90678 Auto Edited.docx



Amlodipine inhibits the proliferation and migration of esophageal carcinoma cells

through the induction of endoplasmic reticulum stress

Chen YM et al. Amlodipine inhibits EC through ER stress

Abstract

BACKGROUND

L-type calcium channels are the only protein channels sensitive to calcium channel
blockers, and are expressed in various cancer types. The Cancer Genome Atlas database
shows that the mRNA levels of multiple L-type calcium channel subunits in esophageal
squamous cell carcinoma tumor tissue are significantly higher than those in normal
esophageal epithelial tissue. Therefore, we hypothesized that amlodipine, a long-acting
dihydropyridine L-type calcium channel blocker, may inhibit the occurrence and

development of esophageal cancer (EC).

AIM
To investigate the inhibitory effects of amlodipine on EC through endoplasmic

reticulum (ER) stress.

METHODS

Cavl.3 protein expression levels in 50 pairs of EC tissues and corresponding
paracancerous tissues were examined. Subsequently, the _inhibitory effects of
amlodipine on proliferation and migration of EC cells in vitro were detected using 3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide and Transwell assays.
In vivo experiments were performed using murine xenograft model. To elucidate the
underlying mechanisms, in vitro cell studies were performed to confirm that ER stress
plays a role in inhibition proliferation and migration of EC cells treated with

amlodipine.

RESULTS
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The expression level of Cav1.3 in esophageal carﬁloma was 1.6 times higher than that
in paracancerous tissues. Amlodipine treatment decreased the viability of esophageal
carcinoma cells in a dose- and time-dependent manner. In vivo animal experiments also
clearly indicated that amlodipine inhibited the growth of EC tumors in mice.
Additionally, amlodipine reduces the migration of tumor cells by facilitating epithelial-
mesenchymal transition (EMT). Mechanistic studies have demonstrated that
amlodipine induces ER stress-mediated apoptosis and suppresses EMT. Moreover,
amlodipine-induced autophagy was characterized by an increase in autophagy
lysosomes and the accumulation of light chain 3B protein. The combination of
amlodipine with the ER stress inhibitor 4-phenylbutyric acid further confirmed the role
of the ER stress response in amlodipine-induced apoptosis, EMT, and autophagy.

Furthermore, blocking autophagy increases the ratio of apoptosis and migration.

CONCLUSION
Collectively, we demonstrate for the first time that amlodipine promotes apoptosis,
induces autophagy, and inhibits migration through ER stress, thereby exerting anti-

tumor effects in EC.

Key Words: L-type calcium channel; Amlodipine; Esophageal cancer; Autophagy;

Endoplasmic reticulum stress

Chen YM, Yang WQ, Gu CW, Fan YY, Liu YZ, Zhao BS. Amlodipine inhibits the
proliferation and migration of esophageal carcinoma cells through the induction of

endoplasmic reticulum stress. World | Gastroenterol 2023; In press

Core Tip: L-type calcium channel blockers have been shown to inhibit the growth of
various tumors. We observed a higher expression of the L-type calcium channel Cav1.3
in esophageal cancer (EC) tissue than in paracancerous tissues. Subsequently, we

confirmed that amlodipine inhibited the development of EC both in vivo and in vitro.
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Finally, we established that this inhibitory effect is related to the activation of

endoplasmic reticulum stress.

EITRODUCTION

Esophageal cancer (EC) is a common malignant tumor of d'ﬁstive system, the eighth of
incidence and the sixth leading cause of cancer-related mortality in the world and
consists of two subtypes: Esophageal squamous cell carcinoma (ESCC) and esophageal
adenocarcinoma (EAC)II. Data from relevant organizations suggests that more than
half of all EC cases worldwide are occur in China, with over 90% being squamous cell
carcinoma subtypesl2l. Despite significant advances in medical technology and surgical
techniques in recent years, pat'Ents with late-stage EC still face challenges regarding
effective treatment. In China, the 5-year overall survival rate for EC is currently <
20%031, highlighting the urgent need to identify new biological markers and therapeutic
strategies for EC.

Voltage-gated calcium channels comprise a major group of cell membrane potential
transducers, with L-type calcium channels being the only subtype. These channels are
responsible for altering intracellular calcium ion transit, which triggers various
physiological processes/4. Conventional studies on L-type calcium channels have
primarily focused on the excitation-contraction coupling of skeletal and cardiac
musclesl5], regulation of hormone secretion from endocrine cells, and neurotransmitter
release from nerve cellsl®l. Previous research has shown that L-type calcium channels
play a critical role in various biological processes, such as cell proliferation,
differentiation, and migration!”’l. Current research suggests that the expression levels of
L-type calcium channels are closely related to potential biomarkers off certain types of
cancer, such as those found in the prostate, breast, and uterine cervix8l. Previous
studies have found that nimodipine, a dihydropyridine L-type calcium channel blocker,
significantly suppresses the proliferation of human colon carcinoma cellsll. Similarly,
amlodipine, another dihydropyridine L-type calcium channel blocker inhibited the

growth of breast cancer(!, gastric cancer('], and melanoma cells/'2l.

