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Abstract. Pancreatic cancer is a type of cancer, which rapidly 
develops resistance to chemotherapy. Gemcitabine is the 
treatment used clinically, however, gemcitabine resistance 
leads to limited efficacy and patient survival rates of only a few 
months following diagnosis. The aim of the present study was to 
investigate the mechanisms underlying gemcitabine resistance 
in pancreatic cancer and to select targeted agents combined 
with gemcitabine to promote the treatment of pancreatic cancer. 
Panc‑1 and ASPC‑1 human pancreatic cancer cells (HPCCs) 
were used to establish the experimental model, and HPCCs were 
exposed to gemcitabine of serially increased concentrations 
to generate gemcitabine‑resistant cells (GR‑HPCCs). The 
anticancer effect of gemcitabine combined with sclareolide 
was then assessed. Epithelial to mesenchymal transition 
(EMT), human equilibrative nucleoside transporter 1 (hENT1) 
and ribonucleoside diphosphate reductase 1 (RRM1) were 
detected in the HPCCs and GR‑HPCCs, and the mechanisms 
were investigated. Sclareolide resensitized the GR‑HPCCs 
to gemcitabine. The expression levels of hENT1 and RRM1 
were lower and higher, respectively, in GR‑HPCCs, compared 
with HPCCs. Sclareolide upregulated hENT1, downregulated 

RRM1 and inhibited gemcitabine‑induced EMT through 
the TWIST1/Slug pathway in the GR‑HPCCs. In addition, 
sclareolide mediated the NOTCH 1 intracellular cytoplasmic 
domain (NICD)/glioma‑associated oncogene 1 (Gli1) pathway, 
which triggered TWIST1/Slug‑hENT1/RRM1 signaling and 
resensitized GR‑HPCCs to gemcitabine. Finally, sclareolide 
resensitized GR‑HPCCs to gemcitabine through inducing 
apoptosis; in vivo, the co‑administraion of sclareolide and 
gemcitabine effectively suppressed tumor growth. Sclareolide 
may be a novel agent in combination with gemcitabine for the 
treatment of gemcitabine‑resistant pancreatic cancer, which 
resensitizes GR‑HPCCs to gemcitabine through mediating 
NICD and Gli1.

Introduction

Pancreatic cancer is a life‑threatening form of cancer with 
a 90% mortality rate, ranking as the fourth leading cause 
of cancer‑associated mortality in China (1). At present, the 
primary form of treatment for pancreatic cancer is surgery 
combined with chemotherapy (2). Gemcitabine is the first‑line 
chemotherapeutic drug used clinically for the treatment of 
pancreatic cancer and, although gemcitabine can significantly 
inhibit the growth of pancreatic cancer, the emergence of 
gemcitabine resistance in reduces the therapeutic effect of 
gemcitabine, leading to shortened patient survival rates, 
which for the majority is only a few months (3,4). Therefore, 
clarifying the mechanism underlying gemcitabine resistance 
is required to improve treatment. In order to enhance the 
therapeutic effect of gemcitabine through the resensitization of 
gemcitabine to pancreatic cancer, investigations have focused 
on combination chemotherapy; however, few drugs have been 
screened, indicating the requirement for a novel and efficient 
combination drug.

Human equilibrative nucleoside transporter 1 (hENT1) is a 
bidirectional channel, which is the carrier of pyrimidine nucle-
otides, the gemcitabine, capecitabine and 5‑fluorouracil may 
bind to pyrimidine nucleotides and move into and out of the 
cell (5). Previous studies have found that hENT1 is important 
in the resistance of gemcitabine and in patients treated with 
gemcitabine chemotherapy for pancreatic cancer, as patients 
who have higher expression levels of hENT1 have increased 
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survival rates, compared with patients who have lower expres-
sion levels of hENT1 (5,6). These findings suggest that hENT1 
may be a target of gemcitabine, and selection of an hENT1 
agonist may enhance the therapeutic effect of gemcitabine. 
Previous investigations have revealed that ribonucleoside 
diphosphate reductase 1 (RRM1) is a gemcitabine‑targeting 
molecule; when RRM1 was at expressed at a lower level, 
patients with pancreatic cancer were more sensitive to 
gemcitabine chemotherapy, and the expression level of RRM1 
was higher in gemcitabine‑resistant patients (7‑9). Therefore, 
in order to inhibit gemcitabine resistance, use of an hENT1 
agonist can inhibit the expression of RRM1.

