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Nickel is a widely used metal in industrial and commercial applications, being both workable and highly 

resistant to corrosion. Certain nickel compounds are known human carcinogens, but not all nickel 

compounds are equally hazardous. A robust method of assessing the carcinogenic potential of various 

nickel compounds is needed in order to determine safe occupational exposure levels. This work attempts 

to develop an in vitro mammalian cell culture method for assessing the carcinogenic and toxic potential of 

nickel compounds by metabolic and cell cycle analysis. Two cell lines, C3H/10T1/2 and MRC-5, were 

used. Measurements of extracellular metabolites by enzymatic methods and HPLC were combined with 

cell counts and cell cycle and apoptosis analysis by flow cytometry. This work shows that nickel sulphate 

can elicit a metabolic response similar to that of organic carcinogens, though the underlying mechanisms 

are likely different.
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1 Introduction and Background 

Nickel is a widely used metal in industrial and commercial applications, being both workable and highly 

resistant to corrosion. Nickel is a primary component of stainless steel and is also used in electroplating 

and electroforming, the manufacture of electronics and in the production of nickel-cadmium and nickel-

metal hydride batteries, the latter of which is extensively used in hybrid and electric vehicles. Certain 

nickel compounds are known human inhalation (IARC Group 1) carcinogens (e.g. nickel subsulfide, 

nickel oxide), but not all nickel compounds are equally hazardous.  

A robust method of assessing the carcinogenic potential of various nickel compounds is needed in order 

to determine safe occupational exposure levels. A number of different testing methods can be used to 

evaluate the hazard of potentially carcinogenic compounds, each with different strengths and weaknesses. 

Whole-animal testing is expensive, lengthy, has ethical implications, and the validity of extrapolation 

from animal species to Homo sapiens, and from high doses in animal tests to realistic human exposures is 

questionable. Human epidemiological studies in the nickel industry suffer from numerous confounding 

variables including smoking, mixed exposure to soluble and insoluble nickel species, and difficulties in 

assessing historic exposure levels. 

1.1 Carcinogenicity Testing 

Animal models take the entire organism into account in the test system, and more closely replicate human 

exposures. However, the animals used in these tests are inbred and genetically defined, with a closely 

controlled diet and environment. Humans are genetically diverse and exist in a complex environment that 

can contain many different carcinogens at different times, making epidemiological studies difficult 

(Milman and Weisburger, 1994). Humans also have variable rates of DNA repair which could influence 

their individual risk of developing cancer (Harris, 1989).  

Cell culture methods are becoming popular due to their potential to uncover mechanistic information at 

the molecular and cellular levels. In vitro methods can eliminate interspecies extrapolation by focusing on 

mechanisms relevant to humans (Eisenbrand et al., 2002) and are simpler, faster, and less expensive than 

animal tests (Bakand et al., 2005). The purpose of the current work is to develop an in vitro cell culture 

method capable of determining the carcinogenic potential of nickel compounds using metabolic flux 

analysis, cell cycle analysis and relevant mammalian cells. 

Carcinogens can be classified based on the stage of carcinogenesis they cause or enhance. A chemical 

carcinogen can be an initiator, promoter, or immunotoxicant (Douglas, 1984). Initiators change normal 
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cells into initiated cells by altering their DNA. An initiated cell is defined as having the phenotype of a 

normal cell but the genotype of a cancer cell due to the DNA damage. The difference between an initiated 

cell and a cancer cell is that the initiated cell is still phenotypically suppressed by the healthy cells around 

it. Promoters allow an initiated cell to overcome this suppression and change into a dividing tumor cell 

while immunotoxicants inhibit the physiological restraints, such as DNA repair mechanisms, which keep 

altered cells suppressed. 

Transformed cells exhibit six hallmark signs of cancer (Chiaradonna et al., 2011; Pecorino, 2008): 

1. Growth signal autonomy 

2. Evasion of growth inhibitory signals 

3. Evasion of apoptosis and anti-proliferative factors 

4. Angiogenesis 

5. Invasion and metastasis 

6. Unlimited proliferative potential 

Not all of these signs can be observed under normal cell culture conditions. In cell culture, there are 

several morphological signs that can be indicative of transformation (Pecorino, 2008): 

1. Loss of contact inhibition 

2. Anchorage independence  

3. Growth in low serum conditions 

4. Round morphology instead of flat and extended 

Currently, the results of short-term assays (cell transformation, mutagenicity tests, etc.) are not 

extrapolated to human hazards. Rather, extrapolation is made from the results of short-term assays to 

whole animal systems (Milman and Weisburger, 1994). The objective is to develop an assay that can be 

used to rapidly screen many different nickel compounds, assess metabolic perturbations caused by the 

nickel compounds and how resulting metabolic shifts relate to carcinogenesis. Based on these results, 

potential compounds can be selected for further testing, including whole-animal testing.  

Krahn summarizes the state of cell transformation assays, saying “the present cultured mammalian cell 

transformation assays are not considered to provide an adequate basis for making a definitive judgment 

on the carcinogenicity of a chemical in humans. Rather, a positive response indicates that a chemical is 

potentially hazardous and that testing in more sophisticated bioassays is necessary” (Krahn, 1979). 
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While results from animal studies appear to be the best for assessing hazard to humans, many in vitro 

carcinogenic tests lack reasonable correlation with whole animal studies. It is important to consider the 

types of carcinogens for which an assay can be considered valid. For example, the Ames test yields a 

valid response for polycyclic aromatic hydrocarbons (PAHs), but not for metal carcinogens. If a test 

compound does not fit well into established classifications, an array of tests with a broad spectrum of 

responses is recommended (Butterworth, 1979).  

1.2 Scope and Objectives 

The overall goal of the research program is to develop an effective in vitro mammalian cell culture 

method for assessing the carcinogenic and toxic potential of a large number of different nickel 

compounds utilizing cellular level metabolic modeling. The current work focuses on identifying relevant 

cell lines, identifying metabolic changes associated with nickel toxicity and carcinogenicity and linking 

these shifts in metabolism with changes in cell cycle progression and apoptosis. Factors to be measured 

include changes in utilized metabolic pathways, fluxes through those pathways, and cell growth.  

A future objective of the research program is to integrate the current work into a metabolic flux model 

capable of simulating the impact of a nickel compound on the metabolome of mammalian cells in culture. 

The metabolic model will be combined with a dynamic model of cell growth and apoptosis. In future 

work the model and its use as a toxicity and carcinogenicity assay will be validated against literature data 

from whole-animal and epidemiological studies. 

2 Literature Review 

2.1 Toxicity of Nickel Compounds 

Various nickel compounds are associated with a number of different ailments in humans. They are known 

to cause lung inflammation, fibrosis, emphysema and pulmonary alveolar proteinosis in addition to 

malignant tumors (Morgan and Usher, 1994). The carcinogenicity of nickel compounds is of particular 

interest due to its relatively low mutagenicity and the variation in potency among the different 

compounds.  

The carcinogenicity of several nickel species is well established, with nickel compounds shown to be 

carcinogenic in vitro, in vivo and through epidemiological studies (Kasprzak et al., 2003). However, not 

all nickel compounds are carcinogenic, while those that are likely have different mechanisms of 

carcinogenesis.  
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Solubility is considered an important factor in judging the carcinogenetic potential of a given nickel 

species. Water insoluble compounds such as nickel subsulfide (Ni3S2) are extremely carcinogenic when 

compared to water soluble compounds such as nickel chloride (NiCl2). Oller (2002) concluded that based 

on existing data, inhalation exposure to soluble nickel by itself was unlikely to cause cancer, and if 

exposure was kept below levels known to cause chronic respiratory toxicity, the mutagenic-enhancing 

effects would be almost eliminated. In other words, soluble nickel is likely a threshold carcinogen, 

meaning a minimum level of exposure is necessary before there is any hazard. It should be noted, 

however, that recent epidemiological studies suggest that soluble nickel compounds are also likely human 

carcinogens (Grimsrud et al., 2002; Grimsrud et al., 2003). Both water soluble and insoluble nickel 

compounds have been linked to lung and nasal cancers in humans (Costa et al., 2005). 

Nickel subsulfide is the most well-established carcinogenic nickel compound, having been shown to 

cause cancer in a number of studies in the lab and by epidemiology (Benson et al., 1987; Costa, 1991; 

Costa and Mollenhauer, 1980a; Costa and Mollenhauer, 1980b; Grimsrud et al., 2002; Kasprzak, 1995). 

Nickel arsenide (Ni5As2, orcelite) is an insoluble form of nickel which was once part of the nickel refining 

process. The refining process was changed in 1923 to eliminate orcelite, following which the incidence of 

respiratory cancers among nickel refinery workers decreased substantially (Clemens and Landolph, 

2003). Conversely, green (high-temperature) nickel oxide does not appear to be carcinogenic in animal 

inhalation studies (Tanaka et al., 1988). Green nickel oxide, due to its lower calcination temperature, 

contains less than 3% by weight of Ni(III), compared to black nickel oxide which can contain as much as 

81% Ni(III) by weight and is considered more carcinogenic (Sunderman et al., 1987). The carcinogenic 

potential of particulate nickel compounds has been correlated with nickel-mass fraction in rat injection 

studies (Sunderman, 1984). 

One particularly interesting aspect of nickel toxicity is the apparent hormetic dose response some nickel 

compounds display (Borella et al., 1990; Repetto et al., 2001). Mattson (2008) defined hormesis as a 

biphasic dose response where a low dose has a stimulatory or beneficial effect and a high dose is 

inhibitory, or toxic. The mechanisms behind hormesis are still poorly understood, and there is some 

contention within the toxicology community as to whether it even exists (Cook and Calabrese, 2007).  

Repetto et al. (2001) investigated the effect of nickel chloride on Neuro-2a (mouse neuroblastoma) cells. 

They found that nickel(II) had an EC50 of 290 μmolL
-1

 on cell proliferation and noted that nickel 

produced metabolic changes that were more important to cell viability than any cytoplasmic damage. 

Notably, they found that nickel appeared to stimulate cell proliferation at the lowest concentrations tested 

(0.5-10 μmolL
-1

), while it was inhibitory at higher concentrations. Lactate dehydrogenase (LDH) activity 
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was inhibited very specifically by nickel, at extremely low concentrations (EC50 = 0.32 μmolL
-1

). At 

higher concentrations this effect is likely canceled out by increased LDH levels induced by hypoxia 

signaling, as described in detail below. Table 1 summarizes the toxicities of some important nickel 

compounds.
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Table 1: Summary of toxicity and carcinogenicity of various nickel species and compounds 

Name Formula Solubility Reference Methods Results 

Nickel subsulfide Ni3S2 Low (Costa and 

Mollenhauer, 

1980b) 

Literature Review Well-established human inhalation 

carcinogen. More carcinogenic than nickel 

sulfide and about four times as toxic  

Nickel sulfide NiS Crystalline (low) 

Amorphous (low) 

(Costa, 1991) Literature Review Amorphous nickel sulfide is a weak 

carcinogen compared to crystalline nickel 

sulfide, likely due to differences in extent 

of endocytosis 

Nickel arsenide 

(orcelite) 

Ni5As2 Low (Clemens and 

Landolph, 2003) 

Nickel refinery dust phagocytized 

by cultured mouse embryo cells 

Orcelite-containing particles induced a 

dose-dependent morphological 

transformation in cultured cells 

Nickel(II) oxide 

(green, high-

temperature form) 

NiO Low (Clemens and 

Landolph, 2003) 

Nickel refinery dust phagocytized 

by cultured mouse embryo cells 

Equally cytotoxic to orcelite-containing 

particles but no dose-dependent 

morphological transformation observed 

(Tanaka et al., 

1988) 

Rat inhalation study No evidence of tumors in rats exposed for 

12 months 

Nickel(III) oxide 

(black, low-

temperature form) 

Ni2O3 Variable depending 

on calcination 

temperature  

(Schwerdtle et 

al., 2002) 

Human lung cell culture As a co-carcinogen, nickel oxide inhibited 

DNA repair 

Nickel(II) chloride NiCl2 High (Repetto et al., 

2001) 

Neuro-2a cells. LDH activity and 

mitochondrial succinate 

dehydrogenase activity, cell 

proliferation 

EC50 of 0.29 mmolL
-1

 for cell 

proliferation. Specifically inhibited LDH 

activity (EC50=0.32 μmolL
-1

) 

Nickel(II) sulfate NiSO4 High Kobayashi et al. 

(2005) 

Thyroid carcinoma cultures Cytotoxic at concentrations of 1.5 µmolL
-1

 

and higher 

(Ohshima, 2003) V79 Chinese hamster cells Induced genetic and chromosomal 

instability 
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2.1.1 Exposure Pathways 

Inhalation is the exposure pathways of greatest concern (Salnikow and Zhitkovich, 2008). Occupational 

exposure is the most common source of exposure, occurring in nickel mining and refining, alloy 

production, welding, and electroplating (Kasprzak et al., 2003).  

Nickel is also known to be an effective carcinogen when administered parenterally. In animal studies, 

injection of nickel compounds caused an almost 100% incidence of tumor growth (Costa, 1991; Kasprzak 

et al., 2003; Sunderman et al., 1984). Parenteral exposure is not a relevant environmental or occupational 

exposure pathway, but there has been concern about the release of nickel ions from nickel-containing 

surgical implants. Wataha et al. (1999) investigated the cytotoxic and inflammatory effects of nickel-

containing alloys in vitro. The alloys (as well as pure nickel) released detectable amounts of nickel, but 

only NiTi caused monocytes to secrete interleukin-1 beta (IL-1β) and tumor necrosis factor alpha (TNF-

α). They hypothesized that the surface composition of the different alloys may influence the activation of 

monocytes. Another study found that nickel-containing dental alloys caused changes in the energy 

metabolism of human gingival fibroblasts (Bumgardner et al., 1995). 

The clearance of nickel compounds from tissues has also been extensively studied. Studies using Newport 

Green, a dye which fluoresces when bound to ionic nickel, have shown that soluble compounds are 

cleared from tissue much faster than insoluble compounds, likely decreasing their effective 

carcinogenicity in vivo (Ke et al., 2007). This may contribute nickel’s apparent threshold carcinogenicity, 

since exposure would have to occur at concentrations higher than the body can effectively excrete in order 

to ultimately lead to any observable carcinogenic effect. 

2.1.2 Effect of Particle Size 

Particle size is an important consideration when assessing the toxicity of particulate compounds. Zhang et 

al. (2003) studied the effect of particle size on nickel toxicity. They compared standard metallic nickel 

particles (mean diameter 5µm) to ultrafine metallic nickel particles (mean diameter 20 nm). Nickel 

solutions were administered via intratracheal instillation in rats and lung damage was measured via 

analysis of bronchoalveolar lavage fluid for lactate dehydrogenase, total protein, TNF-α and total cell and 

differential cell counts. They found that ultrafine nickel caused more severe pulmonary inflammation than 

standard nickel, with levels of TNF-α being more than twice as high compared to the response induced by 

standard nickel (Zhang et al., 2003). The authors concluded that ultrafine nickel was much more toxic to 

the lungs than standard nickel particles. They point out that present occupational exposure limits for 

metals are based solely on mass, and suggest that particle size should be taken into account.  
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2.1.4 Nickel as a Co-Carcinogen 

There is some evidence to indicate that nickel compounds are capable of acting synergistically with 

DNA-damaging agents to enhance cytotoxicity and genotoxicity by inhibiting the ability of cells to repair 

DNA damage. A number of studies demonstrated the ability of nickel to inhibit repair of damage caused 

by N-methyl-N-nitrosourea and UV light exposure (Salnikow and Zhitkovich, 2008).  

Uddin et al. (2007) successfully demonstrated that nickel chloride in drinking water could increase the 

frequency of UV radiation-induced skin cancer in mice. Mice which consumed nickel but were not treated 

with UV radiation did not develop cancers. This is also notable because it appears that nickel was exerting 

this effect through the ingestion pathway, which is not typically associated with its carcinogenicity. 

Several studies have shown that when paired with the strong mutagenic carcinogen benzo[a]pyrene 

(BaP), nickel compounds can inhibit DNA repair, increasing the frequency of transformations (Hu, 2003; 

Rivedal and Sanner, 1980; Rivedal and Sanner, 1981; Schwerdtle et al., 2002). This led Rivedal and 

Sanner (1981) to conclude that “metal salts are more potent as promoters than they are as initiators.” This 

synergistic effect is important to recognize because BaP is a component of cigarette smoke, making it not 

only a potential confounding factor in epidemiological studies, but also a synergistically carcinogenic 

compound. Nickel(II) has also been shown to enhance carcinogenicity of the cytostatic drugs cisplatin 

and transplatin by inhibiting nucleotide excision repair (Krueger et al., 1999). In human cells, 

200 μmolL
-1

 nickel sulphate (NiSO4) was shown to reduce the latency period of malignancy by up to 19 

weeks in pre-transformed cells (Pang et al., 2008). In summary, nickel compounds have been shown to be 

effective co-carcinogens in both in vitro and in vivo systems. 

2.2 Mechanisms 

A number of mechanisms for nickel-based carcinogenesis have been proposed, ranging from epigenetic 

changes and chromatin remodeling to cell signaling, oxidative stress, and interference with intracellular 

iron homeostasis (Davidson et al., 2005). Previously, any discussion of nickel’s carcinogenic potency was 

dominated by the “nickel ion hypothesis” which states that the carcinogenic activity of any particular 

nickel compound is directly related to its ability to deliver nickel ions into the nucleus of a target cell 

(Costa et al., 2003). Later it was discovered that soluble nickel compounds could have similar activities to 

nickel subsulfide in some aspects, such as induction of Cap43 (Zhou et al., 1998).  This occurred even 

though it was unlikely that soluble nickel was effective at delivering metal ions to the nucleus. Thus it 

was proposed that soluble nickel must be interacting with a receptor on the cell surface (Costa et al., 

2003).  
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2.2.1 Entry into the Cell 

Heck and Costa (1982) noted that crystalline nickel subsulfide particles were actively endocytized not 

only by professional phagocytes, but also by non-macrophage target cells in a process they called 

facultative phagocytosis. Phagocytosis of nickel particles is an effective method of delivering large 

quantities of metal ions into the cell, and helps explain why less water-soluble nickel compounds are 

more carcinogenic than the readily soluble ones (Costa, 1991).  

In support of the original nickel ion hypothesis, Costa and Mollenhauer (1980b) determined that the 

carcinogenicity of particulate nickel subsulfide was directly related to its cellular uptake via phagocytosis. 

They compared the cellular uptake of crystalline nickel subsulfide and amorphous NiS by Syrian hamster 

embryo (SHE) and Chinese hamster ovary (CHO) cells and found that only the nickel subsulfide particles 

were actively phagocytized. 

Once phagocytized by the cell, nickel particles tend to aggregate around the nucleus within 24 to 48 hours 

(Evans et al., 1982). They are then stored in cytoplasmic vacuoles which are slowly acidified by 

lysosomes,  reaching a pH of approximately 4.5 and dissolving the particles, thereby allowing nickel ions 

to flow directly into the nucleus (Abbracchio et al., 1982; Evans et al., 1982; Heck and Costa, 1983).  

A number of factors can affect the uptake of nickel particles into the cell. Heck and Costa (1982) showed 

that the uptake of crystalline nickel sulfide was dose-dependent on intracellular Ca
2+

. In a later study, 

Heck and Costa (1983) showed that the surface charge (zeta potential) of particulate nickel compounds 

affected their ability to be phagocytized by cells. Nickel oxide, nickel subsulfide, and crystalline nickel 

sulfide all have strongly negative zeta potentials and are quickly phagocytized by cells, while the surface 

charge of amorphous nickel sulfide, which is phagocytized less readily, is slightly positive.  

Because soluble nickel compounds cannot be readily phagocytized, researchers hypothesized that they 

must be using another mechanism to gain entry into the cell. Davidson et al. (2005) were able to show 

that soluble nickel is transported into cells via divalent metal transport 1 (DMT1). To prove this, they 

used human embryonic kidney (HEK) cells with a tetracycline-inducible vector containing a rat DMT1 

construct. When DMT1 was overexpressed following administration of tetracycline, nickel uptake 

increased. Normally, DMT1 is used for cellular iron uptake. 

Nickel may compete with iron not only for entry into the cell, but also within the cell itself, since nickel 

and iron have similar atomic structures and ionic radii (Chen et al., 2005; Davidson et al., 2005). Another 

study disagrees with this assertion, finding that the effect of nickel was not due to it blocking iron uptake, 

since intracellular iron was not affected by co-exposure with nickel (Salnikow et al., 2004b).  
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The differing carcinogenic potency of nickel compounds is likely related to the bioavailability of nickel 

ions within cells after exposure (Costa, 1991). For example, amorphous nickel sulfide is a weak 

carcinogen compared to crystalline nickel sulfide due to the fact that the latter compound is readily 

phagocytized, making it freely available within target cells (Costa, 1991; Costa and Mollenhauer, 1980a). 

Costa (1991) concluded that the difference in dissolution half-time was insufficient to explain the 

difference in carcinogenic potency of these two compounds.  

In their extensive review on nickel carcinogenesis, Kasprzak et al. (2003) conclude that the toxicity and 

carcinogenicity of nickel depends on its intracellular dose. More recently, Goodman et al. (2011) 

completed an in-depth review of nickel bioavailability and its relation to carcinogenic potential. The dose 

depends on the physical properties of each specific nickel compound. For example, water soluble 

compounds are less toxic than insoluble ones because they can be cleared from affected tissues faster, 

limiting uptake. Water insoluble nickel compounds such as nickel subsulfide can remain in tissues long 

enough to be phagocytized. Costa et al. (1994) noted that the intracellular dissolution of nickel particles 

following endocytosis results in a much higher intracellular concentration of nickel ions than is possible 

by cellular uptake of soluble nickel compounds. Additionally, phagocytized particles tend to aggregate 

around the nucleus (Evans et al., 1982), so the ensuing dissolution of the particle allows the delivery of 

nickel ions directly into the nucleus while reducing interaction with intra- or extracellular proteins or 

amino acids which may bind the nickel and reduce its carcinogenic activity.  

