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Abstract
Background  Chronic inflammation contributes to breast cancer development through the phospholipase A₂ (PLA₂)–cyclo-
oxygenase-2 (COX-2)–nuclear factor κB (NF-κB) cascade, which regulates prostaglandin synthesis, oxidative stress, and 
transcription of pro-inflammatory and anti-apoptotic genes. This pathway is particularly active in HER2-positive breast can-
cer, promoting proliferation, invasion, and resistance to apoptosis. Non-steroidal anti-inflammatory drugs such as ibuprofen 
and nimesulide target COX enzymes and have shown potential in suppressing inflammation-driven tumorigenesis. In this 
study, we evaluated the anticancer and anti-inflammatory activity of newly synthesized, structurally modified ibuprofen and 
nimesulide derivatives designed to modulate PLA₂–COX-2–NF-κB axis.
Methods and Results  Cytotoxicity was assessed in HER2-positive breast cancer cells (AU565 and SKBR3) and compared 
with normal dermal fibroblasts (HDF) and breast epithelial cells (MCF-12A), using WST-1 assays. Apoptosis, cell cycle 
distribution, caspase-3/7 activation, and ROS generation were analyzed by imaging-based assays, flow cytometry, and fluo-
rescence methods. Gene expression of PLA2G2A and PTGS2 was quantified by qRT-PCR, and NF-κB translocation was 
analyzed by immunocytochemistry. Two ibuprofen triazole derivative (D1) and ibuprofen thioether derivative (D7) and one 
nimesulide derivative (D8) significantly reduced cell viability in a dose-dependent manner without affecting normal cells. 
These derivatives induced G₀/G₁ arrest, caspase-3/7 activation, ROS reduction, and increased late apoptosis. Downregula-
tion of PLA2G2A and PTGS2 expression and inhibition of NF-κB translocation confirmed disruption of the PLA₂–COX-2–
NF-κB cascade.
Conclusion  These findings demonstrate that structurally optimized ibuprofen and nimesulide derivatives exert dual anti-
inflammatory and anticancer effects in HER2-positive breast cancer by suppressing PLA₂–COX-2–NF-κB pathway and 
promoting apoptotic cell death.
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IgG	� Immunoglobulin G
IKK	 �IκB kinase
NF-κB	 �Nuclear factor kappa B
NSAID(s)	 �Non-steroidal anti-inflammatory drug(s)
PGE2	� Prostaglandin E2
PI3K	� Phosphatidylinositol 3-kinase
PLA2G2A	 �Phospholipase A2 group IIA
PTGS2	� Prostaglandin-endoperoxide synthase 2 

(cyclooxygenase-2)
qRT-PCR	� Quantitative reverse transcription poly-

merase chain reaction
RNS	� Reactive nitrogen species
RNA	� Ribonucleic acid
ROS	� Reactive oxygen species
WST-1	 �Water-soluble tetrazolium-1
XIAP	� X-linked inhibitor of apoptosis protein

Introduction

Breast cancer is the most frequently diagnosed cancer among 
women worldwide, with an estimated 2.3 million new cases 
and 670,000 deaths in 2022. Global incidence and mortality 
are projected to rise substantially by 2050, underscoring the 
need for more effective therapeutic strategies [1, 2]. Breast 
tumors are classified into basal-like, luminal A, luminal B, 
HER2-enriched and normal breast-like subtypes based on 
gene-expression profiles, providing prognostic and thera-
peutic guidance [3]. HER2-overexpressing breast cancers 
account for 15–30% of cases and remain clinically chal-
lenging due to tumor progression, relapse, metastasis, and 
therapy resistance [4].

Chronic inflammation is recognized as a driver of breast 
cancer development and treatment resistance [5]. A central 
inflammatory network involving phospholipase A₂ (PLA₂), 
cyclooxygenase-2 (COX-2), NF-κB, and reactive oxy-
gen species (ROS) promotes tumor growth, angiogenesis, 
immune evasion and metastasis. PLA₂ releases arachidonic 
acid for COX-2–dependent prostaglandin E₂ (PGE₂) pro-
duction, which enhances proliferation, survival and immu-
nosuppression [6–8]. PGE₂ further amplifies NF-κB activity, 
establishing a positive feedback loop that sustains inflam-
matory signaling [9]. ROS additionally activate NF-κB and 
increase PLA₂ activity, reinforcing COX-2–mediated pros-
taglandin synthesis [10, 11]. In HER2-positive tumors, this 
inflammatory signaling may be particularly pronounced. 
Constitutive HER2 activation stimulates the RAS/MAPK 
and PI3K/Akt pathways [12], promoting PTGS2 (COX-2) 
transcription and persistent NF-κB activation [13, 14]. These 
mechanisms link HER2 signaling to activation of the PLA₂–
COX-2–NF-κB axis and support targeting of this pathway 
in HER2-positive breast cancer. Consequently, COX-2 has 

