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Abstract. Pyruvate kinase isoenzyme M2 (PKM2) has previ-
ously been identified as a tumor biomarker and potential 
therapeutic target for the treatment of cancer. In the present 
study, FFJ-3, a structurally modified version of mollugin, 
an extract of the Traditional Chinese herbal medicine 
Rubia tinctorum (madder) was used in order to determine the 
anticancer activity of the compound and investigate the poten-
tial mechanisms underlying this effect in human cancer cells. 
The results of the present study revealed that FFJ-3 inhibited 
the survival of HepG2 human hepatoma cells, MCF-7 human 
breast cancer cells and A549 human lung adenocarcinoma 
cells using the MTT assay. In addition, FFJ-3 arrested cell 
cycle progression at G2/M and G1 in HepG2 and A549 cells, 
respectively. Further analyses demonstrated that FFJ-3 attenu-
ated the expression of PKM2 protein via the inhibition of the 
phosphoinositide 3-kinase (PI3K)/Akt serine/threonine kinase 
(Akt) signaling pathway. Furthermore, treatment of all three 
cell types with FFJ‑3 significantly increased apoptosis and 
decreased the mitochondrial membrane potential compared 
with the untreated control group. In addition, FFJ-3 treatment 
increased the ratio of B-cell lymphoma-2 (Bcl-2)/Bcl-2 associ-
ated X and activated the caspase-3 cascade. In conclusion, the 
inhibition of the PI3K/Akt signaling pathway and activation of 
the caspase-3 cascade by FFJ-3 were primarily responsible for 
the inhibition of cell proliferation and induction of apoptosis 
in MCF-7, HepG2 and A549 cells. The results of the present 
study suggest a potential therapeutic role for FFJ-3 in the treat-
ment of human cancer.

Introduction

Cancer cells sustain rapid proliferation by altering normal 
metabolic signaling pathways. Metabolic changes in cancerous 
tissue and cells may be caused by the upregulation of pyruvate 
kinase isoenzyme M2 (PKM2) (1). PKM2, a tumor-associated 
dimeric form of the enzyme pyruvate kinase, is involved in 
aerobic glycolysis and regulates ATP production, consequently 
promoting the growth of cancer cells (2,3). PKM2 has previ-
ously been identified as a tumor biomarker and a potential 
therapeutic target for the treatment of cancer (4,5).

The phosphoinositide 3-kinase (PI3K)/Akt serine/threo-
nine kinase (Akt) signaling pathway is a classical and important 
signaling pathway, which is frequently constitutively activated 
in numerous human cancer types. Furthermore, this signaling 
pathway is associated with characteristics of carcinogen-
esis, including changes in cell proliferation, survival and 
metabolism (6-9). In cancer cells, increased activation of 
Akt (phosphorylation) or the upregulation of Akt expression 
can promote cell growth and suppress apoptosis by regu-
lating cell-cycle regulators, such as p21 and p27, in addition 
to pro-apoptotic proteins, such as of B-cell lymphoma-2 
(Bcl-2)-associated agonist of cell death (Bax).

The underlying mechanism of PKM2 upregulation in 
cancer cells remains unclear. In the present study, the associa-
tion between akt activity and PKM2 gene expression in human 
breast cancer MCF-7 cells was investigated.

FFJ‑3 is a compound that is a structurally modified version of 
mollugin, an extract of the Traditional Chinese herbal medicine 
Rubia tinctorum (madder). Previous studies have demonstrated 
that madder exhibits anticancer activity (10,11). In the present 
study, the effects of FFJ-3 on PKM2 expression and the PI3K/Akt 
signaling pathway were investigated. Furthermore, the role 
and mechanism of the novel compound FFJ-3 in cancer cells, 
and a novel mechanism attributed to the role of the PI3K/Akt 
signaling pathway in the regulation of PKM2 that is associated 
with tumorigenesis are presented in the current study.