3/29




The endoplasmic reticulum (ER) is a fundamental organelle found in eukaryotic cells
that fulfills several key functions such as protein synthesis and folding, calcium ion
storage, and lipid and carbohydrate metabolism['3l. ER plays a vital role in maintaining
the homeostasis of intracellular Ca?* by acting as a major storage site. Disturbance of
this balance results in the activation of the unfolded protein response (UPR) signaling
pathway, which leads to the ER stress response. This leads to the expression of
molecular chaperones within the ER, restoring normal cellular homeostasisl!4l. In
mammals, the UPR activation begins with three primary ER stress sensors: PKR-like ER
kinase (PERK), inositol-requiring enzyme 1 (IRE1), and activating transcription factor 6
(ATF6)151. These sensors remain inactive by binding to the chaperone glucose-regulated
protein 78-kDa (GRP78) under normal conditions. However, when ER stress occurs,
un/misfolded proteins bind to GRP78, leading to the dissociation of PERK, IRE1, and
ATF6 from GRP78. This initiates downstream signaling molecules in the UPR
pathwayllel. ER stress initiates multiple signals, including activation of PERK, which
induces phosphorylation of the eukaryotic translation initiation factor-2 alpha subunit
(elF2a). This phosphorylation inhibits the synthesis of most proteins, reducing the
accumulation of proteins in the ER, and promoting UPR-related protein expression,
including ATF4, which induces the transcription of C/EBP homologous protein
(CHOP)["7I, These responses either restore normal ER function or induce apoptosis and
autophagy as self-protective mechanisms to maintain normal cell functions. When the
ER stress response persists for an extended period without resolution, the UPR triggers
specific cellular apoptosis programs designed to eliminate cells that have suffered
significant damage. ER stress-induced apoptosis mainly involves two processes. One
process activates signaling pathways, such as PERK/elF2a/CHOP, where increased
expression levels of the CHOP protein effectively suppress sustained increases in Bcl-2
levels. The ER stress response produces a molecule called caspase-12, which is another
factor contributing to apoptosis in cells!8l. Other studies have also shown that ER stress
may be closely related to the cellular autophagy process. Activation of

PERK/elF2a/CHOP signaling can lead to increased expression of the autophagy
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marker light chain 3 (LC3)[%l. ER stress is a common cellular response to anti-cancer
treatments. Several studies have suggested that certain natural bioactive compounds
induce prolonged ER stress and activate pro-death signaling pathways in different
types of cancer!?. However, some reports have indicated that ER stress plays a
protective role against cisplatin resistance in lung cancer patientsl2!.

The Cancer Genome Atlas database showed that the mRNA levels of multiple L-type
calcium channel subunits (such as CACNA1C and CACNA1D) in ESCC tumor tissues
were significantly higher than those in normal controls. Although L-type calcium
channel blockers such as amlodipine have been effective in blocking certain types of
cancer, their effects on EC have not yet been reported. Therefore, in this study, we first
hypothesized that amlodipine could effectively act on EC cells and then investigated the
associated ER stress processes and UPR activation results in detail. We found that
amlodipine inhibited the cell proliferation in vitro and in vivo, amlodipine also
suppressed the migration of EC cells. Moreover, we demonstrated that one mechanism
by which amlodipine plays an anti-EC role involves autophagic cell death initiated by

the activation of ER stress signaling.

MATERIALS AND METHODS

Reagents and antibodies

Amlodipine was obtained from the Shihuida Pharma Group (Jilin Province, China). 3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT) and the ER stress
inhibitor 4-phenylbutyric acid (4-PBA) were purchased from Sigma-Aldrich (St. Louis,
MO, United States). The autophagy inhibitor 3-methyladenine (3-MA) was ordered
from APEXBIO (Houston, TX, United States). Annexin V-FITC/propidium iodide
Apoptosis Detection Kit was procured from Beyotime Technology (Shanghai, China).
The primary antibodies against Cav1.3, E-cadherin, N-cadherin, Vimentin, (-catenin,
ATF6, CHOP, GRP78, p-elF2a, Bax, Bcl-2, cytochrome C, cleaved-PARP, cleaved
caspase 3, cleaved caspase 9, cleaved caspase 12, beclin-1, light chain 3 B (LC3B),
GAPDH, and goat anti-rabbit secondary antibody were all purchased from Cell Signal
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Technologies (Danvers, MA, United States). Hanbio Biotechnology (Shanghai, China)
supplied the mRFP-GFP-LC3 adenovirus particles. All the other chemicals were

purchased from Boster (Wuhan, Hubei Province, China).

Patients and tissue specimens

This study enrolled 50 patients diagnosed with ESCC based on pathological analyses.
All patients had undergone surgery at The First Affiliated Hospital of Xinxiang Medical
University between 2017 and 2018, and none had received neo-adjuvant radiotherapy
or chemotherapy. The collected tissue specimens included both the tumor tissue and
paired paracancerous oesophageal mucous membranes obtained from 5 cm beyond the
edge of the tumor tissue. All participants were required to sign informed consent forms,
and the research plan was approved by the committee of The First Affiliated Hospital of

Xinxiang Medical University before the commencement of the study.

