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A B S T R A C T   

Most anti-cancer agents and radiotherapy exert their therapeutic effects via the production of free radicals. 
Ferroptosis is a recently described cell death process that is accompanied by iron-dependent lipid peroxidation. 
Hydrogen peroxide (H2O2) has been reported to induce cell death. However, it remains controversial whether 
H2O2-induced cell death is ferroptosis. In the present study, we aimed to elucidate the involvement of mi
tochondria in H2O2-induced ferroptosis and examined the molecules that regulate ferroptosis. We found that one 
mechanism underlying H2O2-induced cell death is ferroptosis, which occurs soon after H2O2 treatment (within 
3 h after H2O2 treatment). We also investigated the involvement of mitochondria in H2O2-induced ferroptosis 
using mitochondrial DNA-depleted ρ0 cells because ρ0 cells produce more lipid peroxidation, hydroxyl radicals 
(•OH), and are more sensitive to H2O2 treatment. We found that ρ0 cells contain high Fe2+ levels that lead to •OH 
production by H2O2. Further, we observed that aquaporin (AQP) 3, 5, and 8 bind nicotinamide-adenine dinu
cleotide phosphate oxidase 2 and regulate the permeability of extracellular H2O2, thereby contributing to fer
roptosis. Additionally, the role of mitochondria in ferroptosis was investigated using mitochondrial transfer in ρ0 

cells. When mitochondria were transferred into ρ0 cells, the cells exhibited no sensitivity to H2O2-induced cy
totoxicity because of decreased Fe2+ levels. Moreover, mitochondrial transfer upregulated the mitochondrial 
quality control protein prohibitin 2 (PHB2), which contributes to reduced AQP expression. Our findings also 
revealed the involvement of AQP and PHB2 in ferroptosis. Our results indicate that H2O2 treatment enhances 
AQP expression, Fe2+ level, and lipid peroxidation, and decrease mitochondrial function by downregulating 
PHB2, and thus, is a promising modality for effective cancer treatment.   

1. Introduction 

There are numerous chemotherapeutic agents that exert their effects 
via production of free radicals and/or reactive oxygen species (ROS) 
[1–5]. Among broad sense ROS, hydrogen peroxide (H2O2) is used as a 
sensitizer in cancer treatment during radiation therapy. H2O2 treatment 
resolves the hypoxic state in tumor tissue by downregulating internal 
peroxidase activity and enables the generation of superoxide (O2 

• -) for 

radiation therapy [6,7]. ROS are highly reactive and oxidize in
tracellular components such as DNA, proteins, and lipids, leading to cell 
death [8]. Intracellular ROS are generated by various enzymatic reac
tions such as nicotinamide-adenine dinucleotide phosphate oxidase 
(NOX) in the cytoplasm, but the mitochondrial electron transport chain 
(ETC) is thought to be the main source of intracellular ROS, especially 
hydroxyl radicals (•OH) [9,10]. 

Mitochondria have their own DNA (mtDNA) that encodes 13 
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proteins, which are components of the ETC. Damage to mtDNA pro
duces a higher amount of ROS that, in turn, plays an important role in 
cancer initiation, promotion, and chemo/radio resistance [11,12]. We 
previously established mtDNA-depleted cells (ρ0 cells) from two cancer 
cell lines, i.e. cervical cancer (HeLa) and oral squamous cell carcinoma 
(SAS). We observed that the ρ0 cells exhibit sensitivity to ROS, parti
cularly H2O2, because the ρ0 cell plasma membrane includes more lipid 
peroxides than their parental cells. In short, the membrane lipid com
ponents were changed by the influence of H2O2, and H2O2 more easily 
permeates the plasma membrane. Indeed, liposome membrane experi
ments showed that increased lipid peroxidation content leads to more 
H2O2 permeation, at least up to 5–10% lipid peroxidation [13,14]. 
Furthermore, the ρ0 cells showed higher aquaporin (AQP) gene ex
pression [15]. Importantly, AQPs are involved in the diffusion of H2O2 

as well as H2O [16–18]. 
Mitochondria are not only the main intracellular organelle of ROS 

production, but also the main metabolic site for iron regulation. The 
influx of cytoplasmic Fe2+ into mitochondria mainly uses a system of 
heme and iron-sulfur (Fe/S) clusters. Heme functions as an active center 
of hemoglobin, cytochrome p450, and cytochrome oxidase, while Fe/S 
clusters function in the ETC and in vitamin synthesis [19,20]. When 
Fe2+ is increased, •OH is produced through the Fenton reaction in the 
presence of Fe2+ and H2O2. •OH induces lipid peroxidation in the 
plasma membrane, which leads to cell death, including ferroptosis. 

Ferroptosis is a new type of cell death where Fe2+, •OH, and lipid 
peroxidation play crucial role [21–23]. Recently, ferroptosis was im
plicated in several diseases such as neuronal degeneration, kidney in
jury, and cancer [21,24]. Ferroptosis is regulated by a number of genes/ 
proteins. Glutathione peroxidase 4 (GPx4) was initially reported as a 
regulator of ferroptosis, however, other genes/proteins such as lipox
ygenase, transferrin receptor, and frataxin were also reported as fer
roptosis regulators [23,25–27]. Although mitochondrial by-products 
play an important role in ferroptosis, the involvement of mitochondria 
in ferroptosis is currently under debate [23,27–29]. For example, os
teosarcoma ρ0 cells are not sensitive to erastin-induced cell death [28]. 
In addition, erastin and RSL3 induce cell death, even when mitochon
dria are depleted by parkin overexpression and carbonyl cyanide 3- 
chlorophenylhydrazone treatment [23]. Other reports describe a re
lationship among mitochondria, ferroptosis, and frataxin, a mitochon
drial protein [27,29]. However, there are few reports that ferroptosis 
contributes to ρ0 cell sensitivity to H2O2 

In the present in vitro study, we investigated the involvement of 
mitochondria in H2O2-induced ferroptosis and examined the molecules 
that regulate ferroptosis. 