Materials and methods

Antibodies, reagents and drugs. Rabbit anti-human monoclonal 
antibodies directed against Akt (cat. no. 4685), phosphorylated 
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Akt (pSer473; cat. no. 4060), Bcl-2 (cat. no. 2870; dilution), 
Bax (cat. no. 5023), PKM2 (cat. no. 4053; dilution), caspase-3 
(cat. no. 9665), cleaved caspase-3 (Asp175; cat. no. 9664), 
Poly (ADP-ribose) polymerase (PARP; cat. no. 9532) and 
cleaved PARP (Asp214; cat. no. 5625) (all dilution, 1:1,000) 
were obtained from Cell Signaling Technology, Inc. (Danvers, 
MA, USA). Horseradish peroxidase-conjugated Affinipure 
goat anti-mouse and anti-rabbit immunoglobulin Gs (IgGs) 
(cat. nos. SA00001-1 and SA00001-2; dilution, 1:10,000) were 
obtained from Proteintech Group, Inc. (Chicago, IL, USA). The 
PI3K inhibitor LY294002 (cat. no. 9901) was purchased from 
Cell Signaling Technology, Inc. and the Akt activator insulin 
(cat. no. 40112ES25) was obtained from Yeasen Biotechnology 
Co., Ltd. (Shanghai, China). The PrimeScript™ RT reagent 
kit with gDNA Eraser (cat. no. RR047A) and SYBR® Premix 
Ex Taq™ II (Tli RNaseH Plus) (cat. no. RR820A) were 
purchased from Takara Biotechnology Co., Ltd. (Dalian, 
China). Propidium iodide (PI), RNase A, Hoechst 33342 and 
Rhodamine 123 (Rh123) were purchased from Sigma-Aldrich 
(Merck Millipore, Darmstadt, Germany). Mollugin (cat. 
no. 110884-201405; Fig. 1A) was purchased from the National 
Institute for the Control of Pharmaceutical and Biological 
Products (Beijing, China). FFJ-3 (Fig. 1B) is a novel chemi-
cally modified compound based on the structure of Mollugin 
and was synthesized by introducing paranitrotoluene to the 
hydroxyl of Mollugin at the Institute of Traditional Chinese 
Medicine of Henan University (Kaifeng, China).

Cell lines and cell culture. Human HepG2 hepatocellular 
carcinoma, A549 lung cancer and MCF-7 breast cancer 
cell lines were obtained from the American Type Culture 
Collection (Manassas, VA, USA). The cells were maintained 
in RPMI‑1640 media (Invitrogen; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) supplemented with 10% fetal 
bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 1% 
penicillin/streptomycin in a 37˚C incubator with 5% CO2.

Cell viability assay. Cell proliferation and viability were 
detected using the MTT assay. All three types of cancer cells 
at a density of 1x104/ml were seeded into 96-well plates. 
After 12 h, the cells were treated with final concentrations 
of 6, 12, 24, 48 and 96 µM of FFJ‑3 for 48 h at 37˚C and 
the same concentrations of Mollugin were used as posi-
tive controls. Subsequently, media was replaced with fresh 
medium containing MTT (0.5 mg/ml; Sigma-Aldrich; Merck 
Millipore) and the plates were incubated at 37˚C for 4 h, 
followed by further media replacement with 150 µl dimethyl 
sulfoxide. The absorbance values at a wavelength of 490 nm 
were measured using a microplate reader (Sunrise™, Tecan 
Group Ltd., Männedorf, Switzerland). Relative cell viability 
was expressed as a percentage relative to the untreated control 
cells.

Cell cycle analysis. Cell cycle analysis was performed using 
flow cytometry. HepG2 and A549 cells were treated with 
FFJ-3 for 48 h, collected by centrifugation (1,000 x g for 
5 min at room temperature) and washed twice with ice-cold 
PBS. Cells (1x106) were fixed with 75% ethanol at 4˚C for 
≥4 h. Subsequently, cells were washed twice with ice‑cold 
PBS, followed by incubation with a DNA staining solution 

(PI, 50 µg/ml; RNase, 50 µg/ml; Triton X‑100, 0.5%) at 37˚C 
for 20 min. The DNA content of the cells was determined using 
flow cytometry (FACSCalibur; BD Biosciences, Franklin 
Lakes, NJ, USA). The percentage of cells in G0/G1, S and G2/M 
phases were determined using ModFit LT (version 4.1; Verity 
Software House, Topsham, ME, USA).

