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Abstract

Triple-negative breast cancer (TNBC) represents an aggressive and therapeutically challenging subtype of breast carcinoma,
characterized by the absence of estrogen receptor, progesterone receptor, and HER2 expression. Given its propensity for
metastasis and limited treatment options, novel therapeutic candidates are urgently needed. Gastrodin, a bioactive compound
derived from Gastrodia elata, has demonstrated diverse pharmacological properties, including antioxidant, anti-inflammatory,
and anticancer activities. This study aimed to investigate the antiproliferative and antimigratory effects of gastrodin on the
MDA-MB-231 TNBC cell line and evaluate its cytotoxicity on non-malignant adipose-derived mesenchymal stem cells
(ADMSCs) to assess selectivity. Cell viability was determined using the MTT assay across a concentration range of 5-1000 uM,
and wound healing assays were employed to assess migratory behavior. Results indicated a dose-dependent reduction in MDA-
MB-231 cell viability, with an ICso of 587.6 uM, while ADMSCs exhibited minimal cytotoxicity at 100 uM, suggesting a favorable
safety profile. Furthermore, treatment with 100 uM gastrodin significantly inhibited cell migration compared with untreated
controls. These findings underscore the potential of gastrodin as a candidate for TNBC therapy, particularly given its selective
cytotoxicity toward malignant cells and its ability to suppress migration, a key step in metastasis. Collectively, this study
contributes to the growing evidence supporting natural compounds as promising alternatives for combating aggressive breast
cancer subtypes.
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Introduction

Breast cancer, the most commonly diagnosed
malignancy in women, is characterized by significant
molecular heterogeneity (1). Based on the 2023 Cancer
Statistics reported by the American Cancer Society, the
incidence of breast cancer (BC) has continued to rise,
of all

malignancies and ranking first among the ten most

representing approximately 31% female

frequently diagnosed cancers in women (2). Triple-
(TNBC),

aggressive subtype of breast cancer,

negative breast cancer a biologically
constitutes
approximately 15—20% of all cases and is defined by the
lack of estrogen receptor (ER), progesterone receptor
(PgR), and human epidermal growth factor receptor 2
(HER2) through

immunohistochemical (THC) analysis (3) . As a distinct

expression, as  assessed
clinical and molecular subtype of BC, TNBC is strongly
linked to aggressive clinical progression; nearly 45% of
patients experience distant metastases, including to the
brain, and the median overall survival is markedly

reduced (4).

Metastasis is an organ-specific, multistep process,
initiated by the escape of malignant cells from the
primary tumor and culminating in the colonization of
distant sites with secondary tumor formation (5). The
complexity of this sequential cascade significantly
contributes to the challenges in achieving effective
cancer therapy. This complexity also underlies the
limited success in the development of therapeutic
agents, often referred to as migrastatics, designed to
efficiently inhibit tumor metastasis. To date, numerous
metastasis-promoting factors have been identified (6).
However, the development of agents capable of
targeting the entire metastatic process remains
unfeasible, thereby driving continued research efforts
in this field.

Gastrodin alcohol-4-O-3-D-

glucopyranoside) represents the primary bioactive

(4-hydroxybenzyl

constituent and serves as a key quality control marker
of the traditional Chinese herb Gastrodia elata
Blume(7, 8). Gastrodin, with a chemical formula of
C13H1807 and a molecular weight of 286.278 Da, is
highly soluble in methanol, ethanol, and water, but
remains insoluble in chloroform and ether. It exhibits
stability methanolic,
saline (PBS)

solutions. Additionally, its equilibrium solubility in

considerable in aqueous,

ethanolic, and phosphate-buffered
aqueous media decreases with increasing pH, whereas
in organic solvents, solubility declines as solvent

polarity decreases (9).

Previous studies have demonstrated that gastrodin

exhibits a broad spectrum of pharmacological
activities, including anti-inflammatory, antipsychotic,
antifibrotic, antioxidant, antiepileptic, anticonvulsant,
and antitumor effects (10). A review of studies
investigating the anticancer properties of gastrodin has
demonstrated that gastrodin (20—30 uM) can suppress
the of DBTRG-05MG  human

glioblastoma cells by inducing cell cycle arrest at the

proliferation

G2/M phase, enhancing reactive oxygen species (ROS)
and Bax expression, and activating caspase-9 and
caspase-3, thereby triggering the mitochondrial
apoptotic pathway (11). Furthermore, gastrodin exerts
anticancer effects by modulating immune responses. In
a murine tumor model implanted with H22 hepatoma
cells, gastrodin (15—-150 mg/kg) enhanced the binding
of the NF-xB p65 subunit to the promoter regions of
genes encoding IL-2 and Bcl-2 in CD4* T cells (12).
Moreover, gastrodin administration (0.6 mg/mouse)
the of

