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A B S T R A C T   

Ferroptosis is an iron-dependent programmed cell death modality, which has showed great po-
tential in anticancer treatment. Photodynamic therapy (PDT) is widely used in clinic as an 
anticancer therapy. PDT combined with ferroptosis-promoting therapy has been found to be a 
promising strategy to improve anti-cancer therapy efficacy. Fenton reaction in ferroptosis can 
provide oxygen for PDT, and PDT can produce reactive oxygen species for Fenton reaction to 
enhance ferroptosis. In this review, we briefly present the importance of ferroptosis in anticancer 
treatment, mechanism of ferroptosis, researches on PDT induced ferroptosis, and the mechanism 
of the synergistic effect of PDT and ferroptosis on cancer killing.   

In recent years, ferroptosis has been discovered as an important programmed cell death modality, which holds great potential for 
cancer therapy. Photodynamic therapy (PDT) has received more and more attention as an anti-cancer treatment for its advantages like 
small trauma, great selectivity towards tumor cells, few side effects and possibility of repeatable treatment. Since cancer has always 
been a difficult problem to be overcome in medicine, researches on cancer treatment increases constantly. Recently, it has been found 
that ferroptosis can be induced by PDT, and PDT combined with ferroptosis-promoting therapy is a promising strategy to improve anti- 
cancer therapy efficacy. 

Therefore, we reviewed the known studies on PDT induced ferroptosis and studies on synergistic effect of PDT and ferroptosis- 
promoting therapy. In addition, we discussed the potential mechanisms of the synergistic effect of PDT and ferroptosis on cancer 
killing. With ‘Photodynamic’ and ‘Ferroptosis’ as key words, we searched Web of Science, PubMed and Scopus for related literatures 
limited to English-language from 2020 to the present. After removing duplicates, a manual review of these articles was performed by 
screening titles, abstracts and manuscripts. The detailed literature screening process is shown in Fig. 1, including search strategy and 
inclusion/exclusion criteria. 

1. Mechanism and regulation of ferroptosis 

Ferroptosis, a term coined in 2012, refers to an iron-dependent programmed cell death modality, which is different from apoptosis, 
necrosis and pyroptosis [1]. Unique morphological changes can be found during ferroptosis, including reduced size of mitochondria 
and reduced mitochondrial cristae. Fe2+ ions play a vital role in the process of ferroptosis. Fe2+ ions react with hydrogen peroxide, and 
hydroxyl radical is produced, which is called Fenton reaction. Hydroxyl radical initiates free radical chain reactions, leading to lipid 
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Nomenclature 

ACSL: long-chain acyl-CoA synthetase 
ALA Aminolevulinic acid 
ALOXs 5-lipoxygenase 
AMPK 5‘-monophosphate-activated protein kinase 
BASHY boronic acid-derived salicylidenehydrazone 
BAP1 BRCA1-Associated Protein 1 
BH4 tetrahydrobiopterin 
Ce6 Chlorin e6 
CI Combination Index 
CoQ reducing ubiquinone 
CoQH2 ubiquinol 
DFO deferoxamine 
DHODH dihydroorotate dehydrogenase 
Fer-1 ferrostatin-1 
FSP1 fibroblast specific protein 1 
GCH1 GTP cyclohydrolase 1 
GPX4 glutathione peroxidase 4 
GSH glutathione 
HYP hypericin 
MB methylene blue 
MMP2 matrix metalloproteinase 2 
OA orotate 
PDT Photodynamic therapy 
PLOOHs phospholipid hydroperoxides 
PUFA polyunsaturated fatty acid 
ROS reactive oxygen species 
SLC3A2 subunit solute carrier family 3 member 2 
SLC7A11 subunit solute carrier family 7 member 11 
System xc- cystine/glutamate antiporters  

Fig. 1. Literature search and outcome identification.  

Q. Chang et al.                                                                                                                                                                                                         



Heliyon 10 (2024) e28942

3

peroxide accumulation of cell membrane, finally resulting in plasma membrane rupture and subsequent cell death. One of the most 
important factors that determines the cell fate is how cells respond to oxidative stress, and ferroptosis is actually a result of imbalanced 
redox homeostasis and can be suppressed by inhibition of lipid peroxide or depletion of iron. A series of gene expression changes and 
biochemical reactions are involved. 