2.2.2 Genotoxicity and Mutagenicity 

Genotoxic effects of carcinogens include DNA-protein crosslinking, DNA strand breakage, sister 

chromatid exchange, and oxidative DNA base damage (Kasprzak, 1995). A study by Ohshima (2003) did 

find evidence of nickel-induced genotoxicity. Ohshima treated V79 Chinese hamster cells with nickel 

sulfate then cloned the surviving cells and examined them for mutation frequency at the hypoxanthine 

phosphoribosyltransferase (HPRT) locus. Mutations in the HPRT locus are a sign of genetic instability. 

The study found that HPRT mutations were not caused by nickel(II) directly, but occurred during cell 

proliferation following treatment. The study noted several signs of chromosomal instability, specifically a 

high frequency of dicentric chromosomes and ring chromosomes. 

Following entry of nickel ions into the nucleus of a cell, nickel can produce chromosomal damage by 

producing protein-DNA complexes in chromatin. Costa showed that nickel selectively damages 

chromosomes in regions with long strands of heterochromatin (Costa, 1991). There are two reasons for 

damaging heterochromatin preferentially over euchromatin: 1) heterochromatin has more tightly-packed 

DNA-protein structures than euchromatin and 2) heterochromatin lines the interphase nucleus, making it 
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an easy target for interactions (Costa et al., 1994). When DNA replication occurs over a region of DNA 

cross-linked with protein, deletion can occur, and usually cannot be repaired (Costa et al., 1994).  

Several studies have shown that both soluble and insoluble nickel compounds are able to induce the 

formation of reactive oxygen species (ROS) (Harris and Shi, 2003; Huang et al., 1994; Kasprzak, 1995; 

Landolph, 1994). The ROS damage which follows may cause a hypermutable state (Zienolddiny et al., 

2000). One important note is that to exert its oxidative effect nickel(II) must complex with natural ligands 

such as peptides or proteins (Kasprzak et al., 2003). 

Nickel has long been a suspected genotoxicant, but recent data shows that the carcinogenicity of nickel(II) 

is likely more dependent on non-genotoxic mechanisms (Salnikow and Zhitkovich, 2008).  

2.2.3 Epigenetic Effects 

Salnikow and Zhitkovich (2008) point out that the observed mutagenic activity of nickel compounds in 

mutational systems has been low. They suggest that nickel-induced carcinogenesis is not due to nickel-

induced mutagenic activity, but rather to epigenetic changes including histone acetylation and DNA 

methylation as well as the activation or suppression of a number of transcription factors. Interactions with 

histones change the structure of chromatin, which can allow or prevent transcription of DNA bound to the 

histones. Salnikow and Zhitkovich go on to state that carcinogenic metals typically do not form DNA 

adducts, one of the main cancer-causing factors in organic carcinogens. Costa noted that nickel(II) has a 

very high affinity constant for amino acids, making nickel ions “three to five orders of magnitude more 

reactive for amino acids than for nucleotides, nucleotide monophosphates and DNA” (Costa et al., 1994). 

Thus, if nickel ions managed to enter the nucleus, they would preferentially bind to histones over DNA, 

while outside the nucleus various intracellular proteins would bind ionic nickel, making it unavailable for 

entry into the nucleus. 

Lee et al. (1995) point out that nickel is capable of inactivating the expression of genes by inducing DNA 

methylation near regions of heterochromatin within the nucleus. The mechanisms by which nickel 

induces DNA hypermethylation (which can cause gene silencing) in cultured cells are unclear, but one 

possibility is that nickel can act as a substitute for magnesium, increasing chromatin condensation and 

triggering de novo DNA methylation (Lee et al., 1995). Other epigenetic changes which may be induced 

by nickel compounds include cytosine methylation and histone deacetylation leading to the inactivation of 

tumor suppressors (Broday et al., 2000; Lee et al., 1995). 
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Costa also noted that short-term (1-3 days) exposure to insoluble nickel particles will epigenetically 

silence genes near heterochromatin while soluble nickel compounds will not. A longer exposure (3 

weeks) to soluble nickel (nickel chloride) did cause gene silencing (Costa et al., 2005).   

2.2.4 Metal-Induced Hypoxia via HIF-1α Stabilization  

Nickel is not normally considered an essential metal in mammalian cells, so one would not expect to 

observe a characteristic pattern of gene expression as a result of nickel exposure. Nevertheless, nickel 

does produce a specific pattern of gene expression similar in nature to the cellular response to hypoxia 

(Costa et al., 2005; Salnikow and Zhitkovich, 2008). This effect has been a major focus of recent 

research.  

Hypoxia, a state of decreased oxygen supply, is a common condition in cancer pathology because tumors 

often grow faster than the vasculature which supplies them with oxygenated blood (Vaupel and Mayer, 

2004).  Molecular responses to hypoxia include angiogenesis and changes in energy metabolism 

(Salnikow and Kasprzak, 2005). Thus, hypoxia creates an environment that can select for cells with 

enhanced glycolytic activity, a hallmark of human cancers (Gatenby and Gawlinski, 2003; Salnikow et 

al., 2002). The selection theory, where transformed cells are more fit than healthy cells in hypoxic 

environments, may explain the low mutagenicity but high carcinogenicity observed in nickel compounds 

(Salnikow and Zhitkovich, 2008). 

The hypoxia-sensing pathway is fairly well understood (Salnikow and Kasprzak, 2005; Salnikow and 

Zhitkovich, 2008). Mammalian cells produce hypoxia inducible factor (HIF-1α), which incorporates an 

oxygen-dependent degradation domain (ODD). When molecular oxygen (O2) is bound to the ODD via 

prolyl hydroxylase, Von Hippel Lindau protein (VHL), a tumor suppressor, tags the HIF-1α regulatory 

subunit for degradation via ubiquitin. Ubiquitin facilitates the degradation and recycling of HIF-1α, 

preventing it from activating any of its transcription factors. According to Salnikow and Zhitkovich 

(2008), the regulatory subunit HIF-1α is “virtually undetectable in most cells” under normal conditions. 

Under hypoxic conditions there are low levels of O2 within the cell. Therefore, the HIF-1α subunit does 

not undergo ubiquitin-mediated degradation. The alpha subunit joins with the beta subunit (HIF-1β) and 

is transported to the nucleus via nuclear transport protein p300 (Salnikow and Kasprzak, 2005; Salnikow 

and Zhitkovich, 2008). Once bound to the nucleus it activates a number of transcription factors including 

vascular endothelial growth factor (VEGF), and causes a number of changes to cellular energy 

metabolism focused on ceasing proliferation and increasing survivability (Salnikow et al., 2002; 

Salnikow et al., 2003). HIF-1α upregulates nearly all enzymes involved in glycolysis and inhibits some 
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enzymes involved in tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS) (Pecorino, 

2008). 

The prolyl hydroxylase protein requires iron in its reduced form (iron(II)) in order to proceed. During the 

reaction iron is oxidized to iron(III) and becomes unusable. Intracellular ascorbate is needed to maintain 

iron in its reduced form, allowing the reaction to proceed continuously (Salnikow and Kasprzak, 2005; 

Salnikow and Zhitkovich, 2008).  

Soluble nickel causes the irreversible oxidation and degradation of ascorbate accompanied by the 

production of OH radicals (Brigelius-Flohé and Flohé, 1996) and in turn causes a decrease in the levels of 

iron(II). Without iron in its reduced form, the hydroxylation reaction ceases, and oxygen is not bound to 

the ODD on HIF-1α. Thus, hypoxia-activated transcription factors are activated even under normoxic 

conditions (Chen et al., 2005; Maxwell and Salnikow, 2004). The effects of this activation mean that 

nickel compounds exert pressure to select for cells with high glycolytic activity and lactate production, 

which can aid initiation or tumor progression (Chen et al., 2005; Salnikow et al., 2002). Based on these 

results, Salnikow et al. (2004a)  hypothesized that increasing the levels of ascorbate in cell culture 

medium could reduce the effects of metal-activated hypoxia signaling. They confirmed that the addition 

of ascorbate prevented prolyl hydroxylase inhibition which in turn reduced hypoxia signaling.  

While changes in energy metabolism are the primary effect of HIF activation, another effect is a reduction 

in the levels of acetyl CoA, which is necessary for histone acetylation. This may be the cause of nickel-

induced gene silencing (Costa et al., 2005). If hypoxia can induce gene silencing then there could be a 

mechanism for soluble nickel carcinogenicity which does not require delivery of nickel ions into the 

nucleus. It has also been suggested that HIF-1α could induce genetic instability by downregulating MutSα 

expression, a component of the DNA mismatch repair system in humans (Koshiji et al., 2005).  

Another interesting effect of the inhibition of prolyl hydroxylases is impaired collagen assembly, which 

utilizes a similar ascorbate/iron/prolyl hydroxylase system (Brigelius-Flohé and Flohé, 1996). Since 

collagen makes up the extracellular matrix (ECM), impaired collagen assembly may facilitate metastasis 

by allowing transformed cells to escape the ECM. Currently nothing is known of the effect of nickel on 

collagen assembly processes (Salnikow and Kasprzak, 2005). The combination of ECM breakdown and 

induction of angiogenesis would potentially make soluble nickel a potent co-carcinogen. 
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2.3 Animal and Epidemiological Studies 

2.3.1 Animal Studies 

One notable problem with using whole-animal models to study respiratory carcinogens is the lack of a 

suitable animal model. Rats, the animal of choice for many toxicology studies, are not good candidates 

because they are “nose only” breathers, and inhalation studies using them will not necessarily produce 

cancer, even with established human carcinogens (Costa, 1991). Nevertheless, at least two animal studies 

have found that inhaled nickel subsulfide can cause cancer in rats (Dunnick et al., 1995; Ottolenghi et al., 

1975). Dunnick’s study found that inhalation exposure to nickel sulfate did not cause cancer, but nickel 

subsulfide and nickel oxide caused neoplasms in rats but not mice. Salnikow and Zhitkovich (2005) 

suggest that this may be because mice maintain a higher level of serum ascorbate than rats, which would 

give them increased protection from the effects of ascorbate depletion due to nickel. Notably, an earlier 

study by Dunnick (1989) found that lung toxicity increased with solubility, making nickel sulfate more 

toxic than nickel subsulfide and nickel oxide. 

Inhalation carcinogenesis studies are expensive and difficult (Costa, 1991), so nickel compounds are 

usually administered through other routes. Injection is a common method of administration. Some nickel 

compounds (nickel subsulfide and crystalline nickel sulfide) have been shown to cause a 90-100% 

incidence of tumors when administered this way (Kasprzak et al., 2003; Sunderman et al., 1984). One 

problem with injection studies is the handling of the nickel compounds prior to administration. Unless 

nickel subsulfide particles are handled in an inert atmosphere, they will be oxidized by the ambient air. In 

this case, the particles are primed to release a large amount of soluble nickel(II) into the tissues 

immediately after injection. This can produce acute toxic effects, including death (Rodriguez et al., 1996). 

Nickel-induced carcinogenesis in animals is known to be tissue, strain, and species-dependent (Kasprzak 

et al., 2003). Rodriguez et al. (1996) investigated the effects of nickel subsulfide injections on different 

strains of mice, and found that C3H mice, with lower H2O2 production and higher antioxidant efficacy, 

were more resistant to the toxic effects of nickel subsulfide, but more susceptible to the carcinogenic 

effects. This suggests that genetic predispositions, including variations in the expression of genes 

involved in the metabolism of antioxidants (e.g. glutathione and ascorbic acid) in different species and 

strains of animals may also play a role in nickel carcinogenesis (Rodriguez et al., 1996). Salnikow and 

Zhitkovich (2008) suggest that similar genetic predispositions could exist in humans. 
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2.3.2 Epidemiological Studies 

The most important epidemiological investigation of nickel carcinogenicity is probably the Report of the 

International Committee on Nickel Carcinogenesis in Man (Doll, 1990). It is often referred to as the Doll 

Report after the epidemiologist Richard Doll. The Doll Report incorporated data from almost 80 000 

workers across ten cohorts including workers involved in nickel mining, refining, smelting, and alloy 

production. The greatest obstacles they encountered were characterizing the levels and individual species 

of nickel that the workers had been exposed to. They also lacked adequate information on smoking in 

workers. 

Overall the report concluded that several forms of nickel are likely to cause lung and nasal cancers. The 

largest risk was seen in the nickel refinery workers exposed to high concentrations of oxidic and sulfidic 

nickel compounds. Improvements in processes and equipment appear to have greatly reduced the risks of 

respiratory cancers associated with nickel refining. They also found that exposure to soluble nickel 

increased the risk of respiratory cancers and possibly acted synergistically with insoluble nickel 

compounds. Metallic nickel was not associated with an increased risk of these cancers, and there was no 

evidence that any nickel compounds caused cancer anywhere other than the lung or nose. The risks were 

associated with exposure to soluble nickel at concentrations higher than 1 mgNi/m
3
 and insoluble nickel 

at concentrations higher than 10 mgNi/m
3
.  

A study by Pang et al. (1996) examined 284 nickel plating workers with no history of occupational 

chromium exposure, employed between 1945 and 1975. These workers were exposed primarily to mists 

of nickel chloride or nickel sulphate. Although the study found no increased risk of lung cancer, there was 

weak evidence for an increased risk of stomach cancer. Contrary to these findings, Grimsrud et al. (2002) 

found a dose-related association between lung cancer and cumulative occupational exposure to soluble 

nickel compounds.  

One study (Andersen et al., 1996) attempted to control for the interaction between nickel exposure and 

tobacco smoke in nickel refinery workers. In a study of 379 nickel refinery workers between 1916 and 

1983 they found an increase in risk of lung cancer due to exposure to soluble nickel compounds, with 

smoking having a multiplicative effect on the risk. This suggests that nickel may be working 

synergistically as a co-carcinogen in vivo.  

A review by Oller (2002) emphasized that although epidemiological evidence shows that exposure to 

soluble nickel refinery dust is associated with increased risk of respiratory cancers, the reliability of the 

data is limited. Limitations include lack of reliable exposure data, inconsistent results across cohorts, and 
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co-exposure with insoluble nickel compounds and other carcinogens. Oller concluded that inhalation 

exposure to soluble nickel alone will not cause respiratory cancer and that if exposure is limited to levels 

which do not cause chronic respiratory toxicity, its synergistic effects would also be eliminated. Morgan 

and Usher (1994) stress that it is possible to work with nickel safely when following proper procedures. 

According to Salnikow and Kasprzak (2005) the use of ascorbate supplementation as an antimutagenic 

agent for nickel-exposed workers was proposed by Osipova et al. (1998).  

In summary, the epidemiological data concerning nickel as a human carcinogen is mixed. Although 

insoluble nickel is consistently associated with an increased risk of lung and nasal cancers, studies of 

exposure to soluble nickel species have yielded conflicting results. 

2.4 Cellular Transformation Assays 

2.4.1 C3H/10T1/2 Transformation Assay 

The in vitro assay which has been used most widely to assess the carcinogenicity of various nickel 

compounds is the C3H/10T1/2 transformation assay. C3H/10T1/2 Clone 8 (C3H10T1/2, Mus musculus 

embryo) is a cell line originally developed by Charles Heidelberger for use in transformation assays based 

on the cells’ sensitivity to post-confluence inhibition of division (Reznikoff et al., 1973a; Reznikoff et al., 

1973b).  The cells are also known to be sensitive to transformation by chemical compounds (Reznikoff et 

al., 1973a). 

Much of the work applying the C3H/10T1/2 transformation assay to nickel compounds has been 

performed by Joseph Landolph. Findings range from anchorage independence caused by nickel subsulfide 

(Landolph, 1994) to transformation caused by nickel sulfate (Ohshima et al., 1999) in a study funded by 

the Nickel Producers Environmental Research Association (NiPERA).  

It should be noted that the C3H/10T1/2 cell line is aneuploid, and is described as subtetraploid (Krahn, 

1979). Some researchers have questioned the suitability of aneuploid cell lines in evaluating carcinogens, 

given that aneuploidy likely contributes to genetic instability (Freshney, 2010) and can cause changes in 

proliferation and spontaneous immortalization (Williams et al., 2008). 

Landolph claimed that although C3H/10T1/2 cells are aneuploid, they are non-tumorigenic (Landolph, 

2006). However, normal tumorigenicity tests involve injecting a suspension of cells into nude mice. 

C3H/10T1/2 cells, although aneuploid, are still anchorage dependent, so this is not an adequate test of 

their ability to form tumors. When seeded onto polycarbonate discs which are subsequently implanted 

into mice, the cells form tumors (Boone and Jacobs, 1976). Boone described the cells as being in a 
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“preneoplastic” state. Barret also described a “preneoplastic” state of tumorigenic cells attached to a 

substrate (Barrett, 1980). Based on this information, Haber et al. (1977) suggested that the transformation 

of the C3H/10T1/2 cell line is likely only the final stage in the progression of a normal cell line to a 

cancerous one. 

The execution of the C3H/10T1/2 transformation assay is relatively straightforward. Cells are seeded into 

60 mm petri dishes at a density of 1000 cells per dish (approximately 36 cells/cm
2
), with 20 dishes per 

treatment. Twenty-four hours after seeding the dishes are dosed with the compound of interest. Twenty-

four to 48 hours later the medium is changed to remove the test compound. After six weeks of incubation 

with periodic medium changes the cell layer is fixed and stained with Giemsa. The stained cell layer is 

then checked for transformed foci by naked eye and microscopic examination (Boreiko, 1985; Krahn, 

1979; Milman and Weisburger, 1994). Generally, the thin monolayer stains weakly to a faint pink while 

transformed foci stain a dark purple and appear as a piling-up of cells with crisscrossing of cells around 

the edge. Cells cloned from these foci are tumorigenic in genetically identical (syngenic) C3H mice, with 

no need for an attachment substrate (Krahn, 1979).  

Scoring of the transformation assay includes three different types of transformed foci. The distinction 

between the types of foci has been described as subtle, and as such there is significant subjectivity in the 

evaluation of the assay results. Since confirmation via animal testing is rarely performed, “the impact of 

subjectivity in 10T1/2 transformation assay scoring is difficult to quantify” (Rundell, 1984). The type of 

foci roughly corresponds to the transplantability of cells comprising the foci. Table 2 below outlines the 

types of foci along with their approximate transplantabilities and physical description after staining. 

Table 2: Scoring of foci in the C3H/10T1/2 transformation assay 

Foci type Scored 

Approx. 

Transplantability 

(Rundell, 1984) 

Description (Landolph, 1985) 

Type I Never 0% Slight mottling, dark staining of 

monolayer 

Type II Sometimes 50% Piled-up cells over monolayer, darkly 

staining, relatively smooth edges 

Type III Always 85% Pile-up focus of cells, stained darkly, 

cells crisscrossing at edges 

 

In reality it is not always possible to categorize foci into three discrete categories, so there is ambiguity in 

scoring (Landolph, 1985). The rate of spontaneous foci formation is supposedly low (Krahn, 1979), but 

Rundell (1984) claimed the incidence of spontaneous transformation was not resolved by most 

investigators, who consider the appearance of one or two foci as a positive result. He concluded that “the 



 

18 

 

absence of a spontaneous frequency value raises important questions regarding both the performance and 

evaluation of the 10T1/2 assay” (Rundell, 1984). Boreiko (1986) recommended that researchers seeking 

experience with scoring of the C3H/10T1/2 assay should “acquire scoring expertise by consulting with or 

visiting laboratories using the assay on a routine basis.” Landolph called for the development of more 

quantitative methods of scoring foci (Landolph, 1985). 

2.4.1.1 Factors Affecting Assay Results 

The seeding density used in the assay has a large effect on the observed response. The number of 

transformed foci is dependent on cell density, as normal cells can suppress the expression of transformed 

cells (Bertram, 1977; Krahn, 1979). This dependency on cell density is present from the time of treatment 

through to at least 11 population doublings following treatment (Haber et al., 1977). The standard seeding 

density (1000 cells per dish) allows for 13 population doublings before the culture reaches confluence and 

the cells stop proliferating. Using higher seeding densities results in fewer population doublings and 

fewer transformed foci. Rundell (1984) suggests that this is because cell division is necessary for the 

expression and accumulation of genetic changes leading to transformation. Kakunaga (1975) suggested 

that one generation is needed for fixation of the genetic event, while several additional generations 

allowed for its expression. Conversely, some authors say that increasing the seeding density to 10 000 

cells per dish will result in increased sensitivity (Milman and Weisburger, 1994). The low seeding density 

used in the standard assay also complicates the selection of treatment concentrations. For the assay to be 

considered successful there must be enough surviving cells (30-50%) to form a monolayer. In the case of 

more cytotoxic compounds, higher seeding densities are necessary (Rundell, 1984). 

The batch of serum used in the growth medium can affect the response to the treatment. Compared to a 

similar assay, the BALB/c-3T3 cell transformation assay, the 10T1/2 assay is far more sensitive to 

variation between lots of serum, meaning that multiple lots of serum must be screened to find a suitable 

one (Milman and Weisburger, 1994). Screening is done by performing the assay for the entire six week 

duration using methylcholanthrene (MCA) as the treatment compound. Landolph states that serum lots 

which show positive transformation with MCA are considered suitable for the assay. It is important to 

note that the C3H/10T1/2 cell line is particularly sensitive to the effects of PAHs such as MCA, and there 

is no guarantee that the selected serum lot will be suitable for other carcinogens. This could potentially 

result in false negatives. Frazelle et al. (1983) tested nine different serum lots from four different 

suppliers. While seven of the lots were considered positive for transformation by MCA, only two were 

considered suitable for initiation and promotion with methylnitronitrosoguanidine (MNNG) and 

tetradecanoylphorbol acetate (TPA). Landolph called for the development of a serum-free medium for 

C3H/10T1/2 to reduce variability in the assay between serum lots (Landolph, 1985).  
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Oshiro et al. (1982) examined the influence of different serum lots on the results of the C3H 10T1/2 

transformation assay. The majority of lots did not support transformation in the assay. Two lots of heat 

inactivated serum were included, both of which supported transformation. It is therefore possible that heat 

inactivation has some effect, likely by reducing variability by inactivating the complement system.  

