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Abstract
Lung cancer is the most commonly diagnosed cancer with a high mortality rate. Cisplatin is one of the
most important chemotherapeutic agents for the treatment of lung cancer patients, especially in
advanced stages. Recent studies showed that cisplatin may interact with mitochondria which may partly
account for its cytotoxicity. In the study, we explored the effect of resistin on cisplatin-induced cytotoxicity
in A549 cells and assessed whether mitochondria-dependent apoptosis was involved. Our results found
that 25 ng/ml resistin could signi�cantly increase cisplatin-induced apoptosis and G2/M phase arrest,
enhance reactive oxygen species generation, exacerbate the collapse of mitochondrial membrane
potential, promote the distribution of cytochrome C in the cytoplasm from mitochondria, and activate
caspase 3. Therefore, the results suggested that resistin might increase cisplatin-induced cytotoxicity via
a mitochondria-mediated pathway in A549 cells. However, the precise mechanism has yet to be explored
in the future.

Introduction
Lung cancer is the most commonly diagnosed cancer with a high mortality rate [1]. Every year about 1.80
million people were died of lung cancer, accounting for a quarter of total cancer-related mortality [2]. The
5-year overall survival rate of lung cancer remains approximately 18% [3]. Most lung cancer patients are
diagnosed at late stages and metastatic when surgical treatment is no longer a viable option. Platinum-
based chemotherapy is the primary line treatment for those patients.

Cisplatin is one of the most potent anticancer drugs for the treatment of a wide variety of solid
malignancies including ovarian, bladder, lung, testicular cancers [4]. It is generally accepted that cisplatin
cytotoxicity mode of action is considered to be mediated by its ability to interact with DNA to form
cisplatin-DNA adducts, resulting in a block in DNA replication and transcription, subsequently inducing
apoptosis [5]. However, the normal post-mitotic tissues such as kidney, ear, and sensory nerve could be
impaired by cisplatin during chemotherapy [6]. Furthermore, mitochondrial DNA is more susceptible to
being damaged by cisplatin [7].

Resistin, mainly secreted by macrophages in the tumor microenvironment, was signi�cantly higher in the
serum or plasma of cancer patients including lung cancer compared with healthy controls [8]. It was
considered an important in�ammatory cytokine. Recent studies found resistin not only enhanced the
growth and aggressiveness of cancer cells but also was involved in the therapeutic e�cacy of several
anti-cancer drugs [9, 10]. However, the role of resistin in cisplatin-induced cytotoxicity in lung cancer cells
is still unknown.

In the study, we aimed to explore the effect of resistin on cisplatin-induced cytotoxicity, and examine
whether mitochondria involves in cisplatin-induced cytotoxicity in A549 cells.

Materials And Methods
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Cell lines

Lung adenocarcinoma A549 cells were purchased from Cell Bank of Type Culture Collection of Chinese
Academy of Sciences (Shanghai, China). The cells were cultured in RPMI 1640 media supplemented with
10% fetal bovine serum and grown in a humidi�ed incubator at 37 ℃ in a humidi�ed 5% CO2

atmosphere.

MTS assays

A549 cells were seeded at 2000 cells/well in 96-well plates and incubated for 12 h at 37 ℃. And then the
medium was replaced with a fresh medium containing various concentrations of cisplatin (0, 0.01, 0.1, 1,
10, 100 µM) and different concentration of resistin (0, 12.5, 25, 37.5, 50 ng/ml). After 48 h of incubation,
20 µl of CellTiter 96 Aqueous One Solution Reagent (Promega, Madison, Wl) was added to each well and
incubated for 1.5 h. After that, the absorbance values were determined at 490 nm in Eon Microplate
Spectrophotometer (BioTek. Instruments. Inc, Winooski, VT). Each experiment was conducted in triplicate.

