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its Eca-109 cell proliferation and
invasion by suppressing the PI3K/AKT signaling
pathway and synergistically enhances the anti-
tumor effect of 5-fluorouracil on esophageal
cancer in vitro and in vivo

Dandan Wu, Jiao Li, Xue Hu, Jingjing Ma and Weiguo Dong *

Previously, we reported that hesperetin exhibited pro-apoptotic activity against esophageal cancer in vitro

and in vivo. Here, we examined whether hesperetin inhibits cell proliferation and invasion and synergistically

enhances the anti-tumor effect of 5-fluorouracil (5-FU) in esophageal cancer. Flow cytometry, EdU

staining, and transwell invasion assays using Eca-109 cells showed that hesperetin induced cell cycle

arrest at the G0/G1 phase and inhibited cell proliferation and invasion significantly. Moreover, hesperetin

suppressed the expression of phosphorylated PI3K/AKT, cyclin D1, MMP-2, and MMP-9 and increased

phosphorylated PTEN and p21 in Eca-109 cells. Hesperetin combined with 5-FU inhibited cell growth

more effectively than did either drug alone in Eca-109 cells and in a xenograft mouse model. Hoechst

33258, Annexin V-PE/7-ADD double staining and TUNEL assay showed more apoptotic cells in the

combination treatment group than in either individual treatment group. The combination down-

regulated protein levels of Bcl-2 and up-regulated those of Bax, cleaved caspase-3, and cleaved

caspase-9 more effectively than did either drug alone. These data suggest that hesperetin inhibited

esophageal cancer cell proliferation and invasion by suppressing the PI3K/AKT signaling pathway. In

conclusion, 5-FU and hesperetin exerted synergistic antitumor effects in vivo and in vitro and could

constitute a novel therapeutic approach for esophageal cancer.
Introduction

Esophageal cancer is one of the most common gastrointestinal
tract malignancies, with an estimated 455 800 new cancer cases
and 400 200 deaths worldwide in 2012.1 Squamous cell carci-
noma and adenocarcinoma are the main types of esophageal
cancer; of these cases, 90% are squamous cell carcinoma.
Owing to the lack of obvious early symptoms and the lack of
effective early detection approaches, individuals with esopha-
geal cancer are oen diagnosed at advanced stages, and more
than half of them present with metastases.2 In spite of the
advances in surgical methods combined with chemotherapy
and/or radiotherapy, the overall mortality rate remains high.3

The overall 5 year survival rate is around 20% but can drop to
below 4% with metastases.4,5 There remains a need for efficient
treatment modalities to inhibit tumor cell growth and restrain
the metastatic capability of esophageal cancer cells.

Hesperetin, belonging to the avanone class of avonoids, is
found abundantly in citrus fruits. It has been widely studied for its
anticancer, antioxidant, and anti-inammatory properties. Many
ospital of Wuhan University, 238 Jiefang
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studies have demonstrated that hesperetin can be an effective
antitumor agent by inhibition of cell growth and invasion and
induction of cell apoptosis in various cancers.6 Choi reported that
hesperetin induced G1-phase cell cycle arrest in MCF-7 human
breast cancer cells by regulating CDK4 and p21 expression.7

Alshatwi et al. showed that the anticancer effect of hesperetin on
human cervical cancer cells is mediated through the cell cycle
arrest, death receptor, and mitochondrial pathways.8 We also have
demonstrated that hesperetin can induce apoptosis of esophageal
cancer cells via a mitochondrial pathway mediated by increasing
intracellular reactive oxygen species (ROS).9 ROS can also act as
a signal transducer to modulate many other signaling pathways,
such as the ERK, JNK, MAPK, and Akt pathways.10–14

