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Background and Objective: Lung cancer stands as the leading cause of cancer-related fatalities worldwide. While chemotherapy
remains a crucial treatment option for managing lung cancer in both early-stage and advanced cases, it is accompanied by significant
drawbacks, including severe side effects and the development of chemoresistance. Overcoming chemoresistance represents
a considerable challenge in lung cancer treatment. Amlodipine cytotoxicity was previously demonstrated and could make lung cancer
cells more susceptible to chemotherapies. This research aims to examine the metabolomics changes that may occur due to
amlodipine’s anticancer effects on non-small cell lung cancer (NSCLC) cells.

Methods: Amlodipine’s effects on A549 and H1299 NSCLC were evaluated using a colorimetric MTT assay, a scratch wound-
healing assay and Matrigel invasion chambers to measure cell viability, cell migration and cell invasion. Ultra-high-performance liquid
chromatography-electrospray ionization quadrupole time-of-flight mass spectrometry (UHPLC-ESI-QTOF-MS) was used for the
untargeted metabolomics investigation.

Results: Our study revealed that amlodipine significantly reduced proliferation of cancer cells in a dose-dependent fashion with ICsq
values of 23 and 25.66 uM in A549 and H1299 cells, respectively. Furthermore, amlodipine reduced the invasiveness and migration of
cancer cells. Metabolomics analysis revealed distinct metabolites to be significantly dysregulated (Citramalic acid, L-Proline, dGMP,
L-Glutamic acid, Niacinamide, and L-Acetylcarnitine) in amlodipine-treated cells.

Conclusion: The present study illustrates the anticancer effects of amlodipine on lung cancer proliferation, migration, and invasion
in vitro and enhance our understanding of how amlodipine exerts its anticancer potential by casting light on these mechanisms.
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Introduction

Globally, lung cancer ranks as the second most prevalent cancer across both genders among all types of cancer.' In the
United States, it was estimated that there were 235,760 new cases of lung cancer and 131,880 deaths related to the
disease in 2021.7 Non-small cell lung cancer (NSCLC) forms approximately 80% of all lung cancer cases.** NSCLC is
further categorized into three major histologic subtypes: squamous cell carcinoma, adenocarcinoma, and large-cell
carcinoma.”® Due to recent advancements in genomic techniques, all patients with adenocarcinoma histology must be
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tested for actionable oncogenes such as mutant epidermal growth factor receptor (EGFR), anaplastic lymphoma kinase-1
(ALK-1), B-Raf proto-oncogene (BRAF), among other several targetable mutations.® Interestingly, these targetable
mutations are rare among patients with squamous and large cell histology.>®

Molecular targeted therapies such as EGFR tyrosine kinase inhibitors (EGFR-TKIs) and ALK inhibitors are currently the
preferred treatment options for tumors with driver mutations.° On the other hand, chemotherapy remains the primary
treatment approach for other subtypes.”° Platinum-based regimens, in combination with gemcitabine, paclitaxel, or peme-
trexed, are specifically favored as the initial chemotherapy treatments.” Despite the development of new therapies,
resistance to chemotherapy has remained a significant challenge.>’ Furthermore, combination chemotherapies often lead
to additional adverse effects and impose a greater economic burden on the healthcare system.® Therefore, it is crucial to
emphasize the significance of ongoing research in discovering new therapeutics or exploring the repurposing of medications
currently used to treat non-cancer-related conditions. Particularly, focus should be given to drugs that demonstrate potential
anti-cancer effects while exhibiting fewer side effects than current chemotherapeutic agents.” Repurposing such drugs offers
distinct advantages over developing entirely new anti-cancer medications, saving money, time, and effort.

The calcium ions (Ca2+) function as a second messenger within cells, regulating various cellular activities such as
gene transcription, cell proliferation, cell migration, and cell death.'® Maintaining intracellular Ca2+ homeostasis is
crucial under normal physiological conditions. However, in cancer settings, the balance of intracellular Ca2+ is disrupted
or altered. This dysregulation has been linked to various activities are contributing to tumor formation and disease
progression, including tumor initiation, angiogenesis, apoptosis resistance, progression, and metastasis.'’'?
Consequently, targeting Ca2+, either directly or indirectly, holds therapeutic potential in cancer.