Cell culture and treatments

Human EC cell lipes were procured from Cobioer Biosciences (Nanjing, Jiangsu
Province, China). These cells were cultured in PRMI-1640 medium supplemented with
10% heated fetal bovine serum (FBS; Biological Industries, Israel), maintaining a
constant temperature of 37 °C in a 5% CO:2 humidified incubator. Amlodipine was
prepared in a PBS solution and diluted in the culture medium, with PBS serving as the
control. Cells underwent various treatments as follows: amlodipine at concentrations
ranging from 4 to 10 pg/mL, 4 pg/mL amlodipine treatment in the presence and
absence of 3-MA, or 0.2 pM 4-PBA treatment 24 h prior to the application of 4 pg/ mL

amlodipine.

Cell viability assay
The KYSE-450, Ecal09, SKGT-4 (seeded at 4 x 103 cells/well), and TE-1 cells (seeded at 5

x 10° cells/well) were plated overnight in 96-well_plates. Subsequently, cells were

subjected to treatment with various concentrations (4 pg/mL, 6 pg/mL, 8 pg/mL, and

6/29




10 pg/mL) and doses of amlodipine. Control and experimental groups were established
for each concentration. After one, two, and three days of culture, 10 pL of 0.5 mg/mL
MTT dye was added to each well. Following a further 4-h incubation, the resulting blue
MTT formazan crystals were dissolved in 100 pL/well of DMSO. Absorbance was
measured at 490 nm using a Multisken Spectrum microplate reader (Thermo Fisher
Scientific, Carlsbad, CA, United States). OD values were used to calculate cell viability.
The percentage of live cells was determined using the following formula: Percentage of
live cells in each well = the average absorbance value per well from five tests divided by
the average absorbance value from the control wells, multiplied by 100%. The
percentage of live cells treated with each concentration was calculated as the average

percentage of live cells obtained from five replicate experiments.

Transwell migration assay

Cell migration was assessed using a Transwell assay. Specifically, 1 x 105 of KYSE-450
or Ecal09 cell suspension in 200 pL serum-free medium was added directly to the upper
chamber with 8 pm micro-pores (Corning Costar, Manassas, Virginia, United States).
Subsequently, 600 pL of complete culture medium was added to the lower chamber of
the insert. Amlodipine was administered at specified doses to both the upper and lower
compartments of the insert. After the migration period, non-migrating cells on the
upper side of the membrane were removed using a cotton swab. Cells that migrated to
the underside of the Transwell were fixed in a 4% paraformaldehyde solution and
stained with 0.1% crystal violet. Five randomly selected fields on each membrane were
observed under a phase-contrast microscope (Nikon, Tokyo, Japan) to determine the

number of migrated cells.

Flow cytometric assay of apoptosis
KYSE-450 or 09 cells at a density of 8 x 10? cells were seeded in 6-mm culture
dishes with a complete cultlﬁe medium. After a 12-h incubation period, cells were

treated with amlodipine at concentrations of 6 pg/mL and 8 pg/mL. Cells were
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harvested after 48 h of treatment. Cell apoptosis was assessed using membrane-
associated protein V-FETC or propidium iodide staining. This allowed for the detection
of cells undergoing apoptosis. The apoptosis rate was calculated using the BD FACS

Calibur™,

Autophagic flux measurement
Autophagic flux was examined by infecting cells with the mRFP-GFP-LC3 adenovirus.
Briefly, the mRFP-GFP-LC3 adenoviral infection was induced according to the
anufacturer’s instructions. After 24 h of infection, the cells were transferred onto glass
coverslips in 12-well plates at a density of 1 x 104 cells/well and incubated overnight.
Subsequently, these cells were treated with 4 pg/mL of amlﬁpine for 24 h. Finally, the
cells were meticulously observed under an Axio Observer Al microscope (Carl Zeiss,
Germany), and the images were acquired with a Nikon digital camera DS-U3 (Nikon,

Tokyo, Japan).

Western blot analysis

RIPA lysis buffer supplemented with 1 mmol/L PMSF, 2 pg/mL aprotinin, and 100 pM
leupeptin was used to lyse cells. al amounts of 30 pg protein extracts were
separated using SDS-polyacrylamide gel and transferred to nitrocellulose membranes.
After blocking with a 5% non-fat dry milk solution, the membranes were incubated at
4°C overnight with primary antibodies targeting various proteins, including Cavl.3,
cyclin Bl, p21, Bax, Bcl-2, cleaved-PARP, cytochrome C, E-cadherin, N-cadherin,
Vimentin, [(-catenin, ATF6, CHOP, GRP78, cleaved caspase-3, aved caspase-9,
cleaved caspase-12, beclin-1, or LC3B. Subsequently, the samples were washed with
PBS-T and incubated with a secondary antibody conjugated with horseradish
peroxidase. Following three washes with PBS-T, the samples were treated with
chemiluminescent substrates using an UltraSignal West Pico kit (Ther Fisher

Scientific, Waltham, MA, United States). Finally, all blots were analyzed using the
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Amersham™ Imager 600 System (GE Healthcare Bio-Sciences, Pittsburgh, PA, United

States), and quantitative analysis was performed using Image] (Version 1.53c).

