
175 
 

percentage of the macrophage population that is CD206+. The macrophage population was 
previously gated as CD45+CD11b+Ly6G-F480+. The CD206- gate was set using a CD206 
fluorescence minus one (FMO) control. B) Total macrophage density as well as E) CD206+ 
and F) CD206- macrophage density was unchanged between treatment groups. C) rHCIII 
treated animals showed a significant reduction in the percentage of CD206+ macrophages 
and D) an increase in the percentage of CD206- macrophages as compared to the other 
treatment groups. Significance was determined by a one-way ANOVA followed by Tukey’s 
multiple comparisons between treatment groups. G) Heart sections of mice sacrificed at 2 
days post-injection and stained for CD206+ positive cells. Scale bar indicates 100 µm. H) In 
each region of the heart there is no difference in macrophage density between rHCI (n = 4) 
and PBS (n = 5) treated mice day 2 post-injection. Significant differences between treatment 
groups were determined by unpaired t tests for each region. Data are presented as mean ± 
SEM. Significance is noted as * p < 0.05, ** p < 0.01 or *** p < 0.001. Data analysis was 
done in FlowJo and Prism.  
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Figure S23. Two days after intramyocardial injection, rHCI hydrogel remains at the 
epicardial surface of the infarct and borderzone myocardium. Seven days after myocardial 
infarction mice received an intramyocardial injection of rHCI hydrogel tagged with 
AlexaFluor 594 dye (red). Two days after injection, hearts were harvested for histology. 
Heart sections were collected from apex to base, each section was separated by 480 µm with 
the first section starting 250 µm from the apex. Heart sections were stained with DAPI (blue) 
to detect the nuclei. Scale bars are 500 µm. 
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Figure S24. Cells are found within the rHCI hydrogel at the epicardial surface one day after 
intramyocardial injection in a mouse model of myocardial infarction. Seven days after 
myocardial infarction, mice received intramyocardial injection of rHCI hydrogel. The rHCI 
hydrogel was tagged with AlexaFluor 594 prior to injection. One day after treatment injection 
hearts were harvested for histology. Heart sections were stained with antibodies (green) to 
detect (A-B) cardiac troponin I (cTnI)+cardiomyocytes, (C) Wilms’ tumor protein (WT1)+ 
epicardium, (D) CD31+ capillaries, (E) alpha smooth muscle actin (αSMA)+ myofibroblasts 
and arterioles, (F) CD206+ M2 macrophages, and (G) Ki67+ proliferating cells. The rHCI 
hydrogel appears as red and DAPI (blue) was used as a nuclear stain. Scale bars are 500 µm 
(A) and 50 µm (B-G).  
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Figure S25. Methylglyoxal modification of rHCI hydrogel two days after injection into the 
borderzone myocardium of mice with myocardial infarction. Seven days after myocardial 
infarction, mice received intramyocardial injection of rHCI hydrogel (n = 5) that was tagged 
with AlexFluor 594 dye (red). Two days after injection, hearts were harvested for histology. 
Heart sections were stained with an antibody that detects methylglyoxal adducts (MG-H1, 
green) and DAPI. Example images from each mouse are presented for full slide scans (right, 
scale bar 500 µm) and hydrogel regions (left, scale bar 100 µm).  
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Figure S26. There is no change in capillary density two days after rHCI hydrogel treatment 
in a mouse model of myocardial infarction. Seven days after myocardial infarction, mice 
received intramyocardial injection of PBS (n = 8) or rHCI (n = 9). Hearts were harvested 2 
days after treatment for histology. A) The percentage of the tissue are that is CD31+ in the 
borderzone (border), infarct and remote myocardium was quantified for PBS and rHCI 
treatment groups. B) The CD31+ cell density in the border, infarct and remote myocardium 
was also quantified for PBS and rHCI treatment groups. Data are presented as mean ± SEM. 
Significance was determined by an unpaired t test between groups in each region. QuPath 
was used for image analysis. Statistical analysis was done in Prism. Image analysis was run 
in QuPath software. 
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Ensembl ID Symbol Gene ID Log 
FC 

Log 
CPM 

LR P Value FDR 

ENSMUSG00000040026 Saa3 20210 8.86 3.47 922.84 1.06E-202 2.78E-198 

ENSMUSG00000054196 Cthrc1 68588 9.45 5.78 883.22 4.37E-194 5.71E-190 

ENSMUSG00000029304 Spp1 20750 7.93 6.28 808.82 6.54E-178 5.70E-174 

ENSMUSG00000027750 Postn 50706 5.61 9.91 777.04 5.30E-171 3.47E-167 

ENSMUSG00000030074 Gxylt2 232313 4.47 6.17 768.16 4.52E-169 2.36E-165 

ENSMUSG00000027996 Sfrp2 20319 6.10 7.61 761.42 1.32E-167 5.76E-164 

ENSMUSG00000000290 Itgb2 16414 2.82 4.90 755.12 3.09E-166 1.15E-162 

ENSMUSG00000026043 Col3a1 12825 4.25 12.15 740.77 4.07E-163 1.33E-159 

ENSMUSG00000001506 Col1a1 12842 4.73 11.51 723.16 2.75E-159 7.99E-156 

ENSMUSG00000029661 Col1a2 12843 4.51 11.38 686.02 3.28E-151 8.58E-148 

ENSMUSG00000040552 C3ar1 12267 3.37 4.74 671.61 4.47E-148 1.06E-144 

ENSMUSG00000028364 Tnc 21923 5.77 6.04 669.94 1.03E-147 2.25E-144 

ENSMUSG00000049103 Ccr2 12772 3.75 3.60 642.63 8.95E-142 1.80E-138 

ENSMUSG00000049723 Mmp12 17381 7.35 4.55 626.70 2.61E-138 4.88E-135 

ENSMUSG00000029838 Ptn 19242 4.30 6.06 617.00 3.36E-136 5.86E-133 

ENSMUSG00000073418 C4b 12268 2.82 5.71 611.88 4.35E-135 7.12E-132 

ENSMUSG00000026193 Fn1 14268 4.76 10.16 609.25 1.63E-134 2.50E-131 

ENSMUSG00000051048 P4ha3 320452 7.58 3.61 602.20 5.56E-133 8.07E-130 

ENSMUSG00000028111 Ctsk 13038 3.13 4.78 588.42 5.54E-130 7.62E-127 

ENSMUSG00000028197 Col24a1 71355 6.52 2.43 585.97 1.89E-129 2.47E-126 

ENSMUSG00000023992 Trem2 83433 4.37 3.39 585.33 2.59E-129 3.23E-126 

ENSMUSG00000027239 Mdk 17242 3.32 3.81 576.18 2.54E-127 3.02E-124 

ENSMUSG00000020473 Aebp1 11568 3.16 6.73 575.73 3.18E-127 3.61E-124 

ENSMUSG00000015340 Cybb 13058 2.58 5.49 570.42 4.56E-126 4.97E-123 

ENSMUSG00000001131 Timp1 21857 4.87 4.84 564.37 9.44E-125 9.87E-122 

ENSMUSG00000017969 Ptgis 19223 2.69 5.86 559.65 1.00E-123 1.01E-120 

ENSMUSG00000060572 Mfap2 17150 3.35 3.91 542.97 4.27E-120 4.13E-117 

ENSMUSG00000050335 Lgals3 16854 4.94 5.01 541.93 7.19E-120 6.71E-117 

ENSMUSG00000054555 Adam12 11489 4.74 4.04 541.15 1.06E-119 9.54E-117 

ENSMUSG00000069516 Lyz2 17105 2.35 8.19 540.80 1.26E-119 1.10E-116 

ENSMUSG00000022371 Col14a1 12818 3.27 7.82 537.93 5.31E-119 4.48E-116 

ENSMUSG00000047414 Flrt2 399558 2.25 4.53 533.07 6.06E-118 4.96E-115 

ENSMUSG00000035279 Ssc5d 269855 2.75 5.43 531.69 1.21E-117 9.61E-115 

ENSMUSG00000026786 Apbb1ip 54519 2.29 3.76 531.06 1.66E-117 1.28E-114 

ENSMUSG00000040690 Col16a1 107581 4.06 6.90 513.98 8.64E-114 6.46E-111 

ENSMUSG00000027995 Tlr2 24088 2.63 3.61 509.35 8.79E-113 6.39E-110 

ENSMUSG00000042436 Mfap4 76293 4.57 7.83 503.13 1.98E-111 1.40E-108 

ENSMUSG00000036446 Lum 17022 2.34 8.00 502.85 2.28E-111 1.57E-108 

ENSMUSG00000027188 Pamr1 210622 4.03 4.51 496.83 4.64E-110 3.11E-107 

ENSMUSG00000015947 Fcgr1 14129 2.91 2.82 494.82 1.27E-109 8.31E-107 

ENSMUSG00000045312 Lhfpl2 218454 3.23 5.16 491.19 7.85E-109 5.01E-106 
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ENSMUSG00000040907 Atp1a3 232975 3.88 2.10 486.59 7.87E-108 4.90E-105 

ENSMUSG00000038147 Cd84 12523 2.85 3.72 483.56 3.60E-107 2.19E-104 

ENSMUSG00000063727 Tnfrsf11b 18383 5.25 1.90 478.58 4.35E-106 2.59E-103 

ENSMUSG00000008496 Pou2f2 18987 3.59 2.77 475.31 2.24E-105 1.28E-102 

ENSMUSG00000039062 Anpep 16790 1.83 5.26 475.31 2.24E-105 1.28E-102 

ENSMUSG00000040254 Sema3d 108151 2.15 4.42 472.51 9.09E-105 5.06E-102 

ENSMUSG00000062609 Kcnj15 16516 5.30 5.04 470.96 1.98E-104 1.08E-101 

ENSMUSG00000020053 Igf1 16000 2.29 5.68 466.71 1.67E-103 8.90E-101 

ENSMUSG00000024529 Lox 16948 5.73 7.86 453.55 1.22E-100 6.38E-98 

 

Table S2. Top 50 genes that are differentially expressed in the left ventricle of PBS injected 
mice with myocardial infarction compared to sham mice. The 50 genes with the lowest p 
values out of 12593 total differentially expressed genes are included in this table. RNA was 
isolated from left ventricles two days after intramyocardial treatment injection in mice that 
had an infarct induced seven days prior. PBS (n =5) and sham (n = 5)  RNA samples were 
analyzed by next generation RNA sequencing at 50 million read depth for protein coding 
genes. Quality control, read trimming, alignment, and edgeR differential expression analysis 
of reads was completed by C3G bioinformatics group. FC: fold change relative to sham, 
CPM: gene read counts per million, LR: fold change likelihood ratio, and FDR: false 
discovery rate. 

 
Ensembl ID Symbol Gene ID log FC log CPM LR P Value FDR 

ENSMUSG00000040026 Saa3 20210 8.78 3.47 904.99 8.1E-199 2.1E-194 

ENSMUSG00000054196 Cthrc1 68588 9.04 5.78 826.30 1.0E-181 1.4E-177 

ENSMUSG00000029304 Spp1 20750 7.87 6.28 799.72 6.2E-176 5.4E-172 

ENSMUSG00000027750 Postn 50706 5.31 9.91 716.13 9.3E-158 6.1E-154 

ENSMUSG00000000290 Itgb2 16414 2.72 4.90 703.52 5.1E-155 2.7E-151 

ENSMUSG00000026043 Col3a1 12825 4.03 12.15 681.08 3.9E-150 1.7E-146 

ENSMUSG00000030074 Gxylt2 232313 4.09 6.17 665.43 9.9E-147 3.7E-143 

ENSMUSG00000001506 Col1a1 12842 4.48 11.51 664.45 1.6E-146 5.3E-143 

ENSMUSG00000027996 Sfrp2 20319 5.55 7.61 662.09 5.2E-146 1.5E-142 

ENSMUSG00000029661 Col1a2 12843 4.21 11.38 616.39 4.6E-136 1.2E-132 

ENSMUSG00000049723 Mmp12 17381 7.17 4.55 603.10 3.5E-133 8.4E-130 

ENSMUSG00000028364 Tnc 21923 5.35 6.04 597.54 5.7E-132 1.3E-128 

ENSMUSG00000049103 Ccr2 12772 3.60 3.60 597.16 7.0E-132 1.4E-128 

ENSMUSG00000040552 C3ar1 12267 3.09 4.74 576.41 2.3E-127 4.2E-124 

ENSMUSG00000001131 Timp1 21857 4.84 4.84 559.93 8.7E-124 1.5E-120 

ENSMUSG00000026193 Fn1 14268 4.49 10.16 557.12 3.6E-123 5.8E-120 

ENSMUSG00000073418 C4b 12268 2.66 5.71 547.84 3.7E-121 5.7E-118 

ENSMUSG00000051048 P4ha3 320452 7.08 3.61 536.44 1.1E-118 1.6E-115 

ENSMUSG00000028111 Ctsk 13038 2.91 4.78 516.48 2.5E-114 3.4E-111 
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ENSMUSG00000029838 Ptn 19242 3.83 6.06 510.01 6.3E-113 8.2E-110 

