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The passive mechanical properties of the vertebrate heart are controlled in part by the composition of the
extracellular matrix (ECM). Changes in the ECM, caused by increased blood pressure, injury or disease can affect
the capacity of the heart to fill with blood during diastole. In mammalian species, cardiac fibrosis caused by an
increase in collagen in the ECM, leads to a loss of heart function and these changes in composition are considered
to be permanent. Recent work has demonstrated that the cardiac ventricle of some fish species have the capacity
to both increase and decrease collagen content in response to thermal acclimation. It is thought that these
changes in collagen content help maintain ventricle function over seasonal changes in environmental temper
atures. This current work reviews the cellular mechanisms responsible for regulating collagen deposition in the
mammalian heart and proposes a cellular pathway by which a change in temperature can affect the collagen
content of the fish ventricle through mechanotransduction. This work specifically focuses on the role of trans
forming growth factor β1, MAPK signaling pathways, and biomechanical stretch in regulating collagen content in
the fish ventricle. It is hoped that this work increases the appreciation of the use of comparative models to gain
insight into phenomenon with biomedical relevance.

1. Introduction
Cardiac output is the product of heart rate and stroke volume, and is
influenced by the size and shape of the heart. In vertebrates, cardiac
output is tightly matched to the aerobic requirements of the animal. This
is possible due to a variety of mechanisms that span levels of biological
organization and time scales. For example, almost instantaneous
changes to the phosphorylation state of regulatory proteins, associated
with Ca2+ handling and myofilament function, result in modification to
the rate and strength of cardiac contraction (Shaffer and Gillis, 2010).
These changes, activated through α-adrenergic receptors, are rapid but
temporary, and allow regulation of cardiac output on a beat to beat basis
(Shaffer and Gillis, 2010). Associated with changes to the Ca2+ sensi
tivity of the myofilament with stimulation of α-adrenergic pathways are
adjustments of heart rate, stroke volume as well as hematocrit caused by
splenic contraction (Evans, 1985). These work together to increase the
oxygen carrying capacity of the cardiovascular system (Evans, 1985).
Appropriately, as the duration of higher oxygen requirements of the

animal increases, the response of the heart shifts to initiate more per
manent changes to its structure and function though the activation of
specific patterns of gene and protein expression. For example, endurance
training of human athletes initiates an increase in blood volume re
quirements and this can result in eccentric left ventricular hypertrophy
(LVH), where the chamber volume and thickness of the ventricle wall
are increased (Weiner and Baggish, 2012). This growth of the heart
muscle is due to the addition of sarcomeres in series, and occurs over a
period of weeks (Weiner and Baggish, 2012). It is also important to note
that contrary to what will be described below for concentric LVH, car
diac fibrosis does not typically develop with eccentric LVH (Weiner and
Baggish, 2012; Richey and Brown, 1998). The end result of eccentric
LVH is improved systolic function and an increase in stroke volume
(Weiner and Baggish, 2012). This remodeling is considered a physio
logical response that increases cardiac output while maintaining the
mechanical properties of the heart (Richey and Brown, 1998). As with
exercise induced changes to skeletal muscle, such changes to the heart
are reversible (Maron et al., 1993; Olah et al., 2017; Waring et al., 2015).
While the response of the mammalian heart to a physiological
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hypertension, a cause of concentric LVH, had been identified in 91% of
patients before the development of heart failure. Together, these changes
to the heart resulting from increased blood pressure represent a signifi
cant challenge to the survival of the affected individual.
Recent work using comparative models, including zebrafish and
rainbow trout, have been providing novel insight into how an increase in
deposited collagen, permanent in the mammalian heart, may be
reversible (Klaiman et al., 2011; Johnson et al., 2014). This work has
been examining the response of the fish heart, primarily the single
cardiac ventricle, to thermal acclimation (Klaiman et al., 2011, 2014;
Johnson et al., 2014; Keen et al., 2016a, 2017, 2018; Ding et al., 2021).
Fish are ectothermic and their physiological temperature is determined
by that of their environment. For some fish species, seasonal changes in
temperature can lead to physiological temperature in the winter being
10 ◦ C less than that in the summer. While there are some fish that
significantly reduce physical activity with such a decrease in physio
logical temperature, salmonids, including rainbow trout, as well as
zebrafish do not (Klaiman et al., 2011; Anttila et al., 2014; Elliott and
Elliott, 2010; Rodnick et al., 2004; Cortemeglia and Beitinger, 2005;
Sundin et al., 2019). Previous work has demonstrated that the heart of
these fish can undergo changes in form, composition and function to
help compensate for this change in physiological temperature so as to
maintain contractility, and therefore activity of the animal (Klaiman
et al., 2011, 2014; Gamperl and Farrell, 2004; Aho and Vornanen, 1999,
2001; Keen et al., 2016b; Driedzic et al., 1996). Cold acclimation of
rainbow trout has also been found to cause an increase in the collagen
content of the myocardium while warm acclimation reduces collagen
content (Fig. 1) (Klaiman et al., 2011). In a mammalian heart, an in
crease in collagen content would lead to an increase in myocardial
stiffness. Work by Keen et al. (2017) has demonstrated that the increase
in collagen content of the trout ventricle, caused by cold acclimation,
results in an increase in tissue stiffness. Furthermore, Johnson et al.
(2014) have demonstrated that cold acclimation of zebrafish causes a
decrease in total collagen content as well as in the amount of thick
collagen fibers in the ventricle (Fig. 2). Together these studies illustrate
that the collagen composition of the fish heart is quite responsive to
changes in physiological conditions. The current work reviews the
cellular mechanisms responsible for regulating collagen deposition in
the mammalian heart and uses this as the basis to propose a cellular
pathway by which a change in temperature can affect the collagen
content of the fish ventricle. It is hoped that this approach helps to un
derscore the relevance of studying comparative models to gaining
insight into physiological phenomena.

