Mitochondrial-derived peptide MOTS-c rescues vascular endothelial damage via PLA2G6 in diabetic retinopathy
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Supplementary Materials and Methods
Reagents
Human-derived MOTS-c peptide consisting of MRWQEMGYIFYPRKLR amino acid residues (#E2032) was purchased from Selleck (Texas, USA). Mice-derived MOTS-c (MKWEEMGYIFL) [1, 2] was synthesized by ChinaPeptides (QYAOBIO, Suzhou, China). Mouse and rabbit antibodies against MOTS-c were purchased from Cloud-Clone (#PAX132Hu01, #PAX132Mu01, Wuhan, China) and MyBioSource (#MBS542112; San Diego, USA). Antibodies against PGC-1α (#A20995), MFN2 (#A19678), OPA1(#A9833), DRP1 (#A21968), COX IV (#A11631), TOM20 (#A19403), Occludin (#A24601), β-catenin (#A19657), PRDX6 (#A2031), GPX4 (#A1933), LC3B (#A19665), Fis1 (#A19666) and β-actin (#AC050) were purchased from ABclonal (Wuhan, China). Mouse and rabbit antibodies against VE-Cadherin were purchased from eBioscience (#14-1449-82; San Diego, USA) and ABclonal (#A0734PM). Mouse and rabbit antibodies against ZO-1 were purchased from Proteintech Group (#66452-1-Ig, Wuhan, China) and Invitrogen (#YF374758, Illinois, USA). Antibody against PLA2G6 was purchased from Santa Cruz Biotechnology (#sc-376563, CA, USA). Antibody against CD31 was purchased from Abcam (#ab281583, Cambridge, UK). Antibodies against PINK1 (#6946) and Parkin (#4211) were purchased from Cell Signaling Technology (Massachusetts, USA). TrypLE™ Express (#12605010), secondary antibodies conjugated with Alexa Fluor™ 555 (#A31572), and Alexa Fluor™ Plus 488 (#A32766) were purchased from ThermoFisher (Illinois, USA). Fluorescein labeled Griffonia Simplicifolia Lectin I isolectin B4 (IB4) was purchased from VectorLabs (#FL-1201-5; CA, USA). Malondialdehyde Content Assay Kit (#BC0025) was obtained from Solarbio (Beijing, China). Lipid Peroxidation Assay Kit with BODIPY 581/591 C11 (#S0043S) were purchased from Beyotime (Shanghai, China). Dual Label Three-Color Multiplex Fluorescence Staining Kit (#AFIHC023), and secondary antibodies conjugated with HRP (#AFSA001, #AFSA004) were purchased from AiFang Biological (Changsha, China). The primers were synthesized by GenScript (Nanjing, China) and detailed in Table S2.
Cellular immunofluorescence staining and mitochondrial imaging
HRECs were cultured on glass-bottom dishes (Cellvis), and fixed with either 4% PFA at RT or methanol at 4 ℃ for 10 min. For VE-cadherin and β-catenin staining, HRECs were seeded on fibronectin (#F8180, Solarbio) -coated dishes, and maintained at full confluence for at least 2 days before staining. Cells were permeabilized with 0.1% Triton X-100 for 10 min, blocked with PBS containing 5% donkey serum and 1% BSA for 1 h, incubated at 4 ℃ overnight with primary antibodies against VE-cadherin, β-catenin, or MOTS-c, followed by incubation with Alexa Fluor-conjugated secondary antibodies for 1 h at RT. Nuclear staining was performed using 4’,6-diamidino-2-phenylindole (DAPI; #P0131; Beyotime). 
For mitochondrial imaging, HRECs were incubated with 250 nM MitoTracker Deep Red FM (#M22426, ThermoFisher) according to the manufacturer’s protocol, followed by counterstaining with Hoechst 33342 (#C1027, Beyotime). Mitochondrial membrane potential was evaluated using the JC-1 assay kit (#M8650, Solarbio) according to the manufacturer’s instructions. Fluorescence signals were observed and captured within 1 h under a confocal laser scanning microscope (FLUOVIEW FV3000, Olympus, Tokyo, Japan). Mitochondrial morphology was analyzed by Mitochondria Analyzer plugin [3] of ImageJ software (National Institutes of Health, USA) [4]. The ratio of red to green fluorescence intensity was calculated to evaluate changes in mitochondrial membrane potential. 
Measurement of reactive oxygen species (ROS)
Intracellular ROS levels were detected using the fluorescent probe DCFH-DA (10 mM; #S0033S, Beyotime). Mitochondrial superoxide levels were evaluated by incubating HRECs with 0.5 μM MitoSOX Red (#M36007, ThermoFisher) working solution. Following staining, cells were counterstained with Hoechst 33342 and imaged within 1 h using a confocal microscope. For quantitative analysis, the mean fluorescence intensity of each field was measured using ImageJ software (National Institutes of Health, USA) to evaluate ROS levels [5]. 
