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INTRODUCTION 
Combinations of drugs, which include the use of 
conventional cytotoxic drugs and targeted drugs that 
prevent abnormal cellular signaling in cancer, are  

 
trying to increase the success of the treatment by 
reducing the risk of clonal selection of tumor cells. In 
combination therapy regimens, targeted therapies  
provide specificity to inhibit or alter the functions of 

ABSTRACT 
Purpose: Cancer cells promote lactate formation via pyruvate rather than oxidative phosphorylation by 
programming their metabolism to maintain proliferation under the Warburg effect. It has shown that the 
altered metabolic phenotype with activation of lactate dehydrogenase-A in the cancer cell may affect 
survival, chemotherapy resistance, and metastasis. In this direction, studies are focusing on 
reprogramming cancer metabolism and increase the effectiveness of chemotherapy. In this study, the 
main aim was to target the Warburg phenotype via the inhibition of lactate dehydrogenase with the 
combination of sodium oxamate and current colorectal cancer treatment options such as 5-fluorouracil 
and irinotecan. 

Methods: The effect of chemotherapeutics on the cellular behavior was evaluated by real-time cytotoxicity 
and migration analysis systems, and metabolic phenotype was assessed by measuring lactate, lactate 
dehydrogenase expression, and reactive oxygen species levels. 

Results: According to the results, the viability and migration of colorectal cancer cells were significantly 
decreased with the combination of chemotherapeutics and sodium oxamate which decreases lactate 
levels. 

Conclusion: As a result, the combination of sodium oxamate with chemotherapeutics hinders the cancer 
cell viability and migration by changing metabolic phenotype with decreased lactate.  

Keywords: Colorectal cancer, tumor metabolism, lactate, sodium oxamate, Warburg effect 
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molecular targets such as growth factors, cell surface 
receptors, or enzymes associated with tumorigenesis 
and cancer progression (1, 2). At this point, 
researchers and clinicians are in search of new 
treatment options that can be used in the 
management of colorectal cancer. Altered metabolic 
factors and pathways of cancer cells have been 
suggested as important targets for the development 
of new and combination drugs to improve response 
to conventional chemotherapy. Although significant 
progress has been made in understanding the 
genetic and epigenetic factors that promote tumor 
development and metastasis, the progress in the 
development of new cancer drugs has been slow due 
to changes in tumor metabolism which induce tumor 
progression and metastatic phenotype (3). 
Metabolic reprogramming of cancer cells is a well-
known feature of malignancy which is about aberrant 
glucose metabolism (4, 5). Cancer cells produce 
lactate by the lactate dehydrogenase enzyme via 
pyruvate, instead of the conversion ‘glucose-
pyruvate-acetyl CoA’ by oxidative phosphorylation 
based metabolic reprogramming to support their 
proliferation and anabolic growth under the conditions 
known as Warburg's effect (6, 5, 7). At this point, 
researches for the modification of cancer cell-specific 
metabolism and maximizing the efficiency of 
chemotherapy are increasing. Therefore, this study 
was based on the role of tumor metabolism on 
chemotherapy efficacy. The main aim of this study is 
to maximize the effects of current treatment options 
of 5-Fluorouracil (FU) and irinotecan (IRI) on 
colorectal cancer cells by using sodium oxamate (OX) 
as a lactate dehydrogenase inhibitor.  
 
MATERIALS AND METHODS 
Cell culture and chemicals 
Human colorectal adenocarcinoma cell line HCT116 
(ATCC® CCL-247™) and HT-29 (ATCC® HTB-38™) 
were purchased from ATCC (American Type Culture 
Collection, Manassas, VA, USA). All cells were 
maintained in McCoy's 5A medium (Gibco, Life 
Technologies, NY, USA) supplemented with 10% 
fetal bovine serum (FBS) (Gibco, Life Technologies, 
NY, USA) and 1% penicillin/streptomycin (Gibco, Life 
Technologies, NY, USA) in a humidified incubator at 
37 °C with 5% CO2. Sodium oxamate, 5-Fluorouracil 
(5FU), and irinotecan were purchased from Sigma 
Aldrich. Drugs were administered after 24 hours of 
cell seeding.  
 

