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Abstract Öz
Objective: Pancreatic ductal adenocarcinoma (PDAC) is one of
the most aggressive cancers, characterised by a high mortality
rate and resistance to chemotherapeutics. Frequent mutations
in TP53, SMAD4, and CDKN2A drive metabolic reprogramming
and contribute to tumour progression and treatment resistance.
Hexokinase 2 (HK2), a key glycolytic enzyme, is commonly overex-
pressed in PDAC and represents a promising therapeutic target.
This study aimed to investigate the anticancer effects of 3-bro-
mopyruvic acid (3-BrPA) on metabolic pathways, oxidative stress,
and ferroptosis in BXPC-3 PDAC cells harbouring TP53, SMAD4, and
CDKN2A mutations.

Material and Methods: BXPC-3 cells were administered with vari-
ous concentrations of 3-BrPA, and cell viability was assessed using
the MTT assay to determine the IC₅₀. The morphological changes
were evaluated via light microscopy. HK2 expression and the enzy-
matic activities of GST, G6PD, 6-PGD, and GR were measured, along
with the glutathione redox status and intracellular iron levels.
CPT1C activity was additionally assessed to evaluate the metabolic
alterations associated with the fatty acid oxidation pathways.

Results: 3-BrPA administration significantly decreased cell viability
in a dose-dependent manner and downregulated HK2 expres-
sion. It inhibited glycolysis and the pentose phosphate pathway
enzymes, reduced the antioxidant capacity, and elevated oxidative
stress markers. These changes were associated with increased
intracellular iron levels and decreased GSH/GSSG ratios, indicat-

Amaç: Pankreatik duktal adenokarsinom (PDAC), yüksek mor-
talite oranı ve kemoterapötiklere karşı direnç ile karakterize
edilen en agresif kanser türlerinden biridir. TP53, SMAD4 ve
CDKN2A genlerindeki sık mutasyonlar, metabolik yeniden pro-
gramlamayı tetikleyerek tümör progresyonuna ve tedaviye karşı
direnç gelişimine katkıda bulunur. Glikolizin kilit enzimlerinden
biri olan Heksokinaz 2 (HK2), PDAC'da sıklıkla aşırı eksprese
edilir ve umut verici bir terapötik hedef olarak öne çıkar. Bu
çalışma, TP53, SMAD4 ve CDKN2A mutasyonlarını taşıyan BXPC-3
PDAC hücrelerinde 3-bromopürivik asidin (3-BrPA) metabolik yol-
lar, oksidatif stres ve ferroptozis üzerindeki antikanser etkilerini
araştırmayı amaçlamıştır.

Gereç ve Yöntemler: BXPC-3 hücreleri farklı konsantrasyonlarda
3-BrPA ile muamele edilmiştir. Hücre canlılığı, IC₅₀ değerinin be-
lirlenmesi amacıyla MTT testi ile değerlendirilmiştir. Morfolojik
değişiklikler ışık mikroskobu ile incelenmiştir. HK2 ekspresyonu
ile birlikte GST, G6PD, 6-PGD ve GR enzimlerinin aktiviteleri
ölçülmüş; glutatyon redoks durumu ve hücre içi demir seviyeleri
değerlendirilmiştir. Ayrıca, yağ asidi oksidasyonu yoluyla metabo-
lik kompansasyonu değerlendirmek üzere CPT1C aktivitesi analiz
edilmiştir.

Bulgular: 3-BrPA uygulaması, doz bağımlı şekilde hücre canlılığını
anlamlı düzeyde azaltmış ve HK2 ekspresyonunu baskılamıştır.
Glikoliz ve pentoz fosfat yolunun enzimatik aktiviteleri inhibe
edilmiş; antioksidan kapasite azalmış ve oksidatif stres belirteç-
leri artmıştır. Bu değişiklikler, hücre içi demir düzeylerinde artış
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ing the induction of ferroptosis. Furthermore, CPT1C activity was
upregulated, indicating increased fatty acid oxidation.