Glossary
Concentric left ventricular hypertrophy Condition where
changes in heart morphology have resulted in a relative
increase in ventricle wall thickness, but a decrease in
the chamber volume
Eccentric left ventricular hypertrophy Condition where
changes in heart morphology have resulted in a relative
increase in ventricle wall thickness and chamber
volume
ECM
Extracellular Matrix: Dynamic extracellular scaffold,
comprised primarily of collagen, that provides
biomechanical stability to the cell and structural
integrity to the tissue that the cell is part of
Fibroblast A cell that creates the extracellular matrices specific
to the requirements of the organ or tissue with which
they are associated
FAK
Intracellular focal adhesion kinase: Signaling molecule
that regulates cell adhesion, migration, and survival
Integrins Protein receptors used by animal cells to bind to the
extracellular matrix
MAPK
Mitogen-activated protein kinase, a family of protein
kinases, that target serine and threonine residues for
phosphorylation and are involved in multitier cell
signalling cascades
Mechanotransduction Translation of a physical force,
experienced by a cell surface receptor, into a chemical
signal passed through cellular proteins
miR
micro mRNA: Small non-coding RNAs that bind to the 3′
untranslated seed region of messenger RNA (mRNA) to
promote degradation of the mRNA or prevent it from
binding to ribosomes
MMPs
Matrix metalloproteinases: Family of zinc-dependent
endopeptidases that degrade collagen in the ECM
SMAD2 Small mothers against decapentaplegic 2, family of
proteins that comprise a signalling cascade activated by
TGF-β1 involved in the regulation of cell development
and growth
TIMPs
Tissue inhibitor of matrix metalloproteinases,
Endogenous protein regulator of matrix
metalloproteinases
TGF-β1 Transforming growth factor-β1, Ubiquitously expressed
cytokine involved in the activation of cell signalling
pathways including those involving SMAD2

2. The extracellular matrix
The extracellular matrix (ECM), composed almost entirely of
collagen, provides passive biomechanical structure to the myocardium,
and plays a role in relaying physical and chemical signals through the
tissue. The passive biomechanical properties of the ventricle, including
its stiffness, directly impact the functional capacity of the heart. For
example, as discussed above, if a ventricle is too stiff its ability to fill
with blood during diastole will be reduced. In the myocardium, the ECM
is synthesized and regulated by cardiac fibroblasts, and under normal
homeostatic conditions, these maintain the integrity and passive prop
erties of the tissue, by facilitating collagen turnover. The increase in
collagen deposition that occurs with the onset of concentric LVH in the
mammalian heart is the result of the balance between deposition and
degradation shifting to favor deposition. This is caused by an increase in
collagen synthesis by the fibroblasts as well as a decrease in the activity
of matrix metalloproteinases (MMPs), proteases that target collagen
(Fomovsky et al., 2010). This shift in fibroblast activity is due to changes
in the pattern of cell signaling pathways that regulate the expression of
relevant gene transcripts and is caused by changes in biophysical forces
experienced by the myocardium as well as in the levels of specific cy
tokines, such as transforming growth factor-β1 (TGF-β1) (Fomovsky