2.4.1.2 Other Considerations 

Dunkel et al. (1988) looked at the reproducibility of the assay between separate laboratories. They found 

that the assay was not particularly reliable with only 21/35 (60%) test compounds yielding reproducible 

responses. One notable exception was with PAHs. The cells are able to metabolically activate some 

procarcinogens, particularly PAHs. However C3H/10T1/2 produces a novel isoform of cytochrome P450 

which has been shown to have unique activation and metabolism compared to the forms found in humans 

(CYP 1A1 and 1A2). In fact, the isoform produced by C3H/10T1/2 cells produces a metabolite pool 

containing a higher proportion of the proximate carcinogen product of PAH metabolism, meaning the 

cells are metabolizing procarcinogens in a manner which produces a higher quantity of carcinogenic 

byproducts (Pottenger and Jefcoate, 1990). Landolph referred to this isoform as cytochrome P448 

(Landolph, 1985).  

Given the issues with the cell line’s aneuploidy, the cell line’s response to treatment with carcinogens is 

an important factor. Boreiko (1985) examined the use of C3H/10T1/2 cells in studies of initiation and 

promotion. He noted that with 10T1/2 cells the most common result of treatment with well-known 

carcinogens was initiation of the cells, rather than full transformation. This included many compounds 

considered complete carcinogens when tested in vivo. These compounds required the addition of a 

promoter, tetradecanoylphorbol acetate (TPA) (Frazelle et al., 1984), or in some cases synchronization of 

the cell culture. Krahn (1979) noted that transformation by MNNG was cell cycle dependent, being 

effective within a four hour window prior to the beginning of S-phase. One unusual exception to this 

occurred with PAHs, which were capable of fully transforming 10T1/2 cell after a single treatment in a 

dose dependent fashion. Based on these findings, Boreiko (1985) cautioned that “a limited understanding 

of the basic cell culture variables which modulate both the induction and expression of transformation 

dictate that caution be exercised in extrapolating the significance of such models to in vivo 

carcinogenesis.” 

2.4.2 Human Cell Transformation Assays  

There have been attempts to develop transformation assays using human cells. Joseph DiPaolo in 

particular has tested the effects of various carcinogens on normal human cells and compared them to 

animal cells (DiPaolo, 1985; Griener et al., 1981; Milo and DiPaolo, 1978). One important difference 
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between human cells and animal cells is that human cells continually perform unscheduled DNA 

synthesis. This is in contrast to rodent cells, for example hamster, which repair at approximately one fifth 

the rate of human cells and will divide as normal even with unrepaired damage. In randomly proliferating 

populations of human cells over 90% of the damage induced by a chemical carcinogen will be repaired 

within 4-10 hours (Milo and DiPaolo, 1978). This likely contributes to the lower susceptibility of human 

cells to the induction of aneuploidy relative to rodent cells (Tsutsui et al., 1990). It has been shown that 

the rate of unscheduled DNA synthesis increases with the life span of a species (Hart and Setlow, 1974). 

In order to eliminate DNA repair as a barrier to transformation, DiPaolo used a metabolic block to stop 

DNA synthesis during carcinogen treatment. The treated cells did not exhibit morphological changes 

indicating transformation, so they were reseeded into soft agar to determine anchorage independence. The 

treated cells had increased population doubling potential and there was a dose-dependent acquisition of 

anchorage independence for several carcinogens, including β-propiolactone (bPL). When these anchorage 

independent cells were isolated, grown, and returned to agar they did not grow. This is in contrast to 

animal cells which will continue to grow in suspension once they acquire the ability to do so. DiPaolo 

concluded that the characteristics observed after treatment could be related to malignancy, but were 

reversible in human cells. 

Harris et al. (1985) examined the effects of nickel sulfate on the growth and differentiation of human lung 

cells. Normal bronchial epithelial cells were continuously exposed to 5-20 μg/mL nickel sulphate for 40 

days and then maintained in normal medium. Growing cells were then isolated and studied. The 

researchers found that the nickel-treated cells exhibited increased population doubling potential, 

aneuploidy, and loss of requirement for epidermal growth factor. However, there was no sign of 

anchorage independence and the treated cells did not produce tumors when injected into nude mice. These 

results are in contrast to the results of similar experiments on rodent cells, which underwent malignant 

transformation after similar treatment with nickel. Although the human cells exhibited some 

characteristics of transformation, they retained many characteristics of normal cells.  

2.5 Cellular Metabolism 

Cells in culture receive nutrients from the media they are grown in. Normally the medium is made up of a 

chemically defined base medium supplemented with fetal bovine serum (FBS). The two most important 

nutrients to mammalian cells in culture are glucose and glutamine.  Glucose normally acts as the primary 

carbon and energy source, entering the metabolic network through glycolysis. Glucose-derived carbon 

can then enter the pentose phosphate pathway (PPP) to form ribose sugars for nucleotide synthesis or 

form lipids, amino acids or lactate. Alternatively it can enter the TCA cycle in the mitochondria to 
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ultimately undergo OXPHOS to generate ATP. OXPHOS is the most efficient method of generating ATP 

using the carbon derived from glucose, but it requires oxygen as the terminal electron acceptor. Under 

atmospheric O2 levels, cell cultures are actually semi-anaerobic. This means they rely more heavily on 

glycolysis for their energy needs, limiting the generation of ROS (Freshney, 2010). Bringing cells into 

culture can cause changes in nutrient supply and oxygenation, resulting in a shift from OXPHOS to 

glycolysis (Gstraunthaler et al., 1999). The increased reliance on glycolysis results in excess lactate in the 

culture medium which can become inhibitory to growth. When primary energy substrates are depleted, 

lactate can be used in the TCA cycle to form CO2. Accumulation of excess lactate indicates that the TCA 

cycle may be truncated and that the cell line is more dependent on glutamine as an energy source.  

Some cell lines can withstand lactate concentrations greater than 20 mmolL
-1

, while ammonia can become 

inhibitory at concentrations as low as 0.8 mmolL
-1

. The effects are also interactive. High (greater than 

12 mmolL
-1

) lactate concentrations enhance the inhibitory effects of ammonia, while lower concentrations 

can reduce the cytotoxicity of ammonia (Hassell et al., 1991).  

Besides being a valuable energy source, glutamine is also the primary source of nitrogen for cells in 

culture. Glutamine is partially oxidized to glutamate via glutaminase, and then passes through part of the 

TCA cycle and the malate-aspartate shuttle, generating reducing equivalents. It can then be either 

completely oxidized to CO2 or turned into pyruvate or alanine (Neermann and Wagner, 1996). The 

pyruvate formed can then be used to generate lipids or lactate. Deamination of glutamine releases 

ammonia which contributes precursors to amino acids, proteins, nucleotides and lipids. Excess free 

ammonia in the culture media can be cytotoxic. Since both glucose and glutamine can be utilized for 

energy, the consumption of both substrates is reciprocally regulated (Lanks and Li, 1988; Zielke et al., 

1978). Higher levels of glutamine stimulate glycolysis and the PPP, thereby reducing glucose oxidation in 

the TCA cycle (Neermann and Wagner, 1996). 

The cell culture medium is also the only source of nutritionally essential amino acids, which cannot be 

synthesized de novo by the cells. Table 3 lists the nutritional essentiality of amino acids to cells in culture. 
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Table 3: Nutritional essentiality of amino acids 

Nutritionally Essential Nutritionally Nonessential 

 Arginine 

 Histidine 

 Isoleucine 

 Leucine 

 Lysine 

 Methionine 

 Phenylalanine 

 Threonine 

 Tryptophan 

 Valine 

 Alanine 

 Asparagine 

 Aspartate 

 Cysteine 

 Glutamate 

 Glutamine 

 Glycine 

 Proline 

 Serine 

 Tyrosine 

 

The consumption of amino acids is dependent on cell density and medium composition. Exhaustion of 

amino acids in the medium can cause cells to stop metabolizing other nutrients. 

Supplementation of medium with serum is important in the culture of many cell lines. Though poorly 

characterized, serum provides cells with lipids, hormones, growth factors, nutrients and minerals and a 

number of other compounds. Serum also facilitates attachment and can protect against mechanical 

damage caused by shearing forces (Hewlett, 1991).  

Finally, some xenobiotic compounds also require metabolism, in order to make them more soluble and 

facilitate their excretion. Usually this is accomplished via hydroxylation by cytochrome P450. This can 

result in xenobiotics being converted into more toxic compounds (Nelson and Cox, 2008). 

2.5.1 Altered Metabolism and Cancer 

The measurement of shifts in metabolism can be utilized in identifying pathological conditions, including 

cancer. By establishing baseline fluxes of key metabolites and then exposing the system to an 

environmental perturbation and measuring the changes in metabolism, it may be possible to spot 

carcinogenesis prior to the onset of neoplastic transformation.  

The most well-known metabolic change associated with cancer is the Warburg effect, first described by 

Otto Warburg in the 1920s (Warburg et al., 1927). The Warburg effect is the tendency of tumor cells to 

shift glucose metabolism away from OXPHOS and towards glycolysis (Shaw, 2006). This is noteworthy 

because under normoxic conditions it is more efficient to use pyruvate for OXPHOS in the 

mitochondrion, so cancer cells actually use a less efficient mechanism. Due to the inefficiency of aerobic 

glycolysis it is necessary for cells to compensate with increased glucose uptake. To accomplish this, some 

oncogenes are able to mobilize glucose transporters to the surface of the cell (Kim and Dang, 2006).  It 
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follows then, that the levels of pyruvate and lactate, the products of glycolysis, are increased in 

transformed cells (Lu, 2002).  

Because aerobic glycolysis is less efficient metabolically, it must confer some form of growth advantage 

in order for cancer cells to survive and proliferate. Gatenby and Gillies (2004) proposed that more than 

just an adaptation to hypoxia, sustained glycolysis provides an acidic environment which selects for cells 

with upregulated glycolysis and acid resistance. In vivo tumor growth and metabolism is highly 

influenced by oxygen supply. Tumors often grow more quickly than the vasculature which supplies them 

with oxygenated blood, so cells which utilize anaerobic metabolism are more suited to grow in such an 

environment. The degree of aerobic glycolysis is a predictive factor in tumor growth and invasiveness 

(Dang and Semenza, 1999). Normal cells in a hypoxic environment will cease proliferation while new 

blood vessels form (Dang, 2010). 

Originally it was thought that the presence of aerobic glycolysis in cancer cells indicated an inactive TCA 

cycle. This is not the case, as the TCA cycle is active, with a full complement of TCA cycle enzymes 

(Board et al., 1990; Dang, 2010). Rather, the TCA cycle is truncated; with upregulated pyruvate 

dehydrogenase kinase (PDK) restricting the conversion of pyruvate to acetyl-CoA via pyruvate 

dehydrogenase and thus its entry into the TCA cycle (Dang, 2010). 

Essentially, tumor cells behave as though they are in hypoxic environments (Kim and Dang, 2006). Thus 

there is a clear possibility of a link between the hypoxia signaling initiated by nickel compounds and the 

aerobic glycolysis exhibited by transformed cells (Lu, 2002; Maxwell and Salnikow, 2004; Salnikow et 

al., 1999; Shaw, 2006).  

Despite the historical significance of the Warburg effect, it is important to note that a high rate of aerobic 

glycolysis is now considered non-essential for tumor growth (Franchi et al., 1981). Rather, aerobic 

glycolysis allows for rapid proliferation and protects from the damaging effects of ROS at times of 

increased DNA synthesis. Although there is a common pattern of metabolic changes, particularly in 

bioenergetics, associated with transformation, tumors and their metabolisms still display a high degree of 

heterogeneity (Oakman et al., 2010). 

The metabolism of transformed cells is regulated primarily by two factors: HIF-1 (discussed earlier) and 

Myc. MYC is an oncogene which encodes the master transcription factor c-Myc (Myc). Myc is often 

constitutively expressed in cancers, and is responsible for the regulation of many genes associated with 

cell growth and proliferation. Its effects include the upregulation of glycolysis, OXPHOS, and 

glutaminolysis (Dang, 2010). It should be noted that Myc protein levels have been shown to increase 
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following exposure to soluble nickel, an effect likely due to stimulated transcription rather than 

stabilization (Li et al., 2009).  

Glutaminolysis is a metabolic process which consists of the conversion of glutamine to glutamate via 

glutaminase, then to α-ketoglutarate for entry into the TCA cycle. It is then converted to oxaloacetate to 

malate and then pyruvate and finally lactate (Dang, 2010). The conversion of glutamine to lactate 

provides the cell with energy. It can occur quickly enough to produce sufficient NADPH to sustain 

anaplerosis (DeBerardinis et al., 2007). Since glutamine-derived amino groups are not the primary 

objective of glutaminolysis, most of the amino groups are lost rather than utilized in the synthesis of other 

molecules like amino acids (DeBerardinis et al., 2007). In glioblastoma cells this resulted in 60% of total 

glutamine being converted to alanine or lactate, while the nitrogen from glutamine was secreted as 

ammonia and alanine (DeBerardinis et al., 2007). Some Myc transformed cells exhibit an absolute 

requirement for glutamine (DeBerardinis et al., 2008; Wise et al., 2008). 

Anaplerosis refers to the replenishment of TCA cycle intermediates which have been depleted by 

biosynthetic processes. According to DeBerardinis et al. (2008) a high anaplerotic flux is a better 

indicator of cell growth than a high glycolytic flux, since glycolysis can be stimulated by a number of 

stressors, including hypoxia. Normally anaplerosis is supported by pyruvate-derived oxaloacetate. 

Glycolysis is partially regulated by pyruvate kinase, the enzyme which changes phosphoenolpyruvate into 

pyruvate in the final step in glycolysis. When it is inactive, glucose carbons are channeled into 

biosynthetic pathways rather than ATP production. Mazurek et al. (2002; 2005) have identified one 

isoform, M2-PK, which plays a large role in tumor metabolism. M2-PK can switch between a highly 

active tetrameric form and a less active dimeric form, the latter of which is sometimes called tumor M2-

PK. The large amounts of dimeric M2-PK present in tumors results in glucose carbons being diverted to 

biosynthesis. To maintain energy production, tumors overexpress glutaminase and malate decarboxylase 

allowing for energy production through glutaminolysis. When oxygen supply is limited, glutaminase is 

inactivated and aconitase, glutamate dehydrogenase and glutamine synthetase are reactivated  leading to 

synthesis of glutamate, proline and glutamine (Mazurek et al., 2005). The end result is that tumors can 

easily adapt to fluctuations in oxygen supply. M2-PK is found in lung tissue and cells with high rates of 

nucleic acid synthesis including embryonic cells, stem cells, and tumor cells (Mazurek et al., 2005). 

DeBerardinis et al. (2008) described a “metabolic platform” consisting of several metabolic processes 

which support cellular proliferation. These processes were aerobic glycolysis, de novo lipid biosynthesis, 

and glutamine-dependent anaplerosis. Glycolytic intermediates supply materials for biosynthesis 
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including ribose sugars (nucleotides), glycerol and citrate (lipids), nonessential amino acids, and NADPH 

through the oxidative branch of the PPP. De novo nucleotide biosynthesis is supported by cytoplasmic 

tyrosine kinases redirecting glucose-derived carbon into the non-oxidative branch of the PPP to produce 

ribose-5-phosphate, while Myc increases the levels of enzymes involved in glutamine metabolism and 

nucleotide biosynthesis (Tong et al., 2009).  

At first glance it would appear that HIF-1 and Myc have opposing functions. HIF-1 reduces flux into the 

TCA cycle, limiting the production of biosynthetic precursors and thus cellular proliferation. The hypoxia 

response is based on limiting proliferation and enhancing survivability. Conversely, Myc enhances cell 

growth and proliferation and inhibits apoptosis. In reality HIF-1 and Myc are able to collaborate under 

hypoxic conditions. Both factors upregulate glycolytic enzyme expression and reduce the flow of 

pyruvate into the TCA cycle by inducing PDK1 (Dang, 2010).  

Metabolic shifts also occur in response to environmental stress. AMP-activated protein kinase (AMPK) 

senses the ratio of AMP to ATP within the cell and is activated when the balance shifts towards AMP. 

This occurs under conditions of nutrient depletion or hypoxia (Pecorino, 2008). In response, ATP 

producing pathways (e.g. glycolysis) are stimulated, while ATP consuming pathways are inhibited. 

AMPK will also activate p53 to arrest the cell cycle. Another stress substrate which is sometimes 

associated with tumors is proline. Under nutrient stress proline oxidase is induced and allows the use of 

proline for ATP generation. Under genotoxic stress proline oxidase is induced by p53 and initiates 

apoptosis. Proline may be made available for use via the degradation of the ECM (Phang et al., 2008). 

Another metabolic alteration frequently observed in transformed cells is the absolute need for methionine, 

and the inability to grow in medium with methionine replaced by homocysteine. Normal cells are able to 

grow in these conditions, so transformed cells are said to exhibit methionine dependence (Hoffman, 1985; 

Stern et al., 1984). 

2.5.2 Metabolic Flux Analysis 

Modeling is a technique commonly used in other engineering disciplines, and with the amount of freely 

available genomic data increasing rapidly, modeling is increasingly being used in biological fields.  The 

rise of bioinformatics and systems biology is an example of this trend towards computational biology 

methods.  

In particular, there has been a focus on cellular metabolism (Gombert and Nielsen, 2000).  The 

sequencing of entire genomes has allowed for the development of genome-scale models.  For example, in 

2002 the draft sequence of the genome of the common mouse Mus musculus was published (Sheikh et al., 
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2005). The genome-scale model of its metabolism includes a total of 2104 metabolites involved in 2037 

reactions, 1757 of which are mapped to 1399 genes (Quek et al., 2009). In most cases a model of this 

scale would be too complex, so specific metabolic pathways are isolated and modeled instead. Commonly 

used pathways in this type of analysis include glycolysis, TCA cycle, PPP, glyoxylate shunt, biosynthesis 

and degradation of amino acids, and synthesis of biomass.

Detailed kinetic modeling of metabolism has been hampered by the requirement for extensive and explicit 

enzyme kinetics. In general, complete enzyme kinetic information is not available for the entire 

metabolism of a single cell (Lee and Papoutsakis, 1999). This has not prevented the development of some 

kinetic models, for example, of glycolysis in cancer (Marin-Hernandez et al., 2010). Stoichiometric 

models, also called constraint-based models, avoid the difficulties associated with developing kinetic 

models by focusing on the structure of the metabolome and the steady-state characteristics of the cell 

(Llaneras and Picó, 2008).  In this way they are useful tools in investigations of cells under different 

environmental conditions (Gombert and Nielsen, 2000). 

Intracellular kinetics can be disregarded based on the assumption of a pseudosteady state.  This is a valid 

assumption because intracellular dynamics occur much more rapidly than extracellular dynamics, so it is 

reasonable to say that they reach steady state instantaneously. In other words, in a stoichiometric model it 

is assumed that the accumulation in any internal node of a metabolic network is insignificant compared to 

the fluxes through that node (Quek et al., 2009).   

The first step in the development of a stoichiometric model is to identify the structure of the cellular 

metabolic network using available biochemical literature and bioinformatics databases. A metabolic 

network is a set of compounds (nodes) and reactions or fluxes that connect some compounds with others 

(edges). In biological terms, substrates and products are connected by known enzymatic reactions. A flux 

balance can then be written for each metabolite within a metabolic system to yield the dynamic mass 

balance equations that interconnect the various metabolites. The stoichiometry of a metabolic network 

with m metabolites and n reactions can be represented in a stoichiometric matrix with m rows and n 

columns.  Using the stoichiometric matrix, mass balances can be represented mathematically by a set of 

ordinary differential equations 

Based on the assumption of a pseudosteady state, the mass balances of the metabolites can be described 

by a homogeneous system of linear equations. Since there are typically more fluxes than there are 

metabolites, the space defined by this equation is underdetermined. Linear programming is used to apply 

an objective function and constrain the solution to a space of feasible flux distributions. Constraints can 
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include thermodynamics (e.g. irreversibility of fluxes), enzyme kinetics, regulation, or experimental 

measurements. Metabolic flux analysis refers to utilizing constraints provided by fluxes measured in 

vitro. Objective functions include maximizing growth, minimizing ATP production (optimal efficiency), 

minimizing nutrient uptake, or maximizing metabolite production (Lee and Papoutsakis, 1999). Examples 

of cellular objectives for tumorigenesis include maximization of glycolysis and minimization of TCA 

cycle fluxes (Nagrath et al., 2011). 

Metabolomics approaches have been used for cancer drug design (Boros et al., 2002; Boros et al., 2004), 

early detection of disease (Kim et al., 2008), determining metabolic changes resulting from genetic 

alterations, and even to design chemotherapies (Lee and Papoutsakis, 1999). 

2.6 Cell Cycle and Apoptosis 

During their life cycle mammalian cells pass through several distinct phases (Freshney, 2010). During 

mitosis (M), chromatin condenses into chromosomes and segregates into a pair of daughter cells. Mitosis 

is followed by a resting phase called Gap 1 (G1). From G1 the cell can begin DNA synthesis (S-phase), 

followed by another gap phase (G2) before proceeding through mitosis again. Alternatively, from G1 the 

cell can exit the cell cycle either reversibly (G0) or irreversibly, becoming senescent.  

Checkpoints exist before DNA synthesis and in G2 which ensure the integrity of the DNA. The cell cycle 

can stop to allow for DNA repair or for apoptosis if necessary. Arrest in G1 can be caused by isoleucine 

deprivation, serum depletion, or oxygen limitation. The cell cycle is also regulated by cell density. Cells 

with free edges in the presence of growth factors will be allowed to progress through the cell cycle, while 

cell crowding will inhibit proliferation in phenomenon known as contact inhibition of cell division.  

Additionally, there are intracellular factors which can positively and negatively influence the cell cycle. 

Cyclins aid progression through the cell cycle and are typically upregulated in response to growth factors. 

Tumor suppressors such as p53, p16, and p21 restrict cell cycle progression and induce apoptosis 

(Freshney, 2010). 

Apoptosis, a form of programmed cell death, is a genetically controlled process that allows the safe 

elimination of damaged and potentially dangerous cells (Wyllie, 1980). This ability to kill off specific 

cells is important when DNA becomes damaged to the extent that further replication by affected cells 

could lead to cancerous transformations. Morphologically, apoptosis is characterized by cell shrinkage, 

membrane blebbing, apoptotic body formation, and chromatin condensation and fragmentation (Pulido 
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and Parrish, 2003). Resistance to apoptosis is a hallmark in tumor transformation and plays a major role 

in a tumor’s response to chemotherapy (Mor and Alvero, 2007). 

