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in induces apoptosis and
downregulates glucose metabolism in JF-305
pancreatic cancer cells

Wenhe Zhu, †a Wei Zhang,†a Na Xu,†a Yawei Li,a Junjie Xu,a Hong Zhang,a Yan Li,a

Shijie Lv,a Wensen Liu*b and Huiyan Wang*a

Cancer cell promotion of glycolysis provides a promising therapeutic target for cancer treatment.

Dihydroartemisinin (DHA) displays cytotoxicity to multiple human tumor cells. However, its effects on

pancreatic cancer cells are not well studied. The objective of this study was to investigate the effect of

DHA on glucose metabolism and cell viability in JF-305 pancreatic cancer cells. To achieve these goals,

cell viability was measured with MTT assay, and the occurrence of apoptosis was detected. Glucose

uptake, lactate production, and ATP content were measured. Western blotting was used for the

detection of apoptosis-related protein expression. The result showed that DHA caused significant

reduction in JF-305 cell viability, arrested the cell phase in G2/M, induced apoptosis, and decreased the

mitochondrial membrane potential and accumulated ROS. DHA also inhibited glucose uptake, lactate

generation, and ATP production. Western blotting showed that treatment with DHA increased the activity

of caspase-9 and caspase-3, downregulated Bcl-2 expression, and upregulated the expression levels of

Bax and Cyto C. Meanwhile, DHA downregulated the Akt/mTOR signaling pathway and inhibited glucose

transporter 1 expression. Our data suggest that DHA treatment increased the apoptosis of JF-305

pancreatic cancer cells, and the effect of apoptosis may be associated with the inhibition of glycolysis.
1. Introduction

Pancreatic cancer has been the fourth leading cause of cancer
death in the last two decades because of various obstacles in its
treatment.1,2 The treatment of patients with pancreatic cancer
mainly relies on surgery, radiation therapy, chemotherapy, or
the combination of these therapeutic methods. However, due to
aggressive tumor biology and the lack of specic symptoms
during the early stages, pancreatic cancer frequently presents as
an incurable disease with approximately two-thirds of patients
showing radiographically detectable metastasis at the time of
diagnosis.3 Pancreatic ductal adenocarcinomas carry a dismal
prognosis, and less than 5% of the patients survives at least 5
years.4 Thus, the discovery of new therapeutic agents and
approaches in patients with pancreatic cancer is of paramount
importance. Traditional Chinese medicine has been practiced
and recorded in medical literature for thousands of years. The
rich history of traditional Chinese medicine has prompted
a recent surge in clinical research efforts.5–7 Furthermore, its
efficacy as an alternative strategy to pharmaceutical-based
a. E-mail: jlmpcwhy@163.com; Fax: +86-

Academy of Military Medical Sciences,

00
approaches used in developed countries is evaluated for the
prevention and treatment of various diseases, including
cancers. Artemisinin is a sesquiterpene lactone isolated from
the sweet wormwood Artemisia annua L. and is being used as an
antimalarial agent.8 Dihydroartemisinin (DHA) is an important
derivative of artemisinin (Fig. 1A).9 Recent studies showed that
DHA has profound effect against breast cancer, papillomavirus-
expressing cervical cancer, liver cancer, and pancreatic cancer.10

Additionally, DHA exerts anticancer effects in lung carcinomas
by the induction of apoptosis without obvious side effects. Aside
from its prominent pro-apoptotic effect, DHA affects cancer cell
functions, including tumor cell proliferation, angiogenesis, and
immune regulation.11,12 However, the exact molecular mecha-
nisms of DHA anticancer effects remain to be fully investigated.