stressor, such as endurance training, is generally considered beneficial,
cardiac remodeling also occurs following injury, or in response to a
chronic condition such as hypertension. For example, chronic hyper
tension in mammals can induce concentric LVH and interstitial fibrosis
(Richey and Brown, 1998; Breisch et al., 1984; Yildiz et al., 2020). With
concentric LVH, there is an increase in ventricle wall thickness and a
concomitant decrease in chamber volume (Richey and Brown, 1998;
Breisch et al., 1984; Yildiz et al., 2020). This growth of the muscle is
caused by an increase in the width of cardiac myocytes resulting from the
addition of sarcomeres in parallel (Lorell and Carabello, 2000). While this
result does cause an increase in systolic function, the changes in ventricle
structure and associated interstitial fibrosis leads to an increase in
myocardial stiffness and impaired left ventricular relaxation (Richey and
Brown, 1998; Breisch et al., 1984; Yildiz et al., 2020; Lorell and Car
abello, 2000). The end result is diastolic dysfunction causing a decrease
in the amount of blood pumped per cardiac cycle, and an increased
incidence of heart failure (Breisch et al., 1984; Lorell and Carabello,
2000; Messerli et al., 2017). For example, Levy et al. (1996) reported that
100
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Fig. 2. Influence of cold acclimation on collagen composition in the
compact and spongy myocardium of zebrafish, Danio rerio. (A) Area,
calculated as μm2, occupied by each of the four collagen fiber types in the
compact myocardium and spongy myocardium within the middle cross-section
of hearts from control (27 ◦ C) and cold-acclimated (20 ◦ C) zebrafish. Red de
notes the thickest/densest fibers, while green denotes the thinnest. *Values of
the same fiber type in the same myocardial layer are significantly different
between treatment groups (P < 0.05); n = 9 for all measurements. Figure
modified from (Johnson et al., 2014). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

differentiation and migration (Overall et al., 1991; Van
Obberghen-Schilling et al., 1988). In the mammalian heart, TGF-β1
production and release from cardiac myocytes increases during patho
logical remodeling such as that which occurs after myocardial infarction
(Bujak et al., 2007) or with the onset of hypertension (Lijnen et al.,
2003). These pathologies are associated with an increase in blood
pressure and blood viscosity (Devereux et al., 1984), leading to an in
crease in cardiac workload, and as a result increased cellular deforma
tion caused by biomechanical stretch and/or shear stress on the
endocardium (Husse et al., 2007; Reed et al., 2014; Waring et al., 2014).
This increased deformation of the myocardium leads to a corresponding
increase in TGF-β1 production (Katsumi et al., 2004; MacKenna et al.,
1998). An increase in TGF-β1 has been associated with the induction of
collagen synthesis in fibroblasts as a result of phosphorylation events
through protein signaling cascades. The biological activity of TGF-β1 is
facilitated by a 112–114 amino acid sequence in the C-terminal domain
(Khalil, 1999; Verrecchia and Mauviel, 2007). In mammalian cells, cell
surface receptors, specific to this region of the cytokine (Verrecchia and
Mauviel, 2007), initiate a signaling cascade via protein conformation
changes and phosphorylation events that translocates the signal to
transcriptional factors located in the nucleus, influencing gene expres
sion. One critical protein involved in this signaling cascade is small
mothers against decapentaplegic 2 (SMAD2) whose activation leads to
an increase in the transcription of timp-2 and collagen type I (col1);
resulting in an increase in connective tissue in the ECM (Visse and
Nagase, 2003; Kolosova et al., 2011; Reed et al., 1994).
Exposure of mammalian cardiac fibroblasts to increased biome
chanical stretch also leads to an increase in collagen production. As with
TGF-β1, biomechanical activation of stretch sensitive proteins located in
the ECM, leads to the activation of cell signalling cascades that regulate
gene transcription and translation (Lammerding et al., 2004). More
specifically, biomechanical stimulation of integrins or heterotrimeric

Fig. 1. Influence of thermal acclimation on the connective tissue content
of trout ventricular myocardium quantified using Masson’s trichrome
staining. (A) The hearts of cold acclimated male trout had significantly more
connective tissue in the spongy layer than that of either control or warm
acclimated male fish. (B) Cold acclimation of male trout caused an increase in
connective tissue content in the compact layer compared to controls while
warm acclimation of male trout caused a decrease in connective tissue content,
compared to controls. The amount of connective tissue is presented as arbitrary
units (A.U.) representing the ratio of connective tissue present in the
compartment in relation to muscle. Values are mean ± SEM. Brackets, if present
indicate a significant difference between sexes within an acclimation group.
Different letters above the bars indicate a significant difference between
acclimation groups. Different letters within the bars indicate significant dif
ferences between acclimation temperatures when each sex is analyzed sepa
rately (p < 0.05). Figure modified from (Klaiman et al., 2011).

