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A B S T R A C T   

Ferroptosis is primarily triggered by a failure of the glutathione (GSH)-glutathione peroxidase 4 (GPX4) 
reductive system and associated overwhelming lipid peroxidation, in which enzymes regulating polyunsaturated 
fatty acid (PUFA) metabolism, and in particular acyl-CoA synthetase long chain family member 4 (ACSL4), are 
central. Here, we found that exogenous oxygen radicals generated by photodynamic therapy (PDT) can directly 
peroxidize PUFAs and initiate lipid autoxidation, coinciding with cellular GSH depletion. Different from ca-
nonical ferroptosis induced by RSL3 or erastin, PDT-initiated lipid peroxidation and ferroptotis-like cell death is 
independent of lipoxygenase (ALOXs) and ACSL4. Especially, this form of cell death modality can be triggered in 
malignant cells insensitive to or acquired resistance to canonical ferroptosis inducers. We also observed a distinct 
iron metabolism pathway in this PDT-triggered cell death modality, in which cytosolic labile iron is decreased 
probably due to its relocation to mitochondria. Inhibition of the mitochondrial Ca2+ and Fe2+ uniporter (MCU) 
effectively prevented PDT-triggered lipid peroxidation and subsequent cell death. Therefore, we tentatively term 
this distinct ferroptosis-like cell death as liperoptosis. Moreover, using the clinically approved photosensitizer 
Verteporfin, PDT inhibited tumor growth through inducing prevailing ferroptosis-like cell death in a mouse 
xenograft model. With its site-specific advantages, these findings highlight the value of using PDT to trigger lipid 
peroxidation and ferroptosis-like cell death in vivo, and will benefit exploring the exact molecular mechanism of 
immunological effects of PDT in cancer treatment.   

Ferroptosis, as a non-apoptotic form of cell death that can be phar-
maceutically and genetically modulated [1], has been implicated in 
multiple pathologies and may offer yet-unprecedented therapeutic 
strategies for effective cancer treatment [2,3]. For instance, it has been 
demonstrated that cancer cells in a high mesenchymal therapy-resistant 
state and drug-tolerant ‘persister’ cancer cells acquire a high vulnera-
bility to ferroptosis inducing agents [4–6]. Moreover, CD8+ T cells 
harness ferroptosis to increase antitumor efficacy during cancer immu-
notherapy by downregulation of the cystine/glutamate antiporter (also 
known as system xc

− ) [7]. The main hallmark of ferroptosis is an accu-
mulation of iron-dependent lipid peroxidation, which is usually kept at a 
physiological level by the glutathione peroxidase 4 (GPX4) -glutathione 
(GSH)-cysteine axis and the ferroptosis suppressor protein-1 
(FSP1)-coenzyme Q10-NAD(P)H system [8–10]. Perturbation of any 
part of these protective systems, e.g., through inhibition of system xc

− by 

erastin or covalent inhibition of GPX4 by RSL3, may cause uncontrolled 
lipid peroxidation and consequently ferroptotic cell death. 

Despite substantial progress on understanding the molecular mech-
anisms of ferroptosis, mysteries and controversies still remain [11]. One 
of these mysteries includes the precise role of iron in the process of lipid 
peroxidation, as it is still being debated whether this peroxidation occurs 
in an enzymatic or non-enzymatic way [12–14]. It is widely accepted 
that enzymes vital to polyunsaturated fatty acids (PUFA) metabolism, in 
particular acyl-CoA synthetase long-chain family member 4 (ACSL4) 
and perhaps arachidonic acid lipoxygenases (ALOXs), are central 
players of ferroptosis [15,16]. For instance, Acsl4 knockout cells or 
those with low expression are highly resistant or insensitive to ferrop-
tosis [15]. However, a few recent studies point to more complicated 
molecular mechanisms of ferroptosis in diverse contexts without using 
canonical inducers (i.e., erastin and RSL3). For instance, FINO2 can 
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oxidized phospholipids in cells and tissues undergoing ferroptosis. As 
expected, HYP-PDT induced extensive remodeling of lipids (Table S1). 
Specifically, while erastin caused an increase of 6 oxidized PE species 
after treatment, consistent with previous reports [15], HYP-PDT caused 
an increase of 21 oxidized PE species (Fig. 2j). This difference was also 
found in oxidized PC species (Fig. S14). The diversified oxidation 
pattern we observed here is similar to that found in FINO2-induced 
ferroptosis, where a large subset of lipidome is oxidized independent 
of ALOX activity [17]. Moreover, we observed that the ALOX15 mRNA 
level did not change apparently in PDT treated cells (Fig. 3a), and bai-
calein (BAI, a nonspecific lipoxygenase inhibitor and weak radical 
trapping antioxidant) did not block the cell death process in PDT 
(Fig. 3b). We then used siRNA to knockdown ALOX15 in another 
ferroptosis-sensitive HT1080 fibrosarcoma cells (Fig. S9a), but it 
exhibited no discernible effect on PDT-induced cell death (Fig. 3c). 