Calcium channel blockers (CCBs), a well-known class of drugs primarily used for hypertension treatment, have
demonstrated anti-tumor effects in multiple cancer types.'*'” For instance, verapamil, a non-dihydropyridine CCB, has
shown the ability to reverse multidrug resistance (MDR) in vitro, enhance the accumulation of chemotherapy drugs, and
sensitize chemoresistant cancer cells to autophagy-induced cell death and apoptosis in various cancer types, including
lung cancer.'"® > While some clinical trials have indicated that verapamil could improve outcomes in NSCLC,*
cardiotoxicity has limited its effectiveness.”* Consequently, researchers shifted their focus to dihydropyridine CCBs.
Several studies have highlighted the anticancer potential of dihydropyridine CCBs in different types of cancer. For
instance, nifedipine inhibited the in vitro growth of prostate and colorectal cancer cells but still, it has no effect in lung
cancer.”? Conversely, nifedipine could stimulate the proliferation and migration of breast cancer cells.>>*® Other
dihydropyridine CCBs, such as nicardipine, lercanidipine, and amlodipine, have exhibited cytotoxic effects when
combined with proteasome inhibitors in breast and liver cancer cells.””*® In vitro and in vivo studies on human
epidermoid cancer cells have demonstrated the ability of several dihydropyridine CCBs, including amlodipine, nicardi-
pine, and nimodipine, to inhibit cancer cell growth.*’

In patients with unresectable histologically proven pancreatic ductal adenocarcinoma, patients prescribed dihydropyr-

idine CCBs such as amlodipine and nifedipine demonstrated significantly improved overall survival.*

Amlodipine has
also been shown to induce cell cycle arrest and suppress cell growth in colorectal cancer cells in vitro.>' In addition,
amlodipine is a powerful inhibitor of programmed death-ligand 1 (PD-L1) production in cancer cells, which may increase
tumor-specific T cell cytotoxicity.” Interestingly, amlodipine, when combined with doxorubicin, has also shown promise
in reducing multidrug resistance in leukemia.*”

We previously showed that amlodipine is cytotoxic and could sensitize lung cancer cells to chemotherapies.*® This
work aims to investigate the in vitro effects of amlodipine on the suppression of cancer cell proliferation, migration, and
invasion in NSCLC cells using the A549 and H1299 cell lines with a specific focus on analyzing potential metabolomic

alterations in the A549 cell line as it is the most common model used in previous lung cancer studies.

Materials and Methods
Cell Lines, Cell Culture and Drug Treatments

A549 and H1299 human lung adenocarcinoma cell lines were obtained from American Type Culture Collection (ATCC,
Manassas, VA, USA). Cells were maintained in Roswell Park Memorial Institute (RPMI-1640) media supplemented with
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10% fetal bovine serum (FBS), 100 U/mL penicillin, and 0.1 mg/mL streptomycin in a humidified atmosphere with 5%
CO2 at 37°C. Drug treatments were purchased from Tocris Bioscience (Bristol, UK). Amlodipine was dissolved in
dimethyl sulfoxide (DMSO) to produce 10, 50 and 100 mm DMSO stock concentrations. Of note, to minimize the
cytotoxic effects of DMSO, the final concentration has never exceeded 0.1% in all treatment groups. Furthermore, we
treated cells of each cell line used in this study All experiments were carried out with a sample size of 5 in

a quadruplicate manner with DMSO as a positive control.

Cell Viability Assay

To assess the effect of amlodipine on the viability of lung cancer cells, cell viability was measured by the colorimetric
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide (MTT) assay as described previously.>**> MTT was
purchased from Sigma Aldrich (St Louis, MO, USA). Briefly, cells were seeded in a 96-well plate at 1x10* cells per
well density. After 24 hours, cells were treated with amlodipine at concentrations of 10, 15, 20, 30, 40 uM (4 replicates/
group) or vehicle for 48 hours.

Following a 48-hour incubation period, 10 pL of MTT solution was added to each well, reaching a final concentration
of 0.5 mg/mL, and then incubated for an additional 4 hours at 37 °C. Afterward, DMSO was added to solubilize the
formazan crystals. The absorbance was measured at 490 nm on a microplate reader (BioTech, Winooski, VT, USA). The
absorbance values were standardized, and results were presented as a percentage of viable cells normalized to vehicle-

treated cells according to the following equations:

% of viable cells in each well = (Abs weatment | Average of AbS yepicle i,,4,eph~m,es) x 100

% of viable cells for each treatment concentration = Average of normalized % of viable cells in 4 treatment replicates.

