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ABSTRACT
Background: This study aims to identify small alkaloid molecules that inhibit lysosomal 
acidification and explore their anti-tumor mechanisms. Vacuolar adenosine triphosphatase 
(v-ATPase) regulates lysosomal acidification, affects cell growth, and inhibiting its function can 
intervene in tumor cell proliferation. Materials and Methods: Potential alkaloids were screened 
through molecular docking. Combined with cell transfection and fluorescence techniques, the 
inhibitory effects of nine alkaloids (Homharringtonine, Camptothecin, Berberine, Clolithecin, 
etc.,) on lysosomal acidification were verified. Results: These compounds significantly inhibited 
the activity of v-ATPase, affected the pH value of lysosomes, and further suppressed the 
proliferation of tumor cells, confirming that they exerted anti-tumor effects by regulating the 
acidification process. Conclusion: This study reveals that small alkaloid molecules serve as a 
new direction for anti-tumor treatment, providing a key basis for the development of therapies 
targeting lysosomal acidification.
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INTRODUCTION

Cancer is the second leading cause of death globally, and 
the increasing cancer burden worldwide continues to pose 
a significant public health challenge. This is primarily due 
to uncontrolled tumor cell proliferation,1 which results in 
tumorigenesis.2 Given the high incidence and mortality rates of 
cancer, current cancer control measures and the pace of clinical 
research are insufficient to keep up with the rapid development 
of cancer. Therefore, it is crucial to update treatment strategies 
and prevent cancer progression.3,4 Current cancer therapies, such 
as surgery, radiotherapy, chemotherapy, immunotherapy, and 
cell therapy, each have their advantages and limitations. These 
treatments can lead to complications such as drug resistance, 
immortalization of tumor cells, inflammatory responses, and the 

induction of new blood 
vessel formation.5,6 For example, in patients with Chronic 
Lymphocytic Leukemia (CLL) and Acute Myeloid Leukemia 
(AML), repeated chemotherapy results in increased preventing 
apoptosis and causing immortalization of leukemic cells.7-9 
Additionally, in colon cancer patients receiving cetuximab 
treatment, mutations in downstream genes of the genetic tumor 
can induce the occurrence of resistance.10,11 Therefore, there is a 
pressing need to identify more effective and less toxic therapies 
that can optimally control and eliminate cancer cells and to 
explore more efficient anti-cancer strategies.12

Lysosomes are limited, dynamic, and heterogeneous acidic 
organelles within cells, consisting of a single membrane 
structure.13,14 They contain hundreds of membrane proteins, 
including various transporters and ion channels, playing a key 
role in the degradation and recycling of cellular materials.15 
Lysosomes are also central to cellular metabolism, protein 
degradation, and play a crucial role in the proliferation and 
survival of both normal and tumor cells.16,17 Lysosomal hydrolases, 
which have widespread targets, are activated by the proton pump 
v-ATPase, enabling lysosomal acidification by lowering the pH 

Received: 12-06-2026;  
Revised: 09-07-2026;  
Accepted: 27-08-2026.

Correspondence:
Dr. Gang Fang
Guangxi Higher Education Key 
Laboratory for the Research of 
Du-related Diseases in Zhuang Medicine, 
Guangxi University of Chinese Medicin
e,Nanning-530001,Guangxi, CHINA.
Email: fglzyznn@yeah.net

Dr. Zhiyong Cao
Institute of Traditional Chinese and 
Zhuang-Yao Ethnic Medicine, Guangxi 
University of Chinese Medicine, Nanning- 
530001, Guangxi, CHINA.
Email: caozhiyong2019@163.com

IN
 PRESS



Indian Journal of Pharmaceutical Education and Research, Vol 61, Online First2

Chen, et al.: v-ATPase Inhibition by Anti-Tumor Alkaloids

to the required acidic range.18 Studies have shown that lysosomal 
acidification is associated with various diseases, including viral 
infections, rheumatic diseases, tuberculosis, psoriasis, and fatty 
liver disease.19-22 Moreover, lysosomal acidification significantly 
influences cancer progression. When lysosomal acidification is 
functioning normally, cells can grow, proliferate, and survive. 
However, when lysosomal acidification is disrupted, both normal 
and tumor cells are unable to proliferate and survive properly, 
which may exert anti-cancer effects.23,24 Therefore, disrupting 
lysosomal acidification can hinder cancer cell proliferation and 
exhibit anti-cancer effects.

v-ATPase is a multimeric protein complex that functions as 
a proton pump, driven by ATP hydrolysis, responsible for 
activating lysosomal acidification.25,26 During the lysosomal 
catabolic process, v-ATPase activation is essential for lysosomal 
acidification.27 When unnecessary cellular material is transferred 
to lysosomes for degradation, v-ATPase maintains the acidic 
environment within lysosomes, allowing them to operate 
properly. This enables the normal functioning of the lysosomal 
system, processing unwanted cellular material via autophagy 
and endocytosis.28 Furthermore, the activation of v-ATPase 
facilitates spatial acidification among cells. Numerous enzymes 
located within the lysosome become operational in this acidic 
environment, effectively decomposing substrates and digesting 
complex materials.29 Thus, v-ATPase activation is essential for 
maintaining the acidic environment necessary for lysosomal 
function and hydrolytic enzyme activity.

Alkaloids are complex nitrogen-containing organic compounds 
that are natural products.30 Many clinical anti-cancer drugs, such 
as paclitaxel and camptothecin analogs, are widely used to treat 
various cancers.31,32 In recent years, alkaloid-based compounds 
have become a focal point in anti-tumor research. Studies by 
Liang Qing et al., (2020) and Fan Yang et al., (2022) showed 
that alkaloid small molecules induce cancer cell death through 
activation of the death receptor pathway.33,34 Additionally, 
research by Wang Jinkang et al., (2020) and Luo Yanming et 
al., (2021) demonstrated that alkaloid small molecules regulate 
signaling pathways to enhance immune cell proliferation 
and immune functions, thereby eliminating cancer cells.35,36 
Furthermore, research by Yang Xu et al., (2023) pointed out that 
alkaloid small molecules interact with growth-related activation 
proteins, inhibiting cancer cell growth and inducing cell death.37,38 
Most studies on alkaloid compounds in cancer research focus on 
promoting cell proliferation, enhancing immune responses, or 
directly activating cancer cell death pathways. However, there is 
still room for development in exploring how alkaloid compounds 
intervene in protein complexes to induce lysosomal acidification 
and exert anti-cancer effects.

Existing research has found that alkaloid compounds exert 
anti-tumor effects through mechanisms such as the death 
receptor pathway and immune function pathways, while very 

few studies have focused on the impact of alkaloid compounds 
on autophagy.39-41 Therefore, in our study, we investigated various 
alkaloid compounds to evaluate their binding affinity with 
v-ATPase and explored their effects on lysosomal pH. The results 
revealed that alkaloid compounds can interact with v-ATPase, 
inhibiting the lysosomal acidification pathway, and ultimately 
leading to the effective suppression of cancer cell proliferation 
and survival. This finding highlights the potential of alkaloid 
compounds as v-ATPase enzyme inhibitors, which can impede 
cancer cell growth and proliferation by affecting lysosomal 
acidification function, thereby providing preclinical evidence for 
the development of new cancer treatment strategies.

MATERIALS AND METHODS

Alkaloid compounds exert antitumor effects by 
inhibiting lysosomal acidification
Cell culture and transfection

Hela cells and SKOV3 were cultured in DMEM medium (Gibco) 
contained 10% FBS (Vivacell) in a humidified atmosphere 
with 5% CO2 at 37ºC. Culture media were refreshed 24 hr 
post-transfection, and cells were imaged 48 hr post-transfection 
to allow sufficient recovery from transfection stress.

Reagents

FDA-Approved Drug Library (Cat. No: HY-L022), LysoTracker™ 
Red DND-99 and CCK8 was obtained from MedChemExpress. 
Hoechst 33342 was from Thermo Fisher Scientific.

Cell proliferation assay

Cell inhibitory of HCC and human peripheral blood mononuclear 
cells was monitored by CCK8 assay. Cells were seeded in 96-well 
plates. After treatment, the culture medium was removed. 
Subsequently, CCK8 was added to each well and incubated for 2.5 
hr after removal of the supernatant. The absorbance was recorded 
at 450 nm under a microplate reader (Bio-Tek Instruments, 
Highland Park., Winooski, VT, USA).

Inhibition rate (%) = [(A450, Control - A450, Sample)/(A450, 
Control -A450, Blank)]×100%.

Immunofluorescence assay method

Preparation of LysoTracker Red working solution: Allow the 
solution to return to room temperature and briefly centrifuge to 
concentrate it at the bottom of the tube. Dilute the 1 mM stock 
solution with culture medium or an appropriate buffer, such as 
PBS, to prepare the working solution, which should be 100 μM. 
Cell staining: For adherent cells, discard the cell culture medium, 
dissociate the cells with trypsin, and prepare a single-cell 
suspension. Centrifuge at 4°C, 1000 g for 3-5 min, discard the 
supernatant. Wash twice with PBS for 5 min each. Add 100 μL 
of LysoTracker Red working solution, and incubate at room 
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temperature for 5-30 min. Centrifuge at 4°C, 400 g for 3-4 min, 
discard the supernatant. Wash twice with PBS for 5 min each. 
Resuspend the cells in serum-free cell culture medium or PBS 
and analyze using the Operetta CLS High Content Screening 
Imaging System.