Epithelial to mesenchymal transition (EMT) describes 
the process by which epithelial cells convert into cells with 
a mesenchymal phenotype through specific pathways. EMT 
is important in embryonic development, chronic inflamma-
tion, tissue remodeling, cancer metastasis and several fibrotic 
diseases (10‑12). By EMT, epithelial cells lose cell polarity and 
lose connections with the basement membrane in the epithelial 
phenotype, and obtain higher migratory, invasive, anti‑apop-
totic and extracellular matrix degradation capacities in the 
mesenchymal phenotype (10). It has been reported that EMT 
is important in gemcitabine resistance in pancreatic cancer; in 
gemcitabine‑resistant pancreatic cancer, EMT is in the active 
state (11,12). Therefore, the prevention of gemcitabine‑resis-
tance‑induced EMT may be an effective therapeutic strategy.

Sclareolide is a sesquiterpene lactone and a natural 
product derived from various plant sources, including 
Salvia sclarea, Salvia yosgadensis and cigar tobacco (13,14). 
At present, sclareolide is predominantly used for cosmetics 
and weight‑reduction products, with almost no applications 
in the medical field. In the present study, whether sclareolide 
can resensitize pancreatic cancer to gemcitabine was investi-
gated. Sclareolide promoted gemcitabine‑induced cell death 
of pancreatic cancer cells through apoptosis, the upregulated 
expression of hENT1, downregulated expression of RRM1 
and inhibition of the EMT through the TWIST1/Slug pathway, 
which was mediated by NICD/Gli1 signals. The results of 
the in vivo experiments supported the in vitro experiments. 
Therefore, sclareolide combined with gemcitabine may provide 
a novel chemotherapeutic strategy for gemcitabine‑resistant 
pancreatic cancer.

Materials and methods

Cell culture. Panc‑1 and ASPC‑1 human pancreatic cancer 
cells (HPCCs) were obtained from the American Type Culture 
Collection (Manassas, VA, USA). All cells were cultured 
in DMEM (Hyclone; GE Healthcare Life Sciences, Logan, 
UT, USA) with 10% fetal bovine serum (FBS) (Hyclone; 
GE Healthcare Life Sciences), 2 Mm L‑glutamine, 100 U/ml 
penicillin and 100 mg/ml streptomycin, at 5% CO2 and 37˚C. 
All cell culture reagents were purchased from Gibco; Thermo 
Fisher Scientific, Inc. (Waltham, MA, USA). The Panc‑1 and 
ASPC‑1 cells (1x104) were exposed to gemcitabine at serially 
increased concentrations, with an initial concentration of 10 nM, 
to generate gemcitabine‑resistant cells. Following 2 weeks of 
adaptation, the concentration was doubled. The cells were 
adapted to a final gemcitabine concentration of 640 nM, termed 
gemcitabine‑resistant (GR)‑Panc‑1 cells and GR‑ASPC‑1 cells.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. The total RNA expression levels of 
hENT1 and RRM1 were determined using a previously 
described protocol (6,8). Briefly, the total RNA of cell was 
extracted by TRIzol (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the protocol. Triplicates of each gene 
and each specimen were used, with GAPDH as an internal 
standard. The single‑strand cDNA for PCR template was 
synthesized from 10 µg of total RNA by Illumina TotalPrep 
RNA amplification kit (Ambion; Thermo Fisher Scientific, 
Inc.). StepOne™ Real‑Time PCR system (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) was used in the RT‑PCR assay. 
The RT‑PCR was performed with a total reaction volume of 
20 µl, including 10 µl Power SYBR Green PCR Master mix 
(Applied Biosystems; Thermo Fisher Scientific, Inc.), 5 pmol 
of forward and reverse primer respectively and 2 µl of cDNA. 
Threshold cycle(Ct) was observed in the amplification with 
35 cycles of 1 min at 95˚C, 1 min at 58˚C, and 1 min at 72˚C. 
And the relative of mRNA expression levels was calculated by 
the relative quantitation method 2‑∆∆Cq (15). The fold change 
to control sample of each samples was calculated. Relative 
gene quantification was performed using StepOne™ software 
2.1 (Applied Biosystems; Thermo Fisher Scientific, Inc.). The 
following primers were used: GAPDH, forward 5'‑CGG​AGT​
CAA​CGG​ATT​TGG​TCG​TAT‑3' and reverse 5'‑AGC​CTT​CTC​
CAT​GGT​GGT​GAA​GAC‑3'; hENT1, forward 5'‑AGC​AGG​
CAA​AGA​GGA​ATC​TGG​AGT‑3' and reverse 5'‑GAA​GGC​
AAA​GGC​AGC​CAT​GAA​GAA‑3'; RRM1, forward 5'‑CAT​
CCA​CAT​TGC​TGA​GCC​TA‑3' and reverse 5'‑GAT​TAG​CCG​
CTG​GTC​TTG​TC‑3'.

