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Abstract Together with radiotherapy, chemotherapy 
using cytotoxic agents is one of the most common 
therapies in cancer. Metabolic changes in cancer cells 
are drawing much attention recently, but the 
metabolic alterations by anticancer agents have not 
been much studied. Here, we investigated the effects 
of commonly used cytotoxic agents on lung normal 
cell MRC5 and lung cancer cell A549. We employed 
cis-plastin, doxorubicin, and 5-Fluorouracil and 
compared their effects on the viability and 
metabolism of the normal and cancer cell lines. We 
first established the concentration of the cytotoxic 
reagents that give differences in the viabilities of 
normal and cancer cell lines. In those conditions, the 
viability of A549 decreased significantly, whereas 
that of MRC5 remained unchanged. To study the 
metabolic alterations implicated in the viability 
differences, we obtained the metabolic profiles using 
1H-NMR spectrometry. The 1H-NMR data showed 
that the metabolic changes of A549 cells are more 
remarkable than that of MRC5 cells and the effect of 
5-FU on the A549 cells is the most distinct compared 
to other treatments. Heat map analysis showed that 
metabolic alterations under treatment of cytotoxic 
agents are totally different between normal and 
cancer cells. Multivariate analysis and weighted 
correlation network analysis (WGCNA) revealed a 
distinctive metabolite signature and hub metabolites. 
Two different analysis tools revealed that the changes 

of cell metabolism in response to cytotoxic agents 
were highly correlated with the Warburg effect and 
Reductive lipogenesis, two pathways having 
important effects on the cell survival. Taken together, 
our study addressed the correlation between the 
viability and metabolic profiles of MRC5 and A549 
cells upon the treatment of cytotoxic anticancer 
agents. 
 
Keywords Lung cancer cell, Chemotherapy, 
Cytotoxic agents, Metabolic profile, NMR 
spectroscopy 
 
 
Introduction 
 
Cytotoxic agents play an important role in cancer 
therapy due to their efficacies and attract much 
attention from researchers.1 Among cytotoxic agents, 
cis-platin, doxorubicin, and 5-Fluorouracil (5-FU) 
have been used for decades, and are still widely 
applied in treatment of different types of cancer and 
especially in lung cancer. While cis-platin and 
doxorubicin inflict damage on DNA directly, 5-FU, a 
thymidylate synthase inhibitor blocks the synthesis of 
thymidine during the DNA replication.2-4 The targets 
of most cytotoxic agents are well established, but 
cellular metabolic alterations during the cytotoxic 
action have not been clearly understood yet.5 
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Cellular metabolism in cancer is becoming more 
important, since oncogenic signaling pathways have 
been demonstrated to connect with the metabolic 
activities and strategies for curing cancer can be 
gained from simple metabolic alterations.6 The 
changes of single amino acids are in the context also 
focused, as their effect on metabolism cannot be 
overlooked, and representative amino acids are 
followings: glycine, serine, glutamine, and 
glucose.7-10 
It is known that the metabolic characteristics of 
cancer cells are distinct from those of normal cells. In 
cancer cells, energy is generated by the aerobic 
glycolysis process rather than the mitochondria 
oxidative phosphorylation process.11,12 Aerobic 
glycolysis of cancer cell proceeds in normoxic 
conditions, which is distinguished from the anaerobic 
glycolysis of normal cell. According to such 
phenomenon called “Warburg effect”, cancer cells 
uptake glucose rapidly, generate the adenosine 
5-triphosphate (ATP) by inefficient way, and produce 
lots of lactates that made the extracellular 
environment acidic.6 In acidic condition, cancer cells 
can easily metastasize to distant tissues. In addition 
to glycolysis, glutaminolysis, which starts from 
glutamine decomposition by glutaminase (GLS) and 
provides its products to tricarboxylic acid (TCA) 
cycle also increases in cancer cells.13 Multiple studies 
revealed that increased glutaminolysis is related to 
MYC transcription factor and it makes glutamine 
uptake and catabolism increase.14,15 Glutaminolysis 
also has been receiving attention due to “Reductive 
lipogenesis”. This lipid synthesis pathway uses TCA 
intermediates derived from glutaminolysis as a 
source. Glutamine-derived α-ketoglutarate is reduced 
to citrate in mitochondria or cytosol by isocitrate 
dehydrogenase 1 (IDH1) or isocitrate dehydrogenase 
2 (IDH2), and converted to acetyl-CoA for lipid 
synthesis.6 Since rapidly dividing cancer cells 
requires more lipid as plasma membrane components 
apart from DNA, lipid synthesis is more important in 
cancer cells.16 Therefore, the point that cancer cell 
needs lots of lipid and mainly uses different pathway 
from normal cell for the lipid synthesis is the unique 
feature of cancer cells. Finally, the Pentose phosphate 
pathway (PPP) also contributes the cancer specific 

