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CHAPTER  

STUDY DESIGN 3 
 

 
 
3.1 PROBLEM STATEMENT 

 

The area of involvement of MTs with mitochondrial function is still very vague and possibly diverse, 

as was noted in the review (Chapter 2).  The lack of experimental evidence and the complex 

nature of both the protein and organelle make it difficult to formulate a clear overview of their 

interaction.  It is even more difficult, based on existing knowledge, to hypothesize on the primary 

role of MTs in the mitochondrion.  One of the many roles of MTs is to scavenge ROS, which are 

mainly produced in the mitochondrion (Futakawa et al., 2006; Suzuki et al., 2005).  However, 

regarding their ability to bind and transport metals, a link with energy metabolism and specifically 

the OXPHOS system seems apparent, but inconclusive.  This is because the position and direction 

of enzyme regulation, downstream effects and physiological status in which specific MT related 

tasks are performed, all need to be elucidated experimentally before firm conclusions can be 

drawn.  Evidence in the literature is limited and focused when it comes to this interaction, not to 

mention the lack of in vivo confirmation.  

 

Therefore, there are several factors that complicate our understanding of the involvement of MTs 

in the mitochondrion, which consequently complicate our attempts to elucidate this involvement: 

 

i. Firstly, even after fifty years of research, the primary biological role of MTs still remains 

unclear (Freisinger, 2008), as well as the role they play during unchallenged and non-

pathological conditions; 

ii. The functional abilities of MTs and their wide range of expression stimuli make them 

“multi-purpose” proteins that seem to play a role in many simulated pathological or 

challenged environments;  

iii. Consequently, all in vitro studies (including those with cell cultures) are, in a sense, 

biased by nature as the role MTs play is influenced by the simulated experimental 

environment.  Moreover, this also applies to in vivo models where MT expression is up-

regulated with unspecific inducers; 



35 

 

iv. While metal homeostasis also refers to enzyme (metabolic) and transcription factor 

(transcription) regulation, it is obvious that numerous cellular processes can be 

influenced by MTs (or the absence of it).  The major sites of action remain unclear and 

may be plentiful, thus making targeted investigations impractical; 

v. Finally, although a clear link between MTs and mitochondrial function seems apparent 

from existing literature, they are still not recognised as mitochondrial proteins.  This is in 

part due to the fact that they do not contain a mitochondrial signal peptide sequence, 

which with a mass of ~7 kDa, is not essential for inner membrane space involvement. 

 

In light of these limitations and problems, it was obvious that two components were needed to cast 

more light on their involvement and to take one step closer to a more accurate knowledge.  Firstly, 

a well characterised in vivo model was needed to study the involvement of MTs in mitochondrial 

function and disease.  The use of genetically modified animals or cells, whether it is MT-over-

expressing or MT knockout, was considered ideal in this study.  Secondly, taking into account that 

the (numerous) downstream effects of differential enzyme and/or transcription regulation manifest 

in the metabolome, (metabol)omics technology is required to reveal these differences.  There are, 

in fact, several advantages of using metabolomics technology above others to cast more light on 

the involvement of MTs in mitochondrial metabolism.  The metabolome is the product of the 

proteome and transcriptome, and also reflects allosteric and other regulatory processes and can 

therefore be considered closer to the phenotype (Dettmer et al., 2007; Dunn, 2008; Roessner & 

Bowne, 2009).  Considering that the transcriptome consists of more than 10 000 genes and the 

proteome of more than 100 000 proteins, it is also more practical to focus on the metabolome 

(which consists of about 2 500 metabolites) when information on the important action sites or 

affected pathways is extracted in an untargeted fashion (Tolstikov et al., 2007). 

 

In the study presented here, it was decided to use metallothionein knockout (MTKO) mouse 

models to gather more information on the involvement of MTs with mitochondrial function and 

disease.  Given the limited available information, an untargeted screening of the metabolome was 

proposed in order to highlight areas that need further investigation.  Moreover, seeing that (energy) 

metabolism is the main contribution of the mitochondrion to the cells, and that it hold numerous 

metabolic pathways (such as amino- and fatty acid catabolism), a comparative study of the 

metabolome can give vital information regarding this relationship between these two complex 

entities.  With the selected mouse models and approach, the following questions were asked: 
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i. Are there any (vast) differences in the metabolism of MT1+2KO (MT-1 and MT-2 

knockout; 129S7/SvEvBrd-Mt1tm1Bri Mt2tm1Bri/J), MT3KO (MT-3 knockout; 129S7-

Mt3tm1Rpa/J) and WT (wildtype; 129S71/SvImJ) mice which are reflected in the 

metabolome during unchallenged conditions? 

ii. Are there any differences in the metabolism of these mice when mitochondrial 

metabolism is challenged with exercise and/or a high-fat diet? 

iii. Are there differences in the metabolism of MT1+2KO and WT mice during mitochondrial 

disease, when complex I of the ETC is inhibited with rotenone? 

iv. Can these differences (if any) emphasise the main regions that are affected by the 

absence of MTs in the MTKO mice? 

v. Can the results of this study give a clearer picture of the involvement of MTs with 

mitochondrial metabolism, and can these results be used to generate new hypotheses 

in addition to its primary aim to only emphasise regions of the metabolism mostly 

affected by the absence of MTs for further investigation? 