Western blot analysis. For each sample, 5x106 cells were 
lysed for 30  min in lysis buffer (Beyotime Institute of 
Biotechnology, Beijing, China) on ice, and the debris 
was centrifuged at 12,000 x g for 12 min at 4˚C. A BCA 
assay (Beyotime Institute of Biotechnology) was used 
to determine the protein concentration, following which 
30  µg proteins were separated using 8‑15% SDS‑PAGE 
and blotted onto a PVDF membrane. The membrane was 
blocked using blocking solution of 5% nonfat dry milk in 
PBST (0.05% Tween20 in PBS). The membrane was then 
incubated with primary antibodies for 2  h at 37˚C at a 
1:1,000 dilution, following which the PVDF membrane was 
washed three times for 10 min in PBST. The membrane 
was then incubated with secondary antibodies for 1 h at 
37˚C at a 1:10,000 dilution, following which the PVDF 
membrane was washed three times for 10 min in PBST. All 
antibodies were purchased from Santa Cruz Biotechnology, 
Inc. (Santa Cruz, CA, USA), the details of antibodies were 
followed: hENT1 (sc‑48489, polyclonal, goats anti‑human), 
GAPDH (sc‑293335, monoclonal, mouse anti‑human), 
RRM1 (sc‑22786, monoclonal, rabbit anti‑human), Twist1 
(sc‑134136, polyclonal, mouse anti‑human), Slug (sc‑166902, 
monoclonal, mouse anti‑human), E‑cadherin (sc‑33743, poly-
clonal, rabbit anti‑human), α‑SMA (sc‑53142, monoclonal, 
mouse anti‑human), NICD (sc‑74276, monoclonal, mouse 
anti‑human), Gli1 (sc‑20687, polyclonal, rabbit anti‑human), 
PARP (sc‑27034, polyclonal, goats anti‑human), Capase3 
(sc‑1224, polyclonal, goats anti‑human), goats IgG (sc‑2419), 
mouse IgG (sc‑516176), rabbit IgG (sc‑2794).
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Cell viability assay. A CCK8 was used to assess cell viability. 
The cells (104/well) were plated on a 96‑well plate and attached 
overnight, the cells were treated with the drugs for 24  h, 
following which the medium was removed and the cells were 
washed three times with PBS. Subsequently, 90 µl DMEM and 
10 µl CCK8 were added to each well, and incubated for 1.5 h 
at 37˚C. A microplate reader was used to measure the optical 
density values at 450 nm.

Trypan blue assay. To the adequately suspended treated cells, 
0.4% (w/v) Trypan blue solution was added, for which the 
volume ratio of cell suspension to Trypan blue solution was 
9:1. The cells were counted under a microscope, with dead 
cells failing to exclude the dye, and the death rate was calcu-
lated as follows: Total death rate=(number of dead cells/total 
cells)x100%.

Transfection experiment. Transient transfection of cells with 
small interfering (si)RNAs and plasmids were performed 
using Lipofectamine 2000 (Invitrogen Life Technologies; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocol. At 36 h post‑transfection, the drugs were added to 
the cells, which were collected following a 24 h period for 
western blot analysis. The sequences of (si)RNAs were as 
follows: hENT1, 5'‑AUG​ACA​UUG​UUG​AAG​AUG​GCA‑3'), 
Twist1, 5'‑AAA​CAU​UUG​UUU​UAA​GGA​GAA‑3'); Slug, 
5'‑ACU​AAU​GGG​GCU​UUC​UGA​GCC‑3'); NICD, (5'‑UAA​
AGA​GAG​AAU​AUC​GUA​GUC‑3'); Gli1, (5'‑UUU​CAU​ACA​
CAG​AUU​CAG​GCU‑3').

Cell invasion assay. A BioCoat Matrigel invasion chamber 
system (Corning Incorporated, NY, USA) was used to deter-
mine cell invasion. In a Transwell plate, the lower chamber 
was filled with culture medium without cells, and the upper 
chamber was filled with cell suspension (1x105) and medium 
containing 10% FBS. The Transwell plate was incubated at 
37˚C for 24 h. The cells adherent to upper chamber surface 
were removed, and the cells adherent to lower chamber surface 
were stained with 4% paraformaldehyde for 15 min, rinsed 
with water and dried. Crystal violet was extracted with 50% 
ethanol containing 0.1 M sodium citrate, and the absorbance 
was measured at 600 nm.

Detection of apoptosis. Following treatment, the cells were 
incubated with Annexin V‑fluorescein isothiocyanate (FITC) 
and propidium iodide (PI; Beyotime Institute of Biotechnology) 
at room temperature for 15 min. A FACScan flow cytometer 
was used for analysis of the apoptotic ratio.

