Lin etal. BMC Cancer ~ (2026) 26:1156 BMC Cancer
https://doi.org/10.1186/5s12885-026-16335-1

Check for
updates

Preclinical evaluation of a fluorinated
bifendate derivative in triple-negative
breast cancer: integrated in vitro and in vivo
evidence of antitumor activity
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Abstract

Background Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer with limited therapeutic
options and poor clinical outcomes. Bifendate (DDB), a clinically used hepatoprotective agent, has shown modest
antitumor activity.

This study evaluated the antitumor activity of a fluorinated bifendate derivative (F-a-DDB-derivative) in TNBC models.

Methods MDA-MB-468 cells were treated with DDB or F-a-DDB-derivative to assess cell viability, migration,
apoptosis, and Ki-67 expression. Antitumor efficacy and preliminary safety were further evaluated in a nude mouse
xenograft model.

Results F-a-DDB-derivative reduced cell viability in a concentration-dependent manner and showed greater
potency than DDB, with a 24 h ICsy of 25.06 ug/mL versus 105.00 pg/mL for DDB. At 25 pg/mL, F-a-DDB-derivative
significantly inhibited migration compared with the control group, reduced Ki-67 expression, increased apoptosis,
and showed stronger antitumor activity than DDB in most evaluated assays. In vivo, intraperitoneal administration
of F-a-DDB-derivative (20 mg/kg, every other day for 14 days) significantly suppressed tumor growth and reduced
final tumor weight compared with both the control and DDB groups. No significant abnormalities in body weight or
serum biochemical markers were observed under the tested conditions.

Conclusions Fluorination enhanced the antitumor activity of DDB in TNBC models. F-a-DDB-derivative represents a
promising fluorinated lead compound for further preclinical investigation.
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Graphical Abstract

F-a-DDB-derivative, generated by fluorination-based optimization of bifendate, showed enhanced antitumor activity
in triple-negative breast cancer models by suppressing malignant phenotypes in vitro and inhibiting xenograft

growth with a favorable preliminary safety profile.

Clinical challenges in TNBC
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Background

Breast cancer (BC) is the most commonly diagnosed
malignancy in women worldwide and remains a lead-
ing cause of cancer-related death [1]. Based on gene
expression profiling, BC can be classified into several
molecular subtypes with distinct biological behaviors
and clinical outcomes [2, 3]. Current treatment strate-
gies for BC include surgery, radiotherapy, chemotherapy,
endocrine therapy, HER2-targeted therapy, immuno-
therapy, antibody—drug conjugates, and other emerging
targeted approaches [4-6]. Endocrine therapies, includ-
ing aromatase inhibitors, are mainly used for hormone
receptor-positive BC, whereas HER2-targeted agents are
used for HER2-positive disease. Among the molecular
subtypes, triple-negative breast cancer (TNBC), which
lacks estrogen receptor (ER), progesterone receptor (PR),
and human epidermal growth factor receptor 2 (HER2)
expression, accounts for approximately 10-20% of all
BC cases and is considered one of the most aggressive
subtypes [7, 8]. Because of the absence of ER, PR, and
HER2 expression, endocrine therapy and HER2-targeted
therapy are generally not applicable to TNBC, which
has encouraged the investigation of alternative small-
molecule and molecularly targeted therapeutic strategies
[9-11]. Although TNBC may initially respond to che-
motherapy, it is associated with high rates of recurrence
and metastasis and generally has a poor prognosis [12,
13]. Despite recent advances, chemotherapy remains an

important component of systemic treatment for TNBC,
and the clinical benefit of newer therapeutic strategies
remains limited for many patients [4—6].

Therefore, the development of safe and effective novel
therapeutic agents for TNBC remains an urgent clinical
need.

Bifendate (DDB) (Fig. 1A), a synthetic intermediate
of schisandrin C derived from Schisandra chinensis, is a
clinically used hepatoprotective agent for chronic liver
diseases with good tolerability [14]. Increasing evidence
has suggested that DDB also possesses potential antitu-
mor activity, particularly in inhibiting tumor cell inva-
sion and regulating invasion-related molecules [15, 16].
However, our preliminary studies indicated that DDB
exhibits only modest antitumor efficacy in breast cancer
and requires relatively high concentrations to achieve
measurable effects. These findings suggest that DDB may
serve as a reasonable scaffold for structural optimization
aimed at improving antitumor efficacy while retaining its
favorable safety profile.

