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Abstract
The aim of this study was to test a hypothesis that ascorbate depletion could enhance
carcinogenicity and acute toxicity of nickel. Homozygous L-gulono-<gamma>-lactone oxidase
gene knock-out mice (Gulo-/- mice) unable to produce ascorbate and wild-type C57BL mice (WT
mice) were injected intramuscularly with carcinogenic nickel subsulfide (Ni3S2), and observed for
the development of injection site tumors for 57 weeks. Small pieces of one of the induced tumors
were transplanted subcutaneously into separate groups of Gulo-/- and WT mice and the growth of
these tumors was measured for up to 3 months. The two strains of mice differed significantly with
regard to (1) Ni3S2 carcinogenesis: Gulo-/- mice were 40% more susceptible than WT mice; and
(2) transplanted tumors development: Gulo-/- mice were more receptive to tumor growth than WT
mice, but only in terms of a much shorter tumor latency; later in the exponential phase of growth,
the growth rates were the same. And, with adequate ascorbate supplementation, the two strains
were equally susceptible to acute toxicity of Ni3S2. Statistically significant effects of dietary
ascorbate dosing levels were the following: (1) reduction in ascorbate supplementation increased
acute toxicity of Ni3S2 in Gulo-/- mice; (2) ascorbate supplementation extended the latency of
transplanted tumors in WT mice. In conclusion, the lack of endogenous ascorbate synthesis makes
Gulo-/- mice more susceptible to Ni3S2 carcinogenesis. Dietary ascorbate tends to attenuate acute
toxicity of Ni3S2 and to extend the latency of transplanted tumors. The latter effects may be of
practical importance to humans and thus deserve further studies.
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Introduction
The idea that ascorbic acid confers resistance to neoplasia was introduced by Linus Pauling
in 1970-s following the findings of low reserves of ascorbate in cancer patients and
beneficial effects of ascorbate supplementation on their survival (Cameron et al., 1979). It
has been known that carcinogenic transition metals, including nickel, can catalyze ascorbate
destruction (Buettner and Jurkiewicz, 1996; Kaczmarek et al., 2007). Would this effect
contribute to the mechanisms of nickel-induced carcinogenesis? In our previous publications
(Salnikow et al., 2004; Salnikow and Kasprzak, 2005), we hypothesized that ascorbate
depletion could, indeed, be a critical step in nickel carcinogenesis. The depletion is
important because of the key role ascorbate plays in maintaining the enzymatic activity of
specific non-heme dioxygenases that are responsible for DNA repair, gene expression
regulation, collagen assembly, and the inhibition of hypoxic stress (a hallmark of cancer)
(Salnikow and Kasprzak, 2005; Arita and Costa, 2009). Ascorbate depletion should also
weaken the antioxidant cellular guard against metal-induced oxidative DNA, lipid and
protein damage that is thought to play a mechanistic role in carcinogenesis (Bal et al., 2010;
Kasprzak, 2011). The aim of the present study was to test the above hypothesis on muscle
carcinogenesis induced by nickel subsulfide (Ni3S2).

Unlike humans the laboratory rats and mice, on which most of the nickel (and other metals)
carcinogenicity has been studied thus far, synthesize ascorbate endogenously. It was thus
impossible to design a study in which their tissue ascorbate level was changed following
metal exposure. In this study, to achieve our research goal, we decided to use mice with
inactivated L-gulono-<gamma>-lactone oxidase gene (Gulo-/- mice), which make them
unable to synthesize ascorbate. This allowed us to control dietary ascorbate uptake, as well
as to evaluate changes in tissue ascorbate in nickel exposed animals. As a reference for
comparison we used C57BL mice from which the Gulo-/- mice have been derived (Maeda et
al., 2000).

Materials and Methods
Animals

This study was conducted in compliance with the Intramural Animal Care and Use (ACU)
program of the National Institutes of Health. The homozygous L-gulono-γ-lactone oxidase
knock-out mice (Gulo-/- mice) and wild-type C57BL/6 background mice (WT mice) were
derived from heterozygous BL6.129P2-Gulotm1/Unc /Ucd mice by in-house breeding at
animal facilities of the Laboratory Animal Science Program, SAIC - Frederick (NCI at
Frederick, Frederick, MD). The heterozygous breeders were purchased from the University
of California Center for Comparative Medicine (MMRRC) at Davis, CA. All WT mice were
kept on an ascorbic acid-free diet, PicoLab Mouse Diet 20/5058 (Quality Lab Products, Inc.,
Elkridge, MD) and HCl-acidified drinking water (pH 4). The Gulo-/- mice were offered 330
mg/L of ascorbic acid (Sigma-Aldrich, St. Louis, MO)-containing water starting at weaning
at 3 weeks of age (full supplementation; (Maeda et al., 2000; Telang et al., 2007). Some
experimental groups were kept on reduced, 100 mg/L, ascorbic acid supplementation.

