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Abstract 
 

 

 

There are many neurotoxic substances that affect humans. Cobalt and mephedrone 

are examples of neurotoxic compounds with little known about their mode of action. 

Cobalt neurotoxicity was investigated in human astrocytoma and neuroblastoma cells 

using proliferation assays coupled with LC-MS based metabolomics and 

transcriptomics techniques. Cells were treated with a range of cobalt concentrations 

between 0 and 200 μM. The metabolism of mephedrone at 100 μM was first studied 

in primary rat hepatocytes and then the neurotoxicity of mephedrone at 100 µM was 

assessed in human neuroblastoma and astrocytoma cells using proliferation assays 

coupled with LC-MS based metabolomics.  

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 

revealed that cobalt was cytotoxic and decreased cell metabolism and its effect was 

dose and time dependent in both cell lines. Metabolomic analysis revealed several 

altered metabolites particularly those related to DNA deamination and methylation 

pathways. One of the increased metabolites was uracil which can be generated from 

DNA deamination or from fragmentation of RNA. To investigate the origin of uracil 

genomic DNA was isolated and analysed by LC-MS. Interestingly, the source of 

uracil, which is uridine was increased significantly in the DNA of both cell lines. 

Additionally, the results of the qRT-PCR showed an increase in the production of 

five genes Mlh1, Sirt2, MeCP2, UNG and TDG in both cell lines. These genes are 

related to DNA strand breakage, hypoxia, methylation and base excision repair. 

Cultured primary hepatocytes were able to metabolise mephedrone and produce 

many of the metabolites produced by previous research on freshly isolated 

hepatocytes. However, metabolic capacity was impaired in the cultured hepatocytes 

with lower quantities of metabolites being produced in comparison with freshly 

isolated hepatocytes. 

MTT and neutral red (NR) assays results showed no negative effect on cells 

metabolism or growth. There was an increase in cell metabolism at 100 μM of 

mephedrone. This concentration of mephedrone was used in the metabolomic 
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experiments to further investigate metabolomics changes associated with this 

concentration. The metabolomic analysis of neuroblastoma revealed no strong 

pattern of effect of mephedrone on the cells. However, the analysis of the 

metabolome of astrocytoma revealed a marked effect after treatment with 

mephedrone. The predominant change was on lipids particularly ether lipids that 

play an important role in controlling membrane fluidity. 

Overall, metabolomic analysis was helpful in revealing the changes that both cobalt 

and mephedrone could induce in human neuronal derived cell lines. These findings 

could help in understanding the effect of these cytotoxic compounds on human brain. 
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1. Introduction  
 

The study of toxicology is the study of the effects of substances on the body (Gallo 

and Doull, 1996). The knowledge of toxicology goes back to early humans and the 

study of natural poisons (Kellett, 1946). The ancient Ebers Papyrus (1500 BC) lists 

many poisons such as hemlock from Greece, aconite from China, opium and metals 

(copper, lead and antimony) (Wu, 1984). Modern toxicology has expanded to 

include the study of biology using toxic compounds (Bae and Lee, 2016). 

Since, little is known about the mode of action of mephedrone and cobalt in neuronal 

cells, the aim of this thesis was to investigate the mode of action of these agents in 

these cells using multiple toxicology methods in addition to metabolomics analysis. 

This research will link the experiments in the mechanisms of toxicity, with the study 

of the metabolomics of two neurotoxic chemicals, cobalt and mephedrone. 

Metabolomics has been widely used to investigate mechanisms of toxicology in 

human cells. The first study to apply metabolomics in the study of toxicology was 

carried out in 2007 in order to investigate the effect of valproate on human 

embryonic stem cells (Cezar et al., 2007). Cezar’s research was followed by similar 

studies on the same cells, which led to the identification of 8 marker metabolites 

(West et al., 2010). A few other studies have followed that to build models and 

services to best predict the effect of chemical compounds on human cells 

(Kleinstreuer et al., 2011; Palmer et al., 2013; Palmer et al., 2017). Metabolomics 

offered a technical way to identify biomarkers of the effect of toxic compounds 

leading to better prediction of toxicity (Schnackenberg et al., 2009). Metabolomic 

analysis used in toxicology research aims to measure the full metabolome and 

illustrate the change in the biochemical pathways after exposure to toxic compounds 



 

3  

(Robertson, 2005). Metabolic profiling has been reported for multiple drugs 

exhibiting the change in the metabolome and the biochemical pathways as a result of 

the exposure to these drugs (Morvan and Demidem, 2007).  

 

 

1.1 Cobalt 
 

1.1.1 Metals and their effect on humans 

 

Metal toxicity in humans has been widely reviewed (Gossel, 1994; Klaassen and 

Casarett, 2001; Jaishankar et al., 2014). It is dose dependent, at lower concentrations 

many metals are essential for life, and the same metals are toxic in higher doses. 

However, often the toxic level of metals is close to the level essential for life in 

humans. For instance, the essential daily dosage of zinc for human is 12-15 mg, 

whereas a dosage > 18 mg was found to deplete copper (essential nutrient for the 

human body) in adults (Festa et al., 1985). 

1.1.1.1 Production of reactive oxygen species 

 

Many studies have reported production of reactive oxygen species, especially 

hydroxyl radical (HO•), as the main toxic mechanism for metals to cause damage to 

proteins, lipids and DNA in cells (Halliwell and Gutteridge, 1990; Kasprzak, 1996).  

Production of the hydroxyl radical in the presence of metal and hydrogen peroxide is 

governed by the following reaction (the Fenton reaction), 

Co2+ + H2O2  Co3+ + HO− + HO• 

and ending with a cycle of reactions that produce the hydroxyl radical according to 

the following reactions (Haber-Weiss reaction). 
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Co3++O2
•−
 Co2+ + O2 

H2O2 + O2
•−

  O2 + HO− + HO• 

Metals are able to act through Fenton catalysis and this depends on the type and form 

of the metal. For example, Co2+, Fe2+, Ti3+ and Cu+ can only act by Fenton like 

catalysis if there are no chelators present (Kasprzak, 1996). Another example is Fe2+, 

its ability for autoxidation is decreased in the presence of deferoxamine or o-

phenanthroline, and improved by ethylenediaminetetraacetic acid or nitrilotriacetic 

acid (Kasprzak, 1996).  

 

1.1.1.2 Metal protein binding and disposition 

 

Metals bound or unbound to proteins are accumulated in tissues and organs. They 

can be excreted mainly in faeces and bile, and to a lesser extent in breath, hair, 

sweat, milk and nails (Apostoli, 1999).  

Metals can combine with proteins, such as Cu2+ with α-amylase, Zn2+ with alcohol 

dehydrogenase, Cu2+ and Zn2+ with carbonic anhydrase and Fe2+ with ferritin. The 

reactivity of Cd2+ and Hg2+ with metallothionein has been extensively studied 

(Stillman et al., 1992; Szpunar, 2000).  

Metals are known to form complexes with peptides, and this plays an important role 

in catalysis, transport and storage processes in cells. Peptides that contain cysteine (-

CH2SH) or methionine (-CH2CH2SCH3) bind via the sulphur in their structures to 

metals such as Zn2+, Cd2+ and Cu2+. Peptides with histidine bind with metals such as 

Zn2+ and Cu2+ after metal deprotonation through the nitrogen in the histidine 

structure (Romagnoli et al., 1991). 
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1.1.2 Cobalt forms and its use in clinical and environmental fields 

 

Cobalt is an essential metal which is found in cobalamin (vitamin B12) in the human 

body (Kim et al., 2008). Co2+ is proposed to produce hydroxyl radicals, to upregulate 

hypoxia-inducible factors, and to have Ca2+ and Fe2+ antagonism properties 

(Simonsen et al., 2012).  

 

There are over a million workers who deal with and are under the risk of exposure to 

toxic concentration of cobalt (ATSDR, 2004). Cobalt is used in many industries such 

as rechargeable battery manufacture, metal alloy production, and in magnetics due to 

its physical properties (improved conductivity, low corrosiveness, elevated melting 

point and magnetic function) (see Figure 1.1, data taken from www.statista.com). It 

is also used in steel manufacturing, the diamond industry, dying and pigment 

production (Barceloux, 1999). It is an essential component of cobalt-chromium 

alloys widely used in the medical devices industry and is particularly important in 

manufacture of artificial joints. An example of an artificial hip joint is shown on 

Figure 1.2. There is no doubt that this application of cobalt-chrome alloy exposes 

many thousands of patients to a significant source of cobalt. 

 

Cobalt powder concentration in the open air was measured and found to be around 

1x10-9 mg/m3 (IARC, 1991). The air safety limit of cobalt in the work place is 0.1 

mg/m3 (Keegan et al., 2008). Another study measured cobalt concentration in the air 

of a hard metal producing factory and the levels where about 14.6 to 37 mg/m3 

(Goldoni et al., 2004). Cobalt particles can be inhaled causing several lung diseases, 

examples are fibrosis, asthma, and pneumonitis (Malard et al., 2007). Safety limits 
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are set by the European Food Safety Authority (EFSA) to be 0.012 mg daily in the 

UK (Feed, 2009). 

 

Figure 1. 1 Incidence of cobalt use measured by demand in several industries. 

(www.statista.com, 2016). 

 

1.1.3 Cobalt effect on patients with metal on metal (MoM) hip implants 

 

It is believed that more than a million patients globally have metal on metal (MoM) 

implants in their bodies (Malard et al., 2007). The discovery of adverse effects 

accompanying the leakage of cobalt ions from MoM hip implants (see Figure 1.2) 

has generated alarm about the systemic complications of cobalt. Increases in cobalt 

ions resulting from friction can trigger acute pathological complications (Lombardi 

et al., 2012). There appear to be a number of important risk factors, both in terms of 

the implant and the patient, associated with the risk of systemic cobalt toxicity (Ikeda 

et al., 2010; Munichor et al., 2003). The safety limit of cobalt concentration resulted 
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from MoM implant in patient blood recommended by the European Consensus 

Statement ranged from 2 to 7 μg/L of whole blood (Hannemann et al., 2013). The 

higher air and food safety limits compared with the MoM Co safety limits can be 

explained by the fact that the source of cobalt exposure in the MoM is endogenous 

and not subject to absorption processes as it is the case in food and air exposure. 

 

 

A genotoxic and carcinogenic action was described in the International Agency for 

Research on Cancer (IARC) in which Co is classified as group 2A carcinogen 

(probably carcinogenic to humans) (Wroblewski et al., 2004). Isolated case reports 

of neurological symptoms after exposure to high doses of Co were also described, 

following professional exposure, therapeutic ingestion of cobalt chloride (CoCl2) 

metal dust and metallic ion release from cobalt–chromium (Co-Cr) alloy in 

orthopaedic implants (prosthesis) (Humans, 2006; Licht et al., 1972). 

 

Liner Head 

Cup 

Figure 1. 2 Picture of metal on metal implant showing the cobalt chromium 

head, metallic liner and cup. Picture was obtained from www.good-legal-

advice.com. 
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1.1.4 Cobalt toxicity studies  

 

1.1.4.1 Cobalt neurotoxicity 

 

People exposed to cobalt through inhalation at work have encountered some effects 

on their nervous system such as hearing loss, lack in visual ability and memory loss 

(Gardner, 1953; Licht et al., 1972). When rats and mice inhaled cobalt sulfate (19 

mg/m3) for 16 days, they developed congestion in their brain blood vessels (Jordan et 

al., 1990; Meecham and Humphrey, 1991). 

Through the oral administration route for Co, to our knowledge, there have been no 

studies on the effect on human neuronal system. On the other hand, there were many 

studies performed on rats in vivo. Table 1.1 illustrates the different neurological 

effects related to specific doses of cobalt administered to rats orally. 
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Table 1. 1 Neurological effects in rats after treatment with cobalt. 

Dose of 

cobalt 
(mg/kg) 

Duration Cobalt 

form 

Effect Reference 

4.25  Single dose Cobalt 

chloride 

Moderate decrease in reactivity, 

muscle tendency, touch feeling and 

breathing. 

(Bucher et al., 

1990) 

19.4 Single dose Cobalt 

sulfate 

Mild decrease in the above 

mentioned effects. 

(Singh and 

Junnarkar, 1991) 

4.96 Daily 

(30 days) 

Cobalt 

chloride 

Alteration in sympathetic system 

contraction ability 

(Singh and 

Junnarkar, 1991) 

6.44 Daily 

(30 days) 

Cobalt 

nitrate 

Higher sensitivity, reduced maximal 

response to drugs that mimic 

acetylcholine actions (cholinergic 

agonists). 

(Mutafova-

Yambolieva et al., 

1994) 

20 57 days Cobalt 

chloride 

Increased avoidance to stress. (Vassilev et al., 

1993) 

20 69 days Cobalt 

chloride 

Decrease in pedal pushing rate and 

no change in reactivity to stress. 
(Bourg et al., 
1985) 

0.5 7 months Cobalt 

chloride 

Increase in latent response period. (Nation et al., 

1983) 

2.5 7 months Cobalt 

chloride 

Disruption in conditioned response. (Krasovskii and 

Fridlyand, 1971) 

 

Cobalt distribution in blood was investigated and it was found that cobalt binds to 

albumin and transferrin proteins in serum (Sadler et al, 1994). Other studies 

specified the N-terminal peptide of albumin at the sequence Asp-Ala-His-Lys as a 

binding site for cobalt (Bar-Or et al, 2000). Some pathological conditions such as 

trauma, diabetes, liver and renal diseases, brain ischaemia and scleroderma can affect 

the ability of albumin to bind to cobalt (Govender et al, 2008). Transferrin protein, 
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which has a role in iron uptake, can also bind to cobalt. In a study aimed to 

investigate the stability of cobalt-transferrin complex in the existence of albumin, 

showed a decrease of 50% of the complex (Smith, 2005). 

1.1.4.2 Cobalt effect on other organs 

 

1.1.4.2.1 Cobalt effect on the lung 

 

In a previous study, 50 patients were observed after consumption of 0.04 mg of 

cobalt/kg/day in beer, which contained cobalt sulfate stabiliser, for over a year. 

These patients developed cardiomyopathy (mainly tachycardia and arrhythmia) and 

leaded to pulmonary edema (Morin et al., 1971). 

In a study conducted on rats, 30.2 mg/kg was administered daily to rats in drinking 

water. These rats showed an increase in lung weight compared to relevant controls 

(Domingo et al., 1984). 

1.1.4.2.2 Cobalt effect on the heart 

 

People who consumed cobalt-containing beer (0.04 mg/kg) for years developed 

cardiomyopathy (Alexander, 1969; Bonenfant et al., 1969; Morin et al., 1971; 

Sullivan et al., 1969).  However, an anaemic patient who received cobalt chloride 

daily for 90 days with larger doses than that found in the beer (0.6-1 mg/kg) did not 

develop any effect in their heart (Davis and Fields, 1958).  

In a study conducted on guinea pigs to mimic circumstances causing cardiomyopathy 

in cobalt-beer drinkers, pigs drank 20 mg of cobalt/kg daily (cobalt sulfate) alone or 

mixed with alcohol for five weeks (Mohiuddin et al., 1970). The pigs that consumed 

cobalt with and without alcohol, developed cardiomyopathy as expected. Rats that 
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received a single dose of cobalt fluoride (176 mg/kg) and a single dose of cobalt 

oxide (795 mg/kg), both developed myocardial degeneration (proliferation as a result 

of interstitial tissue and muscle fibre enlargement) after 10 days of administration 

(Speijers et al., 1982). Rats exposed daily to 8.4 mg of cobalt sulfate/kg developed 

left ventricular damage after 24 weeks of exposure (Haga et al., 1996). 

1.1.4.2.3 Cobalt effect on the reproductive system 

 

To our knowledge, there are no studies on the effect on the human reproductive 

system as a result of cobalt ingestion. The consequences for the human reproductive 

system after exposure to cobalt have been considered in several reviews (Mathur et 

al., 2010; Paustenbach et al., 2013), but no thorough study has been carried out. 

In rats, daily exposure to 19 mg of cobalt sulfate/m3 for 16 days caused testicular 

degeneration (Haga et al., 1996). As a consequence of cobalt sulfate treatment to 

mice for 13 weeks, they developed slower sperm movement at a concentration of 

1.14 mg of cobalt sulfate/m3, testicular degeneration at a concentration of 11.4 mg of 

cobalt sulfate/m3 and longer estrous cycle in females at 11.4 mg/m3 (Bucher et al., 

1990).  

1.1.4.2.4 Cobalt effect on the liver 

 

Patients with cardiomyopathy who were exposed to cobalt containing beer developed 

liver dysfunction diagnosed by necrosis and increased plasma bilirubin and hepatic 

enzymes (lactate dehydrogenase, glutamic pyruvic transaminase, glutamic 

oxaloacetic transaminase, creatine phosphokinase and isocitric dehydrogenase) 

activities (Alexander, 1972). However, the liver effect observed here could have 

been caused as a complication from cardiomyopathy or as a result of alcohol 
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consumption.  

1.1.4.3 Cobalt genotoxicity 

 

Genotoxicity of a compound means the ability of this compound to harm genetic 

material such as chromosomes, DNA, RNA and other genetic materials.  

The major causes for cobalt induced genotoxicity are thought to be the generation of 

reactive oxygen species and the reduction of the base excision repair ability 

(Murdock, 1959). Cobalt, in both soluble and insoluble forms, caused genotoxicity in 

vitro. Blood cells, after being exposed to soluble cobalt chloride, showed 

abnormalities in chromosome numbers. Insoluble cobalt sulfide caused breakage in 

the DNA strands in Chinese hamster ovary cells (Lison et al., 2001). Cobalt, in the 

presence of hydrogen peroxide was found to generate reactive oxygen species 

causing damage to DNA in human lymphocytes (Robison et al., 1982)..  

In addition, cobalt chloride inhibited base excision repair in vitro after UV irradiation 

of human fibroblasts (Anard et al., 1997). Repair of base excision is important for 

the stability of DNA and its inhibition can lead to mutation or carcinogenicity 

(Hartwig et al., 1991). This effect of cobalt was explained by its competition with 

Mg+2 ions and its substitution with zinc in transcription factor (YY1) fingers (Kasten 

et al., 1997).  

1.1.4.4 Cobalt carcinogenicity 

 

In a study conducted on rats and mice, it was found that inhaling sprays of cobalt 

sulfate for a long period caused lung cancer (Hamilton-KochSnyder and Lavelle, 

1986). Cobalt, in the forms of cobalt sulfate, cobalt salts and cobalt metal alone and 

in mixtures, was found to be carcinogenic in animals but there is limited evidence for 
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carcinogenicity in humans (Bucher et al., 1999).  

In humans there were discrepancies in results regarding the carcinogenicity of cobalt 

leading to the conclusion of limited evidence for its carcinogenicity in human. 

Moulin et al (1993) found no increase in cancer among workers exposed to cobalt in 

a cobalt producing electrochemical factory (Humans, 2006). In contrast, other studies 

investigated cancer cases in workers in hard metal plant factories producing cobalt 

and tungsten carbide mixture particles, and found an increase in cancer cases 

(Moulin et al., 1993). This discrepancy can be explained by the increased 

genotoxicity of cobalt when combined with tungsten carbide (Hogstedt and 

Alexandersson, 1987; Lasfargues et al., 1994; Wild et al., 2000).  

However, recent cohort study that reviewed cancer incidence among cobalt 

production workers in the period from 1961 to 2013, has concluded that there is no 

evidence of an association between cobalt exposure and the increase in lung cancer 

cases among cobalt production workers (Sauni et al., 2017). Previous research 

concluded that cobalt concentration less than 300 μg/L are probably non carcinogenic 

(Unice et al., 2012). Additionally, it was reported that chronic exposure to 

reasonable level of cobalt are not expected to cause cancer (Tvermoes et al., 2015). 

1.1.5 Fatalities associated with cobalt consumption 

 

Some cohort studies on humans have concluded that there is no increase in fatality 

among workers who are exposed to cobalt (Lison et al., 2001). Other studies showed 

an increased fatality as a result of lung cancer caused by the exposure to cobalt as 

metal alloy (mixture of cobalt and tungsten carbide) or as cobalt salts (Moulin et al., 

1993). Some mortality as a result of lung hard metal disease (Mur et al., 1987; 
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Lasfargues et al., 1994; Moulin et al., 1998) and cardiomyopathy (Ruokonen et al., 

1996) have also been related to cobalt exposure.  

In a study investigating the effect of cobalt sulfate containing beer, death cases were 

reported among consumers as a result of cardiomyopathy (Barborik and Dusek, 

1972). It was found that daily consumption of a beer containing up to 0.14 mg of 

cobalt sulfate/kg for years would cause death (Alexander, 1969; Morin and Daniel, 

1967; Bonenfant et al., 1969). In contrast, anaemic women (pregnant and non 

pregnant) who daily consumed higher doses (1 mg of cobalt/kg) than that in cobalt 

sulfated beers, did not suffer fatality (Alexander, 1972).  

With regard to the oral route of exposure to cobalt in animals, the LD50 was 

calculated in many studies in rats and the results and ranged from 42.4 to 317 mg/kg 

for cobalt chloride and cobalt carbonate, respectively (Bucher et al., 1990; Bucher, 

1991). Rats in these studies developed liver, kidney, gastrointestinal tract and heart 

related diseases. Death occurred at a dose of 161 mg of cobalt chloride/kg in force-

fed Sprague-Dawley rats (Singh and Junnarkar, 1991; Speijers et al., 1982). Mice 

have an LD50 of 89 and 123 mg/kg for cobalt chloride and cobalt sulfate, respectively 

(Domingo and Llobet, 1984). When Guinea pigs were force-fed with 20 mg of cobalt 

sulfate/kg alone or in alcohol over 5 weeks, 25% of the guinea pigs died (Singh and 

Junnarkar, 1991). In this study, alcohol did not increase toxicity of cobalt, as it did in 

human consumers of cobalt containing beer. 

1.1.6 Mechanism of cobalt toxicity 

 

The exact mechanism of cobalt toxicity to cells is still ambiguous, though, several 

mechanisms of action have been proposed. Previous studies have concluded that 
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cobalt hard metal alloy (cobalt combined with tungsten carbide) has higher toxicity 

compared to either cobalt or tungsten carbide alone. In this study, the higher toxicity 

of cobalt hard metal was explained by conductivity of tungsten carbide that enhanced 

the ionisation of cobalt metal to Co2+ by moving electrons to the oxygen molecule 

near the tungsten carbide particle (Mohiuddin et al., 1970). This makes cobalt more 

soluble and generates more reactive oxygen species. The same results were observed 

in vitro, where cobalt hard metal generated reactive oxygen species and caused 

peroxidation of lipids (Lasfargues et al., 1995; Lison et al., 1995).  

Additionally, oxidative stress was increased in rat pneumocytes after cobalt 

treatment (Hoet et al., 2002). The oxidative stress was measured by a decrease in 

glutathione (GSH) level combined with an increase in glutathione disulfide (GSSG) 

and oxidative damage to DNA (Zanetti and Fubini, 1997). 

Guinea pigs and rats exposed to cobalt showed an increase in the peroxidation of 

lipids in their livers and the oxidation of glutathione (Ivancsits et al., 2002). Cobalt 

had an impact on several proteins associated with oxidation such as erythropoietin, 

hypoxia inducible factor 1 and catalase (Christova et al., 2002). These mechanisms 

described earlier by researchers were proposed as leading causes for cellular 

apoptosis in liver as a result of cobalt intake (Bunn et al., 1998; Hoet et al., 2002). 

Regarding the mechanism of action of cobalt in the body, it was found that cobalt 

intake simulate hypoxic stress by enhancing erythropoietin to preserve cells during 

hypoxia, increasing the production of hypoxia inducible factor-1 (HIF-1) to decrease 

oxidative stress, producing growth factor to stimulate angiogenesis, and increasing 

glycolysis to compensate for ATP loss (Xue et al., 2010). Cobalt was found to 
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increase protoporphyrins, which has protective and anti-inflammatory effect, in cells 

(Cao et al., 2012). Furthermore, cobalt can have positive effect by normalising 

glucose level. Consequently, it can improve coditions such as diabetes mellitus, 

hypertention and atherosclerosis (L’Abbate et al., 2007). 

 

1.2 Mephedrone   
 

1.2.1 Mephedrone and related compounds 

 

 

Mephedrone is a synthetic ring-substituted cathinone, 4-methylmethcathinone 

(Figure 1.3). It is structurally similar to the phenethylamine family of neuroactive 

amines, with the only difference being the presence of a keto functional group at the 

beta carbon (Gibbons and Zloh, 2010).  

 

                          Figure 1. 3 Mephedrone chemical structure. 

 

The International Union of Pure and Applied Chemistry (IUPAC) name for 

mephedrone is (RS)-2-methylamino-1-(4-methylphenyl) propan-1-one (Davey et al., 

2010). It has many other chemical names such as N-methylephedrone, β-keto-(4,N-
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dimethylamphetamine), 4,N-dimethylcathinone, p-methyl-methcathinone and 2-

aminomethyl-1-tolyl-propan-1-one (Davey et al., 2010). In this review the 

compound is referred to as mephedrone or 4-MMC. 

Mephedrone is used recreationally. Several other synthetic cathinones were also 

recorded as drugs of abuse by the Early Warning System at the European Monitoring 

Centre for Drugs and Drug Addiction  (EMCDDA) (Wood et al., 2015).  

1.2.1.1 Physical form of mephedrone  

 

Mephedrone is often distributed as a white crystalline powder with a yellowish tinge 

(Gibbons and Zloh, 2010). It is soluble in water, thus can be dissolved to use orally, 

rectally or by injection. Mephedrone is sold as pressed tablets or in encapsulated 

powder form (Dick and Torrance, 2015). Before mephedrone was classified as an 

illegal drug under the UK Misuse of Drugs Act, 1971, it was often sold with a label 

stating ‘not for human consumption’ as a way to bypass legislation for national 

medicines (Dargan et al., 2011). There is no proof for mephedrone use as a food for 

plants, a bath salt or as a cosmetic product (Dargan et al., 2010a). 

 

1.2.1.2 Sources of mephedrone 

 

The data collected from users’ discussion forums and surveys suggested that 

mephedrone has multiple sources (Dragon and Wood, 2010). Examples of these are 

street dealers, street marketing outlets, and online suppliers (Dragon and Wood, 

2010). 

The European Monitoring Centre for Drug Addiction (EMCDDA), using the 

procedure for snapshot survey, has screened Internet sites marketing mephedrone 
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and other new psychoactive substances (Dragon and Wood, 2010). One survey 

carried out in 2010 found that there were 77 websites where a person could purchase 

mephedrone and the majority of these websites were based in the UK (Wood et al., 

2015). This finding showed that the number of websites selling mephedrone had 

almost doubled compared to the number in 2009. Most of the websites do not state 

any country that they cannot send to. Remarkably, it was noticed that unlike other 

drug marketing websites, almost all these Internet sites were selling only 

mephedrone or mephedrone and other cathinones. After mephedrone was controlled 

in the UK on 16 April 2010, there was a sharp drop in the number of sites selling 

mephedrone compared to other legal highs. Investigations have deduced that these 

websites are in many cases selling a mixture of other cathinones together with 

mephedrone without stating the composition on the package (Ramsey et al., 2010). 

Many of the UK Internet sites have moved overseas and continue to send orders by 

shipments, announcing that shipping orders are compatible with the UK regulations. 

The fact that it is illegal to possess mephedrone is being neglected.  

Reports have also shown that mephedrone was available from street dealers before it 

was controlled in the UK (Dargan et al., 2010b). This later source has been popular 

particularly among the young age users (Dargan et al., 2010b). This source of supply 

is used because young users do not have credit cards to order shipments online, and 

they live in their family home so they do not have a private address. From the time 

when mephedrone was classified in the UK in April 2010, street dealing seems to 

have become the predominant source of mephedrone (Measham et al., 2013). A 

study that used surveys from 150 mephedrone users found that 63% continued using 

the drug for two months following its classification; and 55% of them said that they 
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are going to continue to purchase the same quantity (Winstock et al., 2010). There 

was, in fact, a rise of about 16% in purchasing from street dealers after mephedrone 

was classified. 

 

 

1.2.2 Mephedrone toxicity, incidence and mortality 

 

1.2.2.1 Toxicological effects and cases of mephedrone toxicity 

 

As mephedrone is chemically similar to amphetamines, it would be expected to 

increase dopamine (DA) and serotonin (5-HT) concentrations in brain in a similar 

way to which amphetamines affect these compounds (Baumann et al., 2012). 

Previous studies conducted on rat brain synaptosomes found that mephedrone 

prevents serotonin uptake in cortical and striatal synaptosomal preparations to a 

greater extent than it does dopamine (DA) uptake, and it has the role of a substrate 

for the cell membrane monoamine transporters (Baumann et al., 2012; López-Arnau 

et al., 2012). Previous results of a similar study conducted on these tissues proposed 

that vesicles are essential in understanding the chemical effects of mephedrone on 

the neurons (López-Arnau et al., 2012). Other similar studies using rat brain 

synaptosomes have deduced that mephedrone acts in a selective way to release 5-HT 

more than DA (Hadlock et al., 2011). Mephedrone intake increases extracellular 5-

HT and DA with an increase of 5-HT 2–3 times greater than that of DA in rat brain 

synaptosomes (Baumann et al., 2012). 

1.2.2.2 Acute toxicity  

 

The mephedrone acute in vivo toxicity information is collected from sources such as 
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data obtained from reports to poisons information centers; reports from Emergency 

Department cases and case series; and user reports on Internet based discussions and 

user questionnaires (Brunt et al., 2011; James et al., 2011; Nicholson et al., 2010; 

Sammler et al., 2010). There is a limitation to the reports collected from self-

reported mephedrone use in that there may be misconceptions about using 

mephedrone or other drugs since no samples were analysed in these reports (Brandt 

et al., 2010; Ramsey et al., 2010). Additionally, there is a potential that other drugs 

are present with mephedrone, and consequently the described effects could refer to 

the co-administered drug, or an interaction between drugs. Thus, when using these 

data it is important to consider these limitations in order to develop a more accurate 

understanding of mephedrone acute toxicity. 

1.2.2.3 Chronic toxicity  

 

According to mephedrone pharmacology, physical dependency and withdrawal 

reactions are not expected after long term use (Dargan et al., 2011). Nevertheless, 

psychological dependency can be developed. Mephedrone has only been available 

and thus abused since 2008 (Dargan et al., 2011). 

Previous reports suggested users could acquire a strong desire for mephedrone 

(Dargan et al., 2010a; Measham et al., 2013). A survey conducted on Scottish 

schools chose around 200 students who had used mephedrone in the past, and 

revealed that 17% of them mentioned that they experienced addiction or dependency 

(Dargan et al., 2010a). Hundreds of the UK clubbers compared the addictive effect 

of mephedrone to cocaine or even stronger drugs (Winstock et al., 2011b). 

Furthermore, addiction was found to be described more by insufflation route users. 
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The threat of developing the strong desire for using mephedrone is related to its 

chronic use (Measham et al., 2013). This acquired desire was mentioned by users as 

an important issue with the use of mephedrone (Dragon and Wood, 2010). It is 

believed that this desire developed as a result of the fast onset and short time of 

euphoria occurring after mephedrone use. This has encouraged users to intake 

multiple doses in one time session (Winstock et al., 2011b). 

1.2.2.4 Mephedrone-related Fatalities 

 

Throughout the year 2010, there was large concern in the UK media and many other 

countries, concerning fatalities related to mephedrone use. Even though it was stated 

in the media that mephedrone was consumed, in many cases in the UK, mephedrone 

was not detected or there was no request by the Coroner to investigate mephedrone 

as a cause of death (Dargan and Wood, 2011). Thus these media reports of fatality 

are not accurate. 

The first mortality case of resulting from mephedrone intake alone was an 18 year 

old Swedish girl (Gustavsson and Escher, 2009). The girl had survived a previous 

cardiac arrest following mephedrone and cannabis use. On this occasion, hospital 

examinations resulted in low sodium in blood (120 mM) compared to the normal 

level (135 to 145 mM), brain swelling and increased acidity. Even after surviving the 

cardiac arrest, she died 36 hours after reaching the emergency department as a result 

of brain failure in intensive care. The toxicological analysis of her blood and urine 

detected only mephedrone although the level was not indicated. No other drugs were 

discovered. 

Many other death reports published in previous studies stated that mephedrone was 
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present in the biological samples of the deceased (Wood et al., 2010; Torrance and 

Cooper, 2010; Dickson et al., 2010). In Scotland, a study detected the presence of 

mephedrone in four mortality cases in the post-mortem samples (Torrance and 

Cooper, 2010). All cases had undergone toxicological analysis of post-mortem 

samples (hair in one case, urine in three, and blood in all). However, there was an 

absence of clinical data in these cases, and there were other medicinal and illicit 

drugs present in addition to mephedrone in three of these cases. Consequently, it is 

not possible to significantly rely on the findings of this study. However, in two of the 

cases mephedrone abuse was reported as the cause of death.  

Mephedrone related death was also reported on a sample collected before death of a 

29-year-old male who was found collapsed and unwell in a nightclub (Wood et al., 

2010). Toxicology analysis of the white powder found in his possession revealed that 

it was mephedrone. Comparable to the Swedish girl’s death case, cerebral oedema 

and a low blood sodium level (125 mM) were detected. Though, the osmolality 

measurement in blood and urine proposed that this was due to intoxication by water 

overload. After having a general convulsion in the Emergency Department, the CT 

scan for the head revealed he suffered from cerebral herniation (high pressure within 

the skull). Qualitative toxicological analysis of his blood sample confirmed that 

mephedrone was present. Additionally, no other drugs of abuse were present in the 

powder and in his blood samples before death. The cause of death was identified as 

brain failure after a brain swelling and water overload as a result of psychoactive 

drug intake. 

In another case, a male in his twenties in Maryland, USA, was found dead. 
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Toxicology analysis of urine detected a group of drugs of abuse including 

acetylmorphine, codeine, morphine and doxylamine in addition to mephedrone at a 

concentration of 198 mg/L. The concentration in blood was 0.5 mg/L. The cause of 

death was identified as poisoning with a drug mixture. Thus it was difficult to 

estimate the mephedrone contribution to this mortality case (Dickson et al., 2010). 

Lastly, the UK National Programme on Substance Abuse Deaths provides data 

collected on drugs of abuse suspected of causing deaths from multiple sources in the 

UK. In a previous annual report, issued in October 2010, it reported 45 cases of 

death cases where death has been linked to mephedrone in England (Ghodse et al., 

2013). Recently, 4 cases of mephedrone (3-methylmethcathinone) related deaths 

were reported (Ameline et al., 2018). 

In the European Monitoring Centre for Drugs and Drug Addiction information was 

collected in July 2010 on deaths related to mephedrone as a mephedrone risk 

assessment (Dargan and Wood, 2011). According to the data provided, the cases 

specified as mephedrone related only referred to deaths that took place in the UK and 

Sweden. Moreover, in the UK, there were cases where mephedrone was present and 

was associated with death even if it was administered with other drugs, and other 

cases where mephedrone was confirmed by analysis but was not thought to be 

connected to death. In other European countries there were no reports of cases of 

death associated with mephedrone intoxication, however, in many cases mephedrone 

was not considered in the analysis suggesting that it would have been missed. 

1.2.2.5 Animal models studies for mephedrone effects and toxicity  

 

Many studies have used animals to study mephedrone pharmacology and toxicity 
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(Baumann et al., 2012; Hadlock et al., 2011). Rat synaptosomes were isolated to 

study how mephedrone affects the uptake of serotonin (5-HT) and dopamine (DA) 

(Martínez-Clemente et al., 2012). Generally, these investigations found that the 

uptake of both serotonin and dopamine was inhibited by mephedrone at half 

maximal inhibitory concentration (IC50) value 0.31 ± 0.08 μM and at an IC50 value 

0.97 ± 0.05 μM, respectively. Mephedrone also was found to have high affinity for 

the membrane receptors and transporters of both serotonin (5-HT2) and dopamine 

(D2) receptors. This finding correlates the effect of mephedrone with that of 

amphetamines. In a microdialysis experiment performed on the nucleus accumbens 

of rats, mephedrone intake was found to increase both serotonin and dopamine 

concentrations with a higher effect on serotonin (Baumann et al., 2012). Chronic use 

of mephedrone has been found to induce hyperthermia similar to MDMA chronic 

use, but it was discovered with mephedrone that the monoamine (5-HT2 and D2) 

levels did not change in striatum and cortex, which was the case in MDMA chronic 

use. A similar study, showed that both mephedrone and amphetamine raised 

dopamine levels in rat nucleus accumbens by 496% and 412% respectively, while 

MDMA raised it by only 235%. In the same study, mephedrone and MDMA caused 

a greater increase in the level of serotonin (941% and 911% respectively) while the 

effect of amphetamine was much less (165% increase) (Kehr et al., 2011). 

Mephedrone (four injections of 20 mg/kg with a 2-h interval between each injection) 

was given to mice, which resulted in elevated body temperature and stimulated 

motion. Though, unexpectedly and unlike other amphetamines it did not reduce the 

activity of tyrosine hydroxylase, striatal dopamine content or dopamine transport. 