In particular, the PI3K/Akt pathway is frequently activated in
diverse cancers, including esophageal cancer, and is involved in
regulating many physiologic processes, such as cell survival,
differentiation, and apoptosis.15,16 PI3K activation could cata-
lyze the synthesis of lipid second messenger
phosphatidylinositol-3,4,5-trisphosphate (PIP3), which subse-
quently recruits and activates Akt. An overactive PI3K/Akt
pathway could reduce the process of apoptosis by phosphory-
lating apoptotic signaling proteins directly and promote tumor
cell cycle progression bymodulating the activity of transcription
This journal is © The Royal Society of Chemistry 2018
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factors. Phosphatase and tensin homolog (PTEN), a tumor
suppressor, can negatively regulate the synthesis of PIP3 and
thereby inhibits the activation of the Akt survival signaling
pathway.17 Suppressing the PI3K/Akt signaling pathway may be
an effective treatment for esophageal cancer. Some studies have
shown that hesperetin can modulate the PI3K/Akt signaling
pathway.18–20 We were therefore interested in studying the anti-
proliferation and anti-invasion efficacy of hesperetin in esoph-
ageal cancer cells via inhibition of the PI3K/Akt pathway.

5-Fluorouracil (5-FU), belonging to the class of anti-
metabolism, cycle specic drugs, mainly inhibits the synthesis of
DNA and RNA. 5-FU plays a role in several pathways, but princi-
pally as a thymidylate synthase (TS) inhibitor which is responsible
for the synthesis of the pyrimidine thymidine. Pyrimidine thymi-
dine is a nucleoside required for DNA replication.21 For the past
several decades, 5-FUhas been arst-line treatment for esophageal
cancer.3 However, single-agent chemotherapy is not ideal for the
treatment of esophageal cancer because of the frequent occurrence
of cell toxicity, drug resistance, and other adverse effects. 5-FU-
based drug combination therapy has been employed in efforts to
reduce toxicity and resistance.22 Although combination therapy
has yielded better adverse effect proles, drug resistance and cell
toxicity remain major issues. New combination regimens with
greater therapeutic effects and lower toxicity are urgently needed.
In the previous study,9 we found that hesperetin induced esoph-
ageal cancer cell apoptosis by promoting ROS production, regu-
lating the expression of Bcl-2 protein family, and then activating
mitochondria-mediated apoptosis pathway. Hesperetin might
make tumor cells more sensitive to other chemotherapeutic drugs
or stimuli. As 5-FU and hesperetin act on different targets of
esophageal cancer cells, we predicted that the combined use of
these two drugs can improve the curative effect. In this study, we
also evaluated the synergistic effect of hesperetin and 5-FU against
esophageal cancer in vitro and in vivo.
Materials and methods
Cell culture

The human esophageal squamous cell carcinoma cell line Eca-
109 was obtained from the China Center for Type Culture
Collection (CCTCC). The cells were cultured in Dulbecco modi-
ed Eagle medium/F-12 medium (HyClone) supplemented with
10% fetal bovine serum (Gibco) plus 1% antibiotics (100 U ml�1

penicillin and 100 mg ml�1 streptomycin) in a humidied incu-
bator containing 5% CO2 at 37 �C.
Reagents

Hesperetin was purchased from Sigma-Aldrich and dissolved in
dimethyl sulfoxide (DMSO) as previously described.9 PTEN,
phosphorylated PTEN, PI3K, Akt, phosphorylated Akt,
procaspase-3, cleaved caspase-3, procaspase-9, cleaved caspase-
9, Bax, Bcl-2, cyclin D1, MMP-2, MMP-9, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) rabbit monoclonal anti-
bodies were purchased from Cell Signaling Technology.
Horseradish peroxidase-conjugated anti-rabbit immunoglob-
ulin G was purchased from LI-COR Biosciences.
This journal is © The Royal Society of Chemistry 2018
EdU assay

Cell proliferation was measured by using the Cell-Light EdU
Apollo 488 In Vitro Imaging kit (RiboBio). EdU is a thymidine
analogue which can substitute for thymidine to penetrate into
the DNA molecule during DNA replication period. Briey, Eca-
109 cells were treated with various concentrations of hesper-
etin (0, 100, 200, 300 mM) for 24 h. Then, the cells were digested
and seeded into a 96-well plate (2� 104 cells per well) supported
with 10 mM EdU-containing medium. Aer incubation for 24 h,
the cells were xed, incubated with glycine, and EdU-stained
following the manufacturer's protocol. Subsequently, the cells
were co-stained with Hoechst 33342 for 30 min. The proportion
of the cells that incorporated EdU was determined with a uo-
rescent microscope.

