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Acute hypoxia in water has always been a thorny problem in aquaculture. Oxygen and iron play important roles and are interdependent in fish. Iron is essential for oxygen transport and its concentration tightly controlled to maintain the cellular redox homeostasis. However, it is still unclear the role and mechanism of iron in hypoxic stress of fish. In this study, we investigated the role of iron in hypoxic responses of two zebrafish-derived cell lines. We found hypoxia exposed zebrafish liver cells (ZFL) demonstrated reduced expression of Ferritin and the gene fth31 for mitochondrial iron storage, corresponding to reduction of both intracellular and mitochondrial free iron and significant decrease of ROS levels in multiple cellular components, including mitochondrial ROS and lipid peroxidation level. In parallel, the mitochondrial integrity was severely damaged. Addition of exogenous iron restored the iron and ROS levels in cellular and mitochondria, reduced mitochondrial damage through enhancing mitophagy leading to higher cell viability, while treated the cells with iron chelator (DFO) or ferroptosis inhibitor (Fer-1) showed no improvements of the cellular conditions. In contrast, in hypoxia insensitive zebrafish embryonic fibroblasts cells (ZF4), the expression of genes related to iron metabolism showed opposite trends of change and higher mitochondrial ROS level compared with the ZFL cells. These results suggest that iron homeostasis is important for zebrafish cells to maintain mitochondrial integrity in hypoxic stress, which is cell type dependent. Our study enriched the hypoxia regulation mechanism of fish, which helped to reduce the hypoxia loss in fish farming.
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INTRODUCTION
Dissolved oxygen is one of the key physical and chemical factors in aquatic ecological environment, and also is an important limiting factor in fish culture (Valavanidis et al., 2006). Aquatic habitats often experience extreme fluctuations in O2 content ranging from near anoxia (<1% O2) to hyperoxia (300–500% O2) reflecting the local dynamics of the photosynthesis, respiration and atmospheric gas exchange (Diaz and Rosenberg, 2008). Although terrestrial amphibians and reptiles encounter hypoxic burrow environments, the degree of hypoxia that experienced by aquatic species is more serious (Bickler and Buck, 2007). Low dissolved oxygen, or hypoxia, can negatively affect fish behavior, physiology, immunology, and growth (Abdel-Tawwab et al., 2019; Qiang et al., 2019). Mild hypoxic conditions do not cause fish death, although it can cause behavior and feeding abnormalities, but severe hypoxic conditions or anoxia (0.1% O2) can be fatal to fish (Richards, 2011). Studies found that red blood cells (RBC), hemoglobin and/or blood cells in fish increased rapidly under hypoxia stress (Affonso et al., 2002; Boggs et al., 2022). Hemoglobin is an important protein that carries oxygen in red blood cells. Thus, more hemoglobin needs to be synthesized to increase oxygen supply under hypoxic conditions.
Iron is essential for oxygen transport and is a component of proteins that carry oxygen molecules, such as hemoglobin and myoglobin, which iron deficiency causes anemia, limits mitochondrial respiration and result in mitochondrial DNA damage (Walter et al., 2002; Rouault 2006; Salahudeen and Bruick, 2009). At the physiological level, cellular iron is necessary for maintenance of metabolism, and excessive free iron may lead to oxidative damage and/or cell death (Mittler 2017). Therefore, the homeostasis of iron must be strictly controlled. Many studies have shown that hypoxia stress causes iron metabolism dysfunction, and hypoxia can also protect cells from damage caused by the disrupted iron metabolism (Fuhrmann et al., 2020; Duarte et al., 2021; Ni et al., 2021). It is very important to coordinate the physiological hypoxia response with the effective control of iron. However, it is still unclear the role and mechanism of iron in hypoxic stress of fish.
Superoxide and other reactive oxygen species (ROS) have been recognized harmful and toxic byproducts of aerobic metabolism, but they are also important signaling molecules in a variety of physiological and pathophysiological conditions (Sena and Chandel, 2012; Mittler 2017). Low level of ROS is utilized for signal transduction, but prolonged elevations of ROS result in the oxidation of nucleic acid, protein, lipid and leading to cell dysfunction or death (Zhang et al., 2008). ROS and ROS-dependent signaling pathways seem to be linked in different ways to those that adapt to low oxygen conditions (Schieber and Chandel, 2014). As one of the significant source of cellular ROS, mitochondria play central roles in hypoxic responses (Lenaz 2001; Murphy 2009; Zhang and Wong, 2021). On one hand, mitochondria themselves are especially vulnerable to ROS-mediated oxidative damage (Sena and Chandel, 2012). On the other hand, ROS production from the mitochondria is temporarily increased in response to acute hypoxia (Hernansanz-Agustín et al., 2014). However, localization and speciation of the paradoxical increase in reactive oxygen species production in hypoxia remain debatable. Therefore, the cell types and the time frame of hypoxic should be considered.
Mitochondria have been viewed as pluripotent organelles, controlling cellular life, stress and death (Galluzzi et al., 2012). Thus, maintaining a functional mitochondrial network is the basis of cellular homeostasis in response to conditioned stress and physiological adaptation. Mitochondrial autophagy is one of the major mechanisms of mitochondrial quality control (Ashrafi and Schwarz, 2013; Ni et al., 2015). Autophagosomes selectively engulf dysfunctional or redundant mitochondria and degrade them in lysosomes (Kroemer and Jaattela, 2005). Mitophagy is highly sensitive to dynamic changes in endogenous metabolites, including iron-, glycolysis-TCA-, NAD + -, amino acids-, and fatty acid-related metabolites (Ting Zhang et al., 2021). In addition, disturbances of iron homeostasis (including iron deposition and iron deficiency) and abnormal iron metabolism have been widely reported to be closely associated with mitochondrial dysfunction (Bogdan et al., 2016; Wei et al., 2020). Mitochondria provide a place for iron metabolism in cells, and iron deprivation triggers mitophagy (Palikaras et al., 2018).
Fish liver is one of the earliest and most sensitive tissues to external stimuli, and is also the earliest tissue to appear damage (Kietzmann 2019). Meanwhile, liver plays an important role in iron homeostasis (Rishi and Subramaniam, 2017). Oxygen is the basic element to maintain cell life activities, and hypoxia will cause different effects on different cells (Michiels 2004). Therefore, we used zebrafish liver cells (ZFL) and zebrafish embryonic fibroblasts cells (ZF4), a kind of cell that is insensitive to both hypoxia and iron, to explore the role and mechanism of iron in fish cells respond to hypoxia stress. Hypoxia (3–0.1% O2) is capable of rapidly inducing, via the hypoxia-inducible factor (HIF-1), a cell survival response engaging autophagy. This process is a HIF-1dependent autophagic response which also mediate mitophagy, a metabolic adaptation for survival that is able to control reactive oxygen species (ROS) production. In contrast, severe hypoxic condition or anoxia (0.1% O2), where the latter is often confused with physiological hypoxia, are capable of inducing a HIF independent autophagic response. (Mazure and Pouysségur, 2010). Many studies focus on oxygen concentration above 1%, but there are few studies on lower oxygen concentration. Therefore, 0.1% oxygen concentration was selected as hypoxic stress for study. In this study, we demonstrated that hypoxic stress caused iron loss in the cytoplasm and mitochondria of ZFL cells, resulting in mitochondrial damage and ultimately cell death. The cell death due to hypoxia is a non-ferroptosis form of death, although iron supplementation can reverse the course. However, iron has different roles in ZF4 cells to respond to hypoxia stress. This study established the role of iron in maintaining mitochondrial integrity in hypoxic response, which help to understand the regulatory mechanism of fish response to hypoxia stress to reduce the hypoxia loss in fish farming.
