Biophysical Reviews (2023) 15:329-353
https://doi.org/10.1007/s12551-023-01068-3

REVIEW q

Check for
updates

Don’t go breakin’ my heart: cardioprotective alterations
to the mechanical and structural properties of reperfused myocardium
during post-infarction inflammation

Daniel P. Pearce'® - Mark T. Nemcek'® - Colleen M. Witzenburg'

Received: 1 May 2023 / Accepted: 21 May 2023 / Published online: 10 June 2023
© International Union for Pure and Applied Biophysics (IUPAB) and Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

Myocardial infarctions (MIs) kickstart an intense inflammatory response resulting in extracellular matrix (ECM) degrada-
tion, wall thinning, and chamber dilation that leaves the heart susceptible to rupture. Reperfusion therapy is one of the most
effective strategies for limiting adverse effects of MIs, but is a challenge to administer in a timely manner. Late reperfusion
therapy (LRT; 3 +hours post-MI) does not limit infarct size, but does reduce incidences of post-MI rupture and improves
long-term patient outcomes. Foundational studies employing LRT in the mid-twentieth century revealed beneficial reductions
in infarct expansion, aneurysm formation, and left ventricle dysfunction. The mechanism by which LRT acts, however, is
undefined. Structural analyses, relying largely on one-dimensional estimates of ECM composition, have found few differ-
ences in collagen content between LRT and permanently occluded animal models when using homogeneous samples from
infarct cores. Uniaxial testing, on the other hand, revealed slight reductions in stiffness early in inflammation, followed soon
after by an enhanced resistance to failure for cases of LRT. The use of one-dimensional estimates of ECM organization and
gross mechanical function have resulted in a poor understanding of the infarct’s spatially variable mechanical and structural
anisotropy. To resolve these gaps in literature, future work employing full-field mechanical, structural, and cellular analyses
is needed to better define the spatiotemporal post-MI alterations occurring during the inflammatory phase of healing and
how they are impacted following reperfusion therapy. In turn, these studies may reveal how LRT affects the likelihood of
rupture and inspire novel approaches to guide scar formation.
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Introduction

Coronary artery occlusion leads to myocardial infarction
(ML, or a "heart attack"), irreparable cardiomyocyte damage,
and impaired left ventricle (LV) function for nearly a million
Americans each year (Tsao et al. 2022). Following coronary
artery occlusion, an intense inflammatory response occurs in
infarcted myocardium. This post-MI inflammatory response
is necessary for removal of necrotic cardiomyocytes, scar
formation, and long-term healing, but leaves the infarcted
myocardium defenseless against rising LV volumes and pres-
sures during the first week post-MI. This inflammation and
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subsequent remodeling both contribute to a heightened risk
of ventricular rupture during this timeframe (Helpap et al.
2008; Hutchins et al. 2002; W. Roberts et al. 2015; M. Sun
et al. 2004).

Reperfusion therapy (RT) is the restoration of blood flow
to tissues or organs suffering from a state of ischemia, or
insufficient blood flow and oxygenation. Even when admin-
istered several hours post-MI, RT is one of the most effective
strategies for managing and limiting the adverse effects of
MIs, including ventricular rupture (Berger et al. 1999; Gao
et al. 2012; Honda et al. 2014; LATE 1993; Lawton et al.
2022; Rentrop and Feit 2015; Van De Werf 2014). While RT
has been shown to rescue myocardium and alleviate nega-
tive post-MI changes by restoring coronary blood flow, the
effectiveness of this strategy depends upon the timeliness of
the procedure (Berger et al. 1999; Gao et al. 2012; Jugdutt
1997; Nakatani et al. 2003; Reduto, Smalling, et al. 1981a,
b). Administering RT early enough to achieve these benefits
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can be a challenge for many clinics, especially those serv-
ing patients from rural communities (Bhuyan et al. 2013;
Cohen et al. 2010; de Villiers and Riley 2020; Gharacholou
et al. 2010; Loccoh et al. 2022). Late reperfusion therapy
(LRT; >3 h post-MI) is more common clinically and fails
to limit infarct size (Boyle and Weisman 1993; Hale and
Kloner 1987, 1988; Hochman and Choo 1987; Jugdutt and
Michorowski 1987), but does limit infarct expansion and
ventricular rupture between 3 and 5 days post-MI in humans
(Becker et al. 1999; Helpap et al. 2008; W. Roberts et al.
2015). Despite the clinical benefits afforded via LRT, the
mechanism by which it limits ventricular rupture remains
undefined. The objective of this review is to compile and
summarize studies discussing the structural and mechanical
changes occurring in myocardium during the inflammatory
phase of post-MI healing. Our review then identifies areas
of research requiring further attention during this phase, par-
ticularly the effects of reperfusion therapy on myocardial
structure and mechanics, and its potential implications for
limiting ventricular rupture.

The healthy myocardial extracellular matrix

In mammals, the healthy myocardial extracellular matrix
(ECM) is a three-dimensional network of primarily collagen
fibers. It provides the heart with tensile strength and resil-
ience against large deformations at the ultrastructural level,
and, at the structural level, it forms supportive architecture
for resident cells, enabling the transferal of forces across cel-
lular membranes (Halper and Kjaer 2014; Silva et al. 2021;
Whittaker et al. 1991). The myocardial ECM is dynamic,
undergoing remodeling to maintain relatively homeostatic
stress—strain regimes for resident cells under healthy and

Fig. 1 The orientations of car-
diomyocytes and collagen fibers
vary transmurally in the healthy
rodent LV, but are co-oriented
throughout the heart wall. The
predominance of collagen fibers
and their orientations, imaged
here using extended volume
confocal microscopy, give

rise to nonlinear anisotropic
mechanical behavior. Reprinted
from the American Journal of
Physiology—Heart and Circu-
latory Physiology, Vol. 295, A.
Pope et al., “Three-dimensional
transmural organization of per-
imysial collagen in the heart,”
pp. H1243-1252. Copyright
(2008), with paid permission
from The American Physiologi-
cal Society
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pathological circumstances (Frey et al. 2004; Kanekar et al.
1998; Souders et al. 2009). Matricellular proteins present
in the extracellular environment can also influence growth
and remodeling processes by modulating cell signaling and
communication. These proteins are generally found in the
interstitium and do not contribute to the mechanical integ-
rity of the ECM (Bornstein 2009; Bornstein and Sage 2002;
Frangogiannis 2012).

Fibrillar collagen types I and III form the bulk of the
healthy myocardial ECM and are deposited and maintained
by local fibroblasts (Silva et al. 2021; Souders et al. 2009).
Typically, collagen type I aggregates into thicker fibers,
whereas collagen type III forms thinner fibers (Weber 1989).
Both collagen I and III fibers run parallel to the cardiomyo-
cytes they surround (Pope et al. 2008) (Fig. 1), occasionally
branching off normal to cells to form intermyocyte colla-
gen struts (Jugdutt et al. 1996; Sato et al. 1983; Whittaker
et al. 1991). These fibers form the endomysium of the ECM
around individual muscle fibers, the perimysium around
muscle fiber bundles, and the epimysium around the entire
cardiac muscle (Frangogiannis 2012, 2017). Collagens I and
III are the best studied and characterized components of the
myocardial ECM due to their high abundance, ubiquity, and
impressive mechanical behavior. There are also other col-
lagens in the heart, like collagen type IV, a critical structural
protein forming the basement membranes of individual car-
diomyocytes (Farhadian et al. 1996; Whittaker et al. 1991;
H. Yang et al. 2014). Basement membranes are also formed
of laminin, a large multi-functional glycoprotein contribut-
ing to ECM structure, cellular migration, and differentiation
(Halper and Kjaer 2014), as well as fibronectin. Fibronectin
is another multi-functional glycoprotein capable of taking on
various roles depending on local mechanical and chemical
stimuli, but is normally responsible for anchoring cellular
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integrin receptors to ECM fibers (Farhadian et al. 1996;
Valiente-Alandi et al. 2018). This anchoring is essential for
transducing extracellular mechanics and deformations to the
internal cytoskeletal architecture of individual cells (Farhad-
ian et al. 1996). Other notable structural components of the
healthy myocardial ECM include elastin, which is present
in minute amounts and contributes to the elastic behavior
of the tissue during smaller deformations, as well as gly-
cosaminoglycans (GAGs) and proteoglycans, which endow
the tissue with compressive strength, an enhanced ability to
retain water, and contribute to the incompressibility of the
soft tissue (Christensen et al. 2019; DeLeon et al. 2012; M.
Lindsey et al. 2018; Rienks et al. 2014).

