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Abstract. M2 isomer of pyruvate kinase (PKM2), a key 
enzyme in aerobic glycolysis, is closely related to cancer 
development and progression. Suppression of PKM2 exhibits 
synergistic effects with docetaxel in lung cancer, but the thera‑
peutic potential in colorectal cancer (CRC) is unclear. The 
aim of the present study was to explore the synergic effects 
and mechanism of knocking down PKM2 combined with 
oxaliplatin (a chemosensitizer) treatment in two CRC cell lines 
(HCT116 and DLD1). The PKM2 gene was initially knocked 
down using small interfering (si)RNAs (si155 and si156). 
Subsequently, the effects of PKM2‑siRNAs and oxaliplatin, 
on CRC cells were determined using MTS, cell cycle analysis 
and apoptosis assays. The mechanism of targeting PKM2 was 
explored by detecting glucose uptake, lactate secretion fluxes, 
and the levels of glucose‑6‑phosphate dehydrogenase (G6PD) 
mRNA, glutathione (GSH) and reactive oxygen species (ROS). 
Cell viability in the experimental groups (PKM2‑siRNAs, 
oxaliplatin, PKM2‑siRNAs + oxaliplatin) was significantly 
reduced compared with the control group, and combination 
treatments (PKM2‑siRNAs + oxaliplatin) were more effective 
than single treatments (PKM2‑siRNAs and oxaliplatin only 
groups). Similar results were observed with the apoptosis 
assay. The combination groups showed synergistic effects 
compared with both single treatment groups. Furthermore, 

glucose uptake and lactate secretion and mRNA levels of 
G6PD and PKM2 were decreased after PKM2 knockdown in 
the PKM2‑siRNAs and PKM2‑siRNAs + oxaliplatin groups. 
The GSH levels in the PKM2‑siRNAs group was significantly 
lower compared with the negative control group. The ROS 
levels in the PKM2‑siRNAs groups were also significantly 
increased. The combination of PKM2‑siRNAs and oxaliplatin 
had synergistic effects on CRC cells (HCT116 and DLD1). 
PKM2 silencing may alter energy metabolism in cancer cells 
and initiate ROS‑induced apoptosis after downregulation of 
the pentose phosphate pathway by PKM2‑siRNAs.

Introduction

Energy metabolism of cancer cells predominantly involves 
aerobic glycolysis, in contrast to normal differentiated cells, 
which rely primarily on mitochondrial oxidative phosphoryla‑
tion to generate the energy needed for cellular processes (1,2). 
To adapt to the hypoxic microenvironment and compete with 
surrounding normal cells for limited resources, cancer cells 
utilize aerobic glycolysis, converting most glucose to lactate 
regardless of whether oxygen is present, to ensure rapid prolif‑
eration (1,3). Although the efficiency of aerobic glycolysis for 
energy production is very low, the rate is extremely high (1). 
Pyruvate kinase (PK) is a key enzyme involved in aerobic 
glycolysis and exists as four isomers: L, R, M1 and M2. PKL 
and PKR are expressed in hepatic cells and red blood cells, 
respectively. PKM1 is expressed in most mature cells (4). The 
M2 isomer of pyruvate kinase (PKM2) is expressed in cancer 
cells and tissues, which has a strong ability to promote cell 
proliferation and serves a crucial role in tumor development 
and survival (4). PKM2 is a driver enzyme of aerobic glycolysis 
and a hotspot of present studies in the field of tumor metabo‑
lism (5‑7). PKM2 primarily exists in an inactive dimer form 
in the tumor, catalyzing the conversion of pyruvic acid. This 
accumulates upstream glycolytic intermediates as an anabolic 
supply for the synthesis of lipids and nucleic acids, which 
promotes the anabolism of bio‑macromolecules. The tetramer 
of PKM2 is activated and catalyzes the conversion of pyruvic 
acid to ATP. The subtype of PKM2 is determined by its phos‑
phorylation status, which mediates glucose conversion (8).
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Kress et al (9) found that mRNA levels of PKM2 in 
colorectal cancer (CRC) were significantly higher compared 
with normal tissues. Subsequently, a meta‑analysis by 
Kumar et al (10) showed similar results. They also found that 
serum PKM2 protein levels in patients with gastrointestinal 
tumors and esophageal cancer were higher compared with 
healthy patients. PKM2 may be used for tumor diagnosis and 
shows similar sensitivity to the classic marker carcinoembry‑
onic antigen in CRC (11,12), and meta‑analyses by Zhang et al 
and Hathurusinghe et al (12,13) also demonstrated that PKM2 
was gradually increased with the degree of malignancy of the 
disease. Furthermore, the diagnostic and prognostic value of 
PKM2 has also been demonstrated in other types of tumors, 
including pancreatic cancer (14), cervical cancer (15), lung 
cancer (16), renal cancer (17), melanoma (18) and breast 
cancer (19,20).

