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Background: Coffee bean extracts have been widely investigated for their potential anticancer properties, particularly due to
bioactive compounds such as chlorogenic acid and caffeine. Breast cancer development involves complex genetic and signaling
alterations, including dysregulation of the Wnt/B-catenin pathway.

Purpose: To determine the phytochemical composition and quantify caffeine and chlorogenic acid in West Java coffee bean extracts.
The study assessed their effects on the viability of MDA-MB-231 and MCF-7 breast cancer cells, and examined impacts on the Wnt
pathway, focusing on MYC and AXIN2 expression.

Methods: Phytochemical screening and HPLC analysis are used to measure chlorogenic acid and caffeine in green and roasted coffee
extracts. Cytotoxic activity and ICsy values in MDA-MB-231 and MCF-7 breast cancer cells were assessed with the WST-8 assay.
Gene expression of MYC and AXIN2 was analyzed by q-RT-PCR to assess modulation of the Wnt pathway. Cytotoxic selectivity was
tested in HEK293 cells. Flow cytometry analyzes apoptosis and the cell cycle. Molecular mechanisms were explored using docking,
200-ns molecular dynamics simulations, and MM-PBSA binding free energy calculations targeting Tankyrase-1 and Estrogen Receptor
Alpha.

Results: Roasting and extraction methods affected phytochemicals, with higher temperatures reducing chlorogenic acid levels. Coffee
extracts showed cytotoxicity against MDA-MB-231 (ICsq 258.4-637 png/mL) and MCF-7 (ICso 190.7-686 pg/mL) cells, and minimal
toxicity to HEK293 cells—Green Arabica and Robusta extracts, via maceration, notably downregulated MYC and slightly reduced
AXIN2. Flow cytometry indicated increased late apoptosis and cell-cycle arrest. Docking analysis found that chlorogenic acid binds
more strongly to Tankyrase-1 than ERa. MD and MM-PBSA confirmed stable, energetically favorable binding to Tankyrase-1
complex.

Conclusion: Coffee bean extracts, especially chlorogenic acid-rich green coffee, show selective antiproliferative effects in breast
cancer cells and may act through Wnt signaling rather than estrogen receptors. More in vivo and mechanistic studies are needed to
confirm their potential as complementary or preventive anticancer agents.
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Introduction

Breast cancer is the top cancer in women and the leading cause of cancer death. In 2022, the WHO reported 2.3 million
diagnoses and 670,000 deaths worldwide.! The rise and death rates of cancers like breast cancer led to new drugs
targeting cancer cells with minimal damage to healthy cells.>

Most current anticancer drugs are highly toxic, damaging both cancerous and healthy cells. Efforts continue to
develop new drugs that target cancer cells while sparing normal cells, through chemical synthesis or the isolation of
natural resources.>™ Natural compounds from herbs, vegetables, fruits, seeds, flowers, spices, and nuts are vital for the
development of broad-spectrum drugs. Studies show that about 50% of prescribed medicines are from natural compounds
or their analogs. Additionally, 74% of commonly used drugs contain natural ingredients, and nearly 60% of new
anticancer drugs are derived from natural products.®’ Several natural anti-cancer medicines include vinca alkaloids
(vincristine, vinblastine, vinorelbine, vindesine), taxanes (docetaxel, paclitaxel), anthracyclines (idarubicin, daunorubicin,
epirubicin, doxorubicin, podophyllotoxin and derivatives (irinotecan, topotecan).® '

Coffee is rich in polyphenols and alkaloids, including phenolic acids such as chlorogenic acid, coumarin, ferulic acid,
and sinapic acid, as well as caffeine. Among these, chlorogenic acid is particularly abundant and has been linked to
potent antioxidant and anticancer properties.'*"!” Studies have found that green coffee bean extract can protect normal
kidney cells (HEK293) from toxic damage by reducing oxidative stress and inflammation. While some coffee by-
products have shown cytotoxic effects on certain cell lines under specific conditions, the primary impact is renoprotec-
tive, as they improve kidney function in animal models by scavenging free radicals and reducing cell death.'® Coffee
bean extracts have shown promising effects against breast cancer cell lines, including MDA-MB-231 and MCF-7."°
Bioactive compounds such as caffeine and caffeic acid have been reported to inhibit cell growth, with studies specifically
demonstrating their suppressive effects on MDA-MB-231 and MCF-7 cells.>*?*? Beyond its well-known role as
a stimulant, caffeine exhibits anticancer potential against triple-negative breast cancer (TNBC) by inducing apoptosis,
modulating telomerase activity, disrupting cellular metabolism, and sensitizing cancer cells to chemotherapy through
interference with DNA repair.®® At higher concentrations, caffeine induces morphological changes, such as cell rounding
and detachment, further indicating its cytotoxic effects on hormone receptor-positive MCF-7 and hormone receptor-
negative MDA-MB-231 cells.**?**

The Wnt pathway is vital for breast cancer cell proliferation, metastasis, and the maintenance of stemness, all of
which are crucial for tumor growth and spread.*> In triple-negative breast cancer (TNBC), the Wnt/B-catenin pathway is
linked to resistance against chemotherapy and targeted therapies. It interacts with other pathways, such as receptor
tyrosine kinase (RTK) signaling, to promote survival and metastasis.””'” The Wnt/B-catenin pathway plays a crucial role
in regulating key processes in breast cancer cells, including proliferation, differentiation, and apoptosis, as observed in
the MCF-7 cell line. Activation begins when Wnt ligands bind to receptors, stabilizing B-catenin, which then moves to
the nucleus to activate growth genes. In MCF-7 cells, Wnt signaling can be modulated by drugs such as lobaric acid and
dendrosomal nanocurcumin, which suppress the pathway, inducing apoptosis and inhibiting cell growth.?® WNT
signaling influences the immune microenvironment and immune cell infiltration in breast cancer, thereby affecting the
response to immunotherapy. Although crucial, no WNT inhibitors are approved yet. Research continues to develop
pathway-targeting drugs to enhance therapy outcomes.'*'?

Chlorogenic acid (CGA) blocks the Wnt/B-catenin signaling pathway in breast cancer cells mainly by decreasing the
expression of the coreceptor LRP6. This process suppresses epithelial-mesenchymal transition (EMT), diminishes cancer
cell migration and invasion, and hampers tumor growth. Additionally, caffeine can elevate the BAX/BCL2 mRNA ratio,
indicating apoptosis, and, when combined with coffee extracts, reduces levels of cytoplasmic and nuclear pB-catenin,
a critical element of the Wnt pathway.?’ The antioxidant properties of coffee bean extract may help modulate signaling
pathways, such as the Wnt pathway, by reducing oxidative stress, which is known to influence cancer progression.”' This
compound in coffee bean extract modulates the Wnt pathway, notably inhibiting the Wnt/B-catenin pathway that is
upregulated in various cancers, including breast cancer. MYC and AXIN2 are general Wnt target genes often used as an
indicator of canonical Wnt activity.”” Some studies suggest that drinking coffee is connected to a lower risk of certain

types of breast cancer. However, the exact mechanisms, including how Wnt signaling is involved, remain unclear.'*®
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After years of focusing mainly on endocrine and cytotoxic therapies, we are now seeing targeted and pathway-specific
treatments becoming part of therapeutic targets. This exciting progress has been made possible by our growing under-
standing of the detailed molecular workings of signaling pathways involved in initiation, invasion, and migration. Truly
understanding these complex mechanisms inside cells is crucial for developing therapies that target specific pathways.
This highlights the ongoing need for research to understand the effects of natural products and therapeutic substances on
intracellular pathways.