The understanding of ferroptotic mechanism has progressed rapidly in recent years. There are some systems that protect cells from 
ferroptosis (Fig. 2), among which the glutathione-glutathione peroxidase 4 (GSH–GPX4) system is the first to be found [1]. And 
GPX4-independent ferroptosis defense systems have been identified recently. Besides, cell metabolism is also found to be correlation 
with ferroptosis. 

Since accumulation of phospholipid hydroperoxides (PLOOHs) causes damage of cell membrane and finally leads to cell death in 
ferroptosis, PLOOHs play the key role in ferroptosis. GPX4 is the major enzyme that catalyzes the reduction of PLOOHs. In GSH-GPX4 
system, there are cystine/glutamate antiporters (System xc− ) on the cell membrane. The system xc− is composed of two components, 
subunit solute carrier family 7 member 11 (SLC7A11) and subunit solute carrier family 3 member 2 (SLC3A2), which can take in 
cystine and excrete glutamate. This system sustains the level of intracellular GSH, a master endogenous antioxidant and a key regulator 
of ferroptosis. GPX4 catalyzes the reduction of lipid peroxides by GSH, and lipid peroxides accumulation is reduced. The GPX4–GSH 
system was initially thought to be the only ferroptosis defense system, until 2019 when the Fibroblast Specific Protein 1- ubiquinol 
(FSP1–CoQH2) system was reported to defend against ferroptosis independently [2]. FSP1 functions as an NAD(P)H-dependent 
oxidoreductase capable of reducing ubiquinone (also known as coenzyme Q or CoQ) to CoQH2, and CoQH2 can trap lipid peroxyl 
radicals, thereby suppressing lipid peroxidation and ferroptosis. Subsequently, the GTP cyclohydrolase 1- tetrahydrobiopterin 
(GCH1–BH4) system was found to be another ferroptosis defense system [3]. GCH1 mediates the rate-limiting reaction in the BH4 
biosynthesis pathway. BH4 is a radical-trapping antioxidant capable of trapping lipid peroxyl radicals, which can prevent lipid per-
oxides accumulation and inhibit ferroptosis. GCH1 also mediates the production of CoQH2 to suppress ferroptosis. The dihydroorotate 
dehydrogenase-CoQH2 (DHODH–CoQH2) system, a mitochondria-localized defense system, was revealed by a recent study [4]. 
DHODH is an enzyme in the inner mitochondrial membrane, catalyzing the oxidation of dihydroorotate (DHO) to orotate (OA). As this 
reaction occurs, CoQ in the inner membrane is reduced to CoQH2, thereby inhibiting the occurrence of ferroptosis. 

Therefore, there is a balance between oxidative damage and antioxidant defense. Once the oxidation reaction is promoted or the 
antioxidant defense is inhibited, the lipid peroxides will accumulate, and then ferroptosis will occur. A sequence of molecules was 
found to be able to induce ferroptosis with different targets, such as erastin, sorafenib, RSL3 and sulphasalazine [5]. 

Apparently, there are many metabolic reactions that can produce PLOOHs, and there are more and more researches suggesting that 
ferroptosis is closely related to cell metabolism. And autophagy also has complex correlation with ferroptosis. It was found that 
autophagy induced by amino acid starvation could induce ferroptosis, and iron-carrier transferrin and the amino acid glutamine were 
required in this process [6]. And the mechanism behind was that autophagic degradation of the iron-storage protein ferritin caused 
increased cellular labile iron content, which led to a higher sensitivity of cells to ferroptosis [7,8]. Apart from glutamate metabolism 
and iron metabolism, glucose can also affect ferroptosis. Glucose starvation of cells can suppress ferroptosis through activation of 
adenosine 5‘-monophosphate-activated protein kinase (AMPK) pathway. When AMPK is activated, the synthesis of polyunsaturated 
fatty acid (PUFA) is decreased, which leads to the suppression of ferroptosis [9,10]. 