Shi et al (21) found that PKM2 suppression reduced tumor 
growth and also exhibited synergistic effects with docetaxel 
in A549 lung cancer cells. In addition, Lin et al (20) revealed 
high PKM2 expression was significantly associated with 
in vitro chemosensitivity to epirubicin and 5‑fluorouracil 
(5‑Fu) in patients with breast cancer. However, studies on the 
association between PKM2 and chemotherapy are limited 
in metastatic CRC (22,23). A previous study revealed that 
the response rate to oxaliplatin was reduced in the PKM2 
downregulated HTOXAR3 cell line of CRC compared with 
its parental cell line HT29, which was also validated in clinical 
settings (22).

Currently, oxaliplatin‑based regimens are the most effec‑
tive treatment for CRC (24,25). Efforts aimed at improving the 
efficacy of this regimen may result in improved outcomes (22). 
The mechanism of oxaliplatin action is mediated by the 
formation of DNA adducts, which induce DNA lesions such 
as intrastrand crosslinks by covalently binding the platinum 
compound to guanine residues. Oxaliplatin DNA adducts are 
thought to exert their cytotoxicity by directly inhibiting DNA 
and RNA synthesis and inducing apoptosis (26). The cytotoxic 
effects of oxaliplatin in CRC cell lines involve the p53 gene 
status via induced activation of the p53‑p21 pathway (23). 
Whether the combination treatment of PKM2 knockdown and 
oxaliplatin has a synergistic effect in CRC is yet to be eluci‑
dated. The aim of the present study was to determine whether 
PKM2 and oxaliplatin exhibited synergistic effects and to 
evaluate the potential mechanism by which PKM2 induced 
apoptosis. The results may be valuable in developing novel 
treatment approaches targeting PKM2.

Materials and methods

Cell lines and cell culture. The human CRC cell lines HCT116 
and DLD1 were purchased from the Cell Bank of Chinese 
Academy of Sciences and cultured in McCoy's 5A and 
RPMI‑1640 medium, respectively, both supplemented with 
10% fetal bovine serum (Gibco; Thermo Fisher Scientific, 
Inc.) in humidified conditions with 5% CO2 at 37˚C.

Small interfering (si)RNA transfection. CRC cells (HCT116 
and DLD1) were transfected with siRNA duplex oligo‑
nucleotides targeting PKM2 (50 nM) using Lipofectamine™ 
RNAiMAX transfection reagent (cat. no. 13778150, 

Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocol. Cells were incubated for 24 h at 37˚C after transfection. 
Western blot analysis was performed to determine the knock‑
down efficiency of PKM2‑siRNAs. The sequences of the PKM2 
siRNAs were: si155, 5'‑GCCAUAAUCGUCCUCACCA‑3'; 
si156, 5'‑CCA UAA UCG UCC UCA CCA A‑3'; and si27, 5'‑AGC 
AGA GCU GCA UCU A‑3' according to a previous study (27). 
Additionally, an siRNA with no influence on PKM2 function 
was used as a negative control (NC, 5'‑CUU ACG CUG AGU 
ACU UCG A‑3').

