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Abstract
Breast cancer, including subtypes luminal A and triple-negative breast cancer (TNBC), presents
considerable clinical challenges due to its heterogeneity and resistance to current treatments. This
highlights an urgent need for new therapeutic strategies targeting multiple oncogenic pathways. This
study assessed the anti-cancer efficacy of kratom (Mitragyna speciosa) alkaloids on Luminal A (MCF-7)
and TNBC (MDA-MB-231) cell lines. We evaluate the potential anticancer capacities of kratom alkaloids
using a combination of network pharmacology, molecular docking, and dynamics, alongside in vitro and
molecular experiments. This multilevel approach focused on assessing the effects on proliferation,
migration, invasion, and cell cycle, as well as on identifying the underlying molecular targets. Kratom
alkaloids markedly decreased cellular proliferation, induced G2/M phase arrest, and suppressed tumoral
metastasis-associated capacities. These effects were mediated by the downregulation of AKT1 and
mortalin (HSPA9), leading to the reactivation of p53 signalling. Molecular docking validated robust
binding affinities of alkaloids to both targets. The Cancer Genome Atlas (TCGA) analysis corroborated
the alkaloids clinical significance in breast cancer. The results highlight a significant therapeutic
potential for Kratom alkaloids as dual-target medicines demonstrating both anti-proliferative and anti-
metastatic effects in Luminal A and TNBC models.

Background
Breast cancer has become a major challenge worldwide due to its high incidence, biological complexity,
and increasing resistance to existing treatment regimens. It constitutes 11.6% of global cancer cases
and 24.2% of cancer cases in women (1), with approximately 2.3 million new diagnoses annually, making
it the most commonly diagnosed cancer and a leading cause of cancer-related mortality (2). Breast
cancer is categorized into molecular subtypes based on the expression of estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) (3) (4), which
significantly influences clinical behavior and treatment response. Tumours expressing both ER and PR
are classified as hormone receptor-positive and typically respond well to hormone therapy (5), whereas
HER2 overexpression is associated with increased tumour aggressiveness, diminished efficacy of
hormone therapy, and often requires specialized treatment strategies (6). Luminal A cancers are
characterized by ER or PR positivity, HER2 negativity, and low Ki-67 expression, rendering them less
aggressive and highly responsive to hormone therapy (7) (8). However, relapse occurs in 30–50% of
cases due to tumour dormancy, late metastasis progression (9) (10), and therapeutic resistance (11). In
contrast, Triple-Negative Breast Cancer (TNBC), which lacks ER, PR, and HER2 expression, displays
elevated proliferative activity, leading to a more aggressive phenotype, poor prognosis (12), frequent
metastasis, and treatment resistance, highlighting the urgent need for tailored and personalized
therapeutic strategies.

Beyond receptor expression, breast cancer progression is also shaped by dysregulated molecular
pathways, including the PI3K/AKT signalling axis (13) (14) and mitochondrial chaperones such as
HSPA9 (also known as mortalin) (15) (16). AKT1, a serine/threonine kinase that regulates cell
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proliferation, survival, metabolism, and metastatic potential (17) (18), and is frequently hyperactivated in
breast cancer, is associated with poor prognosis and chemotherapy resistance (19). This pattern is
further supported by clinical evidence showing that elevated p-AKT1 expression correlates with lower
survival rates and treatment efficacy (20). Likewise, mortalin, a mitochondrial heat shock protein
involved in protein homeostasis and cellular stress responses (21), is overexpressed in multiple
malignancies and contributes to enhanced tumorigenicity, proliferation, metastasis, and invasion (22)
(23). Together, the pivotal roles of AKT1 and mortalin in malignant progression underscore their potential
as powerful therapeutic targets for improving clinical outcomes in breast cancer.

Despite advances in targeted therapies and personalized medicine, therapeutic resistance continues to
cause elevated relapse rates and poor clinical outcomes, particularly in aggressive subtypes like TNBC,
underscoring the need for novel therapeutic strategies. Natural products remain important sources of
anticancer agents due to their structural diversity and bioactivity (24) (25). Kratom (Mitragyna speciosa),
a traditional herbal remedy indigenous to Southeast Asia, contains bioactive alkaloids with reported anti-
inflammatory, analgesic, antioxidant (26), and anticancer properties, such as apoptosis-mediated
inhibition of A459 human lung cancer cell growth (27). However, the anticancer potential of kratom-
derived alkaloids in Luminal A and TNBC remains unexplored. This study hypothesizes that kratom-
derived alkaloids can modulate breast cancer progression by targeting AKT1 and Mortalin pathways. It
further aims to elucidate the underlying mechanisms of the anticancer effects using an integrated
approach combining network pharmacology, molecular docking, and in vitro. The findings are expected
to advance phytotherapeutics research and offer a scientific basis for developing natural product-based
anticancer therapies.

