancer registry. The controls
were male patients (mean age 69 years) treated for prostate hyperplasia and with no signs of
malignancy in one hospital from the same region during the same period. Self-administered mail
questionnaires with supplemental items for metal workers were used to obtained exposure data.
The questionnaire also obtained data on potential confounding factors. Eighteen cases and 73
controls were either sometimes exposed or frequently exposed (definition of sometimes exposed
and frequently exposed were not given) to cadmium (age-adjusted OR = 1.10; CI = 0.64-1.89).
An association was found for frequent exposure to cadmium (7 cases and 11 controls; OR = 2.76;
CI = 1.05-7.27). It can be argued that the choice of a single hospital, among 17 in the region, for
selecting controls was not justified, nor was there enough detail provided on the selection of
potential confounders.

3.2.1.2 Cohort Studies

Sorahan et al. (1995) conducted an updated analysis of a cohort evaluated previously by
Bonnell (1959; cited by Sorahan et al., 1995) and Holden (1980a,b; cited by Sorahan et al.,
1995). The analysis included data from an additional 13 years of follow-up. A total of 347 male
copper-cadmium alloy workers were included in the study. The workers had begun employment
in one of two factories (factory A or factory B) between 1922 and 1978 and were employed for a
minimum of 1 year. They had been exposed to a mean level of 69.6 ng Cd/m’ from 1926 to
1980 and were followed up through December 1992. Sorahan et al. (1995) also included 624
vicinity workers (workers employed in a workshop in which copper-cadmium alloy was made,
but were never employed directly in the production of copper-cadmium alloys) from factory B
and 521 iron and brass foundry workers in their follow-up study. Vicinity workers had a mean
cadmium exposure level of 6.16 pg/m’ from 1926-1980. All groups of workers were followed
up through December 1992.

Compared to the general population of England and Wales, the lung cancer mortality
experience of the copper-cadmium alloy workers was close to the expected value (observed 18,
expected 17.84, SMR 1.01 [0.60-1.59]). When the mortality of copper-cadmium alloy workers,
vicinity workers, and foundry workers was evaluated by time from start of employment, the
SMR for nonmalignant diseases of the respiratory system was increased in all groups (alloy
workers: observed 54, expected 23.5, SMR 2.30; vicinity workers: observed 71, expected 43.0,
SMR 1.65; foundry workers: observed 34, expected 17.1, SMR 1.99). The SMR for lung cancer
was also increased in vicinity workers, but not iron and brass foundry workers (observed 55,
expected 34.3, SMR 1.60).

Work histories of the copper-cadmium alloy workers and assessment by an industrial
hygienist, health physicist, and others were used to develop individual estimates of cumulative
cadmium exposure. A Poisson regression was used to evaluate differences in mortality between
exposure categories with adjustments for age, year of starting alloy work, factory, and duration
alloy work. The relative risk of developing nonmalignant chronic respiratory diseases for these
workers increased with increasing cumulative exposure to cadmium (a comparison was made to a
group of copper-cadmium alloy workers with low exposure, < 1600 pg Cd/m®). The relative risk
was calculated as unlagged, or was lagged by 10 years. Under unlagged conditions, RRs were as
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follows: < 1600 ug/m® (1.0); 1600-4800 pg/m® (4.54 [1.96-10.51]); > 4800 pg/m’ (4.74 [1.81-
12.43]). With a lag of 10 years, RRs were as follows: <1600 pg/m® (1.0); 1600-4800 pg/m’
(2.57 [1.20-5.49]); > 4800 pg/m’ (4.21 [1.67- 10.58]). Both trends were statistically significant
(unlagged, 1.96 [1.27-3.02]; lagged, 2.02 [1.29-3.17]). There was no increased risk for lung
cancer in the workers at any level of cadmium exposure (relative to lowest exposure level,
middle exposure category RR = 0.85; CI = 0.27-2.68; highest exposure category RR = 0.81; CI =
0.18-3.73). Lagged analyses did not show elevated RRs. The study results indicate an association
between cadmium exposure and an increased risk of nonmalignant chronic respiratory diseases,
but not lung cancer. The potential confounding effects of other occupational exposures and the
small number of exposed workers in the lung cancer analyses limit interpretation.

Sorahan and Lancashire (1997) reanalyzed the mortality data of 571 male production
workers from a cadmium recovery facility in the United States. Newly abstracted and detailed
job history data for 1926-1976 were used to derive estimates of individual cumulative cadmium
exposure. In addition, an exposure assessment was performed for arsenic compounds. A
Poisson regression was used to estimate the relative risk of lung cancer in relation to four
cumulative cadmium exposure categories (< 400, 400-999, 1000-1999, > 2000 mg/m*-days).
Adjustments were made for age, year of hire, and Hispanic ethnicity. A significant trend for
increasing relative risk with higher cadmium exposure level was found [relative to the lowest
category, RR =2.30 (CI = 0.72-7.36) for the second level; RR = 2.83 (CI = 0.75-10.72) for the
third level; RR = 3.88 (CI = 1.04-14.46) for the fourth level]. Lagging the exposure by 10 and 20
years appeared to strengthen the trend. An additional analysis was conducted as an attempt to
evaluate the joint effects of cadmium and arsenic exposure. The estimated cumulative cadmium
exposure was stratified by departments with either high or minimal arsenic exposure. The dose-
response relationship between cadmium exposure and risk of lung cancer was significant for the
departments with high arsenic exposure (cumulative cadmium exposure > 1000, RR = 4.02, CI =
1.34-12.03), but not significant for departments with minimal or no arsenic exposure, although
the highest cadmium level RR was elevated (> 1000 RR = 2.68, CI = 0.80- 2.00). The suggested

association between cadmium and risk of lung cancer is uncertain because of the results with
arsenic.

3.2.2 Nonoccupational Exposure
3.2.2.1 Exposure from Accidental Cadmium Releases

A follow-up study to the 1974-1975 survey by Ishikawa Prefectural Health Authority on
the inhabitants of the cadmium-polluted Kakehashi River basin in Ishikawa Prefecture, Japan,
was conducted by Nishijo et al. (1995). In the study, the residents were classified as either
urinary retinol binding protein (RBP)-negative or positive (< 4 or 4 mg/L). Cadmium exposure
is related to renal tubular dysfunction and urinary RBP is an indicator of renal dysfunction. The
study included 2408 residents (1079 men, 1329 women) who were exposed to cadmium from an
upstream copper mine. An SMR analysis was conducted using mortality data for the general
Japanese population (number not given). Adjusted for age, death from the following conditions
was increased in RBP-positive subjects, as compared to RBP-negative subjects: diabetes
mellitus (women only, 5/113 vs. 4/1216, SMR 7.31 vs. 0.60), cardiovascular diseases (men,
14/65 vs. 76/1014, SMR 1.82 vs. 0.83; women, 28/113 vs. 96/1216, SMR 1.97 vs. 1.04),
respiratory diseases (men only, 8/65 vs. 43/1014, SMR 2.06 vs. 0.96), and kidney and urinary
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diseases (men, 4/65 vs. 11/1014, SMR 6.28 vs. 1.32; women, 5/113 vs. 12/1216, SMR 4.32 vs.
1.35). When all exposed subjects (RBP-negative and -positive) were compared to general
population controls, death from malignant neoplasms of the respiratory system (men only,
observed 16/1079, SMR 0.609), ischaemic heart disease (men only, observed 24/1079, SMR
0.632), heart failure (women only, observed 86/1329, SMR 1.79), digestive diseases (women
only, observed 24/1329, SMR 1.66), kidney and urinary diseases (men, observed 15/1079, SMR
1.67; women, observed 17/1329, SMR 1.63), and senility (men, observed 26/1079, SMR 1.78;
women, observed 67/1329, SMR 2.49) was increased. Incidences in the general population were
not given,

Nakagawa et al. (1996) conducted a follow up study of a 1981-1982 survey of inhabitants
(aged = 50 years) of cadmium polluted areas in the Ishikawa Prefecture, Japan. The 3178
subjects were classified as either urinary B,-microglobulin-negative or -positive (urinary f,-
microglobulin is an indicator of renal tubular dysfunction) and were observed until the end of
March 1991. The mortality rate in the general Japanese population (number not given) during
the study period was used as a control.