Western blot analysis. Following seeding (1x106/well) in 6-well 
plates, the cancer cells were treated with 0, 12, 24 and 36 µM 
of FFJ-3 for 48 h, 0, 10 and 50 µM of LY294002 for 24 h or 
48 h and 0, 50 and 100 ng/ml of insulin for 24 h or 48 h at 
37˚C. Total protein was extracted using radioimmunoprecipi-
tation assay buffer (50 mM Tris-HCl, pH 8.0; 150 mM sodium 
chloride; 1.0% NP-40; 0.5% sodium deoxycholate; 0.1% SDS) 
with 10 µg/ml of the protease inhibitor phenylmethylsulfonyl 
fluoride. The lysates were collected through centrifugation 
at 4˚C, 12,000 x g for 10 min. Protein concentration of the 
cell lysates was determined using a bicinchoninic acid protein 
assay kit (Beyotime Institute of Biotechnology, Haimen, 
China). Equal amounts of protein (40 µg) were separated by 
SDS-PAGE. PKM2, Akt, pAkt, PARP and cleaved PARP 
were separated using an 8% gel. Bax, Bcl-2, Caspase-3 and 
cleaved caspase-3 were separated using a 12% gel. Gels were 
subsequently transferred electrophoretically to a polyvinyli-
dene fluoride membrane (Merck Millipore) at 70 mA for 2 h. 
Subsequently, the membrane was blocked using 5% skimmed 
milk and the membrane was incubated with specific primary 
antibodies (described above) at 4˚C overnight. Following 
washing in PBS with Tween-20, the membranes were incu-
bated with anti-mouse or anti-rabbit IgG secondary antibody 
(described above) at room temperature for 2 h. Bands were 
visualized using an EasyBlot Enhanced Chemiluminescence 
kit (Sangon Biotech Co., Ltd., Shanghai, China) and detected 
using a FluorChem Q Multifluor system with AlphaView Q 
software (version 3.0) (both ProteinSimple, San Jose, CA, 
USA). β-actin was used as a loading control.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA was isolated using TRIzol® 
(Invitrogen; Thermo Fisher Scientific, Inc.). Subsequently, 
2 µg RNA was reverse transcribed into cDNA using the 
PrimeScript RT reagent kit. qPCR was performed using 
SYBR Premix Ex Taq II and the PikoReal™ Real-Time PCR 
system (Thermo Fisher Scientific, Inc.) was used to measure 
mRNA expression. A total of 0.1 µg cDNA template was used 
to perform the qPCR reaction. The following thermocycling 
conditions were used: 95˚C for 5 min; 40 cycles of 95˚C for 
10 sec, 59˚C for 30 sec and 72˚C for 30 sec; 60˚C for 30 sec. 
The reactions for each sample-primer set were performed in 
triplicate. The sequences of the qPCR primers were as follows: 
PKM2 forward, 5'-AGA ACT TGT GCG AGC CTCAA-3' and 
reverse, 5'-GAG CAG ACC TGC CAG ACT C-3' (product length, 
128 bp); GAPDH forward, 5'-CTC TGCT CCT CCT GTT 
CGA C-3' and reverse, 5'-ACC AAA TCC GTT GAC TCC GA-3' 
(product length, 109 bp). Relative quantification analysis was 
performed using the comparative Cq (2-ΔΔCq) method (12). All 
data were normalized to the internal control (GAPDH).

