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Purpose: Chronic intermittent hypoxia (CIH) related arterial endothelium injury is a common cause of cardiovascular system injury.
However, the mechanism still needs to be clarified. In this study, we aimed to clarify the role and mechanism of ferrostatin-1 (Fer-1) in
CIH-related rat arterial endothelial cells (ROAEC) ferroptosis.

Methods: ROAEC was divided into control group, CIH group, and CIH+ Fer-1 group. Cell viability was detected by cell counting kit
8 kits (CCKS). The apoptotic rate, reactive oxygen species (ROS) levels, Fe2+ levels, and lipid ROS levels were detected by flow
cytometry. Malondialdehyde (MDA) levels and nicotinamide adenine dinucleotide (NAD+)/NADH ratio were detected via Elisa kits.
The mRNA and protein levels of cystine/glutamate antiporter solute carrier family 7 member 11 (SLC7A11) and glutathione
peroxidase 4 (GPX4) were detected by qRT-PCR and Western blot. Mitochondrial structure and function were observed by
transmission electron microscope (TEM) and mitochondrial membrane potential (MMP). Central carbon metabolism was measured
to compare metabolites among each group.

Results: After the CIH exposure, ROAEC cell viability decreased; The levels of cell apoptosis, ROS, Fe2+, MDA, and lip ROS
increased; The levels of NAD+/NADP ratio decreased; The mRNA and protein levels of GPX4 and SLC7A11 decreased (all p<0.05).
Co-cultured with Fer-1 reversed the levels of apoptosis rate, cell viability, ROS, Fe2+, MAD, lipid ROS, NAD+/NADH ratio and the
mRNA and protein expression of GPX4 and SLC7A11 (all p<0.05). The TEM results showed that damaged mitochondrial membrane
and the matrix spillover in the CIH group. The results of the JC-1 assay showed decreased MMP in the CIH group. Fer-1 treatment
ameliorated the mitochondrial injury. The results of central carbon metabolism found that CIH altered the metabolites in the TCA
cycle, which were reversed by Fer-1 treatment.

Conclusion: CIH-induced ferroptosis in ROAEC, which were reversed by Fer-1 via reprogramming mitochondrial function.
Keywords: obstructive sleep apnea, chronic intermittent hypoxia, arterial endothelium injury, ferroptosis, mitochondrial function

Introduction

Obstructive Sleep Apnea (OSA) is an independent risk factor for cardiovascular diseases such as hypertension, coronary
heart disease, and heart failure." The characteristic of OSA is chronic intermittent hypoxia (CIH), which results from the
repetitive collapse of the upper airway with oxygen desaturation;> Growing evidences indicated that CIH-induced arterial
endothelial injury was an important pathophysiological process of CIH-related vascular lesions, such as
atherosclerosis.* Activated local and systemic inflammatory responses, and mitochondria-dependent apoptotic path-
ways, were the early pathogenesis of CIH-associated atherosclerosis.>

Figure S1). The pattern and time of chronic intermittent hypoxia were the same as CIH group.
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Cell Viability Assay
We used a cell counting kit-8 assay (CCK-8) (Beyotime, C0037, China) to test cell viability. The ROAEC were added to
the 96-well plate with 5 multiple wells in each group. After molding, 10uL. CCK-8 solution was added to each well.

After incubating for 2 h at 37°C, the absorbance was detected by a microplate reader at 450nm. The results were
calculated by the following formula: (Experimental group-blank control)/(negative control-blank control) x 100%.

Apoptosis Assay

After the CIH model, cells were collected in 1.5 mL ep tubes, washed with PBS thrice, and then resuspended in 200ul
binding buffer with 10 uL PI and 5 pL Annexin V-FITC (Beyotime, C10625, China). After 10 minutes incubated at room
temperature, the apoptosis rates were detected by C6 flow cytometry.