Genotyping was performed as described by Maeda et al. (Maeda et al., 2000), using three
PCR primers: P2 (5’-CGCGCCTTAATTAAGGATCC-3’), P3 (5’-
GTCGTGACAGAATGTCTTGC-3’), and P4 (5’-GCATCCCAGTGACTAAGGAT-3’).
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The amplification conditions were the following: initial DNA denaturation 94°C for 3 min;
35 cycles of 30 sec denaturing at 94°C, 30 sec. annealing at 58°C, 45 sec extension at 72°C
and 8 min final extension at 72°C. All experiments were performed on 6-10 weeks old male
mice.

Treatments
For the carcinogenicity tests, the mice, divided randomly into groups of 15 – 22 animals
received single intramuscular (i.m.) injections of 2.0 or 2.5 mg/site of Ni3S2 powder, 8.3 μm
geometric mean particle size (volume-based; determined by Elzone analyzer), suspended in
50% aqueous glycerol, 0.05 ml/site, into the thigh musculature of both hind limbs, using
gauge 25 needle. The control mice received 0.05 ml/site of the injection vehicle alone. The
Ni3S2 powder was a generous gift of Dr. A. Oller (NiPERA, Durham, NC).

The mice were examined weekly by palpation for tumor development, starting at week 24
post-injection. They were euthanized with CO2 when a local tumor reached approximately 1
cm in diameter, or at termination of the bioassay at week 57.

The effect of ascorbate on acute toxicity of Ni3S2-treated mice was assessed based on one-
week mortality data from the two carcinogenicity experiments and an additional short-term
test in which five groups of 18 mice were injected with 2.5 mg Ni3S2/site as in the
carcinogenicity experiments and observed for one week. Kidneys of mice dying after nickel
exposure were fixed in 10% formalin for microscopic examination.

To check the effect of ascorbic acid on transplanted tumor growth, two groups of six Gulo-/-
plus two groups of five WT mice each, supplemented with different levels of ascorbic acid
(as in the carcinogenesis experiment) were grafted subcutaneously on both flanks with 2 - 3
mm chunks of a muscle tumor induced with Ni3S2 in a Gulo-/- mouse kept on 330 mg/L of
ascorbate in drinking water. The tumor to be transplanted, approx. 1 cm in size, free of
necrosis, was collected at sacrifice and minced with scissors in normal saline. The
transplants were inserted with fine forceps, randomly, under ether anesthesia, through 5 mm
incisions, which were closed with metal clips (removed after 3 days). The growing tumors
were measured in weekly intervals for up to 3 month post-transplantation.

To determine tissue levels of ascorbic acid in blood, kidneys, lungs, and muscles, groups of
12 – 14 Gulo-/- and WT mice were injected i.m. with 2.0 mg doses of Ni3S2 in the same
way as described for the carcinogenicity bioassays. For analysis, surviving mice were
sacrificed with CO2 and autopsied 1 or 7 days after the injection.

Ascorbic acid analysis
Tissue ascorbate levels were measured using Lykkesfeldt’s procedure (Lykkesfeldt, 2000)
with HPLC separation and electrochemical detection as described elsewhere (Kaczmarek et
al., 2007).

Statistical evaluation
The results of the carcinogenicity bioassay were assessed by testing the end point results
(final survival populations) with Fisher’s exact test (Enderlein, 1987). The results of the
Ni3S2 acute toxicity testing were evaluated statistically using a number of non-parametric
analyses. The possibility of pooling the results of analogous groups from different
experiments was examined using an ANOVA table with a Kruskal-Wallis non-parametric
test (Hollander and Wolfe, 1999).
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The transplanted tumors growth was evaluated considering four possible growth profiles. In
profile 1, the tumors were considered to begin growing immediately after grafting in a linear
progression. In profile 2, the tumors began to grow immediately in an exponential
progression. In the third and forth profiles, an initial delay in the tumor growth (incubation
period) followed by either a linear or exponential growth progression were considered.
Different detailed descriptions of the transplanted tumor growth were unified by noting that
there was a delay followed by a growth rate.

