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Andrographolide suppresses aerobic glycolysis
and induces apoptotic cell death by inhibiting
pyruvate dehydrogenase kinase 1 expression
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Abstract. Metabolic disorder is a major characteristic of cancer
cells, and controlling genes involved in metabolic shifts can
be an effective strategy for cancer treatment. Andrographolide
(AQG), a diterpenoid lactone, is widely recognized as a natural
anticancer drug due to its ability to inhibit cancer growth. The
present study aimed to investigate the mechanism underlying
the mitochondrial-mediated anticancer effect of AG by inhib-
iting pyruvate dehydrogenase kinase 1 (PDK1) expression
in lung cancer cells. Cells were treated with AG and PDK1
mRNA and protein expression was determined using reverse
transcription-quantitative PCR and western blotting, respec-
tively. As a result, AG significantly inhibited the viability of
human lung cancer cells and suppressed aerobic glycolysis
by decreasing lactate generation. AG further decreased the
PDK1 protein and mRNA levels in a dose-dependent manner.
AG-induced cell death was assessed by flow cytometry and
fluorescence microscopy. AG induced apoptotic cell death
that was associated with the cleavage of poly (ADP ribose)
polymerase, activation of caspase-3, and mitochondrial
damage, which was associated with an increase in reactive
oxygen species and loss of mitochondrial membrane potential.
AG-induced cell death was partially suppressed via PDK1
overexpression in lung cancer cells. Therefore, the anticancer
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effects of AG on human lung cancer cells may negatively regu-
late the expression of PDKI.

Introduction

Dysregulated cellular metabolism is an emerging hallmark
of cancer as it supports cellular proliferation and division via
biomass generation (1,2). The most extensively researched
metabolic characteristic of cancer cells is the Warburg
effect, which favors glycolysis over oxidative phosphoryla-
tion (OXPHOS) to generate energy, even in the presence of
sufficient oxygen (1). Genomic analysis has revealed that
>70% of all human cancer cases show ubiquitous overexpres-
sion of glycolytic pathway genes (3,4). Expression levels of
genes involved in glucose metabolism, including enolase 1,
hexokinase 2 (HK2), glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), glucose transporter 1 (GLUTI), pyruvate
kinase M2 (PKM?2), lactate dehydrogenase A (LDHA), and
pyruvate dehydrogenase kinase 1 (PDK/), are upregulated
in most cancer tissues, and hence, can be used as therapeutic
targets (3,5,6). The metabolic switch is directed by limiting
the pyruvate utilization in the mitochondrial tricarboxylic acid
(TCA) cycle, which is regulated by various cellular events,
including altered growth factor signaling, hypoxic or normoxic
activation of hypoxia-inducible factor la (HIFla), oncogene
activation and loss-of-function of suppressor genes (5,7).
Andrographolide (AG), a diterpenoid lactone, was first
identified in Andrographis paniculata (Burm.f.) Nees, an
annual herbaceous plant belong to the Acanthaceae family,
commonly referred to as ‘green chiretta’ (8). AG is widely
accepted as a natural anticancer agent owing to its ability
to inhibit cancer growth and induce apoptotic cell death (9).
Several cellular pathways, including Wnt/B-catenin, phospha-
tidylinositol-3-kinase (PI3K)-mammalian target of rapamycin,
vascular endothelial growth factor-mediated signaling, and
tumor necrosis factor-related apoptosis-inducing ligand-medi-
ated apoptosis pathways, have been identified as key pathways
regulated by AG (9,10). AG directly binds to Ras and nuclear
factor-kB and lowers their expression levels or activities (11,12).
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AG targets HIF1o by downregulating its expression or stability,
thereby inhibiting its DNA-binding activity (13-16). Recently,
two separate groups have shown that AG inhibits the glycolytic
metabolic profile of cancer cells by controlling the expression
of enzymes involved in glycolysis, including GLUT1, HK2,
phosphofructokinase 1 (PFK1), PKM2 and LDHA (17,18).
The molecular mechanism by which AG suppresses aerobic
glycolysis has not yet been fully characterized.

In the present study, it was found that AG suppressed
aerobic glycolysis and induced mitochondria-mediated apop-
tosis in human lung cancer cells. In addition, AG decreased the
expression levels of several PDKs, including PDK1. Apoptotic
cell death was reduced in PDK1-overexpressing cells. Based
on these findings, it was hypothesized that the pro-apoptotic
activity of AG may be mediated by the negative regulation of
PDKI1 expression.

