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	 Background:	 Irisin, a myokine released from skeletal muscle following exercise, has been shown to affect the proliferation 
of some cancer cells and chemosensitivity of anticancer drugs like doxorubicin (DOX). However, the effects of 
irisin on chemosensitivity in pancreatic cancer (PC) cells have not been studied.

	 Material/Methods:	 In this study, the effects of irisin co-treatment with DOX or gemcitabine (GEM) on MIA PaCa-2, BxPC-3 PC cells, 
and H9c2 cardiomyocytes were investigated. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay, flow cytometry, and TUNEL (TdT-mediated dUTP nick-end labeling) assays were conducted to eval-
uate cytotoxicity induced by DOX or GEM. Fluorescence microscopy and flow cytometry experiments were per-
formed to assess the intracellular accumulation of DOX. Cellular levels of apoptosis-related protein expression 
and protein phosphorylation were determined by Western blot analyses.

	 Results:	 The results showed that irisin can increase the chemosensitivity of PC cells to DOX or GEM. The analyses of 
apoptosis indicated that irisin enhances DOX-induced cellular apoptosis by increasing the expression of cleaved 
PARP (poly ADP-ribose polymerase) and cleaved caspase-3, and reducing the expression of B cell lymphoma/
lewkmia-2 (BCL-2) and B cell lymphoma-extra large (BCL-xL) in PC cells but not in H9c2 cells. Irisin attenuated 
serine/threonine kinase AKT (protein kinase B/PKB) phosphorylation and inhibited the activation of nuclear 
factor kB (NF-kB) signaling in PC cells.

	 Conclusions:	 Irisin can potentiate the cytotoxicity of doxorubicin in PC cells without increasing cardiotoxicity, possibly through 
inactivating the PI3K/AKT/NF-kB signaling pathway.
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Background

Pancreatic cancer (PC) is a high-mortality disease. At present, 
early diagnosis of PC still remains difficult [1]. However, current 
therapeutic strategies are not very effective in increasing pa-
tient survival [2]. Currently, 5-year relative survival is still be-
low 8% [3]. Thus, new treatment strategies for PC are the fo-
cus of current research.

Gemcitabine (GEM) is a cycle-specific, anti-metabolic, anti-
tumor drug that mainly acts on tumor cells in the DNA syn-
thesis phase (S phase), GEM alone, or in combination with 
other agents, and remains the standard of treatment method 
for PC. However, many PC cells are resistant to GEM, which 
makes it very difficult to treat [4]. Doxorubicin (DOX) is an an-
thracycline antibiotic and a first-line anti-tumor drug for the 
treatment of a wide variety of cancers, but free DOX has ad-
verse effects of irreversible cardiomyopathy and heart failure, 
which limit its clinical uses [5,6]. However, DOX treatment of-
ten results in the development of resistance in many cancer 
types. Chemoresistance of DOX is a complex process involv-
ing the regulation of many cellular biology processes through 
various mechanisms, including increased expression of p-gly-
coprotein efflux transporter protein [7, 8]. Many studies have 
suggested that inhibition of the PI3K/AKT and NF-kB path-
ways plays an important role in improving the effectiveness of 
DOX [9,10]. The PI3K/AKT pathway plays a crucial role in cell 
proliferation, survival, and drug resistance through regulating 
multiple downstream cascades in various cancers, including 
PC cells [11,12]. Once activated, AKT can phosphorylate mul-
tiple substrates and downstream effectors, such as the mam-
malian target of rapamycin (mTOR) family, caspases, cell cycle 
proteins, and NF-kB [9]. NF-kB also has a therapeutic effect in 
ameliorating chemoresistance [13,14]. NF-kB proteins in rest-
ing cells are retained in the cytoplasm in relation to inhibitory 
Ikappa-B (IkB) proteins. When activated, IkappaB-alpha (IkB-a) 
is phosphorylated by IkB kinase, leading to the ubiquitination 
and subsequent degradation of IkB-a by the proteasome with 
cooperative phosphorylation of p65 [15,16].

Irisin is a recently discovered myokine secreted from skele-
tal myocytes during exercise, which can induce the browning 
of white adipose tissues (WAT) [17]. Irisin has been reported 
to play an important role in obesity and type 2 diabetes mel-
litus (T2DM), cardiovascular disease (CVD), and other meta-
bolic diseases [18–21]. Obesity and type 2 diabetes (T2DM) 
have been reported to be PC-related risk factors, and over-
weight people have an increased risk of developing PC and 
mortality [22]. Aydin et al. found higher expression of irisin in 
ductal adenocarcinoma compared with normal pancreas tis-
sue [23]. Recent studies indicated that irisin has effects on 
a number of tumor types and it has been reported to enhance 
the sensitivity of cancer cells to DOX [24,25]. Irisin has been 

shown to participate in the PI3K/AKT signaling pathway when 
regulating various functions, such as protecting against endo-
thelial injury and inhibiting hepatic gluconeogenesis [26,27]. 
Irisin has been reported to have an inhibitory effect in breast 
cancer cells and to make DOX more effective in breast cancer 
cells through NF-kB cell signaling [24], while in lung cancer 
cells, irisin can inhibit activation of the PI3K/AKT pathway [25].