In PDT, the mRNA level of ACSL4 was significantly decreased 
(Fig. 3a), which was likely a cellular response to elevated lipid peroxi-
dation. But neither troglitazone (TRO) nor rosiglitazone (ROSI) could 
significantly rescue cells from death in PDT (Fig. 3b, Fig. S15). 
Furthermore, we applied PDT in a ACSL4− /− mouse embryonic fibro-
blast (MEF) cell line (Fig. 3d). While ACSL4 KO MEFs were expectedly 
resistant to RSL3 and erastin in comparison with wilt type MEFs (Fig. 3d, 
Fig. S10), these two types of cells exhibited nearly the same response to 
PDT (Fig. 3e), and to inhibitors including Lip-1, TRO and BAI (Fig. 3f). In 
summary, PDT is distinct from canonical ferroptosis inducers such as 
RSL3 erastin, by triggering lipid peroxidation and subsequent cell death 
independent of ALOXs and ACSL4. 

1.3. PDT-triggered cell death exhibits distinct iron dependence and 
metabolism 

An increase of the labile iron pool (LIP) level, localized primarily in 
the cytosol [31], is one of the characteristic features of ferroptosis. 
Accordingly, the iron chelator deferoxamine (DFO) efficiently sup-
presses lipid ROS and the lethality of ferroptosis inducers [32] including 
RSL3 and erastin as well as genetic knockout of GPX4 [33]. Surprisingly, 
PDT-induced cell death was not suppressed by DFO and was rather 
aggravated to some extent (Fig. 3b, Fig. S16). This counterintuitive 
observation prompted us to further investigate the role of iron in PDT. 
We first measured the LIP levels after light irradiation based on Calcein 
[34], whose fluorescence intensity correlates inversely with labile iron 
content. LIP of A549 dropped significantly after PDT and decreased 
further in the presence of DFO (Fig. 4b). To further explore the mech-
anism of the observed LIP decrease, we then studied the effects of PDT 
on the expression of genes regulating iron metabolism. While the mRNA 
level of TfR1 (transferrin receptor 1) and DMT1 (divalent metal trans-
porter 1) decreased significantly, the expression of FPN (Ferroportin) 
and FTMT (mitochondrial ferritin) increased (Fig. 4c). The decreased 
expression of TfR1 and DMT1 suggested lowered iron uptake rate [35] 
and consequently reduced LIP level [36]. The increased expression level 
of FPN and FTMT suggested elevated iron export from cytosol and likely 
iron storage in mitochondria, respectively. 

We then examined the fate of labile iron after PDT. FTH, which en-
codes a cytosol protein to store excessive iron, failed to show altered 
expression upon PDT, in contrast to its mitochondrial counterpart, 
FTMT (Fig. 4c). Therefore, we hypothesized that PDT could result in 
translocation of cytosolic iron into mitochondria. Using a highly specific 
fluorescent dye, Mito-FerroGreen [37], whose fluorescence intensity 
correlates with ferrous iron content, a significant increase of mito-
chondrial iron was observed in response to PDT (Fig. 4d). The mito-
chondrial morphology in A549 cells was also examined using 
MitoTracker Green. We observed an increased condensation of mito-
chondria especially around the nucleus, indicating pronounced damage 
of mitochondria 4 h after PDT treatment (Fig. 4e). By contrast, no 
changes in mitochondrial membrane potential (Fig. S17a) and mito-
chondrial ROS (Fig. S17c) were detectable using Rh123 and MitoSOX, 

respectively. In accordance, the mitochondria-targeted antioxidant and 
superoxide scavenger Mito-tempo [2] failed to inhibit the cell death 
triggered by PDT (Fig. S18). It is thus reasonable to assume that at an 
early stage after PDT, excessive Fe2+ entering mitochondria was stored 
in FTMT, which can diminish oxidative damage under conditions asso-
ciated with mitochondrial iron overload [38]. Additionally, PDT would 
not be expected to directly oxidize the mitochondrial membrane due to 
the low abundance of HYP in mitochondria (Fig. S11). Hence, mito-
chondrial damage might be a secondary event in PDT triggered 
ferroptosis. 

