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Andrographolide enhanced
radiosensitivity by
downregulating glycolysis
via the inhibition of the
PI3K-Akt-mTOR signaling
pathway in HCT116
colorectal cancer cells
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Abstract

Objective: Radiotherapy plays an important role in the treatment of colorectal cancer (CRC).

However, some patients benefit minimally from radiotherapy because of radioresistance. This

study investigated the effects of andrographolide on radiosensitivity in HCT116 CRC cells and

examined its mechanism of action.

Methods: Cell survival, proliferation, apoptosis, and migration were evaluated using MTT, colony

formation, flow cytometry, and Transwell cell invasion assays, respectively. Glycolysis-related

indicators were measured to examine cell glycolytic activity. The expression of related proteins

was detected by western blotting.

Results: After andrographolide treatment, the expression of phosphoinositide 3-kinase (PI3K)-

Akt-mammalian target of rapamycin (mTOR) signaling pathway-related proteins, glycolytic activ-

ity, and cell survival and invasion rates were decreased in HCT116 cells. Andrographolide plus

irradiation increased apoptosis and decreased survival, invasion, and colony formation compared

with the effects of irradiation alone.
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Conclusion: Andrographolide enhanced radiosensitivity by downregulating glycolysis via

inhibition of the PI3K-Akt-mTOR signaling pathway in HCT116 cells.
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Introduction

Colorectal cancer (CRC) is a global public
health problem. According to the American

Cancer Society epidemiological statistics in
2019, CRC was the third most common
cause of cancer-related morbidity and mor-

tality worldwide.1 Currently, surgery
remains the standard of care for CRC,

and radiotherapy plays an important role
in its comprehensive treatment. However,
some patients with CRC who receive radio-

therapy have a poor prognosis because of
radioresistance.2 Increasing the radiation
dose aggravates damage in healthy tissues

and organs around the tumor and seriously
affects patients’ quality of life.3 Therefore,
the identification of novel radiosensitizers

with low toxicity and high efficiency are
current challenges in radiation oncology.

Andrographis paniculata is a species of
Andrographideae. Its main active ingre-
dients are diterpene lactone compounds

and andrographolide, which have been
demonstrated to possess anti-cancer, anti-

inflammatory, anti-viral, and immunomod-
ulatory properties.4

The anti-cancer mechanisms of androg-
rapholide include the induction of apopto-
sis and cell cycle arrest and inhibition of

tumor angiogenesis.5 Andrographolide has
been revealed to enhance the radiosensitiv-
ity of tumors through a variety of mecha-

nisms. The agent can increase miR-218
expression in oral squamous cell carcinoma,
increase the protein levels of cleaved

caspase 3/Bax, and decrease the expression
of Bcl-2/NF-jB in esophageal ECA109
cells.6,7 However, studies focusing on
whether andrographolide enhances the
radiosensitivity of CRC cells have not been
reported.

Andrographolide can inhibit the
phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit alpha-Akt1-
mammalian target of rapamycin (mTOR)-
ribosomal protein S6 kinase B1 pathway,
triggering mitochondrial autophagy, the
reversal of mitochondrial membrane poten-
tial disintegration, and inactivation of the
NLR family pyrin domain-containing 3
(NLRP3) inflammasome, thereby prevent-
ing colitis-associated cancer.8 The phos-
phoinositide 3-kinase (PI3K)-Akt-mTOR
signaling pathway also plays an important
part in regulating glycolysis.9 While explor-
ing its mechanisms of action in treating dia-
betes, it was found that andrographolide
affects the activity and expression of
glycolysis-related proteins in liver cells,
such as glucose transporter 4 (GLUT4),
hexokinase (HK), and glucose-6 phospha-
tase. Nevertheless, the role of andrographo-
lide in glucose metabolism in tumor cells
remains unclear.10,11