Materials and methods

Materials. AG was purchased from the Tokyo Chemical
Industry. A 100 mM stock solution of AG was dissolved
in dimethyl sulfoxide (DMSO) and stored at -20°C. AG
was diluted to the appropriate concentration with a final
DMSO concentration of less than 0.1%. All other chemicals,
including DMSO, sodium dodecyl sulfate (SDS), Tween 20,
and 3-(4,5-dimethyl-thiazole-2-y1)2,5-diphenyl tetrazolium
bromide (MTT), were purchased from MilliporeSigma. All
antibodies used in the present study for western blotting are
listed in Table I. Roswell Park Memorial Institute (RPMI)-1640
medium, 1X phosphate-buffered saline (PBS; pH 7.4), and
0.25% trypsin-ethylenediaminetetraacetic acid (EDTA) were
obtained from Welgene, Inc. Fetal bovine serum (FBS) and
penicillin/streptomycin were obtained from Gibco; Thermo
Fisher Scientific, Inc.

Cell lines and cultures. Human non-small cell lung cancer
(NSCLC) cell lines, namely A549 (adenocarcinoma),
NCI-H292 (H292; mucoepidermoid carcinoma) and
NCI-H522 (H522; adenocarcinoma), were obtained from the
Korean Cell Line Bank (Seoul, Korea). Cells were cultured
in RPMI-1640 medium supplemented with 10% FBS and 1%
penicillin/streptomycin in a 5% CO, incubator at 37°C under
98% humidified conditions.

Cell viability assay. Cell viability was determined via the
MTT (dissolved in DMSO) assay. Cells (1x10* cells/well)
were initially seeded into a 96-well culture plate in triplicate,
followed by treatment with various concentrations of AG (10,
20,50 and 100 #M) the next day in a fresh medium. After 24 h
of incubation, MTT solution (5 mg/ml) was diluted in culture
medium and added to each well of the plate to a final concentra-
tion of 0.5 mg/ml, and the culture plate was further incubated
at 37°C for 4 h. Absorbance was measured at 540 nm using the
Spectramax M2 microplate reader (Molecular Devices, LLC).

Lactate production assay.Lactate production in H292 cells was
measured using the lactate fluorometric assay kit (BioVision,
Inc.). Briefly, 1x10* cells/well were seeded into a 96-well plate
and incubated overnight at 37°C. Prior to pretreatment with
various concentrations of AG (20, 50 and 75 yM), the medium

was replaced with phenol red and serum-free RPMI medium
and incubated at 37°C for 1 h. Finally, 1 ul of the medium from
each well was received to measure the absorbance at 570 nm
using the Spectramax M2 microplate reader (Molecular
Devices, LLC).

Western blot analysis. Afterincubation, the cells were harvested
and lysed in ice-cold 1% NP-40 lysis buffer containing 150 mM
NaCl, 10 mM HEPES (pH 7.45), 5 mM sodium pyrophos-
phate, 5 mM sodium fluoride, 2 mM sodium orthovanadate,
and a protease inhibitor cocktail (Roche Applied Science).
Whole cell extracts were obtained from the supernatants after
centrifugation of the cell lysate at 13,000 x g for 15 min at
4°C. Protein concentration was quantitated using the Bradford
assay. Proteins (50 ug) were separated via SDS-polyacrylamide
gel electrophoresis (PAGE; 8-13%) and transferred onto
0.45 uM nitrocellulose membranes (Amersham; Cytiva). The
membranes were blocked for 60 min at room temperature
using 5% (w/v) BD Difco skim milk powder (Thermo Fisher
Scientific, Inc.) and immunoblotted with primary antibodies
at 4°C overnight at optimal dilution (Table I). After washing
three with Tris-buffered saline with 0.1% Tween 20 buffer,
the membranes were incubated with horseradish peroxi-
dase-conjugated secondary antibodies at a dilution of 1:2,000
for 1 h at room temperature. Immunoreactivity was detected
using ECL Plus (Amersham; Cytiva) and digitalized using
Image Quant LAS 4000 (GE Healthcare).

