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Abstract

Lung cancers are significantly increased among workers exposed to chromate (Cr®, Cr*"), chromium pigments (Cr®") and
chromium plating (Cr®"). Chromium lung burdens and cancer risk increase proportionately with duration of employment at
long latencies. However, this epidemiologic information alone is insufficient in determining whether Cr® or Cr** are equally
important in causing cancer. We have attempted to combine epidemiologic data with data from the Drosophila melanogaster
somatic-mutation-recombination-test and from the in vitro electron-spin-resonance spectroscopy study to demonstrate that fol-
lowing somatic recombination plays a more important role than somatic mutation in chromium carcinogenesis. Cr*" is more
important than Cr** or Cr®" in inducing somatic recombination while Cr®* produces more and bigger clones than Cr*" in so-
matic mutation. Cr** produces negative results in this fruit-fly wing-spot-assay. When the larvae and flies exposed to Cr®" and
Cr*" are examined by ESR, only Cr** and Cr** are found. Thermodynamic parameters AE, AH, and AS are also estimated from
these latter experiments to explain the relative importance of Cr®*, Cr*", Cr** in chromium carcinogenesis among exposed in-
dustrial workers. (Mol Cell Biochem 222: 6168, 2001)

Key words: fruit fly, somatic-mutation-recombination test, electron-spin-resonance-spectroscopy, epidemiolog, chromium car-
cinogenicity

Introduction

Favorable physicochemical properties of chromate compounds
(e.g. color, malleability, ductility, and tensile strength) have
led to extensive use of this metal in various industries in-
cluding chromate production, chromate pigment produc-
tion, chrome plating, stainless steel welding, ferrochrome
alloy production, and leather tanning. Epidemiologic stud-

ies of workers in various chromium processing and manufac-
turing industries have revealed significantly elevated cancer
incidence and mortality rates for cancer sites including lung,
nasopharyngeal and urinary bladder. Lung cancer mortality
rates increase among chromate production workers exposed
to Cr®*/Cr** and among chromate pigment workers exposed
to Cr¢". Chrome platers similarly exposed to Cr®" and nickel
(Ni?") likewise have significantly elevated lung cancer risks.
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Stainless steel and ferrochrome workers have high Cr**, Cr°
exposures and to a lesser extent Cr* exposures. However,
associations between exposure and lung cancer among these
stainless steel and ferrochrome workers are inconclusive if
based on surrogate measures of exposure intensity. In other
words, thus far it is unlikely that carcinogenic potentials of
Cr**and Cr° can be specifically quantified from existing co-
hort data sets solely using epidemiologic methods. Likewise,
cancer epidemiologic studies of smelter workers with expo-
sures to Cr®, Cr**, Cr and lanthanum, La*" are burdened by
multiple confounders. The same can be said for studies of foun-
dry workers exposed to particulate matter and Cr**, Cr’.

Despite this there seems little doubt that chromium is car-
cinogenic with increased risk among exposed workers based
on duration of employment. Biopsies of tissues from work-
ers and autopsies of workers who have died of lung cancer
also show accumulated chromium loads with increasing
employment duration in chromium production and process-
ing. Analyses of exposure data by time from first exposure
and total exposure duration show that lung cancer increases,
but with long latency times.

Reasoning from cell physiology, Cr®* is readily taken up
in cells where it is believed to be reduced to lower valence
states (Cr**, Cr*") prior to exerting its genotoxic effects.
Neither pentavalent nor tetravalent chromium interacts di-
rectly with DNA, but rather interacts with hydrogen perox-
ide to yield highly reactive hydroxyl free radicals. While
hydroxyl free radicals likely are the ultimate mutagens, it is
not known if Cr>* or Cr* is the penultimate mutagen.

Since hexavalent chromium is rapidly converted in the
lung to insoluble trivalent chromium, one questions whether
the trivalent compound is equally carcinogenic. Thus, the
potential carcinogenicity of hexavalent vs. trivalent chro-
mium of exposed industrial workers is a research concern for
industry and public health officials.

This paper reports on the evaluation of Cr®, Cr* and Cr**
for genotoxic effects in somatic tissue of the fruit fly, Dro-
sophila melanogaster. The results suggest that Cr** is highly
genotoxic in flies via induction of mitotic recombination. Mi-
totic recombination leads to a loss-of-heterozygosity in an or-
ganism, which is suspected of playing a major role in the
development of human cancers [1-5].