Cell apoptosis assay. MCF-7, HepG2 and A549 cells 
(1x104/well) were plated into 96-well plates. Following 12 h 
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culturing, the cells were treated with 0, 12, 24 and 36 µM of 
FFJ‑3 at 37˚C for 48 h, followed by washing with ice‑cold PBS. 
Cells were subsequently incubated with 100 µl of Hoechst 
33342 (5 mg/l) for 30 min, followed by incubation with PI 
(5 mg/l) for 30 min at 37˚C. The cells were washed with 
ice-cold PBS twice. Cell apoptosis analysis was immediately 
performed using an ArrayScan™ VTI 600 High-Content live 
cell imaging system (Thermo Fisher Scientific, Inc.), in which 
the second channel's mean fluorescence intensity (MFI) repre-
sented late apoptosis.

itochondrial membrane potential assay. Changes in mito-
chondrial membrane potential (MMP) were analyzed through 
measuring changes in the fluorescent intensity of Rh123 
staining of the cells. MCF-7, HepG2 and A549 cells exposed 
to 0, 12, 24 and 36 µM of FFJ‑3 for 48 h at 37˚C were collected 
by centrifugation (1,000 x g, 5 min, room temperature) and 
washed with ice-cold PBS, followed by incubation with 
5 µg/ml Rh123 at 37˚C for 20 min. The Rh123 content of 
the cells was determined using an EnSpire® Multimode plate 
reader (PerkinElmer, Inc., Waltham, MA, USA).

Statistical analysis. Each experiment was repeated three 
times. Results are presented as the mean ± standard deviation. 
Statistical analyses were conducted using SPSS version 17.0 
(SPSS, Inc., Chicago, IL, USA). Data was analyzed using 
analysis of variance (one-way) for each two-group comparison. 

P<0.05 was considered to indicate a statistically significant 
difference.

Results

FFJ‑3 inhibits the proliferation of human cancer cells. As the 
Traditional Chinese medicine madder extracts and its deriva-
tives have been demonstrated to exhibit anticancer activity, 
the structure of mollugin (an active ingredient of madder) 
was modified (Fig. 1A) to produce the novel compound 
FFJ-3 (Fig. 1B). In the present study, the anticancer effects 
of FFJ-3 were examined in human cancer cells. Treatment 
of HepG2, A549 and MCF-7 cells with mollugin (6-96 µM; 
Fig. 1C) or FFJ-3 (6-96 µM; Fig. 1D) resulted in a significant 
dose-dependent decrease in cell survival compared with 
the untreated control groups (all P<0.05). The half maximal 
inhibitory concentration (IC50) of FFJ-3 in HepG2, A549 and 
MCF-7 cells was 25.56, 36.57 and 27.16 µM, respectively. 
The anticancer effect, as indicated by the IC50, of FFJ-3 was 
stronger compared with that of Mollugin (HepG2, 124 µM; 
A549, 168 µM; MCF-7, 134 µM; Fig. 1D).

Furthermore, the effects of FFJ-3 on cell proliferation were 
examined. There was a marked increase in the percentage of 
HepG2 cells in the G2/M phase (4n DNA) following treatment 
with different concentrations of FFJ-3 (12 µM, 21.70%; 24 µM, 
31.53%; 36 µM, 34.53%) compared with the untreated control 
group (11.70%) (Fig. 2). In A549 cells, the percentage of cells 

Figure 1. Anti-proliferative effects of FFJ-3 and mollugin. Schematic diagrams of the chemical structure of (A) mollugin and (B) FFJ-3. Survival rate of 
HepG2, A549 and MCF-7 cells following treatment with (C) mollugin and (D) FFJ-3. Cells were exposed to the compounds for 48 h prior to the MTT assay. 
*P<0.05, **P<0.01 vs. the corresponding untreated control groups.
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in the G1 phase was increased following treatment with 12, 
24 and 36 µM of FFJ-3 compared with the untreated control 
group (Fig. 2). These results suggest that FFJ-3 is a potential 
candidate for the inhibition of human cancer cell survival and 
proliferation.

FFJ‑3 inhibits PKM2 expression and Akt activity. PKM2 
has been identified as a potential therapeutic target for the 
treatment of cancer (13,14). Downregulation of PKM2 or 
interaction with PKM2 can suppress tumorigenicity and 
tumor progression (15,16). In the present study, the results 

Figure 3. Inhibitory effects of FFJ-3 on PKM2 and p-Akt protein expression. (A) p-Akt and PKM2 protein expression were examined in HepG2, A549 and 
MCF‑7 cells following 12‑36 µM FFJ‑3 treatment for 48 h using western blot analysis. (B) The results demonstrated that FFJ‑3 significantly inhibited the 
expression of PKM2 and p-Akt in a dose-dependent manner. *P<0.05, **P<0.01 vs. the untreated control groups. PKM2, pyruvate kinase isoenzyme M2; p-Akt, 
phosphorylated Akt serine/threonine kinase.