Fig. 2. Ferroptosis defense systems, including GSH–GPX4 system, FSP1–CoQH2 system, GCH1–BH4 system and DHODH–CoQH2 system. (BH2: 
dihydrobiopterin, BH4: tetrahydrobiopterin, CoQ10: ubiquinone, CoQ10H2: Coenzyme Q reduced form (ubiquinol), DHO: deferoxamine, DHODH: 
dihydroorotate dehydrogenase, DHFR: dihydrofolate reductase, FMN: flavin mononucleotide, FSP-1: ferroptosis suppressor protein 1, GCH1: GTP 
cyclohydrolase 1, GSH: glutathione, GSSG: glutathione disulfide, GTP: guanosine triphosphate, HMG-CoA: 3-hydroxy-3-methylglutaryl-CoA, OA: 
orotate, PUFA: polyunsaturated fatty acid, GPX4: glutathione peroxidase 4). 
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2. Ferroptosis as an important cancer death modality 

Ferroptosis holds great potential for cancer therapy. A series of compounds and drugs have been identified to be able to induce 
ferroptosis and suppress cancer. Actually, ferroptosis was correlation with cancers from the very beginning, since the discovery of 
ferroptosis is related to exploration of anticancer drugs. And it has been proved that some tumor suppressors can promote ferroptosis, 
such as p53 and BRCA1-Associated Protein 1 (BAP1), which can promote ferroptosis by downregulating SCL7A11 expression [11,12]. 

Inducing apoptosis in cancer cells with anti-cancer drugs is an important method for cancer treatment. However, acquired or 
intrinsic resistance to apoptosis of cancer cells leading to limited treatment effectiveness [13]. Some of these tumors are found to be 
sensitive to ferroptosis, which implicates alternative method to treat cancer and emphasizes the importance of ferroptosis [14–16]. 
Since ferroptosis is induced by oxidative stress and closely related to iron, cancer cells are reasonable to be susceptible to ferroptosis, 
for they have high reactive oxygen species (ROS) load and high iron contents. 

Specific mutations of cancer cells may also affect their susceptibility to ferroptosis [17,18]. Mutations in RAS family are most 
common in human cancers, and there are compounds targeting RAS mutations to suppress cancers, although cancers has developed 
resistance to some of them [19]. Erastin and RSL3, two ferroptosis inducers, are found to selectively trigger cell death in cancer cells 
with RAS mutations [20,21]. TP53 is another common mutation in human cancer cells. As it has been mentioned before, p53 can 
downregulate SLC7A11 and thus promote ferroptosis. Some TP53 mutations retain the ability to suppress SLC7A11 expression and are 
able to induce ferroptosis, like p53 3KR (K117R, K161R, K162R) acetylation-defective mutant [11,22], but some are unable to induce 
ferroptosis anymore. 

Furthermore, the ferroptosis defense systems are very active in some cancer cells to protect them from ferroptosis, such as increased 
expression of SLC7A11 on cell membrane [23]. Therefore, these cancer cells are more susceptible to ferroptosis, and disruption of those 
defenses would be fatal to such cancer cells while sparing normal cells. Some studies showed that ferroptosis is possibly a form of 
immunogenic cell death (ICD) [24]. The ferroptotic cancer cells can release several immunostimulatory signals to promote dendritic 
cells maturation, increase the efficiency of macrophages in the phagocytosis of ferroptotic cancer cells and further enhance the 
infiltration of CD8+ T cells into tumors. 

3. Ferroptosis as a cell death modality induced by PDT 

PDT, as a treatment for cancer, has received more and more attention. The approach combines photosensitizer and light with 
specific wavelength, generating ROS with the existence of oxygen, to damage the target tissue. PDT was found to be effective in the 
treatment of cancers for the first time in 1903. At present, PDT has been widely used in the treatment of cancers, such as oropharyngeal 
cancer, esophageal cancer and cutaneous carcinoma [25]. Compared with conventional anti-tumor therapies such as surgery, 
chemotherapy, and radiotherapy, PDT has many important advantages. PDT is a non-invasive therapy with high selectivity and few 
adverse effects, which leads to great preservation of structure and function of organs. Photocytotoxic reactions occur only in tissues 
with sufficient photosensitizers distribution, and photosensitizers accumulate in significantly higher concentrations in cancer cells 
than in regular cells, which enables selective destruction. This also makes it possible to eliminate some tiny cancer nests that are hard 
to be observed. PDT is a repeatable treatment for cancer patients. There is no resistance or increase toxicity observed with increasing 
number of treatments. Furthermore, PDT can lead to systemic anti-cancer response, which affects the vascular system of the tumor and 
stimulates the immune system. 