ROS Assay

ROS levels were measured via ROS assay (Beyotime, S00335, China). ROAEC were planted in the 6-well plate. After
the CIH modeling, cells were collected into a 1.5 mL ep tube. 2°,7’-Dichlorodihydrofluorescein diacetate (DCFH-DA)
was added to each ep tube. After being incubated for 20 min in a 37°C incubator, cells were washed by non-serum
DMEM thrice, suspended with serum-free DMEM, and tested by flow cytometry.

Detection of the Intracellular Fe2+ Level

FerroOrange (F-374, Dojindo, China) was used to detect the Fe?" level in different groups. Cells were collected into
1.5 mL ep tubes, washed with non-serum DMEM, then incubated at 37°C incubator with 1 uM FerroOrange for 30 min
and tested by flow cytometry.

Malondialdehyde (MDA) Assay

To assess the levels of MDA, an MDA detection kit was utilized. The cells were seeded in a 10 cm dish, and collected in
a 5 mL EP tube after the modeling process. According to the manufacturer’s instructions, the samples and reagent were
prepared. The absorbance at 532 nm and 600 nm was then measured by a microplate reader. Subsequently, the MDA
levels were calculated using the standard curve.

Measurement of Lipid Peroxidation

The cells were seeded in the 6-well-plate. After CIH modeling, the cells were collected in the 1.5EP tube, and washed by
non-serum DMEM three times. Then incubated in the 1 pM of 4.4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-
diazas-indacene-3-undecanoic acid (C11-BODIPY 581/591) (Thermo Fisher, USA) for 30 min in the 37°C incubator.
Washed by non-serum DMEM three times, and tested by flow cytometry.

Detection of Nicotinamide Adenine Dinucleotide (NAD+)/NADH Ratio

The NAD+/NADH ratio was detected using a NADP+/NADH assay kit with WST-8 (Elabscience). Cells were seeded in
a 6-well plate, washed with pre-cold PBS, and collected in the 1.5 EP tube. Follow the instructions to prepare the samples
and reagents, and then add the sample and reagent to the labeled plate. For NADH detection, the samples should be
incubated at 60°C for 30 minutes to remove NAD+. After incubating for 30 minutes at 37°C, the absorbance was
detected by a microplate reader at 450nm. NAD,,; and NADH were calculated using the standard curve. NAD+/NADH
ratio= (NADy1 -NADH)/NADH*100%.

Metabolites Analysis

2*107 cells were collected in each group. After centrifugation, the cells were stored in liquid nitrogen for 30s and kept at
—80°C. Metabolites were immediately extracted, and targeted metabolomics analysis of central carbon metabolism was
performed. After adding 500 pL precooled MeOH/H20 (3/1, v/v), the samples were precooled in dry ice and repeated
freeze-thaw in liquid nitrogen three times; a 400 pL aliquot of the clear supernatant was collected and dried by spin.
Then, the samples were reconstituted with 200 uL of purified water. Reconstituted samples were vortexed before
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filtration through the centrifuge tube filter and were subsequently transferred to inserts in injection vials for HPIC-MS
/MS analysis. The HPIC separation was carried out using a Thermo Scientific Dionex ICS-6000 HPIC System (Thermo
Scientific), equipped with Dionex IonPac AS11-HC (2x 250 mm) and AGI11-HC (2 mmx50 mm) columns. An AB
SCIEX 6500 QTRAP+ triple quadrupole mass spectrometer (AB Sciex), equipped with an electrospray ionization (ESI)
interface, was applied for assay development. Heat map R package (corrplot) (version 0.89) was used to analyze the heat

map of central carbon metabolism.

qRT-PCR

The Total RNA Isolation Kit V2 (Vazyme, China) was used to extract RNA. The HiScript III All-in-one RT SuperMix
Perfect for qPCR (Vazyme, R333-01, China) was used to reverse transcribe cDNA. RT-qPCR was performed on an (ABI
QuantStudio 5) ABI 7500 thermocycler (Applied Biosystems, Foster City, CA, USA) by using the SYBR Green PCR
Master Mix (Vazyme, Q712, China). GPX4 and SLC7A11 were detected. Table 1 shows the appropriate primers. The
relative expression levels of mRNA were calculated via the 2-A(CT) method.