emerged as a potential therapeutic target, generating interest 
in non-steroidal anti-inflammatory drugs (NSAIDs) such as 
ibuprofen and nimesulide. Ibuprofen suppresses prostaglan-
din synthesis and can inhibit proliferation, induce cell-cycle 
arrest, activate mitochondrial apoptosis and reduce ROS 
accumulation by modulating the PLA₂–COX-2–NF-κB–
ROS axis [15]. Nimesulide, a selective COX-2 inhibitor, 
regulates Bcl-2 family proteins, activates caspases and 
decreases mitochondrial membrane potential, while several 
derivatives show improved anticancer potency [16, 17]. 
However, the clinical use of parent NSAIDs is limited by 
the high doses required to achieve antineoplastic effects. 
Structural optimization therefore aims to enhance potency 
and reduce tumor viability at lower concentrations [17, 
18]. In this study, novel ibuprofen and nimesulide deriva-
tives previously synthesized and structurally characterized 
[19–21], were evaluated in AU565 and SKBR3 HER2-
positive breast cancer cell lines. Their anticancer and anti-
inflammatory activities were assessed through cytotoxicity, 
apoptosis, ROS and gene-expression analyses to determine 
their effects on the PLA₂–COX-2–NF-κB–ROS signaling 
cascade.

Materials and methods

Chemistry

All chemicals and solvents used in the syntheses were 
obtained from commercial sources. The synthesis of the 
derivatives was performed as described previously [19]. 
Purification was carried out by silica gel column chroma-
tography (0.063–0.200 mm), and reactions were monitored 
by thin-layer chromatography (TLC) under 254 nm UV 
light. Melting points were measured using a Stuart SMP20 
Apparatus. 1H NMR and 13C NMR spectra were recorded 
at 600 and 150 MHz, in DMSO-d₆ with Me4Si as the inter-
nal standard. FT-IR spectra were acquired on a PerkinElmer 
Spectrum BX spectrometer.

Cell viability and cell cycle assay

AU565 (CRL-2351, ATCC), SKBR3 (HTB-30, ATCC), 
HDF (CS-201-012, ATCC) and MCF-12A (CRL-3598, 
ATCC) cells were cultured in RPMI-1640 as described 
previously [22]. Assay timepoints were selected based on 
the sequential kinetics of apoptosis: early molecular events 
(PLA2G2A, PTGS2 expression and ROS generation) were 
evaluated at 24 h, intermediate signaling events including 
cell cycle arrest and caspase-3/7 activation between 24 and 
48 h, and terminal outcomes such as late apoptosis and max-
imal cytotoxicity at 72 h.
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For viability assays, cells were seeded at 5,000 cells/well 
and treated with ibuprofen and nimesulide derivatives for 
72 h, followed by WST-1 analysis as described previously 
[22]. For cell-cycle analysis, cells were seeded at a density 
of 15,000 cells/well in 96-well plates and treated with the 
IC₅₀ concentrations of each derivative for 24 h. Cells were 
fixed with 4% paraformaldehyde, permeabilized with Triton 
X-100, incubated with RNase A, and stained with propidium 
iodide (PI). Samples were analyzed using the Cytell™ Cell 
Imaging System (GE Healthcare, UK), with 10,000 cells 
quantified per sample using the integrated analysis software.

Annexin V assay

Apoptosis in AU565 and SKBR3 cells was assessed using 
the Muse® Annexin V & Dead Cell Kit following the 
manufacturer’s protocol. Cells (3 × 10⁵/well) were seeded 
in 6-well plates and treated with ibuprofen or nimesulide 
derivatives or vehicle control (DMSO, 1:1000) for 72 h at 
toxic concentrations determined by WST-1. Both adherent 
and floating cells were collected and stained with Annexin 
V reagent for 20 min at room temperature. Samples were 
analyzed using a Guava® Muse® Cell Analyzer (10,000 
events/sample). Apoptotic nuclear morphology was addi-
tionally evaluated by Hoechst 33342 staining (Supplemen-
tary Fig. 1).

Caspase-3/7 activity assay

Caspase-3/7 activity was measured using the Caspase-3/7 
Activity Assay Kit (Elabscience, USA). AU565 and SKBR3 
cells were seeded at 1 × 10⁶ cells/well in 6-well plates and 
treated with ibuprofen or nimesulide derivatives or vehi-
cle control for 24 and 48 h (AU565) or 24, 36, and 48 h 
(SKBR3). Both adherent and detached cells were collected, 
lysed in ice-cold buffer (70 µL/10⁶ cells), and centrifuged at 
11,000×g for 15 min at 4 °C. Protein concentrations were 
determined by Bradford assay. Lysates were incubated with 
2×reaction buffer containing Ac-DEVD-pNA substrate for 
2 h at 37 °C, and absorbance was measured at 405 nm using 
a SpectraMax Paradigm microplate reader.

Determination of gene expression level and 
immunocytochemistry

AU565 and SKBR3 cells (3 × 10⁵ cells/well) were treated 
for 24 h with IC₅₀ concentrations of the derivatives or vehi-
cle and were analyzed for PLA2G2A and PTGS2 (COX-2) 
mRNA expression by qRT-PCR using a StepOnePlus™ 
Real-Time PCR System, as described [23]. PTGS2 prim-
ers were forward 5′-​G​A​A​T​G​G​G​G​T​G​A​T​G​A​G​C​A​G​T​T-3′ 
and reverse 5′-​C​A​G​A​A​G​G​G​C​A​G​G​A​T​A​C​A​G​C-3′ with 18 

S rRNA as the reference gene. Cells seeded at 2 × 10⁴cells/
well in 8-well chamber slides were treated for 24 h with IC₅₀ 
concentrations of the derivatives or vehicle, and evaluated 
for NF-κB (p65) nuclear translocation using a p65 antibody 
(Santa Cruz, USA) as described [23]. Confocal images were 
acquired using a ZEISS LSM 900 microscope, and nuclear 
NF-κB fluorescence intensity was quantified per cell using 
ImageJ/Fiji software.