An adverse effect of DOX is its long-term use leading to acute 
cardiotoxicity [28,29]. It has been reported that DOX has a lower 
response rate in PC when used as a single agent because of 
its drug resistance [28,30]. Thus, there is an urgent need to 
develop more effective therapeutic agents, used alone or in 
combination with DOX, to render PC more sensitive to DOX.

In this study, we evaluated the effects of irisin alone and in 
combination with DOX or GEM on cell viabilities and apopto-
sis in PC cells. We also investigated the corresponding molec-
ular mechanism by which irisin enhances DOX anti-tumor ac-
tivity and the effects of irisin on DOX myocardial cytotoxicity.

Material and Methods

Reagents and antibodies

Irisin was expressed and purified as previously described [31]. 
DOX was purchased from Macklin (Shanghai, China). MTT was 
from Sigma-Aldrich (St. Louis, MO, USA). Annexin V-FITC (flu-
orescein isothiocyanate) and propidium iodide (PI) Apoptosis 
Detection Kits were from BestBio (Shanghai, China). One-Step 
terminal deoxynucleotidyl transferase dUTP nick-end label-
ing (TUNEL) Apoptosis Assay Kits were from Meilune (Dalian, 
China). Hoechst 33258 was purchased from BestBio (Shanghai, 
China). Horseradish peroxidase (HRP)-conjugated second-
ary antibody, anti-PARP, and anti-cleaved caspase-3 antibod-
ies were purchased from Cell Signaling Technology (Boston, 
MA, USA). Anti-total and anti-phosphorylated (Ser473) AKT, 
anti-BCL-2 and anti-BCL-xL, and anti-b-actin rabbit antibod-
ies were obtained from Affinity Biosciences (Cincinnati, OH, 
USA). Anti-total and anti-phosphorylated (Ser536) NF-kB p65 
and anti-IkB-a antibodies were purchased from Wanleibio 
(Shenyang, China). FITC-conjugated secondary antibody was 
from BIOSS (Beijing, China).

Cell culture

MIA PaCa-2, BxPC-3, and H9c2 cells were from ATCC (Manassas, 
VA, USA). Cells were cultured in DMEM medium (Gibco, NY, 
USA) with 10% fetal bovine serum (FBS) in an atmosphere of 
5% CO2 at 37°C.
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Cell viability assay

PC cells (1×104 cells/well) were cultured in 96-well plates in 
DMEM (10% FBS) for 12 h and then treated with DOX (0, 0.375, 
0.75, 1.5, 3, 6, 12, and 24 μg/mL) combined with different con-
centrations of irisin (0, 5, 10, 50, and 100 nM) for 24 h. Cells 
were treated with GEM (0, 0.375, 0.75, 1.5, 3, 6, 12, 24, and 
48 μg/mL) combined with different concentrations of irisin 
(0, 5, 10, 50, and 100 nM) for 48 h. H9c2 cells were treated 
with various concentrations of irisin for 24 h. Then, 20 μl of 
MTT solution (5 mg/mL) was added to each well and incu-
bated for an additional 4 h. Subsequently, the formazan crys-
tals were dissolved in DMSO, and the OD at 570 nm was mea-
sured using an Infinite F200 Pro device (TECAN, Switzerland). 
GraphPad Prism 5.0 software was used to analyze the 50% in-
hibitive concentration (IC50).

Flow cytometry

The Annexin V-FITC and propidium iodide (PI) Apoptosis 
Detection Kits were used to monitor the apoptosis levels using 
flow cytometry. Cells (1×105) were cultured in 12-well plates 
for 12 h, then exposed to irisin alone, GEM alone, or GEM in 
combination with irisin for 48 h. Cells for analysis were washed 
with phosphate-buffered saline (PBS), suspended in 400 μl 
binding buffer, and stained with 5 μl Annexin V-FITC and 5 μl 
PI for 15 min in the dark. Cells were analyzed using flow cy-
tometry (CytoFLEX, Beckman Coulter, IN, USA).

Cells were exposed to irisin alone, DOX alone, or DOX in com-
bination with irisin for 24 h. After incubation, cells were ex-
posed to irisin alone, DOX alone, or DOX in combination with 
irisin for 24 h. After incubation, cells were collected for mea-
surement of DOX fluorescence using flow cytometry (CytoFLEX, 
Beckman Coulter, IN, USA).

