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ABSTRACT

Introduction: Cholangiocarcinoma is characterized by aggressive tumor growth, 
high recurrence rates, and resistance against common chemotherapeutical regimes. 
The polyether-antibiotic Salinomycin is a promising drug in cancer therapy because of 
its ability to overcome apoptosis resistance of cancer cells and its selectivity against 
cancer stem cells. Here, we investigated the effectiveness of Salinomycin against 
cholangiocarcinoma in vivo, and analyzed interference of Salinomycin with autophagic 
flux in human cholangiocarcinoma cells.

Results: Salinomycin reduces tumor cell viability, proliferation, migration, invasion, 
and induced apoptosis in vitro. Subcutaneous and intrahepatic cholangiocarcinoma 
growth in vivo was inhibited upon Salinomycin treatment. Analysis of autophagy 
reveals inhibition of autophagic activity. This was accompanied by accumulation of 
mitochondrial mass and increased generation of reactive oxygen species.

Conclusions: This study demonstrates the effectiveness of Salinomycin against 
cholangiocarcinoma in vivo. Inhibition of autophagic flux represents an underlying 
molecular mechanism of Salinomycin against cholangiocarcinoma. 

Methods: The two murine cholangiocarcinoma cell lines p246 and p254 were used 
to analyze tumor cell proliferation, viability, migration, invasion, and apoptosis in vitro. 
For in vivo studies, murine cholangiocarcinoma cells were injected into syngeneic C57-
BL/6-mice to initiate subcutaneous cholangiocarcinoma growth. Intrahepatic tumor 
growth was induced by electroporation of oncogenic transposon-plasmids into the 
left liver lobe. For mechanistic studies in human cells, TFK-1 and EGI-1 were used, 
and activation of autophagy was analyzed after exposure to Salinomycin. 
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INTRODUCTION

Cholangiocarcinoma (CC) is one of the few 
remaining tumor entities that is characterized by very 
limited treatment options [1]. Radical surgical resection 
is the only chance to cure locally restricted disease. Of 
note, radical resection might be accompanied by mild or 
severe postoperative complications, such as small for size 
syndrome and consecutive liver failure after major liver 
resection [2–4]. However, most of the patients present 

with advanced or even metastatic stages of disease and 
are referred to palliative chemotherapy, which is rather 
ineffective. Only the combination of Gemcitabine and 
Cisplatin exerts some growth-inhibiting effects on CC in 
advanced stages of disease [5, 6]. Given that CC is the 
second most common primary liver cancer worldwide, 
new treatment options are of utmost importance.

Salinomycin (Sal) is a polyether antibiotic that exerts 
antitumoral effects on cancer stem cells in vitro and in vivo 
[7]. The antitumor effects of Sal were first described in 
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breast cancer stem cells [8] and were confirmed in many 
cancer cell types, including leukemia, liver, colon, prostate, 
pancreas, bone, or brain cancer [9–16]. The molecular 
mechanism mediating these antitumoral effects is still under 
debate. Several modes of action, including interference 
with Wnt signaling, inhibition or induction of autophagy, 
destruction of the cytoskeleton, or destabilization of 
mitochondrial membrane potential, have been described 
[12–14, 17, 18]. We have demonstrated before in human 
CC cells that Sal is able to overcome apoptosis resistance, 
and affects tumor cell proliferation and migration [19]. 
The aim of this study was to investigate further molecular 
mechanisms of Sal by analyzing autophagic flux in 
human CC cells after exposure to Sal, and to analyze the 
therapeutic effectiveness of Sal for the treatment of CC in 
mouse models in vivo.

RESULTS

Salinomycin exposure results in impaired tumor 
cell proliferation

To analyze the effect of Sal on murine CC cells, p246 
and p254 cells were exposed to increasing concentrations 
of Sal (1, 2, 5, and 10 µM) for 48 h. As demonstrated in 
Figure 1A, Sal treatment significantly reduced tumor cell 
proliferation dose-dependently in both p246 and p254 cells 
after 48 h of treatment. Similar results were obtained when 
cells were treated for 24 or 72 h (data not shown).