Fluorescein isothiocyanate (FITC)-dextran leakage assay
Endothelial barrier permeability in vitro was evaluated using FITC-dextran leakage assay. HRECs were seeded into the upper chambers of 24-well Transwell plates (pore size 0.4 μm; #TSC016024, BIOFIL, Guangzhou, China) and cultured until a confluent monolayer was established. FITC-dextran (70kDa, 1 mg/mL; #MS0905, MKBio, Shanghai, China) was added to the upper chamber, and fluorescence intensity of the culture medium was measured after 4 h using a microplate reader. FITC-dextran concentrations were determined according to a standard curve [6]. Endothelial permeability was calculated as the mean rate of FITC-dextran transendothelial exchange (%FD70 = lower fluorescence intensity/upper fluorescence intensity) according to previous study [7].
Evans blue dye leakage
Retinal vascular leakage was determined using Evans blue dye as detailed previously [8, 9]. Briefly, after injection of 45 mg/kg Evans blue (#E2129, Sigma-Aldrich) via the tail vein and full circulation for 2 h, the eye cups were collected and fixed by 4% PFA for 30 min at RT, and then the retinas were carefully dissected from eye cups and flat-mounted. To quantify Evans blue leakage, each retina was incubated in formamide (0.2 mL per retina; #F7503, Sigma-Aldrich) at 78 ℃ overnight to extract the dye. The concentration of Evans blue in the extracts was measured using a microplate reader. Representative pictures were captured by confocal microscopy.
Enzyme-linked immunosorbent assay analysis for MOTS-c
The supernatant of HRECs was collected following the exposure to either HG or NG condition. Vitreous samples were obtained from 11 patients undergoing vitrectomy for DR and 10 patients with macular hole or epiretinal membranes not related to diabetes by pars plana vitrectomy with single surgeon (ZX) using a previously described technique [10, 11]. Approval was received from the Ethical Committee of Nanjing Drum Tower Hospital for the establishment of a repository for the collection of the vitreous samples and for the ELISA analysis performed in this paper. All research adhered to the tenets of the Declaration of Helsinki. All patients sighed informed consent forms prior to their inclusion. The mean age of the participants at recruitment was 66.8 ± 10.6 years (9 males and 12 females). The DR patients included were younger than control group (60.0±10.1 vs. 74.2±4.4 yrs, P<0.001), but the genders were comparable (male/female = 6/5 vs. 3/7, P=0.387). All the samples centrifuged at 1,000 × g for 10 min at 4 °C to remove cellular debris and then stored at -80 °C until further analysis. ELISA kits for detection of human MOTS-c (#RK01872, ABclonal) were performed following the manufacturer’s instructions.
Total RNA and DNA isolation and quantitative real-time PCR analysis
Total RNA was isolated from HRECs using FreeZol reagent (#R711, Vazyme, Nanjing, China). Reverse transcription was performed using 800 ng of RNA with the HiScript Ⅱ Q RT SuperMix for qPCR (#R233-01, Vazyme) to generate complementary DNA. Quantitative real-time PCR was subsequently carried out using ChamQ SYBR Color qPCR Master Mix (#Q431-02, Vazyme) on QuantStudio™ 6 Flex Real-Time PCR system (Applied Biosystems, US). Relative gene expression levels were calculated using the 2−ΔΔCt method [12] and normalized to HPRT1 as an internal control. 
Total DNA was extracted from HRECs using the FastPure Blood/Cell/Tissue/Bacteria DNA Isolation Mini Kit (#DC112-01, Vazyme) according to manufacturer’s instructions. The mtDNA copy number was determined by real-time quantitative PCR and normalized to nuclear DNA level in a total reaction volume of 20 μL containing 100ng template DNA and 0.5 μM of each primer. PCR amplification was conducted with an initial denaturation step of 60 s at 75 ℃, followed by 40 cycles of 95 ℃ for 15 s, 60 ℃ for 60 s, and 72 ℃ for 60 s, with a final extension at 72 ℃ for 10 min [13]. The relative mtDNA content was calculated based on the ratio of mitochondrial gene MT-ND1 to nuclear gene ACTB using the 2−ΔΔCt method.
Histological, immunohistochemical, and immunofluorescence staining
