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A B S T R A C T

Stromal-interaction molecule 1 (STIM1)-mediated store-operated Ca2+ entry (SOCE) plays a key role in med-
iating cardiomyocyte hypertrophy, both in vitro and in vivo. Moreover, there is growing support for the con-
tribution of SOCE to the Ca2+ overload associated with ischemia/reperfusion injury. Therefore, STIM1 inhibi-
tion is proposed as a novel target for controlling both hypertrophy and ischemia/reperfusion-induced Ca2+

overload. Our aim was to evaluate the effect of ML9, a STIM1 inhibitor, on cardiomyocyte viability. ML9 was
found to induce cell death in cultured neonatal rat cardiomyocytes. Caspase-3 activation, apoptotic index and
release of the necrosis marker lactate dehydrogenase to the extracellular medium were evaluated. ML9-induced
cardiomyocyte death was not associated with increased intracellular ROS or decreased ATP levels. Moreover,
treatment with ML9 significantly increased levels of the autophagy marker LC3-II, without altering Beclin1 or
p62 protein levels. However, treatment with ML9 followed by bafilomycin-A1 did not produce further increases
in LC3-II content. Furthermore, treatment with ML9 resulted in decreased LysoTracker® Green staining.
Collectively, these data suggest that ML9-induced cardiomyocyte death is triggered by a ML9-dependent dis-
ruption of autophagic flux due to lysosomal dysfunction.

1. Introduction

Depletion of intracellular Ca2+ stores triggers a specialized Ca2+

influx mechanism called store-operated Ca2+ entry (SOCE)
(Stathopulos and Ikura, 2017). SOCE is involved in replenishing Ca2+

stores in the endoplasmic reticulum (ER) and sarcoplasmic reticulum
(SR) (Stathopulos and Ikura, 2017). The major protein components of
SOCE are the Ca2+ sensor protein stromal-interaction molecule 1
(STIM1) and the Ca2+ channel protein Orai1 (Zhang and Trebak,
2011).

STIM1 is mainly located in the ER but is also found in the plasma
membrane and acidic stores. STIM1 contains a single transmembrane
domain, an EF-hand domain, Ca2+-binding and sterile alpha motif
(SAM) domains in the ER/SR lumen, cytoplasmic ezrin-radixin-moesin
(ERM) domains and Ser/Pro-rich and Lys-rich domains (Jardin and

Rosado, 2016). STIM1 detects Ca2+ depletion in the ER/SR and re-
sponds by clustering to ER/SR regions near the plasma membrane,
where it activates the store-operated Ca2+ channels Orai1 and TRPC1,
allowing for Ca2+ entry (Jardin and Rosado, 2016).

Several studies have described the presence and activity of SOCE in
neonatal cardiomyocytes (Hunton et al., 2002; Uehara et al., 2002).
Most of the evidence for the role of STIM1 in cardiomyocytes has been
generated in the context of cardiac hypertrophy (Hulot et al., 2011; Luo
et al., 2012; Voelkers et al., 2010). STIM1 is necessary for cardiomyo-
cyte hypertrophy in vitro and in vivo (Hulot et al., 2011) as well as
pathological cardiac hypertrophy (Luo et al., 2012). STIM1 also reg-
ulates normal and hypertrophic postnatal cardiac growth in vitro, along
with Orai1 (Voelkers et al., 2010). Moreover, there is growing support
for the contribution of SOCE to Ca2+ overload, a key mediator of acute
ischemia/reperfusion injury (Collins et al., 2013). Pharmacological
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inhibition of SOCE with Gd3+, La3+ and 2-aminoethoxydiphenyl borate
abolishes Ca2+ overload in adult mouse cardiomyocytes (Kojima et al.,
2010). Glucosamine, a SOCE inhibitor, protects the heart against Ca2+

overload and acute I/R injury (Liu et al., 2006). Therefore, STIM1 in-
hibition has been proposed as a therapeutic target for preventing car-
diac hypertrophy and I/R-induced injury (Collins et al., 2013).