The anti-breast cancer effects of coffee bean extracts remain insufficiently characterized, particularly regarding their
underlying molecular mechanisms. This study aimed to evaluate the cytotoxic activity, induction of apoptosis, and cell
cycle inhibition of green- and medium-roasted Arabica and Robusta coffee bean extracts from West Java, prepared by
maceration and decoction, in MDA-MB-231 and MCF-7 breast cancer cell lines. Additionally, some in vitro studies
investigated the modulation of Wnt/B-catenin—related genes, specifically MYC and AXIN2, to elucidate potential
involvement of signaling pathways. To further clarify the molecular basis of these effects, computational analyses,
including molecular docking, molecular dynamics simulations, and MM-PBSA binding free energy calculations, were
performed targeting Tankyrase-1 and Estrogen Receptor Alpha. By integrating in vitro and in silico approaches, this
study aims to provide mechanistic insight into the anticancer potential of chlorogenic acid-rich coffee extracts.

Materials and Methods

Chemicals and Reagents

The following reagents were obtained: Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), and
antibiotics (100 U/mL penicillin and 0.1 mg/mL streptomycin) from Sigma-Aldrich; WST-8 from Dojindo Laboratories;
and dimethyl sulfoxide (DMSO) from Phytotecs Lab. Chlorogenic acid was purchased from Chengdu Biopurity
Phytochemicals Ltd. GENEzol™ Reagent from Geneaid; Nuclease-Free Water from Promega; ReverTra Ace qPCR
RT Master Mix and gDNA Remover from Toyobo; SYBR no-ROX kit (Bioline Meridian); ACTB, MYC and AXIN2
primers from Integrated DNA Technologies (IDT); FITC Annexin V Apoptosis Detection Kit I, and PI/RNase staining
buffer from BD Pharmingen; Additional reagents, including aquadest, 70% ethanol, Dragendorff reagent, Mayer reagent,
NaOH solution, magnesium, SN HCI, FeCl; solution, dilute HCl, 1% gelatin solution, anisaldehyde—sulfuric acid,
Liebermann—Burchard reagent, chloroform, isopropanol, were provided by the Pharmaceutical Biology Laboratory,
Faculty of Pharmacy, Universitas Padjadjaran. The Central Laboratory of Universitas Padjadjaran, Indonesia, supplied
caffeine, methanol, and 0.1% trifluoroacetic acid.

Plant Materials

Coffee bean samples were collected from farms in West Java, Indonesia. Arabica coffee beans were obtained from
Manglayang Mountain on 19 October 2023, while Robusta coffee beans were collected from Puntang Mountain,
Mekarjaya, on 16 December 2023. Seed specimens were authenticated at the Herbarium, Department of Biology,
Universitas Padjadjaran, Indonesia, and identified as Coffea arabica L. and Coffea canephora Pierre ex A. Froehner
(synonyms: Coffea bourbonica Pharm. ex Wehmer and Coffea robusta L. Linden). Both Arabica and Robusta beans, in
green and medium-roasted forms, were subsequently ground into medium particle-size powder.

Decoction Extraction Method

The extraction was performed with minor modifications as described by Parnomo (2021). Water extraction was
performed using a 5:1 water-to-coffee ratio at 100°C for 30 minutes, followed by filtration. The filtrate was then dried
using a freeze dryer.”’

Maceration Extraction Method

The maceration extraction method, as described by Hartanti & Arif (2023), was followed with slight modifications. It
used a 5:1 (v/w) ethanol-to-coffee ratio at room temperature and dried the mixture with a rotary evaporator to produce
a thick extract.*
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Phytochemical Screening
Identification of group compounds contained in the coffee extract, such as alkaloids, quinones, flavonoids, saponins,
Polyphenols, Tannins, and Terpenoids, was carried out based on the modified method of Praherdiono & Adi 2008.*'

HPLC with UV/VIS Detector Analysis

The HPLC analysis was performed according to the method described in the reference, with adjustments made as necessary.
It used an HPLC Waters Alliance 2695 with a UV-Vis 2489 detector set at 272 nm for caffeine and 326 nm for chlorogenic
acid (CA). Separation was performed using an Eclipse Plus C18 column (250 mm X 4.6 mm, 5 pm) with a 10 uL injection,
a column temperature of 25 °C, and a data rate of 10 Hz. Mobile phases were methanol/water (60:40) for caffeine and
methanol/water (40:60) with 0.1% TFA for CA. The mobile phase was degassed and delivered at 1.0 mL/min.*?

Cell Culture

The MDA-MB-231 and MCF-7 breast cancer cell lines, along with the HEK 293 normal kidney cell line, were obtained
from the European Collection of Authenticated Cell Cultures (ECACC). Cells were routinely maintained in Dulbecco’s
Modified Eagle’s Medium—High Glucose (DMEM) supplemented with 10% fetal bovine serum and antibiotics (100 U/
mL penicillin and 0.1 mg/mL streptomycin), and cultured under standard conditions of 5% CO,.*

Determining ICsq Through Cell Viability Assay

Cells were seeded in 96-well plates, incubated for 24 h, and then treated with coffee bean extracts at concentrations
ranging from 0 to 1000 pg/mL (three replicates per concentration) for an additional 24 h. Subsequently, 10 pL of WST-8
reagent was added to each well, and the plate was incubated for 24 h. Absorbance was measured at 450 nm with
a reference wavelength of 620 nm using a Tecan Infinite Pro spectrophotometer.’® Cell viability was expressed as the
ratio of absorbance in treated cells to that in untreated control cells. Absolute ICso values were calculated using
GraphPad Prism version 10.4.1 (p < 0.05).

Quantitative RT-PCR

The breast cancer cells were seeded and cultured to achieve 60—70% confluence, treated with samples and standards at
concentrations of 100 pg/mL and 200 pg/mL (the concentrations chosen depend on the lowest concentration that causes
ICsq in the cytotoxicity test), (three replicates per concentration), and incubated for 8 hours. Then, RNA was extracted
using the GENEzol reagent, and cDNA was synthesized using the ReverTra Ace qPCR RT Master Mix and gDNA
Remover. Quantitative PCR (qQRT-PCR) was performed using the SYBR no-ROX according to the manufacturer’s
protocol. Expression quantification was performed using the Livak method.>* The primers used were human AXIN2
(forward 5'-TCCCAGACTCAGTGGGAAGA-3', reverse 5-GCCTGGTGTTGGAAGAGACA-3'), human MYC (for-
ward 5'-CCTCGGATTCTCTGCTCTCC-3', reverse 5-TTTCTTCCTCATCTTCTTGTTCCTC-3’'), and housekeeping
gene human ACTB (forward 5-AAGATCAAGATCATTGCTCC3', reverse 5'-TCCTAACAGCGCCTAGAAGC-3").

Apoptosis Analysis

The cells were seeded and cultured to achieve 60—70% confluence, treated with samples and standards at concentrations of
100 pg/mL and 200 pg/mL (the concentrations chosen depend on the lowest concentration that causes IC° in the cytotoxicity
test), (three replicates per concentration), and then incubated for 24 hours. The cells were washed with PBS and detached using
0.125% trypsin/EDTA by incubation at 37 °C for 3 minutes. The cells were then collected and stained with Annexin V-FITC/
PI (BD Pharmingen) according to the manufacturer’s instructions. The stained cells were then quantified using flow cytometry

with a Beckton Dickinson Accuri C6 and analyzed via BD Accuri C6 Software relative to the cell control.>

Cell Cycle Analysis
The cells were treated with the same procedure as the Apoptosis assay. The collected cells were resuspended in cold 70%
ethanol and incubated for 24 hours at 4°C. The cells were then treated with RNase (200 pg/mL) for 30 minutes at 37°C

4 https: Breast Cancer: Targets and Therapy 2026:18



Aborziza et al

and subsequently stained with propidium iodide (50 pg/mL). The DNA content was analyzed by flow cytometry using
a Beckton Dickinson Accuri C6. The proportions of apoptotic cells (2n but < 4n) and cells in the G2/M phase (4n) were

determined using BD Accuri C6 Software relative to the cell control.*®

Statistical Analysis
Statistical analysis was performed using one-way ANOVA in GraphPad Prism version 10.4.1. The results are considered
significant when p < 0.05.