Determination of drug doses 
The IC50 doses of the drugs to be used on the 
selected colorectal cancer cell lines were determined  
primarily for drug administration to the experimental 
groups. The IC50 dose (half maximal inhibitory 
concentration) is the drug concentration that makes 
the 50% reduction on reduces cell viability from the 
start of the experiment and represents the net loss of 
cells. For this, changes in cell index and number 
because of serial dilution of chemotherapeutics and 
sodium oxamate in different doses applied to HCT116 
and HT-29 cells were evaluated using the Real-time 
Cell Analysis System (xCelligence Real-Time Cell 
Analyzer, ACEA, Biosciences, San Diego, CA) and 
IC50 doses were calculated. The inhibition rate was 
calculated in percent using the time zero at the 
beginning of the experiment (time zero, (Tz)), control 
(C), and measurement (Ti) values at the 
concentrations of the compounds. For HCT116: 5-
Fluorouracil 17 µM; Irinotecan 100 μM; Sodium 
oxamate 25 mM. For HT-29: 5-Fluorouracil 120 µM; 
Irinotecan 21 μM; Sodium oxamate was determined 
as 25 mM. To examine the effects of fluorouracil, 
irinotecan, and sodium oxamate on CRC cells, 
experimental groups will be formed in which 
chemicals are applied alone and sodium oxamate in 
combination. After the determination of IC50 doses, 
experimental groups were determined, and 
experimental applications were carried out. 
 
Real-time cell proliferation experiment 
Real-time cell proliferation experiments were 
performed by using xCELLigence RTCA SP device 
(ACEA Biosciences, Inc., San Diego, CA, USA) which 
was placed in a humidified incubator at 37 °C in 5% 
CO2. In this system, analysis are based on the 
impedance changes caused by the cell attachment, 
spreading, and proliferation to the bottom of the well 
where the gold electrodes are covered. Cells were 
seeded into the wells of 96 E-plates which were 
specifically designed for the platform, with 1x104 cells 
per well (in total 200 µL of cell culture medium). The 
cells were visualized as real-time for 24 hours at 37°C 
in an environment containing 5% CO2, and at the end 
of the 24th hour, all the culture medium in the 96 E-
plate was withdrawn and different concentrations of 
drugs were applied. Cell index measurement of cells 
was taken every 15 minutes for 48 hours. Three 
replications of each drug and combinations, as well 
as the control group, were used in the cell 
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proliferation experiment, and each experiment was 
repeated three times. 
 
Real-time cell migration experiment 
Real-time cell migration experiments were performed 
by using xCELLigence RTCA DP device (ACEA 
Biosciences, Inc, San Diego, CA, USA) which was 
placed in a humidified incubator at 37 °C in 5% CO2. 
In this system, analysis was conducted with the CIM-
Plate consisting of an upper and a lower chamber 
separated by a filter membrane with an 8 µM pore 
diameter to the assessment of migration. The 8 µm 
porous membrane allows cell migration through the 
filter membrane of the upper chamber where the 
microelectrodes were embedded. When cells 
migrate, a signal was generated because of the 
altered electric impedance. Cells were seeded into 
the upper chamber at 40,000 cells/well in the 
presence of a serum-free cell culture medium and 
with the specific chemotherapeutic application. The 
culture medium containing serum was applied to the 
bottom chamber for migration. Due to the migratory 
characteristics of cells, cell index values representing 
the passage through the pores were obtained by 
measuring the changes in impedance values every 
15 minutes for 48 hours. The migratory property of the 
cell was presented by expressing the migration of 
untreated control cells as 100%. Three replications of 
each drug and combinations, as well as the control 
group, were used in the cell proliferation experiment, 
and each experiment was repeated three times. 
 