ENSMUSG00000028197 Col24a1 71355 6.01 2.43 499.19 1.4E-110 1.8E-107 

ENSMUSG00000023992 Trem2 83433 3.98 3.39 493.75 2.2E-109 2.6E-106 

ENSMUSG00000027239 Mdk 17242 3.05 3.81 490.47 1.1E-108 1.3E-105 

ENSMUSG00000020473 Aebp1 11568 2.87 6.73 487.68 4.6E-108 5.0E-105 

ENSMUSG00000069516 Lyz2 17105 2.22 8.19 483.92 3.0E-107 3.1E-104 

ENSMUSG00000050335 Lgals3 16854 4.60 5.01 483.41 3.9E-107 3.9E-104 

ENSMUSG00000022371 Col14a1 12818 3.07 7.82 482.08 7.5E-107 7.3E-104 

ENSMUSG00000047414 Flrt2 399558 2.13 4.53 477.18 8.8E-106 8.2E-103 

ENSMUSG00000015340 Cybb 13058 2.34 5.49 475.88 1.7E-105 1.5E-102 

ENSMUSG00000026786 Apbb1ip 54519 2.15 3.76 468.32 7.4E-104 6.5E-101 

ENSMUSG00000054555 Adam12 11489 4.35 4.04 467.13 1.3E-103 1.1E-100 

ENSMUSG00000017969 Ptgis 19223 2.43 5.86 464.35 5.4E-103 4.4E-100 

ENSMUSG00000035279 Ssc5d 269855 2.54 5.43 459.70 5.6E-102 4.4E-99 

ENSMUSG00000040907 Atp1a3 232975 3.77 2.10 458.40 1.1E-101 8.2E-99 

ENSMUSG00000042436 Mfap4 76293 4.30 7.83 455.67 4.2E-101 3.1E-98 

ENSMUSG00000060572 Mfap2 17150 3.03 3.91 452.18 2.4E-100 1.8E-97 

ENSMUSG00000027995 Tlr2 24088 2.45 3.61 440.56 8.2E-98 5.8E-95 

ENSMUSG00000040690 Col16a1 107581 3.69 6.90 439.64 1.3E-97 8.9E-95 

ENSMUSG00000008496 Pou2f2 18987 3.44 2.77 437.99 3.0E-97 2.0E-94 

ENSMUSG00000079227 Ccr5 12774 4.00 4.03 425.49 1.6E-94 1.0E-91 

ENSMUSG00000027188 Pamr1 210622 3.68 4.51 425.47 1.6E-94 1.0E-91 

ENSMUSG00000039062 Anpep 16790 1.72 5.26 420.30 2.1E-93 1.3E-90 

ENSMUSG00000024529 Lox 16948 5.41 7.86 416.12 1.7E-92 1.0E-89 

ENSMUSG00000036446 Lum 17022 2.11 8.00 415.45 2.4E-92 1.4E-89 

ENSMUSG00000062609 Kcnj15 16516 4.88 5.04 413.63 5.9E-92 3.5E-89 

ENSMUSG00000038147 Cd84 12523 2.62 3.72 412.66 9.7E-92 5.5E-89 

ENSMUSG00000045312 Lhfpl2 218454 2.93 5.16 411.54 1.7E-91 9.4E-89 

ENSMUSG00000015947 Fcgr1 14129 2.64 2.82 406.19 2.5E-90 1.3E-87 

ENSMUSG00000018008 Cyth4 72318 2.41 4.39 405.56 3.4E-90 1.8E-87 

ENSMUSG00000030162 Olr1 108078 6.49 0.98 404.27 6.5E-90 3.4E-87 

 

Table S3. Top 50 genes that are differentially expressed in the left ventricle of rHCI injected 
mice with myocardial infarction compared to sham mice. The 50 genes with the lowest p 
values out of 11427 total differentially expressed genes are included in this table. RNA was 
isolated from left ventricles two days after intramyocardial treatment injection in mice that 
had an infarct induced seven days prior. rHCI (n =5) and sham (n = 5) RNA samples were 
analyzed by next generation RNA sequencing at 50 million read depth for protein coding 
genes. Quality control, read trimming, alignment, and edgeR differential expression analysis 
of reads was completed by C3G bioinformatics group. FC: fold change relative to sham, 
CPM: gene read counts per million, LR: fold change likelihood ratio, and FDR: false 
discovery rate. 
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Term Ont N Up Down P.Up P.Down 

mitochondrion CC 1716 329 1011 1 1.1E-190 

mitochondrial part CC 807 126 551 1 2.3E-139 

mitochondrial protein complex CC 258 6 241 1 4.7E-116 

intracellular CC 12394 4236 3942 0.30 1.9E-109 

intracellular part CC 12394 4236 3942 0.30 1.9E-109 

intracellular membrane-bounded organelle CC 9453 3071 3198 1 6.1E-107 

cytoplasm CC 10024 3545 3307 1.9E-05 2.3E-94 

intracellular organelle CC 10931 3687 3536 0.87 1.9E-93 

membrane-bounded organelle CC 10079 3354 3316 0.99 9.3E-93 

mitochondrial inner membrane CC 417 52 309 1 9.7E-92 

organelle CC 11195 3786 3592 0.80 3.2E-90 

cytoplasmic part CC 7759 2709 2682 0.02 9.1E-89 

mitochondrial envelope CC 628 111 403 1 4.8E-88 

mitochondrial membrane CC 585 103 383 1 1.9E-87 

response to stimulus BP 7030 3013 1732 6.4E-87 1 

immune system process BP 2128 1138 408 1.3E-85 1 

organelle inner membrane CC 457 71 317 1 6.4E-82 

cell periphery CC 4361 2011 947 1.9E-80 1 

plasma membrane CC 4228 1950 910 2.2E-77 1 

mitochondrial matrix CC 254 19 209 1 7.1E-77 

extracellular region CC 1858 990 278 2.5E-72 1 

extracellular region part CC 1468 815 214 2.8E-69 1 

envelope CC 1010 242 527 1 5.6E-69 

organelle envelope CC 1010 242 527 1 5.6E-69 

organelle part CC 7046 2266 2411 1 7.5E-69 

signal transduction BP 4372 1974 1055 8.8E-69 1 

signaling BP 4807 2135 1157 2.8E-68 1 

intracellular organelle part CC 6721 2142 2317 1 3.4E-68 

cell communication BP 4868 2152 1173 8.5E-67 1 

mitochondrial membrane part CC 212 18 176 1 5.2E-66 

 

Table S4. Gene ontology enrichment results for genes differentially expressed between PBS 
injected mice with myocardial infarcts and sham mice. Mice were injected with PBS (n = 5) 
seven days post-myocardial infarction. RNA was isolated from left ventricles two days after 
intramyocardial treatment from PBS mice and sham healthy control animals (n = 5). Next 
generation sequencing of mRNA transcripts at 50 million read depth was performed. 
Following read trimming and alignment, edgeR pipeline was used for differential expression 
analysis. Gene ontology (Ont) terms include: CC cellular compartment and BP biological 
process. N indicates number of genes in the pathway, UP is the number of differentially 
expressed genes that are upregulated relative to sham, and down is the number of genes in 
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the pathway that are downregulated relative to sham. P values for gene ontology term 
upregulation (P.Up) and downregulation (P.Down) are also shown. Significance is p < 0.05. 
Analysis was performed by C3G bioinformatics group. 

 
Term Ont N Up Dow

n 
P.Up P.Down 

mitochondrion CC 1716 298 981 1 7.5E-206 

mitochondrial part CC 807 115 541 1 2.7E-151 

mitochondrial protein complex CC 258 6 240 1 2.2E-124 

intracellular CC 12394 3943 3612 0.17 7.6E-107 

intracellular part CC 12394 3943 3612 0.17 7.6E-107 

intracellular membrane-bounded organelle CC 9453 2831 2942 1 2.6E-105 

cytoplasm CC 10024 3311 3063 2.0E-06 9.3E-101 

mitochondrial inner membrane CC 417 47 306 1 1.7E-100 

cytoplasmic part CC 7759 2506 2504 0.04 1.0E-97 

mitochondrial envelope CC 628 100 396 1 7.6E-97 

mitochondrial membrane CC 585 94 377 1 2.7E-96 

membrane-bounded organelle CC 10079 3105 3046 1 3.3E-91 

intracellular organelle CC 10931 3413 3242 0.90 7.4E-91 

immune system process BP 2128 1093 362 8.0E-91 1 

organelle inner membrane CC 457 64 313 1 5.2E-90 

response to stimulus BP 7030 2832 1592 7.2E-88 1 

organelle CC 11195 3502 3291 0.87 2.4E-87 

cell periphery CC 4361 1912 858 1.4E-85 1 

plasma membrane CC 4228 1856 826 6.4E-83 1 

mitochondrial matrix CC 254 18 206 1 1.4E-81 

envelope CC 1010 217 514 1 7.7E-78 

organelle envelope CC 1010 217 514 1 7.7E-78 

extracellular region CC 1858 952 246 3.2E-77 1 

extracellular region part CC 1468 791 193 3.6E-76 1 

mitochondrial membrane part CC 212 17 175 1 1.0E-71 

immune response BP 1193 664 168 8.7E-71 1 

signaling BP 4807 2016 1066 2.3E-70 1 

signal transduction BP 4372 1862 973 8.6E-70 1 

extracellular space CC 1248 684 152 2.6E-69 1 

biological regulation BP 9758 3630 2369 8.3E-69 0.74 

 

Table S5. Gene ontology enrichment results for genes differentially expressed between rHCI 
injected mice with myocardial infarcts and sham mice. Mice were injected with rHCI (n = 5) 
seven days post-myocardial infarction. RNA was isolated from left ventricles two days after 
intramyocardial treatment from rHCI mice and sham healthy control animals (n = 5). Next 
generation sequencing of mRNA transcripts at 50 million read depth was performed. 
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Following read trimming and alignment, edgeR pipeline was used for differential expression 
analysis. Gene ontology (Ont) terms include: CC cellular compartment and BP biological 
process. N indicates number of genes in the pathway, UP is the number of differentially 
expressed genes that are upregulated relative to sham, and down is the number of genes in 
the pathway that are downregulated relative to sham. P values for gene ontology term 
upregulation (P.Up) and downregulation (P.Down) are also shown. Significance is p < 0.05. 
Analysis was performed by C3G bioinformatics group. 

 
Pathway N Up Down P.Up P.Down 

Oxidative phosphorylation 127 8 103 1 2.8E-37 

Thermogenesis 224 36 151 1 5.1E-37 

Parkinson disease 138 14 108 1 2.4E-36 

Metabolic pathways 1406 423 560 1 3.8E-28 

Alzheimer disease 167 42 106 1 3.5E-23 

Cytokine-cytokine receptor interaction 239 156 17 4.1E-23 1 

Non-alcoholic fatty liver disease (NAFLD) 144 32 93 1 2.7E-21 

Huntington disease 184 38 110 1 5.4E-21 

Cell adhesion molecules (CAMs) 144 101 10 8.4E-19 1 

Carbon metabolism 112 18 70 1 2.8E-15 

Pathways in cancer 510 258 125 5.0E-15 0.90 

PI3K-Akt signaling pathway 323 176 76 2.5E-14 0.93 

Pertussis 72 56 8 3.4E-14 1 

Human papillomavirus infection 324 176 62 3.7E-14 1 

ECM-receptor interaction 87 64 10 5.4E-14 1 

Focal adhesion 198 118 38 1.4E-13 1 

Phagosome 158 99 17 1.7E-13 1 

Epstein-Barr virus infection 197 116 44 7.1E-13 1 

Proteasome 45 4 35 1 1.6E-12 

Hematopoietic cell lineage 89 62 4 7.1E-12 1 

Lysosome 119 77 19 7.7E-12 1 

NF-kappa B signaling pathway 97 66 16 8.1E-12 1 

Viral protein interaction with cytokine and cytokine receptor 84 59 4 1.3E-11 1 

Staphylococcus aureus infection 62 47 1 2.0E-11 1 

Chemokine signaling pathway 178 104 31 2.1E-11 1 

Human cytomegalovirus infection 221 123 44 3.0E-11 1 

Valine, leucine and isoleucine degradation 54 6 38 1 3.3E-11 

NOD-like receptor signaling pathway 153 92 38 3.3E-11 0.75 

Cardiac muscle contraction 83 16 51 1 4.1E-11 

Osteoclast differentiation 124 78 21 4.6E-11 1 
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Table .S6. KEGG pathway enrichment results for genes differentially expressed between 
PBS injected mice with myocardial infarcts and sham mice. Mice were injected with PBS (n 
= 5) seven days post-myocardial infarction. RNA was isolated from left ventricles two days 
after intramyocardial treatment from PBS mice and sham healthy control animals (n = 5). 
Next generation sequencing of mRNA transcripts at 50 million read depth was performed. 
Following read trimming and alignment, edgeR pipeline was used for differential expression 
analysis. KEGG analysis determines enrichment of differentially expressed genes involved 
in known molecular pathways. N indicates number of genes in the pathway, UP is the number 
of differentially expressed genes that are upregulated relative to sham, and down is the 
number of genes in the pathway that are downregulated relative to sham. P values for gene 
ontology term upregulation (P.Up) and downregulation (P.Down) are also shown. 
Significance is p < 0.05. 

 
Pathway N Up Down P.Up P.Down 

Oxidative phosphorylation 127 7 103 1 3.1E-41 

Thermogenesis 224 32 147 1 4.1E-39 

Parkinson disease 138 14 106 1 2.3E-38 

Metabolic pathways 1406 408 527 1 7.7E-30 

Alzheimer disease 167 40 102 1 7.0E-24 

Huntington disease 184 36 109 1 7.1E-24 

Non-alcoholic fatty liver disease (NAFLD) 144 29 92 1 1.1E-23 

Cytokine-cytokine receptor interaction 239 149 15 8.1E-23 1 

Cell adhesion molecules (CAMs) 144 97 10 1.0E-18 1 

Pathways in cancer 510 251 108 3.5E-17 1 

ECM-receptor interaction 87 64 8 9.7E-16 1 

Carbon metabolism 112 18 66 1 7.4E-15 

Phagosome 158 96 12 3.5E-14 1 

Pertussis 72 54 6 4.4E-14 1 

PI3K-Akt signaling pathway 323 166 68 7.5E-14 0.94 

Human papillomavirus infection 324 166 52 1.1E-13 1 

Staphylococcus aureus infection 62 48 1 1.4E-13 1 

Focal adhesion 198 112 31 2.7E-13 1 

Viral protein interaction with cytokine and cytokine receptor 84 59 2 3.7E-13 1 

Tuberculosis 160 94 30 1.1E-12 1 

Leishmaniasis 68 50 10 1.4E-12 1 

Osteoclast differentiation 124 77 22 2.4E-12 1 

NF-kappa B signaling pathway 97 64 15 3.3E-12 1 

Proteasome 45 4 33 1 6.9E-12 

Chemokine signaling pathway 178 100 26 8.8E-12 1 

NOD-like receptor signaling pathway 153 89 35 9.2E-12 0.71 

Valine, leucine and isoleucine degradation 54 5 37 1 1.0E-11 

Epstein-Barr virus infection 197 108 39 1.1E-11 1 



187 
 

Hematopoietic cell lineage 89 59 4 1.7E-11 1 

Cardiac muscle contraction 83 15 49 1 2.0E-11 

 

Table S7. KEGG pathway enrichment results for genes differentially expressed between 
rHCI injected mice with myocardial infarcts and sham mice. Mice were injected with rHCI 
(n = 5) seven days post-myocardial infarction. RNA was isolated from left ventricles two 
days after intramyocardial treatment from rHCI mice and sham healthy control animals (n = 
5).Next generation sequencing of mRNA transcripts at 50 million read depth was performed. 
Following read trimming and alignment, edgeR pipeline was used for differential expression 
analysis. KEGG analysis determines enrichment of differentially expressed genes involved 
in known molecular pathways. N indicates number of genes in the pathway, UP is the number 
of differentially expressed genes that are upregulated relative to sham, and down is the 
number of genes in the pathway that are downregulated relative to sham. P values for gene 
ontology term upregulation (P.Up) and downregulation (P.Down) are also shown. 
Significance is p < 0.05. 