Western Blotting

Radio Immunoprecipitation Assay (RIPA) lysis buffer (Beyotime, China) was used to extract proteins. A BCA protein
concentration kit (Beyotime, China) was used to detect protein concentration. Then we made Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (Meilunbio, China) to separate the proteins. Electrophoresis transfers
the protein molecules to the membrane (Millipore, 150 Billerica, MA, USA). Then, the membranes were soaked in 5%
nonfat dry milk powder and dissolved in Tris Buffer Solution Tween (TBST) (servicebio, GO001-2L, China) for 2 h. The
primary antibodies SLC7A11l (solute carrier family 7 member 11, Abcam, ab175186, 1:1000), GPX4 (glutathione
peroxidase 4, Abcam, ab252833, 1:1000), and B-actin (Abcam, ab5694, 1:1000) were then incubated at 4 °C overnight.
After being washed with TBST, the membranes were incubated with goat anti-rabbit IgG secondary antibody (Abcam,
ab205718, 1:10,000) at room temperature for 1 h and then washed with TBST thrice. Some of the blots were divided
before soaking in antibodies. With the help of an improved ECL kit (Meilunbio, MA0186-1, China), the images were
taken and analyzed by Image J.

Transmission Electron Microscopy

After modeling, discarding the culture medium, and adding electron microscope fixation solution at 4°C for 2—4h, cells
were collected after low-speed centrifugation. Samples were embedded in 1% agarose and rinsed with 0.1m phosphate
buffer thrice, each 15 min. They were then fixed in the 1% osmic acid with 0.1m phosphate buffer mixture at room
temperature. They were then rinsed with 0.1m phosphate buffer thrice, each 15min. The samples were successively
dehydrated with 30-50-70-80-95-100-100% alcohol for 15 min each time, and 100% acetone twice for 15 min each time
at room temperature. After embedding, ultrathin sections were cut into 70nm, stained with lead citrate, and photographed
by a transmission electron microscope (Hitachi, HT7700, Japan).

Table | PCR primer sequence

Genes Primer sequence

Rat-GPX4 F: CCGCTGTGGAAGTGGATGAAGATC
R: CTTGTCGATGAGGAACTGTGGAG
Rat-SLC7AIll | F: CCTGTTGTGTCCACCATCTC

R: GATGAAGATTCCTGCTCCAATGA
Rat-B-ACTIN | F: TGGCACCCAGCACAATGAA

R: CTAAGTCATAGTCCGCCTAGAAGCA
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Detection of Mitochondrial Membrane Potential

JC-1 assay (Beyotime, C2006, China) was used to test mitochondrial membrane potential (MMP). JC-1 working solution
was prepared according to the instructions, then was added 500 pL into each group, mixed, and incubated at 37°C for 20
min. After centrifugation at 300g/min for 5 min, the supernatant was dropped and washed twice with precooled 1*JC-1
Assay Buffer. The cells were re-suspended by 1*JC-1 Assay Buffer and then detected by flow cytometry.

Statistical Analysis

Results were all shown as mean + standard deviation. Statistical analysis was performed using GraphPad Prism 7.0
(GraphPad Software Inc., USA). Student--test was used for statistical analysis between the two groups, and P < 0.05 was
considered statistically significant.

Results
CIH-induced ROAEC Injury and Ferroptosis

After being exposed to the CIH condition for 36 h, the apoptotic rate, the levels of ROS, the levels of Fe2+, the levels of
lipid ROS, and the levels of MDA (Figure 1A-D, Figure 1H) increased remarkably comparing with the control group (all
p < 0.05). The cell viability of ROAEC and the NAD+/NADH ratio reduced significantly after 36 h CIH exposure
(Figure 1E and I) (p < 0.05). The mRNA and protein levels of GPX4 and SLC7A11 were significantly declined in the
CIH group comparing with the levels in the control group, both p < 0.05, as shown in Figure 1F—G. The original Western
blotting images are shown in Figure S2.