metabolic alterations. PPP specifically increases in 
cancer cells. Glucose-6-phosphate (G6P), an 
intermediate of glycolysis is converted to 
ribulose-5-p by PPP producing the NADPH and GSH 
which can be provided for reducing the level of ROS. 
ROS level alters the metabolic activities of cancer 
cells, and possibly causes cancer cell growth 
limitation or cancer cell death, so ROS level is an 
important issue on cancer metabolism.17 
Understanding the features in cancer metabolism 
could provide strategies to exploit the cancer 
metabolism for the cancer treatment. Moreover, 
studies, how metabolisms are differently changed in 
normal and cancer cell lines in response to cytotoxic 
agents, could give more information available during 
chemotherapy in the clinical practice. 
Metabolomics has been proven to be a pivotal tool in 
cancer metabolism research.18 This approach captures 
the cellular changes at the post translational level and 
identifies the biomarkers for evaluating the 
therapeutic effect and toxicity.19,20 Commonly, NMR 
and Mass Spectrometry are widely employed in 
metabolomics study.21,22 To analyze the data obtained 
from spectrometry, various analysis or statistical 
tools are being used. In this study, using 1H-NMR 
based metabolomics, we characterized metabolic 
profiles of lung cancer cell A549 and normal lung 
cell MRC5 treated with three different cytotoxic 
agents: cis-platin, doxorubicin, and 5-FU. We could 
separate three cytotoxic agent-treated groups in both 
normal and cancer cells, and identify biomarkers for 
each treatment group. 
 
 
Experimental Methods 
 
Cell Culture- The human lung carcinoma cell line 
A549 was purchased from Korean Cell Line Bank 
(KCBL, Seoul, Korea) and cultured in tissue culture 
dishes (BD Falcon, Bedford, MA, USA) containing 
Dulbecco’s Modified Eagle’s Medium (DMEM, 
Welgene, Daegu, Korea). The human lung fibroblast 
cell line MRC5 was purchased from American Type 
Culture Collection (ATCC CCL-171™, Manassas, 
VA, USA) and culture in tissue culture dishes (BD 
Falcon, Bedford, MA, USA) containing Dulbecco’s 



Sujin Lee et al / J. Kor. Magn. Reson. Soc., Vol. 21, No. 1, 2017 33 
 

 

 

Modified Eagle’s Medium (DMEM, Welgene, Daegu, 
Korea). Both media were supplemented with 10% 
fetal bovine serum (FBS, Welgene, Daegu, Korea), 
penicillin (100 units/ml, Welgene, Daegu, Korea) and 
streptomycin (100 μg/ml), and maintained at 37℃ in 
a humidified incubator under 5% CO2. 
 
Cell Treatments- A549 and MRC5 cells were 
cultured in DMEM, washed with Dulbecco’s 
Phosphate Buffered Saline (DPBS, Welgene, Deagu, 
Korea), detached with Trypsin/EDTA (Welgene, 
Daegu, Korea) and harvested to 15 ml conical tube 
by centrifugation. Cells were plated in 96-well tissue 
culture plates (BD Falcon, Bedford, MA, USA) at a 
cell density of 1.0 x 104 cells/well for MTT cell 
viability assay and cultured in 37℃ incubator under 
5% CO2 to allow them to reattach. Cells were plated 
in tissue culture dish (BD Falcon, Bedford, MA, 
USA) at a cell density of 0.8 x 106 cells/well for 
NMR spectroscopy and cultured in 37℃ incubator 
under 5% CO2 to allow them to reattach. After 4 hr 
incubation, the culture media were supplemented 
with cytotoxic agents such as cis-platin, doxorubicin, 
and 5-FU (Sigma-Aldrich, St. Louis, MO, USA), and 
no cytotoxic agents were added in culture media of 
control cells. The used concentrations were 0.813 
mg/ml, 0.13 mg/ml, and 0.0332 mg/ml for cis-platin, 
doxorubicin, and 5-FU respectively. The cells were 
incubated in 37℃ incubator under 5% CO2 for 72 hr. 
 
MTT Cell Viability Assay- Cell viability was 
evaluated by measuring the capacity of reducing the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT, Sigma-Aldrich, St. Louis, MO, USA) 
to formazan.23 In brief, MTT was dissolved in PBS at 
5 mg/ml and MTT solution was added to each well. 
The 96-well plates were incubated at 37℃ for 4 hr 
and then, the media was removed and 100 μl 
Dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. 
Louis, MO, USA) was added into each well. After 
mixing thoroughly to dissolve the formazan in 
DMSO, the reducing capacity was measured by 
ELISA reader (Molecular Devices, Sunnyvale, CA, 
USA) at 595 nm wavelength. 

