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Abstract

Background: Triple-negative breast cancer (TNBC) remains a significant clinical challenge due to its aggressive nature and lack of targeted
therapies. In TNBC, inflammation contributes to tumour progression by promoting cell proliferation, survival, and migration. It may be
triggeredby cytokines such asTNF-αor chemotherapeutic agents such as doxorubicin (DOX).Thus, identifying agents that suppress inflam-
mation in TNBC is of prime interest. Caffeic acid phenethyl ester (CAPE) is a naturally occurring anti-inflammatory compound that exhibits
selective cytotoxicity against some cancer cells.However, its impact on cytokine or chemotherapy induced inflammation inTNBChas not yet
been explored.Aim:This study aimed to investigate the effects ofCAPEonTNF-α- orDOX-induced inflammation andmetastaticmarkers
inTNBC.Methods:The effects ofCAPE andDOXonTNBCcell viability andmigrationwere assessed using theMTTandwound healing
assays, respectively. The effect ofCAPEon the expressionof pro-inflammatory cytokines, epithelial-mesenchymal transition (EMT)markers,
and tumour invasion markers was evaluated using RT-qPCR. Results: CAPE inhibited TNF-α-induced proliferation and migration of
TNBC cells. CAPE also suppressed TNF-α- and DOX-induced upregulation of NF-κB-regulated pro-inflammatory genes, IL-1B, IL-6,
IL-8, and TNF-α, corroborating the evidence that CAPE suppresses NF-κB signalling. Additionally, CAPE suppressed EMT in TNF-
α–stimulated and DOX-treated cells by downregulating vimentin and VCAM1. Furthermore, CAPE reduced the expression of the
cancer invasion markersMMP2 andMMP9. Conclusions:We demonstrated the anticancer potential of CAPE and its ability to suppress
cytokine and chemotherapy-induced inflammation. This study offers novel insights into the role of CAPE in suppressing inflammation and
metastasis markers in TNBC, specifically in the context of TNF-α and DOX-induced NF-κB signalling. These findings underscore the
urgent need to further study CAPE as a possible adjuvant for treating patients with TNBC, especially those undergoing chemotherapy.
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Introduction

Triple-negative breast cancer (TNBC) is a global health challenge
that accounts for 15–20% of all breast cancers.1 It is characterised
by a lack of estrogen receptors, progesterone receptors, and
human epidermal growth factor receptor 2 (HER2), making
TNBCs non-responsive to hormonal orHER2-targeted therapies.2

Although patients with TNBC respond better to taxanes and
anthracyclines than patients with other breast cancer subtypes, the
prognosis remains poor owing to the highly metastatic nature of
TNBC. Additionally, over 50% of patients who seem to respond
to treatment experience relapse in thefirst 3–5 years after diagnosis.3

Research has implicated the nuclear factor (NF)-κB signalling
pathway in TNBC pathogenesis. Indeed, the NF-κB-target gene

SP1 is overexpressed in TNBC and correlates with poor progno-
sis in patients receiving adjuvant doxorubicin treatment.4

Moreover, targeting the NF-κB pathway with chemical inhibitors
and RNA interference reduced TNBC cell proliferation.5 NF-κB
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signalling can be activated by molecules such as interleukin-1
(IL-1), lipopolysaccharides, and tumour necrosis factor-α
(TNF-α).6 In addition, some standard anticancer agents can
induce NF-κB signalling, leading to inflammation with resultant
organ damage.7,8 For example, cisplatin causes nephrotoxicity,
neuropathy, and ototoxicity,9,10 whereas doxorubicin (DOX)
causes cardiomyopathy via the NF-κB signalling pathway.11,12 In
addition to NF-κB-mediated organ damage caused directly by
chemotherapeutics, cancer cells trigger an NF-κB-mediated auto-
crine feedforward loop that promotes proliferation andmetastasis
after chemotherapy withdrawal.13 NF-κB signalling is often acti-
vated in TNBC cells, leading to the increased expression of pro-
survival and pro-inflammatory genes. This activation contributes
to the proliferation, survival, and resistance of tumor cells to apo-
ptosis.14 NF-κB activation supports tumour growth and invasion
through the expression of inflammatory molecules.15

Furthermore, NF-κB activation in TNBC promotes self-renewal
and is associated with chemotherapy resistance. Studies have
reported that the activation of the canonical NF-κB pathway in
breast cancer cells is associated with doxorubicin resistance.16–18

HighNF-κB levels have also been associatedwith tamoxifen resis-
tance.16Given the role ofNF-κB in breast cancer progression and
chemoresistance, targeting NF-κB has become an area of interest
for breast cancer drug development. Given the importance of
NF-κB signalling in the progression of TNBC, treatment with
NF-κB targeted therapy has been recommended.5

