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ORIGINAL RESEARCH

Tropoelastin Improves Post-Infarct Cardiac Function
Robert D. Hume , Shaan Kanagalingam , Tejas Deshmukh , Siqi Chen, Suzanne M. Mithieux, Fairooj N. Rashid ,  
Iman Roohani, Juntang Lu , Tram Doan, Dinny Graham , Zoe E. Clayton, Eugene Slaughter, Eddy Kizana,  
April S. Stempien-Otero, Paula Brown, Liza Thomas , Anthony S. Weiss , James J.H. Chong

BACKGROUND: Myocardial infarction (MI) is among the leading causes of death worldwide. Following MI, necrotic cardiomyocytes 
are replaced by a stiff collagen-rich scar. Compared to collagen, the extracellular matrix protein elastin has high elasticity 
and may have more favorable properties within the cardiac scar. We sought to improve post-MI healing by introducing 
tropoelastin, the soluble subunit of elastin, to alter scar mechanics early after MI.

METHODS AND RESULTS: We developed an ultrasound-guided direct intramyocardial injection method to administer tropoelastin directly 
into the left ventricular anterior wall of rats subjected to induced MI. Experimental groups included shams and infarcted rats injected 
with either PBS vehicle control or tropoelastin. Compared to vehicle treated controls, echocardiography assessments showed 
tropoelastin significantly improved left ventricular ejection fraction (64.7±4.4% versus 46.0±3.1% control) and reduced left ventricular 
dyssynchrony (11.4±3.5 ms versus 31.1±5.8 ms control) 28 days post-MI. Additionally, tropoelastin reduced post-MI scar size 
(8.9±1.5% versus 20.9±2.7% control) and increased scar elastin (22±5.8% versus 6.2±1.5% control) as determined by histological 
assessments. RNA sequencing (RNAseq) analyses of rat infarcts showed that tropoelastin injection increased genes associated with 
elastic fiber formation 7 days post-MI and reduced genes associated with immune response 11 days post-MI. To show translational 
relevance, we performed immunohistochemical analyses on human ischemic heart disease cardiac samples and showed an increase 
in tropoelastin within fibrotic areas. Using RNA-seq we also demonstrated the tropoelastin gene ELN is upregulated in human ischemic 
heart disease and during human cardiac fibroblast-myofibroblast differentiation. Furthermore, we showed by immunocytochemistry 
that human cardiac fibroblast synthesize increased elastin in direct response to tropoelastin treatment.

CONCLUSIONS: We demonstrate for the first time that purified human tropoelastin can significantly repair the infarcted 
heart in a rodent model of MI and that human cardiac fibroblast synthesize elastin. Since human cardiac fibroblasts are 
primarily responsible for post-MI scar synthesis, our findings suggest exciting future clinical translation options designed to 
therapeutically manipulate this synthesis.

GRAPHIC ABSTRACT:  A graphic abstract is available for this article.
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Heart disease is the single largest cause of death 
worldwide.1 A prominent subcategory within this 
range of diseases is ischemic heart disease with 

myocardial infarction (MI) and subsequent heart failure 
associated with high morbidity and mortality.1 In the first 
few days post-MI, the immune system removes necrotic 
cells and extracellular matrix (ECM) through complex 

enzymatic degradation processes.2 Approximately 3 days 
post-MI, fibroblast proliferation and replacement fibro-
sis begins, with the formation of a collagen I-rich scar.2 
Unlike healthy myocardium, the fibrotic scar is electrically 
inert, less contractile, and has an increased stiffness, 
with the ensuing heart failure causing potential morbidity 
and mortality. The increased intracardiac wall stiffness is 
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largely due to the deposition of collagen I.3,4 This resultant 
mechanical mismatch of the post-MI scar and healthy 
myocardium causes abnormally amplified region-specific 
stresses, accompanied by varied systolic and diastolic 
functional outcomes.5–7 After initial replacement fibro-
sis, scar expansion caused by increased wall stresses 
exacerbates adverse cardiac remodeling, resulting in an 
increased prevalence of heart failure and death.8,9

Tropoelastin is a highly elastic molecule with an 
exceptionally low elastic modulus of ~3 kPa.10,11 It is 
also the soluble monomer subunit of the highly elastic 
ECM protein elastin, which is the major component of 
all elastic fibers within the body.11 Elastin has a stiffness 
modulus of ~1 MPa which, although an order of magni-
tude higher than tropoelastin, is substantially lower than 
other ECM proteins, for example, collagen ranges 160 
to 7500 MPa.11,12 Elastin is integral in allowing continu-
ous stretch and recoil events without causing permanent 
deformation in a range of elastic tissues, including within 
the cardiovascular system.11,13

Synthesis of tropoelastin and elastin fibers (elasto-
genesis) is restricted to the developing fetus and during 
infancy.11,14 However, some studies have shown elastin 
synthesis during adulthood in response to injury, disease, 
and after MI.15–19 Importantly, the application of tropoelas-
tin in both small and large animal models of dermal injury 
has shown therapeutic benefit by improving the wound 
healing response.20,21 Using cell therapy techniques, oth-
ers have shown rat elastin fragment delivery in a rat model 
of MI can improve cardiac functional outcomes.22,23 How-
ever, the effects of purified human tropoelastin post-MI 
without confounding cellular components remains unclear.