Conclusion: Our findings demonstrate that 3-BrPA disrupts glu-
cose metabolism, induces oxidative stress, and triggers ferroptosis
in PDAC cells through HK2 inhibition. This study highlights 3-BrPA’s
therapeutic potential in targeting cancer metabolism and ferrop-
tosis.

ve GSH/GSSG oranında azalma ile birlikte gözlenmiş; ferroptozis
indüksiyonunu işaret etmiştir. Ayrıca, CPT1C aktivitesinde artış
saptanmıştır, bu da yağ asidi oksidasyonuna yönelik bir metabolik
kaymaya işaret etmektedir.

Sonuç: Elde edilen bulgular, 3-BrPA’nın HK2 inhibisyonu yoluyla
glukoz metabolizmasını bozduğunu, oksidatif stresi artırarak fer-
roptozisi tetiklediğini ortaya koymaktadır. Bu çalışma, 3-BrPA’nın
kanser metabolizması ve ferroptozisi hedefleyen terapötik potan-
siyeline dikkat çekmektedir.

Keywords Pancreatic ductal adenocarcinoma • 3-bromopyruvic acid
• hexokinase 2 inhibitors • ferroptosis • oxidative stress •
pentose phosphate pathway

Anahtar Kelimeler Pankreatik duktal adenokarsinom • 3-bromopirüvik
asit • heksokinaz 2 inhibitörleri • ferroptozis • oksi-
datif stres • pentoz fosfat yolu

INTRODUCTION
Pancreatic cancer is one of the most lethal and
aggressive malignancies with an extremely poor prognosis
and an alarmingly high mortality rate, approaching
nearly 100%. The 5-year survival rate remains below 5%,
underscoring the limited efficacy of current therapeutic
interventions. Pancreatic ductal adenocarcinoma (PDAC)
constitutes approximately 90% of all pancreatic cancer cases
and, because of its increasing incidence and therapeutic
resistance, is projected to become the second most prevalent
cancer type globally within the next decade (1). Surgical
resection followed by adjuvant chemotherapy is currently
regarded as the most effective therapeutic strategy for
pancreatic ductal adenocarcinoma (PDAC). However, due
to the disease’s typically late presentation, characterised
by nonspecific symptoms and an overall poor prognosis,
only approximately 10%–15% of patients are eligible for
surgical intervention. For patients who are not candidates
for surgery, gemcitabine (2′,2′-difluoro-2′-deoxycytidine; GEM)
is considered the standard first-line chemotherapeutic agent.
Nevertheless, GEM therapy is associated with limited clinical
benefit, primarily due to the rapid development of drug
resistance, which is often attributed to reduced cellular
uptake and a notably short plasma half-life of approximately
17 min (2).

Approximately 80% of pancreatic cancer patients develop
chemoresistance during the locally advanced or metastatic
stages of the disease, resulting in a median survival time of six
months or less. Because this alarming statistic underscores
the urgent need for more effective therapeutic strategies,
the development of novel treatment approaches targeting
PDAC has emerged as one of the most pressing challenges
in contemporary oncology. A growing body of research is
dedicated to overcoming chemoresistance and improving
clinical outcomes, with a particular focus on extending the
survival and quality of life of patients diagnosed with PDAC
(3). Mothers against decapentaplegic homologue 4 (SMAD4),

cyclin-dependent kinase inhibitor 2A (CDKN2A), and tumour
suppressor protein 53 (TP53) genes are the most commonly
mutated in PDAC (4).

P53 is the key tumour suppressor protein mutated in more
than 50-75% of PDAC cases, regulating apoptosis, ferroptosis,
cell cycle arrest, cellular senescence, and metabolic
programming (5). Metabolic reprogramming/adaptation is one
of the cancer hallmarks and occurs via the dysregulation
of p53, SMAD4, and CDKN2A protein functions in the PDAC
(6). P53 mutations are associated with elevated levels
of HK2 and activation of HIF-1α. Additionally, altered p53
function leads to elevated pentose phosphate pathway (PPP)
metabolism because p53 can directly bind to the glucose 6-
phosphate dehydrogenase (G6PD) to inhibit its activity and
PPP (5). On the other hand, mutations in p53, SMAD4, and
CDK2NA proteins lead to dysregulated glucose intake and
enhance glycolytic enzymes via PI3K/Akt, HIF-1α, GLUT1, HK1,
HK2, phosphofructokinase, and LDH (7, 8). Furthermore, p53
has been shown to regulate the expression of carnitine
palmitoyltransferase 1C (CPT1C), a member of the carnitine
palmitoyltransferase (CPT) family that plays a crucial role
in fatty acid oxidation (FAO). Reduced levels of CPT1C
have been associated with increased cellular senescence,
impaired mitochondrial function, and heightened cell death
in cancer cells. While decreased activity of CPT1A is known
to elevate oxidative stress, promote ferroptosis, and diminish
antioxidant defences, there are currently no published data
elucidating the role of CPT1C in these metabolic pathways
specifically within pancreatic cancer cells (9).