Amidst these challenges, there is growing interest in natural com-
pounds that canmodulateNF-κB signalling and potentially alleviate
chemotherapy-induced inflammation. Caffeic acid phenethyl ester
(CAPE), an ester of caffeic acid and phenethyl alcohol, is a bioactive
component of the New Zealand honeybee propolis. Its pharmaco-
logical properties include anticancer, antioxidant, anti-inflammatory,
neuroprotective, antimicrobial, and immunomodulatory activi-
ties.19,20 CAPE was chosen for this study due to its reported selec-
tive cytotoxicity towards specific cancer cells, includingbreast cancer
cells, and its known ability to interfere with NF-κB signalling path-
ways. The relevance ofCAPE toTNBC is underscoredby its poten-
tial to suppress inflammation and inhibit cancer cell proliferation,
migration, and metastasis, all critical factors in TNBC progression
and resistance to treatment.

Previous studies have shown the influence of CAPE on cell
viability, inducing growth arrest and apoptosis in various cancer
cell lines such as breast cancer,21 colon cancer,22 melanoma,23

and glioma cells.24 The anticancer effects of CAPE have been
attributed to its ability to interfere with NF-κB signalling.25–27

CAPE has also been shown to be a potential regulator of
NF-kB activity in both in-vivo and in-vitro models of diseases
such as calcific aortic valve disease, myocardial ischemia, diabetes,
and prostate carcinoma. However, there is a lack of information
regarding the effect of CAPE on NF-kB and its target genes, par-
ticularly pro-inflammatory cytokines, which are involved in the
progression and invasiveness of TNBC cells.28–32 Owing to its
antioxidant and anti-inflammatory properties, CAPE can allevi-
ate the detrimental effects of inflammation induced by cisplatin
by alleviating the changes in the kidney tissue’s TNF- α and

IL-6 levels.33 Another study examining the anti-inflammatory
effect of CAPE on activated astroglial cells found that CAPE
pre-treatment abrogated NF-κB transcriptional activity in astro-
glial cells by inhibiting TNF-α induced expression of chemokine
(C-C motif) ligand 2 (CCL-2) and intercellular adhesion
molecule-1 (ICAM-1) in a cell-specific manner.34

Nonetheless, the effect of CAPE on cytokine- or
chemotherapy-induced NF-κB activation and inflammation in
TNBC has not yet been investigated. This study aimed to dem-
onstrate that CAPE suppresses TNF-α- and DOX-induced
inflammation and metastasis in TNBC by inhibiting NF-κB sig-
nalling. In our study, CAPE reduced cell viability in a dose- and
time-dependent manner, indicating its potential as an effective
anticancer agent. Additionally, CAPE was shown to inhibit
the transcriptional activity of NF-κB, thereby reducing the
expression of pro-inflammatory cytokines such as IL-1β, IL-6,
IL-8, and TNF-α as well as inhibiting metastatic markers such as
MMP9, MMP2, Vimentin, and VCAM. This study demon-
strated that CAPE suppresses TNF-α- and DOX-induced
inflammation and metastasis in TNBC by inhibiting NF-κB sig-
nalling. These findings highlight the potential of CAPE in
TNBC adjuvant therapy, providing solid reasons for its selec-
tion and relevance to addressing the aggressive nature of
TNBC and its resistance in conventional treatments.

Materials and Methods

Cell Lines and Culture

MDA-MB-231 and MDA-MB-468 cells, obtained from the
American Type Culture Collection, were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin-glutamine (all
purchased from Gibco-life Technologies, Carlsbad, CA, USA), at
37 °C in a humidified atmosphere containing 5% CO2.

Compounds/Drugs

This study used CAPE (B1644-APE: BIOZOL Diagnostica
Vertrieb GmbH, Germany), recombinant human TNF-α
protein (210-TA-005/CF: R&D Systems, Minneapolis, MN,
USA), and DOX (D1515-10MG: Sigma-Aldrich, St. Louis,
MO, USA). The compounds were prepared according to the
manufacturer’s instructions. CAPE and DOX were dissolved
in dimethyl sulfoxide, whereas TNF-α was reconstituted in
1× phosphate-buffered saline (PBS).