Mouse eyeballs were carefully enucleated and fixed in FAS Eyeball Fixative Solution at 4 ℃ for 24 h. After dehydration and paraffin embedding, 5-μm retinal sections were prepared and subjected to hematoxylin and eosin (H&E) staining following standard protocols. For retinal trypsin digestion, the mouse eyeballs were fixed with 4% paraformaldehyde (PFA) and isolated retinas were incubated in 3% trypsin solution at 37 ℃ as previously described [14]. The isolated retinal vascular networks were subsequently stained with PAS-hematoxylin. The number of acellular capillaries was counted according to an established method in non-overlapping fields and was normalized against the capillary network area (number per mm2) [15-17].
For immunohistochemical and immunofluorescence staining, antigen retrieval was performed using citrate buffer (pH 6.0) under high-temperature conditions. Tissue sections were then blocked with PBS containing 5% goat serum, 1% BSA and 1% TritonX-100 for 30 min at room temperature (RT). Primary antibodies against MOTS-c, PLA2G6, COX IV, TOM20, CD31, or other indicated markers were incubated overnight at 4 ℃ in blocking solution. After washing, the sections were incubated with Polymer-HRP-conjugated secondary antibodies and visualized using TSA fluorescent dye. Nuclear counterstaining was performed with DAPI, and fluorescence images were captured using a confocal microscope. All images were analyzed by an investigator who was completely blinded to the experimental group allocation.
Western blot analysis
Each aliquot of protein from each sample were separated by SDS-PAGE and subsequently transferred onto PVDF membranes. After blocking, membranes were incubated overnight at 4 ℃ with primary antibodies listed in Table S3. The membranes were then incubated with HRP-conjugated secondary antibodies for 2 h at RT. Protein bands were visualized using enhanced chemiluminescence reagents. β-actin was served as loading control for total proteins. The density of each band was quantified by ImageJ software, and the results were expressed as the fold changes relative to the control.
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Supplementary Figures
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Figure S1. MOTS-c treatment in STZ-induced diabetic mice. (A) Schematic depiction of MOTS-c treatment in STZ-induced diabetic mouse mode. The sample size was chosen based on the minimum number of animals required to obtain meaningful biological data, in accordance with the 3Rs principles (Replacement, Reduction, Refinement). Mice were randomly assigned to experimental groups using a computer-generated random number sequence. (B-C) The measurement of blood glucose levels and body weight. The data are expressed as the mean±SD using bars. #P<0.05, ##P<0.01, ###P<0.001 DR vs. DR+MOTS-c.
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Figure S2. MOTS-c regulates mitochondrial homeostasis. (A-B) Representative Western blotting along with densitometric analysis of PINK1, Parkin, Fis1 and LC3 in mouse retina. *P<0.05, **P<0.01, ***P<0.001 WT vs. DR; #P<0.05, ##P<0.01, ###P<0.001 DR vs. DR+MOTS-c. (C) Schematic diagram of mitochondrial dysfunction under HG condition (top) and MOTS-c regulating mitochondrial homeostasis (bottom). Under HG condition, the MQC system exhibits a systemic disruption, characterized by: (1) reduced mitochondrial biogenesis (PGC-1α downregulation); (2) impaired mitochondrial fusion (OPA1 and MFN2 downregulation); (3) enhanced midzone fission (DRP1 upregulation) coupled with reduced peripheral fission (Fis1 downregulation); and (4) global suppression of the Parkin‑mediated mitophagy (both PINK1 and Parkin downregulated), accompanied by an aberrant elevation of the LC3-II/I ratio, suggesting that the selective clearance of damaged mitochondria is compromised, whereas the upregulated non‑selective autophagy likely contributes to cellular injury. These multifaceted MQC defects collectively result in mitochondrial dysfunction, while MOTS-c treatment reverses these abnormalities and restores mitochondrial homeostasis. 
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Figure S3. MOTS-regulates phospholipid metabolism in HRECs with high-glucose-induced injury. (A) Heat maps of lipidomic analyses showed the expression patterns of significantly differential lipid molecular in HRECs following MOTS-c or vehicle treatment under HG conditions (n=6).