Ferroptosis is increasingly recognised as a key driver of
both chemoresistance and metastatic progression in PDAC.
It is tightly controlled by oxidative stress, iron homeostasis,
and lipid metabolism, and ferroptotic signaling is frequently
impaired due to mutations in tumour suppressor genes
such as TP53 and CDKN2A in PDAC. Given the iron-enriched
microenvironment of the pancreatic tissue, therapeutic
strategies targeting ferroptosis have gained considerable
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interest. Ferroptosis is typically triggered by reduced
antioxidant capacity, heightened oxidative stress, and the
accumulation of iron and lipid peroxides. However, metabolic
pathways such as glycolysis and PPP can inhibit ferroptosis by
reinforcing cellular antioxidant defences, thereby promoting
therapy resistance. Consequently, metabolic reprogramming
to enhance ferroptotic sensitivity offers a promising strategy
to overcome drug resistance in PDAC (10). Although increased
ferroptosis has been correlated with the prognosis of PDAC,
the exact role of ferroptosis and its molecular mechanisms
has not been elucidated in pancreatic cancer (11).

Hexokinases (HKs) are evolutionarily conserved enzymes
catalysing glycolysis's obligatory and rate-limiting step, where
glucose is phosphorylated to glucose-6-phosphate (G6P).
Both PPP and glycolysis use G6P. HK2 enzyme is highly
expressed in PDAC cancers via upregulation of the PI3K/
Akt pathway and can directly inhibit mitochondrial (intrinsic)
apoptosis. HK2 upregulation is tightly associated with poor
prognosis, chemoresistance, and metastasis in cancers; thus,
targeting HK2 has gained attention as a promising therapeutic
approach. Four main categories of HK2 inhibitors have been
reported: glucose analogs, such as 2-deoxy-d-glucose (2-DG),
non-coding regulated microRNAs, and 3-bromopyruvate (3-
BrPA) and metformin. 3-BrPA, an alkylating agent, showed
vigorous anti-tumour activity in several animal models,
including pancreatic cancer (12). In this study, we aimed to
investigate, for the first time in the literature, the effects of 3-
BrPA on the BXPC-3 harbouring mutations in TP53, SMAD4, and
CDKN2A. This investigation sought to elucidate the potential
of 3-BrPA as a therapeutic agent by examining its impact
on key metabolic and cell death pathways in a genetically
relevant PDAC model. Since G6P produced by HK2 is commonly
used for the PPP and glycolysis pathways, inhibiting HK2
activity can block the three pathways and their intermediates,
contributing to cancer progression and chemoresistance.
Because ferroptosis contributes to metastasis and poor
survival in PDAC, HK2 inhibitors may induce ferroptosis due to
decreased PPP and glycolysis, which are responsible for the
enhanced antioxidant status (13).

MATERIAL AND METHODS

Expanding and sub-culturing of the cells

BXPC-3 cells were purchased from the American Type
Culture Collection (ATCC). The indicated cells were cultured
in RPMI medium supplemented with 5% heat-inactivated
foetal bovine serum (FBS) and 1% penicillin-streptomycin.
Cells were maintained at 37°C in a humidified incubator
containing 5% CO₂. Sub-culturing was performed every 2–3

days upon reaching 80%–90% confluence to preserve cells in
the logarithmic growth phase.

Evaluation of the cell viability

Cells were seeded (20.000 cells/per well) on the 96-well plates
and, after 24 h, were treated with the increased concentration
of 3-BrPA (0-300 µM) prepared in ultrapure water. BXPC-3 cells
were incubated with the indicated drugs for up to 48 h, and
after incubation, 5  mg/mL 3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT) solution was dissolved in
PBS. The cell media was removed, and 50 µl of MTT solution
and 150 µl of complete cell media were added onto the plates
and incubated for 4 h. After incubation, DMSO-ethanol (1:1 v/
v) solution (200 µL) was added to dissolve formazan, and its
absorbance intensity at 600 nm was quantified. IC₅₀ values
were calculated using GraphPad Prism (9.0) (n=4) (14).

