
Donor-Level Public-Data Analysis of Proteostasis–
Translation–Metabolism Coupling in
Cardiomyocytes From Patients With Heart Failure
With Preserved Ejection Fraction
Yufeng He 

Department of Cardiology, The Affiliated Hospital of Southwest Medical University, Luzhou, Sichuan,
646000, China;
Hu Tan 

Department of Respiratory and Critical Care Medicine, The Affiliated Hospital of Southwest Medical
University, Luzhou, Sichuan, 646000, China;
Rui Pu 

Department of Endocrinology and Metabolism, The Affiliated Hospital of Southwest Medical University,
Luzhou, Sichuan, 646000, China;
Jialin Ma 

Institute of Stomatology, Southwest Medical University, Luzhou, Sichuan, 646000, China.
Hanxi Zhang 

Institute of Stomatology, Southwest Medical University, Luzhou, Sichuan, 646000, China.
Chunxiang Zhang 

Department of Cardiology, The Affiliated Hospital of Southwest Medical University, Luzhou, Sichuan,
646000, China;
Xiaorong Lan 

Institute of Stomatology, Southwest Medical University, Luzhou, Sichuan, 646000, China.

Research Article

Keywords: HFpEF, cardiomyocytes, single-nucleus RNA sequencing, proteostasis, translation, oxidative
phosphorylation, systems immunology, public-data integration

Posted Date: November 11th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-11491507/v1

https://doi.org/10.21203/rs.3.rs-11491507/v1
https://doi.org/10.21203/rs.3.rs-11491507/v1
https://doi.org/10.21203/rs.3.rs-11491507/v1


License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

https://creativecommons.org/licenses/by/4.0/


Donor-Level Public-Data Analysis of Proteostasis–Translation–1 

Metabolism Coupling in Cardiomyocytes From Patients With Heart 2 

Failure With Preserved Ejection Fraction 3 

Yufeng He1,2, Hu Tan3, Rui Pu4, Jialin Ma5,6, Hanxi Zhang5,6, Chunxiang 4 

Zhang1,2*,Xiaorong Lan5,6* 5 

1 Department of Cardiology, The Affiliated Hospital of Southwest Medical University, 6 

Luzhou, Sichuan, 646000, China; 7 

2 Nucleic Acid Medicine of Luzhou Key Laboratory, Southwest Medical University, 8 

Luzhou , Sichuan, 646000, China; 9 

3 Department of Respiratory and Critical Care Medicine, The Affiliated Hospital of 10 

Southwest Medical University, Luzhou, Sichuan, 646000, China; 11 

4 Department of Endocrinology and Metabolism, The Affiliated Hospital of Southwest 12 

Medical University, Luzhou, Sichuan, 646000, China; 13 

5 Institute of Stomatology, Southwest Medical University, Luzhou, Sichuan, 646000, 14 

China. 15 

6 Luzhou Key Laboratory of Oral & Maxillofacial Reconstruction and Regeneration, The 16 

Affiliated Stomatological Hospital, Southwest Medical University, Luzhou, Sichuan, 17 

646000, China; 18 

Yufeng He, Hu Tan and Rui Pu contributed equally to this work. 19 

*Corresponding author: Chunxiang Zhang, E-mail: zhangchunxiangKZL@163.com, 20 

Xiaorong Lan, E-mail: xiaoronglancdm@163.com 21 

Abstract 22 

Heart failure with preserved ejection fraction (HFpEF) is biologically 23 

heterogeneous, and the relationship between myocardial metabolic stress, 24 

proteostasis, and immune composition remains incompletely defined. We 25 

established a prespecified proteostasis–translation–metabolism 26 

coupling-failure (PTM-CF) framework and evaluated it using public human and 27 

mouse datasets. The primary analysis used the complete authorized H5AD 28 

CellBender raw-count layer from the human SCP3342 single-nucleus dataset 29 

and treated donors rather than nuclei as biological replicates. The discovery 30 



set comprised 14,644 cardiomyocyte nuclei from 43 donors, including 19 31 

HFpEF donors and 24 non-failing controls. Donor-level pseudobulk models 32 

were adjusted for sex and biosample/pool. Translation-load index (TLI), 33 

proteostasis-capacity index (PCI), metabolic-supply index (MSI), and a 34 

prespecified PTM-CF composite were calculated from frozen gene modules. 35 

TLI was lower in HFpEF cardiomyocytes (β = −0.260, 95% CI −0.419 to 36 

−0.100, FDR = 0.00460), as was MSI (β = −0.233, 95% CI −0.320 to −0.147, 37 

FDR = 1.65 × 10−5). PCI was directionally lower but not significant (β = 38 

−0.0635, 95% CI −0.190 to 0.0628, FDR = 0.314). The PTM-CF composite 39 

was higher in the discovery model (β = 0.953, 95% CI 0.123 to 1.783, FDR = 40 

0.0342), requiring independent replication. A prespecified 41 

immune-composition analysis found a higher lymphocyte fraction (β = 0.01351, 42 

FDR = 0.00382) and lower cycling-macrophage fraction (β = −0.00579, FDR = 43 

0.000816), whereas the overall immune-labeled fraction was not different 44 

(FDR = 0.4529). A frozen 18-gene cardiomyocyte inflammatory score was not 45 

significantly higher in HFpEF (FDR = 0.6623) and was not significantly 46 

associated with PTM-CF (FDR = 0.2395). In human myocardial proteomics, 25 47 

frozen-module genes were matched and 17/25 showed concordant RNA–48 

protein direction, although global correlation was not significant (Spearman ρ = 49 