Molecular Docking Analysis

Molecular docking simulations were performed to investigate the interaction of chlorogenic acid with Tankyrase-1 (PDB
ID: 3UDD) and Estrogen Receptor Alpha (PDB ID: 3ERT). The three-dimensional crystal structures were retrieved from
the Protein Data Bank (https://www.rcsb.org).®’ Protein preparation was conducted using AutoDock Tools version 1.5.7,

which included removal of co-crystallized water molecules, addition of polar hydrogens, and assignment of Kollman
united atom charges.*® The native ligands were retained temporarily to define the active site grid coordinates and were
subsequently removed prior to docking. The three-dimensional structure of chlorogenic acid was downloaded from
PubChem (CID: 1794427)*° and energy-minimized using Chem3D version 22.0 before conversion to PDBQT format.*
Docking simulations were performed using AutoDock Vina version 1.2.3.*' The grid box was centered at the coordinates
of the native ligand binding site with dimensions adjusted to fully cover the catalytic pocket. The exhaustiveness
parameter was set to 8, and the maximum number of binding modes was set to 9. The best docking pose was selected
based on the lowest binding affinity (kcal/mol) and interaction relevance with key residues. Protein—ligand interactions
were visualized and analyzed using Discovery Studio Visualizer version 21.1.0.*?

Molecular Dynamics Simulation

Molecular dynamics simulations were carried out using GROMACS version 2024.3 to evaluate the structural stability of
the docked complexes.**** The GROMOS96 54a7 force field was applied for protein parameterization, and ligand
topology parameters were generated using the PRODRG server with manual correction of charges to ensure compat-
ibility. Each protein—ligand complex was placed in a cubic simulation box with a minimum distance of 1.0 nm between
the protein surface and box edge. The system was solvated using the SPC water model under periodic boundary
conditions. Counter ions (Na“ or Cl") were added to neutralize the system charge. Energy minimization was.
Counterions (Na" or Cl") were added to neutralize the system’s charge. Energy minimization was performed using the
steepest descent algorithm until the maximum force fell below 1000 kJ/mol/nm. The system was equilibrated under NVT
ensemble for 100 ps at 300 K using the V-rescale thermostat, followed by NPT equilibration for 100 ps at 1 bar pressure
using the Parrinello-Rahman barostat. Long-range electrostatic interactions were treated using the Particle Mesh Ewald
(PME) method with a cutoff of 1.0 nm. The LINCS algorithm was applied to constrain all bond lengths, allowing a 2-fs
integration time step. Production MD simulations were conducted for 200 ns. Structural stability was assessed through
root mean square deviation (RMSD) and root mean square fluctuation (RMSF) analyses using built-in GROMACS tools.

MM-PBSA Binding Free Energy Calculation

Binding free energy calculations were performed using the g mmpbsa tool version 1.6 integrated with GROMACS
2024.3.% Snapshots were extracted from the last 50 ns of the equilibrated trajectories at 100 ps intervals for energy
analysis. The MM-PBSA method was used to compute van der Waals, electrostatic, polar solvation, and solvent-
accessible surface area (SASA) energy components. The polar solvation energy was calculated using the Poisson—
Boltzmann equation, while the nonpolar solvation energy was estimated based on SASA. The total binding free energy
was determined by summing molecular mechanics energy contributions and solvation energies. Standard deviation values
were calculated to evaluate energetic stability across sampled frames. Negative total binding free energy values indicated
favorable complex formation. Energy decomposition results were compared between the Tankyrase-1 and Estrogen
Receptor Alpha complexes to assess their relative thermodynamic stability.
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Results

Affects the Extraction Method on the Percentage of Green and Roasted Coffee
Extract Yield

Table 1 summarizes the extraction yields of various coffee samples and the extraction methods employed in this study,
showing that the yield of roasted coffee extract was slightly higher than that of green coffee extract, and that the
decoction method yielded more extract than the maceration method. The extract yield was calculated using the following
formula:

extract weight

Percent extract yield = ( ) x 100%

powder weight

Phytochemical Screening

The compounds tested on powder and extracts of coffee bean samples included alkaloids, quinones, flavonoids,
polyphenols, saponins, tannins, monoterpenoids, sesquiterpenoids, triterpenoids, and steroids. The qualitative tests
used the reagents listed in Table 2. Depending on the density of requirements, Flavonoids, Saponins, Monoterpenoids,
and Sesquiterpenoids showed slightly lower requirement density in extracts than in raw coffee powder, except in green
coffee bean extract, where the decoction method did not reveal the requirements. Showed a negative result in Tannins,
Triterpenoids, and Steroids tests for both samples of coffee powder and samples of coffee extract.

Table | Percentage of Extract Yield of West Java Arabica and Robusta Coffee
Beans

Samples

Percentage of Yield (%)
(Decoction Method)

Percentage of Yield (%)
(Maceration Method)

Arabica green coffee
Arabica Roasted Coffee
Robusta green coffee
Robusta Roasted Coffee

18.95% (AGCED)
21.6% (ARCED)
18.54% (RGCED)
21.62% (RRCED)

17.25% (AGCEM)
18.49% (ARCEM)
16.82% (RGCEM)
19.18% (RRCEM)

Table 2 Phytochemical Screening Qualitative Results of Coffee Bean Extracts and Powder

Compounds Reagents Requirements | Sample Coffee Powder Sample Coffee Extract
Alkaloids Dragendorff Orange-brown +++ +++
color
Alkaloids Mayer White +++ +++
precipitate
Quinones NaOH solution Yellow-red +++ +++
color
Flavonoids Magnesium and 5N HCI Orange-red ++++ ++
color
Polyphenols Fecl3 solution Blue-black color +++ +++
Saponins Shaken well, | drop of Foam formation +++ All were positive ++ except green coffee
dilute HCI beans extracted using the decoction method,
which was negative.
Tannins 1% gelatin solution White - -
precipitate

(Continued)
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Table 2 (Continued).

Compounds Reagents Requirements | Sample Coffee Powder Sample Coffee Extract
Monoterpenoids | Anisaldehyde-sulfuric acid Formation +++ ++
and colors
Sesquiterpenoids (Pink and
yellow)
Triterpenoids Liebermann-Burchard Formation
and Steroids colors

Notes: symbols (- negative results, ++ positive results with moderate intensity requirements color, +++ positive results with intensity requirements color, ++++ positive
results with high intensity requirements color.

Determination of Standard Solution Using HPLC

Caffeine and chlorogenic acid are two of the most essential compounds in coffee, with wide-ranging medical applications
and effects on various cancer cell models. The standard levels of CF and CA are outlined in Table 3 and shown in
Figure 1. The analyses were identified by comparing the retention times of the coffee samples with those of the standards
CF and GA.

Caffeine (CF) Content in Coffee Bean Extract Samples
The experimental results for the caffeine analysis in coffee samples, as well as the concentrations of caffeine in
percentage (%) and mg/L in coffee bean extract samples, are reported in Table 4, Figures 2 and 3.

Chlorogenic Acid (CA) Content in Coffee Bean Extract Samples
The experimental results for the CA analysis in coffee samples and the concentrations of CA in percentage (%) and mg/L
in coffee bean extract samples are reported in Table 5, Figures 2 and 3.

Cytotoxicity of Coffee Bean Extracts on MDA-MB-231 and MCF-7 Breast Cancer Cell
Lines

Coffee extracts and standards (chlorogenic acid and caffeine) were tested for cytotoxic effects on non-hormone-related
factors MDA-MB-231 breast cancer cells and hormone-related factors MCF-7 breast cancer cells using the WST-8
method. Cell viability was assessed after 24 hours of treatment with various concentrations of the compound. The results,
presented in Table 6 and Figure 4, indicate that the viability of the human breast carcinoma cell lines decreased
significantly in a concentration-dependent manner.

Both Arabica and Robusta coffee extracts had cytotoxicity effects less than those of the standards. The cytotoxicity of
chlorogenic acid on MCF-7 is the strongest, with an ICsy of 35.02 pg/mL. Arabica roasted coffee extract with the
maceration method (ARCEM) exhibited the most potent cytotoxicity effect on MDA-MB-231 cells, with an ICs, value of
258.4 pg/mL, whereas Robusta roasted coffee extract with the decoction method (RRCED) showed cytotoxicity on
MCEF-7 cells, with an ICs, value of 190.7.