Cell Viability Assay

The effects of CAPE, DOX, and TNF-α on MDA-MB-231 and
MDA-MB-468 cell viability were determined using anMTTassay.
Briefly, the cells were seeded into 96-well plates at a density of 1×
104 cells/well and incubated at 37 °C for 24 h. The cells were
treated with final CAPE concentrations of 0, 2.5,5,10,20,40 μM
or final DOX concentrations of 0, 0.1, 0.5, 1,5,10 μM for 24,
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48, and 72 h in a final volume of 100 μL of DMEM; or TNF-α
(0,0.1,1,5,15 μM) for 24 h and 48 h. Controls included a baseline
control of cells with media represented as 0μMwith no doxorubi-
cin, CAPE, or TNF-α treatment. Then 20 μL of 2.5 mg/mL
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) (Sigma-Aldrich, St Louis, MO, USA), was added to each
well and incubated at 37 °C for 4 h. Subsequently, 100 μL of acid-
ified isopropanol was added to each well and incubated at 37 °C
for 30 min. The absorbance was read at 570 nm with a
Varioskan™ LUX multimode microplate reader (Thermo
Fisher Scientific, Carlsbad, CA, USA). The percent cell viabilities
and IC50s were calculated from the absorbance values.

Wound Healing Assay

The ability of MDA-MB-231 and MDA-MB-468 cells to close as
an in vitrowoundwas evaluated to determine the effect of the com-
pounds on cellmigration.Briefly, 70μLof cell suspension contain-
ing 2× 104 cells was seeded into each chamber of a 35 mm μ-dish
with culture-insert (ibidi GmbH, Munich, Germany), placed in a
6-well plate, and incubated at 37 °C for 24 h. Cells in the
TNF-α-/CAPE group were treated with 10 ng/mL of TNF-α
for 24 h. The inserts were removed, and MDA-MB-231 and
MDA-MB-468 cells were treated with final concentrations of
CAPE (15.5 µM and 11.0 µM respectively) or DOX (0.80 µM)
or TNF-α (10 ng/mL) for 48 h. Cells with media only without
any treatment were used as untreated controls. Cell migration
was monitored using an OPTIKA® microscope (Ponteranica,
Italy) at 0, 24, 48, and 72 h. The images were analysed using the
ImageJ software (NIH, Bethesda, MD, USA) to determine the
percentage of closed cell-free gaps.

Prediction of the Gene Targets of CAPE

The putative targets of CAPE were obtained from the Search
Tool for Interactions of Chemicals (STITCH) web server35

(http://stitch.embl.de/, accessed on 13 August 2022).
STITCH integrates information about interactions from meta-
bolic pathways, crystal structures, binding experiments, and
drug–target relationships. Inferred information from pheno-
typic effects, text mining, and chemical structure similarity is
used to predict chemical relations. A probability score of 0.7
was used as a threshold for the target search.

NF-κB Target Gene Prediction

The UCSC Gene Interactions tool36 (https://genome.ucsc.edu/
cgi-bin/hgGeneGraph, accessed on August 13 2022) was used
to predict the genes that interact with the NF-κB transcription
factor. The UCSC Gene Interactions tool displays a detailed
gene interaction graph based on data collected from two
sources: curated pathway/protein-interaction databases and inter-
actions found through text mining of PubMed abstracts. The tool
employs an integrative data source from protein interaction data-
bases such as iRefIndex 13, Androgen Responsive Gene

Database, String 9.1, and Negatome 2.0, as well as pathway data-
bases such as KEGG, NCI Pathway Interaction, BioCarta,
Reactome 2014, and WikiPathways databases. The predicted
gene targets were further confirmed using HitPredict37 (http://
www.hitpredict.org/, accessed on August 13 2022), a resource
of experimentally determined protein-protein interactions.

Reverse-Transcription Quantitative PCR (RT-qPCR)

The cells were seeded in 6-well plates at a density of 1× 106 cells/
well and treated as described below. MDA-MB-231 and
MDA-MB-468 cells were treated with final concentrations of
CAPE (15.5 µM and 11.0 µM respectively) or DOX (0.80 µM)
or TNF-α (10 ng/mL) for 48 h. Untreated cells were used as con-
trols. Total RNAwas extracted using a Quick-RNA™Mini-Prep
Plus Kit (R1057: Zymo Research, Irvine, CA, USA) per the man-
ufacturer’s protocol. RT-qPCR was performed using the Luna
Universal One-Step RT-qPCR kit (New England Biolabs,
Ipswich, MA, USA) to determine the mRNA expression of
TNF-α, IL-8, IL-6, IL-1β, VCAM, vimentin, MMP2 and MMP9.
The QuantStudio™ 5 RT-PCR system (Thermo Fisher
Scientific, Carlsbad, CA, USA) was used for reverse transcription
and amplification. Thermocycling conditions were reverse tran-
scription (55 °C for 15 min), initial denaturation (95 °C for 1
min), 40 cycles of denaturation (95 °C for 15 s), annealing (differ-
ent temperatures depending on the target gene for 15 s), and
extension (60 °C for 1 min). The housekeeping gene GAPDH
was used as an internal control. The sequences of the primers
used are listed in Supplementary Table S1. QuantStudio™
Design & Analysis Software (Life Technologies, Carlsbad, CA,
USA) was used to obtain CT values, and the 2−ΔΔCT method38

was used to determine the relative expression of each gene.