Salinomycin reduces tumor cell migration and 
invasion

After demonstrating the antiproliferative effect of 
Sal on murine CC cells, we analyzed the effect of Sal on 
tumor cell migration and invasion, applying a transwell 
assay. As demonstrated in Figure 1B, treatment with 
Sal significantly decreased transmembrane migration of 
p246 and p254 cells after treatment for 48 h and further 
incubation for another 48 h. Murine CC cell invasion 
through an artificial extracellular matrix using Matrigel-
coated membranes was likewise significantly impaired in 
response to Sal administration in a dose-dependent manner 
(Figure 1C).

Salinomycin induces apoptosis in murine CC 
cells

Next, we analyzed whether Sal induces apoptosis 
in p246 and p254 cells. As demonstrated in Figure 2A, 
Sal treatment was associated with an increased amount of 
apoptotic (AnnexinV/propidium iodide–positive) murine 
CC cells. This effect was dose-dependent in both p246 and 
p254 cells (Figure 2A). Exposure to Sal likewise resulted 
in increased DNA fragmentation in p246 and p254 cells, 
respectively (Figure 2B). Cell death was further confirmed 

in a lactate dehydrogenase (LDH) release assay. As 
demonstrated in Figure 2C, treatment with Sal resulted 
in a dose-dependent increase of LDH release in murine 
tumor cells (Figure 2C) after exposure to Sal for 24 h.

Salinomycin treatment inhibits murine CC 
growth in vivo

Two independent tumor models (subcutaneous and 
intrahepatic) were applied to investigate the effect of Sal 
on murine CC growth in vivo. Seven animals were treated 
in each group with vehicle or Sal for 2 weeks (Figure 3A). 
Chemotherapy was well-tolerated, as documented by 
the general health status of the animals and body weight 
during the treatment (Figure 3B). 

In the subcutaneous tumor model, Sal effectively 
inhibited CC growth after 14 days of daily treatment 
compared with vehicle-treated animals (Figure 3C). This 
effect was statistically significant and already visible after 
5 days of treatment. Although tumors in untreated animals 
rapidly expanded, an increase in tumor volume was 
inhibited upon Sal treatment. To reflect a metastatic setting 
of nontransplant, autochthonously grown intrahepatic 
CC model, we used the transposon-based intrahepatic 
CC induction. Therefore, local transfection of the liver 
parenchyma by electroporation with transposon DNA 
resulted in transposase-mediated oncogenic KRas-G12V-
insertion and Akt2-activation combined with Cre-mediated 
p53-knockout. This procedure resulted in the formation 
of an intrahepatic tumor with distant metastases. Sal 
likewise inhibited intrahepatic CC growth. In addition to 
reduced size of the primary tumor within the liver of the 
mice, metastatic liver spread was markedly reduced in Sal-
treated animals compared with animals treated with corn 
oil (control group, Figure 3D–3F). 

Salinomycin inhibits autophagic flux in human 
CC cells 

To assess the effect of Sal on autophagy in human 
CC cells, we treated TFK-1 and EGI-1 cells for 24 h 
with pharmacological activators (PP242) or inhibitors of 
autophagy (chloroquine (CQ)), and increasing concentrations 
of Sal (0.1, 0.5, 2, and 10 µM). Semiquantitative western 
blot analysis demonstrated a Sal-induced increase of 
LC3-II (Figure 4A). Accumulation of LC3-II was also 
detected, as expected, after CQ-mediated blockage of 
autophagolysosomal degradation.

