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Table 4.17: Important plasma metabolites that diffe red markedly between the control and HFD-E 

group 

  
LC-MS 

Compound Direction PCA p d 
W

T
 

Acetylcarnitine# (HMDB00201) + 0.117 <0.001 1.91 

trans-Hex-2-enoic acid# (HMDB10719) + 0.106 0.003 0.59 

? Creatine# (HMDB00562) + 0.101 > 0.05 ― 
LysoPC(22:6) (HMDB10404) + 0.095 0.032 0.64 
LysoPC(18:2) (HMDB10386) + 0.085 <0.001 1.59 
? Citric acid# (HMDB00094) + 0.066 <0.001 1.77 
? Oleic Acid# (HMDB00207) + 0.054 > 0.05 ― 
Hypoxanthine (HMDB00157) + 0.042 0.001 0.52 
? Stearic acid (HMDB00827) + < v.c <0.001 1.18 
Citrulline (HMDB00904) + < v.c <0.001 1.53 
Glutamine# (HMDB00641) + < v.c 0.002 1.59 
NADPH (HMDB00221) + < v.c 0.008 0.84 
Xanthurenic acid (HMDB00881) + < v.c 0.021 1.23 
Propionyl-CoA (HMDB01275) + < v.c 0.023 0.91 
? Linoleic acid# (HMDB00673) + < v.c 0.006 1.05 
LysoPC(16:0) (HMDB10382) - 0.171 <0.001 1.76 
? LysoPC(18:1) (HMDB10385) - 0.082 > 0.05 ― 
LysoPC(20:4) (HMDB10395) - 0.055 0.037 0.06 
LysoPE(16:0/0:0) (HMDB11503) - < v.c <0.001 2.72 

M
T

1+
2K

O
 

1-Monopalmitin (MG(16:0/0:0/0:0)) + 0.073 <0.001 1.18 

Deoxycholic acid 3-glucuronide# (HMDB02596) + 0.029 > 0.05 ― 
? Stearic acid (HMDB00827) + < v.c <0.001 3.23 

Acetylcarnitine# (HMDB00201) + < v.c <0.001 2.02 
? Citric acid# (HMDB00094) + < v.c <0.001 2.80 

? Palmitic acid (HMDB00220) + < v.c <0.001 1.89 

? Myristic acid (HMDB00806) + < v.c <0.001 1.15 
Citrulline (HMDB00904) + < v.c <0.001 1.88 

NADPH# (HMDB00221) + < v.c 0.001 1.12 

Glucose (HMDB00122) + < v.c 0.002 1.17 

AMP# (HMDB00045) + < v.c 0.002 1.10 

Glutamine (HMDB00641) + < v.c 0.008 2.21 

Histidine (HMDB00177) + < v.c 0.036 1.22 

Uric acid# (HMDB00289) + < v.c 0.038 1.03 
Hypoxanthine (HMDB00157) + < v.c 0.007 1.55 
? Linoleic acid# (HMDB00673) + < v.c <0.001 1.18 
LysoPC(18:2) (HMDB10386) + < v.c 0.001 1.06 

LysoPE(0:0/16:0) (HMDB11473) - 0.023 <0.001 5.38 

LysoPC(16:1) (HMDB10383) - 0.029 <0.001 2.77 

? Phenylalanine# (HMDB00159) - 0.043 <0.001 2.09 
LysoPC(16:0) (HMDB10382) - 0.055 <0.001 3.68 

? Valine (HMDB00883) - < v.c <0.001 1.41 

? Pipecolic acid# (HMDB00716) - < v.c <0.001 1.63 

Arginine (HMDB00517) - < v.c <0.001 1.80 

5-Hydroxyisourate (C11821) - < v.c <0.001 0.93 

LysoPC(0:0/20:4) (HMDB10396) - < v.c <0.001 1.74 

DG(18:3/18:3/0:0) (HMDB07248) - < v.c <0.001 1.73 

M
T

3K
O

 

MG(18:0/0:0/0:0) (HMDB11131) + 0.162 <0.001 2.82 

MG(16:0/0:0/0:0) (HMDB11564) + 0.135 <0.001 6.66 

Chenodeoxycholic acid# (HMDB00518) + < v.c 0.002 1.11 
Hypoxanthine (HMDB00157) + < v.c 0.002 2.01 
LysoPC(22:6) (HMDB10404) + < v.c 0.014 1.54 

? Myristoleic acid# (HMDB02000) + < v.c 0.032 1.16 

LysoPE(16:0/0:0) (HMDB11503) - < v.c <0.001 4.19 

Phosphocreatine (HMDB01511) - < v.c 0.001 1.68 

LysoPC(16:0)# (HMDB10382) - < v.c 0.001 3.36 

LysoPC(0:0/20:4) (HMDB10396) - < v.c 0.042 0.87 

PIP(16:0/18:0) (HMDB09923) - < v.c 0.009 0.96 

PE(16:0/22:6) (HMDB08946) - < v.c 0.045 1.36 

PE(18:0/0:0) (HMDB11130) - < v.c 0.035 1.91 

PE(18:2/18:2) (HMDB09093) - < v.c <0.001 2.18 

LysoPC(18:1) (HMDB10385) - < v.c 0.001 2.52 

PE(18:1/0:0) (HMDB11506) - < v.c <0.001 3.27 

LysoPC(16:1) (HMDB10383) - < v.c <0.001 3.61 
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Table 4.18: Pathway analysis results from the plasm a IMs obtained after the HFD-E group was 

compared to the control. 

  Pathway Total Hits Raw p Holm p FDR Impact 

W
T

 

Biosynthesis of unsaturated fatty acids 42 3 0.007 0.576 0.576 0 

D-Glutamine and D-glutamate metabolism 5 1 0.049 1 1 0 

Linoleic acid metabolism 6 1 0.058 1 1 1 

Fatty acid biosynthesis 43 2 0.065 1 1 0 

Arginine and proline metabolism 44 2 0.068 1 1 0.03 

Nitrogen metabolism 9 1 0.086 1 1 0 

Purine metabolism 68 2 0.143 1 1 0.01 

beta-Alanine metabolism 17 1 0.156 1 1 0 

Glyoxylate and dicarboxylate metabolism 18 1 0.165 1 1 0.26 

Citrate cycle (TCA cycle) 20 1 0.181 1 1 0.05 

M
T

1+
2K

O
 

Aminoacyl-tRNA biosynthesis 69 5 0.002 0.170 0.170 0 

Nitrogen metabolism 9 2 0.006 0.520 0.263 0 

Purine metabolism 68 4 0.013 1 0.301 0.09 

Biosynthesis of unsaturated fatty acids 42 3 0.019 1 0.301 0 

Fatty acid biosynthesis 43 3 0.021 1 0.301 0 

Arginine and proline metabolism 44 3 0.022 1 0.301 0.11 

Starch and sucrose metabolism 19 2 0.028 1 0.328 0.08 

Phenylalanine, tyrosine and tryptophan biosynthesis 4 1 0.055 1 0.567 0.5 

D-Glutamine and D-glutamate metabolism 5 1 0.069 1 0.626 0 

Linoleic acid metabolism 6 1 0.082 1 0.672 1 

Valine, leucine and isoleucine biosynthesis 11 1 0.145 1 0.992 0.33 

Phenylalanine metabolism 11 1 0.145 1 0.992 0.41 

M
T

3K
O

 Glycerophospholipid metabolism 30 1 0.102 1 1 0.04 

Arginine and proline metabolism 44 1 0.146 1 1 0 

Primary bile acid biosynthesis 46 1 0.152 1 1 0 

Purine metabolism 68 1 0.218 1 1 0.01 

 

Higher levels of AMP, uric acid and hypoxanthine in the MT1+2KO mice of the HFD-E group 

also implies lower energy levels in comparison to the control, which is to be expected from the 

exercise. Glucose, citric acid and NADPH were higher in these mice, which also indicate a 

slower usage of carbohydrates and Krebs cycle intermediates and/or higher influx of glucose 

from the liver (gluconeogenesis).  Higher levels of circulating fatty acids, monoacylglycerols and 

lower diacylglycerols support over-stimulated lipolysis and a lower fatty acid oxidation rate, 

leading to the accumulation of fatty acids in comparison to the control.  The pathway analysis 

results also indicated that nitrogen metabolism was affected in the MT1+2KO mice, albeit with 

low impact. Several essential amino acids were lower in the plasma of the MT1+2KO mice 

which could be due to depletion of circulating amino acids for energy production.  Citrulline and 

glutamine were higher in the MT1+2KO mice, while arginine was lower.  These compounds are 

involved in nitrogen (ammonia) metabolism. Glutamine, which sequesters ammonia in a non-

toxic form, is formed from glutamic acid and ammonium.  Citrulline and arginine are specifically 

involved in the urea cycle which feed into the Krebs cycle through fumaric acid.  Accumulating 

Krebs cycle intermediates can explain the higher citrulline and lower arginine levels, as arginine 

is formed with the removal of fumaric acid from argininosuccinate. 
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The MT3KO mice were again different from the other two strains.  The pathway most altered in 

MT3KO mice in the HFD-E group was glycerophospholipid metabolism. Most of the 

phospholipids were lower in the plasma of these mice.  Two monoacylglycerols and myristoleic 

acid were higher, which is somewhat similar to the results of WT and MT1+2KO mice.  Lower 

energy levels are also expected since hypoxanthine levels were higher and phosphocreatine 

levels were lower.  The main difference is the absence of markedly different carbohydrates, 

organic acids and amino acids, which could indicate unaltered energy metabolism in these 

mice. Nevertheless, this result is very similar to the previous result of the HFD group.  A 

combined biological interpretation of the effect of the HFD and exercise on the metabolism is 

given in Section 4.3.3.5. 

 

4.3.3.2 Gastrocnemius metabolome 

The statistical results of the LC-MS and silylation-GC-MS data from the gastrocnemius are 

shown in Figures 4.5 and 4.6, respectively.  The PCA results of the LC-MS data did not give 

separate grouping in any of the strains (and pre-treated data sets).  In contrast the PCA results 

from the GC-MS data gave separate grouping of the control and HFD-E group in all three 

strains. The variance of the MT3KO mice in the HDF-E group is particularly small in 

comparison to the others and is basically a single score in the PCA scores plot of the power 

transformed data. The metabolites that differed markedly between the control and HFD-E group 

are listed in Table 4.19 with the top few results of the pathway analysis in Table 4.20.  The 

complete table with identified pathways is included in the supplementary CD. 

 

 

Table 4.19: Important metabolites in the gastrocnem ius that differed markedly between the 

control and HFD-E group. 

  Genotype Compound Direction PCA p d 

LC
-M

S
 

WT 

Pantothenic Acid (HMDB00210) + ― 0.001 1.25 

? Inosine (HMDB00195) + ― 0.012 0.81 

? Galactose (HMDB00143) - ― 0.013 1.18 

MT1+2KO 

Taurine (HMDB00251) + 0.364 > 0.05 ― 

Hexanoylcarnitine# (HMDB00756) + < v.c < 0.001 0.98 

Acetylcarnitine (HMDB00201) - 0.028 > 0.05 ― 

Niacinamide (HMDB01406) - 0.039 > 0.05 ― 

2-Methylglutaconic acid (HMDB02266) - 0.09 > 0.05 ― 

Carnitine (HMDB00062) - 0.307 < 0.001 3.19 

Tyrosine (HMDB00158) - < v.c 0.002 1.01 

? Phenylpyruvic acid (HMDB00205) - < v.c 0.003 1.17 

Methionine (HMDB00696) - < v.c 0.015 1.02 

MT3KO 
Butyrylcarnitine# (HMDB02013) + ― 0.004 3.13 

Hexanoylcarnitine (HMDB00756) + ― 0.037 1.81 

# markedly higher in comparison to the respective high-fat diet group 
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Table 4.19 (continued): Important metabolites in th e gastrocnemius that differed markedly 

between the control and HFD-E group. 
S

ily
la

tio
n-

G
C

-M
S

 

WT 

Citric acid (HMDB00094) + 0.034 > 0.05 ― 

? Glucose (HMDB00122) + < v.c 0.02 1.26 

Palmitelaidic acid (HMDB12328) + < v.c 0.041 1.13 

Lactic acid (HMDB00190) - 0.059 0.04 1.14 

MG(18:0/0:0/0:0) (HMDB11131) - 0.06 < 0.001 4.19 

Myoinositol phosphate (HMDB00213) - 0.068 < 0.001 4.23 

Margaric acid (HMDB02259) - 0.076 0.001 1.56 

Pyroglutamic acid (HMDB00267) - 0.104 > 0.05 ― 

cAMP (HMDB00058) - 0.174 < 0.001 3.98 

2,3,4-trihydrixybutyric acid (HMDB00613) - < v.c < 0.001 3.62 

? Fucose (HMDB00174) - < v.c < 0.001 3.81 

AMP (HMDB00045) - < v.c 0.018 2.56 

Arachidic acid (HMDB02212) - < v.c < 0.001 1.65 

Oxalic acid (HMDB02329) - < v.c 0.018 1.37 

Sorbitol (HMDB00247) - < v.c 0.009 1.69 

Heneicosanoic acid (HMDB02345) - < v.c < 0.001 4.61 

MG(16:0/0:0/0:0) (HMDB11564) - < v.c 0.001 1.7 

Malic acid (HMDB00156) - < v.c 0.005 1.15 

MT1+2KO 

Arachidic acid (HMDB02212) + 0.301 0.005 1.08 

Heneicosanoic acid (HMDB02345) + 0.092 0.024 0.91 

Glycerol (HMDB00131) + 0.071 0.004 1.73 

3-hydroxybutyric acid# (HMDB00357) + < v.c 0.001 1.82 

Arabinofuranose (HMDB12325) + < v.c 0.004 1.04 

MG(18:0/0:0/0:0) (HMDB11131) + < v.c 0.004 1.27 

MG(16:0/0:0/0:0) (HMDB11564) + < v.c 0.023 1.32 

Lactic acid (HMDB00190) - 0.049 > 0.05 ― 

? Fucose (HMDB00174) - < v.c 0.007 1.08 

MT3KO 

3-hydroxybutyric acid (HMDB00357) + < v.c 0.014 2.22 

Heneicosanoic acid (HMDB02345) - -0.034 < 0.001 12.16 

? Glucose (HMDB00122) - -0.045 < 0.001 7.37 

? Fucose (HMDB00174) - -0.055 < 0.001 16.12 

cAMP (HMDB00058) - -0.063 < 0.001 9.41 

Glucose-6-phosphate (HMDB01586) - -0.079 < 0.001 5.29 

Lactic acid (HMDB00190) - -0.319 < 0.001 11.26 

Stearic acid (HMDB00827) - < v.c 0.045 1.36 

Margaric acid (HMDB02259) - < v.c 0.008 2.04 

Palmitelaidic acid (HMDB12328) - < v.c 0.009 2.14 

Oxalic acid (HMDB02329) - < v.c 0.003 2.42 

Myoinositol (HMDB00211) - < v.c 0.007 2.47 

Sucrose (HMDB00258) - < v.c 0.029 2.48 

AMP (HMDB00045) - < v.c 0.002 2.9 

Glycerol-3-phosphate (HMDB00126) - < v.c 0.012 3.02 

? Fructose (HMDB00660) - < v.c 0.001 3.11 

MG(16:0/0:0/0:0) (HMDB11564) - < v.c 0.003 3.14 

Cholesterol (HMDB00067) - < v.c 0.002 3.53 

Sorbitol (HMDB00247) - < v.c < 0.001 3.6 

Palmitic acid (HMDB00220) - < v.c 0.001 3.69 

Glyceric acid (HMDB06372) - < v.c < 0.001 3.69 

Myoinositol phosphate (HMDB00213) - < v.c 0.001 3.82 

Citric acid (HMDB00094) - < v.c < 0.001 4 

Glycerol (HMDB00131) - < v.c < 0.001 4.55 

2,3,4-trihydrixybutyric acid (HMDB00613) - < v.c < 0.001 4.82 

Tyrosine (HMDB00158) - < v.c < 0.001 5.45 

Arachidic acid (HMDB02212) - < v.c < 0.001 5.95 

MG(18:0/0:0/0:0) (HMDB11131) - < v.c < 0.001 6.14 

Malic acid (HMDB00156) - < v.c < 0.001 18.39 
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Table 4.20: Pathway analysis results from the gastr ocnemius IMs obtained after the HFD-E group 

was compared to the control. 

  Pathway Total Hits Raw p Holm p FDR Impact 

W
T

 

Glyoxylate and dicarboxylate metabolism 18 2 0.013 1 0.360 0.2581 

Citrate cycle (TCA cycle) 20 2 0.016 1 0.360 0.0988 

Fructose and mannose metabolism 21 2 0.017 1 0.360 0.0314 

Pyruvate metabolism 23 2 0.020 1 0.360 0 

Galactose metabolism 26 2 0.026 1 0.360 0.0364 

Purine metabolism 68 3 0.026 1 0.360 0.0602 

Pantothenate and CoA biosynthesis 15 1 0.139 1 1 0.0204 

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 

Ubiquinone and other terpenoid-quinone biosynthesis 3 1 0.027 1 0.746 0 

Synthesis and degradation of ketone bodies 5 1 0.045 1 0.925 0 

Taurine and hypotaurine metabolism 8 1 0.071 1 1 0.4286 

Nicotinate and nicotinamide metabolism 13 1 0.113 1 1 0.2381 

Aminoacyl-tRNA biosynthesis 69 2 0.129 1 1 0 

M
T

3K
O

 

Galactose metabolism 26 7 < 0.001 < 0.001 < 0.001 0.1593 

Starch and sucrose metabolism 19 3 0.003 0.248 0.112 0.2169 

Fructose and mannose metabolism 21 3 0.004 0.329 0.112 0.1639 

Biosynthesis of unsaturated fatty acids 42 3 0.028 1 0.450 0 

Glyoxylate and dicarboxylate metabolism 18 2 0.033 1 0.450 0.2581 

Glycerolipid metabolism 18 2 0.033 1 0.450 0.3066 

Citrate cycle (TCA cycle) 20 2 0.040 1 0.470 0.0988 

Ubiquinone and other terpenoid-quinone biosynthesis 3 1 0.048 1 0.473 0 

Pyruvate metabolism 23 2 0.052 1 0.473 0 

Phenylalanine, tyrosine and tryptophan biosynthesis 4 1 0.063 1 0.482 0.5 

Glycolysis or Gluconeogenesis 26 2 0.065 1 0.482 0 

Inositol phosphate metabolism 28 2 0.074 1 0.496 0.1116 

Synthesis and degradation of ketone bodies 5 1 0.079 1 0.496 0 

Amino sugar and nucleotide sugar metabolism 37 2 0.119 1 0.698 0.0806 

 

The central metabolic pathways (i.e. carbohydrate and Krebs cycle) were most affected in the 

WT mice that received the HFD and swam for one hour.  The alteration of these pathways is 

difficult to interpret as varied results were obtained.  Most of the detected carbohydrates were 

lower, except for glucose which was higher in these mice. Most of the Krebs cycle 

intermediates were similar or lower in these mice when compared to the control, except for 

citric acid.  The lower lactic acid in particular implies normal (unaltered) respiration as there is 

no accumulation of NADH and other reduced equivalents.  This result was not expected and 

different from the previous where accumulation of substrates was observed.  Nevertheless, 

lower substrate levels can only occur when there is a lower influx or higher conversion rate.  In 

light of the previous results where energy metabolism seems to be impaired after long term 

high-fat intake, it is thus reasonable to speculate that the lower metabolite levels might be due 

to a lower influx instead of enhanced catabolism.  Lower energy levels (indicated by increased 

inosine) would then slow the first phosphorylation step in glycolysis leading to higher glucose 

levels in comparison to the control.  However, as it is difficult to discriminate between 

carbohydrates using electron impact spectra only, the possibility that the glucose is in fact 

galactose exists. 
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The phenylalanine and tyrosine metabolic pathways were identified to be most altered in the 

MT1+2KO mice. Lower tyrosine, methionine, phenylpyruvate and 2-methylglutaconate (an 

intermediate of leucine catabolism) levels imply lower amino acid stores, lower protein 

degradation and/or increased catabolism.  Enhanced catabolism of phenylalanine, tyrosine and 

leucine could explain the increase in 3-hydroxybutyric acid levels as the end-product of their 

catabolism is acetoacetate.  The conversion of this product to 3-hydroxybutyric acid entails the 

oxidation of NADH to NAD which should lower the NADH:NAD ratio that normally increases 

with strenuous exercise.  This would further explain the lower niacinamide levels as less NADH 

was possibly catabolised.  Although lipid and carbohydrate metabolism was not high on the 

pathway analysis results list, its alteration during these interventions cannot be ignored.  The 

MT1+2KO mice in the HFD-E group contained markedly higher levels of two long chain fatty 

acids, two monoacylglycerols, glycerol and hexanoylcarnitine. Furthermore, they had markedly 

lower free carnitine and acetylcarnitine.  This result is in agreement with expectations that the 

HFD and strenuous exercise increased lipolysis and fatty acid accumulation. An overload of 

fatty acids results in acylcarnitine accumulation and the depletion of acetylcarnitine and free 

carnitine (Greenhaff et al., 2002; Sahlin & Harris, 2008).  

 

The gastrocnemius metabolome of the MT3KO mice was also similar to the WT and MT1+2KO 

mice, except for the fatty acid and lipid levels.  Several carbohydrate metabolic pathways were 

identified to be altered in the MT3KO mice that were in the HFD-E group. The MT3KO mice 

had markedly lower carbohydrate levels including glycolysis intermediates, glucose-6-

phosphate and glycerol-3-phosphate.  Again, these lower levels could be due to a lower influx 

(from glycogenolysis) and/or higher pyruvate oxidation, which are both expected during 

exercise. The Krebs cycle intermediates (identified to be altered) were also lower in comparison 

to the control.  This, as well as the lower lactic acid levels implies normal or enhanced energy 

metabolism but could also be from lower substrate levels.  The Krebs cycle is mostly fed by 

carbohydrate oxidation, but fatty acids and amino acids are actively used to replenish this cycle 

in times of low carbohydrate influx or high energy requirements.  Tyrosine levels were lower in 

these mice, as well as most free fatty acids and lipids. Butyrylcarnitine, hexanoylcarnitine and 

3-hydroxybutyric acid were higher in comparison to the control, which is similar to the 

MT1+2KO mice profile.  The overall reduced metabolite levels in the MT3KO mice in the HFD-E 

group implies a collective lower influx of substrate into these pathways which could be a result 

of lower stores, impaired transport or signalling (in the cell or the brain).  A combined biological 

interpretation of the effect of the HFD and exercise on the metabolism is given in Section 

4.3.3.5. 
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4.3.3.3 Liver metabolome 

The statistical results from comparing the liver metabolome of the respective male and female 

mice groups are shown in Figures 4.8 – 4.13.  Figures 4.8 and 4.9 show the results from the 

LC-MS data set. Figures 4.10 and 4.11 show the results from the silylation-GC-MS data set, 

and Figures 4.12 and 4.13 the results of FAMEs data set. The HFD-E grouped more often 

together with the HFD group which indicates that the effect of the HFD on the metabolome was 

more severe than the exercise.  The MT1+2KO control and HFD-E group of both genders 

grouped separately in the PCA results of all the LC-MS, silylation-GC-MS and FAMEs data 

which indicates clear differences in metabolome composition.  The same result was seen for 

the WT mice, except for the LC-MS data of the male and female WT mice that did not give 

appropriate grouping.  The IMs obtained from the univariate and multivariate statistical tests are 

listed in Table 4.21 with the top results from the pathway analysis listed in Table 4.22.  The 

complete set of pathways indentified by pathway analysis is included in the supplementary CD. 

 

Alteration in the metabolism of unsaturated fatty acids was the top identified pathway in the 

MT1+2KO males, females and WT males but not the WT females, although it was within the 

top five altered pathways.  Most of the top identified pathways to be altered in the MT1+2KO 

males were fatty acid and lipid related while the results from the other mice were varied, with 

amino acid and carbohydrate metabolic pathways being the most altered.  Most of the detected 

free fatty acids, cholesterol and lipids (FAMEs) were higher in the WT mice of the HFD-E group 

when compared to the control. This result was also seen with the MT1+2KO male mice while 

the females showed more varied results. All detected FAMEs were however higher in the 

MT1+2KO male and female mice.  These results are in agreement with the view that fatty acids 

and lipids accumulate in the liver with long term HFD.  Most of the amino acids and related 

catabolic intermediates in the WT and MT1+2KO mice were higher in comparison to the control 

which could indicate higher protein degradation and amino acid catabolism.  Lower energy 

levels and subsequent hormonal stimuli from the exercise would stimulate protein degradation 

even when respiration is overloaded with substrate. 

 

Several carbohydrates and related intermediates were higher in the WT mice (both genders) 

which were not seen in the MT1+2KO mice. Higher carbohydrate levels and Krebs cycle 

intermediates in the WT mice imply a lower respiration rate in comparison to the control, which 

would thus be a result of the HFD and exercise.  Lactic acid was higher in the male MT1+2KO 

mice, but no marked difference in carbohydrate levels was observed.  Lactic acid and succinic 

acid were lower in the MT1+2KO female mice which is different from the other groups.  Also, 

glucose and fructose were lower, but glucose-6-phosphate was higher in the females which 

were probably from glycogen catabolism.  These differences are perhaps linked to differential 

hormone regulation between the genders but are outside the scope of this investigation.  
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Table 4.21: Important hepatic metabolites that diff ered markedly between the control and HFD-E group.  

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

Compound   PCA p d Compound   PCA p d Compound   PC A p d 

M
al

es
 

WT 

Carnitine (HMDB00062) + 0.034 > 0.05 ― ? Glucose# (HMDB00122)  + 0.178 < 0.001 1.99 9E,12E-octadecenoic acid (HMDB05048) + 0.157 0.001 2.34 

? LysoPC(18:0) (HMDB10384) + 0.024 > 0.05 ― 13Z-octadecenoic acid# (HMDB00573) + 0.059 < 0.001 6.52 11E-Eicosenoic acid (HMDB02231) + 0.137 < 0.001 4.03 

GMP (HMDB01397) + 0.023 0.010 1.35 Palmitic acid# (HMDB00220) + 0.051 < 0.001 2.18 Linoelaidic acid (HMDB05048) + 0.125 < 0.001 1.20 

Acetylcarnitine (HMDB00201) + 0.020 0.013 1.82 Cholesterol# (HMDB00067) + 0.048 < 0.001 2.14 11E,14E-Eicosadienoic acid 
(HMDB05060) 

+ 0.070 < 0.001 3.75 
Uridine monophosphate (HMDB00288) + 0.015 0.024 2.33 ? Fructose (HMDB00660) + 0.037 0.011 1.58 

? Pyroglutamic acid (HMDB00267) + < v.c 0.021 1.82 Oleic acid# (HMDB00207) + 0.036 < 0.001 5.58 13Z-Docosenoic acid (HMDB02068) + < v.c < 0.001 1.67 

Aminooctanoic acid (HMDB00991) + < v.c 0.001 1.68 3-hydroxybutyric acid# (HMDB00357) + < v.c < 0.001 5.75 4Z,7Z,10Z,13Z,16Z,19Z-Docosahexaenoic 
acid (HMDB02183) 

+ < v.c < 0.001 2.34 
3-Methylglutarylcarnitine (HMDB00552) + < v.c 0.004 1.93 Uridine# (HMDB00296) + < v.c < 0.001 3.92 

Stearoylcarnitine (HMDB00848) + < v.c 0.004 1.78 Stearic acid# (HMDB00827) + < v.c < 0.001 3.91 Pentadecanoic acid (HMDB00826) + < v.c < 0.001 1.76 

          Heptadecanoic acid# (HMDB02259) + < v.c < 0.001 3.74 Palmitelaidic acid (HMDB12328) + < v.c 0.038 1.35 

          Nonanoic acid# (HMDB00847) + < v.c < 0.001 3.33 Stearic acid (HMDB00827) + < v.c 0.014 1.70 

          ? Gulonic acid# (HMDB03290) + < v.c < 0.001 3.28 Arachidic acid (HMDB02212) + < v.c < 0.001 2.72 

          Sucrose (HMDB00258) + < v.c 0.031 3.14 8E,11E,14E-Eicosatrienoic acid 
(HMDB02925) 

+ < v.c 0.003 1.21 
          4E,7E,10E,13E,16E,19E-

Docosahexaenoic acid# (HMDB02183) 
+ < v.c < 0.001 3.11 

          Docosanoic acid (HMDB00944) + < v.c < 0.001 2.40 

          Malic acid (HMDB00156) + < v.c < 0.001 2.95 Heptadecanoic acid (HMDB02259) + < v.c < 0.001 1.96 

          Glycerol (HMDB00131) + < v.c 0.001 2.94 Nonadecanoic acid (HMDB00772) + < v.c < 0.001 1.95 

          ? 4-Hydroxycrotonic acid# (HMDB03381) + < v.c < 0.001 2.79 Palmitic acid (HMDB00220) + 0.052 0.010 1.78 

          Linoleic acid# (HMDB00673) + < v.c 0.001 2.70 Palmitoleic acid (HMDB03229) + < v.c 0.031 1.39 

          4-O-D-galactopyranosyl-Glucose 
(HMDB06603) 

+ < v.c 0.006 2.67 5E,8E,11E-Eicosatrienoic acid 
(HMDB02925) 

+ < v.c 0.023 1.07 
          

          Cadaverine# (HMDB02322) + < v.c < 0.001 2.58           

          Myoinositol phosphate (HMDB00213) + < v.c 0.003 2.57           

          ? Proline (HMDB00162) + < v.c < 0.001 2.55           

          Fumaric acid (HMDB00134) + < v.c 0.001 2.43           

          ? Mannitol (HMDB00765) + < v.c < 0.001 2.37           

          3-Hydroxy picolinic acid (HMDB13188) + < v.c < 0.001 2.35           

          Glyceric acid# (HMDB06372) + < v.c < 0.001 2.32           

          Pyroglutamic acid (HMDB00267) + < v.c 0.014 2.06           

          MG(18:1(9Z)/0:0/0:0)# (HMDB11567) + < v.c 0.004 2.06           

          Sedoheptulose# (HMDB03219) + < v.c 0.002 2.02           

          Rhamnose (HMDB00849) + < v.c 0.003 1.98           

          Palmitoleic acid# (HMDB03229) + < v.c 0.002 1.94           

          Alanine# (HMDB00161) + < v.c 0.005 1.88           

          Arabinitol (HMDB00568) + < v.c 0.033 1.70           

          2,3,4-trihydroxybutyric acid# 
(HMDB00613) 

+ < v.c 0.003 1.70 
          

                    

          Glycine# (HMDB00123) + < v.c 0.004 1.68           

          Sorbitol (HMDB00247) + < v.c 0.001 1.65           

          2-Methylacetoacetic acid (HMDB03771) + < v.c 0.004 1.63           

          ? Pyruvic acid (HMDB00243) + < v.c 0.014 1.56           

          ? MG(0:0/18:1(9Z)/0:0)# (HMDB11537) + < v.c 0.014 1.56           

          Myoinositol (HMDB00211) + < v.c 0.031 1.53           

          Valine (HMDB00883) + < v.c 0.010 1.44           

          2-Monopalmitin (HMDB11533) + < v.c 0.033 1.32           

          γ-aminobutyric acid (HMDB00112) + < v.c 0.045 1.32           

          Glutaric acid# (HMDB00663) + < v.c 0.025 1.07           

          ? Acetic acid (HMDB00042) + < v.c 0.030 1.06           
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Table 4.21 (continued): Important hepatic metabolit es that differed markedly between the control and H FD-E group. 
M

al
es

 

MT1+2KO 

Phosphocholine# (HMDB01565) + 0.123 0.008 2.02 Cholesterol# (HMDB00067) + 0.249 < 0.001 5.21 Elaidic acid (HMDB00207) + 0.461 < 0.001 1.59 

? LysoPC(18:0)# (HMDB10384) + 0.044 0.009 1.82 Palmitic acid (HMDB00220) + 0.080 0.001 3.43 9E,12E-octadecenoic acid (HMDB05048) + 0.110 0.006 2.09 

Oleamide (HMDB02117) + < v.c 0.018 1.76 Lactic acid (HMDB00190) + 0.046 > 0.05 ― 11E-Eicosenoic acid (HMDB02231) + 0.080 < 0.001 4.26 

? Palmitoyl Ethanolamide 
(HMDB02100) + < v.c 0.026 1.03 Stearic acid (HMDB00827) + 0.042 < 0.001 2.72 Linoelaidic acid (HMDB05048) + 0.054 < 0.001 2.00 

Tricosanamide (HMDB00950) + < v.c < 0.001 0.90 
4E,7E,10E,13E,16E,19E-
Docosahexaenoic acid (HMDB02183) 

+ < v.c 0.007 2.38 
Arachidic acid (HMDB02212) + < v.c < 0.001 3.39 

Aspartic Acid (HMDB00191) - < v.c 0.024 1.40 Nonadecanoic acid (HMDB00772) + < v.c < 0.001 1.49 

? Gaidic acid (HMDB10735) - < v.c < 0.001 2.27 Palmitoleic acid (HMDB03229) + < v.c 0.001 1.56 Heptadecanoic acid (HMDB02259) + < v.c < 0.001 1.91 

          13Z-octadecenoic acid (HMDB00573) + < v.c < 0.001 1.44 Stearic acid (HMDB00827) + < v.c 0.001 1.77 

          Arachidonic acid (HMDB01043) + < v.c 0.034 0.91 
11E,14E-Eicosadienoic acid 
(HMDB05060) 

+ < v.c 0.004 2.15 
          3-hydroxybutyric acid (HMDB00357) + < v.c 0.041 1.43 

          Oleic acid (HMDB00207) + < v.c < 0.001 1.42 13-eicosenoic acid (HMDB02231) + < v.c 0.019 2.74 

          Cadaverine (HMDB02322) + < v.c 0.010 1.40 
4Z,7Z,10Z,13Z,16Z,19Z-Docosahexaenoic 
acid (HMDB02183) 

+ < v.c 0.005 1.43 
          ? Proline (HMDB00162) + < v.c 0.029 1.45 

          Oxalic acid (HMDB02329) + < v.c 0.001 3.45           

          Glyceric acid (HMDB06372) + < v.c 0.010 3.96           

          Myoinositol (HMDB00211) + < v.c 0.012 1.85           

          ? 4-Hydroxycrotonic acid (HMDB03381) + < v.c < 0.001 4.49           

          2-Methylacetoacetic acid (HMDB03771) + < v.c < 0.001 3.13           

          Glutaric acid (HMDB00663) + < v.c 0.010 1.23           

          3-Hydroxy picolinic acid (HMDB13188) + < v.c < 0.001 1.95           

          Heptadecanoic acid (HMDB02259) + < v.c 0.003 2.54           

          Creatinine (HMDB00562) - 0.028 > 0.05 ―           

MT3KO No meaningful IMs could be obtained with univariate or multivariate analysis due to the low number of samples per group 

F
em

al
es

 

WT 

Taurocholic acid 3-sulfate 
(HMDB02581) + 0.039 > 0.05 

― 
Cadaverine (HMDB02322) + 0.106 < 0.001 1.05 Linoelaidic acid (HMDB05048) 

+ 0.353 
< 0.001 0.19 

9-lauroleic acid (HMDB00529) + < v.c 0.001 2.60 13Z-Octadecenoic acid (HMDB00573) + 0.043 0.001 1.60 Nonadecanoic acid (HMDB00772) + 0.064 < 0.001 1.79 

Stearamide (C13846) - 0.020 > 0.05 ― Oleic acid (HMDB00207) + 0.042 < 0.001 1.90 Heptadecanoic acid (HMDB02259) + < v.c < 0.001 1.14 

25-hydroxyvitamin D3 (HMDB06721) - < v.c 0.020 1.18 
4E,7E,10E,13E,16E,19E-
Docosahexaenoic acid (HMDB02183) 

+ 0.041 0.005 1.51 
11E-Eicosenoic acid (HMDB02231) + < v.c 0.005 0.93 

          Palmitelaidic acid (HMDB12328) - 0.059 > 0.05 ― 

          Stearic acid# (HMDB00827) + 0.039 < 0.001 1.92           

          Heptadecanoic acid# (HMDB02259) + < v.c < 0.001 1.90           

          Glucose 6-phosphate# (HMDB01586) + < v.c 0.003 1.80           

          ? Gulonic acid# (HMDB03290) + < v.c 0.001 1.66           

          Fumaric acid (HMDB00134) + < v.c 0.001 1.63           

          Sedoheptulose (HMDB03219) + < v.c 0.018 1.61           

          ? Pyruvic acid (HMDB00243) + < v.c 0.010 1.59           

          3-Hydroxy picolinic acid (HMDB13188) + < v.c 0.011 1.56           

          Urea# (HMDB00294) + < v.c 0.006 1.35           

          Glutaric acid# (HMDB00663) + < v.c 0.005 1.29           

          ? 4-Hydroxycrotonic acid (HMDB03381) + < v.c 0.025 1.10           

          Arabinitol (HMDB00568) - < v.c 0.010 0.83           
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Table 4.21 (continued): Important hepatic metabolit es that differed markedly between the control and H FD-E group. 
  