Reprogramming of energy metabolism,
especially cellular glucose metabolism, is
an important characteristic of malignant
tumors. Even in the presence of adequate
oxygen, tumor cells tend to initiate relative-
ly low-efficiency glycolysis to metabolize
glucose. This phenomenon is known as the
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Warburg effect.12 Many studies illustrated

that radioresistance is closely related to gly-

colysis in tumor cells.13–15 We found that

phosphofructokinase-1 (PFK1) depletion

enhanced radiosensitivity in HT29 and

HCT116 cells. Girdin is a protein that can

regulate glycolysis in hepatocellular carci-

noma cells through the PI3K-Akt-HIF-1a
signaling pathway, thereby decreasing the

sensitivity of HepG2 and Huh-7 cells to

irradiation in vitro and in vivo.16 However,

the effect of andrographolide on glycolysis

and its correlation with radiosensitivity in

CRC cells has rarely been studied.
In this study, we investigated the

effects of andrographolide on glycolysis

and radiosensitivity, as well as the potential

mechanisms through modulation of the

PI3K-Akt-mTOR signaling pathway in

HCT116 cells. We first sought to identify

the appropriate andrographolide concen-

tration. We then explored the mechanism

by which andrographolide regulated prolif-

eration and glycolysis and enhanced radio-

sensitivity in HCT116 cells by targeting the

PI3K-Akt-mTOR signaling pathway. The

results of this study may provide a scientific

basis by which andrographolide enhances

radiosensitivity in HCT116 cells.

Materials and methods

Key reagents

Andrographolide was purchased from

Shanghai Yuanye Bio-Technology (Shanghai,

China) and dissolved in DMSO (Sigma-

Aldrich Chemical Co., St. Louis, MO, USA)

to obtain a stock solution of 100mM. Insulin-

like growth factor 1 (IGF-1, a PI3K activator)

was purchased from Puxin Bio (Shanghai,

China), and LY294002 (a PI3K inhibitor)

was purchased from AbMole China

(Shanghai, China).

Cell culture

Human HCT116 cells were purchased from

the American Type Culture Collection

(Manassas, VA, USA) and cultured in

Dulbecco’s modified Eagle’s medium

(DMEM, Gibco, Thermo Fisher Scientific,

Waltham, MA, USA) containing 10% fetal

bovine serum at 37�C in a 5% CO2 incuba-

tor. The study was approved by the Medical

Ethics Committee of the Third Xiangya

Hospital of Central South University on

4 April 2019.

X-ray irradiation

The Varian TrueBeam linear accelerator

(Varian, Palo Alto, CA, USA) was used to

irradiate cells at a fixed dose rate of 2Gy/

min. Cells were irradiated with various

doses according to set parameters. The

graded doses of X-rays used to irradiate

cells were 0, 2, 4, 6, and 8Gy.

MTT assay

HCT116 cells were seeded into a 96-well

plate at a density of 1� 104 cells/well in

100 lL of DMEM. Subsequently, the cells

were incubated for 48 hours at 37�C in an

atmosphere of 5% CO2 and 100% humid-

ity with graded doses of andrographolide.

Fifty microliters of MTT reagent (5mg/mL,

Applygen, Beijing, China) were added to

each well, and the plate was incubated for

another 4 hours at 37�C. The MTT solution

was removed, and 150 lL of DMSO were

added to each well to dissolve the purple

formazan crystals. The optical density of

each well was measured using a Microplate

Reader (Bio-Rad, CA, USA) at a wave-

length of 570 nm. Cell proliferation was

expressed as a percentage of the control.

Glycolysis assay

Glycolytic activity was measured using glu-

cose assay, lactic acid assay, ATP assay,
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and PFK1 activity kits, all of which were

purchased from Bioengineering Institute

(Nanjing, China). The kits were used to

measure glucose consumption, lactic acid

production, ATP production, and PFK1

activity, respectively, in HCT116 cells fol-

lowing the manufacturer’s instructions.

Apoptosis assay

Cell apoptosis was detected in vitro via flow

cytometry after staining cells with annexin

V-fluorescein isothiocyanate-propidium

iodide using an apoptosis detection kit

(Sigma-Aldrich) according to the manufac-

turer’s instructions. Fluorescence was mea-

sured using a FACSCanto II flow

cytometer (Becton Dickinson, Franklin

Lakes, NJ, USA). The flow cytometry

data were analyzed using BD FACS Diva

software v6.1.3 (BD Biosciences, San Jose,

CA, USA).

Colony formation assay

HCT116 cells were digested with 0.25%

trypsin and pipetted into single-cell suspen-

sions, and the cell concentration was adjust-

ed to 200 per dish. After irradiation with

variable X-ray doses (0, 2, 4, 6, and 8Gy)

alone or in combination with 20 lM
andrographolide, the cells were incubated

in fresh medium at 37�C in a humidified

5% CO2 incubator for 48 hours. Cell

colony formation was calculated using the

following formula: colony formation rate¼
(number of cell colonies formed/number of

cells seeded)� 100%. The survival fraction

was calculated as follows: survival

fraction¼ (colony formation rate of the

experimental group/colony formation rate

of the control group)� 100%. The survival

fraction of cells was fitted to the cell surviv-

al curve according to a linear-quadratic

model (y¼ 1� (1� exp (�k� x)^N))

using GraphPad Prism v7.0 (La Jolla,

CA, USA).

