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Cardiovascular pathology is often accompanied by changes in relative content and/or
ratios of structural extracellular matrix (ECM) proteins within the heart and elastic vessels.
Three of these proteins, collagen-I, collagen-Ill, and elastin, make up the bulk of the ECM
proteins in these tissues, forming a microenvironment that strongly dictates the tissue
biomechanical properties and effectiveness of cardiac and vascular function. In this review,
we aim to elucidate how the ratios of collagen-I to collagen-Ill and elastin to collagen are
altered in cardiovascular diseases and the aged individuum. We elaborate on these major
cardiovascular ECM proteins in terms of structure, tissue localization, turnover, and
physiological function and address how their ratios change in aging, dilated cardiomyopathy,
coronary artery disease with myocardial infarction, atrial fibrillation, aortic aneurysms,
atherosclerosis, and hypertension. To the end of guiding in vitro modeling approaches,
we focus our review on the human heart and aorta, discuss limitations in ECM protein
quantification methodology, examine comparability between studies, and highlight potential
in vitro applications. In summary, we found collagen-I relative concentration to increase
or stay the same in cardiovascular disease, resulting in a tendency for increased collagen-I/
collagen-lll and decreased elastin/collagen ratios. These ratios were found to fall on a
continuous scale with ranges defining distinct pathological states as well as a significant
difference between the human heart and aortic ECM protein ratios.

Keywords: cardiovascular, elastin, human, extracellular matrix, pathology, heart, aorta, collagen

INTRODUCTION

The extracellular matrix (ECM) is a highly dynamic, biologically active, non-cellular mesh of
fibrous proteins, glycoproteins, and glycosaminoglycans that is secreted by many cell types and
is present within all tissues. The ECM provides active biochemical and biomechanical cues
for a vast range of cellular functions, serves as a physical scaffold, and a cell growth substrate.
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ECM proteins can be categorized as either structural (stable)
or non-structural (dynamic), of which the structural proteins
generate mechanical and biophysical properties of tissues (Frantz
et al, 2010). Collagen-I (COLI) and III (COL3), as well as
elastin (ELN), are the most prominent ECM structural proteins
of the cardiovascular system. These proteins have a key role
in modulating the intricate balance of elasticity, resilience, and
rigidity that is necessary for physiological function, given the
dynamic and distinct contractile and elastic nature of the heart
and aorta.

In cardiovascular pathology, the ratios of these ECM proteins
are frequently shifted with disease progression. With this change,
cardiovascular function is altered in terms of mechanical
performance, as well as the biophysical signaling of the
microenvironment. In this review, we specify COL1/COL3, and
elastin to total collagen (ELN/COL) ratio-changes in multiple
cardiovascular diseases and aging. We focus our analyses strictly
on human data based on the significant observed variation in
these ratios between species, identifying a knowledge gap in
recent literature and providing a translatable ECM protein ratio
reference for in vitro microenvironmental modeling of human
physiology and pathology.

MAJOR CARDIOVASCULAR
EXTRACELLULAR MATRIX PROTEINS

Collagen

One of the major structural proteins of the ECM, collagen is
widely distributed extracellularly in most tissues, of which COL1
and COL3 are two of the most common types (von der Mark,
1981). COLLI is a triple-helical fibril protein consisting of two
pro-al(I)-chains and one pro-a2(I)-chain and forms into dense,
thick rod-like bundles that organize as multiple cross-linked
rows of parallel fibers. COL3 is a homotrimer of three pro-o1(III)-
chains and typically forms more loosely-packed bundles of thin
fibrils also into cross-linked rows (Gelse et al., 2003). While
both COL1 and COL3 fibril diameter can vary between 25
and 80 nm, cardiac COL1 fibril diameters average at 75 nm,
while COL3 diameters average at 45 nm (de Souza, 2002).

COLL1 and COL3 are both predominately secreted by fibroblasts
and smooth muscle cells. While COL1 is the major collagen
type present in bone, tendons, dermis, ligaments, and connective
tissues, COL3 is distributed mainly in the skin, vessel walls,
and reticular fibers of most tissues (Goel et al., 2013).
Furthermore, COL1 and COL3 are the co-principal forms in
the myocardium (von der Mark, 1981). Collagen in general
displays a low synthesis rate but longer half-life, estimated at
80-120 days in the heart and 60-70 days in vessels
(Nissen et al., 1978; Weber, 1989).