Xenograft model. A total of 30 male 6‑week‑old BALB/c nude 
mice were purchased from the Institute of Zoology, Chinese 
Academy of Sciences (Beijing, China). All the mice were fed 
in the specific‑pathogen free environment, the plastic cage was 
sealed with an air filter, animal isolators, air laminator, and air 
laminar flow chamber were equipped, and the feeding environ-
ment with temperature 24‑28˚C, relative humidity 50~60%, 
ventilation required 10 to 15 times per hour, natural circadian 
light. and the mice were given the sterilized food, and the 
water with bacitracin (4 g/l) and neomycin (4 g/l). All animal 
experiments were performed according to the guidelines of the 

Institutional Animal Care and Use Committee of the Institute 
of Zoology, Chinese Academy of Sciences. Each BALB/c nude 
mouse was subcutaneously inoculated with 5x106 Panc‑1 or 
GR‑Panc‑1 cells in their right and left hind footpads. At 2 days 
post‑inoculation, the mice inoculated with Panc‑1 cells were 
administered with 10 mg/kg gemcitabine three times every 
day via intraperitoneal injection. The mice inoculated with 
GR‑Panc‑1 cells were administered with 10 mg/kg gemcitabine 
or co‑administered with 100 mg/kg sclareolide and 10 mg/kg 
gemcitabine three times every day via intraperitoneal injec-
tion, with the sclareolide injected 2 h prior to the gemcitabine. 
The sclareolide and gemcitabine were dissolved in saline. The 
mice were sacrificed by anesthesia with pentobarbital at 2, 3 
and 4 weeks after the cell inoculation, and the tumor volumes 
were measured.

TUNEL assay. The tumors were immersed in 4% paraformal-
dehyde for 24 h, and were then dehydrated in 30% sucrose 
solution, following which the tissues were paraffin‑embedded 
for sectioning (10  µm). The sections were treated using 
an in  situ Cell Death Detection kit (Roche Diagnostics, 
Indianapolis, IN, USA) according to the manufacturer's 
protocol.

Statistical analysis. The data are represented as the 
mean ± standard deviation from triplicate experiments. All 
the data were processed by SPSS version 19.0 (IBM SPSS, 
Armonk, NY, USA). Two‑way analysis of variance was used to 
analyze the variance of different groups. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Sclareolide enhances gemcitabine‑induced GR‑HPCC 
death. The GR‑Panc‑1 and GR‑ASPC‑1 cells were induced 
with increasing concentrations of gemcitabine from 10 nm. 
The GR‑HPCCs (GR‑Panc‑1 and GR‑ASPC‑1 cells) and 
HPCCs (Panc‑1 and ASPC‑1 cells) were treated with different 
concentrations of gemcitabine. No significant alterations 
in cell viability or cell death ratio were observed in the 
GR‑HPCCs following exposure to increasing gemcitabine 
concentrations. For the HPCCs, the cell viability decreased 
and the cell death ratio increased with increased gemcitabine 
concentrations (Fig. 1A). The GR‑HPCCs were treated with 
different concentrations of gemcitabine combined with 10 µM 
sclareolid. At a gemcitabine concentration of 0.5 µM, the 
cell viability and cell death ratio were significantly altered, 
compared with the cells treated with gemcitabine alone. The 
optimal concentration of gemcitabine was 1 µM (Fig. 1B). 
Similarly, GR‑HPCCs were treated with different concentra-
tions of sclareolide combined with 1 µM gemcitabine. At a 
sclareolide concentration of 5 µM, the cell viability and cell 
death ratio were significantly altered, compared with the cells 
treated with gemcitabine alone, with an optimal sclareolide 
concentration of 10 µM (Fig. 1C). These results indicated that 
10 µM sclareolide enhanced gemcitabine‑induced GR‑HPCC 
death.

Sclareolide upregulates the expression of hENT1 and down‑
regulates the expression of RRM1 in GR‑HPCCs. Several 
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studies have reported that hENT1 and RRM1 are important 
in the treatment of pancreatic cancer with gemcitabine (5,6,8). 
HENT1 is a transporter of gemcitabine, and RRM1 is a target 
of gemcitabine. Higher expression levels of hENT1 and lower 
expression levels of RRM1 may assist in the treatment of 
pancreatic cancer with gemcitabine. The mRNA and protein 
expression levels of hENT1 were lower in the GR‑HPCCs, 
compared with the HPCCs, and the mRNA and protein 
expression levels of RRM1 were higher in the GR‑HPCCs, 
compared with the HPCCs. This suggested that hENT1 and 
RRM1 were important in gemcitabine resistance (Fig. 2A and 
B). The HPCCs and GR‑HPCCs were treated with gemcitabine 
combined with sclareolide, and the results showed that 
sclareolide upregulated the mRNA and protein expression 
levels of hENT1 and downregulated the mRNA and protein 
expression levels of RRM1 (Fig. 1A and B). Knocking down 
hENT1 by transfection of the GR‑Panc‑1 cells with siRNA 
resulted in a reduction in the cell death ratio induced by 
gemcitabine combined with sclareolide, compared with the 

cells transfected with control siRNA (Fig. 2C). The overex-
pression of RRM1 also inhibited the cell death ratio induced 
by gemcitabine combined with sclareolide in the GR‑Panc‑1 
cells (Fig. 2D). These results showed that sclareolide enhanced 
gemcitabine‑induced GR‑HPCC death through targeting 
hENT1 and RRM1.