Cell imaging

After calculating the IC50 via the MTT assay, cells were seeded
in the 25 cm² flasks and treated with selected concentrations
of 3-BrPA below the IC50 value, as 0, 1, 5, 10, 20, and 30 µM, for
up to 48 h. Morphological assessments were conducted every
24 h using a light microscope to monitor cellular structure
and viability. Representative images were captured daily to
document changes in cell morphology and to support the
qualitative evaluation of cellular health over time.

Measurement of the soluble protein concentration

The protein concentration in the cell lysates was quantified
using the Pierce BCA Protein Assay Kit (Thermo Scientific,
USA). Bovine serum albumin (BSA) was used as the standard
for calibration, and the assay was performed following the
manufacturer's instructions. Cell lysates were dispensed into
96-well microplates, and a Synergy H1 microplate reader
(BioTek Instruments) was used to measure the absorbance at
562 nm.

Preparation of the cell lysates

BXPC-3 cells were seeded in 25 cm² plates, and after 24 h,
increased concentrations of 3-BrPA were administered to the
cells for 48 h. The cell media was removed at the end of
the incubation time, and an ice-cold PBS solution containing
a protease inhibitor cocktail was added to the cells, which
were then placed on ice. The cells were scraped off from the
flask and transferred into clean Eppendorf tubes, then the
cells were centrifuged at 2000 rpm for 10 min at +4°C. After
centrifugation, the cell pellet was homogenised in sodium
phosphate buffer (Na₂HPO₄/NaH₂PO₄, pH 7.4) supplemented
with a protease inhibitor cocktail. The homogenate was
subjected to sonication at 40% amplitude for 3 s to ensure
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cell lysis and then centrifuged at 100,000 × g for 1 h at +4°C.
Samples were stored at −80°C until the experiments were
carried out.

Spectrophotometric measurement of the glucose 6-
phosphate dehydrogenase activity

0.2 mM NADP+, 100 mM Tris-HCl buffer (pH 8.0), 0.6 mM G6P,
and 10 mM MgCl₂ were used to evaluate the G6PD activity in
the samples. Assays were duplicated, and NADPH production
was followed at 340 nm at 37°C for 60 s. A Synergy H1 BIOTEK
spectrophotometer measured the enzyme activity.

Determination of the 6-phosphogluconate
dehydrogenase activity

A reaction mixture containing 0.2 mM NADP+, 0.6 mM 6PG, 10
mM MgCl₂, and 100 mM Tris-HCl buffer (pH 8.0) was prepared
to evaluate the G6PD activity in the samples. The reaction was
followed via NADPH production at 340 nm at 37°C for 60 s. A
Synergy H1 BIOTEK spectrophotometer measured the enzyme
activity. Assays were performed as duplicates, and specific
enzyme activity was given as units/mg of protein.

Measurement of the glutathione-dependent
antioxidant enzymes

The glutathione S-transferase (GST) activity was determined
by the conjugation of reduced glutathione (GSH) with 1-
chloro-2,4-dinitrobenzene (CDNB). A reaction mixture was
prepared with 25 μl of 20 mM GSH, 0.2 M sodium phosphate
buffer (pH 6.5), 25 μl of 20 mM CDNB, and cell lysate to
measure the GST activity (15). 100 mM sodium phosphate
buffer (pH 7.4), 1 mM oxidised glutathione (GSSG), and 0.2
mM NADPH were incubated with the cell lysates to measure
the glutathione reductase (GR) activity (16). Assays were
performed as duplicates, and specific enzyme activity was
given as units/mg of protein.

ELISA

HK2 and CPT1C levels in the cell lysates treated with the HK2
inhibitor were measured via the ELISA technique, following the
kit instructions.

Iron assay kit

Elevated iron levels are an indicator of both oxidative
stress and ferroptosis. The iron content of the cytosol and
mitochondria of the drug-treated cells will be measured
following the kit instructions.

