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            Abstract
Heart failure with preserved ejection fraction (HFpEF) is a common syndrome with high morbidity and mortality for which there are no evidence-based therapies. Here we report that concomitant metabolic and hypertensive stress in miceâ€”elicited by a combination of high-fat diet and inhibition of constitutive nitric oxide synthase using NÏ‰-nitro-l-arginine methyl ester (l-NAME)â€”recapitulates the numerous systemic and cardiovascular features of HFpEF in humans. Expression of one of the unfolded protein response effectors, the spliced form of X-box-binding protein 1 (XBP1s), was reduced in the myocardium of ourÂ rodent model and in humans with HFpEF. Mechanistically, the decrease in XBP1s resulted from increased activity of inducible nitric oxide synthase (iNOS) and S-nitrosylation of theÂ endonuclease inositol-requiring protein 1Î± (IRE1Î±), culminating in defective XBP1 splicing. Pharmacological or genetic suppression of iNOS, or cardiomyocyte-restricted overexpression of XBP1s, each ameliorated the HFpEF phenotype. We report that iNOS-driven dysregulation of the IRE1Î±â€“XBP1 pathway is a crucial mechanism of cardiomyocyte dysfunction in HFpEF.
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                    Fig. 1: Mice fed a HFD and l-NAME combination diet for 15Â weeks display the key alterations found in clinical HFpEF.[image: ]


Fig. 2: IRE1Î±â€“XBP1 signalling pathway is inactive in experimental and human HFpEF and XBP1s overexpression in cardiomyocytes ameliorates experimental HFpEF.[image: ]


Fig. 3: iNOS-dependent IRE1Î± nitrosylation in HFpEF and cardiomyocytes.[image: ]


Fig. 4: iNOS genetic inhibition ameliorates the HFpEF phenotype and restores IRE1Î±â€“XBP1 signalling pathway in HFpEF.[image: ]
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              The authors declare that the data supporting the findings of this study are available within the paper and its Supplementary Information. Each data point corresponding to figures that describe the results from in vivo or in vitro model studies are provided as separate Source Data for Figs.Â 1c, d, fâ€“i, 2a, d, f, g, iâ€“m, 3aâ€“d, f, g, i, j, 4aâ€“d, f, h and Extended Data Figs.Â 1aâ€“l, 2bâ€“f, 3bâ€“e, g, 4aâ€“l, n, p, 5bâ€“g, 6bâ€“g, jâ€“m, 7b, d, g, 8bâ€“d, g, 9câ€“i, 10bâ€“i. Other source data related to the study are available from the corresponding author upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Systemic and cardiac phenotype of mice after 5 or 15Â weeks of different dietary regimens.
a, Body weight of mice from different experimental groups after 5 or 15Â weeks of diet (nÂ =Â 10Â mice per group for each time point). b, Intraperitoneal glucose-tolerance test (ipGTT) after 5 or 15 weeks of diet (5Â weeks, nÂ =Â 10Â mice per group; 15Â weeks, nÂ =Â 5Â mice per group). c, Area under the curve of the ipGTT experiment at 5 and 15Â weeks (5Â weeks, nÂ =Â 10Â mice per group; 15Â weeks, nÂ =Â 5Â mice per group). d, e, Systolic blood pressure (SBP) (d) and diastolic blood pressure (DBP) (e) of different experimental groups after 5 or 15Â weeks of treatment (nÂ =Â 10Â mice per group for each time point). f, Percentage of LVEF. g, Left ventricular global longitudinal strain. h, Ratio between mitral E wave and A wave. i, Ratio between mitral E wave and Eâ€² wave. j, Ratio between wet and dry lung weight. k, Ratio between heart weight and tibia length. l, Runninng distance during exercise exhaustion test of mice after fiveÂ weeks of diet. f, hâ€“l, nÂ =Â 10 mice per group. g, nÂ =Â 5 mice per group. Data are meanÂ Â±Â s.e.m. a, câ€“l, One-way ANOVA followed by Sidakâ€™s multiple-comparisons test; numbers above square brackets show significant P