Fer-1 Alleviated CIH-related ROAEC Injury and Ferroptosis

After being co-treated with CIH and Fer-1, the apoptosis rate, the levels of ROS, the levels of Fe**, the levels of lipid
ROS, and the levels of MDA (Figure 2A-D, Figure 2H) decreased; while the cell viability and the NAD+/NADH ratio
increased comparing with the CIH group (Figure 2E, Figure 21) (all p < 0.05). In the CIH + Fer-1 group, the mRNA and
protein levels of GPX4 and SLC7A11 increased, comparing with the levels in the CIH group (Figure 2F-G) (both p <
0.05). The original Western blotting images are shown in Figure S3.

Fer-1 Alleviated CIH-Induced Mitochondrial Structure and Function Injury

To observe the mitochondrial structure and function, we performed TEM and MMP detection. TEM results showed that
comparing with the control group, the mitochondrial membrane was damaged, and matrix spillover was observed in the
CIH group (Figure 3A). The result of the JC-1 assay showed that MMP in the CIH group was lower than that in the
control group (Figure 3B). After co-treatment with Fer-1, the damage of mitochondrial structure and MMP induced by
CIH were reversed (Figure 3C-D).

Fer-1 Alleviated CIH-Induced Metabolism Disorder in Mitochondria

Mitochondria are the important sites for energy metabolism in cells. To further explore the role of mitochondria energy
metabolism in CIH-related ferroptosis, a high-throughput target metabolomics- central carbon metabolism was
performed. Hierarchical clustering was performed to reveal the different expression levels of the carbon metabolism
products in the CIH group and control group, as shown in Figure 4A. Metabolites of central carbon metabolism include
the major metabolites of TCA cycle, glycolysis, and pentose phosphate pathways (PPP). The study found that after Fer-1
treatment, the metabolites of the TCA cycle decreased significantly; however, metabolites of glycolysis and PPP were
generally elevated, as shown in Figure 4C.

The tricarboxylic acid (TCA) cycle is an enzyme pathway located in the mitochondrial matrix. Differentially
expressed key metabolites in the TCA cycle were screened, as shown in Figure 4B. The expression levels of alpha-
ketoglutaric acid (aKG), succinic acid, fumaric acid, malic acid, 2-Oxobutanoic acid, and cis-Aconitic acid were
compared among each group. CIH exposure increased the levels of metabolite in the TCA cycle. The metabolite levels
in the TCA cycle decreased in the Fer-1+CIH group, compared to the CIH group, as shown in Figure 4D (all p < 0.05).
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Figure | CIH-induced ROAEC injury and ferroptosis. (A), the apoptosis rate in the CIH group and control group; (B), the ROS levels in CIH group and control group; (C),
the Fe2+ levels in CIH group and control group; (D), the lipid ROS levels in CIH group and control group; (E), the cell viability of ROAEC decreased in CIH group and
control group; (F), The mRNA levels of GPX4 and SLC7AI | in CIH group and control group; (G), the protein levels of GPX4 and SLC7AI | in CIH group and control group;
(H), the MDA levels in CIH group and control group; (), the NAD+/NADH ratio in CIH group and control group. Data were repeated at least three times and shown as the
mean + SD. *p < 0.05; **p < 0. 0l; **p < 0. 001; ****p < 0. 0001.

Discussion
The current investigation demonstrated that CIH exposure induced ferroptosis in ROAEC. The injury can be effectively
inhibited by ferroptosis inhibitor Fer-1. Furthermore, mitochondrial morphology, function, and the metabolites in the
TCA cycle were changed in the CIH treated ROAEC, which could be reversed by Fer-1.