Statistical analysis

Statistical analyses were conducted utilizing SPSS version 26.0 
and GraphPad Prism version 9 software. Experimental data 
were expressed as mean as mean ± Standard Deviation (SD). 
Comparisons between two groups were analyzed using Student’s 
t-test, while comparisons among multiple groups were conducted 
using one-way Analysis of Variance (ANOVA), followed by 
Tukey’s multiple comparisons test. The experimental data were 
normalized. This experiment used fluorescent probe technology 
and was repeated three times.

RESULTS

The Anti-Tumor Effects of Alkaloid Compounds

Homoharringtonine, Camptothecin, Berberine (chloride 
hydrate), Harringtonine, Theophylline, Reserpine 
(hydrochloride), Berberine (sulfate), Sanguinarine (chloride) 
and Topotecan (hydrochloride) can effectively inhibit the growth 
and proliferation of Hela cells and SKOV3 cells. When the dose 
of each drug reaches 10 μM, almost all of the two cancer cells 
die. According to the analysis results, it is evident that different 
concentrations of alkaloids have varying effects on cell viability. 
When compared to the control group (0 μM group), we can 
observe that each alkaloid exhibits an inhibitory effect on both 
Hela cells and SKOV3 cells. Furthermore, the impact of different 
concentrations on cell viability also varies; as the concentration 
of alkaloids increases, the viability of Hela cells and SKOV3 
cells decreases, demonstrating significant differences (*p<0.05, 
**p<0.01, ***p<0.001). The experimental results indicate that 
seven alkaloid compounds, namely Homoharringtonine, 
Camptothecin, Harringtonine, Theophylline, Reserpine 
(hydrochloride), Sanguinarine (chloride), and Topotecan 
(hydrochloride), exhibit significant anticancer effects, with 
higher concentrations leading to stronger anticancer activity 
(Figures 1a-1c).

The Inhibition of Lysosomal Acidification of Alkaloid 
Compounds

Compared with the 0 μM group, Homoharringtonine, 
Camptothecin, Berberine (chloride hydrate), Harringtonine, 
Theophylline, Reserpine (hydrochloride), Berberine (sulfate), 
Sanguinarine (chloride) and Topotecan (hydrochloride) could 
significantly inhibit lysosomal acidification and increase the 
cellular pH. Immunofluorescence intensity analysis revealed 
significant differences in the relative protein expression levels 
of colchicine, camptothecin, berberine (chloride hydrate), 

vinblastine, theophylline, reserpine (hydrochloride), berberine 
(sulfate), sanguinarine (chloride), topotecan (hydrochloride), 
and the untreated control group, with *p<0.05, **p<0.01, 
***p<0.001. In the immunofluorescence intensity analysis chart, 
DND99 expression is higher in the control group, indicating low 
lysosomal pH. Upon the addition of alkaloid compounds, DND99 
expression decreases, increasing lysosomal pH. Moreover, 
different alkaloid compounds exhibit varying effects, all showing 
significant differences compared to the control group (Figures 2a, 
2b).

Alkaloid Compounds Targeting v-ATPase to Induce 
Lysosomal Acidification Defects and Exhibit 
Antitumor Effects

The results of this study indicate that alkaloid small molecules 
exert antitumor effects by inhibiting lysosomal acidification. 
v-ATPase is a key protein responsible for regulating the H+ pump 
in the lysosome. To explore how these alkaloid compounds inhibit 
lysosomal acidification, we investigated their potential to target 
and inhibit v-ATPase, thereby inducing lysosomal acidification 
defects to exert antitumor effects.

Molecular docking was performed to analyze the regulatory 
effects of these small molecules on lysosomal v-ATPase. 3D 
structure files in SDF format for nine alkaloid compounds, 
including Homoharringtonine, Camptothecin, Berberine 
(chloride hydrate), Harringtonine, Theophylline, Reserpine 
(hydrochloride), Berberine (sulfate), Sanguinarine (chloride), 
and Topotecan (hydrochloride), were downloaded from the 
PubChem database (https://pubchem.ncbi.nlm.nih.gov/). The 
3D structure of v-ATPase was obtained from the Protein Data 
Bank (PDB) (http://www.rcsb.org/) (Table 1). Molecular docking 
was conducted using AutoDockTools 1.5.7, and the lowest 
binding energy results were selected for further analysis. The 
docking conformations were visualized using PyMOLWin and 
analyzed for interaction interfaces, hydrogen bonds, hydrophobic 
interactions, and other key interactions (Figure 3).

The molecular docking results showed that alkaloid compounds 
bind to v-ATPase, playing a role in the transport of protons 
(H+) across the endosomal membrane. During the inhibition 
of v-ATPase by these alkaloid compounds, the ATP in the V1 
domain undergoes hydrolysis, converting ATP into ADP, which 
triggers the rotation of the central stalk (subunits D1 and F1), 
facilitating the transport of protons from the cytoplasm through 
the subunits a and c ring to the organelle lumen or extracellular 
space. When the c ring rotates, the alkaloid compounds provide 
steric hindrance, coupling the energy from ATP hydrolysis with 
the proton translocation process of the subunit half-channel, 
thereby preventing the interaction between the subunits a and 
c ring, thus blocking proton translocation. The docking sites 
of alkaloid compounds formed hydrogen bonds with specific 
protein residues on the V domain, such as LYS-24, ARG-236, and 
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Table 1: Source and Structure of Alkaloid Small Molecules.

Name/Id Constitution Source References
Homoharringtonine/285033 Cephalotaxus 42

Camptothecin/ 24360 The bark of the 
Camptotheca tree

43

Berberine (chloridehydrate)/ 155074 Quaternary ammonium 
alkaloids

44

Harringtonine/276389 Cephalotaxus 45

Theophylline/ 2153 Black tea 46

Reserpine(hydrochloride)/21155894 Serpentwood 47

Berberine (sulfate)/ 12457 Coptis, Phellodendron 
amurense

48
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ALA-272. These hydrogen bonds not only enhanced the stability 
of the alkaloid compounds binding to v-ATPase but also likely 
affected the conformational changes of v-ATPase domains.

The docking results for these nine alkaloid compounds with 
v-ATPase showed different positions where hydrogen bonds 
were formed with protein residues (Table 2). Additionally, 
some overlapping binding sites were found for these alkaloids, 
such as Homoharringtonine, Camptothecin, Theophylline, and 
Sanguinarine (chloride), which all formed hydrogen bonds with 
the protein residue LYS. Similarly, Camptothecin, Berberine 
(chloride hydrate), Reserpine (hydrochloride), and Berberine 
(sulfate) all formed hydrogen bonds with the protein residue 
ASN, while Berberine (chloride hydrate) and Berberine (sulfate) 
both formed hydrogen bonds with ALA-272. Therefore, it can be 
inferred that the alkaloid compounds primarily target residues 
LYS, ASN, and ALA in v-ATPase.

The binding energy results obtained from the molecular docking 
(Table 3) indicated that when the binding energy was <-5.0 kJ/
mol, the molecule exhibited good binding affinity with the target 
protein (e.g., Theophylline), while binding energies <-7.0 kJ/mol 
indicated stronger binding affinity (e.g., Camptothecin), and 
while the binding energy is greater than -5.0 kJ/mol, it indicates 
that the binding activity is relatively weak (e.g., Harringtonine). 
The higher the binding energy, the stronger the ability of the 
alkaloid compounds to bind with v-ATPase. At this point, 
v-ATPase cannot be properly driven by ATP hydrolysis, and 
the normal activation of lysosomal acidification functions is 
hindered. Consequently, the intercellular space cannot achieve 
the acidic environment required for signal transduction, thereby 
obstructing the signaling necessary for regulating tumor growth 
factors, effectively slowing down cell growth and proliferation. By 
comparing the binding energies, it can be determined that the 
binding energy of Camptothecin is -7.79 kJ/mol, demonstrating 
the strongest binding capability. This indicates that among the 
nine alkaloid compounds, camptothecin exerts the strongest 

inhibitory effect on lysosomal acidification and has the most 
potent anti-tumor effect, followed by Topotecan (hydrochloride). 
In contrast, Harringtonine, with a binding energy of -4.92 kJ/mol, 
exhibits the weakest binding ability to the target protein, resulting 
in a weaker inhibition of lysosomal acidification compared to the 
previous eight alkaloid compounds, thus having the least effect 
on suppressing the growth and proliferation of cancer cells.