Metabolic alterations are a hallmark of cancer. Metabolic
reprogramming provides nutrient inux for the biomass
requirement of rapidly proliferating tumor cells and also facil-
itates resistance to chemotherapy.13,14 Among the several
important metabolic alterations, most cancer cells exhibit
enhanced aerobic glycolysis.15,16 To date, accumulating evidence
suggests that such alterations in glucose metabolism may
contribute to cancer cell proliferation, survival, metastasis, and
therapy resistance. As enhanced evidence on glucose glycolysis
is a hallmark of cancer cells, research suggests that targeting
glucose glycolysis may be an avenue for the development of
anticancer drugs.17,18
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 DHA inhibits cell viability and cell cycle in cultured human JF-
305 cells. (A) Chemical structures of DHA. (B) DHA induced concen-
tration-dependent reduction of cell viability in JF-305 cells. Cells were
incubated with indicated concentrations of DHA for 48 h. Cell growth
inhibition activity of DHA was assessed by MTT. (C) JF-305 cells were
exposed to various concentrations of DHA for 48 h followed by cell
cycle distribution assay. Data are present as mean � SD, n ¼ 5. **p <
0.01 compared with control.
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Resistance to apoptosis is linked to glycolysis and predicts
a poor clinical outcome in cancer. However, most studies con-
ducted essentially only focused on using DHA to induce tumor cell
apoptosis. As the recent evidence indicates DHA exhibits profound
antitumor properties by inducing apoptosis in a wide variety of
cancer cells, such as glioblastoma, lung, prostate, hep-
atocarcinoma cancer.19–22 In particular, Mi et al.23 have reported
that DHA can inhibit proliferation, promotes apoptosis, and
This journal is © The Royal Society of Chemistry 2018
attenuate the glycolytic metabolism in non-small cell lung carci-
noma cells. Thus, the role of DHA on glucose metabolism in the
pancreatic cancer cells is rarely investigated and remains largely
unknown. Some evidences have suggested that targeting glycolysis
will be a good strategy against pancreatic cancer. In this study,24we
examined the capacity of DHA to alter metabolic phenotype in
pancreatic cancer JF-305 cells and induce cell growth reduction.

2. Materials and Methods
2.1 Materials

JF-305 Human pancreatic cancer cell line was provided by the
Institute of Biochemistry and Cell Biology, Chinese Academy of
Sciences (Shanghai, China). Dulbecco's Modied Eagle's
Medium (DMEM) was obtained from Gibco® (USA). Dimethyl
sulfoxide (DMSO, analytical grade) was purchased from Beijing
Chemical Reagent Factory (Beijing, China). The antibodies
against Bcl-2, Bax and cleaved caspase-3, cleaved caspase-9, and
Cyto C were purchased from Santa Cruz Biotechnology (Santa
Cruz, USA). p-AKT, AKT, p-MTOR, MTOR, Glut1 and b-actin were
purchased from Sigma-Aldrich Company (St. Louis, MO, USA).

All other chemicals were of analytical grade.

2.2 MTT assay

In vitro anti-tumor activity was examined by an MTT assay,
following the procedure in the original report.25 Briey, JF-305
cells were seeded at a concentration of 5.0 � 104 cells per mL
(200 mL total) in a 96-well assay plate. Aer 24 h incubation at
37 �C under 5% carbon dioxide, the test substance was added.
Each concentration was tested ve times. The same volume of
solution without the test substance was used as a control. The
cells were incubated for 48 h, and then 20 mL of MTT solution
(5 mg mL�1) was added to each well and incubated for another
4 h. Aer removal of medium, 150 mL dimethyl sulfoxide
(DMSO) was added to each cell, and the optical density (OD) was
measured at 490 nm using a Bio-assay reader (Bio-Rad550,
USA). The relative cell viability was expressed as the ratio of
the absorbance of DHA treated cells to that of the control cells.

2.3 Cell cycle

The cells (1 � 106 per ml) were seeded onto 6-well plate and
treated with different concentration of DHA. Aer incubation for
48 h, cells were harvested, washed twice with cold PBS and xed
in ice-cold 70% ethanol overnight at 4 �C. The cells were
concentrated by removing ethanol and treated with 0.01%Dnase-
free RNase A for 10 min at 37 �C. Cellular DNA was stained with
0.05% propidium iodide (PI) for 20 min at 4 �C in darkness. The
cell cycle distribution was detected with ow cytometry (FCM) on
a Beckman Coulter Epics XL ow cytometer. The percentage of
cells at G0/G1, S, or G2/M phase was documented using Expo32
soware (Beckman Coulter, Miami, FL, USA).

