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ABSTRACT 

 

MYOCARDIAL GENE EXPRESSION OF FACTORS OF COAGULATION, 
INFLAMMATION, ENDOTHELIAL ACTIVATION, AND REMODELING IN CATS WITH 

HYPERTROPHIC CARDIOMYOPATHY 
 

Michelle Colpitts      Advisors: 
University of Guelph, 2020     Sonja Fonfara 
        Lynne O’Sullivan 
 

Hypertrophic cardiomyopathy (HCM) is the most common form of cardiac disease in 

domestic cats. One complication is left atrial (LA) thrombus formation, often resulting in 

euthanasia. Risk of LA thrombus formation is increased by LA dilation and slowed blood 

flow, however, not all such cats develop thrombi so it is likely that additional factors are 

involved. We hypothesized that cats with HCM experience higher myocardial gene 

expression of factors for inflammation, remodeling, coagulation and endothelial 

activation than cats without cardiac disease, and that those with LA thrombi show a 

further increase of these markers in their left atria.  

Real-time reverse transcription polymerase chain reaction was performed using 

LA and left ventricular (LV) samples from 12 cats with HCM, of which five had an LA 

thrombus, as well as six young (YC) and six adult (AC) control cats without cardiac 

disease for the following genes: von Willebrand factor (vWF), a disintegrin and 

metalloproteinase with a thrombospondin type 1 motif, member 13, platelet activating 

factor (PAF), E- and P-selectins, intercellular and vascular adhesion molecules-1, ß2-

integrin, vascular endothelial growth factor (VEGF), tumor necrosis factor-, interleukin-

6 (IL-6), monocyte chemoattractant protein-1 (MCP-1), heat shock protein-70, matrix 



 
 

metalloproteinase (MMP) 13, tissue inhibitor of MMP2 (TIMP2), and myocyte-specific 

enhancer factor 2C. Young control cats showed significantly lower gene expression 

than AC and cats with HCM. In particular, cats with HCM showed higher IL-6, MCP-1, 

and vWF and lower VEGF expression in LA samples, and higher MCP-1 and PAF 

expression in LV samples in comparison to AC cats. The presence of an LA thrombus in 

cats with HCM was associated with higher LA IL-6 and TIMP2 expression. 

Results from this study confirm a previously reported influence of age on 

myocardial gene expression. Factors of inflammation and coagulation might be involved 

in HCM, while profibrotic TIMP2 and inflammatory IL-6 might be associated with LA 

thrombus in cats with HCM. Further investigations into the roles of IL-6, MCP-1, VEGF, 

vWF, and PAF in feline HCM and of IL-6 and TIMP2 in LA thrombus formation appear 

warranted. 
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Chapter 1 - Literature review 

 

1.1 Introduction 

In domesticated cats, hypertrophic cardiomyopathy (HCM) is the most common 

form of heart disease with a reported 15% prevalence (Ferasin et al., 2003; Paige et al., 

2009; Payne et al., 2015a). One possible outcome of HCM is cardiogenic arterial 

thromboembolism (ATE), occurring in up to 13% of cats with HCM, and often resulting 

in euthanasia or death within hours or days of diagnosis (Payne et al., 2013; Fox et al., 

2018). The reason that some cats with HCM develop ATE and others do not is poorly 

understood. To address these gaps in knowledge, the first section of this literature 

review discusses HCM in regard to clinical presentation, outcomes, and cardiac 

remodeling. The second section highlights sixteen factors, including cytokines, 

remodeling enzymes, and adhesion molecules, that are suspected to be involved in 

HCM or possibly left atrial (LA) thrombus formation as per their demonstrated functions 

ex vivo and in vivo using laboratory animals, humans, dogs and cats. Based on these 

factors’ roles in cardiovascular and thrombogenic physiology and pathology, they are 

grouped under four categories: coagulation, endothelial activation, inflammation, and 

remodeling. Each factor is described by its sources and functions in relation to 

cardiovascular effects as seen in laboratory, human, and veterinary research, and 

particularly regarding HCM and coagulation. 
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1.2 Hypertrophic cardiomyopathy  

Cardiomyopathy (CM) is defined as a myocardial disorder in which the heart 

muscle is structurally and functionally abnormal in the absence of any other 

cardiovascular or systemic condition that could cause the observed myocardial 

abnormality (Elliott et al., 2008; Chetboul, 2017). In domesticated cats, 

cardiomyopathies are the most frequently encountered form of heart disease with 

hypertrophic cardiomyopathy (HCM) being the most common form and sharing many 

similarities with HCM in humans (Ferasin et al., 2003; Fox et al., 2014; Maron et al., 

2014). Hypertrophic cardiomyopathy accounts for 57-68% of feline CM cases (Ferasin 

et al., 2003; Riesen et al., 2007a) with a prevalence in the general cat population 

around 15% (Ferasin et al., 2003; Paige et al., 2009; Payne et al., 2015a) and 

potentially higher in certain pedigreed breeds (Riesen et al., 2007b; Payne et al., 2013) 

such as Maine Coons (Meurs et al., 2005), Ragdolls (Payne et al., 2010), Sphynx 

(Chetboul et al., 2012), and Norwegian Forest cats (Marz et al., 2014). 

The disease is characterized by left ventricular (LV) concentric hypertrophy and a 

highly variable phenotype and presentation (Fox, 2003). Left ventricular hypertrophy 

can be focal or generalized and commonly leads to diastolic dysfunction. Obstruction of 

the LV outflow tract is present in some cats resulting in hypertrophic obstructive 

cardiomyopathy (HOCM). Both HCM and HOCM can be stable for years or be 

associated with disease complications such as congestive heart failure (CHF), ATE, or 

sudden death (Payne et al., 2013; Fox et al., 2018). 

 



 
 

3 

1.2.1 Genetics 

Hypertrophic cardiomyopathy in cats, as in humans, is thought to be a genetic 

disease (Longeri et al., 2013; Weber et al., 2015; Marian and Braunwald, 2017). In 

humans, over 1500 individual (often familial) HCM-associated mutations spread across 

at least 11 genes have been identified, most of which code for sarcomeric thick and thin 

contractile myofilament proteins or Z-disc proteins responsible for connecting 

sarcomeres to each other (Maron et al., 2014). In cats, only three identified mutations 

have been linked to HCM: two arise in the myosin binding protein C gene (MYBPC3) 

and have been documented in Maine Coon (Meurs et al., 2005) and Ragdoll cats 

(Meurs et al., 2007). These mutations involve single base pair changes in different 

locations on the MYBPC3 gene: G to C in codon 31 and C to T in codon 820 in Maine 

Coons and Ragdolls, respectively. These mutations alter protein structure resulting in 

sarcomeric disorganization (Meurs et al., 2005 and 2007). In Maine Coons, the mode of 

inheritance is autosomal dominant with incomplete (17-42%) penetrance (Mary et al., 

2010; Wess et al., 2010), and a similar mode is hypothesized in Ragdolls based on 

pedigree and survival analyses (Lefbom et al., 2001; Meurs et al., 2007; Borgeat et al., 

2014). 

 A third mutation potentially linked to HCM and affecting the sarcomere’s myosin 

heavy chain gene has been recently observed in a single domestic shorthair cat 

(Schipper et al., 2019). While familial HCM has been demonstrated in non-pedigree cats 

previously (Kraus et al., 1999), more often familial HCM is studied in specific breeds, 

such as Persian (Marin et al., 1994), American shorthair (Meurs et al., 1997), British 

Shorthair (Granstrom et al., 2011), and Sphynx (Chetboul et  al., 2012) cats, no doubt 
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due in part to pedigree documentation. As of yet, no specific mutations have been 

identified in these breeds but similar to Maine Coons and most mutational HCM cases 

in humans (Maron et al., 2014), the mode of inheritance is suspected to be autosomal 

dominant with incomplete penetrance. This variable penetrance and the ability to 

develop HCM seemingly spontaneously suggests that there are unidentified epigenetic 

influences and de novo mutations in pedigreed cats (Abbott et al., 2010; Longeri et al., 

2013) as exist in humans (Maron et al., 2014).   

 

1.2.2 Clinical presentation and diagnosis 

Hypertrophic cardiomyopathy can be detected at an early stage by breed 

screening or the investigation of incidental heart murmurs in asymptomatic cats 

(Schober and Todd, 2010), or at a later stage with the onset of signs of CHF or acute 

ATE (Rush et al., 2002; Fuentes et al., 2012; Trehiou-Sechi et al., 2012; Linney et al., 

2014). 

Factors associated with a diagnosis of HCM include male sex, older age, higher 

body weight, and the presence of a heart murmur (Payne et al., 2015a; Fox et al., 

2018). A male bias in HCM has been documented in multiple feline studies (Rush et al., 

2002; Ferasin et al., 2003; Payne et al., 2010; Granstrom et al., 2011; Fox et al., 2018). 

In regard to age, cats are most often (45%) diagnosed in adulthood (3-9 years of age), 

while fewer (25% each) are diagnosed as young adults (1-3 years of age) and seniors 

( 9 years of age). Diagnosis is rare (4%) in juveniles (6-12 months of age) (Payne et 

al., 2015a). Higher body weight has also been noted in cats with HCM compared with 

apparently healthy cats (Fox et al., 2018). Lastly, while heart murmurs can be detected 
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in 11-46% of normal cats (Paige et al., 2009; Fox et al., 2018), murmurs are reported in 

73-82% of cats with preclinical HCM and so are associated with the disease (Payne et 

al., 2015a; Fox et al., 2018). The presence of a heart murmur had a positive predictive 

power in one study of 74% in cats  9 years of age and 43% in cats 3-9 years of age 

(Payne et al., 2015a). 

The diagnostic method of choice for feline HCM is echocardiography. In most 

publications, an LV wall thickness in end-diastole of  6 millimeters (mm), for which no 

other cause can be identified, is considered diagnostic for HCM (Fox, 1995; Fox, 2003). 

However, there are challenges in applying this criterion. For one, there is limited 

agreement about a single cut-off for LV wall measurements, with some publications 

reporting HCM as equivocal when measurements lie between 5.5 mm and 6 mm 

(Payne et al., 2015a; Fox et al., 2018). Measurement technique for wall thickness can 

also vary between studies: 2-dimensional versus M-mode echocardiography, short 

versus long axis imaging planes, or electrocardiogram-based versus chamber size-

based frame selection. The clinical relevance of technique selection is evident in one 

study that compared five measurement approaches using different imaging planes and 

thickness cut-off values and found that the apparent prevalence of HCM could range 

between 18 and 62% in the same group of cats (Wagner et al., 2010). Additionally, 

breed-specific (Gundler et al., 2008; Chetboul et al., 2012; Freeman et al., 2012) and 

body weight dependent (Petric et al., 2012) measurements have been suggested, with 

body weight potentially accounting for 25% of echocardiographic variability (Haggstrom 

et al., 2016). 
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Adherence to any particular standardized technique or set of reference ranges by 

the veterinary community has not be studied, although a recently published consensus 

statement provided an equivocal range of LV wall thickness and emphasized 

consideration of body size, family history, and echocardiographic findings as well as 

serial monitoring to improve diagnostic accuracy (Fuentes et al., 2020). This position 

leaves room for clinician judgement to reflect individual patient progression and the 

phenotypic heterogeneity of the disease. For instance in the latter, LV hypertrophy can 

be focal or generalized (Fox, 2003), false tendons can create focal pseudohypertrophy 

at their insertion sites (Wolf et al., 2017), and in end-stage disease there can be thinning 

of previously hypertrophic LV regions (Cesta et al., 2005). Ultimately, the diagnosis of 

HCM remains challenging in many cats. 

 

1.2.3 Clinical outcomes 

Following a diagnosis of preclinical HCM, survival of cats can range from 8 to 

2,755 days (Payne et al., 2013). In one study with a five-year follow-up period, 72% of 

cats with preclinical HCM never developed clinical disease, instead succumbing to non-

cardiac disease (Fox et al., 2018) and so demonstrating how lengthy the preclinical 

phase can be. Generally, clinical signs and/or cardiac-related death will take longer to 

arise in cases of equivocal or mild disease compared to cats with evidence of more 

severe disease (i.e. thicker LV walls, severe left atrial (LA) dilation, or CHF), however, 

accurate predictions of an individual’s clinical course are challenging (Rush et al., 2002; 

Aupperle et al., 2011; Rishniw and Pion 2011; Schober et al., 2013). Cardiac-related 

death from HCM is more likely in older cats and those without a heart murmur (Payne et 
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al., 2013). The latter is hypothesized to arise because cats with murmurs, often caused 

by LV outflow tract obstruction, are diagnosed earlier in the course of their disease 

(Payne et al., 2015a) leading to longer documented survival times (Fox et al., 1995; 

Rush et al., 2002; Payne et al., 2010). Notable factors that do not appear to be 

associated with time until cardiac-related death include sex (Payne et al., 2010) and 

body weight (Payne et al., 2013).  

Echocardiographic variables found to be associated with an increased risk of 

cardiac death are increased LA dilation, reduced LA function, spontaneous echogenic 

contrast (SEC) in the left atrium, presence of an LA thrombus, severe LV hypertrophy (> 

9 mm), systolic dysfunction (fractional shortening <30%), regional wall hypokinesis, and 

a restrictive LV filling pattern (Payne et al., 2010). Left atrial dilation is closely related to 

survival (Rush et al., 2002; Fox et al., 1999; Payne et al., 2010; Payne et al., 2013; 

Schober et al., 2013) because it is associated with advanced disease, including the 

development of CHF (Fox et al., 1995; Rush et al., 2002) and ATE (Smith et al., 2003). 

For cats with HCM with cardiac-related death, the following outcomes are 

observed and can occur simultaneously (Rush et al., 2002; Payne et al., 2015b; Fox et 

al., 2018): death or euthanasia due to CHF in 22-86% of cats; death or euthanasia due 

to ATE in 25-42%; or sudden death in 1-15% of cats. Survival in cats with CHF from 

various cardiomyopathies usually ranges between approximately 45-730 days, although 

extremes as low 1 day and up to 4,418 days have been reported (Rush et al., 2002; Hall 

et al., 2007; MacGregor et al., 2011; Gordon et al., 2012; Reina-Doreste et al., 2014). 

Spontaneous echogenic contrast and/or an LA thrombus can be seen in 18% of 

cats with preclinical or clinical HCM (Payne et al., 2013). Thrombi can develop on the 
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endocardium of the left atrium or left auricle (LAu). The main risk factor for LA thrombus 

formation is a dilated left atrium, however, no required minimum LA size has been 

identified (Rishniw and Pion, 2011). If an LA thrombus migrates from its site of origin 

into the coronary or systemic circulation, it is termed an ATE (Borgeat et al., 2014), and 

this embolization can be the first clinical sign of HCM (Fuentes, 2012; Payne et al., 

2013). When diagnosed ante-mortem, it is estimated that 90% of these ATE lodge at 

the caudal aortic trifurcation or in a femoral artery (Rush et al., 2002). However, an early 

study of autopsied cats with cardiac diseases observed ATE not only in the aorta and 

femoral arteries, but also in the carotid, iliac, renal, pulmonary, and/or hepatic arteries in 

38% of cats with LV hypertrophy (Liu et al., 1975); cerebral ATE have been found on 

post-mortem in a cat with an unspecified CM (Smith et al., 2003). It is thus possible that 

ATE occurs more frequently than is clinically recognized. 

Within cats presenting to referral hospitals, the prevalence of ATE is around 

0.0065% (Buchanan et al., 1966; Smith et al., 2003), while amongst cats with HCM, it is 

estimated at 5-17% (Rush et al., 2002; Payne et al., 2010; Payne et al., 2013). There is 

a male bias within clinical ATE (Laste et al., 1995; Schoeman, 1999; Moore et al., 2000; 

Smith et al., 2003; Borgeat et al., 2014), presumably due in part to the male dominance 

in HCM. Furthermore, middle-aged cats are more commonly affected (median age of 

occurrence is usually between 6-12 years) although ATE are reported as early as 1 and 

as late as 21 years of age (Laste et al., 1995; Schoeman, 1999; Smith et al., 2003; 

Borgeat et al., 2014). The influence of LV outflow tract obstruction on coagulability 

shows controversial results in humans (Dimitrow et al., 2007; Le Tourneau et al., 2008; 

Blackshear et al., 2016; Dimitrow and Rajtar-Salwa, 2016) and has not been directly 
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studied in cats. In humans, HOCM is paradoxically associated both with spontaneous 

bleeding and a pro-thrombotic environment: increasing left ventricular outflow tract 

velocities are associated with impairment of vWF (Le Tourneau et al., 2008; Blackshear 

et al 2016), perhaps because increased shear forces on circulating platelets might 

promote proteolysis of vWF (Dimitrow and Rajtar-Salwa, 2016), while also associated 

with increased circulating thrombin formation and platelet activation (Dimitrow et al., 

2008). In practice, the balance towards a pro- or anti-thrombotic state likely varies with 

multiple patient and disease factors (Dimitrow and Rajtar-Salwa, 2016). From an 

observational study of 430 cats with HCM and 578 cats with HOCM, no difference 

existed in ATE occurrence between cats with HCM (22.2 events/1000 cat years) and 

HOCM (29.5 events/1000 cat years) (Fox et al., 2018). 

Euthanasia at the time of diagnosis and without treatment occurs in 25-61% of 

ATE cases (Smith et al., 2003; Borgeat et al., 2014). This wide range is likely due to the 

guarded short- and long-term prognoses offered by many clinicians and influenced by 

patient and owner factors. Guarded prognoses may be warranted given that in patients 

who are hospitalized for treatment, survival to discharge has been reported as low as 

45% (Rush et al., 2002) while recurrence rates of ATE are between 17-75% (Pion and 

Kittleson, 1989; Laste and Harpster, 1995; Schoeman, 1999; Moore et al., 2000; Smith 

et al., 2003; Hogan et al., 2015). Survival of cats discharged after an episode of ATE 

from a presumed CM is highly variable with poor predictability (2-2,278 days) (Rush et 

al., 2002; Hogan et al., 2015). 