SMR values were significantly higher in urinary B,-microglobulin-positive subjects than
in urinary B,-microglobulin-negative subjects for cardiovascular disease (women only, 39/329 vs.
37/1425; SMR 1.58 vs. 0.86), heart failure (men, 19/205 vs. 19/1219, SMR 2.08 vs. 0.77;
women, 32/329 vs. 24/1425, SMR 2.40 vs. 1.09), cerebral infarction (men, 17/205 vs. 22/1219,
SMR 2.09 vs. 1.02; women, 21/329 vs. 14/1425, SMR 1.85 vs. 0.77), kidney disease (men only,
5/205 vs. 4/1219, SMR 2.57 vs. 0.73), and malignant neoplasms (women only, 18/329 vs.
25/1425, SMR 1.17 vs. 0.55). Evaluation of mortality from malignant neoplasms by site
revealed that the SMRs for esophageal cancer and breast cancer were significantly higher in
urinary ,-microglobulin-positive women than in urinary p,-microglobulin-negative women
(esophagus, 3/329 vs. 0/1425, SMR 10.29 vs. 0; breast, 2/329 vs. 1/1425, SMR 4.30 vs. 0.43).

3.2.2.2 Exposure from Cigarettes

Hertz-Picciotto and Hu (1994) modeled the risk of lung cancer incurred from the
inhalation of cadmium in cigarette smoke, basing the potency extrapolations of the models on
two sets of data: epidemiologic data from a study conducted by Stayner et al. (1992) and rodent
bioassay data by Takenaka et al. (1983). From the epidemiological study, dose-response data
from 625 cadmium production workers employed for at least 6 months between 1940 and 1969
were used to calculate potency. Extrapolation to cigarette smoke was accomplished by
converting cumulative exposure in units of mg/m’ to pug cadmium inhaled. Using male Wistar rat
bioassay data from a cadmium carcinogenicity study, experimental concentrations of cadmium
chloride were converted to pg/day of inhaled cadmium. Exposure doses were assumed to be
equivalent to the daily concentration per unit of body surface area in humans and potency was
assumed to be equivalent to that in humans.

The potency data which was converted to pg inhaled Cd was then used to estimate the
quantity of cadmium inhaled by a smoker. Both the quantity of cadmium in mainstream smoke
and a portion of cadmium in inhaled sidestream cigarette smoke (some sidestream smoke is
inevitably inhaled by the smoker) were incorporated into the calculation. Using this technique,
the amount of cadmium inhaled by a light smoker (1 pack/day as defined by the model) was
estimated between 2 pg/day (minimum from mainstream smoke and no sidestream smoke) and

31



NTP Report 6n Carcinogens 1997 Background Document for Cadmium

5.2 pg/day (maximum for mainstream smoke and 6% for sidestream). This estimate was
doubled for heavy (2 packs/day) smokers. Nonsmokers were assumed to have no exposure to
cadmium from cigarettes.

Lung cancer death rates and all-cause death rates for light and heavy smokers and
controls were calculated by partitioning lung cancer and all-cause mortality rates taken from U.S.
Vital Statistics. The excess lifetime risk of lung cancer from inhalation of cadmium from
cigarettes was the difference between the cumulative risk of lung cancer with and without the
contribution from cadmium. "

Based on the epidemiological data and on estimates of the concentration of cadmium in
cigarettes, Hertz-Picciotto and Hu (1994) calculated that 1 to 18 lung cancer deaths (CI = 7-95)
per 10,000 smokers may be attributed to inhaled cadmium in cigarette smoke. This value is
equivalent to approximately 0.2-1.6% (CI = 1.6-8.8%) of lung cancer deaths caused by smoking.
Using rat bioassay potency data, the authors estimated that 80-416 lung cancer deaths (CI = 136-
707) per 10,000 smokers, or 13-47% (CI = 23-81%) of smoking-induced lung cancer mortality,
may be attributed to inhaled cadmium in cigarette smoke.

The authors noted that the human-based risk assessment results were within the plausible
range, but that the substantial estimated lifetime risk determined in the animal-based assessment
was probably implausible (Hertz-Piccioto and Hu, 1994).

3.2.2.3 Multiple Exposure Routes

Antila et al. (1996) conducted a case-control study of cadmium levels in breast fat.
Cases (all women) were permanent residents of Helsinki, Finland, who were diagnosed with
breast cancer; their mean age was 56 years. Controls (all women and permanent residents of
Helsinki) had died from accidents or nonmalignant illness and were free of any malignancy. The
mean age of controls was 53 years. Sources and methods for identifying cases and controls were
not given. Data on lifestyle and other potential confounding factors were collected, but there was
no discussion of their direct use in the analysis. Breast adipose tissue was obtained from October
1985 to February 1986. No difference was found between the mean concentration of cadmium in
breast fat from 43 breast cancer patients and from 32 controls (20.4 + 17.5 pg/g for cases vs. 31.7
+ 39.4 ng/g for controls). Cadmium levels ranged from 3.2-86.9 pg/g in cases and from 0.1-
160.4 pg/g in controls. Cadmium concentration did not correlate significantly with age, stage of
cancer, zinc, copper, or selenium concentration. A suggestive correlation between cadmium
levels and smoking was reported (Spearman's rank correlation R = 0.505 between level of
smoking and cadmium among cases). The study was based on a small number of subjects, the
study base from which case and control subjects were derived was not described, adjustment for
potential confounders was not clearly discussed, and there was no mention of the possible effect
of disease (breast cancer) on measured cadmium levels.
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Table 3-1. Summary of Epidemiology Studies Published Post-IARC (1993)
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Description of Model
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controls: data for women not given, but described as
population-based, not significant
matched to cases
by sex and age
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Table 3-1. Summary of Epidemiology Studies Published Post-IARC (1993) (Continued

OR for

adjstcd for age mailed van cr )

prostate cancer:
control | the Netherlands sometimes specified specified question- Gulden et
diagnosed with or sometimes 1.10 (0.64-1.89) naire al. (1995)
prostate cancer frequently or
between January exposed to frequently
1988 and April cadmium; 7 exposed
1990; mean age 72 | frequently
yr exposed frequently 2.76 (1.05-7.27)
exposed
controls: male controls: 73 . .
patients from the sometimes There was no relationship between

Netherlands treated | or socioeconomic statu§ or urbanizatif)p grade
and prostate cancer risk. The definitions of

in same period for frequently “sometimes” and “frequently” exposed were

g;opi‘fptfasi a2 and ::mi:;o not given. In addition, the choice of a single
with no signs of 1 ’ hospital, among 17 in the r‘egion, for
malignancy; mean frequently selecting controls was not justified, nor was
age 69 yr ’ exposed there detail provided on the selection of
potential confounders.
cases: male copper- | cases: 347 not cadmium > lyr (ng Cd/ RR for non-malignant respiratory diseases: adjusted for age, year of | follow-up Sorahan et
cadmium alloy copper- specified m*yr) start of alloy work, of studies al. (1995)
workers, vicinity cadmium factory, and time since by Bonnell
workers (employed | alloy <1600 %ggg ll_a%gﬂgy_lgy_r starting alloy work (1959) and
where copper- workers; : : Holden
cadmium alloy was | 624 vicinity 1600-4800 4.54 (1.96-10.51) 2.57 (1.20-5.49) (1980a,b);
made, but never workers; > 4800 4.74 (1.81-12.43) 4.21 (1.67-10.58) closing date
employed directly | 521 iron and trend 1.96 (1.27-3.02)  2.02(1.29-3.17) of this
in production of brass study was
alloy), and iron and { foundry . . Dec. 1992
brass foundry workers There was no increased risk for lung cancer
workers who with any level of exposure. The potential l
started employment . confounding effects of other occupational
between 1922 and controls: exposures and the small number of exposed
1978 and worked same as workers in the lung cancer analyses limit
for> 1yr; cases interpretation.
controls: internal
comparison based

on exposure level
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Table 3-1.