Sample Preparation for NMR Spectroscopy- 
Metabolites extraction was performed on both cell 
lines treated or untreated with each cytotoxic agent. 
A sample was equally counted with 0.8 x 106 cells. 
The metabolites of samples were extracted with the 
mixture of 100 μl methanol, 60 μl acetonitrile and 40 
μl distilled water.24 The samples ware centrifuged at 
21,000g for 20 min at 4℃. The supernatants were 
collected and dried with speedvac (Vision Scientific, 
Bucheon, Korea). The samples were dissolved with a 
buffer composed of D2O, 2 mM Na2HPO4 and 5 mM 
NaH2PO4 containing a final concentration of 0.025% 
sodium-3-trimethyl silylpropionate (TSP, Cambridge 
Isotope Lab, Inc., Tewksbury, MA, USA) as an 
internal standard, which were transferred to 5 mm 
NMR tube. 
 
NMR Measurements- One-dimensional NMR spectra 
were measured on a 500 MHz spectrometer (Bruker 
Biospin, Avance 500, Billerica, MA, USA) equipped 
with a cryogenic triple resonance probe. The 
acquisition parameters were essentially the same as 
those previously reported.25,26 The metabolites were 
identified using Chenomx NMR software suite 
(Chenomx Inc., Edmonton, Alberta, Canada) by 
fitting the experimental spectra to those in the 
database and comparison with standard compounds. 
 
Multivariate Data Analysis- The time domain NMR 
data were Fourier transformed, phase corrected, and 
baseline corrected manually using MestReNova 
(Mestrelab Research, Santiago de Compostela, 
Spain). The processed NMR data were exported to an 
ASCII file and binned at a 0.003 ppm interval to 
reduce the complexity of the NMR data for pattern 
recognition. Moreover, the signals were normalized 
against total integration values and 0.025% TSP. The 
region corresponding to water (4.6–5.2 ppm) was 
removed from the spectra. The binning and 
normalization were performed using Perl software 
written in-house. The results were then imported into 
SIMCA-P version 11.0 (Umetrics, Umeå, Sweden). 
Partial least squares-discrimination analysis 
(PLS-DA) and orthogonal projections to latent 
structure-discriminant analysis (OPLS-DA) were 
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used for data analysis. The fold change of metabolite 
level was used to generate heat map with the highest 
value as red color and the lowest value as green 
color. 
 
WGCNA Analysis- Spectral binning data were 
employed to perform weighted correlation network 
analysis (WGCNA) by following the standard 
procedure in reference.27,28 The correlation network 
was constructed by calculating weighted Pearson 
correlation, then using topological overlap to identify 
the similarity of bin values and grouping of highly 
similar correlation relationship into modules. The 
correlation between modules and traits (cytotoxic 
agents) was measured and only modules having 
r>0.05 and p-value<0.05 were extracted for further 
investigation. In these modules, the bin values with 
the high connectivity with the others (≥5) were 
identified as hub values, which were then assigned 
for metabolites by Chenomx software. 
 
 
Results 
 
Cell Viability by MTT Assay- For studying the action 
of cytotoxic agents on cell metabolism, the 
concentration of agents is important consideration. 
After 3–day treatment of cytotoxic agents: cis-platin, 
doxorubicin, and 5-FU, we measured the cell 
viability of MRC5 and A549 cells by MTT assay, 
and ultimately gained the adequate concentrations of 
cytotoxic agents. We chose cis-platin, doxorubicin 
and 5-FU concentration of 0.00813 mg/10 ml, 
0.03319 mg/10 ml, and 0.00139 mg/10 ml 
respectively, corresponding to the half maximal 
inhibitory concentration (IC50). P value was 
calculated by an independent student’s t-test. MTT 
assay data show the mean viability of each different 
treated group compared to control group (Figure 1). 
The cell viabilities of all the treated groups decreased 
slightly after treating cytotoxic agents. However, the 
number of living cells is enough to investigate the 
cellular metabolism.  

 
 

Figure 1. MTT cell viability assay. After 3-day treatment 
of cytotoxic agents with the same concentration used in 
1H-NMR spectroscopy, the viability of MRC5 and A549 
cells was analyzed by MTT assay. Results show the mean 
viability of control and treated groups. *:p-value<0.05, 
**:p-value<0.01. 
 
Under treatment with cytotoxic agents, the viabilities 
of A549 cells decreased significantly compared to 
nontreated A549 cells. P-values of A549 were 0.006, 
0.010, and 0.000 for cis-platin, doxorubicin, and 
5-FU respectively. However, viabilities of MRC5 
cells remained unchanged compared to nontreated 
MRC5 cells. P-value of MRC5 were 0.393, 0.727, 
and 0.150 for cis-platin, doxorubicin, and 5-FU 
respectively. Due to differences of viabilities, the 
used concentrations of these agents were considered 
suitable to compare the metabolic profiles. 
Comparing the cell viability of A549 cells with that 
of MRC5 cells under each cytotoxic agent, there 
were significant differences between A549 and 
MRC5 cells (*:p-value<0.05, **:p-value<0.01). 
P-values between A549 and MRC5 cells were 0.041, 
0.033, and 0.001 for cis-platin, doxorubicin, and 
5-FU respectively. As shown here, the viability 
difference between A549 and MRC5 cells treated 
with 5-FU was the most significant. This result 
suggested that cytotoxic agents induced cell death 
have more impact on A549 cells than MRC5 cells, 
especially when treated with 5-FU. 
 