Apoptosis is tightly regulated in order to avoid potentially catastrophic cell death. The proteins 

responsible for its action, caspases, are synthesized in the form of inactive zymogens. There are two 

major regulatory pathways for apoptosis: intrinsic (regulated by the cell’s own mitochondrion), and 

extrinsic (mediated by death receptors on the cell’s surface). The intrinsic pathway is triggered by lethal 

stresses such as genotoxicity, cell cycle disregulation, some toxins and toxicants, as well as 

developmental cues. In response, the mitochondrion releases cytochrome-c into the cytoplasm beginning 

a series of events which ends in the cell’s disassembly. The extrinsic pathway is triggered by molecules 

which bind to the cell surface, such as Fas and TRAIL. This triggers the recruitment and activation of pro-

caspases beginning a cascade effect which results in the disassembly of the cell. Both the extrinsic and 

intrinsic pathways result in the activation of caspase-3, the effector enzyme which begins the systematic 

disassembly of the cell. 

p53 was the first tumor suppressor linked to apoptosis, and its mutation occurs in the majority of human 

tumors. It can be stimulated to produce apoptosis by DNA damage, hypoxia, and mitogenic oncogenes. 

Mutations in cancer-related genes disrupt apoptosis. Cells with defective apoptosis pathways (like p53 

mutation) can survive hypoxic stress which kills normal cells, leading transformed cells to outgrow 

healthy ones (Bertram, 2000; Lowe and Lin, 2000). Apoptosis pathways in cancer cells may not be 

completely broken, but only deficient, and many anti-cancer drugs are based on inducing apoptosis (Lowe 

and Lin, 2000).  

Although the mitochondrion has a central role in the control of both metabolism and apoptosis, these two 

functions were originally considered separate from each other. Studies have now shown that the proteins 

used in apoptosis signaling also influence the proteins which control cellular metabolism (Majors et al., 

2007). 

2.6.1 Cell Cycle Disruptions Caused by Nickel 

Nickel has been shown to induce apoptosis in mammalian cells (Kim et al., 2002; Lee et al., 1998; Pulido 

and Parrish, 2003). Lee et al. (1998) dosed CHO cells with nickel acetate and observed apoptosis to occur 

at nickel concentrations of 240 µmolL
-1

 and increasing in a dose-dependent manner. They also noted a 

significant increase in cells in the G2/M phase of the cell cycle beginning at 480 μmolL
-1

, possibly 

indicating repair of DNA damage. Soluble nickel (1 mmolL
-1

 nickel sulphate) has also been shown to 

induce apoptosis through increased Myc activation (Li et al., 2009). 
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Kowara et al. (2004) suggested that soluble nickel carcinogenesis was associated with reduced levels of 

the tumor suppressor protein Fragile Histidine Triad (Fhit). Fhit protects a region of DNA vulnerable to 

carcinogen-induced DNA damage by enhancing apoptosis. They compared B200 cells, a line of nickel-

transformed BALB/c-3T3 cells, to normal BALB/c-3T3 cells. The B200 cells exhibited a 50% decrease in 

Fhit levels, though this was not associated with full silencing of the FHIT gene (Kowara et al., 2004).  

Another team (Kim et al., 2002)  dosed mouse hybridoma cells with nickel chloride and found increased 

expression of Fas ligand. As mentioned above, Fas is part of the extrinsic pathway of apoptosis, and is 

associated with ROS damage. Salnikow and Kasprzak (2005)  point out that nickel(II) induces the 

upregulation of cyclin G2, which suspends cell proliferation to conserve energy, and Nip3, a p53-

independent apoptosis promoter (Chen et al., 1999). The hypoxia signaling induced by soluble nickel will 

also eventually lead to p53 activation. 

Cells have also demonstrated differing sensitivities to nickel based on their position within the cell cycle. 

Costa (1991) states that cells in late S-phase exhibited higher amounts of strand-breaks and DNA-protein 

crosslinks following treatment with nickel chloride. Late S-phase was also when the cells were most 

sensitive to the cytotoxic effects of nickel.  

3 Materials and Methods 

3.1 Cell Lines and Maintenance 

C3H/10T1/2 was chosen for the initial cell culture experiments due to the extensive in vitro work on 

nickel toxicity and carcinogenicity performed by Landolph using this cell line. The cells have a doubling 

time of 15 to 16 hours and a saturation density of 30 000 to 40 000
 
cells/cm

2
 (Reznikoff et al., 1973b; 

Rundell, 1984). Cell husbandry is very important to maintain the properties of the 10T1/2 cell line. 

Cultures must be maintained at subconfluence and are recommended for experimental use only between 

passages 5 and 15 (Landolph, 1985). Tenth passage C3H/10T1/2 cells were received from the ATCC and 

maintained according to ATCC recommendations.  

C3H/10T1/2 cells were grown in Eagle’s Basal Medium (BME) with penicillin/streptomycin and 10% 

heat-inactivated fetal bovine serum. Growth medium was prepared from BME powder containing 

l-glutamine and Earle’s salts (Sigma B9638) and ultrapure water to which sodium bicarbonate (Sigma) 

was added. This solution was then filter sterilized through a 0.22 µm membrane filter. Sterile 

penicillin/streptomycin solution (Hyclone) and heat inactivated fetal bovine serum (Sigma F4135 lot 
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#069K8410) were then added aseptically. Prepared medium was stored at 4 °C for a maximum of two 

weeks before use. Although sera screening is recommended for the C3H/10T1/2 transformation assay, it 

was not performed due to time constraints. 

For the second set of experiments, the objective was to determine if similar results could be obtained 

using human cells. MRC-5 is a line of diploid embryonic human lung cells isolated from a 14-week male 

fetus in the 1960s. The cells have fibroblast morphology and are capable of 48 population doublings 

before senescence (Jacobs et al., 1970), with a doubling time of approximately 27 hours (Lambert and 

Pirt, 1979) in medium with serum. 

MRC-5 cells were received from the ATCC and grown in Eagle’s Minimum Essential Medium (MEM, 

Hyclone) supplemented with 2 mmolL
-1

 glutamine (Sigma), penicillin/streptomycin and 10% heat 

inactivated fetal bovine serum (Sigma F4135 lot #10K361).  

All cultures were grown in CO2 incubators (Thermo Fisher) at 37 °C in 5% CO2 atmosphere as is standard 

for mammalian cell culture (Langdon, 2008). For cell bank preparation, freezing medium was composed 

of complete growth medium with 5% DMSO as a cryopreservation agent. Cells were stored in 1 mL 

cryovials (Corning) in the vapor phase of a liquid nitrogen dewer.  

3.2 Treatments 

Cultures were dosed with treatment compounds in early exponential growth, 4 days after seeding. Seeding 

during exponential growth allowed for several doublings after treatment to express and fix potential 

genetic changes while avoiding the extensive stress a culture would experience if dosed during lag phase. 

Treating in early S-phase is particularly important for human cells which show sensitivity at this time 

(Milo et al., 1981; Milo and Casto, 1986). 

All test compounds were added directly to culture medium after being slightly diluted in culture medium. 

This allowed a small amount (approx. 100 μL) to be added to the medium without causing excessive 

stress to the cells. Treatment durations were 48 hours for C3H/10T1/2 and 24 hours for MRC-5, after 

which the medium was removed, and the flask rinsed three times with several milliliters of fresh complete 

medium before being re-fed. 

3.2.1 Positive and Negative Controls 

Benzo[a]pyrene (BaP) was chosen as the positive control carcinogen for experiments involving 

C3H/10T1/2 cells. BaP was an ideal positive control because it is available in solution in acetone (Sigma 
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#40071), is metabolically activated by C3H/10T1/2 cells (Gehly and Heidelberger, 1982) and reliably 

transforms the cells as it is a PAH (Dunkel et al., 1988; Haber et al., 1977). 

BaP dosage was determined based on experiments performed by Landolph et al. using C3H/10T1/2 cells 

(Gehly et al., 1982). The initial BaP dose was high (15 μmolL
-1

) because it was assumed that the higher 

seeding densities used, while necessary for flow cytometric analysis, would suppress transformation. 

Unfortunately this resulted in excessive cytotoxicity to the point where a monolayer was not formed after 

six weeks. For later experiments involving flow cytometry the dose of BaP was reduced to 2.5 μmolL
-1

. 

For experiments utilizing MRC-5 cells a new positive control compound was needed. MRC-5 cells do not 

produce sufficient levels of cytochrome P450 needed to metabolically activate procarcinogens such as 

PAHs. When cells are incapable of metabolizing test compounds, a metabolic activation system must be 

used, of which there are several options (Paolini and Cantelli-Forti, 1997).   

One solution is to use enzymatic preparations (S9 fraction) made from mouse livers according to the 

method described by Ames et al. (Maron and Ames, 1983). The use of S9 mixtures presents a number of 

disadvantages. These include acute toxicity (particularly to mammalian cells) and high variability of 

enzymatic activity between preparations (Milman and Weisburger, 1994). One alternative to enzymatic 

preparations is the use of co-culture techniques, the simultaneous culture of the cell line of interest with a 

population of metabolically competent cells. Both S9 activation (Jiang et al., 2010) and co-culture (Zhu 

and Gooderham, 2002) have been used to dose MRC-5 cultures with BaP. 

The alternative to variable and complex activation systems is to use a direct-acting carcinogen which does 

not require metabolic activation to exert its effects. β-propiolactone (bPL) is one such compound 

(Brusick, 1977; Dickens, 1964; Nietert et al., 1974). bPL is an alkylating agent which has been shown to 

induce cell transformation and gene mutations in human cells in vitro (IARC, 1999). It has been shown to 

transform human epithelial cells at concentrations of approximately 6.5 – 7.5 μg/mL (Milo et al., 1981). 

Furthermore, it has been shown to transform MRC-5 cells at a concentration of 13 μg/mL following the 

release of a metabolic block (Griener et al., 1981). 

Preliminary tests demonstrated that MRC-5 cells could withstand up to 30 μg/mL bPL without excessive 

cytotoxicity. However, to guard against unexpected complications arising later, the treatment dose 

selected was 13 μg/mL in accordance with literature values. bPL (Sigma P5648) was mixed in acetone 

prior to dosing, and treatment time was shortened to 24 hours due to the compound’s short half-life in 

culture conditions (Brusick, 1977). 
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Negative control cultures were dosed with acetone at the same concentration as the positive control. At 

concentrations below 0.5% v/v acetone is not cytotoxic to C3H/10T1/2 cells (Verma et al., 2003). 

Acetone is a suitable solvent for mammalian cell cultures dosed with hydrophobic compounds (Vandhana 

et al., 2010; Wu et al., 2011). 

3.2.2 Nickel Compound 

Nickel sulphate (NiSO4) was chosen as the experimental nickel compound of interest due to the current 

uncertainty surrounding soluble nickel compounds. The concentration used was 10 μg/mL (38 μmolL
-1

) 

based on results from Landolph’s NiPERA work (Ohshima et al., 1999). Nickel sulphate hexahydrate 

received from Vale Canada Limited was dissolved in ultrapure water and filter sterilized. Water was used 

because nickel is not soluble in acetone or PBS. Metals are relatively simple chemicals that do not require 

extensive metabolism (Costa, 1991), thus metabolic activation was not a concern for nickel treatments.   

Initial dosing tests were performed to determine approximate cytotoxicity (80 μmolL
-1

 and 480 μmolL
-1

 

for durations of 24 and 48 hours). These levels were also used in interference tests for metabolite 

analyses. No interference was found.  

3.3 Analytical Methods 

3.3.1 Viable Cell Concentration 

Viable cell concentration was determined using the trypan blue exclusion test (Schrek, 1936) with a 

haemocytometer and 1:1 dilution of cell suspension with trypan blue dye.  

3.3.2 Extracellular Metabolite Concentrations 

Extracellular metabolites in culture media (glucose, lactate, glutamine, glutamate, ammonia) were 

determined using a Nova BioProfile 100 Plus metabolite analyzer (Nova Biomedical) and 500 μL samples 

of culture media. Colorimetric kits (Megazyme) were used with a UV spectrophotometer (Bio-Rad) when 

available sample volume precluded use of the BioProfile. Both methods utilize enzymatic systems to 

generate reaction products which are detected either colorimetrically (spectrophotometer) or with an 

amperometric electrode (BioProfile). Samples were centrifuged at 1000 × g for 3 minutes prior to 

analysis. In both cases analyses were performed according to the directions provided by the 

manufacturers.  
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3.3.3 Amino Acid Analysis 

Extracellular amino acid levels in cell culture media were determined via derivatization and high-

performance liquid chromatography (HPLC). Samples were derivatized using the AccQ tag method 

(Waters) and heated in an oven at 55 °C for not more than 10 minutes then transferred to HPLC vials. 

Samples were run through an AccQ-Tag RP column and UV detector (Waters). Quantification of 

resulting amino acid hydrolysates was performed using a standard curve and integration of peak areas. In 

this method serine co-elutes with asparagine and glutamine co-elutes with histidine, so these amino acids 

could not be determined independently.  

3.3.4 Flow Cytometry Assays 

Analyses of cell populations for DNA content and caspase 3 activity were performed via flow cytometry 

using a Beckman-Coulter FC500 flow cytometer (Beckman-Coulter). DNA content was determined using 

propidium iodide (PI) dye, which intercalates DNA. Since cells in the various stages of the cell cycle are 

different sizes and contain different amounts of DNA, this dye allows for analysis of the distribution of 

cells within the cell cycle.  

Fluorescent Labeled Inhibitor of Caspases (FLICA) bound caspase 3 combined with PI was used for 

apoptosis assays. This allowed for a two-dimensional separation of the cell population between viable 

cells, dead (necrotic) cells, early apoptotic cells, and late apoptotic cells. 

Cells were collected by trypsinization, adjusted to approximately 10
6
 cells/mL and divided into aliquots 

for cell cycle and apoptosis assays. Due to the limited growth density of monolayer culture and the large 

number of cells needed for flow cytometric analysis, populations from multiple flasks were combined. 

When centrifuging cell suspensions, C3H/10T1/2 samples were spun at 600 × g and MRC-5 samples were 

spun at 400 × g. C3H cells were consistently difficult to collect, while MRC-5 samples were relatively 

fragile, necessitating the different speeds. 

For cell cycle analysis, 1 mL of cell suspension in an Eppendorf tube was spun down and resuspended in 

PBS with 2% FBS. The addition of FBS helped to protect cells from mechanical stress. Samples were 

then washed again, fixed in 70% ice cold ethanol and placed in the freezer. Before analysis, samples were 

washed twice in PBS with 2% FBS before suspension in ribonuclease A. After 10 minutes PI was added 

and the samples were analyzed. 
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For apoptosis assays, a 300 μL aliquot of cell suspension was placed in a 15 mL Falcon tube. FLICA 

reagent was added and samples were incubated at 37 °C in the dark for approximately one hour, shaken 

occasionally to ensure the cells remained in suspension. Afterward, samples were washed twice in wash 

buffer and resuspended in 500 μL wash buffer. PI was added and samples were analyzed immediately. 

When positive control samples were necessary, staurosporine, a kinase inhibitor which induces apoptosis 

through the intrinsic pathway, was used (Mor and Alvero, 2007). 

3.4 C3H 10T1/2 Transformation Assay 

For the C3H/10T1/2 transformation assay, 10T1/2 cells were seeded at 50 000 cells per 25 cm
2
 T-flask. A 

T25 flask is roughly equivalent in area to the 60 mm petri dishes (28.27 cm
2
) used by Landolph and other 

researchers. The increased seeding density was necessary in order to harvest sufficient cells for flow 

cytometry assays. 

Medium sampling and cell counts were performed daily for two weeks. Medium was changed weekly for 

the remaining four weeks of the transformation assay. No antifungal agent was used.  

After 6 weeks flasks were fixed and stained according to the method described by Boreiko (1986). 

Giemsa stock solution was prepared by dissolving 0.5 g of Giemsa powder (Fisher) in 33 mL of glycerin 

in a water bath at 60 °C. After 90 minutes 33 mL of absolute methanol was added and the solution was 

stored at room temperature. To prepare the working stain the stock solution was diluted to 5% in PBS 

before use. Individual flasks were rinsed with PBS, and then fixed with absolute methanol for 10 minutes. 

The flasks were then stained with Giemsa for 45 minutes and examined by naked eye to identify potential 

foci before microscopic examination. Micrographs were taken for record keeping.  

3.5 Cell Culture Systems 

Both cell lines used in experiments were fibroblast lines which grow in monolayers. As such, cell counts 

required trypsinization and disruption of the cells’ growth. Experiments consisted of seeding a large 

number of T-flasks and sacrificing one or two flasks each day for supernatant sampling and trypsinization 

and counting of the cell monolayer.  

Experiments were conducted as batch cultures in uncoated plastic tissue culture flasks (Corning). 

Attempts were made to adapt MRC-5 to suspension culture on microcarrier beads, but due to time 

constraints and difficulties in finding a suitable microcarrier (described later) this method was never used 

in dosing experiments. All experiments conducted with a cell line were performed with a single lot of 

fetal bovine serum to minimize differences between experiments. 
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4 Results and Discussion 

In vitro transformation assays based on foci counting are subjective and generally unreliable. The cell line 

most used in transformation assays testing nickel compounds, C3H/10T1/2, was a logical starting point 

for experiments. The first set of experiments focused on characterizing the growth traits and metabolism 

of the C3H/10T1/2 cell line. This was followed by a modified transformation assay combined with 

supernatant sampling and cell counts following dosing with a nickel compound (nickel sulphate) and 

positive and negative control treatments. Later experiments utilized the human embryonic lung cell line 

MRC-5 under the assumption that it would be more representative of human exposure.  

Characterization of substrate uptake and metabolite production was performed in terms of cumulative 

volumetric cell hours (CHvol). In mammalian cells proliferation and the uptake or production of 

metabolites exist across different time scales (Lloyd, 2005). When cell growth is observed the longer 

reference frame can make the metabolome appear to be constant, so another method of characterization is 

necessary. The cell hour parameter (Dutton et al., 1998) is inclusive of all non-growth-associated 

metabolic activity:  

      ∑
(         )

  (
      

   
)

 

   

          

Rates of uptake and production were determined by linear regression of the metabolite concentration 

against cumulative volumetric Cell Hours during exponential growth immediately following removal of 

the treatment compound. Because cancer involves uncontrolled cellular proliferation, the metabolism 

during exponential phase is the most relevant and thus these results were reported. Metabolite fluxes are 

expressed in micromoles per million cell hours (µmol/10
6
 ch) Yield values were determined by dividing 

the rate of product formation by the rate of substrate consumption. Spontaneous decomposition of 

glutamine into ammonia (Heeneman et al., 1993; Tritsch and Moore, 1962) was accounted for using the 

rate constant for glutamine degradation at 37 °C (0.00217 h
-1

) and the integral method described by 

Ozturk and Palsson (1990). 

The standard deviation of the flux data is relatively high, which is not unexpected in biological systems. 

Minor differences in factors such as pH, temperature, or medium composition can affect cell growth and 

metabolism. Metabolism in particular is very sensitive to factors such as amino acid concentrations, 

which can shift metabolic pathways to synthesize non-essential amino acids as needed.  
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In several instances the yield of lactate on glucose exceeded the theoretical maximum of 2 mol/mol. The 

excess lactate could not be explained as originating from glutamine or other amino acids, and was too 

high to have occurred due to evaporation of the medium. A similar situation was encountered in another 

metabolic study (Ritter et al., 2010). This group examined the extracellular metabolism of MDCK cells 

and found that they could not account for the excess production of lactate. It should be noted that this 

group also used a Nova BioProfile 100 Plus for their lactate determinations. The error does not seem to 

have occurred due to any interference in the medium, as the medium used in the Ritter study was serum 

free. Nor is it due to interference from any of the treatment compounds as the effect was also seen in the 

cell line characterization experiments. Ritter et al. were unable to explain the excess lactate, but since it 

affected both the infected and uninfected cells and the focus of the study was the differences between 

them, they chose to ignore the problem. Similarly, in the current work the focus is on the differences in 

metabolism resulting from different treatments, so the effect can be ignored. Thus, when yields of lactate 

from glucose are given, they should be considered for comparison only and not as true stoichiometric 

values. 

4.1 Characterization of Cell Lines 

4.1.1 C3H/10T1/2 Characterization  

A significantly longer doubling time of 29.7 hours (μ = 0.023 h
-1

) compared to literature values of 

approximately 15 hours was observed, though the saturation density was comparable at approximately 

25 000 cells/cm
2
, as shown in the growth curve of C3H/10T1/2 in 25 cm

2
 static tissue culture flasks 

seeded at a density of 2000 cells/cm
2
 (Figure 1). Given that serum batches were not prescreened, it is 

likely that the batch of serum used did not support optimal growth. Landolph (1985) noted that only 

specific batches of serum will allow the cells to attach and grow optimally. After reaching confluence 

there was not an immediate decline in cell numbers, as cells stopped growing and shifted their 

metabolism towards maintenance.  
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Figure 1: Growth of C3H/10T1/2 in static batch culture 

The medium was sampled daily for 13 days and extracellular metabolite levels were measured. Figure 2 

shows the extracellular levels of glucose, lactate, glutamine, and ammonia over the course of the 

experiment. The cells demonstrated high rates of glucose uptake and lactate production, which is not 

unusual for cells in culture conditions due to oxygen limitations.  

The yield of ammonia on glutamine was 0.44 mol/mol during exponential growth phase and increased to 

1.40 mol/mol during stationary phase. This is comparable to other rodent cell lines, for example CHO 

with a yield of 0.75 mol/mol during exponential growth phase which increased to 1.86 mol/mol during 

stationary phase (Ahn and Antoniewicz, 2011). During growth the amino groups released from glutamine 

are used in the biosynthesis of nucleotides and amino acids, leading to lower ammonia production. When 

cells stop proliferating, the ammonia is no longer incorporated into other molecules. 
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Figure 2: Extracellular metabolites levels in static C3H/10T1/2 culture 

 

4.1.1.1 Effect of Seeding Density  

The seeding density traditionally used in the C3H/10T1/2 transformation assay is approximately 

40 cells/cm
2
. This is the seeding density used in Landolph’s experiments. As Figure 3 shows, this low 

seeding density results in long lag phase compared to that seen at a seeding density of 2000 cells/cm
2
. 