0.158, P = 0.452). ACADVL and HADHA were the most convergent 50 

computational candidates across human cardiomyocyte RNA, human 51 

myocardial protein, and mouse HFpEF protein evidence. These findings 52 

support an auditable model of HFpEF metabolic, proteostasis, and 53 

immune-composition remodeling, but do not establish generalized immune 54 

activation, cytokine release, HFpEF specificity, causality, therapeutic efficacy, 55 

or target validation. 56 

Keywords: HFpEF; cardiomyocytes; single-nucleus RNA sequencing; 57 

proteostasis; translation; oxidative phosphorylation; systems immunology; 58 

public-data integration 59 

 60 



Introduction 61 

Heart failure with preserved ejection fraction (HFpEF) is a heterogeneous 62 

clinical syndrome associated with metabolic disease, hypertension, obesity, 63 

inflammation, microvascular dysfunction, and myocardial remodeling [7–11]. 64 

Contemporary models emphasize the interaction of systemic comorbidities 65 

with coronary microvascular dysfunction, endothelial inflammation, myocardial 66 

fibrosis, and impaired reserve rather than a single cardiac lesion [12–14]. 67 

Cardiomyocytes must sustain continuous contractile work while maintaining 68 

protein synthesis, folding, degradation, organelle quality control, and 69 

mitochondrial energy production. Disruption at any one of these levels may 70 

alter myocardial function, yet translation, proteostasis, and metabolic supply 71 

are often analyzed separately [15–18]. 72 

We therefore developed a prespecified and auditable proteostasis–73 

translation–metabolism coupling-failure (PTM-CF) framework. The framework 74 

does not assume that HFpEF necessarily produces a composite coupling 75 

defect. Instead, it defines three independently testable programs: a 76 

translation-load index (TLI), representing translation and ribosome-associated 77 

demand; a proteostasis-capacity index (PCI), representing protein 78 

quality-control capacity across endoplasmic-reticulum, degradation, and 79 

mitochondrial-proteostasis programs; and a metabolic-supply index (MSI), 80 

representing fatty-acid oxidation, the tricarboxylic-acid cycle, electron transport, 81 

and oxidative phosphorylation. The composite is defined as: 82 

PTM-CF=z(TLI)−z(PCI)−z(MSI).PTM\text{-}CF = z(TLI) - z(PCI) - 83 

z(MSI).PTM-CF=z(TLI)−z(PCI)−z(MSI). 84 

Under this definition, PTM-CF increases when translation-related demand is 85 

high relative to proteostasis capacity and metabolic supply. The composite is 86 

interpreted only together with its component indices and their directions. A 87 

significant composite without coherent component-level support is not 88 

sufficient to establish a biological coupling failure. 89 



The study had four objectives. First, we tested TLI, PCI, MSI, and PTM-CF in 90 

donor-level cardiomyocyte data from the human SCP3342 HFpEF 91 

single-nucleus dataset. Second, we evaluated gene-level signals and RNA–92 

protein directional concordance using human myocardial proteomics. Third, 93 

we assessed cross-species directionality using a mouse SAUNA-HFpEF 94 

proteome/phosphoproteome resource. Fourth, we added a prespecified 95 

immune-composition and cardiomyocyte inflammatory-state validation layer 96 

without modifying the frozen PTM-CF modules or using immune results to 97 

re-rank candidates. 98 

The study was designed to distinguish discovery, orthogonal evidence, 99 

generalization, and validation. It does not claim HFpEF specificity because a 100 

compatible HFrEF/DCM donor-level comparator was unavailable. It also does 101 

not claim complete clinical adjustment, genetic causality, immune activation, 102 

therapeutic efficacy, or target validation. 103 

 104 

Materials and Methods 105 

Study design and data resources 106 

This was an observational, computational, public-data integration study with a 107 

human-first, donor-level design. The discovery resource was SCP3342, a 108 

human septal endomyocardial single-nucleus RNA-sequencing dataset. 109 

Orthogonal human evidence was obtained from PRIDE/ProteomeXchange 110 

accession PXD045677, a human myocardial proteomics resource. 111 

Cross-species generalization was assessed using PRIDE accession 112 

PXD033501, a male mouse SAUNA-HFpEF proteome/phosphoproteome 113 

resource. HERMES 2024 non-ischemic HFpEF GWAS data were retained as 114 

a genetics-prioritization anchor, but colocalization, TWAS, and 115 

Mendelian-randomization analyses were not run because complete lawful 116 

summary statistics, ancestry details, and a matched linkage-disequilibrium 117 

reference were not available. 118 



All resources, roles, access conditions, retrieval information, and eligibility 119 