ML9 (1-(5-chloronaphthalenesulfonyl)homopiperazine hydro-
chloride) is a well-known chemical inhibitor of STIM1 (Smyth et al.,
2008), Akt kinase (Garcia et al., 2005; Smith et al., 2000) and myosin
light-chain kinase (Saitoh et al., 1987). However, little is known about

the effects of ML9 on cardiomyocyte viability. To explore the use of
ML9 as a potential therapeutic agent against cardiac hypertrophy and
injury after I/R, we investigated the effects of ML9 on cardiomyocyte
cell death. Surprisingly, we found that ML9 increases cardiomyocyte
death by disrupting autophagy.

Fig. 1. ML9 induces cardiomyocyte cell death. (A) Dose dependent effects of ML9 on cardiomyocyte viability. Cultured NRVM were exposed to 0, 10, 50 and 100 μMML9 for 0, 1, 4, 8 and
24 h. Cell viability was assessed by Trypan blue exclusion assay and is expressed as a percentage. Values are the mean of 6 independent experiments ± SEM. ⁎p < 0.05 vs. 0 h;
#p < 0.05 vs. 0 μM ML9. (B–D) Induction cardiomyocyte necrosis by ML9. (B) Cultured NRVM were exposed to 50 μM ML9 for 4 h. Cells were trypsinized and stained with 10 μg/mL
propidium iodide (PI) for 30min at 37 °C and analyzed by flow cytometry. Values are the mean of 4 independent experiments ± SEM. ⁎p < 0.05 vs. control. (C) LDH activity was
determined in the culture media by spectrophotometry. Values are the mean of 6 independent experiments ± SEM. ⁎p < 0.05 vs. control. (D-F) Induction cardiomyocyte apoptosis by
ML9. Cultured NRVM were exposed to 0, 10, 50 and 100 μM ML9 for 1, 4 and 8 h. Total protein extracts were obtained and caspase-3 protein levels determined by Western blot. GAPDH
was used as a loading control. (D) Representative Western blots. (E) Dose response of ML-9 on caspase 3 cleavage. (F) Time response of ML9 on caspase 3 cleavage. Values are the mean of
3 independent experiments ± SEM. ⁎p < 0.05 vs. respective control. (G) Regulation of STIM1 protein levels by ML9. Cultured NRVM were exposed to 50 μMML9 for 4 h. STIM1 protein
levels were determined by Western blot. GAPDH was used as a loading control. Upper panel is a representative Western blot. Lower panel is depicted in the quantification. Values are
mean ± SEM. ⁎p < 0.05 vs. control.
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2. Materials and methods

2.1. Reagents and antibodies

Fetal bovine serum (FBS), trypsin, and Hoechst were purchased
from Invitrogen (CA, USA). ML9 was from Tocris Bioscience (MN, USA).
Secondary antibodies were obtained from Calbiochem (ON, Canada).
p62 antibody were from Abcam (MA, USA), and LC3, Beclin1, caspase-
3, GAPDH, STIM1, secondary HRP-coupled antibodies were from Cell
Signaling Technology (MA, USA). 2′,7′-dichlorofluorescin diacetate
(DCFH-DA), MitoTracker Orange (MTO) and LysoTracker® Green was
from Thermo Fisher Scientific (CA, USA). Non-fat milk was from Nestlé
(Santiago, Chile). All materials for SDS-PAGE and Western blot, in-
cluding PDVF membranes and ECL system, were from Bio-Rad
Laboratories (CA, USA). DMEM, M199, bromodeoxyuridine, propidium
iodide (PI) and all other reagents were analytical grade, purchased from
Sigma-Aldrich Co. (MO, USA) or as specified in the corresponding
manuscript section.

2.2. Cell culture

Rats were obtained from the Animal Breeding Facility of the
University of Chile, Faculty of Chemical and Pharmaceutical Sciences.

All experiments adhered to the Guide for the Care and Use of
Laboratory Animals published by the U.S. National Institutes of Health
(NIH) (8th Edition, 2011) and were approved by our Institutional Ethics
Review Committee. Neonatal rat ventricular myocytes (NRVM) were
isolated from 1 to 3-day-old Sprague-Dawley rat hearts. Lysates were
digested with collagenase, and the resulting cell suspension was pre-
plated to remove the fibroblasts. NRVM were plated at a density of
1250 cells/mm2 in DMEM/M199 (4:1) media containing 10% FBS and
100 μM bromodeoxyuridine (Foncea et al., 2000). Cardiomyocytes were
then cultured in DMEM 4.5mg/mL glucose containing 2% FBS for at
least 18 h prior to experiments.