However, the cells appear to tolerate the low seeding density well, and the greater number of population 

doublings before confluence likely allows for the fixation of genetic events which lead to transformation. 

Experiments into the effect of seeding density were performed using a different lot of serum which 

appeared to better support the growth of C3H/10T1/2 cells. This allowed for an average doubling time of 

20.2 hours (μ = 0.034 h
-1

) and an average saturation density of 50 000 cells/cm
2
.  
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Figure 3: Effect of seeding density on C3H/10T1/2 growth 

4.1.2 MRC-5 characterization 

Figure 4 shows the growth curve of MRC-5 in 25 cm
2
 static tissue culture flasks seeded at a density of 

2000 cells/cm
2
. The doubling time was determined to be 27.2 hours (μ = 0.025 h

-1
) which matches the 

literature value of 27 hours (Lambert and Pirt, 1979). The monolayer growth was also denser compared to 

C3H/10T1/2 (see Figure 5), with a saturation density of approximately 75 000 cells/cm
2
.  

 
Figure 4: Growth of MRC-5 in static MRC-5 culture 
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Figure 5: Micrograph showing dense monolayer growth of MRC-5 

Figure 6 shows the extracellular levels of glucose, lactate, glutamine, ammonia, and glutamate over the 

course of the experiment. The large amount of lactate produced likely indicates that some of it is 

originating from glutamine. This is not unusual, as diploid human fibroblasts have been shown to convert 

up to 13% of glutamine to lactate in culture conditions (Zielke et al., 1980). The lactate level begins to 

decrease later in the culture, and fibroblasts are known to consume lactate at low glucose concentrations 

(Munyon and Merchant, 1959). Diploid human fibroblasts have been shown to rely almost completely on 

glycolysis and glutamine oxidation (Sumbilla et al., 1981). The yield of ammonia on glutamine was 

0.40 mol/mol during exponential growth. 

 
Figure 6: Extracellular metabolite levels in MRC-5 glucose and lactate 
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4.1.2.1 MRC-5 in Suspension Microcarrier Culture 

In order to eliminate the labor and frustrations associated with performing experiments using large 

quantities of sacrificial T-flasks, attempts were made to adapt MRC-5 to microcarrier-supported 

suspension culture. These attempts were largely unsuccessful and were abandoned due to time 

constraints. Initial tests utilized Cultispher-G beads (Sigma) in spinner flasks. However, no growth was 

observed and the microcarrier beads disappeared within several days of seeding.  

Cultispher-G microcarriers are gelatin-based, and their dissolution in cultures of MRC-5 cells may be due 

to the production by MRC-5 of certain matrix metalloproteinases (MMPs). MMPs are enzymes which 

facilitate degradation of the ECM. Specifically, MRC-5 is known to produce and secrete matrix 

metalloproteinase-2 (MMP-2), also known as gelatinase A, which is capable of degrading type IV 

collagen or gelatin (Martin-Chouly et al., 2004). Though MMP-2 is synthesized as an inactive zymogen, 

the necessary activation may be supplied by the serum, and there are a number of activation mechanisms 

which have been studied (Morrison, 2001; Reno et al., 2002; Reno et al., 2004; Théret et al., 1999). 

Research has also shown that mechanical stress (like that which would be experienced in a stirred culture 

environment) can cause upregulated expression of MMP-2 through activation of p53 (Hou et al., 2009). 

Microscopic examination of static MRC-5 culture indicates that MRC-5 cells do not attach to gelatin-

based microcarriers such as Cultispher-G. Some cell lines do not attach to collagen IV at all (Aumailley 

and Timpl, 1986). The cells will attach to collagen type I coated microcarriers such as Cytodex 3 (Sigma, 

see Figure 7). MRC-5 cells have been successfully cultured on Cytodex 1 microcarriers through serial 

passaging (Forestell et al., 1992). If MRC-5 is the focus of future work, the development of microcarrier 

methods based on Cytodex 3 is recommended. This will allow for an experiment to consist of perhaps a 

dozen spinner flasks rather than more than a hundred static T-flasks.   

 
Figure 7: Micrograph showing attachment of MRC-5 cells to Cytodex 3 microcarriers 
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The ability to produce MMP-2 may prove to be an asset in the development of a carcinogenicity assay. 

Metastasis of tumors often involves upregulation of MMPs in order to break down the ECM, facilitating 

the delivery of transformed cells to distant sites. MMP-2 has been implicated in tumor invasion and 

metastasis (Nishida et al., 2008), and its upregulation by certain substances may implicate them as co-

carcinogens.  

4.2 C3H/10T1/2 Dosing Experiments 

4.2.1 Growth Curves and Transformation Assay 

The six week duration of the standard C3H/10T1/2 transformation assay allows ample time for 

contamination of culture flasks. Fungal contamination in particular has been reported to be problematic, 

and the addition of antifungal agents has been shown to inhibit transformation (Reznikoff et al., 1973a). 

No contamination was detected in any of the flasks used in the experiment. 

Figure 8 shows the growth curves of the three treatments, while Table 4 below shows the cytotoxicity of 

the treatments relative to the negative control. 

Table 4: Cytotoxicity of treatments to C3H/10T1/2 culture 

Treatment 
% survival 

After 6 hrs. After 24 hrs. Literature 

15 μmolL
-1

 BaP 61 39 approx. 35 (Gehly et al., 1982) 

10 μg/mL NiSO4 88 65 45.7-51.1 (Ohshima et al., 1999) 

 

The apparently lower cytotoxicity seen in the present results is likely due to the method used. 

Cytotoxicity is normally determined by cloning frequency, which is tedious and time consuming (Pang et 

al., 2008). In this work cytotoxicity was determined by trypsinization of the cell layer in sacrificial flasks 

followed by counting in a haemocytometer. This may overestimate the survivability of the cells by 

counting cells that have gone into senescence or early apoptosis. These cells would appear to be viable in 

a visual count, but would not divide and would not be detected in a cloning assay.  
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Figure 8: Growth of C3H/10T1/2 cells dosed on day 4 and medium changed day 6  

The positive control treatment, 15 μmolL
-1

 BaP, proved to be acutely cytotoxic, to a degree that a 

confluent monolayer was never established, even after six weeks (see Figure 9). The survival fraction was 

within the 30-50% recommended by Rundell (1984) for the formation of a monolayer. This inability to 

form a monolayer was completely unexpected based on the results of Gehly et al. (1982), who used the 

same concentration combined with a much lower seeding density and reported focus formation.  

For reference, Gehly et al. (1982) found that following dosing with 15 μmolL
-1

 BaP, the C3H/10T1/2 

transformation assay yielded type III foci in 5 of 6 dishes (83%) tested. This would seem to indicate that 

1) BaP is very likely to induce transformation detectable in this assay, and 2) the dose is of low enough 

cytotoxicity to reliably produce results.  

In their final report to NiPERA (Ohshima et al., 1999), Landolph’s use of the C3H/10T1/2 transformation 

assay indicated that 10.5 μg/mL NiSO4 produced transformed foci in 13/38 and 13/37 dishes, with 

predominantly type II foci. 

No focus formation was detected in any of the experimental flasks. Although focus formation could not 

be detected in this experiment, anchorage independence was observed in positive control treated flasks, 

indicating successful transformation by the compound (Patierno et al., 1988). This confirms that BaP was 

an appropriate chemical to be used as a positive control treatment for C3H/10T1/2.  
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Figure 9: Micrograph of benzo[a]pyrene treated C3H/10T1/2 cells after 6 weeks, fixed methanol and stained 

with Giemsa   

Negative control cultures grew as normal, with a slight lag phase following treatment with acetone 

solution. After six weeks none of the stained flasks showed signs of foci or contamination Figure 10). 

 
Figure 10: Micrograph of negative control C3H/10T1/2 cells after 6 weeks, fixed with methanol and stained 

Giemsa 

Cultures treated with NiSO4 appeared morphologically normal, but their saturation density was 

approximately half that of the negative control cultures after six weeks. Following fixation and staining 

none of the nickel treated flasks appeared to contain foci. Figure 11 clearly shows the low density of the 

monolayer formed by the nickel treated cells. 
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Figure 11: Micrograph of nickel sulphate treated C3H/10T1/2 cells after 6 weeks, fixed with methanol and 

stained with Giemsa 

4.2.2 Cell Cycle and Apoptosis 

Flow cytometry assays were performed twice: once during exponential growth phase (experiment day 7) 

and once during stationary phase (experiment day 13). Figure 12 below indicates the population of cells 

shown in each quadrant of the apoptosis plots.  

 
Figure 12: Description of quadrants in apoptosis plots 

 
Figure 13 shows the plots resulting from flow cytometry performed during the growth phase of 

C3H/10T1/2 culture.  
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Negative control NiSO4 Positive control 

   

   
Figure 13: C3H/10T1/2 growth phase flow cytometry 

Table 5 is a summary of the results of growth phase flow cytometry. The RMS value for cell cycle 

indicates the root mean square error of the model fit to the experimental data. 

Table 5: C3H10T1/2 growth phase flow cytometry summary 

Cell cycle 

 Neg. control NiSO4 Pos. control 

RMS 5.3 2.41 7.75 

%G1 42.3 49.7 84.2 

%S 32.8 39.4 3.3 

%G2 21.3 6.83 7.4 

Apoptosis 

 Neg. control NiSO4 Pos. control 

Viable 85.5 92.5 69 

Dead (necrotic) 8.81 3.67 17.5 

Early apoptotic 0.503 1.45 5.37 

Late apoptotic 5.55 2.34 8.17 

 

The negative control cells show the cell population well distributed between the phases of the cell cycle, 

with 32.8% in S phase, as would be expected for exponential growth. Cells treated with 2.5 μmolL
-1

 BaP 

(positive control) appear to have arrested in G1 likely due to the genotoxicity of the treatment. Note that 

the positive control treatment used in the flow cytometry experiment was one sixth the concentration of 

that used in the transformation assay, so the cytotoxicity seen in the growth curves earlier (Figure 8) was 
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not seen here. The positive control population also shows fewer viable cells and increased numbers of 

necrotic and apoptotic cells. By the number of late apoptotic cells, it appears that much of the damage was 

caused soon after the treatment was applied.  

Cells treated with nickel sulphate exhibited slight increases in the G1 and S phases and a reduced 

population in G2. Salnikow and Kasprzak claimed that hypoxia signaling initiated by soluble nickel 

exposure would upregulate cyclin G2 (Salnikow and Kasprzak, 2005), which is known to induce cell 

cycle arrest (Horne et al., 1997). Since the cell cycle effects are usually seen following exposure to higher 

concentrations than used in this experiment, these results may indicate a hormetic effect. The reduction of 

cells phase G2 is similar to that seen in the positive control. It is interesting that the nickel treated 

population had fewer necrotic cells but more early apoptotic cells and fewer late apoptotic cells. It is 

possible that hypoxia signaling during treatment inhibited apoptosis by activating survival mechanisms 

reducing the number of late apoptotic cells observed, which became the early apoptotic cells seen at the 

time of the assay.  

Figure 14 shows the plots resulting from flow cytometry performed during the stationary phase of 

C3H/10T1/2 culture. Unfortunately the positive control apoptosis sample was lost during analysis in two 

separate experiments and could not be replicated due to exhaustion of the serum lot used in these 

experiments.  
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Negative control NiSO4 Positive control 

   

  

N/A 

Figure 14: C3H/10T1/2 stationary phase flow cytometry 

Table 6 is a summary of the results of stationary phase flow cytometry. 

Table 6: C3H/10T1/2 stationary phase flow cytometry summary 

Cell cycle 

 Neg. control NiSO4 Pos. control 

RMS 4.14 12.1 7.91 

%G1 90.2 91.3 81.5 

%S 4.18 1.93 1.75 

%G2 6.19 6.47 13.9 

Apoptosis 

 Neg. control NiSO4 Pos. control 

Viable 94.5 92.6 n/a 

Dead (necrotic) 2.5 4.68 n/a 

Early apoptotic 2.88 2.51 n/a 

Late apoptotic 0.15 0.23 n/a 

 

The negative control population shows a culture primarily in G1 as would be expected as the cells have 

ceased proliferation due to contact inhibition. The positive control has fewer cells in G1 and S phases, but 

significantly more cells in G2. In the plot is also appears that the G2 peak is slightly wider, which may 

indicate abnormal amounts of DNA or chromosomes due to DNA damage by the carcinogenic treatment. 

The nickel treated population looks very similar to the negative control in cell cycle and apoptosis, but 

with slightly fewer cells in S-phase. Overall it appears that the nickel treatment did not have any lasting 
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effects on the cells, unless the decreases of S-phase cells in an indication of DNA damage. Rather it is 

likely that the nickel-induced hypoxia signaling was transient and disappeared soon after the nickel was 

removed. 

It is important to note that the effects seen by other researchers were caused by much higher nickel(II) 

concentrations, with 240 μmolL
-1

 and 480 μmolL
-1

 necessary for apoptosis and enriched G2/M, 

respectively (Lee et al., 1998).  

4.2.3 Metabolism 

Figure 15 shows the consumption of glucose and the production of lactate by treated C3H/10T1/2 

cultures, while Figure 16 shows these metabolites during exponential growth immediately following 

treatment, along with regression lines. Table 7 shows the yields of metabolites on substrates. Relative to 

the negative control, the positive control cultures had decreased glucose consumption and lactate 

production, while the nickel treated cultures had increased glucose consumption and lactate production. 

While the glucose uptake decreased in the positive control, lactate production and yield of lactate on 

glucose increased, as did the yield of ammonia on glutamine. This would indicate that the cells are using 

less efficient metabolic pathways for glucose metabolism, with decreased OXPHOS and increased 

glycolysis. In the nickel treated cells both glucose and lactate fluxes increased, as did the yields of lactate 

and ammonia, probably as a result of hypoxia signaling upregulating glycolysis.  

Table 7: C3H/10T1/2 metabolite yields during exponential growth phase post-treatment 

 Neg. Control NiSO4 Pos. Control 

YLAC/GLUC 1.62 2.19 3.22 

YNH4/GLN 0.39 0.43 1.21 

μ (h
-1

) 0.0146 0.0196 0.0021 
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Figure 15: C3H/10T1/2 glucose and lactate concentrations post-treatment 

 
Figure 16: C3H/10T1/2 glucose and lactate levels during exponential growth post-treatment 

Figure 17 shows the rates of glutamine consumption and ammonia production, while Figure 18 shows the 

regression lines of these metabolites during exponential growth following treatment. The positive control 

cultures had much higher glutamine uptake and ammonia production fluxes, while the nickel treated cells 

exhibited decreased glutamine and ammonia fluxes.  

This seems to indicate that the positive control cells have switched to a metabolic phenotype which is 

much more reliant on glutamine. The increased yield of ammonia on glutamine would appear to indicate 

that the cells are using at least some of the glutamine for glutaminolysis and discarding the extra nitrogen 
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rather than incorporating it into biosynthesis. These metabolic changes could be the result of 

overexpression of transformed Myc. Additionally, the uptake rate of glutamine decreases after reaching 

confluence in the negative control and nickel treated cultures. Since the positive control cultures never 

reach confluence, this effect is not seen.  

 
Figure 17: C3H/10T1/2 glutamine and ammonia concentrations post-treatment 

 
Figure 18: C3H/10T1/2 glutamine and ammonia levels during exponential growth post-treatment 
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Table 8 shows the fluxes of the measured metabolites and amino acids in order of chromatographic 

separation. Negative values indicate consumption while positive values indicate production.  

Table 8: Metabolite fluxes in C3H/10T1/2 during exponential growth post-treatment 

 Specific productivity (μmol/10
6
 ch) 

 Neg. Control NiSO4 Pos. Control 

Glucose -0.7512 ± 0.1352 -0.8277 ± 0.2692 -0.4446 ± 0.1376 

Lactate  1.2153 ± 0.0421 1.8096 ± 0.0973 1.4295 ± 0.2273 

Glutamine -0.0753 ± 0.0206 -0.0446 ± 0.0295 -0.1991 ± 0.1574 

Ammonia 0.0291 ± 0.00003 0.0191 ± 0.0001 0.2417 ± 0.0007 

    

Aspartate  -0.0027 ± 0.0003 -0.0032 ± 0.0009 -0.0025 ± 0.0006 

Asparagine + Serine  0.0002 ± 0.0012 -0.0042 ± 0.0048 -0.0003 ± 0.0031 

Glutamate  -0.0253 ± 0.007 -0.0305 ± 0.0008 -0.0013 ± 0.0089 

Glycine  0.0042 ± 0.009 0.0062 ± 0.0077 0.0092 ± 0.0087 

Histidine + Glutamine -0.1150 ± 0.0441 -0.1193 ± 0.2636 -0.5455 ± 0.2235 

Arginine  -0.0048 ± 0.0018 -0.0044 ± 0.0137 -0.0218 ± 0.0137 

Threonine  -0.0025 ± 0.0006 0.0069 ± 0.0228 0.0009 ± 0.0258 

Alanine 0.0323 ± 0.0028 0.0283 ± 0.0107 0.0228 ± 0.0098 

Proline 0.0110 ± 0.0001 0.0222 ± 0.0022 0.0095 ± 0.0037 

Cystine  -0.0009 ± 0.0010 -0.0009 ± 0.0064 -0.0009 ± 0.0050 

Tyrosine  0.0026 ± 0.0026 0.0040 ± 0.0151 -0.0007 ± 0.0162 

Valine  0.0003 ± 0.0032 0.0050 ± 0.0224 0.001 ± 0.0244 

Methionine 0.0010 ± 0.0007 0.0019 ± 0.0070 0.0008 ± 0.0077 

Lysine -0.0012 ± 0.0021 0.0057 ± 0.0151 0.0058 ± 0.0138 

Isoleucine -0.0035 ± 0.0041 -0.0018 ± 0.0236 -0.0028 ± 0.0249 

Leucine  -0.0045 ± 0.0061 -0.0015 ± 0.0276 0.0003 ± 0.0308 

Phenylalanine 0.0033 ± 0.0027 0.0050 ± 0.0156 0.0000 ± 0.0172 

 

Positive control results are complicated by the low number of cells and the lack of observed growth. The 

decreased uptake or increased secretion of threonine, lysine and isoleucine likely indicate truncated TCA 

cycle activity, as these amino acids are no longer entering the cycle. Accordingly, TCA cycle anaplerosis 

is likely being supported by the large increase in glutamine uptake and yield of ammonia on glutamine. 

Energy production is highly glycolytic, as shown by the increased yield of lactate on glucose, and it is 

unlikely a large proportion of the glucose carbons are being channeled into biosynthesis. The increase in 

glycine uptake, combined with the reduced uptake or increased export of glutamate could indicate an 

increase in glutathione synthesis, although cystine uptake did not increase as would be expected. 

Glutathione is used for cellular detoxification (Wu et al., 2004), and its production could be a result of 

healthy cells attempting to limit damage. Increased glutathione levels are also associated with chemo-

resistance in tumors (Meister, 1991).  
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In the nickel treated cultures the increased glucose consumption and lactate yield indicate metabolic 

changes likely associated with hypoxia signaling – a shift towards glycolysis over OXPHOS. The 

decreased uptake of threonine, lysine, and isoleucine indicate reduced TCA cycle activity. Though 

glutamine uptake decreased slightly, the yield of ammonia on glutamine increased indicating a larger 

percentage of glutamine supporting anaplerosis or glutaminolysis rather than biosynthesis from the amino 

groups. The decrease in alanine production is likely associated with hypoxia upregulating LDH, causing 

more pyruvate to be converted to lactate rather than alanine. The increased proline secretion may be 

associated with the reduced saturation density observed in the nickel treated cultures, since proline is used 

in the synthesis of the ECM. Overall these results seem to indicate that HIF-1 factors are dominating the 

metabolism of the cells and with the reduced saturation density, the effect is likely unrelated to 

transformation. 

Nickel(II) induces hypoxia signaling by depleting intracellular ascorbate. Under normal culture conditions 

ascorbate is supplied in serum, and cells maintain increased levels in their cytoplasm. If the metabolic 

changes caused by nickel are a result of hypoxia, additional ascorbate supplementation may reduce or 

eliminate this effect. Ascorbic acid supplementation has been shown to inhibit chemical transformation of 

C3H/10T1/2 cells (Shklar and Schwartz, 1996). 

4.3 MRC-5 Dosing Experiments 

4.3.1 Growth Curves 

Treatment of C3H/10T1/2 cultures resulted in acute cytotoxicity and large differences in saturation 

density. In contrast to the mouse cells, the treatments had little effect on the growth of MRC-5 with the 

exception of a slight lag in growth immediately after dosing (see Figure 19). The cells appeared to recover 

completely. All three treatments resulted in a saturation density of approximately 50 000 to 60 000 

cells/cm
2
. Treatment of MRC-5 with chemical carcinogens has resulted in increased cell density after 

passaging (Milo and DiPaolo, 1978). It is possible that if the cells had been passaged into fresh flasks the 

ensuing growth would have resulted in significant differences in saturation density.  

Table 9 shows the cytotoxicity of the treatments relative to the negative control. The positive control 

treatment was less cytotoxic than the nickel treatment, probably due to the fact that bPL is preferentially 

toxic to dividing cells (Powell, 1966). 
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Table 9: Cytotoxicity of treatments to MRC-5 

Treatment 
% survival 

After 5 hrs. After 24 hrs. 

13 μg/mL bPL 86.5 81.0 

10 μg/mL NiSO4 70.6 69.2 

 

 
Figure 19: Growth of MRC-5 cells dosed on day 4 and medium changed day 5 

 

4.3.2 Cell Cycle and Apoptosis 

Flow cytometry assays were performed twice: once during growth phase (experiment day 7) and once 

during stationary phase (experiment day 13). Refer to Figure 12 previously for interpretation of the 

apoptosis plots. 

Figure 20 shows the plots resulting from flow cytometry performed during the growth phase of MRC-5 

culture.  
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Negative control NiSO4 Positive control 

   

   
Figure 20: MRC-5 growth phase flow cytometry 

Table 10 is a summary of the results of growth phase flow cytometry. 