DISCUSSION

The Relationship Between Lysosomal Acidification 
and Cancer
Mechanism of Lysosomal Acidification

The acidic lumen of the lysosome is primarily attributed to the 
activity of v-ATPase.51,52 The formation of this acidic environment 
is mediated by the flow of cations and anions across the 
lysosomal membrane via ion transport proteins, which generate 
and maintain the acidic pH. v-ATPase is an electrochemical 
pump that creates an electrochemical gradient by utilizing ATP 
metabolism to pump protons (H+) into the lysosomal lumen.53 
This proton influx occurs through the efflux of cations and/or 
the influx of anions, enabling continuous proton entry, which 
dynamically regulates the lysosomal pH and maintains an acidic 
environment.54,55 The acidic pH stabilizes and activates lysosomal 
hydrolases, promoting the degradation of macromolecules and 
vesicular trafficking.56,57 Moreover, v-ATPase uses the energy 
derived from ATP hydrolysis to actively transport H⁺ ions 
into the lysosome, maintaining an acidic environment that is 
conducive to the optimal function of most enzymes (Figure 4).58

Mechanism and Potential Causes of Lysosomal 
Function Promoting Tumor Growth

The ability of tumor cells to proliferate depends on the function 
of acidic, active lysosomes.59 Most lysosomal functions are 
contingent upon the acidic environment within the lysosomal 
lumen, as the majority of lysosomal enzymes perform optimally 

Name/Id Constitution Source References
Sanguinarine(chloride)/68635 Papaveraceae 49

Topotecan(hydrochloride)/60699 Camptothecin 
semisynthetic derivatives

50
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at a pH range of 4.5-5.60 When lysosomal function is normal, 
an acidic environment is established, facilitating endocytosis to 
release products, followed by the uptake of transferrin-bound 
iron via transferrin receptors. This process alters mitochondrial 
metabolism and HIF signaling, ultimately promoting cell 
proliferation.61 The potential cause for this is that lysosomes, 
acting as a signal hub for environmental adaptation, regulate 
transcription factors involved in tumor-related signaling 
pathways. This promotes the signaling of growth factors for 
cancer cells and, under conditions favorable for cell growth, 
activates proliferation-related factors, thus promoting the 
proliferation and growth of cancer cells.61,62 When lysosomal 
acidification increases, it can enable cancer cells to survive 
under certain conditions and facilitate their migration.63 This 
demonstrates that both normal and cancer cells can proliferate 

and renew themselves only when the lysosomal function is intact, 
maintaining an acidic environment.

Dysregulation of Lysosomal Acidification Leading to 
Tumor Cell or Cell Death

When lysosomal acidification is disrupted, it triggers a loss 
of iron in proliferating cells, and iron deficiency activates 
signaling in cultured primary neurons, leading to mitochondrial 
dysfunction and non-apoptotic cell death.64 Inducing lysosomal 
swelling and inhibiting lysosomal acidification impairs lysosomal 
function, increases lysosomal membrane permeability, induces 
mitochondrial depolarization, disrupts cellular homeostasis, 
triggers inflammatory and cell death signals, and ultimately leads 
to cell death.65,66 Thus, when lysosomal acidification is disrupted, 
the expression and functionality of related genes become 

Figure 1a

Figure 1b
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disordered and damaged, ultimately causing the cessation of 
growth or even death of both normal and tumor cells.

The Protein Structure of v-ATPase and Its Impact on 
Lysosomal Acidification
Protein Structure of v-ATPase (PDB)

v-ATPase shares the same structural characteristics as the 
F-ATPases found in mitochondria and chloroplasts, retaining 
its function as a proton pump.67,68 v-ATPase is composed of a 
peripheral domain (V1) responsible for ATP hydrolysis and a 
membrane-integral domain (Vo) that transports protons across 
membranes or organellar membranes. The V1 domain contains 
eight subunits (A3, B3, C1, D1, E3, F1, G3, and H1), while the Vo 
domain consists of six subunits (a1, d1, e, and the c-ring, which is 
composed of three subunits: c, c’ and c’’) (Figures 2a, 2b).69,70 The 
A3 and B3 subunits form a hexamer that provides ATP hydrolysis 

Table 2: Locations of Hydrogen Bond Interactions Between Alkaloid 
Small Molecules (Ligands) and v-ATPase.

Alkaloid (Ligand) Position of Hydrogen Bonds
Homoharringtonine LYS-320; ILE-319
Camptothecin LYS- 84; GLU-74; ASN-5; 

LEU-7
Berberine (chloride hydrate) ALA-272; ASN-176
Harringtonine ASP-352
Theophylline LYS-24; ARG-236; VAL234
Reserpine (hydrochloride) ASP-177; TYR-260; ASN-175
Berberine (sulfate) ALA-272; ASN-176
Sanguinarine (chloride) LYS-84
Topotecan (hydrochloride) ASP-257; CYS-256

Figure 1c

Figure 1: (a-c) Homoharringtonine, Camptothecin,Berberine (chloride hydrate), Harringtonine, Theophylline, Reserpine (hydrochloride), Berberine (sulfate), 
Sanguinarine (chloride) and Topotecan (hydrochloride) were all administered for 24 hr. The top row shows Hela cells, and the bottom row shows SKOV3 cells. 

Compared with the 0μM group,*p<0.05.**p<0.01.*** p<0.001.

sites.71,72 The peripheral stalk is composed of the E3, G3, c, and H1 
subunits, while the central stalk is formed by the D1, F1, and d1 
subunits.73,74 Upon ATP hydrolysis at the A3-B3 subunit interface, 
the central stalk is driven to rotate. The A3 and B3 subunits in the 
v-ATPase structure form three pairs of AB heterodimers, which 
are involved in ATP binding and hydrolysis.75,76 During the ATP 
hydrolysis cycle, the C-terminal domains of the A and B subunits 
undergo conformational changes due to the binding of ATP and 
ADP, ultimately driving the rotation of the central stalk (D1 and 
F1 subunits) and facilitating the transport of protons from the 
cytoplasm to the organelle lumen or extracellular space, resulting 
in ATP synthesis or hydrolysis.77-79 The c-ring couples the energy 
from ATP hydrolysis to the proton translocation process across 
the subunit half-channels.80-82

Mechanism by Which v-ATPase Affects Lysosomal 
Acidification

The core mechanism regulating lysosomal acidity is v-ATPase, 
which functions as an ATP-driven proton pump. Its activity is 
controlled by regulating the assembly of the v-ATPase complex 
or through dynamic modulation of v-ATPase expression on the 
membrane surface.83 v-ATPase uses the energy generated by ATP 
hydrolysis to actively transport H+ ions into the lysosomal lumen, 
thereby acidifying the organelle.84 The V1 domain of v-ATPase can 
rapidly and reversibly shuttle between the lysosome containing 
the Vo domain, recruiting the V1 domain to the Vo domain on 
the lysosomal membrane for active v-ATPase assembly, which 
then acidifies the lysosomal lumen.85-87 v-ATPase, along with 
anti-ion transport proteins, plays a crucial role in maintaining 
the steady-state pH inside the lysosome. The lysosome generates 
and maintains a pH gradient through the activity of the proton 
pump v-ATPase. The enzyme uses ATP-derived metabolic energy 
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Figure 2a

Figure 2b

Figure 2: Homoharringtonine, Camptothecin, Berberine (chloride hydrate), Harringtonine, Theophylline, Reserpine (hydrochloride), Berberine (sulfate), 
Sanguinarine (chloride), Topotecan (hydrochloride) and untreated control were all administered for 24 hr (a). Homoharringtonine, Camptothecin, Berberine 
(chloride hydrate), Harringtonine, Theophylline, Reserpine (hydrochloride), Berberine (sulfate), Sanguinarine (chloride), Topotecan (hydrochloride) and untreated 
control Protein relative expression levels；Significant immunofluorescence intensity analysis, compared with the control group: *p<0.05, **p<0.01, ***p<0.001

。(b).
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to pump protons into the lysosomal lumen, resulting in charge 
separation (Figures 5a-5c) and generating a transmembrane 
voltage. To dissipate this voltage and enable net pumping, another 
ion must move. This anti-ion can be a cation (moving out of the 
lysosome) or an anion (moving into the lysosome).88,89 In this 
manner, v-ATPase ensures the proper functioning of lysosomal 
acidification.

Introduction to v-ATPase Inhibitors
Numerous studies have shown that v-ATPase is expressed on the 
plasma membrane of invasive cancer cells, including breast cancer, 

Figure 3: Schematic Representation of Molecular Docking Results for v-ATPase with Homoharringtonine, Camptothecin, Berberine (chloride hydrate), 
Harringtonine, Theophylline, Reserpine (hydrochloride), Berberine (sulfate), Sanguinarine (chloride), and Topotecan (hydrochloride) (b).

Table 3: Binding Energy Results of Alkaloid Small Molecules with 
v-ATPase.

Alkaloid (Ligand) ID Binding energy 
(kJ/mol)

Homoharringtonine 285033 -4.92
Camptothecin 260 -7.79
Berberine (chloride 
hydrate)

155074 -5.84

Harringtonine 276389 -4.31
Theophylline 2153 -5.08
Reserpine (hydrochloride) 21155894 -5.39
Berberine (sulfate) 12457 -5.80
Sanguinarine (chloride) 68635 -6.03
Topotecan(hydrochloride) 60699 -6.74

pancreatic cancer, liver cancer, gastric cancer, prostate cancer, 
and others.90-93 This suggests that v-ATPase may support cancer 
cell survival and growth by regulating the cytosolic pH through 
its effect on lysosomal acidification.94 Therefore, inhibiting 
v-ATPase can limit cancer cell growth, migration, and invasion.95 
v-ATPase inhibitors have membrane permeability, which allows 
them to suppress all v-ATPase activity within cells. The use of 
these inhibitors has been shown to effectively reduce the invasion 
and migration of metastatic cells.96 When v-ATPase inhibitors are 
applied, v-ATPase signaling is disrupted, causing the separation 
of the V1 and Vo regions, downregulating ATP hydrolysis and 
proton transport, and inhibiting v-ATPase activity, resulting in 
the closure of the Vo complex to protons.97-100