Translocation of cytosolic labile iron into mitochondria can be ach-
ieved via mitochondrial Ca2+ and Fe2+ uniporter (MCU) [39], which is 
the primary transporter of iron into mitochondria under oxidative stress 
[40]. We applied the MCU inhibitor minocycline (MC) before PDT and 
found that it could efficiently rescue cells from death (Fig. 4f). Such an 
effect was unique to PDT-induced cell death, as no effect on 
RSL3-induced cell death was observed. To exclude any off-target effects 
of MC, we used siRNA to knockdown MCU expression (Fig. S19). In line 
with the application of MC, considerable protection against HYP-PDT 
induced cell death was achieved by MCU knockdown (Fig. 4f). More-
over, application of MC blunted both the reduction of cytosolic LIP and 
increased Fe2+ in mitochondria in response to PDT (Fig. 4g), indicating a 
key role of MCU in translocating irons during PDT. Consistent with the 
cell viability results, a drop in GSH level in PDT-treated cells could be 
prevented by MC (Fig. 4h). Moreover, while elevated lipid ROS was 
significantly reduced by inhibiting iron translocation into mitochondria 
using MC (Fig. 4h), elevated mitochondrial iron level could also be 
alleviated by reduction of lipid ROS using Lip-1 (Fig. 4d). This inter-
dependence between lipid peroxidation and mitochondrial iron in PDT 
is the same as that between lipid ROS and cytosol iron in erastin or RSL3 
induced ferroptosis. Taken together, our findings demonstrate that PDT 
induced cell death involves an iron metabolism pathway different from 
canonical ferroptosis (Fig. 4a). 

1.4. The generality of PDT to trigger ferroptosis-like cell death 

To evaluate whether PDT-induced ferroptosis-like cell death is a 
general phenomenon, we applied different photosensitizers, including 
Verteporfin (VPF, an FDA-approved PDT drug [23]) and rose bengal 
(RB), in multiple cancer cell lines. Cell death induced by these PSs 
exhibited a similar responsive pattern to four ferroptosis inhibitors 
(Fig. 5a, Fig. S20), where the death could all be effectively blocked by 
Lip-1 and Fer-1. 

Notably, PDT was able to induce ferroptosis-like cell death in MCF-7 
(Fig. 5a), which lacks ACSL4 expression and is therefore resistant to both 
erastin and RSL3. This finding inspired us to analyse whether PDT might 
kill cancer cells with acquired resistance to canonical ferroptosis in-
ducers. Hence, ’persister’ A549 cells, which were more resistant to 
erastin (Fig. 5b), were derived from treatment of cells with a series of 
graded concentrations of erastin. In these erastin-resistant A549 cells 
(Era-A549), the mRNA expression level of both subunits of system xc

−

(SLC3A2 and SLC7A11) decreased dramatically, so did the positive 
regulator of ferroptosis ACSL4 (Fig. 5d, Fig. S21a). Interestingly, CHAC1 
and PTGS2, whose upregulation is considered as makers of ferroptosis 
[26], were downregulated in these erastin-resistant cells (Fig. 5c). We 
then examined the sensitivity of these resistant cells to PDT. Firstly, 
Era-A549 cells showed the same response trend as parental A549 cells 
towards PDT irradiation duration (Fig. 5e), as well as towards inhibitors 
including Fer-1, Lip-1, MC, TRO and DFO (Fig. 5f). Secondly, CHAC1 
and PTGS2 in Era-A549 cells were both dramatically upregulated after 
PDT, while ACSL4 was slightly downregulated (Fig. 5g). Thirdly, the 
increased FTMT and decreased TFR1 (Fig. 5h) expression levels, along 
with the effect of MC to block cell death (Fig. 5f), indicated a similar 
translocation of cytosolic iron into mitochondria in Era-A549 cells. In 
summary, PDT triggers a similar ferroptotis-like cell death pathway in 
both Era-A549 and A549, as well as in ACSL4 KO MEF cells. 
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3.10. C11-BODIPY lipid peroxidation assay 

Lipid peroxidation was measured by the C11-BODIPY 581/591 
(D3861, Invitrogen, USA). The treated cells were incubated with the kit 
reagent (10 μM in DMEM without FBS) for 30 min. Thereafter, the 
harvested cells were washed twice with PBS and re-suspended in 500 μl 
PBS. Lipid peroxidation levels were measured using flow cytometry (BD 
FACSCalibur) (� ex: 488 nm), and the data were analyzed using FlowJo. A 
total of 10,000 cells in each sample was analyzed. 

