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A B S T R A C T   

Iron chelators, such as deferoxamine, exert an anticancer effect by altering the activity of biomolecules critical 
for regulation of the cell cycle, cell metabolism, and apoptotic processes. Thus, iron chelators are sometimes used 
in combination with radio- and/or chemotherapy in the treatment of cancer. The possibility that deferoxamine 
could induce a program of senescence similar to radio- and/or chemotherapy, fostering adaptation in the 
treatment of cancer cells, is not fully understood. Using established biochemical techniques, biomarkers linked to 
lipid composition, and coherent anti-Stokes Raman scattering microscopy, we demonstrated that hepatocellular 
carcinoma-derived HepG2 cells survive after deferoxamine treatment, acquiring phenotypic traits and repre-
sentative hallmarks of senescent cells. The results support the view that deferoxamine acts in HepG2 cells to 
produce oxidative stress-induced senescence by triggering sequential mitochondrial and lysosomal dysfunction 
accompanied by autophagy blockade. We also focused on the lipidome of senescent cells after deferoxamine 
treatment. Using mass spectrometry, we found that the deferoxamine-induced senescent cells presented marked 
remodeling of the phosphoinositol, sulfatide, and cardiolipin profiles, which all play a central role in cell 
signaling cascades, intracellular membrane trafficking, and mitochondria functions. Detection of alterations in 
glycosphingolipid sulfate species suggested modifications in ceramide generation, and turnover is frequently 
described in cancer cell survival and resistance to chemotherapy. Blockade of ceramide generation may explain 
autophagic default, resistance to apoptosis, and the onset of senescence.   

1. Introduction 

Iron is an essential element used by living cells for many cellular 
processes (Hentze et al., 2004). However, iron has been linked to various 
diseases, including cancer. Iron bioavailability is rate-limiting during 
DNA synthesis; therefore, cancer cells require more iron as they undergo 
rapid division. Cancer tissues, across virtually all solid cancer types, 
have been widely observed to present with (local) iron accumulation 
(Torti and Torti, 2013). Despite being non-replicative, senescent cells, 
whether induced by irradiation, chemotherapy, or oncogenes, also 
accumulate vast amounts of intracellular iron, affecting the levels of 
proteins involved in iron homeostasis. One possible explanation for iron 
overload in senescent cells concerns dysfunctional lysosomes, a 
well-known feature of senescence that leads to impaired ferritin degra-
dation with consequent iron accumulation (Masaldan et al., 2018). 

Excessive iron is toxic due to its ability to generate reactive oxygen 

species (ROS) and can even trigger cell death. Ferroptosis is a type of 
oxidative cell death induced by of iron-mediated lipid peroxidation 
(Stockwell et al., 2017; Xie et al., 2016). However, senescent cells 
exhibit alterations in iron acquisition and storage, with impeded 
iron-mediated cell death pathways (Masaldan et al., 2018). 

The use of iron chelators, such as deferoxamine (DFO), deferiprone, 
and deferasirox, which are conventionally administered for the treat-
ment of iron-loaded diseases (Chaston and Richardson, 2003), is a 
developing strategy for senescence-related disorders with the aim of 
sequestering iron from usage (Nakamura et al., 2019; Ward et al., 2014). 
As tumor cells are strongly dependent on iron for their growth and 
proliferation, iron chelators also work against cancer as therapeutic 
agents (Heath et al., 2013). Several clinical studies have shown that DFO 
exhibits antitumor activity in patients with neuroblastoma, leukemia, or 
hepatocellular carcinoma (Donfrancesco et al., 1990; Estrov et al., 1987; 
Yamasaki et al., 2011). 
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Mechanistically, DFO triggers the degradation of ferritin within ly-
sosomes and binds the released iron, causing its retention in the lyso-
somal compartment and impeding its release into the cytoplasm 
(Yambire et al., 2019). This leads to a hypoxia-like response, loss of 
mitochondrial function, inhibition of the activities of several essential 
enzymes that require iron, changes in mitochondria metabolism, and 
lipid droplet (LD) accumulation. The localization of LDs at the borders of 
the mitochondria network suggests impaired mitophagy (Al Tameemi 
et al., 2019; De Bortoli et al., 2018). 

This vicious feedback loop between lysosomes and mitochondria 
plays a functional role in cellular senescence, including that induced by 
anticancer therapy, in which structural alterations and the malfunction 
of both lysosomes and mitochondria account for the majority of senes-
cent changes. 

Therapy-induced cellular senescence is relevant to clinical practice 
because it can contribute to tumor progression and resistance to therapy. 
However, detection and characterization of senescent cancer cells are 
still challenging (Prasanna et al., 2021). Recent research has docu-
mented that senescent cells exhibit global alterations in lipid composi-
tion, but the mechanisms underlying their role in the development of 
senescence are yet to be clarified and the lipidomics of senescent cells 
are yet to be thoroughly explored (Hamsanathan and Gurkar, 2022; Pils 
et al., 2021). 

In this study, we aimed for a deeper characterization of the metabolic 
changes related to therapy-induced senescence and the discovery of 
novel biomarkers for senescent cancer cells. We adopted DFO treatments 
to induce mitochondrial damage and oxidative stress in rapidly growing 
HepG2 hepatocellular carcinoma cells. In addition to a predominantly 
cytotoxic response, we observed a typical senescence response, with loss 
of proliferative capacity. Our study also highlights senescence- 
associated modifications in the profiles of phosphoinositols (PIs), sul-
fatides, and cardiolipins (CLs). 

2. Materials and methods 

2.1. Chemicals and solvents 

All solvents (ULC grade) were purchased from Merck (Italy) unless 
stated otherwise. 9-Aminoacridine (9AA) was purchased from Sigma- 
Aldrich (Italy). ITO glass slides were obtained from Bruker Daltonics 
GmbH (Bremen, Germany). Chloroform and ethanol (HPLC grade) were 
purchased from Sigma-Aldrich (Italy). Methanol (LC-MS grade) was 
from Fisher Scientific (Italy). 

2.2. Cell culture 

HepG2 cells were purchased from American Type Culture Collection 
(ATCC, Manassas, VA, USA; ATCC number: HB-8065) and maintained in 
Dulbecco’s modified Eagle medium (DMEM; Gibco, Italy) supplemented 
with 10% fetal bovine serum (FBS; Gibco) at 37 ◦C and 5% CO2. 

2.3. Treatments 

DFO (Merk) was diluted in distilled water at a final concentration in 
culture medium of 100 µM. Cells were seeded at a density of 300,000 
cells/mL, exposed to DFO 24 h after plating, and cultured in its presence 
for 72 h or 7 days. 