cadmium

Lung cancer mortality in alloy workers close

adjusted for age, year

of

follow-up

cancer risk significant for departments with
high arsenic exposure (cumulative cadmium
exposure > 1000, RR 4.02 [1.34-12.03]), but
not significant for departments with minimal
or no arsenic exposure, although highest
cadmium level RR elevated (> 1000, RR 2.68
[0.80- 2.00]).

copper-cadmium specified exposure to expected value (observed 18, expected start of alloy work, of studies al. (1995)
alloy workers, cadmium from 1926- 17.84, SMR 1.01 [0.60-1.59}). When factory, and time since by Bonnell
vicinity workers alloy 1980: alloy mortality of alloy, vicinity, and foundry starting alloy work (1959) and
(employed where workers; workers, workers was evaluated by time from start of Holden
alloy was made, 624 vicinity 69.6 pg employment, SMR for nonmalignant diseases (1980a,b);
but never employed | workers; Cd/m?; of respiratory system increased in all groups closing date
directly in 521 iron and vicinity (alloy: observed 54, expected 23.5, SMR of this
production of brass workers, 2.30; vicinity: observed 71, expected 43.0, study was
alloy), and iron and | foundry 6.16 pg/m’; SMR 1.65; foundry: observed 34, expected Dec. 1992
brass foundry workers foundry 17.1, SMR 1.99). SMR for lung cancer also
workers who workers not increased in vicinity workers (observed 55,
started employment . iven expected 34.3, SMR 1.60), but not foundry
1922- 1978 controls: not & workers.
specified
controls: general
population of
England and Wales
Case- cases: male cases: 571 not cadmium or > 6 mo mg/m’-days unlagged RR for lung cancer: adjusted for age, year of | A Poisson Sorahan
control | production workers licable cadmium hire, and Hispanic regression and

froma U.S. controls: and arsenic <400 1.0 ethnicity used to Lancashire
cadmium recovery same as 400-999 2.30(0.72-7.36) estimate (1997)
facility, employed cases 1000-1999 2.83 (0.75-10.72) lung cancer
1926-1969 >2000 3.88 (1.04-14.46) risk using

. Lagging exposure by 10 or 20 yr existing job
°°“"°l§: internal st:fngthened trend. Dose-response history data
comparison based relationship between cadmium and lung from 1926
on exposure level to 1976
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Table 3-1. Summary of Epidemiology

Studies Published Post-IARC (1993) (Continued)

population controls from: malignant
respiratory neoplasms (men only, 16/1079,
SMR 0.609), ischemic heart discase (men
only, 24/1079, SMR 0.632), heart failure
{women only, 86/1329, SMR 1.79), digestive
diseases (women only, 24/1329, SMR 1.66),
kidney and urinary diseases (men, 15/1079,
SMR 1.67; women, 17/1329, SMR 1.63),
senility (men, 26/1079, SMR 1.78; women,
67/1329, SMR 2.49) increased. Control
incidences not given.

Cohort | subjects: subjects: 95% cadmium not level of Death increased in RBP-positive subjects, model included urinary follow-up Nishijo et
inhabitants, aged > | 2408 (1079 released specified | exposure compared to RBP-negative subjects from: RBP concentration and until 1991 al. (1995)
50 yr, of Kakehashi { men, 1329 from an measured by | diabetes mellitus (women only, 5/113 vs. age of 1974-75
River basin in women) upstream urinary 4/1216, SMR 7.31 vs. 0.60), cardiovascular survey
Ishikawa copper mine RBP*- diseases (men, 14/65 vs. 76/1014, SMR 1.82 conducted
Prefecture, Japan, controls: not negative or vs. 0.83; women, 28/113 vs. 96/1216, SMR by Ishikawa
an areapolluted by | specified positive 1.97 vs. 1.04), respiratory diseases (men Prefectural
cadmium (<4mg/Lor | only, 8/65 vs. 43/1014, SMR 2.06 vs. 0.96), Health

> 4 mg/L) kidney and urinary diseases (men, 4/65 vs. Authority
controls: 11/1014, SMR 6.28 vs. 1.32; women, 5/113
population-based, vs. 12/1216, SMR 4.32 vs. 1.35). Death
from rest of Japan increased in all subjects, compared to
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Table 3-1. Summary of Epidemiology Studies Published Post-IARC (1993) (Continued)

Cohort

subjects:
inhabitants of
cadmium polluted
areas of Ishikawa
Prefecture, Japan

controls: not
specified (probably
population-based,
from rest of Japan)

controls:
not specified

not
specified

cadmium

not
specified

level of
exposure
measured by
urinary f,-
microglobulin-
negative or
positive®

SMR values higher in urinary B,-
microglobulin-positive subjects than in
urinary B,-microglobulin-negative subjects
for cardiovascular disease (women only,
39/329 vs. 37/1425; SMR 1.58 vs. 0.86),
heart failure (men, 19/205 vs. 19/1219, SMR
2.08 vs. 0.77; women, 32/329 vs. 24/1425,
SMR 2.40 vs. 1.09), cercbral infarction (men,
17205 vs. 22/1219, SMR 2.09 vs. 1.02;
women, 21/329 vs. 14/1425, SMR 1.85 vs.
0.77), kidney disease (men only, 5/205 vs.
4/1219, SMR 2.57 vs. 0.73), malignant
neoplasms (women only, 18/329 vs. 25/1425,
SMR 1.17 vs. 0.55). Evaluation of malignant
neoplasms by site revealed SMRs for
esophageal cancer and breast cancer higher
in urinary B,-microglobulin-positive women
than in urinary B,-microglobulin-negative
women (esophagus, 3/329 vs. 0/1425, SMR
10.29 vs. 0; breast, 2/329 vs. 1/1425, SMR
4.30 vs. 0.43).

not specified

follow-up
of 1981-82
survey

Nakagawa
et al. (1996)
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Table 3-1.

3.2.2.2 Exposu

amount. Lung cancer
death rates and all-cause
death rates for light and
heavy smoking and
controls were calculated
by partitioning lung
cancer and all-cause
mortality rates from U.S.
Vital Statistics. Excess
lifetime risk of lung
cancer from inhalation of
cadmium from cigarettes
was the difference
between the cumulative
risk of lung cancer with
and without the
contribution from
cadmium.

Model- | cases: former, not Lpnot cadmium in not not specified | Based on epidemiologic data (Stayner et al., Potency data was quantitative Hertz-
ing based| light, and heavy applicable plicable mainstream specified 1992): 1 to 18 lung cancer deaths (CI = 7-95) | extrapolated by: risk Picciotto
on smokers anda per 10,000 smokers may be attributed to converting both dose- assessment and Hu
epidem- portion of cadmium in cigarette smoke. This is response data from based on (1994)
iological | controls: sidestream equivalent to ~ 0.2-1.6% (CI = 1.6-8.8%) of exposed workers and epidemio-
data and | nonsmokers cigarette lung cancer deaths caused by smoking. cadmium chloride logical data
rodent smoke aerosol exposure of and rodent
bioassay (since some Based on data from a rodent bioassay rodents to ug Cd bioassay data
data sidestream (Takenaka et al., 1983): 80-416 lung cancer inhaled. pg Cd inhaled
smoke is deaths (CI = 136-707) per 10,000 smokers, or | from smoking was
inevitably 13-47% (C1 = 23-81%) of smoking-induced calculated by estimating
inhaled by lung cancer mortality, may be attributed to exposures for two
the smoker) cadmium in cigarette smoke. groups: light smokers (1
pack/day) inhaling
between 2 and 5.2
ng/day Cd and heavy
smokers (2 pack/day)
inhaling twice that
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Table 3-1. Summary of Epidemiology Studies Published Post-IARC (1993) (Continued)