NMR Spectral Data- DNA-damaging agents had an 
inhibition effect on the A549 cells and not a harmful 
effect on the MRC5 cells, so to find the metabolic 
differences related to such viability differences, we 
took a metabolic approach by 1H-NMR spectroscopy. 
The cytotoxic agents of cis-platin, doxorubicin, and 
5-FU were treated for 3 days with the same 
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concentrations using in MTT cell viability assay. 
NMR data of MRC5 (A) and A549 (B) cells showed 
that the peak intensities were changed after treating 
the agents compared to the lowest control group in 
the four stacked NMR spectra (Figure 2). 
 
 

 
 
Figure 1. NMR Spectroscopy. 1H-NMR spectra of MRC5 
(A) and A549 (B) cells. NMR spectra were acquired after 
3-day treatment with cytotoxic agents: cis-platin, 
doxorubicin, and 5-FU on 500MHz NMR spectrometer. 
The used concentration of cis-platin, doxorubicin, and 
5-FU were mg/ml, 0.13 mg/ml, and 0.0332 mg/ml 
respectively. 
 
 
 
 

The peaks of A549 cells were more changed in 
response to cytotoxic agents compared to that of 
MRC5 cell. In NMR spectra, the changes in the 
ranges of 3.5-4.5 ppm and 1.5-2.5 ppm were more 
noticeable in the A549 cells than those in the MRC5 
cells when treated with different cytotoxic agents. 
Especially, 5-FU treated A549 cells recorded the 
most distinctive spectra compared to other groups, 
which was consistent with MTT cell viability data in 
Figure 1. This result suggested that the cytotoxic 
agents affect the metabolic profile as well as DNA, 
and the effect is much greater on the A549 cells than 
the MRC5 cells, as seen in cell viability. 
 
Multivariate Data Analysis- Multivariate analysis 
was applied to the NMR spectra to identify the 
general metabolic alterations and find the specific 
signals for the separation. Orthogonal projections to 
latent structure-discriminant analysis (OPLS-DA) 
score plots were made for MRC5 cells treated with 
cis-platin (A) (R2 = 0.987 and Q2 = 0.771), 
doxorubicin (C) (R2 = 0.964 and Q2 = 0.681), and 
5-FU (E) (R2 = 0.989 and Q2 = 0.933) and A549 cells 
treated with cis-platin (B) (R2 = 0.986 and Q2 = 
0.865), doxorubicin (D) (R2 = 0.964 and Q2 = 0.677), 
and 5-FU (F) (R2 = 0.996 and Q2 = 0.944) (Figure 3). 
Cytotoxic agent-treated groups were well separated 
from control in both MRC5 and A549 cells. We 
further used the partial least square-discriminant 
analysis (PLS-DA) score scatter plots to screen the 
differences among control and treated groups (Figure 
4). Control (black box), cis-platin (red dot), 
doxorubicin (green diamond) and 5-FU (blue 
triangle) groups were separated in both MRC5 (A) 
(R2 = 0.980 and Q2 = 0.779) and A549 (B) (R2 = 
0.988 and Q2 = 0.876) cells, only doxorubicin treated 
group of MRC5 cells slightly overlapped with the 
control group. 5-FU treated A549 cell group was 
particularly separated compared to other groups, 
suitable to the MTT viability result decreasing in 
5-FU A549 cell group. PLS-DA data showed that 
cytotoxic agents caused the metabolic profiles of 
both MRC5 and A549 cells changed and the effect 
was the most in 5-FU treated A549 cells. 
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Figure 3. NMR Spectroscopy. 1H-NMR spectra of MRC5 
(A) and A549 (B) cells. NMR spectra were acquired after 
3-day treatment with cytotoxic agents: cis-platin, 
doxorubicin, and 5-FU on 500 MHz NMR spectrometer. 
The used concentration of cis-platin, doxorubicin, and 
5-FU were mg/ml, 0.13 mg/ml, and 0.0332 mg/ml 
respectively. 
 

 
 

Figure 4. PLS-DA Multivariate Analysis. Partial least 
square-discriminant analysis (PLS-DA) plots of MRC5 (A) 
(R2 = 0.980 and Q2 = 0.779) and A549 (B) (R2 = 0.988 and 
Q2 = 0.876) cells treated with different cytotoxic agents. 
Control (black box), cis-platin (red dot), doxorubicin 
(green diamond) and 5-FU (blue triangle) groups in both 
MRC5 and A549 cells. 
 