Next, we evaluated autophagic activity in human CC 
cells. Activation of autophagy by starvation of exposure 
to PP242 resulted in an increased amount of autophagic 
compartments in both TFK-1 and EGI-1 cells, which was 
counteracted by the addition of CQ (Figure 4B). Basic 
analysis of autophagic flux after treatment with increasing 
concentrations of Sal resulted in a moderate decrease 
of autophagic flux in human CC cells (Figure 4C). 
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Figure 1: Reduced murine tumor cell proliferation and deceased migration and invasion after treatment with 
Salinomycin. (A) For the assessment of tumor cell proliferation after exposure to Sal, 5 × 103 p246 and p254 cells were cultured in 
microtiter plates in the absence or presence of increasing concentrations of Salinomycin (1, 2, 5, and 10 µM). Treatment was performed 
for 48 h. Results are displayed as a summary of at least three independent experiments as mean ± SD; **P < 0.001 compared with control.  
(B) For transwell analysis of tumor cell migration, 1 × 105 p246 or p254 cells were seeded in six-well plates equipped with a transwell insert 
and treated with increasing concentrations of Salinomycin (1, 2, 5, and 10 µM). After 48 h, the medium was changed and the cells were 
further incubated for another 48 h. Afterward, the membranes were stained with crystal violet solution, and the migrated cells were isolated 
from the lower side of the membrane and quantified by ELISA reader. (C) Alternatively, p246 and p254 cells were cultured in Matrigel-
coated transwell inserts. After 48 h of treatment and 48 h of further incubation, the number of invasive migrated cells was quantified as 
described previously. Results are shown as representative images of stained membranes at a magnification of 100 or as summary or at least 
three independent experiments as mean ± SD; *P < 0.05, **P < 0.001 compared with control. Scale bars = 100 µm.
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Figure 2: Treatment with Salinomycin induces apoptosis in murine CC cells. (A) A total of 0.5 × 106 p246 or p254 cells were 
seeded in six-well plates and grown until confluence following exposure to increasing concentrations of Salinomycin (1, 2, 5, and 10 µM) 
for 24 h. Detection of apoptosis was performed using AnnexinV-FITC and propidium iodide staining, and cells were analyzed by flow 
cytometry. Cell death was further determined by quantification of DNA fragmentation (B) and LDH release assay (C). Results are displayed 
as representative dot blots or as a summary of at least three independent experiments; *P < 0.05; **P < 0.001 compared with control.  
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Figure 3: Salinomycin inhibits murine cholangiocarcinoma growth in vivo. (A) Subcutaneous cholangiocarcinoma growth 
in Bl/6-mice was induced through injection of p254 cells into the flank of the animals. Induction of intrahepatic tumor growth was 
induced through electroporation of sleeping beauty–based oncogenic transposon plasmids into the left liver lobe, and resulted in KRas/
Akt2-activation and p53-knockout in hepatocytes. After tumor growth, treatment ensued with either vehicle or Salinomycin. (B) Effect 
of Salinomycin treatment on body weight (g) of mice. (C) After 2 weeks of treatment, Salinomycin significantly inhibited colorectal 
cancer growth in the subcutaneous tumor model. Results are shown as mean tumor volume ± SD. (D–F) Distribution of intrahepatic 
cholangiocarcinoma spread in the liver of mice (indicated as*) was also markedly reduced after treatment with Salinomycin. Results are 
shown as representative images of cholangiocarcinoma liver spread, H&E stained sections, or mean of the percentage of metastatic area ± 
SD of seven individual experiments; **P < 0.001 compared with control. 
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Activation of autophagy in TFK-1 and EGI-1 cells 
after PP242-incubation was in part counteracted by Sal 
(Figure 4D). Those effects were more visible in EGI-1 
cells compared with TFK-1 cells. To elucidate the precise 
effect of Sal on autophagic activity in human CC cells, we 
analyzed the accumulation of autophagic compartments 
in PP242-activated conditions after the blockade of 
autophagolysosomal degradation by CQ. For this, TFK-1 
and EGI-1 cells were exposed to increasing concentrations 
of Sal (0.5, 2, and 10 µM) for 24 h and compared with 
untreated cells. Sal reduced autophagic flux in TFK-1  
and EGI-1 cells in a dose-dependent manner. This 
was also observed when autophagy was activated by 
PP242 (Figure 4E). Similar results were obtained when 
autophagolysosomal degradation was induced by ACH 
(Supplementary Figure 1). 