A primary role of the ECM is supporting and structuring
the myocardium, which is dominated by cardiomyocytes,
the functional and contractile cells of the heart. Cardiomyo-
cytes contract when excited electrically, raising the pressure
within the various chambers of the heart and driving blood
flow throughout the circulatory system. Although long-lived
and robust, these cells have negligible regenerative ability
(Bergmann et al. 2015) and contribute minimally to the
passive mechanical properties of myocardium (Hiesinger
et al. 2012; Zhang et al. 2018); they can, however, undergo
hypertrophy in response to a chronic demand for increased
contractile force (Frey et al. 2004; Woodcock and Matkovich
2005). In addition to contractile cardiomyocytes, there are
a number of other innate cells residing in the heart. Fibro-
blasts are responsible for remodeling and maintaining the
ECM. These flat, spindle-shaped cells deposit structural pro-
teins and also destroy these same proteins by the secretion
of matrix metalloproteinases (MMPs) (Kanekar et al. 1998;
Shinde and Frangogiannis 2014). Immune cells, primar-
ily macrophages (Epelman et al. 2014; Nahrendorf 2019;

Pinto et al. 2012, 2016), serve as vigilant sentinels for the
surrounding myocardium, rapidly alerting the peripheral
immune system when pathogens or signs of ischemia are
detected (Hulsmans et al. 2018; Medzhitov 2001; Meschi-
ari et al. 2018; Nahrendorf et al. 2007). Finally, there are
endothelial cells, which line the innermost layer of the heart
and coronary vessels to provide a protective, semi-permea-
ble barrier between the blood and myocardium (Gimbrone
et al. 2000; Nadaud et al. 1996; Qiu and Tarbell 2000).
The extracellular architecture in healthy myocardium
results in passive mechanical behavior (Fig. 2) stereotypi-
cal of soft biological tissues: nonlinear force—displace-
ment curves (Chew et al. 1986; Demer and Yin 1983),
mechanical anisotropy (Demer and Yin 1983; Gupta et al.
1994; Humphrey et al. 1990; Witzenburg et al. 2012),
pronounced hysteresis during ex vivo mechanical test-
ing on a time scale greater than a standard cardiac cycle
(Demer and Yin 1983; Holzapfel et al. 2009; Humphrey
et al. 1990; Rankin et al. 1977), and regional mechanical
heterogeneity (Novak et al. 1994). Throughout the wall
of the heart, collagen fibers are roughly co-oriented with
cardiomyocytes (Pope et al. 2008): they are oriented lon-
gitudinally at the innermost surface of the endocardium
(Fig. 1), rotate clockwise towards a circumferential align-
ment near the mid-wall of the heart, and continue rotating
clockwise back to a nearly longitudinal orientation at the
outermost surface of the epicardium (Streeter et al. 1969).
The predominance of fibrillar collagens in the myocardial
ECM, as well as their orientation, gives rise to both non-
linear force—displacement relationships and moderately
anisotropic mechanical behavior, best demonstrated by
greater equibiaxial stiffnesses and stresses (Fig. 2) in the
circumferential direction of LV free wall tissue as opposed
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Fig.2 The microscopic structure and organization of myocardium’s
healthy ECM gives rise to nonlinear force—displacement relation-
ships, hysteresis, and anisotropic mechanical behavior with a pref-
erence for the circumferential (main fiber) direction during ex vivo
equibiaxial testing. Each of these mechanical attributes can be seen in
panel A (nonlinearity, hysteresis, anisotropy) and panel B (anisotropy,

impressive passive extensibility), taken from equibiaxial extensions
of human myocardium by Sommer et al. (2015). Reprinted from Acta
Biomaterialia, Vol. 24, G. Sommer et al., “Biomechanical properties
and microstructure of human ventricular myocardium,” pp. 172-192.
Copyright (2015), with permission from Elsevier
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to the longitudinal direction (Demer and Yin 1983; Emery
et al. 1997; Guccione et al. 1991; Humphrey et al. 1990;
Sommer et al. 2015; Witzenburg et al. 2012). Elastin is
also present in the myocardial ECM, although its rela-
tively low abundance in the heart and co-location with
collagen make its mechanical contribution during large,
passive diastolic deformations unclear (Fomovsky et al.
2010). Like many soft tissues, myocardium exhibits both
structural and mechanical heterogeneity, resulting in dif-
ferent stiffnesses, elastic constants, or constitutive model
parameters for different regions of the heart. As Novak
et al. (1994) pointed out, though, the qualitative mechani-
cal behavior does not change drastically throughout the
heart: despite regional quantitative differences, nearly all
myocardium still exhibits some level of mechanical ani-
sotropy and nonlinearity.

Structural and mechanical changes
following acute myocardial infarction

Acute MI occurs when necessary blood flow to the myo-
cardium is interrupted, creating an imbalance between the
supply and demand of oxygen for local cardiomyocytes.
Within 30 s of infarction, the ischemic myocardium loses
its contractile ability and begins to bulge during systole
rather than contracting to drive blood flow (Tennant and
Wiggers 1935). In a state of continued ischemia, intracel-
lular levels of adenosine triphosphate are progressively
depleted, ion pumps fail as intracellular calcium levels
rise, the production of reactive oxygen species is upregu-
lated, and each ischemic cell’s plasma membrane becomes

increasingly more susceptible to bursting (Murphy and
Steenbergen 2008; Tian et al. 2013). Should these condi-
tions persist, the cardiomyocytes residing in the ischemic
region die en masse, establishing a necrotic core sur-
rounded by potentially salvageable myocardium. As the
period of occlusion lengthens, the necrotic wave front
creeps outward, claiming surrounding viable myocardium
and further exacerbating infarct severity (Connelly et al.
1982; Reimer et al. 1977; Reimer and Jennings 1979a, b;
Tian et al. 2013).

The infarcted and inflamed myocardial extracellular
matrix

During periods of ischemia, cells in the infarct core, both
cardiomyocytes and non-cardiomyocytes alike, release
danger-associated molecular patterns (DAMPs) (De Haan
et al. 2013; Prabhu and Frangogiannis 2016; Rienks and
Papageorgiou 2016). Although resident macrophages in
the infarct myocardium die as ischemia persists, nearby
surviving macrophages, still serving diligently as myo-
cardial sentinels, and circulating monocytes and neutro-
phils, acting as peripheral reserves capable of detecting
DAMPs (Fig. 3), migrate towards the site of infarction,
surrounding the infarct border first, then slowly working
inwards towards the necrotic core (Bajpai et al. 2019; Gao
et al. 2005; O’Rourke et al. 2019; Troidl et al. 2009). As
these infiltrating immune cells collide with the encroach-
ing necrotic wave front, they release MMPs that degrade
and demolish the collagenous myocardial ECM (DeLeon-
Pennell et al. 2017; Etoh et al. 2001; Herzog et al. 1998;
Vanhoutte et al. 2006; Webb et al. 2006). Collagenous
ECM degradation also results in accentuated immune cell
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Fig.3 Coronary artery occlusion, myocardial infarction, and pro-
longed ischemia result in an intense post-MI inflammatory response.
In the setting of ischemia, cardiomyocytes lose their ability to con-
tract to drive blood flow. Instead, these cells become necrotic, releas-
ing DAMPs and pro-inflammatory cytokines into their interstitial