2.3. Preparation of cell extracts and western blot analysis

After the corresponding experimental treatment, the culture
medium was removed and the cells (1.5× 106) washed with cold PBS
and scraped into 60 μL cold NP40 lysis buffer. Proteins were quantified
by Bradford assay (Bio-Rad Laboratories, CA, USA). Proteins (approxi-
mately 30 μg/lane) were loaded and separated according to molecular
weight by SDS-PAGE and transferred to PVDF membrane. Non-specific
binding sites were blocked with 5% (w/v) non-fat milk in Tris-buffered
saline (pH 7.6) containing 0.1% (v/v) Tween 20 for 1 h at room tem-
perature. Membranes were incubated with the corresponding primary

Fig. 2. ML9 does not modify cardiomyocyte mitochondrial mor-
phology, ATP content or ROS levels.
(A) Mitochondria were labeled by preloading cultured NRVM with
MitoTracker Orange (MTO, 200 nM) for 1 h. Then cells were exposed
to 50 μM ML9 for 4 h. Z stack images were captured with confocal
microscopy (60×). Inserts are amplifications of the indicated areas.
Bar= 10 μm. After deconvolution, mitochondrial size and number
were determined using Image J software. For each condition, at least
40 cells from 4 individual experiments were analyzed. Left panels
are representative images. Right panels are the quantification.
Values are the mean ± SEM of 4 independent experiments.
⁎p < 0.05 vs. control. (B) Reactive oxygen species (ROS) production
was measured with 2′,7′-dichlorofluorescin diacetate (DCFH-DA,
5 μM) using flow cytometry. Values are the mean ± SEM of 4 in-
dependent experiments. (C) ATP content was determined using lu-
ciferin/luciferase assay. Values are the mean of 6 independent
experiments ± SEM.
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antibodies overnight at 4 °C. GAPDH was used as a loading control in
each experiment. After an additional incubation period with secondary
HRP-coupled antibody for 1 h at room temperature, the blots were
developed by chemiluminescence using the ECL system and quantified
by scanning densitometry (Genesys, Syngene, USA).

2.4. Evaluation of necrosis and apoptosis

Cell death was quantified using PI staining. In brief, after the cor-
responding experimental treatment, the media were collected in tubes
and the cells trypsinized and collected in the corresponding tube. Cells
were stained with 10 μg/mL PI for 30min at 37 °C and analyzed in the
FL2-A channel of the flow cytometer (Accuri C6, BD Bioscience, USA).
Data were analyzed using the BD CSampler platform. CytoTox 96®
(Promega, WI, USA) is a non-radioactive, colorimetric assay. The assay
measures lactate dehydrogenase (LDH), a stable cytosolic enzyme that
is released upon cell lysis. Levels of LDH released into the culture media
and total LDH were measured with coupled enzymatic assay (conver-
sion of tetrazolium salt to red formazan). Visible wavelength (490 nm)
absorbance data were recorded using a standard 96-well plate reader
(Glomax Multidetection System, Promega, USA). Cleaved caspase-3 was
used as an apoptotic marker, detected using Western blot.

2.5. Reactive oxygen species (ROS) production levels

To measure intracellular ROS levels, NRVM were grown over ge-
latin-coated culture plates. After the corresponding experimental
treatment, cells were loaded with DCFH-DA (5 μM) for 30min at 37 °C.
The growth media were then collected in tubes and the cells trypsinized
and collected in the corresponding tube. Cells were analyzed in the FL1-

A channel of the flow cytometer (Accuri C6, BD Bioscience). Data were
analyzed using the BD CSampler platform.