2.4 Morphological examination for apoptosis

JF-305 cells were seeded on slides at a density of 5� 104 per mL in
6-well plates. Aer treatment as mentioned above, cells from all 4
groups were washed twice with PBS, xed in 4%paraformaldehyde
RSC Adv., 2018, 8, 20692–20700 | 20693
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Fig. 2 DHA-induced apoptosis in JF-305 cells. (A) JF-305 cells were
treated with various concentrations of DHA for 48 h, stained with
Hoechst 33258, and viewed by fluorescence microscopy. (B) Trans-
mission electron microscopy detected the morphological change of
JF-305 cells treated with different concentration of DHA for 48 h. (C)

20694 | RSC Adv., 2018, 8, 20692–20700
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for 10 min, and then stained with Hoechst 33258 for 5 min. Then
the cells were observed under a uorescence microscope. The
nuclei of the living cells were a homogeneous blue; those of
apoptotic cells were compact, condensed, and whitish-blue.

2.5 Transmission electron microscopy (TEM)

JF-305 cells were treated with different concentrations of DHA
for 48 h. Aer DHA treatment, the cells were trypsinized and
then xed in PBS (pH 7.3) containing ice-cold 2.5% glutaral-
dehyde. Aer removal of the xative, each cell mass was washed
twice with cold PBS, then dehydrated in graded ethanol,
immersed in propylene oxide and embedded in epoxy resin.
Ultra thin sections were double-stained with lead citrate/uranyl
acetate previously and examined by TEM.

2.6 Apoptosis

JF-305 cells treated with different concentration of DHA were
harvested by centrifugation at 1000g for 3 min, and washed with
ice-cold PBS. The cell suspension (100 mL) was centrifuged at
1000g for 3 min. Aer that, the supernatant was discarded and
the pellet was gently resuspended in 100 mL cell culture medium
and incubated with 100 mL Muse Annexin V & Dead Cell
reagents in the dark at room temperature for 20 min. Apoptosis
was analyzed using a Muse Cell Analyzer (Merck-Millipore).

2.7 Detection of change inmitochondria membrane potential

Mitochondrial stability was assessed using a mitochondrial
membrane potential assay kit with JC-1. JF-305 cells of 1 � 104

cells per well were cultured in 96-well plates for 24 h and then
treated with DHA. Aer 24 h treatment, the cells were incubated
with 62.5 mL JC-1 uorescent dye for 20 min in the dark at 37 �C.
Then, the cells were washed slowly twice with JC-1 dyeing
buffer, followed by treating Hoechst (100 mL) for 10 min. The
mitochondrial membrane potential was imaged using uores-
cence microscopy (Olympus, Tokyo, Japan) at 550 nm excitation
and 570 nm emissions for JC-1.

2.8 Reactive oxygen species (ROS) detected

Intracellular ROS levels were measured using 20,70-dichlor-
odihydrouorescein diacetate (DCFH-DA) oxidation. For the
microplate reader-based assay, a microplate reader (TEcAN
M200, TecanInc. Switzerland) was used to measure the absor-
bance at 525 nm. Untreated or treated cells were stained with 20
mM DCFH-DA for 30 min at 37 �C in the dark and subsequently
assayed as described in detail previously.26

2.9 Caspase-3/7 activation detected

The caspase-3/7 activation was detected by Muse Cell Analyzer. JF-
305 cells treated with different concentration of DHA were har-
vested by centrifugation at 1000g for 3min, and then the cells were
JF-305 cells were incubated with different concentrations of DHA for
48 h, and then assayed by flow cytometry analysis with Annexin V-FITC
staining. (D) Quantification of apoptotic cells. Data are present asmean
� SD, n ¼ 3. **p < 0.01 compared with control.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Effect of DHA on change of Mitochondrial Membrane Potential,
ROS change and caspase-3/7 activation. (A) JF-305 cells were treated
with DHA, mitochondrial membrane potential was using JC-1 detec-
ted by laser scanning confocal microscope. (B) The effect of DHA on
mitochondrial ROS generation in cells cultured was detected by flow