MT1+2KO 

3-Methylglutarylcarnitine 
(HMDB00552) + 0.029 < 0.001 3.13 3-hydroxybutyric acid# (HMDB00357) + 0.052 < 0.001 4.40 

13E-octadecenoic acid 
(HMDB00573) + 0.313 0.031 0.84 

Hypoxanthine (HMDB00157) + < v.c 0.008 2.64 13Z-Octadecenoic acid (HMDB00573) + 0.049 < 0.001 4.21 Elaidic acid (HMDB00207) + 0.224 < 0.001 16.58 

Tricosanamide (HMDB00950) + < v.c < 0.001 2.44 Oleic acid (HMDB00207) + < v.c < 0.001 2.48 Linoelaidic acid (HMDB05048) + 0.095 < 0.001 7.70 

Uric acid (HMDB00289) + < v.c 0.050 1.11 Glucose 6-phosphate (HMDB01586) + < v.c 0.026 1.83 Nonadecanoic acid (HMDB00772) + < v.c < 0.001 2.25 

Cysteine-S-sulfate (HMDB00731) + < v.c 0.043 1.01 Alanine (HMDB00161) - 0.045 0.001 2.47 Heptadecanoic acid (HMDB02259) + < v.c < 0.001 4.56 

? Taurallocholic acid (HMDB00922) - 0.040 < 0.001 2.04 ? Glucose (HMDB00122) - 0.073 > 0.05 ― 4Z,7Z,10Z,13Z,16Z,19Z-
docosahexaenoic acid 
(HMDB02183) 

+ < v.c < 0.001 2.08 
Phosphocholine (HMDB01565) - 0.086 0.015 1.19 Succinic acid (HMDB00254) - < v.c 0.049 1.02 

? Vitamin D3 (HMDB00876) - < v.c 0.004 1.34 ? Fructose (HMDB00660) - 0.276 > 0.05 ― Stearic acid (HMDB00827) + < v.c 0.007 3.10 

25-hydroxyvitamin D3 (HMDB06721) - < v.c 0.047 1.75 Uridine (HMDB00296) - < v.c < 0.001 2.72 
8E,11E,14E-Eicosatrienoic acid 
(HMDB02925) 

+ < v.c 0.017 1.68 
          Palmitoleic acid (|HMDB03229) - < v.c 0.001 1.16 

          Lactic acid (HMDB00190) - < v.c 0.009 2.00 
5E,8E,11E-eicosatrienoic acid 
(HMDB02925) 

+ < v.c 0.044 1.68 
          Glyceric acid (HMDB06372) - < v.c 0.003 1.59 

          Myristic acid (HMDB00806) - < v.c 0.003 1.08 
9E,12E-octadecenoic acid 
(HMDB05048) + < v.c 0.049 2.75 

                    Arachidic acid (HMDB02212) + < v.c 0.038 1.57 

                    Docosanoic acid (HMDB00944) + < v.c 0.003 2.86 

MT3KO No meaningful loadings could be obtained due to the low number of samples per group and the lack of obvious separate grouping of these small groups. 
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Table 4.22: Pathway analysis results from the liver  IMs obtained after the HFD-E 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

 

Biosynthesis of unsaturated fatty acids 42 8 < 0.001 0.002 0.002 0 Pentose and glucuronate interconversions 16 2 0.007 0.606 0.391 0 

Galactose metabolism 26 6 < 0.001 0.007 0.004 0.0771 Citrate cycle (TCA cycle) 20 2 0.011 0.930 0.391 0.0987 

Alanine, aspartate and glutamate metabolism 24 4 0.005 0.437 0.149 0.1171 Alanine, aspartate and glutamate metabolism 24 2 0.016 1 0.391 0.0032 

Citrate cycle (TCA cycle) 20 3 0.022 1 0.438 0.1439 Glycolysis or Gluconeogenesis 26 2 0.019 1 0.391 0.0989 

Butanoate metabolism 22 3 0.028 1 0.438 0.029 Biosynthesis of unsaturated fatty acids 42 2 0.047 1 0.598 0 

Pyruvate metabolism 23 3 0.032 1 0.438 0.235 Fatty acid biosynthesis 43 2 0.049 1 0.598 0 

Valine, leucine and isoleucine biosynthesis 11 2 0.043 1 0.452 0.3333 Arginine and proline metabolism 44 2 0.051 1 0.598 0 

Glutathione metabolism 26 3 0.044 1 0.452 0.02 Valine, leucine and isoleucine biosynthesis 11 1 0.090 1 0.919 0 

Glycine, serine and threonine metabolism 31 3 0.069 1 0.625 0.2688 Starch and sucrose metabolism 19 1 0.150 1 1 0.1773 

Glyoxylate and dicarboxylate metabolism 18 2 0.105 1 0.785 0.0645 Butanoate metabolism 22 1 0.172 1 1 0 

Glycerolipid metabolism 18 2 0.105 1 0.785 0.3857 Pyruvate metabolism 23 1 0.179 1 1 0.1838 

Starch and sucrose metabolism 19 2 0.115 1 0.786 0.0396 Glutathione metabolism 26 1 0.200 1 1 0 

Fructose and mannose metabolism 21 2 0.136 1 0.786 0.1639 Galactose metabolism 26 1 0.200 1 1 0.0822 

Fatty acid biosynthesis 43 3 0.146 1 0.786 0 Cysteine and methionine metabolism 27 1 0.207 1 1 0.0229 

Synthesis and degradation of ketone bodies 5 1 0.146 1 0.786 0 Glycine, serine and threonine metabolism 31 1 0.234 1 1 0 

Arginine and proline metabolism 44 3 0.153 1 0.786 0.012 Amino sugar and nucleotide sugar metabolism 37 1 0.273 1 1 0.0806 

Cyanoamino acid metabolism 6 1 0.173 1 0.787 0 Tyrosine metabolism 44 1 0.316 1 1 0 

Linoleic acid metabolism 6 1 0.173 1 0.787 1 Purine metabolism 68 1 0.447 1 1 0 

M
T

1+
2K

O
 

Biosynthesis of unsaturated fatty acids 42 5 < 0.001 0.016 0.016 0 Biosynthesis of unsaturated fatty acids 42 4 0.002 0.188 0.188 0 

Fatty acid biosynthesis 43 3 0.021 1 0.849 0 Galactose metabolism 26 3 0.005 0.412 0.209 0.1186 

Glycerophospholipid metabolism 30 2 0.065 1 1 0.0889 Starch and sucrose metabolism 19 2 0.028 1 0.687 0.2169 

Synthesis and degradation of ketone bodies 5 1 0.069 1 1 0 Butanoate metabolism 22 2 0.037 1 0.687 0 

Ascorbate and aldarate metabolism 9 1 0.120 1 1 0 Alanine, aspartate and glutamate metabolism 24 2 0.043 1 0.687 0 

Arginine and proline metabolism 44 2 0.126 1 1 0 Glycolysis or Gluconeogenesis 26 2 0.050 1 0.687 0 

Histidine metabolism 15 1 0.193 1 1 0 Synthesis and degradation of ketone bodies 5 1 0.069 1 0.805 0 

beta-Alanine metabolism 17 1 0.216 1 1 0 Fatty acid biosynthesis 43 2 0.121 1 1 0 

Glyoxylate and dicarboxylate metabolism 18 1 0.227 1 1 0.0645 Selenoamino acid metabolism 15 1 0.193 1 1 0 

Glycerolipid metabolism 18 1 0.227 1 1 0.1047 Pentose and glucuronate interconversions 16 1 0.204 1 1 0 

Butanoate metabolism 22 1 0.270 1 1 0 Glyoxylate and dicarboxylate metabolism 18 1 0.227 1 1 0.0645 

Pyruvate metabolism 23 1 0.281 1 1 0 Glycerolipid metabolism 18 1 0.227 1 1 0.1047 

Alanine, aspartate and glutamate metabolism 24 1 0.291 1 1 0.193 Purine metabolism 68 2 0.249 1 1 0.0314 

Glycolysis or Gluconeogenesis 26 1 0.311 1 1 0 Propanoate metabolism 20 1 0.249 1 1 0 

Galactose metabolism 26 1 0.311 1 1 0 Citrate cycle (TCA cycle) 20 1 0.249 1 1 0.0257 
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The phosphorylation or energy state of the liver seemed overall to be low as catabolic products 

of purine and pyrimidine monophosphates were mostly higher in the mice in the HFD-E group.  

Reduced respiration and fatty acid oxidation, which are a consequence of long-term HFD and 

energy depletion during exercise, would certainly result in lower energy levels in these mice in 

comparison to the control.  Lower energy levels (and specifically a lower phosphorylation state) 

results in the activation of catabolic pathways and the slowing of anabolic pathways.  The 

overall high levels of metabolites are thus a result of increased influx together with overloaded 

energy metabolism.  A combined biological interpretation of the effect of the HFD and exercise 

on the metabolism is given in Section 4.3.3.5. 

 

4.3.3.4 Brain metabolome 

The statistical results of the LC-MS data are shown in Figure 4.14 and the results of the 

silylation-GC-MS data in Figure 4.15.  The PCA score plots of the WT and MT1+2KO mice’ LC-

MS data did not give separate grouping of the control and HDF-E groups.  Separate grouping 

of these groups was seen in the MT3KO mice group.  The PCA score plots of the GC-MS data 

of the WT mice were similar to the LC-MS and without proper group separation.  The PCA 

results of the GC-MS data from the MT1+2KO and MT3KO gave separate grouping of the 

control and HFD-E mice which indicates different brain metabolome composition.  The 

metabolites that markedly differed between these groups are listed in Table 4.23.  The top few 

results from the pathway analysis are given in Table 4.24.  The complete set of results is 

included in the supplementary CD. 

 

The alanine, aspartate and glutamate pathway was again identified in all three strains to be 

most affected by the intervention.  This is followed by the alteration of the galactose pathway in 

all three strains but with the MT3KO mice having the highest impact scores for both pathways.  

All the carbohydrates and amino acids (and related intermediates) that markedly differed 

between the groups were lower in the HFD-E group. This is again most probably due to a lower 

availability of these compounds and other nutrients in the blood.  The lower levels of 

neurotransmitters could thus also affect brain function as mentioned in previous sections.  Only 

valine and phenylpyruvate were marked higher in the MT3KO mice for which the reason is 

unclear.  Free fatty acids, lipids and intermediates in lipid degradation were lower in all three 

strains of the HFD-E group.  The same was seen for the Krebs cycle intermediates and lactic 

acid.  A low influx of substrate is most probably the reason for this overall reduction in 

metabolite levels in the HFD-E group.  The phosphorylation state of the brain of the WT mice 

seemed to be relatively normal due to the lack of purine/pyrimidine monophosphates and 

related catabolic products.  Higher levels of GMP were found in the knockout mice with several 

additional catabolic products in the MT1+2KO mice. While the markedly higher 3-
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hydroxybutyric acid levels in the liver are specifically produced as fuel for the brain, the 

requirement might still be too much resulting in a lower phosphorylation state. 

 

One pathway that was also greatly altered by the intervention is the glutathione pathway.  This 

result is similar to the one found for the HFD group and is certainly a result of lower amino 

acids and energy levels.  Furthermore, higher oxidized glutathione levels were found in the 

MT1+2KO, but lower levels in the MT3KO mice.  Higher oxidized glutathione implies higher 

oxidative stress in the brain of the MT1+2KO mice which is a result of HFD.  The lower oxidized 

glutathione levels in the MT3KO mice imply lower oxidative stress in the HFD-E group when 

compared to the control which is against expectations.  However, over-expression of MT-1 and 

-2 during these stressed conditions could result in a better antioxidant capacity which the 

MT3KO control mice did not have. The high oxidative stress, low energy and low neurotrans-

mitter levels in the brains of the MT1+2KO mice could have detrimental effects, not only for the 

brain but also the organs that are under the control of the brain. A combined biological 

interpretation of the effect of the HFD and exercise on the metabolism is given next. 

 

Table 4.23: Important metabolites from the brain th at differed markedly between the control and 

HFD-E group. 

  Genotype  Compound  Direction  PCA p d 

LC
-M

S
 

WT 

Pantothenic Acid# (HMDB00210) + < v.c 0.003 1.44 
? Pyroglutamic acid (HMDB00267) + 0.080 0.020 1.33 
? PC(10:0/10:0) (HMDB07899) - 0.182 > 0.05 ― 
2-Keto-6-acetamidocaproate (HMDB12150) - 0.077 > 0.05 ― 
Cholestane-3,7,12,25-tetrol-3-glucuronide 
(HMDB10355) - 0.083 > 0.05 

― 
? PC(20:0/P-18:1) (HMDB08293) - < v.c < 0.001 0.92 
Carnitine (HMDB00062) - 0.149 0.006 0.68 
Crotonic acid (HMDB10720) - 0.195 0.046 0.95 

MT1+2KO 

Oxidized Glutathione (HMDB03337) + 0.074 > 0.05 ― 
Guanidylic acid (GMP) (HMDB01397) + 0.040 > 0.05 ― 
? N-acetylaspartate (HMDB00812) - 0.815 0.005 1.03 
Cytosine (HMDB00630) - < v.c 0.011 0.94 
Uracil (HMDB00300) - < v.c 0.016 1.03 
CMP (HMDB00095) - < v.c 0.024 0.85 
? PC(10:0/10:0) (HMDB07899) - < v.c 0.040 1.05 

MT3KO 

Guanidylic acid (GMP) (HMDB01397) + 0.245 < 0.001 5.75 
? Phenylpyruvic acid (HMDB00205) + 0.082 > 0.05 ― 
? Valine (HMDB00883) + < v.c 0.002 2.43 
Pantothenic Acid (HMDB00210) + < v.c 0.003 1.75 
Indoleacrylic acid (HMDB00734) + < v.c 0.028 1.47 
7,8-Diaminononanoate (CHEBI2247) - < v.c 0.035 2.25 
? N-acetylaspartate# (HMDB00812) - 0.080 > 0.05 ― 
? Glutamate (HMDB00148) - 0.096 > 0.05 ― 
Oxidized Glutathione (HMDB03337) - 0.173 > 0.05 ― 

S
ily

la
tio

n-
G

C
-M

S
 

WT 

Myoinositol# (HMDB00211) - 0.171 < 0.001 1.35 
γ-aminobutyric acid (HMDB00112) - 0.070 > 0.05 ― 
N-acetylaspartate# (HMDB00812) - < v.c < 0.001 0.89 
? Glucose# (HMDB00122) - < v.c < 0.001 1.56 
Fumaric acid (HMDB00134) - < v.c < 0.001 1.78 
Lactic acid# (HMDB00190) - < v.c < 0.001 0.98 
Malic acid (HMDB00156) - < v.c < 0.001 1.37 
Glycerol# (HMDB00131) - < v.c < 0.001 0.91 
Threonine# (HMDB00167) - < v.c 0.001 0.88 
Cysteine (HMDB00574) - < v.c 0.002 1.07 
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Table 4.23: (continued): Important metabolites from  the brain that differed markedly between the 

control and HFD-E group. 
S

ily
la

tio
n-

G
C

-M
S

 
 

MT1+2KO 

Pyroglutamic acid (HMDB00267) - 0.181 0.002 1.30 
γ-aminobutyric acid (HMDB00112) - 0.091 > 0.05 ― 
Lactic acid (HMDB00190) - 0.066 < 0.001 1.95 
Margaric acid (HMDB02259) - < v.c < 0.001 3.10 
? Fucose (HMDB00174) - < v.c < 0.001 2.40 
? Glucose (HMDB00122) - < v.c < 0.001 2.93 
Glycerol (HMDB00131) - < v.c < 0.001 2.45 
N-acetylaspartate (HMDB00812) - < v.c < 0.001 2.15 
Threonine (HMDB00167) - < v.c < 0.001 1.81 
Eicosanoic acid (HMDB02212) - < v.c < 0.001 1.71 
Proline (HMDB00162) - < v.c 0.001 1.71 
Alanine (HMDB00161) - < v.c 0.001 1.49 
Oxalic acid (HMDB02329) - < v.c 0.002 1.99 
Malic acid (HMDB00156) - < v.c 0.002 2.22 
? Fructose (HMDB00660) - < v.c 0.003 1.42 
Myoinositol (HMDB00211) - < v.c 0.004 1.52 
Isoleucine (HMDB00172) - < v.c 0.006 1.36 
Cadaverine (HMDB02322) - < v.c 0.007 1.27 
Heneicosanoic acid (HMDB02345) - < v.c 0.008 1.33 
? Erythrose (HMDB02649) - < v.c 0.009 0.93 
Glyceric acid (HMDB06372) - < v.c 0.010 1.36 
Ribitol (HMDB00508) - < v.c 0.010 0.90 
2-Pyrrolidone-5-carboxylic acid (HMDB00805) - < v.c 0.011 1.33 
Nonanoic acid (HMDB00847) - < v.c 0.011 1.40 
2,3,4-trihydroxybutyric acid (HMDB00613) - < v.c 0.013 1.26 
Serine (HMDB00187) - < v.c 0.013 1.08 
Fumaric acid (HMDB00134) - < v.c 0.018 1.61 
Glutamine (HMDB00641) - < v.c 0.021 1.01 
Stearic acid (HMDB00827) - < v.c 0.024 1.04 
Inosine (HMDB00195) - < v.c 0.029 1.19 
Palmitic acid (HMDB00220) - < v.c 0.031 1.02 
Adenine (HMDB00034) - < v.c 0.034 0.99 

MT3KO 

Pyroglutamic acid (HMDB00267) - 0.210 < 0.001 2.39 
N-acetylaspartate (HMDB00812) - 0.038 < 0.001 1.70 
Myoinositol (HMDB00211) - 0.085 0.001 1.31 
Lactic acid (HMDB00190) - 0.060 < 0.001 2.59 
Margaric acid (HMDB02259) - < v.c < 0.001 4.18 
Eicosanoic acid (HMDB02212) - < v.c < 0.001 2.65 
Glycerol (HMDB00131) - < v.c < 0.001 1.95 
? Glucose (HMDB00122) - < v.c < 0.001 1.47 
Fumaric acid (HMDB00134) - < v.c < 0.001 2.25 
Heneicosanoic acid (HMDB02345) - < v.c < 0.001 2.06 
Isoleucine (HMDB00172) - < v.c < 0.001 1.18 
? Fucose (HMDB00174) - < v.c < 0.001 1.92 
Gluconic acid (HMDB00625) - < v.c < 0.001 3.24 
? Erythrose (HMDB02649) - < v.c < 0.001 3.04 
Malic acid (HMDB00156) - < v.c < 0.001 1.94 
Arachidonic acid (HMDB01043) - < v.c < 0.001 0.94 
Oxalic acid (HMDB02329) - < v.c < 0.001 2.52 
? Fructose (HMDB00660) - < v.c 0.001 2.28 
Ribose-5-phosphate (HMDB01548) - < v.c 0.001 1.83 
Stearic acid (HMDB00827) - < v.c 0.001 1.56 
2,3,4-trihydroxybutyric acid (HMDB00613) - < v.c 0.001 1.34 
Alanine (HMDB00161) - < v.c 0.002 1.24 
Threonine (HMDB00167) - < v.c 0.003 2.52 
Glyceric acid (HMDB06372) - < v.c 0.003 1.73 
Cadaverine (HMDB02322) - < v.c 0.003 1.21 
Methionine (HMDB00696) - < v.c 0.004 1.36 
Serine (HMDB00187) - < v.c 0.005 1.64 
2-Pyrrolidone-5-carboxylic acid (HMDB00805) - < v.c 0.005 2.12 
Nonanoic acid (HMDB00847) - < v.c 0.005 2.77 
Palmitic acid (HMDB00220) - < v.c 0.006 1.22 
Ribitol (HMDB00508) - < v.c 0.006 1.11 
? 3-Hydroxy picolinic acid (HMDB13188) - < v.c 0.008 1.26 
Citric acid (HMDB00094) - < v.c 0.008 1.36 
2-Monopalmitin (HMDB11533) - < v.c 0.011 1.10 
γ-aminobutyric acid (HMDB00112) - < v.c 0.014 1.25 
Proline (HMDB00162) - < v.c 0.019 1.07 
Glutamine (HMDB00641) - < v.c 0.022 1.15 
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Table 2.24: Pathway analysis results from the brain  IMs obtained after the HFD-E group was 

compared to the control. 

  Pathway Total Hits Raw p Holm p FDR Impact 

W
T

 

Alanine, aspartate and glutamate metabolism 24 3 0.002 0.140 0.088 0.11708 

Galactose metabolism 26 3 0.002 0.175 0.088 0.03644 

Pantothenate and CoA biosynthesis 15 2 0.010 0.812 0.277 0.02041 

Starch and sucrose metabolism 19 2 0.016 1 0.292 0.07916 

Citrate cycle (TCA cycle) 20 2 0.018 1 0.292 0.07208 

Pyruvate metabolism 23 2 0.023 1 0.318 0 

Glutathione metabolism 26 2 0.029 1 0.344 0.01813 

Glycine, serine and threonine metabolism 31 2 0.041 1 0.418 0 

Thiamine metabolism 7 1 0.072 1 0.610 0 

Arginine and proline metabolism 44 2 0.077 1 0.610 0.01198 

Taurine and hypotaurine metabolism 8 1 0.082 1 0.610 0 

Ascorbate and aldarate metabolism 9 1 0.092 1 0.626 0 

Pentose and glucuronate interconversions 16 1 0.157 1 0.898 0.2 

M
T

1+
2K

O
 

Alanine, aspartate and glutamate metabolism 24 5 < 0.001 0.013 0.013 0.26687 

Galactose metabolism 26 4 0.003 0.206 0.104 0.03644 

Aminoacyl-tRNA biosynthesis 69 6 0.004 0.334 0.114 0.12903 

Arginine and proline metabolism 44 4 0.017 1 0.341 0.07598 

Glutathione metabolism 26 3 0.021 1 0.341 0.05152 

Pyrimidine metabolism 41 3 0.067 1 0.688 0.04981 

Purine metabolism 68 4 0.070 1 0.688 0.04951 

Biosynthesis of unsaturated fatty acids 42 3 0.071 1 0.688 0 

Citrate cycle (TCA cycle) 20 2 0.077 1 0.688 0.07208 

Fructose and mannose metabolism 21 2 0.084 1 0.688 0.13247 

Pyruvate metabolism 23 2 0.098 1 0.732 0 

D-Glutamine and D-glutamate metabolism 5 1 0.111 1 0.761 0 

M
T

3K
O

 

Alanine, aspartate and glutamate metabolism 24 6 < 0.001 0.002 0.002 0.52636 

Aminoacyl-tRNA biosynthesis 69 9 < 0.001 0.004 0.002 0.12903 

Galactose metabolism 26 4 0.004 0.345 0.088 0.03644 

Glutathione metabolism 26 4 0.004 0.345 0.088 0.10686 

Arginine and proline metabolism 44 5 0.005 0.418 0.088 0.16945 

D-Glutamine and D-glutamate metabolism 5 2 0.007 0.513 0.091 1 

Citrate cycle (TCA cycle) 20 3 0.015 1 0.173 0.12564 

Nitrogen metabolism 9 2 0.022 1 0.216 0 

Biosynthesis of unsaturated fatty acids 42 4 0.024 1 0.216 0 

Valine, leucine and isoleucine biosynthesis 11 2 0.033 1 0.271 0.66666 

Pantothenate and CoA biosynthesis 15 2 0.059 1 0.440 0.02041 

Glyoxylate and dicarboxylate metabolism 18 2 0.082 1 0.559 0.25806 

Phenylalanine, tyrosine and tryptophan biosynthesis 4 1 0.103 1 0.626 0 

Fructose and mannose metabolism 21 2 0.107 1 0.626 0.13247 

Butanoate metabolism 22 2 0.116 1 0.632 0.02899 

Pyruvate metabolism 23 2 0.125 1 0.638 0 

 

 

4.3.3.5 Biological interpretation of the effect of the high-fat diet and exercise on the 

metabolism 

The impact of an HFD was previously discussed, as well as the effect of exercise on energy 

metabolism.  Both these interventions challenge mitochondrial function which is necessary to 

highlight differential energy production rates in the strains.  Energy depletion, the onset of 

various catabolic pathways and overload of respiration were common traits of exercise in all 
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three strains.  Long term HFD had a relatively similar effect.  Impaired fatty acid oxidation and 

respiration resulted in lower energy levels (in comparison to the control) and the recruitment of 

stored nutrients for energy production.  The combination of these interventions was thus 

expected to put more strain on mitochondrial function.  

 

The metabolome results from the HFD-E mice showed all the similar patterns as the previous 

groups which were indicative of low energy and impaired respiration.  The inclusion of exercise 

to the effect of the HFD was also shown in Figure 4.17.  Increased lipolysis results in the 

flooding of the plasma, liver and muscle with fatty acids and lipid species which were seen in 

the results.  The already impaired respiration and fatty acid oxidation pathway gets more 

overloaded resulting in the accumulation of intermediates of pathways feeding into the Krebs 

cycle, which was seen in the liver specifically.  The gastrocnemius did not show this result, but 

a depletion of already low glycogen and lipids stores in the muscle cells could have contributed 

to these results, including the lack or inability of the brain to produce relevant hormones for fatty 

acid transport to and into the gastrocnemius.  It should also be kept in mind that the mice had 

to swim for an hour which would certainly deplete all immediate nutrient stores even when 

respiration is slightly lower impaired from the HFD.  The lower neurotransmitter levels and 

inadequate nutrient levels in the brain should certainly result in dysfunctional activation of 

hormone secretion and therefore some kind of loss of metabolic control.  Increased oxidative 

stress in the brains of MT1+2KO mice could also influence metabolic control. 

 

 

4.3.4 METABOLIC DIFFERENCES BETWEEN WT, MT1+2KO AND  MT3KO MICE DURING 

UNCHALLENGED CONDITIONS. 

 

The metabolic data of the control WT, MT1+2KO and MT3KO mice were compared to study the 

effect of the MT knockouts (genotype) on the metabolism.  These control mice were on a 

normal chow diet and were not challenged with exercise or a high-fat diet.  

 

4.3.4.1 Plasma exometabolome 

The univariate and multivariate results of the plasma LC-MS data are shown in Figure 4.19.  

Only two metabolites were identified by ANOVA that significantly differed between the strains of 

which none of them showed practical difference (d > 0.8).  This metabolic similarity was also 

shown in the PCA scores plots where no separate grouping was found in any of the pre-treated 

data sets. The supervised PLS-DA was also not able to differentiate between the strains and 

was only able to marginally separate the WT and MT1+2KO scores.  This marginal separation 

was mainly the product of two metabolites as indicated in Table 4.25.  Pathway analysis 
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indicated among others, that the arginine and proline metabolic pathway was altered (results 

not shown), but with a FDR p-value of one.  It is therefore reasonable to conclude that no 

detectable difference between the strains was visible from a systematic point of view.  While 

only a small part of the metabolome was covered by the single analytical platform, the results 

could very well confirm the theory that information from small, organ specific metabolic 

differences (variance) can be lost in the blood which contains information of all the organs.  The 

need for amplification of these differences is therefore confirmed.  

 

 

Figure 4.19: Differences in the plasma exometabolom e composition of WT, MT1+2KO and MT3KO 

mice as detected with untargeted LC-MS analyses.  The ANOVA (A), PCA (B) and PLS-DA score 

plots (C) are shown. All metabolites above of the cut-off line (p < 0.05) in the ANOVA plots were 

significantly different between the genotypes. The PCA results of the VAST scaled, power, fourth root 

and log transformed data are shown. Only the first two principal components (PC1 vs PC2) are plotted to 

show the sample grouping. The legend of the PCA score plots is just below the PLS-DA score plot. 
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Table 4.25: Important plasma metabolites that diffe red markedly between the strains. 

Knockout 
LC-MS 

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

MT1+2KO TG(16:0/20:5/20:5) (HMDB10453) + ― 0.062 > 0.05 ― 
Arginine (HMDB00517) + ― 0.053 > 0.05 ― 

MT3KO The plasma exometabolome data gave no separate grouping of the WT and MT3KO. Hence, no meaningful 
loadings could be obtained. Univariate analysis did not give significantly different metabolites. 

The direction indicate whether a compound was higher (+) or lower (-) in the respective MT knockout strain in comparison to the 
WT. 
$ average Euclidean distance of PCA loadings 
€ Euclidean distance of PLS-DA 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 

 

4.3.4.2 Gastrocnemius metabolome 

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

Figures 4.20 and 4.21 respectively.  The univariate and multivariate analysis of the LC-MS data 

showed no differences between the WT, MT1+2KO and MT3KO mice.  PLS-DA was also not 

able to separately group these strains. The GC-MS data on the other hand shows clearer 

differences between the strains.  All three strains were separated from each other in the PCA 

score plot of the VAST scaled data, albeit with the MT3KO and WT having some overlap.  In 

the remaining score plots it is the MT1+2KO scores that remain separated from the WT and 

MT3KO which show more overlap.  The same result is seen in the PLS-DA score plot of the log 

transformed data.  It is thus obvious that the gastrocnemius metabolome composition of the 

MT1+2KO mice is different from the rest. The metabolites that contributed to this separate 

grouping and which were found with the univariate analysis to significantly differ between the 

strains are listed in Table 4.26.  The grouping of the MT1+2KO and MT3KO mice in the PCA 

score plots indicated that they were basically opposites, which was also evident from the IMs in 

this table.  Several compounds lower in the MT1+2KO mice (in comparison to the WT) were 

higher in the MT3KO mice. 

 

The pathway analysis results in Table 4.27 identified several altered pathways but all with a 

FDR p-value of one.  Purine metabolism was identified by enrichment analysis to be altered by 

the MT-1 and -2 knockout but the impact value from topology analysis was very low.  The 

higher cAMP levels indicate a lower phosphorylation (energy) state and thus the onset of 

lypolysis and glycogenolysis in the MT3KO mice, while the opposite is possible in the 

MT1+2KO mice.  Carbohydrate metabolism was also found to be altered in both strains (albeit 

in different directions) with a relatively high impact in comparison with the other.  While not 

recognised as important by the pathway analysis, the lower cholesterol, free eicosanoic acid 

and 1-monopalmitin in the MT1+2KO in comparison to the WT, might indicate altered lipid 

metabolism (or rather storage).  
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Figure 4.20: Differences in the gastrocnemius metab olome 

composition of WT, MT1+2KO and MT3KO mice as detect ed with 

untargeted LC-MS analyses.  The ANOVA (A), PCA (B) and PLS-DA score 

plots (C) are shown.  

Figure 4.21: Differences in the gastrocnemius metab olome 

composition of WT, MT1+2KO and MT3KO mice as detect ed with 

silylation GC-MS analyses.  The ANOVA (A), PCA (B) and PLS-DA score 

plots (C) are shown.  
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Table 4.26: Important gastrocnemius metabolites tha t differed markedly between the strains. 

  Knockout Compound Direction PCA PLS-DA p d 
LC

-M
S

 

MT1+2KO The gastrocnemius metabolome data gave no separate grouping of the three strains. Hence, no meaningful 
loadings were obtained. Also, univariate analysis did not find significant differences in the metabolite levels. 