Statistical Analyses

Data were analysed using GraphPad Prism 9.1.2 (GraphPad
Software, San Diego, CA, USA). One-way analysis of variance
(ANOVA) followed by Dunnett’s multiple comparison test was
used to compare differences between groups. Data are presented
as the mean± standard deviation (SD) of at least three indepen-
dent experiments performed in triplicate. Differences between
the groups were considered statistically significant when p≤ 0.05.

Results

Effects of CAPE, DOX, and TNF-α on TNBC Cell
Proliferation

To investigate the influence of CAPE, DOX, and TNF-α on
TNBC cell proliferation, an MTT assay was performed. CAPE
and DOX reduced cell viability in a dose- and time-dependent
manner in both the cell lines (Figure 1A, B). The IC50 values in
Table 1 indicate that DOX is more cytotoxic than CAPE. For
further experiments, MDA-MB-231 and MDA-MB-468 cells
were treated with 15.5 µM and 11.0 µM of CAPE, respectively.
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CAPE Suppresses TNF-α-Induced TNBC Cell
Proliferation

From our studies, TNF-α significantly increased cell viability in
both MDA-MB-231 and MDA-MB-468 cell lines in a dose-
dependent manner at 24 h and 48 h (Figure 2A), and increasing
the concentration of TNF-α increased cell proliferation.
Whereas CAPE significantly suppressed TNF-α-induced cell
proliferation in both cell lines, with higher concentrations of
CAPE leading to an increased reduction in cell viability
(Figure 2B). The IC50s of CAPE for TNF-α stimulated
MDA-MB-231 cells were 12.0± 1.7 µM and 7.7± 0.2 µM for
24 h and 48 h, respectively. The IC50s of CAPE for TNF-α
stimulated MDA-MB-486 cells were 30.9± 1.1 µM and 18.2
± 1.2 µM for 24 h and 48 h, respectively.

Predictive Analysis of NF-κB Target Genes Modulated by
CAPE

Given that CAPE mediates its anticancer activity by interfering
with NF-κB signalling,27,39 we sought to identify NF-κB target
genes whose expression could be modulated by CAPE. First,
we used the STITCH predictive model to demonstrate that
CAPE potentially targets multiple proteins, including ReIA and
BCL10. ReIA is a transcriptionally active subunit of NF-κB40

whereas BCL10 is an activator of NF-κB.41 The activation of
these proteins induces NF-κB target gene expression, which reg-
ulates cell proliferation, inflammation, and metastasis.42

Therefore, CAPE may directly inhibit NF-κB activity by interact-
ing with ReIA or indirectly by interacting with BCL10 (Figure 3A).
We also used the UCSCGene Interactions andHitPredict tools to
identifyNF-κB target genes. The prediction identified IL-1β, IL-6,
IL-8, and TNF-α among the top 10 NF-κB target genes
(Figure 3B). These genes encode cytokines that promote inflam-
mation in the breast cancer tumour microenvironment.43,44

CAPE Inhibits TNF-α and DOX-Induced Activation of
NF-κB Signalling

To further confirm the impact of CAPE on NF-κB signalling in
TNBC, we examined the effect of CAPE on TNF-α-mediated acti-
vationofNF-κBsignalling.45TNF-αdidnot significantly affect IL-1β
expression inMDA-MB-231 cells but significantly upregulated IL-1β
expression in MDA-MB-468 cells (Figure 4A). Additionally, TNF-α
induced the expression of IL-6, IL-8, and TNF-α in both TNBC cell
lines (Figure 4B-D). CAPE reduced the basal levels of all four cyto-
kines (ie IL-1B, IL-6, IL-8, and TNF-α) as well as their levels in
TNF-α-stimulated cells (Figure 4A-D), confirming that CAPE sup-
presses NF-κB signalling in TNBC.