MATERIAL AND METHOD
Cell culture and treatment
ZFL and ZF4 cells were provided by the Cell Bank of the Chinese Academy of Sciences. Cells were cultured in DMEM F12 medium containing 10% fetal bovine serum (FBS) and 100 U/mL penicillin/streptomycin in cell culture incubator (Eppendorf, Germany). The cells were seeded 24 h before to ensure attachment, then were cultured under normoxic (21% O2) and hypoxic (0.1% O2, balanced nitrogen) environment with 5% CO2 at 28°C when the cellular confluency reached 70%.
Biological reagents ferric ammonium citrate (FAC) (Sigma, United States), Deferoxamine (DFO) (MedChemExpress, United States) and Ferrostatin-1 (Fer-1) (MedChemExpress, United States) have been used to rescue cells under hypoxia stress. FAC, DFO and Fer-1 were dissolved and stored according to the manufacturers’ protocol, and then diluted to the appropriate concentration in cell culture medium for cell treatment. In detail, the final concentrations of FAC were 0, 0.1, 0.25, 0.5, 0.75, 1.0 and 2.0mM; the final concentrations of DFO were 0, 10, 30, 50, 70, 90 and 100µM; the final concentrations of Fer-1 were 0, 1, 2, 4, 6, 8 and 10 µM. Cells were pretreated with FAC, DFO and Fer-1 for 1 h before hypoxia stress.
The determination of cell morphology
Cells were seeded onto 6 cm culture dishes with the cell confluency reached 70%. The cells were treated with or without FAC, DFO or Fer-1 for 1 h prior hypoxic incubations. Upon incubated with or without treatment for corresponding time under normoxia or hypoxia, the morphological features of cells were captured using Zeiss microscope directly.
Cell vitality assay
To analyze the viability of the cells, cells were plated in 96-well plate with 90 µl medium 24 h before to ensure attachment and were cultured under normoxic (21% O2) environment with 5% CO2 at 28°C. When the cellular confluency reached 70%, cells in the control group were directly analyzed for cell activity, and cells in the experimental group were pretreated with FAC, DFO and Fer-1 for 1 h under normoxic (21% O2). Then the experimental group cells were transferred to hypoxic (0.1% O2, balanced nitrogen) environment with 5% CO2 at 28 °C for 1, 2, 3 and 4 d.
PrestoBlue™ HS Cell Viability Regent (Invitrogen, United States) were used to analyze the viability of the cells. Briefly, add 10 µl of cell viability regent directly to cells in culture medium, and incubate for 3 h under normoxic (21% O2) environment with 5% CO2 at 28 °C. Afterwards, absorbance was measured on a plate reader (Biotek, United States) at 570 nm, using 600 nm as a reference wavelength.
Western blotting
Total protein was extracted using RIPA (sigma, Germany) lysis buffer containing protease inhibitor PMSF (Invitrogen, United States). Protein concentration was detected by BCA protein assay kit (Invitrogen, United States). Total of 20 µg protein was electrophoresed in 10% SDS-PAGE gels and transferred onto PVDF membranes (Merk, Germany). The membranes were blocked with TBST solution containing 5% milk for 2.5 h at room temperature, then probed with the primary antibody overnight and the secondary antibody for 1 h. Wash the membranes with TBST solution three times for 5 min each before and after incubation of secondary antibodies. Finally, the blots were captured by Amersham imager 600 (GE, United States) and the quantitative results were analyzed by ImageJ analysis software. The list of antibodies is as follows: Ferritin (Huabio, China), Hif1α (Boster, China), LC3 (Cell Signaling Technology, United States), P62 (Cell Signaling Technology, United States), Actin (Huabio, China) and the secondary antibody (Huabio, China).
Real-time quantitative PCR analysis
RNA was isolated using Trizol according to the manufacturer’s protocol (Invitrogen, United States) and measured using a Nanodrop spectrophotometer (ThermoFisher, United States). Reverse transcription was performed with the Maxima First Strand cDNA Synthesis Kit for RT-PCR (Takara, Japan). RNA expression of tfa, tfr2, fth27, fth28 and fth31 was analyzed using SYBR Green Master Mix (Roche, Switzerland) on a Roche 480 System (Roche, Switzerland) and normalized to Actin. Primers are listed in Table 1.
TABLE 1 | Primer information.
[image: Table 1]Intracellular ROS measurement
Intracellular ROS production was detected by 2,7-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) (Invitrogen, United States) according to the manufacturer’s introduction. Briefly, ZFL and ZF4 cells were seed in 6 cm plates and harvested after treatment for 3 days. Firstly, cells were washed twice with DPBS solution (Sangon, China). Then cells were labeled with 5 μM CM-H2DCFDA for 30 min at 28°C and washed for two times. The fluorescence was quantified using Biosciences AccuriC6 flow cytometry (Becton Dickinson, United States) with an excitation wavelength of 488 nm and emission at 525 nm.
Detection of lipid peroxidation level
Lipid peroxidation was quantified by incubating with C11-BODIPY™ superoxide indicator (Invitrogen, United States). This fluorophore is readily incorporated into cellular membranes and is about twice as sensitive to oxidation as arachidonic acid, thereby losing its bright red fluorescence with a shift to green. The green fluorescence was selectively detected using the excitation and emission bandpass filters of 488 and 510 nm, respectively. Therefore, the increase of oxidative stress was accompanied with a linear increase in green fluorescence intensity.
In brief, cells were washed twice with DPBS solution firstly, then incubated with C11-BODIPY reagent solution (5 μM) at 28°C for 15 min. Removed the remaining C11-BODIPY reagent and washed cells two times with DPBS solution. The fluorescence was quantified using Biosciences AccuriC6 flow cytometry (Becton Dickinson, United States) at the fluorescence intensity (488/510 nm).
Mitochondria-derived ROS determination
The level of mitochondria-derived ROS is determined with the MitoSOX™ Red mitochondrial superoxide indicator (Invitrogen, United States). Briefly, cells were washed twice with DPBS solution firstly, then incubated with MitoSOX reagent solution (5 μM) at 28°C for 15 min. Removed the remaining MitoSOX reagent and washed cells two times with DPBS solution. The fluorescence was quantified using Biosciences AccuriC6 flow cytometry (Becton Dickinson, United States) at the fluorescence intensity (510/580 nm).
Mitochondrial iron determination
Mitochondrial iron concentration was determined by RPA (rhodamine B-[(1,10-phenanthrolin-5-yl)aminocarbonyl] benzyl ester) (Squarix biotechnology, Germany). Deprotonated rhodamine B (rhodamine B base) was chosen for mitochondrial targeting and as a fluorophore, and was coupled with 4-(bromomethyl)-N-(1,10- phenanthrolin-5-yl) benzamide for iron chelation, which is the specific indicator allowing selective determination of mitochondrial chelatable iron in viable cells (Bapat et al., 2002; Gordan et al., 2020).
In brief, ZFL cells were washed with DPBS solution for two times and incubated with RPA dye solution (10 μM) at 28°C for 15 min. Cells were removed remaining RPA reagent and washed for two times with DPBS solution. Then photographed with Zeiss fluorescence confocal microscope (Zeiss, Germany) at proper fluorescence intensity (564/601 nm) and the density of fluorescence was analyzed by ImageJ analysis software (Tang et al., 2019).
Intracellular iron determination
Intracellular iron concentration was determined by PGSK fluorescence probe (Phen Green™ SK, Diacetate) (Invitrogen, United States). PGSK fluorescence is quenched upon binding chelatable iron and fluorescence intensity can be used to quantify the amount of chelatable iron when the remaining probe is removed (Petrat et al., 1999; Ramachandran et al., 2004; Siri-Angkul et al., 2021).