Transwell cell invasion assay

HCT116 cells were suspended in serum-free

medium and adjusted to a density of 5� 104

cells/mL. Then, the cell suspension was

added to the upper compartment of the

invasion chamber, in which the basement

membrane had been coated with 50mg/L

Matrigel (1:8 dilution, Corning, Tokyo,

Japan) and 1mL of culture medium con-

taining 10% FBS. After 48 hours of incu-

bation, the filter membrane was fixed in

95% alcohol for 20 minutes and then

stained with hematoxylin for 10 minutes.

The cells were then observed and counted

under an inverted microscope at �100

magnification.

Western blotting

The cell protein was extracted using

immunoprecipitation buffer (Auragene,

Changsha, China), and samples were centri-

fuged at 9000 rpm at 4�C for 10 minutes.

The protein concentration was determined

using a BCA protein assay kit (Auragene).

The proteins were separated on 10% SDS-

PAGE gels, blotted onto nitrocellulose

membranes, and probed with antibodies

recognizing PI3K/p85 (1:4000, ab86714,

Abcam, Shanghai, China), PI3K/p110

(1:4000, bs-6423R, Bioss, Beijing, China),

Akt (1:4000,21054-1, SAB, Boca Raton,

FL, USA), phosphorylated (p)-Akt

(Ser473, 1:4000, ab81283, Abcam), mTOR

(1:4000, #2972, Cell Signaling Technology,

Danvers, MA, USA), p-mTOR (Ser2448)

(1:4000, #2971, Cell Signaling

Technology), PFK1 (1:4000, sc-377346,

Santa Cruz Biotechnology, Santa Cruz,

CA, USA), HK2 (1:4000, ab37593,

Abcam), or GLUT1 (1:4000, 21829-1-AP,

Proteintech, Minneapolis, MN, USA), fol-

lowed by the appropriate horseradish

peroxidase-conjugated secondary antibod-

ies (Auragene). Immunodetection was com-

pleted using enhanced chemiluminescence
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and a western imprinting system

(Auragene). Immunoblotting with anti-

GAPDH antibody (1:4000; sc-365062,

Santa Cruz Biotechnology) was used as

the internal control.

Statistical analysis

All data were analyzed using GraphPad

Prism v7.0. Experimental values are

expressed as the mean� SD. The quantita-

tive data were compared using Student’s

t-test. Significance testing of data sets was

conducted using analysis of variance

(ANOVA). Bonferroni’s test and Tukey’s

test were used for multiple comparisons.

Differences were considered statistically sig-

nificant at P< 0.05.

Results

Andrographolide inhibited HCT116 cell

survival and glycolytic activity in a

concentration-dependent manner

The MTT assay was used to measure the

survival rate of HCT116 cells treated with

different concentrations of andrographo-

lide. The changes of glycolytic activity in

Figure 1. HCT116 cell viability and glycolysis levels following treatment with various concentrations of
andrographolide. (a) Cell survival rate. (b) Glucose concentration. (c) ATP levels. (d) Lactate production.
Data are presented as the mean� SD (n¼ 3 independent experiments). *P< 0.05, **P< 0.01, ***P< 0.001,
****P< 0.0001.
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HCT116 cells following treatment were
also analyzed. We found that as the androg-
rapholide concentration increased, the
survival rate of HCT116 cells decreased,
whereas the glucose concentration
increased (Figure 1a, b). In addition, the
ability of the cells to produce ATP and
lactic acid decreased as the andrographolide
concentration increased (Figure 1c, d).
These results indicated that glucose con-
sumption decreased as the andrographolide
concentration increased and that androgra-
pholide inhibited HCT116 cell glycolytic
activity in a concentration-dependent
manner. The cell survival rate was 0.792�
0.025 and the cell proliferation inhibition
rate was approximately 20% when the
cells were treated with 20 mM andrographo-
lide. Therefore, 20 mM andrographolide was
selected for subsequent experiments.