Ferroptosis, a new type of cell-programmed death, featured Fe2+ overload, with excess ROS, lipid peroxidation, and
Fenton response.”® Previous studies confirmed ferroptosis involved in CIH-induced liver injury and lung injury, but few
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research referred to CIH-related arterial endothelial cell ferroptosis. In this study, we established a CIH cell model to
simulate OSA. Changes in apoptosis rate and cell viability confirmed the occurrence of CIH-related ROAEC injury.
Compared to the control group, we found that the mRNA and protein levels of GPX4 and SLC7A11 changed in the CIH
group. GPX4 is considered a central inhibitor of ferroptosis dominated by selenium and GSH,** and its activity depends
on glutathione produced by SLC7A11 activation.”> SLC7A11, a cystine/glutamate antitransporter component, is involved
in regulating the exchange of equal amounts of intracellular glutamate and extracellular cystine and in regulating
ferroptosis induced by reactive oxygen species (ROS).?2” In this study, down-regulated GPX4 and SLC7A11 genes,
elevated levels of ROS, lipid ROS, MDA, and Fe%, confirmed the occurrence of ferroptosis after CIH treatment. The
morphological changes of mitochondria are important features of ferroptosis. In this study, the mitochondrial membrane
destruction, matrix efflux, and MMP changes all suggested the mitochondrial destruction caused by CIH, which further
confirmed the occurrence of ferroptosis.

Mitochondria are the “energy factories” of cells, supplying them with ATP through oxidative phosphorylation.
Mitochondria-dependent vascular endothelial cell injury was an important early pathogenesis of CIH-associated
atherosclerosis.”® Increasing evidences suggested that mitochondrial damage caused by the mitochondrial metabolic
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disorder and mitochondria-mediated ROS production were necessary for lipid peroxidation and ferroptosis.'*?4%*3!

ROS affected metabolism through TCA cycling and electron transport complex by interfering with the activity of iron-
containing enzymes in mitochondria.**>* Liu et al found that mitochondrial function promoted erastin-induced ferrop-
tosis cells in non-small cell lung cancer cells.>* In our study, we found that mitochondrial structure and function were
injured, and the expression of several metabolites aKG, succinic acid, fumaric acid, and malic acid in the TCA cycle
increased. There are a few studies that focus on the relationship between the TCA metabolites and CIH-related
ferroptosis. This study has a certain novelty. The metabolite analysis in our study found that the key metabolites in
the TCA cycle were up-regulated. aKG, as the TCA cycle metabolite immediately downstream of glutaminolysis, could
replace glutamine for cysteine deprivation-induced lipid ROS accumulation and ferroptosis. Succinic acid, fumaric acid,
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Figure 4 Fer-l ameliorated CIH-induced metabolism abnormalities in the TCA cycle. Hierarchical clustering of significantly regulated metabolites of central carbon
metabolism among the control group and CIH group (n = 6, biological replicates).(A) color scale indicates relative metabolite levels: red for up-regulated, blue for down-
regulated. (B), Schematic of altered metabolites in TCA cycle.(C), Hierarchical clustering of significantly regulated metabolites of central carbon metabolism among the
control group, CIH group, and CIH+Fer-1 group (n = 6, biological replicates). A color scale indicates relative metabolite levels: red for up-regulated, blue for down-regulated.
(D), CIH increased the levels of metabolites in the TCA cycle. Fer-1 treatment alleviated the increase of metabolites induced by CIH. Data are shown as the mean # SD.
Compared with the control group, *p < 0. 01, **p < 0. 001, **¥p < 0. 0001; Compared with the CIH group, ### p < 0. 001, ####p < 0. 0001.

and malic acid were the TCA metabolites downstream of aKG.? They all could replace the role of glutamine in lipid
ROS accumulation. The canonical metabolic function of mitochondria was lipid ROS generation, which was the
prerequisite of ferroptosis; and inhibition of the TCA cycle relieved ferroptosis.” In addition, increased lipid ROS and
decreased NAD+/NADH in the CIH group further confirmed that the increased activity of important metabolites in the
TCA cycle led to ROS accumulation. Then the large amounts of ROS accumulation led to MMP decrease, mitochondrial
structure destruction,®” and ferroptosis.