@ Springer

environment. This attracts neutrophils, and macrophages follow, to
the site of infarction. Infiltrating immune cells secrete MMPs that
degrade the existing ECM to pave a path for immune cells to remove
necrotic cardiomyocytes and ECM debris as inflammation persists
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migration that further encourages MMP secretion and acti-
vation, resulting in additional degradation (Okada et al.
2017). As the myocardial ECM is dismantled to make way
for infiltrating macrophages and neutrophils, biologically
active ECM remnants, or matricryptins (G. Davis 2010;
de Castro Bras and Frangogiannis 2020; Ricard-Blum
and Ballut 2011; Ricard-Blum and Salza 2014), are left
behind in the interstitial space of the ischemic region dur-
ing the first 3 — 4 days post-MI. Matricryptins serve mul-
tiple roles in the ensuing inflammatory response, but, most
notably, may help attract immune cells and fibroblasts to
the infarcted region (Adair-Kirk et al. 2003; Adair-Kirk
and Senior 2008; Arslan et al. 2011; Wells et al. 2015).
Freshly recruited macrophages, neutrophils, and fibro-
blasts are all capable of producing and secreting additional
MMPs, continuing demolition of the myocardial ECM,
both collagenous and non-collagenous components alike
(Cavasin et al. 2004; Cleutjens et al. 1995; Danielsen et al.
1998; Etoh et al. 2001; Fang et al. 2007; Forrester et al.
1972; Heymans et al. 1999; Lu et al. 2004; Sahu et al.
2021; Vanhoutte et al. 2006; K. Wang et al. 2021a, b).
Immune cells release pro-inflammatory cytokines, such
as TNF-a, IL-1, and IL-6, and growth factors, like trans-
forming growth factor-p (TGF-P) and vascular endothelial
growth factor (VEGF), that work with extracellular debris
to recruit more immune cells, modulate cellular phenotyp-
ing, and regulate inflammation (Bujak et al. 2008; Christia
et al. 2013; DeLeon-Pennell et al. 2018; Fang et al. 2007,
Frangogiannis 2022; Saxena et al. 2013; Silva et al. 2021).
Notably, IL-1 and TNF-a also induce MMP production
in multiple cell types (Cawston 1996). MMP activity is
detectable within 10 min of coronary artery occlusion in
pigs, likely reflecting activation of latent MMPs in the
ischemic region, and increases steadily for the next several
hours as immune cells migrate towards the site of infarc-
tion (Etoh et al. 2001; Van Wart and Birkedal-Hansen
1990).

MMPs are a family of nearly 30 enzymatic proteins
capable of degrading the structural proteins of the ECM.
Although a number of MMPs are involved in post-MI remod-
eling, MMP-2 and MMP-9 are the best-studied facilitators
of extracellular destruction during the inflammatory phase
of post-MI healing (Cleutjens et al. 1995; DeLeon-Pennell
et al. 2017; Etoh et al. 2001; Fang et al. 2007; Herzog et al.
1998; Heymans et al. 1999; Tao et al. 2004). MMP-2 and
MMP-9 both exhibit collagenolytic activity (Hojo et al.
2001), and the expression and activation of these proteins
have been seen to increase with longer periods of coronary
occlusion in the myocardial interstitium. In humans, MMP-9
has been associated with greater LV remodeling, indicated
by LV dilation, at 6 weeks post-MI (Agostoni and Banfi
2007). Similarly, plasma MMP-2 (Hojo et al. 2001), MMP-8
(Webb et al. 2006), and MMP-9 (Owolabi et al. 2020; Webb

et al. 2006) levels increased post-MI, indicating a likely rela-
tionship between MMPs and rates of post-MI ventricular
remodeling. In a study of male mice, a high rate of rup-
ture occurred within 3 — 5 days of infarction, corresponding
with the temporal expression of MMP-9 (Tao et al. 2004).
A temporal relationship between neutrophil infiltration and
MMP-9 levels was observed in mice (Tao et al. 2004), as
well as in humans (Agostoni and Banfi 2007), implicat-
ing a role for neutrophils in MMP secretion and post-MI
remodeling. MMPs play a key role in the early degradation
of the ECM post-MI (Owolabi et al. 2020), and while these
enzymes are present in humans as long as 4 weeks post-MI,
their activity is most notable within the first week post-MI
(Webb et al. 2006).

While the existing extracellular architecture is being
dismantled, a provisional matrix enriched with fibrin,
fibronectin, and various matricellular proteins is established
as scaffolding and support for the burgeoning population
of interstitial cells (Dobaczewski et al. 2006; Frangogian-
nis 2017; Ulrich et al. 1997). This plasma-derived provi-
sional matrix supports infiltrating cells, attracts additional
immune cells, and further modulates the inflammatory
response (Bashey et al. 1992; Corbett and Schwarzbauer
1998; Dobaczewski et al. 2006; Smiley et al. 2001). In
addition to attracting and supporting these cells, the fibrin
components of the provisional matrix are capable of bind-
ing growth factors and cytokines to their heparin-binding
domain, sequestering these molecules until needed (Barker
and Engler 2017; Martino et al. 2013; Schultz and Wysocki
2009). While the provisional matrix is essential for modulat-
ing healing, it does not offer the same mechanical support as
the innate ECM (Connelly et al. 1992; Knowlton et al. 1992).
In fact, many of the proteins deposited into interstitial spaces
during inflammation do not contribute structurally, but act
primarily to modulate the inflammatory response (Bornstein
and Sage 2002; Frangogiannis 2017). This is particularly
true of matricellular proteins like osteopontin (Murry et al.
1994; Tamaoki et al. 2005; Trueblood et al. 2001), secreted
protein acidic and rich in cysteine (SPARC) (Deckx et al.
2019; Harris et al. 2011), thrombospondin-1 (Frangogiannis
et al. 2005), and biglycan (Doi et al. 2000; Svensson et al.
1995; Westermann et al. 2008), all of which are upregulated
within the first week following MI. Osteopontin and bigly-
can, two matricellular proteins associated with promoting
collagen synthesis and eventual helix assembly (Doi et al.
2000; Murry et al. 1994; Weis et al. 2005; Westermann et al.
2008), are upregulated early, within the first few days post-
MI in rodent models, and are necessary for eventual scar
formation. Thrombospondin-1 and SPARC are upregulated
between 3 and 7 days post-MI in rodents and may influence
the organization of the provisional matrix (Frangogiannis
et al. 2005; Harris et al. 2011; Schellings et al. 2009). It is
worth noting that many of these matricellular proteins are
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understudied and a full understanding of their contextual
actions following MI has not yet been developed (Bornstein
2009; Deckx et al. 2019; Frangogiannis 2017).

Eventually, the provisional plasma-derived matrix is dis-
solved, making room for a more organized cell-derived pro-
visional matrix enriched with fibronectin and hyaluronan
(Dobaczewski et al. 2006; Knowlton et al. 1992; Motley
et al. 2016; Ulrich et al. 1997; Welch et al. 1990). Again,
this cell-derived provisional matrix contributes less to the
passive mechanics of the infarcted myocardium; instead, it
attracts additional reparative cells and promotes fibroblast
and macrophage proliferation and phenotyping, marking
the transition to the proliferative phase of post-MI heal-
ing. The proliferative phase of healing and the following
phase, scar maturation, are outside the scope of this review.
For more information on the proliferative and maturation
phases, we recommend excellent discussions of the longer-
term dynamic structure and biomechanical behavior of an
infarcted heart (Holmes et al. 2005; Witzenburg and Hol-
mes 2017), depictions of the extracellular environment and
various interstitial cells contributing to post-infarction heal-
ing (Frangogiannis 2017; Shinde and Frangogiannis 2014;
Takemura and Fujiwara 2004), and the process and implica-
tions of scar maturation (Richardson et al. 2015; Y. Sun and
Weber 2000; Talman and Ruskoaho 2016).