Exposure to Salinomycin results in dysfunctional 
mitochondria and increased production of 
reactive oxygen species

Based on the observation that inhibition of autophagy 
is associated with an increased amount of dysfunctional 
mitochondria (and consequently increased production of 
reactive oxygen species (ROS) [12]), we analyzed whether 
treatment with Sal results in accumulation of mitochondrial 
mass. As demonstrated in Figure 5A, exposure to Sal for 24 
h results in an increased amount of mitochondrial mass in 
both TFK-1 and EGI-1 cells. It is remarkable that in TFK-1  
cells, an increase of mitochondrial mass was already 
observed after exposure to low concentrations of Sal. In 
EGI-1 cells, treatment with Sal resulted in a dose-dependent 
accumulation of mitochondrial mass (Figure 5A). Given 
that accumulation of mitochondrial mass is an indicator 
of mitochondrial dysfunction, we analyzed the generation 
of ROS after exposure to Sal. Treatment with Sal for 24 h 
led to increased ROS generation in TFK-1 and EGI-1 cells, 
even after exposure to low concentrations of the agent 
(Figure 5B, 5C and Supplementary Figure 2).

DISCUSSION

Our study provides evidence that Sal exerts 
its anticancer effects in CC in vivo by inhibition of 
subcutaneous and intrahepatic tumor growth. Furthermore, 
we are able to demonstrate that exposure of human CC 
cells to Sal is accompanied by inhibition of autophagic flux, 
leading to accumulation of dysfunctional mitochondria and 
increased production of ROS. 

CC is the second-most common primary liver tumor, 
and is associated with poor prognosis—especially as a 
result of irresectability in advanced stage of disease and 
ineffective chemotherapy [20]. Therefore, innovative and 
effective therapies are of utmost importance. We have 
demonstrated previously that Sal overcomes apoptosis 
resistance of human CC cells in vitro [19].

To further evaluate the potential use of Sal for 
the treatment of CC, we established a murine model 
to investigate the effectiveness of Sal in CC in vivo. 
First, we were able to demonstrate that Sal exerts its 
pro-apoptotic effect in two murine CC cell lines in a 
dose-dependent manner, accompanied by inhibition of 
tumor cell migration and invasion. Next, we induced 
subcutaneous tumor growth in C57-BL/6-mice and 
observed statistically significant inhibition of tumor 
growth compared with vehicle-treated animals. To mimic 
the clinical situation of CC, intrahepatic tumor growth 
was initiated via electroporation of oncogenic transposon 
plasmids. This resulted in KRas-activation and p53-
knockout in hepatocytes, leading to the development 
of intrahepatic CC growth [21]. Again, Sal inhibits CC 
growth and intrahepatic tumor spread in vivo. These 
findings demonstrate for the first time the effectiveness 
of Sal in a clinically relevant CC model. Additionally, 
inhibition of intrahepatic tumor spread has an important 
clinical impact, given that common chemotherapies have 
to be regarded rather in a palliative context [6]. 

Next, we aimed to understand the underlying 
molecular mechanism of Sal, which causes cell death in 
human CC cells. Based on our observation that Sal induces 
apoptosis in human CC cells [19], we hypothesized that 
interference with the activity of autophagy is related to 
the effectiveness of Sal. Because of the observation that 
tumor cells experience more inherent stress than benign 
cells, in part because of treatment with chemotherapy, 
they are regarded as dependent on functional autophagic 
activity [22]. Having demonstrated before that Sal inhibits 
autophagic flux in human hepatocellular carcinoma cells 
[12], we hypothesized that inhibition of autophagic 
activity is a possible underlying molecular mechanism 
for the effectiveness of Sal in hepatobiliary malignancies. 
Supported by the following findings, we conclude that Sal-
mediated inhibition of autophagic flux contributes to the 
effectiveness of the drug in CC. First, we demonstrated 
that Sal acts as an inhibitor of basic and pharmacologically 
induced autophagic flux in human CC cells. These 
inhibitory effects are more pronounced than the effects 
mediated by established inhibitors of autophagy. 
Second, inhibition of autophagic flux is associated with 
accumulation of dysfunctional mitochondria and increased 
generation of ROS. It has been reported before that 
interference-free autophagy is crucial for the removal of 
dysfunctional mitochondria [23, 24], which are necessary 
for the elimination of accumulated ROS. Reactive oxygen 
species–mediated induction of apoptosis by Sal has been 
reported before in other types of cancer [10, 12, 16, 25]. 
This let us suppose that Sal exerts its anticancer effects 
via generation of ROS via different molecular pathways.