Western blot analysis of PKM2 and lactate dehydrogenase 
(LDH) expression. Transfected cells were washed twice with 
cold PBS and harvested in lysis buffer (5% sodium dodecyl 
sulfate, 10 mM EDTA, 50 mM NaCl, 10 mM Tris‑HCl). A 
Pierce bicinchoninic acid protein assay kit (Thermo Fisher 
Scientific, Inc.) was used to determine protein concentrations. 
Subsequently, 50 µg each sample was electrophoresed using 
10% SDS‑PAGE and transferred to 0.45 µm PVDF, sealed 
using 5% milk at room temperature for 1 h and incubated with 
antibodies (EMD Millipore). Membranes were probed with 
anti‑PKM2, anti‑LDH and anti‑GAPDH rabbit antibodies 
(cat. nos. 4053, 3582 and 5174, respectively; all 1:1,500; 
Cell Signaling Technology, Inc.). The primary antibody was 
incubated at 4˚C overnight, and the secondary antibody was 
incubated at room temperature for 2 h. Protein expression was 
normalized against β‑actin expression (cat. no. 4970; 1:1,000; 
Cell Signaling Technology, Inc.) and signal were visualized 
using an enhanced chemiluminescence kit (Thermo Fischer 
Scientific, Inc.).

Cell viability analysis. Cells were seeded at the density of 
3x103 cells/well in 100 µl culture medium in a 96‑well plate. 
Following overnight incubation, culture medium was added 
to the experimental (si155, si156, oxaliplatin (3 µmol/l), 
si155 + oxaliplatin and si156 + oxaliplatin) or control cells 
(NC), respectively. Si155 and si156 groups were added to 
the same amount of medium as oxaliplatin. To determine the 
activity of the cells, cells were imaged 24 h after oxaliplatin 
treatment during the logarithmic growth phase. An MTS assay 
was performed at 24, 48, 72 and 96 h. For this assay, 20 µl MTS 
solution (Promega Corporation) was added to each well and 
the cells were incubated at 37˚C for 4 h before the absorbance 
was determined using a MultiSkan microplate reader (Thermo 
Fisher Scientific, Inc.) at a wavelength of 490 nm.

Apoptosis analysis. HCT116 and DLD1 CRC cells were seeded 
into a 6‑well plate at a density of 1x105 cells/well. A total of 
48 h after transfection, both attached and floating cells were 
harvested and washed twice with PBS. Cells were resuspended 
and stained using an annexin‑V/PI assay kit (Nanjing KeyGen 
Biotech Co., Ltd.) as previously described (23). Cell mortality 
was determined using a flow cytometer (Beckman Coulter, 
Inc.).

Glucose uptake and lactate secretion assays. Per protein 
extracellular fluxes, including glucose/glutamine uptake and 
lactate/glutamate secretion of HCT116 and DLD1 CRC cells 
were calculated by subtracting the substrate concentrations 
in the final spent medium from those in the initial medium 
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using a Yellow Springs Instrument (YSI) 2950 biochemistry 
analyzer and the YSI 2776 glucose/lactate standard (2.5 g/l 
glucose, 0.5 g/l lactate; YSI; Xylem, Inc.) (28). Cells in the 
logarithmic phase were seeded into 6‑well plates at a density 
of 2x105 cells/well. Following overnight incubation, culture 
medium (NC, si155, si156, oxaliplatin, si155 + oxaliplatin and 
si156 + oxaliplatin) were added and the plates were incubated 
for 24 h and culture medium collected for detection and 
normalized to the cell numbers after 24 h.

Reverse‑transcription‑quantitative (RT‑q)PCR. Total RNA 
was extracted from HCT116 CRC cells using TRIzol® 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's instructions. cDNA was synthesized using the 
MLV transcriptase kit (Invitrogen; Thermo Fisher Scientific, 
Inc.). Fast SYBR Green master mix was used to determine 
the threshold cycle (Cq) value of each sample using a CFX96 
real‑time quantitative PCR detection system (Bio‑Rad 
Laboratories, Inc.). GAPDH served as the gene used for normal‑
ization. The fold‑changes were calculated using the relative 
quantification with 2‑ΔΔCq (29). All reactions were performed 
in a 20 µl reaction volume in triplicate. The following PCR 
conditions were used: Initial denaturation at 95˚C for 30 sec; 
followed by 40 cycles of 95˚C for 5 sec and 60˚C for 30‑60 sec; 
and stage 3 was dissociation according to the manufacturer's 
protocol (cat. no. RR420; Takara Biotechnology Co., Ltd.).