Flow-cytometric analyses of apoptosis and cell cycle

Flow cytometry was adopted to analyze the apoptosis rate and cell cycle distribution of cells. A549 cells
were seeded in a 6-well plate and treated with cisplatin or cisplatin + resistin. After 48 hours, the cells
were collected by trypsin. For apoptosis analysis, cells were stained with FITC-Annexin V and Propidium
Iodide (Beyotime, Jiangsu, China), and analyzed using FC500 Flow Cytometer (Beckman Coulter,
Fullerton, CA) with CXP software (Beckman Coulter, Fullerton, CA). For cell cycle analysis, cells were
stained with Propidium Iodide (Sigma, St. Louis, Missouri, USA) according to the manufacturer’s protocol.

Western Blotting

A549 cells were seeded in a 6-well plate and treated with vehicle, cisplatin, resistin, or cisplatin + resistin
for 48 h. Cells were lysed using mammalian protein extraction reagent RIPA (Beyotime, Jiangsu, China)
supplemented with protease inhibitor cocktail (Sigma-Aldrich, St. Louis, Missouri, USA). The
concentration of total protein was measured using a BCA protein assay kit (Beyotime, Jiangsu, China).
Samples (30-50μg protein/lane) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel
(Beyotime, Jiangsu, China) and then transferred onto the polyvinylidene di�uoride membranes (Millipore,
Billerica, MA, USA). The membranes were incubated with primary antibodies (primary antibody of cleaved
caspase 3 (1:1000, Wanleibio, Shenyang, China), caspase 3 (1:1000, Wanleibio, Shenyang, China), Bcl2
(1:1000, Wanleibio, Shenyang, China), β-actin (1:10000, Sigma, St. Louis, USA)) at 4 ℃ overnight and
then incubated with horseradish peroxidase-conjugated secondary antibodies for 1 hour. Protein bands
were visualized with ECL substrates (GE Healthcare Bio-Sciences, NJ, USA) using the Western-Light
chemiluminescent detection system (Bio-Rad, Hercules, CA, USA) according to the protocols.

Assays of the release of cytochrome C from mitochondria
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A549 cells were seeded in a 6-well plate and treated with cisplatin or cisplatin + resistin. After 48 hours,
the cells were harvested by trypsin. Fractionation of mitochondrial and cytosolic fractions was conducted
using the Cell Mitochondria Isolation Kit (Beyotime, Jiangsu, China) according to the protocol. Then, a
western blot assay was adopted to assess the protein levels of cytochrome C (primary antibody: 1:1000,
Wanleibio, Shenyang, China) in the mitochondria and cytosol as described above. The distribution of
cytochrome C was also evaluated by immuno�uorescence assay. Brie�y, cells were �xed with 4%
paraformaldehyde and incubated with primary antibody against cytochrome C (1:1000, Wanleibio,
Shenyang, China) overnight. After washed, cells were immunoblotted with Alexa Fluor-488 conjugated
anti-rabbit secondary antibody (Solarbio, Beijing, China) and counterstained with 4'-6-Diamidino-2-
phenylindole (Beyotime, Jiangsu, China). After that, the cells were pictured with a Leica �uorescence
microscope (Leica, Wetzlar, Germany).

Measurement of ROS production

Flow cytometry and immuno�uorescence were used to assess intracellular ROS level with the �uorescent
probe of 2’,7’-dichloro�uorescein diacetate (DCFH-DA, Beyotime, Jiangsu, China). Cells were incubated
with 10 µM DCFH-DA for 20 min at 37 ℃ and then washed with PBS triple. For �ow cytometry analysis,
cells were collected by trypsinization and resuspended in 0.5 ml of PBS. The detection wavelength for
DCFH-DA was 525 nm. For immuno�uorescence, cells were washed and photographed by a Leica
�uorescence microscope (Leica, Wetzlar, Germany).

Measurement of mitochondrial membrane potential (MMP)

Flow cytometry and immuno�uorescence were used to assess MMP with the �uorescent probe of
5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethyl-imidacarbocyanine iodide (JC-1, Beyotime, Jiangsu, China). Cells
were incubated with JC-1 for 20 min at 37 ℃, then washed with PBS triple. For �ow cytometry analysis,
cells were collected by trypsinization and resuspended in 0.5 ml of PBS. The detection wavelength for
monomeric JC-1 was 525 nm. For immuno�uorescence, cells were washed and photographed by a Leica
�uorescence microscope (Leica, Wetzlar, Germany).