values. b, Two-way ANOVA followed by Sidakâ€™s multiple-comparisons test; P values are as follows: 5Â weeks 15Â min, ***PÂ =Â 0.0003 chow versus HFD, ***PÂ =Â 0.0004 chow versus HFDÂ +Â l-NAME; 30Â min ***PÂ =Â 0.0008 chow versus HFD, **PÂ =Â 0.006 chow versus HFDÂ +Â l-NAME; 45Â min *PÂ =Â 0.010 chow versus HFD, ***PÂ =Â 0.0008 chow versus HFDÂ +Â l-NAME; 60Â min *PÂ =Â 0.049 chow versus HFD, **PÂ =Â 0.0096 chow versus HFDÂ +Â l-NAME; 5Â weeks 15Â min **PÂ =Â 0.008 chow versus HFD, ****PÂ <Â 0.0001 chow versus HFDÂ +Â l-NAME; 30Â min **PÂ =Â 0.005 chow versus HFD, ****PÂ <Â 0.0001 chow versus HFDÂ +Â l-NAME; 45Â min **PÂ =Â 0.009 chow versus HFD, ****PÂ <Â 0.0001 chow versus HFDÂ +Â l-NAME; 60Â min *PÂ =Â 0.028 chow versus HFD, **PÂ =Â 0.0020 chow versus HFDÂ +Â l-NAME.

                          Source data
                        


Extended Data Fig. 2 Heart morphology and vascular characterization of mice after fiveÂ weeks of different dietary regimens.
a, Representative images of haematoxylin and eosin (H&E), WGA, Massonâ€™s trichrome (MT) and lectin staining in transversal sections of left ventricle of mice of different experimental groups. Images are representative of four independently performed experiments with similar results. Scale bars, 500Â Î¼m (haematoxylin and eosin) and 50Â Î¼m (WGA, Massonâ€™s trichrome and lectin). b, WGA quantification of cardiomyocyte cross-sectional area (nÂ =Â 4Â mice per group). c, Percentage of fibrosis area in Massonâ€™s trichrome-stained transversal sections (nÂ =Â 4Â mice per group). d, Myocardial capillary density (nÂ =Â 4Â mice per group). e, Aortic PWV of mice of different experimental groups (nÂ =Â 5Â mice per group). f, Representative pulsed-wave Doppler tracings of coronary flow in mice fed with chow (top) or HFDÂ +Â l-NAME (bottom) under basal conditions (left; 1.5% isofluorane (Iso)) and after hyperaemic stimulus (right; 3% isofluorane). Images are representative of five independent mice. g, Coronary flow reserve (CFR) quantification (nÂ =Â 5Â mice per group). Data are meanÂ Â±Â s.e.m. bâ€“d, e, g, One-way ANOVA followed by Sidakâ€™s multiple-comparisons test. Numbers above square brackets show significant P values.

                          Source data
                        


Extended Data Fig. 3 Histological and functional analyses of skeletal muscle in mice after fiveÂ weeks of different dietary regimens.
a, Representative images of haematoxylin and eosin, WGA, metachromatic ATPase (ATPase), Massonâ€™s trichrome and picrosirius red (PSR) staining of soleus and gastrocnemius/plantaris (G/P) muscles from mice fed with chow or HFDÂ +Â l-NAME. Images are representative of three independently performed experiments with similar results. Scale bars, 50Â Î¼m. b, mRNA level of Myhc isoforms (MyHC-1, MyHC-2A or MyHC-2X) of soleus and gastrocnemius/plantaris muscles from mice fed with chow or HFDÂ +Â l-NAME (nÂ =Â 5Â mice per group). c, Relaxation curve of isolated soleus muscles from mice fed with chow or HFDÂ +Â l-NAME (nÂ =Â 5Â mice per chow group; nÂ =Â 6Â mice per HFDÂ +Â l-NAME group). d, e, In vivo forelimb (d) and hindlimb (e) grip force measurements of mice from different experimental groups (nÂ =Â 8Â mice per chow group; nÂ =Â 4Â mice per HFD group; nÂ =Â 3Â mice per l-NAME group; nÂ =Â 6Â mice per HFDÂ +Â l-NAME group). f, Maximal tetanic stresses in soleus muscles from chow and HFDÂ +Â l-NAME mice (nÂ =Â 5Â mice per chow group; nÂ =Â 6Â mice per HFDÂ +Â l-NAME group). Data are meanÂ Â±Â s.e.m. b, c, f, Two-tailed unpaired Studentâ€™s t-test (chow versus HFDÂ +Â l-NAME soleus; chow versus HFDÂ +Â l-NAME gastrocnemius/plantaris). d, e, One-way ANOVA followed by Sidakâ€™s multiple-comparisons test. Numbers above square brackets show significant P values.

