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Obesity is a growing epidemiological problem, as two-thirds of the adult population are carrying excess weight. It is a risk
factor for the development of cardiovascular diseases (hypertension, ischemic heart disease, myocardial infarct, and atrial
fibrillation). It has also been shown that chronic obesity in people may be a cause for the development of heart failure with
preserved ejection fraction (HFpEF), whose components include cellular hypertrophy, left ventricular diastolic dysfunction,
and increased extracellular collagen deposition.

Keywords: cardiac fibrosis ; cardiac remodeling ; collagen ; extracellular matrix (ECM) ; metalloproteinase (MMPs)

| 1. Introduction

Obesity today has reached pandemic proportions, as excess weight may even be affecting up to two-thirds of the adult
population in developed countries and is one of the main causes of disability worldwide [, |t is a well-established risk
factor for the development of metabolic disorders such as insulin resistance, diabetes, dyslipidemia, as well as
cardiovascular diseases such as atherosclerosis, ischemic heart disease, myocardial infarction, hypertension, and atrial
fibrillation BI4IRIEIA |t has been postulated that it may contribute to the development of heart failure with preserved
ejection fraction (HFpEF) &, as well as heart failure with reduced ejection fraction—HFrEF (usually by increasing the risk
of myocardial infarction) [l. Obesity cardiomyopathy is a term describing heart failure in the course of severe obesity of
long duration, in which left ventricular hypertrophy (LVH) is the most common finding . Importantly, obesity is associated
with several hemodynamic changes and metabolic, inflammatory, and neurohormonal alterations such as increased
activity of both the renin—angiotensin—aldosterone system (RAAs) and the sympathetic nervous system (SNS),
hyperleptinemia, and hypoadiponectinemia, which may all have an impact on heart remodeling and heart function &I,

Cardiac remodeling is defined as a change in the size, shape, or structure of one or more of the cardiac chambers &, |t
results from changes in both the phenotype of the cardiomyocytes and the extracellular matrix (ECM) 29, Excessive
synthesis of ECM components, especially collagen, by residential fibroblasts in the myocardium, is known as fibrosis 11,
This process is inextricably associated with constant ECM turnover and may be related to an imbalance between ECM
degradation by enzymes known as metalloproteinases (MMPs) and their specific inhibitors (tissue inhibitors of
metalloproteinases; TIMPs) 12, |t also may lead to disruption of the cardiac architecture, enhancing its stiffness and,
therefore, deteriorating the systolic or diastolic function and facilitating the occurrence of arrhythmia 241,

| 2. Obesity as a Heterogenous Disorder

The definition of obesity is based on the body mass index (BMI) (calculated as the ratio of body mass in kilograms (kg)
divided by the height in meters squared (m?2)) and is diagnosed when the BMI value exceeds 30 kg/m2, whereas a person
is described as overweight when their BMI value is 25-29.9 kg/m? 131141 |n children, obesity is diagnosed when the BMI
value is above the 95th percentile adjusting for both age and gender L8I18 According to WHO recommendations, the
severity of obesity may be assessed byits division into classes, categorized by BMI: | class,30-34.9 kg/m?; Il class, 35—
39.9 kg/m?; and Ill class, over 40 kg/m2 2. The third class is also referred to as severe, extreme, or massive obesity L.
The etiology of obesity is multifactorial, involving a complex interaction between genetical, hormonal, environmental,
dietary, and behavioral factors; obesity develops when the caloric intake is disproportionately higher than the energy
expenditure (1811191,

It must be acknowledged that obesity is a heterogenous disorder and there are a few possible phenotypes of obese
subjects: metabolically healthy obese (MHO); metabolically abnormal obese (MAO); metabolically obese, normal weight
(MONW), who are individuals characterized by a BMI < 25 kg/m?, but affected with complications such as
hyperinsulinemia/insulin resistance, abdominal and visceral adiposity, unfavorable adipokine and lipid profile, and
hypertension; and sarcopenic obese (SO) (whose body composition is made up of a high fat content and low muscle
mass with an accompanying “normal” BMI) (291211,