Measurement of mitochondrial number

Flow cytometry and immuno�uorescence were used to assess the number of mitochondria with the
�uorescent probe of Mito-Tracker Green (Beyotime, Jiangsu, China). Cells were incubated with Mito-
Tracker Green for 30 min at 37 ℃, then washed with PBS triple. For �ow cytometry analysis, the cells
were collected by trypsinization and resuspended in 0.5 ml of PBS. The detection wavelength for Mito-
Tracker Green was 525 nm. For immuno�uorescence, cells were washed and photographed by a Leica
�uorescence microscope (Leica, Wetzlar, Germany).

Statistical analyses

All data were represented as mean ± standard deviation (SD) of at least three independent experiments.
Pearson’s Х2 test or Fisher’s exact test were applied to analyze differences for qualitative variables.
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Student’s t-test or one-way ANOVA was used for continuous variables. All tests were 2-sided, and P < 0.05
was considered signi�cant. PASW Statistics v18.0 (IBM Co., Armonk, NY, USA) was used for data
analysis.

Results
Resistin increased cisplatin-induced cytotoxicity in A549 cells

We evaluated the effect of different concentrations of resistin (0, 12.5, 25, 37.5, 50 ng/ml) on cisplatin-
induced cytotoxicity in A549 cells at 48 h by MTS assay. When resistin concentration was 12.5 ng/ml, the
IC50 of cisplatin in A549 cells was 8.985 ± 0.971 µM, while that of the vehicle group was 9.648 ± 1.252
µM. However, the IC50 of cisplatin in the 25 ng/ml resistin group was 2.588 ± 0.872 µM while that of the
vehicle group was 10.519 ± 0.892 µM. When resistin concentration increased to 37.5 ng/ml, the IC50 of
cisplatin became 3.931 ± 1.032 µM (vehicle group: 9.117 ± 0.901 µM). There were no differences of
cisplatin IC50 between the 50 ng/ml resistin group and the vehicle group (IC50: 8.498 ± 0.918 vs 8.962 ±
0.874 µM). The results showed that 25 ng/ml resistin could promote cisplatin-induced cytotoxicity in
A549 cells (Figure 1a).

To evaluate the effect of resistin on the induction of apoptosis, A549 cells were treated with 2.5 µM
cisplatin with or without 25 ng/ml resistin. After stained with Annexin V/PI, cells were analyzed by �ow
cytometry. The death rate of 25 ng/ml resistin + 2.5 µM cisplatin group was 62.1 ± 4.9%, while that of 2.5
µM cisplatin was 39.9± 2.1% (P = 0.015) (Figure 1b). And the apoptosis rate was similar between the 25
ng/ml resistin group and the vehicle group (Supplement Figure 1a). The results showed that resistin
could increase cisplatin-induced apoptosis (Figure 1c).

To investigate the effect of resistin on cell cycle distribution, A549 cells were treated with 2.5 µM cisplatin
with or without 25 ng/ml resistin for 48h and analyzed by �ow cytometry. The results showed that
resistin could increase the G2/M phase arrest from 16.1% ± 0.4% (2.5 µM cisplatin) to 33.3% ± 2.6% (25
ng/ml resistin + 2.5 µM cisplatin) Figure 1d and 1e) .

The effect of resistin on cisplatin-induced ROS production

Excess generation of intracellular ROS leads to oxidative stress, which is considered one of the key
mediators of cisplatin-induced apoptosis signaling [11]. A549 cells were treated with the vehicle group, 25
ng/ml resistin group, 2.5µM cisplatin group, and 25 ng/ml resistin + 2.5µM cisplatin group respectively
for 24 h, then stained with DCFH-DA and evaluated under the microscope or by �ow cytometry. Compared
with the vehicle group, 25 ng/ml resistin did not signi�cantly affect the production of ROS. However,
compared with 2.5 µM cisplatin group, the generation of intracellular ROS level was accelerated in 25
ng/ml resistin + 2.5µM cisplatin group (the medium �uorescence index increased from 3.05 ± 0.64 to
9.15 ± 0.64) (Figure 2). These results showed that resistin could increase cisplatin-induced ROS
production.
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The effect of resistin on the number of mitochondria induced by cisplatin