As shown in PLS-DA data, metabolic profiles in 
MRC5 cells and A549 cells were both affected by 
cytotoxic agents, but we have known that there were 
differences in cell viabilities between MRC5 and 
A549 cells in response to cytotoxic agents from the 
result of MTT assay. Searching for the candidate 
metabolites attributed to the cell viability, we 
assigned the metabolites and conducted additional 
statistical analysis. Total of 25 metabolites were 
identified by Chenomax NMR software, and 
significant increase and decrease of each metabolite 
was determined by student’s t-test with p-value<0.05 
(Table 1). Metabolites of A549 cells were increased 
generally after treating each cytotoxic agent, whereas 
that of MRC5 cells were increased or decreased in 
different ways with A549 cells. Quantitative changes 
of metabolites after treating cytotoxic agents were 
different between MRC5 cells and A549 cells, and in 
many cases, these changes were made in opposite 
direction. Branched amino acids such as isoleucine, 
leucine and valine were significantly changed in all 
groups, further in opposite directions between MRC5 
and A549 cells, and glucose, glutamine, and 
glutamate also showed the different changes between 
MRC5 and A549 cells. 
 
Heat Map Analysis- We used the heat map analysis 
to illustrate the changes of metabolites systemically 
in both MRC5 and A549 cells in response to the 
cytotoxic agents (Figure 5). The fold change of 
metabolite level was calculated for the value to 
generate heat map with the highest value as red color 
and the lowest value as green color. The red color 
means that the metabolite was increased after treating 
cytotoxic agent, and the green color means that the 
metabolite was decreased after treating cytotoxic 
agent. We obtained the value divided by each control 
value to remove the cellular metabolic attributes that 
appear on their own. Heat map showed that there 
were distinct differences of metabolic alterations 
between MRC5 and A549 after treating cytotoxic 
agents, and the changing trend in response to 
cytotoxic agents were similar within three treatment 
groups in MRC5 cells, but less in A549 cells. 
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Table 1. Assigned Metabolites. Abbreviations used here 
follow: Cis, cis-platin; Doxo, doxorubicin; 5-FU, 
5-fluorouracil; CN, control. 

  

Chemical 

shift &       

J-coupling               

(ppm and 

J values) 

MRC5 A549 

Cis 

/ 

CN 

Do

xo 

/ 

CN 

5- 

FU 

/ 

CN 

Cis 

/ 

CN 

Do

xo 

/ 

CN 

5- 

FU 

/ 

CN 

1 Alanine 
1.48(d), 

3.97(q) 
- ▽ ▽ ▲ ▲ - 

2 Glycine 3.56(s) - - - ▲ - ▲ 

3 
Isoleuci

ne 

0.94(t), 

1.02 (d) 
▽ ▽ ▽ ▲ ▲ ▲ 

4 Leucine 
0.97(t), 

1.72(m) 
▽ ▽ ▽ ▲ ▲ ▲ 

5 Valine 
1.00(d), 

1.05(d) 
▽ ▽ ▽ ▲ ▲ ▲ 

6 Glucose 

3.83(m), 

3.47(m), 

3.24(t) 

▲ ▲ ▲ - - - 

7 Lactate 
1.32(d), 

4.11(q) 
- ▽ ▽ ▲ ▲ ▲ 

8 
Glutami

ne 

2.15(m), 

2.46(m), 

3.78(t) 

- - ▽ ▲ - ▲ 

9 
Glutama

te 

2.04(m), 

2.15(m), 

2.36(m) 

▽ - - ▲ ▲ ▲ 

10 
Glutathi

one 

2.17(m), 

2.56(m), 

2.96(m), 

3.81(m) 

▽ - ▽ ▲ ▲ ▲ 

11 Taurine 
3.15(m), 

3.28(m) 
▽ ▽ ▽ ▲ ▲ - 

12 
Tyramin

e 

6.90(d), 

7.20(d) 
▽ ▽ ▽ ▲ - - 

13 Citrate 
2.57(d), 

2.68(s) 
▲ - - ▲ - - 

14 
Phenylal

anine 

7.33(d), 

7.38(t), 

7.43(t) 

▽ ▽ ▽ ▲ ▲ ▲ 

15 Acetate 1.92(s) ▽ ▽ ▽ - ▲ - 

16 Creatine 
3.04(s), 

3.93(s) 
- ▽ ▲ ▲ ▲ ▲ 

17 
Carnitin

e 

3.21(s), 

3.49(m) 
▲ ▲ ▲ - - ▲ 

18 
Aspartat

e 

2.67(q), 

2.82(m) 
▲ ▲ ▲ - - - 

19 
Allantoi

n 
5.42(s) - - - - - - 

20 
Malonat

e 
3.23(s) ▽ - - ▲ - ▲ 

21 
Xanthin

e 
7.96(s) - - - - - ▽ 

22 

5,6-Dih

ydroura

cil 

2.55(t), 

3.42(t) 
▲ ▲ ▲ ▲ - ▲ 

23 

Trimeth

ylamine 

N-oxide 

3.36(s) ▽ ▽ ▽ ▽ ▽ ▽ 

24 NAD+ 

6.05(d), 

6.09(d), 

8.20(t), 

8.44(s), 

8.84(d), 

9.16(d), 

9.34(s) 

▲ - ▲ - - - 

25 ANP 

6.16(d), 

8.27(s), 

8.54(s) 

- - ▲ ▲ - ▲ 
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Most of metabolites in A549 cells were shown in red 
color, whereas metabolites in MRC5 cells were more 
in green color, partially shown in red color. Looking 
at each metabolite, first, metabolites regarding to 
Warburg effect such as glucose and lactate were 
changed a lot in a reverse direction between MRC5 
and A549 cells. 
 

