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CHAPTER  THE INVOLVEMENT OF MTs IN MITO-
CHONDRIAL FUNCTION AND DISEASE: 
METABOLIC DIFFERENCES IN WT & MT1+2KO 
MICE DURING COMPLEX I DYSFUNCTION 5  

 
5.1 INTRODUCTION 

Metallothioneins are considered stress-proteins which are over-expressed mainly during stress or 

disease states (Andrews, 2000; Theocharis et al., 2003). It is primarily during these states, when 

metallothionein expression is induced, that the roles of MTs are investigated. As mentioned earlier, 

micro-array data indicated that MTs are notably over-expressed in complex I deficient cells (van 

der Westhuizen et al., 2003). It was shown that the increased production of ROS during complex I 

inhibition increased MT transcription (Reinecke et al., 2006). Furthermore, cells that over-

expressed MTs had increased survival when subjected to ROS producing agents (Reinecke et al., 

2006). The role of MTs to scavenge free radicals and protect against ROS were confirmed in a 

rotenone-induced complex I inhibited MT1+2KO mice model (van Zweel, 2010). 

 

The direct or indirect involvement of MTs in mitochondrial energy metabolism is already evident 

from the results of the previous chapter. Moreover, their involvement in mitochondrial disease has 

been recognized by others as well (Futakawa et al., 2006; Kondoh et al., 2001; Suzuki et al., 

2005). Increased ROS and RNS are certainly the main and obvious link between increased MT 

levels and complex I deficiency as ROS is known to activate MT expression. Since MTs have ROS 

scavenging abilities similar to glutathione, their main role in mitochondrial disease is apparent. 

Several protective mechanisms have been proposed. However, as mentioned in Chapter 2, the 

involvement of MTs with mitochondria pathologies becomes more complex considering the 

combined interactions of MTs in vivo. Several questions remain unanswered: what is the role of 

MTs during mitochondrial dysfunction when their levels are putatively significantly increased; does 

their involvement in the metabolic responses shift from metal homeostasis to predominantly free 

radical scavenging and redox modulation? In an attempt to generate in vivo data to better evaluate 

these questions, complex I dysfunction was induced in MT1+2KO and WT mice with the 

administration of rotenone. Rotenone is a known irreversible inhibitor of complex I and has been 

used in numerous studies to investigate factors in the pathophysiology of Parkinson’s disease, 

such as increased ROS and reduced energy production (Caboni et al., 2004; Fukami et al., 1969).  
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The complete methodology of this sub-study will be discussed in the following section followed by 

the results and discussion. The results sections are specifically structured to firstly evaluate the 

effect of the rotenone treatment on the metabolism of each strain separately and then by giving the 

differences between the WT and MT1+2KO mice. 

 

5.2 MATERIALS AND METHODOLOGY 

Ethical approval (number 06D07) for this sub-study was received from the Ethics Committee of the 

North-West University.  

 

5.2.1 MATERIALS 

Acetic acid (Sigma-Aldrich, cat # 27225); acetonitrile (Burdick & Jackson, cat # 017-4); 

BloodDirect® PCR mix (Kapa Biosystems, cat # KK7004); chloroform (Burdick & Jackson, cat # 

049-4); diethyl ether (Merck, cat # 1.00921.2500); ethylacetate (Merck, cat # 1.09623.2500); formic 

acid (Fluka, cat # 06440); halothane (Safeline Pharmaceuticals, cat # H3017#1); HCl (Saarchem, 

cat # 306 30 44); hexane (Sigma-Aldrich, cat # 52766); methanol (Burdick & Jackson, cat # 230-4); 

methoxyamine (Aldrich, cat # 226904); O-bis(trimethylsilyl)trifluoroacetamide (BSTFA, Supelco, cat 

# 3-3027); PBS (Gibco, cat # 70011); potassium hydroxide (KOH, Merck, cat # 8.14353.1000); 

pyridine (Merck, cat # 1.09728.0100); QuantiChrom™ Creatinine Assay kit (BioAssay, cat # DICT-

500); rotenone (Sigma, cat # R8875); sodium azide (Sigma, cat # S2002); sodium sulphate 

(Merck, cat # 1.06649.0500); trimethylchlorosilane (TMCS, Fluka, cat # 92360); water (Burdick & 

Jackson, cat # 365-4). 

 

The internal standard mix consisted of norleucine (Fluka, cat # 74560), acetaminophen (Sigma-

Aldrich, cat # A7085), nonadecanoic acid (Sigma, cat # N5252) and 3-phenylbutyric acid (Aldrich, 

cat # 11680-7). Caffeine (Fluka, cat # 44818) was used as external standard for LC-MS – added 

after sample preparation - while eicosane (Fluka, cat # 44818) was used as external standard for 

silylation-GC-MS analyses. Methyl tricosanoate (Fluka, cat # 91478) was used as external standard 

for the GC-MS analysis of fatty acid methyl esters (FAMEs). 

 

5.2.2 TEST ANIMALS 

Ten breeding pairs of mice, heterozygous to the knockout (MT+/-) were kindly provided by Prof. 

Juan Hidalgo from the Autonomous University of Barcelona, Spain. These mice was bred and 

housed in a SPF (special pathogen free) zone at the Animal Research Centre of the North-West 

University. The mice were kept at controlled conditions with free access to standard feeding broth 
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(supplied by Rainbow Farms) and water. The genotype of the newborn mice was determined with 

PCR and gel electrophoresis (Masters et al., 1994) but with the MT-2 primer set as recommended 

by the Jackson Laboratory webpage (http://www.jax.org/). The process of genotyping is described 

in the following section. For this sub-study, only male WT and MT1+2KO mice were used to 

exclude differences in hormonal regulation of metabolism and adaptation responses. 

 

5.2.3 GENOTYPING 

For the development of the MT1+2KO mice, the MT-1 and MT-2 genes were interrupted with the 

insertion of an oligonucleotide insert containing stop codons, which allow early termination of MT-1 

and MT-2 translation (Masters et al., 1994). Primers corresponding to the MT-2 exon sequence 

were used for genotyping. The primer sequences are as follows: 5’-CGCGCTCACTGACTG 

CCTTC-3’ for the forward primer and 5’-CTGGGAGCACTTCGCACAGC-3’ for the reverse primer. 

The PCR reaction consisted of a small drop of blood (collected on a Guthrie card), primers (10 

pmol each) and BloodDirect® PCR mix in a total volume of 25 µl. PCR was performed in a Thermo 

Hybrid MBS 2.0G block using the following 35 cycle sequence: denaturing step for 30 s at 95 °C, 

annealing step for 30 s at 60 °C and elongation ste p for 30 s at 72 °C. The initial denaturing step 

lasted for 10 min and the final elongation step lasted for 5 min. After the cycles were completed the 

samples were kept at 4 °C. Twenty microliters of th e PCR reactions were analyzed by ethidium 

bromide stained gel-electrophoresis using a 2 % (w/v) agarose gel in TBE (89 mM Tris, 89 mM 

boric acid and 2 mM EDTA; pH 8.0) buffer. WT mice were identified by the presence of a single 

amplified DNA strand (amplicon) of ~280 bp, whereas the disruption of the MT-2 gene in 

homozygous MT1+2KO mice was identified by the presence of a single amplicon of ~300 bp. 

Heterozygous mice were identified by the presence of both amplicons. 

 
5.2.4 EXPERIMENTAL PROCEDURES 

Three groups of five to fifteen MT1+2KO and WT mice, between two and six months old, were 

used in this study. According to Erban et al. (2007) it is satisfactory to use five to sixteen animals 

per experimental group as the controlled nature of animal studies and lower variation in 

comparison to humans give reliable results. The dosage regime used in this study was refined 

from three previous rodent studies (Allesandrini, 2007; Rautenbach, 2004; van Zweel, 2010). As 

illustrated in Figure 5.1, the first group (environmental control; EC) was not subjected to any 

interventions. The second group (vehicle control; VC) received subcutaneous injections of PBS 

every second day for three weeks to evaluate the effect of PBS (the carrier used in the treatment 

group) and dosage stress on the mice. For every gram body weight, 4 µl PBS was administered. 

The third group (rotenone treatment; RT) received subcutaneous injections of 30 mg/kg rotenone 

suspended in PBS, every second day for three weeks.  



 

 

              

 

Figure 5.1: Experimental procedure

during complex I inhibition. 

 

5.2.5 SAMPLE COLLECTION  

The experimental mice were put in special metabolic cages 14 hours prior t

collect urine. During this time the mice had free access to water but not food, mainly to limit the 

contamination of the collected urine by food particles. 

(separate from the faeces) in spec

container contained 200 µl 0.1 % (w/v) sodium azide solution to prevent microbial growth and 

breakdown of urinary compounds (Warrack 

liquid nitrogen and kept at -80 °C until use. Prior to blood collection, the mic e were put under 

sedation by placing them in a halothane

heart using a needle and syringe, after opening of the breast cavity. Th

euthanized by removing of the heart, which was used along with other tissues in related studies 

(Annexure F). The blood was put on ice to limit exometabolome breakdown and allowed to 

coagulate for 1 hour. Serum was collected by centrifugi

at 2000 x g, 4 °C. The bio- fluid samples were stored at 
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5.2.6 SAMPLE PREPARATION

Annexure B describes the selection, standardization and validation of all the selected sample 

preparation methods as well as the selection of internal and external standards. An illustration of 

all the sample preparation steps is shown in Figure 5.2.  

Figure 5.2 : Sample preparation and analytical procedures. 

were used for urine. Deproteinized urine was used for LC

used for GC-MS analysis of trimethylsilyl esters. A 

samples. Deproteinized serum was used for LC

GC-MS analysis of FAMEs. 

 

5.2.6.1 Deproteinization of serum

The protein concentration of each serum sample was determined for pre

according to the method described in Section 4.2.3.1. 

water and internal standard mixture so that each sample had the same 

standard concentration. The internal standard mixture consisted of 45 µg/ml (each) norleucine, 

acetaminophen, 3-phenylbutyric acid and nonadecanoic acid. 

prepared from a pooled serum sample in similar 

with the method described in Section 4.2.3.1

analysis on the three selected analytical platforms. These were dried under vacuum. Fifty µl water 

containing 30 µg/ml caffeine was added to one of the tubes for LC

Urine

ACN protein 
precipitation

LC-MS

Organic acid 
extraction

Silylation

GC

211 

5.2.6 SAMPLE PREPARATION  
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preparation methods as well as the selection of internal and external standards. An illustration of 

all the sample preparation steps is shown in Figure 5.2.   
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tubes were derivatized for GC-MS analysis (silylation and methylation). A blank sample was 

included in every batch for every analytical platform to indicate possible contaminant compounds in 

the solvents and artefacts from the preparation procedures. All the standards were added to the 

blank samples. They were then put through the same preparation procedures in order to “capture” 

most contaminants and artefacts. These would then be removed from the data matrices. 

 

5.2.6.2 Preparation of urine samples for metabolic footprinting 

The urine creatinine values were determined with the QuantiChrom™ Creatinine Assay kit from 

BioAssay according to the manufacturer’s specifications. Quality control samples were also 

prepared from a pooled urine sample which was analyzed at regular intervals. For LC-MS analysis, 

a specific volume of urine with corresponding amount of internal standard (10 µg IS per mg% 

creatinine) was freeze-dried as described previously. The volume of urine used corresponded to 

the creatinine values so that all the dried samples contained the same amount of creatinine and 

internal standard. The dried urine samples were re-dissolved in 50 µl water containing 30 µg/ml 

caffeine. For GC-MS analysis, a familiar and well established organic acid extraction method was 

used (Reinecke et al., 2011) with small modifications to accommodate lower urine volumes. The 

pH of the urine samples was first lowered below 2 by the addition of a few drops of 5 N HCl. Six ml 

ethyl-acetate was added and mixed for 30 min. The mixture was centrifuged for 10 minutes at 

2000 x g (room temperature) after which the top organic phase was transferred to a new tube. The 

remaining water phase was mixed with 3 ml diethyl ether for 15 minutes. The mixture was again 

centrifuged and the top organic phase transferred to the new tube containing the first organic 

phase. The mixed organic phase was treated with sodium sulphate to remove any residual water. 