Material and methods

Sample Preparation
Mitragyna speciosa (kratom) crude and alkaloid extracts were prepared following the pilot-scale
extraction protocol (100 L capacity), which we previously reported (27) without any modifications. The
crude extracts were obtained through methanolic extraction of dried kratom leaves. The alkaloid-rich
extract was subsequently prepared using an acid-base fraction process applied to the crude extract, as
detailed in the earlier report. To ensure extract quality and consistency, purity and alkaloid composition
were verified using HPLC chromatographic profiling. In accordance with the value, the crude extract
contained approximately 4.5–50% mitragynine (MG), whereas the alkaloid extract exhibited an MG
content of 38–46% (27). These validated batches were exclusively used in the present study.

Cell Culture and Reagents
The Luminal-A (MCF-7), Triple-Negative Breast Cancer (MDA-MB-231) cell lines and normal cells
(HEK29T3) were purchased from (European Collection of Authenticated Cell Cultures (ECACC) and were
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maintained in low-glucose Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma Aldrich, ST. Louis, MO,
USA) supplemented with L-glutamine, phenol red, 1% of antibiotic and antimycotic solution 100× (Sigma
Aldrich, ST. Louis, MO, USA), and 5–10% fetal bovine serum (v/v) (Sigma Aldrich, ST. Louis, MO, USA).
Cells were incubated at 37°C in a humidified atmosphere containing 5% CO₂.

Cell Viability Assay
The colorimetric method, using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
Sigma-Aldrich, Burlington, MA, USA), was employed to indirectly assess cell viability by measuring
mitochondrial enzymatic activity. 5000 cells were seeded in 100 µL of complete medium in each of the
96 wells and incubated for 24 hours at 37°C in 5% CO₂ and humidity. After the 24-h attachment period,
the medium was replaced with fresh medium containing the extract, and cells were incubated for an
additional 24 or 48 hours. The percentage of cell viability was determined by comparing the viability of
cells treated with Kratom extract and those that were untreated.

Colony formation assay
In six-well plates, 500 cells per well were plated and left to adhere overnight. After this time of
incubation, control media, kratom alkaloids, or kratom crude (0.0020; 0.020 mg/mL) were added to the
cells. Colonies were allowed to form over 10 to 14 days, with medium replaced every 3 days.

In Vitro Scratch Assay
MCF-7 and MDA-MB-231 cells (1 × 10^5 cells/well) were seeded in six-well plates and incubated
overnight at 37°C in a CO₂ incubator to form monolayers. Using a p200 pipette tip, the cell monolayer
was gently scraped to create a linear wound. Following three PBS washes, the cells were cultivated in
either the control culture medium or test conditions containing the extract. The speed of cell migration
was monitored and recorded using a microscope (Olympus CKX53).

The Transwell Migration Assay
We used a transwell system to assess the migration capacity of MCF-7 and MDA-MB-231 cells in the
absence of Matrigel coating. The upper chamber of a 24-well Transwell insert (8 µm pore size, Corning
Inc., USA) was filled with 0.5 mL of serum-free DMEM containing the cancer cells. The lower chamber
was filled with 0.75 mL of DMEM supplemented with 10% fetal bovine serum (FBS) as a
chemoattractant. Non-migrating cells on the upper side of the membrane were delicately removed using
a cotton swab after 48 hours of incubation at 37°C in a 5% CO₂ atmosphere. The vehicle control
consisted of cells treated with DMSO.
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Transwell Invasion Assay
Matrigel-coated transwell chambers (Corning BioCoat Matrigel Invasion Chamber, Product No: 354480)
were employed to evaluate cell invasion capacity. MCF-7 and MDA-MB-231 cells were resuspended in 0.5
mL of serum-free DMEM and transferred into the upper compartment of the Matrigel-coated inserts. As
a chemoattractant, 0.75 mL of DMEM containing 10% FBS was added to the lower wells of the 24-well
plate. The inserts were meticulously rinsed with phosphate-buffered saline (PBS) after 48 hours of
incubation at 37°C with 5% CO₂.

Cell Cycle Assay
The cell cycle of MCF-7 and MDA-MB-231 cells was quantified using 4′,6-diamidino-2-phenylindole
(DAPI) staining (C001 ABP Bioscience) to investigate the distribution of cell cycle phases. Under
conventional culture conditions, cells were seeded into a black-wall 96-well Black/Clear Bottom plate at
a density of 10,000 cells per well and allowed to adhere for 24 hours. The nuclear DNA was stained by
incubating the cells with 1 µg/mL DAPI solution for 5 minutes in the dark at room temperature after
treatment or incubation as required. The cells were fixed with 4% paraformaldehyde and rinsed three
times with PBS to remove excess dye. Cells were categorized into the G1, S, and G2/M phases based on
their fluorescence intensity.

Target Gene Identification
The identification of a target gene for breast cancer was conducted using a network pharmacology
approach that integrates biological and pharmacological systems. Data mining was performed using six
major breast cancer-related gene databases, including GeneCards, OMIM, PharmGKB, STRING, CTD, and
The Human Protein Atlas. Compound-related genes were obtained from SEA search, Swiss Target
Prediction, Binding DB, and CTD. Intersection analysis was performed using Venny 2.1.

GO and KEGG enrichment analysis
The best gene candidates were re-validated based on biological processes using Metascape and SRplot.
Metascape was used for gene ontology (GO) identification, based on several existing databases,
including Disgenet, TRRUST, and transcription factor targets. Cross-validation with SRplot was performed
to examine biological processes, cellular components, and molecular functions. SRplot also facilitates
the overall KEGG enrichment analysis, along with the identification of the best pathways within the gene
pool used.