This journal is © The Royal Society of Chemistry 2018
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resuspend in 50 mL PBS. Add 5 mL of Muse Caspase-3/7 reagent
working solution to each group. Mix thoroughly by pipetting up
and incubate samples for 30 minutes in the 37 �C incubator with
5% CO2. Aer incubation, add 150 mL of Muse™ Caspase 7-AAD
working solution to each tube, incubate at room temperature for 5
minutes before detecting by Muse Cell Analyzer.
2.10 Measurements of glucose uptake levels and lactate
production of cells in the media

JF-305 cells of 1� 104 cells per well were seeded in 24-well plates,
which treated with various concentration of DHA for 48 h incu-
bation. At the end of incubation, cell culture media was collected
and analyzed for lactate and glucose concentration. For assess-
ment of lactate production, the media was collected and diluted
1 : 50 in lactate assay buffer. The amount of lactate present in the
media was then estimated using the Lactate Assay Kit (Sigma, St.
Louis, MO, USA) according to the manufacturer's instructions.
For assessment of glucose uptake, the media were collected and
the content of glucose was immediately measured.
2.11 Determination of ATP content

The JF-305 cells were seeded in 6-well plates (1 � 105 cells per
mL) and incubated with DHA for 48 h. Subsequently, the cells
were washed twice with PBS and lysed by somatic cell ATP
releasing reagent. ATP levels were assessed with ATP diagnostic
kits (Genmed Scientics, Wilmington, Delaware, USA) accord-
ing to step provided by the manufacturer's instruction.
2.12 Western blot analysis

Aer treatment as mentioned above, 5 � 105 cells were harvested
and sonicated in RIPS buffer. Aer centrifugation at 12 000 � 1g
for 10min at 4 �C, protein content was estimated according to Bio-
Rad protein assay and 50 mg protein/lane were loaded on to 12%
polyacrylamide SDS gel. The separated proteins were then trans-
ferred electrophoretically to nitrocellulose paper and soaked in
transfer buffer (25 mmol L�1 Tris, 192 mmol L�1 glycine) and 20%
methanol v/v. Non-specic binding was blocked by incubation of
the blots in 5% no-fat dry milk in TBS/0.1% Tween (25 mmol L�1

Tris, 150 mmol L�1 NaCl, 0.1% Tween v/v) for 60 min. Aer
washing, the blots were incubated overnight at 4 �C with the
primary antibody. Aer incubation with the primary antibodies
and washing in TBS/0.1% Tween, the appropriate secondary anti-
body was added and le for 1 h at room temperature. Immuno-
reactive protein bands were detected by chemiluminescence using
enhanced chemiluminescence reagents (ECL). Blots were also
stained with anti b-actin antibody as internal control for the
amounts of target proteins. The lms were then subjected to
densitometry analysis using a Gel Doc 2000 system (Bio-Rad).
cytometer. (C) After treatment with different concentrations of DHA,
the effect of DHA on caspase-3/7 activation was detected by cell
analyzer. (D) Quantification of caspase-3/7 activation. Data are present
as mean � SD, n ¼ 3. **p < 0.01 compared with control.

RSC Adv., 2018, 8, 20692–20700 | 20695
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Fig. 4 DHA decreases the level of glycolytic metabolism in JF-305
cells. (A) JF-305 cells were treated with indicated concentrations of
DHA for 48 h. ATP content was determined using a bioluminescence
assay. (B) Relative lactate content was determined as described in
Materials and Methods. (C) JF-305 cells were treated with indicated
concentrations of DHA for 48 h. The cells were counted and the
glucose in the culture media was immediately tested. Data are present
as mean � SD, n ¼ 3. **p < 0.01 compared with control.
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2.13 Statistical analysis

Results are expressed as mean� SEM. All data were analyzed by
one-way ANOVA by using SPSS version 13 soware and
expressed in mean � standard deviation. The value of p < 0.05
was considered to be signicant.