Materials and methods

Somatic mutation and recombination Test of Drosophila
melanogaster

The somatic mutation and recombination test of Drosophila
(i.e. somatic wing spot assay) was developed in the 1980s to
provide researchers with a rapid and inexpensive assay for
genotoxicity in somatic cells of higher eukaryotes [6—7].

Details of the assay can be found in Graf et al. [6]. The assay
can detect a variety of genetic alterations, including gene
mutations, deletions, aneuploidy/segmental aneuploidy and
mitotic recombination. The detection of mitotic recombi-
nation is an important feature of the assay since mitotic re-
combination can lead to loss-of-heterozygosity [3—10]. The
assay utilizes two loci located on the left arm of chromo-
some 3 — mwh (multiple wing hair) and flr* (flare). Both
loci influence development of hair growth in each adult
wing blade cell. An induced genetic alteration in a devel-
oping wing disc cell of a treated larva can result in a clone
of cells possessing malformed hairs (i.e. a spot) on the adult
wing blade.

Larvae exposed to a test substance are allowed to develop
into adults, then their wings are removed and mounted in mi-
croscopic slides for scoring at 400x magnification. Three
endpoints are distinguished in the assay: (1) small single spots
of either mwh or fIr* phenotype, which consist of just 1-2
cells; (2) large single spots of either mwh or fIr* phenotype,
which consist of 3 or more cells; and (3) twin spots, which
consist of adjacent mwh and fIr* spots. While small and large
single spots can arise from a variety of genetic alterations,
twin spots result solely from mitotic recombination. The vast
majority (90-95%) of spontaneously arising spots on wings
of negative control flies are of the small single type while
large single spots and twin spots account for the remaining
5-10% of negative control spots.

Experimental and statistical methodology

Virgin females of genotype mwh were mated to males of geno-
type fIr*/TM3, Ser. The fIr* allele is a homozygotic lethal main-
tained in a heterozygous state by using the multiply inverted
third chromosome balancer 7M3, which also contains the
dominant wing mutation Ser (serrate). Female parental flies
lay eggs for an 8-h interval on standard fly media in glass bot-
tles. The parents were then removed and eggs allowed to con-
tinue normal development. Approximately 72 h after beginning
egg-laying, the bottled 3rd instar larvae were collected, washed
and randomly allocated to different treatments.

All treatments included feeding larvae for 6 h with a neu-
tral cellulose powder or a test substance mixture both wet-
ted with distilled water to form a slurry. Test substances
included K Cr,0. and GSH-Cr* evaluated at 20 and 40 mM
concentrations, and CrCl, evaluated at 40 mM. This latter
acute exposure treatment was used to overcome insolubil-
ity of GSH-Cr*" in water. The negative control treatment was
plain cellulose powder with water. Larvae were then collected
after 6 h, washed and placed in glass vials containing Instant
Drosophila Medium (Carolina Biological Supply Co., Bur-
lington, NC, USA) wetted with distilled water. Following ap-
pearance in the vials, adult flies were removed and stored in



70% ethanol until needed. Culturing of strains and all experi-
mental procedures were conducted at 25°C.

Experimental matings produced two types of progeny: (1)
trans-heterozygous flies (mwh flr*/mwh* fIr®) identified as
adults by their wild-type (non-Serrate) wings, and (2) inver-
sion-heterozygous flies (mwh/TM3, Ser) identified by their
Serrate wings. While all three endpoints (small singles, large
singles and twin spots) develop on wings of the trans-hetero-
zygous flies, only small and large mwh single spots develop
on wings of inversion-heterozygous flies. This is because
only mwh spots can occur in inversion-heterozygous flies
since fI7° is not present in the strain, and furthermore, mitotic
recombination is suppressed by the multiple-inverted 7M3
chromosome. Among trans-heterozygous flies, 40 negative
control wings were scored along with 20 wings from each
mutagen-treated group. For inversion-heterozygous flies, 20
wings were scored for effects of the 40 mM treatments with
K,Cr®,0, and GSH-Cr*.

Statistical analyses were conducted for tested endpoint
variables. Data analysis yielded mean, range and standard de-
viations of spots observed in treated and negative control
trans-heterozygous wings. Then a multiple-decision method-
ology described by Frei and Wiirgler [8] was applied to these
descriptive statistics determining the test mutagen’s capac-
ity to induce specific endpoints as either (1) positive, (2)
weakly positive, (3) inconclusive or (4) negative. Statistical
significance was assessed at the p = 0.05 level.