In vitro PDK activity assay. Kinase activity of PDK was
slightly modified as previously described (19,20). Briefly, 50 ng
of recombinant PDK1 (Abcam) was incubated with 100 ng
of recombinant pyruvate dehydrogenase El subunit alpha 1
(PDHAT1; Abcam) for 30 min at 37°C in PDK1 buffer containing
20 mM Tris buffer (pH 7.5), 0. mM EDTA, 1 mM MgCl,,
2 mM dithiothreitol (DTT) and 250 uM ATP. The samples were
subjected to SDS-PAGE and immunoblotted using antibodies
against PDK1, p-PDHA1, and PDHAI (Table I).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was isolated from H292 cells using the
TRIZOL® reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
and quantified at 260 nm wavelength using the Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific, Inc.), according
to the manufacturers' instructions (21). An equal amount of
RNA (1 pg) from each sample was used to synthesize cDNA,
which was reverse-transcribed using RevertAid reverse tran-
scriptase (cat. no. EP0441; Thermo Fisher Scientific, Inc.). RT
was performed according to the manufacturer's instructions.
gPCR was performed using the StepOnePlus real-time PCR
system (Applied Biosystems; Thermo Fisher Scientific, Inc.)
with the RealHelix qPCR kit (cat. no. QP2-S500; NanoHelix
Co., Ltd.). PCR was performed with initial denaturation
at 95°C for 15 min, followed by 40 cycles of the reaction at
95°C for 20 sec, 60°C for 30 sec, and 72°C for 30 sec. Relative
mRNA levels were normalized to actin levels. All the primers
used in the present study are listed in Table II.

Flow cytometric analysis. Apoptotic cells were examined
using the Annexin V-fluorescein isothiocyanate (FITC)
Apoptosis Detection Kit (Thermo Fisher Scientific, Inc.).
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Antibody Company Cat. no. Dilution factor
Phosphorylated Abcam ab177461 1:1,000 in 2% skim milk
PDHA1

PDHA1 Santa Cruz Biotechnology, Inc. sc-377092 1:2,000 in 5% skim milk
PDK1 Enzo Life Sciences, Inc. ADI-KAP-PK112 1:2,000 in 5% skim milk
PDK2 Signalway antibody LLC 41330 1:1,000 in 5% skim milk
PDK3 Novus Biologicals, LLC NBP1-32581 1:1,000 in 5% skim milk
PDK4 Signalway antibody LLC 38562 1:1,000 in 5% skim milk
GAPDH Santa Cruz Biotechnology, Inc. sc-32233 1:2,000 in 5% skim milk
PARP Cell Signaling Technology, Inc. 9542 1:1,000 in 5% skim milk
Cleaved Caspase-3 Cell Signaling Technology, Inc. 9661 1:1,000 in 2% skim milk
Caspase-9 Cell Signaling Technology, Inc. 9508 1:1,000 in 2% skim milk
HSP90 Santa Cruz Biotechnology, Inc. sc-13119 1:2,000 in 5% skim milk
Anti-mouse 1gG Invitrogen; Thermo Fisher Scientific, Inc. RJ240410 1:2,000 in 5% skim milk
Anti-rabbit IgG Invitrogen; Thermo Fisher Scientific, Inc. SA245916 1:2,000 in 5% skim milk

PDK, pyruvate dehydrogenase kinase.

Table II. List of primers used in the present study.

Gene
name Primer sequence (5'—3")
PDK1 F: AAGAATTCCATGAGGCTGGCGCGGCTGC
cloning R: ACCTCGAGCTAGGCACTGCGGAACGTCG
PDK1 F: CTATGAAAATGCTAGGCGTCT
R: AACCACTTGTATTGGCTGTCC
PDK?2 F: AGGACACCTACGGCGATGA
R: TGCCGATGTGTTTGGGATGG
PDK3 F: GCCAAAGCGCCAGACAAAC
R: CAACTGTCGCTCTCATTGAGT
B-actin  F: CAAGAGATGGCCACGGCTGCT
R: CACAGGACTCCATGCCCAGGA

PDK, pyruvate dehydrogenase kinase; F, forward; R, reverse.

Cells (3x10° cells/well) were seeded into a six-well plate and
incubated overnight at 37°C. The next day, cells were treated
with various concentrations of AG (20, 50, and 75 uM) for
24 h and resuspended in 500 pl of binding buffer (1X) to
obtain a cell density of 2x10° cells/ml. The cells were then
incubated with 5 1 of Annexin V-FITC and 10 pl propidium
iodide (PI; 20 pg/ml) in cell suspension for 15 min at room
temperature. Fluorescence intensities of the samples were
determined using the FACS Canto II flow cytometer (BD
Biosciences). In the histogram of FACS analysis, apoptotic
cells were represented the combination of Q2 (PI*/Annexin V¥,
late apoptotic cell) and Q3 (PI'/Annexin V*, early apoptotic
cell), and dead cells were represented the combination of Q1
(PT*/Annexin V-, necrotic cell) and Q2 (PI*/Annexin V*, late
apoptotic cell).

