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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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induce lipid peroxidation independent of ALOX activity [17], and ACSL4 
was reported to be dispensable for ALOX12-mediated p53-dependent 
ferroptosis [18]. 

In the other avenue, PDT is a therapeutic modality that produces a 
large amount of site-specific reactive oxygen species (ROS, e.g., singlet 
oxygen) in the light-exposed area (Fig. 1a) to destroy cancer cells, 
pathogenic microbes et al. [19,20]. Although it can result in membrane 

lipid peroxidation [21], multiple cell death pathways are usually present 
in PDT [22], which hinders the understanding of its immunogenic ac
tivity. Here, we have examined the factors that determine the cell death 
pathways in PDT and identified the conditions under which PDT 
dominantly incites non-enzymatic lipid peroxidation and subsequently 
triggers a ferroptosis-like cell death pathway. This distinct cell death was 
tentatively termed as “liperoptosis”, because of its dependence on 

Fig. 1. PDT triggers apoptosis, necrosis and ferroptosis-like cell death in A549 cells. a, Mechanistic scheme of the generation of ROS in PDT. S0, S1 and S2 stand for 
the singlet ground state, the first excited singlet state and the second excited singlet state, respectively. T1 stands for the first excited triplet state. b, Dose-dependent 
effect of Lip-1 on cell death triggered under three different HYP-PDT conditions (125 nM-30 min, 2 μM-2 min, 10 μM-2 min). c, Ability of the pan-caspase inhibitor 
ZVF to prevent A549 cell death induced by PDT using low HYP concentrations. d, Effect of cell-death-suppressing compounds on PDT (2 μM-2min) induced A549 cell 
death. RIPK1 inhibitor Nec-1 (20 μM), autophagic inhibitor 3-MA (30 mM), pan-caspase inhibitor ZVF (100 μM). e, Relative ATP level in A549 cells treated with RSL3 
(10 μМ, for 8 h), or PDT (2 μM-2 min, 8 h after), or curcumin (CUR, 50 μM, for 8 h), or H2O2 (20 mM, for 2 h). PDT induced cell death in A549 cells analyzed by flow 
cytometry (125 nM-30 min, 2 μM-2 min) in f and trypan blue staining (10 μM-2 min, 30 min after PDT) in g. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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accumulation of lipid peroxidation, which is efficiently blocked by 
typical ferroptosis inhibitors, liproxstatin-1 (Lip-1) and ferrostatin-1 
(Fer-1). However, we observed preliminary evidences of a different 
iron metabolism pathway during liperoptosis, in which cytosolic iron is 
translocated into mitochondria. This type of cell death is interestingly 
insensitive to both ACSL4 and ALOXs, exhibiting the therapeutic po
tential to combat a variety of cancer cells insensitive to or acquired 
resistance to canonical ferroptosis inducers. 

1. Results 

1.1. PDT triggers ferroptosis-like cell death 

Utilizing hypericin (HYP) as photosensitizer, an orphan drug 
approved by the European Medicine Agency to treat cutaneous T-cell 
lymphoma [23], we performed PDT in cancer cell lines to identify the 
underlying cell death pathways. HYP-PDT can trigger multiple forms of 
cell death including apoptosis, necrosis and autophagy [24,25]. In the 
human lung adenocarcinoma A549 cell line, which shows medium 
sensitivity to canonic ferroptosis inducer RSL3, we firstly tested the 
rescue effects of the canonical ferroptosis inhibitor Lip-1 26, 27 under 
three different PDT conditions (typically 125 nM-30 min, 2 μM-2 min 
and 10 μM-2 min). Surprisingly, Lip-1 almost completely blocked the 
cell death process when using 2 μM-HYP PDT, while it showed no rescue 
effects under the two other conditions (Fig. 1b). Apoptosis is the major 
cell death pathway in the low HYP concentration regime (up to 250 nM 
in our experiments), which was confirmed by flow cytometry stained 
with Annexin V-FITC/PI (Fig. 1f), western blotting of cleaved caspase-3 
(Fig. S1a) and application of the pan-caspase inhibitor Z-VAD-FMK 
(ZVF) (Fig. 1c). In the high HYP concentration regime (i.e., 10 μM) most 
cells underwent necrosis as characterized by a rapid loss of membrane 
integrity (Fig. 1g) and enlarged but intact nuclei (Fig. S1d), while 
neither ferroptosis nor apoptosis inhibitors could block this form of cell 
death (Fig. S2). 