et al., 2010; Siwik et al., 2001). For further insight of the role of the ECM
in regulating the mechanical properties of the mammalian heart see:
(Fomovsky et al., 2010).
3. Cardiac fibroblasts as regulators of the extracellular matrix
Fibroblasts make up approximately two-thirds of the total myocar
dial cell population, and among the cardiac interstitial cells, fibroblasts
are the predominant cell type (Chang et al., 2016). However, due to their
relatively small size in comparison to myocytes, fibroblasts comprise
approximately one-third of the total heart volume (Chang et al., 2016).
Collagen turnover in the mammalian heart, carried out by these cells, is
under the influence of multiple factors. This includes TGF-β1 and
biomechanical stress (Chiquet et al., 2009; Creemers et al., 2001; Mur
phy, 2011; Border and Noble, 1994; Lal et al., 2007; Verma et al., 2011).
TGF-β1 is ubiquitously expressed and binds to most cell types initiating
intracellular signaling cascades involved in cellular proliferation,
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guanine nucleotide binding proteins (G-proteins) leads to the subse
quent activation of multiple, mitogen activated protein kinases (MAPKs)
that affect the expression of collagen monomers, TIMPs and MMPs
(Lammerding et al., 2004; Herum et al., 2017; MacKenna et al., 2000;
Manso et al., 2009). The MAPKs involved include p38, c-Jun N-terminal
kinase (JNK) and extracellular regulated kinase (ERK), and these form
the p38-JNK-ERK pathway, associated with cardiac remodeling (Kat
sumi et al., 2004; Pramod and Shivakumar, 2014; Sinfield et al., 2013;
Johnston and Gillis, 2020). Integrin subunits are also associated with
intracellular focal adhesion kinase, the phosphorylation of which is
thought necessary for ERK and p38 signaling (Katsumi et al., 2004). The
end result of the activation of the p38-JNK-ERK pathway is an increase
in deposited collagen (Fan et al., 2012). Such change in cardiac collagen
has been reported in patients suffering from cardiac hypertension,
dilated cardiomyopathy and chronic congestive heart failure (Jalil et al.,
1988, 1989; Marijianowski et al., 1995; Pauschinger et al., 1999). In
mammals, altered ECM composition is also associated with pathological
conditions such as post-infarct remodeling. In addition, changes in the
collagen composition can also have a functional consequence (Mar
ijianowski et al., 1995; Junqueira et al., 1978). For example, an increase
in the ratio of type I collagen (thick) to type III collagen (thin) has been
reported in the hearts of patients suffering from dilated cardiomyopathy
(Marijianowski et al., 1995; Pauschinger et al., 1999; Junqueira et al.,
1978). In addition, work by Keen at al., (Keen et al., 2018), has
demonstrated that the increase in collagen content measured in the trout
ventricle with cold acclimation translated into an increase in tissue
stiffness (Klaiman et al., 2014; Keen et al., 2018). It should be noted here
that collagen type I is the predominant collagen found in vertebrate
tissues. The difference between collagen type I in mammals and that in
fish is that the mammalian molecule is composed of two strands trans
lated from the col1a1 gene and one from the col1a2 gene (Poschl et al.,
1988) while fish collagen type I is composed of three monomers, tran
scribed from three different transcripts (col1a1, col1a2 and col1a3), with
col1a3 being unique to fish (Keen et al., 2018).
The changes to the mammalian myocardium caused by endurance
training and chronic hypertension are initiated, at least in part, by
increased biomechanical stimulation of the muscle. For example,
endurance training of mammals causes an increase in heart rate and
stroke volume and as a result, an increase in the rate and level of cellular
deformation as the left ventricle pushes blood through the systemic
circulation. Importantly, with endurance training, there is no associated
increase in vascular resistance (Cornelissen and Fagard, 2005). With
chronic hypertension, hemodynamic overload leads to an increase in left
ventricular wall stress. As a result, the myocytes, fibroblasts and other
cell types that compose the ventricular wall, experience chronically
elevated levels of biomechanical strain. How such an increase in
biomechanical stimulation is transformed into a biological response is
via stretch sensitive elements in the cellular membranes and ECM
(Komuro and Yazaki, 1993). One example of such an element are
integrin proteins that anchor the cell cytoskeleton to the ECM, and also
transmit extracellular information through cells via mechano
transduction as described above. The end result of the activation of these
MAPK pathways in the mammalian heart is changes in the expression of
specific gene transcripts, including those that transcribe MMPs, TIMPS,
as well as collagen monomers (Komuro and Yazaki, 1993).