Figure 2. Cell cycle analysis. Cells were treated with FFJ-3 (0, 12, 24 and 36 µM) for 48 h. Graphs illustrate the percentage of cells distributed across each cell 
cycle phase. Following treatment with FFJ‑3, a significant increase in the percentage of HepG2 cells in the G2/M (4N DNA) phase was observed. In A549 cells, 
the G1 phase cell population increased following treatment with FFJ‑3. FL, fluorescence; A, area; number, number of cells.
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Figure 4. Regulatory role of the PI3K/Akt signaling pathway on PKM2 expression in MCF-7 cells. (A) The effect of PI3K/Akt signaling pathway on PKM2 
protein expression. LY294002, a specific chemical inhibitor of PI3K, downregulated PKM2 protein expression in a dose‑dependent manner, and insulin, a 
potent activator of the PI3K/Akt signaling pathway, increased PKM2 protein expression. (B) The expression of Akt, p-Akt and PKM2 relative to β-actin. 
*P<0.05, **P<0.01 vs. the untreated control group. (C) The effect of the PI3K/Akt signaling pathway on PKM2 mRNA expression. Quantitative polymerase 
chain reaction analysis results demonstrated that the inhibition of PI3K by LY294002 did not decrease PKM2 mRNA expression. Furthermore, activation of 
Akt by insulin did not increase PKM2 mRNA expression. PKM2, pyruvate kinase isoenzyme M2; p-Akt, phosphorylated Akt serine/threonine kinase; PI3K, 
phosphoinositide 3-kinase.
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of the western blot analysis revealed that FFJ‑3 significantly 
decreased the expression of PKM2 in HepG2, A549 and 
MCF-7 cells compared with the untreated control group in 
a dose-dependent manner (all P<0.05; Fig. 3). PI3K/Akt is a 
classical and important signaling pathway in numerous human 
cancer types, and is associated with cell proliferation, survival 
and metabolism. Thus, the effects of FFJ-3 on the expres-
sion and activity of Akt were investigated. The results of the 
western blot analysis demonstrated that 24 and 36 µM FFJ-3 
significantly decreased the amount of phosphorylated (p‑)Akt 
in a dose-dependent manner in all three cell lines compared 
with the untreated control group (all P<0.01; Fig. 3).

PI3K/Akt signaling regulates PKM2 gene expression in 
MCF‑7 cells. To confirm whether the reduced level of PKM2 
was due to a reduction in Akt activity, the association between 
the PI3K/Akt signaling pathway and PKM2 was investigated. 
MCF‑7 cells were treated with LY294002, a specific chemical 
inhibitor of PI3K, for 24 and 48 h. It was demonstrated 
that LY294002 significantly downregulated PKM2 protein 
expression in a dose-dependent manner compared with the 
control group (P<0.01), concomitantly with inhibition of 
PI3K activity, as indicated by a significant reduction in p‑Akt 
protein compared with the untreated control group (P<0.05) 
(Fig. 4A and B).

MCF-7 cells were exposed to 50-100 ng/ml insulin, an 
activator of the PI3K/Akt signaling pathway, for 24 and 48 h. 
The results demonstrated that 100 ng/ml insulin caused a 
significant increase in PKM2 protein expression and Akt 
phosphorylation compared with the untreated control group 
(all P<0.05; Fig. 4A and B). Furthermore, to determine whether 
the PI3K/Akt signaling pathway regulated PKM2 expres-
sion at the transcriptional level, the effect of LY294002 and 
insulin on PKM2 mRNA expression was investigated. It was 
revealed that the inhibition of PI3K by 10-50 µM LY294002 
did not lead to decreased PKM2 mRNA expression and that 
the activation of Akt by 50-100 ng/ml insulin did not result in 
increased PKM2 mRNA expression in MCF-7 cells (Fig. 4C). 
These findings indicate that PKM2 gene expression is regu-
lated by the PI3K/Akt signaling pathway at the translational 
level in MCF-7 cells.