Sclareolide suppresses the EMT phenotype in GR‑HPCC. 
Previous studies have reported that EMT is in the active state 
in gemcitabine‑resistant pancreatic cancer. In order to confirm 
whether sclareolide can affect the EMT in GR‑HPCCs, the 
epithelial cell marker, E‑cadherin, and mesenchymal cell 
marker, α‑smooth muscle actin (SMA) were detected in the 
HPCCs and GR‑HPCCs, and the expression levels of TWIST1 
and Slug were examined. The HPCCs and GR‑HPCCs were 
treated with gemcitabine alone or combined with sclareolide, 
the results showed that the expression level of E‑cadherin was 
lower in the GR‑HPCCs, compared with the HPCCs, and the 
expression of α‑SMA was higher, indicating that EMT was in 

Figure 1. Sclareolide enhances gemcitabine‑induced GR‑HPCC death. (A) HPCCs and GR‑HPCCs were treated with different concentrations of gemcitabine 
for 24 h. (B) GR‑HPCCs were pretreated with 0.1% DMSO or 10 µm sclareolide for 2 h and then treated with different concentrations of gemcitabine for 
24 h. (C) GR‑HPCCs were pretreated with different concentrations of sclareolide for 2 h and then treated with 1 µm gemcitabine or 0.1% DMSO for 24 h. 
Cell viability was measured using a CCK8 assay and the cell death ratio was analyzed using Trypan blue. *P<0.05; **P<0.01 and ***P<0.005. GR‑ HPCCs, 
gemcitabine‑resistant human pancreatic cancer cells.
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the active state in the GR‑HPCCs. In addition, the expression 
levels of TWIST1 and Slug were higher in the GR‑HPCCs, 
compared with the HPCCs, and all alterations were inhibited 
by sclareolide (Fig. 3A). Several studies have reported that 
TWIST1 and Slug are mediators of EMT as transcriptional 
factors, and the expression levels of TWIST1 and Slug have 
been found to be higher in several cancer EMT pheno-
types (16,17). In the present study, on detecting the GR‑HPCC 
EMT phenotype through knocking down TWIST1 and Slug 
by siRNA in the GR‑Panc‑1 cells, the expression of α‑SMA 
was inhibited and the expression of E‑cadherin was enhanced. 
In addition, the expression level of hENT1 was inhibited and 
that of RRM1 was enhanced (Fig. 3B and C). Additionally, 
the cell death ratio was increased in GR‑Panc‑1 cells induced 

by gemcitabine following the knock down of TWIST1 and 
Slug (Fig. 3D and E). The invasive ability of the GR‑HPCCs 
was more marked, compared with that of the HPCCs, and 
sclareolide suppressed the invasive ability of the GR‑HPCCs 
(Fig. 3F). These results indicated that sclareolide suppressed 
the GR‑HPCC EMT phenotype and resensitized GR‑HPCCs 
to gemcitabine through the TWIST1 and Slug pathway.

Sclareolide resensitizes GR‑HPCsC to gemcitabine through 
inhibiting NICD/Gli1 signals. Several studies have reported 
that NICD and Gli1 can mediate TWIST1 and Slug (18‑20). 
In order to fully understand the upstream mediators of 
TWIST1 and SLUG, the expression levels of NICD and Gli1 
were detected in HPCCs and GR‑HPCCs, which were treated 