Cell cycle assay

Cell cycle analysis was detected by ow cytometry. Briey, Eca-
109 cells were allowed to adhere in six-well plates. Before
treatment with hesperetin, the cells were cultured in serum-free
culture medium for 12 h. Aer 24 h of incubation, the cells were
harvested and xed with 70% ice-cold ethanol overnight at 4 �C,
followed by propidium iodide (PI) staining. The different cell
cycle phases were analyzed using a FACScan ow cytometer (BD
FACSCalibur). The data presented are representative of those
obtained in at least three independent experiments.

Transwell invasion assay

Aer treated with different concentrations of hesperetin (0, 100,
200, 300 mM) for 24 h, the Eca-109 cells were digested and sus-
pended. A total of 100 ml of the cell suspension (1� 104 cells) was
seeded into the upper chamber of a Transwell insert (poly-
carbonate membranes with 8 mm pores; Corning) precoated with
Matrigel (BD Biosciences). 24 h later, the cells in the upper
chamber were scrubbed out with cotton swabs. Then, the inserts
were xed with 4% paraformaldehyde for 15 min and stained
with 0.1% crystal violet for 5 min. The cells passing through the
chamber were observed under an inverted microscope, and eight
elds of view were randomly selected to count cells.

Cell viability assay

Cell proliferation and viability were assessed using CCK-8 assay
(Dojindo) as previously described. Briey, Eca-109 cells (2 � 104

cells per well) were seeded into a 96-well plate. The cells were
allowed to adhere for 24 h and then incubated with 0, 25, 50,
100, 200, 400, or 800 mM hesperetin; 0, 2.5, 5, 10, 20, 40, or 80
mM 5-FU; or the combination of hesperetin and 5-FU for 24 and
48 h, separately. Aerwards, 10 ml of CCK-8 dye was added to
each well. A microplate reader (PerkinElmer) was used to
measure the absorbance of each sample at 450 nm.

Apoptosis detection

Firstly, cell apoptosis was detected by employing Hoechst 33258
dye (Beyotime) as previously described. The cells were treated with
hesperetin, 5-FU, or both for 48 h. Subsequently, cells were xed
and stained. The images were observed under an inverted
RSC Adv., 2018, 8, 24434–24443 | 24435
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uorescence microscope (Olympus). Eight random elds of view
were selected to count cells. Then, Annexin V-PE/7-ADD double
staining with ow cytometry was used to further detect cell
apoptosis. Aer Eca-109 cells were exposed to different drugs for
24 h, they were co-stained with 5 ml Annexin V-PE and 10 ml 7-ADD
prior to ow cytometric analysis. The density plots illustrate four
cell populations (live, early apoptotic, late apoptotic and dead)
according to their uorescence characteristics. Live cells are both
PE and 7-ADD negative, early apoptotic cells are PE positive and 7-
ADD negative, late apoptotic are both positive, and dead cells are
PE negative and 7-ADD positive.
Fig. 1 Hesperetin inhibited Eca-109 cell proliferation. (A) Eca-109 cells w
then assessed for cell cycle distribution (a, control; b, hesperetin at 100 mM
in C and D). Representative individual cell cycle distributions are shown. (B
on cell proliferation (original magnification, 100�). The red/blue ratio was
Akt, p-PTEN, and PTEN expression levels were detected by western blot in
were calculated. (D) The expression levels of PI3K-p85, cyclin D1, and P
intensity was normalized to GAPDH and expressed as means � standard