 

Ensembl ID Symbol Gene ID Log 
FC 

Log 
CPM 

LR P Value FDR 

ENSMUSG00000072844 G530011O06Rik 654820 -2.12 0.29 21.49 3.57E-06 0.021 

ENSMUSG00000096768 Erdr1 170942 -1.59 2.14 20.27 6.71E-06 0.029 

ENSMUSG00000076577 Igkv8-30 NA 2.32 -1.89 26.39 2.79E-07 0.004 

ENSMUSG00000020524 Gria1 14799 -1.17 0.57 28.13 1.14E-07 0.003 

ENSMUSG00000072849 Serpina1e 20704 2.25 -3.42 24.45 7.63E-07 0.007 

ENSMUSG00000084806 Gm15232 627268 -2.98 -3.40 21.29 3.94E-06 0.021 

ENSMUSG00000031779 Ccl22 20299 0.88 -0.59 19.62 9.43E-06 0.035 

 

Table S8. Genes that are differentially expressed between rHCI and PBS treatment groups. 
RNA was isolated from left ventricles two days after intramyocardial treatment injection in 
mice that had an infarct induced seven days prior. PBS (n =5) and rHCI (n = 5) RNA samples 
were analyzed by next generation RNA sequencing at 50 million read depth for protein 
coding genes. Quality control, read trimming, alignment, and edgeR differential expression 
analysis of reads was completed by C3G bioinformatics group. FC: fold change relative to 
PBS, CPM: gene read counts per million, LR: fold change likelihood ratio, and FDR: false 
discovery rate.  
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Appendix B: Supplemental tables from differential expression analysis of RNAseq data 

 

Ensembl ID Symbol Gene ID Log 
FC 

Log 
CPM 

LR P Value FDR 

ENSMUSG00000049538 Adamts16 271127 11.42 1.55 371.06 1.1E-82 2.5E-80 

ENSMUSG00000022097 Sftpc 20389 10.84 1.77 12.38 4.3E-04 1.3E-03 

ENSMUSG00000004885 Crabp2 12904 10.46 0.98 187.99 8.7E-43 4.1E-41 

ENSMUSG00000056370 Sftpb 20388 10.24 0.09 19.86 8.3E-06 3.1E-05 

ENSMUSG00000058914 C1qtnf3 81799 10.04 4.67 336.05 4.6E-75 8.2E-73 

ENSMUSG00000029188 Slc34a2 20531 9.80 -0.29 14.33 1.5E-04 4.8E-04 

ENSMUSG00000054196 Cthrc1 68588 9.45 5.78 883.22 4.4E-194 5.7E-190 

ENSMUSG00000062345 Serpinb2 18788 9.21 1.34 207.11 5.9E-47 3.3E-45 

ENSMUSG00000029379 Cxcl3 330122 9.14 -0.04 93.86 3.4E-22 5.6E-21 

ENSMUSG00000050711 Scg2 20254 9.13 -0.57 131.14 2.3E-30 5.9E-29 

ENSMUSG00000052353 Cemip 80982 8.87 3.18 306.89 1.0E-68 1.4E-66 

ENSMUSG00000040026 Saa3 20210 8.86 3.47 922.84 1.1E-202 2.8E-198 

ENSMUSG00000039462 Col10a1 12813 8.74 -0.87 41.27 1.3E-10 8.6E-10 

ENSMUSG00000021789 Sftpa1 20387 8.71 -0.18 11.47 7.1E-04 2.0E-03 

ENSMUSG00000029375 Cxcl15 20309 8.64 -1.29 13.19 2.8E-04 8.4E-04 

ENSMUSG00000050359 Sprr1a 20753 8.35 3.10 270.94 7.1E-61 6.9E-59 

ENSMUSG00000029304 Spp1 20750 7.93 6.28 808.82 6.5E-178 5.7E-174 

ENSMUSG00000021795 Sftpd 20390 7.90 -1.89 10.69 1.1E-03 2.9E-03 

ENSMUSG00000032473 Cldn18 56492 7.85 -1.93 12.63 3.8E-04 1.1E-03 

ENSMUSG00000054764 Mtnr1a 17773 7.81 -1.85 92.73 6.0E-22 9.8E-21 

ENSMUSG00000076548 Igkv4-69 NA 7.60 -3.17 8.96 2.8E-03 7.0E-03 

ENSMUSG00000051048 P4ha3 320452 7.58 3.61 602.20 5.6E-133 8.1E-130 

ENSMUSG00000092627 D130058E05Rik NA 7.58 -1.82 117.70 2.0E-27 4.4E-26 

ENSMUSG00000027966 Col11a1 12814 7.47 5.46 381.11 7.1E-85 1.9E-82 

ENSMUSG00000026725 Tnn 329278 7.45 2.76 257.70 5.4E-58 4.7E-56 

 

Table S9. Top 25 genes that are upregulated in left ventricles of PBS injected mice with 
myocardial infarction compared to sham mice. The 25 genes with the largest log fold change 
out of 12593 total differentially expressed genes are included in this table. RNA was isolated 
from left ventricles two days after intramyocardial treatment injection in mice that had an 
infarct induced seven days prior. PBS (n =5), sham (n = 5) and sham (n = 5) RNA samples 
were analyzed by next generation RNA sequencing at 50 million read depth for protein 
coding genes. Quality control, read trimming, alignment, and edgeR differential expression 
analysis of reads was completed by C3G bioinformatics group. FC: fold change relative to 
sham, CPM: gene read counts per million, LR: fold change likelihood ratio, and FDR: false 
discovery rate. 
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Ensembl ID Symbol Gene ID Log 
FC 

Log 
CPM 

LR P Value FDR 

ENSMUSG00000093906 Igkv9-129 NA -4.88 -4.29 5.41 2.0E-02 4.3E-02 

ENSMUSG00000105431 Gm42640 NA -4.06 -4.39 11.52 6.9E-04 1.9E-03 

ENSMUSG00000031471 Defb8 244334 -3.99 -4.56 8.51 3.5E-03 8.8E-03 

ENSMUSG00000057223 Gm6578 625347 -3.98 -4.42 11.36 7.5E-04 2.1E-03 

ENSMUSG00000044664 Prss42 235628 -3.95 -4.60 13.16 2.9E-04 8.6E-04 

ENSMUSG00000079507 H2-Q1 15006 -3.94 -4.53 12.56 3.9E-04 1.2E-03 

ENSMUSG00000077360 Gm23482 NA -3.90 -4.60 7.82 5.2E-03 1.2E-02 

ENSMUSG00000084869 Gm13063 NA -3.90 -4.53 11.40 7.3E-04 2.1E-03 

ENSMUSG00000081889 Gm13188 NA -3.89 -4.64 8.11 4.4E-03 1.1E-02 

ENSMUSG00000033770 Clcnka 12733 -3.84 -4.49 7.54 6.0E-03 1.4E-02 

ENSMUSG00000031682 1700011L22Rik 67687 -3.80 -4.64 11.00 9.1E-04 2.5E-03 

ENSMUSG00000083076 Gm11408 NA -3.78 -4.46 10.88 9.7E-04 2.7E-03 

ENSMUSG00000073375 Lrrc30 240131 -3.71 -1.94 54.96 1.2E-13 1.1E-12 

ENSMUSG00000025216 Lbx1 16814 -3.64 -3.80 22.15 2.5E-06 1.0E-05 

ENSMUSG00000090843 Heatr4 101055670 -3.61 -4.56 10.09 1.5E-03 4.0E-03 

ENSMUSG00000073424 Cyp4f15 106648 -3.59 -4.22 12.00 5.3E-04 1.5E-03 

ENSMUSG00000097639 Platr4 78706 -3.57 -4.67 7.09 7.7E-03 1.8E-02 

ENSMUSG00000070837 Aurkc 20871 -3.53 -4.10 16.43 5.1E-05 1.7E-04 

ENSMUSG00000048978 Nrsn1 22360 -3.50 -4.64 6.05 1.4E-02 3.1E-02 

ENSMUSG00000061742 Slc22a12 20521 -3.46 -3.74 16.44 5.0E-05 1.7E-04 

ENSMUSG00000107435 RP24-398M13.2 NA -3.46 -4.64 8.42 3.7E-03 9.2E-03 

ENSMUSG00000096463 Gm21750 NA -3.45 -4.60 8.26 4.1E-03 1.0E-02 

ENSMUSG00000036216 Leap2 259301 -3.45 -4.72 7.33 6.8E-03 1.6E-02 

ENSMUSG00000098741 Obox4-ps2 NA -3.43 -4.68 8.13 4.4E-03 1.1E-02 

ENSMUSG00000106822 Gm43533 NA -3.43 -4.68 7.42 6.4E-03 1.5E-02 

 

Table S10. Top 25 genes that are downregulated in left ventricles of PBS injected mice with 
myocardial infarction compared to sham mice. The 25 genes with the largest negative log 
fold change out of 12593 total differentially expressed genes are included in this table. RNA 
was isolated from left ventricles two days after intramyocardial treatment injection in mice 
that had an infarct induced seven days prior. PBS (n =5), sham (n = 5) and sham (n = 5) RNA 
samples were analyzed by next generation RNA sequencing at 50 million read depth for 
protein coding genes. Quality control, read trimming, alignment, and edgeR differential 
expression analysis of reads was completed by C3G bioinformatics group. FC: fold change 
relative to sham, CPM: gene read counts per million, LR: fold change likelihood ratio, and 
FDR: false discovery rate. 
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Ensembl ID Symbol Gene ID Log FC Log CPM LR P Value FDR 

ENSMUSG00000064351 mt-Co1 17708 -0.78 15.55 49.19 2.3E-12 1.8E-11 

ENSMUSG00000064370 mt-Cytb 17711 -0.77 14.44 47.56 5.3E-12 4.0E-11 

ENSMUSG00000040752 Myh6 17888 -1.01 14.33 51.83 6.0E-13 5.0E-12 

ENSMUSG00000064367 mt-Nd5 17721 -0.84 14.26 44.70 2.3E-11 1.6E-10 

ENSMUSG00000029467 Atp2a2 11938 -0.95 13.91 54.87 1.3E-13 1.1E-12 

ENSMUSG00000064341 mt-Nd1 17716 -0.82 13.85 39.90 2.7E-10 1.7E-09 

ENSMUSG00000064345 mt-Nd2 17717 -0.84 13.55 47.05 6.9E-12 5.1E-11 

ENSMUSG00000064363 mt-Nd4 17719 -0.82 13.34 49.77 1.7E-12 1.4E-11 

ENSMUSG00000018893 Mb 17189 -0.64 13.10 36.77 1.3E-09 7.7E-09 

ENSMUSG00000032366 Tpm1 22003 -0.52 12.80 32.84 1.0E-08 5.3E-08 

ENSMUSG00000026414 Tnnt2 21956 -0.70 12.58 44.01 3.3E-11 2.3E-10 

ENSMUSG00000064339 mt-Rnr2 NA -1.25 12.56 61.58 4.2E-15 4.3E-14 

ENSMUSG00000015568 Lpl 16956 -0.85 12.49 66.25 4.0E-16 4.4E-15 

ENSMUSG00000038583 Pln 18821 -0.95 12.43 55.59 8.9E-14 8.0E-13 

ENSMUSG00000013936 Myl2 17906 -0.83 12.33 46.62 8.6E-12 6.3E-11 

ENSMUSG00000025393 Atp5b 11947 -0.74 12.27 61.92 3.6E-15 3.7E-14 

ENSMUSG00000002100 Mybpc3 17868 -0.32 12.18 19.23 1.2E-05 4.2E-05 

ENSMUSG00000026043 Col3a1 12825 4.25 12.15 740.77 4.1E-163 1.3E-159 

ENSMUSG00000059741 Myl3 17897 -0.66 12.12 39.35 3.5E-10 2.2E-09 

ENSMUSG00000031633 Slc25a4 11739 -0.76 12.01 49.98 1.6E-12 1.2E-11 

ENSMUSG00000025428 Atp5a1 11946 -0.72 11.93 53.28 2.9E-13 2.5E-12 

ENSMUSG00000035458 Tnni3 21954 -0.92 11.52 47.54 5.4E-12 4.0E-11 

ENSMUSG00000001506 Col1a1 12842 4.73 11.51 723.16 2.8E-159 8.0E-156 

ENSMUSG00000029661 Col1a2 12843 4.51 11.38 686.02 3.3E-151 8.6E-148 

ENSMUSG00000024803 Ankrd1 107765 1.24 11.27 28.62 8.8E-08 4.2E-07 

 