L-Lactate assay 
using the L-Lactate Assay Kit (Colorimetric) (Abcam, 
ab65331) based on the principle of reading the 

intensity of the color at 450 nm because of the 
interaction of the formed product, which is released 
because of the oxidation of lactate with lactate 
dehydrogenase. The amount of lactate will be 
normalized compared to the control group.  Analysis 
of lactate formation was carried out after the 48th 
hour of chemotherapeutic applications to have 
information about the conversion of pyruvate to 
lactate. The lactate concentration was measured by  
 
Statistics 
Statistical analysis was performed using GraphPad 
Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, 
USA). The non-parametric Mann Whitney U test was 
used to evaluate the differences within the evaluated 
parameters. Numerical values of text and figures are 
expressed as mean ± standard error. P-value is 
accepted as ≤ 0.05. All experiments were repeated in 
three times. 
 
RESULTS 
Colorectal cancer cells, HCT116 and HT-29 were 
cultured with IC50 doses (half maximal inhibitory 
concentration) for 5-Fluorouracil, irinotecan, and 
sodium oxamate. To be sure that sodium oxamate 
reduces the amount of lactate, lactate analysis was 
performed primarily in the groups that were 
administered different drugs and combinations. When 
the lactate concentration of the control group in 
HCT116 cells was compared with the other groups 
(FU, IRI, OX, FU-OX, IRI-OX, FU-IRI-OX, and FU-
IRI), a significant decrease was observed in all 
groups compared to the control group (p≤ 0.05). The 
same significant reduction was observed in HT-29 
cells (p ≤ 0.05) (Figure 1).  

 
Figure 1. Lactate plots in HCT116 and HT-29 cells. (FU: 5-Fluorourasil, IRI: Irinotecan, OX: Sodium oxamate) 
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When the effect of the application of 5-fluorouracil 
and irinotecan alone or together with sodium oxamate 
on HCT116 cells on lactate concentration was 
examined, it was observed that the amount of lactate 
in the medium was significantly reduced because of 
the co-administration of sodium oxamate with drugs 
(p ≤ 0.05) (Figure 2). The same result was observed 
for HT29 cells (Figure 2). 
 
According to the viability results, 5 fluorouracil/sodium 
oxamate combinations have decreased the viability 
more than only 5-fluorouracil applied colorectal 
cancer cells for both HCT116 and HT-29 cells (p ≤ 
0.05). Irinotecan/sodium oxamate combination was 
decreased the viability more than only irinotecan 
applied colorectal cancer cells for both  
 

 
HCT116 and HT-29 cells (p ≤ 0.05). 5-
fluorouracil/sodium oxamate combination has also 
decreased the viability more than only 5-fluorouracil 
applied colorectal cancer cells for both HCT116 and 
HT-29 cells (p ≤ 0.05) (Figure 3).  
 
When the migration results were evaluated, there is 
no significant reduction for 5-fluorouracil in 
combination with sodium oxamate, and 5-
fluorouracil/irinotecan in combination with sodium 
oxamate for both HCT116 cells. FU-OX and IRI-OX 
combinations have inhibited the migration more than 
only chemotherapeutic applied HT-29 cells. The 
same significant reduction was also seen on 5-
fluorouracil/irinotecan and its co-administration with 
sodium oxamate on HT-29 cells (p ≤ 0.05) (Figure 4). 

 

 
Figure 2. Evaluation of the Lactate plots according to different drug combinations in HCT116 and HT-29 cells. *p ≤ 0.05 was 
considered significant. (FU: 5-Fluorouracil, IRI: Irinotecan, OX: Sodium oxamate) 
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Figure 3. Viability plots of HCT116 and HT-29 cells. A) The effect of administration of 5-fluorouracil alone and in combination 
with sodium oxamate, B) irinotecan alone and in combination with sodium oxamate, C) 5-fluorouracil/irinotecan and its co-
administration with sodium oxamate on the viability of HCT116 cells. D) The effect of administration of 5-fluorouracil alone 
and in combination with sodium oxamate, E) irinotecan alone and in combination with sodium oxamate, F) 5-
fluorouracil/irinotecan and its co-administration with sodium oxamate on the viability of HT-29 cells. *p ≤ 0.05 was considered 
significant. (FU: 5-Fluorouracil, IRI: Irinotecan, OX: Sodium oxamate) 
 