24436 | RSC Adv., 2018, 8, 24434–24443
Western blot analysis

Eca-109 cells were collected aer the indicated treatments, and
total cell proteins were extracted in radioimmunoprecipitation
assay (RIPA) buffer supplemented with protease inhibitor cocktails
(PIC) for 30 min on ice. Protein concentrations were measured
using a BCA protein assay kit (Beyotime) according to the manu-
facturer's instructions. The proteins were resolved by sodium
dodecyl sulfate loading buffer and denatured at 95 �C for 5 min. A
total of 30 mg proteins were separated on a 10% sodium dodecyl
sulfate polyacrylamide gel using electrophoresis and then trans-
ferred onto Immobilon-PVDF membranes (Millipore) using a wet
transfer system. Membranes were blocked for 1 h with 5% non-fat
ere treatedwith vehicle or hesperetin (100, 200, or 300 mM) for 24 h and
; c, hesperetin at 200 mM; d, hesperetin at 300 mM. a, b, c and d is same
) EdU immunofluorescence staining confirmed the effect of hesperetin
analyzed. Eight random fields were counted for every group. (C) p-Akt,
untreated and treated cells. The ratios of p-Akt/Akt and p-PTEN/PTEN
21 were detected by western blot. Quantitative analysis of each band
error of the mean (SEM) (n ¼ 3). *p < 0.05 versus control.

This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra00956b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 2

/1
1/

20
26

 1
1:

58
:1

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
dry milk and then incubated with various primary antibodies
(working concentration, 1 : 1000) overnight at 4 �C. Aer washed
with TBST, the PVDF membranes were incubated with secondary
antibody (horseradish peroxidase-conjugated anti-rabbit immu-
noglobulin G, 1 : 10 000) for 1 h at room temperature. Immuno-
reactive protein bands were visualized with an Odyssey Infrared
Imaging System (LI-COR Biosciences).

Xenogra tumor model

Female BALB/c nude mice (5–6 weeks old) purchased fromHunan
SJA Laboratory Animal Company were maintained under specic-
pathogen-free conditions. Before tumor implantation, the mice
were allowed to get acclimatized for 1 week. This study was per-
formed in strict accordance with the NIH guidelines for the care
and use of laboratory animals (NIH Publication no. 85-23 Rev.
1985) and was approved by the Animal Care and Use Committees
of Renmin Hospital of Wuhan University (Wuhan, China). Briey,
5 � 106 cells suspended in 200 ml of phosphate-buffered saline
were inoculated subcutaneously into the upper right ank of the
nude mice. When the tumor diameter reached approximately 5–6
mm, the mice were pooled and divided into four groups (six mice
per group), then they received intraperitoneal injection of hes-
peretin (60 mg kg�1), 5-FU (10 mg kg�1), hesperetin (60 mg kg�1)
Fig. 2 Hesperetin inhibited Eca-109 cell invasion. (A) Transwell assay was
capacity. The number of cells that invaded through the membrane pre-c
magnification. (B) The expression levels of invasion-associated proteins (M
at 100 mM; c, hesperetin at 200 mM; d, hesperetin at 300 mM). Data are pre
< 0.05 versus control.

This journal is © The Royal Society of Chemistry 2018
plus 5-FU (10 mg kg�1), or saline every 3 days. Mouse weight and
tumor volume weremeasured every 3 days. Tumor volume inmm3

was determined by measuring the longest diameter (D) and
shortest diameter (d) and calculated as 0.5 � d2 � D. All the mice
were euthanized aer 3 weeks of treatment. Blood was collected to
detect the levels of serum alanine aminotransferase, aspartate
aminotransferase, blood urea nitrogen, and serum creatinine. The
tumor xenogras were extracted for hematoxylin and eosin (HE)
staining and terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) assay as described before.9 Other important
organs, including livers, lungs, kidneys, and brains, were also
harvested for HE staining to identify any metastases.

Statistical analysis

Data were analyzed using an unpaired two-tailed Student t-test.
A p value less than 0.05 was considered to indicate statistical
signicance.