The Cancer Genome Atlas (TCGA) Analysis
As a final validation for the selection of potential gene targets, cross-validation was carried out using the
UALCAN TCGA. This analysis was used only to retrieve mRNA expression profiles and survival
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information of the selected gene candidates based on the TCGA breast cancer datasets, and the detailed
interpretation of these findings is presented in the results section.

RNA Extraction
Total RNA was extracted from MCF-7 and MDA-MB-231 cell pellets utilizing TRIzol™ Reagent (Invitrogen,
Thermo Fisher Scientific, USA) according to the manufacturer's instructions. After homogenization in
TRIzol, the aqueous RNA phase was collected following phase separation with chloroform. RNA
precipitation was performed using isopropanol, followed by washing with 75% ethanol. The RNA pellet
was air-dried, reconstituted in RNase-free water, and quantified using a NanoDrop™ spectrophotometer.
The extracted RNA was preserved at − 80°C for subsequent qRT-PCR analysis.

Quantitative Real-Time Polymerase Chain Reaction
Quantitative reverse transcription PCR (qRT-PCR) was performed using the HiScript II One Step qRT-PCR
SYBR Green Kit (Vazyme, Cat. No. Q221-01), which enables reverse transcription and amplification in a
single step. Each 20 µL reaction mixture comprised 10 µL of RNase-free water, 1 µL of 2× One Step SYBR
Green Mix, 0.4 µL of One Step SYBR Green Enzyme Mix, and 0.4 µL of 50× ROX Reference. Combine 1 µL
of template RNA with 0.4 µL of forward primer (10 µM) and 0.4 µL of reverse primer (10 µM). All
reagents were produced under RNase-free conditions, and reactions were conducted in triplicate. The
sequences of forward and reverse primers can be found in Supplementary Table 1. Gene expression
levels were assessed via the ΔΔCt technique, normalized to internal control genes.

Immunocytochemistry and High-Content Imaging Analysis
MCF-7 and MDA-MB-231 cells were seeded in black 96-well plates or 24-well plates and allowed to
adhere overnight, followed by treatment with kratom alkaloid and kratom crude for 48 hours. After
treatment, cells were rinsed with PBS, fixed with 4% PFA, permeabilized with Triton X-100, and blocked
with 5% Bovine Serum Albumin (BSA). Cells were incubated with primary antibodies targeting MMP-3, Ki-
67, p53, MMP-9, HSPA9, and AKT, followed by appropriate fluorophore-conjugated secondary antibodies.
Nuclear counterstaining was performed using DAPI, and fluorescence imaging was acquired using the
CellInsight™ CX7 LZR Pro High Content Screening System (Thermo Fisher, Scientific). Quantitative
fluorescence analysis was performed using HCS Studio 5.0 Cell Examination Software.

Molecular Docking
Molecular docking simulations were performed using AutoDock Vina to evaluate the interaction between
the Kratom-derived candidate compounds and the target proteins AKT1 and Mortalin. Binding affinity
values and RMSD were used to assess docking quality, and docking interactions were further examined
using Biovia Discovery Studio and PyMol.

Molecular Dynamics
Molecular dynamics simulations were carried out using a combination of CHARMM-GUI and GROMACS.
The preparation stage was carried out using CHARMM-GUI, including topology preparation, minimization,
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and equilibration. The parameters used include temperature 310K, NaCl concentration (0.1%), Amber
force field, and time for 100 ns. GROMACS was used to simulate molecular dynamics by performing the
stages of minimization, equilibration, and dynamics simulation. Visualization of the results was done
using xmgrace to see the trajectory of the file in the form of rmsd, rmsf, hydrogen bond, and radius of
gyration.

Statistical Analysis
Three or more data are presented as the mean ± standard deviation (SD). Statistical analyses and all
graphs were generated using OriginPro 2019 software (OriginLab, Japan). Data were analyzed using a
two-sample t-test to compare each treatment group with its corresponding control, or by one-way
analysis of variance (ANOVA), followed by Tukey’s post hoc test. A p-value < 0.05 was considered
statistically significant.

Results
Kratom alkaloids exhibit superior anti-proliferative and clonogenic inhibitory effects compared to crude
extract in MCF-7 and MDA-MB-231 cells

To analyse the cytotoxic effect of kratom crude extract (KC) and alkaloid-enriched fraction (KA), MTT
assay was conducted on MCF-7 and MDA-MB-231 breast cancer cells treated with a dosage range of
0.003 to 0.2 mg/mL. Figure 1A and 1B show that both extracts lower cell viability in a concentration-
dependent manner. However, the alkaloid fraction showed a stronger effect in both cell lines. The
alkaloid fraction was nearly three times more effective than the crude extract, as evidenced by the IC₅₀

values of KC of 0.071 mg/mL and 0.12 mg/mL, while the IC₅₀ values for KA were 0.023 mg/mL and
0.022 mg/mL in MCF-7 and MDA-MB-231 cells, respectively.