Statistical evaluation of the experimental data

Data were analysed using GraphPad Prism software (version
9.0), and statistical comparisons were performed using one-
way analysis of variance (ANOVA), followed by Tukey’s post
hoc test for multiple comparisons. Results are presented as
the mean ± standard deviation (SD) from three independent
replicates. A p-value of ≤ 0.05 was considered indicative of
statistical significance. Each treatment group was compared
to the control (CTL) and to each other. A p-value ≤ 0.05 was
considered significant for each data point.

RESULTS

IC50 value of the 3-BrPA on the pancreatic cancer
cells

BXPC-3 cells were administered with various concentrations of
3-BrPA (0-300 μM) for up to 48 h. GraphPad Prism (version 9.0)
was used to determine the cell viability, and the half-maximal
inhibitory concentration (IC₅₀) of 3-BrPA was determined to
be 40 μM (Figure 1). Based on this IC₅₀ value, subsequent
experiments were conducted using 3-BrPA at concentrations
of 1, 5, 10, 20, and 30 μM.

Figure 1. Concentration-dependent effects of 3-bromopyruvic acid (3-
BrPA) on cell viability at 24 and 48 h. Cells were exposed to increasing
concentrations of 3-BrPA (µM), and viability was assessed after 24 and 48
h using MTT. Data are presented as mean ± standard deviation (SD) from
4 independent experiments. A progressive reduction in cell viability was
observed in a concentration- and time-dependent manner, with greater
cytotoxicity evident at the 48-h time point. The IC50 value of 3-BrPA after
48 h was calculated as 40 µM.

Morphological changes indicating cell death in 3-
BrPA-treated PDAC cells

BXPC-3 cells were exposed to escalating concentrations of 3-
BrPA, and morphological changes indicative of cell death were
observed using light microscopy. The MTT assay revealed that
3-BrPA induced a significant, dose-dependent decrease in cell
viability compared with the untreated control group. Notably,
concentrations of 20 and 30 μM elicited a marked cytotoxic
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effect, highlighting the potent anti-proliferative activity of 3-
BrPA in pancreatic ductal adenocarcinoma (PDAC) cells (Figure
2, Figure 3).

Figure 2. Representative images of control (CTL) and 3-bromopyruvic acid
(3-BrPA)-treated cells. Cells were exposed to 0 (control), 1, 5, 10, 20,
and 30 µM 3-BrPA for 48 h, and morphological changes were assessed
using a light microscope. Compared with the untreated control, cells
treated with increasing concentrations of 3-BrPA exhibited a progressive
loss of confluence, with marked morphological deterioration at higher
concentrations. Scale bar = 100 µm.

Figure 3. The effect of 3-bromopyruvic acid (3-BrPA) on cell viability
was assessed following a 48-h exposure to increasing concentrations
of 3-BrPA (µM). Cell viability (%) was determined using the MTT assay.
Data are expressed as mean ± standard deviation (SD) from four
independent experiments. Treatment with 3-BrPA significantly decreased
cell viability at all tested concentrations compared with the untreated
control group, consistent with the morphological changes observed under
light microscopy.
***: p<0.001, ****: p<0.0001

3-BrPA significantly decreased HK2 levels in the
pancreatic cancer cells

HK2 expression levels were significantly reduced in cells
treated with 3-BrPA, with the most pronounced decrease
observed in the 20 µM and 30 µM treatment groups compared

with the control (Figure 4). 3-BrPA inhibited the enzyme
activities responsible for PPP and glycolysis. G6PD and 6-
PGD enzymes were analysed in HK2 inhibitor-treated cells
to evaluate the glycolysis and PPP pathways. The indicated
enzymes were significantly decreased in the 5, 20, and 30 µM
dose groups compared with the control (Figure 5).