ROS assay

Intracellular ROS levels were measured using the DCFDA/
H₂DCFDA Cellular ROS Assay Kit (Abcam, UK). Cells 
were seeded at 25,000 cells/well in 96-well plates and 
treated for 24 h with IC₅₀ concentrations. After incubation 
with 20 µM DCFDA for 45 min at 37 °C, cells were washed 
with PBS, and fluorescence was measured at 485/535 nm 
as before. Live-cell imaging was performed using a ZEISS 
Axioscope 5 fluorescence microscope with a FITC filter.

Statistical analysis

Data are presented as mean ± SD from at least three inde-
pendent experiments. Parametric group comparisons were 
performed using one-way or two-way ANOVA with Tukey 
post hoc tests. Statistical analyses were conducted in Graph-
Pad Prism 10 (GraphPad Software, USA). Differences were 
considered statistically significant at P ≤ 0.05 (*), P ≤ 0.01 
(**), P ≤ 0.001 (***), and P ≤ 0.0001 (****).

Results

Cytotoxic evaluation of ibuprofen and nimesulide 
derivatives in HER2-positive breast cancer cells

Ibuprofen triazole (Derivatives; D1-6), ibuprofen thioether 
(D7) and nimesulide derivative (D8) were received as dry 
powders from TÜBİTAK-MAM and dissolved in DMSO 
to determine their solubility limits [19–21]. Since DMSO 
concentrations above 0.1% are toxic to mammalian cells, 
each derivative was tested at its highest soluble concentra-
tion within this limit. The effects on cell viability were first 
evaluated in AU565 breast cancer cell line using the WST-1 
assay (Fig. 1a). Based on the initial screening, deriva-
tives maintaining cell viability above the critical threshold 
(cell number exceeded the initial seeding density of 5000 
cells) were excluded from further analysis. The remaining 
derivatives were tested on HDF cells to evaluate potential 
toxicity on normal cells (Fig. 1b). Derivatives that signifi-
cantly reduced HDF viability were excluded. None of the 
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derivatives (Table  1). The maximum selective concentra-
tions were 70.4 µM for D1, 18.9 µM for D7, and 86 µM 
for D8. After 72  h-treatment, IC₅₀ values in AU565 cells 
were, 46.4 µM (D1), 10.5 µM (D7) and 8 µM (D8), while 
in SKBR3 cells, they were 51.6 µM, 13.5 µM, and 26 µM, 
respectively.

Selectivity index (SI) values were calculated as the ratio 
of the IC₅₀ in MCF-12A cells to that in cancer cells [24]. 
For AU565 cells, the SI values were 1.41 (D1), 4.29 (D7), 
and 9.06 (D8), while for SKBR3 cells, the respective values 
were 1.27, 3.32, and 2.80. These findings indicate prefer-
ential cytotoxicity of the derivatives toward HER2-positive 
breast cancer cells.

remaining derivatives except D4 and D6 showed cytotoxic-
ity in HDF cells, although D1 and D8 induced a cytostatic 
effect.

The selected derivatives were subsequently evaluated in 
SKBR3 cells, another HER2-positive breast cancer model, 
under the same experimental conditions (Fig. 1c). Among 
the tested derivatives, D1, D3, D5, D7 and D8 demonstrated 
marked cytotoxicity, whereas D2 exhibited limited activ-
ity. Therefore, all selected derivatives except D2 were fur-
ther evaluated in the non-tumorigenic mammary epithelial 
MCF-12A cell line to assess cancer selectivity.

The final selection was based on cytotoxic profiles in 
MCF-12A cells (Fig. 1d). Through this screening approach, 
D1, D7 and D8 were identified as the most selective 

Table 1  Comparative cytotoxicity and selectivity profiles of ibuprofen and nimesulide derivatives in breast cancer and normal cell lines
Derivative Chemical Class IC50 (µM) Selectivity Index Cytotoxic/Cytostatic Effect

AU565 SKBR3 MCF12A AU565 SKBR3 AU565 SKBR3
D1 Ibuprofen 46.4 51.6 65.3 1.41 1.27 Moderate Cytotoxic Moderate Cytotoxic
D7 Ibuprofen 10.5 13.5 45 4.29 3.32 Strong Cytotoxic Strong Cytotoxic
D8 Nimesulide 8 26 72.7 9.06 2.80 Strong Cytotoxic Strong Cytotoxic

Fig. 1  Viability of HER2-positive breast cancer and normal cell lines 
following treatment with ibuprofen and nimesulide derivatives. Cell 
viability was assessed by WST-1 assay after 72 h of treatment with 
selected ibuprofen and nimesulide derivatives in HER2-positive 
AU565 and SKBR3 breast cancer cells and normal HDF and MCF-