The efficacy of kratom extracts was further examined using a clonogenic assay. As shown in Fig. 1C and
1D, both MCF-7 and MDA-MB-231 cells exhibited a significant reduction in colony formation in the
presence of KA and KC, even at low concentrations. Treatment with 0.01 mg/mL KA or KC nearly halted
colony formation in MCF-7 cells (p = 0) and inhibited colony growth by almost 90% in MDA-MB-231 cells
(p = 0). At 0.005 mg/mL, KC decreased colonies by roughly 70% (p = 0), whereas KA induced about a 50%
reduction (p = 0) in MCF-7 cells. In MDA-MB-231 cells, both KA and KC reduced colony number by
approximately 70% (p = 0). These results indicate that both crude extract and alkaloid fraction reduced
clonogenic survival, with the alkaloid fraction showing higher effectiveness, in line with the IC₅₀ results.

Cytotoxicity was also evaluated in normal human embryonic kidney cells (HEK-293) (Supplementary
Fig. 1). The crude extract exhibited little toxicity, with high IC₅₀ values of 2.14 mg/mL at 24 h and 3.283
mg/mL at 48 h, and cell viability remained close to baseline across the tested concentration range. In
contrast, the alkaloid fraction showed different effects, with HEK-293 viability decreasing at much lower
doses, as reflected by lower IC₅₀ values of 0.051 mg/mL and 0.034 mg/mL. To assess whether this
translated into selectivity toward tumour cells, the Selectivity Index was calculated. At 24 hours, the
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alkaloid fraction showed moderate selectivity (SI ~ 2.2–2.3), but this was no longer observed at 48 hours
(SI < 2). In contrast, the crude extract showed consistently high SI values (17–46), indicating better
sparing of normal cells while retaining anticancer activity. Thus, although the alkaloid-rich fraction is
more potent, the crude extract appears to offer a wider safety margin.

Kratom alkaloids inhibit the cell cycle of breast cancer cells through G2/M phase arrest.

MTT and clonogenic assays showed that kratom alkaloids are more inhibitory compared to crude
extracts. Based on this result, we investigated the effect of kratom alkaloids on the cell cycle. After 48
hours of DAPI staining, cell cycle analysis was conducted in MCF-7 and MDA-MB-231 cells to study the
mechanism of the anti-proliferative activity of kratom alkaloids. Figure 1E-F demonstrates that kratom
alkaloids induce G2/M-phase arrest in both cell lines, with the highest G2/M accumulation observed at a
concentration of 0.048 mg/mL (p = 0 in MCF-7 and MDA-MB231 groups). All tested concentrations also
increased the S-phase population in both cells, with the greatest increase observed at a concentration of
0.024 mg/mL (p < 0.001 vs. other concentrations). A concentration-dependent rise in the G0/G1 phase
was also observed in both cells, starting at 0.024 mg/mL (p = 0) and becoming more pronounced at
0.048 mg/mL (p < 0.001). Overall, these data, together with the MTT and clonogenic data, demonstrate
that both breast cancer cell types respond similarly to Kratom treatment, with the alkaloid fraction
showing stronger activity, particularly in hormone receptor–positive MCF-7 cells, as indicated by their
greater reduction in viability compared to MDA-MB-231 cells (Fig. 1A-B).

Kratom alkaloids inhibit the invasion and migration of
breast cancer cells
The anti-metastatic effects of kratom alkaloids were evaluated using wound-healing scratch assays and
transwell assays. In both MCF-7 and MDA-MB-231 cells, treatment with alkaloid extract slowed migration
in the scratch assay (Fig. 2A–B). In MCF-7 cells, exposure to 0.006 or 0.012 mg/mL kratom alkaloid
reduced wound closure at 24–48 hours (Fig. 2A), while MDA-MB-231 cells showed delayed wound
closure between 48 and 72 hours (Fig. 2B). The higher percentage of uncovered area indicates that
alkaloid extracts inhibit cell migration. Scratch assays performed with the crude extract showed a similar
inhibitory pattern at the same time points (0, 24, 48, and 72 h) (Supplementary Fig. 2A and 2B).

To further support these observations, transwell migration assays were performed (Fig. 2C and 2D).
Kratom alkaloids reduced the number of migrating cells in a concentration-dependent manner. In MCF-7
cells, migration was significantly decreased at 0.006 and 0.012 mg/mL (p = 0 for both concentrations
compared to the control group; Fig. 2C). Similar effects were observed in MDA-MB-231 cells, where both
concentrations lowered cell migration relative to the control. Invasive behaviour was next examined
using Matrigel-coated transwell inserts (Fig. 2E and 2F). Both cell lines showed reduced invasion
following alkaloid treatment. In MCF-7 cells, concentrations of 0.006 and 0.012 mg/mL decreased
invasion to approximately 60% of the untreated group (p < 0.001 for both concentrations; Fig. 2E). MDA-
MB-231 cells showed a stronger response, with the highest dose (0.012 mg/mL) nearly abolishing
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invasion (p < 0.001; Fig. 2F). Together, these data indicate that kratom alkaloids inhibit both migration
and invasion in breast cancer cells, including hormone receptor-positive and triple-negative lines.

