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CHAPTER  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 4  

 

4.1 INTRODUCTION 

Mitochondrial metabolism is the main source of energy in many tissues and cells.  The brain, 

liver and muscles greatly depend on energy produced by the OXPHOS system.  Reduced 

equivalents such as NADH and FADH are produced when carbohydrates, amino- and fatty 

acids are oxidized and then used by the OXPHOS system to produce ATP. Impaired 

mitochondrial function (i.e. reduced OXPHOS, TCA and fatty acid oxidation) has been linked to 

obesity and diabetes and vice versa (Berdanier, 2001; Kelley et al., 2002).  Moreover, ROS and 

high oxidative stress are also known to play a key part in diabetes, of which mitochondrial 

dysfunction and high-fat diets are known to cause increased ROS levels.  As a result of the 

lower fatty acid oxidation, obese and diabetic patients often have high levels of free fatty acids, 

di- and triacylglycerols (Schrauwen & Hesselink, 2004).  The link between MTs and diabetes 

has also been made and received relatively high attention (as reviewed by Islam & Loots, 

2007), and the observation has been made that MT1+2KO and MT3KO mice have a tendency 

toward obesity (Beattie et al., 1998; Byun et al., 2011).  In addition to the complex etiology of 

diabetes, reduced Zn levels are also associated with this disease and thus lower mitochondrial 

function.  The role of MTs in scavenging free radicals and promoting mitochondrial function 

therefore seems important to counter the effects of high-fat diets, obesity and diabetes 

(hyperglycaemia).  Despite the associations that are made between MTs, mitochondrial 

function, obesity and diabetes, it remains difficult in this regard to pinpoint a more specific role 

for MTs with that of mitochondrial function.  

 

One way to resolve this association with energy metabolism is to challenge the mitochondrion 

in order to amplify differences between WT and MTKO mice.  Similar approaches are often 

taken in studies where inborn errors of metabolism are studied.  As normal and dysfunctional 

pathways might be very similar during steady state conditions, some kind of challenge or 

substrate load is required to amplify the differences.  The dysfunctional enzyme(s) would not be 

able to convert the increased substrate to product (at a similar rate) as the normal enzyme 

giving a different metabolite profile.  This inability to metabolize the substrate compound would 

then result in lower levels of product, accumulated substrate, secondary metabolites and 

biotransformation products, consequently differentiating the diseased from the normal.  These 
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types of loading or challenging studies have the potential to highlight differences in metabolic 

activity when the difference is not remarkable under normal conditions – an aspect that has 

been noted as key for investigating MT functional association with mitochondrial energy 

metabolism (van der Westhuizen et al., 2003; Reinecke et al., 2006; Lindeque et al., 2010).  

 

One way of challenging energy metabolism is by exercise.  The rate of energy production, 

accumulation of reduced equivalents, activation of several alternative energy producing 

pathways and depletion of specific metabolites could thus lead to valuable information on the 

overall OXPHOS and energy status.  Diets high in fat also challenge mitochondrial metabolism 

as the cells are forced to use more of the reducing equivalents (from fatty acid oxidation) and 

OXPHOS system for energy production, instead of glycolysis. Since the carnitine 

palmitoyltransferase I enzyme responsible for fatty acid transport into the mitochondrion is also 

the rate limiting step in fatty acid metabolism (Sahlin & Harris, 2008; Schrauwen & Hesselink, 

2004), an influx of fatty acids through the diet would result in increased fatty acids in the blood 

and consequently increased insulin levels.  The constantly high insulin levels thus result in the 

storage (instead of recruitment) of the small amount of glucose (taken in through the diet) 

thereby forcing cells to rely on fatty acid oxidation and OXPHOS for energy supply (Ahola-

Erkkilä et al., 2010, Murray et al., 2003; Smith et al., 2000).  Furthermore, relatively large 

amounts of FADH and NADH are produced during fatty acid oxidation, which must be used by 

the mitochondrion to avoid accumulation of these molecules.  

 

The focus of this sub-study was to highlight differences in the metabolism of WT, MT1+2KO 

and MT3KO mice when energy metabolism was challenged by exercise and/or high-fat intake.  

The complete methodology of this sub-study will be given in the first part of this chapter.  The 

results and discussions will follow the methodology section.  The results section is specifically 

structured to firstly describe the measured metabolic consequences of the respective 

interventions on the metabolism (dimension 1 in Figure 4.3) and then reporting the differences 

between the WT, MT1+2KO and MT3KO mice (dimension 2 in Figure 4.3). 

 

4.2 MATERIALS AND METHODOLOGY 
 

4.2.1 MATERIALS 

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

chloroform (Burdick & Jackson, cat # 049-4); formic acid (Fluka, cat # 06440); hexane (Sigma-

Aldrich, cat # 52766); methanol (Burdick & Jackson, cat # 230-4); methoxyamine (Aldrich, cat # 

226904); O-bis(trimethylsilyl)trifluoroacetamide (BSTFA, Supelco, cat # 3-3027); potassium 

hydroxide (KOH, Merck, cat # 8.14353.1000); pyridine (Merck, cat # 1.09728.0100); 

trimethylchlorosilane (TMCS, Fluka, cat # 92360) and water (Burdick & Jackson, cat # 365-4). 
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were on a normal chow diet (10 % kcal from fat, Harlan Iberica, TD 02186) and were not 

subjected to any other intervention.  The mice in the second group (exercise) were also given a 

normal chow diet.  Their energy metabolism was challenged with exercise by letting the mice 

swim for one hour before euthanasia.  The third group of mice was given a high-fat diet (55% 

kcal from fat, Harlan Iberica, TD 93075) for about two months (10 weeks).  The final group was 

given a similar high-fat diet and had to swim for one hour before euthanasia.  Blood was drawn 

from the tails of these mice.  The tissue samples were collected after decapitation and were 

immediately frozen in liquid nitrogen.  These samples were sent and received on dry ice and 

were kept at -80°C until use. 

 

4.2.3 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 4.2.   

 

4.2.3.1 Deproteinization of plasma samples for meta bolic footprinting 

The protein concentration of each plasma sample was determined for pre-analysis 

normalisation. The commonly used and standardized bicinchoninic acid (BCA) protein 

determination method (Smith et al., 1985), which is based on the Lowry method principles, was 

used.  The protein quantification was done in a microtiter-plate format by mixing 200 µl of a 

reaction solution (BCA:CuSO4·5H2O at 50:1 (v/v)) with 10 µl plasma (diluted by a factor of ten).  

Bovine serum albumin standard (1 µg/µl) was used to prepare a concentration range between 0 

and 20 µg protein.  All samples were analysed in triplicate.  After a 20 minute incubation period 

at room temperature, the absorbance at 560 nm was measured in a BIO-TEK Synergy HT 

Plate Reader.  Data from the standard series were used to determine the protein content of the 

plasma samples using linear regression.  Quantification was done only when an R2 value above 

0.99 (for the standards) was obtained. 

 

The aliquots of plasma were diluted with water so that each sample had the same protein 

content per volume.  One hundred micro litres of these diluted samples were transferred to a 

clean microcentrifuge tube.  Three volumes of ice cold acetonitrile were added to precipitate 

proteins.  All steps were performed on ice.  The samples were vortexed and allowed to 

incubate on ice for 10 minutes.  This was followed by the centrifugation of the plasma samples 

for 10 minutes at 13 000 x g, 4°C.  The supernatant (100 µl) was transferred to  a tube without 

disturbing the protein pellet, which was then freeze-dried using a Savant SpeedVac SVC 100 

concentrator.  The dried samples were re-dissolved in 50 µl water containing 30 µg/ml caffeine 

before LC-MS analysis.  A blank sample was included in every batch to indicate contaminant 
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compounds in the solvents, artefacts from the preparation procedures and carry over during 

chromatography.  These would then be removed from the data matrices. 
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samples with a clean scalpel blade.  This piece was put into a clean microcentrifuge tube, 

followed by the determination of its weight for pre-analysis normalisation.  A minimum sample 

weight of 30 mg and maximum of 70 mg was used at all times.  The samples were put on wet-

ice after weighing.  The two-step metabolite extraction method described by Wu et al. (2008) 

was used for comprehensive and repeatable metabolome extraction.  Eight ul/mg methanol, 2 

ul/mg water and 0.5 ul/mg of the internal standard (IS) mix were added to the tissue samples so 

that a final concentration of 45 µg/ml IS was obtained.  Each tube received a single steel bead 

(3 mm Ø) so that a relative ratio of 1:1 (w:w) was maintained.  Soft tissue such as the brain and 

liver was homogenized for 2 minutes at 20 Hz using the Retch M400 vibration mill.  The 

gastrocnemius was homogenized for 2 minutes at 30 Hz. The homogenate was then separated 

from the beads and transferred into a clean tube followed by the addition of 8 ul/mg chloroform 

and 4 ul/mg water.  The samples were vortexed for 1 minute, incubated on ice for 10 minutes 

and then centrifuged at 2000 x g for 10 minutes, 4 °C, to allow phase separation.  Each sample 

was divided into several tubes for analysis by the different analytical platforms as shown in 

Figure 4.2.  For positive scan LC-MS, 100 µl of the top polar phase was dried under vacuum 

using a Savant SpeedVac SVC 100 concentrator.  These dried samples were then re-dissolved 

in 50 µl water containing 30 µg/ml caffeine.  For both GC-MS platforms, 50 µl of each phase 

(polar and apolar) was transferred to a new tube and dried under nitrogen.  

 

4.2.3.3 Oximation and silylation 

Oximation reagent was prepared by dissolving 200 mg methoxyamine in 10 ml pyridine.  

Oximation solution (50 ul) was added to the dried samples before it was vortexed for 1 minute 

to dissolve the dried compounds.  The samples were kept at room temperature for 17 hours.  

Silylation was performed by adding 50 µl BSTFA (containing 1% TMCS) to the oximated 

samples and incubating it for 60 minutes at 40°C.  After silylation, 50 µl of 30 µg/ml eicosane in 

hexane (external standard) was added to the samples before GC-MS analysis. 

 

4.2.3.4 Methylation 

A commonly used base-catalyzed methylation method was used which methylates O-acyl lipids 

yielding FAMEs (White & Ringelberg, 1998). Dried samples were re-dissolved in 500 µl 

chloroform and 500 µl methanol and transferred to clean tubes.  One millilitre methanolic KOH 

(280 mg KOH in 25 ml methanol) was added followed by incubation of the samples for 60 

minutes at 60°C.  After methylation the samples wer e left to cool before the methylated 

compounds were extracted.  Apolar compounds were separated and extracted from the mixture 

with the addition of 2 ml hexane, 200 µl acetic acid (1 N) and 2 ml water.  The samples were 

carefully mixed for 5 minutes and centrifuged for another 5 minutes at 2000 x g to separate the 

organic and water phases. The dried methylated samples were suspended in 50 µl BSTFA 

(containing 1% TMCS) and allowed to derivatize any unmethylated compounds for 30 minutes 
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at 40°C.  Fifty µl methyl-tricosanoate (30 µg/ml in  hexane) was added to the samples as 

external standard.  

 

4.2.3.5 Sample blocking 

All similar tissue samples (except gastrocnemius) were analysed within a week to limit week-to-

week 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 (Draisma et al., 2010; Zelena et al., 2009).  These blocks (or 24-hour batches) could 

then be processed and analysed (statistically) separately if the possibility for inter-batch 

correction was not possible.  The size of the block (or batch) was determined by the runtime of 

each analytical method.  Batches of about 24 samples were prepared and analysed every day 

until all samples were completed. 

 
 
4.2.4 INSTRUMENTATION AND ANALYSIS 

 

4.2.4.1 Positive scan LC-MS 

A 1200 series HPLC system from Agilent was used which consisted of a Micro Vacuum 

Degasser (G1379B), Binary pump SL (G1312B), Preparative Autosampler HiP-ALS SL 

(G1367C), Thermostat ALS (G1330B), and Thermostatted Column Compartment SL (G1316B).  

The HPLC system was coupled to a 6510 Q-TOF mass analyser from Agilent.  

Chromatography was performed with a ZORBAX SB-Aq reverse phase column (3.5 um, 

2.1x150 mm) also from Agilent.  The chromatographic gradient started with 100% solvent A 

(water and 0.1% formic acid) for the first 5 minutes, after which the gradient increased to 35% 

solvent B (acetonitrile and 0.1% formic acid) at the 30-minute mark. The gradient was 

increased from 35% solvent B at 30 minutes to 70% solvent B at 45 minutes.  At 50 minutes the 

gradient reached 100% solvent B and was kept like this for 5 minutes.  The gradient rapidly 

dropped from 100% solvent B to 0% within 3 minutes.  The total runtime per sample was 

therefore 58 minutes. 

 

A constant flow rate of 0.2 ml/min and a column temperature of 30°C were used.  The dual ESI 

source was set for positive ionization only.  A gas temperature of 280°C, gas flow of 8 l/min and 

nebulizer pressure of 30 psi were used.  These recommended ionization settings were selected 

in order to give maximum ionization and minimum fragmentation of many compounds.  

However, it must be noted that there is no single optimal ionization setting for all compounds 

which meant that a relatively small metabolome coverage window was expected.  The Q-TOF 

scan window was set from 50 – 1000 m/z.  The Q-TOF was calibrated by the constant injection 
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of a reference mix containing masses 121.050873 and 922.009798 m/z. Samples were kept at 

4°C in the refrigerated autosampler.  An injection volume of 10 µl was used for all samples. 

 

4.2.4.2 GC-MS analysis of trimethylsilyl esters 

The GC-MS system consisted of a 7890A GC system, 7683B series injector and 5975B inert 

XL mass analyser from Agilent.  Chromatography was performed with a DB-1MS column (0.25 

µm, 250 µm x 30 m) from J&W Scientific.  A volume of 1 µl sample was injected per run.  The 

oven temperature initiated at 70°C for 2 minutes.  The temperature was then increased 4°C 

every minute until 300°C was reached and kept at th is temperature for 2 minutes giving a total 

runtime of approximately 62 minutes per sample.  Helium flow was kept constant at 1.2 ml/min 

and a solvent delay of 6 minutes was allowed.  The mass analyser performed full scan 

throughout the run (60 – 800 m/z) at about 120 scans per minute.  

 

4.2.4.3 GC-MS analysis of FAMEs 

The same GC-MS system was used as described in the previous section.  A volume of 1 µl 

sample was injected per run.  The oven temperature initiated at 50°C for 1 minute.  The 

temperature then rose 20°C every minute until it re ached 160°C, after which it was further 

increased by 10°C every minute until 190°C was reac hed.  After the 190°C mark was reached, 

the oven temperature was increased by 5°C every min ute until 300°C and kept at this 

temperature for 5 minutes, giving a total runtime of 36.5 minutes.  Helium flow was kept 

constant at 1.2 ml/min and a solvent delay of 4 minutes was allowed.  The mass analyser 

performed full scan throughout the run (50 – 550 m/z) at about 175 scans per minute.  

  

4.2.5 DATA EXTRACTION 

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

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

 

4.2.5.1 LC-MS data 

LC-MS data was extracted using Agilent’s MassHunter and Mass Profiler Professional (MPP).  

The molecular feature extraction (MFE) algorithm was used to extract all detected compounds 

as described in Annexure C (Section C.2.2.1.1).  The extracted data of all the files was binned 

and aligned in MPP to attain a single compound list, which is basically a library of all the 

detected compounds in all the samples.  This compound list was used for recursive data 

extraction with the find by ion (FbI) function in MassHunter.  This re-extraction of the data 

ensured that less false positives were included and that missing data was recovered.  The re-

extracted data was then binned and aligned in MPP to give a data matrix.  The Metlin database 

(http://metlin.scripps.edu) was used to identify (annotate) compounds using the accurate mass 

obtained by the Q-TOF.  The plasma, brain and liver LC-MS data were extracted in this 
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manner.  The find by formula (FbF) function was used to extract the gastrocnemius LC-MS 

data.  A molecular formula library of about 250 representative metabolites in all major pathways 

was created from data available on the Human Metabolome Database (www.hmdb.ca).  This 

library was used to extract data in a targeted fashion by searching for each compound in the 

library in each sample. The extracted data was also binned and aligned in MPP to give a data 

matrix. 

 

4.2.5.1 GC-MS data 

The combination of AMDIS (Automated Mass Spectral Deconvolution and Identification 

Software; Stein, 1999) and MET-IDEA (METabolomics Ion-based Data Extraction Algorithm; 

Broeckling et al., 2006) was used to extract GC-MS data as described in detail in Annexure C 

(Section C.2.2.2.3). AMDIS was used for peak picking and deconvolution of the 

chromatographic data, while MET-IDEA was used to extract the data and to create a data 

matrix. The GC-MS data was analysed in AMDIS in batch mode with the following 

deconvolution settings: component width of 20, adjacent peak subtraction of 1, resolution at 

low, peak shape at low, and sensitivity at low.  The following masses were omitted as model 

ions to limit the detection of false positives: TIC, 73 and 147. The NIST 08, an in-house created 

organic acid library (Reinecke et al., 2011) and an in-house created FAMEs library were used 

to identify detected compounds.  The pooled QC sample reports generated in AMDIS were 

inspected in order to choose a single QC as reference sample for MET-IDEA.  The QC sample 

with the most detected compounds that best represented the batch was selected as reference 

and imported into MET-IDEA.  The ion list created from the reference sample was then used to 

extract the data from all the samples.  After data extraction, the data matrices were also 

inspected for deconvolution errors such as over-deconvolution. The correlation analysis 

function in MET-IDEA was used to identify variables that correspond linearly across all the 

samples.  The logic behind this is that over-deconvolution of a compound peak forces MET-

IDEA to select different model ions for this single compound, leading to somewhat similar 

results which correspond across the entire batch.  These compounds were then inspected 

manually and the replicate variables removed.  As a rule, the higher number model ion was 

retained as it is more compound-specific in comparison to lower ions.  

 

Important to mention is that the data matrices obtained from the different analytical platforms 

were not combined to yield a single large data matrix per sample type.  Each matrix was 

treated separately and while some overlap in compounds was expected, the diverse nature of 

the results meant that each matrix had to be treated in a different but specific manner.  

Furthermore, valuable variation in the data can get lost in a single large data matrix as the 

variation between compounds detected by LC-MS and the variation between compounds 

detected by GC-MS can differ substantially. 
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4.2.6 DATA PRE-PROCESSING AND NORMALISATION 

 

4.2.6.1 LC-MS data 

The first step in data cleanup involved the inspection of blank samples for contamination and 

chromatographic carry-over (Section C.3.1).  Contaminant compounds were removed from the 

data matrices when their areas were above a specific cut-off value.  A type of signal-to-noise 

ratio was used as cut-off value which was determined by dividing the average (normalised) 

peak area of the supposed contaminant in the samples by the normalised peak area found in 

the blank.  All peaks with a value lower than five were removed.  Since the blank sample also 

contained internal standards, the contaminant peaks were normalised so that it was 

comparable with the samples.  Without normalisation the contaminant peaks are often higher 

than expected since there is no sample matrix or factors such as ionization suppression.  

 

Non-biological compounds were also removed followed by the removal of uncommon variables 

(compounds not present in ~90 % of the samples). Only one missing or zero value was allowed 

per experimental group. The liver, brain and gastrocnemius data matrices were normalised 

using the CCMN (Cross-contribution Compensating Multiple standard Normalisation) method 

developed by Redestig et al. (2009), while the plasma data matrix was normalised using the 

MSTUS method described by Warrack et al. (2009).  

 

The data was also examined for outliers using a robust PCA-based screening method part of 

the LIBRA toolbox (Verboven & Hubert, 2005) in Matlab.  The ROBpca function, which plots the 

sample scores on a distance-distance plot (with Mahalanobis and orthogonal distances), was 

used to identify pertinent outliers in each experimental group.  Missing value imputation was 

performed after normalisation and outlier detection by replacing most of the missing values with 

the mean of the experimental group (nearest neighbour imputation). It was shown in a poster 

presentation (Hrydziuszko & Viant, 2010) at the Metabolomics Conference in Amsterdam 

(2010) that mean replacement remains superior to other more advanced methods.  The final 

clean-up step involved the removal of unstable and unreliable variables, which had a coefficient 

of variance (CV) above 50% for the QC samples.   