In addition, the lipid peroxidation was also visualized and measured 
simultaneously during PDT treatment using confocal laser scan micro-
scope (CLSM) by adapting the fluorescence recovery after photo- 
bleaching (FRAP) method. Briefly, 150,000 cells were plated at a 35 
mm glass-bottom dish and allowed to adhere overnight. Cells were then 
pretreated with vehicle (DMSO, 4 h) or HYP (2 μM, 4 h) in the dark, 
before the dish was put on the stage of an inverted confocal microscope 
equipped with a chamber containing 5% CO2 atmosphere and heated to 
37 ◦C (Leica TCS SP8). Imaging was carried out using a water-immersion 
objective HC PL APO 63 × /1.20 W heated to 37 ◦C. Basel lipid perox-
idation level was firstly measured by detecting 500–530 nm emission 
after 488 nm excitation of oxidized C11-BODIPY. The HYP incubated 
cells were then excited with the 633 nm laser line using the single 
iteration of bleaching pulse focused on the selected area of a single cell 
or a group of cells, to mimic the PDT irradiation. Right after the 633 nm 
pulse, fluoresce of the oxidized C11-BODIPY was detected with 488 nm 
excitation and 500–530 nm collection. The area with elevated oxidized 
C11-BODIPY fluorescence was roughly overlapped with the selected 
area excited with 633 nm laser. Usually 60 images of oxidized C11- 
BODIPY were acquired during 60 s or 180 s. Fluorescence intensity 
from the selected area under 633 nm excitation was then used to 
quantify the change of oxidized C11-BODIPY level. 

3.11. MDA measurement 

Cells were seeded in 6-well plates and pretreated with HYP with or 
without 8 μM Lip-1. 2 × 106 cells were harvested and washed twice by 
cold PBS 8 h later after irradiation, and then lysed with RIPA reagent and 
centrifuged 12000g for 10 min at 4 ◦C. The collected supernatant was 
kept on ice. The protein content was determined by BCA assay and 
equilibrated. 200 μL of 0.37% TBA reagent (diluted with 5% trichloro-
acetic acid) were added into each well containing 100 μL sample, and 
the mixture was incubated at 95 ◦C for 60 min. After cooling down to 
room temperature in an ice bath for 10 min, 200 μL supernatant (con-
taining MDA-TBA adduct) was taken and added into a 96-well micro-
plate. The plate was immediately measured on a microplate reader at OD 
532 nm for colorimetric assay or at Ex/Em = 532/553 nm for fluoro-
metric assay. 

3.12. EPR spectroscopy 

Detection of reactive radicals generated by HYP, HYP and linoleic 
acid mixture, HYP and cell membrane mixture during photoexcitation 
was performed on an X-band Bruker ER A200 spectrometer. About 500 
μL sample in a 1.5 ml centrifuge tube was irradiated by a 300 W Xenon 
arc lamp with a 450 nm cutoff filter (~5 mW/cm2) for designated time. 
To detect singlet oxygen, 200 mM final concentration of 4-OH-TEMP 
was added to the HYP solution (20 μM) before irradiation. After irra-
diation, 30 μL aliquot was immediately aspirated into a glass capillary 
and transferred to the EPR resonator. To detect lipid radicals, mixture of 
HYP (20 μM) with linoleic acid (3 mM) or lysed cell membrane (diluted 
1:1 with H2O) was further mixed with DTPA (0.1 mM), POBN (400 mM) 
and with or without ferrous ion (1 mM) before light irradiation. The 
typical settings applied for EPR detection were: scan range, 100 G; 
sweep time 60 s; modulation amplitude, 1 G; modulation frequency, 
100 kHz; and microwave power, 19.23 mW. 