Kratom alkaloid target, hub genes, and biological functions
revealed by Network Pharmacology
We integrated LC–MS/MS data that were previously reported (27–29) with literature-curated compounds
(30) to identify candidate genes using a network pharmacology-based approach, aiming to explore the
molecular mechanisms underlying the anticancer effects of kratom alkaloids (Fig. 3A). From 167
kratom-related targets and 1115 breast cancer–related genes, 49 overlapping genes were identified
(Fig. 3B). These genes were analysed using topological filtering and protein–protein interaction (PPI)
network construction, revealing 49 interacting nodes (Fig. 3C, left). A high-confidence subnetwork of 20
genes was extracted based on degree (> 40), betweenness centrality (> 0.005), and clustering coefficient
(> 0.6) (Fig. 3C, middle). Further selection using oncogene classification, availability of structural models
in the RCSB database, and literature relevance identified nine core genes: AKT1, EGFR, CCND1, ERBB2,
MTOR, MAPK1, PIK3CA, CDK4, and CDK2 (Fig. 3C, right). Metascape enrichment analysis of the 49
genes revealed enrichment in cancer-related biological processes and pathways (Fig. 3D), with
prominent terms including ‘positive regulation of small molecule metabolic process’, ‘response to
xenobiotic stimulus’, ‘cellular response to lipid’, and ‘hormone metabolic process’. These processes are
linked to metabolic adaptation and xenobiotic handling in cancer cells, suggesting that kratom alkaloids
may influence cancer metabolism and intracellular signalling. Consistently, enrichment of ‘microRNAs in
cancer’, ‘MAPK signalling’, and the ‘PI3K–AKT pathway’ reflected established roles of AKT1, MTOR, and
related genes. Gene Ontology grouping further showed that the same nine targets were involved in
pathways associated with proliferation, migration, and metastasis (Fig. 3E), including ‘positive regulation
of cell migration’ and ‘regulation of cell proliferation’. Scoring analysis based on network centrality and
functional relevance ranked AKT1 and EGFR highest (score = 74), followed by CCND1 (score = 68) and
ERBB2 (score = 58). Given the frequent upregulation of AKT1 in breast cancer and its role in survival
signalling, its identification as a major network hub is biologically relevant. Overall, these findings
indicate that kratom alkaloids may act on multiple cancer-related targets, collectively modulating
pathways involved in proliferation, migration, and survival in breast cancer.

Inhibition of AKT1 expression and associated oncogenes
by kratom alkaloids in breast cancer cells
According to network pharmacology analysis (Fig. 3), AKT1 was identified as the highest-ranked hub
gene, together with other oncogenic regulators such as EGFR, CCND1, ERBB2, MTOR, MAPK1, PIK3CA,
CDK4, and CDK2, which are frequently associated with the PI3K/AKT signalling pathway (31) (32).
Functional annotation and KEGG enrichment showed that these targets cluster within major cancer-
related signalling modules (Supplementary Figs. 3 and 4). TCGA-based expression and survival analysis
using the UALCAN platform demonstrated that AKT1, HSPA9, and CCND1 were overexpressed in breast
tumour tissues compared with normal samples. However, only HSPA9 overexpression was significantly
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associated with poorer overall survival (p = 0.01), whereas AKT1 and CCND1 showed no significant
prognostic impact (p = 0.44 and p = 0.21, respectively; Supplementary Fig. 5). Thus, HSPA9 emerged as
the most clinically informative target, while AKT1 and CCND1 remained frequently elevated oncogenic
candidates requiring experimental validation.

To validate these predictions, qRT–PCR and immunofluorescence analyses were performed to examine
transcript and protein expression following kratom alkaloid treatment. Treatment with kratom alkaloids
(0.014 mg/mL) significantly reduced mRNA levels of AKT1, EGFR, CCND1, ERBB2, MTOR, MAPK1,
PIK3CA, and CDK2 in both MCF-7 and MDA-MB-231 cells compared with untreated controls (Fig. 4A, B).
These results are consistent with pathway enrichment analysis and the network-based prioritisation of
AKT1. Immunofluorescence quantification and high-content protein analysis further revealed a
significant reduction in total AKT1 protein expression in both cell lines (p < 0.001) (Figs. 4C and D,
Supplementary Fig. 6). Cytoplasmic AKT1 signals were reduced after kratom alkaloid treatment, and
MCF-7 cells showed changes in the nuclear–cytoplasmic distribution of AKT1. In line with the qRT–PCR
results, AKT1 expression was decreased at both the transcript and protein levels, supporting its
involvement as a major target identified through network pharmacology and TCGA analyses.

Molecular docking and molecular dynamics simulations
indicate structurally plausible binding of kratom Alkaloids
to AKT1
AKT1 emerged as a major node from both the network analysis and the expression data, so we
examined whether any of the kratom alkaloids might physically fit into its binding pocket. In the docking
study, ajmalicine and speciociliatine repeatedly appeared as the most compatible ligands, with predicted
binding energies of − 11.1 kcal/mol and − 10.0 kcal/mol. These values were weaker (around − 14.4
kcal/mol) than the affinity of the co-crystallised AKT1 inhibitor (Fig. 4E, F; Supplementary Fig. 12;
Supplementary Table 2), but both alkaloids still located themselves in a clear pocket region. The docked
poses interacted with several residues often observed in AKT1–ligand interactions, including Leu264,
Asp292, Trp80, and Val270, involving a combination of hydrophobic contacts and occasional hydrogen
bonding (Fig. 4G–I).