Briefly, ZFL cells were washed with DPBS solution for two times and incubated with PGSK dye solution (10 μM) at 28°C for 15 min. Cells were removed remaining PGSK reagent and washed for two times with DPBS solution. Ferrous ion in cytoplasm could quench the green fluorescence of cell. Then photographed with Zeiss fluorescence confocal microscope at proper fluorescence intensity (507/532 nm) and the density of fluorescence was analyzed by ImageJ analysis software.
RNA sequencing and analysis
Total RNA of ZFL cell was extracted using TRIzol Reagent according to the manufacturer’s protocol (Invitrogen, United States). The concentration of total RNA was determined with a Qubit fluorometer (Life Technologies, United States). A microgram of RNA from each sample was used to prepare the mRNA-Seq library with the TruSeq RNA Sample Prep Kit (Illumina, United States) following the manufacturer’s instructions and then sequenced with Illumina HiSeq 2,500 system.
RNA-seq reads were trimmed using Trimmomatic (Ver. 0.33 AVGQUAL:20 TRAILING:20 MINLEN:50). The clean Illumina paired-end reads of each sample were mapped to the annotated zebrafish genome (GRCz11) using HISAT2 aligner (Ver. 2.0.4). Cufflinks was used to count the reads for each gene and transformed to FPKM. Differentially expressed genes (DEGs) were determined using the edgeR package developed in R. Genes with log2FC > 1 and p_value <0.05 were up-regulated. Genes with log2FC < -1 and p_value <0.05 were down-regulated, GO enrichment and KEGG enrichment analysis for the DEGs were performed using ClusterProfiler package (cutoff, p-value < 0.05). Volcanic maps were generated using R.
Analysis of mitochondrial membrane potential
Mitochondrial membrane potential of ZFL cells were measured by JC-1 fluorescent probe (Beyotime, China). After treatment, cells were incubated with JC-1 working solution at 28°C for 30 min. Subsequently, cells were washed with JC-1 buffer solution for two times. Then photographed with Zeiss fluorescence confocal microscope at proper fluorescence intensity (485 and 590 nm). Results were expressed as the ratio of the red/green fluorescence intensity, which represented the degree of mitochondrial damage.
Mitochondrial tracking
Cells were plated on coverslips. After treatment, remove the medium from the dish and add the prewarmed MitoTracker probe-containing medium (Invitrogen, United States). Incubate the cells for 30 min at 28°C. Then replace the loading solution with fresh 4% PFA (Sangon, China) for 15 min. Washed cells two times with DPBS solution and photographed with Zeiss fluorescence confocal microscope at proper fluorescence intensity (644/665 nm).
Lysosomal tracking
Cells were plated on coverslips. After treatment, remove the medium from the dish and add the prewarmed LysoTracker™ Red DND-99 probe-containing medium (Invitrogen, United States). Incubate the cells for 1 h at 28°C. Then replace the loading solution with fresh 4% PFA for 15 min. Washed cells two times with DPBS solution and photographed with Zeiss fluorescence confocal microscope at proper fluorescence intensity (577/590 nm).
Statistical analysis
All data was performed at least three times. Bar graphs were plotted, and error bars were calculated using GraphPad Prism seven software (San Diego, United States). Statistical analysis was conducted using the Student’s t-test or one-way ANOVA with Tukey’s post hoc test. All values are shown as mean ± s.d., p < 0.05 were considered statistically significant. One asterisk, two asterisks and three asterisks indicate p < 0.05, p < 0.01 and p < 0.001, respectively.
RESULTS
Hypoxia inhibits cell growth and ROS production, leading to iron deficiency in cytoplasm and mitochondria
We first investigated the effects of hypoxia on ZFL cells. At 21% O2 (normoxia), ZFL cells grew well. When grew at 0.1% O2 (hypoxia), however, cells grew poorly and began to die severely from the third day, with only a small fraction of the cells (about 20%) survived to the fourth day (Figures 1A,B). We then investigated the effect of hypoxia on ROS levels, since the main effect of hypoxia is oxidative damage. We examined the total ROS level by CM-H2DCFDA probe and found that ROS level was down-regulated under hypoxia stress (Figure 1C). Further investigation revealed that both mitochondrial-derived ROS and lipid peroxidation levels were reduced (Figures 1D,E). These results revealed that hypoxia is harmful to ZFL cells that can inhibit cell growth and ROS production.
[image: Figure 1]FIGURE 1 | Hypoxia stress affects cell growth, ROS production and iron metabolism in cytoplasma and mitochondria. (A) Microscopic analysis of morphological changes of ZFL cells under normoxia or hypoxia for 1, 2, 3 and 4 d. (B) Cell Viability analyzed with PrestoBlue™ HS Cell Viability Regent under normoxia or hypoxia for 1, 2, 3 and 4 d. (C–E) Analysis of changes in total ROS (C), mitochondrial-derived ROS (D) and lipid peroxidation (E) levels in cells with CM-H2DCFDA, MitoSOX and C11-BODIPY probe under normoxia and hypoxia for 3 days. (F) Western blot analysis of Ferritin expression in ZFL cells cultured under normoxia and hypoxia for 3 days. (G) Phen Green™ SK (PGSK) probe analysis and quantification of cytoplasmic free iron content in ZFL cells after treated under normoxia and hypoxia for 3 days. (H) The mRNA expression of mitochondrial iron storage gene fth31 in ZFL cells quantified by real-time RT–PCR under normoxia and hypoxia for 3 days. (I) Fluorescence microscope with RPA red indicator analysis and quantification of mitochondrial iron content in ZFL cells treated under normoxia and hypoxia for 3 days. Normoxia was used as a control group for significance analysis. Error bars, mean ± s.d., n = 3 (biological replicates).
Iron is the main driving force of REDOX reaction (Jomova and Valko, 2011). Western blotting showed that the expression of Ferritin, a cytoplasmic iron storage protein, was significantly reduced, suggesting loss of iron in the cytoplasm (Figure 1F). The same observation is also confirmed by chelatable Fe2+ sensitive probe PGSK, showing a significant reduction in chelatable iron (Figure 1G). Mitochondrial iron is required to trigger the ROS-oxidative stress via Fenton action (Levi and Rovida, 2009). The results revealed the expression of mitochondrial iron storage gene fth31 was significantly reduced (Figure 1H), which was consistent with the results of specific probing of mitochondrial Fe2+ using RPA (Figure 1I). Collectively, hypoxia in the ZFL cells caused cytoplasmic and mitochondrial iron loss.
Iron homeostasis is important for ZFL cells to respond to hypoxic stress, which is independent of ferroptosis
To explore the effect of iron concentration on ZFL cell viability under hypoxia stress, FAC and DFO were used to supplement and chelate iron in ZFL cells respectively. The results showed that the proliferation capacity and survival rate of ZFL cells without FAC (0 mM) under hypoxia decreased gradually compared with the normoxia group (con group) (Figure 2A). However, the proliferation and survival rate of the hypoxic treated cells supplemented with proper amounts of FAC were significantly higher than that without exogenous iron supplementation (0 mM). Moreover, the proliferation and survival rate of FAC group (0.1, 0.25, 0.5 mM) were even higher than that of normoxia group after 2 days of hypoxia stress (Figure 2A). Evenly, the survival rate of ZFL cells in the FAC group was about 2–3 times higher on the fourth day of the treatment compared with the hypoxic group without FAC treatment (0 mM) (Figure 2A). Conversely, DFO treatment resulted in non-proliferation and significantly reduced cell survival compared with the normoxia group and the hypoxia control group (0 µM) in the first 3 days (Figure 2B), indicating iron chelation exacerbate ZFL death under hypoxic stress. At the fourth day, both DFO treated and untreated cells exhibited poor survival rates under hypoxia (Figure 2B).