                          Source data
                        


Extended Data Fig. 4 AMVM contractility after 5Â weeks of different dietary regimens and functional characterization and analysis of the IRE1Î±â€“XBP1 axis in ZSF1-obese 20-week-old rats.
a, Baseline sarcomere length. nÂ =Â 4Â mice and nÂ =Â 35Â cells per chow group; nÂ =Â 3Â mice and nÂ =Â 30Â cells per HFD group; nÂ =Â 3Â mice and nÂ =Â 30Â cells per l-NAME group; nÂ =Â 3Â mice and nÂ =Â 31Â cells per HFDÂ +Â l-NAME group. b, Time to peak. nÂ =Â 4Â mice and nÂ =Â 36Â cells per chow group; nÂ =Â 3Â mice and nÂ =Â 30Â cells per HFD group; nÂ =Â 3Â mice and nÂ =Â 30Â cells per l-NAME group; nÂ =Â 3Â mice and nÂ =Â 31Â cells per HFDÂ +Â l-NAME group. c, Maximum return velocity. nÂ =Â 4Â mice and nÂ =Â 36Â cells per chow group; nÂ =Â 3Â mice and nÂ =Â 29Â cells per HFD group; nÂ =Â 3Â mice and nÂ =Â 30Â cells per l-NAME group; nÂ =Â 3Â mice and nÂ =Â 31Â cells per HFDÂ +Â l-NAME group. d, Change (Î”) in sarcomere length compared to baseline. nÂ =Â 4Â mice and nÂ =Â 36Â cells per chow group; nÂ =Â 3Â mice and nÂ =Â 30Â cells per HFD group; nÂ =Â 3Â mice and nÂ =Â 30Â cells per l-NAME group; nÂ =Â 3Â mice and nÂ =Â 31Â cells per HFDÂ +Â l-NAME group. e, Maximum departure velocity. nÂ =Â 4Â mice and nÂ =Â 35Â cells per chow group; nÂ =Â 3Â mice and nÂ =Â 30Â cells per HFD group; nÂ =Â 3Â mice and nÂ =Â 29Â cells per l-NAME group; nÂ =Â 3Â mice and nÂ =Â 28Â cells per HFDÂ +Â l-NAME group. f, Representative tracings of cardiomyocyte contractionâ€“relaxation during pacing. Each trace depicts one cell representative of the average for each experimental group. gâ€“k, Measurements in 20-week old WKY and ZSF1-obese rats. g, Body weight. h, Percentage LVEF. i, Ratio between mitral E wave and A wave. j, Ratio between mitral E wave and Eâ€² wave. k, Ratio between heart weight and tibia length. l, Lung weight to tibia length ratio. gâ€“i, l, nÂ =Â 5Â rats per group; k, nÂ =Â 5Â rats per WKY group and nÂ =Â 4Â rats per ZSF1-obese group. m, Electrophoretic analysis of spliced and unspliced Xbp1 transcripts in left ventricular samples from WKY and ZSF1-obese rats. Tunicamycin-treated NRVMs were used as positive control. nÂ =Â 3Â rats per group. n, Xbp1s mRNA levels in the left ventricles of WKY and ZSF1-obese rats. nÂ =Â 5Â rats per group. o, Immunoblots of p-IRE1Î±, IRE1Î± and GAPDH from left ventricular samples of WKY and ZSF1-obese rats. nÂ =Â 5Â rats per group. p, Densitometric analysis of the ratio of p-IRE1Î± to IRE1Î± bands. nÂ =Â 5Â rats per group. Data are meanÂ Â±Â s.e.m. aâ€“e, One-way ANOVA followed by Sidakâ€™s multiple-comparisons test. gâ€“l, n, p, Two-tailed unpaired Studentâ€™s t-test. Numbers above square brackets show significant P values. For gel source data, see Supplementary Fig.Â 1.