To assess the stability of these poses when the system was allowed to move, we performed 100-ns
molecular dynamics simulations for each complex. Both alkaloids remained in contact with AKT1
throughout the simulations and did not drift significantly from their original location (Supplementary
Fig. 7). Ajmalicine exhibited smaller changes in RMSD and modest RMSF values, indicating limited
movement relative to the starting pose. The radius of gyration fluctuated only slightly, indicating that the
overall shape of the complexes remained compact. Short-lived hydrogen bonds formed at intervals
across the trajectories, consistent with the contacts predicted in the docking results.

Taken together, these modelling results indicate that the examined alkaloids are able to associate with
AKT1 in a stable manner. Although the simulations cannot confirm inhibition, the predicted interactions
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align with the observed reductions in AKT1 expression and protein levels (Fig. 4), offering a reasonable
structural explanation for the effects seen in kratom-treated breast cancer cells.

Suppression of Mortalin and modulation of p53 signalling
by kratom alkaloids
Clinical analysis based on TCGA datasets showed that HSPA9 (mortalin) is consistently overexpressed
in breast carcinoma and its elevated expression correlates with poorer patient survival (p = 0.01;
Supplementary Fig. 5). Given this clinical association, we examined whether kratom alkaloids influence
mortalin expression in breast cancer cells. Treatment with a 0.014 mg/mL alkaloid fraction reduced
HSPA9 (mortalin) transcript abundance and increased TP53 mRNA levels in both MCF-7 and MDA-MB-
231 cells (Fig. 5A, B). Immunocytochemistry further showed a decrease in mortalin protein and a
corresponding rise in nuclear p53 signal following alkaloid exposure (Fig. 5C, D; Supplementary Fig. 8),
consistent with partial restoration of p53 activity in cells that retain wild-type p53 (e.g., MCF-7).

To explore whether these biochemical changes are structurally compatible with direct ligand
engagement, we performed docking analyses using mortalin as the receptor (Figs. 5E-H; Supplementary
Fig. 13; Supplementary Table 3). Among the screened alkaloids, speciophylline and mitraphylline showed
the highest predicted affinity (–6.5 kcal/mol) (Fig. 4E and 5E-H), forming interactions with residues:
Phe262, Asn221, Val219, Arg218, Gln424, Leu228, and Asn221, Thr224, Phe262, and Arg218,
respectively, which are in line with the reported mortalin–p53 interface. Ajmalicine ranked next (–6.4
kcal/mol) (Fig. 4E and 5E), engaging a similar subset of residues, including Phe262, Thr224, Asn221,
Gln424, and Leu228. Other compounds exhibited weaker or more peripheral contacts. These
computational results indicate and predict that several alkaloids can adopt geometrically compatible
poses near the mortalin–p53 contact region, although docking alone does not confirm disruption of
protein–protein interactions.

We next examined whether the docked poses remained stable under molecular dynamics conditions.
Simulations performed for 100 ns showed that both speciophylline and mitraphylline and mortalin
complexes maintained low RMSD and RMSF values, a stable radius of gyration, and intermittent
hydrogen bonding throughout the trajectory (Supplementary Fig. 9). These results support the structural
plausibility of alkaloid association with mortalin and predict the potential of alkaloid kratom to inhibit
mortalin–p53 binding.

Alkaloids suppress proliferation (Ki-67) and metastatic
Marker Expression (MMP9, MMP3) in breast cancer cells
We next examined whether the cellular effects of kratom alkaloids were reflected in changes to
recognised markers of proliferation and metastatic behaviour. In both breast cancer models, MCF-7 and
MDA-MB-231, treatment with 0.014 mg/mL alkaloid extract resulted in a significant reduction in MMP9
protein abundance, as evidenced by a decrease in fluorescence signal and corresponding quantitative
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analyses (Figs. 6A - B for MCF-7; Figs. 6E - F for MDA-MB-231). A similar trend was observed for MMP3,
which showed lowered expression in both cell lines (Supplementary Fig. 10). The same treatment also
affected Ki67, a marker tightly linked to proliferative activity. In untreated cultures, Ki67 staining was
predominantly nuclear. Following exposure to the alkaloid extract, nuclear Ki-67 intensity dropped
substantially (Figs. 6C - D for MCF-7; Figs. 6G - H for MDA-MB-231), in line with the G₂/M accumulation
noted earlier. The reduction in Ki67 is consistent with an overall dampening of proliferative drive. Taken
together, the coordinated decreases in Ki-67, MMP-9, and MMP-3 reinforce the inhibitory effects of
kratom alkaloids on pathways governing proliferation and metastatic potential. These molecular
changes align with the previously described phenotypic outcomes, indicating a broader suppression of
breast cancer cell aggressiveness.