Another rat study revealed that mephedrone administration increased locomotion and 
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reduced social choice (Motbey et al., 2012). Rat brain histological analysis revealed 

that the activation pattern of the brain by mephedrone was similar to that for 

combined administration of methamphetamine and MDMA. This research has 

suggested that mephedrone has similar effects to both MDMA and 

methamphetamine combined. There have also been in vitro and in vivo studies 

conducted to investigate the effect of mephedrone effect on the cardiovascular 

system (Meng et al., 2012). In in vitro guinea pig cardiac myocytes ion transport was 

measured to investigate if mephedrone can cause cardiac arrhythmia, which would 

then result in sudden death, but it did not have a significant effect on the transport of 

ions (K+, Na+, and Ca2+) in cardiomyocytes. Nevertheless, there were observed in 

vivo effects following a 1.0 mg/kg dose of mephedrone which included increased 

heart rate, cardiac output, and stroke volume when administered intravenously or 

subcutaneously to guinea pigs. 

These animal in vitro and in vivo studies aid our understanding of the effect of 

mephedrone and its acute toxicity. Generally, the pharmacodynamics of mephedrone 

were consistent with those for coadministration of amphetamine and MDMA 

regarding elevation of serotonin and dopamine levels. Likewise, the effect of 

mephedrone on neuro-behaviour and the cardiovascular system are similar to those 

that resulted after administering the combination of amphetamine and MDMA.  

1.2.2.6 Incidence of mephedrone availability 

 

Previous studies indicated that both the legal status and the low purity for drugs such 

as MDMA and methamphetamine (Brunt et al., 2011; Winstock et al., 2011a) have 

led to the illegal production of new illicit drugs identified as “new psychoactive 
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substances” or “legal highs”. Structurally, they are beta-ketoamphetamines. One 

example is mephedrone, which is primarily used by immature adults and teenagers 

(Schifano et al., 2011) and has been easily accessible for legitimate purchase both on 

the web and in shops. A considerable number of users found that mephedrone has 

more desirable effects than cocaine and MDMA (Vardakou et al., 2011). 

Since mephedrone has similar effects to MDMA, methamphetamine and cocaine, its 

use spread quickly, initially in the homosexual community and in clubbers, and 

lately among teenagers and immature adults (Schifano et al., 2015).  

European countries started to collect information of mephedrone prevalence of use, 

when UK crime centres began to question the use of mephedrone in 2010 (Gibbons 

and Zloh, 2010). Generally, similar to MDMA in the year 2011, the prevalence of 

use was 1.4% in the age group from 16–59 years old. Similar to cocaine, 

mephedrone use increased to 4.4% in young people (16–24 years old), while it was 

only 0.6% in the age group 25–59 years. 

Two studies were conducted on school and university students (Dargan et al., 2010a; 

Dargan et al., 2011). In one of these two studies a sample of 1006 Scottish students 

were selected (preceding the mephedrone restriction in the UK), and it was found 

that 205 students stated that they had administered mephedrone previously (Dragon 

and Wood, 2010). Irregular use, which was described as more than one time, but not 

more than one use weekly, increased within older age group. 4.4% of students who 

have used mephedrone indicated that they administered it routinely on daily basis, 

though the maximum level of daily use was recorded in the younger aged students 

(under 21 years old). Another study conducted in Northern Ireland in 2010 surveyed 
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154 students in the age group 14–15 years old following the restriction of 

mephedrone in the UK, and concluded that 62 of those questioned had previously 

administered mephedrone one time or more (Dargan et al., 2010a). There were no 

surveys after 2010, which was the year when mephedrone was classified as 

controlled drug. 

1.2.3 Mechanism of mephedrone effect on the CNS, and other adverse 

reactions 

 

According to the aforementioned information derived from the user reviews it is 

believed that mephedrone has a similar CNS effect to other psychoactive drugs 

(MDMA and cocaine in particular) (Winstock et al., 2011a). The effects reported by 

users are summarised as follows: mood boosting, sexual stimulation, excitement, 

general stimulus effect, decreased aggression, and enhanced cerebral activity 

(Winstock et al., 2010). 60% of UK clubbers who used mephedrone indicated that 

mephedrone slightly raised their sexual desire, with 8% insisting that it was a regular 

effect of mephedrone (Winstock et al., 2011b). 

In a comparison survey in the UK, clubbers who used mephedrone and cocaine were 

asked about the difference between the effect of both drugs (Winstock et al., 2011b). 

More than 50% indicated that mephedrone has a more pronounced euphoria effect 

than cocaine and more than 60% said that the euphoria of mephedrone lasted longer 

than that of cocaine. However, it was noticed that the users who stated that they 

experienced longer effect were oral route users but not nasal route users (Winstock et 

al., 2011b). 

Drugs that affect the transporters of monoamines are divided into two groups, 
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substrates or blockers. The substrates stimulate cells to produce more 

neurotransmitters inside the cell. Production of more neurotransmitters by the 

increase of substrates will lead, eventually, to insufficiencies in monoamine neurons, 

neurotransmitter reduction, and decreased efficiency of transporters. Recent research 

determined that the cathinones that were blockers of human monoamines were 

butylone, MDPV, and naphyrone, whereas the substrates were mephedrone, 4-

fluoromethcathinone, and methylone. A neurotoxic effect of the substrate group is 

proposed to act via the inhibition of neurotransmitter uptake (Eshleman et al., 2013). 

Some previously published papers have studied the potential neurotoxicity of 

mephedrone. Repetitive mephedrone dosing to mice or rats had no toxic effect to the 

cortex and striatum DA neural endings, and did not stimulate the striatum microglial 

cells and astrocytes in mice (Angoa-Pérez et al., 2014). However, mephedrone 

increased amphetamine (methamphetamine and methyldioxymethamphetamine) 

neurotoxicity in mouse brain as a mephedrone plus amphetamines mixture decreased 

serotonin levels more than either of them alone (Angoa‐Pérez et al., 2013).  

In a recent study conducted on rats (López-Arnau et al., 2015), the authors 

concluded that when mephedrone is administered in doses mimicking human abuse 

intake, it decreases weight and causes irregularities of body temperature. The 

decrease in weight in rats treated with mephedrone can be explained as a result of 

appetite suppression caused by the drug use, similar to that observed with other 

amphetamine use (Angoa-Pérez et al., 2014). However, the loss in weight was 

temporary and the weight was regained in seven days following the last drug 

administration. Body temperature was significantly and instantly decreased 

following the first mephedrone dose.  
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In López-Arnau’s experiments, it was found that hyperthermia was detected only 

after a binge like dosing of mephedrone. The elevated body temperature was related 

to mephedrone binge dosing at both ambient (Baumann et al., 2012) and high 

temperature (Hadlock et al., 2011; López-Arnau et al., 2015).  

 Additionally, mephedrone has a noticable effect on DA and 5-HT transporters along 

with causing a decrease of the enzymes responsible for synthesis of DA and 5-HT. 

As a result of mephedrone intake in rats, DA transporters were decreased only in the 

frontal cortex, though, 5-HT transporters were reduced in all of the investigated parts 

of the rat brain (the striatum, the frontal cortex, and the hippocampus) (López-Arnau 

et al., 2015). 

1.2.4 Experimental investigations into toxicity and metabolism 

 

1.2.4.1 Toxicity experiments 

 

On site tests for mephedrone detection can be carried out by portable Raman and 

infrared spectrometers (Dargan et al., 2011). These can measure only pure 

mephedrone, and do not allow separation of the drug from biological samples. The 

identification of mephedrone and its metabolites can be achieved reliably using 

liquid chromatography with tandem mass spectrometry (LC-MS/MS) and gas 

chromatography-mass spectrometry (GC-MS) (Gibbons and Zloh, 2010; Camilleri et 

al., 2010; Meyer et al., 2010). However, these methods can only differentiate 

between the methyl-methcathinone structural isomers if there are standards for 

reference or through analysis by nuclear magnetic resonance spectroscopy (NMR) 

(Gibbons and Zloh, 2010; Meyer et al., 2010). 

A study conducted by den Hollander in 2014 on human neuroblastoma cells (SH-
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SY5Y), found that mephedrone had a toxic effect on cells at 500 μM and greater (den 

Hollander et al., 2014). The study has also demonstrated that mephedrone has redox 

electron donor reactivity and displays a relationship of this activity to high pH values 

and this is accompanied by formation of an N-acetylated mephedrone. According to 

den Hollander, mephedrone decreased mitochondrial respiration. The use of the SH-

SY5Y cell line shows that mephedrone yielded cytotoxicity only at high 

concentrations; while at lower levels it decreased lactate dehydrogenase (LDH) 

production. It is proposed that oxidative deamination, followed by the oxidative 

cleavage of mephedrone produces acetic acid, which acetylates mephedrone.  

Notably, many in vivo studies have found no sign of toxicity of mephedrone 

(Angoa‐Pérez et al., 2012; den Hollander et al., 2013; Motbey et al., 2012). 

Variable metabolism reactions and/or inability to penetrate brain and blood barriers 

could result in this negative finding. 

It was found that mephedrone acts synergistically to significantly enhance 

methamphetamine induced DA toxicity (Angoa‐Pérez et al., 2013). The same 

hyperthermia was produced in the treatment of mice with both mephedrone and 

methamphetamine, and in the treatment of any of the drugs separately. The 

neurotoxicities of amphetamine and 3,4-methylenedioxymethamphetamine on the 

nerve endings of DA in mice striatum were also enhanced. As mephedrone increases 

methamphetamine neurotoxicity, this suggests that it has different interaction with 

the dopamine transporter (DAT) than that observed with other DAT inhibitors such 

as amphonelic acid and nomifensine (Pu et al., 1994; Poth et al., 2012). The fact that 

mephedrone itself has no significant effect on DA nerve endings, could imply a 
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potential high risk caused by its interaction with other drugs, and could lead to 

neurotoxic complications (Angoa‐Pérez et al., 2013). 

In a recent study, it was found that when mephedrone was co-administered with 

ethanol in mice the neurotoxicity of mephedrone was enhanced (Ciudad-Roberts et 

al., 2016). This finding was explained by the authors to be a result of increased 

oxidative stress in the hippocampus, causing decreased learning, memory, and 

neurogenesis in the mice.  

In another drug interaction study, mephedrone was co-administered with nicotine in 

mice (Budzynska et al., 2015). The co-administration was found to be effective in 

reducing general antioxidant function, catalase activity, and antioxidant enzyme 

activities in the brain, and in increasing lipid peroxidation. 

1.2.4.2 Metabolism experiments 

 

The data of another recent study on rat carried out by Khreit and coworkers 

investigated the metabolic pathways of mephedrone (see Figure. 1.4) in freshly 

isolated hepatocytes. The study detected glucuronidated Phase II conjugates, but no 

sulphated ones (Khreit et al., 2013). The main metabolites detected were 

normephedrone, carboxymethcathinone, hydroxymethyl-methcathinone and 

methylephedrine in addition to seven other metabolites illustrated in Figure 1.4. The 

main pathways were acetylation, reduction, demethylation, oxidation, conjugation 

and aromatic hydroxylation. 

A Danish study which was published on 2013, investigated both in vitro mephedrone 

metabolism by cytochrome P450 enzymes and in vivo metabolism by analysing 
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blood and urine samples from four authentic forensic traffic cases (Pedersen et al., 

2013). In the in vitro experiment, CYP2D6 was found to be the major enzyme 

responsible for the phase 1 metabolic pathway of mephedrone metabolism. 

Mephedrone was detected unchanged together with its metabolites, in urine. The 

metabolite hydroxytolyl-mephedrone was detected in both in vivo and in vitro 

situations, and found to be the most abundant metabolite in the in vitro environment.  

Notably, hydroxytolyl-mephedrone was the major phase I metabolite to be excreted 

mainly (80%) as the β-glucuronide and arylsulphate in urine. Nor-mephedrone was 

also identified in both in vivo and in vitro experiments. On the other hand, dihydro-, 

4-carboxy-dihydro-, and 4-carboxy-mephedrone were only detected in vivo. 

Regarding the in vivo findings, hydroxytolyl- and 4-carboxy-dihydro-mephedrone 

were mainly detected in urine, while all other metabolites were detected in both 

blood and urine samples. 

Another metabolic study conducted using both rat and human urine samples (Meyer 

et al., 2010),  concluded there was no difference between the metabolic pathways in 

the urine samples from either species, and consequently it is applicable to use rats to 

predict mephedrone metabolism. The detected metabolites were: nor-, nor-dihydro-, 

hydroxytolyl-, and nor-hydroxytolyl mephedrone in addition to the parent drug 

(mephedrone). In this experiment, the three suggested phase I metabolic pathways 

were: reduction of the keto moiety of the respective alcohol, N-demethylation of the 

primary amine, and oxidation of the tolyl moiety of the corresponding carboxylic 

acid and alcohol. 
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Figure 1. 4 Possible mephedrone metabolism reactions (phase I and II) in rat 

liver. [A]=acetylation; [R]=reduction; [D]=demethylation; [O]=oxidation; 

[C]=conjugation; [AH]=aromatic hydroxylation. From (Khreit et al., 2013). 

 

In this thesis metabolism and toxicity of mephedrone on the human neuronal cells 

will be assessed using the application of metabolomics. To our knowledge, this is the 

first study of mephedrone toxicity using a metabolomics approach.  

 



 

34  

1.3 In vitro cell culture models and advantages 
 

The main aim of any in vitro cell culture model is to minimise variation during 

experiments and to study them under precise and simply evaluated environments. 

Depending on the precise design of the study and desired outcome, the experiment is 

likely to simulate the in vivo environment. It is, however, not compulsory that every 

in vitro experiment should mimic the in vivo environment. The use of in vitro 

procedures has showed that they are efficient for investigating cell biology, 

pathology and physiology, however, they have many artefacts and limitations, and 

the results can be deceiving if disconnected from their physiological framework. 

Complete organs in vivo reveal wide interactions between several cell categories that 

regulate all physiological activities. When selective cells or tissues are cultured in 

vitro this connected system is absent. The cells or organ cultures provide a simplified 

system separated from the in vivo environment, which limits the assumptions that 

can be deduced from the experiment. It is widely agreed that it is impossible for in 

vitro culture to simulate whole animal studies, however, 2 dimension (2D) and 3 

dimension (3D) cell cultures are widely used to study chemical metabolism and 

toxicity in vitro. 

1.3.1 2 Dimension (2D) cell culture 

 

2 Dimension (2D) cell culture systems were first used over 100 years ago (Lasnitzki, 

1958; Lasnitzki and Lucy, 1961). Presently, there is an expansion in their use either 

as primary cells or as cell lines in 2D treated plastic containers. This technique is the 

main model used to study the biological cell activity and toxicity testing 

investigations. The wide use of the dissociated cell culture model is a result of the 

discovery that cells can attach to plastics. However, there are many factors which 
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made this technique feasible such as; simple cell preservation and management; cost 

effectiveness; availability of the commercial products needed in the technique; the 

presence of many new techniques allowing genetical management of cells; protein 

and gene expression control; possibility of high-throughput screening (HTS); and the 

low cost of sterilisation.  

1.3.2 Three dimensional (3D) cell culture 

 

3D cultures were historically used in research on engineering and regeneration of 

tissue, but more recently in modeling of disease, toxicology, and molecular studies. 

Many studies name 3D culture supports as scaffolds, and culture systems as 

bioreactors (Elliott and Yuan, 2011; Justice et al., 2009; Badylak et al., 2009).  

Scaffolds can be very different in their nature: synthetic polymers, natural products, 

both of which may have or may not have adhesive additives or cellular proteins 

within them, and a range in the size of their pores. They can be mechanically 

tailored, and be solid, spongy, or gels. Synthetic scaffolds are precisely made, have 

manageable properties and are reproducible, though on the other hand they may need 

special additives to allow intracellular interactions. Scaffolds that contain naturally 

obtained proteins (e.g., collagen) have integral cellular receptors. Cells may be 

obtained for example from cell lines, or from primary cells obtained from tissues by 

enzymatic dispersion or by mechanical dissociation (Pampaloni et al., 2007). 

1.4 Mass spectrometry based metabolomics 
 

1.4.1 Metabolomics 

 

Metabolomics is defined as ‘the quantitative measurement of time-related 

multiparametric metabolic response of living systems to pathophysiological stimuli 
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or genetic modification’ (Nicholson et al., 1999). It aims to illustrate and detect the 

metabolites, which are the final products of the metabolism processes in the cells. 

The study of metabolomics involves several fields such as biochemistry, analytical 

chemistry, statistics, and bioinformatics. In the field of toxicology, metabolomics 

involves the study of system biology, molecular diagnostics, and patho-biochemistry 

(Griffiths et al., 2010).  

Through the previous ten years, there has been a growing interest in the use of 

metabolomics in the analyses of the biological systems. It is proposed to be an 

important technology that can aid in better understanding for the biological systems. 

It studies the complete range and levels of metabolites involved in biological systems 

reactions. The metabolome includes a wide range of small molecules (<1500 Da) 

inside the cell such as nucleotides, sugars, and amino acids, fatty acids, and lipids. 

Metabolomics has many challenges such as the large number of different chemical 

compounds inside cells and the possibility of artefacts. It is estimated that there are 

more than 100,000 metabolites in humans which can vary as a result of the effects of 

nutrients, drug administration and other physiological factors (Griffiths et al., 2010). 

Additionally, any compound or even microorganism in the surrounding environment 

or in the body may affect the metabolome and expand the quantity of metabolites. 

Metabolomics offers an important approach to detect the biological markers of 

toxicity and can aid in constructing models to predict toxic effects (Fiehn, 2002; 

Wishart, 2007). The application of metabolomics in toxicology analysis aims to 

‘achieve a comprehensive measurement of the metabolome and how it changes in 

response to stressors, with biological payoff being an illumination of the relationship 
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between the perturbations and affected biochemical pathways’ (Craig et al., 2006). 

The most common approach to conducting metabolomics analysis is to apply mass 

spectrometry (MS), or nuclear magnetic resonance (NMR). At present, MS 

metabolomics is the method of choice for biomarker discovery because of its high 

sensitivity and specificity (Robertson et al., 2005). This thesis will use MS 

metabolomics. 

Since liquid chromatography−electrospray mass spectrometry (LC−ESI-MS) can 

ionise a wide range of metabolites with little fragmentation, it is preferred by many 

metabolomic studies. Profiling can be untargeted or targeted.  Targeted 

metabolomics has the advantage of the use of synthetic standards in metabolite 

analysis allowing quantification of metabolites; it has also been used in many 

studies. Particular procedures for sample processing (extraction and quenching) are 

needed since some intracellular metabolites are labile, and it is important to design 

all the steps of the method of analysis to give the best outcome regardless of these 

challenges (Bouhifd et al., 2013). 

1.4.2 Liquid chromatography-mass spectrometry (LC-MS) 

 

Liquid chromatography-mass spectrometry (LC-MS) is a combined technique for the 

separation of different chemicals by liquid chromatography (or high performance 

liquid chromatography) with the detection technique of mass spectrometry (Leclercq 

et al., 2009; Lu et al., 2008). Liquid chromatography (see Figure 1.5) is applied to 

separate the different components of a mixture and mass spectrometry (see Figure 

1.6) is applied to detect the structure of each separated component (Dass, 2007).  
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Figure 1. 5 Scheme of the components of HPLC system with detector. 

 

LC is a technique for physical separation of a mixture by moving the mixture 

through two phases (stationary and mobile phases). There are five types of LC 

chromatographic methods; partition, size-exclusion, adsorption, affinity and ion 

exchange chromatography. The reverse phase method (partition chromatography) is 

very widely used. It applies a hydrophobic non polar stationary phase and a polar 

mobile phase. The mobile phase usually consists of water mixed with a polar solvent 

such as methanol or acetonitrile. The stationary phase is made of micro meter (3-5 

μm) size silica particles attached to a long chain alkyl moiety (Dass, 2007). After 

sample injection (10-20 μl) the sample is mixed with mobile phase and pressured 

through the stationary phase (packed column). The mixture constituents are 

separated according to their relative affinity for the mobile and stationary phases 

(Niessen et al., 2006).  
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Figure 1. 6 Mass-spectrometry schematic diagram showing different parts of 

the detector. 

Mass spectrometry is a detection method for analytes based on the mass to charge 

ratio of the component ions. The mass spectrometry separation method uses either 

magnetic or electric fields to control the movement of the ions of the analyte to 

detect the mass to charge ratio (m/z). A mass spectrometer is composed of an ion 

source, m/z analyser and ion detector under a vacuum system and attached to a data 

analyser (see Figure 1.6). The ion source is the part where sample components (came 

from the LC) are ionised using corona discharge, electric field, photons or laser 

beams. In an electrospray ionisation ion source, the liquid of uncharged sample 

molecules will be converted to gaseous ions and sent to the analyser. In a mass to 

charge analyser, the ions are separated by magnetic or electric fields according to 

their masses. Then the abundance of each ion is detected by measurement and 

amplification of the ion current for the mass of each ion in the detector. Finally, the 

data system will create a mass spectra to be visualised by the users on a computer 

(Pitt, 2009). 
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1.5 Quantitative real-time polymerase chain reaction (qRT-PCR) 
 

The polymerase chain reaction (PCR) is defined as a genetic technique that uses 

certain enzymes and results in the amplification of the amplicons of the 

complementary DNA (cDNA) or the DNA (Pitt, 2009; Innis et al., 2012). 

Quantitative real time polymerase reaction (qRT-PCR) is a type of RT-PCR that 

allows the quantification of the genes of interest expressed after amplification 

(Higuchi et al., 1992).  The constant observation of the amplification of a specific 

amplicon through the whole PCR process is what we refer to as RT-PCR (Lie and 

Petropoulos, 1998). RT-PCR procedures can be classified, according to the 

production of fluorescence, to direct and indirect assays (Holland et al., 1991). When 

the fluorescence is produced during the primer extension step in the amplification 

process, the method is called indirect RT-PCR (Kutyavin et al., 2000). The direct 

RT-PCR method is the process that involves production of fluorescence directly after 

the reaction between a fluorescent compound and the amplified gene see Figure 1.7 

(Tyagi et al., 1998).  
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Figure 1. 7 Simple diagram illustrating the steps of RT-PCR. 

 
An example of widely used direct method is the SYBR Green dye method, where the 

fluorescent dye SYBR Green is used. In this method the fluorescence is emitted as a 

result of DNA binding to the SYBR Green dye (Whitcombe et al., 1999). 

Fluorescence is measured during the RT-PCR process and a graph is drawn as shown 

in Figure 1.8.  
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                                                               Linear Plot 

  

                                                               Log Plot 

 

 

 

Figure 1. 8 The linear and log plots of the measured SYBR-Green fluorescence 

in the RT-PCR process. 

A threshold value is calculated as three to five times the standard deviation above the 

mean value of the background. Threshold cycle (CT) is detected by identifying the 

cycle where the fluorescence time point reaches the threshold. CT is used for the 
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quantification of gene expression. The number of copies of the target sequence at the 

start is reciprocally related to the CT value (Bustin et al., 2009). 

1.6 Reason for the choice of mephedrone and cobalt for analysis 
 

The goal of this research is to study neurotoxicity in brain by the use of a 

metabolomic approach, and to find out if the metabolomic approach can be a useful 

tool to study neurotoxicity. To achieve the goal it was beneficial to search for 

neurotoxic compounds with different mechanisms of toxicity to apply metabolomic 

analysis. However, care was taken to choose a toxic compound with little known 

about its mechanism of action regarding toxicity. Thus, the choice of mephedrone 

and cobalt was made as they are both considered neurotoxic compounds with little 

known about their mechanism in terms of toxicity.  

1.7 The aims of the project 
 

 Investigation of mephedrone metabolism by hepatic and neuronal cells. 

 Evaluation of mephedrone toxicity on neuronal and hepatic cells.  

 The study of the intracellular metabolic changes induced by mephedrone. 

 Evaluation of cobalt neurotoxicity.  

 The study of the intracellular metabolic changes induced by cobalt. 

 Evaluation of metabolomics analysis as a tool in neurotoxicity studies.  
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2.1 Culture of cells 
 

2.1.1 Standard stock solutions and preparation methods 

 

2.1.1.1 Media 

 

Complete Dulbecco’s Modified Eagle Medium (DMEM) of 500 ml volume (Lonza, 

catalogue number BE12-604F) was prepared under sterile conditions by the addition 

of 10% (v/v) sterile Foetal Bovine Serum (FBS) (Biosera), 50 μg/ml streptomycin/50 

IU/ml penicillin mixture, and 1% non-essential amino acids (NEAA). Complete 

DMEM media was used to grow U-373 and Hep G2 cells. 

Complete Dulbecco’s Modified Eagle Medium: Nutrient Mixture F12 (DMEM/F12) 

of 500 ml volume (Life Technologies, catalogue number 31331-028) was prepared 

by the addition of 15% (v/v) sterile FBS, 1:1 of 50 μg/ml streptomycin/50 IU/ml 

penicillin mixture, and 1% non-essential amino acids (NEAA). Complete 

DMEM/F12 media was used to grow SH-SY5Y cells. 

2.1.1.2 Versene 

 

Versene was prepared by the addition of 4.5 ml of 0.5% of phenol red, 0.3g of 

KH2PO4, 0.3g of EDTA, 1.73g of anhydrous Na2HPO4, 12g of NaCl and 0.3g of KCl 

to 1.5 L of distilled water. The mixture was then sterilised by autoclaving.  

2.1.1.3 Trypsin 

 

Tris buffered saline (TBS) solution was prepared by the addition of 0.5g of glucose, 

0.05g of Na2HPO4, 4g of NaCl, 0.19g of KCl, 1.5g of Tris, and 1.5 ml of 0.05% 

phenol red to 500 ml of distilled water. The pH of the mixture was adjusted to 7.7 by 
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addition of 0.93 ml of HCl at room temperature. Sterilised trypsin solution was used 

to make 50 ml of stock solution of 0.25% w/v and stored at -20oC.  

2.1.1.4 Mephedrone preparation 

 

Mephedrone hydrochloride was donated by Dr Oliver Sutcliffe from Manchester 

Metropolitan University, (4.43 mg) was dissolved in 2% (v/v) acetic acid (0.5 ml) to 

give 50 mM stock solution of mephedrone, and then diluted in media to obtain the 

other concentrations. The mephedrone stock solution was stored at -20 oC until the 

experiments were performed. 

2.1.1.5 Cobalt preparation 

 

5.95 mg of cobalt chloride salt was weighed and dissolved in 5 ml of distilled water 

to achieve a stock solution with concentration of 5 mM. The solution was then 

filtered with a 0.04 mm filter to sterilise it. The required concentrations of cobalt 

were made by the dilution of the stock solution in suitable media.  

2.1.2 Cell lines and primary cells 

 

Human astrocytoma (U373), neuroblastoma (SH-SY5Y), and hepatoma (HepG2) 

cells were purchased from the European Collection of Cell Cultures (catalogues 

number 08061901, 94030304, 85011430, respectively). Sprague-Dawley rat liver 

cells were prepared by Mrs Catherine Henderson under UK Home Office licence. 

Rats were in bred by the biological procedures unit, University of Strathclyde and we 

used Sprague-Dawley male rats 200-250 g weight. The work was approved by the 

University of Strathclyde ethical committee and Animal Welfare and Ethical Review 

Body (AWERB) and Home Office licence  PPL60/4341 is held by Professor M. 

Helen Grant. Procedure was performed in accordance with Animal Research: 
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Reporting of In Vivo Experiments (ARRIVE) guidelines and the US National 

Institute of Health (NIH Publication No. 85-23, revised 1996). 

 

2.1.2.1 Culture of SH-SY5Y and U373 as monolayer cell culture 

 

Cell lines (SH-SY5Y, U373 and HepG2) were seeded at 5x104 cells/well in 1 ml 

media in 24-well plates for metabolism and metabolomics analysis, and in 200 μl of 

medium in a 96-well plate for MTT, NR and LDH assays.  

 

2.1.2.2 Culture of primary rat hepatocyte as monolayer cell culture 

 

2.1.2.2.1 Isolation of primary rat hepatocytes 

 
 

Freshly isolated rat hepatocytes were prepared by collagenase perfusion of the livers 

of male Sprague-Dawley rats by Catherine Henderson (Home Office licence 

procedure- licence number 60/4341). Primary hepatocytes were isolated from rat 

liver by collagenase perfusion.  

 

2.1.2.2.2 Method of preparation cell culture and mephedrone treatment 

 

Three 24-well plates were collagen coated with 25-μg collagen/cm2 and stored at – 

4oC, 24 hours prior to seeding of cells. Collagen was prepared in-house by acid 

extraction of rat tail tendons. Hepatocytes were seeded at 3x105 viable cells/well and 

incubated at 37°C in 5% CO2 air. 100 μM of mephedrone in medium was added 

(after 24 hours of seeding the wells) for one row of 6 wells in each plate leaving one 

row for control (medium without mephedrone on cells). Cell extraction was 
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performed according to the in-house method (see section 2.1.2.2.3 below) after 6, 24, 

and 48 hours. Cell extracts were frozen at -80°C until analysed by LC-MS. 

2.1.2.2.3 Extraction of cell lysates for metabolomics 

 

Medium was removed from wells and the cells were washed with 0.5 mL of pre 

warmed PBS (37°C) twice. A 200 μL volume of pre-cooled extraction solution (50% 

of methanol, 30% of acetonitrile and 20% water) was added to each well to lyse 

cells. Cells were scraped off using a small metallic spatula. The extracted cell 

solution was transferred to 0.5 mL Eppendorf vials. Samples were then shaked at 

4°C for 12 minutes. Samples were centrifuged at 0°C and 13000 rpm for 10 minutes. 

The supernatant was transferred into glass vials and stored at -80°C until analysed 

with LC-MS.   

 

2.2 MTT, NR, LDH and morphology assays 
 

2.2.1 Neutral red (NR) assay  

 

The method was obtained from a previously published method (Inoue et al., 2001). 

NR is a eurhodin dye that has the ability to stain lysosomes in live cells. Ability of 

cells to absorb neutral red will decrease when they start to die. Medium was removed 

when the incubation with mephedrone was finished, and 100 μl NR solution (0.05 

mg/ml of phosphate buffer saline (PBS)) added to each well of a 96-well plate. The 

plate was incubated at 37o C under 5% CO2 air for 3 hours. The solution was 

removed after incubation and wells were washed with 200 μl of PBS. 100 μl destain 

(mixture of 50 mL of ethanol, 1 mL of glacial acetic acid and 49 mL of distilled 
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H2O) was added to each well and the plate left on the shaker for 30 minutes. The 

absorbance was then measured at 540 nm by plate reader spectrophotometer 

(Multiskan GO, Thermo Scientific). NR assay was performed for mephedrone as 

there was no decrease in the metabolic activity of cells using MTT assay imposing 

the requirement of an alternative viable assay to confirm the non significant 

alteration in the viability results. In case of cobalt there was no need for doing other 

viability assays as MTT have induced significant change in treated samples 

compared to the relevant controls. 

2.2.2 Dimethylthiazolyl diphenyltetrazolium bromide (MTT) assay  

 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was 

carried out following the procedure on (Borenfreund and Puerner, 1985). MTT assay 

is based on the ability of NADPH dependent cellular oxidoreductase enzymes 

present in the viable cells to reduce the tetrazolium dye (MTT) to formazan 

(insoluble purple compound). 10 mM of MTT solution was prepared in PBS and 

filtered through a 0.2 μM filter. A 50 μl volume of the solution was added to each 

well when the incubation was complete. A 96-well plate was incubated at 37o C in 

presence of 5% CO2 air for 4 hours. MTT solution was removed after incubation and 

200 μl of DMSO was added to each well. The solution in each well was mixed to 

give an even colour, and transferred to a 1 ml cuvette. Absorbance was measured at 

540 nm by plate reader spectrophotometer (Multiskan GO, Thermo Scientific). 
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2.2.3 Lactate dehydrogenase (LDH) assay 

 

Lactate dehydrogenase (LDH) assay is based on the ability of LDH to reduce 

nicotinamide adenine dinucleotide (NAD) to NADH. NADH will reduce the 

tetrazolium salt 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium (INT) 

to red formazan. Two solutions were prepared. First, to prepare 0.1 M sodium 

phosphate buffer (NaPi buffer at pH 7.6) we prepared two solutions, Na2HPO4 (14.2 

g) was weighed and dissolved in 500 mL of distilled H2O to prepare 0.2 M of 

Na2HPO4. Another solution was prepared by dissolving 2.4 grams of NaH2PO4 in 

100 mL of distilled H2O. These two solutions were mixed to give a sodium 

phosphate buffer, 0.1 M at pH 7.6 (Napi buffer). The second solution was a mixture 

of 3 mg pyruvic acid and 3 mg of NADH dissolved in 1 mL of NaPi buffer. This was 

prepared immediately before use due to the low stability of the mixture. For each 

well measurement, 0.86 mL of 0.1 M sodium phosphate buffer (pH 7.6) and 40 μl of 

pyruvic acid (3mg in 1ml NaPi buffer)/NADH solution were added to a cuvette (1 

ml). Then 100 μl of medium from each well was added. The change in absorbance 

was recorded at 340 nm by a UV-spectrophotometer (UV-2401PC, Shimadzu) over 

60 seconds at room temperature.  

 

2.2.4 Morphology 

 

Cells were imaged after 6 days incubation with and without 100 μM of mephedrone 

by using a Motic AE31 microscope-20 power dry lenses. Images were stored on a 

secured USB and on Strathcloud. 
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2.3 Reactive oxygen species (ROS) 
 

Measurement of ROS activity in cell culture in 24-well plates, was performed by the 

use of carboxy-H2DCFDA dye (Invitrogen, UK C400, Lot number 28351W) as 

described in a previous study (Mosmann, 1988). Cells were seeded at 5x104 cells/ml 

and incubated at 37oC and 5% CO2/air for two days. The cells were then treated with 

a range of cobalt concentrations (0, 100, 150 and 200 μM) for two periods of time (4 

and 24 hours). Then the medium was removed from all wells, and the cells were 

washed twice with DPBS to remove any traces of media from the wells. Addition of 

at 200 μl of carboxy-H2DCFDA at 25 μM in DPBS followed the washing step. The 

culture was incubated in the dark at 37oC and 5% CO2 air for 30 minutes. Cells were 

washed twice with DPBS after incubation. Cells were examined by microscope 

(ZOE Fluorescent Cell Imager, BIO RAD, Singapore) and pictures were taken 

immediately. Finally, triton X-100 (1 ml at 0.1% (v/v)) was added to the wells and 

they were incubated in the dark for 20 minutes at room temperature. Measurement of 

the fluorescence was immediately undertaken by a spectrofluorophotometer (RF-

5001PC, Shimadzu) at 495nm excitation wavelength and 525 nm emission 

wavelength in a 1 ml cuvette.  

Choice of the concentration range was made to cover the array of concentrations 

below the LD50. The range is far above the clinical level of the compounds as they 

both only cause toxicity after chronic exposure and will only show an observe effect 

at higher concentrations. ROS measurement was performed for cobalt treated cells 

only as there was no previous study that measured ROS in these cell lines. In 
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contrast, previous work exists for mephedrone ROS production in SH-SY5Y and U-

373 cells (den Hollander et al., 2014). 

 

2.4 Lowry and western blotting 
 
 

2.4.1 Sample preparation 

 

Cells were grown in 25-cm2 flasks. When cells were ready, the medium was 

removed and cells were washed twice with DPBS. Following the washing step, 300 

μl of 0.1 M cold sodium phosphate buffer at pH 7.6 was added to the cells and cells 

were scraped off by using a cell scraper and transferred to Potter-Elvehjem glass 

homogeniser tube to be homogenised with seven strokes of a Black and Decker 

electric drill. The homogenised solution was aliquoted into 50 μl aliquots for protein 

measurement (Lowry) and Western blotting assays. 

 

2.4.2 Total protein measurement (Lowry assay) 

 

All steps were performed according to the method explained by Lowry et al., 1951. 

The required solutions were as follows. 

a) 0.5 M NaOH. 

b) 1% (v/w) CuSO4. 

c) 2% (v/w) NaKtartrate. 

d) 2% (v/w) Na2CO3. 

e) Folin’s (Ciocaltau) reagent (Sigma-Aldrich, USA, Lot number 

BCBK8133V). 
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f) 200 μg/ml of bovine serum albumin (BSA) in 0.5 M of NaOH stored in -

20oC. 

The assay was conducted as explained in the following steps. First, solutions A and 

B were prepared immediately before use. To prepare solution A, 98 ml of Na2CO3 

was added to 1ml of 1% CuSO4 and 1ml of 2% NaKtartrate. For solution B, 2 ml of 

Folins reagent was diluted in 6 ml of d.H2O. 

Secondly, the standards were prepared as shown in the following table. 

 

Table 2. 1 Volumes and materials used to prepare the standards for protein 

determination. 

Solution Std-1 

(0)μg/ml 

Std-2 

(25)μg/ml 

Std-3 

(50)μg/ml 

Std-4 

(100)μg/ml 

Std-5 

(150)μg/ml 

Std-6 

(200)μg/ml 

BSA(ml) 0 0.125 0.250 0.500 0.750 1 

0.5 M 

NaOH 

(ml) 

 

1 

 

0.875 

 

0.750 

 

0.500 

 

0.250 

 

0 

 

After preparation of the standards, 50 μl of each sample was diluted in 950 μl of 0.5 

M of NaOH. Later, 5 ml of solution A was added to all standards and samples, then 

mixed and left for 10 minutes in room temperature. Finally, 0.5 ml of solution B was 

then added to all standards and the samples and left for 60 minutes before reading the 

absorbance at 725 nm wavelength against a water blank. 
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2.4.3 Western blotting (WB) 

 

2.4.3.1 Calculations of required volumes for WB 

 

The required volume of Laemli buffer to be added to the sample was calculated 

using the following equation:  

Equation 2. 1 Equation used to calculate the required volume of Laemli buffer. 