decisions are recorded in resources/data_inventory.csv and 120 

docs/data_access_and_audit.md. Discovery, orthogonal, generalization, and 121 

validation resources were kept analytically distinct. No dataset was counted as 122 

an independent validation solely because it came from a different processed 123 

file. 124 

 125 

SCP3342 source audit and donor population 126 

The SCP3342 portal reported 48,866 cells and 36,601 genes, with 14,644 cells 127 

annotated as cardiac muscle cell under cell_type__ontology_label. The Download 128 

page listed HFpEF_snRNAseq_single_cell_portal_10.14.2025.h5ad at approximately 129 

3.53 GB. Portal screenshots documented a one-use, time-limited 130 

bulk-download curl command, a portal error indicating that no filename had 131 

been provided, and an interrupted transfer that reached approximately 4% 132 

before a connection reset. A subsequent retry failed because the target 133 

SCP3342/cluster/ path was not writable. These screenshots were used only for 134 

provenance and access auditing; quantitative analyses were performed from 135 

the verified local H5AD-derived products, not from screenshot values. The 136 

complete screenshot audit is provided in docs/portal_screenshot_audit.md. 137 

The verified local H5AD source was approximately 3,795,046,162 bytes and 138 

had SHA-256 checksum 139 

53dee7a232151ef1b296ce67a7098c8b63b44a78611311067ff74d52cad55d12. An 140 

incomplete approximately 170 MB download remnant was excluded. The 141 

H5AD contained raw_count_cellbender and raw_count_cellranger layers. Filtering 142 

cell_type__ontology_label == cardiac muscle cell yielded 14,644 cardiomyocyte nuclei 143 

from 43 donors: 19 HFpEF donors and 24 non-failing controls. Each donor 144 

contributed at least 20 cardiomyocyte nuclei, with donor-level counts ranging 145 

from 65 to 1,202. The control group included 12 female and 12 male donors; 146 

the HFpEF group included 15 female and 4 male donors. Sex and 147 

biosample/pool were included in the primary models. Nucleus counts were 148 



used for descriptive and quality-control purposes and were not treated as 149 

independent biological replicates. 150 

 151 

Frozen PTM-CF modules and pseudobulk processing 152 

The PTM-CF modules were frozen before disease-effect estimation and were 153 

not selected or modified using the observed results. TLI contained 9 genes, 154 

PCI contained 15 genes, and MSI contained 15 genes. Complete definitions 155 

are provided in config/ptm_gene_modules.tsv. 156 

Cardiomyocyte raw counts were extracted from the CellBender layer and 157 

aggregated by donor to form a gene-by-donor pseudobulk matrix. Library-size 158 

normalization and log2(CPM + 1) transformation were performed at the donor 159 

level. Module scores were calculated from donor-level normalized expression. 160 

A higher TLI represented greater translation/ribosome-associated load, a 161 

higher PCI represented greater proteostasis capacity, and a higher MSI 162 

represented greater metabolic and oxidative-phosphorylation supply. 163 

 164 

Statistical analysis 165 

The primary unit of inference was the donor. Treating the donor as the 166 

biological replicate is consistent with recommendations for pseudobulk 167 

analysis of single-cell data and avoids anti-conservative inference from 168 

within-donor nuclei [19,20]. Module and frozen-gene effects were estimated 169 

using donor-level normalized expression and a model of the form: 170 

module_score ~ HFpEF + sex + biosample/pool. 171 

For each endpoint, we report the HFpEF effect estimate β, 95% confidence 172 

interval, nominal P value, and Benjamini–Hochberg false-discovery rate (FDR). 173 

Gene-level analyses used the same donor-level design. A prespecified 174 

combination of FDR < 0.05 and absolute effect size ≥ 0.25 was used to identify 175 

high-confidence gene-level signals. Leave-one-donor-out analyses were used 176 

to assess directional stability and were not treated as independent replication. 177 



