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Abstract

Chromium (Cr) is a global marine pollutant, present in marine mammal tissues. Hexavalent

chromium [Cr(VI)] is a known human carcinogen. In this study we compare the cytotoxic and

clastogenic effects of Cr(VI) in human (Homo sapiens) and sperm whale (Physeter

macrocephalus) skin fibroblasts. Our data show that increasing concentrations of both particulate

and soluble Cr(VI) induce increasing amounts of cytotoxicity and clastogenicity in human and

sperm whale skin cells. Furthermore, the data show that sperm whale cells are resistant to these

effects exhibiting less cytotoxicity and genotoxicity than the human cells. Differences in Cr uptake

accounted for some but not all of the differences in particulate and soluble Cr(VI) genotoxicity,

although it did explain the differences in particulate Cr(VI) cytotoxicity. Altogether the data

indicate that Cr(VI) is a genotoxic threat to whales, but also suggest that whales have evolved

cellular mechanisms to protect them against the genotoxicity of environmental agents such as

Cr(VI).
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Introduction

Chromium is a marine concern. Chromium contaminated waste waters discharge into rivers

that ultimately enter the oceans and chromium contaminated air released from coastal

industries deposits in marine ecosystems (ATSDR, 2008; Neff, 2002). Recently, we

identified chromium (Cr) as a global marine pollutant, reporting that sperm whales from

around the world had measurable chromium levels. Some were remarkably high, reaching

levels previously only seen in workers that died of chromate-induced lung cancer (Wise Sr.

et al., 2009). In the ocean, Cr(VI) is the predominant state for Cr (Geisler and Schmidt,

1991, Pettine and Millero, 1990), and thus, Cr(VI) is a health threat for marine species such

as the sperm whales.

In humans, Cr(VI) is a well known health threat that damages DNA leading to lung cancer

and reproductive effects (ATSDR 2008). In marine mammals, the health impacts are

uncertain and little studied. We recently demonstrated that both particulate and soluble

Cr(VI) are cytotoxic and genotoxic to whale and sea lion cells (Wise Sr. et al., 2008; Li

Chen et al., 2009a; Wise et al., 2009; Wise Sr. et al., 2010; Wise Sr. et al., 2011).

Considered in conjunction with Cr levels in the animals, the data suggest that the whales

may be exposed to potentially genotoxic levels of Cr (Wise Sr. et al., 2008; Wise Sr. et al.,

2009; Li Chen et al., 2009a; Wise Sr. et al., 2011).

Cancer incidence in marine mammals is underestimated due to unnoticed deaths in the wild

and incomplete necropsies (Newman and Smith, 2006). Tumors have been reported in

marine mammals, especially in California sea lions (Zalophus californianus) and St.

Lawrence beluga whales (Delphinapterus leucas) (Newman and Smith, 2006). Exposure to

environmental chemicals is the primary suspected cause for tumors found in these two

species (Martineau et al., 2002, Newman and Smith, 2006, Ylitalo et al., 2005), although the

potential role of heavy metals including Cr was not investigated.

One of the two whale species high in Cr, the North Atlantic right whale (Eubalaena

glacialis) has been intensively studied on an annual basis for more than thirty years (Kraus

and Rolland, 2007). Cancers have generally not been reported in this population, which may

reflect either the very small population size, the potential for diseased animals to die at sea,

or perhaps a resistance of these animals to the genotoxic effects of Cr. Consistent with the

latter possibility, we conducted a comparative study of right whale and human cells and

found that, after correcting for differences in uptake, Cr(VI) induced significantly less

genotoxicity in the whale cells compared to the human cells (Li Chen et al., 2009b).

The sperm whale is much less understood and studied than the right whale in part because

they are more nomadic with a larger geographic range and in part because they live in

deeper waters. Tumors occur in sperm whales, but with unknown etiology (Newman and

Smith, 2006). The Cr levels observed in sperm whales were much higher than those of the
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right whale, both as a mean level (8.8 μg /g versus 7.1 μg /g) and as a range (high 122.6

μg /g versus 10 μg /g) (Wise Sr. et al., 2008; Wise Sr. et al., 2009). These high levels raise

questions about whether sperm whales have adapted cellular and molecular responses to

protect them from the genotoxicity of agents like Cr. The possibility has not been studied

before for sperm whale cells. Accordingly, in this study, we compared the cytotoxic and

genotoxic effects of Cr(VI) in primary sperm whale and human skin cells.