The results of the growth delay and growth rate parameters from non-linear regression
analysis of each tumor were used to search for a linear relationship between the tumor
growth and mouse flank. A correlation analysis showed the extent of the tumor growth
dependence on individual mice.

An ANOVA analysis of the non-linear regression analysis results was used to search for
significant differences in the rate and delay of tumor growth for the four mouse groups
(Hogg and Ledolter, 1987).

A global nonlinear regression was used to look for differences in tumor growth delay among
the four mouse groups (Seber and Wild, 1989). Significance of differences in tissue
ascorbate levels was established using student’s t-test.

Results
Carcinogenesis

The survival data and incidence of tumors in the carcinogenesis bioassays are presented in
Tables 1 and 2. All the injection site tumors developed only in one leg. They readily invaded
the adjacent muscles and bone marrow. The tumors grew at uneven rates, reaching the
terminal size of 1 cm in 4 to 8 weeks from the time of detection by palpation. The time of
appearance of the first tumor (latent period) in each group varied from 30 to 40 weeks after
injections, and the final tumor incidence range varied from 11 – 67% of mice that survived
until the occurrence of the first tumor in this study (30 weeks). Control mice developed no
tumors. Histologically, all the injection site tumors were fibrosarcomas. No other tumors,
either primary or metastatic, were found.

The observed differences in the development of the injection site tumors appeared to depend
on the treatments and/or mouse strain, but due to the high initial mortality among Ni3S2-
treated mice (see below) the number of induced tumors was small and the real importance of
these differences had to be confirmed by statistical means. The end point statistical analysis,
using Fisher’s exact test, considered mice that survived past the acute stage of nickel
toxicity, i.e., long enough to develop tumors. This analysis disclosed that the differences in
tumor development between Gulo-/-, 100 mice and Gulo-/-, 330 mice and between WT and
WT 330 mice in each experiment taken separately were not significant. Likewise non-
significant were apparent differences between the remaining pairs of groups with obvious
exceptions for pairs that included the sham-injected mice.

To overcome the statistical limitations of the small group sizes we next checked, using the
log-rank test for survival, if those sizes could be increased by pooling similar groups given
different Ni3S2 doses, i. e., groups 1 and 6, 2 and 7, 4 and 9, and 5 and 10, respectively
(Tables 1 and 2). The results of this test clearly indicated that both Ni3S2 doses had the same
effect on tumor development (p = 1) and thus the corresponding groups could be pooled
together. The subsequent analysis of the pooled groups, too, showed no difference between
the Gulo-/-, 100 and Gulo-/-, 330 (p = 1) and between the WT and WT, 330 mice (p = 0.19).
Hence, the ascorbic acid supplementation regime had no significant effect on tumor yield in
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either mouse strain. This allowed for further pooling: of four Gulo-/- groups (1, 2, 6, and 7)
and four WT (groups 4, 5, 9, 10) to compare strain response to Ni3S2. In this case, Fisher’s
exact test indicated a significant difference (p = 0.005), with Gulo-/- mice being more
susceptible than WT mice to Ni3S2 –induced carcinogenesis.

Acute toxicity
The mortality data are presented in Tables 1 - 3. They indicate that Ni3S2 at both doses
tested was lethal to many animals in the first week after administration. Mice that survived
the critical first week post-injection had a very low mortality afterwards and lived past the
detection (palpation) of a local tumor or the termination of this experiment at wk. 57. Only 3
of them (in groups 1, 6, and 9) died before wk. 30, i.e. the time of appearance of the first
tumor. At autopsy and histologic examination, the kidneys of mice dying in the first week
post-injection were found to be enlarged with pitted and mottled surface. They often
contained cysts and thickened Bowman capsules. Protein-containing droplets were visible in
slightly increased mesangial matrix. Multiple foci of inflammation and necrosis were visible
in renal tubular epithelium. There were also some necrotic foci in the glomeruli. Thus, renal
failure was the most likely cause of death.