Both fibrillar collagens serve similar physiological functions
both mechanically and with shared o,p,/a,f, integrin- and
DDR1/DDR2 receptor-binding sites, controlling mechanical
properties and directly regulating factors, such as cell migration,
proliferation, and tissue homeostasis, through binding-mediated
intracellular signaling (Sainio and Jdrveldinen, 2020). However,
COLI1 fibrils are notably stiffer and provide structural rigidity

and strength, torsional stability, and the coordination of delivery
of force in certain niches, such as the myocardium, thus
reducing tissue compliance (Gelse et al., 2003). COL3 fibrils
are thinner and impart less tensile strength than COLI, but
are more elastic, thus providing more resilience, tissue
distensibility, and structural maintenance in expansion. Combined
with the collagen type ratios, alignment, configuration, and
extent of crosslinking, the mechanical and behavioral properties
of tissues are modulated (Weber, 1989; de Souza, 2002).

Elastin

Elastin is an extensible, structural protein distributed in the
cardiovascular system, connective tissue, lungs, and skin and
is known to be highly durable due to its extensive crosslinking
and hydrophobicity (Wise and Weiss, 2009; Xu and Shi, 2014).
Elastin is composed of single tropoelastin subunits cross-linked
with an outer layer of fibrillin microfibers to form an elastic
fiber. Tropoelastin conveys the ability of the fiber to stretch
and recoil, while the fibrillin microfibers contribute to fiber
rigidity (Wise and Weiss, 2009).

Elastin is secreted by fibroblasts and smooth muscle cells
and is a major ECM component in elastic arterial and venous
vessel walls (Xu and Shi, 2014). It has minimal turnover and
a very long half-life of 40-70 years with gene expression and
protein synthesis almost exclusively occurring in the late embryonic
stage (Xu and Shi, 2014; Cocciolone et al., 2018).

As elastin is over three orders of magnitude less stiff than
collagen, elastin does not significantly contribute to ECM structural
rigidity or strength (Dobrin, 1978). Furthermore, it is unknown
how tropoelastin binding to integrin of; modulates intracellular
signaling, although elastin degradation products (elastokines)
are known to bind to the elastin receptor complex, inducing
protease expression and secretion, angiogenesis, and cell migration,
adhesion, survival, and proliferation (Bax et al., 2009; Scandolera
et al,, 2016). The most prominent physiologic function of elastin,
however, is to permit elasticity and recoil from stretch. Due
to extensive crosslinking and hydrophobicity, elastin is also the
most durable ECM element, providing integrity against degradation
from repeated stretch-recoil cycles (Wise and Weiss, 2009).

Protein Quantification Methods

Multiple methods exist to isolate and separate ECM protein
types for quantification, falling into two categories: biochemical
digestion analysis or staining. While biochemical analysis allows
for direct quantification of collagen, it is hampered by incomplete
protein separation. Quantitative staining allows regional
visualization and quantification of all proteins present within
a single slice but fails to account for variations in protein
content within the slice thickness by only providing 2D area-
based quantification.

Quantitative imaging through quantitative
immunohistochemistry, histochemistry, and immunofluorescence
are frequently used for both collagen and elastin. Relative
protein quantification of these stained samples is done either
visually under a microscope as percent area stained or using
microdensitophotometry (van der Loos et al., 1994).
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In the widely-used cyanogen bromide (CNBr) cleavage
biochemical technique, pepsin digestion is followed by cleavage
with CNBr to peptides varying in molecular weight and
unique for each collagen type (separation efficiency: >90%).
These can then be separated and quantified through electrophoresis,
followed by spectrophotometry/densitometry/chromatography
(Kaiser and Metzka, 1999). Differential salt precipitation also
allows for the quantification of specific collagen types (separation
efficiency: 84-96%) but relies on multiple separation
stages (Rhodes and Miller, 1978). When only total collagen is
measured, hydroxyproline (a major collagen component) is
measured and multiplied by a conversion factor to determine total
collagen (extraction efficiency: >98%; Neuman and Logan, 1950;
Jackson and Cleary, 1967; Stegemann and Stalder, 1967).

