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ARTICLE INFO ABSTRACT
Keywords: Oxysterols (OS) are emerging as active drivers of cancer, shaping aggressive, immunosuppressive tumour niches
Oxysterols rather than acting as passive cholesterol byproducts. Here, we developed and applied an advanced LC-MS

Pancreatic cancer cells strategy for the comprehensive qualitative and quantitative profiling of the total (free and esterified) OS amount

in healthy human pancreatic epithelial nestin-expressing (HPNE) cells and pancreatic ductal adenocarcinoma
High-resoluti (PANC-1) cells. Both cell types were cultured under normoxic and hypoxic conditions to elucidate the impact of
igh-resolution mass spectrometry o .

In-source fragmentation oxygen availability on OS metabolism.
Interplay of RPLC stationary phases OS separation was achieved using two complementary stationary phases, ie., cyanopropyl (ES-CN) and
pentafluorophenyl (F5), providing orthogonal chromatographic selectivity. OS identification relied on retention
matching with analytical standards across both columns and was further confirmed by the evaluation of diag-
nostic in-source fragmentation patterns. This multidimensional analytical framework ensured the unambiguous
screening of up to 14 OS in cells and their extracellular vesicles (EVs). The tumour cell phenotype, together with
hypoxic conditions, was associated with a marked accumulation of ring-oxidized OS, including 3f,5a,68-cho-
lestantriol, 7-ketocholesterol, and 7-hydroxycholesterol epimers, suggesting either a metabolic rewiring or an
increased intracellular oxidative environment. In contrast, side-chain OS showed distinct dependencies on cell
type and oxygen availability: 24(S)-hydroxycholesterol was reduced in tumour cells while the amount of 26(R/
S)-hydroxycholesterol was increased when both cell types were grown in normoxic conditions. EVs exhibited a
unique OS signature dominated by 25-hydroxycholesterol and 5p,6p-epoxycholesterol.

This study proposes a robust, orthogonal LC-MS workflow for OS profiling and provides new insights into the
regulation of OS levels in pancreatic cancer, paving the way for future fundamental biochemical investigations.

Extracellular vesicles
Oxygen deprivation

constitute the third leading cause of cancer-related mortality in Europe
and the second in the United States [3,4]. PC typically originates in the
ductal cells of the pancreas, with approximately 90% of cases being
pancreatic ductal adenocarcinoma (PDAC) usually managed with
chemotherapy in advanced stages. Still, chemotherapy has very limited
efficacy, with a median overall survival of 6-12 months [5]. Indeed, PC
remains asymptomatic in the early stages and has a grim prognosis with
a 5-year overall survival rate of just 13% [6], mostly due to late

1. Introduction

Cancer is the second leading cause of death worldwide. In 2022, 20
million new cases were reported, and this number is expected to rise
over the next two decades [1,2]. Among all cancer types, pancreatic
cancer (PC) ranks among the most aggressive and lethal malignancies.
Due to its increasing incidence, it is projected that by 2030 PC will
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List of recurring acronyms and abbreviations

%RA —  Relative Abundance

22(R)-HC — 22(R)-hydroxycholesterol
22(S)-HC — 22(S)-hydroxycholesterol
24(S)-HC — 24(S)-hydroxycholesterol
25-HC - 25-hydroxycholesterol
25(R)-26-HC - 25(R)-26-hydroxycholesterol
25(S)-26-HC — 25(S)-26-hydroxycholesterol
4B-HC - 4p-hydroxycholesterol

5a,60-EC — 5a,6a-epoxycholesterol
5B,68-EC — 5p,6B-epoxycholesterol
70,25-HC — 7a-25-dihydroxycholesterol
70-HC — 7a-hydroxycholesterol

7p-HC — 7p-hydroxycholesterol

7 KC -  7-ketocholesterol
CI- Confidence interval
CT - 3p,50,6B-cholestantriol

d6-25-HC — Hexadeuterated 25-hydroxycholesterol

d7-5a,60 — Heptadeuterated-5a,6a-epoxycholesterol
EIC - Extracted Ion Chromatogram

(H)ESI — (Heated) ElectroSpray Ionization

ES-CN - Cyanopropyl stationary phase

EV(s) — Extracellular Vesicle(s)

F5 - Pentafluorophenyl stationary phase

FTMS - Fourier Transform (high-resolution) Mass Spectrometry
HPNE - Human Pancreatic Nestin-Expressing

NTA -  Nano Tracking Analysis

oS - Oxysterol(s)

PANC1 - Human pancreatic ductal adenocarcinoma
PC - Pancreatic Cancer

PCA -  Principal Component Analysis

PDAC - Pancreatic Ductal Adenocarcinoma

PNET - Pancreatic neuroendocrine tumour

RPLC - Reversed Phase Liquid Chromatography
ROS -  Reactive Oxygen Species

WB - Western Blot

diagnosis. The effectiveness of laboratory-based tests for PC screening,
such as the serum assay of carbohydrate antigen 19-9 [7] (CA 19-9), is
limited by their generally low sensitivity and specificity [8]. Conse-
quently, imaging modalities including endoscopic ultrasound and
magnetic resonance imaging currently represent the most effective ap-
proaches for early diagnosis [9]. However, their use is largely restricted
to individuals at high risk, such as those with genetic or hereditary
predisposition, a positive family history, or the presence of established
preneoplastic pancreatic lesions. For these reasons, considerable
research efforts are currently focused on identifying novel biomarkers to
improve early detection and to enhance monitoring of disease progres-
sion and therapy [10].

