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Monitoring apoptosis in intact cells by high-resolution magic 

angle spinning 1H NMR spectroscopy 

By Marta Wylot 

Abstract 

Apoptosis is a cellular process that maintains an equilibrium between cell proliferation and cell 

death. Induction of apoptosis is a well-known strategy in developing cancer treatments, 

therefore non-invasive monitoring of apoptosis in intact cells could contribute towards the 

characterisation of drug efficacy and hence drug discovery. A known metabolic marker of 

apoptosis is a notable increase in proton NMR resonances associated with lipids stored in lipid 

droplets (LDs). MRI-based studies of lipid accumulation have been used to monitor apoptosis-

based cancer treatments. However, the cellular processes which lead to the accumulation of 

lipid droplets remain poorly understood, causing a bottleneck for targeting lipid metabolism in 

cancer cells.  

This thesis investigates the application of High-Resolution Magic Angle Spinning (HRMAS) 

1H NMR spectroscopy in monitoring metabolic changes in intact cells during apoptosis. The 

technique is used to analyse metabolic profiles of cells treated with cisplatin and etoposide after 

3, 8, 24 and 48 h. The results are compared to the analysis of organic cell extracts by solution-

state 1H NMR spectroscopy to demonstrate lipid compartmentalisation and highlight the 

advantages of HRMAS 1H NMR spectroscopy in monitoring lipid metabolism during 

apoptosis. The lipid compartmentalisation is also confirmed by differential centrifugation and 

mass spectrometry-based lipidomics further validating the importance of LDs.   

Previous work linked NMR-visible lipid resonances to increased LD size. In this thesis, an 

NMR-based diffusion method is described for differentiating between control, apoptotic and 

necrotic cells. I demonstrate that as apoptosis-induced LDs become larger, the diffusion 

coefficient of NMR-visible lipids decreases. Therefore, diffusion measurements in conjunction 

with HRMAS 1H NMR-derived lipid signals provide a novel means of following apoptosis in 

intact cells. Mass spectrometry and transcriptomic analysis was used to elucidate the origin of 

LD during cisplatin and etoposide treatments. This work identifies two treatment-dependent 

mechanisms of lipid particle organisation, contributing to our understanding of LD formation 

during apoptosis. It may help validate magnetic resonance spectroscopy as a non-invasive tool 

for following the efficacy of apoptosis-inducing drugs. 
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60 µM (red) and etoposide 120 µM (blue). The change in apoptosis is reported relatively to the 

control group (green); n = 4; ANOVA with post hoc Fisher's test: *p < 0.05, ** p < 0.01, *** p 

< 0.001. 

 

Figure 4.12. A) Superimposed 500 MHz HRMAS 1H NMR spectra of control intact C2C12 

myotubes (green), cisplatin- (red), and etoposide-treated (blue). All spectra were normalized to 

the total integral. The partially suppressed water peak at 4.6 ppm was removed. B) Lactate and 

lipid signal at ~1.3 ppm. 

Figure 4.13. Comparison of metabolites in C2C12 myotubes: control (green), cisplatin (red), and 

etoposide (blue). Fold change integral reported relative to control at each time point. ANOVA 

with post hoc Fisher's test: *(red) p < 0.05 for cisplatin vs control group, *(blue) p < 0.05 for 

etoposide vs control group, # p < 0.05 for cisplatin vs etoposide group, all p-values are FDR-

adjusted.  

 

Figure 4.14. Comparison of lipids in C2C12 myotubes: control (green), cisplatin (red), and 

etoposide (blue). Fold change integral reported relative to control at each time point. ANOVA: 

*(red) p < 0.05 for cisplatin vs control group, *(blue) p < 0.05 for etoposide vs control group, # 

p < 0.05 for cisplatin vs etoposide group, all p-values are FDR-adjusted. 

 

Figure 4.15. Comparison of choline-containing compounds in C2C12 myotubes as measured by 

HRMAS 1H NMR spectroscopy: control (green), cisplatin (red), and etoposide (blue). Fold change 

integral reported relative to control at each time point. PC – phosphocholine, GPC – 

glycerophosphocholine, PTC – phosphatidylcholine. ANOVA with post hoc Fisher's test: *(red) p 

< 0.05 for cisplatin vs control group, *(blue) p < 0.05 for etoposide vs control group, # p < 0.05 

for cisplatin vs etoposide group, all p-values are FDR-adjusted.  

 

Figure 4.16. Comparison of lipid resonances of intact C2C12 myotubes (HRMAS 1H NMR 

spectroscopy) and C2C12 myotubes extracts (solution-state 1H NMR spectroscopy): control 

(green), cisplatin (red), and etoposide (blue) after 48 h incubation. ANOVA with post hoc Fisher's 

test: *p < 0.05, **p < 0.01, ***p < 0.001.  

 

Figure 4.17. A) Superimposed 500 MHz HRMAS 1H NMR T2-edited spectra of control (green), 

cisplatin- (red), and etoposide-treated (blue) C2C12 myotubes (24 h) showing the lactate region 

only. All spectra were normalized to the total integral. B) Fold change integral of lactate (–CH3) 

as compared to the control group; n = 16; ANOVA with post hoc Fisher's test: * p < 0.001 for 

control vs treatments, # p < 0.001 for cisplatin vs etoposide. 

 

Figure 4.18. Comparison of choline containing compounds in C2C12 myotubes as measured by 

mass spectrometry: control (green), cisplatin (red), and etoposide (blue) after 48 h incubation. 

Fold change in ion count reported relative to control. ANOVA with post hoc Fisher's test: *p < 

0.05, **p < 0.01, ***p < 0.001.  

 

115 

 

 

 

 

 

116 

 

 

 

 

118 

 

 

 

 

119 

 

 

 

 

 

120-121 

 

 

 

 

122 

 

 

 

 

 

 

122 

 

 

 

 

125 

 

 

 

 

 

129 

 

 

 

 

131 



16 
 

Figure 4.19. CDP-choline pathway for PTC biosynthesis. Cytosolic choline is firstly 

phosphorylated and then converted to CDP-choline, which is a rate-limiting step regulated by 

signals form the membrane. CDP-choline is translocated to the membrane and converted to PTC. 

Red and blue arrows indicate a significant (p < 0.05) increase or decrease in choline-containing 

metabolites in cisplatin- or etoposide-treated cells, respectively.  

 

Figure 5.1. Relaxation of magnetization vectors after a 90° radiofrequency pulse (rf). For T1 

relaxation, the z component of the net magnetization (Mz) is reduced to zero and then it recovers 

to its equilibrium value. For T2 relaxation, the xy component of the net magnetization (Mxy) reaches 

maximum after the rf pulse and then it decreases to its equilibrium condition of Mxy = 0. The 

recovery of magnetization is an exponential process with a time constant T1 or T2. 

 

Figure 5.2. Spin echo pulse sequence for measuring T2. The 90° pulse flips the spins into the 

transverse plane followed by a delay (τ) and the 180° pulse, which refocuses spins in the 

transferase plane. The sequence is incremented n times.  

 

Figure 5.3. A basic form of the DOSY pulse sequence with a gradient spin echo (SE). The 90° 

pulse flips the spins into the transverse plane followed by the gradient pulse for position encoding. 

The 180° pulse reverses the sign of the phase changes from the first gradient pulse, and the second 

gradient refocuses the signal unless the spins have diffused over the diffusion time Δ. The loss of 

the signal intensity as a function of diffusion time was measured.  

 

Figure 5.4. Example of a diffusion decay curve with varying gradient strength. 

 

Figure 5.5. Modes of diffusion in biological samples: free diffusion and restricted diffusion. The 

orange circle represents a diffusing molecule, the black line corresponds to its diffusion pathway, 

the blue circle represents confinement.  

 

Figure 5.6. Metabolite T2 relaxation times in intact cells as measured by HRMAS 1H NMR 

spectroscopy: control (green), cisplatin (red), and etoposide (blue) at different incubation times 

(8, 24 and 48 h). Error bars representing SEM (biological replicates, n = 4) not visible if SEM < 

0.01, ANOVA with post hoc Fisher's test: *p < 0.05, FDR-adjusted.  

 

Figure 5.7. Apparent diffusion coefficients of metabolites and water in intact cells measured by 

HRMAS 1H NMR spectroscopy: control (green), cisplatin (red), and etoposide (blue) at different 

incubation times (3, 8, 24, and 48 h). Error bars representing SEM (biological variation, n ≥ 6 for 

control and cisplatin, n ≥ 3 for etoposide). 

 

Figure 5.8. Statistical analysis of NMR-based diffusion data of intact cells after (A, B) 24- and 

(C, D) 48-hour treatments: control (♦ green), cisplatin (■ red), and etoposide (● blue). A&C Two-

dimensional PCA score plot derived from the diffusion data of selected metabolites. B&D Box-

whisker plots comparing apparent diffusion coefficients (ADC) for each metabolite signal across 

control, cisplatin, and etoposide.  

  

Figure 5.9. Apparent diffusion coefficients of metabolites and water in intact cells measured by 

HRMAS 1H NMR spectroscopy: control (green) and heat-treated cells (grey). Error bars represent 

SEM (biological replicates, n > 3), Student t-test: * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

Figure 5.10. A tri-exponential diffusion fit for the –CH2– signal displayed as a Stejskal-Tanner 

plot. Diffusion data collected for untreated cells packed in 3 mm tubes using a high gradient 5 mm 

probe (diff50). Error bars correspond to the line fitting errors.  
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Figure 5.11. Correlation of microscopy-based LD size estimates and HRMAS 1H NMR-based 

mean diffusion coefficients. Representative images of fluorescence-labeled LDs in a single cell: 

A) control, B) cisplatin treatment, C) etoposide treatment. Arrows indicate neutral lipids in LD 

stained with BODIPY dye. Images were taken after 48 h incubation. D) Regression analysis for 

mean LD size and NMR-based diffusion rates for control (o green), cisplatin (o red), and etoposide 

(o blue) samples at ●24 h and ▲48 h incubation times. Four dots aligned vertically represent four 

chemical groups. The graph represents the collective diffusion coefficient from each chemical 

group.  

   

Figure 5.12. A) Mean and SEM values of LD displacement calculated from HRMAS 1H NMR 

diffusion data and confocal fluorescence microscopy. B) Diffusion coefficients of LDs in intact 

cells as a function of diffusion time. Data correspond to the control (♦ green) and cisplatin (■ red) 

treated cells at 24 h. Error bars correspond to standard errors; asterisks represent statistical 

significance (Student t-test): * p<0.05, *** p<0.001. 

 

Figure 6.1. RNA-Seq workflow overview. First, RNA is extracted from cells; second, mRNA 

molecules are isolated, randomly fragmented and converted to complementary DNA (cDNA) by 

reverse transcription; next, sequencing adaptors (which contain functional elements permitting 

sequencing) are ligated to the ends of the cDNA fragments. Following amplification by PCR, NGS 

of the cDNA library produces sequencing reads, which are aligned to a genome of reference and 

assembled to produce an RNA sequence map. 

 

Figure 6.2. PLS-DA analysis of TAG and DAG species extracted from A) isolated LDs and B) 

organic fraction of cell extracts for control (♦ green), cisplatin (■ red), and etoposide (● blue) 

samples. The tables below contain quality metrics for each model: R2 – goodness of fit, Q2 – 

goodness of prediction. The analysis was performed after total sum normalization and Pareto 

scaling; n = 5 for isolated LD samples and n = 4 for cell extracts. 

 

Figure 6.3. Unsaturation analysis of TAGs and DAGs extracted from A) isolated LD and B) whole 

cells after apoptotic treatment: cisplatin (●red) and etoposide (●blue). Fold changes for each lipid 

in apoptotic cells was calculated relative to the control group (●green): 

Abundancetreatment/Abundancecontrol or Abundancecontrol/Abundancecontrol. Abundance is the total ion 

count for a given ion. Each ion corresponds to a mass-to-charge ratio (m/z), which is used to 

assign the lipid species. SFA – saturated fatty acids, MUFA – monounsaturated fatty acids, PUFA 

– polyunsaturated fatty acids; n = 5 for isolated LD samples and n = 4 for cell extracts. 

 
Figure 6.4. The top 20 lipid species ranked by VIP scores for A) isolated LDs and B) organic 

fraction of cell extracts. Species highlighted in bold are the same in isolated LD and cell extract 

samples. Squares represent the comparison of relative lipid abundance between control, cisplatin, 

and etoposide groups. TG - triacylglycerol, DG - diacylglycerol. 

 

Figure 6.5. Comparison of selected lipid species extracted from isolated LDs and whole cells; 

control (green), cisplatin (red) and etoposide (blue). TG – triacylglycerol. ANOVA with post hoc 

Fisher’s test: * p < 0.1, ** p < 0.01, *** p < 0.001, FDR-adjusted; n = 5 for isolated LD samples 

and n = 4 for cell extracts. 

 

Figure 6.6. Gene expression profiles of apoptotic cells characterized by RNA-Seq. Only genes 

related to lipid metabolism and apoptosis are included in the analysis. A) Heat map comparing 

control (cr, green), cisplatin (cis, red), and etoposide (eto, blue) samples. Each coloured cell on 

the map corresponds to a normalized expression value, with samples in columns and genes in 

rows. B) PCA analysis of selected transcriptomic data.  
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Figure 6.7. A) RNA-Seq results compared to qRT-PCR results for six genes involved in lipid 

metabolism. Mean fold changes in gene expressions for cisplatin (red) and etoposide (blue) were 

calculated relative to the respective control group (green); error bars represent SEM of 4 

independent cell samples. B) Correlation analysis between RNA-Seq and qRT-PCR, R2 assesses 

goodness-of-fit for an idealized model (y = x).    

 

Figure 6.8. Regulation of lipid particle organization during A) cisplatin and B) etoposide 

treatments.  

 

Figure 6.9. Lipid transporter expressions in C2C12 myotubes treated with cisplatin (red) or 

etoposide (blue). Mean fold changes in gene expressions were calculated relative to the control 

group (green); error bars represent SEM of four independent cell samples. All changes are 

statistically significant (FDR-adjusted p < 0.05).   

 

Figure 6.10. Differentially expressed genes related to A) lipid droplets, and B) peroxisomes in 

C2C12 myotubes treated with cisplatin (red) and etoposide (blue). Mean fold changes in gene 

expressions were calculated relative to the control group (green); error bars represent SEM of 

four independent cell samples. * indicates statistically significant changes as compared to the 

controls (ANOVA: FDR-adjusted P-value < 0.05, see Appendix 3, Table S3.7). 

 

Figure 6.11. Regulation of very long chain fatty acid (VLCFA) catabolism in peroxisomes during 

A) cisplatin and B) etoposide treatments.  

 

Figure 7.1. Schematic representation of monitoring metabolic reaction rates in intact cells by 

HRMAS 1H NMR spectroscopy. 

 

Figure 7.2. 13C glucose consumption (A) and 13C lactate accumulation (B) rates in intact cells 

treated with curcumin 50 μM (orange) and 200 μM (red) in DMSO or PEG as measured by 

HRMAS 1H NMR spectroscopy. Student t-test: *p < 0.05, ** p < 0.01, n = 3. The fold change in 

reaction rates were calculated from the slope of the curve of the normalised NMR intensity versus 

time, relative to the control (blue).  

 

Figure S1.1. 500 MHz 1H NMR spectra of control (green) and heat-treated (black) cell extracts 

(aqueous fraction). All spectra were normalised to the total integral. 

 

Figure S1.2. 500 MHz 1H NMR spectra of culture media collected after 48 h treatments: control 

(green), cisplatin (red) and etoposide (blue). All spectra were normalised to the total integral. 

Partially supressed water peak was removed. 

 
Figure S1.3. Two-dimensional PCA score plot derived from the 1H NMR spectra of growth media 

samples: control (green triangles), cisplatin (red squares), etoposide (blue circles); n = 3 for 

etoposide, n = 5 for control and cisplatin. The numbers in brackets represent the percentage of 

variability explain by each principal component (PC).  

 

Figure S1.4. 500 MHz 1H NMR spectra of cell extract (organic fraction) collected after 48 h of 

the following treatments: control (green), cisplatin (red) and etoposide (blue). All spectra were 

normalised to the total integral.  

 

Figure S1.5. Two-dimensional PCA score plot derived from the 1H NMR spectra of organic 

fraction of cell extract samples: control (green triangles), cisplatin (red squares), etoposide (blue 

circles); n = 4 for etoposide, n = 5 for control and cisplatin. The numbers in brackets represent the 

percentage of variability explain by each principal component (PC).  
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Figure S1.6. Comparison of fold change integral for selected lipids in organic fraction of cell 

extracts: control (green), cisplatin (red) and etoposide (blue). * p <0.05, ** p <0.01, *** p <0.001 

for control vs treatment; # p <0.05 for cisplatin vs etoposide, FDR adjusted.  

 

Figure S1.7. 500 MHz 1H NMR spectra of cell extract (aqueous fraction) collected after 48 h of 

the following treatments: control (green), cisplatin (red) and etoposide (blue). All spectra were 

normalised to the total integral.  

 

Figure S1.8. Two-dimensional PCA score plot derived from the 1H NMR spectra of aqueous 

fraction of cell extract samples: control (green triangles), cisplatin (red squares), etoposide (blue 

circles); n = 4 for etoposide, n = 5 for control and cisplatin. The numbers in brackets represent the 

percentage of variability explain by each principal component (PC).  

 

Figure S2.1. Representative examples of bi-exponential T2 fits of signal intensity for selected 

metabolites versus echo time for control (A), cisplatin (B), etoposide (C) and heat (D) treated 

cells. 

 

Figure S2.2. Representative examples of bi-exponential T2 fits of signal intensity for water versus 

echo time for control (A), cisplatin (B), etoposide (C) and heat (D) treated cells. 

 

Figure S2.3. Representative examples of bi-exponential diffusion fits of signal intensity for 

selected metabolites versus b-value for control (A), cisplatin (B), etoposide (C) and heat (D) 

treated cells. 

 

Figure S2.4. Representative examples of bi-exponential diffusion fits of signal intensity for water 

versus b-value for control (A), cisplatin (B), etoposide (C) and heat (D) treated cell 

 

Figure S2.5. A biexponential diffusion fit for the -CH2 signal at 1.3 ppm. The faster apparent 

diffusion component (1.37·10-8 m2/s, corresponding to lactate and excluded from ADC 

calculations) (b > 124 s.mm-2).   

 

Figure S2.6. Correlation of LD size measured by fluorescence microscopy with diffusion 

coefficients measured by HRMAS 1H NMR. ●24 h and ▲48 h for four lipid signals. 

 

Figure S3.1. PCA analysis of TAG and DAG species extracted from A) isolated LDs and B) 

organic fraction of cell extracts for control (green), cisplatin (red), and etoposide (blue) samples. 

The analysis was performed after total sum normalization and Pareto scaling; n = 5 for isolated 

LD samples and n = 4 for cell extracts.  

 
Figure S3.2. Differentially expressed genes linked to lipid desaturases in control (green), 

cisplatin- (red) and etoposide-treated (blue) C2C12 myotubes. Degs1-2 – sphingolipid 

desaturases, Fads1-3 and Scd1-2 – biosynthesis of unsaturated fatty acids. Mean fold changes in 

gene expressions were calculated relatively to the control group; error bars represent SEM of four 

independent cell samples. All changes are statistically significant (ANOVA: FDR-adjusted P-

value < 0.05), except for Degs1 control vs cisplatin. 
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corresponds to those shown in Figure 6. Multiplet patterns: s – singlet, bs – broad singlet, d- 

doublet, t – triplet. 

 

Table 4.1.  Metabolite profiling of apoptotic cells by solution-state (growth media and cell extract) 

and HRMAS (intact cells) 1H NMR spectroscopy. Two independent experiments for intact cells 

and growth media were performed (different doses of etoposide: 60 and 120 µM). Supporting data 

can be found in Appendix 1. ↑ and ↓ indicate a significant increase or decrease in a fold change 

integral for cisplatin (red) and etoposide (blue) groups as compared to control; ↔ indicates non-

significant changes, n/a – signal not present or could not be accurately measured.     

 

Table 5.1. Comparison of T2 relaxation times of selected metabolites and water for control and 

necrotic muscle cells. Student t-test: * p < 0.05.  
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test comparison between respective resonances of full fat and semi-skimmed milk within one 

method, * p < 0.05. 
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Table 5.4. The viscosity (v) of cytoplasm calculated from HRMAS 1H NMR-based diffusion data 

and fluorescence microscopy for cells at 24 h and 48 h incubation time points. For comparison, 

literature values are included, measured using T1 relaxation times of 19F-labelled proteins in cells 

by 19F NMR spectroscopy.  

 

Table 5.5. Comparison of T2 relaxation times of selected metabolites and water for mouse muscle 

cells reported in this study, for endometrial cells reported by Griffin et al, and for skeletal muscle 

tissue reported by Kasturi et al; n/r – not reported. 

 

Table 5.6. Mean ADCs of selected lipid signals for untreated muscle cells and endometrial cells 

and rat glioma tissue, ± values refer to standard error, * value corresponds to restricted diffusion. 

 

Table 6.1. List of pathways linked to lipid metabolism regulated by cisplatin or etoposide in C2C12 

cells. Legend:  - significantly upregulated,  - non-significantly upregulated,  - non-

significantly downregulated,  - significantly downregulated. Pathways ID corresponds to 

Reactome pathway database. 

 

Table 6.2. List of lipid transporters differentially expressed in apoptotic cells (Figure 6.9). 

Upregulated transporters after cisplatin and etoposide treatment are shown in red and blue, 

respectively. Cr – control, cis – cisplatin, eto – etoposide. Source: GeneCards 

(www.genecards.org).    

 

Table S1.1. Fold change integral for selected metabolites in aqueous fraction of cell extracts: 

control and heat-treated cells. * p <0.05, ** p <0.01, *** p <0.001 for control vs treatment, FDR 

adjusted.  

 

Table S1.2. Fold change integral for selected metabolites in growth media. * p <0.05, ** p <0.01, 

*** p <0.001 for control vs treatment; # p <0.05, for cisplatin vs etoposide, FDR adjusted.  

 

Table S1.3. Fold change integral for selected metabolites in aqueous fraction of cell extracts. * p 

<0.05, ** p <0.01, *** p <0.001 for control vs treatment; # p <0.05, for cisplatin vs etoposide, 

FDR adjusted.  

 

Table S3.1. TAG and DAGs species annotated from cell extracts treated with cisplatin and 

etoposide for 48h. Fold changes are reported relative to the control untreated samples. Included 

only lipid species with even number of carbon that formed NH4 adducts. ANOVA:  FRD-adjusted 

p-values, n≥3. Fisher's least significant difference (LSD) was used for ad hoc pairwise 

comparisons of the treatment groups. N/S – not significant; Lipid class (number of double bonds/ 

number of carbons)molecular weight_retention time [s]; cr – control, cis – cisplatin, eto – 

etoposide.  

 

Table S3.2. TAG and DAG species annotated from isolated lipid droplet from cells treated with 

cisplatin and etoposide for 48 h. Fold changes are reported relative to the control untreated 

samples. Included only lipid species with even number of carbon that formed NH4 adducts. 

ANOVA:  FRD-adjusted p-values, n≥3. Fisher's least significant difference (LSD) was used for ad 

hoc pairwise comparisons of the treatment groups. N/S – not significant; Lipid class (Number of 

carbons:number of double bonds)moluecular weight_retention time [s]; cr – control, cis – 

cisplatin, eto- etoposide. 

 

Table S3.3. Normalised read count for differentially expressed genes related to programmed cell 

death in the cells treated with cisplatin or etoposide versus controls. SEM represent biological 

variance (n = 4). ANOVA:  FRD-adjusted p-values; Fisher's least significant difference (LSD) 
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was used for ad hoc pairwise comparisons of the treatment groups. Green and orange 

backgrounds indicate upregulation and downregulation, respectively, compared to the controls; 

cr – control, cis – cisplatin, eto- etoposide. 

 

Table S3.4. Normalised read count for differentially expressed genes related to lipid metabolism 

in the cells treated with cisplatin or etoposide versus controls. SEM represent biological variance 

(n = 4). ANOVA:  FRD-adjusted p-values; Fisher's least significant difference (LSD) was used for 

ad hoc pairwise comparisons of the treatment groups. Green and orange backgrounds indicate 

upregulation and downregulation, respectively, compared to the controls; cr – control, cis – 

cisplatin, eto- etoposide. 

 

Table S3.5. List of cell death and cell cycle pathways significantly regulated by cisplatin treatment 

in C2C12. Legend:  - significantly upregulated,  - significantly downregulated; entities FDR – 

probability that the overlap between the query and the pathway has occurred by chance corrected 

for multiple comparison. Pathways ID corresponds to Reactome pathway database.  

 

Table S3.6. List of cell death and cell cycle pathways significantly regulated by etoposide 

treatment in C2C12. Legend:  - significantly upregulated,  - significantly downregulated; 

entities FDR – probability that the overlap between the query and the pathway has occurred by 

chance corrected for multiple comparison. Pathways ID corresponds to Reactome pathway 

database. 

 

Table S3.7. Differentially expressed genes linked to lipid droplets, endosomes, lysosomes, and 

peroxisomes. ANOVA: FDR-adjusted p-values, post hoc Fisher’s test: cr – control, cis – cisplatin, 

eto- etoposide, Source: GeneCards (www.genecards.org). 
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Abbreviations 

ABC – ATP binding cassette 

ADC – apparent diffusion coefficients 

ADP – adenosine diphosphate 

ANOVA – one-way analysis of variance 

ATP – adenosine triphosphate 

BMRB – Biological Magnetic Resonance Data Bank 

BODIPY – boron-dipyrrome-thene 

cDNA – complementary DNA 

CDP-choline – cytidine diphosphate-choline 

COSY – correlation spectroscopy 

CPMG – Carr–Purcell– Meiboom–Gill 

CVD – cardiovascular diseases 

DAG – diacylglycerol 

DESI – desorption electrospray ionisation 

DG – diacylglycerol 

DI – direct infusion 

DIMS - direct infusion mass spectrometry 

DMA – dimethylamine 

DMEM – Dulbecco’s modified Eagle’s medium 

DMF – N,N-dimethylformamide 

DMSO – dimethylsulfoxide 

DOSY – diffusion ordered spectroscopy 

DOU – degree of unsaturation 

EI – electron impact ionisation 

ER – endoplasmic reticulum 

ESI – electrospray ionisation  

EX – eoxins 

FA – fatty acids 

FBS – fetal bovine serum 

FDR – false discovery rate 

FID – free induction decay 

FPKM – fragments per kilobase of exon model per million mapped reads 

FTICR – Fourier transform ion cyclotron resonance 
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FTMS – Fourier transform mass spectrometer 

GC – gas chromatography 

GPC – glycerophosphocholine 

HDL – high-density lipoprotein 

HMBC – heteronuclear multiple bond correlation 

HMDB – Human Metabolome Database  

HR – high-resolution 

HRMAS – high-resolution magic angle spinning 

HSQC – heteronuclear single quantum coherence 

IBD – inflammatory bowel disease 

IM – ion mobility  

JRES – J-resolved spectroscopy 

LC – liquid chromatography 

LD – lipid droplet 

LESA-MS – liquid extraction surface analysis mass spectrometry 

LR – lipid raft 

LT – leukotrienes 

MA – major ampullate 

MALDI MS – matrix-assisted laser desorption ionization mass spectrometry 

MPT – mitochondrial permeability transition 

MRI – magnetic resonance imaging 

mRNA – messenger RNA 

MRS – magnetic resonance spectroscopy 

MS – mass spectrometry  

MS/MS – tandem mass spectrometry 

MTT – 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide 

MUFA – monounsaturated fatty acids 

MWA – microwave ablation 

NCI –negative chemical ionisation,  

NF – necrosis factor 

NGS – Next Generation Sequencing 

NMR – nuclear magnetic resonance 

NOESY – nuclear Overhauser effect spectroscopy 

NSCLC – non-small cell lung cancer patients  

PA – Pseudomonas aeruginosa 

PBS – phosphate buffered saline 

PC – principal components 
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PCA – principal component analysis 

PCD – programmed cell death 

Pcholine – phosphocholine 

PCI – positive chemical ionisation  

PCR – polymerase chain reaction 

PIP – phosphatidylinositol phosphate 

PL – phospholipids 

PLS-DA – partial least squares-discriminant analysis  

PTC – phosphatidylcholine 

PUFA – polyunsaturated fatty acids. 

QqQ – triple quadrupole 

qRT-PCR – Quantitative reverse transcription-polymerase chain reaction 

QTOF – quadrupole time-of-flight 

RNA-Seq – RNA Sequencing  

S/N – signal-to-noise ratio 

SB – spinning sideband 

SE – Salmonella enterica 

SEM – standard error of the mean 

SFA – saturated fatty acids 

SL – sphingolipids 

SPM – specialized pro-resolving mediators 

TAG – triacylglycerol 

TEM – transmission electron microscopic 

TG - triacylglycerol 

TMS – tetramethylsilane 

TOCSY – total correlated spectroscopy 

TOF – time-of-flight 

TSP – trimethylsilylpropanoic acid 

TUNEL – terminal dUTP nick end-labeling 

VIP – Variable’s Importance in the Projection 

VLCFA – Very long chain fatty acids 
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Chapter 1. Introduction 

1.1. System biology and omics  

A living organism is a complex system comprised of interconnected networks of genes, 

proteins, and metabolites. Life depends on impeccable operation and integration of these 

networks. In a disease state, one or more processes in networks fail to deliver an expected 

biological outcome. Understanding what part of the system does not function correctly is the 

first step to developing suitable pharmaceutical solutions and preventative interventions to 

address modern diseases.  

One major aspect of systems biology is a systematic study of interactions between genome, 

transcriptome, proteome, and metabolome. The phrase “omics” is a collective term for areas of 

studies in biology ending with ‘–omics’ including genomics, transcriptomics, proteomics, 

metabolomics. Each omic discipline on its own provides valuable information on the regulation 

of life. However, the need for a more comprehensive understanding of the cellular processes 

and their regulation in health and disease drives a multi-omic approach.1  

Genetic changes predispose the biological system to specific behaviour and pass the 

information via mRNA to proteins for execution. The metabolome is a chemical signature of 

the current biological status. It can represent immediate perturbations of metabolic reactions or 

longer time-scale perturbation driven by changes in proteome, transcriptome, and genome. 

Even though metabolomics is a younger discipline than genomics and proteomics, it holds great 

promise to become a dominant approach in system biology, linking the gap between genotype 

and phenotype.2–4 

1.2. Metabolomics 

The term metabolome was first introduced by Oliver and colleagues and was used to describe 

a method that allows ‘the measurement of the change in the relative concentrations of 
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metabolites as the result of the deletion or overexpression of a gene’.5 Following on from that 

publication, Fiehn defined metabolomics as ‘a comprehensive and quantitative analysis of all 

metabolites’.6 Nicholson and colleagues introduced a related term, metabonomics, defined as 

‘the quantitative measurement of the time-related multi-parametric metabolic response of 

living systems to pathophysiological stimuli or genetic modification’.7  

The two terms may seem interchangeable, with some groups favouring one over the other. 

However, they represent different approaches to metabolic profiling – metabolomics is the 

systematic study of metabolites in a living system and their interactions, whereas 

metabonomics is the quantitative measurement of changes across the metabolome, with respect 

to time, due to an intervention. Both approaches aim to facilitate understanding of metabolic 

pathways and their perturbations induced by genetic and environmental factors. Throughout 

this thesis, I have used metabolomics to describe changes in metabolite concentrations induced 

by drug treatments.   

The metabolome comprises structurally and functionally diverse chemical species such as 

sugars, lipids, nucleotides, and amino acids. The total number of metabolites is regularly 

revised and validated (Figure 1.1). The Human Metabolome Database (HMDB) Version 4.0 

published in 2018 contained 114,100 metabolite entries, including 81,396 expected metabolites 

and 9,917  predicted metabolites.8 Since the launch of HMDB 4.0 in 2018, 84 new metabolites 

have been added to the database (https://hmdb.ca, March 2020). Metabolite concentrations 

within a biological sample have a dynamic nature. Abundant metabolites dominate the 

metabolome with molar concentration above 1 µM, whereas the concentration of relatively rare 

metabolites lies below 1 nM.  

 

Figure 1.1. Growth in human metabolomics. The number of human metabolites curated by 

HMDB in 2006-2020 (https://hmdb.ca, March 2020). 
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1.3. Approaches in metabolomics 

There are two main approaches for performing metabolomics: targeted and untargeted (Figure 

1.2). The choice of the metabolic approach depends on the study objectives.  Untargeted global 

metabolomics captures and quantifies all detectable metabolites in a sample, including 

unknown/novel metabolites. It provides broad coverage of the metabolome; allows pattern 

identification and classification of phenotypes; and generates a hypothesis. Examples of 

untargeted approaches include metabolic profiling (putative metabolite identification and semi 

quantification), fingerprinting (snapshot of the endometabolome), and footprinting (snapshot 

of the exometabolome).9–11 

In contrast, targeted metabolomics measures specific metabolites. It aims to test and validate 

the hypothesis from an untargeted analysis. It has a greater quantitative power but requires 

internal standards, specific experimental procedures, and analytical parameters for sample 

preparation and analysis. 

In some cases, initial untargeted metabolic screening is followed by targeted metabolomics for 

systematic and comprehensive characterisation of biomarkers. The combined approach 

increases reliability in the identified biomarkers, which is vital for clinical diagnostics.12    

 

Figure 1.2. Two approaches for performing metabolomics: targeted and untargeted.  
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1.4. Analytical methods in metabolomics 

It is not a trivial task to collect and analyse complex metabolomic data; it requires sophisticated 

analytical and statistical techniques to measure a fraction of the metabolome. Several excellent 

books and scientific reviews are available describing the methodology, challenges, and 

applications of metabolomics in biological research.13–17 

There are broadly speaking two main analytical techniques used in metabolomics: mass 

spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy. They both have 

advantages and limitations and the choice of technique depends on the nature of the biological 

question one is trying to answer.18–20 In some cases, the two techniques are used as 

complementary methods.21,22 

1.4.1. Nuclear magnetic resonance spectroscopy 

NMR spectroscopy is an analytical technique based on measuring the nuclear magnetic 

moment of certain nuclei first described by Rabi.23 All nuclei with an odd number of protons 

and neutrons have a characteristic spin, which is associated with a magnetic moment. For spin 

one-half particles, a spin can exist in two states: parallel or anti-parallel. In the presence of an 

external magnetic field (B0), the two spin states have different energy and hence they are 

unequally populated by spins.24 The lower energy state aligned with B0 has greater population 

of spins than the higher energy state opposed to B0. In the absence of B0 the two state have the 

same energy (Figure 1.3). The energy difference ∆E between the two spin states depends on 

B0 and the type of nucleus and is very small. Consequently, only a small difference in spin 

populations exist which hinders NMR sensitivity.  

During a 1H NMR experiment, a sample is placed in the constant magnetic field and excited 

with radiofrequency energy corresponding to ∆E of a specific set of nuclei. The irradiation 

leads to an increase in the population of higher-energy-state protons. The protons return to their 

ground state in precessional motion at a characteristic frequency known as the Larmor 

frequency.23 The Larmor frequency is unique to each nucleus as it depends on the magnetic 

field that the nucleus experiences and the gyromagnetic ratio (ratio of the magnetic momentum 

of a particle to its angular momentum). The NMR signal is recorded as a free induction decay 

(FID) and Fourier-transformed into a spectrum, which is a plot of the radio frequency (usually 

represented as a relative chemical shift scale) against resonance intensity.  
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Figure 1.3. Splitting of nuclei spin energies in an external magnetic field. 

In 1H NMR spectroscopy, the integral area of a resonance is proportional to the number of 

protons which that resonance represents. Chemical shift, which is reported relative to a 

standard, describes the dependence of the resonance frequency on the environment of a nucleus 

i.e., local electron distribution and atom electronegativity. Nuclei experiencing the same 

magnetic environment (i. e. have the same NMR properties) are called magnetically equivalent. 

Magnetic interactions between magnetically non-equivalent nuclei which are connected via 

three or less bonds are called J-couplings. For first order spectra, multiplicity is the 

consequence of J-coupling.a For example, in HaC−CHb fragment, the coupling between Ha and 

Hb leads to split resonances of the protons into two equivalent components separated by J-

constant. This is because Ha aligns with the magnetic field in slightly more than half of the 

molecules, while remaining molecules have Ha aligned against the magnetic field. Hence, in 

half of the molecules, Hb is slightly shielded and in the other half, it is slightly deshielded. This 

effect is reciprocal and the multiplicity depends on number of neighbouring protons. Table 1.1 

summarises the four basic NMR spectral features and provides metabolomics-specific 

examples of how they are interpreted.  

The principles behind time domain NMR spectroscopy for measuring diffusion and T2 

relaxation are described in Chapter 5.  

                                                           
a
The "first order" approximation assumes that, for simple coupled systems, the difference between the Larmor frequencies of the coupled 

nuclei is large compared to the coupling constant between them (Δυ>>J). When the frequency difference approaches the coupling constant, 
the spectra are said to be "second order" (Δυ~J), and the simple rules presented for first order spectra do not necessarily apply to second 

order spectra. 
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Table 1.1. A list of NMR spectral parameters most commonly used for interpreting NMR data. 

Parameter Definition  Example 

Chemical shift - position on the ppm scale where 

the peak occurs; 

- depends on a type of nuclei and its 

chemical environment 

Phosphocreatine, inorganic 

phosphate and ATP show different 

chemical shifts on 31P NMR 

spectra25 

Integral - area of the peak; 

- proportional to the number of 

nuclei that the peak represents 

1H NMR measurements of glucose, 

triglycerides and HDL in plasma 

correlate with clinical chemistry 

measurements of these species26 

Multiplicity - a splitting pattern of the peak  

- the signal is split into lines 

depending on the number of 

equivalent nuclei in the proximity   

Multiplicity analysis by spin-echo 
1H NMR spectroscopy identifies 

penicillin metabolites27 

J-couplings - the spacing between the lines in 

the coupling patterns 

- depends on conformation of 

protons 

J-coupling database for semi-

automated metabolite 

identification28 

1.4.2. NMR-based metabolomics 

The versatile nature of NMR spectroscopy makes it a useful tool in metabolomics; it can be 

used for metabolite identification and quantification, studies of molecular motion, and the study 

of compartmentation. An NMR spectrum provides information on chemical shifts, 

multiplicities, J-couplings, and integrals that translate into information about neighbouring 

atoms, connectivity, relative orientation, and intra- and intermolecular interactions. The NMR 

integrals are proportional to the number of protons in each magnetic environment in the 

molecule thus allowing accurate quantification of relative metabolite concentrations. Absolute 

concentrations can also be measured with the use of an internal standard of known 

concentration or standard addition of the chemical species of interest. 

NMR analysis has been done on a variety of biological samples including body fluids29, cell 

and tissue extracts30,31, intact cells32 and whole tissue33, plants34 and food35, providing useful 

and often unique information about the biological system. It is a non-destructive, highly 

reproducible, and highly quantitative method that can be adapted to high throughput analysis 

(>100 samples/day) by using a robotic sampler and automatic data accusation.  
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The main limitation of NMR spectroscopy is its sensitivity (nmol - µmol). The analysis of low 

signal-to-noise ratio (S/N) samples may need a significantly higher number of scans and can 

take a long time. The amount of sample required for an NMR analysis depends on the type of 

NMR experiment needed, the equipment available, and sample packing methods. For example, 

a simple 1D 1H NMR experiment is more sensitive than 13C or 15N NMR experiments because 

of the high natural abundance of protons and their larger gyromagnetic ratio. A modern high-

field spectrometer with a cryoprobe, which reduces thermal noise in electronic components, 

produces higher quality spectra than a low-field spectrometer with a standard probe.36 Sample 

packing can be optimised for precious low-volume samples, i.e. the use of 3 mm tubes or 

capillary inserts allows the preparation of more concentrated samples. Advances in pulse 

sequences, detectors, data processing and higher static magnetic field strengths also contribute 

to improving NMR sensitivity.37,38 

Biological samples are a complex mixture of compounds that generate NMR spectra with 

overlapping signals, making it difficult to unambiguously annotate and quantitate metabolites. 

Two-dimensional NMR spectra can increase signal dispersion and help extract additional 

information. Similarly, diffusion- and T2-edited experiments can reduce the NMR-visibility of 

unwanted signals, simplifying the data. The number of metabolites that can be unambiguously 

detected and identified depends on spectral resolution and metabolite concentration and is 

usually less than 200 metabolites.39–41 By contrast, mass spectrometry techniques can detect 

thousands of different metabolites and identify a few hundred.41–43 The most common NMR 

techniques used in metabolomics research and diagnostics are highlighted in Table 1.2. NMR 

techniques that make use of less abundant nuclei, such as 15N, 31P, 19F also exist.44–46 Several 

comprehensive reviews on NMR methods in metabolomics have been published, including 3D 

NMR experiments.31,40,47–60 

1.4.3. High-resolution magic angle spinning NMR spectroscopy 

High-resolution magic angle spinning (HRMAS) is a technique used for analysing intact 

biological tissues or cell samples. Spectra of gel-like heterogeneous samples suffer from line 

broadening due to dipolar interactions (two dipolar molecules interacting with each other 

through space create dipolar field) and magnetic susceptibility differences (differences in  
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Table 1.2. Common NMR experiments used in metabolomics. 

NMR experiment Description Example application 

1D proton (1H) Most widely used in metabolomics. The spectrum represents a unique metabolic 

fingerprint which can be subjected to multivariate analysis. 1H resonances can 

also be matched to expected patterns of known metabolites. Complex and many 

overlapping peaks. 

1H NMR spectra of serum samples revealed the differences 

between non-small cell lung cancer patients (NSCLC), 

microwave ablation (MWA) treated patients, and healthy controls. 

Several potential serum biomarkers of NSCLC were identified.61  

1D carbon (13C) Unique metabolic fingerprints for carbon. 13C spectra are better resolved than 
1H spectra but not very sensitive (low natural abundance). 

13C NMR used to investigate the role of the ethylmalonyl-CoA 

pathway in glyoxylate generation in bacteria during growth on 

methanol.62 
1H-1H 2D J-Resolved 

Spectroscopy (JRES) 

Helps assign all coupling constants and identify the coupled spin systems. The 

spectrum shows the chemical shift along one axis and the J-constant of each 

signal along the other axis. 

The incorporation of multiplicity information can be used for 

metabolite identification in biofluids. JRES experiments increased 

spectral dispersion of glucose resonances.63 
1H−1H Correlation 

Spectroscopy 

(COSY) 

Shows the correlation between protons which are coupled to each other through 

2 or 3 bonds (long-range coupling can also be observed). Disperses complex 

signals and helps assign metabolites. It can be used for quantitation.  

COSY was used to study metabolic changes in dystrophic cardiac 

tissue. It identified the contribution of lactate to the increased 

CH2-lipid signal at 1.3 ppm.64  
1H−1H Total 

Correlated 

Spectroscopy 

(TOCSY) 

Records through-bond correlations between all protons in an unbroken chain of 

coupled spins in the same molecules the same spin system. It can be used for 

quantitation. Selective TOCSY experiments enable spectra elucidation of 

complex metabolic mixtures.  

TOCSY facilitated the identification of metabolites in cell lysate 

from E. coli. This approach identified a greater number of 

compounds as compared with 1D 1H NMR experiments.65  

1H-13C Heteronuclear 

Single Quantum 

Coherence (HSQC) 

Determines proton-carbon single bond correlations. Disperses complex signals 

and helps assign metabolites. 1H−15N HSQC experiments are also used in 

metabolomics.  

1H−13C HSQC was used for identifying 23 metabolites in post-

prostatic palpation urine samples.66 1H−13C HMQC of blood 

plasma allowed direct detection of cholesterol and choline species 

bound in high-density lipoprotein.67  
1H-13C Heteronuclear 

Multiple Bond 

Correlation (HMBC) 

Gives correlations between proton and carbon separated by 2,3 or sometimes 4 

bonds. Disperse complex signals and helps assign metabolise. 1H−15N HMBC 

experiments are also used in metabolomics. 

1H−13C HMBC spectra of urine samples from cattle treated with 

anabolic steroids had greater discriminatory power than 1D 1H 

NMR experiments.68  

Relaxation-edited 

spectra 

Simplify spectra and reduce unwanted signals from bigger molecules that 

obstruct signals from small metabolites. It is based on different spin-spin 

relaxation times (T2) which depend on molecular characteristics (see Chapter 

5). It can be used for molecular dynamics studies.  

T2-edited spectra of human plasma allowed for attenuation of the 

broad resonances from proteins and lipoproteins. Several peaks, 

which were obscured in the standard 1H spectrum, became visible 

following relaxation editing. This method can be also applied to 

2D experiments.69  

Diffusion ordered 

spectroscopy 

(DOSY) 

Measures diffusion of metabolites in cells or tissue. It can give information 

about the surrounding microenvironment (see Chapter 5). It is also used for 

diffusion-edited spectra. 

Two distinct environments of water were identified in endometrial 

cells: slow-diffusing intracellular water and fast-diffusing 

extracellular water.70   
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magnetic properties) within the sample. These interactions have some dependence on the 

orientation of the molecules (anisotropy). Normally, in solution-state NMR, they are averaged 

out by rapid tumbling and translational diffusion of compounds. Analytes in non-liquid samples 

have restricted molecular motion and consequently, instead of sharp and well-defined NMR 

resonances, they give rise to broader resonances and a higher degree of signal overlap. Andrew 

and Lowe first showed that spinning the samples at 57.4° (magic angle) to the magnetic field 

reduces line broadening caused by dipolar interaction and anisotropic effects in solid 

samples.71,72 Three decades later, Forbes and colleagues applied the principle of magic-angle 

spinning to improve the spectral resolution of liquid crystalline lipid bilayers.73 Since then, it 

has been broadly used for metabolic studies of tissue and cells.64,74–76 

The sample preparation for HRMAS NMR experiments is quick and straightforward. There is 

no need for tedious extraction procedures. A piece of tissue (20 mg) or a small volume cell 

pellet (105-106 cells per sample) can be directly placed in a rotor and analysed instantly. The 

sample temperature can be adjusted according to experimental needs, providing that the probe 

is equipped with a heater and/or a chilling unit.   

The pulse sequences used for HRMAS NMR experiments are the same as for solution-state 

NMR experiments, except the sample is spun at the magic angle. They include gradient-

enhanced experiments, variable-temperature experiments, experiments with different solvent 

suppression methods, and 2D homo- and hetero-nuclear experiments.77,78 HRMAS NMR 

spectroscopy is a versatile technique that has been used for structural and dynamic studies as 

well as metabolic profiling. Selected examples of HRMAS NMR applications are highlighted 

in Box 1.1.  
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BOX 1.1. Selected examples of HRMAS NMR applications 

___________________________________________________________________________

Application 1. Structural analysis of protein secondary conformation. 

Jenkins and colleagues used HRMAS 1H NMR spectroscopy to investigate how spiders store and convert the 

protein-rich fluid stored in the major ampullate (MA) gland to an insoluble silk fibre at the spinneret.79 They used 

1D and 2D HRMAS 1H NMR experiments to characterise the secondary structure of proteins in the MA gland 

and compared it with the secondary structure of the silk fibre obtained from solid-state MAS 1H NMR 

spectroscopy. The results showed that the proteins in the gland were in a random coil state whereas the silk fibre 

showed strong evidence for β-sheet conformation. The finding suggested that there is no protein folding occurring 

within the MA gland prior to silk fibre formation.  

__________________________________________________________________________________________

Application 2. Metabolic profiling of intact cells. 

Griffin and colleagues compared HRMAS 1H NMR spectral profiles of different brain cell lines to understand the 

metabolic contribution of individual cell type to brain tissue.80 Pattern recognition analysis readily distinguished 

the NMR spectra of the three cell types and identified metabolites with significant discriminatory power, namely 

lipid resonances, choline-containing compounds, and glycine. Furthermore, they reported that the discriminatory 

metabolites detected by HRMAS 1H NMR are not the same as the ones detected in the brain by MRS spectroscopy 

in vivo. In the MRS experiments, the information about lipid changes was lost. They proposed to use HRMAS 1H 

NMR spectroscopy as a bridging tool between the non-invasive low-resolution MRS spectroscopy in vivo, and 

solution-state 1H NMR spectroscopy of tissue extracts.  

__________________________________________________________________________________________

Application 3. Structural study of membrane association. 

Huster and colleagues used  HRMAS 1H NMR to study the location of a lipid-modified, membrane-bound peptide 

that mimicked the human N-Ras protein (a key oncogene).81 From 2D NOESY spectra, they identified the contact 

points of peptide residues with the lipid bilayer. Moreover, all of the amide protons were able to undergo exchange 

with the solvent, suggesting the location of the peptide backbone in the water-accessible part of the membrane. 

Based on HRMAS 1H NMR data, they proposed a Ras−membrane binding mechanism.  

__________________________________________________________________________________________

Application 4. Metabolic identification, metabolite mobility and intermolecular interactions.  

Garrod and colleagues compared metabolic profiles of intact tissue samples obtained from different regions of 

normal rat kidney: outer cortex, inner cortex, and papilla.75 They used a combination of 1D and 2D HRMAS 1H 

NMR experiments to identify 26 metabolites, and discriminate between cortex and papilla. The comparison of the 

HRMAS and solution-state 1H NMR spectra of tissue extract suggested that lactate and citrate were partially 

bound to macromolecules in the whole tissue since they were not visible in the HRMAS 1H NMR spectra. 

Moreover, increased spinning speed influenced lipid resonances. In spectra acquired at 4.2 kHz, the lipid signal 

intensities were very low, and they significantly increased for the spectra acquired at 12 kHz. They proposed two 

explanations: 1) at the higher spinning speed, lipid signals were enriched with membrane-bound lipids that were 

not visible at the lower spinning speed; or 2) the higher spinning rate induced frictional heating and higher 

temperature contributed to lipid signal peak sharpening.  

__________________________________________________________________________________________

Application 5. Compartmentation and local environment 

Bollard and colleagues studied subcellular compartmentation of metabolites in cardiac tissue.82 They compared 

HRMAS 1H NMR spectral profiles of intact cardiac tissue and intact mitochondria with solution-state 1H NMR 

spectral profiles of cardiac tissue extracts and mitochondrial extracts. The results showed that most of the aqueous 

metabolites from cardiac tissue extracts were also visible in intact tissue. However, several metabolites were 

visible in the mitochondria extract but not in the intact mitochondria. They proposed that some metabolites within 

mitochondria were present in a highly restricted environment and became NMR-visible only after extraction.  
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1.4.4. In vivo NMR spectroscopy 

The principles of NMR can also be applied for in vivo studies. Magnetic resonance imaging 

(MRI) and magnetic resonance spectroscopy (MRS) are non-invasive techniques for medical 

diagnosis of internal tissues and organs. They can detect disorders such as stroke, tumours, 

kidney injuries, pulmonary fibrosis, spinal cord injuries and multiple sclerosis.83–89 Correlating 

MRI data with NMR-based metabolomics has contributed to our understanding of disease 

pathogenesis and therapeutic efficacy.76,90–93  

In vivo MRS is particularly useful for metabolomic studies as it allows the identification and 

quantification of metabolites.94–96 The most studied metabolites are creatine, choline, N-acetyl 

aspartate, myo-inositol, glutamine and glutamate, and lactate, particularly in the brain.97,98 The 

concentration of these metabolites can be calculated as a ratio (usually metabolite/creatine 

ratio) or an absolute value based on an internal or external standard.  

MRI and MRS techniques have been used for ex vivo studies.99 Ex vivo experiments on fixed 

samples permit motion-free long acquisition times that reduce artefacts and increase sensitivity. 

Since NMR is a non-destructive technique, the samples can be subsequently used for 

conventional histology, biochemical assays, or metabolic profiling of tissue extracts.94,100  

1.4.5. Combining NMR techniques in metabolomics 

Work done by Lehtimäki and colleagues is a good example of how combining different NMR 

techniques can be used for probing biological processes.100 They studied the metabolic effects 

of ganciclovir-thymidine kinase gene therapy (a therapy that induces a programmed cell death 

- PCD) in BT4C rat gliomas. They performed comprehensive metabolic profiling using MRI 

and MRS for in vivo samples, HRMAS 1H NMR spectroscopy for ex vivo sample analysis and 

solution-state 1H NMR spectroscopy for tumour tissue extracts.  

Firstly, they confirmed that the gene therapy induced programmed cell death by showing 

tumour shrinkage by MRI, MRS and histology images. They then reported a significant 

decrease in small metabolites such as myo-inositol/glycine, taurine, and creatine; an increase 

in unsaturated and saturated lipids; and no change in choline-containing compounds on in vivo 

MRS spectra following the treatment.   
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Ex vivo HRMAS 1H NMR did not detect any changes in aqueous metabolites with the 

treatment. However, the technique was able to distinguish between control and tumour 

samples. The decrease in the concentration of small metabolites was associated with a decrease 

in tumour cell count. Thus, they concluded these metabolites are poor indicators of the 

progression of PCD.  

Finally, solution-state 1H NMR spectroscopy showed a decrease in glycine, creatine, and 

alanine with the treatment, and increased in myo-inositol, and no change in choline-containing 

compounds. The comparison of in vivo NMR with NMR on tumour extract showed that there 

were some discrepancies in the changes of metabolic profiles during the gene therapy. For 

example, myo-inositol and glutamate/glutamine showed different trends against tumour cell 

count for in vivo NMR and tumour extracts NMR. It was attributed to different sample 

preparation and NMR experimental parameters.  

By using different NMR approaches, Lehtimäki and colleagues validated saturated and 

unsaturated lipids as biomarkers of PCD and demonstrated that non-lipid metabolites could not 

reliably predict the progression of PCD.  

1.4.6. Mass spectrometry 

Mass spectrometry is a powerful analytical technique that provides qualitative and quantitative 

data on nanomolar to attomolar amounts of analyte.101 It has become invaluable across a broad 

range of fields and applications because of its high sensitivity, high mass accuracy, and to some 

degree, structural information.  

Identification of metabolites by MS can be performed on many biological samples including 

plasma, serum, tissue, saliva, urine, cell pellets, and cell media.102–105 Most cases require 

extraction of metabolites from a complex biological matrix. Different extraction protocols exist 

depending on the sample type, physicochemical properties of metabolites, metabolomics 

approach, and MS technique;106–109 i.e. the protocol for extracting tissue lipids110 is different 

from the protocol for extracting cellular thiols.111 Volatile compound extraction is challenging 

and often includes derivatization steps.112–114 Samples of intact tissue or cells can be analysed 

without prior extraction but they require specialised MS instrumentation such as matrix-

assisted laser desorption ionization mass spectrometry (MALDI MS),115 liquid extraction 

surface analysis mass spectrometry (LESA-MS)101 or secondary ion mass spectrometry 
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(SIMS).116 Special care needs to be taken during any kind of sample handling as it may cause 

metabolite degradation, loss, or contamination.   

The main processes that take place in a mass spectrometer are ion generation (ionisation), 

separation according to mass-to-charge ratio and detection (Figure 1.4). 

 
Figure 1.4. Schematic of basic mass spectrometer. 

Liquid or gaseous samples which are introduced to the mass spectrometer are vaporized and 

ionized by the ion source (e.g., electrospray ionization, atmospheric pressure chemical 

ionization).104,117,118 In positive ion mode, ionisation occurs mainly via protonation, and in the 

negative ion mode, it occurs via deprotonation. Ions are then directed to a mass analyser (e.g., 

orbitrap, quadrupoles, time-of-flight) that separates individual ions based on their mass-to-

charge ratio (m/z).42,103,117,119 Separated ions arrive at the detector where the signal is multiplied 

and recorded.  

A mixture of metabolites can be separated by chromatography. Two separation methods are 

commonly employed in metabolomics: liquid chromatography (LC) and gas chromatography 

(GC). Reversed-phase liquid chromatography on C-18 (octadecylsilane stationary phase) 

columns with particle sizes of 3–5 μm is used for the separation of medium polar and non-polar 

metabolites.120 Gas chromatography is used for analysing volatile metabolites such as short-

chain alcohols, acids, esters, and hydrocarbons.120 These compounds are not inherently volatile 

and need to undergo derivatization to reduce their polarity and increase their volatility and 

thermal stability. This analytical step is often lengthy, tedious, and may lead to loss of 

metabolites. However, GC has many advantages including fast separation, high peak capacity, 

high selectivity and sensitivity, very good reproducibility of retention times, and robust 

quantitation.43 
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Coupling chromatography to MS is attractive because chromatography can separate complex 

mixtures, which chemical composition needs to be well established. It also provides additional 

information about metabolites – retention times – that is useful in differentiating isobaric 

compounds according to their polarities.121 Even though retention time depends on a separation 

method, equipment used and matrix effects, and thus cannot be directly compared with other 

databases, it is still a useful parameter to identify different compound classes provided that 

standardised chromatographic methods are in place. Another advantage of interfacing 

chromatography with MS is reduced background noise, which results in improved detection 

limits and data quality.122  

For structural elucidation of metabolites or filtering specific compound classes, tandem mass 

spectrometry (MS/MS) can be used. This technique employs two or more mass analysers 

coupled together to obtain fragmentation patterns and/or second level ion separation. Selected 

ions derived from the first MS stage are fragmented and/or analysed by the second MS stage. 

Advanced mass spectrometers are capable of high-resolution and accurate mass measurements, 

which largely improve metabolite identification and give a high degree of structural 

confirmation. The two most common high-resolution (HR) MS techniques used in 

metabolomics are Fourier transform ion cyclotron resonance (FTICR) and Orbitrap MS123. 

HRMS is an attractive method for targeted and quantitative analysis and for simultaneous 

quantitative and qualitative untargeted assays.124 

Relative and absolute quantification by MS techniques can be achieved with the use of internal 

or external standards. Those standards are isotope-labelled metabolites that are chemically 

similar to the analyte(s) of interest. They are used not only for absolute or relative quantitation 

but also for data normalization to account for sample processing errors, recovery efficiency, 

ion suppression effects, matrix effects, and batch effects. Moreover, unambiguous 

identification of unknown metabolites often includes the comparison of its retention time, 

mass, and fragmentation patterns with authentic standards. For relative quantitation, a mix of 

relevant standards is used, while for absolute quantitation, a single standard is needed to 

establish a calibration curve.   