Biochemical elastin quantification techniques are also used,
with CNBr incubation and acetone washing used to break
cross-links and isolate elastin (Starcher and Galione, 1976).
However, the dominant biochemical method is the hot alkali
method (NaOH digestion at 100°C) to extract elastin although
there is evidence of elastin degradation (Lansing et al., 1952).
Measurement of desmosine and isodesmosine (elastin amino
acids), and subsequent calculation of elastin content is another
technique (Volpin and Michelotto, 1973). Efficiency of elastin
extraction in these methods appears to be similar and high
though there is a possibility for noncollagenous protein
contamination (Soskel and Sandburg, 1983).

PATHOPHYSIOLOGICAL RELATIONSHIP
BETWEEN STRUCTURAL
EXTRACELLULAR MATRIX PROTEINS

Collagen-I/Collagen-Ill Ratio

The relative ratios of collagen types are heavily dependent on
the tissue and organ, varying considerably between the heart
and aorta. This ratio, which helps to define particular pathological
states, can fluctuate in both directions. Alterations in this ratio
in the course of cardiovascular disease may severely impact
physiological function as tissue mechanical properties change.
For instance, biomarker data suggested that an increase in the
COL1/COLS3 ratio occurs in hypertensive heart disease, while
the opposite has been suggested in chamber dilatation (Collier
et al., 2012). Furthermore, correlations have been found between
collagen type expression ratios and left ventricular (LV) function
(Soufen et al,, 2008; Polyakova et al, 2011). The following
COL1/COLS3 ratio findings are summarized in Figure 1.

Heart

Physiologic

In healthy humans, a typical COL1/COL3 ratio of the LV has
been consistently observed to fall within 0.3-0.6, depending
on the method of quantification (Marijianowski et al., 1995,
1997; Pauschinger et al, 1999; Polyakova et al., 2011). This
predominance of COL3 is in direct contrast to cardiac collagen
content in other species, where the myocardium of healthy
long-tailed macaques contained 85% COL1 and 11% COL3

Collagen I/Collagen Ill Ratios

Grade 3
Atherosclerosis

Grade 2

Grade 1

Aged

Aorta Physiologic

Heart Aged

Atrial Fibrillation
End-Stage DCM

CAD + MI

Physiologic

Early
Post-Mli

FIGURE 1 | Collagen-I to collagen-Ill ratios within the human aorta and heart
in cardiovascular diseases, the aged individuum, and the physiologic
situation. Collagen-I increases relative to collagen-Iil in all non-physiologic
cases other than early post-myocardial infarction, and the aorta is seen to
have a much higher collagen-I/collagen-Ill ratio than the heart in general.
DCM, dilated cardiomyopathy; CAD, coronary artery disease; MI, myocardial
infarction.

(Weber et al., 1988), rat myocardium COL1/COL3 ratio was
6.41 (Mukherjee and Sen, 1993), and porcine myocardium
showed a COL1/COL3 ratio of 2.3 (Medugorac, 1982). As
factors, such as heart rate, lifestyle, vessel size, etc., contribute
to the resulting forces placed on the heart, species-dependent
cardiovascular physiological differences likely are key in
determining the ideal tensile strength and elasticity of the
heart, thereby accounting for species ratio differences and
emphasizing the necessity of human-specific data.

Aged

While the heart is known to undergo collagen ratio changes
with age, the degree of change has yet to be investigated
quantitatively (Schwach and Passier, 2019). Nevertheless, two
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histochemistry studies have demonstrated the propensity of
the aged heart to develop an increased COL1/COL3 ratio, in
which stained COLL1 increases and COL3 decreases to almost
negligible levels with age. This, coupled with the observation
that fibril diameter consistently increased from youth to elderly,
suggests a major increase in the COL1/COL3 ratio in the
aged heart (Debessa et al, 2001; Mendes et al., 2012).