 
 

Figure 5. Heat Map Analysis. Heat map represents the 
metabolic changes in MRC5 and A549 cell treated with 
different cytotoxic agents. The fold change of metabolite 
level was calculated for the value to generate heat map with 
the highest value as red color and the lowest value as green 
color. 
 
Glucose was increased in MRC5 cells in response to 
cytotoxic agents in three treatment groups, but not 
changed in A549 cells, except 5-FU treated A549 
group where glucose was slightly increased. Lactate 
was decreased in MRC5 cells, but increased in A549 
cells. Second, glutamine regarding to reductive 
lipogenesis was changed significantly as decreased in 
MRC5 cells, but increased in A549 cells in opposite 
direction. Third, glutathione and taurine related to 
Redox state were changed in opposite direction, as 
decreased in MRC5 cells and increased in A549 cells. 
Only taurine in 5-FU treated A549 cells was not 
increased. Fourth, branched amino acids such as 
isoleucine, leucine, and valine were changed 
significantly also in opposite direction. A total of 
branched amino acids was decreased in all groups of 
MRC5 cells and increased in all groups of A549 cells. 
Last, glycine was decreased in MRC5 cell groups and 

increased in A549 cell groups. Heat map result 
showed that same agent could differently effect on 
the cell metabolism ding on cellular metabolic states. 

 
 
Weighted Correlation Network Analysis- To confirm 
and complement the multivariate data, we used the 
methodologically different WGCNA analysis tool. 
Multivariate analysis shows the metabolic change or 
correlation in the level of individual metabolite, but 
WGCNA considers the metabolic network, in other 
words how they relate to each other. Applying the 
WGCNA into our NMR data, we identified the 
modules that are co-expressed metabolites groups, 
and visualized the network heat map in MRC5 (A) 
and A549 (B) cells under treatment of cytotoxic 
agents (Figure 6). 
 

 
 

Figure 6. Weighted Correlation Network Analysis. 
Weighted correlation network analysis (WGCNA) of 
metabolic profiles of MRC5 (A) and A549 (B) cells under 
treatment of cis-platin, doxorubicin, and 5-FU. 
 
Our results also enhanced the metabolic differences 
between normal and cancer cells by identifying 
typical hub metabolites for each treatment group in 
MRC5 (A) and A549 (B) cells (Figure 7). We 
determined lactate is the hub metabolites in 5-FU 
treated MRC5 cell group. In A549 cells, isoleucine, 
leucine, valine, and glutamine were identified as hub 
metabolites for dis-platin treated group, and glucose 
and phosphocholine were recognized as hub 
metabolites for 5-FU treated group (Table 2). 
WGCNA result showed that metabolites related to 
Warburg effect and reductive lipogenesis have high 
connectivity, and branched amino acids and 
phosphocholine are important in metabolic network. 
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Figure 7. Hub Metabolites. Hub metabolites and their 
metabolic profile as represented by node and edge graph of 
MRC5 (A) and A549 (B) cell. The nodes connected with 
more edges were selected for the hub metabolite. 
 
Table 1. Hub Metabolites 

 MRC5 A549 

 ppm Hub  

metabolites 

ppm Hub 

metabolites 

Cis-platin   1.0218, 1.002, 

0.9822, 0.9723, 

0.9624, 0.9525, 

0.9426, 2.1506 

Glutamine 

Isoleucine 

Leucine 

Valine 

Doxorubicin     

5-FU 4.1308, 

4.1209, 

4.1011, 

1.3386 

Lactate 3.8536, 3.8437, 

3.8239, 3.6754, 

3.6655, 3.6556, 

3.6457, 3.6358, 

3.2199, 4.0417 

Glucose 

Phosphocholine 

 

 
 
Comparing WGCNA with multivariate analysis, 
significant metabolites that had been identified in 
multivariate analysis were also determined as a hub 
metabolite in WGCNA, and therefore both analysis 
tools reached the common result. We found that 
metabolite alterations are different depending on the 
cellular metabolic states in response to cytotoxic 
agents, and metabolites related to Warburg effect and 

reductive lipogenesis are more important for cell 
survival than others. 
 