Figure 2. Sclareolide upregulates hENT1 and downregulates RRM1 in GR‑HPCC, and enhances gemcitabine‑induced GR‑HPCC death through hENT1 and 
RRM1 signals. HPCC and GR‑HPCC were treated with 1 µm gemcitabine alone or co‑treated with 10 µm sclareolide (2 h pretreatment) and 1 µm gemcitabine 
for 24 h. Sclareolide (A) recovered the suppression of the mRNA and protein expression levels of hENT1, and (B) recovered the activation of the mRNA and 
protein expression levels of RRM1 in the GR‑HPCCs. (C) GR‑Panc‑1 cells were transfected with control siRNA or hENT1‑siRNA, and treated with 1 µm 
gemcitabine alone or co‑treated with 10 µm sclareolide (2 h pretreatment) and 1 µm gemcitabine for 24 h. The cell death ratio was analyzed using Trypan blue. 
(D) GR‑Panc‑1 cells were transfected with the control plasmid (con‑pcDNA3.1) or RRM1‑plasmid (RRM1‑pcDNA3.1), and treated with 1 µm gemcitabine 
with or without 10 µm sclareolide (2 h pretreatment) for 24 h. The cell death ratio was analyzed using Trypan blue. *P<0.05; **P<0.01 and ***P<0.005. 
GR‑HPCCs, gemcitabine‑resistant human pancreatic cancer cells; hENT1, human equilibrative nucleoside transporter 1; RRM1, ribonucleoside diphosphate 
reductase 1; siRNA, small interfering RNA.
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with gemcitabine alone or combined with sclareolide. The 
results showed that the expression levels of NICD and Gli1 
in the GR‑HPCCs were higher, compared with those in the 
HPCCs, and sclareolide inhibited the expression of NICD and 
Gli1 (Fig. 4A). In the GR‑Panc‑1 cells, the expression levels of 
TWIST1, Slug and RRM1 were inhibited, and the expression of 
hENT1 was enhanced. Treatment with gemcitabine combined 
with sclareolide induced an increase in the GR‑HPCC death 
ratio when NICD and Gli1 were knocked down by siRNA 
(Fig. 4B‑E). These results suggested that sclareolide resensi-
tized the GR‑HPCCs to gemcitabine through the NICD/Gli1 
pathway.

Sclareolide suppresses gemcitabine‑resistant pancreatic 
tumor growth through apoptosis. In order to clarify the 
mechanism of sclareolide‑stimulated gemcitabine‑induced 
cell death, the apoptosis of GR‑HPCCs treated with 
gemcitabine alone or with sclareolide was detected using 
Annexin V‑FITC and PI. Additionally, the markers of apop-
tosis, poly (ADP‑ribose) polymerase (PARP) and Capase‑3 
were detected. When the GR‑HPCCs were treated with 
gemcitabine and sclareolide, the apoptotic ratio was higher, 
and the expression levels of PARP and Capase‑3 were higher, 
compared with the GR‑HPCCs treated with gemcitabine 
alone (Fig.  5A and B). These results showed that the 

Figure 3. Sclareolide suppresses the EMT phenotype of GR‑HPCC through TWIST1 and Slug signals, and recovers the activation of TWIST1 and Slug in 
GR‑HPCCs. HPCCs and GR‑HPCCs were treated with 1 µm gemcitabine alone or with 10 µm sclareolide (2 h pretreatment) and 1 µm gemcitabine for 24 h. 
(A) Sclareolide recovered the activation of TWIST1 and Slug in GR‑HPCCs. GR‑Panc‑1 cells were transfected with control siRNA, (B) TWIST1‑siRNA or 
(C) Slug‑siRNA, and expression levels of hENT, RRM1, α‑SMA and E‑cadherin were analyzed. Cell death ratios were analyzed in the (D) TWIST1‑siRNA 
and (E) Slug‑siRNA cells using Trypan blue. (F) Sclareolide suppressed the invasive ability of GR‑HPCCs, HPCCs and GR‑HPCCs treated with 1 µm 
gemcitabine alone or with 10 µm sclareolide (2 h pretreatment) for 24 h. Magnification, x400. *P<0.05 and **P<0.01. GR‑HPCCs, gemcitabine‑resistant human 
pancreatic cancer cells; hENT1, human equilibrative nucleoside transporter 1; RRM1, ribonucleoside diphosphate reductase 1; α‑SMA, α‑smooth muscle 
actin; siRNA, small interfering RNA.
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mechanism of sclareolide‑stimulated gemcitabine‑induced 
cell death involved stimulating apoptosis. In order to confirm 
the effect in vivo, nude mice were used to establish a pancre-
atic tumor xenograft model with Panc‑1 or GR‑Panc‑1 cells 
to examine the effect of co‑treatment with gemcitabine and 
sclareolide. Through intraperitoneal injection, gemcitabine 
and sclareolide were administered three times each day, 
with the sclareolide administered 2 h prior to gemcitabine 
administration. As expected, following administration with 
gemcitabine, the volume of tumors was lower in the nude 
mice xenografted with Panc‑1 cells, compared with the nude 
mice xenografted with GR‑Panc‑1 cells. In the nude mice 
xenografted with GR‑Panc‑1 cells, the volume of tumors was 
lower following the co‑administration of gemcitabine and 
sclareolide, compared with that following administration of 
gemcitabine alone (Fig. 5C). The results of the TUNEL assay 
showed that co‑administrating gemcitabine and sclareolide 
induced apoptosis and inhibited tumor growth in the xeno-
grafted GR‑Panc‑1 model (Fig. 5D).