Andrographolide enhanced the
radiosensitivity of HCT116 cells

The effects of andrographolide on the
radiosensitivity in HCT116 cells were inves-
tigated. The MTT and colony formation
assays were performed to measure the sur-
vival rate and proliferation of HCT116 cells
treated with various doses of radiation (0, 2,
4, 6, and 8Gy) alone or in combination
with 20 lM andrographolide. The MTT
assay indicated that the cell survival rate
in the combination treatment group was
lower than that in the irradiation group
(Figure 2). As the radiation dose increased,
the colony formation rate decreased, and
the decrease was more obvious in the com-
bination treatment group (Figure 3a, b).
The colony survival curve illustrated that
the colony survival fraction decreased as
the radiation dose increased, and the
colony survival fraction was significantly
lower in the combination treatment group
than in the irradiation group (P< 0.05;
Figure 3c). The mean lethal dose (D0) in
the irradiation plus andrographolide

group was 6.13Gy, and therefore, 6Gy

was selected as the positive control radia-

tion dose in HCT116 cells.

Andrographolide regulated HCT116

cell proliferation and glycolytic activity

by inhibiting the PI3K-Akt-mTOR

signaling pathway

To explore the mechanism by which

andrographolide affects proliferation and

glycolytic activity in HCT116 cells, we per-

formed western blotting to examine the

expression levels of glycolysis-related

proteins. The results indicated that the

expression of total Akt and total mTOR

was similar among the groups. Compared

with the findings in the control and IGF-1

groups, PI3K/p110, p-Akt (Ser473), and

p-mTOR (Ser2448) expression was

significantly downregulated in the androg-

rapholide and LY294002 groups

Figure 2. The MTT assay was performed to
measure the survival of HCT116 cells following
treatment with irradiation alone or in combination
with 20lM andrographolide. Data are presented as
the mean� SD (n¼ 3 independent experiments).
*P< 0.05, **P< 0.01.
IR, irradiation; IRþAndro, 20lM andrographolide
plus irradiation.
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(all P< 0.05). In addition, the intracellular

glycolysis-related proteins PFK1 and

GLUT1 were significantly downregulated

(both P< 0.05). Another key glycolysis-

related enzyme, HK2, was also significantly

downregulated in the andrographolide

group (P< 0.05) but not in the LY294002

group. The results in the andrographolide

plus IGF-1 group demonstrated that the

effect of andrographolide on PI3K/p110,

p-Akt (Ser473), and p-mTOR (Ser2448)

expression was suppressed by IGF-1

(Figure 4).
To study whether the changes in PI3K-

Akt-mTOR signaling pathway protein

levels were related to glucose metabolism,

changes in glycolytic activity in HCT116

cells following andrographolide treatment

were measured. As illustrated in Figure 5,

glucose metabolism in HCT116 cells was

activated following IGF-1 treatment

(P< 0.05). However, andrographolide sup-

pressed glucose consumption and PFK1

activity and decreased the ability of

HCT116 cells to produce lactic acid and

ATP (all P< 0.05). These results were sim-

ilar to those in the LY294002 group (all

P< 0.05). Therefore, andrographolide may

affect HCT116 cell glycolytic activity by

inhibiting the PI3K-Akt-mTOR signaling

Figure 3. Effects of andrographolide on the colony formation and survival of HCT116 cells. (a) Colony
formation in the various treatment groups. (b) Cell colony formation rate. (c) The cell survival curve based
on the multi-target single-hit mode. Data are presented as the mean� SD (n¼3 independent experiments).
*P< 0.05, **P< 0.01, ***P< 0.001.
IR, irradiation; IRþAndro, 20 lM andrographolide plus irradiation.
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pathway. However, this may not be the

only mechanism.
We further conducted experiments to

determine whether the effect of androgra-

pholide on HCT116 cell viability was relat-

ed to the PI3K-Akt-mTOR signaling

pathway. The MTT assay results demon-

strated that andrographolide and

LY294002 decreased the cell survival rate

(both P< 0.01), whereas IGF-1 promoted

cell proliferation (Figure 6). Similarly, in

the apoptosis assay, andrographolide and

LY294002 promoted apoptosis (P< 0.0001),

whereas IGF-1 had no significant effect on

apoptosis (Figure 7a). In the Transwell

assay, IGF-1 significantly enhanced cell

invasion (P< 0.0001), whereas androgra-

pholide and LY294002 had the opposite

effects (both P< 0.001, Figure 7b). These

results suggest that andrographolide may

regulate HCT116 cell survival by inhibiting

the PI3K-Akt-mTOR signaling pathway.