Figure 4. Hexokinase 2 (HK2) protein levels following treatment with varying
concentrations of 3-bromopyruvic acid (3-BrPA). HK2 levels were quantified
and expressed as ng/µL after exposure to increasing concentrations of
3-BrPA (µM). Data represent mean ± standard deviation (SD) from 4
independent experiments. A concentration-dependent change in the HK2
level expression was observed following 3-BrPA treatment.
*: p≤0.05, **: p<0.01, ***: p<0.001, ****:p<0.0001

Figure 5. Specific activities of glucose-6-phosphate dehydrogenase (G6PD)
and 6-phosphogluconate dehydrogenase (6-PGD) were evaluated following
treatment with increasing concentrations of 3-bromopyruvic acid (3-
BrPA). Enzyme activities were quantified and expressed as U/mg. Data
are reported as mean ± standard deviation (SD) from four independent
experiments. Both G6PD and 6-PGD exhibited concentration-dependent
alterations in enzymatic activity in response to 3-BrPA exposure.
*p≤0.05, **p<0.01, ***p<0.001, ****p<0.0001
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HK2 inhibitor diminished the enzymatic activity
involved in PPP and glycolysis

6-PGD and G6PD activities were measured to evaluate
PPP and glycolysis pathways responding to HK2 inhibitor
administration. 3-BrPA treatment reduced G6PD and 6-PGD
activity in all dose groups. However, this decrease was
significant in the 5, 20, and 30 µM dose groups compared with
the control (Figure 5).

3-BrPA administration increased the oxidative stress
and ferroptosis status of the PDAC cells

GR, GST, GSH/GSSG ratio, and Fe levels were measured to
assess the oxidative stress levels and ferroptosis status of
the PDAC cells upon HK2 inhibitor administration. GR activity
decreased in all 3-BrPA-treated groups compared with the
control, which was significant in the 20 and 30 µM dose groups
(Figure 6). The GSH/GSSG ratio significantly decreased in all
treated cells compared with the control group, except the
one µM dose group (Figure 7). On the other hand, Fe levels
significantly increased in all 3-BrPA-treated groups except 1
µM compared with the control (Figure 8).

Figure 6. Effects of 3-bromopyruvic acid (3-BrPA) on glutathione reductase
(GR) and glutathione S-transferase (GST) specific activities and the GSH/
GSSG ratio. GR and GST activities were measured as U/mg of protein, and
the ratio of reduced to oxidised glutathione (GSH/GSSG) was determined
following treatment with increasing concentrations of 3-BrPA (µM). Data
are presented as mean ± standard deviation (SD) from 4 independent
experiments. A concentration-dependent effect was observed in both
enzymatic activities and glutathione redox balance in response to 3-BrPA
exposure.
*:p≤0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001

Reduced PPP and glycolytic activity lead to
increased CPT1C activity upon HK2 inhibition

3-BrPA decreased PPP and glycolytic activity in PDAC cells,
addressing reduced energy metabolism, leading to increased
CPT1C activation. Upon 3-BrPA administration, CPT1C activation
significantly increased in the 1, 20, and 30 μM dose groups
compared with the control (Figure 8).

Figure 7. Quantification of the intracellular iron (Fe) content was performed
following treatment with 3-bromopyruvic acid (3-BrPA). Total iron levels
were measured and expressed as micrograms of iron per milligramme
of protein per millilitre (µg Fe/mg/mL) after exposure to increasing
concentrations of 3-BrPA (µM). Data are reported as the mean ± standard
deviation (SD) from four independent experiments. A concentration-
dependent alteration in the intracellular iron content was observed in
response to 3-BrPA treatment.
***: p<0.001, ****: p<0.0001

Figure 8. Carnitine palmitoyltransferase 1C (CPT1C) protein levels were
quantified following treatment with 3-bromopyruvic acid (3-BrPA). CPT1C
concentrations were measured and expressed as ng/µL after exposure
to increasing concentrations of 3-BrPA (µM). Data are reported as the
mean ± standard deviation (SD) from four independent experiments.
A concentration-dependent alteration in the CPT1C protein levels was
observed in response to 3-BrPA treatment.
***: p<0.001, ***: p<0.0001

DISCUSSION
Mutations in p53, CDKN2A, and SMAD4 are the most
common mutations in PDAC, contributing to metabolic
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reprogramming and resistance associated with antioxidant
production and inhibiting ferroptosis linked to metastasis
and chemoresistance (13). In this study, we investigated 3-
BrPA on BXPC-3 PDAC cells harbouring p53, CDKN2A, and
SMAD4 mutations for the first time in the literature, since
inhibiting HK2 may disrupt metabolic pathways critical for
cancer survival and trigger ferroptosis, offering a novel
therapeutic approach for PDAC theoretically (17). BXPC-3 cells
were administered increasing concentrations of 3-BrPA for 48
h, and cell viability was evaluated using the MTT assay. IC50 of
3-BrPA was determined to be 40 µM and (Figure 1) based on the
IC50 value, we have determined dosages of the HK2 inhibitor
(0, 1, 5, 10, 20, and 30 µM) for assessing the impact of the 3-BrPA
on the ferroptosis, oxidative stress, and metabolic regulation
of PDAC cells. To date, no published studies have investigated
the anti-cancer effects of 3-BrPA on PDAC cells harbouring
concurrent mutations in TP53, SMAD4, and CDKN2A.