digests native collagen type I into hydrolyzed collagen, otherwise
known as gelatin, while MMP-2 and MMP-9 are gelatinases that convert
the gelatin into waste that is removed from the cells (Hillegass et al.,
2007; Pedersen et al., 2015; Kubota MK et al., 2003; Li et al., 2002).
While gelatinases typically do not cleave the collagen triple helix
directly, their activity is indicative of matrix degradation during the
remodeling process (Riley et al., 2002).
Due to their capacity to digest the ECM, the activity of MMPs is
tightly controlled. This is through regulation of their transcription as a
latent proenzyme, by the activation of the proenzyme via proteolysis,
and by the expression of endogenous regulators called tissue inhibitors
of metalloproteinase (TIMP) (Creemers et al., 2001; Husse et al., 2007;
Lee et al., 2002). MMPs, and TIMPs are produced by cardiac fibroblasts
and then excreted into the ECM. Changes in the expression levels, and
regulation, of MMPs and TIMPs have been identified as contributing to
the development of cardiac fibrosis (Roldan et al., 2008) and dilated
cardiomyopathy (Matsumoto et al., 2009; Givvimani et al., 2010) in
mammalian models. Importantly, as described below, changes in the
transcripts for MMPs and TIMPs have also been characterized in fish
ventricles is response to thermal acclimation (Johnson et al., 2014; Keen
et al., 2018; Ding et al., 2021) as well as in trout cardiac fibroblasts with
TGF-β1 treatment (Johnston and Gillis, 2017, 2018). This suggests that
there are similarities in the cellular pathways that alter collagen content
in the fish heart in response to thermal acclimation and in the
mammalian heart in response to changes in blood pressure.
5. Proposed cellular mechanisms for regulating collagen
deposition in the fish ventricle during thermal acclimation
An acute decrease in physiological temperature causes a reduction in
the rate and level of force development by the vertebrate heart (Klaiman
et al., 2014; Churcott et al., 1994; Harrison and Bers, 1990; Stephenson
and Williams, 1985). This effect of temperature change is due, at least in
part, to a decrease in the Ca2+ sensitivity of the myofilament and to a
decrease in enzymatic activity including that of actin-myosin ATPase
(Gillis et al., 2000; Gillis and Tibbits, 2002). It is such challenges that
temperate fish, which remain active in winter, must overcome. One
response to a decrease in cardiac contractility in fish, caused by a
decrease in physiological temperature, is cardiac hypertrophy (Klaiman
et al., 2011; Gamperl and Farrell, 2004; Driedzic et al., 1996; Graham
and Farrell, 1989; Aho and Vornanen, 1998). It is thought that the added
muscle helps to compensate for the loss of contractile power (Klaiman
et al., 2011; Graham and Farrell, 1989). More recent work by Klaiman
et al. (2014), has demonstrated that cold acclimation of trout increases
the Ca2+ sensitivity of the myofilament and that this translates into an
increase in the level and rate of force generation by the ventricle. Such a
change in function would help compensate for the influence of a
decrease in temperature on the active properties of the ventricle. To
learn more of the impact of thermal acclimation on the function of the
fish heart please see the reviews by Gamperl and Farrell (2004) and Keen
et al. (2017).
Thermal acclimation has been demonstrated to affect the collagen
content in the trout and zebrafish ventricle and this response is thought
to result from changes in the biomechanical forces experienced by the
myocardium and to help maintain the passive properties of the heart
(Klaiman et al., 2011; Keen et al., 2017; Graham and Farrell, 1989;
Farrell, 1984). In fish, heart rate is affected by temperature, increasing
with an increase in temperature and decreasing with a decrease in
temperature (Farrell, 1984). For fish undergoing cold acclimation, the
decrease in heart rate increases the ventricle filling time and as a result,
more blood enters the heart between contractions (Farrell, 1984). This
causes greater expansion of the ventricle and greater stretch of the
myocardium, resulting in the activation of mechanically sensitive
pathways as discussed previously. The second proposed source of a
change in biomechanical force with temperature change, is a change in
blood viscosity resulting from modifications to the fluidity of

4. The role of matrix metalloproteinases and tissue inhibitor of
metalloproteinase in collagen deposition and turnover
MMPs are a large family of zinc-dependent enzymes that share
structural domains but differ in their targeted substrates, cellular sour
ces, and activation requirements (Creemers et al., 2001). Together these
proteases, can digest all types of connective tissue (Visse and Nagase,
2003). Of particular importance to the ECM of mammalian hearts as well
as fish hearts are MMP-13, MMP-2 and MMP-9 (Meschiari et al., 2017;
Riaz et al., 2017; Austin et al., 2013; Dreger et al., 2002). MMP-13
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erythrocyte membranes (Keen et al., 2017; Farrell, 1984; Graham et al.,
1985). Such changes to the membranes of all cell types result from the
influence of temperature on the biophysical properties of the membrane
phospholipids (Cameron et al., 1980; Meraldi and Schlitter, 1981). For
example, a decrease in temperature decreases the kinetic energy of the
phospholipids and this causes them to pack closer together (Cameron
et al., 1980; Meraldi and Schlitter, 1981). As a result, the membrane is
more stiff and resistant to deformation (Hazel, 1995). Such a change in
the erythrocyte membranes helps to explain the increase in blood vis
cosity detected with an acute decrease in temperature (Graham and
Fletcher, 1983, 1984). As mentioned above, such a change in hemody
namic load in mammalian models leads to an increase in the release of
TGF-β1 and in the activity of fibroblasts. The increase in blood viscosity,
caused by a decrease in environmental temperature would be tempo
rary, as active modification of membrane composition would increase
membrane fluidity and normalize viscosity (Hazel, 1995). Such modi
fication to the cellular membranes of multiple tissues from trout, in
response to cold acclimation, have been characterized after three weeks
of thermal acclimation (Hazel, 1983; Zehmer and Hazel, 2005).
Fig. 3 illustrates a proposed pathway by which a decrease in physi
ological temperature could lead to an increase in the deposition of