The results were analyzed statistically for significantly differential mortality depending on
Ni3S2, ascorbic acid doses, and mouse strain. In regard to the two Ni3S2 doses for the same
ascorbate treatments, the analysis disclosed a significant difference in toxicity only in the
Gulo-/-, 100 mice (groups 1 and 6; p < 0.02 by Kruskal-Wallis test). The relatively small
increase in nickel dose from 2.0 to 2.5 mg Ni3S2/site caused over two-fold increase in
mortality of these mice. In contrast, there was no significant nickel dose effect on the
Gulo-/-, 330 mice (groups 2 and 7). Likewise, the mortality of WT mice given either 0 or
330 mg/L of ascorbate in drinking water (groups 4 and 9, and 5 and 10, respectively) was
not significantly different at the two nickel doses.

To test the effect of ascorbic acid dosing on the acute toxicity of a given nickel dose (2.5 mg
Ni3S2/site), the mortality data from Table 2 were pooled with the data from analogous
treatment groups from the short-term toxicity experiment (Table 3) and analyzed using the
Kruskal-Wallis test. This analysis showed a significant ascorbic acid dosing affect only for
the Gulo-/-, 100 group versus Gulo-/-, 330 group (p < 0.009), but no such effect for the WT
and WT, 330 groups. Since there were no significant differences in mortality among the WT
groups in all three experiments, (Tables 1, 2, and 3), the corresponding groups could be
pooled to increase the statistical base for analysis. However, this procedure, too, did not
reveal any effect of the ascorbic acid supplementation on the one-week mortality of Ni3S2-
injected WT mice.

Possible effect of strain difference on the acute toxicity of a given nickel dose at similar
organismal ascorbic acid status (Maeda et al., 2000) could be assessed using Kruskal-Wallis
test to compare the short-term mortality of WT mice (pooled groups 4, 9 from Tables 1 and
2, plus the WT group from Table 3) with that of Gulo-/-, 330 mice (pooled groups 2, 7 from
Tables 1 and 2, plus the Gulo-/-, 330 group from Table 3). No significant difference was
found (p = 0.26).

Tumor transplants growth
In the present study, the growth of the transplanted tumors was characterized by two
parameters: incubation period (the length of time during which no growth was detected after
the transplant) and growth rate (weekly size increase after the tumor started to grow). Single
regression analysis of the tumor growth model was completed for each tumor in the study.
Its results were then used to determine if there was a correlation between the tumor flank
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(right or left thigh) and the tumor growth rate or incubation period. No such correlations
were found in any of the four groups injected with Ni3S2 (p = 0.5 based on a t-distribution).
In addition, no significant correlation was found among flank and tumor growth for the
pooled WT and pooled Gulo-/- mice (p = 0.3). This analysis also showed no evidence that
the two tumors in a mouse had similar growth rates or incubation periods. Therefore, we
could assume that the tumor growth results were independent observations.

The ANOVA tests revealed that tumor growth rates did not significantly vary between these
four Ni3S2-treated mouse groups (similar slopes in Figure 1). In contrast, the incubation
period did show significant variation between these four groups (p < 0.02). The extent of
differences in this period was examined through a global regression.

A global fit of the tumor growth data was used to determine the significance of differences
in the incubation periods between the four mouse groups (Wald, 1945). The results of this
fit, shown in Figure 2, indicated that these differences were highly significant (p < 0.001) for
the WT mice (WT versus WT, 330), but not for the Gulo-/- mice (Gulo-/-, 100 versus
Gulo-/-, 330). The incubation period was also significantly longer in the WT mice than in
the Gulo-/- mice.

Ascorbic acid analysis
The results of tissue ascorbate analysis are presented in Figure 3. As can be seen in this
figure, the levels of ascorbate in the kidneys, lungs, muscles, and blood in Gulo-/-, 100 mice
were markedly lower than in the corresponding tissues of WT mice. For the untreated mice,
this difference was relatively greatest in the kidneys (4-fold, p < 0.002), followed by blood
plasma (2.5-fold; p < 0.01), lung (2.2-fold; p < 0.01), and skeletal muscles (1.6-fold; p <
0.001). Nickel treatment significantly lowered ascorbate levels in the tissues of Gulo-/-, 100
mice (except for plasma) at day 1 after injection, which then tended to rebound (except in
the muscles) at day 7. The effect of nickel on tissue ascorbate levels in WT mice, although
apparently suppressive, did not reach statistically significant degree, except in muscles at
day 7 post-injection (1.3-fold reduction vs. control; p < 0.01).

