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Abstract. Pyruvate kinase isoenzyme M2 (PKM2) has previ-
ously been identified as a tumor biomarker and as a potential 
target for cancer therapy. In this study, F§FJ‑5, a character-
ized naphthoquinone modifier of mollugin, was synthesized 
in order to investigate its anticancer activity and the potential 
mechanisms. It was observed that FFJ‑5 inhibited the cell 
growth of human lung adenocarcinoma cells A549 and human 
hepatoma cells HepG2 by MTT assays. FFJ‑5 arrested cell 
cycle at the G2/M phase. Further analyses demonstrated that 
FFJ‑5 attenuated the expression of PKM2 and reduced the 
production of adenosine triphosphate (ATP). Reduced expres-
sion and activity of epidermal growth factor receptor (EGFR) 
and Akt were observed in A549 and HepG2 cells exposed 
to FFJ‑5. FFJ‑5 exposure also resulted in cell apoptosis, in 
association with decreased intracellular pH level and mito-
chondrial membrane potential. In addition, FFJ‑5 activated 
the caspase‑3 cascade. In conclusion, FFJ‑5 inhibited cancer 
cell growth via the blocking the EGFR‑Akt‑PKM2 pathway 
or through the synergistic action of EGFR, Akt and PKM2 
proteins, alongside a decrease in ATP production. In addition, 
FFJ‑5 induced cancer cell apoptosis by decreasing the intra-
cellular pH level and the mitochondrial apoptosis pathway. 
The present results suggest a potential role of FFJ‑5 on the 
therapy of human cancer.

Introduction

Cancer has long been threatening human health; thus, it 
is urgent to identify novel effective therapeutic agents and 
methods for the treatment of cancer. Previous studies have 
demonstrated that the extracts of madder, a type of traditional 
Chinese medicine, may be associated with a reduced risk 
of certain cancers (1). Among these extracts, the anticancer 
activity of mollugin has been shown to be strong in various 
types of human cancer cells (2).

Cancer cells produce the majority of their energy via the 
glycolytic pathway under aerobic conditions (known as the 
Warburg effect), which is a feature of the majority of cancer 
cells  (3,4). The Warburg effect in cancer cells, caused by 
dysfunctional oxidative phosphorylation, sustains glycolysis, 
which is responsible for tumor initiation, progression and 
metastasis (5,6). Consequently, the molecular basis of aerobic 
glycolysis in cancer has been biochemically investigated, and 
deregulated metabolism is gaining recognition as a hallmark 
of cancer cells, and is being explored for therapeutic potential.

It is widely accepted that specific expression of pyruvate 
kinase isoenzyme M2 (PKM2) in cancer cells contributes 
to this aerobic glycolysis phenotype  (7). Pyruvate kinase 
converts phosphoenolpyruvate into pyruvate, catalyzing the 
rate‑limiting step of glycolysis  (8). The M1 isoenzyme of 
pyruvate kinase is present in adult tissues, whereas PKM2 
is a spliceosome variant detected in embryonic and cancer 
cells. PKM2 expression in malignant cells is the result of the 
tumor microenvironment, and is responsible for maintaining a 
glycolytic phenotype (9). PKM2, which has been identified as 
the predominant cause of the Warburg effect in cancer cells, is 
essential in cancer metabolism and growth (8,10).

The present study revealed that FFJ‑5, a characterized 
naphthoquinone modifier of mollugin, possessed anticancer 
activities and induced cell apoptosis (2). It was observed that 
FFJ‑5 inhibited cancer cell proliferation, exerting its anticancer 
effects via inhibiting the expression of PKM2.