  

4.2.6.2 GC-MS data  

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

data matrices.  Contaminant compounds present in the blanks were removed from the data 

matrix followed by the removal of non-biological compounds.  Since the combination of AMDIS 

and MET-IDEA does not commonly give zero (missing) values, it was not necessary to remove 

uncommon variables or perform missing value imputation.  The GC-MS data matrices of the 

trimethylsilyl esters were also normalised with the CCMN algorithm. The liver FAMEs data 
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matrix was normalised using the single external standard, methyl-tricosanoate. Detected outlier 

samples were removed from the data matrices. Unreliable and unstable variables were also 

removed from the matrices as mentioned in the previous section. The FAMEs matrix underwent 

one final cleanup step where all trimethylsilyl esters were removed, leaving only FAMEs.  

 

4.2.6.3 Batch correction of plasma and gastrocnemiu s data 

The gastrocnemius data was analysed in two separate batches with a waiting period of five 

months in between due to some unforeseen factors.  The batch correction approach of Wagner 

et al. (2007) was used in an attempt to correct the batch-effect.  The data of each batch was 

auto-scaled separately.  These auto-scaled matrices were then combined (aligned) and 

descaled by multiplying (each variable) with the average of the standard deviations of the two 

batches and adding the sum of both means. 

 

The differences between the genders were not within the scope of this study, which was 

designed to focus on the differences between experimental and genotype groups.  The data 

from the different genders was therefore analysed together where possible.  Brain and 

gastrocnemius preliminary PCA results showed no separation of the males and females and 

were further analysed collectively.  However, the liver and plasma preliminary PCA results gave 

clear separation of the males and females (Figure 4.6) similar to a batch-effect.  This difference 

between the genders in the plasma data was treated as a ‘batch-effect’ and was corrected with 

the same method as described in the previous paragraph in order to be able to analyse the 

data collectively and to ensure larger experimental groups for statistics.  The male and female 

data matrices were auto-scaled separately. The auto-scaled matrices were combined and 

descaled by multiplying each variable with the average of the standard deviations of the two 

groups and then adding the sum of both means.  This approach corrects the signal (metabolite 

intensities), but keeps the variance and differences between the samples and groups intact, 

thereby allowing an evaluation of this variance. PCA results of the corrected data were 

compared to results when each gender was analysed alone, thereby validating the correction.  

This validation was not possible with the liver data and therefore the males and females were 

analysed separately. 

 

4.2.7 DATA PRE-TREATMENT, STATISTICAL ANALYSIS AND BIO-INFORMATICS 

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

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

 

4.2.7.1 Univariate analysis 

Student’s t-test and ANOVA were used to find significant differences in metabolite levels 

between two or more experimental groups respectively.  The MetaboAnalyst (Xia et al., 2009; 
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www.metaboanalyst.ca) web service was used for univariate analysis. The data was log 

transformed before analysis to attain a more normal distribution of the data.  The effect size of 

each univariate comparison was determined to complement the abovementioned tests and to 

ensure that only relevant metabolites that have a practical difference were identified.  

Compounds with a p-value of <0.05 (t-test/ANOVA) and d-value of >0.8 (effect size) that 

differed significantly between groups, were labelled as important.  Details of the use of effect 

size as given in Section C.5.1.  

 

4.2.7.2 Multivariate analysis 

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

respectively.  PCA was performed in Matlab (Mathworks, Natick, MA) while the MetaboAnalyst 

web service (Xia et al., 2009) was used for PLS-DA.  Four data pre-treatment methods were 

used for PCA, each focusing (or highlighting) different variables in the matrices: supervised 

variable stability (VAST) scaling (Keun et al., 2003; van den Berg et al., 2006) gives more 

weight to the stable variables with low intra-group CVs; power transformation reduces the high 

abundant compounds without making the data dimensionless (by reducing the high abundant 

compounds completely) (van den Berg et al., 2006); fourth root transformation fits between 

power transformation and log transformation and reduces the high abundant compounds a 

fraction more than power transformation (Idborg et al., 2005b); and log transformation reduces 

the impact of the high abundant compounds almost completely making the data dimensionless. 

The advantage of log transformation is that low, but important variables are given more weight 

during the multivariate statistics.  However, it also has the disadvantage of amplifying noise and 

unstable variables near the detection limit of the instrument (van den Berg et al., 2006).  

 

PCA was performed on the different pre-treated data matrices.  Scatter plots of the scores with 

90% confidence ellipses were plotted to indicate grouping more effectively.  The loadings 

(contribution of each variable to the scores placement) were plotted, and loadings 

corresponding to score plots that gave noticeable grouping were used to identify the most 

prominent IMs. The average Euclidean distance of these loadings was used to rank the 

importance of the variables.  An S-type bar plot was plotted of the average Euclidean distances 

of each variable to visually identify the IMs.  PLS-DA was performed only on log transformed 

data. The Euclidean distance of each PLS-DA loading was used to rank each variable 

according to its contribution to the scores placements.  An S-type bar plot was also plotted for 

these loadings to visually identify IMs.  The identified IMs were used in pathway analysis to 

identify the metabolic pathways that were most affected by the intervention, or most different 

between the strains.  The Human Metabolome Database (hmdb#), KEGG (C#) and Chemicals 

of Biological Interest (CheBI#) numbers of each IM were obtained before pathway analysis.  

These numbers were used in the pathway analysis service to ensure correct identification and 



 

analysis of the IMs.  Pathway analysis was performed using the MetaboAnalyst web service 
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analysis of the IMs.  Pathway analysis was performed using the MetaboAnalyst web service 

The data was examined in two dimensions as indicated in Figure 4.3.  The first dimension 

involved studying the effect of the exercise and high-fat diet on the metabolome and 

genotype strain (WT, MT1+2KO and MT3KO).  This would firstly 

confirm whether the respective intervention had indeed put stress on the metabolism or not.  

Furthermore, the effect of the respective intervention would be elucidated, which would help in 

the interpretation of the differences between the strains.  The second dimension involved the 

rences between the strains in all four of the experimental groups 
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4.3 RESULTS AND DISCUSSION  
 

4.3.1 EVALUATING THE EFFECT OF EXERCISE ON THE META BOLOME AND 

EXOMETABOLOME. 

 

4.3.1.1 Plasma exometabolome 

Only LC-MS analysis was performed because of the small volume of plasma that was 

available.  The LC-MS data of all the experimental groups were compared to get an overview of 

the effects of the interventions.  This comparison was done within each strain.  The results of 

the ANOVA and PCA are indicated in Figure 4.4.  Several compounds have been identified to 

differ significantly between the experimental groups in all three strains, as indicated in the 

ANOVA plots. These differences were also highlighted by the multivariate analysis which 

resulted in the separate grouping of the samples from the different experimental groups, as 

indicated in the PCA score plots.  The control and exercise groups are closely situated in the 

majority of the PCA score plots.  However, the close grouping of the experimental groups often 

changed when the exercise group were compared exclusively to the control.  When focusing on 

the control and exercise group only, separate grouping in the WT and MT1+2KO mice is 

generally better (albeit not completely separated) than the MT3KO mice. The important 

metabolites (IMs) that significantly (p < 0.05) and practically (d > 0.8) differed between the 

control and exercise group are listed in Table 4.1.  

 

The relevant PCA loadings are also listed in the table with the average Euclidean distance as 

an indication of its importance in the multivariate results. Unlike the univariate tests where 

established cut-off values are used to signify importance, cut-off values/planes for multivariate 

data are often visually determined by the projection of the loadings on the axis that give group 

separation (Section C.5.2.1).  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 

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

control group.  Due to the comparative-type study design and the use of relative compound 

intensities, it was not considered useful to report averages and standard deviations of the 

relative metabolite abundances but to focus only on the differences between respective groups.  

Unlike biomarker/biosignature research, where the goal is only to find a small number of (highly 

discriminating) metabolites for diagnosis, this study tried to find and explain all the detected 

differences. These differences were used in pathway analysis in order to identify affected 

metabolic pathways.  
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Figure 4.4: The effect of the exercise, high-fat di et and high-fat diet with exercise on the plasma ex ometabolome as detected with untargeted LC-MS 

analyses.  The ANOVA and PCA score plots are shown for the WT, MT1+2KO and MT3KO mice. All metabolites above the cut-off line (p < 0.05) in the ANOVA 

plots were significantly affected by the interventions. 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. 
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Table 4.1: Important plasma metabolites that differ ed markedly between the exercise and control 

group of each mouse strain. 

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

WT 

Adipic acid (HMDB00448) + 0.227 > 0.05 ― 

? Creatine (HMDB00562) + 0.204 < 0.001 1.05 

Acetylcarnitine (HMDB00201) + 0.102 < 0.001 1.62 

LysoPC(16:0) (HMDB10382) + 0.121 > 0.05 ― 

AMP (HMDB00045) + 0.091 > 0.05 ― 

? Linoleic acid (HMDB00673) + 0.075 0.006 1.00 

Propionyl-CoA (HMDB01275) + 0.068 0.023 1.27 

LysoPC(22:6) (HMDB10404) + 0.066 > 0.05 ― 

3-Hydroxypropionyl-CoA (HMDB06807) + 0.065 > 0.05 ― 

NADPH (HMDB00221) + 0.051 0.008 1.12 

Deoxycholic acid 3-glucuronide (HMDB02596) + 0.047 0.030 0.65 

Xanthurenic acid (HMDB00881) + < v.c 0.021 0.81 

PG(18:1/0:0) (LMGP04050003) + < v.c < 0.001 1.86 

? Phenylpyruvic acid (HMDB00205) - 0.056 < 0.001 1.26 

Tyrosine (HMDB00289) - 0.054 < 0.001 1.20 

? Phenylalanine (HMDB00159) - 0.048 < 0.001 1.12 

Proline (HMDB00162) - < v.c < 0.001 1.03 

Leucine (HMDB00687) - < v.c < 0.001 0.96 

MT1+2KO 

Deoxycholic acid 3-glucuronide (HMDB02596) + 0.041 < 0.001 1.06 

? Oleic Acid (HMDB00207 ) + 0.041 < 0.001 1.18 

? Linoleic acid (HMDB00673) + 0.035 < 0.001 2.26 

Acetylcarnitine (HMDB00201) + < v.c < 0.001 1.84 

LysoPC(16:0) (HMDB10382) + < v.c < 0.001 1.01 

? Citric acid (HMDB00094) + < v.c < 0.001 1.05 

? Palmitic acid (HMDB00220) + < v.c < 0.001 1.79 

? Myristic acid (HMDB00806) + < v.c < 0.001 2.18 

NADPH (HMDB00221) + < v.c 0.001 1.33 

Hypoxanthine (HMDB00157) + < v.c 0.007 1.07 

? Myristoleic acid (HMDB02000) + < v.c < 0.001 1.74 

? Stearic acid (HMDB00827) + < v.c 0.038 1.27 

PG(16:0/0:0) + < v.c 0.001 1.56 

LysoPC(18:4) (HMDB10389) + < v.c 0.011 0.90 

PG(10:0/10:0) + < v.c 0.001 1.00 

DG(18:3/18:3/0:0) (HMDB07248) + < v.c < 0.001 1.16 

? Phenylalanine (HMDB00159) - 0.039 < 0.001 1.92 

Leucine (HMDB00687) - < v.c < 0.001 1.60 

Proline (HMDB00162) - < v.c 0.001 1.19 

Methionine (HMDB00696) - < v.c 0.002 1.34 

? Phenylpyruvic acid (HMDB00205) - < v.c 0.003 1.64 

Tyrosine (HMDB00289) - < v.c 0.003 1.59 

? Valine (HMDB00883) - < v.c 0.012 0.82 

Tryptophan (HMDB00929) - < v.c 0.044 1.07 

? Pipecolic acid (HMDB00716) - < v.c < 0.001 1.52 

Arginine (HMDB00517) - < v.c < 0.001 0.81 

LysoPE(0:0/18:2) (HMDB11477) - < v.c 0.001 1.17 

MT3KO 

Chenodeoxycholic acid (HMDB00518 ) + ― 0.002 3.05 

Quinone (HMDB03364) + ― 0.010 0.98 

Hypoxanthine (HMDB00157) + ― 0.002 1.80 

? Myristic acid (HMDB00806) + ― 0.028 0.87 

PE(18:2/18:2) (HMDB09093) - ― < 0.001 1.46 

LysoPC(16:1) (HMDB10383) - ― < 0.001 1.11 

LysoPE(16:0/0:0) (HMDB11503) - ― < 0.001 1.05 

Phosphocreatine (HMDB01511 ) - ― 0.001 1.58 
The direction indicate whether a compound was higher (+) or lower (-) in the respective experimental group in comparison to the 
control; $ Average Euclidean distance of PCA loadings; ¥ p-value of t-test (in case of two groups) or ANOVA (in case of three or 
more groups); ¶ d-value of the effect size; The identity of several compounds could not be confirmed with the use of accurate mass 
alone. These contain a "?" in front of the name. 
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Table 4.2: Pathway analysis results from the plasma  LC-MS IMs obtained when the exercise 

group of each mouse strain was compared to their re spective control group. 

  Pathway Total Hits Raw p Holm p FDR Impact 

W
T

 

Phenylalanine, tyrosine & tryptophan biosynthesis 4 2 0.001 0.066 0.066 0.5 
Phenylalanine metabolism 11 2 0.007 0.567 0.287 0.65 
Alanine metabolism 17 2 0.017 1 0.453 0.04 
Propanoate metabolism 20 2 0.023 1 0.465 0.38 
Purine metabolism 68 3 0.044 1 0.629 0.09 
Aminoacyl-tRNA biosynthesis 69 3 0.046 1 0.629 0 
Linoleic acid metabolism 6 1 0.070 1 0.758 1 

M
T

1+
2K

O
 

Aminoacyl-tRNA biosynthesis 69 7 < 0.001 0.004 0.004 0 
Phenylalanine, tyrosine and tryptophan 
biosynthesis 4 2 0.001 0.110 0.056 0.5 

Biosynthesis of unsaturated fatty acids 42 4 0.003 0.265 0.074 0 
Fatty acid biosynthesis 43 4 0.004 0.286 0.074 0 
Phenylalanine metabolism 11 2 0.012 0.907 0.159 0.65 
Valine, leucine and isoleucine biosynthesis 11 2 0.012 0.907 0.159 0.67 
Linoleic acid metabolism 6 1 0.090 1 1 1 

M
T

3K
O

 

Riboavin metabolism 11 1 0.046 1 1 0.17 
Glycerophospholipid metabolism 30 1 0.121 1 1 0.04 
Fatty acid biosynthesis 43 1 0.169 1 1 0 
Arginine and proline metabolism 44 1 0.173 1 1 0 
Primary bile acid biosynthesis 46 1 0.180 1 1 0 
Purine metabolism 68 1 0.256 1 1 0.01 

 

A first observation from viewing the profiles is that the effect of the one hour swim on the 

exometabolome seems to be less severe to that of the other interventions when observing only 

the grouping in the PCA score plots (Figure 4.4).  Nevertheless, a difference in metabolite 

intensities was found by the univariate and multivariate tests which give a snapshot view of the 

affected metabolic pathways. The list of metabolites that differed markedly between the 

exercise and control group are very similar in the WT and MT1+2KO mice.  However, the list of 

IMs of the MT3KO mice is much shorter, which is probably a consequence of the fact that 

almost no difference in the exometabolome content of the control and exercise group existed in 

these knockout mice. The highly similar exometabolome content of these mice might already 

point to a possible role of MT-3 in metabolism as the lack of metabolic “shift” in the 

exometabolome could indicate that the intervention was not sufficient (e.g. due to an enhanced 

energy capacity) forcing the challenged group to have a similar profile as the control.  The IMs 

given by the respective strains was used in pathway analysis to simplify the results by 

identifying the pathways that were mostly altered by the one hour swim.  The top few results 

from pathway analysis are shown in Table 4.2.  The complete table is included in the 

supplementary CD.  

The total number of compounds in the respective pathways and the number of hits are 

indicated in the third and fourth column of Table 4.2.  The first (raw) p-value is from enrichment 

analysis which indicates the probability of detecting a particular number of metabolites from a 
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certain metabolite set in the IMs list.  In other words, if specific metabolites belonging to a 

specific pathway appear more frequently as would be anticipated by random chance, then it 

may be reasonable to assume that this pathway is important and is affected by the intervention.  

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).  While the 

enrichment analysis can indicate which pathways are affected when looking at the number of 

hits, it does not however take the pathway structure into consideration.  This means that an 

altered pathway, identified by two or three hits, will always be more important than a pathway 

where only a single hit was found, despite the fact that this single compound has more impact 

on the pathway.  Since it is obvious that changes in key positions of a pathway (network) will 

have more severe impact on the pathway than changes on marginal or isolated positions, the 

inclusion of topology (pathway impact) is therefore important.  The pathway impact values are 

shown in the final column which was calculated from pathway topology analysis.   

Pathways with a low raw p-value and high impact are typically of interest of which some clear 

similarities are seen between the WT and MT1+2KO mice.  It seems that several amino acid 

metabolic pathways were most affected by the one hour swim in these genotypes while this is 

not true for the MT3KO mice.  The pathways apparently affected in the MT3KO mice are in fact 

seen as false or chance when taking the FDR p-value into account.  This result is also in 

accordance with the large overlap of scores in the multivariate statistics, which collectively 

indicate that the one hour swim had no real effect on the plasma exometabolome of the 

MT3KO mice. 

 

While a faster protein turnover of several organs can be expected upon energy depletion, it 

must be noted that the pathway analysis is also biased by nature and limited to the 

metabolome coverage of the analytical technology used.  The plasma samples were only 

analysed with LC-MS, which meant that several other metabolites that also differed markedly 

between the control and exercise group may have been missed.  It is therefore not possible to 

conclude that only the listed pathways were affected by the one hour swim, as others might 

also be affected but could not be detected with this analytical platform.  These results should 

thus be seen as merely explanatory and summary of the results at hand and not as absolute.  

Furthermore, the biosynthesis (instead of the degradation) pathways are often identified as 

being mostly affected due to the relative ‘betweenness-centrality’ topology algorithm used and 

the enrichment analysis.  Nevertheless, seeing that amino acids are most probably recruited for 

energy production during the strenuous exercise, it is therefore understandable that the 

biosynthesis pathways would be inhibited or slowed down, which explains the higher impact 

value.  
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An interesting pattern is visible in the identified IMs of the WT and MT1+2KO mice.  The levels 

of all the amino acids in this list were lower in the exercise group in comparison to the control, 

while various lipids and fatty acids were higher.  A drop in certain circulating amino acids with 

strenuous exercise can be expected as they are actively used for energy production and 

replenishment of Krebs cycle intermediates (Henriksson, 1991; Pitkänen et al., 2002).  The 

recruitment of lipids and fatty acids from the liver and adipose tissue for energy production in 

the muscles is a common trait of exercise (Nikolaidis & Mougios, 2004) and explains the higher 

levels in the blood.  Other important indicators of low energy are those compounds related to 

purine and pyrimidine catabolism.  This includes creatine which, like AMP and ADP, is only 

catabolised when dephosphorylated and has been shown to be elevated in tissue culture media 

of respiratory chain deficiencies as an indication of low energy state (Shaham et al., 2010).  A 

combined biological interpretation of the effect of exercise on the metabolism is given in 

Section 4.3.1.5. 