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Extended Data Fig. 5 Functional characterization and UPR activation in mice after oneÂ week of sTAC.
a, Experimental design. C57BL/6N male mice were exposed to sham (control) or sTAC surgery and were evaluated after 1Â week. b, Percentage of LVEF. c, Ratio between mitral E wave and A wave. d, Ratio between mitral E wave and Eâ€² wave. e, Ratio between wet and dry lung weight. f, Ratio between heart weight and tibia length of sham control and sTAC mice. nÂ =Â 5Â mice per group. g, Xbp1s mRNA level in left ventricles of sham and sTAC mice. nÂ =Â 4Â mice in sham group; nÂ =Â 5Â mice in sTAC group. h, Immunoblots of GRP94, GRP78 and GAPDH in left ventricular samples of sham and sTAC mice. Data are representative of three independently performed experiments with similar results. Arrow indicates the regulated band. i, KDEL (Lys-Asp-Glu-Leu) sequence immunofluorescence staining in left ventricular sections of sham and sTAC mice. Hoechst, nuclei. Scale bars, 50Â Î¼m. Images are representative of three independently performed experiments with similar results. Data are meanÂ Â±Â s.e.m. bâ€“g, Two-tailed unpaired Studentâ€™s t-test. Numbers above square brackets show significant P values. For gel source data, see Supplementary Fig.Â 1.
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Extended Data Fig. 6 Functional characterization and analysis of the IRE1Î±â€“XBP1 axis in mice after TAC and phenotype of cardiomyocyte-restricted Xbp1s transgenic mice.
a, Experimental design. C57BL/6N mice were exposed to sham (control) or TAC surgery and followed up to fiveÂ weeks. bâ€“f, Analyses of different experimental groups of mice after sham or before (pre-TAC) and after TAC for one, three or fiveÂ weeks. b, Ratio between mitral E wave and A wave. c, Ratio between mitral E wave and Eâ€² wave. d, Percentage of LVEF. e, Ratio between heart weight and tibia length. f, Ratio between lung weight and body weight. bâ€“d, nÂ =Â 10Â mice per group for pre-TAC, TAC 1Â week and TAC 3Â weeks groups; nÂ =Â 5Â mice for the TAC 5Â weeks group; e, f, nÂ =Â 10Â mice per group for TAC 1Â week and TAC 3Â weeks groups; nÂ =Â 5Â mice per group for sham and TAC 5Â week groups. g, Xbp1s mRNA levels in the left ventricles of sham-operated mice and mice with TAC for threeÂ weeks. nÂ =Â 5Â mice per group. h, Immunoblots of p-IRE1Î±, IRE1Î± and GAPDH from left ventricular samples of sham-operated mice and mice with TAC for threeÂ weeks. nÂ =Â 3Â mice per group. i, Experimental design. Control (CTR) and Xbp1s transgenic mice (TG) were fed with chow or HFDÂ +Â l-NAME (green triangle). After fiveÂ weeks, echocardiographic assessment was performed and doxycycline (Doxy) was removed from the drinking water to induce transgene expression (grey triangle). Two weeks after transgene induction (blue triangle), mice were subjected to functional analysis and tissue collection. j, Percentage of LVEF of different experimental cohorts over time. nÂ =Â 5Â mice per chow control and chow transgenic groups; nÂ =Â 7Â mice per HFDÂ +Â l-NAME control and HFDÂ +Â l-NAME transgenic groups. Each mouse was analysed at all three time points. k, Xbp1s mRNA level in left ventricles of control and Xbp1s transgenic mice fed with chow or HFDÂ +Â l-NAME for sevenÂ weeks. nÂ =Â 3 mice per group. l, Nppa and Nppb left ventricular mRNA levels. m, Ratio between heart weight and tibia length at the end of the study. nÂ =Â 5Â mice per chow control and chow transgenic groups; nÂ =Â 7Â mice per HFDÂ +Â l-NAME control and HFDÂ +Â l-NAME transgenic groups. Data are meanÂ Â±Â s.e.m. bâ€“f, One-way ANOVA followed by Sidakâ€™s multiple-comparisons test. g, Two-tailed unpaired Studentâ€™s t-test. jâ€“m, Two-way ANOVA followed by Sidakâ€™s multiple-comparisons test. Numbers above square brackets show significant P values. For gel source data, see Supplementary Fig.Â 1.
