STIM1-Dependent Treg Dysfunction Promotes Cardiometabolic HFpEF: Insights from Patients and Animal Studies
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MATERIAL & METHODS

Body Weight and Fasting Blood Glucose 
We measured body weight in all groups of mice, and fasting blood glucose levels were measured at the beginning and end of the five weeks.

Glucose Tolerance Test 
Mice fasted overnight. Blood samples were obtained from the tail vein using an Ultra Touch glucometer (True test glucometer; NIPRO diagnostics). Mice then received 2g/kg D-glucose (i.p.), and tail vein lancing (using a small sterile needle) was used to draw the blood (approximately 2 µL) to determine the blood glucose levels. Blood glucose levels were measured with an Ultra Touch glucometer at 0, 10, 20, 30, 60, 90, and 120 minutes after the glucose injection.
Echocardiography 
Mice were anesthetized with 5% isoflurane, as confirmed by a lack of response to steady pressure applied to one hind paw. During echocardiography acquisition under body temperature-controlled conditions, isoflurane was reduced to 1-1.5% and adjusted to maintain a heart rate in the 415-460 beats/min range. Systolic ejection fraction, E/A’, E/E’, Cardiac index, Myocardial Performance index, and Heart rate were measured in Control and five weeks after HFD+L-NAME treated Stim1flox/flox and TregStim1 mice using an Ultra High-Frequency ultrasound Vevo 
3100 echocardiography.[1-3]

Blood Pressure Measurements
Systolic blood pressure (SBP) was noninvasively measured in conscious mice using the CODA tail-cuff blood pressure system[4] (Kent Scientific Torrington, USA). Animals were placed in individual holders on a temperature-controlled platform (37°C), and recordings were made under steady-state conditions. Before testing, all mice were acclimated to SBP measurements. SBP was measured at the end of the 5th week during the high-fat diet (HFD) and L-NAME period. Measurements were taken at the same time of day (between 9 am and 11 am) to avoid circadian cycle influence. The SBP value was obtained by averaging 8 successful measurements. At the end of the 5th week, mice were sacrificed, and blood and tissues (heart, lung, kidney [left & right], mesenteric resistance arteries [3], thoracic aorta, and brain) were collected. Tibia length was used to determine organ hypertrophy. All harvested tissues were immediately placed in cold PSS solution (NaCl 118 mM; KCl 4.7 mM; CaCl2 2.5 mM; KH2PO4 1.2 mM; MgSO4x7H2O 1.2 mM; NaHCO3 25mM and glucose 11 mM, pH=7.4) and processed appropriately for further studies. Blood samples were centrifuged at 14,000 rpm for 5 min at 4°C to obtain plasma, which was immediately stored at -80°C. Fixed heart, kidney, thoracic aorta, and brain tissues were used to determine fibrosis.

Exercise Exhaustion Test
After 3 days of treadmill acclimatization, an exhaustion test was performed in the experimental groups of mice. Mice ran (flat 180°) on the treadmill (Ugo Basile SRL, Model 47300-001, Italy). The test started with a 4-minute warm-up at 5 meters/min, followed by an increase to 14 meters/min for 2 min. The speed was then gradually raised by 2 meters/min every 2 min until the mouse reached exhaustion. Exhaustion was determined as the inability of the mouse to resume running within 10 seconds of direct contact with an electric stimulus grid, and the distance run was recorded.[3]

Resistance and Conductance Arteries Endothelial Function 
Mesenteric resistance arteries (MRA) and T. Aorta reactivity were evaluated in all groups of mice as previously reported.[4, 5] The MRA and aorta from all groups of mice were immediately placed in cold PSS solution, carefully cleared of perivascular fat and connective tissue, and cut into rings (2 mm in length). To measure isometric tension, the arteries were mounted in small vessels in a dual chamber myograph (DMT myograph; AD Instruments Ltd., Oxford, UK). After a 30 min equilibration period in PSS solution bubbled with CO2 at 37°C (pH 7.4), arteries were stretched to their optimal lumen diameter for active tension development. After one hour of incubation time, artery rings were pre-constricted with phenylephrine (PE 10-8 - 10-4 M) (SIGMA-ALDRICH P6126-50G, CAS 61-76-7), and when a steady maximal contraction was reached, cumulative dose-response curves were obtained for acetylcholine (ACh, 10-8 - 10-4 M) (SIGMA-ALDRICH, A6625-25G, Lot#BCBH3758V) and sodium nitroprusside (SNP, 10-8 - 10-4 M) (SIGMA-ALDRICH, S-0501, Lot:81K3688). 