FFJ‑3 induces cancer cell apoptosis and reduces MMP. The 
effect of FFJ-3 on cancer cell apoptosis was investigated in 

the current study. Treatment of MCF-7, HepG2 and A549 
cells with 12‑36 µM FFJ‑3 resulted in a significant increase in 
cell apoptosis in a dose-independent manner compared with 
the untreated control group, as indicated by the fluorescence 
intensity of PI staining (P<0.05; Fig. 5). To investigate the 
mechanism underlying FFJ-3-induced cancer cell apoptosis, 
the change in MMP was determined using Rh123 staining. 
The results demonstrated a significant increase in Rh123 
fluorescence intensity in all three cell lines following treat-
ment with 12-36 µM FFJ-3 compared with the untreated 
control group (P<0.05; Fig. 6). These results suggest that FFJ-3 
reduces MMP, consequently inducing cell apoptosis through 
the mitochondrial apoptosis signaling pathway.

FFJ‑3 activates the caspase‑3 cascade and increases the 
ratio of Bax/Bcl‑2. To further investigate the mechanism 
underlying FFJ-3-induced cancer cell apoptosis, the effects of 
12-36 µM FFJ-3 on the expression of mitochondrial apoptotic 
signaling pathway proteins was investigated. An increase in 
Bax expression and decrease in Bcl-2 expression was identi-
fied in MCF-7, HepG2 and A549 cells treated with FFJ-3 
(Fig. 7A). The Bax/Bcl‑2 expression ratio was significantly 

Figure 5. Induction of cancer cells apoptosis by FFJ‑3 in HepG2, A549 and MCF‑7 cells. (A) FFJ‑3 induced a significant increase in the MFI of PI. (B) Imaging 
of PI and Hoechst 33342 double-staining. *P<0.05, **P<0.0 vs. the untreated control groups. PI, propidium iodide; MFI, mean fluorescence intensity.

Figure 6. FFJ-3 reduces the mitochondrial membrane potential of cancer 
cells. Changes in mitochondrial membrane potential were detected with 
Rh123 staining. A significant increase in Rh123 fluorescence intensity in 
HepG2, A549 and MCF-7 cells following treatment with 12-36 µM FFJ-3 
was demonstrated. *P<0.05, **P<0.01 vs. the untreated control group. Rh123, 
Rhodamine 123.
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increased following treatment with 24-36 µM FFJ-3 (P<0.05; 
Fig. 7B). Furthermore, the caspase-3 cascade was examined. 
The results of the western blot analysis revealed that 24-36 µM 
FFJ-3 activated caspase-3, as indicated by the significant 
increase in cleaved caspase-3 protein (P<0.01; Fig. 7C and D). 
Consequently, this induced the cleavage of PARP, as indicated 
by the simultaneous significant increase in cleaved PARP 
protein (P<0.05; Fig. 7C and D). These results support the 
hypothesis that FFJ-3-induced apoptosis occurs through the 
mitochondrial apoptosis signaling pathway in MCF-7, HepG2 
and A549 cells.

Discussion

Cancer has become a primary cause of human mortality. The 
development of therapeutics directed against specific targets 
or signaling pathways in cancer is essential. Madder is a type 
of Traditional Chinese herbal medicine, and previous studies 
have demonstrated that madder possesses anticancer activity. 
FFJ‑3 is a structural modification of mollugin, an extract of 
Madder. In the present study, the effect of FFJ-3 on PKM2 
and the PI3K/Akt signaling pathway in cancer cell lines was 
investigated.