Electron spin resonance or paramagnetic resonance
spectroscopy

Following 6 h feeding of 3rd instar larvae that included test
substances Cr®", Cr*, Cr**, some larvae were collected, washed
and preserved in chloroform for later ESR analysis. Cr** sig-
nals can be measured on a Varian E-109E EPR spectrometer
(9.6 GHz, X-band) since the machine can detect a wide ‘scan’
range (2000 gauss) with relatively high sensitivity. Spectrom-
eter settings were: magnetic field, 3240 gauss; incident mi-
crowave power, 5 mW; modulation frequency, 100 kHz; and
modulation amplitude, 2.0 gauss. Cr** and Cr** were a flat cell
assembly. The settings were: receiver gain, 3.2 x 10%; time
constant, 0.3 sec; incident microwave power, 20 mW; modu-
lation amplitude, 4.0 G; center field, 3,520 G; sweep width,

Table 1. Parameters of the ESR analyses

Modulation
amplitude

Ionic  Centerfield  Range Modulation
species frequency

Cr¥* 3520 gauss
Cr* 3520 gauss
Cr* 3520 gauss

2000 gauss 100 kHz (9.6 GHz) 2.0 gauss
400 gauss 100 kHz (9.6 GHz) 4.0 gauss
425 gauss 27 kHz (1.2 GHz) 0.2 gauss
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400 G for Cr* and 2,000 G for Cr**. Settings for the Cr**
measurements were:1.2 GHz, L-band; 425 gauss, magnetic
field; incident microwave power, 30 mW; scan time, 1 min;
and modulation frequency, 27 kHz [6—8]. A summary of the
ESR study parameters is presented in Table 1.

Results

Somatic mutation and recombination test

A summary of genotoxic effects in trans-heterozygous fruit
flies for various valences of chromium is presented in Table
2. Numbers and means of observed spots per wing are listed
for endpoints (types of spots) at each test compound concen-
tration. Cr® was a positive inducer of all endpoints at high
and low dose concentrations.

Similarly, Cr** was found to be a positive inducer of all
three endpoints at the higher concentration, but was judged
inconclusive for inducing small and large single spots at the
lower concentration. However, Cr** was a positive inducer
of twin spots at the lower concentration. Findings that Cr¢*
and Cr* induce twin spots demonstrate that chromium in
these valence states induce mitotic recombinations. Cr** was
inconclusive for inducing small, large single and twin spots.
In other words, there was no Cr** induced-somatic-mutation
or mitotic-recombination.

These above results will now be interpreted in light of es-
tablished principles of biochemical reaction kinetics. It is well
known that in a series of reactions, if the concentration of
intermediate chemical species, e.g. in this case Cr*" markedly
increases above the concentration of the initial chemical re-
actant species (Cr®), there will be a corresponding faster and
more concentrated buildup of the terminal product (somatic
recombination) compared to the initial reactants.

Table 2. Frequency N and means per wings of induced spots in treated trans-
heterozygous (mwh flr*/mwh* fIr’) flies*

Treatment Wings, Small spots Large spots Twin spots
dose number N perwing N per wing N per wing
H,0 40 5 0.125 1 0.025 00
Cr*, K,Cr,0,
40 mM 20 20 1.00 (POS) 82 4.10 (POS) 66 3.30 (POS)
20mM 20 9 0.45(POS) 39 1.95(POS) 53 2.65(POS)
Cr**, GSH-Cr
40 mM 20 22 1.10 (POS) 23 1.15(POS) 26 1.30 (POS)
20mM 20 5 0.25(INC) 5 0.20(INC) 8 0.45(POS)
Cr, CrCl,
40 mM 20 3 0.I5(INC) 1 0.05(INC) 0 0

*Comparison of statistical significance between H,O-negative-control flies
vs chromium treated flies where POS = positive result or INC = inconclu-
sive result.
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Table 3. Total wing spots in trans-heterozygous flies (mwh flIr*/mwh* flr?)
treated with Cr®* and Cr*

Table 5. Estimated thermodynamic parameters for activation of chromium:
AE = AH + TAS; or AS = 1-200 cal/mole-degree