12 A cells. (a) AU565 breast cancer cells. (b) HDF fibroblast cells. (c) 
SKBR3 breast cancer cells. (d) MCF-12 A mammary epithelial cells. 
Data are presented as mean ± SD from three independent experiments 
(****P ≤ 0.0001 vs. control)
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minimal apoptotic or necrotic populations. In AU565 cells, 
treatment with D1 and D7 induced late apoptosis 49.2 ± 3.5% 
and 52 ± 3.2% of cells, respectively, with necrosis levels of 
18.5 ± 2% and 35 ± 1%. D8 produced a pronounced apop-
totic response, with 93.7 ± 3% late-apoptotic cells and only 
2.9 ± 0.9% necrosis (Fig.  3b). In SKBR3 cells, the late-
apoptotic fractions reached 57.3 ± 4.5% and 35.8 ± 1.7% 
after treatment with D1 and D7, with corresponding necro-
sis levels of 12.1 ± 3.4% and 36.2 ± 3.2%. Treatment with 
D8 resulted in a strong apoptotic phenotype, with 98 ± 0.8% 
late-apoptotic cells and only 0.8 ± 0.4% necrosis (Fig. 3c). 
Consistent with the Annexin V results, Hoechst 33342 stain-
ing showed apoptotic nuclear morphology in AU565 and 
SKBR3 cells treated with D1, D7, and D8, with chromatin 
condensation and nuclear fragmentation observed between 
24 and 72 h (Supplementary Fig. 1).

Caspase-3/7 measurement further supported apoptosis 
induction in a time- and derivative-dependent manner. In 
AU565 cells, caspase-3/7 activity increased 1.4- and 2.5-
fold after 24- and 48-hour treatment with D1, respectively. 
Corresponding increases were 1.9- and 4.4-fold for D7 and 
1.2- and 3.5-fold for D8 compared with vehicle controls 
(Fig. 3d). Similar trends were observed in SKBR3 cells, 
where caspase-3/7 activity increased after 24 h-treatment 
with D1 (1.6-fold), D7 (4.2-fold), and D8 (3.7-fold), fol-
lowed by moderate activity at 36 h (2.4, 1.9-, and 2.2-fold, 
respectively). At 48 h, caspase activity declined below con-
trol, consistent with late apoptotic regulation and proteolytic 
turnover of executioner caspases [25] (Fig. 3e).

Together, these findings demonstrate that selected deriva-
tives induce caspase-dependent apoptosis in HER2-positive 
breast cancer cells.

Ibuprofen derivatives induced G₀/G₁ phase arrest in 
both AU565 and SKBR3 cell lines

The effects of ibuprofen and nimesulide derivatives on cell-
cycle progression were examined in AU565 and SKBR3 
cells after 24-hour treatment. In AU565 control cells, 53.7% 
of the population was in the G₀/G₁ phase. Treatment with 
D1 and D7 increased this population to 63.6% and 58.9%, 
respectively. Correspondingly, the S-phase population 
decreased from 7.8% in control cells to 6.4% and 6.1% 
following D1 and D7 treatment. A reduction in the G₂/M 
population was also observed, indicating G₀/G₁ phase arrest 
(Fig. 2a).

In SKBR3 cells, the G₀/G₁ phase increased from 59.5% 
in controls to 67.1% and 69.2% after treatment with D1 and 
D7, respectively. The S-phase population decreased from 
7.9% to 4.2% and 4.8%, with a concurrent reduction in 
G₂/M cells (Fig. 2b). Treatment with D8 produced a mod-
est increase of the G₀/G₁ population and reduction in the 
S-phase cells, although these changes were not statistically 
significant (P > 0.05) (Fig. 2b).

Together, these results indicate that D1 and D7 promote 
G₀/G₁ arrest and suppress entry into S phase in HER2-posi-
tive breast cancer cells.

Annexin V and caspase-3/7 analyses reveal 
apoptosis induction in HER2-positive breast cancer 
cells

The proapoptotic effects of ibuprofen and nimesulide deriv-
atives were examined in AU565 and SKBR3 cells using 
Annexin V–FITC/7-AAD staining and caspase-3/7 activity 
assays (Fig. 3a). Control and vehicle-treated cells showed 

Fig. 2  Effects of ibuprofen and nimesulide derivatives on cell cycle 
distribution in AU565 and SKBR3 cells. (a) AU565 and (b) SKBR3 
cells were treated with D1, D7, or D8 for 24 h, and cell cycle phase 

distributions were determined by Cytell Cell Imaging System (GE 
Healthcare, UK). Data are presented as mean ± SD from three indepen-
dent experiments (*P ≤ 0.05, ***P ≤ 0.001, ****P ≤ 0.0001 vs. control)
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intensity clearly showed a substantial decline in the nuclear 
localization of NF-κB. The control group demonstrated a 
mean fluorescence value of 0.78, while treatments with 
D1, D7, and D8 reduced the nuclear intensity to 0.53, 0.45, 
and 0.52, respectively; thus, there was less accumulation 
of NF-κB in the nucleus (Fig. 5b). A comparable trend was 
observed in SKBR3 cells, where the mean nuclear fluores-
cence intensity diminished from 0.83 in control samples to 
0.62, 0.55, and 0.53 following treatment with D1, D7, and 
D8, respectively (Fig. 5c). These results show that ibupro-
fen and nimesulide derivatives effectively prevent NF-κB 
nuclear translocation in HER2-positive breast cancer cells.