In the middle HYP concentration regime (i.e., 2 μM), we noticed that 
the cell death is different from both apoptosis and necrosis. While both 
Lip-1 (Fig. 1b) and Fer-1 (Fig. S1c) efficiently inhibited this form of cell 
death, effects of other inhibitors including ZVF, necrostatin-1 (Nec-1, an 
inhibitor of receptor interacting protein kinase 1, RIPK1), and 3-methyl
adenine (3-MA, an inhibitor of autophagy) were negligible (Fig. 1d). 
Using transmission electron microscopy (TEM), we found that cells 
treated with 2 μM-HYP PDT exhibited similar morphologic features to 
those observed in RSL3-treated cells, i.e., shrunken mitochondria, and 
were distinct from cells treated with 10 μM-HYP PDT (Fig. S1e). More
over, cells treated with 2 μM HYP-PDT failed to show a distinct popu
lation of Annexin V-FITC-positive/PI-negative cells, different from cells 
treated with 125 nM HYP-PDT (Fig. 1f). Consistently, cleaved caspase-3 
was not detected using western blotting in cells treated with 2 μM HYP- 
PDT in contrast to cells treated with staurosporine or 125 nM HYP-PDT 
(Fig. S1a). Additionally, cells treated with 2 μM-HYP PDT, as well as 
those with RSL3, showed no significant decrease in intracellular ATP 
content, different from necrotic cell death resulting from H2O2 treat
ment (Fig. 1e). From these findings we concluded that the main form of 
cell death induced by 2 μM-HYP PDT (thereafter the default condition 
for PDT unless specified) resembles ferroptosis. 

To identify the molecular mechanisms of PDT induced cell death, we 
firstly examined intracellular GSH levels. HYP-PDT decreased the GSH 
level by approximately 70%, in a manner almost as strongly as erastin 
(Fig. 2a). It is known that erastin results in GSH depletion through 
irreversibly inhibiting system xc

− , while PDT did not affect the activity of 
system xc

− as measured by detecting glutamate levels in glutamate-free 
medium [17,26] supernatant using LC-MS (Fig. S3b). Consistently, we 
found that β-mercaptoethanol (β-ME), which could promote cystine 
uptake through a pathway alternative to system xc

− [27], could not 
rescue cells from death in the PDT treatment (Fig. S3c). We furthermore 
longitudinally monitored the GSH levels at various time points after 

PDT. A dramatic drop of GSH level was observed almost immediately 
after PDT (< 0.5 h), and the level was kept low up to 12 h (Fig. 2b). Such 
an immediate depletion of GSH could result from the quick rise of 
cytosolic ROS induced by HYP-PDT as measured by DCFH fluorescence 
(Fig. S4). To support this hypothesis, we applied electron paramagnetic 
resonance (EPR) to detect the PDT generated ROS (mainly singlet oxy
gen) and found that GSH could efficiently reduce ROS levels in vitro 
(Fig. S5a). Since cytosolic ROS decreased to basal levels at about 2 h 
after PDT (Fig. S4), the lowered GSH level was sustained through PDT 
probably due to its fast consumption in GPX4-mediated reduction of 
increased lipid hydroperoxides as determined by C11-BODIPY staining 
(Fig. 2g and h). We used Lip-1 to inhibit lipid peroxidation and observed 
that it could effectively preserve cellular GSH levels (Fig. 2a). Moreover, 
the mRNA level of CHAC1 was also increased significantly in PDT 
treated cells (Fig. 2c), similar to those treated with erastin [26]. As a 
marker of the endoplasmic reticulum (ER) stress [26], the upregulation 
of CHAC1 expression is consistent with the abundant distribution of HYP 
in ER (Fig. S11). 

We further examined the impact of PDT on expression levels of 
GPX4, the key enzyme that prevents lipid peroxidation in lipid bilayers 
along with GSH [28]. A slight decrease in GPX4 protein abundance and 
mRNA level was detected (Fig. 2d, Fig. S6), similar to that observed in 
RSL3- or erastin-treated cells. We also measured the activity of GPXs 
based on the reduction of peroxides. Like erastin, PDT did not affect 
GPXs activity in contrast to RSL3 treatment (Fig. S7). Additionally, we 
observed that both RSL3 and erastin sensitize cells to PDT (Fig. 2e, 
Fig. S8b), indicating a vital role of the GSH-GPX4 system in the cell 
death triggered by PDT. 

1.2. PDT directly initiates lipid peroxidation and cell death independent of 
ACSL4 

Since elevated lipid peroxidation is the hallmark of ferroptosis, we 
next studied in more detail the levels of lipid peroxides using C11- 
BODIPY by flow cytometry upon PDT. Remarkably, the lipid hydro
peroxide level increased immediately after light exposure and continued 
to increase over 2 h (Fig. 2h). Consistently, the level of malondialdehyde 
(MDA), a breakdown product of lipid peroxidation [29], was also 
strongly increased in PDT treated cells (Fig. 2f). Both the lipid peroxi
dation level and MDA level were efficiently suppressed by Lip-1 (Fig. 2f 
and g). 