Pyruvate kinase is an essential enzyme in the glycolytic 
pathway, which modulates ATP generation. Pyruvate kinase 
exists as different isoforms, including L, R, M1 and M2, 
which have tissue‑specific expression in various organisms. 
A number of studies have demonstrated that tumor cells 
exclusively express the PKM2 embryonic isoform of pyruvate 
kinase, which serves an important role in metabolic repro-
gramming during cancer progression (17,18). Furthermore, 
elevated expression of PKM2 has been identified in patients 
with solid tumors, such as colorectal carcinoma (19), thus 
PKM2 is considered a tumor biomarker. PKM2 signaling has 
been revealed to suppress tumorigenicity and tumor progres-
sion (20-22). Therefore, the present study investigated the 
effect of FFJ-3 on PKM2 expression in MCF-7, HepG2 and 

A549 cells. FFJ‑3 was demonstrated to significantly reduce 
PKM2 protein expression in a dose-dependent manner.

PI3K/Akt is a classical and important signaling pathway 
that is frequently activated in numerous human cancer types, 
and is associated with features of carcinogenesis, including 
cell proliferation, survival and metabolism (23-25). In the 
current study, the role of FFJ-3 in the PI3K/Akt signaling 
pathway was determined. The results of the present study 
demonstrated that FFJ‑3 significantly decreased the expres-
sion and activity of Akt in all three cancer cell lines in a 
dose-dependent manner.

Whether the FFJ-3-induced decrease in PKM2 expres-
sion was due to a reduction in Akt activity remained unclear. 
Thus, the association between the PI3K/Akt signaling 
pathway and PKM2 expression was investigated. MCF-7 
cells were treated with LY294002, a specific chemical 
inhibitor of PI3K, and insulin, a potent activator of the 
PI3K/Akt signaling pathway. LY294002 was demonstrated 
to significantly downregulate PKM2 protein expression, 
concomitantly with inhibition of PI3K activity, as indi-
cated by a reduction in p-Akt expression. Furthermore, a 
significant increase in PKM2 protein expression and Akt 
phosphorylation was identified in MCF‑7 cells treated with 
100 ng/ml insulin. In addition, experiments were performed 
to evaluate the effect of LY294002 and insulin on PKM2 
mRNA expression in MCF-7 cells. It was revealed that 
inhibition of PI3K by LY294002 did not lead to decreased 
PKM2 mRNA expression, and activation of Akt by insulin 
did not result in increased PKM2 mRNA expression. These 
findings indicate that the PI3K/Akt signaling pathway regu-
lates PKM2 expression at the translational level.

The association between FFJ-3 and cancer cell apoptosis 
was investigated in the present study. The results indicated 
that FFJ‑3 significantly induced apoptosis and reduced the 
MMP of MCF-7, HepG2 and A549 cells in a dose-independent 
manner. Furthermore, it was demonstrated that FFJ-3 activates 
caspase-3, consequently inducing the cleavage of PARP. These 

Figure 7. FFJ-3 increases the ratio of Bax/Bcl-2 expression and activates the caspase-3 cascade in cancer cells. Changes in Bcl-2, Bax, caspase-3, cleaved 
caspase-3, PARP and cleaved PARP expression were examined in HepG2, A549 and MCF-7 cells following FFJ-3 treatment for 48 h. (A) Western blot analysis 
of Bax and Bcl‑2 protein expression following treatment with FFJ‑3. (B) FFJ‑3 significantly increased the ratio of Bax/Bcl-2 protein expression. (C) Western 
blot analysis of caspase-3, cleaved caspase-3, PARP and cleaved PARP protein expression following treatment with FFJ-3. (D) FFJ-3 activates the caspase-3 
cascade in cancer cells. *P<0.05, **P<0.01 compared with the untreated control group. Bcl-2, B-cell lymphoma 2; Bax, Bcl-2 associated X apoptosis regulator; 
PARP, poly (ADP‑ribose) polymerase; MFI, mean fluorescence intensity.
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findings suggest that FFJ-3 induces cancer cell apoptosis 
through the mitochondrial signaling pathway.

In conclusion, the results of the present study suggest that 
FFJ-3 inhibits PKM2 protein expression via the PI3K/Akt 
signaling pathway and activates the caspase-3 cascade in 
human cancer cells. FFJ-3 may be a promising therapeutic 
candidate for the treatment of patients with cancer.
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