Discussion
In this study, we examined the role of ascorbate in the carcinogenicity and acute toxicity of
Ni3S2 by comparing Ni3S2 effects in wild-type C57BL/6 mice (WT mice) with those in
mice of the same strain with inactivated L-gulono-<gamma>-lactone oxidase gene (Gulo-/-
mice). Inactivation of this gene eliminates the ability of mammals to endogenously
synthesize ascorbate. The Ni3S2 dosing and treatment regimens were derived from our
previous experiment in which the susceptibilities of three mouse strains (C57BL/6, (C57BL/
6xC3H/He)F1, andC3H/He) to the acute toxicity and carcinogenicity of nickel were
compared (Rodriguez et al., 1996). Among these strains, C57BL mice had the lowest
susceptibility to Ni3S2-induced carcinogenesis and the highest susceptibility to the lethal
effects of Ni3S2. The present results confirmed this pattern. They also indicate that the
susceptibility to carcinogenesis may be increased by disabling endogenous ascorbate
synthesis.

The dietary ascorbate supplementation levels had no significant influence on nickel
carcinogenesis in either WT or Gulo-/- mice. It only affected nickel-induced acute toxicity
in Gulo-/- mice: the mortality rates in Gulo-/-, 100 mice were significantly higher than those
in Gulo-/-, 330 mice regardless of Ni3S2 dose. However, under the present experimental
conditions, dietary ascorbate supplementation of WT mice did not improve their survival
after Ni3S2 administration but rather tended to decrease it (although this trend did not reach
statistical significance). The major cause of death following Ni3S2 injection was renal
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failure associated with a severe necrotizing/inflammatory response in the renal tubular
epithelium. This concurs with previous reports (Waalkes et al., 1985; Rodriguez et al., 1996)
and is most likely associated with metal-promoted oxidative damage (Misra et al., 1991).
Ni3S2 in tissues undergoes oxidative dissolution to Ni(II), which is then distributed by blood
throughout the body and finally excreted through the kidney (Sunderman and Selin, 1968;
Kasprzak and Sunderman, 1977; Rodriguez et al., 1996), thus exposing the kidney to the
entire dose of nickel. Ascorbate is generally considered as an antioxidant. Therefore, it
might not be surprising that the relatively lower dosing of ascorbate made the Gulo-/-, 100
mice more sensitive to nickel toxicity than the Gulo-/, 330 or WT mice. However, this
conclusion must be viewed with caution because, remarkably, giving the WT mice
additional ascorbate did not attenuate Ni3S2 morbidity. These findings reveal the complex
nature of ascorbate effects, especially in conjunction with nickel, one of several transition
metals able to generate damaging reactive oxygen species with ascorbic acid (Kasprzak and
Hernandez, 1989).

Ascorbate regulates many cell and tissue functions that may be critical for cancer
development (Salnikow and Kasprzak, 2005). However, some of these functions may
produce opposing effects. For example, ascorbate deficiency can activate angiogenic growth
factor VEGF, which is necessary to promote tumor growth through neo-vascularization, and
can also impair collagen fiber assembly that is important for blood vessel formation and
tumor growth (Telang et al., 2007). In addition, ascorbate is important for immune response
regulation, which may also affect tumor development (Naidu, 2003). Overall, because of the
complexity of cellular/tissue functions of ascorbate, experimental studies on its effects on
cancer have yielded equivocal results (Telang et al., 2007; Chen et al., 2008). Thus, tumor
development will depend on a fine tuning of cellular ascorbate levels influenced not only by
the ascorbate dosing but also by nickel-catalyzed ascorbate destruction (Kaczmarek et al.,
2007).