When using v-ATPase inhibitors, they inhibit lysosomal 
acidification by affecting soluble cellular structures or membrane 
sites, reducing the drop in extracellular pH, thus slowing the 
growth and invasion of cancer cells or increasing cancer cell 
death.101,102 Additionally, in the tumor microenvironment, the 
intercellular environment is acidic. v-ATPase inhibitors can also 
inhibit cancer cell growth and induce their death by reducing the 
volume and acidity of lysosomes within cells, thereby increasing 
the pH of the extracellular environment and lysosomes.103-105 At the 
same time, v-ATPase not only affects cancer progression through 
changes in lysosomal acidity but can also control the changes 
in cancer cells through immunotherapy. It involves looking 
for relevant proteomics data of v-ATPase inhibitors and using 
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specific peptide segments to competitively bind to the binding 
sites, further regulating immune cells to combat the growth of 
cancer cells.106 The activity of v-ATPase can also be inhibited 
to reduce the capture of immune cells, thereby maintaining the 
efficacy of immunotherapy in slowing the proliferation of cancer 
cells.107

The literature review indicates that numerous v-ATPase 
inhibitors exert anti-cancer effects through lysosomal 
acidification or immune regulation. For instance, the macrolide 
antibiotic bafilomycin A1 targets v-ATPase to inhibit lysosomal 
acidification, thereby exhibiting anti-cancer activity.28 Achiol A 
is a v-ATPase inhibitor from actinomycetes that limits cancer cell 
growth by inhibiting lysosomal acidification.108 The v-ATPase 
inhibitor bafilomycin A induces apoptosis in cancer cells by 
inhibiting lysosomal acidification.109 Concanamycin A is also an 
inhibitor of v-ATPase; after its action, immune cells can come 
into close contact with and kill cancer cells.110 Additionally, novel 
inhibitors such as benzofuran-one amides or chondroitin sulfate 
have been identified, although their binding sites have not yet been 
fully characterized.111-114 In addition to influencing the lysosomal 
acidification pathway through the action of v-ATPase, which 
ultimately inhibits the proliferation and survival of cancer cells, 
we have also discovered other pathways that do not participate in 
the regulation of lysosomal acidification. For instance, the use of 
alkaloid inhibitors to block DDX3-dependent v-ATPase activity 
further modulates mitochondrial homeostasis for the treatment of 

breast cancer.115 RUVBL1/2 alkaloid inhibitors target RUVBL1/2 
to prevent YTHDF1 from inducing information translation and 
signal transduction in cancer cells, achieving an anticancer effect 
through targeted therapy.116

LIMITATIONS

Despite the promising results observed in the targeting 
of v-ATPase by alkaloid compounds to inhibit lysosomal 
acidification for anti-cancer effects, several limitations should 
be acknowledged. First, in our data selection, the alkaloid 
compounds we chose did not timely consider that despite being 
the same alkaloid, they may exhibit multiple conformations 
and protonation states. In our research methods, we employed 
cell proliferation assays and molecular docking analyses, but we 
did not conduct in vivo experiments through animal models 
or clinical evaluations to confirm the anti-tumor effects. We 
solely focused on preclinical anti-tumor findings without timely 
translation into clinically applicable research. Furthermore, in 
studying alkaloid compounds targeting v-ATPase, there may be 
off-target effects due to the structural similarities of alkaloids, 
multi-target actions, and metabolic Interferences, potentially 
resulting in the targeting of other proteins or pathways. In the 
molecular docking studies, we overlooked the conformational 
changes of the receptor, as different conformations could lead 
to varying predictive outcomes. Additionally, employing flexible 
or semi-flexible docking may result in discrepancies as well. To 

Figure 4: Mechanism of lysosomal regulation of intracellular pH: The changes in lysosomal pH during the transformation from early to late endosomes; the 
v-ATPase on the lysosomal membrane actively transports H⁺ ions into the lysosome, thereby establishing and maintaining the acidic environment, which allows 

extracellular material to enter the cell via endocytosis and undergo degradation in the acidic lysosome.
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address these limitations, we will consider exploring whether the 
anti-cancer effects of alkaloid compounds differ under various 
conditions, and conduct in vivo validation experiments to 
provide stronger evidence for the anti-cancer effects of alkaloids 
targeting v-ATPase in inhibiting lysosomal acidification. This 
would help translate our preclinical findings into clinically 
applicable research. Furthermore, we will adopt optimization 
schemes to enhance target selectivity using different target 
validation methods and multi-omics analyses to better avoid 
off-target effects and the occurrence of targeting other proteins 
or pathways. Future research will incorporate methods such as 
pull-down assays to rule out non-specific interactions, thereby 
addressing the inherent flaws in molecular docking studies.

CONCLUSION

As the "digestive workshop" of the cell, the lysosome contains 
various hydrolytic enzymes that provide the degradation 
capability necessary for the breakdown of proteins, lipids, and 
polysaccharides. The activity of these enzymes, as well as the 
movement and maturation of the lysosome, is closely related to 
the pH level within the lysosomal lumen. When the lysosomal pH 
is regulated between 4 and 5, an acidic environment is established, 
activating most of the hydrolytic enzymes required for the 
breakdown of nutrients that support the growth and proliferation 
of both normal and cancer cells. For lysosomes to maintain their 
acidifying function, regulation via v-ATPase is essential. The 
energy generated by ATP hydrolysis into ADP and Pi facilitates 
the translocation of protons (H+) across membranes, driving the 
proton accumulation cycle. This process, in conjunction with ion 
transport pathways (i.e., cytoplasmic anion influx and organelle 
or lumen cation efflux), helps maintain the voltage difference 
across organelle membranes, acting as an electrostatic shunt to 
create an acidic environment that promotes cell proliferation.

Modern studies have revealed that natural alkaloids possess unique 
chemical structures and biological activities. These compounds 
provide a material foundation for further research into biological 

activity through total synthesis and serve as lead compounds with 
medicinal value through structural modifications, making them a 
hot topic in the field of anti-tumor drug development.114 Alkaloid 
compounds can directly modify cancer cell genes, degrade 
structural proteins in cancer cells, induce cell cycle arrest in the 
S phase, exert cytotoxic activity to inactivate and kill cancer cells, 
inhibit cancer cell growth and proliferation by affecting DNA 
synthesis, or induce apoptosis in a dose-dependent manner.117

For example, Dioxyreserpine inhibits the expression of the 
NALM-6 gene in the e. B-ALL cell line, directly suppressing 
cancer cell growth.118 The 3m compound in bis-β-carboline 
alkaloids effectively inhibits the activity of Top1 and Top2, 
leading to DNA damage accumulation and subsequent cancer cell 
death.119,120 The compound 91 in 10-hydroxycamptothecin binds 
with β-glucuronidase, degrading the proteoglycans in the cancer 
cell basement membrane to limit tumor progression.121-123 In the 
presence of Camptothecin (CPT), cancer cells experience cell 
cycle arrest during the S phase, eventually leading to cancer cell 
death.2,124 Quinoline alkaloid compounds 34 and 36-38 exhibit 
varying cytotoxic activity against specific human cancer cell lines, 
such as BC1, causing cancer cell inactivation and death.125,126

However, many studies have not explored the impact of alkaloid 
small molecules targeting v-ATPase to induce lysosomal 
acidification in tumor cells. The effects of lysosomal acidification 
remain unknown. Therefore, this study finds that alkaloid 
compounds, as small molecules, can target v-ATPase to inhibit 
its activity, thereby suppressing lysosomal acidification and 
ultimately exerting anti-tumor effects.

Current research has found that alkaloid small molecules 
can regulate the expression of cancer cell proteins by directly 
targeting binding sites within the cell cycle, thereby inhibiting 
cyclin expression and increasing the expression of pro-apoptotic 
proteins. These molecules can also selectively induce cytotoxic 
effects in cancer cells. Additionally, alkaloid small molecules act 
as inhibitors of v-ATPase, blocking its activation and affecting 
lysosomal acidification, which in turn inhibits the expression 

Figure 5: Structural Diagram of v-ATPase (a/b); Mechanism of v-ATPase Involvement in pH Regulation (c).
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of certain abnormal genes linked to disease onset, including 
inflammation, Parkinson’s disease, Alzheimer’s disease, Down 
syndrome, and liver cancer. Our study further confirms the 
antitumor effects of alkaloid small molecules. However, unlike 
most existing studies on the anticancer mechanisms of alkaloid 
compounds, our research reveals that these molecules do 
not directly influence the cancer cell cycle to inhibit tumor 
progression. Instead, we discovered that they affect the growth 
environment required by cancer cells, hindering their proliferation 
by disrupting lysosomal acidification. Specifically, alkaloid small 
molecules activate v-ATPase through molecular docking, leading 
to lysosomal acidification dysfunction and exerting antitumor 
effects.

Through this study, we further determined that alkaloid small 
molecules do not directly act on cancer cell gene expression to 
produce antitumor effects. Rather, they target active sites on 
v-ATPase, which were identified through molecular docking 
analysis. The high binding energy values obtained indicate that 
these molecules bind effectively to v-ATPase, influencing its 
function in maintaining the pH homeostasis of the lysosome. 
By inhibiting lysosomal acidification, the acidic environment 
required for cancer cell growth is not maintained, ultimately 
preventing cancer cells from meeting their proliferative needs, 
and leading to their gradual apoptosis.

Based on our molecular docking results, we observed that 
the majority of alkaloid small molecules bind to v-ATPase at 
hydrogen-bonding sites on LYS and ASN residues. This suggests 
that the binding sites of most alkaloid small molecules overlap at 
the same locations. Furthermore, the molecular docking binding 
energy results demonstrate a strong binding affinity, suggesting 
that alkaloid small molecules can inhibit lysosomal acidification 
by binding to v-ATPase, thereby exerting antitumor effects. Of 
course, the molecular docking experiments in this study have 
certain limitations, as various factors may influence the results, 
leading to experimental errors. Future studies should expand 
the number of alkaloid small molecules tested and employ other 
research methods to further explore the mechanisms by which 
these molecules target v-ATPase activation, identify specific 
binding sites, and understand their effects.