 



 
 

10 

1.2.4 Cardiac remodeling 

Cardiac remodeling refers to “genome expression, [and] molecular, cellular, and 

interstitial changes that are manifested clinically as changes in size, shape and function 

of the heart after cardiac injury” (Cohn et al., 2000), although it is also applied to the 

concept of life-long, dynamic tissue maintenance by those cellular processes (Nagase 

et al., 2006). The myocardium is comprised of cardiomyocytes, fibroblasts, smooth 

muscle cells, endothelial cells, and immune cells (Hulsman et al., 2016). Despite 

cardiomyocytes accounting for the larger volume in the heart, fibroblasts are the greater 

cell population and important for the maintenance of cardiac structure and function 

through life-long remodeling processes (Camelliti et al., 2005). The extracellular matrix 

(ECM) surrounding myocardial cells includes proteins and polysaccharides that act as a 

scaffold to support the mechanical function of myofibrils and signaling molecules that 

are integral to both inter- and intracellular signaling pathways (Weber et al., 2013; 

Bonnans et al., 2014). Under physiologic circumstances, fibroblasts and local 

inflammatory cells maintain the ECM’s ongoing turnover (Yu et al., 2005) producing 

several mediators, such as matrix metalloproteinases (MMPs) and tissue inhibitors of 

the MMPs (TIMPs), that degrade and produce the ECM, respectively (Spinale et al., 

2002) (Figure 1). An imbalance of these processes can result in cardiac disease 

(Hulsmans et al., 2016). 

In humans, there is a well-established positive association between increasing 

age and cardiac fibrotic remodeling (Biernacka and Frangogiannis, 2011). This has not 

been investigated in cats, however, lower transcription of several cytokines and an 

increase in the profibrotic transforming growth factor beta (TGF-ß) was found in the 
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hearts of older cats (Fonfara et al., 2015), which might indicate age-associated 

influences on remodeling. Since the feline HCM population tends to be middle aged to 

older (Payne et al., 2015a), age-related cardiac changes could contribute to the 

development of disease. Furthermore, differences in myocardial gene expression have 

been observed between healthy male and female cats (Fonfara et al., 2015) suggesting 

that sex might also influence cardiac remodeling, as reported for humans (Olivotto et al., 

2005; Hartmannova et al., 2013). This might partially explain male cats’ predisposition 

to HCM (Rush et al., 2002; Ferasin et al., 2003; Payne et al., 2010; Granstrom et al., 

2011; Fox et al., 2018).

1.2.5 Remodeling in hypertrophic cardiomypathy 

Grossly, both cats and humans exhibit LV hypertrophy in HCM. Histologically, 

cats with HCM (Liu et al., 1981; Fox  et al., 1995; Kittleson et al., 1999; Baty et al., 

2001; Cesta et al., 2005; Biasato et al., 2015; Khor et al., 2015; Kitz et al., 2019) display 

similar myocardial findings to those seen in humans (Maron et al., 1979; Tanaka et al., 

1986). This includes variable degrees of interstitial fibrosis and inflammatory cell 

infiltrates, myocyte hypertrophy and degeneration, disarray and fiber branching, vessel 

wall dysplasia, and new vessel formation. 

Recent studies suggest that cardiac remodeling in humans and cats is at least 

partially activated through myocardial hypoxia and subsequently driven by 

cardiomyocytes, macrophages, and fibroblasts (Cesta et al., 2005; Burt et al., 2014; Kitz 

et al., 2019). Damaged cardiomyocytes and activated resident and/or recruited 

macrophages (Deshmane et al., 2009; Kitz et al., 2019) release inflammatory mediators 

such as interleukin (IL) -1, -6, tumor necrosis factor alpha (TNF-α), TGF-ß1, endothelin-
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1, and fibroblast growth factor (Heusch et al., 2014; Segura et al., 2014; Liu et al., 

2017), which activate myofibroblasts to synthesize collagen that undergoes further 

modification by ECM enzymes. Interstitial fibrosis has been found in the hearts of 

humans with HCM (Schroer and Merryman, 2015) and similar changes may occur the 

generalized and regional lesions seen in cats (Cesta et al., 2005; Aupperle et al., 2011, 

Kitz et al., 2019). Notably however, interstitial fibrosis does not appear to be universally 

present in cats with HCM: one study found no consistent association between the 

presence of interstitial fibrosis and a gross necropsy diagnosis of advanced HCM 

(Kershaw et al., 2012). An explanation for this discrepancy may be the regionality of 

lesions in feline HCM (Cesta et al., 2005; Aupperle et al., 2011; Kitz et al., 2019) such 

that during sampling, fibrotic areas may be overlooked.  

Mild inflammation is also considered part of chronic HCM remodeling in humans 

(Fang et al., 2017) where both macrophages (Falkenham et al., 2015; Hulsman et al., 

2016) and lymphocytes (Nahrendorf et al., 2007; Deshmane et al., 2009) are thought to 

be important contributors (Kuwahara et al., 2004; Wei, 2011). In the preclinical stage of 

feline HCM, similar inflammatory responses may be involved as chronic active fibrosis 

based on observation of inflammatory cell aggregates in areas of fibrosis (Khor et al., 

2015). Additionally, acute inflammation may occur in cats with end-stage HCM based on 

similar aggregates noted in proximity to areas of myocardial infarction (Cesta et al., 

2005; Kitz et al., 2019). Inflammatory cell types reported to be involved in cats with 

HCM include lymphocytes, plasma cells, macrophages (Cesta et al., 2005; Khor et al., 

2015), and neutrophils (Khor et al., 2015). There is strong evidence that macrophages 

may be involved in inflammation and remodeling based on evidence from 
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immunohistochemistry of cats with advanced HCM (Kitz et al., 2019). One approach to 

understanding the mechanisms by which these cells infiltrate and remodel the 

myocardium is by investigating their chemoattractors, for example monocyte 

chemoattractant protein 1 (MCP-1) which recruits both monocytes and lymphocytes to 

areas of active inflammation (Nahrendorf et al., 2007; Deshmane et al., 2009; 

Falkenham et al., 2015; Hulsman et al., 2016). 

The occurrence of cardiomyocyte hypertrophy in feline HCM is unclear: unlike 

earlier studies (Fox 2003; Cesta et al., 2005), Kershaw et al. (2012) found an 

insignificant trend towards larger cardiomyocytes in cats with HCM on histological 

morphometric analyses suggesting that it is not myocyte hypertrophy that leads to gross 

LV thickening. It was concluded that cardiac weight and gross measurements were best 

suited for identifying HCM in cats post-mortem, and left undetermined the origin of LV 

thickening. Histologic findings by Kitz et al. (2019) did not assess cardiomyocyte 

dimensions but did suggest that gross LV thickening can be attributed to interstitial 

expansion from the infiltration of blood vessels, macrophages, and collagen as part of 

macrophage-driven remodeling. Cardiomyocyte numbers, meanwhile, were inferred to 

have decreased based on an absence of increased overall cellularity despite the 

expanding interstitial cell population. Functionally, this loss of cardiomyocytes could 

contribute to echocardiographic evidence of systolic dysfunction seen in advanced 

disease. 

Cardiomyocyte disarray refers to a disorganized loss of the normal parallel 

arrangement of myofibrils (Maron et al., 1974; Liu et al., 1980). In humans with HCM, 

cardiomyocyte disarray has been suggested to predispose myocardial tissue to 
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ischemia (Varnava et al., 2001), and to increase along with myocardial fibrosis in more 

advanced HCM (Iida et al., 1998). This relationship between disarray and fibrosis has 

been proposed but is unsubstantiated in cats (Cesta et al., 2005). Each feature seems 

to vary between individuals: myocardial disarray has been reported in 27-100% of cats 

with HCM depending on the study (Liu et al., 1981; Fox et al., 1995; Kittleson et al., 

1999; Baty et al., 2001; Cesta et al., 2005; Biasato et al., 2015; Khor et al 2015; Kitz et 

al., 2019) with one group suggesting that disarray may not be a required feature of HCM 

(Kershaw et al., 2012). The degree of LV fibrosis, however, appears to be at least 

moderate in cats with advanced HCM (Biasato et al., 2015) although slight inter-

individual variation may be present (Cesta et al., 2005). Continued investigation into 

associations between disarray and other features of HCM, with particular attention to 

the stage of HCM, may provide further information. 

Finally, “small vessel disease” is a catch-all term used to address the changes 

seen in myocardial vessels in human HCM (Liu et al., 1993). Often the term refers to 

thickening of both the media and intima of vessel walls in intramural coronary arteries 

due to smooth muscle hypertrophy, fibrosis, and elastosis that ultimately narrows vessel 

lumina (Liu et al., 1993). In cats with HCM, however, smooth muscle hypertrophy has 

been described as only “mild” (Liu et al., 1993; Fox 2003; Cesta et al., 2005; Biasato et 

al., 2015; Khor et al., 2015; Kitz et al., 2019). Vessel fibrosis does not seem to be 

present; instead, proliferation of unspecified connective tissue components has been 

described (Fox 2003). Finally, vessel elastosis has not been documented in cats. These 

discrepancies with human histologic findings suggest that small vessel disease can vary 

between species in HCM. Variation between individuals may provide clues to 
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understanding the infamous variability of phenotype and rates of progression. For 

example, some cats develop LV wall thinning and poor systolic function, as mentioned 

above, while others do not (Cesta et al., 2005). In humans, this is seen in a subset of 

HCM patients and has been proposed to relate to abnormal coronary arteries producing 

areas of ischemia and thus cell death which stimulates fibrosis of the area, in turn 

leading to wall thinning and loss of contractile function (Maron and Spirito, 1998). The 

pathophysiology behind these abnormal vessels is not established in humans or cats 

although it may to relate to similar forces that drive cardiac angiogenesis such as 

increased myocardial oxygen demand from hypertrophied cardiac muscle (Shiojima et 

al., 2005) and increased coronary vascular resistance resulting from elevated high 

diastolic wall tension (Maron and Spirito, 1998). 

In summary, the histologic features of feline HCM appear to involve a complex 

interaction of extracellular fibrosis, inflammation, angiogenesis, and cardiomyocyte 

degeneration, with perhaps less emphasis on cardiomyocyte hypertrophy. Additional 

study is needed to better understand these changes in order to develop clinically 

relevant prognostic and therapeutic targets for cats afflicted with HCM. 

 

1.2.6 Atrial thrombus formation 

Hemostasis is tightly regulated via sequential activation of factors by protease 

enzymes (Guyton and Hall, 2010; Palta et al., 2014). This coagulation cascade is 

designed to cleave circulating prothrombin into thrombin which converts circulating 

fibrinogen into fibrin (Figure 2). Fibrin is a protein crucial in the binding of platelets to 

each other to form thrombi. Another critical step in coagulation is thrombin-mediated 
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activation of Factor VIII, a circulating protein bound to vWF: Factor VIIIa perpetuates the 

cascade, in large part by its release of vWF which then binds to both endothelial 

collagen and activated platelets (Guyton and Hall, 2010; Palta et al., 2014). To prevent 

runaway coagulation, thrombin is rapidly bound to antithrombin, as well as being 

inactivated by thrombomodulin released from endothelial cells and monocytes. Plasmin 

enzymatically promotes fibrinolysis, which forms D-dimers (Guyton and Hall, 2010; 

Palta et al., 2014). These circulating products of thrombolysis can be important markers 

of hypercoagulability, along with circulating levels of vWF, fibrinogen, and Factor VIII 

(Bedard et al., 2007). 

Propagation of this coagulation cascade towards thrombus formation is 

dependent on three factors described in Virchow’s Triad: stagnant blood flow, a general 

state of hypercoagulability, and/or damaged endothelium (Blann and Lip, 2001; Kapur et 

al., 2007). 

 

1.2.6.1 Stagnant blood flow 

One of the components of Virchow’s triad identifiable on ante-mortem 

examination in cats with HCM is stagnation of blood flow, typically in the presence of LA 

dilation. On echocardiography, stagnation of LA flow can be visualized as SEC and 

measured as decreased blood flow velocities in the LAu. In humans, visualization of 

SEC in patients with atrial fibrillation (AF) is strongly associated with a history of 

thromboembolic events, thrombus visualization, and lower LAu blood flow velocities 

(Fatkin et al., 1994). However, in cats, no studies have investigated a direct causation. 

What has been shown in cats with cardiomyopathies is that decreasing LAu flow 

velocities are linearly associated with increasing LA dilation and increasing likelihood of 
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SEC, and so visualization of SEC is considered a risk factor for LA thrombus formation 

(Schober and Marz, 2006). In the search for markers predictive of ATE, one study of 

cats with HCM found that LA size was greater in cats who developed ATE than in those 

who developed CHF (Rush et al., 2002). However, not all cats with LA dilation develop 

an atrial thrombus (Peterson et al., 1993; Fox et al., 1995; Laste and Harpster, 1995; 

Rush et al., 2002; Rishniw and Pion, 2011; Payne et al., 2013) and the predictive power 

of LA dilation for thrombus development has been refuted in another study of cats with 

various cardiomyopathies (Smith et al., 2003). These discrepancies highlight that LA 

dilation and its potential sequelae (slowed blood flow and theorized endothelial damage) 

are only partial contributors in the formation of an LA thrombus, and that other pathways 

to coagulation require investigation.  

 

1.2.6.2 Hypercoagulable state 

Several studies have investigated coagulability in cats with HCM (Helenski and 

Ross, 1987; Jandrey et al., 2008; Stokol et al., 2008). Determining if and when systemic 

hypercoagulability arises during the course of feline HCM, as it does in humans 

(Yamamoto et al., 1995; Dimitrow et al., 2008; Cambronero et al., 2009), has been 

examined at various steps in the coagulation cascade, starting with platelet 

components. Compared to other species, cats’ platelet granules have higher levels of 

serotonin, a platelet-aggregator, and this may be one factor as to why thrombi occur in 

association with cardiac disease in cats more so than in other species, such as dogs 

(Meyers et al., 1992). Compounding this relative predisposition to coagulation, an early 

in vitro study suggested that platelets of cats with HCM are more prone to aggregation 

than those in healthy cats (Helenski and Ross, 1987). However, a more recent in vivo 
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study using the Platelet Function Analyzer-100 found no difference in platelet function 

between cats with HCM and control cats (Jandrey et al., 2008). 

Bedard et al. (2007) investigated circulating levels of thrombin-antithrombin 

complex, D-dimer, fibrin degradation products, as well as prothrombin time, activated 

partial thromboplastin time, and antithrombin activity, as markers of coagulation in cats 

with HCM. The authors suggested that even mild HCM can promote systemic 

coagulation based on reduced antithrombin activity in cats with early HCM in 

comparison to healthy cats; notably though, this was the only coagulation parameter 

that differed between groups. A study of cats with more advanced HCM (those with 

SEC and/or a visible LA thrombus but without concurrent CHF or ATE) found increases 

in circulating fibrinogen, Factor VIII:C, and thrombin-antithrombin which could suggest 

that in order to form LA thrombi, there must not only be a local predisposition towards 

coagulation, but potentially a systemic influence, that promotes a tendency towards 

coagulation. In contrast, anti-thrombin and D-dimer concentrations did not differ among 

cats with HCM and healthy controls (Stokol et al., 2008). Interestingly, this study also 

did not find hypercoagulability to be associated with LA size which may imply that a 

systemic influence of hypercoagulability develops independently from endothelial 

damage or slow blood flow associated with LA enlargement. 

 

1.2.6.3 Endothelial damage 

An intact endothelium is key to maintaining a balanced hemostatic system 

(Watson, 2009; Versteeg et al., 2013). Injury to endothelial cells exposes sub-

endothelial collagen to circulating coagulation factors, namely vWF. Von Willebrand 

factor becomes separated from Factor VIII by thrombin and this dissociation allows vWF 
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to form platelet aggregates on the exposed collagen (Yau et al., 2015). Endothelial cells 

and vascular smooth muscle cells are stimulated to express tissue factor on their cell 

surfaces which begins an activation cascade of coagulation factors known as the 

extrinsic pathway (Borissoff et al., 2011; Owens and Mackman, 2012). In this manner, 

endothelial cells become pro-thrombotic and drive the production of thrombin (Conway, 

2012), which subsequently results in fibrin formation, platelet aggregation, and 

thrombus development (Yau et al., 2015). 

Unfortunately, it is difficult to confirm the presence and effect of LA endothelial 

damage because of limited ante-mortem diagnostic options in cats (Kapur et al., 2007; 

Fuentes et al., 2012) and the ubiquitous nature of endothelium in the body (Goncharov 

et al., 2017). So far, only thrombomodulin, produced mainly from damaged endothelial 

cells for its anti-coagulant effect, has been studied in cats with cardiomyopathies. 

Regrettably, the elevated circulating concentrations detected cannot be assumed to 

arise from the left atrium (Ciaramella et al., 2006), particularly as thrombomodulin is 

also involved in anti-inflammation, anti-coagulation, and anti-fibrinolysis pathways as 

shown in mice, rats, baboons, and humans (Conway, 2012). A more recent study 

circumvented this problem by assessing local LA thrombomodulin gene expression in 

cardiomyopathic cats with CHF or ATE, and found no difference between the two 

groups (Kurosawa et al., 2017). Only in a rat model of acutely increased LA pressure 

was there a reduction in LA thrombomodulin mRNA concentrations that corresponded 

with increased local thrombin levels and thus risk of thrombi formation (Kapur et al., 

2007).  
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Based on the findings described above, the most influential factors appear to 

relate to LA dilation, slowed blood flow in the LAu (Schober and Marz, 2006) and 

possible LA endothelial damage (Ciaramella et al., 2006; Kurosawa et al., 2017). 

Secondary systemic hypercoagulability from HCM may be part of LA thrombus 

formation in some cats (Bedard et al., 2007; Stokol et al., 2008), however, 

hypercoagulability can be seen in non-cardiac disease states and so is not a specific 

marker for cardiogenic hypercoagulability. To assess local myocardial changes, we 

investigated myocardial gene expression in healthy cats and cats with HCM with and 

without an LA thrombus to identify factors associated with the disease and this 

outcome. 

 

1.3 Factors of coagulation, endothelial activation, inflammation, 

and remodeling  

There appear to be multiple factors involved in HCM-associated cardiac 

remodeling and secondary LA thrombus formation. Selected factors of coagulation, 

endothelial activation, inflammation, and remodeling suspected to be of relevance are 

described in more detail throughout this section.  