 
Discussion 
 
While the target of cytotoxic agents has been 
characterized, the effects of these compounds on the 
cell metabolism, especially cancer cell metabolism, 
have not been fully understood. In cancer, some 
metabolites have been linked to cancer induction and 
treatment. Recently, many studies have highlighted 
the potential roles of single metabolites in cancer 
evolution and cancer diagnosis.7-10 The knowledge of 
cancer metabolism would enhance the effectiveness 
in cancer treatment. Specifically, how differently 
changed of metabolism in normal and cancer cell 
lines in response to cytotoxic agents would give 
valuable information for chemotherapy application in 
the clinical practice. Therefore, in this study, we have 
investigated metabolic alterations in response to 
cytotoxic agents in normal and cancer cell lines by 
1H-NMR spectroscopy. 
Results from MTT assay and NMR spectroscopy 
equally showed that metabolic alterations of A549 
cancer cell groups were more noticeable than those of 
MRC5 normal cell groups in response to cytotoxic 
agents, and changes in 5-FU treated A549 cells were 
the most distinctive in all groups. Therefore, we 
supposed that metabolic alterations in each group are 
closely connected to the cell viability. Furthermore, 
PLS-DA data showed that cytotoxic agents 
influenced on the metabolic profiles of both MRC5 
and A549 cells, not only A549 cells, and the effect of 
cytotoxic agents was greatest in 5-FU treated A549 
cells. Since metabolic profiles of MRC5 and A549 
were both changed, we supposed that changing 
patterns of single metabolites could be important on 
the cell viability. The changes of individual 
metabolites were totally different between MRC5 and 
A549 cells after treating cytotoxic agents, as shown 
in heat map data. 
Among these altered metabolites, glucose is a key 
carbon source to produce ATP and to synthesize 
biomass, and a starting material of glycolysis related 
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to Warburg effect. Warburg effect is well known 
phenomenon in cancer metabolism, and has been 
targeted for cancer therapy.29 In response to cytotoxic 
agents, glucose in MRC5 cell was increased, but that 
in A549 was relatively constant, except slightly 
increased in 5-FU treated A549 cell group. First, in 
A549 cancer cell groups, although glucose level 
maintained stably, lactate was significantly increased. 
Since lactate is the final product in glycolysis 
pathway, it could be explained that the glycolysis 
pathway in cancer cells still works well. However, it 
is noted that in 5-FU treated A549 cell group, the 
increase of lactate was a little bit less and the increase 
of glucose was more than other treated groups of 
A549 cells. This result showed a relative reduction of 
glycolysis in 5-FU treated A549 cell group 
comparing to other agent-treated groups, which may 
be a worse condition for survival in cancer cells. 
Combining to the MTT assay results, such relative 
decrease in glycolysis is possibly explained to the 
increased cell death in 5-FU treated A549 cell group. 
This observation is suitable with previous study 
confirmed that combining chemotherapy with 
compounds that inhibit glucose uptake or initial steps 
of glycolysis enhance cytotoxic effects of drugs in 
cancer cells.30 To the best of our knowledge, studies 
related to glucose uptake and catabolism in normal 
cells in response to cytotoxic agents have not been 
performed yet. However, we observed that glucose 
was increased in three MRC5 cell groups in response 
to cytotoxic agents, which is contrary to decreasing 
of other energy sources such as glutamine and other 
essential amino acids. 
Glutamine is another carbon source for fueling cell 
metabolism through and is highlighted due to 
glutaminolysis and reductive lipogenesis pathway. 
That glutamine was increased in response to 
cytotoxic agents is consistent to previous several 
studies.31,32 Glutaminolysis is induced by HIF-1 or 
MYC, which often up-regulated in cancer cell 
lines.15,33 After treating cytotoxic agents, glutamine 
greatly increased in all three treated groups in A549 
cells, but decreased in all three treated groups in 
MRC5. In A549 cells, not only glutamine, 
glutaminolysis intermediates such as glutamate and 
citrate were also increased in A549 cells. The fact 