Treatment Total number spots Mean number spots/wing AE AH AS

40 mM Cro* 168 8.40 cal/mol 3-4000 660 1-200
20 mM Cro* 101 5.05

40 mM Cr** 71 3.55

20 mM Cr** 18 0.90

Cr* & Cr’* & Cr* < somatic recombination

somatic mutation

The total number of wing spots induced by Cr®" and Cr** treat-
ments at 20 and 40 mM in trans-heterozygous flies are sum-
marized in Table 3. It shows that Cr®" induced 8.40 spots per
wing at 40 mM and 5.05 spots per wing at 20 mM, a 1.66
increase in mean spots per wing (i.e. 8.40/5.05 = 1.66 more
for the higher treatment concentration. On the other hand,
there was a 3.94 mean increase of Cr** induced spots (3.55/
0.90 = 3.94) comparing the ratio of higher vs. lower treat-
ment concentrations. The higher ratio of response associated
with Cr** over Cr® with a doubling of mutagen concentra-
tion treatments and Cr** ability to increase twin spots or so-
matic recombination, therefore loss-of-heterozygosity contrast
the results from Cr®" treatment. These two observations sug-
gest that Cr** is the penultimate genotoxic/carcinogenic agent.

A wing scoring summary of inversion-heterozygous flies
treated with Cr®" and Cr** is presented in Table 4. Only small
and large single spots of phenotype mwh can arise in these
flies (fIr* single spots and twin spots are not possible). For
comparison purposes, the number of mwh single spots ob-
served in trans-heterozygous flies are also presented, along
with the total number of mwh single spots observed in the two
strains.

The smaller number of mwh spots observed in inversion
heterozygous flies compared to those in trans-heterozygous
flies is due to suppression of mitotic recombination in the
inversion-heterozygous strain. This is evidenced by a 91.5%
reduction in mwh single spots induced by Cr®* between the
two strains [i.e. 1 —(7/82) = 0.915] and a similar 85.4% re-
duction observed for Cr**-induced spots. Similar results [6]
were previously reported for Cr®* in the wing spot assay.

Table 4. Mwh wing spots in inversion-heterozygous and trans-heterozygous
flies treated with 40 mM Cr®* and Cr**.

Strain Mutagen  No. Small Large Total
wings spots  spots  spots
Inversion-heterozygous ~ Cr®* 20 7 0 7
(mwh/TM3, Ser) Cr* 20 5 1 6
Trans-heterozygous Cré* 20 16 66 82

(mwh flr*/mwh* fIr%) Cr* 20 21 20 41

Hence, one can infer that the majority (~90%) of single spot
induction by Cr®* and Cr*" in trans-heterozygous flies arise
from mitotic recombination as opposed to somatic mutation.

Thermodynamic parameters estimated from larval ESR
spectra [11—13]

The estimated energy changes associated with the reduction
mechanism of chromium ions (Cr** = Cr** = Cr* = Cr’*)
within cells is shown in Table 5.

Eight vials of Drosophila larvae exposed to 40 mM
K,CrO,, 40 mM CrCl,, and H,0 for 1, 3, and 6 h. ESR spec-
tra of the larvae are plotted on premium quality bond paper.
Peaks above background tracing are cut out and weighed.
Density and thickness of the paper cutouts are assumed to be
constant throughout. Therefore, the weight ratios of peaks
become an appropriate estimate of the ratio of integrated areas
under the ESR spectra. Larvae exposed to K,CrO, for 1, 3 or
6 h have, respectively, values of 0.1, 0.07 and 0.04 g. Linear
regression of decrease in concentrations of Cr>* in larvae
exposed to Cré gives the following estimates: a = 0.0296, b
=8.93 x 10*,y=0.95. For larvae exposed to CrCl, for 1 and
3 h, the estimates are 0.06 and 0.08 g. Linear regression analy-
sis yields estimates of: a=0.0098,b=9.16 x 10*,y=0.818.

An estimate of the ratio of kinetic constants of forward and
backward reactions leading to the disappearance of paramag-
netic radicals (Cr’* = Cr*', Cr** = Cr’") is obtained by di-
viding the constant ‘a’ of 2 linear regression coefficients
0.0098/0.0296 = 0.3, or 30.2%/h. This estimate is comparable
to in vivo rodent data [14], where formation-half-life of Cr®*
= Cr** paramagnetic species was reported as 37 min. In other
words, Q,, for the elimination of paramagnetic radical Cr’* is
between 12 in living organisms, assuming a rodent body tem-
perature of 30°C and Drosophila body temperature of 20°C.