Complete age, body-mass index, diabetes, hypertension, left-ventricular 178 

ejection fraction, medication, and other clinical covariates were not available in 179 

the H5AD metadata. The count-level workflow and multiple-testing procedures 180 

follow established RNA-sequencing analysis practice [21–23]. Accordingly, the 181 

study does not claim complete clinical confounding control. The principal 182 

model was based on CellBender donor pseudobulk counts with sex and 183 

biosample/pool adjustment. 184 

A sensitivity PTM-CF analysis excluded prespecified ribosome-, 185 

respiratory-chain-, and ATP-synthase-related rationale groups. This sensitivity 186 

endpoint was interpreted as supportive only and did not replace the frozen 187 

primary endpoint. 188 

 189 

Human myocardial proteomics integration 190 

PXD045677 processed protein tables and sample annotations were audited 191 

from the public PRIDE resource. The proteomics data were treated as human 192 

myocardial tissue-level orthogonal evidence. They were not described as 193 

cardiomyocyte-specific validation because the samples were not purified 194 

cardiomyocyte proteomes. 195 

RNA and protein measurements were matched using standardized gene 196 

symbols. We assessed directional concordance and Spearman correlation. 197 

Module-level protein evidence was calculated only when prespecified 198 

coverage gates were met. MSI coverage was 11/15 genes (73.3%) and 199 

passed the coverage gate. TLI and PCI coverage was below 70%, so 200 

complete protein-level TLI or PCI scores and a protein-derived PTM-CF score 201 

were not reported. 202 

 203 

Mouse cross-species audit 204 

PXD033501 represents a male mouse SAUNA-HFpEF/sham model with four 205 

animals per group. Published processed tables were re-audited for protein and 206 

phosphosite evidence using the available archived data. A limma-based 207 



reconstruction and cyclic-loess sensitivity analysis were used. The archived 208 

reconstruction retained 2,905 proteins and 311 phosphosites after the 70% 209 

quantitative gate. It identified 830 nominally differential proteins and 69 210 

nominally differential phosphosites; none and four, respectively, passed FDR < 211 

0.05. Because the archived reconstruction did not fully reproduce the 212 

published counts of 897 differential proteins and 72 differential phosphosites, 213 

this resource was treated as directional generalization/sensitivity evidence 214 

rather than quantitative replication or human causal evidence. 215 

 216 

Candidate-gene evidence audit 217 

Candidate prioritization considered six evidence domains: (1) human 218 

cardiomyocyte transcriptional evidence; (2) at least one independent evidence 219 

layer; (3) cross-model directional consistency; (4) HFpEF specificity; (5) 220 

genetic support; and (6) tractability and safety. Because a compatible 221 

HFrEF/DCM donor-level comparator, complete genetic statistics, an 222 

independent human cardiomyocyte cohort, and intervention-safety evidence 223 

were unavailable, no candidate received a final Tier A/B/C ranking. The 224 

evidence matrix was used only to define priorities for future validation. 225 

 226 

Immune-composition and inflammatory-state validation 227 

A prespecified immune layer was added without changing the TLI, PCI, MSI, or 228 

PTM-CF definitions. The analysis used machine-readable 229 

cell_type__ontology_label annotations and donor metadata from the complete 230 

SCP3342 H5AD. Portal screenshots were not used as quantitative inputs. 231 

We recorded macrophage, cycling-macrophage, lymphocyte, and mast-cell 232 

labels and separately retained other labels containing macrophage, 233 

lymphocyte, monocyte, dendritic, T-cell, B-cell, NK-cell, or mast-cell terms. 234 

The primary composition endpoints were the proportion of immune-labeled 235 

nuclei among all donor nuclei and the proportion represented by each immune 236 



label. Models used the same donor-level design as the primary analysis, 237 

including phenotype, sex, and biosample/pool. 238 

An 18-gene cardiomyocyte inflammatory module was frozen before analysis: 239 

IL1B, IL6, TNF, CCL2, CXCL8, NFKB1, RELA, NLRP3, TLR4, STAT3, JAK1, 240 

IFNG, TGFB1, ICAM1, VCAM1, HLA-DRA, HLA-DPA1, and HLA-DPB1. 241 

Cardiomyocyte CellBender counts were aggregated by donor, and an equally 242 

weighted log2(CPM + 1) score was calculated. The primary model was 243 

Inflammatory_score ~ HFpEF + sex + biosample/pool. The exploratory 244 

association model was Inflammatory_score ~ PTM_CF + sex + biosample/pool 245 

and was interpreted only as an association analysis. The module entered 246 

analysis only after the prespecified 70% gene-availability threshold was met. 247 

Immune results were not used to modify PTM-CF modules or candidate 248 

rankings. 249 

 250 

Reproducibility and analysis gating 251 

The project was organized with Snakemake and included resource inventories, 252 

frozen module definitions, R statistical scripts, Python validation scripts, run 253 

manifests, and figure-readiness audits. The workflow dry-run completed with 254 

no missing requested outputs. Two existing rules, immune_validation and 255 

ptmcf_sensitivity, retained missing provenance metadata from prior execution; 256 

their output files were present and were not silently treated as new analyses. 257 

Analyses lacking eligible data were labeled NOT_RUN or BLOCKED. This applied 258 

to HFpEF-specific HFrEF/DCM interaction testing, scATAC/multiome 259 

regulatory analysis, RNA velocity, spatial co-localization, clinical-endpoint 260 

generalization, GWAS colocalization/TWAS/MR, and CMap/LINCS 261 

drug-reversal analysis. 262 

 263 

Results 264 

Cohort audit and evidence structure 265 



The final evidence structure consisted of three analytically distinct layers. 266 