 

1.3.1 Coagulation 

Von Willebrand factor, a disintegrin and metalloproteinase with a thrombospondin 

type 1 motif member 13 (ADAMTS13), which facilitates vWF’s actions (Chen and 

Chung, 2018), and platelet activating factor (PAF), which is involved in platelet 
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aggregation and inflammation (Montrucchio et al., 2000), are all involved in the process 

of coagulation. 

 

1.3.1.1 Von Willebrand factor  

Von Willebrand factor is a large multimeric plasma glycoprotein (Chen and 

Chung, 2018). As part of a delicate hemostatic balance, deficiency or dysfunction of 

vWF can lead to either hemorrhage or thrombosis (Guyton and Hall, 2010).  

Von Willebrand factor is synthesized and stored in megakaryocytes and 

endothelial cells (Chen and Chung, 2018). When platelets are activated by exposed 

collagen or by other platelets (Mannucci, 1995), vWF is released as ultra-large 

multimers (ULvWF). Endothelial cells also release ULvWF when they are stimulated by 

inflammatory mediators, such as IL-6 and TNF-α (Larrick and Kunkel, 1988), as part of 

angiogenesis (Starke et al., 2011). Mechanical forces subsequently alter the 

conformation of ULvWF multimers so they can participate in platelet aggregation. Along 

with being involved in coagulation, there is evidence of vWF-mediated improvement in 

cardiac function and reduced fibrotic remodeling in a mouse model of LV pressure 

overload (Gandhi et al., 2012; Witsch et al., 2018). 

In cats with various cardiomyopathies, regardless of whether they have LA 

dilation, SEC and/or a visualized LA thrombus (Stokol et al., 2008), there is no 

difference in circulating vWF antigen levels from normal cats. However, cats with acute 

ATE have above-normal levels, which suggests an association of vWF and ATE, 

perhaps arising only after embolization of an LA thrombus (Stokol et al., 2008). At the 

local level in ventricular samples from HCM cats, our research group (Kitz et al., 2019) 

has found increased myocardial gene expression of IL-6 and TNF-α which are 
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promoters of platelet and vWF aggregation (Renesto and Chignard, 1991; Bernardo et 

al., 2004). Furthermore, if LA dilation causes local endothelial damage in CM cats as 

proposed by Ciaramella et al. (2006), such damage would be expected to result in 

ULvWF release which could contribute to atrial thrombus formation, as suggested in 

humans (Dimitrow et al., 2007). 

 

1.3.1.2 A disintegrin and metalloproteinase with a thrombospondin type 1, motif 

member 13 

A disintegrin and metalloproteinase with a thrombospondin type 1 motif 

(ADAMTS) proteases and ADAMTS-like proteins are part of a superfamily of ECM and 

cell-surface associated glycoproteins (Levy et al., 2005; Apte, 2009). A disintegrin and 

metalloproteinase with a thrombospondin type 1 motif member 13 is synthesized in 

endothelial cells (van Hinsbergh, 2012) within mainly the liver but also potentially in the 

heart, skeletal muscle, and placenta (Zheng et al., 2001; Claus et al., 2005). This 

protease is key in cleaving activated vWF and thus preventing excessive coagulation 

(Bortot et al., 2019). 

In humans, ADAMTS13 is most widely studied in relation to thrombocytopenic 

purpura where a deficiency of ADAMTS13 causes microvascular clotting (Chen and 

Chung, 2018). It is also under investigation in structural heart disease where circulating 

vWF multimers are exposed to increased mechanical stress causing them to be more 

susceptible to ADAMTS13 and thus become inactivated, potentially tipping the balance 

towards hemorrhage (Ledingham, 2013; Bortot et al., 2019; Petricevic et al., 2020). 

Recombinant human ADAMTS13 has been shown to improve cardiac function 

and reduce fibrotic remodeling in a mouse model of LV pressure overload (Witsch et al., 
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2018). This is suspected to occur because of ADAMTS13’s proven role in decreasing 

myocardial inflammatory leukocyte infiltration and subsequent scarring as noted in 

mouse models of myocardial ischemia (De Meyer et al., 2012; Savchenko et al., 2014). 

In human umbilical vein endothelial cells treated with cytokines to quantify ULvWF 

release, IL-6 (but not TNF-α), was found to inhibit ADAMTS13’s cleaving effect on 

ULvWF (Bernardo et al., 2004); if IL-6 has this effect in vivo, it could potentiate 

thrombosis by allowing increased amounts of ULvWF to remain available. Meanwhile, 

IL-6 does not appear to influence ADAMTS13 mRNA transcription based on human liver 

cell culture (Claus et al., 2005). In veterinary medicine, the role of ADAMTS13 in feline 

cardiac diseases has not been investigated. 

 

1.3.1.3 Platelet activating factor 

Platelet activating factor is a phospholipid produced by inflammatory cells (i.e. 

macrophages, neutrophils, eosinophils, and basophils), platelets, endothelial cells 

(Montrucchio et al., 2000), and some organ-specific cells, such as cardiomyocytes 

(Janero and Burghardt, 1990). Cultured human endothelial cells produce PAF after 

stimulation by inflammatory mediators (Whatley et al., 1987), such as TNF-α (Kuijpers 

et al., 1992; Bussolino and Camussi, 1995). Platelet activating factor subsequently acts 

as an autocrine factor to promote ß1-integrin mediated (Werr et al., 1992) monocyte 

and neutrophil adhesion and diapedesis (Kuijpers et al., 1992) as well as PAF-induced 

permeability of endothelial cell junctions (Bussolino et al., 1987). 

Platelet activating factor has limited investigations in the context of HCM. A study 

of human non-familial HCM patients found greater prevalence of a mutation in PAF-

acetyldehydrolase, an enzyme that hydrolyzes PAF and thus protects against oxidative 
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stress, than in healthy controls (Yamada et al., 2001). Hypertrophic cardiomyopathy 

individuals with the mutation, and thus less hydrolyzation of PAF, had increased 

myocardial interstitial fibrosis and worse cardiac function on echocardiography 

compared to those without the mutation. From this study, PAF was hypothesized to 

exacerbate HCM in those individuals. 

Platelet activating factor contributes to thrombogenesis by inducing platelet 

conformational change and release of granule contents under stimulation from 

inflammatory pathways as seen in laboratory studies of human and animal tissues 

(Marcus et al., 1981; Hallam et al., 1984; Cattaeo et al., 1985). In cats, there are no 

studies on PAF as it relates to clinical cardiac disease. 

 

1.3.2 Endothelial activation 

Endothelial activation is likely involved in LA thrombus formation in cats with 

HCM (Fuentes et al., 2012). Left atrial stretch and inflammation are suspected to 

activate endothelial cells with an upregulation of adhesion molecules and cellular 

receptors that might contribute to atrial thrombus formation (Ciaramella et al., 2006; 

Kapur et al., 2007).  

 

1.3.2.1 E- and P-selectin 

Selectins are within a family of molecules called cell adhesion molecules (CAMs) 

(Anker and von Haehling, 2004). As single-chain transmembrane glycoproteins, they act 

as cell surface receptors that bind cells to each other or to endothelial ECM. Selectins 

are divided functionally into three subsets: E-selectin (expressed on endothelial cells), 
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P-selectins (stored in and expressed on platelets and endothelial cells), and L-selectins 

(expressed on leukocytes) (Cheung et al., 2011). 

P- and E- selectins have related roles in promoting diapedesis of inflammatory 

cells from circulation. When stimulated by inflammatory cytokines, such as TNF-α 

(Leeuwenberg et al., 1992), P-selectins migrate to the cell surface and create weak 

connections between circulating cells (neutrophils, eosinophils, and platelets) and 

activated endothelial cells to create a “rolling” motion of cells along the endothelium. P-

selectin is readily available for this function because it is constitutively synthesized and 

stored (along with vWF) in Weibel-Palade bodies of endothelial cells and in alpha 

granules of platelets (Merten and Thiagarajan, 2000). In contrast, E-selectin synthesis 

requires stimulation by inflammatory cytokines (McMichael et al., 2004a) and the 

presence of P-selectin before it is available to contribute to diapedesis (Jennette and 

Falk, 2008). Once formed, E-selectin moves to the cell surface to create stronger bonds 

between circulating inflammatory cells and the endothelial ECM to facilitate leukocyte 

extravasation (Lehr et al., 1994; Harlan and Winn, 2002). This is also the mechanism for 

platelet adhesion by which P- and E- selectin promote thrombus formation (Furie and 

Furie, 1997). 

Based on elevated circulating levels of both P- and E-selectin in patients with 

CHF from dilated cardiomyopathy (DCM) or coronary artery disease (CAD) 

(Andreassen et al., 1998), selectins are thought to be part of the inflammatory and 

immune system activation that is seen in humans with CHF (Mann and Young, 1994; 

Deveaux et al., 1997). Meantime, for humans with HCM, increased shear forces on the 
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endocardium, particularly in HOCM (Dimitrow et al., 2008), appear to stimulate P-

selectin and platelet activity (Icli et al., 2014).  

Based on this knowledge of selectin activation in humans, a study of cats with 

severe LV hypertrophy (defined as >7 mm) with and without LA dilation showed higher 

P-selectin expression on platelet membranes than were seen in control cats, as 

assessed by flow cytometry (Tablin et al., 2014). This was observed not only in platelets 

stimulated by adenosine triphosphate (an agonist for platelet activation), but also in 

unstimulated platelets, suggesting a resting pro-thrombotic state for these cats. Studies 

of myocardial gene expression levels of E- and P-selectin in feline HCM and atrial 

thrombus formation have not been carried out.  

 

1.3.2.2 Intercellular and vascular adhesion molecules 

Intercellular adhesion molecule 1 (ICAM-1) and vascular adhesion molecule 1 

(VCAM-1) are members of the immunoglobulin superfamily comprised of cell surface 

and soluble proteins involved in cell binding. Both function as CAMs (Cross and Bury, 

2003), with ICAM-1 also playing a role in signal transduction in inflammatory pathways 

(Etienne-Manneville et al., 1999). 

Intercellular adhesion molecule-1 is constitutively expressed on leucocytes and 

endothelial cell membranes, as well as on cardiomyocytes, fibroblasts, smooth muscle 

cells, keratinocytes, and epithelial cells (Roebuck et al., 1999). Its cell surface 

expression is increased by inflammatory cytokines, such as IL-1ß and TNF-α (Diesher 

et al., 1993; Roebuck et al., 1999) and thus ICAM-1 promotes inflammatory cell 

extravasation (Amin, 1990; van de Stolpe, 1996; Hubbard and Rothlein, 2000). 
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  Intercellular adhesion molecule 1 and VCAM-1 have been investigated in regard 

to myocardial functions because of the association of myocardial leukocyte infiltration 

with multiple forms of cardiac disease both in laboratory animals (Seko et al., 1993; 

Graciano et al., 2001) and humans (Ino et al., 1997). For example, ICAM-1 expression 

is induced by pressure overload in rats with aortic banding, a model commonly used in 

HCM research. From this model, inhibition of ICAM-1 via neutralizing antibodies was 

shown to reduce monocyte infiltration and cardiac fibrosis (Kuwahara et al., 2004). 

Increased expression levels of myocardial ICAM-1 mRNA have also been reported in 

canine (Kukielka et al., 1995; Hawkins et al., 1996) and feline (Ma et al., 1992) models 

of acute myocardial infarction, and from dogs with primary DCM (Gasperini et al., 2020). 

In humans with heart failure (HF) due to ischemic, dilated, and hypertensive etiologies, 

elevated circulating ICAM-1 levels are associated with greater disease severity and 

shorter survival (Tsutamoto et al., 1995).  

For VCAM-1, higher circulating levels were found in HF than in non-HF patients 

(Andreassen et al., 1998). In humans with AF, endocardial VCAM-1 protein expression, 

along with other prothrombotic and inflammatory markers, is higher in the LAu than the 

right auricular appendage (Breitenstein, 2015) suggesting an involvement in atrial 

thrombus formation since thrombi more commonly form in the LAu than in the right 

auricular appendage (Manning et al., 1995; Shinoda et al., 2016). Studies of ICAM-1 

and VCAM-1 are absent in naturally occurring feline cardiac disease. 

 

1.3.2.3 Beta-2 integrin 

Integrins are transmembrane glycoproteins which contribute to the body’s 

inflammatory response by acting as binding sites between the ECM and cell 
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membranes of leukocytes and endothelial cells (Anker and von Haehling, 2004). These 

connections create a conduit between the ECM and the intracellular cytoskeleton that 

allows for mechanical and mediator-based cell-to-cell signaling, thereby influencing 

cellular functions such as apoptosis and proliferation (Pardo et al., 1983; Alenghat and 

Ingber, 2002; Cross and Bury, 2003; Brancaccio et al., 2006). Integrins’ other key role is 

to support thrombosis through binding of fibrinogen as part of platelet aggregation 

(Kuppuswamy et al., 1997; Cross and Bury, 2003). 

Integrins consist of  and  subunits. There are 18 α subunits and eight  

subunits that selectively combine to form 24 integrin heterodimers, several of which 

have overlapping functions (Bledzka et al., 2019). Of the families of integrins found in 

the heart, most research has focused on ß1-, ß2-, and ß3-integrin. Specifically, ß2-

integrins are restricted to leukocytes where they can be identified via their alpha-D 

subunit (Arnaout, 1990; Wong et al., 1996). When leukocytes are activated by 

inflammatory mediators, ß2-integrins are triggered to cluster on the leukocyte’s cell 

membrane and form adhesions with ICAM-1 located on vascular endothelial cells 

(Hubbard and Rothlein, 2000). This allows leukocyte migration along the endothelium, 

thereby contributing to inflammatory cell infiltration and a fibrotic response to cardiac 

injury such as seen in response to myocardial infarctions and to pressure overload 

(Weber et al., 2013; Chen et al., 2016). Beta-2 integrin has not been investigated in 

feline HCM. 

 

1.3.2.4 Vascular endothelial growth factor 

Vascular endothelial growth factor (VEGF) is a signaling protein whose role is to 

promote angiogenesis by activating endothelial cells (Ferrara and Davis-Smyth, 1997; 
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Yla-Herttuala et al., 2007) and to increase vascular permeability through the release of 

nitric oxide (Murohara et al., 1998; Dvorak et al., 1999). Vascular endothelial growth 

factor is constitutively expressed in cardiomyocytes and myofibroblasts (Maharaj et al., 

2006), and induced in cardiomyocytes and platelets under inflammatory conditions. 

When produced by platelets, VEGF’s role is to promote angiogenesis (Mohle et al., 

1997). 

Cardiomyocytes increase VEGF expression when they are exposed to 

mechanical stretch (Seko et al., 1999) or after stimulation by inflammatory and fibrotic 

cytokines and growth factors (Ferrara, 2004), such as TGF-ß (Li et al., 1997). Left 

ventricular cell cultures from mouse models of aortic banding show that hypertrophic 

remodeling triggers VEGF synthesis and release which promotes angiogenesis through 

paracrine signaling (Shen et al., 2018). Angiogenesis is a compensatory mechanism to 

maintain myocardial blood supply for oxygen and nutrient delivery to the hypertrophied 

muscle (Shiojima et al., 2005). This is seen in cats with HCM where new vessel 

formation has been observed in ventricular tissue (Kitz et al., 2019). In humans with 

HCM, there is a positive association between circulating VEGF and increasing LA 

diameter, increasing LV mass index, and decreasing LV systolic function on 

echocardiographic assessment (Pudil et al., 2015). The only feline clinical study of 

VEGF to date is from Bijsmans et al. (2017) where circulating VEGF was not found to 

be useful in diagnosing subclinical hypertension. 
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1.3.3 Inflammation 

In human medicine, inflammatory system activation is well-accepted as a 

contributor to cardiac disease progression (Fang et al., 2017) and heart failure (Tham et 

al., 2015). In particular, the role of inflammatory mediators TNF-α, IL-6, and MCP-1 has 

been intensely researched (Baumann and Gauldie, 1994; Paltrinieri, 2008). In cats with 

cardiomyopathies and CHF, circulating TNF-α levels are elevated relative to healthy 

controls (Meurs et al., 2002) and acute phase proteins (serum amyloid A and 

ceruloplasmin) are elevated relative to cats with preclinical HCM (Liu et al., 2020), 

indicating an inflammatory process. 

 

1.3.3.1 Tumor necrosis factor alpha  

Tumor necrosis factor alpha is a cell signaling transmembrane protein and 

member of the TNF superfamily. Its main role is as an acute phase protein where it 

modulates the transcription of other inflammatory cytokines, such as IL-6, remodeling 

enzymes, and cell adhesion molecules including E-selectin, VCAM-1, and ICAM-1 

(Ikeda et al., 1995; Schmidt et al., 2006). Tumor necrosis factor alpha is one of the most 

researched inflammatory cytokines in cardiac diseases (Torre-Amione et al., 1999; 

Bolger and Anker, 2000; von Haehling et al., 2004) where it contributes to the 

maladaptive response after myocardial infarction (Schulz et al., 2004; Zhang et al., 

2006) and CHF progression in part by reducing contractility through myocardial fibrosis 

(Yokoyama et al., 1993; Krown et al., 1995). The latter is supported by a positive 

association of circulating TNF-α levels with degree of myocardial fibrosis on contrast-

enhanced magnetic resonance imaging in HCM patients (Kuusisto et al., 2012). 
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In human HCM patients, both circulating levels and myocardial protein 

expression of TNF-α have been reported to be elevated compared to healthy subjects 

(Matsumori et al., 1994; Nagueh et al., 2001; Zen et al., 2005), although other studies 

have found only a trend upwards (Kuusisto et al., 2012) or even normal circulating 

levels (Hogye et al., 2004), potentially reflecting different stages of disease and the 

diverse role of TNF-α. In veterinary patients with cardiac disease, investigations into 

TNF-α myocardial gene expression in dogs have shown higher TNF-α mRNA 

concentrations in those with cardiac disease compared to those with systemic diseases 

(Fonfara et al., 2013a). Interestingly, in dogs with CHF caused by various cardiac 

conditions, circulating TNF-α mRNA concentrations were found to be lower than in 

healthy control dogs (Fonfara et al., 2012) which may further suggest fluctuations in 

TNF-α over the course of disease or may represent differences in myocardial gene 

expression and circulating levels. 