PDT can induce different cell death modalities in cancer cells, including apoptosis, accidental necrosis, necroptosis and pyroptosis 
[26,27]. Recent studies suggest that PDT can also induce ferroptosis in cancer cells [28–31]. Cell death in GL261 cells induced by 
photosens-PDT was found to be significantly blocked by ferrostatin-1 (Fer-1) and Deferoxamine (DFO), ferroptosis inhibitors, which 
implied that photosens-PDT induced ferroptosis in GL261 cells [24]. Ferroptosis induced by PDT has also been found in some 
triple-negative breast cancer cells (TNBCs) [28]. The increased lipid peroxidation and depletion of GPX4 was found in some TNBC cell 
lines after methylene blue-PDT (MB-PDT) treatment, which meant that ferroptosis occurred. Talaporfin sodium-PDT, which is 
commonly used in clinical practice in Japan, were also found to be able to induce ferroptosis in gastric cancer cells and esophageal 
cancer cells, with direct lipid peroxidation by the generated ROS and the inhibition of system xc− [31]. Aminolevulinic acid (ALA) is a 
widely used photosensitizer, and ferroptosis is also a potential cell death modality induced by ALA-PDT. Features of several cell death 
modalities were observed after ALA-PDT in esophageal Kyse 450 carcinoma cells by fluorescence-based live cell imaging, including 
apoptosis, necrosis and ferroptosis [30]. 

Since PDT can induce several cell death modalities, the major cell death pathway varies in different conditions. Although the 
researches on ferroptosis induced by PDT are still limited, it can be found that whether PDT induces ferroptosis as the major cell death 
pathway is affected by many factors. Cell death in GL261 cells induced by PS-PDT can be inhibited by ferroptosis inhibitors, but the cell 
death induced by PD-PDT was inhibited only by the apoptosis inhibitor zVAD-fmk but not by Fer-1 or DFO, which demonstrated that 
photosensitizer is one of the factors that affect major cell death pathway induced by PDT [24]. The susceptibility to ferroptosis of cells 
is different, which matters a lot. In TNBC cell lines, despite MB-PDT promoted depletion of GPX4 in all cell lines tested, lipid per-
oxidation after MB-PDT treatment was only increased in MCF-10A and MDA-MB-231 cells, and only MDA-MB-231 cells were cyto-
protected by Fer-1 [28]. And the capacity to de novo GSH synthesis, abundance of PUFAs and basal levels of labile iron pool are 
possible factors influencing the susceptibility of cells to ferroptosis. In addition to the type of photosensitizers and cell type, the 
photosensitizer concentration, incubation time and light dose during treatment also matters the death modalities. Hypericin-PDT 
(HYP-PDT) was found to trigger apoptosis as the major cell death pathway at low HYP concentration, necrosis as the major 
pathway at high concentration and ferroptosis at medium concentration [27]. Major cell death pathway triggered by ALA-PDT may 
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also changes, and pyroptosis can be major cell death modality at certain treatment parameters [32]. Therefore, adopting combination 
therapy based on the major cell death modality induced by PDT may achieve the best treatment efficacy. 

In addition, whether the ferroptosis is induced by photodynamic reaction or the photosensitizer itself may also be a point that 
should be explored. 5-ALA, as we have mentioned before, is a natural amino acid widely used in cancer treatment, usually as 
photosensitizer for PDT. But a study showed that 5-ALA can induce ferroptosis in cancer cells even without the use of light. It was found 
that 5-ALA induces ferroptosis by suppressing GPX4 and increasing expression of HMOX1 and exerts antitumor effects in esophageal 
squamous cell carcinoma cell lines [33]. Similarly, verteporfin is a photosensitizer used for PDT, but it’s also can function as a 
Yes-associated protein (YAP) inhibitor for treatment of several human cancers. Recent studies have showed that verteporfin can induce 
significant ferroptosis features independent of light activation, including accumulation of Fe2+ ions and malondialdehyde as well as 
reduction of GSH and GPX4 [34,35]. 