Scratch Wound-Healing Assay

An in vitro scratch wound-healing assay was used to determine the impact of amlodipine on the directionality of NSCLC
cell migration in two dimensions at concentrations of 10, 15 and 20 uM. These concentrations were selected because they
are below the ICs(, aiming to observe a significant influence on migration while minimizing impacts on cell viability and
avoiding excessive cytotoxicity.>® In brief, A549 and H1299 cell lines were seeded until confluence in sterile flat-bottom
6-well plates (4 replicates per group). Then, cells were synchronized using serum-free media for 6 hours. Afterward,
a wound was done in the confluent monolayer of lung cancer cells using sterile 200 pL pipette tips. A serum-free media
containing the final amlodipine concentrations was added to the scratched cells and maintained until the wounds became
completely closed. The anti-migratory effect of amlodipine was normalized to the width of control cells. Finally, we
measured the distance traveled by A549 and H1299 after measuring the wound width at 48 h and subtracting it from the
wound width at the start of treatment (ie, time zero) using NIH-Image J software.

Cell Invasion Assay

To assess the anti-invasive effect of amlodipine treatment in A549 and H1299 lung cancer cells, we used Corning
BioCoat Matrigel Invasion Chambers (Corning Inc., Acton, MA, USA) as previously described.*® Following trypsiniza-
tion, cells were counted, centrifuged, and resuspended into serum-free media (SFM) with drug treatments at concentra-
tions of 10, 15 and 20 uM. Subsequently, 5 x 104 cells/well were introduced into the top chambers pre-coated with
basement membrane extract. Bottom chambers were supplemented with 10% serum-containing media. After a 48-hour
incubation at 37°C, the invading cells were fixed with cold ethanol for 5 minutes and stained with 0.1% crystal violet
solution in 20% ethanol for 30 minutes. Non-invading cells were swabbed off from the upper membrane surface. Stained
cells were PBS-washed, air-dried, and quantified in 4 random fields per sample using NIH (National Institutes of Health)

Imagel software. Results were expressed as average values + SE relative to the control invading cells.
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NSCLC A549 Cell Harvest and Lysis for Metabolomics Analyses

Approximately 2x10° NSCLC A549 cells were seeded per replicate to perform metabolomic analysis in separate T25

flasks. The cells were treated individually with either amlodipine (ICs, values of 23 pM) or a vehicle solution (DMSO) as
a negative control for 24 hours. ICso concentration of amlodipine ensures that the metabolomics analysis is conducted at
a point where cellular responses are maximally sensitive to the drug. The decision to conduct metabolomic analysis after
24 hours of amlodipine treatment was deliberate, considering that prolonged treatment durations could induce cell death
or provoke additional stress responses, potentially introducing complexity to the cellular metabolic profile. Maintaining
a consistent cells number per flask ensured that any observed effects were not influenced by variable cell quantities. After
the treatment period, the cells and buffer samples were transferred to Eppendorf tubes and centrifuged at 14000 rpm for
5 minutes. The buffer was discarded, and the cell pellets were preserved for further analysis. Each sample was
supplemented with 400 pL of lysis buffer and allowed to rest for 10 minutes. Subsequently, the samples were transferred
to 10 mL tubes and subjected to vortexing for 2—4 minutes, followed by sonication using a COPLEY probe-sonicator
(QSONICA SONICATOR, USA) for 30 seconds at a 30% amplifier setting in an ice bath. The sonicated samples were
then returned to Eppendorf tubes and centrifuged at 14000 rpm for 5 minutes. The resulting supernatant was carefully
transferred to another Eppendorf tube, and a mixture of 400 uL of methanol and 300 puL of chloroform was added. After
thorough vortexing for 30 seconds, the samples underwent a subsequent centrifugation step at 14000 rpm for 5 minutes.
This step facilitated the separation of two distinct layers. The upper layer containing the interest metabolites was
selectively collected from each sample and transferred to glass vials. An additional 400 pL of methanol was added,
and the mixture was vortexed and centrifuged. The remaining supernatant was combined with the previously collected
upper layers in the glass vials, while the excess liquid was evaporated to dryness. The dried metabolomics samples were
resuspended in 200 pL of a solution containing 0.1% formic acid in water. Finally, these resuspended samples were
injected into an UHPLC system coupled to a quadrupole-time-of-flight mass spectrometer (Q-TOF, enabling compre-

hensive metabolite characterization.