MT3KO CMP (HMDB00095) - ― ― 0.038 1.57 

S
ily

la
tio

n-
G

C
-M

S
 

MT1+2KO 

Pyroglutamic acid (HMDB00267) + 0.070 < v.c > 0.05 ― 

Adenine (HMDB00034) + < v.c 0.600 > 0.05 ― 

Cholesterol (HMDB00067) - 0.057 < v.c > 0.05 ― 

Arachidic acid (HMDB02212) - 0.071 < v.c > 0.05 ― 

cAMP (HMDB00058) - 0.385 < v.c > 0.05 ― 

MG(16:0/0:0/0:0) (HMDB11564) - < v.c < v.c 0.003 1.61 

Sorbitol (HMDB00247) - < v.c < v.c 0.007 1.68 

Heneicosanoic acid (HMDB02345) - < v.c < v.c 0.017 0.96 

MT3KO 

cAMP (HMDB00058) + 0.38 ― > 0.05 ― 

Arachidic acid (HMDB02212) + 0.07 ― > 0.05 ― 

Cholesterol (HMDB00067) + 0.06 ― > 0.05 ― 

? Fructose (HMDB00660) + < v.c ― 0.007 1.54 

 

Table 4.27:  Pathway analysis results from the gastrocnemius IMs  obtained after the MT 

knockouts were compared to the WT 

  Pathway Total Hits Raw p Holm p FDR Impact 

M
T

1+
2K

O
 

Purine metabolism 68 2 0.030 1 1 0.00747 
Fructose and mannose metabolism 21 1 0.086 1 1 0.03142 
Galactose metabolism 26 1 0.105 1 1 0 
Glutathione metabolism 26 1 0.105 1 1 0.01431 
Steroid biosynthesis 35 1 0.140 1 1 0.05394 
Biosynthesis of unsaturated fatty acids 42 1 0.165 1 1 0 
Primary bile acid biosynthesis 46 1 0.180 1 1 0.03698 
Steroid hormone biosynthesis 72 1 0.269 1 1 0.01689 

M
T

3K
O

 

Fructose and mannose metabolism 21 1 0.072 1 1 0.13247 

Galactose metabolism 26 1 0.089 1 1 0 
Steroid biosynthesis 35 1 0.118 1 1 0.05394 
Pyrimidine metabolism 41 1 0.137 1 1 0.00799 

Biosynthesis of unsaturated fatty acids 42 1 0.140 1 1 0 
Primary bile acid biosynthesis 46 1 0.152 1 1 0.03698 
Purine metabolism 68 1 0.218 1 1 0.00275 

Steroid hormone biosynthesis 72 1 0.230 1 1 0.01689 

 

It should be kept in mind that these results were obtained in unchallenged mice. The lower 

sorbitol and lipid species in the gastrocnemius of the MT1+2KO mice might therefore indicate 

lower storage (or availability) of these compounds but not necessarily altered metabolism.  The 

higher levels of these compounds in the MT3KO mice indicate the opposite.  Nevertheless, this 

result can indicate possible transport problems of these lipid species into the muscle, or that the 

MT1+2KO mice used available substrates more quickly for energy production.  The absence of 

accumulating substrates could also indicate that the MT1+2KO have a faster energy 

metabolism in comparison to the WT, which would be in agreement with in vitro results 

(Simpkins et al., 1998a) which indicate that the presence of MTs lowers the respiration rate.  It 

would also be in agreement with transcriptomics data which indicated the up-regulation of 
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genes involved in energy production in MT1+2KO mice (Miura & Koizumi, 2005; Penkowa et 

al., 2006).  A comprehensive overview of the differences is discussed in Section 4.3.4.5. 

 

4.3.4.3 Liver metabolome 

Results of the ANOVA, PCA and PLS-DA of the LC-MS data of the males and females are 

shown in Figures 4.22 and 4.23.  The results for the silylation-GC-MS platform are shown in 

Figures 4.24 – 4.25, and the results of the FAMEs in Figures 4.26 - 4.27.  A clear difference in 

metabolome composition as detected with LC-MS is seen in the males and females.  The PCA 

and PLS-DA score plots show separate groupings of the WT and MT1+2KO mice.  It was 

unfortunately impossible to make any deductions from the MT3KO mice samples as only a 

single male and two MT3KO females were included in this control group.  The univariate (t-test) 

plots show the metabolites that differed significantly (p < 0.05) between the WT and MT1+2KO.  

This separate grouping of the WT and MT1+2KO male mice is also clearly visible in the 

silylation-GC-MS data.  The PCA score plots of silylation-GC-MS data of the females however 

do not show clear separation and therefore indicate some similarities in the metabolome 

composition, which is also shown by the relatively low number of IMs identified by the t-test.  

The FAMEs data of the female mice was in fact very similar as the PCA, and PLS-DA could not 

give separate groupings of the WT and MT1+2KO mice, not to mention total lack of significantly 

different metabolites in the t-test plot (Figure 4.27A).  As with the LC-MS and silylation-GC-MS 

data, the FAMEs data of the males also shows differences between the WT and MT1+2KO 

mice.  This difference in lipid content of the males during resting conditions could thus be more 

evidence of altered fat metabolism, explaining the tendency toward obesity of the male 

MT1+2KO mice (Beattie et al., 1998). The list of metabolites that were identified to be markedly 

different between the WT and MT1+KO mice is given in Table 4.28.  The top few results of the 

pathway analysis are given in Table 4.29.  The complete table with results from pathway 

analysis is included in the supplementary CD. 

 

The pathway analysis results shows that the galactose (carbohydrate) pathway was most 

altered in both the males and females.  With the detection of higher levels of glycogen in the 

MT1+2KO females and dextrin and 4-O-D-galactopyranosyl-glucose in the males, it seems that 

these mice might have higher levels of glycogen in the liver as these compounds are 

intermediates in the glycogen pathway. Given the uncertainty surrounding the identity of 

glycogen using only accurate mass as given by the Q-TOF, this result remains only speculative 

but interesting as previous reports suggested altered glycogen storage.  It has been reported 

that the transcription of glucokinase is higher in MT1+2KO mice while glucose-6-phosphatase 

is lower (Muira & Koizumi, 2005).  This would explain a flux of glucose-6-phosphate after a 

meal into several other carbohydrate pathways including galactose metabolism and 

glycogenesis during normal, unchallenged conditions.  Glycolysis, gluconeogenesis and the 
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starch and sucrose pathways are therefore also identified to be altered in the MT1+2KO mice 

(Table 4.29).  An increase in glucose-6-phosphate was detected in the females but not in the 

males.  With LC-MS, another glucose-monophosphate, probably glucose-1-phosphate was 

detected to be higher in the MT1+2KO mice which would confirm involvement of glycogenesis. 

 

The alanine, aspartate and glutamate pathway was also identified to be altered in both the 

males and females with a relatively large topology impact value. These compounds are 

commonly derived from organic acids in the central metabolism through transaminase 

reactions. These transaminase reactions form alanine from pyruvate, aspartate from 

oxaloacetate, and glutamate from α-ketoglutarate.  The transaminase reactions could partly 

indicate a accumulation (or flux) of organic acids to secondary compounds, which could partly 

be a result of lower energy metabolism, despite the low p-value and impact values obtained for 

the Krebs cycle.  The higher fumarate and malate levels give weight to this notion.  The higher 

creatinine levels also indicate higher creatine phosphate degradation, which consequently 

indicates somewhat altered energy maintenance as reported in the literature (Coyle et al., 

2002). This view is in contrast to the profile seen in the gastrocnemius where respiration seems 

to be functioning better in the MT1+2KO mice in comparison to the WT.  This contradiction thus 

begins to point to the involvement of insulin, more specifically moderate insulin resistance in the 

MT1+2KO mice, leading to a lower influx of substrate into the muscle. 

 

Other pathways that stand out (in the males especially) are those of lipid metabolism.  Several 

saturated and unsaturated fatty acids (bound and free) were increased in the liver of the 

MT1+2KO mice confirming altered fat biosynthesis and/or storage.  It has been reported that 

the MT1+2KO mice have higher hepatic lipid levels and that their livers have a fatty 

appearance (Beattie et al., 1998). This result is therefore in agreement with previous 

observations.  However, there were several bound fatty acids identified to be lower in these 

mice; all long chain fatty acids.  This contradicting result cannot be explained especially since 

there is no clear pattern considering the chain length and position of the double bonds.  More 

research on this matter is needed for a firm conclusion.  The reason for this altered lipid content 

in the liver is again hard to interpret for the steady state condition.  Since energy production is 

not challenged, the recruitment of lipids from hepatic stores or adipose tissue is therefore not 

expected. It is however possible that the MTKO mice have slower fatty acid oxidation 

capabilities which (over a long period) results in the accumulation of lipid species in the liver in 

comparison to the control.  It is also possible that the lower energy metabolism and 

accumulating Krebs cycle intermediates favour fatty acid and lipid biosynthesis.  A common 

trait of insulin resistance is also the accumulation of lipids in the liver.  The results of the high-

fat diet might cast more light on this matter.  A comprehensive overview of the differences is 

discussed in Section 4.3.4.5. 
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Figure 4.22: Differences in the liver metabolome composition of 

WT, MT1+2KO and MT3KO male mice as detected with un targeted LC-

MS analyses.  The ANOVA (A), PCA (B) and PLS-DA score plots (C) are 

shown. 

Figure 4.23: Differences in the liver metabolome co mposition of 

WT, MT1+KO and MT3KO female mice as detected with 

untargeted LC-MS analyses.  The ANOVA (A), PCA (B) and PLS-

DA score plots (C) are shown. 
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Figure 4.24: Differences in the liver metabolome co mposition of 

WT, MT1+2KO and MT3KO male mice as detected with si lylation-

GC-MS analyses. The ANOVA (A), PCA (B) and PLS-DA score plots 

(C) are shown. 

Figure 4.25: Differences in the liver metabolome co mposition of 

WT, MT1+2KO and MT3KO female mice as detected with 

silylation-GC-MS analyses.  The ANOVA (A), PCA (B) and PLS-DA 

score plots (C) are shown. 
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Figure 4.26: Differences in the liver lipidome comp osition of WT, 

MT1+2KO and MT3KO male mice as detected with methyl ation-

GC-MS. The ANOVA (A), PCA (B) and PLS-DA score plots (C) are 

shown. 

Figure 4.27: Differences in the liver lipidome comp osition of WT, 

MT1+2KO and MT3KO female mice as detected with 

methylation-GC-MS analyses.  The ANOVA (A), PCA (B) and PLS-

DA score plots (C) are shown. 
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Table 4.28: Important hepatic metabolites that diff ered markedly between the strains. 

  

Knockout 
LC-MS Silylation-GC-MS Methylation-GC-MS 

Compound   PCA PLS-DA p d Compound   PCA PLS-
DA p d Compound   PCA PLS-DA p d 

M
al

es
 

MT1+2KO 

Glycerophosphocholine 
(HMDB00086) + 0.043 0.018 0.006 1.58 ? Glucose (HMDB00122) + 0.208 < v.c 0.010 1.90 Oleic acid (HMDB00207) + 0.167 < v.c > 0.05 ― 

Dextrin (HMDB06857) + 0.027 0.035 > 0.05 ― 
? Fructose 
(HMDB00660) + 0.075 < v.c > 0.05 ― 

11E-Eicosenoic acid 
(HMDB02231) + 0.060 0.098 0.001 1.32 

Stearamide (C13846) + 0.013 < v.c > 0.05 ― Uracil (HMDB00300) + 0.040 < v.c < 0.001 4.45 13-Eicosenoic acid + < v.c < v.c 0.004 0.70 

Carnitine (HMDB00562) + 0.011 < v.c 0.035 1.12 
? Acetic acid 
(HMDB00042) + 0.040 < v.c 0.007 

1.96 
Linoelaidic acid 
(HMDB05048) 

+ 
< v.c < v.c 0.005 0.86 

? Glutamate (HMDB00148) + < v.c 0.013 0.036 1.39 
? Galactose 
(HMDB00143) + 0.034 < v.c > 0.05 

― 
11E,14E-Eicosadienoic 
acid (HMDB05060) 

+ 
< v.c 0.094 0.008 0.66 

Uridine (HMDB00296) + < v.c 0.012 0.040 1.19 
Cadaverine 
(HMDB02322) + 0.026 < v.c > 0.05 

― 13Z-Docosenoic acid 
(HMDB02068) 

+ 
< v.c 0.127 0.034 0.80 

? Glucose 1-phosphate 
(HMDB01586) + < v.c 0.013 > 0.05 ― 

Glycerol 3-phosphate 
(HMDB00126) + < v.c 0.044 < 0.001 

4.28 10E-Nonadecenoic acid 
(HMDB13622) 

+ 
< v.c 0.108 > 0.05 ― 

Ophthalmic acid (HMDB05765) + < v.c 0.012 > 0.05 ― 
Ethanolamine 
(HMDB00149) + < v.c 0.057 < 0.001 2.78 

Heptadecanoic acid 
(HMDB022590 - 0.061 < v.c > 0.05 ― 

Glycerylphosphorylethanolamine 
(HMDB00114) 

+ < v.c 0.011 > 0.05 ― 

Aspartic acid 
(HMDB00191) + < v.c < v.c 0.001 2.32 

4Z,7Z,10Z,13Z,16Z,19Z-
Docosahexaenoic acid 
(HMDB02183) 

- 0.067 < v.c 0.016 1.03 
MG(18:1(9Z)/0:0/0:0) 
(HMDB11567) + < v.c < v.c 0.006 

2.10 

LysoPC(16:1) (HMDB10383) - 0.009 0.016 0.000 4.00 
Fumaric acid 
(HMDB00134) + < v.c < v.c 0.009 

1.85 
Adrenic acid 
(HMDB02226) - 0.073 < v.c 0.035 0.89 

            Malic acid (HMDB00156) + < v.c < v.c 0.021 
1.63 

Arachidonic acid 
(HMDB01043) - 0.105 < v.c > 0.05 ― 

            
Nonanoic acid 
(HMDB00847) + < v.c < v.c 0.022 

1.62 
Stearic acid (HMDB00827) - 0.151 < v.c > 0.05 ― 

            Valine (HMDB00883) + < v.c < v.c 0.027 1.59             

            
13Z-Octadecenoic acid 
(HMDB00573) + < v.c 0.031 0.012 

1.58 
            

            Glycerol (HMDB00131) + < v.c 0.032 0.028 1.55             

            Threonine (HMDB00167) + < v.c < v.c 0.013 1.52             

            
4-O-galactopyranosyl-
glucose (HMDB06603) 

+ < v.c 0.035 0.029 1.51 
            

                        

            Uridine (HMDB00296) + < v.c < v.c 0.018 1.44             

            Sucrose (HMDB00258) + < v.c 0.055 0.027 1.41             

            Oleic acid (HMDB00207) + < v.c 0.039 0.021 1.37             

            Sorbitol (HMDB00247) + < v.c < v.c 0.026 1.34             

            
Sedoheptulose 
(HMDB03219) + < v.c 0.033 0.033 

1.31 
            

            
Myristic acid 
(HMDB00806) + < v.c < v.c 0.034 

1.25 
            

            
Creatinine 
(HMDB00562) + < v.c 0.031 0.048 

1.04 
            

            Serine (HMDB00187) + < v.c 0.060 > 0.05 ―             

            
Palmitoleic acid 
(HMDB03229) + < v.c 0.040 > 0.05 

― 
            

            
Glucose 6-phosphate 
(HMDB01586) - < v.c < v.c 0.043 1.25             

            
Oxalic acid 
(HMDB02329) - < v.c < v.c 0.008 1.73             

No meaningful IMs could be obtained for the MT3KO mice due to the low number of samples per group 
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Table 4.28 (continued): Important hepatic metabolit es that differed markedly between the strains. 
F

em
al

es
 

MT1+2KO 

? Glycogen (HMDB00757) + 0.020 0.036 0.020 1.43 ? Glucose (HMDB00122) + 0.139 < v.c > 0.05 ― 

The liver metabolome data gave no separate 
grouping of the three strains. Hence, no 
meaningful loadings were obtained. Also, 
univariate analysis did not find significantly 
different metabolite levels. 

PC(22:4/18:4) (HMDB08634) + 0.017 < v.c > 0.05 ― Alanine (HMDB00161) + 0.123 0.051 > 0.05 ― 

9-Lauroleic acid (HMDB00529) + < v.c < v.c 0.013 1.72 ? Fructose (HMDB00660) + 0.097 < v.c > 0.05 ― 

? 2-Hydroxyadipic acid 
(HMDB00321) + < v.c 0.016 0.016 

1.60 
? Glucose 6-phosphate (HMDB01586) + 0.060 0.119 0.041 1.21 

25-hydroxyvitamin D3 
(HMDB06721) + < v.c < v.c 0.026 

1.31 
Cadaverine (HMDB02322) + 0.053 0.096 > 0.05 ― 

? Palmitoleic acid (HMDB03229) - 0.016 < v.c 0.049 1.27 ? Galactose (HMDB00143) + 0.046 < v.c > 0.05 ― 

Elaidic carnitine (HMDB06464) - < v.c < v.c 0.033 1.41 Rhamnose (HMDB00849) + 0.039 0.071 > 0.05 ― 

Palmitoylcarnitine (HMDB00222) - < v.c 0.013 0.029 1.61 Fumaric acid (HMDB00134) + < v.c < v.c 0.034 1.46 

            Urea (HMDB00294) + < v.c < v.c 0.042 1.43 

            Uracil (HMDB00300) + < v.c 0.060 0.050 1.07 

            Oleic acid (HMDB00207) - 0.037 < v.c > 0.05 ― 

            13Z-Octadecenoic acid (HMDB00573) - 0.054 < v.c > 0.05 ― 

            MG(18:1(9Z)/0:0/0:0) (HMDB11567) - 0.126 < v.c > 0.05 ― 

            γ-aminobutyric acid (HMDB00112) - < v.c < v.c 0.019 1.56 

            Arabinitol (HMDB00568) - < v.c < v.c 0.004 1.83 

            Aminomalonic acid (HMDB01147) - < v.c < v.c 0.004 1.92 

            ? Acetic acid (HMDB00042) - < v.c < v.c 0.008 1.97 

No meaningful IMs could be obtained for the MT3KO mice due to the low number of samples per group 
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Table 4.29: Pathway analysis results of the IMs obt ained after the males and females MT 

knockout mice were compared to the WT mice. 

  

MT1+2KO 

Pathway Total Hits Raw p Holm p FDR Impact 

M
al

es
 

Galactose metabolism 26 7 < 0.001 < 0.001 < 0.001 0.51695 

Glycerophospholipid metabolism 30 5 0.001 0.058 0.028 0.15648 

Starch and sucrose metabolism 19 4 0.001 0.083 0.028 0.21692 

Biosynthesis of unsaturated fatty acids 42 4 0.020 1 0.347 0 

Alanine, aspartate and glutamate metabolism 24 3 0.021 1 0.347 0.45569 

Aminoacyl-tRNA biosynthesis 69 5 0.027 1 0.376 0.12903 

Histidine metabolism 15 2 0.054 1 0.549 0 

Pantothenate and CoA biosynthesis 15 2 0.054 1 0.549 0 

beta-Alanine metabolism 17 2 0.067 1 0.574 0 

Glycerolipid metabolism 18 2 0.074 1 0.574 0.30658 

Citrate cycle (TCA cycle) 20 2 0.090 1 0.574 0.07208 

Fatty acid biosynthesis 43 3 0.093 1 0.574 0 

Fructose and mannose metabolism 21 2 0.097 1 0.574 0.16389 

Arginine and proline metabolism 44 3 0.098 1 0.574 0.09347 

Pyruvate metabolism 23 2 0.114 1 0.619 0.05125 

F
em

al
es

 

Galactose metabolism 26 4 < 0.001 0.029 0.029 0.47627 

Alanine, aspartate and glutamate metabolism 24 3 0.004 0.327 0.165 0.11708 

Arginine and proline metabolism 44 3 0.022 1 0.575 0.01198 

Starch and sucrose metabolism 19 2 0.028 1 0.575 0.21692 

Glycolysis or Gluconeogenesis 26 2 0.050 1 0.824 0.02862 

Amino sugar and nucleotide sugar metabolism 37 2 0.094 1 1 0.08058 

Selenoamino acid metabolism 15 1 0.193 1 1 0 

Pantothenate and CoA biosynthesis 15 1 0.193 1 1 0 

Pentose and glucuronate interconversions 16 1 0.204 1 1 0 

beta-Alanine metabolism 17 1 0.216 1 1 0 

Citrate cycle (TCA cycle) 20 1 0.249 1 1 0.02688 

 

                                                                                                                                                                                                                                                          

4.3.4.4 Brain metabolome 

The ANOVA, PCA and PLS-DA results of the LC-MS and silylation-GC-MS data of the brain 

are shown in Figures 4.28 – 4.29 respectively.  The LC-MS data did not show clear differences 

between the strains.  Separate grouping of the WT and MT1+2KO mice samples with PCA was 

only possible with the VAST scaled data.  The PLS-DA score plot shows separate grouping of 

these groups but, surprisingly, not MT3KO.  The GC-MS results on the other hand gave clear 

separation of the WT and MT1+2KO mice samples which indicate dissimilar metabolome 

composition.  The MT3KO mice were partly separated from the WT and overlapped with the 

MT1+2KO in the PCA and PLS-DA score plots.  This result also indicates altered metabolism in 

the MT3KO mice but not as much as the MT1+2KO mice during normal, unchallenged 

conditions.  This result was unexpected as it was thought that the MT3KO mice would be less 

similar to the WT mice due to the importance of MT-3 in the brain and central nervous system.  

Here it was the MT1+2KO mice that were most different from the WT mice.  The univariate 

results confirm this as only a few metabolites were identified to be significantly different in the 

MT3KO mice when compared to the WT.  The IMs identified to be markedly different between 
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the genotypes are listed in Table 4.30.  The top few pathway analysis results from these IMs 

are given in Table 4.31.  The complete table is included in the supplementary CD. 

 

All the identified IMs (except for adenine and aspartic acid in the MT3KO mice) were higher in 

the knockout mice in comparison to the WT.  This includes N-acetylaspartate, which is the 

second most abundant compound in the brain next to glutamate.  The alanine, aspartate and 

glutamate pathway was again identified to be most affected in both knockout mice with the 

impact higher in the MT3KO mice when compared to the MT1+2KO mice.  As previously 

mentioned, the role of aspartic acid and glutamate as excitatory neurotransmitters makes it 

difficult to link to metabolism.  Nevertheless, despite their involvement in brain function it is 

obvious that these compounds have to be produced by metabolic means and probably from 

transaminase reactions with Krebs cycle intermediates (which was also increased according to 

the GC-MS results).  Low OXPHOS activity during these steady state conditions and flux of 

Krebs cycle intermediates could thus give rise to these high levels of neurotransmitters (in the 

MT1+2KO mice), as anabolism is often stimulated during conditions of sufficient energy.  

However, it does not exclude the possibility that the knockout mice might have altered 

neuronal/brain activity from the relatively large neurotransmitter pools. 

 

Another pathway that is commonly altered in the knockout mice is the pyrimidine metabolic 

pathway.  Higher levels of CMP, cytidine, uridine and especially the end-product uracil, indicate 

increased breakdown of pyrimidines in the knockout mice in comparison to WT.  The higher 

CMP and other breakdown products might be linked to increased glycerophospholipid 

production, which was also identified to be altered in the MT1+2KO mice due to the higher 

levels of phosphocholine, cytidine-diphosphate choline, margaric acid, glycerol and glycerol-3-

phosphate.  Since various lipids have structural importance in the brain (instead of metabolic) 

the biosynthesis of phosphatidylcholine would indicate increased production of sphingomyelin 

in the MT1+2KO mice.  Nevertheless, the more abundant pyrimidine intermediates could point 

to a lower energy or cell phosphorylation state which means that these compounds are not 

salvaged at the same rate as those in the WT mice.  A comprehensive overview of the 

differences is discussed in Section 4.3.4.5. 
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Figure 4.28: Differences in the brain metabolome co mposition of WT, 

MT1+2KO and MT3KO mice as detected with untargeted LC-MS 

analyses. The ANOVA (A), PCA (B) and PLS-DA score plots (C) are 

shown. 

Figure 4.29: Differences in the brain metabolome co mposition of WT, 

MT1+2KO and MT3KO mice as detected with silylation- GC-MS 

analyses.  The ANOVA (A), PCA (B) and PLS-DA score plots (C) are shown
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Table 4.30: Important brain metabolites that differ ed markedly between the strains. 

  Knockout  Compound  Direction  PCA PLS-DA p d 
LC

-M
S

 

MT1+2KO 

? N-acetylaspartate (HMDB00812) + 0.364 0.132 < 0.001 1.74 
Niacinamide (HMDB01406) + 0.106 0.056 > 0.05 ― 
Citrulline (HMDB00904) + 0.038 0.060 0.022 1.09 
? Cytidine (HMDB00089) + < v.c 0.079 < 0.001 2.36 
CMP (HMDB00095) + < v.c < v.c 0.001 2.33 
? Pyroglutamic acid (HMDB00267) + < v.c 0.041 0.001 1.89 
Phosphocholine (HMDB01565) + < v.c 0.041 0.003 1.93 
? CDP choline (HMDB01413) + < v.c < v.c 0.004 1.83 
Crotonic acid (HMDB10720) + < v.c < v.c 0.004 1.80 
Corrinoid (HMDB04269) + < v.c < v.c 0.010 1.26 
2-Aminoacrylic acid (HMDB03609) + < v.c < v.c 0.012 1.50 
Uracil 9HMDB00300) + < v.c < v.c 0.020 1.11 
Uridine (HMDB00296) + < v.c < v.c 0.022 1.31 
Indoleacrylic acid (HMDB007340 + < v.c < v.c 0.027 1.25 
? Valine (HMDB00883) + < v.c < v.c 0.033 0.99 

MT3KO 

? N-acetylaspartate (HMDB00812) + ― ― < 0.001 1.65 
? Cytidine (HMDB00089) + ― ― < 0.001 1.09 
CMP (HMDB00095) + ― ― 0.001 0.88 
? Pyroglutamic acid (HMDB00267) + ― ― 0.001 1.51 
Crotonic acid (HMDB10720) + ― ― 0.004 0.95 

S
ily

la
tio

n-
G

C
-M

S
 

MT1+2KO 

N-acetylaspartate (HMDB00812) + 0.103 < v.c 0.004 1.36 
Margaric acid (HMDB02259) + 0.087 < v.c 0.009 1.37 
Valine (HMDB00883) + 0.062 < v.c > 0.05 ― 
Alanine (HMDB00161) + < v.c < v.c 0.012 1.33 
Glycerol 3-phosphate (HMDB00126) + < v.c 0.012 0.038 0.92 
? Fucose (HMDB00174) + 0.051 < v.c 0.003 1.67 
Succinic acid (HMDB00254) + < v.c 0.032 > 0.05 ― 
Glycerol (HMDB00131) + 0.046 < v.c > 0.05 ― 
Glycine (HMDB00123) + < v.c 0.014 > 0.05 ― 
2-Ketoglutaric acid (HMDB00208) + < v.c 0.014 > 0.05 ― 

MT3KO 
Succinic acid (HMDB00254) + ― ― 0.043 1.19 
Adenine (HMDB00034) - ― ― 0.014 0.93 
Aspartic acid (HMDB00191) - ― ― 0.046 1.24 

 

Table 4.31: Pathway analysis results from the IMs o btained after the MT knockout mice were 

compared to the WT. 

  Pathway Total Hits Raw p Holm p FDR Impact 

M
T

1+
2K

O
 

Alanine, aspartate and glutamate metabolism 24 4 < 0.001 0.026 0.026 0.0633 

Pyrimidine metabolism 41 4 0.003 0.205 0.104 0.0689 

Glycerophospholipid metabolism 30 3 0.009 0.705 0.241 0.1315 

Pantothenate and CoA biosynthesis 15 2 0.020 1 0.401 0 

Citrate cycle (TCA cycle) 20 2 0.034 1 0.553 0.0937 

Butanoate metabolism 22 2 0.040 1 0.553 0 

Glutathione metabolism 26 2 0.055 1 0.643 0.02 

D-Glutamine and D-glutamate metabolism 5 1 0.072 1 0.704 0 

Aminoacyl-tRNA biosynthesis 69 3 0.078 1 0.704 0 

Cyanoamino acid metabolism 6 1 0.086 1 0.704 0 

M
T

3K
O

 

Alanine, aspartate and glutamate metabolism 24 3 < 0.001 0.012 0.012 0.193 

Pyrimidine metabolism 41 2 0.016 1 0.642 0.0151 

Histidine metabolism 15 1 0.072 1 1 0 

beta-Alanine metabolism 17 1 0.081 1 1 0 

Propanoate metabolism 20 1 0.095 1 1 0 

Citrate cycle (TCA cycle) 20 1 0.095 1 1 0.0257 

Butanoate metabolism 22 1 0.104 1 1 0 

Glutathione metabolism 26 1 0.122 1 1 0.0143 

Arginine and proline metabolism 44 1 0.199 1 1 0 

Purine metabolism 68 1 0.292 1 1 0.0047 

Aminoacyl-tRNA biosynthesis 69 1 0.295 1 1 0 
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4.3.4.5 Biological interpretation of the metabolic differences between the WT, MT1+2KO 

and MT3KO mice.  

Although differences were observed, the metabolism of the WT, MT1+2KO and MT3KO mice 

appear to be very similar during normal, unchallenged conditions.  There was no difference in 

the metabolite levels in the blood, except for the supposed higher arginine and single 

triglyceride in the MT1+2KO.  Although only LC-MS data was considered, this would indicate 

that the overall metabolism was mostly very similar as no specific accumulated intermediates or 

secondary metabolites from alternative pathways were transported in the blood.  The 

differential recruitment of alternative pathways for energy production was therefore not found 

and probably not necessary during the unchallenged conditions.  Also, while differences in 

metabolome composition were in fact seen in the studied tissues, these alterations in 

metabolism/storage were relatively small and apparently did not influence the exometabolome.  

Furthermore, as MT-3 mainly functions in the central nervous system, it explains the highly 

similar plasma content with the WT mice.  The metabolic information of any alteration in the 

central nervous system, even when immense, could be lost in the vast information stream of 

the other organs in the blood. 

A study of the gastrocnemius metabolome showed a difference between the MT1+2KO and 

WT but also showed a difference between the MT1+2KO and MT3KO mice.  MT1+2KO and 

MT3KO were found to be opposites in metabolome composition.  The MT3KO mice contained 

higher levels of arachidic acid, cholesterol and fructose in comparison to the WT and even 

more so compared to the MT1+2KO mice.  The MT1+2KO mice had lower levels of these 

compounds which is also difficult to explain.  It is however possible that transport (and storage) 

of these compounds was altered in the muscle but it can also be speculated that these 

compounds were more quickly used and not ‘replaced’ fast enough.  Without a clear fall in 

energy or blood glucose, hormonal activation of lipolysis and the transport of lipid species to the 

muscle would not take place.  The low number of IMs makes it difficult to conclude but the 

second messenger, cAMP, which was found to be lower in the MT1+2KO mice and higher in 

the MT3KO mice, might very well confirm this view. Glucagon, epinephrine and norepinephrine 

stimulate cAMP production by activating adenylyl cyclase. Increased levels of cAMP 

stimulate/activate a number of enzymes and pathways which include glycogenolysis and 

lipolysis (Figure 4.30).  The low levels of cAMP in the MT1+2KO mice are also contradictory to 

reports as the theoretical higher leptin levels in MT1+2KO mice (Beattie et al., 1998; Sato et al., 

2010) would certainly stimulate these catabolic pathways.  Nevertheless, this theory might 

explain the higher metabolite levels in the MT3KO mice in comparison to the WT and 

MT1+2KO mice.  An enhanced energy metabolism in the muscle of the MT1+2KO mice and 

altered hormonal control of muscle metabolism in the MT3KO mice could thus be the main 

reason for this result. 
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The liver metabolome of the MT1+2KO males and females differed markedly from the WT – an 

observation not clear in the plasma and gastrocnemius.  Numerous carbohydrate metabolism 

intermediates were found to be higher in the liver of MT1+2KO males and females.  It is for this 

reason that carbohydrate metabolism (specifically galactose, starch and sucrose metabolism, 

glycolysis and gluconeogenesis) were identified by the pathway analysis to be altered by the 

knockout.  Several lipid species were also found to be higher in the males but this was not the 

case with the females, which showed lower lipid levels.  Nevertheless, both genders further 

contained higher levels of Krebs cycle intermediates and amino acid metabolism related 

intermediates.  The higher levels of lipid species in the MT1+2KO male mice could be due to 

lipolysis for energy production or biosynthesis of lipids for storage and growth as indicated by 

the pathway analysis.  It is often difficult to conclude whether catabolism or anabolism is 

responsible for the result.  The higher levels of free carnitine in this case might indicate that 

fatty acids were not actively transported into the mitochondrion for oxidation and therefore point 

to biosynthesis instead of catabolism.  While this view remains speculative, it is in line with 

observations that MT1+2KO male mice tend to become obese (Beattie et al., 1998).  This 

increased biosynthesis was also observed in the brain. 

 

 

Figure 4.30: Cyclic-AMP stimulates glycogenolysis a nd lipolysis.   TG, Triglyceride; FFA, free fatty 

acids. 

 

The biosynthesis of various lipid species is mainly regulated by two factors, which are fatty acid 

(or acetyl-CoA) availability and energy levels.  Phosphatidate is a common precursor in the 

biosynthesis of lipids which requires ATP to be produced (Figure 4.31).  This precursor can 

then be used to synthesize triglycerides, phospholipids and cardiolipin which make up a great 

part of the mitochondrial inner membrane, and which is required for the functioning of the 

phosphate transporter and cytochrome oxidase (Murray et al., 2003).  The higher levels of 
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ethanolamine, serine, glycerol, glycerophosphocholine glycerophosphorylethanolamine and 

fatty acids are thus involved in this biosynthesis pathway as indicated in Figure 4.31.  Whether 

an impaired energy metabolism and fatty acid oxidation plays a role in this flux of metabolites 

into biosynthesis during unchallenged conditions is unclear but possible.  The higher Krebs 

cycle intermediates indicate possible lower OXPHOS activity in comparison to the WT.  This 

(possible) lower energy metabolism does not have large energy implications during 

unchallenged conditions and would thus not result in the activation of numerous secondary 

pathways for energy production.  It would however, over a period, slowly result in increased 

Krebs cycle and carbohydrate metabolism intermediates, which consequently can be converted 

to other compounds, such as amino acids and fatty acids (as indicated in Figure 4.32).  A flux 

of carbohydrate and Krebs cycle intermediates into biosynthesis pathways in the liver and brain 

is perhaps the main reason for the observed metabolic profile in the MT1+2KO and MT3KO 

mice.  This includes the synthesis of specialised compounds in the brain.  This view would in 

fact contradict the view of the gastrocnemius where the MT1+2KO mice are thought to have 

slightly enhanced energy metabolism.  This then leaves the question whether moderate insulin 

resistance might play a role. 