 

4.3.1.2 Gastrocnemius metabolome 

The gastrocnemius samples were analysed on both the LC-MS and silylation-GC-MS platforms 

for a relatively wide metabolome coverage. Two separate batches were analysed, as 

mentioned previously.  Batch correction was done where possible and the data analysed with 

univariate and multivariate statistical methods.  The LC-MS data of all the experimental groups 

were compared to get an overview of the effects of the selected interventions and are shown in 

Figure 4.5. The univariate and multivariate comparison results of the GC-MS data of the 

experimental groups are shown in Figure 4.6. The lack of separate grouping of the WT 

experimental groups in the PCA score plots is evident for both the LC-MS and GC-MS 

generated data.  This result is also portrayed by the univariate tests as few metabolites were 

identified which differed significantly between the experimental groups.  The separate grouping 

of the MT1+2KO and MT3KO experimental groups is evident in both the LC-MS and GC-MS 

data, albeit with some overlap.  This is again in accordance with the univariate results which 

indicate a relatively higher number of IMs, especially for the GC-MS data.  The IMs that were 

identified to be markedly different between the control and exercise groups of the WT, 

MT1+2KO and MT3KO mice are listed in Table 4.3.  The top altered pathways as identified by 

pathway analysis are listed in Table 4.4.  The complete list of altered pathways is included in 

the supplementary CD. 
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Figure 4.5: The effect of exercise, high-fat diet a nd high-fat diet with exercise on the gastrocnemius  metabolome as detected with LC-MS analyses.  

The ANOVA and PCA score plots are shown for the WT, MT1+2KO and MT3KO mice. All metabolites above the cut-off line (p < 0.05) in the ANOVA plots were 

significantly affected by the interventions. 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. 
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Figure 4.6: The effect of exercise, high-fat diet a nd high-fat diet with exercise on the gastrocnemius  metabolome as detected with silylation-GC-MS 

analyses.  The ANOVA and PCA score plots are shown for the WT, MT1+2KO and MT3KO mice. All metabolites above the cut-off line (p < 0.05) in the ANOVA 

plots were significantly affected by the interventions. 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. 
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Table 4.3: Important metabolites that differed mark edly between the control and exercise group in 

the gastrocnemius. 

    Compound Direction PCA p-value d-value 

LC
-M

S
 

WT Hexanoylcarnitine (HMDB00756) + ― 0.009 0.98 

? Inosine (HMDB00195) + ― 0.012 1.41 

MT1+2KO 

Taurine (HMDB00251) + 0.152 > 0.05 ― 

Hexanoylcarnitine (HMDB00756) + < v.c < 0.001 1.11 

Acetylcarnitine (HMDB00201) - 0.036 > 0.05 ― 

Carnitine (HMDB00062) - 0.067 < 0.001 2.17 

Glutathione (HMDB00125) - 0.129 > 0.05 ― 

Methionine (HMDB00696) - < v.c 0.015 1.29 

Tyrosine (HMDB00158) - < v.c 0.002 1.25 

? Phenylpyruvic acid (HMDB00205) - < v.c 0.003 1.43 

MT3KO 

NAD (HMDB00902) + 0.068 > 0.05 ― 

Butyrylcarnitine (HMDB02013) + < v.c 0.004 1.56 

Hexanoylcarnitine (HMDB00756) + < v.c 0.037 1.43 

Carnitine (HMDB00062) - 0.052 > 0.05 ― 

3-Hydroxyisovalerylcarnitine (HMDB02138) - 0.071 > 0.05 ― 

Acetylcholine (HMDB00895) - 0.126 > 0.05 ― 

Nicotinic acid mononucleotide (HMDB01132) - 0.158 > 0.05 ― 

? Valine (HMDB00883) - < v.c 0.034 1.03 

S
ily

la
tio

n-
G

C
-M

S
 

WT Arachidic acid (HMDB02212) + ― < 0.001 1.96 

MT1+2KO 

cAMP (HMDB00058) + 0.063 > 0.05 ― 

Sorbitol (HMDB00247) + < v.c 0.002 0.88 

3-hydroxybutyric acid (HMDB00357) + < v.c 0.001 1.53 

? Glucose (HMDB00122) - 0.064 < 0.001 0.93 

? Erythrose (HMDB02649) - 0.215 0.007 0.82 

Lactic acid (HMDB00190) - 0.482 < 0.001 1.73 

MT3KO 

Pyroglutamic acid (HMDB00267) + 0.272 > 0.05 ― 

Malic acid (HMDB00156) + < v.c < 0.001 1.09 

? Erythrose (HMDB02649) - 0.039 > 0.05 ― 

Lactic acid (HMDB00190) - 0.054 > 0.05 ― 

Fructose-6-phosphate (HMDB00124) - 0.122 > 0.05 ― 

Glucose-6-phosphate (HMDB01586) - 0.379 < 0.001 2.74 

Myoinositol (HMDB00211) - < v.c 0.007 2.28 

 

Table 4.4: Pathway analysis results from the gastro cnemius IMs obtained after the exercise group 

was compared to the control. 

  Pathway Total Hits Raw p Holm p FDR Impact 

W
T

 Biosynthesis of unsaturated fatty acids 42 1 0.058 1 1 0 

Purine metabolism 68 1 0.094 1 1 0.0026 

M
T

1+
2K

O
 

Phenylalanine, tyrosine and tryptophan biosynthesis 4 2 < 0.001 0.038 0.038 0.5 

Phenylalanine metabolism 11 2 0.004 0.331 0.167 0.2407 

Galactose metabolism 26 2 0.022 1 0.559 0.0364 

Ubiquinone and other terpenoid-quinone biosynthesis 3 1 0.027 1 0.559 0 

Synthesis and degradation of ketone bodies 5 1 0.045 1 0.740 0 

Taurine and hypotaurine metabolism 8 1 0.071 1 0.974 0.4286 

M
T

3K
O

 

Nicotinate and nicotinamide metabolism 13 2 0.007 0.545 0.528 0.381 

Pyruvate metabolism 23 2 0.020 1 0.528 0 

Glycolysis or Gluconeogenesis 26 2 0.026 1 0.528 0 

Galactose metabolism 26 2 0.026 1 0.528 0.0822 

Amino sugar and nucleotide sugar metabolism 37 2 0.050 1 0.711 0.0806 

Valine, leucine and isoleucine degradation 38 2 0.052 1 0.711 0 

Ascorbate and aldarate metabolism 9 1 0.086 1 1 0 
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The first compounds in this list that capture the attention are carnitine and the acylcarnitines 

listed for both the MT1+2KO and MT3KO mice.  Several acylcarnitines were higher in these 

mice while acetylcarnitine and free carnitine were lower. This picture is typically expected 

during exercise (Greenhaff et al., 2002; Sahlin & Harris, 2008) as the acetylcarnitine pool is 

depleted and the transport of fatty acids by the carnitine-shuttle is increased for alternative 

energy production.  The fact that only the knockout mice show this profile implies the direct (in 

case of MT-1 and -2) or indirect (in case of MT-3 via neurological control) involvement of MTs 

in altered energy metabolism. Another limitation of pathway analysis is that transport or shuttle 

pathways are not sufficiently covered.  This includes numerous lipids such as mono-, di- and 

triglycerides, acylcarnitines and also biotransformation products (which is by matter of 

speaking, the transport of toxins out of the body).  The involvement of such compounds in the 

overall metabolism will therefore be interpreted with acquired knowledge of these pathways. 

 

The main pathways altered in the MT1+2KO mice by the exercise as identified with pathway 

analysis were phenylalanine and tyrosine metabolism.  This is similar to the results from the 

plasma. As mentioned, a higher protein turnover and the use of amino acids in energy 

metabolism are expected during strenuous exercise. The nicotinate and nicotinamide 

metabolism was identified to be most altered in the MT3KO mice after the one hour swim.  The 

higher levels of NAD and lower levels of nicotinic acid mononucleotide make it difficult to 

conclude whether NAD biosynthesis or catabolism is active after the swim.  The lower lactate 

also points to the lack of accumulating NADH which could indicate enhanced OXPHOS.  

However, the reduced influx of substrate into the Krebs cycle could also result in this profile and 

seems actually closer to the truth. 

 

The pyruvate and glycolysis-gluconeogenesis pathways (in MT3KO) and galactose pathway (in 

MT1+2KO mice) were also identified by enrichment analysis to be markedly altered.  However, 

the topology impact is low suggesting no real impact on these pathways.  Nonetheless, the 

lower carbohydrate levels in the muscle indicate a depletion of glycogen stores.  Increased 3-

hydroxybutyric acid in the MT1+2KO mice indicates the use of ketones and fatty acids for 

energy production. The increased levels of cAMP in the MT1+2KO also confirm the recruitment 

of energy stores such as glycogen and lipids.  Another interesting observation worth mentioning 

is the lower glutathione levels of the MT1+2KO mice after exercise.  Since the WT and MT3KO 

(which still contain MT-1 and -2) did not give similar results, it can be speculated that the 

MT1+2KO mice had more oxidative stress from the exercise, despite the absence of markedly 

increased oxidized glutathione.  A more comprehensive interpretation of the effect of exercise 

of the metabolome is discussed in Section 4.3.1.5. 
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4.3.1.3 Liver metabolome 

The importance of the liver in metabolism is commonly recognised.  It not only contains large 

numbers of mitochondria, but is also known to be a major expression site of MT-1 and -2.  It 

was thus necessary to cover as much of the metabolome of this important tissue as possible.  

As indicated in Figure 4.2A, LC-MS, silylation-GC-MS and methylation-GC-MS were used to 

measure secondary-, primary metabolites and lipid species, respectively. Preliminary PCA 

results of the liver samples showed clear differences between the males and females (Figure 

4.7).  The vertical line in this score plot shows the separate grouping of the males and females.  

Only the WT scores are shown but this effect was seen for the other strains as well.  Since the 

differences between the genders were not within the scope of this study, there was an attempt 

to correct this difference in order to study the variance between larger experimental groups.  

However, the batch or signal correction could not be validated which meant that each gender 

had to be processed separately. 

 

 

Figure 4.7: Preliminary PCA results of the liver sa mples showing clear differences between male 

and female mice.   The horizontal (perforated) line separates the control and exercise group from the 

high-fat, and high-fat with exercise groups.  The vertical (solid) line separates the males and females.  

QC, Quality Control samples; G1, Group 1 (control); G2, Group 2 (exercise); G3, Group 3 (high-fat); G4, 

Group 4 (high-fat and exercise). 

Figures 4.8 – 4.13 show the effect of the interventions on the different genders and strains as 

detected with the three analytical platforms.  The univariate and multivariate results of the WT 

and MT1+2KO mice are shown.  The unfortunate result of the gender differences was that 

several of the experimental groups contained too few MT3KO samples that univariate analysis 

was not possible.  The PCA results are shown for the MT3KO mice but no meaningful loadings 

could be obtained due to the low statistical power of the small MT3KO groups.
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Figure 4.8: The effect of exercise, high-fat diet a nd high-fat diet with exercise on the liver metabol ome of female mice as detected with LC-MS 

analyses.  The ANOVA and PCA score plots are shown for the WT, MT1+2KO and MT3KO mice. All metabolites above the cut-off line (p < 0.05) in the ANOVA 

plots were significantly affected by the interventions. 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. 
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Figure 4.9: The effect of exercise, high-fat diet a nd high-fat diet with exercise on the liver metabol ome of male mice as detected with LC-MS analyses.  

The ANOVA and PCA score plots are shown for the WT, MT1+2KO and MT3KO mice. All metabolites above the cut-off line (p < 0.05) in the ANOVA plots were 

significantly affected by the interventions. 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. 
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Figure 4.10: The effect of exercise, high-fat diet and high-fat diet with exercise on the liver metabo lome of female mice as detected with silylation-GC-

MS analyses.  The ANOVA and PCA score plots are shown for the WT, MT1+2KO and MT3KO mice. All metabolites above the cut-off line (p < 0.05) in the 

ANOVA plots were significantly affected by the interventions. 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. 
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Figure 4.11: The effect of exercise, high-fat diet and high-fat diet with exercise on the liver metabo lome of male mice as detected with silylation-GC-

MS analyses.  The ANOVA and PCA score plots are shown for the WT, MT1+2KO and MT3KO mice. All metabolites above the cut-off line (p < 0.05) in the 

ANOVA plots were significantly affected by the interventions. 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. 
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Figure 4.12: The effect of exercise, high-fat diet and high-fat diet with exercise on the liver metabo lome of female mice as detected with methylation-

GC-MS analyses.  The ANOVA and PCA score plots are shown for the WT, MT1+2KO and MT3KO mice. All metabolites above the cut-off line (p < 0.05) in the 

ANOVA plots were significantly affected by the interventions. 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. 
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Figure 4.13: The effect of exercise, high-fat diet and high-fat diet with exercise on the liver metabo lome of male mice as detected with methylation-

GC-MS analyses.  The ANOVA and PCA score plots are shown for the WT, MT1+2KO and MT3KO mice. All metabolites above the cut-off line (p < 0.05) in the 

ANOVA plots were significantly affected by the interventions. 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. 
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Table 4.5: Important metabolites that differed mark edly between the control and exercise group in the liver 

Sex Genotype 
LC-MS Silylation-GC-MS Methylation-GC-MS 

Compound  PCA p d Compound  PCA p d Compound  PCA p d 

M
al

es
 

WT 

GMP (HMDB01397) + 0.043 0.010 1.93 3-hydroxybutyrate (HMDB00357) + 0.060 < 0.001 2.91 

The liver metabolome data gave no separate grouping 
of the control and exercise groups. Hence, no 
meaningful loadings could be obtained. Univariate 
analysis did not find significantly different metabolites. 

Carnitine (HMDB00562) + 0.038 > 0.05 ― Alanine (HMDB00161) + 0.058 0.005 1.52 

? Valine (HMDB00883) + 0.029 
> 0.05 

― 
Myoinositol phosphate 
(HMDB00213) + 0.055 > 0.05 ― 

Uracil (HMDB00300) + 0.027 0.033 1.49 Glycine (HMDB00123) + 0.044 0.031 1.26 

UMP (HMDB00288) + 0.023 0.024 1.26 Uridine (HMDB00296) + 0.041 < 0.001 2.04 

? Pyroglutamate (HMDB00267) + 0.022 > 0.05 ― 4E,7E,10E,13E,16E,19E-
Docosahexaenoic acid 
(HMDB02183) 

+ 0.038 > 0.05 ― 
Aminooctanoic acid (HMDB00991) + < v.c 0.001 2.11 

Acetylcarnitine (HMDB00201) + < v.c 0.013 1.40 Uracil (HMDB00300) + 0.032 > 0.05 ― 

Stearoylcarnitine (HMDB00848) + < v.c 0.004 1.66 Arabinitol (HMDB00568) + 0.032 > 0.05 ― 

LysoPE(20:4/0:0) (HMDB11518) - < v.c 0.018 2.08 Linoleic acid (HMDB00673) + 0.029 > 0.05 ― 

LysoPC(18:2) (HMDB11477) - < v.c 0.001 1.00 Glyceric acid (HMDB06372) + < v.c < 0.001 1.60 

          Heptadecanoic acid (HMDB02259) + < v.c < 0.001 1.32 

          ? Galactose (HMDB00143) - 0.025 > 0.05 ― 

          ? Fucose (HMDB00174) - 0.030 > 0.05 ― 

          ? Glucose (HMDB00122) - 0.041 > 0.05 ― 

MT1+2KO 

Hypoxanthine (HMDB00157) + 0.022 > 0.05 ― Aminomalonic acid (HMDB01147) + 0.092 0.002 2.30 

The liver metabolome data gave no separate grouping 
of the control and exercise groups. Hence, no 
meaningful loadings could be obtained. Univariate 
analysis did not find significantly different metabolites. 

Indoxylsulfuric acid (HMDB00682) + 0.012 > 0.05 ― 3-hydroxybutyrate (HMDB00357) + 0.052 0.041 1.39 

? Palmitoleic acid (HMDB03229) + 
< v.c < 

0.001 2.89 Lactic acid (HMDB00190) + 0.042 > 0.05 ― 

Palmitoylcarnitine (HMDB00222) - 0.018 > 0.05 ― Palmitoleic acid (HMDB03229) + < v.c 0.001 2.13 

Tricosanamide (HMDB00950) - 0.023 > 0.05 ― Palmitic acid (HMDB00220) + < v.c 0.001 1.10 

Methylthioadenosine 
(HMDB01173) - 

0.031 
> 0.05 ― Oleic acid (HMDB00207) + < v.c 0.032 1.17 

Glycogen (HMDB00757) - < v.c 0.015 1.11 Stearic acid (HMDB00827) + < v.c < 0.001 1.03 

Uridine (HMDB00296) - < v.c 0.031 1.62 Arachidonic acid (HMDB01043) + < v.c 0.034 1.45 

CDP choline (HMDB01413) 
- < v.c 0.047 0.99 MG(18:1(9Z)/0:0/0:0) 

(HMDB11567) + < v.c 0.007 1.64 

          Cholesterol (HMDB00067) + < v.c < 0.001 1.86 

          Cadaverine (HMDB02322) + < v.c 0.010 1.78 

          ? Proline (HMDB00162) + < v.c 0.029 1.22 

          Oxalic acid (HMDB02329) + < v.c 0.001 1.45 

          Glycine (HMDB00123) + < v.c 0.020 1.26 

          Glyceric acid (HMDB06372) + < v.c 0.010 1.55 

          
? 4-Hydroxycrotonate 
(HMDB03381) + < v.c < 0.001 1.38 

          
2-Methylacetoacetate 
(HMDB03771) + < v.c < 0.001 1.73 

          Glutaric acid (HMDB00663) + < v.c 0.010 1.72 

          3-Hydroxypicolinate (HMDB13188) + < v.c < 0.001 1.30 

          Myristic acid (HMDB00806) + < v.c 0.003 1.02 

MT3KO No meaningful IMs could be obtained with univariate or multivariate analysis due to the low number of samples per group 
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Table 4.5 (continued): Important metabolites that d iffered markedly between the control and exercise g roup in the liver 
F

em
al

es
 

WT 

Glutathione (HMDB00125) + 0.015 > 0.05 ― Uracil (HMDB00300) + 0.044 > 0.05 ― 

The liver metabolome data gave no separate grouping of the 
control and exercise groups. Hence, no meaningful loadings could 
be obtained. Univariate analysis did not find significantly different 
metabolites. 

? Valine (HMDB00883) + 0.014 > 0.05 ― Arabinitol (HMDB00568) - 0.046 0.010 1.46 

Lauroleic acid (HMDB00529) + < v.c 0.001 1.72 Cadaverine (HMDB02322) - 0.093 < 0.001 2.03 

LysoPE(20:4/0:0) (HMDB11518) - 0.011 0.005 1.34 Lactic acid (HMDB00190) - < v.c 0.005 1.39 

Glycerophosphocholine 
(HMDB00086) - 0.026 > 0.05 ― Cholesterol (HMDB00067) - < v.c 0.008 1.05 

LysoPC(16:0) (HMDB10382) - 0.053 > 0.05 ― ? Acetic acid (HMDB00042) - < v.c 0.006 1.37 

Phosphocholine (HMDB01565) - 0.098 < 0.001 2.83 Aspartic acid (HMDB00191) - < v.c 0.028 1.40 

Glutarylglycine (HMDB00590) - < v.c 0.009 1.65 ? Proline (HMDB00162) - < v.c 0.012 1.48 

? Pyroglutamic acid (HMDB00267) - < v.c 0.027 1.10 Oxalic acid (HMDB02329) - < v.c 0.003 1.88 

Stearoylcarnitine (HMDB00848) - < v.c 0.030 1.34 Nonanoic acid (HMDB00847) - < v.c 0.004 1.65 

          Myoinositol (HMDB00211) - < v.c 0.018 0.90 

          Malic acid (HMDB00156) - < v.c 0.001 0.94 

MT1+2KO  

LysoPC(16:0) (HMDB10382) + 0.039 > 0.05 ― Arabinitol (HMDB00568) + 0.028 0.001 1.57 Elaidic acid (HMDB00207) + 0.358 < 0.001 9.00 

3-Methylglutarylcarnitine 
(HMDB00552) + < v.c < 0.001 2.21 

? 4-Hydroxycrotonic acid 
(HMDB03381) + < v.c 0.041 1.42 

13E-octadecenoic acid 
(HMDB00573) + 0.301 0.031 0.78 

Hypoxanthine (HMDB00157) + 
< v.c 

0.008 1.56 
Glucose 6-phosphate 
(HMDB01586) + < v.c 0.026 1.38 Linoelaidic acid (HMDB05048) + < v.c < 0.001 1.19 

GMP (HMDB01397) - 0.021 0.026 1.94 Glycine (HMDB00123) + < v.c 0.001 1.35 4Z,7Z,10Z,13Z,16Z,19Z-
Docosahexaenoic acid 
(HMDB02183) 

+ < v.c 0.001 1.12 
Creatine (HMDB00064) - 0.034 > 0.05 ― ? Glutaric acid (HMDB00663) + < v.c 0.018 1.30 

Succinyladenosine (HMDB00912) - 0.035 > 0.05 ― Glycerol (HMDB00131) + < v.c 0.008 1.17 Docosanoic acid (HMDB00944) + < v.c 0.003 1.42 

? Taurallocholate (HMDB00922) - 0.039 < 0.001 3.84 Oleic acid (HMDB00207) + < v.c 0.006 0.94 Stearic acid (HMDB00827) + < v.c 0.007 1.97 

Phosphocholine (HMDB01565) - 0.057 0.015 1.96 ? Fructose (HMDB00660) - 0.035 > 0.05 ― 

8E,11E,14E-Eicosatrienoic acid 
(HMDB02925) 

+ < v.c 0.017 1.17 Glycerophosphocholine 
(HMDB00086) - 0.065 0.047 1.68 Cadaverine (HMDB02322) - 0.041 > 0.05 

― 

? Vitamin D3 (HMDB00876) - < v.c 0.004 1.46 Succinic acid (HMDB00254) - < v.c 0.049 1.40 13Z-Docosenoate (HMDB02068) + < v.c 0.036 1.11 

Hydroxyvitamin D3 (HMDB06721) - < v.c 0.047 1.17 Lactic acid (HMDB00190) - < v.c 0.009 1.60           

          Alanine (HMDB00161) - < v.c 0.001 1.72           

          Glyceric acid (HMDB06372) - < v.c 0.003 2.52           

MT3KO No meaningful IMs could be obtained with univariate or multivariate analysis due to the low number of samples per group 
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Table 4.6: Pathway analysis results from the liver IMs obtained after the exercise group was compared to the control. 