Anti-tumor activity in rine xenograft model

A total of 16 female BALB/c nude mice were procured from Beijing Vital River
Laboratory Animal Technology (Beijing, China) and maintained under specific
pathogen-free conditioraﬂ-h light/dark cycle, 21 °C + 2 °C, humidity 50% + 10%).
Mice were cared for in accordance with the guidelines approved by the Ethics
Committee of the First Affiliated Hospital of Xinxiang Medical University. A tumor
xenograft mouse model was successfully established by injecting 1 x 10 Ecal(09 cells
into the left hind limb of BALB/c mice. Tumor size was calculated using the formula V
= L x W2/2, where L and W repreﬁ'lt the maximum and minimum diameters,
respectively. Once the tumor volume reached approximately 50 mm?, the mice were
randomly divided into two groups of eight mice each, and gavage administration was
initiated. One group was treated with the vehicle control PBS, whereas the other group
was treated with amlodipine at a concentration of 13 mg/kg per day for 15 d. Daily
weight and tumor size were measured and recorded throughout the procedure. At the
end of the 15-d treatment period with amlodipine, the experimental mice were

euthanized, and the tumor was removed, weighed, and measured.

Statistical analysis

The data were analysed using the SPSS 26 statistical software, and the mean and
standard deviation were calculated. The Student’s t-test was used to assess the
differences between two sets of data to determine statistical significance. For
comparisons involving multiple groups, an analysis of variance (ANOVA) was
conducted, followed by post hoc least significant difference testing, where appropriate.

Statistical significance was set at P < 0.05.

RESULTS
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Expression of Cav1.3 in EC tissue and cells

Evidence indicates that abnormal expression of L-type calcium channels is associated
with cancer progression. To investigate the protein levels of Cav1.3, a crucial subunit of
the L-type calcium ion channel, in patients with ESCC, tumor tissues and paired
adjacent tissues from 50 patients with ESCC, whose clinical features are detailed in
Table 1, were subjected to Western blot analysis. The representative results are shown
in Figure TA. Quantitative analysis revealed that the levels of Cav1.3 in ESCC tumor
tissues were 1.60 times higher than those in the adjacent tissues (Figure 1B). Subsequent
examination of Cavl.3 protein levels in various EC cell lines revealed that they were
higher than those in normal human esophageal epithelial cells (Figure 1C).
Consequently, we hypothesized that elevated levels of Cav1.3 promote the occurrence
and development of ESCC and that L-type calcium ion channel blockers may play an
inhibitory role against ESCC. Amlodipine, a third-generation dihydropyridine long-
acting calcium channel blocker, is commonly used to treat cardiovascular diseases
because of its minimal side effects. Therefore, we used amlodipine in follow-up

experiments to explore the effect of L-type calcium channel blockers on progression of

EC.

Amlodipine inhibits EC cell growth through mitochondria-mediated apoptosis
To investigate the anti-tumor effect of amlodipine on EC cells, an MTT assay was
initially conducted to assess its effect on gell proliferation in both ESCC and EAC cells.
Various concentrations of amlodipine (ranging from 4 pg/mL to 10 pg/mL) were
applied to the cells, with different treatment durations ranging from 24 h to 72 h. Figure
2A illustrates the effects of amlodipine concentration and treatment duration on cell
viability, which indicated a significant inhibitory effect on ESCC cell proliferation.

To explore the potential mechanisms underlying the inhibition of ESCC cell
proliferation by amlodipine, its effects on apoptosis in KYSE-450 and Ecal09 cells were
investigated. After treatment with amlodipine for 48 h, flow cytometry revealed an

increase in the apoptotic index (Figure 2B), establishing a correlation between the dose
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of amlodipine and the induction of apoptosis in KYSE-450 and Ecal09 cells. To delve
deeper into the molecular signals involved in amlodipine-induced apoptosis, we
examined apoptosis-related proteins, specifically focusing on mitochondrial apoptosis
markers, including Bax, Bcl-2, cytochrome C, and cleaved-PARP, by Western blotting
(Figure 2C). The results indicated that amlodipine reduced the levels of Bcl-2 and
induced the levels of Bax, cytochrome C, and cleaved-PARP. Overall, our findings
suggest that the amlodipine-induced inhibition of ESCC cell viability is associated with

the induction of mitochondrial apoptosis.

Amlodipine inhibited migration of EC Cells by restraining epithelial-mesenchymal
transition

To identify the effect of amlodipine on EC cell migration, a Transwell assay was
performed. Based on the MTT assay results described in Figure 1A, doses of amlodipine
at 4 pg/mL, 6 pg/mL, and 8 pg/mL were selected, and cells were allowed to migrate
for 24 h post-amlodipine treatment. Notably, the inhibitory effect of amlodipine on
ESCC cell migration was more potent than that observed on EAC cells (Figure 3A),
which was consistent with the cell proliferation data presented in Figure 1A. Cell
migration involves multiple steps, including epithelial-mesenchymal transition (EMT).
To clarify whether amlodipine inhibits EMT, the levels of EMT markers, including {3-
catenin, E-cadherin, N-cadherin, and Vimentin were measured. The results
demonstrated that amlodipine significantly reduced the expression levels of B-catenin,
Vimentin, and N-cadherin, while increasing the protein content of E-cadherin, as
depicted in Figure 3B. These findings suggest that the inhibitory effect of amlodipine on
EC cell migration is primarily due to its inhibitory effect on EMT.