High-throughput and quantitative MS-based metabolomics has enabled significant advances in 

our knowledge of metabolites, their functions, and dynamics in complex biochemical 

pathways.20,42,43,117–119,122 Table 1.3 highlights selected examples of MS-based metabolomics.      
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Table 1.3. Example applications of MS-based metabolomics.  

Method                            Description 
M 

 

GC – Electron ionisation 

/Chemical ionisation – 

Orbitrap 

Misra and Olivier evaluated three ionisation modes: positive chemical ionisation 

(PCI), negative chemical ionisation (NCI), and electron impact ionisation (EI) for 

GC-MS-based metabolomics analysis using reference human plasma samples. 

The total number of metabolites detected with all three ionisation modes was 330 

out of the expected 635. Only 58 metabolites were common to all three modes 

and each ionisation mode captured several unique metabolites: 81 (EI), 39 (PCI), 

28 (NCI). Comparing the GC-MS results with the existing LC-MS metabolite 

libraries for the standard, human plasma showed 306 and 450 unique metabolites, 

respectively, and only a 10% overlap of the total expected metabolites. This 

demonstrated that different MS platforms capture different subsets of metabolites 

from the same samples, therefore these technologies were highly complementary 

for metabolomics studies.20  

LC – Electrospray 

ionisation (ESI)– 

Quadrupole Time-of-flight 

(QTOF) 

Benito and colleagues used reversed-phase LC QTOF MS to identify plasma 

biomarkers for chronic kidney disease in paediatric patients. The result showed a 

significant increase in glycine, citrulline, creatinine, asymmetric 

dimethylarginine, and symmetric dimethylarginine as compared to the healthy 

cohort. They confirmed the hypothesis of the arginine-creatine metabolic 

pathway being affected in patients with renal impairment.125 

LC – ESI – Triple 

quadrupole (QqQ) 

Magnusson and colleagues followed the Malmö Diet and Cancer cohort for 12 

years to identify novel markers predicting cardiovascular disease (CVD) 

development. At the beginning of the study, there were no cases of CVD; by the 

end of the study, 253 individuals developed CVD. The results showed that 

elevated fasting plasma levels of isoleucine, tyrosine and phenylalanine could 

predict CVD events.126 

LC – Ion mobility (IM) – 

Time-of-flight (TOF) 

Murgia and colleagues investigated potential discriminatory lipids in patients 

with inflammatory bowel disease (IBD). By comparing the lipid profiles of IBD 

patients with healthy controls, they identified potential biomarkers of IBD, 

namely phosphatidylcholines, lysophosphatidylcholines, fatty acids, cholesteryl 

esters, and glycerophospholipids. In addition, they found a unique lipid profile 

for the two main forms of IBD: Crohn’s disease and ulcerative colitis.127 

Direct infusion (DI) – ESI – 

Furrier-transform ion 

cyclotron resonance 

(FTICR) 

Witting and colleagues used DI FTICR MS to investigate the C. elegans infection 

model. The metabolic signature of worms infected by Pseudomonas aeruginosa 

(PA) strain and Salmonella enterica (SE) strain were significantly different as 

compared to control. The PA infection caused a decrease in amino-acid 

metabolism and the SE infection caused an increase in sugar metabolism. They 

also discriminated between infection with the virulent wild-type pathogen and its 

mutant.128 

1.4.7. Combining NMR spectroscopy and mass spectrometry 

NMR spectroscopy and mass spectrometry come with their advantages and limitations for 

metabolomic studies (Table 1.4). The choice of the analytical method is an important 

consideration to obtain reliable metabolomic data. For example, MS techniques are best suited 

for experiments that require high sensitivity while NMR is better fitted for structural 

elucidation.  
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Table 1.4. Comparison of NMR spectroscopy and mass spectrometry. 

NMR spectroscopy Mass spectrometry 
 Fast 

 

 Cost-effective (no need for internal 

standards, easy sample preparation, no 

need for derivatisation) 

 Simple instrument care and maintenance 

 

 Non-destructive 

 Very good reproducibility (no batch effect) 

 

 

 

 Data can be compared across different 

NMR instruments 

 

 Relatively low sensitivity 

 Bigger sample volume 

 Small number of metabolites detected 

 

 Challenging deconvolution of overlapping 

signals  

 Versatile: metabolite identification, 

quantitation, structure elucidation of 

unknown metabolites, dynamic study 

capabilities (e.g. metabolite-protein 

interaction, metabolite 

compartmentalisation, cellular environment 

characterisation) 

 Relatively slow (lengthy separation 

methods)  

 Expensive (reagents for sample prep, 

standards and solvents, instrument parts, 

e.g. columns) 

 High-maintenance instruments, easy to 

damage during analytical runs, need 

frequebt calibrations  

 Destructive 

 Moderate reproducibility (depends on 

instrument set-up, prone to batch effects, 

column and detector performance changes 

with history) 

 Difficult to standardise methods, data 

cannot be compared across different MS 

methods 

 Highly sensitive, low detection limit  

 Small sample volume 

 Large number of metabolites detected but 

difficult to identify 

 Complex data processing workflows 

 

 Fairly versatile: metabolite identification, 

quantitation, limited structure elucidation 

capabilities) 

 Some metabolites cannot be ionized, ion 

suppression effects due to co-elution 

 Limited commercial availability of 

analytical standards  

NMR spectroscopy and mass spectrometry have substantial synergies.129 The integration of the 

two technologies by unifying sample preparation protocols and data mining workflows suitable 

for both techniques would be the most powerful approach for the complete molecular 

characterisation of metabolites. Although coupling NMR with MS into one system is not a 

common practice, combining the data has proved to be the most comprehensive approach for 

solving structural ambiguities in metabolomics.20,130–132 

Shockcor and colleagues proposed coupling LC with NMR spectroscopy and mass 

spectrometry for analysing urine samples.133 It was particularly useful for identity confirmation 
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of acetaminophen glucuronide and sulphate metabolites. They obtained unequivocal 

identification of phenylacetylglutamine by combining mass and fragmentation patterns from 

MS with 1H NMR structural data, which was not available without prior chromatographic 

separation due to the high level of overlap. 

Another study combined desorption electrospray ionisation (DESI) MS and NMR spectroscopy 

to study metabolic profiles of urine samples from healthy and diseased mice.134 The authors 

reported a decrease in levels of acetic acid, lactic acid, creatinine, succinic acid, citric acid, and 

creatine by MS. The same changes were observed on the NMR spectra. Multivariate-based 

analysis obtained from the NMR or DESI subset of the spectral features common for both 

techniques, showed similar results. Moreover, since NMR spectroscopy and MS are orthogonal 

techniques, PCA scores could be combined into a 3D score plot. The approach could have a 

potential application for large population studies where 2D score plots are insufficient to 

differentiate between sample classes.  

Lanza and colleagues also demonstrated the impact of combining quantitative NMR 

spectroscopy with highly sensitive LCMS.135 They compared the metabolic profiles of plasma 

samples in insulin-treated (I+) and insulin-deprived (I-) patients with type 1 diabetes. 1H NMR-

based quantitative approach showed elevated levels of lactate, allantoin, and ketones in I- 

samples, whereas MS showed significant perturbations in plasma amino acid levels. 

Correlation matrices of NMR and MS data integrated complementary information from the two 

analytical methods. For example, ketones were positively correlated with tyrosine, valine, and 

leucine in the I- samples and the correlation was reversed in the I+ samples. The combined 

NMR and MS data highlighted several known metabolic pathways that are affected by insulin 

deficiency, such as gluconeogenesis, ketogenesis, amino acid oxidation, and protein 

synthesis/breakdown. 

Bingol and Brüschweiler have developed a novel strategy based on the combined NMR/MS 

analysis, that helps identify metabolites in complex mixtures.136 The approach first uses 2D 

1H−13C HSQC NMR data from the COLMAR metabolomics database to identify metabolites. 

It then calculates m/z ratios for most probable ions observed by MS, including adducts, 

fragments, and isotope patterns. Finally, it matches the predicted MS spectral features with the 

experimental MS spectrum. The method was successfully applied to human urine samples from 

healthy individuals. It allowed fast and accurate detection of known metabolites. Moreover, the 

approach detected metabolites that had not been reported previously. The results demonstrated 



43 
 

that an NMR/MS synergistic approach significantly enhanced the accuracy and efficiency of 

metabolites identification.  

Hao and colleagues described how the statistical correlation between NMR spectroscopy and 

DIMS data could aid metabolite identification.137 They used tissue extracts from earthworms 

to demonstrate that 15 out of 26 NMR-visible metabolites had the highest-ranking correlation 

to their corresponding mass spectral ion. For example, lysine-betaine is difficult to assign based 

on NMR data as it gives only one resonance in a complex spectrum with very little structural 

information. Supporting evidence was provided by DIMS spectral peaks: [M+H]+ and 

[M+Na]+ that corresponded to lysine-betaine and correlated highly to the relevant NMR 

resonance. Even though this approach came with challenges such as NMR signal overlap, it 

could improve the confidence of compound identification. 

1.5. Data analysis in metabolomics 

Data analysis workflows in metabolomics encompass the following steps: processing raw data, 

statistical analysis, and biological interpretation (Figure 1.5). The design of processing 

workflows for metabolomic studies depends on analytical technique, whereas the analysis 

workflows depend on the study design and often more than one statistical approach are run in 

parallel.19,138–140  

Generating reliable metabolic information relies on uniformly processed spectral data. This 

step is necessary to ensure that each measurement refers to the same metabolomic feature in 

all samples. It also includes data normalization, elimination of spectral noise/artefacts, and 

quality control measures. Processing data generates a data matrix including characteristic 

metabolic features, intensities/concentrations and sample metadata, which are subsequently 

used for statistical analysis: multivariate or univariant analysis.  

Multivariate statistics is well suited for metabolomics since many variables can be analysed at 

once.141 This approach reduces the number of variables of a data set by defining new set of 

uncorrelated variables called principal components (PC). PCs are constructed from linear 

combination of initial variables and should contain most of the information from the large set.  
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Figure 1.5. A typical data analysis workflow in metabolomics studies. The schematic shows 

the steps of the metabolomic data analysis including raw data processing, statistical analysis, 

and biological interpretation. 

Multivariate results are visualised with a score plot and a loading plot (Figure 1.6). Scores 

represent the original data in a new PC coordinate system while loadings correspond to the 

contribution of each original variable to selected PCs. A score plot provides information about 

patterns in the samples and is used for analysing separation between groups and detecting 

outliers generated by instrumental variabilities or experimental errors. The loading plot shows 

how strongly each variable influences the PCs. The variables that are furthest away from the 

loading plot centre are most accountable for differences between the samples.   

There are two types of pattern recognition algorithms in multivariate statistical analyses: 

unsupervised and supervised. Principal Component Analysis (PCA), an example of an 

unsupervised method, transforms all variables into a smaller number of principal components 

(typically two or three) that emphasize the greatest variances in the data set. A supervised 

approach (e.g., Partial Least Squares - Discriminant Analysis, PLS-DA) incorporates label 

information into a PCA algorithm. 
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Figure 1.6. An example of the PCA score plot and its corresponding loading plot for 

metabolomics data. The score plot shows the separation of four different sample classes and 

the loading plot shows which variables are most responsible for differences between the 

groups. 

Univariate statistical methods analyse one variable at a time. It provides an overview of the 

metabolomic features that are potentially significant in discriminating between two or more 

sets of samples.142 Examples of univariate statistical tests are: 

 Student’s t-test for two groups; and  

 one-way analysis of variance (ANOVA) for more than two groups.   

Univariate methods in metabolomics are prone to false-positive results due to an increased 

probability that the observed positive results are owed to chance.138 Overinterpretation of the 

data can be avoided by applying a multiple testing correction technique such as the Benjamini–

Hochberg correction. The correction is applied to p-values to limit the false discovery rate 

(FDR). 

Metabolomic data analysis and interpretation are facilitated by open access resources including 

databases, online tools, and tutorials.143–145 Table 1.5 summarises databases and online tools 

that I found most useful during my Ph.D. The list is not exhaustive and other resources are 

reviewed in detail elsewhere.140,143,145–147 
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Table 1.5. Selected online tools and databases facilitating metabolomic studies. 

Name Description Link 

HMDB 
Online database of small molecule 

metabolites found in the human body 
www.hmdb.ca 

KEGG 

Online databases curating information 

about genomes, biological pathways, 

diseases, and drugs 

www.genome.jp/kegg 

MetaCyc 

Online metabolic database that contains 

metabolic pathways, enzymes, metabolites, 

and reactions from various organisms. 

www.metacyc.org 

Chenomx 
Software for identifying and quantifying 

metabolites in NMR spectra 
www.chenomx.com 

NMRshiftDB 
NMR shift database for compound 

identification and structure elucidation 
www.nmrshiftdb.nmr.uni-koeln.de 

MetaboAnalyst 
Online tools for metabolomic data analysis 

and interpretation 
www.metaboanalyst.ca 

W4M 
Online tools for metabolomic data 

processing and analysis 
www.galaxy.workflow4metabolomics.org 

1.6. Apoptosis: definition, mechanism, and detection methods  

Apoptosis is a mode of programmed cell death that maintains the balance of healthy cells in a 

living organism.148 It eliminates redundant cells via a highly coordinated cascade of 

biochemical and morphological events that requires cellular energy (Table 1.6).  

Table 1.6. Morphological and biochemical changes in cells during apoptosis. 

Morphological stages of apoptosis  Cell shrinks 

 Chromatin condensation 

 Cell shrinks 

 Chromatin condensation 

 Cytoplasm becomes denser, organelles are 

more crowded 

 Plasma membrane blebbing 

 Fragmentation of the nucleus 

 Separation of cell fragments into apoptotic 

bodies (budding) 

Biochemical stages of apoptosis  Endonuclease cascade (DNA cleavage) 

 Protease cascade (protein cleavage) 

 Extensive protein cross-linking 

 DNA breakdown 

 Externalization of phosphatidylserine on the 

surface of apoptotic cells/bodies 

 Phagocytic recognition and degradation by 

macrophages 
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Apoptosis is a part of normal physiology during development or aging when it removes the 

excess of healthy cells or deteriorating cells that can no longer perform their designated 

functions efficiently.148 Apoptosis is an essential mechanism in spermatogenesis,149 the 

formation of blood cells,150 and foetal development.149 During wound healing, apoptosis 

removes inflammatory cells and facilities the evolution of granulation tissue into scar 

tissue.151,152 In addition, apoptosis maintains proper housekeeping functions by eliminating 

pathogens and pathogen-invaded host cells.153 

Apoptosis plays an important role in the defence and repair mechanisms of cells damaged by 

disease or noxious agents. Excessive or reduced apoptosis is linked to many diseases.154 

Lymphocytes from HIV-1 infected patients have an increased propensity to undergo apoptosis, 

which causes deterioration of immunological functions.155 Contrarily, reduced lymphocyte 

apoptosis leads to the accumulation of T-cells that escalate the immune response. The inability 

to switch off the immune system is a fundamental feature of common autoimmune diseases 

such as multiple sclerosis and Crohn.155,156 

Failure of apoptosis is one of the key mechanisms behind cancer.157–159 A cell that becomes 

mutated or damaged first attempts to repair the damage. If that is not possible, the cell begins 

a signalling process to undergo apoptosis. Cells which lose this critical ability are more likely 

to be cancerous and continue to divide and accumulate, harbouring the mutations. Many 

anticancer treatments are based on activation or re-activation of apoptotic pathways.160–165 

Radiotherapy and chemotherapy directly or indirectly induce DNA damage in cancer cells, 

which leads to apoptotic death.166,167 Other apoptotic-based treatments involve suppressing 

anti-apoptotic factors and restoring or enhancing pro-apoptotic factors.157 

Apoptosis is triggered by a variety of stimuli. These could be toxic agents, hypoxia, radiation, 

or cellular messengers such as hormones or death ligands. Depending on the type of stimulus, 

exposure time and intensity, other cell deaths can be activated in parallel or subsequently. 

Currently, there are over 15 distinct cell death types that are morphologically and 

biochemically distinct from apoptosis - necrosis, pyroptosis, and autophagy being most 

common.168–170 The understanding of different cell death mechanisms and discriminating 

between them is important for discovering new drug targets and developing therapies.162 

Apoptosis occurs via two main pathways: extrinsic and intrinsic.171 They both activate a group 

of cysteine proteases called caspases. The extrinsic pathway is mediated by the death receptor 

and recruits a series of downstream proteins to activate caspase-8. The intrinsic pathway is 
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initiated by radiation, toxic agents, and other factors that cause DNA damage and/or oxidative 

stress. The signalling cascade involves changes in the mitochondrial membrane and release of 

cytochrome c that eventually activates caspase-9.172 An additional apoptotic pathway involving 

cytotoxic T-cells of the immune system has also been described.173 All pathways converge on 

the same execution pathway resulting in cell apoptosis (Figure 1.7). The initiator caspases-

8/9/10 activate the executioner caspases-3/6/7 which in turn initiate the apoptotic events 

described in Table 1.6.  

 

Figure 1.7. Molecular mechanism of apoptosis. Apoptosis can proceed via multiple cascades 

and is balanced by pro- and antiapoptotic mechanisms. I-VI indicate checkpoints used for 

detection of apoptosis (BOX 1.2) 

This cascade of tightly coordinated events has many checkpoints that can be used for detecting 

apoptosis. Detection of the early stages of apoptosis relies on mitochondrial changes and the 

presence of activated initiator-caspases. The activated executioner-caspases and changes in 

DNA, cytoskeletal structure, and membrane asymmetry indicate mid-stages of apoptosis, 

whereas apoptotic bodies, phagocytic activities, and secondary necrosis are characteristic to 

late stages of apoptosis. Thus, the time point is an important factor determining the choice of 

the assay. Due to the invasive nature of biochemical assays, they have a low temporal 

resolution, meaning that it is difficult to study the progression of apoptosis in the same samples.  

Common apoptosis assays can be classified into six different categories (BOX 1.2). As any 

detection technique, they exhibit advantages and limitations, and often more than one technique 
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is needed to confirm apoptosis.148,173 Of particular importance is to distinguish between 

apoptosis and necrosis. The two processes can occur simultaneously or sequentially but follow 

different biochemical pathways and produce different biological outcomes.174  

In contrast to apoptosis, necrosis is a type of cell death defined as unregulated (although 

regulated necrosis has also been researched).175–177 Necrosis is mainly triggered by extreme 

conditions, such as mechanical trauma, high or low temperatures or toxic agents and leads to 

rapid and irreversible cell and tissue damage. Necrosis is morphologically and biochemically 

very different to apoptosis.178 It is described as a passive process, which does not require 

cellular energy179 and has deleterious effects on the neighboring cells. Thus, necrosis in human 

body always required medical intervention to avoid further damage of adjacent areas.    

In cell culture, secondary necrosis follows apoptosis because of a lack of phagoclytic 

activity.180 Necrosis can replace an ongoing apoptotic process if intracellular ATP is depleted. 

Thus, necrosis can be an indication of the late-stage apoptosis in vitro. Moreover, cultured cells 

may undergo a higher degree of necrosis caused by sample mishandling or faulty laboratory 

equipment. Thus, it can be difficult to interpret the outcome of these assays. 

The most common viability assay, the dye exclusion assay, stains necrotic cells that exhibit 

impaired membrane integrity.181 Apoptosis does not lead to loss of membrane integrity and the 

dye penetrates only dead cells. The assay is quick, easy, and cost-effective but the dyes are 

toxic for the cells and with time, will enter live cells. Furthermore, while the assay discriminates 

between live and dead cells, it does not give information about how the cell dies. The use of 

alternative assays such as a colorimetric assay for assessing cell metabolic activity (MTT) and 

transmission electron microscopy (TEM) for detecting distinct morphological features is 

recommended for more comprehensive studies.182 

Monitoring the progression of apoptosis has two main benefits. Firstly, apoptotic biomarkers 

can be used for monitoring apoptotic-based treatment or the diagnosis of diseases driven by 

impaired apoptosis. Secondly, it contributes to the elucidation of molecular processes and a 

better understanding of the pathways associated with programmed cell death. That, in turn, 

leads to the discovery of novel drug targets and treatments.  

Most biochemical assays give only a snapshot of one or two apoptotic events and can often 

result in ambiguous conclusions. Performing many independent apoptotic assays is costly and 

time-consuming. Comprehensive and robust methods for monitoring apoptosis could greatly 

facilitate research in diagnostics and drug discovery.    
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BOX 1.2. Common apoptosis assays.148,183,184 

___________________________________________________________________________

Mitochondrial assays (I) 

Mitochondrial changes such as mitochondrial permeability transition (MPT), cytochrome c release, membrane 

potential depolarization, Ca2+ fluxes, changes in redox potential, and reactive oxygen species are characteristic 

features of the early phase of the intrinsic apoptotic pathway. They can be monitored by laser scanning confocal 

microscopy (LSCM), western blotting, or dye-based assay (e.g. rhodamine) in intact or fixed cells and tissue. 

Mitochondrial dye-based assays do not provide information about cell death mechanisms at later stages. Some 

mitochondrial events can occur during necrosis and the initiation of apoptosis does not guarantee the execution of 

apoptosis thus an additional assay is needed (e.g. caspase assay). It is important to consider the stability of dyed 

proteins, and alterations in mitochondrial metabolism induced by dyes.  

___________________________________________________________________________

Detection of caspases, cleaved substrates, regulators, and inhibitors (II) 

Western blot, immunoprecipitation, and immunohistochemistry can detect activated caspases, intermediate 

substrates (PARP), regulator proteins (Bax, Bid, and Bcl-2) or modifications associated with apoptosis 

(phosphorylated histones). A large number of apoptosis biomarkers and versatile probes allow for studying many 

apoptotic events. They provide high information content including the earliest stages of apoptosis and allow for 

rapid and consistent quantification of apoptotic cells. The assays are usually destructive and hence not suitable 

for following the progression of apoptosis. Many of them cannot be used on intact cells. In addition, caspase 

assays tend to have poor specificity for different caspases.  

Polymerase chain reaction (PCR) microarrays allow for apoptosis-related gene expression profiling. It can provide 

comprehensive information for over 100 genes that regulate apoptosis.  

___________________________________________________________________________

Membrane alterations (III) 

The annexin V assay detects externalization of phosphatidylserine residues on the outer plasma membrane during 

mid- to late-stages of apoptosis. Tissues, embryos, or cultured cells can be analysed by fluorescent microscopy or 

flow cytometry. It has good sensitivity but depends on the cell line and the elapsed time after induction. Not 

suitable for differentiating apoptosis from necrosis as membranes of necrotic cells are labelled as well. It is often 

combined with a membrane integrity assay.   

___________________________________________________________________________ 

DNA fragmentation (IV) 

The DNA laddering technique detects the DNA fragments after endonuclease cleavage. Uniform DNA 

degradation is characteristic of programmed cell death. It can be performed on tissue and cell samples; careful 

sample preparation is important to avoid non-apoptotic DNA fragmentation. This technique has low sensitivity – 

DNA fragments cannot be detected until the later stages meaning that the absence of a DNA ladder does not 

definitely exclude apoptosis. It is not suitable for samples with low numbers of apoptotic cells. Necrosis leads to 

a rapid non-specific cleavage of DNA and therefore do not produce the ladder pattern.  

 

The Comet assay, based on gel electrophoresis, can detect various forms of DNA cleavage. It has higher sensitivity 

and gives more information about DNA fragments.   

Terminal dUTP Nick End-Labeling (TUNEL) enzymatically labels the DNA fragments with UTP and is a suitable 

probe for detection by light microscopy, fluorescence microscopy or flow cytometry. It is a fast and sensitive 

method but expensive and prone to false positive from necrotic cells and cells in the process of DNA repair. It has 

also been reported that the TUNEL assay could also give positive signals in necrosis and therefore should not be 

used explicitly for discriminating between apoptosis and necrosis.  
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BOX 1.2. Continued. 

___________________________________________________________________________

Morphological alterations by electron microscopy (V) 

The high spatial resolution of electron microscopy allows the visualisation of nuclear fragmentation, intact or 

raptured cell membrane, disintegration of cytoplasmic organelles, vacuole formation, blebs at the cell surface, loss 

of cell-to-cell adhesions, apoptotic bodies, and phagocytosis of apoptotic bodies. This is useful for distinguishing 

between apoptosis and necrosis. It can be coupled with immunochemical staining for biochemical information 

(e.g. localisation of cytochrome c). Tissue sections and intact cells can be analysed but, due to the invasive nature 

of the method, samples cannot be used for subsequent tests. The technique can only analyse small areas of samples 

at once and gives limited information about the early stages of apoptosis. The equipment is expensive, requires a 

highly skilled operator and sample preparation and analysis are lengthy. It is prone to false-positives, and hence 

confirmation with other methods may be necessary. 

___________________________________________________________________________

Detection of phagocytic activity (VI) 

Dye-based assays are used to detect high lysosomal and phagocytic activity associated with late-stage apoptosis. 

It is usually used as a complementary assay since lysosomes degrading is not highly specific to apoptosis. Like 

for any dye-based assay, it is important to use a fluorescent tag, which does not interfere with native cell behaviour.  

1.7. Application of metabolomics in studying apoptosis  

In recent years, metabolomics has played an important role in studying apoptosis. Metabolomic 

approaches provide valuable information about the underlying mechanisms of an apoptotic 

agent that may be difficult to predict based on biochemical apoptosis assays listed in BOX 1.2. 

Although metabolomics approaches have been used for studying apoptosis in tissue, cells and 

in vivo,96 the focus of this section is on describing selected examples of MS- and NMR-based 

metabolomic studies on cell culture systems. The summary of potential metabolic biomarkers 

of apoptosis discussed below is presented in Table 1.7.  

The high sensitivity of MS techniques allows for routine and sophisticated analysis of ultra-

small volumes of samples. Dong and colleagues proposed a novel detection method of 

apoptosis in cultured mammalian cells based on MALDI-TOF-MS.185 They reported several 

MS spectral features that could distinguish apoptotic cells from control and necrotic cells 

independently of the cell lines investigated. They also found a good correlation between the 

relative peak intensities and the percentage of apoptotic cells in the sample showing potential 

for this method to become a quantitative assay of apoptosis. Halama and colleagues studied 

MS-based metabolic profiles of two cell lines treated with pro-apoptotic agents: etoposide or 

5-fluorouracil, and heat treatment for the induction of necrosis.186 Eleven of the 42 assayed 

metabolites showed significant changes when compared with the control cells. However, only 

three metabolites, namely alanine, glutamate, and acetylcarnitine, showed a consistent trend 
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regardless of the apoptotic agent or cell line. In their previous study,187 they showed that 

staurosporine treatment increased levels of aspartate, methionine, glutamate, and alanine. They 

concluded that only alanine and glutamate could be considered as promising metabolic 

biomarkers of apoptosis. However, their specificity in detecting apoptosis is yet to be 

demonstrated.  

MS-based metabolomics approaches can help elucidate molecular mechanisms of apoptosis. 

Pradelli and colleagues combined biochemical assays and MS-based metabolomics to 

investigate glucose metabolism in apoptotic cells.188 They reported a caspase-dependent 

decrease in ATP and ADP and phosphoenolpyruvate levels. The key glycolysis-related 

metabolites including glucose-6-phosphate, fructose-6-phosphate, alpha-ketoglutarate, and 

nucleotides were not significantly altered, suggesting that regulation of glycolysis was likely 

to occur downstream of phosphofructokinase-1, and that the Krebs cycle and the pentose 

phosphate pathway were not modulated by caspases. They also observed a significant decrease 

in the levels of phosphoserine indicating an impairment in the serine pathway and, 

consequently, the reduction of pyruvate kinase activity. Lu and colleagues conducted an MS-

based metabolomics study focusing on lipid perturbations caused by natrin-induced apoptosis 

in human hepatocellular carcinoma cells.189 They found 13 potential biomarkers associated 

with lipid metabolism. They proposed a putative mechanism of natrin-induced apoptosis 

involving dysfunction of sphingolipid metabolism, fatty acid biosynthesis, fatty acid 

metabolism, glycerophospholipid metabolism, and glycosphingolipid biosynthesis.  

NMR-based metabolomics has also contributed to the investigation of apoptosis. The main 

advantage of NMR spectroscopy over MS is its quantitative power and non-destructive nature. 

Previous reports show that NMR spectroscopy can detect apoptosis-induced alternations in 

glucose and lipid metabolism.190,191 It can identify cell lines that are resistant to specific pro-

apoptotic agents and discriminate apoptosis from other forms of cell death.192–195 Furthermore, 

the metabolic profiling of intact cells by NMR spectroscopy can contribute to elucidating the 

mechanisms of drug action.196    
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Table 1.7. Potential metabolic biomarkers and metabolic mechanisms associated with 

apoptosis.  

Study Cell line Apoptotic agent Metabolic change 

MS-based187  

(cell extracts)  

hepatocellular 

carcinoma, human 

embryonic kidney 

Etoposide 

5-fluorouracil 

 

Alanine, glutamate ↑ 

MS-based188  

(cell extracts) 

HeLa Actinomycin D 

 

ATP, ADP, phosphoenolpyruvate, 

phosphoserine ↓ 

MS-based189 

(cell extracts) 

hepatocellular 

carcinoma 

Natrin 

 

Caprylic acid, caproic acid, sphinganine, 

lauric acid, palmitic acid, 

phytosphingosine, 

phosphatidylethanolamine, tricaprylic 

glyceride, ganglioside ↑ 

 

Phosphatidylcholine↓ 

NMR-based197 

(cell extracts) 

Leukaemia Bezafibrate + 

Medroxyprogesterone 

acetat 

Acetate, isoleucine, leucine, asparagine, 

phenylalanine, glutamine, glutamate, 

glycine, succinate, asparagine, valine ↑ 

 

Citrate, α-ketoglutarate, glutathione↓ 

NMR-based198 

(cell lysates) 

Glioma Glabrescione B Pyruvate, lactate, succinate ↑ 

 

Glucose, citrate, malate ↓ 

HRMAS NMR-

based70 (intact 

cells) 

Endometrial Tamoxifen 

 

Nucleotides, ethanolamine, glucose, 

glutamate ↑ 

 

Myo-Inositol ↓ 

NMR-based194 

(intact cells) 

Leukaemia Doxorubicin 

Radiation 

 

CH2, CH3 lipids ↑ 

 

Glutamine, glutamate, taurine, 

glutathione, choline-metabolites↓ 

NMR-based195 

(intact cells) 

Cervical 

carcinoma 

Etoposide  

 

CH2, CH3 lipids ↑ 

 

Choline-metabolites↓ 

NMR-based199 

(cell extracts) 

Jurkat T-cells Fas mAb CH2, CH3 lipids ↔ 

TAGs ↑ 

Phosphatidylcholine ↓ 

HRMAS NMR-

based (intact 

cells) 

Medulloblastoma Cisplatin  CH2, CH3, unsaturated lipids ↑ 

NMR-based200 

(intact cells) 

T-lymphoblastoid Doxorubicin 

Dexamethasone 

Unsaturated lipids ↔ 

CH2, CH3 lipids ↑ 

Cell extracts of acute myeloid leukaemia were studied by Tiziani and colleagues.198 They 

investigated the changes in NMR metabolic profiles induced by bezafibrate and 

medroxyprogesterone acetate. The metabolites involved in the Krebs cycle were the main 

discriminatory factors between treated and untreated cells, which confirmed the role of reactive 
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oxygen species in the antileukaemic activity of the drugs. Leukaemia cell lines with different 

mutations gave distinct NMR spectra after the same treatment. The findings demonstrated that 

NMR-based metabolic profiling could contribute to the development of personalised 

medicines. Similarly, D’Alessandro and colleagues studied glioma cell lysates (endo-

metabolites) and cell growth media (exo-metabolites) after Glabrescione B treatment.198 NMR-

based metabolomics discriminated between control and treated samples harvested at different 

time points. Both endo- and exo-metabolites were significantly altered. Metabolic data 

suggested that the treatment enhanced the aerobic glycolysis and anabolic-to-catabolic 

transition.  

Griffin and colleagues studied the metabolic impact of tamoxifen (a pro-apoptotic agent) on 

intact endometrial cells by HRMAS 1H NMR spectroscopy.70 They identified changes in 

several metabolites that could play a role in the mechanism of apoptosis. For example, an 

increase in nucleotide levels might be linked to alteration in RNA transcription, and a decrease 

in myo-inositol levels provided clues about the changes in cell membrane characteristics during 

apoptosis. 

Rainaldi and colleagues examined 1H NMR metabolic profiles of intact leukaemia cells after 

pro-necrotic and pro-apoptotic treatments.194 Necrotic cells showed a significant increase in 

resonances assigned to –CH3 lipids, glutamine/glutamate, taurine, and choline-metabolites and 

no change in –CH2– lipids. Conversely, the spectra of apoptotic cells were characterised with 

a significant increase in the resonances of –CH2– and –CH3 lipids and a decrease in 

glutamine/glutamate, taurine, glutathione, and choline-metabolites. In addition, 1H NMR 

spectroscopy discriminated between two apoptotic treatments: doxorubicin and radiation. 

Bezabeh and colleagues, also reported elevated levels of –CH3 and –CH2– lipids in intact 

apoptotic cells but no change in –CH2– lipids in necrotic cells as measured by 1H NMR 

spectroscopy.195 However, they observed a decrease in choline-metabolite resonances for both 

necrotic and apoptotic cells. The increase in –CH2– and –CH3 NMR-visible lipid resonances 

during apoptosis is consistent with several other studies and, unlike small metabolites, seems 

to be independent of pro-apoptotic agents or cell lines.199–207 Another NMR study in intact cells 

not only confirmed the abnormal accumulation of lipids during apoptosis but also showed that 

treatment with Triacsin C (a specific inhibitor of long-chain acyl-CoA synthetase that blocks 

de novo lipid synthesis) abolished the increase in the intensities of the lipid resonances in 

apoptotic cells.208 
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The increased ratio of CH2/CH3 lipid resonances can also be used as an estimation of the extent 

of apoptosis as it correlates well with apoptotic assays such as Annexin V, TUNEL and 

fluorescence microscopy.193,195,209 Other studies found no significant changes in the ratio, 

suggesting that this may be cell line-specific.210,211 One also needs to be cautious about the 

contribution of other metabolites such as lactate and amino acids to the resonances at 0.9 and 

1.3 ppm which would confound the use of these regions as potential markers of apoptosis. This 

contribution may be different for different cell lines. Furthermore, the observation may not be 

valid for lipid cell extracts as non-mobile lipids from membranes will contribute to the NMR 

signal. Indeed, Al-Saffar and colleagues reported no significant change in the –CH2– and –CH3 

lipid resonances or in the CH2/CH3 ratio of the lipid extracts from apoptotic cells relative to 

control.199  

Other lipid units can also be studied by NMR spectroscopy. Monitoring the resonances that 

correspond to –CH=CH– (5.2 ppm), =CH–CH2–CH2– (2.1 ppm) and =CH–CH2–CH= (2.8 

ppm) lipid protons provides information about the average degree of unsaturation of cellular 

lipids.30,200 Several NMR studies in vivo and ex vivo on tumour tissue samples reported an 

increase in unsaturated lipids induced by apoptosis-based treatments.96,207,212 A similar 

observation was detected in medulloblastoma cancer cells in response to cisplatin (pro-

apoptotic) treatment.204  By contrast, Vito and colleagues reported no significant increase in 

unsaturated lipids in apoptotic T-lymphoblastoid cells with respect to untreated control.200 The 

reason for contradicting results may be twofold: 

- Unsaturated lipid accumulation during apoptosis may vary according to cell type 

(different biological functions) and apoptotic treatment; 

- Overlapping NMR resonances and the contribution of small metabolites to lipid signals 

may hinder accurate interpretation of spectra.  

Nevertheless, NMR experiments suggest that the accumulation of lipids plays an important role 

in programmed cell death and monitoring changes in lipid behaviour during apoptosis could 

provide valuable insights to molecular events in vitro and in vivo.  

1.8. NMR-visible lipids 

The size and mobility of molecules are important factors rendering NMR relaxation times, and 

hence their spectral visibility.213 Inside cells, some molecules such as proteins or membrane 
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lipids are integrated into semi-rigid intracellular structures. Their tumbling motions are very 

slow, their relaxation rates are very rapid and consequently, their NMR signals are difficult or 

impossible to detect by solution-state NMR spectroscopy because the resonances associated 

with the molecule are very broad. While cell membrane lipids are poorly detectable by 

conventional solution-state NMR spectroscopy, cellular lipid microstructures with sufficient 

tumbling rates needed for NMR detection include lipid rafts and lipid droplets (Figure 1.8).  

 

Figure 1.8. Lipid microdomains in a mammalian cell. Lipid rafts are contained within the 

plasma membrane while lipid droplets originate from the endoplasmic reticulum (ER) and are 

located in the cytoplasm.  

Lipid rafts (LRs) are signalling microdomains within membrane lipid bilayers comprising 

cholesterol, glycosphingolipids, and membrane proteins. They play an important role in 

regulating the curvature and rigidity of membranes.214 They are involved in the regulation of 

membrane permeability and the formation of trafficking vesicles such as endosomes and 

lysosomes.215 It has been shown that the formation of LRs is vital for lipid signalling 

functions.216 Methods for the detection of membrane lipid domains in model- and bio-

membranes include microscopy, X-Ray diffraction, solid-state 2H NMR, 1H MAS NMR, and 

other spectroscopic methods.217 NMR-based lateral diffusion measurements of lipids in simple 

membrane models suggest that these domains are mobile. Gaede and Gawrisch reported the 

lateral diffusion coefficient of a phosphocholine compound in multilamellar liposomes at 322 

K was ~8.5 × 10-12 m2 s-1 218. Filippov and colleagues studied the formation of LRs by NMR 

spectroscopy.219 They found that the lateral diffusion of lipids in model bilayers could be 

described by two diffusion coefficients, 5.0 and 1.0 × 10-12 m2 s-1, corresponding to liquid-
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disordered and liquid-ordered phases of LRs, respectively. Ferretti and colleagues 

demonstrated the contribution of LRs to NMR-visible lipid resonances by separating cellular 

lipids into Triton-soluble (mainly cytoplasmic lipid droplets) and Triton-insoluble (LRs) 

mobile lipids.220 They also demonstrated the temperature dependence of the NMR lipid 

resonances which was consistent with the transformation between liquid-ordered and liquid-

disordered phases characteristic for LRs. Recently, Ceñido and colleagues showed that 

HRMAS 1H NMR spectroscopy can characterize membrane lipid microdomains isolated from 

human platelets.221 

Lipid droplets (LDs) are cytosolic organelles composed of neutral lipids (triglycerides and 

cholesterol esters) enclosed within a phospholipid monolayer. In healthy cells, they are a source 

of energy, hormones, and secondary messengers, and they protect cells from lipotoxicity.222 

Abnormal formation of LDs has been associated with pathologies such as infection, 

inflammation, and cancer.223–225 Numerous studies suggest that NMR-visible lipids represent 

LDs rather than LRs.226–229 Pan and colleagues reported a very good correlation between the 

HRMAS 1H NMR lipid resonances and the size of LDs measured by fluorescence 

microscopy.230 In another study, they compared the HRMAS 1H NMR spectra of intact cells 

and of isolated LDs.231 Both spectra showed marked similarities suggesting that NMR-visible 

lipid resonances of intact cells originated primarily from LDs. Vito and colleagues also found 

a close correlation between 1H NMR-visible lipids and the volume of cytoplasmic lipid bodies 

detected by fluorescence microscopy.231  

Griffin and colleagues studied lipid droplet dynamics in intact cells by HRMAS 1H NMR 

spectroscopy.70 They reported diffusion coefficients of lipid droplets in intact cells in the range 

of 0.2 − 0.5 × 10-9 m2 s-1. The LD diffusion values are 1000 times higher than the diffusion 

values for LRs, meaning that LDs are more mobile and likely to have a higher contribution to 

the NMR signals.  

Relaxation of an NMR signal is determined by the transverse (T2) relaxation time of the 

resonance and will determine the visibility of lipids on an NMR spectrum. The T2 relaxation 

times for LDs in intact cells measured by HRMAS 1H NMR spectroscopy are in the range of 

0.15 − 0.3 s.70 The T2 relaxation times for sphingomyelin (a component of lipid rafts) in a 

model membrane system measured by 2H solid-state NMR spectroscopy at a spinning rate of 

2 kHz are in the range of 0.0025 − 0.01 s.232 LR relax 6 − 15 times faster than LDs thus it is 
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expected that LRs will contribute less to NMR resonances than LDs. Table 1.8 compares T2 

relaxation times and diffusion coefficients of LDs and LRs.  

Table 1.8. Comparison of diffusion and T2 relaxation times for cellular lipid microdomains 

NMR measurement Lipid droplets Lipid rafts 

Diffusion [m2 s-1]/10-9 0.2 − 0.5 0.0010 – 0.0085 

T2 relaxation time [s] 0.15 − 0.30 0.0025 − 0.0100 

1.9. Scope and aims 

This PhD focuses on establishing NMR-based methods for monitoring apoptosis-based cancer 

treatments and validating them with existing biochemical and microscopy methods. In order to 

do that I characterise metabolic profiles of cells treated with two commonly used cancer 

treatments: cisplatin and etoposide, and investigate potential biomarkers linked to the 

treatments.    

The main aims are: 

1) To characterise intact cells undergoing apoptosis by means of HRMAS 1H NMR-based 

metabolomics.   

2) To develop a HRMAS 1H NMR-based diffusion method for differentiating between 

apoptotic and control cells and validate it with the common fluorescence microscopy 

methods. 

3) To validate HRMAS 1H NMR-based metabolomics data by comparing with solution-

state NMR, MS and transcriptomic data.  

In Chapter 3, I describe HRMAS NMR spectroscopy method optimisation for analysing intact 

cells. This includes investigating an optimum spin rate, the sample packing process, pulse 

sequences and experimental time. Cell viability in a MAS rotor is also investigated.  

In Chapter 4, I investigate potential biomarkers of apoptosis in intact cells detected by 

HRMAS 1H NMR spectroscopy, and whether the biomarkers are different for different 

apoptosis-based treatments. I compare data obtained from solution-state 1H NMR spectroscopy 

of cell extracts and discuss the advantages and limitations of both techniques for studying 
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apoptosis in vitro. I also assess the usefulness of information that we can obtain from studying 

endogenous metabolites from culture media. 

In Chapter 5, I describe changes in the physical properties of LDs using time domain NMR 

experiments such as transverse relaxation rate and diffusion coefficient measurements. I also 

propose an NMR-diffusion based method for studying LD formation during apoptosis, which 

I validate with a common fluorescence microscopy method. 

In this introduction, I have highlighted the benefits of combining NMR- and MS-based 

metabolomic data and the growing trend of integrating omic data. In Chapter 6, I combine 

NMR- and MS-based metabolomic data with transcriptomic data to map apoptosis-induced 

changes in cellular metabolism and to understand the processes behind the accumulation of 

lipids during apoptosis.  I analyse transcripts involved in de novo lipid synthesis, lipid 

desaturation and lipid particle organisation to understand their contribution to the apoptotic 

events.   

Finally, I discuss the advantages and limitations of HRMAS NMR spectroscopy and propose 

future directions based on the results obtained during my PhD.  
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Chapter 2. Materials and methods 

2.1. Materials and reagents 

All materials and reagents were obtained from Sigma-Aldrich (Merck) (St. Louis, MO, USA) 

unless otherwise specified.  

 

2.2. Cell culture 

C2C12 cell line sub-cloned from a myoblast line established from normal adult C3H mouse 

leg muscle (ATCC, Manassas, Virginia, US) was cultured in Dulbecco’s modified Eagle’s 

medium (DMEM- D6429) containing 10% Fetal Bovine Serum (FBS) and 1% PenStrep (100 

U/mL Penicillin + 100 μg/mL Streptomycin) in a humidified 5% carbon dioxide atmosphere 

at 37°C. Cells were grown in T-75 Greiner cell culture flasks (Merck, St. Louis, MO, USA) 

(for metabolomics) or T-175 Nunc cell culture flasks (Thermo Fisher Scientific, Waltham, 

MA, USA) (for lipid droplet isolation) with filter-vented caps, seeded at approx. 1.5 × 106 or 

3.0 × 106 cells per flask, respectively. The passage number was limited to four and kept 

constant for all experiments. Cells Myogenic differentiation was initiated upon reaching 60% 

confluence, by switching the cells to medium containing 2% horse serum supplemented with 

1 µM insulin. After 5 days of differentiation, the cells were treated as described in Section 

2.3. After the incubation, the cells were trypsinized and washed twice with phosphate 

buffered saline (PBS). The harvested cells were either used fresh (for viability and caspase 3-

activity assays, lipid droplet isolation, metabolite extraction) or were frozen immediately in 

growth media + 5% Dimethylsulfoxide (DMSO) and stored at -80°C until use (for HRMAS 

NMR spectroscopy)b. Cell freezing and thawing were performed according to the 

manufacturer recommendations (ACTT).   

 

 

                                                           
b Limited HRMAS NMR sample throughput (3-4 samples per day) means that samples have to be kept frozen before running HRMAS NMR 

experiments to prevent cell death.  
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2.3. Induction of apoptosis 

The cells were treated with apoptotic agents: cisplatin or etoposide, purchased from Cambridge 

Bioscience Ltd (Munro House, Cambridge, UK) in powder form. DMSO was used as a vehicle 

for drugs and the equivalent volume was added to control cells (<1% v/v). Fresh stocks of 

cisplatin and etoposide were prepared on the day of experiments by suspending in DMSO and 

vortexing (Cole-Parmer Vortex Mixer, Cole-Parmer Instrument Company Ltd, Colmworth 

Business Park, St. Neots, UK) until completely dissolved.  

The dose and incubation time varied depending on the experiment, and were as follows:  

Dose and incubation time by caspase 3-activity assay (Chapter 4, Section 4.3.1) 

Cisplatin: 20, 40, 60 µM 

Etoposide: 48, 60, 84, 120 µM 

Incubation time: 2, 8, 24, 48, 72 h 

 NMR experiment (Chapters 4, Section 4.3.2) 

Cisplatin: 60 µM 

Etoposide: 50 µM 

Incubation time: 48 h 

Time course NMR experiment (Chapters 4, Section 4.3.3 and Chapter 5) 

Cisplatin: 60 µM 

Etoposide: 120 µM 

Incubation time: 8, 24, 48 h 

Confocal microscopy (Chapters 5) 

Cisplatin: 60 µM 

Etoposide: 120 µM 

Incubation time: 24, 48 h 

 MS and RNA-Seq experiments (Chapters 6) 

Cisplatin: 60 µM 

Etoposide: 120 µM 

Incubation time: 48 h 

 

2.4. Induction of necrosis 

The cells were incubated at 60°C in a water bath for 15 minutes. Then they were incubated at 

37°C in a 95% air/5% CO2 atmosphere and harvested together with other treatments.  
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2.5. Growth medium sample preparation 

Growth medium samples were collected prior to harvesting the cells and pre-processed 

according to a protocol published by Kostidis and colleagues.233 Briefly, 0.5 mL of media was 

aspirated from each flask and transferred to a 2 mL microcentrifuge tube. Ice-cold methanol 

(1:2 v/v ratio) was added immediately after sample collection and the samples were placed at     

-20°C overnight to allow the proteins to precipitate. Next day, the samples were centrifuged at 

16000 × g at 4°C for 30 minutes (Micro-Cenrifuge 5424, Eppendorf Corporate, Hamburg, 

Germany). The supernatant was then collected, and all solvents were evaporated under a steam 

of dry nitrogen gas and stored at -80°C for further analysis. 

 

2.6. Cell viability 

The Trypan Blue exclusion test was used to determine the number of viable cells present in 

cell suspensions before and after NMR experiments. The test was performed according to a 

standard cell counting protocol.234 Briefly, 25 µL freshly harvested cells were transferred to a 

plastic vial and diluted with PBS (1:5 dilution). An equal volume of 0.4% trypan blue dye was 

added to 8 µL cell suspension to obtain a 1:2 dilution and mixed by pipetting. The cell-dye 

mixture (10 µL) was transferred to Countess™ cell counting chamber slides (Thermo Fisher 

Scientific, Waltham, MA, USA) by placing the tip of the pipette at the notch. The viability of 

cell samples was measured with a Countess™ Automated Cell Counter (Thermo Fisher 

Scientific, Waltham, MA, USA). The total number of cells was used for normalisation of the 

caspase 3-activity assay. Cell viability was expressed as a percentage of live cells.   

After a HRMAS 1H NMR experiment, the cells were recovered from the MAS rotor and diluted 

with PBS (1:5 dilution) prior to cell viability assessment.  

 

2.7. Caspase 3-activity assay 

Relative apoptosis levels in freshly harvested cell samples were measured using the Caspase-3 

Assay Kit (fluorogenic caspase-3 substrate: Ac-DEVD-AMC, BD PharmingenTM, San Jose, 

CA, USA) following the manufacturer's instructions. Briefly, reaction buffer containing Ac-

DEVD-AMC was added to each cell lysate (106 cells/ml) and incubated in a black 96-well 

microplate (Nunc®, Thermo Fisher Scientific, Waltham, MA, USA) for 1 h at 37°C in the dark. 

The fluorescence intensities were measured with a FLUOstar OPTIMA Microplate Reader 

(BMG Labtech GmbH, Bucks, UK) at excitation/emission wavelengths of 380/420 nm. 
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2.8. Metabolite extraction (Bligh and Dyer) 

Thawed cells (5 × 106 per sample) were washed with 5 mL PBS at room temperature. The 

metabolites and lipids were extracted simultaneously using a methanol/chloroform/water 

extraction method.235 LCMS-grade methanol (Fisher Scientific, Loughborough, UK) and 

chloroform in a ratio of 2:1 (v/v; 500 µL) were added to each sample and the cells were briefly 

pulverized with a plastic pipette tip, vortexed and sonicated at room temperature for 1.5 h. 

Subsequently, Milli-Q water and chloroform in a ratio of 1:1 (v/v; 500 µL) was added, vortexed 

and sonicated again for 30 minutes. The two layers and cell pellet were separated by 

centrifuging (7000 rpm, 7 minutes); the upper methanol-water fractions containing the water-

soluble cellular metabolites were collected in Eppendorf tubes and the lower chloroform 

fractions containing the cellular lipids were collected in glass vails. All solvents were then 

evaporated under a steam of dry nitrogen gas and the residue was stored at -80°C for further 

analysis. 

 

2.9. Lipid droplet isolation 

Lipid droplets were isolated from freshly harvested cells by simple gradient centrifugation 

using a lipid droplet isolation kit (Cell Biolabs, Inc., San Diego, CA, USA). The isolation was 

performed according to the manufacturer's instructions. Briefly, 107 cells were trypsinized, 

transferred into 5 ml ice-cold PBS in a 15 ml plastic tube and pelleted by centrifuging for 4 

minutes at 1000 × g, at 4°C. The cells were transferred to a 2 mL microcentrifuge tube, 

resuspended thoroughly with 200 µL of Reagent A and incubated on ice for 10 minutes. 

Subsequently, 800 µL of 1X Reagent B was added, mixed, and incubated on ice for 10 minutes. 

The cell samples were homogenized by passing them five times through a one inch 27-gauge 

needle attached to a 3 mL syringe and centrifuged at 100 × g for 5 seconds. Additional 600 µL 

of 1X Reagent B were carefully layered on top of the homogenate by dropwise addition taking 

care not to disturb the homogenate. The microcentrifuge tubes were centrifuged for 3 h at 

18,000 – 20,000 × g at 4°C. Floating lipid droplets were transferred to a fresh microcentrifuge 

tube. Lipids from lipid droplets were extracted as described above for metabolite extracts. At 

least three independent samples were prepared for each isolation. 
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2.10. HRMAS 1H NMR spectroscopy 

 

2.10.1. Sample preparation 

Thawed cells (5 × 106 per sample) were washed in deuterated PBS. Cell pellets were combined 

with 10 µL deuterated PBS with 0.05 mM trimethylsilylpropanoic acid-d4 (TSP) (Cambridge 

Isotope Laboratories, Tewksbury, MA, USA) and packed into 4 mm zirconium oxide rotors. 

The rotors were placed in microcentrifuge tubes and briefly centrifuged (100 × g for 30 

seconds) to remove air bubbles. The rotors were closed with a 50 µL Kel-F insert and a cap 

(Bruker Corp., Billerica, MA, USA). At least three independent samples were prepared for 

each group.  

 

2.10.2. Data acquisition 

All measurements were carried out at 300 K and 5 kHz spinning rate on a 500 MHz NMR 

Bruker AVANCE II+ spectrometer (Bruker Corp., Billerica, MA, USA) equipped with a 4 mm 

HRMAS probe with a gradient coil allowing gradient pulses up to 34 G.cm-1. Shimming for 

each sample was optimised using the D2O resonance in the sample. Tuning and matching was 

optimized for each sample. The spectrometer was operated using TopSpin v3.2 (Bruker Corp., 

Billerica, MA, USA). 

 

Solvent suppression using a NOESYPR1D pulse sequence 

One-dimensional 1H NMR spectra were acquired at 300 K using a solvent suppression 

pulse sequence based on a one-dimensional NOESY (noesypr1d) to saturate the 

residual 1H water signal. The experiments were run with 4 dummy scans and 64 

acquisition scans with an acquisition time of 4.09 s, relaxation delay 2 s and mixing 

time of 50 ms. 65.5k data points were recorded across a spectral width of 8012.82 Hz. 

Total acquisition time was 6 minutes 59 s. A line-broadening apodization function of 1.0 

Hz was applied to all 1D HRMAS 1H NMR free induction decays prior to Fourier 

transformation. 

 

1D Carr–Purcell– Meiboom–Gill (CPMG) 

One-dimensional T2-edited Carr–Purcell– Meiboom–Gill 1H NMR spectra were 

acquired using pulse sequences with continuous wave solvent presaturation 

(cpmgpr1d).236 All experiments were run with 4 dummy scans and 64 acquisition scans 
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with an acquisition time of 5.45 s and relaxation delay of 4 s. 65.5k data points were 

recorded across a spectral width of 6009.615 Hz. For the acquisition of CPMG spectra, 

total spin–spin relaxation delay (2nτ) of 40 ms was used where the spin echo number 

was n = 20 and echo spacing τ = 1 ms. Total acquisition time for this pulse sequence 

was 10 minutes 48 s. A line-broadening apodization function of 1.0 Hz was applied to 

all 1D HRMAS 1H NMR free induction decays prior to Fourier transformation. 

 

Correlation spectroscopy (COSY) 1H-1H 

Gradient COSY spectra were acquired using a standard Bruker pulse sequence 

(cosygpprqf).237 A data matrix of 300 × 4096 points covering 8012 × 8012 Hz was 

recorded with 64 scans for each increment, spectral width of 16 ppm, and a relaxation 

delay of 2 s. Total acquisition time was 12 h 19 minutes. Data was zero-filled to twice 

the original length. The FIDs were Fourier transformed with sine-bell functions and 0.3 

Hz (F1) and 1 Hz (F2) exponential and 0.1 Hz Gaussian (F1 only) effective line 

broadening functions applied.  

 

Hetero- nuclear single quantum correlation spectroscopy (HSQC) 1H-13C 

The spectra were obtained using the standard Bruker pulse sequence 

(hsqcetgpsisp.2).236 The acquisition parameters were as follows: number of scans 128, 

dummy scans 16, relaxation delay 4 s, spectral width 10 ppm (F2) and 165 ppm (F1), 

transmitter offset 4.7 and 75 ppm for the 1H and 13C dimension, respectively. 1024 

points were acquired in F2 for each of 256 increments in F1 domain. Total acquisition 

time for each experiment was 18 h 23 minutes. Data was zero-filled to twice the original 

length. The FIDs were Fourier transformed with squared sine-bell functions (sine bell 

shift, SSB = 2) and 0.3 Hz (F1) and 1 Hz (F2) exponential and 0.1 Hz Gaussian (F1 

only) effective line broadening functions applied.  

 

T2-CPMG 

The T2-CPMG experiment employed was a modified version of the standard Bruker 2D 

1H experiment (cpmg) with the addition of a presaturation pulse. The total duration of 

each spin echo was fixed to 1 ms (τ = 500 μs), whereas the number of echoes in the 

pulse train was varied from 10 to 400. Relaxation delay was 5 s, the number of scans 

was 16, and total acquisition time was 42 minutes.  
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2D Diffusion Ordered Spectroscopy (DOSY) 

Two-dimensional DOSY spectra were recorded using the longitudinal eddy current 

delay bipolar gradient pulse sequence (ledbpgp2s)238 with a diffusion delay (Δ) of 0.05 

s, a diffusion-encoding pulse width (δ) of 2 ms, and gradient strengths increasing from 

b = 124 - 1571 s.mm-2 in 16 linear steps. At each gradient strength, 32 scans and 65.5k 

data points were acquired with an acquisition time of 5.45 s, a relaxation delay of 4.0 

s, echo time of 2.2 ms and a line broadening of 1 Hz. Total acquisition time was 1 h 23 

minutes. 

  

2.10.3. Data processing 

All FIDs were pre-processed with TopSpin v3.2 (Bruker Corp., Billerica, MA, USA). Manual 

phasing and baseline correction were applied in MNOVA software (Mestrelab Research, 

Santiago de Compostela, Spain). All chemical shifts were referenced with respect to TSP at 0 

ppm. Signal integrals were normalised to the total intensity of the spectral region from 0.5 to 

8.5 ppm excluding water region (4.5 - 5.0 ppm). Spectral assignments were confirmed using 

literature values70,80, Chenomx NMR Profiler v8.51 (Chenomx, Edmonton, Canada) and homo 

and heteronuclear correlation experiments (COSY and HSQC). For general statistical analysis 

such as by PCA, the normalised spectral regions between 0.5 and 8.5 ppm, with the exclusion 

of the water region (4.5–5.0 ppm), were binned (0.02 ppm) and Pareto scaled. Metaboanalyst 

v4.0 (University of Alberta, Canada)239 was used to identify significant features, which were 

then manually peak-picked on unbinned spectra and quantified relative to the control group 

(fold change). T2 relaxation and diffusion data were analysed in MNOVA software (Mestrelab 

Research, Santiago de Compostela, Spain) or Dynamics Centre v2.5.1 (Bruker Corp., Billerica, 

MA, USA). The data was first fitted to a mono-exponential model, and the probability that the 

fit is not mono-exponential was calculated - for probability values above 0.7, the data was fitted 

to a bi-exponential model. The relative standard deviations of all diffusion fits to exponential 

decays were < 5%. Minimum S/N for the highest b-values was 42.9 (Appendix 2). 