Fundamental studies on the metabolic dynamics of PC cells can
contribute to the biomarker discovery process. Metabolic reprogram-
ming plays a crucial role in PDAC to fulfil the energy and biomass re-
quirements of tumour cell growth [11]. One crucial alteration is the
upregulation of glycolysis, even under normoxic conditions (Warburg
effect), which has been reported to increase steady-state reactive oxygen
species (ROS) levels through decreasing the cell's antioxidant capacity
[12]. Along with other biomolecules, lipids can be extensively targeted
by ROS [13]. In particular, the ROS-mediated oxidation of cholesterol
(one of the most abundant lipids in cell membranes [14]) primarily in-
volves the carbon-carbon double bond and the labile allylic hydrogens
[15,16], leading to the formation of specific oxysterols (OS), namely
7-ketocholesterol (7-KC), 7a-hydroxycholesterol (7a-HC), 7p-hydrox-
ycholesterol (7p-HC), 5p,6p-epoxycholesterol (58,68-EC), 5a,60-epox-
ycholesterol (5a,6a-EC), and 3p,5a,6p-cholestanetriol (CT) [16-18].
These are commonly referred to as ring-OS due to the presence of an
additional oxygen-containing moiety on the rigid sterol ring system
rather than on the side chain. The production of side-chain OS, including
26(R/S)-hydroxycholesterol (26(R/S)-HC), 24(S)-hydroxycholesterol
(24(S)-HC), and 25-hydroxycholesterol (25-HC), is catalysed by spe-
cific enzymes and cannot be triggered by ROS [19,20].

Aside from being recognised as oxidative stress markers, 7-KC and
7B-HC have been postulated to play a role in the tumour microenvi-
ronment, where they modulate key cellular processes such as prolifer-
ation, migration and apoptosis [21-23]. Moreover, 7a-HC plasma levels
have been reported to positively correlate with tumour size in patients
with luminal-type breast cancer [24]. The role of 25-HC and 26-HC
epimers was also investigated in the development of breast, ovarian,
colon, liver, and bladder cancers [25-28].

Interestingly, two OS moieties have previously been reported in
relation to PC. Among them, 5a,6a-EC was proposed as a potential

biomarker in a study comparing serum samples from 40 patients diag-
nosed with PDAC and 40 healthy controls [29]. Soncini et al. [30]
observed that CYP46Al, i.e., the enzyme responsible for the conversion
of cholesterol into 24(S)-HC, plays a role in the development of
pancreatic neuroendocrine tumours (pNET), and that this role requires
activation of HIF-1a [30]. Hypoxia is a central hallmark of PDAC; HIF-1a
[30] is highly overexpressed in PDAC tissues, and the hypoxic micro-
environment plays a critical role in the disease's resistance to treatment
[311.

Building on this background, here we report the comprehensive
characterisation of a large pool of OS in human PDAC cells (PANC-1) and
healthy human pancreatic ductal cells (HPNE) grown in both normoxic
and hypoxic conditions. The analytical characterisation of OS is often
hindered by sensitivity challenges posed by their trace amount in typical
biological matrices (e.g., plasma, tissue, cells, etc.) [32], as well as by the
presence of numerous isomeric species that cannot be reliably differ-
entiated using only high-resolution mass spectrometry (HRMS). These
issues were recently addressed using a newly developed [17] liquid
chromatography (LC)-MS method that does not require any preliminary
chemical derivatisation to enhance OS detection. The reversed-phase
(RP)LC selectivity offered by the cyanopropyl (ES-CN) and penta-
fluorophenyl (F5) stationary phases was combined to ensure the reli-
ability of the qualitative and quantitative results. These RPLC methods
were first optimized for the separation of 10 OS (25-HC, 24(S)-HC, 26
(R/S)-HC, CT, 7a-HC, 7p-HC, 7-KC, 5a,6a-EC, and 5p,6B-EC), and sub-
sequently were found to be effective for the separation of 4 additional
0OS, namely, 4p-hydroxycholesterol (4p-HC), 22(R)-hydroxycholesterol
(22(R)-HQ), 22(S)-hydroxycholesterol, and 7a,25-dihydroxycholesterol
(70,25-HC). This finding underscores the versatility and robustness of
the RPLC methods, which outperform existing approaches for the sep-
aration of native OS, many of which fail to achieve unambiguous MS
identification due to overlapping ionization pathways [17].

Overall, a clear trend emerged in the quantitative profiles of ring
oxysterols (OS). Under normoxic conditions, PANC-1 cells exhibited
statistically significant higher levels of CT, 7a-HC, 7p-HC, and 7-KC
compared with HPNE cells. In contrast, under hypoxic conditions, ring
OS levels were more comparable between the two cell types. Notably,
the abundance of the 26(R/S)-HC epimers was particularly sensitive to
oxygen availability during cell growth. The high sensitivity and selec-
tivity of the LC-MS method enabled, for the first time, the characteri-
sation of the qualitative OS profiles of the corresponding extracellular
vesicles (EVs). These phospholipid bilayer-enclosed nanoparticles are
released by cells that mediate clinically relevant intercellular
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communication [33] and are key effectors of tumour progression and
microenvironmental remodelling [34]. In EVs, 25-HC and epox-
ycholesterol isomers contributed more prominently to the OS profile
than in the parent cells, suggesting a selective enrichment of specific OS
species during EV formation.