Ultra-High-performance Liquid Chromatography-Tandem Mass Spectrometry
(HPLC-MS/MS)

Metabolite analysis was conducted using an Elute UHPLC system coupled with a Q-TOF Mass Spectrometer (Bruker,
Bremen, Germany) as described previously.’’ The Elute HPG 1300 pumps, Elute Autosampler (Bruker, Bremen,
Germany), and Hamilton® Intensity Solo 2 C18 column (100 mm x 2.1 mm, 1.8 m beads) were utilized for reversed-
phase chromatography. The separation solvents consisted of 0.1% formic acid (FA) in LC-grade water (solvent A) and
0.1% FA in acetonitrile (solvent B). The LC-QTOF-MS system was maintained at a consistent column temperature of 35
°C. Five biological replicates were analysed, with each sample extract subjected to duplicate injections at a standardized
volume of 10 pL. This protocol was designed to control for technical variability and enhance the precision of the
measurements, ensuring robust and reproducible metabolomic data across all experimental conditions A 30-minute
gradient elution was employed, starting with 1% acetonitrile for 2 minutes, followed by a ramp to 99% acetonitrile over
15 minutes. The elution was then held at 99% acetonitrile for 3 minutes before re-equilibrating with 1% acetonitrile for
10 minutes. The flow rate was set at 0.25 mL/min for 20 minutes, increased to 0.35 mL/min for 8.3 minutes, and returned
to 0.25 mL/min for 1.7 minutes. The ESI source conditions for each injection were as follows: a drying gas flow rate of
10.0 L/min at 220 °C, a capillary voltage of 4500 V, an end plate offset of 500 V, and a nebulizer pressure of 2.2 bar. In
metabolomics analysis, MS2 acquisition involved varying the collision energy between 100-250% of 20 eV, with an end
plate offset of 500 volts. Auto MS scans for sodium formate were conducted from 0 to 0.3 minutes, followed by auto MS/
MS scans for fragmentation from 0.3 to 30 minutes. Both acquisition sections were performed in positive mode at 12 hz.
The scan range encompassed 20 to 1300 m/z, with a precursor ion width of 0.5 and a precursor number of 3. The cycle
time was set at 0.5 s, and the threshold was set to 1000 counts. An active exclusion process was implemented after three

spectra, and the exclusion was lifted after 0.2 minutes.
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Metabolomics Data Processing and Analysis

The data obtained from the metabolite analysis was processed using licensed copy of MetaboScape®™ 4.0 software (Bruker,
Bremen, Germany). In the T-ReX 2D/3D workflow, molecular feature detection settings were applied: a minimum intensity
threshold of 1000 counts and a maximum peak duration of seven spectra. Mass recalibration was performed within
a retention time range of 0 to 0.3 minutes.”® Only features detected in at least six of the 24 samples per cell type were
considered. The MS/MS import method involved averaging, and bucketing parameters were set with a retention duration of
0.3 to 25 minutes and a mass range of 50 to 1000 m/z. Metabolite identification was accomplished by comparing combined
MS/MS, precursor m/z values, and isotope pattern scores with the human metabolome database (HMDB) 4.0. The
annotation quality score (AQ score) was used to select the best matching feature when multiple features matched
a particular database entry. Furthermore, the metabolite data was saved as CSV files for further analysis and integrated
into the comprehensive metabolomics platform MetaboAnalyst 5.0 software (https:/www.metaboanalyst.ca) (Accessed:

June 22, 2023). Two-tailed independent Student’s t-tests were conducted for each medication to identify significantly
different metabolites compared to DMSO with a significance threshold set at p < 0.05. False discovery rate (FDR)
correction was applied to address multiple hypothesis testing and eliminate false positives. A volcano plot was generated
to visualize the statistical significance and fold change of cellular metabolite alteration for each condition. Enrichment
analysis and Principal Component Analysis (PCA) were performed using MetaboAnalyst (version 5.0, http://www.meta
boanalyst.ca) to compare the two groups and gain further insights.

Statistical Analyses

Statistical analyses were performed using licensed copy of GraphPad Prism® (version 9.1.1; GraphPad software, San
Diego, California, USA). One-way Analysis of variance (ANOVA) test and Tukey’s multiple comparison test were used
to detect statistical significance. Half maximal (50%) inhibitory concentration (ICso) values were obtained by applying
nonlinear regression curve fit analysis. P<0.05 was considered statistically significant. For all experiments, results were
expressed as mean + SEM.