[image: Figure 2]FIGURE 2 | Iron supplementation could improve the survival activity of ZFL cells under hypoxia stress, but iron chelation and inhibition of ferroptosis could not. (A–C) Survival rate of ZFL cells analyzed with PrestoBlue™ HS Cell Viability Regent after treated with a series of concentrations of FAC (A), DFO (B) and Fer-1 (C) under hypoxic stress from one to 4 days. Hypoxia 0 mM or hypoxia 0 µM was used as a control group for significance analysis. (D) The microscope analysis of morphology changes of ZFL cells under normoxia or treated with FAC (2.5 mM), DFO (10 µM) and Fer-1 (2.5 µM) under hypoxic stress for 3 days. Error bars, mean ± s.d., n = 3 (biological replicates).
Ferroptosis is an iron- and ROS-dependent form of regulated cell death (RCD) (Xie et al., 2016). To investigate whether the cell damage under hypoxia is related to ferroptosis, we tried to rescue the damage with Fer-1 (Ferrostatin-1), an inhibitor of ferroptosis by inhibiting lipid peroxidation. The results revealed that Fer-1 failed to rescue the hypoxia induced cell death, suggesting a ferroptosis independent death (Figure 2C). This observation was consistent with the decreased lipid peroxidation level (Figure 1E). Further morphological observation of cells showed that exogenous iron supplementation could prevent cell death and improve cell viability under hypoxia stress, while DFO and Fer-1 could not (Figure 2D).
Iron supplementation restored ROS levels and reduced mitochondrial damage of ZFL cells under hypoxia
To explore the role of iron in the ZFL cells response to hypoxic stress, we carried out further exploration. Firstly, WB showed that exogenous iron supplementation increased the expression level of iron-storing protein Ferritin, while iron chelation reduced Ferritin level, whereas addition of the ferroptosis inhibitor had no significant effect (Figures 3A,B). Accordingly, further examination of ROS levels showed that only exogenous iron supplementation partially restored the total ROS levels (Figure 3C). As iron is the cofactor of lipoxygenase, iron supplementation significantly increased the level of lipid peroxidation (Figure 3D). In addition, mitochondria are important source of reactive oxygen species (ROS) (Lenaz 2001). Iron supplementations increase mitochondrial-derived ROS level (Figure 3E). Indeed, iron supplementation restored the membrane potential of mitochondria and reduced the damage, which did not occur in DFO nor Fer-1 treatment (Figures 3F,G). These results indicated the importance of iron in maintaining the mitochondrial integrity and a certain amount of ROS level to sustain the physiological function of mitochondria and cell under hypoxic stress.
[image: Figure 3]FIGURE 3 | Iron supplementation can increase ROS level and reduce mitochondrial damage in cells under hypoxia stress. (A,B) Western blot analysis and quantification of Ferritin expression in ZFL cells cultured under normoxia and hypoxia treated with FAC, DFO and Fer-1 for 3 days. Actin as a loading control. (C–E) Analysis of changes in total ROS (C), lipid peroxidation level (D) and mitochondrial-derived ROS (E) levels in cells with H2DCFDA, C11-BODIPY and MitoSOX probe under normoxia and hypoxia for 3 days. Cells under hypoxic stress were rescued with FAC (2.5 mM), DFO (10 µM) and Fer-1 (2.5 µM). (F,G) Quantitative results and representative images of cellular JC-1 fluorescence in normoxic cell and hypoxic cells treated with FAC (2.5 mM), DFO (10 µM) and Fer-1 (2.5 µM) under hypoxia stress. Normoxia was used as a control group for significance analysis. Error bars, mean ± s.d., n = 3 (biological replicates).
RNA-seq analysis revealed iron supplementation improved mitophagy
In order to explore how the FAC protect ZFL cells from death under hypoxia stress, we performed RNA-seq analysis (Figure 4A). There were totally 919 and 2,558 genes that were differentially expressed in WT and FAC cells under hypoxia compared with WT cells under normoxia (Figures 4B,C). KEGG enrichment analysis revealed that the pathway of autophagy and lysosome were significantly up-regulated in WT hypoxia cells compared with WT normoxia cells (Figure 4D). However, the enrichment analysis of hypoxic cells treated by FAC found that mitophagy pathway was the most significantly up-regulated pathway except autophagy and Lysosome pathways (Figure 4E). Furthermore, GO enrichment analysis showed that autophagosome membrane components were significantly upregulated in FAC treated hypoxia cell (Figures 4F,G). Taken together, these analyses suggest that maintaining mitochondrial normality is essential for ZFL cells to survive the hypoxia stress.
[image: Figure 4]FIGURE 4 | RNA-seq analysis revealed significant transecriptomic changes in hypoxia ZFL cell. (A) Flow chart of sampl processing for RNA-seq. WT: ZFL cell. WT + FAC: ZFL cell treated with FAC. (B,C) Volcanic map analysis of gene expression. UP: up-regulated differentially expressed gene; DOWN: down-regulated differentially expressed gene; NOT: non-differentially expressed gene. (D,E) The enriched KEGG pathways identified from up-regulated DEGs of hypoxia (WT) cell and hypoxia (FAC) cell compared with normoxia (WT) cell. (F,G) GO enrichment test on the DEGs of hypoxia (WT) cell and hypoxia (FAC) cell compared with normoxia (WT) cell.
Iron supplementation restores mitochondrial function under hypoxia stress
Mitochondrial quality is controlled by the selective removal of damaged mitochondria through mitophagy (Ashrafi and Schwarz, 2013). Results indicated the expression of autophagy-related proteins LC3 and P62 were significantly up-regulated under hypoxia stress (Figures 5A–D). In combination, the expressions of LC3 and P62 after iron supplementation were weaker than those of chelated iron and inhibited ferroptosis (Figures 5A–D). Further exploration found that mitochondria were evenly distributed in the cytoplasm under hypoxia supplemented with iron, while the density of mitochondria decreased and clustered around the nucleus treated with DFO and Fer-1 (Figure 5E). The tracking of lysosomes revealed that the level of acid lysosomes increased and showed a large amount of aggregation in the control group (Figure 5F), indicating that hypoxia caused mitochondrial damage (Figures 5E,F). However, iron supplementation could improve mitochondrial damage caused by hypoxic stress, while DFO and Fer-1 did not.
[image: Figure 5]FIGURE 5 | Iron supplementation increases the proportion of functioning mitochondria. (A,B) Western blot analysis and quantitative results of LC3 expression in ZFL cells cultured under normoxia and hypoxia treated with or without FAC (2.5 mM), DFO (10 µM) and Fer-1 (2.5 µM) for 3 days. Actin as a loading control. (C,D) Western blot analysis and quantitative results of P62 expression in ZFL cells cultured under normoxia and hypoxia treated with or without FAC (2.5 mM), DFO (10 µM) and Fer-1 (2.5 µM) for 3 days. Actin as a loading control. (E) Representative images and quantitative results of Mitotraker red Dye to visualize mitochondrial mass in normoxia cell and cell treated with or without FAC (2.5 mM), DFO (10 µM) and Fer-1 (2.5 µM) under hypoxia stress for 3 days. (F) Representative images and quantitative results of Lysotraker red DND-99 Dye to visualize acid lysosomal in normoxia cell and cell treated with or without FAC (2.5 mM), DFO (10 µM) and Fer-1 (2.5 µM) under hypoxia stress for 3 days. Normoxia was used as a control group for significance analysis. Error bars, mean ± s.d., n = 3 (biological replicates).
ZF4 cells showed different patterns of iron responses under hypoxic condition