The role of Sal on autophagy in cancer cells is still 
under debate. There are numerous reports indicating that 
Sal inhibits autophagy and, consequently, impairs tumor 
cell survival [10, 12, 26–29]. Besides our own observations 



Oncotarget3625www.impactjournals.com/oncotarget

Figure 4: Salinomycin inhibits autophagic flux in human CC cells. TFK-1 and EGI-1 cells were exposed to pharmacological 
activators (PP242) or inhibitors (ACH, CQ) and increasing concentrations of Salinomycin (0.1, 0.5, 2, and 10 µM) and analyzed for 
activity of autophagy. (A) Western blot analysis of LC3-II in TFK-1 (up) and EGI-1 cells indicates Salinomycin-induced accumulation 
of LC3-II as a result of inhibition of autophagy. (B) Basic and activated autophagic flux in TFK-1 and EGI-1 cells was analyzed by 
measurement of autophagic compartments. Basic and activated autophagic flux was counteracted by the addition of CQ. (C) Basic 
activation of autophagy after exposure to Salinomycin for 24 h. (D) PP242-activated autophagic flux was partially counteracted by Sal. 
(E) Treatment with Salinomycin counteracts PP242-induced activation of autophagy and is associated with decreased accumulation of 
autophagic compartments after blockage of autophagolysosomal degradation, indicating inhibition of autophagic flux in TFK-1 and EGI-1 
cells. Results are displayed as a summary of at least three independent experiments as mean ± SD; *P < 0.05 compared with control.
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Figure 5: Treatment with Salinomycin results in accumulation of mitochondrial mass and increased generation of 
ROS. (A) Analysis of total mitochondrial mass in TFK-1 and EGI-1 cells after exposure to increasing concentrations of Salinomycin  
(0.1, 0.5, 2, 5, and 10 μM) was assessed using MTR green. After 24 h, accumulation of mitochondrial mass was observed in both TFK-1 and 
EGI-1 cells. (B) Increased generation of ROS after treatment with Salinomycin in TFK-1 and EGI-1 cells using CM-H2DCFDA staining 
and analyzed by flow cytometry. (C) Immunostaining of TFK-1 cells after exposure of Sal confirmed increased ROS generation. Results 
are displayed as a summary of at least three independent experiments as mean ± SD or as representative image capture by fluorescence 
microscopy; *P < 0.05 compared with control. Scale bars = 50 µm.
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in HCC cells [12], two studies demonstrated induction of 
apoptosis in breast cancer cells after inhibition of autophagic 
flux by Sal [28, 29]. In contrast, other studies propose that 
Sal acts as an activator of autophagy, leading to apoptotic 
cell death [10, 18, 26, 27]. Similar to our observations, Sal-
mediated cell death via induction of autophagy is associated 
with impaired mitochondrial function and increased 
production of ROS. Those paradoxical observations 
regarding the effect of Sal on the activity of autophagy 
might be explained by the assumption that the molecular 
mechanism differs between different types of cancer. All 
in common is that Sal-mediated interference of autophagic 
flux results in tumor cell death. 

CONCLUSIONS

Taken together, our data demonstrate that Sal is 
able to effectively inhibit CC growth in two different 
tumor models in vivo. Furthermore, we provide evidence 
that Sal suppresses autophagic flux in human CC cells, 
representing a possible underlying molecular mechanism. 
Further studies are necessary to compare the effectiveness 
of Sal and common chemotherapy for CC in vivo. This 
would help to delineate the potential clinical use of Sal for 
patients with CC.