2. Materials and methods 

2.1. Cell culture and mitochondrial isolation 

The HeLa and SAS human cancer cell lines were obtained from the 
Cell Resource Center for Biomedical Research, Institute of 
Development, Aging and Cancer, Tohoku University, Sendai, Japan. 
HeLa and SAS ρ0 cells were established by culturing cells with 50 ng/mL 
ethidium bromide as described previously [13]. Cells were cultured in 
RPMI 1640 (189–02025; Fujifilm Wako Pure Chemical Corporation, 
Osaka, Japan) with 10% FBS (Biological Industries, Cromwell, CT, 
USA), 110 μg/mL pyruvate (Sigma-Aldrich, St Louis, MO, USA), and 
50 μg/mL uridine (TOKYO Chemical Industry Co. Ltd, Tokyo, Japan) in 
a humidified atmosphere at 37 °C with 5% CO2. Mitochondria were 
isolated from WI-38 cells (RIKEN BRC, Ibaraki Japan) using a mi
tochondrial isolation kit (ab110171, Abcam, Cambridge, UK) for 24 h, 
as described previously [30]. Then, transferred-mitochondria (Mito) 
cells were established by culture with 5 μg/mL isolated mitochondria. 
HeLa and SAS parental cells and Mito cells were cultured with RPMI 
1640 with 10% FBS in a humidified atmosphere at 37 °C with 5% CO2. 
Exponentially growing cells were used in all experiments. 

2.2. Flow cytometry analysis 

To investigate H2O2-induced cell death, a BD Accuri C6 Flow 
Cytometer (BD Biosciences, San Jose, CA, USA) was used. Briefly, 
2 × 105 HeLa and SAS ρ0 cells were cultured in 60 mm dishes for 24 h 
and treated with 75 μM (for HeLa ρ0 cells) or 50 μM (for SAS ρ0 cells) 
H2O2 (Nacalai Tesque, Kyoto, Japan) for 3 h. After H2O2 treatment, the 
cells were trypsinized and resuspend with 1x binding buffer (10 mM 
HEPES pH 7.4, 140 mM NaCl, and 2.5 mM CaCl2). After filtration 
through a 40 μm cell strainer (352,235; BD Biosciences), 1 × 105 cells/ 
100 μL solutions were mixed with 4 μg/mL propidium iodide (PI; 
Sigma-Aldrich) and 20 μM Liperfluo (DOJINDO Laboratories, 
Kumamoto, Japan) or 5 μL Annexin V-FITC (4700-100; MEDICAL & 
BIOLOGICAL LABORATORIES CO. LTD., Aichi, Japan) at room tem
perature for 20 min. Then, 400 μL 1x binding buffer were added and 
fluorescence images were obtained. 

2.3. Annexin V and Liperfluo detection by fluorescence microscopy 

HeLa and SAS ρ0 cells were cultured in glass-bottom dishes 
(Matsunami Glass Ind., Ltd., Osaka, Japan) with 20 μM Liperfluo or 5 μL 
Annexin V-FITC following H2O2 treatment as described above. Then, 
cells were washed three times with 1x binding buffer. Fluorescence 
images were obtained using a BZ-8000 fluorescence microscope 
(KEYENCE Corporation, Osaka, Japan) with a GFP-BP filter (excitation 
and absorption wavelengths: 470/40 nm). No autofluorescence was 
detected under the conditions of this experiment (Fig. S1). ImageJ 
software (Rasband, W.S., ImageJ, U. S. National Institutes of Health, 
Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997–2012) was 
used to measure fluorescence intensity. 

2.4. Intracellular and mitochondrial Fe2+ detection 

FerroOrange (Goryo Chemical Inc., Hokkaido, Japan) and Mito- 
FerroGreen (Dojindo) were used to detect intracellular and mitochon
drial Fe2+. HeLa and SAS ρ0 cells were cultured overnight in glass- 
bottom dishes (Matsunami Glass). Then, the cells were washed twice 
with Hank's Balanced Salt Solution (HBSS) (Fujifilm Wako Pure 
Chemical Corporation) to remove residual FBS. The cells were treated 
with 1 μM FerroOrange or 5 μM Mito-FerroGreen in HBSS for 30 min at 
37 °C. After incubation, FerroOrange and Mito-FerroGreen were re
moved by washing three times with HBSS. Fluorescence images were 
obtained using a BZ-8000 fluorescence microscope with GFP-BP and 
TRITC filters (excitation and absorption wavelengths: 540/25 and 605/ 
55 nm). ImageJ software was used to measure fluorescence intensity. 

2.5. The role of iron in H2O2 cytotoxicity using WST assay 

Phenanthroline (Phe: Nacalai Tesque), deferoxamine (DFO: Sigma- 
Aldrich) and deferasirox (DFX: Cayman Chemical, Ann Arbor, MI, USA) 
were used to investigate the involvement of iron during H2O2 

Table 1 
Primer sequences used in this study.    