Case- cases: women cases: 43 not cadmium lifetime not specified | Cadmium concentrations in breast fat of a stepwise logistic samples Antila et al.
control | diagnosed with specified cases did not differ from controls (20.4 : regression model was taken of (1996)

breast cancer; mean | controls: 32 17.5 pg/g vs. 31.7 1 39.4 pg/g in controls). used that included age, breast fat

age 56 yr, Concentrations ranged from 3.2-86.9 pg/g in | concentration of from

permanent cases and from 0.1-160.4 pg/g in controls. cadmium, setenium, October

residents of Cadmium concentration did not correlate copper, and zinc in 1985 to

Helsinki, Finland significantly with age, stage of cancer, zinc, breast tissue, smoking February

copper, or selenium concentration. The status, smoking rate, and | 1986 and

controls: deceased association between cadmium levels and stage of cancer analyzed

women who died smoking was only suggestive. for

from accidents or cadmium

nonmalignant content

illness and had no

malignancy, mean

age 53 yr,

permanent

residents of

Helsinki, Finland

CI = confidence interval; OR = odds ratio; RBP = retinol-binding protein RR = relative risk; SMR = standardized mortality ratio

* Al standardized mortality ratios (SMRs) have been converted to base 1, to facilitate comparison with risk and odds ratios (RRs and ORs).
* Substantial exposure: > S yr since first exposure, > 5 yr duration, and concentration x frequency > 4 (scores 1, 2, 3 correspond to low, medium, high)
¢ Nonsubstantial exposure: > 5 yr since first exposure, < 5 yr duration, and concentration x frequency = any score, or
> 5 yr since first exposure, > 5 yr duration, and concentration x frequency < 4
4 urinary RBP, retinol binding protein, is an indicator of renal dysfunction
¢ urinary $,-microglobulin is an indicator of renal tubule dysfunction
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4.0 EXPERIMENTAL CARCINOGENICITY
4.1 Review of Cadmium Animal Carcinogenicity (IARC, 1993)

Studies of cadmium salts given by several routes to laboratory animals show that
cadmium induces tumors. The tumor induction is influenced by cadmium dose and zinc. Dose-
related increases in tumors were seen in rats given cadmium with controlled dietary zinc.
Malignant lung tumors were induced in rats by low levels of cadmium for short exposure
durations. Local tumors were observed in rats and mice given subcutaneous injections of
cadmium. Based on a review and evaluation of these studies, IARC (1993, pp. 208-210; see
Appendix A) concluded that there is sufficient evidence for the carcinogenicity of cadmium in
experimental animals.

4.2 Animal Carcinogenicity Studies Post-IARC (1993)

Some recent studies with several strains of mice indicate that while all strains are
susceptible to cadmium-induced tumors, the site of tumor development is dependent on the
strain. These studies also found that chronic nonneoplastic testicular lesions corresponded to
parameters of acute testicular toxicity. A rat study indicated that cadmium-induced cancer is
influenced by testosterone. A study on the effect of cadmium level on tumor development and
oncogene expression provided evidence of the carcinogenic and anticarcinogenic effects of
cadmium.

A study of rat myoblast cells (L6) chronically exposed in vitro to cadmium showed that
cell transformation, to a malignant phenotype or to a phenotype that is protective against tumor
development, was dependent on the level of cadmium in the cell culture medium (Abshire et al.,
1996a). The cells were exposed in vitro for 9 weeks to 0.5 M and 1.0 M cadmium chloride. The
cells were then injected subcutaneously into athymic nude mice. Mice were examined for
tumors 60 days after the inoculation. Compared to control groups, mice inoculated with the low-
dose cells developed highly malignant sarcomas, while mice given the high-dose cells had
decreased tumor growth. RNA analysis of cells treated with 0.5 M cadmium chloride revealed
increased expression of the proto-oncogenes c-myc and c-jun after a 2-week exposure, but a
decreased expression after 8 weeks of exposure. The results of this study are consistent with in
vivo studies that indicate cadmium has both carcinogenic and anti-carcinogenic effects.

One study examined the effects of androgen replacement on the testicular carcinogenicity
and toxicity of cadmium (CdCl,, in rats (Waalkes et al., 1997). Four treatment groups were
defined: control, only testosterone, testosterone + cadmium, and only cadmium. Testosterone
implants, approximating normal levels in castrated rats, were made in groups of 10-week-old rats

(F344/NCr); other groups were not given implants. Following 2 weeks to allow for
stabilization, groups were administered CdCl, subcutaneously (s.c.) (20 pmol/kg) or saline
weekly for 5 weeks. Endocrine function was assessed 10 weeks after initial cadmium exposure,
and testicular neoplastic lesions were examined in rats sacrificed within the following two years.

The group treated with only cadmium showed a >84% incidence of Leydig cell neoplasia and
>97% incidence of chronic degeneration over two years. Testosterone-implanted rats did not
develop cadmium-induced or spontaneous Leydig cell cancer, but did show testicular
degeneration. Nonimplanted rats given cadmium showed a marked reduction in circulating
testosterone (80% reduction compared to controls), a significant testes weight loss (>70%), and
a weight loss in sex accessory glands (50% reduction of prostate mass).
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Waalkes and Rehm (1994b) investigated the strain-dependent carcinogenic and toxic
effects of CdCl, in mice. Male DBA/2NCr (DBA) and NFS/NCr (NFS) mice were administered
CdCl, (40 pmol/kg) s.c. as a single dose or as weekly doses for 16 weeks beginning at age 8
weeks; the control groups were given only saline. Animals were observed for the following 2
years. A dose-related increased in lymphoma incidence was observed in the DBA but not in the
NFS mice. In contrast, sarcoma at the injection site was seen in the NFS mice that received
repeated injections of CdCl, but not in the DBA mice or controls. The CdCl,-treated NFS mice
also showed more hepatocellular adenomas and carcinomas than the treated DBA mice or
controls, but only at the high dose. At the low dose, the NFS mice developed pulmonary tumors.

The carcinogenic and toxic effects of CdCl, were studied in another strain of mice
(Waalkes and Rehm, 1994¢). Groups of male mice (BALB/c) were given 20 pmol/kg CdCl, s.c.
in the dorsal thoracic midline as a single dose or as weekly doses for 16 weeks starting at age 8
weeks. Controls received only saline, and groups were examined for the following 2 years. A
dose-related increase in hematopoietic tumors was observed, but not in testicular interstitial-cell
tumors. The multiplicity of pulmonary tumors was reduced by the treatment, but the incidence
of lung tumors was unaffected. Nephropathy occurred only at the high dose and testicular
degeneration was not observed.

A study was performed to determine the carcinogenic and chronic toxic effects of CdCl,
in a strain of mice (Swiss [CR:NIH(S)] resistant to the acute toxicity of cadmium (Waalkes and
Rehm, 1995). Groups of male mice at age 8 weeks were given one or repeated s.c. CdCl, doses
(40 pmol/kg) and observed over the next 2 years. Repeated doses were given over 16 weeks and
controls received only saline. Survival was significantly reduced only in the group given
multiple doses. The incidence of adrenal tumors was significantly increased in the group that
received the single dose but not in the group given multiple doses. A few injection-site sarcomas
were observed in groups that received the single or multiple doses of cadmium chloride. A dose-
related decrease in both the incidence and multiplicity of pulmonary tumors was observed in both
treatment groups compared to controls.