Myocardial extracellular mechanics and rupture

After weeks of healing, infarcted myocardium will even-
tually be replaced with a stiff, dense collagenous scar,
but, prior to this scar formation, the initial inflammatory
response demolishes the existing collagenous ECM and
leaves behind a mechanically compromised infarct (Cannon
et al. 1983; Connelly et al. 1985, 1992; Fang et al. 2007).
This is best demonstrated by an increased risk of ventricu-
lar rupture, which occurs most frequently in humans within
the first 3 — 5 days following infarction (Becker et al. 1999;
Helpap et al. 2008; W. Roberts et al. 2015). Multiple studies
have reported an early decrease in post-MI myocardial pas-
sive stiffness (Becker et al. 1999; Gao et al. 2005; Helpap
et al. 2008; M. Sun et al. 2004), though not all (Diamond
and Forrester 1972; Laird and Vellekoop 1977; Przyklenk
et al. 1987). The altered extracellular architecture has not
been shown to affect the nonlinear elasticity of the tissue
(Akaishi et al. 1986; Gupta et al. 1994; Sirry et al. 2016;
Voorhees et al. 2015). Anisotropy is also preserved (Brazile
et al. 2021; Gupta et al. 1994; Holmes et al. 1997; Sirry et al.
2016; Whittaker et al. 1989), but reports suggest this may
depend on the animal model, as well as infarct topography
and location (Fomovsky et al. 2012; Fomovsky and Holmes
2010). Studies indicate large animals, like pigs and canines,
develop anisotropic infarcts (Brazile et al. 2021; Gupta et al.
1994; Holmes et al. 1997, Sirry et al. 2016; Whittaker et al.

@ Springer

1989). In rats, however, both isotropic (Fomovsky and Hol-
mes 2010) and anisotropic infarcts (Sirry et al. 2016) have
been reported. This latter study (Sirry et al. 2016), as well
as work by Gupta et al. (1994) on ovine infarcts, reported
gradual post-MI increases in longitudinal stiffnesses, but still
greater circumferential stiffnesses, leading these groups to
conclude some degree of the infarcted myocardium’s innate
mechanical anisotropy was preserved.

As aforementioned, not every study has reported
decreased stiffness in the first few days following MI. In
fact, some have reported moderate increases in stiffness,
expressed in uniaxial tension (Laird and Vellekoop 1977),
pressure-segment length curves (Pirzada et al. 1976), pres-
sure—volume curves (Diamond and Forrester 1972), and
non-invasive shear wave imaging (Pernot et al. 2016). These
reports can seem confounding, as it is well established that
MMPs are destroying the existing collagenous ECM as infil-
trating immune cells lead a relentless inflammatory effort.
It is possible that early increases in edema and water con-
tent (Amirhamzeh et al. 1997; Fishbein et al. 1978b, 1978a;
Ghugre et al. 2017; Pfeffer et al. 1979; Waldenstrom et al.
1991), led by an upregulation of matricellular proteins and
proteoglycans (Drobnik et al. 2013; Huebener and Fran-
gogiannis 2006; X. Wang et al. 2019), may contribute to
apparent increases in stiffness and changes in geometry and
wall thickness of the LV (Holmes et al. 2005; Tyberg et al.
1974). Since both decreases and increases in stiffness have
been reported during the timeframe that ventricular rupture,
a local phenomenon, also commonly occurs, researchers
have considered regional alterations to ECM mechanics and
structure as another possible factor contributing to rupture
(Cannon et al. 1983; Tao et al. 2004; Troidl et al. 2009;
Whittaker et al. 1991).

Perhaps the most interesting change following infarction
is the sudden creation of mechanical and structural het-
erogeneity around the infarcted zone. The presence of an
infarct borderzone has been debated since the late 1960s
when Cox et al. (1968), Lushnikov et al. (1963), and Vihert
et al. (1971) observed regions of moderately damaged myo-
cardium associated with decreased enzyme activity sur-
rounding the central core of infarcts that developed within
2 — 7 days of infarction. These results were subsequently
questioned by Factor et al. (1978) and Marcus et al. (1975),
both of whom found minimal evidence of a clearly defined
borderzone in canine infarcts, as well as Barlow and Chance
(1976), who claimed any region separating infarcted and
remote myocardium must be “quite small.” Histologi-
cal studies from Fishbein et al. (1980) and Gottlieb et al.
(1981) in the 1980s added to the pool of conflicting find-
ings by again demonstrating notable borderzones in rats and
canines, respectively, within the first 3 days post-MI; these
studies followed similar reports from Vokonas et al. (1978)
just a few years earlier. In 1981, Hearse and Yellon (1981a)
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published a review of pertinent borderzone literature, even-
tually deciding that an identifiable borderzone in the lateral
plane was improbable as it was likely less than 2 mm wide
and potentially “as little as the dimensions of one cell,” but
the existence of a borderzone in the transmural plane of the
infarct was less certain. A few years later, Sakai et al. (1985)
and Gallagher et al. (1986) reported early depressed mechan-
ical function in the regions surrounding infarcts in pigs and
canines, respectively, and in 2006, Berry et al. (2006) uti-
lized atomic force microscopy to estimate the spatial distri-
bution of the elastic modulus within infarcts. Although these
measurements were obtained at 2 weeks post-infarction in
rats, they depicted a clear transitional region, approximately
5 mm in width, from the stiff infarct core to the more compli-
ant remote myocardium (Berry et al. 2006). More recently,
spatiotemporal transcriptome analyses were used to study
protein and gene expression in murine infarcts (Calcagno
et al. 2022; Yamada et al. 2022), revealing the presence of a
narrow borderzone within the first week post-MI character-
ized by abundant mechano-sensing gene expression that may
help regulate LV remodeling.

While the existence of an infarct borderzone is still
debated (Hayat and Kramann 2022), one thing is certain:
MI results in drastic, malignant changes to the affected car-
diomyocytes and their supporting connective tissue within
minutes of ischemia’s onset (Etoh et al. 2001; Tennant and
Wiggers 1935). As inflammation sets in and the innate ECM
is progressively demolished, the risk of ventricular rupture
rises. Rupture most commonly occurs between 3 and 5 days
post-MI (Becker et al. 1999; Helpap et al. 2008; M. Sun
et al. 2004), when the full effects of post-MI immune cell
infiltration, MMP activation, and early adverse remodeling
have occurred. Rupture carries a high mortality rate and
requires prompt medical attention and surgical intervention
for an effective recovery (Matteucci et al. 2019). Severe
hypotension is the cardinal manifestation of rupture, but
many patients also suffer sudden death (Koklu et al. 2017,
Varghese and Ohlow 2019). Although advances in post-MI
treatment have decreased rupture’s prevalence, it remains a
devastating, fatal, and poorly understood post-MI complica-
tion accounting for a third of post-MI in-hospital deaths (Ma
et al. 2022; Nakamura et al. 1992).

What is reperfusion therapy?

Since the late 1970s, coronary artery occlusion has been
widely accepted as the cause of MI (Clark et al. 1936;
Herrick 1912; Rentrop and Feit 2015). There was debate,
however, in the 1950s, 1960s, and 1970s about whether
occlusion was the primary cause of acute MI or merely
a consequence (Baroldi 1965; Friedberg and Horn 1939;
Miller et al. 1951; Oliva and Breckinridge 1977; W. C.

Roberts 1971; Sherry 1989). This confusion resulted in
nebulous guidelines for managing MIs, best demonstrated
by an ambivalence towards practices aiming to re-open
occluded coronary arteries, deemed reperfusion therapies,
for several decades (Rentrop and Feit 2015; Van De Werf
2014). Despite early controversies, reperfusion therapy
(RT) is one of the most effective MI treatments. Studies
have shown it reduces mortality rates within the first month
post-MI (Berger et al. 1999; Fibrinolytic Therapy Trialists’
(FTT) (1994); LATE 1993; Yusuf et al. 1985), preserves
left ventricular function and geometry (Harrison et al. 1993;
Jugdutt 1997; Kereiakes et al. 1991; Reduto, Freund, et al.,
1981; Reduto, Smalling, et al. 1981a, b; Ward et al. 1997),
and limits instances of ventricular rupture (Bates 2014; Gao
et al. 2012; Nakatani et al. 2003).