Primer name Primer sequence  

AQP3-F 5′-TTTTTACAGCCCTTGCGGGCTGGG-3′ 
AQP3-R 5′-ATCATCAGCTGGTACACGAAGACACC-3′ 
AQP5-F 5′-ATGAACCCAGCCCGCTCTTTTGGC-3′ 
AQP5-R 5′-ACGCTCACTCAGGCTCAGGGAGTT-3′ 
AQP8-F 5′-AACCACTGGAACTTCCACTGGATCTACT-3′ 
AQP8-R 5′-ATCTCCAATGAAGCACCTAATGAGCAGTC-3′ 
PHB2–F 5′-AAGATGCTTGGAGAAGCACTGAGCAAGAA-3′ 
PHB2-R 5′-AGCACAAGGTTGTCAGCTGTGAGATAGATA-3′ 
β actin-F 5′-AGAGCTACGAGCTGCCTGAC-3′ 
β actin-R 5′-AGCACTGTGTTGGCGTACAG-3′ 
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treatment. HeLa and SAS ρ0 cells were cultured in 48 well plates. Then, 
20 μM Phe, DFO, and DFX were mixed with the cultured cells for 
30 min, followed by 50 μM H2O2 for 1 h. The cell survival ratio was 
analyzed using the water-soluble tetrazolium (WST) assay using a CCK- 
8 assay kit (Dojindo), as previously described [14]. 

2.6. Immunostaining 

HeLa and SAS ρ0 cells were cultured in glass-bottom dishes. Cells 

were fixed with 4% formaldehyde in PBS for 30 min and rinsed three 
times with PBS. Plasma membranes were permeabilized by incubation 
in 95% ethanol with 5% acetic acid for 10 min. After washing five times 
with PBS, the cells were incubated for 30 min in blocking solution (5% 
skim milk in PBS-T; PBS with 0.05% Tween 20). Rabbit anti-AQP3 
antibody (PA5-36552; Thermo Fisher Scientific, Waltham, MA, USA; 
dilution factor: 1:500), rabbit anti-AQP5 antibody (AQP-005; Alomone 
Labs, Jerusalem, Israel; dilution factor: 1:200), mouse anti-AQP8 anti
body (SAB1403559; Sigma-Aldrich; dilution factor: 1:200), rabbit anti- 

Fig. 1. Detection of H2O2-induced ferroptosis in ρ0 cells. 
To investigate H2O2-induced cell death, cells were stained with Liperfluo (a ferroptosis marker) or Annexin V (an apoptosis marker) and analyzed by flow 
cytometry. A: Liperfluo expression increased after 3-h H2O2 treatment. However, Annexin V did not increase. The concentration of H2O2 was 75 µM (for HeLa 
ρ0 cells) or 50 µM (for SAS ρ0 cells). B: Apoptosis and ferroptosis detected by fluorescence microscopy. Liperfluo or Annexin V was used to detect ferroptosis or 
apoptosis after H2O2 treatment. The conditions for H2O2 treatment were the same as in A. C: Relative intensity of Liperfluo or Annexin V. **: p  < 0.01 using 
Student’s t-test (vs. negative control: N.C.). 
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gp91-phox (NOX2) antibody (07–024; EMD Millipore; dilution factor: 
1:500) and rabbit anti-PHB antibody (GTX32812; GeneTex, Inc. Irvine, 
CA, USA; dilution factor: 1:1000) were used as primary antibodies. Cells 
were incubated at 4 °C overnight. Then, the cells were incubated with 
Alexa Fluor 488 goat anti-mouse IgG, Alexa Fluor 488 goat anti-rabbit 
IgG, or Alexa Fluor 568 goat anti-rabbit IgG (Thermo Fisher Scientific; 
A11001, A11008, and A11011) secondary antibodies (dilution factor: 
1:200, for 1 h at room temperature. A BZ-8000 fluorescence microscope 
was used to obtain fluorescence images with GFP-BP and Texas Red 
filters (excitation and absorption wavelengths: 560/40 and 630/60 nm) 
and ImageJ software was used to measure fluorescence intensity. 

2.7. Western blotting 

Cells were extracted in lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM 
NaCl, 1% Nonidet P-40, 0.1% sodium deoxycholate, 1 mM sodium 
fluoride, 1 mM sodium vanadate, and 1 mM phenylmethylsulfonyl 
fluoride: PMSF). A bicinchoninic acid (BCA) Protein Assay Kit (Thermo 
Fisher Scientific) was used to estimate the protein concentration. 
Proteins (10 μg per lane) were analyzed by SDS-PAGE using a 15% 
polyacrylamide gel. SDS-PAGE was performed under reducing condi
tions. Proteins were subsequently blotted on a PVDF membrane. After 

blocking with 5% skim milk in PBS-T, the membranes were incubated 
with primary antibodies in blocking solution [rabbit anti-AQP3, 5, 
NOX2, prohibitin 2 (PHB2), or mouse anti-AQP8]. After washing five 
times with PBS-T, the membranes were incubated with peroxidase- 
conjugated anti-rabbit IgG antibody or anti-mouse IgG antibodies 
(#7074, #7076; Cell Signaling Technology, Danvers, MA, USA) at room 
temperature for 2 h. Immunoreactive proteins were visualized with 
ImmunoStar Zeta (Fujifilm Wako) using a ChemiDoc XRS Plus instru
ment (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Anti-β-actin an
tibody (NB100-56874; Novus Biologicals LLC, Centennial, CO, USA; 
dilution factor: 1:1000) was used as loading control. All antibody di
lution factors except for β-actin antibody were same as immuno
fluorescence assays. All Western blot analyses were performed using an 
identical sample amount in each well and were blotted under the same 
conditions. 