Mitochondria is the primary site of aerobic respiration and the principal generator of ROS in cells. It plays
a major role in cisplatin-induced apoptosis and oxidative stress [12]. A549 cells were divided into the
vehicle group, 25 ng/ml resistin group, 2.5µM cisplatin group, and 25 ng/ml resistin + 2.5µM cisplatin
group respectively. After 24 h treatment, Mito-Tracker Green was used to assess the number of
mitochondria. Compared with the vehicle group, 25 ng/ml resistin did not signi�cantly affect
mitochondrial number. (Figure 3)

The effect of resistin on mitochondrial membrane potential (MMP) induced by cisplatin

The maintenance of MMP is signi�cant for mitochondrial integrity and bioenergetic function. The decline
of MMP is an early step in cell apoptosis, which is often accompanied by the generation of ROS [13].
After 24 h treatment, A549 cells were stained with JC-1 to assess the mitochondrial membrane potential.
Compared with the vehicle group, 25 ng/ml resistin did not signi�cantly affect mitochondrial membrane
potential. However, compared with the vehicle group, there was more green �uorescence (JC-1
monomers) instead of red �uorescence (JC-1 aggregates) in the cisplatin group, which indicated cisplatin
could reduce mitochondrial membrane potential. While in combined treated cells, the more signi�cant
increase of green �uorescence and a decrease of red �uorescence revealed that resistin exacerbated
cisplatin-induced collapse of MMP (Figure 4).

The effect of resistin on cytochrome C distribution induced by cisplatin

Mitochondrial cytochrome C is a positively charged soluble protein present in the mitochondria
intermembrane space in normal physiology. When the MMP collapse, cytochrome C could release from
mitochondria into cytosol [14]. A549 cells were treated for 24 h, then the distribution of cytochrome C was
also evaluated by immuno�uorescence assay. The distribution of cytochrome C (red color) was more
scattered in 25 ng/ml resistin + 2.5µM cisplatin group than that in 2.5 µM cisplatin group. There was no
signi�cant difference between the vehicle group and 25 ng/ml resistin group (Figure 5a). Furthermore, the
mitochondrial protein and cytosolic protein were extracted respectively. The expression of cytochrome C
was detected by western blot assay. Compared with the vehicle group, the cytochrome C expression in
mitochondria and cytoplasm was similar in 25 ng/ml resistin group. However, the expression of
cytochrome C in the cytosolic section was higher in 25 ng/ml resistin + 2.5µM cisplatin group than that in
2.5 µM cisplatin group. Similarly, the expression of cytochrome C in the mitochondrial section was lower
in 25 ng/ml resistin + 2.5µM cisplatin group than that in 2.5 µM cisplatin group (Figure 5b).

The effect of resistin on apoptosis relative protein expression

Caspase 3 is a major mediator of apoptosis that is synthesized as pro-caspase with negligible activity. Its
activation depends on proteolytic cleavage of the procaspase into a smaller enzymatically active form.
And the enzymatically active caspase (cleaved caspase 3) in turn regulates apoptosis and plays an
important role in cisplatin-induced cytotoxicity [15]. Next, we investigated if cisplatin-induced cytotoxicity
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in A549 cells was mediated through an intrinsic pathway. After 48h treatment, the protein was extracted,
and the expression of cleaved caspase 3, caspase 3, Bcl-2 was detected. Compared with 2.5 µM cisplatin
group, the expression of cleaved caspase 3 was higher in 25 ng/ml resistin + 2.5 µM cisplatin group. And
the expression of caspase 3 and Bcl-2 was lower in 25 ng/ml resistin + 2.5µM cisplatin group than that in
2.5 µM cisplatin group (Figure 6). Those results showed that resistin increasing cisplatin-induced
cytotoxicity might be mediated by the caspase-3 pathway.