Manual reperfusion of the affected myocardium can be
achieved pharmacologically or mechanically. Fibrinolytic
therapies have traditionally relied on the administration of
streptokinase (Chazov et al. 1976; Fletcher et al. 1958, 1959;
Ganz et al. 1981; Jinatongthai et al. 2017; Van De Werf
2014), but other drugs provide comparable effects (Gruppo
Italiano per lo Studio 1986; Simari et al. 1994; Van De Werf
2014; Van De Werf et al. 1984). Currently, percutaneous
coronary intervention (PCI), a mechanical approach involv-
ing the forced opening of occluded vessels, is the recom-
mended revascularization technique when clinically feasible
(Ibanez et al. 2018; Lawton et al. 2022). Fibrinolytic thera-
pies may also be administered en route to a facility capable
of PCI, coined “facilitated PCIL,” but benefits of this tag-team
approach have not yet been defined (Van De Werf 2014).
Although it is a fairly straightforward management strat-
egy, RT has some risks and limitations. Pharmacological
approaches may lead to internal hemorrhaging or subpar cor-
onary vessel patency rates. PCI avoids these concerns, but
requires a trained physician and catheterization facility. The
effectiveness of RT also depends on the amount of elapsed
time between the initial onset of ischemia and re-opening of
the occluded coronary artery (Maroko et al. 1971), prompt-
ing some to describe PCI with the aphorism, “time is mus-
cle.” Various groups have observed differences in early and
late reperfusion, typically defined as 3 +h post-MI, and
have reached similar conclusions: although LRT does not
reduce infarct size, infarct transmurality, or offer the same
cardioprotective effects as early reperfusion therapy (ERT),
it provides some long-term benefits to the patient (Althaus
et al. 1977; Boyle and Weisman 1993; Christia et al. 2013;
Hale and Kloner 1987; Hochman and Choo 1987; Nakagawa
et al. 2008; Takemura et al. 2009) and may reduce the inci-
dence of ventricular rupture. In general, post-MI changes
in immune cell mobilization, MMP activation, and ECM
destruction have been well-studied for cases of permanent
coronary artery occlusion (PO). The effects of RT are less
clear. For those interested, the historical context of RT, the
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developments and discoveries that made it possible, and cur-
rent recommendations for its employment are thoroughly
summarized and discussed by Van de Werf (2014), Rentrop
and Feit (2015), and Lawton et al. (2022).

Infarct size and shape

Usually expressed as a ratio between the area, length, or
mass of the infarcted tissue relative to the whole LV (Hale
and Kloner 1988; Morita et al. 1993; Schuster and Bulkley
1979), infarct size is a simple measure of severity, where
larger infarcts have been associated with congestive heart
failure, reduced cardiac output, and elevated filling pres-
sures (Pfeffer et al. 1979). Many studies (Hale and Kloner
1987, 1988; Hochman and Choo 1987; Morita et al. 1993)
observed beneficial effects of ERT on limiting infarct size
and expansion, a measure of LV wall thinning and cham-
ber dilation (Hale and Kloner 1988; Leong et al. 2021).
Conversely, Hochman and Choo (1987), Hale and Kloner
(1988), Boyle and Weisman (1993), and Jugdutt (1997)
found that LRT (defined individually by these groups as
anywhere from 1.5 to 8 h post-MI) did not limit infarct size
or its transmural extent. LRT did tend to limit infarct expan-
sion, though, especially during 4 — 7 days post-MI (Boyle
and Weisman 1993).

In a seminal study, Schuster and Bulkley posited a con-
nection between infarct expansion and ventricular rupture in
humans (Schuster and Bulkley 1979). This theory was cor-
roborated by Hochman and Choo (1987) in the late 1980s,
who noted greater rates of aneurysm formation in rats, sup-
porting a link between rupture risk and infarct expansion.
Hale and Kloner (1988), Boyle and Weisman (1993), and
Jugdutt (1997) also determined that, like ERT, LRT limited
the degree of LV cavity dilatation, scar thinning, and hyper-
trophy of nearby surviving myocardium. These benefits of
LRT, namely a reduction of infarct expansion and preserved
LV function, may limit wall stresses and adverse remodeling,
instances of ventricular rupture, and mortality rates (GUSTO
1993; Lambert et al. 2010; LATE 1993; Nepper-Christensen
et al. 2021). As many of the classic studies concerned with
infarct borderzones typically relied on PO, however, the
effects of LRT on borderzone topography are still unknown
(Berry et al. 2006; Calcagno et al. 2022; Cox et al. 1968;
Factor et al. 1978; Fishbein et al. 1980; Gallagher et al.
1986; Gottlieb et al. 1981; Marcus et al. 1975; Sakai et al.
1985; Vokonas et al. 1978; Yamada et al. 2022).

Structural changes to the reperfused myocardium
Post-MI tissue swelling, attributed to hemorrhage or edema,

is a common concern following RT. Early work from Pirzada
et al. (1978) observed an apparent stiffening of the canine
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LV following LRT (6 h post-MI), which the authors con-
tributed to likely increases in edema or myofibrillar con-
tracture, although no comparisons to ERT were made and
no structural mechanisms were explicitly identified. Several
years later, Roberts et al. (1983) noted significantly more
hemorrhaging in cases of LRT (4 h post-MI) when compared
to PO in canines, particularly during the first day following
MI. They also observed the presence of a rim of necrotic,
but non-hemorrhagic tissue, surrounding the hemorrhagic
region. Increases in proteoglycan and hyaluronan content
have been proposed as possible drivers of swelling, but this
has not been confirmed.

Hydroxyproline is a unique component of fibrillar colla-
gen promoting fiber stability (Ramachandran et al. 1973; Xu
et al. 2019), and hydroxyproline assays provide a conveni-
ent estimate of collagen content in a sample. Roberts et al.
(1983) measured similar hydroxyproline concentrations in
PO and LRT models at 2 weeks post-MI and concluded they
had comparable collagen content (Fig. 4). Building on stud-
ies concerning ECM architecture during periods of ischemia
(Factor et al. 1987; Sato et al. 1983; Whittaker et al. 1989,
1991; Zhao et al. 1987), Wiggers et al. (1997) conducted
hydroxyproline assays roughly 3 h following LRT (6 h post-
MI) in pigs. There were no differences in hydroxyproline
content from various regions of the heart in comparison
to controls. There was also minimal evidence of collagen
degradation products (PIIINP and ICTP), prompting them
to conclude that extensive ECM degradation occurs later
on during inflammation or that their methods were insuf-
ficient to detect damage (Wiggers et al. 1997). Hydroxypro-
line assays produce a one-dimensional measure of collagen
content and typically do not distinguish between different
fibrillar collagen types, do not offer information about col-
lagen crosslinking, or do not quantify the integrity of the
collagenous ECM. These limitations were highlighted by
Connelly et al. (1985) in their study of PO, ERT (1 h post-
MI), and LRT (3 h post-MI) in rabbits. At 3 weeks post-MI,
PO, ERT, and LRT samples all had similar levels of collagen
content, as quantified through hydroxyproline assays. How-
ever, ERT contributed to the formation of a thicker and more
muscular scar, whereas PO and LRT resulted in thin, stiff
collagenous scars containing few cardiomyocytes. Uniaxial
tensile testing at this time point revealed apparent disparities
between the structural and mechanical changes occurring in
reperfused myocardium. The ERT and LRT samples exhib-
ited comparable stiffnesses, but were more compliant than
PO samples, allowing Connelly et al. (1985) to conclude
collagen content alone cannot fully explain disparities in
mechanical performance. Aldol, an intramolecular cross-
link found in collagen, was present in significantly greater
amounts in PO samples, indicating collagen crosslinking
may be more useful for explaining differences in post-MI
mechanics. It is worth noting that Connelly et al. (1985)
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Fig.4 Structural constituent expression varies temporally for cases
of PO (solid line) and LRT (dotted lines). For PO models, Collagen
I and III content decreases at the start of inflammation (A,,), then
increases drastically at the end of inflammation (). Collagen I
and III both appear earlier in LRT models, but by the end of inflam-
mation, the overall content is similar to PO (Connelly et al. 1985,
1992; Fang et al. 2007; Knowlton et al. 1992; Lerman et al. 1983).
Collagen IV, an important component of the basement membrane,
increases for both PO and LRT models, but this increase typically
occurs sooner in LRT (Knowlton et al. 1992; Morishita et al. 1996).
Fibronectin expression increases for both PO and LRT models. In

made measurements at 3 weeks post-MI, long after inflam-
mation has resolved. Additionally, samples were oriented
longitudinally and taken from the infarct core, effectively
neglecting any effects of structural and mechanical anisot-
ropy or heterogeneity.