The immediately elevated lipid peroxidation in PDT treated cells was 
distinct from the slower elevation in cells with dysfunctional GSH-GPX4 
axis (several hours), indicating a different oxidation mechanism in PDT. 
It is known that ROS (especially singlet oxygen) produced during PDT 
can directly oxidize phospholipids containing PUFAs [21,30]. By taking 
advantage of the multiple channels of confocal laser scanning micro
scopy (CLSM), we adapted the fluorescence recovery after photo
bleaching (FRAP) method to detect lipid peroxidation in situ during PDT 
irradiation. HYP in selected cells were firstly irradiated with a laser 
pulse of 633 nm to mimic PDT, and then fluorescence of the oxidized 
C11-BODIPY (λex 488 nm) in the whole field of view (including those 
cells without 633 nm irradiation) was detected. Indeed, C11-BODIPY 
fluorescence from the selected area increased immediately in response 
to laser irradiation, while it kept unchanged in the non-irradiated area 
(Fig. 2i, Fig. S12a). Notably, lipid radicals were also detected by EPR 
after irradiation in extracted cell membranes, as well as in linoleic acid, 
mixed with iron (tens of μM) and HYP, demonstrating the capability of 
PDT to initiate lipid peroxidation and subsequent autoxidation in vitro 
(Fig. S13). Addition of Lip-1 reduced, but not completely suppressed the 
fluorescence intensity during light irradiation (Fig. S12a). Because Lip-1 
did not effectively react with singlet oxygen (Fig. S12b), it reduced the 
fluorescence intensity of C11-BODIPY mainly through quenching lipid 
ROS (Fig. S12d), consistent with the notion that Lip-1 is mainly localized 
in lipid bilayers. 

Lipidomic analysis has been used to characterize altered patterns of 

S. Shui et al.                                                                                                                                                                                                                                     



Redox Biology 45 (2021) 102056

4

(caption on next page) 

S. Shui et al.                                                                                                                                                                                                                                     



Redox Biology 45 (2021) 102056

5

Fig. 2. PDT depletes GSH and triggers lipid peroxidation in A549 cells. a, Intracellular GSH content in A549 cells treated with RSL3 (10 μM, for 8 h), or erastin (15 
μM, for 8 h), or PDT (8 h after). Lip-1 concentration is 8 μM b, Changes of intracellular GSH content over time post PDT treatment. c, CHAC1 mRNA levels after 
erastin (15 μM, for 8 h) or PDT (4 h after) treatment. d, GPX4 protein abundance in A549 cells treated with RSL3 (10 μM), erastin (15 μM) or PDT for 8 h measured by 
Elisa. e, Effect of combination of PDT and RSL3 on cell viability (HYP concentration was 2 μM). f, Ability of Lip-1 (8 μM) to reduce MDA level elevated by PDT (8 h 
after). g, Ability of Lip-1 to prevent C11-BODIPY oxidation in cells treated with RSL3 (10 μM) or PDT. 250 nM Lip-1 is used in RSL3 treatment and 8 μM in PDT 
treatment. h, Time dependence of C11-BODIPY oxidation in cells after PDT treatment. i, Increase of C11-BODIPY oxidation in PDT treated cells with irradiation time 
measured with confocal laser scan microscope. The confocal image shows the distribution of oxidized C11-BODIPY after 60 s irradiation where the light area roughly 
coincides with the irradiated area (red square). j, Volcano plots showing the change in abundance of oxidized PE species in erastin or PDT treated cells (for 8 h), FC 
stands for fold of change, and the dotted line represents P=0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 3. PDT triggers cell death independent of ALOXs and ACSL4. a, mRNA level of ALOX15 and ACSL4 in A549 cells treated with PDT (4 h after). b, Effects of 
different ferroptosis inhibitors on PDT induced cell death in A549 cells. Lip-1 (8 μM), DFO (100 μM), TRO (100 μM), and BAI (100 μM) is incubated 4 h before PDT. c, 
Cell viability of HT1080 cells transfected with control siRNA (CTR) or the ALOX15-specific siRNA (pre-incubated for 24 h), then treated with PDT or erastin for 24 h. 
d, Dose-dependent cytotoxicity of erastin in WT (ACSL4+/+) and ACSL4 KO (ACSL4− /− ) MEF cells for 24 h and western blotting analysis of ACSL4 expression. e, 
Dose-dependent cytotoxicity of PDT in WT (ACSL4+/+) and Acsl4 KO (ACSL4− /− ) MEF cells (2 min irradiation). f, Effects of ferroptosis inhibitors (8 μM Lip-1, 100 μM 
DFO, 100 μM TRO, and 100 μM BAI) on PDT-treated A549 cells. 
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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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Fig. 4. Relocation of cytosolic iron into mitochondria in response to PDT. a, Scheme of iron translocation in PDT. b, Cytosolic labile iron pool (LIP) level (Calcein was 
used as indicator) in PDT-treated A549 cells measured by flow cytometry; c, Relative mRNA level of TfR1, DMT1+IRE, DMT1-IRE, FTH, FTMT, and FPN in PDT- 
treated A549 cells. d, Ferrous iron level in mitochondria in PDT-treated A549 cells measured by Mito-FerroGreen. e, Representative confocal microscopy images 
of PDT treated A549 (4 h after) stained with MitoTracker Green. Lip-1 is 8 μM. f, Effect of minocycline (MC, 100 μM) or siRNA MCU (25 nM) on cell death triggered 
by PDT in A549 cells (NC = Negative Control). g, Ability of MC to prevent the decrease of cytosolic LIP level and an increase of mitochondrial ferrous iron level in 
PDT-treated A549 cells as measured by flow cytometry. h, Ability of MC to prevent depletion of intracellular GSH level and elevation of lipid peroxidation level in 
PDT-treated A549 cells. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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1.5. PDT triggers ferroptosis-like cell death in vivo 