Results
Hesperetin inhibits Eca-109 cell proliferation

A previous study suggested that hesperetin inhibits Eca-109 cell
growth in a concentration- and time-dependent manner. Here,
conducted to assess the effect of hesperetin on Eca-109 cells invasion
oated with Matrigel was counted under a light microscope with 100�
MP-2, MMP-9) were detected by western blot (a, control; b, hesperetin
sented as means� SEM (n¼ 3) and analyzed with the Student t-test. *p

RSC Adv., 2018, 8, 24434–24443 | 24437
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we found that high-dose hesperetin (200 or 300 mM) induced cell
cycle arrest at the G0/G1 phase in Eca-109 cells (Fig. 1A). We also
examined the effect of hesperetin on cell proliferation using an
EdU assay, which detects nucleotide analogue incorporation into
replicating DNA in place of thymidine. As shown in Fig. 1B, 100
mM hesperetin did not inhibit EdU incorporation signicantly,
but the percentage of EdU-positive cells was much lower in cells
treated by 200 or 300 mM hesperetin than in controls. To inves-
tigate the mechanisms underlying altered cell growth, western
blot analysis was performed to determine protein expression
associated with the PI3K/Akt signaling pathway. Fig. 1C showed
that hesperetin notably down-regulated Akt phosphorylation in
a dose-dependent manner while enhancing phosphorylation of
PTEN. As shown in Fig. 1D, the expression of PI3K-p85 decreased
aer hesperetin treatment (p < 0.05). Cell cycle progression is
controlled by cell cycle regulatory proteins that include p21 and
cyclin D1, and we found that the expression levels of p21
signicantly increased, while cyclin D1 decreased (Fig. 1D).
Hesperetin inhibits Eca-109 cell invasion

A transwell assay showed that the invasion abilities of Eca-109
cells were decreased signicantly in those treated with hesper-
etin compared with controls (p < 0.05; Fig. 2A). As the
Fig. 3 The effects of hesperetin and 5-FU on Eca-109 cell viability. Repres
(C) treatment. (B) CI at 24 h. (D) CI at 48 h. The CI values were determin
synergistic effect; and CI > 1, antagonistic effect.

24438 | RSC Adv., 2018, 8, 24434–24443
concentration of hesperetin increased, the invaded cells
became less. In addition, we evaluated the expression levels of
the invasion-associated proteins MMP-2 and MMP-9. As Fig. 2B
showed, MMP-2 and MMP-9 decreased dramatically aer hes-
peretin treatment (p < 0.05).
Hesperetin and 5-FU synergistically induce Eca-109 cell
apoptosis

To investigate the synergistic effect of hesperetin and 5-FU on
Eca-109 cells, the inhibitory effect of treatment on cell prolif-
eration was determined by the CCK-8 assay. The cells were
treated with hesperetin and 5-FU individually or in combina-
tion. As shown in Fig. 3A and C, hesperetin combined with 5-FU
(molar ratio 10 : 1) inhibited Eca-109 cell proliferation more
effectively than either compound alone did (p < 0.05). The Cal-
cusyn 2.0 soware analyzed the combination index (CI). Fig. 3B
and D showed that CI was less than 1 in most concentration
ranges, which meant hesperetin and 5-FU exerted synergistic
anti-proliferative effect on Eca-109 cells.

Cell apoptosis in each group was evaluated by Hoechst 33258
staining. The apoptotic cells were identied by nuclear
morphology changes such as bright-blue uorescent,
condensed nuclei or fragmented nuclei. As shown in Fig. 4A,
entative results for inhibition rate were evaluated after 24 h (A) and 48 h
ed using the Calcusyn 2.0 software. CI ¼ 1, cumulative effect; CI < 1,