Determination of mitochondrial reactive oxygen species (ROS)
levels. The production of intracellular mitochondrial ROS was
determined using MitoSOX Red (Invitrogen; Thermo Fisher
Scientific, Inc.). Briefly, 1 M MitoSOX Red was added to the
cultured cells in conditioned medium and incubated at 37°C
for 10 min. Fluorescence intensity was determined using a
fluorescence microscope (AX10 Imager M1; Zeiss AG) and
calculated using the ImagelJ software (version 1.53; National
Institutes of Health).

Measurement of mitochondrial membrane potential (MMP).
Cells (3x10° cells/well) were seeded into a six-well plate and
incubated overnight at 37°C. The next day, the cells were treated
with various concentrations of AG (20, 50 and 75 uM) for 12 h
and incubated with 250 nM tetramethylrhodamine methyl
ester (TMRM; Thermo Fisher Scientific, Inc.) for 30 min.
The cells were washed thrice with PBS and observed under a
fluorescence microscope (AX10 Imager M1). Membrane depo-
larization was determined by analyzing the captured images
using the ImageJ software (version 1.53; National Institutes of
Health).

Plasmid preparation and transfection for PDKI over-
expression. PCR product of PDK1 was ligated into the
pMX-IRES-puromycin vector containing EcoRI and Xhol
restriction enzyme sites. The primers used to clone the PDK1
construct are listed in Table II. Plat-A cells, a retroviral
packaging cell line, were transfected with 1 ug of pMX-IRES
empty vector (EV) and pMX-IRES-PDK1 vector (PDK1-OE)
using Lipofectamine 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.). The supernatant was collected after 24 h, and
the culture medium of H292 cells was replaced with filtered
retroviral supernatant containing 5 ug/ml polybren (Santa
Cruz Biotechnology, Inc.). The cells were selected using
2 ug/ml puromycin after viral infection for 24 h and cultured
for an additional 2 weeks.
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Bioinformatics analysis. The known target gene list of AG was
downloaded from PubChem (https:/pubchem.ncbi.nlm.nih.
gov/#query=andrographolide) and analyzed using Cytoscape's
JEPPETTO plugin (https://apps.cytoscape.org/apps/jepetto).
Kyoto Encyclopedia of Genes and Genomes analysis
(https://www.genome.jp/kegg/) identified several cancerous,
metabolic and p53 signaling pathways as AG-related path-
ways. Interaction between genes and chemicals by AG were
analyzed using BioCarta Pathways Dataset (https:/maayanlab.
cloud/Harmonizome/search?t=all&q=andrographolide). The
GSE74769 microarray dataset (obtained from the Gene
Expression Omnibus database; https://www.ncbi.nlm.nih.
gov/geo/) was examined to identify a potential link between
glycolysis and AG. The correlation between PDK mRNA
expression and AG cytotoxicity in the cells was performed
using Spearman's correlation analysis.

Statistical analysis. All data are from at least three independent
experiments and expressed as the mean + standard deviation.
Statistical differences were calculated via one-way analysis
of variance with Dunnett's post hoc test or unpaired Student's
t-test. GraphPad Prism software (version 5.0; GraphPad
Software, Inc.) was used for all statistical analyses, and P<0.05
was considered to indicate a statistically significant difference.

Results

Cytotoxic effect of AG is related to PDK1 expression. To vali-
date the molecular pathways related to AG, the known target
gene list was downloaded from PubChem (https://pubchem.
ncbi.nlm.nih.gov/#query=andrographolide) and analyzed
using Cytoscape's JEPPETTO plugin (https://apps.cyto-
scape.org/apps/jepetto). Kyoto Encyclopedia of Genes and
Genomes analysis (https://www.genome.jp/kegg/) identified
several cancerous, metabolic and p53 signaling pathways as
AG-related pathways. BioCarta analysis (https://maayanlab.
cloud/Harmonizome/search?t=all&q=andrographolide)revealed
that the p53, DNA damage, cell cycle, apoptosis, and HIF path-
ways are involved in AG treatment (Tables SI-SIII). Pathway
analysis revealed no direct evidence of a connection between
glucose metabolism and AG. Next, the GSE74769 micro-
array dataset (obtained from the Gene Expression Omnibus
database; https://www.ncbi.nlm.nih.gov/geo/) was examined
to identify a potential link between glycolysis and AG. The
results clearly revealed that AG treatment downregulated the
expression levels of numerous genes involved in pyruvate
metabolism. Among them, focus was addressed on PDKI, a
key regulator of pyruvate metabolism (22), as its levels were
reduced by >50%, similar to the previously reported genes,
including HK2, PFK1 and LDHA (Fig. S1) (17,18).