Materials and Methods

Chemicals and Reagents

Lead chromate (PbCrO4), sodium chromate (Na2CrO4), demecolchicine and potassium

chloride (KCl) were purchased from Sigma/Aldrich (St. Louis, MO, USA). Giemsa stain

was purchased from Biomedical Specialties Inc. (Santa Monica, CA, USA). Cytoseal 60

slide mounting medium was purchased from VWR (Bridgeport, NJ, USA). Gurr’s buffer,

trypsin/EDTA, sodium pyruvate, penicillin/streptomycin, and L-Glutamine were purchased

from Invitrogen Corporation (Grand Island, NY). Crystal violet, methanol and acetone were

purchased from J.T. Baker (Phillipsburg, NJ, USA). Dulbecco’s minimal essential medium

and Ham’s F-12 (DMEM/F-12) 50:50 mixture was purchased from Mediatech Inc.

(Herndon, VA, USA). Cosmic calf serum (CCS) was purchased from Hyclone, (Logan, UT,

USA). MycoAlert detection kits were purchased from Lonza Rockland, Inc (Rockland, ME,

USA). Tissue culture dishes, flasks, and plasticware were purchased from BD Biosciences

(Franklin Lakes, NJ, USA).

Cells and Cell Culture

We used primary sperm whale skin cells isolated from a free-ranging female sperm whale

off the coast of North Carolina previously described in Wise Sr. et al. (2011), and primary

human skin cells (BJ cells) previously described in Vaziri and Benchimol (1998). All cells

were cultured as adherent monolayers of cells and were subcultured at least once a week.

Cells were maintained in Dulbecco’s minimal essential medium and Ham’s F-12 (DMEM/

F-12) 50:50 mixture, supplemented with 15% cosmic calf serum, 2 mM L-glutamine, 100

U/mL penicillin/100 μg /mL streptomycin, and 0.1 mM sodium pyruvate. Cells were

maintained in a humidified incubator with 5% CO2 set at 33°C for sperm whale cells and

37°C for human cells. Cells were regularly tested for mycoplasma contamination. All

experiments were conducted on logarithmically growing cells with a doubling time of 24 h

for human cells and 36h for sperm whale cells.

Preparation of Chromium Compounds

Lead chromate (PbCrO4), a representative particulate Cr(VI) compound (CAS# 7758-97-6,

ACS reagent minimum 98% purity), was administered as a suspension of particles as

previously described, to ensure that cells were exposed to intact particles (Wise et al., 2002).

Briefly, PbCrO4 was weighed, suspended in deionized water and desired treatment

concentrations were made from this stock suspension. Sodium chromate (Na2CrO4) , a

representative soluble Cr(VI) compound (CAS #7775-11-3, ACS reagent minimum 98%

purity), was administered as a solution in water as previously described (Wise et al., 2002).
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Briefly, Na2CrO4 was weighed and dissolved in deionized water. Desired treatment

concentrations were made from a sterile filtered sample of the stock solution.

In accordance with the majority of the published Cr(VI) literature, treatments with

particulate Cr(VI) are presented in μg /cm2 and treatments with soluble Cr(VI) in μM. These

units reflect that fact that the lead chromate particles only partially dissolve while the

sodium chromate fully dissolves. Thus, these chemicals cannot accurately be compared

based on administered dose. Lead chromate treatment concentrations were 0.1, 0.5, 1, 5 and

10 μg /cm2, which correspond to 0.068, 0.34, 0.68, 3.4 and 6.8 μg Cr/mL, respectively.

Sodium chromate treatment concentrations were 0.1, 0.5, 1, 2.5, 5 and 10 μM, which

correspond to 0.005, 0.026, 0.05, 0.13, 0.26 and 0.5 μg Cr/mL, respectively. The best way to

compare them both practically and functionally is by the amount of intracellular Cr, which is

provided in the results section.