Similar to TNF-α, the FDA-approved anticancer agent
DOX has been shown to trigger NF-κB signalling.46

Considering this, we accessed the potential of CAPE to
repress DOX-induced NF-κB signalling in the TNBC cells.
Except for TNF-α expression in MDA-MB-468 cells,

DOX-induced the transcription of IL-1B, IL-6, and IL-8 in
both TNBC cell lines, further corroborating its contribution
to inflammation in the breast cancer TME. Interestingly,
CAPE significantly reduced the DOX-induced expression of
all four pro-inflammatory cytokines in both TNBC cell lines
(Figure 4A–D). These findings further confirm that CAPE
acts by modulating NF-κB signalling.

CAPE Represses Epithelial-Mesenchymal Transition
(EMT) in TNBC and TNBC Cell Invasiveness

Tumor metastasis is a multistep process that involves landmark
events such as EMT, in which cancer cells become highly
motile.47 Because cytokines such as IL-6, IL-8, and TNF-α
can activate pathways involved in EMT,48 the effect of CAPE
on two EMT genes, Vimentin and VCAM1, was examined.
CAPE suppressed the basal expression of vimentin in both
TNBC cells. Stimulating the cells with TNF-α increased vimentin
expression in both TNBC cell lines. Furthermore, DOX did not
significantly affect vimentin levels in MDA-MB-231 cells but
induced vimentin expression in MDA-MB-468 cells. CAPE
also suppressed vimentin expression in TNF-α–stimulated and
DOX-treated cells (Figure 5A). Furthermore, TNF-α increased
VCAM1 expression in MDA-MB-468 cells but not
MDA-MB-231 cells. DOX increased VCAM1 expression in
MDA-MB-231 cells but not MDA-MB-468 cells. Treatment
of the TNF-α–stimulated and DOX-treated cells with CAPE
significantly reduced the expression of VCAM1 (Figure 5B).
These observations suggest that CAPE represses EMT in
TNBC cells by downregulating vimentin and VCAM. Cancer
cells release matrix metalloproteinases (MMPs) during metasta-
sis, which degrade the extracellular matrix to aid their dissemi-
nation and invasion.49 To further unravel the anticancer
potential of CAPE, we investigate its influence on the expres-
sion of two invasion markers, MMP2 and MMP9. CAPE sup-
pressed basal expression of MMP2 and MMP9 in both cell
lines. TNF-α did not affect MMP2, and MMP9 expression in
both cells, suggesting that the TNF-α/NF-κB signalling axis
may not necessarily contribute to cancer cell invasion.
Furthermore, DOX upregulated MMP2 and MMP9 expression
in the TNBC cells, and CAPE inhibited DOX-induced expres-
sion of these genes (Figure 5C, D).

CAPE Reduces TNBC Cell Migration

A wound healing assay was performed to measure the cell
migratory potential after CAPE treatment. The TNBC cells
were treated with the IC25 of CAPE in the presence or
absence of TNF-α, and cell migration was monitored for
72 h. Activating NF-κB signalling with TNF-α increased
TNBC cell migration, supporting evidence that NF-κB signalling
promotes breast cancer cell migration.50 Furthermore, CAPE
inhibited cell migration in unstimulated and TNF-α-stimulated
cells (Figure 6A,B).
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Discussion

TNBC remains the most difficult-to-treat breast cancer subtype
owing to its aggressive nature, lack of classical cell surface
receptors, and high propensity for drug resistance. Research
has established the contribution of aberrant NF-κB signalling
in TNBC pathogenesis,51 underscoring NF-κB as a critical
target for breast cancer therapy. In addition to its canonical

activators, the NF-κB pathway can also be activated by cyto-
kines or anticancer drugs.52,53 This study examined the effect
of CAPE, an anti-inflammatory compound, on TNF-α or
DOX-induced inflammation in TNBC.

In this study, CAPE reduced the viability of both cell lines and
wasmore potent againstMDA-MB-468 cells. This observation is
consistent with previous studies that reported that CAPE is cyto-
toxic against breast cancer cell lines.54–56 On the other hand,
TNF-α induced proliferation in both TNBC cells, which is con-
sistent withfindings that TNF-α promotes breast cancer cell pro-
liferation through positive feedback activation of the TNFR1/
NF-κB signalling axis.45,57 Moreover, CAPE suppressed
TNF-α-induced TNBC cell proliferation, suggesting that
CAPE interferes with the TNFR1/NF-κB signalling axis.

The activation of the TNFR1/NF-κB signalling axis by
TNF-α results in a cocktail of cytokine expression, including
IL-1β, IL-6, IL-8, and TNF-α.58 These cytokines are key molec-
ular signatures of multidrug-resistant breast cancers and are
associated with angiogenesis, metastasis, and tumour

Table 1. IC50 Values for Treatment Conditions.