3. Results
3.1 DHA inhibits JF-305 cell growth and induces cell arrest in
G2/M

MTT assay was conducted to evaluate the cytotoxic effects of DHA
on JF-305 cells. The JF-305 cells were treated with DHA at
concentrations of 0–480 mmol L�1 for 48 h. Fig. 1B shows that
proliferation of JF-305 cells was markedly inhibited by DHA
treatment in a dose-dependent manner. To determine the effect
of DHA on cell cycle progression, we performed ow cytometry
(FCM) analysis on cells treated with or without DHA at different
concentrations (80, 160, and 320 mmol L�1). The results showed
that the cell cycle of DHA-treated cells was arrested in G2/M phase
in a dose-dependent manner compared with that in the
untreated control cells (Fig. 1C).

3.2 DHA induces apoptosis in JF-305 cells

The uniform shape of JF-305 nuclei and well-distributed deep blue
uorescence were revealed by Hoechst 33258 staining. Hoechst
33258 was used as an apoptosis marker, which detected apoptotic
nuclei with condensed and/or fragmented DNA. As shown in
Fig. 2A, the majority of the nuclei in the control groups had
uniform blue chromatin with an organized structure. However,
following the treatment with 80, 160, and 320 mmol L�1 DHA for
48 h, the JF-305 cells became scarce and showed reduced nuclear
sizes, strong uorescent spots, and pyknotic nuclei and exhibited
extensive blebbing, indicating the presence of condensed chro-
matin and apoptotic bodies. The apoptotic index increased
markedly in the cells treated with DHA. The apoptotic effect of
DHA treatment on ultrastructure change of JF-305 cells was
observed by transmission electronmicroscopy. Themorphological
characteristics of tumor cells were observed, such as clear cellu-
larity, integrated structure of the organelles, uniform distribution
of chromatin, and microvilli on the cell membrane in the control
group (Fig. 2B). Aer treatment with different concentrations of
DHA for 48 h, the JF-305 cells displayed typical apoptotic
morphologies, including decrease in microvilli, chromatin
condensation, crescent margination of chromatin against the
nuclear envelope, enlargement of the perinuclear space, and
apoptotic body formation. Moreover, at increased DHA concen-
trations, the number of apoptotic cells increased. Similar results
were obtained for double uorescence staining of the Annexin V
FITC/PI FCM assay. Fig. 2C shows that the percentage of early
apoptotic cells for DHA-treated cell increased signicantly (p <
0.01) compared with that in the control group.

3.3 Mitochondrial membrane potential and reactive oxygen
species (ROS) change

We monitored the cells by using mitochondria-specic probe
JC-1 to evaluate changes in mitochondrial membrane potential
20696 | RSC Adv., 2018, 8, 20692–20700
aer 48 h of DHA incubation. As shown in Fig. 3A, the control
cells showed mainly an intense red-orange uorescence coming
from JC-1 aggregates. By contrast, DHA-treated cells exhibited
green uorescence coming from JC-1 monomers. The intensity
of red-orange uorescence in the DHA-treated cells was signif-
icantly lower than that in the control in a dose-dependent
manner, indicating DHA-induced dose-dependent decrease in
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 DHA induced cleavage of caspase-3 and caspase-9, increased
in Cyto C, Bax, and decrease in Bcl-2 in JF-305 cells. (A) JF-305 cells
were incubated with different concentrations of DHA for 48 h and
subsequently harvested for western blot analysis. The blots shown are
representative of three independent experiments. (B) Quantitation of
Bax/Bcl-2. (C) Densitometric values were normalized by b-actin and
expressed as mean � SD, n ¼ 3. **p < 0.01 compared with control.