  

Males Females 

Pathway Total Hits Raw p Holm p FDR Impact Pathway Total Hits Raw p Holm p FDR Impact 

W
T

 

Pyrimidine metabolism 41 3 0.014 1 0.595 0.1454 Pyruvate metabolism 23 3 0.003 0.213 0.153 0.0513 

Pantothenate and CoA biosynthesis 15 2 0.015 1 0.595 0 Glutathione metabolism 26 3 0.004 0.302 0.153 0.375 

Glutathione metabolism 26 2 0.041 1 0.640 0.02 Glycerophospholipid metabolism 30 3 0.006 0.451 0.154 0.112 

Galactose metabolism 26 2 0.041 1 0.640 0.3941 Pantothenate and CoA biosynthesis 15 2 0.015 1 0.298 0 

Aminoacyl-tRNA biosynthesis 69 3 0.053 1 0.640 0 beta-Alanine metabolism 17 2 0.019 1 0.304 0 

Glycine, serine and threonine metabolism 31 2 0.057 1 0.640 0.2688 Glycolysis or Gluconeogenesis 26 2 0.041 1 0.565 0.0286 

Synthesis and degradation of ketone bodies 5 1 0.062 1 0.640 0 Arginine and proline metabolism 44 2 0.105 1 1 0 

Cyanoamino acid metabolism 6 1 0.074 1 0.640 0 Ascorbate and aldarate metabolism 9 1 0.109 1 1 0 

Linoleic acid metabolism 6 1 0.074 1 0.640 1 
Valine, leucine and isoleucine 
biosynthesis 11 1 0.132 1 1 0.3333 

Amino sugar and nucleotide sugar 
metabolism 37 2 0.078 1 0.640 0 Histidine metabolism 15 1 0.175 1 1 0 

Methane metabolism 9 1 0.109 1 0.745 0 Glyoxylate and dicarboxylate metabolism 18 1 0.207 1 1 0 

Nitrogen metabolism 9 1 0.109 1 0.745 0 Aminoacyl-tRNA biosynthesis 69 2 0.217 1 1 0 

Valine, leucine and isoleucine biosynthesis 11 1 0.132 1 0.830 0.3333 Citrate cycle (TCA cycle) 20 1 0.227 1 1 0.0452 

Selenoamino acid metabolism 15 1 0.175 1 0.988 0 
Alanine, aspartate and glutamate 
metabolism 24 1 0.266 1 1 0.193 

beta-Alanine metabolism 17 1 0.196 1 0.988 0 Galactose metabolism 26 1 0.285 1 1 0 

Glyoxylate and dicarboxylate metabolism 18 1 0.207 1 0.988 0.0645 Inositol phosphate metabolism 28 1 0.303 1 1 0.1116 

Glycerolipid metabolism 18 1 0.207 1 0.988 0.1047 Steroid biosynthesis 35 1 0.364 1 1 0.0539 

Starch and sucrose metabolism 19 1 0.217 1 0.988 0.0396 Valine, leucine and isoleucine degradation 38 1 0.389 1 1 0 

Fructose and mannose metabolism 21 1 0.237 1 1 0 Pyrimidine metabolism 41 1 0.412 1 1 0.0418 

Butanoate metabolism 22 1 0.247 1 1 0 Primary bile acid biosynthesis 46 1 0.450 1 1 0.037 
Alanine, aspartate and glutamate 
metabolism 24 1 0.266 1 1 0 Steroid hormone biosynthesis 72 1 0.611 1 1 0.0169 

M
T

1+
2K

O
 

Biosynthesis of unsaturated fatty acids 42 4 0.003 0.272 0.148 0 Biosynthesis of unsaturated fatty acids 42 5 < 0.001 0.033 0.033 0 

Fatty acid biosynthesis 43 4 0.004 0.293 0.148 0 Galactose metabolism 26 3 0.008 0.617 0.312 0.0822 

Glutathione metabolism 26 2 0.060 1 1 0.0057 Glycerophospholipid metabolism 30 3 0.011 0.912 0.312 0.112 

Synthesis and degradation of ketone bodies 5 1 0.075 1 1 0 Glycerolipid metabolism 18 2 0.033 1 0.675 0.3857 

Glycine, serine and threonine metabolism 31 2 0.082 1 1 0.2688 
Alanine, aspartate and glutamate 
metabolism 24 2 0.056 1 0.758 0 

Cyanoamino acid metabolism 6 1 0.090 1 1 0 Glycolysis or Gluconeogenesis 26 2 0.065 1 0.758 0 

Fatty acid metabolism 39 2 0.121 1 1 0 Glutathione metabolism 26 2 0.065 1 0.758 0.0057 

Methane metabolism 9 1 0.132 1 1 0 Glycine, serine and threonine metabolism 31 2 0.088 1 0.854 0.2688 

Nitrogen metabolism 9 1 0.132 1 1 0 Cyanoamino acid metabolism 6 1 0.094 1 0.854 0 

Primary bile acid biosynthesis 46 2 0.158 1 1 0.0667 Methane metabolism 9 1 0.137 1 1 0 

Glyoxylate and dicarboxylate metabolism 18 1 0.247 1 1 0.0645 Nitrogen metabolism 9 1 0.137 1 1 0 

Glycerolipid metabolism 18 1 0.247 1 1 0.1047 Fatty acid biosynthesis 43 2 0.152 1 1 0 

Butanoate metabolism 22 1 0.293 1 1 0 Selenoamino acid metabolism 15 1 0.219 1 1 0 

Pyruvate metabolism 23 1 0.304 1 1 0 Pentose and glucuronate interconversions 16 1 0.231 1 1 0 

Glycolysis or Gluconeogenesis 26 1 0.337 1 1 0 Glyoxylate and dicarboxylate metabolism 18 1 0.256 1 1 0.0645 

Fatty acid elongation in mitochondria 27 1 0.347 1 1 0 Starch and sucrose metabolism 19 1 0.269 1 1 0.1773 

Porphyrin and chlorophyll metabolism 27 1 0.347 1 1 0 Propanoate metabolism 20 1 0.281 1 1 0 
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The overall picture indicates clear differences between several of the experimental groups, 

albeit somewhat more in the males than the females. This is also portrayed in the univariate 

results which indicate several of the detected metabolites to be significantly different between 

the experimental groups.  When focusing on the grouping of the WT control and exercise mice 

groups only, it is then obvious that there are no real differences between them, similar to what 

was seen in the previous tissues.  The PCA score plots of the LC-MS, silylation GC-MS and 

FAMEs data of both the males and females show large overlaps which signify that they are 

metabolically very similar.  On the other hand the MT1+2KO control and exercise group show 

obvious differences which are portrayed by the separate grouping of these samples in the PCA 

score plots.  This is again similar to the results of the plasma and gastrocnemius muscle.  

Differences between the MT1+2KO control and the exercise group in the LC-MS, silylation-GC-

MS and FAMEs data are visible for the males and females.  The metabolites that were 

identified to be markedly different are listed in Table 4.5 and the top pathway analysis results in 

Table 4.6.  The complete list of pathway analysis results is included in the supplementary CD. 

Pathways that were commonly affected between the WT males and females are the glutathione 

pathway, and the pantothenate and CoA biosynthesis pathway, of which the impact of the latter 

was not high according to the pathway topology results.  The higher levels of glutathione and 

lower levels of glutarylglycine in the female WT mice might indicate activated glutathione 

synthesis during exercise.  This pathway was also identified to be altered in the MT1+2KO mice 

but with less certainty and lower impact values.  Several amino acid pathways were also seen 

to be altered in the WT and MT1+2KO mice with the exercise.  This is to be expected as 

mentioned previously.  Several carbohydrates and related intermediates were found to be 

lower, which included glycogen in the MT1+2KO males.  Numerous purine and pyrimidine 

metabolites were also altered, which is typically confirmation of energy depletion.  

The fatty acid metabolism was found to be most altered by the one hour swim in the MT1+2KO 

male and female mice.  The high number of hits and consequent low p-value from enrichment 

analysis indicate a definite alteration in lipid metabolism despite the low impact value from 

topology analysis.  The higher levels of several free and bound fatty acids in the exercised 

MT1+2KO mice in comparison to the control indicate that fatty acid metabolism was employed 

for additional energy production.  Several lipid species were markedly lower while free fatty 

acids were higher in the WT and MT1+2KO mice.  This indicates the activation of lypolysis and 

the use of fatty acids in energy production.  A combined biological interpretation of the effect of 

exercise on the metabolism is given in Section 4.3.1.5. 
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4.3.1.4 Brain metabolome 

While several sub-isoforms of MT-1 and MT-2 are ubiquitously expressed in the body (including 

the brain), MT-3 is mainly expressed in the central nervous system and brain.  For this reason, 

as well as the large energy requirements of the brain, it was mandatory to include it in this 

study.  The brain samples were analysed with the LC-MS and silylation-GC-MS platforms.  The 

statistical analysis results of these data sets are shown in Figure 4.14 and 4.15, respectively.  

The WT control and exercise scores grouped separately in the PCA score plots of the GC-MS 

data, while the MT1+2KO and MT3KO control and exercise scores did so in the PCA score 

plots of both the LC-MS and the GC-MS data.  The differences seen in the brain metabolome of 

the WT control and exercised mice in GC-MS data are different from the trend in the other 

tissues where no clear difference was seen.  The univariate results of the primary metabolism 

(GC-MS) data truly show a global shift of the metabolism.  Almost all the metabolites measured 

by silylation-GC-MS were identified to significantly differ between the experimental groups of all 

three strains.  These important metabolites and those identified with PCA are listed in Table 

4.7.  The top results from pathway analysis are shown in Table 4.8.  The complete table is 

included in the supplementary CD. 

 
Upon inspecting the table with IMs, an interesting trend is obvious.  In the other tissue samples, 

the one hour swim mainly resulted in an increase of most metabolites.  In the brain the direction 

of the IMs was in fact other way around.  All the IMs were lower in the exercise group in 

comparison to the control as indicated in Table 4.7.  The reason for this trend is most probably 

due to nutrient availability.  It is known that the metabolic rate of the brain decreases with 

exhaustive exercise (Dalsgaard et al., 2004) which can be a result from lower mental and 

neuronal activity, hormone action and transport/availability of nutrients in the blood.  This latter 

explanation seems fair in light of the fact that the brain does not have much storage of glycogen 

and relies on second-by-second delivery of glucose and oxygen (Guyton & Hall, 2001).  An 

increase of metabolism in the brain during exercise was also reported in another study which 

was believed to be partly from increased cerebral blood flow (Kinni et al., 2011).  The reason 

for this phenomenon can only be speculated and it is possible that both (initial) increased 

metabolic activity and lower nutrient availability played a role in this outcome.  It is commonly 

accepted that metabolites accumulate mainly when the activity of a specific enzyme 

downstream of this substrate drops, and not the other way around.  The lower metabolite levels 

could thus indicate higher enzyme activity and/or lower substrate available for metabolism. 
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Figure 4.14: The effect of exercise, high-fat diet and high-fat diet with exercise on the brain metabo lome as detected with LC-MS analyses.  The 

ANOVA and PCA score plots are shown for the WT, MT1+2KO and MT3KO mice. All metabolites above the cut-off line (p < 0.05) in the ANOVA plots were 

significantly affected by the interventions. 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. 
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Figure 4.15: The effect of exercise, high-fat diet and high-fat diet with exercise on the brain metabo lome as detected with silylation-GC-MS analyses.  

The ANOVA and PCA score plots are shown for the WT, MT1+2KO and MT3KO mice. All metabolites above the cut-off line (p < 0.05) in the ANOVA plots were 

significantly affected by the interventions. 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. 
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Table 4.7: Important metabolites that differed mark edly between the control and exercise group in 

the brain. 

  Genotype Compound Direction PCA p  d  
LC

-M
S

 

WT 
The brain metabolome data gave no separate grouping of the control and exercise groups. 
Hence, no meaningful loadings could be obtained. Univariate analysis did not find significantly 
different metabolites. 

MT1+2KO 

Oxidized Glutathione (HMDB03337) + 0.095 > 0.05 ― 
GMP (HMDB01397) + 0.016 > 0.05 ― 
Aminomuconic acid (HMDB01241) - 0.042 > 0.05 ― 
? N-acetylaspartate (HMDB00812) - 0.606 0.005 1.07 
Cytosine (HMDB00630) - < v.c 0.011 0.90 
Uracil (HMDB00300) - < v.c 0.016 1.27 
Phosphocholine (HMDB01565) - < v.c 0.035 1.15 

MT3KO 

? AMP (HMDB00045) + 0.204 0.002 2.12 
GMP (HMDB01397) + 0.115 < 0.001 6.31 
? Valine (HMDB00883) + < v.c 0.002 2.38 
Creatinine (HMDB00562) - 0.055 0.043 1.20 
Succinic acid (HMDB00254) - 0.125 < 0.001 5.27 
? N-acetylaspartate (HMDB00812) - 0.184 > 0.05 ― 
? Glutamate (HMDB00148) - 0.046 > 0.05 ― 

S
ily

la
tio

n-
G

C
-M

S
 

WT 

Pyroglutamic acid (HMDB00267) - 0.161 < 0.001 1.66 

Lactic acid (HMDB00190) - 0.070 < 0.001 1.98 

Myoinositol (HMDB00211) - 0.064 < 0.001 2.37 

γ-aminobutyric acid (HMDB00112) - 0.056 0.032 1.07 

N-acetylaspartate (HMDB00812) - 0.039 < 0.001 2.24 

Margaric acid (HMDB02259) - < v.c < 0.001 2.60 

Eicosanoic acid (HMDB02212) - < v.c < 0.001 2.31 

Cadaverine (HMDB02322) - < v.c < 0.001 1.73 

Oxalic acid (HMDB02329) - < v.c < 0.001 1.56 

? Fructose (HMDB00660) - < v.c < 0.001 1.98 

? Fucose (HMDB00174) - < v.c < 0.001 1.06 

Fumaric acid (HMDB00134) - < v.c < 0.001 2.12 

Heneicosanoic acid (HMDB02345) - < v.c < 0.001 0.90 

Malic acid (HMDB00156) - < v.c < 0.001 1.73 

Glycerol (HMDB00131) - < v.c < 0.001 1.70 

Aspartic acid (HMDB00191) - < v.c < 0.001 1.06 

2,3,4-trihydroxybutyric acid (HMDB00613) - < v.c < 0.001 0.95 

2-Pyrrolidone-5-carboxylic acid (HMDB00805) - < v.c < 0.001 1.24 

Glyceric acid (HMDB06372) - < v.c < 0.001 0.99 

Ribitol (HMDB00508) - < v.c < 0.001 1.45 

Citric acid (HMDB00094) - < v.c < 0.001 1.20 

2-Monopalmitin (HMDB11533) - < v.c < 0.001 0.85 

Gluconic acid (HMDB00625) - < v.c 0.001 1.06 

Valine (HMDB00883) - < v.c 0.001 1.24 

? Erythrose (HMDB02649) - < v.c 0.001 0.95 

Methionine (HMDB00696) - < v.c 0.001 1.20 

Cysteine (HMDB00574) - < v.c 0.002 1.01 

Aminomalonic acid (HMDB01147) - < v.c 0.002 1.05 

Ribose-5-phosphate (HMDB01548) - < v.c 0.010 1.14 

Alanine (HMDB00161) - < v.c 0.014 1.45 

Isoleucine (HMDB00172) - < v.c 0.016 1.45 

2-Ketoglutaric acid (HMDB00208) - < v.c 0.017 1.17 

Proline (HMDB00162) - < v.c 0.021 1.48 

MT1+2KO 

Aspartic acid (HMDB00191) + 0.032 > 0.05 ― 

Lactic acid (HMDB00190) - 0.132 < 0.001 1.05 

Pyroglutamic acid (HMDB00267) - 0.317 > 0.05 ― 

γ-aminobutyric acid (HMDB00112) - 0.380 > 0.05 ― 

? Glucose (HMDB00122) - < v.c < 0.001 1.62 

Glycerol (HMDB00131) - < v.c < 0.001 0.93 
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Table 4.7 (continued): Important metabolites that d iffered markedly between the control and 

exercise group in the brain. 
S

ily
la

tio
n-

G
C

-M
S

 