Tumor necrosis factor-α has been shown via cell cultures to upregulate 

coagulation in several ways. For one, it stimulates ULvWF release in human umbilical 

vein endothelial cells (Bernardo et al., 2004) and can directly trigger human platelet 

activity (Renesto and Chignard, 1991; Manfredi et al., 2016). It also drives the 

expression of tissue factor, which promotes coagulation (Guyton and Hall, 2010) and 

inhibits that of thrombomodulin and endothelial cell protein C receptor, both of which 

normally inhibit coagulation in bovine (Conway and Rosenberg, 1988) and human 

(Fukudome and Esmon, 1994) endothelial cells, resulting in an overall pro-coagulatory 

effect. 
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Human patients with AF demonstrate elevated levels of TNF-α in circulation, and 

increased TNF-α mRNA and protein in the left atrium relative to those without AF. 

Additionally, each of these forms of TNF-α correlate positively with LA size (Deng et al., 

2011). Given that humans with AF are at risk of atrial thrombus development and given 

the association between TNF-α and coagulation, it is possible that TNF-α could also be 

involved in LA thrombus formation in HCM cats. 

From a previous study in cats without cardiac disease, our research team found 

constitutive myocardial gene expression of TNF-α with higher atrial than ventricular 

mRNA concentrations (Fonfara et al., 2015). In pathologic hearts, we found cats with 

HCM had higher TNF-α mRNA concentrations than cats without HCM (Kitz et al., 2019). 

These findings suggest that TNF-α could play a role in feline HCM. 

 

1.3.3.2 Interleukin 6  

Interleukin 6 is one of the most important inflammatory cytokines, acting in both 

stimulatory and inhibitory pathways for immune and inflammatory responses (Anker and 

von Haehling, 2004). 

In cardiac muscle, the role of IL-6 can be considered in a time-dependent 

manner: in acute settings it provides a reparative inflammatory response, whereas with 

chronic elevation, its action can lead to harmful inflammation and fibrosis (Fontes et al., 

2015). This is best illustrated by CAD: after an acute injury, IL-6 is secreted from 

myocardial macrophages and creates an inflammatory response through the nuclear 

factor kappa-light-chain-enhancer or activated B cells signaling pathway (Brandt and 

Pedersen, 2010) that successfully limits infarct size (Gwechenberger et al., 1999). If this 

period is followed by chronic cytokine stimulation, such as many post-infarctions and 
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with HF progression (Anker and von Haehling, 2004; Moro-Garcia et al., 2014), IL-6’s 

long-term effects are to increase fibroblast proliferation with higher collagen and 

glycosaminoglycan production (Duncan and Berman, 1991; Fredj et al., 2005). This can 

create myocardial fibrosis and harmful cardiac remodeling (Simpson et al., 1997), 

thereby impairing cardiac function (Seta et al., 1996). 

Pathological myocyte hypertrophy has been linked to IL-6 signaling in mice 

(Hirota et al., 1995; Wollert et al., 1996; Wollert and Chien, 1997) and rat (Lopez et al., 

2006) models of LV hypertrophy. In humans with hypertension, circulating cardiotrophin-

1, a member of the IL-6 superfamily (Pennica et al., 1995; Pennica et al., 1996), 

associates with severity of LV hypertrophy in (Lopez et al., 2007). In humans with HCM, 

elevated circulating IL-6 concentrations are thought to contribute to myocardial fibrosis 

(Hogye et al., 2004; Zen et al., 2005; Kuusisto et al., 2012) and yet do not appear to 

correlate with LV function (Hogye et al., 2004; Kuusisto et al., 2012), LV thickness, or 

degree of myocardial fibrosis (Kuusisto et al., 2012). In dogs, increased myocardial IL-6 

gene expression was associated with cardiac disease (including DCM, degenerative 

valvular disease, arrhythmogenic cardiomyopathy, myocarditis, or refractory ventricular 

tachycardia) relative to systemic disease (Fonfara et al., 2013a), although circulating IL-

6 mRNA concentrations did not differ between dogs with CHF and healthy dogs 

(Fonfara et al., 2012).  

In human umbilical vein endothelial cell culture, IL-6 has been observed to act in 

a prothrombotic manner: it can induce ULvWF release from endothelial cells and inhibit 

cleavage of ULvWF by ADAMTS13 (Bernardo et al., 2004). Studies in human medicine 
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for a connection between IL-6 and cardiac-driven thromboembolic disease are limited to 

CAD and atherosclerotic plaque emboli (Bacchiega et al., 2017).  

In cats without cardiac disease, we found IL-6 to be constitutively expressed in 

myocardial tissue with higher atrial than ventricular mRNA concentrations (Fonfara et 

al., 2015). Interleukin 6 mRNA concentrations were also higher in male than female 

cats, and in younger than in older cats, suggesting differences in myocardial 

inflammatory reactivity depending on sex and age. Finally, cats with HCM exhibited 

higher IL-6 mRNA concentrations than those without HCM (Kitz et al., 2019). These 

results suggest that IL-6 might be involved in both physiological and HCM-associated 

remodeling processes.  

 

1.3.3.3 Monocyte chemoattractant protein 1 

Monocyte chemoattractant protein 1 (also known as C-C motif chemokine ligand 

2) exists within the chemokine family of cytokines (Deshmane et al., 2009). Monocyte 

chemoattractant protein 1 arises primarily from monocytes, macrophages and dendritic 

cells but is also produced by endothelial cells (Yoshimura et al., 1989a,b), osteoclasts 

and osteoblasts (Kim et al., 2005) and nervous systems neurons, astrocytes, and 

microglia (Banisadr et al., 2002). These cells show both constitutive production of MCP-

1 as well as MCP-1 induction by oxidative stress, cytokines, or growth factors 

(Deshmane et al., 2009). 

In the heart, as throughout the rest of the body, the role of MCP-1 is to recruit 

monocytes, memory T cells, and natural killer cells to sites of inflammation (Nahrendorf 

et al., 2007; Deshmane et al., 2009). Monocyte chemoattractant protein 1’s secretion of 

matrix degrading proteases, along with induction of reactive oxygen and nitrogen 
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species, leads to cardiomyocyte autophagy and apoptosis (Younce and Kolattukidy, 

2010). It further contributes to remodeling due to stimulation of fibroblast activity and 

collagen production. As such, uncontrolled MCP-1 production can result in an 

exaggerated inflammatory response and adverse remodeling (Frangogiannis, 2007). 

In humans with HCM, circulating MCP-1 levels are elevated compared to healthy 

controls (Iwasaki et al., 2009; Fang et al., 2017) and associate with LV wall thickness (Li 

et al., 2012). Patients with HCM and systolic dysfunction showed higher MCP-1 levels 

than those without systolic dysfunction (Iwasaki et al., 2009), and the monocytes of 

patients with CHF release more MCP-1 than monocytes from healthy controls in vitro 

(Aukrust et al., 1998). Finally, circulating MCP-1 levels in patients with HCM correlate 

with both regional and diffuse fibrosis, suggesting that MCP-1 may be associated with 

increased ventricular stiffness (Fang et al., 2017). 

A connection between thrombosis and MCP-1 has not been studied in-depth 

although cell cultures of human aortic smooth muscle cells suggest that MCP-1 can 

induce an autocrine coagulation pathway through activation of tissue factor in damaged 

smooth muscle cells or local macrophages, thereby promoting thrombosis (Schecter et 

al., 1997). There are no studies of MCP-1 in feline cardiomyopathies or in relation to 

thrombosis. 

 

1.3.3.4 Heat shock protein 70 

Heat shock protein 70 (Hsp70) is a 70 kilodalton member of the stress-induced 

heat shock protein (Hsp) family, acting as a functional, activating chaperone for cellular 

proteins during their translocation, folding, maturation, and degradation (Feder and 

Hofmann, 1999; Hartl et al., 2011). Heat shock proteins, including Hsp70, are 
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constitutively expressed and upregulated during oxidative, thermal, or mechanical 

stress to protect cells and proteins (Grunenfelder et al., 2001; Dybdahl et al., 2002). 

Throughout the body, Hsps accomplish their protective role in several ways (Latchman, 

2001; Young et al., 2004). One mechanism is inhibition of cellular apoptosis (Beere et 

al., 2000). Another is binding to proteins during synthesis to prevent the proteins from 

being destroyed as they are forming and not yet recognized by the body (Young et al., 

2004). Finally, Hsps facilitate membrane crossing of functional proteins (Young et al., 

2004) and remove damaged proteins by directing them to proteolytic pathways (Luders 

et al., 2000). 

Research into Hsps in cardiac protection supports a role for Hsp70 in acute 

myocardial injury (Ranek et al., 2018). Increased Hsp70 mRNA expression is seen with 

mechanical stretching of perfused rabbit hearts (Knowlton et al., 1991). This increased 

expression may occur to regulate misfolded proteins (Wang et al., 2008; Willis and 

Patterson, 2010) as is thought to be one mechanism behind the association of elevated 

myocardial Hsp70 levels with reduced infarct size and improved recovery in animal 

models of myocardial ischemia (Donnelly et al., 1992; Marber et al., 1993; Currie et al., 

1993). As for chronic mechanical stressors seen in HCM, there are conflicting reports 

(Ranek et al., 2018). In rats, one study noted increased atrial Hsp70 gene expression in 

response to LV pressure-overload via aortic banding but did not assess for any 

functional alterations (Min et al., 2015). A similar mouse model showed protection 

against myocardial hypertrophy and dysfunction on echocardiography, but also 

promotion of fibrosis on histologic ventricular samples, each through different signaling 

Hsp70 pathways (Cai et al., 2010). As discussed earlier, feline HCM may be partially 
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driven by a combination of acute and chronic ischemic events in response to chronic 

cardiac hypertrophy and remodeling, and so it would be interesting to study Hsp70 and 

determine its role under specific clinical conditions. Unfortunately, there is little 

information on Hsp70 in clinical human studies of HCM from which to garner 

expectations (Kostera-Pruszczyk et al. 2015). 

In humans with HF from arrhythmogenic right ventricular cardiomyopathy (Wei et 

al., 2009), DCM, or CAD (Barrans et al., 2002; Wei et al., 2009; Genth-Zotz et al., 

2004), myocardial Hsp70 protein levels are increased compared to patients without HF; 

whether they are functioning in a protective role is unclear. The protective success of 

Hsp70 may relate to a difference in acute versus chronic stress: Bernardo et al. (2016) 

has suggested that Hsp70 may not be consistently protective in chronic cardiac stress 

due to Hsp70’s functional reliance on co-chaperones (de Jong et al., 2009; Willis and 

Patterson, 2010). This speculation has yet to be evaluated in long-term laboratory or 

clinical scenarios but is supported by a study in MYBPC3 mutated rats that 

hypothesized their observed failure of Hsp70 as a chaperone occurred because Hsp70 

could not bind to abnormally formed MYBPC3 proteins (Glazier et al., 2015). 

In regard to atrial thrombus formation, a mouse model of LV pressure-overload 

found no evidence that Hsp70 conveyed protection against the development of an atrial 

thrombus (Weeks et al., 2012). However, carotid arteries studied from rats that had 

been immersed in hot water baths then subjected to chemical thrombus-induction 

showed a lower risk of vascular thrombosis; this protection was attributed in part to an 

observed upregulation of Hsp70 protein expression (Li et al., 2012), as well as 

supporting an earlier study that suggested heat induces a cell-specific expression in 
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blood vessels of Hsp70 but not in myocytes or cardiac neurons (Leger et al., 2000). For 

humans at risk of atrial thrombus formation, Hsp70’s protective properties have been 

demonstrated in CAD (Zhu et al., 2003) and AF (Allende et al., 2016). In the former, 

higher Hsp70 circulating levels were associated with a lower risk of CAD and with lower 

severity of CAD disease (Zhu et al., 2003). In the latter, increased circulating Hsp70 

levels were found to be associated with reduced cardio-embolic risk in AF patients 

(Allende et al., 2016). These findings suggest that Hsp70 could be providing protection 

against arterial wall disease or thrombus formation. 

In cats, Hsp70’s protective role has been demonstrated in cultured esophageal 

epithelial cells where induction of Hsp70 expression after iatrogenic damage conveyed 

down-regulation of damaging reactive oxygen species (Kim et al., 2018). No studies 

examining a connection between Hsp70 and cardiac disease in cats have been 

performed. 

 

1.3.4 Remodeling 

The ECM is highly relevant for cardiac structure and function. It is a complex 

structure of matrix protein fibers in which cardiac myocytes, fibroblasts, leukocytes, and 

cardiac vascular cells reside (Graham et al., 2008). Cardiac remodeling in response to 

mechanical or hormonal changes is regulated by enzymes that degrade the ECM 

(MMPs) or inhibit its degradation (TIMPs) (Spinale et al., 2002). In cardiac diseases, 

such as HCM, there is an imbalance of ECM degradation and production which results 

in structural cardiac changes (Graham et al., 2008).  
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1.3.4.1 Matrix metalloproteinase 13 

The matrix metalloproteinases are a family of zinc-dependent enzymes which 

play a central role in physiologic and pathological remodeling of several tissues, 

including the heart (Spinale et al., 2002; Graham et al., 2008), via their proteolytic 

activity (Woessner, 1998). Within the 28 MMPs reported so far, there are several 

groupings such as the gelatinases, stromelysins, membrane type MMPs, and 

collagenases (Lijnen et al., 1999). 

A member of the collagenases, matrix metalloproteinase 13 (MMP13), also 

known as collagenase-3, is constitutively expressed in low levels in the normal 

myocardium (Spinale et al., 2000) and upregulated in inflammation (Sukhova et al., 

1999). It is released from myocardial macrophages (Fallowfield et al., 2007) and 

fibroblasts that are stimulated by inflammatory cytokines, such as IL-1ß and TNF-α 

(Siwik et al., 2000). Once released, MMP13 is activated by MMP2 (Knauper and 

Murphy, 1998) to degrade fibrillar collagens, particularly collagen I and III (Ries and 

Petrides, 1995; Spinale et al., 2002) as part of ongoing remodeling (Howes et al., 2015). 

In humans with HCM, the source of MMP13 is speculated to be the increased 

population of interstitial macrophages seen in HCM (Porter et al., 2004; Baudino et al., 

2006; Soehnlein and Lindbom, 2010). Another potential source of MMP13 may be 

cardiomyocytes as seen in mouse models of ischemic injury (Alfonso-Juame et al., 

2006). On myocardial histology, we noted increased interstitial macrophages in cats 

with HCM, as well as changes that suggest hypoxia may be one potential trigger of 

disease-associated remodeling processes (Kitz et al., 2019). 

Matrix metalloproteinase 13 has been studied in other cardiovascular conditions, 

such as DCM (Spinale et al., 2000) and CAD (Howes et al., 2015). Specifically, 
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increased circulating MMP13 levels were found in CHF patients with both ischemic and 

non-ischemic DCM (Spinale et al., 2000). However, in dogs with naturally occurring 

disease, no difference in myocardial MMP13 gene expression was found between dogs 

with DCM, other cardiac conditions, and systemic diseases (Fonfara et al., 2013b).  

Regarding hemostasis, a mouse model of atherosclerotic plaques suggested that 

MMP13 can promote platelet reactivity (Howes et al., 2015) which may suggest a pro-

thrombotic tendency, but no studies have investigated the thrombotic potential of 

MMP13 in cats. 

An immunohistochemistry study of the LV from HCM cats has noted an 

upregulation of MMP2 relative to normal cats; levels of MMP9 and MMP14 remained 

unchanged (Aupperle et al., 2011). Matrix metalloproteinases 13 was not investigated. 

Relatedly, investigating myocardial MMPs via quantitative polymerase chain reaction 

(PCR) identified several MMPs to be constitutively transcribed in cats without HCM; sex 

and regional differences were noted with higher mRNA concentrations in male than 

female cats, and higher atrial than ventricular levels in both sexes (Fonfara et al., 2015). 

In cats with HCM, ventricular MMP13 gene expression was elevated in comparison to 

cats without cardiac diseases (Kitz et al., 2019). These results suggest that this enzyme 

might be of relevance in the remodeling process in feline HCM. 

 

1.3.4.2 Tissue inhibitor of matrix metalloproteinase 2 

Along with the MMPs, four tissue inhibitors of MMPs (TIMPs) exist that are 

crucial for the balance of constitutive and induced ECM remodeling (Spinale and 

Villarreal, 2014; Hulsmans et al., 2016). Tissue inhibitors of MMPs contribute to 

myocardial repair through inhibition of MMPs and by promoting fibroblast proliferation 
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and differentiation, leading to fibrosis in pathologic states (Lovelock et al., 2005; 

Vanhoutte and Heymans, 2010). 

Tissue inhibitor of MMP2 can promote fibrosis through inhibition of MMPs’ 

contribution to ECM turnover. However, TIMP2 is also crucial in MMP-2 activation to 

facilitate MMP2’s collagenase activity, thereby reducing fibrosis (Kandalam et al., 2010). 

Because of these opposing functions, TIMP2 can display a more modest or even 

negative effect on fibroblast growth and proliferation compared to other TIMPs 

(Lovelock et al., 2005; Nagase et al., 2006; Moore and Crocker, 2012) and its in vivo 

actions can be difficult to predict (Kandalam et al., 2010). For example, a knock-out 

mouse model of angiogensin II-induced myocardial hypertrophy showed that collagen 

deposition, i.e. fibrosis, was reduced in TIMP2-/- compared to wildtype mice (Fan et al., 

2014). This may suggest that it is the loss of TIMP2’s inhibition of MMP-2 that reduces 

fibrosis in this laboratory setting; interestingly, this study also found that TIMP2-/- mice 

demonstrated exacerbated cardiomyocyte hypertrophy compared to wildtype mice, and 

this hypertrophy was thought to contribute to the diastolic dysfunction observed. 