C1V1=C2V2 

C1 is the concentration of protein obtained from the results of Lowry. V1 is the 

sample volume (50 μl). C2 is the desired concentration of protein to be loaded onto 

the gel, which is in this experiment 1 mg/ml. V2 is the total volume of the sample and 

buffer (50 μl of sample + Laemli buffer volume). After addition of the calculated 

volumes, samples inside the lock-tight Eppendorf vials were boiled in hot water for a 

minute to denature the proteins. 

2.4.3.2 Preparation of gel solutions 

 

The stacking and separating buffers were prepared according to the following table. 

Table 2. 2 Stacking and separating gel buffers composition. 

 Stacking gel 0.5 M Tris 

buffer 

Separating gel 1.5 M Tris 

buffer 

Tris 6 g 36.33 g 

D.H2O 40 ml _ 

1M HCl 48 ml 48 ml 

pH 6.8 8.8 

Final volume Make up with d.H2O to 100 ml Make up with d.H2O to 200 ml 
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2.4.3.3 Preparation of solutions for making gels 

 

The following solutions were prepared for use to perform the procedure mentioned 

in section 2.4.3.5. 

a) Laemli buffer (Sigma-Aldrich, USA, Lot number 110M6040) 

b) 10xTris/Glycine/sodium dodecyl sulfate (SDS) buffer (Sigma-Aldrich, USA, Lot 

number SLBS1582V), which is used to prepare x1 Tris/Glycine/SDS buffer (running 

buffer) by diluting it in d.H2O by a 1:10 dilution factor. 

c) 40% Acrylamide/bis-acrylamide (Sigma-Aldrich, USA, Lot number 

SLBN8928V). 

d) 1.5% Ammonium persulphate (APS) (Sigma-Aldrich, USA, Lot number 

MKBV2007V) was made by addition of 1.5 g in 100 ml of d.H2O and the solution 

was stored at -20oC. 

e) Tetramethylethylenediamine (TEMED) (Sigma-Aldrich, USA, BCBQ5821V). 

2.4.3.4 Making the gels 

 

The glass sheets were cleaned with 70% ethanol, and were set in the apparatus. They 

were tested for leaking after assembly. The gels were made according to the 

following table.  
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Table 2. 3 Stacking and resolving gels composition. 

Solutions 4% Stacking gel 10% Resolving gel 

40% Acrylamide/bis acr 1 ml 3.75 ml 

Stacking gel buffer 2.5 ml _ 

Resolving gel buffer _ 3.75 ml 

1.5% APS* 0.5 ml 0.75 ml 

D.H2O 6 ml 6.75 ml 

TEMED* 10 μl 11.7 μl 

*These two ingredients were only added immediately before pouring the gel solution 

into the set. APS= ammonium persulfate; TEMED= Tetramethylethylenediamine. 

2.4.3.5 Procedure steps 

 

The resolving gel was poured first with addition of a small layer of d.H2O added on 

top to protect the gel from dehydration. After the resolving gel was set, the water 

layer was removed, the stacking gel poured and the comb inserted. Later, the running 

buffer was poured inside and outside the tank to the mark. 10 μl of each sample and a 

marker protein standard (Novex®Sharp Pre-Stained protein standard, Invitrogen) 

were loaded in the wells after the stacking gel was set, and the combs removed. The 

current was started at 32 mAmps and maximum voltage for 15 minutes, and then the 

voltage was changed to 150 volts and maximum current while the samples bands 

migrated towards the bottom of the gel. The buffer for transferring the bands in the 

gel to a membrane was prepared as shown in the following table. 
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Table 2. 4 Transfer buffer composition. 

Solution Transfer buffer 

D.H2O 1400 ml 

Methanol 400 ml 

10x Tris/Glycine buffer 200 ml 

 

In addition, the cassette sandwiches were prepared as follows. First, the filter papers 

and Scotch brite pads were washed with transfer buffer. Gels were put into transfer 

buffer for 10 minutes. The membranes were soaked in methanol until needed. The 

sandwich was prepared according to the order in the following diagram. 

 

 

Figure 2. 1 Order of layers for making the gel/filter sandwich. 

 

When the cassette was assembled, it was placed in the transfer chamber 

(Fisherbrand, UK, Model number EB10) and filled with transfer buffer. The current 

was set to 200 mAmps and voltage to 999 volts and the system run overnight. 

Tris buffer saline (TBS) x10 was prepared meanwhile, by adding 24.22 g of 200 mM 

of Tris and 292.2 g of 5 M NaCl to 1 Litre of d.H2O . It was then diluted x10 in 
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d.H2O and the pH was adjusted to 7.4. Tween 20/TBS (TTBS) was prepared by 

addition of 0.5 ml of Tween 20 to 1 Litre of TBS and adjustment to pH 7.4. 

 

For blocking of proteins, 3% fish gelatine/TTBS was prepared by adding 3 ml of fish 

gelatine in 42 ml TTBS. For antibody dilution, 1% fish gelatine/TTBS was prepared 

by diluting 1 ml of fish gelatine in 44 ml of TTBS. 

 

After the cassette was run overnight, the membranes were removed and shaken in 

3% fish gelatine/TTBS for 1 hour at 37oC to block other proteins. Later, membranes 

were removed and washed three times with TTBS for 5 minutes each at room 

temperature. After washing, 20 μl of the primary antibody of interest was added to 20 

ml of 1% of fish gelatine, and the membranes shaken in the solution for 1 hour at 

37oC. The membranes were then removed and washed with TTBS three times. After 

this the membrane was shaken in the secondary antibody solution (2 μl of Ab2 in 20 

ml of 1% fish gelatine) at 37oC for 1 hour. The membranes were then washed and 

shaken twice with TTBS at room temperature for 5 minutes each wash. A third wash 

was performed in TBS under the same conditions.  

 

Meanwhile, the developing solution was prepared freshly by adding 0.4 ml of each 

of reagent A and reagent B (AP color reagents, Bio-RAD) to 39.2 ml of developing 

buffer (Bio-Rad laboratories, USA, Lot number L9701067). The membranes then 

were soaked and shaken in developing solution for 5 to 10 minutes at room 

temperature. The membranes were washed by distilled H2O, dried, scanned and 
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stored in between filter papers. GAPDH was used as the control house keeping 

protein. Pictures were scanned immediately using a Canon scanner (Canon INC, 

2009) and stored on a secured USB device. Results were processed using ImageJ 

software (National Intitute of Health, USA, 2009) to generate peak area from each 

band and then processed with Excel software (Microsoft, US, 2011). 

 

Antibodies used for detection against target protein are anti-UNG antibody 

(EPR4371) ab109214, anti-TDG antibody (EPR8774) ab154192, anti-Ogg1 antibody 

ab135940 from Abcam.com and anti-DNMT1 antibody (VMA00245) from Bio-

Rad.com.        

 

2.5 DNA and RNA isolation 
 

DNA and RNA were isolated from U-373 and SH-SY5Y cells according to the 

procedures in the isolation kit Illustra triplePrep kit (GE Healthcare, UK) for nuclear 

DNA and total RNA isolation. Cells were grown in 25 cm flasks at 5x104 seeding 

density in three replicates for each cobalt concentration and controls. Flasks were left 

overnight to allow cells to attach to the flask surface. Cobalt at 0, 100, 150 and 200 

μM concentrations in medium was added to the cells after removing the old medium. 

Then the flasks were incubated at 37oC and 5% CO2 air for 72 hours. Flasks were 

washed with cold DPBS. The cells in the control flasks were treated with 1 ml of 

lysis buffer (containing 3.5 μl 2-mercaptoethanol) from the Illustra triplePrep kit. The 

other cobalt treated cells were treated with lower volumes of lysis buffer in 
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accordance with cell loss detected by cell count relative to control samples to avoid 

dilution of DNA and RNA. The volume was calculated using the following equation. 

 

Equation 2. 2 Equation of the volume of lysis buffer.  

Volume of lysis buffer added= (MTT result of sample/MTT result of control) x 1 mL 

 

The flasks were agitated until they gave a cloudy solution. Lysates were transferred 

to Eppendorf tubes to either continue the extraction, or stored at -80oC until ready to 

extract the nucleic acids. Each lysate was used to isolate DNA and RNA using the 

procedure of in the Illustra triplePrep kit. Both isolated nucleic acids were stored at -

80oC. 

 

2.6 DNA digestion 
 

Isolated DNA samples (20 μg) were incubated overnight in a hydrolysis solution (50 

μl) that consisted of 100 mM NaCl, 20 mM Tris pH 7.9, 20 mM MgCl2, 80 U/ml 

alkaline phosphatase, 600 mU/ml phosphodiesterase, 1000 U/ml benzonase, 36 μg/ml 

EHNA hydrochloride and 2.7 mM deferoxamine. The hydrolysed solution was 

diluted in acetonitrile by 1:4 dilution factor. 

 

2.7 Metabolomics and Metabolism 
 

Analysis for metabolomics was carried out by Liquid chromatography–mass 

spectrometry (LC–MS) technology using a Thermo Exactive Orbitrap instrument 
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(Thermo-Fisher Corporation, Hemel Hempstead, UK) as described in previous 

research (Kamleh et al, 2009). Detection of negative and positive ions was used in 

sample analysis. The scanned mass range was 75–1200 m/z. The temperature of the 

capillary was 250°C, and +4.0 kV spray voltage was used in positive ion and -4.0 kV 

in negative ion, sheath gas flow was 50 auxiliary gas flow was 17 (arbitrary units). 

The UltiMate 3000 LC–MS system was run by using Xcalibur Ver. 2.2 (Thermo-

Fisher Corporation, Hemel Hempstead, UK). The HPLC method used a binary 

gradient with an injection volume of 10 μL. Solvent A was acetonitrile and solvent B 

was ammonium carbonate 20 mM; the flow rate was 0.3 mL min−1. The column 

used was a ZIC®-pHILIC (150 mm × 4.6 mm i.d., particle size: 5μm) and was fitted 

with ZIC®-pHILIC guard column (HiChrom Limited, Reading, UK) at room 

temperature. The gradient program was as shown in table 2.5. Data processing was 

carried out using Mzmine 2.21 (Pluskal et al, 2010), SIMCA-P software v.14.1 

(Umetrics AB, Umeå, Sweden) and Excel (Microsoft, US) software. Compounds 

were identified to MSI level 2 (matching of elemental composition to an accurate 

mass to <3 ppm- also considering likely retention times e.g. lipids and fatty acids 

would not be expected to strongly retain on the ZICpHILIC column) or MSI level 1. 

Accurate mass plus matching to retention times (to within ± 0.3 min) of authentic 

standards run on the ZICpHILIC column (Table 1 appendix 1) (Sumner et al, 2007). 

Normalisation was not performed during analysis as the cells were counted and the 

metabolites were normalised by adding equal volume of extraction solution for the 

same cell number. Positive and negative ion data sets were combined using an in 

house programmed excel file (examples of negative and positive total ion 

chromatograms shown in Appendix 1 Figures 1 and 2). Databases used for the 
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identification of metabolites were KEGG, Hmdb, Metlin and Lipid maps. 

Multivariate analysis was carried using pareto scaling. The authentic standards were 

purchased from Sigma Aldrich Chemical Co., Dorset, UK.  

Table 2.5 Gradient program for analysis of each sample showing percentages of 

A and B mobile phases during the time of the analysis. 

Time (minutes) A% B% 

0-30 20 80 

30-31 80 20 

31-37 92 8 

37-38 92 8 

38-46 20 80 

46 20 80 

 

2.8 Quantitative Real-time PCR (qRT-PCR) 
 

2.8.1 Materials 

 

RNA and DNA integrity and quantity were assessed by using a Nanodrop 2000 

spectrophotometer (Thermo Scientific, US) before analysis. The complementary 

DNA (cDNA) was synthesised of 4 μg of RNA by the use of Tetro cDNA Synthesis 

kit (Bioline Reagents, UK) and Random Hexamer (500 ng/μL, Bioline Reagents, 

UK) following the procedure in table 2.7.  
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2.8.2 Method 

 

Oligonucleotide primers shown in table 2.6 were used for the chosen genes. A 

PowerUpTM SYBRTM Grean Master Mix (Thermo Fisher Scientific, US) and a 

StepOnePlusTM RT-PCR system (Applied Biosystems; UK) were used. Primers were 

designed by the use of National Center for Biotechnology Information website 

(Kamleh et al., 2009). The design aimed to yield a length of 100-150 bp amplicon to 

cover the exons to avoid any amplification of genomic DNA. The designed primers 

are illustrated in table 2.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

64  

Table 2. 6 Primer sets (forward and reverse) designed and used for genes 

quantification in RT-PCR experiment. 

Gene Primer sequences (5’->3’) Tm Amplicon 

size (bp) 

SERT2 Forward GAA GGT GCA GGA GGC TCA 

G 

60.08  

149 Reverse CCA AGG TCA GCT CGT CCA G 60.08 

UNG Forward ACC TGG ACC CAG ATG TGT 

GA 

60.47  

144 Reverse ATA AAT GTT CTC CAA ACT 

GGG CG 

59.56 

TDG Forward CAT TGT CAT TAT TGG CAT 

AAA CCC G 

59.31  

150 Reverse CCT GGT AGA GTG TGA TCA 

TCC AT 

59.35 

MLH1 Forward TTT CGA GGT GAG GCT TTG 

GC 

60.89  

149 Reverse GTC CCT TGA TTG CCA GCA 

CA 

60.90 

MECP2 Forward TGA TCA ATC CCC AGG GAA 

AAG C 

60.62  

150 Reverse TAG GTG GTT TCT GCT CTC GC 59.75 

RPL13A 

 

Forward ACC TCC TCC TTT TCC AAG CG 59.96  

141 Reverse GCG TAC GAC CAC CAC CTT C 60.74 

HPRT1 

 

Forward CTG GAA AGA ATG TCT TGA 

TTG TGG A 

59.53  

135 Reverse TTC GTG GGG TCC TTT TCA CC 60.18 

B2M Forward GTG CTC GCG CTA CTC TCT C 60.30  

136 Reverse CGG ATG GAT GAA ACC CAG 

ACA 

60.07 
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Each sample was run in triplicate for each primer set. First the complementary DNA 

(cDNA) was synthesised from the RNA by the use of a Tetro cDNA synthesis kit 

according to the following procedure. Concentration of RNA in each sample was 

measured by the use of Nanodrop 2000 spectrophotometer (Figures 1 and 2 appendix 

2). According to the concentration of the RNA in the sample, 12 μL of sample and 

RNase free water were prepared to contain 150 ng/μL of each sample. The remaining 

8 μL contained the solutionsfrom the Tetro cDNA Synthesis Kit as shown in table 

2.7. 

 

Table 2. 7 Components of the 8-μL solution mixture to be added to the sample. 

*For the RT (-) samples we add 1 μL of Rnase free DEPC-treated water. 

Solution Volume (μL) 

Primer (Random Hexamer) 1 

10 mM dNTP mix 1 

5x RT Buffer 4 

RiboSafe Rnase Inhibitor 1 

Tetro Reverse Transcriptase (200u/μL)-only into RT (+) samples* 1 

 

Samples were mixed by pipetting after the addition of all solutions. Samples were 

placed in the DNA Thermal Cycler 480 (Perkin Elmer, US) at 25oC for 10 minutes, 

then at 45oC for 30 minutes, then at 85oC for 5 minutes. Samples were stored at -

20oC until RT-PCR was carried out.  

When it was time to conduct the analysis, samples were centrifuged and diluted with 

a 1 in 5 dilution factor. A MicroAmp® Fast 96-well reaction plate (0.1 mL) and 
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MicroAmpTM Optical Adhesive Film Kit (Life technologies, US) were used to carry 

out the reaction steps. For each sample there were two negative controls. One 

contained water instead of the cDNA sample, and the second contained cDNA but 

without the reverse transcriptase enzyme. Each sample was run in triplicate and 

contained the solutions shown in table 2.8. 

 

Table 2.8 Contents of each sample in the RT-PCR reaction. 

Solution Volume (μL) 

Forward Primer (10 pmol/ml) 1 

Reverse Primer (10 pmol/ml) 1 

Power Up 2x Master Mix 10 

cDNA 1 

H2O 7 

 

After the addition of all solutions, the plate was sealed by a MicroAmpTM Optical 

Adhesive Film.  

The RT-PCR reactions were run in the fast cycling mode under the conditions in the 

following table using StepOnePlusTM RT-PCR Instrument and software.  
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Table 2.9 Conditions of the RT-PCR experiment. 

Step Temperature Duration Cycles 

UDG activation 50oC 2 minutes  

Hold Dual-LockTM 

DNA polymerase 

 

95oC 

 

2 minutes 

Denature 95oC 3 seconds  

40 Anneal/extend 60oC 30 seconds 

  

The data was generated as an Excel file from the instrument and stored on an 

encrypted USB storage device. The data generated were presented as CT values. The 

fold change was calculated according to the following equations. 

Equation 2. 3 Equation of delta threshold cycle of the control sample. 

Control (target gene) ΔCт = mean target gene Cт for control – mean reference gene Cт for control 

Equation 2. 4 Equation of delta threshold cycle of the treated sample. 

Treatment X (target gene) ΔCт = mean target gene Cт for treatment X – mean reference gene Cт for 

treatment X 

Equation 2. 5 Equation of delta-delta threshold cycle of the treated sample. 

ΔΔCт for target gene at treatment X = Treatment X (target gene) ΔCт - Control (target gene) ΔCт 

Equation 2. 6 Equation for fold change for treated sample. 

Fold change for treatment X= 2 -ΔΔCт for target gene at treatment X 
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2.9 Statistical methods 
 
 
For MTT and NR results the mean of 6 replicates and n=3 experiments were 

calculated by addition of the all absorbance values and divide them by the number of 

replicates (6). The percentage mean was then calculated for each concentration by 

dividing the mean of the concentration by the mean of the control and multiply the 

results by 100. Standard deviation was calculated for each concentration using the 

following equation. 

SD=√
∑ (𝑥𝑖−𝑥̅)

2𝑁
𝑖=1

𝑁−1
  

For the metabolomic analysis the p values were calculated performing T test in excel 

according to the following equation. 

T test for metabolite x= (average of peak areas of metabolite x in treated samples, 

average of peak areas of metabolite x in control samples, 2, 3). 

Results were analysed by One-way analysis of variance (ANOVA) and Tukey’s post 

hoc honestly significant difference test. 
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Chapter 3 THE EFFECT OF COBALT 

ON HUMAN NEUROBLASTOMA 

AND ASTROCYTOMA 
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3.1 Abstract 
 

 

The discovery of adverse effects accompanying the release of cobalt ions from 

metal-on-metal (MoM) hip implants has caused alarm about the systemic 

complications of cobalt. An increase in circulating cobalt ions resulting from MoM 

articulations could trigger acute pathological complications (Carvalho and Moreira, 

2018). There appear to be a number of important risk factors, both in terms of the 

implant and the patient, associated with the risk of systemic cobalt toxicity (Ikeda et 

al., 2010; Munichor et al., 2003).  

In the current study, neuroblastoma and astrocytoma cells were treated with a range 

of cobalt concentrations for different periods in order to investigate the effects of 

cobalt on the metabolism of human neuronal-derived cells. Proliferative methods 

combined with western blotting, metabolomics, and real-time PCR were applied in 

the investigation. Results provided tentative proof of DNA deamination, DNA 

methylation and glutathione oxidation. It is believed that oxidative stress is the main 

effect that triggers changes in the other pathways. 
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3.2 Introduction 
 

 

3.2.1 Cobalt 

 

Cobalt is a heavy metal that has been widely used in several industries such as 

manufacture of super alloys, magnets, catalysts, and more recently in the battery 

industry (lithium-ion cells) (Wroblewski et al., 2004). People who work in such 

industries are all at risk of high exposure to cobalt. Cobalt is also a vital element for 

the human body, as it is needed to produce hydroxycobalamin (vitamin B12), which 

is in fact acquired from the diet. Even though cobalt is important for the body, it is 

classified as carcinogenic, genotoxic and mutagenic at higher concentrations (Zeng 

et al., 2015). The normal level of cobalt in human serum was determined to be 

between 0.33 and 0.4 μg/L using neutron activation analysis (Beyersmann and 

Hartwig, 1992; Hartwig, 1995). The effects of cobalt were detailed in section 1.1.4 

chapter 1. 

 

3.2.2 Oxidative stress 

 

Oxidative stress results from disturbing the balance between the production of 

reactive oxygen species (ROS) and the availability of antioxidants in the cells 

(Frieberg et al., 1979; Michel et al., 1991). ROS include several oxygen metabolites 

such as hydroxyl radicals (OH•), hydrogen peroxide (H2O2) and superoxide anion 

(O2
•) (Halliwell, 2007). They are chemical molecules that have a free electron in 

their outer orbital making them highly reactive and unstable; thus harmful to the cell 
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(DNA, proteins and lipids) at high concentrations (Thannickal and Fanburg, 2000). 

ROS are continuously formed endogenously (as a product of aerobic metabolism or 

as messengers in signal transduction). They can also be formed by exposure to 

exogenous drugs, radiation and chemicals (Marks, 2005) and can be eliminated by 

the effect of antioxidants. Antioxidants are compounds that prevent oxidation. They 

include non-enzymatic antioxidants (e.g., flavanoids, glutathione and ascorbic acid) 

and enzymatic antioxidants (e.g., glutathione peroxidase, superoxide dismutases). 

Glutathione peroxidase is an enzyme that acts by the reduction of lipid 

hydroperoxides to their alcohol analogues and the reduction of hydrogen peroxide to 

water (Halliwell, 1991), and it is present at low abundance in brain with lower 

concentrations in neurons than that in microglia and was undetectable in astrocytes 

and oligodendrocytes (Bhabak and Mugesh, 2010). Superoxide dismutase is an 

enzyme that catalyses the disproportionation of the oxygen radical O2
- into O2 or 

H2O2 (Power and Blumbergs, 2009), and it is present in the human brain tissues at 

low concentrations (36-130 Unit/gram of wet brain weight) (Hayyan et al., 2016). 

Oxidative stress as a result of extracellular compounds intrusion or inflammatory 

cells occurs in different tissues and is thought to cause many pathological conditions 

such as diabetes (Marklund, 1984), neurodegenerative diseases (Asmat et al., 2016) 

and pulmonary fibrosis (Finkel and Holbrook, 2000).  
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3.2.3 DNA methylation 

 

Gene expression is controlled by epigenetic alterations such as histone modification, 

noncoding RNAs (miRNAs), and DNA methylation (Cheresh et al., 2013). DNA 

methylation involves the addition of a methyl group (CH3) mainly at the fifth carbon 

of cytosine, to form 5-methylcytosine, in the cytosine-guanine pair of the CpG 

dinucleotide (Goldberg et al., 2007).  

3.2.2 DNA deamination 

 

Cytosine, occasionally, can be converted to uracil by hydrolytic deamination (see 

Figure 3.1). This will leave the guanine, initially bound to that cytosine molecule, 

attached to uracil (uracil is normally not present in DNA only in RNA). In the next 

replication of this DNA segment in the cell, the guanine in opposite to that uracil 

molecule would be replaced by adenine because of the similarity of uracil to 

thymine, and this will change the encoding message of this section of DNA (see 

Figure 3.2) (Bird, 2002). 
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                Figure 3. 1 Deamination of Cytosine to Uracil. 

                                 

 

Figure 3. 2 Scheme of the induced change in first and second replication of the 

deaminated DNA. 
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Cells have the ability to detect and correct this error before the next replication. 

There are multiple enzymes involved in this mechanism. Uracil-DNA glycosylases 

(UNG) is one example of this type of enzymes, it identifies the uracil and removes it 

from the DNA. Then the other enzymes eliminate and restore the affected part of the 

DNA, in order to fill the vacant position in the DNA with a newly synthesised 

cytosine (Kow, 2002). 

 

The aforementioned pathway has a disadvantage of removing both correctly and 

wrongly situated uracils. Thus, cells have developed another pathway in which a 

correctly situated uracil (paired with adenine) methylated, converting it to thymine. 

In this pathway when a uracil is found, it is cut out and fixed, and a methylated uracil 

(thymine) is added (Krokan et al., 1997).  

 

However, if the ratio of dUTP (deoxyuridine triphosphate – source of uracil) to 

dTTP (deoxythymidine triphosphate – source of thymine) is raised, more uracil 

incorporation will be produced by DNA polymerase during the replication and repair 

processes. Subsequently, uracil-DNA glycosylase will remove uracil residues 

resulting in breaks in the DNA strand. Additionally, when the repair system 

introduces uracil, this will lead to an ineffective DNA repair cycle. Finally, at this 

stage the system will be overloaded and the chromosome will be fragmented, which 

will eventually cause the death of the cell (see Figure 3.3) (Muha et al., 2009). 
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             Figure 3. 3 Scheme of the pathway of thymine-less cell death. 

 

3.3 Methods and materials 
 

 

The materials and methods were described in sections 2.2, 2.3, 2.4, 2.5, 2.6 and 2.7 

in Chapter 2. 
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3.4 Results and discussion 
 

3.4.1 Measurement of MTT reduction in neuroblastoma cells in the presence of 

cobalt 

 

 

Figure 3. 4 MTT assay measured in neuroblastoma cells at 24 h. Results are 

percentage values (Mean ± SD, n = 3) where 100% corresponds to control 

values. SD values correspond to an average of 6 wells plate absorbance reading. 

Cells treated with cobalt in culture medium throughout the experiment. Data 

were analysed by One-way ANOVA followed by Tukey test. * Represents 

significantly different mean values between treatment and control. P value<0.05. 

 

The MTT results showed an increase in the metabolism in SH-SY5Y cells when 

treated with cobalt at the concentrations 25 and 50 reaching the maximum at 100 μM 

for 24 hours. Beyond this concentration, metabolism fell off with LD50 being at 

254±17 μM of cobalt. The increase in metabolism activity at lower concentrations of 

cobalt can be explained as a protective response of cells against cobalt as a cytotoxic 

compound. This effect has been observed several times before in the literature, with 

0

20

40

60

80

100

120

140

160

180

200

0 25 50 100 150 200 250 300 350 400

%
 A

b
so

rb
a

n
ce

Concentration (μM)

* 

* * *

*

*



 

78  

diverse compounds and is referred to as an adaptive response towards cell 

sensitisation (Békési et al., 2007). 

 

Figure 3.5 MTT assay measured in neuroblastoma cells at 48 h. Results are 

percentage values (Mean ± SD, n = 3) where 100% corresponds to control 

values. Cells treated with cobalt in culture medium throughout the experiment. 

Data were analysed by One-way ANOVA followed by Tukey test. * Represents 

significantly different mean values between treatment and control. P value<0.05. 

 

 

The time of incubation with cobalt was increased to 48 hours to find out if the effect 

changed with time. Increasing the time of incubation did change the metabolism, and 

showed less change in cells treated with lower concentrations of cobalt (25, 50 and 

100 μM). There were no significant changes in viability between non-treated 

(control) cells and cells treated with these concentrations. Though, compared to the 

same concentrations in shorter period of incubation (24 hours) shown in Figure 3.4 

there was less increase in metabolism indicating that the cells are on their way to 
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lower metabolism which is supported by the 72 hours of incubation data (see Figure 

3.6). The unchanged metabolism in these low concentrations is also indicator of the 

ability of the cell to repair and function properly in these concentrations and with this 

time of incubation (48 hours). However, cells treated with higher concentrations 

(150-400 μM) of cobalt showed a significant decrease in viability similar to that seen 

in the 24 hour incubation. After 48 hours the LD50 of cobalt was 220±15 μM. Thus it 

was proposed that the SH-SY5Y cells could tolerate cobalt treatment up to 100 μM 

and 48 hours of incubation. Treatment with cobalt at higher concentrations than 100 

μM would affect the ability of cells to maintain normal metabolism. The effect of 

cobalt will be discussed in detail in section 3.4.6.  

 

 

Figure 3. 6 MTT assay measured in neuroblastoma cells at 72 h. Results are 

percentage values (Mean ± SD, n = 3) where 100% corresponds to control 

values. Cells treated with cobalt in culture medium throughout the experiment. 

Data were analysed by One-way ANOVA followed by Tukey test. * Represents 
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significantly different mean values between treatment and control. P 

value<0.05. 

 

After 72 hours of incubation, the cells metabolism could tolerate cobalt treatment 

only up to 50 μM, and the LD50 of cobalt was 102±14 μM.  

It was noteworthy that the SH-SY5Y cells have weakened attachment to the base of 

the wells, especially at 24 hours and 48 hours. Results showed more differences 

(higher SD values) between replicates after 24 hours and 48 hours, especially in 

lower concentrations, compared to the 72 hours of incubations. This can be explained 

by weaker attachment of these cells in these incubation periods. SH-SY5Y cells are 

N phenotype neuroblastoma cells which are known to have lower adherence to 

culture flasks (Zijlstra et al., 2012). 
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3.4.2 Measurement of MTT reduction in astrocytoma cells in the presence of 

cobalt 

 

Figure 3. 7 MTT assay measured in astrocytoma cells at 24 h. Results are 

percentage values (Mean ± SD, n = 3) where 100% corresponds to control 

values. Cells treated with cobalt in culture medium throughout the experiment. 

Data were analysed by One-way ANOVA followed by Tukey test. * Represents 

significantly different mean values between treatment and control. P value<0.05. 

 

The MTT results showed a gradual decrease in the metabolic response of 

astrocytoma cells when treated with cobalt in a range of 0-400 μM for 24 hours, 

reaching 68.5% of normal metabolism at the 400 μM cobalt concentration. The 

calculated LD50 was 713±12 μM of cobalt. This indicates that cobalt is also a 

cytotoxic compound to the astrocytoma cells but less so than to SH-SY5Y cells.  
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Figure 3. 8 MTT assay measured in astrocytoma cells at 48 h. Results are 

percentage values (Mean ± SD, n = 3) where 100% corresponds to control 

values. Cells treated with cobalt in culture medium throughout the experiment. 

Data were analysed by One-way ANOVA followed by Tukey test. *Represents 

significantly different mean values between treatment and control. P value<0.05. 

 

After 48 hours of incubation with same range of cobalt concentrations, the degree of 

decrease was steeper with a lower LD50 (422±7 μM of cobalt) than that after a 24 

hour incubation. For example, after treatment with 400 μM of cobalt, metabolism of 

astrocytoma cells maintains only 51.6% viability when compared to non-treated 

cells. This indicates that cobalt is more harmful to the cells as the incubation period 

increases. 
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Figure 3. 9 MTT assay measured in astrocytoma cells at 72 h. Results are 

percentage values (Mean ± SD, n = 3) where 100% corresponds to control 

values. Cells treated with cobalt in culture medium throughout the experiment. 

Data were analysed by One-way ANOVA followed by Tukey test. *Represents 

significantly different mean values between treatment and control. P value<0.05. 

 
Similarly, after 72 hours the decline viability was even lower in astrocytoma cells 

when treated with same range of concentrations of cobalt, reaching 42% viability at 

400 μM. The calculated LD50 was 358±8 μM cobalt. 
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Table 3. 1 Table summarised the results of calculated LD50 values derived from 

MTT results for both cell lines, SH-SY5Y and U-373 cells. 

 

      LD50                            Cell 

 

SH-SY5Y 

 

U-373 

24h LD50  254±17 713±12 

48h LD50 220±15 422±7 

72h LD50 102±14 358±8 

 

MTT results in astrocytoma cells were more precise than in the SH-SY5Y cells, and 

SD values were smaller due to poor adherence of SH-SY5Y cells as described above 

in section 3.4.1. However, the degree of damage at higher concentrations of cobalt 

with all incubation periods was less than that for the SH-SY5Y cells. It is believed 

that astrocytes (represented here by astrocytoma) as they are located in the brain-

blood barrier have a protective role around neurons and have higher antioxidation 

capacity than neurons (La Quaglia and Manchester, 1996). Additionally, it is known 

that neurons rely on the astrocyte’s metabolic capacity to eradicate oxidative stress 

(Sagara et al., 1993).  

 

3.4.3 ROS detection 

 

Since many metals have been linked to oxidative stress through production of 

reactive oxygen species (ROS) (Shih et al., 2003), the production of ROS in 

neuroblastoma and astrocytoma cells after treatment with a range of cobalt 

concentrations for 4 and 24 hours was investigated. Oxidative stress resulting from 

the generation of reactive oxygen species was reported in SH-SY5Y cells after 
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treatment with mercury (Maxwell and Salnikow, 2004). U-373 cells were also found 

to generate reactive oxygen species after treatment with copper or zinc (Olivieri et 

al., 2000). 

 

3.4.3.1 ROS measurement in SH-SY5Y cells after treatment with cobalt 

 

The generation of the reactive oxygen species (ROS) in SH-SY5Y cells after 

treatment with a range of cobalt concentrations (100, 150 and 200 μM) for 24 hours 

was measured and compared with untreated controls as shown in Figure 3.10. 

 
Figure 3. 10 Measurement of ROS fluorescence intensity in SH-SY5Y cells upon 

exposure to 100, 150, and 200 μM of cobalt for 24h, using carboxy-H2DCFDA to 

detect ROS at an excitation wavelength of 495 nm and emission wavelength of 

525 nm. Data are Mean ± SD, n=3, and were analysed by One-way ANOVA (P 

value <0.3) followed by a Tukey test. 
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Control 100 μM 

Figure 3. 11 Images of SH-SY5Y neuroblastoma cells without cobalt treatment 

(on the top left) and after treatment with 100 μM of cobalt (on the top right). 

Green fluorescence indicates the amount of ROS production in the cells. 

Pictures were taken by the Motic AE31 microscope-100 power dry lenses. 

 

Comparing fluorescence measurements of cobalt treated with non-treated SH-SY5Y 

cells for each incubation period, it was noticed that there was an insignificant 

increase (with P value=0.3 using One-way ANOVA and Tukey test) in fluorescence 

in treated cells in comparison with controls after 4 hours incubation with cobalt (data 

not shown as there were no fluorescence in all concentrations). 

 

On the other hand, there was an increase in the fluorescence measurement of the 200 

μM treated cells after 24 h in comparison with the relevant controls (Figure 3.10). 

This is supported by the visual analysis of the dye concentration inside the cells, as 

the intensity was increased as the concentration of cobalt was increased. However, at 

the higher doses of cobalt (150 and 200 μM), more dead cells were floating in the 

medium which made the pictures not clear and few cells were still attached to the 

base of the petri dish. This finding shows that cobalt was increasing ROS production, 

especially in high doses. 

100 μm 100 μm 
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Note: the high standard deviation in the measurements can be explained at least in 

part by the weakened attachment of SH-SY5Y cells, which leads to detachment of 

cells after any addition of solutions. 

3.4.3.2 ROS measurement in astrocytoma cells after exposure to cobalt for 24 

hours 

 

The U-373 cells were treated with a range of cobalt (100, 150 and 200 μM) for 24 

hours to measure the production of the reactive oxygen species (ROS) in comparison 

with non-treated cells and the results are shown in Figure 3.12. 
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Figure 3. 12 Measurement of ROS fluorescence intensity in U-373 cells upon 

exposure to 100, 150, and 200 μM of cobalt for 24h, using carboxy-H2DCFDA at 

an excitation wavelength of 495 nm and emission wavelength of 525 nm for 

detection. Data are Mean ± SD, n=3 and were analysed by One-way ANOVA (P 

value<0.005) followed by a Tukey test. 

 

 

 

 

 

 

 

 

0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

160

0 100 150 200

%
 M

e
a

n
 a

b
so

rb
a

n
ce

Concentration (μM)

*



 

89  

  

Control 100 μM 

  

150 μM 200 μM 

Figure 3. 13 Images of U-373 astrocytoma cells without cobalt treatment (on the 

left), and after treatment with 100 μM of cobalt for 24 hours (on the top right 

and the two pictures below). Green fluorescence indicates the amount of ROS 

production in the cells. Pictures were taken by the Motic AE31 microscope-100 

power dry lenses. 

 

 

Comparing the fluorescence measurements of cobalt-treated with non-treated U-373 

cells for a 24 hour incubation period, it was noticed that there was an significant (P 

value<0.005) rise in fluorescence in the control cells in contrast to a visible increase 

in fluorescence in the cobalt treated cells at 200 μM concentration. This finding 

indicates that cobalt is inducing ROS at a concentration of 200 μM after a 24 hour 

incubation in the U-373 cells. However, oxidative stress is less obvious < 200 µM. 
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3.4.4 Western blotting (Gels) 

 

3.4.4.1 Western blotting results for neuroblastoma cells 

 

After processing the Western blotting analysis the membranes were scanned and the 

proteins of interest were identified. Figure 3.14 shows the bands of each protein in 

the cells exposed to increasing concentrations of cobalt for 72 hours. 