Table 3 Peak Names: Caffeine and Chlorogenic Acid (CGA) Standards

Sample Name | Injection Peak Name RT Area | % Area | Height
Stl [ Caffeine (CF) 4.860 | 663,234 61.38 83705
Stl | Chlorogenic acid (CGA) | 3.919 | 417,325 38.62 50,171

Breast Cancer: Targets and Therapy 2026:18 https: 7
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Figure | The HPLC chromatogram of caffeine standard (RT 3.919) and chlorogenic acid standard (RT 4.860).

gRT-PCR MYC and AXIN2 Gene Expression

The effect of chlorogenic acid, caffeine, and coffee bean extracts on MYC and AXIN2 gene expression in MDA-MB-231
and MCF-7 cells is shown in Figure 5. Coffee bean extracts significantly decreased MYC gene expression levels.
Treatment with coffee bean extract reduced the MYC level range (from 0.77-fold to 0.15-fold) at 100 pg/mL and
(from 0.32-fold to 0.05-fold) at 200 pg/mL in MDA-MB-231 cells. In MCF-7 cells, at 100 pg/mL, the range was (from
0.76-fold to 0.17-fold), and at 200 pg/mL, it decreased further (from 0.27-fold to 0.08-fold). The AXIN2 gene level range
decreased by (1.33-fold to 0.48-fold) at 100 ppm and by (0.76-fold to 0.34-fold) at 200 ug/mL in MDA-MB-231 cells. In
MCF-7 cells, AXIN2 levels decreased from (0.78-fold to 0.28-fold) at 100 pg/mL to (0.41-fold to 0.28-fold) at 200 pg/
mL, compared to the control at the same concentrations. The most notable effects on MYC and AXIN2 gene expression
were observed with Arabica green coffee extract obtained by maceration (AGCEM). For MYC, this extract caused a 0.25-
fold decrease at 100 pg/mL and a 0.05-fold reduction at 200 pg/mL in MDA-MB-231 cells, and a decrease to 0.22-fold
at 100 pg/mL and 0.08-fold at 200 ug/mL in MCF-7 cells. For AXIN2, the decreases were 0.48-fold at 100 pg/mL and
0.34-fold at 200 pg/mL in MDA-MB-231 cells, and 0.44-fold at 100 pg/mL and 0.29-fold at 200 pg/mL in MCF-7 cells.
The best results with Robusta coffee beans came from Robusta green coffee extract via maceration (RGCEM), which
decreased MYC expression by 0.15-fold at 100 pg/mL and 0.07-fold at 200 ug/mL in MDA-MB-231 cells, and by 0.17-
fold at 100 pg/mL and 0.12-fold at 200 pg/mL in MCF-7 cells. For AXIN2, the reductions were 0.87-fold at 100 ng/mL
and 0.36-fold at 200 pg/mL in MDA-MB-231, and 0.43-fold at 100 png/mL and 0.28-fold at 200 pg/mL in MCF-7 cells
(Figure 5A-F, all p < 0.05).

Table 4 The Concentration of Caffeine (CF) in Coffee Bean Extract

Samples

Extract Samples | Caffeine Concentration (mg/L) % wiw

AGCED 49.30 493 + 1.9%
ARCED 52.83 5.28 + 1.05%
AGCEM 107.10 10.71 + 0.5%
ARCEM 124.98 12.49 + 0.8%
RGCED 90.87 9.08 + 1.9%
RRCED 94.39 9.43 + 0.28%
RGCEM 111.74 11.17 + 0.4%
RRCEM 147.33 14.7+ 0.79%
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Figure 2 HPLC graph illustrating chlorogenic acid (CGA) and caffeine (CF) contents in Arabica coffee extract samples: (A) Arabica green coffee extract utilizing the
decoction method (AGCED), (B) Arabica roasted coffee extract employing the decoction method (ARCED), (C) Arabica green coffee extract prepared via the maceration
method (AGCEM), and (D) Arabica roasted coffee extract using the maceration method (ARCEM).
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Figure 3 HPLC graph illustrating chlorogenic acid and caffeine levels in Robusta coffee extract samples. (A) Green Robusta coffee extracted via the decoction method
(RGCED). (B) Roasted Robusta coffee extracted via decoction method (RRCED). (C) Green Robusta coffee extracted via the maceration method (RGCEM). (D) Roasted
Robusta coffee extracted via the maceration method (RRCEM).
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Table 5 The Concentration of Chlorogenic Acid (CA) in Coffee

Bean Extract Samples

Extract Samples | CA Concentration (mg/L) % wiw
AGCED 194.83 19.4 + 1.75%
ARCED 60.21 6.02 = 1.68%
AGCEM 182.48 18.24 + 1.57%
ARCEM 42.13 421 + 1.8%
RGCED 203.49 20.34 £ 1.25%
RRCED 39.28 3.92 £ 1.16%
RGCEM 174.61 17.46 + 1.5%
RRCEM 46.80 4.6+ 0.5%

Table 6 IC5y Cytotoxicity Values of Coffee Bean Extracts and
Standard on MDA-MB-23| and MCF-7 Breast Cancer Cells

Coffee Extract Samples 1Cs5o (pg/mL) 1Cs5o (pg/mL)
on MDA-MB-231 on MCF-7
AGCED 375.6 588
ARCED 399 739.1
AGCEM 461.5 650.3
ARCEM 2584 520.9
RGCED 592.2 686.7
RRCED 492.8 190.7
RGCEM 379.5 383.6
RRCEM 637 5682
CA 201.8 35.02
CF 289.9 275.1

Cytotoxic Effects of Coffee Bean Extracts (AGCEM and RGCEM) on HEK 293 Kidney

Normal Cells

Cytotoxicity was assessed using WST-8 to determine the ICsy of Arabica and Robusta extracts; the Robusta extracts
showed the greatest inhibitory effect in the qRT-PCR test. Cell viability was assessed after 24 hours at various
concentrations ranging from 0 to 2000 pg/mL. As shown in Figure 6, the results indicate that the selected samples are
not cytotoxic to normal cells within the tested range, with an ICs, value exceeding 2000 pg/mL.

Effects of Green Coffee Bean Extracts (AGCEM and RGCEM) and Standards (CA and
CF) on Cell Cycle Distribution

The effects of coffee bean extract, chlorogenic acid, and caffeine on cell cycle distribution and apoptosis in MCF-7 and
MDA-MB-231 cells were examined after 24 hours of exposure to 100 pg/mL and 200 pg/mL concentrations of the
extract (Figure 7A and B). In MCF-7 cells, coffee bean extracts induced a notable shift in cell cycle progression with
increasing concentration, increasing the number of cells in the G1 and S phases. It decreased in the G2/M phase as the
concentration rose. Conversely, caffeine exhibited effects opposite to those of chlorogenic acid: the number of cells
increased in G1 and G2/M phases and decreased in the S phase with higher caffeine levels (p < 0.05). In MDA-MB-231
cells, Arabica green coffee bean extract prepared by maceration (AGCEM) showed effects similar to caffeine: the
number of cells in the G1 phase declined, while counts in the S and G2/M phases increased with increasing concentra-
tion. Meanwhile, Robusta green coffee bean extract prepared via the maceration method (RGCEM) exhibited effects
similar to those of chlorogenic acid; the number of cells in the G1 and G2/M phases decreased, whereas those in the
S phase increased with increasing concentration (P < 0.05).
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Figure 4 The cytotoxicity IC* values of Arabica coffee extract (A), Robusta coffee extract (B), and CA and CF standards (C) on MDA-MB-231 breast cancer cells, as well
as the 1C% values of Arabica coffee extract (D), Robusta coffee extract (E), and CA and CF standards (F) on MCF-7 breast cancer cells at various concentrations during
a 24-hour treatment, are presented. Data are expressed as mean * standard error of the mean (SEM) (n=3).