 

2.11. Solution-state NMR spectroscopy 

 

2.11.1. Sample preparation 

The dried organic fractions were dissolved in 500 µL of chloroform-d with 0.05% (v/v) 

tetramethylsilane-d4 (TMS) (Cambridge Isotope Laboratories, MA, USA). The dried aqueous 
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fractions were dissolved in 500 µL D2O (Goss Scientific Instruments Limited, Crewe, UK) 

with 0.01% (v/v) TSP (Cambridge Isotope Laboratories, MA, USA). The dried media samples 

were dissolved in 500 µL D2O (Goss Scientific Instruments Limited, Crewe, UK) with 0.01% 

(v/v) TSP (Cambridge Isotope Laboratories, MA, USA). 

 

2.11.2. Data acquisition 

1H NMR spectra of cell extracts and growth media were recorded on a Bruker AVANCE II+ 

spectrometer (Bruker Corp., Billerica, MA, USA) operating at a frequency of 500.13 MHz and 

fitted with a 5 mm TXI probe.  

 

1D NOESY 

One-dimensional 1H NMR spectra were acquired at 300 K using a solvent suppression 

pulse sequence based on a one-dimensional NOESY pulse sequence (noesypr1d) to 

saturate the residual 1H water signal. The experiments were run with 4 dummy scans 

and 128 acquisition scans with an acquisition time of 4.09 s, relaxation delay 2 s and 

mixing time of 80 ms. Total acquisition time was 13 minutes 48 s. 65.5k data points 

were recorded across a spectral width of 8012.82 Hz. A line-broadening apodization 

function of 0.3 Hz was applied to all 1D 1H NMR free induction decays. 

 

COSY 1H-1H 

For the COSY, a standard Bruker pulse sequence (cosygpprqf) was used. A data matrix 

of 512 × 4096 points covering 8012 × 8012 Hz was recorded with 32 scans for each 

increment and a relaxation delay of 2 s. Total acquisition time was 12 h 19 minutes. 

Data was zero-filled to twice the original length. Spectra were Fourier transformed with 

sine-bell functions and 0.3 Hz (F1) and 1 Hz (F2) exponential and 0.1 Hz Gaussian (F1 

only) effective line broadening apodization functions applied.  

 

Heteronuclear Single Quantum Coherence Spectroscopy (HSQC) 1H-13C 

The spectra were obtained using the standard Bruker pulse sequence (hsqcetgpsi2)236. 

The acquisition parameters were as follows: number of scans 128, dummy scans 16, 

relaxation delay 1 s, spectral width 10 ppm (F2) and 165 ppm (F1), transmitter offset 

4.7 and 75 ppm for the 1H and 13C dimension, respectively. 1024 points were recorded 

for each of 256 increments. Total acquisition time for each experiment was 10 h 15 
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minutes. Data was zero-filled to twice the original length. The FIDs were Fourier 

transformed with squared sine-bell (sine bell shift, SSB = 2) functions and 0.3 Hz (F1) 

and 1 Hz (F2) exponential and 0.1 Hz Gaussian (F1 only) effective line broadening 

apodization functions applied.  

 

2.11.3. Data processing  

All FIDs were pre-processed with TopSpin v3.2 (Bruker Corp., Billerica, MA, USA). All 

spectra were pre-processed in MNOVA software (Mestrelab Research, Santiago de 

Compostela, Spain): manual batch phasing and baseline correction, chemical shift referencing 

signal normalization, spectra alignment, peak-picking, and binning in the same way as for 

HRMAS NMR data. All chemical shifts were referenced with respect to TMS (organic 

samples) or TSP (aqueous samples) at 0 ppm. Further data processing was performed as 

described for HRMAS NMR spectroscopy.  

 

2.12. High gradient diffusion NMR spectroscopy.  

All measurements were carried out at 300 K and on a Bruker AVANCE IIIHD 400 MHz NMR 

spectrometer fitted with a 5 mm Diff50 z-diffusion probe for a wide bore magnet, comprising 

an actively shielded Z-gradient with strengths up to 50 G.cm-1.A-1 (up to 2800 G.cm-1). 

 

2.12.1. Sample preparation 

Thawed cells (1 × 107 per sample) were washed in deuterated PBS (PBS powder dissolved in 

D2O (Goss Scientific Instruments Limited, Crewe, UK). Cell pellets were resuspended in 100 

µL PBS containing D2O with 0.05 mM TSP (Cambridge Isotope Laboratories, MA, USA) and 

packed into 3 mm inserts.  

 

2.12.2. Data acquisition 

DOSY spectra were recorded using the same pulse sequence and diffusion parameters as for 

the HRMAS NMR diffusion experiments. The gradient strength was increased from b = 6- 

420951 s.mm-2 in 256 linear steps. For each gradient strength, 32 scans and 50k data points 

were acquired with an acquisition time of 5.21 s, a relaxation delay of 0.5 ms, and a line 

broadening of 1 Hz.  
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2.12.3. Data processing 

Manual phasing and baseline correction were applied before peak-picking in Dynamics Centre 

v2.5.1 (Bruker Corp., Billerica, MA, USA). The data were fitted to a triexponential curve. 

Minimum S/N for the highest b-values was 21.3 (Appendix 2). 

 

2.13. Untargeted mass spectrometry analysis of lipids 

 

2.13.1. Sample preparation 

The organic fractions were reconstituted in 50 μL of methanol/chloroform (1:1) and vortexed 

thoroughly. Ten μL of the sample was then diluted into 190 μL of HPLC-grade propan-2- ol 

(Fisher Scientific, Loughborough, UK), acetonitrile (Honeywell, Charlotte, NC, USA) and 

water (Honeywell, Charlotte, NC, USA) (IPA:ACN:H2O; 2:1:1). Samples were briefly 

vortexed to ensure complete mixing.  

 

2.13.2. Data acquisition 

Five µL of sample was injected onto a C18 CSH column, 2.1 × 100 mm (1.7 µm pore size; 

186005297, Waters Ltd, Wilmslow), which was held at 55°C using an Ultimate 3000 UHPLC 

system (Thermo Fisher Scientific, Waltham, MA, USA). The mobile phase comprises solvents 

A (ACN/H2O; 60:40) and B (ACN/IPA; 10:90), run through the column in a gradient (40% B, 

increased to 43% B after 2 minutes, 50% B at 2.1 minutes, 54% B at 12 minutes, 70% B at 

12.1 minutes, raised to 99% B at 18 minutes before returning to 40% for 2 minutes). Total run 

time was 10 minutes, with a flow rate of 0.500 µL/min. In positive mode, 10 mM ammonium 

formate (Fisher Scientific, Loughborough, UK) was added to solvents A and B. Solvent 

additives were chosen based on current literature.240 

Mass spectrometry was then carried out using the LTQ Orbitrap Elite Mass Spectrometer 

(Thermo Fisher Scientific, Waltham, MA, USA) in positive mode. Metabolites were ionised 

by heated electrospray before entering the spectrometer. The source temperature was set to 

420°C, and the capillary temperature to 380°C. The spray voltage was set to 3.5 kV. Data was 

collected using the Fourier transform mass spectrometer (FTMS) analyser. The resolution was 

set to 60,000 and the data was obtained in profile mode. The full scan was performed across an 

m/z range of 110-2000. 
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2.13.3. Data processing 

For data processing, spectra were converted from Xcalibur .raw files into .mzML files using 

MS Convert (Proteowizard) for analysis by XCMS within R studio. XCMS software was used 

to process data and identify peaks. Peaks were identified based on an approximate FWHM (full 

width at half maximum) of 5 seconds and a signal to noise threshold of 5. To improve peak 

identification, peaks had to be present in a minimum of 25% of the samples in one group. Peaks 

were annotated by accurate mass, using an automated R script and comparison to the 

LipidMaps database.241 Intensity was normalised to internal standards, and cell number. 

 

2.14. Targeted mass spectrometry analysis of choline compounds  

 

2.14.1. Sample preparation 

The dried aqueous fractions were reconstituted in 0.1 mL of an acetonitrile:10 mM ammonium 

carbonate water solution (7:3 v/v) containing a mixture of 3 internal standards at the 

concentration of 10 µM (U-13C glutamic acid, 2D3-succinic acid and adenosine-13C10,
15N5 5’ 

monophosphate). 

 

2.14.2. Data acquisition 

A Thermo Scientific UHPLC+ series coupled with a TSQ Quantiva mass spectrometer (Thermo 

Fisher Scientific, Waltham, MA, USA) was used with an ESI source, operated in positive and 

negative ion mode at the same time. The electrospray voltage was set to 3500 V for the positive 

ionisation and to 2500 V for the negative ionisation. Nitrogen at 48 mTorr and 420°C was used 

as a drying gas for solvent evaporation. The organic phases were analysed with a BEHAmide 

(150 × 2.1 mm 1.7 µm; Waters Ltd) column. The column was conditioned at 30°C. The mobile 

phase consisted of: (A) a 0.1% of ammonium carbonate water solution and (B) an acetonitrile 

solution. The mobile phase was pumped at a flow rate of 600 µL/min programmed as follows: 

initially maintained at 20% of A for 1.50 minutes, then was subjected to a linear increase from 

20% to 60% of A in 2.5 minutes and kept at this percentage for one minute and then brought 

back to the initial condition after 0.1 minutes. The full scan was performed across an m/z range 

of 10-500. The Xcalibur software (Thermo Fisher Scientific, Waltham, MA, USA) was used 

for data acquisition.  
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2.14.3. Data processing 

Putative recognition of all detected metabolites was performed using a targeted MS/MS 

analysis. Calculated masses and mass fragments of the calculated compounds were reported 

relatively to the control group. 

The fragmentation parameters were as follows: 

 

Table 2.1. Fragmentation parameter for mass spectrometry analysis of choline compounds.  

Compound Retention Time 

[min] 

Precursor 

(m/z) 

Product 

(m/z) 

Collision Energy 

[V] 

RF Lens 

[V] 

Choline 0.84 104.1 60.3 19 71 

CDP 3.98 404 38 38 89 

CDP-choline 3.84 489.1 184.111 15 60 

  

2.15. Reverse transcription quantitative polymerase chain reaction (qPCR) 

 

2.15.1. Sample preparation 

RNA was extracted and purified in situ, using an RNeasy mini kit (74104, Qiagen, Hilden, 

Germany), following the manufacturer’s instructions. Briefly, 350 µL of lysis buffer was added 

to the cells in situ. Following lysis, 350 µL of 70% ethanol was added, and the sample was well 

mixed by pipetting up and down, before transfer to a spin column. Samples were centrifuged 

(9500 × g, 30 s), and the eluent was discarded. A series of washes with the provided buffers 

removed contaminants. First, 700 μL of buffer RW1 was added to the column to remove 

biomolecules such as carbohydrates and fatty acids that non-specifically bind to the membrane. 

The samples were centrifuged at 9500 × g for 30 s and the eluent discarded. Two 500 μL washes 

with buffer RPE followed to remove traces of salts from the previous buffers. After the first 

addition, the samples were centrifuged at 9500 × g for 30 s and the eluent discarded. After the 

second addition samples were centrifuged at 9500 × g for 2 minutes and the eluent discarded. 

Spin columns were transferred to a fresh collection tube and centrifuged at full speed for one 

minute to dry the membrane. RNase free water (40 μL) was then added to the spin column and 

samples centrifuged at 9500 × g for one minute to elute the RNA.  

The concentration and quality of RNA was determined using a NanoDrop-1000 

spectrophotometer (NanoDrop Technologies, Wilmington, NC, USA) and then standardized to 

50 ng/mL in a volume of 8 μL for all samples. A two-step synthesis of cDNA was performed 

using the RT2 First Strand Kit (330404, Qiagen, Hilden, Germany). Genomic DNA was 
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removed by the addition of 2 μL of genomic elimination buffer followed by incubation at 42°C 

for 5 minutes in a PrimeG thermal cycler (Techne, Cole-Parmer, Stone, UK). Ten μL of a 

reverse transcriptase mix (containing the reverse transcription buffer BC3, RNase free water, 

the reverse transcriptase enzyme mix RE3, and the primer and external control mix P2 in a 

ratio of 4:3:2:1) was then added to each sample, mixed well, and incubated at 42°C for 15 

minutes in the thermal cycler. The reaction was ended by increasing the temperature to 95°C 

for 5 minutes. Samples were cooled to 4°C. Subsequently samples were diluted with RNase 

free water to a total volume of 100 µL. For PCR, cDNA (5 µL) was mixed with 10 µL of a 

SYBR Green PCR mastermix containing ROX (330523, Qiagen, Hilden, Germany), 4.4 µL of 

RNase-free water and 0.6 µL of a primer mix (Qiagen, Hilden, Germany) for one of the genes 

in question in each well of a 96-well plate (4346906, Applied Biosystems, Foster City, CA, 

USA).  

 

2.15.2. Data acquisition 

Samples were analysed using a Step One Plus Real Time Cycler (Applied Biosystems, Foster 

City, CA, USA), quantified using the -ΔΔCT method242 with expression normalized to the 

housekeeping gene ACTB (PPH00073G, Qiagen, Hilden, Germany). The method is outlined 

in Figure 2.1. 

 

2.15.3. Data processing 

ΔCT values were calculated by first subtracting the CT-value for the housekeeping gene from 

the CT-value of the gene of interest for each sample. The ΔCT-value from a treated sample is 

then subtracted from the ΔCT-value from a control sample giving the ΔΔCT value for that 

sample. The fold-change for each gene is calculated using the equation: fold change = 2(-ΔΔCT). 

The following genes linked to lipid metabolism were assessed: ABHD5 (PPM37242A), 

LPCAT3 (PPM36695A), FABP5 (PPM24572C), PPARG (PPM05108C), ACOX1 

(PPM04407B) and LIPE (PPM03313A), all purchased from Qiagen (Hilden, Germany). 
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Figure 2.1. Cycling method for qPCR analysis. ① 10-minute incubation at 95°C activated the 

HotStart DNA Taq polymerase; ② 15-second incubation at 95°C denatured the cDNA; ③ 1-

minute incubation at 60°C, in which primers annealed to the template and were elongated by 

the polymerase. Steps② and ③ were repeated 40 times. Fluorescence measurements were 

taken at the end of each cycle: excitation and emission maxima for SYBR Green dye were at 

494 and 521 nm, respectively.  

2.16. The Next Generation Sequencing 

2.16.1. Sample preparation 

RNA was extracted and purified in situ, using the RNeasy mini kit (74104, Qiagen, Hilden, 

Germany), following the manufacturer’s instructions. Briefly, 350 µL of lysis buffer was added 

to the cells in situ. Following lysis, 350 µL of 70% ethanol was added, and the sample was well 

mixed by pipetting up and down, before transfer to a spin column. Samples were centrifuged 

(9500 × g, 30 s), and the eluent was discarded. A series of washes with the provided buffers 

removed contaminants. First, 700 μL of buffer RW1 was added to the column to remove 

biomolecules such as carbohydrates and fatty acids that non-specifically bind to the membrane. 

The samples were centrifuged at 9500 × g for 30 s and the eluent discarded. Two 500 μL washes 

with buffer RPE followed to remove traces of salts from previous buffers. After the first 

addition, samples were centrifuged at 9500 × g for 30 s and the eluent discarded. After the 

second addition samples were centrifuged at 9500 × g for 2 minutes and the eluent discarded. 

Spin columns were transferred to a fresh collection tube and centrifuged at full speed for one 

minute to dry the membrane. RNase free water (40 μL) was then added to the spin column and 

samples centrifuged at 9500 × g for one minute to elute the RNA.  
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2.16.2. Data acquisition 

RNA concentration was determined using a NanoDrop-1000 spectrophotometer (NanoDrop 

Technologies, Wilmington, NC, USA). The RNA integrity check was evaluated using an 

Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Transcriptome 

sequencing was performed by the Sequencing Facility of The Department of Biochemistry, 

University of Cambridge (Cambridge, UK) on an Illumina NextSeq500 (San Diego, CA, USA) 

according to the manufacturer's instructions using a 75-cycle paired-end sequencing strategy. 

Four biological replicates were used for each group. 

 

2.16.3. Data processing 

RNA-Seq reads for each sample were first cleaned using Seqtk tool 

(https://github.com/lh3/seqtk) and then aligned to the mouse genome (mm10, Genome 

Reference Consortium Mouse Build 39) using TopHat 2.1.1 software.243 Normalization was 

carried out using TMM (trimmed mean of M values) and FPKM (Fragments Per Kilobase of 

exon model per Million mapped reads) values were calculated by an in-house R script. 

Differential expression analysis and pathways enrichment analysis was performed using 

REACTOME with default settings.244  

 

2.17. Lipid droplet visualisation 

 

2.17.1. Sample preparation 

After the apoptotic treatment, differentiated myotubes (5 × 104 cells per mL) were transferred onto 

35 mm glass base collagen-coated dishes (Nunc®, Thermo Fisher Scientific, Waltham, MA, 

USA) and left to attach overnight. The samples were incubated with 1 mL staining solution (50 

μg/mL BODIPY in PBS) for 10 minutes in the dark, washed with PBS twice before being 

observed under a microscope, and photographed.  

2.17.2. Data acquisition 

Images were acquired on a Leica TCS SP8 confocal microscope (Leica Biosystems, Wetzlar, 

Germany) using a 1.3 NA, 63x oil immersion objective lens, a scan speed of 400 Hz and a line 

averaging of 2. Multichannel imaging was performed on a 100 µm × 100 µm area (sampled at 

1024 × 1024 pixels) using an excitation laser line of 488 nm (emission detection 500-520 nm). 
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2D time-lapse sequences were taken every 5 seconds resulting in 50-60 images of a 50 × 50 

µm area (2048 × 2048 pixels). 

 

2.17.3. Data processing 

Image analysis and measurements were carried out using ImageJ software package v1.52i 

(National Institute of Health, Rockville, MD, USA). The results were averaged across 548, 

1183 and 560 LDs in control, cisplatin, and etoposide samples, respectively. Time-lapse 

images were pre-processed to extract object characteristics and trajectories using standard 

image processing techniques and tracking algorithms from the TrackMate plugin (ImageJ).245  

 

2.18. Data analysis and statistics 

Univariate and multivariate statistical analyses was carried out in Metaboanalyst v4.0 

(University of Alberta, Canada). One-way ANOVA with the post hoc Fisher's least significant 

difference analysis was used when multiple comparisons were made. Student’s unpaired t-test 

with equal variance was used to compare two groups (Microsoft Excel, Redmond, WA, USA). 

Unless otherwise stated, data are presented as mean ± standard error of the mean (SEM) and 

represent a biological variance of at least 3 repeats. FRD adjusted246 p-values < 0.05 were 

considered significant.  

Mean square displacement analysis was based on NMR diffusion data and calculated from the 

following equation: <x>2 = 2Dτ, where <x>2 – mean square displacement, D – diffusion rates 

measured by NMR, τ – diffusion time (50 ms). For curve and line fitting, partial least-squares 

regression was used (Microsoft Excel, Redmond, WA, USA).  
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Chapter 3. Method optimization for 

HRMAS 1H NMR spectroscopy.   

3.1. Introduction  

Metabolic profiling of intact cells by HRMAS 1H NMR spectroscopy can provide valuable 

information about biological systems (examples of studies are reviewed in Chapter 1). Intact-

cell studies using HRMAS 1H NMR spectroscopy often pose a question about cell viability 

during the experiments and hence the effect of magic angle spinning on the biological 

interpretation of data. Cells subjected to high centrifugal forces during these experiments may 

suffer mechanical stress, structural distortion, or rearrangement of intracellular environment 

followed by reduced cell integrity. Sample packing procedures and limited oxygen and 

nutrients in a sealed MAS rotor also may contribute to cellular stress.  

Several studies regarding cell viability during HRMAS have been published. Li and colleagues 

correlated the NMR signal intensities in HSQC spectra with the rotor spinning rates.247 They 

showed that an increase in a spinning rate (up to 2.5 kHz) resulted in increased NMR signal 

intensities, which was explained by more efficient averaging of anisotropic interactions. 

However, cell integrity was compromised due to the higher centrifugal forces. They reported a 

7% decrease in bacterial cell viability after a 2-hour HRMAS 1H NMR experiment at 2.5 kHz. 

Another study on bacterial cell viability by Zandomeneghi and colleagues reported ‘roughly 

the same’ number of colony-forming units (an estimate for the number of viable bacteria in a 

sample) before and after a 1-hour HRMAS NMR experiment.248 They demonstrated that 

bacteria survived despite enduring oxygen depletion and mechanical stress during the 

measurement period inside the sealed rotor spinning at 8 kHz. Other studies support this finding 

by reporting an insignificant effect of spinning on viability of intact yeast or bacterial 

cells.249,250  
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Mammalian cells were found to be more fragile when subjected to faster HRMAS rates. Aime 

and colleagues compared cell viability, before and after HRMAS 1H NMR experiments, across 

different mammalian cell lines including human lymphoma, rat hepatocyte, and mouse 

fibroblasts.251 They concluded that while spinning at 1.5 kHz for short times did not affect cell 

integrity, cell death was more pronounced at 4 kHz. Some cell lines were more affected than 

others, for example, hepatocytes showed very low viability at the end of the NMR experiment 

whereas mouse fibroblasts preserved over 70% viability. Duarte and colleagues also reported 

that the behaviour of cells under HRMAS conditions depended on cell type.48 They found that 

between 5 and 25% of cells were compromised during a 2-hour HRMAS NMR experiment at 

4 kHz, amniocytes being most affected and osteosarcoma cells being least affected. Similar 

studies were performed on adipocyte cells (15-19% decrease in cell viability after 2 h HRMAS 

at 3.5 kHz)252 and for neuronal cells (10% decrease in cell viability after 0.5 h HRMAS at 5 

kHz).80 This suggests that for some cell lines, a significant loss in viability is likely to hinder 

HRMAS NMR studies.   

The role of spinning the sample is to average-out the residual dipolar interactions and magnetic 

susceptibility caused by the heterogeneous nature of the intact cells and consequently improve 

the spectral resolution. As discussed previously, cell viability is a major limiting factor for 

applying high spinning rates for metabolomics studies. A commonly used range of spinning 

rates for mammalian cells is 1 – 6 kHz.80,196,247,248,253,254 This value depends on cell resistance 

to mechanical stress and needs to be optimized for each cell line. The minimum spinning rate 

is governed by the required spectral resolution and the presence of spinning sidebands – signals 

that result from modulation of the magnetic field at the spinning frequency. The sidebands 

appear on either side of a large genuine resonance at a separation equal to the spinning rate. 

Renault and colleagues demonstrated that the number and the magnitude of spinning sidebands 

could be reduced by modifying sample packing procedures, i.e. volume and shape of the sample 

in the rotor.255 Optimisation of spinning rate is important for obtaining high-quality NMR 

spectra, in which the sidebands do not to hinder interpretation of the spectrum and integration 

of the peak at the isotropic chemical shift.  

Sample packing affects not only the presence of sidebands but also the S/N, line symmetry, 

and line broadening. Intact cells are usually packed in a 4 mm Zirconia rotor and the sample 

volume is adjusted with Teflon® or Kel-F® inserts to 12, 30, or 50 µL.256 Inserts facilitate 

homogenous sample packing, ensure a tight seal, and prevent solvent evaporation or 
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contamination of the probe with solvent. In addition, the sample volume and geometry can be 

adjusted with inserts. The shape of samples inside the rotor can be spherical or cylindrical 

(Figure 3.1). In the 12 µL rotor, the near-spherical small sample volume positioned at the 

centre of the radiofrequency coil shows less spatial magnetic field variability than the 

cylindrical geometries of the 30 and 50 µL rotors.257 Small volume helps reduce the effects of 

differences in magnetic field susceptibility across the sample. In contrast, greater volumes are 

more prone to spatial variation in the magnetic field i.e., line broadening caused by magnetic 

susceptibility is more pronounced. The main benefit of using the 30 and 50 µL rotors is 

improved S/N ratio. In addition, disposable inserts are practical for multiple-sample runs, and 

allow a straightforward exchange of samples without having to wash and dry the rotor between 

runs. 

 

Figure 3.1. HR-MAS rotor systems with different sample chamber geometries: 12 µL insert 

restricts the sample to a small semi-spherical volume – diameter = ~2.84 mm; 50 µL insert 

restricts the sample to a wide cylindrical volume – length = ~7.3 mm; disposable 30 µL insert 

restricts the sample to a narrow cylindrical volume - length = ~7.3 mm.  

The number of cells available is an important consideration when choosing the inserts. In 

previous studies, the authors used 105 – 107 cells per sample.48,70,194,195,247,258 Small cells such 

as glioma require a higher number of cells per sample, while differentiated myotubes require a 

lower number of cells per sample (Figure 3.2).  
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Figure 3.2. Light microscopy images of C6 glioma cells (A) and C2C12 myotubes (B). The 

length of glioma cells is 12-14 µm, while the length of myotubes is 130-520 µm. 

In metabolomics, the most commonly used NMR pulse sequence is the 1D NOESY with water 

presaturation.39 It is relatively easy to set up, does not require advanced NMR expertise to 

optimize parameters, and it has good water suppression ability without impacting metabolite 

resonances or distorting the baseline.259 This pulse sequence is suitable for liquid samples such 

as blood, urine, or cell extracts. Some samples contain a high concentration of high-molecular-

weight species and their resonances mask the signals from metabolites. In this case, broad 

resonances can be removed by applying a 1D CPMG pulse sequence with a T2 relaxation filter, 

a process referred to as spectral editing.69,258 When higher-molecular weight species are of 

interest, a diffusion edited 1D DOSY can be applied to reduce the signal from small 

metabolites.260   

The spectra of biological samples are complex and difficult to analyse without additional 2D 

NMR experiments for metabolite identification. Homonuclear and heteronuclear 2D 

experiments such as 1H-1H COSY, J-resolved, 1H–13C HSQC, and 1H-15N HSQC spectra can 

greatly enhance metabolite identification by providing additional information about atomic 

connectivi54,66,131 They also improve spectral resolution by dispersing signals into a second 

dimension, thus they have been used to aid quantification of metabolites.261–263  

3.2. Aims  

All NMR experiments require the adjustment of different parameters to ensure a high S/N and 

good quality NMR spectrum. In Chapter 3, I describe preliminary experiments that aim to 

optimize experimental procedures and instrumental parameters for obtaining good quality 

HRMAS 1H NMR data of intact cells. I report the results from the following experiments:   
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o Optimization of sample-packing procedures 

o Optimization of NMR experimental parameters including:  

 Spinning speed 

 NMR experiment duration and cell viability 

 Optimization of 1D pulse sequences: NOESY, CPMG, DOSY 

o Comparison of HRMAS and solution-state NMR spectra of intact cells 

o Comparison of HRMAS NMR spectra of intact cells and solution-state NMR spectra 

of cell extracts. 

o Metabolite assignment for myotubes (muscle cells) 

o Comparison of HRMAS NMR metabolic profiles of different cell lines: muscles, 

glioma, adipocyte, liver.  

 

3.3. Results and discussion  

 

3.3.1. The effect of sample packing on spectral quality 

Several different rotors and inserts are commercially available for HRMAS NMR experiments 

(Bruker, Revolution NMR, Doty Scientific). The choice of the rotor/insert is a trade-off 

between the volume of the sample available and the quality of spectra required. For biological 

applications, 4 mm rotors with inserts giving an active volume of 12 µL or 50 µL are commonly 

used.  

Three different 4 mm rotors from Bruker BioSpin were investigated: an 80 µL rotor with a 30 

µL disposable insert (Figure 3.3A), a 50 µL rotor with a 50 µL insert (Figure 3.3B), and a 12 

µL rotor with a 12 µL insert (Figure 3.3C). Three spectra were recorded for each group. The 

spectra were assessed based on the shape of the reference resonance at 0 ppm (TSP) and S/N. 

Sharp and symmetric resonances are characteristics of good quality spectra.  

A sample that contained only a solution of TSP in the disposable insert gave a sharp resonance 

with a broad shoulder and the manual shimming was not sufficient to correct it. The metabolites 

in intact cells also gave rise to asymmetric resonances (indicated by arrows, Figure 3.3A). The 

elongated geometry of cell samples packed in the disposable insert might cause magnetic 

susceptibility artefacts in the z-direction. The sample packed in the 12-µL insert gave a fairly 

symmetric but broad TSP resonance, while the sample packed into the 50-µL insert gave a 
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symmetric and relatively sharp TSP resonance. The metabolite resonances were comparable 

between the two inserts and the loss of S/N observed for the 12-µL samples was not significant 

for metabolomic studies. However, the packing procedure was easier for the 50-µL insert, 

making it more reproducible with shorter manual shimming times per sample. Therefore, it was 

used in subsequent experiments.  

 
Figure 3.3. The effect of sample packing on spectra quality. Representative 500 MHz HRMAS 
1H NMR solvent suppressed spectra of intact cell samples (spinning at 5 kHz) packed in: 80 

µL rotor + disposable 30 µL insert (A), 50 µL rotor + 50 µL insert (B), and 12 µL rotor + 12 

µL insert (C). TSP was added as a reference compound and its resonance shape compared 

across the spectra. The images of inserts were taken from www.bruker.com.  

3.3.2. The effect of different spinning rates on cell samples 

The optimum spinning rates were investigated to ensure the integrity of biological samples and 

good quality of HRMAS 1H NMR spectra. Previously, it was reported that spinning rates up to 

6 kHz did not significantly alter the metabolic profiles of intact cells.78,80 Figure 3.4 shows a 

set of HRMAS 1H NMR spectra of intact cells recorded at different spinning rates. Peak widths 

for TSP, lactate, and creatine were measured from the spectra to assess changes in line 

broadening with spinning rates (Table 3.1). The peak widths did not vary significantly with 

spinning rates, demonstrating that even at a spinning rate of 1 kHz residual anisotropic 

interactions were removed in this system. 
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Table 3.1. Peak widths of TSP, lactate, and creatine at different spinning rates. The peak width 

values do not change significantly with spinning rates.  

spinning rate 

[kHz] 

peak width [Hz] 

TSP lactate creatine 

1 2.87 4.57 4.36 

2 2.75 4.38 4.23 

3 2.73 4.48 4.41 

4 2.74 4.55 4.55 

5 2.67 4.48 4.26 

6 2.72 4.58 4.57 

Mean 2.75 ± 0.06 4.51 ± 0.07 4.40 ± 0.13 

Figure 3.4B shows SBs of TSP, lactate, and partially suppressed water resonances. The 

chemical shift scale is presented in Hz to highlight the link between the spinning sideband 

chemical shift and the spinning rate (at 1 kHz, the sidebands of water are present at frequency 

spacing of 1 kHz). The left spinning sideband of the water resonance was visible in the spectra 

recorded at 1, 2 and 3 kHz. The right spinning sideband was obscured by overlapping 

resonances (expected at frequencies of ~1350 Hz and ~ 350 Hz for the 1 kHz and 2kHz rates, 

respectively). For the rates above 4 kHz, the spinning sidebands of water were outside of the 

presented chemical shift range. At 5 kHz, the sidebands from TSP and lactate became visible 

as they shifted downfield from the crowded area of the spectra (0.5 – 2 kHz). The intensities 

of the spinning sidebands were low and did not significantly hinder interpretation of the spectra 

but could potentially cause errors in qualitative analysis of metabolomics data. The spinning 

rate chosen for all subsequent experiments was 5 kHz, for which the sidebands of the high-

intensity resonances were outside of the chemical shift range of interest.  
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Figure 3.4. 500 MHz HRMAS 1H NMR solvent suppressed CPMG spectra of intact cells at six 

different spinning rates. The chemical shift scale is presented in Hz to highlight the interaction 

between the spinning sideband chemical shift and the spinning rate. A) Assignment of selected 

resonances used for measuring changes in line broadening at different spinning rates (Table 

3.1). B) Expanded NMR region showing the spinning sidebands. The spinning sidebands of 

water are visible at low spinning rates. The sidebands of lactate and TSP are visible at 5 kHz.  

3.3.3. Impact of NMR experiment duration and cell integrity 

 

3.3.3.1. Cell viability assessed by the Trypan blue assay 

Cell sample integrity was tested before and after HRMAS 1H NMR experiments with a Trypan 

blue exclusion assay. C2C12 differentiated muscle cells were incubated with common drug 

vehicles: PBS, DMF, or DMSO for 48 h, harvested and packed in a 50-µL rotor. Cell viability 

was measured before and after 0.5 h and 3.5 h of spinning at 5 kHz in the NMR spectrometer 
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(Figure 3.5). There was no significant decrease in the cell viability of samples after 0.5 h of 

spinning, with cell viability being greater than 87% for each group. This indicated that short 

NMR experiments on intact cells run under biologically meaningful conditions. The cell 

viability of samples kept in the NMR instrument for 3.5 h decreased by 10 − 12%; the lowest 

value of viable cells recorded for the DMF group was 76 %.  

 
Figure 3.5. The effect of the duration of HRMAS NMR experiments on cell viability. The 

viability of cells incubated with PBS, DMF, or DMSO was measured before (□) and after the 

HRMAS 1H NMR experiments (■ 0.5 h, ■ 3.5 h, 5 kHz spinning). The columns represent the 

percentage of Trypan blue negative cells (viable cells), error bars represent SEM, n = 3, 

ANOVA: * p > 0.05, ** p > 0.01 (FDR-adjusted values), post hoc test: before NMR vs 3.5 h 

after NMR.  

3.3.3.2. Cell viability by HRMAS 1H NMR spectroscopy 

NMR spectroscopy can also provide information about decreasing cell viability. By recording 

a series of 1D 1H NMR spectra, we can monitor time-dependent metabolic changes induced by 

HRMAS conditions. Identification of changes in metabolic profiles of intact cells induced by 

limited oxygen and nutrients, and exposure to mechanical stress could help to establish whether 

the changes are the same for treated and untreated cells and validate control models for 

HRMAS 1H NMR experiments.  HRMAS 1H NMR spectra were recorded immediately after 

the intact cells were sealed in the rotor (reference spectrum) and after 3.5 h of spinning at 5 

kHz in the NMR instrument. The spectrum recorded after 3.5 h (Figure 3.6, dark blue) showed 

an increase in several resonance intensities compared with the reference spectrum (Figure 3.6, 

light blue), including lactate, glutathione, and choline.  
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Figure 3.6. Superimposed 500 MHz HRMAS 1H NMR spectra recorded immediately after the 

intact cells were sealed in the rotor (light blue, n = 4) and after 3.5 h of spinning at 5 kHz in 

the NMR instrument (dark blue, n = 4). Quantitative changes in metabolite resonances are 

reported in Table 3.2. Lac – lactate, Ala – alanine, Glu – glucose, Gla – glutamate, Gln – 

glutamine, Gly – glycine, Val – valine, Leu – leucine, Gsh – glutathione, Cr – creatine, Chol – 

choline, L – lipids, A – adenosine, Phe – phenylalanine, Tyr - tyrosine.  

The increase in resonance intensities may result from cell disintegration and a partial metabolite 

release. Extracellular metabolites tumble faster, become more NMR-visible, and give rise to 

sharper resonances of higher intensities. Another reason for the increased metabolite 

resonances may lie in cell swelling and remodelling biochemical reactions as a result of 

suboptimal cell culture conditions in the NMR instrument.     

An increase in lactate levels, as measured by increased peak area in the spectra, is a common 

marker of anaerobic metabolism and occurs when cells become hypoxic.264 This is consistent 

with NMR experimental conditions where cells endure inadequate oxygenation. Similarly, the 

concentration of glutathione is known to increase during hypoxic conditions to facilitate 

glutathionylation. An increase in glutathionylation of the sodium-potassium pump (Na, K-

ATPase) results in an increase in cell viability under hypoxic conditions.265,266 The increase in 
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choline compounds may indicate membrane degradation. Choline serves as a precursor for the 

synthesis of membrane phospholipids: phosphatidylcholine and sphingomyelin. During 

membrane degradation, phosphatidylcholine and sphingomyelin can be released and 

hydrolysed to choline.267 

In contrast, intracellular glucose levels drastically decreased after the 3.5 h NMR experiment, 

most likely because it was anaerobically metabolised into lactate and amino acids such as 

leucine, alanine and valine. Interestingly, a small decrease in the lipid resonances was also 

observed, indicating that the cells might have used cellular lipids as a secondary energy source. 

Since cells cannot utilize lipids as a source of energy under hypoxic conditions, the decrease 

in lipids likely happened before oxygen decreased to a critical level.268 This observation may 

be important for studying lipid accumulation during apoptosis by HRMAS 1H NMR 

spectroscopy studied subsequently in this thesis.   

The significant changes in metabolic profiles of intact cells induced by the NMR experimental 

conditions needed to be accounted for. I tested whether the metabolic profiles of intact cells 

undergo comparable changes when treated with anticancer agents. I compared the reference 

spectra of control, cisplatin-, and etoposide-treated cells with their respective 3.5 h spectra. The 

most significant changes in metabolite concentration induced by the 3.5-hour HRMAS 1H 

NMR experiment are presented in Table 3.2. The data showed that the metabolic profiles of 

treated intact cells also changed under the HRMAS conditions and the changes were compared 

with the untreated intact cells. The statistical analysis confirmed this observation.  

Figure 3.7 shows a PCA score plot comparing control, cisplatin, and etoposide samples at time 

0 h and 3.5 h. The clustering patterns for the reference spectra and the 3.5 h spectra are similar 

among the groups – both treated and untreated samples are clustered the left of the PC1 axis. 

ANOVA analysis showed that the metabolic changes induced by the HRMAS conditions were 

not significantly different across the groups. This finding demonstrated that the HRMAS 

experimental conditions affected the treated and untreated cells in a similar manner. This 

suggests that NMR-induced cellular stress can be corrected for by taking appropriate control 

measures. The effect of NMR experimental conditions can be reduced to a minimum when 

reporting data relative to an untreated control group. 
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Table 3.2. Percentage change in metabolite signal intensities induced by a 3.5 h HRMAS 1H 

NMR experiment as compared with reference intensities recorded right after the intact cells 

were sealed in the rotor. The percentage was calculated for control, cisplatin-, and etoposide 

treated cells. The reference spectra and the 3.5 h spectra are significantly different in each 

group; the change is consistent for all groups.   

Metabolite Control Cisplatin Etoposide 

Valine 89.1 ± 6.6 ↑ 92.9 ± 4.3 ↑ 91.5 ± 3.9 ↑ 

Lactate 16.6 ± 1.7 ↑ 9.0 ± 1.4 ↑ 12.3 ± 2.8 ↑ 

Alanine 37.9 ± 4.4 ↑ 36.4 ± 2.8 ↑ 35.8 ± 1.1 ↑ 

Leucine 46.5 ± 4.1 ↑ 49.0 ± 1.9 ↑ 45.8 ± 3.7 ↑ 

Acetate 33.0 ± 3.5 ↑ 36.9 ± 1.5 ↑ 37.2 ± 2.1 ↑ 

Glutathione  28.4 ± 4.2 ↑ 25.0 ± 0.7 ↑ 28.6 ± 1.9 ↑ 

Glutamate 15.9 ± 3.1 ↑ 8.4 ± 2.2 ↑ 12.0 ± 2.2 ↑ 

Glutamine 26.8 ± 4.4 ↑ 31.0 ± 0.8 ↑ 29.8 ± 1.5 ↑ 

Creatine 9.4 ± 3.6 ↑ 11.5 ± 4.6 ↑ 14.0 ± 5.0 ↑ 

Choline 29.6 ± 2.0 ↑ 26.6 ± 4.5 ↑ 27.5 ± 2.4 ↑ 

Glycine 48.8 ± 4.4 ↑ 44.1 ± 2.5 ↑ 39.5 ± 2.2 ↑ 

Dimethylamine 27.8 ± 1.4 ↓ 23.9 ± 2.1 ↓ 24.9 ± 0.9 ↓ 

Glucose  84.4 ± 7.2 ↓ 80.4 ± 7.6 ↓ 75.1 ± 2.3 ↓ 

Lipids 0.9ppm 27.7 ± 0.8 ↓ 23.2 ± 1.7 ↓ 25.1 ± 1.9 ↓ 

Lipids 1.59 ppm 25.4 ± 0.3 ↓ 22.2 ± 1.8 ↓ 24.7 ± 2.2 ↓ 

Lipids 2.04 ppm 10.8 ± 0.8 ↓  8.7 ± 1.5 ↓ 9.3 ± 0.8 ↓ 

Lipids 2.26 ppm 25.3 ± 0.4 ↓ 20.5 ± 1.3 ↓ 24.5 ± 0.6 ↓ 

Lipids 5.33 ppm 29.0 ± 7.5 ↓ 30.3 ± 1.1 ↓ 30.0 ± 2.3 ↓ 

Tyrosine 127.4 ± 13.0 ↑   82.0 ± 10.4 ↑ 66.5 ± 4.5 ↑ 

Adenosine 127.5 ± 14.6 ↑ 88.9 ± 13.6 ↑ 76.3 ± 4.4 ↑ 

Phenylalanine 122.3 ± 7.3 ↑ 92.2 ±10.6 ↑ 81.8 ± 6.0 ↑ 

 

 

 

Figure 3.7. Two-dimensional PCA score plot 

derived from the HRMAS 1H NMR spectra of 

control (green triangles), cisplatin- (red 

squares), and etoposide- (blue circles) treated 

intact cells recorded at time 0 h (empty shapes) 

and 3.5 h (filled shapes). One data point 

represents one sample, n = 4. The numbers in 

brackets represent the percentage of variability 

explained by each PC.  
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3.3.3.3. Cell sample recovery after HRMAS NMR experiments 

Further investigation proved that cells recovered from the HRMAS NMR experiments can be 

reseeded. Figure 3.8 shows images of cells before harvesting for the NMR experiment (A), 

recovered cells from the NMR experiment 12 h after seeding (B), and 48 h after seeding (C). 

At first, the recovered cells showed low confluence and there were several dead cells observed 

(red arrows). After 48 h, the cells looked healthy and were 70% confluent. The cell culture 

showed no signs of bacterial infection.  

 
Figure 3.8. Images of C2C12 cells taken with an Evosf1 digital inverted microscope: fresh 

cells before NMR experiment (A), 12 h of growth after the NMR experiment (B), and 48 h of 

growth after the NMR experiment (C). Red arrows indicate representative dead cells, blue 

arrows indicate representative live cells.     

3.3.4. Comparison of 1D 1H NMR pulse sequences 

The choice of an NMR pulse sequence plays an important role in obtaining high-quality 

spectra. Different pulse sequences and acquisition parameters were tested to identify the most 

suitable HRMAS 1H NMR experiments for intact cells. A standard 1D NOESY experiment 

with water presaturation was compared with a T2-edited CPMG experiment. T2- edited NMR 

experiments greatly reduce signal contributions from macromolecules or mid-molecular-

weight compounds such as lipids. NMR-active nuclei in macromolecules tumble slowly and 

therefore have shorter T2 relaxation times compared to small metabolites and lipids. Therefore, 

relatively short spin-spin relaxation delays reduce the intensities of their NMR resonances. In 

the NOESY spectra (Figure 3.9, blue), the contribution of broad signals from macromolecules 

to the spectrum baseline was significantly reduced by applying a CPMG pulse sequence with 

an echo delay of 40 ms (Figure 3.9, black). Longer echo delays could reduce broad resonances 

further but this would lead to significant attenuation of resonances of interest such as lipids and 
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small metabolites (Figure 3.10) and could hinder metabolomic data analysis. Therefore, an 

echo delay of 40 ms was chosen for the effective elimination of baseline effects while still 

preserving metabolite resonances. The CPMG experiment allowed for a more accurate 

interpretation of signals arising from small metabolites and lipids.  

 

Figure 3.9. Superimposed 500 MHz HRMAS 1H NMR spectra of intact cells recorded using 

different pules sequences: 1D NOESY (blue) and a T2-edited CPMG (black). The spectra were 

normalized to the TSP reference peak; Lac – lactate, Ala – alanine, Glu – glucose, Gla – 

glutamate, Gln – glutamine, Gly – glycine, Val – valine, Leu – leucine, Gsh – glutathione, Cr 

– creatine, DMA – dimethylamine, Chol – choline, L – lipids. The water region (4.5 – 5.0 ppm) 

was removed. 

CPMG experiments can also be used to attenuate lipid signals and to help resolve signals from 

small metabolites in overlapping regions. Applying short spin-spin relaxation delays reduces 

the signal from macromolecules while applying longer spin-spin relaxation delays reduces the 

signals from lipid molecules.  

Figure 3.10A shows a series of CPMG experiments with varying T2 relaxation delays from 40 

ms to 800 ms. As the T2 relaxation delay increased, the lipid signals diminished, and the 

spectrum contained mainly resonances from small molecules. As a result, the spectra exhibited 

a lower degree of signal overlap, which could facilitate more accurate identification and 

quantification of small non-lipid metabolites. For example, the reduction of the lipid resonance 

at 0.9 ppm and 1.3 ppm unveiled multiplets of leucine, isoleucine, and valine. The reduction 

of the lipid resonances at 1.3, 1.6, 2.1, and 2.3 ppm also uncovered the resonances of lactate, 

lysine, glutamine, glutamate, and glutathione. In Chapter 4, T2-editing will be used for probing 

changes in lactate concentration during apoptosis.   
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Another useful NMR-editing technique, diffusion-edited 1D DOSY, can be used to resolve the 

NMR signals of different species based on their diffusion coefficient. The signal from fast-

diffusing metabolites is removed by increasing the pulse field gradient strengths while the 

signals from slower-diffusing lipids are preserved. Figure 3.10B shows a series of 1D DOSY 

experiments with increasing gradient strengths, from 0.681 to 33.375 Gcm-1. At high gradients, 

most resonances from small metabolites significantly decayed and only the lipid signals were 

visible in the spectrum. The elimination of small metabolite resonances reduced the spectral 

complexity making interpretation of the lipid signals more robust.  

 
Figure 3.10. 500 MHz HRMAS 1H NMR spectra of intact cells showing the effect of NMR-

editing techniques. A) A series of superimposed T2-edited CPMG spectra editing out lipids. 

The spectrum in black contains mainly the resonances from small metabolites. The arrow 

indicates the direction of increasing spin-echo number (10, 20, 40, 80, 120, 180, 220, 260, 300, 

400). Empty triangles indicate the decaying lipid resonances. B) A series of superimposed 

diffusion-edited DOSY spectra editing out small metabolites. The spectrum in black contains 

mainly the resonances from lipids. The arrow indicates the direction of increasing gradient 

(0.681, 3.653, 6.626, 9.598, 12.570, 15.542, 18.514, 21.486, 24.459, 27.431, 30.403, 33.375 

Gcm-1). Full triangles show the decaying resonances of small metabolites.  
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By adjusting the NMR experimental parameters and pulse sequence, we can probe different 

classes of metabolites and simplify complex spectra. The CPMG experiment with low spin-

echo numbers reduced baseline noise from macromolecules. The CPMG experiment with 

higher spin-echo numbers is most suitable for small molecules. The DOSY experiment with 

high gradient strengths is most suited for studying slowly diffusing molecules. In Chapter 5, 

diffusion-editing will be used for excluding small metabolites (e.g., lactate) from diffusion 

measurements.  

The NMR spectral editing techniques were previously applied to metabolic profiling of tissue 

and proved to be useful in distinguishing lipid and low-molecular-weight metabolites.260 The 

application of spectral editing in metabolomics has limitations. First, the resolving power is 

low, meaning that it is not suitable for separating resonances from metabolites of a similar 

size/freedom to rotate. Second, with overlapping resonances, it is not easy to assess if the 

contribution from unwanted resonances is completely removed. Lastly, the relaxation delay or 

gradient strength needed to significantly reduce unwanted resonances may also reduce 

resonances of interest. These limitations need to be considered during a quantitation analysis.   

3.3.5. Comparison of solution-state and HRMAS 1H NMR spectra of intact cells.  

To demonstrate the advantages of HRMAS 1H NMR spectroscopy, I compared the HRMAS 

1H NMR spectra of intact cells with the spectra obtained from solution-state 400 MHz 1H NMR 

experiments (Figure 3.11). The NMR parameters were set to be analogous in both experiments. 

For the solution-state experiment, 2 × 106 cells suspended in deuterated PBS were placed in a 

5 mm tube, while for the HRMAS experiment, 106 cells were suspended in deuterated PBS and 

packed in a 4 mm rotor. The resonances from the solution-state spectra were considerably less 

intense than those in the HRMAS spectra – only the broad peaks at 0.9, 1.3, 2.0, 2.2 and 2.8 

ppm were detected (Figure 3.11B). This could be explained by the packing differences: the 5 

mm NMR tube contained 5,000 cells/µL and substantial dead volume, which is outside of the 

receiver coil. By contrast, the HRMAS sample was 4 times more concentrated – the 4 mm rotor 

contained 20,000 cells/µL.  

It is worth noting that studies on intact cells by solution-state NMR spectroscopy can analyse 

metabolites such as mobile lipids, lactate, creatinine, and choline compounds.199,210,211 The 

number of cells per sample used in these studies was 2.5 × 107 – 2 × 108; 25 – 200 times more 

than for the HRMAS 1H NMR experiments reported here. In-cell NMR approaches to study 
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protein structure or protein-ligand interactions in the native environment typically require 2.5 

– 8 × 107 cells per samples.269–271    

 
Figure 3.11. Comparison of the solution-state and HRMAS 1H NMR spectra of intact cells. A. 

500 MHz HRMAS 1H NMR solvent suppressed spectra of 106 intact cells (4 mm rotor, 50 µL 

insert, 106 cells per sample, 64 scans). B. 400 MHz solution-state 1H NMR solvent suppressed 

spectra of intact cells (5 mm tube, 400 µL insert, 2 × 106 cells per sample, 64 scans). The 

spectra were normalized to noise levels. The intensity scale is magnified 8-fold in the insert.   

3.3.6. Comparison of HRMAS 1H NMR spectra of intact cells and solution-state 1H NMR 

spectra of cell extracts.  

Metabolic profiling of cells can be performed on intact cells or cell extracts. Representative 

spectra of aqueous and organic fractions of cell extracts, and intact cells are shown in Figure 

3.12. The chemical shifts assignment in 1H NMR spectra were confirmed with COSY NMR 

experiments (Figure 3.13 – Figure 3.15) and NMR metabolomics databases (BMRB: 

www.bmrb.wisc.edu and HMDB: www.hmdb.ca). In total, 51 metabolites were identified and 

are summarized in Table 3.3. 

The extraction of metabolites can be laborious but comes with benefits. First, aqueous and 

organic fractions are separated and consequently, the spectra are less crowded. Since extracted 

small metabolites tumble rapidly in solution, they give rise to sharp resonances, reducing signal 

overlap. Small hydrophobic molecules (e.g., cholesterol, labelled 48 in Figure 3.12) also give 

sharp resonances but larger lipid molecules (e.g., long fatty acyl chains, 42, 50, Figure 3.12) 
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tumble more slowly and give broader resonances. Second, the extraction procedures release 

bound metabolites from cellular organelles making them “NMR-visible”.   

 
Figure 3.12. NMR-based metabolic profiling of cells: 500 MHz 1H NMR water-suppressed 

spectra of aqueous fraction of cell extract in D2O; 500 MHz 1H NMR of organic fraction of 

cell extract in chloroform-d; and 500 MHz HRMAS 1H NMR water-suppressed spectra of intact 

cells in D2O. The chemical shift range is split into two parts for clarity: A) 0.6 – 5.4 ppm and 

B) 5.7 – 9.3 ppm. Metabolite annotation is listed in Table 3.3. 
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Table 3.3. 1H chemical shifts and multiplet patterns of assigned metabolites from the C2C12 

cell line based on solution-state and HRMAS 1H NMR spectroscopy. The annotation number 

corresponds to those shown in Figure 3.12. Multiplet patterns: s – singlet, bs – broad singlet, 

d- doublet, t – triplet, q - quartet. 

Metabolite Annotation 

(Fig. 3.13 – 3.15) 

Shift range (ppm) 

Lactate 1 1.33(d); 4.11(q) 

Alanine 2 1.49(d); 3.81(q) 

Glutamate 3 2.04(m); 2.10(m); 2.37(m); 3.78(t) 

Glutamine  4 2.06(m); 2.14(m); 2.45(m); 3.78(t) 

Arginine 5 1.69(m); 1.93(m); 3.24(t) 

Isoleucine 6 0.95(t); 1.02(d); 1.29(m); 1.49(m); 1.99(m) 

Valine 7 1.00(d); 1.05(d); 2.30(m) 

Leucine 8 0.95(d); 0.98(d); 1.74(m) 

Threonine 9 1.34(d); 3.59(d); 4.27(m) 

Lysine 10 1.52(m); 1.74(m); 1.91(m); 3.04(t); 3.78(t) 

Acetate 11 1.92(s) 

Glutathione 12 2.17(m); 2.58(m); 2.96(m); 3.79(m) 

β-alanine 13 2.56(t); 3.18(t) 

Succinate 14 2.40(s) 

Creatine 15 3.04(s); 3.90(s) 

Choline/phosphocholine   16 3.20(s) 

Glycerophosphocholine 16a 3.20(s); 3.68(m); 4.33(m) 

Glycine  17 3.56(s) 

Glucose  18 3.43(dt); 3.53(t) 3.76(m) 3.88(m)  

UDP-glucose 18a 5.99(m); 7.96(d) 

Aspartate 19 2.68(m); 2.81(m); 3.92(m)  

Asparagine 20 2.83(m); 2.94(m); 4.02(m) 

Histidine 21 7.199s); 7.73 (d) 

Proline 22 2.03(m); 2.36(m); 3.30(m); 4.13(m) 

Malate  23 2.36(m); 2.69(m); 4.30(m) 

Carnitine 24 2.42(m); 3.45(m) 

Taurine 25 3.26(t); 3.42(m) 

Tyrosine 26 3.05(m); 3.22(m); 4.00(m); 6.91(d); 7.21(d) 

Uridine  27 4.03(m); 4.40(t); 6.01(m); 5.91(m); 7.91(d) 

Uracil  28 5.80(d); 7.53(d) 

Fumarate  29 6.5(s) 

Phenylalanine 30 3.30(m); 3.97(m); 7.34(m); 7.53(m) 

ATP, ADP, AMP 31 6.15(d); 8.19(m); 8.24(s); 8.27(m); 8.58(s); 8.62(s) 

Adenosine  32 8.2(s); 8.3(s) 

Dimethylamine 33 2.7  (s) 

Myo-inositol 34 3.29(t); 3.53(dd); 3.64(t); 4.07(t) 

α-Hydroxyisobutyrate 35 1.37(s) 2.35(m); 4.13(m) 

NAD+, NADH 36 6.05(d); 6.11(d); 7.01(s); 8.44(s); 8.46(s); 8.85(m); 9.15(m) 

UMP 37 8.12(d); 6.00(m) 
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Table 3.3. Continued. 

Metabolite Annotation 

(Fig. 3.13 – 3.15) 

Shift range (ppm) 

Lipids (=CHCH2CH2−) 38 1.32 (bs) 

Lipids (=CHCH2CH=) 39 2.80 (m) 

Lipids (=CHCH2−) 40 2.01 (q) 

Lipids (−CH2CO) 41 2.29 (m) 

Lipids (−CH2CH2CO) 42 1.57 (m) 

Choline (−N(CH3)3) 43 3.34 (s) 

Glycerol phospholipids  44 3.80 (bs) 

Glycerol (TG) 45 3.95 (bs) 

Sphingomyelin 

(−CH2CH2N) 

46 4.34 (bs) 

Lipids (−HC=CH−) 47 5.35 (m) 

Sterols 48 0.68 9s), 0.92 (d), 1.02 (s) 

Lipids (−CH3)  49 0.89 (m) 

Lipids (−CH2) 50 1.30 (m) 

Lipids (HOOCCH=) 51 5.90 (d) 

In this comparison it was possible to assign a greater number of metabolites in the 1H NMR 

spectra of cell extracts compared to the HRMAS 1H NMR spectra of intact cells. However, the 

loss of metabolites is inevitable during extraction and may lead to sample contamination. For 

example, the aqueous cell extract spectrum in Figure 3.12 shows very low levels of glucose 

(5.2 ppm, 18) as compared to the intact cell spectrum. In contrast, HRMAS 1H NMR 

spectroscopy measures metabolites in living cells, sample preparation is reduced to harvesting 

the cell culture, washing with deuterated PBS and packing the cells inside the MAS rotor. There 

is no need for quenching cellular reactions or cell lysis thus the likelihood of compound loss 

or contamination is very low.  

The resonances in the HRMAS NMR spectrum come from unbound metabolites that tumble 

relatively fast. For example, lipid resonances in the intact cell spectrum (Figure 3.12) come 

from cytoplasmic mobile lipids rather than membrane phospholipids. In contrast, the lipid 

resonances in the cell extract spectrum are a collective signal from all extracted lipids. Indeed, 

HRMAS 1H NMR spectroscopy is a method of choice for monitoring mobile lipids in cells and 

tissues18,64,78,201,204,230,272,273 
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To further assign metabolites in the cell pellet I performed 2D NMR spectroscopy. The COSY 

spectra acquired for both intact cells and cell extracts added extra metabolomics information 

(Figure 3.13 − Figure 3.15). The assignment, based only on 1H NMR spectra, yielded 30 

metabolites, whereas the analysis of the COSY spectra expanded the total number by 21 

metabolites. In addition, the assignments between solution-state (cell extract) and HRMAS 

(intact cell) 1H NMR spectroscopy were consistent and further aided in the identification of 

metabolites detected by HRMAS 1H NMR spectroscopy. 
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Figure 3.13. 500 MHz COSY NMR water-suppressed spectra of aqueous fraction of cell extract 

in D2O. The chemical shift range is split into two parts for clarity: A) 0.6 – 5.4 ppm and B) 5.7 

– 9.3 ppm. Metabolite annotation is listed in Table 3.3. 
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Figure 3.14. 500 MHz COSY NMR spectrum of the organic fraction of the cell extract in 

deuterated chloroform. Metabolite annotation is listed in Table 3.3. 
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Figure 3.15. 500 MHz HRMAS COSY NMR water-suppressed spectra of intact cells in D2O. 