Fig. 6 DHA-suppressed glycolytic metabolism is associated with
mTOR activation and GLUT1. (A) JF-305 cells were treated with indi-
cated concentrations of DHA for 48 h and subsequently harvested for
western blot analysis. (B) Quantitation of p-AKT/AKT. (C) Quantitation
of p-MTOR/TOR. (D) Quantitation of GLUT1. Data are the mean � SD,
n ¼ 3; **p < 0.01 compared with control.
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the mitochondrial membrane potential aer 48 h of treatment.
To investigate whether ROS are involved in DHA-induced
apoptosis, we assessed the levels of intracellular ROS in DHA-
treated JF-305 cells by FCM analysis of dichlorodihydro-
uorescein (DCF) uorescence intensity. As shown in Fig. 3B,
DHA-induced apoptosis was associated with a concentration-
dependent increase in DCF uorescence intensity. These
results suggested that the induction of apoptosis by DHA is
positively regulated by intracellular ROS generation.
This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 20692–20700 | 20697
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3.4 Caspase-3/7 activation detected result

We selected Muse Caspase-3/7 Kit to determine the effect of
DHA on caspase-3/7 activation. Muse cell analyzer was used to
quantify stained cells. The details are shown in Fig. 3C. The
percentages of cells in the early stages of apoptosis were 1.7%,
24.15%, 49.05%, and 79.40% at DHA concentrations of 0, 80,
160, and 320 mmol L�1, respectively.

3.5 Inhibitory effect of DHA on glucose uptake, lactate
generation, and adenosine triphosphate (ATP) production

Considering that ATP and lactic acid are themain products during
glycolysis, we determined the ATP content in the JF-305 cells and
lactic acid content in culture medium to investigate whether DHA
induces apoptosis through glycolysis regulation. Aer 48 h incu-
bation with DHA, the levels of intracellular ATP and extracellular
lactic acid both decreased in the JF-305 cells aer treatment with
different concentrations of DHA compared with that in the control
group at the concentrations of 80, 160, and 320 mmol L�1 (Fig. 4A
and B). Correspondingly, DHA inhibited glucose uptake in the JF-
305 cells in a dose-dependent manner (Fig. 4C).

3.6 DHA induces apoptosis in JF-305 cells through
mitochondrial apoptotic pathway

To investigate the mechanism underlying DHA-induced apoptosis
in JF-305 cell, we performed western blot analysis to detect the
expression of apoptosis-related proteins in the DHA-treated cells.
As shown in Fig. 5, aer treatment with different concentrations of
DHA for 48 h, the expression of Bax and the activated forms of
caspase-3 and caspase-9 remarkably increased. By contrast, DHA
markedly decreased Bcl-2 expression, leading to an increase in the
Bax/Bcl-2 ratio in a dose-dependent manner. In addition, in DHA-
treated JF-305 cells, several Cyto C were released from the mito-
chondria to cytosol at increased DHA concentration.

3.7 DHA downregulates Akt/mTOR signaling pathway and
inhibit glycolysis

Akt/mTOR pathway plays a central role in the activation of War-
burg effect for cancer cell survival. We further investigated
whether DHA repress aerobic glycolysis via the Akt/mTOR
signaling pathway in JF-305 cells. Aer DHA treatment for 48 h,
DHA resulted in decreased phosphorylation of Akt and mTOR in
a dose-dependent manner (Fig. 6). Furthermore, we detected the
expression of glucose transporter 1 (GLUT1), an important
glucose transporter. The result showed the DHA treatment can
decrease the expression levels of GLUT1 in JF-305 cells.

4. Discussion

Increasing attention has been focused on traditional Chinese
medicine in the search for new anticancer agents with great effi-
cacies against cancer cells and less toxicity to normal cells. DHA,
a semisynthetic derivative of artemisinin, displays at least three
timesmore potent antimalarial activity than ART andhas therefore
been used as the rst-line therapeutics against falciparummalaria
worldwide.20,21 Similar to other natural products, DHA acts in
20698 | RSC Adv., 2018, 8, 20692–20700
a multitarget manner against tumors and represents an attractive
candidate for cancer therapy.27,28 However, the potential of DHA in
treating pancreatic cancer is limited. Li et al.29 reported the
microRNA–mRNA regulatory network in DHA treated pancreatic
cancer, which improve to understand the possible anti-cancer
mechanism. Jia et al.30 research certied the activation of c-Jun
NH2-terminal kinase is required for DHA-induced autophagy in
pancreatic cancer cells. Thus, in the present study, we will inves-
tigate the role of DHA on apoptosis and glucose metabolism in
pancreatic cancer cells and explore the possible mechanism.