Effects of Green Coffee Bean Extracts (AGCEM and RGCEM) and Standards (CA and
CF) on Early and Late Apoptosis

Apoptotic Activity in Flow Cytometry Analysis: The apoptotic activity of green coffee bean extract, chlorogenic acid,
and caffeine (at 100 and 200 pug/mL) was tested against MDA-MB-231 and MCF-7 cancer cell lines using flow
cytometry (Figure 8A and B) shows the proportions of viable (Q1), early apoptotic (Q2), late apoptotic (Q3), and
necrotic (Q4) cells. Generally, the percentage of living cells decreased as the concentrations of coffee bean extracts,
chlorogenic acid, and caffeine increased, with a smaller decrease observed in MCF-7 cells than in MDA-MB-231 cells.
The substances demonstrated concentration-dependent apoptotic activity, affecting both the early and late stages of
apoptosis. Cells undergoing apoptosis were more often in the late phase than in the early phase. The effects of coffee
bean extract, chlorogenic acid, and caffeine on the early and late apoptotic fractions in MCF-7 cells were significantly
increased with increasing concentration, with more pronounced effects in MDA-MB-231 cells.

Molecular Docking Analysis
These apoptotic findings are further supported by the molecular docking analysis, which revealed the potential molecular
targets underlying the pro-apoptotic effects of chlorogenic acid (Table 7). In Tankyrase-1 (PDB ID: 3UDD), the native
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Figure 5 The impact of coffee bean extracts, chlorogenic acid, and caffeine on the Whnt signaling pathways, specifically examining: (A) MYC gene expression in MDA-MB-23 |
cells; (B) AXIN2 gene expression in MDA-MB-231 cells; (C) MYC gene expression in MCF-7 cells; and (D) AXIN2 gene expression in MCF-7 cells, as measured by qRT-PCR
following an 8-hour treatment. Cells were exposed to coffee bean extracts and standard compounds at concentrations of 100 pyg/mL and 200 pg/mL. B-Actin was employed
for normalization of relative gene expression. The data are presented as means with standard error of the mean (SEM). Statistical significance was defined as * P<0.05.
Notes: (ns means P value not less than 0.05). The more symbols (¥) are used, the lower the value of P becomes (less than 0.05). * P <0.05, ** P <0.005, *** P = 0.0001, **#*
P <0.0001.
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Figure 6 The IC50 values for cytotoxicity of Arabica green coffee extract prepared via the maceration method (AGCEM) and Robusta green coffee extract prepared via the
maceration method (RGCEM) on HEK 239 normal kidney cell lines.
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Figure 7 Cell cycle analysis of MDA-MB-231 and MCF-7 cancer cell lines treated with Arabica and Robusta green coffee bean extracts prepared via the maceration method,
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demonstrated a statistically significant difference (P < 0.05) compared with the cell control (B).
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Table 7 Molecular Docking Results of Chlorogenic Acid and Native Ligands Against Tankyrase-| and Estrogen Receptor Alpha

Receptor

Sl

Ligand Free Energy Inhibition Interaction Category Types
of Binding Constant (Ki)
Tankyrase-1 (PDB ID: Native Ligand (3-(4-methoxyphenyl)-5-({[4-(4-methoxyphenyl)-5-methyl-4H- —12.27 keal/ 1.02 nM A:ASPI1198:N Hydrogen Conventional
3UDD) 1,2,4-triazol-3-yl]sulfanyl}methyl)- |,2,4-oxadiazole) mol (nanomolar) A:HIS1201:NE2 Bond Hydrogen Bond
A:ILEI228:CDI Hydrogen Carbon
A:HISI1201 Bond Hydrogen Bond
A:HISI 184 Hydrophobic Pi-Sigma
A:PHEI197 Hydrophobic Pi-Pi Stacked
A:ALAL191:C, | Hydrophobic Pi-Pi T-shaped
O;ILEI 192:N Hydrophobic Pi-Pi T-shaped
ATYRI213 Hydrophobic Amide-Pi
ATYRI224 Hydrophobic Stacked
AILEI192 Hydrophobic Pi-Alkyl
AILEI212 Hydrophobic Pi-Alkyl
AALAIL191 Hydrophobic Pi-Alky!
AILEI192 Hydrophobic Pi-Alkyl
A:PROI 187 Hydrophobic Pi-Alkyl
Hydrophobic Pi-Alkyl
Pi-Alkyl
Chlorogenic Acid —8.08 kcal/mol 1.19 uM ATYRI2I3:N Hydrogen Conventional
(micromolar) A:GLY1196:0 Bond Hydrogen Bond
A:GLY1211:0 Hydrogen Conventional
A:GLY1185:0 Bond Hydrogen Bond
A:GLY1185:0 Hydrogen Conventional
A:HIS1201 Bond Hydrogen Bond
A:ALAL191 Hydrogen Conventional
A:ILEI192 Bond Hydrogen Bond
Hydrogen Conventional
Bond Hydrogen Bond
Hydrophobic Pi-Pi Stacked
Hydrophobic Pi-Alkyl
Hydrophobic Pi-Alkyl
(Continued)
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Table 7 (Continued).

Receptor

Ligand Free Energy Inhibition Interaction Category Types
of Binding Constant (Ki)
Human Estrogen Receptor Native Ligand (4-Hydroxytamoxifen) —11.41 kcal/ 430 nM A:ARG394: Hydrogen Conventional
Alpha (PDB ID: 3ERT) mol (nanomolar) NH2 Bond Hydrogen Bond
A:GLU353: Hydrogen Conventional
OE2 Bond Hydrogen Bond
A:TRP383 Hydrophobic Pi-Sigma
A:MET388 Hydrophobic Alkyl
A:MET421 Hydrophobic Alkyl
A:LEU428 Hydrophobic Alkyl
A:ALA350 Hydrophobic Pi-Alkyl
A:LEU387 Hydrophobic Pi-Alkyl
A:ALA350 Hydrophobic Pi-Alkyl
A:LEU525 Hydrophobic Pi-Alkyl
A:MET421 Hydrophobic Pi-Alkyl
A:LEU525 Hydrophobic Pi-Alkyl
Chlorogenic Acid —6.07 kcal/mol 35.83 uM A:HIS524:ND | Hydrogen Conventional
(micromolar) A:GLY420:0 Bond Hydrogen Bond
A:GLU419:0 Hydrogen Conventional
A:GLU353: Bond Hydrogen Bond
OE2 Hydrogen Conventional
A:GLU353: Bond Hydrogen Bond
OE2 Hydrogen Conventional
A:GLY521:CA Bond Hydrogen Bond
A:MET421 Hydrogen Conventional
Bond Hydrogen Bond
Hydrogen Carbon
Bond Hydrogen Bond
Hydrophobic Pi-Alkyl
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ligand demonstrated a strong binding affinity of —12.27 kcal/mol with a nanomolar inhibition constant, whereas
chlorogenic acid showed a lower binding energy of —8.08 kcal/mol with a micromolar Ki value. Although weaker
than the native ligand, chlorogenic acid formed multiple conventional hydrogen bonds with key residues, including
TYRI1213, GLY1196, GLY1211, and GLY1185, indicating stable anchoring within the catalytic pocket. Additional
hydrophobic interactions with HIS1201, ALA1191, and ILE1192 contributed to complex stabilization. The predominance
of hydrogen bonding interactions suggests that chlorogenic acid relies on polar contacts to maintain binding stability.
Tankyrase-1 is known to regulate Wnt/B-catenin signaling, which plays a critical role in breast cancer cell survival and
proliferation. Inhibition of Tankyrase-1 may promote -catenin degradation, thereby suppressing pro-survival transcrip-
tional programs. This molecular mechanism is consistent with the increased proportion of late apoptotic cells observed in
flow cytometry analysis, particularly in MDA-MB-231 cells. The stronger apoptotic response in MDA-MB-231 cells
compared with MCF-7 cells may reflect differences in Wnt pathway dependence between these subtypes. Therefore,
partial inhibition of Tankyrase-1 by chlorogenic acid could mechanistically explain the concentration-dependent induc-
tion of apoptosis observed experimentally.

