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Heteronemin promotes iron-dependent cell death in pancreatic cancer
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Abstract

The marine environment has been recognized as a prolific source of potent bioactive compounds with significant anticancer
properties. Among these, heteronemin, a sesterterpenoid-type natural product, has shown promise. This study delves into the
potential of heteronemin as a ferroptotic agent against pancreatic cancer, using the Panc-1 cell line as a model. The cytotoxic
potential of heteronemin was assessed using cell viability assays. Furthermore, its effect on lipid peroxidation was determined
spectrophotometrically, while the changes it induced in autophagy- and ferritin-related protein expressions were evaluated
using immunoblotting techniques. Various cell-based tests were employed to scrutinize its anticancer efficacy. Heterone-
min displayed a notable cytotoxic effect, reducing cell viability by 50% at a concentration of 55 nM. This cytotoxicity was
discernibly linked to ferroptosis, as evidenced by the reversal of cell death upon treatment with the ferroptosis inhibitor,
ferrostatin-1. Heteronemin treatment led to a marked increase in ferroptosis markers and malondialdehyde (MDA) levels.
Conversely, the expression of glutathione peroxidase-4 (GPX4), a key anti-ferroptotic protein, was suppressed. Furthermore,
significant modulations in the expression of ferritinophagy- and iron-related proteins such as Atg5, Atg7, FTL, STEAP3,
and DMT-1 were evident post-treatment (p <0.05). This study underscores the potential of heteronemin as a ferroptosis
inducer in pancreatic cancer cells. Given its robust cytotoxicity, heteronemin emerges as a promising lead compound for

further exploration in cancer therapeutics.
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Introduction

Pancreatic dysfunction manifests as a range of disorders
from relatively benign conditions, such as diabetes and
pancreatitis, to the more severe pancreatic cancers (Wolpin
et al. 2009; Li et al. 2009; Blackford et al. 2009). Pancreatic
ductal adenocarcinoma (PDAC), in particular, is notorious
for its aggressive behavior and poor prognosis. Alarmingly,
80-90% of PDAC patients are diagnosed with local metas-
tases, significantly limiting the possibility of surgical inter-
vention (Grant et al. 2016; Fesinmeyer et al. 2005). Con-
sequently, the predominant therapeutic modality for such
cases remains chemotherapy, primarily involving agents like
gemcitabine or a combination of 5-fluorouracil and leucov-
orin (Gill et al. 2016).

However, the innate resistance of PDAC cells to chem-
otherapy and their proclivity to evade apoptosis renders
many current therapeutic strategies ineffective (Fitzgerald
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and McCubrey 2014; Ercan et al. 2017). Chemotherapy
and/or radiotherapy often encounter limited success in the
treatment of PDAC, a phenomenon partly attributed to the
resistance of cancer cells to apoptosis. This resistance can
be facilitated by a range of factors including alterations in
apoptotic pathways and the influence of the tumor micro-
environment, where components such as macrophages can
play a pivotal role in promoting therapy resistance (DeNardo
et al. 2009; Mitchem et al. 2013). This resistance often arises
from genetic mutations and alterations in cellular pathways
(Waddell et al. 2015; Siegel et al. 2020). Such factors, com-
pounded by the early onset of metastasis, account for the
dauntingly high mortality rate associated with PDAC. This
emphasizes the dire need for new therapeutic modalities and
the identification of early detection biomarkers (Vincent
et al. 2011; Jones et al. 2008).