The PCR primer sequences used were as follows: GAPDH 
forward, 5'‑AAG GTC ATC CCT GAG CTG AA‑3' and reverse, 
5'‑TGA CAA AGT GGT CGT TGA GG‑3'; G6PD forward, 
5'‑TGC ATG AGC CAG ATA GGC TG‑3' and reverse, 5'‑GGT 
AGT GGT CGA TGC GGT AG‑3'; and PKM2 forward, 5'‑ATG 
CAG CAC CTG ATA GCT CG‑3' and reverse, 5'‑AGG CTC GCA 
CAA GTT CTT CA‑3'.

Analysis of cellular glutathione (GSH) levels. GSH was 
measured using the GSH‑Glo™ glutathione assay kit 
(cat. no. V6911; Promega Corporation) according to the manu‑
facturer's instructions. Briefly, HCT116 cells were seeded 
at a density of 2x104 cells/well into 96‑well opaque plates 
and treated with the indicated siRNA (si155 or si156). After 
removing the medium, the cells were incubated in 100 µl 
mixed GSH‑Glo™ reagent for 35 min at room temperature 
and subsequently in 100 µl reconstituted Luciferin Detection 
Reagent for 15 min at room temperature. Luminescent signals 
were detected using a Fluoroskan luminescence scanner 
(Thermo Fisher Scientific, Inc.).

Analysis of reactive oxygen species (ROS). After treat‑
ment with PKM2‑siRNAs (si155 and si156) or scrambled 
siRNAs for 24 h, HCT116 cells were incubated with 10 µM 
2',7'‑dichlorofluorescin diacetate (Sigma‑Aldrich; Merck 
KGaA) for 30 min, followed by flow cytometry analysis using 
a FACSCalibur flow cytometer (BD Biosciences).

Statistical analysis. Data were presented as mean ± SD. 
Differences between two groups were compared using 
unpaired Student's t‑test and differences between multiple 
groups were compared using LSD or Tukey's post‑hoc test 
following one‑way ANOVA test for comparisons of 3 groups 
or more respectively. P<0.05 was considered to indicate a 

statistically significant difference. GraphPad Prism 7 software 
(GraphPad Software, Inc.) was used for calculating these 
statistics.

Results

Determining the validity of candidate PKM2‑siRNAs. To 
explore the chemosensitization effects of targeting PKM2 
in CRC cells, the PKM2 gene was initially knocked down 
using siRNAs. The si‑PKM2 sequences were specifically 
synthesized as described by Goldberg et al (27). The most 
efficient sequences, si27, si155, and si156, targeting PKM2 
were selected, and si‑NC was used the negative control. The 
knockdown efficiency of PKM2‑siRNAs (si27, si155, si156) 
was verified using western blot analysis. Protein level of 
PKM2 was analyzed in two colorectal cancer (CRC) cell lines 
(HCT116 and DLD1). PKM2 protein expression was reduced 
after transfection of si155 and si156 in CRC cells (HCT116 and 
DLD1) compared with si‑NC (Fig. 1A). The results indicated 
that si155 and si156 were the most effective siRNAs for knock‑
down of PKM2 in CRC cells, and thus these siRNAs were 
used to downregulate PKM2 in subsequent analyses.

Effects of PKM2 knockdown on proliferation and apoptosis 
of CRC cells. si155 and si156 were transfected into HCT116 
and DLD1 cell lines and the effects on cell‑proliferation 
was evaluated using an MTS assay at different time points 
(24, 48, 72 and 96 h). The results showed that both siRNAs 
significantly attenuated the proliferative ability of CRC cells 
(Fig. 1B). Consistently, similar results were also observed 
with the apoptosis assay. Transfection of siRNAs resulted in 
increased apoptosis in CRC cells compared with the NC group 
(Fig. 1C and D).

In order to examine the effect of PKM2‑siRNAs on cell 
viability of HCT116 and DLD1, the logarithmic growth of 
HCT116 and DLD1 cells was observed in different experi‑
mental groups (NC, PKM2‑siRNAs and PKM2‑siRNAs + 
oxaliplatin; Fig. 2).

Synergistic anti‑proliferative and apoptotic effects of 
PKM2‑siRNAs and oxaliplatin in vitro. As oxaliplatin‑based 
chemotherapy is not only a traditional but also an effective 
regimen in CRC (30), to investigate whether PKM2‑siRNAs 
augmented the antitumor effects of oxaliplatin, proliferation 
and apoptosis assays were performed.