The chemical shift range is split into two parts for clarity: A) 0.6 – 5.4 ppm and B) 5.7 – 9.3 

ppm. Metabolite annotation is listed in Table 3.3. 
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3.3.7. HRMAS 1H NMR spectra of different cell lines 

Figure 3.16 compares the spectra obtained from adipocyte, liver, muscle, and glioma cells (cell 

culture methods descrived in Appendix 4). As expected, adipose and liver cells have high 

levels of lipids while glioma cells have considerably lower levels of lipids and higher levels of 

low molecular weight metabolites such as taurine, myo-inositol, lysine, glycine, and acetate. 

The muscle cell spectra showed relatively high levels of lipids, creatine, and lactate.    

 

Figure 3.16. Comparison of HRMAS 1H NMR spectra from different cell lines: adipose, liver, 

muscle, and glioma cells. Metabolite annotation is listed in Table 3.3. 

Adipose cells contain big lipid droplets and would be ideal to study their formation. However 

big lipid droplets are fragile, and they break under the HRMAS conditions. The concentration 

of lipids in glioma cells is much lower and comparable to non-lipid metabolites such as 

glutamate, glutamine and lactate, which may affect analysis of lipids due to resonance overlap. 

For the purpose of this thesis, I focused on muscle cells because they can be grown most readily 

in culture and exhibit adaptive capacity to mechanical stress.274 
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3.4. Conclusions  

Chapter 3 described method optimization to ensure high-quality HRMAS 1H NMR data of 

intact cells in subsequent studies. It also highlighted the advantages and limitations of applying 

HRMAS 1H NMR spectroscopy in cell metabolomics.  

The volume and geometry of samples in a 50-µL HRMAS rotor gave the most optimum spectra 

quality and S/N. The spinning rate of 5 kHz was selected for future experiments to avoid 

interference from spinning sidebands. After 3.5 h under HRMAS conditions, cell viability 

decreased by 10%. This significant decrease could be corrected using control measures, as the 

behaviour of both treated and untreated cells in the NMR instrument was comparable. I also 

demonstrated that cells can be recovered after HRMAS NMR experiments. This observation 

opens opportunities for investigating changes in metabolic profiles with time and passage 

number. 

The CPMG pulse sequence with short relaxation delays was found to be more suitable for intact 

cells than the standard NOESY pulse sequence. Moreover, I showed the advantages of using 

T2 relaxation and diffusion edited spectra to probe different metabolite species in intact cells. 

In Chapter 5, these experiments will be used to probe changes in the cellular environment and 

physical properties of metabolites induced by various treatments.  

The HRMAS 1H NMR spectra contained resonances that were not visible in the solution-state 

1H NMR spectra of intact cells. More densely packed cells and minimum dead volume allowed 

for the analysis of smaller sample sizes without a significant decline in sensitivity and 

resolution. When HRMAS 1H NMR spectra of intact cells were compared to solution-state 1H 

NMR spectra of cell extracts, it was clear that more metabolites could be identified in the cell 

extracts. However, minimum sample preparation, low risk of contamination or loss of 

metabolites, and the ability to monitor metabolites in living cells are attractive features of 

HRMAS 1H NMR spectroscopy. Moreover, it is a method of choice for monitoring mobile 

lipids in intact cells.      

In summary, this chapter described an optimized experimental method to ensure efficient 

implementation of HRMAS 1H NMR spectroscopy in studying the effect of apoptosis on 

myotubes.  
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Chapter 4. HRMAS 1H NMR 

spectroscopy for monitoring 

metabolites in intact cells during 

apoptosis. 

4.1. Introduction 

Impaired apoptosis is one of the key mechanisms behind cancer.157 Apoptosis is a naturally 

occurring mechanism that prevents the development of cancer via the death of defective cells. 

A cell that is defective or undergoes DNA damage, first attempts to repair the damage. If that 

is not possible, the cell receives signals to undergo apoptosis. Cancer cells lose this critical 

ability and continue to divide and accumulate; thus many anticancer treatments are based on 

activation of apoptotic pathways.160 Two well-known apoptosis-based cancer treatments are 

cisplatin and etoposide.  

Cisplatin (Figure 4.1A) is a clinically proven chemotherapy treatment for several cancers 

including ovarian, cervical, breast, testicular, bladder, lung, head, neck, and brain.275 Cisplatin 

enters the cell via a membrane transporter and is hydrolysed in the cytoplasm. This activated 

product has a strong affinity for non-hydrogen bonded nitrogen atoms in nucleic acid bases. 

Once bound, it causes distortion of the DNA, which inhibits replication and transcription. This 

leads to the activation of p53 (tumour suppressor), cell cycle arrest, and apoptosis. 

Etoposide (Figure 4.1B) is an antineoplastic agent commonly used in treatments of testicular, 

bladder, prostate, uterine, stomach, and lung cancers, Hodgkin's and non-Hodgkin's lymphoma, 

sarcoma, and brain tumors.276 It belongs to the class of topoisomerase II inhibitors - enzymes 

that cut both strands of the DNA helix and regulate DNA topology. Etoposide acts by inducing 

high levels of permanent DNA breaks followed by DNA damage response and eventually 

caspase-dependent apoptosis.277  
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Figure 4.1. Chemical structure of cisplatin (A) and etoposide (B). 

The molecular mechanisms of cisplatin and etoposide have been studied for decades, revealing 

the roles of enzymes, messengers, and transporters in controlling apoptosis.275–278  

Metabolomic approaches can directly reflect the current biochemical status of cells, thus they 

contribute additional information on what has exactly happened during treatment with these 

drugs. They are particularly useful for the discovery of biomarkers that help monitor apoptosis-

based cancer treatments and for understanding the mechanism of drug action.17,186,191,278 

Several NMR-based metabolomics studies have focused on searching for apoptosis-specific 

biomarkers in cell extracts or intact cells. In these studies, apoptosis was induced by well-

known apoptotic agents such as taxol,202 cisplatin,279,280 etoposide,195 radiation, doxorubicin,195 

tamoxifen,70 CdCl2,
193 or novel compounds such as hexacationic ruthenium metallaprism.196 

Rainaldi and colleagues reported a decrease in the concentration of lactate, alanine, glutathione, 

taurine, and choline induced by doxorubicin treatment.194 In the same study, they reported an 

increase in lactate and alanine after radiation treatment. Vermathen and colleagues reported a 

decrease in lactate concentration after hexacationic ruthenium treatment while other metabolite 

changes (lysine, alanine, glutamine, myo-inositol, choline) depended on cell line and incubation 

time.196 Griffin and colleagues reported an increase in nucleotides and a decrease in myo-

inositol after tamoxifen treatment.70 These studies suggest that while changes in concentration 

of small aqueous metabolites can provide clues about biochemical changes in apoptotic cells 

they seem to be treatment and cell line-specific. The most common metabolic change reported 

was an increase in NMR-visible lipid resonances during apoptosis, regardless of the apoptotic 

agent. Thus, NMR-visible lipids may be treated as a reliable biomarker for apoptosis and they 

are often used to distinguish between apoptosis and necrosis in NMR-based studies.193,194 
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Metabolomic data obtained from cell extracts and/or intact cells can be complemented by 

metabolomic data obtained from growth media. Studying growth media is particularly useful 

for time-course experiments as it is relatively easy to collect and process the samples, which 

are not fragile like cell samples. This approach can provide information about metabolites 

secreted into media (exometabolome),281 as well as metabolites taken up from media (e.g. 

glucose, choline, glycerol). Aranibar and colleagues monitored media components and cellular 

metabolites over time to assess the impact of bioreactor scale and the presence of anti-apoptotic 

agents in the media.31 They demonstrated that cell viability and productivity correlated with 

many changes in metabolites from the media. Similarly, Feng and colleagues demonstrated 

how combining NMR-based metabolomics of intact cells and growth media could help 

understand the biological mechanisms of silica nanoparticles in HeLa cells.282 They followed 

glucose and amino acid utilization, and lactate and acetate release as markers for glycolytic 

activities. Moreover, the cellular stress response correlated well with an elevation of formate, 

histidine, and tryptophan and a decrease in methionine. Thus, NMR spectroscopy of growth 

media has been shown to be sensitive to a variety of biological processes. 

4.2. Aims 

In Chapter 4, I aim to demonstrate the usefulness of NMR-based metabolic profiling for 

monitoring drug treatments in vitro. In particular, I investigate advantages of metabolic 

profiling of intact cells by HRMAS 1H NMR spectroscopy. I compare and combine NMR-

based metabolic profiling of intact cells, cell extracts, and growth media to determine the most 

suitable approach for measuring metabolic alterations induced by apoptotic and necrotic 

treatments (Figure 4.2). I explore additional information obtained from each NMR approach 

and how it can be used to probe metabolic pathways.   
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Figure 4.2. NMR methods to study apoptosis induced by cisplatin and etoposide. After 

incubation, media samples were collected for solution-state 1H NMR analysis, intact cells 

(C2C12 myotubes) were harvested for HRMAS 1H NMR analysis, or Bligh and Dyer extraction 

and solution-state NMR analysis.   

In order to achieve that, I describe the following experiments: 

 developing a robust model of apoptosis in C2C12 myotubes. I report results from 

conventional measures of cell viability such as caspase-3 activity and trypan blue assay, 

which identify an effective dosage and incubation time for cisplatin and etoposide 

treatments; 

 untargeted NMR-based metabolic profiling of intact C2C12 myotubes for the selected 

treatment conditions and identify potential biomarker; 

 analysing changes in the metabolic profiles with apoptosis progression for selected 

biomarkers including small metabolites (energy metabolism and signalling), mobile 

lipids (neutral lipid metabolism) and choline containing compounds (membrane 

metabolism); 

 integrating NMR metabolomics data of intact cells, cell extracts, and growth media 

samples.  
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4.3. Methods 

All experimental methods used for collecting, processing and analysing data are defined in 

Chapter 2. 

4.4. Results 

 

4.4.1. Establishing dose and incubation time for inducing apoptosis 

The effects of cisplatin and etoposide doses and incubation times on C2C12 myotube cells 

were investigated with the trypan blue exclusion assay and the caspase-3 activity assay (Figure 

4.3).  The changes in cell viability (live cells divided by total cells expressed in %) and fold 

change apoptosis (caspase-3 activity in treated cells divided by caspase-3 activity in control 

cells) were monitored with time (3 – 72 h) and drug dose (20 – 40 µM for cisplatin; 50 – 120 

µM for etoposide). The cell viability decreased steadily with incubation time and was lower 

for the higher doses. After 48 h, the decrease in cell viability became significant (ANOVA: p 

< 0.05) for cisplatin dosed at 60 µM; after 72 h, it was significant for cisplatin dosed at both 

40 µM and 60 µM, and etoposide dosed at 84 µM and 120 µM. The highest doses of cisplatin 

and etoposide induced significant levels of apoptosis after 24 h, whereas after 72 h, apoptosis 

was present in all treatment groups. However, the 72-h data was less reliable for comparing 

treatments due to secondary necrosis (30-45% dead cells).  

The groups with high levels of apoptosis (i.e., cisplatin 60 µM, 48 h) and low levels of apoptosis 

(i.e., etoposide, 50 µM, 48 h) were selected for preliminary HRMAS 1H NMR experiments on 

intact cells (Section 4.4.2). The experimental design aimed to answer two questions: 1) can 

HRMAS 1H NMR spectroscopy discriminate between caspase-dependent apoptosis and 

control; 2) can HRMAS 1H NMR spectroscopy detect significant metabolic changes in the 

group for which caspase-3 assay did not show a significant level of apoptosis. Since several 

other pathways are activated, preceding the caspase cascade, it was interesting to establish 

whether NMR spectroscopy can distinguish between the control group and the insignificant 

apoptosis group. Subsequent NMR-based experiments investigated the impact of incubation 

times on metabolic profiles (Section 4.4.3).  
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Figure 4.3. Dose-incubation time response for cisplatin- and etoposide-treated C2C12 

myotubes. Apoptosis was normalized to the control group at each time point. SEM represent 

biological variance (n = 4). ANOVA was used to assess significance and Fisher's least 

significant difference (LSD) was used for post hoc pairwise comparisons of the treatment 

groups; p-values are FRD-adjusted; significances (p < 0.05) are reported relative to the 

control group. 
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4.4.2. 1H NMR-based metabolic profiling of apoptotic cells  

This section describes metabolic profiles of C2C12 myotubes treated with either cisplatin 60 

µM or etoposide 50 µM for 48 h. In addition, heat-treated cells were analysed to investigate 

the metabolic changes associated with necrosis. The cells were divided into two samples: 

approximately 105 cells for cell viability and caspase-3 activity assays to test the presence of 

apoptosis and cell death; the remaining cells (approximate 106) were set aside for HRMAS 1H 

NMR analysis.  First, I investigate the levels of apoptosis in the NMR samples using caspase-

3 activity assay and trypan blue exclusion assay. Then, I examine HRMAS 1H NMR-based 

metabolic profiles of intact apoptotic cells to establish metabolic differences between control, 

apoptotic and necrotic cells. Finally, I analyse 1H NMR-based metabolic profiles of culture 

media from apoptotic cells to investigate whether this method can also be used for 

differentiating between the treatments and control.  

4.4.2.1. Establishing apoptosis in cell samples for HRMAS NMR analysis 

Figure 4.4 shows the levels of apoptosis and cell viability in the treated cells. Samples treated 

with cisplatin showed at least a 5-fold increase in apoptosis compared with the control group 

while samples treated with etoposide showed no significant apoptosis according to caspase-3 

activity assay. Interestingly, the etoposide samples showed lower cell viability, but no change 

in caspase-3 activity as compared to the controls. This suggests the absence of caspase-

dependent cell death. The heat-treated samples showed significantly lower cell viability and 

caspase-3 activation as compared to the control cells. The decrease in caspase-3 activity after 

heat treatment implies that there was detectable caspase-3 activity already present in the control 

cells. Indeed, activation of caspase-3 is a normal biological process during myoblast 

differentiation.283 Cellular differentiation was stopped during the heat treatment and therefore 

the level of caspase-3 activity was lower when compared to the differentiating control cells. 

The results from the biochemical assays confirmed apoptosis in the cisplatin-treated samples 

and caspase-independent cell death in the etoposide- and heat-treated samples.    



109 
 

 
Figure 4.4. Cell viability (membrane integrity) and apoptosis (caspase 3 activity) measured in 

C2C12 myotubes treated with cisplatin 60 µM (red), etoposide 50 µM (blue) and heat (grey) 

for 48 h. The change in apoptosis was reported relative to the control group (green); n = 4; 

ANOVA with post hoc Fisher's test: ** p < 0.01, *** p < 0.001.  

4.4.2.2. HRMAS 1H NMR analysis of intact cells 

The NMR spectra (Figure 4.5) of intact cell samples were subjected to chemometric and 

multivariate analysis. Visual inspection of the spectra pointed to several metabolite alterations. 

For apoptotic cells (Figure 4.5, red and blue), the most obvious increase in resonance 

intensities was observed in spectral regions which corresponded to lipids (~0.9 ppm, 1.3 ppm, 

1.6 ppm, 2.0 ppm, 2.2 ppm and 5.3 ppm). In contrast, these resonances decreased in necrotic 

cells (Figure 4.5, black), while the resonance intensities of choline, glucose and DMA 

increased as compared to the control (Figure 4.5, green). 

For quantitative assessment of the spectral data, PCA was performed on binned spectra as 

described in Chapter 2, Section 2.10.3 and shown in Figure 4.6. The multivariate analysis 

showed a significant difference in the distribution of PCA scores between the control, cisplatin, 

etoposide, and heat-treated groups (Figure 4.6A). The scores of the heat-treated group 

concentrated in the second quadrant, while those of the cisplatin, etoposide, and control groups 

were concentrated in the third, fourth, and first quadrants, respectively. All groups showed 

good clustering with no clear outliers. The most significant spectral features driving the 

separation, as outlined in the loading plot (Figure 4.6B), corresponded to the following 

metabolites: lactate, creatine, glucose, glutamine, choline compounds, and mobile lipids 

(mainly −CH3 and −CH2−).  
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Figure 4.5. Superimposed 500 MHz HRMAS 1H NMR spectra of intact C2C12 myotubes 

treated with cisplatin (red), etoposide (blue), and heat (grey) for 48h. The control spectrum of 

untreated cells shown in green. All spectra were normalised to the total integral. Partially 

suppressed water peak at 4.6 ppm was removed. T – tyrosine, H – histidine, G – guanosine, 

Me – methylhistidine, Pha – phenylalanine.  

The heat-treated group comprising necrotic cells was strikingly different compared to the other 

groups and dominated the results. To better identify significant metabolites that were 

responsible for the separation of the control and apoptotic cells, PCA was performed on the 

same dataset excluding the heat-treated group. The score plot in Figure 4.6C shows a clear 

clustering of control, cisplatin, and etoposide groups. In this case, the most significant spectral 

features corresponded to lipids (mainly −CH3 and −CH2−), choline compounds, myo-inositol, 

creatine, lactate, and glucose.  
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Figure 4.6. Two-dimensional PCA score plot (A) and corresponding loading plot (B) derived 

from the 1H HRMAS NMR spectra of control (green triangles), cisplatin- (red squares), 

etoposide- (blue circles), and heat- (black asterisks) treated intact C2C12 myotubes. C, D show 

the same dataset excluding the heat-treated group. The most significant metabolites are 

highlighted in the loading plots. Other lipids: =CHCH2CH=, −CH2CH2CO, =CHCH2−, 

−CH2CO; n = 4 for etoposide and heat, n = 8 for control and cisplatin. The numbers in 

brackets represent the percentage of variability explained by each PC. Spectra were pre-

processed with total integral normalization and Pareto scaling. 
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A detailed analysis of significant features was performed for NMR-visible lipids (Figure 4.7) 

and small metabolites (Figure 4.8). Both necrotic and apoptotic cells showed distinct 

metabolomic variations as compared to the control group. The NMR-visible lipid signals 

increased for both cisplatin and etoposide groups by 20-85% as compared to the control group. 

Contrary to this, during heat treatment NMR-visible lipid signals were 50-70% lower compared 

to the control group. Several small metabolites such as creatine, glutathione, myo-inositol, 

acetate, lactate, ATP/ADP, and NAD+/NADH decreased for both apoptotic and necrotic cells. 

Other metabolites, including glutamine, glutamate, DMA, glycine, succinate, lysine, tyrosine, 

and phenylalanine decreased during apoptosis but increased during necrosis. 

Cisplatin and etoposide-induced cell death was distinct by HRMAS 1H NMR spectroscopy. 

The most significant difference was observed for choline compounds, creatine, and lactate.  For 

the etoposide group, the levels of myo-inositol, glutathione were comparable with the levels in 

necrotic cells. For the cisplatin group, the levels of ATP, NADH and guanosine closely match 

the characteristics of necrosis. The different metabolic profiles were expected as the two 

apoptotic agents have different modes of action.  

 
Figure 4.7. Comparison of lipids in C2C12 myotubes: control (green), cisplatin (red), 

etoposide (blue), and heat (grey), 48 h incubation. ANOVA with post hoc Fisher's test: * p 

<0.05, ** p <0.01, *** p <0.001, FDR-adjusted; n = 4 for etoposide and heat, n = 8 for control 

and cisplatin.   
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Figure 4.8. Comparison of metabolites in C2C12 myotubes: control (green), cisplatin (red), 

etoposide (blue), and heat (grey), 48 h incubation. ANOVA with post hoc Fisher's test: * p 

<0.05, ** p <0.01, *** p <0.001, FDR-adjusted; n = 4 for etoposide and heat, n = 8 for control 

and cisplatin.  
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4.4.2.3. 1H NMR analysis of growth media 

The increase in metabolite resonance intensities in the HRMAS 1H NMR spectra could 

correspond to increased tumbling of extracellular metabolites, which leaked out through the 

compromised cellular membranes. I tested if evidence of cellular disintegration could be 

detected in the growth media by solution-state 1H NMR spectroscopy. The media samples were 

collected after 48 h of each treatment before harvesting the cells for HRMAS 1H NMR 

experiments. To establish media baseline components and nutrients, non-incubated growth 

media was also collected as a media-only control group. Figure 4.9 shows representative 1H 

NMR spectra from each group and Figure 4.10 shows the fold change of key metabolites 

relative to the media-only group. The significant changes between all 5 groups were determined 

by ANOVA with a post hoc test.    

 

Figure 4.9. 500 MHz  1H NMR spectra of growth media collected after 48 h treatments: media 

from C2C12 myotubes treated with - control (green), cisplatin (red), etoposide (blue), and heat 

(grey). Pink spectra represent media-only samples before adding to the cells. All spectra were 

normalized to the total integral. Partially suppressed water peak was removed. Ile – isoleucine, 

leu – leucine, val – valine, thr – threonine, lac – lactate, ala – alanine, lys – lysine, ac – acetate, 

glx – glutamine+ glutamate, glu – glutamate, gln – glutamine, gluc – glucose.  
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The spectra of media from heat-treated cells were very similar to non-incubated control media. 

Quantitative analysis of the spectra (Figure 4.10) revealed that four metabolites in heat-treated 

cells, namely lactate, glutamine, acetate, and threonine, increased significantly compared to the 

media-only group but their levels were lower compared to the control cell group.  

 
Figure 4.10. Comparison of metabolites found in growth media of C2C12 myotubes: control 

(green), cisplatin (red), etoposide (blue), heat (grey), and media-only (pink). ANOVA with post 

hoc Fisher's test: * p <0.05, ** p <0.01, *** p <0.001 for all treatments vs control group, # p 

< 0.05 for heat vs media-only group, & p < 0.05 for cisplatin vs etoposide group, all p-values 

are FDR-adjusted.  

Chemometrics and multivariate analysis of media spectra revealed several significant changes 

in the “secretome” (compounds released by cells) of the two apoptotic groups (Figure 4.10). 

The levels of isoleucine/leucine, lysine, alanine, acetate in the growth media were significantly 
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higher for both cisplatin- and etoposide-treated cells as compared to the control cell group, 

while the levels of threonine and lactate were lower for the cisplatin group. All of these 

metabolites must have been secreted by the cells, as their levels were higher than in the media-

only samples. Moreover, analysis of PCA loadings identified that the most significant spectral 

features driving the discrimination between the cisplatin and etoposide treatments were 

threonine, alanine, lactate, glutamine, and glutamate.  

4.4.3. 1H NMR-based metabolic profiling of apoptotic cells – time course 

This section describes a time-course experiment, in which I monitored changes of NMR-

detectable metabolites during apoptosis progression. C2C12 myotubes were incubated with 60 

µM cisplatin or 120 µM etoposide for 8, 24, and 48 h. To ensure adequate levels of apoptosis, 

the etoposide dose was doubled compared to the previous experiment (Figure 4.4). Cells 

cultured in T-75 flasks were divided into two samples: cells (approximately 105) for cell 

viability and caspase-3 assays to test the presence of cell death and apoptosis, respectively, and 

the remaining cells (approximately 106) were set aside for HRMAS 1H NMR analysis. First, I 

investigated the levels of apoptosis in the NMR samples using caspase-3 activity and trypan 

blue exclusion assays. Subsequently, I analysed HRMAS 1H NMR-based metabolic profiles of 

treated intact cells to investigate metabolite dynamics during apoptosis.  

4.4.3.1. Caspase-3 activity assay and cell viability 

According to the caspase assay (Figure 4.11), a significant level of apoptosis was induced in 

cisplatin- and etoposide-treated cells after 24 h. Apoptosis levels did not differ significantly 

between the cisplatin- and the etoposide-treated groups. Cell viability was significantly lower 

for the cisplatin group after 48 h, suggesting higher levels of secondary necrosis.  
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Figure 4.11. Cell viability (lines) and apoptosis (bars) of C2C12 myotubes treated with 

cisplatin 60 µM (red) and etoposide 120 µM (blue). The change in apoptosis is reported 

relatively to the control group (green); n = 4; ANOVA with post hoc Fisher's test: *p < 0.05, 

** p < 0.01, *** p < 0.001. 

4.4.3.2. HRMAS 1H NMR analysis of intact cells 

Figure 4.12 shows representative HRMAS 1H NMR spectra of intact cells for each treatment 

and time point. The integrals of significant NMR bins (areas of the spectra that were 

significantly different from the control), which could be unambiguously annotated, were 

analysed as a function of time. The key metabolites were divided into two groups: small 

metabolites shown in Figure 4.13 and lipids shown in Figure 4.14. When possible, multiple 

spectral bins corresponding to the same metabolite were analysed to assess consistency and 

exclude any effects from overlapping signals. In general, the levels of small metabolites 

decreased while the levels of lipids increased in apoptotic cells.  
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Figure 4.12. A) Superimposed 500 MHz HRMAS 1H NMR spectra of control intact C2C12 

myotubes (green), cisplatin- (red), and etoposide-treated (blue). All spectra were normalized 

to the total integral. The partially suppressed water peak at 4.6 ppm was removed. Gluc – 

glucose, lac – lactate, cr – creatine, gly – glycine, chol – choline compounds, DMA – 

dimethylamine, gsh – glutathione, suc – succinate, gln – glutamine, glu – glutamate, glx – 

glutamine+ glutamate, ac – acetate, lys – lysine, ala – alanine, val – valine, ile – isoleucine, 

leu – leucine, et – ethanol, L – lipids. B) Lactate and lipid signal at ~1.3 ppm. 
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Figure 4.13. Comparison of metabolites in C2C12 myotubes: control (green), cisplatin (red), 

and etoposide (blue). Fold change integral reported relative to control at each time point. 

ANOVA with post hoc Fisher's test: *(red) p < 0.05 for cisplatin vs control group, *(blue) p < 

0.05 for etoposide vs control group, # p < 0.05 for cisplatin vs etoposide group, all p-values 

are FDR-adjusted.  
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Figure 4.13. Continued.  

Monitoring metabolic changes with time revealed that some metabolites, such as DMA, 

tyrosine and ATP/ADP decreased consistently throughout the treatment (8 – 48 h), while other 

metabolites such as creatine, glycine, and myo-inositol increased during early apoptosis (8 h) 

and decreased during late apoptosis (48 h).  

Figure 4.15 shows the changes in choline compounds with apoptosis progression. The levels 

of choline compounds in intact cells monitored by HRMAS 1H NMR spectroscopy increased 

in the early stage of apoptosis (8 – 24 h) and decreased in the late stage of apoptosis (48 h).  
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Figure 4.14. Comparison of lipids in C2C12 myotubes: control (green), cisplatin (red), and 

etoposide (blue). Fold change integral reported relative to control at each time point. ANOVA: 

*(red) p < 0.05 for cisplatin vs control group, *(blue) p < 0.05 for etoposide vs control group, 

# p < 0.05 for cisplatin vs etoposide group, all p-values are FDR-adjusted. 

 
Figure 4.15. Comparison of choline-containing compounds in C2C12 myotubes as measured 

by HRMAS 1H NMR spectroscopy: control (green), cisplatin (red), and etoposide (blue). Fold 

change integral reported relative to control at each time point. PC – phosphocholine, GPC – 

glycerophosphocholine, PTC – phosphatidylcholine. ANOVA with post hoc Fisher's test: 

*(red) p < 0.05 for cisplatin vs control group, *(blue) p < 0.05 for etoposide vs control group, 

# p < 0.05 for cisplatin vs etoposide group, all p-values are FDR-adjusted.  
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4.4.4. Combined NMR-based metabolomics of intact cell, cell extract, and media  

In addition to the above results, I conducted a solution-state NMR analysis of cell extract 

samples collected after 48 h incubation with the apoptotic agents. For comprehensive NMR-

based metabolic profiling of apoptotic cells, Table 4.1 combines the results from HRMAS 1H 

NMR-based metabolic profiles of intact cells (Section 4.4.2.2 and 4.4.3.2), solution-state 1H 

NMR-based metabolic profiles of cell extracts (Section 4.4.4) and the solution-state 1H NMR-

based metabolic profiles of culture media (Section 4.4.2.3). Two independent experiments on 

intact cells and growth media samples treated with 60 µM cisplatin were performed and the 

results were compared to evaluate the reproducibility of the experiment (etoposide doses were 

different: 50 µM for experiment 1 – low levels of apoptosis, 120 µM for experiment 2 – high 

levels of apoptosis). 

Table 4.1.  Metabolite profiling of apoptotic C2C12 myotubes by solution-state (growth media 

and cell extract) and HRMAS (intact cells) 1H NMR spectroscopy. Two independent 

experiments for intact cells and growth media were performed (Intact cell 1 and Media 1: 

cisplatin 60 µM etoposide 50 µM; Intact cells 2, Cell extract 2, Media 2: cisplatin 60 µM, 

etoposide 120 µM). Supporting data can be found in Appendix 1. ↑ and ↓ indicate an increase 

or decrease in a fold change integral for cisplatin (red) and etoposide (blue) groups as 

compared to control; ↔ indicates non-significant changes, n/a – signal not present or could 

not be accurately measured.     

Metabolite 

Intact 

cells 1  

Intact 

cells 2 

Cell 

extract 2 Media 1 

 

Media 2 

Sterols 

0.71 – 0.73 ppm ↑↑ n/a ↑↑ n/a n/a 

Lipids (–CH3) 

0.89 – 0.91 ppm ↑↑ ↑↑ ↑↑ n/a n/a 

Lipids (–CH2–) 

1.29 -1.31 ppm ↑↑ ↑↑ ↑↑ n/a n/a 

Lipids (–CH2CH2CO) 

1.59 – 1.61 ppm ↑↑ ↑↑ ↓↓ n/a n/a 

Lipids (=CHCH2–) 

2.03 – 2.05 ppm ↑↑ ↑↑ ↔↓ n/a n/a 

Lipids (–CH2CO) 

2.25 – 2.27 ppm ↑↑ ↑↑ ↓↓ n/a n/a 

Lipids (=CHCH2CH=) 

2.79 – 2.81 ppm ↑↑ ↑↑ ↑↑ n/a n/a 

Lipids (–HC=CH–) 

5.31 – 5.33 ppm ↑↑ ↑↑ ↔↑ n/a n/a 

PC lipids 

3.28 – 3.26 or 3.37 – 3.35 ppm ↓↓ ↓↓ ↔↑ n/a n/a 
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Table 4.1. Continued. 

Metabolite 

Intact 

cells 1 

Intact 

cells 2 

Cell 

extract 2 
Media 1 Media 2 

Glutamine  

2.43 – 2.45 ppm 
↓↓ ↓↓ ↓↔ ↔↑ ↔↔ 

Glutamate 

2.35 – 2.28 ppm 
↓↓ ↓↓ ↓↓ ↔↑ ↑↔ 

Lysine 

1.71 – 1.73 ppm 
↓↓ ↔↓ ↓↔ ↑↑ ↓↔ 

Succinate 

2.35 – 2.37 ppm 
↓↓ n/a ↓↓ n/a n/a 

Glycine 

3.55 – 3.57 ppm 
↓↓ ↓↓ ↓↓ n/a n/a 

DMA 

2.67 – 2.69 ppm 
↓↓ ↔↓ ↔↓ n/a n/a 

Leucine + isoleucine 

0.99 – 1.01 ppm 
↓↓ ↔↓ ↔↔ ↑↑ ↑↔ 

Lactate 

4.09 – 4.11 ppm 
↓↓ ↔↔ ↓↑ ↓↔ ↓↓ 

Glutathione 

2.99 – 3.01 ppm 
↓↓ ↔↓ ↔↓ n/a ↓↓ 

Creatine 

3.03 – 3.05 ppm 
↓↓ ↔↓ ↑↓ n/a n/a 

Myo-inositol 

4.05 – 4.07 ppm 
↓↓ ↓↓ ↑↑ n/a n/a 

Acetate 

1.91 – 1.93 ppm 
↓↓ ↔↓ ↓↓ ↑↑ ↔↓ 

Valine 

1.03 – 1.05 ppm 
↔↔ ↔↔ ↔↔ ↑↔ ↓↓ 

Glucose 

5.23 – 5.25 ppm 
↑↓ ↓↓ ↑↑ ↑↔ ↑↑ 

Tyrosine 

6.87 – 6.89 ppm 
↓↓ ↔↓ ↑↑ ↓↔ ↔↔ 

Histidine 

7.11 – 7.13 ppm 
↓↓ ↓↓ n/a n/a n/a 

Phenylalanine 

7.33 – 7.35 ppm 
↓↓ ↓↓ ↔↔ ↔↔ ↔↔ 

ATP/ADP 

8.23 – 8.19 ppm 
↓↓ ↔↓ ↓↓ n/a n/a 

Choline compounds 

3.21 – 3.23 ppm 
↓↓ ↔↓ ↑↑ n/a n/a 

Alanine 

1.48 – 1.45 ppm 
↔↔ ↔↔ ↓↔ ↑↑ ↑↑ 

The increase in lipid resonances was consistent across the two experimental batches of intact 

cells. However, not all lipid resonances in the cell extract samples increased after apoptotic 

treatment. Both NMR methods showed a significant increase in the intensities of lipid −CH3, 
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−CH2−, and =CHCH2CH= resonances. The HRMAS 1H NMR spectra showed a greater 

increase in the intensity of the lipid signals (30 − 70%, Figure 4.16, intact cells), whereas 

solution-state 1H NMR showed a much smaller increase (5 − 20%, Figure 4.16, cell extracts; 

more detailed analysis in Appendix 1). Some lipid resonances decreased or did not change 

significantly in the cell extract samples, namely −CH2CH2CO, =CHCH2−, −CH2CO.  

 
Figure 4.16. Comparison of lipid resonances of intact C2C12 myotubes (HRMAS 1H NMR 

spectroscopy) and C2C12 myotubes extracts (solution-state 1H NMR spectroscopy): control 

(green), cisplatin (red), and etoposide (blue) after 48 h incubation. ANOVA with post hoc 

Fisher's test: *p < 0.05, **p < 0.01, ***p < 0.001.  
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4.5. Discussion 

In Chapter 4, I investigated the metabolic profiles of control and treated cells by 1H NMR 

spectroscopy to identify metabolites that can be used for differentiating between control and 

apoptotic/necrotic treatments. The levels of apoptosis and necrosis induced by cisplatin, 

etoposide or heat treatments were assessed with conventional biochemical assays. Changes in 

the metabolic profiles of intact cells were measured by HRMAS 1H NMR spectroscopy, 

whereas changes in the metabolic profiles of growth media and cell extracts were measured by 

solution-state 1H NMR spectroscopy. All applied NMR methods showed distinct metabolic 

profiles discriminating between the treatment groups and control cells.      

4.5.1. Metabolic profiling of intact cells 

HRMAS 1H NMR-based profiling of intact cells showed an increase in lipid resonances for 

apoptotic samples as compared to the controls (Figure 4.7). This finding supports previous 

reports that linked apoptosis with increased intensities for resonances of NMR-visible lipids. 

Pan and colleagues reported an increase in the concentration of unsaturated fatty acids in cells 

undergoing cisplatin-induced cell death.204 Duarte and colleagues also reported an increase in 

the lipid profile of cells treated with cisplatin.279 Schmitz and colleagues reported increased 

mobile lipids after etoposide treatment.211 NMR-visible lipids have been linked to the 

formation of cellular lipid droplets and are a recognised biomarker of apoptosis.205,208,284  

According to the biochemical assays, etoposide-treated cells showed no caspase-3 activation, 

but significant cell death as compared to the control group (Figure 4.4). However, the NMR-

based lipid profile suggested more similarities to the cisplatin (apoptosis) group than the heat 

(necrosis) group (Figure 4.7). Similarly, the changes in aqueous metabolites (e.g., glutamine, 

glutamate, lysine, aspartate, and dimethylamine) were consistent with apoptosis rather than 

necrosis (Figure 4.8). This may suggest that low doses of etoposide trigger a caspase-

independent pathway that leads to apoptosis. Indeed, Bruni and colleagues showed that at high 

dose, etoposide promoted caspase-3 mediated apoptosis, while at low dose, it induced caspase-

3 independent cell death, displaying features similar to apoptosis.285  

The levels of several small metabolites changed significantly during apoptosis and necrosis 

and could be used to discriminate between the groups (Figure 4.8). These results are consistent 

with a HRMAS 1H NMR study by Duarte and colleagues who reported a decrease in glutamate, 
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glycine, and myo-inositol in MG-63 osteosarcoma cells after cisplatin treatment (30 µM and 

50 µM).279 The results are also consistent with the findings reported by Rainaldi and 

colleagues.194 They subjected leukaemia cells to a heat treatment (57°C) and observed an 

increase in glutamate, glutamine and choline, and a decrease in glutathione in intact cells as 

measured by 1H NMR spectroscopy. Relevant literature on etoposide metabolic signatures in 

intact cells was not found. However, Gey and colleagues reported NMR-detectable metabolic 

changes in cell extracts of lung fibroblasts induced by etoposide treatment (34 µM).286 They 

reported an increase in isoleucine and leucine and a decrease in acetate. Interestingly, they used 

etoposide for induction of senescence rather than caspase-dependent apoptosis. MS-based 

results reported by Halamal and colleagues are also in agreement with the HRMAS 1H NMR 

results presented in this chapter.186 In their study, etoposide treatment (100 µM) induced a 

decrease in aspartate, glutamate, glutamine, glycine, and leucine among other metabolites.   

Agreement with the existing literature on cisplatin validated the experimental methodology in 

this thesis. Furthermore, it demonstrated that HRMAS 1H NMR spectroscopy of intact cells 

can differentiate between different drug-dependent apoptotic mechanisms. This could have a 

potential application in in vitro monitoring of apoptotic-based treatments for drug discovery 

and may be extended to other non-apoptotic treatments.   

4.5.2. Cellular disintegration by 1H NMR spectroscopy 

The increase of metabolites during necrosis, as measured by HRMAS 1H NMR spectroscopy, 

can be explained in two ways: 1) disruption of metabolic pathways, which leads to the 

accumulation of reaction products or substrates, or 2) cellular disintegration, which increases 

tumbling rates of the metabolites and thus NMR-visibility. In particular during necrosis, 

severely compromised cellular membranes and damaged organelles may trigger the release of 

cytoplasmic content into the growth media.287 To test the second hypothesis I looked for 

evidence of increased concentration of exometabolome components in growth media.   

The spectra of growth media (Figure 4.9) from heat-treated cells were very similar to these 

from media-only control group. Four metabolites namely lactate, glutamine, acetate, and 

threonine increased significantly compared to the media-only group, but their levels were lower 

compared to the control cell group (Figure 4.10). This observation suggests that rapid, heat-

induced necrosis halted glucose consumption and the secretion of intracellular metabolites into 
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the growth media. In addition, no evidence of excessive leakage of metabolites out of necrotic 

cells was detected by NMR spectroscopy, suggesting that the metabolites were contained inside 

the necrotic cells. However, the media study cannot exclude that the increased signals of small 

metabolites in the necrotic HRMAS 1H NMR spectra occurred due to increased molecular 

tumbling of metabolites inside necrotic cells. This will be further investigated by measuring 1H 

NMR relaxation times and diffusion coefficients of metabolites (Chapter 5).  

Comparing NMR-based metabolic profiles of intact cells and cell extracts could also help 

establish the origin of the increased HRMAS 1H NMR resonances. If the resonances increase 

in the HRMAS but not on the solution-state 1H NMR spectra, this would indicate that the 

metabolites in intact cells become more mobile due to changes in the cellular environment. 

Necrotic cell extracts showed a decrease in glutamine, glutamate, DMA, glycine, and no 

significant changes in succinate, lysine, tyrosine, and phenylalanine (data shown in Appendix 

1, Table S1.1, Figure S1.1). Therefore, the increase in some metabolites in necrotic cells, as 

measured by HRMAS 1H NMR spectroscopy, is most likely due to cellular disintegration and 

changes in the molecular environment.  

This study demonstrates that combining NMR-based metabolomics of intact cells, cell extracts 

and growth media can provide useful structural information to explain metabolic changes 

induced by heat or drug treatment. This approach could be potentially used to established an 

NMR-based assay for cellular disintegration. More experiments are needed to establish if 

cellular disintegration caused by treatments other than heat could be observe in HRMAS 1H 

NMR spectra and what levels of disintegration could be detected.    

4.5.3. Lactate co-resonates with −CH2− lipid  

A significant signal overlap at ~1.3 ppm introduces some ambiguity about the changes of 

lactate and lipid (−CH2−) during apoptosis. The lactate –CH3 and –CH resonances at 1.3 and 

4.1 ppm, respectively, did not show consistent results (Figure 4.13). This discrepancy may be 

explained by overlap with the lipid –CH2– resonance at 1.3 ppm. To test this hypothesis, I 

conducted T2-edited CPMG experiments, which largely reduced the lipid resonances (spin-spin 

relaxation delay of 1.2 s). Figure 4.17A shows the T2-edited spectra (lactate region only: 1.20 

– 1.45 ppm) of treated and control cells harvested after 24 h, and Figure 4.17B shows a 

comparison of lactate integrals between the treated and control groups. The lipid –CH2– (1.3 
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ppm) resonance is still visible in the spectra, but its intensity is greatly reduced and thus its 

contribution to the lactate –CH3 (1.3 ppm) resonance. The lactate –CH3 (1.3 ppm) integral 

analysis showed a decrease in lactate levels during apoptosis, which is consistent with the data 

reported for the lactate (–CH, 4.1 ppm) resonance at 4.1 ppm in the experiment without a T2-

filter (Figure 4.13, 24 h).  

 

Figure 4.17. A) Superimposed 500 MHz HRMAS 1H NMR T2-edited spectra of control (green), 

cisplatin- (red), and etoposide-treated (blue) C2C12 myotubes (24 h) showing the lactate 

region only. All spectra were normalized to the total integral. B) Fold change integral of 

lactate (–CH3) as compared to the control group; n = 16; ANOVA with post hoc Fisher's test: 

* p < 0.001 for control vs treatments, # p < 0.001 for cisplatin vs etoposide. 

An analysis of the lactate and lipid −CH2− co-resonance at 1.3 ppm revealed that while the 

−CH2− lipid levels increase with apoptosis, the lactate levels decrease. These counteracting 

effects could lead to misleading interpretations of lactate metabolism. I demonstrated that the 

lactate (–CH, 4.1 ppm) resonance may be more suitable for monitoring changes in lactate 

concentration. However, one should be cautious about the effect of water suppression on the 

lactate (–CH, 4.1 ppm) resonance. In some cases, insufficient water suppression could 

artificially increase the signal while excessive water suppression could decrease the signal. 

This effect is visible in Figure 4.12 especially in the 24 and 48 h spectra. For the calculation 

in Figure 4.13, this was corrected by empirical adjustment of the baseline in this region.    

Moreover, the decrease in lactate levels for cisplatin and etoposide treatments at 24 h could 

contribute to a small decrease in the lipid (–CH2–) resonances (Figure 4.14). It is noticeable 

that for many lipid resonances cisplatin treatment caused an increase in signal intensity at 8 h 
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and 48 h, but a decrease at 24 h. This may be caused by co-resonant aqueous metabolites 

associated with lactate, glutamate, leucine, and isoleucine - metabolites that decreased in 

concentration at 24 h. This observation was not seen for the lipid resonance at 5.3 ppm which 

is not co-resonant with other metabolites, with the resonance being significantly higher for the 

etoposide group at 24 h.  

4.5.4. HRMAS 1H NMR spectroscopy of choline compounds in intact cells 

Choline compounds are important building blocks of cellular membranes. Large molecules 

containing choline that are incorporated in the membrane are not NMR-visible as their 

tumbling is restricted. However, small, unbound choline-containing compounds, such as 

phosphocholine (Pcholine), phosphatidylcholine (PTC) and glycerophosphocholine (GPC), 

can be detected in intact cells. These are important molecules for cancer biology because of 

their link to membrane changes during apoptosis and their role as secondary messengers.  

The changes in choline compounds monitored by HRMAS 1H NMR spectroscopy reported 

here (Figure 4.15) are consistent with the results reported by Duarte and colleagues.279 The 

initial increase in the concentration of choline-containing compounds as observed by HRMAS 

1H NMR spectroscopy can be explained by membrane breakdown and the release of 

phospholipids, while the decreased levels at late stages of apoptosis reflect the depletion of 

choline in the cell. It was also demonstrated that the formation of small endosomes during 

apoptosis can contribute to the resonances of NMR-visible choline compounds.288  

PTC is an important building block of plasma membranes and the cytidine diphosphate-choline 

(CDP-choline) pathway (Figure 4.19) is the predominant mechanism by which it is 

biosynthesized for incorporation into membranes. Alterations in this pathway are well-studied 

in the context of apoptosis.289–291 I therefore tested if the decrease in PTC measured by HRMAS 

1H NMR spectroscopy (Figure 4.15) can be explained by downregulation of the CDP-choline 

pathway.   
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Figure 4.18. Comparison of choline containing compounds in C2C12 myotubes as measured 

by mass spectrometry: control (green), cisplatin (red), and etoposide (blue) after 48 h 

incubation. Fold change in ion count reported relative to control. Pcholine – phosphocholine, 

CDP-choline – cytidine 5’-diphosphocholine. ANOVA with post hoc Fisher's test: *p < 0.05, 

**p < 0.01, ***p < 0.001.  

 
Figure 4.19. CDP-choline pathway for PTC biosynthesis. Cytosolic choline is firstly 

phosphorylated and then converted to CDP-choline, which is a rate-limiting step regulated by 

signals form the membrane. CDP-choline is translocated to the membrane and converted to 

PTC. Red and blue arrows indicate a significant (p < 0.05) increase or decrease in choline-

containing metabolites in cisplatin- or etoposide-treated cells, respectively. Choline, Pcholine 

and CDP-choline were measured by MS (Figure 4.18) and PTC was measured by HRMAS 1H 

NMR spectroscopy (Figure 4.15).  

The three precursors of PTC: choline, Pcholine and CDP-choline were investigated by 

quantitative mass spectrometry (same treatments, 48 h) (Figure 4.18) (for detailed 

experimental description see Chapter 2, Section 2.14). The concentrations of choline and 

Pcholine increased significantly for etoposide-treated cells while the concentration of cytidine 
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5'-diphosphocholine (CDP-choline) significantly decreased. Combined MS and NMR 

measurements of the choline-containing compounds are mapped in Figure 4.19. Firstly, both 

analytical techniques detected significant changes in etoposide-treated cells but not in cisplatin-

treated cells. In addition, the decrease in the formation of CDP-choline as measured by MS 

could explain the decrease in the PTC levels as measured by HRMAS 1H NMR spectroscopy. 

Therefore, it was proposed that the CDP-choline pathway is disrupted by etoposide but not 

cisplatin. These results demonstrated that MS and HRMAS NMR can be used as 

complimentary methods to confirmed proposed alterations in metabolic pathways.   

4.5.5. HRMAS vs solution-state 1H NMR spectroscopy  

The data showed that the increase in NMR-visible lipids during apoptosis is larger as detected 

by HRMAS 1H NMR spectroscopy in intact cells and smaller as detected by solution-state 1H 

NMR spectroscopy of cell extracts (Figure 4.16). This discrepancy between cell extract and 

intact cell samples may be explained in two ways: 1) the changes in total lipid content as 

measured by solution-state 1H NMR spectroscopy can be different to the changes in lipid 

droplet content as measured by HRMAS 1H NMR spectroscopy; and/or 2) the increase in lipid 

resonances in the HRMAS 1H NMR spectra may be driven by structural changes of lipids and 

the cellular environment, which increase tumbling rates of the lipids and thus NMR-visibility.  

Solution-state 1H NMR spectra of the lipid fraction from cell extracts represent the collective 

signal from cytosolic LDs, membrane lipids, and lipids contained within cell organelles. The 

change in lipid concentration within LDs was ‘masked’ due to opposing changes in 

phospholipids during apoptosis. Cells undergoing apoptosis are characterized not only by 

increased mobile lipid profiles, but also by decreased concentrations of phosphatidylcholines 

and total phospholipids as reported by Gibbons and colleagues.292,293 In order to characterize 

lipids in LDs using a solution-state NMR approach, LDs need to be isolated first. This is a 

time- and labour-expensive process and not all lipids may be extracted. The data presented in 

this chapter suggest that HRMAS 1H NMR offers an improved way to monitor changes in the 

concentrations of mobile lipids in intact cells as it is more selective.  

Cellular and biochemical changes during apoptosis could also contribute to increases in NMR-

visible lipids in intact cells, for example, the formation of small endosomes. Martin-Sitjar and 

colleagues reported that increasing the MAS spinning rate resulted in a reversible increase in 

NMR-visible lipid resonances and attributed this to the fatty acyl chains of phospholipids in 

intracellular endosomes.294 Indeed, I also detected an increase in choline-containing 
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compounds but only at the early stage of apoptosis (3.21 – 3.28 ppm, Figure 4.15). Quintero 

and colleagues reported an increase in NMR-visible lipids during cell proliferation but no 

absolute increase in neutral lipids; and proposed an increased transport of triacylglycerols as a 

possible explanation.288 Cytoskeletal remodelling during apoptosis can also lead to an increase 

in LD mobility, which then becomes NMR visible.192   

Changes in aqueous metabolites (non-lipids) were more difficult to analyse as signal overlap 

had a significant impact on metabolite quantification. The following metabolites had good 

inter-batch reproducibility: glutamine, glutamate, glycine, myo-inositol, valine, histidine, 

phenylalanine, and alanine (Table 4.1). Some metabolites showed the same trends, including 

ATP/ADP, creatine, glutathione, DMA, acetate, lysine (Figure 4.13), but the changes were not 

statistically significant (these are not shown Table 4.1). A similar limitation was observed for 

the NMR spectra of growth media, where only alanine, lactate, and glucose were reliable 

indicators of apoptosis.  

Moreover, non-lipid metabolism may be more sensitive to the extent of apoptosis. Cisplatin 

treatment was identical in both experiments, but according to the caspase-3 assay, the levels of 

apoptosis after 48 h were different: 5-fold for experiment 1 and 2.5-fold for experiment 2 

(Figure 4.4 vs Figure 4.11). The HRMAS 1H NMR data could potentially reflect this 

biological variation in the level of apoptosis. More batch repeats should be tested to confirm 

the correlation between non-lipid metabolites and the level of apoptosis. For metabolic pathway 

analysis, I focused on selected metabolites from experiment 2 (Table 4.1). 

4.5.6. Metabolic pathways  

Glucose  

The NMR results showed that glucose decreased in intact cells, while it increased in cell 

extracts and growth media. The increased glucose level in cell extracts was expected as 

glycolysis is inhibited by activated caspases.188,295 Additionally, inhibition of glucose 

metabolism has been shown to decrease glucose uptake,188 which is consistent with the increase 

in glucose level in growth media as detected by solution-state NMR spectroscopy. The reduced 

rate of glycolysis results in ATP depletion which was also observed in the NMR spectra.  It is 

worth noting that while the glucose level in cell extracts increases during apoptosis, it decreases 

in intact cells. This suggests that, during apoptosis, glucose in intact cells may be converted 
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into an NMR-invisible form, i.e., a higher proportion of glucose is bound to receptors and/or 

transporters in intact apoptotic cells. Another explanation could be that unused glucose was 

redirected to a cellular environment that decreases the tumbling rate of glucose (for example 

glycogen).    

Myo-inositol  

The NMR results showed that myo-inositol levels in intact cells decreased during apoptosis, 

while they increased in cell extracts, suggesting that different myo-inositol pools could be 

detected. Myo-inositol is involved in several cellular functions including signalling, protein 

phosphorylation, chromatin remodelling and gene expression, and mRNA transport, and is a 

building block of membrane phospholipids.296 HRMAS 1H NMR spectroscopy recorded 

changes in free, fast tumbling myo-inositols, whereas solution-state 1H NMR recorded changes 

in total extractable myo-inositols. This situation is analogous to the changes in lipid droplets 

and total lipids discussed in Section 4.4.4. An apoptosis-induced decrease in myo-inositol in 

intact cells detected by HRMAS 1H NMR spectroscopy has been previously reported.70,279 It is 

known that increased cellular levels of inositol hexaphosphate protect from apoptosis and 

decreased levels promote it.297 Additionally, low levels of myo-inositol cause abnormal 

accumulation of triacylglycerols,298 which could translate into an increase in NMR-visible 

lipids in intact apoptotic cells. Phosphatidylinositol lipids are thought to play an important role 

in membrane signalling but their role in membrane-associated events during apoptosis is poorly 

understood.299 In the nucleus, an increase in phosphatidylinositol 5-phosphate promotes 

acetylation of p53, stabilizing it and thereby increasing apoptosis.297 This change can contribute 

to the increased levels of myo-inositol resonances detected in cell extracts.  

Glycine, glutamate, and glutathione 

The NMR results showed that the intracellular levels of glycine, glutamate, and glutathione 

decreased during apoptosis for both intact cells and cell extracts. Glutathione depletion is a 

common feature of apoptotic cell death because it maintains intracellular redox homeostasis, 

which is disrupted during oxidative stress.300 Glutathione depletion can be a result of the shift 

from the reduced to the oxidized form or as a result of increased active efflux of glutathione.301 

For cisplatin and etoposide, the levels of glutathione in growth media decreased, suggesting 

that the latter mechanism is unlikely. Moreover, depletion of glycine and glutamate (precursors 

for de novo synthesis of glutathione) can also contribute to the decreased glutathione levels in 
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intact cells. It has been shown that glutathionylation of proteins, which leads to depletion of 

glutathione, is a critical regulator of apoptosis.302   

Phenylalanine, tyrosine 

The NMR results showed that levels of phenylalanine decreased during apoptosis for intact 

cells and there was no change for cell extracts or media samples. Tyrosine decreased in intact 

cells but increased in cell extracts. Perturbations of tyrosine/phenylalanine metabolism during 

apoptosis vary depending on cell lines and apoptotic agents; therefore, it is difficult to 

determine their role in apoptosis. Duarte and colleagues reported a decrease in intracellular 

phenylalanine and tyrosine in osteosarcoma cells,279 while Feng and colleagues reported the 

opposite change in HeLa cells.282 It has been shown that dietary restriction of tyrosine and 

phenylalanine suppresses melanoma cell growth and dramatically inhibits metastasis in 

mice.303,304 Ge and colleagues proposed a mechanism whereby tyrosine and phenylalanine 

deprivation induced cell death by activating caspase-8, which triggered a cascade of events 

leading to the release of cytochrome c from mitochondria.305 The NMR results reported here 

support the hypothesis that deprivation of phenylalanine may trigger apoptosis. In particular, 

the time-course experiment (Figure 4.13) showed low levels of phenylalanine in the early 

stages of apoptosis as compared to the control group. Conversely, tyrosine did not significantly 

decrease until the later stages of apoptosis. This may suggest that the decrease in tyrosine 

happens after apoptosis initiation.      

Alanine 

The NMR results showed that intracellular alanine levels did not change during apoptosis, 

while it increased in growth media. In addition, the levels of alanine for cell extracts were 

treatment-dependent: decreased for cisplatin-treated cells and no change for etoposide-treated 

cells. The HRMAS 1H NMR data needs special caution as the alanine –CH3 resonance overlaps 

with the lactate/lipid –CH2– resonance (Figure 4.12), therefore the results may not accurately 

reflect changes in the metabolic state of apoptotic cells. Solution-state 1H NMR data from the 

aqueous fractions are more reliable as metabolite extraction improves spectral resolution and 

eliminates the lipid –CH2– resonance. Decreased alanine has previously been linked to cisplatin 

and jolkinolide B induced apoptosis.279,306 Extracellular alanine (among other metabolites) has 

previously been associated with apoptosis, and is thought to induce specific gene programs 

(suppression of inflammation, cell proliferation, and wound healing) in healthy neighbouring 

cells to reduce the extent of apoptosis.307 
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4.6. Conclusions 

Chapter 4 describes the metabolic profiling of intact apoptotic cells by HRMAS 1H NMR 

spectroscopy. It combines HRMAS 1H NMR data from intact cells with solution-state 1H NMR 

data from cell extracts and growth media to identify possible metabolic pathways altered during 

cisplatin and etoposide treatments.  

The HRMAS 1H NMR metabolic profiles of apoptotic cells were significantly different from 

control and necrotic cells. The cisplatin group could also be discriminated from the etoposide 

group. According to the caspase-3 assay, the low dose etoposide-treated cells did not undergo 

caspase-dependent apoptosis, but the viability test confirmed that cell death had genuinely 

occurred. However, the HRMAS 1H NMR metabolic profile of etoposide-treated cells was 

more similar to that of cisplatin-treated cells rather than necrotic cells.  This observation 

demonstrated that HRMAS 1H NMR spectroscopy is a useful tool to discriminate not only 

between apoptotic and control groups but also between apoptotic and necrotic groups or 

between different apoptotic treatments.  

Both NMR-visible lipids and small metabolites contributed to the separation of these groups. 

Time-course experiments revealed that changes in lipid signal intensities tended to increase 

gradually with the onset of apoptosis. Changes in small metabolite signal intensities were more 

dynamic: the early stage of apoptosis was characterized by an increase in certain metabolites, 

which then decreased at a later stage of apoptosis.  

Combining HRMAS NMR data of intact cells with solution-state NMR data of cell extracts 

helped to identify the compartmentalisation of lipid metabolism. Signals from lipid in intact 

apoptotic cells increased during apoptosis but in cell extracts, they either decreased or increased 

depending on the lipid resonance. In necrotic cells, the combined approach confirmed cellular 

disintegration.  