Fer-1, a synthetic antioxidant, acts via a reductive mechanism to prevent the injury to membrane lipids and thereby
inhibits cell death. In this study, the biomarkers of ferroptosis and cell viability were reversed after co-culturing with Fer-1,
which further confirmed that ferroptosis modulated CIH-associated vascular endothelial cell injury in ROAEC. We further
analyzed the potential mechanism of Fer-1 treatment. Previous studies reported that the inhibition of the mitochondrial TCA
cycle or electron transport chain (ETC) reduced MMP hyperpolarization, lipid peroxidation accumulation, and ferroptosis.*’
Similar to the previous study, the Fer-1 treatment reversed the levels of metabolites in the TCA cycle, the levels of ROS, and
the levels of lipid ROS in the manuscript. The central carbon metabolites in this study included the major metabolites of TCA
cycle, glycolysis, and pentose phosphate pathways (PPP). The study found that after Fer-1 treatment, the metabolites of the
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Figure 5 Possible molecular mechanisms of Fer-1 reversing CIH-induced ferroptosis in aortic endothelial cells. In ROAEC, after CIH treatment, the activity of important
metabolites in the TCA cycle increased, which led to the accumulation of lipid ROS, the changes in mitochondrial membrane potential, and disruption of mitochondrial
structure, eventually led to ferroptosis. Co-treatment with Fer-| reversed ferroptosis via reprogramming the metabolites of the TCA cycle and mitochondrial function.

TCA cycle decreased significantly. However, metabolites of glycolysis and PPP were generally elevated. These results
suggested that Fer-1 did not reverse glycolysis and PPP. The level of lipid ROS is closely related to the intensity of the Fenton
reaction. The reduction of lipid ROS thus reduced the MMP and alleviated mitochondrial structure injury. The reprogram-
ming of mitochondrial function finally reversed CIH-associated ferroptosis. The possible mechanisms are shown in Figure 5.
Fer-1 may be a potentially promising compound for CIH-associated cardiovascular injury.

There are some limitations in this study. The study was limited to cell experiments. There may be some differences in
the results of in vitro and in vivo studies. So, we will confirm the role of Fer-1 in CIH-associated cardiovascular injury
through animal experiments in the future.

Conclusion
CIH-induced ROAEC ferroptosis. Fer-1 reversed the levels of TCA metabolites, then decreased ROS accumulation and
mitochondrial structure breakage, and in the end reversed the occurrence of CIH-induced ferroptosis in ROAEC.

Abbreviations

OSA, obstructive sleep apnea; CIH, chronic intermittent hypoxia; Fer-1, ferrostatin-1; ROAEC, Rat arterial
endothelial cells; SLC7AL1l, cystine/glutamate antiporter solute carrier family 7 member 11; GPX4, glutathione
peroxidase 4; CCK-8, cell counting kit-8; ROS, reactive oxygen species; COPD, chronic obstructive pulmonary
disease; DMEM, Dulbecco’s Modified Eagle’s Medium; DCFH-DA, 2’,7’-Dichlorodihydrofluorescein diacetate;
TEM, transmission electron microscope; RIPA, Radio Immunoprecipitation Assay; SDS-PAGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; TBST, Tris Buffer Solution Tween; PBS, phosphate-buffered saline;
TCA, tricarboxylic acid cycle; MMP, mitochondrial membrane potential; aKG, alpha-Ketoglutaric acid; NAD+,
nicotinamide adenine dinucleotide; MDA, Malondialdehyde; C11-BODIPY 581/591, 4,4-difluoro-5-(4-phenyl-
1,3-butadienyl)-4-bora-3a,4a-diazas-indacene-3-undecanoic acid; PPP, pentose phosphate pathways.
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