The potential carcinogenic effects of a single s.c. dose of CdCl, (20 pmol CdCl,/kg) were
examined in two strains of mice and one strain of hamsters (Waalkes et al., 1994). Groups of
male mice (NFS and C57) and male hamsters (Syrian) were given a single s.c. dose of cadmium
chloride in the dorsal thoracic midline. The control groups were given only saline, and animals
were observed for 2 years. The incidence of hematopoietic system tumors (lymphoma) was
significantly increased in the NFS mice but significantly decreased in the hamsters. Adrenal
cortical tumors were increased in the hamsters. Testicular interstitial cell tumors were not
increased in any group treated with cadmium. Chronic testicular toxicity in the hamsters and the
NFS mice was indicated by interstitial cell hyperplasia.
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Table 4-1. Post-IARC (1993) Experimental Carcinogenicity Studies of Cadmium

athymic nude mice (Ncr-nu) | 10 males cadmium chloride 1) rat myoblast mice mice inoculated with low-dose cells had highly malignant
groups of 10 male inoculated cells exposed in examined sarcomas al. (1996a)
with in vitro vitro to two levels | for tumors
cells from of cadmium 60 days mice inoculated with high-dose cells had decreased tumor
growth chloride (0.5Mor | after growth
medium 1.0 M) for 9 wk inoculation
without with treated
cadmium 2) cells s.c. cells
chloride injected into mice
F344/NCr male rats group given cadmium chloride treatment groups: 5wk, The group treated with only cadmium over 2 years showed a Waalkes et
only saline testosterone 1) testosterone examined >84% incidence of Leydig cell neoplasia and >97% incidence | al. (1997)
' only over2yr of chronic degeneration. Testosterone-implanted rats did not
2) testosterone develop cadmium-induced or spontaneous Leydig cell cancer,
plus 20 pmol’kg but did show testicular degeneration. Nonimplanted rats given
cadmium cadmium showed a marked reduction in circulating testosterone
3) 20 pmol/kg (80% reduction compared to controls), a significant testes
cadmium only weight loss (>70%), and a weight loss in sex accessory glands
(50% reduction of prostate mass).
testosterone
implants made in
groups of 10-wk-
old rats, s.c.
injection of
cadmium chloride
or saline after 2
wk )
male mice: groups given | cadmium chloride groups given 16 wk, Dose-related increase in lymphoma incidence was observed in Waalkes and
1) DBA/2NCr (DBA) only saline cadmium chloride | examined DBA but not NFS mice. In contrast, sarcoma at the injection Rehm
2) NFS/NCr (NFS) s.c. as single dose | over2yr site was seen in NFS mice that received repeated injections but | (1994b)
of 40 umol/kg or _ | not in DBA mice or controls. NFS mice also showed more
weekly doses hepatocellular adenomas and carcinomas than DBA mice or
controls, but only at the high dose. At the low dose, NFS mice
developed puimonary tumors.
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Table 4-1. Post-IARC (1993) Experimental Carcinogenicity Studies of Cadmium (Continued)

male mice BALB/c group given cadmium chloride 20 umol/kg s.c.as | 16 wk; A dose-related increase in hematopoietic tumors was observed, | Waalkes and
only saline single or weekly examined but not testicular interstitial-cell tumors. The multiplicity of Rehm
doses over 2 yr pulmonary tumors was reduced by the treatment, but the (1994¢)
incidence of lung tumors was unaffected. Nephropathy
occurred only at the high dose and testicular degeneration was
not observed.
male mice group given cadmium chloride 40 pmol/kg as repeated Survival was significantly reduced only in the group given Waalkes and
Swiss [CR:NIH(S)]; 8 wk only saline single or repeated doses given | multiple doses. The incidence of adrenal tumors was Rehm
s.c. doses; over 16 wk; | significantly increased, compared to controls, in the group that | (1995)
examined received the single dose but not in the group given multiple
over 2 yr doses. A few injection-site sarcomas were observed in groups
that received the single or multiple doses of cadmium chloride.
A dose-related decrease in both the incidence and multiplicity
of pulmonary tumors was observed in both treatment groups
compared to controls.
two strains of male mice: group treated | cadmium chioride 20 umol/kg single dose, | The incidence of hematopoietic system tumors (lymphoma) Waalkes et
NFS;C57 with only examined was significantly increased in NFS mice but significantly al. (1994)
one strain of male hamsters: | saline over 2 yr decreased in hamsters. Adrenal cortical tumors were increased
Syrian in hamsters. Testicular interstitial cell tumors were not
increased in any group treated with cadmium. Chronic
testicular toxicity in hamsters and NFS mice was indicated by
interstitial cell hyperplasia.
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5.0 GENOTOXICITY

Studies on the genotoxic effects of cadmium as reviewed by IARC (1993) are
summarized in Appendix A (pp. 188-206). Summaries of cadmium genotoxicity studies that
were not published by IARC or that were published after IARC (1993) are summarized below
and in Table 5-1. In prokaryotic systems, cadmium did not induce his gene mutations in
Salmonella typhimurium without S9 activation. In mammalian systems in vitro, cadmium did
induce DNA damage in human AHH-1 cells, human MRC5CV1 cells, and human leukocytes;
and for gene mutations in mouse lymphoma and Chinese hamster ovary cells. Cadmium did not
induce in vitro DNA damage in human U937 cells or rat splenocytes. In vivo, cadmium did
induce chromosomal aberrations in mouse spermatocytes. In humans, cadmium induced
chromosome-type aberrations, but not micronuclei, in the lymphocytes of exposed workers at
cadmium factories.

3.1 Prokaryotic Systems

Cadmium did induce his gene mutations in Salmonella typhimurium (strains and dose
levels not provided) in the absence but not the presence of S9 metabolic activation (Wong, 1988;
cited by ATSDR, 1993).

5.2 Mammalian Systems In Vitro

Littlefield et al. (1994) reported that cadmium chloride exposure at 50 M for 4 hours
induced DNA damage (measured by fluorescence spectrophotometry) in human lymphoblastoid
AHH-1 cells but not in male F344 rat splenocytes. The presence of magnesium ions (Mg in
the media exerted a protective effect, and significantly reduced the level of DNA damage in
AHH-1 cells but not splenocytes. Minisini et al. (1994) found that a 20 uM-cadmium (salt not
specified) exposure for 3 hours did not induce DNA damage in human U937 premonocytic cells.

Coogan et al. (1994) reported that prior exposure of TL-1215 rat liver cells to low
concentrations of cadmium chloride (10 «M for 24 hours) protected against the subsequent
DNA damage induced by 500 uM CdCl, for 2 hours. Metallothioneins were produced by the
cells in a time dependent manner during pretreatment offering protection against exposure at a
high concentration. Hartmann and Speit (1996) reported that cadmium sulfate induced DNA
damage in both human MRCSCV1 cells and human peripheral blood leukocytes in the single cell
gel electrophoresis assay.

In Chinese hamster ovary (CHO) cells, 0.75 to 1.25 4M cadmium acetate induced gene
mutations at the Aprt locus (Yang et al. 1996). PCR followed by DNA sequencing of the mutants
revealed base substitutions, splice mutations, and large genomic deletions. Gene mutations were
also reported in mouse lymphoma cells treated with 0.9 to 36 uM cadmium sulfate for 3 hours
both in the presence and absence of S9 activation (Sofuni et al., 1996).

5.3 Mammalian Systems In Vivo

Chromosomal aberrations were reported to be induced in CFLP mice spermatocytes after
a single intraperitoneal (i.p.) injection of cadmium chloride (Selypes et al., 1992). A significant
increase was found only in the number of numerical chromosomal aberrations, most frequently
hypo- and hyper-haploid meioses.
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5.4 Human Studies In Vivo

Chromosomal aberrations found in the lymphocytes of 83 men and 22 women employed
at a cadmium alloy factory in Italy (Alessio et al., 1993). An increase in chromosome-type
aberrations occurred only in workers with a high body burden (greater than1000 ug-yr/m® air).
Forni (1994) later reported that chromosome aberrations but not micronuclei could be detected in
the lymphocytes of 40 male cadmium workers with a cumulative exposure index ranging from
greater than100 to less than1000 pg-yr/m’ air.
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Table 5-1. Summary of Cadmium Genotoxicity Studies

pretreatment offering protection against
the high concentration exposure.