SCP3342 supplied the human cardiomyocyte raw-count discovery analysis. 267 

PXD045677 supplied human myocardial tissue-level proteomic evidence. 268 

PXD033501 supplied directional cross-species evidence from one small male 269 

mouse model. No compatible HFrEF/DCM cardiomyocyte donor cohort was 270 

available for a formal HFpEF-specific interaction model, and no independent 271 

human cardiomyocyte validation cohort was available. 272 

All 43 SCP3342 donors met the prespecified cardiomyocyte-count threshold. 273 

The distribution of phenotype across biosample/pool was retained in the 274 

design matrix, and the complete H5AD was used to generate donor-level 275 

CellBender pseudobulk products. Because full clinical covariates were 276 

unavailable, the results represent a donor-level discovery analysis from a 277 

complete raw-count matrix rather than a fully clinically adjusted analysis. 278 

TLI and MSI were lower in HFpEF cardiomyocytes 279 

The donor-level CellBender model showed lower TLI in HFpEF, with β = 280 

−0.2596, 95% CI −0.4194 to −0.0998, and FDR = 0.00460. MSI was also lower, 281 

with β = −0.2334, 95% CI −0.3195 to −0.1472, and FDR = 1.65 × 10−5. These 282 

models used 43 donors as biological replicates and adjusted for sex and 283 

biosample/pool. 284 

At the gene level, ACADVL, HADHA, and NAMPT were directionally lower 285 

within MSI; CPT1B and PPARA also showed downward trends, although not 286 

all met the prespecified effect-size threshold. DDX21 was significant within TLI 287 

but had a relatively small effect. Together, these findings support reduced 288 

metabolic/oxidative-phosphorylation and selected translation-related programs 289 

rather than cell-level significance inflation caused by treating nuclei as 290 

independent observations. 291 

 292 

PCI was directionally lower and PTM-CF was higher in the primary model 293 

PCI was directionally lower but not significant (β = −0.0635, 95% CI −0.1898 to 294 

0.0628, FDR = 0.314). Under the frozen definition, the PTM-CF composite was 295 



higher in HFpEF (β = 0.9533, 95% CI 0.1234 to 1.7832, FDR = 0.0342). This 296 

result passed the FDR threshold in the 43-donor model adjusted for sex and 297 

biosample/pool, but it remains a single-cohort finding requiring independent 298 

replication. 299 

The result supports PTM-CF as a testable coupling model; it does not 300 

demonstrate causal proteostasis failure, therapeutic reversibility, or a 301 

disease-specific mechanism. The interpretation is further constrained by the 302 

non-significant PCI component and by the absence of an independent human 303 

cardiomyocyte cohort. 304 

 305 

Sensitivity analysis supported but did not replace the primary endpoint 306 

After excluding prespecified ribosome-, respiratory-chain-, and 307 

ATP-synthase-related rationale groups, the sensitivity PTM-CF effect was β = 308 

1.090, 95% CI 0.400 to 1.779, FDR = 0.00389. Sensitivity MSI remained lower 309 

(FDR = 7.36 × 10−10), whereas TLI showed a smaller effect (FDR = 0.00389) 310 

and PCI remained non-significant (FDR = 0.992). 311 

This result indicates that the composite may be influenced by broad 312 

mitochondrial and ribosomal gene definitions. Because it depends on the 313 

excluded-module construction, it is supportive only and does not replace the 314 

frozen primary endpoint. 315 

 316 

RNA–protein evidence was partially concordant 317 

In PXD045677, 25 of 39 frozen-module genes could be matched to the protein 318 

table. Seventeen of 25 genes (68%) showed concordant RNA–protein 319 

direction, but the global correlation was not significant (Spearman ρ = 0.158, P 320 

= 0.452). 321 

ACADVL showed an RNA effect of −0.333 in human cardiomyocytes and a 322 

protein effect of −1.540 in human myocardium. HADHA showed corresponding 323 

effects of −0.318 and −2.373. COX5A showed −0.044 and −2.598, NDUFV1 324 



showed −0.011 and −3.208, and UQCRC1 showed −0.018 and −1.342. 325 

NDUFS1, SDHA, and SQSTM1 showed RNA–protein directional discordance. 326 

The human myocardial proteome contained 335 proteins with FDR < 0.05, 327 

including 249 lower and 86 higher proteins. The tissue-level findings are 328 

considered in the context of prior human myocardial proteomic studies of 329 

HFpEF [3,24,25]. MSI protein coverage was 73.3% and passed the 330 

prespecified gate. TLI and PCI coverage was insufficient for complete 331 

protein-module scores. RNA–protein discordance was therefore treated as 332 

biologically informative but not as evidence of translation efficiency. 333 

Translation efficiency cannot be inferred without matched RNA-seq and 334 

ribosome-profiling measurements. 335 

 336 

ACADVL and HADHA were the most convergent computational 337 

candidates 338 

ACADVL showed lower human cardiomyocyte RNA (β = −0.333, FDR = 1.15 × 339 

10−7), stable leave-one-donor-out direction, lower human myocardial protein 340 

(β = −1.540, protein FDR = 0.0856), and concordant mouse protein direction (β 341 