MT3KO 

Succinic acid (HMDB00254) - 0.042 0.004 2.06 

Lactic acid (HMDB00190) - 0.061 < 0.001 3.19 

Myoinositol (HMDB00211) - 0.092 0.001 4.87 

Pyroglutamic acid (HMDB00267) - 0.202 < 0.001 3.17 

? Fructose (HMDB00660) - < v.c < 0.001 4.54 

Gluconic acid (HMDB00625) - < v.c < 0.001 3.02 

? Erythrose (HMDB02649) - < v.c < 0.001 3.14 

? Glucose (HMDB00122) - < v.c 0.001 3.24 

Ribose-5-phosphate (HMDB01548) - < v.c 0.001 2.36 

2,3,4-trihydroxybutyric acid (HMDB00613) - < v.c 0.001 3.15 

2-Pyrrolidone-5-carboxylic acid (HMDB00805) - < v.c 0.005 2.37 

? 3-Hydroxy picolinic acid (HMDB13188) - < v.c 0.008 1.50 

2-Monopalmitin (HMDB11533) - < v.c 0.011 1.61 

O-Phosphoethanolamine  (HMDB00224) - < v.c 0.036 1.17 

Glycerol 3-phosphate (HMDB00126) - < v.c 0.045 1.47 

Eicosanoic acid (HMDB02212) - < v.c < 0.001 3.48 

Glycerol (HMDB00131) - < v.c < 0.001 5.54 

Fumaric acid (HMDB00134) - < v.c < 0.001 3.75 

Heneicosanoic acid (HMDB02345) - < v.c < 0.001 2.82 

Isoleucine (HMDB00172) - < v.c < 0.001 3.12 

? Fucose (HMDB00174) - < v.c < 0.001 3.83 

N-acetylaspartate (HMDB00812) - < v.c < 0.001 3.72 

Arachidonic acid (HMDB01043) - < v.c < 0.001 2.44 

Creatinine (HMDB00562) - < v.c 0.001 2.19 

Alanine (HMDB00161) - < v.c 0.002 3.97 

Glyceric acid (HMDB06372) - < v.c 0.003 2.25 

Cadaverine (HMDB02322) - < v.c 0.003 1.68 

Citric acid (HMDB00094) - < v.c 0.008 2.61 

Inosine (HMDB00195) - < v.c 0.011 1.66 

γ-aminobutyric acid (HMDB00112) - < v.c 0.014 2.84 

Adenine (HMDB00034) - < v.c 0.015 1.17 

Glutamine (HMDB00641) - < v.c 0.022 2.21 

Aminomalonic acid (HMDB01147) - < v.c 0.026 1.81 

Aspartic acid (HMDB00191) - < v.c 0.029 1.38 

Margaric acid (HMDB02259) - < v.c < 0.001 5.45 

Malic acid (HMDB00156) - < v.c < 0.001 2.77 

Stearic acid (HMDB00827) - < v.c 0.001 1.89 

Threonine (HMDB00167) - < v.c 0.003 2.09 

Methionine (HMDB00696) - < v.c 0.004 2.17 

Serine (HMDB00187) - < v.c 0.005 2.60 

Nonanoic acid (HMDB00847) - < v.c 0.005 1.76 

Palmitic acid (HMDB00220) - < v.c 0.006 1.44 

Ribitol (HMDB00508) - < v.c 0.006 2.24 

Valine (HMDB00883) - < v.c 0.006 2.19 

Proline (HMDB00162) - < v.c 0.019 1.42 

Myoinositol phosphate (HMDB00213) - < v.c 0.030 1.34 

Oxalic acid (HMDB02329) - < v.c 0.034 1.34 

Oleic acid (HMDB00207) - < v.c 0.041 1.04 
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Table 4.8: Pathway analysis results from the brain IMs obtained after the exercise group was 

compared to the control. 
  Pathway  Total  Hits  Raw p Holm p  FDR Impact  

W
T

 

Alanine, aspartate and glutamate metabolism 24 6 < 0.001 < 0.001 < 0.001 0.37341 

Aminoacyl-tRNA biosynthesis 69 7 < 0.001 0.020 0.010 0 

Citrate cycle (TCA cycle) 20 4 < 0.001 0.038 0.013 0.19363 

Arginine and proline metabolism 44 4 0.010 0.760 0.181 0.07598 

Galactose metabolism 26 3 0.013 1 0.181 0 

Glutathione metabolism 26 3 0.013 1 0.181 0.01813 

Valine, leucine and isoleucine biosynthesis 11 2 0.019 1 0.217 0.66666 

Pantothenate and CoA biosynthesis 15 2 0.034 1 0.346 0 

Glyoxylate and dicarboxylate metabolism 18 2 0.047 1 0.432 0.25806 

Fructose and mannose metabolism 21 2 0.063 1 0.504 0.13247 

Butanoate metabolism 22 2 0.068 1 0.504 0.02899 

Pyruvate metabolism 23 2 0.074 1 0.504 0 

D-Glutamine and D-glutamate metabolism 5 1 0.095 1 0.571 0 

Cysteine and methionine metabolism 27 2 0.098 1 0.571 0.22557 

M
T

1+
2K

O
 

Alanine, aspartate and glutamate metabolism 24 3 0.001 0.090 0.090 0.30696 

beta-Alanine metabolism 17 2 0.010 0.792 0.401 0 

Galactose metabolism 26 2 0.022 1 0.457 0.03644 

Glutathione metabolism 26 2 0.022 1 0.457 0.05152 

Arginine and proline metabolism 44 2 0.059 1 0.970 0.01198 

Histidine metabolism 15 1 0.130 1 1 0 

Pantothenate and CoA biosynthesis 15 1 0.130 1 1 0 

Glycerolipid metabolism 18 1 0.154 1 1 0.28098 

Starch and sucrose metabolism 19 1 0.162 1 1 0.03958 

Butanoate metabolism 22 1 0.185 1 1 0.02899 

Pyruvate metabolism 23 1 0.192 1 1 0 

Glycolysis or Gluconeogenesis 26 1 0.215 1 1 0 

Glycerophospholipid metabolism 30 1 0.244 1 1 0.04444 

M
T

3K
O

 

Alanine, aspartate and glutamate metabolism 24 8 < 0.001 < 0.001 < 0.001 0.7194 

Aminoacyl-tRNA biosynthesis 69 8 0.001 0.063 0.032 0.12903 

Arginine and proline metabolism 44 6 0.002 0.130 0.044 0.16945 

Citrate cycle (TCA cycle) 20 4 0.003 0.198 0.051 0.1513 

Galactose metabolism 26 4 0.007 0.528 0.099 0.03644 

Biosynthesis of unsaturated fatty acids 42 5 0.007 0.577 0.099 0 

D-Glutamine and D-glutamate metabolism 5 2 0.008 0.645 0.099 1 

Purine metabolism 68 6 0.015 1 0.150 0.11152 

Butanoate metabolism 22 3 0.027 1 0.232 0.02899 

Nitrogen metabolism 9 2 0.028 1 0.232 0 

Glutathione metabolism 26 3 0.042 1 0.310 0.06965 

Histidine metabolism 15 2 0.074 1 0.503 0 

Glyoxylate and dicarboxylate metabolism 18 2 0.101 1 0.593 0.25806 

Glycerolipid metabolism 18 2 0.101 1 0.593 0.30658 

Sphingolipid metabolism 21 2 0.131 1 0.670 0.01504 

Fructose and mannose metabolism 21 2 0.131 1 0.670 0.13247 

Fatty acid biosynthesis 43 3 0.139 1 0.670 0 

Pyruvate metabolism 23 2 0.152 1 0.695 0 
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Despite the unexpected and interesting results, the pathway analysis of all three strains gave 

very similar results.  The alanine, aspartate and glutamate metabolic pathway was identified to 

be most altered in the WT, MT1+2KO and MT3KO mice.  The impact of the exercise on this 

pathway was high in each of these strains, albeit much more in the MT3KO mice in comparison 

to the WT and MT1+2KO mice.  The role of specific amino acids such as glutamate and 

compounds such as N-acetylaspartate are diverse and involve not only energy production but 

signalling and the biosynthesis of signalling/neurotransmitter compounds. These two 

compounds are also the most abundant compounds in the brain according to the human 

metabolome database (HMDB).  The alteration of the alanine, aspartate and glutamate 

metabolic pathways might thus be linked to brain function and not energy metabolism.  Aspartic 

acid is a major excitatory neurotransmitter (next to glutamate) which is also believed to lead to 

endurance (resistance to fatigue) according to the HMDB. 

 

Translation (aminoacyl-tRNA biosynthesis) was also greatly affected in the WT and MT3KO 

mice, which could be expected during low energy levels.  The Krebs cycle was also altered in 

these mice but seemingly not in the MT1+2KO mice. Other pathways that were commonly 

affected in all three strains were galactose metabolism, glutathione metabolism, and the 

arginine and proline metabolic pathway.  As carbohydrate (glucose and lactate) metabolism is 

the main source of energy in the brain, the altered galactose pathway and Krebs cycle seems 

apparent. The lower levels of these nutrients however indicate a drop in the blood carbohydrate 

levels.  The higher levels of AMP and GMP in the knockout mice imply lower energy levels (or 

cell phosphorylation state) and the signalling/activation of alternative energy production 

pathways.  An interesting observation is the higher levels of oxidized glutathione in the brain of 

the MT1+2KO which is similar to the result in the liver.  This is further evidence of possible 

increases in oxidative stress levels during exercise and the protective role of MT-1 and -2. 

 

When the topology results are studied, it becomes obvious that the one hour swim had great 

impact on several metabolic pathways, which was not necessarily identified as important in the 

enrichment analysis.  In the WT mice, the branched chain amino acids were most affected with 

an impact value of 0.66 which could indicate the metabolism of these amino acids for 

alternative energy or hormone production.  The alanine, aspartate and glutamate metabolism in 

the MT3KO mice was even more affected with an impact of 0.72.  The glutamine and glutamate 

metabolism was most affected, with an impact value of 1.0. Glutamate is not only actively 

produced by the degradation of numerous amino acids but is also important in the production of 

γ–aminobutyric acid which is an inhibitory neurotransmitter in the brain.  Thus as mentioned in 

the previous section, alterations of the glutamate pathways might be related to altered brain 

activity during exercise and not necessarily due to altered energy production. 
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4.3.1.5 Biological interpretation of the effect of exercise on metabolism 

The one limitation of the selected metabolomics approach is that only a snapshot of the 

metabolism was taken. Information surrounding metabolic fluxes and time-dependent changes 

was not covered leading to speculative interpretation of the metabolic results.  Nevertheless, 

metabolism and the flux of metabolites can (very generally) be compared to a bucket of water 

with holes in the bottom.  A constant flow of water from the tap (above) and the constant 

leakage of water from the bottom would ensure an unchanged water level.  This level however 

changes when the water from the tap increases or when one of the holes in the bottom is 

blocked.  When metabolite levels in a sample(s) are higher than the control (or normal) then an 

increased supply or decreased usage can be expected and vice versa.  

 

The aim of comparing the experimental groups within each strain was to study the influence of 

exercise on the metabolome without the genotype variance influencing the outcome.  Thus by 

keeping the one variance factor constant (genotype), the focus shifts to the variance introduced 

by the intervention thereby allowing confirmation as to whether the energy metabolism was 

stressed or not.  A common pattern of pathways affected in the strains could thus indicate the 

intervention effect.  However, it is hard to escape the effect of the MT knockout despite the 

intra-genotype comparison approach.  The metabolic differences in the knockout mice and the 

metabolic similarities in the WT mice after the one hour swim are evidence of this. One can 

speculate a great deal on whether the MTKO mice have poor energy metabolism or poor 

recovery abilities (or not), and which pathways were most affected or not.  However, the one 

thing that is clear is that the purpose of this intervention was fulfilled, which was to amplify 

differences between the WT and MTKO mice by challenging mitochondrial function.  

 

A common interpretation can be made from the results seen in the three strains and the 

alterations seen are typical for exercise as reported in the literature.  The effectiveness of the 

exercise intervention seems thus convincing.  With the onset of exercise, the free energy and 

creatinine phosphate system is initially used but quickly depleted.  The second stage involves 

the active breakdown of glucose and glycogen to meet energy needs while the inactive Krebs 

and OXPHOS system (especially pyruvate dehydrogenase) and oxygen shortage limits energy 

production via oxidative phosphorylation.  During the third stage (after ~3 minutes) of prolonged 

exercise, the OXPHOS system takes over energy production with the active breakdown of 

acetyl-CoA in the Krebs cycle derived from carbohydrates, fatty acids and amino acids 

(Greenhaff et al., 2002; Shalin & Harris, 2008).  An illustration summarising this is given in 

Figure 4.16 which shows the pathways involved and the central position of the mitochondrion in 

energy production during exercise. 
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Figure 4.16: The mitochondrion - the hub of metabol ism and energy production.  Increased energy needs during exercise signals the onset of 

“replenishment” reactions.   Amino- and fatty acid oxidation feed into the Krebs cycle for energy production.  In the liver, increased replenishment of the Krebs 

cycle can lead to increased gluconeogenesis and ketogenesis to supply glucose and ketones for the brain. 
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Circulating carbohydrates, amino acids and fatty acids are quickly depleted with the onset of 

exercise.  Hormones and second messengers (such as cAMP) then stimulate lypolysis and 

glycogenlysis, which partly sustains the carbohydrate levels in circulation and various other 

tissues.  Increased protein turnover in the muscle and lypolysis would thus lead to increased 

fatty acids, lipids and amino acids in the blood after the initial drop.  Depletion of glycogen in 

the gastrocnemius means that fatty acids had to be used more actively to sustain energy levels.  

Lypolysis in adipose tissue and the liver results in an increased supply of fatty acids to the 

gastrocnemius for energy production. The mitochondrial carnitine shuttle, which is the rate-

limiting step of fatty acid oxidation, becomes overloaded with the increased influx of fatty acids 

and slightly lower OXPHOS, resulting in the accumulation of acylcarnitines.  

 

Replenishment (transaminase) reactions ensure the functioning of the Krebs cycle and 

OXPHOS system in all tissues.  However, lower OXPHOS could lead to the accumulation of 

these amino acids.  Fatty acid oxidation and amino acid replenishment of the Krebs cycle 

ensure that the liver can produce glucose and ketones via gluconeogenesis and ketogenesis 

respectively.  This ensures that the brain has nutrients to sustain energy demands as it does 

not have large glycogen storage.  The demand during strenuous exercise can however be too 

much to handle leading to a decrease of all metabolite levels in the brain. 

 

 

4.3.2 EVALUATING THE EFFECT OF HIGH-FAT INTAKE ON T HE METABOLOME AND 

EXOMETABOLOME. 

 

4.3.2.1 Plasma exometabolome 

The results of the ANOVA and PCA of the LC-MS data are shown in Figure 4.4.  The ANOVA 

identified several metabolites that significantly differed between the WT and MT1+2KO 

experimental groups, while only a few IMs were identified in the MT3KO mice.  The PCA results 

show clear separation of the WT control and high-fat diet (HFD) group indicating a definite 

difference in exometabolome composition.  The same result was seen for the MT1+2KO and 

MT3KO mice indicating that the HFD had a clear impact on the exometabolome.  The important 

metabolites identified by the univariate and multivariate tests that differ markedly between the 

experimental groups are listed in Table 4.9.  The top results from pathway analysis of these IMs 

are given in Table 4.10.  The complete results table of the pathway analysis is included in the 

supplementary CD. 
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Table 4.9: Important plasma metabolites that differ ed markedly between the control- and HFD 

group for each genotype, respectively. 

Genotype 
LC-MS 

Compound Direction PCA p  d 

W
T

 

LysoPC(18:2)* (HMDB10386) + 0.174 <0.001 2.64 
? Creatine (HMDB00562) + 0.091 <0.001 0.71 
Phenylpyruvic acid* (HMDB00205) + 0.090 <0.001 1.09 
Tyrosine* (HMDB00289) + 0.082 <0.001 0.99 
Citrulline (HMDB00904) + 0.073 <0.001 1.80 
? Stearic acid (HMDB00827) + < v.c <0.001 2.33 
Methionine* (HMDB00696) + < v.c <0.001 0.99 
Proline* (HMDB00162) + < v.c <0.001 0.89 
PC(0:0/20:4) (HMDB10396) + < v.c 0.037 1.96 
LysoPC(20:3)* (HMDB10393) + < v.c <0.001 0.96 
? Palmitoleic acid (HMDB03229) - 0.112 <0.001 3.47 
Adipic acid (HMDB00448) - 0.125 > 0.05 ― 
trans-Hex-2-enoic acid (HMDB10719) - 0.261 > 0.05 ― 
LysoPE(16:0/0:0)* (HMDB11503) - < v.c <0.001 0.93 
Histidine (HMDB00177) - < v.c 0.016 1.06 
? Citric acid (HMDB00094) - < v.c 0.033 1.09 

M
T

1+
2K

O
 

MG(16:0/0:0/0:0)* (HMDB11564) + 0.265 <0.001 2.71 
? Stearic acid (HMDB00827) + < v.c <0.001 1.90 
? Palmitic acid (HMDB00220) + < v.c <0.001 1.20 
? Myristic acid (HMDB00806) + < v.c <0.001 1.04 
Citrulline (HMDB00904) + < v.c <0.001 1.12 
Glutamine (HMDB00641) + < v.c 0.008 0.93 
Pyroglutamic acid (HMDB00267) + < v.c 0.025 1.23 
Hypoxanthine (HMDB00157 ) + < v.c 0.007 1.38 
LysoPE(16:0/0:0)* (HMDB11503) - < v.c <0.001 3.09 
? Valine (HMDB00883) - < v.c <0.001 1.55 
? Pipecolic acid (HMDB00716) - < v.c <0.001 2.57 
2-Aminooctanoic acid (HMDB00991) - < v.c 0.006 1.80 
Phenylalanine (HMDB00159) - < v.c <0.001 2.41 
Arginine (HMDB00517) - < v.c <0.001 2.26 
5-Hydroxyisourate (C11821) - < v.c <0.001 2.72 
? Citric acid (HMDB00094) - < v.c <0.001 2.06 
? Myristoleic acid (HMDB02000) - < v.c <0.001 0.92 
L-α-Aspartyl-L-hydroxyproline (HMDB11160) - < v.c <0.001 2.22 
? Arachidonic Acid (HMDB01043) - < v.c <0.001 0.88 
AMP (HMDB00045) - < v.c <0.001 1.49 
LysoPC(16:1) (HMDB10383) - < v.c <0.001 2.37 
LysoPC(16:0) (HMDB10382) - < v.c <0.001 2.68 
PG(18:1/0:0) (LMGP04050003) - < v.c 0.021 1.22 
PC(0:0/20:4) (HMDB10396) - < v.c <0.001 1.60 
Deoxycholic acid 3-glucuronide (HMDB02596) - < v.c <0.001 0.93 
DG(18:3/18:3/0:0) (HMDB07248) - < v.c <0.001 1.33 
? Alanine (HMDB00161) - < v.c 0.031 0.90 

M
T

3K
O

 

MG(16:0/0:0/0:0)* (HMDB11564) + 0.263 <0.001 3.30 
MG(18:0/0:0/0:0) (HMDB11131) + 0.225 <0.001 2.77 
LysoPE(0:0/18:2)* (HMDB11477) + < v.c 0.020 1.27 
MG(18:1/0:0/0:0) (HMDB11567 ) + < v.c 0.003 1.85 
Elaidamide* (HMDB02117) + < v.c 0.004 1.91 
LysoPC(22:6) (HMDB10404) + < v.c 0.014 2.33 
Hypoxanthine (HMDB00157 ) + < v.c 0.002 2.49 
LysoPE(0:0/22:6)* (HMDB11496) + < v.c 0.009 2.68 
LysoPE(16:0/0:0) (HMDB11503) - < v.c <0.001 3.26 
Phosphocreatine (HMDB01511) - < v.c 0.001 2.34 
LysoPC(16:0) (HMDB10382) - < v.c 0.001 2.11 
Palmitoylcarnitine (HMDB00222) - < v.c 0.009 0.92 
LysoPC(16:1) (HMDB10383) - < v.c <0.001 3.03 
PE(18:2/18:2) (HMDB09093) - < v.c <0.001 2.54 
5-Hydroxyisourate (C11821) - < v.c 0.046 2.12 
PE(18:1/0:0) (HMDB11506) - < v.c <0.001 2.05 
LysoPC(18:1) (HMDB10385) - < v.c 0.001 1.99 
? Linoleic acid (HMDB00673) - < v.c 0.006 1.88 
? Palmitoleic acid (HMDB03229) - < v.c 0.005 1.65 
PE(18:0/0:0) (HMDB11130) - < v.c 0.035 1.40 
PIP(16:0/18:0) (HMDB09923) - < v.c 0.009 1.27 
Hexacosanedioic acid* (HMDB02356) - < v.c 0.032 1.17 
PG(18:1/0:0) (LMGP04050003) - < v.c 0.004 0.91 
Taurocholic acid (HMDB00036) - < v.c 0.020 0.80 

The direction indicate whether a compound was higher (+) or lower (-) in the high-fat diet group in comparison to the control. 

* Significantly higher in comparison to the high-fat diet & exercise group 
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Table 4.10: Pathway analysis results from the plasm a LC-MS IMs obtained after the HFD group 

was compared to the control. 