Prokaryotic Systems
Salmonella typhimurium | his gene mutations (plate | +/- NG NG positive/ No other experimental details were given. Wong
(strains not provided in incorporation) negative (1988; cited
source used) by ATSDR,
1993)
Mammalian Systems in vitro
U937 human DNA damage (alkaline - Salt not 20 uM for 3 hr negative No detectable DNA strand breaks were Minisini et
premonocytic cells unwinding assay) specified observed. al. (1994)
male Fischer 344 rat DNA damage ( as - CdCl, S0 uM for4 hr+/- 0.4 | negative Cadmium did not induce DNA damage. Littiefield
splenocytes measured by mM Mg The presence or absence of magnesium in | etal. (1993)
fluorescence - the media had no effect.
spectrophotometry)
Human lymphoblastiod DNA damage ( as - Cdcl, 50 uM for 4 hr +/- 0.4 positive The presence of cadmium-induced DNA Littiefield
AHH-1 cells measured by mM Mg damage was reduced significantly by the et al. (1993)
fluorescence protective effect of magnesium in the
spectrophotometry) media.
MRC5CV1 human DNA damage (single - CdsO, 10 to 200 uM for 2 hr positive When cells were treated with Hartmann
fibroblast cells cell gel assay) benzofalpyrene (BaP) and post treated and Speit
with a non-damaging dose of CdSO,, (1996)
repair of the BaP-induced DNA lesions
was inhibited by CdSO,.
Human leukocytes DNA damage (single - CdsSO, 10 to 2000 uM for 2 positive When cells were treated with BaP and post | Hartmann
cell gel assay) hr treated with a non-damaging dose of and Speit
CdSO,, repair of the BaP-induced DNA (1996)
lesions was inhibited by CdS0,.
m—1215 rat liver DNA damage (alkaline CdCl, 10 uM for 24 hr positive Prior exposure to low conc. protected Coogan et
epithelial cells clution) followed by 500 LM against the damage induced by 500 uM . al. (1994)
for2 hr Metallothioneins were produced during
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Table 5-1. Summary of Cadmium Genotoxicity Studies (Continued)

Chinese hamster ovary

hprt gene mutations

075,10, &1.25uM

positive

PCR followed by DNA sequencing

(CHO) celis for 24 hr revealed base substitutions (1996)
(transversions > transitions), splice
mutations, and large genomic
deletions.
mouse lymphoma tk gene mutations +/- CdSo, 0.1t0 4.0 ug/mL (0.9 positive/ Top doses tested were 1.0 ug/mL Sofuni et al.
L5178Y cells (microwell method) to 36 uM) for 3 hr positive without §9 and 4.0 .g/mL with S9. (1996)
Mammalian Systems in vive 1
male CFLP mice chromosome aberrations { n.a. Cdcl, single 1 mg/kg i.p. positive A significant increase was found only Selypes et al.
in spermatocytes dose for 3 days or 6 after 3 in the number of numerical (1992)
months days, chromosomal aberrations, most
negative frequently hypo- and hyperhaploid
after 6 meioses.
months
Human Studies in vivo
83 men and 22 women chromosome aberrations | n.a. NG time weighted average | positive An increase in chromosome-type Alessio et al.
employed at cadmium over 15 years was 50 aberrations in cultured lymphocytes (1993)
alloy factory ug/mlyr occurred only in workers with a high
body burden of cadmium (>1000 .g-
yr/m®).
40 male cadmium chromosome-type n.a. NG cumulative exposure positive The mean level of chromosome-type Forni et al.
workers aberrations index of <100 to aberrations in lymphocytes was 1.15% | (1994)
>1000 pg-yr/m® air in the exposed workers compared to
0.45% in the control population.
40 male cadmium micronuclei induction na NG cumulative exposure negative The mean level of micronucleated Forni et al.
workers index of <100 to lymphocytes was 2.03% in the (1994)
>1000 pg-yr/m® air exposed workers compared to 2.30%
in the control population.

Abbreviations: n.a. = not available; NG = not given; HID = highest ineffective dose; LED = lowest effective dose
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6.0 OTHER RELEVANT DATA
6.1 Absorption, Distribution, Metabolism and Excretion

6.1.1 Absorption
Humans are primarily exposed to cadmium through the respiratory and gastrointestinal

tracts (Mennear, 1979), though limited penetration through the skin can occur (section 6.1.1.3).

6.1.1.1 Inhalation

Inhalation of cadmium by animals in various acute and chronic experiments showed 5 to
20% of the cadmium as being deposited in the lungs (Friberg et al., 1986; cited by IPCS, 1992).
Between 50 and 100% of the deposited cadmium may be absorbed over the weeks following a
single dose (Friberg et al., 1985; cited by IPCS, 1992). An absorption efficiency of 40% via the
lungs in dogs was calculated (Friberg et al. 1974; cited by Mennear, 1979). Elinder (1976; cited
by IPCS, 1992) calculated that 50% of the cadmium inhaled via cigarette smoke could be
absorbed, based on data on organ burdens of cadmium and smoking history.

6.1.1.2 Intestinal Tract

Gaston rats receiving a single oral dose of cadmium by intubation retained only 1% of the
dose in the liver and 1% in the kidney, while 96% was excreted in the feces within 2 weeks of
exposure (Decker et al., 1957; cited by Mennear, 1979). Mice absorbed 0.5 to 8% of an oral dose
by intubation within 4 hours (Cotzias et al., 1961; cited by Mennear, 1979). The average
absorption of ingested radioactive cadmium in humans was 5% based on limited observation
(Kitamura, 1972; Rahola et al., 1972; Yamagata et al., 1974; Flanagan et al., 1978; all cited by
IPCS, 1992). Gastrointestinal absorption of cadmium chloride in hamsters was very slow, with
only 1% of a 3-pg dose absorbed 24 hours after oral administration in an aqueous solution (DFG,
1993). Ingested inorganic cadmium compounds are absorbed and distributed differently than
metallothionein-bound cadmium. Mice have lower levels of cadmium in blood and liver and
higher levels in the kidneys following exposure to cadmium-thionein compared to cadmium
chloride (Cherian et al., 1978; cited by IPCS, 1992). Absorption of cadmium through the
intestinal tract increased up to 3-fold in animals on diets low in cadmium and protein (Friberg et
al., 1974, 1975; both cited by IPCS, 1992). A deficiency in iron caused increased absorption of
cadmium in animals (Hamilton and Valberg, 1974; cited by IPCS, 1992) as well as in humans
(Flanagan et al., 1978; cited by IPCS, 1992).

6.1.1.3 Skin
Application of a solution of soluble cadmium compounds led to a 1.8% penetration
through the skin over 5 hours (Skog and Wahlberg, 1964; cited by IPCS, 1992).

6.1.2 Distribution

The liver and renal cortex of exposed animals have the highest concentration of cadmium,
although distribution does vary with the mode of administration (IPCS, 1992). Concentrations of
cadmium in the liver increase first in animals exposed to either a single or repeated dose,
followed by a slow increase in the concentration in the kidneys (Gunn and Gould, 1957; Friberg
et al., 1985; both cited by IPCS, 1992). A subcutanous injection leads to an 11-fold preference
for deposition in the liver, whereas an oral administration is partitioned equally between the liver
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and the kidneys (Nomiyama et al., 1976; cited by IPCS, 1992). Humans have a similar
distribution pattern, with cadmium being stored primarily in the liver and the kidneys, especially
in the renal cortex of previously unexposed people (Friberg et al., 1974; cited by IPCS, 1992).
Brain, bone, and fat have the lowest concentrations (Sumino et al., 1975; Cherry, 1981; both
cited by IPCS, 1992). High concentrations of cadmium are seen in the liver and kidneys of
humans who work with cadmium or are exposed to high levels. The relative liver or kidney
concentrations are determined by the individual duration and magnitude of exposure, and by the
efficiency of the renal function (Friberg et al., 1974, 1985; both cited by IPCS, 1992).