Table 10: MRC-5 growth phase flow cytometry summary 

Cell cycle 

 Neg. control NiSO4 Pos. control 

RMS 14.1 17.2 10.8 

%G1 75.2 73 69.3 

%S 10.8 11.3 11.1 

%G2 9.22 9.98 12 

Apoptosis 

 Neg. control NiSO4 Pos. control 

Viable 92 92.8 91 

Dead (necrotic) 6.95 5.97 6.71 

Early apoptotic 0.41 0.5 0.63 

Late apoptotic 0.62 0.68 1.61 

 

The negative control cells show the expected distribution for cells in growth phase, with the majority of 

the cells in G1 and active cells cycling through S and G2. Compared to the negative control, the nickel 

treatment did not result in any significant changes in cell cycle or apoptosis. The positive control treated 

cells show fewer cells in G1 with a slight accumulation of cells in G2, indicating possible activity of DNA 

repair mechanisms. Additionally, there is a slight increase in the late apoptotic quadrant, indicating that 
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the treatment likely induced apoptosis immediately following dosing. Also note the cells to the right of 

the G2 peak in the cell cycle plot (cells with more DNA than G2/M), indicating possible aneuploidy. 

Figure 21 below shows the plots resulting from stationary phase flow cytometry. 

Negative control NiSO4 Positive control 

   

   
Figure 21: MRC-5 stationary phase flow cytometry 

Table 11 is a summary of the results of stationary phase flow cytometry. 

Table 11: MRC-5 stationary phase flow cytometry summary 

Cell cycle 

 Neg. control NiSO4 Pos. control 

RMS 4.04 12 4.05 

%G1 54.9 79.1 73.7 

%S 26.2 6.11 6.04 

%G2 15.8 8.51 14 

Apoptosis 

 Neg. control NiSO4 Pos. control 

Viable 70.2 71.5 76.6 

Dead (necrotic) 13.6 11.2 8.69 

Early apoptotic 7.52 8.05 6.97 

Late apoptotic 8.76 9.23 7.79 

 

The negative control culture exhibits a large population of cells in S-phase, larger in fact than that seen 

during the growth phase. This could be due to poor fitting of the cell cycle model to the experimental 
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data. Alternatively, it could indicate that following cell death initiated by confluence, remaining cells re-

entered the cycling fraction (re-entered the cell cycle) after losing contact with their neighbors. In this 

latter case, the population may be semi-synchronous, resulting in a large proportion of the cells in S-phase 

at the time of the sampling for the flow cytometric analysis. That is, a portion of the cell population would 

be simultaneously released from contact inhibition, exit G0 back into G1, and then continue on into 

S-phase at approximately the same time. A similar effect has been seen in MRC-5 SV2 (virally 

transformed MRC-5) cells when surviving cells were able to regrow into a monolayer (Zhu and 

Gooderham, 2002).  

Comparing positive control and nickel treated cultures, the positive control cultures showed an 

accumulation of cells in G2, indicating likely arrest due to DNA damage. They also exhibit less apoptosis 

than the nickel treated cultures, possibly due to deficient apoptosis mechanisms. Alternatively, apoptosis 

is being induced in the nickel cultures by Nip3, a non-p53 apoptosis pathway independent of HIF 

(Salnikow et al., 2003). The apoptosis could also have been caused by nickel induced Myc activation, as 

nickel sulphate has been shown to cause this at higher concentrations (Li et al., 2009). 

Zhu and Gooderham (2002) treated a variant of MRC5 called MRC-5 SV2 with 5 – 25 μmolL
-1

 BaP. The 

treated population exhibited an elevated G2/M peak with concomitant decrease in G1. Eventually the G1 

and G2/M peaks were replaced with M1 and M5 peaks, representing cells with less DNA than G1 and 

more DNA than G2/M. The researchers concluded that BaP induced an unstable karyotype in MRC-5 

SV2.  

4.3.3 Metabolism 

Glucose uptake increased slightly in the positive control and nickel treated cultures (Figure 22 and Figure 

23). There was not a drastic change likely because the cells are already exhibiting maximum glucose 

uptake. MRC-5 is known to have extremely high glucose requirements (Lambert and Pirt, 1975), to the 

extent of being more glycolytic than many tumor cell lines. In fact, normal MRC-5 cells actually derive 

95% of their ATP from glycolysis (Jose et al., 2011).  



 

58 

 

 
Figure 22: MRC-5 glucose and lactate concentrations post-treatment 

 
Figure 23: MRC-5 glucose and lactate levels during exponential growth post-treatment 

The high glycolytic activity of MRC-5 cells is likely due to their embryonic origin. In any population of 

rapidly proliferating cells, glycolysis is the preferred route of glucose metabolism. Although OXPHOS 

would be more efficient energetically, the complete oxidation of glucose has a major disadvantage in that 

is generates dangerous free radicals.  By limiting OXPHOS cells can reduce their exposure to oxidative 
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stress. This is likely an evolved defense against DNA-damaging free radicals during times of increased 

DNA synthesis, where free radicals would be most dangerous (Brand, 1997; Brand and Hermfisse, 1997). 

Additionally, the abundance of pyruvate, an oxygen radical scavenger, could have protective effects. This 

also allows glucose-derived carbon to be passed into biosynthetic pathways.  

Cell cultivation is focused on high proliferation rates, and this results in increased glycolytic capacity, but 

other pathways are also upregulated. Thus aerobic glycolysis during proliferation may only indicate high 

metabolic turnover rather than a shift from OXPHOS to aerobic glycolysis (Peters et al., 2009).  

Metabolic modeling has demonstrated that OXPHOS is the most efficient method of generating ATP at 

low glucose uptake rates. However, at higher glucose uptake rates, increased aerobic glycolysis and 

decreased OXPHOS is the most efficient pathway for the production of ATP. The authors suggested that 

while this was less efficient in terms of the yield of ATP per glucose, it was more efficient in terms of 

solvent capacity, which the authors defined as “the maximum amount of macromolecules that can occupy 

the intracellular space” (Vazquez et al., 2010). 

Embryonic development requires high rates of DNA synthesis, and embryonic cells are known to utilize 

glycolysis to a higher degree. There have been several parallels drawn between embryogenesis and 

tumorigenesis and metastasis. These include similarities in adhesion (Thiery et al., 1988) and the 

requirement of embryonic cells for invasiveness and motility during normal development (Pecorino, 

2008). Additionally, some proteins normally found during embryogenesis are also used as protein 

biomarkers for cancer diagnosis in adults. For example carcinoembryonic antigen (CEA), a glycoprotein 

involved in cell adhesion, is used as a tumor marker for colorectal carcinoma in adults (Hammarström, 

1999) but is common in embryos. Even HIF-1 is associated with normal embryonic development (Minet 

et al., 2000). 

Nickel-treated and positive control cultures exhibited increased lactate production relative to the negative 

control. Combined with the relatively small change in glucose uptake, it can be concluded that the 

additional lactate was likely the result of increased glutaminolysis. Later in the experiment lactate levels 

began to decrease. 

Glutamine uptake increased in the positive control cultures (Figure 24 and Figure 25) which could 

indicate increased glutaminolysis. Another possibility is that glutamine-derived glutamate is necessary for 

the synthesis of glutathione to assist in the detoxification of the treated cells. If this were the case, there 

would be a change in glutamate levels and increased ammonia release relative to the negative control.  
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Figure 24: MRC-5 glutamine and ammonia concentrations post-treatment 

 
Figure 25: MRC-5 glutamine and ammonia levels during exponential growth post-treatment 

As expected, ammonia production was increased in the positive control cultures. The yield of ammonia 

on glutamine also increased in these cultures (see Table 12), which supports the hypothesis of increased 

glutaminolysis, since the excess glutamine-derived nitrogen would be released as ammonia rather than 

incorporated in biosynthetic pathways. 
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Glutamate production/secretion was increased in the positive control and nickel treated cultures (Figure 

26), likely as a result of the increased glutamine uptake and its use for energy rather than anabolic 

nitrogen. The decrease in glutamate and ammonia levels later in the culture may indicate the action of 

glutamine synthetase, which combines glutamate and ammonia to produce glutamine. This would explain 

the spike in glutamine concentration following its depletion in the positive control and nickel treated 

cultures. The action of glutamine synthetase following nutrient depletion may indicate cell survival 

mechanisms at work. HIF-1 is known to upregulate glutamine synthetase pseudogene 1 (Greijer et al., 

2005) 

 
Figure 26: MRC-5 glutamate production post-treatment 

One study has shown that MRC-5 can survive in medium with glutamate in place of glutamine (Griffiths, 

1973). Apparently, adaptation to glutamate results in cells with metabolism and amino acid uptake similar 

to that seen in transformed cells. Glutamine synthetase is associated with tumor metabolism in breast 

cancer and is probably an adaption to glutamine deprivation in vivo (Collins et al., 1997).  

Following uptake of glutamine, the secretion of glutamate is coupled with cystine uptake through amino 

acid transporter   
  (Bannai, 1986). In this way glutamine allows for the production of glutamate and 

uptake of cystine for glutathione synthesis (Collins et al., 1998).  Cystine is the rate-limiting substrate for 

glutathione synthesis (O’Connor et al., 1995). The pattern of glutamine uptake, glutamate release, and 

cystine uptake is likely an indication of cellular detoxification. Ascorbate supplementation is also 
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associated with increased synthesis and reduced utilization of glutathione (O’Connor et al., 1995), so the 

depletion of ascorbate by soluble nickel may change glutathione synthesis. 

Table 12 shows the yields of metabolites on substrates for MRC-5.  

Table 12: MRC-5 metabolite yields during exponential growth phase post-treatment 

 Neg. Control NiSO4 Pos. Control 

YLAC/GLUC 2.11 2.71 2.66 

YNH4/GLN 0.26 0.43 0.31 

μ (h
-1

) 0.0188 0.0205 0.0126 

 

Table 13 shows the fluxes of the measured extracellular metabolites and amino acids in order of 

chromatographic separation. Negative values indicate consumption while positive values indicate 

production.  

Table 13: Metabolite fluxes in MRC-5 during exponential growth post-treatment 

 Specific productivity (μmol/10
6
 ch) 

 Neg. Control NiSO4 Pos. Control 

Glucose -0.3406 ± 0.0348 -0.3617 ± 0.0448 -0.4007 ± 0.0285 

Lactate  0.7170 ± 0.1423 0.9811 ± 0.1731  1.0642 ± 0.1645 

Glutamine -0.0437 ± 0.0176 -0.0291 ± 0.0042 -0.0610 ± 0.0088 

Ammonia 0.0115 ± 0.0001 0.0124 ± 0.0002 0.0189 ± 0.00003 

    

Aspartate  0.0003 ± 0.0007 0.0007 ± 0.0009 0.0003 ± 0.0007 
Asparagine + Serine  0.0028 ± 0.0013 0.0027 ± 0.0015 0.0024 ± 0.0025 

Glutamate  0.0261 ± 0.0127 0.0359 ± 0.0156 0.0438 ± 0.0111 
Glycine  -0.0032 ± 0.0001 -0.0032 ± 0.0003 -0.0046 ± 0.0004 

Histidine + Glutamine -0.1014 ± 0.0003 -0.0932 ± 0.0005 -0.1479 ± 0.0273 
Arginine  -0.0065 ± 0.0045 -0.0015 ± 0.0063 -0.0098 ± 0.0022 

Threonine  -0.0036 ± 0.0018 0.0006 ± 0.0022 -0.0071 ± 0.0030 
Alanine 0.0163 ± 0.0027 0.0201 ± 0.0035 0.0267 ± 0.0018 
Proline 0.0108 ± 0.0006 0.0119 ± 0.0009 0.0166 ± 0.0016 
Cystine  -0.0045 ± 0.0026 -0.0052 ± 0.0030 -0.0080 ± 0.0042 

Tyrosine  -0.0018 ± 0.0012 0.0002 ± 0.0021 -0.0028 ± 0.0007 
Valine  -0.0079 ± 0.0036 -0.0041 ± 0.0051 -0.0099 ± 0.0011 

Methionine -0.0016 ± 0.0012 -0.0002 ± 0.0021 -0.0016 ± 0.0002 
Lysine -0.0032 ± 0.0054 0.0018 ± 0.0068 -0.0003 ± 0.0009 

Isoleucine -0.0113 ± 0.0011 -0.0086 ± 0.0020 -0.0162 ± 0.0034 
Leucine  -0.0126 ± 0.0012 -0.0090 ± 0.0017 -0.0178 ± 0.0040 

Phenylalanine -0.0020 ± 0.0013 0.0002 ± 0.0021 -0.0029 ± 0.0007 
 

In the positive control cultures, increased uptake of glycine and cystine, paired with increased glutamate 

export likely indicates increased glutathione synthesis in order to facilitate detoxification of cells. The 
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increased alanine production is likely a result of increased glutamine metabolism for energy 

(glutaminolysis). The release of proline may be due to its potential use as a stress substrate (Phang et al., 

2008). The cultures also showed increased uptake of arginine, threonine, valine, isoleucine, and leucine, 

and decreased lysine uptake. Overall the metabolism seems to indicate a shift in energy metabolism to 

increased glutaminolysis, though glutamine may also be supporting TCA cycle anaplerosis (DeBerardinis 

et al., 2008). 

In the nickel treated cultures, the increase in glucose uptake and lactate and alanine production along with 

the increased glutamine uptake likely indicate a shift in metabolism towards a phenotype influenced by 

hypoxia signaling. Increased glutamine uptake has been associated with hypoxia (Soh et al., 2007), but in 

both cell lines tested nickel treatment was associated with decreased glutamine uptake. The decreased 

uptake of threonine, lysine, and isoleucine could indicate the suspension of TCA cycle metabolism, with 

anaplerosis supported primarily by glutamine.  

The uptake of nutrients by MRC-5 cells is dependent on the density of the monolayer (Griffiths, 1972). 

Cell crowding decreases accessibility of nutrients in the medium. By altering the permeability of their cell 

membranes, transformed cells are able to overcome this limitation to some degree, and would maintain 

higher uptake rates of amino acids in post-confluent cultures than normal cells.  

Regarding the lack of a large response seen following dosing, it should be noted that MRC-5 cells 

produce relatively high levels of glutathione S-transferases (GST), enzymes which bind glutathione to 

electrophilic molecules (Weng et al., 2005). This provides detoxification of both exogenous and 

endogenous electrophiles. This may have alleviated some of the damage caused by the treatments, 

reducing the response. Glutathione S-transferase M2 produced by MRC-5 has been shown to alleviate 

DNA damage caused by exposure of the cells to BaP (Tang et al., 2010). Soluble nickel has been shown 

to downregulate glutathione S-transferase theta (Salnikow et al., 2003). 

The use of a metabolic block to synchronize the cultures could potentially have increased the response. 

Synchronization has been shown to increase the frequency of transformation by approximately 25% 

compared to randomly proliferating populations of human cells (Milo and Casto, 1986). The short assay 

time may have also prevented the observation of more acute effects, as a further 8 to 13 population 

doublings after treatment may be necessary for the onset of any morphological changes (Silinskas et al., 

1981). 

Extracellular ligands and amino acids will chelate nickel ions and reduce their bioavailability. The 

medium used to culture MRC-5, MEM, has approximately twice the amino acid content as the medium 
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used with C3H/10T1/2, BME. It is reasonable to hypothesize that MRC-5 received a lower dose of nickel 

due to the extra amino acids in the medium making it less available to the cells. 

HIF-1 is not the only known hypoxia-inducible transcription factor. Endothelial PAS domain protein 1 

(EPAS1) similar to HIF-1α and interacts with similar targets (Wiesener et al., 1998). MRC-5 has been 

shown to produce high levels of both HIF-1 and EPAS1, with higher levels of EPAS1 (Wiesener et al., 

1998). Wiesener et al. (1998) found that both proteins interact with targets responsive to hypoxia, but 

EPAS1 showed higher transactivation of VEGF promoter than LDH promoter. This suggests that some 

cells have a response to hypoxia more focused on the growth of new blood vessels to regain nutrient 

supply rather than simple survival. Due to its similarities, EPAS1 is sometimes called HIF-2α. HIF-2α has 

been shown to upregulate glyceraldehyde-3-phosphate dehydrogenase, though this may simply be part of 

the general upregulation of glycolysis in response to hypoxia (Graven et al., 2003).  

Although they share many similarities, there are some notable differences between HIF-1α and HIF-2α. 

HIF-1α suppresses proliferation and arrest the cell cycle by inhibiting Myc transcription. HIF-2α 

promotes cell cycle progression by acting cooperatively with Myc and cells expressing HIF-2α exhibit 

increased Myc-dependent proliferation (Gordan et al., 2007).  

HIF-1α has been shown to inhibit DNA mismatch repair, while HIF-2α does not (Koshiji et al., 2005). 

Differences in HIF-1α and HIF-2α expression could explain differences in the hypoxic response between 

cell lines. 

5 Conclusions and Recommendations 

The methods developed over the course of this research will facilitate ongoing research in this area. The 

current work shows that a soluble nickel compound, nickel sulphate, can elicit an observable metabolic 

response in mammalian cell culture. Organic carcinogenic compounds can also cause similar metabolic 

shifts, though the underlying mechanisms are likely different.  

Past evaluation of nickel compounds based on the C3H/10T1/2 transformation assay should not be 

considered valid due to serious flaws in the methodology. Although the assay may be useful for some 

mechanistic studies of transformation, it is not appropriate for use as a general screening assay. Even 

Landolph recognized the problems with the transformation assay, including variability due to serum and 

problems with the subjective scoring of transformed foci (Landolph, 1985).  
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The largest problem with the current work is that nickel-induced hypoxia signaling elicits a metabolic 

response very similar to the metabolic phenotype of transformed cells. The metabolism in transformed 

cells is influenced primarily by HIF-1 and Myc transcription factors, so nickel’s activation of hypoxia 

signaling will make the metabolism appear as a transformed phenotype. This leaves the effects of Myc as 

a distinguishing factor, but HIF-1 and Myc share many overlapping mechanisms. Unless nickel’s 

transforming capacity is linked to the metabolic alterations it induces, it will be difficult to determine the 

distinct metabolic changes arising from nickel transformation. These metabolic changes likely contribute 

to the efficacy of nickel as a co-carcinogen, but it makes it difficult to differentiate between hypoxic 

metabolism and transformed metabolism, and it is possible that the difference is only a matter of degree. 

Transformed cells undergo rapid proliferation and rely on aerobic glycolysis for their energy needs. In an 

adult this can be useful for diagnostic imaging. Cells in vitro are rapidly proliferating due to repeated sub-

confluence passaging, metabolic adaptations to the culture environment, and the addition of growth 

factors present in serum. The hypoxia signaling induced by nickel-mediated ascorbate depletion results in 

a similar pattern of upregulated aerobic glycolysis. Combined with growth factors present in the serum-

supplemented medium, the overall metabolic phenotype is similar to that of transformed cells. 

One potential investigation would be to evaluate metabolism during the stationary phase of the culture. At 

this time metabolism should have shifted towards maintenance rather than proliferation. The activity of 

metabolic pathways associated with proliferation at this time could be indicative of transformation. 

However, this would require the use of a contact inhibited cell line, which would cease proliferation due 

to cell crowding rather than nutrient depletion. One solution would be to grow fibroblasts as normal and 

then change the medium to a serum-free variety. This would induce normal fibroblasts to go into G0 phase 

rather than proliferating, essentially behaving as if they were contact inhibited. Continued proliferation 

would indicate a reduced need for growth factors, one sign of transformation in cell culture.  

Another problem stems from the choice of human cells for the second set of experiments. Human cells 

have exceptional DNA repair and detoxification mechanisms, leading to a reduced response following 

single-pulse carcinogenic treatment. Human cells also display a long latency period between carcinogen 

exposure and observed transformation. Latency periods can be as long as 2-4 months, and even 

synchronized cultures of MRC-5 require at least 2-3 weeks before growth in soft agar, which may not 

even be indicative of full neoplastic transformation (Griener et al., 1981).  

Since the intended purpose of the current work is to develop an assay for the rapid screening of multiple 

nickel compounds, it is important to focus future development on screening rather than mechanistic 
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applications. Effectively, this would mean determining a threshold for metabolic shifts associated with 

probable carcinogenicity.  

Once the method is streamlined for the simultaneous evaluation of many different nickel compounds, 

organic carcinogens (e.g. BaP, cigarette smoke condensate) should be tested with the addition of nickel as 

a co-carcinogen. Nickel sulfate at 200 μmolL
-1

 has been shown to reduce the latency of transformation by 

up to 19 weeks in human cells (Pang et al., 2008), so its ability to act as a human co-carcinogen in vitro is 

well established. There are also a number of different mechanistic reasons for nickel’s efficacy as a co-

carcinogen, including hypoxia signaling, impairment of collagen synthesis, and impair of DNA repair and 

detoxification mechanisms. 

It is also important to take mechanistic information into consideration. Carcinogenicity has been 

associated with nickel mass-fraction (Sunderman, 1984) and bioavailability (Goodman et al., 2011). 

Development of the assay and interpretation of the results should be tempered with available mechanistic 

information of soluble and insoluble nickel compounds. Thus, if results from the developed in vitro assay 

are in agreement with these associations found in vivo, the assay should be considered valid.  

The first step in future work must be the selection of a suitable cell line. The current work has provided a 

number of insights to assist in this task. The following is a list of characteristics to be taken into 

consideration when selecting a cell line: 

 Species 

 Organ of origin 

 Age of organism 

 Genetic stability and karyotype 

 Growth conditions (monolayer, suspension) 

 Metabolic competence 

o Able to metabolically activate procarcinogens, or 

o Able to withstand addition of enzymatic activation mixtures 

 Availability of assay kits for relevant biomarkers (e.g. HIF-1α, p53) 

 Serum requirements 

Obviously human cells are more directly relevant to human carcinogenesis. However, rodent cell lines 

have the advantage of slower DNA repair rates allowing for greater responses to carcinogens. The cell 

line should also be non-embryonic, as embryogenesis shares metabolic and morphologic similarities to 
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the progression of transformation, potentially clouding results. Embryonic cells also produce some 

proteins used as cancer biomarkers in adult tissues (e.g. CEA). Elimination of serum requirements would 

be ideal, as serum is a major source of variability in these studies.  