MATERIALS AND METHODS

Cell lines and culture

The murine CC cell lines p246 and p254 were 
obtained from murine models of intrahepatic CC [21], 
and were used to analyze the effect of Sal in vitro. Cells 
were cultured in RPMI medium + Glutamax (Invitrogen, 
Darmstadt, Germany) supplemented with 10% fetal calf 
serum, penicillin (50 U/mL), and streptomycin (50 mg/L) 
at 37°C and 5% CO2. The two human CC cell lines EGI-
1 and TFK-1 were used to analyze the effect of Sal on 
autophagic flux. The EGI-1 and TFK-1 cells were cultured 
in culture medium (RPMI 1640 + Glutamax, supplemented 
with 10% fetal bovine serum, 10 mM HEPES-Buffer, 1% 
MEM nonessential amino acids, penicillin (50 U/mL), 
and streptomycin (50 mg/L)) (Invitrogen) at 37°C and 5% 
CO2. High balanced salt solution containing 6 mM glucose 
was used as starvation medium.

Chemicals 

Sal was purchased from Sigma-Aldrich (St. Louis, 
MO, USA) and was dissolved in dimethyl sulfoxide for 
in vitro analysis or in corn oil for in vivo applications. 
The established inhibitors or activators of autophagy 
chloroquine (CQ), ammonium chloride (ACH), and 
PP242 were obtained from Enzo Life Sciences [30]. Stock 
solutions were stored at 20°C. Antibodies for β-actin light 
chain protein 3 (LC3) were purchased from Sigma Aldrich.

Proliferation 

A total of 5 × 103 murine CC cells were cultured 
in 96-well flat-bottom plates. Cells were exposed to 
increasing concentrations of Sal (1, 2, 5, and 10 µM) for 
48 h. Cell proliferation was measured using the WST-1 
assay, which is based on the cleavage of the tetrazolium 
salt WST-1 into formazan by healthy cells. Formazan 
formation was quantified by measuring the absorbance at 
450 nm according to the manufacturer’s instructions. 

Tumor cell migration and invasion

Tumor cell migration was investigated using transwell 
chambers (Cell Biolabs, San Diego, CA, USA) equipped 
with an 8-µm pore polycarbonate membrane as described 
in [31]. A total of 1 × 105 murine CC cells were seeded 
in the upper compartment of the membrane in culture 
medium without fetal calf serum. The lower compartment 
of the chamber was filled with culture medium containing 
20% fetal calf serum. Cells were cultured in the absence 
or presence of Sal for 48 h. Afterward, the medium was 
changed and the cells were incubated for another 48 h. 
Membranes were stained with crystal violet solution, and 
the migrated cells on the lower side of the membrane were 
isolated from the membrane and quantified by measurement 
of the absorbance at 540 nm according to the manufacturer’s 
instructions and as described in [11].

Tumor cell invasiveness was analyzed by seeding 
1 × 105 cells in Matrigel-coated membranes of transwell 
chambers (Cell Biolabs) according to the manufacturer’s 
instructions and as described in [32]. Tumor cell invasion 
assay was further performed as described previously for 
tumor cell migration assay.

Apoptosis

Cells were analyzed for apoptosis induction after 
exposure to Sal for 24 h using the AnnexinV apoptosis 
detection kit (BD Biosciences, San Jose, CA, USA), 
according to the manufacturer’s instructions as described in 
[12, 19]. Apoptosis was further quantified by quantification 
of DNA fragmentation in cultured p254 and p246 cells using 
the HT Titer TACS Assay Kit (Trevigen, Gaithersburg, MD, 
USA) according to the manufacturer’s instructions and as 
described in [33]. Tumor cell death was analyzed applying 
the LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific, 
Waltham, MA, USA) following the manufacturer’s protocol 
and as described in [34].