TUNEL assay

PC cells (1×105 cells/well) were cultured in 12-well plates in 
DMEM (10% FBS) for 12 h. Cells were then exposed to irisin 
alone, DOX alone, or DOX in combination with irisin for 24 h. 
Cells were fixed with 4% paraformaldehyde/PBS, washed with 
PBS, and then permeabilized with 0.1% Triton X-100 for 2 mins 
on ice followed by TUNEL for 1 h at 37°C. The FITC-labeled 
TUNEL-positive cells were imaged by fluorescent microscopy 
at 488 nm excitation and 530 nm emission. Cells were quanti-
fied by counting 100 cells from 10 random microscopic fields.

Western blot analysis

Cells for analysis were lysed in ice for 30 min after washing 
with pre-cooled PBS. The protein supernatants determined 
by the bicinchoninic acid (BCA) method were separated by 

10% sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) gels, then electrotransferred onto polyvinyl-
idene difluoride (PVDF) membranes. After blocking with 5% 
fat-free dry milk in Tris-buffered saline with Tween 20 (TBST) 
buffer for 30 min, the membranes were immunoblotted with 
primary antibody solutions at 4°C overnight. After washing 3 
times with TBST, HRP-conjugated secondary antibody solu-
tions were applied for 1 h at 37°C. The Tanon 2500 Gel Imaging 
System (Shanghai, China) was used to detect the blots visual-
ized by enhanced chemiluminescence (ECL) detection reagent 
(Millipore, Darmstadt, Germany). Protein band intensities were 
quantified by densitometric analysis using ImageJ software 
(National Institutes of Health, USA).

Immunofluorescence staining

PC cells (1×105) were cultured in 12-well plates for 12 h, then 
exposed to irisin alone, DOX alone, or DOX in combination with 
irisin for 24 h. Cells were fixed with 4% paraformaldehyde for 
20 min and permeabilized with 0.5% Triton X-100 for 15 min. 
Then, cells were blocked with 3% BSA for 1 h, and incubated 
with Anti-NF-kB p65 rabbit antibody at 37°C for 1. After wash-
ing with PBS, FITC-anti-rabbit IgG antibody solutions were 
added to the cells for 1 h. Cells were then counter-stained with 
Hoechst 33258 and observed under a fluorescence microscope.

Statistical analysis

Data were analyzed statistically using the two-tailed unpaired 
t test for comparison of 2 groups or by one-way ANOVA (anal-
ysis of variance), followed by Tukey post hoc tests for com-
parison of more than 2 groups, with GraphPad Prism 5.0 soft-
ware. P<0.05 was considered statistically significant. Data are 
presented as the mean ± standard error of the mean (SEM).

Results

Irisin enhances the inhibitory effects of DOX in PC cells

To evaluate the cytotoxicity of DOX with or without irisin, 
MIA PaCa-2 and BxPC-3 cells were incubated with 7 con-
centrations of DOX ranging from 0.375 to 24 μg/mL com-
bined with various concentrations (5, 10, 50, 100 nM) of iri-
sin for 24 h. The viabilities of MIA PaCa-2 (Figure 1Aa) and 
BxPC-3 (Figure 1Ab) cells were both inhibited by DOX com-
pared to the control group. In addition, the inhibitory effects 
increased with increasing concentration of irisin. Results 
showed that in cells treated with DOX and 100 nM irisin, 
the IC50 value of DOX (0.805±0.037 μg/mL) was significantly 
lower than that in MIA PaCa-2 cells treated with DOX alone 
(1.145±0.008 μg/mL; P=0.009) (Figure 1Ba). Similar results 
were also observed in BxPC-3 cells (Figure 1Bb), and the IC50 
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value of DOX (1.349±0.129 μg/mL) in the combined group was 
significantly lower than that (2.682±0.151 μg/mL; P=0.002) in 
the DOX-treated group. The 0.75 μg/mL and 1.5 μg/mL were 
chosen for the follow-up experiments as they were the near-
est to the concentrations of DOX (0, 0.375, 0.75, 1.5, 3, 6, 12, 
and 24 μg/mL) to IC50 of DOX in the presence of 100 nM irisin. 
Therefore, the data indicated that irisin enhanced the chemo-
sensitivity to DOX in PC cells.