Previous studies have shown that injections of ECM 
components into the left ventricular (LV) wall after MI can 
improve LV scar mechanics and heart function.24–27 We 

Nonstandard Abbreviations and Acronyms

cFib human cardiac fibroblasts
DE differential gene expression
ECM extracellular matrix
IZ infarct zone
LV left ventricle
LVAW left ventricular anterior wall
LVEF left ventricular ejection fraction
MI myocardial infarction
MI+PBS  myocardial infarction with phosphate 

buffered saline vehicle control injection 
group

MI+Tropo  myocardial infarction with tropoelastin 
injection group

RNAseq RNA sequencing

Novelty and Significance

What Is known?
• Direct myocardial injections in small animal models 

require complex, slow, invasive thoracotomy surgery.
• Tropoelastin improves dermal wound healing in both 

small and large animal models.
• Cell-delivered rat elastin improves rat heart function 

postmyocardial infarction by reducing scar expansion.

What New Information Does This Article  
Contribute?
• Ultrasound-guided closed chest direct myocardial 

injections provides a new faster, safer, and less invasive 
protocol for therapeutic testing in rats.

• Human tropoelastin improves rat heart function post-
myocardial infarction and could potentially be used to 
treat heart failure.

• Elastogenesis occurs during replacement fibrosis in 
human heart disease and can be accelerated in vitro 
via tropoelastin treatment.

Tropoelastin is a highly elastic natural biomaterial that 
despite encouraging findings in dermal wound healing, 
has not yet been significantly investigated in cardiac 
repair. We developed a novel ultrasound-guided intra-
myocardial injection protocol that circumvents the need 
for thoracotomy in rats already subjected to myocardial 
infarction (MI). Using this protocol, we injected purified 
human tropoelastin directly into the left ventricular myo-
cardium and show improvement in heart function post-
MI. We further elucidate the underlying mechanisms 
resulting in improved systolic function using echocar-
diographic strain analysis. Although tropoelastin expres-
sion is thought to be restricted to embryonic/neonatal 
development, our novel findings show tropoelastin gene 
and protein expression is upregulated in adult human 
cardiac disease and fibrosis. We also identify the human 
cardiac fibroblast (cFib) as the potential source of 
underappreciated cardiac injury-induced elastogenesis. 
Finally, we demonstrate that manipulation of cFib elas-
togenesis can be achieved by addition of exogenous 
tropoelastin. This provides evidence for potential clinical 
translation of tropoelastin to treat and improve the lives 
of the millions of heart failure patients worldwide.
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therefore hypothesized that therapeutic delivery of puri-
fied human tropoelastin into the healing LV wall would 
decrease subsequent LV stiffness and adverse remod-
eling. Here, we show that purified human tropoelastin 
decreases scar expansion, increases scar elastogen-
esis, improves LV systolic contraction, and reduces gene 
expression of immune response pathways in a rat model 
of subacute MI. Highlighting translational significance, 
we also demonstrate that the tropoelastin gene (ELN) 
and its related protein is expressed in human ischemic 
heart disease cardiac samples. Furthermore, we demon-
strate that the key drivers of the post-MI scar, human 
cardiac fibroblasts (cFib), have propensity to upregulate 
ELN during myofibroblast differentiation and increase 
elastogenesis in response to tropoelastin treatment. 
Therefore, our study establishes purified human tropo-
elastin as a novel therapy to treat post-MI healing.

METHODS
Data Availability
The data that support the findings of this study are available 
from the corresponding author upon reasonable request. For a 
detailed description of all methods and materials used, please 
refer to the Supplemental Methods and Major Resources Table 
in the Supplemental Materials.

Sprague–Dawley rats were subjected to MI by left ante-
rior descending coronary artery ligation and then randomized 
to (1) sham operated, (2) noninfarcted tropoelastin injected 
(Tropo), (3) infarcted vehicle control injected (MI+PBS), 
and (4) infarcted tropoelastin injected groups (MI+Tropo). 
Tropoeleastin was injected into the healing LV wall 4 days 
post-MI under ultrasound-guidance. High-frequency echo-
cardiography was performed at baseline before MI (day −1), 
pretreatment post-MI (day 3), and posttreatment (days 14 and 
28) before rats were euthanized (day 28) and hearts collected. 
Echocardiographic, cellular, and molecular analyses were per-
formed blinded to treatment group.

RESULTS
Ultrasound-Guided Injections Allow 
Intramyocardial Delivery of Tropoelastin
Thoracotomy is often used in translational studies to 
enable delivery of investigational therapeutic agents. This 
approach is difficult and carries significant animal mor-
bidity and mortality. To circumvent these potential com-
plications, we developed an ultrasound-guided method 
to inject directly into the myocardium of the left ventri-
cle (LV; Figure 1). Our protocol required the ultrasound 
probe to be prealigned with a 1.5″ hypodermic needle 
and syringe in a purpose specific holder (Figure 1A). As 
a pilot to visualize our injection site, healthy rats were 
injected with Alcian blue dye, with necropsy showing no 
evidence of punctured lungs or any other organ dam-
age at the injection site (Figure 1B) and successful 

intramyocardial injection into the left ventricular anterior 
wall (LVAW; Figure 1B through 1D). For post-MI tropo-
elastin injections, we used a short axis view to approach 
the LVAW at a 45° angle with the needle bevel down-
wards (Figure 1E; Video S1 through S4). Successful 
injection was indicated by a change in brightness within 
the wall and after removal of the needle (blue arrow, Fig-
ure 1E; Video S1 through S4). Using our protocol, no rats 
showed any signs of pain or distress following recovery 
from anesthesia and during the 24-day follow-up (data 
not shown). All rats that survived MI surgery and received 
injections survived the entire study (100%, 28 days).