2.4. β-Galactosidase staining 

Following the instructions of the SA-β-gal Staining Kit (Cell 
Signaling, Massachusetts, USA), control cells and 72 h and 7-day DFO- 
treated cells were washed with PBS and then fixed with fixation solu-
tion (provided by the kit) for 15 min at 25 ◦C. After rinsing with PBS 
twice, cells were stained with the β-Gal staining solution and incubated 
at 37 ◦C overnight in a dry incubator, and then observed under a light 

microscope (Leica DM IRB microscope, Leica Microsystems, Wetzlar, 
Germany). 

For quantification of β-galactosidase activity, control and 7-day DFO- 
treated cells were stained with Green BioTracker 519 B-Gal Dye (Invi-
trogen, USA). Cells were incubated with 1 µM Green BioTracker 519 B- 
Gal Dye and incubated for 15 min at 37 ◦C, rinsed, and imaged using an 
epifluorescence microscope (Eclipse Ti2-e, Nikon). The fluorescence 
intensity derived from the marker was measured using FiJi (ImageJ). 

2.5. Oil Red O 

For Oil Red O staining, the cells were washed with PBS (Lonza, Italy) 
and then fixed with 4% formaldehyde for 10 min at room temperature. A 
stock solution of Oil Red O (0.5%) was diluted to 60% in isopropyl 
alcohol with water (3:2, V/V) and used to stain cells for 20 min in the 
dark, and then washed carefully with water three times. After death, 
cells were observed under a light microscope (Leica DM IRB microscope, 
Leica Microsystems). 

2.6. ATP measurement 

Following the instructions of the ATP Colorimetric/Fluorometric 
Assay Kit (Sigma-Aldrich, Missouri, USA), control cells and 72 h and 7- 
day DFO-treated HepG2 cells were lysed with ATP Assay Buffer (100 μL/ 
106 cells) and deproteinized using 10 kDa MWCO spin filters. A 15 μL 
aliquot of each sample and 2 μL of ATP Converter were added into 
duplicate wells of a 96-well plate and brought to a final volume of 50 μL 
with ATP Assay Buffer. For each sample, a blank was prepared by 
omitting the ATP Converter. Five standards were prepared for fluoro-
metric detection as indicated in the kit protocol. The fluorescence 
emitted from the samples and standards was measured using SPARK 
Tecan (SW SPARKCTL. Magellan V2.2 STD 2PC, GmbH, Austria). 

2.7. Confocal microscopy 

Mitochondria and lysosomes were stained in live cells using Mito-
Tracker Deep Red FM and LysoTracker Deep Red FM (Invitrogen), 
respectively, diluted to a final concentration of 100 nM in the culture 
medium as suggested by the producer. Briefly, cells were incubated with 
the probe at 37 ◦C and 5% CO2 for 45 min, gently washed with PBS, fixed 
with 4% paraformaldehyde (PFA, Sigma-Aldrich) for 10 min, and per-
meabilized with 1% BSA + 0.2% Triton X/PBS for 30 min. Subsequently, 
the cells were blocked with 10% normal goat serum (Cell Signaling) for 
1 h and incubated overnight at 4 ◦C. The following primary antibodies 
were used: phospho-histone H2A.X (Ser139) (20E3) rabbit mAb (Cell 
Signaling) diluted 1:1000 and LC3B rabbit mAb (Cell Signaling) diluted 
1:500. The cells were then washed with Triton X 0.2%/PBS and incu-
bated for 1 h at room temperature with the secondary antibody, goat 
anti-rabbit IgG (H+L) highly cross-adsorbed secondary antibody Alexa 
Fluor 546 (Invitrogen), diluted 1:500. Samples were mounted with 
DAPI-containing anti-fade reagent (ProLong Gold, Life Technologies, 
USA). Confocal microscopy was performed using a Leica TCS SP8 X 
confocal laser scanning microscope (Leica Microsystems GmbH). 

2.8. Flow cytometry 

Cell cycle analysis was performed on control cells and 72 h and 7-day 
DFO-treated cells and monitored using a BD FACSCanto instrument (BD 
Biosciences San Jose, CA, USA). Upon treatment, trypsinized cells were 
fixed with 70% EtOH and incubated overnight with 50 µg/mL propi-
dium bromide (Cell Signaling) in the presence of 10 µg/mL RNase DNase 
free (Thermo Fisher). Data analysis was performed using ModFit LT™ 
(Verity Software House). 
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2.9. Western blot 

Cells were washed with cold PBS, scraped, and lysed with 5% SDS/ 
125 mM Tris-HCl (pH 6.8) at 99 ◦C. Protein levels were assessed by 
Western blotting. Protein concentrations in the samples were deter-
mined using the BCA™ protein assay kit (Pierce). Proteins were sepa-
rated by 12% SDS-PAGE, and then transferred to polyvinylidene 
difluoride (PVDF) membranes. Membranes were blocked and incubated 
overnight at 4 ◦C with the following primary antibodies: ferritin 
(Abcam, 1:1000), transferrin receptor (Abcam, Cambridge, UK, 1:1000), 
LC3B (Cell Signaling, 1:1000), PARP (Cell Signaling, 1:1000), PI3K (Cell 
Signaling, 1:1000), Akt (Cell Signaling, 1:1000), phospho-Akt (Cell 
Signaling, 1:1000), phospho-H2A.X (Ser139) (Cell Signaling, 1:000), 
and survivin (Cell Signaling, 1:1000). Membranes were washed and 
incubated with anti-rabbit and anti-mouse ECL antibodies (GE Health-
care) for 1 h at room temperature and washed again. After antibody 
incubation, band intensity was detected via chemiluminescence and 
imaged using an Azure Biosystems c600. 

2.10. Forward coherent anti-stokes Raman scattering (CARS) 

Cells were cultured on 22x22x 0.17 mm quartz slides. At the desired 
endpoint, untreated (control) and DFO-treated cells were gently washed 
with PBS (Lonza) and fixed with 4% PFA for 10 min. Each quartz slide 
was mounted upside-down in the middle of a clean 25x50x 0.17 mm 
quartz slide with the cells placed in-between. The four edges of each 
smaller slide were carefully sealed to the bigger one using nail polish. 
We built a multimodal microscope with off-the-shelf components 
featuring seven different NLO modalities, including CARS (Lu et al., 
2015). The laser source delivers 780 nm pump pulses and 950–1050 nm 
tunable Stokes pulses with 1 picosecond duration, matching the 
CH-stretching region of the Raman vibrational spectrum (2800–3100 
cm-1). CARS imaging was performed at 2850 cm-1, corresponding to the 
CH2-stretching vibrational mode of lipids. The percentage of LD area per 
cell area was calculated by thresholding raw 2850 cm-1 CARS images, 
and then normalizing the area above the threshold over the total cell 
area outlined from co-registered light transmission images. The 
threshold was the same for all control and DFO cells and chosen to 
distinguish lipid accumulations from the cytosol signal. LD concentra-
tions were measured as the square root of thresholded 2850 cm-1 CARS 
images, as the CARS signal scales quadratically with the concentration of 
scatterer in the focal volume (Lu et al., 2015). 