Given that the liver is an important organ for iron metabolism (Rishi and Subramaniam, 2017), we next sought to test whether other cell types had similar responses. Results showed that compared with ZFL cells, ZF4 cells had a better survival rate under hypoxia stress, with about 80% cells being alive on the fourth day (Figure 6A). The mRNA expression of genes related to iron metabolism showed completely opposite trends in ZF4 cells (Figure 6B), and also the protein levels of Hif1a and Ferritin (Figure 6C), indicating cytoplasmic and mitochondrial iron contents was increased in this cell line. Consistent with this, iron supplementation reduced the cell survival rate under hypoxia, while iron chelation or inhibition of ferroptosis showed no significant changes (Figures 6D,E). Further ROS level detection of cells showed that hypoxia stress reduced the general ROS level (Figure 6F), mitochondrial-derived ROS and lipid peroxidation levels (Figures 6G,H). In addition, iron supplementation can significantly increase ROS level, and even mitochondrial ROS and general ROS level exceed those of normoxic group (Figures 6F,H), which caused cell damage (Figures 6D,E). Chelation of iron or inhibition of ferroptosis slightly lowers ROS level. These results suggest that ZF4 cells have a different hypoxic stress response in terms of iron regulation compared with ZFL cells, indicating iron regulation under hypoxic response is cell type dependent.
[image: Figure 6]FIGURE 6 | Response of ZF4 cells to hypoxic stress. (A) Cell Viability was analyzed with PrestoBlue™ HS Cell Viability Regent under normoxia or hypoxia treated for 1, 2, 3 and 4 d. (B) The mRNA expression of iron absorption and storage gene in ZFL cells was quantified by real-time RT–PCR under normoxia and hypoxia for 3 days. (C) Western blot analysis of Hif-1α and Ferritin expression in ZF4 cells cultured under normoxia and hypoxia for 3 days. (D) The microscope analysis of morphology changes in ZF4 cells under normoxia or hypoxia treated with or without FAC (2.5 mM), DFO (10 µM) and Fer-1 (2.5 µM) for 3 days. (E) Cell Viability was analyzed with PrestoBlue™ HS Cell Viability Regent under normoxia or hypoxia treated with or without FAC (2.5 mM), DFO (10 µM) and Fer-1 (2.5 µM). (F–H) Analysis of changes in general ROS (F), mitochondrial-derived ROS (G) and lipid peroxidation (H) levels in cells with H2DCFDA, MitoSOX and C11-BODIPY probe under normoxia and hypoxia for 3 days. Cells under hypoxic stress were rescued with FAC (2.5 mM), DFO (10 µM) and Fer-1 (2.5 µM). Normoxia was used as a control group for significance analysis. Error bars, mean ± s.d., n = 3 (biological replicates).
DISCUSSION
In this study, we revealed hypoxia causes iron loss in cytoplasm and mitochondria of the ZFL cells, which leads to mitochondrial damage and ultimately cell death. Iron supplementation inhibits hypoxia-induced cell death, increase ROS levels, reduce mitochondrial damage and restore mitochondrial function. Therefore, iron plays essential roles in mitochondrial responses to hypoxic stress in ZFL cells. The involvement of iron in hypoxia responses is also demonstrated by ZF4 cells in which higher cell survival rate is sustained with the elevation of expression of the iron storage proteins.
Oxygen and iron are important for the health of living organisms. Hypoxia imposes stress to cells and organisms, which occurs under both pathological and non-pathological conditions (Fuhrmann and Brune, 2017). Cells in living organisms adapt to hypoxia by changing metabolism, which is facilitated by changes in protein expression, mRNA or protein stability that occur at the level of transcription or translation (Solaini et al., 2010; Zhang et al., 2021). Multiple studies have clearly shown that oxygen homeostasis and iron metabolism are interlinked, such as the target of HIF, which play an important role in cell adaptation to low oxygen levels in normal and damaged tissues, are involved in iron homeostasis (Shah and Xie, 2014; Xu et al., 2017; Yang et al., 2018; Han et al., 2022). The regulation between hypoxia and iron is complexed. On the one hand, hypoxia stress can cause iron homeostasis disorder (Aral et al., 2020; Hu et al., 2022); on the other hand, hypoxia is beneficial and can protect cells from death caused by abnormal iron metabolism (Ast et al., 2019; Fuhrmann et al., 2020; Ni et al., 2021). Our study also confirms that maintaining iron homeostasis is critical to respond to hypoxia stress. The expression of genes related to iron absorption and storage was significantly decreased in ZFL cells under hypoxia stress, which directly correlated hypoxia with iron metabolism.
Mitochondria are the main consumers of oxygen in cells and are severely affected by reduced oxygen utilization (Hamanaka and Chandel, 2009; Dan Dunn et al., 2015). Mitochondria require large amounts of iron for heme synthesis and iron-sulfur cluster maturation to form the electron transfer chain essential for oxidative phosphorylation (Hirota 2019). Thus, iron metabolism is essential for mitochondrial function and cell survival. Controlling the balance between iron availability and physiological hypoxia response is important to maintain intracellular homeostasis (Lakhal-Littleton and Robbins, 2017). ROS produced by the OXPHOS complex not only manifests as an unexpected escape of electrons from ETC and transfer to molecular oxygen, but also recognized as an important medium of cellular physiological signaling to cope with hypoxia (Zhang et al., 2022). As we found, hypoxic stress reduced the free iron content of cytoplasmic and mitochondrial, thereby reducing the ROS levels of cytoplasmic and mitochondrial, which can be restored by iron supplementation. This suggests that the homeostasis of free iron and ROS levels is important to respond to hypoxia stress.
Mitochondrial ROS (mtROS) considered as an essential component of physiological cell communication (Shadel and Horvath, 2015). Large amounts of mtROS directly destroy proteins, lipids, and nucleic acids, while low levels of mtROS act as signaling molecules to adapt to stress (Sena and Chandel, 2012; Fuhrmann and Brune, 2017). Even lower levels of mtROS are required for normal cell homeostasis (Sena and Chandel, 2012). Therefore, mtROS are not categorically harmful (Kalogeris et al., 2014). In a hypoxic environment, mitochondrial biology is altered (Fuhrmann and Brune, 2017). Presumably, mitochondria try to reduce ROS formation to reduce the risk of macromolecular damage during hypoxia (Fuhrmann and Brune, 2017). Excessive mtROS promote mitochondrial dysfunction and inflammation leading to mitochondrial damage (Zhao et al., 2021). Mitophagy is an essential mitochondrial quality control mechanism that eliminates damaged mitochondria and the production of ROS (Su et al., 2022). Our study found that iron supplementation can reduce mitochondrial damage and restore ROS levels produced by mitochondria, thereby enhancing the ability of cells to respond to hypoxic stress. There is certainly a need to learn more about the communicating ability and distinct targets of ROS under hypoxia and explore how a gradual and time-dependent decrease of oxygen affects mitochondrial biology.
Several studies of different groups, including marine gastropods, fish, frog and turtles, have reported increases in antioxidants during hypoxia (Hermes-Lima and Zenteno-Savin, 2002). This response to increased antioxidant levels in low oxygen conditions is called preparation for oxidative stress (Oliveira et al., 2018). This adaptive mechanism refers to the increased expression and/or activity of antioxidant enzymes during hypoxia, which may attenuate the effects of increased ROS formation during hypoxia (Estrada-Cárdenas et al., 2021). However, it has been suggested that increased mitochondrial ROS formation induced by hypoxia may trigger the activation of antioxidant defenses during hypoxia limitation (Welker et al., 2013). Our study found that hypoxia stress for 3 days led to a decrease in mitochondrial ROS levels in ZFL cells. Therefore, further investigations should be directed to study the interplay between hypoxia, ROS production, antioxidant and tolerance to hypoxia.