Discussion
Cisplatin was used extensively for the treatment of numerous solid human tumors including ovarian,
bladder, head and neck, lung, and testicular cancers. Traditionally, its action was linked with its crosslink
with the purine bases on the DNA, interfering with DNA repair and causing DNA damage[4]. So far, more
and more studies showed that mitochondria was an important target of cisplatin for apoptosis, and
cisplatin could induce apoptosis via mitochondrial apoptosis pathways [16]. Resistin is a 12.5 kDa
cysteine-rich secretory protein, which is mainly secreted by macrophages, dendritic cells, and monocytes
[17]. A549 cells were treated with cisplatin and different concentrations of resistin. Our study found
resistin could increase cisplatin-induced cytotoxicity in A549 cells, and when resistin was 25 ng/ml, the
effect was most remarkable. Resistin could increase the production of ROS and the distribution of
cytochrome C in the cytoplasm, reduce the mitochondrial membrane potential induced by cisplatin.

We found resistin (12.5 ng/ml, 25 ng/ml, and 37.5 ng/ml) could increase cisplatin-induced cytotoxicity.
What’s more, when resistin concentration was 25 ng/ml, the effect was most remarkable. When resistin
concentration increased to 50 ng/ml, resistin did not signi�cantly affect cytotoxicity induced by cisplatin
in A549 cells. Our previous studies showed resistin could weakly increase lung adenocarcinoma cell
proliferation when resistin concentration was 50 ng/ml [9]. As a result, resistin might not increase
cisplatin-induced cytotoxicity in a dose-dependent manner.

It is widely accepted that the cytotoxicity induced by cisplatin is mediated by the generation of nuclear
DNA adducts, which block nuclear DNA replication and/or transcription, resulting in apoptosis [18].
However, cisplatin could exert severe damage on post-mitotic tissues. And a major drawback of cisplatin
chemotherapy is severe side effects that cisplatin could impair the function of cells in kidney, ear, and
sensory nerve [19]. The accumulation of cisplatin in normal tissues did not entirely determine the toxicity
of cisplatin [20], which suggested the nuclear DNA adducts might not be the only mechanism of cisplatin
cytotoxicity. Cisplatin could accumulate in mitochondria and form mitochondrial DNA adducts.
Compared with nuclear DNA, mitochondrial DNA was more vulnerable to form DNA adducts [21]. Previous
studies showed resistin could affect the production of ROS and mitochondrial function in hepatoma cells
[22]. Our previous study found when resistin concentration was 50 ng/ml, resistin could increase ROS
production in A549 cells. Compared with the vehicle group, 25 ng/ml resistin did not signi�cantly affect
the production of ROS [9]. However, 25 ng/ml resistin could increase cisplatin-induced ROS production,
reduce the mitochondrial membrane potential, and increase the distribution of cytochrome C in the
cytoplasm. Our results also found the anti-apoptotic protein Bcl-2 was further reduced by resistin, and
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apoptosis protein cleaved caspase-3 was increased by resistin. So it seemed that resistin increased
cisplatin-induced apoptosis through increasing the production of ROS, aggravating the mitochondrial
dysfunction, subsequent cytochrome C release, and activation of caspase 3. However, the mechanism is
still under investigation.

However, Liu’s study showed that resistin could induce cisplatin resistance in ovarian cancer cells, which
was inconsistent with our results. Liu’s study found resistin could signi�cantly increase ovarian cancer
cell growth, colony formation, and invasion in 72 h. The IC50 of 25 ng/ml resistin + 2.5µM cisplatin group
was about three times that of 2.5µM cisplatin group. While the growth of ovarian cancer cell was
increased over three times by 25 ng/ml resistin in 72h [23]. So resistin could signi�cantly increase ovarian
cancer cells proliferation might partly due to that resistin decreased cisplatin-induced cytotoxicity.