2.8. Immunoprecipitation 

Cells were suspended and homogenized with ten times volume of 
Homogenize solution (HS; 20 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% 
NP-40, 100 μg/mL DNase, 50 μg/mL RNaseA, 1 mM PMSF, and pro
tease inhibitor cocktail). Homogenized samples were pre-incubated 
with Protein A-Sepharose 4B beads (Sigma-Aldrich) that were pre
viously incubated with NOX2 antibody or normal rabbit IgG. An equal 

Fig. 2. Effect of Fe2+ on H2O2 treatment in ρ0 cells. 
To investigate the involvement of Fe2+ during H2O2 treatment in ρ0 cells, in
tracellular and mitochondrial Fe2+ and the effect of iron chelators were 
examined. A: Detection of intracellular Fe2+ levels by FerroOrange. B: Relative 
intensity of FerroOrange. C: Detection of mitochondrial Fe2+ by Mito- 
FerroGreen. D: Relative intensity of Mito-FerroGreen. The FerroOrange and Mito- 
FerroGreen signals in ρ0 cells were significantly higher than in parental cells. 
**: p  < 0.01 using Student’s t test (vs. parent). E and F: Effect of iron chelators to 
H2O2 treatment in HeLa (E) and SAS (F) ρ0 cells. Iron chelating suppressed H2O2- 
induced cell death. Phe: Phenanthroline, DFO: Deferoxamine, DFX: Deferasirox. 
*: p  < 0.05, **: p  < 0.01 using Scheffe’s F test (vs. H2O2). 

Fig. 3. Spatial distribution of AQPs that function as H2O2 channels. 
Immunostaining of AQPs was performed to investigate the contribution of AQPs 
to H2O2 permeability. A: Immunostaining of AQP3 in HeLa and SAS 
ρ0 cells. B: Relative fluorescence intensity of AQP3 in HeLa and SAS 
ρ0 cells. C: Immunostaining of AQP5. D: Relative intensity of 
AQP5. E: Immunostaining of AQP8. F: Relative fluorescence intensity of AQP8. 
In HeLa and SAS ρ0 cells, AQPs were strongly expressed in the plasma mem
brane, and average expression intensities were significantly higher than in 
parental cells. **: p  < 0.01 using Student’s t-test (vs. parent). 
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volume of sample (1 mg) and NOX2 or normal rabbit IgG-bound beads 
were incubated at 4 °C for 4 h. After the incubation, beads were washed 
three times with HS containing 1 mg/mL BSA. The washed beads were 
mixed with sample buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 6% 2- 
mercaptoethanol, and 20% glycerol) to extract NOX2-bound proteins. 
Extracted samples were analyzed by SDS-PAGE and western blotting as 
described above. 

2.9. siRNA gene silencing 

HeLa and SAS cells were transfected with synthetic miRNA corre
sponding to AQP3 (360-1-B, 360-2B; Bioneer, Daejeon, Korea) and 
AQP5, AQP8, or PHB2 (sc-2917, sc-42369, sc-45849; Santa Cruz 
Biotechnology, Dallas, TX, USA) using Lipofectamine RNAiMAX 
Transfection Reagent (Thermo Fisher Scientific). AccuTarget Negative 
Control siRNA (SN-1003: Bioneer) was used as a control. Cell viability 
was measured using CCK-8 assay, as described above. 

2.10. Measurement of intracellular H2O2 

Intracellular H2O2 was visualized using HYDROP (Goryo Chemical 
Inc.) as described previously [13]. Briefly, cells in glass-bottom dishes 
(Matsunami Glass) were cultured in RPMI 1640 with 50 μM H2O2 for 
1 h. After washing out the H2O2 twice with RPMI 1640, the cells were 
treated with 2.5 μM HYDROP in RPMI 1640 at 37 °C for 20 min. Then, 
the cells were washed twice with RPMI 1640. Fluorescence images were 
obtained using a BZ-8000 fluorescence microscope (KEYENCE) with a 
GFP-BP filter. ImageJ software was used to measure fluorescence in
tensity. 

2.11. Quantitative PCR 

Total RNA was extracted using ISOGEN reagent (Nippon Gene 
Toyama, Japan). The quality of RNA was checked by absorbance and 
electrophoresis. All cDNAs were prepared by reverse transcription of 
1 μg total RNA using oligo dT (20) primer (0.4 μM/50 μl final volume) 
and ReverTra Ace (TOYOBO CO Ltd., Osaka, Japan). After 10x dilution 
with Tris-EDTA buffer (TE: 10 mM Tris-HCl pH 8.0, 1 mM EDTA), 
0.5 μL cDNA (equivalent to 1 ng total RNA) was used for quantitative 
polymerase chain reaction (qPCR). The qPCR reactions were performed 
using an Applied Biosystems 7300 instrument (Applied Biosystems; 
Foster City, CA, USA) using TUNDERBIRD qPCR Mix (TOYOBO). β-actin 
was used as the loading control. cDNA was amplified as follows: one 
cycle at 95 °C for 10 min, followed by 40 cycles of 95 °C for 10 s and 
60 °C for 60 s. Each experiment was performed in triplicate. Table 1 
shows the primer sequences used in this experiment. 

2.12. Data analysis 

Relative fluorescence intensities were obtained by measuring the 
fluorescence intensity of each cell using all the cells from three in
dependent dishes. Fluorescence was normalized by subtracting the 
background fluorescence intensity of each dish from the fluorescence 
intensity of each cell. One-way ANOVA with Scheffe's F test was per
formed for the WST assay. All other statistical analyses were performed 
using Student's t-test. p  <  0.05 was considered statistically significant. 
The results are expressed as means  ±  standard error. 