2. Materials and methods
2.1. Chemicals

Potassium hydroxide (>99.95% purity), phosphate buffer saline
tablets, HPLC grade (>95% purity) dichloromethane, LC-MS grade
acetonitrile, isopropanol, methanol, formic acid and water were pur-
chased from Merck (Milan, Italy). The list of analytical standards ob-
tained from Cayman Chemicals (Ann Arbour, USA) and Avanti Polar
(Alabaster, USA), along with their structures and mass spectral data, is
reported in Supporting Information (Table S1 and Fig. S1).

2.2. LC-MS instrumentation and operating conditions

LC-MS analyses were performed using a platform consisting of an
Ultimate 3000 HPLC quaternary chromatographic system and a Q-
Exactive high-resolution quadrupole-Orbitrap mass spectrometer
(Thermo Fisher Scientific, Waltham, USA). The chromatographic col-
umn eluent was transferred into the heated electrospray ionization
(HESI) interface (Thermo Fisher, West Palm Beach, CA, USA) mounted
on the mass spectrometer. RPLC separations were performed using two
different HPLC columns, supplied by Supelco (Bellefonte, USA): an
Ascentis Express HPLC column 90 A ES-CN (cyanopropyl), and an
Ascentis Express HPLC column 90 A F5 (pentafluorophenyl). The col-
umns shared identical length (15 cm), internal diameter (2.1 mm), and
dimensions of the packing spherically porous (core-shell) particles
(2.7 pm).

Separation conditions on both the ES-CN and F5 columns were pre-
viously optimized with the assistance of the DryLab® software [17].
Here, some slight modifications were introduced for improved column
washing and reconditioning.

For ES-CN: Eluent composition: water (solvent A) and 18% v/v
mixture of methanol in acetonitrile (solvent B) both spiked with formic
acid (0.1% v/v), Multilinear gradient structure: O - 50 min) linear increase
of B from 40% to 62.5%; 50 - 55 min) linear increase of B from 62.5% to
100%; 55 - 60 min) isocratic at 100% of B; 60 — 65 min) linear decrease
of B from 100% to 40%; 65 - 75 min) isocratic at 40% of B, Flow-rate:
0.25 mL/min, Column temperature: 50 °C.

For F5: Eluent composition: water (solvent A) and a 47% v/v mixture
of methanol in acetonitrile (solvent B) both spiked with formic acid
(0.1% v/v), Multilinear gradient structure: O - 35 min) linear increase of B
from 55% to 72.5%; 35 - 40 min) linear increase of B from 72.5% to
100%; 40 - 50 min) isocratic at 100% of B; 50 — 55 min) linear decrease
of B from 100% to 55%; 55 - 65 min) isocratic at 55% of B, Flow-rate:
0.25 mL/min, Column temperature: 25 °C.

In the case of F5 stationary phase, column temperature was not
included among the parameters considered for method optimization
with DryLab®. Indeed, high temperatures (>25 °C), combined with the
presence of methanol in the mobile phase, were proven to introduce
heavy retention artifacts specifically involving ring-oxysterols such as 7-
hydroxycholesterol epimers and 5,6-epoxycholesterol isomers. On the
other hand, the ES-CN stationary phase was proven to be less affected by
such effects and the use of higher temperatures has been explored to
reach the best possible quality compromise for the separation of the
target analytes [17].

The parameters of the HESI interface and the ion optics of the Q-
Exactive mass spectrometer were set as follows: sheath gas flow rate: 35
a.u.; auxiliary gas flow rate: 15 a.u.; spray voltage: 3.5 kV; capillary
temperature: 320 °C; S-lens RF level: 50; auxiliary gas temperature:
40 °C. The Q-Exactive mass spectrometer was operated at its maximum
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resolving power (140000 at m/z 200) for full scan experiments. Full-scan
Fourier Transform mass spectra (FTMS) were acquired in a 200-500 m/z
interval setting the Automatic Gain Control (AGC) level at 1 x 106, and
the maximum injection time at 500 ms. The mass spectrometer was
calibrated on alternate days by infusing, at a 5 pL/min flow rate, cali-
bration solutions provided by the instrument manufacturer for both
negative and positive polarity acquisitions. As a result, mass accuracy
was always lower than 5 ppm.