Fluorination is a widely used strategy in modern
medicinal chemistry for optimizing drug properties, and
approximately 25% of clinically approved small-molecule
drugs contain fluorine atoms or fluorinated moieties [17,
18]. The introduction of fluorine can alter the electronic
distribution, lipophilicity, molecular conformation, and
metabolic stability of drug molecules, thereby improving
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Fig. 1 Chemical structures of bifendate and its derivatives. A Chemical structure of bifendate (DDB); B chemical structure of Compound A, the precursor
used for the synthesis of F-a-DDB-derivative; C complete chemical structure of F-a-DDB-derivative, chemically named 7,7-difluoro-4,9-dimethoxyphen-

anthro [3,4-d:5,6-d']bis ([1, 3] dioxole)-6(7 H)-one

biological activity and pharmacokinetic properties
[17, 18]. In collaboration with the Shanghai Institute of
Organic Chemistry, Chinese Academy of Sciences, we
designed and synthesized an o-fluorinated bifendate
derivative (F-a-DDB-derivative) (Fig. 1C) using Com-
pound A (Fig. 1B) as the lead compound, with the aim of
enhancing the antitumor potential of DDB. Our previous
study showed that F-a-DDB-derivative combined with
epirubicin improved antitumor efficacy against TNBC
without causing additional cardiotoxicity [19]. How-
ever, the independent antitumor activity of F-a-DDB-
derivative and its comparative efficacy relative to DDB
have not been fully characterized.

In this study, we systematically evaluated the antitu-
mor effects of F-a-DDB-derivative against TNBC using
both in vitro and in vivo models. We assessed its effects
on cell proliferation, migration, apoptosis, and Ki-67
expression, and further examined its antitumor efficacy
and preliminary safety in a nude mouse xenograft model.
To our knowledge, this study provides the first integrated
in vitro and in vivo evaluation of F-a-DDB-derivative in
TNBC and establishes a preliminary basis for its further
preclinical development as a fluorinated antitumor lead
compound.

Materials and methods

Cell lines and cell culture

The human triple-negative breast cancer cell line MDA-
MB-468 was obtained from Procell (Wuhan, China).
Cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, CM-0290B; Procell, Wuhan, China)
supplemented with 10% fetal bovine serum (FBS) and 1%

penicillin/streptomycin (P/S), and maintained at 37 °C in
a humidified incubator with 5% CO, (Thermo Scientific,
USA). Cell culture and passaging were performed under
standard aseptic conditions.

Experimental animals

Female BALB/c nude mice (4—6 weeks old, 18-21 g)
were obtained from the Shanghai Model Organisms Cen-
ter, Inc. (Shanghai, China). Animals were housed under
specific pathogen-free (SPF) conditions at 23-26 °C and
40-60% humidity, with free access to sterilized food and
filtered water. All animal procedures were conducted in
accordance with the guidelines of the Institutional Ani-
mal Care and Use Committee of the Shanghai Model
Organisms Center, Inc. (SRCMO-IACUC No. 2024-
0003) and were approved prior to the initiation of the
study. Tumor dimensions were monitored throughout
the study using calipers, and no animals exceeded the
approved tumor size limits.

Reagents
Bifendate (DDB, BD40653) was purchased from Bide
Pharmatech (Shanghai, China).

F-a-DDB-derivative, chemically named 7,7-difluoro-
4,9-dimethoxyphenanthro(3,4-d:5,6-d’]bis([1, 3]diox-
ole)-6(7 H)-one, was synthesized and characterized by
Yuanyuan Peng under the supervision of Jinbo Hu at
the Shanghai Institute of Organic Chemistry, Chinese
Academy of Sciences (Shanghai, China). Compound
A, the precursor used for the synthesis of F-a-DDB-
derivative, was derived from precursor-related chemical
work established by Guo-Qiang Lin and colleagues. The
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synthesis and structural characterization of F-a-DDB-
derivative are provided in the Supplementary Infor-
mation. Dimethyl sulfoxide (DMSO) was purchased
from Sigma-Aldrich (Gillingham, UK). Trypsin (0.25%,
KGL2102-100) was obtained from Beyotime Institute of
Biotechnology (Haimen, China). PEG300 was purchased
from MedChemExpress (New Jersey, USA), and Tween
80 was obtained from Aladdin (Shanghai, China).