Overall, 1H NMR-based cell metabolomics showed that apoptotic agents induced variations in 

the metabolite content of intact cells, cell extracts, and growth media. The results showed that 

several metabolic pathways were affected, including downregulation of glutathione synthesis, 

suppression of glycolysis, and abnormal alanine, phenylalanine and myo-inositol, and lipid 

metabolism.  In the future, this methodology could be applied as an NMR-based cellular assay 

to monitor the effectiveness of drug treatment in vitro. 
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Chapter 5. The study of apoptosis in 

intact cells by HRMAS 1H NMR-

based diffusion and T2-relaxation 

measurements.  

5.1. Introduction 

The 1D HRMAS 1H NMR spectra of intact cells provide quantitative and qualitative 

information about metabolites but are not the only type of data that can be collected owing to 

the versatility of NMR spectroscopy. Relaxation times and apparent diffusion coefficients 

(ADC) of metabolites and water are also important parameters, for example used to provide 

contrast to images in MRI. NMR relaxation times and diffusion coefficients are sensitive to the 

cellular environment and often reflect pathological states allowing the discrimination of 

disease.308 These parameters play a pivotal role in understanding the motions, structure, and 

interactions of molecules in biological systems.  

5.1.1. Introduction to the property of relaxation in NMR spectroscopy  

The relaxation of the magnetic polarization during the NMR experiment can be described by 

two relaxation times referred to as T1 and T2.
309,310 The longitudinal relaxation time T1 

describes the equilibration of the polarization component parallel to the external magnetic field 

(Figure 5.1). T1 relaxation happens because of energy transfer from spins to the nearby 

environment through collisions, rotations, and electromagnetic interactions. The transverse 

relaxation time (T2) describes the decay of the transverse component (Figure 5.1), as a result 

of spin dephasing by local field disturbance. Longitudinal and transverse relaxation processes 

are closely linked and T2 relaxation always occurs at the same time as T1 relaxation.  
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Figure 5.1. Relaxation of magnetization vectors after a 90° radiofrequency pulse (rf). For T1 

relaxation, the z component of the net magnetization (Mz) is reduced to zero and then it 

recovers to its equilibrium value. For T2 relaxation, the xy component of the net magnetization 

(Mxy) reaches maximum after the rf pulse and then it decreases to its equilibrium condition of 

Mxy = 0. The recovery of magnetization is an exponential process with a time constant T1 or 

T2.  

These relaxation times are related to the Brownian motion of molecules as they tumble (or 

reorient) around the three principal axes of a molecular structure. Hence, relaxation parameters 

T1 and T2 provide information about molecular dynamics and the surrounding environment. In 

biological samples, molecular tumbling is restricted, and average local magnetic field variation 

is high resulting in shortened T2 relaxation times for macromolecules, lipids, and bound 

metabolites.  

T2 relaxation times can be measure with Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence. 

The simplest form of the CPMG experiment is based on the spin-echo pulse sequence and 

consists of: 1) a 90º pulse, which creates transverse magnetization (Mxy); 2) a block of 

delay−180º pulse–delay incremented n times, during which the Mxy magnetization decays; and 

3) acquisition (Figure 5.2). 
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Figure 5.2. Spin echo pulse sequence for measuring T2. The 90° pulse flips the spins into the 

transverse plane followed by a delay (τ) and the 180° pulse, which refocuses spins in the 

transferase plane. The sequence is incremented n times. Acquisition begins after the second 

delay (τ).  

T2 values are obtained by acquiring a set of 1D CPMG spectra using different evolution times 

(2nτ, Figure 5.2) and fitting the intensities to the exponential function (Equation 5.1):310,311 

𝐼 =  𝐼0𝑒
−

𝑡

𝑇2    Equation 5.1 

Where 

I – observed intensity [arbitrary unit] 

I0 – unattenuated signal intensity [arbitrary unit] 

t – evolution time (2nτ) [s] 

T2 – transverse relaxation time [s] 

T2 relaxation can provide information about the microenvironment in which metabolites exist 

in intact cells. Unbound metabolites with higher tumbling rates in the cytosol have longer T2 

values whereas partially bound metabolites have shorter T2 values. For example, nonpolar 

triglycerides stored in lipid droplets exist in semi-liquid states with partially restricted motions 

of their fatty acid chains and the whole molecule itself. These molecules have relatively short 

T1 and T2 values, but long enough to be visible in the NMR spectrum. Polar lipids such as 

phosphatidylcholines which are part of the cell membrane bilayer, have highly restricted 

motions resulting in very short relaxation rates and are not detected in routine NMR spectra.312   

Tissue-dependent differences in the T2 value of water are widely utilized to produce MR signal 

contrast in clinical diagnostics.313 Liimatainen reported dramatic changes in T1 and T2 

relaxation times of NMR-visible lipids during apoptotic cell death in rat glioma.314 Similarly, 
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Truszkiewicz and colleagues used MRI for the in vitro study of breast cell cultures.315 They 

observed that tumour breast cells had a shorter T1 time compared to normal breast cells, but T2 

measurements were inconclusive. On the other hand, Callahan and colleagues demonstrated 

that normal and neoplastic fibroblasts, which had similar levels of hydration, could be 

distinguished based on T2 but not T1 values.316 It is interesting to test whether T1 and T2 

measurements would be useful in distinguishing between control, apoptotic and necrotic cells. 

In this project, I investigated changes in T2 values since they are considered more sensitive to 

changes in the microenvironment of intact cells.314   

5.1.2. Introduction to NMR-based diffusion  

Diffusion ordered spectroscopy (DOSY) is another useful method to probe cellular 

environments as it can distinguish between the restricted movement of intracellular metabolites 

and the free movement of extracellular metabolites.70,317 DOSY measures the translational 

migration of molecules driven by their random thermal motion. Self-diffusion of molecules 

depends on the size and shape of the molecule, the viscosity of the medium, and temperature, 

and is described by the Stokes-Einstein equation given below: 

 𝐷 =
𝑘𝑇

6𝜐𝜋
(

1

𝑟
)   Equation 5.2 

Where 

D – diffusion constant [m2·s-1] 

k – Boltzmann’s constant [m2·kg·s-2·K-1] 

T – temperature [K] 

v – viscosity [kg·m−1·s−1] 

r – radius of diffusing particle [m] 

The most basic form of the DOSY experiment was described in 1965 by Stejskal and Tanner.318 

It combines a spin echo sequence with magnetic field gradients that encode spatial information 

(Figure 5.3). After the diffusion time ∆, a second gradient is applied to refocus the signal. For 

nuclei, which move during the diffusion time ∆, refocusing cannot be achieved and NMR signal 

intensity is attenuated. The change in signal intensity depends on the diffusion time ∆ and the 

gradient strength (g) and duration (δ) and is described by the Stejskal-Tanner formula318: 
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𝐼 = 𝐼0 𝑒−𝐷𝛾2𝑔2𝛿2(∆−
𝛿

3
)  Equation 5.3 

Where 

I – observed intensity [arbitrary unit] 

I0 – unattenuated signal intensity [arbitrary unit] 

D – diffusion coefficient [m2·s-1] 

γ – gyromagnetic ratio of the observed nucleus [s-1 G-1] 

g – gradient strength [G m-1] 

δ – duration of the gradient [s] 

∆ - diffusion time [s].  

 
Figure 5.3. A basic form of the DOSY pulse sequence with a gradient spin echo (SE). The 90° 

pulse flips the spins into the transverse plane followed by the gradient pulse for position 

encoding. The 180° pulse reverses the sign of the phase changes from the first gradient pulse, 

and the second gradient refocuses the signal unless the spins have diffused over the diffusion 

time Δ. The loss of the signal intensity as a function of diffusion time is measured.  

The diffusion constant can be extracted from a non-linear curve fit to the resulting Gaussian 

decay (Figure 5.4). 
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Figure 5.4. Example of a diffusion decay curve with varying gradient strength. 

Since 1965, several DOSY sequence modifications have been introduced to improve sensitivity 

and reduce artifacts arising from transverse relaxation, J-modulation effects, background 

gradients, and eddy currents.319 The sequence of choice for DOSY experiments on intact cells 

in this project was the BPP-LED sequence, which allowed maximum gradient strengths with 

small temperature rises.238  

In theory, diffusion coefficients can be measured by recording a series of 1D experiments with 

varying diffusion time, gradient duration, or gradient strength. In practice, the most common 

choice of the variable parameter is the gradient strength while other parameters are kept 

constant. The advantage of this method is the constant timing of the DOSY experiment, 

resulting in constant relaxation during the diffusion delay period. Therefore, the effect of 

relaxation on the signal attenuation can be excluded.  

Complex biological samples are characterized as undiluted systems, thus other factors such as 

interactions with macromolecules, cellular organelles, and compartment boundaries contribute 

to the diffusion coefficient. The term apparent diffusion coefficient (ADC) is used to account 

for deviation from the model self-diffusion.320  

In tissue and cell samples, there are two principal modes of diffusion: 1) free diffusion, for 

which ADC is a constant function of diffusion time; and 2) restricted diffusion, for which ADC 

decreases with increasing diffusion time321 (Figure 5.5). It is possible to distinguish between 

free and restricted diffusion by running a combined variable-gradient DOSY experiment with 

a variable-diffusion-time DOSY experiment. In this case, each variable-gradient-diffusion 

experiment is recorded over a range of diffusion times. The decreasing ADC corresponds to a 
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larger proportion of the spins colliding with the plasma membrane or other organelles, which 

is characteristic of restricted diffusion.322  

 
Figure 5.5. Modes of diffusion in biological samples: free diffusion and restricted diffusion. 

The orange circle represents a diffusing molecule, the black line corresponds to its diffusion 

pathway, the blue circle represents confinement.  

The diffusion properties of biological samples depend on the structural properties of organelles 

and their interaction with water and small metabolites. In MRI, changes in the diffusion of 

water can indicate structural abnormalities and it is a common clinical practice to use diffusion-

weighted MRS for diagnostic purposes.323 For example, in oncology, tumors are characterized 

by a reduction in the ADC of water, while tumor shrinkage following an anticancer treatment 

is often associated with increased ADCs.91,324,325 However, diffusion imaging of lipids in tissue 

is relatively understudied.326,327  

Restricted diffusion measurements have been used to probe the size of LD in tissue ex vivo 328 

and in vivo.329 A few studies have focused on NMR-based diffusion of lipids in intact 

cells.70,330 Griffin and colleagues measured ADC and T2 values for water in endometrial cells 

by HRMAS 1H NMR spectroscopy.70 They were able to distinguish between two water 

environments (intracellular and extracellular) based on diffusion but not on T2 measurements. 

In another HRMAS 1H DOSY NMR study, ADCs for water and key metabolites in dystrophic 

and control tissues were measured but no significant changes were detected.64   
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5.2. Aims 

In Chapter 5, I investigate whether T2 relaxation and NMR-based diffusion measurements of 

metabolites can provide evidence for changes in the cellular environment during apoptosis and 

necrosis. I explore the application of these methods to distinguish between control cells, and 

cells undergoing apoptosis or necrosis, and thus their potential application to monitor 

apoptosis-based treatments in intact cells.  

I report the following results:   

o T2 relaxation times for metabolites in intact cells as a comparison between control 

cells and cells undergoing apoptosis and necrosis. 

o Diffusion coefficients for metabolites in intact cells as a comparison between control 

cells and cells undergoing apoptosis and necrosis. 

o Measurements of slowly diffusing lipid species by high gradient DOSY.  

o Correlation of NMR-based diffusion coefficients and microscopy-based lipid droplet 

size measurements. 

o Comparison of NMR-based and microscopy-based mean displacement of mobile 

lipids. 

 

 

5.3. Methods 

All experimental methods for collecting, processing and analysing data are defined in Chapter 

2. 
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5.4. Results 

 

5.4.1. T2 relaxation time measurements of metabolites and water in intact cells 

 

5.4.1.1. Apoptotic cells  

To investigate changes in the cellular environment during apoptosis progression, T2 relaxation 

times were measured in C2C12 myotubes treated with 60 µM cisplatin or 120 µM etoposide 

for 8, 24, and 48 h. Cells cultured in T-75 flasks were divided into two samples: 105 cells for 

cell viability and caspase-3 assays to test for the presence of apoptosis and cell death (data 

reported in Chapter 4, Figure 4.11), and the remaining cells (approximately 106) were 

designated for HRMAS 1H NMR experiments. The transverse relaxation time T2 was measured 

by a conventional CPMG sequence with a short echo spacing (2nτ = 40 ms, Chapter 2, Section 

2.10.2) to minimize diffusion effects.331 Representative examples of bi-exponential T2 fits and 

fitting errors can be found in Appendix 2, Figure S2.1 and Figure S2.2. 

Figure 5.6 shows T2 relaxation times for control and treated cells as a function of incubation 

time. Only subtle variations existed between the healthy cells as compared to the cells 

undergoing apoptosis. Even at the late stage of apoptosis, T2 measurements did not detect 

significant changes in the cellular environment of the selected metabolites. The motional 

freedom of water molecules did not appear to change in intact apoptotic cells except after 8 

hours of etoposide treatment. Choline molecules showed a non-significant decrease in T2 

relaxation times at late-stage apoptosis 48 h, which might signal membrane degradation.      
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Figure 5.6. Metabolite T2 relaxation times in intact cells as measured by HRMAS 1H NMR 

spectroscopy: control (green), cisplatin (red), and etoposide (blue) at different incubation 

times (8, 24 and 48 h). Error bars representing SEM (biological replicates, n = 4) not visible 

if SEM < 0.01, ANOVA with post hoc Fisher's test: *p < 0.05, FDR-adjusted.  

5.4.1.2. Necrotic cells  

T2 relaxation times for the heat-treated cells were recorded to analyse changes in the cellular 

environment during necrosis (Table 5.1). T2 measurements of lipids in heat-treated cells 

exhibited 30% variation in these measurements and were excluded from the analysis. However, 

T2 values of non-lipid metabolites such as lactate, choline, and intracellular water were notably 

lower for necrotic cells as compared to control cells.  
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Table 5.1. Comparison of T2 relaxation times of selected metabolites and water for control and 

necrotic muscle cells. Student t-test: * p < 0.05.  

Metabolite 
Control Heat 

Mean [s] SEM [s] Mean [s] SEM [s] 

creatine 1.31 0.05 0.50*** 0.11 

choline 3.24 ppm 1.06 0.03 0.82*** 0.02 

lactate 1.3 ppm 0.82 0.03 0.48*** 0.01 

lactate 4.1 ppm 0.99 0.09 0.35*** 0.04 

intracellular water 0.30 0.02 0.46*** 0.01 

5.4.2. NMR-based diffusion measurements of metabolites and water in intact cells 

 

5.4.2.1. Suitability of NMR-based diffusion methods for analysing biological samples. Model 

system: full fat and semi-skimmed milk. 

Milk samples were used to investigate the diffusion of lipid droplets by two NMR-based 

diffusion methods: 1) variable diffusion time, and 2) variable gradient strength.   

Lipid droplets in milk can be classified into two main groups according to their size: droplets 

below 0.25 µm corresponding to casein micelles and droplets at 1-2 µm corresponding to fat 

globules.332 Full-fat milk contains ~4% fat and lipid droplets with a radius of < 1.502 µm, 

whereas semi-skimmed milk contains ~2% fat and lipid droplets with a radius of <1.103 µm.332 

In addition, the viscosity of the two milk samples and their macromolecular compositions are 

different.333 Therefore, we expect the ADCs of lipids in full-fat milk to be lower than in semi-

skimmed milk.  

Table 5.2 shows apparent diffusion coefficients of –CH3 and –CH2– lipid resonances in full 

fat and semi-skimmed milk measured by variable-gradient-strength or variable-diffusion-time 

DOSY 1H NMR spectroscopy. The variable-gradient-strength method gave consistent values 

of apparent diffusion coefficients for both lipid resonances – as expected, the lipids diffused 

slower in full-fat milk and faster in semi-skimmed milk. The variable-diffusion-time method 

gave less consistent ADC values and the discrimination between the two milk samples could 

only be based on the ADC of –CH2– lipid. This suggested that other factors contributing to the 

diffusion mechanism (such as relaxation, collisions with macromolecules, and non-Newtonian 
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behaviour of milk) became more apparent at longer diffusion times. Interestingly, the range of 

diffusion times ∆ (25 – 800 ms or 25 – 1500 ms), for which NMR spectra were recorded, did 

not affect ADC values for the milk samples. The variable-gradient-strength method was used 

for subsequent experiments on intact cells. 

Table 5.2. Apparent diffusion coefficients [µm2/s] for full fat and semi-skimmed milk. Student 

t-test comparison between respective resonances of full fat and semi-skimmed milk within one 

method, * p < 0.05. 

Method 

Full fat milk Semi-skimmed milk 
–CH3

 –CH2– –CH3
 –CH2– 

variable diffusion time (25-800 ms)  
b-value: 3.31∙10

8
 - 1.06∙10

10
 s.m

-2
  12.8±1.6 0.14±0.01 15.5±1.3 49.6±4.5* 

variable diffusion time (25-1500 ms) 
b-value: 3.31∙10

8
 - 1.99∙10

10
 s.m

-2
  30.0±3.7 0.13±0.01 16.5±0.9* 52.8±4.6* 

variable gradient strength 
constant diffusion time: 100 ms 
b-value: 6.30∙10

6
 - 1.51∙10

10
 s.m

-2
  

0.10±0.01 0.26±0.05 43.6±2.2* 33.6±2.8* 

5.4.2.2. Apoptotic cells. 

To investigate if HRMAS 1H NMR-based diffusion measurements can discriminate between 

control and apoptotic cells, I measured ADCs of NMR-visible lipids and selected metabolites 

in C2C12 myotubes treated with cisplatin 60 µM or etoposide 120 µM for 3, 8, 24, and 48 h. 

Representative examples of bi-exponential diffusion fits and fitting errors can be found in 

Appendix 2, Figure S2.3 and Figure S2.4. 

Figure 5.7 shows changes in the ADCs of NMR-visible lipids and selected metabolites in intact 

cells during apoptosis. The ADCs of the lipids decreased during apoptosis; for the −CH2− and 

−CH3 lipid signals, the difference between the control and apoptotic samples was significant 

after 8 h of the cisplatin treatment. The greatest difference between the control and apoptotic 

samples was observed at the 24-h time point, after which lipid ADC values for apoptotic 

samples continued to decrease at slower rates while the ADC values of lipids for the control 

samples began to decrease. The ADC values for choline compounds decreased at early stages 

of apoptosis and increased at the late stage of apoptosis as compared to the controls. The ADC 



148 
 

values for intracellular water and creatine did not change significantly during early apoptosis 

(8 and 24 h). 

 
Figure 5.7. Apparent diffusion coefficients of metabolites and water in intact cells measured 

by HRMAS 1H NMR spectroscopy: control (green), cisplatin (red), and etoposide (blue) at 

different incubation times (3, 8, 24, and 48 h). Error bars representing SEM (biological 

variation, n ≥ 6 for control and cisplatin, n ≥ 3 for etoposide). 

In order to highlight differences between the control and treated samples, the NMR-based 

diffusion data of cells collected after 24 and 48 h were subjected to multivariate statistical 

analysis in MetaboAnalyst. PCA was used to observe inherent clustering and to discriminate 

the variables that are responsible for variation between the groups. For the 24-hour treatment 

(Figure 5.8A), group separation along PC1 accounted for 75.2% of the total variation and PC2 

accounted for 11.6%. Five ADCs showed significant discriminative power between the control 

and cisplatin samples (–CH3, –CH2–, =CHCH2–, –CH2CO, and –HC=CH–), while only two 

ADCs (–CH2– and choline) were able to discriminate between the control and etoposide  
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Figure 5.8. Statistical analysis of NMR-based diffusion data of intact cells after (A, B) 24- and 

(C, D) 48-hour treatments: control (♦ green), cisplatin (■ red), and etoposide (● blue). A&C 

Two-dimensional PCA score plot derived from the diffusion data of selected metabolites. One 

data point represents one sample; arrows represent metabolites that are responsible for 

separation in respective directions. The two principal components (PC) explained >85% of the 

total variation in diffusion data for both time points. B&D Box-whisker plots comparing 

apparent diffusion coefficients (ADC) for each metabolite signal across control (green), 

cisplatin (red), and etoposide (blue). The box covers the 25th and 75th percentiles, the line in 

the box represents the median value, the cross represents the mean, and the whiskers indicate 

the minimum and maximum values. Outliers are shown as points. Significant perturbation 

assessed by ANOVA with post hoc Fisher's test: *control vs cisplatin, *control vs etoposide, # 

cisplatin vs etoposide, FDR adjusted p < 0.05.  



150 
 

treatment (Figure 5.8B). Moreover, the ADCs of creatine and –HC=CH– lipids were 

significantly higher for etoposide as compared to the cisplatin samples.  

For the 48-hour treatment (Figure 5.8C), group separation along PC1 accounted for 67.5% of 

the total variation and PC2 accounted for 19.4%. Six ADCs showed significant discriminative 

power between the control and cisplatin samples (−CH3, −CH2–, −CH2CH2CO, =CHCH2−, 

−CH2CO, and intracellular water), while only the ADC of intracellular water was able to 

discriminate between control and etoposide treatment (Figure 5.8D). 

For both time points, the cisplatin group was characterized by the significantly decreased ADC 

of lipids. Interestingly, the ADC values of lipids were better predictors of cisplatin-induced 

apoptosis after 24 h. After 48h, the ADC value of intracellular water was the main contributor 

to group separation.   

5.4.2.3. Necrotic cells. 

To investigate the effect of membrane damage on metabolite mobilities, I measured the ADCs 

of selected metabolites in heat-treated C2C12 myotubes. Heat treatment induces acute necrosis, 

which is characterized by sudden cell rupture and membrane damage.168 Figure 5.9 shows 

changes in the ADCs of lipid and non-lipid metabolites in necrotic cells as compared to control 

cells. The ADCs of lipids in necrotic cells were not significantly different except for 

unsaturated lipids (=CHCH2– and –HC=CH–), for which the ADCs increased as compared to 

the controls.  

The ADC values for choline compounds and intracellular water increased for necrotic cells as 

compared to the controls. Similar behaviour was observed for other intracellular metabolites 

including glucose and lactate, however, the ADC of creatine remained constant (Figure 5.9). 
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Figure 5.9. Apparent diffusion coefficients of metabolites and water in intact cells measured 

by HRMAS 1H NMR spectroscopy: control (green) and heat-treated cells (grey). Error bars 

represent SEM (biological replicates, n > 3), Student t-test: * p < 0.05, ** p < 0.01, *** p < 

0.001. 

5.4.2.4. Apoptotic vs necrotic cells 

In order to facilitate a comparison between apoptotic and necrotic treatments, the ADCs were 

converted into fold change relative to the control samples. The values were calculated by 

dividing the ADC of treated cells by the ADC of respective control cells. Table 5.3 summarises 

the fold change in ADCs of selected metabolites for apoptotic and necrotic treatments as 

compared to their respective controls. 

The results highlighted that the mobilities of metabolites in necrotic cells are different from the 

mobilities of metabolites in apoptotic cells. Apoptotic cells showed a clear decreasing trend for 

the ADCs of NMR-visible lipids while necrotic cells were characterized by no change in the 

ADCs of saturated lipids and an increase in the ADCs of unsaturated lipids. The ADCs of 

choline and intracellular water could also be used to discriminate between early apoptosis and 

necrosis/late apoptosis. The ADC of creatine did not change significantly either for necrotic or 

apoptotic cells.    
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Table 5.3. Fold change apparent diffusion coefficient as compared to respective controls 

(ADCtreatment/ADCcontrol) for selected metabolites, ANOVA with post hoc Fisher's test: * FDR-

adjusted p < 0.05. intra. – intracellular. 

Metabolite 
Cisplatin           

24 h 

Etoposide  

24 h 

Cisplatin  

48 h 

Etoposide  

48 h 
Heat-treated 

−CH3 0.46±0.04* 0.54±0.10 0.49±0.06* 0.73±0.15 0.58±0.17 

−CH2− 0.45±0.05* 0.42±0.09* 0.47±0.06* 0.68±0.14 1.16±0.26 

−CH2CH2CO 0.61±0.03 0.51±0.12 0.55±0.07* 0.81±0.19 0.95±0.25 

−HC=CHCH2− 0.58±0.03* 0.53±0.09 0.61±0.07* 0.76±0.19 1.53±0.21* 

−COCH2− 0.52±0.06* 0.60±0.11 0.57±0.07* 0.75±0.19 1.13±0.32 

−HC=CH− 0.63±0.05* 0.94±0.08 0.45±0.06* 0.57±0.18 2.82±0.56* 

creatine 0.91±0.06 1.25±0.10 1.00±0.08 0.84±0.12 1.23±0.17 

choline 0.60±0.06 0.56±0.06* 1.32±0.14 1.07±0.15 2.67±0.44* 

intra. water 1.06±0.11 0.82±0.06 1.87±0.13* 0.76±0.05* 3.34±0.2* 

5.4.2.5. High gradient diffusion 

The diffusion measurements for metabolites in intact cells measured at relatively low gradient 

strengths (b = 124 - 1571 s.mm-2) captured fast diffusing species only. In order to explore the 

diffusion of metabolites at slower rates, I investigated a wider range of gradient strengths than 

had been used previously.  

The impact of gradient strength was investigated using a high gradient diffusion probe (Diff50, 

b = 6 - 420951 s.mm-2). A larger range of gradient strengths enabled us to better investigate 

lipids diffusing at slower rates. Figure 5.10 shows a Stejskal-Tanner plot generated using this 

new wide range-gradient approach.318 Fitting the data to single and bi-exponential models was 

explored but neither described the data satisfactorily. The solid line presented in Figure 5.10 

shows the fit using a 3-component model, which provided the best fit to the diffusion data. The 

fastest apparent diffusion rate measured using the high gradient strength probe was similar to 

the ADCs measured by HRMAS 1H NMR spectroscopy. The apparent diffusion constant 

values for the –CH2– lipid signal are 120.1 µm2.s-1 and 175.8 µm2.s-1 as measured with the 

HRMAS probe and the Diff50 probe, respectively. Using the higher gradient strength, it was 

possible to resolve two other lipid species with ADCs of 41.7 µm2.s-1 and 0.582 µm2.s-1. 
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Figure 5.10. A tri-exponential diffusion fit for the –CH2– signal displayed as a Stejskal-Tanner 

plot. Diffusion data collected for untreated cells packed in 3 mm tubes using a high gradient 5 

mm probe (diff50). Error bars correspond to the line fitting errors.  

5.4.3. Microscopy compared with HRMAS 1H NMR spectroscopy of mobile lipids  

The standard approach for measuring the size of LDs in intact cells is fluorescence microscopy. 

Figure 5.11A, B, C shows images of labelled LDs in the control and treated cells. The size of 

the LDs was determined by image analysis. The analysis of the LD populations showed that 

the average LD cross-sectional areas were 0.26 ± 0.03 µm2, 0.40 ± 0.03 µm2, and 0.36 ± 0.04 

µm2 in the control, cisplatin, and etoposide-treated cells, respectively. Of these, only the size 

of the LD in cisplatin samples was confirmed to be statistically significant for group 

differentiation over all samples (FDR-adjusted p = 0.04, ANOVA). 

According to the Stokes-Einstein equation (Equation 5.2), LD size is inversely related to the 

droplet’s diffusion coefficient. Therefore, the correlation between HRMAS 1H NMR-based 

diffusion measurements and the size of LDs measured by fluorescence confocal microscopy 

was investigated. Figure 5.11D shows the plot of the ADCs determined by HRMAS 1H NMR 

spectroscopy against LD size from microscopy. The ADCs for the individual lipid signals: –

CH3, –CH2–, –HC=CHCH2–, –COCH2–, and –HC=CH– correlated with the mean LD area. 

The experimental data from the 24 h and 48 h time points were fitted using two separate 
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regression models. In both cases, the data are highly correlated (R2 = 0.90 for 24 h and R2 = 

0.92 for 48 h).  

 

Figure 5.11. Correlation of microscopy-based LD size estimates and HRMAS 1H NMR-based 

mean diffusion coefficients. Representative images of fluorescence-labeled LDs in a single cell: 

A) control, B) cisplatin treatment, C) etoposide treatment. Arrows indicate neutral lipids in 

LD stained with BODIPY dye. Images were taken after 48 h incubation. D) Regression analysis 

for mean LD size and NMR-based diffusion rates for control (o green), cisplatin (o red), and 

etoposide (o blue) samples at ●24 h and ▲48 h incubation times. Four dots aligned vertically 

represent four chemical groups (–CH3, –CH2–, –COCH2–, –CH=CHCH2–). The graph 

represents the collective diffusion coefficient from each chemical group. Error bars indicate 

standard error. Separate regression fits for the two incubation times are shown (R2 = 0.90 for 

24 h and R2 = 0.92 for 48 h).   

5.4.4. Viscosity of cytoplasm 

Since LD size by microscopy and mobile lipid diffusion by NMR spectroscopy were highly 

correlated, I investigated if combining the HRMAS 1H NMR-based diffusion data and 

fluorescence microscopy measurements would lead to correct estimation of the cytoplasmic 

viscosity. If we assume that LDs are ideal spheres, a constant temperature (300 K), and no 

cytoplasmic changes occur due to different ways in which the samples were treated, we can 

deduce the viscosity from the modified Stokes-Einstein equation as shown in Equation 5.4. 
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𝐷 = 𝑏 +
𝑘𝑇

6𝜐𝜋
(

1

𝑟
)   Equation 5.4 

Where: b – constant [m2·s-1]. 

The viscosity can be determined from the slope of the graph of 𝐷~
1

𝑟
. Using data described in 

Figure 5.11D, the cytoplasmic viscosity was calculated. The values obtained for each lipid 

signal and their average are listed in Table 5.4 and the 𝐷~
1

𝑟
 graphs for each lipid signal are 

shown in Appendix 2 (Figure S2.6). 

Table 5.4. The viscosity (v) of cytoplasm calculated from HRMAS 1H NMR-based diffusion 

data and fluorescence microscopy for cells at 24 h and 48 h incubation time points. For 

comparison, literature values are included, measured using T1 relaxation times of 19F-labelled 

proteins in cells by 19F NMR spectroscopy.334  

Lipid signal ν 24 h [mPa·s] ν 48 h [mPa·s] ν 19F [mPa·s]  

–CH3 1.75 2.13  

–CH2– 1.37 3.20  

=CHCH2– 2.04 3.33  

–COCH2– 1.97 3.05  

AVERAGE 1.74 ± 0.13 2.93 ± 0.24 1.7 - 2.55 

5.4.5. Determination of mean displacement  

To further validate the HRMAS 1H NMR-based diffusion measurements in intact cells, mean 

square displacements of mobile lipids measured by microscopy and HRMAS 1H NMR 

spectrometry were compared. By tracking individual lipid droplets in intact cells for the control 

and cisplatin samples, it was possible to calculate the mean square displacement and compare 

it with the value determined by HRMAS 1H NMR diffusion measurements. Equation 5.5 

describes the relationship between one dimensional diffusion (D), diffusion time (t), and mean 

displacement <r>.335 

< 𝑟 >2= 2𝐷𝑡  Equation 5.5 



156 
 

 
Figure 5.12. A) Mean and SEM values of LD displacement calculated from HRMAS 1H NMR 

diffusion data and confocal fluorescence microscopy. B) Diffusion coefficients of LDs in intact 

cells as a function of diffusion time. Data correspond to the control (♦ green) and cisplatin (■ 

red) treated cells at 24 h. Error bars correspond to standard errors; asterisks represent 

statistical significance (Student t-test): * p<0.05, *** p<0.001. 

Figure 5.12A shows a comparison between LD mean displacement values calculated from 

NMR diffusion data with mean displacements measured by microscopy tracking. Both the 

microscopy-based and NMR-based mean square displacements for cisplatin were shorter than 

for the control group, which is consistent with the formation of bigger LDs that diffuse slower. 

However, the microscopy-based mean displacements were shorter than the NMR-based mean 

displacements.  

In addition, I tested if the NMR-based diffusion rates correspond to free or restricted diffusion 

by running variable diffusion time NMR experiments over the range of 50 - 700 ms. The results 

showed that the ADCs of mobile lipids in both control and treated cells decreased with 

increasing diffusion time (Figure 5.12B), which is characteristic for restricted diffusion322. The 

data were described well by single exponential fits. 

5.5. Discussion 

 

5.5.1. T2 relaxation times of metabolites in intact cells 

In Chapter 4, I discussed the possibility of cellular disintegration during apoptosis and necrosis 

as detected by an increase in the NMR-visibility of certain metabolites. Comparing intact cells 

profiles and cell extract profiles suggested that the increased NMR-signal might be due to 
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cellular disintegration, leading to increased metabolite mobility (Chapter 4, Section 4.1.1). 

The T2 relaxation experiment should have been a good way to test this hypothesis. Increased 

metabolite mobility results in a small average magnetic field variation and is characterized by 

longer T2 relaxation times. Contrariwise, short T2 values correspond to restricted mobility due 

to larger molecular sizes or engagement in semi-rigid structures.  

The T2 relaxation times of selected metabolites in intact cells measured here were consistent 

with the values previously reported by Griffin and colleagues70 (Table 5.5). The T2 values for 

water in skeletal muscle tissue reported by Kasturi and colleagues are also included for 

comparision.336 In general, the values are in good agreement except for the choline compounds. 

This may suggest a significant role of mobile choline compounds in muscle cells as essential 

nutrients, for example.337 

Table 5.5. Comparison of T2 relaxation times of selected metabolites and water for mouse 

muscle cells reported in this study, for endometrial cells reported by Griffin et al, and for 

skeletal muscle tissue reported by Kasturi et al; n/r – not reported. 

 

Metabolites 

Muscle cellsa Endometrial cells70 Muscle tissue336 

Mean [ms] SEM [ms] Mean [ms] SEM [ms] Mean [ms] 

lipid 0.9 ppm 240 34 210 40 n/r 

lipid 1.6 ppm 132 11 n/r n/r 

lipid 2.0 ppm 237 23 290 40 n/r 

lipid 2.2 ppm 155 17 320 30 n/r 

lipid 5.3 ppm 279 10 n/r n/r 

creatine 753 22 n/r n/r 

choline 903 37 260 30 n/r 

restricted water 302 36 n/r n/r 

restricted water 2 30 10 n/r 40-50b 
      a control cells harvested at 8 h 
      b depending on the muscle fiber orientation with respect to the static field 

The T2 measurements of metabolites were not significantly different between healthy and 

apoptotic cells (Figure 5.6). However, the separation between healthy and necrotic cells is 

noteworthy (Table 5.1). Shorter T2 values for necrotic cells would suggest decreased molecular 

tumbling, possibly as a consequence of cell shrinkage following the heat shock. It has 

previously been shown that the T1 and T2 values of cellular water depend on cell volume.338 

Another possible explanation is increased cell permeability, which increases transmembrane 

exchange rate between T2 of intracellular metabolites and T2 of extracellular metabolites. 
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Bailey and colleagues described a model in which fast exchange decreased T2 values of 

intracellular water and therefore needed to be accounted for in an accurate estimation of 

molecular dynamics.166 Interestingly, the shrinkage of apoptotic cells did not influence T2, 

suggesting that only severe shrinkage or formation of apoptotic bodies can be captured by the 

selected T2 NMR experiment.  

The T2 relaxation results did not exclude that cellular disintegration was not present in 

apoptotic cells. Rather, the results showed that T2 measurements, under the selected HRMAS 

1H NMR parameters, failed to distinguish between healthy and apoptotic cells. The spin echo 

delays selected for the T2 experiment (0.01 – 0.41 s) were tailored to measure shorter T2 values, 

as expected for mobile lipids in intact cells (0.2 – 0.3 s).70 In some cases, this targeted sampling 

of T2 data can be advantageous for differentiating structural changes.339 Fast relaxing and 

slowly relaxing molecules require a different range of echo delays for accurate assessment of 

relaxation rates. For intact cells, it was crucial to keep the total experiment time to a minimum, 

which limited the number of data points collected.      

Bi-exponential analysis of the relaxation data yielded two T2 values: the fast-relaxing 

component (< 0.04 s, data not shown) and the moderately fast relaxing component attributed 

to metabolites with restricted motional freedom. The short T2 value of water, most likely 

attributed to water bound to macromolecules, was similar to the values measured in skeletal 

muscle tissue by Kasturi and colleagues336 (Table 5.5). For the short T2 of metabolites, the 

standard errors were greater than 50% of the mean measurements; hence, the data was excluded 

from the analysis. Kasturi acquired data with echo delays < 0.06 s, which is a more suitable 

data sampling approach for fast T2 relaxation rates. The data presented here was acquired at 

echo delays > 0.01 s with only three data points corresponding to initial fast decay. Even though 

the short T2 measurements were not reliable, incorporating the bi-exponential model improved 

the accuracy of the faster component.  

T2 variations depend on the qualitative and quantitative modification of metabolites in intact 

cells, namely the total content of intra- and extra-cellular metabolites, the variation in the ratio 

between cytosolic metabolites and structure-bound metabolites, and the balance between the 

signals from overlapping metabolites. Other factors that affect T2 relaxation rates are cell 

density and the echo delay.340,341 Thus, these experiments in intact cells proved to be complex 

and challenging to interpret. 
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5.5.2. Diffusion of metabolites in intact cells 

Another useful NMR experiment that can probe changes in cellular environment is measuring 

the diffusion properties of metabolites in intact cells. The changes in diffusion rates may be a 

sign of the restructuring of cellular membranes or compartmentalisation.   

The ADC values reported here (Figure 5.7) are consistent with literature values. Griffin and 

colleagues have previously reported the ADCs of lipids in intact endometrial cells measured 

by HRMAS 1H NMR spectroscopy.70 A comparison of the apparent diffusion rates is shown in 

Table 5.6. Those for −CH3, −CH2−, and choline compounds showed a good agreement 

whereas those for −HC=CHCH2−, −COCH2−, and −HC=CH− are much higher in endometrial 

cells. This may be due to the overlap of different peaks in the NMR spectrum, differences in 

metabolic profiles of different cell lines, and the size and shape of the cells.  

Table 5.6. Mean ADCs of selected lipid signals for untreated muscle cells and endometrial 

cells and rat glioma tissue, ± values refer to standard error, * value corresponds to restricted 

diffusion. 

Lipid 
Muscle cells 

[µm2/s] 

Endometrial cells70 

[µm2/s] 

Rat glioma tissue226 

[µm2/s] 

–CH3 148.1 ± 22.4 200 ± 10  

–CH2– 120.1 ± 14.0 200 ± 10 46 ± 17* 

–HC=CHCH2– 125.2 ± 7.1 600 ± 40  

–COCH2– 125.4 ± 7.9 800 ± 50  

–HC=CH– 91.1 ± 27.4 500 ± 30  

choline 164.7 ± 12.1 200 ± 10  

The content and concentration of small metabolites and lipids vary from cell line to cell line. 

The NMR region between 2.0 − 2.5 ppm, corresponding to −HC=CHCH2− and −COCH2− 

lipid signals, was crowded with peaks from other small metabolites such as acetyl groups and 

glutamate, which diffuse much faster. The contribution of these metabolites resulted in higher 

ADCs for lipids and it is important to exclude them. This was achieved by starting the diffusion 

experiment at a non-zero gradient value (b = 124 s.mm-2) (Appendix 2, Figure S2.5). 

Moreover, the chemical groups under investigation belong to a series of different fatty acids 

which in turn can be components of different lipids (e.g., free fatty acids, triacylglycerols, 
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phosphatidylcholines) and these will have different mobilities. DOSY 1H NMR spectroscopy 

measured an average ADC across the whole ensemble, which should be considered when 

interpreting the lipid ADCs. 

5.5.2.1.Choline compounds 

A decrease in the ADC of choline after anticancer gene therapy has been previously reported 

in vivo by Hakumäki and colleagues.342 During the early stages of apoptosis, the plasma 

membrane retains its integrity and choline-containing species of cytoplasmic origin contribute 

to the 1H NMR resonance (free choline, phosphocholine, and glycerophosphocholine).342 The 

reduced ADC of choline may represent increased restrictions within apoptotic cells (Figure 

5.7), such as cell shrinkage and increased macromolecular crowding.325 In this scenario, we 

would also expect the ADC of other metabolites to follow the same decreasing trend. However, 

this was not observed for intracellular water and creatine (Figure 5.7), for which the ADCs do 

not change significantly during early apoptosis (8 and 24 h). Thus, another factor is likely to 

contribute to reduced choline mobility, which is unique for cytoplasmic choline.  

It is worth noting that the ADC of choline is inversely proportional to choline levels (as reported 

in Chapter 4, Section 4.4.2). 1D HRMAS 1H NMR data of intact cells demonstrated that the 

level of choline-containing compounds increased in the early stage of apoptosis (8 – 24 h) and 

decreased in the late stage of apoptosis (48 h). The data may suggest significant perturbation 

of physiologic regulation of cytosolic choline or the formation of small endosomes during 

apoptosis that can contribute to the resonances of NMR-visible choline compounds.288 Further 

experiments are needed to understand the decreased ADC of choline compounds during 

apoptosis. 

An increasing trend in the ADC of choline between 24-48 h of apoptotic treatment may be an 

early sign of secondary necrosis and membrane disintegration. Similarly, an increase in the 

ADC of intracellular water at 48 h of cisplatin treatment may indicate early stages of secondary 

necrosis. This was further investigated by measuring ADC values of metabolites in necrotic 

cells, for which membrane disintegration was one of the prominent morphological features 

(Section 5.4.2.3).  

Increased mobility of choline compounds in necrotic cells (Figure 5.9) might be linked to the 

cellular disintegration phase of necrosis and late-stage apoptosis in the absence of phagocytic 
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capacity.342 Berghe and colleagues reported a sequence of subcellular events during different 

types of necrosis, including lysosomal membrane permeabilization, mitochondrial 

hyperpolarization, oxidative burst, and plasma membrane permeabilization.343 Events 

involving membrane permeabilization are likely to contribute to an increase in the ADC of 

choline compounds, as they are loosened and released from the membrane. Another possible 

contribution to the increased diffusivity of choline is leakage from compromised organelles 

into intracellular or extracellular space.  

In vitro necrosis is characterized by cytoplasmic swelling and the presence of dilated 

organelles,344 which may affect the mobility of intracellular metabolites and water. This finding 

is in agreement with a previous MRI study by Sundgren and colleagues, who reported elevated 

ADCs of water in patients with oedema and in necrotic tissue after radiation treatment.345 An 

elevated ADC of water in tumour-related necrotic tissue has also been reported by 

others,346,347,348,349 and reflects increased mobility of water in necrotic tissue.  

5.5.2.2.Mobile lipids 

The ADC values of NMR-visible lipids in intact cells significantly decreased during apoptosis 

(Figure 5.7), which suggested an increased deposition of neutral lipids into LDs. Visualisation 

of LDs by fluorescence microscopy confirmed this hypothesis (Figure 5.11). Monitoring lipid 

droplet formation by microscopy is a well-established method.350,351 A good correlation 

between NMR-based diffusion results and microscopy proved that the observed changes in the 

ADCs of lipids correspond to relevant biological events induced by apoptosis. The results also 

demonstrated that NMR-based diffusion measurements, unlike T2 relaxation measurements, 

could facilitate the discrimination between control and apoptotic cells and could have potential 

applications in monitoring LD size during apoptotic-based treatments in intact cells.  

ADCs of mobile lipids have been previously measured ex vivo by 1H MRS.226 Remy et al. 

reported two values of ADCs for mobile lipids in rat glioma: 46 ± 17 µm2s-1 for a mean LD 

radius of 0.485 µm and 11.0 µm2s-1 for an equivalent spherical diameter of 4.27 ± 0.71 µm.227 

The discrepancy between these two measurements was explained by differences in the range 

of gradient strengths and differences in tumor growth. The higher value was measured with b 

= 0 – 8000 s.mm-2 and the slower rate with b = 0 – 50000 s.mm-2.  
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My ADC measurements of mobile lipids in intact cells using high-gradient NMR spectroscopy 

identified slower moving lipid species (Figure 5.10), which may correspond to lipids located 

in different cellular environments (for example, the viscosity and molecular crowding is 

different in the nucleus and cytoplasm352–354) or even in lipid rafts where the movement of 

lipids is highly restricted.221 This approach opens new opportunities for investigating lipid 

behavior in intact cells. 

A comparison between the Diff50 and HRMAS probes is also interesting from the sample 

packing perspective. Diff50 is a solution-state NMR probe and therefore the sample packing 

(rotor vs 3 mm tube) and experimental conditions (spinning vs no spinning) could have 

potentially affected the ADC measurements. However, the highest values of ADCs measured 

using the solution-state and HRMAS 1H NMR spectroscopy were comparable regardless of the 

probe type.  

A literature search revealed that the ADC values of lipids has not been used for the 

characterization of necrotic cells. The results are particularly interesting because of the 

different diffusion behaviour of the saturated and unsaturated lipid components (Figure 5.9), 

even though the lipid content decreased for all lipid species as measured by 1D HRMAS 1H 

NMR spectroscopy (Chapter 4, Figure 4.7). The increased ADCs of unsaturated lipids in 

necrotic cells suggest an increased mobility. This decrease may be caused by the heat-induced 

breakdown of unsaturated lipids, which are less stable than saturated lipids.355,356 Further 

studies are needed to understand the differences in diffusion of saturated and unsaturated lipids 

during necrosis.    

5.5.3. Validating NMR-based diffusion measurements of metabolites in intact cells 

 

5.5.3.1.Viscosity 

The intracellular viscosity values reported in various cell lines and by different methods vary 

widely: 0.75 – 18 mPa·s at 300 K.357 The viscosity values calculated based on HRMAS 1H 

NMR diffusion data are in agreement with values from Ye et al, who reported cytosolic 

viscosities in the range 1.7 – 2.55 mPa·s as measured by 19F NMR spectroscopy.334  

In addition, the viscosity calculated for cells incubated for 24 h was significantly different from 

the viscosity of cells incubated for 48 h (p = 0.01). The different values of viscosity determined 
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for the 24 h and 48 h samples may be explained by cytoplasmic changes during cell 

maturation/cell growth. This difference was also observed in control cells, which had different 

stages of cellular differentiation at 24 and 48 h. Control cells also Changes in the cytoplasmic 

viscosity have been reported during germination;358 and the cytoplasm viscosity is sensitive 

to changes in the concentration of Ca2+, Mg2+, and ATP.359 This suggests that HRMAS 1H 

NMR-based diffusion measurements may be able to detect not only changes in mobile lipids 

but also changes in cytosol viscosity.  

5.5.3.2.Mean squared displacement 

Both the microscopy-based and NMR-based mean square displacements for cisplatin were 

shorter than for the control group, which is consistent with bigger LDs that diffuse more slowly. 

However, the microscopy-based mean displacements were shorter than the NMR-based mean 

displacements (Figure 5.12).   

It is interesting to consider the discrepancy between the results as the two methods have 

different spatial and temporal detection limits. The spatial resolution of the microscopy used 

here allows the ADC values of LDs to be monitored.360 Conversely, the HRMAS 1H NMR-

based diffusion experiments in this thesis describe the mobility of LD-associated lipid 

molecules. Therefore, ADCs and hence mean displacements measured by the two methods 

correspond to different biological processes: microscopy implies that decreased ADCs ought 

to be prevalent in apoptotic cells due to larger LDs, and HRMAS 1H NMR spectroscopy most 

likely captures decreased ADCs of mobile lipids, which can be linked to a more crowded 

environment within larger LDs.  

The results are in contrast to a study by Perez and colleagues, who reported similar sizes of 

LDs obtained from microscopy and NMR experiments.330 Following the same approach 

(diameter = mean displacement x √10), I calculated mobile lipid compartment sizes based on 

NMR mean displacement and obtained values of 5.9 µm and 4.22 µm for control and cisplatin-

treated cells, respectively. The results suggest that the NMR experiment reported here does not 

measure changes in LD size per se, but changes in the mobility of lipids within LDs.   

In addition, other subcellular organelles can contribute to NMR-based mean square 

displacement values, such as small endosomes. Martin-Sitjar and colleagues reported that the 

increasing MAS spinning rate resulted in a reversible increase in the intensities of NMR-visible 
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lipid resonances and attributed this effect to the fatty acyl chains of phospholipids in 

intracellular endosomes.294 Indeed, I also detected an increase in choline containing compounds 

(Chapter 4, Figure 4.16), which supported endosomal phospholipid detection by HRMAS 

NMR spectroscopy. The viability of cells in the MAS rotor decreased by ~10% after data 

acquisition (Chapter 3, Figure 3.5), while this was not the case during the microscopy 

experiment. This could be another potential explanation for the discrepancy.  

From a temporal perspective, NMR measures diffusion on a millisecond time scale (50 ms) 

while microscopy measures diffusion on a second time scale (5 – 6 s). This difference in 

observation time means that NMR-based diffusion measurements may be less sensitive to 

restricted diffusion. The results of variable diffusion time NMR experiments (Figure 5.12B) 

showed that the ADCs of mobile lipids in both control and treated cells are restricted. For free 

diffusion we expect a constant value for diffusion coefficients regardless of the duration of the 

experimental diffusion delay time.321 For the diffusion data presented in Figure 5.12A the 

diffusion time was 50 ms. During this time, lipid molecules travel an average distance of 3.5 

µm (Equation 5.5) and are prone to collisions with the compartment boundary and collisions 

with other molecules. While there is a clear difference in LDs between control and apoptotic 

samples regardless of the analytical method used, more experiments are needed to investigate 

the reasons behind the relationship between the size of LDs and NMR-based diffusion 

measurements.   

5.6. Conclusions 

Chapter 5 describes the application of time domain NMR experiments, namely T2 relaxation 

and diffusion measurements, for differentiating between control, apoptotic, and necrotic cells. 

It was demonstrated that the T2 relaxation times of metabolites in intact cells treated with 

apoptotic agents were not significantly different from the corresponding T2 relaxation times in 

the control cells. This suggested that, under the constraints of the selected NMR parameters, 

the T2 experiments were not sensitive enough to discriminate between control and apoptotic 

cells. Further study is needed to investigate whether T2 experiments with longer echo times 

could provide useful information about changes in cellular environments during apoptosis.  

Necrotic cells, on the other hand, showed significantly lower T2 relaxation times as compared 

to the controls. Two explanations were proposed: 1) decreased molecular tumbling in necrotic 
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cells as a consequence of cell shrinkage following the heat shock; or 2) increased cell 

permeability, which increases the transmembrane exchange rate between the T2 values of 

intracellular metabolites and those of extracellular metabolites. Further experiments employing 

longer echo delays are needed to investigate the broader ranges of cellular environments in 

necrotic cells.  

HRMAS 1H NMR-based diffusion data showed a significant decrease in ADCs of NMR-visible 

lipids at 50 ms diffusion time upon apoptosis, and this correlated well with an increase in LD 

size measured with fluorescence microscopy. Moreover, microscopy and NMR-based mean 

displacements were shorter for cisplatin-treated cells compared to the control group, further 

validating the use of DOSY experiments as a means to discriminate between control and 

apoptotic cells.   

Necrosis could be differentiated from control cells based on increases in the ADC values of 

unsaturated lipids and non-lipid metabolites. This demonstrates that DOSY could discriminate 

between changes in cellular environments of intact cells induced by different types of cell 

death.  

High gradient strength diffusion experiments revealed a broader range of diffusion 

environments than were seen by standard NMR techniques. This could have an application in 

probing slower-moving lipid species, which are located in more restricted cellular 

environments or even in lipid rafts where the movement of lipids is highly restricted.  

HRMAS 1H NMR spectroscopy offers a label-free approach for monitoring changes in lipid 

behaviour during apoptosis and could provide a minimally invasive technique for monitoring 

this molecular event in vitro and ex vivo. 
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Chapter 6. Study of lipid remodelling 

by mass spectrometry-based 

lipidomics and transcriptomics.  

6.1. Introduction 

In previous chapters, I demonstrated that lipid levels and the physical behaviour of LDs are 

significantly different in apoptotic cells as compared to control cells. HRMAS 1H NMR 

spectroscopy can track these changes in intact cells providing a useful means to monitor 

apoptotic-based treatment in vitro. Nevertheless, NMR spectroscopy is not able to identify the 

individual lipid species that contribute to lipid remodelling during apoptosis. To better 

understand the abnormal formation of LDs during apoptosis, I investigated changes in lipid 

composition and lipid-related gene expression. In this chapter, a mass spectrometry-based 

lipidomics approach was applied to examine the lipid composition of whole-cell extracts and 

isolated lipid droplets. I also analysed the presence and quantity of mRNA in cell samples to 

investigate disruptions in the cellular transcriptome.  

6.1.1. Lipidomics of apoptosis 

Mass spectrometry-based lipidomics can provide information at the level of individual lipid 

species, and it is used to analyse the lipidomes of cells and tissues. It aims to identify and 

quantify many lipids including fatty acids (FA), triacylglycerols (TAG), diacylglycerols 

(DAG), phospholipids (PL), sphingolipids (SL), and sterols. It has been demonstrated that 

lipidomic analysis of cell extracts or isolated organelle extracts enables the phenotyping of 

pathologies including cancer, non-alcoholic fatty liver disease, inflammation, obesity, diabetes, 

and influenza infections.361–367 Lipidomics of total cell lysates is useful for studying global 

changes in cellular lipids; however, spatial information is lost during sample preparation. Some 

changes in lipid composition occur in all organelles, whereas other changes are unique to a 
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single organelle.363 Therefore, a number of studies have analysed the lipidomes of isolated 

organelles to preserve spatial distribution. For example, the lipidomes of cellular membranes, 

mitochondria, nuclei, lysosomes, and lipid droplets have been studied to understand metabolic 

states of health and disease.368–371 

The majority of lipidomic studies on apoptosis involve analysing phospholipids as they play 

an important role in cytoplasmic and mitochondrial membrane remodeling.372–375 The 

accumulation of TAGs during apoptosis has also been well established. Brindle and colleagues 

reported an increase in TAGs during apoptosis.206 Pacia and colleagues characterized the 

composition of apoptosis-induced LDs focusing on lipid classes (unsaturated neutral lipids, 

cholesterols, and phospholipids) without identifying chemically distinct lipid species.376 Even 

though the accumulation of TAGs during apoptosis has been reported on a number of 

occasions, their role in the cell is poorly understood. Li and colleagues reported the 

accumulation of specific polyunsaturated TAG species in apoptosis-induced LDs and 

hypothesized that they play a protective role to prevent lipid-mediated toxicity.377 Listenberger 

and colleagues demonstrated that channelling FAs to TAG pools prevented lipotoxicity and, 

consequently, FA-induced apoptosis.378 Nevertheless, the molecular mechanisms behind the 

activation and fine-tuning of TAGs are yet to be elucidated. Combining lipidome and 

transcriptome analysis could provide a powerful integrated approach to unravel the complex 

relationship between lipid metabolism and apoptosis.  

6.1.2. Lipid-related transcriptomics apoptosis 

RNA-Seq is routinely used to investigate the functional element of the genome of any 

organism. The method is based on Next Generation Sequencing (NGS) of mRNA and allows 

the entire transcriptomic profile to be characterized, which contributes to an understanding of 

molecular mechanisms behind system perturbations. It involves mRNA purification followed 

by fragmentation and the synthesis of cDNA by reverse transcriptase. Adapter-ligated cDNA 

is then amplified using PCR prior to NGS and mapping of the sequence reads to a reference 

genome (Figure 6.1).  

RNA-Seq has been used for detecting differential expression in apoptosis. Several apoptotic 

pathways have been explored and their connection to the dysregulation of lipid metabolism 

studied.379 The link between ceramides (a key intermediate in sphingolipid metabolism) and 

apoptosis has been studied extensively for the last couple of decades.380 In addition, integrin 
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signalling, which regulates anti-apoptotic signalling pathways has been associated with 

sphingomyelin metabolism.381 The expression of genes associated with phospholipid 

metabolisms such as LPCAT2 and AGPAT2 has been shown to prevent or offset the induction 

of apoptosis.382,383  

 

Figure 6.1. RNA-Seq workflow overview. First, RNA is extracted from cells; second, mRNA 

molecules are isolated, randomly fragmented and converted to complementary DNA (cDNA) 

by reverse transcription; next, sequencing adaptors (which contain functional elements 

permitting sequencing) are ligated to the ends of the cDNA fragments. Following amplification 

by PCR, NGS of the cDNA library produces sequencing reads, which are aligned to a genome 

of reference and assembled to produce an RNA sequence map. 

The effect of apoptosis on the gene expression associated with metabolism and trafficking of 

TAG has also been studied. Gao and colleagues reported that apoptosis-related pathways 

(PI3K/AKT-TOR, cAMP/PKA/CREB, and LKB1/AMPK-FOXO), regulate changes in hepatic 

lipid metabolism in fish and mammals.384 They reported upregulation of lipogenesis and 

downregulation of lipolysis, β-oxidation and lipid transport that led to lipid accumulation upon 

apoptosis induced by methionine deficiency. Zhang and colleagues identified interactions 

between TAG lipases (enzymes that hydrolyse TAGs) and apoptosis signalling pathways.385 

However, lipid-related pathways involved in apoptosis-induced lipid droplet formation have 

yet to be identified.    
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6.2. Aims 

In Chapter 6, I apply an integrated transcriptomics and lipidomics approach to gain insight 

into molecular processes behind the lipid droplet formation induced by cisplatin and etoposide.  

First, using MS-based lipidomics, I compare apoptosis-induced global changes in the TAG 

profiles of cell extracts with localized changes in isolated lipid droplets. I compare MS-based 

with previously reported NMR-based (Chapter 4) conclusions to cross-validate the results and 

demonstrate the advantages of analysing isolated lipid droplets. In addition, I identify TAG 

species that are significantly altered during apoptosis and highlight treatment-specific 

alterations. 

Second, I use transcriptomics data to examine a correlation between apoptosis and TAG 

metabolism. Using the pathway enrichment approach, I identify several lipid-related pathways 

that are enriched in cisplatin- and etoposide-treated samples. In particular, I explore the 

remodelling of lipid particle organization, including LDs and peroxisomes, and their role in 

apoptosis progression.  