After organic acid extraction, the organic phases were dried under nitrogen and silylated as 

described in Section 4.2.3.3. Since little or no lipids were expected in the urine, methylation was 

not performed on urine.  

 

5.2.6.3 Oximation and silylation 

The same oximation and silylation method described in Section 4.2.3.3 was used for both the 

serum and urine samples. 

 

5.2.6.4 Methylation 

The same base-catalyzed methylation procedure described in Section 4.2.3.4 was used for the 

serum samples.  
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5.2.6.5 Sample blocking 

All similar samples were analyzed within a week in order to limit inter-batch variation on the 

instruments, solvents and surrounding conditions. The samples were randomized and blocked to 

allow the analysis of samples from all experimental groups in a 24 hour batch as mentioned 

previously. 

 

 

5.2.7 INTRSUMENTATION AND ANALYSIS 

5.2.7.1 Positive scan LC-MS 

The same instrumental setup described in Section 4.2.4.1 was used for untargeted LC-MS 

analyses of the serum and urine samples. 

 

5.2.7.2 GC-MS of trimethylsilyl esters 

The same instrumental setup described in Section 4.2.4.2 was used for silylation-GC-MS analyses 

of the serum and urine samples. 

 

5.2.7.3 GC-MS of FAMEs 

The same instrumental setup described in Section 4.2.4.3 was used for the GC-MS analyses of the 

serum FAMEs. 

 

 

5.2.8 DATA EXTRACTION 

Appendix C describes the selection, validation and creation of a standard protocol for data 

extraction, cleanup and normalization to ensure high quality data for statistical analysis. 

 

5.2.8.1 LC-MS data 

The molecular feature extraction (MFE) algorithm in MassHunter (Agilent) was used for un-

targeted data extraction of all the detected compounds as described in Section 4.2.5.1 

 

5.2.8.2 GC-MS data 

The combination of AMDIS (Stein, 1999) and MET-IDEA (Broeckling et al., 2006) was used to 

extract all GC-MS data as described in Section 4.2.5.2.  

 

The data matrices obtained from the different analytical platforms were not combined to yield a 

single large data matrix per sample type, as was mentioned and explained in the previous chapter.  
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5.2.9 DATA PRE-PROCESSING AND NORMALISATION 

5.2.9.1 LC-MS data 

Data cleanup consisted of the following steps as described in Section 4.2.6.1: removal of 

contaminants, uncommon variables, unstable (unreliable) variables and outliers. The serum data 

matrix was normalised using the CCMN method developed by Redestig et al. (2009) while the 

urine data matrix was normalised using the MSTUS method described by Warrack et al. (2009). 

The main reason why MSTUS normalisation was used for the urine matrix was to compensate for 

possible kidney irregularities, which could have influenced the creatinine values. Mean 

replacement was done for the missing values as mentioned in the previous chapter.  

 

5.2.9.2 GC-MS data  

Similar data cleanup steps, as described in the previous section, were used for the GC-MS data 

matrices. The GC-MS data matrices of the trimethylsilyl esters were also normalized with the 

CCMN algorithm. The serum FAMEs data matrix was normalized using the single external 

standard, methyl tricosanoate. The FAMEs matrix underwent one final cleanup step where all 

trimethylsilyl esters were removed, leaving only FAMEs. This was done by identifying all the 

detected compounds in the reference sample used for data extraction in MET-IDEA. The NIST 08 

library and in-house created FAMEs library was used to compound identification and annotation. 

 

5.2.10 DATA PRETREATMENT, STATISTICAL ANALYSIS AND BIO-INFORMATICS 

Both univariate and multivariate statistical methods were used to find important metabolites (IMs) 

that differed markedly between the experimental (intervention and genotype) groups. 

 

5.2.10.1 Univariate analysis 

Student’s t-test was used to find significant differences in metabolite levels between the 

experimental groups as shown in Figure 5.3. The MetaboAnalyst (Xia et al., 2009; 

www.metaboanalyst.ca) web service was used for univariate analysis according to the procedure 

described in Section 4.2.7.1. Compounds with a p < 0.05 (t-test) and d > 0.8 (effect size) that 

differed significantly between groups were labelled as important.  

 

5.2.10.2 Multivariate analysis 

PCA and PLS-DA were used for unsupervised and supervised multivariate analysis, respectively. 

The same procedures were used as described in Section 4.2.7.2. The data was examined in two 

dimensions. Firstly, the effect of the rotenone treatment was investigated within each strain (WT 

and MT1+2KO). This was done by comparing the vehicle control and rotenone treatment 



 

experimental groups. Secondly, the differences between the genotypes were examined in the 

environmental control and rotenone treatment

 

 

Figure 5.3:  The two- dimensional comparison of experimental groups

comparison indicate the effect of the rotenone treatment on each 

The second dimension of comparison indicate the effect of the genotype (groups are horizontally compared).
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Figure 5.4: Example of PCR and gel electrophoresis genotyping.  The first and last lanes contain a DNA 

ladder with indicated fragments sizes (bp). The other lanes represent the amplicons from PCR analysis of 

mouse blood samples of which the number is shown on top. W, wildtype; K, MT1+2 knockout; H, 

heterozygotes. 

 

5.3.2 EVALUATING THE EFFECT OF ROTENONE TREATMENT O N THE EXOMETABOLOME. 

In order to investigate the role of MTs in complex I deficiency, the WT and MT1+2KO mice were 

treated with rotenone suspended in PBS. Due to solubility constraints, rotenone is often dissolved 

in ethanol or suspended in peanut oil (van Zweel, 2010). However, earlier experiments 

(Allesandrini, 2007; Rautenbach, 2004) showed that these vehicles introduced unwanted effects 

not related to complex I inhibition. Peanut oil as vehicle has a compounding effect with the 

rotenone which results in the death of mice from only 6 mg/kg/2 day rotenone treatment. When the 

peanut oil was replaced by PBS as vehicle, the rotenone concentration was increased to 30 

mg/kg/2 day for comparable inhibition but without lethality (data not shown). After euthanization, 

visual inspection of the subcutaneous tissue was performed to verify that the subcutaneous 

administrated rotenone did not crystallize. No traces of rotenone crystals were visible from which 

was concluded that complete absorption of the rotenone administered under the skin took place. 

Furthermore, no abnormal behaviour (such as symptoms of Parkinson’s disease) or signs of 

weight loss were observed over the three weeks of rotenone treatment (data not shown). Complex 

I activity of the brain, heart muscle, skeletal muscle and liver was determined to confirm inhibition 

and validity of the animal model. This formed part of a collaborative study as described in 

Annexure F. Complex I activity of the heart and skeletal muscle were significantly lower in 

comparison to the vehicle control group (Annexure F). Annexure F gives a more detailed 

discussion on the results obtained from the enzyme activity assay.  

 

The effect of inhibiting complex I with rotenone was also evaluated on metabolite level in addition 

to the protein (enzyme) level evaluation. The RT and VC groups were compared to evaluate the 
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effect of the rotenone exclusively. Comparison of the RT and EC groups was not done as the 

results obtained would then indicate the combined effect of the vehicle, rotenone and stress of 

subcutaneous administration, which was not within the scope of this sub-study. However, the EC 

group were included in the PCA to visually illustrate the effect of PBS (and stress from 

subcutaneous administration) on the metabolome when compared to the VC specifically; but 

without identifying the exact differences. 

 

5.3.2.1 Snapshot of serum exometabolome  

The results of the univariate and multivariate analysis of the serum exometabolome data are 

shown in Figure 5.5. The top two rows show the effect of rotenone treatment on the serum 

exometabolome of the WT and MT1+2KO mice as detected with LC-MS. The two bottom rows 

show the effect of rotenone treatment as detected with silylation-GC-MS. The univariate and PCA 

results did not show any difference in the FAMEs data after treatment and was not included in this 

figure. A number of metabolites were found to be significantly different between the VC and RT 

groups as indicated in the t-test plots. Separate grouping of the scores from the rotenone treated 

mice from both strains are visible in the PCA score plots of the LC-MS data. This indicates that the 

composition of their exometabolome is different. The scores of the rotenone treated MT1+2KO 

mice grouped also separate from the VC (and EC) in the GC-MS data while the WT mice did not. 

This could already be a possible indication of the protective roles of MTs or enhanced adaptation 

abilities of the WT mice in comparison to the MT1+2KO mice (Section 5.3.3). Another observation 

is that the EC group clearly separate from the VC and RT groups indicating that the 

exometabolome of these control samples (and mice) are different. While the influence of PBS on 

the metabolome is theoretically marginal, the influence of stress during treatment (subcutaneous 

injections every second day) would certainly influence the (exo)metabolome.  

 

The important metabolites (IMs) that significantly (p < 0.05) and practically (d > 0.8) differed 

between the control and rotenone treated groups are listed in Table 5.1. The relevant PCA 

loadings are also listed in the table with the average Euclidean distance as an indication of their 

importance in the multivariate results. Only a few pertinent loadings were selected from 

multivariate results. Those that fell below the visual cut-off are indicated by the ‘< v.c’ abbreviation 

in the table. The direction of importance is also given in the table as a plus or minus sign which 

signify whether the given metabolite was markedly higher or lower in comparison to the control 

group. The IMs given by the respective strains were used in pathway analysis to simplify the 

results by identifying the pathways that were mostly affected by the rotenone treatment. The top 

few results from pathway analysis are shown in Table 5.2. The complete table is included in the 



218 

 

supplementary CD. The total number of compounds in the respective pathways and the number of 

hits are indicated in the third and fourth column. The first (raw) p-value is from enrichment analysis 

which indicates the probability of detecting a particular number of metabolites from a certain 

metabolite set in the IMs list. The Holm-Bonferroni adjusted and false detection rate (FDR) p-

values are also given to account for problems associated with multiple comparisons (Xia & 

Wishart, 2010). The pathway impact values are shown in the final column which was calculated 

from pathway topology analysis. 

 

The list of IMs differs greatly between the WT and MT1+2KO mice as expected considering the 

PCA results of the WT mice. Despite this, the pathway analysis indentified similar pathways in both 

strains that were altered by the intervention. Those that are common are the protein translational 

process, ubiquinone biosynthesis and several amino acid metabolic pathways. Most biosynthesis 

pathways are ATP-dependent which slows when the cell’s phosphorylation state decreases. A 

reduction in ATP formation is expected when complex I is inhibited which could explain this result. 

The higher creatinine and inosine levels in the MT1+2KO mice that received the rotenone could 

indicate lower energy levels as ADP is more actively catabolized and a smaller amount salvaged. 

However, the opposite seems to be true for the WT mice as they had lower uridine and inosine 

levels. 