Irisin enhances the chemosensitivity of PC cells to GEM

To evaluate the cytotoxicity of GEM with or without irisin, 
MIA PaCa-2 and BxPC-3 cells were incubated with 7 con-
centrations of GEM ranging from 0.375 to 48 μg/mL com-
bined with various concentrations (5, 10, 50, 100 nM) of iri-
sin for 48 h. The viabilities of MIA PaCa-2 (Figure 2Aa) and 
BxPC-3 (Figure 2Ab) cells were inhibited by GEM compared 
to the control group. Moreover, results showed that the IC50 
value of GEM (8.912±0.221 μg/mL) in the combined group 
was significantly lower than that in the GEM alone group 
(15.61±0.636 μg/mL; P=0.0006) (Figure 2Ba) in MIA PaCa-2 cells. 
Similar results were also observed in BxPC-3 cells (Figure 2Bb), 
and the IC50 value of GEM (20.11±1.019 μg/mL) in the com-
bined group was significantly lower than that of the GEM-
treated group (27.35±2.194 μg/mL; P=0.043). The concentra-
tions of 9 μg/mL and 15 μg/mL were chosen for the apoptosis 
assay as they were near the IC50 concentrations of GEM in the 
presence of 100 nM irisin. Flow cytometry was used to detect 
cells apoptosis. The results shown in Figure 2C and 2D sug-
gested that the percentage of apoptotic cells was higher in the 
GEM and irisin combined group in BxPC-3 cells (Figure 2Cb, 
2Db). In contrast, the percentage of apoptotic cells was not 
increased in MIA PaCa-2 (Figure 2Ca, 2Da).

Irisin enhances DOX-induced apoptosis in PC cells

To explore the role of irisin in increasing DOX-induced inhi-
bition of PC cell viabilities, cell apoptosis was assessed by 
TUNEL assay, and the expression of cleaved PARP, cleaved cas-
pase-3, BCL-2, and BCL-xL were evaluated by Western blot-
ting. As shown in Figure 3A and 3B, the numbers of TUNEL-
positive apoptotic cells in the combined group in MIA PaCa-2 
cells (20.40±1.318%) and in BxPC-3 cells (14.60±0.9333%) were 
significantly increased compared to the control group in MIA 
PaCa-2 cells (Figure 3Aa, 3Ba) (13.70±0.8172%) and in BxPC-3 
cells (Figure 3Ab, 3Bb) (9.900±1.120%). After the enhance-
ment effects of irisin on DOX-induced apoptotic were detected, 
the apoptosis-associated proteins were further investigated. 
The results showed that the expression levels of cleaved PARP 
and cleaved caspase-3 were both increased in the combina-
tion group compared to the DOX alone group (Figure 3C, 3D). 
In addition, there was notable downregulation of BCL-2 and 
BCL-xL expression in MIA PaCa-2 (Figure 3Ca, 3Da) and BxPC-3 
(Figure 3Cb, 3Db) cells in the combined group. Collectively, 
these results demonstrated that irisin enhanced DOX-induced 
apoptosis, increased caspase-3 activity, and decreased the lev-
els of anti-apoptotic proteins in PC cells.

Irisin decreases DOX accumulation in the PC cells

Fluorescence microscope and flow cytometry experiments 
were performed to assess the intracellular accumulation of 
DOX. As shown in Figure 4A, the spontaneous red fluores-
cence of DOX was weaker in the combined groups than in the 
DOX alone group. As shown in Figure 4B and 4C, lower fluores-
cence intensity was detected in the DOX co-treated with iri-
sin groups compared to the DOX alone groups in MIA PaCa-2 
(a) and Bxpc-3 (b) cells. Taken together, these results showed 
that irisin significantly decreased the intracellular accumula-
tion of DOX in PC cells.
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Figure 1. �Irisin enhances the inhibitory effects of DOX in PC cells. (A) MIA PaCa-2 (a) and BxPC-3 (b) cells were treated with different 
concentrations of DOX (0, 0.375, 0.75, 1.5, 3, 6, 12, and 24 μg/mL) combined with different concentrations of irisin 
(0, 5, 10, 50, and 100 nM) for 24 h. Cell viabilities were then measured by MTT assay. (B) IC50 of DOX to MIA PaCa-2 (a) 
and BxPC-3 (b) cells. Error bars represent SEM. * P<0.05 compared with the control group. # P<0.05 compared with the 
DOX-treated group.
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Irisin increases the chemosensitivity of PC cells to DOX via 
inhibition of the PI3K/AKT and NF-kB signaling pathways

In the present study, the effects of irisin and DOX on the ex-
pression of p-AKT in PC cells were assessed. Cells were ana-
lyzed at various treatment time points between 1 h and 24 h. 
Western blot analysis showed that the phosphorylation levels 
of AKT were decreased by irisin in a time-dependent manner 
(Supplemenatry Figure 1Aa, 1Ba), suggesting that irisin blocked 
the activations of the PI3K/AKT pathway in MIA PaCa-2 and 
BxPC-3 cells. The levels of p-AKT increased after brief (1 h) 
treatment with DOX and then decreased (Supplemenatry 
Figure 1Ab, 1Bb). As shown in Figure 5A and 5B, DOX alone, 
irisin alone, and their combination reduced the phosphoryla-
tion levels of AKT in MIA PaCa-2 (Figure 5Aa, 5Ba) and BxPC-3 