Cell proliferation was evaluated using an MTS assay in the 
PKM2‑siRNAs + oxaliplatin, PKM2‑siRNAs only, oxaliplatin 
only and NC groups. Cellular proliferation was significantly 
inhibited in the PKM2‑siRNAs + oxaliplatin group compared 
with the PKM2‑siRNAs or the oxaliplatin only group. 
Additionally, treatment with oxaliplatin or PKM2‑siRNAs 
alone showed cytotoxic effects compared to in the NC group 
(Fig. 3A and B).

The number of apoptotic cells was analyzed using flow 
cytometry. As shown in Fig. 3C and D, treatment with 
PKM2‑siRNAs + oxaliplatin resulted in a synergistic increase 
in apoptosis compared with oxaliplatin or PKM2‑siRNAs alone.

Key factors relating to apoptosis induced by PKM2 knockdown. 
Cancer cells obtain energy and also maintain a stable state 
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Figure 1. Efficiency of knockdown with different PKM2‑siRNAs and their effects on proliferation and apoptosis of HCT116 and DLD1 cells. (A) Western blot 
analysis of NC and PKM2‑siRNAs (si155, si156, and si27). (B) The effect of PKM2‑siRNAs (si155 and si156) on proliferation of HCT116 and DLD1 cells. 
Viability of the si155 and si156 groups were significantly reduced. (C) Flow cytometry plots and (D) quantitative analysis of apoptosis in HCT116 and DLD1 
cells transfected with PKM2‑siRNAs. Apoptosis of PKM2‑siRNAs groups was increased compared with that in the NC group. *P<0.05, **P<0.01, ***P<0.001 
vs. respective NC. NC, negative control; PKM2, M2 isomer of pyruvate kinase; siRNA, small interfering RNA. 

Figure 2. Images of (A) HCT116 and (B) DLD1 cells (NC, PKM2‑siRNAs and PKM2‑siRNAs + oxa) in the logarithmic growth phase. Images were taken 24 h 
after the cells were treated with or without oxa. NC, negative control; oxa; oxaliplatin; siRNA, small interring RNA; ‑, without oxa; +, with oxa; PKM2, M2 
isomer of pyruvate kinase. 
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through glycolysis (1,3). Glucose uptake and lactate secre‑
tion fluxes of the NC, PKM2‑siRNAs and PKM2‑siRNAs + 
oxaliplatin treated HCT116 and DLD1 cells were measured. 

PKM2 knockdown reduced the protein expression of lactate 
dehydrogenase (LDH), glucose uptake and lactate secretion in 
the PKM2‑siRNAs and PKM2‑siRNAs + oxaliplatin groups 

Figure 3. Synergistic anti‑proliferative and apoptotic effects of PKM2‑siRNAs transfection and Oxa treatment in HCT116 and DLD1cells. Cell proliferation 
of (A) HCT116 and (B) DLD1 cells with and without PKM2‑siRNAs and Oxa treatment. (C) Flow cytometry plots and (D) respective quantitative analysis of 
apoptosis of HCT116 and DLD1 cells with and without PKM2‑siRNAs transfection and oxa treatment. *P<0.05, **P<0.01, ***P<0.001 for indicated comparison. 
PKM2, M2 isomer of pyruvate kinase; siRNA, small interfering RNA; oxa, oxaliplatin; NC, negative control. 
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(Fig. 4), demonstrating that glycolysis was suppressed. The 
results indicated that PKM2‑siRNAs had greater effect on 
HCT116 cells.

PKM2‑siRNA induced downregulation of glucose uptake 
and lactate production, which suggests a decline in cell metab‑
olism. While the above results indicated that the difference in 
glycolysis metabolism between PKM2‑siRNAs + oxaliplatin 
and oxaliplatin was not as profound as the difference between 
cell proliferation and apoptosis. It was hypothesized that there 
might be other glucose metabolic pathways closely associated 
with glycolysis which induce apoptosis.

It is known that the production of ROS can cause cellular 
damage and severe cytotoxicity, which can induce cell apop‑
tosis (31). While NADPH, a metabolite of the PPP (pentose 
phosphate pathway), converts GSSH to GSH, which is the 
main free‑radical scavenger neutralizing intracellular ROS (3) 

and then decrease ROS‑induced apoptosis (32). Therefore, 
PKM2‑siRNAs were postulated to increase ROS level through 
the suppression of PPP.