Dilated Cardiomyopathy
End-stage dilated cardiomyopathy (DCM) shows a clear trend
toward elevated COLI in the heart. Pauschinger investigated
protein levels by quantitative immunohistochemistry, finding
interstitial fibrosis and increased COL1/COL3 from 0.33 in controls
(n = 18) to 0.66 in end-stage DCM (n = 12) in the right
ventricle (Pauschinger et al, 1999). A similar result using
quantitative immunofluorescence was obtained by Polyakova, who
found mainly interstitial fibrosis, some perivascular fibrosis, and
a COL1/COL3 ratio increase from 0.30 in controls (n = 8) to
0.53 in end-stage DCM (n = 6) in the LV (Polyakova et al., 2011).
Investigations into COL1/COL3 quantification of the human
LV in end-stage DCM have also been performed using CNBr
cleavage, providing improved accuracy. Generally, the same
trend was found with an increasing COL1/COL3 ratio from
healthy controls to DCM patients: 0.60 (n = 16) to 1.27 (n = 19)
in 20 pm-thickness myocardium samples (Marijianowski et al.,
1995) and 1.39 (n = 25) to 1.89 (n = 5) in full-thickness
myocardium samples (Bishop et al., 1990).

Coronary Artery Disease With Myocardial Infarction
Coronary artery disease (CAD) with associated myocardial
infarction (MI) has been observed to have a regional and
transient change in COL1/COLS3 ratios. Circulating biomarkers
were used to identify increased COL3 synthesis immediately
post-MI that is sustained for 1 year, decreasing the COL1/
COL3 ratio. This trend begins to reverse 2 months post-MI,
once increased COL1 synthesis begins (Manhenke et al., 2014).
Quantitative immunofluorescence identified an increase in the
COL1/COL3 ratio from 0.3 in controls to 1.0 in LV tissue
bordering the infarct area, along with significant replacement
fibrosis. In “remote” regions not near infarcts, perivascular
and interstitial fibrosis was dominant, though a non-significant
COL1/COL3 ratio-change from 0.3 (n = 8) to 0.4 (n = 7) was
observed (Polyakova et al, 2011). Additional quantitative
immunohistochemistry studies using 6 pm-thickness myocardium
samples reached similar conclusions, finding that non-scarred
areas had no COL1/COL3 ratio increase, while scar-border areas
revealed a ratio increase from 0.54 in controls (n = 16) to 0.87 in
CAD (n = 15; Marijianowski et al., 1997). Bishop reported very
high values in full-thickness CNBr-digested myocardium samples
with comparable relative ratio-changes from 1.39 in controls
(n = 25) to 1.79 in CAD (n = 10) but did not control for
location of tissue sampling relative to infarcts (Bishop et al., 1990).

Atrial Fibrillation

Atrial fibrillation (AF) COL1/COL3 ratios have twice been
quantified in the left atrium. Boldt utilized Western blot to
determine that both lone AF and mitral valve disease with

AF are associated with interstitial fibrosis through an increased
COL1/COL3 ratio in the left atrium from 0.97 in healthy
controls (n = 16) to 1.55 in AF (n = 86; Boldt et al., 2004).
This change was exclusively due to COLI increase, as COL3
levels remained the same between controls and patients. This
result has been supported by findings showing increased COL1
circulating biomarkers in AF prevalence, incidence, and
recurrence although no direct tissue sampling was done (Ravassa
et al, 2019). However, another quantitative study of COL1/
COL3 ratio-changes in AF found no significant collagen
differences in the left atrium due to AF (Smorodinova et al., 2015).

Hypertension

No quantitative study has yet been performed on human hearts
that measures both collagen-I and COL3 in hypertension.
However, one qualitative study examined the LV myocardium
from adults with essential hypertension for >5 years, finding
a general, unquantified increase in both COL1 and IIT (Mindan
and Panizo, 1993).

Multiple rat models have been used to quantify COL1/
COL3 changes in the hypertensive heart, although no conclusive
trend is seen as different studies present a CO1/COL3 ratio
increase, decrease, and location-specific change (Mukherjee and
Sen, 1990; Robert et al., 1994). One human circulating biomarker
study found increased COL3 synthesis and altered COLI turnover
favoring degradation in symptomatic heart failure essential
hypertension patients, suggesting a decreased COL1/COL3 ratio,
although the location of collagen turnover is indeterminable
in circulating biomarker studies (Plaksej et al., 2009).

Aorta

Physiologic

In the aorta, the normal physiologic range of the COL1/COL3
ratio is somewhat unclear, with measured values ranging from
2.04 to 3.83, with only minor deviation based on location or
layer (intima vs. media vs. complete vessel wall; Murata et al.,
1986; Rizzo et al., 1989; Sobolewski et al., 1995). However,
the typical finding suggests an approximate COL1/COL3 range
between 2.4 and 2.8.