2.3. Culture conditions for HPNE and PANC-1 cells

HPNE (immortalized human pancreatic ductal epithelial cells, rep-
resenting non-tumourigenic pancreatic cells) and PANC-1 (human
pancreatic ductal adenocarcinoma cells) were obtained from ATCC
(Manassas, VA, USA) and cultured in T75 flasks at 37 °C in a humidified
atmosphere with 5% CO,. PANC-1 cells were cultured in RPMI 1640
medium (Gibco, Thermo Fisher Scientific; cat. no. 21875) supplemented
with 10% fetal bovine serum (FBS; Gibco, Thermo Fisher Scientific; cat.
no. A5256701). HPNE cells were grown in low-glucose Dulbecco's
Modified Eagle Medium (DMEM; Gibco, Thermo Fisher Scientific; cat.
no. 31885023) supplemented with 5% FBS and 10 ng/mL human re-
combinant epidermal growth factor (EGF; Gibco, Thermo Fisher Scien-
tific; cat. no. AF-100-15-500pg). Both media were further supplemented
with 1% penicillin-streptomycin (Gibco, Thermo Fisher Scientific; cat.
no. 15070-063). For hypoxic conditions, once cells reached approxi-
mately 70-75% confluency, they were placed in a hypoxic glove box (02
Control InVitro, CoyLabs, Grass Lake, MI) and cultured at 37 °C under
1% O, for 48 h. After treatment, the cells were washed with PBS (Gibco,
Thermo Fisher Scientific, cat. no. 10010023), detached using 0.25%
trypsin-EDTA (Gibco, Thermo Fisher Scientific, cat. no. 25200056) and
centrifuged at 250 xg. Pellets were then washed again with PBS and re-
centrifuged.

2.4. Extracellular vesicles isolation and characterization

Cells were cultured in T175 flasks and, upon reaching ~80% con-
fluency, incubated in FBS-free medium for 48 h. The conditioned me-
dium was collected and sequentially centrifuged at 250 x g for 5 min and
2000xg for 30 min to remove cells and debris. The clarified supernatant
was concentrated to ~1 mL using a 100 kDa MWCO filter (Thermo
Fisher Scientific, cat. no. 88532). Total Exosome Isolation Reagent
(Thermo Fisher Scientific, cat. no. 4478359) was added at a 1:2 ratio
(reagent/medium), mixed, and incubated overnight at 4 °C. The
following day, the samples were centrifuged at 10,000xg for 1 h, the
supernatant discarded, and the resulting EV pellet collected [35].
Consistently with our previous works [35,36], the size distribution and
concentration of isolated EVs were determined by nanoparticle tracking
analysis (NTA) using a NanoSight LM10 (Malvern Instruments, UK)
equipped with a 405 nm laser and NTA 3.2 software. Moreover, the EVs
profile was characterized by Western blot analysis as detailed in Sup-
plementary information.

2.5. Oxysterol extraction from cell pellets and extracellular vesicles

The extraction workflow was adapted from the protocol proposed by
McDonald et al. [37], with small modifications aimed at minimising
sample treatment. Although solid-phase extraction (SPE) was proposed
[37] to remove endogenous cholesterol and minimise the risk of its
chemical oxidation during the extraction process, the SPE step was
omitted in the present study to enable direct semi-quantitative deter-
mination of endogenous cholesterol. To this aim, samples were initially
spiked with a known amount of d7-cholesterol, which additionally
allowed monitoring of any potential oxidation occurring during the
extraction procedure.

The extraction protocol can be summarized as follows: the EV or cell
pellet was resuspended in 1 mL of isopropanol. The dispersion was
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spiked with 100 pL of a 1 mg/mL solution of d7-cholesterol and 50 pL of
a solution containing d6-25-HC and d7-5a,6a-EC, both at concentrations
of 10 pg/mL. The sample was subjected to ultrasound homogenization
using an UP200St probe-type ultrasonic homogeniser (Hielscher Ultra-
sonic, Teltow, Germany) operating at 40% amplitude for 5 s. The ho-
mogenate was quantitatively transferred into 15 mL glass centrifuge
tubes before the addition of 3 mL of a 50% v/v solution of CHyCly/
CH3O0H. The overall mixture was incubated at 30 °C for 10 min under
moderate agitation (700 rpm) by an orbital thermoshaker (IKA, Staufen,
Germany). The liquid phase was separated from the remaining pellet
residue by centrifugation (1970xg, 10 min). Additional 3 mL of the
CH4Cly/CH30H mixture was added to the solid residue, and the mixture
was re-incubated at 30 °C for 10 min at the same agitation rate
(700 rpm). The liquid phase was recovered by centrifugation, and the
two supernatants were combined. Thereafter, 300 pL of a 10 mol/L so-
lution of potassium hydroxide (KOH) was added, and the mixture was
incubated at 40 °C for 90 min under moderate agitation (700 rpm) to
promote the hydrolysis of the ester bonds of acylated OS. The organic
phase was washed with 3 mL of 50 mmol/L phosphate-buffered aqueous
solution to remove excess KOH. Once a stable phase separation was
achieved after centrifugation (1970xg for 10 min), the organic phase
was withdrawn and transferred into 10 mL glass tubes. The remaining
aqueous medium was washed with 3 mL of CH,Cly. The CH,Cly-rich
phase was recovered after centrifugation (1970xg for 10 min) and
combined with the previously collected CH5Cl,/CH30H extract. The

RPLC(ES-CN)-HESI(+)-FTMS
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overall mixture was subjected to solvent evaporation using a SpeedVac
concentrator (Thermo Fisher Scientific, Waltham, USA). The dried res-
idue was reconstituted in 200 pL of CH,Cly/CH3OH and diluted by a 1:1
factor in CH3CN before RPLC-HESI-FTMS analysis. In the case of EVs, the
three extracts obtained from each EV type were pooled, dried, and
resuspended in 200 pL of CH»Cly/CH3OH to increase the quality of the
LC-MS signal, prior to the 1:1 dilution with CH3CN (vide infra).