 

Nevertheless, the markedly higher levels of amino acids in the blood in both strains indicate firstly 

possible increased protein degradation (stimulated by increased AMP levels) and secondly a 

possible impaired Krebs cycle as most amino acids feed into this cycle. The only indication that 

this theory is remotely accurate when it comes to the profile of the WT mice is the markedly higher 

acetylcarnitine levels. Acetylcarnitine is often stockpiled when acetyl-CoA formation exceeds the 

rate of usage by the Krebs cycle (Greenhaff et al., 2002; Sahlin & Harris, 2008). Impaired 

respiration in MT1+2KO mice is more obvious by the markedly higher fumarate and lactate levels 

seen in their blood, in addition to higher levels of several circulating carbohydrates in comparison 

to the control group. The markedly higher levels of carbohydrates, specifically glucose, could also 

be a result of moderate insulin resistance. Insulin resistance and impaired OXPHOS (especially 

complex I) are closely related (Berdanier, 2001, Kelley et al., 2002) as mentioned in the previous 

chapter.  
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Figure 5.5: The effect of rotenone treatment on the  serum exometabolome as detected with LC-MS and sil ylation-GC-MS.  Student’s t-test and PCA 

score plots are shown for the WT and MT1+2KO mice, respectively. All metabolites above the cut-off line (p < 0.05) in the t-test plots were significantly affected 

by the intervention. The PCA score plots show the effect of PBS and rotenone treatment in a multivariate way. The PCA results of the VAST scaled, power, 

fourth root and log transformed data are shown. Only the first two principal components (PC1 vs PC2) are plotted to show the sample grouping. The legend of 

the PCA score plots are shown above. 
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Table 5.1: Important serum metabolites that differe d markedly between the VC and RT groups. 

Genotype 
LC-MS Silylation -GC-MS 

Compound  Direction  PCA$ p-value ¥ d-value ¶ Compound  Direction  PCA p-value  d-value  

WT 

Acetylcarnitine (HMDB00201) + 0.156 > 0.05 ― Alanine (HMDB00161) + 0.076 > 0.05 ― 
? Valine (HMDB00883) + 0.031 > 0.05 ― Proline (HMDB00162) + 0.044 > 0.05 ― 
? Acetylcholine (HMDB00895) + < v.c 0.005 1.057 Serine (HMDB00187) + 0.022 > 0.05 ― 
Aspartame (HMDB01894) + < v.c 0.027 0.80 Threonine (HMDB00167) + 0.018 > 0.05 ― 
Aminooctanoic acid (HMDB00991) - 0.021 > 0.05 ― Hydroxyproline (HMDB00725) + 0.016 > 0.05 ― 
Linolenic Acid (HMDB01388) - < v.c 0.025 0.80 Tyrosine (HMDB00158) + 0.016 > 0.05 ― 
LysoPC(16:1) (HMDB10383) - < v.c 0.013 0.81 3-Hydroxyisovaleric acid (HMDB00754) + < v.c 0.021 0.88 
          Palmitic acid (HMDB00220) - 0.028 0.003 0.99 
          Glycerol (HMDB00131) - 0.029 > 0.05 ― 
          Uridine (HMDB00296) - 0.031 0.001 1.19 
          Palmitelaidic acid (HMDB12328) - 0.035 0.021 0.88 
          Oleic acid (HMDB00207) - 0.038 < 0.001 1.65 
          3-Hydroxybutyric acid (HMDB00357) - 0.065 0.030 0.63 
          Inosine (HMDB00195) - 0.252 > 0.05 ― 
          Linoleic acid (HMDB00673) - < v.c < 0.001 1.62 
          Octadecenoic acid (HMDB00573) - < v.c 0.002 1.15 

          4E,7E,10E,13E,16E,19E-
Docosahexaenoic acid (HMDB02183) - < v.c 0.003 1.14 

MT1+2KO  

DG(20:4/20:5/0:0) (HMDB07577) + 0.009 > 0.05 ― Lactic acid (HMDB00190) + 0.166 < 0.001 1.61 
? Pyroglutamic acid (HMDB00267) + 0.009 > 0.05 ― Alanine (HMDB00161) + 0.143 0.004 1.34 
? Pipecolic acid (HMDB00716) + 0.005 > 0.05 ― Erythrose (HMDB02649) + 0.091 < 0.001 1.59 
Propionylcarnitine (HMDB00824) + 0.004 > 0.05 ― ? Glucose (HMDB00122) + 0.071 < 0.001 1.41 
Creatinine (HMDB00562) + 0.004 > 0.05 ― ? Galactose (HMDB00143) + 0.029 0.001 1.39 
Corrinoid (HMDB04269) - 0.006 > 0.05 ― Inosine (HMDB00195) + 0.024 > 0.05 ― 
PE(O-18:0/0:0) (LMGP02060003) - 0.006 > 0.05 ― Glyceric acid (HMDB06372) + < v.c < 0.001 1.89 
TG(17:0/20:3/22:3) (LMGL03011278) - 0.007 > 0.05 ― Phenylanaline (HMDB00159) + < v.c < 0.001 1.64 
Niacinamide (HMDB01406) - 0.007 > 0.05 ― ? Fructose (HMDB00660) + < v.c < 0.001 1.43 
? Valine (HMDB00883) - 0.009 > 0.05 ― ? Sucrose (HMDB00258) + < v.c 0.001 1.57 
Acetylcarnitine (HMDB00201) - 0.025 > 0.05 ― Fumaric acid (HMDB00134) + < v.c 0.001 1.56 
LysoPC(18:3) (HMDB10387) - < v.c 0.028 0.81 Aminomalonic acid (HMDB01147) + < v.c 0.003 1.15 
LysoPC(18:0) (HMDB10384) - < v.c 0.036 0.82 Oxalic acid (HMDB02329) + < v.c 0.005 1.16 
LysoPE(20:4/0:0) (HMDB11517) - < v.c 0.035 0.84 Tyrosine (HMDB00158) + < v.c 0.006 1.11 
Linoleyl carnitine (HMDB06469) - < v.c 0.028 0.87 Glycine (HMDB00123) + < v.c 0.013 0.98 
PE(O-18:1/0:0) (LMGP02060004) - < v.c 0.015 0.91 Serine (HMDB00187) + < v.c 0.021 1.02 
LysoPE(20:0/0:0) (HMDB11511) - < v.c 0.019 0.92 Pyroglutamic acid (HMDB00267) + < v.c 0.034 0.88 
Uracil (HMDB00300) - < v.c 0.019 0.95 Erythritol (HMDB02994) + < v.c 0.040 0.82 
Palmitoylcarnitine (HMDB00222) - < v.c 0.012 0.98           
LysoPE(20:1/0:0) (HMDB11482) - < v.c 0.009 1.02           
LysoPC(14:0) (HMDB10379) - < v.c 0.009 1.06           
Stearoylcarnitine (HMDB00848) - < v.c 0.005 1.12           
PC(20:0/26:0) (LMGP01011034) - < v.c 0.003 1.19           

The direction indicate whether a compound was higher (+) or lower (-) in the rotenone treated group in comparison to the vehicle control group. 

$ Average Euclidean distance of PCA loadings;    ¥ p-value of t-test;    ¶ d-value of the effect size
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Table 5.2: Pathway analysis results from the serum IMs obtained after the RT group was 

compared to the VC.  

  Pathway Total Hits Raw p Holm p FDR Impact 

W
T

 

Aminoacyl-tRNA biosynthesis 69 6 < 0.001 0.020 0.020 0.12903 

Biosynthesis of unsaturated fatty acids 42 4 0.002 0.186 0.094 0 

Ubiquinone and other terpenoid-quinone biosynthesis 3 1 0.042 1 0.746 0 

Phenylalanine, tyrosine and tryptophan biosynthesis 4 1 0.055 1 0.746 0.5 

Glycerophospholipid metabolism 30 2 0.065 1 0.746 0.04444 

Synthesis and degradation of ketone bodies 5 1 0.069 1 0.746 0 

Glycine, serine and threonine metabolism 31 2 0.069 1 0.746 0.23848 

Linoleic acid metabolism 6 1 0.082 1 0.746 1 

M
T

1+
2K

O
 

Galactose metabolism 26 4 0.001 0.096 0.056 0.43475 

Aminoacyl-tRNA biosynthesis 69 6 0.001 0.114 0.056 0.12903 

Phenylalanine, tyrosine and tryptophan biosynthesis 4 2 0.002 0.164 0.056 1 

Phenylalanine metabolism 11 2 0.017 1 0.236 0.40741 

Pantothenate and CoA biosynthesis 15 2 0.032 1 0.369 0 

Starch and sucrose metabolism 19 2 0.049 1 0.502 0.03958 

Ubiquinone and other terpenoid-quinone biosynthesis 3 1 0.056 1 0.511 0 

Alanine, aspartate and glutamate metabolism 24 2 0.075 1 0.612 0.00316 

Glutathione metabolism 26 2 0.086 1 0.640 0.02004 

Glycine, serine and threonine metabolism 31 2 0.116 1 0.792 0.50732 

 

 

Most of the circulating lipids and free fatty acids were markedly lower in both strains after 

rotenone treatment which is against expectation. Low energy levels and impaired respiration 

should actually result in increased levels of lipids and fatty acids due to increased lipolysis and 

overload of fatty acid oxidation. Several acylcarnitines (except for propionylcarnitine) were also 

markedly lower in the MT1+2KO that received rotenone. A possible explanation would be 

enhanced fatty acid oxidation which consequently lowers the leakage of fatty acids in the blood. 

The first step of beta-oxidation requires FAD instead of NAD and should function properly 

despite the rotenone treatment. However, the most likely explanation would be the absence of 

hormonal/cell signal activation of lipolysis in the adipose tissue. Nevertheless, since the blood 

is truly only a snapshot of what happened in the metabolism of the mice at the moment it was 

collected, confirmation of these metabolic changes could be more clearly indicated in a 14 hour 

urine sample. The following section describes the differences in urinary metabolite profiles of 

these mice. A combined biological interpretation of the effect of the rotenone treatment on the 

metabolism is given in section 5.3.2.3. 

 

5.3.2.2 Urine exometabolome: 14 hour overview of me tabolic state  

Figure 5.6 shows the results from the univariate and multivariate analyses of the LC-MS (top 

two rows) and silylation-GC-MS data (bottom two rows). Differences in urinary exometabolome 

composition between the VC and RT mice are clear in the PCA score plots of the LC-MS data. 

The scores of the rotenone treated mice of both strains grouped separate from the other. A 

similar result was seen in the GC-MS data of the MT1+2KO mice, albeit with some overlap. The 
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GC-MS data of the urine from the rotenone treated WT mice is very similar to the VC mice 

which is comparable to the result seen in the serum. Again, this might already indicate a 

putative protective role of the MTs in the WT mice. Several metabolites were identified by the 

T-test to differ significantly between the VC and RT mice and are listed in Table 5.3, along with 

the IMs identified by PCA. The top few altered pathways identified by pathway analysis are 

listed in Table 5.4. The complete list obtained from pathway analysis is included in the 

supplementary CD. 

 

The Krebs cycle was identified to be most affected by the rotenone treatment in both strains, 

followed by amino acid related metabolic pathways such as pantothenic acid and glyoxylate 

metabolism. The WT mice which received rotenone had markedly higher urinary levels of 

fumarate, citrate and succinate in comparison to the control which imply a lower respiration 

rate. The MT1+2KO mice which received rotenone had significantly higher citrate, aconitate, 

succinate and also pyruvate which support the view of reduced respiration due to complex I 

inhibition. Most of the urinary amino acids and related intermediates were lower in the WT mice 

except for 2-keto-isovaleric acid which is found in valine catabolism and pantothenate 

biosynthesis. 