 

Enzyme 

(M.w.t) 

 Cobalt concentration (μM) 

  Control    25       50       100  

 

UNG1  

(35 kDa)  

OGG-1  

(39 kDa)  

TDG 

(55 kDa)  

DNMT-1 

(183 kDa)  

GAPDH 

(35.8 kDa)  

Figure 3. 14 Expression of UNG1, OGG1, TDG, DNMT and the house keeping 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) proteins in SH-SY5Y cell 

lines after treatment with a range of cobalt concentrations for 72 hours. All 

lanes were loaded with 10 μg total protein. 

 

 

Visual analysis indicated that there are only minor changes between control and 

cobalt treated cells for each enzyme. The replicates showed similar bands with low 

standard deviation as illustrated in Figure 3.15. 
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Figure 3.15 Quantification of the listed proteins in SH-SY5Y cells after 

treatment with a range of cobalt concentrations for 72 hours. Values generated 

by the software ImageJ. Values represent percentage mean ± SD. Data were 

analysed by One-way ANOVA followed by Tukey test. n=3. Values represents 

the ratio of protein expression to the expression of the house keeping protein 

(GAPDH).* Represents mean values that are different from control mean value 

(P value<0.05). 

 

Even though visual analysis did not show any change, optical analysis by ImageJ 

software showed some small changes as illustrated in Figure 3.15. Those marked 

with a star represent significant difference from mean with a P value < 0.05. The 

most noticed change was in uracil DNA glycosylase (UNG) and thymine DNA 

glycosylase (TDG) enzymes, which have an important role in the base excision 

repair process.  
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UNG1 production was increased significantly in the cells treated with 50 μM of 

cobalt. This indicates that the cells reached their highest ability to recognise and 

repair/remove the uracil in the G/U mismatch in the DNA of the cells caused by 

cobalt at this concentration. It is believed that below this concentration cells did not 

produce higher UNG1 either because damage was low or because the damage caused 

by lower concentrations may have been fixed earlier than 72 hours.  

 

Production of TDG was increased significantly (reaching 115% compared to 

controls) in cells treated with 100 μM of cobalt. This indicates that cells reached their 

maximum repair and removal of thymine from G/T mismatch at this concentration of 

cobalt.  

 

In case of the enzyme 8-oxoguanine glycosylase (OGG1), it was significantly 

downregulated by 10% at 100 μM of cobalt compared to relative controls. OGG1 is 

the enzyme that recognise 8-oxo-deoxyguanine (8-oxo-dG) in the DNA (Olivieri et 

al., 2000). DNA methyltransferase (DNMT1) has increased at 25 and 50 μM of 

cobalt by approximately 11% and 6%, respectively. Increase in DNMT1 was 

associated to an increase in the methylation process (Schärer and Jiricny, 2001).  

 

 It should be noted that the changes recorded are small, so although statistically 

significant, they are unlikely to be biologically significant. 
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3.4.4.2 Western blotting results for astrocytoma 

 

Western blotting for astrocytoma cells was conducted on similar concentrations of 

cobalt to those used with the neuroblastoma cells. Bands of each protein obtained 

from scanned membranes are shown in Figure 3.16. 

 

Enzyme 

(M.w.t) 

Cobalt concentration (μM) 

 Control 25 50 100 

UNG1 

(35 kDa)  

OGG-1 

(39 kDa)  

TDG 

(55 kDa)  

DNMT-1 

(183 kDa)  

GAPDH 

(35.8 kDa)  

Figure 3. 16 Expression of UNG1, OGG1, TDG, DNMT and house keeping 

(GAPDH) proteins in U-373 cells after treatment with a range of cobalt 

concentrations for 72 hours. All lanes were loaded with 10 μg total protein. 

 

Visual analysis showed small variances between control and cobalt treated cells. 

Replicates showed reproducible bands with low standard deviations as shown in 

Figure 3.17. 
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Figure 3. 17 Quantification of listed proteins in U-373 cells after treatment with 

a range of cobalt concentrations for 72 hours. Values generated by the software 

ImageJ. Values represent percentage mean ± SD. Data were analysed by One-

way ANOVA followed by Tukey test (n=3). Values represent the ratio of protein 

expression to the expression of the house keeping protein (GAPDH). * 

Represents statistically different mean value from control mean value (P 

value<0.05). 

 

The results of the western blotting showed no difference in the levels of two 

enzymes (UNG1 and OGG1), between the different doses of cobalt and the relevant 

controls. However, TDG increased slightly compared to control at the 100 μM dose 

of cobalt in this experiment. This can be explained by astrocytoma cells starting to 

remove/repair thymine from a G/T mismatch at this concentration of cobalt.  
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It was also noticed that the DNMT-1 band slightly decreased at 100 μM of cobalt. 

This could indicate that cells were losing their ability to methylate at this 

concentration. 

However, the change was low and cross reactivity was high (Figures 1-4 appendix 

3), and care must be taken in the interpretation of the results.  

3.4.5 Real-time PCR 

  

3.4.5.1 Results and discussion for quantitative real-time PCR for the selected 

genes for neuroblastoma (SH-SY5Y) cells  

 

 

Quantitative real-time polymerase reaction (qRT-PCR) was carried out to test for the 

expression of specific genes after treatment of SH-SY5Y cells with a range of cobalt 

concentrations for 72 hours. The genes were chosen to investigate if increased gene 

expression linked to pathways in involved in oxidative stress, DNA deamination and 

DNA methylation could be detected as a result of cobalt treatment. Increased gene 

expression of Mlh1, SIRT2, MeCP2, UNG1 and TDG was identified with a single 

peak for each gene in each sample and no peaks in water and negative controls as 

illustrated in Figures 3.18, 3.19, 3.20 and 3.21. 
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Figure 3. 18 Melt curve for reference gene ribosomal protein L13A (RPL13A) in 

water control sample on the left and negative reverse transcriptase control 

sample on the right.  

 

Absence of peaks in the water control samples show that the water used has no DNA 

contamination either from the environment or samples. Similarly, the absence of 

peaks in the negative reverse transcriptase control samples proved that samples 

without reverse transcriptase have no residues of genomic DNA in them, which can 

result from bad extraction of RNA. 
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Figure 3. 19 Melt curve for reference gene (RPL13A) on the left and Mlh1 gene 

on the right in all samples showing a single reproducible peak for each sample. 
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Figure 3. 20 Melt curve for SIRT2 gene on the left and MeCP2 gene on the right 

in all samples showing a single reproducible peak for each sample. 
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Figure 3. 21 Melt curve for UNG1 gene on the left and TDG gene on the right in 

all samples showing a single reproducible peak for each sample. 

 

 

Quantitative real-time PCR for one reference gene RPL13A and five selected genes; 

Mlh1, SIRT2, MeCP2, UNG1 and TDG for SH-SY5Y cells after treatment with 25, 

50 and 100 μM of cobalt  was carried out. The gene expression in each treated 

sample and the gene expression  in non-treated sample (control) are shown in table 

3.2 and Figure 3.22. Gene expression values were represented as fold change of the 

expression of the gene of interest compared to the expression of the reference gene 

(RPL13A) in the same samples (method detailed in section 2.8 in chapter 2). 
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Table 3. 2 Gene transcription fold change in SH-SY5Y cells after treatment with 

a range of cobalt concentration. Fold change values represented as mean values 

± (STD). 

                                         Cobalt concentration (μM) 

Gene  Control 25 50 100 

Mlh1 Fold change 1 ± (0.14) 0.79 ± (0.15) 2.15 ± (0.11) 4.30 ± (0.05) 

ΔΔCт 0 0.34 -1.10 -2.11 

SIRT2 Fold change 1 ± (0.26) 2.88 ± (0.28) 9.87 ± (0.12) 17.60 ± (0.09) 

ΔΔCт 0 -1.53 -3.30 -4.14 

MeCP2 Fold change 1 ± (0.23) 2.31± (0.33)  11.04 ± (0.24) 24.11 ± (0.14) 

ΔΔCт 0 -1.21 -3.46 -4.59 

UNG1 Fold change 1 ± (0.07) 0.39 ± (0.02) 1.40 ± (0.03) 2.34 ± (0.07) 

ΔΔCт 0 1.37 -0.49 -1.22 

TDG Fold change 1 ± (0.22) 0.85 ± (0.19) 1.39 ± (0.29) 2.13 ± (0.13) 

ΔΔCт 0 0.24 -0.48 -1.09 

 

 

 

Figure 3. 22 Gene transcription in a neuroblastoma cell line after treatment 

with a range of cobalt concentration. Values represent % mean ratio±STD. 

Data were analysed by One-way ANOVA followed by Tukey test (n=3). Mean 

ratio represents mean value of fold change of gene expression compared to the 

reference gene. 
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The SIRT2 and MeCP2 gene expression was upregulated at 50 and 100 μM of cobalt. 

All the other genes were less upregulated when the cobalt concentrations were 

increased.  

Sirtuins (SIRTs) play an important role in the regulation of hypoxia inducible factor-

1α (HIF-1α). Under hypoxia, SIRT2 is the regulatory gene for HIF-1α transcription 

and stability (Lennicke et al., 2015). Upregulation of SIRT2 will lead to reduction in 

the production of HIF-1α. In contrast, downregulation of SIRT2 will yield an 

overexpression of HIF-1α (Seo et al., 2015). SIRT2 was significantly increased as 

the cobalt dose was increased (see Figure 3.22). Suggesting that cobalt toxicity is 

mimicking the conditions produced by hypoxia and that SIRT2 is countering this. 

Cobalt has been proposed as a treatment for type II diabetes since it promotes the 

production of HIF1-α which is suppressed by hyperglycemia (Xioa et al, 2013). 

 

Methyl-CpG Binding Protein 2 (MeCP2) is predicted to bind to methylated 

promoters and silence transcription in SH-SY5Y cells (North and Verdin, 2007). It 

was also found that MeCP2 was involved in the nickel-induced gpt gene silencing 

(Yasui et al., 2007). A decrease in MeCP2 levels was associated with the 

minimisation of the size of neuronal cells (Yan et al., 2003). In our results it was 

increased gradually as the concentration of cobalt was increased. 

 

Uracil DNA glycosylase gene (UNG1) is the major gene in base excision repair and 

the first to detect and repair mismatch in DNA. The increase (up to 2 fold at 100 μM) 

in UNG1 seen here indicates that base excision repair may play an important role in 

the defence mechanism of neuroblastoma cells against cobalt toxification.  
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Mlh1 is one of the mutLgamma (MutLγ) genes (Mlh1 and Mlh3). The MutLgamma 

endonuclease causes R-loop-dependent CAG fragility. The observation of the 

upregulation of Mlh1 provides evidence that breakage at expanded CAG repeats 

occurs due to R-loop formation and reveals a mechanism for CAG repeat instability 

mediated by cytosine deamination of DNA engaged in R-loops followed by 

upregulation of other by MutLγ (Mlh1/Mlh3) producing cleavage (Armstrong, 

2002). The Mlh1 gene was increased by 4 fold at 100 μM of cobalt compared to the 

relevant control.  

 

TDG is responsible for repairing methylation and the conversion of 5-methylcytosine 

to thymine. Thymine DNA glycosylase (TDG) initiates base excision repair by 

cleaving the N-glycosidic bond between the sugar and target base (Su and 

Freudenreich, 2017). This gene was upregulated in the cells by 2 fold at 100 μM of 

cobalt, compared to the control.  

 

3.4.5.2 Results and discussion for quantitative real-time PCR for the selected 

genes for the Astrocytoma cells (U373) 

 

 

Similar to SH-SY5Y cells, the detection of the genes revealed single peaks in all 

samples, with no peaks in water and negative controls as illustrated in Figures 3.23, 

3.24, 3.25 and 3.26. 
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Figure 3. 23 Melt curve for reference gene (RPL13A) in water control sample 

on the left and negative reverse transcriptase sample on the right. 

 
Figure 3. 24 Melt curve for reference gene (RPL13A) on the left and Mlh1 gene 

on the right in all samples showing a single reproducible peak for each sample. 
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Figure 3. 25 Melt curve for SIRT2 gene on the left and MeCP2 on the right in 

all samples showing a single reproducible peak for each sample. 
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Figure 3. 26 Melt curve for UNG1 gene on the left and TDG on the right in all 

samples showing a single reproducible peak for each sample. 

 

 

Quantitative real-time PCR was carried out for one reference gene RPL13A and five 

selected genes; Mlh1, SIRT2, MeCP2, UNG1 and TDG for U-373 cells after 

treatment with 25, 50 and 100 μM of cobalt for 72 hours. Selection of lower cobalt 

concentrations here was made to avoid the decline of cellular viability shown before 

in SH-SY5Y cells (see section 3.4.1), causing all genes to be downregulated. The 

gene expression was compared to the same genes expression in the non-treated cells 

as shown in table 3.3 and Figure 3.27. 
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Table 3. 3 Gene expression exhibited as fold changes in U-373 cells after 

treatment with a range of cobalt concentrations.  Fold change values 

represented as mean values ± (STD). 

  Cobalt concentration (μM) 

Gene  Control 25 50 100 

MLH1 Fold change 1 ± (0.15) 1.67 ± (0.23) 0.92 ± (0.18) 7.89 ± (0.06) 

ΔΔCт - -0.74 0.12 -2.98 

SIRT2 Fold change 1 ± (0.27) 2.89 ± (0.24) 1.13 ± (0.28) 7.68 ± (0.28) 

ΔΔCт - -1.53 -0.18 -2.94 

MeCP2 Fold change 1 ± (0.19) 1.23 ± (0.36) 0.37 ± (0.31) 4.93 ± (0.36) 

ΔΔCт - -0.30 1.45 -2.30 

UNG1 Fold change 1 ± (0.16) 1.27 ± (0.22) 0.66 ± (0.04) 5.99 ± (0.04) 

ΔΔCт - -0.35 0.61 -2.58 

TDG Fold change 1 ± (0.17) 0.86 ± (0.25) 0.43 ± (0.05) 3.61 ± (0.05) 

ΔΔCт - 0.21 1.23 -1.85 

 

 

Figure 3. 27 Expression of genes in astrocytoma cell line after treatment with a 

range of cobalt concentration for 72 hours. Data were analysed by One-way 

ANOVA followed by Tukey test (n=3). Mean ratio represents mean value of fold 

change of gene expression compared to the reference gene. 
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There was highly significant upregulation in the production of Mlh1 and SIRT2 

genes at 25 μM cobalt, with no significant change in MECP2, UNG1 and TDG 

genes. Mlh1 and SIRT2 expression decreased at 50 μM to reach same levels in the 

controls. However, at 100 μM concentration of cobalt all genes were significantly 

upregulated.  

 

Mlh1 increased at 25 and 100 μM, which is responsible for CAG fragility and repeats 

as was explained above in section 3.4.5.1. Thus, it is believed that cobalt at 100 μM 

concentration starts to induce harm to the structure of the nucleic acid.  

 

SIRT2 was significantly increased at 100 μM cobalt in the U-373 cells. An increase 

of SIRT2 will reduce the production of HIF-1α (Da et al., 2018) as this suggests that 

in the case of these cells cobalt is not inducing conditions mimicking hypoxia. 

Interestingly, this gene was increased in SH-SY5Y cells at all concentrations of 

cobalt. This provides evidence of the different function and ability of astrocytoma 

(representing astrocytes) as part of the blood-brain barrier, which protects neuronal 

cells against any toxification. SIRT2 is an imporant component in the antioxidant 

system and one of its functions is activation of the pentose phosphate pathway in 

order to maintain levels of NADPH which can then be used to recycle GSSG back to 

GSH. The higher levels of SIRT2 in the astrocytes would be consisent with their 

improved resistance to cobalt induced oxidative stress. Of all tissues the brain has the 

highest levels of expression of SIRT2 (Maxwell et al., 2011).  
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Another increased gene was MeCP2, which was predicted, in previous study (Seo et 

al., 2015), to bind to methylation promoters and silence transcription in SH-SY5Y 

cells as described in section 3.4.5.1 above.  

 

UNG1 and TDG were both upregulated. They both play an important role in the base 

excision repair pathway. The upregulation of these genes might be linked to the 

improved antioxidant defence of the astrocyte cells. It might be that higher 

concentrations of cobalt are required to see an effect on the expression of these genes 

with this cell line. 

 

Comparing the two cell lines reactions to cobalt, they showed a different response to 

cobalt treatment. Production of genes associated with damage in cell was increased 

at all concentrations of cobalt in the neuroblastoma cells. However, in astrocytoma 

cells the increase in gene expression was more abundant only at 100 μM of cobalt, 

indicating that these cells are more resistant to cobalt. This result suggests a different 

mechanism for defence against cobalt toxicity between the astrocytoma (representing 

blood-brain barrier) and the neuroblastoma (representing neuronal cells in brain).  

3.4.6 Metabolomics 

 

3.4.6.1 Metabolomic results for astrocytoma cells  

 

 

Data generated from LC/MS and analysed by MzMine software were processed in 

Simca-P software in order to visualise the separation between control and treated 

astrocytoma samples. 
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Figure 3. 28 A PCA-X score plot of the separation between control and cobalt 

treated U-373 cells after 72 hours of incubation (n=3). 

 

Astrocytoma cells showed very reproducible data for within sample replicates as 

there was almost no separation between replicates, and no outliers. The separation 

was clear between groups (controls and cobalt treated samples). 

The overall effect of cobalt on the astrocytes was demonstrated by a clear separation, 

using the unsupervised method of PCA, between cobalt treated cells and the 

respective control cells (Figure 3.28). As shown in Figures 3.28, cobalt treated cells 

were shifted farther from the controls as the dose of cobalt was increased. However, 

when a deeper analysis of the induced metabolic changes was carried out, it revealed 

significant changes in multiple metabolites as shown in table 3.1. 
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Although it might be expected from the upregulation of UNG and TDG1 that there 

would be evidence of base excision repair in the metabolomics data, there was no 

evidence for the presence of uracil which would be derived from oxidative damage 

of cytosine residues. However, there was one candidate marker for DNA excision 

repair, which was hydroxy thymidine. The data base search had this compound listed 

as ribosyl imidazole acetate, which is a metabolite of histidine and an isomer of 

hydroxyl thymidine. Without a standard it is difficult to be completely confident in 

the identity of this compound. However, there is a tendency for nucleosides to 

fragment in the source of the instrument losing the sugar portion of the molecule. 

Thus, evidence of the identity of hydroxy thymidine is provided by a fragment of 

hydroxy thymidine, hydroxy methyl uracil, which elutes at the same time as the 

putatively identified hydroxy thymidine as shown in Figure 3.29. It is known that the 

oxidation of either 5-methylcytosine or thymine will end with the formation of 5-

hydroxymethyluracil (Hayes and Knaus, 2013). However, in the current case there is 

no evidence of the presence of hydroxy methyl uracil other than the fragment formed 

in the instrument from hydroxymethylthymidine. Hydroxymethylthymidine has not 

been reported as a DNA excision product.  
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Figure 3. 29 Extracted ion traces showing hydroxymethyl thymidine and a 

corresponding extracted ion trace for hydroxymethyl uracil. 

 

5-Methylcytosine can be spontaneously deaminated and this reaction will result in 

formation of thymine and ammonia, and this deamination is the predominant 

observed single transmutation. If this mutation was detected in the DNA before the 

next replication, it would be fixed by the thymine-DNA glycosylase (TDG) enzyme, 

which detaches thymine in the mismatching of G-T. This creates a basic location in 

the DNA which will be corrected by AP endonucleases, for example UNG1 

(Yonekura et al., 2009). Cytosine can be methylated to 5-Methylcytosine when a 

methyl group is linked to carbon 5, which will change the structure but not the base 

pair function (Neddermann et al., 1996). Formation of 5-Methylcytosine is an 

external genetic alteration caused by DNA methyltransferases (Sassa et al., 2016). 5-

methylcytosine was detected in both cell lines in this experiment and an isomer of 

thymine was also detected but the peak matching thymine, which had changed 

significantly, had a retention time of 11.4 minutes and thus was an isomer of 
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thymine. The peak for the thymine standard runs at 7.3 minutes and the peak 

corresponding to this retention in the samples was not changed by treatment. There 

were strong effects on guanosine and inosine with both these metabolites being 

highly elevated by treatment. Inosine is an isomer of deoxyxanthosine, which is a 

potential oxidation product of deoxyguanosine. However, the retention time of the 

peak matched that of the inosine standard and in addition there was a clear fragment 

ion co-eluting corresponding to hypoxanthine (Figure 3.30). The same is the case for 

guanosine where 5-oxo deoxyguanosine, an important marker of DNA damage, is an 

isomer of guanosine. However, the compound which was elevated in response to 

treatment with cobalt was guanosine according to both its retention time and the co-

eluting fragment for guanine (Figure 3.30). 

One other nucleobase was elevated by treatment which was a methylguanosine. It 

matches the retention time of 1-methylguanine but in the absence of standards for 

other positional isomers it is difficult to be confident in its identity. There was a very 

weak peak, which was elevated in the cells and had a mass corresponding to 

methylcytidine (Figure 3.31). Its retention time matched that of a standard for methyl 

cytidine. From the elevation of MeCP2 protein resulting from treatment with cobalt, 

this indirectly suggests increased methylation of DNA and the most likely site to this 

is the 5 position of cytidine. S-adenosyl methionine (SAM), is the main agent for 

methylation in biological systems and is elevated in response to cobalt treatment as is 

S-adenosylhomocysteine which is the product resulting from transfer of a methyl 

group. Possibly linked to this are elevated levels of trimethylysine. Trimethylysine is 

generated from the degradation of histone proteins, which are methylated by SAM. It 

has been found that MeCP2 promotes methylation of histone tails which is part of its 
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gene silencing activity since methylated histones bind more tightly to DNA 

(Joergenson et al., 2002). Turnover of histones could lead to an increase in the levels 

of trimethyl lysine. Trimethyllysine is the biosynthetic precursor of 

trimethylaminobutanoate, which is hydroxylated to form carnitine and both of these 

compounds are elevated by treatment with cobalt.   

 

Figure 3. 30 Extracted ion traces showing guanosine and a corresponding 

fragment for guanine and inosine and a corresponding fragment for 

hypoxanthine. 
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Figure 3. 31 Extracted ion traces showing a weak peak for methylcytidine and a 

trace showing possibly traces of methyl cytosine. 

 

The astrocytoma cells show marked effects on the nucleosides cytosine and uridine 

which accumulated increasingly as the dose of cobalt was increased. These are RNA 

bases rather than DNA bases. The effects on uridine appear to be particularly 

significant since UDP and UTP are elevated as well as UDP-glucose. Uridine can be 

readily converted to cytidine and CMP and CTP are also increased by cobalt 

treatment (Ulus et al, 2006, Yamamoto et al 2011). The increase in UDP-glucose 

suggests that cobalt may be stimulating glycogen biosynthesis since UDP-glucose is 

the precursor for glycogen formation. UDP-glucose is formed from UTP and glucose 

phosphate both of which are increased by cobalt treatment. However, UDP-xylose is 

also increased and there are non-significant but persistent increases in UDP-N-

acetylglucosamine (UNAC) with cobalt dose, linked to this is the accumulation of 

the N-acetylglucosamine phosphate which is a precursor of UNAC. This suggests 

there might be some effect on the biosynthesis of glycan chains which are attached to 
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glycoproteins and this might relate to the observation that the astrocytes lose their 

ability to adhere to the culture dish following cobalt treatment since glycoproteins 

are involved in cell adhesion (Lowe, 2003).     

CDP-choline and CDP-ethanolamine are both required for phospholipid 

biosynthesis. The are several phospholipids which are significantly increased in the 

treated cells and the effect is most marked for the cells treated with 25 µM cobalt 

suggesting that the capacity of the astrocytes to respond to cell membrane damage is 

greatest at the lowest concentration of cobalt.   

 

The clearest effect of cobalt in astrocytes is in stimulating the anti-oxidant defence 

system and this might be expected from the observation that SIRT-2 is highly 

upregulated in the cells. Glutathione disulfide is an oxidised form of the thiol 

antioxidant glutathione. It is a disulfide formed from two glutathione molecules 

(Edwards et al., 2017), and can be formed as a result of the reduction of peroxides 

such as H2O2 and ROOH  (Meister and Anderson, 1983). Increased of glutathione 

disulfide is considered an important marker for oxidative stress, and has been 

detected in neurodegenerative diseases (Meister, 1988). Glutathione disulfide was 

decreased after exposure to lower concentrations of cobalt (at 25 and 50 μM) for 72 

hours in neuroblastoma cells, but it increased gradually at higher concentrations of 

cobalt (100, 150 and 200 μM). This might be explained by the lower ability of 

neuroblastoma cells to respond to oxidative stress as indicated by the lower LD50 

value obtained in comparison with astrocytes. However, in astrocytoma cells there 

was gradual increase in the level of glutathione disulfide from 2.85 (at 25 μM of 

cobalt) to 9.75 (at 200 μM of cobalt). Astrocytoma cells have a better oxidative 
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defense mechanism than neuroblastoma cells as part of their function as a component 

of the blood-brain barrier requires (Owen and Butterfield, 2010).  

It is clear that the antioxidant defences in the astrocytoma cells are strong since GSH 

levels are maintained although the GSSG levels also increase markedly. This strong 

antioxidant defence is related to the increase in SIRT-2 discussed above. The pentose 

phosphate pathway is upregulated since sedoheptulose phosphate, 6-

phosphogluconate and ribose phosphate are increased (Figure 3.32) and diversion of 

glucose into this pathway provides one of the major routes for converting NADP+ 

into NADPH. NADPH is required for recycling GSSG recycling back into GSH via 

glutathione reductase.  There is some evidence for increased glycolysis in response 

to cobalt treatment since glucose1-phosphate, glucose 5-phosphate, glyceraldehyde 

phosphate and fructose bisphosphate, which are all in the glycolytic pathway are all 

increased. This is reflected to some extent in the slightly increased levels of ATP in 

response to treatment. The use of cobalt to stimulate glycolysis is supported by this 

data but an increase in glycolysis contradicts the increased levels of SIRT-2 which is 

supposed to correlate with higher levels of HIF1-α which should promote oxidative 

phosphorylation and an increase in fatty acid oxidation and the TCA cycle. There is 

some evidence for increased TCA cycle activity particularly at the higher doses of 

cobalt since there is a marked increase in the levels of NADH at 150 and 200 µM 

cobalt. In addition, the cobalt treatment elevated the levels of some acyl carnitines 

and also CoA suggesting increased levels of fatty acid oxidation. A number of 

partially oxidised fatty acids are elevated by the treatment. 
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Figure 3. 32 Extracted ion traces for increased pentose phosphate pathway 

metabolites, sedoheptulose, ribose phosphate and phosphogluconate. 



 

118  

Table 3.1 Metabolomic changes in U-373 cells resulting from cobalt treatment. 

m/z Rt(min) 

 

Metabolite name Ratio 25 p value Ratio 50 p value Ratio 100 p value Ratio 150 p value Ratio 200 p value 

Purines and Pyrimidines 

112.0505 12.0 C4H5N3O *Cytosine 1.852 0.002 2.131 0.004 2.069 0.002 1.333 0.109 1.997 0.027 

115.0503 14.8 C4H6N2O2 5,6-Dihydrouracil 1.430 0.019 1.336 0.045 1.307 0.049 1.295 0.099 1.593 0.007 

166.0721 9.9 C6H7N5O *3-Methylguanine 2.430 0.034 1.745 0.005 2.458 0.053 1.459 0.077 2.110 0.008 

243.062 9.9 C9H12N2O6 *Uridine 4.459 0.033 10.023 0.005 21.015 0.007 0.736 0.444 1.879 0.121 

247.0922 15.8 C9H14N2O6 5-6-Dihydrouridine 1.323 0.005 1.300 0.007 1.287 0.009 1.008 0.937 1.133 0.170 

259.092 12.9 C10H14N2O6 Hydroxythymidine 8.865 0.000 11.137 0.000 19.143 0.000 15.501 0.001 12.625 0.001 

269.0872 11.0 C10H12N4O5 *Inosine 3.779 0.005 5.739 0.011 8.484 0.003 5.006 0.003 10.746 0.012 

284.0984 12.8 C10H13N5O5 *Guanosine 2.226 0.016 2.986 0.012 2.079 0.020 1.323 0.259 1.873 0.126 

Oxidative stress 

126.0217 14.9 C2H7NO3S *Taurine 1.371 0.056 1.344 0.059 1.545 0.007 1.165 0.398 1.007 0.968 

166.0537 13.2 C5H11NO3S L-Methionine S-oxide 1.837 0.007 1.825 0.009 2.274 0.008 1.174 0.496 1.815 0.058 

229.0114 15.1 C5H11O8P D-Ribose 5-phosphate 1.032 0.927 1.217 0.004 1.099 0.003 1.157 0.609 1.931 0.190 

289.0331 16.3 C7H15O10P Sedoheptulose 7-phosphate 2.510 0.058 3.535 0.002 4.502 0.001 2.521 0.044 4.606 0.049 

380.112 13.3 C13H21N3O8S (R)-S-Lactoylglutathione 2.695 0.078 1.579 0.409 0.743 0.637 4.622 0.041 9.314 0.027 

308.0903 14.3 C10H17N3O6S *Glutathione 1.251 0.179 1.299 0.196 2.034 0.001 2.390 0.006 2.903 0.004 

611.1448 17.4 C20H32N6O12S2 *Glutathione disulfide 2.850 0.042 3.485 0.019 4.888 0.048 4.152 0.020 9.741 0.029 

744.0818 16.8 C21H29N7O17P3 *NADP+ 1.292 0.078 1.331 0.095 1.540 0.011 1.833 0.011 2.446 0.008 

Energy Metabolism 

168.9897 15.2 C3H7O6P *Glyceraldehyde 3-phosphate 24.175 0.020 38.612 0.009 41.902 0.002 11.556 0.059 85.573 0.027 

132.0766 14.8 C4H9N3O2 *Creatine 1.470 0.013 1.382 0.023 1.341 0.030 1.330 0.076 1.646 0.005 

173.0207 15.8 C3H9O6P Sn-Glycerol 3-phosphate 1.405 0.056 1.417 0.056 1.754 0.004 1.275 0.345 1.296 0.261 

184.9853 16.8 C3H7O7P 3-Phospho-D-glycerate 4.600 0.097 6.265 0.047 7.848 0.010 1.034 0.924 2.095 0.109 
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212.0425 15.2 C4H10N3O5P *Phosphocreatine 0.986 0.954 1.195 0.399 1.658 0.029 1.598 0.121 1.169 0.492 

259.0222 17.4 C6H13O9P *D-Glucose 6-phosphate 2.381 0.047 2.591 0.023 3.199 0.036 1.308 0.416 1.572 0.239 

259.0223 16.8 C6H13O9P *D-Glucose 6-phosphate 1.565 0.092 1.516 0.109 2.232 0.032 1.468 0.276 2.052 0.146 

259.0223 16.1 C6H13O9P *D-Glucose 1-phosphate 1.579 0.028 2.069 0.003 3.368 0.000 1.236 0.200 1.218 0.371 

338.9888 18.0 C6H14O12P2 *D-Fructose 1,6-bisphosphate 2.924 0.129 4.183 0.037 6.481 0.010 27.505 0.075 23.177 0.094 

428.0357 14.3 C10H15N5O10P2 *ADP 1.075 0.552 1.148 0.412 1.436 0.018 1.132 0.486 1.142 0.338 

508.0029 16.7 C10H16N5O13P3 *ATP 1.305 0.113 1.376 0.061 1.541 0.010 1.252 0.279 1.338 0.135 

664.1148 14.3 C21H28N7O14P2 *NAD+ 1.266 0.124 1.262 0.127 1.553 0.017 1.201 0.322 1.282 0.138 

666.1307 13.4 C21H29N7O14P2 *NADH 0.586 1.196 0.852 1.064 0.573 1.184 0.001 5.675 0.019 9.101 

768.1211 13.7 C21H36N7O16P3S *CoA 1.981 0.075 2.496 0.003 2.735 0.002 1.331 0.175 1.543 0.004 

810.131 12.4 C23H38N7O17P3S Acetyl-CoA 0.659 0.169 0.323 0.002 0.615 0.018 1.860 0.000 1.910 0.001 

Fatty acid metabolism 

146.1173 13.5 C7H15NO2 4-Trimethylammoniobutanoate 1.454 0.043 1.443 0.056 1.551 0.016 1.292 0.212 1.393 0.159 

162.1122 13.4 C7H15NO3 *L-Carnitine 1.375 0.060 1.353 0.094 1.415 0.046 1.179 0.403 1.155 0.487 

232.1539 7.2 C11H21NO4 O-Butanoylcarnitine 2.189 0.078 2.400 0.092 2.488 0.010 1.094 0.811 1.496 0.253 

260.1856 9.5 C13H25NO4 O-hexanoyl-R-carnitine 1.462 0.055 2.313 0.135 2.433 0.029 1.358 0.140 1.552 0.132 

274.2007 7.1 C14H27NO4 Heptanoylcarnitine 1.505 0.126 1.234 0.430 2.017 0.016 1.200 0.510 1.538 0.139 

286.2007 5.7 C15H27NO4 2-Octenoylcarnitine 2.063 0.124 0.657 0.348 0.141 0.019 0.924 0.852 1.020 0.970 

290.1601 7.3 C13H23NO6 3-Methylglutarylcarnitine 1.006 0.958 1.081 0.415 0.808 0.017 0.917 0.202 0.829 0.023 

Nucleobase phosphates 

323.0286 16.3 C9H13N2O9P *UMP 1.566 0.030 1.653 0.032 1.719 0.005 1.354 0.238 1.847 0.071 

324.0583 15.5 C9H14N3O8P *CMP 1.330 0.136 1.345 0.103 1.622 0.014 1.409 0.174 1.732 0.044 

362.0509 19.4 C10H14N5O8P *GMP 2.835 0.051 3.919 0.006 6.686 0.011 2.957 0.036 4.305 0.037 

402.9949 16.6 C9H14N2O12P2 *UDP 1.639 0.278 1.771 0.132 2.275 0.040 1.189 0.659 1.562 0.349 

444.0316 17.6 C10H15N5O11P2 GDP 1.361 0.181 1.237 0.261 1.696 0.000 1.430 0.042 1.520 0.045 

480.9816 16.1 C10H17N2O14P3 dTTP 1.963 0.036 2.085 0.025 2.393 0.002 1.170 0.708 1.560 0.295 
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483.9918 18.5 C9H16N3O14P3 *CTP 1.407 0.078 1.481 0.035 1.787 0.003 1.586 0.070 1.367 0.139 

484.9758 17.9 C9H15N2O15P3 *UTP 1.484 0.041 1.495 0.034 1.675 0.004 1.417 0.113 1.499 0.094 

Tryptophan and nicotinamide metabolism 

123.0555 7.4 C6H6N2O *Nicotinamide 0.032 2.189 0.001 3.041 0.001 4.230 0.635 1.049 0.149 1.300 

138.0547 15.1 C7H7NO2 Anthranilate 1.225 0.163 1.226 0.153 1.415 0.015 1.254 0.203 1.492 0.054 

138.0547 12.9 C7H7NO2 Anthranilate 1.982 0.040 2.330 0.006 3.178 0.008 0.928 0.698 1.682 0.047 

154.0496 13.3 C7H7NO3 3-Hydroxyanthranilate 1.979 0.000 2.079 0.005 2.132 0.001 0.834 0.315 1.385 0.177 

161.1075 10.3 C10H12N2 Tryptamine 1.608 0.030 1.470 0.007 1.892 0.022 1.463 0.057 1.997 0.032 

162.0549 7.2 C9H7NO2 Quinoline-3,4-diol 1.192 0.333 0.995 0.984 0.374 0.012 2.679 0.000 2.743 0.000 

190.0496 7.1 C10H7NO3 Kynurenate 0.898 0.011 0.853 0.003 0.798 0.001 0.976 0.392 0.910 0.053 

205.0967 11.8 C11H12N2O2 *L-Tryptophan 1.525 0.039 1.436 0.052 1.686 0.010 1.567 0.066 2.110 0.029 

206.0811 13.2 C11H11NO3 Indolelactate 1.527 0.013 1.465 0.030 1.590 0.009 1.248 0.324 1.908 0.035 

Methylation 

189.1597 22.3 C9H20N2O2 *N6,N6,N6-Trimethyl-L-lysine 2.306 0.029 1.593 0.002 1.811 0.007 2.026 0.008 2.924 0.002 

385.1279 13.8 C14H20N6O5S *S-Adenosyl-L-homocysteine 1.624 0.024 1.948 0.011 2.348 0.001 1.157 0.431 1.375 0.177 

399.1444 16.6 C15H23N6O5S *S-Adenosyl-L-methionine 1.153 0.174 1.135 0.255 1.190 0.123 1.402 0.012 1.530 0.006 

Sugar Metabolism 

180.0862 15.7 C6H13NO5 D-Glucosamine 1.270 0.198 1.252 0.000 1.943 0.032 1.108 0.047 1.230 0.187 

201.0156 12.9 C4H9O7P D-Erythrose 4-phosphate 1.617 0.014 1.454 0.091 1.729 0.029 1.886 0.056 2.182 0.040 

260.0526 11.9 C6H14NO8P D-Glucosamine 6-phosphate 2.913 0.057 3.388 0.003 4.147 0.004 1.638 0.112 2.693 0.018 

261.038 15.2 C6H15O9P Sorbitol 6-phosphate 1.371 0.305 1.637 0.088 2.696 0.001 2.613 0.034 2.908 0.013 