Table S11. The 25 most highly expressed genes that are differentially expressed in left 
ventricles of PBS injected mice with myocardial infarction compared to sham mice. The 25 
genes with the largest log cpm out of 12593 total differentially expressed genes are included 
in this table. RNA was isolated from left ventricles two days after intramyocardial treatment 
injection in mice that had an infarct induced seven days prior. PBS (n =5), sham (n = 5) and 
sham (n = 5) RNA samples were analyzed by next generation RNA sequencing at 50 million 
read depth for protein coding genes. Quality control, read trimming, alignment, and edgeR 
differential expression analysis of reads was completed by C3G bioinformatics group. FC: 
fold change relative to sham, CPM: gene read counts per million, LR: fold change likelihood 
ratio, and FDR: false discovery rate. 
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Ensembl ID Symbol Gene 
ID 

log 
FC 

log 
CPM 

LR P Value FDR 

ENSMUSG00000049538 Adamts16 271127 10.66 1.55 309 4.2E-69 8.7E-67 

ENSMUSG00000004885 Crabp2 12904 10.56 0.98 192 1.2E-43 8.3E-42 

ENSMUSG00000062345 Serpinb2 18788 9.81 1.34 236 2.3E-53 2.4E-51 

ENSMUSG00000029379 Cxcl3 330122 9.76 -0.04 108 2.5E-25 6.5E-24 

ENSMUSG00000058914 C1qtnf3 81799 9.38 4.67 304 4.2E-68 8.3E-66 

ENSMUSG00000054196 Cthrc1 68588 9.04 5.78 826 1.0E-181 1.4E-177 

ENSMUSG00000040026 Saa3 20210 8.78 3.47 905 8.1E-199 2.1E-194 

ENSMUSG00000050711 Scg2 20254 8.63 -0.57 113 2.3E-26 6.4E-25 

ENSMUSG00000076615 Ighg3 NA 8.34 -1.96 32 1.5E-08 1.0E-07 

ENSMUSG00000039462 Col10a1 12813 8.31 -0.87 38 8.1E-10 6.6E-09 

ENSMUSG00000052353 Cemip 80982 8.29 3.18 275 8.4E-62 1.2E-59 

ENSMUSG00000050359 Sprr1a 20753 8.26 3.10 266 7.5E-60 1.1E-57 

ENSMUSG00000019987 Arg1 11846 7.98 3.07 376 1.2E-83 4.9E-81 

ENSMUSG00000029304 Spp1 20750 7.87 6.28 800 6.2E-176 5.4E-172 

ENSMUSG00000092627 D130058E05Rik NA 7.64 -1.82 120 6.1E-28 1.8E-26 

ENSMUSG00000094006 Igkv4-59 NA 7.51 0.07 23 1.9E-06 9.2E-06 

ENSMUSG00000024041 Cryaa 12954 7.28 -2.30 103 3.8E-24 9.2E-23 

ENSMUSG00000054764 Mtnr1a 17773 7.18 -1.85 71 4.3E-17 6.7E-16 

ENSMUSG00000096515 Igkv14-100 NA 7.17 -3.04 12 4.7E-04 1.6E-03 

ENSMUSG00000049723 Mmp12 17381 7.17 4.55 603 3.5E-133 8.4E-130 

ENSMUSG00000028591 Pramef12 77632 7.09 -2.12 90 2.1E-21 4.4E-20 

ENSMUSG00000051048 P4ha3 320452 7.08 3.61 536 1.1E-118 1.6E-115 

ENSMUSG00000033740 St18 240690 7.07 -2.18 73 1.6E-17 2.6E-16 

ENSMUSG00000101581 C430002N11Rik 319707 6.97 -1.14 147 9.8E-34 4.0E-32 

ENSMUSG00000059742 Kcnh7 170738 6.92 -2.98 16 8.1E-05 3.1E-04 

ENSMUSG00000026390 Marco 17167 6.90 2.59 174 7.9E-40 4.5E-38 

ENSMUSG00000045731 Pnoc 18155 6.86 -2.28 50 1.5E-12 1.6E-11 

 

Table S12. Top 25 genes that are upregulated in left ventricles of rHCI injected mice with 
myocardial infarction compared to sham mice. The 25 genes with the largest log fold change 
out of 11427 total differentially expressed genes are included in this table. RNA was isolated 
from left ventricles two days after intramyocardial treatment injection in mice that had an 
infarct induced seven days prior. rHCI (n =5), sham (n = 5) and sham (n = 5) RNA samples 
were analyzed by next generation RNA sequencing at 50 million read depth for protein 
coding genes. Quality control, read trimming, alignment, and edgeR differential expression 
analysis of reads was completed by C3G bioinformatics group. FC: fold change relative to 
sham, CPM: gene read counts per million, LR: fold change likelihood ratio, and FDR: false 
discovery rate. 
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Ensembl ID Symbol Gene ID log FC log 
CPM 

LR P Value FDR 

ENSMUSG00000061742 Slc22a12 20521 -5.92 -3.74 26.52 2.6E-07 1.5E-06 

ENSMUSG00000104745 Gm43073 NA -5.05 -4.16 25.67 4.1E-07 2.2E-06 

ENSMUSG00000105622 Gm42615 NA -4.21 -2.21 37.64 8.5E-10 6.9E-09 

ENSMUSG00000082706 Gm11663 NA -4.20 -4.24 12.56 3.9E-04 1.3E-03 

ENSMUSG00000049246 Hspe1-ps2 NA -4.17 -4.43 12.25 4.7E-04 1.5E-03 

ENSMUSG00000092097 Gm5819 NA -4.12 -4.42 9.77 1.8E-03 5.2E-03 

ENSMUSG00000077569 Gm24608 NA -4.09 -4.49 12.47 4.1E-04 1.4E-03 

ENSMUSG00000044664 Prss42 235628 -3.95 -4.60 11.37 7.5E-04 2.4E-03 

ENSMUSG00000097862 Gm26859 NA -3.95 -4.56 11.55 6.8E-04 2.2E-03 

ENSMUSG00000098588 Mir6340 102465173 -3.92 -4.46 10.24 1.4E-03 4.1E-03 

ENSMUSG00000081889 Gm13188 NA -3.89 -4.64 7.29 6.9E-03 1.8E-02 

ENSMUSG00000105762 Gm43605 NA -3.82 -4.49 9.63 1.9E-03 5.6E-03 

ENSMUSG00000031682 1700011L22Rik 67687 -3.80 -4.64 9.57 2.0E-03 5.8E-03 

ENSMUSG00000104664 Gm35570 NA -3.80 -4.56 9.32 2.3E-03 6.6E-03 

ENSMUSG00000064637 Snora20 NA -3.74 -4.56 7.29 7.0E-03 1.8E-02 

ENSMUSG00000085377 4930551L18Rik NA -3.69 -4.64 7.26 7.0E-03 1.8E-02 

ENSMUSG00000085838 Chn1os1 NA -3.64 -4.49 6.81 9.1E-03 2.3E-02 

ENSMUSG00000090079 Gm15849 NA -3.62 -4.53 7.72 5.5E-03 1.5E-02 

ENSMUSG00000093400 Gm20647 NA -3.61 -4.60 8.57 3.4E-03 9.5E-03 

ENSMUSG00000082108 Gm13777 NA -3.61 -4.43 8.93 2.8E-03 7.9E-03 

ENSMUSG00000097811 2810425M01Rik NA -3.60 -4.27 7.42 6.5E-03 1.7E-02 

ENSMUSG00000024211 Grm8 14823 -3.58 -4.08 15.34 9.0E-05 3.4E-04 

ENSMUSG00000082023 Gm14407 NA -3.57 -4.33 7.44 6.4E-03 1.7E-02 

ENSMUSG00000101951 Gm28721 NA -3.55 -4.46 5.40 2.0E-02 4.7E-02 

ENSMUSG00000087632 Gm6058 NA -3.45 -4.43 7.41 6.5E-03 1.7E-02 

ENSMUSG00000036216 Leap2 259301 -3.45 -4.72 6.47 1.1E-02 2.7E-02 

ENSMUSG00000088208 Gm23751 NA -3.43 -4.50 7.52 6.1E-03 1.6E-02 

ENSMUSG00000100763 Gm28777 NA -3.43 -4.71 7.38 6.6E-03 1.7E-02 

 

Table S13. Top 25 genes that are downregulated in left ventricles of rHCI injected mice with 
myocardial infarction compared to sham mice. The 25 genes with the largest negative log 
fold change out of 11427 total differentially expressed genes are included in this table. RNA 
was isolated from left ventricles two days after intramyocardial treatment injection in mice 
that had an infarct induced seven days prior. rHCI (n =5), sham (n = 5) and sham (n = 5) 
RNA samples were analyzed by next generation RNA sequencing at 50 million read depth 
for protein coding genes. Quality control, read trimming, alignment, and edgeR differential 
expression analysis of reads was completed by C3G bioinformatics group. FC: fold change 
relative to sham, CPM: gene read counts per million, LR: fold change likelihood ratio, and 
FDR: false discovery rate. 
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Ensembl ID Symbol Gene 
ID 

log FC log CPM LR P Value FDR 

ENSMUSG00000064351 mt-Co1 17708 -0.62 15.55 30.84 2.8E-08 1.8E-07 

ENSMUSG00000064370 mt-Cytb 17711 -0.61 14.44 29.71 5.0E-08 3.2E-07 

ENSMUSG00000040752 Myh6 17888 -0.77 14.33 30.59 3.2E-08 2.1E-07 

ENSMUSG00000064367 mt-Nd5 17721 -0.66 14.26 27.89 1.3E-07 7.7E-07 

ENSMUSG00000029467 Atp2a2 11938 -0.80 13.91 38.96 4.3E-10 3.6E-09 

ENSMUSG00000064341 mt-Nd1 17716 -0.64 13.85 24.52 7.3E-07 3.9E-06 

ENSMUSG00000064345 mt-Nd2 17717 -0.67 13.55 30.03 4.2E-08 2.7E-07 

ENSMUSG00000064363 mt-Nd4 17719 -0.65 13.34 31.83 1.7E-08 1.1E-07 

ENSMUSG00000018893 Mb 17189 -0.52 13.10 24.47 7.6E-07 4.0E-06 

ENSMUSG00000032366 Tpm1 22003 -0.41 12.80 21.06 4.5E-06 2.1E-05 

ENSMUSG00000026414 Tnnt2 21956 -0.56 12.58 28.59 8.9E-08 5.5E-07 

ENSMUSG00000064339 mt-Rnr2 NA -0.99 12.56 38.77 4.8E-10 4.0E-09 

ENSMUSG00000015568 Lpl 16956 -0.74 12.49 50.93 9.6E-13 1.1E-11 

ENSMUSG00000038583 Pln 18821 -0.76 12.43 35.93 2.0E-09 1.6E-08 

ENSMUSG00000013936 Myl2 17906 -0.64 12.33 27.86 1.3E-07 7.8E-07 

ENSMUSG00000025393 Atp5b 11947 -0.62 12.27 42.76 6.2E-11 5.8E-10 

ENSMUSG00000002100 Mybpc3 17868 -0.27 12.18 13.90 1.9E-04 6.8E-04 

ENSMUSG00000026043 Col3a1 12825 4.03 12.15 681.08 3.9E-150 1.7E-146 

ENSMUSG00000059741 Myl3 17897 -0.54 12.12 26.75 2.3E-07 1.3E-06 

ENSMUSG00000031633 Slc25a4 11739 -0.65 12.01 36.61 1.4E-09 1.1E-08 

ENSMUSG00000025428 Atp5a1 11946 -0.58 11.93 34.77 3.7E-09 2.7E-08 

ENSMUSG00000035458 Tnni3 21954 -0.72 11.52 29.70 5.0E-08 3.2E-07 

ENSMUSG00000001506 Col1a1 12842 4.48 11.51 664.45 1.6E-146 5.3E-143 

ENSMUSG00000029661 Col1a2 12843 4.21 11.38 616.39 4.6E-136 1.2E-132 

ENSMUSG00000024803 Ankrd1 107765 1.15 11.27 24.48 7.5E-07 4.0E-06 

 

Table S14. The 25 most highly expressed genes that are differentially expressed in left 
ventricles of rHCI injected mice with myocardial infarction compared to sham mice. The 25 
genes with the largest log cpm out of 11427 total differentially expressed genes are included 
in this table. RNA was isolated from left ventricles two days after intramyocardial treatment 
injection in mice that had an infarct induced seven days prior. rHCI (n =5), sham (n = 5) and 
sham (n = 5) RNA samples were analyzed by next generation RNA sequencing at 50 million 
read depth for protein coding genes. Quality control, read trimming, alignment, and edgeR 
differential expression analysis of reads was completed by C3G bioinformatics group. FC: 
fold change relative to sham, CPM: gene read counts per million, LR: fold change likelihood 
ratio, and FDR: false discovery rate. 
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Appendix C: Permissions 

Text from Chapter 2: 2.0.1-2.1.20, Chapter 3: 3.1.1-3.1.7, and Chapter 4: 4.2.1-4.2.4 along 
with Figures from Chapter 2: 2.1-2.3, Chapter 3: 3.1-3.7, and Appendix A: S1-S9 with Table 
S1 are reproduced with modification from: McLaughlin, S., and McNeill, B. et al. (2019) 
Injectable human recombinant collagen matrices limit adverse remodeling and improve 
cardiac function after myocardial infarction. Nature Communications 10, 4866. 

 

 

Creative Commons License:  http://creativecommons.org/licenses/by/4.0/. 
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195 
 

Chapter 1, Figure 1.2 permission for use from: Jessup, M., and Borenza, S. (2003). Heart 
Failure. N Engl J Med 348, 2007-2018 and (McMurray, J. (2010). Systolic Heart Failure. N 
Engl J Med 362, 228-238. Copyright Massachusetts Medical Society. 

 

  



196 
 

Appendix D: Endpoint Schematics for MI Mouse Trials 

 



197 
 

References 

1. Public Health Agency of Canada, Report from the Canadian Chronic Disease 
Surveillance System: Heart Disease in Canada, 2018. https://www.canada.ca/en/public-
health/services/publications/diseases-conditions/report-heart-disease-Canada-
2018.html. 

2. Anderson, J. L. & Morrow, D. A. Acute Myocardial Infarction. N Engl J Med 376, 
2053–2064 (2017). 

3. Shanmugasegaram, S., Dai, S. & Waters, C. INCIDENCE AND PREVALENCE OF 
ACUTE MYOCARDIAL INFARCTION IN CANADIAN PROVINCES AND 
TERRITORIES. Canadian Journal of Cardiology 31, S44 (2015). 

4. Ko, D. T. et al. Readmission and Mortality After Hospitalization for Myocardial 
Infarction and Heart Failure. Journal of the American College of Cardiology 75, 736–
746 (2020). 