(Figure 5Ab, 5Bb) cells after 24-h treatment, and the p-AKT 
change was significantly greater in the combined group. In 
addition, DOX significantly increased p-p65 and decreased 
the expression of IkB-a in MIA PaCa-2 (Figure 5Aa, 5Ba) and 
BxPC-3 cells (Figure 5Ab, 5Bb). However, irisin significantly sup-
pressed phosphorylation of p65 and prevented the decline in 
IkB-a. As shown in Figure 5C, after exposure to DOX, NF-kB 
p65 translocations were observed in the nuclei in MIA PaCa-2 
(a) and BxPC-3 (b) cells; however, DOX-induced translocations 
of p65 to nucleus were suppressed in the irisin and DOX com-
bined group. Hence, the results suggested that inhibition of 
the AKT pathway and suppression of the NF-kB pathway play 
a critical role in the mechanism of irisin-enhanced chemosen-
sitivity of PC cells to DOX.

Figure 2. �Irisin enhances the chemosensitivity of PC cells to gemcitabine. (A) MIA PaCa-2 (a) and BxPC-3 (b) cells were treated with 
different concentrations of GEM (0, 0.375, 0.75, 1.5, 3, 6, 12, 24, and 48 μg/mL) combined with different concentrations of 
irisin (0, 5, 10, 50, and 100 nM) for 48 h. Cell viabilities were then measured by MTT assay. (B) IC50 of GEM to MIA PaCa-2 
(a) and BxPC-3 (b) cells. Error bars represent SEM. * P<0.05 compared with the control group. # P<0.05 compared with the 
GEM-treated group. (C) MIA PaCa-2 were exposed to 100 nM irisin alone, 9 μg/mL GEM alone, or GEM combined with irisin 
for 48 h. BxPC-3 cells were exposed to 100 nM irisin alone, 15 μg/mL GEM alone, or GEM combined with irisin for 48 h. 
The apoptotic rate in MIA PaCa-2 (a) and BxPC-3 (b) cells was analyzed using flow cytometry. (D) Quantification of apoptotic 
cells in MIA PaCa-2 (a) and BxPC-3 (b) cells. Error bars represent SEM. * P<0.05 compared with the control group. # P<0.05 
compared with the GEM-treated group.

GEM GEM+
Irisin

#

20

15

10

5

0

IC5
0 o

f G
EM

 (μ
g/

m
L)

0 0.375 0.75 1.5
GEM (μg/mL)

3

*
*

* * *
* *

6 12 4824 0 0.375 0.75 1.5 3 6 12 4824

100

75

50

25

0

Ce
ll v

iab
ilit

y (
%

)

GEM GEM+
Irisin

ns

#

35
30
25
20
15
10

5
0

IC5
0 o

f G
EM

 (μ
g/

m
L)

GEMIrisinControl107106

106

105

104

103

105104 Irisin+
GEM

GEM

FITC-A

Control
Q1-UL (3.90%) Q1-UR (3.73%)

Q1-LL (92.28%) Q1-LR (0.09%)

107106

106

105

104

103

105104

Q1-UL (3.37%) Q1-UR (4.87%)

Q1-LL (91.63%) Q1-LR (0.14%)

107106

106

105

104

103

105104

Q1-UL (4.13%) Q1-UR (11.01%)

Q1-LL (84.54%) Q1-LR (0.32%)

107106

106

105

104

103

105104

Q1-UL (3.65%) Q1-UR (10.39%)

Q1-LL (85.74%) Q1-LR (0.23%)

PE
-A

GEM+Irisin

107106

106

105

104

103

105104

GEM

FITC-A

Control
Q1-UL (2.38%) Q1-UR (1.64%)

Q1-LL (95.80%) Q1-LR (0.18%)

107106

106

105

104

103

105104

Q1-UL (2.33%) Q1-UR (1.56%)

Q1-LL (95.88%) Q1-LR (0.24%)

107106

106

105

104

103

105104

Q1-UL (5.98%) Q1-UR (5.25%)

Q1-LL (88.36%) Q1-LR (0.41%)

107106

106

105

104

103

105104

Q1-UL (5.88%) Q1-UR (7.11%)

Q1-LL (86.56%) Q1-LR (0.45%)

PE
-A

GEM+Irisin

15

10

5

0

Ap
op

to
sis

 ce
lls

 (%
)

100 nM
50 nM
10 nM
5 nM
0 nM

GEM (μg/mL)

*
*

*
* *

* *

100

75

50

25

0

Ce
ll v

iab
ilit

y (
%

)