In addition to the MTT assay, cell viability and morphological
changes indicative of cell death were evaluated via
light microscopy following a 48-h incubation with 3-BrPA.
Treatment with the HK2 inhibitor significantly reduced
cell viability at all tested concentrations relative to the
untreated control group, as corroborated by light microscopy
observations (Figure 2, Figure 3). Furthermore, HK2 protein
levels were quantified in cell lysates from 3-BrPA-treated
PDAC cells to determine the inhibitory efficacy of 3-BrPA. A
marked reduction in HK2 expression was observed across all
treatment concentrations compared with the control group
(Figure 4). Collectively, these findings demonstrate that 3-
BrPA effectively diminishes PDAC cell viability through the
inhibition of HK2 activity.

Subsequent investigations were undertaken to further
elucidate the underlying mechanisms driving the compound’s
anticancer effects. Metabolic reprogramming is a defining
hallmark of PDAC, characterised by dysregulation of multiple
metabolic pathways, including glucose metabolism, PPP,
oxidative phosphorylation (OXPHOS), glutamine metabolism,
hypoxia response, and oxidative stress signaling. These
alterations play a critical role in promoting chemoresistance,
metastasis, and tumour progression across a variety of
malignancies, including PDAC (18). This is mainly due to the
excessive synthesis and utilisation of substrates essential
for bioenergetics and anabolic processes that drive tumour
growth, such as glutamine, glucose, lactate, pyruvate, acetate,
free fatty acids, and β-hydroxybutyrate, mediated by the
upregulation of glycolysis, PPP, and oxidative stress-related
metabolic pathways (19). G6PD and 6-PGD are key enzymes
in PPP and glycolysis, responsible for generating NADPH.
NADPH plays a critical role in maintaining cellular redox

homeostasis by supporting antioxidant enzyme activities,
thereby modulating the cellular response to oxidative stress.
G6PD and 6-PGD activities significantly decreased in all
3-BrPA-administered groups compared with the control.
However, this decrease was significant in the 5, 20, and 30
μM dose groups (Figure 5), addressing the reduced PPP and
glycolysis activity (20).

Ferroptosis, one of the regulated cell death pathways
characterised by oxidative stress and iron-dependent lipid
peroxidation, has emerged as a significant mechanism
underlying chemoresistance and metastasis in PDAC. On the
other hand, many therapies aim to induce ferroptosis by
using the Fenton reaction, in which Fe²⁺ reacts with H₂O₂ to
produce hydroxyl radicals (•OH), initiating lipid peroxidation
and oxidative stress. The Fenton reaction involves the catalytic
conversion of H₂O₂ into highly reactive hydroxyl radicals
(•OH) by ferrous iron (Fe²⁺). On the other hand, metabolic
adaptations such as enhanced glycolysis and activation of
the PPP inhibit ferroptosis by sustaining antioxidant defences
(21). Given the pancreas's iron-rich microenvironment, the
induction of ferroptosis has been proposed as a promising
therapeutic strategy for PDAC (10).