Finally, I combine lipidomics and transcriptomics to gain insight into the remodelling of TAG 

metabolism and to better understand the origin of polyunsaturated fatty acids detected during 

apoptosis.   

6.3. Methods 

All experimental methods for collecting, processing, and analysing data are defined in Chapter 

2. 

6.4. Results 

 

6.4.1. MS-based lipidomics 

MS-based lipidomics was used to investigate changes in lipid composition in C2C12 myotubes 

treated with 60 µM cisplatin or 120 µM etoposide for 48 h. The changes were investigated 

globally, in whole cell extracts, and locally, in isolated LDs. A total of 94 (isolated LDs) and 

63 (whole cell extracts) neutral lipid species, including DAGs and TAGs, were compared 

across the control, cisplatin, and etoposide groups. To identify the largest differences between 
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the groups relative to sample differences within the groups, PLS-DA was performed on the two 

data sets (Figure 6.2, unsupervised PCA in Appendix 3, Figure S3.1). Leave-One-Out Cross-

Validation was performed to assess model performance for 1, 2, and 3 PCs. Two important 

metrics were returned: 1) R2 measures the degree to which the independent variables explain 

the dependent variable, and 2) Q2 estimates the predictive ability of the model. The PLS-DA 

model works independently of the specific data set that is used to train the model when Q2 ≈ 

R2.  

 

Figure 6.2. PLS-DA analysis of TAG and DAG species extracted from A) isolated LDs and 

B) organic fraction of cell extracts for control (♦ green), cisplatin (■ red), and etoposide (● 

blue) samples. The tables below contain quality metrics for each model: R2 – goodness of fit, 

Q2 – goodness of prediction. The analysis was performed after total sum normalization and 

Pareto scaling; n = 5 for isolated LD samples and n = 4 for cell extracts.     

The PLS-DA models based on TAG and DAG abundance as measured by mass spectrometry 

readily separated the treatment groups across PCs 1 and 2. Both isolated LD and whole cell 

extract data sets yielded good PLS-DA models with a high fit and accuracy. The PLS-DA 

model of the isolated LD data set achieved an accuracy of 100%, R2 of 0.97, and Q2 of 0.95 

with only two PCs. The PLS-DA model of the whole cell extract data set also produced a good 

model (accuracy 92%, R2 = 0.98 and Q2 = 0.87 for 3 PCs). The analysis revealed that the 
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separation between the groups was more pronounced for isolated LD samples as compared to 

the whole cell extracts.    

A detailed list of analysed TAG and DAG species is listed in Table S3.1 and Table S3.2 in 

Appendix 3. To investigate lipid unsaturation patterns during apoptosis, I calculated the degree 

of unsaturation (DOU) for each lipid (number of double bonds/number of carbons) and plotted 

it against fold change abundance relative to the control group (Figure 6.3). This analysis 

showed that lipid species in isolated LD samples had a distinct unsaturation pattern as 

compared to whole cell extracts. In isolated LDs, highly unsaturated TAGs and DAGs (DOU 

between 0.1-0.2) increased during apoptosis, while lipids with fewer double bonds (DOU 

between 0.03-0.1) decreased during apoptosis. This effect was not observed in the whole cell 

extracts. However, another interesting pattern emerged for lipids in whole cell samples. When 

considering the same number of double bonds (for example MUFAs, Figure 6.3B), the level 

of TAGs containing longer FA chains decreased during apoptosis, while TAGs containing 

shorter FA chains increased. This diagonal pattern is also observed for TAGs containing two 

and three double bonds (DOU: ~0.04 and ~0.05, respectively).      

 

 

Figure 6.3. Unsaturation analysis of TAGs and DAGs extracted from A) isolated LD and B) 

whole cells after apoptotic treatment: cisplatin (●red) and etoposide (●blue). Fold changes for 

each lipid in apoptotic cells was calculated relative to the control group (●green): 

Abundancetreatment/Abundancecontrol or Abundancecontrol/Abundancecontrol. Abundance is the total 

ion count for a given ion. Each ion corresponds to a mass-to-charge ratio (m/z), which is used 

to assign the lipid species. The list of individual species is reported in Appendix 3, Table S3.1, 

and S3.2. SFA – saturated fatty acids, MUFA – monounsaturated fatty acids, PUFA – 

polyunsaturated fatty acids; n = 5 for isolated LD samples and n = 4 for cell extracts.      
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To facilitate further comparison of apoptosis-induced changes in lipid composition, I analysed 

the top 20 lipid species ranked by the Variable’s Importance in the Projection (VIP) score 

(Figure 6.4). VIP represents the contribution of a lipid species to the PLS-DA model (Figure 

6.2) – the highest VIP score corresponds to the lipid species which make the greatest 

contribution to the group discrimination. Twelve species (in bold) were identified in both 

isolated LD and organic cell extract samples and are compared in Figure 6.5. A discrepancy 

between the compositional changes in isolated LD and whole cell samples during apoptosis 

was apparent. For example, the levels of TAG (48:3) decreased locally in LDs but increased 

globally in whole cells during apoptosis. Interestingly, not all TAGs in LDs with a high VIP 

score increased as would be expected from NMR-based metabolic profiles or microscopy 

images of enlarged LDs. The levels of several TAGs, namely 46:1, 48:2, 48:3, 56:3 decreased 

in LDs during apoptosis. Moreover, the levels of TAG species such as 46:1, 48:2, 48:3, 50:3, 

52:4 decreased in LDs but increased or did not change overall in the whole cells.  

 
Figure 6.4. The top 20 lipid species ranked by VIP scores for A) isolated LDs and B) organic 

fraction of cell extracts. Species highlighted in bold are the same in isolated LD and cell extract 

samples. Squares represent the comparison of relative lipid abundance between control, 

cisplatin, and etoposide groups. TG - triacylglycerol, DG - diacylglycerol. 
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Figure 6.5. Comparison of selected lipid species extracted from isolated LDs and whole cells; 

control (green), cisplatin (red) and etoposide (blue). TG – triacylglycerol. ANOVA with post 

hoc Fisher’s test: * p < 0.1, ** p < 0.01, *** p < 0.001, FDR-adjusted; n = 5 for isolated LD 

samples and n = 4 for cell extracts. 

6.4.2. Transcriptomics 

RNA-Seq was performed to understand the changes in lipid-related pathways during cisplatin 

and etoposide treatments. I focused on genes with prior evidence for their role in lipid 

metabolism, apoptosis, cisplatin, or etoposide (based on the human gene database, 
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www.genecards.org). The expression profiles for these genes are represented by heat map 

diagrams in Figure 6.6A. Other processes were not considered relevant to the study and were 

excluded from the analysis.  The targeted PCA showed significant discriminatory power of the 

selected genes (Figure 6.6B). The list of significantly regulated genes during the treatments is 

shown in Appendix 3, Table S3.3 and S3.4.     

 
Figure 6.6. Gene expression profiles of apoptotic cells characterized by RNA-Seq. Only genes 

related to lipid metabolism and apoptosis are included in the analysis. A) Heat map comparing 

control (cr, green), cisplatin (cis, red), and etoposide (eto, blue) samples. Each coloured cell 

on the map corresponds to a normalized expression value, with samples in columns and genes 

in rows. B) PCA analysis of selected transcriptomic data. The list of significantly regulated 

genes is shown in Appendix 3, Table S3.3 (apoptosis) and S3.4 (lipid metabolism). 

Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis of six 

randomly selected genes involved in lipid metabolism pathways (LIPE, PNPLA2, SOD1, 

ABCG1, ACOX1, ABHD5) was performed to validate the RNA-Seq results. The fold change 

values of each gene are the mean values of four independent samples calculated relatively to 

the respective controls. As shown in Figure 6.7, the qRT-PCR expression patterns were 

consistent with the gene counts measured by RNA-Seq (R2 = 0.823). 
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Figure 6.7. A) RNA-Seq results compared to qRT-PCR results for six genes involved in lipid 

metabolism. Mean fold changes in gene expression for cisplatin (red) and etoposide (blue) 

were calculated relative to the respective control group (green); error bars represent SEM of 

4 independent cell samples. B) Correlation analysis between RNA-Seq and qRT-PCR, R2 

assesses goodness-of-fit for an idealized model (y = x).    
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6.4.2.1. Pathways enrichment analysis 

All of the differentially expressed genes were mapped to the reference pathways in the 

REACTOME database (www.reactome.org) to identify transcriptional changes that promoted 

programmed cell death. The enriched pathways related to apoptosis, cell death, DNA damage 

response, cell cycle arrest, cell cycle progression, and cellular survival are shown in Table S3.5 

for cisplatin and Table S3.6 for etoposide. Decreases in the expression of genes required for 

cell cycle progression, DNA synthesis, and DNA repair were observed for both treatments. 

Similarly, pathways involving pro-inflammatory cytokinesis were significantly upregulated for 

both treatments. Nevertheless, the transcriptome profiles were significantly different for the 

two treatments. For example, p53 mediated DNA damage response was upregulated for 

cisplatin but downregulated for the etoposide samples. Cisplatin triggered apoptosis by 

inactivation of the anti-apoptotic BCL-2, while etoposide activated the caspase pathway. This 

was expected since distinct mechanisms of action were reported for the two apoptotic agents.     

At the same time, other apoptotic pathways were downregulated (e.g. phosphorylation of Emi1, 

regulation of apoptosis, regulation of localization of FOXO transcription factors), and 

pathways involved in cell cycle progression were upregulated (e.g. APC/C:Cdc20 mediated 

degradation of securin, auto-degradation of Cdh1 by Cdh1:APC/C, SCF(Skp2)-mediated 

degradation of p27/p21).  

Subsequently, I performed a pathway enrichment analysis to examine the metabolism of lipids 

during both apoptotic treatments. REACTOME returned several lipid metabolism pathways, 

which were affected by the treatments (Table 6.1). For example, fatty acyl-CoA biosynthesis, 

metabolism of sterols, and TAG catabolism decreased, while lipid transport across membranes 

and lipophagy increased for both apoptotic treatments. However, these changes were not 

statistically significant (PADOG differential expression analysis: p > 0.05).  
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Table 6.1. List of pathways linked to lipid metabolism regulated by cisplatin or etoposide in 

C2C12 cells. Legend:  - significantly upregulated,  - non-significantly upregulated,  - non-

significantly downregulated,  - significantly downregulated. Pathways ID corresponds to 

Reactome pathway database. 

Pathway ID Pathway name Cisplatin Etoposide 

R-HSA-8978868 Fatty acid metabolism   

R-HSA-75105  Fatty acyl-CoA biosynthesis   

R-HSA-75876 o Synthesis of very long-chain fatty acyl-

CoAs 
  

R-HSA-2142753  Arachidonic acid metabolism   

R-HSA-2162123 o Synthesis of Prostaglandins (PG) and 

Thromboxanes (TX) 
  

R-HSA-2142691 o Synthesis of Leukotrienes (LT) and 

Eoxins (EX) 
  

R-HSA-2142688 o Synthesis of 5-eicosatetraenoic acids   

R-HSA-2142696 o Synthesis of Hepoxilins and Trioxilins   

R-HSA-2142712 o Synthesis of 12-eicosatetraenoic acid 

derivatives 
  

R-HSA-2142770 o Synthesis of 15-eicosatetraenoic acid 

derivatives 
  

R-HSA-2142670 o Synthesis of epoxy (EET) and 

dihydroxyeicosatrienoic acids (DHET) 
  

R-HSA-2142816 o Synthesis of (16-20)-

hydroxyeicosatetraenoic acids (HETE) 
  

R-HSA-2046104  α-linolenic (omega3) and linoleic (omega6) acid 

metabolism 

  

R-HSA-2046106 o α-linolenic acid (ALA) metabolism   

R-HSA-2046105 o Linoleic acid (LA) metabolism   

R-HSA-71262  Carnitine synthesis   

R-HSA-77289  Mitochondrial Fatty Acid Beta-Oxidation   

R-HSA-77286 o Mitochondrial fatty acid β-oxidation of 

saturated fatty acids 
  

R-HSA-77288 o Mitochondrial fatty acid β-oxidation of 

unsaturated fatty acids 
  

R-HSA-71032 o Propionyl-CoA catabolism   

R-HSA-390918  Peroxisomal lipid metabolism   

R-HSA-390247 o β-oxidation of very long chain fatty acids   

R-HSA-389599 o Alpha-oxidation of phytanate   

R-HSA-389887 o Beta-oxidation of pristanoyl-CoA   

R-HSA-8979227 Triglyceride metabolism   

R-HSA-75109  Triglyceride biosynthesis   

R-HSA-163560  Triglyceride catabolism   

R-HSA-1483257 Phospholipid metabolism   

R-HSA-1483206  Glycerophospholipid biosynthesis   
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R-HSA-1483166 o Synthesis of PA   

R-HSA-1482883 o Acyl chain remodeling of DAG and TAG   

R-HSA-1483213 o Synthesis of PE   

R-HSA-1482839 o Acyl chain remodeling of PE   

R-HSA-1483152 o Hydrolysis of LPE   

R-HSA-1483191 o Synthesis of PC   

R-HSA-1483196 o PI and PC transport between ER and Golgi 

membranes 
  

R-HSA-1482788 o Acyl chain remodeling of PC   

R-HSA-1483115 o Hydrolysis of LPC   

R-HSA-1483148 o Synthesis of PG   

R-HSA-1482925 o Acyl chain remodeling of PG   

R-HSA-1483101 o Synthesis of PS   

R-HSA-1482801 o Acyl chain remodeling of PS   

R-HSA-1483226 o Synthesis of PI   

R-HSA-1482922 o Acyl chain remodeling of PI   

R-HSA-1483076 o Synthesis of CL   

R-HSA-1482798 o Acyl chain remodeling of CL   

R-HSA-1483255  Phosphatidylinsitol metabolism   

R-HSA-1483248 o Synthesis of PIPs at the ER membrane   

R-HSA-1483196 o PI and PC transport between ER and Golgi 

membranes 
  

R-HSA-1660514 o Synthesis of PIPs at the Golgi membrane   

R-HSA-1660499 o Synthesis of PIPs at the plasma membrane   

R-HSA-1660516 o Synthesis of PIPs at the early endosome 

membrane 
  

R-HSA-1660517 o Synthesis of PIPs at the late endosome 

membrane 
  

R-HSA-6814848 o Glycerophospholipid catabolism   

R-HSA-8847453 o Synthesis of PIPs in the nucleus   

R-HSA-428157 Sphingolipids metabolism   

R-HSA-1660661  Sphingolipid de novo biosynthesis   

R-HSA-1660662  Glycosphingolipid metabolism   

R-HSA-8957322 Metabolism of steroids   

R-HSA-74182 Ketone body metabolism   

R-HSA-77108  Utilization of Ketone Bodies   

R-HSA-77111  Synthesis of Ketone Bodies   

R-HSA-9018678 Biosynthesis of specialized pro-resolving mediators 

(SPMs) 

  

R-HSA-2142700  Synthesis of Lipoxins (LX)   

R-HSA-9018677  Biosynthesis of DHA-derived SPMs   

R-HSA-9018679  Biosynthesis of EPA-derived SPMs   
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R-HSA-9018683  Biosynthesis of DPA-derived SPMs   

R-HSA-9025106 o Biosynthesis of DPAn-6 SPMs   

R-HSA-9025094 o Biosynthesis of DPAn-3 SPMs   

R-HSA-9027604  Biosynthesis of electrophilic ω-3 PUFA oxo-

derivatives 

  

R-HSA-1369062 ABC transporters in lipid homeostasis   

R-HSA-9613354 Lipophagy   

R-HSA-9029558 NR1H2 & NR1H3 regulate gene expression linked to 

lipogenesis 

  

R-HSA-9031528 NR1H2 & NR1H3 regulate gene expression linked to 

triglyceride lipolysis in adipose 

  

R-HSA-419408 Lysosphingolipid and LPA receptors   

R-HSA-1483249 Inositol phosphate metabolism   

For cisplatin samples, glycosphingolipid metabolism and biosynthesis of specialized pro-

resolving mediators including ω-3 PUFA oxo-derivatives were significantly downregulated, 

which may have contributed to the accumulation of unused lipid precursors redirected to LDs. 

Similarly, for etoposide samples, downregulation of the synthesis of leukotrienes (LT), eoxins 

(EX), phosphatidylinositol phosphate (PIPs), and specialized pro-resolving mediators (SPM) 

including ω-3 PUFA oxo-derivatives may have contributed to the increased formation of LDs. 

Acyl chain remodelling of PE and PC was significantly downregulated most likely due to 

membrane disintegration during etoposide treatment.  

The transcriptomics data of lipid metabolism did not provide clear evidence for increased de 

novo lipid synthesis, which could account for the accumulation of neutral lipids in LDs as 

detected by NMR and MS. Therefore, I investigated genes involved in lipid particle 

organization. Figure 6.8 illustrates differentially expressed genes induced by cisplatin or 

etoposide. The pathway enrichment analysis showed that the expression of genes associated 

with lipid droplet formation (CIDEA, CIDEC, HILPDA, PLIN1, CAV1, HSD17B13) 

significantly increased and the increase was greater for the etoposide samples. This is in 

contradiction to the NMR and microscopy data, which suggested higher concentration of 

mobile lipids and the larger LDs in the cisplatin samples.  
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Figure 6.8. Regulation of lipid particle organization during A) cisplatin and B) etoposide 

treatments. Cell-death-inducing like effector A and C (CIDEA and CIDEC) bind to LDs and 

regulate their enlargement, by restricting lipolysis, favouring storage, and promoting net 

neutral lipid transfer from smaller to larger LDs. The fat storage-inducing transmembrane 

proteins 1 (FITM1), associated with the endoplasmic reticulum (ER) membrane, mediate 

binding and partitioning of TAGs into LDs. Hydroxysteroid 17-Beta Dehydrogenase 13 

(HSD17B13) is an LD-associated enzyme of unknown physiological function. Hypoxia-

inducible lipid droplet-associated protein (HILPDA) is an LD protein and stimulates 

intracellular lipid accumulation. Caveolin 1 (CAV1) affects the distribution of phospholipids 

and neutral lipids in mature LDs. Perilipin 1 (PLIN1) protects LDs from being broken down 

by hormone-sensitive lipase. 
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To investigate the alternative origin of NMR-visible lipids in cisplatin and etoposide samples, 

I analysed genes involved in intracellular lipid trafficking. Changes in the expression of genes 

related to lipid transporters are shown in Figure 6.9 and their function is described in Table 

6.2. The data demonstrated that the most affected transporters in cisplatin treatment are related 

to macrophage lipid metabolism (Abca2), lipophilic anion extrusion (Abcc10), peroxisomal 

lipid metabolism (Abcd1), and drug resistance (Abcf2). On the other hand, transporters related 

to translocation of phospholipids (Abca1, Abca4, Abcb1, Abcb4, Abcg1), lipid homeostasis 

(Abca6, Abca9) and peroxisomal lipid metabolism (Abcd2) increased for etoposide but not for 

cisplatin, as compared to the control.  

 
Figure 6.9. Lipid transporter expressions in C2C12 myotubes treated with cisplatin (red) or 

etoposide (blue). Mean fold changes in gene expressions were calculated relative to the control 

group (green); error bars represent SEM of four independent cell samples. All changes are 

statistically significant (FDR-adjusted p < 0.05).   

Further analysis of genes involved in pathways regulating lipid storage and trafficking such as 

lipid droplets and peroxisomes is shown in Figure 6.10. These genes were selected to 

emphasize the differences between cisplatin and etoposide treatment. A full description of gene 

functions is included in Appendix 3, Table S3.7. The data revealed distinct characteristics in 

the formation and maintenance of specialized vesicles during apoptosis induced by cisplatin or 

etoposide. A different set of genes were regulated depending on the type of treatment. For 

cisplatin, the significantly upregulated genes, which were associated with LD formation, 

included Dgat2, Pnpla, Atg2a, and Aup1. For etoposide-induced LD the key genes included 

Lipe, Plin2, Cav, and Hilpda. Similarly, the expression of genes involved in peroxisomes was 

unique for the two treatments. Cisplatin upregulated the biogenesis of peroxisomes (Pex6, 
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Pex11a, Pex16, Pex11g), peroxisomal targeting (Pex5), and the import of FA (Abcd1, Tysnd1, 

Pex10). In contrast, etoposide upregulates genes that are involved in FA export from 

peroxisomes to cellular organelles (Acbd5, Crot).  

 

Figure 6.10. Differentially expressed genes related to A) lipid droplets, and B) peroxisomes in 

C2C12 myotubes treated with cisplatin (red) and etoposide (blue). Mean fold changes in gene 

expressions were calculated relative to the control group (green); error bars represent SEM 

of four independent cell samples. * indicates statistically significant changes as compared to 

the controls (ANOVA: FDR-adjusted P-value < 0.05, see Appendix 3, Table S3.7) 



183 
 

Table 6.2. List of lipid transporters differentially expressed in apoptotic cells (Figure 6.9). 

Upregulated transporters after cisplatin and etoposide treatment are shown in red and blue, 

respectively. Cr – control, cis – cisplatin, eto – etoposide. Source: GeneCards 

(www.genecards.org).    

Gene Function FDR Fisher’s  tests 

Abca1 Plasma membrane transporter; catalyses the translocation of 

specific phospholipids from the cytoplasmic to the 

extracellular/lumenal leaflet of membrane coupled to the 

hydrolysis of ATP 

2.20∙10-6 cr - cis;  

eto - cis;  

eto - cr 

Abca2 Plasma membrane transporter; may have a role in macrophage 

lipid metabolism  
1.78∙10-6 cr - cis;  

eto - cis;  

eto - cr 

Abca4 Plasma membrane transporter; catalyses the translocation of 

specific phospholipids from the extracellular/lumenal to the 

cytoplasmic leaflet of membrane coupled to the hydrolysis of 

ATP 

2.27∙10-8 cr - cis;  

eto - cis;  

eto - cr 

Abca6 Plasma membrane transporter; may play a role in lipid 

homeostasis  
4.79∙10-6 cr - cis;  

eto - cis;  

eto - cr 

Abca7 Plasma membrane transporter; catalyses the translocation of 

specific phospholipids from the cytoplasmic to the 

extracellular/lumenal leaflet of membrane coupled to the 

hydrolysis of ATP; involved in lipid raft organization; plays a role 

in phagocytosis of apoptotic cells by macrophages 

1.34∙10-3 
cr - cis;  

eto - cis;  

eto - cr 

Abca9 Plasma membrane transporter; may play a role in lipid 

homeostasis 
8.04∙10-8 cr - cis;  

eto - cis;  

eto - cr 

Abcb1 Plasma membrane transporter; translocates drugs and 

phospholipids across the membrane; energy-dependent efflux 

pump responsible for decreased drug accumulation in multidrug-

resistant cells 

1.55∙10-7 
cr - cis;  

eto - cis;  

eto - cr 

Abcb4 Plasma membrane transporter; energy-dependent phospholipid 

efflux translocator; plays a role in the recruitment of 

phospholipids and sphingolipids to non-raft membranes and raft 

membranes 

9.14∙10-4 cr - cis;  

eto - cis;  

eto - cr 

Abcc10 ATP-dependent transporter probably involved in cellular 

detoxification through lipophilic anion extrusion 
1.19∙10-3 cr - cis;  

eto - cis;  

eto - cr 

Abcd1 Peroxisomal membrane transporter; plays a role in the transport 

of free very-long-chain fatty acids (VLCFAs) as well as their 

CoA-esters across the peroxisomal membrane; regulates VLCFAs 

by beta-oxidation 

4.35∙10-3 cr - cis;  

eto - cis;  

eto - cr 

Abcd2 Peroxisomal membrane transporter; function unknown; may 

function as a dimerization partner of ABCD1 and/or other 

peroxisomal ABC transporters  

1.82∙10-3 
eto - cis;  

eto - cr 

Abcf2 Modulates drug resistance, including cisplatin resistance 1.19∙10-6 cr - cis;  

eto - cis;  

eto - cr 

Abcg1 Catalyses the efflux of phospholipids coupled to the hydrolysis of 

ATP; lipid efflux is ALB-dependent; an active component of the 

macrophage lipid export complex; may be involved in 

intracellular lipid transport processes 

1.83∙10-5 cr - cis;  

eto - cis;  

eto - cr 
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6.5. Discussion 

 

6.5.1. Composition of apoptosis-induced LDs  

MS-based lipidomics served to investigate changes in the composition of neutral lipid species 

during apoptosis. Lipidome analysis included the characterization of DAGs and TAGs in whole 

cell extracts, which aided the understanding of the global changes in lipid profiles during 

apoptosis. Additionally, the composition of isolated LDs was examined to understand the 

compartmentalization of lipids during apoptosis.  

The analysis unravelled clear lipid phenotypes as judged by patterns seen in both whole cells 

and isolated LDs (Figure 6.2). Since about 98 mol% of total LD lipids belong to the TAG lipid 

class,370 they were the main contributors to group separation in LDs and were therefore studied 

in more detail. Not all TAGs, which were found in isolated LDs, were present in cell extracts. 

Similarly, several TAGs present in the whole cell extract were not found in LDs (Table S3.1 

and S3.2, Appendix 3). Moreover, apoptosis-induced changes in TAGs measured in isolated 

LDs and whole cell extracts showed little resemblance (Figure 6.5). These findings confirmed 

the compartmentalization of lipid metabolism in LDs. Compartmentalization is also evident 

when studying lipid unsaturation patterns by mass spectrometry (Figure 6.3) and NMR 

spectroscopy (Figure 4.16, Chapter 4). Both techniques demonstrated that studying isolated 

LDs provided specific information about localized lipid remodelling during apoptosis.   

LD formation may potentially aid in adaptation to stress responses or the re-establishment of 

lipid homeostasis disrupted by apoptotic treatments, such as remodelling of phospholipid 

membranes or lipid synthesis and catabolism. Li and colleagues demonstrated that an increased 

number of LDs reduced the extent of cell death during an apoptotic treatment.377 Listenberger 

and colleagues demonstrated that sequestering toxic lipids in lipid droplets serves as a means 

of protecting cells from lipotoxicity and subsequent apoptosis.378 Mammalian cells with defects 

in the conversion of FA to TAG and LD biogenesis were sensitive to FA‐induced toxicity. 

However, Fei and colleagues demonstrated that the absence of LDs did not compromise cell 

viability under ER stress, suggesting that LDs were not essential to cell survival under ER 

stress.386  

MS-based lipidomics data analysis showed that several TAGs decreased in both whole cells 

and isolated lipid droplets (Figure 6.5), suggesting that sequestration of excess lipids may not 

be the only reason for abnormal LD accumulation during apoptosis. In yeast, LD form as a 
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response to defects in phospholipid synthesis, thereby restoring lipid metabolism 

homeostasis.387 Evidence has been reported that during ER-stress, LDs can also serve as a 

temporary depot for proteins designated for degradation.388 Li and colleagues demonstrated 

that specific TAGs accumulated during 5‑FU-induced apoptosis, and they hypothesised that 

TAGs had unique roles in that process.389 Interestingly, they observed accumulation of PUFA 

in whole cell extracts whereas I observed accumulation of PUFA mainly in isolated LDs and 

to a lesser degree in the whole cell organic extracts. Similar conclusions were made in Chapter 

4 when comparing NMR lipid profiles of intact cells (mobile lipids) and cell extracts (total 

lipids) using NMR spectroscopy. However, the transcriptomics analysis revealed that the 

conversion of SFA to MUFA and PUFA catalysed by enzymes such as FADS, SCD, and DEG, 

was not significantly upregulated (Figure S3.2, Appendix 3). This finding ruled out the 

possibility that desaturation of SFA contributed to increased PUFA levels during apoptotic 

treatments, at least in terms of regulation by transcription. Further studies are needed to 

measure the reaction rates catalysed by these enzymes as they might increase without apparent 

changes in the transcriptome.  

6.5.2. Mechanism of lipid accumulation is treatment specific 

To determine the underlying molecular changes induced by cisplatin and etoposide, I screened 

differentially expressed genes using RNA-Seq. The expression of genes involved in cell death 

and the cell cycle confirmed the activation of apoptotic pathways for both cisplatin and 

etoposide samples (Appendix 3, Table S3.3, S3.5, and S3.6). Cisplatin regulated mainly the 

p53 and necrosis factor (NF) pathways, and etoposide regulated the caspase-dependent 

pathways. The results were generally consistent with previously described molecular 

mechanisms.275,277 It is worth noting that downregulation of several apoptotic pathways was 

also observed, implying conflicting transcriptional changes. However, downregulation and 

upregulation of different apoptotic pathways have previously been reported in apoptotic 

cells.390 This is a common feature of pathological signalling pathways, which converge on a 

downstream effect from different pathways.391  

Analysis of the transcriptome associated with lipid metabolism and transport demonstrated that 

a large number of genes was differentially expressed (Appendix 3, Table S3.4). Pathway 

enrichment analysis (Figure 6.1) showed that while FA biosynthesis was not increased per se, 

TAG biosynthesis increased for cisplatin, potentially contributing to LD formation. In 
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particular, the upregulation of two enzymes, DGAT1 and DGAT2, which catalyse the final 

step in TAG synthesis, was likely to regulate excessive LD formation. However, the 

upregulation of β-oxidation in mitochondria and peroxisomes might counteract this effect. 

Increased β-oxidation was also supported by MS lipidomics of whole extracts (Figure 6.3B), 

showing an increase in shorter FAs but a decrease in longer FAs.  

Genes encoding LD-associated proteins provided an interesting insight into lipid particle 

organization during apoptosis (Figure 6.8). These proteins regulate the morphology and size 

of LDs, stabilize the membrane monolayer, and protect LD content from oxidation.392,393 

Surprisingly, transcriptomics data showed that genes associated with the formation of LD in 

etoposide-treated cells were significantly upregulated, which was not the case for cisplatin. 

This would suggest that LDs in etoposide-treated samples should be larger than in cisplatin 

samples, which was not the case as demonstrated by NMR diffusion and fluorescence 

microscopy experiments (Chapter 5). In line with this, I hypothesised that the mechanism of 

lipid accumulation was different in cisplatin and etoposide. Cisplatin may induce LD formation 

by upregulating genes associated with DAG→TAG conversion inside LDs, whereas etoposide 

may upregulate genes, which isolate LD content from β-oxidation.  

To test this, I analysed the expression of lipid membrane transporters responsible for 

intracellular lipid flux. ATP binding cassette (ABC) transporters are transmembrane proteins 

that facilitate the transport of substrates into an organelle or outside the cell.394 They are known 

to regulate intracellular lipid distribution precisely. For example, defects in ABCD1 function 

lead to the impaired import of VLCFA into peroxisomes and subsequently decrease β-oxidation 

leading to the accumulation of lipids.395 I examined 13 lipid transporters (Figure 6.9, Table 

6.2), which are expressed in the plasma membrane or peroxisomes. Interestingly, the 

expression of lipid transporters was highly upregulated for etoposide and only small changes 

were observed for cisplatin. This would be consistent with a mechanism, whereby TAGs were 

synthesized in LDs rather than transported to LDs from the ER or other organelles. In contrast, 

in etoposide-treated cells, TAG biosynthesis was downregulated, hence high levels of lipid 

trafficking could be the main contributor to enlarged LDs. In addition, the expression of Cav1 

and Cav2 increased for the etoposide samples only. These are proteins that target lipids to lipid 

rafts and drive caveolae formation.396 Therefore, it is possible that lipids were redirected from 

LDs to lipid rafts, which would not be detected by NMR spectroscopy and could not be 

distinguished by microscopy (Figure 5.11, Chapter 5).  



187 
 

6.5.3. Peroxisomes also accumulate lipids 

Peroxisomes are cellular organelles that catalyse oxidation reactions, leading to the production 

of hydrogen peroxide.396 In mammalian cells, fatty acids can be oxidized in both mitochondria 

and peroxisomes.397 Very long chain fatty acids (VLCFA) enter peroxisomes via ABCD 

transporters, where they undergo α- and β-oxidation (Figure 6.11). My transcriptomics data 

showed that the ABCD1 transporter was upregulated for cisplatin and unchanged for etoposide. 

Increased ABCD1 expression and no changes or a decrease in oxidation enzymes (Hsd17b4, 

Ehhadh, Acaa1) may suggest the accumulation of lipid intermediates in peroxisomes during 

the cisplatin treatment. It has been shown that peroxisomes can enlarge in parallel with LDs 

when excess lipids are present in yeast.398 Moreover, LDs and peroxisomes can interact with 

each other and exchange organelle-specific enzymes.399 In contrast, etoposide induced the 

export of FA from peroxisomes, suggesting that peroxisomes were unlikely to accumulate 

lipids in this case.  

Peroxisomes and LDs could not be differentiated in the microscopy images (Figure 5.11, 

Chapter 5) since BODIPY is a generic dye with a high affinity to neutral lipids in any cellular 

organelle. In addition, there is a substantial overlap in the sizes of peroxisomes (0.1 – 1 μm) 

and lipid droplets (0.04 – 100 μm). Similarly, NMR-based diffusion experiments will have 

detected any mobile lipids included in LDs, endosomes, or peroxisomes. More experiments are 

needed to discriminate between these two lipid-containing organelles. 
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Figure 6.11. Regulation of very long chain fatty acid (VLCFA) catabolism in peroxisomes 

during A) cisplatin and B) etoposide treatments. Saturated and unsaturated VLCFAs enter the 

peroxisome as coenzyme A (CoA) esters via the ABC transporter D1. Four enzymes are 

involved in the peroxisomal β-oxidation pathways: 1) Acyl-CoA Oxidase 1 (ACOX1) catalyzes 

desaturation of acyl-CoAs; 2) bi-functional Hydroxysteroid 17-Beta Dehydrogenase 4 

(HSD17B4) catalyzes dehydrogenation and hydration of acyl-CoAs; 3) bi-functional Enoyl-

CoA Hydratase And 3-Hydroxyacyl CoA Dehydrogenase (EHHADH) catalyzes 

dehydrogenation and hydration of acyl-CoAs; 4) Acetyl-CoA Acyltransferase 1 (ACAA1) 

catalyzes the final step in the peroxisomal β-oxidation forming a fatty acid chain shortened by 

2 carbons; Ac-CoA – Acetyl-CoA. 

6.6. Conclusions 

Chapter 6 describes the application of MS-based lipidomics and transcriptomics to probe the 

formation of LDs in apoptotic cells. The aim was to better understand the driving forces behind 

LD formation and their potential functions.   
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Both lipidomics and transcriptomics approaches were able to discriminate not only between 

control and apoptotic cells but also between the two apoptotic treatments. Compositional 

changes in TAGs were different in isolated LDs and whole cell lipid extracts, which is 

consistent with the compartmentalization of lipid metabolism. In addition, global and localised 

profiles of PUFA containing TAGs were consistent across MS and NMR techniques. These 

findings demonstrated the importance of studying localized changes in cellular organelles.  

My analysis of genes related to lipid particle organization and trafficking gave an insight into 

the treatment-dependent mechanism of LD formation. It was proposed that cisplatin-induced 

LDs form because of increased TAG synthesis inside LDs, whereas etoposide-induced LDs are 

likely to form because of increased lipid trafficking and the preservation of LD content. It was 

also proposed that peroxisomes could accumulate excess lipids in cisplatin samples, potentially 

contributing to mobile lipid resonances in NMR spectra.  

Increased β-oxidation was demonstrated both by the unsaturation patterns of TAGs in whole 

cell extracts and the transcriptomics of FA metabolism. In the future, it would be interesting to 

study localized TAG profiles of isolated mitochondria and peroxisomes. Specific fluorescence 

tagging of organelles would help discriminate between peroxisomes and LD by microscopy. 

This could aid a better understanding of the lipid metabolism in cisplatin- and etoposide-treated 

cells.      

This chapter demonstrated that a combined lipidomics and transcriptomics approach provided 

a better mechanistic insight into apoptosis-induced LDs, and validated the NMR data reported 

in Chapters 4 and 5.  
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Chapter 7. Conclusions and future 

perspective 

Monitoring apoptosis progression is an important strategy in evaluating cancer treatments. 

Whereas many analytical techniques exist that allow for the identification and quantitation of 

apoptotic cells in vitro, non-invasive in vivo agents for monitoring apoptosis could have 

significant clinical benefits. Apoptosis is a complex process involving many pathways, which 

may be upregulated or downregulated depending on an apoptotic trigger and its mechanism of 

action. Often more than one pathway is activated during apoptosis. Biochemical assays focus 

on signalling pathways that are affected by apoptotic agents, and usually target one or two 

proteins involved in these pathways. Consequently, the most effective assays for unambiguous 

identification of apoptosis measure final downstream effects such as DNA fragmentation. 

However, these assays do not give specific information about which or how many apoptotic 

pathways have been activated. Biochemical assays that measure specific upstream effects 

provide more details about the mechanism of apoptosis, but the negative results cannot exclude 

the absence of apoptosis. Thus, upstream assays often are used in conjugation with other assays 

to confirm apoptosis. This was demonstrated in Chapter 4 when low-dose etoposide treatment 

did not induce apoptosis as measured by a caspase-3 activity assay, but clearly did induce 

apoptosis as measured by cell death. Furthermore, HRMAS 1H NMR-based metabolic profiles 

of etoposide-treated cells were different from those of control cells and followed the pattern of 

cisplatin-treated cells, which showed increased caspase-3 activity. The findings suggests that 

NMR-based metabolomics on intact cells may be more sensitive to subtle changes during 

programmed cell death.  

A good apoptotic assay is characterised by high specificity. This can be achieved, for example, 

by measuring all known apoptotic pathways at once. RNA-Seq is one of the approaches that 

could fulfil this requirement. In fact, the transcriptomics analysis in Chapter 6 show that 

several apoptotic pathways were induced by cisplatin and etoposide. It also demonstrated that 

the apoptotic mechanisms were treatment dependent, which often cannot be established with a 
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simple biochemical assay. Even though transcriptomics is an information-rich approach, it has 

its limitations. For example, the abundance of mRNA encoding an enzyme may not be a 

reliable indicator of enzyme activity if this is regulated by other non-transcriptional factors. In 

contrast, metabolites are the end products of biochemical processes and hence are direct 

measures of underlying biochemical activities and the metabolic states of cells or organisms. 

It seems that metabolomics could be a suitable candidate for an all-in-one apoptotic assay. In 

this thesis I demonstrated an application of HRMAS 1H NMR spectroscopy to differentiating 

between mechanisms of apoptosis (cisplatin vs etoposide), and necrosis in intact cells.  

This work and previously published literature have identified a number of metabolites as 

potential NMR-detectable biomarkers of apoptosis. The changes in many of these metabolites 

depend on cell lines and apoptotic treatments, which makes it difficult to establish a universal 

biomarker of apoptosis. Moreover, HRMAS 1H NMR data on intact cells is relatively less 

common as compared to solution-state 1H NMR spectroscopy or MS. The need for specialised 

equipment (a HRMAS NMR probe) with niche applications and limited sensitivity may be a 

bottleneck in generating this sort of data. At present, published studies describe metabolic 

changes induced by different treatments, doses, incubation times and in various cell lines, 

which cannot be compared with each other systematically. A practical application of HRMAS 

1H NMR spectroscopy to study the effects of drugs in intact cells will depend on standardised 

database curating of HRMAS NMR-based metabolic changes so that different labs can 

compare their results. Machine learning algorithms embedded in the database would be an 

excellent resource for comparison and prediction of different apoptotic pathways in intact cells 

at the metabolomic level. Given that HRMAS NMR spectroscopy can monitor metabolism in 

living cells, it could complement solution-state NMR and MS metabolomics data.    

HRMAS 1H NMR spectroscopy, when compared to MS lags behind in terms of the smaller 

number of metabolites which can be detected, and greater amounts of biological material 

needed for the analysis. However, it provides other information that cannot be derived from 

MS data. For example, I demonstrated that we can monitor compartmentalisation of lipids 

during apoptosis (Figure 4.16, Chapter 4) or transitions of metabolites between different 

cellular environments (e.g., the membrane damage/disintegration described in Chapter 4), 

which are overlooked by solution-state NMR and MS on cell extracts. After HRMAS NMR 

analysis, intact cells were recovered and used for another biochemical experiment (the viability 

assay as shown in Chapter 3). This approach allows a direct correlation of NMR and non-

NMR experiments performed on the same sample. In addition, HRMAS NMR samples can be 
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recovered for further rounds of growth in cell culture (Chapter 3), presenting the possibility 

of longitudinal studies. The practical application of this concept is yet to be demonstrated. 

The ability to conduct short studies on living cells is an important advantage of HRMAS 1H 

NMR spectroscopy. As demonstrated in Chapter 3, these studies need to be carefully designed 

and will depend on cell fragility, but they have the potential of following live metabolic changes 

in intact cells. A snapshot of such an application, developed during my PhD, is presented in 

BOX 7.1. In the future, it would be interesting to measure if metabolic reaction rates are 

corelated with pharmaceutical outcomes and therefore could predict drug efficacy.  

BOX 7.1. Metabolic reaction rates in intact cells by HRMAS 1H NMR spectroscopy. 

Background: Curcumin is an active ingredient of turmeric with known therapeutic benefits such as anti-

inflammatory, antioxidant and anticancer activities. Curcumin is poorly soluble in water, which hinders its 

bioavailability. Currently, the majority of in vitro studies use DMSO as a vehicle for delivering curcumin into 

cells but PEG300 has also been used.  

Objective: To test if HRMAS 1H NMR spectroscopy can discriminate between different solvents delivering the 

same curcumin treatment in intact cells.  

Methods: C2C12 cells were cultured as described in Chapter 2. Curcumin treatment (final concentration: 50 μM 

or 200 μM) was delivered with DMSO or PEG300 to intact cells inside a MAS rotor as shown in Figure 7.1. Ten 

mM final concentrations of uniformly labelled 13C-glucose were added to each cell sample. Glucose consumption 

and lactate accumulation were monitored by HRMAS 1H NMR spectroscopy (CPMG, Chapter 2). Eleven spectra 

were recorded consecutively, one after another: total experiment time ~4 h. The spectra were normalised to total 

integral. MNOVA was used for relative quantification of glucose and lactate.  

 
Figure 7.1. Schematic representation of monitoring metabolic reaction rates in intact cells by HRMAS 1H NMR 

spectroscopy. 
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BOX 7.1. continued 

Results: Curcumin increased glucose accumulaton rate by 50 ± 13% or 52 ± 13% for DMSO and no significant 

change for PEG (Figure 7.2A). Curcumin increased lactate accumulation rate by 82 ± 9% or 61 ± 14% for DMSO 

and only 35 ± 9% for PEG (Figure 7.2B). 

 
Figure 7.2. 13C glucose consumption (A) and 13C lactate accumulation (B) rates in intact cells treated with 

curcumin 50 μM (orange) and 200 μM (red) in DMSO or PEG as measured by HRMAS 1H NMR spectroscopy. 

Student t-test: *p < 0.05, ** p < 0.01, n = 3. The fold change in reaction rates were calculated from the slope of 

the curve of the normalised NMR intensity versus time, relative to the control (blue).  

Conclusion: Cellular response on the same treatment depends on the delivery vehicle. This may have potential 

applications in monitoring drug uptake in vitro by HRMAS 1H NMR spectroscopy. Future experiments could 

involve comparing different pharmaceutical agents and measuring the accumulation rates of other metabolites 

such as lipids, myo-inositol, choline, acetate and creatine.  

NMR-visible lipids have previously been demonstrated as a reliable biomarker of apoptosis. In 

Chapter 5, I described NMR-based diffusion measurements of mobile lipids as a means to 

discriminate between control, apoptotic and necrotic cells. This novel methodology for 

following apoptosis based on structural changes in intact cells treated with a pharmaceutical 

compound could be applied to NMR-based cellular assay for monitoring the effectiveness of 

drug treatments in vitro and as an aid in early stages drug discovery. The current method could 

be improved by shortening the DOSY pulse sequence to minimise MAS spinning effects on 
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the viability of intact cells. The implementation of a micro-HRMAS NMR probe would reduce 

the cell volume needed for a single experiment and also moderate the effect of centrifugal force, 

limiting the extent of damage to cells. In addition, adjusting NMR diffusion times and gradient 

strengths could facilitate the capture of signals from slower-moving species (lipid rafts as 

discussed in Chapter 5), or faster moving molecules (glucose, lactate, choline-compound and 

myo-inositol) to probe the cellular environments of non-lipid metabolites.  

It is interesting that at the transcriptional level etoposide has the biggest effect on the formation 

of LDs but when analysing NMR or microscopy data it is cisplatin that forms bigger LDs. 

RNA-Seq revealed other potential origins of mobile lipid resonances in cisplatin treated cells, 

with a number of pathways associated with peroxisomes shown to be altered. At present little 

is known regarding the mobility of lipids inside peroxisomes . To the best of my knowledge, 

HRMAS NMR-visible lipid resonances have not previously been associated with peroxisomes 

and it is unknown how rigid the peroxisomal environment is (apart from its crystalline core). 

The morphology of peroxisomes resembles that of LDs rather than mitochondria (an organelle 

which also facilitates lipid β-oxidation). Peroxisomes are also known to move across the 

cytoskeleton from the ER to the cellular peripheries in a similar manner to LDs suggesting that 

their mobility could potentially be detected by HRMAS 1H NMR spectroscopy. Considering 

the crucial role of peroxisomes in lipid metabolism it would be worthwhile testing if they 

contribute to NMR-visible lipid resonances. This could be done by fluorescence tagging of 

LDs and peroxisomes and observing their formation and mutual interactions during cisplatin 

and etoposide treatments by microscopy.  

In conclusion, this PhD thesis describes the first investigation into the application of HRMAS 

1H NMR-based diffusion for following cisplatin and etoposide treatment and it might pave the 

way towards the monitoring of many other compounds in intact cells. It demonstrates that 

implementing HRMAS 1H NMR spectroscopy could be a valuable addition to the drug 

discovery process. 
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Appendix 1. Supporting information for Chapter 4 

S1.1. Supporting information for cellular disintegration of necrotic cells by 1H NMR 

spectroscopy. 

Table S1.1. Fold change integral for selected metabolites in aqueous fraction of cell extracts: 

control and heat-treated cells. * p <0.05, ** p <0.01, *** p <0.001 for control vs treatment, 

FDR adjusted.  

  
Control Heat 

Metabolite Range Mean SEM Mean SEM 

Isoleucine+ leucine 0.99 - 0.97 1.00 0.03 1.22 0.11 

Valine 1.06 - 1.03 1.00 0.01 1.28 0.12 

Lactate 1.35 - 1.31 1.00 0.02 0.32*** 0.06 

Alanine 1.49 - 1.46 1.00 0.02 0.52*** 0.06 

Lysine 1.75 - 1.70 1.00 0.02 0.91 0.09 

Acetate 1.93 - 1.91 1.00 0.04 1.23 0.18 

Glutamine +glutamate 2.20 - 2.11 1.00 0.08 0.43** 0.10 

Glutamate 2.37 - 2.33 1.00 0.03 0.29*** 0.04 

Succinate 2.41 - 2.39 1.00 0.05 1.20 0.22 

Glutamine 2.47 - 2.44 1.00 0.10 0.47* 0.15 

Glutathione 2.58 - 2.50 1.00 0.01 0.40*** 0.05 

DMA 2.71 - 2.68 1.00 0.01 0.39** 0.16 

Creatine 3.05 - 3.03 1.00 0.02 0.11*** 0.02 

Choline compounds 3.24 - 3.22 1.00 0.01 0.65*** 0.06 

Glycine 3.56 - 3.53 1.00 0.01 0.57*** 0.05 

Myo-inositol 4.08 - 4.04 1.00 0.02 0.32*** 0.04 

Glucose 5.25 - 5.22 1.00 0.03 2.48*** 0.20 

Tyrosine 6.92 - 6.86 1.00 0.01 0.93 0.10 

Phenylalanine 7.35 - 7.31 1.00 0.01 1.07 0.10 

Methylhistidine 7.69 - 7.67 1.00 0.16 6.58*** 0.84 

ADP/ATP 8.29 - 8.26 1.00 0.06 0.11*** 0.04 
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Figure S1.1. 500 MHz 1H NMR spectra of control (green) and heat-treated (black) cell 

extracts (aqueous fraction). All spectra were normalised to the total integral. 
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S1.2. Supporting information for data reported in Table 4.1 in Chapter 4. 

S1.2,1. Growth media 

 
Figure S1.2. 500 MHz 1H NMR spectra of culture media collected after 48 h treatments: 

control (green), cisplatin (red) and etoposide (blue). All spectra were normalised to the total 

integral. Partially supressed water peak was removed. 
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Figure S1.3. Two-dimensional PCA score plot derived from the 1H NMR spectra of growth 

media samples: control (green triangles), cisplatin (red squares), etoposide (blue circles); n = 

3 for etoposide, n = 5 for control and cisplatin. The numbers in brackets represent the 

percentage of variability explain by each principal component (PC). Spectral pre-processed 

with total integral normalisation and Pareto scaling. 

 

Table S1.2. Fold change integral for selected metabolites in growth media. * p <0.05, ** p 

<0.01, *** p <0.001 for control vs treatment; # p <0.05, for cisplatin vs etoposide, FDR 

adjusted.  

 Control Cisplatin Etoposide 

Metabolites Range [ppm] Mean SEM Mean SEM Mean SEM 

Isoleucine + leucine  0.97 - 0.91 1.000 0.025 1.176*** 0.012 1.008# 0.005 

Valine 1.04 - 0.99 1.000 0.024 0.858*** 0.004 0.905*# 0.011 

Lactate 1.35 - 1.31 1.000 0.029 0.475*** 0.004 0.800**# 0.029 

Lactate 4.15 - 4.07 1.000 0.016 0.486*** 0.006 0.789**# 0.024 

Alanine 1.47 - 1.42 1.000 0.039 1.128* 0.006 1.235**# 0.005 

Lysine 1.75 - 1.67 1.000 0.010 0.967* 0.004 0.984# 0.003 

Lysine 3.05 - 2.99 1.000 0.017 0.951 0.009 0.997# 0.003 

Acetate 1.93 - 1.91 1.000 0.017 1.019 0.004 0.832***# 0.006 

Glutamine + glutamate 2.09 - 1.93 1.000 0.009 0.952** 0.006 0.944** 0.001 

Glutamate  2.35 – 2.28 1.000 0.022 1.462*** 0.006 1.077# 0.008 

Glutamine 2.43 - 2.36 1.000 0.018 0.963 0.002 0.993# 0.002 

Glutathione 2.56 - 2.46 1.000 0.012 0.846*** 0.004 0.877***# 0.006 

Glucose 5.26 - 5.22 1.000 0.034 1.850*** 0.018 1.433***# 0.025 

Tyrosine 6.89  - 6.80 1.000 0.013 1.024 0.007 0.997# 0.003 

Phenylalanine 7.44 - 7.29 1.000 0.011 0.996 0.005 0.987 0.004 
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S1.2.2. Cell extracts - organic fraction 

 
Figure S1.4. 500 MHz 1H NMR spectra of cell extract (organic fraction) collected after 48 h 

of the following treatments: control (green), cisplatin (red) and etoposide (blue). All spectra 

were normalised to the total integral.  
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Figure S1.5. Two-dimensional PCA score plot derived from the 1H NMR spectra of organic 

fraction of cell extract samples: control (green triangles), cisplatin (red squares), etoposide 

(blue circles); n = 4 for etoposide, n = 5 for control and cisplatin. The numbers in brackets 

represent the percentage of variability explain by each principal component (PC). Spectral 

pre-processed with total integral normalisation and pareto scaling. 
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Figure S1.6. Comparison of fold change integral for selected lipids in organic fraction of cell 

extracts: control (green), cisplatin (red) and etoposide (blue). * p <0.05, ** p <0.01, *** p 

<0.001 for control vs treatment; # p <0.05 for cisplatin vs etoposide, FDR adjusted.  
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S1.2.3. Cell extract - aqueous fraction 

 

Figure S1.7. 500 MHz 1H NMR spectra of cell extract (aqueous fraction) collected after 48 h 

of the following treatments: control (green), cisplatin (red) and etoposide (blue). All spectra 

were normalised to the total integral.  
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Figure S1.8. Two-dimensional PCA score plot derived from the 1H NMR spectra of aqueous 

fraction of cell extract samples: control (green triangles), cisplatin (red squares), etoposide 

(blue circles); n = 4 for etoposide, n = 5 for control and cisplatin. The numbers in brackets 

represent the percentage of variability explain by each principal component (PC). Spectral 

pre-processed with total integral normalisation and Pareto scaling. 
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Table S1.3. Fold change integral for selected metabolites in aqueous fraction of cell extracts. 

* p <0.05, ** p <0.01, *** p <0.001 for control vs treatment; # p <0.05, for cisplatin vs 

etoposide, FDR adjusted.  
 

  Control Cisplatin Etoposide 

Metabolite Range [ppm] Mean SEM Mean SEM Mean SEM 

Pantothenate  0.91 -0.89 1.000 0.036 1.293* 0.103 0.819# 0.140 

Pantothenate  0.94 - 0.93 1.000 0.022 1.718*** 0.036 0.762**# 0.048 

Isoleucine+ leucine  0.98 - 0.95 1.000 0.021 0.953 0.023 1.003 0.049 

Valine  1.06 - 1.02 1.000 0.010 1.001 0.033 1.091 0.065 

Lactate  1.34 - 1.32 1.000 0.028 0.723*** 0.007 1.270**# 0.057 

Alanine  1.50 - 1.47 1.000 0.006 0.828*** 0.010 0.969# 0.036 

Lysine  1.75 - 1.71 1.000 0.018 0.879** 0.019 0.948 0.037 

Acetate  1.92 - 1.91 1.000 0.044 0.710* 0.095 0.777 0.087 

Succinate  2.42 -2.40 1.000 0.036 0.784*** 0.018 0.814* 0.061 

Glutamate  2.13 - 2.11 1.000 0.022 0.735*** 0.016 0.844**# 0.019 

Glutamate  2.39 - 2.34 1.000 0.019 0.808*** 0.007 0.860**# 0.014 

Glutamine  2.46 - 2.45 1.000 0.025 0.749*** 0.020 0.968# 0.049 

Glutathione  2.59 - 2.53 1.000 0.015 1.0488 0.010 0.542***# 0.008 

Glutathione  3.01 - 2.99 1.000 0.021 0.877 0.065 0.583***# 0.015 

DMA 2.69 - 2.66 1.000 0.011 0.964 0.069 0.844* 0.048 

Creatine  3.05 - 3.03 1.000 0.015 1.138** 0.028 0.840**# 0.038 

Creatine  3.94 - 3.92 1.000 0.012 1.149** 0.032 0.870*# 0.043 

Choline  3.24 - 3.23 1.000 0.005 1.587*** 0.055 1.388*** 0.067 

Myo-inositol  3.28 - 3.24 1.000 0.007 1.159* 0.069 1.280** 0.074 

Myo-inositol  4.07 - 4.05 1.000 0.015 1.144** 0.039 1.374***# 0.044 

Glucose  3.55 - 3.51 1.000 0.012 1.165** 0.047 1.279*** 0.048 

Glycine  3.56 - 3.55 1.000 0.011 0.486*** 0.016 0.492*** 0.010 

ADP/ATP 4.40 - 4.36 1.000 0.029 0.834** 0.004 0.720***# 0.017 

Fumarate  6.53 - 6.51 1.000 0.053 1.486** 0.132 1.408** 0.217 

Tyrosine  6.92 - 6.88 1.000 0.015 1.161*** 0.018 1.227* 0.081 

Phenylalanine  7.35 -  7.32 1.000 0.024 1.037 0.016 1.036 0.068 

Succinate  2.42 - 2.40 1.000 0.036 0.784** 0.018 0.814* 0.061 
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Appendix 2. Supporting information for Chapter 5 

S2.1. T2 bi-exponential fits 

 

Figure S2.1. Representative examples of bi-exponential T2 fits of signal intensity for selected 

metabolites versus echo time for control (A), cisplatin (B), etoposide (C) and heat (D) treated 

cells. 
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Figure S2.2. Representative examples of bi-exponential T2 fits of signal intensity for water 

versus echo time for control (A), cisplatin (B), etoposide (C) and heat (D) treated cells. 

S2.2. Fitting errors for T2 bi-exponential model 

y(t) = B1∙exp(-t∙F1) + B2∙exp(-t∙F2) → T2 = 1/F1 or 1/F2, where: y(t) – signal intensity; t – 

echo time; B1, B2, F1, F2 – empirical parameters; T2 – T2 relaxation time. The error is the 

quadratic error of the fit (error in values of ‘y’)400  

Lipid 0.9 ppm 

B1=496.3; F1=2.388; B2=72.52; F2=27.44; error: 4.598 

Lipid 1.3 ppm 

B1=1042; F1=2.335; B2=1345; F2=9.306; error: 8.333 

Lipid 1.6 ppm 

B1=201.4; F1=9.557; B2=36.34; F2=3.925; error: 1.603 

Lactate 1.3 ppm 

B1=1032; F1=1.923; B2=1413; F2=12.01; error: 65.17 

Lipid 2.0 ppm 

B1=98.24; F1=34.03; B2=284.3; F2=4.704; error: 5.457 
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Lipid 2.2 ppm 

B1=86.17; F1=16.91; B2=159.9; F2=7.381; error: 2.378 

Creatine 3.0 ppm 

B1=22.18; F1=22.24; B2=41.78; F2=0.8147; error: 2.154 

Choline 3.25 ppm 

B1=35.23; F1=49.20; B2=141.3; F2=0.9622; error: 1.930 

Lactate 4.1 ppm 

B1=36.93; F1=0.9127; B2=31.37; F2=19.86; error: 3.334 

Glucose 5.2 ppm 

B1=34.83; F1=2.452; B2=29.34; F2=32.61; error: 2.168 

Lipid 5.3 ppm 

B1=109.2; F1=58.45; B2=104.8; F2=3.023; error: 4.937 

Water 4.7 ppm 

B1=1066; F1=29.64; B2=1.010e+4; F2=1.279; error: 62.33 
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S2.3. Diffusion bi-exponential fits 

 
Figure S2.3. Representative examples of bi-exponential diffusion fits of signal intensity for 

selected metabolites versus b-value for control (A), cisplatin (B), etoposide (C) and heat (D) 

treated cells. 
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Figure S2.4. Representative examples of bi-exponential diffusion fits of signal intensity for 

water versus b-value for control (A), cisplatin (B), etoposide (C) and heat (D) treated cells. 