 

Lower levels of certain lipid/fatty acid species and glycine conjugates were also seen. The 

MT1+2KO mice had mainly higher levels of urinary amino acids and fatty acids which is clearly 

different from the WT mice that received rotenone. Furthermore, several acylglycine conjugates 

and acylcarnitines were lower in the MT1+2KO mice. The detoxification of metabolites by 

conjugation with glycine is ATP dependant and also requires a sufficient glycine pool (Polonen 

et al., 2000). The availability of glycine (in the liver) might be the main reason why lower 

conjugates were observed and could be a result of upregulated heme synthesis (indicated by 

the high porphobilinogen levels). Rotenone is hydroxylated by the cytochrome P450 system 

(Caboni et al., 2004; Fukami et al., 1969) which makes use of heme and consequently depletes 

the intracellular stores (Murray et al., 2003). Synthesis of heme with the combination of 

succinyl-CoA and glycine would thus result in a lower glycine supply. A combined biological 

interpretation of the effect of the rotenone treatment on the metabolism is given in Section 

5.3.2.3. 
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Figure 5.6: The effect of rotenone treatment on the  urinary exometabolome as detected with LC-MS and s ilylation-GC-MS.  Student’s t-test and PCA 

score plots are shown for the WT and MT1+2KO mice, respectively. All metabolites above the cut-off line (p < 0.05) in the t-test plots were significantly affected 

by the intervention. The PCA score plots show the effect of PBS and rotenone treatment in a multivariate way. The PCA results of the VAST scaled, power, 

fourth root and log transformed data are shown. Only the first two principal components (PC1 vs PC2) are plotted to show the sample grouping. The legend of 

the PCA score plots are shown above. 
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Table 5.3: Important urinary metabolites that diffe red markedly between the VC and RT groups. 

Genotype 
LC-MS Silylation-GC-MS 

Compound Direction PCA p-value d-value Compound Dir ection PCA p-value d-value 
W

T
 

Deoxycytidine (HMDB00014) - 0.014 > 0.05 ― Fumaric acid (HMDB00134) + 0.025 0.016 0.65 
Homocitrulline (HMDB00679) - 0.020 > 0.05 ― Citric acid (HMDB00094) + 0.020 > 0.05 ― 
? Diketogulonate (HMDB06511) - < v.c 0.002 1.20 Succinic acid (HMDB00254) + 0.020 > 0.05 ― 

PC(3:0/3:0) (LMGP01011215) - < v.c 0.021 0.85 
? 2-Keto-isovaleric acid 
(HMDB00019) + < v.c 0.005 0.97 

PC(20:0/22:5) (HMDB09242) - < v.c 0.025 0.88 3-Hydroxy-3-methylglutaric acid 
(HMDB00355) 

- 0.022 0.002 1.12 
          
          Butyrylglycine (HMDB00808) - 0.027 > 0.05 ― 
          Glycine (HMDB00123) - 0.036 0.015 0.76 
          Phenylacetylglycine (HMDB00821) - 0.036 > 0.05 ― 
          Adipic acid (HMDB00448) - 0.037 < 0.001 1.88 
          Hexanoylglycine (HMDB00701) - 0.038 0.049 0.68 
          Isovalerylglycine (HMDB00678) - 0.046 0.001 1.00 
          Glyceric acid (HMDB06372) - 0.049 < 0.001 1.51 
          Oxalic acid (HMDB02329) - 0.317 < 0.001 1.41 
          ? Ethylmalonic acid (LMFA01170105) - < v.c 0.008 0.85 
          Phenylacetic acid (HMDB00209) - < v.c 0.002 0.85 
          Pantothenic acid (HMDB00210) - < v.c 0.008 0.92 
          Margaric acid (HMDB02259) - < v.c 0.002 0.99 

          
2,3,4-Trihydroxybutyric acid 
(HMDB00613) - < v.c 0.001 1.02 

          Aconitic acid (HMDB00072) - < v.c 0.001 1.17 
          ? Citraconic acid (HMDB00634) - < v.c 0.001 1.18 

M
T

1+
2K

O
  

Porphobilinogen (HMDB00245) + 0.012 > 0.05 ― Hippuric acid (HMDB00714) + 0.100 0.008 0.95 
Cytidine (HMDB00089) - 0.017 > 0.05 ― Oxalic acid (HMDB02329) + 0.084 < 0.001 1.40 
Dihydrouracil (HMDB00076) - 0.037 0.004 1.16 Citric acid (HMDB00094) + 0.054 0.033 0.75 
sn-glycero-3-Phosphocholine 
(CHEBI16870) - < v.c 0.001 1.22 Aconitic acid (HMDB00072) + 0.048 < 0.001 2.18 
PC(3:0/3:0) (LMGP01011215) - < v.c 0.003 1.14 Succinic acid (HMDB00254) + 0.044 < 0.001 1.41 
Octanoylcarnitine (HMDB00791) - < v.c 0.003 1.09 ? Pyruvic acid (HMDB00243) + 0.033 < 0.001 2.09 
Phosphatidyl glycerol (CHEBI17517) - < v.c 0.006 0.90 Orotic acid (HMDB00226) + 0.021 > 0.05 ― 
Hexanoylcarnitine (HMDB00756) - < v.c 0.010 1.02 3-Hydroxy-3-methylglutaric acid 

(HMDB00355) 
+ < v.c < 0.001 1.69 

          
          Glyceric acid (HMDB06372) + < v.c < 0.001 1.39 
          Pantothenic acid (HMDB00210) + < v.c 0.001 1.35 

          
? Mannonic acid-1,4-lactone 
(CHEBI33076) + < v.c 0.001 1.27 
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Table 5.3 (continued): Important urinary metabolite s that differed markedly between the VC and RT grou ps. 
 

 

          ? 2-Keto-isovaleric acid (HMDB00019) + < v.c 0.001 1.19 

          Adipic acid (HMDB00448) + < v.c 0.005 1.12 
          Rhamnose (HMDB00849) + < v.c 0.002 1.11 
          Margaric acid (HMDB02259) + < v.c 0.003 1.09 

          Stearic acid (HMDB00827) + < v.c 0.002 1.09 
          Glutaric acid (HMDB00663) + < v.c 0.010 0.98 
          ? Palmitic acid (HMDB00220) + < v.c 0.007 0.91 

          ? 2-Hydroxyhippuric acid 
(HMDB02404) 
Phenylacetylglycine (HMDB00821) 

+ 
- 

< v.c 
0.041 

0.017 
> 0.05 

0.81 
―           

          ? Gulonolactone (HMDB03466) - < v.c 0.013 0.91 
          Hexanoylglycine (HMDB00701) - < v.c 0.018 0.96 

          
? 3,3-Dimethylglutaric acid 
(HMDB02441) - < v.c 0.005 0.99 

          3-Methylglutaconic acid (HMDB00522) - < v.c 0.002 1.10 
The direction indicate whether a compound was higher (+) or lower (-) in the rotenone treated group in comparison to the vehicle control group 

 

Table 5.4: Pathway analysis results from the urine IMs obtained after the RT group was compared to the  VC. 

  Pathway Total Hits Raw p Holm p FDR Impact 

W
T

 

Citrate cycle (TCA cycle) 20 4 <0.001 0.003 0.003 0.14418 
Pantothenate and CoA biosynthesis 15 2 0.010 0.822 0.397 0.02041 
Glyoxylate and dicarboxylate metabolism 18 2 0.015 1 0.397 0.38709 
Alanine, aspartate and glutamate metabolism 24 2 0.025 1 0.518 0.00316 
Cyanoamino acid metabolism 6 1 0.062 1 0.909 0 
Tyrosine metabolism 44 2 0.077 1 0.909 0 

M
T

1+
2K

O
 

Citrate cycle (TCA cycle) 20 4 <0.001 0.012 0.012 0.18914 
Pantothenate and CoA biosynthesis 15 3 0.001 0.092 0.047 0.06123 
Valine, leucine and isoleucine biosynthesis 11 2 0.011 0.850 0.290 0 
Pyrimidine metabolism 41 3 0.021 1 0.427 0.0745 
Glyoxylate and dicarboxylate metabolism 18 2 0.028 1 0.455 0.38709 
Butanoate metabolism 22 2 0.040 1 0.553 0 

Alanine, aspartate and glutamate metabolism 24 2 0.047 1 0.556 0 
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5.3.2.3 Biological interpretation of the effect of the rotenone treatment and complex I 

inhibition on the metabolism.  

By investigating the exometabolome, a systemic view of the overall metabolic state of the mice 

is seen. Moreover, while the blood exometabolome gives a systemic snapshot of the metabolic 

state of the mice at the moment the blood was collected, the urine exometabolome basically 

gives an overview of the metabolic state of the mice over 14 hours. This makes the urine in 

many respects more valuable. These differences between the two selected biofluids were 

reflected in the data obtained. Many metabolites that were higher in the blood of the mice that 

received rotenone were lower in the urine such as certain amino acids (in the WT mice). 

However, several compounds were constantly higher in both media (of the rotenone treated 

mice) which indicate accumulation of these compounds and leakage into the circulation and 

urine. Several Krebs cycle intermediates were markedly higher in the WT and MT1+2KO mice 

which received rotenone. Respiratory chain dysfunction affects the Krebs cycle primarily, 

leading to accumulation of Krebs intermediates (Reinecke et al., 2011). This result thus 

confirms impaired respiration in the rotenone treated mice in comparison to the vehicle control 

mice, albeit only in certain tissues. Significant inhibition of complex I was only found in the heart 

and skeletal muscle of the four tested tissues (Annexure F). Rotenone absorption, transport 

and action/metabolism inside the various organs are not fully understood and could certainly 

have played a role in this specific result. Furthermore, the metabolism of rotenone in the liver 

by the cytochrome P450 system could also be the reason for lower inhibition of complex I in the 

liver. The tissue specific adaptation responses can also not be ignored over the three weeks of 

treatment with constant weight-dependant rotenone dose. 

 

Regardless of the sites and margin of inhibition, the aim was to induce complex I dysfunction 

and from a systemic point of view was successful in light of the increase Krebs intermediates in 

the blood and urine. Also, the differences between the WT and MT1+2KO were already noted 

in the metabolic profiles which imply that the MT1+2KO mice were more affected by the 

rotenone treatment, especially since lactate levels were significantly higher in these mice when 

compared to their control. A reduction in the overall activity of complex I results in an 

accumulation of NADH. Pyruvate is consequently converted to lactate by lactate 

dehydrogenase (as well as other dehydrogenases, e.g. in the Krebs cycle) as a result of a 

putative increase in the NADH:NAD and ADP:ATP ratios. On metabolome level, the selected 

rotenone-mouse model was thus suitable to study the differences between the WT and 

MT1+2KO mice to elucidate the role of MTs in metabolism during complex I inhibition. 

 

 

 



227 

 

5.3.3 METABOLIC DIFFERENCES BETWEEN WT AND MT1+2KO MICE DURING 

UNCHALLENGED CONDITIONS. 

 

5.3.3.1 Snapshot of serum exometabolome  

The statistical results of the LC-MS and silylation-GC-MS data are shown in Figure 5.7 and 5.8, 

respectively. The univariate and multivariate analysis of the FAMEs data did not reveal any 

notable difference between the strains and was therefore not included in the following figures. 

Univariate comparison of the metabolite levels of the WT and MT1+2KO mice revealed several 

metabolites that differ significantly between them (Figure 5.7A and 5.8A). The multivariate 

analyses of the LC-MS and GC-MS data show clear differentiation between the WT and 

MT1+2KO mice in the PCA (Figure 5.7B and 5.8B) and PLS-DA score plots (Figure 5.7C and 

5.8C). The separate grouping indicates a clear difference in the serum exometabolome 

composition of these mice. The metabolites that were found to differ markedly between the WT 

and MT1+2KO mice are listed in Table 5.5 and the top few results from pathway analysis in 

Table 5.6. A complete table of the pathway analysis is included in the supplementary CD. 