collagen in the trout heart. This figure has been generated by integrating
the results of thermal acclimation studies of trout (Keen et al., 2017;
Farrell, 1984; Graham et al., 1985) and experiments completed on
cultured trout cardiac fibroblasts (Johnston and Gillis, 2017, 2018,
2020; Johnston et al., 2019) with what is known of the effects of
biomechanical forces on mammalian cardiac fibroblasts (Katsumi et al.,
2004; MacKenna et al., 1998, 2000; Visse and Nagase, 2003; Kolosova
et al., 2011; Reed et al., 1994; Herum et al., 2017; Manso et al., 2009;
Pramod and Shivakumar, 2014; Sinfield et al., 2013). It is proposed that
it is an increase in biomechanical forces, experienced by component
cells of the myocardium (myocytes and fibroblasts) that activate cellular
signaling pathways that lead to changes in the collagen composition of
the trout ventricle (Fig. 3). More specifically, stretch activation of
integrins and stretch sensitive ion channels are proposed to initiate
cellular signaling pathways that result in changes in gene transcription
and translation. Within myocytes this results in an increased release of
TGF-β1, and in cardiac fibroblasts in the activation of the MAPK
pathway. This pathway is an example of the phenomenon called
mechanotransduction where mechanical stimuli experienced by a cell, is
translated into a biological process. Support for this hypothesis results
from a series of studies from Johnston and Gillis (Johnston and Gillis,

Fig. 3. Proposed pathway by which a change in
environmental temperature leads to changes in
collagen deposition in the trout heart. The change
in cardiac composition that occurs with thermal
acclimation is proposed to result from changes in the
biomechanical forces experienced by the heart (A).
For example, heart rate decreases at low temperature
resulting in an increase in ventricle filling time, and
as a result, an increase in stroke volume and a greater
extension of the myocardium (Keen et al., 2017;
Farrell, 1984). In addition, an acute decrease in
environmental temperature causes an increase in
blood viscosity, which in turn increases cardiac
workload, and deformation of the myocardium cells
(Farrell, 1984; Graham et al., 1985). Combined, these
effects of low temperature are proposed to lead to an
increase in the biomechanical stretch and shear stress
experienced by the cardiomyocytes and fibroblasts
that compose the myocardium (Keen et al., 2017) (B).
Increased stretch of myocytes leads to the release of
transforming growth factor β (TGF-β) (Katsumi et al.,
2004; MacKenna et al., 1998) (C), while increased
stretch of cardiac fibroblasts lead to the activation of
mechanically sensitive proteins, and integrin proteins
in the membrane (D) (Herum et al., 2017; MacKenna
et al., 2000; Manso et al., 2009). This leads to the
activation of G-coupled proteins and associated
MAPK signaling proteins in the fibroblast (E) (Kat
sumi et al., 2004; Johnston and Gillis, 2020). Acti
vated component proteins of the MAPK pathway in
turn activate transcriptional factors that influence the
expression of gene transcripts associated with the
regulation of cardiac collagen (F) (Pramod and Shi
vakumar, 2014; Sinfield et al., 2013). Exposure of
cardiac fibroblasts to TGF-β also causes increased
activation (phosphorylation) of SMAD2 (G) (Visse
and Nagase, 2003; Kolosova et al., 2011; Reed et al.,
1994; Johnston and Gillis, 2018), another regulator of
gene transcripts associated with collagen deposition,
including col1A1. These changes in gene expression
result in an increase in the expression and deposition
of collagen in the extra cellular matrix (H) (Johnston
and Gillis, 2017). Recent work also demonstrates that
exposure of trout cardiac fibroblasts to microRNA 29b
(miR-29b) leads to a decrease in the expression of
col1A3 and in collagen type 1 content of the ECM (Johnston et al., 2019). These results suggest that regulation of collagen turnover by miRs could be involved in the
removal of collagen from the heart (Johnston et al., 2019). It is not clear how the expression of miRs may be regulated by a temperature change.
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Fig. 4. The effect of bFGF and TGF-β1 on SMAD2 phosphorylation in
cultured trout cardiac fibroblasts. Cardiac fibroblast cultures were treated
with medium alone or medium containing 15 ng ml− 1 bFGF or 15 ng ml− 1 TGFβ1 repetitively for 7 days and total SMAD2 and phosphorylated SMAD2 were
quantified using Western blot and densitometry. (B) Mean pSMAD2 and SMAD2
levels measured by densitometry and standardized to total protein. Different
letters denote an effect of treatment on phosphorylation level of SMAD2,
relative to control (P < 0.05). Note the large break on the y-axis. The n for each
experiment is 3, with each n being a protein sample extracted from cultured
cells derived from a different trout ventricle. Figure modified from (Johnston
and Gillis, 2018).