Ferroptosis is a form of cell death that is dependent
on iron and reactive oxygen species, and it plays a role in
several diseases including ischemic organ damage, neu-
rodegeneration, and cancer (Dixon 2017; Yu et al. 2017;
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Xie et al. 2016; Mou et al. 2019; Li et al. 2019; Belaidi
and Bush 2016; Ma et al. 2016; Ooko et al. 2015; Battaglia
et al. 2020). Distinct from other forms of cell death like
autophagy and apoptosis, ferroptosis is characterized by
specific histological features such as heightened lipid per-
oxidation and reduced glutathione peroxidase-4 (GPX4)
activity (Yang and Stockwell 2008). While unchecked fer-
roptosis can lead to various pathologies, including neuro-
degenerative disorders (Stockwell et al. 2017a), in the con-
text of malignancy, it offers a tantalizingly novel approach
to bypassing traditional apoptotic resistance (Hassannia
etal. 2019).

Nature has historically been a generous provider of ther-
apeutic agents. A vast array of current chemotherapeutics
trace their origins to bioactive natural compounds, many of
which have exhibited formidable anticancer activities (New-
man and Cragg 2016; Ekor 2014; Nobili et al. 2009). Among
these, marine-derived compounds, buoyed by the rich biodi-
versity of the oceans, offer a unique arsenal against cancers.
Notable among these are compounds like pachymatismin,
bryostatins, and heteronemin (Newman and Cragg 2014;
Zidane et al. 1996; Khalifa et al. 2019). Heteronemin, specif-
ically, a sesterterpenoid isolated from the sponge Hyrtios sp.,
has generated significant interest due to its potent cytotoxic
effects across a spectrum of cancer cell types (Chang et al.
2021; Yang et al. 2021; Chen et al. 2018; Cheng et al. 2019;
Lee et al. 2018; Saikia et al. 2018; Wu et al. 2015; Schu-
macher et al. 2010). Preliminary investigations, including
our own, have hinted at heteronemin’s potential to regulate
ferroptosis in hepatocellular carcinoma (Chang et al. 2021).
In a previous study conducted by Chang et al. (2021), the
effects of heteronemin, a marine-derived terpenoid, on hepa-
tocellular carcinoma (HCC) cell lines HA22T and HA59T
were explored. The research demonstrated that heterone-
min significantly inhibited the proliferation of these cell
lines and induced apoptosis mediated through the caspase
pathway. Moreover, heteronemin triggered the formation of
reactive oxygen species (ROS), which were associated with
cell death, and facilitated the removal of ROS through mito-
chondrial SOD2, rather than cytosolic SOD1. This induc-
tion of ROS was linked to the mitogen-activated protein
kinase (MAPK) signaling pathway; heteronemin reduced the
expression of ERK, a MAPK associated with cell prolifera-
tion, and the inhibitors of JNK and p38 MAPKs, which are
associated with apoptosis, restored the cell death induced
by heteronemin. Furthermore, the heteronemin treatment
decreased the expression of GPX4, a protein that inhibits
ferroptosis, a novel form of non-apoptotic cell death, and
the treatment with a ferroptosis inhibitor also restored the
cell death induced by heteronemin. These findings provide
a mechanistic foundation that suggests heteronemin, with
appropriate structural modifications, could function as a
potential therapeutic agent against HCC (Chang et al. 2021).
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This naturally leads to an inquiry into its potential impact on
pancreatic cancer cells.

Hence, this research aims to shed light on the efficacy and
mechanistic action of heteronemin in orchestrating ferropto-
sis within the milieu of pancreatic cancer. A robust compre-
hension of this interplay could signify a monumental leap
in our therapeutic approach to PDAC, potentially heralding
hope for numerous afflicted individuals.