2.6. Mitochondrial and lysosomal analyses

Isolated cultured cardiomyocytes were subjected to experiment
treatments, preincubated for 1 h with MTO (200 nM) and washed with
Krebs solution. Cellular distribution of mitochondria was monitored
using standard confocal microscopy with 60× magnification (Zeiss
LSM 700, Germany). Images were analyzed with Image J (NIH, USA)
software. For the lysosomal analysis, cardiomyocytes were cultured in
DMEM supplemented with 2% serum for the basal autophagic condi-
tion. For the treatment condition, NRVM were incubated with 200 nM
LysoTracker® Green for 1 h and then washed to remove excess probe.
After treatment, the cells were washed with PBS and trypsinized. The
collected cell suspensions were analyzed in the FL1-A channel of the
flow cytometer.

2.7. ATP measurement

ATP content was determined by luciferin/luciferase assay
(CellTiter-Glo Kit, Promega, USA).

2.8. Cell viability assay

Cell viability assays were performed using the trypan blue exclusion
test as described (Copaja et al., 2011).

2.9. Evaluation of the progression of autophagy

The autophagosome-lysosome fusion suppressor bafilomycin-A1
was used to assess autophagy flux. Cultured NRVM were exposed to
bafilomycin-A1 (50 nM) during the last 4 h of treatments. LC3 proces-
sing and p62 and Beclin1 levels were determined by Western blot
(Klionsky et al., 2016). To assess autophagosome formation, cells were
transduced with adenovirus expressing GFP-LC3 at a MOI of 20. Sub-
cellular distribution of GFP-LC3 was monitored using standard confocal
microscopy with 60× magnification (Zeiss LSM 700, Germany). Images
were analyzed with Image J (NIH, USA) software.

2.10. Statistical analysis

Data are presented as mean ± SEM of n independent experiments
and represent experiments performed on at least three separate at-
tempts with similar outcomes. Data were analyzed using Student's t-test
or ANOVA, and comparisons between groups were performed using a
protected Dunnett's or Tukey's test; p > 0.05 was the cut-off for sta-
tistical significance. The GraphPad Prism 6 statistical program was used
for data analysis.

3. Results

3.1. ML9 induces cardiomyocyte death

In cultured NRVM, increasing ML9 concentration and incubation
time decreased cell viability. Basal cell death was 9 ± 2% and no re-
duction in cardiomyocyte viability was observed with 10 μM ML9 up to
24 h. However, treatment with 50–100 μM ML9 for 4–24 h significantly
induced cell death (Fig. 1A). To characterize the type of cell death,
NRVM were exposed to 50 μM ML9 for 4 h, which provoked a 2.5-fold
increase in PI-positive cells over basal levels (Fig. 1B) and a 4-fold in-
crease in extracellular LDH activity (Fig. 1C), suggesting necrotic cell
death. However, 10–100 μM ML9 for 4–8 h also significantly increased
cleaved caspase-3 levels (Fig. 1D–F), suggesting that ML9 also triggers
cardiomyocyte apoptosis. The effectiveness of ML9 was verified by
measuring STIM1 protein levels. Treatment with 50 μM ML9 for 4 h

Fig. 3. ML9 increases LC3-II but not Beclin1 protein levels in cardiomyocytes.
Cultured NRVM were exposed to 0, 10, 50 and 100 μM ML9 for 4 h. (A) LC3-II and (B)
Beclin1 protein levels were determined by Western blot. GAPDH was used as a loading
control. Upper panels are representative Western blots. Lower panels are the quantifi-
cations. Values are the mean ± SEM of 3 independent experiments. ⁎p < 0.05 vs. basal
levels.
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decreased STIM1 protein levels by about 42% (Fig. 1G). Taken together,
these results suggest that ML9 induces cardiomyocyte death through
necrosis and apoptosis.

3.2. ML9 does not affect mitochondrial function in cardiomyocytes

To identify the mechanism underlying ML9-induced cardiomyocyte
cell death, mitochondrial morphology and function were characterized.
Treatment with 50 μM ML9 for 4 h increased the number of mi-
tochondria per cell by about 63% over the basal condition (Fig. 2A). No
changes were observed in mitochondrial size (Fig. 2A), ROS levels
(Fig. 2B) or total ATP content (Fig. 2C). These results suggest that ML9
did not interfere with mitochondrial function. Therefore, energy me-
tabolism is not likely to be involved in ML9-induced cell death.