Materials and methods

Antibodies, reagents and test compounds. Rabbit monoclonal 
anti‑PKM2 (1:1,000; catalog no. 4053), rabbit monoclonal 
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anti‑caspase‑3 (1:1,000; catalog no. 9665), rabbit monoclonal 
anti‑cleaved caspase‑3 (Asp175; 1:1,000; catalog no. 9664), 
rabbit monoclonal anti‑poly (ADP‑ribose) polymerase (PARP) 
(1:1,000; catalog no. 9532), rabbit anti‑human cleaved PARP 
(Asp214; 1:1,000; catalog no.  5625), mouse monoclonal 
anti‑phosphorylated (p)‑epidermal growth factor receptor 
(EGFR) (p‑Tyr1068‑EGFR) (1:1,000; catalog no. 2236), rabbit 
monoclonal anti‑Akt (1:1,000; catalog no. 4685) and rabbit 
monoclonal anti‑p‑Akt (p‑Ser473‑Akt) (1:1,000; catalog 
no.  4060) primary antibodies were obtained from Cell 
Signaling Technology, Inc. (Danvers, MA, USA). Rabbit poly-
clonal anti‑EGFR (1:1,000; catalog no. 18986‑1‑AP) and rabbit 
polyclonal anti‑β‑actin (1:2,000; catalog no.  20536‑1‑AP) 
primary antibodies, and peroxidase‑conjugated AffiniPure 
goat anti‑rabbit/mouse immunoglobulin G (IgG) secondary 
antibodies (1:10,000; catalog nos. SA00001‑2 and SA00001‑1, 
respectively) were obtained from ProteinTech Group, Inc. 
(Chicago, IL, USA). EasyScript Two‑Step RT‑PCR SuperMix 
kit was obtained from Beijing TransGen Biotech Co., Ltd. 
(Beijing, China). PrimeScript™ RT Reagent kit (catalog 
no. RR047A) and SYBR® Premix Ex Taq™ II (catalog no. 
RR820A) were obtained from Takara Biotechnology Co., 
Ltd. (Dalian, China). Propidium iodide (PI), RNase A, rhoda-
mine 123 (Rh123) and Hoechst 33342 were obtained from 
Sigma‑Aldrich (Merck Millipore, Darmstadt, Germany). 
Triton X‑100 was obtained from Amresco, LLC (Solon, OH, 
USA). TRIzol, adenosine triphosphate (ATP) detection kit 
(catalog no. S0026B) and the pH fluorescent probe 2',7'‑bis‑ 
(2‑carboxyethyl)‑5‑(and‑6)‑carboxyfluorescein acetoxymethyl 
ester (BCECF‑AM; catalog no. S1006) were obtained from 
Biyuntian Biotech Co., Ltd. (Shanghai, China). Mollugin 
(positive control) was purchased from National Institutes for 
Food and Drug Control (Beijing, China). FFJ‑5 (the modified 
compound of mollugin) was synthesized by Professor Wenyi 
Kang (College of Pharmacy, Henan University, Henan, China).

Cell culture and cell viability assay. HepG2 (human hepa-
tocellular carcinoma) and A549 (human lung cancer) cells 
were obtained from the American Type Culture Collection 
(Manassas, VA, USA). The cells were maintained in Dulbec-
co's modified Eagle medium (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 was detected by MTT assay. HepG2 and 
A549 cells were seeded in 96‑well plates. After 24 h, the cells 
were exposed to FFJ‑5 for 48 h, using mollugin as a control. 
Then, the cells were incubated in fresh medium containing 
MTT (0.5 mg/ml; Sigma‑Aldrich; Merck Millipore) at 37˚C 
for 4 h, followed by the addition of 150 µl dimethyl sulfoxide 
to replace the medium. The absorbance values at a wavelength 
of 490 nm were read with a microplate reader (Tecan Group 
Ltd., Männedorf, Switzerland).