Andrographolide enhanced the

radiosensitivity of HCT116 cells by

regulating the PI3K-Akt-mTOR

signaling pathway

To determine the molecular mechanisms of

the effects of andrographolide on HCT116

cell radiosensitivity, we measured the

expression levels of glycolysis-related

Figure 4. Western blotting revealed the expression of glycolysis-related proteins following treatment with
andrographolide and a phosphoinositide 3-kinase (PI3K) activator or inhibitor in HCT116 cells. Data are
presented as the mean� SD (n¼ 3 independent experiments). Compared with NC, *P< 0.05, **P< 0.01,
***P< 0.001; Compared with Andro, ##P< 0.01, ###P< 0.001.
NC, Blank control group; Andro, 20 lM andrographolide group; IGF-1, PI3K activator group; LY294002,
PI3K inhibitor group.
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proteins in HCT116 cells treated with 6Gy
of irradiation alone or in combination with
andrographolide. Via western blot analysis,
we found that PI3K-Akt-mTOR signaling
pathway-related proteins, the key glycolysis
enzymes PFK1 and HK2, and GLUT1
were all downregulated after treatment
with 6Gy of irradiation (all P< 0.05). In
addition, PI3K/p110, p-Akt (Ser473),
p-mTOR (Ser2448), PFK1, and HK2
expression was lower in the

andrographolide plus irradiation and
LY294002 plus irradiation groups than in
the irradiation group (Figure 8). The glycol-
ysis assay revealed that irradiation sup-
pressed glucose consumption and PFK1
activity and decreased the ability of
HCT116 cells to produce lactic acid and
ATP (all P< 0.01, Figure 9). Moreover,
irradiation plus andrographolide or
LY294002 further decreased PFK1 activity
and the ability of HCT116 cells to produce

Figure 5. Changes in glucose concentrations (a), ATP levels (b), lactate production (c), and phospho-
fructokinase-1 (PFK1) activity (d) in HCT116 cells treated with andrographolide and a phosphoinositide
3-kinase (PI3K) activator or inhibitor. Data are presented as the mean� SD (n¼ 3 independent experi-
ments). *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001.
NC, Blank control group; Andro, 20lM andrographolide group; IGF-1, PI3K activator group; LY294002,
PI3K inhibitor group.
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lactic acid and ATP compared with the
effects of radiation alone (all P< 0.001).

Next, the MTT assay was used to mea-
sure the survival rate of HCT116 cells
exposed to radiation alone or in combina-
tion with andrographolide. The survival
rates in the andrographolide plus irradia-
tion and LY294002 plus irradiation
groups were significantly lower than that
in the irradiation group (both P< 0.05).
There was no significant difference between
the first two groups (Figure 10). In the apo-
ptosis assay, the apoptosis rate of the cells
increased after treatment with 6Gy of radi-
ation (P< 0.0001, Figure 11a). Compared
with the findings in cells exposed to irradi-
ation, the apoptosis rate was significantly
higher in the andrographolide plus irradia-
tion group, and the same result was
obtained in the LY294002 plus irradiation
group (both P< 0.0001). We further

performed Transwell and colony formation
assays. Cell invasion and colony formation
rates were significantly lower in the androg-
rapholide plus irradiation and LY294002
plus irradiation groups than in the irradia-
tion group (both P< 0.001; Figure 11b, c),
indicating that andrographolide might
enhance the radiosensitivity of HCT116
cells by regulating the PI3K-Akt-mTOR
signaling pathway.

Discussion

Prior studies revealed that many genes in
CRC cells, such as retinoblastoma-binding
protein 6, CC motif chemokine receptor 6,
and miR-622, are closely related to radio-
sensitivity.17–19 Inhibition of the expression
of these genes can enhance the radiosensi-
tivity of CRC cells. However, these meth-
ods cannot be applied to patients clinically
because of the lack of technology. Although
chemotherapeutic drugs induce toxicity,
they are commonly used for radiosensitiza-
tion.20 Plant extracts, especially Chinese
herbals, cause less toxicity than synthetic
drugs. In recent years, Chinese herbal
extracts have been investigated extensively
in tumor radiosensitization experiments.
Many studies illustrated that some
Chinese herbal monomers, such as curcu-
min, icariin, and genistein derivatives,
enhance radiosensitivity in HT29 and
HCT116 cells.21–23