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Hesperetin and 5-FU synergistically induced apoptosis of Eca-109 cells. (A) Apoptosis-related morphologic changes in the cells were
detected using Hoechst 33258 staining (200�) (a, control; b, 5-FU at 20 mM; c, hesperetin at 200 mM; d, 20 mM 5-FU + 200 mM hesperetin. a, b, c
and d is same in B and C). The apoptosis rate was defined as the ratio of the number of apoptotic cells to the total number of cells. Eight random
fields were counted for every dish. (B) Cell apoptosis was analyzed by flow cytometry with Annexin V-PE/7-ADD double staining. The apoptosis
rate is expressed as mean� SD. (C) Cell cycle was analyzed after treatment with hesperetin and 5-FU individually or combined for 24 h. Cell cycle
distribution was calculated. *p < 0.05 versus control. #p < 0.05 versus combination.
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compared with the control group, more swollen and bright-blue
uorescent nuclei were seen in the group treated with 5-FU only,
and there was more condensed chromatin in the group treated
with hesperetin only. The percentage of apoptotic cells induced
Fig. 5 Hesperetin and 5-FU synergistically affected apoptosis-related pr
western blot. The Bcl-2/Bax ratio was calculated (a, control; b, 5-FU at 20
and d is same in B). (B) Procaspase-9, cleaved caspase-9, procaspase-3
procaspase-9; 2, cleaved caspase-3/procaspase-3). Data are presented
combination.

This journal is © The Royal Society of Chemistry 2018
by the combined treatment was greater than that induced by
either individual treatment (p < 0.05). We further verify the
synergistic pro-apoptotic effect by applying Annexin V-PE/7-
ADD double staining. The results showed that the apoptotic
otein expression. (A) Bax and Bcl-2 expression levels were detected by
mM; c, hesperetin at 200 mM; d, 20 mM5-FU + 200 mMhesperetin. a, b, c
, and cleaved caspase-3 levels were assessed (1, cleaved caspase-9/
as means � SEM (n ¼ 3). *p < 0.05 versus control. #p < 0.05 versus

RSC Adv., 2018, 8, 24434–24443 | 24439
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Fig. 6 Hesperetin and 5-FU synergistically inhibited esophageal cancer xenograft growth in vivo. (A) Nude mice were subcutaneously trans-
planted with Eca-109 cells, then were treated with vehicle (a), 5-FU (b), hesperetin (c), or both (d) (a–d is same in D and E). The weight (B) and
tumor size (C) in each group was recorded every 3 days after treatment. (D) The extracted tumor in each group. (E) Apoptotic cells were detected
in xenograft tumor tissues using the TUNEL assay (200�). The apoptotic cells showed nut-brown nuclei. (F) The apoptotic cells per field in each
group were counted on the basis of viewing eight random fields in each glide. All the data are presented as mean� SD. *p < 0.05 versus control.
#p < 0.05 versus combination.
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rate of the combined treatment group (38.25 � 4.52%) was
signicantly higher than that of the single drug treatment group
(200 mMhesperetin: 21.38� 3.35%; 20 mM 5-FU: 13.91� 2.16%)
(p < 0.05) (Fig. 4B). Cell cycle distribution in each group was also
analyzed (Fig. 4C). Flow cytometry showed that the combined
treatment was associated with drastically increased G0/G1
phase accumulation, indicating that the combined treatment
had a stronger effect than either individual treatment did.

To identify the mechanism underlying apoptosis induced by
hesperetin combined with 5-FU, we performed western blot
analysis to examine the effects of each treatment on the mito-
chondrial apoptotic pathway. Fig. 5A showed that hesperetin
and 5-FU individually or combined increased Bax expression
and decreased Bcl-2 expression in the cells, decreasing the Bcl-
2/Bax ratio. The decrease in the Bcl-2/Bax ratio was greater in
the combined treatment group than that in either individual
Table 1 Effect of hesperetin and 5-FU individually or combined on liver

Group ALT (U l�1) AST (U l�1

Control 41.33(11.93) 142.67(9.8
5-FU 42.01(4.12) 142.47(10.
Hesperetin 40.53(2.57) 143.35(7.7
Combined 40.78(2.83) 142.98(2.8

a Data are presented as mean (standard deviation). ALT, alanine aminotran
serum creatinine. No differences were observed in any laboratory value b