Western blotting. The cells were harvested in radioimmuno-
precipitation assay buffer [50 mM Tris‑HCl (pH 8.0), 150 mM 
sodium chloride, 1.0% NP‑40, 0.5% sodium deoxycholate and 
0.1% SDS] with 10 µg/ml of the protease inhibitor phenyl-
methane sulfonyl fluoride, and the cell lysates were obtained 
by centrifugation at 12,000  x  g for 10  min. The protein 

concentration in the cells lysates was determined using a 
bicinchoninic acid protein assay kit (Beyotime Institute of 
Biotechnology, Haimen, China), and equal amounts of protein 
(40 µg) were separated by SDS‑PAGE. PKM2, EGFR, pEGFR, 
Akt, pAkt, PARP and cleaved PARP were separated using 
an 8% gel. Caspase‑3 and cleaved caspase‑3 were separated 
using a 12% gel. Gels were subsequently transferred electro-
phoretically to a polyvinylidene difluoride membrane (Merck 
Millipore) at 70 mA for 2 h. Then, the membrane was blocked in 
5% fat‑free milk, and probed with specific primary antibodies 
against PKM2, EGFR, pEGFR, Akt, pAkt, caspase‑3, cleaved 
caspase‑3, PARP and cleaved PARP at 4˚C overnight. Upon 
washing in PBS‑Tween 20, the membranes were incubated 
with anti‑mouse IgG or anti‑rabbit IgG secondary antibodies 
for 2 h at room temperature. Bands were visualized using an 
EasyBlot Enhanced Chemiluminescence kit (Sangon Biotech 
Co., Ltd., shanghai, China) and detected using a FluorChem 
Q Multifluor System (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. 
Semi‑quantitative PCR was performed using an EasyScript 
Two‑Step RT‑PCR SuperMix kit, according to the manu-
facturer's protocol. A total of 2 µg RNA was transcribed 
into complementary DNA with PrimeScript RT Reagent 
kit. RT‑qPCR was performed with SYBR Premix Ex Taq II, 
and the PikoReal™ Real‑Time PCR System (Thermo Fisher 
Scientific, Inc.) was used to measure messenger RNA (mRNA) 
expression. 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. Relative 
quantification analysis was performed using the compara-
tive Cq (2‑ΔΔCq) method (11). All data were normalized to the 
internal control GAPDH. The sequences of the qPCR primers 
were as follows: PKM2, forward 5'‑AGA​ACT​TGT​GCG​AGC​
CTC​AA‑3' and reverse 5'‑GAG​CAG​ACC​TGC​CAG​ACT​C‑3' 
(product length, 128 bp); and GAPDH, forward 5'‑CTC​TGC​
TCC​TCC​TGT​TCG​AC‑3' and reverse 5'‑ACC​AAA​TCC​GTT​
GAC​TCC​GA‑3' (product length, 109 bp).

ATP production detection. ATP production was detected using 
the ATP detection kit, according to the manufacturer's protocol. 
HepG2 and A549 cells were seeded in 6‑well plates. After 
12 h, the cells were treated with FFJ‑5 (0, 10, 20 or 40 µM) for 
48 h. Then, the cells were washed twice with ice‑cold PBS and 
lysed with ATP lysis buffer. Upon centrifugation at 12,000 x g 
for 5 min at 4˚C to remove cell debris, the supernatant was 
added to the substrate solution, and the product of the reaction 
(ATP) was measured using a luminometer (EnSpire®; Perki-
nElmer, Inc., Waltham, MA, USA) by calibration with ATP 
standards and total protein samples. The ATP production was 
represented as nm/mg protein.

Intracellular pH detection. Intracellular pH was analyzed 
using a confocal scanning laser microscope (FV100‑IX81 
inverted microscope; Olympus Corporation, Tokyo, Japan). 
HepG2 and A549 cells were seeded in cell culture dishes for 
confocal microscopy (glass bottom, 20‑mm diameter). After 
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12 h, the cells were treated with FFJ‑5 (0, 10, 20 and 40 µM) 
for 48  h, and then co‑cultured with BCECF‑AM (10  µM 
diluted in culture medium) for 1 h at 37˚C in an incubator with 
5% CO2. The cells were subsequently washed with PBS, and 
the PBS was discarded prior to fluorescence determination. 
Fluorescence intensity was measured by confocal scanning 
laser microscopy at 488 nm excitation and 535 nm emission. 
The FV10‑ASW software (version 4.2; Olympus Corporation) 
incorporated in the confocal microscope was used to calculate 
the fluorescence intensity per µm2 automatically, and finally 
calculated the relative fluorescence intensity of the samples 
compared with that of the control. Changes in relative fluo-
rescence intensity represent changes in intracellular pH (12).