Tropoelastin Improves Cardiac Function Post-
MI by Increasing LV Systolic Contractility
The number of neutrophils that synthesize elastases peaks 
within the first 0 to 3 days following MI.2,28,29 At this time-
point, both fibroblast proliferation and replacement fibro-
sis increases.2 We therefore chose to inject tropoelastin 4 
days post-MI to avoid elastase degradation and to encour-
age elastogenesis by proliferating fibroblasts (Figure 2A). 
This also enabled us to measure cardiac function (operator 
blinded to treatment group) at baseline (day −1), post-MI 
pretreatment (day 3), and 2 post-MI posttreatment (day 14 
and day 28) timepoints (Figure 2A). To determine an effi-
cacious dosage of tropoelastin, we ran a pilot study using 
both 1 mg/mL and 10 mg/mL concentrations. Although 
10 mg/mL produced an early improvement in left ventric-
ular ejection fraction (LVEF) at day 14, by day 28 it had 
deleterious effects on cardiac function (Figure S1A). Addi-
tionally, large but thin-walled blood vessels were seen in 
the infarcted region of 10 mg/mL tropoelastin treated rats 
suggesting suboptimal angiogenesis had occurred (Figure 
S1B). For these reasons, the lower dose of 1 mg/mL was 
selected for use in the rest of the study.

Short axis M-mode ultrasound measurements of LV 
function using the Teicholz method (Figure 2B through 2F) 
demonstrated an expected decline in heart function 3 
days post-MI (Figure 2B through 2D) with no significant 
differences in heart rate at the time of measurement (Fig-
ure S2). Healthy (noninfarcted) rats injected with tropo-
elastin showed no effects in heart function over 28 days 
(denoted Tropo; Figure 2), demonstrating that the protein 
had no deleterious effects in a noninfarct setting. At the 
day 14 post-MI timepoint, infarcted tropoelastin-treated 
rats (MI+Tropo) showed a trend of improved LVEF and 
fractional shortening (Figure 2B through 2D; Figure S3). 
By 28 days, MI+Tropo rats demonstrated significantly 
improved fractional shortening and LVEF (64.7±4.4% 
versus 46.0±3.1% control; Figure 2B through 2D). Inter-
estingly, this improvement was driven by a decreased 
LV systolic diameter (Figure 2E; Figure S4A) and 
increased LVAW systolic thickness (Figure 2F; Figures 
S4B and  S5), with no significant differences to LV dia-
stolic diameter or left ventricular posterior wall thickness  
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(Figure S4C through S4J and S5). To confirm our short 
axis results, we performed separate analyses of paraster-
nal long axis B-mode measurements (Video S5 through 
S16) by 2 blinded observers. These results also showed 
no statistically significant change in heart rate between 
groups at the time of measurement and showed tropo-
elastin improved LVEF and fractional shortening post-MI 
(Figure S6). Both intra and interobserver measurements 
showed low levels of bias and tight levels of agreement 
at all timepoints (Figure S7). Together, our data show that 
tropoelastin improves post-MI LVEF through increased 
systolic contraction and increased LVAW thickness. Nota-
bly, the LVAW was the location of tropoelastin injections.

Tropoelastin Improves LVAW Strain and 
Reduces LV Dyssynchrony
LV strain is an important echocardiography parameter that 
evaluates myocardial deformation. It is a surrogate for LV 
contraction function and utilized to measure function of 
cardiac tissue.30 Global longitudinal strain measures the 
LV ability to contract in the longitudinal direction, with a 

lower negative value suggestive of adverse remodeling.30 
We showed that post-MI tropoelastin improved global 
longitudinal strain compared to MI+PBS controls (Fig-
ure 3A through 3C) and therefore increased overall car-
diac contraction in the longitudinal direction.

Segmental strain analyses allow measurements of 
specific LV regions and their mechanics.31 LV radial strain 
is also a measurement of myocardial deformation, with a 
decrease below baseline indicative of cardiac dysfunc-
tion. Segmental analyses showed post-MI tropoelastin 
treatment significantly increased (improved) radial strain 
in LVAW base and LVAW mid segments with no signifi-
cant effects strain in any other segment, as compared to 
MI+PBS controls at day 28 (Figure 3D through 3F and 
3H through 3K; Figures S8 and S9). Post-MI tropoelas-
tin also significantly decreased (improved) longitudinal 
strain in LVAW apex segments with no significant effects 
in any other segment (Figure 3D, 3G, 3L, and 3M; Fig-
ures S8 and S9). No significant effects of post-MI tro-
poelastin were observed in the left ventricular posterior 
wall (Figure S9). Thus, all significant functional strain 
improvements were restricted to the LVAW, the location 

Figure 1. Ultrasound-guided injections 
permit a less invasive intramyocardial 
therapeutic delivery of tropoelastin.
A, Photographs of rat position, stage, syringe, 
and ultrasound probe setup for ultrasound-
guided intramyocardial injections. B, Photograph 
of rat dissection immediately following Alcian 
blue (blue arrow) intramyocardial injection. 
C, Photograph of Alcian blue (blue arrows) 
injected-rat heart. Left: basal half. Right: apical 
half. D, Stereoscopic image of a mid-to-apex 
rat heart injected with Alcian blue (black 
arrows). Left/right: left/right half of the left 
ventricle (LV). E, Short axis echocardiograms 
showing intramyocardial delivery of tropoelastin. 
Top left (preinjection): view of the LV wall 
(green dotted line) with an enhanced image of 
the left ventricular anterior wall ([LVAW], white 
dotted box and enhanced insert). Top right 
(preinjection): needle (red dotted line) shown 
within the LVAW. Bottom left (mid-injection): 
injection of tropoelastin (blue arrow) into the 
LVAW. Bottom right (postinjection): needle 
removed from the skin with tropoelastin (blue 
arrow) remaining in the LVAW.
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of both the infarct and the intramyocardial tropoelastin 
injections.