Cytotoxicity

Cytotoxicity was measured using a clonogenic assay that determines the ability of the cell to

form colonies in a culture dish following chemical treatment, as described previously (Wise

et al., 2002). Briefly, logarithmically growing cells were seeded into each well of 6-well

tissue culture plates, cells were allowed to rest for 48 h, and then treated for 24 h with lead

chromate or sodium chromate. At the end of the treatment time, cells were collected,

counted and re-seeded into 100 mm tissue culture dishes at a density of 1000 cells/dish, four

dishes were seeded for each concentration. These dishes were grown for about two weeks

until colonies formed, stained and counted. Experiments were repeated at least three times.

All treatment groups were compared to the control and expressed as a percentage of the

control.

Clastogenicity

Clastogenicity was measured using the chromosome damage assay that determines the

ability of Cr to induce chromosomal structural aberrations in metaphase chromosomes, as

described previously (Wise et al., 2002). Briefly, logarithmically growing cells were seeded

into 100 mm tissue culture dishes, cells were allowed to rest for 48 h, and then treated for 24

h with lead chromate or sodium chromate. Near the end of the treatment time,

demecolchicine was added to arrest cells in metaphase. At the end of the treatment, cells

were collected, resuspended in a hypotonic solution of 0.075 M KCl, and then fixed with 3:1

methanol:acetic acid. Fixative was changed twice, and then cells were dropped onto wet

clean slides, stained and coverslipped. Experiments were repeated at least three times.

Chromosomal structural aberrations were scored in 100 metaphases per each treatment dose,

according to standard criteria previously described (Wise et al., 2008). Results were

expressed as a percentage of metaphases with chromosome damage and as the total

chromosome damage observed in the 100 metaphases analyzed.

Determination of Intracellular Chromium Ion Levels

Cell preparation—Intracellular ion levels were measured using the ion uptake assay, as

described previously (Holmes et al., 2005), with minor changes. Briefly, logarithmically

growing cells were seeded into 100 mm tissue culture dishes, allowed to rest for 48 h and
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then treated for 24 h. At the end of the treatment, 3 mL of treated culture media was saved

for extracellular chromium analysis; cells were collected and the number and volume of

cells were determined. Cells were washed twice with PBS, resuspended in 1 mL hypotonic

solution followed by 1 mL 2% SDS. Finally the solution was sheered and filtered. Samples

were stored at −20°C until analysis.

Ion Level Measurements—Intracellular Cr ion levels were determined using the

Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES), equipped with a

gem cone low flow nebulizer, according to previously published methods (Holmes et al.,

2005). Solutions were introduced to the nebulizer using a peristaltic pump operating at 2

mL/min. Samples of intracellular fluids were diluted 5x in 0.16 M aqueous HNO3 prior to

analysis. Chromium was determined using emission wavelength at 267.716 with a minimum

detection limit of 2 ppb. Yttrium (Y) was used as an internal standard for chromium

determinations. The intracellular concentrations were converted from μg /L to μM by

dividing by the volume of the sample, the atomic weight of the chemical, the number of

cells in the sample and the average cell volume. To account for the possibility of

undissolved particulate Cr(VI) passing through the filter, 0 h treatments were performed and

these values were subtracted from the measurements obtained for the 24 h treatments.

Statistical Analyses

Dose-response relationships for both the amount of chromate administered and the estimated

intracellular concentrations were assessed using multiple regression methods. Both linear

and nonlinear models were fit to the data. Interaction terms were introduced into the models

to provide for differences between species in the functional form of the dose-response

relationships. Estimates were obtained via maximum likelihood estimation, and 95%

confidence intervals (CIs) were calculated using Wald statistics. Linear combinations of

parameters were employed for the evaluation of differences between species at particular

levels of administered dose or intracellular concentration. P-values were obtained from

Wald chi-square statistics and no correction for multiple comparisons was made. All

analyses were conducted using SAS (SAS Institute, 2008).