5. Bergmann, O. et al. Evidence for cardiomyocyte renewal in humans. Science 324, 98–
102 (2009). 

6. Bahit, M. C., Kochar, A. & Granger, C. B. Post-Myocardial Infarction Heart Failure. 
JACC: Heart Failure 6, 179–186 (2018). 

7. Hellermann, J. P. et al. Heart failure after myocardial infarction: clinical presentation 
and survival. European Journal of Heart Failure 7, 119–125 (2005). 

8. McMurray, J. J. V. Systolic Heart Failure. The New England Journal of Medicine 11 
(2010). 

9. Roger, V. L. Epidemiology of Heart Failure. Circ Res 113, 646–659 (2013). 
10. Virani, S. S. et al. Heart Disease and Stroke Statistics—2021 Update: A Report From 

the American Heart Association. Circulation 143, (2021). 
11. Yeung, D. F. et al. Trends in the incidence and outcomes of heart failure in Ontario, 

Canada: 1997 to 2007. CMAJ 184, E765–E773 (2012). 
12. Ambrosy, A. P. et al. The Global Health and Economic Burden of Hospitalizations for 

Heart Failure. Journal of the American College of Cardiology 63, 1123–1133 (2014). 
13. Tran, D. T. et al. The current and future financial burden of hospital admissions for 

heart failure in Canada: a cost analysis. CMAJ Open 4, E365–E370 (2016). 
14. Frangogiannis, N. G. The Extracellular Matrix in Ischemic and Nonischemic Heart 

Failure. Circ Res 125, 117–146 (2019). 
15. Fishbein, M. C., Maclean, D. & Maroko, P. R. The Histopathologic Evolution of 

Myocardial Infarction. Chest 73, 843–849 (1978). 
16. Lerman, R. H. et al. Myocardial healing and repair after experimental infarction in the 

rabbit. Circ Res 53, 378–388 (1983). 
17. Jugdutt, B. I. Prevention of ventricular remodeling after myocardial infarction and in 

congestive heart failure. Heart Failure Rev 1, 115–129 (1996). 
18. Prabhu, S. D. & Frangogiannis, N. G. The Biological Basis for Cardiac Repair After 

Myocardial Infarction: From Inflammation to Fibrosis. Circulation Research 119, 91–
112 (2016). 

19. Holmes, J. W., Borg, T. K. & Covell, J. W. Structure and Mechanics of Healing 
Myocardial Infarcts. Annu. Rev. Biomed. Eng. 7, 223–253 (2005). 

20. Weber, Karl. T., Sun, Y. & Katwa, L. C. Wound healing following myocardial 
infarction. Clin Cardiol 19, 447–455 (1996). 



198 
 

21. Münzel, T. et al. Impact of Oxidative Stress on the Heart and Vasculature. Journal of 
the American College of Cardiology 70, 212–229 (2017). 

22. Hartupee, J. & Mann, D. L. Neurohormonal activation in heart failure with reduced 
ejection fraction. Nat Rev Cardiol 14, 30–38 (2017). 

23. Zhou, T., Chuang, C.-C. & Zuo, L. Molecular Characterization of Reactive Oxygen 
Species in Myocardial Ischemia-Reperfusion Injury. BioMed Research International 
2015, e864946 (2015). 

24. Sack, M. N., Fyhrquist, F. Y., Saijonmaa, O. J., Fuster, V. & Kovacic, J. C. Basic 
Biology of Oxidative Stress and the Cardiovascular System. Journal of the American 
College of Cardiology 70, 196–211 (2017). 

25. Panth, N., Paudel, K. R. & Parajuli, K. Reactive Oxygen Species: A Key Hallmark of 
Cardiovascular Disease. Adv Med 2016, (2016). 

26. Rababa’h, A. M., Guillory, A. N., Mustafa, R. & Hijjawi, T. Oxidative Stress and 
Cardiac Remodeling: An Updated Edge. Curr Cardiol Rev 14, 53–59 (2018). 

27. Arslan, F., de Kleijn, D. P. & Pasterkamp, G. Innate immune signaling in cardiac 
ischemia. Nat Rev Cardiol 8, 292–300 (2011). 

28. Mann, D. L. The Emerging Role of Innate Immunity in the Heart and Vascular System: 
For Whom the Cell Tolls. Circ Res 108, 1133–1145 (2011). 

29. Mouton, A. J., Rivera, O. J. & Lindsey, M. L. Myocardial infarction remodeling that 
progresses to heart failure: a signaling misunderstanding. American Journal of 
Physiology-Heart and Circulatory Physiology 315, H71–H79 (2018). 

30. Kobayashi, Y. Neutrophil infiltration and chemokines. Crit Rev Immunol 26, 307–316 
(2006). 

31. White, G. E., Iqbal, A. J. & Greaves, D. R. CC chemokine receptors and chronic 
inflammation--therapeutic opportunities and pharmacological challenges. Pharmacol 
Rev 65, 47–89 (2013). 

32. Frangogiannis, N. G. & Kovacic, J. C. Extracellular Matrix in Ischemic Heart Disease, 
Part 4/4. Journal of the American College of Cardiology 75, 2219–2235 (2020). 

33. Yan, X. et al. Temporal dynamics of cardiac immune cell accumulation following acute 
myocardial infarction. Journal of Molecular and Cellular Cardiology 62, 24–35 
(2013). 

34. Nahrendorf, M. et al. The healing myocardium sequentially mobilizes two monocyte 
subsets with divergent and complementary functions. Journal of Experimental 
Medicine 204, 3037–3047 (2007). 

35. Heidt, T. et al. Differential Contribution of Monocytes to Heart Macrophages in 
Steady-State and After Myocardial InfarctionNovelty and Significance. Circulation 
Research 115, 284–295 (2014). 

36. Horckmans, M. et al. Neutrophils orchestrate post-myocardial infarction healing by 
polarizing macrophages towards a reparative phenotype. Eur Heart J ehw002 (2016) 
doi:10.1093/eurheartj/ehw002. 

37. Hilgendorf, I. et al. Ly-6Chigh Monocytes Depend on Nr4a1 to Balance Both 
Inflammatory and Reparative Phases in the Infarcted Myocardium. Circulation 
Research 114, 1611–1622 (2014). 

38. Shiraishi, M. et al. Alternatively activated macrophages determine repair of the 
infarcted adult murine heart. Journal of Clinical Investigation 126, 2151–2166 (2016). 

39. Weirather, J. et al. Foxp3+ CD4+ T cells improve healing after myocardial infarction 
by modulating monocyte/macrophage differentiation. Circ Res 115, 55–67 (2014). 



199 
 

40. Sun, Y. & Weber, K. T. Infarct scar: a dynamic tissue. Cardiovascular Research 7 
(2000). 

41. Kobayashi, K. et al. Dynamics of angiogenesis in ischemic areas of the infarcted heart. 
Sci Rep 7, 7156 (2017). 

42. Virag, J. I. & Murry, C. E. Myofibroblast and Endothelial Cell Proliferation during 
Murine Myocardial Infarct Repair. The American Journal of Pathology 163, 2433–
2440 (2003). 

43. Ruiz-Villalba Adrián et al. Interacting Resident Epicardium-Derived Fibroblasts and 
Recruited Bone Marrow Cells Form Myocardial Infarction Scar. Journal of the 
American College of Cardiology 65, 2057–2066 (2015). 

44. Ma, Y. et al. Myofibroblasts and the extracellular matrix network in post-myocardial 
infarction cardiac remodeling. Pflugers Arch - Eur J Physiol 466, 1113–1127 (2014). 

45. Yang, F. et al. Myocardial Infarction and Cardiac Remodelling in Mice. Experimental 
Physiology 87, 547–555 (2002). 

46. Frangogiannis, N. G., Michael, L. H. & Entman, M. L. Myofibroblasts in reperfused 
myocardial infarcts express the embryonic form of smooth muscle myosin heavy chain 
(SMemb). Cardiovasc Res 48, 89–100 (2000). 

47. Sutton, M. G. St. J. & Sharpe, N. Left Ventricular Remodeling After Myocardial 
Infarction. Circulation 101, 2981–2988 (2000). 

48. Yokota, T. et al. Type V Collagen in Scar Tissue Regulates the Size of Scar after Heart 
Injury. Cell 182, 545-562.e23 (2020). 

49. Takimoto, E. & Kass, D. A. Role of Oxidative Stress in Cardiac Hypertrophy and 
Remodeling. Hypertension 49, 241–248 (2007). 

50. Cohn, J. N., Ferrari, R. & Sharpe, N. Cardiac remodeling--concepts and clinical 
implications: a consensus paper from an international forum on cardiac remodeling. 
Behalf of an International Forum on Cardiac Remodeling. J Am Coll Cardiol 35, 569–
582 (2000). 

51. Fu, X. et al. Specialized fibroblast differentiated states underlie scar formation in the 
infarcted mouse heart. Journal of Clinical Investigation 128, 2127–2143 (2018). 

52. González-Santamaría, J. et al. Matrix cross-linking lysyl oxidases are induced in 
response to myocardial infarction and promote cardiac dysfunction. Cardiovasc Res 
109, 67–78 (2016). 

53. Blackburn, N. J. R. et al. Methylglyoxal-derived advanced glycation end products 
contribute to negative cardiac remodeling and dysfunction post-myocardial infarction. 
Basic Res Cardiol 112, 57 (2017). 

54. Konstam, M. A., Kramer, D. G., Patel, A. R., Maron, M. S. & Udelson, J. E. Left 
Ventricular Remodeling in Heart Failure. JACC: Cardiovascular Imaging 4, 98–108 
(2011). 

55. Talman, V. & Ruskoaho, H. Cardiac fibrosis in myocardial infarction—from repair and 
remodeling to regeneration. Cell Tissue Res 365, 563–581 (2016). 

56. Pfeffer, M. A. & Braunwald, E. Ventricular remodeling after myocardial infarction. 
Experimental observations and clinical implications. Circulation 81, 1161–1172 
(1990). 

57. Sharpe, N. Ventricular remodeling following myocardial infarction. Am J Cardiol 70, 
20C-26C (1992). 

58. Pfeffer, M. A. et al. Myocardial infarct size and ventricular function in rats. Circ Res 
44, 503–512 (1979). 



200 
 

59. Bogen, D. K., Rabinowitz, S. A., Needleman, A., McMahon, T. A. & Abelmann, W. H. 
An analysis of the mechanical disadvantage of myocardial infarction in the canine left 
ventricle. Circ Res 47, 728–741 (1980). 

60. Voorhees, A. P. & Han, H.-C. Biomechanics of Cardiac Function. in Comprehensive 
Physiology (ed. Terjung, R.) 1623–1644 (John Wiley & Sons, Inc., 2015). 
doi:10.1002/cphy.c140070. 

61. Halliday, B. P., Senior, R. & Pennell, D. J. Assessing left ventricular systolic function: 
from ejection fraction to strain analysis. European Heart Journal 42, 789–797 (2021). 

62. McKay, R. G. et al. Left ventricular remodeling after myocardial infarction: a corollary 
to infarct expansion. Circulation 74, 693–702 (1986). 

63. Solomon, S. D. et al. Changes in Ventricular Size and Function in Patients Treated 
With Valsartan, Captopril, or Both After Myocardial Infarction. Circulation 111, 3411–
3419 (2005). 

64. Solomon, S. D. et al. Influence of Ejection Fraction on Cardiovascular Outcomes in a 
Broad Spectrum of Heart Failure Patients. Circulation 112, 3738–3744 (2005). 

65. Hutchins, G. M. & Bulkley, B. H. Infarct expansion versus extension: Two different 
complications of acute myocardial infarction. The American Journal of Cardiology 41, 
1127–1132 (1978). 

66. Frangogiannis, N. The inflammatory response in myocardial infarction. Cardiovascular 
Research 53, 31–47 (2002). 

67. Gaudron, P., Eilles, C., Kugler, I. & Ertl, G. Progressive left ventricular dysfunction 
and remodeling after myocardial infarction. Potential mechanisms and early predictors. 
Circulation 87, 755–763 (1993). 

68. Jugdutt, B. J. Identification of patients prone to infarct expansion by the degree of 
regional shape distortion on an early two-dimensional echocardiogram after myocardial 
infarction. Clin Cardiol 13, 28–40 (1990). 

69. Rohde, L. E. et al. Echocardiography-derived left ventricular end-systolic regional wall 
stress and matrix remodeling after experimental myocardial infarction. Journal of the 
American College of Cardiology 33, 835–842 (1999). 

70. Lew, W. Y., Chen, Z. Y., Guth, B. & Covell, J. W. Mechanisms of augmented segment 
shortening in nonischemic areas during acute ischemia of the canine left ventricle. Circ 
Res 56, 351–358 (1985). 

71. Jackson, B. M. et al. Extension of borderzone myocardium in postinfarction dilated 
cardiomyopathy. Journal of the American College of Cardiology 40, 1160–1167 
(2002). 

72. Blair, C. A. et al. Heart Failure in Humans Reduces Contractile Force in Myocardium 
From Both Ventricles. JACC: Basic to Translational Science 5, 786–798 (2020). 

73. Kohlhaas, M. et al. Elevated Cytosolic Na + Increases Mitochondrial Formation of 
Reactive Oxygen Species in Failing Cardiac Myocytes. Circulation 121, 1606–1613 
(2010). 

74. Wijnker, P. J. M., Murphy, A. M., Stienen, G. J. M. & van der Velden, J. Troponin I 
phosphorylation in human myocardium in health and disease. Neth Heart J 22, 463–
469 (2014). 

75. Papadaki, M. et al. Diabetes with heart failure increases methylglyoxal modifications in 
the sarcomere, which inhibit function. JCI Insight 3, e121264 (2018). 

76. Hori, M. & Nishida, K. Oxidative stress and left ventricular remodelling after 
myocardial infarction. Cardiovascular Research 81, 457–464 (2008). 



201 
 

77. Moris, D. et al. The role of reactive oxygen species in the pathophysiology of 
cardiovascular diseases and the clinical significance of myocardial redox. Ann. Transl. 
Med. 5, 326–326 (2017). 

78. Gomes, K. M. S. et al. Aldehyde dehydrogenase 2 activation in heart failure restores 
mitochondrial function and improves ventricular function and remodelling. 
Cardiovascular Research 103, 498–508 (2014). 