#

GEMIrisinControl Irisin+
GEM

10

5

0
Ap

op
to

sis
 ce

lls
 (%

)

*
*

A

C D

Aa

Ca Da

Cb Db

BaAb B Bb

6089
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]

Liu J. et al.: 
Irisin enhances doxorubicin-induced cell apoptosis in pancreatic cancer…
© Med Sci Monit, 2019; 25: 6085-6096

LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



Control DOXIrisin

*

*#

Irisin+
DOX

Control

Control

Irisin

DOX

DOX+Irisin

Hoechst33258 TUNEL Hoechst33258 TUNEL

Cleaved PARP

Caspase-3

BCL-2

BCL-xL

β-actin

DOXIrisin DOX+
Irisin Conrol DOXIrisin DOX+

Irisin

10

8

6

4

2

0

Re
lat

ive
 ex

pr
es

sio
n o

f c
lea

ve
d P

AR
P

Control DOXIrisin

*

*#

Irisin+
DOX

14
12
10

8
6
4
2
0

Re
lat

ive
 ex

pr
es

sio
n o

f c
lea

ve
d P

AR
P

Control DOXIrisin

*

*#

Irisin+
DOX

9
8
7
6
5
4
3
2
1
0

Re
lat

ive
 ex

pr
es

sio
n o

f c
lea

ve
d c

as
pa

se
-3

Control DOXIrisin

*
*#

Irisin+
DOX

5

4

3

2

1

0

Re
lat

ive
 ex

pr
es

sio
n o

f c
lea

ve
d c

as
pa

se
-3

Control DOXIrisin

*
*#

Irisin+
DOX

1.2

1.0

0.8

0.6

0.4

0.2

0.0Re
lat

ive
 ex

pr
es

sio
n o

f B
CL

-2

Control DOXIrisin

**

*#

Irisin+
DOX

1.2

1.0

0.8

0.6

0.4

0.2

0.0Re
lat

ive
 ex

pr
es

sio
n o

f B
CL

-2

Control DOXIrisin

**
*#

Irisin+
DOX

1.2

1.0

0.8

0.6

0.4

0.2

0.0Re
lat

ive
 ex

pr
es

sio
n o

f B
CL

-x
L

Control DOXIrisin

#

Irisin+
DOX

15

10

5

0

TU
NE

L p
os

iti
ve

 ce
lls

 (%
)

Control DOXIrisin

*
*#

Irisin+
DOX

1.2

1.0

0.8

0.6

0.4

0.2

0.0Re
lat

ive
 ex

pr
es

sio
n o

f B
CL

-x
L

Control DOXIrisin

#

Irisin+
DOX

30

20

10

0

TU
NE

L p
os

iti
ve

 ce
lls

 (%
)