Next, the cytotoxic effects of AG were confirmed on
several NSCLC cell lines, namely the A549, H292 and H522
cell lines. It was found that AG caused more severe cytotox-
icity in H292 and H522 cells than that in A549 cells (Fig. 1).
The GIs, (concentration for 50% of maximal inhibition of
cell proliferation) of each cell line was 102.28 uM for A459,
46.17 uM for H292, and 43.59 uM for H522. Examination of
the Spearman's correlation between PDK mRNA expression
and AG cytotoxicity in these cell lines revealed that PDK1
was most closely related to AG cytotoxicity (Fig. S2), whereas

PDK4 expression was lacking in these cell lines. H292 and
H522 cells demonstrated higher PDK1 expression than A549
cells at the protein level (Fig. S3A) as well as the mRNA level.
Furthermore, AG exhibited strong cytotoxicity in HCT116
and DLD-1 cells with high PDK1 expression (Fig. S3). These
findings suggested that PDK1 may be involved in AG-induced
cytotoxicity in cancer cells.

AG reduces the protein expression levels of PDKI, 2 and
3. Pyruvate, the end product of glycolysis, can be converted
to lactate in the cytosol or to acetyl CoA to enter the TCA
cycle in mitochondria. Therefore, the effects of AG on meta-
bolic pathways following pyruvate synthesis were verified.
Similar to a recent study (17), AG decreased lactate genera-
tion in a dose-dependent manner in H292 cells (Fig. 2A). The
protein expression of LDHA, an enzyme that catalyzes the
conversion of pyruvate to lactate, was unchanged (Fig. 2B).
AG significantly decreased the phosphorylation of PDHAI,
an enzyme that converts pyruvate to acetyl-CoA (Fig. 2B).
Because the phosphorylation of PDHALI is regulated by
PDKs, the protein expression levels of PDKs were exam-
ined. As expected, AG induced a decrease in the protein
expression levels of PDKI1, 2 and 3 in a dose-dependent
manner in H292 cells (Fig. 2C). In particular, the expres-
sion of PDK1 was markedly reduced. To confirm that AG
directly controlled the activity of PDK1, an in vitro PDK
activity assay was performed using recombinant proteins
for protein binding. However, AG did not directly bind to
PDK1 (Fig. 2D). Some binding inhibition was observed at a
high concentration of 10 #M or more, which was comparable
to the intracellular working concentration (20 pM). The
positive control, dichloroacetate, demonstrated a binding
inhibitory effect, even at a concentration of 1 mM, which
was substantially lower than the intracellular working
concentration (10 mM). AG not only decreased the protein
expression levels of PDK1, 2 and 3 but also decreased their
mRNA levels in a dose-dependent manner in H292 cells
(Fig. 2E-G). These findings suggested that AG was involved
in the regulation of the mitochondrial metabolic pathways
by inhibiting the conversion of pyruvate to acetyl-CoA via a
decrease in PDK1 expression.

AG promotes apoptotic cell death via mitochondrial ROS
generation and loss of MMP. Metabolic reprogramming of
cancer cells from aerobic glycolysis to OXPHOS promotes
mitochondrial ROS-dependent cell death (23,24). Thus, it was
investigated whether AG induced apoptotic cell death and
mitochondrial dysfunction in H292 and A549 cells, wherein
different PDKs were expressed and different cytotoxicities
were observed (Fig. 1). When the number of AG-induced
apoptotic cells after Annexin V-FITC and PI staining was
measured via FACS analysis, it was found that the number
of A549 cells was weakly increased, whereas the number
of H292 cells was significantly increased during apoptosis
(Fig. 3A and B). Similar results were obtained in the histo-
gram analyzed using the ImagelJ software (Fig. 3C). Levels
of cleaved caspase-3, cleaved caspase-9 and PARP, which are
proteins involved in the apoptotic signaling pathway, were also
increased in AG-treated H292 cells, but not in A549 cells, in a
dose-dependent manner (Fig. 3D).
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Figure 1. AG increases the cellular toxicity in non-small cell lung cancer cell lines. (A) Molecular structure of AG. (B-D) Cytotoxic effect of AG was highly
potent in H292 and H522 cells but relatively weak in A549 cells. ““P<0.001. AG, andrographolide.

AG remarkably increased the generation of mitochondrial
ROS in H292 cells, as determined via MitoSOX staining
(Fig. 4A). As revealed in the histogram of the relative amount
of AG-induced mitochondrial ROS production (Fig. 4C), a
significant increase in ROS levels was observed in H292 cells.
TMRM staining assay revealed that AG reduced the MMP in
H292 cells in a dose-dependent manner (Fig. 4B). Histogram
analysis revealed that AG decreased the MMP in H292 cells
but not in A549 cells (Fig. 4D). These results suggested that
AG-induced metabolic shift can lead to apoptotic cell death
in H292 cells by increasing mitochondrial ROS levels and
depleting the MMP.