= −0.091). HADHA showed lower human cardiomyocyte RNA (β = −0.318, 342 

FDR = 4.81 × 10−6), stable leave-one-donor-out direction, lower human 343 

myocardial protein (β = −2.373, protein FDR = 0.0333), and concordant mouse 344 

protein direction (β = −0.0666). 345 

NAMPT was directionally concordant in human cardiomyocyte RNA and 346 

human protein but not in the mouse model. LONP1 was concordant in human 347 

RNA and protein but directionally discordant in mouse. PPARA and CPT1B 348 

provided metabolic context but did not fully meet the primary candidate criteria. 349 

ACADVL and HADHA were therefore the strongest computational candidates 350 

for follow-up validation, but both remained explicitly NOT_RANKED and were not 351 

presented as validated therapeutic targets. 352 

 353 

Mouse proteome/phosphoproteome provided limited generalization 354 



After the 70% quantitative gate, the PXD033501 re-audit retained 2,905 355 

proteins and 311 phosphosites. The re-analysis identified 830 nominally 356 

differential proteins and 69 nominally differential phosphosites; none and four, 357 

respectively, passed FDR < 0.05. Because the archived reconstruction did not 358 

fully reproduce the published numbers of 897 differential proteins and 72 359 

differential phosphosites, the dataset was used only for cautious cross-species 360 

directionality and sensitivity assessment. 361 

 362 

Immune-labeled composition changed without an overall 363 

immune-fraction increase 364 

In the 43-donor SCP3342 analysis, the overall immune-labeled nuclear 365 

fraction did not differ significantly between HFpEF and non-failing controls (β = 366 

−0.00727, 95% CI −0.02675 to 0.01220, FDR = 0.4529). The 367 

cycling-macrophage fraction was lower in HFpEF (β = −0.00579, 95% CI 368 

−0.00856 to −0.00302, FDR = 0.000816), whereas the lymphocyte fraction 369 

was higher (β = 0.01351, 95% CI 0.00556 to 0.02146, FDR = 0.00382). 370 

The macrophage fraction showed a nominal decrease but did not pass the 371 

FDR threshold (β = −0.01423, FDR = 0.0584). The mast-cell fraction also 372 

showed a nominal decrease but did not pass the FDR threshold (β = 373 

−0.000763, FDR = 0.0576). These findings indicate label-specific 374 

compositional differences rather than a uniform increase in immune-labeled 375 

nuclei. 376 

Because the analysis was based on tissue single-nucleus labels, the results 377 

may be affected by sampling, nuclear capture, cell survival, and annotation 378 

uncertainty. The fractions should not be interpreted as absolute tissue cell 379 

numbers or direct measurements of immune-cell function. 380 

 381 

Cardiomyocyte inflammatory score was not increased and was not 382 

associated with PTM-CF 383 



The frozen 18-gene inflammatory module passed the prespecified 384 

gene-availability gate and was scored across cardiomyocytes from all 43 385 

donors. The inflammatory score was not significantly higher in HFpEF (β = 386 

0.110, 95% CI −0.398 to 0.619, FDR = 0.6623). The exploratory association 387 

with PTM-CF was also not significant (β = 0.152, 95% CI −0.0417 to 0.3467, 388 

FDR = 0.2395). 389 

Thus, the immune validation supports specific immune-composition 390 

differences but does not support a generalized increase in the cardiomyocyte 391 

inflammatory module in this dataset. It also does not establish a donor-level 392 

association between the inflammatory score and PTM-CF. The null result 393 

should not be interpreted as proof that immune biology is absent. Neither the 394 