Aged

Like in the heart, collagen concentration in vessels is generally
accepted to increase with age. However, how the ratio of COL1/
COL3 changes is less understood (Schlatmann and Becker,
1977; Miller et al., 1993; Cattell et al., 1996). In a study grouping
patients by age [<50 (n = 11) and >50 (n = 11)] and using
CNBr cleavage, the aortic arch COL1/COL3 ratio was noted
to increase from 3.0 to 3.37, while the lower abdominal aorta
saw an increase from 2.47 to 4.05 (Maurel et al., 1987). Therefore,
age-related changes in the aortic COL1/COL3 ratio seem to
be location-dependent but generally increasing.

Aortic Aneurysms

Abdominal aortic aneurysms (AAA) are understood to be associated
with alterations in collagen content of the human aorta (Bode
et al, 2000; Treska and Topol¢an, 2000; Wilson et al, 2001;
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Carmo et al, 2002). However, in two independent studies, the
ratio of COL1/COL3 was insignificantly changed in AAA aortic
walls as compared to healthy controls, with ratio-changes of
(healthy-to-AAA) 2.7 (n = 13) to 2.8 (n = 19) using CNBr
cleavage (Rizzo et al, 1989) and 2.7 (n = 7) to 2.2 (n = 13)
using differential salt precipitation (Sobolewski et al., 1995).

Atherosclerosis

In atherosclerosis, collagen type distribution within atherosclerotic
plaques significantly deviates from healthy aortic walls, especially
in advanced cases (McCullagh et al, 1980). By sampling
undiseased and graded 1-3 atherosclerotic tissue from the aortic
intima and using differential salt precipitation for collagen type
quantification, it was observed that only COL1 amount changed
relative to undiseased tissue, increasing the COL1/COL3 ratio
with atherosclerosis grade from 3.83 (n = 16) in undiseased
to 4.88 in grade 3 (n = 5; Murata et al, 1986). Furthermore,
Morton showed that thoracic and abdominal aorta atherosclerotic
plaques COL1/COL3 ratio increased from 2.04 (n = 6) in
non-atherosclerotic aortic intima layers to 2.48 in plaques
(n = 7), using CNBr cleavage (Morton and Barnes, 1982).

Hypertension

While direct COL1/COL3 ratio changes due to hypertension
have not yet been quantified in human aorta studies, animal
models have demonstrated no significant changes in the COL1/
COL3 ratio in the hypertensive aorta (Clerc et al., 1999).
However, a biomarker-based collagen turnover study on arterial
hypertension patients found a significant alteration in collagen
turnover favoring increased COL1 accumulation although COL3
synthesis was also observed to be increased (Stakos et al.,
2010). Thus, how the ratio of these two proteins changes in
hypertensive humans remains unknown.

Elastin/Collagen Ratio

Elastic arteries utilize significantly more elastic tissue in the
tunica media than muscular arteries, enabling a reversible
stretch response to maintain a relatively constant pressure
gradient (Cocciolone et al., 2018). Based on this function,
alterations in the mechanical properties of elastic arteries are
commonly associated with cardiovascular disease as the arteries
adapt to or fail to properly deform under hemodynamic load.
As resistance to stretch at low pressures is due to elastic fibers,
and resistance to stretch at high pressures is due to collagen
fibers, the ratio of these two components is vital to understanding
the ECM contributions to cardiovascular pathology (Cocciolone
et al, 2018). The following ELN/COL ratio findings are
summarized in Figure 2.

Aorta

Physiologic

Relative elastin and collagen content is known to vary depending
on artery, distance from the heart, and vessel layer (Cattell
et al., 1996; Sokolis et al., 2012). However, a comprehensive
quantitative human elastic vessel ECM protein study that covers
all these variables has not yet been performed. In a full aortic

Elastin/Collagen Ratios

Physiologic

Atherosclerosis

Aortic
Aneurysm

FIGURE 2 | Elastin to collagen ratios in the human complete aortic wall in
cardiovascular diseases, the aged individuum, and the physiologic situation.
Elastin relative to collagen is noted to decrease in all non-physiologic cases
other than aging.

wall, a normal middle-aged physiologic ELN/COL ratio appears
to be consistently between 0.5 and 0.7 (Rizzo et al., 1989
Sobolewski et al.,, 1995; Cattell et al.,, 1996). Meanwhile, the
isolated intima and intima-media have higher ELN/COL ratios
around 1.7-1.9 (Rokosova et al., 1986; Iliopoulos et al., 2009).