3.3. ML9 disrupts autophagic flux in cardiomyocytes

We and others have shown that autophagy is required for cardio-
myocyte survival under stress conditions (Lavandero et al., 2015;
Marambio et al., 2010). To investigate whether autophagy is involved
in ML9-induced cardiomyocyte death, levels of the autophagic markers
LC3-II, Beclin1, p62 and autophagosomes were measured. Incubation
with ML9 for 4 h increased total LC3-II protein in a concentration-

dependent manner (Fig. 3A) but did not affect Beclin1 protein levels
(Fig. 3B). Moreover, exposing cardiomyocytes to 50 μM ML9 for 4 h
increased LC3-II levels by about 1.5-fold over control levels (Fig. 4A)
but did not affect p62 protein levels (Fig. 4B). The above treatments
also increased the number of autophagosomes, visualized as LC3-GFP
puncta (Fig. 4C). Autophagic flux was assessed using bafilomycin-A1.
Treatment with ML9+bafilomycin-A1 produced no significant change
in LC3-II levels as compared to ML9 alone (Fig. 4A), indicating that
autophagic flux is inhibited by ML9. Moreover, p62 expression treat-
ment was nearly identical after treatment with 50 μM ML9 vs. 50 μM
ML9+50 nM bafilomycin-A1 (Fig. 4B). To confirm the above results,
we analyzed autophagosome formation according to GFP-LC3 puncta
distribution (Fig. 4C). Treatment with 50 μM ML9 vs. 50 μM
ML9+50 nM bafilomycin-A1 produced similar levels of GFP-LC3
puncta formation (Fig. 4C). Taken together, these results suggest that
ML9 inhibits autophagic flux in cardiomyocytes.

3.4. ML9 decreases lysosomal content in cardiomyocytes

To determine the mechanism underlying ML9-induced inhibition of
autophagic flux, lysosomes were evaluated using LysoTracker® Green.
This probe is a weakly basic amine that selectively accumulates in
cellular compartments with low internal pH and is therefore often used

Fig. 4. ML9 disrupts autophagic flux in cardio-
myocytes.
Cultured NRVM were exposed to 50 μM ML9 for
4 h in the presence or absence of bafilomycin A1
(BafA1, 50 nM). (A) LC3-II and (B) p62 protein
levels were assessed by Western blot. GAPDH
was used as a loading control. Upper panels are
representative Western blots. Lower panels are
the quantifications. Values are mean ± SEM of 3
independent experiments. ⁎p < 0.05 vs. control.
(C) Cultured NRVM were transduced with ade-
novirus overexpressing GFP-LC3 at a multiplicity
of infection (MOI) of 20. After 24 h of culture,
cardiomyocytes were exposed to 50 μM ML9 for
4 h in the presence or absence of bafilomycin A1
(BafA1, 50 nM). Images were acquired using
confocal microscopy with 60× magnification
and analyzed using Image J software. Inserts are
amplifications of the indicated areas.
Bar=10 μm. LC3-GFP puncta were analyzed in
20 cells per experiment. Upper panels are re-
presentative images. Lower panels are the quan-
tifications. Values are the mean ± SEM of 4 in-
dependent experiments. ⁎p < 0.05 vs. basal
levels.

S. Shaikh et al. Toxicology in Vitro 48 (2018) 121–127

125



as a lysosome marker (Griffiths et al., 1988). Under basal condi-
tions, > 80% of cardiomyocytes were stained with LysoTracker® Green
(Fig. 5A). However, when cells were pretreated with 50 μM ML9, the
LysoTracker® Green signal was almost null (Fig. 5B). This result sug-
gests that ML9 affects lysosomes by increasing the pH of the compart-
ment thereby decreasing the accumulation of LysoTracker® Green
within the lysosomes.

4. Discussion

In this study, we provide compelling evidence that the STIM1 in-
hibitor ML9 induces cardiomyocyte death through necrosis and apop-
tosis by disrupting autophagic flux. ML9 induced necrosis at 4 h of
treatment, as detected by increased incorporation of PI and release of
LDH into the culture media. Moreover, at 8 h of ML9 treatment, cleaved
caspase-3 levels were elevated, suggesting the occurrence of apoptosis.
However, no alteration in ATP content, mitochondrial morphology or
ROS production were detected, suggesting that neither energy collapse
nor oxidative stress are likely to be involved in ML9-induced cardio-
myocyte death.