3. Results 

3.1. Induction of ferroptosis by H2O2 treatment in ρ0 cells 

To determine whether H2O2-mediated cell death occurs via apop
tosis or ferroptosis, the cells were treated with Liperfluo or Annexin V 
and PI followed by flow cytometry analysis. Liperfluo is a ferroptosis 
marker [31] and Annexin V is an apoptosis marker. Our results showed 
that Liperfluo increased more than Annexin V in both HeLa and SAS ρ0 

cells after 3-h H2O2 treatment (1.55 vs. 1.15-fold in HeLa ρ0 cells and 
3.79 vs 1.63-fold in SAS ρ0 cells, Fig. 1A). Moreover, similar results 
were detected using fluorescence microscopy (Fig. 1B). Indeed, Liper
fluo labeling intensity increased significantly after 3 h of H2O2 treat
ment in both HeLa and SAS ρ0 cells. In contrast, the intensity of Annexin 
V labeling increased slightly, but it was not significant (Fig. 1C). These 
results strongly suggest that cell death after H2O2 treatment occurs via 
ferroptosis, and that cell death occurs relatively quickly. 

3.2. Fe2+ amount is involved in H2O2-induced cell death in ρ0 cells 

Intracellular and mitochondrial Fe2+ levels and the effect of iron 
chelators were examined to investigate the involvement of Fe2+ during 
H2O2 sensitivity in ρ0 cells. Intracellular Fe2+ was measured using 
FerroOrange (Fig. 2A and B) and mitochondrial Fe2+ was measured 
using Mito-FerroGreen (Fig. 2C and D). Both intracellular and mi
tochondrial Fe2+ in ρ0 cells were significantly higher than in parental 
cells. We confirmed that the Mito-FerroGreen signal originated from 
mitochondria using Mito-Tracker red CMXRos (Fig. S2). No significant 
differences were detected in the number of mitochondria in each cell 
between parental cells and ρ0 cells (see details in discussion). 

We examined whether iron chelators could recover H2O2 sensitivity. 
The typical iron chelators, Phe, DFO, and DFX, were used. Phe and DFX 
treatment significantly reduced cell death caused by H2O2 treatment 
(Fig. 2E). 

3.3. Upregulation of AQPs in ρ0 cells 

The spatial distribution of AQPs in ρ0 cells was investigated because 

Fig. 4. AQP3, 5, and 8 directly bind to NOX2, which produces H2O2 in the cell. 
Western blot analysis of AQPs was performed to investigate protein expression, 
and immunoprecipitation was performed to confirm if AQP and NOX2 directly 
interact. A: Western blot and immunoprecipitation of AQPs and NOX2. AQP3, 
5, and 8 directly bound with NOX2. To investigate the spatial distribution of 
NOX2, immunostaining was also performed. B: Immunostaining of NOX2 in 
HeLa and SAS ρ0 cells. C: Relative fluorescence intensity of NOX2 in HeLa and 
SAS ρ0 cells. NOX2 expression was significantly higher than in parental cells. 
**: p  < 0.01 using Student’s t-test (vs. parent). 
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some AQPs allow H2O2 flux. In both HeLa and SAS ρ0 cells, the ex
pression of AQP 3, 5, and 8, which were reported to pass H2O2, was 
higher than in parental cells. The expression of AQPs in ρ0 cells was 
strongly observed at the cell margin, i.e. the plasma membrane (Fig. 3). 
We further investigated the amount of AQP protein by Western blot. 
AQP3, 5, and 8 expression was upregulated in both HeLa and SAS ρ0 

cells (Fig. 4A). 

3.4. Interaction between AQPs and NOX2 

To investigate whether AQPs directly bind to NOX2, im
munoprecipitation experiments were performed. We observed that 
AQP3, 5, and 8 bind to NOX2 (Fig. 4A). Next, we investigated the 
spatial distribution of NOX2 by fluorescence microscopy. NOX2 was 
detected in nuclei and in the plasma membrane (Fig. 4B). Stronger 
intensity of NOX2 was detected in both HeLa and SAS ρ0 cells compared 
with parental cells (Fig. 4C). 

3.5. AQP knockdown abolishes H2O2-induced ferroptosis 

To investigate whether AQP3, 5, and 8 are involved in H2O2 sen
sitivity, we knocked down these genes with siRNA. After AQP3, 5, and 8 

knockdown with specific siRNA, the cells were treated with H2O2 for 
1 h. Cell viability was measured using CCK-8 assays. The results re
vealed that cell viability was improved by knocking down AQP3, 5, and 
8 compared with negative control siRNA transfection. Internal H2O2 

amount was also measured by HYDROP after H2O2 treatment. Our re
sults show that the internal H2O2 amount was significantly decreased 
after siAQP treatment (Fig. 5C and D). 

3.6. Transfer of normal mitochondria reduces H2O2 sensitivity in ρ0 cells 

To clarify the relationship between mitochondrial function and AQP 
expression, isolated normal mitochondria were transferred into ρ0 cells 
(Mito cells). After confirming that normal mitochondria were trans
ferred into ρ0 cells, AQP expression, H2O2 sensitivity, and Fe2+ levels 
were investigated. In the Mito cells, AQP3, 5, and 8 expression (Fig. 6 
A-C), H2O2 sensitivity (Fig. 6. D, E), and Fe2+ levels (Fig. 6 F-I) were all 
significantly decreased. Overall, these findings suggest the importance 
of mitochondria for H2O2-induced ferroptosis. 