300.049 15.0 C8H16NO9P N-Acetyl-D-glucosamine 6-phosphate 2.218 0.046 3.184 0.008 4.673 0.005 1.408 0.167 1.885 0.051 

308.0989 13.3 C11H19NO9 N-Acetylneuraminate 2.309 0.002 2.485 0.003 2.570 0.000 1.112 0.717 1.543 0.226 

535.0372 16.2 C14H22N2O16P2 UDP-D-xylose 1.637 0.022 1.642 0.024 1.860 0.003 1.562 0.115 2.404 0.033 

565.0477 16.3 C15H24N2O17P2 *UDP-glucose 2.633 0.015 2.993 0.013 3.207 0.003 1.374 0.363 2.470 0.097 

606.074 15.1 C17H27N3O17P2 *UDP-N-acetyl-D-glucosamine 0.408 1.289 0.611 1.180 0.201 1.480 0.111 2.225 0.098 2.155 



 

121  

Amino acids and their metabolites 

104.0709 16.7 C4H9NO2 *4-Aminobutanoate 0.822 0.280 0.800 0.241 0.558 0.001 0.958 0.685 0.753 0.140 

104.1071 15.1 C5H13NO *Choline 1.312 0.134 1.452 0.051 1.911 0.001 1.835 0.017 2.013 0.009 

106.0501 10.5 C3H7NO3 L-Serine isomer 1.325 0.114 1.257 0.173 1.403 0.024 1.270 0.183 1.323 0.184 

114.055 9.4 C5H7NO2 Pyrroline-5-carboxylate 1.239 0.041 1.275 0.004 1.285 0.014 1.050 0.502 1.047 0.484 

116.0707 12.9 C5H9NO2 *L-Proline 1.510 0.019 1.436 0.017 1.603 0.004 1.503 0.045 1.743 0.030 

120.0655 7.3 C4H9NO3 L-Threonine isomer 1.842 0.053 4.020 0.040 6.931 0.000 1.350 0.109 1.866 0.006 

130.0497 14.6 C5H7NO3 L-1-Pyrroline-3-hydroxy-5-carboxylate 1.216 0.121 1.200 0.182 1.320 0.031 1.287 0.135 1.378 0.099 

132.0303 19.4 C4H7NO4 L-Aspartate 1.780 0.031 2.127 0.002 2.535 0.000 1.841 0.031 2.113 0.010 

132.1017 11.4 C6H13NO2 * IsoLeucine 1.491 0.030 1.393 0.034 1.530 0.028 1.277 0.186 1.665 0.029 

139.05 23.0 C6H6N2O2 Urocanate 0.840 0.035 0.813 0.020 0.691 0.002 0.963 0.377 0.818 0.174 

147.0762 15.2 C5H10N2O3 *L-Glutamine 1.132 0.266 1.191 0.105 1.287 0.008 1.200 0.197 1.272 0.041 

150.0552 7.9 C8H7NO2 5,6-Dihydroxyindole 1.385 0.024 1.492 0.003 1.365 0.018 1.162 0.156 1.423 0.027 

156.0765 15.4 C6H9N3O2 L-Histidine 0.809 0.082 0.703 0.010 0.500 0.001 0.360 0.000 0.390 0.000 

156.0766 16.4 C6H9N3O2 L-Histidine 0.726 0.010 0.617 0.002 0.443 0.000 0.464 0.000 0.418 0.000 

160.1331 13.5 C8H17NO2 DL-2-Aminooctanoicacid 1.564 0.021 1.444 0.056 1.590 0.047 1.234 0.287 1.262 0.273 

166.0858 10.3 C9H11NO2 *L-Phenylalanine 1.527 0.028 1.433 0.039 1.731 0.020 1.402 0.094 1.771 0.027 

174.1122 8.1 C8H15NO3 N-Acetyl-L-leucine 1.158 0.499 1.425 0.015 1.436 0.031 1.255 0.099 1.138 0.529 

175.0962 4.2 C8H14O4 Suberic acid 1.354 0.044 1.407 0.032 1.324 0.023 1.014 0.914 1.210 0.281 

175.1186 26.2 C6H14N4O2 *L-Arginine 1.654 0.004 1.585 0.001 1.841 0.013 0.937 0.635 0.985 0.923 

178.0706 13.2 C6H11NO5 4-Hydroxy-4-methylglutamate 2.146 0.005 2.200 0.002 2.906 0.002 1.554 0.233 3.302 0.012 

182.0813 13.1 C9H11NO3 *L-Tyrosine 1.557 0.022 1.486 0.031 1.667 0.010 1.219 0.413 1.861 0.029 

184.06 13.5 C8H9NO4 4-Pyridoxate 2.154 0.001 1.972 0.006 2.709 0.034 1.441 0.164 1.595 0.110 

184.0969 8.4 C9H13NO3 L-Adrenaline 1.361 0.041 1.470 0.011 1.930 0.002 1.471 0.003 1.599 0.000 

190.0706 14.0 C7H11NO5 N-Acetyl-L-glutamate 1.657 0.033 2.005 0.005 2.409 0.001 2.456 0.003 3.083 0.006 

197.0441 13.3 C9H8O5 3-(3,4-Dihydroxyphenyl)pyruvate 4.084 0.001 4.398 0.004 4.480 0.001 0.783 0.499 1.971 0.218 
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204.0864 13.1 C8H13NO5 N2-Acetyl-L-aminoadipate 2.159 0.073 2.770 0.003 3.343 0.004 1.247 0.483 2.203 0.051 

291.1295 16.8 C10H18N4O6 N-(L-Arginino)succinate 2.501 0.043 2.345 0.051 2.067 0.026 1.105 0.785 1.152 0.750 

Fatty Acids 

223.1701 4.2 C14H24O2 Tetradecadienoic acid 1.829 0.023 1.639 0.026 1.596 0.012 0.902 0.548 1.436 0.286 

241.2172 4.2 C15H30O2 Pentadecanoic acid 1.511 0.016 1.557 0.024 1.464 0.010 0.932 0.643 1.514 0.173 

247.1704 4.1 C16H24O2 Hexadecatetraenoic acid 1.865 0.023 2.131 0.019 2.083 0.012 1.127 0.564 1.615 0.160 

265.1811 4.1 C16H26O3 Hydroxyhexadecatrienoic acid 2.086 0.007 2.370 0.013 2.226 0.007 0.532 0.047 1.234 0.513 

267.1967 4.1 C16H28O3 Hydroxyhexadecadienoic acid 1.831 0.030 2.231 0.030 1.934 0.034 1.142 0.534 1.522 0.234 

299.2021 4.2 C20H28O2 Retinoic Acid 1.980 0.064 2.813 0.041 2.109 0.022 0.947 0.823 1.739 0.159 

299.2594 4.0 C18H36O3 Hydroxyoctadecanoic acid 2.718 0.177 2.569 0.105 2.003 0.018 1.118 0.812 2.437 0.256 

301.2175 4.1 C20H30O2 Eicosapentaenoic acid 1.798 0.047 2.440 0.026 1.971 0.007 0.870 0.455 1.898 0.160 

309.2802 4.1 C20H38O2 Eicosenoic acid 1.712 0.048 1.933 0.020 1.624 0.005 0.699 0.058 1.608 0.250 

311.2958 4.1 C20H40O2 Eicosanoic acid 1.746 0.054 2.634 0.016 2.388 0.003 0.957 0.796 1.867 0.118 

315.2541 4.1 C18H36O4 Dihydroxyoctadecanoic acid 2.339 0.053 2.622 0.021 2.513 0.005 0.979 0.928 1.387 0.341 

317.2125 4.2 C20H30O3 Hydroxy eicosapentaenoic acid 1.888 0.044 2.509 0.052 1.977 0.039 1.003 0.989 1.598 0.242 

327.2163 7.3 C18H30O5 Trihydroxylinoleic acid 0.988 0.868 0.888 0.492 0.584 0.001 0.861 0.072 0.854 0.095 

333.2802 4.2 C22H38O2 Docosatrienoic acid 1.318 0.170 0.881 0.366 0.633 0.014 0.310 0.000 0.899 0.786 

Phospholipid Metabolism 

184.0732 15.0 C5H14NO4P Choline phosphate 1.288 0.073 1.337 0.063 1.504 0.007 1.599 0.019 1.684 0.020 

216.0628 15.8 C5H14NO6P GPE 1.450 0.057 1.543 0.027 1.741 0.009 1.289 0.302 1.367 0.186 

258.1094 14.6 C8H20NO6P GPC 1.259 0.123 1.250 0.151 1.355 0.042 1.320 0.141 1.333 0.123 

383.2189 7.3 C17H35O7P LGP 14:0 0.881 0.470 0.876 0.425 0.617 0.019 0.794 0.129 0.826 0.200 

407.2206 4.8 C19H37O7P Palmitoylglycerone phosphate 1.384 0.393 0.609 0.073 0.330 0.005 0.626 0.101 0.906 0.796 

409.2362 4.2 C19H39O7P LGP16:0 2.086 0.035 1.472 0.002 1.364 0.007 0.678 0.055 2.156 0.225 

438.2993 4.2 C21H46NO6P LPC 13:2 4.999 0.007 4.592 0.000 7.541 0.000 6.148 0.002 20.121 0.045 

447.0672 16.4 C11H20N4O11P2 CDP-ethanolamine 1.706 0.026 1.811 0.018 1.923 0.011 1.620 0.062 1.911 0.065 



 

123  

466.3308 4.2 C23H50NO6P LPC 15:2 4.428 0.004 4.073 0.001 5.939 0.001 4.403 0.003 15.371 0.047 

478.2941 4.7 C23H46NO7P LPE18:0 0.633 0.219 0.314 0.038 0.205 0.023 0.521 0.115 0.537 0.184 

489.1136 15.4 C14H26N4O11P2 CDP-choline 1.358 0.098 1.416 0.046 2.009 0.010 1.819 0.028 2.302 0.007 

496.3389 4.8 C24H50NO7P LPC16:0 0.637 0.108 0.291 0.011 0.293 0.012 1.052 0.832 0.747 0.317 

498.2632 4.7 C25H42NO7P LPE20:5 0.791 0.484 0.319 0.021 0.199 0.011 0.650 0.170 0.453 0.054 

500.2786 4.7 C25H44NO7P LPE20:4 0.549 0.134 0.243 0.024 0.165 0.017 0.552 0.127 0.321 0.035 

524.278 4.6 C27H44NO7P LPE22:6 0.612 0.186 0.325 0.031 0.221 0.019 0.514 0.091 0.306 0.028 

526.2945 4.6 C27H46NO7P LPE22:5 0.491 0.127 0.245 0.036 0.130 0.022 0.377 0.066 0.176 0.026 

528.31 4.6 C27H48NO7P LPE22:4 0.459 0.118 0.237 0.042 0.104 0.024 0.335 0.064 0.155 0.029 

616.4719 4.4 C34H68NO6P SP 16:0 2.019 0.021 1.601 0.005 1.345 0.023 0.306 0.000 0.775 0.439 

659.4666 4.2 C43H64O5 GL 40:10 2.591 0.027 2.091 0.018 1.581 0.025 0.628 0.157 1.980 0.239 

673.4825 4.2 C37H71O8P GP 34:1 2.032 0.016 1.723 0.010 1.447 0.027 0.576 0.063 1.812 0.244 

687.4982 4.2 C45H68O5 GL 42:10 2.586 0.029 2.047 0.016 1.658 0.010 0.677 0.199 2.553 0.157 

716.5246 4.2 C39H76NO8P PE 32:1 2.445 0.039 1.995 0.012 1.566 0.015 0.424 0.015 1.907 0.337 

724.4652 5.1 C36H69NO11S Sulfogalactosylceramided18 1.410 0.307 2.297 0.026 2.953 0.008 0.940 0.871 0.918 0.806 

744.5562 4.2 C41H80NO8P PE 34:1 2.298 0.022 1.812 0.003 1.536 0.020 0.529 0.048 1.876 0.268 

750.5454 4.1 C43H78NO7P PE 38:5 2.485 0.023 1.775 0.008 1.511 0.047 0.717 0.347 2.847 0.173 

752.5598 4.1 C43H80NO7P PE 38:3 ether 3.928 0.010 2.849 0.001 3.674 0.001 1.736 0.308 12.287 0.083 

760.584 4.2 C42H82NO8P PC34:1 2.026 0.007 1.450 0.016 1.454 0.019 0.583 0.041 1.707 0.287 

768.555 4.2 C43H80NO8P PE38:3 2.585 0.014 1.947 0.001 1.568 0.026 0.625 0.213 2.453 0.207 

786.1629 11.6 C27H33N9O15P2 FAD 0.998 0.989 1.047 0.769 1.413 0.040 1.148 0.441 1.388 0.049 

788.6157 4.2 C44H86NO8P PC36:1 2.179 0.005 1.480 0.018 1.608 0.008 0.497 0.087 2.470 0.198 

800.6531 20.3 C46H90NO7P PC38:1 ether 0.998 0.989 0.769 0.197 0.602 0.025 1.121 0.563 1.280 0.281 

835.5306 20.8 C43H79O13P PI34:2 1.127 0.519 0.704 0.140 0.463 0.008 1.089 0.655 1.153 0.596 

1009.639 18.9 C50H92N2O18 Ganglioside GA2 (d18:1/12:0) 0.932 0.735 0.676 0.117 0.297 0.004 1.093 0.693 1.217 0.313 
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3.4.6.2.2 Results and discussion of the metabolomic analysis of the nuclear DNA for 

astrocytoma cells 

 

It was not clear from the metabolomic profiling of the cell extracts if damage to 

DNA was a major effect of cobalt treatment. The DNA samples were injected into 

the LC-MS using the same metabolomics method. The LC-MS data yielded the 

results shown in table 3.2. Again it is not possible to determine much from these 

results since apart from deoxyadenosine the typical DNA bases are at low levels in 

the digest. Deoxy guanosine is present at about 10% of the level of deoxyadenosine, 

thymidine is absent and deoxycytidine is only present in trace amounts. However, 

there appears to be methyldeoxycytidine and a large amount of hydroxymethyl 

deoxycytidine present in both the treated and control cells. The latter compound is 

isomeric with the RNA base 5-methylcytidine but the standard for 5-methylcytidine 

runs 5 minutes earlier than the putatively identified hydroxymethyldeoxycytidine.   

However, such modifications are rare in DNA (Foksinki et al, 2017) and it would be 

unusual to see such a high level of modification of the DNA thus it is possible that 

the hydroxymethyldeoxycytidine is an RNA base which has been methylated within 

the ribose portion of the molecule. It is difficult to decide on what this data means 

particularly since the methyl cytosines are high in the controls as well as the treated 

cells. Metabolomic profiling of purified DNA has only been carried out rarely and in 

view of the somewhat unusual findings it would be necessary to repeat this 

experiment to gain firm conclusions. 
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Figure 3. 33 Extracted ion traces showing hydroxymethyldeoxycytidine, 

adenosine+deoxyguanosine, deoxyadenosine, deoxycytidine and  

methyldeoxycytidine. 

Table 3. 2 Metabolomic data derived from LC-MS of the nuclear DNA after 

separation from astrocytoma treated with cobalt at 25, 50 and 100 μM and non-

treated for 72 hours. (n=3).   

 

m/z Rt (min) Structure Metabolite name 25/C p25/C 50/C p50/C 100/C p100/C 

112.0506 10.3 C4H5N3O Cytosine 1.388 0.100 1.308 0.144 1.129 0.560 

126.0664 9.1 C5H7N3O 5-Methylcytosine 1.305 0.249 1.237 0.245 1.117 0.525 

242.1137 9.7 C10H15N3O4 5-Methyl-2'-deoxycytidine 1.126 0.064 1.244 0.057 1.087 0.460 

244.0929 12.2 C9H13N3O5 Cytidine 1.178 0.069 1.195 0.057 1.111 0.452 

252.1083 7.7 C10H13N5O3 5'-Deoxyadenosine 1.271 0.181 1.173 0.171 1.058 0.722 

253.0926 11.9 C10H12N4O4 Deoxyinosine 0.799 0.547 0.827 0.399 0.712 0.215 

258.1078 11.3 C10H15N3O5 5-Methylcytidine 1.090 0.337 1.158 0.077 1.074 0.554 

259.0925 14.8 C10H14N2O6 Hydroxythymidine 1.104 0.105 0.695 0.379 1.096 0.330 

268.1035 11.1 C10H13N5O4 Deoxyguanosine 1.250 0.372 1.229 0.174 1.091 0.530 

268.1039 8.7 C10H13N5O4 Adenosine 1.105 0.331 1.147 0.092 1.050 0.731 

 
 



 

126  

3.4.6.2 Metabolomics results for the neuroblastoma cells  

 
 

Figure 3. 34 A PCA-X score plot of the separation between control and cobalt 

treated SH-SY5Y cells after 72 hours of incubation (n=3). 

Principal component analysis (PCA) showed clear differences between control and 

cobalt treated samples, and this became wider as the cobalt concentrations were 

increased. The samples showed some variation within replicates but there were no 

outliers. Neuroblastoma cells data were analysed using Simca-P to demonstrate 

geometrical separation and variation between treated and non-treated samples as 

illustrated in Figure 3.34. Table 3.3 summarises the changes in the metabolome of 

the neuroblastoma cells resulting from cobalt treatment. The effects on DNA and 

RNA bases are not as marked as in the case of the astrocytoma cells. The RNA bases 

uridine, cytosine and adenosine have a tendency to be upregulated but not 

consistently with dose. Again elevation of uridine and cytosine might be related to 

the formation of CMP choline and CMP ethanolamine for use in phospholipid 
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biosynthesis. There is evidence of oxidative stress with glutathione and GSSG being 

elevated increasingly with cobalt dose. As with the astrocytes there is an effect on 

glycolysis with ATP being increased markedly with cobalt dose. However, the really 

huge effect of cobalt is on some selected phospholipids, particularly ether lipids but 

also some acyl phospholipids. It is always important to check that the raw data 

reflects the extracted data particularly where changes are very marked and Figure 

3.35 shows a control sample where PE 38:3 is absent but is readily seen and in the 

cobalt treated samples and increases with dose. 

Figure 3. 35 

Extracted ion traces for PE 38:3 ether showing effect of cobalt dose on its levels. 

 

Similarly Figure 3.36 shows the effect of cobalt dose on the levels of the acyl lipid 

PC 38:4 which increases about 1000 fold in response to the higher doses of cobalt. 
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Figure 3. 36 Extracted ion traces showing the effect of cobalt dose on the levels 

of PC 38:4. 

 

It is clear the cobalt stimulates major changes in the cell membrane of the SH-SY5Y 

cells why it should stimulate this type of adaption is not clear.  
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Table 3.3 Induced changes in SH-SY5Y cells after treatment with 0-200 μM of Co for 72 hours (n=6). All data displayed were 

statistically significant (P value <0.05) compared with non-treated cells. Values in brackets represent the mean peak area of the 

metabolite in treated cells; there is no production of this metabolite in controls. * Retention time from sample matches retention 

time from standard. 

m/z  Rt Structure Metabolite name 25/c 

p 

value 50/c 

p 

value 100/c 

p 

value 150/c 

p 

value 200/c 

p 

value 

Nucleotide metabolism 

126.0310 15.8 C4H5N3O2 5-Amino-4-imidazole carboxylate 0.997 0.987 9.832 0.368 0.762 0.032 0.863 0.140 0.571 0.000 

129.0659 14.8 C5H8N2O2 5,6-Dihydrothymine 0.898 0.328 0.659 0.006 0.575 0.002 0.689 0.008 0.678 0.011 

137.0455 15.3 C5H4N4O Hypoxanthine 4.831 0.260 5.100 0.198 2.767 0.012 1.969 0.048 2.692 0.032 

150.0423 12.3 C5H5N5O *Guanine 2.157 0.315 1.474 0.192 2.017 0.214 1.155 0.658 2.657 0.012 

151.0262 11.3 C5H4N4O2 *Xanthine 3.374 0.121 2.226 0.170 2.336 0.038 1.604 0.009 2.302 0.004 

155.0094 10.2 C5H4N2O4 Orotate 0.794 0.051 0.324 0.000 0.415 0.000 0.076 0.000 0.060 0.000 

157.0254 11.1 C5H6N2O4 (S)-Dihydroorotate 1.226 0.491 0.653 0.016 1.078 0.467 0.179 0.000 0.175 0.000 

157.0367 13.8 C4H6N4O3 *Allantoin 0.939 0.674 1.940 0.015 1.343 0.390 2.330 0.002 2.192 0.003 

175.0364 16.6 C5H8N2O5 N-Carbamoyl-L-aspartate 0.395 0.000 0.057 0.000 0.006 0.000 0.007 0.000 0.002 0.000 

242.0786 11.9 C9H13N3O5 *Cytidine 2.338 0.086 1.300 0.135 1.155 0.201 0.963 0.635 1.227 0.046 

243.0625 9.8 C9H12N2O6 *Uridine 2.922 0.056 1.603 0.171 1.444 0.057 0.707 0.019 0.712 0.006 

268.1036 14.3 C10H13N5O4 *Adenosine 3.806 0.244 3.498 0.256 4.562 0.034 1.417 0.083 5.617 0.002 

Oxidative stress 

126.0219 14.9 C2H7NO3S *Taurine 0.833 0.383 0.398 0.000 0.241 0.000 0.206 0.000 0.105 0.000 

229.0119 15.6 C5H11O8P D-Ribose 5-phosphate 3.844 0.009 2.251 0.111 6.988 0.000 3.082 0.019 12.264 0.024 

308.0908 15.3 C10H17N3O6S *Glutathione 0.969 0.792 1.178 0.390 2.364 0.000 3.672 0.000 3.883 0.000 

611.1449 17.3 C20H32N6O12S2 *Glutathione disulfide 4.952 0.148 5.064 0.008 4.589 0.004 7.124 0.010 13.580 0.009 

Energy metabolism 

96.9697 15.2 H3O4P Orthophosphate 1.552 0.140 2.347 0.076 6.403 0.001 3.631 0.012 6.057 0.000 
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130.0620 14.6 C4H9N3O2 *Creatine 1.349 0.317 0.773 0.128 0.690 0.015 0.743 0.011 0.516 0.000 

171.0062 14.6 C3H9O6P Sn-Glycerol 3-phosphate 0.772 0.142 0.402 0.000 0.303 0.000 0.548 0.000 0.565 0.000 

176.9359 16.0 H4O7P2 Pyrophosphate 2.383 0.000 3.911 0.007 7.365 0.000 4.994 0.000 6.490 0.000 

184.9857 16.7 C3H7O7P 3-Phospho-D-glycerate 1.756 0.094 1.724 0.087 7.521 0.015 3.814 0.009 9.725 0.016 

210.0286 15.0 C4H10N3O5P *Phosphocreatine 0.530 0.006 0.236 <0.001 0.017 0.000 0.374 0.001 0.137 0.000 

259.0225 16.8 C6H13O9P *D-Glucose 6-phosphate 1.930 0.232 2.544 0.013 15.295 0.000 4.871 0.164 19.284 0.019 

338.9889 18.3 C6H14O12P2 *D-Fructose 1,6-bisphosphate 1.594 0.052 1.701 0.001 2.166 0.000 2.633 0.000 2.633 0.005 

426.0210 16.4 C10H15N5O10P2 *ADP 3.487 0.000 7.161 0.000 6.746 0.000 9.034 0.008 8.423 0.000 

505.9888 16.4 C10H16N5O13P3 *ATP 2.183 0.003 4.116 <0.001 6.899 0.000 6.681 <0.001 7.687 0.000 

662.1025 14.1 C21H28N7O14P2 *NAD+ 0.960 0.568 0.669 0.001 0.399 0.000 1.010 0.910 0.664 0.016 

Fatty acid metabolism 

146.1173 14.5 C7H15NO2 4-Trimethylammoniobutanoate 18.695 0.221 16.337 0.012 2.866 0.043 30.222 0.002 3.784 0.002 

202.1086 11.1 C9H18NO4 O-Acetylcarnitine 1.749 0.382 0.899 0.767 0.559 0.059 0.572 0.001 0.601 0.002 

230.1400 8.8 C11H21NO4 O-Butanoylcarnitine 5.785 0.227 2.215 0.359 0.943 0.898 0.495 0.041 0.320 0.017 

400.3422 4.7 C23H45NO4 [FA] O-Palmitoyl-R-carnitine 0.426 0.007 0.109 0.000 0.247 0.000 0.033 0.000 0.098 0.000 

Nucleobase phosphate 

321.0489 12.9 C10H15N2O8P dTMP 90.512 0.249 28.323 0.367 
143.64

5 0.033 7.932 0.424 
137.75

0 0.035 

323.0288 15.0 C9H13N2O9P *UMP 6.404 0.186 2.630 0.288 0.945 0.930 2.376 0.012 3.406 0.013 

346.0563 13.7 C10H14N5O7P *AMP 6.782 0.202 5.130 0.124 1.858 0.457 2.369 0.015 4.065 0.008 

347.0401 15.3 C10H13N4O8P *IMP 26.219 0.235 13.732 0.288 10.659 0.129 4.851 0.000 6.375 0.011 

402.0113 16.9 C9H15N3O11P2 CDP 2.644 0.009 3.346 0.000 1.921 0.260 9.075 0.003 17.792 0.000 

402.9953 16.3 C9H14N2O12P2 UDP 2.213 0.005 1.853 0.000 1.311 0.408 3.967 0.003 4.518 0.000 

442.0175 17.7 C10H15N5O11P2 *GDP 2.570 0.037 2.887 0.001 1.803 0.215 4.082 0.000 6.835 0.001 

481.9776 18.2 C9H16N3O14P3 *CTP 1.582 0.036 1.646 0.000 2.835 0.000 5.155 0.004 7.615 0.001 

482.9617 17.7 C9H15N2O15P3 UTP 2.168 0.009 2.663 0.000 4.381 0.000 5.118 0.000 5.993 0.000 

523.9983 19.4 C10H16N5O14P3 GTP 0.501 0.653 2.765 0.342 91.483 0.012 6.894 0.018 
159.82

7 0.049 
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Tryptophan and nicotinamide metabolism 

121.0406 8.0 C6H6N2O *Nicotinamide 1.639 0.263 1.340 0.135 2.595 0.012 1.780 0.002 2.882 0.001 

140.0352 26.4 C6H7NO3 2-Aminomuconate semialdehyde 1.293 0.252 1.476 0.145 1.491 0.382 1.101 0.689 2.405 0.029 

156.0304 13.5 C6H7NO4 2-Aminomuconate 2.622 0.014 4.696 0.004 5.651 0.057 4.278 0.013 5.236 0.023 

164.0354 7.2 C8H7NO3 Formylanthranilate 0.893 0.139 0.733 0.000 0.521 0.000 0.692 0.002 0.509 0.000 

223.0723 13.4 C10H12N2O4 3-Hydroxy-L-kynurenine 3.786 0.016 10.217 0.036 16.859 0.017 7.930 0.009 13.692 0.016 

235.0727 26.5 C11H12N2O4 L-Formylkynurenine 1.699 0.364 3.820 0.024 6.126 0.001 3.706 0.032 10.235 0.028 

Methylation 

102.0549 14.6 C4H7NO2 1-Aminocyclopropane-1-carboxylate 1.457 0.015 0.949 0.759 1.002 0.990 1.856 0.010 2.542 0.006 

150.0579 12.6 C5H11NO2S *L-Methionine 3.235 0.415 0.633 0.617 0.801 0.791 1.302 0.673 3.709 0.023 

176.0386 16.1 C6H11NO3S N-Formyl-L-methionine 0.498 0.012 11.168 0.398 0.089 0.001 0.091 0.001 0.047 0.001 

205.1544 19.8 C9H21N2O3 3-Hydroxy-N6,N6,N6-trimethyl-L-lysine 2.492 0.402 0.604 0.701 1.137 0.896 3.173 0.083 15.563 0.001 

218.0674 13.8 C8H13NO6 O-Succinyl-L-homoserine 6.059 0.072 6.285 0.003 4.102 0.018 5.734 0.002 3.042 0.032 

Sugar metabolism 

117.0193 13.7 C4H6O4 *Succinate 3.223 0.024 7.183 0.000 14.067 0.005 6.857 0.003 12.175 0.012 

119.0349 14.0 C4H8O4 D-Erythrose 6.168 0.157 10.283 0.208 5.881 0.015 2.860 0.077 5.066 0.005 

179.0563 15.4 C6H12O6 *D-Glucose 1.975 0.006 6.072 0.232 3.680 0.004 2.364 0.023 3.554 0.000 

181.0713 27.2 C6H14O6 D-Sorbitol 1.194 0.619 1.568 0.113 2.336 0.008 1.505 0.136 2.843 0.006 

229.0119 15.6 C5H11O8P *D-Ribose 5-phosphate 3.844 0.009 2.251 0.111 6.988 0.000 3.082 0.019 12.264 0.024 

258.0388 14.6 C6H14NO8P D-Glucosamine 6-phosphate 0.624 0.010 0.265 0.000 0.417 0.001 0.703 0.137 0.546 0.004 

300.0493 14.8 C8H16NO9P N-Acetyl-D-glucosamine 6-phosphate 1.602 0.172 1.168 0.228 1.469 0.000 1.546 0.067 2.465 0.008 

341.1094 15.6 C12H22O11 *Sucrose 5.284 0.049 5.353 0.252 11.777 0.000 2.826 0.264 11.913 0.005 

565.0481 16.2 C15H24N2O17P2 *UDP-glucose 1.060 0.430 0.747 0.037 1.061 0.334 1.762 0.000 1.906 0.000 

606.0750 15.0 C17H27N3O17P2 *UDP-N-acetyl-D-glucosamine 1.178 0.366 0.841 0.087 0.968 0.650 1.954 0.000 2.345 0.000 

Amino acids and their metabolites 

           
88.0403 14.9 C3H7NO2 *L-Alanine 0.893 0.500 0.796 0.258 0.973 0.883 1.541 0.044 2.097 0.006 
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102.0549 14.6 C4H7NO2 1-Aminocyclopropane-1-carboxylate 1.457 0.015 0.949 0.759 1.002 0.990 1.856 0.010 2.542 0.006 

102.0558 14.0 C4H9NO2 4-Aminobutanoate 1.210 0.441 0.872 0.508 0.401 0.009 0.815 0.357 0.312 0.004 

104.0354 15.1 C3H7NO3 *L-Serine 3.371 0.250 11.944 0.319 0.480 0.006 0.234 0.000 0.183 0.000 

110.0273 15.0 C2H7NO2S Hypotaurine 0.464 0.008 0.226 0.001 0.171 0.001 0.170 0.001 0.130 0.001 

112.0403 14.0 C5H7NO2 (S)-1-Pyrroline-5-carboxylate 0.923 0.848 0.674 0.274 0.364 0.043 0.506 0.106 0.267 0.026 

116.0706 14.4 C5H9NO2 *L-Proline 2.319 0.200 1.280 0.289 1.596 0.030 2.293 0.010 2.808 0.001 

116.0717 12.5 C5H11NO2 *L-Valine 2.544 0.205 1.581 0.200 2.046 0.037 2.588 0.007 4.371 0.002 

120.0655 14.4 C4H9NO3 *L-Threonine 1.231 0.284 0.731 0.213 0.772 0.253 1.502 0.053 2.592 0.004 

128.0716 27.1 C6H11NO2 L-Pipecolate 0.928 0.814 0.611 0.274 0.153 0.021 0.296 0.043 0.221 0.033 

130.0499 15.0 C5H7NO3 L-1-Pyrroline-3-hydroxy-5-carboxylate 1.308 0.040 1.115 0.115 1.220 0.016 1.864 0.000 2.259 0.000 

130.0861 12.7 C6H11NO2 L-Pipecolate 5.706 0.294 1.368 0.574 2.226 0.211 4.665 0.001 8.024 0.001 

130.0874 11.1 C6H13NO2 *L-Leucine 2.973 0.191 1.675 0.226 1.761 0.024 2.223 0.002 3.672 0.002 

131.0825 22.9 C5H12N2O2 L-Ornithine 0.989 0.902 1.373 0.009 4.277 0.017 5.742 0.001 9.623 0.001 

132.0304 16.6 C4H7NO4 *L-Aspartate 0.330 0.000 0.169 0.000 0.079 0.000 0.084 0.000 0.113 0.000 

132.0304 16.6 C4H7NO4 *L-Aspartate 0.330 0.000 0.169 0.000 0.079 0.000 0.084 0.000 0.113 0.000 

133.0610 15.2 C4H8N2O3 *L-Asparagine 1.409 0.184 0.862 0.550 1.041 0.766 1.582 0.002 2.772 0.000 

136.0756 13.0 C8H9NO *2-Phenylacetamide 3.100 0.277 0.970 0.970 0.983 0.981 1.821 0.291 5.453 0.029 

137.0356 13.5 C6H6N2O2 Urocanate 0.713 0.444 0.201 0.031 0.118 0.021 0.121 0.021 0.147 0.024 

145.0982 24.6 C6H14N2O2 *L-Lysine 2.091 0.108 1.331 0.205 1.981 0.041 1.904 0.003 2.865 0.011 

146.1173 14.5 C7H15NO2 4-Trimethylammoniobutanoate 1.722 0.525 0.375 0.009 0.055 0.002 0.604 0.061 0.098 0.002 

147.0760 15.0 C5H10N2O3 *L-Glutamine 1.328 0.132 1.192 0.437 1.836 0.001 2.390 0.000 3.699 0.001 

156.0764 14.8 C6H9N3O2 *L-Histidine 1.157 0.400 0.630 0.047 0.515 0.017 0.216 0.002 0.302 0.003 

161.0921 11.3 C6H12N2O3 D-Alanyl-D-alanine 6.649 0.202 5.298 0.192 2.331 0.581 5.766 0.116 14.809 0.029 

164.0718 10.3 C9H11NO2 *L-Phenylalanine 1.404 0.176 1.210 0.095 1.618 0.037 2.399 0.002 3.859 0.001 

173.0819 13.7 C8H14O4 Suberic acid 2.944 0.012 6.492 0.015 7.006 0.018 3.997 0.016 6.052 0.040 

173.1043 26.2 C6H14N4O2 *L-Arginine 1.953 0.068 0.815 0.464 0.416 0.000 0.087 0.000 0.159 0.000 
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176.0559 10.9 C6H11NO5 4-Hydroxy-4-methylglutamate 5.410 0.231 3.452 0.212 3.280 0.263 15.466 0.068 50.017 0.003 

178.0512 7.5 C9H9NO3 Hippurate 1.331 0.226 1.197 0.454 1.998 0.042 1.195 0.354 1.867 0.046 

179.0351 11.3 C9H8O4 3-(4-Hydroxyphenyl)pyruvate 2.099 0.248 1.576 0.290 1.025 0.813 1.421 0.059 1.938 0.000 

180.0661 13.0 C9H11NO3 *L-Tyrosine 1.781 0.371 0.930 0.566 1.550 0.151 1.955 0.002 3.569 0.002 

202.0725 13.5 C8H13NO5 N2-Acetyl-L-aminoadipate 10.658 0.269 3.903 0.155 10.021 0.036 3.054 0.059 5.954 0.010 

202.1086 11.1 C9H18NO4 *O-Acetylcarnitine 1.749 0.382 0.899 0.767 0.559 0.059 0.572 0.001 0.601 0.002 

Phospholipid metabolism 

104.1070 19.8 C5H13NO *Choline 10.267 0.230 1.139 0.907 1.721 0.502 5.950 0.042 20.031 0.006 

184.0731 15.1 C5H14NO4P Choline phosphate 1.152 0.286 0.810 0.229 1.076 0.489 1.697 0.002 1.742 0.002 

445.0534 16.2 C11H20N4O11P2 CDP-ethanolamine 2.181 0.324 0.884 0.810 1.769 0.033 2.456 0.069 5.569 0.002 

489.1153 15.3 C14H26N4O11P2 CDP-choline 3.875 0.214 2.268 0.406 2.405 0.075 2.445 0.001 5.964 0.000 

494.3247 4.8 C24H48NO7P Lyso PC 16:0 0.795 0.281 6.191 0.018 0.632 0.014 4.619 0.004 0.655 0.027 

540.5364 4.0 C34H69NO3 SP 16:0 8.180 0.217 3.521 0.055 58.303 0.024 11.044 0.106 160.65 0.045 

556.3057 4.3 C28H48NO8P PC 20:4 0.385 0.005 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

622.6135 4.0 C40H79NO3 SP 22:0 0.391 0.366 1.430 0.764 98.445 0.010 19.749 0.139 319.91 0.047 

650.6456 4.0 C42H83NO3 SP 24:0 0.770 0.737 2.975 0.337 158.34 0.005 28.975 0.105 521.02 0.026 

673.4822 4.1 C37H71O8P GP 34:1 2.202 0.518 4.976 0.239 506.08 0.000 167.16 0.092 735.88 0.007 

740.5581 4.0 C42H78NO7P PC 34:3 ether <0.001 0.119 0.000 0.119 33.118 0.000 5.191 0.143 59.269 0.009 

746.5680 4.0 C41H80NO8P PE 34:1 1.140 0.724 1.471 0.255 50.110 0.000 6.371 0.080 83.962 0.017 

746.6068 4.1 C42H84NO7P PC 34:0 ether 2.630 0.497 31.645 0.054 2211.4 0.000 232.32 0.058 3573.5 0.017 