The use of alkaloid small molecules to target and activate 
v-ATPase, thereby inhibiting lysosomal acidification and 
achieving antitumor effects, provides a new perspective and 
approach for cancer treatment. Alkaloid small molecules are an 
emerging focus of research, and their potential to treat various 
diseases by affecting v-ATPase is a topic of great interest. Since 
the lysosome is central to cellular catabolism, the activity of 
v-ATPase significantly influences its function. The acidification 
process is crucial for the growth and apoptosis of both normal 
and cancer cells. This study, based on current progress in the 
research on antitumor bioactive compounds and lysosomal 

acidification, explores the potential of alkaloid small molecules 
in targeting v-ATPase to inhibit lysosomal acidification as an 
anticancer strategy. It is hoped that this research will provide 
valuable insights for the development of new antitumor drugs.

ACKNOWLEDGMENT

Not applicable.

ABBREVIATIONS

v-ATPase: Vacuolar-type adenosine triphosphatases; CLL: 
Chronic lymphocytic leukemia; AML: Acute myeloid leukemia; 
Bcl-2: B-cell lymphoma-2.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interest.

FUNDING

This work was supported by Guangxi Young Elite Scientist 
Sponsorship Program (GXYESS2025186), and ATCM’s Project 
of High-level Construction of Key TCM Disciplines/Medicine 
for ethnic minorities (Zhuang medicine) (No. zyyzdxk-2023164), 
and Guangxi Higher Education Key Laboratory for the Research 
of Du-related Diseases in Zhuang Medicine (Gui Jiao Ke Yan 
(2022) No.10), and Key Cultivation Laboratory Project for 
Applied Basic Research of Zhuang Medicine, Guangxi Zhuang 
Autonomous Region Health Commission (Guangxi University of 
Chinese Medicine) (Gui Wei Ke Jiao Fa [2020] No. 17).

AUTHOR CONTRIBUTIONS

All authors contributed to the study conception and design. 
Molecular docking experiment, Formal analysis draft, 
and Writing-original were performed by Xueyi Chen. 
Immunofluorescence test and Validation were performed by 
Xueting Lin. Cell experiment and Visualization were performed 
by Lingchen Liao. Supervision and Investigation were performed 
by Yuzhou Pang. Investigation and Funding acquisition were 
performed by Gang Fang. Review, Editing, Supervision, 
Investigation, Funding acquisition and Conceptualization 
were performed by Zhiyong Cao and all authors commented 
on previous versions of the manuscript. All authors read and 
approved the final manuscript.

ETHICAL CONSIDERATION

Confirm that the database license terms adopted by the public 
are compliant.

DATA AVAILABILITY

The datasets used and analysed during the current study are 
available from the corresponding author on reasonable request.

IN
 PRESS



Indian Journal of Pharmaceutical Education and Research, Vol 61, Online First 13

Chen, et al.: v-ATPase Inhibition by Anti-Tumor Alkaloids

REFERENCES
1.  GBD 2019 Cancer Risk Factors Collaborators. The global burden of cancer attributable 

to risk factors, 2010-19: a systematic analysis for the Global Burden of Disease Study 
2019. Lancet. 2022;400(10352):563-91. doi:10.1016/S0140-6736(22)01438-6.

2.  Gallo RC, Whang-Peng J, Adamson RH. Studies on the antitumor activity, mechanism 
of action, and cell cycle effects of camptothecin. J Natl Cancer Inst. 1971;46(4):789-95.

3.  Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer J Clin. 
2022;72(1):7-33. doi:10.3322/caac.21708.

4.  Chiu CF, Guerrero JJG, Regalado RRH, et al. Insights into Metabolic Reprogramming in 
Tumor Evolution and Therapy. Cancers (Basel). 2024;16(20):3513. Published 2024 Oct 
17. doi:10.3390/cancers16203513.

5.  Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 
2011;144(5):646-74. doi:10.1016/j.cell.2011.02.013.

6.  Dembi Z. Antitumor Drugs and Their Targets. Molecules. 2020;25(23):5776. Published 
2020 Dec 7. doi:10.3390/molecules25235776.

7.  Campos L, Rouault JP, Sabido O, et al. High expression of bcl-2 protein in acute 
myeloid leukemia cells is associated with poor response to chemotherapy. Blood. 
1993;81(11):3091-6.

8.  Lagadinou ED, Sach A, Callahan K, et al. BCL-2 inhibition targets oxidative 
phosphorylation and selectively eradicates quiescent human leukemia stem cells. 
Cell Stem Cell. 2013;12(3):329-41. doi:10.1016/j.stem. 2012.12.013.

9.  Konopleva M, Contractor R, Tsao T, et al. Mechanisms of apoptosis sensitivity and 
resistance to the BH3 mimetic ABT-737 in acute myeloid leukemia. Cancer Cell. 
2006;10(5):375-88. doi:10.1016/j.ccr. 2006.10.006.

10.  Karapetis CS, Khambata-Ford S, Jonker DJ, et al. K-ras mutations and benefit from 
cetuximab in advanced colorectal cancer. N Engl J Med. 2008;359(17):1757-65. doi:1 
0.1056/NEJMoa0804385.

11.  Vasan N, Baselga J, Hyman DM. A view on drug resistance in cancer. Nature. 
2019;575(7782):299-309. doi:10.1038/s41586-019-1730-1.

12.  Torre LA, Siegel RL, Ward EM, Jemal A. Global Cancer Incidence and Mortality Rates 
and Trends--An Update. Cancer Epidemiol Biomarkers Prev. 2016;25(1):16-27. doi:10 
.1158/1055-9965. EPI -15-0578.

13.  Liu Y, Guo Y, Zeng Q, et al. Prosapogenin A induces GSDME-dependent pyroptosis of 
anaplastic thyroid cancer through vacuolar ATPase activation-mediated lysosomal 
over-acidification. Cell Death Dis. 2024;15(8):586. Published 2024 Aug 13. doi:10.10 
38/s41419-024-06985-z.

14.  Wu L, Lin Y, Song J, et al. TMEM175: A lysosomal ion channel associated with 
neurological diseases. Neurobiol Dis. 2023;185:106244. doi:10.1016/j.nbd.2023.106 
244.

15.  Bagshaw RD, Mahuran DJ, Callahan JW. A proteomic analysis of lysosomal integral 
membrane proteins reveals the diverse composition of the organelle. Mol Cell 
Proteomics. 2005;4(2):133-43. doi:10.1074/mcp.M400128-MCP200.

16.  Hernandez GA, Perera RM. Autophagy in cancer cell remodeling and quality control. 
Mol Cell. 2022;82(8):1514-27. doi: 10.1016/j.molcel.2022.03.023.

17.  Xu H, Ren D. Lysosomal physiology. Annu Rev Physiol.2015;77:57-80. doi:10.1146/ 
annurev-physiol-021014-071649.

18.  Mindell JA. Lysosomal acidification mechanisms. Annu Rev Physiol. 2012;74:69-86. 
doi:10.1146/annurev-physiol-012110-142317.

19.  Li H, Fletcher-Etherington A, Hunter LM, et al. Human cytomegalovirus degrades 
DMXL1 to inhibit autophagy, lysosomal acidification, and viral assembly. Cell Host 
Microbe. 2024;32(4):466-78.e11. doi:10.1016/j.chom.2024.02.013.

20.  Zheng W, Chang IC, Limberis J, et al. Mycobacterium tuberculosis resides in 
lysosome-poor monocyte-derived lung cells during chronic infection. PLoS Pathog. 
2024;20(5):e1012205. Published 2024 May 3. doi:10.1371/journal.ppat.1012205.

21.  Zhu L, Xia X, Li G, et al. SLC38A5 aggravates DC-mediated psoriasiform skin 
inflammation via potentiating lysosomal acidification. Cell Rep. 2023;42(8):112910. 
doi:10.1016/j.celrep.2023.112910.

22.  Zeng J, Acin-Perez R, Assali EA, et al. Restoration of lysosomal acidification rescues 
autophagy and metabolic dysfunction in non-alcoholic fatty liver disease. Nat 
Commun. 2023;14(1):2573. Published 2023 May 4. doi:10.1038/s41467-023-38165-6.

23.  Ma J, Tang L, Tan Y, et al. Lithium carbonate revitalizes tumor-reactive CD8+ T cells by 
shunting lactic acid into mitochondria. Nat Immunol. 2024;25(3):552-61. doi:10.103 
8/s41590-023-01738-0.

24.  Yan R, Zhang P, Shen S, et al. Carnosine regulation of intracellular pH homeostasis 
promotes lysosome-dependent tumor immunoevasion. Nat Immunol. 
2024;25(3):483-95. doi:10.1038/s41590-023-01719-3.

25.  Kane PM. The where, when, and how of organelle acidification by the yeast vacuolar 
H+-ATPase. Microbiol Mol Biol Rev. 2006;70(1):177-91. doi:10.1128/MMBR.70.1. 
177-191.2006.

26.  Forgac M. Vacuolar ATPases: rotary proton pumps in physiology and pathophysiology. 
Nat Rev Mol Cell Biol. 2007;8(11):917-29. doi:10.1038/nrm2272.