NSAID derivatives reduced intracellular ROS 
accumulation

Given that NSAIDs/NSAID-derivatives can modulate 
redox homeostasis and suppress NF-κB/COX-2 signaling 
in breast-cancer models [27], we next investigated whether 
ibuprofen and nimesulide derivatives attenuate intracellu-
lar ROS in HER2-positive breast cancer cells. Intracellu-
lar ROS levels were evaluated by fluorescence microscopy 
and fluorometric quantification to determine the modulatory 
effects of ibuprofen and nimesulide derivatives on oxidative 
stress in HER2-positive breast cancer cells. Specifically, 
AU565 and SKBR3 cells treated with D1, D7, and D8 using 
DCFDA-based probe. Fluorescence microscopy images 
revealed markedly weaker DCF fluorescence in all deriv-
ative-treated groups compared with vehicle controls (Fig. 
6a). AU565 cells exhibited a 0.7 ± 0.04-, 0.7 ± 0.01-, and 0.8 
± 0.03-fold decrease in ROS levels following treatment with 
D1, D7, and D8, respectively, compared with control cells 
(Fig. 6b). Likewise, SKBR3 cells showed a respective 0.8 ± 
0.04-, 0.6 ± 0.01-, and 0.7 ± 0.04-fold decrease in ROS lev-
els in response to D1, D7, and D8 (Fig. 6b). These findings 
suggest that ROS production was suppressed effectively 
by ibuprofen and nimesulide derivatives in HER2-positive 
breast cancer cells.

Discussion

Despite progress in surgery, hormone therapy, radiotherapy, 
and chemotherapy, breast cancer continues to remain a sig-
nificant health risk for women globally. The ongoing issues 
of tumor relapse, metastasis, and resistance to treatment 
highlight the necessity for innovative therapeutic strategies 
[28].

Chronic inflammation is increasingly recognized as a 
crucial aspect of breast carcinogenesis. It supports a micro-
environment allows such parallel pathways of proliferation, 
angiogenesis, metastasis, and immune evasion [29]. At the 

Expression of inflammatory mediators PLA2G2A 
and PTGS2 was downregulated by ibuprofen and 
nimesulide derivatives

Given that COX-2-derived eicosanoids such as PGE₂ sus-
tain pro-survival signaling in breast cancer cells [26], we 
next examined whether the apoptotic effects of D1, D7, 
and D8 were linked to suppression of the arachidonic acid 
metabolic pathway. To this end, mRNA expression levels of 
PLA2G2A (phospholipase A₂ group IIA) and PTGS2 (pros-
taglandin-endoperoxide synthase 2, COX-2) were quantified 
in AU565 and SKBR3 cells treated with these derivatives 
using qRT-PCR. In AU565 cells, PLA2G2A mRNA levels 
were significantly downregulated to 0.7 ± 0.03, 0.4 ± 0.04, 
and 0.8 ± 0.03 following treatment with D1, D7, and D8, 
respectively. Correspondingly, PTGS2 expression decreased 
to 0.7 ± 0.02, 0.4 ± 0.02, and 0.3 ± 0.08 after the same treat-
ments (Fig. 4a). In SKBR3 cells, PLA2G2A transcripts were 
reduced to 0.6 ± 0.04, 0.5 ± 0.04, and 0.8 ± 0.04, while 
PTGS2 expression levels were 0.7 ± 0.03, 0.4 ± 0.04, and 
0.4 ± 0.05 for D1, D7, and D8, respectively (Fig. 4b). These 
results validate that ibuprofen and nimesulide derivatives 
repressed the proinflammatory PLA2G2A and PTGS2 gene 
expression in AU565 and SKBR3 breast cancer cell lines.

NF-κB nuclear translocation was suppressed 
following drug treatment

Given that NF-κB is a key transcriptional regulator of 
PLA2G2A and PTGS2, we next examined whether the 
observed suppression of this pathway was accompanied 
by altered NF-κB activity. The subcellular localization of 
NF-κB was therefore analyzed in HER2-positive breast 
cancer cells by immunocytochemistry followed by confo-
cal microscopy (Fig. 5a), enabling quantitative assessment 
of NF-κB nuclear translocation at the single-cell level. The 
nuclear fraction of NF-κB fluorescence intensity was mea-
sured for each cell, and the data were visualized as violin 
plots to illustrate cell-to-cell variability and treatment-depen-
dent effects. In AU565 cells, quantitative mean fluorescence 

Fig. 3  Induction of apoptosis and caspase-3/7 activation by ibupro-
fen and nimesulide derivatives in HER2-positive breast cancer cells. 
Apoptosis was evaluated in AU565 and SKBR3 cells following 72 h 
of treatment with D1, D7, or D8. Annexin V–FITC/7-AAD staining 
was used to quantify apoptotic cell populations by Guava® Muse® Cell 
Analyzer (Merck, Germany). (a) Representative dot plots showing the 
apoptotic profiles of control, vehicle control and drug-treated AU565 
and SKBR3 cells. Distribution of viable, early-apoptotic, late-apop-
totic, and necrotic cell fractions in AU565 (b) and SKBR3 (c) cells. 
Caspase-3/7 activity was measured by colorimetric assay in AU565 
(d) cells at 24 and 48 h, and in SKBR3 (e) cells at 24, 36, and 48 h. 
Results are expressed as fold-change relative to vehicle-treated con-
trols. Data are presented as mean ± SD from three independent experi-
ments (**P ≤ 0.01, ****P ≤ 0.0001 vs. control)
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Fig. 5  Inhibition of NF-κB nuclear translocation by ibuprofen and 
nimesulide derivatives in HER2-positive breast cancer cells. Immuno-
cytochemical analysis of NF-κB localization was performed in AU565 
and SKBR3 cells after 24 h treatment with D1, D7, and D8. (a) Repre-
sentative confocal fluorescence images showing NF-κB (green, FITC 

channel) and nuclear counterstaining with PI (red, CY3 channel). Vio-
lin plots showing the nuclear fraction of NF-κB fluorescence intensity 
in AU565 (b) and SKBR3 (c) cells, quantified on a single-cell basis 
(n ≥ 100 cells per condition, pooled from three independent experi-
ments). Scale bar = 20 μm