composition analysis nor the inflammatory score demonstrates immune-cell 395 

activation, cytokine release, immune–cardiomyocyte communication, or an 396 

inflammatory causal chain. 397 

 398 

Analyses that remained not run 399 

The available data supported figures describing study design, cohort audit, 400 

TLI/PCI/MSI/PTM-CF, immune composition, inflammatory score, RNA–protein 401 

directionality, cross-species directionality, and candidate evidence. 402 

HFpEF-specific HFrEF/DCM interaction, chromatin/TF activity, RNA velocity, 403 

spatial co-localization, clinical-endpoint generalization, GWAS 404 

colocalization/TWAS/MR, and CMap/LINCS drug-reversal analyses were not 405 

run because their prespecified data or eligibility gates were not met. 406 

 407 

Discussion 408 

Principal findings 409 

This study provides two comparatively robust donor-level signals in public 410 

human HFpEF cardiomyocyte data: lower translation/ribosome-associated 411 

expression and a more pronounced reduction in 412 

metabolic/oxidative-phosphorylation expression. Both remained significant 413 



after donor-level modeling and direction-stability auditing. PCI was 414 

directionally lower but not significant. The frozen PTM-CF composite was 415 

higher in the complete H5AD CellBender model and passed FDR < 0.05, but 416 

this remains a single-cohort result requiring independent human replication. 417 

This interpretation is more cautious than concluding that HFpEF is proven to 418 

contain a proteostasis–translation–metabolism coupling failure. The data 419 

suggest that HFpEF cardiomyocytes may exhibit remodeling of metabolic 420 

supply and translation-related programs, while proteostasis capacity may 421 

comprise multiple opposing gene-level changes. The interpretability of the 422 

composite depends on component coherence, measurement coverage, and 423 

replication. 424 

 425 

Metabolic remodeling as a cardiomyocyte state signal 426 

ACADVL and HADHA participate in long-chain fatty-acid oxidation and 427 

mitochondrial fatty-acid oxidation, respectively. Their concordant direction 428 

across human cardiomyocyte RNA, human myocardial protein, and mouse 429 

HFpEF protein evidence makes them the most convergent metabolic 430 

candidates in the current audit. This pattern is consistent with broader 431 

biological models of altered substrate use and mitochondrial dysfunction in 432 

HFpEF. However, the analysis cannot determine whether these changes are 433 

causal, compensatory, markers of disease severity, or consequences of 434 

medication and comorbidity. 435 

 436 

RNA–protein discordance is informative but not translation efficiency 437 

Although 17/25 matched genes showed concordant direction, the global RNA–438 

protein correlation was not significant. Protein degradation, translational 439 

control, mitochondrial import, tissue composition, and platform differences may 440 

all contribute to discordance. Concordant ACADVL and HADHA protein 441 

evidence supports further validation, but it does not establish altered 442 



translation efficiency. Matched RNA-seq and ribosome profiling would be 443 

required to estimate translation efficiency directly. 444 

 445 

Immune composition and cardiomyocyte inflammatory state were 446 

separable 447 

The prespecified donor-level immune analysis found a higher lymphocyte 448 

fraction and lower cycling-macrophage fraction in HFpEF, without a significant 449 

change in the overall immune-labeled fraction. This interpretation is consistent 450 

with experimental evidence that myeloid populations can shape hypertensive 451 

heart-failure remodeling, while remaining distinct from proof of immune 452 

activation in the present dataset [26,27,29]. This pattern suggests 453 

label-specific composition remodeling rather than global immune expansion. 454 

The tissue single-nucleus design limits interpretation of absolute cell 455 

abundance and functional activation. 456 

The cardiomyocyte inflammatory score was not significantly higher in HFpEF 457 

and was not associated with PTM-CF. In the current data, immune 458 

composition and cardiomyocyte metabolic/proteostasis remodeling should 459 

therefore be treated as parallel, not causally connected, observations. Direct 460 

cytokine measurements, independent human immune validation, ligand–461 

receptor evidence, and functional immune–cardiomyocyte assays remain 462 

necessary. 463 

Boundaries for candidate and therapeutic interpretation 464 

ACADVL and HADHA are computationally convergent candidates, but they 465 

lack HFpEF-versus-HFrEF/DCM specificity testing, complete clinical 466 

adjustment, independent human cardiomyocyte replication, genetic 467 

directionality, and tissue-selective intervention-safety evidence. NAMPT and 468 

LONP1 show human RNA–protein concordance but unstable cross-model 469 

direction. The study therefore nominates candidates for experimental 470 

prioritization and does not claim that any candidate restores myocardial 471 

function or has therapeutic efficacy. 472 



 473 

Limitations 474 

1. Incomplete clinical covariates. Age, body-mass index, diabetes, hypertension, 475 

left-ventricular ejection fraction, medications, and other clinical variables were not 476 

available in the H5AD metadata. The model adjusted sex and biosample/pool but 477 

did not provide complete clinical confounding control. 478 

2. Single human discovery cohort. The PTM-CF result was obtained in one 479 

human cohort and requires independent replication. 480 

3. HFpEF specificity was not tested. No compatible HFrEF/DCM donor-level 481 

cardiomyocyte comparator was available for the prespecified interaction analysis. 482 

4. No independent human cardiomyocyte validation cohort. Mouse datasets 483 

cannot substitute for independent human validation. 484 

5. Human proteomics was tissue-level. PXD045677 was not a purified 485 

cardiomyocyte proteome, and TLI/PCI protein coverage was insufficient for 486 

complete module scoring. 487 

6. Mouse sample size and reconstruction differences. PXD033501 included four 488 

male mice per group and the archived reconstruction did not fully reproduce the 489 

published differential-feature counts. 490 

7. Genetic and drug analyses were not run. Complete ni-HFpEF GWAS statistics, 491 

matched linkage disequilibrium, and eligible drug-perturbation evidence were not 492 