Similarly, docking analysis against Human Estrogen Receptor Alpha (PDB ID: 3ERT) provides insight into the
differential response between ER-positive MCF-7 and ER-negative MDA-MB-231 cells. The native ligand 4-hydro-
xytamoxifen exhibited a binding affinity of —11.41 kcal/mol, whereas chlorogenic acid showed a weaker affinity of —6.07
kcal/mol with a micromolar Ki. Despite this lower affinity, chlorogenic acid formed several conventional hydrogen bonds
with critical residues, including HIS524, GLU419, GLU353, and GLY420, as well as a hydrophobic interaction with
MET421. Interaction with GLU353 is particularly noteworthy because this residue is essential for ligand recognition and
receptor activation. Although chlorogenic acid does not bind as strongly as tamoxifen, its ability to interact within the
ligand-binding domain suggests potential modulatory effects on ER signaling. The weaker apoptotic effect observed in
MCEF-7 cells compared to MDA-MB-231 cells may be attributed to the moderate binding strength toward ERa, resulting
in partial rather than complete antagonism. In contrast, the greater apoptosis in MDA-MB-231 cells may be more closely
associated with non—-ER-mediated mechanisms, such as inhibition of the Wnt pathway. The higher percentage of late
apoptosis indicates that sustained signaling disruption eventually drives cells beyond early apoptotic checkpoints. These
combined in vitro and in silico findings suggest that chlorogenic acid exerts multitarget activity, contributing to apoptosis
induction through Tankyrase-1-related pathways and partial modulation of estrogen receptor signaling.

Molecular Dynamics Simulation Analysis

The molecular dynamics simulation results of the Tankyrase-1—chlorogenic acid complex demonstrate an initial equili-
bration phase during the first 20 ns of the 200 ns trajectory. During this stage, the RMSD increases from approximately
0.2 nm to around 0.8 nm, indicating structural adaptation after ligand binding. Following equilibration, the RMSD
stabilizes within a range of approximately 0.9—1.3 nm for most of the simulation period. Moderate fluctuations observed
between 60 and 120 ns reflect conformational flexibility rather than structural instability. A slight increase toward the
final phase of the trajectory does not suggest ligand dissociation but indicates normal dynamic motion within the protein
structure. The absence of an abrupt structural deviation confirms the preservation of the global protein architecture
throughout the simulation. The RMSF profile further reveals that most residues fluctuate by less than 0.15 nm, suggesting
rigidity across the catalytic domain. Higher peaks are localized in loop or surface-exposed regions rather than within the
core binding pocket. Importantly, residues previously identified in docking interactions exhibit relatively low fluctua-
tions, indicating persistent ligand engagement. The stability of these interaction sites supports continuous hydrogen
bonding and hydrophobic contacts during the simulation. Such controlled flexibility reflects a dynamically stable protein—
ligand complex. These observations indicate that chlorogenic acid maintains stable occupancy of the Tankyrase-1
catalytic pocket, which may contribute to apoptosis induction.

The dynamic behavior of the Estrogen Receptor Alpha—chlorogenic acid complex is illustrated in Figure 9, which
shows a comparatively low RMSD profile throughout the 200 ns simulation. After a brief equilibration period, the RMSD
stabilizes between approximately 0.18 and 0.30 nm, indicating high structural stability. Slight deviations observed around
60 to 100 ns correspond to conformational adjustments within the ligand-binding domain. Throughout the simulation, the
RMSD remains below 0.45 nm, confirming the absence of major structural perturbations. This limited deviation suggests

Breast Cancer: Targets and Therapy 2026:18 https: 17
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Figure 9 RMSD and RMSF profiles of Tankyrase-1 (3UDD) and Estrogen Receptor Alpha (3ERT) in complex with chlorogenic acid during 200 ns simulation.

that chlorogenic acid binding does not disrupt the global receptor conformation. The RMSF analysis shows that most
residues fluctuate by less than 0.15 nm within the structured core region. Higher fluctuation peaks are mainly detected at
terminal regions, which are inherently more flexible. Residues critical for ligand recognition exhibit relatively low
fluctuation values, supporting stable positioning within the binding pocket. The maintained compactness of the receptor
structure indicates persistent receptor—ligand interaction. This dynamic stability aligns with the moderate docking affinity
previously observed. The absence of excessive flexibility suggests that chlorogenic acid exerts a modulatory rather than
disruptive effect on ERa structure. These structural findings provide molecular-level support for the comparatively
weaker apoptotic response observed in ER-positive breast cancer cells.

MM-PBSA Binding Free Energy Calculation

The MM-PBSA results presented in Table 8 indicate that chlorogenic acid exhibits favorable binding energetics toward
Tankyrase-1. The total binding free energy of —43.977 kJ/mol indicates spontaneous, thermodynamically stable complex
formation. The van der Waals contribution (—103.023 kJ/mol) represents the dominant favorable interaction component,
indicating that hydrophobic contacts play a crucial role in stabilizing the complex. Electrostatic interactions also

Table 8 MM-PBSA Binding Free Energy Decomposition of Chlorogenic Acid in Complex with Tankyrase-1 (3UDD) and Estrogen
Receptor Alpha (3ERT)

Receptor Ligand Van der Waal | Electrostattic Polar SASA BINDING
Energy Energy Solvation Energy ENERGY
Energy
Tankyrase-| (PDB ID: 3UDD) Chlorogenic —103.023 + —21.971 94.956 * —13.939 + —43.977 +
Acid 17.732 kJ/mol 19.125 KkJ/mol 31.668 kJ/mol 1.882 kJ/mol 17.898 kj/mol
Human Estrogen Receptor Alpha —101.532+ —45.122 + 127.541 —12.065 + -31.177
(PDB ID: 3ERT) 78.974 kJ/mol 39.827 kJ/mol 85.186 kj/mol 9.191 kJ/mol 51.286 kj/mol

I 8 https:
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contribute negatively (—21.971 kJ/mol), supporting the presence of stable polar interactions within the binding pocket.
However, the polar solvation energy shows a positive value (94.956 kJ/mol), reflecting an unfavorable desolvation
penalty upon complex formation. This effect is partially compensated by the negative SASA energy (—13.939 kJ/mol),
which accounts for nonpolar solvation contributions. The balance between favorable intermolecular interactions and
solvation penalties ultimately results in a negative total binding energy. The dominance of van der Waals interactions
aligns with the docking analysis that identified multiple hydrophobic contacts within the catalytic pocket. The electro-
static contribution further supports the persistence of hydrogen-bonding interactions throughout the simulation. Although
the standard deviation values indicate some energetic fluctuation, the overall energy profile remains favorable. These
energetic characteristics are consistent with the stable RMSD and RMSF behavior observed during molecular dynamics
simulation. The strong binding affinity toward Tankyrase-1 supports its proposed role in modulating apoptosis-related
signaling pathways.

In contrast, the MM-PBSA analysis of the Estrogen Receptor Alpha complex shows a less favorable binding free
energy of —31.177 kJ/mol. Although still negative, this value indicates weaker overall binding than that of the Tankyrase-
1 complex. The van der Waals energy (—101.532 kJ/mol) remains a major stabilizing factor, similar in magnitude to that
observed in the Tankyrase-1 system. Notably, the electrostatic contribution is more pronounced (—45.122 kJ/mol),
suggesting stronger polar interactions within the ERa binding pocket. However, this favorable electrostatic term is
counterbalanced by a significantly higher polar solvation energy (127.541 kJ/mol), thereby reducing the net binding
strength. The SASA energy (—12.065 kJ/mol) provides only minor compensation for this solvation penalty. The relatively
large standard deviation observed in the total binding energy indicates greater energetic fluctuation during the simulation.
This variability may reflect dynamic adjustments within the ligand-binding domain. Despite stable structural behavior in
the RMSD analysis, the energetic profile indicates a weaker thermodynamic driving force than that of Tankyrase-1. The
lower binding affinity for ERa is consistent with the previously obtained moderate docking score. These findings provide
molecular-level support for the comparatively weaker apoptotic response observed in ER-positive breast cancer cells.
The MM-PBSA data therefore reinforce the hypothesis that chlorogenic acid may exert stronger functional influence
through Tankyrase-1 modulation than through direct ERa inhibition.