3.7. Mitochondrial PHB2 regulates AQP expression 

Since PHB2 plays an important role in mitochondrial functions such 

Fig. 5. AQP knockdown rescues H2O2 sensitivity by 
reducing internal H2O2. 
To investigate the involvement of AQPs in 
H2O2 sensitivity, AQPs were knocked down by 
siRNA. A: Changes in H2O2 sensitivity after siAQP 
treatment in HeLa ρ0 cells. The cell viability results 
for Negative Control (N.C.) vs. siAQP are summar
ized in Table 2. B: Changes in H2O2 sensitivity after 
siAQP treatment in SAS ρ0 cells. C: Internal 
H2O2 amount visualized by HYDROP after 50 µM 
H2O2 treatment for 1 h. D: Relative intensity of 
HYDROP in HeLa and SAS ρ0 cells. Significantly 
lower internal H2O2 levels were observed by 
knockdown of AQPs. **: p  < 0.01 using Student’s t- 
test (vs. N.C.). 
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as membrane potential and mitochondrial morphology, PHB2 expres
sion was examined at the mRNA and protein levels in ρ0 cells. PHB2 
gene expression was significantly downregulated in ρ0 cells and was 
rescued in Mito cells (Fig. 7A). Furthermore, significantly weaker PHB2 
expression was observed in ρ0 cells compared to parental and Mito cells 
using immunofluorescence microscopy (Fig. 7B and C). Western blot 
analysis confirmed that PHB2 expression was decreased in ρ0 cells in 
comparison with parental and Mito cells (Fig. 7D). 

Finally, to investigate whether PHB2 regulates AQP expression, 
PHB2 knockdown was performed. PHB2 knockdown upregulated 
AQP3, 5, and 8 gene expression (Fig. 8), indicating that PHB2 nega
tively regulates AQP expression. 

4. Discussion 

It has previously been reported that cell death induced by H2O2 

treatment occurs via apoptosis or necroptosis [32]. However, in our 
present study, ferroptosis occurred in ρ0 cells at a relatively early stage 
after H2O2 treatment. Notably, H2O2-induced ferroptosis was recently 
reported in rat glioma cells [33]. The induction of apoptosis by H2O2 

treatment was confirmed by costaining with Annexin V and PI (early 

apoptosis is stained by only Annexin V and late apoptosis is stained with 
Annexin V and PI). The induction of ferroptosis was confirmed with 
Liperfluo and PI. As a result, more Liperfluo-positive cells were ob
served than Annexin V-positive cells 3 h after H2O2 treatment, con
firming the induction of ferroptosis after H2O2 (Fig. 1, Fig. S3). Inter
estingly, treating ρ0 cells with H2O2 for 2 h downregulated the key 
apoptotic genes Caspase 8 and 9 (Fig. S4). Furthermore, the GPx4 gene, 
which acts as a suppressor of lipid peroxidation and ferroptosis [21,34], 
was not upregulated in ρ0 cells 2 h after H2O2 treatment. However, in 
parental cells, GPx4 expression was upregulated 2 h after H2O2 treat
ment (Fig. S4). These results highlight the involvement of mitochondria 
in the ferroptosis process. Furthermore, nuclear factor erythroid 2-re
lated factor 2 (Nrf2) contributes in regulation of GPx4 gene expression 
[35], however, its gene expression was suppressed in ρ0 cells (Fig. S5). 
The nuclear factor erythroid 2–related factor 2 (Nrf2)-Kelch-like ECH- 
associated protein 1 (keap1) pathway enables the upregulation of an
tioxidant enzymes such as GPx4, but does not work in ρ0 cells. It seems 
that the promotion of ferroptosis occurs differently than apoptosis 
during the early stage of H2O2 treatment, at least in ρ0 cells. However, 
more studies are necessary to develop our understanding about the 
mechanism of ferroptosis induction after H2O2 treatment. 

Fig. 6. Mitochondrial transfer rescues H2O2 sensi
tivity by decreasing the expression of AQPs and re
ducing Fe2+ levels. 
To clarify the relationship between mitochondrial func
tion and AQP expression, mitochondrial transfer experi
ments were performed. A-C： AQP expression after mi
tochondrial transfer. A: AQP3. B: AQP5. C: AQP8. The 
expression of AQPs was significantly lower after mi
tochondrial transfer. D and E: Cell viability after 
H2O2 treatment. D: HeLa ρ0 cells vs. HeLa Mito 
cells. E: SAS ρ0 cells vs. SAS Mito cells. Significant 
H2O2 resistance was observed after mitochondrial 
transfer. F: Detection of intracellular Fe2+ by 
FerroOrange. G: Detection of mitochondrial Fe2+ by 
Mito-FerroGreen. H: Relative intensity of 
FerroOrange. I: Relative intensity of Mito-FerroGreen. 
The FerroOrange and Mito-FerroGreen signals in Mito 
cells were significantly lower after mitochondria 
transfer. *: p  < 0.05, **: p  < 0.01 using Student’s t-test 
(vs. ρ0 cells). 
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Ferroptosis is cell death from iron-dependent lipid peroxidation. ρ0 

cells are sensitive to H2O2-mediated cell death because ρ0 cells are 
susceptible lipid peroxidation compared to parental cells [14]. How
ever, the importance of the intracellular Fe2+ content has not yet been 
addressed. Our findings reveal that both intracellular and mitochon
drial Fe2+ were significantly increased in ρ0 cells. Interestingly, when 
endogenous Fe2+ was suppressed by iron chelators, H2O2 sensitivity 
was ameliorated (Fig. 2E and F). The effect of DFO was limited, likely 
because it is water-soluble and does not penetrate the plasma mem
brane. Collectively, our results indicate that H2O2 sensitivity in ρ0 cells 
is due to increased ferroptosis. 