27.  Falace A, Volpedo G, Scala M, Zara F, Striano P, Fassio A. v-ATPase Dysfunction in 
the Brain: Genetic Insights and Therapeutic Opportunities. Cells. 2024;13(17):1441. 
Published 2024 Aug 28. doi:10.3390/cells13171441.

28.  Mauvezin C, Neufeld TP. Bafilomycin A1 disrupts autophagic flux by inhibiting 
both v-ATPase-dependent acidification and Ca-P60A/SERCA-dependent 

autophagosome-lysosome fusion. Autophagy. 2015;11(8):1437-8. doi:10.1080/155 
48627.2015.1066957.

29.  Colacurcio DJ, Nixon RA. Disorders of lysosomal acidification-The emerging role of 
v-ATPase in aging and neurodegenerative disease. Ageing Res Rev. 2016;32:75-88. 
doi:10.1016/j.arr.2016.05.004.

30.  Saroussi S, Nelson N. The little we know on the structure and machinery of v-ATPase. 
J Exp Biol. 2009;212(Pt 11):1604-10. doi:10.1242/jeb.025866.

31.  Li X, Yu N, Li J, et al. Novel "Carrier-Free" Nanofiber Codelivery Systems with the 
Synergistic Antitumor Effect of Paclitaxel and Tetrandrine through the Enhancement 
of Mitochondrial Apoptosis. ACS Appl Mater Interfaces. 2020;12(9):10096-106. doi:1 
0.1021/acsami.9b17363.

32.  Ndongo JT, Mbing JN, Tala MF, et al. Indoline alkaloids from Tabernaemontana 
contorta with cancer chemopreventive activity. Phytochemistry. 2017;144:189-96. 
doi:10.1016/j.phytochem.2017.09.013.

33.  Yang F, Bettadapura SN, Smeltzer MS, Zhu H, Wang S. Pyroptosis and 
pyroptosis-inducing cancer drugs. Acta Pharmacol Sin. 2022;43(10):2462-73. doi:10. 
1038/s41401-022-00887-6.

34.  Liang Q, Cai W, Zhao Y, et al. Lycorine ameliorates bleomycin-induced pulmonary 
fibrosis via inhibiting NLRP3 inflammasome activation and pyroptosis. Pharmacol 
Res. 2020;158:104884. doi:10.1016/j.phrs.2020.104884.

35.  Wang JK, Zhao BS, Wang M, et al. Anti-tumor and Phenotypic Regulation Effect of 
Matrine on Dendritic Cells through Regulating TLRs Pathway. Chin J Integr Med. 
2021;27(7):520-6. doi:10.1007/s11655-020-3433-8.

36.  Luo Y, Yin S, Lu J, et al. Tumor microenvironment: a prospective target of natural 
alkaloids for cancer treatment. Cancer Cell Int. 2021;21(1):386. Published 2021 Jul 20. 
doi:10.1186/s12935-021-02085-6.

37.  Xu Y, Wang X, Sa K, Li H, Chen L. Alkaloids from the roots of Sophora flavescens and 
their anti-tumor activity. Fitoterapia. 2023;171:105685. doi:10.1016/j.fitote.2023.105 
685.

38.  Collins MP, Forgac M. Regulation of v-ATPase Assembly in Nutrient Sensing and 
Function of v-ATPases in Breast Cancer Metastasis. Front Physiol. 2018;9:902. 
Published 2018 Jul 13. doi:10.3389/fphys.2018.00902.

39.  Guo J. Recent advances in the synthesis and activity of analogues of 
bistetrahydroisoquinoline alkaloids as antitumor agents. Eur J Med Chem. 
2023;262:115917. doi:10.1016/j.ejmech.2023.115917.

40.  Haq IU, Imran M, Nadeem M, Tufail T, Gondal TA, Mubarak MS. Piperine: A review of its 
biological effects. Phytother Res. 2021;35(2):680-700. doi:10.1002/ptr.6855.

41.  Duan H, Er-Bu A, Dongzhi Z, Xie H, Ye B, He J. Alkaloids from Dendrobium and 
their biosynthetic pathway, biological activity and total synthesis. Phytomedicine. 
2022;102:154132. doi:10.1016/j.phymed.2022.154132.

42.  Kim AN, Ngamnithiporn A, Du E, Stoltz BM. Recent Advances in the Total Synthesis of 
the Tetrahydroisoquinoline Alkaloids (2002-2020). Chem Rev. 2023;123(15):9447-96. 
doi:10.1021/acs.chemrev.3c00054

43.  Ma W, Wang S, Wang Y, Zeng J, Xu J, He X. Antiproliferative Amaryllidaceae 
alkaloids from the bulbs of Hymenocallis littoralis (Jacq.) Salisb. Phytochemistry. 
2022;197:113112. doi:10.1016/j.phytochem.2022.113112

44.  Eichhorst A, Gallhof M, Voss A, et al. Spirooxindol-1,3-oxazine Alkaloids: Highly Potent 
and Selective Antitumor Agents Evolved from Iterative Structure Optimization. 
ChemMedChem. 2022;17(14):e202200162. doi:10.1002/cmdc.202200162

45.  Liu W, Wang M, Guo Z, et al. Inspired by bis-β-carboline alkaloids: Construction and 
antitumor evaluation of a novel bis-β-carboline scaffold as potent antitumor agents. 
Bioorg Chem. 2023;133:106401. doi:10.1016/j.bioorg.2023.106401

46.  Herben VM, ten Bokkel Huinink WW, Beijnen JH. Clinical pharmacokinetics 
of topotecan. Clin Pharmacokinet. 1996;31(2):85-102. doi:10.2165/ 
00003088-199631020-00001.

47.  Yang Y, Yuan F, Zhou H, et al. Potential roles of heparanase in cancer therapy: Current 
trends and future direction. J Cell Physiol. 2023;238(5):896-917. doi:10.1002/jcp.30 
995.

48.  Leu YL, Chen CS, Wu YJ, Chern JW. Benzyl ether-linked glucuronide derivative of 
10-hydroxycamptothecin designed for selective camptothecin-based anticancer 
therapy. J Med Chem. 2008;51(6):1740-6. doi:10.1021/jm701151c.

49.  Liu YQ, Li WQ, Morris-Natschke SL, et al. Perspectives on biologically active 
camptothecin derivatives. Med Res Rev. 2015;35(4):753-89. doi:10.1002/med.21342.

50.  Wiesner J, Ortmann R, Jomaa H, Schlitzer M. New antimalarial drugs. Angew Chem 
Int Ed Engl. 2003;42(43):5274-5293. doi:10.1002/anie.200200569.

51.  Pillay CS, Elliott E, Dennison C. Endolysosomal proteolysis and its regulation. Biochem 
J. 2002;363(Pt 3):417-29. doi:10.1042/0264-6021:3630417.

52.  Trivedi PC, Bartlett JJ, Pulinilkunnil T. Lysosomal Biology and Function: Modern View 
of Cellular Debris Bin. Cells. 2020;9(5):1131. Published 2020 May 4. doi:10.3390/cell 
s9051131.

53.  Lo CH, Zeng J. Defective lysosomal acidification: a new prognostic marker 
and therapeutic target for neurodegenerative diseases. Transl Neurodegener. 
2023;12(1):29. Published 2023 Jun 8. doi:10.1186/s40035-023-00362-0.

54.  Tang Q, Liu M, Liu Y, Hwang RD, Zhang T, Wang J. NDST3 deacetylates α-tubulin 
and suppresses v-ATPase assembly and lysosomal acidification. EMBO J. 
2021;40(19):e107204. doi:10.15252/embj.2020107204.

55.  Steinberg BE, Huynh KK, Brodovitch A, et al. A cation counterflux supports lysosomal 
acidification. J Cell Biol. 2010;189(7):1171-86. doi:10.1083/jcb.200911083.

IN
 PRESS



Indian Journal of Pharmaceutical Education and Research, Vol 61, Online First14

Chen, et al.: v-ATPase Inhibition by Anti-Tumor Alkaloids

56.  Marshansky V, Futai M. The V-type H+-ATPase in vesicular trafficking: targeting, 
regulation and function. Curr Opin Cell Biol. 2008;20(4):415-26. doi:10.1016/j.ceb.2 
008.03.015.

57.  Luzio JP, Pryor PR, Bright NA. Lysosomes: fusion and function. Nat Rev Mol Cell Biol. 
2007;8(8):622-32. doi:10.1038/nrm2217.

58.  Abu-Remaileh M, Wyant GA, Kim C, et al. Lysosomal metabolomics reveals v-ATPase- 
and mTOR-dependent regulation of amino acid efflux from lysosomes. Science. 
2017;358(6364):807-13. doi:10.1126/science.aan6298.

59.  Jiang TY, Shi YY, Cui XW, et al. PTEN Deficiency Facilitates Exosome Secretion 
and Metastasis in Cholangiocarcinoma by Impairing TFEB-mediated Lysosome 
Biogenesis.Gastroenterology.2023;164(3):424-38. doi:10.1053/j.gastro.2022.11.025.

60.  Perera RM, Zoncu R. The Lysosome as a Regulatory Hub. Annu Rev Cell Dev Biol. 
2016;32:223-53. doi:10.1146/annurev-cellbio-111315-125125.

61.  Weber RA, Yen FS, Nicholson SPV, et al. Maintaining Iron Homeostasis Is the Key Role 
of Lysosomal Acidity for Cell Proliferation. Mol Cell. 2020;77(3):645-55.e7. doi:10.101 
6/j.molcel.2020.01.003.