Van’t Hoff’s equation states: dInK/dT = AH/RT?;

InK = —-AH/RT, where R =2.3; T =298, and AH is
estimated to be 656.7 cal/mole

From an earlier estimate [9], the formation of the paramag-
netic radical Cr* from Cr*® is AE = RT In K, where R = 2.3,
T=303,and K= 1.5 x 102, which yields: AE = 3—4 Kcal/mole
for formation of Cr** at g=1.9950, and probably 1.9793. This
amount of change in free energy is less than that released from
the hydrolysis of high energy bonds in reactions involving
ATP/GTP, 7-10 Kcal/mole; GSH, 10 Kcal/mole; or NADH/



NADPH, 12 Kcal/mole. A coupled reaction involving either
high energy compounds such as glutathione or NADH would
provide sufficient free energy to drive the ion reduction, Cr*
= Cr™ = Cr* to completion. Now an estimate can be made
of how these energy changes relate to the location and reduc-
tion mechanisms of chromium ions inside cells, i.e. Cr*® =
Cr*® = Cr*™. These estimates suggest how xenobiotics such
as chromium ions enter cells and become detoxified or acti-
vated. The suggested thermodynamic parameters presented
here identify the location of such reactions, whether they
occur inside the nucleus, an organelle or in the cytoplasm.
Our modelling indicates that major proportion of free energy
change in mediating chromium ion reduction is provided for
by the decrease in cellular entropy as chromium is now re-
stricted inside the cell. The decrease in entropy is close to
1-200 cal/mol.deg. The consumption of free energy in the
chromium reduction is even higher than the 7 kcal/mole of
energy used by ATPase in the Na*-K* pump at the plasma
membrane. This energy is needed to keep a pentavalent
cation Cr* inside the cell in combination with the coenzyme
NAD or a tetravalent Cr* in combination with glutathione
since chromium is no longer in the form of the divalent anion
Cr,0,>". Moreover, neither our modelling or any evidence
from molecular kinetics suggest that a specific enzyme is
needed to drive the Cr*® = Cr*® = Cr* = Cr* series of re-
duction reactions. Rather now it appears that activated chro-
mium ions can be cytotoxic in the Cr* state in the cytoplasm
or genotoxic in the Cr** state.

Discussion

Epidemiology vs. in vitro experiments

Evidence from epidemiologic studies of industrial workers
strongly suggests chromate is a human carcinogen. Nonethe-
less, chromate is not mutagenic in vifro in the presence of liver
P450 nonspecific oxidase preparations and does not form
covalent bonds with DNA under physiological conditions
[22—24, 26]. This latter idea is relevant since most ambient
environmental carcinogens must be activated or metabolized
to an ultimate carcinogen[14—18, 20, 21] for carcinogenesis
to occur within exposed humans and other organisms.

Hexavalent chromium compounds are, in contrast [30], re-
duced sequentially and ultimately to a single trivalent chro-
mium compound that has much lower carcinogenic potency.
Nevertheless, a cogent theory of chromate-compound-reduc-
tion that includes hexavalent chromium Cr®" as a necessary
procarcinogen in an activation step leading to carcinogenesis
was expounded and elaborated by Wetterhahn et al. [20, 25,
27-28, 31-34] and in some of the present our work [11-14,
35-39, 41-46].
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ESR of chromium ions of different valencies [21-27]

If chromium is a human carcinogen based on epidemiologic
data, which form of chromium Cr*¢, Cr**, Cr**, or Cr* is the
penultimate or ultimate carcinogen? Cr®* is reduced by ascor-
bate, glutathione [40] and NADH/NADPH to Cr** via en-
zyme complexes such as cytochrome P450, cytochrome b,
electron transport chains and glutathione reductase. The oc-
tahedral Cr**-NADPH has a vacant site for H,O, to form a
long-lived complex, which, in turn, generates -OH radicals
in a Fenton reaction. These ‘OH radicals appear to modify
either the serum proteins, cell surface lipoproteins or glyco-
proteins leading to hypersensitivity and cytotoxic reactions.
On the other hand, they can also modify specific nucleotides,
thus affecting gene expression. Moreover, they can also ex-
cise phosophodiester bonds in DNA double helices, thus ini-
tiating carcinogenic events in target sites including upper and
lower respiratory tract and bladder in humans. NADH (or
NADPH) is 23 times more effective in forming Cr>* on a
molar basis than other potential reducing agents such as as-
corbate or glutathione. The experimental evidence underly-
ing this assertion is as follows: hyperfine splitting with 0.095
G spacing was discovered in the 9.6 GHz. X-band EPR show-
ing interactions between protons and oxygen in the diol-Cr>*
complex (g = 1.9796). This hyperfine splitting is observed
when Cr*" is in the presence of NADH/NADPH or GSH re-
ductase; but not with GSH or ascorbate.