2.6. Evaluation of cellular oxidative stress

CellROX Green Reagent (Thermo Fisher Scientific, cat. no. C10444)
was added to the culture medium at a final concentration of 5 pM and
incubated for 30 min according to the manufacturer's instructions. For
each condition, the samples were prepared alongside negative (medium
without CellROX Green Reagent) and positive controls (medium con-
taining CellROX Green Reagent and hydrogen peroxide at a final con-
centration of 500 pM).

3. Results and discussion

3.1. LC-MS-based characterisation of oxysterols in healthy and
pancreatic tumour cells

The separation of cholesterol and the 14 targeted OS analytes was
accomplished within 55 min using RPLC methods employing
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Fig. 1. RPLC-HESI(+)-FTMS multiple extracted-ion current (multi-EIC) chromatograms obtained for HPNE (panels A and B) and PANC-1 (panels C and D) cells
cultured under normoxic and hypoxic conditions. Separations were performed using a cyanopropyl stationary phase (ES-CN). The presence of 7-ketocholesterol (7-
KC) and 7a,25-dihydroxycholesterol (7a,25-HC) was evaluated by monitoring their characteristic ionization pathways (m/z 383.3308 and 401.3414), which differ
from those used for the remaining oxysterol standards (m/z 367.3359, 385.3465, and 403.3571; see Table S1). Insets show expanded chromatographic regions
highlighting the separation of side-chain oxysterols obtained with the pentafluorophenyl (F5) column. Unidentified or ambiguous peaks are labelled with lowercase
letters (a—e) according to elution order. Oxysterol nomenclature follows the conventions defined in the list of abbreviations.
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cyanopropyl (ES-CN) and pentafluorophenyl (F5) stationary phases
(Fig. S2). In both chromatographic approaches, the selectivity was
insufficient to resolve the peaks corresponding to 25(R)-26-HC and 25
(S)-26-HC epimers. Of the 14 targeted OS, 24(S)-HC, 25(R/S)-26-HC,
CT, 7p-HC, 7a-HC, 7-KC, 5B,6p-EC, and 5a,6a-EC were confidently
detected in normoxic and hypoxic HPNE and PANC-1 cell lines based on
retention time alignment (Fig. 1).

Upon application of the ES-CN-based RPLC method, the accuracy of
24(S)-HC peak integration was hampered by the lack of baseline sepa-
ration between CT and 24(S)-HC (Fig. S2A), together with the pro-
nounced dominance of the CT signal. On the other hand, no peak overlap
was observed between CT and 24(S)-HC when separation was performed
using F5 as the stationary phase (Fig. S2B). Therefore, the quantification
of 24(S)-HC, as well as 25(R/S)-26-HC, was based on the F5-based LC-
MS method.

Although the use of the F5 column offers a shorter analysis time
compared to the ES-CN column, it is known to induce retention artifacts
that specifically affect side-chain OS, including 7-HC epimers and 5,6-EC
isomers [17]. No peak alterations were observed when ring-OS were
separated using the ES-CN-based method [17]. Therefore, the latter
approach was used for the quantification of all ring-OS species, namely
CT, 7B-HC, 7a-HC, 7-KC, 58,68-EC, and 5a,6a-EC.

As illustrated in the insets of Figs. 1 and 24(S)-HC partially co-eluted
with an early-eluting, unidentified compound (denoted as peak “a”)
when chromatographic separation was performed on the F5 column.
Although the retention time of this peak matched that of the 25-HC
analytical standard under identical conditions, its identity could not
be confirmed, as no corresponding 25-HC signal was detected when the
separation was carried out on the ES-CN column. Conversely, peak “e”
observed on the ES-CN column (Fig. 1) exhibited a retention time
consistent with that expected for 4p-HC. However, this assignment could
not be corroborated on the F5 column, where no signal attributable to
4p-HC was observed. To ensure robustness and consistency of the re-
sults, OS quantification was restricted to species that were unambigu-
ously identified based on matching retention times on both
chromatographic columns. When this criterion was satisfied, analyte
identities were further validated by comparing their in-source frag-
mentation patterns in cellular samples with those of the corresponding
analytical standards (Table S2). When operating in positive ion mode,
the electrospray ionization of OS, co-adjuvated by the presence of formic
acid, predominantly results in the formation of [M+H]" ion adducts.
The protonation is likely to involve either the oxygenated moieties (i.e.,
hydroxyl and keto groups) or the double bond (if present) inherited from
the cholesterol structure. In the latter case, a carbocation is generated.
The carbocation can be further stabilized in its allylic or bis-allylic form
via the elimination of one or two water molecules, involving one or two
hydroxyl groups suitably positioned relative to the positive charge.
Hydroxyl groups located on the sterol side chain can be also lost as water
molecules through charge-remote fragmentation in case highly
substituted alkenes are formed. These mechanistic hypotheses have
been thoroughly described in our recent publication [17] and can be
invoked to justify the propensity of certain OS to undergo extensive
in-source fragmentation. The latter results in the formation of [M +
H-nH,0]" ions, where the n value depends on the number of hydroxyl
groups that can be involved in the elimination of neutral water mole-
cules. As a result, distinctive in-source fragmentation patterns can be
observed for the majority of the 14 targeted oxysterols. For each com-
pound, information on both the ion type and the intensity distribution
across the corresponding ion channels is provided in Table S1. Careful
evaluation of these fragmentation patterns was essential to exclude
potential interferences and to guarantee accurate quantification of the
targeted OS species.