Within the uninjured LV, it is essential that opposing 
walls (eg, LVAW and left ventricular posterior wall) con-
tract in synchrony to ensure efficient LV contraction (Fig-
ure S10).32 Conversely, intraventricular dyssynchrony is 
associated with pathological conditions such as MI.32,33 
We utilized 2D speckle tracking echocardiography to 
evaluate dyssynchrony by measurement of the time-
to-peak systolic strain from the parasternal long axis 
images. We then compared the time-to-peak of opposing 
wall segments (Figure S10) and assessed the maximum 
opposing wall delay; a measurement of LV dyssynchrony. 
This showed that tropoelastin significantly reduced the 
maximum opposing wall delay in infarcted rats and thus 
reduced dyssynchrony for radial velocity, displacement, 
strain and strain rate, when compared to control rats 
(Figure 3N through 3Q; Figure S11). Therefore, our data 
show that tropoelastin also improves post-MI function by 
decreasing intraventricular dyssynchrony.

Tropoelastin Reduces Scar Size and Increases 
Scar Elastogenesis
Increased post-MI scar size is correlated with decreased 
heart function.34 We therefore quantified collagen in 
post-MI hearts using Picrosirius red histological staining 
and showed that tropoelastin significantly reduced scar 
size (8.9±1.5% MI+Tropo versus 20.9±2.7% MI+PBS 
control; Figure 4A through 4C). Healthy rats injected with 
tropoelastin (denoted as Tropo) showed no statistically 
significant increase in fibrosis compared to sham con-
trols, demonstrating that in the healthy cardiac setting 
tropoelastin does not induce fibrosis (Figure 4C). These 
results suggest post-MI tropoelastin treatment improves 
heart function by reducing scar expansion.

Tropoelastin that is synthesized in vivo is organized 
and cross-linked into insoluble elastin via elastogen-
esis.11 To determine whether intramyocardial injection 
of tropoelastin resulted in elastogenesis and there-
fore increased elastin fibers, we performed Verhoeff 

Figure 2. Tropoelastin improves heart function post-myocardial infarction (MI).
Rats underwent MI, sham surgery, or no surgery (Healthy), echocardiography (echo), and intramyocardial injection of tropoelastin (Tropo) or 
phosphate buffered saline (PBS) vehicle control. A, Experimental timeline. B, Representative left ventricle short axis (LVSAX) mid-papillary 
M-mode echocardiographic images. C and D, LVSAX M-mode analyses for fractional shortening (FS) and ejection fraction (EF) over time and for 
the change (Δ) from day 3 to day 28 post-MI. E and F, LVSAX M-mode analyses for the change (Δ) from day 3 to day 28 post-MI in LV systolic 
diameter (E) and left ventricular anterior wall (LVAW) systolic diameter (F). Statistical analyses: Conover-Iman multiple comparison test with Holm-
Bonferroni correction. Exact P-values are represented above graphs to 4 decimal points.
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Figure 3. Tropoelastin reduces left ventricle (LV) dyssynchrony and alters LV anterior wall mechanical dispersion.
A–C, Speckle tracking analyses of parasternal long axis (PSLAX) B-mode measurements for global longitudinal strain (GLS) over time (A), 28 days 
post-myocardial infarction (MI) (B) or the change (Δ) from day 3 to day 28 post-MI. D, Schematic of significantly improved segmental strain following 
tropoelastin treatment in infarcted animals. E–G, LV anterior wall segmental radial (E, F) and longitudinal (G) strain over time. H–M, LV anterior wall 
segmental radial (H–K) and longitudinal (L, M) 28 days post-MI (d28) or the change (Δ) from day 3 to day 28 post-MI. N–P, LV time-to-peak (TTP) 
analyses for maximum radial strain throughout one cardiac cycle as a measurement of mechanical dyssynchrony over time (n), on day 28 (O) or the 
change (Δ) from day 3 to day 28 (P) post-MI. Q, LV TTP analyses for maximum radial strain throughout one cardiac cycle. TTP is represented as a blue-
red heatmap within each segment (top, schematics) or a circle at the peak of each line (bottom, graphs). LV base (blue), mid (yellow), and apex (purple) 
anterior wall segments and LV base (green), mid (grey), and apex (cyan) posterior wall segments are colored around each segment (top, schematics) and 
on each corresponding line (bottom, graphs). MI+Tropo rats show reduced dyssynchrony on day 28 vs MI+PBS controls. Statistical analyses: Conover-
Iman multiple comparison test with Holm-Bonferroni correction, exact P-values represented above graphs to 4 decimal points. MI+PBS indicates 
myocardial infarction with phosphate buffered saline vehicle control injection group; and MI+Tropo, myocardial infarction with tropoelastin injection group.
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Figure 4. Tropoelastin reduces scar size and increases scar elastogenesis.
A, Picosirius red (PSR) and fast green histological stain showing post-myocardial infarction (MI) scar size (red). B, Color thresholding for scar size 
measurements. Scale bar=1 mm. C, Scar area analysis (PSR area/total section area). D, Verhoeff van Gieson histological staining showing elastin 
fibers (dark purple) within the post-MI scar (pink), scale bars 1 mm (i), 50 µm (ii, iii), 100 µm (iv). E, Color thresholding for elastin image analysis. 
F, Elastin area analysis (elastin area/total section area). Scale bars=1 mm and 100 µm for magnified inserts. G, Elastin scar contribution analysis 
(elastin area/scar area). H, Total elastin (%) vs scar size (%). I, Representative immunohistochemical (IHC) images. Scale bars=1 mm (i), 50 
µm (ii), 100 µm (iv). J–M, Cell profiler IHC analyses % of CD31+, α-smooth muscle actin+ (αSMA+), vimentin+, and αSMA+vimentin+ cells within 
infarct scars. All images shown are transverse cut cardiac sections of both the left and right ventricles. Statistical analyses: Conover-Iman multiple 
comparison test with Holm-Bonferroni correction, exact P-values represented above graphs to 4 decimal points. CM indicates cardiomyocytes; 
DAPI‚ 4′‚6-diamidino-2-phenylindole; No 1° ab, no primary antibody control; MI+PBS, myocardial infarction with phosphate buffered saline vehicle 
control injection group; and MI+Tropo, myocardial infarction with tropoelastin injection group.
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van Gieson histological staining enabling visualiza-
tion of elastin fibers within the post-MI scar (Fig-
ure 4D). Fibrillar elastin was seen within post-MI scars 
aligned with collagen fibers or around scar-resident 
cells (Figure 4D). Healthy (noninfarcted) tropoelas-
tin injected rats (denoted Tropo) showed no statistical 
difference in elastin content compared to shams (Fig-
ure 4D through 4F), showing that infarction is required 
for substantial elastogenesis. In contrast, elastin was 
significantly increased in tropoelastin-treated infarcted 
rats (MI+Tropo) compared to both sham and Tropo 
groups (Figure 4D through 4F). However, elastogenesis 
in the scar was also seen in MI+PBS control rats (Fig-
ure 4F), demonstrating an underappreciated innate abil-
ity for elastogenesis in the post-MI scar. As tropoelastin 
was injected into infarcted myocardium, elastogenesis 
was restricted to the scar and since it reduced scar size, 
we next quantified elastin as a proportion of total scar. 
These results show significantly greater scar elasto-
genesis after tropoelastin delivery (22±5.8% MI+Tropo 
versus 6.2±1.5% MI+PBS control; Figure 4G). Addi-
tionally, when comparing total elastin to scar size (Fig-
ure 4H), we show that MI+Tropo rats have smaller scars 
with higher overall elastin content.