Cell Lines Time (h)

IC50 (µM) of Compounds

CAPE DOX

MDA-MB-231 24 33.5± 1.5 7.98± 0.26
48 15.5± 2.6 0.80± 0.04
72 7.5± 0.2 0.28± 0.01

MDA-MB-468 24 32.9± 3.6 1.30± 0.20
48 11.0± 1.5 0.82± 0.02
72 9.9± 0.5 0.20± 0.06

Figure 1. Effects of CAPE, DOX, and TNF-α on TNBC cell proliferation. MDA-MB-231 and MDA-MB-468 cells were treated with increasing
concentrations of (A) CAPE or (B) DOX for 24, 48, and 72 h, or (C) TNF-α for 24 and 48 h. Cell viability was determined using an MTT assay.
Data are presented as mean± SD of three independent experiments performed in triplicate. * p≤ 0.05, ** p≤ 0.01, *** p≤ 0.001, **** p≤ 0.0001
versus untreated. ns: not significant.
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recurrence.59,60 As expected, TNF-α induced the expression of
IL-1β, IL-6, IL-8, and TNF-α in the TNBC cells, supporting evi-
dence of the influence of TNF-α onNF-κB-mediated inflamma-
tion.58 Additionally, treatment of cells with DOX resulted in an
effect similar to that of TNF-α. Feng et al demonstrated that
DOX activates TLR4 signalling in H9c2 cardiomyocytes,
leading to the upregulation in MyD88, NF-κB, IL-1 β, IL-6,
and TNF-α expression.61 Similar findings have been reported
for MCF-7 breast cancer cells,62 corroborating our observation.

Additionally, we found that CAPE suppressed the transcrip-
tion of IL-1β, IL-6, IL-8, and TNF-α in naïve TNBC cells as well
as in cells treatedwithTNF-α andDOX. Since TNF-α andDOX
promote inflammation viaNF-κB signalling,57,61,63 we attributed
the anti-inflammatory property of CAPE to its NF-κB inhibitory
activity. Indeed, CAPE has been shown to interfere with NF-κB
activity in U-937 histiocytic lymphoma cells,64 AGS gastric epi-
thelial cells,65 SKOV-3 ovarian cancer cells,39 HCT116 colorectal

cancer cells,27 and human CD4+ T cells.66 Furthermore, Zhang
et al (2022) found that CAPE mitigated DOX-induced cardio-
toxicity67; which is mediated by inflammation.68,69 Although
the exact mechanism of action of CAPE has not yet been
defined, its NF-κB inhibitory activity may be due to the preven-
tion of the nuclear translocation of NF-κB or the blocking of the
NF-κB-DNA binding, which subsequently halts the transcrip-
tion of pro-inflammatory cytokines. Our findings suggest that
CAPE can attenuate tumour-promoting inflammation and
perhaps DOX-induced cardiotoxicity.

Several steps are involved in tumour metastasis, including
EMT. In EMT, cancer cells adapt migratory behaviours such
as actin polymerisation, cell-cell attachment loss, and cell polar-
ity.70,71 For EMT to be successful, effectors such as
E-cadherin, claudins, and occludins must be downregulated,
and vimentin, vascular cell adhesionmolecule 1 (VCAM1),fibro-
nectin, and N-cadherin must be upregulated.72 Coincidentally,

Figure 2. CAPE suppresses TNF-α-induced TNBC cell proliferation. MDA-MB-231 and MDA-MB-468 cells were treated with CAPE for 24 h
and 48 h in the presence of TNF-α. Cell viability was determined using an MTT assay. Data are presented as mean± SD of three independent
experiments performed in triplicate. **** p≤ 0.0001 versus untreated. ns: not significant.
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Figure 3. Predictive analysis of NF-κB target genes modulated by CAPE. (A) A network of molecular interactions is presented. Arrows of
different colours represent different edge types: binding (blue), activation (green), inhibition (red), catalysis (magenta), same activity (cyan), and
reaction (black). The lines indicate activation, inhibition, or unspecified effects. (B) Predictive analysis of top 10 genes transcribed by ReIA. Arrows
show the directionality of interaction based on databases and text mining. Double-headed arrows show that ReIA and target genes interact with each
other.