As shown in Fig. 1, signals corresponding to CT, the 7-HC epimers,
and the 5,6-epoxycholesterol isomers were markedly more intense than
those of 24(S)-HC and 25(R/S)-26-HC. These ring oxysterols, together
with 7-KC, could in principle originate from oxidation of endogenous
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cholesterol during sample preparation. However, this possibility was
excluded based on the results reported in Fig. S3, which show that no
oxidation products were detected from d7-cholesterol spiked into the
samples prior to extraction. The amount of d7-cholesterol added was
adjusted to closely match the endogenous cholesterol content. Further
details on oxysterol quantification are provided in Section S1. Choles-
terol was quantified using a semi-quantitative approach, whereby
endogenous cholesterol levels were calculated by multiplying the peak
area ratio of cholesterol to d7-cholesterol by the known amount of d7-
cholesterol added to each sample (100 pg). For all target analytes,
concentrations were normalised to cell number and expressed per
million cells.

3.2. Quantitative characterization of oxysterols in healthy and tumour
pancreatic cells

Quantitative profiling of OS revealed marked differences between
healthy pancreatic cells and PDAC cells, with these alterations being
strongly modulated by oxygen availability during cell culture. In both
HPNE and PANC-1 cells, the abundance of several OS species showed
pronounced sensitivity to oxygen levels. These trends are summarized in
the bar charts shown in Fig. 2, which report the levels of the eight
detected OS as a function of cell type under normoxic and hypoxic
conditions. The figure also includes a graphical representation of the
estimated 95% confidence intervals (CIs), calculated from biological
replicates for each cell line; the corresponding CI widths are reported in
Table S4.

Across both normoxic and hypoxic conditions, the average estimated
amounts of CT, 7a-HC, 78-HC, and 7-KC were consistently higher in
PANC-1 cells than in healthy HPNE cells. This behaviour may be
attributed to enhanced oxidative stress in tumour cells. As shown in
Fig. S4, a two-tailed t-test revealed significantly higher ROS levels in
PANC-1 cells compared with HPNE cells under both growth conditions.
In addition, reduced oxygen bioavailability promoted the accumulation
of CT, 7a-HC, 78-HC, and 7-KC in both cell lines. Consequently, the
differences observed between healthy and tumour cells under normoxic
conditions were further amplified when normoxic HPNE cells were
compared with hypoxic PANC-1 cells. Moreover, cholesterol levels were
slightly but significantly increased when both cell types were cultured
under hypoxic conditions. The statistical robustness of these observa-
tions was evaluated using appropriate tests for comparison of means.
The homogeneity of variance (homoscedasticity) was assessed using
Bartlett's test, as a fundamental prerequisite for choosing the most
appropriate statistical approach for comparison of means. Depending on
the outcome, either the analysis of variance (ANOVA) as a parametric
test or the Kruskal-Wallis test (i.e., its non-parametric alternative) was
applied. For ANOVA, Tukey's test was employed as a post hoc test, while
Dunn's test was used as the corresponding post hoc analysis in the case of
heteroscedasticity. All tests were conducted at a 95% confidence level.

Significant differences between group means were detected by the
ANOVA test for 7a-HC, 7-KC, and 24(S)-HC. The Tukey's post hoc test
confirmed significantly lower 7a-HC levels in normoxic HPNE cells
compared with normoxic PANC-1 cells. Hypoxia induced a significant
increase in 7a-HC levels in HPNE cells, which became comparable to
those observed in normoxic PANC-1 cells. By contrast, 7a-HC levels in
hypoxic PANC-1 cells were significantly higher than in all other cell
types and conditions. A similar trend was observed for 7-KC; however,
no statistically significant differences in 7-KC levels were detected
among normoxic HPNE, normoxic PANC-1, and hypoxic HPNE cells.

Significant differences between group means were detected by the
Kruskal-Wallis test for both CT and 7p-HC. In both cases, Dunn's post
hoc test revealed a statistically significant variation only between nor-
moxic HPNE and hypoxic PANC-1 cells. It should be noted that, even
when within-group variability is low and group separation is evident,
Dunn's test may lack sufficient statistical power to detect significant
differences, particularly when rank differences are small or sample sizes
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Fig. 2. Amounts of cholesterol and eight oxysterols measured in HPNE and PANC-1 cells cultured under normoxic (norm) and hypoxic (hypo) conditions. Bars
represent mean values (n = 3), with individual replicates shown as overlaid points. Error bars indicate 95% confidence intervals. Statistical significance was assessed
using one-way ANOVA followed by Tukey's post hoc test when homoscedasticity was confirmed by the Bartlett test. Groups that differ significantly (p < 0.05) are
denoted by different letters. The Kruskal-Wallis test was used as the non-parametric alternative to ANOVA in cases of heteroscedasticity. In such cases, pairwise
comparisons were performed using Dunn's post hoc test. Statistically significant differences (0.01 < p < 0.05) are indicated by asterisk (*)-labelled connection lines.
Bonferroni-adjusted p-values were considered for multiple comparisons.
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are limited. Consistently, inspection of the overlap between the calcu-
lated CIs for CT and 7f-HC across all sample types revealed a scenario
that is globally coherent with that described for 7a-HC and 7-KC.