As mentioned above, we found no significant differences in Ni3S2 carcinogenicity among
the individual treatment groups to indicate possible effects of ascorbate dosing. This could
be due to the inherent low susceptibility to nickel-induced carcinogenesis of C57BL mice
combined with their high mortality, which made the number of mice at risk for tumor
development in individual treatment groups, and the final number of tumors, too low to
produce statistical differences, if any. Therefore we looked for possible effects of ascorbate
on the growth of tumor transplants originating from a fibrosarcoma induced in a Gulo-/-,
300 mouse earlier in this study. The transplants could be investigated in abundance more
amenable to statistical analysis. We found that in both groups of Gulo-/- mice, irrespectively
of the dietary ascorbate supplementation level, the transplants started to grow into sizeable
tumors immediately, whereas in WT mice the onset of tumor growth was delayed by
approximately 20 days in WT to 50 days in WT, 330 mice. Hence, the tissue
microenvironment of Gulo-/- mice was more receptive to tumor development than that of
WT mice.

The mechanisms underlying this observation are not clear. One possibility is the lack of
endogenous ascorbate synthesis and thus differences in ascorbate homeostasis between these
two mouse strains. Ascorbate deficiency, which can develop only in Gulo-/- mice, could,
through HIF-1α activation, promote secretion of the VEGF from the transplanted tumor and
thus facilitate tumor vascularization and expansion. Preventing angiogenesis has been
reported to induce dormancy in tumors growing in vivo (Gimbrone et al., 1972).
Consequently, supplementation with ascorbate should inhibit tumor development, as we
indeed observed in WT mice. However, whereas the low ascorbate levels in Gulo-/-, 100
mice at the time of tumor grafting (compare the control levels in Fig. 3) favored a prompt
start of tumor growth, the levels of ascorbate in Gulo-/-, 330 mice should be similar to those
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in WT mice, in which the onset of growth was markedly delayed. Nonetheless, in both
Gulo-/- treatment groups, the tumors grew with no delay. Thus, other factors specific for
Gulo-/- mice must have contributed to supporting the tumor grafts in addition to low tissue
ascorbate. Such factors could include impaired immunity, reported for Gulo-/- mice (Vissers
and Wilkie, 2007). Host immunity could also contribute to the initial dormancy of the
transplants in WT mice, but only if the transplanted tumor, originally induced in Gulo-/-
mouse, was not fully immuno-compatible with the WT mouse. But this remains to be
established. Likewise it remains unclear why the factors, which caused transplant dormancy,
did not affect tumor growth rates at the exponential growth phase (the same slopes for all
groups in Fig. 1). Answering these questions will require further investigations.

The initiation of nickel-induced carcinogenesis has been associated with oxidative DNA
damage by reactive oxygen species (ROS) generated by this metal. Such damage, if not
repaired, may lead to mutations and neoplastic transformation. ROS may also be involved in
the promotion and progression steps of cancer development (Kasprzak et al., 2003; Bal et
al., 2010; Kasprzak, 2011). Therefore, it is believed that antioxidants, including ascorbate,
have the potential to prevent cancer. Accordingly, the low relative susceptibility of WT mice
to nickel carcinogenesis has been correlated with their relatively high intrinsic antioxidant
potential (Rodriguez et al., 1996). However, ascorbate is not the only factor influencing
tumor development. There are many other factors, some clearly specie-, strain-, and tissue-
specific (Sunderman, 1983; Kasprzak et al., 2003), and ascorbate’s interplay with them has
yet to be explored.

As we found, Gulo-/- mice are only slightly more susceptible to muscle carcinogenesis by
nickel than their already low susceptible parental wild-type C57BL mice. Therefore, despite
their dependence on exogenous ascorbate, Gulo-/- mice may not be the best choice to test
ascorbate effects on nickel carcinogenesis. Nickel is generally a stronger carcinogen in rats
than in mice (Sunderman, 1983); and rats have been more frequently used in metal
carcinogenicity experiments than mice. Hence, we speculate that the Wistar-derived
mutants, ODS Shionogi rats, which also depend on dietary ascorbate, should be a better
model than Gulo-/- mice. Guinea pigs, which, similarly to humans, are naturally dependent
on dietary ascorbate, may also be a reasonable model; but there are no published data on
guinea pig susceptibility to nickel-induced carcinogenesis. Also, because lung is the major
carcinogenic target in humans, and ascorbate has been found to be depleted by nickel in lung
tissue to a higher extent than in muscle (Fig. 3), a lung carcinogenesis model may be more
appropriate for future experiments than the more common skeletal muscle model herein.