It has previously been reported that ferroptosis occurs by lipid 
peroxidation of the plasma membrane. The lipid peroxidation of the 
plasma membrane occurs by •OH that results from the “Fenton reac
tion,” where H2O2 reacts with Fe2+. The amount of •OH and lipid 
peroxidation is initially higher in ρ0 cells than in parental cells [14]. 
H2O2 enters ρ0 cells more readily when treated with H2O2 compared to 
parental cells [13]. It has also been reported that AQP3, 5, and 8 ex
pressed on the plasma membrane also regulate the permeability of the 
extracellular H2O2 via H2O2 channel activity [16–18]. Therefore, we 
examined the spatial and quantitative expression of AQP3, 5, and 8 in 

the present study. Indeed, AQP3, 5, and 8 expression was enhanced in 
ρ0 cells according to both immunostaining and Western blot analysis 
(Figs. 3 and 4A). AQP8 and NOX2 directly interact, and H2O2 produced 
by NOX2 enters cells via AQP8 [36]. Therefore, an immunoprecipita
tion experiment was performed to investigate whether AQPs bind to 
NOX2 directly. Our results indicate that NOX2 expression is upregu
lated in ρ0 cells, and that NOX2 binds to AQP3, 5, and 8 in both HeLa 
and SAS cells (Fig. 4). Furthermore, knockdown of AQP3, 5, and 8 in
creased cell viability after H2O2 treatment and decreased the amount of 
endogenous H2O2 (Fig. 5, Fig. S6). When H2O2 is administered to ρ0 

cells, lipid peroxidation in the plasma membrane is enhanced, leading 
to increased ferroptosis because intracellular H2O2, AQP and NOX ex
pression, and Fe2+levels are higher in ρ0 cells than in parental cells. 
Together, these factors would produce more •OH. These results indicate 
that drugs that enhance AQP expression may be effective in cancer 
treatment. Candidates that enhance AQP expression are vasopressin, 
epidermal growth factor (EGF), the Chinese herb “Keigai”, and nuclear 
receptor estrogen receptor α (ERα). Vasopressin, an antidiuretic hor
mone, enhances AQP2 expression in the kidney [37], EGF increases 
AQP3 expression in MPC-83 pancreatic cancer [38], and the Chinese 
herb “Keigai” enhances AQP3 expression [39]. Furthermore, ERα up- 
regulates AQP7 expression [40]. However, further investigations will 
be needed to address some questions, including whether vasopressin or 
ERα activate AQP3, 5, and 8 and promote H2O2 permeability in the 
plasma membrane. The combination of these candidate molecules with 
anti-cancer agents or radiation might lead to more effective cancer 
treatment. 

To verify whether enhanced AQP expression and H2O2 sensitivity in 
ρ0 cells are due to mitochondrial dysfunction, mitochondria transfer 
experiments were performed. As a result, mitochondrial transfer re
duced the expression of AQP3, 5, and 8, and rescued cellular sensitivity 
to H2O2. In addition, mitochondrial transfer decreased intracellular and 
mitochondrial Fe2+ levels (Fig. 6). We speculate that mitochondrial 
dysfunction causes enhanced mitochondrial membrane permeability by 
AQPs, produces more ROS by the Fenton reaction, and induces leak of 
Fe2+ from mitochondrial interior, leading to cell death via ferroptosis. 
Therefore, it may be possible to extract mitochondria after establishing 

Fig. 7. Prohibitin 2 (PHB2) expression is upregulated by mitochondrial 
transfer. 
PHB2 expression was examined to investigate whether mitochondrial function 
was rescued after mitochondrial transfer. A: PHB2 gene expression after mi
tochondrial transfer. B: Immunostaining of PHB2. C: Relative intensity of 
PHB2. D: Western blot of PHB2. PHB2 expression was lower in ρ0 cells than in 
parental cells. In contrast, PHB2 expression increased after mitochondrial 
transfer. *: p  < 0.05, **: p  < 0.01 using Scheffe’s F test. 

Fig. 8. Knockdown of PHB2 upregulates AQP expression in parental cells. 
To investigate whether PHB2 regulates AQP expression, PHB knockdown ex
periments were performed. A: Relative PHB2 expression. B: Relative AQP3 
expression. C: Relative AQP5 expression. D: Relative AQP8 expression. PHB2 
knockdown led to upregulated AQP expression. **: p  < 0.01 using Student’s t- 
test (vs. N.C.). 
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ρ0 cells from the patient's own tissue and introduce them into cancer 
cells that have normal mitochondria, which could offer a new treatment 
to increase cellular sensitivity to ROS and drugs. We believe that mi
tochondria transfer might be an effective therapeutic strategy in the 
near future. However, mitochondria transfer is only in the initial de
velopment stage, so further investigation is needed to clarify technical 
and ethical issues. 