Andrographolide is an active ingredient
extracted from the traditional Chinese med-
icine A. paniculata that has been revealed to
exert prophylactic therapeutic effects and
increase chemosensitivity in CRC cells.
Andrographolide can inhibit the growth of
colon cancer cells by selectively increasing
the levels of reactive oxygen species, inhib-
iting the Akt/mTOR signaling pathway,
interfering with the cell cycle, and inducing
apoptosis.24 In addition, andrographolide
increases the radiosensitivity of oral squa-
mous carcinoma, esophageal cancer, and

Figure 6. Changes in the viability of HCT116 cells
treated with andrographolide and a phosphoinositide
3-kinase (PI3K) activator or inhibitor. Data are pre-
sented as the mean� SD (n¼ 3 independent experi-
ments). **P< 0.01, ***P< 0.001, ****P< 0.0001.
NC, Blank control group; Andro, 20 lM androg-
rapholide group; IGF-1, PI3K activator group;
LY294002, PI3K inhibitor group.
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ovarian cancer cells.25–27 To our knowl-

edge, the effects of andrographolide on

radiosensitivity in CRC cells and the possi-

ble mechanisms of action had not been

reported.
In our study, we found that the cytotoxic

effect of andrographolide in HCT116 cells

was concentration-dependent. At an

andrographolide concentration of 20 lM,

the cell survival rate was 0.792� 0.025,

and the cell proliferation inhibition rate

was approximately 20%. Therefore, this

concentration was used in combination

with different doses of radiation to explore

the effect on radiosensitivity in HCT116

cells. Both the MTT and colony formation

assays demonstrated that andrographolide

enhanced the radiosensitivity of HCT116

Figure 7. Effects of various treatments on invasion and apoptosis in HCT116 cells. (a) Apoptosis detected
by flow cytometry. (b) Cell invasive ability detected using the Transwell assay. Data are presented as the
mean� SD (n¼ 3 independent experiments). ***P< 0.001, ****P< 0.0001.
NC, Blank control group; Andro, 20 lM andrographolide group; IGF-1, PI3K activator group; LY294002,
PI3K inhibitor group.
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cells. The sensitive enhancement ratio D0 of
20 lM andrographolide plus irradiation in
HCT116 cells was 1.496.

Metabolic reprogramming, especially
cellular glucose metabolism, is a prominent
feature of malignant tumors.26 Even in the
presence of adequate oxygen, most malig-
nant tumors obtain needed energy and

nutrition through glycolysis, which produ-
ces lactic acid. Lactic acid provides an
acidic microenvironment for tumor cells
and promotes cell metastasis and inva-
sion.27 In our study, the changes of glyco-
lytic activity in HCT116 cells were
monitored following treatment. We found
that glucose consumption, ATP

Figure 8. Western blotting assay revealed the expression of glycolysis-related proteins following treatment
with irradiation alone or in combination with 20 lM andrographolide in HCT116 cells. Data are presented
as the mean� SD (n¼ 3 independent experiments). Compared with NC, *P< 0.05, **P< 0.01,
***P< 0.001; Compared with IR group, #P< 0.05, ##P< 0.01, ###P< 0.001.
NC, Blank control group; IR, irradiation group; AndroþIR, andrographolide plus irradiation group;
LY294002þIR, PI3K inhibitor plus irradiation group.
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production, lactic acid production, and
PFK1 activity decreased gradually as the
andrographolide concentration increased.
Andrographolide inhibited glycolytic activ-
ity concentration-dependently in HCT116
cells.

Molecular biological studies have
revealed that many key mutations and
changes in signaling pathways can alter
the metabolism of tumor cells to allow
them to adapt to rapid cell growth.28 The
PI3K pathway plays an important role in