Results

Cr(VI) is more cytotoxic to human skin cells than to sperm whale skin cells

Particulate and soluble Cr(VI) were cytotoxic in a concentration-dependent manner to both

whale and human cells. Whale cells were more resistant to both compounds. Concentrations

of 0.1, 0.5, 1, 5 and 10 μg /cm2 particulate Cr(VI) induced 64, 28, 10, 0 and 0% relative

survival, respectively, in human skin cells. In sperm whale skin cells, these same

concentrations induced 91, 68, 63, 36 and 7% relative survival, respectively (Fig. 1A)

(difference between sperm whale and human skin cells at 1 μg /cm2 was 40.5% based on the

fitted values; CI=27.9% to 53.1%; p<0.001). Concentrations of 1, 2.5 and 5 μM soluble

Cr(VI) induced 52, 4 and 0% relative survival, respectively, in human skin cells, while in

sperm whale skin cells these concentrations induced 80, 51 and 13% relative survival,

respectively (Fig.1B) (difference between sperm whale and human skin cells at 1 μM was

20.5% based on the fitted values; CI=8.2% to 32.8%; p<0.001).
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Cr(VI) is more clastogenic to human skin cells than to sperm whale skin cells

Particulate and soluble Cr(VI) were clastogenic in a concentration-dependent manner and

induced a similar spectrum of damage in both whale and human cells. Chromatid and

isochromatid gaps and breaks were the predominant types of chromosomal aberrations

induced (Table 1). Whale cells were also more resistant to Cr(VI) clastogenicity. For

example, in human cells particulate Cr(VI) concentrations of 0.5 and 1 μg /cm2 lead

chromate damaged chromosomes in 26 and 33% of metaphases and induced a total of 32

and 43 aberrations in 100 metaphases, respectively. By contrast, in sperm whale cells, these

concentrations damaged chromosomes in 11 and 13% of metaphases and induced a total of

11 and 16 aberrations in 100 metaphases, respectively (Fig. 2) (difference between sperm

whale and human skin cells for percent of metaphases with damage at 1 μg /cm2 was

−22.7% based on the fitted values; CI = −17.0% to −28.3%; p<0.001; difference for total

damage in 100 metaphases at 1 μg /cm2 was −31.4 based on the fitted values; CI= −25.2 to

−37.7; p<0.001). In other words, particulate Cr(VI) damaged chromosomes in 3 to 5-fold

fewer metaphases and induced 4 to 6-fold fewer total aberrations in whale cells compared to

human cells. This decreased clastogenicity is also reflected in the observations of the

amount of cells with multiple aberrations. For human cells, increasing concentrations of

Cr(VI) showed an increase in metaphases with multiple chromosomal aberrations, while

cells with multiple chromosome aberrations were less common in whale cells. For example,

in human cells, 1 μg /cm2 lead chromate produced an average of 8 metaphases with multiple

aberrations, compared to an average of 1 for sperm whale cells.

The outcome was similar for soluble Cr(VI). Concentrations of 1 and 2.5 μM sodium

chromate damaged chromosomes in 24 and 37 percent of metaphases and induced a total of

28 and 62 aberrations in 100 metaphases, respectively, in human skin cells. In sperm whale

skin cells, these concentrations damaged chromosomes in 11 and 18% metaphases and

induced a total of 13 and 26 aberrations in 100 metaphases, respectively (Fig. 3) (difference

between sperm whale and human skin cells for percent of metaphases with damage at 1 μM

was −20.2% based on the fitted values; CI= −16.7% to −23.7%; p<0.001; difference for total

damage in 100 metaphases at 1 μM was −24.3 based on the fitted values; CI= −19.4 to

−29.2; p<0.001). In other words, soluble Cr(VI) damaged chromosomes in 3 to 8-fold fewer

metaphases and induced 5 to 9-fold fewer total aberrations in whale cells compared to

human cells.

This decreased clastogenicity is again also reflected in the observations of the amount of

cells with multiple aberrations. For human cells, increasing concentrations of Cr(VI),

showed an increase in metaphases with multiple chromosomal aberrations, while cells with

multiple chromosome aberrations were again less common in whale cells. For example, in

human cells, 2.5 μM sodium chromate produced an average of 14 metaphases with multiple

aberrations, compared to an average of 1 for sperm whale cells.

Human skin cells take up more Cr than sperm whale skin cells

One possible explanation for the reduced amount of cytotoxicity and genotoxicity in the

whale cells is that they may take up less Cr(VI). To eliminate possible differences in Cr(VI)

uptake, we measured the intracellular Cr ion concentrations in human and whale cells (Fig.
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4) after 24 h exposures. Both cell lines took up increasing amounts of Cr after both

particulate and soluble Cr treatments. After exposure to 0.1, 0.5, 1 and 5 μg /cm2 particulate

Cr(VI) human cells had intracellular levels of 245, 753, 1049 and 1644 μM Cr, respectively.