Cell cycle analysis. Cell cycle analysis was performed using 
flow cytometry. HepG2 and A549 cells treated with FFJ‑5  
(0, 10, 20 or 40 µM) for 24 h were collected and washed twice 
with ice‑cold PBS. Cells (1x106) were fixed in 75% ethanol 
at 4˚C for ≥4 h. Cells were then washed twice with ice‑cold 
PBS, followed by incubation with DNA staining solution [PI 
(50 µg/ml), RNase A (50 µg/ml) and Triton X‑100 (0.5%)] for 
20 min. Cell cycle analysis was immediately performed using 
flow cytometry (FACSCalibur; BD Biosciences, Franklin 
Lakes, NJ, USA).

Cell apoptosis analysis. Cell apoptosis was analyzed using an 
ArrayScan VTI HCS 600‑type high‑content live cell imaging 
system (Thermo Fisher Scientific, Inc.). HepG2 and A549 cells 
were seeded in 96‑well plates. After 12 h, the cells were treated 
with FFJ‑5 (0, 10, 20 and 40 µM) for 48 h, and then washed 
with ice‑cold PBS. Cells were next incubated with 5 mg/ml 
Hoechst 33342 for 30 min, and then incubated with 5 mg/ml PI 
for a further 1 h at 37˚C. The cells were subsequently washed 
with ice‑cold PBS, and cell apoptosis analysis was immedi-
ately performed using the aforementioned Array Scan VTI 
HCS 600‑type high‑content live cell imaging system. The 
second channel, which recorded the overall average fluores-
cence intensity (mean fluorescence intensity), represented the 
number of cells undergoing late apoptosis.

Mitochondrial membrane potential (MMP) detection. The 
change in MMP was analyzed using Rh123 staining, and 
the Rh123 content was measured by confocal scanning laser 
microscopy (FV100‑IX81 inverted microscope; Olympus 
Corporation). HepG2 and A549 cells were seeded in cell 
culture dishes for confocal microscopy (glass‑bottom, 20‑mm 
diameter). After 12  h, the cells were treated with FFJ‑5  
(0, 10, 20 and 40 µM) for 48 h, and then incubated with Rh123 
(5 µg/ml) for 30 min at 37˚C in and incubator with 5% CO2. The 
cells were subsequently washed with PBS, and the PBS was 
discarded prior to measurement of the fluorescence intensity at 
488 nm excitation and 535 nm emission. The aforementioned 
FV10‑ASW software was used to calculate the fluorescence 
intensity per µm2 automatically, and finally calculated the 
relative fluorescence intensity of the samples compared with 
that of the control. Changes in relative fluorescence intensity 
represent changes in MMP (13).

Statistical analysis. Each experiment was repeated three times. 
Relative cell viability is expressed as a percentage relative to 

that of the untreated control cells. Error bars represent stan-
dard deviation. Data were analyzed using analysis of variance 
for each two‑group comparison test. Statistical analyses were 
conducted using SPSS 17.0 (SPSS, Inc., Chicago, IL, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

FFJ‑5 inhibits cancer cells growth. FFJ‑5, a novel naph-
thoquinone derivative, is a chemically modified compound 
based on the structure of mollugin  (2) (Fig. 1A and B). It 
was hypothesized that FFJ‑5 possessed stronger anticancer 
activity compared with that of mollugin in human cancer 
cells. The antiproliferative/survival activity of FFJ‑5 in human 
liver cancer HepG2 cells and human lung cancer A549 cells 
was investigated and compared with that of mollugin. FFJ‑5 
induced a significant dose‑dependent decrease in cancer cell 
survival and exhibited a stronger anticancer activity than that 
of mollugin in HepG2 and A549 cells (Fig. 1C and D). The 
dose of FFJ‑5 required to achieve 50% cell viability was 25.67 
and 20.18 µM in HepG2 and A549 cells, respectively.