macrophages, CD4* and CD8* T cells, while inducing

promoted activation dendritic  cells,
upregulation of co-stimulatory molecules (CD8o,
CD86), major histocompatibility complexes I and II
(MHCI, MHCII), and cytokines including IL-2, IFN-vy,
perforin, TNF-q, and IFN-a. These
immunomodulatory effects were associated with

enhanced survival in melanoma-bearing mice and
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significant suppression of tumor progression (13).
TNBC lacks targeted therapies and demonstrates
intrinsic resistance to standard chemotherapeutic
regimens, highlighting the urgent need for alternative
strategies. Emerging evidence indicates that signaling
pathways modulated by gastrodin, including
PI3K/AKT, Rho GTPase, and Wnt/B-catenin, play
pivotal roles in TNBC biology by regulating processes
such as epithelial-mesenchymal transition (EMT),
invasion, and metastasis. Thus, investigating gastrodin
in TNBC is scientifically justified based on its ability to
interfere with molecular mechanisms that drive the
aggressive and metastatic phenotype of this cancer

subtype (14-16).

The development of anticancer agents necessitates the
identification of compounds that selectively target
malignant cells while exerting minimal cytotoxic effects
on normal, healthy cells. Consequently, incorporating
both tumor-derived and non-tumorigenic cell lines in
in vitro experiments is essential for accurately
assessing the selective toxicity profile of candidate
agents (17). This strategy enhances the reliability of
preclinical evaluations and facilitates the identification
of promising candidates for advancement into clinical
trials (18). In this study, rat-derived adipose-derived
mesenchymal stem cells (AD-MSCs) were employed as
a representative non-malignant cell type to assess the
safety profile of gastrodin. Rat AD-MSCs have been
widely used in clinical and preclinical studies across
different species due to their structural and functional
similarities to human MSCs, especially in terms of
differentiation potential, surface marker expression
and immunomodulatory properties (19). Furthermore,
these cells provide an ethically acceptable and cost-
effective alternative for initial cytotoxicity screening
prior to the use of human-derived MSCs, ensuring
the of the

and Refinement)

compliance with principles 3Rs

(Replacement, Reduction, in

preclinical research.

This study seeks to expand the existing evidence base
supporting gastrodin as a potential therapeutic agent
for triple-negative breast cancer (TNBC), one of the
most aggressive and treatment-refractory breast cancer
subtypes. Furthermore, to evaluate its safety profile,
the effects of gastrodin on adipose-derived
mesenchymal stem cells (ADMSCs) were examined to
assess its impact on non-malignant cells. Through a
systematic in vitro approach, the antiproliferative and
of

comprehensively characterized, providing valuable

antimigratory = properties gastrodin  were
insights into its potential as a selective anticancer

agent.

Material and Method

Cell Cultures: Rat Adipose-derived mesenchymal
stem cells (ADMSCs) were obtained from the Kocaeli
University Stem Cell and Gene Therapies Research and
Application Center in cryopreserved vials containing
1x106 cells. Cell isolation and characterization were
performed by the same facility. For culture, low-
glucose DMEM (11885084, Gibco) supplemented with
10% fetal bovine serum (F7524, Sigma-Aldrich), 2% L-
glutamine (G6392, Sigma-Aldrich), and 1% antibiotic-
antimycotic solution (A5955, Sigma-Aldrich) was used.
The human triple-negative breast cancer cell line MDA-
MB-231 was purchased from ATCC (catalog number
HTB-26) in frozen form. These cells were maintained
DMEM/F12 (Gibco  31330038)
supplemented with 10% fetal bovine serum (ATCC 30-

in medium
2020) and 1% antibiotic-antimycotic solution (Gibco
15240062). The cryovials were thawed by gentle
swirling in a 37°C water bath for approximately one
all

subsequent steps were performed under aseptic

minute, disinfected with 70% ethanol, and
conditions. The cell suspension was transferred into a
centrifuge tube containing 9 mL of complete medium
and centrifuged at 1500 rpm for 5 minutes. Following
removal of the supernatant, the pellet was resuspended

in 1 mL of complete medium and transferred to a T75
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culture flask (Corning #430641) containing 11 mL of
complete medium. Cultures were incubated at 37°C in
a humidified atmosphere of 95% humidity, 5% COz,
5%

confluency.