2017, 2018, 2020; Johnston et al., 2019); that utilized cultured trout
cardiac fibroblasts. These authors demonstrated that exposure of these
cells to physiological levels of TGF-β1 caused a 30-fold increase in the
phosphorylation of SMAD2 (Johnston and Gillis, 2018) (Fig. 4), changes
in the expression of gene transcripts that would support an increase in
collagen deposition, specifically an 8-fold increase in col1a1 (Fig. 5), and
an increase in total collagen and collagen type 1 (Johnston and Gillis,
2017) (Fig. 6). Importantly, the changes in gene expression seen with
treatment of the fibroblasts with TGF-β1 are similar to those seen in the
ventricle of cold acclimated trout (Keen et al., 2016c). Johnston and
Gillis (2020) have also demonstrated that exposure of cardiac fibroblasts
to increased levels of biomechanical stretch activates the MAPK
pathway, as indicated by an increase in the phosphorylation of p38 and
ERK with the increase in p38 phosphorylation occurring by 20 min of

Fig. 6. The effect of TGF-β1 on collagen production by cultured trout
cardiac fibroblasts. A) Average amount of hydroxyproline, used as a proxy for
collagen, produced per cell after 24, 48 and 72 h of TGF-β1 treatment in cell
pellets. B) The effect of TGF-β1 or l-ascorbic acid (l-AA) treatment on collagen
type 1 deposition in cultured cardiac fibroblasts measured 7 days after treat
ment using Western blot. In panel A different numbers indicate a significant
effect of time on the amount of hydroxyproline produced within control cells (P
< 0.05) and different letters indicate a significant effect of time on the amount
of hydroxyproline produced per cell in the TGF-β1-treated group (P < 0.05).
*Significant effect of TGF-β1 on hydroxyproline concentration between control
and TGF-β1-treated cells (P < 0.05). In panel B different numbers indicate a
significant differences between values. n = 5 for extracellular matrix (ECM)
data, where each n represents a separate cell line established from a single heart
from a different fish, and each n contains 8–15 technical replicates. Figure
modified from (Johnston and Gillis, 2018).

the stretch treatment (Fig. 7). At the molecular level, the activation of
p38 and ERK would translate the stretch stimuli to a change in gene
expression and subsequent modification of collagen deposition. This
means that the trout fibroblasts are highly reactive to biomechanical
stimuli. In addition, recent work by Ding et al. (2021) has demonstrated
that thermal acclimation caused an increase in p38 MAPK phosphory
lation in the ventricle of female fish and in the phosphorylation of ERK in
the ventricle of male trout. This work demonstrates that MAPK signaling
pathways are responsive to thermal acclimation.

Fig. 5. The effect of TGF-β1 treatment on the expression of genes involved
in ECM regulation in cultured trout cardiac fibroblasts 72 h post-treat
ment. The amount of transcript in each TGF-β1 group is given relative to the
control group, which is set to 1 in each panel. *Significant effect of TGF-β1
treatment on gene expression (P < 0.05). n = 3–5. Figure modified from
(Johnston and Gillis, 2018).

6. Removal of collagen from the ventricle
The removal of collagen from the ventricle would logically involve a
process by which there is a decrease in the production of collagen
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Fig. 7. Activation of p38 and ERK1/2 pathways in
response to stretch. Phosphorylation levels of p38
proteins in stretched and control (unstretched) cells
measured after 20 min of stretch (A) and 24 h of
stretch (C). Phosphorylation levels of ERK proteins in
stretched and control cells measured at 20 min (B)
and 24 h (D). Asterisks (*) indicate a significant effect
of stretch on MAPK phosphorylation (P < 0.05). Open
triangles (Δ) signify individual control (unstretched)
data points, and open circles (○) are individual data
points from stretched cells. Points with similar nu
merical values were staggered for better readability.
Error bars represent standard error of the mean of
each group. N = 3 for each group. The n-value rep
resents a fibroblast line from the same individual fish
maintained in separate passages, cryopreserved on a
different passage number and day, and thawed for
experiments on different days. Figure modified from
(Johnston and Gillis, 2020).