FFJ‑5 downregulates the expression of PKM2. Previous 
studies had indicated that naphthoquinone derivatives served 
as specific inhibitors of PKM2 (14). Therefore, in the present 
study, the effect of FFJ‑5 on the mRNA and protein levels 
of PKM2 was measured in HepG2 and A549 cells. Notably, 
decreased PKM2 mRNA and protein levels were observed in 
HepG2 and A549 cells exposed to FFJ‑5, in a dose‑dependent 
manner (Fig. 2A and B). In addition, decreased ATP produc-
tion was observed in HepG2 and A549 cells treated with FFJ‑5 
(Fig. 2C). These results suggested that FFJ‑5 was a valid inhib-
itor of PKM2, and consequently inhibited cancer cell growth 
via controlling glycolysis and ATP production in cancer cells.

FFJ‑5 inhibits the expression and phosphorylation of EGFR 
and Akt. Previous studies indicated that the overexpression of 
PKM2 in solid tumors was due to the activation of EGFR (15). 
The authors also demonstrated that EGFR induced the nuclear 
translocation of PKM2 and promoted cell proliferation in 
liver cancer cells (16). Previous research revealed that reduced 
or enhanced Akt phosphorylation was accompanied by the 
downregulation or upregulation of PKM2 protein, respectively 
(unpublished data). Therefore, in the present study, the effects 
of FFJ‑5 on the expression and phosphorylation of EGFR and 
Akt were evaluated. A decrease in the total EGFR and Akt 
protein levels, and a decrease in the phosphorylation of EGFR 
and Akt, was observed in HepG2 and A549 cells exposed to 
FFJ‑5 (Fig. 3). The results indicated that FFJ‑5 may inhibit 
cancer cell growth via the blocking of the EGFR‑Akt‑PKM2 
signaling pathway or via the synergistic action of EGFR, Akt 
and PKM2 proteins.

FFJ‑5 arrests the cell cycle in the G2/M phase. Several 
studies reported that PKM2 in cancer cells ensured a correct 
cell division, so that the depletion of PKM2 would cause 
uneven distribution of the DNA in the two daughter cells, and 
consequently would trigger apoptosis in cancer cells (17). The 
present study revealed that FFJ‑5 arrested the cell cycle in 
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the G2/M phase in HepG2 and A549 cells, according to flow 
cytometry analysis (Fig. 4). These results suggested that FFJ‑5 
may inhibit cancer cell division due to the inhibition of PKM2 
and consequently cause programmed cell death or apoptosis.

FFJ‑5 induces cancer cells apoptosis. Based on the above 
results, the possibility that FFJ‑5 caused cancer cell apoptosis 
was evaluated. Cell apoptosis was detected with an Array Scan 
VTI HCS 600‑type high‑content live cell imaging system. 
It was observed that FFJ‑5 led to apoptotic cell death in a 
dose‑dependent manner in HepG2 and A549 cells (Fig. 5A). In 
addition, the change in intracellular pH in cancer cells exposed 
to FFJ‑5 was also studied. The intracellular pH was verified by 
confocal scanning laser microscopy. Decreased intracellular 
pH level was observed in HepG2 and A549 cells treated with 
FFJ‑5 (Fig. 5B). Additionally, the change in MMP was inves-
tigated with Rh123 staining. Increased Rh123 fluorescence 
intensity was observed in HepG2 and A549 cells following 
FFJ‑5 incubation (Fig. 5C). Proteins associated with the mito-
chondrial apoptotic pathway were also detected. The western 
blot results demonstrated that FFJ‑5 activated caspase‑3 and 
consequently induced the cleavage of PARP (Fig. 5D). Taken 
together, these results supported the induction by FFJ‑5 of the 
apoptotic response in HepG2 and A549 cancer cells.