Spurred by these findings, we asked whether PDT could result in 
ferroptosis-like cell death in vivo. BALB/c nude mice with A549 subcu
taneous xenografts were treated by single intravenous injection of Ver
teporfin, whose longer absorption wavelength would increase the 
penetration depth of light into tumors. Tumors were then exposed to 
660 nm laser light and the tumor volumes were monitored over 2 weeks 
(Fig. S24). PDT treatment significantly inhibited the tumor growth 
(Fig. 6a), and significant differences were also observed between the two 
groups receiving different Verteporfin doses. In the 8 mg/kg group, the 
tumor surface turned to dark brown on the same day after light 

exposure, and the tumor sizes began to decrease sharply to approxi
mately 30 mm3 later. In the 4 mg/kg group, the tumor surface had no 
color change in the first 2 days, and the final tumor sizes were just 
slightly larger than the initial size of 100 mm3. 

Moreover, the two groups exhibited different responses to the fer
roptosis inhibitor Lip-1 (Fig. 6a). While it did not significantly affect the 
PDT efficacy in the 8 mg/kg group, Lip-1 counteracted the PDT efficacy 
in the 4 mg/kg group. Examination of the histological sections of tumors 
also showed that tissue damages caused by PDT with 4 mg/kg Verte
porfin, instead of PDT with 8 mg/kg Verteporfin (Fig. S24d), could be 
largely prevented by Lip-1 (Fig. 6g). These differences are consistent 
with the in vitro results, where the cell death induced by medium PS 

Fig. 5. Generality of PDT triggered ferroptosis-like cell death. a, Effect of ferroptosis-suppressing compounds (30 μM Fer-1, 8 μM Lip-1, 100 μM DFO, 100 μM TRO) 
on various cell lines treated with PDT using HYP (2 μM-2 min) or VPF (4 μM-2 min). The relative cell viability is represented by color (deep blue and deep red 
represent 0 and 1, respectively). b, The dose-dependent cytotoxicity of erastin on parental or erastin-resistant A549 cells (Era-A549). c-d, Relative mRNA level of 
CHAC1, PTGS2, SLC3A2, SLC7A11, GPX4, and ACSL4 in parental and erastin-resistant cells. e, Dependence of cell viability on PDT irradiation duration in parental 
and erastin-resistant A549 cells. f, Effect of different ferroptosis inhibitors on the viability of PDT treated Era-A549 cells. g-h, Relative mRNA level of CHAC1, PTGS2, 
ACSL4, FTMT, FTH, and TFR1 after PDT treatment in Era-A549 cells (4 h after). (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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Fig. 6. PDT treatment causes ferroptosis-like cell death and tumor regression in A549 bearing mice. a, Tumor growth inhibition by PDT and effect of Lip-1. b-c, 
Quantification of the GSH level (b) and MDA level (c) in frozen tumor sections obtained at different times after PDT with 4 mg/kg Verteporfin. d, Images of resected 
tumors obtained 14 days after PDT treatment. e, Changes of mRNA expressions in frozen tumor sections obtained 3 days after PDT treatment. f, Expression of ACSL4 
and GPX4 by Western blotting analysis in tumors at different times upon PDT with 4 mg/kg Verteporfin. g, Histological examination of tumors by H&E staining. h, 
Mechanistic scheme of PDT triggered lipid peroxidation and liperoptosis. 
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dose, instead of high dose PS, could be effectively blocked by Lip-1 
(Fig. 1b). 

We next sought to investigate the biochemical changes in the tumor 
tissues treated with 4 mg/kg Verteporfin. The GSH level in tumors was 
significantly depleted at the first days after PDT treatment and recovered 
to normal 14 days after treatment (Fig. 6b). Consistently, the MDA level 
was elevated in the first days after treatment and returned to normal 
later (Fig. 6c). Additionally, the mRNA levels of both PTGS2 and CHAC1 
were increased, although the fold change was modest 3 days after PDT 
treatment (Fig. 6e). Interestingly, the abundance of GPX4 was more 
drastically lowered by PDT in vivo than in vitro (Fig. 6e), which, together 
with the depletion of GSH, could promote lipid peroxidation during the 
first few days after light irradiation. As a response to the elevated lipid 
peroxidation, both the protein and mRNA expression of ACSL4, were 
significantly lowered in the PDT-treated tumors (Fig. 6e and f). The 
changes in GPX4 and ACSL4 abundance were both diminished 14 days 
after PDT treatment (Fig. S24c), so did the levels of GSH and MDA. These 
results demonstrate that PDT with an appropriate dose could induce the 
ferroptotis-like cell death in mouse xenograft models in the first few days 
after light irradiation, which is sufficient to inhibit the tumor growth 
thereafter. 