To analyze the extent to which tropoelastin altered 
cell composition of the scar, we performed immuno-
histochemical image analysis using 4 major cell mark-
ers (Figure 4I). These markers were α-smooth muscle 
actin (αSMA) for myofibroblasts/smooth muscle cells, 
vimentin for fibroblasts, CD31 for endothelial cells, and 
α-actinin for cardiomyocytes (Figure 4I). Interestingly, 
no cell type showed significantly different contribu-
tion within the healthy LV of Tropo versus sham rats or 
within the infarct scars of MI+Tropo versus MI+PBS rats 
(Figure 4I through 4M).

The use of tropoelastin to treat full-thickness skin 
wounds leads to increased early stage angiogenesis 
that promotes repair but then is subsequently resolved.20 
To assess whether angiogenesis was detectable in our 
mature scar, we performed blinded immunohistochemical 
analyses that showed no significant difference in arteriole 
or capillary diameter and number (Figure S12, total ana-
lyzed: sham 3 animals/30 images/80 vessels, MI+PBS 
8 animals/276 images/2412 vessels, MI+Tropo 7 ani-
mals/228 images/1868 vessels, technical replicates 
were averaged to provide 1 measurement/animal). This 
is consistent with a model where tropoelastin stabilizes 
the scar by increasing its elastin content and therefore 
decreasing its stiffness, rather than altering its cellular 
composition.

To address the hypothesis that tropoelastin decreases 
scar stiffness, we performed stress-strain mechanical 
testing on fresh ex vivo LV tissue and assessed infarct 
zone (IZ) stiffness via elastic modulus (Figure S13A 
through S13C). For these measurements, a higher elastic 

modulus signified a stiffer material. We show PBS treat-
ment of infarcts resulted in IZ tissue elastic modulus of 
148.5±54.6 kPa, which is 4.7 times higher than healthy 
LVAW tissue elastic modulus of 31.9±7.6 kPa (Figure 
S13D). In contrast, treatment of infarcts with tropoelas-
tin resulted in a LVAW IZ elastic modulus of 49.8±12.5 
kPa, indistinguishable from both sham (49.0±17.6 kPa) 
and healthy tissue (P>0.99; Figure S13D). There were 
no statistically significant differences between elastic 
moduli in remote zone LV tissue (Figure S13E). These 
data suggest tropoelastin increases infarct elasticity to a 
value similar to noninfarcted hearts.

Tropoelastin Effects Gene Expression of ECM 
and Immune-Related Pathways Post-MI
For molecular characterization of the LV during posttreat-
ment scar formation, we collected IZ or remote zone LV 
tissue for RNA sequencing (RNAseq) at 7 and 11 days 
post-MI (3 and 7 days posttreatment, respectively; Fig-
ure 5A). Differential gene expression (DE) analysis of all 
groups (IZ, remote zone, day 7, day 11, MI+PBS, MI+Tropo) 
compared to sham controls revealed DE of 7950 genes in 
total, with negligible DE genes in remote zone (Figure 5B). 
This suggests no detectable treatment effects within the 
post-infarct remote zones and greatest change occurring 
in the IZ. MI+PBS IZ had greater DE compared to shams 
(Figure 5B). Reactome pathway analyses comparing DE 
genes of MI+Tropo IZ versus MI+PBS IZ, showed that 
MI+Tropo upregulated ECM pathways associated with 
elastic fiber formation on day 7 but not on day 11 (Fig-
ure 5C). This suggests that any increased post-MI elasto-
genesis after tropoelastin treatment occurs earlier than 11 
days post-MI (<7 days posttreatment).