Amlodipine inhibited the viability and migration of EC cell through the induction of
ER stress
Given that amlodipine is an L-type calcium channel blocker that can induce changes in

intracellular calcium homeostasis by triggering ER stress, the protein levels of ER stress
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molecules in patients after amlodipine treatment were systematically investigated. As
shown in Figure 4A, the levels of UPR sensors, including GRP78, ATF-6, p-elF2a, and
CHOP, increased after amlodipine treatment in KYSE-450 and EC-109 cell lines,
indicating that amlodipine induces ER stress. Studies have suggested that CHOP, which
is elevated in response to excessive ER stress, activates the caspase cascade. Therefore,
the effect of amlodipine on apoptosis-related caspase cleavage was investigated.
Amlodipine upregulated the levels of cleaved caspase-12, cleaved caspase-9, and
cleaved caspase-3 (Figure 4A). To further explore whether the effects of amlodipine on
ESCC cell viability and migration were mediated by ER stress, the inhibitor 4-PBA was
applied to ESCC cells before amlodipine treatment. Pretreatment with 4-PBA
significantly blocked the amlodipine-induced inhibitory effects on ESCC cell viability
(Figure 4B), and migration (Figure 4C) exhibiting a definite reversal effect on
amlodipine-induced alterations in ATF-6, p-eIF2a, and CHOP proteins related to ER
stress, cleaved caspase-3 proteins related to apoptosis, and E-cadherin proteins related
to EMT (Figure 4D). Collectively, these results suggest that amlodipine reduces ESCC

cell viability and migration by inducing ER stress.

Amlodipine-induced autophagy in EC cells

The Ca?* signaling pathway plays a critical role in various cellular activities, and its
impact on autophagy can either facilitate or inhibit22. Given that the blockade of L-type
calcium channels leads to an imbalance in intracellular calcium homeostasis, whether
amlodipine promotes autophagy in ESCC cells was investigated. Autophagy dual-
fluorescent LC3 adenoviruses were introduced into ESCC cells and alterations in
autophagic flux in response to amlodipine treatment were examined. In control cells
(left lane in Figure 5A), both green (GFP-LC3) and red (RFP-LC3) fluorescence were
dispersed in the cytoplasm. However, after amlodipine treatment (right lane in Figure
5A), green fluorescent spots (autophagosomes) and red fluorescent spots
(autophagolysosomes) were observed, suggesting that amlodipine promotes

autophagy. Microtubule-associated protein 1 LC3B, an autophagosome membrane-type
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LC3 converted from cytoplasmic LC3-I, and beclin-1, a key regulator required for the
initiation of autophagosome formation, were examined. The results demonstrated that
amlodipine increased the levels of LC3B and beclin-1 in a dose-dependent manner
(Figure 5B), further confirming the role of amlodipine in promoting autophagy. To
investigate whetheréutophagy is mediated by amlodipine-induced ER stress, the cells
were treated with an ER stress inhibitor 4-PBA. As shown in Figure 5C, 4-PBA
treatment reduced the amlodipine-induced upregulation of LC3B. These data suggest

that amlodipine promotes autophagy via activation of ER stress in ESCC cells.

Inhibition of autophagy enhanced amlodipine-induced apoptosis and migration

Autophagy is induced when ER stress occurs and serves as a crucial compensatory
protective mechanism in cells. When autophagy is insufficient to counteract damaging
factors, apoptosis can occur. Therefore, we investigated whether amlodipine-induced
autophagy functions as a compensatory protective mechanism in ESCC cells and
whether it promotes cell apoptosis. To verify this hypothesis, the autophagy inhibitor 3-
MA was used. Compared to amlodipine treatment alone, the combination of 3-MA and
amlodipine resulted in more pronounced inhibitory effects on cell viability and
migration (Figure 6A and B), indicating that the inhibition of autophagy enhances
amlodipine-induced apoptosis and migration. Western blot analysis revealed that the
combination treatment blocked amlodipine-induced LC3B formation and promoted
amlodipine-induced upregulation of E-cadherin, while cleaved caspase-3 decreased
(Figure 6C). In summary, the results of these experiments demonstrate the efficacy of
amlodipine and suggest that inhibiting autophagy increases amlodipine-induced cell

death.

Amlodipine inhibited growth of human EC cell line-derived xenograft tumor in vivo
To further determine whether amlodipine exhibits an anti-tumor role against ESCC in
vivo, a study was conducted in BALB/c nude mice, wherein these mice were implanted

with Ecal09 cells to establish a tumor xenograft model. The mice were then divided into
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the amlodipine treatment and vehicle groups. Compared to the vehicle group, the
amlodipine group exhibited a dynamically significant reduction in tumor size without
affecting body weight (Figure 7A and B). At the end of the experiment, the tumor
tissues (Figure 7C) were photographed, and their average weight (Figure 7D) was
calculated. Images and results showed that, compared to the vehicle group, the tumors
had a smaller volume and reduced tumor weight in the amlodipine-treated group,
further supporting the anti-tumor role of amlodipine in ESCC. The amlodipine-induced
tumor inhibition rate was 30.95% (Figure 7E). Taken together, these data indicated that

amlodipine inhibited EC growth in vivo.