Figure 4. CAPE inhibits TNF-α and DOX-induced expression of pro-inflammatory cytokines. MDA-MB-231 and MDA-MB-468 cells were
treated with CAPE (15.5 µM and 11.0 µM respectively) or DOX (0.80 µM) for 48 h in the absence or presence of TNF-α (10 ng/mL). The mRNA
levels of (A) IL-1B, (B) IL-6, (C) IL-8, and (D) TNF-α were determined by RT-qPCR. Data are presented as mean± SD of three independent
experiments performed in triplicate. * p≤ 0.05, ** p≤ 0.01, *** p≤ 0.001, **** p≤ 0.0001 versus untreated. ## p≤ 0.01, ### p≤ 0.001, #### p
≤ 0.0001 versus TNF-α. ••• p≤ 0.001, •••• p≤ 0.0001 versus DOX. CAPE: caffeic acid phenethyl ester; Dox: doxorubicin; ns: not significant.
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pro-inflammatory molecules such as IL-6 and IL-8 promote
EMT via NF-κB-mediated upregulation of cell migration
markers such as vimentin and cell adhesion molecules such as
VCAM1. The overexpression of vimentin and VCAM1 in
cancer correlates with accelerated tumour growth, invasion,
and poor prognosis.42,73 In this study, TNF-α triggered vimentin
expression in both TNBC cells, whereas VCAM1 expression
was upregulated in MDA-MB-468 but not MDA-MB-231
cells. This observation supports the finding that vimentin and
VCAM1 are expressed in response to TNF-α.6 DOX also
induced vimentin and VCAM 1 expression in MDA-MB-468
and MDA-MB-231 cells. This is consistent with reports that
DOX can induce EMT in breast cancer.46 Notably, CAPE sup-
pressed the basal expression of vimentin and VCAM1 in TNF–
α-stimulated and DOX-treated cells, indicating that CAPE
inhibits EMT in TNBC cells via the downregulation of vimentin
and VCAM1.

Cell migration is a key factor for metastasis.74 In this study,
activating NF-κB signalling with TNF-α increased TNBC cell
migration, substantiating the evidence that NF-κB signalling
promotes breast cancer cell migration.42 Furthermore, CAPE
remarkably impeded cell migration under both unstimulated

and TNF-α-stimulated conditions. Therefore, these findings
indicate that CAPE is an effective inhibitor of cell migration,
supporting similar observations made in MCF-7 breast cancer
cells55 and SKOV-3 ovarian cancer cells.39 Furthermore, the
effect of CAPE on the expression of two cell invasion
markers, MMP2 and MMP9, was investigated. MMPs are
involved in the degradation of the extracellular matrix to aid
in the invasion and dissemination of cancer cells.75 This study
found that the TNF-α/NF-κB signalling axis does not contrib-
ute to cancer cell invasion via the MMPs studied. This was
reflected by the inability of TNF-α to affect MMP2 and
MMP9 expression in both cell types. Furthermore, DOX upre-
gulated MMP2 and MMP9 expression in the TNBC cells, indi-
cating that DOX may contribute to TNBC cell invasion. Several
studies on cardiomyocytes76–78 confirm our findings. In addi-
tion, CAPE inhibited the basal and DOX-induced expression
of these invasive markers, demonstrating that CAPE can
inhibit TNBC invasion. Activation of TNFR leads to the inter-
action of the E3 ubiquitin ligases with protein kinases, which
subsequently leads to phosphorylation of activation of IKKβ
that in turn induces the phosphorylation and degradation of
IκBα, allowing NF-κB dimers, ReLA(P65) and P50, to

Figure 5. CAPE represses epithelial-mesenchymal transition (EMT) and cell invasion markers in TNBC. MDA-MB-231 and MDA-MB-468 cells
were treated with CAPE (15.5 µM and 11.0 µM, respectively) or DOX (0.80 µM) for 48 h in the absence or presence of TNF-α (10 ng/mL). The
mRNA levels of (A) vimentin, (B) VCAM1, (C) MMP2 and (D) MMP9 were determined by RT-qPCR. Data are presented as mean± SD of three
independent experiments performed in triplicate. * p≤ 0.05, ** p≤ 0.01, **** p≤ 0.0001.
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translocate to the nucleus and drive the transcription of the
target gene.79 Although studies have shown that CAPE pre-
vents NF-kB p65 translocation and activation in cancer
cells,80 this study represents the first study to detail the effect
of CAPE on NF-kB target pro-inflammatory cytokines and
metastatic markers in TNBC. CAPE disrupts the TNFR1/
NF-κB signalling axis by inhibiting the ReLA subunit of
NF-kB dimers. In TNBC cells, the disruption of the
TNFR1/NF-κB signalling axis by CAPE leads to a significant
decrease in the expression of pro-inflammatory cytokines and
metastatic markers. This reduction in cytokine levels can atten-
uate inflammation, decrease cell proliferation, and inhibit met-
astatic potential, thereby contributing to the suppression of
tumour progression and enhancing the overall anticancer
effects of CAPE.