 

3.2 STUDY AIM 

 

The primary aim of this study was thus to highlight regions in the (mitochondrial) metabolism that 

were markedly different between WT and MT knockout mice.  As metabolomics is a hypothesis-

generating methodology, these differences can be investigated in future studies using more 

targeted and focused approaches.  The secondary (non-compulsory) aim of this study was to 

clarify this involvement in light of the metabolic results.  A few smaller objectives (sub-studies) 

were put forth to accomplish the aim(s) of this study:  

 

i. Establish and standardise a high-throughput and precise metabolomics data 

generation, data processing and statistics workflow.  This in part was also required as 

the study was conducted on a new metabolomics platform where these processes had 

not been established for the tissues used in this study;  

ii. Determine possible metabolic differences between MT1+2KO, MT3KO and WT mice 

during unchallenged conditions and when mitochondrial function is challenged with 

exercise and/or high-fat intake;  

iii. Determine possible metabolic differences between MT1+2KO and WT mice during 

mitochondrial disease when complex I of the ETC is inhibited. 
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3.3 EXPERIMENTAL APPROACHES AND DESIGN 

 

3.3.1 PART 1: ESTABLISHING METABOLOMICS ANALYSES, DATA PROCESSING AND 

STATISTICAL METHODS FOR HIGH-THROUGHPUT AND PRECISION WORK. 

 

Before embarking on a metabolomics study it was first necessary to select the most appropriate 

approaches and to establish and standardise* analytical as well as all post-analytical methods.  

Selected methods were validated* for repeatability* as the comparison of experimental groups was 

central to obtaining relevant biological information.  Figure 3.1 illustrates the common work-flow of 

a metabolomics experiment and also all steps that needed standardisation and validation.  

Selection, standardisation and validation of sample preparation methods and analytical platforms 

were done and are described in Annexure B. Data extraction, processing and statistical methods 

were selected and validated (where necessary) and are described in Annexure C.  The choice of 

experimental samples, metabolomics approach and analytical platforms is given and motivated in 

the following sections. 

 

3.3.1.1 Experimental samples 

Blood plasma/serum and urine were preferred for metabolic footprinting as it gives systematic 

information; a snapshot of the metabolic status of the entire organism.  Despite the ease of 

collection and preparation of bio-fluids for metabolic analyses, it is often desired to perform a 

metabolomics investigation of tissue samples to study certain diseases or sites of toxicity (Viant, 

2007).  There was also a need for tissue specific information in this study, seeing that MT-1, -2 and 

-3 are not predominantly expressed in all organs and also function differently in certain tissues.  

Moreover, if the impact of the MT knockout on the metabolism is not substantial, the systematic 

approach will not be able to differentiate between the WT and MTKO mice when using bio-fluids.  

Therefore, it was decided to include specific tissues for metabolomics.  Liver, gastrocnemius 

muscle and brain was selected for tissue specific information based on the differential expression 

of MT-1, -2 and -3 and energy requirements.  The liver, muscle and brain have relatively large 

energy requirements and depend on large numbers of mitochondria and mitochondrial metabolism.  

These tissue samples were also favoured regarding the aim of the selected interventions.  

 

 

 

* These terms are defined in Annexure B 

 



 

Figure 3.1: Illustration of the common workflow of a 

standardisation and validation of all methods and approaches within these steps are discussed in 

B and C. 

 

3.3.1.2 Selected metabolomics approach

The metabolomics approaches most suited for this study 

approaches of metabolic fingerprinting and footprinting

driven, but more explorative by nature

throughput in comparison to metabolic pro

intended for analysis, it was favourable that the approach be high

fingerprinting is mainly used as a discriminatory and classification tool for samples of different 

origins, it is also of value when the biologically important metabolites are identified and converted 

to biological information and knowledge (Dettmer 

fingerprinting method are: 

 

(1) that it must be sensitive enough to detect as many metabolites as possible in a

(2) not require any direct metabolite identification to develop a consistent metabolite fingerprint