Materials and methods
Experimental design: cell culture and treatments

The human pancreatic ductal adenocarcinoma cell line
(Panc-1, CRL-1469™, RRID: CVCL_0480) was bought
from the American Type Culture Collection (ATCC, Manas-
sas, VA, USA). The immortalized human keratinocyte cell
line (HaCaT) was kindly gifted by Prof. Cigdem Yenisey of
Aydin Adnan Menderes University. Cells were maintained in
DMEM containing 10% heat-inactivated fetal bovine serum,
100 U/mL penicillin, and 100 pg/mL streptomycin. Cells
were cultured at 37 °C in a humidified incubator with 5%
CO,. For the experiments, the cells were treated with het-
eronemin at increasing concentrations (0.01-10 uM). The
HaCaT cell line was used to study the potential cytotox-
icity of heteronemin on normal cells. GPX4 antibody (sc-
166570, RRID:AB_2112427) was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Atg5 antibody
(Cat# 12994, RRID:AB_2630393), Atg7 antibody (Cat#
8558, RRID:AB_10831194), anti-rabbit IgG, HRP-linked
antibody (Cat# 7074, RRID:AB_2099233), and anti-mouse
IgG, HRP-linked antibody (Cat# 7076, RRID:AB_330924)
were purchased from Cell Signaling Biotechnology (Dan-
vers, MA, USA). Ferritin light chain antibody (FNab03079),
DMT1 (SLC11A2, FNab07905) and STEAP3 antibody
(FNab08318) were purchased from Fine Test Wuhan Fine
Biotech Corp. (Wuhan, China). All other compounds used
in this study were purchased from Sigma-Aldrich (St. Louis,
MO). Ethical approval is not applicable, because this article
does not contain any studies with human or animal subjects.

Isolation of heteronemin from the sponge
Hippospongia sp.

Heteronemin was separated from the marine sponge Hip-
pospongia sp. following the same procedures in our pre-
vious report (Chen et al. 2018). In short, samples were
collected from coral reefs off the coast of Taitung, Taiwan,
by scuba diving at a depth of 20 m. Samples were freeze-
dried and were extracted with EtOAc. Heteronemin was
separated by a silica gel column with n-hexane—EtOAc
(3:1) as the eluent solvent. The sample was further purified
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on HPLC. An LC-20A VP HPLC system (Shimadzu Inc.,
Tokyo, Japan) was used for analysis equipped with a qua-
ternary pump (LC-20AT), an online degasser (DGU-14A),
a photodiode-array detector (SPD-M20A), an autosampler
(SIL-20AD), and data collection using ClassVP. Cosmosil
5C-18-MS-II column (5 pm, 150 x4.6 mm I[.D.) supplied
by Nacalai Tesque, Inc. (Kyoto, Japan) used for liquid
chromatography. The samples were injected (10 pL), and
the mobile phase consisted of water (A) and acetonitrile
(B). A gradient program was applied as follows: the initial
elution condition was A:B (25:75, v/v), linearly changed
to A:B (12:88, v/v) at 10 min, A:B (4:96, v/v) at 15 min.
The percentage of the mobile phase B increased linearly to
100% within 15 min and 210 nm was selected as the detec-
tion wavelength to collect the target compound.

Cell viability assay

Cellular viability was measured by an MTS assay kit
(CellTiter 96 Aqueous One Solution, Promega). Cells
were incubated in Hank’s Balanced Salt Solution (1.3 mM
CaCl,, 0.5 mM MgCl,, 0.4 mM MgSO,, 5.3 mM KCI,
0.4 mM KH,PO,, 4.2 mM NaHCO;, 137.9 mM NacCl,
0.3 mM Na,HPO,, 5.6 mM D-glucose) containing increas-
ing concentrations of heteronemin (0.001-10 pM) and/
or Fer-1 (0.5 uM) dissolved in DMSO. MTS reagent was
added to each well following 48 h exposure. The absorb-
ance was measured at 490 nm with a microplate spectro-
photometer. The selective index was calculated by com-
paring the heteronemin ICs, value in the HaCaT cell line
against the ICs,, value in Panc-1.

Colony formation assay

Cells were seeded at 1 x 10® cells/well in 6-well plates and
were treated with heteronemin and/or Fer-1. The culture
media were replaced with new media twice a week for
2 weeks. Crystal violet (Sigma-Aldrich, St. Louis, MO)
was used to stain and make colonies visible. Then, colo-
nies were photographed and counted in three independent
wells.