Animal models and treatment

Animal experiments were carried out in 6- to 
10-week-old C57-BL/6-mice purchased from Charles 
River Laboratories. Animals were housed under standard 
conditions with free access to food and water under 
constant environmental conditions with a 12-h day–night 
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cycle. Isoflurane was used for inhalation anesthesia. 
For the subcutaneous CC model, 1 × 106 p254 cells 
were injected in 50-µL Matrigel (BD Biosciences) into 
the flank of mice. After 7 days and a tumor volume of 
approximately 50 mm3, the animals were randomized 
and treated either with corn oil (control group) or Sal 
(4 mg/kg). Tumor volume was assessed daily during 
chemotherapy for a total duration of 14 days. The effect of 
Sal on intrahepatic tumor growth is based on a transposon-
mediated, autochthonously grown cholangiocarcinoma 
model, as described in [21]. In brief, electroporation of 
sleeping beauty–based oncogenic transposon plasmids into 
the left liver lobe of 6- to 8-week-old p53fl/fl mice (Strain 
B6129P2-Trp53tm1Brn/J) resulted in KRas-activation and 
p53-knockout in hepatocytes, leading to the development 
of intrahepatic CC growth [21]. After tumor induction 
within 3 weeks, the animals were treated with Sal (4 mg/kg)  
for 14 days. Afterward, intrahepatic tumor growth and 
spread were analyzed based on hematoxylin and eosin 
(H&E) staining, as described in [11]. The metastatic area 
within the livers was determined morphometrically by 
applying ImageJ software. Twenty pictures from each 
H&E stained slide (10 slides per animal) were randomly 
taken, and the metastatic lesions marked. Pixels within the 
marked areas were related to the overall pixel count by 
Image J software, and the mean ± standard deviation (SD) 
was calculated and expressed as a percentage of metastatic 
area in correlation to the whole liver.

The local animal care committees of the University 
of Heidelberg and Hannover Medical School approved all 
experiments. 

Analysis of Sal-mediated effect on CC cell 
autophagic activity

Autophagic flux in human CC cell lines was analyzed 
by conversion of LC3-I to LC3-II and determined by western 
blotting using an anti-LC-3B antibody (Sigma-Aldrich) 
as described in [12]. In brief, after drug treatment, nuclear 
protein was isolated (Life Technologies, Carlsbad, CA, 
USA). Protein content was determined by applying the BCA 
Protein Assay Kit (Life Technologies). Equal amounts of 
protein were separated by 10% SDS-PAGE and transferred 
to polyvinylidene difluoride membranes (Merck Millipore, 
Billerica, MA, USA). The membranes were incubated 
overnight with primary antibodies against human LC3-II. 
After washing, membranes were incubated and developed 
with a horseradish peroxidase-conjugated secondary antibody 
(Life Technologies). β-actin served as an internal control.

Autophagic flux also was determined using the 
Cyto-ID Autophagy Detection Kit (Enzo Life Sciences, 
Farmingdale, NY, USA), according to the manufacturer’s 
instructions described in [12]. This assay is based 
on a specific dye that selectively stains autophagic 
compartments. Autophagic flux is therefore quantified 
as accumulation of autophagic compartments in basic 

or activated conditions (starvation medium or PP242-
incubation) after the blockage of autophagolysosomal 
degradation by CQ or ACH. Autophagic flux is calculated 
by subtracting the Cyto-ID mean fluorescence intensity 
(MFI) of the sample without CQ/ACH from the Cyto-ID 
MFI of the sample with CQ/ACH for each condition using 
the following formula: ΔMFI Cyto-ID = MFI Cyto-ID 
(+CQ/ACH)  MFI Cyto-ID (-CQ/ACH). 

Measurement of mitochondrial mass and ROS 
generation 

Mitochondrial mass was determined by flow cytometry 
using MitoTracker Green FM (MTR green) staining 
(Molecular Probes, Eugene, OR, USA), according to the 
manufacturer’s instructions and described in [12]. The ROS 
generation was determined by flow cytometry, applying 
5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein 
diacetate, acetyl ester (CM-H2DCFDA) staining (Invitrogen) 
according to the manufacturer’s instructions and described in 
[12]. The ROS generation was further analyzed by applying 
the MitoTracker Probes Red Fm Kit (Invitrogen) according to 
the manufacturer’s instructions and described in [35].

Immunohistochemistry

Paraffin fixed-tissue samples were cut into sections 
of 5 µm, and routine H&E staining was performed to 
evaluate histomorphological features. 

Statistical analysis

Statistical analysis was performed using GraphPad 
Prism 6 (GraphPad Software, La Jolla, CA, USA). 
Student’s t-test or analysis of variance was applied as 
appropriate. Differences were regarded as statistically 
significant with P < 0.05. Results were expressed as mean 
± SD of at least three independent experiments.
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