2.11. Mass spectrometry 

2.11.1. Lipid solubilization 
Control and DFO-treated HepG2 cells were pelleted and washed with 

PBS (Lonza) three times. The extraction of lipids from the obtained 
pellets was performed using Bligh and Dyer’s method (Breil et al., 2017). 
Briefly, lipids were extracted from the pellet by adding 300 μL of 
chloroform/methanol (2:1, v/v). The suspension was then mixed for 15 
min at 1400 rpm and sonicated for 4 min. Deionized water (100 μL) was 
added to separate the organic phase from the aqueous phase, and the 
suspension was mixed for 1 min before centrifuging at 3000 g for 5 min 
at 20 ◦C. The organic phase (lower layer) containing lipids was collected 
in a clean tube and dried in a SpeedVac centrifuge. Lipids were then 
resuspended in an appropriate volume of 2-propanol/ACN (60/40, v/v) 
and sonicated for 4 min. At this point, 1 μL of lipid suspension was mixed 
with 2 μL of 9-AA matrix in a new vial. Next, 1 μL of the mix was layered 
on the MALDI target plate and left to dry. 

2.11.2. MS analysis 
Lipids were analyzed in negative-ion mode using a Bruker Ultra-

fleXtreme MALDI TOF MS operating in reflectron mode and equipped 
with a frequency-tripled 355 nm Nd:YAG laser at repetition rates up to 
10 kHz. Data acquisition was controlled by flexControl 3.4 software 

(Bruker Daltonics). The mass spectra were acquired over the mass-to- 
charge ratio (m/z) range of 800–1600 in ion Reflectron TOF mode. 
The laser power was adjusted to a point just above the ionization 
threshold of the sample with 1000 laser shots per acquisition. Five ac-
quisitions were averaged for each individual spectrum. Tandem mass 
spectrometry (MS/MS) analysis was performed using a laser ionization 
fragmentation technology (LIFT) approach as described by Suckau et al. 
(2003). Characteristic product ions of precursor ions in the MS/MS 
spectrum were used to identify the lipid class by searching accurate 
MS/MS fragmentation pattern data in LIPID MAPS (Lipidomics 
Gateway, http://www.lipidmaps.org/). To compensate for the relatively 
low resolving power of approximately 5000 at m/z 885.56, tentative 
assignments were made only if the proposed lipid species were previ-
ously described in the literature. Raw data pre-processing was per-
formed using SimLipid Software (http://www.premierbiosoft.com). 
CSV files were directly imported into MetaboAnalyst 5.0 software 
(www.MetaboAnalyst.ca/faces/home.xhtml) for downstream univari-
ate statistical analysis (volcano plot) and multivariate statistical ana-
lyses, such as partial least squares discriminant analysis (PLS-DA) and 
hierarchical clustering (heatmap). The variables were 
log2-transformated, and Pareto scaling with mean centering was applied 
for normalization (Wolrab et al., 2022). To visualize the whole data set 
of changes within and across different DFO treatments and control 
samples, we used the self-organizing maps (SOM) algorithm in 
MetaboAnalyst. 

2.11.3. Preparation of samples for MALDI imaging analysis 
HepG2 cells were seeded in silicone two-well chambers mounted on 

indium-thin-oxide (ITO) slides at a density of 12,500 cells/well. DFO 
treatments were carried out on the slides. At the end of the treatment, 
the culture medium was removed and cells washed three times with PBS. 
ITO slides were then stored in a vacuum desiccator until matrix depo-
sition. Optical images were acquired prior to matrix application. A TM- 
sprayer nebulizer (HTX Technologies) was used to apply the matrix for 
MALDI-MSI analysis. The 9-AA matrix (Sigma-Aldrich) was prepared in 
2-propanol/ACN (60/40, v/v) to a final concentration of 10 mg/mL. For 
its application, the temperature of the nozzle was set to 80 ◦C, the 
pressure 10 psi, and the LC pump flow rate 0.12 mL/min. After matrix 
application, samples were left in the desiccator until MALDI-MSI spectra 
acquisition. Samples were analyzed in negative-ion mode using a Bruker 
UltrafleXtreme MALDI TOF mass spectrometer operating in reflectron 
mode and equipped with a frequency-tripled 355 nm Nd:YAG laser at 
repetition rates up to 10 kHz. Laser power and laser focus position were 
manually fine-tuned before each acquisition to ensure optimal data 
quality and comparable signal intensity. Imaging experiments were 
controlled by FlexImaging 4.1 software (Bruker Daltonics, Billerica, MA, 
USA) with a raster size of 50 µm. At each raster position, 200 laser shots 
were summed to generate a representative spectrum for each pixel with 
the digitizer sampling rate at 1.25 GS/s. Spectra were acquired in the m/ 
z 800–1600 range at each pixel position. The data from the analysis of 
untreated or DFO-treated samples were co-registered to the acquired 
MALDI-MSI data and normalized to total ion count (TIC) and visualized 
by FlexImaging. SCiLS lab version 2022 Pro (SCiLS GmbH, Bremen, 
Germany) was used for data analysis. Briefly, MALDI-MSI reduced 
datasets were imported into SCiLS Lab (Thiele et al., 2014), converted to 
the SCiLS SL format, and then normalized to the TIC. SCiLS was used to 
obtain the spatial distribution and create box and dot plots of normal-
ized signal peak intensities, which showed significant differences be-
tween control and 72 h DFO-treated samples. 

2.11.4. Tandem mass spectrometry 
Tandem mass spectrometric analysis was performed on molecular 

species of interest (some major abundant lipid classes) using LIFT mode 
as described above. 
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Fig. 1. DFO treatment of HepG2 cells induces either apoptosis or extensive morphological modifications, with the surviving cells losing their 3D structure and 
undergoing cell cycle arrest and DNA damage. (A) Representative pictures of HepG2 cells before and after DFO treatment acquired with an optical microscope (scale 
bar = 100 µm) and a confocal microscope after staining with DAPI (3D visualization; scale bar = 50 µm). Enlarged cells after 7 days of DFO treatment are delineated 
with a discontinuous black line; red arrows indicate apoptotic cells. (B) Protein expression levels of PARP, yH2AX, and survivin in untreated and treated HepG2 cells 
determined by immunoblotting. Graphs representing the immunoblots bands quantification are shown in Supplementary File 2, Figs. S3, S4, S7, S8. (C) Cell cycle 
analysis of untreated, 72 h DFO-treated, and 7-day DFO-treated HepG2 cells. (D) Representative images of control and 7-day DFO-treated HepG2 cells stained for 
phospho-H2AX foci (green) and DAPI (blue). Cells were observed and imaged using a confocal microscope. Scale bar = 25 µm. 
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3. Results 