 

Pathway analysis identified several amino acid related metabolic pathways, galactose and 

butanoate metabolism to be altered in the MT1+2KO mice. The Krebs cycle and pyruvate 

metabolism was also identified but with relatively low impact. The MT1+2KO mice had several 

amino acids and related intermediates in the blood that were markedly higher when compared 

to the WT mice. Excluding synchronized eating patterns, these amino acids could be from more 

active protein degradation in the MT1+2KO mice. However, several essential amino acids were 

markedly lower which makes it difficult to confirm this theory. Glucose and a few other 

carbohydrate related compounds were also higher in the blood except for galactose and 

gluconate. Moderate insulin resistance and/or enhanced gluconeogenesis in the liver could be 

the reason for this difference. In fact, moderate insulin resistance could also explain the 

markedly lower Krebs cycle intermediates in the blood of the MT1+2KO mice. Lower influx of 

substrate from the central metabolism during well-fed states would result in lower Krebs cycle 

intermediates. Considering that the ratio of skeletal muscles to other organs is high, it might be 

reasonable to suggest that it also contribute more to the exometabolome composition (except 

during the sleeping state). Insulin resistance and reduced glucose uptake by the muscles would 

thus result in lower Krebs intermediates leaking into the circulation. However, enhanced 

respiration in the MT1+2KO mice cannot be excluded and would in fact be in agreement with 

reports where lower lactate levels in the blood and liver was found (Rofe et al., 1996). 

Moreover, results published by Simpkins et al. (1998), Molto et al. (2007) and Ye et al. (2001) 

showed that the presence of MTs lowers mitochondrial respiration. This means that the WT 

mice, which contain MTs, should have a slightly lower respiration rate in comparison to the 

MT1+2KO mice and hence, higher Krebs cycle intermediates in their blood. 
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Figure 5.7: Differences in the serum exometabolome composition of 

WT and MT1+2KO mice as detected with untargeted LC- MS analyses.  

The t-test (A), PCA (B) and PLS-DA score plots (C) are shown. 

Figure 5.8: Differences in the serum exometabolome composition of 

WT and MT1+2KO mice as detected with silylation GC- MS analyses.  

The t-test (A), PCA (B) and PLS-DA score plots (C) are shown.  
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Table 5.5: Important serum metabolites that differe d markedly between the strains during 

unchallenged conditions. 

  Compound Direction PCA $ PLS-DA€ p-value ¥ d-value ¶ 

LC
-M

S
 

Creatine (HMDB00064) + 0.117 0.035 > 0.05 ― 
LysoPC(16:0) (HMDB10382) + 0.089 < v.c > 0.05 ― 
? Hydroxydodecanoic acid (HMDB00387) + 0.082 0.144 > 0.05 ― 
Dodecenoic acid (HMDB00638) + 0.070 0.142 0.018 1.21 

LysoPC(18:0) (HMDB10384) + 0.060 < v.c 0.002 2.68 
LysoPE(0:0/16:0) (HMDB11473) + 0.040 < v.c > 0.05 ― 
2-Keto-6-acetamidocaproate 
(HMDB12150) + 0.021 0.045 0.009 1.79 

? Urocanic acid (HMDB00301) + < v.c < v.c 0.009 1.67 
? Alanine (HMDB00161) + < v.c < v.c 0.015 1.60 
? Pipecolic acid (HMDB00716) + < v.c < v.c 0.009 1.75 
LysoPC(P-16:0) (HMDB10407) + < v.c < v.c 0.011 1.44 
PC(20:0/26:0) (LMGP01011034) + < v.c < v.c 0.034 1.16 
Palmitoylcarnitine (HMDB00222) - 0.023 0.025 > 0.05 ― 
Hexadecenoyl carnitine (HMDB06317) - 0.025 0.047 > 0.05 ― 
LysoPC(18:2) (HMDB10386) - 0.025 < v.c > 0.05 ― 
Linoleyl carnitine (HMDB06469) - 0.029 0.038 > 0.05 ― 
Tetradecanoylcarnitine (HMDB05066) - 0.030 0.076 > 0.05 ― 
Elaidic carnitine (HMDB06464) - 0.033 0.045 > 0.05 ― 

S
ily

la
tio

n-
G

C
-M

S
 

? Glucose (HMDB00122) + 0.126 < v.c 0.002 2.71 

Alanine (HMDB00161) + 0.084 < v.c 0.047 1.54 
Erythrose (HMDB02649) + 0.041 < v.c > 0.05 ― 
Threonine (HMDB00167) + < v.c < v.c 0.037 1.67 

Hydroxyproline (HMDB00725) + < v.c 0.028 0.022 1.87 
Myoinositol (HMDB00211) + < v.c 0.028 0.010 2.61 
Erytritol (HMDB02994) + < v.c < v.c 0.005 2.64 

Nonanoic acid (HMDB00847) + < v.c 0.056 > 0.05 ― 
Glycine (HMDB00123) + < v.c 0.021 > 0.05 ― 
Tyrosine (HMDB00158) - 0.024 0.024 0.010 2.33 

Phenylethylamine (HMDB12275) - 0.026 < v.c > 0.05 ― 
? Galactose (HMDB00143) - 0.027 < v.c > 0.05 ― 
Valine (HMDB00883) - 0.038 < v.c > 0.05 ― 

Lactic acid (HMDB00190) - 0.038 < v.c > 0.05 ― 
γ-Aminobutyric acid (HMDB00112) - 0.126 < v.c > 0.05 ― 
Uridine (HMDB00296) - < v.c 0.059 0.005 2.92 

Isoleucine (HMDB00172) - < v.c < v.c 0.008 2.32 
Succinic acid (HMDB00254) - < v.c 0.037 0.011 2.30 
Malic acid (HMDB00156) - < v.c < v.c 0.013 2.11 

3-Hydroxybutyric acid (HMDB00357) - < v.c < v.c 0.018 2.09 
Gluconic acid (HMDB00625) - < v.c < v.c 0.036 1.92 
4E,7E,10E,13E,16E,19E-Docosahexaenoic 
acid (HMDB02183) - < v.c < v.c 0.042 1.54 

The direction indicate whether a compound was higher (+) or lower (-) in the MT1+2KO mice in comparison to the 

WT. 

$ Average Euclidean distance of PCA loadings 

€ Euclidean distance of PLS-DA loadings 

¥ p-value of t-test  

¶ d-value of the effect size 
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Table 5.6: Pathway analysis results from the serum IMs obtained after the strains were compared.  

  Pathway Total Hits Raw p 
Holm 

p FDR Impact 

M
T

1+
2K

O
 

Aminoacyl-tRNA biosynthesis 69 6 0.002 0.141 0.141 0 
Butanoate metabolism 22 3 0.008 0.671 0.251 0.02899 
Alanine, aspartate and glutamate metabolism 24 3 0.011 0.848 0.251 0.11392 
Galactose metabolism 26 3 0.013 1 0.251 0.39407 
Phenylalanine metabolism 11 2 0.019 1 0.251 0.22222 
Valine, leucine and isoleucine biosynthesis 11 2 0.019 1 0.251 0.66666 
Glycine, serine and threonine metabolism 31 3 0.021 1 0.251 0.26884 
Arginine and proline metabolism 44 3 0.053 1 0.477 0.0681 
Citrate cycle (TCA cycle) 20 2 0.057 1 0.477 0.07086 
Ubiquinone and other terpenoid-quinone biosynthesis 3 1 0.058 1 0.477 0 
Pyruvate metabolism 23 2 0.074 1 0.525 0 
Phenylalanine, tyrosine and tryptophan biosynthesis 4 1 0.077 1 0.525 0.5 

Synthesis and degradation of ketone bodies 5 1 0.095 1 0.600 0 
 

Furthermore, markedly lower acylcarnitines, 3-hydroxybutyric acid and long chain free fatty acid 

(4E,7E,10E,13E,16E,19E-docosahexaenoic acid) imply a lower lipolysis and ketogenesis rate 

in comparison to the WT mice. This result does not fit the insulin resistance theory as higher 

levels of free fatty acids in the blood would be expected. The markedly higher dodecenoate, 

hydroxydodecanoate and nonanoate in the MT1+2KO mice could indicate a blockade in the 

oxidation of short and medium chain fatty acids. A combined biological interpretation of the 

effect of the MT-1 and -2 knockout on the metabolism is given in Section 5.3.3.3. 

 

5.3.3.2 Urine exometabolome: 14 hour overview of me tabolic state  

The univariate and multivariate statistical results of the LC-MS and silylation-GC-MS data are 

shown in Figure 5.9 and 5.10, respectively. The univariate test identified relatively few urinary 

metabolites that differ significantly between the strains (Figure 5.9A and 5.10A). Despite this, 

PCA of the LC-MS data still gave separate grouping of the strains (Figure 5.9B). PCA of the 

GC-MS data did not give separate grouping of the strains (Figure 5.10B) but PLS-DA was able 

to find a discriminant plain (Figure 5.9C and 5.10C). The IMs that were identified are listed in 

Table 5.7 and the pathway analysis results in Table 5.8. 

 

 

 

 

 

  



231 

 

Figure 5.9: Differences in the urine exometabolome composition of WT 

and MT1+2KO mice as detected with untargeted LC-MS analyses.  The 

t-test (A), PCA (B) and PLS-DA score plots (C) are shown.  

Figure 5.10: Differences in the urine exometabolome  composition of 

WT and MT1+2KO mice as detected with silylation GC- MS analyses.  

The t-test (A), PCA (B) and PLS-DA score plots (C) are shown. 
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Table 5.7: Important urinary metabolites that diffe red markedly between the strains during 

unchallenged conditions.  

  Compound Direction PCA PLS-DA p-value d-value 

LC
-M

S
 

N-methylnicotinamide (HMDB03152) + 0.011 < v.c > 0.05 ― 
2-Ethylacrylylcarnitine (HMDB01990) + < v.c 0.037 0.024 1.67 
Spermine (HMDB01256) + < v.c 0.128 0.037 1.65 
? Pipecolic acid (HMDB00716) + < v.c 0.300 > 0.05 ― 
? Hydroxyheneicosanoic acid 
(LMFA01050076) + < v.c 0.074 > 0.05 ― 
N-formylmethionine (HMDB01015) - 0.014 < v.c > 0.05 ― 
4-Guanidinobutanoate (HMDB03464) - 0.034 < v.c > 0.05 ― 
Palmitoylcarnitine (HMDB00222) - < v.c 0.091 0.033 1.18 
LysoPC(18:2) (HMDB10386) - < v.c 0.243 0.043 1.24 
? Stearic acid (HMDB00827) - < v.c 0.038 0.008 2.07 

S
ily
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G
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? 2-Methylbutyrylglycine (HMDB00339) + < v.c 0.029 > 0.05 ― 

Pipecolic acid (HMDB00716) + < v.c 0.017 > 0.05 ― 
? 2-Hydroxy-3-methylvaleric acid 
(HMDB00317) + < v.c 0.016 > 0.05 ― 
? Glucuronic acid (HMDB00127) - 0.046 < v.c > 0.05 ― 
2-hydroxysebacic acid (HMDB00424) - 0.054 < v.c 0.007 2.06 

Stearic acid (HMDB00827) - 0.060 < v.c 0.010 1.86 
Glyceric acid (HMDB06372) - 0.089 < v.c 0.046 1.28 
Oxalic acid (HMDB02329) - 0.115 0.030 0.005 2.04 

? Acetic acid (HMDB00042) - 0.116 < v.c > 0.05 ― 
2-Hydroxyisobutyric acid (HMDB00729) - < v.c 0.031 > 0.05 ― 
Butyrylglycine (HMDB00808) - < v.c 0.122 0.015 1.77 

Margaric acid (HMDB02259) - < v.c < v.c 0.043 1.52 

2,3,4-Trihydroxybutyric acid (HMDB00613) - < v.c < v.c 0.046 1.47 

 

Table 5.8: Pathway analysis results from the urine IMs obtained after the strains were compared.  