  Pathway Total Hits Raw p Holm p FDR Impact 

W
T

 

Aminoacyl-tRNA biosynthesis 69 3 0.018 1 1 0 

Phenylalanine, tyrosine and tryptophan biosynthesis 4 1 0.034 1 1 0 

Arginine and proline metabolism 44 2 0.051 1 1 0.09 

Nitrogen metabolism 9 1 0.074 1 1 0 

Phenylalanine metabolism 11 1 0.090 1 1 0.24 

Histidine metabolism 15 1 0.120 1 1 0.24 

Glyoxylate and dicarboxylate metabolism 18 1 0.143 1 1 0.26 

Citrate cycle (TCA cycle) 20 1 0.157 1 1 0.05 

M
T

1+
2K

O
 

Aminoacyl-tRNA biosynthesis 69 5 0.001 0.10 0.10 0 

Biosynthesis of unsaturated fatty acids 42 3 0.015 1 0.34 0 

Fatty acid biosynthesis 43 3 0.016 1 0.34 0 

Arginine and proline metabolism 44 3 0.017 1 0.34 0.11 

Alanine, aspartate and glutamate metabolism 24 2 0.036 1 0.59 0.15 

Phenylalanine, tyrosine and tryptophan biosynthesis 4 1 0.050 1 0.60 0.5 

Purine metabolism 68 3 0.051 1 0.60 0.07 

D-Glutamine and D-glutamate metabolism 5 1 0.062 1 0.64 0 

Nitrogen metabolism 9 1 0.109 1 0.98 0 

Valine, leucine and isoleucine biosynthesis 11 1 0.132 1 0.98 0.33 

M
T

3K
O

 

Linoleic acid metabolism 6 1 0.029 1 1 1 

Taurine and hypotaurine metabolism 8 1 0.039 1 1 0 

Glycerophospholipid metabolism 30 1 0.139 1 1 0.04 

Fatty acid metabolism 39 1 0.178 1 1 0 

Biosynthesis of unsaturated fatty acids 42 1 0.190 1 1 0 

Arginine and proline metabolism 44 1 0.199 1 1 0 

Primary bile acid biosynthesis 46 1 0.207 1 1 0.03 

Purine metabolism 68 1 0.292 1 1 0.01 

 

According to the pathway analysis results, it was the protein translation process which was 

most affected in the WT and MT1+2KO mice by the HFD, but with an impact of zero is unlikely 

to be of any real significance.  However, the activation of AMP-kinase (AMPK) by increased 

AMP levels results in the gradual inhibition of transcription and translation.  Several amino 

acids and nitrogen metabolic pathways were also identified as being altered by the higher 

levels of several amino acids in the plasma of WT mice, except for histidine which was lower.  

A similar result was seen for the MT1+2KO mice on the HFD but with a few fatty acid 

biosynthesis pathways in between.  The amino acid levels in the MT1+2KO mice were also 

varied, as pyroglutamic acid, glutamine and citrulline were higher in comparison to the control 

group (on normal diet), while valine, phenylalanine, alanine and arginine were lower. The levels 

of the circulating amino acids in the MT3KO mice were not affected by the HFD.  Citrulline and 

arginine are specifically involved in the urea cycle which feeds into the Krebs cycle through 

fumaric acid.  Accumulating Krebs cycle intermediates can explain the higher citrulline and 

lower arginine levels, as the arginine is formed with the removal of fumaric acid from 

argininosuccinate. 
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Only lipid and fatty acid metabolic pathways were found to be altered in the MT3KO mice but 

with low impact values (Table 4.10), except for the linoleic acid pathway.  The essential fatty 

acid, linoleic acid, was lower in the MT3KO mice on the HFD which was unexpected seeing as 

this fatty acid was more likely to be part of the HFD.  Most other lipids (mostly phospholipids) 

and fatty acids were lower in the plasma of the MT3KO mice in the HFD group but were too 

varied to make any firm interpretations or conclusions.  Three monoacylglycerols were in fact 

higher in the plasma of these mice, with a similar pattern seen in the MT1+2KO mice.  This, 

together with a lower level of diacylglycerols in the plasma of the MT1+2KO mice, implies the 

breakdown of triglycerides rather than synthesis. 

 

The carbohydrate metabolism was not altered, nor was the Krebs cycle.  In fact, the WT and 

MT1+2KO mice on the HFD had lower citric acid levels in the plasma.  However, organic acids 

are not properly covered by the LC-MS platform.  Energy indicators included in this table imply 

that these mice had lower energy levels.  The WT mice on the HFD had higher creatine, and the 

MT3KO mice lower phosphocreatine levels, which implies lower energy in comparison to the 

control group.  As mentioned in the previous chapter, the creatine phosphate system is the 

body’s energy buffering system which can restore falling ATP levels for a few seconds.  

Phosphocreatine and ATP thus have an inverse relationship when activated, as well as creatine 

and ADP. Replenishment of ATP would result in decreased phosphocreatine levels and 

increased creatine.  The MT1+2KO mice also had markedly lower AMP levels in comparison to 

the control which actually implies the opposite, but the higher hypoxanthine which is a further 

breakdown product of AMP, could indicate a higher breakdown rate of AMP.  A combined 

biological interpretation of the effect of the HFD on the metabolism is given in Section 4.3.2.5. 

 

4.3.2.2 Gastrocnemius metabolome 

The gastrocnemius samples were analysed on both the LC-MS and silylation-GC-MS platforms 

for a relatively wide metabolome coverage. Two separate batches were analysed as mentioned 

previously.  Batch correction was done where possible and the data analysed with univariate 

and multivariate statistical methods. The LC-MS data of all the experimental groups was 

compared to get an overview of the effects of the interventions which are shown in Figure 4.5.  

The results of the univariate and multivariate comparison of the GC-MS data are shown in 

Figure 4.6.  Batch correction was facilitated with the removal of variables that were largely 

influenced by the batch-effect followed by re-alignment and correction of the remaining 

variables.  As a result, only a few (~10) variables remained in the WT HFD group of the GC-MS 

data which meant that some information in the other groups had to be lost if full re-alignment 

was performed. It was therefore decided to do two comparisons: one where the HFD group was 

excluded from this dimension of comparison (as shown in Figure 4.6), and the other where it 

was included and the 10 variables compared over all the experimental groups.  Moreover, only 
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two samples of the MT3KO in the HFD group remained in the GC-MS data set which meant 

that the primary metabolism could not be compared among the groups.  The LC-MS data 

fortunately retained all samples after batch correction. 

 

The LC-MS data of the WT and MT1+2KO did not show clear differences between the control 

and HFD group while separate grouping is visible in the MT3KO mice.  This separate grouping 

was not seen in the GC-MS data of the MT3KO but in the MT1+2KO mice.  The HFD therefore 

affected different metabolites in these knockout mice.  The IMs that resulted in the separate 

grouping and those that were identified by ANOVA (which are significantly different), are listed 

in Table 4.11 and the results from the pathway analysis in Table 4.12. 

 

Table 4.11: Important metabolites that differed mar kedly between the control and HFD group in 

the gastrocnemius. 

  Genotype Compound Direction PCA p d 

LC
-M

S
 

WT Pantothenic Acid (HMDB00210) + ― 0.001 1.50 

MT1+2KO 
The gastrocnemius metabolome data gave no separate grouping of the control and exercise groups. 
Hence, no meaningful loadings could be obtained. Univariate analysis did not find significantly different 
metabolites. 

MT3KO 

NAD (HMDB00902) + 0.051 > 0.05 ― 

? Valine (HMDB00883) - 0.046 0.034 3.41 

Creatine (HMDB00064) - 0.253 0.049 2.42 

Nicotinic acid mononucleotide (HMDB01132) - 0.331 > 0.05 ― 

Taurine (HMDB00251) - < v.c 0.011 9.68 

? Guanidylic acid (GMP) (HMDB01397) - < v.c 0.023 2.85 

S
ily

la
tio

n-
G

C
-M

S
 

WT ? Glucose (HMDB00122) + < v.c 0.020 1.46 

MT1+2KO 

cAMP* (HMDB00058) + 0.217 > 0.05 ― 

Pyroglutamic acid (HMDB00267) + 0.117 > 0.05 ― 

? Erythrose (HMDB02649) + 0.086 > 0.05 ― 

Arachidic acid* (HMDB02212) + 0.085 0.005 1.36 

? Glucose* (HMDB00122) + 0.080 < 0.001 2.11 

Oxalic acid (HMDB02329) + 0.051 > 0.05 ― 

Tyrosine (HMDB00158) + 0.039 > 0.05 ― 

Sorbitol (HMDB00247) + < v.c 0.002 1.81 

Sucrose* (HMDB00258) + < v.c 0.003 1.59 

? Fructose (HMDB00660) + < v.c 0.004 1.69 

Arabinofuranose (HMDB12325) + < v.c 0.004 1.04 

MG(18:0/0:0/0:0) (HMDB11131) + < v.c 0.004 1.41 

MG(16:0/0:0/0:0) (HMDB11564) + < v.c 0.023 1.21 

Heneicosanoic acid (HMDB02345) + < v.c 0.024 1.14 

Myoinositol (HMDB00211) + < v.c 0.029 0.98 

MT3KO 
Oxalic acid (HMDB02329) + 0.073 ― ― 

? Fucose (HMDB00174) - 0.499 ― ― 
* markedly higher in comparison to the high-fat & exercise group 

 

Only two metabolites differed markedly between the WT control and WT HFD group, namely, 

pantothenate and glucose.  Both metabolites were higher in the HFD group.  Pathway analysis 

therefore identified the pantothenate and coenzyme A biosynthesis and carbohydrate metabolic 
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pathways to be most affected but with low impact.  Hence, it would appear that the HFD did not 

affect the lipid species in the muscle or other secondary metabolites detected with LC-MS.  The 

absence of free fatty acids and other primary metabolites in the IMs list is surely a 

consequence of the batch-effect in the GC-MS data.  An alteration in these compounds can 

thus not be excluded.  Several carbohydrate metabolic pathways were identified by pathway 

analysis to be altered in the MT1+2KO HFD mice because of the higher levels of detected 

monosaccharides.  While impaired carbohydrate metabolism could be a reason for this profile, 

the more likely reason could be active glycogen degradation stimulated by the higher cAMP 

levels.  Higher cAMP levels would also activate lipolysis which could explain the higher levels of 

some free fatty acids and monoacylglycerol species in the muscle (Figure 4.30).  Nevertheless, 

it is well known that HFD results in the accumulation of lipids and fatty acids in the liver and 

muscle (Ciapaite et al., 2011; Kelley et al., 2002; Schrauwen & Hesselink, 2004). 

 

Table 4.12: Pathway analysis results from the gastr ocnemius IMs obtained after the HFD group 

was compared to the control. 

  Pathway Total Hits Raw p Holm p FDR Impact 

W
T

 Pantothenate and CoA biosynthesis 15 1 0.021 1 0.994 0.0204 

Starch and sucrose metabolism 19 1 0.027 1 0.994 0.0396 

Galactose metabolism 26 1 0.036 1 0.994 0.0364 

M
T

1+
2K

O
 

Galactose metabolism 26 5 < 0.001 < 0.001 < 0.001 0.0771 

Starch and sucrose metabolism 19 2 0.010 0.841 0.345 0.0396 

Fructose and mannose metabolism 21 2 0.013 1 0.345 0.1639 

Ubiquinone and other terpenoid-quinone biosynthesis 3 1 0.025 1 0.517 0 

Phenylalanine, tyrosine and tryptophan biosynthesis 4 1 0.033 1 0.549 0.5 

Ascorbate and aldarate metabolism 9 1 0.074 1 1 0 

Phenylalanine metabolism 11 1 0.090 1 1 0 

Glutathione metabolism 26 1 0.200 1 1 0.0143 

Inositol phosphate metabolism 28 1 0.214 1 1 0.1116 

Biosynthesis of unsaturated fatty acids 42 1 0.304 1 1 0 

Tyrosine metabolism 44 1 0.316 1 1 0.1405 

Purine metabolism 68 1 0.447 1 1 0.0028 

Aminoacyl-tRNA biosynthesis 69 1 0.452 1 1 0 

M
T

3K
O

 

Nicotinate and nicotinamide metabolism 13 2 0.002 0.173 0.173 0.381 

Taurine and hypotaurine metabolism 8 1 0.044 1 1 0.4286 

Valine, leucine and isoleucine biosynthesis 11 1 0.061 1 1 0.3333 

Pantothenate and CoA biosynthesis 15 1 0.082 1 1 0 

Fructose and mannose metabolism 21 1 0.113 1 1 0 

Glycine, serine and threonine metabolism 31 1 0.163 1 1 0 

Amino sugar and nucleotide sugar metabolism 37 1 0.191 1 1 0 

Valine, leucine and isoleucine degradation 38 1 0.196 1 1 0 

Arginine and proline metabolism 44 1 0.224 1 1 0.012 

Primary bile acid biosynthesis 46 1 0.233 1 1 0.0298 

Purine metabolism 68 1 0.326 1 1 0.0422 

Aminoacyl-tRNA biosynthesis 69 1 0.330 1 1 0 

 

The metabolic profile of the MT3KO is quite different from the MT1+2KO mice as most 

metabolites were lower in the HFD group in comparison to the control, except for NAD and 
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oxalic acid.  Pathway analysis identified the nicotinate and nicotinamide pathway to be most 

altered in the MT3KO mice by the HFD because of the lower nicotinic acid mononucleotide and 

higher NAD levels.  With higher NAD levels and lower nicotinic acid mononucleotide (NAD 

catabolic product) it is thus reasonable to speculate that energy production via carbohydrate 

and fatty acid oxidation was lower (in comparison to the control), thereby producing less 

reduced equivalents of NAD (although a faster respiration rate can also play a role).  A lower 

carbohydrate, amino- and fatty acid oxidation rate is possibly due to a lower influx of substrate 

as the lower levels of a number of carbohydrates, amino acids and related intermediates imply.  

This, together with the higher levels of creatine observed, all point to lower energy levels in the 

MT3KO mice that were on the HFD.  A combined biological interpretation of the effect of the 

HFD on the metabolism is given in Section 4.3.2.5. 

 

4.3.2.3 Liver metabolome 

The effect of the HFD on the different genders and strains as detected with the three analytical 

platforms is shown in Figures 4.8 – 4.13.  The unfortunate result of the sex differences is that 

several of the experimental groups contained too few MT3KO samples (especially the control) 

which made a comparison impossible.  Relevant univariate analysis was thus not possible for 

the MT3KO mice.  Furthermore, PCA results are shown for the MT3KO mice but no meaningful 

loadings were obtained due to the low statistical power of the small MT3KO groups.  

 

The LC-MS data of the male and female WT mice did not give separate grouping of the control 

and HFD groups (Figures 4.8 and 4.9), while separation was possible with the silylation-GC-MS 

data (Figures 4.10 and 4.11).  The FAMEs data gave clear separation between the control and 

HFD groups of the male and female WT mice, as was expected (Figures 4.12 and 4.13).  This 

clear separate grouping of the experimental groups with the FAMEs data was also seen for the 

other strains. The MT1+2KO control and HFD mice samples of both genders grouped 

separately with the LC-MS and silylation-GC-MS data which implies a more pertinent alteration 

in their metabolism in comparison to the WT. The same result was also observed for the 

MT3KO mice but the small experimental groups did not contain enough statistical power for 

strong conclusions.  The IMs that played a part in the scores grouping (in the PCA results) and 

those identified by univariate analysis are listed in Table 4.13.  The top few results of the 

pathway analysis are given in Table 4.14.  The complete list of pathways affected is included in 

the supplementary CD. 

. 
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Table 4.13: Important metabolites that differed mar kedly between the control and HFD group in the live r 

  Genotype 
LC-MS Silylation -GC-MS Methylation -GC-MS 

Compound   PCA p d Compound   PCA p d Compound   PCA p d 

M
al

es
 

WT 

Glycerophosphocholine (HMDB00086) + 0.068 > 0.05 ― ? Glucose (HMDB00122) + 0.172 < 0.001 2.84 11E-Eicosenoic acid (HMDB02231) + 0.118 < 0.001 4.62 

Guanidylic acid (GMP) (HMDB01397) 
+ 0.039 0.010 

1.29 
13Z-octadecenoic acid (HMDB00573) + 0.084 < 0.001 5.32 

9E,12E-octadecenoic acid 
(HMDB05048) 

+ 
0.104 0.001 2.33 

? Pyroglutamic acid (HMDB00267) + 0.034 > 0.05 ― Oleic acid (HMDB00207) + 0.061 < 0.001 5.30 11E,14E-Eicosadienoic acid 
(HMDB05060) 

+ 0.084 < 0.001 5.20 
Aminooctanoic acid (HMDB00991) + < v.c 0.001 1.20 Palmitic acid (HMDB00220) + 0.054 < 0.001 1.26 
Acetylcarnitine (HMDB00201) + < v.c 0.013 1.71 Cholesterol (HMDB00067) + 0.044 < 0.001 2.19 Linoelaidic acid (HMDB05048) + 0.083 < 0.001 3.89 
Methylglutarylcarnitine (HMDB00552) + < v.c 0.004 1.53 Stearic acid (HMDB00827) + 0.037 < 0.001 2.77 Palmitic acid (HMDB00220) + < v.c 0.010 1.75 
Uridine monophosphate (HMDB00288) + < v.c 0.024 1.44 3-Hydroxy picolinate (HMDB13188) + < v.c < 0.001 5.16 13Z-Docosenoic acid (HMDB02068) + < v.c < 0.001 2.07 
Stearoylcarnitine (HMDB00848) + < v.c 0.004 2.26 Heptadecanoic acid (HMDB02259) + < v.c < 0.001 5.08 4Z,7Z,10Z,13Z,16Z,19Z-

Docosahexaenoic acid (HMDB02183) 
+ < v.c < 0.001 5.41 

LysoPE(18:1/0:0) (HMDB11475) - < v.c 0.001 2.30 Cadaverine (HMDB02322) + < v.c < 0.001 4.32 
          Malic acid (HMDB00156) + < v.c < 0.001 2.51 Pentadecanoic acid (HMDB00826) + < v.c < 0.001 1.86 
          ? Proline (HMDB00162) + < v.c < 0.001 2.33 Stearic acid (HMDB00827) + < v.c 0.014 1.47 
          Myoinositol phosphate (HMDB00213) + < v.c 0.003 2.28 Arachidic acid (HMDB02212) + < v.c < 0.001 2.91 
          Fumaric acid (HMDB00134) + < v.c 0.001 2.10 8E,11E,14E-Eicosatrienoic acid 

(HMDB02925) 
+ < v.c 0.003 1.92 

          ? Gulonic acid (HMDB03290) + < v.c < 0.001 2.05 
          4E,7E,10E,13E,16E,19E-

Docosahexaenoic acid (HMDB02183) 
+ < v.c < 0.001 2.01 5E,8E,11E-Eicosatrienoic acid 

(HMDB02925) 
+ < v.c 0.023 1.74 

          
          Glycerol (HMDB00131) + < v.c 0.001 1.93 Docosanoic acid (HMDB00944) + < v.c < 0.001 3.44 
          3-hydroxybutyric acid (HMDB00357) + < v.c < 0.001 1.92 Heptadecanoic acid (HMDB02259) + < v.c < 0.001 2.47 
          ? Mannitol (HMDB00765) + < v.c < 0.001 1.87 Nonadecanoic acid (HMDB00772) + < v.c < 0.001 2.50 
          4-O-D-galactopyranosyl-Glucose 

(HMDB06603) 
+ < v.c 0.006 1.86 

Adrenic acid (HMDB02226) - 0.233 0.003 3.55 
                    
          Uridine (HMDB00296) + < v.c < 0.001 1.84           
          Arabinitol (HMDB00568) + < v.c 0.033 1.79           
          Linoleic acid (HMDB00673) + < v.c 0.001 1.72           
          Glyceric acid (HMDB06372) + < v.c < 0.001 1.72           
          ? Glutaric acid (HMDB00663) + < v.c 0.003 1.68           
          Nonanoic acid (HMDB00847) + < v.c < 0.001 1.67           
          ? 4-Hydroxycrotonate (HMDB03381) + < v.c < 0.001 1.45           
          ? Pyruvic acid (HMDB00243) + < v.c 0.014 1.43           
          Palmitoleic acid (HMDB03229) + < v.c 0.003 1.40           
          Sorbitol (HMDB00247) + < v.c 0.001 1.35           
          Rhamnose (HMDB00849) + < v.c 0.003 1.26           
          Sedoheptulose (HMDB03219) + < v.c 0.001 1.23           
          Sucrose (HMDB00258) + < v.c 0.031 1.18           
          γ-aminobutyric acid (HMDB00112) + < v.c 0.045 0.83           