There were also many novel photosensitizers that were proved to induce ferroptosis [36–41]. Many of them are metal complex, 
such as iridium (III), Pt (II) and Ru (II) complex [37,42–45]. But there were also other types of novel photosensitizers that can induce 
ferroptosis [46–48]. Boronic acid-derived salicylidenehydrazone (BASHY) dyes were found to be able to induce ferroptosis in human 
glioblastoma multiform U87 cell line, and BASHY dyes accumulated in lipid droplets, which enhanced photodynamic reaction and the 
induction of ferroptosis [49]. Another novel photosensitizer, MBTB-PA, can target the endoplasmic reticulum and consume reducing 
substances, inducing ferroptosis [50]. 

4. Synergism between PDT and ferroptosis showed efficient anticancer effect 

PDT is a non-invasive method that can preserve the integrity and function of tissues and organs to the greatest extent. However, 
there are still some disadvantages. Hypoxia in the tumor microenvironment limits the efficiency of PDT [51–54]. The limited pene-
tration depth of light also affects the application of PDT in clinic cancer treatment. Therefore, increasing number of attempts has been 
made to improve the efficiency of PDT in cancer treatment, and combining PDT with other anti-tumor therapies has been a research 
hotspot [55,56]. 

Recently, many researches have been focusing on combining PDT and ferroptosis-promoting therapies [57–62], and mostly by 
designing nanoparticles [63–66]. Chlorin e6 (Ce6) is the most commonly used photosensitizer among all these researches [66–70], and 
other photosensitizers include MB, porphyrin, protoporphyrin IX and 5,10,15,20-tetrakis (4-aminophenyl) porphyrin [71–74]. As to 
the ferroptosis-promoting therapies, most researches chose ferroptosis inducers, among which erastin, sorafenib and iron compound 
are most commonly used [75–79]. Ce6 and erastin were found to be able to be self-assembled into nanodrug via hydrogen bonding and 
π-π interactions. Compared with Ce6-PDT or erastin treatment separately, this carried-free nanodrug named Ce6-erastin showed better 
anti-tumor efficacy towards oral tongue squamous cell carcinoma both in vitro and in vivo [23]. Sorafenib, Ce6, and Fe3+ were also 

Fig. 3. Synergistic effect of PDT and ferroptosis on cancer killing.  
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found to be able to form self-assembly co-delivery nanoparticles, which showed excellent colloidal stability and water dispersity with 
good in vivo tumor-targeting ability [66]. In a DNA nanozyme, hemin, an iron-containing porphyrin cofactor, were inserted with Ce6 
to enhance PDT [63]. There are also nanoparticles that stimulate ferroptosis by hijacking endogenous iron rather than containing a 
ferroptosis-inducer. A hypoxia responsive polymer bearing 18-crown-6 ring stimulates ferroptosis by releasing endogenous iron stored 
in the natural “iron pools" of cellular organelles, and was loaded with Ce6 [80]. Another nanomedicine called FP@MC also enhanced 
ferroptosis through endogenous iron de-hijacking [81]. And some novel photosensitizers, such as iron chlorophyll (Chl/Fe), contain 
iron, and can also be part of the nanoparticles. The cluster-structured Fe3O4@Chl/Fe was developed and showed great efficacy on 
killing bladder cancer by both PDT and inducing ferroptosis [64]. 

In order to further improve the anti-tumor efficacy, most nanoparticles contain not only a photosensitizer and a ferroptosis inducer, 
but also some other component parts. Since hypoxic tumor microenvironment is a bottleneck of PDT, as an oxygen-carrier, hemoglobin 
is a great choice for these nanoparticles [65,82,83]. In a nanoplatform named SRF@Hb-Ce6, hemoglobin was connected with the 
photosensitizer Ce6, resulting in a mutual benefit for both therapies in the supplementation of oxygen for PDT and replenishment of Fe 
for ferroptosis therapy [83]. And an amphiphilic matrix metalloproteinase 2 (MMP2, a protein highly expressed at tumor 
tissue)-responsive peptide was embedded into the skeleton of the micelles, ensuring the specific release of SRF at the tumor site via the 
decomposition of micelles in response to MMP2. In another nanodrug named BCFe@SRF, bovine serum albumin and ferritin were 
connected to Ce6 through the hypoxia-responsive azobenzene linker, which showed outstanding biocompatibility and excellent tumor 
targeting efficiency [53]. 