Sperm whale skin cells treated with 0.5, 1, 5 and 10 μg /cm2 particulate Cr(VI) had

intracellular Cr levels of 116, 169, 661 and 963 μM, respectively (Fig. 4A) (linear

component of the relationship between administered dose and intracellular concentration

was 275 μM less per μg /cm2 for sperm whale cells than for human cells; CI = 153 to 397;

p<0.001). Concentrations of 0.1, 0.5, 1, 2.5 and 5 μM soluble Cr(VI), produced intracellular

Cr levels of 111, 280, 456, 1116 and 1979 μM, respectively, in human skin cells. In sperm

whale skin cells, concentrations of 1, 2.5, 5 and 10 μM produced 224, 682, 1369 and 2629

uM of intracellular Cr levels, respectively (Fig. 4B) (linear component of the relationship

between administered dose and intracellular concentration was 235 μM less per μM for

sperm whale cells than for human cells; CI = 134 to 337; p<0.001).

Interestingly, when data were corrected for difference in intracellular Cr levels, particulate

Cr(VI) was equipotent in inducing cytotoxicity for both human and sperm whale skin cells

indicating that the observed differences were due to differential uptake (difference between

sperm whale and human cells in survival at 400 μM was 3.1% based on fitted values; CI =

−12.1% to 18.2%; p = 0.69). By contrast, soluble Cr(VI) was still more toxic to human cells

than to sperm whale skin cells indicating that these differences were not due to differences

in uptake (Fig. 5) (difference between sperm whale and human cells in survival at 800 μM

was 21.7% based on fitted values; CI = 10.4% to 33.1%; p<0.001). The difference between

these effects for the particulate versus the soluble forms was statistically reliable; p = 0.01).

Similarly, correcting the clastogenicity data for intracellular Cr levels, sperm whale skin

cells still show a lower amount of chromosome damage for both Cr(VI) forms (Fig. 6),

indicating that the observed differences were not due to a differential uptake (difference in

percent of metaphase with damage for the particulate form at 800 μM was −31.3%; CI =

−9.2% to −53.4%; p<0.006. Difference in total damage for the particulate form at 800 μM

was −32.3; CI = −6.9 to −57.8; p = 0.01. Difference in percent of metaphase with damage

for the soluble form at 800 μM was −21.3%; CI = −17.0% to −25.6%; p<0.001. Difference

in total damage for the soluble form at 800 μM was −31.6; CI = −25.7 to −37.4; p<0.001).

Discussion

Sperm whales are exposed to remarkably high levels of Cr suggesting that they may have

evolved protective cellular and molecular mechanisms to prevent Cr toxicity. We

investigated this possibility by directly comparing the cytotoxic and clastogenic effects of

particulate and soluble Cr(VI) in primary human and sperm whale skin fibroblasts. Our data

show that Cr(VI) is cytotoxic and clastogenic to skin cells from both organisms; however,

sperm whale cells are significantly more resistant to Cr(VI)-induced cytotoxicity and

genotoxicity than human cells. Some of the difference is due to the fact that whale cells take

up less Cr(VI) than human cells. However, differential uptake could not explain the

differences in genotoxicity for either compound or the differences in cytotoxicity for soluble

Cr(VI).
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Only two previous studies have considered the cellular toxic effects of heavy metals in

marine mammals and compared it to human model systems. One study found that primary

North Atlantic right whale lung and skin cells were more resistant than human cells to the

cytotoxic and genotoxic effects of particulate and soluble Cr(VI) and the other found that

primary Steller sea lion lung cells were similarly more resistant (Li Chen et al., 2009b, Wise

Sr. et al, 2010). This study is consistent with those studies and extends the observations of

protective cellular mechanisms in marine mammals from a baleen whale (right whale) and a

pinniped (sea lion) to include sperm whales, a toothed whale. Thus, the data suggest that

marine mammals, in general, may have novel cellular mechanisms to protect them from

genotoxic environmental agents.