62.  Napolitano G, Ballabio A. TFEB at a glance. J Cell Sci. 2016;129(13):2475-81. doi:10.1 
242/jcs.146365.

63.  Lie PPY, Nixon RA. Lysosome trafficking and signaling in health and neurodegenerative 
diseases. Neurobiol Dis. 2019;122:94-105. doi:10.1016/j.nbd.2018.05.015.

64.  Pamarthy S, Kulshrestha A, Katara GK, Beaman KD. The curious case of vacuolar 
ATPase: regulation of signaling pathways. Mol Cancer. 2018;17(1):41. Published 2018 
Feb 15. doi:10.1186/s12943-018-0811-3.

65.  Yambire KF, Rostosky C, Watanabe T, et al. Impaired lysosomal acidification triggers 
iron deficiency and inflammation in vivo. Elife. 2019;8:e51031. Published 2019 Dec 3. 
doi:10.7554/eLife.51031.

66.  Suzuki S, Ogawa M, Miyazaki M, et al. Lysosome‑targeted drug combination induces 
multiple organelle dysfunctions and non‑canonical death in pancreatic cancer cells. 
Oncol Rep. 2022;47(2):40. doi:10.3892/or.2021.8251.

67.  Guicciardi ME, Leist M, Gores GJ. Lysosomes in cell death. Oncogene. 
2004;23(16):2881-90. doi:10.1038/sj.onc.1207512.

68.  Kibak H, Taiz L, Starke T, Bernasconi P, Gogarten JP. Evolution of structure and function 
of v-ATPases. J Bioenerg Biomembr. 1992;24(4):415-24. doi:10.1007/BF00762534.

69.  Marshansky V, Rubinstein JL, Grüber G. Eukaryotic v-ATPase: novel structural findings 
and functional insights. Biochim Biophys Acta. 2014;1837(6):857-79. doi:10.1016/j.b 
babio.2014.01.018.

70.  Futai M, Sun-Wada GH, Wada Y, Matsumoto N, Nakanishi-Matsui M. Vacuolar-type 
ATPase: A proton pump to lysosomal trafficking. Proc Jpn Acad Ser B Phys Biol Sci. 
2019;95(6):261-77. doi:10.2183/pjab.95.018.

71.  Wang C, Jiang W, Leitz J, et al. Structure and topography of the synaptic v-ATPase-
synaptophysin complex. Nature. 2024;631(8022):899-904. doi:10.1038/s41586-024 
-07610-x.

72.  Chu A, Zirngibl RA, Manolson MF. The v-ATPase a3 Subunit: Structure, Function and 
Therapeutic Potential of an Essential Biomolecule in Osteoclastic Bone Resorption. 
Int J Mol Sci. 2021;22(13):6934. Published 2021 Jun 28. doi:10.3390/ijms22136934.

73.  Wang L, Wu D, Robinson CV, Wu H, Fu TM. Structures of a Complete Human v-ATPase 
Reveal Mechanisms of Its Assembly. Mol Cell. 2020;80(3):501-11.e3. doi:10.1016/j.m 
olcel.2020.09.029.

74.  Colina-Tenorio L, Dautant A, Miranda-Astudillo H, Giraud MF, González-Halphen D. 
The Peripheral Stalk of Rotary ATPases. Front Physiol. 2018;9:1243. Published 2018 
Sep 4. doi:10.3389/fphys.2018.01243.

75.  Kawasaki-Nishi S, Nishi T, Forgac M. Proton translocation driven by ATP hydrolysis in 
v-ATPases. FEBS Lett. 2003;545(1):76-85. doi:10.1016/s0014-5793(03)00396-x.

76.  Liu Q, Kane PM, Newman PR, Forgac M. Site-directed mutagenesis of the yeast 
v-ATPase B subunit (Vma2p). J Biol Chem. 1996;271(4):2018-22. doi:10.1074/jbc.27 
1.4.2018.

77.  Suzuki K, Mizutani K, Maruyama S, et al. Crystal structures of the ATP-binding and 
ADP-release dwells of the V1 rotary motor. Nat Commun. 2016;7:13235. Published 
2016 Oct 27. doi:10.1038/ncomms13235.

78.  Soga N, Kimura K, Kinosita K Jr, Yoshida M, Suzuki T. Perfect chemomechanical 
coupling of FoF1-ATP synthase. Proc Natl Acad Sci U S A. 2017;114(19):4960-5. doi:1 
0.1073/pnas.1700801114.

79.  Banerjee S, Kane PM. Regulation of v-ATPase Activity and Organelle pH by 
Phosphatidylinositol Phosphate Lipids. Front Cell Dev Biol. 2020;8:510. Published 
2020 Jun 23. doi:10.3389/fcell.2020.00510.

80.  Chen F, Kang R, Liu J, Tang D. The v-ATPases in cancer and cell death. Cancer Gene 
Ther. 2022;29(11):1529-41. doi:10.1038/s41417-022-00477-y.

81.  Vasanthakumar T, Rubinstein JL. Structure and Roles of V-type ATPases. Trends 
Biochem Sci. 2020;45(4):295-307. doi:10.1016/j.tibs.2019.12.007.

82.  Mazhab-Jafari MT, Rohou A, Schmidt C, et al. Atomic model for the 
membrane-embedded VO motor of a eukaryotic v-ATPase. Nature. 
2016;539(7627):118-22. doi:10.1038/nature19828.

83.  Kettner C, Bertl A, Obermeyer G, Slayman C, Bihler H. Electrophysiological analysis of 
the yeast V-type proton pump: variable coupling ratio and proton shunt. Biophys J. 
2003;85(6):3730-8. doi:10.1016/S0006-3495(03)74789-4.

84.  Maxson ME, Grinstein S. The vacuolar-type H⁺-ATPase at a glance - more than a 
proton pump. J Cell Sci. 2014;127(Pt 23):4987-93. doi:10.1242/jcs.158550.

85.  Ratto E, Chowdhury SR, Siefert NS, et al. Direct control of lysosomal catabolic activity 
by mTORC1 through regulation of v-ATPase assembly. Nat Commun. 2022;13(1):4848. 
Published 2022 Aug 17. doi:10.1038/s41467-022-32515-6.

86.  Cotter K, Stransky L, McGuire C, Forgac M. Recent Insights into the Structure, 
Regulation, and Function of the v-ATPases. Trends Biochem Sci. 2015;40(10):611-22. 
doi:10.1016/j.tibs.2015.08.005.

87.  Scholz-Starke J, Primo C, Yang J, Kandel R, Gaxiola RA, Hirschi KD. The flip side of the 
Arabidopsis type I proton-pumping pyrophosphatase (AVP1): Using a transmembrane 
H+ gradient to synthesize pyrophosphate. J Biol Chem. 2019;294(4):1290-9. doi:10.10 
74/jbc.RA118.006315.

88.  Velivela SD, Kane PM. Compensatory Internalization of Pma1 in v-ATPase Mutants 
in Saccharomyces cerevisiae Requires Calcium- and Glucose-Sensitive Phosphatases. 
Genetics. 2018;208(2):655-72. doi:10.1534/genetics.117.300594.

89.  Hinton A, Sennoune SR, Bond S, et al. Function of a subunit isoforms of the v-ATPase 
in pH homeostasis and in vitro invasion of MDA-MB231 human breast cancer cells. J 
Biol Chem. 2009;284(24):16400-8. doi:10.1074/jbc.M901201200.

90.  Chung C, Mader CC, Schmitz JC, et al. The vacuolar-ATPase modulates 
matrix metalloproteinase isoforms in human pancreatic cancer. Lab Invest. 
2011;91(5):732-43. doi:10.1038/labinvest.2011.8.

91.  Liu P, Chen H, Han L, Zou X, Shen W. Expression and role of V1A subunit of v-ATPases 
in gastric cancer cells. Int J Clin Oncol. 2015;20(4):725-35. doi:10.1007/s10147-015- 
0782-y.

92.  Michel V, Licon-Munoz Y, Trujillo K, Bisoffi M, Parra KJ. Inhibitors of vacuolar ATPase 
proton pumps inhibit human prostate cancer cell invasion and prostate-specific 
antigen expression and secretion. Int J Cancer. 2013;132(2):E1-E10. doi:10.1002/ijc 
.27811.

93.  Xu J, Xie R, Liu X, et al. Expression and functional role of vacuolar H(+)-ATPase in 
human hepatocellular carcinoma. Carcinogenesis. 2012;33(12):2432-40. doi:10.109 
3/carcin/bgs277.

94.  Nishisho T, Hata K, Nakanishi M, et al. The a3 isoform vacuolar type H⁺-ATPase 
promotes distant metastasis in the mouse B16 melanoma cells. Mol Cancer Res. 
2011;9(7):845-55. doi:10.1158/1541-7786.MCR-10-0449.

95.  Santos-Pereira C, Rodrigues LR, Côrte-Real M. Emerging insights on the role of 
v-ATPase in human diseases: Therapeutic challenges and opportunities. Med Res 
Rev. 2021;41(4):1927-64. doi:10.1002/med.21782.

96.  Sennoune SR, Bakunts K, Martínez GM, et al. Vacuolar H+-ATPase in human breast 
cancer cells with distinct metastatic potential: distribution and functional activity. 
Am J Physiol Cell Physiol. 2004;286(6):C1443-52. doi:10.1152/ajpcell.00407.2003.