that starting material, glutamine and glutaminolysis 
intermediates were all increased could be interpreted 
as glutaminolysis became slow or slightly blocked 
somewhere at the last stage. The metabolic changes 
of glutaminolysis in response to cytotoxic agents 
were not fully studied yet. However, as 
glutaminolysis has become an important target for 
cancer therapy, many attempts to block 
glutaminolysis, like using glutaminase inhibitors, 
have been made.34 We suggest that the decrease of 
glutaminolysis could connect with general decrease 
of cell viabilities in all treated groups of A549 cells. 
Other altered metabolites are glutathione and taurine 
that are related to redox state.35,36 In this study, 
glutathione was decreased in all treated groups of 
MRC5 cells, but increased in all A549 cells. It has 
been reported that glutathione is a ROS reducing 
metabolite. As shown in many studies, ROS can 
cause cell death or cellular damage.36 However, in 
this study, glutathione was increased in A549 cell 
groups where cell viability significantly decreased, 
and decreased in MRC5 cell groups where that 
remained unchanged. In the previous studies, 
glutathione showed a variation in concentration.2,31 
We suggest that oxidative stress will not be the direct 
cause of cell death in A549 cell groups due to the 
high glutathione in all the A549 cell groups. Other 
studies also showed that there was not a clear 
relationship between ROS and cell death for the 
cancer cells.2,17 On the other hand, ROS could effect 
on the cell viability of MRC5 cell groups. Although 
cell viability did not decrease significantly (p>0.05), 
cell death of MRC5 slightly increased in cis-platin 
treated and 5-FU treated groups where less 
glutathione was observed. The use antioxidant 
combining to chemotherapy in cancer is a still 
controversial issue, but it has been recommended on 
the toxicity decrease of chemotherapy.37,38 Since 
glutamine restores the level of glutathione reduced by 
chemotherapy, glutamine supplement was also used 
to reduce the chemotherapy-induced toxicity.39,40 
Branched amino acids, isoleucine, leucine, and valine 
showed the noticeable differences in response to 
cytotoxic agents between MRC5 and A549 cells. 
Branched amino acids are increased in all A549 cell 
groups, but decreased in all MRC5 cell groups. 
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Recent studies have demonstrated that branched 
amino acids promote metabolic diseases, and have 
connection with lipid.41,42 Since branched amino 
acids, which are used to produce lipid, was increased 
in A549 cell groups, we anticipated that there is a 
problem on the lipid synthesis pathway. This also can 
be related to the decrease of reductive lipogenesis. 
Besides, branched amino acids produce glutamine on 
the first step of branched amino acids catabolism, and 
glutamate transfers the amino group from pyruvate to 
alanine.41 In this study branched amino acids, 
glutamine, glutamate, and alanine were all increased 
in A549 cell groups, showing the inter-correlation 
between metabolites. 
Glycine also showed the different metabolic 
alterations between normal and cancer cells. Glycine 
increased in A549 cell groups and decreased in 
MRC5 cell groups in response to cytotoxic agents. 
Recent studies showed that the glycine was highly 
connected with the cell proliferation and increased 
glycine consumption appeared in rapidly 
proliferating cells.10 As glycine increased in A549 
cell groups, it is supposed that glycine was not 
consumed for the rapid cell proliferation. The 
impairment in A549 cell proliferation is consistent 
with the decrease of cell viability in A549 cells 
shown in MTT assay data. Another study founded 
that increased glycine concentration impaired cell 
growth reducing the methylene-THF production for 
purine biosynthesis.43 Highly increased glycine 
concentration in A549 cell groups in response to all 
cytotoxic agents may be a harmful condition for cell 
growth. 
We started this study from determining the 
concentration of cytotoxic agents in which we 
observed the opposite changes of many metabolites 
between MRC5 and A549 cells. While MRC5 cells 
showed the general metabolic deficiency, A549 cells 
showed general metabolic enhancement. We 
interpreted the metabolic enhancement of A549 cells 
as a poor flow of various cellular pathways, because 
cancer cell viability decreased and cell proliferation 
was impaired. We determined the glutamine, 
glutamate, branched amino acid and glycine as 
biomarkers to predict the cancer cell death in 

response to cytotoxic agents. These metabolites were 
all highly increased in treated A549 cell groups and 
appeared the impairment of major metabolic 
pathways. In addition, we also identified glucose as 
specific biomarker that shows the severe cell death of 
cancer cells. 5-FU treated A549 cell group was 
characterized by not only an increased glutamine, but 
also an increased glucose level compared to the other 
treated A549 cell groups, which was accompanied by 
noticeable decrease of cell viability. Glutamine and 
glucose are main sources for ATP production and 
biomass biosynthesis. If glycolysis and 
glutaminolysis are both impaired, that will make 
cancer cells severely vulnerable. Recent study 
revealed that metabolic compensation occurred in 
glucose and glutamine utilization and simultaneous 
suppression should be made for blockage of cancer 
growth.44 Consequentially, multivariate data showed 
that metabolism of glucose and glutamine has a 
pivotal role for cancer cell survival. 
In WGCNA, lactate was determined as hub 
metabolite for 5-FU treated MRC5 cell group. 
Glutamine and branched amino acids are recognized 
as hub metabolites for cis-platin treated A549 cell 
group, and glucose and phosphocholine are 
recognized for 5-FU treated A549 cell group. Since 
WGCNA also selected the metabolites related to 
glycolysis and glutaminolysis, same metabolites were 
identified in two methodologically different methods: 
multivariate analysis and WGCNA. We can analyze 
the individual metabolites by multivariate analysis 
and assess those metabolites in the connection with 
other metabolites by WGCNA. From two results, we 
concluded that two methodologically different 
analysis tools have their own advantageous and 
complementary property. 
Taken together, the metabolic response in cancer 
cells is different from that in normal cells when 
treating with cytotoxic agents. Our metabolomics 
approach contributed to new knowledge to 
understand the mechanism behind the effect of 
cytotoxic drugs on both cancer and normal cells, 
which will help to provide adequate use of these 
drugs.
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