In conclusion, this study finds ascorbate as a potentially important part of the molecular
mechanisms of nickel carcinogenesis and acute toxicity. Although the complexity of
carcinogenesis and the cytotoxicity of the carcinogen might have obscured some ascorbic
acid effects, our results reveal increased receptivities of the dietary ascorbate-dependent
Gulo-/- mice to Ni3S2 carcinogenesis and transplanted tumors growth relative to those of
WT mice. Ascorbate deficiency resulted in higher susceptibility of the Gulo-/- mice to the
acute toxicity of nickel, and ascorbate supplementation resulted in extension of the
incubation period of tumors transplanted into WT mice. The latter effect may inhibit the
formation of cancer metastases. Thus, the possibility of attenuating harmful effects of nickel
by ascorbate may be of practical importance to humans and this deserves further studies.
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Research Highlights

Destruction of ascorbate by heavy metals decreases antioxidant defense and
suppresses function of numerous hydroxylases

We propose to use Gulo-/- mice, which are like humans unable to synthesize
ascorbate to test the effect of carcinogenic nickel

The reduction in ascorbate levels increased acute toxicity induced by Ni3S2 in
Gulo-/- mice

Gulo-/- mice were found more susceptible than wild-type mice to nickel-induced
carcinogenesis
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Figure 1.
Regression analysis plots of tumor transplants growth (solid lines flanked by faint lines
representing 95% confidence intervals). Tumors transplanted into Gulo-/- mice started to
grow shortly after grafting with no significant difference between dietary ascorbate
supplementation levels. Tumors transplanted into WT mice started to grow only after a 20-,
or 50-day incubation period, depending on ascorbate supplementation.
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Figure 2.
Incubation time of transplanted tumor growth as a function of mouse strain and ascorbic
acid supplementation. The 95% confidence intervals for the growth delay values (vertical
lines) are based on Tukey’s honest significance difference calculations (Hochberg and
Tamhane, 1987). Unlike both groups of Gulo-/- mice, in which the tumor transplants started
growing exponentially with no measurable delay, the WT mice show a significant delay in
tumor growth after transplantation with ascorbate supplementation extending the delay even
further.
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Figure 3.
Tissue and blood plasma levels of ascorbate (ng/mg wet tissue +/- SE, n = 3 – 4) in WT and
Gulo-/-, 100 mice at days 1 and 7 following i.m. injections of 0 (control; the same for days 1
and 7) or 2.0 mg Ni3S2/thigh (treated).

Kasprzak et al. Page 14

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kasprzak et al. Page 15

Ta
bl

e 
1

M
or

ta
lit

y 
an

d 
tu

m
or

 in
ci

de
nc

e 
in

 m
ic

e 
in

je
ct

ed
 w

ith
 2

.0
 m

g 
N

i 3
S 2

/th
ig

h 
m

us
cl

e1

G
ro

up
 N

o.
T

re
at

m
en

t
T

ot
al

 N
o.

 o
f

m
ic

e
M

ic
e 

de
ad

 in
 1

 w
ee

k4
N

o.
 o

f 
m

ic
e 

at
 t

um
or

 r
is

k
(s

ur
vi

vi
ng

 >
 3

0 
w

ks
.)