DISCUSSION

Cytosolic free Ca2?* is a ubiquitous secondary messenger that controls various
fundamental cellular processes, including muscle contraction, cell motility,
neurotransmitter release, exocytosis, and endocytosis. It also has been well documented
that cytosolic free Ca2* plays essential roles in cell proliferation, migration, cell cycle
control, and apoptosis, which are general features that malignant cells possess!Zl.
Intracellular Ca?* homeostasis is regulated by calcium channels on the cell membrane,
ER, and mitochondrial surfacel2l. One type of calcium channel on the cell membrane is
the voltage-gated calcium channel (VGCC), the activation of which causes Ca?* influx
into the cells. Previous research and available public datasets have demonstrated that L-
type calcium channels, which constitute a major type of VGCCs, are functionally
expressed in various cancer cells and tissue samples from diverse cancer typesisl.
Therefore, the extent to which L-type calcium channels are expressed in ESCC is
unclear. In this study, we measured the levels of Cav1.3, an essential subunit of the L-
type calcium ion channel, in 50 cases of paired EC and adjacent tissues from patients
with ESCC and discovered that the average level of Cav1.3 in cancerous tissue was 1.60
times higher than that seen in adjacent tissues. Higher levels of Cav1.3 were detected in

both ESCC and EAC cells compared to those in the esophageal epithelial cell line Het-
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1A. These results suggest that L-type calcium channels possibly function as potential
targets for anti-EC therapies.

Dihydropyridine calcium channel blockers are the best-known class of L-type calcium
channel blockers and are widely used to treat hypertension, angina pectoris, and
atherosclerosis(®l. Many studies have demonstrated that dihydropyridine calcium
channel blockers effectively suppress cancer cell growth[2¢l. Amlodipine, a third-
generation calcium antagonist, suppresses the proliferation and migration of various
cancer cell types. For example, this drug can utilize ERK1 or ERK2, integrin-f1, Bcl-2,
and other inhibitors of the proliferation of breast cancer cells in the body, resulting in
the formation of colonies, which are vulnerable to invasion(?’l. Amlodipine also
suppresses the growth of gastric cancer stem cells and exerts an anti-tumor effect
mainly by affecting the stability of Ca?* concentrations within the cells!?7l.

When the intracellular Ca?* concentration is out of balance, it often destroys Ca?*
homeostasis in the ER, consequently leading to ER stress, which maintains ER
homeostasis and ensures cell survival via the UPRIMI. The UPR mainly includes three
protein signal transduction pathways: PERK, IRE1, and ATF6. The UPR mechanism
activated during ER stress reduces the accumulation of misfolded or unfolded proteins
in the ER, thereby minimizing the damage caused by protein accumulation, restoring
ER homeostasis, and ultimately promoting the survival of stressed cells. These effects
are mediated through the activation of three signaling pathways described
previously['®l. However, when persistent and severe ER stress occurs, the survival mode
of UPR changes to a mode that promotes apoptosis. CHOP is a marker gene for
apoptosis induced by ER stress®l. ER stress-mediated apoptosis involves several
cellular mechanisms, including the regulation of CHOP gene expression and the
subsequent activation of downstream targets, such as members of the Bcl-2 protein
family. Continuous activation of CHOP can lead to the downregulation of the anti-
apoptotic protein Bcl-2, ultimately leading to the activation of mitochondrial apoptosis
regulated by Bax[?l. Moreover, caspase-12 is also recognized as a key factor in ER

stress-induced apoptosis. IREla, located on the ER membrane, can induce apoptosis
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during periods of ER stress. Activation of caspase-12 induced by ER stress leads to the
cleavage and activation of caspase-9, which then activates a series of effector caspases
and induces apoptosis®l. This experiment demonstrates that the drug effect of
amlodipine increases the content of ER stress-related proteins in ESCC cells, the most
important ones being GRP78, ATF6 and p-elF2a. This causes the placess of Bcl-2
expression, regulated by CHOP signaling, to decrease. Consequently, the expression
levels of both cytochrome ¢ and the pro-apoptotic protein Bax in cells are increased.
These phenomena provide strong evidence that amlodipine causes an ER stress
response and apoptosis in the mitochondria. At the same time, we detected an increase
in the expression of ER stress-specific apoptotic molecules, including cleaved caspase-
12, whose expression was elevated. This further activated cleaved caspase-9 and
cleaved caspase-3 to promote cell apoptosis.

Recent studies have found that ER stress/UPR are not only related to tumor survival
and apoptosis, but are also related to tumor metastasis. Research has indicated that
molecules associated with ER stress signaling can impact the EMT process in tumor
cells, mainly by regulating the transcriptional changes of EMT-induced transcription
factorsl®'l. For example, the activation of IRE1 a/XBP1 signal pathway can induce Snail
transcription in breast cancer cells,_promote EMT in these cells, and enhance their
migration and invasion ability[32?%l, Tt has also been reported that the activation of ER
stress inhibits the metastasis of gastric and lung cancers by inhibiting EMTI[3435]. This
study provides valuable evidence that amlodipine inhibits EMT, which ultimately
affects the migration of ESCC cells. To further confirm that amlodipine induces ER
stress to promote apoptosis and inhibit EMT, we used 4-PBA, an inhibitor of ER stress,
and observed the reversal of ER stress, apoptosis, and EMT-related protein functions. In
in vivo experiments, we demonstrated that amlodipine has an anti-tumor effect,
although its internal mechanism could not be clarified. These data suggested that the
anti-cancer effects of amlodipine against ESCC cells may be attributed to the activation