PHB2 is an important protein for maintaining mitochondrial func
tion. Indeed, PHB2 is expressed in mitochondria, and is also present in 
the cytoplasm, nucleus, and plasma membrane, and controls various 
functions [41,42]. For example, PHB2 maintains mitochondrial mor
phology and controls mitophagy [43]. Further, PHB2 regulates the cell 
cycle and cytoplasmic signaling pathways [44,45]. PHB2 is also in
volved in transcriptional regulation with ERα in the nucleus [46]. On 
the plasma membrane, PHB2 controls insulin signaling by binding to 

the insulin receptor, and protects against viral infections such as cor
onavirus [47]. Our results indicate that the expression of PHB2 in the 
parental, ρ0, and Mito cells is different and is downregulated in ρ0 cells. 
Furthermore, knocking down PHB2 with siRNA in the parental cells 
enhances AQP expression (Figs. 7 and 8). Since the PHB2 gene was not 
rescued by AQP knockdown (Fig. S7), it is likely that PHB2 down
regulates AQP gene expression. PHB2 translocates to the nucleus with 
ERα in HeLa and MCF-7 cells and represses ERα-dependent transcrip
tion [46,48]. Moreover, ERα up-regulates AQP expression, as men
tioned in the Results section [41]. From these results, we propose that 
mitochondrial PHB2 plays an important role in the regulation of ROS 
sensitivity by downregulating AQP expression, probably through nu
clear receptors such as ERα. 

PHB2 functions as a putative membrane scaffold in mitochondria 
and stabilizes phospholipids such as cardiolipin in the inner 

Fig. 9. Schematic diagram of mitochondria-medi
ated ferroptosis by H2O2. 
H2O2 permeability is regulated by cell surface AQPs. 
Intracellular H2O2 becomes •OH by the Fenton re
action. The peroxidized phospholipids induced 
by •OH in the plasma and mitochondrial membrane 
suggest the high probability of ferroptosis. We pro
pose that internal H2O2 levels also increase via 
NOX2, which is bound to AQPs and produces 
H2O2 at the plasma membrane. In mitochondria, 
oxidative phosphorylation produces O2 

• -, which is 
converted to •OH. ρ0 cells could produce more •OH 
than parental cells because of lacking mtDNA and 
mitochondrial dysfunction, such as enhancement of 
mitochondrial membrane permeability and PHB2 
reduction. PHB2 may negatively regulates AQP ex
pression via ERa, and inhibits enhanced 
H2O2 permeability through the plasma and mi
tochondrial membranes. In other words, mitochon
drial dysfunction, which is present in ρ0 cells, en
hance mitochondrial leak of Fe2+, which further 
promotes mitochondrial and cytoplasmic Fenton 
reactions, leading to ferroptosis via enhanced •OH 
production and lipid peroxidation. Reduction of 
GPx4 via Nrf2 would be caused by mitochondrial 
dysfunction and accelerate plasma membrane lipid 
peroxidation. See the detail for discussion section. 

Table 2 
Effect of H2O2 treatment on cell viability after AQP knockdown (Result of statistical analysis of Fig. 5 A and B).        

HeLa ρ0 12.5 μM 25 μM 50 μM 100 μM 200 μM  

siAQP3 * * ** *  
siAQP5   * **  
siAQP8 * ** ** ** **  

SAS ρ0 12.5 μM 25 μM 50 μM 100 μM 200 μM 

siAQP3  ** ** ** ** 
siAQP5  ** ** ** ** 
siAQP8 ** *  ** ** 

*: p  <  0.05, **: p  <  0.01 by Scheffe's F test compared with negative control.  
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mitochondrial membrane [49]. Knockdown of PHB2 produces more 
intracellular ROS, reduces adipogenesis, and reduces lipid accumula
tion in 3T3-L1 cells [50]. Furthermore, the depletion of PHB2 promotes 
fatty acid oxidation and decreases fatty acid uptake in cardiomyocytes 
[51]. We previously reported that ROS generation and lipid peroxida
tion in ρ0 cells is higher than in parental cells. The expression of li
poxygenase, an enzyme that oxidizes fatty acids, is also higher than in 
parental cells [14]. In this study, we showed low PHB2 expression and 
high Fe2+ content in ρ0 cells, and showed that mitochondrial transfer 
rescues this condition. Oxidative stress such as selenite treatment leads 
to iron-sulfur cluster degradation and increases Fe2+ levels in mi
tochondria followed by lipid peroxidation [52]. These damaged mi
tochondria are degraded and the mitochondrial contents, including 
Fe2+, are released into the cytoplasm for degradation in lysosomes 
[53]. It has been reported that mitochondria morphology is different 
between parental and ρ0 cells, but the total mitochondrial volume is 
similar [54,55]. We confirmed that the volume of mitochondria was not 
significantly different among parent, ρ0, and Mito cells (Fig. S8). When 
the morphology of mitochondria in ρ0 cells was observed by confocal 
microscopy and transmission electron microscopy, the network struc
ture appeared disrupted, the mitochondrial appeared swollen, the ma
trix appeared to be electron-empty, and structure of cristae was de
stroyed [54]. Taken together, these results indicate that the 
downregulation of PHB2 by mitochondrial dysfunction leads to de
creased fatty acid turnover and increased Fe2+ contents, failing to 

rescue the lipid peroxidation that leads to cell death. Therefore, 
downregulating PHB2 expression could create a ROS-sensitive condi
tion, which may enable more effective cancer treatment. 

In this study, we showed that H2O2 mediates ferroptosis in ρ0 cells. 
Mitochondrial dysfunction, such as mtDNA depletion and conditions 
such as decreased PHB2, leads to more ferroptosis because mitochon
drial dysfunction, like PHB2 reduction, increases intracellular H2O2, 
AQP, NOX, and Fe2+ levels, and could result in increased •OH pro
duction, resulting in lipid peroxidation (summarized in Fig. 9). Some 
anti-cancer agents kill cancer cells through the production of ROS. 
Furthermore, H2O2 is used as a sensitizer in cancer treatment. There
fore, amplifying AQP expression before sensitizer treatment will likely 
enhance the therapeutic effect. Further progress in this field will likely 
facilitate improved cancer treatment. 
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