3.1. DFO treatment leads to cell flattening and DNA damage 

As observed by both optical and confocal microscopy after staining 
nuclei with DAPI, HepG2 cells spontaneously formed spheroid-like and 
connected three-dimensional (3D) structures, even after trypsinization 
and re-seeding as single-cell suspension. However, treatment with 100 
μM DFO for 72 h was sufficient to cause the cells to shift toward a mainly 
two-dimensional (2D) growth pattern with loss of their spheroid shape 
(Fig. 1A). Prolonged DFO treatment (7 days) induced apoptosis of most 
cells, as shown by cleavage of the protein PARP (Fig. 1B). PARP plays a 
role in various cellular processes, including DNA repair and apoptosis 
(Morales et al., 2016). Accordingly, cell cycle analysis of control and 
DFO-treated HepG2 cells showed impairment of all cell cycle phases 
after 72 h of treatment with the slight presence of a sub-G0 peak remi-
niscent of apoptotic cells (Fig. 1C). After 7 days of treatment, the G2 

phase disappeared and approximately 14% of cells were in sub-G0 
phase. However, a small percentage of cells survived and the 2D 
growth pattern induced by DFO was maintained, with the surviving cells 
at 7 days appearing enlarged and flattened (Fig. 1A). 

Given the extensive morphological modifications of the treated cells 
and cell cycle alterations observed after DFO treatment, we asked 
whether DFO caused detectable DNA damage by analyzing the H2AX 
phosphorylation level, a molecular marker of DNA double-strand breaks 
(hereafter, γH2AX foci) (Mah et al., 2010), using immunofluorescence 
and immunoblotting. Phosphorylation of H2AX at Ser 139 (γ-H2AX) 
occurs quickly after DNA damage, is abundant, and correlates well with 
each DNA double-strand break; therefore, it is a sensitive biomarker for 
DNA damage (Sharma et al., 2012). As we observed a dramatic increase 
in γH2AX foci after 7 days of DFO treatment compared to control sam-
ples according to immunofluorescence (Fig. 1D) and immunoblotting 
(Fig. 1A), we concluded that cells underwent DNA damage upon DFO 
treatment. 

Fig. 2. DFO treatment triggers the development of cellular senescence with alteration of the lysosomal compartment. (A) Representative images of untreated and 7- 
day DFO-treated HepG2 cells stained for β-galactosidase activity with X-Gal (blue). Cells were observed and imaged using an optical microscope. Scale bar = 100 µm. 
(B) Representative images of control and 7-day DFO-treated HepG2 cells stained for lysosomes (red), LC3B (green), and DAPI (blue). Cells were observed and imaged 
using a confocal microscope. Scale bar = 25 µm. (C) Dot plot showing the changes in the average fluorescence intensities derived from Alexa Fluor 546-bound anti- 
LC3B and LysoTracker Deep Red in control vs. DFO-treated HepG2 cells. The cells were visualized with a confocal microscope, and the 3D images of 20 cells for each 
condition were randomly chosen and analyzed using ImageJ software. The fluorescence intensities relative to lysosomes and LC3B were both significantly increased 
after treatment with DFO. * **p˂0.001, ◦◦◦p˂0.001 (comparing 7-day DFO-treated HepG2 cells to their corresponding controls). (D) Protein expression levels of 
LC3B and ferritin in untreated HepG2 cells and HepG2 cells after 7 days of DFO treatment according to immunoblotting. Graphs representing the immunoblots bands 
quantification are shown in Supplementary File 2, Figs. S5, S6, S8. 
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Notably, survivin was depleted after 7 days of DFO treatment, when 
cells exhibited evident senescence-associated morphology (Fig. 1A). 
This is consistent with cancer cells having high levels of the protein but 
senescent cancer cells often being survivin-depleted; this is particularly 
true for senescent cells expressing p53 with inhibited PARP activity and 
impaired DNA damage repair (Véquaud et al., 2016), all properties of 
our cellular model. 

Notably, the changes after DFO treatment, such as cell cycle 
impairment and apoptosis with a small percentage of cells surviving; the 
surviving cells acquiring an enlarged, flattened phenotype; the accu-
mulation of γH2AX foci (a sensor of DNA damage); and depletion of 
survivin are all common features of therapy-induced senescence in 
cancer cells (Gorgoulis et al., 2019; Prasanna et al., 2021). 

3.2. DFO treatment triggers the development of cellular senescence 

To verify that DFO treatment triggers cellular senescence in HepG2 
cells, control and 7-day DFO-treated cells were stained for β-galactosi-
dase activity with X-gal (Fig. 2A), a widely accepted molecular marker of 
senescence (Lee et al., 2006). We observed a markedly increased posi-
tivity to the staining after DFO treatment. Weak positivity to the staining 
was also observed in the control samples within the spheroid-like 
structures, attributed to the presence of senescent cells in the inner 
layers of the spheroids, which is a known characteristic of 3D cell ag-
gregates (Gilazieva et al., 2020). We quantified β-galactosidase activity 
by staining with the fluorescence marker BioTracker 519 B-Gal Green 
Dye; cells were imaged and the fluorescence intensity derived from the 
marker measured using ImageJ. A statistical comparison between con-
trol and 7-day DFO-treated cells (50 cells chosen randomly for each 
condition) showed a significantly higher average fluorescence intensity 
in DFO-treated cells (p < 0.001, data not shown). Representative images 
are found in Supplementary File 2 (Fig. S11). 

Because lysosomes are the cellular components that undergo the 
most marked changes when senescence develops (Park et al., 2018), we 
investigated the lysosomal network of untreated and 7-day DFO-treated 
HepG2 cells. Fluorescent staining of lysosomes and autophagy-related 
protein LC3B showed a visible increase in the fluorescence intensity 
for lysosomes and an even more dramatic increase for LC3B staining 
after DFO treatment (Fig. 2B). To confirm these results, we measured the 
average fluorescence intensities corresponding to the lysosomal and 
LC3B compartments. The fluorescence intensities relative to lysosomes 
and LC3B were both significantly increased after 7 days of DFO treat-
ment (p˂0.001; Fig. 2 C). The increased number of LC3B puncta after 
DFO treatment was further confirmed by immunoblotting (Fig. 2D). 
These results align with the notion that senescent cells have an extended 
lysosomal compartment (Park et al., 2018). 

Taken together, these data indicate that the cells that survived DFO 
treatment were senescent. 

3.3. DFO treatment induces senescence by causing mitochondrial 
alterations 

Degradation of the ferritin protein after DFO treatment in our model 
was confirmed by immunoblotting; ferritin levels were markedly 
decreased after 72 h or 7 days of DFO treatment compared to control 
(Fig. 2B). 