A

C

D

BAa

Ca

Da

Db

Cb

Ba

Bb

Ab

Figure 3. �Irisin enhances DOX-induced apoptosis in PC cells. MIA PaCa-2 cells were exposed to 100 nM irisin alone, 0.75 μg/mL DOX 
alone, or DOX combined with irisin for 24 h. BxPC-3 cells were exposed to 100 nM irisin alone, 1.5 μg/mL DOX alone, or DOX 
combined with irisin for 24 h. (A) Images (40×) of TUNEL-positive MIA PaCa-2 (a) and BxPC-3 (b) cells are shown; apoptotic 
nuclei were identified by TUNEL staining (green), and total nuclei were identified by Hoechst 33258 counterstaining 
(blue). Scale bars: 200 μm. (B) Quantification of apoptotic-positive cells in MIA PaCa-2 (a) and BxPC-3 (b) cells. Error bars 
represent SEM. # P<0.05 compared with the DOX-treated group. (C) Western blot analysis of the levels of cleaved PARP, 
cleaved caspase-3, BCL-2, and BCL-xL protein in MIA PaCa-2 (a) and BxPC-3 (b) cells. b-actin served as the loading control. 
(D) Quantitation of protein expression in MIA PaCa-2 (a) and BxPC-3 (b) cells. Error bars represent SEM. * P<0.05 compared 
with the control group. # P<0.05 compared with the DOX-treated group.
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Figure 4. �Irisin decreased DOX accumulation in the PC cells. MIA PaCa-2 were exposed to 100 nM irisin alone, 0.75 μg/mL DOX 
alone, or DOX combined with irisin for 24 h. BxPC-3 cells were exposed to 100 nM irisin alone, 1.5 μg/mL DOX alone, or 
DOX combined with irisin for 24 h. (A) Fluorescence microscopy images (200×) showing DOX accumulation in MIA PaCa-2 
(a) and Bxpc-3 (b) cells, DOX: red, hoechst33258: blue. Scale bars: 50 μm. (B) The cells were collected for measurement of 
DOX fluorescence in MIA PaCa-2 (a) and Bxpc-3 (b) cells using flow cytometry. (C) Quantitative comparison of fluorescence 
intensity in MIA PaCa-2 (a) and Bxpc-3 (b) cells. # P<0.05 compared with the DOX-treated group.
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Figure 5. �Irisin increased the chemosensitivity of PC cells to DOX via inhibition of the PI3K/AKT and NF-kB signaling pathways. MIA 
PaCa-2 cells were exposed to 100 nM irisin alone, 0.75 μg/mL DOX alone, or DOX combined with irisin for 24 h. BxPC-3 cells 
were exposed to 100 nM irisin alone, 1.5 μg/mL DOX alone, or DOX combined with irisin for 24 h. (A) Western blot analysis 
of p-AKT, AKT, p-p65 (p-NF-kB), p65 (NF-kB), and IkB-a in MIA PaCa-2 (a) and BxPC-3 (b) cells. b-actin served as the loading 
control. (B) Quantitation of protein expression in MIA PaCa-2 (a) and BxPC-3 (b) cells. Error bars represent SEM. * P<0.05 
compared with the control group. # P<0.05 compared with the DOX-treated group. (C) Images (400×) of the accumulation of 
p65 in nucleus in MIA paca-2 (a) and BxPC-3 (b) cells. p65: Green; Hoechst 33258: Blue. Scale bars: 20 μm.
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Figure 6. �Irisin had no effects on DOX-induced cardiotoxicity. (A) (a) H9c2 cells were treated with different concentrations of irisin 
(0, 5, 10, 50, and 100 nM). (b) H9c2 cells were treated with different concentrations of DOX (0, 0.375, 0.75, 1.5, 3, 6, 12, and 
24 μg/mL) combined with 100 nM irisin. Cell viabilities were measured by MTT assay. (B) H9c2 cells were exposed to 100 nM 
irisin alone, 3 μg/mL DOX alone, or DOX combined with irisin for 24 h. (a) Western blot analysis of cleaved PARP and cleaved 
caspase-3 in H9c2 cells. b-actin served as the loading control. (b) Quantitation of protein expression in H9c2 cells. Error bars 
represent SEM. * P<0.05 compared with the control group.

Irisin has no effects on DOX-induced cardiotoxicity

The effects of irisin on DOX-induced cardiotoxicity were stud-
ied. Irisin had no effect on the viabilities of H9c2 cells af-
ter 24-h treatment (Figure 6Aa), while DOX significantly 
impaired the viabilities in H9c2 cells after 24-h treatment 
(Figure 6Ab). Moreover, the expression levels of cleaved PARP 
and cleaved caspase-3 were markedly increased in H9c2 cells 
(Figure 6Ba, 6Bb). However, there were no protective or ag-
gravating effects of irisin (Figure 6Ab) on DOX-induced injury 
to myocardial cells. The apoptotic rate of H9c2 cells and ex-
pression levels of cleaved PARP and cleaved caspase3 were 
not increased in the combination group compared to the DOX 
alone group (Figure 6Ba, 6Bb). Therefore, the results demon-
strated that irisin has no effects on the cardiotoxicity caused 
by DOX during 24-h treatment.

Discussion

PC is currently one of the deadliest solid malignancies, and 
surgery is the preferred treatment for patients in the early 