Lipid peroxidation assay

Lipid peroxidation product levels were evaluated by the
method of Ohkawa et al. (1979). Briefly, the cells were
incubated with heteronemin at an increasing concentration
(0.01-1 uM) for 48 h. Then, the TBARS assay kit (Cayman
Chemical) was used to measure malondialdehyde (MDA)
levels in the sample at 532 nm.

Protein analysis

Cells (3 x 10°/well) were treated with two different con-
centrations of heteronemin (1 and 10 uM) for 48 h. The
cells were harvested and were lysed in a buffer contain-
ing a protease/phosphatase inhibitor cocktail. The cellular
lysates were analyzed by Western blot analysis as previously
described (Armagan et al. 2019).

Statistical analysis

The obtained data were expressed as mean =+ standard devia-
tion (SD) from three to five independent experiments per-
formed in triplicate. The Shapiro—Wilk normality test was
used to determine whether the data were normally distrib-
uted. The statistical comparisons were estimated using one-
way ANOVA followed by the Tukey test using GraphPad
Prism (GraphPad Software, Inc). p values lower than 0.05
were regarded as statistically significant.

Results

Heteronemin'’s cytotoxicity and selectivity in Panc-1
cells

Using an MTS cell viability assay kit, we assessed heter-
onemin’s cytotoxic effects on both Panc-1 (a human pan-
creatic cancer cell line) and HaCaT (healthy immortalized
human keratinocytes). After 48 h of treatment, heterone-
min displayed a significantly lower IC50 value in Panc-1
cells (55 nM) compared to HaCaT cells (256 nM), indi-
cating greater susceptibility of Panc-1 cells (Fig. 1). This
distinction resulted in a selectivity index (SI) of 4.65 for
heteronemin.

To further validate the induced ferroptotic pathway
by heteronemin, we also employed erastin, a well-known
ferroptosis inducer, in a parallel experiment as a positive
control. Erastin’s role in the study helped to benchmark the
ferroptotic potential of heteronemin, providing a compre-
hensive understanding of heteronemin’s capacity to induce
ferroptosis in pancreatic cancer cells.

Furthermore, the application of the ferroptosis inhibitor,
Fer-1, counteracted heteronemin-induced cellular death,
suggesting ferroptosis as the underlying mechanism (Fig. 2).

Impact of heteronemin on Panc-1 colony formation

We observed a concentration-dependent decline in the colony-
forming ability of Panc-1 cells with heteronemin treatment.
Notably, the effect of heteronemin at a concentration of 1 uM
was significantly reversed by the subsequent application of
0.5 uM Fer-1, restoring the colony-forming capability to 90%

@ Springer



Naunyn-Schmiedeberg's Archives of Pharmacology

150+
o No inhibitor
_ A Fer-1
i\o—é 100
>=
=9
22
> 2 s
L
A
04
103 10-2 101 100 101

[Heteronemin], uM

Fig. 1 Antiproliferative effect of heteronemin on Panc-1 and HaCaT
cell lines at increasing concentrations (0.001, 0.1, 1, 2.5, 5, 10 pM).
The results are expressed as percentage survival after 48 h of expo-
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of the control group, thus underlining the pivotal role of fer-
roptosis in mediating the response to heteronemin (Fig. 3).

Lipid peroxidation and GPX4 expression
under heteronemin treatment

High concentrations of heteronemin in Panc-1 cells led to
a marked increase in the lipid peroxidation end-product,
MDA, compared to both untreated and cisplatin-treated
cells (Fig. 4). On the other hand, low concentrations did not
induce any significant change in MDA levels. Aligning with
this, heteronemin treatment at 1 uM significantly downregu-
lated GPX4 protein expression (p <0.05).