MT1+2KO 

AMP* (HMDB00045) + 0.125 > 0.05 ― Cholesterol (HMDB00067) + 0.160 < 0.001 4.72 Elaidic acid (HMDB00207) + 0.361 < 0.001 5.26 

LysoPC(16:0) (HMDB10382)* + 0.056 > 0.05 ― Palmitic acid (HMDB00220) + 0.142 0.001 3.05 
9E,12E-octadecenoic acid 
(HMDB05048) + 0.118 0.006 1.78 

? LysoPC(18:0) (HMDB10384) + 0.036 0.009 1.53 13Z-octadecenoic acid (HMDB00573) + 0.095 < 0.001 6.35 11E-Eicosenoic acid (HMDB02231) + 0.096 < 0.001 2.53 
Tricosanamide (HMDB00950) + < v.c < 0.001 1.30 Oleic acid* (HMDB00207) + 0.067 < 0.001 6.63 Linoelaidic acid (HMDB05048) + 0.086 < 0.001 4.53 
Oleamide (HMDB02117) + < v.c 0.018 1.97 Stearic acid (HMDB00827) + 0.063 < 0.001 5.98 Oleic acid (HMDB00207) + 0.070 > 0.05 ― 
? Gaidic acid (HMDB10735) - < v.c < 0.001 1.29 3-Hydroxy picolinate (HMDB13188) + 0.053 < 0.001 3.19 Arachidic acid (HMDB02212) + < v.c < 0.001 2.01 
Glycogen (HMDB00757) - < v.c 0.015 1.32 Lactic acid (HMDB00190) + 0.045 > 0.05 ― Nonadecanoic acid (HMDB00772) + < v.c < 0.001 3.66 
Uridine (HMDB00296) - < v.c 0.031 0.92 2-Methylacetoacetate (HMDB03771) + < v.c < 0.001 7.37 Heptadecanoic acid (HMDB02259) + < v.c < 0.001 2.44 
          ? 4-Hydroxycrotonate (HMDB03381) + < v.c < 0.001 4.72 Stearic acid (HMDB00827) + < v.c 0.001 3.08 
          Heptadecanoic acid (HMDB02259) + < v.c 0.003 3.48 11E,14E-Eicosadienoic acid 

(HMDB05060) 
+ < v.c 0.004 1.45 

          Myoinositol (HMDB00211) + < v.c 0.012 2.35 
          4E,7E,10E,13E,16E,19E-

Docosahexaenoic acid (HMDB02183) 
+ < v.c 0.007 1.78 4Z,7Z,10Z,13Z,16Z,19Z-

Docosahexaenoic acid (HMDB02183) 
+ < v.c 0.005 2.17 

          
          Arabinitol (HMDB00568) + < v.c 0.027 1.76 13-eicosenoic acid (HMDB02231) + < v.c 0.019 1.40 
          Cadaverine (HMDB02322) + < v.c 0.010 1.30 Docosanoic acid (HMDB00944) + < v.c 0.040 1.99 
          ? Proline (HMDB00162) + < v.c 0.029 1.18           
          3-hydroxybutyric acid (HMDB00357) + < v.c 0.041 1.16           
          Glyceric acid (HMDB06372) + < v.c 0.010 1.13           
          Aminomalonic acid (HMDB01147) + < v.c 0.002 1.00           
          Arachidonic acid (HMDB01043) + < v.c 0.034 0.89           
          2-Monopalmitin (HMDB11533) - < v.c 0.021 0.88           
          Myristic acid (HMDB00806) - < v.c 0.003 1.69           
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Table 4.13 (continued): Important metabolites that differed markedly between the control and HFD group  in the liver 
F

em
al

es
 

WT 

? Pyroglutamic acid (HMDB00267) + 0.017 > 0.05 ― Cadaverine (HMDB02322) + 0.095 > 0.05 ― Linoelaidic acid (HMDB05048) + 0.263 < 0.001 1.71 

Succinyladenosine (HMDB00912) + 0.013 > 0.05 ― ? Glucose (HMDB00122) + 0.076 > 0.05 ― 11E-Eicosenoic acid (HMDB02231) + 0.181 0.005 2.31 

9-lauroleic acid (HMDB00529) + < v.c 0.001 1.99 Sorbitol (HMDB00247) + 0.075 > 0.05 ― Oleic acid (HMDB00207) + 0.112 > 0.05 ― 

2-Hydroxyadipic acid 
(HMDB00321) - 0.026 > 0.05 ― ? Fructose (HMDB00660) + 0.055 > 0.05 ― 

9E,12E-octadecenoic acid 
(HMDB05048) + 0.070 > 0.05 ― 

Glutathione* (HMDB00125) - 0.151 > 0.05 ― ? Galactose (HMDB00143) + 0.051 > 0.05 ― Stearic acid (HMDB00827) + 0.059 > 0.05 ― 

          Malic acid (HMDB00156) + < v.c 0.001 1.52 Heptadecanoic acid (HMDB02259) + < v.c < 0.001 2.10 

          4E,7E,10E,13E,16E,19E-
Docosahexaenoic acid 
(HMDB02183) 

+ < v.c 0.005 1.33 
Nonadecanoic acid (HMDB00772) + < v.c < 0.001 1.94 

                    

          Oleic acid (HMDB00207) + < v.c < 0.001 1.25           

    
  

  
  

13Z-Octadecenoic acid 
(HMDB00573) + < v.c 0.001 1.18   

  
      

          Myristic acid (HMDB00806) - < v.c 0.031 1.19           

          Arabinitol (HMDB00568) - < v.c 0.010 1.26           

          Palmitoleic acid (|HMDB03229) - < v.c < 0.001 1.61           

MT1+2KO 

Uric acid (HMDB00289) + 0.018 0.050 1.17 
13Z-Octadecenoic acid 
(HMDB00573) + 0.080 < 0.001 3.35 Elaidic acid (HMDB00207) + 0.409 < 0.001 16.65 

Hypoxanthine (HMDB00157) + < v.c 0.008 1.50 Oleic acid (HMDB00207) + 0.063 < 0.001 6.36 13E-octadecenoic acid (HMDB00573) + 0.175 0.031 0.77 

? Taurallocholic acid (HMDB00922) + < v.c 0.028 1.16 Palmitic acid (HMDB00220) + 0.023 > 0.05 ― Linoelaidic acid (HMDB05048) + 0.086 < 0.001 5.99 

3-Methylglutarylcarnitine 
(HMDB00552) + < v.c < 0.001 1.13 ? Acetic acid* (HMDB00042) + < v.c 0.040 1.07 Nonadecanoic acid (HMDB00772) + < v.c < 0.001 1.84 

Guanidylic acid (GMP) 
(HMDB01397) + < v.c 0.026 0.81 Uridine (HMDB00296) - 0.042 < 0.001 1.80 Heptadecanoic acid (HMDB02259) + < v.c < 0.001 1.87 

? Pyroglutamic acid (HMDB00267) + 0.014 > 0.05 ― Cadaverine* (HMDB02322) - 0.044 > 0.05 ― 
4Z,7Z,10Z,13Z,16Z,19Z-
docosahexaenoic acid (HMDB02183) 

+ < v.c 0.001 1.45 

? Palmitoleic acid (HMDB03229) - 0.029 0.003 2.38 Alanine* (HMDB00161) - 0.128 0.001 1.47 

Phosphocholine (HMDB01565) - 0.038 0.015 0.97 Palmitoleic acid (|HMDB03229) - < v.c 0.001 2.01 Stearic acid (HMDB00827) + < v.c 0.007 1.26 

Histidine (HMDB00177) - < v.c 0.014 1.38 Glyceric acid (HMDB06372) - < v.c 0.003 1.73 
8E,11E,14E-Eicosatrienoic acid 
(HMDB02925) 

+ < v.c 0.017 1.05 

? Vitamin D3 (HMDB00876) - < v.c 0.004 1.65 Myristic acid (HMDB00806) - < v.c 0.003 2.61 

Tricosanamide (HMDB00950) - < v.c < 0.001 1.79 Succinic acid (HMDB00254) - < v.c 0.049 1.32 
5E,8E,11E-eicosatrienoic acid 
(HMDB02925) 

+ < v.c 0.044 1.07 

Uridine (HMDB00296) - < v.c 0.018 2.63           

                    Arachidic acid (HMDB02212) + < v.c 0.038 1.25 

                    Docosanoic acid (HMDB00944) + < v.c 0.003 1.77 

* markedly higher in comparison to the high-fat diet and exercise group 
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Table 4.14: Pathway analysis results from the liver  IMs obtained after the HFD group was compared to t he control. 

  

Males Females 

Pathway Total Hits Raw p Holm p FDR Impact Pathway Total Hi ts Raw p Holm p FDR Impact 

W
T

 

Biosynthesis of unsaturated fatty acids 42 8 < 0.001 0.001 0.001 0 Galactose metabolism 26 4 < 0.001 0.009 0.009 0.3941 

Galactose metabolism 26 4 0.004 0.316 0.160 0.0771 Glutathione metabolism 26 3 0.002 0.175 0.088 0.375 

Citrate cycle (TCA cycle) 20 3 0.014 1 0.368 0.1439 Fatty acid biosynthesis 43 3 0.009 0.735 0.251 0 

Butanoate metabolism 22 3 0.018 1 0.368 0.029 Fructose and mannose metabolism 21 2 0.020 1 0.401 0.1639 
Alanine, aspartate and glutamate 
metabolism 24 3 0.023 1 0.373 0.1171 Biosynthesis of unsaturated fatty acids 42 2 0.071 1 1 0 

Glyoxylate and dicarboxylate metabolism 18 2 0.078 1 0.848 0.0645 Glyoxylate and dicarboxylate metabolism 18 1 0.175 1 1 0 

Glycerolipid metabolism 18 2 0.078 1 0.848 0.3857 Starch and sucrose metabolism 19 1 0.184 1 1 0.0396 

Starch and sucrose metabolism 19 2 0.086 1 0.848 0.0396 Citrate cycle (TCA cycle) 20 1 0.193 1 1 0.0452 

Fatty acid biosynthesis 43 3 0.099 1 0.848 0 Pyruvate metabolism 23 1 0.219 1 1 0 

Arginine and proline metabolism 44 3 0.104 1 0.848 0.012 
Amino sugar and nucleotide sugar 
metabolism 37 1 0.329 1 1 0 

Pyruvate metabolism 23 2 0.119 1 0.848 0.1838               

Synthesis and degradation of ketone bodies 5 1 0.124 1 0.848 0               

Glutathione metabolism 26 2 0.146 1 0.861 0.0143               

M
T

1+
2K

O
 

Biosynthesis of unsaturated fatty acids 42 6 < 0.001 0.004 0.004 0 Biosynthesis of unsaturated fatty acids 42 6 < 0.001 0.002 0.002 0 

Fatty acid biosynthesis 43 4 0.006 0.474 0.240 0 Fatty acid biosynthesis 43 4 0.004 0.293 0.148 0 

Glutathione metabolism 26 2 0.075 1 1 0.0057 
Alanine, aspartate and glutamate 
metabolism 24 2 0.052 1 1 0 

Synthesis and degradation of ketone bodies 5 1 0.085 1 1 0 Glutathione metabolism 26 2 0.060 1 1 0.0143 

Cyanoamino acid metabolism 6 1 0.101 1 1 0 Purine metabolism 68 3 0.085 1 1 0.0736 

Glycine, serine and threonine metabolism 31 2 0.102 1 1 0.2688 Nitrogen metabolism 9 1 0.132 1 1 0 

Ascorbate and aldarate metabolism 9 1 0.148 1 1 0 Selenoamino acid metabolism 15 1 0.210 1 1 0 

Methane metabolism 9 1 0.148 1 1 0 Histidine metabolism 15 1 0.210 1 1 0.2419 

Nitrogen metabolism 9 1 0.148 1 1 0 Glyoxylate and dicarboxylate metabolism 18 1 0.247 1 1 0.0645 

Primary bile acid biosynthesis 46 2 0.193 1 1 0.0667 Glycerolipid metabolism 18 1 0.247 1 1 0.1047 

Glyoxylate and dicarboxylate metabolism 18 1 0.276 1 1 0.0645 Propanoate metabolism 20 1 0.270 1 1 0 

Glycerolipid metabolism 18 1 0.276 1 1 0.1047 Citrate cycle (TCA cycle) 20 1 0.270 1 1 0.0257 

Butanoate metabolism 22 1 0.326 1 1 0 Aminoacyl-tRNA biosynthesis 69 2 0.291 1 1 0 

Pyruvate metabolism 23 1 0.338 1 1 0 Butanoate metabolism 22 1 0.293 1 1 0 

Glycolysis or Gluconeogenesis 26 1 0.373 1 1 0 Pyruvate metabolism 23 1 0.304 1 1 0.0513 
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As indicated by the pathway analysis, the galactose and other carbohydrate metabolic 

pathways were clearly altered in the male and female WT mice that received the HFD.  Many 

monosaccharides, a disaccharide (galactopyranosyl-glucose), and intermediates in 

carbohydrate metabolism were higher in the HFD group in comparison to the control, which 

implies a possible impairment of energy metabolism.  Differential carbohydrate levels were not 

detected in the MT1+2KO mice except for lower glycogen in the MT1+2KO male mice that 

received the HFD, which is also a known consequence of an HFD (Abdul-Ghani & DeFronzo, 

2008; Schrauwen et al., 1997; Smith et al., 2000). The Krebs cycle was also identified to be 

altered in the WT males which gives weight to speculation that energy metabolism was 

impaired as a result of the intervention.  Malate, fumarate and pyruvate levels were higher in 

the WT males that were in the HFD group while only malate was higher in the females.  This 

effect was again not seen in the MT1+2KO mice which showed mixed results.  Lactic acid was 

higher in the MT1+2KO males and acetate in the females with succinate lower in the females.  

 

Fatty acid metabolism was altered in both genders and both strains as indicated by the 

pathway analysis results.  The levels of most free fatty acids (saturated and unsaturated) in the 

WT males and females were higher after the HFD in comparison to the control.  Moreover, all 

bound fatty acids were higher in the WT males and females in the HFD group which implies 

higher lipid stores in the livers of these mice. The free and bound fatty acid levels in the 

MT1+2KO mice were also higher in the HFD group when compared to the control which is 

similar as the WT mice.  An accumulation of fatty acids and lipids in the liver and muscles has 

been reported to occur during a long-term HFD (Ciapaite et al., 2011; Kelley et al., 2002; 

Schrauwen & Hesselink, 2004).  Abnormal regulation of lipolysis and altered fatty acid oxidation 

is also a trait of HFD, obesity, insulin-resistance and Type 2 diabetes (Abdul-Ghani & 

DeFronzo, 2008; Gaidhu et al., 2010; Vial et al., 2011).  This would also explain the higher 

glycerol and glyceric acid levels and indicates activated lipolysis and consequent overload of 

fatty acid oxidation.  One interesting result in the females is that among the higher levels of free 

fatty acids are two fatty acids that were lower in both the WT and MT1+2KO females, namely 

myristic acid and palmitoleic acid.  The reason for this is not clear. 

 

Other metabolites that differed markedly between the control and HFD groups included several 

amino acids, purine and pyrimidine intermediates.  Higher levels of proline and glutamic acid in 

the WT males could be from the conversion of Krebs intermediates but amino acid catabolism 

(or higher protein turnover) cannot be excluded. Catabolism of these compounds would be 

impaired by the accumulating Krebs intermediates as they feed into this cycle.  Higher levels of 

cadaverine and 2-methylacetoacetate point to lysine and isoleucine catabolism, respectively, in 

the WT and MT1+2KO mice.  Purine/pyrimidine monophosphates and their catabolic products 

were higher in all the groups except the WT females which implies lower energy levels 
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(phosphorylation state) and the lower capacity to salvage these compounds. This also 

correlates with the present view that catabolic pathways are predominantly active.  Glutathione 

levels in the female WT mice on the HFD were lower than the control which could speculatively 

indicate to higher oxidative stress despite the absence of significantly higher oxidized 

glutathione in this group.  However, lower energy levels would also slow glutathione synthesis 

(Figure 4.18).  A combined biological interpretation of the effect of the HFD on the metabolism 

is given in Section 4.3.2.5. 

 

4.3.2.4 Brain metabolome 

The brain samples were analysed with the LC-MS and silylation-GC-MS platforms.  The 

statistical analysis results of these data sets are shown in Figures 4.14 and 4.15 respectively.  

The PCA results of the LC-MS data of the WT mice did not give separate grouping of the 

control and HFD group while the GC-MS data did.  Both the knockouts showed separation of 

the control and HFD groups in the LC-MS and GC-MS data which implies clear differences in 

the primary and secondary metabolism. The univariate results of the GC-MS data show a 

global shift of the metabolome as almost all the detected compounds were significantly different 

from the respective controls.  The metabolites that differed markedly between the HFD and 

control groups are listed in Table 4.15 and the top pathway analysis results in Table 4.16.  The 

complete table with results from the pathway analysis is included in the supplementary CD. 

 

Table 4.15: Important metabolites that differed mar kedly between the control and HFD group in 

the brain. 