Following MI, the application of RT may alter MMP
expression and collagen degradation. Some studies actually
show MMP activity is unchanged or, in some cases, accen-
tuated following RT. In humans, MMP-1 levels increased
5 days post-MI despite ERT (Hirohata et al. 1997). In por-
cine hearts subjected to ischemia and ERT, a membrane-
type MMP found in the myocardium, called MT1-MMP,
increased in a time-dependent manner (Deschamps et al.
2005). In another study using a porcine model of ischemia
and LRT (6 h of occlusion and 3 h of reperfusion), gelati-
nolytic and collagenolytic activities increased due to ris-
ing levels of MMP-9 and MMP-1 following reperfusion
(Danielsen et al. 1998). Additionally, MMP-9 increased by
approximately 200% after 1 h of ischemia and 5 h of rep-
erfusion in canines (M. Lindsey et al. 2001), and MMP-9
activity has also been shown to be an avid marker of infarct
size and a risk factor for heart failure in post-ERT patients
(Wagner et al. 2006). Other research groups have found more

LRT models, however, expression is shifted forward temporally (Car-
lyle et al. 1997; Knowlton et al. 1992). For PO, elastin is degraded
while hyaluronan content increases (Petz et al. 2019; Rienks et al.
2014; Skjgt-Arkil et al. 2013; Waldenstrom et al. 1991; Yu et al.
2018). These constituents have not been well-studied and defined for
cases of LRT. All axes rely on arbitrary units, and curves are qualita-
tive representations of the studies summarized within this review. The
start of inflammation (A,,;) is defined as immediately following MI
and before the application of LRT. The end of inflammation (Q,)
is defined by mass migration and proliferation of fibroblasts in the
infarcted region

beneficial effects of RT on MMP activity. Namely, MMP
activity has been reported to decrease with ERT in both por-
cine and rodent models (M. L. Lindsey and Zamilpa 2012;
Lu et al. 2000). In rats, MMP-1 (measured at day 7 post-MI),
MMP-2 (measured at day 3 and day 7 post-MI), and MMP-9
(measured at day 1 post-MI) activity were all reduced in
ERT hearts vs. PO hearts (M. L. Lindsey and Zamilpa 2012).
In addition, LRT (150 min post-MI) has been reported to
reduce MMP levels when compared to PO. Carlyle et al.
(1997) reported MMP-1 and MMP-2 were reduced by
50% and 60%, respectively, at 7 days post-MI, and MMP-9
by 55% and 84% at 24 and 48 h, respectively (Fig. 5). Of
these, MMP-9 is of particular interest because this decrease
occurred during the inflammatory phase of post-MI healing,
whereas MMP-1 and MMP-2 decreased during the prolifera-
tive phase. Since rupture typically occurs during the inflam-
matory phase, when the ECM is being broken down (Tao
et al. 2004), MMP activity measurements taken during this
period of time may be more relevant for ventricular rupture.

The aforementioned studies almost exclusively focus on
the content and structure of the collagenous architecture in
the ECM following MI. There are only a few studies con-
cerning changes in the content of other constituents (Fig. 4)

@ Springer



338

Biophysical Reviews (2023) 15:329-353

(a) (b)
2000 500
. MMP-1 MMP-2 (62 kDa)
3 400
1500
Q L S 300
S 1000 e
g i g 200
&) - (&)
500
L 100¢
< L
| | | I | | |
0 8 0 1 2 3 4 5 6 7 8
Days after infarction Days after infarction
(c) (d)
1000 1.2
15 000
- MMP-2 (65 kDa) o I MMP-9
% 1.0 120001
800 2
= b
| g 8000 |-
_ 2 08F
S 600 - é 4000
= g '
£ 8 06 5 o6 s
— o
§ 400 2 I
&) 5 04
2,
2 -
200 2 o2h
L & L
| | | | | | | 0.0 | |
0 1 2 3 4 5 6 7 8 1 2 3
k Days after infarction Days after infarction )

~\

Fig.5 In rodent infarcts, LRT (2.5 h post-MI), reduced MMP-1, -2,
and -9 activity. MMP activity occurring in non-reperfused (closed
circles) and LRT (open circles) infarcts are compared at days 1, 2, 3,
and 7 post-MI for MMP-1 (a) and MMP-2 (both unreduced form—
62 kDa (b), and reduced form—65 kDa (c)) using zymography. No
MMP-9 activity was detected in the control rodent myocardium, so
MMP-9 activity is shown as a ratio of reperfused compared to non-

following MI and LRT. Elastin content steadily declines fol-
lowing PO (Yu et al. 2018), whereas hyaluronan, a GAG
encouraging water retention that plays an important role in
inflammation resolution during wound healing, is upregu-
lated (Fig. 4) (Huebener et al. 2008; Petz et al. 2019; Rienks
et al. 2014; Taylor et al. 2004). Knowlton et al. (Knowlton
et al. 1992) focused on fibronectin, a key component of the
provisional matrix connecting cells to the ECM and pro-
moting cellular migration and phenotyping. They detected
fibronectin earlier (within 3 vs. 4 days post-MI) and to a
greater degree in LRT samples than in PO samples (Fig. 4).
For instances of ERT, Echtermeyer et al. (Echtermeyer et al.
2011) identified the importance of syndecan-4, a transmem-
brane heparan sulfate proteoglycan, for proper removal of
granulation tissue and collagen deposition in mice. Lumican,
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reperfused infarct zones. Additionally, the absolute increase in
MMP-9 activity for non-reperfused (closed circles) and reperfused
(open circles) infarct zones is in the inset (d). Reprinted from J. Mol.
Cell. Cardiol., Vol. 29, no. 9, W. C. Carlyle et al., “Delayed reperfu-
sion alters matrix metalloproteinase activity and fibronectin mRNA
expression in the infarct zone of the ligated rat heart,” pp. 2451-2463.
Copyright (1997), with permission from Elsevier

a small leucine-rich proteoglycan (SLRP) implicated in col-
lagen fiber formation, was upregulated 3 days post-MI in
mice subjected to ERT (Baba et al. 2001). Other members
of the SLRP family regulating collagen matrix formation,
like biglycan (Westermann et al. 2008) and decorin (Doi
et al. 2000; Weis et al. 2005), were also upregulated within
the first week following MI, but their expressions following
LRT are not well-defined. Thrombospondin-1, an inhibitor
of angiogenesis and an activator of TGF-p, was upregulated
within the first day of MI and ERT, and was localized to the
ECM of the borderzone, potentially forming a protective
barrier limiting expansion of granulation tissue (Christia
et al. 2013; Frangogiannis et al. 2005). Finally, osteopontin,
a diverse matricellular protein often associated with colla-
gen fiber synthesis and deposition, was upregulated 10- to
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20-fold in the first three days post-MI for mice subjected to
PO and ERT (Christia et al. 2013; Singh et al. 2010; True-
blood et al. 2001). As many of these matricellular proteins,
GAGs, and proteoglycans govern processes concerning the
formation and structure of the infarct scar, a better under-
standing of their contextual actions may reveal mechanisms
by which LRT guards against ventricular rupture and adverse
remodeling, as well as potential therapeutic targets for guid-
ing infarct scar formation.