monomers, and an increase in MMP activity caused by an increase in the
expression of MMPs and/or a decrease in expression of TIMPs. Work by
Keen et al. (2018), that demonstrated that warm acclimation caused a
decrease in the collagen content of the trout ventricle, as well as a
decrease in the stiffness of the myocardium, found a significant decrease
in the expression of three collagen transcripts (col1a1, col1a2, and
col1a3) as well as an increase in the expression of mmp-9. These changes
in gene expression would support the observed decrease in collagen
content. In addition, the decrease in collagen content characterized in
the zebrafish ventricle with cold acclimation was accompanied by a
12-fold increase in mmp-2 transcript level and a 2.5-fold increase in
mmp-9 transcript level (Johnson et al., 2014). Again, such changes in
gene expression would support the measured decrease in collagen con
tent. One obvious question related to the removal of collagen from the
trout ventricle is what triggers it. A current hypothesis is that micro
RNA-29b (miR-29b) is involved in the decrease in collagen in the fish
ventricle observed in response to thermal acclimation. MicroRNAs
(miRs) are small non-coding RNAs that bind to the 3′ untranslated seed
region of messenger RNA (mRNA) to promote degradation of the mRNA
or prevent it from binding to ribosomes (Bartel, 2004; Griffiths-Jones
et al., 2006). Such targeting leads to a decrease in the translation of the
gene transcript and in the synthesis of the associated protein. In
mammalian cardiac fibroblasts, miR-29b has been identified as a regu
lator of the expression of collagen gene transcripts and consequently
collagen protein deposition (van Rooij et al., 2008). For example,
transfection of mouse cardiac fibroblasts with miR-29b affected the
expression of multiple collagen monomers including col1A1, col3A1
col4A2 as well as MMP2 and TIMP2, all proteins involved in the fibrotic
response (Abonnenc et al., 2013). In addition, the levels of miR-29b have
been found to be comparatively lower at the site of an infarction in
hearts from mice and humans where collagen levels increase, and to also

decrease following TGF-β1 treatment (van Rooij et al., 2008). Relevant
to the proposed hypothesis under discussion, is that Johnston et al.
(2019) reported that the nucleotide sequence of human miR-29b is 100%
identical to trout miR-29b, and that seed sequences for miR-29b are
present in the 3’ prime untranslated region of both trout col1a1 and trout
col1a3. This indicates that the expression of both of these genes can be
affected by miR-29b in the trout ventricle. Johnston et al. (2019), also
demonstrated that trout cardiac fibroblasts transfected with miR-29b
expressed 54% less col1a3 then control cells, and 84% less collagen type
1 protein (Fig. 8). While no work to date has examined the influence of
thermal acclimation of trout or zebrafish on the expression of miR-29b in
the ventricle, this is a logical next step in determining how fish are able
to reduce collagen content in the ventricle in response to temperature
change.
7. Perspective
The capacity of some fish, including trout and zebrafish, to regulate
the collagen content in their ventricle in response to a change in
environmental temperature is reflective of how plastic the heart of these
animals is. While this plasticity enables the maintenance of contractile
function with changes in physiological temperature, this capacity may
also be related, at least in part, to the ability of the zebrafish ventricle to
regenerate following injury (Poss et al., 2002; Chablais et al., 2011). This
repair involves the formation of a fibrin clot at the site of injury and then
the appearance of a collagen scar (Gamba et al., 2017; Jopling et al.,
2010). However, unlike what occurs in mammalian hearts following
injury, this scar is degraded and replaced with myocytes. As a result,
there is no evidence of the repair by 60 days post injury (Gamba et al.,
2017; Jopling et al., 2010). The common feature between cardiac
regeneration and temperature induced cardiac remodeling is the process
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of collagen removal from the heart. In both cardiac regeneration and
cardiac remodeling, this relies on the expression of TGF-β1 and miRs, the
activity of MMPs, and the production of TIMPS and collagen monomers
(Gamba et al., 2017; Jopling et al., 2010; Yin et al., 2012; Chablais and
Jazwinska, 2012; Xu et al., 2018). Recent work in this area suggests that
the ECM plays a significant role in regulating the remodeling response
and that differences in its composition, between species, may determine
regenerative competency (Chen et al., 2016). Going forward, focusing
on the role of the ECM in regulating cardiac remodeling of the fish
ventricle, and in controlling collagen deposition and removal may prove
a useful avenue to understand how fish are able to remove collagen from
their ventricle. Understanding how these processes are regulated in the
fish heart may prove useful in characterizing the cellular triggers of the
repair response and what limits such a response in other animal groups
including mammals.
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