Cytotoxic effect of AG is influenced by PDKI expression.
To determine whether the inhibition of PDK1 expression by
AG is critical for cancer cell death, a PDK1-overexpressing
(PDK1-OE) cell line was constructed by transfecting a virus
with its expression vector. As revealed in Fig. 5A, the PDK1
protein was overexpressed in H292 cells, as determined by
western blotting. PDK1 mRNA was overexpressed in H292
cells, as determined by RT-qPCR (Fig. 5B). In addition,
AG-induced cytotoxicity in the MTT assay was significantly
suppressed in PDK1-overexpressed H292 cells than that in
the EV cells (Fig. 5C). At the highest concentration of AG

(75 uM), only 7.68% of empty vector cells survived, and
31.7% of PDK1-overexpressed cells survived. The morpho-
logical changes in PDK1-overexpressing H292 and EV cells
after treatment with AG are demonstrated in Fig. 5D. In
PDK1-overexpressing H292 cells, AG-induced cytotoxicity
was relatively weak compared with that in the control (EV) cells.
Histogram also revealed that the number of AG-induced dead
cells was slightly reduced in PDK-overexpressing H292 cells
compared with that in the control cells (Fig. SE). Expression
of apoptotic marker proteins, including cleaved-PARP and
cleaved-caspase 3, was suppressed in PDK1-overexpressing
H292 cells (Fig. 5F). These results indicated that PDK1
expression was partially involved in the cytotoxic effects of
AG. By suppressing PDK1 expression with AG, the metabolic
shift from glycolysis to OXPHOS caused a significant increase
in mitochondrial ROS generation, which is another key factor
for AG-induced cancer cell death (Fig. 5G).

Discussion

PDH complex connects glycolysis to mitochondrial OXPHOS
by converting pyruvate to acetyl-CoA, the main substrate
of TCA cycle (25). PDH activity is inhibited by PDKs
through phosphorylating serine residues in its E1 subunit
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Figure 2. AG inhibits the PDK protein and mRNA expression. (A) H292 cells were treated with AG at the indicated doses for 1 h. (A) AG reduced lactate
generation in a dose-dependent manner. (B) AG significantly inhibited the expression of p-PDHA1, which is phosphorylated by PDKs. Total amount of
PDHALI was not changed by AG treatment. Expression of LDHA also was not affected by AG treatment. HSP90 represents the normalized control of each
well. (C) After H292 cells were treated with various concentrations of AG (20, 50 and 75 uM) for 6 h, the protein expression levels of mitochondrial PDK1,
PDK?2, and PDK3 were determined via western blotting. GAPDH represents the normalized control of each well. Protein expression levels of PDKs decreased
in a dose-dependent manner after AG treatment. Notably, PDK1 expression levels significantly decreased after AG treatment. (D) In vitro PDK activity assay
was performed to determine whether PDK1 activity was regulated by AG. AG did not directly regulate the activity of PDK1. (E-G) H292 cells were treated
with various concentrations of AG (20, 50 and 75 yM) for 6 h, and the mRNA levels of PDK1, PDK2 and PDK3 were determined via reverse transcrip-
tion-quantitative polymerase chain reaction. AG significantly decreased the mRNA levels of PDKs in H292 cells. Data are represented as the mean + standard
deviation compared with the control from three independent experiments. ““P<0.001 vs. control. AG, andrographolide; PDK, pyruvate dehydrogenase kinase;
PDHAL, pyruvate dehydrogenase El subunit alpha 1; LDHA, lactate dehydrogenase A; HSP90, heat shock protein 90; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; p-, phosphorylated.

(PDHALI) (22,26). Thus, PDKs are suggested to be master and 2,2-Dichloro-1-(4-isopropoxy-3-nitrophenyl)ethan-1-one

regulators of aerobic glycolysis because they limit pyruvate
carboxylation to acetyl-CoA, thereby facilitating pyruvate
reduction to lactate (7,25). PDK1 is the most critical enzyme
for the development and metastasis of various types of malig-
nant cancer (25,27-30), particularly NSCLC (31). Several
PDK1 inhibitors, such as dichloroacetate (DCA), AZD 7545,