Discussion

In the present study, whether sclareolide promotes 
gemcitabine‑induced pancreatic cancer cell death was 
investigated in GR‑HPCCs and GR‑HPCCs with an EMT 
phenotype. The expression levels of hENT1 were lower, and 
those of RRM1 were higher in the GR‑HPCCs, compared 
with the HPCCs. Following treatment of the GR‑HPCCs with 
sclareolide and gemcitabine, the altered expression levels of 
hENT1 and RRM1 were altered, altering the HPCC state 
via TWIST1/Slug signaling, mediated by the NICD/Gli1 
pathway (Fig. 6). It was also found that sclareolide enhanced 
gemcitabine‑induced pancreatic cancer cell death through 
stimulating apoptosis. In xenografted pancreatic tumors using 
GR‑Panc‑1 cells, the co‑administration of sclareolide and 
gemcitabine significantly suppressed tumor growth, compared 
with gemcitabine alone.

It has been previously reported that hENT1 is a transporter 
of gemcitabine into and out of the cell, and patients with a 

Figure 4. Sclareolide resensitizes GR‑HPCCs to gemcitabine through inhibiting NICD/Gli1 signals. HPCCs and GR‑HPCCs were treated with 1 µm 
gemcitabine alone or with 10 µm sclareolide (2 h pretreatment) and 1 µm gemcitabine for 24 h. (A) Expression of NICD/Gli1 was analyzed. (B) GR‑Panc‑1 
cells were transfected with control siRNA or NICD‑siRNA, and treated with 1 µm gemcitabine alone or with 10 µm sclareolide (2 h pretreatment) and 1 µm 
gemcitabine for 24 h. (C) Cell death ratios were analyzed using Trypan blue. (D) GR‑Panc‑1 cells were transfected with control siRNA or Gli1‑siRNA, and 
treated with 1 µm gemcitabine alone or with 10 µm sclareolide (2 h pretreatment) and 1 µm gemcitabine for 24 h. (E) Cell death ratios were analyzed using 
Trypan blue. *P<0.05 and **P<0.01. GR‑HPCCs, gemcitabine‑resistant human pancreatic cancer cells; NICDl, NOTCH 1 intracellular cytoplasmic domain; 
Gli1, glioma‑associated oncogene 1; siRNA, small interfering RNA.
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higher expression of hENT1 have increased survival rates, 
compared with those with a lower expression of hENT1, 
particularly in patients with gemcitabine‑resistant pancreatic 
cancer (21,22). RRM1, as a target of gemcitabine is expressed 
at a high level in patients with gemcitabine‑resistant pancre-
atic cancer, and lower expression levels of RRM1 lead to 
increased survival rates in patients with gemcitabine‑resistant 
pancreatic cancer (23,24). It has been reported that EMT is 
in the active state in gemcitabine‑resistant pancreatic cancer, 
and inhibiting EMT can suppress the growth of pancreatic 
cancer (10,12). Although hENT1 and RRM1 have been found 
to be associated with gemcitabine‑resistant pancreatic cancer, 
the molecular mechanism remains to be elucidated. Previous 
reports have stated that Notch is involved in mediating hENT1 
and RRM1, with PPARα and PPARγ mediating hENT1, AKT, 
phosphoinositide 3‑kinase, RAS/ERT and mitogen‑activated 
protein kinase kinase 1/2 mediating RRM1  (25‑29). The 
present study investigated whether the EMT transcriptional 
factors, TWIST1 and Slug, can suppress the expression of 
hENT1 and enhance the expression of RRM1 in GR‑HPCCs. 
Sclareolide reversed the mediating effects of TWIST1 

Figure 5. Sclareolide suppresses gemcitabine‑resistant pancreatic tumor growth through apoptosis. GR‑HPCCs were treated with 1 µm gemcitabine alone 
or with 10 µm sclareolide (2 h pretreatment) and 1 µm gemcitabine for 24 h. (A) apoptosis was measured using a FACScan flow cytometer. (B) PARP and 
Capase‑3 were measured using immunoblotting. (C) Panc‑1 cells and GR‑Panc‑1 cells were used to establish xenograft transplantation models and, 2 days 
following inoculation, mice were administered with 10 mg/kg gemcitabine or were co‑administrated with 100 mg/kg sclareolide (2 h pretreatment) and 
10 mg/kg gemcitabine three times each day via intraperitoneal injection. Tumor volumes were measured every week. (D) An in situ cell death detection 
kit was used to detect apoptosis. Magnification, x400. *P<0.05 and **P<0.01. GR‑HPCCs, gemcitabine‑resistant human pancreatic cancer cells; PARP, poly 
(ADP‑ribose) polymerase; C‑PARP, cleaved PARP.