 

The muscles depend greatly on insulin for substrate transport into the muscle cells, which 

neither the liver nor brain require.  A reduced influx of substrate in the gastrocnemius could 

thus result in lower intermediates as seen in the MT1+2KO mice.  Insulin resistance is often 

linked to increased lipolysis, resulting in high blood fatty acid levels.  While no differences in 

circulating metabolites in the MT1+2KO and MT3KO mice were seen when compared to the 

WT, a steady flux of glucose (from diet) into the liver and brain could result in glycolysis and 

Krebs cycle overload (as seen in these tissues). This could result in a flux of these 

intermediates into several secondary pathways leading to increased fatty acids and lipids (fatty 

acid and lipid biosynthesis), amino acids (amino acid biosynthesis), glycogen (glycogenesis) 

and other sugars, which was seen in the liver and brain of the knockout mice. Since 

biosynthesis pathways are energy dependent, the energy levels in the MT1+2KO and MT3KO 

mice seems to be adequate during the unchallenged conditions allowing the overloaded 

substrate to be converted to other compounds.  This view then would be more in agreement 

with the theory that the MT1+2KO mice have slightly better respiration leading to sufficient 

energy levels, but with a greater substrate load in the liver and brain after each meal due to 

moderate insulin resistance. 

 

 

 

 



140 

 

 
Figure 4.31: Biosynthesis of different lipid specie s from phosphatidate (1-acyl-sn-glycerol-3-phosphat e). Increased lipid species in the liver and brain 

might be due to increased lipid biosynthesis. Free fatty acid availability and energy levels are the main determinants for the functioning of these pathways. 
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Figure 4.32: An overview of biosynthesis linked to the central metabolism. Most biosynthesis pathways are closely linked to the central energy metabolic 

pathways. Intermediates in the energy pathways can be used in biosynthesis of other compounds when there is sufficient supply and energy.  
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While these theories are very speculative due to the complexity of the data, the direct or 

indirect involvement of MTs in mitochondrial metabolism, which is the hub of metabolism, 

cannot be ignored, even during normal, unchallenged conditions.  The differences seen in the 

metabolome content of these mice are evidence of this.  MT-1 and -2 mice have direct 

influence in the metabolism of the liver, gastrocnemius and brain while MT-3 might have only 

indirect influence in the liver and gastrocnemius.  Altered neuronal activity and the consequent 

hormonal signalling in the hypothalamus could give differential metabolic control in these mice 

in comparison to the WT.  The notion that the metabolic differences seen might be a sign of 

moderate insulin resistance is speculative but possible as these mice tend to become obese 

and have fatty livers (Beattie et al., 1998; Byun et al., 2011) – a trait that is synonymous with 

insulin resistance and diabetes.  However, this theory might gain more power in the following 

sections where the metabolic differences were amplified with exercise and high-fat intake. 

 

 

4.3.5 METABOLIC DIFFERENCES BETWEEN WT, MT1+2KO AND  MT3KO MICE AFTER 

CHALLENGED WITH EXERCISE. 

The metabolic data of the WT, MT1+2KO and MT3KO mice from the exercise group were 

compared to study the role of MTs in energy metabolism when challenged.  As mentioned in 

the introduction, it is common practice to challenge enzyme(s) or pathway(s) to amplify and 

study differences between two distinct entities. By depleting the end product of energy 

metabolism, ATP, with exercise as well as driving requirement for energy, valuable information 

regarding the status of mitochondrial function could be obtained. 

 

4.3.5.1 Plasma exometabolome 

The univariate and multivariate results after comparing the WT, MT1+2KO and MT3KO mice 

are shown in Figure 4.33. These results are different from the control group as several 

metabolites were identified to differ between the strains in this group, thereby confirming the 

amplification of metabolic differences with the intervention. The amplified differences of specific 

metabolites did not however give separate grouping of the genotypes with PCA.  Again, 

considering the fact that reverse phase LC-MS is mainly suited for the detection of secondary 

metabolites, this lack of separate grouping could perhaps merely be an indication that the 

secondary metabolism was not truly affected. PLS-DA was also able to highlight the differences 

between the strains as shown by the separate grouping of the respective scores in the PLS-DA 

score plot.  The IMs that were identified with the univariate and multivariate tests are listed in 

Table 4.32.  The pathway analysis results are shown in Table 4.33. 

 

Pathway analysis identified the nicotinate and nicotinamide metabolic pathway to be altered in 

both knockout mice due to the lower niacinamide in the blood.  However, when the FDR and 
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high p-value from univariate analysis are taken into consideration, it is probably not worth 

pursuing any further. This is also true for the other results. The low number of IMs and absence 

of a clear pattern could mean that these results were seen by chance rather than relevant 

biological variance.  Also, the variance introduced into the circulating metabolites with exercise 

could thus explain the absence of relevant patterns.  Nevertheless, lower niacinamide could 

only indicate lower NAD production or lower NAD catabolism in the MT1+2KO mice.  

 

 

Figure 4.33: Differences in the plasma exometabolom e composition of WT, MT1+2KO and MT3KO 

mice after exercise as detected with untargeted LC- MS analyses.  The ANOVA (A), PCA (B) and 

PLS-DA score plots (C) are shown. All metabolites above of the cut-off line (p < 0.05) in the ANOVA plots 

were significantly different between the genotypes. The PCA results of the VAST scaled, power, fourth 

root and log transformed data are shown. Only the first two principal components (PC1 vs PC2) are 

plotted to show the sample grouping. 

 

The one hour swim was expected to challenge energy production in the mitochondrion and the 

use of secondary catabolic pathways (such as fatty acid oxidation).  Lipids and fatty acids were 

thus expected to be released by increased epinephrine and glucagon.  The study of the 
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exometabolome again showed a mixed result as several lipid species were found to be higher 

in the knockout mice while others were lower.  The detected acylcarnitine (2-hexadecenoyl 

carnitine) in the MT1+2KO mice point to possible fatty acid oxidation overload in comparison to 

the WT and MT3KO mice leading to a “leaking” of this acylcarnitine into the blood.  Whether 

this indicates possible impairment of fatty acid oxidation is difficult to tell as the significant rise 

of only one acylcarnitine in the circulation of the MT1+2KO mice could be chance. The 

metabolic view of the respective organs is therefore needed to confirm this.  If anything, the 

lower phospholipid levels in circulation could indicate an altered lipid metabolism.  Slowed 

phospholipid biosynthesis and increased lipolysis for fatty acid oxidation would contribute to this 

view.  A comprehensive overview of the differences is discussed in Section 4.3.5.5. 

 

Table 4.32: Important plasma metabolites that diffe red markedly between the strains after 

exercise. 

Knockout 
LC-MS 

Compound Direction PCA PLS-DA p d 

MT1+2KO 

2-Hexadecenoyl carnitine* (HMDB06317) + ― 0.087 0.013 1.07 

Niacinamide (HMDB01406) - ― 0.084 > 0.05 ― 

PE(18:2/18:2) (HMDB09093) - ― 0.068 0.001 1.83 

? Pyroglutamic acid (HMDB00267) - ― < v.c 0.025 1.35 

MT3KO 

LysoPC(18:2)# (HMDB10386) + ― < v.c 0.021 0.87 

Niacinamide (HMDB01406) - ― 0.084 > 0.05 ― 

PE(18:2/18:2) (HMDB09093) - ― 0.068 0.001 1.02 

PC(3:0/0:0) (LMGP01050059) - ― < v.c 0.043 1.44 
* respective compound was markedly higher in the MT1+2KO mice in comparison to the MT3KO mice 

# respective compound was markedly higher in the MT3KO mice in comparison to the MT1+2KO mice 

 

 

Table 4.33: Pathway analysis results from the plasm a IMs obtained after the MT knockouts were 

compared to the WT.  

  Pathway Total Hits Raw p Holm p FDR Impact 

MT1+2KO 
Nicotinate and nicotinamide metabolism 13 1 0.018 1 1 0.24 

Glutathione metabolism 26 1 0.036 1 1 0.01 

MT3KO 
Nicotinate and nicotinamide metabolism 13 1 0.018 1 1 0.24 

Glycerophospholipid metabolism 30 1 0.042 1 1 0.04 

 

 

4.3.5.2 Gastrocnemius metabolome  

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

Figures 4.34 and 4.35 respectively.  There was virtually no difference found between the strains 

in the metabolite levels detected with LC-MS.  Only two metabolites were identified by ANOVA 

to significantly differ between the strains.  This lack of dissimilarity was also seen in the PCA 

results which indicate large overlaps between the strains.  The supervised multivariate statistics 

managed to find a discriminatory plane between the MT1+2KO and WT mice as shown in the 
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PLS-DA score plot (Figure 4.34C).  This outcome was different with the GC-MS data as the 

PLS-DA was not able to separate the strains while separate grouping was possible with PCA 

(Figure 4.35B). These results are very similar to those seen in the control group. The PCA 

results show that the metabolome of the MT1+2KO mice were different from the WT while the 

MT3KO mice contained few differences.  The overlap of MT3KO with the WT group in the PCA 

score plot of the VAST scaled data is a clear indication of their similarity.  The IMs identified to 

differ markedly between the strains are listed in Table 4.34.  The top few pathways identified by 

pathway analysis to be altered are given in Table 4.35.  The complete table is included in the 

supplementary CD. 

 

The one hour swim was expected to affect the gastrocnemius the most and consequently 

amplify possible differences in energy metabolism between the strains.  The study of the effect 

of the one hour swim in each strain showed that the WT mice in the control and exercise 

groups did not differ in metabolome composition. The knockout mice on the other hand showed 

clear differences between the control and exercised mice (Section 4.3.1.2) which may be due 

to depletion of carbohydrate and free amino acid stores for energy production.  Acylcarnitines 

accumulated in the gastrocnemius depleting free carnitine and acetylcarnitine.  Since the WT 

mice did not show these differences, a complete difference was thus expected between the WT 

and knockout mice.  This was however not seen especially for the MT3KO mice, which showed 

many similarities to the WT.  This might be due to the expression and functional properties of 

the MT-3 isoform.  The lower free carnitine levels in these mice in comparison to the WT could 

signify increased fatty acid transport into the mitochondria.  The absence of acylcarnitines 

would then indicate a high oxidation rate. The increased phenylalanine and ascorbic acid 

resulted in the identification of the phenylalanine-tyrosine and uronate (ascorbate synthesis) 

pathways to be altered.  The recruitment of phenylalanine from muscle protein could explain 

this increase while a flux of carbohydrates (glucose-6-phosphate) into the uronate pathway 

would explain the increased ascorbic acid, but unlikely during strenuous exercise.  

Nonetheless, the breakdown of phenylalanine to tyrosine, and the conversion of tyrosine to 

norepinephrine, requires ascorbic acid as co-factor.  
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Figure 4.34: Differences in the gastrocnemius metab olome 

composition of the WT, MT1+2KO and MT3KO mice after  exercise as 

detected with untargeted LC-MS analyses.  The ANOVA (A), PCA (B) and 

PLS-DA score plots (C) are shown. 

Figure 4.35: Differences in the gastrocnemius metab olome 

composition of the WT, MT1+2KO and MT3KO mice after  exercise as 

detected with silylation-GC-MS analyses.  The ANOVA (A), PCA (B) and 

PLS-DA score plots (C) are shown. 
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Table 4.34: The important gastrocnemius metabolites  that differed markedly between the strains 

after exercise. 

  Knockout Compound   PCA PLS-DA p d 

LC
-M

S
 MT1+2KO 

Butyrylcarnitine (HMDB02013) + ― 0.129 > 0.05 ― 

Hexanoylcarnitine (HMDB00756) + ― 0.057 > 0.05 ― 

NAD (HMDB00902) + ― 0.043 > 0.05 ― 

Decanoylcarnitine (HMDB00651) + ― 0.038 > 0.05 ― 

? Inosine (HMDB00195) - ― 0.039 > 0.05 ― 

Lactic acid (HMDB00190) - ― 0.042 > 0.05 ― 

? Pyroglutamic acid (HMDB00267) - ― 0.047 > 0.05 ― 

Methionine (HMDB00696) - ― 0.078 > 0.05 ― 

3-Hydroxyisovalerylcarnitine (HMDB02138) - ― 0.091 > 0.05 ― 

Glucose (HMDB00122) - ― 0.094 > 0.05 ― 

? Pipecolic acid (HMDB00070) - ― 0.121 > 0.05 ― 

Glutamine (HMDB00641) - ― 0.290 > 0.05 ― 

Carnitine (HMDB00062) - ― < v.c 0.013 1.25 

MT3KO ? Ascorbic acid (HMDB00044) + ― ― 0.007 1.51 

Carnitine (HMDB00062) - ― ― 0.013 1.16 

S
ily

la
tio

n-
G

C
-M

S
 

MT1+2KO 

2,3,4-trihydroxybutyric acid (HMDB00613) - 0.028 ― > 0.05 ― 

? Fructose (HMDB00660) - 0.044 ― 0.004 1.03 

Arachidic acid (HMDB02212) - 0.253 ― 0.001 2.40 

Heneicosanoic acid (HMDB02345) - < v.c ― 0.002 1.91 

MG(18:0/0:0/0:0) (HMDB11131) - < v.c ― 0.011 1.63 

Margaric acid (HMDB02259) - < v.c ― 0.025 1.34 

MG(16:0/0:0/0:0) (HMDB11564) - < v.c ― 0.037 1.31 

MT3KO 

? Fructose# (HMDB00660) + ― ― 0.004 1.41 

Phenylalanine (HMDB00159) + ― ― 0.033 1.89 

? Erythrose (HMDB02649) - ― ― 0.016 1.84 
* respective compound was markedly higher in the MT1+2KO mice in comparison to the MT3KO mice 

# respective compound was markedly higher in the MT3KO mice in comparison to the MT1+2KO mice 

 

Table 4.35: Pathway analysis results of the IMs obt ained after the MT knockout mice was 

compared to the WT. 

  Pathway Total Hits Raw p Holm p FDR Impact 

M
T

1+
2K

O
 

Galactose metabolism 26 2 0.022 1 1 0.03644 

D-Glutamine and D-glutamate metabolism 5 1 0.045 1 1 0 

Nitrogen metabolism 9 1 0.080 1 1 0 

Nicotinate and nicotinamide metabolism 13 1 0.113 1 1 0.20833 

Purine metabolism 68 2 0.126 1 1 0.0026 

Aminoacyl-tRNA biosynthesis 69 2 0.129 1 1 0 

Starch and sucrose metabolism 19 1 0.162 1 1 0.03958 

Fructose and mannose metabolism 21 1 0.177 1 1 0.13247 

Lysine degradation 23 1 0.192 1 1 0 

Pyruvate metabolism 23 1 0.192 1 1 0 

M
T

3K
O

 

Phenylalanine, tyrosine and tryptophan biosynthesis 4 1 0.014 1 1 0.5 

Ascorbate and aldarate metabolism 9 1 0.031 1 1 0 

Phenylalanine metabolism 11 1 0.038 1 1 0.40741 

Fructose and mannose metabolism 21 1 0.072 1 1 0.13247 

Galactose metabolism 26 1 0.089 1 1 0 

Aminoacyl-tRNA biosynthesis 69 1 0.221 1 1 0 
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Several acylcarnitines were identified with the PLS-DA to be markedly different in the 

MT1+2KO mice when compared to the WT. Increased levels of acylcarnitines – and lower free 

carnitine levels – indicate the active import of fatty acids into the mitochondrion for energy 

production. This theory seems reasonable when considering that the carnitine transporter 

(carnitine palmitoyltranferase I) is inhibited during fatty acid biosynthesis and lipogenesis.  

Furthermore, several fatty acids were apparently lower in the MT1+2KO mice, signifying 

probable depletion of fatty acid stores in the muscle.  These mice thus have to recruit fatty 

acids from other sources which were in fact seen by the higher levels of lipids in the plasma in 

the exercise group (Section 4.3.1.1).  Since the plasma of the MT1+2KO and WT mice did not 

show any differences in the recruitment of lipids and fatty acids from other sources would 

suggest that the higher acylcarnitine levels in the MT1+2KO mice may be due to a lower 

oxidation rate resulting in this build-up.  However, the extent of these differences in fatty acid 

levels may be questionable as PLS-DA was the only statistical method to mine these 

differences.  While PLS-DA is useful in finding relevant differences between two experimental 

groups, it can also over-fit the data leading to false discoveries.  Over-fitting of the data thus 

cannot be excluded in this case. 

 

In the MT1+2KO mice, glucose and fructose was also lower in addition to the fatty acids.  

Glycogen is expected to only fuel the muscle for the early stages of exercise before it gets 

depleted.  The lower sugars could therefore confirm the depletion of carbohydrate stores in the 

muscle.  This could further indicate that the MT1+2KO mice have lower glycogen stores in 

comparison to the WT mice, which agrees with the literature where it was reported that in 

MT1+2KO mice lower glycogen levels were observed in the liver (Rofe et al., 1996).  While the 

lower sugar and fatty acid levels could be explained by lower stores or transport abilities, it 

seems fair to suggest that energy metabolism in these mice is in fact enhanced in comparison 

to the WT.  The results from the control group also indicate a lower OXPHOS rate in the 

gastrocnemius of the WT mice.  This is of course in agreement with in vitro results from 

Simpkins et al. (1998) where it was found that respiration is reduced in the presence of MTs.  

The absence of accumulated Krebs cycle intermediates, the lower lactic acid and the detection 

of NAD all point to the same conclusion that respiration in the MT1+2KO mice is somewhat 

faster in comparison to the WT mice.  A comprehensive overview of the differences is 

discussed in Section 4.3.5.5. 

 

4.3.5.3 Liver metabolome 

The univariate and multivariate analysis results of the male and female LC-MS data are shown 

in Figures 4.36 and 4.37.  The silylation-GC-MS data of the males and females are shown in 

Figures 4.38 and 4.39.  The univariate and multivariate results of the male and female FAMEs 

are shown in Figures 4.40 and 4.41.  The statistical results of the LC-MS data indicate 
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differences between the strains.  The PCA results show separate grouping of the MT1+2KO 

and MT3KO from the WT mice in both genders.  The MT1+2KO and MT3KO are however 

overlapped in the PCA score plots which indicate some similarities.  The three strains (both 

genders) were completely separated with PLS-DA with the MT1+2KO and WT mice being the 

most different and the MT3KO mice fitting between them.  Similar results were seen for the GC-

MS data albeit less so for the females which did not give any separate grouping with PCA.  

Differences between the strains were less obvious in the FAMEs data which is portrayed in the 

low number of IMs identified by ANOVA and the lack of separate grouping in the multivariate 

results.  The IMs that differed markedly between the knockout and WT mice are listed in Table 

4.36 with the top few pathway analysis results in Table 4.37.  The complete table with results 

from pathway analysis is included in the supplementary CD. 

 

The pathway analysis results for the males and females are quite different for the MT1+2KO 

and MT3KO mice.  The pathways on top of the MT1+2KO male results list are carbohydrate 

pathways with fatty acid biosynthesis and glycerolipid metabolism between them.  Several 

carbohydrates and related metabolites (including pyruvate) were higher in both knockout mice 

in comparison to the WT.  Whether this indicates more storage is unclear but the higher levels 

of acetic acid and lactic acid might signify lower energy metabolism which consequently results 

in the accumulation of carbohydrates (with exercise).  This was, however, only seen in the 

males.  While the liver is not directly affected by the exercise, it does play a key role in nutrient 

release and supply for muscles and the brain.  3-Hydroxybutyric acid levels were higher in the 

liver of the MT1+2KO female mice indicating higher rate of ketogenesis and possibly higher 

availability of acetyl-CoA.  It is for this reason that carbohydrate storage or usage in energy 

metabolism is suspected to be altered in the MT1+2KO and MT3KO mice. Pyruvate 

metabolism, glycolysis and gluconeogenesis were also identified to be altered in the MT3KO 

male mice, followed by fatty acid biosynthesis and branched chain amino acid metabolism. 

 

In addition to the higher carbohydrate and Krebs cycle intermediates, several amino acids were 

also found to be higher in the knockout mice in comparison to the WT.  In light of the following, 

it is then possible that they are produced in transaminase reactions from accumulating organic 

acids in the central energy metabolism (as shown in Figure 4.32). However, protein 

degradation cannot be ignored as a source of these amino acids and is perhaps a more 

accurate explanation considering the increased valine levels (which is an essential amino acid).  

Higher protein degradation/turnover to meet energy requirements fits with the view that energy 

metabolism in these mice is lower under challenged conditions.  This would also be in 

agreement with the pathway analysis results which identified branched-chain amino acid 

metabolism to be altered. 
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Figure 4.36: Differences in the liver metabolome co mposition of WT, 

MT1+2KO and MT3KO male mice after exercise as detec ted with 

untargeted LC-MS analyses.  The ANOVA (A), PCA (B) and PLS-DA score 

plots (C) are shown.  

Figure 4.37: Differences in the liver metabolome co mposition of WT, 

MT1+2KO and MT3KO female mice after exercise as det ected with 

untargeted LC-MS analyses . The ANOVA (A), PCA (B) and PLS-DA score 

plots (C) are shown.  
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Figure 4.38: Differences in the liver metabolome co mposition of WT, 

MT1+2KO and MT3KO male mice after exercise as detec ted with 

silylation-GC-MS analyses.  The ANOVA (A), PCA (B) and PLS-DA score 

plots (C) are shown.  

Figure 4.39: Differences in the liver metabolome co mposition of WT, 

MT1+2KO and MT3KO female mice after exercise as det ected with 

silylation-GC-MS analyses.  The ANOVA (A), PCA (B) and PLS-DA score 

plots (C) are shown.  
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Figure 4.40: Differences in the liver lipidome comp osition of WT, 

MT1+2KO and MT3KO male mice after exercise as detec ted with 

methylation-GC-MS analyses.  The ANOVA (A), PCA (B) and PLS-DA 

score plots (C) are shown.  

Figure 4.41: Differences in the liver lipidome comp osition of WT, 

MT1+2KO and MT3KO female mice after exercise as det ected with 

methylation-GC-MS analyses.  The ANOVA (A), PCA (B) and PLS-DA 

score plots (C) are shown.  
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Table 4.36: Important liver metabolites that differ ed markedly between the strains after exercise. 

  
Knockout 

LC-MS Silylation-GC-MS Methylation-GC-MS 

Compound   PCA PLS-
DA p d Compound   PCA PLS-

DA p d Compound   PCA PLS-
DA p d 

M
al

es
 

MT1+2KO 

? Glucose 6-phosphate* 
(HMDB01586) + < v.c 0.020 0.013 1.51 

Cadaverine* 
(HMDB02322) + 0.059 < v.c 0.031 1.38 

Oleic acid 
(HMDB00207) + 0.282 < v.c > 0.05 ― 

LysoPC(16:1) 
(HMDB10383) - 0.013 < v.c > 0.05 ― ? Proline (HMDB00162) + 0.050 < v.c 0.001 2.36 

Palmitoleic acid 
(HMDB03229) + 0.099 < v.c > 0.05 ― 

LysoPE(18:1/0:0) 
(HMDB11475) - 0.014 < v.c > 0.05 ― 

? Acetic acid 
(HMDB00042) + 0.047 < v.c 0.002 1.72 

Palmitelaidic acid 
(HMDB12328) + 0.084 0.136 > 0.05 ― 

LysoPC(18:2)* 
(HMDB10386) - 0.015 < v.c > 0.05 ― 

Cholesterol 
(HMDB00067) + 0.021 < v.c 0.024 1.78 

Myristic acid 
(HMDB00806) + 0.073 0.138 > 0.05 ― 

LysoPC(18:0) 
(HMDB10384) - 0.021 0.013 > 0.05 ― 

Lactic acid 
(HMDB00190) + 0.018 < v.c > 0.05 ― 

13-eicosenoic acid 
(HMDB02231) + < v.c < v.c 0.021 2.08 

LysoPE(0:0/16:0) 
(HMDB11473) - 0.025 0.023 > 0.05 ― 

MG(18:1(9Z)/0:0/0:0)* 
(HMDB11567) + < v.c 0.031 

< 
0.001 2.16 

Adrenic acid 
(HMDB02226) - 0.069 < v.c > 0.05 ― 

Oleamide 
(HMDB02117) - 0.030 0.019 0.006 1.25 

Palmitoleic acid* 
(HMDB03229) + < v.c 0.056 0.001 1.78 

4Z,7Z,10Z,13Z,16Z,19Z-
Docosahexaenoic acid 
(HMDB02183) 

- 0.197 < v.c > 0.05 ― ? Palmitoyl 
Ethanolamide 
(HMDB02100) - 0.038 0.027 0.017 1.16 

13Z-Octadecenoic acid 
(HMDB00573) + < v.c 0.063 0.008 2.69 

25-hydroxyvitamin D3 
(HMDB06721) - 0.044 0.051 0.022 1.29 

Oleic acid 
(HMDB00207) + < v.c 0.076 0.011 2.57             

            Glycerol (HMDB00131) + < v.c 0.067 > 0.05 ―             

            
Myristic acid 
(HMDB00806) + < v.c 0.078 > 0.05 ―             

            Erythritol (HMDB02994) + < v.c 0.076 0.039 1.33             

MT3KO 

? Valine# (HMDB00883) + < v.c < v.c 0.004 1.48 
Cadaverine 
(HMDB02322) + 0.059 < v.c 0.011 1.16 

Oleic acid 
(HMDB00207) + 0.282 < v.c > 0.05 ― 

? Cinnamic acid# 
(HMDB00567) + < v.c < v.c 0.039 1.36 ? Proline (HMDB00162) + 0.050 < v.c 0.001 2.09 

Palmitoleic acid 
(HMDB03229) + 0.099 < v.c > 0.05 ― 

LysoPC(16:1) 
(HMDB10383) - 

-
0.013 < v.c > 0.05 ― 

? Acetic acid 
(HMDB00042) + 0.047 < v.c 0.002 

3.02 Palmitelaidic acid 
(HMDB12328) + 0.084 0.136 > 0.05 ― 

LysoPE(18:1/0:0) 
(HMDB11475) - 

-
0.014 < v.c > 0.05 ― 

Cholesterol 
(HMDB00067) + 0.021 < v.c > 0.05 ― 

Myristic acid 
(HMDB00806) + 0.073 0.138 > 0.05 ― 

LysoPC(18:2) 
(HMDB10386) - 

-
0.015 < v.c > 0.05 ― 

Lactic acid# 
(HMDB00190) + 0.018 < v.c 0.005 2.56 

Adrenic acid 
(HMDB02226) - 0.069 < v.c > 0.05 ― 

LysoPC(18:0) 
(HMDB10384) - 

-
0.021 

-
0.013 0.041 1.30 

Palmitoleic acid 
(HMDB03229) + < v.c < v.c 0.008 

1.08 
4Z,7Z,10Z,13Z,16Z,19Z-
Docosahexaenoic acid 
(HMDB02183) 

- 0.197 < v.c > 0.05 ― 
LysoPE(0:0/16:0) 
(HMDB11473) - 

-
0.025 

-
0.023 > 0.05 ― 

13Z-Octadecenoic acid 
(HMDB00573) + < v.c < v.c 0.008 1.06 

Oleamide 
(HMDB02117) - 

-
0.030 

-
0.019 0.006 1.82 

Oleic acid 
(HMDB00207) + < v.c < v.c 0.011 1.03             

? Palmitoyl 
Ethanolamide 
(HMDB02100) - 

-
0.038 

-
0.027 0.017 1.35 Alanine (HMDB00161) + < v.c < v.c 0.015 

2.35 
            

25-hydroxyvitamin D3 
(HMDB06721) - 

-
0.044 

-
0.051 > 0.05 ―                         
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Table 4.36 (continued): Important liver metabolites  that differed markedly between the strains after e xercise. 
F

em
al

es
 

MT1+2KO 

? Valine (HMDB00883) + 0.020 < v.c > 0.05 ― 
Arabinitol 
(HMDB00568) + ― 0.048 0.002 2.08 

The liver metabolome data gave no separate grouping of 
the three strains. Hence, no meaningful loadings were 
obtained. Also, univariate analysis did not find significantly 
different metabolite levels. 

Glycerylphosphorylethanolamine 
(HMDB00114) 

+ < v.c < v.c 0.001 2.85 

? 4-Hydroxycrotonic 
acid (HMDB03381) + ― < v.c 0.003 1.91 

? Glutaric acid 
(HMDB00663) + ― 0.066 0.008 1.52 

Guanidylic acid (GMP) 
(HMDB01397) + < v.c < v.c 0.012 1.64 

? Pyruvic acid 
(HMDB00243) + ― < v.c 0.010 1.55 

? ADP (HMDB01341) + < v.c 0.026 0.006 2.06 
3-Hydroxybutyric 
acid (HMDB00357) + ― 0.053 0.025 1.17 

LysoPE(20:4/0:0) (HMDB11518) + < v.c 0.036 > 0.05 ― 
? Gulonic acid 
(HMDB03290) + ― < v.c 0.040 1.22 

LysoPC(16:0) (HMDB10382) + < v.c 0.029 > 0.05 ― 

Myoinositol 
phosphate 
(HMDB00213) + ― 0.103 0.041 1.25 

? Taurallocholic acid 
(HMDB00922) - 0.201 0.092 0.003 1.82 

Linoleic acid 
(HMDB00673) + ― 0.057 

> 
0.05 ― 

            
Glycine 
(HMDB00123) + ― 0.041 

> 
0.05 ― 

MT3KO 

? Valine (HMDB00883) + 0.020 < v.c 0.017 2.16 

No meaningful IMs could be obtained with univariate or 
multivariate analysis due to the low number of samples per 
group 

Pentadecanoic acid 
(HMDB00826) - ― ― < 0.001 6.98 

Spermine (HMDB01256) + < v.c < v.c < 0.001 3.21 
Oleic acid 
(HMDB00207) - ― ― 0.001 1.78 

Glycerophosphocholine 
(HMDB00086) + < v.c < v.c 0.050 1.83 

Palmitic acid 
(HMDB00220) - ― ― 0.011 1.42 

? ADP (HMDB01341) + < v.c 0.026 0.006 1.76 
Palmitoleic acid 
(HMDB03229) - ― ― 0.023 2.04 

LysoPE(20:4/0:0) (HMDB11518) + < v.c 0.036 > 0.05 ― 
Palmitelaidic acid 
(HMDB12328) - ― ― 0.032 1.88 

? Taurallocholic acid 
(HMDB00922) - 0.201 0.092 0.003 1.33 

Myristic acid 
(HMDB00806) - ― ― 0.043 1.66 

* respective compound was markedly higher in the MT1+2KO mice in comparison to the MT3KO mice 

# respective compound was markedly higher in the MT3KO mice in comparison to the MT1+2KO mice 
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Table 4.37: Pathway analysis results of the IMs obt ained after the male and female MT knockout mice we re compared to the WT mice. 

  

Males Females 

Pathway Total Hits 
Raw 

p 
Holm 

p FDR Impact Pathway Total Hits 
Raw 

p 
Holm 

p FDR Impact 

M
T

1+
2K

O
 

Glycolysis or Gluconeogenesis 26 3 0.001 0.089 0.089 0.02862 Valine, leucine and isoleucine biosynthesis 11 2 0.004 0.335 0.335 0.33333 

Pyruvate metabolism 23 2 0.015 1 0.522 0.05125 Butanoate metabolism 22 2 0.016 1 0.631 0 

Galactose metabolism 26 2 0.019 1 0.522 0.0822 Glycerophospholipid metabolism 30 2 0.029 1 0.631 0.06759 

Fatty acid biosynthesis 43 2 0.049 1 1 0 Glycine, serine and threonine metabolism 31 2 0.031 1 0.631 0.26884 

Pentose and glucuronate interconversions 16 1 0.128 1 1 0 Synthesis and degradation of ketone bodies 5 1 0.045 1 0.631 0 

Glycerolipid metabolism 18 1 0.143 1 1 0.28098 Cyanoamino acid metabolism 6 1 0.054 1 0.631 0 

Starch and sucrose metabolism 19 1 0.150 1 1 0.17734 Linoleic acid metabolism 6 1 0.054 1 0.631 1 

Glutathione metabolism 26 1 0.200 1 1 0 Methane metabolism 9 1 0.080 1 0.727 0 

Glycerophospholipid metabolism 30 1 0.227 1 1 0.04444 Nitrogen metabolism 9 1 0.080 1 0.727 0 

Steroid biosynthesis 35 1 0.260 1 1 0.05394 Purine metabolism 68 2 0.126 1 0.869 0.07823 

Amino sugar and nucleotide sugar metabolism 37 1 0.273 1 1 0.08058 Aminoacyl-tRNA biosynthesis 69 2 0.129 1 0.869 0 

Biosynthesis of unsaturated fatty acids 42 1 0.304 1 1 0 Pantothenate and CoA biosynthesis 15 1 0.130 1 0.869 0 

Arginine and proline metabolism 44 1 0.316 1 1 0 Pentose and glucuronate interconversions 16 1 0.138 1 0.869 0 

Primary bile acid biosynthesis 46 1 0.328 1 1 0.03698 Citrate cycle (TCA cycle) 20 1 0.169 1 0.896 0.07184 

Steroid hormone biosynthesis 72 1 0.466 1 1 0.01689 Pyruvate metabolism 23 1 0.192 1 0.896 0.18375 

M
T

3K
O

 

Pyruvate metabolism 23 2 0.018 1 0.915 0.05125 Fatty acid biosynthesis 43 3 0.001 0.108 0.108 0 

Glycolysis or Gluconeogenesis 26 2 0.022 1 0.915 0.02862 Biosynthesis of unsaturated fatty acids 42 2 0.021 1 0.879 0 

Fatty acid biosynthesis 43 2 0.057 1 1 0 Valine, leucine and isoleucine biosynthesis 11 1 0.061 1 1 0.33333 

Valine, leucine and isoleucine biosynthesis 11 1 0.097 1 1 0.33333 Pantothenate and CoA biosynthesis 15 1 0.082 1 1 0 

Aminoacyl-tRNA biosynthesis 69 2 0.129 1 1 0 beta-Alanine metabolism 17 1 0.092 1 1 0 

Selenoamino acid metabolism 15 1 0.130 1 1 0 Glutathione metabolism 26 1 0.138 1 1 0 

Pantothenate and CoA biosynthesis 15 1 0.130 1 1 0 Fatty acid elongation in mitochondria 27 1 0.143 1 1 0 

Alanine, aspartate and glutamate metabolism 24 1 0.200 1 1 0 Glycerophospholipid metabolism 30 1 0.158 1 1 0.02315 

Glutathione metabolism 26 1 0.215 1 1 0 Valine, leucine and isoleucine degradation 38 1 0.196 1 1 0 

Glycerophospholipid metabolism 30 1 0.244 1 1 0.04444 Fatty acid metabolism 39 1 0.201 1 1 0 

Steroid biosynthesis 35 1 0.279 1 1 0.05394 Arginine and proline metabolism 44 1 0.224 1 1 0 

Valine, leucine and isoleucine degradation 38 1 0.299 1 1 0 Purine metabolism 68 1 0.326 1 1 0.03604 

Biosynthesis of unsaturated fatty acids 42 1 0.325 1 1 0 Aminoacyl-tRNA biosynthesis 69 1 0.330 1 1 0 

 



156 

 

When it comes to the lipids and fatty acids, the picture is somewhat difficult to interpret 

especially since the males and females show differences in lipid content.  Several lipids in the 

liver of the MT1+2KO and MT3KO males were lower while the opposite was true for the 

females.  Free fatty acids (all 14 to 18 carbons in length) in the livers of both genders were 

higher. Cholesterol was also higher in the males of both knockouts while the bile acid 

(taurallocholic acid) was lower in the females of both knockouts.  Higher cholesterol levels in 

the liver of the knockout mice during exercise are most probably due to the import of low 

density lipoproteins into the liver carrying alternative energy-producing nutrients rather than 

cholesterol synthesis.  The higher levels in comparison to the WT mice and the females would 

then be a result of higher import or lower cholesterol catabolism.  With the lower phospholipids, 

the latter seems more likely.  The bound fatty acid profiles (FAMEs) of the males and females 

also differed. Several bound fatty acids (all 14 to 20 carbons in length) in the MT1+2KO and 

MT3KO mice were higher in comparison to the WT.  Only very long chain bound fatty acids 

were lower than the WT.  This could indicate the influx of lipids from the adipose tissue to the 

liver for alternative energy production.  All bound fatty acids in the females were lower when 

compared to the female WT mice. 