Mitochondria are major hubs of iron accumulation and use (Garciaz 
et al., 2022), and DFO sequesters iron within the lysosomes, making it 
unavailable for mitochondria (Moiseeva et al., 2009; Wang et al., 2003). 
Therefore, we investigated whether the occurrence of senescence after 
DFO treatment in HepG2 cells is linked to an alteration in mitochondrial 
morphology and functionality. We stained control and DFO-treated 
HepG2 cells with MitoTracker and performed a confocal analysis. 
Treatment with DFO markedly affected the mitochondrial morphology, 

Fig. 3. DFO leads to altered morphology and function of the mitochondria network. (A) Representative images of control and 7-day DFO-treated HepG2 cells stained 
for mitochondria (red) and DAPI (blue). In gray are the details of the mitochondria network for each condition. Borders of the cells are delineated with a discon-
tinuous white line. Cells were observed and imaged using a confocal microscope. Scale bar = 25 µm. (B) Amount of ATP produced by control cells and 72 h and 7-day 
DFO-treated HepG2 cells. *** p < 0.001 (comparing the control group and the two treated groups and between the two treated groups). (C) Representative images of 
control and 7-day DFO-treated HepG2 cells stained for mitochondria (red), LC3B (green), and DAPI (blue). Cells were observed and imaged using a confocal mi-
croscope. Scale bar = 25 µm. 
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as mitochondria visibly lost their round, compact shape and became 
elongated, thin, and filamentous (Fig. 3 A). 

To verify the impact of DFO-induced iron starvation on the func-
tionality of mitochondria, we measured ATP production in control cells 
and 72 h and 7-day DFO-treated HepG2 cells. We observed a significant 
decrease in the concentration of ATP derived from the 72 h DFO-treated 
samples compared to control (p˂0.001) and an even more dramatic 
decrease after 7 days of DFO treatment (p˂0.001; Fig. 3B). Taken 
together, the data show that DFO, by sequestering iron into lysosomes, 
causes alterations in the morphology and functionality of mitochondria, 
likely due to mitochondrial iron depletion, with impaired mitochondrial 
ATP production. 

We also quantified the average fluorescence intensity derived from 
MitoTracker Deep Red in 50 cells from each group (control and 7-day 
DFO-treated). We compared the average fluorescence intensity of the 
control group to that of the 7-day DFO-treated group and found that it 
was significantly higher in the control group (p < 0.0001). This is 
consistent with the notion that mitochondria become damaged and 
dysfunctional after DFO treatment, as MitoTracker Deep Red stains 

active mitochondria. 
Impaired mitochondria are targeted by the autophagic system to be 

delivered to lysosomes, where they are degraded in a process called 
mitophagy (Onishi et al., 2021). A common indicator of mitochondrial 
damage is the externalization of CLs to the mitochondrial outer mem-
brane. CL externalization triggers mitophagy by signaling for the bind-
ing of the autophagy-related protein LC3B (Iriondo et al., 2022). 
Mitophagy is also induced by hypoxia, reducing the number of mito-
chondria to shift the cell metabolism towards the anaerobic pathway 
(Onishi et al., 2021). Given that DFO causes mitochondrial damage and 
induces hypoxia (Al Tameemi et al., 2019) and we observed an increase 
in the expression of LC3B by HepG2 cells after DFO treatment (Fig. 2B 
and D), we investigated mitophagy via fluorescent staining of mito-
chondria and LC3B. We observed increased levels of LC3B, but mito-
chondria and LC3B did not co-localize (Fig. 3C); we quantified the 
co-localization between LC3B and mitochondria using the ImageJ Plu-
gin JACoP and evaluated the Pearson’s coefficient R for 50 cells from the 
treated group and 50 cells from the control group. The average R was 
< 0.3 for both treated and untreated cells, indicating no significant 

Fig. 4. DFO induces an increase in lipid droplet size. (A) Lipid droplets within control and 7-day DFO-treated HepG2 cells stained with Oil Red O. Cells were 
observed and imaged using an optical microscope. Scale bar = 50 µm. (B) CARS images of lipid droplets within control cells and 72 h and 7-day DFO-treated HepG2 
cells. Scale bar = 10 µm. (C) Dot plot showing the percentage of lipid droplet area/cell area and lipid droplet concentrations (a.u.) in control vs. 72 h and 7-day DFO- 
treated HepG2 cells imaged using CARS. For % lipid droplets area/cell area: raw CARS images at 2850 cm-1 were thresholded, and then the area above the threshold 
was normalized over the total cell area (from relative light transmission images). The threshold was the same for all control and DFO cells and was chosen to 
distinguish lipid accumulations from the cytosol signal. p = 0.01 with U-Mann Whitney test. For lipid droplet concentrations: raw CARS images at 2850 cm-1 were 
thresholded, and then the square root of the mean CARS signal above the threshold was computed, which is linearly proportional to the concentration of lipid 
droplets in the focal volume. The threshold was the same for all control and DFO cells and was chosen to distinguish lipid accumulations form the cytosol signal 
(p > 0.05, U-Mann Whitney test). 
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Fig. 5. MALDI analysis of lipid extracts from 
HepG2 cells. (A) Volcano plots of changes in 
molecular species of lipids from control vs. 72 h 
(upper panel) and 7-day (lower panel) DFO- 
treated HepG2 cells. Grey values show lipid spe-
cies with non-significant changes. Negative values 
(to the left) indicate upregulated lipid species in 
control samples (p < 0.05), whereas positive 
values (to the right) reflect downregulated lipids 
in control samples (p < 0.05). − log10 p = − log10 
nominal P-value; log2FC = log2 fold changes. 
Lipids are colored according to the species, NA 
(not available) indicates lipid species that were 
not identified. (B) Magnification of m/z 800–1100 
range acquired in negative-ion mode, including PI 
and ST regions (m/z 900–1100) indicated by bars.   
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co-localization of LC3B and lysosomes. This suggests that mitochondria, 
although damaged, were not eliminated through autophagy. This is 
consistent with the reported impairment of mitophagy in senescent cells 
(Chapman et al., 2019; Korolchuk et al., 2017). 