24440 | RSC Adv., 2018, 8, 24434–24443
treatment group (p < 0.05). The expression levels of cleaved
caspase-3 and -9 increased signicantly in the individual and
combined groups compared with the control group (Fig. 5B).
The increase in these levels was also greater in the combined
group than that in either individual treatment group (p < 0.05).
Hesperetin and 5-FU synergistically suppress tumor
development in nude mice

We next evaluated whether hesperetin combined with 5-FU
exerted enhanced anti-tumor effects in vivo. All the mice grew
Eca-109 tumor xenogras successfully. No adverse effects were
observed in the mice's general appearance, weight, or blood
serum alanine aminotransferase, serum aspartate aminotrans-
ferase, blood urea nitrogen levels, or serum creatinine levels
(Fig. 6A and B, Table 1). As shown in Fig. 6C and D, tumors grew
and kidney functiona

) Urea (mmol l�1) Cr (mmol l�1)

7) 9.21(0.74) 10.67(0.58)
34) 9.64(0.67) 10.25(0.83)
9) 8.33(1.18) 11.5(0.5)
3) 9.36(0.38) 10.83(1.04)

sferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; Cr,
etween the groups (p > 0.05).

This journal is © The Royal Society of Chemistry 2018
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Table 2 Inhibitory effect of hesperetin and 5-FU on xenograft
volumea

Group Tumor volume (mm3) Inhibition rate (%)

Control 813 (46.79)
5-FU 477 (80.25)*# 41.33
Hesperetin 360 (66.36)*# 55.72
Combined 157 (33.51)* 80.69

a Data are presented as mean (standard deviation) and inhibition rate.
*p < 0.05 versus control; #p < 0.05 versus combination.

Table 3 Inhibitory effect of hesperetin and 5-FU on xenograft weighta

Group Tumor weight (g) Inhibition rate (%)

Control 0.915 (0.144)
5-FU 0.553 (0.021)*# 39.56
Hesperetin 0.443 (0.033)*# 51.58
Combined 0.273 (0.045)* 70.16

a Data are presented as mean (standard deviation) and inhibition rate.
*p < 0.05 versus control; #p < 0.05 versus combined.
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progressively in the control group during treatment period,
however, tumor growth was markedly suppressed both in the
single and combined treatment groups. Table 2 showed the
inhibition rate of tumor volume in the combined treatment
group (80.69%), 5-FU-only group (41.33%), and hesperetin-only
group (55.72%) aer 21 days of treatment, which clearly indi-
cated that the combined treatment induced greater tumor
growth suppression than did hesperetin or 5-FU alone. As
shown in Table 3, the mean tumor weight in the combination
group was signicantly less than that in the hesperetin-only, 5-
FU-only, or control group. HE staining (not shown) and TUNEL
assay of the subcutaneous xenogra sections indicated that
hesperetin and 5-FU individually and in combination induced
signicantly greater apoptosis than the control did (Fig. 6E),
and the apoptotic rate in the combination treatment group was
greater than that in either individual treatment group (Fig. 6F).
Discussion

We investigated the effect of hesperetin on esophageal cancer
cell proliferation and invasion abilities and assessed relevant
molecular mechanisms, and we found that hesperetin not only
inhibits Eca-109 cell proliferation and invasion through the
PI3K/AKT pathway but also shows synergistic antitumor activity
with chemotherapeutic agent 5-FU in vitro and in vivo in
esophageal cancer.

Through ow cytometry with PI staining, we found that
hesperetin induced cell cycle arrest at the G0/G1 phase. And
EdU assay showed that the number of EdU-positive cells
decreased in a concentration-dependent manner. These two
assays suggested that hesperetin could inhibit Eca-109 cell
growth signicantly. Furthermore, western blot analysis
revealed that hesperetin functioned as a growth inhibitor of the
This journal is © The Royal Society of Chemistry 2018
PI3K/Akt signaling pathway, a well-characterized cell survival
signaling pathway. In numerous cancer tissues and cells, this
pathway is overactive, representing an opportunity for drug
discovery.23 In the present study, we discovered that hesperetin
treatment signicantly inhibited PI3K and Akt activation and
promoted PTEN phosphorylation. The results indicated that
hesperetin was able to inhibit proliferation of Eca-109 cells
through the PI3K/Akt pathway. Similarly, previous studies have
shown that inhibiting the PI3K/Akt signaling pathway by other
chemicals can prevent the growth of various cancer cells.24,25