and O2 until reaching approximately 80%
Cells then
trypsinization: the medium was aspirated, cells were
rinsed with sterile PBS, and 2 mL of Trypsin/EDTA

solution (ATCC 30-2101) was added. After a 5-minute

were harvested by

incubation, detached cells were collected in complete
medium and centrifuged at 1500 rpm for 3 minutes.
The resulting pellet was resuspended in 5 mL of fresh
culture medium, and cell counts were determined using
a Scepter™ 2.0 Handheld Automated Cell Counter
(Merck, C85360).

MTT Cell Viability Assay: The antiproliferative
activity of gastrodin on MDA-MB-231 cells and rat
(Rat-
ADMSCs) was evaluated using a colorimetric MTT

adipose-derived mesenchymal stem cells

assay [3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl
tetrazolium bromide]. Gastrodin was obtained from
SigmaAldrich under catalog number SMB00313. Cells
were seeded into 96-well plates at a density of 1x104
cells per well and incubated for 24 hours to allow
adhesion and initial growth. Once approximately 70%
confluence was achieved, the culture medium was
replaced with complete medium containing gastrodin
at concentrations of 5, 25, 50, 100, 250, 500, and 1000
uM. The group that received no gastrodin treatment
was designated as the negative control, whereas the
group treated with a 1% Triton X solution served as the
positive control. Cells were then incubated under
standard conditions for an additional 24 hours.
Following exposure, the gastrodin-containing medium
was removed, and MTT solution was added to each well
at a ratio of 1:20 (MTT:total volume), followed by
incubation for 3 hours at 37°C in a humidified

atmosphere with 5% COz2. Afterward, the MTT solution

was aspirated, and a solubilization mixture of culture
medium and DMSO (1:1, v/v) was added. The plates
were incubated in the dark on an orbital shaker for 1
hour to ensure complete dissolution of formazan
crystals. Absorbance was measured at 570 nm using a
The

inhibitory concentration (ICso) was calculated, and

microplate spectrophotometer. half-maximal
dose-response curves and statistical analyses were
performed using GraphPad Prism version 9.1 (20).
Additionally, morphological changes following 24-
hour exposure to the ICs0 concentration of gastrodin
were documented using a Carl Zeiss™ Axio Vert.A1

inverted microscope.

Wound Healing Migration Assay: A wound
healing and migration assay was performed using a
Culture-Insert 2 Well in a p-Dish 35 mm (ibidi, Cat. No.
80206). A total of 3 x 105 cells were seeded in 70 pL of
medium per well and incubated at 37°C in a humidified
atmosphere containing 5% COz2 for 24 hours to allow
proper cell attachment. Following incubation, the
Culture-Insert 2 Well was carefully removed using
sterile tweezers. Subsequently, 2 mL of medium
supplemented with 100 uM gastrodin—previously
determined by MTT assays to be non-toxic to ADMSCs
while exerting antiproliferative effects on MDA-MB-
231 cells—was added to the MDA-MB-231 culture.
Untreated MDA-MB-231 cells served as the control
group. Images were captured at 0 and 24 hours, and the
number of cells migrating into the wound area was

quantified and analyzed using ImageJ software (21).

Statistical Analysis: All statistical analyses were
performed using GraphPad Prism version 8.0.0,
employing the Mann—Whitney U test and one-way
ANOVA with multiple

Statistical significance was defined as follows: non-

comparison procedures.

significant (P > 0.05), * (P < 0.05), ** (P < 0.01), *** (P
< 0.001), and **** (P < 0.0001).
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Result

Specific doses of Gastrodin reduce MDA-MB-
231 cell viability without affecting MSCs

The half-maximal inhibitory concentration (ICso0) of
gastrodin, defined as the concentration reducing cell
proliferation by 50%, was calculated as 269.2 uM in rat
adipose-derived mesenchymal stem cells (AD-MSCs)
(Figure 1).
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Figure 1. Graphical representation of the viability
curve of rat adipose-derived mesenchymal stem cells
(AD-MSCs) in response to gastrodin treatmen

Analysis of cell viability across different concentrations
revealed a statistically significant decrease at 5 uM
compared with the untreated negative control (P <
0.0001). Conversely, no significant difference was
observed between the 25 uM and 50 uM groups and the

control. Interestingly, treatment with 100 uM resulted

<

in a significant increase in cell proliferation (P
the At higher

concentrations (250 uM, 500 uM, and 1000 uM), a

0.0001) relative to control.
pronounced reduction in cell viability was noted,
indicating a strong cytotoxic effect (P < 0.0001)
compared with the negative control (Figures 2 and

Table 1).
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Figure 2. Percentage cell viability of rat adipose-
derived mesenchymal stem cells (AD-MSCs) treated
with gastrodin (ns: P > 0.05, *: P < 0.05, **: P < 0.01,
**%: P < 0.001, ****: P < 0.0001).