 

Fig. 4  Relative mRNA expression of PLA2G2A and PTGS2 in HER2-
positive breast cancer cells following treatment with ibuprofen and 
nimesulide derivatives. Quantitative real-time PCR (qRT-PCR) analy-
sis was performed on AU565 and SKBR3 cells after 24 h exposure to 
D1, D7, and D8. (a) PLA2G2A expression and (b) PTGS2 expression 

were determined relative to vehicle-treated controls. Gene expres-
sion values were normalized to 18sRNA housekeeping gene. Data 
are presented as mean ± SD from three independent experiments 
(****P ≤ 0.0001 vs. control)
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improve their antiproliferative and pro-apoptotic activities 
in cancer cells.

Several studies have shown that ibuprofen, nimesulide, 
and their analogues can reduce proliferation by inducing 
cell cycle arrest and can also trigger apoptosis in breast 
cancer cell models [27, 32–34]. These findings suggest 
structural modifications of NSAIDs may enhance their anti-
cancer efficacy by strengthening their ability to arrest the 
cell cycle and subsequently induce apoptosis, while further 
suppressing proliferative signaling through modulation of 
inflammatory and survival pathways. Consistent with this 
hypothesis, treatment of HER2-positive breast cancer cell 
lines (AU565 and SKBR3) with the ibuprofen and nime-
sulide derivatives (D1, D7, and D8) resulted in a marked 
reduction in cell viability. While ibuprofen typically shows 
weak cytotoxicity—requiring millimolar concentrations to 
reach IC₅₀ values (e.g., ~ 5.1 mM in MCF-7 and ~ 1.7 mM 
in MDA-MB-231 cells) [18] and phospho-ibuprofen deriva-
tives still range between 80 and 200 µM (e.g., ~ 198 µM in 
AU565 cells) [27], our ibuprofen derivatives displayed sub-
stantially lower IC₅₀ values, ranging from 10.5 to 51.6 µM 
in AU565 and SKBR3 cells. Nimesulide similarly exhibits 
only moderate potency, with IC₅₀ values of approximately 
100–150 µM in breast cancer cells [17], whereas its deriva-
tive D8 shows markedly improved cytotoxicity, with IC₅₀ 
values ranging from 8 µM to 26 µM for AU565 and SKBR3 

core of this mechanism lies the PLA₂–COX-2–NF-κB axis, 
which coordinates arachidonic acid metabolism and eico-
sanoid biosynthesis with the transcriptional regulation of 
pro-inflammatory cytokines and redox-sensitive pathways 
govern ROS production [8, 26]. Within this pathway, PLA₂ 
enzymes catalyze the hydrolysis of membrane phospholipids 
to release arachidonic acid, which is subsequently converted 
by COX-2 into prostaglandins such as PGE₂ [6]. PGE₂, in 
turn, activates downstream signaling cascades involving 
the transcription factor NF-κB [30]. In this regard, NSAIDs 
have garnered significant interest due to their ability to 
inhibit COX enzymes and disrupt prostaglandin-mediated 
signaling. Consequently, NSAIDs have become a crucial 
therapeutic strategy in addressing inflammation-related 
oncogenic pathways.

Ibuprofen is a widely used non-selective COX inhibitor 
that suppresses prostaglandin synthesis through concurrent 
inhibition of COX-1 and COX-2, whereas nimesulide pref-
erentially inhibits COX-2 [31]. Both compounds are recog-
nized for their ability to disrupt the PLA₂–COX-2–NF-κB 
signaling cascade, which is a vital pathway connects inflam-
mation to the survival and proliferation of tumors. Based 
on this rationale, the derivatives synthesized in this study 
were designed to retain the anti-inflammatory properties of 
their parent compounds, while being further optimized to 

Fig. 6  Reduction of intracellular ROS generation by ibuprofen and 
nimesulide derivatives. (a) Representative fluorescence microscopy 
images for DCFDA-based detection of reactive oxygen species in 
AU565 and SKBR3 cells treated for 24 h with D1, D7, and D8. (b) 

Quantitative fluorometric evaluation of intracellular ROS expressed as 
fold change compared to control in AU565 and SKBR3 cells. Scale 
bar = 100 μm. Data are presented as mean ± SD from three independent 
experiments (****P ≤ 0.0001 vs. control)
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highlighting the enhanced potency conferred by chemical 
optimization.