Discussion
The present study demonstrates that alkaloid-rich extracts of Mitragyna speciosa effectively inhibit
multiple features of breast cancer cell aggressiveness, including reduced metabolic viability, impaired
clonogenic survival, and consistent G₂/M phase accumulation in both MCF-7 and MDA-MB-231 cell lines.
One plausible molecular contributor to these effects is the reduction of AKT1 at both the transcriptional
and protein levels following alkaloid treatment, given the central role of AKT1 in regulating growth and
cell-cycle progression in hormone receptor–positive tumours (33). In MCF-7 cells, where AKT1 signalling
is strongly linked to cyclin-D1–dependent proliferation, its suppression aligns well with the observed
reduction in proliferative capacity. However, because AKT1 has been reported to restrain cell motility in
certain triple-negative cell models, such as MDA-MB-231 (34) (17), the anti-migratory effects seen in this
cell line cannot be attributed solely to AKT1 downregulation, suggesting the involvement of additional
signaling pathways.

Consistent with proposed broader mechanism, kratom alkaloids treatment significantly reduced cell
migration and invasion in both breast cancer models, accompanied by decreased MMP9 and MMP3
protein expressions. MMP9 and MMP3 are matrix-remodelling proteases strongly implicated in breast
cancer invasion, stromal degradation, and metastatic dissemination (35) (36). Because their
transcription is regulated by multiple upstream signalling pathways, including NF-κB, AP-1, and
PI3K/AKT-associated stress signaling (37), the concurrent downregulation of both metalloproteinases
suggests modulation of interconnected invasion-related networks rather than regulation by a single
upstream effector. This interpretation reconciles the divergent functions of AKT1 in luminal A versus
triple-negative cell types and supports a broader model in which alkaloid exposure leads to coordinated
suppression of extracellular-matrix remodelling pathways.

In addition to these effects, mortalin (HSPA9) emerges as another regulatory axis influenced by the
kratom alkaloids. Mortalin is known to bind wild-type p53 in the cytoplasm, thereby preventing its nuclear
accumulation and limiting its tumour-suppressive transcriptional functions (38, 39). Alkaloid treatment
reduced mortalin transcript and protein levels while concomitantly increasing nuclear p53 staining.
Although nuclear localisation alone does not definitively demonstrate transcriptional reactivation of p53,
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this shift is consistent with reduced cytoplasmic sequestration and aligns with previous observations in
p53-wild-type models such as MCF-7 (40).

The antiproliferative effects of kratom alkaloids were accompanied by decreased Ki-67 expression,
consistent with established relationships between cell-cycle arrest and suppressed proliferative indices
in breast cancer (41) (42). Together with the observed G₂/M cell-cycle arrest, these findings fit within a
broader framework of suppressed cell-cycle progression. Nevertheless, further studies will be required to
determine the extent to which disruption of the mortalin–p53 relationship functionally contributes to
antiproliferative phenotypes following alkaloid kratom treatment.

Network pharmacology analyses identified AKT1 and mortalin as prominent predicted targets of the
alkaloid subset. Molecular docking and molecular dynamics simulations provided structural support for
these predictions. Several alkaloids remained stably positioned within the AKT1 active-site cleft,
engaging residues observed in known ligand-bound structures (43). Similarly, other alkaloids interacted
with surface regions of mortalin corresponding to its p53-binding domain (44), consistent with previous
reports targeting the mortalin–p53 binding for cancer therapy (40, 45). Although computational analyses
alone cannot demonstrate direct biochemical inhibition, the persistence of these predicted interactions
together with the observed transcriptional, proteomic, and phenotypic changes supports a plausible
multi-target mode of action.

Taken together, these findings suggest that M. speciosa alkaloids induce multiple molecular alterations
that work in concert to shape the overall anticancer cellular response. AKT1 appears to contribute
predominantly to the anti-proliferative response in luminal A cells, whereas modulation of the mortalin–
p53 axis aligns with the G₂/M arrest observed in both cell lines. Coordinated changes in AKT1, MMP9,
MMP3, and the mortalin–p53 relationship are consistent with the observed reduction in proliferation, Ki-
67 expression, migration, and invasion across the two breast cancer models. Our data suggest that the
observed cellular effects are unlikely to arise from the modulation of a single signaling pathway but
instead reflect a broader mechanism of action affecting both proliferative and matrix remodeling
pathways. The combined downregulation of AKT1, mortalin, Ki-67, MMP9, and MMP3 integrates well
with the biological phenotypes observed in both models, highlighting the multi-level nature of the cellular
response to kratom alkaloid exposure (Supplementary Fig. 11). Further studies incorporating pathway-
specific perturbations, rescue experiments, and in vivo models will be necessary to delineate the relative
contribution of each axis and to determine whether individual alkaloids or rational combinations possess
translational therapeutic potential.