  Pathway Total Hits Raw p Holm p FDR Impact 

M
T

1+
2K

O
 

Arginine and proline metabolism 44 2 0.036 1 1 0 
Ascorbate and aldarate metabolism 9 1 0.062 1 1 0.4 

Pentose and glucuronate interconversions 16 1 0.108 1 1 0 
beta-Alanine metabolism 17 1 0.114 1 1 0 
Starch and sucrose metabolism 19 1 0.127 1 1 0 

Lysine degradation 23 1 0.151 1 1 0 
Pyruvate metabolism 23 1 0.151 1 1 0.05125 
Glutathione metabolism 26 1 0.170 1 1 0 

Glycolysis or Gluconeogenesis 26 1 0.170 1 1 0.02862 
Inositol phosphate metabolism 28 1 0.181 1 1 0 
Glycerophospholipid metabolism 30 1 0.193 1 1 0.04444 

Fatty acid metabolism 39 1 0.244 1 1 0 
Biosynthesis of unsaturated fatty acids 42 1 0.261 1 1 0 

Fatty acid biosynthesis 43 1 0.266 1 1 0 

 

Pathway analysis of the limited number of significant different urinary compounds resulted in 

the identification of several altered pathways but with a FDR of 1 and low impact. As mentioned 

before, while pathway analysis can greatly reduce the data and pinpoint the relevant pathways 

in the metabolism that were affected, it should be interpreted with caution as it does have 

certain limitations. In this case, the selected medium also limits the scope but nonetheless give 



233 

 

valuable differences between the WT and MT1+2KO mice. Firstly, markedly lower acetate 

levels are in agreement with the serum profile and imply enhanced respiration in the MT1+2KO 

mice or lower influx of substrate into tissues (and pathway). The amino- and fatty acid related 

compounds were also varied similar to the varied view in the blood. Lower levels of stearic acid, 

margaric acid, 2-hydroxysebacic acid, butyrylglycine and glyceric acid indicate enhanced fatty 

acid oxidation and/or lower influx from lipolysis. A combined biological interpretation of the 

effect of the MT-1 and -2 knockout on the metabolism is given in Section 5.3.3.3. 

 

5.3.2.3 Biological interpretation of the metabolic differences between the WT and 

MT1+2KO mice during unchallenged conditions. 

In the sub-study given in the previous chapter, systemic (plasma) and organ specific metabolic 

differences between the WT and MT1+2KO mice during unchallenged conditions were 

investigated. Due to the limited volume of plasma that was available, it was only possible to 

perform untargeted LC-MS analyses. Hence, theories regarding the systemic exometabolome 

view were limited by the limited metabolome coverage. In this sub-study, two additional 

analytical platforms (for a broader coverage of the blood exometabolome) and urine were 

included to re-evaluate the finding in the previous chapter with a better view of the overall 

metabolic state of the mice.  From the separate grouping of the WT and MT1+2KO mice in the 

environmental control group it can firstly be deduced that the metabolism of these mice is 

different without rotenone inhibition of mitochondrial function. Surprisingly, the serum 

exometabolome snapshot showed more variation between the strains than the 14 hour urine 

exometabolome. This result is also different from the information obtained after the plasma of 

the WT and MT1+2KO mice were compared in the previous sub-study, where the levels of only 

two compounds were markedly altered in the MT1+2KO mice.  

 

The main findings related to the aim of this study are the variation in Krebs cycle intermediates 

seen in the serum and urine. Lactate and Krebs cycle intermediates (acetate, succinate and 

malate) were lower in MT1+2KO mice in comparison to the WT mice. These findings 

correspond to other reports where lower lactate levels in the blood and liver was found (Rofe et 

al., 1996). This result further imply a lower respiration rate in the WT mice in comparison to the 

MT1+2KO mice which is also in agreement with in vitro results from Simpkins et al. (1998a), 

Molto et al. (2007) and Ye et al. (2001) that showed that the presence of MTs lowers 

mitochondrial respiration. The regulatory inhibition of the electron transport chain (possibly at 

complex III) and α-ketoglutarate dehydrogenase via MT-mediated zinc transfer reactions can 

be responsible for lower respiration (Brown et al., 2000; Molto et al., 2007; Ye et al., 2001). 

However, as noted in Chapter 2, the mechanism remains unclear. Results from transcriptomics 

studies indicate that specific genes involved in mitochondrial function are up-regulated in 
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MT1+2KO mice (Penkowa et al., 2006). Among these are Slc25a1 (solute carrier family 25, 

member 1 or citrate transport protein which is responsible for the movement of citrate across 

the IMM), COX7A2L (cytochrome c oxidase subunit VIIa polypeptide 2-like), Idh3b (isocitrate 

dehydrogenase 3 beta), succinate dehydrogenase complex subunit A (Penkowa et al., 2006) 

and Pdxk (pyridoxal kinase) (Miura & Koizumi, 2005). The over-expression of these proteins in 

MT1+2KO mice, support the hypothesis that their energy metabolism is higher in comparison to 

MTs-containing WT mice. More importantly, cytochrome c oxidase subunit VIIa polypeptide 2-

like gene expression was also up-regulated in MT1+2KO mice (Miura & Koizumi, 2005) which 

are apparently also involved in the activation of complex IV.  

 

However, as noted in the previous chapter, it would not be wise to ignore the metabolic profiles 

seen in the organs as their interplay can reveal more information. The liver metabolome 

(Section 4.3.4.3) of the MT1+2KO male mice investigated previously had markedly higher 

acetate, fumarate and malate which are different from the systemic view seen here. Their 

gastrocnemius metabolome did not have any clear varying Krebs cycle intermediate levels but 

lower carbohydrates and fatty acids. The liver on the other hand had markedly higher glucose 

and other carbohydrate levels which support a lower oxidation rate and possible higher influx. 

While no markedly higher blood glucose levels were seen in those mice, the involvement of 

moderate insulin resistance might play a role in this organ specific results as the result of this 

sub-study partly imply. A lower influx of glucose into the muscle and higher uptake by the liver 

could result in an overload of the central metabolism. The contribution of the liver to the blood 

exometabolome composition, in comparison to the skeletal muscles, could mean that the 

exometabolome predominantly portray the metabolic state of the muscles (which is the larger 

mass) in times when the mice is active. The lower Krebs intermediates in the muscle and the 

observed exometabolomes could thus be due to insulin resistance instead of a higher 

respiration rate (which is actually linked to impaired respiration). If this is the case, this in vivo 

results obtained would contradict the in vitro results mentioned above (Molto et al., 2007; 

Simpkins et al., 1998a; Ye et al., 2001). 

 

Several lipids, acylcarnitines, fatty acids and related intermediates were also lower in the 

MT1+2KO mice. This result fits the view that respiration is enhanced in the MT1+2KO mice as 

insulin resistance (and lower respiration) would result in a higher lipolysis rate and 

accumulation of acylcarnitines. Seeing that these mice did not exercise nor were challenged in 

any way, the involvement of lipid and fatty acid synthesis in this profile cannot be ignored. The 

higher phospholipid levels (together with the above mentioned differences) observed in the 

MT1+2KO mice could actually point to lipid synthesis instead of catabolism; although a faster 

cell membrane turnover could also be the reason. Enhanced biosynthesis of lipids and fatty 

acids is also supported by transcriptomics data from other reports where the up-regulation of 
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specific genes involved in lipid metabolism in MT1+2KO mice were found. Agpat6 

(lysophosphatidic acid acyltransferase), Elovl3 (very long chain fatty acid elongase) expression 

are up-regulated in MT1+2KO mice (Miura & Koizumi, 2005). This could further explain their 

tendency toward obesity (Beattie et al., 1998). While insulin resistance does not completely fit 

the profile, moderate insulin resistance in terms of impaired glucose transport into the muscle 

mass could still play a role as insulin stimulate lipogenesis.  

 

 

5.3.3 METABOLIC DIFFERENCES BETWEEN WT AND MT1+2KO MICE DURING 

COMPLEX I DYSFUNCTION. 

The previous results and those seen in the previous chapter investigated the association 

between MTs and mitochondrial function and metabolism. The role of MTs in regulating 

enzyme activity (and also respiration) via metal ions, along with the regulation of transcription, 

is possibly the main association between MTs and altered (mitochondrial) metabolism. 

However, what is the role of MTs during mitochondrial dysfunction, when their levels are 

putatively significantly increased? And does their involvement in the metabolic responses shift 

from metal homeostasis to predominantly free radical scavenging and redox modulation? In an 

attempt to investigate these issues, complex I dysfunction was induced with the administration 

of rotenone.  

 

5.3.3.1 Snapshot of serum exometabolome  

The T-test, PCA and PLS-DA results of the LC-MS and silylation-GC-MS data are shown in 

Figure 5.11 and 5.12, respectively. No clear differences were seen between the strains in the 

metabolite levels detected with LC-MS (Figure 5.11). Although, moderate separation was seen 

in the fourth root transformed LC-MS data set and was used to identify IMs from this platform. 

Numerous (primary) metabolites detected with GC-MS were significantly different between the 

strains (Figure 5.12A). The covariance of these metabolites resulted in the partial but 

meaningful separation of the strains in the PCA score plots (Figure 5.12B) which was also 

enhanced in the PLS-DA (Figure 5.12C). Table 5.9 and 5.10 shows the IMs and pathway 

analysis results, respectively. The complete list of possible altered pathways is included in the 

supplementary CD. 
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Figure 5.11: Differences in the serum exometabolome  composition of 

WT and MT1+2KO mice as detected with untargeted LC- MS analyses.  

The t-test (A), PCA (B) and PLS-DA score plots (C) are shown. 

 

Figure 5.12: Differences in the serum exometabolome  composition of WT 

and MT1+2KO mice as detected with silylation GC-MS analyses.  The t-test 

(A), PCA (B) and PLS-DA score plots (C) are shown. 
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Table 5.9: Important serum metabolites that differe d markedly between the strains after complex I 

was inhibited. 

  Compound Direction PCA $ PLS-DA€ p-value ¥ d-value ¶ 

LC
-M

S
 

LysoPC(22:6) (HMDB10404) + 0.015 ― > 0.05 ― 
DG(18:3/18:3/0:0) (HMDB07248) + 0.008 ― > 0.05 ― 
LysoPC(16:1) (HMDB10383) + 0.005 ― > 0.05 ― 
MG(18:2/0:0/0:0) (HMDB11568) + 0.004 ― > 0.05 ― 
Elaidic carnitine (HMDB06464) - 0.002 ― > 0.05 ― 
LysoPC(18:2) (HMDB10386) - 0.002 ― > 0.05 ― 
Corrinoid (HMDB04269) - 0.002 ― > 0.05 ― 
2-Methylbutyroylcarnitine (HMDB00378) - 0.005 ― > 0.05 ― 
Propionylcarnitine (HMDB00824) - 0.010 ― > 0.05 ― 
Acetylcarnitine (HMDB00201) - 0.136 ― > 0.05 ― 
? Valine (HMDB00883) - 0.290 ― > 0.05 ― 

S
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Erythrose (HMDB02649) + 0.303 0.040 < 0.001 2.06 
3-Hydroxybutyric acid (HMDB00357) + 0.098 0.109 > 0.05 ― 
? Glucose (HMDB00122) + 0.090 < v.c 0.001 1.25 

Alanine (HMDB00161) + 0.075 0.036 > 0.05 ― 
Lactic acid (HMDB00190) + 0.061 < v.c 0.004 1.21 
? Galactose (HMDB00143) + 0.054 < v.c 0.009 1.03 

Glycerol (HMDB00131) + 0.036 < v.c > 0.05 ― 
Ethanolamine (HMDB00149) + < v.c 0.103 0.001 1.18 
Glycine (HMDB00123) + < v.c 0.090 0.008 0.98 

? Fructose (HMDB00660) + < v.c 0.082 < 0.001 2.04 
Serine (HMDB00187) + < v.c 0.075 0.036 0.81 
Creatinine (HMDB00562) + < v.c 0.039 0.009 0.82 

Pyroglutamic acid (HMDB00267) + < v.c 0.037 > 0.05 ― 
Palmitelaidic acid (HMDB12328) + < v.c 0.037 0.009 0.82 
? Gulose (HMDB12326) + < v.c < v.c 0.002 1.23 

Phenylalanine (HMDB00159) + < v.c < v.c 0.006 1.06 

Methionine (HMDB00696) + < v.c < v.c 0.014 0.93 
The direction indicate whether a compound was higher (+) or lower (-) in the MT1+2KO mice in comparison to the 

WT 

$ Average Euclidean distance of PCA loadings 

€ Euclidean distance of PLS-DA loadings 

¥ p-value of t-test  

¶ d-value of the effect size 

 

Table 5.10: Pathway analysis results from the serum  IMs obtained after the strains were 

compared.  