Discussion

Tumor patients mostly present with metabolic disorders such 
as high energy consumption and weight loss (18). In the 1920s, 
Warburg et al demonstrated that the metabolism of tumor 

tissues was obviously enhanced and mainly dependent on 
glycolytic metabolism (19). Sugar consumption speed in tumor 
cells is greater than that in normal cells. Cancer metabolism 
characterizes the malignant behavior of tumors. In recent 
years, the phenomenon of tumor metabolic abnormalities has 
gained attention, and the Warburg effect became the focus of 
cancer research (20).

The Warburg effect of cancer cells can promote cancer 
cell reproduction and invasion (21). The increase in glycolysis 
results in the acidic microenvironment of cancer (22) that is, the 
extracellular pH of cancer cells is lower than their intracellular 
pH, which can enhance the invasion and proliferation abilities 
of cancer cells (23). In addition, the acidic microenvironment 
of cancer cell metabolism can also sustain cell proliferation 
even under conditions of inadequate nutrition  (24). High 
expression of glycolytic enzymes can aggravate the acidic 
microenvironment of cancer cells (24).

Sugar metabolic enzymes are closely associated with the 
cell cycle, and disorders of the cancer cell cycle is one of the 
mechanisms of carcinogenesis (25). In 2003, a study indicated 
that the metabolic disorder of cancer cells was associated with 
the cell cycle regulation of cancer, and that multiple metabolic 
enzymes were involved in the regulation of histone H2B genes 
transcription during the cell cycle (26). Therefore, changes in 
cell metabolism can directly affect the regulation of the cell 
cycle.

PKM2, a key metabolic enzyme in cancer cells, can 
promote cancer cell's Warburg effect (27). Numerous studies 
have demonstrated that PKM2 has a crucial role during the 
formation and growth of cancer by increasing the acidic 

Figure 1. Antiproliferative effects of FFJ‑5 and mollugin. Schematic diagram of (A) mollugin and (B) FFJ‑5. The antiproliferative effects of FFJ‑5 and the 
positive control mollugin were assessed in (C) A549 and (D) HepG2 cells. Cells were exposed to the compound FFJ‑5 and mollugin for 48 h before being 
subjected to MTT assay. The data represent the mean and standard deviation obtained from three independent experiments. *P<0.05, **P<0.01.
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microenvironment and regulating the cell cycle and cell 
apoptosis  (28,29). Naphthoquinone derivatives are specific 

inhibitors of PKM2  (14). FFJ‑5, a novel naphthoquinone 
derivative, is a chemically modified compound based on the 

Figure 2. FFJ‑5 inhibited the expression of PKM2 and reduced the ATP production in A549 and HepG2 cells. (A) Effect of FFJ‑5 on the mRNA levels of 
PKM2. Reverse transcription‑quantitative polymerase chain reaction demonstrated that FFJ‑5 distinctly decreased the mRNA levels of PKM2. (B) Effect of 
FFJ‑5 on the protein expression of PKM2. Western blotting revealed that FFJ‑5 significantly inhibited the expression of PKM2. (C) ATP production analysis. 
FFJ‑5 reduced the ATP production. The data represent the mean and standard deviation obtained from three independent experiments. *P<0.05, **P<0.01. 
mRNA, messenger RNA; ATP, adenosine triphosphate; PMK2, pyruvate kinase isoenzyme M2.
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structure of mollugin (2). In the present study, high expression 
of PKM2 was detected in A549 and HepG2 cells by western 

blotting, indicating the important role of glycolysis in the 
development of lung and liver cancer. Our study revealed that 