Modulation of ferritinophagy and iron-associated
proteins by heteronemin

With the known role of autophagy in ferroptosis promo-

tion through ferritin breakdown, we turned our focus to
autophagy-related proteins: Atg5, Atg7, and the ferritin
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light chain subunit (FTL) (Hou et al. 2016). Heteronemin
treatment resulted in the upregulation of Atg5 and Atg7
(p <0.05). Contrary to our initial analysis, FTL levels did
not exhibit a decrease at the highest concentration; rather, we
observed a slight increase compared to the negative control
(Fig. 5a). Furthermore, we observed a significant increase in
protein expressions of divalent metal transporter-1 (DMT1)
and six-transmembrane epithelial antigen of the prostate
3 (STEAP3), critical for iron transport from endosome to
cytosol and reduction, after 48 h of heteronemin exposure
(» <0.05) (Fig. 5b). Collectively, these results emphasize
heteronemin’s potential to induce ferroptosis in Panc-1 cells
by modulating iron transport and autophagy.

Discussion

Natural products extracted from distinct species significantly
contributed to the development of effective therapeutics
against all types of diseases. In this context, the ocean is of
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Fig.4 Heteronemin induced lipid peroxidation and decreased GPx4
protein expression in Panc-1 cells. a MDA concentration was meas-
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immense importance as it has a large reservoir of marine
species with their biologically active compounds possessing
various activities including anticancer, anti-inflammatory,
antimicrobial, and antioxidant (Wang et al. 2012; Villa and
Gerwick 2010; Takamatsu et al. 2003; Gademann and Koby-
linska 2009). Several marine-derived secondary metabolites
such as alkaloids, terpenes, peptides, and steroids exhibit
potent anticancer activities (Zhang et al. 2017; Kobayashi
et al. 1994).

In the present study, we focused on heteronemin and eval-
uated its ferroptotic potential in a pancreatic cancer model.
As previously reported, heteronemin exhibited anticancer,
anti-nutritional, antimicrobial, protein inhibitory, and antitu-
bercular activities (Gonzalez 2010; Wonganuchitmeta et al.
2004). In agreement with our findings, heteronemin reduced
cell viability and proliferation in several cancer cell lines
including leukemia, colon adenocarcinoma, breast cancer,
and renal carcinoma at a concentration of less than one

T T
Untreated 0.1 M 1uM

represent the mean+SD; n=3 independent experiments. Quantified
band values of GPX4 were normalized to the corresponding f-actin
signal. *p <0.05 vs. untreated cells

micromolar (Wu et al. 2020; Chang et al. 2012). In the pre-
sent study, heteronemin showed potent cytotoxic activity
against Panc-1 cells with ICs; of 55 nM. We observed a good
selectivity profile with an SI value of 4.65 for heteronemin in
pancreatic cancer cells following 48 h of treatment.

The most promising strategies for PDAC treatment are
to inhibit mutated genes, such as KRAS, to regulate mac-
romolecules that contribute to the disease progression, or
to overcome chemoresistance (Adamska et al. 2018). The
most used drugs approved by the FDA for pancreatic can-
cer are 5-fluorouracil, albumin-bound paclitaxel, cisplatin,
gemcitabine, and FOLFIRINOX (5-fluorouracil, leucovorin,
irinotecan, oxaliplatin) (Singh and O’Reilly 2020). These
drugs have short half-lives and are usually administered in
higher and repeated doses, which can induce a range of side
effects from moderate to severe (Patra et al. 2010; Gyanani
et al. 2021; Saad et al. 2004). Cisplatin is one of the agents
used to treat pancreatic cancer. Severe side effects limit the
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therapeutic efficacy of cisplatin. Guo et al. (2018) reported
that cisplatin inactivates GPX together with the induction of
GSH depletion in cancer cells (Guo et al. 2018). Thus, we
decided to use cisplatin as the positive control to compare its
effect with heteronemin in PDAC. Similar to the inhibitory
effect of heteronemin on cancer cell survival in the short-
term culture, the long-term cell survival results monitored
in a colony formation assay supported the inhibitory effect
of heteronemin, which was comparable to cisplatin. Heter-
onemin-treated cells exhibited a reduced colony formation
capacity as the concentration increased, and the results were
comparable to cisplatin. These observations indicated that
heteronemin selectively inhibited cell growth, and the results
were comparable to the clinically used anticancer drugs in
pancreatic cancer cells.