 
Figure 4. Migration plots of HCT116 and HT-29 cells. A) The effect of administration of 5-fluorouracil alone and in 
combination with sodium oxamate, B) irinotecan alone and in combination with sodium oxamate, C) 5-fluorouracil/irinotecan 
and its co-administration with sodium oxamate on the viability of HCT116 cells. D) The effect of administration of 5-fluorouracil 
alone and in combination with sodium oxamate, E) irinotecan alone and in combination with sodium oxamate, F) 5-
fluorouracil/irinotecan and its co-administration with sodium oxamate on the viability of HT-29 cells. *p ≤ 0.05 was considered 
significant. (FU: 5-Fluorouracil, IRI: Irinotecan, OX: Sodium oxamate) 
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DISCUSSION 
Effect of sodium oxamate on lactate levels 
When the effect of administration of sodium oxamate 
in combination with 5-fluorouracil and irinotecan to 
HCT116 cells on the production of lactate was 
examined, the combination of 5-fluorouracil/sodium 
oxamate compared to the use of 5-fluorouracil alone; 
irinotecan/sodium oxamate combination compared to 
irinotecan alone; and 5-fluorouracil/irinotecan/sodium 
oxamate combination significantly reduced lactate 
production compared to 5-fluorouracil/irinotecan 
combination (p≤ 0.05) (Figure 2). When the lactate 
graphs of HT-29 cells are examined, the combination 
of 5-fluorouracil/sodium oxamate compared to the 
use of 5-fluorouracil alone; irinotecan/sodium 
oxamate combination compared to irinotecan alone; 
and 5-fluorouracil/irinotecan/sodium oxamate 
combination significantly reduced lactate production 
compared to 5-fluorouracil/irinotecan combination (p≤ 
0.05) (Figure 2). 
In the literature, a decrease/inhibition of LDH-A 
activity with sodium oxamate application and, 
consequently, a decrease in lactate production and a 
decrease in lactate concentrations have been shown. 
In the study of Zhao et al., in which they used sodium 
oxamate among 20-120mM dose range to inhibit 
LDH-A in gastric cancer cells, a dose-dependent 
decrease in lactate concentration was detected with 
sodium oxamate administration (8). In the study of 
Seliger et al. in which they modulated lactate with 
sodium oxamate application on glioma cells, they 
found a dose-dependent decrease in LDHA activity 
and lactate concentration with sodium oxamate 
administration (9). Liu et al. reported that the 
administration of sodium oxamate in the dose range 
of 20-100 mM on gastric carcinoma cell lines was 
dose-dependently significant in lactate production 
found a reduction (10). In the study of Zhai et al. on 
nasopharyngeal cells and Yang et al. on lung cancer 
cells, found a dose-dependent decrease in LDHA 
activity with sodium oxamate administration (11, 12). 
 
Effect of sodium oxamate combination of 
chemotherapeutics on CRC cell viability 
When the viability effect of sodium oxamate 
application in combination with 5-fluorouracil and 
irinotecan to HCT116 cells was examined, it was 
determined that 5-fluorouracil/sodium oxamate 
combination significantly reduced cell viability 
compared to the application of 5-fluorouracil alone 
(p≤0.05). In addition, the combination of 