Caffeic acid phenethyl ester (CAPE) shows promise as a
complementary treatment for triple-negative breast cancer

(TNBC) due to its inhibition of inflammation and metastasis
markers via the NF-κB signaling pathway. Clinically, CAPE
could be used alongside chemotherapeutics like doxorubicin
(DOX) to mitigate inflammation-related side effects, including
DOX-induced cardiotoxicity, potentially enhancing treatment
tolerance. CAPE’s inhibition of NF-κB, a pathway linked to
chemotherapy resistance, suggests it could boost the efficacy
of existing treatments and combat drug resistance.
Additionally, its suppression of metastatic markers such as
MMP2, MMP9, vimentin, and VCAM1 indicates potential in
reducing TNBC metastasis, recurrence, and improving long-
term prognosis. Future research should validate its effectiveness
and safety in humans through in vivo studies, and explore per-
sonalized regimens for TNBC subtypes. Investigating CAPE’s
integration with other therapies, including immunotherapies
and natural compounds, as well as its applicability to other
inflammation-driven cancers, is warranted. CAPE’s anti-

Figure 6. CAPE suppresses the migration of TNBC cells. A. MDA-MB-231 and B. MDA-MB-468 cells were treated with CAPE (15.5 µM and
11.0 µM, respectively) for 72 h in the absence or presence of TNF-α (10 ng/mL). The wound area at each time point is expressed as a percentage of
0 h. Original magnification ×100. Data are presented as mean± SD of three independent experiments performed in triplicate. ** p≤ 0.01, *** p≤
0.001, **** p≤ 0.0001 versus untreated. # p≤ 0.05, ## p≤ 0.01, ### p≤ 0.001, #### p≤ 0.0001 versus TNF-α. CAPE: caffeic acid phenethyl
ester; ns: not significant.
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inflammatory properties make it a promising therapeutic agent
for TNBC and potentially other malignancies.

This study highlights the potential of CAPE in suppressing
the inflammation and metastasis markers involved in TNBC,
focusing on TNF-α and DOX-induced NF-κB signalling.
Our findings indicated that CAPE is a promising complemen-
tary medicine to TNBC due to its potential as an anti-
inflammation and anti-metastastic agent. CAPE could clinically
be administered as a complement medication to drugs such as
doxorubicin, cisplatin, paclitaxel, and fluorouracil in reducing
chemotherapy-induced inflammation and inflammation-related
organ toxicity induced by these drugs. Inhibition of NF-κB tar-
geted genes by CAPE suggests that it may be used in enhancing
the efficacy of existing treatments since the NF-κB pathway is
associated with proliferation and chemoresistance. CAPE’s
ability to inhibit metastatic markers such as MMP2, MMP9,
Vimentin, and VCAM1 implies that CAPE is a drug that may
decrease TNBC metastasis and recurrence. Future studies on
the effect of CAPE on metastatic prostate cancer, lung
cancer, colorectal cancer, and gastric cancer could thus be
helpful. There is, therefore, the need for further research that
will focus on the validation of CAPE in vivo effectiveness
and toxicity. Also, considering that within the two subtypes of

TNBC, there is variability, the effectiveness of CAPE across
these two TNBC cells thus means has the potential be use
across a wide range of cancer, hence future research into
other subtypes of breast cancers will give insight into such
range of cancers that can be targeted for treatment using
CAPE. With further research, personalised treatment regimens
incorporating CAPE could be developed based on specific
patient profiles and tumour characteristics.

In conclusion, this study demonstrates that CAPE mitigates
TNF-α and DOX-induced activation of NF-κB signalling and
suppresses TNBC cell proliferation, release of pro-inflammatory
cytokines, and metastatic processes (Figure 7). Although the
findings of this study are relevant to breast cancer research, we
used only two TNBC cell lines. Thus, our findings might not
be generalised for all TNBC subtypes. Also, the protein levels
of the examined genes were not assessed. Therefore, it cannot
be established with certainty whether the effect of CAPE at
the transcript level affect protein abundance. However, the
ability of CAPE to inhibit the growth and migration of both
cell lines, that is, mesenchymal-like (MDA-MB-231) and basal-
like (MDA-MB-468), is a favourable outcome as it indicates
that despite the subtypes of TNBC, CAPE may be an effective
therapeutic option.

Figure 7. The proposed mechanism through which CAPE inhibits TNBC progression via NF-κB signalling. TNF-α triggers a series of
intracellular events that culminate in the upregulation of NF-κB target genes. CAPE downregulates the NF-κB genes in TNBC cells, inhibiting
proliferation, releasing pro-inflammatory cytokines, and suppressing metastatic processes. The figure was created in BioRender. Fosu, K. (2024)
(www.biorender.com).
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