Cell proliferation is considered an important feature of cell
growth and development. The present research demonstrated
that DHA markedly inhibited the viability of pancreatic cancer
cell JF-305 and arrested the cell phase in G2/M in a dose-
dependent manner. These effects were not observed in the
control group. Programmed cell death (apoptosis) plays an
important role in the development, homeostasis, and anticancer
protection of multicellular organisms.31,32 Apoptotic cells display
characteristic morphological changes, such as cell shrinkage,
cytoplasmic vacuolation, chromatin condensation, nuclear frag-
mentation, and cell blebbing to produce apoptotic bodies. Our
research showed that aer treatment with DHA, JF-305 cells
displayed the typical apoptotic morphology. With increasing
concentrations of DHA, the number of apoptotic cells increased.

We further investigated the mechanism involved in DHA-
induced apoptosis. As two typical proteins of the Bcl-2 family,
Bcl-2 and Bax play key roles in caspase-dependent apoptosis. Bcl-2
had a strong anti-apoptosis effect in inhibiting the Bax-induced
caspase-dependent apoptosis.33–35 Thus, a change in the Bax/Bcl-2
ratio indicates the susceptibility of cells to apoptosis.36,37 Accord-
ing to our results, the Bax/Bcl-2 ratio increased in a dose-
dependent manner compared with the control. Various signaling
pathways for apoptosis exist within an organism, with the mito-
chondrial pathway as one of the most important. Cyto C is an
important mitochondrial protein that induces apoptosis when
accumulated in the cytosol in response to diverse stress stimuli.38

Cyto C binds caspase-9 to form a complex that activates other
caspase family members, including caspase-3, to induce
apoptosis.39

In this study, we demonstrated that treatment with DHA
increases caspase-9 activity in the JF-305 cells. This result is
consistent with the release of Cyto C into the cytosol from the
mitochondria, potentially activating caspase-9. The activated
upstream caspase-9 acts on the downstream target of caspase-3
enzymes and subsequently on the activated caspase-3, ulti-
mately inducing apoptosis.

The enhanced aerobic glycolysis in cancer cells is known as the
Warburg effect, which is characterized by the dramatic increased
rates of glucose uptake and utilization in cancer cells to levels
higher than those observed in normal cells. Multiplemolecules are
involved in the regulation of the Warburg effect. The PI3K/Akt/
mTOR signaling pathway is essential in the regulation of glucose
metabolism in several types of cells.40 Akt is the best-studied
downstream factor of PI3K signaling and an important driver of
the glycolytic phenotype tumor. Akt also stimulates ATP genera-
tion, ensuring that the bioenergetics capacity required by cells to
respond to growth signals. Akt phosphorylates key glycolytic
This journal is © The Royal Society of Chemistry 2018
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enzymes, such as hexokinase, phosphofructokinase 2, and
GLUT1.41,42 Our research showed that aer treatment with DHA,
the phosphorylation of Akt and mTOR decreased, and the
expression of GLUT1 in JF-305 cells was inhibited.

5. Conclusions

In conclusion, our results demonstrated that DHA treatment could
inhibit the proliferation and induce apoptosis in JF-305 pancreatic
cancer cells. The potential underlying mechanism were associated
with several different aspects, including the cell phase arrested in
G2/M, decrease the MMP and accumulation of ROS, inhibition
glucose uptake, lactate generation, and ATP production, regulation
of the proteins associated with apoptosis. Moreover, DHA treat-
ment also downregulated Akt/mTOR signaling pathway and
inhibited glucose transporter 1 expression. Our date suggest that
DHA treatment increased the apoptosis of JF-305 pancreatic cancer
cells, and the effect of apoptosis may be associated with the
inhibition of glycolysis. But further studies are still needed to
explore more about these mechanisms.
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