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Figure S4. MOTS-c improves the transcriptional activity of PLA2G6. (A) Quantification of MOTS-c immunofluorescence intensity (fold change to NG). (B) Representative images of MOTS-c immunofluorescence staining in HRECs. Magnified images showed increased nuclear localization of MOTS-c after MOTS-c treatment under HG conditions. Scale bars = 20 µm. (C) RT-qPCR detection of PLA2G6, PLB1 and PLAAT4 in HRECs (relative to NG group). The data are expressed as the mean±SD using bars with scatter dot plots. *P<0.05, **P<0.01, ***P<0.001 NG vs. HG; #P<0.05, ##P<0.01, ###P<0.001 HG vs. HG+MOTS-c. (D) Dual-luciferase reporter gene assay: The Dual-Glo® Luciferase Assay System (Cat #E2920, Promega, Madison, USA) was used to measure the firefly luminescence and Renilla luminescence 48h after cell transfection. All luminescence readings were normalized to Renilla activity to correct for transfection efficiency. Data represent mean±SD from six biological replicates.
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Figure S5. MOTS-c regulates mitochondrial homeostasis via PLA2G6 in HRECs. (A–B) Representative Western blotting along with densitometric analysis of PLA2G6 in HRECs separately transfected with siRNAs targeting PLA2G6 or scrambled control. siRNA-PLA2G6-2 exhibited the highest knockdown efficiency and was selected for all subsequent experiments. (C–D) Representative images and quantification of mitochondrial superoxide detected by MitoSOX Red staining. Scale bars = 20 µm. (E–F) Representative images and quantification of the extent of mitochondrial membrane damage detected by JC-1 (green for J-monomer, and red for J-aggregate) in HRECs. Scale bars = 20 µm. The data are expressed as the mean±SD using bars with scatter dot plots. Each dot represents one round of experiment. *P<0.05, **P<0.01, ***P<0.001 NG+siCtrl vs. HG+siCtrl; #P<0.05, ##P<0.01, ###P<0.001 HG+siCtrl vs. HG+MOTS-c+siCtrl; †P<0.05, ††P<0.01, †††P<0.001 HG+MOTS-c+siCtrl vs. HG+MOTS-c+siPLA2G6; §P<0.05, §§P<0.01, §§§P<0.001 HG+MOTS-c+siPLA2G6 vs. HG+siPLA2G6.
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Figure S6. AAV and MOTS-c intravitreal injection in STZ-induced diabetic mice. (A) Schematic depiction of AAV and MOTS-c intravitreal injection (IVT) in STZ-induced diabetic mouse mode. The sample size was chosen based on the minimum number of animals required to obtain meaningful biological data, in accordance with the 3Rs principles (Replacement, Reduction, Refinement). Mice were randomly assigned to experimental groups using a computer-generated random number sequence. (B–C) The measurement of blood glucose levels and body weight.
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Figure S7	. MOTS-c protects mitochondrial homeostasis via PLA2G6 in the mouse retina of diabetic retinopathy. (A–B) Representative Western blotting along with densitometric analysis of PLA2G6 in mouse retina. (C) The levels of lipid peroxidation in mouse retina were detected with MDA Content Assay Kit. (D–E) Representative Western blotting along with densitometric analysis of PGC-1α and COX IV in mouse retina. (F–G) Representative Western blotting along with densitometric analysis of PRDX6 and GPX4 in mouse retina. The data are expressed as the mean±SD using bars with scatter dot plots. Each dot represents an individual animal. *P<0.05, **P<0.01, ***P<0.001 WT shCTRL vs. DR shCTRL; #P<0.05, ##P<0.01, ###P<0.001 DR shCTRL vs. DR shCTRL+MOTS-c; †P<0.05, ††P<0.01, †††P<0.001 DR shCTRL+MOTS-c vs. DR shPLA2G6+MOTS-c.
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Figure S8. MOTS-c dysregulation is driven by glucose metabolism rather than by hyperosmolarity in HRECs with high-glucose-induced injury. (A) RT-qPCR detection of MT-RNR1 in HRECs (48 h, relative to NG group). NG: normal glucose, 5mM D-glucose; OM: osmotic control, 5mM D-glucose + 25mM mannitol; HG: high glucose, 30mM D-glucose. (B) Quantification of MOTS-c levels in the supernatant of HRECs (48 h). (C–D) Representative Western blotting along with densitometric analysis of MOTS-c in HRECs (48 h). The data are expressed as the mean±SD using bars with scatter dot plots. Each dot represents one round of experiment. *P<0.05, **P<0.01, ***P<0.001 NG vs. HG; #P<0.05, ##P<0.01, ###P<0.001 OM vs. HG.