As expected, ROS levels were increased in the PKM2‑siRNAs 
groups compared with the NC group (Fig. 5A and B). 
Subsequently, whether transfecting HCT116 cell lines with 
PKM2‑siRNA attenuated GSH levels was investigated. As indi‑
cated in Fig. 4C, the GSH level in the PKM2‑siRNAs groups 
was lower compared with that in the NC group.

Subsequently, the changes in the PPP (pentose phos‑
phate pathway) were examined. As G6PD is a key enzyme 
involved in PPP, which converts glucose‑6‑phosphate to 6 
Gluconolactone 6 phosphate (33), RT‑qPCR was used to detect 
the change of mRNA level of G6PD following the transfection 
of PKM2‑si155 into HCT116 cells. The results indicated that 
the average mRNA expression level of G6PD was decreased 

Figure 4. Glucose uptake and lactate secretion fluxes of the NC, PKM2‑siRNAs and PKM2‑siRNAs + oxaliplatin treated HCT116 and DLD1 cells. (A) Western 
blot analysis of PKM2 and LDH and (B) glucose uptake and lactate secretion fluxes of NC, PKM2‑siRNAs and PKM2‑siRNAs + oxaliplatin experimental 
groups in HCT116 and DLD1 cells. *P<0.05, **P<0.01, ***P<0.001 for indicated comparison. PKM2, M2 isomer of pyruvate kinase; LDH, lactate dehydrogenase; 
Oxa, oxaliplatin; siRNA, small interfering RNA; NC negative control. 
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compared with the NC group, which was consistent with 
PKM2‑si155 and LDH (Fig. 5D).

Discussion

PKM2 is highly expressed in tumors compared with normal 
tissues (2). Aerobic glycolysis is the primary metabolic pathway 
used by cancer cells, and PKM2 is a key enzyme involved in 
this pathway (1). Additionally, PKM2 promotes tumor growth 
through non‑metabolic pathways, such as by influencing 
the cell cycle protein D1, POU domain, class 5, transcrip‑
tion factor 1, Myc, mTOR, and Mucin‑1 (34‑38). PKM2 and 
hypoxia‑inducible factor (HIF)‑1 also interact in tumor cells. 
HIF‑1 upregulates the expression of PKM2, and PKM2 assists 
HIF‑1 in activating hundreds of genes in downstream pathways 
to overcome and adjust to hypoxic conditions (39,40); HIF‑1 
target genes include those encoding: The glucose transporter 
GLUT1, which increases glucose uptake; lactate dehydro‑
genase A (LDHA), which converts pyruvate to lactate; and 
pyruvate dehydrogenase kinase 1 (PDK1), which inactivates 
pyruvate dehydrogenase, thereby transporting pyruvate away 
from the mitochondria and inhibiting O2 consumption (41). 
Autophagy suppresses the function of PKM2 through acety‑
lation (42). Thus, given the crucial role of PKM2 in tumors, 
targeting PKM2 may be an effective treatment strategy.

Previous studies have examined whether PKM2 can be 
used as a target in cancer treatment. Christofk et al (43) firstly 
demonstrated that lung cancer cell proliferation was signifi‑
cantly inhibited by suppression of PKM2. Subsequent cell 
based and nude mice animal model studies of cholangiocarci‑
noma (44) revealed that the suppression of PKM2 decreased the 
proliferation of cancer cells, and also suppressed the invasion 
and angiogenesis of tumors. The present study revealed that 
PKM2 suppression results in proliferation inhibition and it also 
showed that tumor cell apoptosis increased after knockdown 
of PKM2, which is in line with previous studies. In the A549 
lung cancer cell line (21), PKM2 targeting or docetaxel‑based 
treatment killed cancer cells, and their combination showed 
synergistic effects. In CRC, the PKM2 mRNA expression 
levels were associated with oxaliplatin efficacy, tumors with the 
lowest PK‑M2 levels exhibited the lowest response rates (22). In 
previous studies, Ginés et al (45) reported novel non‑glycolytic 
roles of PKM2 in response to genotoxic damage and proposes 
BMF as a possible target gene of PKM2. The present study 
explored the mechanism of PKM2 in oxidative damage induced 
by the glycolytic pathway when combined with oxaliplatin. 
Compared with the NC and oxaliplatin only groups, cellular 
proliferation was inhibited and apoptosis was significantly 
increased in the PKM2‑siRNAs and PKM2‑siRNAs + oxalipl‑
atin groups. PKM2‑siRNAs combined with oxaliplatin showed 