Cell viability assay

Cell viability was evaluated using a Cell Counting Kit-8
(CCK-8) assay as previously described, with minor
modifications [20, 21]. Briefly, MDA-MB-468 cells were
seeded into 96-well plates at a density of 1 x 10”5 cells/
well and allowed to adhere for 24 h. The cells were then
treated with different concentrations of DDB or F-a-
DDB-derivative for 24 h. Each condition was tested in
triplicate wells. After treatment, CCK-8 reagent (C0039;
Beyotime Biotechnology, Shanghai, China) was added
according to the manufacturer’s instructions, and absor-
bance was measured at 450 nm using a microplate reader
(Thermo Scientific, USA). Cell viability was expressed as
a percentage relative to the control group, and ICs, values
were calculated using GraphPad Prism 9.0 software.

Wound healing assay

Cell migration was assessed using a wound healing assay
as previously described, with minor modifications [20,
22]. MDA-MB-468 cells were seeded in 6-well plates
and cultured until approximately 90% confluence. A
straight scratch was made using a sterile pipette tip, and
detached cells were removed by washing with PBS. The
cells were then cultured in serum-free medium con-
taining DDB (25 pg/mL) or F-a-DDB-derivative (25 pg/
mL), with an untreated control group included. Images
of the wounded area were captured at 0 and 24 h under
an inverted microscope, and migration was quantified by
measuring the wound closure area using Image] software.

Apoptosis assay

Cell apoptosis was assessed by flow cytometry using
Annexin V-APC/DAPI double staining according to pre-
viously reported methods, with minor modifications [20,
21].

MDA-MB-468 cells were seeded in 6-well plates and
cultured for 24 h, followed by treatment with DDB (25
pug/mL) or F-a-DDB-derivative (25 pg/mL), with an
untreated control group included. After 24 h of treat-
ment, the cells were harvested and stained with an
Annexin V Apoptosis Detection Kit APC (88-8007-72;
Thermo Fisher Scientific, USA) according to the manu-
facturer’s instructions. Apoptotic cells were analyzed
using a flow cytometer (Beckman Coulter, USA), and the
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total apoptosis rate was calculated as the sum of early and
late apoptotic cells.

Immunofluorescence assay for Ki-67

Ki-67 immunofluorescence staining was performed to
evaluate proliferative activity using a commercial Ki-67
Cell Proliferation Assay Kit according to the manufac-
turer’s instructions, with minor modifications. Ki-67 was
used as a proliferation marker based on its established
relevance in breast cancer [23-25].

MDA-MB-468 cells were seeded in 6-well plates and
cultured for 24 h, followed by treatment with DDB (25
pug/mL) or F-a-DDB-derivative (25 pg/mL) for 24 h,
with an untreated control group included. After treat-
ment, the cells were washed with PBS, fixed, and blocked
with immunostaining blocking buffer. The cells were
then incubated overnight at 4 °C with anti-Ki-67 mouse
monoclonal antibody using a Ki-67 Cell Proliferation
Assay Kit (IF, Red, Mouse mAb; C2312S, Beyotime Bio-
technology, Shanghai, China), followed by incubation
with Cy3-conjugated anti-mouse secondary antibody and
DAPI staining. Fluorescence images were captured under
a fluorescence microscope, and Ki-67 expression was
quantified by measuring the percentage of Ki-67-positive
area using Image]J software.

In vivo xenograft experiment

The MDA-MB-468 xenograft model was established as
previously described, with minor modifications [20].
MDA-MB-468 cells (1 x 10°) were resuspended in a 1:1
mixture of DMEM and Matrigel (Corning, NY, USA),
and a total volume of 200 puL was subcutaneously injected
into the fourth mammary fat pad on the right side of each
mouse. Eighteen mice were initially randomized into
three groups (n = 6 per group): control, DDB, and F-a-
DDB-derivative. Tumor length (L) and width (W) were
measured using calipers, and tumor volume was calcu-
lated as V = L x W?/ 2. Treatment was initiated when the
mean tumor volume reached approximately 103 mm?®,

DDB and F-a-DDB-derivative were formulated in a
vehicle consisting of 5% DMSO, 40% PEG300, 5% Tween-
80, and 50% normal saline. Mice in the treatment groups
received DDB (20 mg/kg) or F-a-DDB-derivative (20 mg/
kg) by intraperitoneal injection every other day for 14
days, while mice in the control group received an equal
volume of the vehicle. Body weight and tumor volume
were recorded every 2 days during treatment. During the
experiment, two mice died due to fighting-related inju-
ries. Therefore, the final number of animals included in
the endpoint analysis was n=>5 per group.