2. Discussion 

The accumulation of a lethal amount of lipid hydroperoxides in 
ferroptosis reflects a disruption of redox homeostasis in membrane lipids 
[13]. It can be triggered by the declined lipid ROS reductive capacity 
when one or more of the lipid antioxidant systems are impaired, espe
cially the cysteine-GSH-GPX4 axis and the FSP1–Q10–NAD(P)H system 
[8–10]. Thereby, the elevated lipid peroxidation results from endoge
nous iron-dependent oxidation processes, although the exact mecha
nisms remain to be clarified [13]. On the other hand, exogenous 
oxidizing compounds, particularly FINO2 and artemisinin derivatives, 
can also oxidize lipids and induce ferroptosis [17]. Similarly, the exog
enous ROS generated by PDT directly oxidize lipids and results in lipid 
peroxidation while the activity of system xc

− and GPX4 is not affected 
despite immediate depletion of GSH (summarized in Fig. 6h). In contrast 
to the usually slow accumulation of lipid peroxidation in ferroptosis 
resulting from a failure of the antioxidant systems (within hours) [41], 
PDT generates a significantly high concentration of lipid hydroperoxides 
immediately after light irradiation within minutes (Fig. 2h and i). Ac
cording to the proposed lipid autoxidation model [42], positive enzyme 
regulators of ferroptosis, e.g. ALOXs, POR and ACSL4 [16,43,44], 
sensitize cells to ferroptosis through facilitating the autoxidation pro
cess, and a concentration ‘threshold’ of lipid hydroperoxides should be 
reached for lipid autoxidation and hence ferroptotic cell death to pro
ceed inevitably. Despite the difficulty to quantify this threshold, roughly 
20 μM is proposed for the HEK293 cells [42] with a lower concentration 
estimated for the more sensitive MEF cells. We have observed that 
micromolar concentration of the antioxidants Lip-1 or Fer-1 (Fig. 1b, 
Fig. S1c) is required to prevent PDT-triggered cell death, which is nearly 
an order of magnitude higher than in RSL3 or erastin induced ferroptosis 
[45]. Therefore, we believe that PDT can produce sufficient amounts of 
lipid ROS to incite the lipid autoxidation cascade without any significant 
contribution from ALOXs and ACSL4. Consistently, FINO2 has been also 
reported to drive lipid peroxidation independent of ALOXs [17]. Such an 
autoxidation triggered by PDT proceeds inevitably while the activity of 
system xc

− and GPXs is intact (Fig. S3b, Fig. S7). This explains the 
continuously lowered cellular GSH level (Fig. 2b) and the ineffectiveness 
of supplement with β-ME (Fig. S3c). 

Intracellular labile iron increases during canonical ferroptosis, 
mainly through ferritin degradation (ferritinophagy) [46,47] or heme 
oxygenase-1 (HO-1)-mediated heme catabolism [2,48]. In PDT- trig
gered cell death, we have observed a different iron metabolism pathway. 
Cytosolic iron is translocated into mitochondria via MCU and results in 
increased mitochondrial iron level. This pathway is also different from a 

previous observation in PDT where iron was firstly released into the 
cytosol from lysosomes before its transportation to mitochondria [49]. 
In that case, the LIP level is enhanced and DFO can effectively suppress 
the PDT-induced cell death. Furthermore, we have demonstrated that 
this intracellular iron relocation instead of absorption of extracellular 
iron [50], is interdependent with lipid peroxidation. Although mecha
nism of this iron translocation and its interaction with lipid peroxidation 
require further investigation, we provide a new perspective to under
stand the iron metabolism pathway in cells undergoing lipid peroxida
tion. Interestingly, recent reports on the involvement of iron-sulfur 
cluster synthesis in ferroptosis [51] and the DHODH-mediated mito
chondria ferroptosis defense system [52], also point to a potential role of 
mitochondrial iron metabolism in ferroptosis. 

Based on the above differences, we tentatively term this PDT- 
triggered cell death as liperoptosis. This type of cell death is also 
caused by accumulation of lethal amount of lipid hydroperoxides, which 
is characteristically blocked by lipid specific antioxidants, e.g. Lip-1 and 
Fer-1. However, its source of lipid peroxidation is distinct from that of 
ferroptosis resulting from the ACSL4-related enzymatically oxidizing 
process. Interestingly, a distinct ferroptosis pathway mediated by p53 
has also been reported to be independent of ACSL4, where an exogenous 
oxidant, tert-butyl hydroperoxide, is indispensable to initiate this type of 
cell death [18]. Moreover, we noted a recent report that the 
PDT-triggered cell death in MDA-MB-231, a cell line sensitive to RSL3, 
could be also partially blocked by Fer-1 [53]. 

Triggering lipid peroxidation by PDT may be particularly advanta
geous to combat ferroptosis-resistant or ferroptosis-insensitive cancer 
cells. Some malignant cells are insensitive to canonical ferroptosis and 
some sensitive cells may also acquire resistance to ferroptosis inducers, 
through lowering gene expression of positive regulators of ferroptosis, in 
particular ACSL4 [15]. Moreover, because regulation of tumor ferrop
tosis is a strategy exploited by CD8+ T cells to enhance their anti-tumor 
efficacy [7], it is reasonable to assume that tumors may acquire 
ferroptosis-resistance to achieve immune evasion. Hence, 
ferroptosis-resistance may impose challenges to clinical exploration of 
ferroptosis as a potential cancer therapeutic strategy. In this sense, PDT 
provides a new avenue to face these challenges with its proven clinical 
applicability. Additionally, PDT exhibits another advantage of its high 
spatial and temporal accuracy to target the tumors in vivo, which may 
mitigate the potential side effects of ferroptosis inducers (e.g. by 
inhibiting GPX4) to normal tissues. Conclusively, our findings should 
guide in the design of in vivo applicable strategies based on PDT to 
exploit the full therapeutic potential of triggering lipid 
peroxidation-dependent cell death in difficult-to-treat tumor. 