Aged
Highly durable against degradation, ELN is known to have
essentially no synthesis following adolescence (Cocciolone et al.,
2018). This, coupled with multiple studies showing decreased
aortic compliance with age, suggests a declining ELN/COL
ratio with age (Sonesson et al, 1993; Bulpitt et al., 1999
McVeigh et al., 1999; Gardner and Parker, 2010).
Interestingly, the most recent aging study in 20 normotensive
thoracic aortic walls found that, while both collagen
(hydroxyproline analysis) and elastin (CNBr digestion) absolute
content decreases with age, they both increase in concentration
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relative to tissue dry weight with age (Cattell et al,, 1996).
This results in an increased ELN/COL ratio from 0.51 at age
14, to 0.6 at age 40, and 0.71 at age 90, opposing the expected
ELN/COL ratio decline with age. In contrast, Andreotti found
the opposite trend in a study of 22 thoracic aortas aged 9-84,
where collagen concentration (hydroxyproline analysis) increased
with age and ELN concentration (hot alkali extraction) decreased
with age, thus resulting in a decreased ELN/COL ratio, although
exact elastin quantification was not given (Andreotti et al,
1985). A decreasing trend in the ELN/COL ratio in 137 ascending
aortas, from 1.65 in ages 0-20 to 1.15 in ages 70-100 was
observed in another study using hot alkali extraction for elastin
and hydroxyproline analysis for collagen. However, the change
was nonsignificant (Hosoda et al., 1984).

Aortic Aneurysms
Elastin quantification following AAA and ascending thoracic
aortic aneurysms (ATAA) has demonstrated ELN degradation
in a number of cases (Campa et al, 1987; Baxter et al., 1992;
Wilson et al., 2001; Carmo et al., 2002). The ELN/COL ratio-
changes were first quantified in aortic walls using quantitative
histochemistry, observing a significant ratio decrease from 0.41 in
nonaneurysmal abdominal aortas (n = 8) to 0.02 in AAA (n = 8;
He and Roach, 1994). This was predominately due to minimal
elastin in AAA (89.4% decrease), although collagen also increased
by 77%. Rizzo found a similar substantial increase in collagen
(hydroxyproline analysis) and decrease in elastin (hot alkali
extraction) to only 1% in AAA aortic walls, reducing the ELN/
COL ratio from 0.5 (n = 13) to 0.03 (n = 19; Rizzo et al,
1989). Similarly, multiple other studies identified a trend of
decreasing ELN/COL ratio and significantly fewer ELN crosslinks
in AAA patients, as the ELN/COL ratio decreased in nonruptured
AAA from 0.63 (n = 7) to 0.2 (n = 13; Sobolewski et al., 1995)
and 0.84 (n = 24) to 0.13 (n = 26; Carmo et al.,, 2002).
Comparable ELN/COL changes were observed in ATAA with
age-matched human aortas, sampled both orientationally and
within each layer of the aortic wall (Iliopoulos et al., 2009;
Sokolis et al., 2012). Using quantitative histochemistry, the ELA/
COL ratio was found to decrease in only the intima of the
aorta, finding healthy (n = 60) to ATAA (n = 104) ratios of
0.74 to 0.52 in the entire aortic wall, 1.74 to 0.83 in the intima,
0.84 to 0.81 in the media, and 0.24 to 0.24 in the adventitia.

Atherosclerosis

Studies with parallel elastin and collagen quantification in
human atherosclerotic aortas are scarce. Nevertheless, Rokosova
has demonstrated that advanced atherosclerotic lesions in the
distal aorta against the intima-media layers of healthy aortae
(controls were significantly younger) show significantly more
collagen (hydroxyproline analysis) and less elastin (desmosine
analysis), decreasing the healthy-diseased ELN/COL ratio from
1.88 (n = 14) to 0.14 (n = 22; Rokosova et al., 1986).