 

The picture in the liver is quite different from the muscle as most IMs are higher in the 

MT1+2KO mice livers, while the opposite is true in the muscle.  Moreover, this different profile 

indicates that energy metabolism in the muscle is working properly or in fact enhanced in 

comparison to the WT, while the opposite is true for the liver.  

 

4.3.5.4 Brain metabolome 

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

shown in Figures 4.42 and 4.43 respectively.  Relatively few metabolites detected with LC-MS 

showed significant differences between the strains, while once again almost all the metabolites 

detected with GC-MS were significantly different according to the univariate results.  Marginal 

separation of the strains was possible with multivariate analysis of the LC-MS data with 

MT1+2KO and MT3KO showing a great overlap.  The PCA and PLS-DA score plots of the GC-

MS data show separate grouping of all three strains with MT1+2KO and MT3KO being the least 

similar. The opposite grouping of the knockouts in relation to the WT indicates that the direction 

of the identified IMs is different in these mice.  The GC-MS IMs in Table 4.38 indeed shows that 

most metabolites in the MT1+2KO group were higher than the control while those of the 

MT3KO group where lower.  The top pathway analysis results are shown in Table 4.39.  The 

complete list of affected pathways is included in the supplementary CD. 
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Figure 4.42: Differences in the brain metabolome co mposition 

after exercise as detected with untargeted LC-MS an alyses.  The 

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

Figure 4.43: Differences in the brain metabolome co mposition 

after exercise as detected with silylation-GC-MS an alyses.  The 

ANOVA (A), PCA (B) and PLS-DA score plots (C) are shown. 
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Table 4.38: The important brain metabolites that di ffered markedly between the strains after 

exercise. 

  Knockout Compound Direction PCA PLS-DA p d 

LC
-M

S
 

MT1+2KO 

Acetylcholine (HMDB00895) - < v.c 0.061 > 0.05 ― 

? PC(10:0/10:0) (HMDB07899) - 0.079 0.178 > 0.05 ― 

Glycerophosphocholine (HMDB00086) - 0.195 0.066 0.018 0.92 

Phosphocholine (HMDB01565) - 0.050 < v.c 0.006 1.33 
2-Keto-6-acetamidocaproate 
(HMDB12150) - 

0.033 0.096 0.007 1.21 

Uracil (HMDB00300) - < v.c < v.c 0.007 1.45 

Proline (HMDB00162) - < v.c < v.c 0.015 1.37 

? Glutamate (HMDB00148) - 0.227 0.101 0.013 1.33 

MT3KO 

? PC(10:0/10:0) (HMDB07899) - 0.079 0.178 > 0.05 ― 

Phosphocholine (HMDB01565) - 0.050 < v.c 0.006 1.65 

Uracil (HMDB00300) - < v.c < v.c 0.007 1.21 

Glycerophosphocholine (HMDB00086) - 0.195 < v.c 0.018 1.18 

? Glutamate (HMDB00148) - 0.227 0.101 > 0.05 ― 

S
ily

la
tio

n-
G

C
-M

S
 

MT1+2KO 

Pyroglutamic acid (HMDB00267) + 0.151 < v.c < 0.001 2.38 
Myoinositol (HMDB00211) + 0.083 < v.c < 0.001 1.85 
N-acetylaspartate (HMDB00812) + 0.050 < v.c < 0.001 2.70 
Lactic acid (HMDB00190) + 0.040 < v.c < 0.001 1.92 
Margaric acid (HMDB02259) + 0.022 < v.c < 0.001 2.83 
Eicosanoic acid (HMDB02212) + < v.c < v.c < 0.001 2.62 
? Fucose (HMDB00174) + < v.c < v.c < 0.001 1.58 
Isoleucine (HMDB00172) + 0.023 < v.c < 0.001 1.80 
? Fructose (HMDB00660) + < v.c < v.c < 0.001 1.59 
Valine (HMDB00883) + < v.c < v.c < 0.001 1.87 
Fumaric acid (HMDB00134) + < v.c < v.c < 0.001 1.82 
Cadaverine (HMDB02322) + < v.c < v.c < 0.001 1.91 
Glycerol (HMDB00131) + < v.c < v.c < 0.001 1.53 
Alanine (HMDB00161) + < v.c < v.c < 0.001 1.40 
Malic acid (HMDB00156) + < v.c < v.c < 0.001 1.56 
Oxalic acid (HMDB02329) + < v.c 0.042 < 0.001 1.33 
Glutamine (HMDB00641) + 0.029 < v.c < 0.001 1.22 
Aspartic acid (HMDB00191) + 0.027 < v.c < 0.001 1.27 
Heneicosanoic acid (HMDB02345) + < v.c < v.c < 0.001 1.18 
Threonine (HMDB00167) + < v.c < v.c < 0.001 1.39 
Ribitol (HMDB00508) + < v.c 0.029 < 0.001 1.68 
Phenylethylamine (HMDB12275) + < v.c < v.c < 0.001 1.79 
Nonanoic acid (HMDB00847) + < v.c < v.c < 0.001 1.43 
Ethanolamine (HMDB00149) + < v.c < v.c < 0.001 1.47 
? Erythrose (HMDB02649) + < v.c < v.c < 0.001 1.17 
? Glucose (HMDB00122) + < v.c < v.c < 0.001 1.18 
2-Pyrrolidone-5-carboxylic acid 
(HMDB00805) + < v.c < v.c < 0.001 1.61 

Gluconic acid (HMDB00625) + < v.c < v.c < 0.001 0.99 
Adenine (HMDB00034) + < v.c < v.c < 0.001 1.24 
Serine (HMDB00187) + 0.020 < v.c < 0.001 1.19 
Ribose-5-phosphate (HMDB01548) + < v.c 0.044 < 0.001 1.33 
Creatinine (HMDB00562) + < v.c < v.c 0.001 0.83 
AMP (HMDB00045) + < v.c < v.c 0.001 1.20 
Stearic acid (HMDB00827) + < v.c < v.c 0.001 0.81 
γ-aminobutyric acid (HMDB00112) + 0.026 < v.c 0.001 0.95 
Glyceric acid (HMDB06372) + < v.c < v.c 0.001 0.93 
Aminomalonic acid (HMDB01147) + < v.c < v.c 0.001 1.35 
2-Monopalmitin (HMDB11533) + < v.c 0.058 0.007 0.87 
2-Ketoglutaric acid (HMDB00208) + < v.c < v.c 0.007 1.21 
2-Monostearin (HMDB11535) + < v.c 0.031 0.010 0.91 
Succinic acid (HMDB00254) + < v.c 0.032 0.018 0.86 
Uridine (HMDB00296) + < v.c 0.070 > 0.05 ― 
3-Hydroxy picolinic acid (HMDB13188) + < v.c 0.058 > 0.05 ― 
O-Phosphoethanolamine (HMDB00224) + < v.c 0.047 > 0.05 ― 
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Table 4.38 (continued): The important brain metabol ites that differed markedly between the 

strains after exercise. 
S

ily
la

tio
n-

G
C

-M
S

 

MT3KO 

Margaric acid (HMDB02259) - 0.031 < v.c < 0.001 1.77 

Eicosanoic acid (HMDB02212) - < v.c < v.c < 0.001 2.44 

N-acetylaspartate (HMDB00812) - 0.064 < v.c < 0.001 2.00 

? Fucose (HMDB00174) - < v.c < v.c < 0.001 2.02 

Isoleucine (HMDB00172) - 0.028 < v.c < 0.001 1.13 

? Glucose (HMDB00122) - < v.c < v.c < 0.001 1.60 

Valine (HMDB00883) - < v.c < v.c < 0.001 0.95 

Cadaverine (HMDB02322) - < v.c < v.c < 0.001 1.09 

Glycerol (HMDB00131) - < v.c < v.c < 0.001 1.42 

Alanine (HMDB00161) - < v.c < v.c < 0.001 1.64 

Malic acid (HMDB00156) - < v.c < v.c < 0.001 0.89 

Oxalic acid (HMDB02329) - < v.c 0.042 < 0.001 0.96 

Glutamine (HMDB00641) - 0.027 < v.c < 0.001 1.19 

Aspartic acid (HMDB00191) - < v.c < v.c < 0.001 1.33 

Heneicosanoic acid (HMDB02345) - < v.c < v.c < 0.001 1.24 

Threonine (HMDB00167) - < v.c < v.c < 0.001 1.16 

Ethanolamine (HMDB00149) - < v.c < v.c < 0.001 0.80 

? Erythrose (HMDB02649) - < v.c < v.c < 0.001 1.21 

Fumaric acid (HMDB00134) - < v.c < v.c < 0.001 0.96 

Gluconic acid (HMDB00625) - < v.c < v.c < 0.001 1.17 

Creatinine (HMDB00562) - < v.c < v.c 0.001 1.01 

Stearic acid (HMDB00827) - < v.c < v.c 0.001 0.95 

Inosine (HMDB00195) - < v.c < v.c 0.003 0.94 

Arachidonic acid (HMDB01043) - < v.c < v.c 0.006 1.41 

Uridine (HMDB00296) - < v.c 0.070 0.008 1.02 

Lactic acid (HMDB00190) - 0.044 < v.c > 0.05 ― 

γ-aminobutyric acid (HMDB00112) - 0.043 < v.c 0.001 1.01 

Myoinositol (HMDB00211) - 0.113 < v.c 0.000 2.65 

Pyroglutamic acid (HMDB00267) - 0.160 < v.c 0.000 1.32 

 

The alanine, aspartate and glutamate pathway was again identified to be most affected in both 

the knockout strains, albeit in different ways considering the direction of the IMs.  As this 

pathway is important for the production of the major neurotransmitters, it might indicate altered 

neuronal activity in the strains.  Glutamate and acetylcholine were the only neurotransmitters 

lower in the brains of the MT1+2KO mice, while aspartate, N-acetylaspartate and γ-

aminobutyric acid were higher in comparison to the WT mice.  All these specialised compounds 

were lower in the MT3KO mice in comparison to the WT.  This indicates a speculative link 

between MT knockout and altered neuronal activity during exercise.  Moreover, an altered 

translational process during exercise due to the unavailability of amino acids could result in 

more problems when important proteins in the brain are not produced.  This is possible with the 

alteration of aminoacyl-tRNA biosynthesis identified in both knockout mice.  The third pathway 

in the MT3KO strain that was identified to be markedly affected by the knockout during exercise 

is the arginine and proline metabolic pathway.  This pathway was also altered in the MT1+2KO 

mice. It involves the conversion of proline and arginine to glutamate. It was previously 

mentioned that the brain greatly depends on second-by-second supply of nutrients as it does 
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not contain large nutrient stores.  The lower amino acid levels in the brain of the MT3KO mice 

are thus a combination of amino acid availability and usage by the brain. 

 

Table 4.39: Pathway analysis results of the IMs obt ained after the MT knockout mice were 

compared to the WT mice. 

  Pathway Total Hits Raw p Holm p FDR Impact 

M
T

1+
2K

O
 

Alanine, aspartate and glutamate metabolism 24 9 < 0.001 < 0.001 < 0.001 0.7827 

Aminoacyl-tRNA biosynthesis 69 9 < 0.001 0.016 0.008 0.129 

D-Glutamine and D-glutamate metabolism 5 3 < 0.001 0.023 0.008 1 

Glycerophospholipid metabolism 30 5 0.002 0.160 0.034 0.0685 

Arginine and proline metabolism 44 6 0.002 0.162 0.034 0.1695 

Citrate cycle (TCA cycle) 20 4 0.003 0.228 0.041 0.1657 

Butanoate metabolism 22 4 0.004 0.325 0.050 0.029 

Galactose metabolism 26 4 0.008 0.597 0.082 0.0364 

Nitrogen metabolism 9 2 0.031 1 0.281 0 

Valine, leucine and isoleucine biosynthesis 11 2 0.045 1 0.348 0.6667 

Glutathione metabolism 26 3 0.047 1 0.348 0.0697 

Histidine metabolism 15 2 0.080 1 0.503 0 

Pantothenate and CoA biosynthesis 15 2 0.080 1 0.503 0 

beta-Alanine metabolism 17 2 0.099 1 0.581 0 

Pyrimidine metabolism 41 3 0.138 1 0.683 0.0538 

M
T

3K
O

 

Alanine, aspartate and glutamate metabolism 24 7 < 0.001 < 0.001 < 0.001 0.7194 

Aminoacyl-tRNA biosynthesis 69 7 < 0.001 0.040 0.020 0 

Arginine and proline metabolism 44 5 0.002 0.171 0.058 0.1055 

D-Glutamine and D-glutamate metabolism 5 2 0.004 0.351 0.091 1 

Nitrogen metabolism 9 2 0.015 1 0.205 0 

Galactose metabolism 26 3 0.018 1 0.205 0.0364 

Glutathione metabolism 26 3 0.018 1 0.205 0.0697 

Valine, leucine and isoleucine biosynthesis 11 2 0.023 1 0.231 0.6667 

Glycerophospholipid metabolism 30 3 0.026 1 0.235 0.0676 

Histidine metabolism 15 2 0.041 1 0.304 0 

Pantothenate and CoA biosynthesis 15 2 0.041 1 0.304 0 

beta-Alanine metabolism 17 2 0.051 1 0.351 0 

Pyrimidine metabolism 41 3 0.058 1 0.358 0.0538 

Biosynthesis of unsaturated fatty acids 42 3 0.061 1 0.358 0 

Citrate cycle (TCA cycle) 20 2 0.069 1 0.377 0.0721 

 

The higher amino acid levels in the MT1+2KO mice in comparison to the WT and MT3KO mice 

might indicate problems with catabolism rather than availability as the circulation did not show 

higher levels of amino acids.  Impaired energy metabolism can also explain this which is 

supported by the higher levels of detected carbohydrates, Krebs cycle intermediates and free 

fatty acids.  The Krebs cycle is relatively high on the pathway analysis list of the MT1+2KO 

mice which confirms the above statement.  Lactate, fumarate, malate, α-ketoglutarate and 

succinate were found to be higher in the brains of MT1+2KO mice in comparison to the WT 

mice. These compounds were lower in the MT3KO mice which signify enhanced respiration.  

This view is supported by the lower levels of carbohydrates detected. 

 

Furthermore, the fatty acids and lipid levels were also lower in the MT3KO mice brains.  

Several phospholipids were lower in MT1+2KO mice as well in comparison with the WT, but 
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two monoacylglycerols and several free fatty acids were found to be higher.  While the brain 

does not readily depend on fatty acid oxidation for energy production, these higher levels of 

fatty acids in the MT1+2KO mice could nonetheless indicate altered lipid metabolism which is 

accompanied by altered respiration.  Energy depletion in the brain due to impaired respiration 

would probably still activate lypolysis. The higher levels of AMP, creatinine and adenine support 

the view that these mice have lower energy levels in the brain 

 

4.3.5.5 Biological interpretation of the metabolic differences between the WT, MT1+2KO 

and MT3KO mice when challenged with exercise. 

The effect of the exercise on energy metabolism was shown in Section (4.3.1.5), which 

confirmed that energy metabolism was challenged. Differences in the activity of energy 

producing enzymes (such as the respiratory chain) were thus enhanced or amplified with this 

challenge.  Higher energy requirements but low energy metabolism would thus result in the 

accumulation of intermediates of the central metabolism, secondary metabolism and altered 

energy states. 

 

From a systemic point of view, it was clear that the exercise-induced variation was not great 

due to a lack of metabolite variance in the blood.  The gastrocnemius showed some differences 

between the MT1+2KO, WT and MT3KO mice.  The MT3KO mice were metabolically very 

similar to WT which might be due to the fact that these mice still contain MT-1 and -2.  The 

MT1+2KO mice showed more variance from the WT mice with higher acylcarnitines.  These 

mice also contained lower amino acids and carbohydrates which could indicate a depletion of 

the muscle stores. In light of the results seen when the mice were not challenged, the 

involvement of moderate insulin resistance might also play a role.  Lower lactic acid and the 

“normal” or similar Krebs cycle intermediate levels point to unaltered or perhaps enhanced 

respiration.  The higher acylcarnitines on the other hand might indicate problems with fatty acid 

oxidation pathways, but this is also speculative. 

 

The metabolome data from the liver and brain are quite different from the metabolome data 

obtained for the plasma and gastrocnemius which might be due to the higher expression and 

requirements of the respective MTs in these tissues.  Many primary metabolites in the livers of 

the MT1+2KO and MT3KO mice were higher in comparison to the WT, which indicates lower 

energy metabolism; especially since biosynthesis would be inhibited by the low energy levels 

during exercise.  The recruitment of these compounds for energy production but the inability to 

use them at an acceptable rate thus results in their levels being higher in comparison to the 

WT.  The metabolome composition of the MT1+2KO, WT and MT3KO mice was different with 

the knockout mice showing “opposite” changes.  Most of the metabolite levels in the brain were 

lower in the MT3KO mice in comparison to the WT. Considering that the nutrient supply was 



162 

 

similar (confirmed by the similarities in exometabolome), this would indicate enhanced 

respiration (or usage of these available metabolites).  The higher metabolite levels in the brains 

of MT1+2KO mice would also thus indicate the opposite if one considers the supply to be 

similar in comparison to the WT.  This would be against expectation as the presence of MTs 

are believed to reduce respiration but would nonetheless signify a role of MT-1 ad MT-2 in 

energy production. 

 

The involvement of MTs in energy metabolism is now somewhat more conclusive as energy 

metabolism was specifically challenged with exercise.  The metabolic differences seen between 

the strains in the unchallenged conditions were harder to interpret as it was difficult to conclude 

whether catabolism or anabolism was involved.  With the high energy requirements of the one 

hour swim, the involvement of anabolism in the metabolic profiles could be excluded, thereby 

indicating more specific differences in the energy metabolism of these mice.  The MT1+2KO 

mice seem to have lower energy producing capabilities especially in the liver and brain, as 

numerous metabolites “accumulated” when compared to the WT.  The same “accumulation” of 

acylcarnitines was observed in the gastrocnemius but due to the nature of the statistical results, 

this might be false discovery. Nevertheless, it was mentioned that the objective was to highlight 

these differences by putting tension over the pathway that was expected to be altered – 

respiration. The absence of MT-1 and -2, which is believed to play a key role in supplying 

metals to these enzymes and/or their transcription factors, would thus lead to possible 

irregularities in enzyme function or abundance (in comparison to the WT).  The accumulation of 

metabolites in the brain and liver due to lower oxidation/respiration and/or higher recruitment 

rate (lipolysis/protein degradation) thus indicates that this theory is accurate.  The buffering 

effect of MTs for metals and ROS also cannot be excluded from this view as exercise often 

leads to higher ROS levels which consequently can lead to higher free metals when proteins 

are oxidized.  The inhibition of enzymes (such as α-ketoglutarate dehydrogenase) by ROS and 

Zn would thus result in lower respiration. 

 

While the involvement of MT-1 and -2 in respiration seems clearer, the role of MT-3 remains 

difficult to interpret.  MT-3 is predominantly expressed in the central nervous system and brain.  

Its involvement in muscle or liver metabolism seems thus unlikely. However, during 

unchallenged conditions the MT3KO mice did show some differences in the gastrocnemius 

metabolome composition and it was hypothesized that MT-3 might have indirect influence 

through the brain’s metabolic control centre (hypothalamus).  The absence of these differences 

after strenuous exercise also implies that MT-3 is not directly involved in respiration.  Since the 

MT3KO mice still contain MT-1 and -2, their energy producing ability was not impaired and thus 

very similar to the WT mice.  However, the liver metabolome of these mice was similar to the 

MT1+2KO mice which indicate a more direct involvement. The role of MT-3 in the brain’s 
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metabolism seems radically different from the other MTs.  From a metabolic point of view, the 

results indicate that the MT3KO mice had a higher respiration rate or lower influx of nutrients in 

comparison to the WT and the MT1+2KO mice.  However, the role of MT-3 in the brain’s Zn 

homeostasis, Zn signalling and growth inhibition might be more direct causes for this profile 

than direct involvement in respiration. 

 

 

4.3.6 METABOLIC DIFFERENCES BETWEEN WT, MT1+2KO AND  MT3KO MICE AFTER 

CHALLENGED WITH A HIGH-FAT INTAKE. 

 

4.3.6.1 Plasma exometabolome 

 
 

Figure 4.44: Differences in the plasma exometabolom e composition of WT, MT1+2KO and MT3KO 

mice as detected with untargeted LC-MS analyses.  The ANOVA (A), PCA (B) and PLS-DA score 

plots (C) are shown. All metabolites above of the cut-off line (p < 0.05) in the ANOVA plots were 

significantly different between the genotypes. The PCA results of the VAST scaled, power, fourth root 

and log transformed data are shown. Only the first two principal components (PC1 vs PC2) are plotted to 

show the sample grouping. The legend of the PCA score plots are just below the PLS-DA score plot. 
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Table 4.40: Important plasma metabolites that diffe red markedly between the strains after a long 

term HFD. 

  LC-MS 
Compound Direction PCA PLS-DA p d 

M
T

1+
2K

O
 

Glutamine (HMDB00641) + 0.211 0.492 > 0.05 ― 

Acrylyl-CoA (HMDB02307) + 0.111 < v.c > 0.05 ― 

LPA(16:0/0:0) (HMDB07853) + 0.061 < v.c > 0.05 ― 

Glucose (HMDB00122) + 0.054 < v.c > 0.05 ― 

Hypoxanthine (HMDB00157) + 0.044 < v.c 0.001 1.69 

4-Methoxycinnamic acid (HMDB02040) + 0.039 < v.c < 0.001 2.55 

Acetylcarnitine (HMDB00201) + 0.035 0.045 0.002 1.27 

LysoPE(0:0/22:6) + 0.030 < v.c > 0.05 ― 

? Pyroglutamic acid (HMDB00267) + < v.c < v.c 0.042 1.39 

Taurine (HMDB00251) + < v.c < v.c 0.024 1.11 

? 2-Methylglutaconic acid (HMDB02266) + < v.c < v.c 0.013 1.15 

Histidine (HMDB00177) + < v.c < v.c 0.005 1.41 

Pelargonic acid* (HMDB00847) + < v.c < v.c 0.032 0.97 

Palmitic amide (HMDB12273) + < v.c < v.c < 0.001 2.01 

? Palmitic acid (HMDB00220) + < v.c < v.c 0.010 0.98 

Deoxyuridine monophosphate (HMDB01409) + < v.c < v.c 0.031 0.99 

10-oxo-nonadecanoic acid* (LMFA01060128) + < v.c < v.c < 0.001 1.44 

Hexacosanedioic acid (HMDB02356) + < v.c < v.c 0.015 1.30 

PI(16:0/18:2) (HMDB09784) + < v.c < v.c 0.014 1.04 

LysoPE(18:1/0:0) (HMDB10385) + < v.c 0.054 > 0.05 ― 

LysoPE(20:4/0:0) (HMDB10395) + < v.c 0.040 > 0.05 ― 

LysoPC(16:0) (HMDB10382) - 0.050 < v.c 0.009 1.05 

LysoPC(18:2) (HMDB10386) - 0.039 < v.c > 0.05 ― 

Tyrosine (HMDB00289) - 0.078 < v.c 0.042 0.95 

Phenylpyruvic acid (HMDB00205) - 0.087 < v.c 0.045 0.95 

Methionine (HMDB00696) - < v.c < v.c 0.037 0.80 

M
T

3K
O

 

Acrylyl-CoA (HMDB02307) + 0.205 < v.c > 0.05 ― 

Glutamine (HMDB00641) + 0.198 0.492 > 0.05 ― 

Acetylcarnitine# (HMDB00201) + 0.108 0.045 0.019 1.43 

Glucose (HMDB00122) + 0.069 < v.c 0.009 1.52 

Hypoxanthine (HMDB00157) + 0.044 < v.c 0.001 1.48 

4-Methoxycinnamic acid (HMDB02040) + 0.039 < v.c < 0.001 1.56 

LysoPE(0:0/22:6) (HMDB11496) + 0.030 < v.c 0.018 1.08 

AMP# (HMDB00045) + < v.c < v.c 0.001 1.52 

? Pyroglutamic acid (HMDB00267) + < v.c < v.c 0.042 1.15 

Taurine (HMDB00251) + < v.c < v.c 0.024 0.90 

Histidine (HMDB00177) + < v.c < v.c 0.005 1.13 

Arginine# (HMDB00517) + < v.c < v.c 0.003 1.87 

? Citric acid# (HMDB00094) + < v.c < v.c 0.001 2.61 

Palmitic amide (HMDB12273) + < v.c < v.c < 0.001 1.20 

? Palmitic acid (HMDB00220) + < v.c < v.c 0.010 0.84 

LysoPE(18:1/0:0) (HMDB10385) + < v.c 0.054 > 0.05 ― 

LysoPE(20:4/0:0) (HMDB10395) + < v.c 0.040 > 0.05 ― 

LysoPC(16:0) (HMDB10382) - 0.050 < v.c 0.009 1.13 

LysoPC(18:2) (HMDB10386) - 0.039 < v.c > 0.05 ― 

Phenylpyruvic acid (HMDB00205) - 0.05 < v.c 0.045 0.94 

Tyrosine (HMDB00289) - < v.c < v.c 0.042 0.94 

Methionine (HMDB00696) - < v.c < v.c 0.037 1.23 
* markedly higher in comparison to the MT3KO mice 

# markedly higher in comparison to the MT1+2KO mice 
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Table 4.41: Pathway analysis results from the plasm a IMs obtained after the MT knockouts were 

compared to the WT. 

  Pathway Total Hits Raw p Holm p FDR Impact 

M
T

1+
2K

O
 

Nitrogen metabolism 9 2 0.004 0.337 0.337 0 

Purine metabolism 68 3 0.038 1 0.729 0.03 

Aminoacyl-tRNA biosynthesis 69 3 0.039 1 0.729 0 

Glycerophospholipid metabolism 30 2 0.043 1 0.729 0.24 

Phenylalanine, tyrosine and tryptophan biosynthesis 4 1 0.045 1 0.729 0 

D-Glutamine and D-glutamate metabolism 5 1 0.055 1 0.755 0 

Pyrimidine metabolism 41 2 0.076 1 0.889 0.09 

Taurine and hypotaurine metabolism 8 1 0.087 1 0.892 0.43 

Phenylalanine metabolism 11 1 0.118 1 1 0.24 

M
T

3K
O

 

Aminoacyl-tRNA biosynthesis 69 5 0.001 0.056 0.056 0 

Nitrogen metabolism 9 2 0.004 0.333 0.169 0 

Purine metabolism 68 3 0.038 1 0.906 0.07 

Phenylalanine, tyrosine and tryptophan biosynthesis 4 1 0.045 1 0.906 0 

D-Glutamine and D-glutamate metabolism 5 1 0.055 1 0.906 0 

Arginine and proline metabolism 44 2 0.086 1 1 0.08 

Taurine and hypotaurine metabolism 8 1 0.087 1 1 0.43 

Phenylalanine metabolism 11 1 0.118 1 1 0.24 

 

The results of the ANOVA, PCA and PLS-DA are indicated in Figure 4.44.  The important 

features identified by ANOVA (Figure 4.44A) are those above the 95% confidence level (p < 

0.05).  Several important features were identified with the univariate test.  The PCA score plots 

(Figure 4.44B) of the different scaled data showed that there was separate grouping of the 

knockout mice from the WT, albeit with some overlap.  The large overlap between the knockout 

mice indicates that their exometabolome composition is somewhat similar.  The PLS-DA scores 

plot (Figure 4.44C) shows a similar result with the knockouts grouping separate from the WT 

but not from each other.  This confirms their similarity in exometabolome composition and 

difference from the WT.  The metabolites that were identified to be markedly different between 

these strains are listed in Table 4.40.  The top few pathway analysis results are listed in Table 

4.41.  The complete list of altered pathways is included in the supplementary CD. 

 

Nitrogen metabolism and the translational process were identified to be altered in the knockout 

strains as a result of the differential amino acid levels.  Higher plasma levels of glutamine and 

taurine in the MT1+2KO mice and higher levels of glutamine, taurine and arginine in the 

MT3KO mice support this finding and could indicate increased transfer (and excretion) of 

ammonia from increased protein degradation and amino acid transaminase reactions.  The 

levels of other amino acids and related catabolic products were also higher in the knockout 

mice which could be a result of higher protein degradation or reduced amino acid oxidation.  

Synchronised eating patterns would also result in the rise of specific amino acids in the 

knockout mice (only), but is highly unlikely to be a cause.  Moreover, several essential amino 

acids (tyrosine, methionine and phenylpyruvate) were lower in both knockouts.  The LC-MS 
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platform used was not properly suited to cover metabolites of the primary metabolism (such as 

organic acids) which makes it difficult to comment on the state of energy production.  

 

The alterations in plasma fatty acid and lipid content also support the view of protein 

degradation for alternative energy production.  Free fatty acids (mostly palmitic acid), and 

several phospholipids (except the phosphatidyl ethanolamines) were higher in both knockout 

mice.  This is probably a result from higher lipolysis and impaired fatty acid oxidation and not 

synchronised eating patterns (as mentioned).  In the previous sections, it was shown that the 

mice that were on the HFD had lower respiration and fatty acid oxidation rates accompanied by 

lower energy levels.  This also resulted in an accumulation of fatty acids and lipids in the blood, 

liver and muscle.  Since the knockout mice have even higher circulating fatty acid and lipid 

levels, it implies that the HFD had more damaging effects on them.  In fact, it was reported that 

MT1+2KO mice have higher leptin levels which stimulate lipolysis (Beattie et al., 1998).  Leptin 

levels rise with the increase of fat deposits and subsequently reduce appetite.  The increased 

fat deposits of the MT1+2KO mice and their tendency to become obese are in agreement with 

the higher leptin levels and lipolysis.  It was also recently reported that the MT3KO mice have a 

similar tendency toward obesity (Byun et al., 2011) and this is in agreement with the body 

weight gain and organ weight patterns seen in these mice (Figure E.1 and E.2, Annexure E).  It 

was hypothesized that the leptin receptor (Lepr) in the hypothalamus might be dysfunctional 

with the absence of MT-3, resulting in a loss of metabolic control (Byun et al., 2011).  They also 

reported that these mice also consumed less oxygen which implies lower respiration. 

 

Higher levels of glucose in both mice might also be a result of increased glycogenolysis and 

gluconeogenesis in the liver to allow the brain to receive nutrients.  However, as these mice 

were not deprived of food nor challenged with exercise, the higher glucose levels could also be 

an indication of insulin-resistance. A long term HFD is known to cause insulin resistance and 

Type 2 diabetes.  If the higher glucose in the knockout mice is a result of this, it would then 

confirm a possible role of MTs in suppressing HFD-related insulin resistance and Type 2 

diabetes.  The MT3KO mice also had higher citric acid in the blood which could indicate lower 

respiration which is linked to insulin resistance. Acetylcarnitine might also indicate lower 

respiration levels in both knockouts as it is often stockpiled when acetyl-CoA formation exceeds 

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

Furthermore, alterations in purine and pyrimidine metabolism were also indicated by the 

pathway analysis which could support the lower energy levels and thus cellular phosphorylation 

states. Higher levels of AMP and hypoxanthine in the MT3KO mice confirm this while 

hypoxanthine in the MT1+2KO mice, along with dUMP could also indicate a lower overall 

phosphorylation state in comparison to the WT.  The significance of and reason for these 

findings would possibly be revealed when organic specific metabolic information is compared.  
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A combined biological interpretation of the difference between the strains after a long term HFD 

is given in Section 4.3.6.5. 