Sperm whale cells were resistant to the genotoxic effects of both particulate and soluble

Cr(VI). Differences in intracellular Cr levels accounted for some of the difference, but could

not explain all of the difference we observed. The underlying explanation for this increased

resistance is uncertain. The mechanism for Cr(VI)-induced toxicity was recently reviewed

(Wise et al., 2008). Cr(VI) ions cross the cell membrane through an anion transport system

and are reduced to Cr(III) generating a series of reactive intermediates, including reactive

oxygen species. Then Cr(III) and/or other intermediates cause DNA adducts, which lead to a

stalled replication fork. The cell attempts to repair this damage, and during that repair, DNA

double strand breaks are formed. These breaks then go on to form chromosomal aberrations.

One possible explanation for the lower amount of chromosome damage observed in the

sperm whale skin cells could be that the whales have evolved a more efficient DNA repair

system that protects them against Cr(VI)-induced DNA damage. This possibility is

consistent with the hypothesis that larger animals have evolved protective mechanisms

against cancer (Leroi et al., 2003).

Alternatively, it may be that marine mammals have altered detoxifying pathways for Cr(VI).

Antioxidants are important in reducing Cr(VI) toxicity by neutralizing reactive Cr

intermediates and reactive oxygen species generated by Cr(VI) intracellular metabolism.

Marine mammals synthesize ascorbic acid (Nakajima et al., 1969) and higher levels of

ascorbic acid may protect against reactive oxygen species (Bodannes and Chan, 1979,

Kaczmarek et al., 2007) or shift the spectrum of reactive intermediates produced during

Cr(VI) reduction (Sugiyama, 1992). Similarly, glutathione metabolism plays a role in

decreasing the harmful effects of Cr(VI) by reducing Cr(VI) reactive intermediates to less

reactive Cr(III) (Lushchak et al., 2008). Thus, marine mammals may also have higher levels

of antioxidants and/or associated enzymes. Further investigation is needed to elucidate these

possible detoxifying cellular mechanisms.

We also observed that whale cells were resistant to the cytotoxic effects of particulate and

soluble Cr(VI). For soluble Cr(VI), the differences in uptake could not fully explain the

increased resistance. Most likely, the decreased cytotoxicity is due to the fact that there is

less genotoxicity in the whale cells. However, for particulate Cr(VI) the outcome was

different. The difference in intracellular Cr uptake did account for all of the increased

resistance. Previous studies in human lung cells indicated that for particulate Cr(VI)

compounds, the cytotoxic effect was due to the chromate anion (Holmes et al., 2005). In that

study, lead chromate and sodium chromate induced the same amount of cell death based on
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intracellular chromium levels. Thus, one would predict that the particulate form would

behave just as the soluble form did in whale cells. However, this outcome was not the case.

In fact, in considering our data, in the whale cells, particulate Cr(VI) was more cytotoxic

than soluble Cr(VI) based on intracellular Cr levels. One possible explanation is that in

whale cells, the lead counter ion in the particulate compound is more active. The lead cation

might be enhancing the cytotoxic response to the Cr(VI) anion. Lead ions have been shown

to induce apoptosis in mammalian cells (Pulido and Parrish, 2003; Singh et al., 1999). It

may be that whale cells are more sensitive to lead, causing it to appear that the difference in

Cr(VI) uptake can account for the cytotoxic differences between whale and human cells,

when in actuality both lead and chromium are causing toxicity in the whale cells and only

chromium is causing toxicity in the human cells. Another possible explanation is that whale

cells are more sensitive to the uptake of undissolved particles than human cells, though we

have not located any data to support this hypothesis.

We also found differences in Cr(VI) uptake between the whale and human cells with less

uptake in the whale cells. The mechanism for this difference is uncertain. Cr(VI) enters cells

via facilitated diffusion involving anion transport proteins (Wise et al., 2008). It may be that

whale cells have fewer of these transport proteins in their membranes. Alternatively, it may

be that the whales have evolved transport proteins with a lesser affinity for Cr(VI). Further

research is needed to distinguish between these possibilities.

In summary, our study shows that Cr compounds induce cytotoxicity and clastogenicity in

both human and sperm whale skin cells and that sperm whale cells have different, and

perhaps more efficient mechanisms against the genotoxic effects of Cr. Possible

mechanisms include better DNA repair or a different intracellular metabolism of Cr(VI).