  Pathway Total Hits Raw p Holm p FDR Impact  

M
T

1+
2K

O
 

Aminoacyl-tRNA biosynthesis 69 6 < 0.001 0.027 0.018 0.129 
Galactose metabolism 26 4 < 0.001 0.035 0.018 0.3941 
Cyanoamino acid metabolism 6 2 0.003 0.242 0.083 0 
Methane metabolism 9 2 0.007 0.559 0.145 0.4 
Glutathione metabolism 26 2 0.055 1 0.616 0.02 
Phenylalanine, tyrosine and tryptophan biosynthesis 4 1 0.058 1 0.616 0.5 
Cysteine and methionine metabolism 27 2 0.059 1 0.616 0.1122 
Glycerophospholipid metabolism 30 2 0.071 1 0.616 0.0444 
Synthesis and degradation of ketone bodies 5 1 0.072 1 0.616 0 
Glycine, serine and threonine metabolism 31 2 0.075 1 0.616 0.5073 
Nitrogen metabolism 9 1 0.126 1 0.940 0 

Valine, leucine and isoleucine biosynthesis 11 1 0.152 1 0.959 0.3333 
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According to pathway analysis results, several amino acid related metabolic pathways, 

including glutathione biosynthesis, were most affected in the MT1+2KO mice that received 

rotenone. The markedly higher levels of numerous circulating amino acids in the MT1+2KO 

mice could indicate enhanced protein degradation. Higher glycerol levels and the markedly 

higher diacylglycerol and monoacylglycerol that were detected also indicate the onset of 

lipolysis. With this in mind, an overload of acylcarnitines would be expected. However, the four 

acylcarnitines in the IMs list (including acetylcarnitine and propionylcarnitine) were markedly 

lower in the blood of the MT1+2KO mice which might be a result of lower energy levels. In fact, 

higher creatine levels found in the circulation also imply lower energy levels. It was shown in 

two separate studies that the excretion of creatine increases with complex I inhibition and that 

the intracellular phosphocreatine:creatine ratio greatly decreases (Shaham et al., 2010; Xu et 

al., 2011). Phosphocreatine is actively used to replenish ATP levels leading to more creatine. 

These results thus imply a lower energy state in the MT1+2KO mice which would also explain 

an increase in lipolysis and protein degradation. 

 

Other important findings is the higher levels of numerous carbohydrates, lactate and 3-

hydroxybutyric acid. The active catabolism of fatty acids and amino acids, along with the 

accumulation of acetyl-CoA due to reduced respiration would mean that excess acetyl-CoA is 

converted to ketone bodies. More importantly, the conversion of pyruvate to lactate and 

acetoacetate to 3-hydroxybutyric acid results in the secondary oxidation of NADH to NAD which 

replenishes the lower NAD levels. In light of this, it becomes more apparent that, considering 

the metabolome only, complex I inhibition in the MT1+2KO mice resulted in a more severe 

phenotype compared to the WT. Hence, the presence of MTs in the WT mice had some kind of 

protective/adaptive effect against the down-stream effects of rotenone-induced complex I 

dysfunction. Moreover, the metabolic profile of the serum of the MT1+2KO mice are very similar 

to that of the exometabolome profile seen with complex I inhibited cells cultures (Shaham et al., 

2010; Xu et al., 2011) which give weight to the notion that these mice had a more severe 

phenotype. The main difference is the glucose levels in the exometabolome. Both these studies 

showed that glucose uptake and usage is increased during complex I inhibition leading to lower 

carbohydrate levels in the exometabolome. This is partly due to the fact that pyruvate 

dehydrogenase is activated by low ATP and acetyl-CoA levels. Seeing that the liver of both 

strains was not significantly affected by the rotenone treatment, it is fair to suggest that the 

higher glucose in the MT1+2KO could be a result of increased gluconeogenesis for the same 

reasons mentioned above. This would however, require some type of insulin irregularity as 

insulin (secreted when blood sugar rises) inhibits specific enzymes in this pathway. 
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5.3.3.2 Urine exometabolome: 14 hour overview of me tabolic state  

The univariate and multivariate statistical results of the LC-MS and silylation-GC-MS urine data 

sets are shown in Figure 5.13 and 5.14, respectively. Student’s t-test only indentified three 

metabolites detected with LC-MS that differed significantly between the strains (Figure 5.13A). 

Despite this, separate grouping of the strains was seen in the multivariate results (Figure 

5.13B-C). Several metabolites detected with GC-MS were significantly different between the 

strains (Figure 5.14A). The covariance of these differences did however, not result in the 

complete separation of the strains with PCA (Figure 5.14B). Moderate separation was seen in 

the power and fourth-root transformed data sets. Separate grouping with the GC-MS data was 

also seen in the PLS-DA results. The IMs that were identified with these tests are listed in 

Table 5.11. The top few results from pathway analysis are given in Table 5.12 with the 

complete set of results included in the supplementary CD. 

 

The most affected pathway in the MT1+2KO mice according to the pathway analysis results is 

the Krebs cycle, followed by glyoxalate and sucrose metabolism. Urinary levels of aconitate 

were markedly higher in the MT1+2KO mice while citrate and fumarate were markedly lower. 

The higher aconitate correlates with lower respiration but the lower citrate and fumarate not. 

Nevertheless, the onset of alternative pathways for energy production and the disability to 

oxidize amino acids and fatty acids at a normal rate are evident in the urine. Numerous amino- 

and fatty acid related intermediates (including phase II biotransformation products) were 

markedly higher in the urine of the MT1+2KO mice that received rotenone. Isovalerylglycine 

(glycine conjugate of isovaleryl-CoA) and 3-hydroxy-3-methylglutaric acid are catabolic 

products of leucine. 2-Hydroxy-isobutyric acid and 2-hydroxyadipic acid originate from valine 

and lysine catabolism, respectively. Butyrylglycine, hexanoylglycine, octanoylglucuronide, 

adipate and methylsuccinate imply an accumulation of short chain fatty acids (Reinecke et al., 

2011). Increased lipolysis and reduced fatty acid oxidation could lead to the increased 

detoxification of accumulating fatty acids via phase II biotransformation and ω-oxidation and the 

excretion in the urine. The observation that only short chain fatty acid related compounds were 

markedly higher in the urine of the MT1+2KO mice is probably not an indication of short chain 

fatty acid oxidation impairment, but rather due to their hydrophilic nature. A combined biological 

interpretation of the effect of the MT-1 and -2 knockout on the metabolism is given in Section 

5.3.3.3. 
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 Figure 5.13: Differences in the urinary exometabol ome composition of 

WT and MT1+2KO mice as detected with untargeted LC- MS analyses.  

The t-test (A), PCA (B) and PLS-DA score plots (C) are shown. 

 Figure 5.14: Differences in the urinary exometabolo me composition of 

WT and MT1+2KO mice as detected with silylation GC- MS analyses.  

The t-test (A), PCA (B) and PLS-DA score plots (C) are shown. 
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Table 5.11: Important urinary metabolites that diff ered markedly between the strains after 

complex I was inhibited  

  Compound Direction PCA PLS-DA p-value d-value 

LC
-M

S
 

Indole-3-carboxylic acid (HMDB00197) + 0.022 < v.c > 0.05 ― 
Hydroxyhendecanoic acid (LMFA01050034) + 0.021 < v.c > 0.05 ― 
Octanoylglucuronide (HMDB10347) + 0.019 < v.c > 0.05 ― 
Porphobilinogen (HMDB00245) + 0.016 < v.c > 0.05 ― 
Isobutylglycine (HMDB01953) + < v.c < v.c 0.002 1.26 
? Dextrin (Maltotriose) (HMDB06857) + < v.c 0.071 0.017 0.95 
? Ascorbic acid (HMDB00044) + < v.c 0.437 > 0.05 ― 
2-Ethylacrylylcarnitine (HMDB01990) + < v.c 0.036 > 0.05 ― 
2-Oxo-4E-hexenoic acid (C06761) - 0.012 < v.c > 0.05 ― 
Allantoin (HMDB00462) - 0.013 < v.c > 0.05 ― 
? LysoPA(17:0/0:0) - < v.c 0.174 0.046 0.76 

S
ily

la
tio

n-
G

C
-M

S
 

Oxalic acid (HMDB02329) + 0.461 < v.c < 0.001 1.43 
Hexanoylglycine (HMDB00701) + 0.037 < v.c > 0.05 ― 
Butyrylglycine (HMDB00808) + 0.032 < v.c > 0.05 ― 

Glycine (HMDB00123) + 0.031 0.036 > 0.05 ― 
Isovalerylglycine (HMDB00678) + 0.023 < v.c > 0.05 ― 
Methylsuccinic acid (HMDB01844) + < v.c 0.033 > 0.05 ― 

2-Hydroxyisobutyric acid (HMDB00729) + < v.c 0.028 > 0.05 ― 
2-Hydroxy-adipic acid (HMDB00321) + < v.c 0.028 0.001 1.24 
Glucopyranuronic acid (HMDB10314) + < v.c 0.025 0.015 0.85 

? Citraconic acid (HMDB00634) + < v.c < v.c < 0.001 1.45 
Adipic acid (HMDB00448) + < v.c < v.c 0.001 1.20 
Aconitic acid (HMDB00072) + < v.c < v.c 0.002 1.09 
3-Hydroxy-3-methylglutaric acid 
(HMDB00355) + < v.c < v.c 0.003 1.05 

Citramalic acid (HMDB00426) + < v.c < v.c 0.004 0.89 
Glyceric acid (HMDB06372) + < v.c < v.c 0.005 1.04 
Margaric acid (HMDB02259) + < v.c < v.c 0.008 0.92 

Pantothenic acid (HMDB00210) + < v.c < v.c 0.010 0.93 
Citric acid (HMDB00094) - 0.015 < v.c > 0.05 ― 
Pipecolic acid (HMDB00716) - 0.029 < v.c 0.027 0.80 

Fumaric acid (HMDB00134) - 0.039 < v.c > 0.05 ― 

3-Hydroxy picolinic acid (HMDB13188) - < v.c 0.012 > 0.05 ― 

 

 

Table 5.12: Pathway analysis results from the urine  IMs obtained after the strains were compared.  

  Pathway Total Hits Raw p Holm p FDR Impact 

M
T

1+
2K

O
 

Citrate cycle (TCA cycle) 20 3 0.002 0.166 0.166 0.11852 
Glyoxylate and dicarboxylate metabolism 18 2 0.023 1 0.695 0.38709 
Starch and sucrose metabolism 19 2 0.025 1 0.695 0.03958 
Porphyrin and chlorophyll metabolism 27 2 0.049 1 1 0.0415 
Cyanoamino acid metabolism 6 1 0.078 1 1 0 
Ascorbate and aldarate metabolism 9 1 0.115 1 1 0 
Methane metabolism 9 1 0.115 1 1 0 
Nitrogen metabolism 9 1 0.115 1 1 0 
Pantothenate and CoA biosynthesis 15 1 0.184 1 1 0.02041 

Pentose and glucuronate interconversions 16 1 0.195 1 1 0.2 
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5.3.3.3 Biological interpretation of the metabolic differences between the WT and 

MT1+2KO mice during complex I dysfunction. 