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Extended Data Fig. 7 Myocardial nitrosative stress and inflammatory markers in mice after fiveÂ weeks of different dietary regimens.
a, Top, cytokine/chemokine antibody array in plasma samples from chow and HFDÂ +Â l-NAME-treated mice with visual estimation of differently abundant cytokines. Membranes are representative of two independently performed experiments with similar results. Bottom, list of cytokines and chemokines represented by the antibody array membrane. b, Tnf, Il1b and Il6 mRNA levels in left ventricles of mice fed with chow or HFDÂ +Â l-NAME. nÂ =Â 5 mice per group. c, iNOS and GAPDH in left ventricular samples of mice fed with chow or HFDÂ +Â l-NAME. NRVMs infected with mouse AdiNOS (MOIÂ =Â 100) were used as positive controls for iNOS bands. Arrows indicate the regulated bands. nÂ =Â 3 mice per group. d, Nos3 (eNOS) mRNA levels in left ventricles from different experimental groups of mice. nÂ =Â 4Â mice per chow group; nÂ =Â 6Â mice per group for HFD, l-NAME and HFDÂ +Â l-NAME groups. e, Immunoblots of nNOS, eNOS and GAPDH of different experimental groups of mice (nÂ =Â 3 mice per group). f, Immunoblots of nitrosylated cysteines (Cys-SNO) and GAPDH in left ventricular samples of wild-type and Nos2 knockout (iNOS KO) mice after fiveÂ weeks of chow or HFDÂ +Â l-NAME diet. W/B, without blocking. nÂ =Â 3Â mice per group. g, Densitometric analysis of Cys-SNO:GAPDH ratios. nÂ =Â 3 mice per group. Data are meanÂ Â±Â s.e.m. b, Two-tailed unpaired Studentâ€™s t-test. d One-way ANOVA followed by Sidakâ€™s multiple-comparisons test. g, Two-way ANOVA followed by Sidakâ€™s multiple-comparisons test. Numbers above square brackets show significant P values. For gel source data, see Supplementary Fig.Â 1.
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Extended Data Fig. 8 iNOS overexpression in cardiomyocytes reduces IRE1Î± activation and XBP1s levels without affecting cardiomyocyte viability.
a, Immunoblots of iNOS and GAPDH proteins of NRVMs infected with increasing MOIs of AdLacZ or AdiNOS for 24Â h. Blots are representative of three independently performed experiments with similar results. b, Nos2 (iNOS) mRNA levels in NRVMs transduced with increasing MOIs of AdLacZ or AdiNOS for 24Â h. nÂ =Â 4 biologically independent experiments. c, Nitrite/nitrate concentration in the medium from NRVMs transduced with increasing MOIs of AdLacZ or AdiNOS for 24Â h. nÂ =Â 4 biologically independent experiments. d, LDH release in NRVMs transduced with increasing MOIs of AdLacZ or AdiNOS for 24Â h. nÂ =Â 3 biologically independent experiments. e, Immunoblots of Cys-SNO, iNOS and GAPDH in NRVMs transduced with AdLacZ or AdiNOS for 24Â h (MOIÂ =Â 100). Blots are representative of three independently performed experiments with similar results. f, Immunoblots of p-IRE1Î±, IRE1Î±, iNOS and GAPDH in NRVMs transduced with increasing MOIs of AdLacZ or AdiNOS in the presence or absence of tunicamycin for 24Â h. Blots are representative of three independently performed experiments with similar results. g, Xbp1s mRNA level of NRVMs transduced with MOI of 100 of AdLacZ or AdiNOS in the presence or absence of tunicamycin for 24Â h. nÂ =Â 3 biologically independent experiments. Data are meanÂ Â±Â s.e.m. bâ€“d, g, One-way ANOVA followed by Sidakâ€™s multiple-comparisons test. Numbers above square brackets show significant P values. For gel source data, see Supplementary Fig.Â 1.