(Cpd64), have been studied to develop novel cancer thera-
pies (32-34). The use of several natural compounds as PDK1
inhibitors and anticancer agents in various cancer types have
been also reported, including NSCLC (35-37). Initially, AG was
expected to inhibit PDK1 activity and expression. However,
the in vitro PDK activity assay revealed that AG had a very
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Figure 3. AG induces more apoptotic cell death in H292 cells than A549 cells. (A and B) A549 and H292 cells were treated with various concentrations of
AG (20, 50 and 75 uM) for 6 h, labeled with Annexin V-fluorescein isothiocyanate and propidium iodide, and analyzed via flow cytometry. (C) Histogram
showing the percentage of apoptotic cells. Apoptotic cells were quantified by combining Q2 (late-stage of apoptotic cells, PI*/Annexin V*) and Q3 (early-stage
of apoptotic cells, PI/Annexin V*) regions after FACS analysis. AG significantly increased the apoptotic cell death in H292 cells, but not in A549 cells, in a
dose-dependent manner. (D) To determine the protein levels of PARP, cleaved caspase-3, and cleaved caspase-9 via western blot analysis, A549 and H292 cells
were treated with AG at the indicated dose for 24 h. Levels of all apoptotic marker proteins were significantly increased by AG treatment in H292 cells and
only slightly increased in A549 cells. Data are represented as the mean + SD compared with the control from three independent experiments. ““P<0.001 vs.

control. AG, andrographolide; PARP, cleaved poly (ADP ribose) polymerase.

low inhibitory effect on PDK1 activity. Recent metabolomic
research has revealed an increase in the levels of TCA cycle
metabolites, including citrate, cis-aconitic acid, and isocitrate,
as well as glycolytic metabolites in AG-treated red blood cells
(RBCs) (38). Since mature RBCs do not synthesize RNA or
proteins, the metabolites can reflect the activity of glycolytic
and TCA cycle enzymes. The present findings are consistent
with the aforementioned study, as AG did not have any effect
on the enzyme activity.

PDK expression levels are tightly regulated by several
upstream regulators. The most well-known upstream regu-
lator of PDK expression is HIF1la, which also increases the
expression levels of other glycolytic enzymes, including
GLUTI1, HK2, PKM and LDHA (26,39). HIFla activates
PDK1 and PDK3. It is part of a series of reactions to achieve
a low-oxygen state by actively decreasing the mitochondrial

oxygen consumption via the induction of PDK expression
and inhibition of PDH activity (40). Other upstream regula-
tors, including transcription factors E2F1, Myc and Want,
have been linked to PDK expression, particularly PDK1 and
PDK3 (41-43). The expression levels of PDK2 and PDK4 are
controlled in different ways. Several metabolic regulators,
including forkhead box Ol (FoxOl), liver X receptor (LXR),
peroxisome proliferator-activated receptor oo (PPARa) and
PPARY coactivator a (PGC-1a), stimulate PDK2 and PDK4
expression levels (44,45). Furthermore, pS3 tumor suppressor,
a master regulator of genome stability and cell cycle, acts as a
negative regulator of PDK?2 expression (46).

In the present study, AG reduced PDK -3 expression at both
the mRNA and protein levels in a dose-dependent manner.
AG inhibits the protein levels of HIFla via the PI3K/Akt
pathway and ubiquitin-mediated proteolysis (13,14). Thus, the
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Figure 4. AG induces mitochondrial dysfunction. (A) A549 and H292 cells were treated with various concentrations of AG (20, 50 and 75 uM) for 6 h, and the
mitochondrial ROS levels were measured using the MitoSox fluorescence dye. AG increased the levels of mitochondrial ROS in H292 cells, but not in A549
cells, in a dose-dependent manner. (B) Histogram showing the percentage of mitochondrial ROS levels in cells. Fluorescence intensity was calculated using
the ImagelJ software. AG significantly increased the ROS levels in H292 cells than that in A549 cells. (C) Histogram showing the mitochondrial membrane
potential ratio of the AG treatment group to the control group using the tetramethylrhodamine methyl ester fluorescence dye. (D) AG induced mitochondrial
damage in H292 cells via decrease in mitochondria membrane potential. A549 cells showed relatively very weak decrease in mitochondria membrane poten-
tial. Data are represented as the mean + SD compared with the control from three independent experiments. "P<0.05, “P<0.01 and *“P<0.001 vs. control. AG,
andrographolide; ROS, reactive oxygen species.
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Figure 5. AG-induced cancer cell death is alleviated in PDK1-overexpressing H292 cells. (A) Overexpression of PDK1 protein in H292 cells was determined
via western blotting. PDK1 expression vector was FLAG tagged to detect PDK1-overexpressing cells using an anti-FLAG antibody. (B) mRNA levels of
PDKI1 in H292 cells were determined via RT-qPCR. (C) After H292 cells were treated with AG, cell death was measured using the 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. AG-induced cell death was alleviated in PDK1-overexpressing H292 cells. (D) Morphological
alterations revealed that PDK 1-overexpressing H292 cells showed reduced apoptosis compared with the control cells. (E) Numbers of dead cells (combination
of the Q1 + Q2) after AG treatment was measured via FACS analysis. A histogram showing the percentage of dead cells is produced by the analysis of 10,000
cells after AG treatment in PDK1-overexpressing and empty vector cells. (F) Activation of apoptotic signals by PARP and caspase-3 cleavage was examined
via western blotting. The cleavage of PARP and caspase-3 was slightly weak in PDK1-overexpressing H292 cells. GAPDH was used as the internal control.
(G) Mechanism of AG-induced cancer cell death via PDK1 inhibition. Data are represented as the mean + SD compared with the control from three indepen-
dent experiments. “P<0.01 and ““P<0.001 compared with each group. AG, andrographolide; PDK, pyruvate dehydrogenase kinase; PARP, cleaved poly (ADP
ribose) polymerase; EV, empty vector; OE, overexpressing.