Conclusion
Breast cancer cells of both luminal A and triple-negative subtypes showed reduced viability and
clonogenic growth after exposure to Mitragyna speciosa alkaloids. Cell-cycle analysis indicated
accumulation at the G2/M phase. At the molecular level, treatment was accompanied by lower AKT1 and
mortalin expression, along with increased nuclear localization of p53, indicating altered regulation of
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proliferation- and stress-related pathways. In addition, decreased expression of Ki-67, MMP-9, and MMP-
3 was observed, consistent with reduced proliferative activity and invasive potential. These findings
suggest that M. speciosa alkaloids interfere with several regulatory components of breast cancer cells,
warranting further validation in in vivo models and mechanistic studies.
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Figure 1

Effects of kratom crude extract (KC) and alkaloid fraction (KA) on cell proliferation and the cell cycle in
breast cancer cells. MTT assays of MCF-7 (A) and MDA-MB-231 (B) cells were performed after 48 hours
of treatment with the indicated concentrations of KC and KA. Clonogenic assays of MCF-7 (C) and MDA-
MB-231(D) cells were conducted following exposure to the specified concentrations of KC and KA. Cell
cycle analysis in MCF-7 (E) and MDA-MB-231 (F) cells treated with KA was evaluated after DAPI staining.
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Data are expressed as mean ± SD (n ³ 3). * p < 0.05, *** p < 0.001 indicate significant differences
compared with the control group (0 mg/mL extract); # p < 0.05, ### p < 0.001 indicate significant
differences between KC and KA at the same concentration. Statistical analysis was performed using
one-way ANOVA followed by Tukey’s post hoc test.

Figure 2
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Migration and invasion analysis of MCF-7 and MDA-MB-231 cells following treatment with kratom crude
extract and alkaloid fractions. Wound-healing assays were performed at 0, 24, 48, and 72 hours under
the indicated treatment conditions of MCF-7 (A) and MDA-MB-231 cells (B). The transwell migration
assay shows representative images and quantification of migrated cells in MCF-7 (C) and MDA-MB-231
cells (D). The Matrigel-coated transwell invasion assay presents representative images and
quantification of invasive cells in MCF-7 (E) and MDA-MB-231 cells (F). Data are expressed as mean ± SD
(n ³ 3). * p < 0.05, *** p < 0.001 indicate significant differences compared with the control group (0
mg/mL extract). Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc
test.
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Figure 3

Pharmacological network profile of kratom alkaloids for breast cancer. (A) Alkaloids identified from LC-
MS/MS and literature. (B) Venn diagram illustrating the overlap between breast cancer-related genes and
kratom target genes. (C–F) Protein–protein interaction (PPI) network, hub gene selection, and functional
grouping of major target genes.
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Figure 4

Effects of kratom alkaloids on AKT1 mRNA and protein expression in breast cancer cells and predicted
interactions with AKT1. Quantitative reverse transcription PCR (qRT-PCR) analysis of oncogene
expression, including AKT1, EGFR, CCND1, ERBB2, MTOR, MAPK1, PIK3CA, and CDK2, in MCF-7 (A) and
MDA-MB-231 (B) breast cancer cells treated with kratom alkaloids (0.014 mg/mL) compared with
untreated controls (0 mg/mL). Gene expression levels are presented as fold changes relative to the
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control group. Representative immunofluorescence images showing AKT1 protein expression (red) with
DAPI nuclear counterstaining (blue) in MCF-7 (C) and MDA-MB-231 (D) cells following kratom alkaloid
treatment. Scale bar: 20 µm. (E) Heatmap illustrating molecular docking scores of major kratom
alkaloids against AKT1 and HSPA9 (Mortalin), indicating predicted binding affinities between alkaloids
and the target proteins. (F) Identification of key amino acid residues involved in the predicted
interactions between AKT1 and selected ligands, including the co-crystallized AKT1 inhibitor (IQO),
ajmalicine, and speciophylline. (G–I) Molecular docking visualization of AKT1–ligand complexes,
showing binding poses and interaction profiles of AKT1 with the co-crystallized inhibitor IQO (G),
ajmalicine (H), and speciophylline (I). Data are expressed as mean ± SD (n ≥ 3). *p < 0.05, **p < 0.01, and
***p < 0.001 indicate statistically significant differences compared with the control group (0 mg/mL).
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Figure 5

Kratomalkaloids inhibit mortalin and reestablish p53 signalling. qRT-PCR analysis of mortalin and p53
expression in MCF-7 (A) and MDA-MB-231 cells (B). Data are expressed as mean ± SD (n ³ 3). * p < 0.05,
** p < 0.01, *** p < 0.001 indicate significant differences compared with the control group (0 mg/mL
extract). Statistical analyses were performed using a two-sample t-test in each oncogene, comparing the
treatment group to its corresponding control. Immunocytochemistry of mortalin and p53 MCF-7 (C) and
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MDA-MB-231 cells (D). (E) Docking score of mortalin–alkaloid complexes. (F-H) Docking visualization of
mortalin–alkaloid complexes.

Figure 6

Expression of MMP9 and Ki67 in MCF-7 and MDA-MB-231 cells after kratom alkaloid treatment. (A–B)
Immunocytochemistry of MMP9 in MCF-7 cells. (C–D) Immunocytochemistry of Ki67 in MCF-7. (E–F)
Immunocytochemistry of MMP9 in MDA-MB-231 cells. (G–H) Immunocytochemistry of Ki67 in MDA-MB-
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231. Scale bar: 20 μm. Data are expressed as mean ± SD (n ³ 3). * p < 0.05, ** p < 0.01, *** p < 0.001
indicate significant differences compared with the control group (0 mg/mL extract). Statistical analyses
were performed using a two-sample t-test for each oncogene, comparing the treatment group to its
corresponding control.
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