From Section 5.3.1 it was already obvious that the rotenone treatment had a more drastic effect 

on the MT1+2KO mice. Comparison of the strains in the treatment group confirmed this 

observation, as discussed in the previous sections. Almost all the common respiratory chain 

dysfunction markers were higher in the MT1+2KO mice. These include Krebs cycle 

intermediates, lactate, creatine, 3-hydroxybutyric acid, alanine and other amino acids 

(Reinecke et al., 2011; Shaham et al., 2010; Xu et al., 2011). Inhibition of complex I results in 

the accumulation of NADH and depletion of NAD (i.e. altered redox state), as well as lower ATP 

levels, which in return slows the Krebs cycle at the regulation points of the dehydrogenase 

enzymes. As the Krebs cycle intermediates accumulate and NAD levels drop, the system 

converts pyruvate to lactate and acetoacetate to 3-hydroxybutyric acid in an attempt to increase 

NAD levels, needed to maintain glycolysis. The accumulation of dehydrogenase substrates 

(such as lactate, aconitate, 2-methylbutyrylcarntine and 2-hydroxyisobutyric acid) was thus 

most likely a result of depleted NAD which also indicate more severe inhibition in the MT1+2KO 

mice. Figure 5.15 illustrates the pathways altered in the MT1+2KO mice when compared to the 

WT and the theoretical interplay of the different hormones. 

 

The end product of energy metabolism is energy in the form of ATP. Intracellular signals such 

as AMP and the AMP kinase (AMPK) system activate specific catabolic pathways (in a 

localized manner) when energy levels are low. When there is a more widespread drop in ATP 

levels, specific hormones such as adrenalin and glucagon are released in an attempt to recover 

energy levels. These hormones activate numerous primary and secondary metabolic pathways 

in various tissues, leading to the catabolism and release of many carbohydrates, peptides, 

amino acids, lipid species and fatty acids. Hence, the observed increase in these compounds 

supports this theory, especially if ATP levels were low to start with (Coyle et al., 2002). Several 

lipids and fatty acids were markedly higher in the blood of the MT1+2KO mice. The over-

stimulation of lipolysis by the AMPK system or secreted hormones would certainly explain this 

difference between the strains. Moreover, the MT1+2KO mice seem to be well equipped to 

utilize lipids as up-regulation of lipoprotein lipase in MT1+2KO mice would therefore aid in the 

breakdown of lipid species. This would also explain the higher glycerol and glycerate in the 

blood and urine, respectively. The free fatty acids are then further catabolised in the β-oxidation 

pathway of which the first step involve a FAD-link dehydrogenase reaction. This indicates that 

energy via complex II is produced in the first step of β-oxidation. Another compound that was 

found to be higher in the MT1+2KO mice is porphobilinogen, an intermediate in heme 

biosynthesis. The main reason for its accumulation is unclear, but as noted before, is likely a 

consequence of rotenone metabolism in the liver. Although the exact reason for the higher 
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porphobilinogen is unclear, heme biosynthesis occurs in the mitochondrion which also confirms 

altered mitochondrial function in the MT1+2KO mice. 

 

 
 
Figure 5.15: Metabolic pathways involved in perturb ation and the involvement of insulin. The 

inhibition of complex I leads to lower ATP and Krebs cycle activity along with increased ROS production. 

Lower ATP signals catabolic pathways leading to the accumulation of substrate in tissues where 

inhibition was severe and glucose release by the liver as fuel for the brain. Accumulating fatty acids and 

high ROS levels inhibit the insulin-GLUT-4 signalling pathways leading to insulin resistance which also 

lead to the accumulation of glucose in the blood.  

 
 

The metabolic profile of the rotenone-treated MT1+2KO mice was in line with that reported for 

cell cultures (Shaham et al., 2010; Xu et al., 2011) and patients with respiratory chain 

deficiencies (Reinecke et al., 2011) and as indicated before, showed a more severe 

metabolome profile (phenotype) compared to rotenone-treated WT mice. However, the only 

difference between the observed metabotype and that reported in literature was in the levels of 

carbohydrates. In the cell cultures, the uptake and usage of glucose was higher when complex 
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I was inhibited resulting in lower levels in the metabolome and exometabolome. In this sub-

study, glucose and other sugars were higher in the blood of the MT1+2KO mice. The most 

likely reason would be active glycogen breakdown initiated by the low energy levels and 

hormones. Transcription of glucokinase is higher in MT1+2KO mice while glucose-6-

phosphatase is lower (Miura & Kiozumi, 2005). Hence, the conversion of glucose to glucose-6-

phosphate should be improved, which consequently leads to a flux of glucose-6-phosphate to 

other carbohydrate pathways when glycolysis and respiration is overloaded. Due to similarities 

in the electron impact mass spectra of sugars, it remains difficult to discriminate between 

certain carbohydrates with the analytical platforms employed in this study. Although galactose 

and fructose is listed in the IMs table, these sugars can in fact also be mannose, ribose, lyxose 

or xylulose.  

 

Nevertheless, as noted before, the involvement of insulin resistance (due to reduced 

mitochondrial function) could also have resulted in higher blood carbohydrate levels and is 

likely the key in this profile. Insulin signalling and hormonal control of the metabolism is not 

studied when cell cultures are used. The profile seen in the cell cultures and mice could thus 

vary even when the same enzyme was inhibited. Insulin resistance are hypothesized to be 

caused by reduced respiration, lower energy levels, increased ROS and oxidative stress and 

the accumulation of fatty acids and diacylglycerols particularly (Abdul-Ghani & DeFronzo, 2008; 

Ciapaite et al., 2011; Dong et al., 2007; Gaidhu et al., 2010; Kelley et al., 2002; Schrauwen & 

Hesselink, 2004; Vial et al., 2011). The inhibition of complex I theoretically results in the 

accumulation of NADH, increased ROS production, lower respiration and thus lower energy 

levels. Lower respiration also leads to lower fatty acid oxidation and accumulation of fatty acids 

in the cells where inhibition was severe (Figure 5.16). All these down-stream effects of the 

inhibition are thus also the factors that are known to be linked with insulin resistance. The 

involvement of insulin resistance in this case is however, much more complex seeing that the 

involvement of glucagon, adrenalin and the AMPK system normally counters the effects of 

insulin. The activation of the AMPK system in the heart and skeletal muscles (which was 

significantly inhibited) would result in catabolic pathways being active to compensate for the 

drop in energy levels. A more severe drop in energy also results in the secretion of hormones 

such as adrenalin and glucagon which also stimulate catabolic pathways such as lipolysis (in 

adipose) and gluconeogenesis (in liver) of which the latter increased blood glucose levels. The 

onset of moderate insulin resistance in the skeletal muscle making use of the GLUT-4 glucose 

transporter would result in the further accumulation of glucose in the blood which would 

consequently result in the secretion of insulin as glucose can move freely into the pancreas via 

the GLUT-2 transporter. The roles of insulin, glucagon and the AMPK system are thus difficult 

to pin point form this data.  
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Figure 5.16: Proposed events leading to moderate in sulin resistance and counteractions of MTs. 

Inhibition of complex I by rotenone results in reduced respiration and ATP in addition to increased NADH 

and ROS. ROS is known to inhibit several enzymes (such as α-ketoglutarate dehydrogenase, aconitase 

and complex I itself) leading to reduced activity. Accumulation of NADH and reduced NAD results in 

reduced Krebs cycle activity and consequently also amino- and fatty acid oxidation feeding into this 

cycle. Lower ATP results in local (AMP) and global (hormones) signals that increase catabolic pathways 

such as lipolysis. This all lead to accumulation of metabolites in the tissue where complex I was inhibited. 

Increased ROS, fatty acids, diacylglycerols and reduced respiration and ATP are known to cause insulin 

resistance. MTs counter this cascade of events by putatively scavenging ROS and improving enzyme 

activity directly (e.g. giving metal cofactors) or indirectly (e.g. improved transcription). 

 

Although the exact cascade of events is unclear, it is obvious from this data that the WT mice 

were better off than the MT1+2KO mice during complex I inhibition, which suggest some kind of 

protective/adaptive role of the MTs against complex I dysfunction and its consequences. Figure 

5.16 illustrates possible sites in this theoretical cascade of events where MTs might counteract 

the inhibition. It is commonly accepted that complex I inhibition more often than not results in 

the formation of reactive oxygen species (ROS) which have deleterious effects on biomolecules 
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and organelles (Reinecke et al., 2009). Their antioxidant properties and scavenging of ROS are 

perhaps the most important contribution to the overall protective effect seen in the WT mice. As 

noted in Chapter 2, the role of MTs in scavenging ROS formed in the mitochondrion is 

apparent. By lowering ROS concentrations, MTs theoretically limits inhibition of Krebs cycle 

enzymes (such as α-ketoglutarate dehydrogenase) and the further inhibition of the OXPHOS 

system. Furthermore, without the buffering ability of MTs, any metals released from oxidized 

proteins during high oxidative stress situations would also have compounding effects on 

several mitochondrial functions - the so called vicious cycle. Increased levels of ROS can 

reversibly oxidize specific sites in complex I, making it even more ineffective and subsequently 

increasing ROS levels. Moreover, the role of MTs in providing metal cofactors for enzymes 

could have resulted in the WT mice having more active/functioning enzymes during the three 

weeks of rotenone treatment leading to better respiration and amino – and fatty acid oxidation. 

These are all theoretical mechanisms which could explain the less severe inhibition and 

accumulation of metabolites in the WT mice  

 

5.4 CHAPTER SUMMARY 

WT and MT1+2KO mice were administered rotenone, a complex I inhibitor, to study the 

involvement of MTs in mitochondrial disease. This was done by studying the exometabolome 

which is closest to the phenotype as described in Annexure A. The serum and urine 

exometabolomes of the MT1+2KO were compared to the WT. The results of this sub-study 

showed clear metabolic differences between these strains during unchallenged conditions 

(confirming the findings in the previous chapter). The metabolic results (such as the lower 

Krebs cycle intermediates in the MT1+2KO mice) mainly pointed to enhanced respiration in the 

MT1+2KO mice which is in accordance with reported in vitro results where it was noted that the 

presence of MTs reduced respiration (Simpkins et al., 1998a, Molto et al., 2007; Ye et al., 

2001). However, the tissue specific results in the previous chapter cannot be ignored. After 

connecting these, it became more apparent that some kind of moderate insulin irregularities 

played a role in this observed phenotype which would actually mean that respiration in the 

insulin-dependent tissues or pancreatic β-cell was impaired in the MT1+2KO mice. The 

credence of this hypothesis became clearer in the mice that received rotenone. 

 

The metabolic phenotype of the MT1+2KO mice that received rotenone were in fact very similar 

to those of complex I inhibited cell cultures (Shaham et al., 2010; Xu et al., 2011) and patients 

with respiratory chain deficiencies (Reinecke et al., 2011) when compared to the WT mice that 

received rotenone. This implied a more severe phenotype in the MT1+2KO mice indicating 

some kind of protective/adaptive effect of MTs against complex I dysfunction in the WT mice. 

The only difference between the phenotypes seen in the cells and mice were that of increased 
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blood glucose in the MT1+2KO mice. Since glucose usage normally increases when the 

respiration is impaired, the higher glucose levels in the MT1+2KO mice thus pointed to 

moderate insulin resistance. Hence, inhibition of complex I apparently accelerated the 

manifestation of insulin resistance in these mice, by the potential increase in ROS, fatty acid 

accumulation and lower respiration. The presence of MTs in the WT mice thus clearly 

prevented this cascade of events in some degree. 

 