Results
The Cytotoxic Effect of Amlodipine on NSCLC Cells

The effect of in vitro amlodipine treatment on the viability of two NSCLC cell lines is illustrated in Figure 1. Amlodipine
treatment showed a reduction in A549 and H1299 cell viability in a dose-dependent manner. Treatment of A549 with an
amlodipine dose range of 15—40 pM resulted in significant inhibition of cell growth compared to control cells. The same
pattern was observed in H1299, 15-40 uM amlodipine significantly inhibited H1299 cell growth compared to control
cells. The ICs, values for amlodipine treatment were 23 and 25.66 uM in A549 and H1299 cells, respectively.

Amlodipine suppressed the migration of NSCLC cells

The effect of increasing concentrations of amlodipine on the migration of NSCLC cancer cells, namely A549 and H1299
cell lines, is shown in Figure 2. Almost complete closure of inflicted wounds in A549 and H1299 cells was observed after
48 h of incubation. Treatment with 10-20 uM amlodipine concentrations has resulted in a dose-dependent inhibition of
cell motility after 48 h in culture, as shown in Figure 2.

Amlodipine Suppressed the Invasion of NSCLC Cells

The effect of various concentrations of amlodipine on the invasiveness of NSCLC cancer cells, namely A549 and H1299
cell lines, is shown in Figure 3. Amlodipine treatment in concentrations of 10-20 pM significantly suppressed the
invasiveness of A549 and H1299 cells compared to vehicle-treated control groups, as illustrated in Figure 3.

Metabolomics of Amlodipine NSCLC A549 Treated Cells
NSCLC A549 cells were treated with vehicle (DMSO) or amlodipine (23 uM). The MTT assay revealed that the
application of amlodipine (23 uM) suppressed the growth of A549 cells. The observed reduction in cell proliferation,
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Figure | Antiproliferative effect of amlodipine on A549 and H1299 cell lines. (A) Cell viability of A549 cells treated with increasing concentrations of amlodipine. (B) Cell

viability of H1299 cells treated with increasing concentrations of amlodipine. Each bar represents mean + SEM of cell viability (%) in each treatment group. * indicates P <
0.05 and ** indicates P < 0.01. compared with control vehicle-treated group. DMSO, dimethyl sulfoxide.

accompanied by the induction of cell death, following treatment with amlodipine compound 48 hours later, indicated the
cytotoxic effects of these compounds on the target cells. Consequently, we opted to delve deeper into the changes
occurring in the metabolome after 24 hours of treatment. This investigation aimed to identify the initial events triggered
by amlodipine that led to cell death in the treated cells.

We conducted untargeted LC-MS/MS-based metabolomics analysis to compare the metabolome of control cells
and cells treated with amlodipine. The experiments were designed using five biological replicates to account for
intrinsic biological variation across independent samples, thereby enhancing the robustness and statistical validity of
the data. Each metabolite extract derived from these biological replicates was subjected to duplicate injections for LC-
QTOF-MS analysis, which allowed for the mitigation of potential technical variability arising from instrumental
fluctuations. This approach ensured both biological and technical accuracy, resulting in 12 distinct samples and a total
of 24 LC-QTOF-MS analyses. Following filtration, we confidently assigned 127 metabolites to the HMDB 4.0 library
with a significance level of p < 0.05. Upon conducting Principal Component Analysis (PCA), the results (as depicted
in Figure 4) showed a partial overlap between the group of cells treated with amlodipine and the control group. This
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Figure 2 Effect of amlodipine on A549 and H1299 cells migration. (A) Representative images of cell migration and (B) quantitative analysis of cell migration percentage by
A549 cells following treatment with amlodipine (10, 15 or 20 pM) compared with the control treated cells. (C) Quantitative analysis of cell migration percentage and (D)
representative microscopic images for cell migration by H1299 cells treated with amlodipine (10, |15 or 20 uM) compared with the control treated cells. * indicates P < 0.05
and ** indicates P < 0.01. compared with control vehicle-treated group. DMSO, dimethyl sulfoxide.