748.5865 4.1 C41H82NO8P PE 36:0 0.000 0.363 25.798 0.054 2512.5 0.000 262.11 0.076 4548.6 0.009 

750.5433 4.0 C43H76NO7P PE 38:6 ether 0.842 0.875 4.170 0.164 277.51 0.000 42.203 0.055 363.50 0.020 

752.5591 4.0 C43H78NO7P PE 38:5 ether 0.622 0.537 3.016 0.139 157.35 0.000 26.853 0.058 257.42 0.014 

754.5750 4.0 C43H80NO7P PE 38:3 ether 2.469 0.604 30.704 0.065 2531.3 0.000 449.17 0.052 4229.9 0.010 

760.5844 5.2 C42H82NO8P PC 34:1 0.707 0.500 1.028 0.949 29.491 0.008 5.211 0.134 67.083 0.007 

768.5892 4.0 C44H82NO7P PC 36:3 ether 0.688 0.671 8.604 0.087 767.92 0.000 112.91 0.069 1505.0 0.017 



 

134  

770.5691 4.0 C43H80NO8P PE 38:3 0.406 0.476 5.596 0.134 462.46 0.000 78.203 0.085 743.57 0.013 

774.5989 4.0 C43H84NO8P PE 38:1 1.992 0.312 1.591 0.378 99.261 0.000 11.662 0.076 181.30 0.020 

778.5747 4.0 C45H80NO7P PE 40:6 ether 0.636 0.552 2.661 0.181 138.43 0.000 20.234 0.048 151.74 0.015 

788.5443 3.8 C42H80NO10P PS 36:1 0.504 0.100 0.761 0.285 30.434 0.003 4.560 0.096 30.130 0.027 

794.6059 4.0 C46H84NO7P PC 38:5 ether 0.442 0.542 6.947 0.142 685.23 0.000 113.49 0.058 1455.5 0.026 

796.5855 4.0 C45H82NO8P PE 40:4 0.583 0.493 2.645 0.196 177.54 0.000 32.480 0.068 306.31 0.008 

810.6003 4.0 C46H84NO8P PC 38:4 0.871 0.875 7.516 0.073 606.63 0.000 92.205 0.078 1126.3 0.017 

885.5492 3.8 C47H83O13P PI 38:4 0.343 0.034 0.566 0.146 22.911 0.007 5.785 0.066 45.801 0.043 

Fatty acids 

101.0608 5.3 C5H10O2 Pentanoate 1.726 0.527 0.822 0.527 2.191 0.226 1.660 0.236 3.888 0.006 

115.0765 4.9 C6H12O2 Hexanoic acid 1.125 0.623 1.216 0.350 1.695 0.019 3.029 0.005 4.852 0.000 

127.0401 4.5 C6H8O3 Oxohexenoic acid 1.262 0.283 0.729 0.036 0.833 0.191 0.997 0.983 1.476 0.042 

129.0922 4.7 C7H14O2  heptanoic acid 1.071 0.740 1.019 0.920 1.295 0.147 2.500 0.003 3.846 0.000 

141.0921 4.9 C8H14O2 Octenoic acid 0.994 0.978 1.025 0.904 1.311 0.168 1.893 0.007 3.792 0.000 

143.1079 4.6 C8H16O2 Octanoic acid 0.888 0.543 1.050 0.790 1.420 0.056 2.484 0.005 4.385 0.001 

145.0506 13.5 C6H10O4 Adipate 2.951 0.007 5.326 0.005 7.865 0.016 4.187 0.005 6.135 0.012 

145.0870 4.8 C7H14O3 Hydroxy-heptanoic acid 1.289 0.448 1.546 0.056 1.722 0.034 3.787 0.026 7.159 0.000 

147.0662 7.7 C6H12O4 Dihydroxy-pentanoic acid 1.842 0.178 1.307 0.340 1.171 0.504 1.706 0.017 2.730 0.000 

153.0922 4.6 C9H14O2 Nonadienoic acid 1.328 0.413 1.020 0.913 1.192 0.451 1.490 0.023 2.393 0.001 

155.0715 31.8 C8H12O3 Oxoctenoic acid 0.820 0.717 0.906 0.854 0.453 0.181 0.241 0.039 0.261 0.037 

157.0870 14.1 C8H14O3 oxo-octanoic acid 0.753 0.176 0.496 0.003 0.246 0.000 0.306 0.000 0.207 0.000 

157.1236 4.3 C9H18O2 Nonanoic acid 0.894 0.724 0.836 0.577 0.963 0.897 1.458 0.156 2.683 0.007 

159.0662 13.6 C7H12O4 Heptanedioic acid 2.562 0.009 4.639 0.009 7.040 0.022 3.934 0.015 5.878 0.031 

171.0663 11.1 C8H12O4 Octanoic acid 1.727 0.033 1.627 0.037 2.240 0.028 7.495 0.029 14.733 0.000 

171.1028 14.4 C9H16O3 Oxononanoic acid 1.044 0.876 0.847 0.560 0.581 0.056 0.681 0.156 0.534 0.019 

173.0819 13.7 C8H14O4 Suberic acid 2.944 0.012 6.492 0.015 7.006 0.018 3.997 0.016 6.052 0.040 
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173.1183 4.7 C9H18O3 Hydroxy-nonanoic acid 1.499 0.275 1.530 0.056 1.427 0.190 2.255 0.012 4.040 0.000 

175.0972 4.9 C8H16O4 Dihydroxy-octanoic acid 1.288 0.327 1.171 0.205 1.766 0.015 3.862 0.027 7.579 0.000 

185.1181 4.8 C10H18O3 Oxodecanoate 1.164 0.607 0.994 0.973 0.978 0.912 1.083 0.672 1.684 0.004 

187.1340 4.3 C10H20O3 Hydroxydecanoic acid 1.344 0.269 1.134 0.395 1.062 0.664 1.947 0.046 3.313 0.000 

199.0971 4.9 C10H16O4 Decenedioic acid 1.536 0.229 1.405 0.247 1.533 0.126 2.449 0.008 3.783 0.000 

199.1340 13.9 C11H20O3 Hydroxyundecenoic acid 0.969 0.903 0.490 0.112 0.053 0.005 0.374 0.033 0.027 0.005 

201.1133 4.7 C10H18O4 Decanedioic acid 2.045 0.256 1.389 0.101 1.988 0.015 3.263 0.010 5.501 0.000 

201.1497 4.4 C11H22O3 Hydroxy-undecanoic acid 1.140 0.501 1.164 0.485 1.356 0.103 1.785 0.013 3.061 0.000 

211.1341 4.3 C12H20O3 Dodecenoic acid 2.117 0.306 1.362 0.245 1.418 0.197 1.527 0.005 2.271 0.000 

211.1692 4.5 C13H22O2 Tridecadienoic acid 1.369 0.111 1.038 0.887 1.203 0.381 1.883 0.033 3.176 0.002 

213.1498 4.3 C12H22O3 Oxododecanoic acid 1.361 0.406 1.039 0.848 1.051 0.787 1.044 0.802 1.592 0.005 

215.1290 4.4 C11H20O4 Undecanedioic acid 1.671 0.265 1.204 0.345 1.288 0.150 1.856 0.010 2.233 0.013 

215.1653 4.4 C12H24O3 Hydroxydodecanoic acid 1.938 0.256 1.231 0.356 1.415 0.061 2.312 0.010 3.658 0.000 

217.1082 4.9 C10H18O5 Hydroxysebacicacid 1.354 0.253 1.261 0.096 1.455 0.030 2.184 0.015 3.543 0.000 

221.0825 4.4 C12H14O4 Dodecatetraenedioic acid 0.863 0.296 0.978 0.853 1.348 0.022 2.299 0.005 3.720 0.004 

227.1659 4.2 C13H24O3 Oxo-tridecanoic acid 1.854 0.355 1.238 0.479 1.311 0.329 1.315 0.246 2.004 0.003 

229.1448 4.7 C12H22O4 Dodecanedioic acid 2.848 0.200 1.773 0.199 1.550 0.141 1.900 0.002 3.120 0.000 

229.1811 4.2 C13H26O3 Hydroxy-tridecanoic acid 2.108 0.309 1.246 0.427 1.352 0.269 1.602 0.026 2.866 0.000 

230.1400 8.8 C11H21NO4 O-Butanoylcarnitine 5.785 0.227 2.215 0.359 0.943 0.898 0.495 0.041 0.320 0.017 

241.2176 13.3 C15H30O2 Pentadecanoic acid 0.740 0.466 0.405 0.071 0.227 0.029 0.269 0.034 0.227 0.029 

243.1604 4.7 C13H24O4 Tridecanedioic acid 4.722 0.196 2.212 0.275 1.310 0.311 1.428 0.136 2.419 0.000 

243.1970 4.1 C14H28O3 Hydroxytetradecanoic acid 2.971 0.305 1.484 0.391 1.501 0.285 0.931 0.743 1.663 0.011 

245.1398 4.3 C12H22O5 Hydroxydodecanedioicacid 1.589 0.183 1.310 0.160 1.511 0.014 2.194 0.003 3.816 0.000 

249.1848 4.3 C16H24O2 Hexadecatetraenoic acid 1.690 0.202 1.050 0.790 0.959 0.803 1.090 0.513 1.352 0.015 

257.1764 4.4 C14H26O4 Tetradecanedioic acid 1.441 0.359 1.052 0.832 1.436 0.014 0.888 0.331 1.456 0.004 

259.1913 4.4 C14H28O4 Dihydroxy-tetradecanoic acid 9.395 0.224 3.985 0.241 4.400 0.244 2.306 0.105 8.522 0.001 
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269.2127 3.9 C16H30O3 Oxo-hexadecanoic acid 1.966 0.259 1.975 0.186 2.980 0.043 2.978 0.031 3.415 0.004 

273.1714 4.1 C14H26O5 Hydroxytetradecanedioicacid 1.934 0.068 1.517 0.047 3.121 0.000 4.402 0.012 10.418 0.001 

273.2058 4.2 C15H28O4 Pentadecanedioic acid 0.670 0.269 0.205 0.009 0.021 0.004 0.029 0.004 0.000 0.004 

277.2162 4.3 C18H28O2 Octadecatetraenoic acid 2.725 0.296 1.204 0.606 0.894 0.779 0.669 0.026 0.550 0.009 

281.2473 4.2 C18H32O2 Linoleate 1.279 0.579 0.614 0.247 0.445 0.110 0.445 0.109 0.215 0.039 

283.2628 4.2 C18H34O2 Oleate 1.557 0.439 0.838 0.342 0.784 0.462 0.490 0.014 0.347 0.003 

284.2946 4.5 C18H37NO Octadecanamide 0.659 0.053 0.700 0.010 0.719 0.007 0.602 0.000 0.664 0.001 

285.2073 4.2 C16H30O4 Hexadecanedioic acid 3.392 0.270 1.670 0.364 1.585 0.347 1.032 0.892 1.617 0.029 

291.1967 4.1 C18H28O3 oxo-octadecatrienoic acid 0.771 0.150 0.449 0.000 0.245 0.000 0.226 0.000 0.130 0.000 

303.2318 4.3 C20H30O2 Eicosapentaenoic acid 1.990 0.257 1.107 0.793 0.993 0.977 0.834 0.221 0.605 0.009 

307.2636 4.2 C20H34O2 Eicosatrienoic acid 2.208 0.404 0.607 0.120 0.410 0.014 0.403 0.000 0.139 0.000 

313.2373 4.5 C18H32O4 Dihydroxy octadecadienoic acid 3.697 0.312 1.242 0.546 1.186 0.775 0.521 0.008 0.589 0.048 

313.2735 4.1 C19H36O3 Oxo-nonadecanoic acid 0.628 0.371 0.077 0.000 0.124 0.000 0.021 0.000 0.059 0.000 

323.1870 4.1 C18H28O5 Oxo-octadecatrienoic acid 11.560 0.200 5.573 0.096 8.792 0.061 10.526 0.009 21.092 0.002 

327.2183 4.2 C18H32O5 Trihydoxy linoleic acid 7.232 0.253 2.444 0.266 3.558 0.315 1.521 0.271 2.996 0.018 

341.1969 3.9 C18H30O6 Tetrahydroxy linolenic acid 18.610 0.166 11.308 0.108 12.328 0.053 13.634 0.015 29.874 0.001 

345.2288 4.6 C18H34O6 Tetrahydroxy oleic acid 158.05 0.221 52.668 0.225 51.223 0.291 40.947 0.147 57.100 0.011 

351.2162 4.3 C20H30O5 Trihydroxy eicosatetraenoic acid 2.363 0.246 1.295 0.517 1.467 0.250 0.983 0.941 1.922 0.027 

353.2340 4.4 C20H34O5 Trihydroxyeicosatrienoic acid 16.607 0.305 8.452 0.287 12.092 0.336 2.781 0.218 4.877 0.034 

353.3413 4.4 C23H44O2 Tricosenoic acid 0.689 0.327 1.363 0.101 1.808 0.006 2.189 0.000 2.148 0.000 

355.3204 4.4 C22H42O3 oxo-docosanoic acid 1.089 0.661 1.350 0.224 1.881 0.003 1.771 0.042 1.795 0.033 

365.1971 4.7 C20H30O6 Tetrahydroxy eicosapentaenoic acid 10.955 0.245 5.343 0.296 2.669 0.424 10.939 0.311 7.601 0.010 

365.3422 4.4 C24H44O2 Tetracosadienoic acid 0.872 0.611 0.943 0.788 1.287 0.111 1.187 0.440 1.532 0.026 

367.3567 4.4 C24H46O2 Tetracosenoic acid 0.887 0.638 1.102 0.658 1.596 0.017 1.784 0.012 1.687 0.004 

400.3422 4.7 C23H45NO4 [FA] O-Palmitoyl-R-carnitine 0.426 0.007 0.109 0.000 0.247 0.000 0.033 0.000 0.098 0.000 
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Figure 3. 37 Extracted ion traces for decandioic acid showing the effect of cobalt 

dose on its levels. 

 

Figure 3. 38 Extracted ion traces for hydroxy decanoic acid showing the effect 

of cobalt dose on its levels. 

 

In addition to the effect of cobalt on phospholipids it causes a general increase in 

levels of partially oxidised fatty acids. Many dioic acids are increased by the 

treatment. Dioic acids are produced by peroxisomal oxidation of long chain fatty 
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acids via hydroxylation in position 1 of the fatty acid chain (Wanders et al. 2006). 

Without a suitable standard it is not possible to specify the position of hydroxylation 

in the current data but many hydroxy fatty acids are also elevated. Figures 3.37 and 

3.38 show extracted ion traces for decandioic acid and its corresponding hydroxyl 

acid. Although the peak shapes are not good the elevation of the two compounds 

with cobalt dose is clear.  

 
 
Table 3. 4 Metabolomic data derived from LC-MS of the nuclear DNA after 

separation from neuroblastoma treated (25, 50 and 100 μM) and non-treated 

with cobalt for 72 hours. (n=3). * Mean peak area, as the control sample value 

was zero. P represents P value for each concentration. 

m/z Rt 

(min) 

Structure Metabolite 25/C P25/C 50/C P50/C 100/C P100/C 

150.0771 11.2 C6H7N5 Methyladenine 0.65 0.591 0.48 0.412 0.31 0.292 

137.0459 9.4 C5H4N4O Hypoxanthine 0.45 0.003 0.28 0.006 0.17 0.002 

269.0876 10.9 C10H12N4O5 Inosine 0.65 0.189 0.36 0.074 0.29 0.058 

136.0616 8.8 C5H5N5 Adenine 0.54 0.020 0.47 0.018 0.40 0.011 

268.1039 8.8 C10H13N5O4 Adenosine 0.56 0.002 0.48 0.000 0.40 0.000 

252.1087 7.7 C10H13N5O3 Deoxyadenosine 0.54 0.013 0.49 0.020 0.36 0.010 

251.0791 15.5 C10H12N4O4 Deoxyinosine 0.50 0.683 0.59 0.723 0.39 0.605 

483.9922 13.7 C9H16N3O14

P 

CTP 4.29 0.043 11.81 0.039 8.87 0.014 

244.0931 12.1 C9H13N3O5 Cytidine 0.67 0.018 0.45 0.001 0.38 0.000 

112.0507 10.5 C4H5N3O Cytosine 0.52 0.041 0.37 0.032 0.26 0.021 

126.0666 9.1 C5H8N3O 3-methylcytosine 0.53 0.004 0.37 0.004 0.27 0.001 

331.0445 14.9 C10H11N4O 3',5'-Cyclic IMP 0 0.000 82453

45* 

0.418 18211

030* 

0.139 

127.0502 6.7 C5H6N2O2 Thymine 0.57 0.073 0.56 0.083 0.40 0.041 

129.0658 11.3 C5H8N2O2 5,6-

Dihydrothymine 

0.82 0.010 0.64 0.022 0.59 0.010 

152.0564 11.1 C5H5N5O Guanine 0.53 0.021 0.37 0.019 0.26 0.014 

243.0619 10.0 C9H12N2O6 Uridine 5.12 0.114 10.56 0.119 5.75 0.289 

 

From the analysis of the data obtained from the DNA digest the majority of the bases 

were decreased as the cobalt concentration was increased with the exception of 

uridine. However, cytidine triphosphate (CTP) was increased significantly by the 

treatment of cobalt at all concentrations (25, 50 and 100 μM) after 72 hours of 
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incubation. CTP is a substrate used to sythesise RNA (Shih et al., 2003) and it is not 

clear why CTP was increased here since it should not be a part of DNA and 

phosphatase treatment used during the isolation should have converted it to cytidine. 

Overall it is not possible to determine much from these data and it is likely that the 

digest procedure used failed to properly digest the DNA into its constituent 

nucleosides. 

 

3.5 Conclusion 

 

Although the biological results using PCR suggested that DNA repair was 

upregulated when the cell lines were treated with cobalt there was not much evidence 

in the metabolomics results supporting this. This might be because the levels of 

DNA modification are very low and thus the metabolites resulting from base 

excision are not observed in an untargeted screen. In addition, although there were 

marked increased in gene transcription for the DNA repair enzymes the actual level 

of the expression of the proteins as judged from Western blotting was not much 

increased in comparison with controls. 

Brain cells are continuously dealing with ROS production resulting from normal 

functions and they have different ways of defence against ROS and oxidative stress. 

These ways include antioxidant enzymes, such as glutathione peroxidase, superoxide 

dismutase and catalase (Agholme et al., 2010; Christensen et al., 2011). There is a 

clear effect of cobalt treatment on the astrocyte cells where SIRT-2 is upregulated 

and the antioxidant defence system is also upregulated as judged by increases in 

pentose phosphate pathway metabolites and glutathione and oxidised glutathione. 
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This is a much clearer effect than any effects of DNA damage from the cobalt. 

Amongst the nucleosides uridine is markedly increased and this might be related to 

its role in producing CMP-choline and CMP-ethanolamine for phospholipid 

biosynthesis and in the production of sugar conjugates such as UDP-glucose. There 

are some marked effects on phospholipids with specific phospholipids being 

elevated. Further work is required to characterise these phospholipids in more detail.  

The effects of cobalt on the neuroblastoma cells were similar to those on the 

astrocytes in so far as there were marked effects in increasing glutathione and GSSG. 

There were no clear effects on DNA bases. Where the neuroblastoma cells differed 

from the astrocytes was in the strong effect of the cobalt on phospholipids. Several 

phospholipids were hugely elevated by the treatments suggesting a re-modelling of 

the cell membrane. Some of the elevated lipids were common between the two cell 

lines. Again MSn experiments with more selective chromatography would be 

required to fully characterise these lipids. In addition cobalt appeared to stimulate 

peroxisomal proliferation in the neuroblastoma cells with many dioic acids which are 

typical markers of peroxisome proliferation being elevated. 

3.6 Summary of findings 
 

The main findings of this chapter are:  

1- The results of the MTT assay have shown that cobalt is toxic to the SH-SY5Y and 

U-373 cells with more potency on SH-SY5Y cells. 

2- ROS measurement assay showed an increase in fluorescence in SH-SY5Y cells at 

100 μM of cobalt and in U-373 cells at 200 μM of cobalt. 
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3- Metabolomic analysis of both cell lines (SH-SY5Y and U-373) showed that cobalt 

is inducing an intracellular change in both cell lines. 

4- The metabolomic analysis of whole cell extracts showed an increase in 

metabolites associated with oxidative stress and glutathione oxidation pathways. The 

evidence for DNA methylation and hydroxy methylation was weaker. 

5- The metabolomics analysis of the extracted DNA of both cells did not show 

conclusive changes in the levels of modified DNA. The lack of clear results might be 

due to the very low levels of this type of modification within DNA, the level of RNA 

contamination of the DNA sample and also possibly incomplete digestion of the 

sample.  

6- The results of the RT-PCR experiment showed an increase in the genes (Mlh1, 

SERT2, MeCP2, UNG1 and TDG) in both cell lines after treatment with cobalt, and 

these genes were associated with the aforementioned pathways in both cell lines.  
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4.1 Abstract 
 

Mephedrone used to be called “legal high” which is beta-keto cathinone. Studies of 

the metabolism of mephedrone have revealed both Phase I and Phase II metabolites 

(Khreit et al., 2013; Pozo et al., 2015). In the current study three cell lines (HepG2, 

U373 and SH-SY5Y), hepatocytes and cultured rat hepatocytes were used to 

investigate the metabolism of mephedrone according to cell type. Cell lines were 

treated with 100 μM of mephedrone for 6 days and primary rat hepatocytes were 

treated with the same concentration of mephedrone for 24 and 48 hours. The cells 

were extracted with a cold mixture of methanol:acetonitrile:distilled water (50:30:20) 

(v/v) before being centrifuged and injected onto the liquid chromatography-mass 

spectrometry-mass spectrometry (LC-MS2). Data were analysed with Xcalibur, 

Mzmine and Microsoft Excel. 

Analysis revealed 14 metabolites in addition to the parent drug across the different 

cell lines. Mephedrone showed a time dependent metabolism profile. In addition, the 

abundance of each metabolite showed time dependence relation. Comparison of the 

metabolism of mephedrone in the cultured hepatocytes in comparison with the 

freshly isolated hepatocytes showed a different pattern due to impaired metabolism 

in cultured hepatocytes.  

 

 

 

 

 



 

144  

4.2 Introduction 
 

4.2.1 Mephedrone 

 

Mephedrone (4-methylmethcathinone) is a beta-keto cathinone of the 

phenethylamine family (NCBI).  Mephedrone metabolism and pharmacokinetics 

have been studied in rats (Valente et al., 2014) and in human cells (Martínez-

Clemente et al., 2012; Meyer et al., 2010). Studies conducted in vitro, have revealed 

that CYP2D6 is responsible for oxidation of mephedrone (Pozo et al., 2015; Papaseit 

et al., 2016).  

Mephedrone is characterised by its low bioavailability (Khreit et al., 2013; Pedersen 

et al., 2013) and fast metabolism (Martínez-Clemente et al., 2013).  The metabolic 

reactions described in vivo in humans were; amine group N-demethylation, keto 

group reduction, tolyl group oxidation, and glucuronidation and succinylation 

(conjugation) (Pozo et al., 2015). A recent study has identified the following 

mephedrone metabolites; nor-mephedrone, 1-hydroxymephedrone and 4-

hydroxymephedrone, and found that nor-mephedrone was an active metabolite in 

rats (Pozo et al., 2015). Another more recent study was conducted on six human 

volunteers, and found that 4-carboxy-mephedrone and nor-mephedrone had the 

highest concentration in plasma among other metabolites within 2 hours post oral 

administration (Mayer et al., 2016). The same study had investigated which 

metabolite has the ability to cross the mouse blood-brain barrier, and found that nor-

mephedrone accumulated in the brains of mice 1 hour after of administration (Olesti 

et al., 2017). This indicates that nor-mephedrone is an active metabolite that can 

cross the blood-brain barrier and affect the central nervous system (CNS) response in 
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mice. Additionally, Olesti et al quantified mephedrone metabolites in urine and 

revealed that 4-carboxy-mephedrone concentrations in urine were 10 times higher 

than mephedrone concentrations.  

A study conducted in freshly isolated rat hepatocytes showed that mephedrone is 

extensively metabolised (Olesti et al., 2017). Both Phase I and Phase II metabolites 

were detected and are illustrated below (see Figure 4.1 and table 4.1). In regard of 

phase II metabolism only glucuronidated metabolites were identified, and no 

sulphated metabolites were detected. 

In this research the metabolism of mephedrone in different cell types was measured 

to help better understand its effects, and its metabolism by different cells in the body. 
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Figure 4. 1 Possible routes for the Phase I and II metabolism of (±)-mephedrone 

(4-MMC, 3a) in Sprague-Dawley rat liver hepatocytes. Metabolite numbers 

correspond to the metabolite data presented in Khreit et al, 2013. Key: [A] = 

acetylation; [R] = reduction; [D] = demethylation; [O] = oxidation; [C] = 

conjugation; [AH] = aromatic hydroxylation. 3a in Blue Square is the parent 

mephedrone. Metabolite number 7 in Purple Square corresponds to nor-

mephedrone, which is the most abundant metabolite in freshly isolated rat 

hepatocytes. Metabolite number 21 in red square correspond to carboxy-

mephedrone, which is the most abundant metabolite in the cultured rat 

hepatocytes. 
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Table 4. 1 Relative amounts of metabolites of mephedrone (4-MMC, 3a) formed after incubation with Sprague-Dawley rat liver 

hepatocytes (n = 3); Histograms represent percentage peak area ±SD%. (From Khreit et al, 2013). Numbering system for 

metabolites corresponds to those in Figure 4.1. 

    

Treatment 

    Time (min) 

 

4-

MMC 

 

 

12 

 

 

10 

 

 

20 

 

 

19 

 

 

15 

 

 

U 

 

 

14 

 

 

9 

 

 

 

7 

 

 

11 

 

 

8 

 

 

21 

 

 

16 

 

 

18 

 

 

13 

 

 

17 

 

 

22 

% Peak area  

after 30 minutes 

 

58.5 

 

0.057 

 

0.003 

 

0.433 

 

0.239 

 

0.146 

 

4.2 

 

3.23 

 

0.045 

 

23.5 

 

0.015 

 

0.095 

 

3.133 

 

6.17 

 

0.013 

 

0.08 

 

0.018 

 

0.037 

% Peak area  

after 120 minutes 

 

16.03 

 

0.46 

 

0.13 

 

0.989 

 

1.16 

 

1.03 

 

0.7 

 

1.4 

 

0.015 

 

59.4 

 

0.053 

 

0.597 

 

12.9 

 

2.57 

 

0.149 

 

1.81 

 

0.063 

 

0.37 



 

148  

4.2.2 The use of cell lines and primary hepatocytes in metabolism studies 

 

Cultured cell lines are known to express a lower level of cytochrome P450 enzymes 

compared to primary cells (Khreit et al., 2013). The human liver derived cell line 

Hep G2 does not provide a good alternative to primary hepatocytes for drug 

metabolism due to their poor expression of cytochrome P450 (Donato et al., 2008). 

Hepatocytoma cell lines have been proposed in many previous studies as an in vitro 

model for metabolism and toxicity investigations (Rodríguez-Antona et al., 2002). In 

a study conducted on the hepatocytoma cell line, Hep G2, it was found that they 

expressed conjugating enzymes such as UDP-glucuronyltransferase, sulfotransferase 

and glutathione S-transferase (Donato et al., 2008). However, and as shown in this 

research, Hep G2 cells did not provide a good alternative to primary hepatocytes in 

metabolism studies due to low expression of Cytochrome P450s (Donato et al., 

1994; Gómez-Lechón et al., 2001). 

Liver cells provide the major site for metabolism in vivo. They contain the main site 

for expression and activation of cytochrome P450 enzymes (Rodríguez-Antona et 

al., 2002). However, neuronal cells were reported to have significant expression of 

Cytochrome P450 proteins, such as CYP2B6, CYP2E1, CYB1A1, CYP2D6, 

CYP1A2, CYP19 and CYP46 (Ravindranath and Strobel, 2013). Previous studies 

showed that the SH-SY5Y cells expressed significant levels of CYP1A1, CYP2B6 

and CYP2E1 metabolism related genes (Ferguson and Tyndale, 2011; Dutheil et al., 

2009).  Astrocytoma cell lines, such as U-373, have been used to represent the blood-

brain barrier in vitro (Tripathi et al., 2014), and they were used here to investigate 

whether or not mephedrone can be metabolised by blood-brain barrier cells.  
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Similarly, the neuroblastoma cell line, SH-SY5Y, was used to represent the neurons 

in the brain, to see if the neurons can metabolise mephedrone.  

 

4.3 Aims and objectives 
 

This chapter aims to investigate the cultured primary rat hepatocytes as a model for 

mephedrone metabolism studies. To achieve this aim hepatocytes were cultured in 

24-well plates for three different time periods. Another objective was to compare the 

profile of metabolites produced by cultured hepatocytes with the published profile of 

metabolites produced by the freshly isolated hepatocytes. The second aim was to 

investigate the ability of neuronal derived cell lines and hepatoma cells to metabolise 

mephedrone. To achieve this we investigate the metabolism in SH-SY5Y, U-373 and 

Hep G2 cells after treatment with mephedrone. 
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4.4 Materials and methods 
 

4.4.1 Materials 

    

4.4.1.1 Cell lines and primary hepatocytes 

 

Cell lines (SH-SY5Y, U373, HepG2) were seeded at 5x104 cells/well in a 24-well 

plate and incubated for 48 hours, and then treated with 100 μM of mephedrone 6 days 

after the mephedrone was added the extraction of cells was performed. 

Hepatocytes were prepared as described in section 2.1.2.2. Briefly, the cells were 

seeded at 3x105 cells/well on a collagen coated (collagen coating density of 25-μg 

collagen/cm2) 24-well plate and treated with 100 μM of mephedrone after 24 hours 

from seeding the wells. Extraction was performed after 24 and 48 hours of 

incubation with and without 100 μM of mephedrone at 37°C in an atmosphere of 

95% O2 and 5% CO2.  

 

4.4.1.2 Mephedrone 

 

Mephedrone was prepared at 100 μM by dilution in medium, from the stock solution 

described in 2.1.1.4. Cell lines and hepatocytes were treated with mephedrone 

solution 48 and 24 hours, respectively, after seeding the 24-well plates.  
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4.4.2 Methods 

 

4.4.2.1 Extraction of cells 

 

Cells were extracted after incubation with mephedrone with 200 µL of a precooled 

extraction solution made of 50% of methanol, 30% of acetonitrile and 20% distilled 

water. Cells were then scraped, transferred into Eppendorf vials and centrifuged 

before being injected in the LC-MS. 

 

4.4.2.2 Method used for LC-MS analysis 

 

As described in chapter 2 section 2.7. 

 

4.4.2.3 Statistical analysis 

 

Peak area % of each metabolite was calculated by dividing each metabolite peak area 

by the sum of all peak areas of the other metabolites and expressed the result as 

percentage. 
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4.5 Results and discussion 

4.5.1 Comparison of mephedrone metabolism in freshly isolated hepatocyte with cultured hepatocytes 

 

Table 4. 2 Identified metabolites in cultured hepatocytes after 100 μM mephedrone treatment for 6, 24 and 48 hours (n=6). In each 

case mephedrone was present without the times indicated, without a medium change. * Metabolites are numbered in accordance 

with Khreit et al, 2013. ** ND stands for not detected. Data represent percentage peak area and relative standard deviation (RSD). 

       % Peak area  

Metabolite Structure M/z M.Wt Rt (min) 6 h RSD 24 h RSD 48 h RSD 

Mephedrone C11H15NO 178.123 177.115 6.4 63 9.6 66.7 17.9 71.94 29.4 

Nor-mephedrone (7*) C10H13NO 164.107 163.0998 5.9 3.16 15.9 11.15 6.5 12.15 16.5 

Dihydro-nor-mephedrone (8*) C10H15NO 166.123 165.1153 15.9 ND** - 0.17 20.9 0.28 12 

4-hydroxymethyl-cathinone (14*) C10H13NO2 180.1019 179.095 5.1 0.17 8.7 0.15 9.9 0.15 5 

Dihydro-mephedrone (9*) C11H17NO 180.138 179.131 5.5 0.29 20.5 0.42 16.2 0.46 27 

Aldehyde (20*) C11H13NO2 192.102 191.095 4.6 0.21 25.1 0.34 18.1 0.15 7.6 

Hydroxytolyl-mephedrone (U*) C11H15NO2 194.1177 193.1103 8.5 2.92 13.6 4.45 10.3 4.99 16.7 

Acetyl metabolite (12*) C12H15NO2 206.1177 205.1103 4.4 0.16 12.13 0.16 10.45 0.20 14 

4-carboxy-mephedrone (21*) C11H13NO3 208.097 207.0895 5.1 25.63 29.7 15.12 9.5 8.4 7.2 

4-carboxy-dihydro-mephedrone (18*) C11H15NO3 210.112 209.105 4.7 0.49 26.5 0.25 16.2 0.18 7.3 

10* C14H19NO4 266.139 265.131 14.4 ND** - 0.02 21.7 0.02 10.5 

11* C12H15NO3 222.1125 221.105 4.9 0.76 29.4 ND** - 0.39 4.8 
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13* C10H11NO3 194.082 193.074 4.9 ND** - 0.16 6.6 ND** - 

15* C16H23NO8 358.149 357.142 7.4 3.20 20.6 0.75 11.2 0.71 13.8 

19* C17H24NO8 370.149 369.143 5.1 0.27 15.3 0.13 14.8 0.10 13.7 

 

 

 

Figure 4. 2 Relative amounts of metabolites of mephedrone (4-MMC, 3a) formed after incubation with cultured Sprague-Dawley 

rat liver hepatocytes (n = 3 rats); Histograms represent percentage peak area ±SD%. 
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The data (see Figure 4.2) showed that metabolism of mephedrone in cultured 

hepatocytes was time dependent. For 6 and 24 hour incubation the most abundant 

metabolite was carboxy-mephedrone (metabolite number 21 in Figure 4.2), but after 

48 hours incubation nor-mephedrone (metabolite number 7 in Figure 4.2) was 

formed to the largest extent. Nor-mephedrone and hydroxytolyl-mephedrone 

(metabolite U in Figure 4.2) formation increased as the incubation time increased, 

while carboxy-mephedrone showed the opposite pattern. Metabolite number 15 was 

highest in amount after a 6 hour incubation and then it dropped and stabilised at both 

time periods (6, 24 and 48 hours), suggesting further metabolism may have ocurred, 

or that this was an intermediate metabolite.  

Comparison of mephedrone metabolism by cultured rat hepatocytes with the 

published findings in freshly isolated rat hepatocytes showed that the metabolism 

pattern was different. The most abundant metabolite in freshly isolated hepatocytes 

after incubation with mephedrone for 30 and 120 minutes was nor-mephedrone 

(Toimela et al., 2004). In contrast, carboxy-mephedrone was the most abundant 

metabolite in the cultured hepatocytes after incubation with mephedrone for 6 and 24 

hours. This can be explained by the impairment of the CYP 450 enzyme system in 

the cultured hepatocytes. Pedersen et al. reported that the cytochrome P450 2D6 

(CYP2D6) gene is the major enzyme responsible for metabolising mephedrone 

during in vitro Phase I metabolism (Khreit et al., 2013).  

All the metabolites identified in the freshly isolated hepatocytes incubations (120 

minutes) were also detected in the cultured hepatocyte experiment, with the 

exception of metabolites number 17 and 22 (see Figure 4.2 and table 4.1). 
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Interestingly, similar to previous research finding (Pedersen et al., 2013), metabolite 

19 (mephedrone glucuronide) was identified.  

This work has shown that cultured hepatocytes can metabolise mephedrone up to 48 

hours producing a wide range of metabolites, but the rate of metabolism is slower 

than in freshly isolated hepatocytes and fewer metabolites are formed compared with 

freshly isolated hepatocytes probably as a result of CYP 450 enzyme system 

impairment. 

Even though, the metabolism of mephedrone has been studied widely, only a few 

studies were conducted using cell systems (Khreit et al., 2013). The majority of other 

articles studied urine or blood samples derived from human or rats (Pedersen et al., 

2013; Khreit et al., 2013). Khreit et al have studied the metabolism in vitro in freshly 

isolated primary rat hepatocytes for short period of time (120 minutes). The current 

research studied the in vitro metabolism in the same cells for longer periods (6 h, 24 

h and 48 h) in primary culture in collagen-coated plates. Despite the report of 

impaired metabolism described in literature (Meyer et al., 2010; Pozo et al., 2015; 

Linhart et al., 2016), almost all the metabolites described in the previous research 

were detected in the current study, albeit at much lower levels. Additionally, it was 

shown that mephedrone metabolism in vitro was time dependent and the amount and 

number of metabolites detected changed according to the time point at which the 

cells were analysed.  
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4.5.2 Metabolism of mephedrone in neuroblastoma, astrocytoma and 

hepatocytoma 

 

4.5.2.1 Metabolism in Human Astrocytoma Cells (U373) 

 

 

Table 4. 3 Metabolites identified in U373 cells after 100 μM mephedrone 

treatment for 6 days (n=6). * The number is related to the numbering order in 

previous study (Donato et al., 2008) and described in table 4.1. % peak 

represents the percentage of the amount of the metabolite relative to the sum of 

all metabolites detected. 