In this context, we investigated the activities of GR and GST,
along with the levels of reduced and oxidised glutathione
(GSH and GSSG, respectively), in PDAC cells to assess
cellular oxidative stress and ferroptosis status. GR and GST
are key glutathione-dependent antioxidant enzymes that
regulate the intracellular redox environment by maintaining
the GSH/GSSG ratio, a critical indicator of oxidative stress.
GR catalyses the NADPH-dependent reduction of GSSG to
regenerate GSH, thereby sustaining the cellular antioxidant
defence system and enabling detoxification of reactive oxygen
species (ROS). Conversely, GST facilitates the conjugation
of GSH to a broad range of electrophilic compounds,
including lipid peroxidation products and xenobiotics such as
chemotherapeutic drugs, thus enhancing their solubility and
promoting their excretion. Disruption in the activities of GR
and GST or in the GSH/GSSG balance can compromise redox
homeostasis, increase oxidative stress, and sensitise cells
to ferroptosis (22). Although recent studies have suggested
a correlation between ferroptosis activation and PDAC
prognosis, the mechanistic role of ferroptosis in PDAC remains
incompletely characterised (23). GR levels decreased in all 3-
BrPA-treated groups compared with the control. However, this
decrease was only significant for the 20 and 30 μM dose
groups. On the other hand, GST levels significantly increased
in the same dose groups compared with the control (Figure
6). The GSH/GSSG ratio decreased across all the treatment
groups compared with the control. However, this decrease was
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significant in the 5, 20, and 30 μM dose groups (Figure 6).
Notably, intracellular Fe levels were significantly elevated in all
treatment groups, except at the 1 μM concentration, compared
with the control. This increase suggests enhanced oxidative
stress and induction of ferroptosis, as further supported by
changes in GR, GST, and the GSH/GSSG ratio (Figures 6 and 7),
since the importance of the sources of iron within tumours
and its biological significance in cancer is associated with
ferroptosis (24).

CPT1C belongs to the CPT1 enzyme family involved in the
acylation of fatty acids and their subsequent transport into
mitochondria for β-oxidation. Cancer cells typically exhibit
elevated levels of fatty acid oxidation (FAO), a metabolic
adaptation that supports their high energy demands and
rapid proliferation (25). CPT1C promotes tumour cell survival
under hypoxic and nutrient deprivation conditions and has
been identified as a prognostic marker in various human
cancers (26). 3-BrPA reduced both PPP and glycolytic activity
in PDAC cells, suppressing cellular energy metabolism and
upregulating CPT1C activity. Following 3-BrPA treatment, CPT1C
activation was significantly increased in the 1, 20, and
30 μM dose groups compared with the control (Figure 8).
Our data showed decreased PPP and glycolysis as well as
increased CPT1C, which is associated with enhanced FAO and
rapid proliferation in PDAC cells. For the first time in the
literature, our data showed that 3-BrPA induces ferroptosis
and metabolic regulation in PDAC cells via the regulation of
PPP, oxidative stress, and glycolysis. Future directions include
the in vivo validation of 3-BrPA in PDAC models to evaluate its
efficacy, pharmacokinetics, and safety. Combining 3-BrPA with
standard chemotherapy regimens may overcome resistance

and improve outcomes. Investigating CPT1C-related metabolic
adaptations could reveal targetable compensatory pathways,
while patient-derived models may identify predictive
biomarkers to support personalised treatment strategies.

CONCLUSION
This study provides the first comprehensive analysis of
the anticancer effects of 3-BrPA on PDAC cells harbouring
concurrent mutations in TP53, SMAD4, and CDKN2A. Our
findings demonstrate that 3-BrPA exerts potent cytotoxic
effects on BXPC-3 cells by targeting HK2, a key regulator of
glycolysis and the PPP. Inhibition of HK2 by 3-BrPA significantly
reduced G6PD and 6-PGD enzymatic activities, leading to a
suppressed glycolytic and PPP flux, diminished antioxidant
capacity, and heightened oxidative stress. These metabolic
disruptions culminated in elevated intracellular iron levels
and a reduced GSH/GSSG ratio, consistent with the induction
of ferroptosis. Moreover, the upregulation of CPT1C activity
in response to 3-BrPA suggests a metabolic shift towards
enhanced fatty acid oxidation, possibly as a compensatory
mechanism in response to impaired glucose metabolism.
Taken together, these findings indicate that 3-BrPA not
only impairs energy production and redox balance in PDAC
cells but also promotes ferroptotic cell death, highlighting
its potential as a novel therapeutic agent for treating
aggressive pancreatic cancers characterised by metabolic
reprogramming and resistance to conventional chemotherapy.
These in vitro findings can guide future in vivo studies to
explore combinatorial strategies incorporating 3-BrPA with
existing chemotherapeutic regimens to overcome treatment
resistance and improve clinical outcomes in PDAC.
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