Detection of Forkhead Box P3 (Foxp3) Level
The quantitative determination of Foxp3 levels was measured in heart and MRA tissue homogenate samples from all groups of mice using the mouse Foxp3 Enzyme-Linked Immunosorbent Assay (ELISA) kit (Antibodies-online, #ABIN6966886) according to the manufacturer's protocol. The minimum detection limit for Foxp3 was 0.313 ng/mL. Optical density at 450 nm was used to determine Foxp3 concentration in the samples.

Mouse Treg Isolation and Combo Treatment
Treg cells were isolated from the spleens of male Stim1flox/flox mice using the Mouse CD4+CD25+ Regulatory T cell isolation Kit II (Stem Cell Technologies, Cat No: 18783A, Lot#1000141954) as per the manufacturer's protocol. The exact number of Treg cells in the Stim1flox/flox was stimulated 4hrs with Combo (high glucose 25 mM, lipid mixture 2% (1X), palmitic acid 30 µM, and angiotensin II 1 µM). Subsequently, qRT-PCR was performed on these Treg cells to measure the expression level of Stim1 (NM_009287, CAT#: MP216331), CHOP (Ddit3) (NM_007837, Cat#: MP203835), Caspase 3 (NM_009810, CAT#: MP201794), and Caspase 12 (NM_009808, CAT#: MP201791), and GAPDH Mouse qPCR Primer Pair (NM_008084) CAT#: MP205604 in Control Stim1floxflox and Combo treated Stim1flox/flx Treg cells.

Measurement of Mouse Plasma BNP, Tim-1/KIM-1/HAVCR, and Lipocalin-2/NGAL
The quantitative determination of heart and kidney failure/injury using specific markers in plasma samples from all group mice using Brain Natriuretic Peptide (BNP, MyBioSource, #MBS2700196, LOT: L230221978), T cell Immunoglobulin and Mucin domain 1/Kidney Injury Molecules1, and Hepatitis A virus Cellular Receptor (Tim-1/KIM-1/HAVCR, Bio-techne, Cat No. MKM100), and  Liopcalin-2/Neutrophil Gelatinase Lipocalin associated (Lipocalin-2/NGAL, Bio-techne, Cat No. MLCN20),) ELISA kit according to the manufacturer's protocol. Optical density at 450 nm was used to calculate the concentrations of BNP, Tim-1/KIM-1/HAVCR, and Lipocalin-2/NGAL in the samples, and the results were expressed as pg/mL.[6]

TGF-β1, TNF-a, CRP, and IL-1β levels in Mouse Plasma
The amount of TGF-β1, TNF-a, CRP, and IL-1β was measured in the plasma samples from all groups of mice using the mouse TGF-β1 enzyme-linked Immunosorbent assay (ELISA) kit (Invitrogen, #BMS608-4), TNF-a ELISA kit (Abcam, #ab208348), CRP ELISA kit (Abcam, #ab222511), and IL-1β ELISA kit (REF: BMS6002, LOT 308580-002, Invitrogen), according to the manufacturer's protocol. Optical density at 450 nm was used to calculate the concentrations of TGF-β1, TNF-α, CRP, and IL-1β in the samples, and the results were expressed as pg/mL.
Picrosirius Red Staining
Picrosirius Red staining was performed to assess collagen deposition in the Heart, Aorta, kidney, and Brain from all groups of mice.  Paraffin-embedded specimens of selected tissues were cut into 4-5 µm thick sections; deparaffinized samples were rinsed with Milli-Q water three times. The paraffined samples were then incubated with the Picro-Sirius Red (PSR) as per the manufacturer’s protocol detailed in the kit (NOVAULTRA SIRIUS RED STAIN KIT, Catalog number: NC0249910). Finally, samples were dehydrated, mounted, and observed under a bright-field microscope (20X) (Olympus, IX73 U-TB190, Japan).[7]

qRT-PCR
Total RNA isolated from Stim1flox/flox, Stim1flox/flox HFpEF, TregStim1-/-, and TregStim1-/- HFpEF mice hearts using Qiagen RNeasy Mini Isolation kit for Heart (Cat. No: 74104) and for MRA, Qiagen RNeasy Fibrous Tissue Mini Isolation kit (Cat. No: 74704). RNA was reverse-transcribed using the iScript Reverse Transcription Supermix for qRT-PCR kit (iScript Bio-Rad #1708841) following the manufacturer's instructions. Quantitative real-time PCR (qRT-PCR) was carried out using ORIGENE SYBR Green Fast qPCR Mix (2X) CAT#: NP100055 with specific probes for The amplification for Cox2: Ptgs2 Mouse qPCR Primer Pair (NM_011198) CAT#: MP211827,  iNOS: Nos2 Mouse qPCR Primer Pair (NM_010927) CAT#: MP208933,  Nlrp3 Mouse qPCR Primer Pair (NM_145827) CAT#: MP208965 and IL-1β Mouse qPCR Primer Pair (NM_008361) CAT#: MP206724 and GAPDH Mouse qPCR Primer Pair (NM_008084) CAT#: MP205604. GAPDH was used for normalization. The relative mRNA expression fold change was calculated using the 2−ΔΔCT method.