3.4. DFO treatment induces an increase in the number and size of lipid 
droplets 

Mitochondrial involvement in lipogenesis and triacylglyceride syn-
thesis, and consequently LD formation, is well known (Benador et al., 

Fig. 6. Magnification of the m/z 
1300–1500 range acquired in negative- 
ion mode including CL species and 
relative identification using the LIFT 
method. (A) The species of CLs with the 
same acyl chain length were catego-
rized in groups. CLs in HepG2 cells had 
three major groups: CL66, CL68, CL70. 
(B) Product ion spectra obtained from 
MS/MS of m/z 1371.0 (Δppm − 51) in 
negative ion mode. Key product ion 
structures with corresponding m/z are 
shown. In addition to characteristic 
product ions of fatty acids, such as FA 
16:1 (m/z 252.5) and FA 18:1 (m/z 
280.5), fragments of the phosphatidyl 
part (PA) of CL gave information about 
the FA combination. In this case, the 
prevailing fragments m/z 642.4 (PA 
16:1_16:1) and 670.4 (PA 16:1_18:1) 
are characteristic of CL 66:4. The peak 
at m/z 388.3 represents loss of FA 18:1 
from the sn-2 position of the 16:1_18:1 
PA structure. The fragmentation 
pattern is consistent with the structure 
16:1_16:1/16:1_18:1. (C) Product ion 
spectra obtained from MS/MS of m/z 
1399.0 (Δppm − 42) in negative ion 
mode. Key product ion structures with 
corresponding m/z are shown. In addi-
tion to characteristic product ions of 
fatty acids, such as FA 16:1 (m/z 252.4) 
and FA 18:1 (m/z 280.3), fragments of 
the phosphatidyl part (PA) of CL gave 
information about the FA combination. 
In this case, the prevailing fragments 
m/z 670.3 and 806.2 are characteristic 
of CL 68:4 with the combination of FA 
16:1 and FA 18:1 (PA 16:1_18:1) and 
diacylglyceride (DAG) moiety 
16:1_18:1, respectively. The peak at m/ 
z 388.2 represents loss of FA 18:1 from 
the sn-2 position of the 16:1_18:1 PA 
structure. The fragmentation pattern is 
consistent with the structure 16:1_18:1/ 
16:1_18:1.   
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2019). Therefore, we next asked whether DFO-induced mitochondrial 
damage affected the amount and size of LDs within HepG2 cells. We 
stained untreated and 7-day DFO-treated HepG2 cells with Oil Red O. 
Upon DFO treatment, LDs appeared to be increased in both number and 
size, with heterogeneous dimensions (Fig. 4A). As Oil Red O staining did 
not make it clear whether LDs became bigger and more numerous or 
simply became more visible as the cells lost their compact structure, we 
measured the size and concentration of LDs within control cells and 72 h 
and 7-day DFO-treated HepG2 cells using CARS (Fig. 4B). When 
matching the 2850 cm-1 Raman mode of lipids, CARS images revealed a 
significant increase in the cell area containing LDs in DFO-treated 
HepG2 cells compared to controls (Fig. 4 C, p = 0.01 with two-sided 
U-Mann Whitney test, Fig. 4B-C). 

3.5. DFO treatment causes deep remodeling of the lipid profile of surviving 
cells 

As phospholipids (PLs) play different roles in senescence (Hamsa-
nathan and Gurkar, 2022), we investigated major PLs from untreated 
cells and 72 h or 7-day DFO-treated HepG2 cells and compared their 
profiles using MALDI-MS. The mass spectra were acquired in 
negative-ion mode. Following DFO treatment, important changes were 
evident in the relative peak intensities (Supplementary File 2, Fig. S1). A 
volcano plot was used to identify significant m/z values with an 
increased or decreased fold change (Fig. 5A). The signals in the PI region 
(m/z 800–900) changed modestly (Fig. 5B), but those related to regions 
m/z 900–1100 and m/z 1300–1500 underwent a considerable decrease 
after treatment with DFO. Main peaks were identified by MS/MS anal-
ysis using the LIFT method and LIPID MAPS structure database. PIs were 
identified using the headgroup fragments m/z 223, 241, and 259, with 
the main being m/z 241. Species PI 34:1, PI 36:1, and PI 38:4 were the 
predominant PI species (Fig. 5B). 

Spectra from DFO-treated cells showed evident changes in the cluster 
of peaks with m/z 940.5, 956.5, 968.5, 984.5, 996.6, 1012.6, 1024.6, 
1038.6, 1050.6, and 1066.6. Striking differences were noted in the re-
gion of CLs, including a cluster of peaks observed at m/z 1343.8, 1369.8, 
1371.9, 1399.9, and 1421.9. Because we had observed an alteration of 
the mitochondria network (Section 3.3), CL changes were expected. 
Using the LIFT method, we tentatively identified several ST species in 
the m/z 900–1100 region and in the CL region at m/z 1300–1500 
(Fig. 6A). Examples of CL identification are shown in Fig. 6B and C. ST 
fragmentation was characterized by three dominant ions (m/z 97, 241, 
and 403), all corresponding to common ion peaks of ST molecular spe-
cies derived from the sulfation of lactosylceramide (LacCer, Hex2Cer, 

where Hex is used to indicate Glc and Gal that cannot be differentiated 
using MS). A sulfate group is attached to the C3-hydroxyl of galactose, 
generating sulfatide species (SHexCer and SHex2Cer) (Hsu and Turk, 
2008). The CL fragmentation pattern of molecular ions at m/z 1371.9 
and m/z 1399.9 corresponded to CL 66:4 and CL 68:4 (Chen et al., 
2017). 

We carried out statistical analyses by comparing the spectra of 
control and DFO-treated samples using MetaboAnalyst software (Sup-
plementary File 1). Fig. 7A shows the supervised PLS-DA, which was 
applied to obtain information on changes in the m/z values due to DFO 
treatment: control and DFO spectra were well separated in a 2D score 
plot and the observed differences among the control and DFO groups 
exceeded the observed variability between the replicates. Notably, the 
duration of treatment imparted coherent changes to the HepG2 lip-
idome. The hierarchical clustering heatmap of the normalized data 
(Fig. 7B) clearly showed that samples treated with DFO were charac-
terized by large changes in peak intensity. Exploring the self-organizing 
map (SOM) of sample-related m/z values, we found that 72 h DFO- 
treated samples and 7-day DFO-treated samples clustered together 
distant to control samples (Supplementary File 2, Fig. S2), further 
showing that temporal changes in DFO treatment produced broad 
similar effects on the cells. Furthermore, as HepG2 cells were clearly 
senescent after 7 days of treatment, DFO-mediated changes may be 
considered relevant for the pathobiology of HepG2 senescence. 