observation suggests that there are some differences between the two groups, although some similarities are also
present. Moreover, through further metabolomics analysis, the comparison between control and amlodipine-treated
cells revealed significant changes in the abundance of six metabolites with a fold change cutoff value of 1.5 (see
Table 1, and Figure 5). Among these metabolites, five (citramalic acid, L-proline, 2’-Deoxyguanosine 5’-
monophosphate, niacinamide, and L-acetylcarnitine) exhibited an increase, while one (L-glutamic acid) showed
a decrease following treatment (Supplementary Figure 1). Subsequently, we conducted a functional enrichment
analysis of the metabolites that significantly changed (p-value < 0.05) due to amlodipine treatment. We used the
Small Molecule Pathway Database (SMPDB) and MetaboAnalyst 5.0 for this analysis. The pathway enrichment
analysis revealed that the differentially abundant metabolites were enriched in pathways such as nicotinate and
nicotinamide metabolism, arginine and proline metabolism, and purine metabolism (as illustrated in Figure 6).

Discussion

Lung cancer, specifically NSCLC, continues to be a significant worldwide health concern, representing a major cause of
cancer-related fatalities. Repositioning/repurposing is one of the promising treatment approaches in cancer research to
overcome chemoresistance.”” We previously showed that amlodipine is cytotoxic and could sensitize lung cancer cells to
chemotherapies.™ In this study, we assessed other potential anti-cancer effects of amlodipine in NSCLC cells. Our results
showed that amlodipine, when used as a monotherapy, is cytotoxic to lung cancer cells with squamous or non-squamous
histology with wild-type EGFR and ALK. This study shed light on the potential of amlodipine as an anti-migratory and
anti-invasive agent in the context of cancer. The findings revealed significant changes in metabolomics, offering new
perspectives and potential targets for cancer therapy.

The effects of amlodipine on cell viability of NSCLC cells are in parallel with previous studies in which dihydropyr-
idine CCBs have been shown to possess an anti-proliferative role in several human cancers such as prostate, lung, breast,
liver, and colorectal cancers.?’%3'4%4! Amlodipine treatment showed a significant reduction of lung cancer cell viability
in a dose-dependent manner. The growth inhibition effect was significantly started at moderate amlodipine concentration
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Figure 3 Effect of amlodipine on A549 and H1299 cells invasion. (A) Representative images of cell invasion and (B) quantitative analysis of cell invasion percentage by A549
cells following treatment with amlodipine (10, 15 or 20 uM) compared with the control treated cells. (C) Quantitative analysis of cell invasion percentage and (D)
representative microscopic images for cell invasion by H1299 cells treated with amlodipine (10, 15 or 20 pM) compared with the control treated cells. * indicates P < 0.05
and ** indicates P < 0.01. compared with control vehicle-treated group. DMSO, dimethyl sulfoxide.

(15 puM) and maintained to the maximum effect at 40 uM. Although the IC50 value for A549 in our conditions was
higher than to what was previously reported by Fu et al (23 vs 9.641 uM),** these cytotoxic effects of amlodipine were
more promising in A549 cells compared to H1299 cells, the latter being p53 defective and thus interpret this difference.*?
The differences in IC50 values between the two studies can also be attributed to variations in experimental conditions,
including: cell seeding counts (4 x 10 vs 1x10* cells/well), MTT concentration (5 vs 0.5 mg/mL), as well as potential
variances in the passage number of cell lines. Our data showed that amlodipine treatment could suppress NSCLC cell
survival, demonstrating its anti-proliferative effects. Previous studies have shown several mechanisms by which
amlodipine could inhibit tumor progression in vitro and in vivo.?**> These mechanisms are mainly represented by the
inhibition of cell cycle at GO/G1 phase via modulation of cell cycle-related proteins such as cyclin D1, p-Rb, p27, and
p21.%°2"% In addition, amlodipine and lercanidipine have been shown to inhibit PD-L1 expression in H1299 cells.”**
Moreover, a study reported that verapamil could sensitize resistant H1299 sublines to chemotherapies.** Further, other
studies have shown that amlodipine could prevent the transformation and tumorigenesis of lung epithelial cells.*’
Interestingly, recent studies have reported that amlodipine suppresses lung cell proliferation by inhibiting major altered,
pro-oncogenic pathways in lung cancer such as the PI3K/Akt and Raf/MEK/ERK through the inhibition of epidermal
growth factor receptor (EGFR) phosphorylation.?*->4¢