In vitro Interaction Between Treg Cells and H9C2 
To investigate the interaction of Treg cells to the development of HFpEF, we conducted in vitro studies. H9C2 cells (H9C2 - CRL-1446, ATCC) were aseptically cultured in 6-well plates at 37˚C in a mixture of DMEM media (Cat No: ATCC 30-2002, Lot: 805236231) with 10% FBS (Cat No: ATCC 30-2020, Lot: 80707225) in a humidified atmosphere containing 5% CO2. Treg cells were isolated from stim1flox/flox and TregStim1-/- mice using the Mouse CD4+CD25+ Regulatory T cell isolation Kit II (Stem Cell Technologies, Cat No: 18783A, Lot#1000141954) and then stimulated with high glucose (Fisher Chemical, D-Glucose, Cat No: D16-500, Lot:183779), lipid mixture (Sigma, Cat No: L5146), palmitic acid (Cayman, Cat No: 10006627), and angiotensin II (Enzo, Cat No: ALX-151-039-M025, Lot: 11022205) (COMBO) for 4 hours to mimic HFpEF. Control (CTL) H9C2 cells were divided into eight different conditions: (1) H9C2 CTL, (2) H9C2 CTL+ Combo, (3) H9C2 CTL+ Treg from CTL stim1flox/flox and TregStim1-/-, (4) H9C2 CTL+ Treg from stim1flox/flox and TregStim1-/- + Combo treated, (5) H9C2 CTL+ recombinant Interleukin-17A (IL-17A, R&D Systems, Cat No: 7956-ML-010/CF, Lot: DCVC0122051), (6) H9C2 CTL+ Treg from stim1flox/flox and TregStim1-/- + Combo treated + IL-17 Neutralizing antibody (IL-17NAb, MedChemExpress, Ixekizumab, Cat. No: HY-P9924), (7) H9C2 CTL+ recombinant mouse Interferon gamma (IFNG, Sino Biologicals Inc., Cat: 50709-MNAH), (8) H9C2 CTL+ Treg from stim1flox/flox and TregStim1-/- + Combo treated + IFNG Neutralizing antibody (Invitrogen, CAT: 16-7311-81). After 4 hours of incubation, the cells were centrifuged, and the control and combo Treg cells from stim1flox/flox and TregStim1-/- mice were transferred to Control H9C2 cells for overnight incubation. The next day, the H9C2 cells were harvested, lysed, and analyzed by Western blot for inflammation markers iNOS (Proteintech, #18985-1-AP), Anti-Cox2 (Cayman, aa 584-598, #160126), NLRP3/NALP3 (Cell Signaling, D4D8T Rabbit mAb #15101), and Beta-actin (Santa Cruz #SC47778).

Western Blot Analysis
Western blot was used to identify specific proteins in lysates of the mouse MRA and Heart tissue as previously described.[8, 9] The MRAs and Heart were isolated from all groups of mice and immediately stored at −80 °c. Tissue lysates were prepared by homogenization with an electrical homogenizer after adding ice-cooled Tissue-Protein Extraction Reagent (T-PER, Thermo Fisher, Lot: WE320059, Cat: # 78510), sonicated for 5 seconds, and centrifuged for 20 minutes at 14,000 rpm. Protein quantification was performed according to Pierce™ BCA Protein Assay Kit (Product No. 23225). We used specific antibodies against eNOS (Cell Signalling, D9A5L Rabbit mAb # 32027), Phospho-eNOS (Ser1177, Cell Signalling (C9C3) Rabbit mAb 9570), iNOS (Proteintech, #18985-1-AP), Anti-Cox2 (Cayman, aa 584-598, #160126), NLRP3/NALP3 (Cell Signaling, D4D8T Rabbit mAb #15101),  Caspase 3 (Cell Signaling, Rabbit mAb#9662),  Caspase 12 (Cell Signaling, Rabbit mAb #2202), CHOP (L63F7, Cell Signaling, Mouse mAb#2895)  and Beta-actin (Santa Cruz, Mouse mAb #SC47778). All dilutions were prepared according to the manufacturer’s recommendation. The membranes were developed using the Odyssey-imaging system, LICOR, and the bands were quantified.

Statistical Analysis
Data are expressed as mean ± SEM. Statistical calculations for significant differences were performed using one-way or repeated measure two-way ANOVA plus Tukey’s post hoc test for multiple comparisons as appropriate in all experiments. Comparisons are considered statistically significant when p<0.05. Statistical analyses were conducted using GraphPad Prism software version 10.6.
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