Table 1. Percentage cell viability levels and standard error of
the mean (SEM) of rat adipose-derived mesenchymal stem
cells (AD-MSCs) treated with gastrodin.

Doses (uM) Cell SEM
Viability

5 87 +0.26
25 93.8 +0.19
50 96.5 +0.72
100 100 +0.45
250 52.3 +0.56
500 18.5 +0.06
1000 8.3 +0.34
Negative 94.9 +0.69
Control

Positive 0 +0.06
Control
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The half-maximal inhibitory concentration (ICso) of
gastrodin, defined as the concentration required to
reduce cell proliferation by 50%, was determined to be
587.6 uM in MDA-MB-231 cells (Figure 3). A dose-
dependent and statistically significant decrease in cell
viability (P < 0.0001) was observed across the seven
tested concentrations of gastrodin compared with the
4).
Furthermore, a noticeable reduction in cell confluency

untreated negative control group (Figure
was observed after 24 hours of exposure to 500 uM and
1000 UM concentrations of gastrodin (Figure 5). To

evaluate the effects of gastrodin on the migratory

1é0- Gy 567.6 M

100

% Inhibition

Log Concentration (uM)

50-

Figure 3. Graphical representation of the viability
curve of MDA-MB-231 cells in response to gastrodin
treatment.

potential of MDA-MB-231 cells, wound-healing assays
were conducted. In the group treated with 100 pM
gastrodin, no significant change (ns) was detected in
the number of cells migrating into the wound area
between 0 and 24 hours (Figure 6B). In contrast, a
significant increase (P < 0.05) in the number of
migrating cells was observed in the control group
during the same period (Figure 6B). Moreover, when
the number of migrating cells in the treated group was
compared with that of the control group, a significantly
higher migration rate (P < 0.001) was observed in the

control cells (Figure 6C).

150

100

% Cell Viability

n
T

Figure 4. Percentage cell viability of MDA-MB-
231cells treated with gastrodin (ns: P > 0.05, *: P <
0.05, **: P < 0.01, ***: P < 0.001, ****: P <0.0001)
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ositive Control

Figure 5. Alterations in the confluency and proliferation profile of MDA-MB-231 cells after 24-hour exposure to

different concentrations of gastrodin.

Gastrodin exhibits antimigratory effects on
MDA-MB-231 cells

The half-maximal inhibitory concentration (ICso)
of gastrodin, defined as the concentration required
to reduce cell proliferation by 50%,
determined to be 587.6 uM in MDA-MB-231 cells

was

(Figure 3). A dose-dependent and statistically
significant decrease in cell viability (P < 0.0001)
was observed across the seven tested
concentrations of gastrodin compared with the
untreated negative control group (Figure 4).
Furthermore, a noticeable reduction in cell
confluency was observed after 24 hours of

exposure to 500 uM and 1000 uM concentrations

of gastrodin (Figure 5). To evaluate the effects of
gastrodin on the migratory potential of MDA-MB-
231 cells, wound-healing assays were conducted.
In the group treated with 100 uM gastrodin, no
significant change (ns) was detected in the number
of cells migrating into the wound area between 0
and 24 hours (Figure 6B). In contrast, a significant
increase (P < 0.05) in the number of migrating
cells was observed in the control group during the
same period (Figure 6B). Moreover, when the
number of migrating cells in the treated group was
compared with that of the control group, a
significantly higher migration rate (P <0.001) was
observed in the control cells (Figure 6C).
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Figure 6. A) Microscopic visualization of migration patterns in MDA-MB-231 cells after 24-hour treatment with
100 UM gastrodin, B) Graph illustrating the number of migrated cells in the experimental and control groups at
24 hours, C) Quantitative comparison of the number of migrated cells in the control group versus the group treated
with gastrodin. (ns: P > 0.05, *: P < 0.05, ***: P < 0.001).