  Genotype Compound Direction PCA p d 

LC
-M

S
 

WT 

? N-acetylaspartate (HMDB00812) + 0.272 0.028 1.07 
? Pyroglutamic acid (HMDB00267) + < v.c 0.020 1.08 

Citrulline (HMDB00904) + 0.072 > 0.05 ― 

? PC(20:0/P-18:1)* (HMDB08293) - < v.c < 0.001 0.94 
? PC(10:0/10:0)* (HMDB07899) - < v.c 0.009 1.46 

Indoleacrylic acid (HMDB00734) - < v.c 0.001 1.24 

MT1+2KO 

Oxidized Glutathione (HMDB03337) + 0.366 > 0.05 ― 

Guanidylic acid (GMP) (HMDB01397) + 0.069 > 0.05 ― 

Phosphocholine (HMDB01565) - 0.050 0.035 0.91 

? Glutamate (HMDB00148) - 0.049 > 0.05 ― 

? N-acetylaspartate (HMDB00812) - 0.326 > 0.05 ― 

Uracil (HMDB00300) - < v.c 0.016 0.96 

CMP (HMDB00095) - < v.c 0.024 1.49 

MT3KO 

Guanidylic acid (GMP) (HMDB01397) + 0.155 < 0.001 5.11 

Uracil (HMDB00300) + 0.097 > 0.05 ― 

? AMP* (HMDB00045) + 0.051 > 0.05 ― 

Pantothenic Acid (HMDB00210) + < v.c 0.003 1.44 

7,8-Diaminononanoate (CHEBI2247) - < v.c 0.035 2.04 

? N-acetylaspartate (HMDB00812) - 0.179 > 0.05 ― 
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Table 4.15 (continued): Important metabolites that differed markedly between the control and HFD 

group in the brain. 
S

ily
la

tio
n-

G
C

-M
S

 

WT 

Myoinositol (HMDB00211) - 0.100 < 0.001 2.60 

Lactic acid (HMDB00190) - 0.051 < 0.001 1.78 

γ-aminobutyric acid (HMDB00112) - 0.036 0.032 0.96 

Aspartic acid (HMDB00191) - 0.033 < 0.001 2.43 

Margaric acid (HMDB02259) - < v.c < 0.001 4.74 

Eicosanoic acid (HMDB02212) - < v.c < 0.001 3.14 

Cadaverine (HMDB02322) - < v.c < 0.001 3.16 

Oxalic acid (HMDB02329) - < v.c < 0.001 2.94 

? Fucose (HMDB00174) - < v.c < 0.001 2.38 

Fumaric acid (HMDB00134) - < v.c < 0.001 1.80 

Heneicosanoic acid (HMDB02345) - < v.c < 0.001 1.48 

Malic acid (HMDB00156) - < v.c < 0.001 2.01 

Glycerol (HMDB00131) - < v.c < 0.001 2.14 

2,3,4-trihydroxybutyric acid (HMDB00613) - < v.c < 0.001 1.65 

? Glucose (HMDB00122) - < v.c < 0.001 1.63 

2-Pyrrolidone-5-carboxylic acid (HMDB00805) - < v.c < 0.001 1.07 

Glyceric acid (HMDB06372) - < v.c < 0.001 1.92 

Ribitol (HMDB00508) - < v.c < 0.001 1.55 

Stearic acid (HMDB00827) - < v.c < 0.001 1.05 

Citric acid (HMDB00094) - < v.c < 0.001 1.59 

Nonanoic acid (HMDB00847) - < v.c < 0.001 1.35 

Threonine (HMDB00167) - < v.c 0.001 1.99 

Gluconic acid (HMDB00625) - < v.c 0.001 1.52 

Valine (HMDB00883) - < v.c 0.001 1.19 

? Erythrose (HMDB02649) - < v.c 0.001 1.33 

Palmitic acid (HMDB00220) - < v.c 0.001 0.95 

Methionine (HMDB00696) - < v.c 0.001 1.37 

Cysteine (HMDB00574) - < v.c 0.002 1.60 

Aminomalonic acid (HMDB01147) - < v.c 0.002 1.50 

Cholesterol (HMDB00067) - < v.c 0.004 0.87 

Oleic acid (HMDB00207) - < v.c 0.005 0.93 

11-Eicosenoic acid (HMDB02231) - < v.c 0.005 0.85 

2-Monostearin (HMDB11535) - < v.c 0.008 0.90 

Isoleucine (HMDB00172) - < v.c 0.016 1.26 

Alanine (HMDB00161) - < v.c 0.017 1.98 

Glycine (HMDB00123) - < v.c 0.019 1.44 

Proline (HMDB00162) - < v.c 0.021 1.22 

MT1+2KO 

Glycine (HMDB00123) + 0.039 > 0.05 ― 

Eicosanoic acid (HMDB02212) - 0.034 < 0.001 1.23 

Pyroglutamic acid* (HMDB00267) - 0.036 > 0.05 ― 

Serine (HMDB00187) - 0.036 > 0.05 ― 

Margaric acid* (HMDB02259) - 0.047 < 0.001 1.60 

Succinic acid (HMDB00254) - 0.056 > 0.05 ― 

γ-aminobutyric acid* (HMDB00112) - 0.110 > 0.05 ― 

? Fucose* (HMDB00174) - < v.c < 0.001 1.16 

Glycerol* (HMDB00131) - < v.c < 0.001 0.93 

N-acetylaspartate* (HMDB00812) - < v.c < 0.001 1.22 

Threonine (HMDB00167) - < v.c < 0.001 1.10 

Oxalic acid (HMDB02329) - < v.c 0.002 0.91 

Myoinositol (HMDB00211) - < v.c 0.004 1.24 

Cadaverine (HMDB02322) - < v.c 0.007 0.98 

Heneicosanoic acid (HMDB02345) - < v.c 0.008 0.88 

Ribitol (HMDB00508) - < v.c 0.010 1.16 

Nonanoic acid (HMDB00847) - < v.c 0.011 0.81 

Fumaric acid (HMDB00134) - < v.c 0.018 0.99 

Alanine* (HMDB00161) - < v.c 0.029 0.94 

MT3KO 

Pyroglutamic acid (HMDB00267) - 0.254 < 0.001 1.79 

Succinic acid (HMDB00254) - 0.061 0.004 1.73 

Myoinositol* (HMDB00211) - 0.048 > 0.05 ― 

Lactic acid* (HMDB00190) - 0.043 < 0.001 1.29 

Margaric acid* (HMDB02259) - < v.c < 0.001 2.67 

Glycerol (HMDB00131) - < v.c < 0.001 1.70 

? Fucose* (HMDB00174) - < v.c < 0.001 1.65 

Gluconic acid (HMDB00625) - < v.c < 0.001 2.11 

? Erythrose (HMDB02649) - < v.c < 0.001 2.04 

N-acetylaspartate (HMDB00812) - < v.c < 0.001 1.93 

Oxalic acid (HMDB02329) - < v.c < 0.001 1.17 

? Glucose* (HMDB00122) - < v.c 0.001 2.02 

Ribose-5-phosphate (HMDB01548) - < v.c 0.001 2.11 

Alanine (HMDB00161) - < v.c 0.002 1.47 

Threonine* (HMDB00167) - < v.c 0.003 1.42 

Cadaverine (HMDB02322) - < v.c 0.003 1.08 

Serine (HMDB00187) - < v.c 0.005 1.72 

2-Pyrrolidone-5-carboxylic acid (HMDB00805) - < v.c 0.005 1.76 

Fumaric acid (HMDB00134) - < v.c 0.005 1.74 
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Table 4.16: Pathway analysis results from the brain  IMs obtained after the HFD group was 

compared to the control. 

  Pathway Total Hits Raw p Holm p FDR Impact 

W
T

 

Aminoacyl-tRNA biosynthesis 69 9 < 0.001 0.002 0.002 0 
Alanine, aspartate and glutamate metabolism 24 5 < 0.001 0.017 0.009 0.31012 
Glutathione metabolism 26 4 0.003 0.254 0.076 0.02386 
Arginine and proline metabolism 44 5 0.004 0.293 0.076 0.1064 
Citrate cycle (TCA cycle) 20 3 0.012 0.921 0.194 0.12564 
Biosynthesis of unsaturated fatty acids 42 4 0.018 1 0.245 0 
Galactose metabolism 26 3 0.024 1 0.285 0.03644 
Valine, leucine and isoleucine biosynthesis 11 2 0.028 1 0.291 0.66666 
Glycine, serine and threonine metabolism 31 3 0.039 1 0.352 0.26884 
Pantothenate and CoA biosynthesis 15 2 0.051 1 0.417 0 
Glyoxylate and dicarboxylate metabolism 18 2 0.071 1 0.528 0.25806 
Fatty acid biosynthesis 43 3 0.087 1 0.594 0 
Pyruvate metabolism 23 2 0.109 1 0.685 0 
Cyanoamino acid metabolism 6 1 0.140 1 0.775 0 
Cysteine and methionine metabolism 27 2 0.142 1 0.775 0.22557 

M
T

1+
2K

O
 

Alanine, aspartate and glutamate metabolism 24 6 < 0.001 < 0.001 < 0.001 0.37657 
Glutathione metabolism 26 5 < 0.001 0.003 0.002 0.11259 
Cyanoamino acid metabolism 6 2 0.004 0.291 0.077 0 
Aminoacyl-tRNA biosynthesis 69 5 0.004 0.317 0.077 0.12903 
Butanoate metabolism 22 3 0.005 0.367 0.077 0.02899 
Nitrogen metabolism 9 2 0.008 0.652 0.099 0 
Methane metabolism 9 2 0.008 0.652 0.099 0.4 
Glycine, serine and threonine metabolism 31 3 0.012 0.937 0.128 0.50732 
Arginine and proline metabolism 44 3 0.032 1 0.292 0.10545 
Citrate cycle (TCA cycle) 20 2 0.040 1 0.329 0.05254 
Galactose metabolism 26 2 0.065 1 0.473 0 
Porphyrin and chlorophyll metabolism 27 2 0.069 1 0.473 0 
D-Glutamine and D-glutamate metabolism 5 1 0.079 1 0.496 1 

M
T

3K
O

 

Alanine, aspartate and glutamate metabolism 24 4 < 0.001 0.031 0.031 0.00316 
Galactose metabolism 26 3 0.007 0.543 0.275 0.03644 
Pantothenate and CoA biosynthesis 15 2 0.021 1 0.585 0.02041 
Citrate cycle (TCA cycle) 20 2 0.037 1 0.757 0.05254 
Glutathione metabolism 26 2 0.060 1 0.818 0.01431 
Glycine, serine and threonine metabolism 31 2 0.082 1 0.818 0.23848 
Purine metabolism 68 3 0.085 1 0.818 0.1042 
Aminoacyl-tRNA biosynthesis 69 3 0.088 1 0.818 0.12903 
Cyanoamino acid metabolism 6 1 0.090 1 0.818 0 

 

The alanine, aspartate and glutamate pathways were again the main metabolic pathways 

altered in the HFD groups when compared to the controls.  As mentioned in the previous 

section, aspartate and glutamate have neurotransmitting roles in the central nervous system 

along with N-acetylaspartate, γ-aminobutyric acid and glycine.  Synthesis of these compounds 

is dependent on energy levels and availability of nutrients to the brain.  All these compounds 

were markedly lower in the HFD groups when compared to the respective control except for the 

WT HFD mice, which had higher levels of N-acetylaspartate, and the MT1+2KO mice, which 

had higher glycine levels.  This result implies possible altered neuronal activity which is in 

agreement with literature that HFD has damaging effects on the brain (Langdon et al., 2011).  

 

The glutathione biosynthesis pathway was, interestingly, also one of the most altered pathways 

in all three strains.  Lower levels of key amino acids and energy would result in lower 

glutathione biosynthesis which could have damaging results as ROS and oxidative stress 

increase with an HFD (Ciapaite et al., 2011; Dong et al., 2007; Schrauwen & Hesselink, 2004; 
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Vial et al., 2011).  The brain metabolomes of the MT1+2KO mice in the HFD group specifically 

contained more oxidized glutathione in comparison to the control which agrees with this view. 

Most of the altered pathways in the three strains are related to amino acid metabolism.  Lower 

levels of the essential amino acids valine, isoleucine, methionine and threonine, in the mice that 

were on the HFD could be a result of two factors, namely lower influx through the blood and/or 

increased catabolism of available/circulating amino acids for energy production in the brain.  

Lower levels of the nonessential amino acids could also be a result of lower amino acid stores, 

but is more likely due to their use to replenish the Krebs cycle through transaminase conversion 

in order to keep the cycle functioning in the brain.  Several Krebs cycle intermediates and 

carbohydrates were lower in the HFD group of all three strains, which points to lower availability 

of nutrients for energy production. 

 

Furthermore, all three strains contained lower free fatty acid and glycerol levels after the HFD.  

In light of the previous paragraphs, it is thus reasonable to suspect that this result is due to 

increased usage of alternative sources for energy production (fatty acid oxidation).  It is 

commonly accepted that the brain seldom uses fatty acid oxidation for energy production which 

is contradictory to the above view.  However, this possibility cannot be ignored, especially since 

fatty acid transport in and out of the brain is difficult.  Higher GMP in the MT1+2KO mice, and 

GMP, AMP and uracil in the MT3KO mice, also implies reduced energy (phosphorylation state) 

and increased catabolism of these compounds.  A combined biological interpretation of the 

effect of the HFD on the metabolism is given in Section 4.3.2.5. 

 

4.3.2.5 Biological interpretation of the effect of the HFD on the metabolism 

As mentioned, the aim of comparing the experimental groups within each strain is to study the 

influence of the high-fat diet on the metabolome without the genotype variance influencing the 

outcome.  A particular pattern of pathways affected in these strains could thus indicate the 

intervention effect.  

 

A short-term HFD results in constantly high fatty acid levels in the plasma and tissues which 

forces the system to use reduced equivalents from fatty acid oxidation for energy production 

instead of carbohydrate catabolism (Ahola-Erkkilä et al., 2010, Murray et al., 2003; Smith et al., 

2000). Fatty acid oxidation and the carnitine shuttle are activated, resulting in increased 

oxidation.  This activation is, however, slow which means that glycogen stores are initially used 

along with the fatty acids before fatty acid oxidation becomes the dominant energy producing 

pathway.  This and the lower carbohydrates in the HFD results in lower glycogen stores which 

remain low throughout this diet (Schrauwen et al., 1997; Smith et al., 2000). 
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The effect of prolonged HFD (~2 months) is more complex and is often accompanied by lower 

fatty acid oxidation and the accumulation of fatty acids and lipids in the blood and tissues, such 

as the muscle and liver (Ciapaite et al., 2011; Kelley et al., 2002; Schrauwen & Hesselink, 

2004).  Higher levels of some fatty acids and lipids in the plasma of the WT and MT1+2KO 

mice were seen, which is in agreement with this.  Moreover, fatty acid and lipids in their liver 

samples were also higher when compared to the control mice.  The MT1+2KO mice contained 

higher fatty acid and monoacylglycerol levels in their gastrocnemius metabolome, which would 

point to activated lipolysis.  This result was not seen in the WT mice, but since it is certainly due 

to the batch-effect, this accumulation might still have been possible.  The results in the MT3KO 

mice were more varied.  Some fatty acids and lipids in the plasma of MT3KO mice were higher, 

while others were lower when compared to the control.  Also, no significant accumulation of 

fatty acids and lipids was seen in the gastrocnemius of these mice, which might indicate a 

possible counter-effect.  Supplementary data provided by Professor Hidalgo showed that the 

body weight-increase of the MT3KO mice (followed by the MT1+2KO mice) that were on the 

HFD was more prominent than the WT mice, as shown in Figure E.2 (Annexure E).  The 

average weight of the livers isolated from these mice were higher for all three strains in the 

HFD group in comparison to the control, with the MT1+2KO mice having the highest average 

weight (in the control and HFD group). This confirms the idea that fat accumulated in this 

organ.  The average weight of isolated inguinal and gonadal fat levels of both knockout mice 

was also higher after the HFD in comparison to the WT, with the MT1+2KO females and 

MT3KO males having the highest weights. 

 

The origin of the higher fatty acid and lipid levels can be two-fold as indicated in Figure 4.17.  

The HFD certainly plays a role in this accumulation but alterations in metabolic pathways 

results in stored lipids also being recruited and imported into these tissues.  The accumulation 

of toxic fatty acids and lipids leads to insulin resistance over time.  The onset of obesity, insulin 

resistance and Type 2 diabetes are known consequences of prolonged high-fat intake.  HFD 

also reduces the expression of PGC-1 (Dong et al., 2007) and, as a key mediator in 

mitochondrial biogenesis, has damaging and morphological implications on mitochondria 

(Kelley et al., 2002).  Reduction in mitochondrial function is thus an expected result of such a 

diet, which further fuels this vicious and destructive cycle as indicated in the illustration below. 

 

As mentioned, the accumulation of fatty acids in the plasma and tissues are a result of the HFD 

and increased lipolysis. Impaired fatty acid oxidation also contributes to this. Because enzymes 

involved in fatty acid oxidation (specifically CPT-I) are activated, lower oxidation rate is 

therefore believed to be a consequence of impaired respiration (OXPHOS).  Kelley et al. (2002) 

reported that complex I activity in Type 2 diabetic patients were reduced by 40 % and that the 

mitochondria were smaller and damaged. Lower mtDNA copy number, PGC-1 expression 
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(Dong et al., 2007), CoQ expression, complex IV activity (Vial et al., 2011) and pyruvate 

dehydrogenase activity (Ciapaite et al., 2011) also contribute to lower respiration.  The lower 

respiration also results in the accumulation of carbohydrates, amino acids and related 

intermediates and a lower energy state.  Higher levels of amino acids and related intermediates 

in the plasma of the WT and MT1+2KO mice in the HFD group are therefore a combined result 

of accumulated Krebs intermediates and protein degradation.  Higher levels of amino acids and 

Krebs intermediates that were observed in the livers of these mice are in line with impaired 

respiration and overload of these pathways.  Plasma amino acids of the MT3KO mice were 

unaltered and amino acids were lower in the gastrocnemius along with carbohydrates, which is 

against expectation. Carbohydrates in the gastrocnemius of the WT and MT1+2KO were higher 

in comparison to the control which is expected when glycogenolysis is activated and impaired 

carbohydrate oxidation during well-fed conditions. The metabolome profile of the WT and 

MT1+2KO mice is therefore overall in agreement with the profiles from the literature.  The 

MT3KO mice were slightly different but complied with a lower energy profile. 

 

 

Figure 4.17: Proposed metabolic implications of a l ong term high-fat diet.  Long term HFD, obesity, 

insulin resistance, Type 2 diabetes, lower OXPHOS and fatty acid oxidation are associated, although it is 

not always clear which is the cause and which the effect.  Possible metabolite alterations are shown on 

the right.  Data from Abdul-Ghani & DeFronzo (2008), Ciapaite et al. (2011), Dong et al. (2007), Gaidhu 

et al. (2010), Kelley et al. (2002), Schrauwen & Hesselink (2004) and Vial et al. (2011) was used to 

compile this illustration. 
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Figure 4.18: Glutathione is synthesized and catabol ised in the γ-glutamyl cycle.  The rate of 

glutathione synthesis is dependent on energy levels and free amino acids (glycine, glutamate and 

cysteine).  

 

Several metabolites were lower in the brain samples of all three strains.  The reason for this 

might be due to reduced circulating nutrients, specifically glucose and ketones.  The exact 

mechanism remains unclear but impaired metabolic pathways do not seem to comply with this 

picture despite the lower influx of substrate.  One commonly reported consequence of an HFD 

is increased ROS levels, oxidative stress and lipid peroxidation (Ciapaite et al., 2011; Dong et 

al., 2007; Schrauwen & Hesselink, 2004; Vial et al., 2011). Glutathione metabolism was 

identified to be altered in the brain of all three strains due to the lower amino acids and energy.  

Glutathione is mainly produced in the γ-glutamyl cycle (Figure 4.18).  Its anabolism depends 

greatly on the cell’s phosphorylation state (available energy).  Lower glutathione production and 

higher oxidative stress from the HFD could thus have severe implications on the brain 

(Langdon et al., 2011).  The MT1+2KO mice in the HFD group specifically had higher levels of 

oxidized glutathione in comparison to the control which indicates higher oxidative stress.  The 

negative implications of lower glutathione synthesis and salvage (through MTs) might be 

immense in the knockout mice.  The impact of the HFD on mitochondrial energy production, 

ROS production and scavenging were therefore clear in all three strains.  A comparison of the 
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strains would thus give valuable information on their abilities to cope with these metabolic 

stressors and consequently elucidate the role of MTs in mitochondrial function. 

 

 

4.3.3 EVALUATING THE COMBINED EFFECT OF EXERCISE AN D HIGH-FAT INTAKE ON 

THE METABOLOME AND EXOMETABOLOME. 

 

4.3.3.1 Plasma exometabolome 

The univariate and multivariate results of the plasma LC-MS data are shown in Figure 4.4.  

Comparison of this experimental group with the other mainly indicates that the effect of the 

HFD on the metabolome was more severe than the exercise intervention as the HFD and HFD-

E grouped mostly together.  The WT mice in the high-fat diet and exercise (HFD-E) group did 

not separate clearly from the control in the PCA results.  The variance in the HFD-E group is 

larger when compared to the other groups and is certainly the main reason for the overlap in 

the experimental groups.  Separate grouping of the MT1+2KO and MT3KO control and HFD-E 

mice was possible as shown in the PCA score plots.  The metabolites that differed significantly 

between the experimental groups, as identified with ANOVA, are listed in Table 4.17.  The IMs 

that were responsible for the separate grouping in the PCA score plots are also given in this 

table.  The top results from the pathway analysis are given in Table 4.18.  The complete list of 

results is included in the supplementary CD. 

 

According to the pathway analysis, it is the fatty acid metabolism that is mainly altered in the 

WT mice of the HFD-E group.  Several free fatty acids (and propionyl-CoA) were higher in the 

plasma of these mice while phospholipids were lower.  As discussed in Section 4.3.2.5, a long-

term HFD results in raised fatty acids in the plasma due to diet influx and increased lipolysis.  

Moreover energy depletion with exercise would thus increase lipolysis further.  Hence, impaired 

fatty acid oxidation and respiration, as discussed previously, along with higher energy 

requirement from the exercise, also add to this increase of circulating fatty acids.  Proper 

coverage of the Krebs cycle intermediates and other related organic acids was not possible 

with LC-MS but the higher citric acid and NADPH also point to a possible overload of the 

respiratory chain. This would also explain increased levels of citrulline and glutamine in 

comparison to the control (as explained below).  Creatine levels were also higher in these mice, 

along with hypoxanthine, a breakdown product of AMP which implies lower energy levels (or 

cellular phosphorylation state).  

 

 

 

 