97.  Kane PM. Disassembly and reassembly of the yeast vacuolar H(+)-ATPase in vivo. J Biol 
Chem. 1995;270(28):17025-32.

98.  Sumner JP, Dow JA, Earley FG, Klein U, Jäger D, Wieczorek H. Regulation of plasma 
membrane v-ATPase activity by dissociation of peripheral subunits. J Biol Chem. 
1995;270(10):5649-53. doi:10.1074/jbc.270.10.5649.

99.  Parra KJ, Keenan KL, Kane PM. The H subunit (Vma13p) of the yeast v-ATPase inhibits 
the ATPase activity of cytosolic V1 complexes. J Biol Chem. 2000;275(28):21761-7. 
doi:10.1074/jbc.M002305200.

100.  Couoh-Cardel S, Milgrom E, Wilkens S. Affinity Purification and Structural Features of 
the Yeast Vacuolar ATPase Vo Membrane Sector. J Biol Chem. 2015;290(46):27959-71. 
doi:10.1074/jbc.M115.662494.

101.  Chen F, Kang R, Liu J, Tang D. The v-ATPases in cancer and cell death. Cancer Gene 
Ther. 2022;29(11):1529-41. doi:10.1038/s41417-022-00477-y.

102.  Zhang F, Shen H, Fu Y, et al. Vacuolar Membrane ATPase Activity 21 Predicts a 
Favorable Outcome and Acts as a Suppressor in Colorectal Cancer. Front Oncol. 
2021;10:605801. Published 2021 Feb 19. doi:10.3389/fonc.2020.605801.

103.  Supino R, Petrangolini G, Pratesi G, et al. Antimetastatic effect of a small-molecule 
vacuolar H+-ATPase inhibitor in in vitro and in vivo preclinical studies. J Pharmacol Exp 
Ther. 2008;324(1):15-22. doi:10.1124/jpet.107.128587.

104.  Wang R, Qin Y, Xie XS, Li X. Molecular basis of mEAK7-mediated human v-ATPase 
regulation. Nat Commun. 2022;13(1):3272. Published 2022 Jun 7. doi:10.1038/ 
s41467-022-30899-z.

105.  Fan, S., Niu, Y., Tan, N., Wu, Z., Wang, Y.et al. LASS2 enhances chemosensitivity of 
breast cancer by counteracting acidic tumor microenvironment through inhibiting 
activity of v-ATPase proton pump. Oncogene. 2013;32(13):1682-90. doi:10.1038/on 
c.2012.183.

106.  Yu-Chan Chang, Michael Hsiao; Abstract 1092: v-ATPase family regulates lysosomal 
exocytosis and neutralizes with tumor-infiltrating lymphocytes for glioblastoma 
cells. Cancer Res 1 July 2019; 79 (13_Supplement): 1092. https://doi.org/10.1158/ 
1538-7445.AM2019-1092.

107.  Yaqi Liu, Yalei Wang, Ni Zhang, Haijuan Xiong, Lipan Zhao, Jiping Xie; Abstract 415: 
Metformin sensitizes non-small cell lung cancer to CDK4/6 inhibitor treatment by 
reducing lysosomal trapping. Cancer Res 15 April 2025; 85 (8_Supplement_1): 415. h 
ttps://doi.org/10.1158/1538-7445.AM2025-415.

108.  Xie XS, Padron D, Liao X, Wang J, Roth MG, De Brabander JK. Salicylihalamide A 
inhibits the V0 sector of the v-ATPase through a mechanism distinct from bafilomycin 
A1. J Biol Chem. 2004;279(19):19755-63. doi:10.1074/jbc.M313796200.

109.  Joanna Domagala, Tomasz M. Grzywa, Iwona Baranowska, Magdalena Justyniarska, 
Ryan Tannir, Agnieszka Graczyk-Jarzynka, et al; Ammonia Suppresses the Antitumor 
Activity of Natural Killer Cells and T Cells by Decreasing Mature Perforin. Cancer Res. 
Published online March 31, 2025. doi:10.1158/0008-5472.CAN-24-0749.

IN
 PRESS



Indian Journal of Pharmaceutical Education and Research, Vol 61, Online First 15

Chen, et al.: v-ATPase Inhibition by Anti-Tumor Alkaloids

110.  Stein, R. G., Ebert, S., Schlahsa, L., Scholz, C. J., Braun, M., Hauck, P, et al. Cognate 
Nonlytic Interactions between CD8+ T Cells and Breast Cancer Cells Induce Cancer 
Stem Cell-like Properties. Cancer Res. 2019;79(7):1507-19. doi:10.1158/0008-5472. 
CAN-18-0387.

111.  Bowman EJ, Gustafson KR, Bowman BJ, Boyd MR. Identification of a new chondropsin 
class of antitumor compound that selectively inhibits v-ATPases. J Biol Chem. 
2003;278(45):44147-52. doi:10.1074/jbc.M306595200.

112.  Beutler JA, McKee TC. Novel marine and microbial natural product inhibitors of 
vacuolar ATPase. Curr Med Chem. 2003;10(9):787-96. doi:10.2174/09298670334578 
27.

113.  Huss M, Wieczorek H. Inhibitors of v-ATPases: old and new players. J Exp Biol. 
2009;212(Pt 3):341-6. doi:10.1242/jeb.024067.

114.  Cui B, Chai H, Dong Y, et al. Quinoline alkaloids from Acronychia laurifolia. 
Phytochemistry. 1999;52(1):95-8. doi:10.1016/s0031-9422(99)00039-4.

115.  Hsu, W. J., Chiang, M. C., Chao, Y. C., Chang, Y. C., Hsu, M. C., Chung, C. H., et al. Arginine 
Methylation of DDX3 by PRMT1 Mediates Mitochondrial Homeostasis to Promote 
Breast Cancer Metastasis. Cancer Res. 2024;84(18):3023-43. doi:10.1158/0008-5472 
.CAN-23-3829.

116.  Chen, D., Ji, F., Zhou, Q., Cheung, H., Pan, Y., Lau, H. C, et al. RUVBL1/2 Blockade Targets 
YTHDF1 Activity to Suppress m6A-Dependent Oncogenic Translation and Colorectal 
Tumorigenesis. Cancer Res. 2024;84(17):2856-72. doi:10.1158/0008-5472.CAN-23-20 
81.

117.  Jansen O, Akhmedjanova V, Angenot L, et al. Screening of 14 alkaloids isolated 
from Haplophyllum A. Juss. for their cytotoxic properties. J Ethnopharmacol. 
2006;105(1-2):241-5. doi:10.1016/j.jep.2005.11.001.

118.  Jin H, Zhang Y, Yu S, et al. Venetoclax Combined with Azacitidine and 
Homoharringtonine in Relapsed/Refractory AML: A Multicenter, Phase 2 Trial. J 

Hematol Oncol. 2023;16(1):42. Published 2023 Apr 29. doi:10.1186/s13045-023- 
01437-1.

119.  Khaiwa N, Maarouf NR, Darwish MH, et al. Camptothecin's journey from discovery to 
WHO Essential Medicine: Fifty years of promise. Eur J Med Chem. 2021;223:113639. 
doi:10.1016/j.ejmech.2021.113639.

120.  Zhou Y, Liu Z, Wen J, Zhou Y, Lin H. The inhibitory effect of berberine chloride hydrate 
on Streptococcus mutans biofilm formation at different pH values. Microbiol Spectr. 
Published online September 25, 2023. doi:10.1128/spectrum.02170-23.

121.  Hu S, Wang N, Chen S, et al. Harringtonine: A more effective antagonist for Omicron 
variant. Biochem Pharmacol. 2023;213:115617. doi:10.1016/j.bcp.2023.115617.

122.  Montaño LM, Sommer B, Gomez-Verjan JC, et al. Theophylline: Old Drug in a New 
Light, Application in COVID-19 through Computational Studies. Int J Mol Sci. 
2022;23(8):4167. Published 2022 Apr 9. doi:10.3390/ijms23084167.

123.  Shibrya EE, Radwan RR, Abd El Fattah MA, Shabaan EA, Kenawy SA. Evidences 
for amelioration of reserpine-induced fibromyalgia in rat by low dose of gamma 
irradiation and duloxetine. Int J Radiat Biol. 2017;93(5):553-60. doi:10.1080/095530 
02.2017.1270475.

124.  Dong Y, Fan H, Zhang Z, et al. Berberine ameliorates DSS-induced intestinal mucosal 
barrier dysfunction through microbiota-dependence and Wnt/β-catenin pathway. 
Int J Biol Sci. 2022;18(4):1381-97. Published 2022 Jan 16. doi:10.7150/ijbs.65476.

125.  Liu S, Tao Y, Wu S, et al. Sanguinarine chloride induces ferroptosis by regulating 
ROS/BACH1/HMOX1 signaling pathway in prostate cancer. Chin Med. 2024;19(1):7. 
Published 2024 Jan 9. doi:10.1186/s13020-024-00881-6.

126.  Baize N, Monnet I, Greillier L, et al. Carboplatin plus etoposide versus topotecan as 
second-line treatment for patients with sensitive relapsed small-cell lung cancer: an 
open-label, multicentre, randomised, phase 3 trial. Lancet Oncol. 2020;21(9):1224-33. 

doi:10.1016/S1470-2045(20)30461-7.

Cite this article: Chen X, Lin X, Liao L, Pang Y, Fang G, Cao Z. Targeting v-ATPase to Inhibit Lysosomal Acidification: A Study on the Anti-Tumor Mechanisms of 
Alkaloid-Based Small Molecules. Indian J of Pharmaceutical Education and Research. 2027;61:10.5530/ijper.20271757.

IN
 PRESS