Discussion

This study provides insights into the anticancer
potential of gastrodin in triple-negative breast cancer
(TNBC), a highly aggressive and treatment-resistant
subtype of breast cancer. Our findings demonstrated
that gastrodin induced a dose-dependent reduction in
cell viability in MDA-MB-231 cells. A previous study
reported that gastrodin exerted cytotoxic effects in
glioblastoma cells within the 20—30 uM range, while
exhibiting no cytotoxicity in normal astrocyte cells (11).
In our study, the ICs0 of gastrodin in MDA-MB-231
cells was determined to be 587.6 uM. This discrepancy
may be attributed to the aggressive profile of MDA-MB-
231 cells as well as differences in the source of the
gastrodin agent used. The rat AD-MSC model has been
extensively utilized in toxicology and regenerative
medicine research, providing a reliable platform for
preclinical evaluation (22).Consistent with previous
findings, gastrodin at low, non-toxic concentrations
(100 uM) did not induce significant cytotoxicity in
healthy rat adipose-derived mesenchymal stem cells
(ADMSCs). This selective cytotoxicity profile positions

gastrodin as a promising candidate for therapeutic

strategies capable of targeting malignant cells while
sparing normal cells. The reduced cell density and
higher

concentrations further support its cytotoxic effects on

morphological alterations observed at
TNBC cells. Importantly, the absence of significant
viability loss in ADMSCs at 100 uM indicates a
favorable safety margin for preclinical evaluation. In
addition to its cytotoxic effects, gastrodin
demonstrated notable anti-migratory properties. In
wound healing assays, treatment with 100 uM
gastrodin significantly suppressed cell migration in
MDA-MB-231 cells over 24 hours, whereas the control
group exhibited a pronounced increase in migratory

activity.

Gastrodin stimulates the PI3K/AKT signaling pathway,
resulting in anti-inflammatory, anti-apoptotic, and
antioxidant responses in microglial and endothelial
cells. This pathway activation also enhances the
expression of Sirt3 and miR-21, facilitating cell
survival, motility, and angiogenic processes—key
mechanisms implicated in tumor development and
progression (23-25). Gastrodin mitigates ketamine-

induced disturbances in Rho signaling by modulating
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proteins essential for cytoskeletal organization and cell
migration, including RhoGDI1, RhoA, ROCK1, MLC2,
PFN1, and CFL1. These effects were observed in B35
and C6 cell lines, which, although not TNBC cells,
exhibit migratory and cytoskeletal characteristics
relevant to cancer metastasis (26). A recent study also
demonstrated that gastrodin suppresses prostate
cancer cell proliferation through modulation of the
canonical Wnt/B-catenin signaling pathway (27).
Although previous studies have not directly
investigated the impact of gastrodin on antimigratory
and antiproliferative signaling in TNBC cells, indirect
evidence suggests that gastrodin-regulated pathways—
including Rho, PI3K/AKT, Nrf2/HO-1, and TGF-
in TNBC biology,

particularly in key processes such as cell migration,

B/Smad—play critical roles

invasion, and therapeutic resistance.

In conclusion, this study demonstrates that gastrodin
exerts selective antiproliferative and anti-migratory
effects in TNBC cells,
cytotoxicity

while exhibiting limited
in non-malignant ADMSCs at low
concentrations. However, several limitations should be
acknowledged. First, the study relies solely on in vitro
assays, which cannot fully recapitulate the complex in
vivo tumor microenvironment, including interactions
with the extracellular matrix, stromal cells, and the
immune system. Another limitation is the relatively
high ICso0 of gastrodin observed in MDA-MB-231 cells,
which may exceed physiologically achievable systemic
concentrations.  Gastrodin

can potentially be

administered using nanocarrier-based systems,
targeted delivery strategies, or combination therapy
approaches to increase bioavailability and reduce the
Additionally,

phytochemicals with high in vitro ICso values have

required effective dose. several
demonstrated significant antitumor activity when

optimized through advanced delivery systems (28).

Future research should focus on a more detailed

characterization of the molecular pathways affected by

gastrodin in TNBC cells. In particular, signaling

pathways associated with epithelial-mesenchymal
transition (EMT), oxidative stress regulation, and
apoptosis should be investigated, and key molecular
targets mediating these effects should be identified
through transcriptomic and proteomic analyses.
Validation of these findings in three-dimensional cell
culture models and in vivo animal studies will be
critical for translational applications. Taken together,
our results suggest that, in light of gastrodin’s
previously reported safety profile and multifaceted
biological it

candidate for TNBC therapy.

activities, represents a promising
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