In recent years, research on aquaculture shows that iron plays an important role in hypoxic response. The comparative transcriptomic analysis revealed abundant hypoxia response-related genes and their differential regulation mechanism in muscle and liver of different common carp strains under acute hypoxia, including HIFs (hypoxia-inducible factors), MAP kinase, iron ion binding, and heme binding (Suo et al., 2022). Morphological observation on three tilapia exhibited widespread hepatic and splenic inflammation with marked hemosiderin accumulations which is caused by direct tissue hypoxia and polycythemia-related iron deposition (Edwards et al., 2020). Gene ontology enrichment analyses revealed that genes up-regulated by hypoxia are primarily involved in cellular iron homeostasis in zebrafish larvae (Long et al., 2015). Therefore, targeting iron homeostasis is a potential strategy to protect aquaculture against environmental hypoxia. Our findings show that iron supplementation improves the ability of ZFL cells to resist hypoxic stress, which will facilitate future investigation on the hypoxia response mechanism and provide a solid theoretical basis for breeding projects in aquaculture.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation. All of the Illumina RNA sequencing data of this project have been deposited at NCBI under the accession no. BioProject PRJNA848069 (http://www.ncbi.nlm.nih.gov/sra/).
AUTHOR CONTRIBUTIONS
RH designed and performed the experiments. GL helped culture the cell. QX provided hypoxic equipment. LC conceived, designed, supervised the study, and with RH wrote the manuscript.
FUNDING
The work is supported by grants from the National Key Research and Development Program of China 2018YFD0900601 and the Natural Science Foundation of China (32130109).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abdel-Tawwab M., Monier M. N., Hoseinifar S. H., Faggio C. (2019). Fish response to hypoxia stress: Growth, physiological, and immunological biomarkers. Fish. Physiol. Biochem. 45 (3), 997–1013. doi:10.1007/s10695-019-00614-9
 Affonso E. G., Polez V. L., Corrêa C. F., Mazon A. F., Araújo M. R. Moraes G., et al. (2002). Blood parameters and metabolites in the teleost fish Colossoma macropomum exposed to sulfide or hypoxia. Comp. Biochem. Physiol. C. Toxicol. Pharmacol. 133 (3), 375–382. doi:10.1016/s1532-0456(02)00127-8
 Aral L. A., Ergün M. A., Engin A. B., Börcek A., Belen H. B. (2020). Iron homeostasis is altered in response to hypoxia and hypothermic preconditioning in brain glial cells. Turk. J. Med. Sci. 50 (8), 2005–2016. doi:10.3906/sag-2003-41
 Ashrafi G., Schwarz T. L. (2013). The pathways of mitophagy for quality control and clearance of mitochondria. Cell Death Differ. 20 (1), 31–42. doi:10.1038/cdd.2012.81
 Ast T., Meisel J. D., Patra S., Wang H., Grange R. M. H. Kim S. H., et al. (2019). Hypoxia rescues frataxin loss by restoring iron sulfur cluster biogenesis. Cell 177 (6), 1507–1521. e1516. doi:10.1016/j.cell.2019.03.045
 Bapat S., Post J. A., Braam B., Goldschmeding R., Koomans H. A. Verkleij A. J., et al. (2002). Visualizing tubular lipid peroxidation in intact renal tissue in hypertensive rats. J. Am. Soc. Nephrol. 13 (12), 2990–2996. doi:10.1097/01.asn.0000036870.58561.81
 Bickler P. E., Buck L. T. (2007). Hypoxia tolerance in reptiles, amphibians, and fishes: life with variable oxygen availability. Annu. Rev. Physiol. 69, 145–170. doi:10.1146/annurev.physiol.69.031905.162529
 Bogdan A. R., Miyazawa M., Hashimoto K., Tsuji Y. (2016). Regulators of iron homeostasis: New players in metabolism, cell death, and disease. Trends biochem. Sci. 41 (3), 274–286. doi:10.1016/j.tibs.2015.11.012
 Boggs T. E., Friedman J. S., Gross J. B. (2022). Alterations to cavefish red blood cells provide evidence of adaptation to reduced subterranean oxygen. Sci. Rep. 12 (1), 3735. doi:10.1038/s41598-022-07619-0
 Dan Dunn J., Alvarez L. A., Zhang X., Soldati T. (2015). Reactive oxygen species and mitochondria: A nexus of cellular homeostasis. Redox Biol. 6, 472–485. doi:10.1016/j.redox.2015.09.005
 Diaz R. J., Rosenberg R. (2008). Spreading dead zones and consequences for marine ecosystems. Science 321 (5891), 926–929. doi:10.1126/science.1156401
 Duarte T. L., Talbot N. P., Drakesmith H. (2021). NRF2 and hypoxia-inducible factors: Key players in the redox control of systemic iron homeostasis. Antioxid. Redox Signal. 35 (6), 433–452. doi:10.1089/ars.2020.8148
 Edwards T. M., Mosie I. J., Moore B. C., Lobjoit G., Schiavone K. Bachman R. E., et al. (2020). Low oxygen: A (tough) way of life for okavango fishes. PLoS One 15 (7), e0235667. doi:10.1371/journal.pone.0235667
 Estrada-Cárdenas P., Cruz-Moreno D. G., González-Ruiz R., Peregrino-Uriarte A. B., Leyva-Carrillo L. Camacho-Jiménez L., et al. (2021). Combined hypoxia and high temperature affect differentially the response of antioxidant enzymes, glutathione and hydrogen peroxide in the white shrimp Litopenaeus vannamei. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 254, 110909. doi:10.1016/j.cbpa.2021.110909
 Fuhrmann D. C., Brüne B. (2017). Mitochondrial composition and function under the control of hypoxia. Redox Biol. 12, 208–215. doi:10.1016/j.redox.2017.02.012
 Fuhrmann D. C., Mondorf A., Beifuß J., Jung M., Brüne B. (2020). Hypoxia inhibits ferritinophagy, increases mitochondrial ferritin, and protects from ferroptosis. Redox Biol. 36, 101670. doi:10.1016/j.redox.2020.101670
 Galluzzi L., Kepp O., Trojel-Hansen C., Kroemer G. (2012). Mitochondrial control of cellular life, stress, and death. Circ. Res. 111 (9), 1198–1207. doi:10.1161/circresaha.112.268946
 Gordan R., Fefelova N., Gwathmey J. K., Xie L. H. (2020). Iron overload, oxidative stress and calcium mishandling in cardiomyocytes: Role of the mitochondrial permeability transition pore. Antioxidants (Basel) 9 (8), E758. doi:10.3390/antiox9080758
 Hamanaka R. B., Chandel N. S. (2009). Mitochondrial reactive oxygen species regulate hypoxic signaling. Curr. Opin. Cell Biol. 21 (6), 894–899. doi:10.1016/j.ceb.2009.08.005
 Han B., Meng Y., Tian H., Li C., Li Y. Gongbao C., et al. (2022). Effects of acute hypoxic stress on physiological and hepatic metabolic responses of triploid rainbow trout (Oncorhynchus mykiss). Front. Physiol. 13, 921709. doi:10.3389/fphys.2022.921709
 Hermes-Lima M., Zenteno-Savín T. (2002). Animal response to drastic changes in oxygen availability and physiological oxidative stress. Comp. Biochem. Physiol. C. Toxicol. Pharmacol. 133 (4), 537–556. doi:10.1016/s1532-0456(02)00080-7
 Hernansanz-Agustín P., Izquierdo-Álvarez A., Sánchez-Gómez F. J., Ramos E., Villa-Piña T. Lamas S., et al. (2014). Acute hypoxia produces a superoxide burst in cells. Free Radic. Biol. Med. 71, 146–156. doi:10.1016/j.freeradbiomed.2014.03.011
 Hirota K. (2019). An intimate crosstalk between iron homeostasis and oxygen metabolism regulated by the hypoxia-inducible factors (HIFs). Free Radic. Biol. Med. 133, 118–129. doi:10.1016/j.freeradbiomed.2018.07.018
 Hu D. W., Zhang G., Lin L., Yu X. J., Wang F., Lin Q. (2022). Dynamic changes in brain iron metabolism in neonatal rats after hypoxia-ischemia. J. Stroke Cerebrovasc. Dis. 31 (4), 106352. doi:10.1016/j.jstrokecerebrovasdis.2022.106352
 Jomova K., Valko M. (2011). Advances in metal-induced oxidative stress and human disease. Toxicology 283 (2-3), 65–87. doi:10.1016/j.tox.2011.03.001
 Kalogeris T., Bao Y., Korthuis R. J. (2014). Mitochondrial reactive oxygen species: A double edged sword in ischemia/reperfusion vs preconditioning. Redox Biol. 2, 702–714. doi:10.1016/j.redox.2014.05.006
 Kietzmann T. (2019). Liver zonation in health and disease: Hypoxia and hypoxia-inducible transcription factors as concert masters. Int. J. Mol. Sci. 20 (9), E2347. doi:10.3390/ijms20092347
 Kroemer G., Jäättelä M. (2005). Lysosomes and autophagy in cell death control. Nat. Rev. Cancer 5 (11), 886–897. doi:10.1038/nrc1738
 Lakhal-Littleton S., Robbins P. A. (2017). The interplay between iron and oxygen homeostasis with a particular focus on the heart. J. Appl. Physiol. (1985) 123 (4), 967–973. doi:10.1152/japplphysiol.00237.2017
 Lenaz G. (2001). The mitochondrial production of reactive oxygen species: Mechanisms and implications in human pathology. IUBMB Life 52 (3-5), 159–164. doi:10.1080/15216540152845957