Chemotherapeutic agents disrupt cell homeostasis via
inhibiting DNA synthesis, increasing oxidative stress, arrest-
ing the cell cycle, and inducing cellular death mechanisms
such as necrosis and apoptosis. Although the Bcl-mediated
apoptotic pathway and autophagy were reported to be
induced by heteronemin in cancer cells (Lee et al. 2018;
Wau et al. 2015), the effect of heteronemin on other cellular
death pathways was not fully elucidated.

Recently, ferroptotic cell death is widely investigated in
cancer studies (Ye et al. 2020; Lachaier et al. 2014). Most
of the clinically used chemotherapeutic drugs were found to
induce ferroptosis as well as apoptosis (Ye et al. 2020; Gao
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and Jiang 2018). In our previous study, we noted that the
administration of the ferroptosis inhibitor Fer-1 successfully
prevented cell death instigated by heteronemin. This finding
aligns with our previous work demonstrating the capacity
of a ferroptosis inhibitor to counteract heteronemin-induced
cell death in hepatocellular carcinoma cells (Chang et al.
2021). Given these pivotal observations, we were encour-
aged to further delve into the analysis of ferroptosis induced
by heteronemin in the current study. Based on the existing
data, we formulated a hypothesis that heteronemin might be
orchestrating the regulation of various pathways, including
lipid peroxidation, iron transport, and iron storage, thus lead-
ing to the induction of ferroptosis in cancer cells.
Increasing evidence demonstrated those numerous meta-
bolic pathways contribute to ferroptosis through lipid-ROS
production (Stockwell et al. 2017b; Wu et al. 2020). Bio-
chemical events including intracellular iron accumulation,
and lipid peroxidation are critical for ferroptosis in cancer
cells (Kang et al. 2019). Pathways inducing ferroptosis are
associated with the reduction of cysteine uptake through
the inhibition of system X_.~ (SLC7A11), the reduction of
GPX4 activity, and eventually the accumulation of intracel-
lular lipid peroxides (Tarangelo et al. 2018; Anderson and
Frazer 2017). GPX4 serves as a pivotal enzyme in suppress-
ing the onset of ferroptosis, primarily through its role in
detoxifying lipid peroxides. Previously, the ability of het-
eronemin to reduce GPX4 protein expression was reported
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in hepatocellular carcinoma cell lines (Chang et al. 2021).
In our study, GPX4 protein expression was significantly
decreased in response to heteronemin as well. The downreg-
ulation of GPX4 by heteronemin together with the increased
MDA levels indicated that heteronemin successfully inhib-
ited the lipid peroxidation product scavenging activity of
GPX4 and promoted ferroptosis in pancreatic cancer cells.