Metabolite Structure M/z M.Wt Rt 

(min) 

% Peak 

area 

Mephedrone C11H15NO 178.123 177.115 6.39 98.3 

Dihydro-

mephedrone 

C11H17NO 180.138 179.131 5.45 0.6 

Hydroxytolyl-

mephedrone 

C11H15NO2 194.1177 193.1103 8.51 1.098 

20* Aldehyde C11H13NO2 192.1019 191.095 4.58 0.002 

 

U-373 cells showed a low ability to metabolise mephedrone compared to the primary 

hepatocytes, as shown in tables 4.2 and 4.3, but they had a higher metabolic capacity 

than that either Hep G2 or SH-SY5Y cells.  

Interestingly, it was noticed that a glycine-conjugated metabolite was detected to (% 

peak area of 0.002). Formation of a phase II metabolite means that astrocytoma cells 

have the ability to form molecules such as glycine in an attempt to eliminate toxic 

compounds. This is explained as a defensive mechanism of the glial cells (such as 

astrocytes), which form the first line of defence (blood-brain barrier) to protect the 

neurons. This finding is consistent with the previous research findings, which were 

conducted on the effect of toxic compounds (such as tert-butylhydroquinone and 

dimethyl fumarate) on astrocytes (Khreit et al., 2013). In addition, another study 

investigated the effect of phenytoin on the CYP in astrocytes and found that 

astrocytes had the ability to degrade phenytoin to detoxify it before reaching the 
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neurons (Murphy et al., 2001). Astrocytes were able to biotransform phenytoin as 

they have higher, compared to neuronal cells, expression of cytochrome P450, which 

act as a defensive chemical system to eliminate harmful substances (Meyer et al., 

2001). 

4.5.2.2 Metabolism in Human Neuroblastoma (SH-SY5Y) 

 

Table 4. 4 Identified metabolites in SH-SY5Y cells after 100 μM mephedrone 

treatment for 6 days (n=6). % peak represents the percentage of the amount of 

the metabolite relative to the sum of all metabolites detected. All peaks are 

significant with p value <0.05. 

Metabolite Structure M/z M.Wt Rt 

(min) 

% Peak 

area 

Mephedrone C11H15NO 178.123 177.115 7.67 89.3 

4-hydroxymethyl-

cathinone 

C10H13NO2 180.102 179.095 5.31 10.7 

 

The SH-SY5Y showed a weaker ability than the U-373 cells to metabolise 

mephedrone, since there was only one metabolite (4-hydroxymethyl-cathinone) 

detected as shown in table 4.4. It is noteworthy to illustrate that eventhough SH-

SY5Y represent a good in vitro model for primary neuronal cells, they have lower 

expression of CYP2D6 which has an important protective role against neurotoxins 

(Mann and Tyndale, 2010). This fact can be responsible for the weak metabolism, as 

expected being a neuronal cells, observed in this research.  

4.5.2.3 Metabolism in Human hepatocytoma (Hep G2) 

 

Table 4. 5 Metabolites identified in Hep G2 after 100 μM mephedrone treatment 

for 6 days (n=6). %peak area represents the percentage of the peak area of the 

metabolite relative to the sum of total peak areas of all metabolites detected. 

Metabolite Structure M/z M.Wt Rt 

(min) 

% Peak 

area  

Mephedrone C11H15NO 178.123 177.115 7.67 99.95 

4-carboxy-

mephedrone 

C11H13NO3 208.097 207.089 5.15 0.05 
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Hep G2 cells produced only one (phase I) metabolite, which is 4-carboxy-

mephedrone (table 4.5). Interestingly, this metabolite was one of the most abundant 

metabolites produced by primary hepatocytes (see table 4.2 in section 4.5.1). The 

low metabolism activity observed here was expected as HepG2 cells were found to 

be poor model for in vitro metabolism in several studies (Dai et al, 1993; Chen and 

Cederbaum, 1998). This is explained by the lower expression of CYP2E1, which has 

an important role in metabolism (Cederbaum et al, 2001). 

Overall, the low number and level of secondary metabolites seen in U-373, SH-

SY5Y and HepG2 cells is an indicator that any effect observed after treatment with 

mephedrone is probably related to the parent drug (mephedrone). 

4.6 Conclusion 
 

In conclusion, cultured primary rat hepatocytes showed they were a good system for 

producing metabolites for mephedrone, especially after longer incubation periods. In 

addition, the metabolism profile changed with time in culture as a result of impaired 

metabolism in the cultured hepatocytes compared to freshly isolated hepatocytes. 

Metabolism of mephedrone has been shown to be time dependent, and the 48 hours 

metabolism profile was the closest to the in vivo metabolism profile. The research 

has also confirmed the ability of hepatic, glial and neuronal cell lines to metabolise 

mephedrone and it gave a profile for each cell type. Although the amounts of 

metabolites formed were very small apart from neuroblastoma cell line where 

substantial amount of 4-hydroxy methyl cathinone was formed. 

The findings of this chapter can be summarised in the following points: 
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1- The culture of the primary rat hepatocytes proved to be acceptable method for 

metabolism studies for mephedrone, with consideration of the weaker metabolism 

and changed profile according to the duration of incubation.  

2- Hepatoma (Hep G2) cells showed very weak metabolism of mephedrone 

compared to primary hepatocytes. 

3- Neuronal derived SH-SY5Y cells have shown weaker metabolism of mephedrone 

with less number of metabolites produced compared to astrocytoma (U-373) cells. 
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Chapter 5 MEPHEDRONE EFFECTS 

ON HUMAN NEUROBLASTOMA 

AND ASTROCYTOMA CELLS  
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5.1 Abstract 
 

 

Mephedrone is an illegal drug that is used recreationally. Few studies have been 

conducted to investigate the mechanisms by which mephedrone is harming the cell. 

In this research we investigated the effect of mephedrone using toxicology coupled 

with LC-MS/MS based metabolomics in the two CNS derived cell lines, 

hepatocytoma cell line and in primary rat hepatocytes. A concentration of 100 μM of 

mephedrone was used in the metabolomic analysis, because at this concentration 

mephedrone had induced several intracellular changes. Major pathways detected 

were oxidative stress, altered metabolism of neurotransmitters and glutathione 

oxidation. 
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5.2 Introduction 
 

5.2.1 Mephedrone effect on CNS 

 

Mephedrone was found to block the reuptake of dopamine and serotonin in rat brain 

(Baumann et al., 2012; Hadlock et al., 2011), and increased rat locomotor activity 

(Motbey et al., 2012) and to induce euphoria and stimulate sexual abilities in rats 

(Kehr et al., 2011). Den Hollander suggested that mephedrone is acting by oxidative 

stress in SH-SY5Y cells (den Hollander et al., 2014).  

5.2.2 Mephedrone stability 

 

Mephedrone stability in comparison to other cathinones has been investigated in 

limited studies (Johnson and Botch-Jones, 2013; Sørensen, 2011; Tsujikawa et al., 

2012; Maskell et al., 2013; Busardò et al., 2015). It showed a weaker stability 

(degraded by 75% in day 4 and was not detected in days 7 and 14 in blood samples) 

compared to 3,4-methylenedioxypyrovalerone (MDPV), N-benzylpiperazine (BZP) 

and 1-[3-(trifluoromethyl)phenyl]piperazine (TFMPP) when stored at room 

temperature (+22oC) for different periods of incubation (1, 2, 4, 7 and 8 days) in 

different matrices (blood, plasma and urine) (Johnson and Botch-Jones, 2013). In the 

same study mephedrone was significantly degraded at longer periods (7 and 8 days). 

This previous finding and the fact that, in this research, mephedrone was incubated 

in the medium at 37oC for up to 7 days should be taken in consideration when 

interpreting the results in longer incubations. 
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5.3 Aims and objectives 
 

The primary aim of this section of the research was to study the toxicity and effect of 

mephedrone directly on human neuroblastoma and astrocytoma as representative 

cells to human brain cells. This approach was used to investigate the direct effect of 

mephedrone on brain when drug users take mephedrone directly (by inhalation). A 

secondary aim of this section of the research was to investigate the effect of 

mephedrone on liver by the use of cultured rat primary hepatocytes. 

 

5.4 Materials and methods 
 

All materials and methods were described in chapter 2 sections 2.1.1.4, 2.1.2.2.3, 

2.1.2.2.4 and 2.2. 
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5.5 Results and discussion 
 

5.5.1 The effects of mephedrone on viability measured by MTT, NR and LDH 

viability assays  

 

5.5.1.1 MTT assay  

 

To study the effect of mephedrone on cells metabolic activity, MTT assay was 

performed on both cell lines (neuroblastoma and astrocytoma) after treatment with a 

range of concentrations of mephedrone for 48 hours see Figure 5.1.  

(A)                                                                    (B) 

  

Figure 5. 1 MTT assay measured in (A) SH-SY5Y cells and in (B) U-373 cells 

after 48 h. Results are percentage values (Mean ± SD, n = 6) where 100% 

corresponds to control values. Cells treated with mephedrone in culture 

medium throughout the experiment. Data were analysed using one-way 

ANOVA followed by Tukey test. * Data were significantly different from their 

relevant control P value <0.05. 

 The MTT assay has shown that mephedrone at low concentration (100 μM) raised 

metabolism up to 127% and 150% in SH-SY5Y and U-373 cells, respectively. This 

is thought to be an adaptive response in response to mephedrone-induced stress on 

the cells similar to that observed with exposure to other substances (e.g. Chromium) 

in previous studies (Zijlstra et al., 2012; Posada et al., 2015). Thereafter the activity 

drops again to reach levels around 100%.  
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5.5.1.2 NR assay 

 

Both cell lines (neuroblastoma and astrocytoma) were treated with a range of 

concentrations of mephedrone for 48 hours, and NR assay was performed on the 

cells to see the effect on the cell count see Figure 5.2 below.  

(A)                                                                 (B) 

  

Figure 5. 2 Neutral red assay measured in (A) SH-SY5Y cells and in (B) U-373 

cells after 48 h. Results are percentage values (Mean ± SD, n=6) where 100% 

corresponds to control values. Cells treated with mephedrone in culture 

medium throughout the experiment. Data were analysed using one-way 

ANOVA plus Tukey test. * data were significantly different from their relevant 

control P value <0.05. 

  

The NR assay showed no significant effect of mephedrone, over a range of 

concentrations, on the growth rate of SH-SY5Y as shown in Figure 5.2. For the U-

373 cells there was gradual increase in cell number as we increased the concentration 

of mephedrone up to 300 μM. Cell growth started to decline at the 400 μM and 500 

μM concentrations of mephedrone. 

In conclusion, it is suggested that SH-SY5Y and U-373 cells, in a protective 

response, began to enhance protein levels when some substances are added. In the 

MTT assay, both cell types increased metabolic activity after mephedrone treatment. 

The SH-SY5Y cells have not shown any increase in NR assay in the 100 μM wells. 
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In contrast, in the U-373, the increased activity was observed at both assays (NR and 

MTT), with higher increase in the metabolism activity. This can be explained by the 

additional protection ability of U-373 to increase cell numbers, as they represent 

astrocytes, which play a role in protecting neuronal cells.  

5.5.1.3 LDH assay 

 

LDH assay results of neuroblastoma and astrocytoma cells after treatment with 100 

μM of mephedrone for 6 days are shown in table 5.1. 

Table 5. 1 LDH release 6 days after treatment of SH-SY5Y and U-373cells with 

100 μM mephedrone (n=3). Data represent absorbance ± standard error. 

 

 

SH-SY5Y 

Treatment LDH activity 

(𝒏mol/ml/min) 

±STD 

100 μM of mephedrone 5.98 ± (0.01) 

Control 5.74 ± (0.006) 

 

 

U-373 

Treatment LDH activity 

(𝒏mol/ml/min) 

±STD 

100 μM of mephedrone 4.01 ± (0.01) 

Control 4.00 ± (0.007) 

 

From the results in the table 5.1 we can conclude that there were no significant 

differences in LDH activity between the 100 μM mephedrone treated and the non-

treated cells in either cell type.  

LDH release measurement is a good indicator of cellular damage and the integrity of 

cell membrane. Though, since the results showed no significant increase in both cell 

types, we can conclude that mephedrone at this concentration and time of exposure 

did not have a strong impact on the integrity of the cell membrane in these cells. 
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5.5.1.4 Morphology 

 

The visual examination by microscope for both cell types (neuroblastoma and 

astrocytoma) before and after treatment with 100 μM of mephedrone for 6 days, is 

shown in Figure 5.3. 

 

 

 
SH-SY5Y 

  
 

 

 

U-373 

  

Figure 5. 3 Morphology of SH-SY5Y (A and B) and U373 (C and D) cells after 6 

days incubation without mephedrone treatment (A and C), and with 

mephedrone (B and D). Pictures were taken by the Motic AE31 microscope-20 

power dry lenses. 

Examination of the morphology (see Figure 5.3) for both cell types showed no sign 

of abnormal proliferation after treatment with 100 μM mephedrone.  

We can conclude from the morphology examination that there was no significant 

change in the shape of the cells as a result of mephedrone treatment at this 

concentration and time of exposure in SH-SY5Y and U-373 cells. 
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5.5.2 Metabolomics in all cell types in-vitro 

 

 

The metabolomic analysis showed significant changes in metabolites inside both cell 

types after mephedrone treatment as shown in Figures 5.4 and 5.5 and tables 5.2 and 

5.3.  

 

5.5.2.1 Effect of mephedrone on the metabolomes of SH-SY5Y neuroblastoma 

cells 

 

The metabolomic analysis results of neuroblastoma cells after treatment with 100 μM 

of mephedrone for 6 days are shown in table 5.2. 

Table 5. 2 Metabolomic results of SH-SY5Y cell line after incubation with 100 

μM mephedrone for 6 days (n=6). Values indicate ratio of (treated/non-treated) 

peak areas of metabolites. * Mean peak area of samples treated with 

mephedrone only as mean peak area value of control samples was zero. 

Rt 

(min) M.Wt 
Structure Metabolite name 

Meph/c P- value 

15.1 119.05824 C4H9NO3 L-Threonine 1.27 0.038 

10.5 122.04801 C6H6N2O Nicotinamide 1.35 0.045 

17.9 130.02661 C5H6O4 Mesaconate 1.98 0.044 

15.5 129.04259 C5H7NO3 Oxoproline 2.01 0.039 

11.6 131.09463 C6H13NO2 L-Leucine 1.53 0.041 

15.6 146.06914 C5H10N2O3 L-Glutamine 1.65 0.005 

15.6 148.07356 C6H12O4 

Methyl,hydroxymethyldihydroxy-

pentanoic acid 1.40 0.020 

12.1 149.05105 C5H11NO2S *L-Methionine 1.49 0.043 

21.2 155.06948 C6H9N3O2 L-Histidine 1.44 0.046 

16.5 158.06914 C6H10N2O3 4-Methylene-L-glutamine 1.33 0.038 

12.3 204.08988 C11H12N2O2 L-Tryptophan 1.43 0.040 

10.3 217.13141 C10H19NO4 O-Propanoylcarnitine 1.36 0.018 

4.5 222.08921 C12H14O4 Dodecatetraenedioic acid 0.46 0.035 

4.4 244.16746 C13H24O4 Tridecanedioic acid 2.07 0.008 

23.2 264.10448 C12H17N4OS Thiamine 1.90 0.041 

5.1 287.28243 C17H37NO2 Heptadecasphinganine 0.02 0.037 

4.3 351.31373 C22H41NO2 Eicosadienoyl-ethanolamine 1.47 0.025 

4.3 353.32938 C22H43NO2 Eicosaenoyl)-ethanolamine 2.29 0.015 

17.3 
426.08791 C13H22N4O8S2 S-glutathionyl-L-cysteine 

- 

(130050)* 0.027 
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Table 5.2 shows ratio (mephedrone treated cells/non-treated cells) for the most 

significant changed metabolites after treatment of SH-SY5Y neuroblastoma cells 

with mephedrone. 

Separation between between the control and test groups is shown in Figure 5.4. 

 

Figure 5. 4 OPLS-DA score plot of neuroblastoma (SH-SY5Y) treated with 

mephedrone (blue) and non-treated (green). Test stands for treated samples and 

control stands for non-treated samples.  
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Figure 5. 5 Permutation analysis of the OPLSDA model for mephedrone treated 

and non-treated astrocytoma cells. Validation of the model was performed with 

100 permutation tests. R2 represent the goodness of the fit and Q2 represent the 

predictive capability. 

Table 5. 3 CVANOVA statistics for the OPLS-DA model for astrocytoma cells 

treated and non-treated with mephedrone.  

 SS DF MS F P-value SD 

Total correlation 11 11 1   1 

Regression 8.96 4 2.24 7.697 0.0105 1.497 

Residual 2.038 7 0.29   0.54 

 

Orthogonal partial least squares-discriminant analysis (OPLS-DA) score plot 

exhibited in Figure 5.4 shows that there was a geometrical separation between 

treated and non-treated samples. It can be concluded that treatment with mephedrone 

has produced significant changes in the metabolome of the treated samples compared 

with the metabolome of the non-treated samples. The changes were further 

investigated to identify which metabolites were mostly affected and to what extent 

their amounts were altered, by the following metabolic analysis. 
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In SH-SY5Y mephedrone treated cells, there was a large increase in cysteine 

glutathione disulfide, which is produced as a result of oxidative stress. Oxidation of 

glutathione results in formation of mixed disulfides with protein thiol groups, and 

initiating reversible S-glutathionylation. S-glutathionylation is vital to transfer 

signals of oxidants (Lim et al., 2003), by uncoupling the enzyme endothelial nitric 

oxide sythase (eNOS) to adjust it to produce O2
•− instead of NO (La Quaglia and 

Manchester, 1996).  

 

Overall the impression is that there is no strong pattern of effect of mephedrone on 

the SH-SY5Y cells. This can be explained by either that the mephedrone is targeting 

a specific type of cells other than neuroblastoma or that this concentration of 

mephedrone is not able to cause a potent effect on this cell line. The metabolite 

alterations are in a random selection of metabolites, which do not fall in any 

particular pathway and the fold changes are generally small. 

It is also noteworthy to mention that these cell lines (SH-SY5Y) lose their 

dopaminergic abilities after 20 passages (Biedler et al., 1978), and the analysis was 

performed at 35 and above passages, which makes these cells less representative of 

neuronal cells. The rise in the metabolism seen in the MTT results (Figure 5.1) at this 

concentration can be explained as a possible increase in specific proteins that are not 

detectable by metabolomics analysis. 
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5.5.2.2 Effect of mephedrone on the metabolomes of U-373 astrocytes 

 

Figure 5.6 shows a PCA model of the control and mephedrone treated astrocytes. 

The pooled samples although not in the centre are quite well clustered showing 

technical stability. 

 

Figure 5. 6 PCA model of the control (brown), mephedrone treated (blue) 

astrocytes and pooled samples (green). 

 

One outlying sample was excluded leading to a PCA model with hierarchical cluster 

analysis in which there was partial separation between control and treated samples 

(Figure 5.6).  

Using an OPLSDA model it was possible to separate the treated and control samples 

(Figure 5.7) and the model was valid according to the cross-validation test (Figure 

5.8) 

 



 

 173 

 

Figure 5.7 OPLS-DA score plot of astrocytoma (U-373) treated with 

mephedrone (blue) and non-treated (green) without pooled samples. C 

represents the control (non-treated) samples, and T represents the test (treated) 

samples. 

 

Omitting the pooled samples from the model allowed a better separation for treated 

and control samples using an OPLS-DA model as shown in Figure 5.7.  

The model was validated by the validation test with 100 permutations as shown in 

Figure 5.8. 
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Figure 5.8 Permutation analysis of the OPLS-DA model for mephedrone treated 

and non-treated astrocytoma cells. Validation of the model was performed with 

100 permutation tests. R2 represent the goodness of the fit and Q2 represent the 

predictive capability. 

Table 5. 4 CVANOVA of the OPLS-DA model for mephedrone treated and non-

treated astrocytoma.  

 SS DF MS F P-value SD 

Total correlation 11 11 1   1 

Regression 10.098 4 2.52 19.59 0.0007 1.59 

Residual 0.902 7 0.129   0.36 

 

Metabolomic analysis results of astrocytoma cells after treatment with 100 μM of 

mephedrone for 6 days, is shown in table 5.5. 

Separation between astrocytoma samples and between control and test groups is 

shown in Figure 5.6. 

OPLS-DA score plot exhibited in Figure 5.7 shows that there was greater separation, 

than that for neuroblastoma, between treated and non-treated samples. It can be 

concluded that treatment with mephedrone has produced significant change in the 

metabolome of treated astrocytoma samples compared with the metabolome of the 
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non-treated astrocytoma samples. The effects in this cell line are much clearer than in 

the neuroblastoma cells. The illustration of the exact change in metabolites and their 

amounts was explained in the heat map shown in Figure 5.9. Although there is quite 

a lot of variability within the sample sets, thus, in contrast to the neuroblastoma cells 

mephedrone treatment has a clear impact on the metabolome of the astrocyte cells. 

There is a widespread effect on lipids most of which are decreased in the cells by the 

treatment. This can be seen in the heatmap (Figure 5.9) where even some very 

abundant lipids are changed. Since most of the metabolites affected are decreased it 

is important to check that there is not some bias in the treatment and in table 5.6 it 

can be seen that some important intracellular metabolites such as glutathione and 

ATP are no different between treatment and control. An example of this can also be 

seen in Figure 5.10. So for instance if there was general toxic reaction producing cell 

lysis one might expect ATP and glutathione to be largely lost from the samples since 

they do not occur in the cell medium. 
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m/z Rt(min) metabolite astro-c1 astro-c2 astro-c3 astro-c4 astro-c5 astro-c6 astro-t1 astro-t2 astro-t3 astro-t4 astro-t5 astro-t6 Ratio P-Value 

786.6021 4.1 PC 36:2 

            

0.051 0.013 

500.2781 4.7 LPE 20:4             1.251 0.417 

496.3398 4.8 LPC 16:0 

            

0.810 0.350 

808.5863 4.1 PC 38:5 

            

0.050 0.018 

478.2937 4.7 LPE 18:1             0.699 0.299 

298.2741 4.3 Sphingadienine 
            

0.679 0.251 

300.2897 6.1 Dehydrosphinganine 

            

0.281 0.003 

524.3714 4.7 LPC18:0 

            

0.529 0.040 

806.5698 4.1 PC 38:6 

            

0.053 0.007 

435.2515 4.8 LPA 18:1             0.771 0.162 

599.3201 4.3 LPI 18:0             0.630 0.141 

704.5216 4.2 PC 30:1 
            

0.097 0.004 

524.2992 4.2 LPS 18:0             0.550 0.073 

438.2982 4.7 LPE 16:0 ether 

            

0.492 0.018 

544.3398 4.7 LPC 20:4 

            

1.659 0.025 

526.2941 4.6 LPE 22:5             1.037 0.890 

409.236 4.8 LGP 16:0             0.800 0.369 

464.3141 4.6 LPE 18:1 ether             0.327 0.004 

746.5695 4.1 PE 36:1 

            

0.128 0.025 

528.3089 4.6 LPE 22:5 

            

1.035 0.892 

466.3295 4.6 LPE 18:0 ether 

            

0.370 0.003 

838.5599 3.8 PS 40:5 

            

0.132 0.002 

528.3094 4.6 LPE 22:4             1.124 0.754 
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794.6071 4.1 PC 38:5 ether 

            

0.049 0.018 

819.5171 3.6 PG 40:7             0.132 0.001 

772.5859 4.1 PE 38:2 

            

0.047 0.018 

452.2783 4.8 LPE 16:0             0.792 0.568 

766.5764 4.1 LPC 36:4 ether 

            

0.042 0.028 

508.376 4.7 LPC 18:1 

            

0.609 0.039 

480.3446 4.7 LPC 16:1 

            

0.668 0.058 

571.2883 4.4 LPI 16:0             0.934 0.720 

832.5862 4.1 PC 40:7 
            

0.030 0.011 

500.2782 7.4 LPE 20:4             0.846 0.705 

509.288 3.9 LPG 18:0             0.818 0.211 

522.2833 4.3 LPS 18:0             0.767 0.181 

834.6015 4.1 PC 40:6 

            

0.020 0.015 

750.5451 4.1 PE 38:5 ether 
            

0.220 0.049 

754.5394 4.1 PC 34:4 
            

0.101 0.007 

768.5916 4.1 PC 36:3 ether 

            

0.048 0.025 

482.3604 4.9 LPC 16:2 

            

0.938 0.742 

468.3086 5.0 LPC 14:0 

            

1.067 0.787 

616.4706 4.4  PG 16:0             0.202 0.002 

671.4654 4.1 PG 34:2             0.083 0.002 

716.5581 4.2 PC 32:1 ether 
            

0.045 0.008 

746.6072 4.2 PC 34:0 ether 

            

0.158 0.023 

813.6856 4.3 SM 42:2 

            

6.277 0.238 

508.3397 4.7 LPE 20:0 

            

0.698 0.204 

417.2412 4.2 LPA 18:1 ether             0.130 0.001 

788.543 4.0 PS 36:2             0.813 0.717 
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729.5913 4.3 SM 36:2 

            

0.054 0.003 

748.5264 4.0 PE 38:7 

            

0.094 0.034 

457.236 4.7 LPG 20:4             1.616 0.035 

570.3561 4.6 LPC 22:5 
            

1.314 0.060 

716.5236 4.1 PE 34:2 
            

0.070 0.004 

766.5371 4.1 PE 38:5 

            

0.108 0.015 

532.3399 4.6 LPE 22:3 

            

0.485 0.111 

699.4953 4.1 PG 36:2             0.111 0.005 

550.3869 4.6 LPC 20:1 
            

0.485 0.018 

774.5992 4.1 PE 38:1 

            

0.108 0.040 

770.5685 4.1 PE 38:3 
            

0.092 0.031 

730.539 4.2 PC 32:1             0.095 0.001 

794.5705 4.1 PE 40:5 

            

0.088 0.045 

433.2359 4.8 LPA 18:2             0.969 0.821 

756.5535 4.1 PC 34:2             0.079 0.002 

747.5173 3.8 PG 34:1             0.139 0.034 

Figure 5. 9 Lipids in astrocytes sorted by abundance before and after treatment with mephedrone. Red = 30% of maximum value, 

yellow=2% of maximum value and blue= 0. SM=sphingomyelin, CER=ceramide. 
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Table 5. 5 Non-lipid metabolite changes in U-373 astrocytes following treatment 

with 100 μM mephedrone for 6 days (n=6). Values indicate ratio of metabolites 

compared with controls (average of mephedrone treated peak area/control peak 

area). 

M/z 
Rt 

(min) 
Structure Metabolite Ratio 

P-

Value 

316.248 4.1 C17H33NO4 O-decanoyl-R-carnitine 0.836 0.044 

311.294 4.2 C20H38O2 Eicosenoic acid 1.737 0.033 

155.107 4.8 C9H14O2 Nonadienoic acid 0.561 0.004 

353.231 4.4 C20H32O5 Trihydroxy eicosatetraenoic acid 1.999 0.038 

365.342 3.8 C24H46O2 Tetracosenoic acid 0.305 0.032 

173.117 4.9 C9H16O3 Oxononanoic acid 0.555 0.001 

283.192 4.3 C16H28O4 Dihydroxy hexdecadienoic acid 1.511 0.016 

337.311 3.9 C22H42O2 Docosenoic acid 0.487 0.031 

309.28 3.9 C20H38O2 Eicosenoic acid 0.548 0.046 

282.279 5.6 C18H35NO Octadecenamide 0.387 0.021 

145.014 15.6 C5H6O5 2-Oxoglutarate 0.407 0.027 

162.076 11.4 C6H11NO4 L-2-Aminoadipate 1.633 0 

258.038 14.8 C6H14NO8P D-Glucosamine 6-phosphate 1.62 0.035 

190.051 11.3 C10H9NO3 5-Hydroxyindoleacetate 0.665 0.04 

206.081 13.6 C11H11NO3 Indolelactate 0.763 0.031 

402.011 17.3 C9H15N3O11P2 CDP 0.479 0.048 

503.162 17.5 C18H32O16 Glycogen 1.905 0.037 

665.214 18.2 C24H42O21 Glycogen 3.03 0.044 

133.061 15.8 C4H8N2O3 L-Asparagine 0.555 0.013 

336.14 16.4 C12H21N3O8 N4-(Acetyl-beta-D-glucosaminyl)asparagine 0.482 0.001 

368.999 18.6 C7H16O13P2 D-Sedoheptulose 1,7-bisphosphate 0.5 0.032 

664.117 13.7 C21H29N7O14P2 NADH 0.553 0.03 

123.055 7.5 C6H6N2O Nicotinamide 1.442 0.005 

162.113 13.8 C7H15NO3 L-Carnitine 0.6 0.039 

230.139 5.1 C11H19NO4 Butenylcarnitine 0.828 0.035 

248.149 7.4 C11H21NO5 Hydroxybutyrylcarnitine 0.687 0.023 

229.144 5.1 C12H22O4 Dodecanedioic acid 1.332 0.045 

216.063 16.1 C5H14NO6P Sn-glycero-3-Phosphoethanolamine 0.652 0.049 
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Table 5.6 Major intracellular metabolites in astrocytoma cells that are not 

affected by mephedrone treatment. 

M/z 

Rt 

(min) Structure Metabolite name Ratio P-Value 

232.1545 9.1 C11H21NO4 O-Butanoylcarnitine 1.001 0.994 

118.0863 13.0 C5H11NO2 L-Valine 0.995 0.962 

88.04019 15.3 C3H7NO2 L-Alanine 1.009 0.955 

579.0266 19.1 C15H22N2O18P2 UDP-glucuronate 0.988 0.948 

132.1019 11.5 C6H13NO2 Leucine 0.983 0.900 

189.1599 23.1 C9H20N2O2 N6,N6,N6-Trimethyl-L-lysine 1.018 0.893 

130.0621 15.2 C4H9N3O2 Creatine 1.050 0.868 

402.9948 15.3 C9H14N2O12P2 UDP 0.953 0.814 

608.0888 15.3 C17H27N3O17P2 UDP-N-acetyl-D-glucosamine 0.958 0.806 

104.107 21.1 C5H13NO Choline 1.071 0.806 

124.0394 7.6 C6H5NO2 Nicotinate 0.953 0.805 

282.0843 13.1 C10H13N5O5 Guanosine 1.046 0.801 

147.1128 25.2 C6H14N2O2 L-Lysine 0.930 0.785 

523.9981 19.4 C10H16N5O14P3 GTP 0.958 0.777 

133.0142 16.1 C4H6O5 (S)-Malate 1.051 0.777 

505.9881 16.7 C10H16N5O13P3 ATP 0.881 0.285 

482.9611 18.0 C9H15N2O15P3 UTP 0.711 0.345 

308.091 14.6 C18H13NO4 Glutathione 0.897 0.616 
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Figure 5. 10 Extracted ion traces showing similar levels of ATP in treated and 

untreated extracts but a large reduction of the amount of a major cellular lipid 

(PC 36:2) in treated astrocytoma cells. 

Some of the most marked effects on the astrocytes are on ether lipids which are not 

particularly abundant in cells but have important effects on membrane fluidity 

(Lohner, 1996) and protective effects toward myelin against oxidative stress. Some 

of the ether lipids (LPE 18:1 ether, PC 38:5 ether, LPC 36:4 ether, PC 36:3 ether and 

PC 32:1 ether) in the cells are almost completely depleted. Mice and human patients 

with deficiency in ether lipids developed problems in myelination in CNS (da Silva 

et al., 2012). Thus, it is proposed here that mephedrone could affect myelination in 

astrocytoma cells. 

Several PC and PE lipids: PE 34:1, PC 38:2, LPC 18:2, PC 36:2, PC 28:0, PC 30:0, 

PC 30:1, PC 30:2, PC 32:1, PC 32:2, PC 32:3, PC 32:4, PC 34:1, PC 38:5 and PC 

40:7 and PC ether lipids: PC 36:3 ether, PC 32:0, PC 32:1 ether, PC 36:3 ether, PC 

38:3 ether and PC 40:5 ether were all decreased. Glycerophospholipids are the main 

component of the cellular membrane (Hannun and Obeid, 2002). It is believed that 

cells change the cell membrane as a defensive reaction when attacked by 
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extracellular toxic compounds (Montealegre et al., 2014). Glycerophosphocholines 

control the balance between the solute concentration inside and outside the cell 

(Hannun and Obeid, 2002). A previous study showed that PC levels were decreased 

in mouse brain after treatment with antidepressant drugs (paroxetine and 

maprotiline) (Lee et al., 2009). In another study, a decrease in glycerophospholipids 

was associated with oxidative stress and changes in the lipid membrane in the cell 

(Kahle et al., 2015). It is believed that oxidative stress has affected the cellular 

membrane composition in mephedrone treated cells. Interestingly, oxidative stress as 

a result of chronic unpredictable stress was shown to disturb the phospholipids levels 

in mouse brain (Faria et al., 2014). In another study conducted on the hippocampus 

of rat prefrontal cortex, 4 weeks of chronic unpredictable stress caused significant 

decrease in PE levels (Oliveira et al., 2016). Oxidative stress causes lipid 

peroxidation which leads to alteration in lipid balance, which was related with 

neurological disorders (Black, 2002). Oxidation of lipids causes destabilisation of 

membrane of the cell and then cell death (Tyurin et al., 2009). This finding suggest 

that mephedrone may be reducing glycerophosphocholine by oxidative stress as the 

effects of mephedrone were previously related to oxidative stress (den Hollander et 

al., 2014). 

Other altered membrane lipids include glycerophospholipids (PG) 

phosphatidylserines (PS) and sphingomyelins (SM) which all decreased. All these 

lipids are parts of cellular membrane, thus decrease in these lipids is a sign of 

membrane damage. Several lyso phospholipids were altered. As lyso phospholipids 

are known to have a neuroprotective role (Casado and Ascher, 1998) and any 

decrease will have an impact on the protective ability of neurons. 
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In addition, several sphingomyelins are affected by the treatment. Sphingomyelin 

36:2 has decreased and it is a type of sphingolipid located in the myelin sheath of the 

membrane which covers the axon of the nerve cell.  

Three sphinganines decreased and they have a role in blocking esterification of low-

density lipoprotein of cholesterol to yield accumulation of unesterified cholesterol in 

perinuclear vesicles (Deguchi et al., 2004). Sphinganines are an effective signaling 

lipid or lipid messenger that are attached to target protein receptor, which will 

facilitate the function of the lipid on particular responses of the cell (Hannun and 

Obeid, 2008). We can conclude that a decrease in sphinganines will affect lipid 

signalling in the cell. 

Nine fatty acids were affected (table 5.5), two increased and seven decreased. 

Astrocytes (represented by astrocytoma cells) are responsible for transferring fatty 

acids from plasma to the brain (Spector, 1988; Magret et al., 1996) and they are the 

only cells in the brain that can oxidise fatty acids and actually prefer them as their 

fuel (Magret et al., 1996). Any malfunction in astrocytes will lead to a disturbance in 

fatty acids levels in the brain and any decrease in fatty acids levels will lead to a 

decrease in astrocytes function. Mephedrone may cause a disturbance in the fatty 

acid levels in astrocytoma. Since, astrocytes provide other brain cells with glucose 

and ketone bodies through their ability to oxidise fatty acids (Flynn and Wecker, 

1987), thus any effect on them will lead to decrease in energy supply for other brain 

cells. 

Three carnitine metabolites were decreased which are l-carnitine, butenylcarnitine 

and hydroxybutyrylcarnitine. Carnitines have a very important role in providing cells 

with energy and they are vital for metabolism of fatty acids (Olpin, 2005). 
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Menaquinol-8 or vitamin K2 has decreased which has a role in regulating blood 

clotting. Vitamin K vitamins have the same methylated naphthoquinone ring 

structure, and differ only in the type of the side aliphatic chain linked at site 3 

(Shearer and Newman, 2014).  

Two glycogens are increased by the treatment. Glycogen is the main storage product 

of glucose in human cells. Glycogen is located in granular structures in the cytosol 

(Zderic et al., 2004). It is proposed that cells have produced more glycogen in order 

to compensate for the loss in energy supply in the face of membrane damage. In the 

brain glycogen is found predominantly in the astrocytes where it acts as an energy 

source to protect the brain from hypoglycemia (Walls et al., 2009). 

Other metabolites associated with glutamate metabolism such as 2-oxoglutarate, l-2-

aminoadipate and d-glucosamine 6-phosphate were altered. The oxidised glutamate 

(oxoglutarate) was decreased by 60% and the others were increased. Aminoadipate 

was upregulated and it is an antagonist for glutamate excitatory effect and is a 

metabolite of lysine (Wu et al., 1995). Glutamate is an important neurotransmitter 

and responsible for fast excitation effect in the brain (Smith, 2000). L-Asparagine 

was decreased and it is a metabolite of glutamate (Avramis and Panosyan, 2005). 

However, we cannot conclude any effect on glutamate, as its level was not altered 

significantly. 

Two metabolites related to the tryptophan and serotonin pathway were decreased. 5-

Hydroxyindoleacetate is a metabolite of the neurotransmitter serotonin (Owens and 

Nemeroff, 1994). Indolelactate was also decreased which is a metabolite of 

tryptophan, the precursor for serotonin and melatonin (Morita et al., 1990). 