 Levi S., Rovida E. (2009). The role of iron in mitochondrial function. Biochim. Biophys. Acta 1790 (7), 629–636. doi:10.1016/j.bbagen.2008.09.008
 Long Y., Yan J., Song G., Li X., Li X. Li Q., et al. (2015). Transcriptional events co-regulated by hypoxia and cold stresses in Zebrafish larvae. BMC Genomics 16 (1), 385. doi:10.1186/s12864-015-1560-y
 Mazure N. M., Pouysségur J. (2010). Hypoxia-induced autophagy: cell death or cell survival?Curr. Opin. Cell Biol. 22 (2), 177–180. doi:10.1016/j.ceb.2009.11.015
 Michiels C. (2004). Physiological and pathological responses to hypoxia. Am. J. Pathol. 164 (6), 1875–1882. doi:10.1016/s0002-9440(10)63747-9
 Mittler R. (2017). ROS are good. Trends Plant Sci. 22 (1), 11–19. doi:10.1016/j.tplants.2016.08.002
 Murphy M. P. (2009). How mitochondria produce reactive oxygen species. Biochem. J. 417 (1), 1–13. doi:10.1042/bj20081386
 Ni H. M., Williams J. A., Ding W. X. (2015). Mitochondrial dynamics and mitochondrial quality control. Redox Biol. 4, 6–13. doi:10.1016/j.redox.2014.11.006
 Ni S., Yuan Y., Qian Z., Zhong Z., Lv T. Kuang Y., et al. (2021). Hypoxia inhibits RANKL-induced ferritinophagy and protects osteoclasts from ferroptosis. Free Radic. Biol. Med. 169, 271–282. doi:10.1016/j.freeradbiomed.2021.04.027
 Oliveira M. F., Geihs M. A., França T. F. A., Moreira D. C., Hermes-Lima M. (2018). Is "preparation for oxidative stress" a case of physiological conditioning hormesis?Front. Physiol. 9, 945. doi:10.3389/fphys.2018.00945
 Palikaras K., Lionaki E., Tavernarakis N. (2018). Mechanisms of mitophagy in cellular homeostasis, physiology and pathology. Nat. Cell Biol. 20 (9), 1013–1022. doi:10.1038/s41556-018-0176-2
 Petrat F., Rauen U., de Groot H. (1999). Determination of the chelatable iron pool of isolated rat hepatocytes by digital fluorescence microscopy using the fluorescent probe, phen green SK. Hepatology 29 (4), 1171–1179. doi:10.1002/hep.510290435
 Qiang J., Zhong C. Y., Bao J. W., Liang M., Liang C. Li H. X., et al. (2019). The effects of temperature and dissolved oxygen on the growth, survival and oxidative capacity of newly hatched hybrid yellow catfish larvae (Tachysurus fulvidraco♀ × Pseudobagrus vachellii♂). J. Therm. Biol. 86, 102436. doi:10.1016/j.jtherbio.2019.102436
 Ramachandran A., Ceaser E., Darley-Usmar V. M. (2004). Chronic exposure to nitric oxide alters the free iron pool in endothelial cells: Role of mitochondrial respiratory complexes and heat shock proteins. Proc. Natl. Acad. Sci. U. S. A. 101 (1), 384–389. doi:10.1073/pnas.0304653101
 Richards J. G. (2011). Physiological, behavioral and biochemical adaptations of intertidal fishes to hypoxia. J. Exp. Biol. 214 (Pt 2), 191–199. doi:10.1242/jeb.047951
 Rishi G., Subramaniam V. N. (2017). The liver in regulation of iron homeostasis. Am. J. Physiol. Gastrointest. Liver Physiol. 313 (3), G157–G165. doi:10.1152/ajpgi.00004.2017
 Rouault T. A. (2006). The role of iron regulatory proteins in mammalian iron homeostasis and disease. Nat. Chem. Biol. 2 (8), 406–414. doi:10.1038/nchembio807
 Salahudeen A. A., Bruick R. K. (2009). Maintaining mammalian iron and oxygen homeostasis: Sensors, regulation, and cross-talk. Ann. N. Y. Acad. Sci. 1177, 30–38. doi:10.1111/j.1749-6632.2009.05038.x
 Schieber M., Chandel N. S. (2014). ROS function in redox signaling and oxidative stress. Curr. Biol. 24 (10), R453–R462. doi:10.1016/j.cub.2014.03.034
 Sena L. A., Chandel N. S. (2012). Physiological roles of mitochondrial reactive oxygen species. Mol. Cell 48 (2), 158–167. doi:10.1016/j.molcel.2012.09.025
 Shadel G. S., Horvath T. L. (2015). Mitochondrial ROS signaling in organismal homeostasis. Cell 163 (3), 560–569. doi:10.1016/j.cell.2015.10.001
 Shah Y. M., Xie L. (2014). Hypoxia-inducible factors link iron homeostasis and erythropoiesis. Gastroenterology 146 (3), 630–642. doi:10.1053/j.gastro.2013.12.031
 Siri-Angkul N., Song Z., Fefelova N., Gwathmey J. K., Chattipakorn S. C. Qu Z., et al. (2021). Activation of TRPC (transient receptor potential canonical) channel currents in iron overloaded cardiac myocytes. Circ. Arrhythm. Electrophysiol. 14 (2), e009291. doi:10.1161/circep.120.009291
 Solaini G., Baracca A., Lenaz G., Sgarbi G. (2010). Hypoxia and mitochondrial oxidative metabolism. Biochim. Biophys. Acta 1797 (6-7), 1171–1177. doi:10.1016/j.bbabio.2010.02.011
 Su L., Zhang J., Gomez H., Kellum J. A., Peng Z. (2022). Mitochondria ROS and mitophagy in acute kidney injury. Autophagy 19, 1–14. doi:10.1080/15548627.2022.2084862
 Suo N., Zhou Z. X., Xu J., Cao D. C., Wu B. Y. Zhang H. Y., et al. (2022). Transcriptome analysis reveals molecular underpinnings of common carp (Cyprinus carpio) under hypoxia stress. Front. Genet. 13, 907944. doi:10.3389/fgene.2022.907944
 Tang M., Huang Z., Luo X., Liu M., Wang L. Qi Z., et al. (2019). Ferritinophagy activation and sideroflexin1-dependent mitochondria iron overload is involved in apelin-13-induced cardiomyocytes hypertrophy. Free Radic. Biol. Med. 134, 445–457. doi:10.1016/j.freeradbiomed.2019.01.052
 Ting Zhang T., Liu Q., Gao W., Sehgal S. A., Wu H. (2021). The multifaceted regulation of mitophagy by endogenous metabolites. Autophagy 18, 1216–1239. doi:10.1080/15548627.2021.1975914
 Valavanidis A., Vlahogianni T., Dassenakis M., Scoullos M. (2006). Molecular biomarkers of oxidative stress in aquatic organisms in relation to toxic environmental pollutants. Ecotoxicol. Environ. Saf. 64 (2), 178–189. doi:10.1016/j.ecoenv.2005.03.013
 Walter P. B., Knutson M. D., Paler-Martinez A., Lee S., Xu Y. Viteri F. E., et al. (2002). Iron deficiency and iron excess damage mitochondria and mitochondrial DNA in rats. Proc. Natl. Acad. Sci. U. S. A. 99 (4), 2264–2269. doi:10.1073/pnas.261708798
 Wei S., Qiu T., Yao X., Wang N., Jiang L. Jia X., et al. (2020). Arsenic induces pancreatic dysfunction and ferroptosis via mitochondrial ROS-autophagy-lysosomal pathway. J. Hazard. Mat. 384, 121390. doi:10.1016/j.jhazmat.2019.121390
 Welker A. F., Moreira D. C., Campos É G., Hermes-Lima M. (2013). Role of redox metabolism for adaptation of aquatic animals to drastic changes in oxygen availability. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 165 (4), 384–404. doi:10.1016/j.cbpa.2013.04.003
 Xie Y., Hou W., Song X., Yu Y., Huang J. Sun X., et al. (2016). Ferroptosis: Process and function. Cell Death Differ. 23 (3), 369–379. doi:10.1038/cdd.2015.158
 Xu M. M., Wang J., Xie J. X. (2017). Regulation of iron metabolism by hypoxia-inducible factors. Sheng Li Xue Bao 69 (5), 598–610.
 Yang L., Wang D., Wang X. T., Lu Y. P., Zhu L. (2018). The roles of hypoxia-inducible Factor-1 and iron regulatory protein 1 in iron uptake induced by acute hypoxia. Biochem. Biophys. Res. Commun. 507 (1-4), 128–135. doi:10.1016/j.bbrc.2018.10.185
 Zhang H., Bosch-Marce M., Shimoda L. A., Tan Y. S., Baek J. H. Wesley J. B., et al. (2008). Mitochondrial autophagy is an HIF-1-dependent adaptive metabolic response to hypoxia. J. Biol. Chem. 283 (16), 10892–10903. doi:10.1074/jbc.M800102200
 Zhang H., Zhao X., Guo Y., Chen R., He J. Li L., et al. (2021). Hypoxia regulates overall mRNA homeostasis by inducing Met(1)-linked linear ubiquitination of AGO2 in cancer cells. Nat. Commun. 12 (1), 5416. doi:10.1038/s41467-021-25739-5
 Zhang B., Pan C., Feng C., Yan C., Yu Y. Chen Z., et al. (2022). Role of mitochondrial reactive oxygen species in homeostasis regulation. Redox Rep. 27 (1), 45–52. doi:10.1080/13510002.2022.2046423
 Zhang Y., Wong H. S. (2021). Are mitochondria the main contributor of reactive oxygen species in cells?J. Exp. Biol. 224 (5), jeb221606. doi:10.1242/jeb.221606
 Zhao M., Wang Y., Li L., Liu S., Wang C. Yuan Y., et al. (2021). Mitochondrial ROS promote mitochondrial dysfunction and inflammation in ischemic acute kidney injury by disrupting TFAM-mediated mtDNA maintenance. Theranostics 11 (4), 1845–1863. doi:10.7150/thno.50905
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Hu, Li, Xu and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-13-925752-g005.gif