available under the prespecified gates. 493 

8. Immune interpretation is limited. Single-nucleus labels cannot directly establish 494 

absolute cell numbers, activation state, cytokine release, or cell–cell 495 

communication. The inflammatory score was not significantly altered or 496 

associated with PTM-CF. 497 

9. Observational design. All results are associative and cannot establish causality 498 

or predict response to intervention. 499 

 500 

Conclusion 501 



In a complete H5AD raw-count analysis, HFpEF cardiomyocytes showed 502 

stable reductions in translation-related and 503 

metabolic/oxidative-phosphorylation expression, particularly in fatty-acid 504 

oxidation and mitochondrial programs. PCI was directionally lower but not 505 

significant, whereas the frozen PTM-CF composite passed FDR < 0.05 in the 506 

sex- and biosample/pool-adjusted donor model. The additional donor-level 507 

immune analysis found a higher lymphocyte fraction and lower 508 

cycling-macrophage fraction without a significant increase in the overall 509 

immune-labeled fraction. The cardiomyocyte inflammatory score was neither 510 

significantly higher nor significantly associated with PTM-CF. 511 

These findings provide an auditable immune-related validation layer but do not 512 

establish immune activation, inflammatory causality, immune–cardiomyocyte 513 

communication, HFpEF specificity, therapeutic efficacy, or target validation. 514 

ACADVL and HADHA are computationally convergent candidates for follow-up 515 

experiments but remain NOT_RANKED. Priority next steps are compatible 516 

HFrEF/DCM comparison, independent human cardiomyocyte and immune 517 

validation, protein/cytokine and communication assays, and 518 

cardiomyocyte-specific testing of mitochondrial fatty-acid oxidation and 519 

proteostasis mechanisms. 520 
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Figure legends 566 

Figure 1. Human-first, donor-level, non-leaky study design. The figure 567 

should show the SCP3342 human cardiomyocyte discovery layer, PXD045677 568 

human myocardial proteomics orthogonal layer, PXD033501 mouse 569 

generalization layer, and genetics/drug layers that remained gated. Each layer 570 

should display tissue, species, sample role, and access limitations. 571 

Figure 2. Donor and cardiomyocyte-nucleus overview of the SCP3342 572 

discovery cohort. The figure should show 43 donors, including 19 HFpEF 573 

and 24 non-failing controls, together with the number of cardiomyocyte nuclei 574 

per donor. Nucleus counts are presented for quality and descriptive auditing 575 

and are not treated as independent biological replicates. 576 

Figure 3. Translation, proteostasis, metabolism, and PTM-CF module 577 

results. Show donor-level points, adjusted HFpEF effects, 95% confidence 578 

intervals, and FDR for TLI, PCI, MSI, and PTM-CF. TLI and MSI are lower, PCI 579 

is directionally lower but not significant, and the frozen PTM-CF composite is 580 

higher in the complete H5AD CellBender model. The figure should distinguish 581 

the primary complete-H5AD model from anonymous-API sensitivity analyses. 582 

Figure 4. Donor-level immune-labeled composition. Show overall 583 

immune-labeled fraction and the fractions of lymphocytes, cycling 584 

macrophages, macrophages, and mast cells, with donor-level observations, 585 

adjusted effects, and 95% confidence intervals. Highlight the higher 586 

lymphocyte fraction and lower cycling-macrophage fraction while noting that 587 

the overall immune-labeled fraction was not significantly different. 588 

Figure 5. Cardiomyocyte inflammatory-score validation. Show the 589 

18-gene module availability, HFpEF effect, and exploratory association with 590 



PTM-CF. Neither endpoint is FDR-significant. The figure should state that 591 

these results do not establish absence of immune biology or causality. 592 

Figure 6. Human cardiomyocyte RNA–human myocardial protein 593 

directional concordance. Show RNA effects against protein effects for 25 594 

matched frozen-module genes, with concordant and discordant quadrants. 595 

Report 17/25 concordant directions and Spearman ρ = 0.158, P = 0.452. The 596 

figure should identify the tissue-level nature of the protein evidence. 597 

Figure 7. Cross-species protein and phosphosite audit. Show retained 598 

feature counts, nominally differential counts, and FDR-gated counts for 599 

PXD033501. Emphasize that this is small-sample sensitivity/generalization 600 

evidence, not quantitative replication. 601 

Figure 8. Candidate evidence matrix. Show ACADVL, HADHA, NAMPT, 602 

LONP1, PPARA, and CPT1B across human cardiomyocyte RNA, human 603 

myocardial protein, mouse protein, specificity, genetics, and safety domains. 604 

ACADVL and HADHA have the strongest current convergence, but all 605 

candidates remain NOT_RANKED. 606 
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cardiomyocyte-nucleus counts. 610 
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Supplementary Table 8. Run manifest, software versions, source-file 621 

checksums, and figure-readiness audit. 622 

Supplementary Figure 1. SCP3342 portal and download provenance audit 623 

screenshots. Screenshots are provenance evidence only and are not 624 

quantitative analysis inputs. 625 
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