S2.4. Fitting errors for diffusion bi-exponential model 

y(B) = B1*exp(-B*F1) + B2*exp(-B*F2), where: y(B) – signal intensity; B = γ2G2δ2 (∆-δ/3); 

B1, B2, F1, F2 – empirical parameters; G – gradient strength, δ – gradient duration, ∆ – 

diffusion time. The error is the quadratic error of the fit (error in values of ‘y’)400. 

Lipids 0.9 ppm 

B1=2.440; F1=0.00007596; B2=48.78; F2=9.914e-7; Error: 1.199  

Lipid 1.3 ppm 

B1=166.1; F1=0.000001270; B2=35.33; F2=0.00005059; Error: 2.951  

Lipid 1.6 ppm  

B1=1.444; F1=0.0001973; B2=20.68; F2=7.493e-7; Error: 0.5361  

Lipid 2.0 ppm 

B1=2.741; F1=0.0001806; B2=36.24; F2=8.991e-7; Error: 1.225  
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Lipid 2.25 ppm 

B1=1.792; F1=0.001903; B2=22.58; F2=0.000001104; Error: 0.5883  

Lipid 5.3 ppm  

B1=21.63; F1=8.186e-7; B2=-4.373; F2=8.186e-7; Error: 0.9697  

Creatine 3.0 ppm 

B1=9.063; F1=0.00007101; B2=21.38; F2=0.000002251; Error: 0.7377  

Choline 3.25 ppm 

B1=4.875; F1=0.00009306; B2=25.15; F2=0.000001574; Error: 0.8836  

Lactate 4.1 ppm 

B1=24.48; F1=0.000004201; B2=-4.073; F2=0.000004201; Error: 5.298  

Glucose 5.2 ppm 

B1=-15.56; F1=0.000003739; B2=22.28; F2=0.000003739; Error: 1.997  

Water 4.7 

B1=6556; F1=0.00007287; B2=2264; F2=0.000003424; Error: 116.9  

S2.5. Signal to noise calculated for key resonances at the highest b-value for HRMAS NMR 

and high-gradient solution-state NMR spectroscopy.  

For HRMAS NMR 

Noise(mean) = 0.285 Noise(rms) = 0.095 

PPM INTENSITY SNR 

0.85 12.2 129.2 

1.26 26.0 274.0 

2.00 9.0 94.8 

2.21 4.9 51.2 

5.28 4.1 42.9 

 

For high-gradient solution-state NMR 

Noise(mean) = 0.635 Noise(rms) = 0.205 

PPM INTENSITY SNR 

0.91 7.1 34.8 

1.31 6.4 31.3 

2.03 6.8 33.1 

2.29 4.4 21.3 
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S2.6. Contribution of non-lipid metabolites to apparent diffusion coefficients of mobile lipids. 

The contribution of lactate at 1.3 ppm (and more broadly for other small, non-lipid metabolites) 

to the apparent diffusion of mobile lipids was excluded by taking advantage of the significant 

difference between the apparent diffusion coefficients of lipids and lactate. The attached figure 

shows two apparent diffusion coefficients calculated based on a model using a biexponential 

fit for the resonance at 1.3 ppm. The larger diffusion component (1.37*10-8 m2s-1) that 

corresponded to lactate was excluded from ADC calculations (b > 124 s.mm-2) The ACD values 

for glucose and creatine in intact cells have been reported previously as 3-4*10-8 m2 s-1, and for 

lactate it is expected to be in a similar range. Moreover, we measured lactate accumulation 

during cisplatin and etoposide treatments. The NMR signal integral at 4.09 – 4.13 ppm did not 

increase much after 48 h of treatment, as shown in the below figure, and so we feel the majority 

of the signal intensity increase at 1.3 ppm is a change in the -CH2- lipid resonance intensity.   

 
Figure S2.5. A biexponential diffusion fit for the -CH2 signal at 1.3 ppm. The faster apparent 

diffusion component (1.37·10-8 m2/s, corresponding to lactate and excluded from ADC 

calculations) (b > 124 s.mm-2).   
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S2.7. Determination of cytoplasmic viscosity from the slope of the 𝐷~
1

𝑟
 graph (Equation 5.4) 

presented in Table 5.6.  

 
Figure S2.6. Correlation of LD size measured by fluorescence microscopy with diffusion 

coefficients measured by HRMAS 1H NMR. ●24 h and ▲48 h for four lipid signals. 
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Appendix 3. Supporting information for Chapter 6 

 

 
Figure S3.1. PCA analysis of TAG and DAG species extracted from A) isolated LDs and B) 

organic fraction of cell extracts for control (green), cisplatin (red), and etoposide (blue) 

samples. The analysis was performed after total sum normalization and Pareto scaling; n = 5 

for isolated LD samples and n = 4 for cell extracts. The numbers in brackets represent the 

percentage of variability explained by each PC. 
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Table S3.1. TAG and DAGs species annotated from cell extracts treated with cisplatin and etoposide for 48h. Fold changes are reported relative 

to the control untreated samples. Included only lipid species with even number of carbon that formed NH4 adducts. ANOVA:  FRD-adjusted p-

values, n≥3. Fisher's least significant difference (LSD) was used for ad hoc pairwise comparisons of the treatment groups. N/S – not significant; 

Lipid class (number of double bonds/ number of carbons)molecular weight_retention time [s]; cr – control, cis – cisplatin, eto – etoposide.  

 Degree of 
unsaturation 

Control Cisplatin Etoposide FDR 
p-value Fisher's LSD Lipid species Mean SEM Mean SEM Mean SEM 

DG(32:0)586.5404_333.17 0.000 1.00 0.02 1.07 0.03 1.18 0.03 1.57E-02 eto - cis; eto - cr 

DG(34:1)612.5509_336.95 0.029 1.00 0.07 0.89 0.06 0.64 0.02 1.02E-02 cis - eto; cr - eto 

DG(34:2)610.5351_323.61 0.059 1.00 0.09 0.72 0.05 0.42 0.01 1.46E-03 cr - cis; cis - eto; cr - eto 

DG(36:1)640.5816_350.57 0.028 1.00 0.06 0.87 0.03 0.54 0.05 2.30E-03 eto - cis; eto - cr 

DG(38:3)664.5879_346.11 0.079 1.00 0.06 0.88 0.15 0.08 0.01 1.19E-03 eto - cis; eto - cr 

DG(40:1)696.6456_335.36 0.025 1.00 0.06 1.21 0.08 1.64 0.05 1.46E-03 eto - cis; eto - cr 

DG(42:3)720.6527_299.87 0.071 1.00 0.23 2.07 0.12 1.61 0.10 1.39E-02 cis - cr; eto - cr 

TG(40:3)706.6029_351.99 0.075 1.00 0.05 0.69 0.02 0.27 0.09 5.16E-04 cr - cis; cis - eto; cr - eto 

TG(44:0)768.7014_391.97 0.000 1.00 0.12 0.78 0.05 0.89 0.14 N/S  

TG(44:1)766.6862_384 0.023 1.00 0.07 1.09 0.08 1.17 0.16 N/S  

TG(46:0)796.7343_400.36 0.000 1.00 0.07 0.99 0.06 0.77 0.03 N/S  

TG(46:1)794.7186_392.05 0.022 1.00 0.04 1.09 0.03 1.02 0.01 N/S  

TG(46:2)792.7021_383.81 0.043 1.00 0.04 1.26 0.03 1.22 0.08 2.52E-02 cis - cr; eto - cr 

TG(48:0)824.764_408.78 0.000 1.00 0.07 1.01 0.02 0.81 0.02 4.30E-02 cis - eto; cr - eto 

TG(48:1)822.7471_400.01 0.021 1.00 0.02 1.18 0.03 0.96 0.03 9.57E-03 cis - cr; cis - eto 

TG(48:2)820.733_392.08 0.042 1.00 0.04 1.24 0.02 1.12 0.05 3.64E-02 cis - cr 

TG(48:3)818.7163_384.58 0.063 1.00 0.06 1.44 0.03 1.23 0.08 1.97E-02 cis - cr 

TG(50:0)852.7957_414.2 0.000 1.00 0.12 0.87 0.02 0.75 0.01 N/S  

TG(50:1)850.7807_408.56 0.020 1.00 0.04 1.19 0.03 1.03 0.03 2.31E-02 cis - cr; cis - eto 

TG(50:2)848.7711_403.26 0.040 1.00 0.04 1.25 0.03 1.15 0.04 1.01E-02 cr - cis; cr - eto 

TG(50:3)846.7477_392.43 0.060 1.00 0.07 1.23 0.03 1.13 0.06 N/S  

TG(50:8)836.6841_351.78 0.160 1.00 0.02 0.56 0.03 0.30 0.03 5.34E-06 cr - cis; cis - eto; cr - eto 

TG(52:0)880.8265_424.65 0.000 1.00 0.14 0.76 0.04 0.70 0.04 N/S  
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TG(52:1)878.8119_416.29 0.019 1.00 0.04 1.04 0.04 0.97 0.01 9.01E-03 cr - cis; cr - eto 

TG(52:10)860.6841_346.49 0.192 1.00 0.15 0.51 0.07 0.15 0.08 7.58E-03 cr - cis; cr - eto 

TG(52:3)874.7844_400.05 0.058 1.00 0.05 1.20 0.03 1.26 0.03 1.26E-02 cr - cis; cr - eto 

TG(52:4)872.7689_396.37 0.077 1.00 0.05 1.21 0.04 1.50 0.07 2.95E-03 cr - cis; cis - eto; cr - eto 

TG(52:5)870.7474_389.55 0.096 1.00 0.07 1.29 0.05 1.17 0.05 4.28E-02 cis - cr 

TG(54:0)908.8574_431.79 0.000 1.00 0.16 0.73 0.06 0.68 0.04 N/S  

TG(54:1)906.8501_428.15 0.019 1.00 0.02 0.80 0.02 0.72 0.04 1.86E-03 cr - cis; cr - eto 

TG(54:2)904.8255_416.12 0.037 1.00 0.06 0.84 0.04 0.89 0.01 N/S  

TG(54:3)902.8084_405 0.056 1.00 0.06 0.83 0.04 0.82 0.02 N/S  

TG(54:4)900.7939_401.1 0.074 1.00 0.06 0.86 0.01 0.92 0.02 N/S  

TG(54:5)898.7801_394.41 0.093 1.00 0.09 1.52 0.04 1.41 0.05 1.48E-02 cr - cis; cr - eto 

TG(54:6)896.7698_393.71 0.111 1.00 0.05 1.33 0.01 1.69 0.04 6.04E-05 cr - cis; cis - eto; cr - eto 

TG(54:7)894.7494_386.61 0.130 1.00 0.09 1.29 0.07 1.15 0.05 N/S  

TG(56:0)936.8873_438.67 0.000 1.00 0.18 0.73 0.07 0.62 0.05 N/S  

TG(56:1)934.8724_430.97 0.018 1.00 0.07 0.86 0.03 0.81 0.00 N/S  

TG(56:2)932.8655_427.85 0.036 1.00 0.04 0.67 0.02 0.63 0.03 3.53E-04 cr - cis; cr - eto 

TG(56:3)930.8387_411.94 0.054 1.00 0.08 0.64 0.03 0.79 0.03 3.96E-02 cr - cis 

TG(56:4)928.8249_409.44 0.071 1.00 0.08 0.89 0.04 1.04 0.03 N/S  

TG(56:5)926.8099_402.89 0.089 1.00 0.08 0.92 0.03 1.06 0.04 N/S  

TG(56:6)924.795_397.98 0.107 1.00 0.08 0.97 0.02 1.10 0.04 N/S  

TG(56:7)922.7784_394.56 0.125 1.00 0.06 1.06 0.04 1.18 0.04 N/S  

TG(56:8)920.7622_387.14 0.143 1.00 0.09 1.03 0.07 1.05 0.04 N/S  

TG(58:1)962.9102_443.94 0.017 1.00 0.05 0.78 0.01 0.63 0.03 1.08E-03 cr - cis; cis - eto; cr - eto 

TG(58:2)960.8879_430.06 0.034 1.00 0.08 0.74 0.04 0.68 0.03 4.76E-02 cr - cis; cr - eto 

TG(58:3)958.8707_422.76 0.052 1.00 0.08 0.65 0.03 0.68 0.03 3.35E-02 cr - cis; cr - eto 

TG(58:4)956.8547_415.95 0.069 1.00 0.06 0.62 0.02 0.81 0.03 8.53E-03 cr - cis; cis - eto; cr - eto 

TG(58:5)954.8387_410.37 0.086 1.00 0.09 0.66 0.05 0.93 0.03 3.09E-02 cr - cis; eto - cis 

TG(58:6)952.8238_405.36 0.103 1.00 0.09 0.77 0.03 1.11 0.02 1.95E-02 cr - cis; eto - cis 

TG(58:7)950.8082_397.96 0.121 1.00 0.06 0.76 0.04 0.96 0.02 3.20E-02 cr - cis; eto - cis 
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TG(58:8)948.793_394.66 0.138 1.00 0.08 0.83 0.04 1.06 0.02 N/S  

TG(58:9)946.7783_387.89 0.155 1.00 0.13 1.00 0.08 1.12 0.06 N/S  

TG(60:2)988.9219_437.43 0.033 1.00 0.07 0.59 0.06 0.58 0.04 2.13E-02 cr - cis; cr - eto 

TG(60:3)986.9038_429.93 0.050 1.00 0.10 0.51 0.04 0.50 0.03 1.48E-02 cr - cis; cr - eto 

TG(60:4)984.8895_423.81 0.067 1.00 0.11 0.63 0.08 0.58 0.13 N/S  

TG(60:5)982.8789_422.33 0.083 1.00 0.05 0.45 0.01 0.67 0.04 1.79E-04 cr - cis; cis - eto; cr - eto 

TG(60:6)980.8566_411.93 0.100 1.00 0.18 0.54 0.07 1.13 0.08 4.51E-02 cr - cis; eto - cis 

TG(60:7)978.8398_405.14 0.117 1.00 0.09 0.61 0.09 1.02 0.04 3.20E-02 cr - cis; eto - cis 

TG(62:4)1012.927_436.21 0.065 1.00 0.05 0.29 0.06 0.46 0.05 2.28E-04 cr - cis; cr - eto 

TG(62:5)1010.9111_430.29 0.081 1.00 0.06 0.16 0.08 0.54 0.05 3.53E-04 cr - cis; cis - eto; cr - eto 
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Table S3.2. TAG and DAG species annotated from isolated lipid droplet from cells treated with cisplatin and etoposide for 48 h. Fold changes 

are reported relative to the control untreated samples. Included only lipid species with even number of carbon that formed NH4 adducts. ANOVA:  

FRD-adjusted p-values, n≥3. Fisher's least significant difference (LSD) was used for ad hoc pairwise comparisons of the treatment groups. N/S – 

not significant; Lipid class (Number of carbons:number of double bonds)moluecular weight_retention time [s]; cr – control, cis – cisplatin, eto- 

etoposide. 

 Degree of 

unsaturation 

Control Cisplatin Etoposide FDR  

p-value Fisher's LSD Lipid species Mean SEM Mean SEM Mean SEM 

DG(32:0)586.5391_343.92 0.000 1.00 0.02 1.05 0.03 2.71 0.06 5.21∙10-11 eto - cis; eto - cr 

DG(32:1)584.5226_253.76 0.031 1.00 0.08 1.16 0.13 2.38 0.53 4.40∙10-2 eto - cis; eto - cr 

DG(34:1)612.5553_322.32 0.029 1.00 0.07 1.24 0.17 2.44 0.29 2.10∙10-3 eto - cis; eto - cr 

DG(34:2)610.5385_257.77 0.059 1.00 0.06 1.06 0.12 2.28 0.46 2.60∙10-2 eto - cis; eto - cr 

DG(36:0)642.6022_351.07 0.000 1.00 0.02 1.06 0.02 1.78 0.04 5.51∙10-9 eto - cis; eto - cr 

DG(36:1)640.5855_338.74 0.028 1.00 0.04 1.01 0.07 2.18 0.11 4.60∙10-4 eto - cis; eto - cr 

DG(36:2)638.5712_324.1 0.056 1.00 0.07 1.10 0.14 2.11 0.27 5.85∙10-3 eto - cis; eto - cr 

DG(36:3)636.5617_388.16 0.083 1.00 0.10 0.60 0.07 1.40 0.05 2.78∙10-4 cr - cis; cis - eto; cr - eto 

DG(36:4)634.5438_342.49 0.111 1.00 0.14 1.19 0.04 3.04 0.06 6.52∙10-8 eto - cis; eto - cr 

DG(38:3)664.5863_331.2 0.079 1.00 0.06 1.34 0.16 3.45 0.55 1.68∙10-4 eto - cis; eto - cr 

DG(38:4)662.5704_323.57 0.105 1.00 0.08 1.81 0.28 4.16 0.57 9.22∙10-4 eto - cis; eto - cr 

DG(40:1)696.6484_325.78 0.025 1.00 0.04 1.14 0.02 3.14 0.09 4.45∙10-10 eto - cis; eto - cr 

DG(46:1)780.7404_396.86 0.022 1.00 0.06 0.75 0.03 1.03 0.06 2.39∙10-6 cr - cis; cis - eto; cr - eto 

[TG(36:0)+NH4]656.5804_338.27 0.000 1.00 0.07 1.21 0.06 1.39 0.09 2.83∙10-2 eto - cr 

[TG(38:0)+NH4]684.612_358.52 0.000 1.00 0.06 1.19 0.05 1.66 0.09 3.52∙10-4 eto - cis; eto - cr 

[TG(42:0)+NH4]740.6742_375.27 0.000 1.00 0.03 0.48 0.01 0.41 0.01 1.49∙10-8 cr - cis; cis - eto; cr - eto 

[TG(42:1)+NH4]738.6594_366.68 0.024 1.00 0.04 0.40 0.01 0.32 0.03 2.62∙10-7 cr - cis; cr - eto 

[TG(44:0)+NH4]768.7064_384.37 0.000 1.00 0.02 0.67 0.01 0.63 0.02 7.14∙10-7 cr - cis; cr - eto 

[TG(44:1)+NH4]766.6891_376.04 0.023 1.00 0.04 0.55 0.01 0.43 0.03 6.79∙10-7 cr - cis; cis - eto; cr - eto 

[TG(44:2)+NH4]764.6741_367.57 0.045 1.00 0.03 0.51 0.01 0.38 0.03 5.60∙10-7 cr - cis; cis - eto; cr - eto 

[TG(46:0)+NH4]796.7372_391.61 0.000 1.00 0.01 1.10 0.03 1.14 0.04 4.86∙10-2 eto - cr 

[TG(46:1)+NH4]794.722_384.84 0.022 1.00 0.02 0.80 0.01 0.73 0.02 6.99∙10-6 cr - cis; cis - eto; cr - eto 
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[TG(46:2)+NH4]792.705_376.71 0.043 1.00 0.04 0.73 0.01 0.57 0.04 1.71∙10-5 cr - cis; cis - eto; cr - eto 

[TG(46:3)+NH4]790.6898_368.55 0.065 1.00 0.04 0.79 0.08 0.41 0.07 7.34∙10-4 eto - cis; eto - cr 

[TG(46:4)+NH4]788.6733_364 0.087 1.00 0.08 0.79 0.04 0.57 0.04 2.47∙10-3 cr - cis; cis - eto; cr - eto 

[TG(48:0)+NH4]824.7675_401.42 0.000 1.00 0.02 1.62 0.04 1.70 0.07 5.84∙10-6 cr - cis; cr - eto 

[TG(48:1)+NH4]822.7511_392.58 0.021 1.00 0.01 1.13 0.03 1.18 0.02 8.02∙10-4 cr - cis; cr - eto 

[TG(48:2)+NH4]820.736_385.09 0.042 1.00 0.01 0.92 0.01 0.84 0.02 7.75∙10-5 cr - cis; cis - eto; cr - eto 

[TG(48:3)+NH4]818.7212_377.25 0.063 1.00 0.03 0.90 0.01 0.64 0.03 2.70∙10-5 cr - cis; cis - eto; cr - eto 

[TG(48:4)+NH4]816.7043_373.19 0.083 1.00 0.04 0.96 0.02 0.62 0.03 6.31∙10-5 eto - cis; eto - cr 

[TG(50:0)+NH4]852.7988_409.77 0.000 1.00 0.02 1.54 0.04 1.22 0.05 2.82∙10-5 cr - cis; cis - eto; cr - eto 

[TG(50:1)+NH4]850.7842_401.4 0.020 1.00 0.01 1.28 0.02 1.43 0.03 6.49∙10-7 cr - cis; cis - eto; cr - eto 

[TG(50:2)+NH4]848.7668_393.35 0.040 1.00 0.01 1.04 0.01 1.10 0.01 3.22∙10-4 cr - cis; cis - eto; cr - eto 

[TG(50:3)+NH4]846.7505_385.58 0.060 1.00 0.00 1.00 0.01 0.87 0.02 1.77∙10-4 eto - cis; eto - cr 

[TG(50:4)+NH4]844.7362_378.72 0.080 1.00 0.03 0.99 0.01 0.74 0.02 3.23∙10-5 eto - cis; eto - cr 

[TG(50:5)+NH4]842.7195_374.74 0.100 1.00 0.03 1.10 0.03 0.69 0.03 2.13∙10-5 eto - cis; eto - cr 

[TG(52:0)+NH4]880.8295_417.82 0.000 1.00 0.05 1.30 0.02 0.67 0.03 3.46∙10-6 cr - cis; cis - eto; cr - eto 

[TG(52:1)+NH4]878.8144_401.75 0.019 1.00 0.04 1.07 0.02 1.18 0.02 5.97∙10-3 eto - cis; eto - cr 

[TG(52:2)+NH4]876.7984_401.35 0.038 1.00 0.01 1.03 0.01 1.15 0.01 1.37∙10-5 eto - cis; eto - cr 

[TG(52:3)+NH4]874.7833_393.81 0.058 1.00 0.01 0.99 0.01 1.04 0.01 1.83∙10-2 eto - cis; eto - cr 

[TG(52:4)+NH4]872.7674_386.75 0.077 1.00 0.01 1.05 0.02 0.92 0.02 6.50∙10-3 eto - cis; eto - cr 

[TG(52:5)+NH4]870.75_383.18 0.096 1.00 0.02 1.19 0.02 0.93 0.02 5.77∙10-5 cr - cis; eto - cis 

[TG(52:7)+NH4]866.7202_371.74 0.135 1.00 0.03 1.17 0.05 0.74 0.03 9.12∙10-5 cr - cis; cis - eto; cr - eto 

[TG(54:0)+NH4]908.8622_425.52 0.000 1.00 0.04 1.06 0.01 0.46 0.02 6.49∙10-7 eto - cis; eto - cr 

[TG(54:1)+NH4]906.8451_417.45 0.019 1.00 0.05 0.91 0.05 0.73 0.06 1.73∙10-2 eto - cis; eto - cr 

[TG(54:2)+NH4]904.8293_409.52 0.037 1.00 0.02 0.84 0.01 0.80 0.04 1.76∙10-3 cr - cis; cr - eto 

[TG(54:4)+NH4]900.7972_394.98 0.074 1.00 0.01 0.96 0.01 1.10 0.02 1.18∙10-4 eto - cis; eto - cr 

[TG(54:5)+NH4]898.7831_388.15 0.093 1.00 0.03 1.19 0.01 1.06 0.02 5.61∙10-4 cr - cis; eto - cis 

[TG(54:6)+NH4]896.7666_383.9 0.111 1.00 0.03 1.25 0.03 1.11 0.01 1.91∙10-4 cr - cis; cis - eto; cr - eto 

[TG(54:7)+NH4]894.7524_380.32 0.130 1.00 0.03 1.23 0.05 1.04 0.02 7.26∙10-3 cr - cis; eto - cis 

[TG(54:8)+NH4]892.7359_372.3 0.148 1.00 0.03 1.22 0.05 0.75 0.03 6.31∙10-5 cr - cis; cis - eto; cr - eto 
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[TG(56:0)+NH4]936.8867_425.71 0.000 1.00 0.05 0.79 0.04 0.50 0.06 2.79∙10-4 cr - cis; cis - eto; cr - eto 

[TG(56:1)+NH4]934.8779_424.84 0.018 1.00 0.04 0.68 0.02 0.54 0.05 4.98∙10-5 cr - cis; cis - eto; cr - eto 

[TG(56:2)+NH4]932.86_417.03 0.036 1.00 0.04 0.69 0.02 0.54 0.05 9.65∙10-5 cr - cis; cis - eto; cr - eto 

[TG(56:3)+NH4]930.8448_409.57 0.054 1.00 0.02 0.73 0.01 0.68 0.04 4.51∙10-5 cr - cis; cr - eto 

[TG(56:4)+NH4]928.8282_403.55 0.071 1.00 0.01 0.87 0.01 1.00 0.03 2.30∙10-3 cr - cis; eto - cis 

[TG(56:6)+NH4]924.7982_391.65 0.107 1.00 0.03 1.13 0.01 1.17 0.02 1.18∙10-3 cr - cis; cr - eto 

[TG(56:7)+NH4]922.7814_386.54 0.125 1.00 0.05 1.29 0.04 1.37 0.05 9.41∙10-4 cr - cis; cr - eto 

[TG(56:9)+NH4]918.7491_374.06 0.161 1.00 0.06 1.70 0.03 1.58 0.04 5.14∙10-6 cr - cis; cr - eto 

[TG(58:1)+NH4]962.9101_432.97 0.017 1.00 0.05 0.72 0.04 0.42 0.06 1.36∙10-4 cr - cis; cis - eto; cr - eto 

[TG(58:2)+NH4]960.8942_424.74 0.034 1.00 0.04 0.60 0.02 0.39 0.05 8.35∙10-6 cr - cis; cis - eto; cr - eto 

[TG(58:3)+NH4]958.8734_410.54 0.052 1.00 0.04 0.59 0.02 0.45 0.05 9.94∙10-6 cr - cis; cis - eto; cr - eto 

[TG(58:4)+NH4]956.8581_410.49 0.069 1.00 0.04 0.75 0.01 0.71 0.04 2.97∙10-4 cr - cis; cr - eto 

[TG(58:5)+NH4]954.8426_404.14 0.086 1.00 0.05 0.81 0.01 0.98 0.04 1.82∙10-2 cr - cis; eto - cis 

[TG(58:9)+NH4]946.781_382.03 0.155 1.00 0.07 1.39 0.05 1.36 0.03 1.76∙10-3 cr - cis; cr - eto 

[TG(60:10)+NH4]972.7986_382.96 0.167 1.00 0.15 1.65 0.05 1.93 0.09 6.51∙10-4 cr - cis; cr - eto 

[TG(60:11)+NH4]970.7835_379.06 0.183 1.00 0.09 1.73 0.07 2.00 0.10 8.65∙10-5 cr - cis; cr - eto 

[TG(60:2)+NH4]988.9228_432.26 0.033 1.00 0.06 0.50 0.03 0.30 0.05 8.00∙10-6 cr - cis; cis - eto; cr - eto 

[TG(60:3)+NH4]986.908_424.47 0.050 1.00 0.05 0.48 0.02 0.31 0.05 3.02∙10-6 cr - cis; cis - eto; cr - eto 

[TG(60:4)+NH4]984.8918_417.73 0.067 1.00 0.04 0.55 0.01 0.42 0.05 6.39∙10-6 cr - cis; cis - eto; cr - eto 

[TG(60:5)+NH4]982.8737_411.27 0.083 1.00 0.03 0.67 0.02 0.71 0.04 1.87∙10-4 cr - cis; cr - eto 

[TG(60:6)+NH4]980.86_407.23 0.100 1.00 0.03 0.81 0.01 0.92 0.06 3.78∙10-2 cr - cis 

[TG(60:7)+NH4]978.8448_399.3 0.117 1.00 0.05 0.85 0.01 1.05 0.05 4.91∙10-2 eto - cis 

[TG(62:12)+NH4]996.7965_379.01 0.194 1.00 0.05 1.39 0.09 1.67 0.10 1.93∙10-3 cr - cis; cr - eto 

[TG(62:2)+NH4]1016.9521_438.88 0.032 1.00 0.06 0.39 0.01 0.24 0.04 2.58∙10-6 cr - cis; cis - eto; cr - eto 

[TG(62:4)+NH4]1012.9215_425.14 0.065 1.00 0.05 0.45 0.02 0.29 0.05 3.02∙10-6 cr - cis; cis - eto; cr - eto 

[TG(62:5)+NH4]1010.9054_418.95 0.081 1.00 0.05 0.67 0.05 0.48 0.06 4.14∙10-4 cr - cis; cis - eto; cr - eto 

[TG(62:9)+NH4]1002.8443_395.94 0.145 1.00 0.08 0.83 0.05 1.31 0.10 1.16∙10-2 eto - cis; eto - cr 

[TG(64:2)+NH4]1044.9881_445.8 0.031 1.00 0.05 0.48 0.03 0.25 0.04 2.31∙10-6 cr - cis; cis - eto; cr - eto 

[TG(64:3)+NH4]1042.9705_438.48 0.047 1.00 0.05 0.40 0.02 0.21 0.03 7.14∙10-7 cr - cis; cis - eto; cr - eto 
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[TG(64:4)+NH4]1040.9562_432.38 0.063 1.00 0.06 0.46 0.02 0.27 0.04 4.32∙10-6 cr - cis; cis - eto; cr - eto 

[TG(64:6)+NH4]1036.9223_422.24 0.094 1.00 0.05 0.51 0.02 0.39 0.05 1.17∙10-5 cr - cis; cr - eto 

[TG(64:7)+NH4]1034.9078_415.05 0.109 1.00 0.03 0.64 0.06 0.58 0.07 8.99∙10-4 cr - cis; cr - eto 

 

 

Table S3.3. Normalised read count for differentially expressed genes related to programmed cell death in the cells treated with cisplatin or 

etoposide versus controls. SEM represent biological variance (n = 4). ANOVA:  FRD-adjusted p-values; Fisher's least significant difference (LSD) 

was used for ad hoc pairwise comparisons of the treatment groups. Green and orange backgrounds indicate upregulation and downregulation, 

respectively, compared to the controls; cr – control, cis – cisplatin, eto- etoposide. 

Pathway Gene 
Control Cisplatin Etoposide FDR p-

values 
Fisher's 

LSD Mean SEM Mean SEM Mean SEM 

NRIF signals cell death from the nucleus Sqstm1 13184 104 30261 336 25987 221 1.70∙10-9 

cr - cis 
cis - eto 
cr - eto 

Apoptotic cleavage of cellular proteins, Caspase-mediated cleavage of 
cytoskeletal proteins, Apoptotic execution phase Gsn 10113 301 13369 172 12862 563 1.67∙10-3 

cis - cr 
eto - cr 

Intrinsic Pathway for Apoptosis, BH3-only proteins associate with and inactivate 
anti-apoptotic BCL-2 members Stat3 7640. 209 9991 34 9793 198 4.44∙10-5 

cis - cr  
eto - cr 

Regulation of Apoptosis, Stimulation of the cell death response by PAK-2p34, 
Apoptotic execution phase Pak2 4754 85 5530 40 4859 147 3.01∙10-3 

cr - cis  
eto - cis 

FOXO-mediated transcription of cell death genes, NR1H3 & NR1H2 regulate 
gene expression linked to cholesterol transport and efflux Ep300 4492 248 6067 109 5533 281 7.90∙10-3 

cis - cr  
eto - cr 

NF-kB activation through FADD/RIP-1 pathway mediated by caspase-8 and -10 Ikbkg 4050 63 5980 166 5965 131 2.02∙10-5 
cis - cr  
eto - cr 

TP53 Regulates Transcription of Caspase Activators and Caspases, NF-kB 
activation through FADD/RIP-1 pathway mediated by caspase-8 and -10, FasL/ 
CD95L signaling, Regulated Necrosis, Dimerization of procaspase-8, Caspase 
activation via extrinsic apoptotic signalling pathway, Caspase activation via 
Death Receptors in the presence of ligand, TP53 Regulates Transcription of Cell 
Death Genes Cflar 3267 59 3661 66 4650 124 3.28∙10-5 

cr - cis 
cis - eto 
cr - eto 

Apoptotic execution phase, Apoptotic cleavage of cellular proteins Ptk2 2786 43 4776 136 4139 54 3.02∙10-6 
cr - cis 
cis - eto 
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cr - eto 

Apoptotic cleavage of cellular proteins, Apoptotic execution phase, Intrinsic 
Pathway for Apoptosis, Cytochrome c-mediated apoptotic response, Caspase-
mediated cleavage of cytoskeletal proteins, Activation of caspases through 
apoptosome-mediated cleavage, Stimulation of the cell death response by PAK-
2p34, Caspase activation via Dependence Receptors in the absence of ligand, 
Caspase activation via extrinsic apoptotic signalling pathway, Apoptosis induced 
DNA fragmentation, Apoptotic cleavage of cell adhesion  proteins, 
SMAC(DIABLO)-mediated dissociation of IAP:caspase complexes  Casp3 2502 73 3373 44 3670 58 6.75∙10-6 

cr - cis 
cis - eto 
cr - eto 

TRIF-mediated programmed cell death, Caspase activation via Death Receptors 
in the presence of ligand, Caspase activation via extrinsic apoptotic signalling 
pathway Tlr4 2381 105 3651 113 4616 105 6.01∙10-6 

cr - cis 
cis - eto 
cr - eto 

Intrinsic Pathway for Apoptosis, Release of apoptotic factors from the 
mitochondria, Activation, translocation and oligomerization of BAX, TP53 
Regulates Transcription of Cell Death Genes Bax 1946 80 4066 147 2444 288 3.64∙10-4 

cr - cis 
eto - cis 

NF-kB activation through FADD/RIP-1 pathway mediated by caspase-8 and -10 Chuk 1760 41 2138 35 2423 126 2.99∙10-3 
cis - cr 
eto - cr 

NRIF signals cell death from the nucleus Traf6 1413 27 1721 8 1510 39 4.08∙10-4 
cr - cis 
eto - cis 

TLR3-mediated TICAM1-dependent programmed cell death, NF-kB activation 
through FADD/RIP-1 pathway mediated by caspase-8 and -10, Regulated 
Necrosis, TNFR1-induced proapoptotic signaling, Dimerization of procaspase-8, 
TRIF-mediated programmed cell death, Caspase activation via extrinsic 
apoptotic signalling pathway, Caspase activation via Death Receptors in the 
presence of ligand Ripk1 1041 29 1064 9 1290 62 9.15∙10-3 

eto - cis 
eto - cr 

Intrinsic Pathway for Apoptosis, Cytochrome c-mediated apoptotic response, 
SMAC(DIABLO)-mediated dissociation of IAP:caspase complexes , TP53 
Regulates Transcription of Caspase Activators and Caspases, TP53 Regulates 
Transcription of Cell Death Genes, Activation of caspases through apoptosome-
mediated cleavage Apaf1 914 61 1914 60 2093 97 2.39∙10-5 

cis - cr 
eto - cr 

DAG and IP3 signaling, Apoptotic execution phase, Apoptotic cleavage of 
cellular proteins Prkcd 911 26 1255 27 2108 38 6.89∙10-8 

cr - cis 
cis - eto 
cr - eto 

Apoptotic cleavage of cellular proteins, Regulated Necrosis, Apoptotic execution 
phase Birc2 814 31 1334 26 1260 57 9.63∙10-5 

cr - cis  
eto - cis 

FOXO-mediated transcription of cell death genes Ddit3 513 20 985 11 998 51 2.26∙10-5 cis - cr 
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eto - cr 

TLR3-mediated TICAM1-dependent programmed cell death, NF-kB activation 
through FADD/RIP-1 pathway mediated by caspase-8 and -10, FasL/ CD95L 
signaling, Regulated Necrosis, TNFR1-induced proapoptotic signaling, 
Dimerization of procaspase-8, TRIF-mediated programmed cell death, Caspase 
activation via extrinsic apoptotic signalling pathway, Caspase activation via 
Death Receptors in the presence of ligand Fadd 305 6 410 10 369 6 9.66∙10-5 

cr - cis  
cis - eto 
cr - eto 

Apoptotic execution phase, Apoptotic cleavage of cellular proteins Pparg 242 18 332 12 454 32 1.30∙10-3 

cr - cis  
cis - eto 
cr - eto 

FasL/ CD95L signaling, Regulated Necrosis, Dimerization of procaspase-8, 
Caspase activation via extrinsic apoptotic signalling pathway, Fatty acyl-CoA 
biosynthesis, NR1H2 & NR1H3 regulate gene expression linked to lipogenesis, 
Caspase activation via Death Receptors in the presence of ligand Fas 169 14 509 24 426 14 8.12∙10-6 

cr - cis 
cis - eto  
cr - eto 

Apoptotic cleavage of cellular proteins, Apoptotic cleavage of cell adhesion  
proteins, Apoptotic execution phase Cdh1 114 5 145 6 363 6 3.05∙10-8 

cr - cis 
cis - eto  
cr - eto 

Intrinsic Pathway for Apoptosis, FOXO-mediated transcription of cell death 
genes, TP53 Regulates Transcription of Cell Death Genes, BH3-only proteins 
associate with and inactivate anti-apoptotic BCL-2 members Bbc3 108 13 245 13 147 15 8.97∙10-4 

cr - cis 
eto - cis 

Apoptosis induced DNA fragmentation Dffb 39 4 89 8 109 6.10 3.90∙10-4 
cis - cr  
eto - cr 

TP53 Regulates Transcription of Cell Death Genes, TP53 Regulates Transcription 
of Caspase Activators and Caspases Casp1 36 6 40 3 129 12.02 1.37∙10-4 

eto - cis 
eto - cr 

Intrinsic Pathway for Apoptosis, Activation, translocation and oligomerization of 
BAX, Release of apoptotic factors from the mitochondria Dhdh 35 2 44 2 83 4 1.89∙10-5 

eto - cis 
eto - cr 

TP53 Regulates Transcription of Cell Death Genes, TP53 regulates transcription 
of several additional cell death genes whose specific roles in p53-dependent 
apoptosis remain uncertain Perp 23 1 221 6 672 12 5.89∙10-9 

cr - cis  
cis - eto 
cr - eto 

Regulated Necrosis Birc3 6 1 8 1 21 1 6.62∙10-5 
eto - cis 
eto - cr 

NRIF signals cell death from the nucleus Ngfr 6 2 16 1 140 6 4.61∙10-8 
eto - cis 
eto - cr 

Caspase-mediated cleavage of cytoskeletal proteins Vim 73328 1611 71829 867 80975 2601 3.40∙10-2 
eto - cis 
eto - cr 

Intrinsic Pathway for Apoptosis Ywhah 7759 92 7690 91 9570 155 1.43∙10-5 eto - cis 
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eto - cr 

Intrinsic Pathway for Apoptosis, Cytochrome c-mediated apoptotic response, 
SMAC(DIABLO)-mediated dissociation of IAP:caspase complexes , Regulated 
Necrosis, Activation of caspases through apoptosome-mediated cleavage Xiap 2798 52 2783 115 3471 185 1.81∙10-2 

eto - cis 
eto - cr 

Intrinsic Pathway for Apoptosis Akt3 2026 55 965 37 2078 76 4.39∙10-6 
cr - cis  
eto - cis 

TP53 Regulates Transcription of Caspase Activators and Caspases, TP53 
Regulates Transcription of Cell Death Genes Atm 885 48 702 75 1067 55 1.84∙10-2 eto - cis 

Intrinsic Pathway for Apoptosis, BH3-only proteins associate with and inactivate 
anti-apoptotic BCL-2 members Bcl2 611 16 130 6 945 29 5.15∙10-8 

cr - cis 
cis - eto 
cr - eto 

Regulated Necrosis Mlkl 497 22 487 11 638 25 3.10∙10-3 
eto - cis 
eto - cr 

Apoptotic cleavage of cellular proteins, Caspase-mediated cleavage of 
cytoskeletal proteins, Apoptotic execution phase Gas2 320 18 58 6 328 33 9.29∙10-5 

cr - cis 
eto - cis 

TLR3-mediated TICAM1-dependent programmed cell death, TRIF-mediated 
programmed cell death, Regulated Necrosis Ripk3 176 6 131 11 177 12 3.69∙10-2 

cr - cis  
eto - cis 

NRIF signals cell death from the nucleus Ngf 64 3 51 3 149 6 2.05∙10-6 
eto - cis 
eto - cr 

Regulated Necrosis, Dimerization of procaspase-8, Caspase activation via 
extrinsic apoptotic signalling pathway, Caspase activation via Death Receptors in 
the presence of ligand Tnfsf10 5 1 2 0.3 23 4 1.90∙10-3 

eto - cis 
eto - cr 

Apoptotic cleavage of cellular proteins, Breakdown of the nuclear lamina, 
Apoptotic execution phase Lmna 15679 1253 16520 788 5688 836 2.39∙10-4 

eto - cis 
eto - cr 

Intrinsic Pathway for Apoptosis Akt2 11894 149 12956 149 6436 119 1.79∙10-8 

cr - cis  
cis - eto 
cr - eto 

Regulation of Apoptosis Psmc4 4307 66 5732 69 3258 19 3.55∙10-8 

cr - cis 
cis - eto 
cr - eto 

FOXO-mediated transcription of cell death genes, TP53 Regulates Transcription 
of Cell Death Genes, TP53 regulates transcription of several additional cell death 
genes whose specific roles in p53-dependent apoptosis remain uncertain Bcl6 3253 50 3454 59 842 16 4.23∙10-9 

cr - cis 
cis - eto  
cr - eto 

Intrinsic Pathway for Apoptosis, TP53 Regulates Transcription of Cell Death 
Genes, BH3-only proteins associate with and inactivate anti-apoptotic BCL-2 
members Pmaip1 3104 76 3804 45 3020 74 1.67∙10-4 

cr - cis 
eto - cis 
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NRIF signals cell death from the nucleus Psen1 3057 67 3191 65 2449 61 2.40∙10-4 
eto - cis 
eto - cr 

FOXO-mediated transcription of cell death genes Foxo3 2659 53 3477 41 2608 43 5.27∙10-6 
cr - cis 
eto - cis 

Intrinsic Pathway for Apoptosis, Activation and oligomerization of BAK protein, 
Release of apoptotic factors from the mitochondria Bak1 2445 81 2732 59 1802 89 2.35∙10-4 

cr - cis 
cis - eto  
cr - eto 

FOXO-mediated transcription of cell death genes Stk11 2434 115 3509 71 1785 133 3.84∙10-5 

cr - cis  
cis - eto 
cr - eto 

Intrinsic Pathway for Apoptosis, Activation, myristolyation of BID and 
translocation to mitochondria, Activation, translocation and oligomerization of 
BAX, TP53 Regulates Transcription of Cell Death Genes, Activation and 
oligomerization of BAK protein, BH3-only proteins associate with and inactivate 
anti-apoptotic BCL-2 members Bid 2257 25 3517 94 1220 32 8.36∙10-8 

cr - cis 
cis - eto  
cr - eto 

Intrinsic Pathway for Apoptosis, Cytochrome c-mediated apoptotic response, 
Release of apoptotic factors from the mitochondria, SMAC(DIABLO)-mediated 
dissociation of IAP:caspase complexes  Diablo 2019 65 2418 73 1834 52 1.50∙10-3 

cr - cis 
eto - cis 

FOXO-mediated transcription of cell death genes Crebbp 1703 41 2156 55 1552 158 1.51∙10-2 
cr - cis  
eto - cis 

TNFR1-induced proapoptotic signaling Tnfaip3 1189 37 1224 2 1063 17 7.71∙10-3 
eto - cis 
eto - cr 

Intrinsic Pathway for Apoptosis, Cytochrome c-mediated apoptotic response, 
SMAC(DIABLO)-mediated dissociation of IAP:caspase complexes , Activation of 
caspases through apoptosome-mediated cleavage, Caspase activation via 
Dependence Receptors in the absence of ligand, Caspase activation via extrinsic 
apoptotic signalling pathway Casp9 1066 15 1159 34 974 45 2.97∙10-2 cis - eto 

Apoptosis induced DNA fragmentation, Apoptotic execution phase Dffa 1036 29 1097 17 920 31 1.02∙10-2 
eto - cis 
eto - cr 

TP53 Regulates Transcription of Cell Death Genes Triap1 980 17 1057 30 876 12 2.63∙10-3 
eto - cis 
eto - cr 

Intrinsic Pathway for Apoptosis, BH3-only proteins associate with and inactivate 
anti-apoptotic BCL-2 members Bad 875 77 966 60 600 82 3.86∙10-2 

eto - cis 
eto - cr 

Apoptotic cleavage of cellular proteins, Apoptotic execution phase, TP53 
Regulates Transcription of Caspase Activators and Caspases, Breakdown of the Casp6 654 24 688 19 498 34 5.35∙10-3 

eto - cis 
eto - cr 
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nuclear lamina, TP53 Regulates Transcription of Cell Death Genes, Phospholipid 
metabolism, Caspase-mediated cleavage of cytoskeletal proteins 

Regulated Necrosis, Dimerization of procaspase-8, Caspase activation via 
extrinsic apoptotic signalling pathway, Caspase activation via Death Receptors in 
the presence of ligand Tradd 469 23 496 30 365 28 4.54∙10-2 

cis - cr  
eto - cr 

Intrinsic Pathway for Apoptosis Ywhae 29187 516 22536 433 16045 223 2.90∙10-7 

cr - cis 
cis - eto 
cr - eto 

Intrinsic Pathway for Apoptosis Ywhag 14362 243 14115 239 9358 441 1.97∙10-5 
eto - cis 
eto - cr 

Intrinsic Pathway for Apoptosis Akt1 11409 245 9678 161 6459 161 1.26∙10-6 

cr - cis  
cis - eto 
cr - eto 

Intrinsic Pathway for Apoptosis Ywhaq 9861 146 9406 199 8965 178 4.11∙10-2 cr - eto 

Intrinsic Pathway for Apoptosis Ywhab 9276 66 7812 181 7910 194 7.57∙10-4 
cis - cr 
eto - cr 

Apoptosis induced DNA fragmentation, Apoptotic execution phase Hmgb1 4000 190 2197 57 2069 78 1.94∙10-5 
cis - cr  
eto - cr 

Intrinsic Pathway for Apoptosis, Cytochrome c-mediated apoptotic response, 
Suppression of apoptosis Mapk3 3334 94 2764 99 2704 147 1.90∙10-2 

cis - cr 
eto - cr 

NRIF signals cell death from the nucleus, Intrinsic Pathway for Apoptosis Mapk8 2189 53 1991 22 1781 50 1.57∙10-3 

cr - cis  
cis - eto  
cr - eto 

Regulated Necrosis, TNFR1-induced proapoptotic signaling, Dimerization of 
procaspase-8, Caspase activation via extrinsic apoptotic signalling pathway, 
Caspase activation via Death Receptors in the presence of ligand Traf2 1437.00 32.92 1230.85 20.04 753.40 41 4.39∙10-6 

cr - cis  
cis - eto  
cr - eto 

TP53 regulates transcription of several additional cell death genes whose 
specific roles in p53-dependent apoptosis remain uncertain, TP53 Regulates 
Transcription of Cell Death Genes Birc5 1359 29 79 5 50 3 5.89∙10-9 

cis - cr  
eto - cr 

Apoptotic cleavage of cellular proteins, Breakdown of the nuclear lamina, 
Apoptotic execution phase Lmnb1 1352 37 340 12 323 9 1.67∙10-8 

cis - cr  
eto - cr 

Intrinsic Pathway for Apoptosis, Cytochrome c-mediated apoptotic response, 
SMAC(DIABLO)-mediated dissociation of IAP:caspase complexes , Release of 
apoptotic factors from the mitochondria, Activation of caspases through 
apoptosome-mediated cleavage Cycs 1164 26 1145 16 967 53 1.66∙10-2 

cr - cis  
eto - cis 
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Apoptotic cleavage of cellular proteins, Apoptotic execution phase, Intrinsic 
Pathway for Apoptosis, TLR3-mediated TICAM1-dependent programmed cell 
death, NF-kB activation through FADD/RIP-1 pathway mediated by caspase-8 
and -10, FasL/ CD95L signaling, Activation, myristolyation of BID and 
translocation to mitochondria, Regulated Necrosis, TNFR1-induced proapoptotic 
signaling, Dimerization of procaspase-8, TRIF-mediated programmed cell death, 
Caspase activation via extrinsic apoptotic signalling pathway, Caspase activation 
via Death Receptors in the presence of ligand, Caspase-mediated cleavage of 
cytoskeletal proteins Casp8 884 10 628 14 804 18 1.48∙10-5 

cr - cis 
cis - eto 
cr - eto 

Apoptotic execution phase Hmgb2 869 28 166 14 161 16 6.74∙10-8 
cis - cr 
eto - cr 

TP53 Regulates Transcription of Cell Death Genes, TP53 Regulates Transcription 
of Caspase Activators and Caspases Casp2 676 31 483 19 667 45 1.30∙10-2 

cr - cis  
eto - cis 

Cytochrome c-mediated apoptotic response, Intrinsic Pathway for Apoptosis Aven 579 22 230 6 410 22 9.88∙10-6 

cr - cis  
cis - eto  
cr - eto 

NRIF signals cell death from the nucleus Alg3 566 7 413 11 308 16 3.45∙10-6 

cr - cis 
cis - eto 
cr - eto 

Apoptotic cleavage of cellular proteins, Apoptotic execution phase, Intrinsic 
Pathway for Apoptosis, Apoptotic factor-mediated response, Cytochrome c-
mediated apoptotic response, SMAC(DIABLO)-mediated dissociation of 
IAP:caspase complexes , Activation of caspases through apoptosome-mediated 
cleavage, Caspase-mediated cleavage of cytoskeletal proteins Casp7 304 15 181 11 292 7 3.64∙10-4 

cr - cis 
eto - cis 
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Table S3.4. Normalised read count for differentially expressed genes related to lipid metabolism in the cells treated with cisplatin or etoposide 

versus controls. SEM represent biological variance (n = 4). ANOVA:  FRD-adjusted p-values; Fisher's least significant difference (LSD) was 

used for ad hoc pairwise comparisons of the treatment groups. Green and orange backgrounds indicate upregulation and downregulation, 

respectively, compared to the controls; cr – control, cis – cisplatin, eto- etoposide. 