Similarly to CT, 7a-HC, 78-HC, and 7-KC, both 5a,6a-EC and 5f,6-
EC can be generated through ROS-mediated oxidation of cholesterol.
Nevertheless, ANOVA did not reveal significant differences between
group means for these epoxycholesterol isomers across all cell types and
conditions. A distinct behaviour was observed for side-chain OS. Ac-
cording to Tukey's test, 24(S)-HC levels depended primarily on cell type
rather than oxygen availability, with significantly higher amounts
detected in HPNE cells compared with PANC-1 cells under both nor-
moxic and hypoxic conditions. Conversely, no statistically significant
differences were identified by the Kruskal-Wallis test for 26(R/S)-HC.
However, based on average values and evaluation of CI overlap, the
abundance of this oxysterol appeared to be strongly modulated by ox-
ygen availability, exhibiting opposite trends in the two cell lines. Spe-
cifically, hypoxic conditions led to increased 26(R/S)-HC levels in HPNE
cells, whereas a decrease was observed in PANC-1 cells. As a result,
comparable levels of 26(R/S)-HC were detected in normoxic HPNE and
hypoxic PANC-1 cells.

Beyond absolute OS amounts, discrimination between healthy and
PDAC cells can also be achieved by evaluating OS profile data, as shown
in Fig. S5. The contribution of each OS species to the overall profile was
calculated as the percentage ratio (%RA) between its amount and the
sum of all detected OS. Equivalent information can be derived from
extracted-ion current peak areas, allowing qualitative profile differences
to be inferred directly from chromatographic traces. However, the
application of multivariate statistical approaches provides a more robust
and intuitive evaluation of profile data. Accordingly, Fig. 3 reports the
score and loading plots obtained from principal component analysis
(PCA) of the OS profiles. The scores of normoxic HPNE and PANC-1 cells
are clearly separated along PC1. This separation is mainly driven by
differences in the relative abundance of specific ring-OS generated by
ROS-mediated cholesterol oxidation. 7p-HC and CT were markedly
increased in PANC-1 cells, whereas the opposite trend was observed for
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5a,60-EC and 5B,6B-EC, resulting in a higher relative abundance of
epoxycholesterol isomers in HPNE cells. This behaviour is also evident
from the comparison of the chromatographic profiles shown in plots A
and C of Fig. 1. The loading plots in Fig. 3 further highlight the contri-
bution of 7-KC to the separation along PC1. Although 7-KC levels
increased in PANC-1 cells, this increase was less pronounced than that
observed for 78-HC and CT, leading to a slightly lower %RA compared
with normoxic HPNE cells. Consistently, the difference in %RA for 7-KC
between normoxic HPNE and PANC-1 cells was not statistically signif-
icant (Fig. S5).

In addition to intrinsic differences between healthy and tumour cells,
oxygen deprivation induced opposite modifications of the OS profiles in
the two cell lines. Hypoxic HPNE scores shifted toward normoxic PANC-
1 cells along PC1, reflecting hypoxia-induced accumulation of ring-OS
such as CT and 7-HC epimers, while epoxycholesterol levels remained
comparable to normoxic conditions. In contrast, hypoxic PANC-1 cells
exhibited a less pronounced increase in these species, resulting in a shift
toward normoxic HPNE cells along PC1. Notably, 7-KC levels were
consistently elevated in hypoxic PANC-1 cells, yielding a higher %RA
and enabling separation from normoxic HPNE cells along PC2 (Fig. 3A).
Conversely, hypoxic HPNE and normoxic PANC-1 cells were better
separated along PC3 due to the higher %RA of CT in the latter (Fig. 3C).
Overall, PCA indicates that hypoxia induces a convergent remodelling of
oxysterol profiles in healthy and PDAC cells, while preserving cell-
type-specific signatures driven by differential regulation of ring-
oxidized species.

3.3. Qualitative characterisation of oxysterols in EV from healthy and
tumour pancreatic cells

Extracellular vesicles (EVs) are membrane-bound particles released
by cells into the extracellular environment and act as carriers of bioac-
tive molecules, including proteins, lipids, and nucleic acids, thereby
playing a key role in intercellular communication [38]. Owing to these
properties, EVs have been extensively investigated as a potential source
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Fig. 3. Principal component analysis (PCA) of oxysterol profiles from HPNE and PANC-1 cells cultured under normoxic (norm) and hypoxic (hypo) conditions. Data
were mean centered without autoscaling. Two-dimensional score and loading plots are shown, with PC2 versus PC1 (panels A and B) and PC3 versus PC1 (panels C
and D). The percentage of variance explained by each principal component is reported along the corresponding axes. In the score plots, biological replicates are
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of circulating biomarkers for the early diagnosis of PC [38]. On this
basis, the present study extended the LC-MS characterisation of OS to
EVs produced by HPNE and PANC-1 cells cultured under normoxic and
hypoxic conditions. Triplicate EV samples were obtained using the
isolation protocol described in the Materials and Methods section. EV
size distribution and identity were assessed by nano tracking analysis
(NTA) and Western blot (WB) analysis (Fig. S6), both of which
confirmed the successful isolation of EVs. In accordance with current
guidelines for extracellular vesicles [39], WB analysis demonstrated
positivity for established EV markers, including transmembrane proteins
(CD63 and CD9) and cytosolic proteins (ALIX and FLOT1), as well as
negativity for markers of other intracellular compartments (CANX,
endoplasmic reticulum/Golgi apparatus marker). The results of these
analyses are summarized in Fig. S6, while technical details regarding
NTA and WB experiments are provided in Sections S2 and S3, respec-
tively. To confirm uniform sample loading in WB analysis, the original
stain-free total protein profiles are included in Fig. S7.