Our data also suggest that whale cells may be sensitive to lead ions. Further investigations

are being carried out to investigate these possibilities.
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Figure 1. Sperm Whale Skin Cells Are More Resistant to Cr(VI) Cytotoxicity than Human Skin
Cells
This figure shows that exposure to Cr(VI) induces cytotoxicity in human and sperm whale

skin cells in a concentration-dependent manner. (A) Particulate Cr(VI) cytotoxicity in

human and sperm whale skin cells. Significant differences between the two cell lines were

observed (difference between sperm whale and human skin cells at 1 μg /cm2 was 40.5%

based on the fitted values; CI=27.9% to 53.1%; p<0.001). (B) Soluble Cr(VI) cytotoxicity in

human and sperm whale skin cells. Significant differences between the two cell lines were

observed (difference between sperm whale and human skin cells at 1 μM was 20.5% based

on the fitted values; CI=8.2% to 32.8%; p<0.001). Data represent the average of 3

independent experiments. Error bars = standard error of the mean.
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Figure 2. Sperm Whale Skin Cells Are More Resistant to Particulate Cr(VI) Clastogenicity than
Human Skin
This figure shows that exposure to particulate Cr(VI) induces clastogenicity in human and

sperm whale skin cells in a concentration-dependent manner. Clastogenicity is presented as

a percent of metaphases with chromosome damage and total chromosome damage in 100

metaphases for each cell line. (A) Particulate Cr(VI)-induced percent of metaphases with

chromosome damage. Significant differences between the two cell lines were observed

(difference between sperm whale and human skin cells for percent of metaphases with

damage at 1 μg /cm2 was −22.7% based on the fitted values; CI = −17.0% to −28.3%;

p<0.001). Untreated control values were subtracted from each concentration. The percent

metaphases with damage for untreated controls was 2% for both sperm whale and human

cells. (B) Particulate Cr(VI)-induced total chromosome damage in 100 metaphase.

Significant differences between the two cell lines were observed (difference for total
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damage in 100 metaphases at 1 μg /cm2 was −31.4 based on the fitted values; CI= −25.2 to

−37.7; p<0.001.). Untreated control values were subtracted from each concentration. The

total damage in 100 metaphases for untreated controls was 2 for sperm whale cells and 3 for

human cells. Data represent the average of at least 3 independent experiments. Error bars =

standard error of the mean. NM – no metaphases observed.
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Figure 3. Sperm Whale Skin Cells Are More Resistant to Soluble Cr(VI) Clastogenicity than
Human Skin
This figure shows that exposure to soluble Cr(VI) induces clastogenicity in human and

sperm whale skin cells in a concentration-dependent manner. Clastogenicity was measured

as a percent of metaphases with chromosome damage and total chromosome damage in 100

metaphases for each cell line. (A) Soluble Cr(VI)-induced percent of metaphases with

chromosome damage. Significant differences between the two cell lines were observed

(difference between sperm whale and human skin cells for percent of metaphases with

damage at 1 μM was −20.2% based on the fitted values; CI= −16.7% to −23.7%; p<0.001).

Untreated control values were subtracted from each concentration. The percent metaphases

with damage for untreated controls was 2% for sperm whale cells and 4% for human cells.

(B) Soluble Cr(VI)-induced total chromosome damage in 100 metaphases. Significant

differences between the two cell lines were observed (difference for total damage in 100
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metaphases at 1 μM was −24.3 based on the fitted values; CI= −19.4 to −29.2; p<0.001).

Untreated control values were subtracted from each concentration. The total damage in 100

metaphases for untreated controls was 2 for sperm whale cells and 4 for human cells. Data

represent the average of at least 3 independent experiments. Error bars = standard error of

the mean. NM – no metaphases observed.
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Figure 4. Sperm Whale Skin Cells Take Up Less Cr than Human Skin Cells
This figure shows that after exposure to Cr(VI) human and sperm whale skin cells take up

Cr in a concentration-dependent manner. (A) Cr uptake after particulate Cr(VI) treatment.