Figure 5. Changes in the pentose phosphate pathway redox parameters in PKM2‑siRNAs transfected HCT116 cells. (A) Flow cytometric plots and (B) respec‑
tive quantitative analysis of ROS levels. ROS levels following transfection with different PKM2‑siRNAs were significantly increased compared with the 
NC group. (C) GSH levels in the PKM2‑siRNAs groups were lower compared with the NC group. (D) mRNA expression levels of PKM2, G6PD and LDH 
were significantly decreased compared with the NC group. *P<0.05, **P<0.01, ***P<0.001 vs. respective NC. PKM2, M2 isomer of pyruvate kinase; siRNA, 
small interfering RNA; ROS, reactive oxygen species; GSH, glutathione; NC, negative control; LDH, lactate dehydrogenase; DCFDA, 2',7'‑dichlorofluorescin 
diacetate. 
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a synergistic effect in CRC cells. Oxaliplatin may have reduced 
proliferation and differentiation of cells by crosslinking with 
DNA and suppressing DNA synthesis (26). PKM2‑siRNAs 
affected the major metabolic pathway used by cancer cells 
resulting in apoptosis. As a result, PKM2 and oxaliplatin 
serve significant roles in cell proliferation and metabolism, 
respectively, avoiding overlapping effects and explaining the 
synergistic effects of the co‑treatment.

To examine how siPKM2 initiated apoptosis, glucose 
uptake and lactate secretion fluxes of NC, PKM2‑siRNAs, and 
PKM2‑siRNAs + oxaliplatin groups in HCT116 and DLD1 cells 
were determined. PKM2 knockdown reduced glucose uptake 
and lactate secretion in the PKM2‑siRNAs and PKM2‑siRNAs 
+ oxaliplatin groups, demonstrating that glycolysis was 
suppressed. However, the difference in glycolysis metabolism 
between PKM2‑siRNAs + oxaliplatin and oxaliplatin was not 
as profound as the difference between cell proliferation and 
apoptosis. The mechanism may involve ROS. In an aerobic 
environment, anoxia (46) and hypoxia‑oxidation result in the 
production of large amounts of ROS (47), which can induce 
cell apoptosis (31). PKM2 enables tumor cells to escape from 
ROS damage (3). Anoxia also upregulates HIF‑1, thus increasing 
PKM2 expression (40). ROS oxidizes PKM2 Cys358, leading 
glucose into the PPP and the production of large quantities of 
NADPH to neutralize ROS (3). As a result, intracellular ROS 
does not increase. Therefore, it may be hypothesized that once 
PKM2 was suppressed, the balance between PKM2 and ROS 
is disrupted, resulting in increased ROS‑induced apoptosis. 
A previous study also shows that G6PD knockdown lowers 
NADPH levels and increases cellular susceptibility to oxida‑
tive stress (32). The mRNA level of G6PD was significantly 
decreased after suppression with PKM2‑siRNAs, indicating that 
the PPP was inhibited. PKM2‑si155 induces downregulation of 
glucose uptake and lactate production, which suggests a decline 
in cell metabolism (43). As a result, the downregulation of G6PD 
mRNA may be the result of changes in cell metabolism. As 
NADPH is a metabolite of the PPP and GSH is the downstream 
product of NADPH, GSH levels were evaluated. Although 
NADPH was not examined in the present study, the levels of 
GSH were determined. GSH, to some extent, is a downstream 
mediator of NADPH, which interacts with ROS. The results 
showed that the GSH levels in the PKM2‑siRNAs groups were 
significantly lower compared with the NC group. Furthermore, 
to explore if there was a negative association between GSH and 
ROS levels, ROS levels were detected. The ROS levels in the 
si155 group were increased compared with the NC group. Thus, 
suppressing PKM2 led to a decrease in GSH, which was closely 
associated with increased ROS and cell apoptosis induction.
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