Poole and Brown (1987) make a convincing argument that lung cells are not necessary for evaluating the 

toxicity of particulates and other compounds which are often toxic to the lungs. Often a compound or 

particulate is not “innately or specifically” damaging to the lung, but lung cells are simply the first target 

or site of accumulation. Although many studies claim that certain cell lines are representative of the lung, 

cell types such as fibroblasts and endothelial cells are found in many different organs, and any differences 

are likely the result of their environment. Following isolation and cultivation, these environmental 

influences are removed. While there are some differences between adult fibroblasts originating from 

different organs, embryonic fibroblasts from different organs are not easily distinguishable from one 

another. In summary, in the selection of a cell line factors such as ease of manipulation and cultivation 

should be a higher priority than tissue of origin.  

One possible direction is to choose a normal cell line and develop it into a nickel-transformed cell line. 

Through repeated sub-cultivation and cloning in nickel-containing medium, the new cell line would be 

nickel-transformed and could act as a positive control cell line. The original cell line could then be dosed 

with the nickel compound of interest, and comparison to the positive control would indicate the extent of 

transformation. Kowara et al. (2005) used this technique in their gene expression studies of nickel 

transformation. They used BALB/c-3T3 cells and compared them to the nickel(II) transformed cell line 

B200. The use of a positive control cell line would eliminate the need to identify a suitable positive 

control carcinogen as well as any difficulties associated with its metabolic activation.  

In this case, the starting cell line could be chosen to be more amenable to the chosen method of 

cultivation, spinner flasks. CHO cells, for example, could be transformed with nickel and used in future 

experiments. It may also be necessary to transform one population with soluble nickel and another one 

with insoluble nickel, to identify any differences in the transformed phenotypes. It should be noted that 

that at least one study has shown that a line of BaP-transformed BALB/c-3T3 cells will behave like 

normal cells when grown in low serum concentrations (Holley et al., 1976). This shows the reduced need 

of transformed cells for growth factors, and highlights the interference serum-supplied growth factors 

add, especially at high concentrations.  

Dosing in future work should include higher nickel concentrations and try to establish a dose-response 

curve. Repeated low-dose treatments are another possibility, rather than attempting a “one-shot” induction 
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(Pang et al., 2008). Treatment could be followed by reseeding to allow for additional population 

doublings. Another possible method of increasing sensitivity would be to utilize a metabolic block. 

Medium without arginine and glutamine will block cells in G1, and treating the cells after release of the 

block in early S-phase should enhance transformation (Milo and Casto, 1986). It is important to have 

active DNA synthesis during treatment. Additionally, the identification of relevant protein biomarkers 

would add another element which can confirm transformation or lack thereof. Additional strategies for of 

testing non-genotoxic carcinogens should be investigated. 

The outcome of the proposed research will be an in vitro cell culture method for the determination of 

nickel toxicity and carcinogenicity. The in vitro cell culture method could prove to be a suitable 

alternative to whole-animal test methods, allowing for the relatively rapid screening of the large number 

of nickel compounds requiring more specific classification. 
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Appendix A – Experimental Data 

Experiment MC-01: C3H/10T1/2 characterization 

Seeded at 2000 cells/cm
2
 in T25 (50 000 cells total in 25 cm

2
 with 10 mL BME complete, medium changed day 6) 

*F08 used for flow cytometry assay development 

Day Flask Time Hours Counts (total cells) Average Cells/cm
2
 GLC (mmolL

-1
) LAC (mmolL

-1
) GLN (mmolL

-1
) NH4 (mmolL

-1
) 

0 BME S1 11:30 0 
     

6.11 0.00 2.56 0.00 

0 BME S2 11:30 0 
     

6.39 0.00 2.54 0.00 

1 F02 11:35 24 43750 62500 56250 54167 2167 6.61 0.00 2.41 0.00 

1 F03 11:35 24 37500 68750 62500 56250 2250 6.61 0.00 2.40 0.00 

2 F04 13:28 50 93750 150000 118750 120833 4833 6.22 0.00 2.06 0.31 

2 F05 13:28 50 112500 150000 131250 131250 5250 6.61 0.00 2.21 0.29 

3 F06 12:19 73 325000 206250 331250 287500 11500 5.67 0.00 1.88 0.36 

3 F07 12:19 73 256250 193750 225000 225000 9000 6.00 0.00 2.05 0.39 

4 F09 11:55 97 750000 856250 618750 741667 29667 5.50 2.67 1.69 0.55 

4 F10 11:55 97 787500 493750 843750 708333 28333 5.39 2.78 1.62 0.54 

5 F11 14:39 123 1475000 1225000 1281250 1327083 53083 5.33 4.11 1.49 0.75 

5 F12 14:39 123 1518750 1175000 1412500 1368750 54750 5.06 3.78 1.44 0.73 

6 F13 13:16 146 1825000 1662500 1425000 1637500 65500 5.33 2.44 2.18 0.21 

6 F14 13:16 146 1612500 1750000 1687500 1683333 67333 5.72 2.67 2.18 0.26 

7 F15 12:43 169 1950000 1950000 1787500 1895833 75833 5.00 2.89 1.90 0.37 

7 F16 12:43 169 1837500 1150000 1525000 1504167 60167 4.94 3.33 1.88 0.43 

8 F17 10:54 191 2125000 1537500 1862500 1841667 73667 4.61 3.44 1.68 0.48 

8 F18 10:54 191 1550000 1737500 1825000 1704167 68167 4.67 3.44 1.79 0.53 

 

 



 

85 

 

Experiment MC-02: C3H/10T1/2 characterization #2 

Seeded at 4000 cells/cm
2
 in T25 (100 000 cells total in 25 cm

2
 with 10mL BME complete) 

Day Flask Time Hours Counts (total cells) Average Cells/cm
2
 GLC (mmolL

-1
) LAC (mmolL

-1
) GLN (mmolL

-1
) NH4 (mmolL

-1
) 

0 
 

13:36 0 
  

100000 4000 
    1 F01 13:46 24 81250 

 
81250 3250 6.7 0 2.24 0 

1 F02 13:46 24 100000 
 

100000 4000 7.1 0 2.29 0 

2 F03 13:40 48 225000 
 

225000 9000 6.4 2.7 2.07 0 

2 F04 13:40 48 225000 
 

225000 9000 6.3 2.9 2.02 0 

3 F05 14:00 72 312500 387500 350000 14000 5.9 4.9 1.88 0 

3 F06 14:00 72 362500 418750 390625 15625 5.8 4.9 1.87 0 

4 F07 14:20 96 818750 875000 846875 33875 5 7.7 1.72 0 

4 F08 14:20 96 756250 800000 778125 31125 5.3 7.4 1.71 0 

5 F09 13:02 119 1062500 1043750 1053125 42125 3.9 10.3 1.52 0 

5 F10 13:02 119 1006250 1100000 1053125 42125 3.8 10.3 1.59 0 

6 F11 12:41 143 1175000 1212500 1193750 47750 3.2 12.3 1.48 0 

6 F12 12:41 143 1206250 1056250 1131250 45250 3.5 12.4 1.53 0 

7 F13 14:46 169 1087500 1125000 1106250 44250 3.3 13.2 1.38 0.72 

7 F14 14:46 169 1012500 1087500 1050000 42000 3.2 14.3 1.35 0 

8 F15 13:28 192 975000 1075000 1025000 41000 2.3 16.1 1.29 0 

8 F16 13:28 192 1131250 1200000 1165625 46625 2.8 15 1.32 0 

9 F17 17:43 220 1100000 1018750 1059375 42375 2.1 16.8 1.17 0 

9 F18 17:43 220 968750 1037500 1003125 40125 1.9 17.1 1.22 0.48 

10 F19 13:10 240 962500 1075000 1018750 40750 1.2 18.3 1.11 1.03 

10 F20 13:10 240 1018750 1093750 1056250 42250 1.2 17.9 1.16 0.24 

11 F21 13:59 265 1062500 943750 1003125 40125 0 19.3 1.09 0 

11 F22 13:59 265 1137500 1037500 1087500 43500 0 19.6 1.08 0 

12 F23 12:01 287 881250 812500 846875 33875 0 20 1.08 1.54 

12 F24 12:01 287 737500 762500 750000 30000 0 19.7 1 0 
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Day Flask Time Hours Counts (total cells) Average Cells/cm
2
 GLC (mmolL

-1
) LAC (mmolL

-1
) GLN (mmolL

-1
) NH4 (mmolL

-1
) 

13 F25 13:14 312 237500 225000 231250 9250 0 20.3 1.02 0 

13 F26 13:14 312 225000 237500 231250 9250 0 18.8 1.07 0.39 

14 F27 13:28 336 200000 175000 187500 7500 0 20.6 0.94 0 

14 F28 13:28 336 193750 212500 203125 8125 0 20.5 1.01 0.33 
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Experiment MC-03: C3H/10T1/2 low seeding density characterization 

Seeded at 1000 cells per T25 with 5 mL BME complete, medium changed day 8 

Day Flask Time Hours Total Cells Cells/cm
2
 

0 
 

13:30 0 1000 40 

1 F01 14:34 25 625 25 

2 F02 13:53 48.5 833 33 

3 F03 14:14 72.5 1250 50 

4 F04 15:01 97.5 5000 200 

5 F05 14:47 121.5 12500 500 

6 F06 13:36 144.5 27500 1100 

7 F07 15:13 170 90000 3600 

8 F08 14:21 193 251250 10050 

9 F09 13:05 215.5 412500 16500 

10 F10 15:24 242 843750 33750 

11 F11 15:14 266 1206250 48250 

12 F12 15:11 290 1056250 42250 

13 F13 15:06 314 931250 37250 

14 F14 15:53 339 1018750 40750 

15 F15 14:49 362 981250 39250 

16 F16 12:22 383 950000 38000 
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Experiment MC-04: C3H/10T1/2 characterization  

Seeded at 2000 cells/cm
2
 in T25 flasks with 10 mL BME complete 

Day Flask Time Hours Counts (total cells) Average Cells/cm
2
 GLC (mmolL

-1
) LAC (mmolL

-1
) GLN (mmolL

-1
) NH4 (mmolL

-1
) GLU (mmolL

-1
) 

1 F1 16:21 26 50000 42500 52500 48333 1933 6.05 0.00 2.14 0.00 0.21 

2 F2 13:41 47 65000 70000 62500 65833 2633 5.61 0.00 1.89 0.22 0.22 

3 F3 15:06 72.5 107500 115000 112500 111667 4467 5.00 2.55 1.69 0.30 0.00 

4 F4 13:14 94.5 192500 202500 202500 199167 7967 4.55 5.00 1.47 0.37 0.22 

5 F5 15:23 120.5 280000 260000 275000 271667 10867 4.39 7.77 1.28 0.48 0.24 

6 F6 13:05 142 345000 320000 385000 350000 14000 3.83 10.32 1.15 0.57 0.22 

7 F7 15:01 168 468750 476250 491250 478750 19150 2.94 11.66 1.00 0.55 0.24 

8 F8 17:08 194 531250 543750 556250 543750 21750 2.83 13.10 0.98 0.62 0.00 

9 F9 14:36 215.5 606250 593750 606250 602083 24083 2.22 13.99 0.96 0.73 0.00 

10 F10 12:38 237.5 600000 568750 568750 579167 23167 2.16 14.65 0.89 0.72 0.00 

11 F11 12:45 261.5 606250 618750 593750 606250 24250 1.33 15.32 0.89 0.71 0.00 

12 F12 12:12 285 625000 593750 612500 610417 24417 1.28 16.10 0.82 0.83 0.00 

13 F13 15:30 312 631250 625000 606250 620833 24833 0.00 16.87 0.78 0.94 0.00 
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Experiment LD-01: C3H/10T1/2 cultures dosed with BaP, acetone, or nickel sulphate 

Seeded at 2000 cells/cm
2
 in T25 flasks with 10 mL BME complete 

Negative control 

Day Flask Time Hours Counts (total cells) Average Cells/cm
2
 GLC (g/L) LAC (g/L) GLN (mmolL

-1
) NH4 (mmolL

-1
) 

0 
 

11:39 0 
  

50000 2000 1.07 0.00 2.65 0.00 

0 
 

11:39 0 
  

50000 2000 1.09 0.00 2.54 0.00 

1 NC-01 14:58 25 40000 50000 45000 1800 1.06 0.00 2.21 
 

1 NC-02 14:58 25 60000 60000 60000 2400 1.01 0.00 2.25 0.24 

2 NC-03 15:32 49 65000 85000 75000 3000 0.89 0.00 2.00 0.23 

2 NC-04 15:32 49 80000 80000 80000 3200 0.96 0.00 1.96 0.24 

3 NC-05 13:20 71 110000 140000 125000 5000 0.87 0.21 1.89 0.36 

3 NC-06 13:20 71 145000 145000 145000 5800 0.89 0.23 1.92 0.34 

4 NC-07 12:05 93.5 225000 240000 232500 9300 0.91 0.27 1.79 0.40 

4 NC-08 12:05 93.5 205000 220000 212500 8500 0.92 0.30 1.75 0.45 

4.3 NC-09 17:50 99.5 215000 225000 220000 8800 0.83 0.30 1.73 0.48 

4.3 NC-10 17:50 99.5 240000 200000 220000 8800 0.71 0.27 1.41 0.33 

5 NC-11 12:11 117.5 330000 315000 322500 12900 0.93 0.34 1.66 0.52 

5 NC-12 12:11 117.5 340000 315000 327500 13100 0.89 0.35 1.76 0.48 

6 NC-13 10:59 144.5 305000 285000 295000 11800 0.91 0.39 1.67 0.59 

6 NC-14 10:59 144.5 265000 275000 270000 10800 0.88 0.40 1.62 0.63 

6 BME-B 
      

1.08 0.00 2.69 0.05 

6 BME-B 
      

0.96 0.00 2.45 
 7 NC-15 15:24 169 340000 340000 340000 13600 0.95 0.30 2.53 0.28 

7 NC-16 15:24 169 365000 350000 357500 14300 1.07 0.34 2.51 0.23 

8 NC-17 10:34 188 495000 480000 487500 19500 0.99 0.40 2.38 0.34 

8 NC-18 10:34 188 505000 480000 492500 19700 0.91 0.43 2.35 0.29 

9 NC-19 13:44 215 685000 685000 685000 27400 0.78 0.58 2.12 0.39 
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Day Flask Time Hours Counts (total cells) Average Cells/cm
2
 GLC (g/L) LAC (g/L) GLN (mmolL

-1
) NH4 (mmolL

-1
) 

9 NC-20 13:44 215 695000 670000 682500 27300 0.62 0.58 1.86 0.45 

10 NC-21 14:28 240 850000 810000 830000 33200 0.51 0.68 1.88 0.46 

10 NC-22 14:28 240 770000 810000 790000 31600 0.42 0.76 1.79 0.48 

11 NC-23 11:02 260.5 795000 805000 800000 32000 0.34 0.76 1.47 0.54 

11 NC-24 11:02 260.5 730000 815000 772500 30900 0.36 0.83 1.76 0.57 

13 NC-25 10:05 307.5 870000 870000 870000 34800 0 1.18 1.50 0.80 

20 NC-26 11:30 476.5 906250 918750 912500 36500 n/a 
    

All amino acids in mmolL
-1

 

Sample Asp  Ser+Asn Glu Gly His+Gln Arg Thr Ala Pro Cys Tyr Val Met Lys Ile Leu Phe 

NC-B1 0.0102 0.0421 0.0839 0.0757 2.7287 0.1509 0.2624 0.1181 0.0238 0.0529 0.1749 0.2991 0.0777 0.2107 0.2620 0.2846 0.1867 

NC-15 0.0072 0.0384 0.0666 0.0761 2.5003 0.1415 0.2624 0.1518 0.0321 0.0490 0.1688 0.2893 0.0761 0.2033 0.2464 0.2617 0.1806 

NC-19 0.0016 0.0415 0.0055 0.0880 2.3284 0.1343 0.2550 0.2219 0.0582 0.0493 0.1807 0.2970 0.0801 0.2051 0.2473 0.2650 0.1947 

NC-23  0.0000 0.0587 0.0015 0.1144 2.3371 0.1445 0.2983 0.3189 0.1015 0.0566 0.2184 0.3188 0.0903 0.2085 0.2606 0.2964 0.2364 

NC-25 0.0000 0.0669 0.0018 0.1283 2.1223 0.1371 0.3024 0.4038 0.1514 0.0576 0.2087 0.3386 0.0924 0.2395 0.2663 0.3045 0.2287 

 

Positive control 

Day Flask Time Hours Counts (total cells) Average Cells/cm
2
 GLC (g/L) LAC (g/L) GLN (mmolL

-1
) NH4 (mmolL

-1
) 

0 
 

11:39 0 
  

50000 2000 
    

0 
 

11:39 0 
  

50000 2000 
    

1 PC-01 14:58 25 75000 80000 77500 3100 1.13 0.00 2.58 
 

1 PC-02 14:58 25 65000 65000 65000 2600 1.11 0.00 2.55 0.30 

2 PC-03 15:32 49 60000 70000 65000 2600 1.25 0.00 2.34 0.00 

2 PC-04 15:32 49 75000 80000 77500 3100 1.10 0.00 2.50 0.00 

3 PC-05 13:20 71 125000 120000 122500 4900 0.90 
 

2.29 0.00 
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Day Flask Time Hours Counts (total cells) Average Cells/cm
2
 GLC (g/L) LAC (g/L) GLN (mmolL

-1
) NH4 (mmolL

-1
) 

3 PC-06 13:20 71 120000 115000 117500 4700 1.10 0.21 2.26 0.45 

4 PC-07 12:05 93.5 185000 205000 195000 7800 1.16 0.29 2.13 0.00 

4 PC-08 12:05 93.5 205000 195000 200000 8000 1.02 0.29 2.13 0.45 

4.3 PC-09 17:50 99.5 120000 135000 127500 5100 
    

4.3 PC-10 17:50 99.5 150000 135000 142500 5700 
    

5 PC-11 12:11 117.5 115000 125000 120000 4800 
    

5 PC-12 12:11 117.5 130000 140000 135000 5400 
    6 PC-13 10:59 144.5 120000 105000 112500 4500 
    6 PC-14 10:59 144.5 100000 95000 97500 3900 
    6 BME-A 

      
1.08 0.00 2.56 0.06 

6 BME-A 
      

1.13 0.00 2.52 
 

7 PC-15 15:24 169 90000 85000 87500 3500 1.13 0.11 2.56 0.14 

7 PC-16 15:24 169 110000 115000 112500 4500 1.02 0.12 2.51 
 8 PC-17 10:34 188 160000 135000 147500 5900 1.10 0.18 2.39 0.30 

8 PC-18 10:34 188 125000 150000 137500 5500 0.97 0.16 2.37 0.24 

9 PC-19 13:44 215 110000 105000 107500 4300 1.12 0.21 2.28 0.35 

9 PC-20 13:44 215 115000 110000 112500 4500 1.03 0.27 2.32 0.36 

10 PC-21 14:28 240 100000 105000 102500 4100 1.00 0.25 2.08 0.42 

10 PC-22 14:28 240 110000 90000 100000 4000 1.03 0.24 2.10 0.43 

11 PC-23 11:02 260.5 85000 90000 87500 3500 1.02 0.29 2.02 0.49 

11 PC-24 11:02 260.5 90000 80000 85000 3400 1.02 0.29 2.04 0.49 

13 PC-25 10:05 307.5 85000 100000 92500 3700 0.94 0.30 1.85 0.59 

20 PC-26 11:30 476.5 68750 81250 75000 3000 
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All amino acids in mmolL
-1

 

Flask Asp Ser+Asn Glu Gly His+Gln Arg Thr Ala Pro Cys Tyr Val Met Lys Ile Leu Phe 

PC-A1 0.0123 0.0446 0.0862 0.0791 2.8650 0.1591 0.2789 0.1201 0.0245 0.0536 0.1905 0.3213 0.0852 0.2148 0.2693 0.2857 0.2018 

PC-15 0.0122 0.0458 0.0971 0.0811 2.6854 0.1516 0.2856 0.1350 0.0291 0.0503 0.1837 0.3389 0.0872 0.2484 0.2902 0.3148 0.1956 

PC-19 0.0121 0.0533 0.1123 0.1099 3.0044 0.1774 0.3523 0.1673 0.0430 0.0649 0.2305 0.3947 0.1076 0.2596 0.3419 0.3787 0.2453 

PC-23 0.0091 0.0454 0.0934 0.0940 2.2132 0.1344 0.2882 0.1607 0.0396 0.0520 0.1899 0.3379 0.0891 0.2459 0.2846 0.3137 0.2024 

PC-25 0.0083 0.0441 0.0860 0.0925 1.8856 0.1189 0.2793 0.1579 0.0403 0.0502 0.1845 0.3250 0.0858 0.2318 0.2672 0.2889 0.1970 

 

Nickel sulphate 

Day Flask Time Hours Counts (total cells) Average Cells/cm
2
 GLC (g/L) LAC (g/L) GLN (mmolL

-1
) NH4 (mmolL

-1
) 

0 
 

11:39 0 
  

50000 2000 
    

0 
 

11:39 0 
  

50000 2000 
    

1 NS-01 14:58 25 40000 55000 47500 1900 1.15 0.00 2.70 0.23 

1 NS-02 14:58 25 45000 45000 45000 1800 1.04 0.00 2.42 0.23 

2 NS-03 15:32 49 70000 75000 72500 2900 0.93 0.00 2.15 0.30 

2 NS-04 15:32 49 80000 70000 75000 3000 0.91 0.00 2.21 0.28 

3 NS-05 13:20 71 130000 125000 127500 5100 0.99 0.00 2.21 0.39 

3 NS-06 13:20 71 115000 145000 130000 5200 1.02 0.00 2.01 0.37 

4 NS-07 12:05 93.5 225000 215000 220000 8800 1.02 0.23 1.89 0.52 

4 NS-08 12:05 93.5 215000 185000 200000 8000 0.95 0.25 1.97 0.49 

4.3 NS-09 17:50 99.5 170000 210000 190000 7600 
    4.3 NS-10 17:50 99.5 190000 200000 195000 7800 
    

5 NS-11 12:11 117.5 205000 195000 200000 8000 
    

5 NS-12 12:11 117.5 220000 220000 220000 8800 
    

6 NS-13 10:59 144.5 220000 235000 227500 9100 
    6 NS-14 10:59 144.5 225000 235000 230000 9200 
    6 BME-C 

      
1.10 0.00 2.52 0.07 
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Day Flask Time Hours Counts (total cells) Average Cells/cm
2
 GLC (g/L) LAC (g/L) GLN (mmolL