Figure 3. Effect of FFJ‑5 on the expression and activity of EGFR and Akt. (A) Effect of treatment with different concentrations of FFJ‑5 on the expression of 
EGFR, pEGFR, Akt and pAkt in A549 cells. (B) Statistical analysis of the expression levels of EGFR, pEGFR, Akt and pAkt in A549 cells following treatment 
with different concentrations of FFJ‑5. (C) Effect of treatment with different concentrations of FFJ‑5 on the expression of EGFR, pEGFR, Akt and pAkt in 
HepG2 cells. (D) Statistical analysis of the expression levels of EGFR, pEGFR, Akt and pAkt in HepG2 cells following treatment with different concentrations 
of FFJ‑5. Western blotting revealed that FFJ‑5 reduced the total protein levels of EGFR and Akt, and inhibited the phosphorylation of and EGFR and Akt. 
*P<0.05, **P<0.01. EGFR, epidermal growth factor receptor; p, phosphorylated; Akt, protein kinase B.

Figure 4. Cell cycle analysis. (A) Effect of treatment with different concentrations of FFJ‑5 on the A549 cell cycle. (B) Effect of treatment with different 
concentrations of FFJ‑5 on the HepG2 cell cycle. Cells were treated with FFJ‑5 (0, 10, 20 and 40 µM) for 24 h. Insets show the percentage distribution of cells 
in each cell cycle phase. FFJ‑5 caused a significant accumulation of cells in the G2/M (4n DNA content) phase in HepG2 cells and A549 cells.
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Figure 5. FFJ‑5 reduced the apoptosis of A549 and HepG2 cells. (A) Effect of FFJ‑5 on the fluorescence intensity of PI in A549 and HepG2 cells. Cells treated 
with 0, 10, 20 and 40 µM FFJ‑5 for 48 h were incubated with 5 mg/l Hoechst 33342 for 10 min and with 5 mg/l PI for another 1 h in the dark. Then, the mean 
fluorescence intensity of PI was detected with an Array Scan VTI HCS 600‑type high‑content live cell imaging system. Magnification, x20. (B) Effect of FFJ‑5 
on the intracellular pH level. The intracellular pH level was verified by confocal scanning laser microscopy. A decreased intracellular pH level was observed 
in HepG2 and A549 cells treated with FFJ‑5. The top images are fluorescent images; the bottom images are light images. Magnification, x20. 
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FFJ‑5 inhibited the expression of PKM2 protein, arrested the 
cell cycle in the G2/M phase and reduced the ATP produc-
tion in A549 and HepG2 cells. Decreased intracellular pH 
levels and activated caspase cascade were also observed in 
cancer cells exposed to FFJ‑5. FFJ‑5 inhibited cancer cell 

growth and induced cancer cell apoptosis by blocking the 
EGFR‑Akt‑PKM2 signaling pathway, or via the synergistic 
action of EGFR, Akt and PKM2 proteins. These data suggest 
that FFJ‑5 induced apoptosis in A549 and HepG2 cells by 
inhibiting PKM2 expression.

Figure 5. Continued. (C) FFJ‑5 reduced the MMP in cancer cells. The change in MMP was detected with Rh123 staining. Increased Rh123 fluorescence 
intensity in cancer cells upon FFJ‑5 incubation was observed. The top images are fluorescent images; the bottom images are light images. Magnification, x20. 
(D) FFJ‑5 activated the caspase‑3 cascade in cancer cells. Caspase‑3, cleaved caspase‑3, PARP and cleaved PARP levels were examined in A549 and HepG2 
cells following FFJ‑5 treatment for 48 h by western blotting. The data represent the mean and standard deviation obtained from three independent experiments. 
*P<0.05 compared with the FFJ‑5‑untreated group. **P<0.01 compared with the FFJ‑5‑untreated group. PI, propidium iodide; MMP, mitochondrial membrane 
potential; Rh123, rhodamine 123; PARP, poly (ADP‑ribose) polymerase.
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In conclusion, the novel naphthoquinone compound FFJ‑5 
induces apoptosis in human lung adenocarcinoma A549 
and human hepatoma HepG2 cells, and may be an effective 
anti‑cancer candidate agent.
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