Another effect of TIMP2 is physiologic antagonism of intracellular VEGF signaling (Seo 

et al., 2003; Stetler-Stevenson, 2008) through TIMP2’s inhibition of MMPs which 

subsequently inhibits VEFG and with this, impairs angiogenesis.  

In cats without cardiac disease, TIMP2 mRNA and protein are constitutively 

found in the myocardium (Aupperle et al., 2011; Fonfara et al., 2015). Furthermore, 

TIMP2 mRNA levels are higher in male than female cats, and higher in atrial than 

ventricular tissue from cats without cardiac disease (Fonfara et al., 2015). In ventricular 

samples from cats with HCM, TIMP2 mRNA expression was negatively correlated with 
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increasing age, but overall did not differ from levels seen in cats without cardiac disease 

(Kitz et al., 2019). On immunohistochemistry however, TIMP2 appeared to be 

downregulated in cats with myocardial fibrosis compared to those without myocardial 

fibrosis (Aupperle et al., 2011). 

 

1.3.4.3 Myocyte-specific enhancer factor 2C 

Myocyte-specific enhancer factor 2C (MEF2C), a protein within the MEF2 family 

of myogenic transcription factors, plays a prominent role in both physiologic and 

pathologic cardiac hypertrophy and remodeling (Kolodziejczyk et al., 1999; van Oort et 

al., 2006; Xu et al., 2006). A lack of MEF2C attenuates myocardial hypertrophy, both 

physiologic and pathologic, as shown in cultured cardiomyocytes from transgenic mice 

(Kolodziejczyk et al., 1999). Similar experiments have shown that an overexpression of 

MEF2C causes sarcomeric disorganization through ECM remodeling (Xu et al., 2006). 

In MEF2C knock-out mouse models, the hypertrophic and fibrotic response to either 

pressure- or volume-overload is attenuated (Molkentin and Markham, 1993; Pereira et 

al., 2009). Additionally, MEF2C inhibition by specific microRNA causes a reduction in 

angiotensin II induced hypertrophy in mice (Tang et al., 2016) suggesting an 

involvement of MEF2C in myocardial fibrosis and hypertrophy. Studies into the potential 

role of MEFC in feline cardiac disease have not been carried out to date. 

 

1.3.5 Summary of Literature Review 

From this review of available literature addressing feline HCM and atrial 

thrombus formation, we suspect that myocardial genes involved in coagulation, 
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endothelial activation, inflammation, and remodelling are part of the disease process. 

So far, cardiomyopathic CHF in cats is associated with activation of the inflammatory 

system, as seen through increased circulating TNF-α concentrations (Meurs et al., 

2002; Liu et al., 2020). Age and sex appear to influence gene expression of cytokines 

and remodeling enzymes (Fonfara et al., 2015), and in cats with HCM, cardiomyocyte- 

and macrophage-driven inflammatory and fibrotic remodeling is suspected (Kitz et al., 

2019). Even less is known about coagulation and endothelial activation in feline HCM 

and what association gene expression in such pathways may have with LA thrombus 

formation. Human studies suggest that inflammation and atrial fibrosis also contribute to 

atrial thrombus development. Because LA thrombi in cats with HCM are associated with 

increased LA size, these thrombi presumably form in part due to local changes, such as 

in relation to LA stretch that could activate endothelial cells through upregulation of 

adhesion molecules and cellular receptors (Ciaramella et al., 2006; Kapur et al., 2007; 

Fuentes et al., 2012). Thrombi may also be caused by systemic hypercoagulability 

based on increased in vitro platelet aggregation (Helenski and Ross, 1987) and reduced 

antithrombin activity (Bedard et al., 2007) in cats with HCM. The role of inflammation 

and myocardial remodelling in HCM is not known, and no studies have examined 

myocardial gene expression in regard to LA thrombus formation secondary to HCM in 

cats. 

Based on the literature and our previous studies, we know that inflammation and 

myocardial remodelling are involved in feline HCM, while endothelial activation and 

coagulation are suspected to be of relevance for LA thrombus formation. We therefore 

selected factors related to these processes and examined their gene expression in 
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hearts from cats with HCM, including individuals with and without an LA thrombus, in 

comparison to young and adult cats without cardiac disease. 
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Figure 1: Simplified illustration of selected factors involved in coagulation, inflammation, endothelial activation, and 

remodeling within the myocardium and the cardiac endothelium. 
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Figure 2: Simplified overview of the coagulation cascade emphasizing the role of factors 

of interest in this study. 
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Chapter 2 - Myocardial gene expression of factors of coagulation, 
inflammation, endothelial activation, and remodeling in cats with 

hypertrophic cardiomyopathy 

 

2.1 Objectives and hypotheses 

2.1.1 Objectives 

1) Compare myocardial gene expression for factors of inflammation, remodeling, 

coagulation, and endothelial activation in LA and LV samples between healthy 

young cats, adult cats, and cats with HCM. 

2) Compare LA with LV myocardial gene expression within healthy young cats, 

within adult cats, and within cats with HCM. 

3) Compare myocardial gene expression between cats with HCM with and without 

LA thrombus. 

 

2.1.2 Hypotheses 

1) Young healthy cats exhibit lower LA and LV myocardial gene expression for 

factors of inflammation, remodeling, coagulation, and endothelial activation than 

adult cats without cardiac disease. 

2) Cats with HCM exhibit higher LA and LV myocardial gene expression for factors 

of inflammation, remodeling, coagulation, and endothelial activation than adult 

cats without cardiac disease. 

3) Left atrial gene expression for factors of inflammation, remodeling, coagulation, 

and endothelial activation is higher than LV expression in healthy young cats, 

adult cats, and cats with HCM. 
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4) In cats with HCM, LA gene expression for factors of inflammation, remodeling, 

coagulation, and endothelial activation is higher in cats with an LA thrombus than 

cats without an LA thrombus. 

5) In cats with HCM, LV gene expression for factors of inflammation and remodeling 

is higher in cats with an LA thrombus in comparison to cats without an LA 

thrombus. 
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2.2 Materials and Methods 

2.2.1 Myocardial tissue samples 

The study included myocardial samples from cats with and without HCM. 

Samples from cats with HCM had been collected for a previous study (Kitz et al., 2019). 

These cats had been patients of the cardiology service at the Small Animal Referral 

Hospital, Langford Vets, University of Bristol and at a referral center in the United 

Kingdom between 2013-2016. Hypertrophic cardiomyopathy was diagnosed on 

echocardiography prior to death by a specialist in veterinary cardiology when 2-

dimensional LV or interventricular wall measurements exceeded 6 mm (Fox et al., 

1995); the diagnosis was confirmed on post-mortem examination by a specialist in 

veterinary pathology. Gross examination showed LA dilation, focal or diffuse concentric 

hypertrophy of the LV walls; histologic findings consistent with idiopathic HCM such as 

fibrosis, myocyte disarray, collagen deposition and no other infiltrative disease; and no 

confounding systemic diseases that could have induced these cardiac changes 

secondarily (Fox, 2003; Kitz et al., 2019). All cats had end-stage cardiac disease, were 

in CHF, and were euthanized at the owner’s discretion because of poor prognosis. 

Informed written consent for study inclusion was obtained from all owners after the 

decision to euthanize was made. Exclusion criteria for the study was cardiac disease 

other than HCM. 

Hearts from cats without cardiac disease were donated from a humane society 

and a commercial laboratory between 2016-2019. All cats were euthanized for reasons 

unrelated to the study. The cats from the humane society were feral cats that could not 

be rehomed. These cats were considered healthy based on physical examinations, if 
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possible, prior to euthanasia. Gross pathology of the heart obtained by a specialist in 

veterinary cardiology confirmed absence of cardiac disease, and post-mortem 

examination of the carcasses carried out under supervision of a board-certified 

veterinary pathologist found no macroscopic evidence of systemic disease. 

Histopathology was obtained for the heart only so that absence of cardiac disease could 

be confirmed. The cats from the commercial laboratory were euthanized as part of a 

study control group for which cardiac samples were not required. These cats underwent 

a post-mortem examination carried out by or under supervision of a board-certified 

veterinary pathologist. There was no evidence of cardiac or systemic disease identified 

by ante-mortem physical examination performed by a veterinarian, by routine complete 

blood count and serum biochemistry, or by gross post-mortem examination and 

histopathology carried out by or under supervision of a board-certified veterinary 

pathologist. 

For cats with HCM, no other selection criteria were applied. For cats without 

HCM, male cats (intact or neutered) were preferred in order to reduce a potential 

influence of sex on results (Fonfara et al., 2015) and because male cats are 

predisposed to HCM (Payne et al., 2013). 

From each cat, the breed, sex, age, and weight were recorded, if available. Cats 

were assigned to one of three groups depending on age and disease: young controls 

(YC, ≤ 2 years old), adult controls (AC, ≥ 3 years old), and cats with HCM (HCM). The 

latter group was subdivided into cats in which neither an ATE event nor visualization of 

an LA thrombus on echocardiography had occurred (HCMwoAT) and cats in which an 

ATE event or an LA thrombus on echocardiography had been diagnosed (HCMwAT). 
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2.2.2 Tissue sample collection and storage 

Sample collection was the same for all hearts (HCM, AC, and YC cats). Hearts 

were removed from cats and myocardial samples collected within 1 hour after humane 

euthanasia. The LV free wall and interventricular septum were sampled as full thickness 

transverse and longitudinal sections (3-5 mm) taken mid-way between the coronary 

groove and the LV apex.  The left atrium was opened and a full thickness frontal section 

(3 x 3 mm) taken from its free wall. The samples were placed immediately in RNAlater 

(Invitrogen RNAlater, Thermo Fisher Scientific Inc., Mississauga, Canada) for 24 hours, 

followed by storage at -80 Celsius (oC); samples from cats with HCM had been obtained 

for a previous study and thus were available for the study. 

After sampling, the remaining heart tissue was placed in 10% formalin for 3-5 

days before being sectioned for paraffin embedding. Transverse and longitudinal full 

thickness sections of both atria and ventricles including the interventricular septum were 

prepared and paraffin embedded using routine protocols and equipment (Tissue-Tek® 

TECTM, Sakura Finetek, Torrance, United States of America) for histological 

examination. 

The samples from cats with HCM obtained for a previous study had been stored 

in RNA stabilizing solution RNAlater (Invitrogen RNAlater, Thermo Fisher Scientific Inc., 

Mississauga, Canada) at -80o Celsius (C). Samples for histology from these hearts had 

been prepared as described for the control cats below. 

Note that the term myocardium as follows in this manuscript will refer to the full 

thickness of the heart wall, thus including endocardium, myocardium, and epicardium, 

unless otherwise specified. 
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2.2.3 PCR analysis  

2.2.3.1 Primer design 

Feline primers had been established in previous studies for IL-6, TNF- (Kipar et al., 

2001), MMP13, TIMP2 (Fonfara et al., 2015), and the house-keeping gene 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Leutenegger et al., 1999) 

(Table 1). When feline primers were not available, feline sequences published on the 

web site of the National Center for Biotechnology Information 

(https://www.ncbi.nlm.nih.gov/genbank/. Last accessed on 11 December 2018) were 

used to design primers using a commercial software (Primer Express v3.0 Life 

Technologies Ltd and Thermo Fisher Scientific Inc., Mississauga, Canada). Selection 

criteria for primers included an annealing temperature of 59-60 oC and a PCR product 

between 50-150 base pairs. To confirm the gene specificity, BLAST searches were 

performed (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE= 

BlastSearch&LINK_LOC=blasthome. Last accessed on 11 December 2018). Primers 

were synthesised by a commercial laboratory (Millipore Sigma, Merck KGaA, Oakville, 

Canada) and diluted using Nuclease-free water (Thermo Fisher Scientific Inc., 

Mississauga, Canada) to a stock solution containing 100 µM and to a working solution 

by diluting the stock solution 1:10; both dilutions were stored at -80 oC. To validate new 

primer pairs, PCR was carried out for each primer pair on cDNA from the left ventricle of 

a cat with HCM; products of these PCR runs underwent electrophoresis to confirm their 

amplicon sizes to be as expected (Table 1). Primer pairs were validated creating 

standard curves of five dilutions and their primer efficiencies were confirmed to be 

adequate by melt-curve analysis (E=1.9-2.2).  
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Table 1: Details of primers used for quantitative PCR. 

 

Genes  

Primer 
Direction 

Sequence 
(5' - 3') 

Primer length 
(nucleotides) 

Product 
length 

(nucleotides) 
Primer 
Source 

vWF 

 

forward TTCATTACTGCGAGGGTAAATGTG 21 146 Unpublished 

reverse GTAGACGAGGGAGCCATTGGT 22 

ADAMTS13 

 

forward GCGACATCGGTGGTAATAAATCA 23 85 Unpublished 

reverse TCAGGGAAGAGAAGGCGTCAT 21 

PAF 

 

forward GCTGTCCCAGAGACAACGAG 20 77 Unpublished 

reverse  ATGCCTCTTCATAGCCATTTGAAC 24 

E-selectin 

 

forward TTTCGACGAAGCTAGTGAGTATTGC 21 112 Unpublished 

reverse GTAAGTTGGCGAGTAGCTCAAGATG 20 

P-selectin 

 

forward CCACTGGAGAGTCCGGTTCAT 20 123 Unpublished 

reverse GGCCATGTCAGCTCCTTTCA 20 

ICAM-1 

 

forward GACATCTATCCTCCTGTGCTTTGTC 21 89 Unpublished 

reverse GGCCCCTTTAAGCACCTTGT 20 

VCAM-1 

 

forward TGAGCCCTGTGGGTTTTGAG 21 165 Unpublished 

reverse AGCTTATAGTCACCGGGTTTCCA 21 

ß2-integrin 

 

forward GGCTGTCCTATCGACGAGTGTT 20 124 Unpublished 

reverse GGATGGTTGATGCTACAGTTGCT 20 

VEGF 

 

forward CACGGAGGAGTTCAACATCA 20 167 Unpublished 

reverse AAATGCTTTCTCCGCTCTGA 20 
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TNF-α 

 

forward CTTCTCGAACTCCGAGTGACAAG 23 77 Kipar et al., 

2001; 

Nguyen Van 

et al., 2006; 

Taglinger et 

al., 2008 

reverse 

CCACTGGAGTTGCCCTTGA 19 

IL-6 

 

forward CCCTGCAGACAAAATGGAAGA 21 110 Kipar et al., 

2001; 

Nguyen Van 

et al., 2006; 

Taglinger et 

al., 2008 

reverse GTGCCTCCTTGCTGTCCTGA 

20 

MCP-1 

 

forward CCAAAGAAGCTGTGATCTTCAAGAC 22 80 Unpublished 

reverse GAATCCTTGACCCACTTCTGGTT 19 

Hsp70 

 

forward AATGGAGACCTCTCAAGCTGGAT 17 128 Unpublished 

reverse TGTCTATCTGCCATAACAGCTGATTC 18 

MMP13 

 

forward GACCCTCGACGCCATCAC 18 71 Fonfara et al., 

2015 reverse GCAGGCGCCAGAAGAATCT 19 

TIMP2 

 

forward CTCCGGATGAATGTCTCTGGAT 22 74 Fonfara et al., 

2015 reverse GCAGAAGAACTTGGCCTGATG 21 

MEF2C 

 

forward ACCGAGAGGATCACCGGAAT 20 95 Unpublished 

reverse TCGCATGCGCTTGACTGA 18 
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GAPDH 

 

forward GCCATCAATGACCCCTTCAT 20 82 Leutenegger 

et al., 1999; 

Nguyen Van 

et al., 2006; 

Taglinger et 

al., 2008 

reverse GCCGTGGAATTTGCCGT 17 

 

ADAMTS13: A disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13; GAPDH: 

glyceraldehyde-3-phosphate dehydrogenase; Hsp70: Heat shock protein-70; ICAM-1: Intercellular adhesion molecule-1; 

IL-6: Interleukin-6; MCP-1: Monocyte chemoattractant protein-1; MEF2C: Myocyte-specific enhancer factor 2C; MMP13: 

Matrix metalloproteinase 13; PAF: Platelet activating factor; TIMP2: Tissue inhibitor of matrix metalloproteinase 2; TNFα: 

Tumor necrosis factor-α; VCAM-1: Vascular cell adhesion molecule-1; VEGF: Vascular endothelial growth factor; vWF: 

Von Willebrand factor. 
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2.2.3.2 RNA isolation 

Commercially available kits (miRNeasy and RNeasy Mini kit, Qiagen, Toronto, 

Canada) were used to isolate mRNA from heart samples according to the 

manufacturer’s protocol. When a new kit was opened, 44 mL of 100% ethanol 

(Commercial Alcohols, Greenfield Global, Brampton, Canada) was added to the RPE 

buffer and 33 mL of 100% ethanol to the RWT buffer prior to first use, according to 

manufacturer’s protocol.  

For HCM and AC cats, tissue samples were removed from RNAlater and 

trimmed, if needed, to a sample size of around 3 x 3 mm. The tissue sample was 

ground with a pestle until powder-like consistency using a sterile mortar (Thermo Fisher 

Scientific Inc., Mississauga, Canada) and partially filled with liquid nitrogen. Without 

allowing thawing, 700 µL of tissue lysis reagent (RNAprotect Tissue Reagent, Qiagen®, 

Toronto, Canada) was added and ground with the pestle until the sample was 

homogenized. This mixture was placed in a 2 mL Eppendorf tube (2 mL MCT 

Graduated Natural, Thermo Fisher Scientific Inc., Mississauga, Canada) and left at 

room temperature for 5 minutes. 

 For YC samples, 50 mg of tissue that had been stored in RNAlater was placed in 

a 2 mL Eppendorf tube along with a single 5 mm stainless steel bead (Stainless steel 

beads, Qiagen® Toronto, Canada) and 700 µL of lysis reagent. The tube was placed in 

a tissue lyser machine (TissueLyser II, Qiagen® Toronto, Canada) for four cycles of 2 

minutes each at a frequency of 30 hertz. The resulting mixture was transferred into a 

1.5 mL Eppendorf tube and allowed to sit at room temperature for 5 minutes.  