3.6. Direct analysis of phospholipids in HepG2 cellular spheroids 

MALDI-MSI was used to analyze changes in the spatial distribution of 
lipid species in HepG2 spheroid-like structures with or without 72 h of 
DFO exposure. In particular, we were interested in investigating 
whether the spatial distribution of PI, ST, and CL ions could be associ-
ated with features of DFO-induced cellular senescence. Ion distribution 
images of control and DFO-treated samples seeded on ITO slides were 
acquired with an UltrafleXtreme TOF/TOF mass spectrometer using 
negative ion mode. The peak identities mentioned in Section 3.5 were 
further confirmed by in situ MALDI MS/MS with the support of the LIPID 
MAPS structure database (data not shown). Imaging spectra showed 
marked differences induced by DFO treatment in the distribution of the 
lipid species in accordance with the data obtained in experiments on 
solubilized cellular preparations. Fig. 8 shows optical (A) and MS images 
(B-D) of HepG2 spheroids with or without DFO treatment. MSI reflects 
the distribution of some previously identified PI, ST, and CL molecular 
species. Specifically, ion images for m/z 885.1 (PI 38:4), m/z 909.1 (PI 
40:6), m/z 861.2 (PI 36:1), m/z 1036.2 (SHex2Cer 41:2), m/z 1052.4 

Fig. 7. Lipid features of DFO-treated HepG2 
cells and controls. (A) PLS-DA score plots of the 
top most differential lipid-related m/z values 
obtained by the PLS-DA utility of Metab-
oAnalyst software for control HepG2 cells 
(blue) and 72 h (green) and 7-day DFO-treated 
cells (red). The ellipses showing the 95% con-
fidence limits of a normal distribution for each 
spectra group (N = 5) have been marked in the 
respective colors. PLS-DA was applied to the 
log-transformed and Pareto scaled dataset. (B) 
Hierarchical clustering (heatmap) was per-
formed on the normalized data (distance 
measured using Euclidean and clustering algo-
rithm using Complete). Each colored cell on the 
map corresponds to an m/z intensity value, with 
samples in columns and m/z values in rows.   
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(SHex2Cer 42:1), m/z 1066.3 (SHex2Cer 42:2 OH), m/z 1421.3 (CL 70), 
m/z 1448.2 (CL 72), and m/z 1473.01 (CL 74). The signal intensity 
derived from arachidonyl (20:4 fatty acyl)-containing PI 38:4 
(18:0–20:4) in untreated HepG2 spheroids was faint compared to that of 
DFO-treated spheroids, likely revealing an elevated intensity in the 
central (possibly hypoxic) regions of the spheroids. Overall, MALDI 
imaging analysis strongly supported the MALDI-MS data from solubi-
lized cellular preparations. 

4. Discussion 

We showed that, in addition to causing cell death, DFO induced a 
senescence-like cell cycle arrest in HepG2 cells, a hepatocellular 
carcinoma-derived cell line widely used to investigate drug-induced 
metabolic perturbations. In our experiments, especially after 7 days of 

treatment, we noted cells with increased cell size, enhanced β-gal ac-
tivity, mitochondria elongation, and DNA damage response activation, 
all well-known features of senescent cells. A likely explanation sup-
ported by previous data is that DFO sequestered iron inside lysosomes, 
leading to iron deficiency (Kurz et al., 2006). As DNA polymerases re-
quires iron to function properly, the lack of it impacts DNA replication 
(Puig et al., 2017), activating the DNA damage response, including DNA 
replication arrest (Ciccia and Elledge, 2010; Puig et al., 2017). 

Iron depletion also causes mitochondrial dysfunction and impaired 
mitophagy, preventing mitochondrial renewal through selective degra-
dation, which is also a common feature of cellular senescence. 
Mitophagy plays a central role in mitochondria dynamics (fusion and 
fission), which are linked to mitochondrial morphology, which itself is 
tightly associated with the energetic status of the cell (Picard et al., 
2013). Elongation of mitochondria, as we observed in our model, may 

Fig. 8. Imaging of lipids using MALDI. Untreated and 72 h DFO-treated HepG2 cells were seeded on an ITO slide and imaged by MALDI-TOF in negative ion mode 
(spatial resolution: 50 µm). (A) TIFF images of HepG2 spheroids on the ITO slide taken prior to 9AA matrix application. (B) Distribution of PIs (m/z: 885.1, 861.2, 
and 909.1) with relative density plots showing the median intensities. Blue dots represent the spectra in which the intensities of the given m/z interval are between 
the lower and upper quartiles, and red dots represent outliers. (C) Average mass spectrum of representative SHex2Cer species (m/z: 1036.2, 1052.4, 1066.3). (D) CLs 
(m/z 1393.2, 1421.2, 1448.2, 1473.1). Total ion current (TIC) normalization was used. Color bars: 0–100% relative intensity. Scale bar = 500 µm. 
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reflect an abnormal distribution or partial loss of cristae, which are 
accompanied by a decrease in the inner membrane potential and oxygen 
consumption, lower ATP levels, and inhibition of cell proliferation 
(Sabouny and Shutt, 2020). Accordingly, mitochondrial elongation has 
been ascertained to be sufficient for developing a senescent phenotype 
with increased ROS production (Yoon et al., 2006). These modifications 
could correspond to the metabolic needs of senescent cells or reflect 
respiratory chain deficiency and explain the observation of abundant 
accumulation of lipids in droplets. 

Using MALDI-MS and MALDI-MSI, we found significant differences 
in CL profiles as an effect of DFO treatment. CLs are the signature lipids 
of mitochondria and have a plethora of functions, including mainte-
nance of cristae morphology, mitochondrial dynamics, and electron 
transport chain super complex formation. Alterations in the CL profile 
may negatively impact the activity of a variety of mitochondrial proteins 
and enzymes, including the electron transport chain and OXPHOS 
complexes, contributing to the impairment in mitochondrial function 
and dynamics (Chapman et al., 2019). 

In addition to remodeling of the CL profile, we detected significant 
changes in the profiles of PIs following treatment with DFO, especially at 
7 days, when the senescence phenotype was fully developed. MSI 
analysis revealed that the amount of PI (18:0_20:4) increased in the 
inner region of HepG2 spheroid-like structures after DFO treatment. 
C20:4 is a precursor of inflammatory molecules widely reported in se-
nescent cells (Xie et al., 2016). 

PIs also have highly specialized roles in cells. Phosphorylated de-
rivatives play major roles in signal transduction, membrane trafficking, 
and maintenance of the actin cytoskeletal network. The synthesis of both 
PI and CL species requires cytidine diphosphate diacylglycerol (CDP- 
DAG). CDP-DAG is synthesized from phosphatidic acid (PA) and citidine 
triphosphate (CTP) (Blunsom and Cockcroft, 2020). PI synthesis occurs 
at the endoplasmic reticulum, whereas CLs are synthesized in the 
mitochondria. The generalized decrease we observed for both PI and CL 
species after DFO treatment suggests a limited availability of precursors 
and/or impaired activity of enzymes involved in lipid biosynthesis 
during the establishment and maintenance of senescence. 