 

4.3.6.2 Gastrocnemius metabolome 

The statistical results of the LC-MS and silylation-GC-MS data are shown in Figures 4.45 and 

4.46 respectively. A number of metabolites detected by LC-MS and GC-MS were identified with 

ANOVA to differ significantly between the strains.  The PCA score plots (Figure 4.45B) of the 

LC-MS data show separate grouping (but with some overlap) of the MT1+2KO and WT.  The 

MT3KO mice did not group separately from the WT mice.  This result was also seen in the 

PLS-DA score plot (Figure 4.45C).  The PCA score plots (Figure 4.46B) of the GC-MS data 

gave separate grouping of the MT1+2KO. The scores of the MT3KO mice were overlapped 

with the WT indicating that their metabolomes were very similar.  This also indicates that MT-3 

does not play a dominant role in the gastrocnemius which is (probably) due to its low-to-none 

expression pattern in this tissue.  The presence of MT-1 and -2 in the MT3KO mice could also 

play a role in this profile and similarity to the WT mice.  The PLS-DA results of the GC-MS data 

(Figure 4.46C) were similar to the PCA.  The IMs that were obtained from these statistical 

methods are listed in Table 4.42 and the top results of pathway analysis in Table 4.43.  The 

complete pathway analysis table is in included in the supplementary CD. 

 

The main pathways altered in the MT1+2KO mice were carbohydrate, glutathione and the 

aminoacyl-tRNA biosynthesis pathway. Glucose and glucose-6-phosphate were markedly lower 

in the MT1+2KO mice which could confirm speculation of increased insulin resistance.  

Muscles greatly depend on insulin for glucose transport into the cells.  These lower levels could 

thus be a result of lower substrate influx and also glycogen stores/degradation.  A lower influx 

of carbohydrates and pyruvate oxidation could further result in increased amino acid and fatty 

acid oxidation in an attempt to replenish the Krebs cycle.  This would partly explain the higher 

amino acid levels. However, the higher amino acid levels also indicate a possibly lower 

respiration rate in comparison to the WT, which is supported by the higher acetylcarnitine and 

niacinamide levels.  The results of the fatty acids and lipids were varied with some higher and 

others lower than the WT.  The gastrocnemius of the MT1+2KO and MT3KO mice contained 

higher glutathione levels which could indicate higher synthesis and/or lower oxidative stress in 

comparison to the WT.  However, since the oxidized glutathione levels did not differ markedly 

between the strains it is thus unlikely that the WT had higher oxidative stress.  A combined 

biological interpretation of the difference between the strains after a long term HFD is given in 

Section 4.3.6.5. 
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Figure 4.45: Differences in the gastrocnemius metab olome 

composition of WT, MT1+2KO and MT3KO mice as detect ed with 

untargeted LC-MS analyses.  The ANOVA (A), PCA (B) and PLS-DA score 

plots (C) are shown.  

Figure 4.46: Differences in the gastrocnemius metab olome 

composition of WT, MT1+2KO and MT3KO mice as detect ed with 

silylation GC-MS analyses.  The ANOVA (A), PCA (B) and PLS-DA score 

plots (C) are shown. 
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Table 4.42: Important metabolites in the gastrocnem ius that differed markedly between the 

strains after a long term HFD. 

  Knockout Compound Direction PCA PLS-DA p d 

LC
-M

S
 

MT1+2KO 

Acetylcarnitine (HMDB00201) + 0.15 0.046 0.001 1.88 

Hypoxanthine (HMDB00157) + 0.14 < v.c > 0.05 ― 

Glutathione (HMDB00125) + 0.10 0.030 0.001 1.72 

Methionine* (HMDB00696) + < v.c 0.070 0.009 1.02 

Tyrosine* (HMDB00158) + < v.c 0.072 0.012 0.97 

Proline (HMDB00162) + < v.c 0.045 0.016 1.18 

MG(18:0/0:0/0:0)* (HMDB11131) + < v.c 0.044 0.019 0.83 

Tryptophan* (HMDB00929) + < v.c 0.085 0.031 0.87 

Niacinamide (HMDB01406) + < v.c < v.c 0.041 0.95 

Octenoic acid (HMDB01568) + < v.c 0.066 > 0.05 ― 

MG(16:0/0:0/0:0) (HMDB11564) - 0.13 < v.c > 0.05 ― 

? Pyroglutamic acid (HMDB00267) - 0.15 0.149 0.001 1.95 

Glucose 6-phosphate (HMDB01586) - < v.c 0.071 0.020 1.35 
MT3KO Glutathione (HMDB00125) + ― ― 0.001 1.20 

S
ily

la
tio

n-
G

C
-M

S
 

MT1+2KO 

Cholesterol (HMDB00067) - 0.092 ― 0.003 1.71 

Myoinositol (HMDB00211) - 0.195 ― 0.013 1.02 

? Glucose (HMDB00122) - 0.213 ― < 0.001 1.65 

Palmitic acid (HMDB00220) - 0.304 ― < 0.001 1.96 

MT3KO The gastrocnemius metabolome data gave no separate grouping of the experimental groups. Hence, no 
meaningful loadings were obtained. Also, univariate analysis did not give significant features. 

* markedly higher in comparison to the MT3KO mice 

 

Table 4.43: Pathway analysis results from the gastr ocnemius IMs obtained after the MT 

knockouts were compared to the WT. 

  Pathway Total Hits Raw p Holm p FDR Impact 

M
T

1+
2K

O
 

Galactose metabolism 26 3 0.002 0.143 0.143 0.1186 

Aminoacyl-tRNA biosynthesis 69 4 0.004 0.289 0.146 0 

Starch and sucrose metabolism 19 2 0.014 1 0.385 0.2169 

Glutathione metabolism 26 2 0.026 1 0.482 0.375 

Ubiquinone and other terpenoid-quinone biosynthesis 3 1 0.029 1 0.482 0 

Phenylalanine, tyrosine and tryptophan biosynthesis 4 1 0.039 1 0.533 0.5 

Ascorbate and aldarate metabolism 9 1 0.086 1 1 0 

Phenylalanine metabolism 11 1 0.104 1 1 0 

Nicotinate and nicotinamide metabolism 13 1 0.122 1 1 0.2381 

Pentose and glucuronate interconversions 16 1 0.148 1 1 0 

Glycolysis or Gluconeogenesis 26 1 0.229 1 1 0 

Fatty acid elongation in mitochondria 27 1 0.237 1 1 0 
 

 

4.3.6.3 Liver metabolome 

The statistical results of the males and females are shown in Figures 4.47 – 4.52.  Statistical 

results of the LC-MS data are shown in the first two figures (Figures 4.47 and 4.48), results of 

the silylation-GC-MS in the following two (Figures 4.49 and 4.50), and the statistical results 

from the FAMEs data in Figures 4.51 and 4.52.  ANOVA identified a number of metabolites 

detected with LC-MS and silylation-GC-MS to differ significantly between the strains, while only 

a few FAMEs were significantly different.  All three strains of both genders grouped separately 

in the PCA score plots of the LC-MS data (Figures 4.47B and 4.48B).  This was also the case 

with the PLS-DA (Figures 4.47C and 4.48C) with MT1+2KO and the WT mice being the most 
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different and MT3KO in the middle.  The PCA score plots of the silylation-GC-MS data showed 

a different result (Figures 4.49B and 4.50B). The MT3KO mice (both genders) grouped 

separately while the WT and MT1+2KO grouped together (especially the males). This indicates 

some similarities in the levels of primary metabolites. Separate grouping of all three strains 

were possible with supervised multivariate analysis as shown in the PLS-DA scores plots 

(Figures 4.49C and 4.50C).  The FAMEs data of both genders did not show real differences in 

the lipid content of the strains.  The scores of the MT3KO male mice were marginally separated 

from the WT and MT1+2KO in the PCA score plots of the VAST scaled and log transformed 

data sets (Figure 4.51B).  Supervised multivariate analysis was also not able to separate the 

strains (Figures 4.51C and 4.52C). The IMs obtained from the univariate and multivariate 

statistics are listed in Table 4.44.  The top results from pathway analysis are shown in Table 

4.45.  The complete table with pathway analysis results is included in the supplementary CD. 

 

The results obtained for the males and females were very different in both strains which 

complicate matters.  In many ways the males and females were truly opposites of each other 

which poses the question: what metabolic changes can be ascribed to the MT knockout?  For 

example, several carbohydrates were higher in the MT1+2KO male mice (in comparison to the 

male WT) while most of the carbohydrates in the female MT1+2KO mice were lower than its 

respective WT group.  Another example is the difference in Krebs cycle intermediates among 

the MT3KO males and females. The Krebs cycle intermediates in the MT3KO males were 

lower in comparison to the WT males, while these intermediates were higher in the MT3KO 

females when compared to the female WT mice.  These differences were also reflected in the 

pathway analysis results. These differences are also most likely the main reason why the batch 

correction could not be validated, as both genders showed clear differences (in the initial PCA 

score plots) when they were analysed separately but not together.  It seems thus logical (but 

biologically inaccurate) to focus on common metabolic alterations which can be ascribed to the 

MT knockout, which is actually the rationale behind the blocking-theory.  However, as metabolic 

pathways are not isolated from each other, an alteration in one place could thus lead to a 

change in another.  Hence, even common changes in the metabolomes of the different genders 

might be due to different metabolic alterations and the data should still be interpreted in a 

holistic manner.  
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Figure 4.47: Differences in the liver metabolome co mposition of WT, 

MT1+2KO and MT3KO male mice as detected with untarg eted LC-MS 

analyses.  The ANOVA (A), PCA (B) and PLS-DA score plots (C) are 

shown.  

Figure 4.48: Differences in the liver metabolome co mposition of WT, 

MT1+2KO and MT3KO female mice as detected with unta rgeted LC-MS 

analyses.  The ANOVA (A), PCA (B) and PLS-DA score plots (C) are 

shown. 
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Figure 4.49: Differences in the liver metabolome co mposition of WT, 

MT1+2KO and MT3KO male mice as detected with silyla tion GC-MS 

analyses.  The ANOVA (A), PCA (B) and PLS-DA score plots (C) are 

shown. 

Figure 4.50: Differences in the liver metabolome co mposition of WT, 

MT1+2KO and MT3KO female mice as detected with sily lation GC-MS 

analyses.  The ANOVA (A), PCA (B) and PLS-DA score plots (C) are 

shown. 
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Figure 4.51: Differences in the liver lipidome comp osition of WT, 

MT1+2KO and MT3KO male mice as detected with methyl ation GC-MS 

analyses.  The ANOVA (A), PCA (B) and PLS-DA score plots (C) are 

shown. 

Figure 4.52: Differences in the liver lipidome comp osition of WT, 

MT1+2KO and MT3KO mice as detected with methylation  GC-MS 

analyses.  The ANOVA (A), PCA (B) and PLS-DA score plots (C) are 

shown. 
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Table 4.44: Important hepatic metabolites that diff ered markedly between the strains after a long term  HFD. 

  
 

LC-MS Silylation-GC-MS Methylation-GC-MS 

Compound   PCA PLS-
DA p d Compound   PCA PLS-

DA p d Compound   PCA PLS-
DA p d 

M
al

es
 

M
T

1+
2K

O
  

Proline* (HMDB00162) + < v.c 0.017 0.009 1.98 Palmitic acid* (HMDB00220) + ― < v.c < 0.001 1.45 Adrenate* (HMDB02226) + 0.512 ― 0.030 1.39 

Tricosanamide (HMDB00950) + < v.c 0.058 0.002 1.91 Stearic acid* (HMDB00827) + ― < v.c < 0.001 1.07 
9E,12E-
octadecenoate(HMDB05048) + 0.069 ― > 0.05 ― 

PE(16:1/18:1) (HMDB08959) + < v.c 0.026 > 0.05 ― Oleic acid* (HMDB00207) + ― < v.c < 0.001 0.99 10E-nonadecenoate(HMDB13622) + 0.026 ― > 0.05 ― 
PE(18:2/18:2) (HMDB09093) + < v.c 0.019 > 0.05 ― 3-Hydroxypicolinate* (HMDB13188) + ― < v.c 0.001 1.21 14-methyl-pentadecanoic acid 

(LMFA01020010) 
- 0.027 ― > 0.05 ― 

PE(16:0/22:5) (HMDB08944) + < v.c 0.016 > 0.05 ― 2-Methylacetoacetate (HMDB03771) + ― < v.c 0.001 1.29 
GSSG (HMDB03337) - 0.225 0.013 < 0.001 3.49 ? Glucose* (HMDB00122) + ― < v.c 0.002 1.42 Elaidic acid (HMDB00207) - 0.205 ― > 0.05 ― 
            Glycerol* (HMDB00131) + ― < v.c 0.002 1.02 11E,14E-Eicosadienoic acid 

(HMDB05060) 
- 0.105 ― > 0.05 ― 

            ? Mannitol* (HMDB00765) + ― < v.c 0.003 0.95 
            Nonanoic acid* (HMDB00847) + ― < v.c 0.004 1.66             
            Serine* (HMDB00187) + ― 0.120 0.031 1.07             
            ? Fructose* (HMDB00660) + ― < v.c 0.034 1.58             
            Glycine* (HMDB00123) + ― 0.071 0.036 1.32             
            Sedoheptulose* (HMDB03219) + ― < v.c 0.044 1.93             
            Aspartic acid* (HMDB00191) + ― 0.080 > 0.05 ―             
            ? Gulonic acid* (HMDB03290) + ― 0.071 > 0.05 ―             

M
T

3K
O

 

S-(Hydroxymethyl)glutathione 
(HMDB04662) 

+ < v.c < v.c 0.041 1.32 
Lactic acid (HMDB00190) - 0.028 < v.c > 0.05 ― 14-methyl-pentadecanoic acid# 

(LMFA01020010) + 0.091 ― > 0.05 ― Stearic acid (HMDB00827) - 0.031 < v.c < 0.001 4.26 
Tricosanamide (HMDB00950) + < v.c 0.058 0.002 1.04 Octadeceanoate (HMDB00573) - < v.c < v.c 0.006 1.10 Myristic acid (HMDB00806) + 0.079 ― > 0.05 ― 
GSSG# (HMDB03337) - 0.185 0.013 > 0.05 ― ? Glucose (HMDB00122) - 0.092 < v.c 0.002 1.15 10E-heptadecenoic acid 

(LMFA01030283) 
+ 0.073 ― > 0.05 ― 

Hydroxyadipate(HMDB00321) - < v.c < v.c 0.025 1.28 Palmitic acid (HMDB00220) - 0.092 < v.c < 0.001 4.32 
            Cholesterol (HMDB00067) - 0.104 < v.c < 0.001 3.79 Adrenic acid (HMDB02226) - 0.068 ― > 0.05 ― 
            13Z-Octadecenoate (HMDB00573) - < v.c < v.c < 0.001 3.39 Nonadecanoate (HMDB00772) - 0.155 ― 0.018 1.44 
            Fumaric acid (HMDB00134) - < v.c 0.118 < 0.001 4.28 Palmitelaidic acid (HMDB12328) + 0.084 ― > 0.05 ― 
            Oleic acid (HMDB00207) - < v.c < v.c < 0.001 3.13             
            Malic acid (HMDB00156) - < v.c 0.116 < 0.001 4.48             
            Heptadecanoic acid (HMDB02259) - < v.c 0.090 < 0.001 2.02             
            ? 4-Hydroxycrotonic acid (HMDB03381) - < v.c < v.c < 0.001 2.52             
            Palmitoleic acid (HMDB03229) - < v.c < v.c < 0.001 2.89             
            3-Hydroxy picolinic acid (HMDB13188) - < v.c < v.c 0.001 2.00             
            2-Methylacetoacetic acid (HMDB03771) - < v.c < v.c 0.001 1.58             
            Linoleic acid (HMDB00673) - < v.c < v.c 0.001 2.01             
            Aspartic acid (HMDB00191) - < v.c 0.091 0.002 2.33             
            Glycerol (HMDB00131) - < v.c < v.c 0.002 1.55             
            Sucrose (HMDB00258) - < v.c 0.093 0.002 1.65             
            ? Mannitol (HMDB00765) - < v.c < v.c 0.003 1.70             
            ? Gulonic acid (HMDB03290) - < v.c 0.126 0.004 2.14             
            Glutaric acid (HMDB00663) - < v.c < v.c 0.005 1.46             
            Cadaverine (HMDB02322) - < v.c 0.132 0.006 1.90             
            4E,7E,10E,13E,16E,19E-

Docosahexaenoate (HMDB02183) 
- < v.c < v.c 0.006 1.96 

            
                        
            ? MG(0:0/18:1(9Z)/0:0) (HMDB11537) - < v.c < v.c 0.007 2.57             
            Glucose 6-phosphate (HMDB01586) - < v.c < v.c 0.010 2.42             
            ? Proline (HMDB00162) - < v.c < v.c 0.012 2.26             
            ? Pyruvic acid (HMDB00243) - < v.c < v.c 0.018 1.47             
            Alanine (HMDB00161) - < v.c < v.c 0.025 1.72             
            Threonine (HMDB00167) - < v.c < v.c 0.026 1.36             
            γ-aminoutyric acid (HMDB00112) - < v.c < v.c 0.027 1.64             
            Citric acid (HMDB00094) - < v.c < v.c 0.033 1.65             
            MG(18:1(9Z)/0:0/0:0) (HMDB11567) - < v.c < v.c 0.046 1.08             

          ? Acetic acid (HMDB00042) - < v.c < v.c 0.048 0.91             
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Table 4.44 (continued): Important hepatic metabolit es that differed markedly between the strains after  a long term HFD. 
F

em
al

es
 

MT1+2KO  

Oxidized Glutathione* 
(HMDB03337) + 0.072 < v.c > 0.05 ― Myristic acid (HMDB00806) + < v.c < v.c 0.002 2.77 

The liver metabolome data gave no separate 
grouping of the three strains. Hence, no  
meaningful loadings was obtained. Also, 
univariate analysis did not find significantly 
different metabolite levels. 

? Taurallocholic 
acid (HMDB00922)   + 0.026 < v.c > 0.05 ― Palmitoleic acid (HMDB03229) + < v.c 0.047 0.019 1.91 

5'-Methylthioadenosine* 
(HMDB01173) + < v.c < v.c 0.001 2.40 Oleic acid (HMDB00207) + < v.c < v.c 0.004 1.74 

ADP (HMDB01341) + < v.c 0.019 0.007 1.93 Glycerol 3-phosphate* (HMDB00126) + < v.c 0.164 0.024 1.33 

Acetylcarnitine (HMDB00201) + < v.c 0.012 > 0.05 ― 
Tocopherol (vitamin E)* 
(HMDB01893) + < v.c 0.032 0.040 1.27 

Propionylcarnitine (HMDB00824) + < v.c 0.010 > 0.05 ― Uracil (HMDB00300) + < v.c 0.113 > 0.05 ― 

? LysoPC(18:0) (HMDB10384) - 0.022 < v.c 0.035 1.42 Glycine (HMDB00123) + < v.c 0.062 > 0.05 ― 

MG(18:0/0:0/0:0) (HMDB11131) - 0.025 < v.c > 0.05 ― γ-aminobutyric acid (HMDB00112) - 0.027 0.025 > 0.05 ― 

? Valine (HMDB00883) - 0.115 < v.c > 0.05 ― Oxalic acid (HMDB02329) - 0.032 < v.c > 0.05 ― 

Histidine (HMDB00177) - < v.c < v.c 0.009 2.00 Aminomalonic acid (HMDB01147) - 0.035 0.031 0.037 1.36 

Uridine (HMDB00296) - < v.c < v.c 0.033 1.37 ? Fucose (HMDB00174) - 0.036 < v.c > 0.05 ― 

LysoPE(0:0/16:0) (HMDB11473) - < v.c 0.014 > 0.05 ― Aspartic acid (HMDB00191) - 0.041 0.031 > 0.05 ― 

Glycogen (HMDB00757) - < v.c 0.017 > 0.05 ― ? Proline (HMDB00162) - 0.045 0.043 > 0.05 ― 

? Adenosine (HMDB00050) - < v.c 0.023 > 0.05 ― Rhamnose (HMDB00849) - 0.070 0.033 > 0.05 ― 

            
4-O-D-galactopyranosyl-Glucose 
(HMDB06603) 

- 0.074 < v.c > 0.05 ― 
            

            ? Galactose (HMDB00143) - 0.157 < v.c > 0.05 ― 

            ? Fructose (HMDB00660) - < v.c 0.032 0.021 1.72 

            Cadaverine (HMDB02322) - < v.c < v.c 0.014 1.84 

MT3KO 

? Valine# (HMDB00883) + 0.147 < v.c 0.001 1.85 Lactic acid (HMDB00190) + 0.149 < v.c > 0.05 ― 

The liver metabolome data gave no separate 
grouping of the three strains. Hence, no  
meaningful loadings was obtained. Also, 
univariate analysis did not find significantly 
different metabolite levels. 

ADP (HMDB01341) + < v.c 0.019 0.007 1.33 Myristic acid (HMDB00806) + < v.c < v.c 0.002 1.89 

Glutathione (HMDB00125) - 0.041 < v.c > 0.05 ― Oleic acid (HMDB00207) + 0.048 < v.c 0.004 2.45 

Oxidized Glutathione (HMDB03337) - 0.201 < v.c > 0.05 ― Cholesterol# (HMDB00067) + 0.044 < v.c 0.006 2.87 

? Adenosine (HMDB00050) - < v.c 0.023 > 0.05 ― Palmitic acid# (HMDB00220) + 0.033 < v.c 0.002 2.67 

Methionine (HMDB00696) - < v.c < v.c 0.039 1.58 
2,3,4-trihydroxybutyric acid# 
(HMDB00613) 

+ < v.c < v.c 0.005 2.33 
Aminooctanoic acid (HMDB00991) - < v.c < v.c 0.009 2.49 

Ascorbic acid (HMDB00044) - < v.c < v.c 0.006 2.25 Glucose 6-phosphate# (HMDB01586) + < v.c < v.c 0.006 1.99 

Phosphocholine (|HMDB01565) - < v.c < v.c 0.044 1.66 Citric acid (HMDB00094) + < v.c < v.c 0.049 2.33 

Cysteine-S-sulfate (HMDB00731) - < v.c < v.c < 0.001 5.19 Palmitoleic acid (HMDB03229) - 0.046 < v.c > 0.05 ― 

            ? Galactose (HMDB00143) - 0.053 < v.c > 0.05 ― 

            Rhamnose (HMDB00849) - < v.c 0.033 > 0.05 ― 

            ? Proline (HMDB00162) - < v.c 0.043 > 0.05 ― 
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Table 4.45: Pathway analysis results from the hepat ic IMs obtained after the MT knockouts were compare d to the WT. 

  

Males Females 

Pathway Total Hits Raw p 
Holm 

p FDR Impact Pathway Total Hits Raw p 
Holm 

p FDR Impact 

M
T

1+
2K

O
 

Cyanoamino acid metabolism 6 2 0.002 0.126 0.088 0 Nitrogen metabolism 9 2 0.012 1 0.544 0 

Galactose metabolism 26 3 0.002 0.175 0.088 0.0364 Glutathione metabolism 26 3 0.013 1 0.544 0.0429 

Methane metabolism 9 2 0.004 0.289 0.099 0.4 Pantothenate and CoA biosynthesis 15 2 0.034 1 0.595 0 

Biosynthesis of unsaturated fatty acids 42 3 0.009 0.679 0.151 0 Histidine metabolism 15 2 0.034 1 0.595 0.2419 

Fatty acid biosynthesis 43 3 0.009 0.717 0.151 0 beta-Alanine metabolism 17 2 0.043 1 0.595 0 

Glutathione metabolism 26 2 0.029 1 0.387 0.0429 Aminoacyl-tRNA biosynthesis 69 4 0.044 1 0.595 0 

Aminoacyl-tRNA biosynthesis 69 3 0.033 1 0.387 0.129 Arginine and proline metabolism 44 3 0.053 1 0.624 0.012 

Glycine, serine and threonine metabolism 31 2 0.041 1 0.418 0.5073 Fructose and mannose metabolism 21 2 0.063 1 0.643 0.1325 

Arginine and proline metabolism 44 2 0.077 1 0.698 0 Alanine, aspartate and glutamate metabolism 24 2 0.080 1 0.725 0.307 

Nitrogen metabolism 9 1 0.092 1 0.751 0 Galactose metabolism 26 2 0.091 1 0.750 0.3576 

Histidine metabolism 15 1 0.148 1 0.972 0 Cyanoamino acid metabolism 6 1 0.113 1 0.797 0 

Pentose and glucuronate interconversions 16 1 0.157 1 0.972 0 Glycerophospholipid metabolism 30 2 0.117 1 0.797 0.1102 

M
T

3K
O

 

Alanine, aspartate and glutamate 
metabolism 24 5 < 0.001 0.008 0.008 0.3101 Fatty acid biosynthesis 43 3 0.018 1 0.937 0 

Citrate cycle (TCA cycle) 20 4 0.001 0.051 0.026 0.1975 Glycolysis or Gluconeogenesis 26 2 0.046 1 0.937 0 

Pyruvate metabolism 23 4 0.001 0.088 0.029 0.235 Glutathione metabolism 26 2 0.046 1 0.937 0.3979 

Glycolysis or Gluconeogenesis 26 4 0.002 0.140 0.029 0.1275 Galactose metabolism 26 2 0.046 1 0.937 0.4398 

Galactose metabolism 26 4 0.002 0.140 0.029 0.1593 
Amino sugar and nucleotide sugar 
metabolism 37 2 0.086 1 1 0.0806 

Starch and sucrose metabolism 19 3 0.007 0.509 0.090 0.2169 Biosynthesis of unsaturated fatty acids 42 2 0.107 1 1 0 

Biosynthesis of unsaturated fatty acids 42 4 0.010 0.794 0.112 0 Ascorbate and aldarate metabolism 9 1 0.115 1 1 0 

Fatty acid biosynthesis 43 4 0.011 0.851 0.112 0 Valine, leucine and isoleucine biosynthesis 11 1 0.138 1 1 0.3333 

Arginine and proline metabolism 44 4 0.012 0.910 0.112 0.012 Pantothenate and CoA biosynthesis 15 1 0.184 1 1 0 

Pentose and glucuronate interconversions 16 2 0.043 1 0.355 0 Pentose and glucuronate interconversions 16 1 0.195 1 1 0 

Glyoxylate and dicarboxylate metabolism 18 2 0.054 1 0.401 0.2581 Glyoxylate and dicarboxylate metabolism 18 1 0.217 1 1 0.2581 

Butanoate metabolism 22 2 0.077 1 0.526 0.029 Starch and sucrose metabolism 19 1 0.228 1 1 0.1773 

Glutathione metabolism 26 2 0.103 1 0.649 0.0372 Purine metabolism 68 2 0.231 1 1 0.0371 
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Common metabolic alterations found in the MT1+2KO males and females included higher 

glycine levels, higher free fatty acid levels and unaltered Krebs cycle intermediates.  However, 

the reasons for these common traits might be different between the genders as explained 

above. Many carbohydrates, amino acids and fatty acids were higher in the males which 

suggest higher influx and/or impaired oxidation of these compounds.  In the females, the lower 

carbohydrates and amino acids indicate the opposite – lower influx and/or higher oxidation.  

The accumulation of fatty acids in the liver however, might imply that these mice had less 

protection from the effects of the HFD leading to increased lipid accumulation in comparison to 

the WT.  This would be in agreement with literature where it was reported that MT1+2KO mice 

have a fatty liver when they were on a normal diet and therefore even more penchant to fatty 

liver when they are on an HFD (Beattie et al., 1998).  As mentioned before, the mean liver 

weight of the MT1+2KO male and female mice was higher than the WT and MT3KO when fed 

a normal diet (Figure E.2, Annexure E).  The mean liver weight of all three strains increased 

with the HFD, with the MT1+2KO again being the highest in the males and females. 

 

Common metabolic alterations found in the MT3KO males and females included lower proline 

levels, oxidized glutathione and higher fatty acid levels.  The lower carbohydrate and Krebs 

cycle intermediates in the MT3KO male mice indicate that respiration was unaltered, which 

would also confirm the absence of accumulating amino acids.  The higher glucose-6-phosphate 

and Krebs cycle intermediates in the females indicate the opposite.  Higher levels of lactic acid 

specifically indicate a possible reduced rate of respiration.  The lower oxidized glutathione 

levels in these mice are difficult to explain but are likely an indication of lower oxidative stress.  

The higher fatty acids levels are consistent with the results in the MT1+2KO mice which 

indicate that these mice were more open to the effects of the HFD despite the presence of MT-

1 and -2.  A combined biological interpretation of the difference between the strains after a long 

term HFD is given in Section 4.3.6.5. 

 

4.3.6.4 Brain metabolome 

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

shown in Figures 4.53 and 4.54 respectively.  The univariate and multivariate results of the LC-

MS data gave basically no differences between the strains (Figure 4.53). Almost all the 

metabolites detected with GC-MS were significantly different between the groups as indicated 

in the ANOVA plot (Figure 4.54A).  All three strains grouped separately from each other with 

PCA (Figure 4.54B) but with the MT knockouts having some similarities (overlap).  The same 

result was obtained with PLS-DA (Figure 4.54C).  The MT knockout mice grouped separately 

from the WT which indicates different metabolome content.  The IMs that were identified by the 

statistical methods are listed in Table 4.46 with the top pathway analysis results in Table 4.47.  

The complete list of altered pathways is included in the supplementary CD. 
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Figure 4.53: Differences in the brain metabolome co mposition of WT, 

MT1+2KO and MT3KO mice as detected with untargeted LC-MS 

analyses.  The ANOVA (A), PCA (B) and PLS-DA score plots (C) are 

shown. 

Figure 4.54: Differences in the brain metabolome co mposition of WT, 

MT1+2KO and MT3KO mice as detected with silylation GC-MS 

analyses.  The ANOVA (A), PCA (B) and PLS-DA score plots (C) are 

shown. 
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Table 4.46: Important brain metabolites that differ ed markedly between the strains after a long 

term HFD. 

  Knockout Compound Direction PCA PLS-DA p d 

LC
-M

S
 

MT1+2KO 

? Phenylpyruvic acid (HMDB00205) + ― 0.208 > 0.05 ― 
? Acetylcholine (HMDB00895) + ― 0.100 > 0.05 ― 
2-Keto-6-acetamidocaproate (HMDB12150) + ― 0.162 0.031 0.96 
Indoleacrylic acid (HMDB00734) + ― < v.c 0.006 1.05 
Uridine (HMDB00296) + ― 0.107 > 0.05 ― 
Taurine (HMDB00251) - ― < v.c 0.037 0.92 

MT3KO 

? Phenylpyruvic acid (HMDB00205) + ― 0.280 > 0.05 ― 
2-Keto-6-acetamidocaproate (HMDB12150) + ― 0.162 0.031 0.83 
Arginine (HMDB00517) + ― < v.c 0.005 0.98 
Indoleacrylic acid (HMDB00734) + ― < v.c 0.006 1.23 
Uridine (HMDB00296) + ― 0.107 0.013 1.05 

S
ily

la
tio

n-
G

C
-M

S
 

MT1+2KO 

Pyroglutamic acid* (HMDB00267) + 0.153 < v.c < 0.001 2.36 

Myoinositol* (HMDB00211) + 0.071 < v.c < 0.001 2.18 

Lactic acid* (HMDB00190) + 0.059 < v.c < 0.001 2.18 

N-acetylaspartate* (HMDB00812) + 0.035 < v.c < 0.001 2.46 

Margaric acid* (HMDB02259) + 0.029 < v.c < 0.001 4.07 

γ-aminobutyric acid (HMDB00112) + 0.029 < v.c 0.033 0.95 

Aspartic acid (HMDB00191) + 0.027 < v.c < 0.001 1.56 

Eicosanoic acid* (HMDB02212) + 0.022 < v.c < 0.001 3.09 

? Glucose (HMDB00122) + < v.c 0.032 < 0.001 1.58 

? Erythrose* (HMDB02649) + < v.c < v.c 0.001 1.46 

? Fructose* (HMDB00660) + < v.c < v.c < 0.001 1.64 

? Galactose (HMDB00143) + < v.c < v.c < 0.001 1.87 

Gluconic acid* (HMDB00625) + < v.c < v.c 0.001 1.47 

Ribose-5-phosphate (HMDB01548) + < v.c < v.c 0.014 0.83 

11-Eicosenoic acid (HMDB02231) + < v.c 0.032 0.002 1.30 

2,3,4-trihydroxybutyric acid (HMDB00613) + < v.c 0.050 < 0.001 2.29 

Glycerol 3-phosphate* (HMDB00126) + < v.c < v.c 0.001 1.20 

2-Monopalmitin (HMDB11533) + < v.c 0.050 0.019 0.94 

2-Monostearin (HMDB11535) + < v.c 0.045 0.005 1.05 

2-Pyrrolidone-5-carboxylic acid* (HMDB00805) + < v.c < v.c 0.003 1.08 

? Fucose* (HMDB00174) + < v.c < v.c < 0.001 3.04 

Adenine (HMDB00034) + < v.c < v.c 0.012 0.99 

Alanine (HMDB00161) + < v.c < v.c < 0.001 1.98 

Aminomalonic acid (HMDB01147) + < v.c < v.c 0.004 1.33 

Cadaverine* (HMDB02322) + < v.c < v.c < 0.001 1.59 

Cholesterol (HMDB00067) + < v.c 0.025 0.036 0.98 

Creatinine (HMDB00562) + < v.c < v.c 0.007 0.95 

Cysteine (HMDB00574) + < v.c < v.c 0.001 1.12 

Ethanolamine (HMDB00149) + < v.c < v.c < 0.001 1.72 

Fumaric acid* (HMDB00134) + < v.c < v.c < 0.001 1.51 

Glutamine (HMDB00641) + < v.c < v.c 0.005 1.28 

Glyceric acid (HMDB06372) + < v.c < v.c < 0.001 1.89 

Glycerol* (HMDB00131) + < v.c < v.c < 0.001 2.01 

Glycine (HMDB00123) + < v.c < v.c 0.024 0.95 

Heneicosanoic acid (HMDB02345) + < v.c < v.c < 0.001 1.58 

Isoleucine* (HMDB00172) + < v.c < v.c < 0.001 1.51 

Malic acid (HMDB00156) + < v.c < v.c < 0.001 1.72 

Methionine (HMDB00696) + < v.c < v.c 0.018 1.08 

Nonanoic acid (HMDB00847) + < v.c < v.c 0.013 1.12 

Oleic acid (HMDB00207) + < v.c < v.c 0.021 0.93 

Oxalic acid (HMDB02329) + < v.c 0.044 < 0.001 2.39 

Palmitic acid (HMDB00220) + < v.c < v.c 0.025 0.97 

Phenylethylamine (HMDB12275) + < v.c < v.c 0.001 1.47 

Proline (HMDB00162) + < v.c < v.c 0.001 1.25 

Ribitol (HMDB00508) + < v.c < v.c 0.004 1.13 

Serine* (HMDB00187) + < v.c < v.c 0.003 1.05 

Stearic acid (HMDB00827) + < v.c < v.c 0.014 1.04 

Threonine (HMDB00167) + < v.c < v.c 0.001 1.57 

Uridine (HMDB00296) + < v.c 0.077 0.019 0.80 

Valine* (HMDB00883) + < v.c < v.c < 0.001 1.73 
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Table 4.46 (continued): Important brain metabolites  that differed markedly between the strains 

after a long term HFD. 
S

ily
la

tio
n-

G
C

-M
S

 

MT3KO 

Pyroglutamic acid (HMDB00267) + 0.153 < v.c > 0.05 ― 

Myoinositol (HMDB00211) + 0.071 < v.c < 0.001 1.27 

Lactic acid (HMDB00190) + 0.059 < v.c < 0.001 1.31 

N-acetylaspartate (HMDB00812) + 0.035 < v.c > 0.05 ― 

Margaric acid (HMDB02259) + 0.029 < v.c < 0.001 2.44 

γ-aminobutyric acid (HMDB00112) + 0.029 < v.c > 0.05 ― 

Aspartic acid (HMDB00191) + 0.027 < v.c < 0.001 1.84 

Eicosanoic acid (HMDB02212) + 0.022 < v.c < 0.001 2.43 

? Glucose (HMDB00122) + < v.c 0.032 < 0.001 1.44 

? Fructose (HMDB00660) + < v.c < v.c < 0.001 1.52 

11-Eicosenoic acid (HMDB02231) + < v.c < v.c 0.002 1.37 

2,3,4-trihydroxybutyric acid (HMDB00613) + < v.c 0.050 < 0.001 2.03 

2-Monopalmitin (HMDB11533) + < v.c 0.050 0.019 0.73 

2-Monostearin (HMDB11535) + < v.c 0.045 0.005 1.25 

? Fucose (HMDB00174) + < v.c < v.c < 0.001 1.27 

8-hydroxypurine (HMDB12182) + < v.c < v.c 0.048 1.04 

Alanine (HMDB00161) + < v.c < v.c < 0.001 1.45 

Aminomalonic acid (HMDB01147) + < v.c < v.c 0.004 1.08 

Creatinine (HMDB00562) + < v.c < v.c 0.007 0.85 

Cysteine (HMDB00574) + < v.c < v.c 0.001 1.49 

Ethanolamine (HMDB00149) + < v.c < v.c < 0.001 1.78 

Fumaric acid (HMDB00134) + < v.c < v.c < 0.001 1.12 

Glyceric acid (HMDB06372) + < v.c < v.c < 0.001 1.57 

Glycerol (HMDB00131) + < v.c < v.c < 0.001 1.19 

Heneicosanoic acid (HMDB02345) + < v.c < v.c < 0.001 1.19 

Isoleucine (HMDB00172) + < v.c < v.c < 0.001 0.87 

Malic acid (HMDB00156) + < v.c < v.c < 0.001 1.45 

Methionine (HMDB00696) + < v.c < v.c 0.018 0.92 

Oleic acid (HMDB00207) + < v.c < v.c 0.021 0.80 

Oxalic acid (HMDB02329) + < v.c 0.044 < 0.001 1.59 

Phenylethylamine (HMDB12275) + < v.c < v.c 0.001 1.24 

Proline (HMDB00162) + < v.c < v.c 0.001 0.92 

Stearic acid (HMDB00827) + < v.c < v.c 0.014 0.74 

Threonine (HMDB00167) + < v.c < v.c 0.001 1.07 

Uridine (HMDB00296) + < v.c 0.077 0.019 0.89 

Valine (HMDB00883) + < v.c < v.c < 0.001 0.87 

Succinic acid (HMDB00254) - < v.c < v.c 0.006 0.90 
* markedly higher in comparison to the MT3KO mice 

 

The three most altered pathways in both the knockouts were alanine, aspartate and glutamate 

metabolism, aminoacyl-tRNA biosynthesis and galactose (or carbohydrate) metabolism.  The 

glutathione pathway was also identified to be altered in the MT1+2KO mice but with low impact.  