79. Santin, Y. et al. Mitochondrial 4-HNE derived from MAO-A promotes mitoCa2+ 
overload in chronic postischemic cardiac remodeling. Cell Death Differ 27, 1907–1923 
(2020). 

80. Wencker, D. et al. A mechanistic role for cardiac myocyte apoptosis in heart failure. J. 
Clin. Invest. 111, 1497–1504 (2003). 

81. Beltrami, A. P., Finato, N. & Leri, A. Evidence That Human Cardiac Myocytes Divide 
after Myocardial Infarction. The New England Journal of Medicine 8 (2001). 

82. Rajabi, M., Kassiotis, C., Razeghi, P. & Taegtmeyer, H. Return to the fetal gene 
program protects the stressed heart: a strong hypothesis. Heart Fail Rev 12, 331–343 
(2007). 

83. Taegtmeyer, H., Sen, S. & Vela, D. Return to the fetal gene program. Ann N Y Acad Sci 
1188, 191–198 (2010). 

84. Westman, P. C. et al. Inflammation as a Driver of Adverse Left Ventricular 
Remodeling After Acute Myocardial Infarction. Journal of the American College of 
Cardiology 67, 2050–2060 (2016). 

85. Bansal, S. S. et al. Dysfunctional and Proinflammatory Regulatory T-Lymphocytes Are 
Essential for Adverse Cardiac Remodeling in Ischemic Cardiomyopathy. Circulation 
139, 206–221 (2019). 

86. Jessup, M. & Brozena, S. Heart failure. N Engl J Med 348, 2007–2018 (2003). 
87. McMurray, J. J. V. Systolic Heart Failure. New England Journal of Medicine 362, 228–

238 (2010). 
88. The Task Force on Myocardial Revascularization of the European Society of 

Cardiology (ESC) and the European Association for Cardio-Thoracic Surgery 
(EACTS). Guidelines on myocardial revascularization. European Journal of Cardio-
Thoracic Surgery 38, S1–S52 (2010). 

89. Nallamothu, B. K., Bradley, E. H. & Krumholz, H. M. Time to Treatment in Primary 
Percutaneous Coronary Intervention. N Engl J Med 357, 1631–1638 (2007). 

90. Alkhalil, M. & Choudhury, R. P. Reperfusion Treatment in Late Presentation Acute 
Myocardial Infarction. Circulation: Cardiovascular Interventions 11, e007287 (2018). 

91. Ki, Y.-J. et al. Immediate Compared With Delayed Percutaneous Coronary Intervention 
for Patients With ST-Segment–Elevation Myocardial Infarction Presenting ≥12 Hours 
After Symptom Onset Is Not Associated With Improved Clinical Outcome. 
Circulation: Cardiovascular Interventions 14, e009863 (2021). 

92. Yellon, D. M. & Hausenloy, D. J. Myocardial Reperfusion Injury. The New England 
Journal of Medicine 15 (2007). 

93. von Lueder, T. G., Kotecha, D., Atar, D. & Hopper, I. Neurohormonal Blockade in 
Heart Failure. Card Fail Rev 3, 19–24 (2017). 

94. Pfeffer, J. M., Pfeffer, M. A. & Braunwald, E. Influence of chronic captopril therapy on 
the infarcted left ventricle of the rat. Circ Res 57, 84–95 (1985). 

95. Pfeffer, M. A. et al. Effect of captopril on mortality and morbidity in patients with left 
ventricular dysfunction after myocardial infarction. Results of the survival and 



202 
 

ventricular enlargement trial. The SAVE Investigators. N Engl J Med 327, 669–677 
(1992). 

96. Wilcox, J. E., Fang, J. C., Margulies, K. B. & Mann, D. L. Heart Failure With 
Recovered Left Ventricular Ejection Fraction. Journal of the American College of 
Cardiology 76, 719–734 (2020). 

97. Aimo, A., Gaggin, H. K., Barison, A., Emdin, M. & Januzzi, J. L. Imaging, Biomarker, 
and Clinical Predictors of Cardiac Remodeling in Heart Failure With Reduced Ejection 
Fraction. JACC: Heart Failure 7, 782–794 (2019). 

98. Lupón, J. et al. Dynamic Trajectories of Left Ventricular Ejection Fraction in Heart 
Failure. Journal of the American College of Cardiology 72, 591–601 (2018). 

99. Kim, G. H., Uriel, N. & Burkhoff, D. Reverse remodelling and myocardial recovery in 
heart failure. Nat Rev Cardiol 15, 83–96 (2018). 

100. Rane, A. A. & Christman, K. L. Biomaterials for the Treatment of Myocardial 
Infarction. Journal of the American College of Cardiology 58, 2615–2629 (2011). 

101. Ott, H. C. et al. Perfusion-decellularized matrix: using nature’s platform to engineer 
a bioartificial heart. Nat Med 14, 213–221 (2008). 

102. Sewanan, L. R. et al. Extracellular Matrix From Hypertrophic Myocardium 
Provokes Impaired Twitch Dynamics in Healthy Cardiomyocytes. JACC: Basic to 
Translational Science 4, 495–505 (2019). 

103. Wu, C.-C., Jeratsch, S., Graumann, J. & Stainier, D. Y. R. Modulation of 
Mammalian Cardiomyocyte Cytokinesis by the Extracellular Matrix. Circ Res 127, 
896–907 (2020). 

104. Jacot, J. G., Martin, J. C. & Hunt, D. L. Mechanobiology of cardiomyocyte 
development. Journal of Biomechanics 43, 93–98 (2010). 

105. del Monte-Nieto, G., Fischer, J. W., Gorski, D. J., Harvey, R. P. & Kovacic, J. C. 
Basic Biology of Extracellular Matrix in the Cardiovascular System, Part 1/4. Journal 
of the American College of Cardiology 75, 2169–2188 (2020). 

106. Janicki, J. S. & Brower, G. L. The role of myocardial fibrillar collagen in 
ventricular remodeling and function. Journal of Cardiac Failure 8, S319–S325 (2002). 

107. Weber, K. T. Cardiac interstitium in health and disease: The fibrillar collagen 
network. Journal of the American College of Cardiology 13, 1637–1652 (1989). 

108. Frangogiannis, N. G. The extracellular matrix in myocardial injury, repair, and 
remodeling. J Clin Invest 127, 1600–1612 (2017). 

109. Zeugolis, D. I. & Raghunath, M. Collagen: Materials Analysis and Implant Uses. in 
Comprehensive Biomaterials 261–278 (Elsevier, 2011). doi:10.1016/B978-0-08-
055294-1.00074-X. 

110. Jugdutt, B. I. Ventricular Remodeling After Infarction and the Extracellular 
Collagen Matrix: When Is Enough Enough? Circulation 108, 1395–1403 (2003). 

111. Fomovsky, G. M. & Holmes, J. W. Evolution of scar structure, mechanics, and 
ventricular function after myocardial infarction in the rat. American Journal of 
Physiology-Heart and Circulatory Physiology 298, H221–H228 (2010). 

112. Knight, C. G. et al. The collagen-binding A-domains of integrins alpha(1)beta(1) 
and alpha(2)beta(1) recognize the same specific amino acid sequence, GFOGER, in 
native (triple-helical) collagens. J Biol Chem 275, 35–40 (2000). 

113. Kim, J. K. et al. A novel binding site in collagen type III for integrins alpha1beta1 
and alpha2beta1. J Biol Chem 280, 32512–32520 (2005). 



203 
 

114. Bugg, D. et al. Infarct Collagen Topography Regulates Fibroblast Fate via p38-Yes-
Associated Protein Transcriptional Enhanced Associate Domain Signals. Circ Res 127, 
1306–1322 (2020). 

115. Reinhardt, D. et al. Cardiac remodelling in end stage heart failure: upregulation of 
matrix metalloproteinase (MMP) irrespective of the underlying disease, and evidence 
for a direct inhibitory effect of ACE inhibitors on MMP. Heart 88, 525–530 (2002). 

116. Perestrelo, A. R. et al. Multiscale Analysis of Extracellular Matrix Remodeling in 
the Failing Heart. Circ Res 128, 24–38 (2021). 

117. Hartog, J. W. L., Voors, A. A., Bakker, S. J. L., Smit, A. J. & Veldhuisen, D. J. van. 
Advanced glycation end-products (AGEs) and heart failure: Pathophysiology and 
clinical implications. European Journal of Heart Failure 9, 1146–1155 (2007). 

118. Jyothirmayi, G. N., Soni, B. J., Masurekar, M., Lyons, M. & Regan, T. J. Effects of 
Metformin on Collagen Glycation and Diastolic Dysfunction in Diabetic Myocardium. 
J Cardiovasc Pharmacol Ther 3, 319–326 (1998). 

119. Goldin, A., Beckman, J. A., Schmidt, A. M. & Creager, M. A. Advanced Glycation 
End Products: Sparking the Development of Diabetic Vascular Injury. Circulation 114, 
597–605 (2006). 

120. Hartog, J. W. L. et al. Clinical and prognostic value of advanced glycation end-
products in chronic heart failure. Eur Heart J 28, 2879–2885 (2007). 

121. Raposeiras-Roubín, S. et al. Predictive value of advanced glycation end products 
for the development of post-infarction heart failure: a preliminary report. Cardiovasc 
Diabetol 11, 102 (2012). 

122. Brings, S. et al. Dicarbonyls and Advanced Glycation End-Products in the 
Development of Diabetic Complications and Targets for Intervention. IJMS 18, 984 
(2017). 

123. Weber, K. T. Cardiac interstitium in health and disease: The fibrillar collagen 
network. Journal of the American College of Cardiology 13, 1637–1652 (1989). 

124. Tchaikovski, V., Olieslagers, S., Böhmer, F.-D. & Waltenberger, J. Diabetes 
Mellitus Activates Signal Transduction Pathways Resulting in Vascular Endothelial 
Growth Factor Resistance of Human Monocytes. Circulation 120, 150–159 (2009). 

125. Zhang, M. et al. Glycated Proteins Stimulate Reactive Oxygen Species Production 
in Cardiac Myocytes: Involvement of Nox2 (gp91phox)-Containing NADPH Oxidase. 
Circulation 113, 1235–1243 (2006). 

126. Yan, S. F., Ramasamy, R. & Schmidt, A. M. The RAGE Axis: A Fundamental 
Mechanism Signaling Danger to the Vulnerable Vasculature. Circulation Research 
106, 842–853 (2010). 

127. Vulesevic, B. et al. Glyoxalase-1 overexpression in bone marrow cells reverses 
defective neovascularization in STZ-induced diabetic mice. Cardiovascular Research 
101, 306–316 (2014). 

128. Molgat, A. S. D. et al. Hyperglycemia Inhibits Cardiac Stem Cell-Mediated Cardiac 
Repair and Angiogenic Capacity. Circulation 130, S70–S76 (2014). 

129. Paulus, W. J. & Dal Canto, E. Distinct Myocardial Targets for Diabetes Therapy in 
Heart Failure With Preserved or Reduced Ejection Fraction. JACC: Heart Failure 6, 1–
7 (2018). 

130. Langer, R. & Vacanti, J. P. Tissue Engineering. 8 (2021). 
131. Christman, K. L. & Lee, R. J. Biomaterials for the Treatment of Myocardial 

Infarction. Journal of the American College of Cardiology 48, 907–913 (2006). 



204 
 

132. Zhang, J., Zhu, W., Radisic, M. & Vunjak-Novakovic, G. Can We Engineer a 
Human Cardiac Patch for Therapy? Circ Res 123, 244–265 (2018). 

133. Gao, L. et al. Large Cardiac Muscle Patches Engineered From Human Induced-
Pluripotent Stem Cell–Derived Cardiac Cells Improve Recovery From Myocardial 
Infarction in Swine. Circulation 137, 1712–1730 (2018). 

134. Chong, J. J. H. et al. Human embryonic-stem-cell-derived cardiomyocytes 
regenerate non-human primate hearts. Nature 510, 273–277 (2014). 

135. Lunde, K. et al. Intracoronary Injection of Mononuclear Bone Marrow Cells in 
Acute Myocardial Infarction. N Engl J Med 355, 1199–1209 (2006). 

136. Schächinger, V., Haberbosch, W., Yu, J., Hamm, C. W. & Tonn, T. Intracoronary 
Bone Marrow–Derived Progenitor Cells in Acute Myocardial Infarction. n engl j med 
12 (2006). 

137. Zwetsloot, P. P. et al. Cardiac Stem Cell Treatment in Myocardial Infarction: A 
Systematic Review and Meta-Analysis of Preclinical Studies. Circ Res 118, 1223–1232 
(2016). 

138. Yanamandala, M. et al. Overcoming the Roadblocks to Cardiac Cell Therapy Using 
Tissue Engineering. Journal of the American College of Cardiology 70, 766–775 
(2017). 

139. Lipinski, M. J. et al. Impact of Intracoronary Cell Therapy on Left Ventricular 
Function in the Setting of Acute Myocardial Infarction. Journal of the American 
College of Cardiology 50, 1761–1767 (2007). 

140. Fisher, S. A., Doree, C., Mathur, A. & Martin-Rendon, E. Meta-Analysis of Cell 
Therapy Trials for Patients With Heart Failure. Circ Res 116, 1361–1377 (2015). 

141. Carbone, R. G., Monselise, A., Bottino, G., Negrini, S. & Puppo, F. Stem cells 
therapy in acute myocardial infarction: a new era? Clin Exp Med 21, 231–237 (2021). 

142. Makkar, R. R. et al. Intracoronary ALLogeneic heart STem cells to Achieve 
myocardial Regeneration (ALLSTAR): a randomized, placebo-controlled, double-
blinded trial. European Heart Journal 41, 3451–3458 (2020). 

143. Mathur, A. et al. The effect of intracoronary infusion of bone marrow-derived 
mononuclear cells on all-cause mortality in acute myocardial infarction: the BAMI 
trial. European Heart Journal 41, 3702–3710 (2020). 

144. He, L., Nguyen, N. B., Ardehali, R. & Zhou, B. Heart Regeneration by Endogenous 
Stem Cells and Cardiomyocyte Proliferation: Controversy, Fallacy, and Progress. 
Circulation 142, 275–291 (2020). 