Next, we used the Database for Annotation Visualiza-
tion and Integrated Discovery to perform gene ontology 
term analyses, again comparing MI+Tropo IZ to MI+PBS 
IZ. While no significantly upregulated or downregulated 
gene ontology terms were identified on day 7, MI+Tropo 
IZ showed downregulation of multiple immune-related 
pathways on day 11 (Figure 5D, red asterisks). MI+Tropo 
IZ also showed multiple downregulated ECM pathways, 
including some related to collagen fiber formation (Fig-
ure 5D, blue asterisks). For upregulated pathways, mul-
tiple metabolic and mitochondrial-related gene ontology 
terms were evident in MI+Tropo IZ tissue (Figure S14). 
Another pathway named response to xenobiotic stimu-
lus was also upregulated, likely due to the introduction 
of human tropoelastin into the rat heart (Figure S14). 
Taken together (with our earlier findings demonstrating 
that tropoelastin reduces scar expansion) our RNAseq 
data suggests that therapeutic effects of exogenous 
tropoelastin delivery begins ≤7 days posttreatment via 
modulation of immune response and subsequent colla-
gen fiber formation.
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Figure 5. Tropoelastin downregulates gene expression in infarct zone (IZ) immune pathways 11 days post-myocardial infarction (MI).
A, Schematic of RNA sequencing (RNAseq) experiments. Rats were infarcted (MI), treated with PBS or tropoelastin (Tropo) via ultrasound-guided 
intracardiac injection, culled, and left ventricle (LV) samples collected for RNAseq. B, Heatmap of all IZ and remote zone (RZ) differentially regulated 
genes in MI+PBS and MI+Tropo rats as compared to Sham LV controls 7 and 12 days post-MI (rats were pooled for analyses). C, Reactome 
analysis of differentially regulated extracellular matrix (ECM) pathways (yellow=significantly upregulated pathways) in MI+Tropo IZ as compared to 
MI+PBS IZ. D, Downregulated gene ontology (GO) terms in MI+Tropo IZ as compared to MI+PBS IZ on day 11 post-MI. Red and blue asterisks 
represent GO terms associated with immune and ECM pathways, respectively. DE indicates differential gene expression; MI+PBS, myocardial 
infarction with phosphate buffered saline vehicle control injection group; and MI+Tropo, myocardial infarction with tropoelastin injection group.
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Tropoelastin is Increased in Human Heart 
Disease and in Human Cardiac Myofibroblasts
To assess whether tropoelastin is increased in human 
cardiac fibrosis, we used immunohistochemical to 
probe tropoelastin protein expression in human isch-
emic and nonischemic-dilated cardiomyopathy samples 
(Figure 6A; Figure S15). We showed increased elastin 
expression in scar versus remote areas in both disease 
types (Figure 6A; Figure S15). To analyze ELN expres-
sion in similar settings, we analyzed publicly available 
RNAseq datasets (Figure 6B and 6C). These data 
showed increased ELN in ischemic cardiomyopathy 
and coronary artery disease (Figure 6B and 6C). Taken 
together, these results show tropoelastin is increased in 
areas of replacement fibrosis in human heart disease.

We next determined whether cFibs synthesize elastin 
during myofibroblast differentiation, an integral process 
in the latter stages of post-MI scar remodeling. Three 
primary cFib lines derived from cardiac tissue explants 
were treated with transforming growth factor-beta to 
induce myofibroblast differentiation and compared to 

untreated controls using RNAseq. Reactome pathway 
analysis looking at upregulated genes showed that Elas-
tic fiber formation and Molecules associated with elastic 
fibers were amongst the statistically significant upregu-
lated pathways (Figure 6D). Using the curated gene set 
Elastic fiber formation, we generated a heatmap showing 
the significantly upregulated elastin-related genes (Fig-
ure 6E). Notably upregulated genes in the list essential35 
for elastogenesis include ELN, fibronectin-1 (FN1), fibu-
lin-5 (FBLN5), fibrillin-1 and -2 (FBN1, FBN2), integrin 
subunit alpha-5 and -V (ITGA5, ITGAV), latent binding 
protein-1 and -2 (LTBP1, LTBP2), and lysyl oxidase (LOX; 
Figure 6E). We therefore demonstrated that human cFib 
increase elastin fiber synthesis following myofibroblast 
differentiation; an integral process that occurs during 
post-MI scar formation.

Finally, we determined whether elastogenesis in cFib 
could be increased with tropoelastin treatment. This 
aimed to test the hypothesis that cFib can increase 
elastin synthesis, which could be therapeutically used 
to increase elastin after post-MI tropoelastin delivery 
in a patient. After 1 day, elastin fibers were observed in 

Figure 6. Tropoelastin is increased 
in ischemic human heart disease 
and in human cardiac fibroblast 
(cFib) differentiation or tropoelastin 
treatment.
A, Immunohistochemical (IHC) staining 
for human tropoelastin (green) and 
cardiomyocyte marker, cardiac troponin T 
(cTnT, red), samples were from ischemic 
and nonischemic cardiomyopathy patient 
cardiac tissue, images taken from fibrotic and 
nonfibrotic regions of interest. Scale bar=100 
µm. B and C, Tropoelastin gene (ELN) 
expression from publicly available single-cell 
(B) and bulk (C) RNA sequencing (RNAseq) 
cardiac tissue datasets, coronary artery 
disease (CAD; n=2)‚ dilated cardiomyopathy 
(DCM; n=4)‚ schemic cardiomyopathy 
(ICM; n=15), (C) was statistically analyzed 
using Mann-Whitney test with exact P-
value represented to 4 decimal points. D, 
Selected statistically significant upregulated 
Reactome pathways in cFib treated with 
transforming growth factor β (TGFβ). E, 
Heatmap of statistically significantly down/
upregulated Reactome elastin fiber formation 
curated genes in cFib treated with TGFβ, 
as compared to untreated controls. F, 
Immunocytochemistry images of cFib cultured 
for 7 days, treated with tropoelastin/PBS for 
1 or 3 days and stained for elastin (green). 
Scale bar=100 µm. Ab indicates antibody and 
DAPI‚ 4′‚6-diamidino-2-phenylindole.
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tropoelastin samples but not PBS controls (Figure 6F). 
By day 3, a substantial layer of elastin fibers was pres-
ent, comparable to human primary dermal fibroblast posi-
tive controls, in contrast to no visible fibers in the PBS 
controls (Figure 6F). These data demonstrate the abil-
ity of human cFib to synthesize elastin after tropoelastin 
treatment.