The overall impression of the results is that the knockout mice (especially the MT1+2KO) had 

sufficient substrate influx and/or markedly lower respiration rates as basically all the IMs in 

Table 4.46 were higher in comparison to the WT.  From the pathway analysis it was also clear 

that the amino acid levels were most affected.  Numerous amino acids and related catabolic 

intermediates were higher in the MT3KO and more so in the MT1+2KO mice.  This includes 

neurotransmitters such as glycine, aspartate, glutamate, N-acetylaspartate, γ-aminobutyric acid 

as well as acetylcholine. These higher neurotransmitter levels could (speculatively) lead to 

altered neuronal and brain activity in the MT knockout mice.  Altered brain activity in these mice 

was also proposed by Byun et al. (2011) who hypothesized that the absence of MT-3 in the 

brain could render hypothalamic control of metabolism ineffective. 
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Table 4.47: Pathway analysis results from the brain  IMs obtained after the MT knockouts were 

compared to the WT. 

  Pathway Total Hits Raw p Holm p FDR Impact 

M
T

1+
2K

O
 

Aminoacyl-tRNA biosynthesis 69 12 < 0.001 < 0.001 < 0.001 0.12903 

Alanine, aspartate and glutamate metabolism 24 7 < 0.001 0.001 < 0.001 0.7194 

Glutathione metabolism 26 5 0.001 0.111 0.028 0.0792 

Galactose metabolism 26 5 0.001 0.111 0.028 0.39407 

Nitrogen metabolism 9 3 0.003 0.207 0.040 0 

Arginine and proline metabolism 44 6 0.003 0.224 0.040 0.16945 

D-Glutamine and D-glutamate metabolism 5 2 0.011 0.800 0.123 1 

Cyanoamino acid metabolism 6 2 0.015 1 0.158 0 

Glycine, serine and threonine metabolism 31 4 0.019 1 0.170 0.50732 

Taurine and hypotaurine metabolism 8 2 0.028 1 0.227 0.42857 

Methane metabolism 9 2 0.035 1 0.259 0.4 

Biosynthesis of unsaturated fatty acids 42 4 0.050 1 0.298 0 

Phenylalanine metabolism 11 2 0.051 1 0.298 0.46296 

Valine, leucine and isoleucine biosynthesis 11 2 0.051 1 0.298 0.66666 

Cysteine and methionine metabolism 27 3 0.060 1 0.330 0.2509 

Histidine metabolism 15 2 0.089 1 0.430 0 

Pantothenate and CoA biosynthesis 15 2 0.089 1 0.430 0 

Phenylalanine, tyrosine and tryptophan biosynthesis 4 1 0.129 1 0.587 0 

Citrate cycle (TCA cycle) 20 2 0.145 1 0.626 0.07208 

M
T

3K
O

 

Alanine, aspartate and glutamate metabolism 24 6 < 0.001 0.001 0.001 0.31012 

Aminoacyl-tRNA biosynthesis 69 9 < 0.001 0.001 0.001 0 

Galactose metabolism 26 4 0.003 0.203 0.058 0.03644 

Arginine and proline metabolism 44 5 0.003 0.225 0.058 0.15826 

Citrate cycle (TCA cycle) 20 3 0.010 0.782 0.164 0.09774 

Phenylalanine metabolism 11 2 0.025 1 0.297 0.46296 

Valine, leucine and isoleucine biosynthesis 11 2 0.025 1 0.297 0.66666 

Pantothenate and CoA biosynthesis 15 2 0.046 1 0.469 0 

Biosynthesis of unsaturated fatty acids 42 3 0.071 1 0.619 0 

Fructose and mannose metabolism 21 2 0.084 1 0.619 0.13247 

Phenylalanine, tyrosine and tryptophan biosynthesis 4 1 0.090 1 0.619 0 

Butanoate metabolism 22 2 0.091 1 0.619 0.02899 

Pyruvate metabolism 23 2 0.098 1 0.619 0 

Glutathione metabolism 26 2 0.121 1 0.703 0.01813 

Cysteine and methionine metabolism 27 2 0.129 1 0.703 0.22557 

 

The reason for the higher amino acids levels could be two-fold as mentioned, but reduced 

respiration seems to be an important contributing factor.  The higher Krebs cycle intermediates, 

carbohydrates and related intermediates (specifically lactate), indicate an overload of OXPHOS 

in the knockout mice. Increased purine and pyrimidine catabolic products also imply lower 

energy levels or a lower phosphorylation state in the brain.  The recruitment of amino acids for 

energy production could explain the overload of amino acids in the brain (especially the 

essential amino acids).  Also, conversion of accumulating Krebs cycle organic acids to amino 

acids could be responsible for increased levels of certain non-essential amino acids.  While the 

brain does not actively use fatty acids for energy production, its accumulation could 

nevertheless be a result of the impaired respiration and lower energy levels.  Numerous free 

fatty acids, monoacylglycerols, glycerol and glyceric acid were higher in the knockout mice 

when compared to the WT.  The implications of these higher levels of fatty acids and related 

compounds in the brain is uncertain but could change the ‘perfect’ cytosol conditions and also 
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alter the mitochondrial membrane lipid content which tightly controls Complex IV activity (Vial et 

al., 2011).  A combined biological interpretation of the difference between the strains after a 

long term HFD is given in Section 4.3.6.5. 

 

4.3.6.5 Biological interpretation of the metabolic differences between the WT, MT1+2KO 

and MT3KO mice when challenged with high-fat intake . 

As mentioned in previous sections, a long term HFD can result in obesity, insulin resistance, 

Type 2 diabetes and other metabolic implications which are summarised in Figure 4.17.  The 

investigation of the metabolic differences in the MT1+2KO and MT3KO mice after a long term 

HFD can add valuable information regarding their tendency to become obese (Beattie et al., 

1998; Byun et al., 2011).  Also described previously were the metabolic effects of the HFD diet 

which mainly included the accumulation of fatty acids and lipids in the liver and muscle 

accompanied by a possible lower oxidation/respiration rate.  By comparing the strains, it was 

thus possible to see whether the WT had more protection against the effects of the HFD or not; 

and more importantly, what the differences were between the strains.  The metabolomics data 

obtained were very complex and in many cases also very varied which made interpretation 

difficult especially the data obtained for the liver.  The gender differences in the liver had a huge 

impact on the levels of numerous carbohydrates, fatty acids, amino acids and Krebs cycle 

intermediates.  The involvement of the gender-specific hormones can thus not be excluded 

from this picture.  

 

One of the most notable results is that both knockouts had markedly higher blood glucose 

levels when compared to the WT.  The mice in this experimental group were not starved nor did 

any exercise which means that the glucose in the blood was partly diet-derived.  However, 

assuming that the strains had similar eating patterns, it seems then fair to speculate that these 

high glucose levels were due to moderate insulin resistance. This is supported by carbohydrate 

levels in the tissues.  The gastrocnemius of the MT1+2KO mice had markedly lower glucose 

and glucose-6-phosphate despite the high blood glucose levels.  Glucose is transported into 

skeletal muscles through the GLUT-4 transporter which is the only insulin-dependent 

transporter. Insulin resistance could thus result in a lower influx of glucose into the 

gastrocnemius (in comparison to the WT).  The glucose transporters in the liver (GLUT-2) and 

brain (GLUT-1 and -3) are insulin-independent which would further explain the higher 

carbohydrate levels in these tissues (as illustrated in Figure 4.55).  Numerous carbohydrates 

were higher in the brain of both knockouts but especially the MT3KO mice.  The carbohydrate 

and related intermediate levels in the liver were more varied, but the male MT1+2KO mice had 

mainly higher levels in comparison to the male WT mice.  The female MT1+2KO mice had 

mainly lower (except for glycerol-3-phosphate) levels of carbohydrates and related 

intermediates. The male and female MT3KO mice had a similar profile as the female MT1+2KO 
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mice.  Considering the view that glucose (and most other nutrients for that matter) cannot linger 

in the cells, it must therefore be used for energy production or biosynthesis of glycogen.  This 

implies that either carbohydrate oxidation (in the brain of both knockouts and liver of the female 

MT1+2KO mice) or glycogenesis (in the liver of the male MT1+2KO mice) were impaired and 

was consequently not able to use the excess glucose. 

 

An evaluation of the levels of Krebs cycle intermediates in the brain of both knockouts confirms 

this notion as well as the high blood citrate levels in the MT3KO mice.  Respiration and energy 

production was not readily challenged as was the case with exercise and it should be kept in 

mind that the effect of the long term HFD is mainly the accumulation of fatty acids in tissues.  

The constant influx of fatty acids from the diet and the increased lipolysis, due to possible 

insulin resistance, means that these fatty acids have to be used (oxidized) in order to avoid the 

formation of “oil” drops in the cells and blood which could have detrimental effects not only on 

cell/blood plasma conditions, but also the mitochondrion. As mentioned previously, the lipid 

content of the mitochondrion membrane tightly controls cytochrome oxidase (complex IV) of the 

respiratory chain. The oxidation of these fatty acids is thus mandatory which consequently 

results in considerably more reduced equivalents and acetyl-CoA in comparison to controlled 

carbohydrate oxidation. This forces the system to rely more on mitochondrial metabolism 

instead of glycolysis in a similar way to when cell cultures are forced to use mitochondrial 

metabolism instead of only glycolysis with the change of glucose medium to galactose.  

Accumulation of Krebs cycle and fatty acid intermediates would thus indicate a lower 

respiration and oxidation rate. 

 
 
The Krebs cycle intermediates in the brain metabolome of both knockouts were markedly 

higher in comparison to the WT as mentioned.  This and the higher fatty acid levels found in the 

brain imply a lower oxidation and respiration rate in the knockout mice in comparison to the WT 

mice. The same result was not seen in the gastrocnemius and liver of the MT1+2KO or MT3KO 

mice.  However, higher acetylcarnitine levels in these tissues of the MT1+2KO mice and higher 

propionylcarnitine in the liver of the MT1+2KO female mice indicate an overload of acetyl-CoA 

and propionyl-CoA (from fatty/amino acid oxidation) and/or a lower respiration rate. The 

markedly higher acetate and lactate levels in the female MT3KO mice also imply a lower 

respiration rate, while the male MT3KO mice showed the opposite. The involvement of MT-1 

and -2 in respiration is thus more notable than MT-3 especially in the tissue where MT-3 is not 

readily expressed.  However, the absence of this isoform also affected the metabolism of the 

liver and gastrocnemius which implies a possible role of this isoform in the metabolic control 

induced by the brain. 
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Figure 4.55: Interplay of organs and metabolic path ways.   The interplay and exchange of metabolites between organs are different.  This means that the 

metabolome content of the organs can be very different despite a common stressor such as a high-fat intake.  The understanding of this interaction is needed to 

interpret the respective metabolomes.   
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The plasma of the knockout mice contained markedly higher amino acid levels in comparison to 

the WT. An influx of amino acids is expected from the diet but as mentioned before, this 

specific difference between the strains is unlikely to be a result of synchronised eating patterns.  

It therefore implies a possible increase in protein degradation or lower usage of these amino 

acids in the knockout mice. Insulin normally inhibits protein degradation. The proposed view 

that the MT knockout mice had more severe insulin resistance would thus explain the higher 

amino acid levels (from protein degradation) and fatty acids (lipolysis).  The gastrocnemius of 

the MT1+2KO mice also had higher levels of certain amino acids while the view in the liver was 

more complex. Both knockout mice also had numerous amino acids in the brain that were 

markedly higher when compared to the WT.  While insulin resistance can play an important role 

in the higher amino - and fatty acids, these levels in the brain are more likely a consequence of 

lower respiration and a lower catabolic rate of these amino acids to form Krebs cycle 

intermediates.  

 

The involvement of MT-1 and -2 in mitochondrial function was again proven even though the 

specific mechanisms remain unclear. The results indicate that the MT1+2KO mice were more 

susceptible for the HFD induced changes (such as moderate insulin resistance) than the WT.  If 

one then considers that lower respiration and fatty acid oxidation leads to more rapid 

accumulation of fatty acids in the tissues (as illustrated in Figure 4.17) and therefore insulin 

resistance, the role of MT-1 and -2 in enhancing respiration activity seems fair to suggest.  The 

slightly better respiration and/or fatty acid oxidation rate in the WT mice thus postponed the 

manifestations of the HFD. While this view contradicts the in vitro results of Simpkins et al. 

(1998) who reported that MTs reduce respiration, their functionality in vivo (over the long term) 

seems to be favouring energy metabolism instead of inhibiting it.  Their role in the transcription 

of enzymes thus seems to be a major factor which the in vitro work did not account for. 

 

The (indirect) involvement of MT-3 in mitochondrial metabolism seems more apparent with the 

challenge of high-fat intake.  Metabolic differences between the MT3KO and WT mice were not 

very convincing after energy metabolism was challenged with exercise. The strain put on 

energy and fatty acid metabolism however, amplified the small variance in these mice.  As with 

the MT1+2KO mice, it seems that these mice did not have the means to prevent the HFD 

manifestations such as fatty acid accumulation and moderate insulin resistance when looking 

from a systematic point of view.  The gastrocnemius metabolome did not differ much from the 

WT while the liver and brain did, as was the case with the exercise group.  The liver results 

were very varied but the brain metabolome was completely different from the previous group.  

With the exercise intervention, most of the metabolites in the brain of the MT3KO mice were 

lower in comparison to the WT which could be a result of dysfunctional hormonal (such as 

adrenalin to stimulate ketogenesis in the liver).  With the HFD, most of the detected metabolites 
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in the brain were markedly higher in comparison to the control.  Hence, the direct involvement 

of MT-3 in respiration or indirect involvement in nutrient storage (through hormonal signalling) 

could have resulted in lower respiration or higher nutrient influx in the MT3KO mice. 

 

 

4.3.7 METABOLIC DIFFERENCES BETWEEN WT, MT1+2KO AND  MT3KO MICE AFTER 

CHALLENGED WITH A HIGH-FAT INTAKE AND EXERCISE. 

 

4.3.7.1 Plasma exometabolome 

 

Figure 4.56: Differences in the plasma exometabolom e composition of WT, MT1+2KO and MT3KO 

mice as detected with untargeted LC-MS analyses.  The ANOVA (A), PCA (B) and PLS-DA score 

plots (C) are shown. 

 



187 

 

Table 4.48: Important plasma metabolites that diffe red markedly between the strains after a long 

term HFD and one hour swim. 

  LC-MS 
Compound Direction PCA PLS-DA p d 

M
T

1+
2K

O
 

3-Hydroxypropionyl-CoA (HMDB06807) + 0.08 0.16 > 0.05 ― 

Arachidonic acid (HMDB01043) + 0.07 < v.c 0.002 1.53 

Glutamine (HMDB00641) + 0.06 0.10 0.008 1.77 

Propionyl-CoA (HMDB01275) + < v.c 0.09 0.032 0.88 

Epinephrine (HMDB00068) + < v.c 0.09 0.004 1.12 

Myristic acid (HMDB00806) + < v.c 0.11 > 0.05 ― 

PC(18:3/18:2) (HMDB08204) - 0.06 0.09 > 0.05 ― 

MG(0:0/16:0/0:0) (HMDB11533) - 0.23 < v.c > 0.05 ― 

M
T

3K
O

 

3-Hydroxypropionyl-CoA (HMDB06807) + < v.c 0.16 > 0.05 ― 

Myristic acid (HMDB00806) + < v.c 0.11 > 0.05 ― 

NADPH (HMDB00221) + 0.13 < v.c 0.029 1.28 

Epinephrine (HMDB00068) + < v.c 0.09 0.004 2.19 

Propionyl-CoA (HMDB01275) + < v.c 0.09 0.032 1.17 

Glutamine (HMDB00641) + < v.c 0.10 > 0.05 ― 

Leucine (HMDB00687) - 0.11 < v.c > 0.05 ― 

Creatine (HMDB00562) - 0.18 < v.c > 0.05 ― 

trans-Hex-2-enoic acid (HMDB10719) - 0.32 < v.c > 0.05 ― 

PC(18:3/18:2) (HMDB08204) - < v.c 0.09 > 0.05 ― 

 

 

Table 4.49: Pathway analysis results from the plasm a IMs obtained after the MT knockouts were 

compared to the WT. 

  Pathway Total Hits Raw p Holm FDR Impact 

M
T

1+
2K

O
 

beta-Alanine metabolism 17 2 0.002 0.162 0.113 0.04 

Propanoate metabolism 20 2 0.003 0.222 0.113 0.38 

D-Glutamine and D-glutamate metabolism 5 1 0.021 1 0.575 0 

Nitrogen metabolism 9 1 0.038 1 0.770 0 

Alanine, aspartate and glutamate metabolism 24 1 0.098 1 1 0.15 

Arachidonic acid metabolism 36 1 0.143 1 1 0.33 

Valine, leucine and isoleucine degradation 38 1 0.151 1 1 0.07 

M
T

3K
O

 

beta-Alanine metabolism 17 2 0.004 0.298 0.207 0.04 

Propanoate metabolism 20 2 0.005 0.408 0.207 0.38 

Valine, leucine and isoleucine degradation 38 2 0.018 1 0.484 0.07 

D-Glutamine and D-glutamate metabolism 5 1 0.028 1 0.573 0 

Nitrogen metabolism 9 1 0.050 1 0.710 0 

Aminoacyl-tRNA biosynthesis 69 2 0.054 1 0.710 0 

Valine, leucine and isoleucine biosynthesis 11 1 0.061 1 0.710 0.33 

Alanine, aspartate and glutamate metabolism 24 1 0.128 1 1 0.15 

 

The statistical results of the LC-MS data are shown in Figure 4.56.  ANOVA only found a few 

metabolites that significantly differed between the strains (Figure 4.56A).  This absence of clear 

differing metabolites was also seen in the PCA results which showed virtually no separate 

grouping of the strains (Figure 4.56B).  The reason for these similarities might be linked to 

greater variability in the mice with the use of both HFD and exercise interventions.  The 

supervised multivariate method was able to find a discriminate plane between the MT1+2KO 
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and WT mice but not between the WT and MT3KO (Figure 4.56C). The IMs that were identified 

by these statistical methods are listed in Table 4.48.  The top few results from pathway analysis 

are given in Table 4.49.  The complete set of pathway analysis results is included in the 

supplementary CD. 

 

The results of the pathway analysis are identical for both knockout strains.  This is certainly in 

part a result of the narrow window by which the selected platform was able to detect the 

exometabolome differences. Pathways involved in amino acid, nitrogen and propionate 

metabolism were most altered in these mice according to the pathway analysis.  Glutamine was 

higher in both the knockouts when compared to the WT, and leucine was lower in the MT3KO.  

Moreover, propionyl-CoA and 3-hydroxypropionyl-CoA were higher in both knock-out strains.  

Propionic acid is the downstream catabolic product of methionine, isoleucine and uneven chain 

length fatty acids which feeds into the Krebs cycle by converting to succinyl-CoA. 3-

Hydroxypropionyl-CoA is involved in the conversion of propionyl-CoA to malonyl-CoA which is 

involved in fatty acid biosynthesis.  However, whether this indicates biosynthesis is unclear as 

adrenalin secretion stimulates catabolism instead of anabolism.  

 

The MT1+2KO and MT3KO mice contained higher levels of adrenalin in their plasma in 

comparison to the WT mice.  The MT3KO mice also contained higher levels of NADPH and 

lower creatine levels.  This could be an indication of their energy state but more data (from the 

organs) is needed to confirm speculation.  The higher NADPH levels could also indicate the 

accumulation of reduced equivalents in comparison to the WT.  A few free fatty acids were 

higher and a phospholipid and monoacylglycerol lower in the MT1+2KO mice in comparison to 

the control.  Lipolysis is stimulated by adrenalin secretion and the higher adrenalin levels can 

be linked to higher free fatty acids and lower lipids in the blood.  This is also the case with the 

MT3KO mice.  A combined biological interpretation of the difference between the strains after a 

long term HFD and one hour swim is given in Section 4.3.7.5. 

 

4.3.7.2 Gastrocnemius metabolome 

The univariate and multivariate of the LC-MS data is shown in Figure 4.57 and the results of the 

silylation-GC-MS data in Figure 4.58. The ANOVA plot in Figure 4.57A indicates that only a few 

metabolites detected with LC-MS were significantly different among the strains.  This lack of 

differentiating metabolites also contributed to the overlapped grouping seen in the PCA results 

(Figure 4.57B).  Separate grouping of the MT1+2KO and WT mice was possible with the PLS-

DA but not the MT3KO (Figure 4.57C).  PLS-DA of the GC-MS did not give separate grouping 

of any of the strains (Figure 4.58C) even though clear separation of the MT3KO and other 

strains was seen in the PCA score plots (Figure 4.58B) and several significantly different 
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metabolites were detected (Figure 4.58A).  The IMs that were obtained from the statistical tests 

are given in Table 4.50.  The top pathway analysis results are shown in Table 4.51.  The 

complete table is included in the supplementary CD. 

 

Pathway analysis identified that purine metabolism was mainly altered in the MT1+2KO mice.  

Lower levels of xanthine, uric acid and inosine were found in the gastrocnemius of these mice 

which was against expectation.  These compounds are downstream catabolic products of ADP.  

In times of low energy, these catabolic products are not salvaged at a similar rate to when 

energy levels are sufficient.  Hence, this result actually implies that the MT1+2KO mice could 

have had higher energy levels in comparison to the WT mice.  The higher creatinine levels, in 

contrast, imply more breakdown of creatine-phosphate.  The only other metabolite that was 

markedly different in the MT1+2KO was proline, which was higher in comparison to the WT 

mice.  Due to the absence of other classes of metabolites in the IMs list, a more precise picture 

of the metabolism could not be obtained. 

 

Numerous carbohydrate pathways were altered in the MT3KO mice according to the pathway 

analysis results.  The gastrocnemius of the MT3KO had lower levels of several carbohydrates 

including glucose and glucose-6-phosphate.  As mentioned previously, this could only mean a 

lower influx of substrate and/or higher usage.  It is apparent from the other metabolite levels 

that the latter was more likely the case. The MT3KO mice had higher NAD levels in comparison 

to the control and significantly lower lactate levels with an effect size d-value of 13.19.  This 

implies that their respiration rate was higher than the WT mice leading to a low NADH:NAD 

ratio.  As MT-3 is not readily expressed in the gastrocnemius, the absence of this isoform in the 

MT3KO mice was not expected to give large differences in the muscle.  These results on the 

other hand point to clear involvement of this isoform in energy production. 

 

Other metabolites that differed markedly between the MT3KO and WT include glycine and 

cysteine which were higher in the MT3KO mice, and tyrosine, arachidic acid, glycerol and 1-

monostearin which were lower.  Increased respiration would also favour faster fatty acid 

oxidation and amino acid catabolism during exercise explaining the lower levels of fatty acids 

and related metabolites.  A combined biological interpretation of the difference between the 

strains after a long term HFD and one hour swim is given in Section 4.3.7.5. 
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Figure 4.57: Differences in the gastrocnemius metab olome 

composition of WT, MT1+2KO and MT3KO mice as detect ed with 

untargeted LC-MS analyses.  The ANOVA (A), PCA (B) and PLS-DA score 

plots (C) are shown. 

Figure 4.58: Differences in the gastrocnemius metab olome 

composition of WT, MT1+2KO and MT3KO mice as detect ed with 

silylation GC-MS analyses.  The ANOVA (A), PCA (B) and PLS-DA score 

plots (C) are shown. 
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Table 4.50: Important gastrocnemius metabolites tha t differed markedly between the strains after 

a long term HFD and one hour swim. 

  Knockout Compound Direction PCA PLS-DA p d 

LC
-M

S
 MT1+2KO 

Proline (HMDB00162) + ― 0.061 0.014 1.10 

Creatinine (HMDB00562) + ― 0.058 > 0.05 ― 

Xanthine (HMDB00292) - ― 0.033 0.014 1.23 

Uric acid (HMDB00289) - ― 0.051 0.018 1.31 

? Inosine (HMDB00195) - ― 0.187 > 0.05 ― 

MT3KO Pipecolic acid (HMDB00070) + ― ― 0.021 2.30 

NAD (HMDB00902) + ― ― 0.028 1.58 

S
ily

la
tio

n-
G

C
-M

S
 

MT1+2KO The gastrocnemius metabolome data gave no separate grouping of the strains. Hence, no meaningful 
loadings were obtained. Also, univariate analysis did not give significant features. 

MT3KO 

Glycine (HMDB00123) + 0.069 0.745 > 0.05 ― 

Oxalic acid (HMDB02329) + 0.050 0.481 > 0.05 ― 

Cysteine (HMDB00574) + 0.019 0.247 > 0.05 ― 

Sorbitol (HMDB00247) - 0.049 < v.c < 0.001 4.53 

? Erythrose (HMDB02649) - 0.055 0.082 < 0.001 5.21 

MG(18:0/0:0/0:0) (HMDB11131) - 0.055 < v.c > 0.05 ― 

Myoinositol (HMDB00211) - 0.056 0.551 0.001 5.00 

? Glucose (HMDB00122) - 0.063 0.096 < 0.001 5.84 

Glucose-6-phosphate (HMDB01586) - 0.078 < v.c > 0.05 ― 

Lactic acid (HMDB00190) - 0.425 0.128 < 0.001 13.19 

Glycerol (HMDB00131) - < v.c 0.057 < 0.001 4.33 

Arachidic acid (HMDB02212) - < v.c < v.c < 0.001 3.43 

Tyrosine (HMDB00158) - < v.c 0.192 0.001 2.28 

? Fructose (HMDB00660) - < v.c < v.c 0.009 1.74 

? Fucose (HMDB00174) - < v.c < v.c 0.010 1.89 

 

 

Table 4.51: Pathway analysis results from the gastr ocnemius IMs obtained after the MT 

knockouts were compared to the WT. 

  Pathway Total Hits Raw p Holm p FDR Impact 

M
T

1+
2K

O
 

Purine metabolism 68 3 0.001 0.081 0.081 0.0563 

Arginine and proline metabolism 44 1 0.146 1 1 0.064 

Aminoacyl-tRNA biosynthesis 69 1 0.221 1 1 0 

M
T

3K
O

 

Galactose metabolism 26 6 < 0.001 < 0.001 < 0.001 0.1186 

Fructose and mannose metabolism 21 3 0.001 < 0.001 0.057 0.1639 

Starch and sucrose metabolism 19 2 0.018 1 0.419 0.2169 

Glycolysis or Gluconeogenesis 26 2 0.033 1 0.419 0 

Glutathione metabolism 26 2 0.033 1 0.419 0.0096 

Ubiquinone and other terpenoid-quinone biosynthesis 3 1 0.034 1 0.419 0 

Aminoacyl-tRNA biosynthesis 69 3 0.039 1 0.419 0 

Phenylalanine, tyrosine and tryptophan biosynthesis 4 1 0.044 1 0.419 0.5 

Glycine, serine and threonine metabolism 31 2 0.046 1 0.419 0.2688 

Amino sugar and nucleotide sugar metabolism 37 2 0.063 1 0.492 0.0806 

Cyanoamino acid metabolism 6 1 0.066 1 0.492 0 

Thiamine metabolism 7 1 0.077 1 0.499 0 

Taurine and hypotaurine metabolism 8 1 0.087 1 0.499 0 

Ascorbate and aldarate metabolism 9 1 0.097 1 0.499 0 

Methane metabolism 9 1 0.097 1 0.499 0 

Nitrogen metabolism 9 1 0.097 1 0.499 0 

Phenylalanine metabolism 11 1 0.118 1 0.568 0 
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4.3.7.3 Liver metabolome 

The results from the statistical analysis of the males and females are shown in Figures 4.59 – 

4.64.  The results of the LC-MS data are shown in the first two figures (Figures 4.59 and 4.60), 

the results of the silylation-GC-MS data in the following two (Figures 4.61 and 4.62), and the 

statistical results of the FAMEs data in Figures 4.63 and 4.64.  The unfortunate result of having 

to analyse each gender separately is that only two MT3KO male samples were available in this 

experimental group.  Hence, no valuable data could be mined for the MT3KO male mice. 

Student’s t-tests identified relatively many metabolites in the LC-MS data set that differed 

significantly between the WT and MT1+2KO males (Figure 4.59A).  These clear differences 

were also seen in the PCA and PLS-DA score plots (Figures 4.59B – C).  A number of 

metabolites in the LC-MS data set of the females were also found to differ significantly between 

the strains (Figure 4.60A).  Separate grouping of the MT3KO mice was only possible with PCA 

(Figure 4.60B), while PLS-DA was able to separate all three strains (Figure 4.60C). The 

silylation-GC-MS data of the male mice was relatively similar between the MT1+2KO and WT 

as seen by the overlap in the PCA score plots (Figure 4.61B) and few metabolites with p < 0.05 

(Figure 4.61A). The supervised multivariate method was again successful in finding a 

discriminating plane between the two strains (Figure 4.61C).  The silylation-GC-MS data of the 

females showed differences between all three strains as separate grouping of all three strains 

was seen in the PCA and PLS-DA score plots (Figures 4.62B - C).  Univariate and multivariate 

results of the FAMEs data of both genders indicated basically no difference between the 

strains, including the PLS-DA results (Figures 4.63 and 4.64).  The IMs obtained from the 

statistical tests are listed in Table 4.52 and the top few results from the pathway analysis in 

Table 4.53.  The complete list of altered pathways is included in the supplementary CD. 

 

The alanine, aspartate and glutamate metabolic pathway was identified to be most altered in 

both genders of the MT1+2KO mice as well as the female MT3KO mice.  However, as seen 

previously, the metabolic profiles of the males and females were quite different which makes it 

difficult to highlight alterations caused by the MT knockout.  In this case, the male MT1+2KO 

mice had higher hepatic aspartate levels in comparison to the male WT mice while the female 

MT1+2KO and MT3KO mice had lower aspartate in comparison to the female WT mice.  The 

similarities between the MT1+2KO and MT3KO female mice imply that gender differences 

played a more dominant role in the metabolic alterations than the MT knockout, albeit possibly 

in a union. The united effect of MT knockout with sex hormones could have significant 

implications on the metabolome giving ‘gender-specific’ differences when compared to the 

respective WT.  The notion that gender differences play a more dominant role in the observed 

metabolome differences is also evident in the similar pathway analysis results of the MT1+2KO 

and MT3KO female mice. 
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Figure 4.59: Differences in the liver metabolome co mposition of WT, 

MT1+2KO and MT3KO male mice as detected with untarg eted LC-MS 

analyses.  Student’s t-test (A), PCA (B) and PLS-DA score plots (C) are 

shown.  