Supplementary Tables
Table S1. siRNA sequences targeting PLA2G6
	Sequence
	Sense
	Antisense

	siRNA-PLA2G6-1
	UCGUUUCAACCAGAACGUUAATT
	UUAACGUUCUGGUUGAAACGATT

	siRNA-PLA2G6-2
	CCCAUCAGCUCAAACAUUAAGTT
	CUUAAUGUUUGAGCUGAUGGGTT

	siRNA-PLA2G6-3
	GGCUGACGCCCUAGUGAAUUUTT
	AAAUUCACUAGGGCGUCAGCCTT




Table S2. Primers sequences for RT-qPCR used in the study
	Gene
	Species
	Forward
	Reverse

	MOTS-c
	Human
	AGCGCAAGTACCCACGTAAA
	AGGGCCCTGTTCAACTAAGC

	HPRT1
	Human
	CATTATGCTGAGGATTTGGAAAGG
	CTTGAGCACACAGAGGGCTACA

	MT-ND1
	Human
	CCCTAAAACCCGCCACATCT
	GAGCGATGGTGAGAGCTAAGGT

	ACTB
	Human
	AGCCTCGCCTTTGCCGATCCG
	TCTCTTGCTCTGGGCCTCGTCG

	PLA2G6
	Human
	GCAATGCTCGGTGCAACAT
	ACACCCCTTCTGAGAGAACTTCA

	PLB1
	Human
	GGCCAATGAAGTGTCCCTCT
	CCGTATCGGAGGGGTCTTTG

	PLAAT4
	Human
	GAGCAGGAACTGTGAGCACT
	AGAGCATCCAGCAACAACCA




Table S3. Antibody information
	Name
	Catalogue number
	Dilution factor

	MOTS-c
	Mybiosource, #MBS542112
	1:500

	ZO-1
	Proteintech Group, #66452-1-Ig
	1:6000

	ZO-1
	Invitrogen, # YF374758
	1:500

	VE-Cadherin
	ABclonal, #A0734PM
	1:2000

	VE-Cadherin
	eBioscience, #14-1449-82
	1:250

	Occludin
	ABclonal, #A24601
	1:4000

	PGC-1α
	ABclonal, #A20995
	1:3000

	COX IV
	ABclonal, #A11631
	1:2000

	MFN2
	ABclonal, #A19678
	1:2000

	OPA1
	ABclonal, #A9833
	1:4000

	DRP1
	ABclonal, #A21968
	1:4000

	LC3B
	ABclonal, #A19665
	1:2000

	Fis1
	ABclonal, #A19666
	1:2000

	PINK1
	Cell Signaling Technology, #6946
	1:1000

	Parkin
	Cell Signaling Technology, #4211
	1:1000

	PLA2G6
	Santa Cruz Biotechnology, #sc-376563
	1:400

	PRDX6
	ABclonal, # A2031
	1:1000

	GPX4
	ABclonal, #A1933
	1:10000

	β-actin
	ABclonal, #AC050
	1:10000
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