At the end of the experiment, mice were anesthetized
with isoflurane in oxygen, and terminal blood samples
were collected under deep anesthesia. After confirmation
of loss of consciousness, the animals were euthanized by
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cervical dislocation. Death was confirmed by the absence
of corneal reflex and cessation of breathing for more than
1 min. This method was selected to minimize pain and
distress and to allow terminal blood collection and tis-
sue harvest in accordance with institutional guidelines.
Tumors were then excised and weighed immediately after
dissection. Serum levels of ALT, AST, UREA, CREA, CK,
CK-MB, and LDH were measured using the correspond-
ing assay kits (Rayto, Shenzhen, China) and an automated
biochemical analyzer. Tumor tissues were then fixed in
paraformaldehyde, embedded in paraffin, and subjected
to hematoxylin and eosin (H&E) staining for histological
examination.

Statistical analysis

All in vitro experiments were performed indepen-
dently at least three times, and data are presented as the
mean + standard deviation (SD). For the in vivo study, the
final number of animals included in the endpoint analysis
was n=>5 per group. Statistical analyses were performed
using one-way analysis of variance (ANOVA) followed by
Dunnett’s post hoc test in GraphPad Prism 9.0 (Graph-
Pad Software, San Diego, CA, USA). A value of P<0.05
was considered statistically significant.
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Results

Effects of F-a-DDB-derivative on the viability of
MDA-MB-468 cells

Compared with the control group, both DDB and F-a-
DDB-derivative reduced the viability of MDA-MB-468
cells in a concentration-dependent manner (Fig. 2A,
B). At comparable concentrations, F-a-DDB-derivative
showed a stronger inhibitory effect than DDB (Fig. 2C).
The 24 h IC,, values of DDB and F-a-DDB-derivative
were 105.00 and 25.06 pg/mL, respectively, indicating
that F-a-DDB-derivative was more potent than DDB.
Based on these results, 25 pg/mL was selected for subse-
quent experiments.

F-a-DDB-derivative inhibits the migration of MDA-MB-468
cells

Wound healing analysis showed that the migration rates
of MDA-MB-468 cells in the control, DDB, and F-a-
DDB-derivative groups were 16.92 +5.41%, 13.04:+ 0.90%,
and 6.09+1.11%, respectively. Compared with the con-
trol group, F-a-DDB-derivative (25 pg/mL) significantly
inhibited cell migration. DDB treatment also showed a
slight reduction in migration, but the difference did not
reach statistical significance. The migration rate in the
F-a-DDB-derivative group was lower than that in the
DDB group, but the difference did not reach statistical
significance (Fig. 3).
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Fig. 2 F-o-DDB-derivative inhibits the viability of MDA-MB-468 cells in a concentration-dependent manner. A Viability of MDA-MB-468 cells treated with
increasing concentrations of DDB. B Viability of MDA-MB-468 cells treated with increasing concentrations of F-a-DDB-derivative. C Comparison of the
inhibitory effects of DDB and F-a-DDB-derivative on MDA-MB-468 cell viability. Data are presented as mean +SD (n=3). ***P<0.001; ns, not significant
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Fig. 3 F-a-DDB-derivative suppresses the migration of MDA-MB-468 cells. A Representative inverted microscope images from the wound healing assay
at 0 and 24 h after treatment with DDB (25 pug/mL) or F-a-DDB-derivative (25 pg/mL) (4x objective). B Quantification of migration rates in each group.

Data are presented as mean +SD (n=3). *P < 0.05; ns, not significant
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Fig. 4 F-a-DDB-derivative induces apoptosis in MDA-MB-468 cells. A Representative flow cytometry plots of Annexin V-APC/DAPI double staining in
MDA-MB-468 cells after 24 h of treatment with DDB (25 pg/mL) or F-a-DDB-derivative (25 pg/mL). B Quantification of the total apoptosis rate (early + late

apoptosis) in each group. Data are presented as mean+SD (n=3). ***P<0.001

Effects of F-a-DDB-derivative on apoptosis in MDA-MB-468
cells

Cell apoptosis was evaluated by flow cytometry using
Annexin V-APC/DAPI double staining. Compared with
the control group, F-a-DDB-derivative significantly
increased the total apoptosis rate in MDA-MB-468 cells
after 24 h of treatment. In contrast, DDB at the same

; ns, not significant

concentration showed no significant effect on apopto-
sis. In addition, the total apoptosis rate in the F-a-DDB-
derivative group was significantly higher than that in the
DDB group, indicating that F-a-DDB-derivative exerted a
stronger pro-apoptotic effect than the parent compound
DDB (Fig. 4).
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F-a-DDB-derivative reduces Ki-67 expression in
MDA-MB-468 cells