Cr® enters the cell as CrO," via diffusion through the CI,
HCO; anionic channel. Cr*" is then reduced intracellularly,
sequentially to form Cr**, Cr*, Cr**. Changes in free energy
during formation of these paramagnetic chromium radicals
are as follows:

AE = 3-4 Kcal/mole for the formation of Cr’* at g =
1.9950, and probably 1.9793.

NADH/NADPH and GSH (reductase) are the cellular reduc-
tants [22-25]. It is by forming reactive species, especially ‘OH
ions through ‘Fenton-like’ reactions, that transcription and
replication of DNA occur, leading to cytotoxicity, hypersen-
sitivity and carcinogenesis at the organismic level [26-35,
47-56].

Similar to glutathione, ascorbate generates Cr** and Cr**
when incubated with Cr®*. In addition, carbon-centered alkyl
radicals and formyl radicals are generated simultaneously.
Electrophoretic assays show that ascorbate-derived-radicals
induce double-strand-breaks in DNA. In the circulatory sys-
tem, ascorbate is present in high concentration extracelluarly,
while glutathione and glutathione reductase [62] are present
intracellularly in higher concentrations especially at the plas-
ma membrane which facilitates uptake of amino acids or
xenobiotics like CrO,>, or Cr,0.* under the study here.

Cr* generates Cr**, -OH and OH —in the presence of H,O,.
DNA double strands breaks are also induced by the Cr**, Cr*-
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mediated Fenton-like reaction [36—52]. -OH radicals from the
reaction of H,O, with Cr*", Cr** lead to hydroxylation of 2'-
dG to form 8-OH-2'dG. The induction of double strand breaks
or modification of the heterocyclic structure of nucleotides
change the genomic sequence. These alterations can lead to
cell death or genetic expression changes. Experimental chro-
mate treatments have also been shown to inhibit cell growth
by specific blockage of the progression of cells through S-
phase of the cell cycle, that then affect cell proliferation di-
rectly via lipid peroxidation. It is likely that these changes
will also induce somatic mutations and or somatic recombi-
nations in exposed organisms leading to cancer development
[53-56].

While evidence from epidemiologic data strongly suggests
chromium is a human carcinogen, it is not known if all chro-
mium ion species are equally potent in human carcinogen-
esis. Also unknown is whether Cr** or Cr** is the penultimate
carcinogen. Also it is not yet established whether either or both
paramagnetic radicals Cr**/Cr>* are responsible for the liver
cytotoxicity and or carcinogenicity in other target organs. It is
hypothesized here that Cr>* is the hepatoxicant, while Cr**
tetravalent compound forms the penultimate carcinogen in the
upper and lower respiratory tract and the bladder.

Carcinogenicity/genotoxicity of Cr**, Cr*3, Cr**

Using surrogate prokaryote systems in human carcinogenic-
ity [57] testing ignores genomic differences between bacteria
and humans. Employing meiosis and chromosomal pairing in
rodent genetic studies also has important drawbacks, since
somatic mutation and recombination mechanisms associated
with carcinogenesis differ from recombination during meiosis
or in mutation of gametes. The best genetic experiments re-
flecting somatic cellular changes in eukaryotes are somatic
recombination and mutation studies such as reported here in
D. melanogaster[19, 51-61].

From epidemiologic studies of chromate production work-
ers, there is evidence for a carcinogenic effect but demonstrated
only after a prolonged latency from time of first exposure . This
latter finding is likely relevant to information from the ESR
data that show Cr*¢ in the presence of lysosomeal phos-
phate is converted in cells to form Cr**, Cr*s and ultimately
into relatively insoluble Cr*. Our interpretative results
from cell physiology [62] indicate that Cr*® likely enters
cells as CrO,?/Cr,O,? via an anion channel, whereas Cr*’
enters cells following phagocytosis [63] and is stored in lyso-
somes [64] in combination with the phosphate ion. In compar-
ing these mechanisms, Cr* is at least 2—3 orders of magnitude
lower in bioavailability than Cr*®[65].

Thus, potent genotoxic effects of Cr observed in D.
melanogaster somatic wing spot tests suggest that Cr** is the
penultimate (and -OH the ultimate carcinogen) in Cr®* car-

4+, 5+

cinogenesis. Moreover, this mechanism is an initiation event.
Since genetic alterations induced by Cr® and Cr*" appear to
arise from induced mitotic recombination, it is likely the ini-
tiation event in chromium carcinogenesis involves the dou-
ble strand excision of the DNA helix leading to a loss of
heterozygosity in various target sites in the nuclear genome.
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