DISCUSSION
Following MI, necrotic cardiomyocytes are replaced by 
a stiff collagen I-rich fibrotic scar, leading to impaired 
heart function.2 Tropoelastin, the subunit of elas-
tin, has a much lower stiffness than collagen I,11,12 
and has previously shown efficacy in wound healing 
applications.20,21 To date, no study has investigated 
the therapeutic use of purified human tropoelastin to 
alter scar formation, nor has any study elucidated the 
relevance of tropoelastin in human heart disease. Our 
study reveals that by increasing scar elastogenesis, 
tropoelastin reduces scar expansion and significantly 
improves heart function, thus demonstrating tropo-
elastin can be an efficacious post-MI treatment when 
delivered in the early subacute stage. We also reveal 
for the first time increased elastogenesis in human MI 
scar formation and during human cFib-myofibroblast 
differentiation. The rigorous assessment in this study 
therefore increases our understanding of tropoelastin 
in cardiac wound healing and of elastogenesis post-
MI. Furthermore, our data make a compelling case for 
tropoelastin translation as a post-MI therapeutic to 
decrease morbidity and mortality in a subacute setting.

Rodent post-MI therapeutics are traditionally adminis-
tered via systemic tail vein injection,36 osmotic minipump 
insertion,37 or direct myocardial injections.38 Limitations 
of these methods include limited cardiac targeting, pain-
ful thoracotomy surgery with increased mortality, and 
therapeutic delivery limited to the time of MI surgery. Our 
ultrasound-guided intramyocardial therapeutic delivery 
method (Figure 1) provides a less invasive and simpler 
method to gain access to the myocardium, with a 0% 
mortality rate following procedure. It also allows direct 
cardiac access at a timepoint of a researcher’s choosing 
with improved animal welfare.

Two notable studies have previously investigated 
the effects of increasing elastin post-MI.22,23 Both used 
cell lines transfected with the rat tropoelastin gene and 
injected into the hearts using a rat MI model.22,23 In sup-
port of our results, both studies showed reduced scar 
expansion and improved heart function. However, a criti-
cal distinction is the use of transduced rat cells as a rat 
elastin delivery vehicle in these prior studies, rather than 
the purified human tropoelastin in our study. Paracrine 
cell signaling from transplanted cells could have con-
founded previous results, whereas our study avoided 
these effects and provided evidence that tropoelastin 

itself is responsible for improved function. Additionally, 
unlike cell-derived equivalents, tropoelastin is a natural 
biomaterial that has been clinically tested for dermal 
applications and is an attractive post-MI therapeutic with 
the potential for accelerated clinical translation. Our tar-
geted injection protocol also provides control over the 
dosage and concentration of therapeutic administration 
into the myocardium, thus establishing a superior route 
of delivery for future studies.

The post-MI scar is primarily composed of stiff collagen 
I with an absence of viable contractile cardiomyocytes.2 
This reduction in functional myocardium contributes to 
reduced heart function. Some post-MI therapeutics 
improve heart function by reducing scar size and thereby 
increasing the quantity of viable myocardium.39–42 In our 
study, we show tropoelastin significantly reduces scar 
size (Figure 4A through 4C) and could be responsible 
for most of the functional improvements observed. How-
ever, an understanding into the exact mechanism behind 
tropoelastin ability to prevent scar expansion is not yet 
known.

As tropoelastin and elastin have relatively low (~3 
kPa and ~1 MPa) elastic moduli, compared to collagen 
(~160–7500 MPa),11,12 it can be reasonably assumed 
that increasing their proportion within the scar would 
alter its mechanical properties. Previous studies have 
shown cardiac compliance and stiffness are major 
driving factors that alter cardiac function in diseased 
hearts.5–7,43,44 Therefore, our study suggests that the 
beneficial effects of tropoelastin are potentially due to 
modification of scar mechanical properties. To this end, 
our ex vivo mechanical testing of IZ tissue (Figure S13) 
demonstrated similar elastic moduli between sham, 
healthy and MI+Tropo groups. In contrast, MI+PBS con-
trols showed an expected increase in IZ stiffness. This 
may suggest that tropoelastin improves heart function 
by reducing infarct scar stiffness. Notably, further stud-
ies would require increased animal numbers and other 
modes of mechanical testing to fully characterize the 
infarct material properties.

Other groups have also targeted LV scar mechanics by 
injecting naturally derived extracellular components into 
MI models.24–27 Of significance, Diaz et al25 have shown 
in a long-term post-MI study (13.5 weeks) that inject-
ing a myocardial-derived ECM hydrogel improved heart 
function, increased LV wall thickening, and reduced fibro-
sis. This injectable matrix technology has also been used 
in early clinical trials.27 In our subacute post-MI study, we 
also show improved heart function (Figure 2), increased 
LVAW systolic thickness (Figure 2), and reduced fibrosis 
(Figure 4C). Therefore, in light of previous studies and 
their clinical translation, our findings are encouraging for 
the potential future clinical translation of tropoelastin as 
a post-MI therapeutic.