145. Menasché, P. et al. The Myoblast Autologous Grafting in Ischemic 
Cardiomyopathy (MAGIC) trial: first randomized placebo-controlled study of myoblast 
transplantation. Circulation 117, 1189–1200 (2008). 

146. Teng, C. J., Luo, J., Chiu, R. C. J. & Shum-Tim, D. Massive mechanical loss of 
microspheres with direct intramyocardial injection in the beating heart: Implications for 
cellular cardiomyoplasty. The Journal of Thoracic and Cardiovascular Surgery 132, 
628–632 (2006). 

147. Kanda, P. & Davis, D. R. Cellular mechanisms underlying cardiac engraftment of 
stem cells. Expert Opinion on Biological Therapy 17, 1127–1143 (2017). 

148. Hodgkinson, C. P., Bareja, A., Gomez, J. A. & Dzau, V. J. Emerging Concepts in 
Paracrine Mechanisms in Regenerative Cardiovascular Medicine and Biology. 
Circulation Research 118, 95–107 (2016). 



205 
 

149. Gnecchi, M. et al. Paracrine action accounts for marked protection of ischemic heart 
by Akt-modified mesenchymal stem cells. Nat Med 11, 367–368 (2005). 

150. Gallet, R. et al. Exosomes secreted by cardiosphere-derived cells reduce scarring, 
attenuate adverse remodelling, and improve function in acute and chronic porcine 
myocardial infarction. European Heart Journal ehw240 (2016) 
doi:10.1093/eurheartj/ehw240. 

151. Vagnozzi, R. J. et al. An acute immune response underlies the benefit of cardiac 
stem cell therapy. Nature 577, 405–409 (2020). 

152. Saha, P. et al. Circulating exosomes derived from transplanted progenitor cells aid 
the functional recovery of ischemic myocardium. Sci. Transl. Med. 11, eaau1168 
(2019). 

153. Gao, L. et al. Exosomes secreted by hiPSC-derived cardiac cells improve recovery 
from myocardial infarction in swine. Sci. Transl. Med. 12, eaay1318 (2020). 

154. Griffith, L. G. Polymeric biomaterials. Acta Materialia 48, 263–277 (2000). 
155. Cheng, K. et al. Intramyocardial Injection of Platelet Gel Promotes Endogenous 

Repair and Augments Cardiac Function in Rats With Myocardial Infarction. Journal of 
the American College of Cardiology 59, 256–264 (2012). 

156. Giordano, C. et al. Preclinical Evaluation of Biopolymer-Delivered Circulating 
Angiogenic Cells in a Swine Model of Hibernating Myocardium. Circ Cardiovasc 
Imaging 6, 982–991 (2013). 

157. Godier-Furnémont, A. F. G. et al. Composite scaffold provides a cell delivery 
platform for cardiovascular repair. PNAS 108, 7974–7979 (2011). 

158. Ceccaldi, C. et al. Alginate scaffolds for mesenchymal stem cell cardiac therapy: 
influence of alginate composition. Cell Transplant 21, 1969–1984 (2012). 

159. Mayfield, A. E. et al. The effect of encapsulation of cardiac stem cells within 
matrix-enriched hydrogel capsules on cell survival, post-ischemic cell retention and 
cardiac function. Biomaterials 35, 133–142 (2014). 

160. Lin, Y.-D. et al. Intramyocardial Peptide Nanofiber Injection Improves 
Postinfarction Ventricular Remodeling and Efficacy of Bone Marrow Cell Therapy in 
Pigs. Circulation 122, S132–S141 (2010). 

161. Wang, T. et al. Bone marrow stem cells implantation with alpha-
cyclodextrin/MPEG-PCL-MPEG hydrogel improves cardiac function after myocardial 
infarction. Acta Biomater 5, 2939–2944 (2009). 

162. Tang, J. et al. Heart Repair Using Nanogel-Encapsulated Human Cardiac Stem 
Cells in Mice and Pigs with Myocardial Infarction. ACS Nano 11, 9738–9749 (2017). 

163. Ban, K. et al. Cell Therapy with Embryonic Stem Cell-Derived Cardiomyocytes 
Encapsulated in Injectable Nanomatrix Gel Enhances Cell Engraftment and Promotes 
Cardiac Repair. ACS Nano 8, 10815–10825 (2014). 

164. Piao, H. et al. Effects of cardiac patches engineered with bone marrow-derived 
mononuclear cells and PGCL scaffolds in a rat myocardial infarction model. 
Biomaterials 28, 641–649 (2007). 

165. Kutschka, I. Collagen Matrices Enhance Survival of Transplanted Cardiomyoblasts 
and Contribute to Functional Improvement of Ischemic Rat Hearts. Circulation 114, I-
167-I–173 (2006). 

166. Chachques, J. C. et al. Myocardial Assistance by Grafting a New Bioartificial 
Upgraded Myocardium (MAGNUM Clinical Trial): One Year Follow-Up. Cell 
Transplant 16, 927–934 (2007). 



206 
 

167. Chachques, J. C. et al. Myocardial Assistance by Grafting a New Bioartificial 
Upgraded Myocardium (MAGNUM Trial): Clinical Feasibility Study. The Annals of 
Thoracic Surgery 85, 901–908 (2008). 

168. Christman, K. L., Fok, H. H., Sievers, R. E., Fang, Q. & Lee, R. J. Fibrin Glue 
Alone and Skeletal Myoblasts in a Fibrin Scaffold Preserve Cardiac Function after 
Myocardial Infarction. Tissue Engineering 10, 403–409 (2004). 

169. Christman, K. L. et al. Injectable Fibrin Scaffold Improves Cell Transplant 
Survival, Reduces Infarct Expansion, and Induces Neovasculature Formation in 
Ischemic Myocardium. Journal of the American College of Cardiology 44, 654–660 
(2004). 

170. Tous, E. et al. Influence of Injectable Hyaluronic Acid Hydrogel Degradation 
Behavior on Infarction-Induced Ventricular Remodeling. Biomacromolecules 12, 
4127–4135 (2011). 

171. Zhu, Y., Matsumura, Y. & Wagner, W. R. Ventricular wall biomaterial injection 
therapy after myocardial infarction: Advances in material design, mechanistic insight 
and early clinical experiences. Biomaterials 129, 37–53 (2017). 

172. Kadner, K. et al. The beneficial effects of deferred delivery on the efficiency of 
hydrogel therapy post myocardial infarction. Biomaterials 33, 2060–2066 (2012). 

173. Fujimoto, K. L. et al. Synthesis, characterization and therapeutic efficacy of a 
biodegradable, thermoresponsive hydrogel designed for application in chronic infarcted 
myocardium. Biomaterials 30, 4357–4368 (2009). 

174. Jiang, X.-J. et al. Injection of a novel synthetic hydrogel preserves left ventricle 
function after myocardial infarction. J. Biomed. Mater. Res. 90A, 472–477 (2009). 

175. Blackburn, N. J. R. et al. Timing underpins the benefits associated with injectable 
collagen biomaterial therapy for the treatment of myocardial infarction. Biomaterials 
39, 182–192 (2015). 

176. Sabbah, H. N. et al. Augmentation of Left Ventricular Wall Thickness With 
Alginate Hydrogel Implants Improves Left Ventricular Function and Prevents 
Progressive Remodeling in Dogs With Chronic Heart Failure. JACC: Heart Failure 1, 
252–258 (2013). 

177. Dorsey, S. M. et al. MRI evaluation of injectable hyaluronic acid-based hydrogel 
therapy to limit ventricular remodeling after myocardial infarction. Biomaterials 69, 
65–75 (2015). 

178. Seif-Naraghi, S. B. et al. Safety and Efficacy of an Injectable Extracellular Matrix 
Hydrogel for Treating Myocardial Infarction. Science Translational Medicine 5, 
173ra25-173ra25 (2013). 

179. Mewhort, H. E. M. et al. Epicardial infarct repair with bioinductive extracellular 
matrix promotes vasculogenesis and myocardial recovery. The Journal of Heart and 
Lung Transplantation 35, 661–670 (2016). 

180. Lin, Y.-D. et al. Instructive Nanofiber Scaffolds with VEGF Create a 
Microenvironment for Arteriogenesis and Cardiac Repair. Science Translational 
Medicine 4, 146ra109-146ra109 (2012). 

181. Hsieh, P. C. H. Controlled delivery of PDGF-BB for myocardial protection using 
injectable self-assembling peptide nanofibers. Journal of Clinical Investigation 116, 
237–248 (2005). 

182. Davis, M. E. et al. Local Myocardial Insulin-Like Growth Factor 1 (IGF-1) 
Delivery with Biotinylated Peptide Nanofibers Improves Cell Therapy for Myocardial 



207 
 

Infarction. Proceedings of the National Academy of Sciences of the United States of 
America 103, 8155–8160 (2006). 

183. Johnson, N. R. et al. Coacervate Delivery of Growth Factors Combined with a 
Degradable Hydrogel Preserves Heart Function after Myocardial Infarction. ACS 
Biomater. Sci. Eng. 1, 753–759 (2015). 

184. Eckhouse, S. R. et al. Local Hydrogel Release of Recombinant TIMP-3 Attenuates 
Adverse Left Ventricular Remodeling After Experimental Myocardial Infarction. 
Science Translational Medicine 6, 223ra21-223ra21 (2014). 

185. Prestwich, G. D. et al. What Is the Greatest Regulatory Challenge in the Translation 
of Biomaterials to the Clinic? Science Translational Medicine 4, 160cm14-160cm14 
(2012). 

186. Burdick, J. A., Mauck, R. L., Gorman, J. H. & Gorman, R. C. Acellular 
biomaterials: an evolving alternative to cell-based therapies. Sci Transl Med 5, 176ps4 
(2013). 

187. Brown, B. N. & Badylak, S. F. Extracellular matrix as an inductive scaffold for 
functional tissue reconstruction. Translational Research 163, 268–285 (2014). 

188. Christman, K. L. Biomaterials for tissue repair. Science 363, 340–341 (2019). 
189. Wall, S. T., Walker, J. C., Healy, K. E., Ratcliffe, M. B. & Guccione, J. M. 

Theoretical Impact of the Injection of Material Into the Myocardium: A Finite Element 
Model Simulation. Circulation 114, 2627–2635 (2006). 

190. Heerdt, P. M. et al. Chronic Unloading by Left Ventricular Assist Device Reverses 
Contractile Dysfunction and Alters Gene Expression in End-Stage Heart Failure. 
Circulation 102, 2713–2719 (2000). 

191. Kortsmit, J. et al. The effect of hydrogel injection on cardiac function and 
myocardial mechanics in a computational post-infarction model. Comput Methods 
Biomech Biomed Engin 16, 1185–1195 (2013). 

192. Kichula, E. T. et al. Experimental and Computational Investigation of Altered 
Mechanical Properties in Myocardium after Hydrogel Injection. Ann Biomed Eng 42, 
1546–1556 (2014). 

193. Miller, R., Davies, N. H., Kortsmit, J., Zilla, P. & Franz, T. Outcomes of 
myocardial infarction hydrogel injection therapy in the human left ventricle dependent 
on injectate distribution: DISTRIBUTION-SPECIFIC EFFICACY OF GEL 
INJECTATE IN INFARCTED HUMAN LV. Int. J. Numer. Meth. Biomed. Engng. 29, 
870–884 (2013). 

194. Wang, H. et al. Effects of hydrogel injection on borderzone contractility post-
myocardial infarction. Biomech Model Mechanobiol 17, 1533–1542 (2018). 

195. Wenk, J. F. et al. A Method for Automatically Optimizing Medical Devices for 
Treating Heart Failure: Designing Polymeric Injection Patterns. Journal of 
Biomechanical Engineering 131, (2009). 

196. Ilsar, I. et al. Acute Left Ventricular Reconstruction With Circumferential Mid-
Ventricular Intramyocardial Injections of Alginate Hydrogel in Dogs with Chronic 
Heart Failure. Journal of Cardiac Failure 16, S42–S43 (2010). 

197. Ahmadi, A. et al. The role of integrin α2 in cell and matrix therapy that improves 
perfusion, viability and function of infarcted myocardium. Biomaterials 35, 4749–4758 
(2014). 



208 
 

198. Wassenaar, J. W. et al. Evidence for Mechanisms Underlying the Functional 
Benefits of a Myocardial Matrix Hydrogel for Post-MI Treatment. Journal of the 
American College of Cardiology 67, 1074–1086 (2016). 

199. Lister, Z., Rayner, K. J. & Suuronen, E. J. How Biomaterials Can Influence Various 
Cell Types in the Repair and Regeneration of the Heart after Myocardial Infarction. 
Front Bioeng Biotechnol 4, (2016). 

200. Mewhort, H. E. M. et al. Bioactive Extracellular Matrix Scaffold Promotes 
Adaptive Cardiac Remodeling and Repair. JACC: Basic to Translational Science 2, 
450–464 (2017). 

201. Lee, R. J. et al. The feasibility and safety of Algisyl-LVRTM as a method of left 
ventricular augmentation in patients with dilated cardiomyopathy: Initial first in man 
clinical results. International Journal of Cardiology 199, 18–24 (2015). 

202. Johnson, T. D. & Christman, K. L. Injectable hydrogel therapies and their delivery 
strategies for treating myocardial infarction. Expert Opinion on Drug Delivery 10, 59–
72 (2013). 

203. Gyöngyösi, M. & Dib, N. Diagnostic and prognostic value of 3D NOGA mapping 
in ischemic heart disease. Nat Rev Cardiol 8, 393–404 (2011). 

204. Traverse, J. H. et al. First-in-Man Study of a Cardiac Extracellular Matrix Hydrogel 
in Early and Late Myocardial Infarction Patients. JACC: Basic to Translational Science 
4, 659–669 (2019). 

205. Laakmann, S. et al. Minimally invasive closed-chest ultrasound-guided substance 
delivery into the pericardial space in mice. Naunyn-Schmiedeberg’s Archives of 
Pharmacology 386, 227–238 (2013). 