Cancer cell migration and invasion are critical factors for cancer progression and metastasis.*’” In the present study,
the anti- migratory and the ant-invasive effects of amlodipine in NSCLC cells were significant in a concentration-
dependent manner. The inhibitory effect of amlodipine on cell invasion was slightly more observable at 10 and 15 uM in
the H1299 cell line, whereas the inhibitory effect at 20 uM was notably more prominent in A549 cell line. Previous
studies have implicated amlodipine and other CCBs in cancer cell migration and invasion.”®*>*® For instance, amlodi-

pine has been shown to diminish A549 cell migration via the inhibition of EGFR-mediated PI3K/Akt and Raf/ERK
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Figure 4 Principal Component (PC) Analysis presenting the correlation between amlodipine treated cells compared to control in A549 cells.

pathways.*> Additionally, the anti-invasive effects of amlodipine in breast cancer were accompanied by downregulation
in p-ERK1/2 and integrin Bl protein expression.”® Moreover, nicardipine inhibitory effects on breast cancer cell
migration has been shown to be mediated via matrix metalloproteinase-9 reduction.*® Further, EGFR mutation has
been shown to be the main driver of H1299 cell invasion via ERK-dependent activation of CXCL12-CXCR4 signaling
pathways.*’ Together, these studies strongly support the in vitro anti-migratory and anti-invasive effects of amlodipine in
lung cancer cells via modulating major, altered signaling pathways.

For the metabolomics analyses, the alteration observed in the nicotinate and nicotinamide metabolism pathway after
treating lung cancer cells A549 with amlodipine suggests that amlodipine may have an impact on the metabolism of
nicotinate and nicotinamide, which are forms of vitamin B3 (niacin). This pathway involves various enzymes and
reactions responsible for synthesizing, breaking down, and converting nicotinamide.’® While amlodipine is primarily
known for its effects on calcium channels, it can also have off-target effects on other cellular processes.*> Notably,

Table | Significantly Altered Metabolites Between Amlodipine Treated
Cells and Controls

Metabolite name Adjusted p-value | Fold Change
Citramalic acid 0.0082598 8.7822
L-Proline 0.012781 47.019
2’-Deoxyguanosine 5’-monophosphate | 0.012781 6.3037
L-Glutamic acid 0.012781 —2.0326
Niacinamide 0.013404 1.5275
L-Acetylcarnitine 0.048602 1.5462
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Figure 5 Volcano plot presenting the abundance of altered metabolites between the two groups. Red color indicates that the metabolite is increased in treated A549 cells.
Blue color indicates that the metabolite is decreased in treated A549 cells.

niacinamide, a key metabolite in this pathway, plays a vital role in maintaining NAD+/NADH homeostasis, which
regulates cellular energy production and oxidative stress response. The increase in niacinamide observed in amlodipine-
treated cells suggests potential disruption of NAD+ synthesis, which may impair ATP production via glycolysis and
oxidative phosphorylation. This pathway is crucial in cancer cells, where elevated NAD+ levels support rapid prolifera-
tion and DNA repair. Amlodipine’s impact may thus inhibit tumor growth by reducing the availability of NAD+ and
enhancing oxidative stress.’’

Moreover, the alteration observed in arginine and proline metabolism after treating A549 cells with amlodipine
suggests that this drug may impact the metabolism of arginine and proline, which are amino acids involved in various
cellular processes. Also, arginine and proline metabolism pathway involve enzymes and reactions responsible for the
synthesis, breakdown, and conversion of arginine and proline.>? These amino acids play crucial roles in protein synthesis,
cell signaling, immune function, and nitric oxide production, among other important functions.”* Increased L-proline
levels observed in amlodipine-treated cells may indicate heightened oxidative stress, as proline metabolism generates
reactive oxygen species. Furthermore, arginine metabolism contributes to immune evasion in cancer by suppressing
T-cell function through nitric oxide signaling. Amlodipine, as a calcium channel blocker,>* may disrupt these pathways
by altering intracellular calcium levels, which can affect the activity of enzymes involved in amino acid metabolism,
including nitric oxide synthase. Such disruptions could reverse immune suppression and impair tumor progression by
modulating the metabolic and signaling pathways critical for cancer cell survival.”