3.13. Mass spectrometry-based untargeted lipidomics 

Lipids were extracted by the Folch procedure [54]. Briefly, 10 
million cells treated with DMSO, or 15 μM erastin, or 2 μM dark HYP 
(without irradiation), or 2 μM irradiated HYP (for 2 min) were collected 
8 h after treatment and washed twice with PBS, then the precipitate was 
sonicated with 2: 1 chloroform-methanol mixture (v/v) to a final dilu-
tion 20-fold the volume. The crude extract was mixed thoroughly with 
water (0.2 of its volume) and shaken for 1 h. The sample was centrifuged 
for 10 min at 3000 g at 4 ◦C. After removing the upper phase as much as 
possible, the interface was carefully rinsed for three times with small 
amounts of pure solvents. Finally, the lower phase and remaining rinsing 
fluid were fused into one solution by addition of methanol. The solution 
was dried under vacuum and stored at − 80 ◦C. The protein pellet was 
used to measure the protein concentration through BCA assay. For 
LC-MS analysis, the sample was reconstituted in a solution containing 
chloroform/methanol/water mixture (60:30:4.5, v/v/v). A quality 
control sample was also prepared by combining 40 μL of each sample 
and used to assess the reproducibility of the features through the runs. 
LC-MS was performed in a Q Exactive HF Orbitrap LC-MS/MS System 
(Thermo Scientific). The LC part is Ultimate 3000 UHPLC with an 
InertSustain C18 HP column (150 × 2.1 mm; 3 μm). Mobile phases were 
acetonitrile:water (60:40, v/v)+ 10 mM ammonium formate and 0.1% 
formic acid (A) and acetonitrile:water (90:10, v/v) + 10 mM ammonium 
formate and 0.1% formic acid (B). The gradient elution time was 25 min 
with the following gradient elution programs of B: 0 min, 40% B; 2 min, 
43% B; 2.1 min, 50% B; 12 min, 70% B; 18 min, 99% B; 20 min, 99% B; 
20.5 min, 40% B; 25 min, 40% B with the flow rate of 0.25 mL/min. The 
MS parameters were set as following: the auxiliary gas is 10; ion source 
sheath gas is 40; electrospray voltage is 3.3 kV (ESI+) and 3 kV (ESI-); 
heating temperature of ion source gas is 300 ◦C, and the ion transfer tube 
temperature is 320 ◦C, scan range was from 200 to 1200 m/z. MS-DIAL 
was used for baseline correction, retention correction, peak identifica-
tion and alignment, and statistical analysis of the raw data. Orthogonal 
partial least-squares discriminant analysis (OPLS-DA) was performed to 
examine significant differences between control and PDT treated cells 
using SIMCA 13.0 software (Umetrics). Variable Importance in the 
Project (VIP) value in PLS-DA model was used for selecting and identi-
fying biomarkers. 

3.14. Mitochondrial morphology and ROS measurement 

2 × 105 cells were seeded in 35 mm glass-bottom dishes and allowed 
to adhere overnight. On the next day, cells were pretreated with dark 
HYP (2 μM, without irradiation), or irradiated HYP (2 μM, for 2 min), 
irradiated HYP (2 μM, for 2 min) +Lip-1 (8 μM). 2 h after irradiation, 
cells were stained with Mito Tracker Green FM (200 nM, Invitrogen) for 
30 min at 37 ◦C., Images were acquired using a LSM800 inverted mi-
croscope (Zeiss) with a 63 × 1.4 NA oil immersion objective. 488 nm and 
561 nm laser lines were used to excite the Mito Tracker Green FM and 
HYP, respectively. 

To detect mitochondrial ROS, the PDT treated cells were first stained 
with Mito Tracker Green FM for 30 min at 37 ◦C, and then washed twice 
with PBS before staining with 1.25 μM MitoSOX red (Invitrogen) for 
another 30 min at 37 ◦C. Images were acquired using CLSM with 488 nm 
and 561 nm laser lines to excite Mito Tracker Green FM and MitoSOX, 
respectively. 

3.15. MMP measurement 

Rh123 kit (BestBIO) was used to detect changes in mitochondrial 
membrane potential. Briefly, cells were seeded in 24-well plates with 
40,000–60,000 cells/well. The treated cells were harvested and stained 
with Rh123 according to the manufacturer’s protocol for 30 min at 
37 ◦C. After washing with PBS cells were re-suspended in 200 μL of assay 
buffer and Rh123 fluorescence was assessed by flow cytometry (Ex 488 
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