Figure 9. Changes in glucose concentrations (a), ATP levels (b), lactate production (c), and PFK1 activity
(d) in HCT116 cells treated with irradiation, irradiation plus 20lM andrographolide, and irradiation plus a
phosphoinositide 3-kinase (PI3K) inhibitor. The data are presented as the mean� SD (n¼ 3 independent
experiments). Compared with NC, **P< 0.01, ****P< 0.0001; Compared with IR group, ###P< 0.001,
####P< 0.0001.
NC, Blank control group; IR, irradiation group; AndroþIR, andrographolide plus irradiation group;
LY294002þIR, PI3K inhibitor plus irradiation group.
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tumor cell metabolism. Akt is a potent reg-

ulator of aerobic glycolysis downstream of

PI3K. In addition to regulating glycolytic

enzymes directly, PI3K can activate Akt

and stimulate glycolysis by activating

mTOR. The radioresistance of tumor cells

is closely related to cell glycolysis. For

example, the overexpression of HK2, a

key enzyme of glycolysis, is positively cor-

related with radioresistance in various

tumors including laryngeal cancer, liver

cancer, glioma, and prostate cancer.13

Studies have demonstrated that androgra-

pholide can suppress glycolysis, reduce cell

proliferation by inhibiting the PI3K-Akt

pathway, and suppress chemotactic migra-

tion by inhibiting ERK1/2 and Akt phos-

phorylation.29–31 It also has been reported

that the radiosensitivity of tumor cells can
be regulated by inhibiting the PI3K-Akt-
mTOR or EGFR-PI3K-Akt-mTOR signal-
ing pathway directly.32,33

Our previous study demonstrated that
the expression of the glycolysis-related pro-
teins GLUT1, lactate dehydrogenase iso-
form A, and HK2 was downregulated and
the radiosensitivity of hepatoma cells was
enhanced in vitro and in vivo after silencing
the Girdin gene, which lies upstream of the
PI3K-Akt-mTOR signaling pathway.16 In
our study, we confirmed that andrographo-
lide inhibited phosphorylation in the
PI3K-Akt-mTOR signaling pathway and
downregulated the expression of PFK1,
HK2, and GLUT1 in glycolysis. IGF-1, a
PI3K activator, can activate the PI3K/Akt
signaling pathway and increase Akt phos-
phorylation.34 In our study, we further
found that IGF-1 could reverse the down-
regulation of PI3K/p110, p-Akt (Ser473),
and p-mTOR (Ser2448) in HCT116 cells
induced by andrographolide. Moreover,
LY294002 is a widely used PI3K inhibitor.
Our results indicated that andrographolide
inhibited the survival, invasion, and prolif-
eration of HCT116 cells and increased the
apoptosis rate, which were similar to
the effects of LY294002. Based on these
results, we speculated that andrographolide
enhanced radiosensitivity by downregulat-
ing glycolysis or inhibiting the PI3K-Akt-
mTOR signaling pathway in HCT116
cells. However, the changes in expression
were not identical between the androgra-
pholide and LY294002 groups, indicating
that inhibition of the PI3K-Akt-mTOR sig-
naling pathway is not the only mechanism
by which andrographolide increases the
radiosensitivity of HCT116 cells.

Traditional Chinese herbal monomers
have multiple targets, and the potential
mechanisms of action require further explo-
ration. One limitation of this study was the
lack of an in vivo animal model. In addition,
further experiments are needed to verify

Figure 10. Changes in the viability of HCT116
cells treated with irradiation, irradiation plus 20lM
andrographolide, and irradiation plus a phosphoi-
nositide 3-kinase (PI3K) inhibitor. Data are pre-
sented as the mean� SD (n¼ 3 independent
experiments). Compared with NC, ****P< 0.0001;
Compared with IR group, #P< 0.05.
NC, Blank control group; IR, irradiation group;
AndroþIR, andrographolide plus irradiation group;
LY294002þIR, PI3K inhibitor plus irradiation group.
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Figure 11. Apoptosis, invasion, and colony formation rates of HCT116 cells treated with irradiation,
irradiation plus 20 lM andrographolide, and irradiation plus a phosphoinositide 3-kinase (PI3K) inhibitor.
(a) Cell apoptosis detected by flow cytometry. (b) Cell invasive ability detected using the Transwell assay.
(c) Colony formation. Data are presented as the mean� SD (n¼ 3 independent experiments). Compared
with NC, ****P< 0.0001; Compared with IR group, ###P< 0.001, ####P< 0.0001.
NC, Blank control group; IR, irradiation group; AndroþIR, andrographolide plus irradiation group;
LY294002þIR, PI3K inhibitor plus irradiation group.
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whether andrographolide can enhance

radiosensitivity in other CRC cells, such

as HT29 cells.

Conclusions

Our study demonstrated that andrographo-

lide enhanced the radiosensitivity of

HCT116 cells and that this effect may be

related to the regulation of PI3K-Akt-

mTOR signaling and inhibition of

glycolysis.
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