Significant differences between the two cell lines were observed (linear component of the

relationship between administered dose and intracellular concentration was 275 μM less per

μg /cm2 for sperm whale cells than for human cells; CI = 153 to 397; p<0.001). (B) Cr

uptake after soluble CrVI) treatment. Significant differences between the two cell lines were

observed (linear component of the relationship between administered dose and intracellular

concentration was 235 μM less per μM for sperm whale cells than for human cells; CI = 134

to 337; p<0.001). Data represent the average of 3 independent experiments. Error bars =

standard error of the mean.
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Figure 5. Differences in Cr Uptake Explain the Resistance of Whale Cells to Particulate Cr(VI)
Cytotoxicity but Not Soluble Cr(VI) Cytotoxicity
This figure shows that Cr(VI) induced cytotoxicity in human and sperm whale skin cells as a

function of intracellular Cr concentration. In accordance with the majority of the published

Cr(VI) literature, treatments with particulate Cr(VI) are presented in μg /cm2 and treatments

with soluble Cr(VI) in μM. These units reflect that fact that the lead chromate particles only

partially dissolve while the sodium chromate fully dissolves. Thus, these chemicals cannot

accurately be compared based on administered dose. Lead chromate treatment

concentrations of 0.1, 0.5, 1, 5 and 10 μg /cm2 correspond to 0.068, 0.34, 0.68, 3.4 and 6.8

μg Cr/mL, respectively. Sodium chromate treatment concentrations of 0.1, 0.5, 1, 2.5, 5 and

10 μM correspond to 0.005, 0.026, 0.05, 0.13, 0.26 and 0.5 μg Cr/mL, respectively. (A)

Particulate Cr(VI)-induced cytotoxicity in human and sperm whale skin cells based on

intracellular Cr levels. Significant differences between the two cell lines were not observed

(difference between sperm whale and human cells in survival at 400 μM was 3.1% based on
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fitted values; CI = −12.1% to 18.2%; p = 0.69). (B) Soluble Cr(VI)-induced cytotoxicity in

human and sperm whale skin cells based on intracellular Cr levels. Significant differences

between the two cell lines were observed (difference between sperm whale and human cells

in survival at 800 μM was 21.7% based on fitted values; CI = 10.4% to 33.1%; p<0.001. The

difference between these effects for the particulate versus the soluble was statistically

reliable p = 0.01). Data represent the average of 3 independent experiments. Error bars =

standard error of the mean.
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Figure 6. Differences in Cr Uptake Cannot Explain the Resistance of Whale Cells to Cr(VI)
Clastogenicity
This figure shows that exposure to Cr(VI) induces clastogenicity in human and sperm whale

skin cells as a function of intracellular Cr concentration. Clastogenicity is presented as a

percent of metaphases with chromosome damage and total chromosome damage in 100

metaphases for each cell line. (A) Particulate Cr(VI)-induced percent metaphases with

chromosome damage as a function of intracellular Cr concentration. Significant differences

between the two cell lines were observed (difference in percent of metaphase with damage

for the particulate form at 800 μM was −31.3%; CI = −9.2% to −53.4%; p=0.006). Untreated

control values were subtracted from each concentration. The percent metaphases with

damage for untreated controls was 2% for both sperm whale and human cells. (B)

Particulate Cr(VI)-induced total chromosome damage in 100 metaphases as a function of

intracellular Cr concentration. Significant differences between the two cell lines were

Li Chen et al. Page 21

Comp Biochem Physiol C Toxicol Pharmacol. Author manuscript; available in PMC 2014 July 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



observed (difference in total damage for the particulate form at 800 μM was −32.3; CI =

−6.9 to −57.8; p = 0.01). Untreated control values were subtracted from each concentration.

The total damage in 100 metaphases for untreated controls was 2 for sperm whale cells and

3 for human cells. (C) Soluble Cr(VI)-induced percent metaphases with chromosome

damage as a function of intracellular Cr concentration. Significant differences between the

two cell lines were observed (difference in percent of metaphase with damage for the

soluble form at 800 μM was −21.3%; CI = −17.0% to −25.6%; p<0.001). Untreated control

values were subtracted from each concentration. The percent metaphases with damage for

untreated controls was 2% for sperm whale cells and 4% for human cells. (D) Soluble

Cr(VI)-induced total chromosome damage in 100 metaphases as a function on intracellular

Cr concentration. Significant differences between the two cell lines were observed

(difference in total damage for the soluble form at 800 μM was −31.6; CI = −25.7 to −37.4;

p<0.001). Untreated control values were subtracted from each concentration. The total

damage in 100 metaphases for untreated controls was 2 for sperm whale cells and 4 for

human cells. Data represent the average of at least 3 independent experiments. Error bars =

standard error of the mean.
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