One of the components that distinguish ferroptosis from
other cell death mechanisms is iron metabolism. Free Fe?*
causes ferroptosis by catalyzing free radical formation via
the Fenton reaction. Biochemically, the reduction of Fe3*
to Fe?* is catalyzed by STEAP3 in the endosome. Fe** is
released into the cytoplasm via DMT1 (Tang et al. 2018).
Thus, any alteration in the expression of these proteins is
critical for the labile iron pool and the consequent mainte-
nance of iron homeostasis. Turcu et al. (2020) reported that
blockade of DMT]1 inhibits iron translocation which leads to
lysosomal iron overload and ferroptosis in cancer stem cells
(Turcu et al. 2020). However, the upregulation of STEAP3
and DMT1 in pancreatic cancer cells following heterone-
min treatment indicated that the conversion of Fe** to Fe?*
as well as the release of free Fe?* into cytoplasm may be
triggered by heteronemin. Ferritinophagy is defined as the
degradation of ferritin, providing free Fe** for the cell, and
contributing to ferroptosis as a source of unstable iron ions
(Yu et al. 2017; Tang et al. 2018). Previously, Atg5 and Atg7
knockdown/knockout were demonstrated to block erastin-
induced ferroptosis with decreased intracellular ferrous iron
levels and lipid peroxidation (Hou et al. 2016) Conversely,
upregulation of Atg5 and Atg7 protein expressions in
response to heteronemin treatment, accompanied by a slight
increase in ferritin light chain (FTL) protein level, could
potentially facilitate a nuanced mechanism involved in the
induction of ferroptosis in cancer cells. Despite the central
role that decreased FTL typically plays in facilitating ferrop-
tosis through enhancing iron availability, its slight increase
in our study poses an interesting avenue of exploration.

It is plausible that the slight increase in FTL is indicative
of a compensatory mechanism being activated in the cells
to moderate the ferroptotic process initiated by the elevated
levels of iron-incorporating proteins, representing a homeo-
static effort to retain iron within a bound state and limit
its availability for participation in reactions generating lipid
peroxides. Moreover, FTL can have various roles in differ-
ent cellular contexts and its function might be influenced
by other intracellular dynamics, including its interaction
with other molecules and pathways, potentially playing a
role in the regulation of cellular responses to heteronemin
treatment.

Indeed, the maintenance of a certain level of FTL might
be crucial to prevent unrestrained ferroptosis and ensure cell
survival under conditions of moderate stress, thus show-
casing a delicate balance in the regulation of ferroptotic

pathways. These observations open up a field of inquiry into
the multi-faceted roles that FTL might play in the context of
ferroptosis, including potential protective mechanisms that
might be activated in response to ferroptotic agents.

Furthermore, it would be pertinent to investigate whether
the slight increase in FTL levels is associated with altera-
tions in the functioning of other components of the iron
metabolism pathway, potentially revealing a more complex
and nuanced network of interactions and regulatory mecha-
nisms. Uncovering the detailed mechanisms and the reasons
behind the unaltered FTL levels could, therefore, add a new
dimension to our understanding of the heteronemin-induced
ferroptotic pathway in Panc-1 cells.

As our findings present a slight increase in FTL levels,
which diverge from the expected decrease usually observed
in ferroptotic pathways, future studies should aim to unravel
the underlying mechanisms through detailed investigations,
possibly illuminating novel regulatory aspects of ferroptosis
and opening avenues for more targeted therapeutic strategies
in pancreatic cancer treatment.

A study conducted in 2008 found that cancer cells
undergoing ferroptosis increased iron import and decreased
iron storage compared to other cells (Yang and Stockwell
2008). Thus, it can be suggested that heteronemin sensi-
tizes tumor cells to ferroptosis by modulating iron metabo-
lism. Reduced iron storage because of decreased FTL and
increased autophagy-related protein expression in response
to heteronemin may contribute to iron overload and eventu-
ally trigger ferroptosis in cancer cells.

Conclusion

Pancreatic cancers are resistant to the currently used drugs.
To overcome drug-resistance mechanisms such as increased
drug efflux, improved DNA repair, and impaired apoptosis,
activating ferroptotic pathway is a state-of-the-art therapeu-
tic strategy. Taken together, our present study demonstrated
that heteronemin promoted ferroptosis in pancreatic cancer
cells via the regulation of several proteins that possess criti-
cal roles in the progression of ferroptosis. We believe that
our study will be of importance to understanding the heter-
onemin mechanism of action as a potential anticancer drug.
Heteronemin itself, or its derivatives to be synthesized in
the future with higher selectivity and affinity, will be highly
promising agents for patients suffering from pancreatic
cancer.
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