Despite a reduction in the intensities of many lipid species, we 
observed LD accumulation within HepG2 cells. An explanation is that PA 
can be redirected to generate diacylglycerol and triacylglycerol (TAG) 
instead of being utilized for the synthesis of CDP-DAG (Blunsom and 
Cockcroft, 2020). TAG is mainly used for storing excess fatty acids. 
These molecules are deposited within LDs and provide building blocks 
for membranes or substrates for energy metabolism (Millner and 
Atilla-Gokcumen, 2020; Olzmann and Carvalho, 2019). The accumula-
tion of LDs is also thought to play a protective role during senescence. 
TAG sequestration in LDs, especially species containing unsaturated 
fatty acids that are prone to oxidation and forming lipid peroxides, may 
limit membrane damage under oxidative stress during senescence 
(Millner and Atilla-Gokcumen, 2020). 

Glycosphingolipid sulfates or sulfatides were highly represented in 
untreated HepG2 cells. They are strongly reduced by DFO treatment: 
they derive from the sulfation of galactosylceramide species (sulfo-
HexCer) and contain the monosulfated lactosilic moiety (sulfoHex2Cer) 
(Czumaj and Śledziński, 2020). Uridine diphosphate (UDP)-glucose 
ceramide glucosyltransferase (UGCG) catalyzes the first glycosylation 
step in the synthesis of glycosphingolipids (GSLs). By transferring UDP- 
glucose to ceramide, glucosylceramide (GlcCer, cerebroside) is pro-
duced, which is the precursor for all complex GSLs. UGCG, which resides 
in the Golgi apparatus, is the key enzyme of GSL metabolism. Sulfatides 
carry a sulfate ester group, which is attached to the carbohydrate moiety 
by galactosylceramide sulfotransferase (GAL3ST1). Diversity of sulfa-
tide molecular species refers to sugar moieties and ceramide moieties, 
which are probably important for peculiar effective functions in specific 
microenvironments, such as lipid membrane microdomains or lipid 
rafts, by regulating interactions between neighboring proteins and lipids 
(Kyogashima et al., 2006; Zellhofer and Beukelman, 1992). 

Levels of sulfatides are generally elevated in colorectal, ovarian, or 
renal carcinoma (Jirásko et al., 2022) and intrahepatic chol-
angiocarcinoma (Huizing et al., 2023). Sulfatides are often elevated in 
hepatocellular carcinma (HCC) (Takahashi and Suzuki, 2012), and 
previous studies have shown that sulfatides are promoters of cell 
adhesion and metastasis in HCC (Wang et al., 2016). The elevated sul-
fatide content of HCC cells has been found to activate clustering and 
phosphorylation of integrin αVβ3 accelerating cell growth in HCC in-
dependent on ECM ligand binding. (Wang et al., 2016). Enhanced syn-
thesis of sulfatides through overexpression of GAL3ST1 results in an 
increased metastatic potential of tumor cells (Suchanski et al., 2018). 

Chemotherapy promotes the generation of ceramide through a de 
novo synthesis response, and ceramide is a master promoter of apoptotic 
processes (Dany and Ogretmen, 2015). Danuorubicin, etoposide, 
camptothecin, and gemcitibine appear to cause de novo ceramide 
biosynthesis either by activation of dihydroceramide synthases or by 
increasing the activity of serine palmitoyl transferase, the first step in the 
de novo pathway (Bose et al., 1995, Chalfant et al., 2002, Chauvier et al., 
2002, Perry et al., 2000). Inhibiting the de novo pathway of ceramide 
synthesis antagonizes the cytotoxic effects of de novo ceramide genera-
tion and the synthesis of sulfatides. The ceramide biosynthesis pathway 
is catalyzed by dihydroceramide desaturase (DES1) in most tissues and 
DES2 in the intestines, kidneys, and skin. These enzymes that have two 
oxygen atoms in their active site, forming a complex with two iron ions, 
and a connection between hypoxia or oxidative stress and the accumu-
lation of dihydroceramide precursors of ceramide species has been 
demonstrated (Zelnik et al., 2020). Therefore, ceramide metabolism and 
iron regulation are mechanistically linked. As ceramide is a pre-
metabolite of sulfatides, reduction of the sulfatide content may be a 
signal of DES1/DES2 inhibition. We observed a significant decrease in 
the levels of SulfoHexCer and SulfoHex2Cer species in DFO-treated cells. 

An accumulation of dihydroceramide has been reported to impair 
autophagic flux and increase TG storage in LDs in a hepatic steatosis 
model (Lee et al., 2017; Torti and Torti, 2013). In addition to observing 
an increase of LDs, we found an increased level of LC3B or accumulation 
puncta with blockade of autophagosome formation and changes in 
mitochondrial dysfunction, often due to a related reduction in mitoph-
agy (Zhang et al., 2013). Our results support the view that DFO acts in 
HepG2 cells to produce oxidative stress-induced senescence via 
sequential mitochondrial and lysosomal dysfunction (Tai et al., 2017). 

In some cases, sulfatides may act as pro-apoptotic molecules, making 
cancer cells more prone to environmental stressors, such as hypoxia and 
anticancer drugs (Giussani et al., 2014). Thus, we cannot exclude the 
possibility that HepG2 cells highly expressing ceramide and sulfatides 
are mostly susceptive to apoptosis. However, elevated sulfatide content 
requires specific enzymatic activities downstream of ceramide biosyn-
thesis. Notably, sulfatide species are more abundant in raft membranes, 
where interactions with proteins regulate signaling and adhesive pro-
cesses. We are inclined to assume that high sulfatide content in HepG2 
cells interferes with propagation of the death pathways and supports the 
peculiarly high rate of growth of these cells. It could be that those HepG2 
cells that undergo senescence do not necessitate sulfatide-mediated 
signaling. 

Further research is required to address the role of sulfatides in tumor 
growth, proliferation, senescence, and the possibility of modulating 
sulfatide metabolism for a potential therapeutic purpose. By stimulating 
ceramide or inhibiting catabolic enzymes, such as UGCG, we could un-
derstand whether there is a link between the lower expression of 
SHex2Cer species and DFO-mediated senescence in HepG2 cells. 

In conclusion, DFO leads to drastic changes in the cellular lipids of 
HepG2 cells that survive DFO treatment and develop a senescent 
phenotype. The proliferation-senescence switch was strongly associated 
with a marked remodeling of PI, sulfatide, and CL species, which play a 
central and general role in cell signaling cascades, intracellular mem-
brane trafficking, and mitochondrial functions. However, the precise 
mechanisms involved have not yet been fully deciphered, mainly due to 
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the complexity of the modifications. 
This work has some limitations. Our studies are beginning to reveal 

specific sub-classes and species of sulfatides that change in iron-depleted 
conditions. Further investigation is needed to better understand this 
interplay and the role of senescence and iron depletion in cancer cells. 
Enzyme activities and pre-metabolites that generate them should be 
analyzed to generate complete information that is therapeutically use-
ful. Another caveat of this study is that the TAG species were not 
measured. We do not know if uptake or biosynthesis was underlying the 
lipid accumulation, presumably of TAG, in LDs. 
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