3. Methods 

3.1. Chemicals 

All chemicals were purchased from Selleck unless stated otherwise. 
Minocycline hydrochloride (T1101) was obtained from TargetMol. 
Hypericin (HYP) was obtained from Chengdu Purify Technology. 

Cell lines and media. HT29, A549, A375, MCF-7, HT1080, MEF 
cells were obtained from National Infrastructure of Cell Line Resource of 
China, and Acsl4 KO MEF were obtained as published [15]. HT29, A549, 
MEF, and Acsl4 KO MEF cells were grown in DMEM with 10% fetal 
bovine serum (FBS), 1% penicillin and streptomycin (Macgene). A375, 
MCF-7, and MCF-7 resistant cells were cultured in 1640 medium with 
10% FBS. HT1080 cells were grown in MEM with 10% FBS, 1% 
non-essential amino acids (Gibco) and 1% penicillin-streptomycin mix. 
All cells were cultured in a 37 ◦C incubator (ESCO) with humidified 
atmosphere of 5% CO2. Persister A549 cells (erastin resistant A549 
cells) were established by exposing A549 cells to graded concentrations 
of (5–20 μM) erastin over about 4 months. Cells that survived eventually 
in the presence of 20 μM erastin proliferated as the erastin resistant cells. 
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3.2. PDT treatment and cell viability assay 

Cells were seeded in 96-well plates (5000 cells per well) and allowed 
to adhere overnight. The medium was replaced on the following day 
with 100 μL of growth medium containing a required concentration of 
HYP and the cells were incubated in the dark for 4 h. Cells were exposed 
to red light irradiation using a 300 W Xenon arc lamp (600 nm band 
filter, 1.5 mW/cm2, CEAULIGHT, China) for designated time and were 
further incubated thereafter. The designated modulating compound (e. 
g. Z-VAD-FMK, Lip-1, Fer-1, Nec-1, 2-MA, baicalein, troglitazone etc.) 
was usually added simultaneously with HYP. Cell viability was assessed 
typically 24 h after light irradiation using CCK-8 kit. All cell viability 
data were normalized to the DMSO vehicle condition. Measurement 
were performed in three independent replicates. 

3.3. Western blotting 

Total protein was extracted from cells using the RIPA lysis buffer 
(H1107020, Macgene) according to manufacturer’s protocols. An equal 
amount of proteins was loaded in each lane. Proteins were separated on 
12% gradient Tris-glycine gels (10 μl/well, 10 wells) (Sigma Aldrich), 
and electrically transferred to a PVDF membrane (Bio-Rad). After 
blocking the membrane with 5% skim milk, the target proteins were 
immune-blotted with their corresponding antibody at 1:1000 dilution 
after overnight incubation at 4 ◦C. Antibodies used were GPX4 
(ab125066, Abcam), cleaved caspase-3 antibody (ab2302, Abcam), 
ACSL4 (22401-1-AP, Proteintech) and beta-actin (ab8226, Abcam). 
Thereafter, the horseradish peroxidase (HRP)-conjugated anti-rabbit 
IgG H&L (E030120, Earthox, 1:2000 dilution) and anti-mouse IgG 
H&L (E030110, Earthox, 1:2000 dilution) were applied as the secondary 
antibodies, and bands were detected with western blotting detection 
reagents (Bio-rad) using ECL (S4904300, YEASEN). 

3.4. Transmission electron microscopy 

1.0 × 106 cells were plated in 100 mm dishes and allowed to adhere 
overnight. After 24 h, cells were treated with vehicle (DMSO, 8 h), or 
RSL3 (10 μM, 10 h), or HYP (2 μM, 8 h after irradiation), or HYP (10 μM, 
0.5 h after irradiation), and then washed with pre-cooled PBS and 
digested. The cells were collected and fixed in a mixture of 2.0% PFA 
and 2.5% glutaraldehyde overnight at 4 ◦C. Thereafter, they were fixed 
in 1% osmium tetroxide for 1.5 h, and then dehydrated using a graded 
series of ethanol (50%, 70%, 80%, 90%, 95%, and 100%), as well as 
pure acetone for 10 min, and then embedded in Epon 812 + 815 me
dium. TEM samples were prepared using an ultrathin slicer and 
observed in a transmission electron microscopy (JEM-100). 

3.5. Annexin V-FITC/PI staining 

Treated cells were trypsinized, harvested and washed with PBS, and 
stained with Annexin V/PI staining kit (Solarbio) according to manu
facturer’s protocols. Briefly, 500 μl binding buffer was added to each 
well and 5 × 104 cells were transferred to a 1.5 ml centrifuge tube. Then, 
5 μl of Annexin V-FITC and 5 μl of propidium iodide (PI) were added, 
and the cells were gently vortexed. Cells were incubated for 5 min at 
room temperature in the dark, and analyzed by flow cytometry (FACS
Calibur, BD). Data were collected from at least 10,000 cells. The results 
were analyzed by FlowJo 7.6.2 software (Tree Star Inc., USA). 