Du and co. (Fang et al. 2007; Gao et al. 2005, 2012)
extensively studied rupture and its connection to ECM struc-
ture following PO in mice, an animal model frequently expe-
riencing spontaneous rupture. Rupture typically occurred
within the first week (Fang et al. 2007; Gao et al. 2005), was
located at the center or border of an infarct (Gao et al. 2005),
and was associated with pronounced hemorrhaging and
immune cell infiltration in the borderzone (Fang et al. 2007;
Gao et al. 2005). In their study, Fang et al. (2007) conducted
an assay to distinguish between soluble (non-crosslinked)
and insoluble (crosslinked) collagen. They observed a
decrease in crosslinked collagen and an increase in MMP
activity within the first 4 days post-MI, the period when
rupture was most common. Decreased collagen crosslink-
ing has been proposed as a risk factor for rupture, although
aged mice exhibit increased crosslinking and higher rupture
rates (Y. Yang et al. 2008). No form of RT was employed in
these studies; however, Gao et al. (2012) did report drastic
decreases in ventricular rupture (~30% vs. 0%) following
ERT in mice in an excellent review article (Gao et al. 2012).
The nuanced nature of post-MI damage necessitates more
advanced tools capable of better quantifying the properties
of the ECM to determine the effects of RT on LV function
and rupture post-MI (Carlyle et al. 1997; Connelly et al.
1985; C. Roberts et al. 1983; Wiggers et al. 1997).

Mechanical changes to the reperfused myocardium

The initial inflammatory response to MI leaves myocardium
susceptible to rupture as LV walls thin (Connelly et al. 1992;
Fishbein et al. 1978b, 1980), LV chamber volume increases
(Capasso et al. 1992), and the ECM is dismantled (Etoh et al.
2001; McCurdy et al. 2011). For cases of PO, the stiffness of
the LV initially declines, rises during the proliferative phase
of healing (Fang et al. 2007; Theroux et al. 1977; Vokonas
et al. 1976), and climbs the next several weeks (Arunacha-
lam et al. 2018; Connelly et al. 1985; Laird and Vellekoop
1977; Walker et al. 2005). Pernot et al. (2016) observed an
increase in diastolic stiffness following MI, which was fur-
ther increased with ERT. Their shear wave imaging measure-
ments of samples from the infarct core (Pernot et al. 2016)
corresponded to the circumferential direction, supplement-
ing results from Pislaru et al. (2014) taken in the longitudinal
direction several years prior. Although Pernot et al. (2016)

used sheep and Pislaru et al. (2014) used pigs in their respec-
tive studies, the efforts of these two groups revealed ERT
resulted in statistically significant stiffening in the circum-
ferential and longitudinal directions, respectively, about 6 h
post-MI. At 1 week post-MI, after the inflammatory phase,
Connelly et al. (1985) observed that PO and ERT longi-
tudinally oriented samples from the infarct core exhibited
increased uniaxial tensile strength (~ 500 kPa) compared to
control samples (~ 150 kPa). By 3 weeks post-MI, ERT sam-
ples continued to exhibit increased uniaxial tensile strength
(~ 800 kPa) and resistance to failure (~500 g) relative to
control levels (~300 kPa and ~ 130 g, respectively), but
reduced values in comparison to PO (~ 1.6 MPa and ~ 640 g,
respectively).

To our knowledge, there are only two studies assessing
post-MI mechanics following the application of LRT. Fol-
lowing LRT at 6 h post-MI, infarcted myocardium stiffens
more drastically, likely due to edema and hemorrhage (Pir-
zada et al. 1978; C. Roberts et al. 1983). These estimates of
stiffness were derived from catheter and pressure-segment
length measurements from mercury-in-Silastic gauges
placed within the infarcted region; unfortunately, Pirzada
et al. (1978) did not mention strain gauge orientation. One
day post-MI, the uniaxial tensile strength of longitudinally
oriented rabbit LRT samples was initially depressed com-
pared to control and PO samples (Connelly et al. 1992).
In this study, Connelly et al. (1992) expanded their past
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Fig.6 Soon after MI (day 1 post-MI), PO and LRT rabbit hearts tend
to fail during ex vivo inflation testing at similar rates in similar loca-
tions, primarily the infarct core and the borderzone. By day 3 post-
MI, LRT hearts have gained an improved resistance to failure and
failure did not occur in the infarct or borderzone regions. Conversely,
PO samples exhibited the largest rate of rupture in the understudied
borderzone. Circles corresponding to the infarct, border, and else-
where in the heart are not drawn to scale. Data replotted from Con-
nelly et al. (1992)
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experimental techniques to include inflation-to-rupture and
tear-testing, loading modalities more representative of physi-
ological failure and ventricular rupture. At 1 day post-MI,
results from these tests were similar between PO, LRT, and
control samples. At 3 days post-MI, however, LRT samples
displayed an enhanced resistance to failure when compared
to both control and PO samples despite still having uniaxial
tensile strengths (~200 kPa) less than those of PO samples
(~300 kPa). In addition, the location of failure in inflation-
to-rupture tests of LRT hearts was now exclusively in the
remote myocardium (Fig. 6). Finally, after a full week post-
MI, PO and LRT samples had comparable tensile strengths
(~500 kPa), much larger than those of the control samples
(~200 kPa), and exhibited greater resistance to tearing
than control samples. Based on catheter pressure measure-
ments, chamber radii, and LV wall thicknesses, Connelly
et al. (1992) then calculated wall stresses at the location
of each rupture site following inflation-to-rupture testing.
They reported elevated stresses in the borderzone of infarcts
at 1 day post-MI for both PO and LRT samples; however,
this observation did not hold for day 3 post-MI hearts, when
no LRT hearts ruptured at the infarct core or borderzone
(Fig. 6). Connelly et al. (1992) also pointed out that all of the
measured pressures and applied stresses during their ex vivo
testing were much larger than any pressures or stresses expe-
rienced by these samples in vivo. This observation, also
made elsewhere (Arunachalam et al. 2018; Connelly et al.

1985; Lerman et al. 1983), suggests infarcted myocardium
should never rupture, which is not the case, and highlights
the need for advanced, physiologically relevant techniques
to quantify infarct rupture mechanics.