6.1.3 Metabolism

Immediately after parenteral administration to dogs, cadmium is found mostly in the
plasma (Walsh and Burch, 1959; cited by IPCS, 1992). In the first hours after injection, plasma
levels decrease rapidly. After 24 hours, less than 1% of the initial level of cadmium remains,
and this value continues to decrease very slowly (IPCS, 1992). During the rapid initial decrease,
cadmium in mice is bound to plasma proteins with molecular weights of 40,000 to 60,000.
During the slower decrease, cadmium binds to a low molecular weight (LMW) protein. The
40,000- to 60,000- da protein is probably albumin, whereas the LMW protein is the same size as
metallothionein (Nordberg, 1978; cited by IPCS, 1992). The metallothionein plasma
concentration increased in rats given cadmium chloride in saline as 40 injections (five injections
per day) containing 0.12 mg/day (0.65 pmol/day) (Vander Mallie and Garvey, 1979; cited by
IPCS, 1992), suggesting that the LMW protein that binds cadmium is likely to be
metallothionein. Measurable levels of metallothionein have been found in human plasma
(Nordberg et al.,1982; cited by IPCS, 1992).

Divalent metals such as cadmium and zinc induce metallothionein (MT). In all mouse
strains studied, the MT-I isoform represented over 88% of the MT found in liver 24 hours after
ingestion of zinc or cadmium. MT-I and MT-II are the two major isoforms of MT found in
mammalian liver (Kloth et al., 1995) and MT-II is the major isoform in most species except for
dog and mouse (Chan and Cherian, 1993; cited by Kloth et al., 1995).

Nordberg (1972; cited by Mennear, 1979) and Tanaka et al. (1975; cited by Mennear,
1979) both kypothesized that metallothionein mediates the transport of cadmium from the liver
to the kidneys. The theory was supported by the observations that metallothionein appeared in
blood (Nordberg et al., 1971b; cited by Mennear, 1979), and that intravenous (i.v.)
administration led to accumulation of metallothionein in the kidneys of mice (Nordberg et al.,
1975; cited by Mennear, 1979) and rats (Tanaka et al., 1975; Cherian and Shaikh, 1975; both
cited by Mennear, 1979).

Glomerular filtration rapidly clears metallothionein-bound cadmium in the plasma, which
can then be reabsorbed in the renal tubules or excreted in the urine (Cherian and Shaikh, 1975,
Nordberg et al., 1975; Webb and Etienne, 1977; Fowler and Nordberg, 1978; all cited by IPCS,
1992). Metallothionein has a protective role in cadmium toxicity as demonstrated in animal and
in vitro studies (Cherian and Nordberg, 1983; cited by IPCS, 1992). Subcutaneous injection of
mice with metallothionein isolated from rabbit and mouse liver resulted in acute renal tubular
cell toxicity (Nordberg et al., 1975; cited by IPCS, 1992). Templeton and Cherian (1991; cited by
Miiller et al., 1994) interpreted these apparently disparate results as meaning that intracellular
MT protects against cadmium exposure while toxicity results from extracellular MT.
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Metallothionein with different ratios of cadmium and zinc produces renal tubular cell toxicity
proportional to the cadmium content (Suzuki, 1982; cited by IPCS, 1992). Parenterally
administered cadmium-metallothionein is thought to enter the proximal renal tubular cell linings
and to be degraded in the lysosomes, releasing cadmium into the cytosol. This results in cellular
degradation and necrosis (Cherian et al., 1976; Fowler and Nordberg, 1978; Squibb et al., 1982,
1984; all cited by IPCS, 1992).

Cadmium stimulates release of calcium in a manner that is very specific for divalent
metals. Like calcium-mobilizing hormones, cadmium and other active metals cause an
immediate and marked production of inositol triphosphate and other second messengers in a cell-
specific manner. The action of these metals appears to occur at an external site via a sialoprotein
(Smith et al., 1989a, b, 1992; Dwyer et al., 1991; Chen and Smith, 1992; all cited by Smith et al.,
1994). These observations suggest that cadmium interacts with an orphan receptor to stimulate
calcium mobilization (Smith et al., 1994).

6.1.4 Excretion

Mice given s.c. injections of cadmium for 24-25 weeks had a daily urinary excretion of
cadmium representing 0.01-0.02% of the total body burden (Nordberg, 1972; cited by IPCS,
1992). After oral administration to rabbits and monkeys (Nomiyama and Nomiyama, 1976a, b;
Nomiyama et al., 1979, 1982a; all cited by IPCS, 1992) similarly low urinary excretion rates
were observed. Urinary excretion in humans increases with age in a manner that coincides with
increasing body burden (Katagari et al., 1971; Tsuchiya et al., 1976; Elinder et al., 1978; Kowal
et al., 1979; all cited by IPCS, 1992). Higher urinary excretion is seen in smokers (Elinder et al.,
1978; Kowal et al., 1979; both cited by IPCS, 1992). Fecal excretion accounts for a few percent
of the dose in the first few days following injection (Friberg et al., 1974; cited by IPCS, 1992),
and is initially higher than urinary excretion following administration of a single or repeated dose
(Nomiyama, 1978; cited by IPCS, 1992). Gastrointestinal excretion is higher than urinary
excretion during and after parenteral exposure to cadmium (Nordberg, 1972; Elinder and
Pannone, 1979; both cited by IPCS, 1992). Cadmium is also found in hair and breast milk (Anke
et al., 1976; Schroeder and Balassa, 1961, cited by IPCS, 1992), although these excretion routes
represent a minimal amount when compared with total excretion.

In order to assess the effect of exposure withdrawal in correcting elevated proteinuria, a
reinvestigation of a study of male alkaline battery workers was completed by Dewell (1996).
Starting in 1968, workers with elevated proteinuria were removed from exposure to cadmium.
Cadmium levels in urine (CdU) were reported for workers at two stages: prior to their
withdrawal from cadmium exposure, and after re-employment elsewhere in the company
(Adams, 1979; cited by Dewell, 1996). A two-year decrease in CdU levels was found when
workers weie removed from cadmium exposure. But the initial decrease was followed by a
leveling off at a steady rate of decrease. In the reinvestigation, Dewell (1996) concluded that the
decline in CdU levels in workers removed from cadmium exposure does not differ (except in the
initial two-year period) from that of workers still exposed to cadmium.

6.2 Pharmacokinetics

The biological half-times in various animal species range from weeks to two years (IPCS,
1992). When one human received radioactive cadmium and was examined for the stable and
radioactive isotopes after administration, a half-time of 26 years was reported (Shaikh and
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Smith, 1980; cited by IPCS, 1992). Half-times of 93 to 202 days were reported in three similar
studies that followed subjects for approximately 100 days (Rahola et al., 1972; Flanagan et al.,
1978; McLellan et al., 1978; all cited by IPCS, 1992).

Half-times in various organs were calculated based on data from Japan on the
accumulation of cadmium with increasing age and a series of one-compartment mathematical
models (Tsuchiya et al., 1976; cited by IPCS, 1992). Cadmium in the kidneys had an estimated
half-time of 17 years, while the half-time of cadmium in the liver was 7 years. When an 8-
compartment model was used, the half-times were reported to be 12 years in the kidney and 7.5
years in the liver (Kjellstrém and Nordberg, 1978; cited by IPCS, 1992). An autopsy study
found the longest half-time in the muscle tissue (Kjellstrém, 1977; cited by IPCS, 1992). The
biological half-time may be different following high cadmium exposure compared to normal
environmental exposure (IPCS, 1992). Cadmium workers were examined by in vivo neutron
activation analysis during a 3- to 4-year period following exposure. The half-time for cadmium
in the liver was 2 years in three workers showing proteinuria, while nine workers with no
proteinuria had an average liver half-time of 13.5 years. The biological half-time for cadmium is
always shorter when there is renal tubular dysfunction (Fletcher et al., 1982; cited by IPCS,
1992). The half-time of cadmium in the blood of five smelter workers who were exposed to high
levels of cadmium was determined by repeated analysis carried out over a 10- to 13- year period.
The half-time of cadmium in blood had short-term (75-128 days) and long-term (7.4-16 years)
components (Jarup et al., 1983; cited by IPCS, 1992).