3.6. Measurement of ATP levels 

ATP levels were measured using a commercially available ATP assay 
(Beyotime, China). Briefly, cells treated with RSL3 (10 μМ, for 8 h), or 
PDT (2 μM-2min, 8 h after), or curcumin (CUR, 50 μM, for 8 h), or H2O2 
(20 mM, for 2 h), or vehicle (DMSO, 8 h) were washed with PBS and 
lysed. The collected lysate was incubated with ATP Monitoring Enzyme, 

and luminescence was measured using a Victor3 plate-reader. Protein 
content was determined by BCA assay, and this value was used to 
normalize ATP levels to protein. 

3.7. Measurement of reduced glutathione 

Cells treated with 15 μM erastin, or 10 μM RSL3, or PDT (2 μM-2 min 
HYP), or vehicle, were harvested at certain time after treatment, and 
were then lysed using ice-cold RIPA buffer (Macgene). Samples were 
centrifuged for 15 min at 4 ◦C at 14,000 g. The resulting supernatant was 
collected. Part of the supernatant was used to detect protein content by 
BCA assay, and part was deproteinized to measure the reduced gluta
thione levels using GSH/GSSG Ratio Detection Assay Kit (S0053, 
Beyotime) by following the manufacturer’s protocol. 

3.8. GPXs activity measurement 

The PDT (2 μM HYP, 2 min irradiation) treated cells were harvested 
at a certain time after irradiation, washed twice with PBS, and then re- 
suspended in 200 μl assay buffer. The assay buffer contained 0.1 M Tris- 
HCl (pH 8.0), 0.5 mM EDTA and 1.25% Triton X-100. Cells were lysed by 
sonication and cleared of insoluble components by centrifugation at 
14,000 g for 10 min at 4 ◦C. Collected supernatant was transferred to a 
clean tube and kept on ice. The protein concentration of each sample 
was determined using the BCA assay. A total of 200 μg protein was 
added to the reaction well and the volume was adjusted to 50 μl with 
assay buffer. 40 μl reaction mix containing 33 μl assay buffer, 3 μl 60 mM 
NADPH, 2 μl glutathione reductase (GR, 1 U/ml), and 2 μl 3 mM GSH 
solution) was added and well mixed. 10 μl cumene hydroperoxide so
lution was then added to measure the GPXs activity by monitoring the 
absorption at 340 nm. 

3.9. Quantitative RT-PCR 

Total RNA was extracted using the TRleasy reagent (10606ES60, 
YEASEN) by following the manufacturer’s protocols. Briefly, 1 μg total 
RNA for each sample was reverse-transcribed into cDNA using the Hieff 
First Strand cDNA Synthesis Super Mix (11103ES70, YEASEN). The 
cDNA was then analyzed by qRT-PCR using Hieff qPCR SYBR Green 
Master Mix (11203ES03, YEASEN) on ABI Quant Studio 6 system 
(Applied Biosystems). For the quantitative RT–PCR analysis of human 
transcripts, the following primers were used: ChaC1 forward 5′- 
CCTGAAGTACCTGAATGTGCGAGA-3′, ChaC1 reverse 5′-GCAGCAAG
TATTCAAGGTTGTGGC-3’; PTGS2 forward 5′-CGGTGAAACTCTGGC
TAGACAG-3′, PTGS2 reverse 5′-GCAAACCGTAGATGCTCAGGGA-3’; 
TfR1 forward 5′-ACCCATTCGTGGTGATCAAT-3′, TfR1 reverse 5′-CGTT 
TCCAACTGCCCTATGA-3’; DMT1+IRE forward 5′-ACCTTAGAACTGG 
ATTAGGGT-3′, DMT1+IRE reverse 5′-AAGGATAAACTGAGCTCGCCC- 
3’; DMT1-IRE forward 5′-AGTGGTTTATGTCCGGGACC-3′, DMT1-IRE 
reverse 5′-TTTAACGTAGCCACGGGTGG-3’; Acsl4 forward 5′-GAATG
GATGATTGCAGCACAGA-3′, Acsl4 reverse 5′-CCTCAGATTCATTTAG 
CCCATGAAC-3′, Gpx4 forward 5′-CGCTGTGGAAGTGGATGAAG-3′, Gp 
x4 reverse 5′-GAGCTAGAAATAGTGGGGCAGGT-3’; Alox 15 forward 5′- 
TTGGTTATTTCAGCCCCCATC-3′, Alox 15 reverse 5′-TGTGTTCACTG 
GGTGCAGAGA-3′ SLC7A11 forward 5′-TGCTGGGCTGATTTTATCTTCG- 
3′, SLC7A11 reverse 5′-GAAAGGGCAACCATGAAGAGG-3’; SLC3A2 
forward 5′-CTGGTGCCGTGGTCATAATC-3′, SLC3A2 reverse 5′-GC 
TCAGGTAATCGAGACGCC-3’; mitochondrial ferritin (FTMT) forward 
5′-AAGGTGACCCCCATTTGTGC-3′, mitochondrial ferritin (FTMT) 
reverse 5′-GGGGCCCCCATCTTCACTAA-3’; ferritin heavy chain (FTH) 
forward 5′-GAGGTGGCCGAATCTTCCTTC-3′, ferritin heavy chain (FTH) 
reverse 5′-TCAGTGGCCAGTTTGTGCAG-3’; FPN forward 5′- CCTGTTA 
ACAAGCACCTCAGC -3′, FPN reverse 5′-TTGCAGAGGTCAGGTAGTCG- 
3’; GAPDH forward 5′-ACCCAGAAGACTGTGGATGG-3′, GAPDH reverse 
5′-TCTAGACGGCAGGTCAGGTC-3′. 
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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) (λex: 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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nm, Em 520 nm). Data were collected from at least 10,000 cells. 