At this stage, the samples from all three groups (YC, AC, and HCM cats) 

underwent the same protocol as follows, unless otherwise indicated. To the mixture of 
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sample and lysis reagent, 140 μL of chloroform (MilliporeSigma, Merck KGaA, Oakville, 

Canada) was added with subsequent vigorous shaking for 15 seconds. The mixture was 

left at room temperature for 2-3 minutes then centrifuged (Eppendorf® Microcentrifuge 

5414R, Eppendorf AG, Mississauga, Canada) at 4 °C for 15 minutes at 12 000 x g. The 

supernatant (around 350 μL) was separated into a new 2 mL Eppendorf tube. 525 µL of 

100% ethanol was added and mixed well via pipetting until homogenous and clear. 700 

µL of the mixture was removed for centrifugation in a QIAamp spin column (Qiagen 

miRNeasy or RNeasy kit, Toronto, Canada) for 15 seconds at maximum speed (> 8000 

x g); the flow-through was discarded. The remainder of the mixture was placed in the 

QIAamp spin column and likewise centrifuged for 15 seconds at maximum speed (> 

8000 x g), and the flow-through discarded. 700 µL of RWT buffer was added to the spin 

column followed by centrifugation for 15 seconds at maximum speed (> 8000 x g), and 

the flow-through discarded. 500 µL of RPE buffer was added to the spin column, 

centrifuged for 15 seconds at maximum speed (> 8000 x g), and the flow-through 

discarded. Another 500 µL of RPE buffer was added to the spin column, centrifuged for 

2 minutes at maximum speed (> 8000 x g), and the flow-through discarded along with 

the collection tube. The spin column was placed in a new collection tube and 

centrifuged for 1 minute at maximum speed (> 8000 x g). The spin column was placed 

in a 1.5 mL Eppendorf tube (1.5 mL Premium Microcentrifuge, Thermo Fisher Scientific 

Inc., Mississauga, Canada) to which 30 µL of RNase free water was added (40 µL for 

YC samples), then centrifuged for 1 minute at maximum speed (> 8000 x g); the flow-

through was retained. The latter step was repeated to increase the volume to 60 µL (to 

80 µL for YC samples). 
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 Total RNA concentration in ng/µL of each sample for all cats was determined via 

spectrophotometry (NanodropTM 2000/2000c Spectrophotometer, Thermo Fisher 

Scientific Inc., Mississauga, Canada) using 1.5 µL isolated RNA; adequate purity was 

confirmed based on absorbance ratios (A260/A280) of 1.9-2.1. Samples were diluted to 

achieve 100 ng/µL and frozen at -80 oC immediately after isolation for later analysis. 

 

2.2.3.3 Synthesis of cDNA 

Reverse transcription (RT) was performed using commercially available products 

on 200 ng (2 µL) isolated RNA. During preparation, samples were kept on ice and 

centrifuged between steps as described below. 

The RT reaction involved two. For each RNA sample, Reaction Mix 1 used the 

following volumes of each reagent to produce a total volume of 11 µL: 1 µL dT 

(Oligo(dT)20 50 µM, InvitrogenTM, Thermo Fisher Scientific Inc., Mississauga, Canada), 

1 µL dNTP (dNTP Mix, InvitrogenTM, Thermo Fisher Scientific Inc., Mississauga, 

Canada), and 9 µL RNase free water. Reaction Mix 2 was prepared to a total volume of 

7 µL using 4 µL 5X First Strand Buffer (Superscript IV First-Strand Synthesis system, 

InvitrogenTM, Thermo Fisher Scientific Inc., Mississauga, Canada), 1 µL DTT 0.1M 

(InvitrogenTM, Thermo Fisher Scientific Inc., Mississauga, Canada), 1 µL RNase OUT 

(InvitrogenTM, Thermo Fisher Scientific Inc., Canada), and 1 µL Superscript III 

(InvitrogenTM, Thermo Fisher Scientific Inc., Mississauga, Canada). Reaction Mix 1 and 

Reaction Mix 2 were each centrifuged (MiniSpin®plus, Eppendorf, Mississauga, 

Canada) at 8000 x g for 15 seconds. 

Reaction Mix 1 (11 µL) was pipetted into a 500 µL Eppendorf tube (0.5 mL Plain 

Snap-Cap Centrifuge Tubes, Thermo Fisher Scientific Inc., Canada) to which 200 ng (2 
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µL) of RNA sample was added for a total 13 µL of solution. For two tubes, 200 ng (2 µL) 

of RNA isolated from the left ventricle of a cat with HCM was used as a positive control; 

for two additional tubes, no RNA was added and these served as negative controls. 200 

ng (2 µL) of RNA that had been used for primer dilution curves served as calibrator 

(dilution step 0.2). All samples were centrifuged (> 8000 x g for 15 seconds) then placed 

in a thermal cycler (PTC-100 Thermal Cycler, MJ Research, Saint-Bruno-de-Montarville, 

Canada) which was brought to 65 oC for 5 minutes. The samples were removed (while 

the thermocycler temperature was held at 50 oC) and cooled on ice for at least 1 minute. 

To each sample, 7 µL of Reaction Mix 2 was added. The combined 20 µL of solution 

was centrifuged (> 8000 x g for 15 seconds) and returned to the thermal cycler. The 

samples were held at 50 oC for 60 minutes, followed by 70 oC for 15 minutes, then 

cooled to 37 oC whereupon the tubes were removed and frozen at -80 oC until further 

use. 

 

2.2.3.4 Quantitative PCR 

Aliquots (1 μL) of cDNA were amplified in duplicates in 96-well PCR plates 

(Multiwell Plate 96, LightCycler® 480, Roche Ltd, Mississauga, Canada) in a 

LightCycler® 480 (v1.5, Roche Ltd, Mississauga, Canada) using SYBR GREEN I Master 

(Roche Ltd, Mississauga, Canada). Each reaction was 20 μL and included: 10 μL SYBR 

GREEN I Master (Roche Ltd, Mississauga, Canada), 0.5 μL (500 nM) forward and 0.5 

μL (500 nM) reverse primer, 8 μL RNAse free water, with a final addition of 1 μL of 

either myocardial cDNA (target), water (negative control), or myocardial cDNA of known 

dilution (calibrator, as had been used for primer standard curves at dilution step 0.2). 

Glyceraldehyde-3-phosphate dehydrogenase was used as a house-keeping gene for 
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relative quantification. All PCR plates were centrifuged (Allegra 6 Centrifuge, Beckman 

Coulter, Palo Alto, United States of America) at 1217 x g for 2 minutes with no brake 

applied prior to being placed into the LightCycler® 480. 

Samples were analyzed with the LightCycler® 480 according to the following 

protocol: one cycle at 95 oC for 7 minutes, then 45 cycles each at 95 oC for 20 seconds, 

60 oC for 20 seconds, and 72 oC for 20 seconds. This was followed by a dissociation 

programme represented by incubation for 1 min at 95 °C and a subsequent 41 cycles 

during which the temperature was increased by 1 ºC at each cycle, starting at 55 °C and 

ending at 95 °C. The melting curves were visually inspected to confirm that all PCR 

reactions showed a single well-defined product. Real-time data were analyzed by the 

LightCycler® 480 Relative Quantification Software (Roche Ltd, Mississauga, Canada), 

using the reference gene GAPDH and the calibrator (as described above) to obtain 

relative quantification data for the genes under investigation. 

This output of relative quantification data represented relative mRNA 

concentrations in myocardial samples; in the following manuscript, this output is referred 

to as myocardial gene expression or mRNA levels, unless otherwise noted.  

 

2.2.4 Statistical analysis 

All data were collected in spreadsheet tables (Microsoft Excel©, 2020 Microsoft 

Corporation). No power calculation was performed due insufficient published data on 

myocardial gene expression of the genes under investigation, as well as the anticipated 

low sample size due to difficulty in obtaining samples. Statistical analysis was 

performed using a commercial software SPSS (IBM® SPSS Statistics, v25 2017). Basic 

descriptive statistics (mean, median, variance, standard deviation, interquartile range) 
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were calculated within groups for age, weight, and each factor’s mRNA concentration. 

Distribution of data were assessed across groups visually via histograms and 

graphically via Q-Q plots. Age and weight were normally distributed so 1-way ANOVA 

and unpaired t-tests were used for group comparisons. For non-parametric data 

distributions of the analysed factors that were also not amenable to normalization using 

logarithmic transformation, a Kruskall Wallis test and Wilcoxon Mann Whitney test were 

applied for regional and group comparisons. The AC group included one female 

neutered cat; comparing the results from this cat to the male cats’ results from the same 

group did not identify differences in myocardial gene expression and so this cat was 

included in the AC group. mRNA concentrations were compared between LA and LV 

samples within each group and between each group. To investigate whether cats with 

HCM with LA thrombus (HCMwAT) exhibited different myocardial gene expression than 

cats with HCM without LA thrombus (HCMwoAT), these subgroups were compared. 

Parametric data were reported as mean and standard deviation, and non-parametric 

data were reported as median with interquartile range. A value of p<0.05 was 

considered statistically significant. 
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2.3 Results 

2.3.1 Study population 

Twenty-four cats were included in the study: 12 control cats of which six were 

young (YC) and six were adults (AC), and 12 cats with HCM (HCM) of which five had an 

LA thrombus (HCMwAT) and seven did not (HCMwoAT) (Table 2). Study cats had a 

mean body weight of 6.6  4.2 kilograms and mean age of 6.9  4.7 years (Table 2). 

Young control cats (range 1-2 years of age) were significantly younger than AC 

cats (range 7-12 years, mean 8.7  2.0 years; p=0.002) and cats with HCM (range 2-15 

years; mean 9.0  4.4 years, p<0.001), due to study design (Table 2). The ages of 

HCMwoAT and HCMwAT cats were not significantly different (range 2-15 years, mean 

8.2  4.5 years vs. 3-14 years, mean 10  4.3 years, respectively; p=0.553). 

Sex was selectively biased towards male and male neutered cats based on study 

design (Table 2). In YC, cats were all male neutered cats while in AC there were two 

male neutered, three male intact, and one female neutered. In HCM, ten cats were male 

neutered, one was female neutered, and one was male intact. The HCM subgroups 

included six male neutered and one male intact in HCMwoAT, with four male neutered 

and one female neutered in HCMwAT. 
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Table 2: Breed, sex, age, and grouping of cats with and without hypertrophic 

cardiomyopathy (HCM). 

Breed Sex 
Age 

(years) Group 
HCM 

subgroup 

DSH MN 1-2 YC  

DSH MN 1-2 YC  

DSH MN 1-2 YC  

DSH MN 1-2 YC  

DSH MN 1-2 YC  

DSH MN 1-2 YC  

DSH FN 7 AC  

DSH M 7 AC  

DSH M 7 AC  

DSH M 9 AC  

DSH MN 12 AC  

DSH MN 10 AC  

DSH M 10 HCM HCMwoAT 

DSH MN 2 HCM HCMwoAT 

DSH MN 8 HCM HCMwoAT 

DSH MN 15 HCM HCMwoAT 

Ragdoll MN 3 HCM HCMwoAT 

DSH MN 9 HCM HCMwoAT 

DSH MN 11 HCM HCMwoAT 

DSH MN 3 HCM HCMwAT 

DLH MN 8 HCM HCMwAT 

DLH MN 12 HCM HCMwAT 

DSH FN 13 HCM HCMwAT 

DSH MN 14 HCM HCMwAT 
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AC: adult control; DLH: domestic long-hair cat; DSH: domestic short-hair cat; FN: 

female neutered; HCM: hypertrophic cardiomyopathy; HCMwAT: hypertrophic 

cardiomyopathy with left atrial thrombus; HCMwoAT: hypertrophic cardiomyopathy 

without left atrial thrombus; M: male; MN: male neutered; YC: young control.

 

2.3.2 Myocardial gene expression 

All genes investigated were expressed in the left atrium and left ventricle of all 

cats (Table 3). For vWF, P-selectin, TNF-, and MCP-1, gene expression was not 

detected in one sample each (but was present in a duplicate sample). There was no 

chamber nor group preference to which samples were negative. 

 

2.3.2.1 Regional differences in myocardial gene expression within study groups 

Comparing LA and LV gene expression within the study groups found 

significantly higher LA expression for VCAM-1 (p=0.002), P-selectin (p=0.041), MCP-1 

(p=0.004), and TIMP2 (p=0.026) in YC cats, and for VEGF (p=0.015) and MCP-1 

(p=0.004) in AC cats (Figure 3 a-c). Cats with HCM showed higher LA than LV 

expression for vWF (p=0.005) and TIMP2 (p=0.008), while PAF (p=0.045) was found to 

be higher in LV than LA samples (Figure 3 d). No regional differences were observed 

for ß2-integrin, E-selectin, ADAMTS13, TNF-, MEF2C, ICAM-1, IL-6, and MMP13 

(Table 3). 
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2.3.2.2 Comparison of gene expression between groups looking at left atrial and 

left ventricular samples separately. 

  Comparison of all three groups (YC, AC, and cats with HCM) showed differential 

expression for the majority of genes investigated. For the majority of genes, YC cats 

showed less interindividual variation in expression than did AC and cats with HCM 

(Table 3). For LA samples, 11/16 genes differed: PAF, TIMP2, VEGF, TNFa (all 

p=0.002), E-selectin, ADAMTS13 (both p=0.001), vWF (p=0.011), ß2-integrin (p=0.007), 

MCP-1 (p=0.004), IL-6 (p<0.001), and MMP13 (p=0.02) (Figure 3 c, d). For LV samples, 

12/16 genes differed: VCAM-1, P-selectin (both p=0.032), ADAMTS13, ICAM (both 

p=0.007), PAF (p=0.019), vWF (p=0.012), ß2-integrin (p=0.006), E-selectin (p=0.002), 

TNF- (p=0.004), MECF2 (p=0.001), MCP-1 (p=0.009), and IL-6 (p=0.001) (Figure 3 a, 

b, d) . 

For LA samples compared between YC and AC cats, 8 genes showed higher 

expression in AC cats (ß2-integrin, E-selectin, ADAMTS13, TNF-, MEF2C, IL-6, 

MMP13 and TIMP2) and 2 genes showed lower AC expression (PAF, ICAM-1) (Table 4, 

Figure 3 c, d). For LV samples compared between YC and AC cats, the same 

differential pattern was seen in the same 10 genes as in LA samples with the addition of 

P-selectin which was higher in AC cats (Table 5, Figure 3 b, c, d). 

For LA samples from cats with HCM, VEGF expression was lower while MCP-1, 

IL-6, and vWF were higher than for AC cats (Table 4, Figure 4 a-d). For LV samples, 

MCP-1 and PAF expression was higher in cats with HCM than AC cats (Table 5, Figure 

3 d, Figure 4 b). 
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2.3.2.3 Myocardial expression in cats with hypertrophic cardiomyopathy without 

and with left atrial thrombus 

For HCMwoAT cats, LA gene expression of P-selectin (p=0.026) and ADAMTS-

13 (p=0.038) was higher than LV expression. For HCMwAT cats, this applied to vWF 

(p=0.032) and MCP-1 (p=0.008) (Table 6). 

Between HCM subgroups, LA gene expression of IL-6 (p=0.018) and TIMP2 

(p=0.03) was significantly higher in HCMwAT (Table 7, Figure 5 a-b). No significant 

differences were observed comparing LV gene expression between both groups (Table 

8). 

Because of the observed differences in LA IL-6 and TIMP2 expression between 

HCMwAT and HCMwoAT cats, these two factors were compared with results from AC 

cats (Table 9, Figure 5 a-b). In LA samples, IL-6 and TIMP2 expression was 

significantly higher in HCMwAT than AC cats (IL-6 p=0.004, TIMP2 p=0.004). In LV 

samples, only IL-6 was significantly higher and only in HCMwAT compared to AC cats 

(IL-6 p=0.017). 
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Figure 3 (a-d): Box and whiskers plots for genes which showed regionality of relative 

mRNA expression in left atrial (LA) compared to left ventricular (LV) samples within 

young (YC), within adult (AC) control cats, and within cats with hypertrophic 

cardiomyopathy (HCM) (a: VCAM-1, b: P-selectin, c: TIMP2, d: PAF). 

Note: In each box plot, a significant difference between regions within a group is 

denoted by a star and the according p-value is listed below the graphic. 
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Figure 3 (a): Relative VCAM-1 mRNA concentrations illustrating left atrial (LA) 

compared to left ventricular (LV) samples of young controls (YC), adult controls (AC), 

and cats with hypertrophic cardiomyopathy (HCM). 

 

AC: adult control; HCM: hypertrophic cardiomyopathy; LA: left atrial samples; LV: left 

ventricular samples; VCAM-1: Vascular cell adhesion molecule 1; YC: young control. 

YC: LA vs LV p=0.002. 
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Figure 3 (b): Relative P-selectin mRNA concentrations illustrating left atrial (LA) 

compared to left ventricular (LV) samples of young controls (YC), adult controls (AC), 

and cats with hypertrophic cardiomyopathy (HCM). 

 

AC: adult control; HCM: hypertrophic cardiomyopathy; LA: left atrial samples; LV: left 

ventricular samples; YC: young control.  

YC: LA vs LV p=0.041. 
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Figure 3 (c): Relative TIMP2 mRNA concentrations illustrating left atrial (LA) compared 

to left ventricular (LV) samples of young controls (YC), adult controls (AC), and cats with 

hypertrophic cardiomyopathy (HCM). 

  

AC: adult control; HCM: hypertrophic cardiomyopathy; LA: left atrial samples; LV: left 

ventricular samples; TIMP2: Tissue inhibitor of matrix metalloproteinase 2; YC: young 

control.  

YC: LA vs LV p=0.026, cats with HCM: LA vs LV p=0.008. 
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Figure 3 (d): Relative PAF mRNA concentrations illustrating left atrial (LA) compared to 

left ventricular (LV) samples of young controls (YC), adult controls (AC), and cats with 

hypertrophic cardiomyopathy (HCM). 

 

 

AC: adult control; HCM: hypertrophic cardiomyopathy; LA: left atrial samples; LV: left 

ventricular samples; PAF: platelet activating factor; YC: young control.  