OS were detected in trace amounts in the cell samples, and even
lower abundances were expected in the corresponding EV samples.
Accordingly, OS signals were barely distinguishable in the EIC chro-
matograms obtained from individual EV replicates. To increase OS
detectability, EV extracts from replicate samples were pooled, which
precluded statistical analysis of quantitative data. Consequently, the
present investigation was limited to the qualitative profiling of OS in EV
samples, with primary emphasis on accurate compound identification.
Nevertheless, meaningful information could be obtained by comparing
the EIC traces of the EV samples (Fig. 4) with those of the corresponding
cell samples (Fig. 2).

Except for 25-HC, no OS other than those already detected in the
parent cell samples were confidently identified in EVs based on retention
time and mass spectrometric information derived from analytical stan-
dards. The presence of 25-HC was confirmed in EVs from all conditions

RPLC(ES-CN)-HESI(+)-FTMS

== Multi-EIC @m/z 367.3359, 385.3465, 403.3571

= Multi-EIC @m/z 383.3308, 401.3414

A) Normoxic HPNE EVs
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except those produced by hypoxic PANC-1 cells, in which the signal was
barely detectable in the EIC traces (Fig. 4D). Notably, all EV samples
exhibited highly similar EIC profiles, which differed from those of the
corresponding cell samples mainly due to the predominance of 5p3,6-
epoxycholesterol (58,68-EC). In addition, the intensity of the 7a-
hydroxycholesterol (7a-HC) peak was comparable to that of its 7f
epimer in EV samples, whereas a lower 7a-HC/7p-HC intensity ratio was
consistently observed in all cell samples. Regarding side-chain OS, 24
(S)-hydroxycholesterol was not detected in EVs produced by either
HPNE or PANC-1 cells cultured under hypoxic conditions. In contrast, 26
(R/S)-hydroxycholesterol was detected in EVs derived from all investi-
gated cell types and oxygenation conditions.

Overall, EVs displayed a conserved yet distinct oxysterol fingerprint
compared with their parent cells, characterized by selective enrichment
of specific ring-oxidized species and limited representation of side-chain
oxysterols, highlighting a regulated sorting mechanism rather than
passive lipid transfer. These findings suggest that future and in-depth
quantitative evaluation of EV-borne oxysterols, particularly under
varying oxygenation conditions, may provide functionally relevant sig-
natures and warrant further investigation in clinically accessible bio-
fluids to assess their potential as biomarkers and mediators of pancreatic
cancer progression.

4. Conclusions

This study demonstrates that oxysterol profiles in pancreatic cells are
strongly influenced by both tumour phenotype and oxygen availability.
PANC-1 tumour cells exhibited a consistent enrichment of ring-oxidized
oxysterols regardless of oxygenation conditions, supporting the presence
of a disease-associated chemical signature potentially linked to oxida-
tive stress and/or metabolic reprogramming. Hypoxia further amplified
the accumulation of these species, highlighting oxygen limitation as a
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Fig. 4. RPLC-HESI(+)-FTMS multi-EICs chromatograms obtained for extracellular vesicle (EV) samples derived from HPNE (panels A and B) and PANC-1 (panels C
and D) cells cultured under normoxic and hypoxic conditions. Separations were performed using a cyanopropyl stationary phase (ES-CN). The presence of 7-keto-
cholesterol (7-KC) and 7a,25-dihydroxycholesterol (7a,25-HC) was evaluated by monitoring their characteristic ionization pathways (m/z 383.3308 and 401.3414),
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regions highlighting the elution of side-chain oxysterols obtained using the pentafluorophenyl (F5) column. Unidentified peaks detected in the corresponding cell
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key modulator of oxysterol homeostasis. Side-chain oxysterols displayed
divergent behaviors, with 24(S)-hydroxycholesterol primarily associ-
ated with cell type and 26(R/S)-hydroxycholesterol highly sensitive to
hypoxic conditions in a cell-specific manner. Extracellular vesicles
mirrored cellular oxysterol content while displaying a distinct enrich-
ment of 25-hydroxycholesterol and 5p,6p-epoxycholesterol. Together,
these findings support the relevance of oxysterols as dynamic metabolic
players in pancreatic cancer and demonstrate the suitability of the
proposed LC-MS strategy for future investigations in clinically relevant
biological matrices, including tissues and biofluids, as well as for
deepening the understanding of the possible regulatory role that oxy-
sterols may play in the onset and development of pancreatic cancer.
Future in vivo studies will be essential to validate these observations
within the complex tumour microenvironment and to assess the trans-
lational potential of oxysterol signatures as biomarkers or therapeutic
targets.
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