Figure 6. Scla reol ide pathway enhances gemcitabine‑induced 
gemcitabine‑resistant human pancreatic cancer cell death. HPCCs became 
GR‑HPCCs due to the activation of NICD and Gli1. Inhibition of hENT1 and 
activation of RRM1 contributed to gemcitabine resistance. NICD and Gli1 
can activated TWIST1 and Slug, which contributed to EMT. Sclareolide 
inhibited these alterations. GR‑HPCCs, gemcitabine‑resistant human pancre-
atic cancer cells; NICDl, NOTCH1 intracellular cytoplasmic domain; Gli1, 
glioma‑associated oncogene 1; hENT1, human equilibrative nucleoside trans-
porter 1; RRM1, ribonucleoside diphosphate reductase 1; EMT, epithelial to 
mesenchymal transition.
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and Slug on hENT1 and RRM1 through the inhibition of 
TWIST1 and Slug. In addition, sclareolide inhibited the 
EMT phenotype in GR‑HPCCs treated with gemcitabine. 
The activation of the Notch signaling pathway involves 
three steps, involving the S1, S2 and S3 proteolytic cleavage 
sites. Following γ‑secretase cleavage at the S3 site, releasing 
the soluble NICD, NICD transfers to the nucleus and inter-
acts with the DNA binding protein CBF1/suppressor of 
Hairless/Lag1, recruits mastermind‑like and histone acetyl-
transferase P300/cAMP response sequence binding protein 
(CREB) binding protein to activate target gene expres-
sion (30‑35). The Hh pathway is one of the developmental 
pathways, involving canonical and non‑canonical signaling, 
and several studies have focused on the potential of targeting 
Hh signaling as an anticancer strategy, in which targeting 
Hh signaling downstream of Smoothened (SMO) is impor-
tant. Activation of GLI transcription factors can promote 
the transcription of Hh target genes (36,37). GLI1 is one of 
the members of the GLI transcription factor family, with an 
exclusively full‑length transcriptional activator (38,39). GLI1 
is upstream in the signaling pathway, thus targeting GLI1 
can be useful in tumors harboring mutations of SMO or 
mediation downstream of SMO (36). GLI1 is also activated 
in several important oncogenic pathways, which can inhibit 
more upstream members of the Hh pathway (37,39,40). In 
the present study, it was found that NICD and GLI1 were 
involved in the EMT phenotype of GR‑HPCC mediation, and 
mediated the expression of TWIST1 and Slug, which were 
mediators of hENT1 and RRM1. hENT1 and RRM1 were 
important in resensitizing gemcitabine‑resistant pancreatic 
cancer to gemcitabine. Although NICD and GLI1 led to 
significant alterations in HPCCs and GR‑HPCCs, sclareolide 
reversed the alterations in GR‑HPCCs when co‑treated 
with gemcitabine, and contributed to gemcitabine‑induced 
cell death in GR‑HPCCs, resensitizing GR‑HPCCs to 
gemcitabine. In order to clarify the mechanism underlying 
sclareolide‑enhanced gemcitabine‑induced GR‑HPCC 
death, apoptosis was detected in GR‑HPCCs, and the results 
showed that sclareolide enhanced gemcitabine‑induced 
GR‑HPCC death through the activation of apoptosis. Using 
a tumor xenograft model to evaluate the effect of sclareolide 
and gemcitabine co‑treatment in  vivo, the present study 
demonstrated that single administration of gemcitabine 
suppressed tumor growth in the gemcitabine‑sensitive cell 
xenograft model, however, it did not suppress tumor growth 
in the gemcitabine‑resistant cell xenografted model. When 
co‑administered with sclareolide and gemcitabine, the tumor 
growth was significantly inhibited in the gemcitabine‑resis-
tant cell xenografted model. The results obtained using the 
xenograft model supported the in vitro results. Furthermore, 
in  situ apoptosis detection revealed that sclareolide and 
gemcitabine co‑treatment in the gemcitabine‑sensitive cell 
xenografted model led to the suppression of tumor growth 
through the activation of apoptosis.

In conclusion, the present study demonstrated that 
NICD/GLI1‑TWIST1/Slug mediated the EMT pheno-
type of GR‑HPCCs, and they are a novel mechanism of 
gemcitabine‑resistance in pancreatic cancer. In addition, 
the present study indicated that sclareolide resensitized 
GR‑HPCCs to gemcitabine through the NICD and GLI1 

pathway, targeting hENT1 and RRM1 signals, inhibiting 
the gemcitabine‑induced EMT phenotype and enhancing 
gemcitabine‑induced GR‑HPCC death through the activation 
of apoptosis. Gemcitabine combined with sclareolide may 
be a novel and efficient therapeutic strategy for patients with 
gemcitabine‑resistant pancreatic cancer.
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