stages of the disease. Patients with stage III locally advanced 
disease should be treated with chemotherapy and/or chemo-
radiotherapy [1], but more effective therapeutic options for 
PC are required. Studies showed that patients with type 2 di-
abetes have a 1.8-fold increased risk of PC compared with 
non-diabetics [22]. Irisin has been reported to influence vari-
ous metabolic diseases [18,32–34]. Significantly lower levels 
of irisin were observed in patients with type 2 diabetes mel-
litus compared with non-diabetic individuals [32,33]. Recent 
studies showed that irisin can inhibit the development of can-
cer cells, including breast cancer [24], osteosarcoma [35], lung 
cancer [25], and PC [31]. In addition, it has been reported that 
irisin can enhance the cytotoxic effects of DOX on malignant 
breast epithelial cells through inhibiting NF-kB activation [24]. 
Serum irisin levels were increased in DOX-treated rats, which 
indicates a role for irisin in DOX treatment of tumors [36]. 
In the present study, PC cells were processed with irisin com-
bined with DOX or GEM. Combined treatment with irisin and 
DOX or GEM resulted in a remarkable decrease of the IC50 of 
the chemotherapeutic drugs DOX and GEM. However, slight 
effects of GEM on inducing apoptosis were observed in MIA 
PaCa-2 cells but not in BxPC-3 cells. Irisin combined with DOX 
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significantly increased apoptosis in MIA PaCa-2 and BxPC-3 cells 
as identified by TUNEL assay. These results suggest that irisin 
has different effects on different chemotherapy drugs, which 
may be due to the mechanism of action of the chemotherapy 
drugs and irisin [35,37,38]. It has been reported that DOX can 
induce intrinsic apoptosis in PC cells through regulating BCL-2 
and caspase proteins [28,39]. Cleaved caspase-3 marks the 
end of the downstream effect of the caspases and irreversibly 
destroys PARP protein during apoptosis, while BCL-2 is vital 
for mitochondria-mediated apoptosis [39]. Therefore, cleaved 
caspase-3, cleaved PARP, and pro-apoptotic proteins (BCL-2, 
BCL-xL) were investigated in this study. It was interesting to 
find that irisin combined with DOX caused increased levels of 
cleaved caspase-3 and cleaved PARP, while exacerbating the 
inhibition of BCL-2 and BCL-xL compared with DOX alone in 
PC cells. The results showed that irisin can sensitize PC cells to 
DOX treatment with decreasing DOX accumulation after 24-h 
treatment, which is consistent with the effect of irisin on the 
intracellular accumulation of DOX in breast cancer [24]. Lower 
uptake of DOX had more inhibition effect against MIA PaCa-2 
and Bxpc-3 cells with the presence of irisin in this study, which 
suggested that irisin makes DOX more efficient against PC cells. 
The results indicated that irisin enhances apoptosis of PC cells 
through the mitochondrial signaling pathway. Many cancers, 
including PC, breast cancer, lung cancer, gastric cancer, and 
uterine cancer, have acquired resistance to DOX due to the 
enhanced survival signal of the PI3K pathway [28]. Previous 
reports have suggested that inhibition of the PI3K/AKT path-
way is a possible mechanism for improving the sensitivity of 
tumors to drugs [40,41]. NF-kB is an important downstream 
element of AKT [11]. High nuclear NF-kB p65 expression has 
been reported have associations with poor response to che-
motherapy in cancer cell lines [9,11]. In tilapia pituitary cells, 
irisin inhibited growth hormone gene expression and secre-
tion by inhibiting PI3K/AKT [42]. Another study demonstrated 
that irisin inhibited epithelial-mesenchymal-transition (EMT) 
and reduced the invasion of lung cancer cells via mediating 
the PI3K/AKT/Snail signaling pathway [25]. In addition, irisin 
has been found to suppress NF-kB activation [24]. To eluci-
date the mechanisms involved in irisin-enhancement of DOX-
induced apoptosis, PI3K/AKT/NF-kB signaling was examined 
in this study. The results suggested that irisin inhibited AKT 
signaling in PC cells in a time-dependent manner, which was 

consistent with previously published studies, and the results 
were confirmed. After treatment with irisin or DOX for 24 h, 
the expression levels of p-AKT were downregulated in both 2 
PC cell lines in this study. Moreover, irisin enhanced the sup-
pression of p-AKT and inhibited the activation of NF-kB sig-
naling when used in combination with DOX. In recent years, 
the combinations of therapeutic molecules and chemotherapy 
drugs have been reported and provide a novel insight into PC 
treatment [43–45]. The results revealed that irisin sensitized 
PC cells to DOX and GEM, and represents a novel therapeutic 
molecule to prevent PC. Considering DOX-induced cardiotox-
icity, we investigated whether irisin has a role in DOX-induced 
H9c2 myocardial cell injury. Our results demonstrated that iri-
sin neither ameliorated nor aggravated DOX-induced toxici-
ty in H9c2 cells after 24-h treatment. The highest concentra-
tion of exogeneous irisin used in this study was 100 nM, and 
it has been reported that 50 nM and 100 nM are the pharma-
cological concentrations of irisin [46]. At certain concentra-
tions, irisin can increase myocardial cell metabolism, inhib-
it cell proliferation, and promote cell differentiation at 72 h 
in H9c2 cells by activating the PI3K/AKT pathway [47]. Thus, 
it seems that longer treatment time with irisin in H9c2 cells, 
and in vivo studies may be needed to further explore its ef-
fects on DOX-induced myocardial cell injury.

Conclusions

We showed that irisin can increase the chemosensitivity of PC 
cells to DOX or GEM and enhance DOX-induced apoptosis in 
PC cancer cells through upregulating cleaved PARP and cleaved 
caspase-3 and downregulating Bcl-2, BCL-xL, and PI3K/AKT/
NF-kB signaling pathway. These results show that combina-
tion treatment with DOX and irisin can decrease the dose of 
DOX but provide similar therapeutic results in clinical prac-
tice. Hence, irisin could be used as an adjunctive agent com-
bined with chemotherapy and provides a new approach for 
the treatment of PC cells.
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