of ER stress.
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The proteasome-regulated degradation system cannot handle excessive amounts of
un/misfolded proteins during ER stress. Consequently, autophagy is induced to
remove these proteins!®l. It has been proven that ER stress and autophagy induced by it
are closely related to tumors and have double-edged sword effectsl¥l. Therefore, it is
particularly important to utilize different conditions to clarify the effects and related
mechanisms of autophagy in tumor cells, to provide a valuable basis for the
development of treatments involving cellular autophagy. In this study, 4-PBA
combined with amlodipine downregulated LC3B levels. The results of this study
indicate that amlodipine-induced autophagy may be due to ER stress. To further
elucidate the role of autophagy in amlodipine-induced ER stress, the autophagy
inhibitor 3-MA was used. Amlodipine combined with 3-MA significantly enhanced
amlodipine-induced cell death and inhibited cell migration. Amlodipine promotes
autophagy through ER stress, and autophagy plays a role in protecting tumor cells,
providing a basis for the combined application of amlodipine and autophagy inhibitors

in clinical setting.

CONCLUSION

In conclusion, we have demonstrated for the first time that amlodipine inhibits cell
proliferation in vitro and in vivo, promotes apoptosis and inhibits EMT through ER
stress in EC. Moreover, amlodipine induces autophagy, which alleviates ER stress and
may play a cytoprotective role. Our findings provide essential evidence supporting
amlodipine, and the combined use of amlodipine with an autophagy inhibitor, as

potential therapeutic options for patients with ESCC.

ARTICLE HIGHLIGHTS

Research background
Esophageal cancer (EC) is the sixth most common tumor worldwide and has a poor

prognosis. Although L-type calcium channel blockers have demonstrated efficacy in
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inhibiting the occurrence and development of various tumors, their impact on EC

remains unclear.

Research motivation
Patients with EC have a poor prognosis owing to a lack of effective treatments and
prognostic indicators. This study aimed to explore a novel approach for treating EC and

improving patient survival rates.

Research objectives
To elucidate the mechanism by which the L-type calcium channel blocker, amlodipine,
inhibits the proliferation and migration of EC cells, thereby offering a potential new

avenue for the treatment of EC.

earch methods
Western blot analysis was used to assess the expression of relevant proteins. Cell
migration was evaluated using Transwell assays and apoptosis was measured using
flow cytometry. The endoplasmic reticulum (ER) stress inhibitor 4-phenylbutyric acid
was used to prevent ER stress. Transduction of EC cells with GFP-RFP-LC3 adenovirus
confirmed that amlodipine-mediated ER stress functions through downstream
autophagy. In addition, a murine xenograft model constructed using Ecal09 cells was

used to validate the anti-tumor effects of amlodipine in vivo.

Research results

This study revealed that the Cav1.3 level in EC tissues was higher than that in adjacent
tissues. The L-type calcium channel blocker, amlodipine, inhibits the proliferation and
migration of EC cells while promoting apoptosis. Mechanistic investigations have
indicated that these effects are associated with the induction of cellular ER stress.
Further studies using GFP-RFP-LC3 adenovirus-transfected cells treated with

amlodipine demonstrated that autophagy, mediated by ER stress, played a protective
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role in this process. In addition, amlodipine inhibited EC cell growth and presented an

antitumor effect in vivo.

Research conclusions O

7
L-type calcium channels are highly expressed in EC tissues. Both in vivo and in vitro
experiments revealed that amlodipine inhibited the proliferation and migration of EC

cells through ER stress.

Research perspectives

The expression levels of L-type calcium channels in EC may serve as an index of
prognosis, and the combination of amlodipine with autophagy inhibitors holds promise
as a novel treatment approach. Future endeavors should involve large-sample

multicenter clinical studies to further validate its reliability.
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Figure 1 Levels of Cavl.3 expression in esophageal cancer cell tissues. A:
Representative detection of Cav1.3 level in esophageal squamous cell carcinoma (ESCC)
by Western blot, N means adjacent tissues and C means cancer tissues; B: Statistical
analysis of 50 cases of esophageal squamous cell carcinoma showed that level of Cav1.3
in ESCC tumor tissue was 1.60 times higher than that in adjacent tissue. 2P < 0.05 vs the
adjacent tissues; C: Western blot detection showed that the level of Cav1.3 in ESCC cells
KYSE-70, KYSE-140, KYSE-450, Ecal09, TE-1, and esophageal adenocarcinoma cell
SKGT-4 was higher than that in esophageal squamous cell Het-1A.