irinotecan/sodium oxamate compared to irinotecan 
alone, and the combination of 5 
fluorouacil/irinotecan/sodium oxamate did not 
significantly reduce cell viability compared to the 
fluorourocil/irinotecan combination (Figure 3). When 
the viability graphs of HT-29 cells are examined, the 
combination of 5-fluorouracil/sodium oxamate is 
compared to the use of 5-fluorouacil alone; 
irinotecan/sodium oxamate combination compared to 
irinotecan alone; and the use of 5- 
fluorouacil/irinotecan/sodium oxamate combination 
significantly reduced cell viability compared to 5- 
fluorouacil/irinotecan combination (p≤0.05)(Figure 3). 
Studies conducted by various groups have shown 
that LDH inhibition influences increased sensitivity to 
chemotherapy administered to cancer cells (13, 14). 
For example, Zhou et al. reported that the 
combination of sodium oxamate with taxol 
significantly reduced viability and induced apoptosis 
in taxol-resistant breast cancer cells (13, 14). 
However, there is no study in the literature evaluating 
the use of chemotherapeutics currently used in CRC 
with sodium oxamate. 
HCT116 and HT-29 are genetically different cell lines, 
while HCT116 harbors the KRAS G13D mutation; HT-
29 has BRAF V600E mutation. Differences observed 
because of administration of the same drugs and 
doses s can be interpreted through genetic 
difference. There are publications in the literature 
regarding the metabolic phenotypes and gene 
expression patterns of CRCs that differ in terms of 
KRAS and BRAF mutations (15, 16, 17). In our study, 
the synergistic inhibitory effect of sodium oxamate in 
combination with existing chemotherapeutics on the 
viability of CRC cells is clearly seen. In line with its 
effect, it can be interpreted that the aggressive 
phenotype acquired by the cancer cell is prevented 
by the inhibition of the LDH enzyme and the decrease 
in lactate levels.  
 
Effect of sodium oxamate on CRC cell migration 
When the migration inhibitory effect of sodium 
oxamate application in combination with 5-
fluorouracil and irinotecan to HCT116 cells was 
examined, it was determined that irinotecan/sodium 
oxamate combination significantly reduced migration 
compared to irinotecan alone (p≤ 0.05). However, the 
combination of 5-fluorouracil/sodium oxamate 
compared to the use of 5-fluorouracil alone; and 5-
fluorouracil/irinotecan/sodium oxamate combination 
compared to the 5-fluorouracil/irinotecan combination 
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did not significantly reduce migration (Figure 4). 
When the migration graphs of HT-29 cells are 
examined, the combination of 5-fluorouracil/sodium 
oxamate compared to the use of 5-fluorouracil alone; 
irinotecan/sodium oxamate combination compared to 
irinotecan alone; the combination of 5-
fluorouracil/irinotecan/sodium oxamate significantly 
reduced migration compared to the combination of 5-
fluorouracil/irinotecan (p≤ 0.05) (Figure 4). 
Liu et al. reported that the use of sodium oxamate in 
the 20-100 mM dose range reduced the invasive 
character of gastric carcinoma cells, although they 
have not conducted their studies on the use of sodium 
oxamate in combination with existing 
chemotherapeutics (10). In the literature, there are 
studies in which LDH-A was inhibited by using siRNA 
(not by chemical use). In these studies, it was 
reported that the invasive feature of cancer cells 
decreased with the inhibition of LDH-A. For example, 
Arseneault and colleagues showed that cell migration 
was significantly reduced because of inhibition of 
LDHA with siRNA in breast cancer cells (18). In the 
study conducted by Jiang et al. on bladder cancer, it 
was shown that inhibition of LDH-A with siRNA 
significantly reduced the expression of epithelial-
mesenchymal transition-related proteins (E-cadherin) 
and the invasive/migratory properties of bladder 
cancer cells (19). 
 
CONCLUSION 
Consequently, when sodium oxamate is used in 
combination with 5- fluorouracil and irinotecan, the 
viability and migration of the colorectal cancer cells 
significantly decreased compared to 5-fluorouracil 
and irinotecan alone. Reducing lactate by sing 
sodium oxamate as a lactate dehydrogenase inhibitor 
supports the decrease in viability and migration. 
Numerous studies of drugs that modulate cancer 
metabolism are being conducted. Therefore, it is 
likely that additional drugs for cancer metabolism for 
cancer therapy could be developed alone or in 
combination with conventional therapy, targeted 
therapy and immunotherapy. 
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