Elastogenesis is prominent in early development but 
minimal in the adult body except in some cases of injury 
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and disease.11,14–19 In the post-MI rodent setting, the liter-
ature is split on the significance of elastogenesis. Mizuno 
et al23 showed no post-MI elastin deposition, while Yu 
et al45 showed decreased elastin in untreated infarcted 
rats. A second study by Mizuno et al22 and other more 
rigorous studies utilizing MRI combined with histologi-
cal techniques17–19 shows increased elastin deposition in 
infarcted tissue.22 These latter studies support our find-
ings that elastogenesis is increased in both tropoelastin 
treated and vehicle control infarcts. Our data (Figures 
4D through 4H and 6A through 6E; Figure S15) demon-
strate that elastogenesis has an underappreciated role in 
rat and human cardiac fibrosis. Importantly, our study also 
shows that therapeutic delivery of exogenous tropoelas-
tin can stabilize the postinfarct scar through increased 
elastogenesis but has no effect in the uninjured heart 
(Figure 4). We therefore provide insight into the inte-
gral role of elastogenesis during post-MI LV remodeling 
and demonstrate that manipulation of this process can 
improve cardiac function.

In our study, we saw increased scar elastogenesis in 
tropoelastin-treated rats (Figure 4D through 4H). Elas-
togenesis requires a number of phases: tropoelastin 
synthesis, coacervation, deposition, and cross-linking.11 
Therapeutically, we provided purified tropoelastin, aiming 
for the second phase of coacervation to occur in vivo. 
This requires temperatures above 37°C and a concentra-
tion of >1 mg/mL.11,46,47 However, the presence of gly-
cosaminoglycans, such as heparan sulfate, abolishes this 
critical concentration to an undetectable value.47 It is also 
known that heparan sulfate not only exists in the unin-
jured heart but also in upregulated post-MI.48 Therefore, 
once injected into the heart, our 1 mg/mL solution would 
have reached ≈37°C49 and likely interacted with heparan 
sulfate. Subsequently, it can be reasonably assumed that 
tropoelastin coacervated upon injection and was capable 
of microassembly. Our rat RNAseq data revealed that the 
increased elastogenesis observed in tropoelastin-treated 
infarcted rats likely occurred <11 days post-MI (<7 days 
treatment; Figure 5). This is not an indication that elasto-
genesis had ceased, but rather that any additional tropo-
elastin-induced elastogenesis was no longer detectable. 
For complete elastogenesis, cross-linking by LOX or lysyl 
oxidase-like enzymes is required. These enzymes are 
synthesized predominantly by fibroblasts/myofibroblasts 
in the post-MI scar.50 In our study, we observed increased 
LOX expression in cFib-myofibroblast differentiation 
(Figure 6E). We also show tropoelastin-treated cFib syn-
thesize increased elastin (Figure 6F). Taken together, 
these results suggest injected tropoelastin underwent 
elastogenesis by forming a coacervate and LOX/lysyl 
oxidase-like cross-linking by cardiac fibroblasts/myo-
fibroblasts. Additionally, our evidence in primary human 
cell lines (Figure 6) suggests a similar process could 
occur if tropoelastin therapy were to progress to human 
clinical trials.

A complex immune response is required for post-
MI scar formation.2 Many post-MI therapeutics have 
been developed that target this immune response in 
an attempt to prevent excessive remodeling and scar 
expansion.51–53 Our rat RNAseq data showed that tro-
poelastin downregulates gene expression within multiple 
immune response-related pathways. Similarly, previous 
studies have also shown that tropoelastin can modulate 
the immune system, having both pro-inflammatory and 
anti-inflammatory effects in different settings.54,55 Our 
data therefore suggests that tropoelastin may not only 
improve heart function by improving scar mechanical 
properties but may also interact with the immune sys-
tem to prevent excessive remodeling. However, complex 
immune cell profiling using high-dimensional platforms, 
such as imaging mass cytometry, are required for future 
studies to elucidate a deeper understanding into the 
immune response.

A robust method of synthesizing tropoelastin in vitro56 
has enabled the development of a wide range of clini-
cal applications.57 This includes applications enhancing 
cutaneous wound healing,20,21 which draws multiple par-
allels with the post-MI healing setting.58 Our study adds 
to this growing list of potential applications20,21,57,59 and 
buttresses the notion that cutaneous and ischemic injury 
share some common mechanisms.

Patients with delayed presentation of ST-elevation MI 
present a decreased likelihood of achieving myocardial 
salvage via reperfusion.60 These substantial number of 
patients have a poorer prognosis and can result from a 
range of factors such as ST-elevation MI occurring an 
increased distance from hospital or unrecognized symp-
toms.60,61 As this study focuses on tropoelastin in a sub-
acute setting, we propose its clinical relevance as an early 
post-MI therapeutic to treat patients presenting with 
completed ST-elevation MI (indicated by presence of Q 
waves on electrocardiogram). In this regard and through 
its effects in modulating post-MI remodeling, tropoelastin 
therefore bears some similarity to drugs historically used 
as subacute therapeutics, such as angiotensin convert-
ing enzyme inhibitors.62 Following the subacute effects 
of MI and during progressive heart failure, the heart 
undergoes compensatory LV dilatation.63 Therefore, to 
understand the effects of tropoelastin in a more chronic 
setting, future studies will likely concentrate on injecting 
tropoelastin 2 to 3 weeks post-MI with longer term (≥6 
months) functional studies to elucidate its effects on LV 
dilatation. Other future studies may focus on the applica-
tion of tropoelastin in a large animal preclinical model and 
could serve as the next step toward clinical translation.

In conclusion, we demonstrate for the first time that 
purified human tropoelastin significantly improves cardiac 
function in a rodent model of MI by reducing deleterious 
cardiac remodeling. We also show that elastogenesis is 
an integral post-MI process in both humans and rats and 
can be manipulated for beneficial cardiac outcomes. With 
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therapeutic tropoelastin already clinically available, tro-
poelastin could see accelerated bench-to-bedside appli-
cation and improve the lives of millions of heart failure 
patients worldwide.
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