Furthermore, the alteration observed in the purine metabolism after treating lung cancer cells A549 with amlodipine
suggests that this medication may have an impact on the metabolism of purines, which are essential components of DNA,
RNA, and various cellular processes.’® This pathway involves a series of enzymatic reactions responsible for the
synthesis, breakdown, and interconversion of purines, such as adenine and guanine.’’ These purine nucleotides are
fundamental building blocks for the synthesis of DNA and RNA, as well as energy carriers (eg, ATP, GTP) and important
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Figure 6 Enriched pathways of significantly altered metabolites in A549 cells treated with amlodipine.

signaling molecules (eg, cAMP).>® Amlodipine indirectly influences purine metabolism through its impact on cellular
energy metabolism by affecting intracellular calcium levels, which can modulate ATP production and energy
metabolism.”® Changes in cellular energy status can impact the availability and utilization of purine nucleotides,
potentially altering the purine metabolism.>® Amlodipine might affect gene expression or enzyme activity, either directly
or indirectly through signaling pathways. It could modulate the activity of specific enzymes involved in purine
metabolism, leading to alterations in the pathway. In accordance with our results, decreased glutamic acid abundance
was observed in amlodipine treated AS549 cells. Glutamic acid, an amino acid vital for various metabolic pathways
including purine metabolism, plays a crucial role in purine synthesis. Glutamic acid provides nitrogen atoms that are
integral to the formation of the purine ring structure. This incorporation of nitrogen atoms is a critical step in the
biosynthesis of adenine and guanine, the two major types of purines.®® A reduction in glutamic acid can lead to impaired
purine metabolism. This impairment hinders the synthesis of nucleotides, thereby disrupting DNA and RNA synthesis.
Consequently, this disruption can result in decreased cell proliferation.

Additionally, the alteration observed in the malate-aspartate shuttle pathway after treating lung cancer cells A549 with
amlodipine suggests that this medication may impact this specific metabolic pathway involved in the transfer of reducing
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equivalents between cellular compartments.®’ The malate-aspartate shuttle is an essential pathway involved in transfer-
ring reducing equivalents, specifically in the form of electrons, from the cytoplasm to the mitochondria. This shuttle
relies on the conversion of malate to oxaloacetate in the cytoplasm, followed by the transport of oxaloacetate into the
mitochondria, where it is converted back to malate.®” This process generates NADH, which can be used in the
mitochondrial electron transport chain to produce ATP. Amlodipine indirectly influences this pathway by impacting
cellular metabolism or energy balance. One potential explanation is that amlodipine may alter the redox balance or
mitochondrial function, leading to changes in the activity or expression of enzymes involved in the malate-aspartate
shuttle. These alterations can affect the flow of reducing equivalents, ultimately influencing cellular energy production
and metabolism. Furthermore, amlodipine might modulate gene expression or enzyme activity directly or indirectly,
through signaling pathways. It could impact the expression or activity of enzymes involved in the malate-aspartate
shuttle, resulting in alterations in the pathway.

Overall, the changes observed in the nicotinate and nicotinamide, arginine and proline, purine, and malate-aspartate
shuttle pathways upon treatment of lung cancer cells A549 with amlodipine suggest that this medication affects cellular
metabolism and potentially influences various metabolic processes within the cells. However, it is important to acknowl-
edge that the exact mechanisms and implications of these changes in the context of lung cancer and amlodipine treatment
are not well understood. These findings indicate that amlodipine might have unintended effects on cellular metabolism,
which could have positive and negative consequences. Further investigation is necessary to explore the downstream
effects of these pathway alterations and their specific roles in lung cancer biology. Understanding the functional
significance of these changes can provide valuable insights into potential therapeutic targets or mechanisms of action
of amlodipine in lung cancer treatment. Also, it is essential to interpret these findings within the broader scope of lung
cancer research, considering other factors that can influence cellular metabolism and tumor biology. Additional studies,
including genetic analyses and in vivo experiments, will help elucidate the implications of these pathway alterations and
their potential impact on lung cancer progression and response to treatment. This study has a few limitations. First, it
lacks a positive control in the cell viability experiments. Second, further investigations are needed to identify the exact
molecular protein targets mediating the anticancer effects of amlodipine, whether through inhibition of calcium ion
channels or other signal transduction pathways. Third, the metabolomics study was conducted on only one cell line.
Finally, this study does not address the time-effect relationship of amlodipine’s actions. Future in vitro and/or in vivo
studies could incorporate time-course analyses, autophagy markers and the role of reactive oxygen species to provide
additional insights into the progression and duration of the observed anticancer effects.

Conclusion

In conclusion, our study revealed the ability of amlodipine treatment to inhibit the growth, cell migration, and
invasiveness of NSCLC cells with significant metabolomics changes. However, the effect of amlodipine in enhancing
the sensitization of NSCLC to chemotherapy remains to be determined in future investigations.
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