-1
) NH4 (mmolL

-1
) 

6 BME-C 
      

1.08 0.00 2.45 
 7 NS-15 15:24 169 230000 225000 227500 9100 0.97 0.22 2.34 0.24 

7 NS-16 15:24 169 230000 210000 220000 8800 0.98 0.21 2.46 0.22 

8 NS-17 10:34 188 315000 320000 317500 12700 0.68 0.26 2.14 0.28 

8 NS-18 10:34 188 340000 335000 337500 13500 0.85 0.31 2.25 0.26 

9 NS-19 13:44 215 575000 555000 565000 22600 0.76 0.53 2.13 0.41 

9 NS-20 13:44 215 550000 520000 535000 21400 0.63 0.44 1.96 0.36 

10 NS-21 14:28 240 550000 555000 552500 22100 0.52 0.63 1.93 0.48 

10 NS-22 14:28 240 590000 540000 565000 22600 0.60 0.70 2.01 0.51 

11 NS-23 11:02 260.5 470000 475000 472500 18900 0.53 0.76 1.91 0.58 

11 NS-24 11:02 260.5 470000 470000 470000 18800 0.53 0.73 1.90 0.60 

13 NS-25 10:05 307.5 475000 415000 445000 17800 0.00 0.98 1.71 0.70 

20 NS-26 11:30 476.5 687500 681250 684375 27375 
     

All amino acids in mmolL
-1

 

Flask Asp Ser+Asn Glu Gly His+Gln Arg Thr Ala Pro Cys Tyr Val Met Lys Ile Leu Phe 

NS-C1 0.0135 0.0520 0.1026 0.0931 3.2936 0.1803 0.3210 0.1419 0.0293 0.0611 0.2155 0.3742 0.0984 0.2564 0.3228 0.3556 0.2273 

NS-15 0.0098 0.0388 0.0838 0.0791 2.6328 0.1470 0.2734 0.1335 0.0366 0.0462 0.1838 0.3265 0.0837 0.2255 0.2687 0.2926 0.1948 

NS-19 0.0058 0.0396 0.0341 0.1018 2.8567 0.1616 0.3215 0.1982 0.0774 0.0550 0.2148 0.3708 0.0981 0.2593 0.3035 0.3344 0.2282 

NS-23 0.0042 0.0321 0.0016 0.0864 2.0368 0.1180 0.2531 0.1932 0.0794 0.0415 0.1690 0.3045 0.0777 0.2236 0.2336 0.2580 0.1819 

NS-25 0.0053 0.0462 0.0040 0.1266 2.5983 0.1555 0.3582 0.2974 0.1359 0.0613 0.2333 0.4082 0.1080 0.2929 0.3245 0.3658 0.2510 
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Experiment HL-01: MRC-5 characterization 

Seeded at 2000 cells/cm
2
 in T25 flasks with 5 mL MEM complete 

Day Flask Time Hours Counts (total cells) Average Cells/cm
2
 GLC (g/L) LAC (g/L) GLN (mmolL

-1
) NH4 (mmolL

-1
) GLU (mmolL

-1
) 

1 F1 12:55 24 50000 40000 45000 1800 1.01 0.00 2.23 0.00 0.24 

1 F2 12:55 24 40000 50000 45000 1800 1.14 0.00 2.20 0.25 0.22 

2 F3 13:13 48 52500 48750 50625 2025 0.94 0.00 1.95 0.22 0.23 

2 F4 13:13 48 48750 52500 50625 2025 1.01 0.00 1.94 0.25 0.24 

3 F5 14:26 73 95000 95000 95000 3800 0.94 0.00 1.72 0.39 0.26 

3 F6 14:26 73 120000 105000 112500 4500 0.97 0.00 1.78 0.36 0.26 

4 F7 14:18 97 225000 190000 207500 8300 0.90 0.00 1.53 0.44 0.29 

4 F8 14:18 97 225000 260000 242500 9700 0.89 0.00 1.63 0.48 0.29 

5 F9 12:43 119.5 380000 395000 387500 15500 0.89 0.00 1.41 0.53 0.37 

5 F10 12:43 119.5 385000 425000 405000 16200 0.87 0.28 1.40 0.55 0.36 

6 F11 14:03 145 815000 800000 807500 32300 0.59 0.68 0.98 0.76 0.41 

6 F12 14:03 145 765000 775000 770000 30800 0.65 0.80 1.09 0.70 0.45 

7 F13 13:29 168.5 1270000 1070000 1170000 46800 0.42 1.07 0.91 1.00 0.48 

7 F14 13:29 168.5 1060000 1320000 1190000 47600 0.46 1.12 0.94 1.10 0.50 

8 F15 13:30 192.5 1580000 1480000 1530000 61200 0.00 1.31 0.69 1.15 0.60 

8 F16 13:30 192.5 1490000 1590000 1540000 61600 0.00 1.33 0.65 1.31 0.68 

9 F17 13:07 216 1920000 1600000 1760000 70400 0.00 1.41 0.47 1.45 0.64 

9 F18 13:07 216 1930000 1640000 1785000 71400 0.00 1.46 0.48 1.57 0.70 

10 F19 14:06 241 1880000 1980000 1930000 77200 0.00 1.41 0.22 1.64 0.77 

10 F20 14:06 241 2000000 1860000 1930000 77200 0.00 1.40 0.30 1.81 0.67 

11 F21 15:37 266.5 2260000 2150000 2205000 88200 0.00 1.40 0.00 1.77 0.77 

11 F22 15:37 266.5 2050000 2090000 2070000 82800 0.00 1.39 0.00 2.09 0.77 

12 F23 14:00 289 1960000 1770000 1865000 74600 0.00 1.35 0.00 1.56 0.78 

12 F24 14:00 289 1930000 1910000 1920000 76800 0.00 1.32 0.00 2.06 0.78 

13 F25 14:12 313 1720000 1760000 1740000 69600 0.00 1.25 0.00 1.87 0.77 
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Day Flask Time Hours Counts (total cells) Average Cells/cm
2
 GLC (g/L) LAC (g/L) GLN (mmolL

-1
) NH4 (mmolL

-1
) GLU (mmolL

-1
) 

13 F26 14:12 313 1650000 1750000 1700000 68000 0.00 1.32 0.00 2.07 0.83 

14 F27 14:50 337.5 1660000 1720000 1690000 67600 0.00 1.22 0.00 2.12 0.76 

14 F28 14:50 337.5 1780000 1830000 1805000 72200 0.00 1.20 0.00 1.65 0.80 
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Experiment HD-01: MRC-5 culture dosed with bPL, acetone, or nickel sulphate 

Seeded at 2000 cells/cm
2
 in T25 flasks with 5 mL MEM complete 

Negative control 

Day Flask Time Hours Counts (total cells) Average Cells/cm
2
 GLC (g/L) LAC (g/L) GLN (mmolL

-1
) NH4 (mmolL

-1
) GLU (mmolL

-1
) 

0 
 

11:57 0 
  

50000 2000 
     0 

 
11:57 0 

  
50000 2000 

     
1 NC-01 14:38 24 42500 52500 47500 1900 

     
1 NC-02 14:38 24 50000 45000 47500 1900 

     2 NC-03 16:29 50 87500 72500 80000 3200 
     2 NC-04 16:29 50 80000 87500 83750 3350 
     

3 NC-05 15:27 73 187500 192500 190000 7600 
     

3 NC-06 15:27 73 177500 180000 178750 7150 
     

4 NC-07 16:40 98 367500 332500 350000 14000 
     

4 NC-08 16:40 98 355000 342500 348750 13950 
     4.5 NC-09 21:38 103 330000 352500 341250 13650 
     4.5 NC-10 21:38 103 312500 342500 327500 13100 
     

5 NC-11 17:54 123.5 495000 487500 491250 19650 
     

5 NC-12 17:54 123.5 512500 480000 496250 19850 
     

5 MEM-B 
      

0.95 0.00 2.45 0.00 0.00 

5 MEM-B 
      

1.00 0.00 2.54 0.00 0.00 

6 NC-13 16:12 145.5 945000 950000 947500 37900 0.62 0.44 1.86 0.42 0.34 

6 NC-14 16:12 145.5 925000 935000 930000 37200 0.68 0.43 1.73 0.49 0.24 

7 NC-15 18:15 171.5 1318750 1243750 1281250 51250 0.37 0.74 1.36 0.85 0.50 

7 NC-16 18:15 171.5 1218750 1225000 1221875 48875 0.34 0.84 1.33 0.73 0.63 

8 NC-17 15:57 193 1900000 1870000 1885000 75400 0.00 1.13 0.91 1.31 0.58 

8 NC-18 15:57 193 1710000 1800000 1755000 70200 0.00 0.94 0.71 1.24 0.48 

9 NC-19 14:05 215 1710000 1990000 1850000 74000 0.00 1.18 0.65 1.22 0.46 
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Day Flask Time Hours Counts (total cells) Average Cells/cm
2
 GLC (g/L) LAC (g/L) GLN (mmolL

-1
) NH4 (mmolL

-1
) GLU (mmolL

-1
) 

9 NC-20 14:05 215 1750000 1760000 1755000 70200 0.00 1.16 0.56 1.55 0.43 

10 NC-21 14:07 239 1480000 1600000 1540000 61600 0.00 1.18 0.40 1.92 0.72 

10 NC-22 14:07 239 1540000 1640000 1590000 63600 0.00 1.14 0.28 2.01 0.62 

11 NC-23 13:32 262.5 1550000 1620000 1585000 63400 0.00 0.96 0.00 1.87 0.61 

11 NC-24 13:32 262.5 1620000 1520000 1570000 62800 0.00 0.80 0.00 1.98 0.56 

12 NC-25 16:35 289.5 1530000 1400000 1465000 58600 0.00 0.89 0.00 1.82 0.78 

12 NC-26 16:35 289.5 1460000 1400000 1430000 57200 0.00 0.97 0.00 1.99 0.45 

13 NC-27 17:47 314.5 1430000 1440000 1435000 57400 0.00 1.03 0.00 1.71 0.61 

13 NC-28 17:47 314.5 1550000 1510000 1530000 61200 0.00 0.80 0.00 1.65 0.54 

14 NC-29 14:18 336 1540000 1600000 1570000 62800 0.00 0.85 0.00 2.08 0.64 

14 NC-30 14:18 336 1380000 1460000 1420000 56800 0.00 0.90 0.00 1.75 0.56 

 

All amino acids in mmolL
-1

 

Flask Asp Ser+Asn Glu Gly His+Gln Arg Thr Ala Pro Cys Tyr Val Met Lys Ile Leu Phe 

NC-B1 0.0226 0.0578 0.1551 0.1114 3.7319 0.9245 0.5942 0.2192 0.0385 0.1256 0.3409 0.6284 0.1696 0.5528 0.5959 0.6369 0.3527 

NC-15 0.0405 0.0536 0.6590 0.0812 2.8563 0.9651 0.6013 0.4189 0.1443 0.0295 0.3517 0.6373 0.1826 0.6420 0.5207 0.5531 0.3625 

NC-19 0.0318 0.1182 0.8040 0.0369 1.3798 0.7881 0.5159 0.6052 0.2905 0.0125 0.3031 0.4563 0.1371 0.4969 0.3371 0.3479 0.3100 

NC-23 0.0249 0.1261 0.8967 0.0818 0.7601 0.7096 0.4621 0.7225 0.3602 0.0126 0.2881 0.4282 0.1237 0.4751 0.3046 0.3108 0.2943 

NC-27 0.0218 0.1256 1.0925 0.1591 0.6095 0.7024 0.4634 0.8906 0.4495 0.0131 0.3071 0.4449 0.1263 0.5188 0.2989 0.3050 0.3214 

 

Positive control 

Day Flask Time Hours Counts (total cells) Average Cells/cm
2
 GLC (g/L) LAC (g/L) GLN (mmolL

-1
) NH4 (mmolL

-1
) GLU (mmolL

-1
) 

0 
 

11:57 0 
  

50000 2000 
     0 

 
11:57 0 

  
50000 2000 

     1 PC-01 14:38 24 47500 42500 45000 1800 
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Day Flask Time Hours Counts (total cells) Average Cells/cm
2
 GLC (g/L) LAC (g/L) GLN (mmolL

-1
) NH4 (mmolL

-1
) GLU (mmolL

-1
) 

1 PC-02 14:38 24 45000 42500 43750 1750 
     2 PC-03 16:29 50 77500 87500 82500 3300 
     2 PC-04 16:29 50 77500 77500 77500 3100 
     3 PC-05 15:27 73 172500 177500 175000 7000 
     

3 PC-06 15:27 73 187500 172500 180000 7200 
     

4 PC-07 16:40 98 315000 347500 331250 13250 
     

4 PC-08 16:40 98 345000 325000 335000 13400 
     4.5 PC-09 21:38 103 295000 265000 280000 11200 
     4.5 PC-10 21:38 103 300000 297500 298750 11950 
     5 PC-11 17:54 123.5 397500 412500 405000 16200 
     

5 PC-12 17:54 123.5 402500 387500 395000 15800 
     

5 MEM-A 
      

0.96 0.00 2.46 0.00 0.00 

5 MEM-A 
      

0.96 0.00 2.33 0.00 0.23 

6 PC-13 16:12 145.5 660000 630000 645000 25800 0.74 0.43 1.85 0.44 0.44 

6 PC-14 16:12 145.5 680000 680000 680000 27200 0.70 0.42 1.75 0.43 0.40 

7 PC-15 18:15 171.5 812500 731250 771875 30875 0.52 0.69 1.48 0.87 0.52 

7 PC-16 18:15 171.5 825000 787500 806250 32250 0.46 0.73 1.43 1.11 0.56 

8 PC-17 15:57 193 1010000 950000 980000 39200 0.22 0.98 1.04 0.93 0.51 

8 PC-18 15:57 193 940000 940000 940000 37600 0.24 1.00 1.11 1.25 0.59 

9 PC-19 14:05 215 1390000 1350000 1370000 54800 0.00 1.18 0.86 1.29 0.60 

9 PC-20 14:05 215 1190000 1260000 1225000 49000 0.00 1.13 0.82 1.33 0.61 

10 PC-21 14:07 239 1370000 1310000 1340000 53600 0.00 1.19 0.58 1.42 0.74 

10 PC-22 14:07 239 1300000 1270000 1285000 51400 0.00 1.20 0.49 1.40 0.75 

11 PC-23 13:32 262.5 1400000 1370000 1385000 55400 0.00 1.21 0.52 1.35 0.72 

11 PC-24 13:32 262.5 1190000 1240000 1215000 48600 0.00 1.10 0.47 1.68 0.41 

12 PC-25 16:35 289.5 1310000 1220000 1265000 50600 0.00 1.16 0.37 1.86 0.66 

12 PC-26 16:35 289.5 1260000 1230000 1245000 49800 0.00 1.06 0.27 1.71 0.37 

13 PC-27 17:47 314.5 1210000 1260000 1235000 49400 0.00 1.12 0.24 1.92 0.64 

13 PC-28 17:47 314.5 1300000 1200000 1250000 50000 0.00 0.90 0.00 1.80 0.39 



 

99 

 

Day Flask Time Hours Counts (total cells) Average Cells/cm
2
 GLC (g/L) LAC (g/L) GLN (mmolL

-1
) NH4 (mmolL

-1
) GLU (mmolL

-1
) 

14 PC-29 14:18 336 1250000 1140000 1195000 47800 0.00 0.80 0.24 1.75 0.21 

14 PC-30 14:18 336 1150000 1200000 1175000 47000 0.00 0.88 0.20 1.89 0.34 

 

All amino acids in mmolL
-1

 

Flask Asp Ser+Asn Glu Gly His+Gln Arg Thr Ala Pro Cys Tyr Val Met Lys Ile Leu Phe 

PC-A1 0.0243 0.0645 0.1741 0.1222 4.1121 1.0263 0.6980 0.2449 0.0431 0.1381 0.3700 0.7038 0.1856 0.6310 0.6651 0.7134 0.3860 

PC-15 0.0353 0.0452 0.5893 0.0885 2.8484 0.9380 0.6145 0.3827 0.1218 0.0336 0.3440 0.6284 0.1791 0.6172 0.5217 0.5517 0.3587 

PC-19 0.0295 0.0966 0.8360 0.0531 1.8926 0.8792 0.5893 0.6354 0.2857 0.0144 0.3276 0.5558 0.1620 0.6248 0.4219 0.4451 0.3418 

PC-23 0.0260 0.1351 1.0056 0.0682 1.3486 0.8528 0.5902 0.8058 0.3938 0.0146 0.3327 0.5634 0.1603 0.6597 0.4184 0.4391 0.3491 

PC-27 0.0193 0.1231 0.9164 0.0888 0.6587 0.6454 0.4651 0.7395 0.3730 0.0137 0.2882 0.4090 0.1195 0.4677 0.2824 0.2912 0.3031 

 

Nickel sulphate 

Day Flask Time Hours Counts (total cells) Average Cells/cm
2
 GLC (g/L) LAC (g/L) GLN (mmolL

-1
) NH4 (mmolL

-1
) GLU (mmolL

-1
) 

0 
 

11:57 0 
  

50000 2000 
     

0 
 

11:57 0 
  

50000 2000 
     

1 NS-01 14:38 24 45000 42500 43750 1750 
     

1 NS-02 14:38 24 45000 42500 43750 1750 
     2 NS-03 16:29 50 82500 72500 77500 3100 
     2 NS-04 16:29 50 75000 72500 73750 2950 
     

3 NS-05 15:27 73 175000 162500 168750 6750 
     

3 NS-06 15:27 73 182500 172500 177500 7100 
     

4 NS-07 16:40 98 315000 327500 321250 12850 
     

4 NS-08 16:40 98 290000 285000 287500 11500 
     4.5 NS-09 21:38 103 242500 237500 240000 9600 
     4.5 NS-10 21:38 103 235000 230000 232500 9300 
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Day Flask Time Hours Counts (total cells) Average Cells/cm
2
 GLC (g/L) LAC (g/L) GLN (mmolL

-1
) NH4 (mmolL

-1
) GLU (mmolL

-1
) 

5 NS-11 17:54 123.5 367500 345000 356250 14250 
     5 NS-12 17:54 123.5 322500 332500 327500 13100 
     5 MEM-C 

      
1.00 0.00 2.68 0.00 0.00 

5 MEM-C 
      

1.00 0.00 2.50 0.00 0.00 

6 NS-13 16:12 145.5 635000 610000 622500 24900 0.74 0.37 1.30 0.36 0.21 

6 NS-14 16:12 145.5 605000 640000 622500 24900 0.80 0.41 2.00 0.37 0.35 

7 NS-15 18:15 171.5 925000 1081250 1003125 40125 0.50 0.78 1.53 1.00 0.49 

7 NS-16 18:15 171.5 918750 962500 940625 37625 0.47 0.73 1.14 0.69 0.30 

8 NS-17 15:57 193 1430000 1340000 1385000 55400 0.23 1.10 1.09 1.42 0.59 

8 NS-18 15:57 193 1450000 1460000 1455000 58200 0.27 0.98 1.11 1.04 0.53 

9 NS-19 14:05 215 1640000 1530000 1585000 63400 0.00 1.19 0.87 1.52 0.62 

9 NS-20 14:05 215 1680000 1650000 1665000 66600 0.00 1.20 0.81 1.24 0.63 

10 NS-21 14:07 239 1340000 1560000 1450000 58000 0.00 1.22 0.57 1.81 0.63 

10 NS-22 14:07 239 1400000 1490000 1445000 57800 0.00 1.16 0.50 1.54 0.56 

11 NS-23 13:32 262.5 1310000 1430000 1370000 54800 0.00 1.05 0.29 1.65 0.63 

11 NS-24 13:32 262.5 1400000 1500000 1450000 58000 0.00 1.14 0.42 1.70 0.66 

12 NS-25 16:35 289.5 1160000 1230000 1195000 47800 0.00 0.75 0.00 1.69 0.28 

12 NS-26 16:35 289.5 1250000 1210000 1230000 49200 0.00 0.79 0.00 1.79 0.56 

13 NS-27 17:47 314.5 1180000 1120000 1150000 46000 0.00 0.89 0.30 1.87 0.35 

13 NS-28 17:47 314.5 1200000 1260000 1230000 49200 0.00 1.05 0.31 1.92 0.41 

14 NS-29 14:18 336 1230000 1160000 1195000 47800 0.00 0.90 0.26 1.62 0.35 

14 NS-30 14:18 336 1210000 1200000 1205000 48200 0.00 0.74 0.00 1.38 0.45 
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All amino acids in mmolL
-1

 

Flask Asp Ser+Asn Glu Gly His+Gln Arg Thr Ala Pro Cys Tyr Val Met Lys Ile Leu Phe 

NS-C1 0.0214 0.0550 0.1468 0.1020 3.5932 0.8875 0.6065 0.2108 0.0366 0.1191 0.3254 0.5986 0.1611 0.5339 0.5638 0.6070 0.3346 

NS-15 0.0410 0.0447 0.6346 0.0878 3.0302 0.9852 0.6480 0.3940 0.1243 0.0364 0.3619 0.6586 0.1887 0.6612 0.5454 0.5810 0.3724 

NS-19 0.0364 0.0974 0.8402 0.0462 1.9261 0.8802 0.6238 0.5817 0.2521 0.0157 0.3356 0.5419 0.1627 0.5874 0.4169 0.4520 0.3457 

NS-23 0.0282 0.1421 1.0058 0.0789 0.9958 0.8092 0.5758 0.8245 0.3916 0.0138 0.3245 0.4958 0.1457 0.5750 0.3584 0.3795 0.3352 

NS-27 0.0260 0.1406 1.1810 0.1478 0.7809 0.7885 0.5694 0.9883 0.4754 0.0134 0.3386 0.5299 0.1505 0.6150 0.3737 0.3936 0.3563 
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