Pathway Gene 

Control Cisplatin Etoposide 

FDR p-values Fisher's LSD mean SEM mean SEM mean SEM 

Glycosphingolipid metabolism, Biosynthesis of the N-glycan 
precursor (dolichol lipid-linked oligosaccharide, LLO) and 
transfer to a nascent protein Ctsa 7096 137 7281 43 8423 70 3.87∙10-5 

eto - cis  
eto - cr 

Regulation of lipid metabolism by PPARalpha, alpha-linolenic 
(omega3) and linoleic (omega6) acid metabolism, Beta-
oxidation of very long chain fatty acids, Peroxisomal lipid 
metabolism Acox1 6664 43 8425 70 7678 26 1.47∙10-7 

cr - cis 
cis - eto 
cr - eto 

Glycosphingolipid metabolism Hexa 6203 74 7206 119 7570 150 2.86∙10-4 
cis - cr  
eto - cr 

Lipophagy, Regulation of lipid metabolism by PPARalpha Plin2 5521 129 17360 500 22035 858 5.28∙10-7 

cr - cis  
cis - eto 
cr - eto 

Regulation of lipid metabolism by PPARalpha, Regulation of 
cholesterol biosynthesis by SREBP (SREBF) Sp1 5153 209 6026 165.33 6298 91 6.46∙10-3 

cis - cr 
eto - cr 

Phospholipid metabolism, Glycerophospholipid biosynthesis Abhd4 5066 100 10067 107 8057 197 1.47∙10-7 

cr - cis  
cis - eto 
cr - eto 

Regulation of lipid metabolism by PPARalpha, FOXO-mediated 
transcription of cell death genes, NR1H3 & NR1H2 regulate 
gene expression linked to cholesterol transport and efflux Ep300 4492 248 6067 109 5533 281 7.90∙10-3 

cis - cr  
eto - cr 

Phospholipid metabolism, Inositol phosphate metabolism Pten 4324 109 6538 138 6100 233 3.87∙10-5 
cis - cr  
eto - cr 

Fatty acid metabolism, mitochondrial fatty acid beta-oxidation 
of saturated fatty acids Acadvl 3777 66 4950 44 4657 29 1.72∙10-6 

cr - cis  
cis - eto 
cr - eto 
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Regulation of lipid metabolism by PPARalpha, Fatty acid 
metabolism, mitochondrial fatty acid beta-oxidation of 
unsaturated fatty acids, mitochondrial fatty acid beta-
oxidation of saturated fatty acids Acadm 3721 79 3851 122 4351 67 7.25∙10-3 

eto - cis 
eto - cr 

Plasma lipoprotein clearance Npc1 2394 80 2917 60.69 3116 125 3.74∙10-3 
cis - cr  
eto - cr 

Glycosphingolipid metabolism Gba 2169 40 2660 15 2481 26 3.87∙10-5 

cr - cis  
cis - eto 
cr - eto 

Plasma lipoprotein remodeling, NR1H3 & NR1H2 regulate gene 
expression linked to cholesterol transport and efflux Pltp 1913 86. 4334 60 5641 119 5.41∙10-8 

cr - cis  
cis - eto  
cr - eto 

Plasma lipoprotein remodeling, Regulation of lipid metabolism 
by PPARalpha Angptl4 1860 19 2992 93 3943 147 6.28∙10-6 

cr - cis  
cis - eto  
cr - eto 

ABC transporters in lipid homeostasis Abca7 1814 64 2851 57 3042 227 1.41∙10-3 
cis - cr  
eto - cr 

Phospholipid metabolism Pikfyve 1735 43 2275 51 3023 91 8.27∙10-6 

cr - cis 
cis - eto 
cr - eto 

Triglyceride catabolism Abhd5 1717 39 2388 45 2588 26 1.96∙10-6 

cr - cis  
cis - eto 
cr - eto 

Glycosphingolipid metabolism Cerk 1712 19 2256 45 2587 77 2.61∙10-5 

cr - cis 
cis - eto 
cr - eto 

Fatty acid metabolism, Regulation of lipid metabolism by 
PPARalpha Cpt2 1251 49 1333 27 1470 22 1.44∙10-2 

eto - cis 
eto - cr 

Phospholipid metabolism, Glycerophospholipid biosynthesis Taz 1239 32 1423 63 1567 35 7.36∙10-3 
cis - cr 
eto - cr 

Lipophagy, Fatty acid metabolism Prkaa2 1065 35 1524 15 1218.91 38.40 6.15∙10-5 

cr - cis 
cis - eto 
cr - eto 

Glycosphingolipid metabolism Galc 1052 30 1266 41 1823 68 3.23∙10-5 

cr - cis 
cis - eto 
cr - eto 
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Plasma lipoprotein assembly, ABC transporters in lipid 
homeostasis Abca3 930 13 998 12 1312 22 1.65∙10-6 

cr - cis 
cis - eto 
cr - eto 

Glycerophospholipid biosynthesis, Acyl chain remodeling of 
DAG and TAG, Phospholipid metabolism Pnpla2 879 28 1370 4 1157 50 6.06∙10-5 

cr - cis 
cis - eto 
cr - eto 

Glycosphingolipid metabolism, Biosynthesis of the N-glycan 
precursor (dolichol lipid-linked oligosaccharide, LLO) and 
transfer to a nascent protein Neu1 854 30 1604 82 1424 82 4.22∙10-4 

cis - cr 
eto - cr 

Plasma lipoprotein clearance Ldlrap1 835 56 1131 31 841 67 1.47∙10-2 
cr - cis 
eto - cis 

Glycerophospholipid catabolism, Phospholipid metabolism Pnpla6 771 62 1213 32 1084 48 1.59∙10-3 
cis - cr 
eto - cr 

Glycerophospholipid biosynthesis, Tag biosynthesis, Acyl chain 
remodeling of DAG and TAG, Phospholipid metabolism Dgat1 768 28 962 27 856 6 2.76∙10-3 

cr - cis 
cis - eto 
cr - eto 

TAG biosynthesis, Phospholipid metabolism, 
Glycerophospholipid biosynthesis Lpin1 652 7 1625 40 1269 21 1.08∙10-7 

cr - cis 
cis - eto 
cr - eto 

Phospholipid metabolism, Glycerophospholipid biosynthesis Agpat2 571 16 956 17 625 23 4.18∙10-6 
cr - cis 
eto - cis 

Fatty acid metabolism, Synthesis of 15-eicosatetraenoic acid 
derivatives, Synthesis of Prostaglandins (PG) and 
Thromboxanes (TX), Biosynthesis of DPA-derived SPMs, 
Biosynthesis of electrophilic omega-3 PUFA oxo-derivatives, 
Biosynthesis of DHA-derived SPMs, Biosynthesis of EPA-
derived SPMs, Arachidonic acid metabolism Ptgs2 508 31 1078 49 3024 143 5.21∙10-7 

cr - cis  
cis - eto 
cr - eto 

Fatty acid metabolism, Mitochondrial Fatty Acid Beta-
Oxidation Mmaa 485 10 664 19 795 8 2.25∙10-6 

cr - cis 
cis - eto 
cr - eto 

Sphingolipid de novo biosynthesis Sphk1 479 20 511 17 676 59 2.59∙10-2 
eto - cis 
eto - cr 

Glycosphingolipid metabolism Gla 441 37 883 22 902 36 3.83∙10-5 
cis - cr 
eto - cr 
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Phospholipid metabolism Nqo1 349 7 678 8 1421 47 7.81∙10-8 

cr - cis  
cis - eto 
cr - eto 

Glycosphingolipid metabolism Gba2 323 21 420 18 388 11 2.45∙10-2 
cis - cr 
eto - cr 

Lipid particle organization Hilpda 315 10 585 14 812 12 6.20∙10-8 

cr - cis  
cis - eto 
cr - eto 

Regulation of lipid metabolism by PPARalpha, Apoptotic 
execution phase, Apoptotic cleavage of cellular proteins Pparg 242 18 332 12 454 32 1.30∙10-3 

cr - cis 
cis - eto 
cr - eto 

Glycerophospholipid biosynthesis Gpd1 211 9 381 11 255 13 3.59∙10-5 

cr - cis 
cis - eto 
cr - eto 

Glycerophospholipid biosynthesis, TAG biosynthesis, Acyl chain 
remodeling of DAG and TAG, Phospholipid metabolism Dgat2 198 19 445 21 260 21 1.97∙10-4 

cr - cis 
eto - cis 

Regulation of cholesterol biosynthesis by SREBP (SREBF), FasL/ 
CD95L signaling, Regulated Necrosis, Dimerization of 
procaspase-8, Caspase activation via extrinsic apoptotic 
signalling pathway, Fatty acyl-CoA biosynthesis, NR1H2 & 
NR1H3 regulate gene expression linked to lipogenesis, Caspase 
activation via Death Receptors in the presence of ligand, Fatty 
acid metabolism Fas 169 14 509 24 426 14 8.12∙10-6 

cr - cis 
cis - eto 
cr - eto 

Regulation of lipid metabolism by PPARalpha Tnfrsf21 158 5 191 3 251 7 1.43∙10-5 

cr - cis 
cis - eto 
cr - eto 

Glycosphingolipid metabolism, Biosynthesis of the N-glycan 
precursor (dolichol lipid-linked oligosaccharide, LLO) and 
transfer to a nascent protein Neu3 153 3 180 8 173 3 3.67∙10-2 cis - cr 

Fatty acyl-CoA biosynthesis, Fatty acid metabolism Elovl4 128 4 162 4 226 6 5.54∙10-6 

cr - cis 
cis - eto 
cr - eto 

Plasma lipoprotein remodeling, ABC transporters in lipid 
homeostasis, NR1H3 & NR1H2 regulate gene expression linked 
to cholesterol transport and efflux Abcg1 100 10 120 9 260 12 2.33∙10-5 

eto - cis 
eto - cr 
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Transport of fatty acids, NR1H3 & NR1H2 regulate gene 
expression linked to cholesterol transport and efflux Apod 73 5 145 7 257 13 6.75∙10-6 

cr - cis 
cis - eto 
cr - eto 

Triglyceride catabolism Lipe 67 5 181 13 418 43 1.02∙10-4 

cr - cis 
cis - eto 
cr - eto 

Peroxisomal lipid metabolism Acox2 19 5 21 2 75 7 1.19∙10-4 
eto - cis 
eto - cr 

Fatty acid metabolism, Biosynthesis of DPAn-6 SPMs, Synthesis 
of Hepoxilins (HX) and Trioxilins (TrX), Synthesis of 12-
eicosatetraenoic acid derivatives, Synthesis of Lipoxins (LX), 
Biosynthesis of specialized proresolving mediators (SPMs), 
Biosynthesis of DPA-derived SPMs, Biosynthesis of DHA-
derived SPMs, Arachidonic acid metabolism Alox12 9 0.5 15 1 83 3 7.85∙10-8 

eto - cis 
eto - cr  

Fatty acid metabolism, Synthesis of 15-eicosatetraenoic acid 
derivatives, Arachidonic acid metabolism Aloxe3 4 2 12 2 52 3 6.56∙10-6 

eto - cis 
eto - cr 

Plasma lipoprotein clearance Soat2 3 1 7 1 24 2 2.95∙10-5 
eto - cis 
eto - cr 

Lipid particle organization Cidea 1.24 1 3 1 33 4 4.48∙10-5 
eto - cis 
eto - cr 

Triglyceride catabolism, NR1H2 & NR1H3 regulate gene 
expression linked to triglyceride lipolysis in adipose Plin1 1 0.5 2 0.6 22 4 5.47∙10-4 

eto - cis 
eto - cr 

Plasma lipoprotein clearance, Plasma lipoprotein assembly, 
Plasma lipoprotein remodeling Apob 1 0.3 5 1 105 11 1.14∙10-5 

eto - cis 
eto - cr 

Fatty acid metabolism, Biosynthesis of DHA-derived SPMs, 
Arachidonic acid metabolism, Synthesis of epoxy (EET) and 
dihydroxyeicosatrienoic acids (DHET) Ephx2 1 0.4 1 0.5 67 3 1.03∙10-7 

eto - cis 
eto - cr 

NR1H2 & NR1H3 regulate gene expression linked to 
lipogenesis, Plasma lipoprotein remodeling Angptl3 0.6 0.5 2 1 30 3 2.43∙10-5 

eto - cis 
eto - cr 
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Fatty acid metabolism, Biosynthesis of DPAn-6 SPMs, Synthesis 
of Hepoxilins (HX) and Trioxilins (TrX), Synthesis of 12-
eicosatetraenoic acid derivatives, Synthesis of 15-
eicosatetraenoic acid derivatives, Synthesis of Lipoxins (LX), 
Biosynthesis of specialized proresolving mediators (SPMs), 
Biosynthesis of DPA-derived SPMs, Biosynthesis of DHA-
derived SPMs, Biosynthesis of EPA-derived SPMs, Arachidonic 
acid metabolism Alox15 0.3 0.2 0.4 0.3 83 10 2.44∙10-5 

eto - cis 
eto - cr 

Plasma lipoprotein remodeling Cidec 0.0 0.0 0.0 0.0 20 2.32 6.15∙10-5 
eto - cis 
eto - cr 

Phospholipid metabolism, Glycerophospholipid biosynthesis Cfi 0.0 0.0 0.2 0.2 23 3 8.50∙10-5 
eto - cis 
eto - cr 

Fatty acid metabolism, Synthesis of 15-eicosatetraenoic acid 
derivatives, Biosynthesis of DHA-derived SPMs, Biosynthesis of 
EPA-derived SPMs, Arachidonic acid metabolism, Synthesis of 
5-eicosatetraenoic acids Gpx4 9264 458 11570 263 8364 564 6.19∙10-3 

cr - cis 
eto - cis 

Fatty acid metabolism, mitochondrial fatty acid beta-oxidation 
of unsaturated fatty acids, mitochondrial fatty acid beta-
oxidation of saturated fatty acids Acadl 7763 183 9425 177 6744 118 2.71∙10-5 

cr - cis 
cis - eto 
cr - eto 

Glycerophospholipid biosynthesis, mitochondrial fatty acid 
beta-oxidation of unsaturated fatty acids, Phospholipid 
metabolism, mitochondrial fatty acid beta-oxidation of 
saturated fatty acids, Fatty acid metabolism, Fatty acid 
metabolism Hadha 6630 177 6789 145 5911 187 2.97∙10-2 

eto - cis 
eto - cr 

Free fatty acids regulate insulin secretion, Fatty acyl-CoA 
biosynthesis, Intracellular metabolism of fatty acids regulates 
insulin secretion, Fatty acid metabolism Acsl3 6430 114 7818 116 4812 167 3.68∙10-6 

cr - cis  
cis - eto 
cr - eto 

Regulation of cholesterol biosynthesis by SREBP (SREBF), Fatty 
acyl-CoA biosynthesis, NR1H2 & NR1H3 regulate gene 
expression linked to lipogenesis, Fatty acid metabolism Fasn 4569 118 6115 126 3179 353 1.65∙10-4 

cr - cis 
cis - eto 
cr - eto 

Phospholipid metabolism, Glycerophospholipid biosynthesis Gnpat 4568 25 4809 84 2890 89 5.96∙10-7 
eto - cis 
eto - cr 

Phospholipid metabolism Fig4 4175 50 5421 129 1598 30 2.26∙10-8 

cr - cis  
cis - eto 
cr - eto 
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Phospholipid metabolism, Glycerophospholipid biosynthesis Stard7 3631 70 4360 132 2496 126 2.73∙10-5 

cr - cis 
cis - eto 
cr - eto 

Peroxisomal lipid metabolism, Fatty acid metabolism Crat 3344 271 3970 181 2204 213 4.03∙10-3 
eto - cis 
eto - cr 

Biosynthesis of the N-glycan precursor (dolichol lipid-linked 
oligosaccharide, LLO) and transfer to a nascent protein Dhdds 2623 59 3094 44 1717 49 8.60∙10-7 

cr - cis 
cis - eto 
cr - eto 

Biosynthesis of the N-glycan precursor (dolichol lipid-linked 
oligosaccharide, LLO) and transfer to a nascent protein Mpi 2460 69 2890 85 1495 44 5.77∙10-6 

cr - cis  
cis - eto 
cr - eto 

Sphingolipid de novo biosynthesis, Lysosphingolipid and LPA 
receptors Plpp1 2261 66 3335 81 1379 29 3.43∙10-7 

cr - cis 
cis - eto 
cr - eto 

Glycerophospholipid biosynthesis, mitochondrial fatty acid 
beta-oxidation of unsaturated fatty acids, Phospholipid 
metabolism, mitochondrial fatty acid beta-oxidation of 
saturated fatty acids Hadh 2045 14 2288 25 1319 23 2.40∙10-8 

cr - cis 
cis - eto  
cr - eto 

Glycosphingolipid metabolism Smpd1 1910 34 2185 39 1724 65 1.20∙10-3 

cr - cis  
cis - eto 
cr - eto 

Regulation of cholesterol biosynthesis by SREBP (SREBF) Scap 1859 138 2658 82 1759 127 3.09∙10-3 
cr - cis 
eto - cis 

Fatty acid metabolism, mitochondrial fatty acid beta-oxidation 
of saturated fatty acids Acads 1762 117 1885 61 1062 107 1.83∙10-3 

eto - cis 
eto - cr 

Regulation of lipid metabolism by PPARalpha, Regulation of 
cholesterol biosynthesis by SREBP (SREBF), FOXO-mediated 
transcription of cell death genes Crebbp 1703 41 2156 55 1552 158.27 1.51∙10-2 

cr - cis 
eto - cis 

Regulation of lipid metabolism by PPARalpha, Regulation of 
cholesterol biosynthesis by SREBP (SREBF), NR1H2 & NR1H3 
regulate gene expression linked to lipogenesis Srebf1 1494 47 1514 17 1004 99.86 1.95∙10-3 

eto - cis 
eto - cr 

Lipophagy Prkab1 1196 45 1296 6 1028 12 9.04∙10-4 

cr - cis;  
cis - eto 
cr - eto 
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Glycosphingolipid metabolism Smpd2 1084 13 1384 19 982 12 8.48∙10-7 

cr - cis;  
cis - eto 
cr - eto 

Fatty acid metabolism, ABC transporters in lipid homeostasis, 
Linoleic acid (LA) metabolism, alpha-linolenic (omega3) and 
linoleic (omega6) acid metabolism, Beta-oxidation of very long 
chain fatty acids, Peroxisomal lipid metabolism Abcd1 1011 29 1145 22.02 927 32 4.33∙10-3 

cr - cis 
eto - cis 

Fatty acid metabolism Ppard 936 51 942 35 650 92 3.82∙10-2 
eto - cis 
eto - cr 

Biosynthesis of the N-glycan precursor (dolichol lipid-linked 
oligosaccharide, LLO) and transfer to a nascent protein Dolk 843 24 903 16 775 18 1.29∙10-2 cis - eto 

Ketone body metabolism, Synthesis of Ketone Bodies Hmgcl 748 20 1062 8 727 30 1.99∙10-5 
cr - cis 
eto - cis 

Biosynthesis of the N-glycan precursor (dolichol lipid-linked 
oligosaccharide, LLO) and transfer to a nascent protein Alg1 696 4 975 21 580 27 1.93∙10-4 

cr - cis 
eto - cis 

Glycerophospholipid biosynthesis, Apoptotic cleavage of 
cellular proteins, Apoptotic execution phase, TP53 Regulates 
Transcription of Caspase Activators and Caspases, Breakdown 
of the nuclear lamina, TP53 Regulates Transcription of Cell 
Death Genes, Phospholipid metabolism, Caspase-mediated 
cleavage of cytoskeletal proteins Casp6 654 24 688 19 498 34.49 5.35∙10-3 

eto - cis 
eto - cr 

Phospholipid metabolism, Glycerophospholipid biosynthesis Stard10 594 30 890 23 392 30 1.54∙10-5 

cr - cis 
cis - eto  
cr - eto 

Fatty acid metabolism, Beta-oxidation of very long chain fatty 
acids, Peroxisomal lipid metabolism Mlycd 483 3 722 30 347 13 7.33∙10-6 

cr - cis  
cis - eto 
cr - eto 

Sphingolipid de novo biosynthesis Cers1 185 10 195 9 20 2 2.02∙10-6 
eto - cis 
eto - cr 

Fatty acid metabolism, Synthesis of Prostaglandins (PG) and 
Thromboxanes (TX), Arachidonic acid metabolism Ptgs1 5704 196 5223 96 6797 202 1.47∙10-3 

eto - cis 
eto - cr 

Fatty acyl-CoA biosynthesis, Fatty acid metabolism Ppt1 5218 49 4271 74 5390 137 1.83∙10-4 
cr - cis  
eto - cis 
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Triglyceride catabolism Cav1 4057 157 2680 78 6313 209 2.83∙10-6 

cr - cis 
cis - eto 
cr - eto 

Plasma lipoprotein clearance Soat1 3311 110 3279 97 4282 125 8.19∙10-4 
eto - cis 
eto - cr 

Regulation of lipid metabolism by PPARalpha, Regulation of 
cholesterol biosynthesis by SREBP (SREBF), Cholesterol 
biosynthesis Fdft1 1949 83 1360 6 2154 48 6.15∙10-5 

cr - cis 
cis - eto 
cr - eto 

Glycosphingolipid metabolism Hexb 1634 24 1341 43 1697 55 2.14∙10-3 
cr - cis  
eto - cis 

Phospholipid metabolism Ptpn13 1560 20 891 15 2601 48 9.99∙10-9 

cr - cis 
cis - eto 
cr - eto 

Inositol phosphate metabolism Braf 1154 81 1024 43 1539 81 5.35∙10-3 
eto - cis 
eto - cr 

Biosynthesis of the N-glycan precursor (dolichol lipid-linked 
oligosaccharide, LLO) and transfer to a nascent protein Pmm2 1056 32 927 39 1221 66 1.74∙10-2 eto - cis 

Sphingolipid de novo biosynthesis Acer3 929 49 888 36 1978 50 9.72∙10-7 
eto - cis 
eto - cr 

Plasma lipoprotein remodeling Lpl 715 32 366 7 1338 40 2.44∙10-7 

cr - cis 
cis - eto 
cr - eto 

Phospholipid metabolism, Glycerophospholipid biosynthesis Chka 678 14 627 32 906 64 8.09∙10-3 
eto - cis 
eto - cr 

Glycerophospholipid catabolism, Phospholipid metabolism Pnpla7 621 26 594 18 722 33 3.84∙10-2 
eto - cis 
eto - cr 

Phospholipid metabolism, Glycerophospholipid biosynthesis Agk 597 36 387 17 621 27 1.56∙10-3 
cr - cis 
eto - cis 

Glycerophospholipid biosynthesis, Synthesis of PG, Role of 
phospholipids in phagocytosis, Glycerophospholipid 
biosynthesis Pld1 537 17 276 14 884 27 4.23∙10-7 

cr - cis 
cis - eto 
cr - eto 

Role of phospholipids in phagocytosis, DAG and IP3 signaling Itpr1 523 18 49 5 831 17 1.34∙10-8 

cr - cis 
cis - eto 
cr - eto 
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Peroxisomal lipid metabolism, Fatty acid metabolism Phyh 452 15 394 14 483 16 2.18∙10-2 
cr - cis  
eto - cis 

Regulation of lipid metabolism by PPARalpha, Plasma 
lipoprotein assembly, NR1H3 & NR1H2 regulate gene 
expression linked to cholesterol transport and efflux Abca1 408 66 237 5 1182 38 3.06∙10-6 

cr - cis  
cis - eto  
cr - eto 

Lipophagy, Fatty acid metabolism Prkag2 299 21 241 16 821 19 1.85∙10-7 
eto - cis  
eto - cr 

Plasma lipoprotein clearance Cubn 180 6 17 1 950 64 9.72∙10-7 

cr - cis  
cis - eto  
cr - eto 

DAG and IP3 signaling Prkce 166 6 5 3 249 12 2.91∙10-7 

cr - cis  
cis - eto  
cr - eto 

Fatty acid metabolism, Regulation of cholesterol biosynthesis 
by SREBP (SREBF) Acacb 61 8 18 4 138 5 6.75∙10-6 

cr - cis  
cis - eto  
cr - eto 

ABC transporters in lipid homeostasis Abca4 60 8 33 3 340 10 3.14∙10-8 
eto - cis  
eto - cr 

Mitochondrial Fatty Acid Beta-Oxidation Acbd 34 4 28 4 113 6 8.95∙10-6 
eto - cis  
eto - cr 

Glycerophospholipid biosynthesis, Phospholipid metabolism, 
Mitochondrial Fatty Acid Beta-Oxidation Pctp 30 2 24 1 43 2 3.10∙10-4 

eto - cis  
eto - cr 

Regulation of lipid metabolism by PPARalpha Abcb4 21 5 16 2 51 3 8.37∙10-4 
eto - cis  
eto - cr 

Regulation of lipid metabolism by PPARalpha, Regulation of 
cholesterol biosynthesis by SREBP (SREBF) Ppara 21 8 1 0.3 31 2 1.27∙10-2 

cr - cis  
eto - cis 

Plasma lipoprotein remodeling Lipc 19 4 1 1 89 6 3.89∙10-6 

cr - cis 
cis - eto 
cr - eto 

Triglyceride catabolism Stard8 17 3 4 1 26 3 2.14∙10-3 
cr - cis 
eto - cis 

Glycosphingolipid metabolism Smpd3 16 0.5 8 2 105 5 1.85∙10-7 
eto - cis 
eto - cr 

Phospholipid metabolism, Glycerophospholipid biosynthesis Lpcat2 14 2 6 1 27 3 3.09∙10-3 
eto - cis 
eto - cr 



266 
 

Sphingolipid de novo biosynthesis Cers3 12 2 2 1 48 3 2.04∙10-6 

cr - cis  
cis - eto 
cr - eto 

Sphingolipid de novo biosynthesis Acer2 12 2 11 2 52 4 2.80∙10-5 
eto - cis 
eto - cr 

Mitochondrial Fatty Acid Beta-Oxidation, Fatty acid 
metabolism Acot12 7 1 5 1 28 6 1.35∙10-2 

eto - cis 
eto - cr 

ABC transporters in lipid homeostasis Abca12 5 2 2 1 184 2 1.14∙10-10 
eto - cis 
eto - cr 

Sphingolipid de novo biosynthesis Acer1 5 1 3 0.7 30 1 1.94∙10-6 
eto - cis 
eto - cr 

Triglyceride catabolism Fabp4 2 1 2 0.4 48 8 5.22∙10-4 
eto - cis 
eto - cr 

ABC transporters in lipid homeostasis, NR1H3 & NR1H2 
regulate gene expression linked to cholesterol transport and 
efflux Abcg8 2 1 0.2 0.1 42 3 1.05∙10-6 

eto - cis 
eto - cr 

Muscle Contraction, Sphingolipid de novo biosynthesis Spp1 159600 3490 29632 367 56730 1187 4.23∙10-9 

cr - cis 
cis - eto 
cr - eto 

cell cell comunication, Glycosphingolipid metabolism  Psap 46846 653 45726 590 41353 1361 1.64∙10-2 
eto - cis 
eto - cr 

Glycosphingolipid metabolism Ugcg 13594 686 8057 121 4985 238 6.51∙10-6 

cr - cis 
cis - eto 
cr - eto 

Fatty acid metabolism, Synthesis of Lipoxins (LX), Biosynthesis 
of specialized proresolving mediators (SPMs), Biosynthesis of 
DPA-derived SPMs, Biosynthesis of electrophilic omega-3 PUFA 
oxo-derivatives, Biosynthesis of DHA-derived SPMs, 
Biosynthesis of EPA-derived SPMs, Arachidonic acid 
metabolism, Synthesis of 5-eicosatetraenoic acids Alox5 13107 335 5054 76 1354 68 6.81∙10-9 

cr - cis 
cis - eto 
cr - eto 

Plasma lipoprotein clearance Npc2 12598 86 9959 131 10654 146 3.97∙10-6 

cr - cis  
cis - eto 
cr - eto 

Plasma lipoprotein clearance Scarb2 8689 173 7803 105 7559 210 8.19∙10-3 
cis - cr 
eto - cr 
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Regulation of lipid metabolism by PPARalpha, Regulation of 
cholesterol biosynthesis by SREBP (SREBF), Regulation of lipid 
metabolism by PPARalpha, Regulation of cholesterol 
biosynthesis by SREBP (SREBF) Srebf2 7330 200 5667 165 2630 144 7.97∙10-7 

cr - cis 
cis - eto 
cr - eto 

ABC transporters in lipid homeostasis, Pex19 6474 44 5460 68 3367 117 8.42∙10-8 

cr - cis 
cis - eto 
cr - eto 

Glycosphingolipid metabolism Asah1 4605 48 3663 45 4288 98 9.17∙10-5 

cr - cis 
cis - eto 
cr - eto 

Fatty acid metabolism, Mitochondrial Fatty Acid Beta-
Oxidation, Mitochondrial Fatty Acid Beta-Oxidation Dbi 4283 48 4086 112 3762 43 8.12∙10-3 

eto - cis 
eto - cr 

Arachidonic acid metabolism, Fatty acid metabolism Abcc1 3183 131 2551 93 2837 115 2.83∙10-2 cr - cis 

Fatty acid metabolism, Regulation of cholesterol biosynthesis 
by SREBP (SREBF), Fatty acyl-CoA biosynthesis Acaca 2950 97 1022 53 2911 115 2.31∙10-6 

cr - cis 
eto - cis 

DAG and IP3 signaling Prkca 2946 89 264 7 870 52 2.47∙10-8 

cr - cis 
cis - eto 
cr - eto 

Regulation of lipid metabolism by PPARalpha, Fatty acid 
metabolism, Linoleic acid (LA) metabolism, alpha-linolenic 
(omega3) and linoleic (omega6) acid metabolism Fads1 2845 53 2196 122 2254 50 2.27∙10-3 

cis - cr 
eto - cr 

Cholesterol biosynthesis via desmosterol, Cholesterol 
biosynthesis Ebp 2666 55 2426 30 1127 24 4.61∙10-8 

cr - cis 
cis - eto 
cr - eto 

Regulation of lipid metabolism by PPARalpha, Regulation of 
cholesterol biosynthesis by SREBP (SREBF), Cholesterol 
biosynthesis Hmgcr 2588 83 2000 88 2371 113 1.64∙10-2 

cr - cis 
eto - cis 

Plasma lipoprotein clearance, Fatty acid metabolism, 
Biosynthesis of DPAn-6 SPMs, Synthesis of Hepoxilins (HX) and 
Trioxilins (TrX), Synthesis of 12-eicosatetraenoic acid 
derivatives, Synthesis of Lipoxins (LX), Biosynthesis of 
specialized proresolving mediators (SPMs), Biosynthesis of 
DPA-derived SPMs, Biosynthesis of DHA-derived SPMs, 
Arachidonic acid metabolism Lipa 2455 64 1911 39 2398 108 4.23∙10-3 

cr - cis 
eto - cis 
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The fatty acid cycling model Ucp2 2429 70 2334 24 1271 36 9.72∙10-7 
eto - cis 
eto - cr 

Phospholipid metabolism, Glycerophospholipid biosynthesis Agpat1 2272 115 2144 54 1710 112 1.89∙10-2 
eto - cis 
eto - cr 

Plasma lipoprotein clearance, Phospholipid metabolism, 
Glycerophospholipid biosynthesis Ldlr 2061 94 586 23 526 19 4.07∙10-7 

cis - cr 
eto - cr 

Ketone body metabolism, Synthesis of Ketone Bodies, 
Utilization of Ketone Bodies 

Cholesterol 
biosynthesis 1813 43 1265 65 904 48 2.06∙10-5 

cr - cis 
cis - eto 
cr - eto 

Glycosphingolipid metabolism, Biosynthesis of the N-glycan 
precursor (dolichol lipid-linked oligosaccharide, LLO) and 
transfer to a nascent protein Glb1 1726 26 703 15 1125 21 1.99∙10-8 

cr - cis 
cis - eto 
cr - eto 

Glycosphingolipid metabolism Arsb 1689 10 108 2 1202 21 1.23∙10-10 

cr - cis 
cis - eto 
cr - eto 

Synthesis of PG, Phospholipid metabolism, 
Glycerophospholipid biosynthesis Ptpmt1 1536 47 1524 61 1178 60 7.14∙10-3 

eto - cis 
eto - cr 

Regulation of lipid metabolism by PPARalpha Fhl2 1493 68 1049 35 938 51 4.86∙10-4 
cis - cr 
eto - cr 

Phospholipid metabolism, Glycerophospholipid biosynthesis Mboat2 1275 13 769.51 23.19 292 14 9.91∙10-9 

cr - cis 
cis - eto 
cr - eto 

Biosynthesis of the N-glycan precursor (dolichol lipid-linked 
oligosaccharide, LLO) and transfer to a nascent protein Dpagt1 1264 36 1153 49 905 52 4.05∙10-3 

eto - cis 
eto - cr 

Cholesterol biosynthesis Nsdhl 1215 28 596 16 639 22 3.73∙10-7 
cis - cr 
eto - cr 

Phospholipid metabolism Aatf 1159 33 1073 23 942 16 2.33∙10-3 
eto - cis 
eto - cr 

Biosynthesis of the N-glycan precursor (dolichol lipid-linked 
oligosaccharide, LLO) and transfer to a nascent protein Alg9 1114 53 416 16 666 7 4.03∙10-6 

cr - cis  
cis - eto 
cr - eto 

Plasma lipoprotein clearance Scarb1 1075 35 647 26 657 44 1.05∙10-4 
cis - cr 
eto - cr 

Regulation of cholesterol biosynthesis by SREBP (SREBF), 
Cholesterol biosynthesis Lbr 1003 15 872 23 827 16 9.90∙10-4 

cis - cr 
eto - cr 
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Lysosphingolipid and LPA receptors Plpp3 990 40 799 14 981 19 4.04∙10-3 
cr - cis 
eto - cis 

Phospholipid metabolism, Glycerophospholipid biosynthesis Lpcat1 942 37 730 39 607 7 5.36∙10-4 

cr - cis;  
cis - eto 
cr - eto 

Glycosphingolipid metabolism Asah2 829 82 242 8 797 49 2.86∙10-4 
cr - cis 
eto - cis 

Biosynthesis of the N-glycan precursor (dolichol lipid-linked 
oligosaccharide, LLO) and transfer to a nascent protein Rft1 697 13 605 12 691 19 8.98∙10-3 

cr - cis  
eto - cis 

Glycosphingolipid metabolism Arsa 680 10 607 11 531 23 1.57∙10-3 

cr - cis 
cis - eto 
cr - eto 

Glycerophospholipid biosynthesis, Triglyceride catabolism, 
Acyl chain remodeling of DAG and TAG, Arachidonate 
production from DAG, Phospholipid metabolism Mgll 625 28 166 7 353 23 4.37∙10-6 

cr - cis 
cis - eto 
cr - eto 

NRIF signals cell death from the nucleus, Biosynthesis of the N-
glycan precursor (dolichol lipid-linked oligosaccharide, LLO) 
and transfer to a nascent protein Alg3 566 7 413 11 308 16 3.45∙10-6 

cr - cis 
cis - eto 
cr - eto 

Phospholipid metabolism, Glycerophospholipid biosynthesis Brca1 506 29 78 4 177 22 5.78∙10-6 

cr - cis 
cis - eto 
cr - eto 

Biosynthesis of the N-glycan precursor (dolichol lipid-linked 
oligosaccharide, LLO) and transfer to a nascent protein Alg8 467 9 337 11 278 15 2.95∙10-5 

cr - cis 
cis - eto 
cr - eto 

Plasma lipoprotein remodeling Fgf21 366 16 219 8 32 2 2.56∙10-7 

cr - cis 
cis - eto 
cr - eto 

Phospholipid metabolism, Glycerophospholipid biosynthesis Ace 347 15 14 2 284 8 1.25∙10-7 

cr - cis  
cis - eto 
cr - eto 

Regulation of lipid metabolism by PPARalpha, Free fatty acids 
regulate insulin secretion, Intracellular metabolism of fatty 
acids regulates insulin secretion Cd36 346 16 151 11 95 8 4.17∙10-6 

cr - cis  
cis - eto  
cr - eto 

Biosynthesis of the N-glycan precursor (dolichol lipid-linked 
oligosaccharide, LLO) and transfer to a nascent protein Alg6 328 15 192 12 223 14 6.85∙10-4 

cis - cr  
eto - cr 
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Fatty acid metabolism, Arachidonic acid metabolism Dpep1 280 19 201 11 54 1 1.59∙10-5 

cr - cis  
cis - eto  
cr - eto 

Synthesis of glycosylphosphatidylinositol (GPI) Chek2 265 29 152 11 185 23 3.83∙10-2 cr - cis 

Plasma lipoprotein remodeling Lipg 144 7 10 2 143 7 1.07∙10-6 
cr - cis  
eto - cis 

Sphingolipid de novo biosynthesis Degs2 125 5 27 1 70 1 1.80∙10-7 

cr - cis  
cis - eto  
cr - eto 

Plasma lipoprotein clearance Pcsk9 84 9 48 1 52 4 7.58∙10-3 
cis - cr  
eto - cr 
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Table S3.5. List of cell death and cell cycle pathways significantly regulated by cisplatin treatment in C2C12. Legend:  - significantly upregulated, 

 - significantly downregulated; entities FDR – probability that the overlap between the query and the pathway has occurred by chance corrected 

for multiple comparison. Pathways ID corresponds to Reactome pathway database.  

Pathway ID Pathway name Effect Entities FDR Association 

R-HSA-111453 BH3-only proteins associate with and inactivate anti-apoptotic BCL-2 members 3.31∙10-2 apoptosis 

R-HSA-69563 p53-Dependent G1 DNA Damage Response 1.83∙10-2 apoptosis 

R-HSA-69580 p53-Dependent G1/S DNA damage checkpoint 1.83∙10-2 apoptosis 

R-HSA-169911 Regulation of Apoptosis 1.98∙10-3 apoptosis 

R-HSA-450408 AUF1 (hnRNP D0) binds and destabilizes mRNA 2.50∙10-3 apoptosis 

R-HSA-174113 SCF-beta-TrCP mediated degradation of Emi1 4.60∙10-3 apoptosis 

R-HSA-69613 p53-Independent G1/S DNA damage checkpoint 4.60∙10-3 apoptosis 

R-HSA-69610 p53-Independent DNA Damage Response 4.60∙10-3 apoptosis 

R-HSA-176417 Phosphorylation of Emi1 1.98∙10-3 apoptosis 

R-HSA-69541 Stabilization of p53 2.11∙10-3 cell cycle 

R-HSA-174154 APC/C:Cdc20 mediated degradation of Securin 6.35∙10-3 cell cycle 

R-HSA-174084 Auto-degradation of Cdh1 by Cdh1:APC/C 9.28∙10-3 cell cycle 

R-HSA-187577 SCF(Skp2)-mediated degradation of p27/p21 1.71∙10-2 cell cycle 

R-HSA-69615 G1/S DNA Damage Checkpoints 3.73∙10-2 cell cycle 

R-HSA-2980767 Activation of NIMA Kinases NEK9, NEK6, NEK7 1.81∙10-3 cell cycle 

R-HSA-69618 Mitotic Spindle Checkpoint  5.17∙10-12 cell cycle 

R-HSA-141444 Amplification  of signal from unattached  kinetochores via a MAD2  inhibitory signal  5.17∙10-12 cell cycle 

R-HSA-141424 Amplification of signal from the kinetochores  5.17∙10-12 cell cycle 

R-HSA-9648025 EML4 and NUDC in mitotic spindle formation  5.63∙10-12 cell cycle 

R-HSA-69205 G1/S-Specific Transcription  6.25∙10-12 cell cycle 

R-HSA-68877 Mitotic Prometaphase  6.36∙10-12 cell cycle 

R-HSA-1538133 G0 and Early G1  1.96∙10-10 cell cycle 

R-HSA-69278 Cell Cycle, Mitotic  8.26∙10-10 cell cycle 

R-HSA-1640170 Cell Cycle  5.10∙10-8 cell cycle 

R-HSA-1362277 Transcription of E2F targets under negative control by DREAM complex  2.49∙10-7 cell cycle 
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R-HSA-1362300 Transcription of E2F targets under negative control by p107 (RBL1) and p130 (RBL2) in complex with 

HDAC1 

 3.69∙10-7 cell cycle 

R-HSA-73886 Chromosome Maintenance  4.10∙10-7 cell cycle 

R-HSA-176187 Activation of ATR in response to replication stress  1.28∙10-6 cell cycle 

R-HSA-774815 Nucleosome assembly  8.52∙10-6 cell cycle 

R-HSA-606279 Deposition of new CENPA-containing nucleosomes at the centromere  8.52∙10-6 cell cycle 

R-HSA-180786 Extension of Telomeres  1.01∙10-5 cell cycle 

R-HSA-174417 Telomere C-strand (Lagging Strand) Synthesis  1.76∙10-5 cell cycle 

R-HSA-8854518 AURKA Activation by TPX2  7.73∙10-5 cell cycle 

R-HSA-2980766 Nuclear Envelope Breakdown  1.13∙10-4 cell cycle 

R-HSA-380320 Recruitment of NuMA to mitotic centrosomes  4.40∙10-4 cell cycle 

R-HSA-156711 Polo-like kinase mediated events  4.60∙10-4 cell cycle 

R-HSA-2514853 Condensation of Prometaphase Chromosomes  1.10∙10-3 cell cycle 

R-HSA-68911 G2 Phase  1.82∙10-3 cell cycle 

R-HSA-8854050 FBXL7 down-regulates AURKA during mitotic entry and in early mitosis  3.27∙10-3 cell cycle arrest 

R-HSA-75815 Ubiquitin-dependent degradation of Cyclin D (lack of Cyclin →impaired cell cycle) 1.72∙10-3 cell cycle 

R-HSA-75893 TNF signaling 3.58∙10-2 cell death 

R-HSA-211733 Regulation of activated PAK-2p34 by proteasome mediated degradation 6.17∙10-4 cell death 

R-HSA-5676590 NIK-->noncanonical NF-kB signaling 2.95∙10-3 cell death 

R-HSA-5607761 Dectin-1 mediated noncanonical NF-kB signaling 3.30∙10-3 cell death 

R-HSA-4641258 Degradation of DVL 1.89∙10-4 cell fate 

R-HSA-4641257 Degradation of AXIN 1.20∙10-3 cell fate 

R-HSA-195253 Degradation of beta-catenin by the destruction complex 2.64∙10-2 cell fate 

R-HSA-5658442 Regulation of RAS by GAPs 3.10∙10-2 cell survival 

R-HSA-2871837 FCERI mediated NF-kB activation 5.79∙10-3 cytokines 

R-HSA-202424 Downstream TCR signaling 8.18∙10-3 cytokines 

R-HSA-5668541 TNFR2 non-canonical NF-kB pathway 1.05∙10-2 cytokines 

R-HSA-9020702 Interleukin-1 signaling 2.50∙10-2 cytokines 

R-HSA-349425 Autodegradation of the E3 ubiquitin ligase COP1 1.97∙10-3 DNA damage 

R-HSA-5651801 PCNA-Dependent Long Patch Base Excision Repair  1.19∙10-4 DNA repair 

R-HSA-5358508 Mismatch Repair  3.58∙10-4 DNA repair 
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R-HSA-68962 Activation of the pre-replicative complex  4.13∙10-10 DNA repair 

R-HSA-68952 DNA replication initiation  4.00∙10-3 DNA synthesis 

R-HSA-69190 DNA strand elongation  5.17∙10-12 DNA synthesis 

R-HSA-69186 Lagging Strand Synthesis  1.40∙10-8 DNA synthesis 

R-HSA-69183 Processive synthesis on the lagging strand  1.95∙10-7 DNA synthesis 

R-HSA-69166 Removal of the Flap Intermediate  2.22∙10-6 DNA synthesis 

R-HSA-176974 Unwinding of DNA  5.22∙10-5 DNA synthesis 

R-HSA-69109 Leading Strand Synthesis  8.19∙10-5 DNA synthesis 

R-HSA-69091 Polymerase switching  8.19∙10-5 DNA synthesis 

 

 

 

Table S3.6. List of cell death and cell cycle pathways significantly regulated by etoposide treatment in C2C12. Legend:  - significantly 

upregulated,  - significantly downregulated; entities FDR – probability that the overlap between the query and the pathway has occurred by 

chance corrected for multiple comparison. Pathways ID corresponds to Reactome pathway database. 

Pathway ID Pathway name Effect Entities FDR Association 

R-HSA-140534 Caspase activation via Death Receptors in the presence of ligand  4.60∙10-3 apoptosis 

R-HSA-69610 p53-Independent DNA Damage Response 4.60∙10-3 apoptosis 

R-HSA-69613 p53-Independent G1/S DNA damage checkpoint 4.60∙10-3 apoptosis 

R-HSA-69615 G1/S DNA Damage Checkpoints 3.73∙10-2 apoptosis 

R-HSA-169911 Regulation of Apoptosis  1.98∙10-3 apoptosis 

R-HSA-9614399 Regulation of localization of FOXO transcription factors  3.20∙10-2 apoptosis 

R-HSA-111448 Activation of NOXA and translocation to mitochondria  3.68∙10-2 apoptosis 

R-HSA-211733 Regulation of activated PAK-2p34 by proteasome mediated degradation  6.17∙10-4 apoptosis 

R-HSA-113501 Inhibition of replication initiation of damaged DNA by RB1/E2F1  1.66∙10-3 cell cycle 

R-HSA-113510 E2F mediated regulation of DNA replication  1.23∙10-4 cell cycle 

R-HSA-1362277 Transcription of E2F targets under negative control by DREAM complex  2.49∙10-7 cell cycle 

R-HSA-1362300 Transcription of E2F targets under negative control by p107 (RBL1) and p130 (RBL2) in complex with 

HDAC1 

 3.69∙10-7 cell cycle 
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R-HSA-141405 Inhibition of the proteolytic activity of APC/C required for the onset of anaphase by mitotic spindle 

checkpoint components 

 3.08∙10-4 cell cycle 

R-HSA-141424 Amplification of signal from the kinetochores  5.17∙10-12 cell cycle 

R-HSA-141430 Inactivation of APC/C via direct inhibition of the APC/C complex  3.08∙10-4 cell cycle 

R-HSA-141444 Amplification  of signal from unattached  kinetochores via a MAD2  inhibitory signal  5.17∙10-12 cell cycle 

R-HSA-1538133 G0 and Early G1  1.96∙10-10 cell cycle 

R-HSA-156711 Polo-like kinase mediated events  4.60∙10-4 cell cycle 

R-HSA-1640170 Cell Cycle  5.10∙10-8 cell cycle 

R-HSA-174048 APC/C:Cdc20 mediated degradation of Cyclin B  7.31∙10-4 cell cycle 

R-HSA-174084 Autodegradation of Cdh1 by Cdh1:APC/C  9.28∙10-3 cell cycle 

R-HSA-174113 SCF-beta-TrCP mediated degradation of Emi1  4.60∙10-3 cell cycle 

R-HSA-174143 APC/C-mediated degradation of cell cycle proteins  5.03∙10-4 cell cycle 

R-HSA-174154 APC/C:Cdc20 mediated degradation of Securin  6.35∙10-3 cell cycle 

R-HSA-174178 APC/C:Cdh1 mediated degradation of Cdc20 and other APC/C:Cdh1 targeted proteins in late 

mitosis/early G1 

 3.97∙10-3 cell cycle 

R-HSA-174184 Cdc20:Phospho-APC/C mediated degradation of Cyclin A  2.61∙10-3 cell cycle 

R-HSA-176187 Activation of ATR in response to replication stress  1.28∙10-6 cell cycle 

R-HSA-176407 Conversion from APC/C:Cdc20 to APC/C:Cdh1 in late anaphase  3.20∙10-8 cell cycle 

R-HSA-176408 Regulation of APC/C activators between G1/S and early anaphase  1.86∙10-3 cell cycle 

R-HSA-176409 APC/C:Cdc20 mediated degradation of mitotic proteins  7.50∙10-4 cell cycle 

R-HSA-176412 Phosphorylation of the APC/C  3.80∙10-4 cell cycle 

R-HSA-176814 Activation of APC/C and APC/C:Cdc20 mediated degradation of mitotic proteins  5.03∙10-4 cell cycle 

R-HSA-179409 APC-Cdc20 mediated degradation of Nek2A  1.86∙10-4 cell cycle 

R-HSA-179419 APC:Cdc20 mediated degradation of cell cycle proteins prior to satisfation of the cell cycle checkpoint  1.86∙10-3 cell cycle 

R-HSA-187577 SCF(Skp2)-mediated degradation of p27/p21  1.71∙10-2 cell cycle 

R-HSA-2467813 Separation of Sister Chromatids  5.68∙10-8 cell cycle 

R-HSA-2500257 Resolution of Sister Chromatid Cohesion  1.13∙10-13 cell cycle 

R-HSA-2555396 Mitotic Metaphase and Anaphase  2.14∙10-7 cell cycle 

R-HSA-2565942 Regulation of PLK1 Activity at G2/M Transition  5.43∙10-4 cell cycle 

R-HSA-2980766 Nuclear Envelope Breakdown  1.13∙10-4 cell cycle 

R-HSA-2995383 Initiation of Nuclear Envelope (NE) Reformation  4.00∙10-4 cell cycle 
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R-HSA-2995410 Nuclear Envelope (NE) Reassembly  4.33∙10-3 cell cycle 

R-HSA-3301854 Nuclear Pore Complex (NPC) Disassembly  4.01∙10-3 cell cycle 

R-HSA-380259 Loss of Nlp from mitotic centrosomes  8.69∙10-4 cell cycle 

R-HSA-380270 Recruitment of mitotic centrosome proteins and complexes  5.83∙10-4 cell cycle 

R-HSA-380284 Loss of proteins required for interphase microtubule organization from the centrosome  8.69∙10-4 cell cycle 

R-HSA-380287 Centrosome maturation  5.83∙10-4 cell cycle 

R-HSA-380320 Recruitment of NuMA to mitotic centrosomes  4.40∙10-4 cell cycle 

R-HSA-4419969 Depolymerisation of the Nuclear Lamina  1.89∙10-2 cell cycle 

R-HSA-453274 Mitotic G2-G2/M phases  2.61∙10-4 cell cycle 

R-HSA-453276 Regulation of mitotic cell cycle  5.03∙10-4 cell cycle 

R-HSA-453279 Mitotic G1 phase and G1/S transition  1.96∙10-7 cell cycle 

R-HSA-6791312 TP53 Regulates Transcription of Cell Cycle Genes  4.58∙10-3 cell cycle 

R-HSA-68875 Mitotic Prophase  4.35∙10-3 cell cycle 

R-HSA-68877 Mitotic Prometaphase  6.36∙10-12 cell cycle 

R-HSA-68882 Mitotic Anaphase  2.56∙10-7 cell cycle 

R-HSA-68884 Mitotic Telophase/Cytokinesis  3.67∙10-3 cell cycle 

R-HSA-68886 M Phase  1.20∙10-6 cell cycle 

R-HSA-68911 G2 Phase  1.82∙10-3 cell cycle 

R-HSA-69202 Cyclin E associated events during G1/S transition   6.98∙10-4 cell cycle 

R-HSA-69205 G1/S-Specific Transcription  6.25∙10-12 cell cycle 

R-HSA-69206 G1/S Transition  4.11∙10-7 cell cycle 

R-HSA-69231 Cyclin D associated events in G1  8.39∙10-4 cell cycle 

R-HSA-69236 G1 Phase  8.39∙10-4 cell cycle 

R-HSA-69242 S Phase  4.04∙10-7 cell cycle 

R-HSA-69273 Cyclin A/B1/B2 associated events during G2/M transition  1.93∙10-3 cell cycle 

R-HSA-69275 G2/M Transition  4.87∙10-4 cell cycle 

R-HSA-69278 Cell Cycle, Mitotic  8.26∙10-10 cell cycle 

R-HSA-69481 G2/M Checkpoints  1.25∙10-2 cell cycle 

R-HSA-69618 Mitotic Spindle Checkpoint  5.17∙10-12 cell cycle 

R-HSA-69620 Cell Cycle Checkpoints  6.78∙10-7 cell cycle 

R-HSA-69656 Cyclin A:Cdk2-associated events at S phase entry  1.06∙10-3 cell cycle 
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R-HSA-75815 Ubiquitin-dependent degradation of Cyclin D  1.72∙10-3 cell cycle 

R-HSA-774815 Nucleosome assembly  8.52∙10-6 cell cycle 

R-HSA-8852276 The role of GTSE1 in G2/M progression after G2 checkpoint  2.56∙10-2 cell cycle 

R-HSA-8854050 FBXL7 down-regulates AURKA during mitotic entry and in early mitosis  3.27∙10-3 cell cycle 

R-HSA-8854518 AURKA Activation by TPX2  7.73∙10-5 cell cycle 

R-HSA-9615933 Post-mitotic nuclear pore complex (NPC) reformation  1.71∙10-2 cell cycle 

R-HSA-9648025 EML4 and NUDC in mitotic spindle formation  5.63∙10-12 cell cycle 

R-HSA-6804114 TP53 Regulates Transcription of Genes Involved in G2 Cell Cycle Arrest  5.79∙10-3 cell cycle arrest 

R-HSA-6804116 TP53 Regulates Transcription of Genes Involved in G1 Cell Cycle Arrest  4.85∙10-3 cell cycle arrest 

R-HSA-5669034 TNFs bind their physiological receptors  2.09∙10-2 cell death 

R-HSA-5607761 Dectin-1 mediated non-canonical NF-kB signalling  3.30∙10-3 cell death 

R-HSA-5676590 NIK → non-canonical NF-kB signalling  2.95∙10-3 cell death 

R-HSA-6783783 Interleukin-10 signalling  1.77∙10-2 cytokines 

R-HSA-877300 Interferon gamma signalling  4.64∙10-2 cytokines 

R-HSA-909733 Interferon alpha/beta signalling  2.08∙10-3 cytokines 

R-HSA-5658442 Regulation of RAS by GAPs  3.10∙10-2 cytokines 

R-HSA-110320 Translation Synthesis by POLH  3.07∙10-2 DNA damage 

bypass 

R-HSA-110373 Resolution of AP sites via the multiple-nucleotide patch replacement pathway  2.65∙10-3 DNA repair 

R-HSA-5358508 Mismatch Repair  3.58∙10-4 DNA repair 

R-HSA-5358565 Mismatch repair (MMR) directed by MSH2:MSH6 (MutSalpha)  4.91∙10-4 DNA repair 

R-HSA-5358606 Mismatch repair (MMR) directed by MSH2:MSH3 (MutSbeta)  5.38∙10-5 DNA repair 

R-HSA-5651801 PCNA-Dependent Long Patch Base Excision Repair  1.19∙10-4 DNA repair 

R-HSA-5685942 HDR through Homologous Recombination (HRR)  5.03∙10-4 DNA repair 

R-HSA-5693532 DNA Double-Strand Break Repair  5.27∙10-3 DNA repair 

R-HSA-5693538 Homology Directed Repair  3.22∙10-3 DNA repair 

R-HSA-5693567 HDR through Homologous Recombination (HRR) or Single Strand Annealing (SSA)  3.31∙10-3 DNA repair 

R-HSA-5696397 Gap-filling DNA repair synthesis and ligation in GG-NER  2.27∙10-3 DNA repair 

R-HSA-5696398 Nucleotide Excision Repair  4.41∙10-2 DNA repair 

R-HSA-5696399 Global Genome Nucleotide Excision Repair (GG-NER)  2.79∙10-2 DNA repair 

R-HSA-73933 Resolution of Abasic Sites (AP sites)  2.39∙10-3 DNA repair 
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R-HSA-176974 Unwinding of DNA  5.22∙10-5 DNA synthesis 

R-HSA-68827 CDT1 association with the CDC6:ORC:origin complex  4.64∙10-2 DNA synthesis 

R-HSA-68867 Assembly of the pre-replicative complex  4.61∙10-3 DNA synthesis 

R-HSA-68949 Orc1 removal from chromatin  1.06∙10-2 DNA synthesis 

R-HSA-68962 Activation of the pre-replicative complex  4.13∙10-10 DNA synthesis 

R-HSA-69002 DNA Replication Pre-Initiation  4.00∙10-4 DNA synthesis 

R-HSA-69017 CDK-mediated phosphorylation and removal of Cdc6  6.68∙10-3 DNA synthesis 

R-HSA-69052 Switching of origins to a post-replicative state  1.19∙10-3 DNA synthesis 

R-HSA-69091 Polymerase switching  8.19∙10-5 DNA synthesis 

R-HSA-69109 Leading Strand Synthesis  8.19∙10-5 DNA synthesis 

R-HSA-69166 Removal of the Flap Intermediate  2.22∙10-6 DNA synthesis 

R-HSA-69183 Processive synthesis on the lagging strand  1.95∙10-7 DNA synthesis 

R-HSA-69186 Lagging Strand Synthesis  1.40∙10-8 DNA synthesis 

R-HSA-69190 DNA strand elongation  5.17∙10-12 DNA synthesis 

R-HSA-69239 Synthesis of DNA  1.61∙10-5 DNA synthesis 

R-HSA-69306 DNA Replication  2.33∙10-6 DNA synthesis 
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Table S3.7. Differentially expressed genes linked to lipid droplets, endosomes, lysosomes, and peroxisomes. ANOVA: FDR-adjusted p-values, post 

hoc Fisher’s test: cr – control, cis – cisplatin, eto- etoposide, Source: GeneCards (www.genecards.org). 

Lipid droplet   

Gene FDR Post- hoc Fisher’s test Role 

Faf2 1.7∙10-2 eto - cis; eto - cr 

involved in inhibition of LD degradation by binding to phospholipase PNPL2 and inhibiting its activity by 

promoting dissociation of PNPL2 from its endogenous activator, ABHD5 which inhibits the rate of triacylglycerol 

hydrolysis (PubMed:23297223). 

Atg2b 6.4∙10-5 cis - cr; cis - eto required for both autophagosome formation and regulation of LD morphology and dispersion 

Zfyve1 4.7∙10-3 cis - cr; cis - eto 

plays a role in the formation of LDs (PubMed:30970241); regulates the morphology, size and distribution of LDs 

(PubMed:31293035, PubMed:30970241); mediates the formation of endoplasmic reticulum-lipid droplets (ER-

LD) contacts (PubMed:30970241). 

Osbpl2 3.3∙10-5 cis - cr; cis - eto binds sterols and phospholipids and mediates lipid transport between intracellular compartments. 

Aup1 3.6∙10-3 cis - cr; cis - eto involved in LD accumulation; reduced expression results in reduced LD clustering 

Atg2a 3.7∙10-2 cis - cr; cis - eto regulates lipid droplets morphology and distribution within the cell 

Pnpla2 6.7∙10-5 all 

catalyses the first step in the hydrolysis of TAGs in adipose tissue and non-adipocyte LDs; regulates adiposome 

size and degradation 

Dgat2 2.2∙10-4 cis - cr; cis - eto 

catalyses final reaction in the synthesis of TAGs (DAG + long chain fatty acyl-CoAs); required for synthesis and 

storage of intracellular TAGs (PubMed:27184406); plays a central role in cytosolic lipid accumulation 

Acsl3 4.2∙10-6 all 

converts free long-chain fatty acids into fatty acyl-CoA esters; plays a key role in lipid biosynthesis and fatty 

acid degradation; activates long-chain fatty acids for synthesis of cellular lipids and degradation via beta-

oxidation  

Abhd5 2.2∙10-6 all regulates the cellular storage of TAGs (PubMed:16679289) 

Lipe 1.1∙10-4 all hydrolyzes stored TAGs to free fatty acids 

Plin2 6.3∙10-7 all marker of lipid accumulation in diverse cell types and diseases 

Hilpda 7.5∙10-8 all increases intracellular lipid accumulation 

Cav2 1.3∙10-5 eto - cis; eto - cr acts as an accessory protein in conjunction with CAV1 in targeting to lipid rafts and driving caveolae formation 

Cav1 3.1∙10-6 all forms a stable heterooligomeric complex with CAV2 that targets to lipid rafts and drives caveolae formation 
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Table S3.7. Continued. 

Peroxisome    

Pex7 2.4·10-4 cr - cis; eto - cis cytosolic receptor for peroxisomal matrix enzymes 

Pex11b 2.4·10-3 all facilitates peroxisomal proliferation 

Lonp2 1.5·10-6 all maintains overall peroxisome homeostasis 

Pex14 9.5·10-4 all essential component of the peroxisomal import machinery 

Pex19 1.7·10-7 all early peroxisomal biogenesis 

Pex6 8.9·10-3 cis - cr; cis - eto peroxisome biogenesis 

Pex5 1.1·10-4 cis - eto; cr - eto peroxisomal targeting signal 

Abcd1 4.7·10-3 cis - cr; cis - eto peroxisomal import of fatty acids and/or fatty acyl-CoAs in the organelle 

Pex11a 1.0·10-5 all involved in regulation of peroxisome maintenance and proliferation; increases peroxisome abundance  

Pex16 3.6·10-3 cis - cr; cis - eto restores the formation of new peroxisomes 

Tysnd1 4.4·10-3 cis - cr; cis - eto facilitates protein import into the peroxisome 

Pex11g 1.3·10-2 cis – cr; cis - eto regulates the number and size of peroxisomes 

Pex10 5.9·10-5 cis - cr; cis - eto involved in import of peroxisomal matrix proteins 

Crot 5.8·10-6 all 

converts 4,8-dimethylnonanoyl-CoA to its corresponding carnitine ester. This transesterification is necessary 

for transport of medium- and long- chain acyl-CoA molecules out of the peroxisome to the cytosol and 

mitochondria 

Acbd5 1.8·10-3 all transport and distribution of long chain acyl-Coenzyme A in cells 
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Desaturases analysis 

I examined a possible transcriptomic explanation for increased in PUFAs during apoptosis, 

especially in the etoposide-treated cells (Fig of data MS). Figure S3. shows differentially 

expressed genes which encodes for desaturases (enzymes catalysing double bond formation in 

FA chains). The enzymes, which catalyse biosynthesis of unsaturated FAs (Fads1-3 and Scd2), 

were downregulated during apoptosis. The bi-functional enzyme, Degs2, which catalyses 

sphingolipid desaturation and mono-oxidation is also downregulated. In addition, two 

desaturases (Degs1 and Scd1) either increased or reminded unchanged during apoptosis.   

 
Figure S3.2. Differentially expressed genes linked to lipid desaturases in control (green), 

cisplatin- (red) and etoposide-treated (blue) C2C12 myotubes. Degs1-2 – sphingolipid 

desaturases, Fads1-3 and Scd1-2 – biosynthesis of unsaturated fatty acids. Mean fold changes 

in gene expressions were calculated relatively to the control group; error bars represent SEM 

of four independent cell samples. All changes are statistically significant (ANOVA: FDR-

adjusted P-value < 0.05), except for Degs1 control vs cisplatin. 
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Appendix 4. Supporting information for Chapter 3 

C6 rat glioma cells 

C6 cell line derived from a rat glial tumour induced by N-nitrosomethylurea was cultured in 

nutrient mixture F-12 Ham dissolved in sterile-filtered water containing 2.5 g/L sodium 

bicarbonate (final pH = 7.4), 2.5% fetal bovine serum (FBS), 10% horse serum (HS) and 1% 

PenStrep (100 U/mL Penicillin + 100 μg/mL Streptomycin) in a humidified 5% carbon dioxide 

atmosphere at 37 °C. Cells were grown in T-75 (for NMR) culture flasks with filter-vented 

caps, seeded at approx. 1.0·106 cells per flask. Cells were passaged four times to obtain required 

sample size. The cells were trypsinized and washed twice with PBS. The harvested cells were 

frozen immediately in growth media + 5% DMSO and stored at -80 °C until use (for HRMAS 

NMR spectroscopy).  

 

3T3-L1 mause preadipocytes 

The 3T3-L1 preadipocytes derived from a mause embryo (ATCC, Manassas, Virginia, USA) 

were cultured in DMEM/GlutaMAX, supplemented with 10% of FBS, and 1% PenStrep (100 

U/mL Penicillin + 100 μg/mL Streptomycin) in a humidified 5% carbon dioxide atmosphere 

at 37 °C. Cells were passaged four times to obtain required sample size. When cells reached 

confluence of 85-90%, the were washed three times with PBS and induced to differentiation 

with DMEM/F12 containing 10% FBS, 1% PenStrep, 0.2 mM IBMX, 10 µM rosiglitazone, 1 

μM dexamethasone, 10 µg/mL insulin for 7 days. Cells were grown in T-75 (for NMR) culture 

flasks with filter-vented caps, seeded at approx. 1.0·106 cells per flask, respectively. The cells 

were trypsinized and washed twice with PBS. The harvested cells were frozen immediately in 

growth media + 5% DMSO and stored at -80 °C until use (for HRMAS NMR spectroscopy).  

 

AML12 mause hepatocytes 

AML12 hepatocytes derived from a mouse transgenic for human TGF alpha (ATCC, 

Manassas, Virginia, USA) were cultured in DMEM/F12, supplemented with 10% of FBS, 1% 

PenStrep (100 U/mL Penicillin + 100 μg/mL Streptomycin), 10mL/L Insulin-Transferrin-
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Selenium (Thermos Fisher Scientific, Waltham, MA, United States),   and 40 ng/ml 

dexamethasone in a humidified 5% carbon dioxide atmosphere at 37 °C.  Cells were grown in 

T-75 (for NMR) culture flasks with filter-vented caps, seeded at approx. 1.0·106 cells per flask. 

Cells were passaged four times to obtain required sample size. The cells were trypsinized and 

washed twice with PBS. The harvested cells were frozen immediately in growth media + 5% 

DMSO and stored at -80 °C until use (for HRMAS NMR spectroscopy).  

 

 

 

 