downregulation of PDK1 and PDK3 expression levels can be  glycolysis, LDHA, was not altered by AG treatment. Extensive
explained, at least in part, by an HIFla-dependent pathway. research is needed to determine the reason for the differential
However, the expression of another target of HIFla for regulation of these genes. AG increases p53 expression levels
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in several cancer lines (47-50) and decreases PPARy expres-
sion levels in several metabolic diseases (51-53). Therefore,
they may act as upstream regulators of PDK?2 downregulation
caused by AG treatment. Although the LXR, Myc and Wnt
signaling pathways are associated with AG, their expression
levels are increased by AG treatment (49,50,54). Therefore,
it was concluded that these pathways cannot be the upstream
regulators of PDK expression levels in AG-treated cancer
cells. PubMed database search revealed that E2F1 and FoxOl
pathways were not previously identified as molecular targets
for AG. The expression of PDK4 was not examined in the
present study since it was not expressed in these cell lines and
exerts a suppressive effect on tumorigenesis in several cancer
types, including NSCLC (55,56).

Although AG treatment reduced the expression levels of all
three isoforms (PDK1-3) in a dose-dependent manner, corre-
lation analysis revealed that PDK1 may be the most potent
target of AG among them. This possibility was evaluated by
comparing the efficacy of AG in mitochondria-dependent
apoptosis in A549 and H292 cells, which have vastly different
PDK1 expression levels. PDK1-overexpressing cancers,
particularly NSCLC (31,57), are resistant to chemotherapy
and radiotherapy (58-60). In addition, PDK1 protects against
apoptotic cell death by reducing OXPHOS, ROS production
and mitochondrial membrane stability (57,60,61). As expected,
H292 cells expressing high levels of PDK1 experienced more
apoptotic cell death, mitochondrial ROS generation and
MMP depletion than A549 cells expressing low levels of
PDK1. PDK1-overexpressing H292 cells that exogenously
expressed PDK1 regardless of AG treatment were generated to
confirm the role of PDK1 in AG-induced apoptotic cell death.
Exogenously overexpressed PDK1 is unaffected by AG regula-
tion on PDK1 expression. Although PDK1 overexpression did
not completely abolish the AG-induced apoptotic cell death, the
portion of dead cell was significantly recovered by exogenous
PDKI1 overexpression, as demonstrated in a previous study by
the authors (62). Based on these data, it was concluded that
AG may have another target to induce apoptotic cell death in
NSCLC, as reported in previous studies (9,10,63). Nonetheless,
the present findings suggested that PDK1 overexpression
partially reverses AG-induced cytotoxicity and apoptosis. To
elucidate the precise mechanism of AG-stimulated apoptotic
cell death, further studies should examine the upstream regu-
lators that directly bind to AG and regulate multiple targets,
along with the correlations between PDK1 and other proapop-
totic factors.

In conclusion, it was revealed that AG induced mito-
chondria-mediated apoptosis in a PDK1-dependent manner.
AG further inhibited PDK1 expression and increased PDH
activity. Aerobic glycolysis was changed to mitochondrial
OXPHOS in cancer cells. Moreover, PDK1-mediated meta-
bolic shift resulted in mitochondrial ROS generation, MMP
loss and apoptotic cell death. Therefore, PDK1-mediated
metabolic change can explain AG-stimulated apoptotic cell
death as a basis for its anticancer effect; however, this needs to
be investigated further in future studies.
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