206. Garcia, J. R. et al. A Minimally Invasive, Translational Method to Deliver 
Hydrogels to the Heart Through the Pericardial Space. JACC: Basic to Translational 
Science 2, 601–609 (2017). 

207. Lee, K. Y. & Mooney, D. J. Hydrogels for Tissue Engineering. Chem. Rev. 101, 
1869–1880 (2001). 

208. Radisic, M. & Christman, K. L. Materials Science and Tissue Engineering: 
Repairing the Heart. Mayo Clinic Proceedings 88, 884–898 (2013). 

209. Koetting, M. C., Peters, J. T., Steichen, S. D. & Peppas, N. A. Stimulus-responsive 
hydrogels: Theory, modern advances, and applications. Materials Science and 
Engineering: R: Reports 93, 1–49 (2015). 

210. Rane, A. A. et al. Increased Infarct Wall Thickness by a Bio-Inert Material Is 
Insufficient to Prevent Negative Left Ventricular Remodeling after Myocardial 
Infarction. PLOS ONE 6, e21571 (2011). 

211. Dobner, S., Bezuidenhout, D., Govender, P., Zilla, P. & Davies, N. A Synthetic 
Non-degradable Polyethylene Glycol Hydrogel Retards Adverse Post-infarct Left 
Ventricular Remodeling. Journal of Cardiac Failure 15, 629–636 (2009). 

212. Ratner, B. D. A paradigm shift: biomaterials that heal. Polym. Int. 56, 1183–1185 
(2007). 

213. Yoshizumi, T. et al. Timing effect of intramyocardial hydrogel injection for 
positively impacting left ventricular remodeling after myocardial infarction. 
Biomaterials 83, 182–193 (2016). 

214. Ren, S. et al. Physical properties of poly(N-isopropylacrylamide) hydrogel promote 
its effects on cardiac protection after myocardial infarction. J Int Med Res 40, 2167–
2182 (2012). 



209 
 

215. Yu, J. et al. Restoration of left ventricular geometry and improvement of left 
ventricular function in a rodent model of chronic ischemic cardiomyopathy. The 
Journal of Thoracic and Cardiovascular Surgery 137, 180–187 (2009). 

216. Ifkovits, J. L. et al. Injectable hydrogel properties influence infarct expansion and 
extent of postinfarction left ventricular remodeling in an ovine model. Proceedings of 
the National Academy of Sciences 107, 11507–11512 (2010). 

217. Lee, R. J., Hinson, A., Helgerson, S., Bauernschmitt, R. & Sabbah, H. N. Polymer-
Based Restoration of Left Ventricular Mechanics. Cell Transplant 22, 529–533 (2013). 

218. Stuckey, D. J. et al. Magnetic resonance imaging evaluation of remodeling by 
cardiac elastomeric tissue scaffold biomaterials in a rat model of myocardial infarction. 
Tissue Eng Part A 16, 3395–3402 (2010). 

219. Hetzer, R., Javier, M. F. D. M., Wagner, F., Loebe, M. & Javier Delmo, E. M. 
Organ-saving surgical alternatives to treatment of heart failure. Cardiovasc Diagn Ther 
11, 213–225 (2021). 

220. Ruvinov, E. & Cohen, S. Alginate biomaterial for the treatment of myocardial 
infarction: Progress, translational strategies, and clinical outlook. Advanced Drug 
Delivery Reviews 96, 54–76 (2016). 

221. Rao, S. V. et al. A randomized, double-blind, placebo-controlled trial to evaluate 
the safety and effectiveness of intracoronary application of a novel bioabsorbable 
cardiac matrix for the prevention of ventricular remodeling after large ST-segment 
elevation myocardial infarction: Rationale and design of the PRESERVATION I trial. 
American Heart Journal 170, 929–937 (2015). 

222. Rao, S. V. et al. Bioabsorbable Intracoronary Matrix for Prevention of Ventricular 
Remodeling After Myocardial Infarction. Journal of the American College of 
Cardiology 68, 715–723 (2016). 

223. Leor, J. et al. Intracoronary Injection of In Situ Forming Alginate Hydrogel 
Reverses Left Ventricular Remodeling After Myocardial Infarction in Swine. Journal 
of the American College of Cardiology 54, 1014–1023 (2009). 

224. Anker, S. D. et al. A prospective comparison of alginate-hydrogel with standard 
medical therapy to determine impact on functional capacity and clinical outcomes in 
patients with advanced heart failure (AUGMENT-HF trial). Eur Heart J 36, 2297–2309 
(2015). 

225. Mann, D. L. et al. One-year follow-up results from AUGMENT-HF: a multicentre 
randomized controlled clinical trial of the efficacy of left ventricular augmentation with 
Algisyl in the treatment of heart failure: One-year follow-up results from AUGMENT-
HF. Eur J Heart Fail 18, 314–325 (2016). 

226. Gerdisch, M. W., Shea, R. J. & Barron, M. D. Clinical experience with CorMatrix 
extracellular matrix in the surgical treatment of mitral valve disease. The Journal of 
Thoracic and Cardiovascular Surgery 148, 1370–1378 (2014). 

227. McCready, R. A. et al. Long-term Results With CorMatrix Extracellular Matrix 
Patches After Carotid Endarterectomy. Journal of Surgical Research 262, 21–26 
(2021). 

228. Mosala Nezhad, Z. et al. Small intestinal submucosa extracellular matrix 
(CorMatrix®) in cardiovascular surgery: a systematic review. Interact CardioVasc 
Thorac Surg 22, 839–850 (2016). 

229. Badylak, S. F. & Gilbert, T. W. Immune response to biologic scaffold materials. 
Semin Immunol 20, 109–116 (2008). 













215 
 

319. Dagres, N. & Hindricks, G. Risk stratification after myocardial infarction: is left 
ventricular ejection fraction enough to prevent sudden cardiac death? European Heart 
Journal 34, 1964–1971 (2013). 

320. Varela, C. E., Fan, Y. & Roche, E. T. Optimizing Epicardial Restraint and 
Reinforcement Following Myocardial Infarction: Moving Towards Localized, 
Biomimetic, and Multitherapeutic Options. Biomimetics (Basel) 4, (2019). 

321. Richardson, W., Clarke, S., Quinn, T. & Holmes, J. Physiological Implications of 
Myocardial Scar Structure. Compr Physiol 5, 1877–1909 (2015). 

322. Liu, Y. et al. RNA-Seq identifies novel myocardial gene expression signatures of 
heart failure. Genomics 105, 83–89 (2015). 

323. Weinheimer, C. J. et al. Load-Dependent Changes in Left Ventricular Structure and 
Function in a Pathophysiologically Relevant Murine Model of Reversible Heart 
Failure. Circ Heart Fail 11, (2018). 

324. Zimmermann, M. et al. Analysis of region specific gene expression patterns in the 
heart and systemic responses after experimental myocardial ischemia. Oncotarget 8, 
60809–60825 (2017). 

325. Yamada, S. & Nomura, S. Review of Single-Cell RNA Sequencing in the Heart. 
IJMS 21, 8345 (2020). 

326. Wassenaar, J. W., Braden, R. L., Osborn, K. G. & Christman, K. L. Modulating in 
vivo degradation rate of injectable extracellular matrix hydrogels. J. Mater. Chem. B 4, 
2794–2802 (2016). 

327. Bischoff, L. et al. Cellular Mechanisms of CCL22-Mediated Attenuation of 
Autoimmune Diabetes. The Journal of Immunology 194, 3054–3064 (2015). 

328. Dörmer, P., Spitzer, E., Frankenberger, M. & Kremmer, E. Erythroid differentiation 
regulator (EDR), a novel, highly conserved factor. Cytokine 26, 231–242 (2004). 

329. Dörmer, P., Spitzer, E. & Möller, W. EDR is a stress-related survival factor from 
stroma and other tissues acting on early haematopoietic progenitors (E-Mix). Cytokine 
27, 47–57 (2004). 

330. Soto, R. et al. Microbiota promotes systemic T-cell survival through suppression of 
an apoptotic factor. Proceedings of the National Academy of Sciences 114, 5497–5502 
(2017). 

331. Kim, M. et al. Recombinant erythroid differentiation regulator 1 inhibits both 
inflammation and angiogenesis in a mouse model of rosacea. Experimental 
Dermatology 24, 680–685 (2015). 

332. Kim, K. E. et al. Therapeutic effect of erythroid differentiation regulator 1 (Erdr1) 
on collagen-induced arthritis in DBA/1J mouse. Oncotarget 7, 76354–76361 (2016). 

333. Kim, K. E. et al. Therapeutic effect of erythroid differentiation regulator 1 (Erdr1) 
on collagen-induced arthritis in DBA/1J mouse. Oncotarget 7, 76354–76361 (2016). 

334. Mango, R. L. et al. C-C Chemokine Receptor 5 on Pulmonary Mesenchymal Cells 
Promotes Experimental Metastasis via the Induction of Erythroid Differentiation 
Regulator 1. Mol Cancer Res 12, 274–282 (2014). 

335. Abo, H. et al. Erythroid differentiation regulator-1 induced by microbiota in early 
life drives intestinal stem cell proliferation and regeneration. Nature Communications 
11, (2020). 

336. Wu, J. M. F. et al. Prostaglandin E 2 Receptor 2 Modulates Macrophage Activity for 
Cardiac Repair. Journal of the American Heart Association 7, (2018). 



216 
 

337. Looi, Y. H. et al. Involvement of Nox2 NADPH Oxidase in Adverse Cardiac 
Remodeling After Myocardial Infarction. Hypertension 51, 319–325 (2008). 

338. van Duijvenboden, K. et al. Conserved NPPB + Border Zone Switches From 
MEF2- to AP-1–Driven Gene Program. Circulation 140, 864–879 (2019). 

339. Breitzig, M., Bhimineni, C., Lockey, R. & Kolliputi, N. 4-Hydroxy-2-nonenal: a 
critical target in oxidative stress? Am J Physiol Cell Physiol 311, C537–C543 (2016). 

340. Schaur, R. J., Siems, W., Bresgen, N. & Eckl, P. M. 4-Hydroxy-nonenal—A 
Bioactive Lipid Peroxidation Product. Biomolecules 5, 2247–2337 (2015). 

341. Ide, T. et al. Mitochondrial electron transport complex I is a potential source of 
oxygen free radicals in the failing myocardium. Circ Res 85, 357–363 (1999). 

342. Gomes, K. M. S. et al. Aldehydic load and aldehyde dehydrogenase 2 profile during 
the progression of post-myocardial infarction cardiomyopathy: Benefits of Alda-1. 
International Journal of Cardiology 179, 129–138 (2015). 

343. Hwang, H. V. et al. 4HNE Impairs Myocardial Bioenergetics in Congenital Heart 
Disease-Induced Right Ventricular Failure. Circulation 142, 1667–1683 (2020). 

344. Lucas, D. T. & Szweda, L. I. Cardiac reperfusion injury: aging, lipid peroxidation, 
and mitochondrial dysfunction. Proc Natl Acad Sci U S A 95, 510–514 (1998). 

345. Mak, S. et al. Unsaturated aldehydes including 4-OH-nonenal are elevated in 
patients with congestive heart failure. J Card Fail 6, 108–114 (2000). 

346. Baldi, A. et al. Apoptosis and Post-infarction Left Ventricular Remodeling. Journal 
of Molecular and Cellular Cardiology 34, 165–174 (2002). 

347. Monceau, V. et al. Myocyte apoptosis during acute myocardial infarction in rats is 
related to early sarcolemmal translocation of annexin A5 in border zone. American 
Journal of Physiology-Heart and Circulatory Physiology 291, H965–H971 (2006). 

348. Tekabe, Y. et al. Imaging of Receptors for Advanced Glycation End Products in 
Experimental Myocardial Ischemia and Reperfusion Injury. JACC: Cardiovascular 
Imaging 5, 59–67 (2012). 

349. Dai, Y. et al. Glycated Apolipoprotein A-IV Induces Atherogenesis in Patients With 
CAD in Type 2 Diabetes. Journal of the American College of Cardiology 70, 2006–
2019 (2017). 

350. Wang, X.-L. et al. Methylglyoxal increases cardiomyocyte ischemia-reperfusion 
injury via glycative inhibition of thioredoxin activity. American Journal of Physiology-
Endocrinology and Metabolism 299, E207–E214 (2010). 

351. Shimizu, Y. et al. Role of DJ‐1 in Modulating Glycative Stress in Heart Failure. 
JAHA 9, (2020). 

352. Ruiz-Meana, M. et al. Ryanodine Receptor Glycation Favors Mitochondrial 
Damage in the Senescent Heart. Circulation 139, 949–964 (2019). 

353. Dobler, D., Ahmed, N., Song, L., Eboigbodin, K. E. & Thornalley, P. J. Increased 
dicarbonyl metabolism in endothelial cells in hyperglycemia induces anoikis and 
impairs angiogenesis by RGD and GFOGER motif modification. Diabetes 55, 1961–
1969 (2006). 

354. Mewhort, H. E. M., Turnbull, J. D., Meijndert, H. C., Ngu, J. M. C. & Fedak, P. W. 
M. Epicardial infarct repair with basic fibroblast growth factor–enhanced CorMatrix-
ECM biomaterial attenuates postischemic cardiac remodeling. The Journal of Thoracic 
and Cardiovascular Surgery 147, 1650–1659 (2014). 



217 
 

355. Yao, Y. et al. Reactive oxygen species (ROS)-responsive biomaterials mediate 
tissue microenvironments and tissue regeneration. J. Mater. Chem. B 7, 5019–5037 
(2019). 

356. Satthenapalli, V. R., Lamberts, R. R. & Katare, R. G. Concise Review: Challenges 
in Regenerating the Diabetic Heart: A Comprehensive Review. STEM CELLS 35, 
2009–2026 (2017). 

357. Ballard, V. L. T. & Edelberg, J. M. Stem Cells and the Regeneration of the Aging 
Cardiovascular System. Circulation Research 100, 1116–1127 (2007). 

358. Hanssen, N. M. J. et al. Higher Plasma Methylglyoxal Levels Are Associated With 
Incident Cardiovascular Disease and Mortality in Individuals With Type 2 Diabetes. 
Diabetes Care 41, 1689–1695 (2018). 

    