Ki-67 immunofluorescence staining was performed to
assess the effect of F-a-DDB-derivative on cell prolif-
erative activity. Compared with the control group, treat-
ment with F-a-DDB-derivative significantly reduced the
percentage of Ki-67-positive area in MDA-MB-468 cells
after 24 h, indicating decreased proliferative activity.
DDB also reduced the percentage of Ki-67-positive area,
but the difference did not reach statistical significance.
Furthermore, the percentage of Ki-67-positive area in the
F-a-DDB-derivative group was significantly lower than
that in the DDB group. These findings suggest that F-a-
DDB-derivative exerts a stronger inhibitory effect on the
proliferation of MDA-MB-468 cells than the parent com-
pound DDB (Fig. 5).

In vivo antitumor effects of F-a-DDB-derivative

Eighteen mice were initially assigned to three groups
(n=6 per group). During the experiment, two mice were
lost due to fighting-related injuries; therefore, the final
number of animals included in the endpoint analysis was
n=>5 per group.

No significant differences in body weight were
observed among the three groups during the treatment
period (Fig. 6A). In addition, no obvious abnormalities
in daily activity or food intake were noted, suggesting
acceptable tolerability under the tested conditions.

From day 9 after treatment initiation, tumor volumes
in the F-a-DDB-derivative group were significantly lower
than those in both the control and DDB groups (Fig. 6B).
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Consistently, the final tumor weights, measured immedi-
ately after tumor dissection at the end of the experiment,
were also significantly lower in the F-a-DDB-derivative
group than in the control and DDB groups (Fig. 6C).

Histological analysis by H&E staining revealed marked
morphological changes in the F-a-DDB-derivative group,
including increased necrosis and fibrosis, together with
fewer mitotic figures than in the control and DDB groups
(Fig. 6D).

Effects of F-a-DDB-derivative on cardiac, hepatic, and renal
function in vivo

To preliminarily evaluate systemic toxicity in vivo, serum
biochemical markers related to hepatic, renal, and car-
diac function were measured at the end of the experi-
ment. No significant differences were observed among
the three groups in serum ALT, AST, UREA, CREA, CK,
CK-MB, or LDH levels. These results suggest that F-a-
DDB-derivative did not cause significant alterations in
the measured biochemical markers under the tested con-
ditions (Fig. 7).

Discussion

TNBC is a highly aggressive breast cancer subtype with
limited treatment options and poor clinical outcomes.
Although chemotherapy remains the cornerstone of sys-
temic treatment, its clinical utility is often constrained by
toxicity and the high likelihood of recurrence and metas-
tasis. Therefore, the development of novel agents with
improved antitumor efficacy and acceptable tolerability

B
F-0-DDB-derivative

Ki-67-positive area

Fig. 5 F-a-DDB-derivative reduces Ki-67 expression in MDA-MB-468 cells. A Representative immunofluorescence images of Ki-67 staining after 24 h of
treatment (10x objective; scale bar =10 um). B Quantification of the percentage of Ki-67-positive area in each group. Data are presented as mean +SD

(n=3).*P<0.05, **P<0.01; ns, not significant
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Fig. 6 In vivo antitumor effects of F-a-DDB-derivative in an MDA-MB-468 xenograft model. A Body weight changes in nude mice of each group during
the 14-day treatment period. B Tumor growth curves of each group after treatment initiation. C Final tumor weights in each group. D Representative
H&E-stained images of tumor tissues (scale bar =100 um). Data are presented as mean = SD (n=5). *P < 0.05; ns, not significant

remains an important goal in TNBC research [6-8, 26,
27].

DDB is a clinically used hepatoprotective agent with a
favorable safety background and has also been reported
to possess certain antitumor properties, particularly in
relation to tumor invasion and invasion-associated mol-
ecules [14—16]. However, its relatively modest activity in
breast cancer suggests that DDB itself may be more valu-
able as a scaffold for optimization than as a direct anti-
cancer candidate. From this perspective, fluorination
represents a rational modification strategy. In medicinal
chemistry, fluorination is widely used to improve the
biological performance of small molecules by influenc-
ing lipophilicity, molecular conformation, metabolic
stability, and target interaction [17, 18]. Taken together,
the stronger activity observed for F-a-DDB-derivative in
the present study suggests that fluorination may enhance
the antitumor potential of the DDB scaffold and provides
preliminary pharmacological support for this optimiza-
tion strategy.