The expression of cell cycle regulatory proteins was also
detected. We found that hesperetin induced cell cycle arrest by
increasing the expression levels of p21 and decreasing cyclin
D1. Meanwhile, in addition to its proliferation-inhibiting
function, hesperetin played a negative role in the regulation
of cell invasion and metastasis. A vital step in cancer metastasis
processes is the proteolytic degradation of the extracellular
matrix by proteolytic enzymes such as MMPs, and we found that
hesperetin signicantly decreased the expression levels of
MMP-2 and MMP-9. Many studies have reported that MMP-2
and MMP-9 expression were mediated by the PI3K/Akt
pathway.26 Indeed, Akt activation can lead to cancer invasion
and metastasis by stimulating the secretion of MMPs.

The prognosis of esophageal cancer remains poor because
most patients present with advanced disease. Chemotherapy is
one of the main therapeutic approaches for these patients, and
cisplatin-based and/or 5-FU-based combination therapy is
routinely used in the clinic.27 However, cisplatin- and 5-FU-
related toxicity and resistance remain serious and common
issues for many cancer patients. New combination therapies are
being explored to maximize therapeutic advantages while
reducing side effects and complications.28 Among various
combination regimens, natural medicines with low toxicity and
high efficiency are of particular interest.29 Here, we demon-
strated that the combination of hesperetin and 5-FU achieved
decreasing the dose of 5-FU, which is also effective and safe in
the animal models tested.

We studied the synergistic effect of hesperetin and 5-FU on
the cell growth and apoptosis of Eca-109 cells in vitro.We found
that hesperetin and 5-FU individually exhibited anti-
proliferative effects on Eca-109 cells and that these effects
were signicantly enhanced when the cells were treated with
these drugs in combination. We also found that hesperetin and
5-FU individually induced signicantly greater apoptosis
compared with the control and that the combination had
a synergistic pro-apoptotic effect. To date, two apoptotic path-
ways are best understood: the cell death receptor-mediated
extrinsic pathway and the mitochondria-mediated intrinsic
pathway. Hesperetin has been proven to induce the apoptosis of
multiple cancer cells via the intrinsic pathway, including Eca-
109 cells.9,30–32 Except as a TS inhibitor, 5-FU also acts as
a pyrimidine analogue that incorporates into RNA and DNA,
leading to activation of apoptosis involving expression changes
of p53 and caspase-6.33 In this study, we found that the
combination of hesperetin and 5-FU could induce Eca-109 cell
apoptosis through the intrinsic pathway. The ratio of Bcl-2/Bax
dramatically decreased in the combined treatment group
RSC Adv., 2018, 8, 24434–24443 | 24441
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compared with the individual treatment groups, while an
increase was seen for the expression of cleaved caspase-9 and
cleaved caspase-3.

Finally, the anti-proliferation effect on Eca-109 xenogras
was also enhanced by the combined treatment. The TUNEL
assay showed more apoptotic cells in the combined group than
in the individual treatment groups or the control group. No
obvious adverse effects, such as liver dysfunction and kidney
dysfunction, were observed. Thus, hesperetin combined with 5-
FU exerted a synergistic anti-cancer effect on esophageal cancer
in vitro and in vivo.

In conclusion, hesperetin inhibits proliferation and invasion
of esophageal cancer cells via the PI3K/Akt pathway, and the
combination of hesperetin and 5-FU has synergistic anti-
apoptotic effects on esophageal cancer cells via the
mitochondria-mediated intrinsic pathway without notable toxic
effects. Therefore, hesperetin combined with 5-FU may be an
effective chemotherapeutic strategy for esophageal cancer.
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