3.16. Iron assay 

Cells were seeded in 24-well plates with 40,000–60,000 cells/well 
overnight. On the next day, the treated cells were stained with 0.1 μM 
Calcein AM (C131116, Aladdin) for cytosolic LIP or 5 μM Mito- 
FerroGreen (M489, Dojindo) for mitochondrial LIP according to the 
manufacturer’s protocols, respectively. The harvested cells were washed 
twice with PBS and then analyzed by flow cytometer cytometry. Ex 488 
nm/Em 530 nm for Calcein and Ex 505 nm/Em 535 nm for Mito- 
FerroGreen. 

3.17. SiRNA transfection 

Cells (100,000 per well) were seeded in a 6-well plate or a 96-well 
plate (2500 per well) and allowed to adhere overnight. On the next 
day, cells were transfected with 10 nM of siRNAs (final concentration/ 
well) using Hieff Trans liposomal transfection reagent (YEASEN) ac
cording to the manufacture’s protocols. Parallel cultures were assayed 
for gene expression in 6-well plate after 36 h using RT-qPCR and in 96- 
well plate for cell viability in response to drug treatment 24 h post 
transfection. The Mitochondria electrogenic Ca2+, Fe2+ uniporter 
(MCU) siRNA was obtained from Sangon Biotech (China) and the siRNA 
sequences were: sense 5′-CGGCUUACCUGGUGGGAAUTT-3′, antisense 
5′-AUUCCCACCAGGUAAGCCGTT-3’. 

The ALOX15 siRNA were obtained from Dharmacon (China) and the 
siRNA sequences were: sense 5′-CGAUACACCCUGGAAAUUA-3′, anti
sense 5′-AAACUGGAAGGACGGGUUA-3′, sense 5′-GAAGGAAGUU
GUACCGGUG-3′, antisense 5′-CACCGGUACAACUUCCUUC-3′, sense 5′- 
CAUCCUAUCUUCAAGCUUA-3′, antisense 5′-UAAGCUUGAA
GAUAGGAUG-3’. 

3.18. In vivo xenograft mouse study 

BALB/c nude mice (male, 5-week old and ~25 g, purchased from 
Department of Animal Science of Peking University Health Science 
Center, China) were subcutaneously injected with A549 cells (5 × 105 

cells) in the axilla. During the treatment, body weight of the mice was 
recorded every day, and the tumor volume was calculated using the 
formula: 0.5 × length × width [2]. Once the tumor size reached ~100 
mm3, the mice were randomly divided into group of 3 mice per cage. 
100 μl of VPF (4 mg/kg or 8 mg/kg) or saline was intravenously injected 
and the tumor surface was then irradiated for twice by 660 nm laser (50 
mW/cm2, irradiation duration 15 min) at 1.5 h and 4 h after injection. 
To examine the effect of Lip-1, a dose of 10 mg/kg was intraperitoneally 
administrated two days before the irradiation and then once a day for 2 
weeks after the irradiation. Mice were euthanatized at the designated 
time or the end of treatment, and tumor tissues were frozen and stored at 
− 80 ◦C for further analysis. In histological examination, the dissected 
tumor tissues were fixed with 10% buffered formalin, dehydrated in 
ethanol, embedded with paraffin, and stained with hematoxylin and 
eosin (H&E). In western blotting, GSH and MDA analysis, ~50 mg 
sample was collected and lysed with RIPA lysis buffer supplemented 
with the proteinase inhibitor Cocktail (YEASEN, China) at a ratio of 
100:1 (v/v). The tissues were homogenized in a bullet blender at speed 4 
for 4 min, and the sample was then centrifuged (12,000 rpm) for 10 min 
at 4 ◦C. The supernatant was then obtained for corresponding mea
surement. To extract RNA, RNase-free tubes were used to homogenize 
the tumor tissues (~50 mg) for supernatants. 

3.19. Statistical analysis 

All statistical analyses except those in lipidomics were performed 
using GraphPad Prism 8.0. Data were typically plotted as the mean ± s. 
d., n = 3 biologically independent samples. All P values were calculated 

using the two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001 and 
****p < 0.0001. 
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