Figure 2 Amlodipine suppressed esophageal carcinoma cell growth through
mitochondria-mediated apoptosis. A: For human esophageal cancer cells, treatment
with different concentrations of amlodipine solution at 4-10 pg/mL, increasing by 2
pg/mL, was performed. Cell viability was measured using the 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT) assay to observe the state of cells
after treatment for one, two, and three days 2P < 0.05 vs Control; B: KYSE-450 and
Ecal09 cells were exposed to amlodipine at a concentration of either 6 or 8 pg/mL for
48 h, following which the percentage of apoptotic cells was measured using flow
cytometry or propidium iodide staining 2P < 0.05 vs Control, P < 0.01 vs Control; C: In
addition, after two days of treatment with amlodipine, changes in the levels of various
apoptosis-related proteins including Bcl-2, Bax, cleaved PARP, and cytochrome C were

detected using Western blotting techniques. UR: LR:

Figure 3 Amlodipine inhibited esophageal carcinoma cells migration by restraining
epithelial-mesenchymal transition. A: Human esophageal carcinoma cells (KYSE-450,

TE-1, Ecal09, and SKGT-4) were treated with increasing doses of amlodipine (4 pg/mL,
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6 pg/mL, 8 pg/mL) and assessed cell migration at 24 h via Transwell migration assay;
B: The Western blot results clearly showed the percentage of mesenchymal marker N-
cadherin, epithelial marker E-cadherin, and p-catenin protein in KYSE-450 and Ecal09

cells after treatment with amlodipine.

Figure 4 Amlodipine repressed esophageal carcinoma proliferation and migration via
induction of endoplasmic reticulum stress. A: KYSE-450 and Ecal09 cells were treated
with amlodipine at different concentrations for two days. According to the Western blot
results, the protein levels of CHOP, p-elF2a, GRP78, cleaved caspase-12, ATF6, cleaved
caspase-9, and cleaved caspase-3 could be observed; B: With a concentration of 4
pg/mL amlodipine drug, 0.2 pM of 4-phenylbutyric acid (4-PBA), mixed treatment,
then placed into KYSE-450 and Ecal09 cells, with the help of 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT) assay to test the cell activity
presented by these cells in 1 d to 3 d 2P < 0.05 vs amlodipine; C: Transwell migration
assay was conducted to examine cell migration of KYSE-450 and Ecal09 when
treatment with amlodipine (4 pg/mL), 4-PBA (0.2 pM) or both combination for 24 h; D:
Western blot analysis showed the levels of ATF6, CHOP, p-elF2a, E-cadherin, and
cleaved caspase-3 in KYSE-450 and Ecal(9 cells after treatment with amlodipine (4
pg/mL), 4-PBA (0.2 pM) or both combination for 48 h. All amlodipine and 4-PBA

combination treatment was applying 4-PBA in advance for 1 h then amlodipine.

Figure 5 Amlodipine induced autophagy in esophageal carcinoma cells. A: Ecal09
cells after transient infection with GFP-RFP-LC3 virus were treated with vehicle control
PBS or amlodipine (6 pg/mL) for 24 h and representative fluorescence images were

captured. Bar = 20 pm; B: Protein trajectory results were measured using PBS or
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different concentrations of amlodipine, and the levels of beclin-1 and light chain 3 B
(LC3B) in KYSE-450 and Ecal09 cells after two days of treatment were detected; C:
Western blot analysis revealed the level of LC3B in KYSE-450 and Ecal09 after 48 h
treatment with amlodipine (4 pg/mL), 4-phenylbutyric acid (4-PBA) (0.2 pM) or both
combination (applying 4-PBA in advance for 1 h then amlodipine). GAPDH served as a

loading control.

Figure 6 Inhibition of autophagy enhanced amlodipine-induced apoptosis and
migration. A and B: To investigate the effects of amlodipine, 3-methyladenine (3-MA),
or their combination on cell proliferation and migration of KYSE-450 and Ecal09 cells,
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT) and Transwell
migration assay were carried out, and significant results were observed with aP < 0.05
vs Control; C: LC3B, as well as E-cadherin content and levels, were tested in detail by
means of western blot analysis, cleaved caspase 3 in KYSE-450 and Ecal09 cells after
treatment with amlodipine (4 pg/mL), 3-MA (3 mmol/L), or their combination.
GAPDH served as a loading control. 3-MA: 3-methyladenine.

Figure 7 In vivo studies revealed that amlodipine was able to impede Ecal09 tumor
xenografts. Initially, 1 x 10° Ecal(09 cells were subcutaneously implanted into the left
hind limb of female BALB/c nude mice. After five days, when tumors reached an
approximate size of 50 mm?, the mice were orally administered with amlodipine (13
mg/kg/d) or PBS control vehicle once daily via gavage. Following treatment for fifteen
days, the mice were euthanized and their respective tumors were excised for further
analysis. A and B: Body weight (A) and the growth curves (B) of tumors were compared

between the control group and amlodipine group with significant differences observed
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at 2P < 0.05 vs Control; C: Physical images of tumor xenografts in each group; D: The
xenogeneic tumor weights in each group 2P < 0.05 vs Control; E: Inhibitory rate of

amlodipine on Ecal09 xenografts in athymic nude mice 2P < 0.05 vs Control.
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Table 1 Clinicopathological characteristics of the esophageal squamous cell

carcinoma patients

Parameters n Cavl.3 expression P value
High n = Low (n
28) 22)
Age 0.833
<65 33 17 16
=65 17 11 6
Gender 0.231
Male 34 21 13
Female 16 7 9
Tumor location 0.485
Middle 30 18 12
Lower 20 10 10
Differentiation 0.102
Low 16 8 8
Moderate 21 12 9
High 13 8 5
TNM staging 0.435
| 10 6 4
I 27 13 14
I 13 9 4
Lymphatic metastasis 0.854
Yes 22 12 10
No 28 16 12
Hypertension 0.284
Yes 14 7 7
No 36 21 15
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