Discussion

Coffee, a popular beverage made from beans worldwide, has been studied for its effects on cancer cells.*> Extracts from
coffee beans exhibit anti-cancer effects by inducing apoptosis, promoting cellular senescence, and generating reactive
oxygen species, all of which slow down the growth and spread of cancer cells. The key compounds that make
a difference include caffeine, chlorogenic acids, kahweol, cafestol, trigonelline, lignin, and melanoidins. These com-
pounds act in various ways, including inhibiting the cell cycle, reducing inflammation, and serving as potent antioxidants;
however, the metastatic mechanisms of coffee bean extract remain poorly understood.*” This study examined two coffee
types from West Java (Arabica and Robusta). We used green and medium-roasted coffees, extracted using two methods,
to investigate the impact of extraction and roasting on phytochemical levels, specifically chlorogenic acid and caffeine.
Results show decoction with water yields higher extract amounts than other methods with non-polar solvents. Specific
yields were 81.26 + 19.23 mg/g with methanol at 100 °C, 19.12 + 1.28 mg/g with dichloromethane at 120°C, and 1.76 +
0.93 mg/g with n-hexane at 120 °C.** In coffee roasting, CF slightly increased, but CA degraded with brewing
temperature. CA levels dropped in roasted coffee, while melanoidins and Maillard products formed.*’

The results of the present study have demonstrated that ethanol and boiling water extract of the coffee beans, which
determine phytochemical compounds of the extract and the level of chlorogenic acid and caffeine, cytotoxic apoptotic
response was not dependent on the estrogen receptor, as similar results were obtained in cell lines possessing (MCF-7)
and lacking (MDA-MB-231) this receptor and arrested the growth of proliferating cells from two breast cancer cell lines,
which was associated with the induction of apoptosis as measured by cell cycle profiling. We recently reported that this
extract contains high levels of phenolic compounds, including phenolic acids such as chlorogenic acid, as well as
alkaloids such as caffeine. Many of these are known to inhibit the growth of breast cancer cells.’® Chlorogenic acid (CA)
has been found to exhibit significant cytotoxic action against MCF-7 cells, with an inhibitory concentration (ICsg) of
127 uM. When CA interacts with cisplatin, an anticancer agent, it enhances the cytotoxic activity by 2.5-fold compared
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to cisplatin alone.* CA triggers the production of reactive oxygen species (ROS), which reduce mitochondrial membrane
potential (MMP), activate the caspase-dependent apoptotic pathway, and arrest the cell cycle.” ! Additionally, CA inhibits
cell migration by decreasing N-cadherin levels and increasing C-cadherin levels. Studies have also shown that CA-
mediated translocation of protein kinase C (PKC) in the tested MDA-MB-231 and MCF-7 cells alters the cell cycle,
resulting in decreased cellular viability (ICs, values of 75.88 pg/mL and 52.5 pg/mL, respectively).'

Researchers found that CA inhibited the growth of MCF-7 cells (IC59 = 350 uM) and caused cell death in
a concentration-dependent manner. When combined with hesperidin (100 uM), CA (350 uM) significantly changed
the appearance of MCF-7 cells and resulted in 68% cell death. Additionally, CA and hesperidin reduced the expression of
various genes, including transcription factor A, mitochondrial and nuclear respiratory factor 1, mitochondrial DNA, and
ATP-synthesis-related genes ATPSPB and mtATP6.'®!” HPLC analysis revealed high chlorogenic acid in green coffee
extracts, which decreased in roasted coffee as CF levels increased. Coffee extracts, especially those rich in caffeine, show
potential anticancer effects against TNBC by inhibiting growth, inducing apoptosis, and suppressing metastasis through
the modulation of cell signaling, cell cycle regulation, and programmed cell death.’> A recent HPLC/DAD analysis of
five commercial coffee samples reported an average concentration of 8.35 + 6.13 mg of CF per gram of methanol
extract.” Green coffee beans contained 0.97 + 0.09 mg/g CA and 3.13 + 0.33 mg/g CF. Roasted beans had 1.30 +
0.13 mg/g CA and 1.00 + 0.02 mg/g CF. Roasting reduced CA and phytochemicals, but caffeine increased.’*>> During
roasting, CA degrades thermally, stabilizing alkaloids at high temperatures. As a result, CF and trigonelline become the
primary metabolites in roasted coffee beans.’®>” The level of CA can indicate the quality of green coffee beans, helping
to differentiate between low-quality varieties (9.1 g CA/100 g) and commercial ones (10.4 g/100 g).>® Dried green coffee
beans contain carbohydrates (59-62%), chlorogenic acids (7-10%), aliphatic acids (2%), caffeine (1-2%), trigonelline
(1%), and free amino acids (<1%). Roasting reduces carbs, CA, and amino acids but increases alkaloids (mainly caffeine)
and aliphatic acids.>

Experiments evaluated the effects of coffee extracts on cancer cells. The MTT assay measured cytotoxicity in MDA-MB
-231 and MCF-7 breast cancer cells, followed by analyzing MYC and AXIN2 gene expression. The more effective Arabica
and Robusta extracts were tested for cytotoxicity in HEK293 normal kidney cells, and their mechanisms of apoptosis and
cell cycle arrest were analyzed. Cytotoxicity was assessed after a 24-hour incubation with varying concentrations of the
extract. Figure 4 shows a significant, concentration-dependent decrease in the viability of MDA-MB-231 and MCF-7 cells.
Similar effects were observed in colon (CHT116), brain (T98G), and bone (U20S) cancer cell lines.

Data indicate that green and roasted coffee extracts, chlorogenic acid, and caffeine inhibit the viability of breast
cancer cell lines. Ayelén D. Nigra’s research on Brazilian coffee showed ICsgs greater than 500 pg/mL for both green and
dark coffee. Cell viability in the non-tumor MCF 10A line was unaffected except at high concentrations 1000 ug/mL).*?
Different coffee constituents may have varying effects on ER+ and ER- breast cancer subtypes. Research has shown that
caffeine doses significantly inhibit the proliferation and overall cell count of MDA-MB-231 breast cancer cells, with the
greatest inhibition observed at 5 mmol/L." In contrast, chlorogenic acid is highly cytotoxic to MCF-7 cells. Coffee
extracts can suppress the growth, migration, and invasion of TNBC cells, likely by inhibiting enzymes such as MMP-3,
which is essential for invasion. They also modulate signaling pathways, such as the AKT and B-catenin pathways, which
are involved in cell growth and metastasis.®' Green coffee samples, selected by qRT-PCR, exhibited low cytotoxicity
in normal kidney cells (HEK293) at concentrations exceeding 2000 ug/mL (Figure 6). Roasted coffee contains fewer
bioactive compounds due to high-temperature processing. We assessed cell viability after treatment with roasted coffee
extracts, which are more commonly consumed. Both coffee types showed antitumor effects on MDA-MB-231 and MCF-
7 breast cancer cells; green coffee extract was less cytotoxic to normal cells than roasted coffee. Thus, green coffee
extract was selected for further analysis.