Previous reports regarding the effects of ML9 on cell death have
been contradictory. ML9 induces apoptosis in normal and transformed
MCF-10A epithelial cells (Connell and Helfman, 2006) and in LNCaP
prostate cancer cells (Kondratskyi et al., 2014). This effect has been
linked to myosine light chain kinase (MLCK) inhibition (Connell and
Helfman, 2006; Kondratskyi et al., 2014). Here, we found that ML9
triggers apoptosis and necrosis in NRVM. To our knowledge, this is the
first description of ML9-triggered necrosis. However, ML9 does not

induce apoptosis in clonal neuronal cells from the cell line ML-DmBG2-
c2, derived from the central nervous system of Drosophila larvae
(Nagano et al., 1998). Furthermore, ML9 has an antiapoptotic action in
endothelial progenitor cells (Wang et al., 2016) and PC12 cells (Li et al.,
2013). In these last two cases, the effects of ML9 have been linked to
STIM1 inhibition (Li et al., 2013; Nagano et al., 1998). Therefore, the
effect of ML9 on viability is cell type-dependent. So far, ML9 metabo-
lites have not been described. Therefore, we cannot discard that some
of the contradictory data could be due to toxic effect of ML9 metabolites
rather than ML9 itself.

Autophagy is a predominantly protective mechanism against dis-
ease-related stress, but dysfunctional or impaired autophagy may con-
tribute to the morbidity and mortality associated with cardiovascular
diseases (Lavandero et al., 2015). We have previously described that
inhibition of autophagy in stressed cardiomyocytes promotes cell death
(Marambio et al., 2010). Moreover, proper control of autophagic flux
supports cardiomyocyte viability (Troncoso et al., 2012). Therefore,
ML9-induced disruption of autophagy disruption may be an important
trigger for cardiomyocyte death.

Previous evidence has shown that ML9 can disrupt autophagic flux.
Zhang et al. (Zhang et al., 2007), using high-throughput, image-based
screening for small-molecule regulators of autophagy, found that ML9
increases the number of GFP-LC3 vesicles in human glioblastoma H4
cells. Moreover, a structurally-related analog of ML9 known as ML7
induces accumulation of vesicle-like structures in Schwann cells
(Leitman et al., 2011). Kondratskyi et al. (Kondratskyi et al., 2014)
described that ML9 induces the accumulation of autophagic vacuoles in
prostate cancer cells. Here, we showed that ML9 also induces

Fig. 5. ML9 decreases LysoTracker Green labeling in cardiomyo-
cytes.
Cultured NRVM were exposed to 50 μMML9 for 4 h. Lysosomes were
labeled by incubating cardiomyocytes with 200 nM LysoTracker®
Green during the last 1 h of ML9 treatment. Cells were detached
using trypsin and analyzed using flow cytometry. Upper panels are
representative cytometry histograms. Lower panel is the quantifica-
tion. Values are the mean ± SEM of 3 independent experiments,
each with 4 replicates. ⁎p < 0.05 vs. control.
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accumulation of GFP-LC3-positive vesicles in cardiomyoctyes. Our data
suggest that the ML9-induced increase in GFP-LC3 vesicles is due to
inhibition of autophagosome degradation. Kondratskyi et al.
(Kondratskyi et al., 2014) proposed that this effect of ML9 may be at-
tributable to its weak base properties. ML9, as a lipophilic weak base,
may enter the cell by simple diffusion. At a neutral pH, ML9 should be
in its non-protonated form. When ML9 enters an acidic vacuole such as
a lysosome, it is protonated, becoming positively charged and therefore
trapped in the organelle. This sequence of events should lead to an
increase in intralysosomal pH, inhibiting the lysosomal enzymes and
disrupting autophagy.

Given its effects on cardiomyocyte viability and autophagy, our
results suggest that ML9 would not be useful a cardioprotector during
ischemia/reperfusion nor as an anti-hypertrophic compound. However,
in vivo research should be performed to corroborate our findings.
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