The antitumor activity of F-a-DDB-derivative is sup-
ported not by a single experimental endpoint, but by a
convergent pattern across several complementary assays.
Reduced cell viability and decreased Ki-67 expression

suggest suppression of proliferative capacity, whereas
increased apoptosis indicates that activation of cell death
also contributes to the overall inhibitory effect. In addi-
tion, the wound healing assay suggested reduced migra-
tory behavior after treatment. Because wound closure
may be influenced by both migration and proliferation,
this result should not be interpreted in isolation [28, 29].
Instead, its value lies in its consistency with the CCK-8
and Ki-67 findings, which together support an overall
inhibitory effect on malignant cell behavior. Similarly, the
reduction in Ki-67 and the increase in apoptosis are bio-
logically meaningful, because Ki-67 is a well-established
marker of tumor proliferation in breast cancer, includ-
ing TNBC, whereas induction of apoptotic cell death is
a therapeutically relevant mechanism in anticancer treat-
ment [23-25, 30, 31].

The in vivo findings further strengthen the significance
of the in vitro observations. In a xenograft model, the
ability of F-a-DDB-derivative to suppress tumor growth
indicates that its activity is not restricted to simplified
in vitro conditions but can also be reproduced in a liv-
ing system. This is particularly important in early-stage
preclinical evaluation, because in vivo efficacy provides
stronger support for therapeutic potential than cell-based
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Fig. 7 Effects of F-a-DDB-derivative on serum biochemical markers related to hepatic, renal, and cardiac function under the tested conditions. Serum
levels of biomarkers related to hepatic, renal, and cardiac function in each group: (A) ALT; (B) AST; (C) UREA; (D) CREA; (E) CK; (F) CK-MB; and (G) LDH. Data

are presented as mean+SD (n=5). ns, not significant

findings alone. At the same time, the absence of signifi-
cant abnormalities in body weight and the measured bio-
chemical markers suggests that the compound did not
produce overt systemic toxicity under the tested condi-
tions. Although this does not establish a full toxicological
profile, it does support the feasibility of further preclini-
cal investigation.

From a translational perspective, the present findings
are meaningful because they suggest that a clinically used
and relatively well-tolerated scaffold can be rationally
modified to generate a derivative with improved antitu-
mor activity. This approach may be especially relevant
in TNBC, where the need for new therapeutic options
remains substantial. Importantly, F-a-DDB-derivative
generally outperformed the parent compound DDB
across several major endpoints, supporting the view that
the fluorinated compound may represent an optimized
lead rather than simply another structural analogue.

Several signaling pathways may contribute to the
effects observed in this study. In TNBC, the PI3K/Akt
and MAPK/ERK pathways are closely associated with
cell proliferation, survival, and migration [32-34]. The
phenotypic changes induced by F-a-DDB-derivative

make these pathways biologically plausible candidates
for subsequent mechanistic investigation. However, the
present study was designed primarily as a preclinical
efficacy evaluation rather than a mechanistic study. This
is an important limitation, as the molecular basis of the
enhanced activity remains undefined.

Nevertheless, this limitation is partially mitigated by
the consistency of the findings across multiple in vitro
assays, xenograft growth inhibition, and histological
observations. Several additional methodological limi-
tations should also be acknowledged. Only one TNBC
cell line was used, which limits generalizability across
the heterogeneous spectrum of TNBC. Migration was
assessed using a wound healing assay, which is influ-
enced by proliferation status as well as motility, although
we partially addressed this by interpreting the migration
results together with CCK-8 and Ki-67 data. In addition,
two mice were lost because of fighting-related injuries,
which reduced the final sample size for endpoint analysis.
Despite this, the overall antitumor trend remained con-
sistent across tumor volume, tumor weight, and histo-
logical assessment. Future studies should therefore focus
on mechanistic validation, broader evaluation across
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additional TNBC models, and characterization of phar-
macokinetics, long-term safety, and potential combina-
tion strategies.

Conclusion
In conclusion, the present study provides preliminary evi-
dence that fluorination-based optimization can enhance
the antitumor potential of the DDB scaffold in TNBC.
F-a-DDB-derivative showed stronger overall antitumor
activity than the parent compound DDB in both in vitro
and in vivo models and demonstrated a favorable prelim-
inary safety profile under the tested conditions. Although
the molecular basis of its enhanced activity remains to
be clarified, the consistency of the observed phenotypic
effects supports its value as a promising fluorinated lead
compound for further preclinical investigation in TNBC.
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