Given that the parent compounds ibuprofen and nime-
sulide act on the arachidonic acid cascade at the level of 
cyclooxygenase enzymes, we next examined whether treat-
ment with the ibuprofen and nimesulide derivatives modu-
lates the expression of key enzymes in this pathway. To this 
end, PLA2G2A and PTGS2 mRNA levels were quantified 
in AU565 and SKBR3 cells. At the transcriptional level, all 
three derivatives significantly downregulated PLA2G2A and 
PTGS2 in both AU565 and SKBR3 cells. PLA2G2A encodes 
a phospholipase involved in arachidonic acid metabolism 
and acts as a tumor promoter in breast cancer [6]; its sup-
pression is therefore expected to limit substrate availability 
for eicosanoid synthesis. Across both AU565 and SKBR3 
cells, the derivatives produced an average 20–40% reduc-
tion in PLA2G2A expression and a 30–60% reduction in 
PTGS2 expression. Importantly, these inhibitory effects 
were achieved within the low-micromolar range for all 
three derivatives. Compared with our findings, modulation 
of COX-2 expression by parent ibuprofen and nimesulide 
generally requires substantially higher concentrations. For 
instance, an ibuprofen analogue at 80 µM markedly sup-
pressed COX-2 in MCF-7 cells [27], and the COX-2–selec-
tive derivative celecoxib produced dose-dependent PTGS2 
downregulation in MCF-7 and MDA-MB-231 cells, reach-
ing maximal suppression around 40 µM [40]. By con-
trast, several studies report that ibuprofen itself can induce 
COX-2 at high doses, including a 9-fold increase at 1.5 mM 
in PC3 cells and a 2–5-fold upregulation of PTGS2 at 1 mM 
in head-and-neck and colon cancer cells [41, 42]. Nimesu-
lide has also been shown to reduce expression of COX-2 
protein to ~ 50% of control, but only at 100 µM in PANC-1 
cells [37]. Collectively, these comparisons showed struc-
tural modification of ibuprofen and nimesulide shifts effec-
tive PLA2G2A/PTGS2 suppression into the low-micromolar 
range—markedly lower than concentrations reported for the 
parent compounds—thereby offering a more efficient means 
of inhibiting the arachidonic acid–prostaglandin axis in 
HER2-positive breast cancer cells.

To determine whether the transcriptional suppression 
of PLA2G2A and PTGS2 translated into functional inhibi-
tion of inflammatory signaling, we examined the subcel-
lular localization of NF-κB—a central transcription factor 
that regulates inflammatory cytokines, cell-cycle genes, and 
anti-apoptotic pathways in breast cancer and is reinforced 
through a COX-2–driven feed-forward loop [8, 43]. Immu-
nocytochemical analysis revealed a pronounced reduction 
in nuclear NF-κB signal in treated AU565 and SKBR3 cells, 
indicating cytoplasmic retention of the p65/p50 dimer and 
effective blockade of NF-κB activation. In our study, all 
three derivatives markedly reduced nuclear NF-κB levels in 

cells, respectively. These data suggest that structural refine-
ment confers a substantially enhanced cytotoxic effect.

Cell-cycle analysis demonstrated a prominent accumu-
lation of cells in the G₀/G₁ phase, indicating inhibition of 
S-phase entry and suppression of proliferative drive. Con-
sistent with our findings, previous studies have shown 
ibuprofen (1 mM in HTZ-349 glioma cells) and its phospho-
derivatives (20 µM in MCF-7 breast cancer cells) induce 
approximately 60% G₀/G₁ arrest by inhibiting the PI3K/Akt 
pathway and subsequently downregulating Cyclin D1 [27, 
33]. Similarly, nimesulide at 100 µM was reported to cause 
nearly 62% of G₀/G₁ arrest in AGS gastric cancer cells, while 
its analogues produced about 50% accumulation of G₀/G₁ in 
SKBR3 cells at only 5 µM [32, 34]. In our study, treatment 
of AU565 and SKBR3 cells with ibuprofen derivatives at 
their IC₅₀ concentrations produced a comparable or even 
higher degree of G₀/G₁ enrichment at much lower doses. In 
AU565 cells, D1 (46.4 µM) and D7 (10.5 µM) increased the 
G₀/G₁ fraction to 63.6% and 58.9%, respectively, while in 
SKBR3 cells D1 (51.6 µM) and D7 (13.5 µM) increased it 
to 67.1% and 69.2%. In contrast, D8—which showed lower 
IC₅₀ values (8 µM in AU565; 26 µM in SKBR3)—produced 
only modest G₀/G₁ shifts. Taken together, these compari-
sons suggest, relative to parent ibuprofen and nimesulide, 
the ibuprofen derivatives D1 and D7 achieve robust G₀/G₁ 
cell-cycle blockade at low-micromolar IC₅₀ values, whereas 
the nimesulide-based derivative D8 induces a more mod-
est G₀/G₁ arrest that is comparable to parent nimesulide but 
achieved at substantially lower IC₅₀ concentrations.