OPS/images/fphys-13-925752-g006.gif





OPS/images/fphys-13-925752-g003.gif





OPS/images/fphys-13-925752-g004.gif
e
T :\m\%'

mb_zm.—»—uu.m‘

¢ ©






OPS/images/fphys-13-925752-t001.jpg
Gene name

ta
12
fihi27
fihi28
fihi31

actin

Forward primer

AGCAGCAGACATTGAGTGTC
AGCAGTTTACCTCACACTGAC
TGCGAGGCTTTGATCAACAAG
AAGATGATCAATCTGGAGC
AGGCTGCGATCAACAAGATG
TGTCCCTGTATGCCTCTGGT

Reverse primer

TTTGCTCCATCTACTGTAAC
AGGAATGTTGTCCGGCTCG
TGGCAAATCCAGGAAGAGCC
TTGAAGAACTTGGCAAATCC
AGGAAGAGCCACATCGTC
AAGTCCAGACGGAGGATG






OPS/xhtml/nav.xhtml
Contents

		Cover

		Iron supplementation inhibits hypoxia-induced mitochondrial damage and protects zebrafish liver cells from death		Introduction

		Material and method		Cell culture and treatment

		The determination of cell morphology

		Cell vitality assay

		Western blotting

		Real-time quantitative PCR analysis

		Intracellular ROS measurement

		Detection of lipid peroxidation level

		Mitochondria-derived ROS determination

		Mitochondrial iron determination

		Intracellular iron determination

		RNA sequencing and analysis

		Analysis of mitochondrial membrane potential

		Mitochondrial tracking

		Lysosomal tracking

		Statistical analysis





		Results		Hypoxia inhibits cell growth and ROS production, leading to iron deficiency in cytoplasm and mitochondria

		Iron homeostasis is important for ZFL cells to respond to hypoxic stress, which is independent of ferroptosis

		Iron supplementation restored ROS levels and reduced mitochondrial damage of ZFL cells under hypoxia

		RNA-seq analysis revealed iron supplementation improved mitophagy

		Iron supplementation restores mitochondrial function under hypoxia stress

		ZF4 cells showed different patterns of iron responses under hypoxic condition





		Discussion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
, frontiers ‘ Frontiers in Physiology

Iron supplementation inhibits
hypoxia-induced mitochondrial
damage and protects zebrafish
liver cells from death





OPS/images/fphys-13-925752-g001.gif





OPS/images/fphys-13-925752-g002.gif
o

2t

it e

o










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