Cats with HCM: LA vs LV p=0.045. 
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Figure 4 (a-e): Box and whiskers plots for genes which showed differences between 

adult controls (AC) and cats with hypertrophic cardiomyopathy (HCM) for relative mRNA 

expression from left atrial (LA) and left ventricular (LV) samples (a: IL-6, b: MCP-1, c: 

vWF, d: VEGF [refer to Figure 3 d for PAF]). 

Note: Cardiac chambers that showed a significant difference between groups are listed 

below the graphic with the according p-value, and are indicated on the graphic by a line 

and star (only significant differences between YC and AC, and between AC and cats 

with HCM, are displayed). 
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Figure 4 (a): Relative IL-6 mRNA concentrations illustrating left atrial (LA) and left 

ventricular (LV) samples of young controls (YC), adult controls (AC), and cats with 

hypertrophic cardiomyopathy (HCM). 

 

 

 
 
 

AC: adult control; HCM: hypertrophic cardiomyopathy; IL-6: Interleukin-6; YC: young 

control.  

LA: YC vs AC p=0.002, AC vs cats with HCM p=0.041. 

LV: YC vs AC p=0.002. 
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Figure 4 (b): Relative MCP-1 mRNA concentrations illustrating left atrial (LA) and left 

ventricular (LV) samples of young controls (YC), adult controls (AC), and cats with 

hypertrophic cardiomyopathy (HCM). 

 

 
 

AC: adult control; HCM: hypertrophic cardiomyopathy; MCP-1: Monocyte 

chemoattractant protein-1; YC: young control.  

LA: AC vs cats with HCM p=0.005. 

LV: AC vs cats with HCM p=0.005 
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Figure 4 (c): Relative vWF mRNA concentrations illustrating left atrial (LA) and left 

ventricular (LV) samples of young controls (YC), adult controls (AC), and cats with 

hypertrophic cardiomyopathy (HCM). 

 

 

 

AC: adult control; HCM: hypertrophic cardiomyopathy; vWF: von Willebrand factor; YC: 

young control.  

LA: AC vs cats with HCM p=0.032. 
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Figure 4 (d): Relative VEGF mRNA concentrations illustrating left atrial (LA) and left 

ventricular (LV) samples of young controls (YC), adult controls (AC), and cats with 

hypertrophic cardiomyopathy (HCM).  

 

 
 

AC: adult control; HCM: hypertrophic cardiomyopathy; VEGF: Vascular endothelial 

growth factor; YC: young control.  

LA: AC vs cats with HCM p=0.001.  
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Figure 5 (a, b): Box and whiskers plots of relative mRNA concentrations illustrating left 

atrial (LA) compared to left ventricular (LV) samples of young controls (YC), adult 

controls (AC), and cats with hypertrophic cardiomyopathy (HCM) either without 

(HCMwoAT) or with (HCMwAT) an atrial thrombus for genes that showed significant 

differences between groups when analysing LA and LV separately (a: IL-6, b: TIMP2). 

Note: Cardiac chambers that showed a significant difference between groups are listed 

below the graphic with the according p-value, and are indicated on the graphic by a line 

and star (only significant differences between AC and either HCM subgroup, and 

between the two HCM subgroups, are displayed). 
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Figure 5 (a): Relative IL-6 mRNA concentrations illustrating left atrial (LA) compared to 

left ventricular (LV) samples of young controls (YC), adult controls (AC), and cats with 

hypertrophic cardiomyopathy (HCM) either without (HCMwoAT) or with (HCMwAT) an 

atrial thrombus. 

 

 
 

 

AC: adult control; HCMwAT: hypertrophic cardiomyopathy with atrial thrombus; 

HCMwAT: hypertrophic cardiomyopathy without atrial thrombus; LA: left atrial samples; 

LV: left ventricular samples; IL-6: Interleukin 6; YC: young control.  

LA: HCMwoAT vs HCMwAT p=0018, AC vs HCMwAT 0.004. 

LV: AC vs HCMwAT p=0.017.  
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Figure 5 (b): Relative TIMP2 mRNA concentrations highlighting left atrial (LA) compared 

to left ventricular (LV) samples of young controls (YC), adult controls (AC), and cats with 

hypertrophic cardiomyopathy (HCM) either without (HCMwoAT) or with (HCMwAT) an 

atrial thrombus. 

 

 

 

AC: adult control; HCMwAT: hypertrophic cardiomyopathy with atrial thrombus; 

HCMwAT: hypertrophic cardiomyopathy without atrial thrombus; LA: left atrial samples; 

LV: left ventricular samples; TIMP2: Tissue inhibitor of matrix metalloproteinase 2; YC: 

young control.  

LA: AC vs HCMwAT p=0.004, HCMwoAT vs HCMwAT p=0.030. 
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2.4 Discussion 

Coagulation, endothelial activation, inflammation, and remodeling are known to 

be involved in cardiac disease and thrombus formation. The objectives of our study 

were therefore to investigate the expression of selected genes of coagulation, 

endothelial activation, inflammation, and remodeling in hearts from healthy young and 

adult cats and to compare these to the gene expression from cats with HCM with and 

without an LA thrombus.  

As previously reported and confirming our hypothesis, regional differences in 

expression between LA and LV samples were observed. As predicted, YC cats 

exhibited the lowest myocardial gene expression for most factors, with adulthood and 

the presence of cardiac disease each resulting in increased myocardial gene 

expression. While adulthood (and potentially systemic disease) related to differential 

and often increased gene expression in a majority (11/16) of studied factors as we 

hypothesized, contrary to our hypothesis on the effect of HCM, only five genes showed 

differential expression relative to AC cats. This finding implies that specific 

transcriptional changes may either drive or result from HCM, namely those associated 

with inflammation (through increased IL-6 and MCP-1), coagulation (through increased 

vWF and PAF), and endothelial activation (through decreased VEGF). In cats with 

HCM, higher left atrial levels of IL-6 and TIMP2 gene expression in the presence of an 

LA thrombus suggests that inflammation and remodeling are related to thrombus 

formation. 

Regionality of gene expression with higher LA than LV mRNA levels has been 

observed in cats without cardiac disease (Fonfara et al., 2015), and as hypothesised, 
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this pattern was shown for the following factors in the study groups: VCAM-1 and P-

selectin (YC cats), VEGF (AC cats), MCP-1 (YC and AC cats), vWF (cats with HCM), 

and TIMP2 (YC cats and cats with HCM). PAF on the other hand, which showed 

regionality in cats with HCM, displayed higher expression levels in LV than LA samples. 

Considering the two chambers have morphologic differences (Ng et al., 2010) and 

experience primary and secondary changes from HCM (Fox, 2003), such regionality is 

not unexpected. 

Gene expression between groups was considered with this regionality in mind. 

All genes showed significant variation between groups or between cardiac regions 

except for Hsp70. This was unexpected considering Hsp70’s established association 

with cardiac disease in humans (Latchman 2001; Barrans et al., 2002; Wei et al., 2009; 

Genth-Zotz et al., 2004) but may be an example of species variation. Consistent with 

our hypothesis, and in both LA and LV samples, YC cats showed lower myocardial 

gene expression and less interindividual variation than both AC cats and cats with HCM, 

suggesting a pattern of constitutive transcription in YC cats that exists before 

physiologic or pathologic stressors arise. A previous report of age-associated gene 

expression in cats without cardiac disease found myocardial mRNA concentrations of 

cytokines, MMPs, and TIMPs to have a negative correlation with age (Fonfara et al., 

2015), seemingly contrary to the current study results. This difference is most likely 

consistent with the nature of our YC cats: as laboratory animals that had lived in a 

controlled environment, they contrasted in lifestyle with the cats from the previous study 

which were generally older, household cats with local or systemic diseases. As such, 

the previous study’s cats might be more comparable to the AC cats of this study. Our 
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AC cats were also feral and their higher gene expression (compared to our YC cats) 

might reflect the adaptive processes in hearts exposed to an active lifestyle as well as 

normal aging-related remodeling (Stepien et al., 1998). Furthermore, subclinical 

systemic diseases might have been missed in AC cats, which could have influenced 

myocardial gene expression (Fonfara et al., 2015). 

In contrast to the majority of genes that showed increased expression in AC than 

YC cats, ICAM-1, MCP-1, and PAF were higher in YC. If we presume this is part of 

normal feline constitutive myocardial gene expression, it follows that after hemodynamic 

(i.e. an active lifestyle) or pathophysiological (i.e. systemic or cardiac diseases) 

influences, gene expression patterns change in both LA and LV samples: myocardial 

ICAM-1, MCP-1, and PAF expression reduces while ß2-integrin, E-selectin (and P-

selectin in solely the left ventricle), ADAMTS13, TNF-α, MEF2C, IL-6, MMP13, and 

TIMP2 expression increases based on our results from AC cats and the previous 

study’s results for their control cats (Fonfara et al., 2015). Specifically, ICAM-1, MCP-1, 

and PAF could enable myocardial reactivity to changing hemodynamics or future 

disease-associated insults since these three factors are involved in inflammatory cell 

recruitment (Amin 1990; van de Stolpe, 1996; Hubbard and Rothlein, 2000), monocyte 

and neutrophil adhesion and diapedesis (Kuijpers et al., 1992), increased permeability 

of endothelial cell junctions (Bussolino et al., 1987) and inter- and intracellular signal 

transduction (Etienne-Manneville et al., 1999; Nahrendorf et al., 2007; Deshmane et al., 

2009; Falkenham et al., 2015; Hulsman et al., 2016). 

Based on previous work in humans (Laser et al., 2000; Bradham et al., 2002; 

Niessen et al., 2002; Szabo et al., 2010) and cats (Fonfara et al., 2013a; Kitz et al., 
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2019) we hypothesized that gene expression of our selected factors would be higher in 

cats with HCM relative to AC cats. Unexpectedly, there were only five factors of 

significance: IL-6, MCP-1, vWF, and PAF were higher in cats with HCM, whereas VEGF 

was reduced. For MCP-1 this applied to LA and LV samples, while for IL-6, vWF and 

VEGF to LA samples only, and for PAF only to LV samples. This low proportion of 

genes showing variable relative expression between AC and HCM cats suggests that 

the majority of differences between YC and cats with HCM can be attributed to age, and 

only selected markers seem to be associated with HCM.  

The observed higher LA and LV MCP-1 and LA IL-6 expression in cats with HCM 

relative to AC cats is not unexpected. Hypertrophic cardiomyopathy is associated with 

inflammation, such as increased interstitial macrophages, and an inflammatory and 

profibrotic environment were recently reported in hearts from cats with HCM (Kitz et al., 

2019). These macrophages and/or damaged cardiomyocytes may be a source of MCP-

1 (Yoshimura et al., 1989a,b; Morimoto and Takahashi, 2007) and IL-6 (Yamauchi-

Takihara et al., 1995; Atefi et al., 2011). In vivo, elevated circulating MCP-1 

concentrations in humans are associated with systolic dysfunction (Iwasaki et al., 2009), 

fibrosis (Fang et al., 2017), wall thickness (Li et al., 2012), and CHF (Aukrust et al., 

1998). It is presumed that MCP-1 brings about these effects in humans through 

promotion of inflammation and adverse remodeling (Frangogiannis 2007), which could 

be similar in cats with HCM. Interestingly, IL-6 was found to be elevated in LA but not 

LV samples from cats with HCM relative to AC cats. When HCM cats with and without 

LA thrombus were compared higher LA IL-6 were found in the cats with LA thrombus. 
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This suggests that IL-6 may play an important role not just in the disease process but 

also in LA thrombus formation. 

The increase of vWF in the LA of cats with HCM might suggest that these cats 

are predisposed to LA thrombus formation. Endothelial cells release ULvWF when they 

are stimulated by inflammatory mediators, such as IL-6 and TNF-α (Larrick and Kunkel, 

1988), and which also promote platelet and vWF aggregation (Renesto and Chignard, 

1991; Bernardo et al., 2004). A further vWF increase in HCMwAT cats was therefore 

expected but not observed. One explanation could relate to vWF’s cell of origin under 

different conditions: a mouse stroke model suggests that platelet-derived (in contrast to 

endothelial-derived) vWF is essential in stroke events but not in physiologic thrombosis 

(Verhenne et al., 2015). As such, LA thrombus formation in cats with HCM might relate 

more to local platelet-derived vWF than to endothelial-derived vWF, and relevant 

numbers of platelets were unlikely to have been present in the LA samples investigated, 

because samples without blood or thrombus contamination were analysed. Similarly, a 

previous study that investigated circulating vWF:antigen concentrations found no 

differences between normal cats, cats with cardiac diseases, and cats with LA thrombi 

but no ATE, yet identified an increase in cats with acute ATE (Stokol et al., 2008); 

platelets involved in an acute ATE event could be the source for vWF. Another possible 

explanation could relate to the stage of LA thrombus formation: it is possible that vWF 

expression in myocardial endothelial cells is only upregulated during initial AT formation 

and subsequently returns to baseline once a thrombus has been formed (Chen and 

Chung 2018). This would explain an increase of vWF gene expression in LA samples 

from cats with HCM, and no further increase in cats that have an LA thrombus.  
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We observed reduced LV expression of PAF in AC cats compared to YC cats, 

but increased expression in cats with HCM relative to AC cats. This might be consistent 

with PAF’s proposed involvement in a reactive myocardium in YC cats as discussed 

above, and with an inflammatory environment in cats with HCM as noted in humans 

(Bussolino et al., 1987; Werr et al., 1992; Kuijpers et al., 1992; Yamada et al., 2001), 

respectively. Regionality of PAF in HCM, seen as lower LA than LV expression, may 

relate to morphologic disparities between a thickened LV wall and a dilated, thin-walled 

left atrium. 

The reduction of LA and unchanged LV VEGF gene expression in cats with HCM 

compared to AC cats is unexpected considering that new vessel formation has been 

observed in LV samples from cats with HCM (Kitz et al., 2019). Vascular endothelial 

growth factor is released from cardiomyocytes after stimulation by inflammatory and 

fibrotic cytokines and growth factors (Ferrara, 2004) such as could be observed in 

ischemic events where new vessel formation has been hypothesized to occur in cats 

with HCM (Kitz et al., 2019), as well as upon exposure to mechanical stretch (Seko et 

al., 1999). In regard to the left atrium, because the inflammatory markers IL-6 and MCP-

1 were elevated in the LA of cats with HCM, and because increased LA stretch was 

suspected in these end-stage cats (Fox, 2003; Cesta et al., 2005; Burt et al., 2014; Kitz 

et al., 2019), an increase in VEGF expression, not a reduction, was anticipated. The 

lack of difference in VEGF expression in the left ventricle might suggest a failure to 

maintain blood flow in a hypertrophied myocardium (Shiojima et al., 2005). This 

inadequacy could explain histologic changes suggestive of myocardial ischemia in cats 

with HCM where some cats displayed focal areas of new vessel formation, fibroblast 
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proliferation, and collagen deposition (Kitz et al., 2019). Lastly, a localized increase of 

VEGF might be possible and could have been missed in the samples from the current 

study. 

We hypothesized that there would be increased myocardial gene expression in 

coagulation, endothelial activation, inflammation, and remodeling in the left atrium of 

HCMwAT compared to HCMwoAT. We found only TIMP2 and IL-6 to follow this 

prediction; all other genes were similarly expressed between HCM subgroups. 

Interpreting TIMP2’s actions is challenging because of its two opposing functions: both 

an activator and an inhibitor of MMPs, TIMP2’s primary MMP target is MMP2 

(Kandalam et al., 2010). By inhibiting MMP2, TIMP2 reduces activation of MMP13 

which degrades fibrillar collagens at sites of cardiomyocyte injury (Lovelock et al., 

2005). As such, TIMP2 acts to increase fibrosis (Sivasubramanian et al., 2001; Spinale, 

2002; Noji et al., 2004; Polyakova et al., 2004). On the other hand, if TIMP2 were to 

activate MMP2, this would stimulate MMP13 to breakdown collagen and therefore 

reduce fibrosis (Kandalam et al., 2010). Histopathology of ventricular samples from cats 

with HCM showed a diffuse and focal increase of interstitial collagen (Kitz et al., 2019) 

indicating the relevance of fibrosis in the disease. Increased fibrosis might therefore 

also be present in atria from cats with HCM. We hence suspect that TIMP2’s function in 

cats with HCM might be profibrotic. Simultaneously, TIMP2 could be involved in repair 

of theoretical LA endothelial damage (Ciaramella et al., 2006), with its upregulation 

stimulated by either general LA dilation or damages from LA thrombus formation. 

Additionally, TIMP2 can directly inhibit VEGF (Qi et al., 2003; Seo et al., 2003) which 

was observed to be reduced in LA samples from cats with HCM, thus potentially 
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impairing new vessel formation and thus contributing to potential cardiomyocyte 

ischemia and subsequent fibrotic remodeling. Interleukin-6 may also be a cause, as 

mentioned above, and/or consequence of thrombus formation. Its contribution to an 

inflammatory environment, as seen in humans with HCM (Fang et al., 2017), may be 

mediated in part through IL-6’s direct and indirect production of reactive oxygen species 

which subsequently can cause local endothelial dysfunction (Lum and Roebuck, 2001). 

This damage would prompt endothelial cell release of ULvWF (Larrick and Kunkel, 

1988) and local platelet aggregation (Renesto and Chignard, 1991; Bernardo et al., 

2004), thereby driving thrombosis. In contrast, if IL-6 expression increases after LA 

thrombus formation, it could be in response to the endothelial cell injury involved in 

thrombogenesis (Mannucci, 1995). A tendency towards coagulation is also promoted by 

IL-6 through increased platelet production, sensitivity to thrombin (Burstein, 1997), and 

stimulation of fibrinogen transcription (Amrani, 1990). Generally, the increased fibrosis, 

inflammatory damage, and endothelial dysfunction associated with TIMP2 and IL-6 

have all been reported as risk factors for, or responses to, LA thrombus formation 

(Kapur et al., 2007; Deng et al., 2011; Gandhi et al., 2012; Witsch et al., 2018). 