This result is supported by findings of decreased ELN in
plaques compared to normal adjacent aortic intima in all three
grades of atherosclerosis and significantly decreased soluble
elastin in the core of lipid-rich and ruptured plaques (though

not in fiber-rich plaques) compared to healthy aortic intima
tissue (Kramsch et al., 1971; Akima et al, 2009). As stated
previously, collagen is also known to increase in atherosclerotic
plaques, supporting a decreased ELN/COL ratio (Partridge and
Keeley, 1974; Murata et al., 1986).

Hypertension

Only one human hypertensive aorta study from 1952 measured
both elastin and collagen, comparing on an age-related basis
using the whole intima and media (Faber and Moller-Hou, 1952).
Here, it was observed that hypertensive and normal aortas had
relatively similar collagen and elastin content at most ages, although
at later ages (>60), hypertensive aortas tended to have both
increased collagen and decreased elastin compared to
nonhypertensive similarly-aged aortas although significance is not
noted. Additionally, numerous animal models support a decreased
ELN/COL ratio in hypertension (see Arribas et al., 2006 for review).

CONCLUSION

The major cardiovascular ECM proteins, COL1, COL3, and
ELN each have a critical role in maintaining proper cardiovascular
function, modulating the structural and elastic properties of
the heart and major elastic vessels. As seen in this review, a
number of attempts have been made to quantify ratio-changes
within humans in a range of cardiovascular diseases, aiding
in the determination of how the biomechanics of the heart
and aorta may shift in the course of disease progression.

Generally, COL1 relative concentration was always observed
to increase or stay the same in cardiovascular disease. This
aligns with the commonly observed stiffening of both the heart
and aorta in many cardiovascular diseases that are often
characterized by an increased hemodynamic load. Thus, the
trend followed that COL1/COL3 increased while the ELN/
COL ratios decreased, although the degree of change varied
considerably, especially when comparing the heart and aorta,
where the aorta was found to have considerably higher COL1/
COL3 ratios. This is possibly due to the different dilation vs.
contraction demands and forces subjected to the aorta and
heart, where aortic COL1 may be necessary in higher amounts
to provide structural integrity, prevent breakage, and reduce
vascular wall susceptibility to fatigue and failure in the presence
of high relative elastin content (Vouyouka et al, 2001).
Furthermore, as low myocardial compliance contributes to
diastolic dysfunction through ventricular hypertrophy and
associated reduced ventricular filling due to reduced expansion
capacity, COL3 may be more necessary to provide structural
maintenance while also permitting distensibility and contraction
following expansion (Du et al., 2003).

Interestingly, these ratios were found to fall on a continuous
scale that defines physiological and distinct pathological states,
with clear distinctions between heart and vessel. Unfortunately,
as demonstrated in this review, COL1/COL3 and ELN/COL
ratios in the human heart and aorta remain minimally researched
or severely-outdated in literature, leaving a considerable
knowledge gap for even some of the most widespread
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cardiovascular diseases. The reported protein ratios provide
crucial  information  into  the  patho(physio)logical
microenvironment experienced by the cells and offer a way
to recreate the major biophysical properties of the substrate
in 2D-cell-cultures through coatings that employ the relative
ratios discussed in this review. While such a strategy would
clearly not capture a large majority of the ECM properties
and signaling present in vivo, an enhanced ratio-based culture
coating offers an ECM that more accurately replicates the bulk
of the tissue dry weight protein content, supporting pathological
cell sensitivities, morphologies, and behaviors that may only
emerge/are more apparent in certain biophysical conditions or
by particular extracellular ligand binding.

While a number of human studies were identified in this
review, several methodological factors limit the cross-comparison
both between and within these studies. While most investigations
employed CNBr cleavage to isolate the proteins, different
methodologies with different sensitivities were used, including
hot alkali extraction, differential salt precipitation, quantitative
immunohistochemistry, and more, potentially confounding the
relational ability between studies due to different technique
efficiencies. However, even when identical protein isolation and
separation techniques were used, significant differences were
occasionally noted in determined ratios. This was clear in DCM,
where two studies using CNBr cleavage found highly different
COL1/COL3 myocardial ratios, while the only methodological
difference was the thickness of the sampled tissue, implying
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regional COL1/COL3 differences even within the isolated
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Lastly, high variability in both age and gender that skews
toward elderly males in diseased samples as opposed to lower
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In summary, we review human-specific quantitative
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and ELN) in the heart and aorta. We determine how the
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distinct pathological stages. Using these ratios for in vitro
disease modeling provides a straightforward method to more
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