Annexin V–FITC/7-AAD staining revealed increased 
apoptosis, and caspase-3/7 assays showed time-dependent 
activation of executioner caspases in AU565 and SKBR3 
cells, confirming programmed cell death rather than necrotic 
cytolysis. Notably, treatment with D1 (70.4 µM), D7 (18.9 
µM), and D8 (86 µM) resulted in 70–98% Annexin V–
positive cells, demonstrating substantially higher apoptotic 
induction than their parent compounds. Parent ibuprofen 
at 750 µM induced only 28% apoptotic and dead cells in 
MCF-7 cells [35], whereas certain ibuprofen analogues at 
160 µM produced nearly 80% Annexin V–positive MCF-7 
cells [27]. In contrast, heterosubstituted-dexibuprofen con-
jugates at 150 µM failed to increase apoptotic fraction or 
caspase-3/7 activity in MDA-MB-468 cells [36], underscor-
ing the superior pro-apoptotic efficacy of our derivatives. 
A similar pattern is observed with nimesulide. While nime-
sulide at 400 µM induced approximately 60% apoptosis in 
PANC-1 and MCF-7 cells [37, 38], our nimesulide-based 
derivative D8 produced equal or greater apoptosis despite 
acting at an order of magnitude lower concentration. More-
over, 100 µM nimesulide did not elevate caspase-3 activ-
ity in pancreatic cancer cells [39], whereas D8 triggered 
robust caspase activation in breast cancer models, further 
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and redox-driven survival pathways while promoting apop-
tosis and cell-cycle arrest, these derivatives effectively shift 
HER2-positive breast cancer cells toward a low-inflamma-
tory, pro-apoptotic state. This coordinated mechanism sup-
ports their further exploration as mechanistically tailored 
therapeutic candidates for HER2-positive breast cancer.

Conclusion

The ibuprofen and nimesulide derivatives (D1, D7, and 
D8) demonstrated potent and selective anticancer activity 
in HER2-positive breast cancer cells while sparing normal 
mammary epithelial cells. These derivatives induced robust 
apoptosis and G₀/G₁ arrest and simultaneously suppressed 
PLA2G2A and PTGS2 expression, NF-κB nuclear transloca-
tion, and intracellular ROS levels. Together, these findings 
show the derivatives effectively disrupt the interconnected 
PLA₂–COX-2–NF-κB–ROS axis that sustains inflammatory 
and survival signaling in HER2-positive breast cancer. By 
integrating anti-inflammatory and cytotoxic mechanisms, 
these structurally optimized NSAID-based derivatives pro-
vide a mechanistic basis for further therapeutic develop-
ment. Future studies should evaluate these derivatives in 
preclinical models to assess pharmacokinetic properties and 
in vivo antitumor efficacy, as well as explore combination 
strategies with HER2-targeted therapies.
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HER2-positive cells, producing an overall 25–40% decrease 
and promoting cytoplasmic retention of the p65/p50 com-
plex. This shift effectively kept NF-κB in an inactive state 
at low-micromolar IC₅₀ concentrations, whereas compara-
ble NF-κB modulation by parent ibuprofen or nimesulide 
in other tumor models typically required far higher doses. 
Ibuprofen has been shown to inhibit NF-κB only at high 
concentrations, reducing p65 levels at 1 mM but not at 130 
µM [42, 44], while an ibuprofen analogue required 100 µM 
to suppress NF-κB activity in MCF-7 cells [27]. Likewise, 
nimesulide has been shown to inhibit NF-κB nuclear trans-
location and transcriptional activation, reducing the expres-
sion of NF-κB target proteins by approximately 20% at 50 
µM in SGC-7901 gastric cancer cells [45].

As oxidative stress is a known upstream activator of 
NF-κB signaling, intracellular ROS levels were also assessed 
to determine whether redox modulation contributed to the 
inhibition. Elevated ROS is typical of proliferating cancer 
cells and acts as both a damaging oxidant and a signaling 
intermediate capable of activating IKK and hence NF-κB, 
and maintaining COX-2 expression and prostanoid biosyn-
thesis [46]. In the present study, all three derivatives mark-
edly reduced intracellular ROS in AU565 and SKBR3 cells, 
resulting in an overall 20–60% decrease in ROS production. 
This contrasts with the pro-oxidant behavior reported for 
the parent NSAIDs: ibuprofen at 750 µM increases ROS in 
MCF-7 cells, and an ibuprofen analogue at 120 µM induces 
a four-fold rise in ROS in MCF-7 and SW480 cells [27, 35, 
47]. According to experimental models, there have been 
reports of nimesulide causing injury to mitochondria and 
hepatotoxicity as a result of inducing oxidative stress and 
generating superoxides in mitochondria [48, 49]. In contrast 
to these high-dose pro-oxidant effects, the derivatives in 
our study reduced ROS at concentrations close to their IC₅₀ 
values, indicating chemical derivatization shifts ibuprofen 
and nimesulide toward an antioxidant profile that supports 
suppression of the NF-κB/COX-2 axis in HER2-positive 
breast cancer cells. In addition to inhibition of the PLA₂–
COX-2–NF-κB axis, NSAIDs have also been reported to 
modulate stress-activated signaling pathways. In particular, 
ROS-dependent activation of the p38 MAPK pathway may 
contribute to cell cycle arrest and apoptosis, suggesting that 
p38-mediated stress signaling could represent an additional 
mechanism underlying the observed anticancer effects.

Taken together, our findings highlight the PLA₂–COX-2–
NF-κB–ROS axis as a critical molecular vulnerability in 
HER2-positive breast cancer. The ability of the ibuprofen 
and nimesulide derivatives to concurrently reduce arachi-
donic-acid signaling, suppress NF-κB activation, and lower 
intracellular ROS demonstrates structural optimization can 
convert classical NSAIDs into multi-target agents with 
enhanced anticancer potential. By dampening inflammatory 
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