Figure 4.60: Differences in the liver metabolome co mposition of WT, 

MT1+2KO and MT3KO female mice as detected with unta rgeted LC-MS 

analyses.  The ANOVA (A), PCA (B) and PLS-DA score plots (C) are 

shown. 
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Figure 4.61: Differences in the liver metabolome co mposition of WT, 

MT1+2KO and MT3KO male mice as detected with silyla tion GC-MS 

analyses.  Student’s t-test (A), PCA (B) and PLS-DA score plots (C) are 

shown. 

Figure 4.62: Differences in the liver metabolome co mposition of WT, 

MT1+2KO and MT3KO female mice as detected with sily lation GC-MS 

analyses.  The ANOVA (A), PCA (B) and PLS-DA score plots (C) are 

shown. 
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Figure 4.63: Differences in the liver lipidome comp osition of WT, 

MT1+2KO and MT3KO male mice as detected with methyl ation GC-MS 

analyses.  Student’s t-test (A), PCA (B) and PLS-DA score plots (C) are 

shown. 

Figure 4.64: Differences in the liver lipidome comp osition of WT, 

MT1+2KO and MT3KO female mice as detected with meth ylation GC-

MS analyses.  The ANOVA (A), PCA (B) and PLS-DA score plots (C) are 

shown. 
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Table 4.52: Important hepatic metabolites that diff ered markedly between the strains after a long term  HFD and one hour swim. 

  
 

LC-MS Silylation -GC-MS Methylation -GC-MS 

Compound   PCA PLS-
DA p d Compound   PCA PLS-

DA p d Compound   PCA PLS-
DA p d 

M
al

es
 

M
T

1+
2K

O
  

Phosphocholine (HMDB01565) + 0.039 0.024 <0.001 3.42 ? Ribose (HMDB00283) + 0.041 < v.c > 0.05 ― 

The liver metabolome data gave no separate grouping of the  three 
strains. Hence, no  meaningful loadings were obtained. Also, univariate 
analysis did not find metabolites that differed significantly between the 
strains. 

LysoPC(20:4) (HMDB10396) + 0.016 0.013 > 0.05 ― Aspartic acid (HMDB00191) + 0.029 < v.c > 0.05 ― 
Tricosanamide (HMDB00950) + 0.010 0.021 > 0.05 ― ? Gulonic acid (HMDB03290) - 0.030 0.065 0.018 1.49 
25-hydroxyvitamin D3 (HMDB06721) - 0.009 0.014 > 0.05 ― 3-hydroxybutyrate (HMDB00357) - 0.037 0.047 0.009 1.33 
PE(18:2/18:2) (HMDB09093) - 0.010 0.011 > 0.05 ― Creatinine (HMDB00562) - 0.038 < v.c > 0.05 ― 
TG(16:0/18:2/18:2) (HMDB05390) - < v.c 0.011 > 0.05 ― ? Uridine (HMDB00296) - 0.047 0.058 0.009 1.85 
LysoPE(18:2/0:0) (HMDB11477) - < v.c 0.013 > 0.05 ― 13Z-Octadecenoate (HMDB00573) - 0.057 0.057 > 0.05 ― 
Palmitoleic acid (HMDB03229) - < v.c < v.c 0.019 1.42 Rhamnose (HMDB00849) - 0.064 0.081 > 0.05 ― 
O-Acetylserine (HMDB03011) - < v.c < v.c 0.046 1.08 Oleic acid (HMDB00207) - 0.077 0.060 > 0.05 ― 
LysoPC(16:1) (HMDB10383) - < v.c < v.c 0.042 1.08 Linoleic acid (HMDB00673) - < v.c 0.039 0.035 1.24 
Taurocholic acid 3-sulfate 
(HMDB02581) - < v.c < v.c 0.001 1.71 Alanine (HMDB00161) - < v.c 0.064 > 0.05 ― 
            Serine (HMDB00187) - < v.c 0.058 > 0.05 ― 

            
Myoinositol phosphate 
(HMDB00213) - < v.c 0.055 > 0.05 ― 

F
em

al
es

 

M
T

1+
2K

O
 

2-Methylglutaconate* (HMDB02266) + ― 0.032 0.013 1.13 Citric acid (HMDB00094) - 0.023 0.052 0.009 2.32 Myristate (HMDB00806) + ― ― 0.034 1.07 

Spermine* (HMDB01256) + ― < v.c <0.001 1.51 Creatinine (HMDB00562) - 0.029 0.057 0.036 1.44             

Glycerophosphocholine 
(HMDB00086) + ― 0.020 0.013 1.35 

Myoinositol phosphate 
(HMDB00213) - 0.035 0.035 0.022 1.41             

? Adenosine* (HMDB00050) + ― 0.028 <0.001 1.87 Lactic acid (HMDB00190) - 0.046 < v.c 0.001 2.62             

Tricosanamide* (HMDB00950) + ― 0.033 0.001 1.29 ? Cadaverine (HMDB02322) - 0.046 < v.c 0.001 2.18             

Dextrin (HMDB06857) + ― 0.038 > 0.05 ― Alanine (HMDB00161) - 0.060 < v.c 0.009 1.54             

Pyrroline hydroxycarboxylic acid 
(HMDB01369) 

+ ― 0.020 > 0.05 ― 
Malic acid (HMDB00156) - < v.c < v.c 0.001 2.74             

Fumaric acid (HMDB00134) - < v.c < v.c 0.002 2.30             

            ? Glutaric acid (HMDB00663) - < v.c < v.c 0.003 1.79             

            Pyroglutamic acid (HMDB00267) - < v.c < v.c 0.006 1.96             

            γ-aminobutyric acid (HMDB00112) - < v.c < v.c 0.006 1.72             

            ? Acetic acid (HMDB00042) - < v.c < v.c 0.007 3.41             

            ? Hydroxycrotonate (HMDB03381) - < v.c < v.c 0.007 1.71             

            Uridine (HMDB00296) - < v.c 0.034 0.012 1.57             

            ? Pyruvic acid (HMDB00243) - < v.c 0.046 0.019 1.37             

            Rhamnose (HMDB00849) - < v.c 0.036 0.024 1.18             

            Aspartic acid (HMDB00191) - < v.c < v.c 0.044 1.12             

M
T

3K
O

 

Stearamide (C13846) + < v.c < v.c 0.016 2.28 Lactic acid (HMDB00190) + 0.146 < v.c 0.001 1.39 14-methyl-
pentadecanoic acid 
(LMFA01020010) 

+ 0.333 ― > 0.05 ― 
25-hydroxyvitamin D3# (HMDB06721) + < v.c 0.048 0.028 1.69 Glycerol 3-phosphate (HMDB00126) + 0.062 0.013 0.038 2.72 

Glycerophosphocholine 
(HMDB00086) + < v.c < v.c 0.013 1.62 

2,3,4-trihydroxybutyric acid 
(HMDB00613) 

+ 0.036 < v.c 0.033 1.13 

Myristic acid 
(HMDB00806) + 0.327 ― 0.034 1.30 

3-Methylglutarylcarnitine 
(HMDB00552) - < v.c 0.032 0.038 1.32 

Nonadecanoic acid 
(HMDB00772) + 0.208 ― > 0.05 ― 

? Phenylpyruvic acid (HMDB00205) - < v.c < v.c 0.047 1.93 ? Methionine (HMDB00696) + 0.030 0.025 > 0.05 ― 
10E-Nonadecenoic acid 
(HMDB13622) - 0.296 ― > 0.05 ― 

Aminooctanoic acid (HMDB00991) - < v.c 0.020 0.008 2.03 Glutaric acid (HMDB00663) - 0.032 < v.c 0.003 2.40 
13Z-docosenoic acid 
(HMDB02068) - 0.350 ― > 0.05 ― 

Spermine (HMDB01256) - < v.c < v.c <0.001 2.23 ? Galactose (HMDB00143) - 0.049 < v.c > 0.05 ― 
Arachidonate 
(HMDB01043) - 0.490 ― > 0.05 ― 

Palmitic amide (HMDB12273) - < v.c < v.c 0.020 2.30 Glucose 6-phosphate (HMDB01586) - 0.050 < v.c > 0.05 ―             

Tricosanamide (HMDB00950) - 0.019 < v.c 0.001 1.37 Malic acid (HMDB00156) - < v.c < v.c 0.001 1.83             

LysoPE(18:1/0:0) (HMDB11475) - 0.019 < v.c > 0.05 ― Fumaric acid (HMDB00134) - < v.c < v.c 0.002 2.42             

Dextrin (HMDB06857) - 0.024 0.021 > 0.05 ― Pyroglutamic acid (HMDB00267) - < v.c < v.c 0.006 2.05             

? Adenosine (HMDB00050) - 0.073 0.102 <0.001 15.11 γ-aminobutyric acid (HMDB00112) - < v.c < v.c 0.006 2.00             

            Aspartic acid (HMDB00191) - < v.c < v.c 0.044 1.34             
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Table 4.53: Pathway analysis results from the liver  IMs obtained after the MT knockouts were compared to the WT. 

  

Males Females 

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

M
T

1+
2K

O
 

Alanine, aspartate and glutamate 
metabolism 24 2 0.032 1 0.956 0.193 Alanine, aspartate and glutamate metabolism 24 5 < 0.001 0.002 0.002 0.3101 

Aminoacyl-tRNA biosynthesis 69 3 0.046 1 0.956 0.129 Citrate cycle (TCA cycle) 20 4 < 0.001 0.015 0.007 0.1975 

Glycerophospholipid metabolism 30 2 0.048 1 0.956 0.0889 Pyruvate metabolism 23 4 < 0.001 0.025 0.008 0.235 
Synthesis and degradation of ketone 
bodies 5 1 0.059 1 0.956 0 Arginine and proline metabolism 44 5 < 0.001 0.032 0.008 0.046 

Cyanoamino acid metabolism 6 1 0.070 1 0.956 0 Glutathione metabolism 26 3 0.007 0.523 0.092 0.0143 

Linoleic acid metabolism 6 1 0.070 1 0.956 1 Glycolysis or Gluconeogenesis 26 3 0.007 0.523 0.092 0.1275 

Biosynthesis of unsaturated fatty acids 42 2 0.088 1 1 0 beta-Alanine metabolism 17 2 0.027 1 0.311 0 

Methane metabolism 9 1 0.103 1 1 0.4 Glyoxylate and dicarboxylate metabolism 18 2 0.030 1 0.311 0.2581 

Histidine metabolism 15 1 0.166 1 1 0 Butanoate metabolism 22 2 0.044 1 0.402 0.029 

Selenoamino acid metabolism 15 1 0.166 1 1 0 Valine, leucine and isoleucine biosynthesis 11 1 0.159 1 1 0 
Pentose and glucuronate 
interconversions 16 1 0.176 1 1 0 Histidine metabolism 15 1 0.210 1 1 0 

M
T

3K
O

 

No meaningful IMs could be obtained with univariate or multivariate analysis due to the low number of 
samples per group 

Arginine and proline metabolism 44 4 0.002 0.183 0.142 0.012 

Alanine, aspartate and glutamate metabolism 24 3 0.003 0.281 0.142 0.3101 

beta-Alanine metabolism 17 2 0.021 1 0.417 0 

Starch and sucrose metabolism 19 2 0.025 1 0.417 0.1773 

Citrate cycle (TCA cycle) 20 2 0.028 1 0.417 0.0721 

Pyruvate metabolism 23 2 0.036 1 0.417 0 

Glycolysis or Gluconeogenesis 26 2 0.046 1 0.417 0 

Glutathione metabolism 26 2 0.046 1 0.417 0.0143 

Galactose metabolism 26 2 0.046 1 0.417 0.4398 
Phenylalanine, tyrosine and tryptophan 
biosynthesis 4 1 0.053 1 0.431 0 

Glycerophospholipid metabolism 30 2 0.059 1 0.442 0.0889 
Amino sugar and nucleotide sugar 
metabolism 37 2 0.086 1 0.587 0.0806 

Biosynthesis of unsaturated fatty acids 42 2 0.107 1 0.673 0 
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Nevertheless, some similarities between the MT1+2KO males and females indicate an overall 

similar response to the long-term HFD and exercise.  The carbohydrates in Table 4.52 were 

varied for the MT1+2KO male and female mice.  Numerous Krebs cycle intermediates were 

lower in the females when compared to the female WT mice while no differences in these 

intermediates were found in the males.  This could indicate normal (unaltered) respiration in 

both genders with slight differences in substrate supply. Both genders contained lower 

creatinine, uridine, myoinositol phosphate and alanine levels.  

 

In addition to the many similarities, the MT3KO female mice had some clear differences from 

the MT1+2KO females. The main differences lie in the dextrin and lactate levels.  The 

MT1+2KO females had higher dextrin levels and lower lactate which fits the view of unaltered 

respiration and increased glycogenolysis.  The MT3KO females had lower dextrin and higher 

lactate when compared to the WT mice which is difficult to explain in light of the lower malate 

and fumarate as well as glucose and glucose-6-phosphate. If this data shows anything, it is that 

the control of metabolism with sex hormones is somehow linked with MTs as differences 

between the knockout and WT mice were seen despite the gender differences.  If this union did 

not exist, the strains would not have differed from each other. A combined biological 

interpretation of the difference between the strains after a long term HFD and one hour swim is 

given in Section 4.3.7.5. 

 

4.3.7.4 Brain metabolome 

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

shown in Figures 4.65 and 4.66 respectively.  There was no clear difference among the strains 

in the metabolite levels detected with LC-MS as seen by the overlapped grouping of the scores 

(Figures 4.65B – C), and low number of metabolites above the ANOVA cut-off line (Figure 

4.65A). The ANOVA results of the GC-MS data showed relatively many metabolites that 

differed between the strains (Figure 4.66A) which facilitated in the separate grouping of the 

MT3KO mice from the rest in the PCA score plots (Figure 4.66B).  The MT1+2KO mice did not 

separate from the WT mice in the PCA nor the PLS-DA, which indicates some similarities in 

metabolome composition.  The MT3KO again grouped separately from the WT in the PLS-DA 

score plot (Figure 4.66C).  The metabolites that markedly differed between the strains are listed 

in Table 4.54.  The top results of the pathway analysis are given in Table 4.55.  The complete 

table with results from pathway analysis is included in the supplementary CD. 
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Figure 4.65: Differences in the brain metabolome co mposition of WT, 

MT1+2KO and MT3KO mice as detected with untargeted LC-MS 

analyses.  The ANOVA (A), PCA (B) and PLS-DA score plots (C) are 

shown. 

Figure 4.66: Differences in the brain metabolome co mposition of WT, 

MT1+2KO and MT3KO mice as detected with silylation GC-MS 

analyses.  The ANOVA (A), PCA (B) and PLS-DA score plots (C) are 

shown. 
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Table 4.54: Important brain metabolites that differ ed markedly between the strains after a long 

term HFD and one hour swim. 

  Knockout Compound Direction PCA PLS-DA p d 

LC
-M

S
 MT1+2KO Corrinoid (HMDB04269) + ― ― 0.016 0.98 

? PC(20:0/P-18:1) (HMDB08293) - ― ― 0.014 0.84 

MT3KO 
Corrinoid (HMDB04269) + ― ― 0.016 0.97 
? PC(20:0/P-18:1) (HMDB08293) - ― ― 0.014 1.02 

S
ily

la
tio

n-
G

C
-M

S
 

MT1+2KO 

Fumaric acid* (HMDB00134) + ― ― < 0.001 1.57 

Glycerol (HMDB00131) - ― ― 0.040 0.84 

? Fructose (HMDB00660) - ― ― 0.004 0.93 

2-Pyrrolidone-5-carboxylic acid (HMDB00805) - ― ― 0.003 0.95 

O-Phosphoethanolamine (HMDB00224) - ― ― 0.002 1.01 

2-Monopalmitin (HMDB11533) - ― ― 0.001 1.01 

Oxalic acid* (HMDB02329) - ― ― 0.001 1.02 

Myoinositol phosphate (HMDB00213) - ― ― 0.001 1.14 

Heneicosanoic acid* (HMDB02345) - ― ― < 0.001 1.16 

? 3-Hydroxy picolinic acid (HMDB13188) - ― ― < 0.001 1.18 

Palmitic acid (HMDB00220) - ― ― < 0.001 1.32 

Stearic acid* (HMDB00827) - ― ― < 0.001 1.39 

Margaric acid* (HMDB02259) - ― ― < 0.001 1.41 

MT3KO 

Adenine (HMDB00034) + < v.c 0.120 > 0.05 ― 

Lactic acid (HMDB00190) - 0.029 < v.c 0.003 1.23 

O-Phosphoethanolamine (HMDB00224) - 0.029 0.065 0.002 1.84 

Oxalic acid (HMDB02329) - 0.030 0.058 0.023 1.16 

Uridine (HMDB00296) - 0.032 < v.c > 0.05 ― 

Myoinositol phosphate (HMDB00213) - 0.035 0.067 0.001 1.45 

? 3-Hydroxy picolinic acid (HMDB13188) - 0.040 0.143 < 0.001 2.31 

Glycine (HMDB00123) - 0.045 < v.c > 0.05 ― 

Glucose-6-phosphate (HMDB01586) - 0.050 < v.c > 0.05 ― 

γ-aminobutyric acid (HMDB00112) - 0.062 < v.c > 0.05 ― 

Margaric acid (HMDB02259) - 0.064 < v.c < 0.001 5.51 

Pyroglutamic acid (HMDB00267) - 0.067 < v.c > 0.05 ― 

Myoinositol (HMDB00211) - < v.c < v.c 0.020 0.80 

2-Monostearin (HMDB11535) - < v.c 0.027 0.045 0.83 

Glycerol (HMDB00131) - < v.c < v.c 0.046 0.90 

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

Fumaric acid (HMDB00134) - < v.c < v.c < 0.001 0.94 

4-Hydroxycrotonic acid (HMDB03381) - < v.c 0.069 0.008 1.11 

Oleic acid (HMDB00207) - < v.c 0.029 0.009 1.15 

Cholesterol (HMDB00067) - < v.c 0.043 0.007 1.19 

Glyceric acid (HMDB06372) - < v.c < v.c 0.017 1.21 

N-acetylaspartate (HMDB00812) - < v.c < v.c < 0.001 1.34 

2-Monopalmitin (HMDB11533) - < v.c 0.069 0.001 1.42 

? Fucose (HMDB00174) - < v.c < v.c < 0.001 1.43 

? Fructose (HMDB00660) - < v.c < v.c 0.004 1.53 

Ribose-5-phosphate (HMDB01548) - < v.c < v.c 0.012 1.66 

2-Pyrrolidone-5-carboxylic acid (HMDB00805) - < v.c < v.c 0.003 1.69 

Palmitic acid (HMDB00220) - < v.c < v.c < 0.001 1.76 

Cadaverine (HMDB02322) - < v.c < v.c 0.001 1.78 

Stearic acid (HMDB00827) - < v.c < v.c < 0.001 2.08 

Nonanoic acid (HMDB00847) - < v.c < v.c < 0.001 2.24 

Heneicosanoic acid (HMDB02345) - < v.c < v.c < 0.001 2.34 

Eicosanoic acid (HMDB02212) - < v.c < v.c < 0.001 2.65 
* markedly higher in comparison to the MT3KO mice 

 



201 

 

Table 4.55: Pathway analysis results from the brain  IMs obtained after the MT knockouts were 

compared to the WT. 

  Pathway Total Hits Raw p Holm p FDR Impact 

M
T

1+
2K

O
 

Galactose metabolism 26 2 0.013 1 0.948 0 

Biosynthesis of unsaturated fatty acids 42 2 0.033 1 0.948 0 

Fatty acid biosynthesis 43 2 0.035 1 0.948 0 

Glycerolipid metabolism 18 1 0.120 1 1 0.28098 

Citrate cycle (TCA cycle) 20 1 0.133 1 1 0.02688 

Sphingolipid metabolism 21 1 0.139 1 1 0.01504 

Fructose and mannose metabolism 21 1 0.139 1 1 0.13247 
Alanine, aspartate and glutamate 
metabolism 24 1 0.157 1 1 0.00316 

Fatty acid elongation in mitochondria 27 1 0.176 1 1 0 

M
T

3K
O

 

Galactose metabolism 26 4 0.001 0.096 0.096 0.0822 

Biosynthesis of unsaturated fatty acids 42 4 0.007 0.578 0.246 0 
Alanine, aspartate and glutamate 
metabolism 24 3 0.010 0.765 0.246 0.11708 

Glutathione metabolism 26 3 0.012 0.947 0.246 0.02004 

Fatty acid biosynthesis 43 3 0.046 1 0.689 0 

Citrate cycle (TCA cycle) 20 2 0.054 1 0.689 0.07208 

Fructose and mannose metabolism 21 2 0.059 1 0.689 0.13247 

Pyruvate metabolism 23 2 0.069 1 0.709 0 

Glycolysis or Gluconeogenesis 26 2 0.086 1 0.782 0 

Inositol phosphate metabolism 28 2 0.098 1 0.800 0.11163 

Cyanoamino acid metabolism 6 1 0.109 1 0.814 0 
Amino sugar and nucleotide sugar 
metabolism 37 2 0.155 1 0.871 0.08058 

 

 

Carbohydrate and fatty acid metabolism was identified (for the first time) to be most altered in 

both knockout strains.  The alanine, aspartate and glutamate pathway that was often on top of 

the pathway analysis list was still among the top altered pathways in the MT3KO mice but not 

the MT1+2KO mice.  Nevertheless, the metabolic profiles of both knockouts were very similar.  

Both knockouts had markedly lower carbohydrates and related intermediates when compared 

to the WT. Both also had lower levels of several amino acids (and related catabolic 

intermediates) as well as lipids and free fatty acids.  This ’semi-global’ drop of metabolites in 

comparison to the WT most probably indicates a lower influx of nutrients and/or a higher usage 

(respiration) rate. However, as the MT1+2KO mice had higher fumarate levels, this latter option 

might not fit their profile.  Nevertheless, the lower myoinositol and phosphoethanolamine levels 

in both knockouts (and the higher adenine levels in the MT3KO mice) portray a lower 

phosphorylation state (and hence energy state) in the brains of these mice in comparison to the 

WT.  Furthermore, the lower glycine, γ-aminobutyric acid and N-acetylaspartate levels in the 

MT3KO mice could have stern implications on neuronal activity.  A combined biological 

interpretation of the difference between the strains after a long term HFD and one hour swim is 

given in Section 4.3.7.5. 
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4.3.7.5 Biological interpretation of the metabolic differences between the WT, MT1+2KO 

and MT3KO mice when challenged with high-fat intake  and exercise. 

The addition of exercise to the high-fat diet intervention was expected to put great strain on 

mitochondrial metabolism as reduced oxidation and respiration is one of the effects introduced 

by long term high-fat intake.  The MT knockout is also believed to have a negative effect on the 

respiration/oxidation rate which leads to lower energy levels and obesity (Beattie et al., 1998, 

Rofe et al., 1998).  The compound effect of the HFD introduced alteration in respiration and the 

MT knockout-related effect could thus be more successfully revealed when challenged with 

exercise, especially to reduce the impact of insulin in the metabolic profiles.  The presence of 

MTs in the WT was thus expected to protect against the HFD-related alterations thereby 

ensuring that these mice have better respiration/oxidation tempos.  This would consequently 

result in the better use and less accumulation of fatty acids, amino acids, Krebs cycle 

intermediates and carbohydrates. 

 

The most important difference between the WT and knockout mice is the higher levels of 

epinephrine found in the blood of both knockout mice.  This could indirectly indicate that these 

mice had markedly lower energy levels leading to increased secretion of this hormone.  

However, alterations in brain function cannot be excluded.  Catabolic products of ADP and 

other nucleotide phosphates are also used as an indication of the cell’s phosphorylation state 

and hence energy levels. Considering the high epinephrine levels it was expected that the 

MT1+2KO and MT3KO mice would have higher levels of these catabolic products.  This was 

not the case as most of the data were varied.  The MT1+2KO mice had markedly higher 

creatinine levels in the gastrocnemius but lower xanthine and uric acid.  A similar varied result 

was seen in their livers where lower creatinine and higher adenosine levels were found.  It is 

thus difficult to comment on their energy levels in comparison to the WT.  However, this tissue 

specific result could very well just confirm that the energy requirement of the liver (which is not 

directly influenced by exercise) was not similar to that of the muscle.  The higher creatinine in 

the muscle of the MT1+2KO mice could thus confirm lower energy levels in these mice 

compared to the WT.  The lower xanthine and uric acid might be due to their rapid transport 

and removal indicating a varied picture.  Moreover, the MT3KO mice also gave confusing data 

which actually indicates sufficient energy levels in the liver and gastrocnemius, but lower levels 

in the brain.  Lower creatine levels in the blood imply lower ADP levels.  The lower adenosine in 

the livers of the MT3KO mice (females) also supports the possibility that these mice had 

sufficient energy in comparison to the WT.  The brain however, had markedly more adenosine 

in comparison to the WT which could indicate lower energy. 

 

The markedly higher epinephrine levels (over) stimulate glycogenolysis, lipolysis, and protein 

degradation, as well as gluconeogenesis and ketogenesis in the liver.  The HFD-induced high 
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blood glucose levels were obviously lowered with exercise to more or less the same levels as 

the WT mice (hence no difference was seen in the plasma).  The free glucose in the blood is 

quickly depleted with the onset of exercise.  This means that gluconeogenesis is activated in 

the liver to keep ‘remaining’ glucose levels in the blood above a specific threshold for the brain 

to keep functioning.  The lower carbohydrate levels in the gastrocnemius, livers and brains of 

both knockout mice were surely a result of lower influx (from the blood and glycogen stores).  

The depletion of carbohydrate stores after a one hour swim seems reasonable even if the 

respiration rate was somewhat lower in the knockout mice.  The Krebs cycle intermediates did 

unfortunately not clarify whether the knockout mice had impaired respiration.  Firstly, no varied 

Krebs cycle intermediates were found in the blood of either knockouts or gastrocnemius of the 

MT1+2KO mice. This result supports the other results obtained for the MT1+2KO mice where 

no variation in blood sugar (glucose), gastrocnemius carbohydrate levels and liver Krebs 

intermediates (for the males) was seen.  The female MT1+2KO mice showed lower Krebs 

intermediates in comparison to the WT but higher fumarate in the brain.  The liver plays an 

important role in gluconeogenesis and ketogenesis and ensures enough usage of Krebs cycle 

intermediates that accumulation would be difficult with slightly lower respiration rates.  Thus it 

remains difficult to conclude whether these mice had a higher respiration rate, resulting in lower 

Krebs intermediates, while the lower energy and higher epinephrine certainly overwhelms this 

system.  The MT3KO mice had lower Krebs cycle intermediates in the brain and liver except for 

lactic acid which was higher in their liver samples.  

 

It was thus hoped that the fatty acid and amino acid profiles would cast more light on this 

matter.  The (over) stimulation of lipolysis in the knockout mice resulted in them having higher 

free fatty acid levels in the blood, along with propionyl-CoA.  The latter is the end product of 

uneven chain fatty acid oxidation or catabolism of isoleucine and methionine.  Propionyl-CoA is 

fed into the Krebs cycle by converting into succinyl-CoA.  The accumulation of this in the blood 

could therefore indicate an increased amino- and fatty acid catabolic rate in the knockout mice 

and/or low energy levels hindering the ATP-dependent conversion.  The higher free fatty acids 

in the blood can also be from slower oxidation of these fatty acids by the target tissues leading 

to their accumulation (as indicated in Figure 4.17). The lower free fatty acid levels in the 

gastrocnemius and liver (males) of the MT1+2KO mice actually imply unaltered or enhance 

oxidation, not to exclude a possible impaired fatty acid transport into the cell.  All fatty acid and 

lipids in the brains of both knockouts were also markedly lower in comparison to the WT which 

might indicate oxidation of these compounds in the brain even though it is seldom used as 

energy.  The MT3KO mice did not have varied free fatty acids in the liver but lower levels of 

several lipids also support increased lipolysis.  
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The release of amino acids from proteins to act as an alternative energy source is also 

stimulated by epinephrine secretion.  Markedly higher glutamine levels were seen in the plasma 

of both the knockout mice.  A few amino acid levels were also higher in the gastrocnemius of 

these mice which is in agreement with low energy, increased epinephrine secretion and 

increased protein degradation. The amino acids in the liver were mainly lower in comparison to 

the WT which could indicate the depletion of protein and amino acid stores in the liver. The liver 

does not have large protein stores like the muscle and depends greatly on amino acids 

released from the muscles. The same result was seen in the brains of both knockouts where 

numerous amino acids (including those with neurotransmitter functions) were lower.  This could 

certainly play a role in the epinephrine levels and not only energy levels. 

 

Although these results are less clear than the previous, they still point to an involvement of MT-

1 and -2 in (mitochondrial) metabolism as differences in metabolome content were observed.  

The depletion of several metabolites in the brain and gastrocnemius implies impaired 

gluconeogenesis and ketogenesis. This again implies impaired respiration and possibly 

impaired fatty acid oxidation.  In light of this the involvement of MT-1 and -2 in fatty acid 

oxidation and respiration seems reasonable to suggest. 

 

The role of MT-3 in mitochondrial metabolism was also less clear than the previous group but 

still points to an involvement in metabolism.  If these results show one thing, it would be that the 

nutrients in the tissues were more depleted in the MT3KO mice when compared to the WT 

which gave the impression of higher respiration.  The role of MT-3 in signalling and nutrient 

transport into cells seems to be more important that their involvement in mitochondrial 

metabolism.  However, as noted in the previous paragraph, the depletion of nutrients in the 

cells and the inability of the liver to supply enough nutrients via gluconeogenesis and 

ketogenesis (in comparison to the WT) seem to point to some involvement of this isoform in 

energy metabolism. Reduced respiration in the liver (implied by the higher lactic acid) and 

consequently lower fatty acid oxidation would thus result in the inability of the liver to produce 

glucose and ketone bodies at the same rate as the WT mice leading to the accumulation of 

fatty acids in the blood (as seen in the results).  As MT-3 is not dominantly expressed in the 

liver, these metabolic alterations could be due to alterations in the central nervous system. 
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4.4 CHAPTER SUMMARY 

 

MT1+2KO and MT3KO mice were challenged with exercise and high-fat intake to study the 

involvement of MTs in mitochondrial metabolism. The plasma exometabolome, gastrocnemius, 

liver and brain metabolomes of the MT1+2KO and MT3KO mice were compared to the WT.  

The results of this study showed clear metabolic differences between the strains without the 

challenge of exercise or high-fat intake.  Both the knockout strains showed similar variation in 

metabolome composition which pointed to possible (moderate) insulin resistance. This 

resistance is speculative but possible as these mice tend to become obese and have fatty livers 

(Beattie et al., 1998; Byun et al., 2011) – a trait that is synonymous with insulin resistance and 

diabetes. Since these manifestations are theoretically linked to impaired respiration and 

mitochondrial function, they also give weight to the notion of MTs playing a role in OXPHOS 

and fatty acid oxidation.  However, the exact sites of action and mechanisms remain unclear.  

 

As the metabolic differences between the WT and knockout mice could be linked to variance in 

extra-mitochondrial metabolic pathways, it was thus seen as necessary to use interventions 

that specifically challenged energy metabolism.  The metabolic differences between the WT 

and MT knockout mice were augmented after energy metabolism was challenged with 

exercise.  Hence, the direct or indirect involvement of MTs in mitochondrial metabolism, which 

is the hub of metabolism, cannot be ignored.  This can be concluded after a simple screening of 

the exometabolome that gives systematic information and thus a comprehensive assessment 

of the metabolism in all organs in the mice. The absence of pertinent differences in the 

gastrocnemius of the MT3KO mice after strenuous exercise implies that MT-3 is not directly 

involved in respiration.  However, the liver metabolomes of these mice were similar to the 

MT1+2KO mice which indicates the opposite.  The role of MT-3 in the brain’s metabolism 

seems to be radically different from the other MTs when energy metabolism was challenged 

with exercise.  From a metabolic point of view, the results indicated that the MT3KO mice had a 

higher respiration rate or lower influx of nutrients in comparison to the WT and the MT1+2KO 

mice. However, the role of MT-3 in the brain’s Zn homeostasis, Zn signalling and growth 

inhibition might be more direct causes for this profile than direct involvement in respiration. 

 

The involvement of MT-1 and -2 in mitochondrial function was also proven after it was 

challenged with a long term high-fat diet.  The results indicate that the MT1+2KO mice were 

more susceptible to the high-fat diet induced changes (such as moderate insulin resistance) 

than the WT.  The presence of MT-1 and -2 in the WT mice thus enhanced respiration and fatty 

acid oxidation to counter the effects of a high-fat diet (as illustrated in Figure 4.17).  While this 

view contradicts the in vitro results of Simpkins et al. (1998) who reported that MTs reduce 

respiration, their functionality in vivo (over the long term) seems to be favouring energy 
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metabolism instead of inhibiting it.  Moreover, their role in the transcription of enzymes seems 

to be a major factor which the in vitro work did not account for.  The (indirect) involvement of 

MT-3 in mitochondrial metabolism seems more apparent with the challenge of high-fat intake 

as the metabolic differences between the MT3KO and WT mice were not very convincing after 

energy metabolism was challenged with exercise.  As with the MT1+2KO mice, it seems that 

these mice did not have the means to prevent the HFD manifestations such as fatty acid 

accumulation and moderate insulin resistance when looking from a systematic point of view.  

The gastrocnemius metabolome did not differ much from the WT while the liver and brain did, 

as was the case with the exercise group. With the exercise intervention, most of the 

metabolites in the brain of the MT3KO mice were lower in comparison to the WT which could 

be a result of dysfunctional hormonal signalling (such as adrenalin to stimulate ketogenesis in 

the liver).  With the HFD, most of the detected metabolites in the brain were markedly higher in 

comparison to the control.  Hence, the direct involvement of MT-3 in respiration or indirect 

involvement in nutrient recruitment (through hormonal signalling) could have resulted in lower 

respiration or higher nutrient influx in the MT3KO mice. 

 

Although the metabolic results were less clear when both a high-fat diet and exercise were 

used to challenged energy metabolism, the overall difference of the MT knockout mice from the 

WT still points to an involvement of MTs in (mitochondrial) metabolism.  

 