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Extended Data Fig. 9 Phenotype of Nos2 knockout mice after fiveÂ weeks of different dietary regimens.
a, DNA genotyping of wild-type and Nos2 knockout mice. This signature was used for genotyping. b, Experimental design. Wild-type and Nos2 knockout mice were fed a chow or HFDÂ +Â l-NAME diet for fiveÂ weeks. Subsequently, mice were subjected to functional analysis and tissues were collected. c, Percentage of LVEF. d, Body weight.e, Systolic blood pressure. f, Diastolic blood pressure. g, Intraperitoneal glucose-tolerance test of different experimental groups of mice. c, nÂ =Â 10Â mice per group; dâ€“g, nÂ =Â 5Â mice per group. h, Area under the curve of the intraperitoneal glucose-tolerance tests. nÂ =Â 5Â mice per group. i, Ratio between heart weight and tibia length of different experimental groups of mice. nÂ =Â 5 mice per group. Data are meanÂ Â±Â s.e.m. câ€“i, Two-way ANOVA followed by Sidakâ€™s multiple-comparisons test. câ€“f, h, i, Numbers above square brackets show significant P values. g, 15Â min ***PÂ =Â 0.0002 chow wildÂ type versus HFDÂ +Â l-NAME wildÂ type, ****PÂ <Â 0.0001 chow wildÂ type versus HFDÂ +Â l-NAME Nos2 knockout; 30Â min ***PÂ =Â 0.0002 chow wildÂ type versus HFDÂ +Â l-NAME wildÂ type, ****PÂ <Â 0.0001 chow wildÂ type versus HFDÂ +Â l-NAME Nos2 knockout; 45Â min ****PÂ <Â 0.0001 chow wildÂ type versus HFDÂ +Â l-NAME wildÂ type, ***PÂ =Â 0.0002 chow wildÂ type versus HFDÂ +Â l-NAME Nos2 knockout; 60Â min ****PÂ <Â 0.0001 chow wildÂ type versus HFDÂ +Â l-NAME wildÂ type, ****PÂ <Â 0.0001 chow wildÂ type versus HFDÂ +Â l-NAME Nos2 knockout; 120Â min **PÂ =Â 0.010 chow wildÂ type versus HFDÂ +Â l-NAME wildÂ type, **PÂ =Â 0.007 chow wildÂ type versus HFDÂ +Â l-NAME Nos2 knockout. For gel source data, see Supplementary Fig.Â 1.
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Extended Data Fig. 10 Functional characterization and myocardial levels of XBP1s in mice treated with an iNOS inhibitor.
a, Experimental design. C57BL/6N mice were fed a chow or HFDÂ +Â l-NAME diet (brown triangle) for fiveÂ weeks and subsequently injected intraperitoneally (i.p.) with l-NIL at the dose of 80Â mgÂ kgâˆ’1 body weight or vehicle twice a day for three days (blue triangles). After that point, mice were subjected to functional analysis and tissues were collected (red triangle). b, Urinary nitrite/nitrate concentration in mice fed a HFDÂ +Â l-NAME diet treated with vehicle or l-NIL. nÂ =Â 5 mice per group. c, Systolic blood pressure. d, Diastolic blood pressure. e, Percentage of LVEF. f, Ratio between mitral E wave and A wave. g, Ratio between mitral E wave and Eâ€² wave. h, Running distance during exercise exhaustion test. i, Xbp1s mRNA levels in left ventricles of mice from different experimental groups. bâ€“h, nÂ =Â 5 mice group; i, nÂ =Â 3 per group. Data are meanÂ Â±Â s.e.m. b, Two-tailed unpaired Studentâ€™s t-test. câ€“i, Two-way ANOVA followed by Sidakâ€™s multiple-comparisons test. Numbers above square brackets show significant P values.
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Extended Data Table 1 Echocardiographic and invasive haemodynamic parameters in the different experimental groups of miceFull size table
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