Late reperfusion therapy and rupture

Despite offering minimal benefits for reducing infarct size
(Boyle and Weisman 1993; Hale and Kloner 1987, 1988;
Hochman and Choo 1987; Jugdutt and Michorowski 1987),
infarct transmurality (Hale and Kloner 1988; Hochman and
Choo 1987; Jugdutt 1997), and cellular necrosis (Connelly
et al. 1982), LRT still improves post-MI outcomes and lim-
its rupture in animal models (Gao et al. 2012; Michael et al.
1999) and humans (Honda et al. 2014; Ikeda et al. 2004; Late
1993; Nakamura et al. 1992). The mechanism by which this
clinical tool reduces rupture, however, is unclear (Barlow and
Chance 1976; Cox et al. 1968; Gallagher et al. 1986; Hearse
and Yellon, 1981b; Lushnikov 1963; Sakai et al. 1985). LRT
reduces MMP activity during the inflammatory phase (Fig. 7)
(Carlyle et al. 1997). Assessments of collagen content and
collagen crosslinking, though, have produced mixed results
(Connelly et al. 1985, 1992; Knowlton et al. 1992; Lerman
et al. 1983), suggesting that content and/or crosslinking fol-
lows a similar course as PO or is not depleted for as long
(Fig. 7). In direct contrast to these structural observations,
uniaxial mechanical studies (Connelly et al. 1985, 1992)
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Fig.7 LRT does not reduce infarct size (Boyle and Weisman 1993;
Hale and Kloner 1988; Hochman and Choo 1987; Jugdutt 1997),
significantly alter collagen content (Connelly et al. 1992; Fang et al.
2007; Knowlton et al. 1992; Lerman et al. 1983), or increase uniaxial
metrics of stiffness when compared to PO models (Connelly et al.
1985, 1992; Fang et al. 2007), but may reduce MMP activity (Carlyle
et al. 1997; Fang et al. 2007) and improve the myocardium’s resist-
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ance to rupture (Connelly et al. 1985, 1992) during post-MI inflam-
mation. All axes rely on arbitrary units, and all curves are qualitative
representations of the studies summarized within this review. The
start of inflammation (Ay,,) is defined as immediately following MI
and before the application of LRT. The end of inflammation (/)
is defined by mass migration and proliferation of fibroblasts in the
infarcted region
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indicate tissue stiffness is initially reduced by LRT (Fig. 7).
Past work has relied heavily on assays to examine ECM struc-
ture and uniaxial testing to quantify mechanics, offering one-
dimensional estimates of mechanical and structural function
(Connelly et al. 1985, 1992; Fang et al. 2008; C. Roberts et al.
1983). Only one study, Connelly et al. (1992), utilized physi-
ologically motivated mechanical testing techniques focused on
failure. While their failure stresses were supraphysiological,
they did report LRT increased resistance to rupture (Fig. 7).
Additionally, there were clear spatial trends in rupture inci-
dence (Fig. 6), suggesting future studies should include tech-
niques designed to capture spatial variations in mechanical
behavior and microscopic structure. Better quantification of
full-field properties will also offer insight into the behavior
of the neglected borderzone myocardium (Batts et al. 1990;
Fang et al. 2007; Gao et al. 2005; Lerman et al. 1983). Despite
having observed immune cell infiltration around infarct bor-
ders (Bajpai et al. 2019; Fang et al. 2007; Gao et al. 2005;
O’Rourke et al. 2019; Troidl et al. 2009), depressed function
(Cox et al. 1968; Lushnikov 1963), notable thinning (Clarke
et al. 2016; Jackson et al. 2005; Leong et al. 2021; Mazhari
et al. 2000), accentuated mechano-sensing gene expression
(Calcagno et al. 2022; Yamada et al. 2022), and the common
occurrence of rupture in this region (Batts et al. 1990; Fang
et al. 2007; Gao et al. 2005; Lerman et al. 1983), past studies
have largely focused on the homogeneous infarct core.

Conclusions and future directions

Characterizations of reperfused myocardium are compli-
cated by the temporal changes in its unique mechanical and
structural properties. In particular, the tissue’s nonlinear
elasticity, mechanical and structural anisotropy, and spatially
variable composition demand advanced loading and imaging
modalities for proper full-field characterizations. For struc-
tural studies, quantitative histological analyses can be used
to visualize and quantify the organization and abundance of
various ECM components (Gratz et al. 2020; Hanna et al.
2020; Whittaker et al. 1994). Optical coherence tomogra-
phy (Goergen et al. 2016; Hendon et al. 2019; Pinkert et al.
2018) and second harmonic generation (SHG) imaging can
also provide high-resolution images of collagenous archi-
tecture (Pinkert et al. 2018; Quinn et al. 2016; Sahu et al.
2021; Sommer et al. 2015). SHG, in particular, enables
quantitative comparisons of collagen fibers from various
regions of the heart. When paired with open-source soft-
ware like CurveAlign or CT-Fire (Bredfeldt et al. 2014; Liu
et al. 2017), fiber length, width, straightness, and direction
may be quantified. SHG can also be used to image elastin
(Fig. 4), an important extracellular structural protein that has
been understudied compared to its collagenous counterparts
(Thimm et al. 2015; Tilbury et al. 2014).

Mechanically, while uniaxial testing has been used to
quantify stiffness (Connelly et al. 1985, 1992; Y. Yang et al.
2008), it is limited in its ability to characterize anisotropy
(Gupta et al. 1994). Furthermore, uniaxial and indenta-
tion testing produce a single metric of stiffness, failing to
describe spatially heterogeneous mechanical behavior.
Biaxial and inflation testing offer more physiologically
relevant loading mechanisms for myocardium. When used
in tandem with digital image correlation, biaxial testing
can produce full-field displacements and boundary forces
to describe fiber and cross-fiber contributions to gross
mechanical function (Lanir and Fung 1974; Pearce et al.
2022; Sacks 2000). This information can be used to perform
inverse characterizations (F. Davis et al. 2015; Genovese
et al. 2014; Witzenburg et al. 2012) of samples that provide
full-field estimates of stiffness, mechanical anisotropy, and
the spatial variability of these properties. Triaxial testing is
another comprehensive testing modality that can be used to
capture a sample’s three-dimensional mechanical response
to shear (Avazmohammadi et al. 2018; Sommer et al. 2015).
Advanced full-field laser micrometry (Pearce et al. 2022)
can be used in combination with any of these approaches to
provide full-field descriptions of sample thickness, allow-
ing groups to better estimate stresses within tissues, to dis-
criminate between areas of geometrical and mechanical
heterogeneity, and to better visualize regions where stress
concentrations may form in vivo, giving rise to an increased
risk of rupture.

Studies exploring spatial distributions of cellular mobi-
lization can also provide valuable insights, as variations
in rates of cellular infiltration and MMP activation likely
affect ECM destruction and reparation. A promising post-MI
therapeutic approach is MMP inhibition, which is specu-
lated to improve post-MI outcomes and prevent rupture by
limiting ECM degradation and LV chamber dilation (Rohde
et al. 1999). By specifically targeting MMP activity post-
MI, LV enlargement, and obtrusive ventricular remodeling
were diminished in rodents, rabbits, and pigs (Ikonomidis
et al. 2005; Krishnamurthy et al. 2009; M. Lindsey et al.
2002; Mukherjee et al. 2003; Rohde et al. 1999; Wu et al.
2018; Yarbrough et al. 2003a, b; Zavadzkas et al. 2014).
In other studies, however, MMP inhibition inhibited angio-
genesis and impaired scar formation in mice (Heymans
et al. 1999) and rats (Tessone et al. 2005). In one study,
MMP-12 inhibition exacerbated LV dysfunction and led to
prolonged inflammation (Iyer et al. 2015). Pig models of
MMP inhibition did not preserve LV end-diastolic volume,
ejection fraction, regional wall stresses, or peak pressures
compared to control levels; however, the MMP inhibitor did
lead to decreased end-diastolic volumes and regional wall
stresses when compared to the MI-only group (Yarbrough
et al. 2003a, b). Given the mixed results from animal stud-
ies, questions remain about the clinical relevance of MMP
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inhibition. Additionally, translating these results to humans
should be done cautiously. No improvements in LV remod-
eling or long-term outcomes were observed in a clinical trial
using PG-116800, an MMP inhibitor, on a group of 203 MI
patients (Hudson et al. 2006).

The inflammatory phase of post-MI healing is histori-
cally understudied, but presents important opportunities and
implications for long-term timeframes corresponding to scar
formation and maturation. Studies addressing spatiotemporal
differences in structure, mechanics, and cellular infiltration
during this phase could reveal therapeutic targets to improve
post-MI outcomes and address key gaps in LRT and rupture
literature. Thorough mechanical and structural characteriza-
tions of reperfused myocardium will also aid the develop-
ment of informed constitutive models for this tissue, improv-
ing our ability to simulate ventricular deformation, failure,
and growth during post-MI inflammation and beyond.
Additionally, while ERT is common in research studies,
LRT is more common and clinically feasible, especially for
patients from rural and less developed communities (Bhuyan
et al. 2013; Cohen et al. 2010; de Villiers and Riley 2020;
Gharacholou et al. 2010; Loccoh et al. 2022). A better under-
standing of its protective actions against adverse remodeling
and LV rupture may further emphasize the importance of
employing LRT following MI and other occlusive patholo-
gies, like strokes (Imran et al. 2021). Finally, revelation of
the mechanism by which LRT limits ventricular rupture may
lead to advances in post-MI therapies complementing and
potentially supplementing LRT. Should borderzone topogra-
phy and composition play such a crucial role in post-MI ven-
tricular rupture, therapeutic approaches utilizing implantable
cardiac patches or stem cell injections may be delivered in
a more spatially conscious and intentional way to promote
optimal borderzone topography and healing (Botleroo et al.
2021; Cui et al. 2020; Mei and Cheng 2020; L. Wang et al.
2021a, b).
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