(3) use relative yet normalised 

(4) use data mining procedures which can determine the most important signals responsible for 

differences; and 

(5) use analytical procedures in which the relevant fingerprint signals can be linked easily to 

specific metabolites (Favé et al
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the common workflow of a metabolomics experiment

ation and validation of all methods and approaches within these steps are discussed in 

elected metabolomics approach 

The metabolomics approaches most suited for this study were the untargeted, unbiased 

approaches of metabolic fingerprinting and footprinting.  These approaches 

driven, but more explorative by nature.  Metabolic finger- and footprinting are also

throughput in comparison to metabolic profiling.  Due to the large amount of samples that were 

intended for analysis, it was favourable that the approach be high-throughput

fingerprinting is mainly used as a discriminatory and classification tool for samples of different 

of value when the biologically important metabolites are identified and converted 

to biological information and knowledge (Dettmer et al., 2007).  The main 

sensitive enough to detect as many metabolites as possible in a

(2) not require any direct metabolite identification to develop a consistent metabolite fingerprint

ed signal ratios (or fingerprints), rather than absolute concentration

(4) use data mining procedures which can determine the most important signals responsible for 

use analytical procedures in which the relevant fingerprint signals can be linked easily to 

et al., 2009).  This would justify using the term metabolomics

even if semi-quantitative data are generated (Dettmer 
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experiment.  The selection, 

ation and validation of all methods and approaches within these steps are discussed in Annexure 

the untargeted, unbiased 

These approaches are not hypothesis 

and footprinting are also more high-

Due to the large amount of samples that were 

throughput.  Although metabolic 

fingerprinting is mainly used as a discriminatory and classification tool for samples of different 

of value when the biologically important metabolites are identified and converted 

he main criteria for a 

sensitive enough to detect as many metabolites as possible in an unbiased way; 

(2) not require any direct metabolite identification to develop a consistent metabolite fingerprint; 

n absolute concentrations; 

(4) use data mining procedures which can determine the most important signals responsible for 

use analytical procedures in which the relevant fingerprint signals can be linked easily to 

metabolomics instead of 

quantitative data are generated (Dettmer et al., 2007).  
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3.3.1.3 Analytical platforms of choice 

The analytical platform that is well suited for metabolic fingerprinting is ESI-MS and was the 

preferred platform for this study (Dettmer et al., 2007; Dunn, 2008).  When it comes to untargeted 

analysis of compounds, the sensitive and selective quadrupole-time-of-flight (Q-TOF) mass 

analyser is recommended and was selected as the primary analytical platform.  The resolution 

power of modern MS (especially TOF) instruments is good enough to yield valid information about 

the net result of metabolic regulation in biological samples without the need for any 

chromatographic separation (Fiehn, 2002, Lu et al., 2008).  However, the ESI ionization process 

can suffer from strong ion suppression effects when direct infusion is used for complex mixtures 

(such as tissue extracts).  A separation step is thus recommended (Fiehn, 2008; Halket et al., 

2005; Roberts et al., 2008). Therefore, it was decided to include a (reverse phase) 

chromatography step to reduce ion suppression by decreasing the number of competing analytes 

entering the MS ion source at any given time.  A bonus of this is that a second dimension of 

discrimination (i.e. retention time) of metabolites is added to the metabolic data which could be 

useful, despite the low resolution and separation power of the chromatography step (Want et al., 

2007).  The use of a reverse phase (RP) LC-MS analytical platform can give useful information 

about the sample metabolome (Want et al., 2010).  However, it is unrealistic to assume that a 

single analytical platform has the ability to cover most of the sample metabolome as was required 

for this study.  It was thus mandatory to use a multiplatform approach in order to get good 

coverage of the sample metabolome.  RP-LC-MS was best suited for the detection of polar and 

semi-polar metabolites belonging to the secondary metabolism i.e. lipid, porphyrin, cofactor, 

hormone and nucleic acid metabolism, to name but a few (t’Kindt et al., 2009; Want et al., 2010).  

While compounds belonging to the primary metabolism are also detected with this platform, it is 

not truly suited for the detection of several of the important primary metabolites. 

 

It was therefore decided to employ GC-MS as a secondary platform, as it is best suited for 

metabolites belonging to the primary or central carbon metabolism (Büscher et al., 2009; t’Kindt et 

al., 2009).  The combination of these complementary platforms gives a much wider coverage of the 

metabolome, which is ideal for this study.  Silylation is possibly the most commonly used GC-MS 

derivatization approach, which adds trimethylsilyl (TMS) groups to compounds containing active 

hydrogen in functional groups, making it apolar and volatile.  This approach is also suitable for 

metabolic fingerprinting (Fiehn et al., 2000; Kanani et al., 2008) and was selected as 

complementary to the RP-LC-MS approach.  The use of these two analytical platforms would give 

sufficient coverage of a large part of the metabolome.  However, it was still reasoned that a certain 
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part of the metabolome (the lipids) would not get enough coverage with the selected platforms.  A 

few water soluble lipid species can be detected by the RP-LC-MS platform but this would not 

reflect the true lipidome.  Since MTKO mice tend to become moderately obese (Beattie et al., 

1998; Byun et al., 2011), one would expect a certain degree of variation in the fat metabolism (and 

deposits) of these mice.  Therefore, it was decided to include a semi-targeted metabolic profiling 

approach to monitor lipid content. 