Finally, the magnitude of change in expression for differentially expressed genes 

between YC and AC and between AC and cats with HCM showed fold changes that 

ranged between 2-2397 and 2.5-5.8, respectively (Table 5). Interestingly, inflammatory 

factors (IL-6, TNF-α, and ß2-integrin), an endothelial activation factor (E-selectin), and a 

coagulatory factor (ADAMTS13) showed the highest-fold changes (all seen within the 

comparison of young and adult cats). If these increased gene expressions correspond 

with corresponding increased protein production (Vogel et al., 2012), it might suggest 
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that these factors are of higher relevance for age- and disease-associated remodeling 

than the others studied herein. However, it is also possible that this reflects factor 

variation: for some factors a small increase in mRNA concentration might result in 

heightened protein production whereas for others, large expression increases may be 

required to alter protein production (Liu et al., 2016). 

 

2.4.1 Limitations 

Largely dictated by the requirement that hearts be sampled within an hour of 

death, the study’s sample size was small and thus placed statistical findings at risk of 

Type II errors. As cats were recruited to control groups only after death, YC and AC cats 

did not undergo echocardiography to exclude potential functional cardiac abnormalities 

and additional imaging to exclude subclinical systemic diseases. However, gross 

pathology and histology in YC cats did not show evidence of cardiac or systemic 

diseases, and significant differences in myocardial gene expression were found in 

comparison to both AC cats and cats with HCM to suggest that YC cats were a unique 

group. For AC cats, a complete gross post-mortem was performed, but histology was 

only obtained for the heart; it may be that systemic diseases were missed that 

influenced myocardial gene expression in AC cats, as has been reported for cats 

(Fonfara et al., 2015) and dogs (Fonfara et al., 2013b), thus causing the less than 

anticipated differences in myocardial gene expression between AC cats and cats with 

HCM. Alternatively, our gene selection may not have encompassed those genes 

relevant in end-stage HCM. We are also unaware if the YC cats obtained from a 

research laboratory shared any common ancestry and thus could have possessed 

specific traits of gene expression.   
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For ethical reasons, cats with HCM did not have an echocardiogram immediately 

prior to death, although such timing would have allowed a correlation of gene 

expression with echocardiographic parameters. Treatment was not addressed in the 

study, however, all cats had end-stage HCM and were in CHF, so treatment protocols 

were likely similar. Relatedly, and without cats with preclinical HCM, we cannot deduce 

a degree of potential influence from secondary CHF compared to HCM itself. 

Finally, our methodology was based on measured mRNA concentrations which 

do not necessarily represent protein production, such as observed previously for TIMP2 

(Peterson et al., 2000). Up to 60% of protein levels may be attributed to post-

transcriptional processes, including translational and degradational effects on proteins 

(Cooper and Shedden, 2007; Vogel and Marcotte, 2012; Liu et al., 2016; Fortelny et al., 

2017).  

 

Further investigations are required to determine the relevance of these findings, 

i.e. how and if the increased gene expression results in protein production, what roles 

are played by specific factors in HCM and in LA thrombus formation, and if such factors 

are part of the cause or the consequence of disease. These questions could be pursued 

through Western-Blots or proteomics to identify whether the increased gene expression 

translates into protein production (Cooper and Shedden, 2007; Vogel and Marcotte, 

2012), and through immunohistochemistry to identify if the factors localize to sites of LA 

thrombi. Additionally, tailored examination of the coagulation cascade might provide 

more information about the involvement of PAF, vWF, and ADAMTS13, as well as 

factors not considered so far. Circulating inflammatory markers may identify cats with 
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HCM who possess a greater risk of LA thrombus formation considering that 

inflammation is associated with the presence of such thrombi in this study. 

Investigations into circulating markers might also provide information whether selected 

factors are a cause or consequence of LA thrombus formation: cats could be followed 

over time with the development of LA thrombus clinically observed and associated with 

the factor’s presence in systemic circulation. Inclusion of preclinical disease stages 

would be ideal for identifying early myocardial transcriptional changes in HCM, in 

particular factors that might be involved in the variability of disease progression and 

presentation. However, this might not be possible because of limited access to samples 

and would carry less value for factors involved in thrombus formation because of absent 

knowledge as to whether an individual cat would develop a thrombus or not. To 

investigate preclinical stages and identify the role of selected markers in the disease 

process, knock-out or genetic insertion murine models might be an option. Ultimately, 

our work should be expanded to improve knowledge on alterations in transcriptional and 

translational myocardial changes. From there, how these alterations influence the 

presentation and progression of HCM will support clinical research geared towards 

identifying diagnostic, prognostic and therapeutic targets. 

 

2.4.2 Conclusions 

The current study confirmed suspected constitutive feline myocardial 

transcription patterns with age-related and regional variation, as previously reported. In 

the left atrium of cats with HCM, we found increased expression of MCP-1 and IL-6, 

with reduced expression of VEGF, while the left ventricle showed increased MCP-1 and 

PAF expression. These findings suggest that factors of inflammation and coagulation 
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might be involved in either the disease process or as a consequence of the disease. 

Furthermore, profibrotic TIMP2 and inflammatory IL-6 might be associated with LA 

thrombus formation in cats with HCM.
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Additional Tables for Section 2 

 

Table 3: Relative mRNA concentrations for factors of coagulation, endothelial activation, inflammation, and remodeling in 

left atrial (LA) and left ventricular (LV) samples from young (YC) and adult (AC) control cats, and cats with hypertrophic 

cardiomyopathy (HCM). 
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Groups: AC: adult control; HCM: hypertrophic cardiomyopathy; LA: left atrial samples; LV: left ventricular samples; YC: 

young control. 

Genes: ADAMTS13: A disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13; Hsp70: Heat 

shock protein-70; ICAM-1: Intercellular adhesion molecule-1; IL-6: Interleukin-6; MCP-1: Monocyte chemoattractant 

protein-1; MEF2C: Myocyte-specific enhancer factor 2C; MMP13: Matrix metalloproteinase 13; PAF: Platelet activating 

factor; TIMP2: Tissue inhibitor of matrix metalloproteinase 2; TNF-α: Tumor necrosis factor-α; VCAM-1: Vascular cell 

adhesion molecule-1; VEGF: Vascular endothelial growth factor; vWF: Von Willebrand factor. 

Relative mRNA concentrations are reported as median (interquartile range) for target genes that were quantified relative 

to a reference gene. 
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P-values reflect Mann-Whitney comparisons between chambers within groups. A significant difference (p<0.05) is 

represented by bold font. 
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Table 4: Relative mRNA concentrations for factors of coagulation, endothelial activation, inflammation, and remodeling in 

left atrial (LA) samples from young (YC) and adult control (AC) cats, and cats with hypertrophic cardiomyopathy (HCM) 

and fold changes between groups. 
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Groups: AC: adult control; HCM: hypertrophic cardiomyopathy; LA: left atrial samples; YC: young control. 

Genes: ADAMTS13: A disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13; Hsp70: Heat 

shock protein-70; ICAM-1: Intercellular adhesion molecule-1; IL-6: Interleukin-6; MCP-1: Monocyte chemoattractant 

protein-1; MEF2C: Myocyte-specific enhancer factor 2C; MMP13: Matrix metalloproteinase 13; PAF: Platelet activating 

factor; TIMP2: Tissue inhibitor of matrix metalloproteinase 2; TNF-α: Tumor necrosis factor-α; VCAM-1: Vascular cell 

adhesion molecule-1; VEGF: Vascular endothelial growth factor; vWF: Von Willebrand factor. 

Relative mRNA concentrations are reported as median (interquartile range).  

P-values reflect Mann-Whitney comparisons of LA mRNA concentrations between groups. A significant difference 

(p<0.05) is represented by bold font. 

Arrows indicate the direction of fold change ( or ). 
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Table 5: Relative mRNA concentrations for factors of coagulation, endothelial activation, inflammation, and remodeling in 

left ventricular (LV) samples from young (YC) and adult control (AC) cats, and cats with hypertrophic cardiomyopathy 

(HCM) and fold changes between groups. 
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Groups: AC: adult control; HCM: hypertrophic cardiomyopathy; LV: left ventricular samples; YC: young control. 

Genes: ADAMTS13: A disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13; Hsp70: Heat 

shock protein-70; ICAM-1: Intercellular adhesion molecule-1; IL-6: Interleukin-6; MCP-1: Monocyte chemoattractant 

protein-1; MEF2C: Myocyte-specific enhancer factor 2C; MMP13: Matrix metalloproteinase 13; PAF: Platelet activating 

factor; TIMP2: Tissue inhibitor of matrix metalloproteinase 2; TNF-α: Tumor necrosis factor-α; VCAM-1: Vascular cell 

adhesion molecule-1; VEGF: Vascular endothelial growth factor; vWF: Von Willebrand factor. 

Relative mRNA concentrations are reported as median (interquartile range).  

P-values reflect Mann-Whitney comparisons of relative LV mRNA concentrations between groups. A significant difference 

(p<0.05) is represented by bold font. 

Arrows indicate the direction of fold change ( or ).  
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Table 6: Relative mRNA concentrations for factors of coagulation, endothelial activation, inflammation, and remodeling in 

left atrial (LA) and left ventricular (LV) samples from cats with hypertrophic cardiomyopathy (HCM) without (HCMwoAT) 

and with (HCMwAT) an atrial thrombus. 
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Groups: AC: adult control; HCM: hypertrophic cardiomyopathy; HCMwAT: hypertrophic cardiomyopathy with atrial 

thrombus; HCMwoAT: hypertrophic cardiomyopathy without atrial thrombus; LA: left atrial samples; LV: left ventricular 

samples; YC: young control. 

Genes: ADAMTS13: A disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13; Hsp70: Heat 

shock protein-70; ICAM-1: Intercellular adhesion molecule-1; IL-6: Interleukin-6; MCP-1: Monocyte chemoattractant 

protein-1; MEF2C: Myocyte-specific enhancer factor 2C; MMP13: Matrix metalloproteinase 13; PAF: Platelet activating 

factor; TIMP2: Tissue inhibitor of matrix metalloproteinase 2; TNF-α: Tumor necrosis factor-α; VCAM-1: Vascular cell 

adhesion molecule-1; VEGF: Vascular endothelial growth factor; vWF: Von Willebrand factor. 

Relative mRNA concentrations are reported as median (interquartile range).  

P-values reflect Mann-Whitney comparisons of relative LV mRNA concentrations between groups. A significant difference 

(p<0.05) is represented by bold font.  
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Table 7: Relative mRNA concentrations for factors of coagulation, endothelial activation, inflammation, and remodeling in 

left atrial (LA) samples from cats with hypertrophic cardiomyopathy (HCM) without (HCMwoAT) and with (HCMwAT) an 

atrial thrombus, and fold changes between groups. 

 LA 

   HCMwAT / HCMwoAT 

Gene HCMwoAT HCMwAT p-values Fold change 

PAF 0.76 
(0.34-0.98) 

0.61 
(0.31-1.00) 

0.755 1.26 

vWF 15.56 
(8.40-18.51) 

22.47 
(13.24-26.28) 

0.149 1.44 

VCAM-1 1.93 
(1.37-4.06) 

2.10 
(1.33-6.75) 

0.530 1.09 

ß2-integrin 7.89 
(4.20-8.51) 

6.63 
(1.79-12.37) 

0.876 1.19 

P-selectin 1.20 
(0.90-1.74) 

1.82 
0.61-2.21) 

0.527 1.52 

E-selectin 1.93 
(1.47-2.75) 

2.94 
(0.27-3.87) 

0.755 1.53 

ADAMTS13 7.95 
(3.97-9.38) 

8.63 
(2.89-10.56) 

0.755 1.09 

TNF-α 7.21 
(2.53-10.48) 

9.42 
(2.33-15.43) 

0.788 1.31 

VEGF 0.65 
(0.55-0.80) 

0.95 
(0.49-1.59) 

0.432 1.46 

MEF2C 2.55 
(2.10-3.01) 

2.17 
(0.76-3.75) 

>0.99 1.17 

Hsp70 0.99 
(0.74-1.53) 

1.04 
(1.03-1.26) 

0.639 1.05 

ICAM-1 1.19 1.60 0.343 1.35 
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(0.93-1.59) (1.01-3.02) 

MCP-1 17.15 
(4.76-17.88) 

13.64 
(12.43-30.78) 

0.639 1.26 

IL-6 2.62 
(2.31-12.73) 

40.22 
(20.18-196.93) 

0.018 15.35 

MMP13 1.43 
(0.84-2.68) 

1.66 
(0-5.82) 

0.755 1.16 

TIMP2 3.05 
(1.72-4.00) 

4.59 
(3.91-6.30) 

0.030 1.51 

 
 

Groups: HCM: hypertrophic cardiomyopathy; HCMwAT: hypertrophic cardiomyopathy with atrial thrombus; HCMwoAT: 

hypertrophic cardiomyopathy without atrial thrombus; LA: left atrial samples. 

Genes: ADAMTS13: A disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13; Hsp70: Heat 

shock protein-70; ICAM-1: Intercellular adhesion molecule-1; IL-6: Interleukin-6; MCP-1: Monocyte chemoattractant 

protein-1; MEF2C: Myocyte-specific enhancer factor 2C; MMP13: Matrix metalloproteinase 13; PAF: Platelet activating 

factor; TIMP2: Tissue inhibitor of matrix metalloproteinase 2; TNF-α: Tumor necrosis factor-α; VCAM-1: Vascular cell 

adhesion molecule-1; VEGF: Vascular endothelial growth factor; vWF: Von Willebrand factor. 

P-values reflect Mann-Whitney comparisons of LA mRNA concentrations between subgroups of cats with HCM. A 

significant difference (p<0.05) is represented by bold font. 

Arrows indicate the direction of fold change ( or ). 
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Table 8: Relative mRNA concentrations for factors of coagulation, endothelial activation, inflammation, and remodeling in 

left ventricular (LV) samples from cats with hypertrophic cardiomyopathy (HCM) without (HCMwoAT) and with (HCMwAT) 

an atrial thrombus, and fold changes between groups.  

 LV 

   HCMwAT / HCMwoAT 

Gene HCMwoAT HCMwAT p-values Fold change 

PAF 1.29 
(0.58-1.40) 

0.98 
(0.66-4.63) 

0.876 1.32 

vWF 6.45 
(5.58-9.78) 

7.31 
(6.66-14.58) 

0.432 1.13 

VCAM-1 1.99 
(0.76-2.38) 

1.97 
(1.25-2.92) 

0.530 1.01 

ß2-integrin 3.86 
(2.55-4.69) 

2.45 
(0.54-11.86) 

>0.99 1.58 

P-selectin 0.77 
(0.70-0.90) 

0.57 
(0.065-2.36) 

0.755 1.34 

E-selectin 1.34 
(1.26-1.65) 

1.01 
(0.20-4.41) 

0.876 1.32 

ADAMTS13 3.01 
(2.53-3.68) 

2.19 
(0.054-14.96) 

0.755 1.38 

TNF-α 3.31 
(0.24-4.11) 

4.96 
(1.49-8.87) 

0.268 1.49 

VEGF 0.49 
(0.25-0.88) 

0.62 
(0.41-2.89) 

0.639 1.25 

MEF2C 2.34 
(1.49-2.53) 

2.64 
(1.23-7.80) 

0.755 1.13 

Hsp70 0.83 
(0.65-1.27) 

1.09 
(0.94-1.39) 

0.432 1.32 

ICAM-1 0.90 0.75 >0.99 1.21 
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(0.58-1.13) (0.54-2.29) 

MCP-1 3.14 
(0.71-17.88) 

6.92 
(3.12-10.57) 

>0.99 2.20 

IL-6 1.80 
(0.39-13.09) 

12.73 
(3.13-121.40) 

0.149 7.06 

MMP13 1.51 
(0.45-2.51) 

1.97 
(1.39-3.40) 

0.530 1.31 

TIMP2 1.67 
(1.12-2.53) 

1.51 
(1.16-5.09) 

0.755 1.11 

 

Groups: HCM: hypertrophic cardiomyopathy; HCMwAT: hypertrophic cardiomyopathy with atrial thrombus; HCMwoAT: 

hypertrophic cardiomyopathy without atrial thrombus; LV: left ventricular samples. 

Genes: ADAMTS13: A disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13; Hsp70: Heat 

shock protein-70; ICAM-1: Intercellular adhesion molecule-1; IL-6: Interleukin-6; MCP-1: Monocyte chemoattractant 

protein-1; MEF2C: Myocyte-specific enhancer factor 2C; MMP13: Matrix metalloproteinase 13; PAF: Platelet activating 

factor; TIMP2: Tissue inhibitor of matrix metalloproteinase 2; TNF-α: Tumor necrosis factor-α; VCAM-1: Vascular cell 

adhesion molecule-1; VEGF: Vascular endothelial growth factor; vWF: Von Willebrand factor. 

P-values reflect Mann-Whitney comparisons of LV mRNA concentrations between subgroups of cats with HCM. A 

significant difference (p<0.05) is represented by bold font. 

Arrows indicate the direction of fold change ( or ). 
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Table 9: Relative mRNA concentrations of genes which showed significant differences between cats with hypertrophic 

cardiomyopathy (HCM) without (HCMwoAT) and with (HCMwAT) an atrial thrombus compared to adult control (AC) cats, 

and fold changes between groups, based on left atrial (LA) and left ventricular (LV) samples. 

 

 LA LV 

 HCMwoAT / AC HCMwAT / AC HCMwoAT / AC HCMwAT / AC 

Genes 
p-

values Fold change 
p-

values Fold change 
p-

values Fold change 
p-

values Fold change 

IL-6 0.366 1.08 0.004 16.60 0.366 2.24 0.017 15.79 

TIMP2 0.445 1.14 0.004 1.72 0.945 0.97 0.931 0.88 
 

Groups: AC: adult control; HCM: hypertrophic cardiomyopathy; HCMwAT: hypertrophic cardiomyopathy with atrial 

thrombus; HCMwoAT: hypertrophic cardiomyopathy without atrial thrombus; LA: left atrial samples; LV: left ventricular 

samples. 

Genes: IL-6: Interleukin-6; TIMP2: Tissue inhibitor of matrix metalloproteinase 2. 

P-values reflect Mann-Whitney comparisons of LA and LV mRNA concentrations between AC cats and each subgroup of 

cats with HCM. A significant difference (p<0.05) is represented by bold font. 

Arrows indicate the direction of fold change ( or ). 
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