In conclusion, the present study demonstrates that 25 ng/ml resistin could signi�cantly sensitize
cisplatin-induced apoptosis via increasing ROS production, impairing the mitochondria function,
activating the caspase 3 pathway. However, the precise mechanism still needs to be further explored. The
understanding of the molecular basis of resistin increasing cisplatin-induced cytotoxicity can lead to
translational impacts, and provide valuable information for new biomarker selection. It deserves to fully
study the role of resistin in cisplatin-induced apoptosis in vivo evaluations in the future.
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Figure 1

Resistin increased cisplatin-induced cytotoxicity in A549 cells. (a) A549 cells were seeded at 2000
cells/well in 96-well plates, pretreated with or without different concentrations of resistin (0, 12.5, 25, 37.5,
50 ng/ml), and then treated with cisplatin (2.5 µM) for 48 h. Cell proliferation was detected by the MTS
assay; A549 cells were seeded in a 6-well plate, pretreated with or without 25 ng/ml resistin, and then
treated with cisplatin (2.5 µM). After 48 hours, cells were lysed, stained with FITC-Annexin V and
Propidium Iodide, and analyzed by Flow Cytometer for apoptosis (b). Quantitative analysis of the
percentage of apoptotic cells (c); A549 cells were seeded in a 6-well plate, pretreated with or without 25
ng/ml resistin, and then treated with cisplatin (2.5 µM). After 48 hours, cells were lysed, stained with
Propidium Iodide, and analyzed by Flow Cytometer for cell cycle (d). The results of the cell cycle of
different treatments (e).
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Figure 2

Resistin increased cisplatin-induced ROS production in A549 cells. A549 cells were treated with the
vehicle group, 25 ng/ml resistin group, 2.5µM cisplatin group, and 25 ng/ml resistin + 2.5µM cisplatin
group respectively for 24 h, then stained with DCFH-DA and evaluated under a microscope (a) or by �ow
cytometry (b). The Quantitative analysis of medium �uorescence index of green �uorescence (c).
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Figure 3

Resistin did not signi�cantly affect the number of mitochondrial induced by cisplatin in A549 cells. A549
cells were treated with the vehicle group, 25 ng/ml resistin group, 2.5µM cisplatin group, and 25 ng/ml
resistin + 2.5µM cisplatin group respectively. After 24 h treatment, cells were stained with Mito-Tracker
Green and evaluated under a microscope (a) or by �ow cytometry (b). The Quantitative analysis of
medium �uorescence index of green �uorescence (c).
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Figure 4

Resistin decreased mitochondrial membrane potential induced by cisplatin in A549 cells. A549 cells were
treated with the vehicle group, 25 ng/ml resistin group, 2.5µM cisplatin group, and 25 ng/ml resistin +
2.5µM cisplatin group respectively. After 24 h treatment, cells were stained with JC-1 and evaluated under
a microscope (a) or by �ow cytometry (b). The Quantitative analysis of medium �uorescence index of
�uorescence (c).
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Figure 5

Resistin increased cytosolic cytochrome C levels induced by cisplatin in A549 cells. (a) A549 cells were
treated with the vehicle group, 25 ng/ml resistin group, 2.5µM cisplatin group, and 25 ng/ml resistin +
2.5µM cisplatin group respectively. After 48 h treatment, cells were �xed with 4% paraformaldehyde, and
incubated with primary antibody against cytochrome C overnight. After washed, the cells were
immunoblotted with Alexa Fluor-488 conjugated anti-rabbit secondary antibody and counterstained with
4'-6-Diamidino-2-phenylindole. After that, the cells were pictured with a Leica �uorescence microscope; (b)
A549 cells were treated with the vehicle group, 25 ng/ml resistin group, 2.5µM cisplatin group, and 25
ng/ml resistin + 2.5µM cisplatin group respectively. After 48 hours, the cells were harvested by trypsin.
Fractionation of mitochondrial and cytosolic fractions was conducted using Cell Mitochondria Isolation
Kit according to the protocol. Then, a western blot assay was adopted to assess the protein levels of
cytochrome C in the mitochondria and cytosol.
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Figure 6

Resistin increased apoptotic relative protein expression induced by cisplatin in A549 cells. A549 cells
were seeded in a 6-well plate and treated with vehicle, cisplatin, resistin, or cisplatin + resistin for 48 h.
The cells were harvested by trypsin. Western blot assay was adopted to assess the protein levels of
Cleaved Caspase 3, Caspase 3, Bcl-2.