Further experiments investigated whether the cytotoxicity of coffee bean extracts on MDA-MB-231 and MCF-7 cells
was associated with apoptosis and cell cycle activity. Arabica and Robusta extracts were evaluated using flow cytometry
(Figures 7A, 7B, 8A and 8B), following analysis of MYC and AXIN2 gene expression via qRT-PCR (Figure 5). The MYC
gene encodes a transcription factor that regulates cell growth, proliferation, differentiation, and apoptosis.®> The AXIN2
gene plays a crucial role in the Wnt signaling pathway, which is important for cell growth and differentiation.®® Analysis of
MYC and AXIN2 expression in coffee extracts by qRT-PCR reveals that MYC expression in the treated sample is
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significantly lower than in the control (Figure 5), indicating downregulation. Since MYC is often overexpressed in cancers,
reduced levels suggest potential anti-cancer effects by decreasing cell proliferation, which benefits conditions with
uncontrolled growth. The AXIN2 expression is also lower in the treated sample, indicating downregulation that may affect
the Wnt pathway and influence cell proliferation, differentiation, and apoptosis. Numerous studies have highlighted the
potential anti-cancer properties of coffee extracts and compounds, including chlorogenic acid and caffeine, with various
mechanisms underlying their effects.®*®> Our findings on the cytotoxic activity of coffee extracts against ER-negative breast
cancer cells, along with the underlying molecular mechanisms, suggest that coffee may have potential as an anticancer
agent. Efforts to identify specific target pathways showed that cancer cell characteristics influence how anticancer agents
interact. ER-negative cells exposed to coffee exhibit greater sensitivity, primarily via the Wnt signaling pathway. Green
coffee extracts affected the MYC and AXIN2 genes more than roasted coffee, chlorogenic acid, or caffeine alone, indicating
a more efficient interaction with cancer cells and a lesser impact on normal cells. These hold promise for overcoming a lack
of specificity, but further research is needed to confirm the therapeutic potential of coffee extracts.

To further elucidate the molecular basis underlying the observed downregulation of MYC and AXIN2, molecular
docking analysis was performed targeting Tankyrase-1, a key regulator of the Wnt/B-catenin pathway. Docking results
demonstrated that chlorogenic acid exhibited favorable binding affinity toward Tankyrase-1, forming multiple hydrogen
bonds and hydrophobic interactions within the catalytic pocket. In contrast, binding affinity toward Estrogen Receptor
Alpha was comparatively weaker, suggesting that the cytotoxic response observed in both ER-positive and ER-negative
cells was not primarily mediated through estrogen receptor inhibition. Since Tankyrase-1 regulates AXIN stability and B-
catenin signaling, its inhibition may suppress Wnt-driven transcription factors such as MYC. This finding is consistent
with the qRT-PCR data showing significant downregulation of MYC and AXIN2 expression following treatment. The
stronger docking interaction with Tankyrase-1 provides a mechanistic explanation for the higher sensitivity observed in
MDA-MB-231 cells. Molecular dynamics simulation further confirmed that chlorogenic acid maintained structural
stability within the Tankyrase-1 binding pocket throughout the 200 ns trajectory, as indicated by stable RMSD and
controlled RMSF fluctuations. In comparison, the ERa complex displayed structural stability but showed weaker
thermodynamic binding strength in MM-PBSA analysis. The binding free energy decomposition revealed that the
Tankyrase-1 complex possessed a more favorable total binding energy, dominated by van der Waals and electrostatic
contributions. Although electrostatic interactions were also present in the ERa complex, the higher polar solvation
penalty reduced its overall binding stability. These computational findings align with the apoptosis and cell cycle data,
suggesting that chlorogenic acid exerts stronger functional modulation through Wnt pathway regulation rather than direct
estrogen receptor antagonism. The integration of docking, molecular dynamics, and MM-PBSA analyses, therefore,
provides molecular-level support for the experimentally observed anticancer effects of green coffee extracts.

The results of this study demonstrate that a coffee bean extract inhibits the growth of proliferating cells from two
breast cancer cell lines, an effect associated with apoptosis induction, as shown by cell cycle analysis. This cytotoxic
apoptotic response was not dependent on the estrogen receptor, as similar results were observed in cell lines with and
without the MCF-7 receptor, but not in the MDA-MB-231 cell line.*® To determine whether the growth inhibitory effects
of coffee bean extract, chlorogenic acid, and caffeine were caused by specific disruptions of cell cycle-related events, the
DNA contents of both MCF-7 and MDA-MB-231 cells were measured using flow cytometric analysis. In MCF-7 cells,
this analysis showed that both Arabica and Robusta green coffee bean extracts caused an accumulation of cells in the G1
phase, similar to caffeine effects, and in the S-phase, identical to chlorogenic acid effects, thus inhibiting the transition of
cells into the G2/M phase with increasing concentrations from 100 pg/mL to 200 pg/mL. In MDA-MB-231 cells, both
extracts, along with chlorogenic acid and caffeine, initially caused cell cycle arrest at G1 and G2/M phases. However, at
the higher concentration of 200 pg/mL, specifically for Arabica green coffee bean extract and caffeine, the percentage of
cells in the Gl phase decreased. In contrast, those in G2/M and S phases increased. Conversely, with Robusta green
coffee bean extract and chlorogenic acid, the percentages of cells in G1 and G2/M phases decreased, while the proportion
in the S phase increased. The results of the cell cycle analysis indicate that treating cells with green coffee extract at
1000 pg/mL increased the S-phase and decreased the G2/M population in both breast cancer cell lines (MDA-MB-231
and MCF7). In contrast, this was not observed in the cell cycle population distribution of MCF-10A, a standard breast
cell line.®®
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To determine whether the cytotoxic effects of coffee bean extracts were related to apoptosis, annexin V-FITC/PI
double staining was used to quantify apoptotic cells by flow cytometry. Phosphatidylserine (PS) is a key biomarker of
early apoptosis. It translocates from the cytosolic side of the membrane to the extracellular domain, which is detected by
annexin V-FITC staining. As apoptosis progresses, the cell membrane is compromised, allowing PI to enter the nucleus
and stain DNA. The MDA-MB-231 cell line showed greater sensitivity than the MCF-7 cell line to apoptosis induced by
coffee bean extracts at concentrations of 100 pg/mL, particularly in early apoptosis. When the concentration was
increased to 200 pg/mL, MCF-7 cells exhibited higher sensitivity than MDA-MB-231 cells, especially in late apoptosis.

Our current findings on the cytotoxic activity of West Java coffee bean extracts against breast cancer cells, along with
molecular mechanism profiles, provide additional evidence of their anticancer potential. This new evidence was obtained
through our efforts to identify more specific target cells for coffee bean extracts, caffeine, and chlorogenic acid. The
characteristics of cancer cells can influence how selectively an anticancer agent interacts with them. When breast cancer
cells exhibit more sensitive and specific responses to coffee bean extract, it becomes more likely that the extract will
interact more effectively with target cell pathways, such as the Wnt signaling pathway, and less so with normal cells. This
discovery is expected to reduce the limitations of coffee bean extracts related to non-specificity. However, the data
obtained remain incomplete, and much work remains to be done to demonstrate the therapeutic relevance of coffee bean
extracts.

Conclusions

The results of this study indicate that both roasting processes and extraction methods significantly influence the
phytochemical composition of coffee beans, particularly chlorogenic acid content, which decreases at higher tempera-
tures. Green coffee extracts, especially those obtained through maceration, demonstrated cytotoxic activity against MDA-
MB-231 and MCF-7 breast cancer cell lines while exhibiting relatively low toxicity toward normal HEK293 cells. Gene
expression analysis revealed significant downregulation of MYC and reduced AXIN2 expression, suggesting modulation
of the Wnt signaling pathway. Flow cytometry further confirmed increased late apoptosis and cell-cycle arrest, supporting
the extracts’ antiproliferative and pro-apoptotic activities. Molecular docking analysis indicated that chlorogenic acid
interacts favorably with Tankyrase-1, a key regulator of the Wnt/B-catenin pathway, while exhibiting comparatively
weaker binding toward Estrogen Receptor Alpha. Molecular dynamics simulations demonstrated stable ligand accom-
modation within the Tankyrase-1 binding pocket over 200 ns, supported by controlled structural fluctuations. MM-PBSA
energy calculations further revealed a more favorable binding free energy for the Tankyrase-1 complex compared to ERa.
These computational findings provide mechanistic support for the observed downregulation of Wnt-related genes and
induction of apoptosis. Collectively, the integration of in vitro and in silico analyses suggests that green coffee extracts,
particularly chlorogenic acid-rich fractions, may exert anticancer effects predominantly through modulation of Wnt
signaling rather than estrogen receptor—dependent pathways. Although promising, further mechanistic validation and
in vivo studies are required to confirm their therapeutic relevance and potential application as complementary or
preventive anticancer agents.
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