6.3 Dietary Cadmium

One study (Sell and Ilic, 1994) suggests that dietary cadmium may affect the progression
of liver tumors in mice. Groups of hepatitis B transgenic mice were administered a diet with
high (5 pg/g) or low (<0.05 pg/g) levels of cadmium for up to 20 months. The liver tumor
incidence was similar in groups given both levels of cadmium, but male mice fed the high
cadmium diet had more poorly differentiated liver tumors than the group given the low cadmium
diet. This result indicates that dietary cadmium may influence the progression of liver tumors.

7.0 MECHANISMS OF CARCINOGENESIS
7.1 Metallothionein
7.1.1 Metallothionein and Cadmium Sensitivity

Metallothionein (MT) protects against carcinogenesis by sequestering cadmium. The
species differences in the carcinogenicity of cadmium may be attributable to differences in the
baseline levels and inducibility of MT. An interspecies comparison of MT in the lung of animals
that inhaled cadmium chloride aerosols indicates that the MT level may help account for
observed species differences in lung cancer induction by cadmium. Rats and mice were exposed
to cadmium chloride aerosols of 100 pg/m’® for 4 weeks. MT was then analyzed in the lung and
free lung cell homogenates, and analyzed in the lung by immunocytochemistry. Cadmium
retained in the lung after 4 weeks was also determined. The retained cadmium was greater in
mice than in rats. The MT levels were significantly greater in the mouse lung than in the rat lung;
the mouse lung showed a greater MT induction after cadmium exposure, and displayed a greater
baseline MT level than the rat lung (Oberdérster et al., 1994).
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A later study also examined MT induction in rats and mice after inhalation of cadmium
(Kenaga et al., 1996). Fischer 344 rats and B6C3F, mice were exposed to cadmium chloride
aerosols of 0, 30, 50, and 150 pg/m® air (rats) or 0, 10, 30, and 100 pg/m’ air (mice) for 4 weeks.
At increasing times after exposure (1, 30, 133 days), MT, cadmium, and immune cells were
analyzed in lung lavagate and lung tissue. A dose-dependent inflammatory response was
observed in both species. This response persisted in mice exposed to the highest concentration,
but did not persist in rats throughout the observation period. Cadmium retention in the lung was
also significantly greater in mice than rats. Mice were found to have a greater pulmonary
baseline of MT than rats, and mice maintained induced MT levels for a longer period than rats.

The sensitivity to cadmium-induced necrosis seems to be due to a reduced capacity to
produce MT. Human hepatocellular carcinomas also have low levels of MT expression, which
suggests that the tumors might be sensitive to cadmium (Waalkes et al., 1996).

7.1.2 Gene Activation

Tissue specific metallothionein gene activation could correspond to susceptibility to
carcinogenesis following cadmium exposure. Prostate tumors observed in rats chronically-
exposed to cadmium occurred exclusively within the ventral lobe; no tumors were detected in the
dorsolateral lobe (Waalkes et al., 1988, 1989; Waalkes and Rehm, 1992; Hoffmann et al., 1985a,
b, 1988; Shirai et al., 1993; all cited by Coogan et al., 1995). MT gene activation was quiescent
in the ventral prostate of the rat, while the MT gene was active in the dorsal prostate (Coogan et
al., 1994). Neither MT-I nor MT-II expression increased in response to cadmium treatments in
the rat ventral prostate. High basal levels of expression of MT-I and MT-II in the rat dorsolateral
prostate were not further increased by cadmium exposure (Coogan et al., 1995). Cadmium in
rodents also targets the testes, where interstitial cell tumors can occur at high incidence following
a single injection. Metal induction stimuli have no effect on the MT gene in testes. Inhalation of
cadmium results in carcinogenicity in a species-specific manner, with less pulmonary MT
expressed in susceptible rats than in resistant mice (Cherian et al., 1994).

7.1.3 DNA Damage
A concentration-dependent increase in DNA strand breaks was observed when

cadmium/zinc-metallothionein (Cd/Zn-MT) was incubated with supercoiled DNA, but not when
Cd or Zn ions alone were added to the DNA (Miiller et al., 1994). Since both agents that alkylate
the thiol group and the divalent cation-scavenger EDTA could inhibit DNA fragmentation, it
seems likely that the Cd/Zn-MT complex itself is involved in the induction of DNA breaks
(Miiller et al., 1994). A known hydroxy radical scavenger, benzoate, and an unspecific radical
scavenger, o.-tocopherol, were able to inhibit MT-dependent DNA strand breaks. When Cd/Zn-
MT was mixed with a spin-trapping agent, typical electron spin resonance (ESR) signals were
detected. These results suggest the generation of a radical by Cd/Zn-MT (Miiller et al., 1994).

7.1.4 Proto-oncogenes

The activities of c-myc and c-jun, the proto-oncogenes, are induced by cadmium (Jin and
Ringertz, 1990; cited by Abshire et al., 1996a). These inductions are prevented by pre-
incubation with zinc ions (Abshire et al., 1996b). Zinc pre-incubation increased MT protein
levels 5-fold and this is thought to be the mechanism. The induction of proto-oncogenes by
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cadmium was blocked, presumably by the 5-fold increase in MT protein levels caused by zinc
pre-incubation (Abshire et al., 1996b). Cadmium-treated cells injected in nude mice induced
large, rapidly growing tumors, but the transformation was not associated with increased
expression of proto-oncogenes and the MT levels were not reported (details in section 4)
(Abshire et al, 1996a).

7.2 Cell Signaling

Cadmium stimulation through the putative orphan receptor (section 6.1.3) leads to
activation of protein kinases, which may be the means by which cadmium induces proto-
oncogenes as described above. The estrogen receptor can be specifically activated by cadmium
through its hormone binding domain, which suggests that cadmium exposure could result in an
increased risk of breast cancer (Stoica et al., 1996).

7.3 Free Radical Formation

Cadmium can restore DNA binding in the zinc finger of the human estrogen receptor
after the zinc has been removed. Zinc fingers are DNA-binding proteins that can act as ligand-
induced transcription factors. The estrogen receptor zinc finger has a similar affinity for its
specific DNA oligonucleotide whether zinc or cadmium is used to restore DNA binding. When a
redox metal such as iron is used to replace the zinc, free radicals are formed. This would be a
mechanism for DNA damage, especially considering the proximity of the zinc finger to DNA
(Sarkar, 1995).

Shen and Sangiah (1995) found that the indices of hydroxyl free radicals, 2,5-
dihydroxybenzoic acid and 2,3-dihydroxybenzoic acid, were significantly increased in mouse
testes following 5 days of cadmium chloride exposure. Pretreatment with vitamin E significantly
reduced the induction of free radicals. The testicular GSH content and the ratio of reduced
glutathione to oxidized glutathione (GSH/GSSG) were decreased following cadmium chloride
treatment of mice (Shen and Sangiah, 1995).

Oxidative stress was observed in testicular Leydig cells twelve hours after exposure to
cadmium ckloride. Lipid peroxidation levels, iron content, and cellular production of hydrogen
peroxide were all found to be elevated (Koizumi and Li, 1992). The Leydig cells in the testis are
the target for cadmium carcinogenesis. As oxidative stress was induced in Leydig cells, the
cellular defense mechanisms were compromised as glutathione reductase and catalase activities
were reduced and glutathione peroxidase activity was increased. The superoxide dismutase
activity in Leydig cells did not change, but the xanthine oxidase activity was found to be
increased 6 to 9 hours after the exposure (Koizumi and Li, 1992). These observations suggest
that cadmium carcinogenesis in target cell populations such as testicular Leydig cells could be
initiated in part by active oxygen species such as H,0, (Koizumi and Li, 1992).
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