The combination of PDT and ferroptosis showed great synergistic effect on cancer cells killing. Meng et al. studied whether 
photodynamic and ferroptosis have synergistic effects in the treatment of malignant tumors, and found that PDT combining with 
ferroptosis inducer caused more severe GSH depletion and lipid peroxide accumulation than either therapy alone [84]. Zhu et al. 
calculated the Combination Index (CI) of Ce6 and erastin as Ce6-erastin nanomedicines, and the results showed that there was a 
synergistic effect between the two (CI < 1) [23]. 

Although the mechanisms of this synergistic effect have not been elucidated, it can be partially understood based on the anti-tumor 
mechanisms of PDT and Ferroptosis. On the one hand, ferroptosis can promote the photodynamic reaction. As mentioned above, 
hypoxia in the tumor microenvironment is an important factor limiting the efficacy of PDT for malignant tumors, and the Fenton 
reaction in the process of ferroptosis can provide oxygen for the photodynamic reaction continuously and stably. On the other hand, 
GSH depletion is an important part in the process of ferroptosis, and the photodynamic reaction generates a large amount of reactive 
oxygen species, which can consume GSH, further aggravate the state of GSH depletion, and then promote ferroptosis (Fig. 3). 

In addition to the direct mutual promotion between photodynamic reaction and ferroptosis, some studies have shown that PDT can 
cause high levels of lymphocyte infiltration in the local tumor and stimulate the secretion of interferon-γ, which leads to the down-
regulation of SLC7A11 and SLC3A2 on the cell membrane surface and makes tumor cells more sensitive to ferroptosis (Fig. 4) [83]. As a 
form of ICD, ferroptosis can further enhance the infiltration of CD8+ T cells into tumors. In addition, recent studies have shown that 
photodynamic therapy of malignant tumors can induce a new cell death pathway under specific conditions, which can directly trigger 

Fig. 4. PDT induces ferroptosis-sensitive cancer cells, and ferroptosis further enhances infiltration of T cells.  
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lipid peroxidation and is independent of 5-lipoxygenase (ALOXs) and long-chain acyl-CoA synthetase (ACSL4) enzymes in the classical 
ferroptosis pathway [27]. This pathway is significantly different from classical ferroptosis, but it can be speculated that the 
non-enzymatic lipid peroxidation directly triggered by PDT in this cell death pathway can deplete intracellular GSH, leading to a 
GSH-depleted state, which in turn promotes the occurrence of classical ferroptosis. 

5. Concluding remarks 

Combination of PDT and ferroptosis-promoting therapy is a promising strategy for increasing efficacy of anti-cancer therapy. There 
have been a few nanodrugs designed for this combination therapy, but successful translation of these promising concepts into pre- 
clinical and clinical studies presents great challenges. Although there are increasing number of researches on mechanism of ferrop-
tosis, researches on PDT induced ferroptosis are still limited and the mechanism remained unknown. PDT induced ferroptosis are 
regulated by many possible factors, including the susceptibility to ferroptosis of cells, type of photosensitizers, and treatment pa-
rameters of PDT. Since PDT can induce several cell death modalities, the anti-cancer mechanisms of PDT are very complex and still 
unclear. Further studies should be focusing on the key factors influencing the major cell death pathway induced by PDT. And further 
understanding of the interplay and synergism between PDT and ferroptosis is necessary. In conclusion, ferroptosis is an alternative cell 
death modality in cancer cells, and PDT combined with ferroptosis-promoting therapy is a promising strategy to improve anti-cancer 
therapy efficacy, which requires more attention to developing nanodrugs and studying the mechanism of PDT induced ferroptosis. 
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