M
ic

e 
w

it
h 

in
je

ct
io

n 
si

te
 t

um
or

s5
T

um
or

-b
ea

ri
ng

 m
ic

e 
eu

th
an

iz
ed

 a
t

w
ee

k6
N

o.
%

 t
ot

al
N

o.
%

 a
t 

ri
sk

1
G

ul
o-

/-
, 1

00
2

20
7

35
.0

12
8

66
.7

40
, 4

3,
 4

7,
 4

9,
 5

4,
 5

4,
 5

6,
 5

6

2
G

ul
o-

/-
, 3

30
2

20
9

45
.0

11
4

36
.4

40
, 4

2,
 4

8,
 4

9

3
G

ul
o-

/-
, 3

30
2 /

sh
am

3
15

0
0

15
0

0
N

o 
tu

m
or

s

4
W

T
21

5
23

.8
16

4
25

.0
34

, 4
3,

 4
8,

 5
1

5
W

T
, 3

30
2

19
10

52
.6

9
1

11
.1

38

1 T
hi

gh
 m

us
cu

la
tu

re
 o

f 
bo

th
 h

in
d 

lim
bs

; a
t w

ee
k 

0

2 M
ic

e 
of

fe
re

d 
10

0 
or

 3
30

 m
g 

as
co

rb
ic

 a
ci

d-
co

nt
ai

ni
ng

 d
ri

nk
in

g 
w

at
er

, r
es

pe
ct

iv
el

y,
 f

ro
m

 w
ea

ni
ng

 to
 li

fe
 te

rm
in

at
io

n

3 M
ic

e 
in

je
ct

ed
 w

ith
 th

e 
in

je
ct

io
n 

ve
hi

cl
e 

on
ly

4 R
en

al
 f

ai
lu

re

5 T
um

or
 in

 o
ne

 le
g 

on
ly

. N
o 

tu
m

or
s 

w
er

e 
fo

un
d 

at
 o

th
er

 s
ite

s 
of

 th
e 

bo
dy

6 W
he

n 
tu

m
or

 r
ea

ch
ed

 a
pp

ro
x.

 1
 c

m
 in

 d
ia

m
et

er

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 November 15.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kasprzak et al. Page 16

Ta
bl

e 
2

M
or

ta
lit

y 
an

d 
tu

m
or

 in
ci

de
nc

e 
in

 m
ic

e 
in

je
ct

ed
 w

ith
 2

.5
 m

g 
N

i 3
S 2

/th
ig

h 
m

us
cl

e1

G
ro

up
 N

o.
T

re
at

m
en

t
T

ot
al

 N
o.

 o
f 

m
ic

e
M

ic
e 

de
ad

 in
 1

 w
ee

k4
N

o.
 o

f 
m

ic
e 

at
 t

um
or

 r
is

k
(s

ur
vi

vi
ng

 >
 3

0 
w

ks
.)

M
ic

e 
w

it
h 

in
je

ct
io

n 
si

te
 t

um
or

s5
T

um
or

-b
ea

ri
ng

 m
ic

e 
eu

th
an

iz
ed

at
 w

ee
k6

N
o.

%
 t

ot
al

N
o.

%
 a

t 
ri

sk

6
G

ul
o-

/-
, 1

00
2

18
14

77
.8

3
2

66
.7

38
, 4

2

7
G

ul
o-

/-
, 3

30
2

18
9

50
.0

9
5

55
.6

45
, 4

8,
 4

8,
 4

8,
 5

4

8
G

ul
o-

/-
, 3

30
2 /

sh
am

3
17

2
11

.8
15

0
0

N
o 

tu
m

or
s

9
W

T
24

11
45

.8
12

3
25

.0
48

, 5
4,

 5
7

10
W

T
, 3

30
2

24
9

37
.5

15
3

20
.0

42
, 5

4,
 5

7

1 T
hi

gh
 m

us
cu

la
tu

re
 o

f 
bo

th
 h

in
d 

lim
bs

; a
t w

ee
k 

0

2 M
ic

e 
of

fe
re

d 
10

0 
or

 3
30

 m
g 

as
co

rb
ic

 a
ci

d-
co

nt
ai

ni
ng

 d
ri

nk
in

g 
w

at
er

, r
es

pe
ct

iv
el

y,
 f

ro
m

 w
ea

ni
ng

 to
 li

fe
 te

rm
in

at
io

n

3 M
ic

e 
in

je
ct

ed
 w

ith
 th

e 
in

je
ct

io
n 

ve
hi

cl
e 

on
ly

4 R
en

al
 f

ai
lu

re

5 T
um

or
 in

 o
ne

 le
g 

on
ly

. N
o 

tu
m

or
s 

w
er

e 
fo

un
d 

at
 o

th
er

 s
ite

s 
of

 th
e 

bo
dy

6 W
he

n 
tu

m
or

 r
ea

ch
ed

 a
pp

ro
x.

 1
 c

m
 in

 d
ia

m
et

er

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 November 15.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kasprzak et al. Page 17

Table 3

Short-term mortality in mice injected with 2.5 mg Ni3S2/thigh muscle1

Treatment Total No. of mice No. of mice dead in 1 week4

No. % total

Gulo-/-, 1002 18 13 72.2

Gulo-/-, 3302 18 10 55.6

Gulo-/-, 3302/sham3 18 0 0

WT 18 9 50.0

WT, 3302 18 7 38.9

1
Thigh musculature of both hind limbs; at week 0

2
Mice offered 100 or 330 mg ascorbic acid-containing drinking water, respectively, from weaning to life termination

3
Mice injected with the injection vehicle only

4
Renal failure
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