 

The lipid species are highly diverse in size and type.  For this reason the analysis of the lipid 

species is fundamentally a field on its own, called lipidomics (Morris & Watkins, 2005; Orešič et al., 

2008).  Since lipidomics is not within the scope of this study, it was decided to incorporate an 

analytical approach that would give uncomplicated, yet satisfactory information about the lipidome.  

At the moment LC-MS is being seen as the dominant platform in the lipidomics field (Dettmer et al., 

2007; Roberts et al., 2008; Nygren et al., 2011) due to its wider coverage of the lipidome.  

However, for many scientists GC-MS still remains the platform of choice for analysing lipids.  The 

methylation of lipid species to yield fatty acid methyl esters (FAMEs) can give valuable information 

about lipid metabolism (Roberts et al., 2008).  This latter approach was selected to fill the gap 

mentioned previously. 

 

In summary, the three complementary analytical platforms selected for this study was the following 

(see also Figure 3.2): 

 

1. Reverse phase – LC-MS (positive ion scan) 

2. Silylation – GC-MS 

3. Methylation – GC-MS 

 

 

3.3.2 PART 2: A METABOLOMICS INVESTIGATION ON THE INVOLVEMENT OF MTs IN 

MITOCHONDRIAL FUNCTION: METABOLIC DIFFERENCES IN WT, MT1+2KO AND MT3KO 

MICE WHEN CHALLENGED WITH EXERCISE AND HIGH-FAT INTAKE (CHAPTER 4). 

 

To elucidate the role MTs play in mitochondrial function and metabolism under non-pathological 

conditions, it was decided to investigate the metabolism of MT1+2KO, MT3KO and WT mice 

during steady state conditions, and when challenged with exercise and a high fat diet.  The 

experiment was carried out and samples made available by Prof. Juan Hidalgo and his 



 

collaborators at the Autonomous University of Barcelona

description of this experimental setup is give

were divided into four experimental groups as illustrated in Figure 3.2.  A combination of exercise 

(1 hour swim) and diet (high-fat diet or normal chow diet) was used to challenge the metabolism of 

these mice.  Liver, skeletal muscle (gastrocnemius), brain and plasma samples 

snap-frozen and stored at -80 °C.  The samples were prepared and analysed with  the selected and 

standardised metabolomics and 

 

   
 
 

 

 

 

Figure 3.2: Schematic presentation of the experimental 
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collaborators at the Autonomous University of Barcelona, Spain.  A more comprehensive 

description of this experimental setup is given in Chapter 4.  MT1+2KO, MT3KO

were divided into four experimental groups as illustrated in Figure 3.2.  A combination of exercise 

fat diet or normal chow diet) was used to challenge the metabolism of 

Liver, skeletal muscle (gastrocnemius), brain and plasma samples 

80 °C.  The samples were prepared and analysed with  the selected and 

standardised metabolomics and statistical methods.  

       

: Schematic presentation of the experimental and metabolomics strategy designed to 

involvement of MTs in normal mitochondrial function and metabolism
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Liver, skeletal muscle (gastrocnemius), brain and plasma samples were collected, 

80 °C.  The samples were prepared and analysed with  the selected and 
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3.3.3 PART 3: A METABOLOMICS INVES

MITOCHONDRIAL FUNCTION AND 

MT1+2KO MICE DURING COMPLEX I DYSFUNCTIO

 

            
 

 

Figure 3.3: Schematic presentation of the strategy designed to comprehensively 

of MTs in mitochondrial disease (
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A METABOLOMICS INVESITGATION ON THE INVOLVEMENT OF M

FUNCTION AND DISEASE: METABOLIC DIFFERENCE

COMPLEX I DYSFUNCTION (CHAPTER 5). 

                  

.3: Schematic presentation of the strategy designed to comprehensively 

of MTs in mitochondrial disease (complex I deficiency).  
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control) was not subjected to any intervention.  The second group (vehicle control) received 

subcutaneous injections of PBS to evaluate if PBS (the carrier used in the treatment group) had an 

effect on the mice.  The third group (treatment) received subcutaneous injections of rotenone (a 

complex I inhibitor) suspended in PBS every second day for three weeks.  Urine and serum 

samples were collected and stored at -80 °C.  The s tandardised metabolomics methods were used 

to investigate the differences in metabolism.  

 