However, we could not detect serotonin or tryptophan in our method. 
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Nicotinamide and NADH were also altered with significant p values. NADH was 

decreased and nicotinamide was increased. Nicotinamide plays an important role in 

the protection of neurons (Fricker et al., 2018) as the pretreatment with nicotinamide 

reversed hypoxia in hippocampus of rats (Shetty et al., 2014). Thus, we conclude 

that in one of its defence mechanisms, astrocytoma cells produced nicotinamide to 

protect themselves and neuronal cells against oxidative stress caused by mephedrone 

treatment. 

 

Overall, the major pathway affected was the lipids pathway particularly cell 

membrane lipids. This finding can open the way to understand the effect of 

mephedrone on the brain particularly the brain-barrier (astrocytes). Affecting the 

astrocytes as an important part of the brain barrier will affect the neurons as the 

astrocytes known to have protective role towards the neuronal cells. However, 

mephedrone was not a strong cytotoxic at this concentration and eventhough it has 

induced changes in the CNS cell metabolome, these are not responsible for its 

toxicity in the body as cell numbers were not reduced as shown in the results of NR 

assay (see section 5.5.1.2 Figure 5.2).  

 

The metabolomic analysis has proved that there was a change in the metabolism of 

SH-SY5Y and U373 cells after treatment with mephedrone at 100 μM, which was 

consistent with MTT assay findings. Both cell types metabolomic results proposed a 

rise in glutamine concentration after treatment with mephedrone. The appearance of 

cysteineglutathione disulfide in SH-SY5Y after treatment with mephedrone suggests 
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an oxidative stress occurs. The effect of mephedrone was much more marked on the 

U373 cells.  

5.6 Conclusion 
 

From the analysis of different cell types, it is clear that although mephedrone did not 

kill or decrease the growth of cells; it did marked intracellular metabolic changes. It 

is believed that even small change in brain cell homeostasis can lead to neurological 

disease (Budzynska et al., 2015; López-Arnau et al., 2015).  

 

Findings of this chapter can be summarised as following: 

A) For SH-SY5Y, less change occurs compared to other cells and there was no clear 

pattern of metabolic disruption resulting from mephedrone treatment  

B) For U-373, the main pathways affected were: 

1- Marked effect (decrease) on the level of ether lipids which have important effects 

on membrane fluidity. 

2- Cellular membrane damage showed by the decrease in the levels of the majority 

of membrane lipids. 

3- Energy storage and metabolism pathway due to an increase in glycogen 

production. 

4- U-373 cell tend to increase nicotinamide level as a protection response against 

mephedrone. 
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6.1 Summary of results of the cobalt study 
 

The main findings related to cobalt experiments (chapter 3) in SH-SY5Y and U-373 

cell lines are summarised here and suggestions for future research are presented in 

the following sections.  

 

6.1.1 Assessment of the toxicity of cobalt  

 

Toxicity was assessed by the MTT assay and by detection of ROS by fluorescence 

microscopy at three different time points (24, 48 and 72 hours) for SH-SY5Y 

neuroblastoma cells and U-373 astrocytoma cells. The data showed different 

sensitivities to the effects of cobalt for each cell type. The reduction of MTT as 

incubation time and dose are increased was clear in both cell lines, however, U-373 

cells showed better resistance to cobalt than SH-SY5Y cells. It is speculated that the 

resistance of U-373 cells in vitro reflects their in vivo role in the brain. They are 

better equipped to protect themselves against toxicity, and in doing so protect the 

neuronal cells from toxic insults. 

 

ROS assay results showed an increase in the generation of the reactive oxygen 

species, measured by the fluorescence of carboxy-H2DCFDA dye, in SH-SY5Y cells 

after treatment with 100 μM of cobalt. Similarly, ROS increased in U-373 cells after 

treatment with 200 μM of cobalt. This supported the MTT results and the suggestion 

that U-373 cells have better resistance towards cobalt compared with SH-SY5Y 
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cells. These results provide evidence of an oxidative stress mechanism of action for 

cobalt toxicity. 

 

6.1.2 Summary of the western blotting results for specific enzymes 

 

Results of western blotting for the enzymes uracil DNA glycosylase (UNG1), 

thymine DNA glycosylase (TDG), 8-oxoguanine glycosylase (OGG1) and DNA 

methyltransferase (DNMT1) in SH-SY5Y cells after treatment with 50 μM of cobalt 

for 72 hours revealed a significant increase in the levels of UNG1 compared to non-

treated cells. Another enzyme which was increased is TDG at 100 μM of cobalt. The 

enzyme OGG1 was decreased after exposure to 100 μM of cobalt. DNMT1 was 

increased at both concentrations 25 and 50 μM of cobalt. In contrast, U-373 cells 

after treatment with a similar range of cobalt (25, 50 and 100 μM) have shown a 

significant increase in the TDG level and a significant slight decrease in DNMT1 

level at 100 μM of cobalt.  

However, considering the high cross reactivity and the low levels of the changes 

detected it is necessary to take care in the interpretation of the results of this 

experiment. 

 

6.1.3 Summary of the results of real-time polymerase chain reaction experiment 

 

Quantitative real-time PCR for SIRT2, MeCP2, UNG1 and TDG genes in SH-SY5Y 

cells showed a gradual increase in all genes compared with the reference gene and 

control cells as the concentration of cobalt was increased up to 100 μM. In U-373 
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cells, there was increase in the levels of all genes at 100 μM of cobalt. The genes 

UNG1 and TDG are associated with base excision repair (Yonekura et al., 2009; Da 

et al., 2018), which supports our finding in this pathway. Mlh1 has a role in the R-

loop-dependent CAG fragility, which is responsible for DNA strand breakage. 

SIRT2 plays an important role in antioxidation and hypoxia (Seo et al., 2015). 

MeCP2 gene increased as a defensive mechanism initiated to combat methylation in 

the cell (Yan et al., 2003). 

 

6.1.4 Evaluation of cobalt effect on neuronal cells by metabolomic analysis 

 

The metabolomic analysis of SH-SY5Y and U-373 cells after treatment with a range 

of cobalt (25, 50, 100, 150 and 200 μM) revealed multiple altered metabolites. The 

detection of increased levels of glutathione disulfide (the oxidised form of 

glutathione) suggested that cobalt was acting through glutathione oxidation in both 

cell lines. There were marked alterations in several lipids and increases in CMP-

ethanolamine and CMP-choline which are required for lipid biosynthesis. Although 

the transcription of genes enzymes required for DNA repair was upregulated the 

increase was not supported by protein expression data as judged from Western 

blotting or from metabolite changes. Isolation and digestion of DNA followed by 

analysis of the digested bases did not indicate increases in the elevation of markers 

such as deoxyuridine, thymidine, or methyl deoxy cytidine. 
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6.2.5 Suggestions for future work on cobalt 

 

The metabolomics results for cobalt require some clarification. The production of 

oxidative stress was clear enough. However, the effects on DNA and RNA bases was 

less clear. There was one particular marker which appeared to be hydroxythymidine. 

This marker yielded a fragment which confirmed that it contained hydroxymethyl 

uracil. However, further characterisation of this marker by MSn experiments is 

required. The following experiments should be carried out: 

 

1- Characterisation of the lipids altered by cobalt treatment by using MSn 

methods and more selective chromatography. 

2- Metabolomic analysis for the effect of cobalt treatment on primary rat brain 

tissue and compare it with the effect of cobalt treatment on neuronal cell 

lines.  

3- Performing untargeted shotgun proteomics for similar cell lines and primary 

brain cells after treatment with cobalt to study the effect on proteins and 

compare it with the metabolomics data. 

4- The use of metabolomics to compare the effect of cobalt chloride, cobalt hard 

metal and cobalt/tungsten carbide mixture (used in alloys) and compare the 

response of cells toward these different forms of cobalt. 

5- Isolation of the mitochondria, evaluate its content of H2O2 and examine it by 

metabolomics and other approaches to investigate the effect on mitochondria 

separately and to investigate our hypothesis that cobalt is causing more harm 

to mitochondria due to its high H2O2 content.  
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6- Isolation of mitochondrial DNA and examination of the bases in it by 

microarray or metabolomic approaches to detect what specific damage occurs 

after cobalt treatment. 

 

6.1 Summary of results of the mephedrone study 
 

A summary of the main findings for the two chapters covering mephedrone 

metabolism and mephedrone effects on cells (4 and 5, respectively) are presented 

here. 

 

6.1.1 Metabolism of mephedrone in cultured primary rat hepatocytes 

 

In the culture of primary hepatocytes, the metabolism pattern of mephedrone is 

different according to the time of incubation. It was noticed that the extent of 

metabolism decreases with time as a result of impaired metabolism activity: 

mephedrone metabolism in cultured rat hepatocytes is time and dose dependent. 

Carboxy-mephedrone was the most abundant metabolite at 6 and 24 hours incubation 

periods, whereas nor-mephedrone was the most abundant after the 48 hours 

incubation period.  

 

The hepatic derived cell line HepG2, showed very weak metabolism of mephedrone 

and proved not to be not good alternative model to primary hepatocytes. Similarly, 

the neuronal derived cell lines U-373 and SH-SY5Y, showed low mephedrone 

metabolism with slightly improved metabolism, in matter of number of metabolites 

produced, in U-373 cells compared to SH-SY5Y cells. HepG2 cells produced a 
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single metabolite (4-carboxy-mephedrone) with very low relative abundance 

(0.05%). SH-SY5Y neuroblastoma cells produced a single metabolite as well (4-

hydroxymethyl-cathinone) with 10% relative abundance. Finally, U-373 astrocytoma 

cells produced three metabolites (dihydro-mephedrone, hydroxytolyl-mephedrone 

and glycine conjugated mephedrone) with low abundance (0.6, 1.1 and 0.002%, 

respectively). All results observed after incubation of cell lines with 100 μM over 6 

days. 

 

6.1.2 Assessment of the toxicity of mephedrone 

 

The use of multiple assays (NR, MTT, LDH and metabolomics) to assess the effect 

of mephedrone has revealed many findings which are presented here. Results of the 

NR and MTT assays showed no significant effect on cell number or metabolism of 

SH-SY5Y cells (after exposure to a range of concentrations of mephedrone) with the 

exception of increased metabolic activity at 100 μM concentration of mephedrone 

after 72 hours of incubation. In contrast, U-373 cells showed an increase in both cell 

number and metabolism at a 100 μM concentration and higher at similar incubation 

time. Results of the LDH assay showed no change between treated and non-treated 

SH-SY5Y and U-373 cells after treatment with 100 μM of mephedrone for 72 hours. 

These results combined showed that mephedrone has limited effect on the 

metabolism and growth of SH-SY5Y and U-373 cells. However, the increased 

metabolism in both of the cell lines at 100 μM of mephedrone for longer period of 

time (6 days) was studied using metabolomic analysis to further investigate 

intracellular change induced by mephedrone at this specific concentration. 
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6.1.3 Evaluation of mephedrone effect on neuronal cells by metabolomic 

analysis 

 

Metabolomic analysis of human SH-SY5Y and U-373 cells after treatment with 100 

μM of mephedrone (for 6 days incubation) was studied in comparison with 

appropriate control cells. The metabolomic analysis showed multiple alterations in 

intracellular metabolites.  

The resultant effects on cells can be classified according to the pathways affected 

into four categories. First, oxidative stress was apparent in all cell types characterised 

by the production of cysteine-glutathione. The second pathway is associated with 

phenylalanine and tryptophan metabolism, and the third affected pathway is the 

metabolism of glucose. The fourth and most affected group of compounds was lipids 

particularly ether, lyso and other membrane lipids. 

Even though, there was no effect on the cell proliferation of SH-SY5Y and U-373 

cells as the results of NR, MTT and LDH assays suggested, there was an intracellular 

effect after the treatment with 100 μM of mephedrone. However, for the SH-SY5Y 

cell line the effects were minor. It is believed that even small change in the brain 

cells homeostasis can lead to neurological disease (Laposa and Cleaver, 2001).  

 

However, there are limitations to extend our results to primary human neuronal cells 

since cell lines are cancer cells and can act in a different way to stressors (Agholme 

et al., 2010). In addition the relatively low concentration and long period of 

incubation of mephedrone can cause the drug to be evaporated by time of analysis, 

which can reduce the effect and allow cells to restore their healthy status. Thus, 
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quantification of mephedrone in samples at time of analysis was necessary to 

confirm that the effect is directly caused by the drug. Moreover, since the most 

prominent effect was on lipid and the fact that the metabolomic method was more 

selective to polar compounds, which led to weak retainment of lipids. Thus, more 

clear picture of the effect on lipid can be achieved with non polar selective 

metabolomic method. The major limitation of the work reported in this thesis is the 

extrapolation from cells cultured in a petridish to cells living in the in vivo 

environment in the brain and furthermore to the effects in the whole human body. 

 

6.1.4 Suggestions for future work on mephedrone 

 

To better understand mephedrone effects on the brain it is recommended to further 

investigate its effects. According to our results we suggest the following approaches 

to consider in the future studies. 

1- The highest priority would be to further investigate the apparent effect of 

mephedrone in altering the lipid profile of the astrocyte cells. This is an 

unusual observation since the effects are far reaching. Thus the 

reproducibility of this effect should be studied and MS2 methods with more 

selective chromatography should be used to provide more extensive 

characterisation of the lipids altered by the mephedrone treatment. 

2- Metabolomic analysis of mephedrone treated primary rat brain cells for 

specific parts of the brain individually. This will help in the investigation of 

the effects on normal brain cells.  
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3- Investigation of mephedrone effect on diabetic rats (see section 5.5.2 for 

mephedrone effect on glucose) to see if mephedrone can cause more harm to 

diabetic rats compared to healthy rats.  

4- Examination of oxidative stress related to the production of reactive oxygen 

species in cell lines and primary cells after treatment with mephedrone at 

different concentrations and exposures. 

5- More in depth study of the relation between the ability of mephedrone to 

react with cysteine and the effect of this reaction on the glutathione 

concentration in the cell. 

6- The application of western blotting for the detection of enzymes related to 

oxidative stress and glucose metabolism to identify the enzymes highly 

affected by mephedrone treatment. 

7- The use of genomics (RT-PCR) and proteomics to confirm the results 

explored in this research. 

8- Investigation of the benefit of antioxidants to reduce the effect of 

mephedrone on cells. 
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8 Appendices 
 

Appendix 1 

Table 1 Authentic standards run on a ZICpHILIC column with an acetonitrile/20 

mM ammonium carbonate gradient. 

Compound Name m/z mode 
RT 

min 

Glycine 76.0394 + 16.2 

Sarcosine 90.0551 + 14.3 

L-Alanine 90.0552 + 15.1 

B-Alanine  90.0552 + 15.7 

L-Homoserine Lactone 102.0550 + 7.2 

Malonate  103.0020 + 17.1 

3-hydroxy-butyrate 103.0390 - 16.4 

Y-Aminobutyric acid 104.0700 + 15.8 

Choline(+) 105.1100 + 20.5 

L-Serine 106.0500 + 16.3 

L-cytosine  112.0500 + 12.4 

Histamine 112.0870 + 27.8 

Uracil 113.0350 + 8.6 

Creatinine 114.0540 + 10.1 

DL-Valine  116.0700   12.7 

L-Proline 116.0700 + 12.9 

Succinic acid 117.0180   16.5 

Methylmalonate  117.0180 - 16.2 

L-Homoserine 118.0500 - 15.4 

Indole 118.0650 + 6.1 

Betaine  118.0860 + 11.3 

L-Valine  118.0860 + 12.7 

L-Norvaline  118.0860 + 12.2 

L-Homoserine 120.0650 + 15.5 

Threonine 120.0660 + 15.0 

Isonicotinic acid 122.0240 - 7.3 

Cysteine 122.0270 + 8.5 

Nicotinamide 123.0550 + 7.2 

taurine 124.0073 - 15.1 

methylcytosine 126.0622 + 11.1 

Imidazole acetate 127.0502 + 12.0 

2-Pyrrolidone-5-carboxylic acid  128.0340 - 11.0 

Citraconate  129.0180 - 13.6 

Dihydrothymine 129.0660 + 8.3 

5-Oxoproline 130.0490 + 15.1 

2-Pyrrolidone-5-carboxylic acid 130.0490 + 11.2 

Cis-4-Hydroxy-D-Proline 132.0650 + 15.4 

aminolevulinate 132.0650 + 14.0 

L-Threonic acid 132.0650 - 11.1 

Creatine 132.0760 + 15.0 

L-isoleucine 132.1010 + 11.3 
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Leucine  132.1020 + 10.8 

(L)-Malate 133.0130 - 17.4 

L-asparagine 133.0610 + 15.9 

L- Ornithine 133.0970 + 23.3 

Aspartate  134.0320 + 15.5 

L-Homocysteine 134.0460 - 13.5 

S-Methyl-L-cysteine 136.0420 + 12.3 

adenine 136.0618 + 10.0 

Hypoxanthine 137.0450 + 10.3 

1-Methylnicotinamide 137.0700 + 5.4 

2-Imino-1-imidazolidine acetic acid 144.0760 + 14.1 

Ketoglutaric acid 145.0143 - 16.2 

2-phenyl-Imidazole 145.0750 + 5.7 

O-Acetyl-L-serine  146.0450 - 11.5 

Spermidine 146.1650 + 14.2 

Citramalate  147.0290 - 16.1 

D-2-Hydroxyglutaric acid 147.0300 - 11.9 

D-Galactono-14-lactone 147.0300 - 13.4 

Trans-Cinnamic acid  147.0440 - 4.8 

L-Lysine 147.1120 + 24.8 

L-Methionine 148.0430 - 11.7 

B-Glutamic acid  148.0590 + 15.0 

Ribose 149.0460 - 11.9 

L-Arabinose  149.0460 - 11.1 

7-Methyladenine 150.0760 + 8.5 

Triethanolamine (GPL) 150.1120 + 9.3 

Xylitol 151.0250 - 13.1 

Xanthine 151.0250 - 12.2 

2-phenylglycin  152.0530 + 11.5 

Guanine 152.0560 + 12.6 

L-Histidine 154.0610 - ND 

N-Acetylhistamine 154.0650 + 7.3 

Dopamine 154.0860 + 26.0 

L-Histidine 156.0760 + 14.4 

Allantoin 159.0510 + 14.9 

Hydroxyectoine  159.0750 + 15.0 

Indole-3-carboxylate 160.0390 - 7.3 

methyl-L-lysine 161.1280 + 23.5 

L-2-Aminoadipic acid  162.0750 + 15.7 

Tryptophanol 162.0910 + 4.7 

Carnitine 162.1110 + 13.4 

4-Coumarate  163.0390 + 8.8 

Rhamnose 163.0390 - 11.4 

3-(2-Hydroxyphenyl) propanoic acid  165.0540 + 13.4 

1-Methylguanine 166.0710 + 9.5 

Pyridoxal 168.0660 + 7.9 

Phenylephrine 168.0680 + 10.7 

3-Methyl-L-histidine 168.0770 - 13.3 

Dihydroxyacetonephosphate  168.9900 - 17.9 

Urate 169.0350 - 13.6 

Pyridoxamine 169.0970 + ND 

L-Cysteic acid 170.0110 + 16.9 

Pyridoxine  170.0800 + 8.1 

N(pi)-Methyl-L-histidine 170.0800 + 7.9 

6-Hydroxydopamine (Oxidopamine) 170.0800 + 7.9 

L-Noradrenaline 170.0810 + 25.7 



 

  225 

3-Methyl-L-histidine 170.0910 + 13.2 

Sn-Glycerol 3-phosphate  171.0110 - 7.1 

Gallate 171.0290 + 4.9 

Dimethyl-L-lysine 173.1290 - 21.4 

3-Indol acetate 174.0440 - 11.9 

Ascorbate 175.0240 - 17.5 

D-Isoascorbic acid 175.0240 - 10.9 

D-Glucuronolactone 175.0430 - 15.8 

N-Acetyl-L-ornithine 175.1070 + 15.4 

L-Arginine 175.1180 + 26.5 

N-Acetyl-L-aspartate 176.0550 + 15.8 

indole-3-acetic acid 176.070 + 9.4 

L-Citrulline 176.1020 + 16.3 

L-Gulonic gamma-lactone 177.0400 - 13.3 

Hippuric acid  178.0500 - 7.4 

N-formyl-L-methionine 178.0530 - 7.5 

D-Glucosamine 178.0710 - 14.1 

Caffeate 179.0450 - 12.7 

Myo-Inositol 179.0550   17.8 

D-Glucose 179.0550 - 15.2 

Galactose 179.0550 - 15.5 

D-Mannose 179.0550 - 14.5 

fructose 179.0550 - 14.0 

Paraxanthine 181.0710 + 6.1 

Mannitol 181.0710 - 14.5 

D-sorbitol 181.0720   14.4 

L-Tyrosine 182.0810 + 13.4 

L-Adrenaline 184.0820 + 12.0 

3-phosphoglycerate 184.9850 - 18.1 

N-acetyl-L-glutamine 187.0710 - 11.2 

N6-Acetyl-L-Lysine 187.1080 - 15.2 

Kynurenic acid 188.0350 - 7.4 

N-Acetyl-L-glutamate 188.0560 + 15.2 

N-acetyl-L-glutamine 189.0860 + 11.2 

Homo-arginine 189.1340 + 26.7 

Homo-arginine 189.1340 + 26.8 

N6- trimethyl-L-lysine  189.1590 + 22.1 

5-Hydroxyindoleacetate 190.0500 - 10.8 

Isocitrate 191.0190 - 18.8 

Citrate 191.0190 - 18.9 

D(-)-quinic acid 191.0550 - 13.6 

D-Galacturonate 193.0350 - 17.5 

D-Glucuronate 193.0350 - 17.4 

D-Gluconic acid 195.0500 - 15.1 

L-Tryptophan 203.0820 - 11.8 

Diethyl 2-oxoglutarate 203.0910 + 4.0 

Xanthurenic acid 204.0300 - 12.4 

DL-Indole-3-lactic acid 204.0660 - 8.4 

Indole-3-lactic acid  204.0690 - 8.4 

O-Acetylcarnitine 204.1210 + 10.7 

D-panthenol 204.1240 - 7.2 

Lipoate 205.0160 - 4.6 

L-Tryptophan  205.0960 + 11.9 

Xanthurenic acid 206.0440 + 12.4 

D-panthenol 206.1380 + 7.2 

3-phenylpropionylglycine  208.0790 + 13.2 
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Mucic acid  209.0300 - 18.6 

L-Kynurenine 209.0910 + 11.0 

Galactarate  209.0930 - 15.2 

2-Methyl-3(3,4-dihroxy-phenyl)alanine 210.0770 - 15.2 

Phosphocreatine 212.0430 - 16.1 

2-Methyl-3(3,4-dihroxy-phenyl)alanine 212.0900 + 15.2 

2-deoxyribose-5-phosphate 213.0170 - 15.2 

5-hydroxy-L-tryptophan 219.0770 - 15.2 

Pantothenate 220.1160 + 9.1 

5-hydroxy-L-tryptophan 221.0910 + 15.2 

N-Acetyl-D-mannosamine 222.0910 + 4.1 

N-Acetyl-D-Glucosamine 222.0970 + 12.0 

Cystathionine 223.0740 + 17.7 

2-Deoxycytidine 226.0830 - 10.4 

L-Carnosine 227.1130 + 16.0 

2-Deoxycytidine 228.0960 + 10.6 

D-Xylulose 5-phosphate 229.0120 - 16.7 

D-Ribose 5-phosphate 229.0120 - 16.6 

Deoxy-uridine  229.0800 + 8.2 

Melatonin 231.1140 - 4.6 

Melatonin 233.1280 + 4.7 

Dihydrobiopterin 240.1080 + 12.7 

L-Cystine 241.0300 + 17.0 

Cytidine 242.0780 - 12.1 

Cytidine 242.0920 + 12.1 

Uridine 243.0620 - 10.0 

Biotin 243.0810 - 9.1 

Uridine 245.0760 + 10.0 

2-O-Methyluridine 257.0780 - 8.4 

5-methyluridine 257.0780 - 8.4 

3-O-Methyluridine 257.0780 - 7.2 

D-Glucosamine 6-Phosphate 258.0390 - 17.2 

5-methylcytidine 258.0960 - 10.7 

glucose 1 phosphate 259.0230 - 16.8 

Glucose 6-phosphate  259.0230 - 17.9 

Galactose 1 phosphate 259.0230 - 16.8 

D-Fructose-1-phosphate 259.0230   16.9 

fructose 6 phosphate 259.0230 - 16.9 

Phosphoenolpyruvate  259.0230 - 19.0 

D-Mannose 1- phosphate 259.0230 - 17.1 

3-O-Methyluridine 259.0900 + 7.2 

5-methyluridine 259.0920 + 8.3 

Thiamine (+) 265.1110 + 20.8 

Thiamine (+) 266.1150 + 20.8 

Inosine 267.0730 - 11.1 

Adenosine 268.1030 + 8.7 

Inosine 269.0870 + 11.0 

6-phosphogluconic acid 275.0180   18.4 

6-Phospho-D-gluconate 275.0180 - 18.4 

L-Saccharopine 275.1250 - 16.2 

Guanosine 282.0840 - 12.9 

Xanthosine 283.0680 - 13.1 

Guanosine 284.0980 - 12.9 

7-Methylguanosine 298.0960 + 9.6 

5'-Methylthioadenosine 298.1130 + 13.3 

N-Acetyl-D-glucosamine 6-phosphate 300.0490 - 15.9 
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Cytidine 2’:3’-cyclic monophosphate 306.0470 + 13.1 

Glutathione 308.0900 + 15.2 

N-Acetylneuraminic acid 308.1000 - 14.1 

N-Acetylneuraminic acid 310.1120 + 14.1 

CMP 322.0450 - 16.7 

UMP  323.0290 - 16.0 

CMP 324.0580 + 16.7 

UMP 325.0420 + 16.0 

2-Deoxyadenosinemonophosphate  330.0610 - 13.2 

2- Deoxyadenosine 5-monophosphate 332.0740 + 13.1 

beta-D-Fructose-1,6-bisphosphate 338.9890 - 18.8 

D-(+)-Trehalose 341.1090   16.4 

Sucrose  341.1090 - 15.5 

Maltose 341.1090 - 16.5 

AMP 346.0560 - 14.3 

IMP 347.0400 - 16.3 

IMP 349.0350 + 16.3 

inosine-5-monophosphate 349.0530 + 16.3 

GMP 362.0510 - 17.7 

GMP 364.0640 + 17.7 

Lithocholic acid 375.2900 - 4.0 

Riboflavin 377.1440 + 8.2 

Lactoglutathione 378.0980 - 14.0 

S-Adenosyl-L-homocysteine 385.1270 + 13.5 

Deoxycholic acid  391.2850 - 4.4 

Chenodeoxycholic acid 391.2860 - 4.5 

S-Adenosyl-L-methionine 399.1430 - 16.3 

CDP 402.0140 - 18.2 

UDP 402.9960 - 17.7 

CDP 404.0250 + 18.2 

Cholate 407.2800 - 7.2 

ADP 426.0230 - 14.5 

GDP 442.0180 - 19.5 

Glycodeoxycholate 448.3070 - 4.4 

Glycocholic acid 464.3010 - 4.6 

Glycocholic acid  464.3010 - 4.8 

Glycocholic acid 466.3130 + 4.8 

CTP 481.9780 - 18.5 

CTP 483.9900 + 18.5 

ATP 505.9900 - 17.1 

ATP 508.0010 + 17.1 

Taurocholate (bile) 514.2840 - 7.2 

Taurocholate (D.P) 516.2980 + 7.2 

GTP 521.9840 - 22.4 

Bilirubin 583.2570 - 3.8 

UDP-N-acetyl-D-glucosamine 606.0760 - 16.1 

L-Glutathione oxidized 611.1460 - 17.5 

L-Glutathione oxidized 613.1570 + 17.5 

NAD+ 664.1140 + 14.5 

NADP+ 744.0800 + 17.7 

NADPH 744.0860 - 18.4 

NADPH 746.0960 + 18.4 

CoA 768.1227 + 14.3 

FAD 786.1620 + 11.9 
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Figure 1 Example of negative ion total ion chromatogram (TIC). 

 

Figure 2 Example of positive ion TIC. 
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Appendix 2 

Figure 1 RNA quality and concentration derived from Nanodrop 2000 

spectrophotometer. 

 

 

 

Figure 2 DNA quality and concentration obtained from Nanodrop 2000 

spectrophotometer. 
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Appendix 3 

Figure 1 The photograph of the membrane used to develop the UNG protein. 

 

 
 

 

Figure 2 The photograph of the membrane used to develop the TDG protein. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 



 

  231 

 

 

 

Figure 3 The photograph of the membrane used to develop the DNMT1 protein. 

 
 

Figure 4 The photograph of the membrane used to develop the OGG1 protein. 

 

 


	Author’s declaration
	Acknowledgement
	Abstract
	Table of Contents
	List of Figures
	List of Tables
	List of Equations
	List of Abbreviations
	Published Work
	Chapter 1 INTRODUCTION
	1.1 Cobalt
	1.1.1 Metals and their effect on humans
	1.1.1.1 Production of reactive oxygen species
	1.1.1.2 Metal protein binding and disposition

	1.1.2 Cobalt forms and its use in clinical and environmental fields
	1.1.3 Cobalt effect on patients with metal on metal (MoM) hip implants
	1.1.4 Cobalt toxicity studies
	1.1.4.1 Cobalt neurotoxicity
	1.1.4.2 Cobalt effect on other organs
	1.1.4.2.1 Cobalt effect on the lung
	1.1.4.2.2 Cobalt effect on the heart
	1.1.4.2.3 Cobalt effect on the reproductive system
	1.1.4.2.4 Cobalt effect on the liver

	1.1.4.3 Cobalt genotoxicity
	1.1.4.4 Cobalt carcinogenicity

	1.1.5 Fatalities associated with cobalt consumption
	1.1.6 Mechanism of cobalt toxicity

	1.2 Mephedrone
	1.2.1 Mephedrone and related compounds
	1.2.1.1 Physical form of mephedrone
	1.2.1.2 Sources of mephedrone

	1.2.2 Mephedrone toxicity, incidence and mortality
	1.2.2.1 Toxicological effects and cases of mephedrone toxicity
	1.2.2.2 Acute toxicity
	1.2.2.3 Chronic toxicity
	1.2.2.4 Mephedrone-related Fatalities
	1.2.2.5 Animal models studies for mephedrone effects and toxicity
	1.2.2.6 Incidence of mephedrone availability

	1.2.3 Mechanism of mephedrone effect on the CNS, and other adverse reactions
	1.2.4 Experimental investigations into toxicity and metabolism
	1.2.4.1 Toxicity experiments
	1.2.4.2 Metabolism experiments


	1.3 In vitro cell culture models and advantages
	1.3.1 2 Dimension (2D) cell culture
	1.3.2 Three dimensional (3D) cell culture

	1.4 Mass spectrometry based metabolomics
	1.4.1 Metabolomics
	1.4.2 Liquid chromatography-mass spectrometry (LC-MS)

	1.5 Quantitative real-time polymerase chain reaction (qRT-PCR)
	1.6 Reason for the choice of mephedrone and cobalt for analysis
	1.7 The aims of the project

	Chapter 2 MATERIALS AND METHODS
	2.1 Culture of cells
	2.1.1 Standard stock solutions and preparation methods
	2.1.1.1 Media
	2.1.1.2 Versene
	2.1.1.3 Trypsin
	2.1.1.4 Mephedrone preparation
	2.1.1.5 Cobalt preparation

	2.1.2 Cell lines and primary cells
	2.1.2.1 Culture of SH-SY5Y and U373 as monolayer cell culture
	2.1.2.2 Culture of primary rat hepatocyte as monolayer cell culture
	2.1.2.2.1 Isolation of primary rat hepatocytes
	2.1.2.2.2 Method of preparation cell culture and mephedrone treatment
	2.1.2.2.3 Extraction of cell lysates for metabolomics



	2.2 MTT, NR, LDH and morphology assays
	2.2.1 Neutral red (NR) assay
	2.2.2 Dimethylthiazolyl diphenyltetrazolium bromide (MTT) assay
	2.2.3 Lactate dehydrogenase (LDH) assay
	2.2.4 Morphology

	2.3 Reactive oxygen species (ROS)
	2.4 Lowry and western blotting
	2.4.1 Sample preparation
	2.4.2 Total protein measurement (Lowry assay)
	2.4.3 Western blotting (WB)
	2.4.3.1 Calculations of required volumes for WB
	2.4.3.2 Preparation of gel solutions
	2.4.3.3 Preparation of solutions for making gels
	2.4.3.4 Making the gels
	2.4.3.5 Procedure steps


	2.5 DNA and RNA isolation
	2.6 DNA digestion
	2.7 Metabolomics and Metabolism
	2.8 Quantitative Real-time PCR (qRT-PCR)
	2.8.1 Materials
	2.8.2 Method

	2.9 Statistical methods

	Chapter 3 THE EFFECT OF COBALT ON HUMAN NEUROBLASTOMA AND ASTROCYTOMA
	3.1 Abstract
	3.2 Introduction
	3.2.1 Cobalt
	3.2.2 Oxidative stress
	3.2.3 DNA methylation
	3.2.2 DNA deamination

	3.3 Methods and materials
	3.4 Results and discussion
	3.4.1 Measurement of MTT reduction in neuroblastoma cells in the presence of cobalt
	3.4.2 Measurement of MTT reduction in astrocytoma cells in the presence of cobalt
	3.4.3 ROS detection
	3.4.3.1 ROS measurement in SH-SY5Y cells after treatment with cobalt
	3.4.3.2 ROS measurement in astrocytoma cells after exposure to cobalt for 24 hours

	3.4.4 Western blotting (Gels)
	3.4.4.1 Western blotting results for neuroblastoma cells
	3.4.4.2 Western blotting results for astrocytoma

	3.4.5 Real-time PCR
	3.4.5.1 Results and discussion for quantitative real-time PCR for the selected genes for neuroblastoma (SH-SY5Y) cells
	3.4.5.2 Results and discussion for quantitative real-time PCR for the selected genes for the Astrocytoma cells (U373)

	3.4.6 Metabolomics
	3.4.6.1 Metabolomic results for astrocytoma cells
	3.4.6.2.2 Results and discussion of the metabolomic analysis of the nuclear DNA for astrocytoma cells



	3.6 Summary of findings

	Chapter 4 MEPHEDRONE METABOLISM IN NEURONAL CELL LINES, HEPATOCYTOMA AND PRIMARY RAT HEPATOCYTES, AND THE COMPARISON OF MEPHEDRONE METABOLISM IN FRESHLY ISOLATED HEPATOCYTES WITH CULTURED HEPATOCYTES
	4.1 Abstract
	4.2 Introduction
	4.2.1 Mephedrone
	4.2.2 The use of cell lines and primary hepatocytes in metabolism studies

	4.3 Aims and objectives
	4.4 Materials and methods
	4.4.1 Materials
	4.4.1.1 Cell lines and primary hepatocytes
	4.4.1.2 Mephedrone

	4.4.2 Methods
	4.4.2.1 Extraction of cells
	4.4.2.2 Method used for LC-MS analysis
	4.4.2.3 Statistical analysis


	4.5 Results and discussion
	4.5.1 Comparison of mephedrone metabolism in freshly isolated hepatocyte with cultured hepatocytes
	4.5.2 Metabolism of mephedrone in neuroblastoma, astrocytoma and hepatocytoma
	4.5.2.1 Metabolism in Human Astrocytoma Cells (U373)
	4.5.2.2 Metabolism in Human Neuroblastoma (SH-SY5Y)
	4.5.2.3 Metabolism in Human hepatocytoma (Hep G2)


	4.6 Conclusion

	Chapter 5 MEPHEDRONE EFFECTS ON HUMAN NEUROBLASTOMA AND ASTROCYTOMA CELLS
	5.1 Abstract
	5.2 Introduction
	5.2.1 Mephedrone effect on CNS
	5.2.2 Mephedrone stability

	5.3 Aims and objectives
	5.4 Materials and methods
	5.5 Results and discussion
	5.5.1 The effects of mephedrone on viability measured by MTT, NR and LDH viability assays
	5.5.1.1 MTT assay
	5.5.1.2 NR assay
	5.5.1.3 LDH assay
	5.5.1.4 Morphology

	5.5.2 Metabolomics in all cell types in-vitro
	5.5.2.1 Effect of mephedrone on the metabolomes of SH-SY5Y neuroblastoma cells
	5.5.2.2 Effect of mephedrone on the metabolomes of U-373 astrocytes


	5.6 Conclusion

	Chapter 6 SUMMARY AND FUTURE WORK
	6.1 Summary of results of the cobalt study
	6.1.1 Assessment of the toxicity of cobalt
	6.1.2 Summary of the western blotting results for specific enzymes
	6.1.3 Summary of the results of real-time polymerase chain reaction experiment
	6.1.4 Evaluation of cobalt effect on neuronal cells by metabolomic analysis
	6.2.5 Suggestions for future work on cobalt

	6.1 Summary of results of the mephedrone study
	6.1.1 Metabolism of mephedrone in cultured primary rat hepatocytes
	6.1.2 Assessment of the toxicity of mephedrone
	6.1.3 Evaluation of mephedrone effect on neuronal cells by metabolomic analysis
	6.1.4 Suggestions for future work on mephedrone


	7 References
	8 Appendices