Obesity is reaching pandemic proportions and may trigger the development of serious metabolic and cardiovascular
complications 22, In fact, it is believed that the majority of the adverse effects of obesity on the cardiovascular system and
mortality risk are not attributable to obesity itself but to the concomitant metabolic syndrome Bl BMI is not always
considered to be a good predictor of future health complications, as it is not a reliable measure to assess individual body
fatness and adipose tissue distribution (visceral vs. subcutaneous adipose tissue) (23, |t must be remembered that
excessive adipose tissue itself is also responsible for several hormonal and proinflammatory disturbances 24, Due to
several pathomechanisms, obesity may switch macrophage polarization towards the M1 phenotype, which is considered
to be proinflammatory and profibrotic 8. Furthermore, adipose tissue excess in obese individuals is associated with
chronic subclinical inflammation and increased infiltrations of the immune cells [221. Adipose tissue is also considered to be
an active endocrine organ, as it secretes several hormones known as adipokines 28, Recently, there has beena plethora
of new emerging substances. Researchers include two of the most common hormones, leptin and adiponectin, whose
defective signaling in obesity can contribute to myocardial fibrosis.

Several experimental models were developed to study obesity-related complications. The most typically encountered
models for obesity induction are animals with genetic alterations, for example, null for the leptin gene (ob/ob), with a
mutation in the leptin receptor gene (db/db, fa/fa), or fed with laboratory chow with a high percentage of fat content (high-
fat diet—HFD) [, In animal models, similarly to obese people, obesity is accompanied by several metabolic disturbances
(for example, hyperlipidemia, hyperinsulinemia, and glucose intolerance) 2.

3. Distinctive Characteristics of the Cardiovascular System in the Course
of Obesity

Obesity may affect the cardiovascular system via hemodynamic (increased workload) and non-hemodynamic factors
(increased activation of the sympathetic nervous system (SNS) and the renin—angiotensin—aldosterone system (RAAS),
insulin resistance/hyperinsulinemia, leptin insensitivity/hyperleptinemia, reduced adiponectin
concentration/hypoadiponectinemia, overexpression of the peroxisome-proliferator-activated receptor (PPAR), decreased
natriuretic peptides, lipotoxicity, oxidative stress, and chronic inflammation/hypoxia) 2281291,

The heart of obese individuals are characterized by cardiomyocyte hypertrophy, infiltration of fat into the ECM (steatosis),
and accumulation of triglycerides among the contractile elements 2880, A|l of those factors impact the left ventricle (LV)
geometry (28139 Moreover, the myocardium in obese people is surrounded by excessive epicardial adipose tissue (EAT)
8, It has been shown that EAT may secrete several cytokines such as tumor necrosis factor a (TNF-a), interleukin 6 (IL-
6), activin A, connective tissue growth factor (cTGF), MMPs, and angiopoietin-like 2 (ANGPTL2) (28181321 \oreover, there

aredata showing that increased EAT in the course of obesity may facilitate cardiac fibrosis and promote the incidence of
arrythmia [B21331[34][35]

Another adverse impact of obesity on the myocardium is associated with lipotoxicity B8l Physiologically, in the healthy
myocardium, free fatty acids (FFA) constitute an elementary energetic substrate (approximately 70%) for the synthesis of
adenosine triphosphate (ATP) BZ. In obesity, there is high availability of those substrates in circulatory form, which can
directly interact with the PPAR receptors. Activation of PPAR receptors leads to increased uptake of FFA from the blood to
the cardiomyocyte due to the CD36/fatty-acid transport protein (FAT) transportation to the cell membrane and stimulation
of expression of enzymes necessary for FFA removal by B-oxidation in the mitochondria &, It was also shown that this
process may be facilitated by leptin throughthe short-term observation B¥; such a prolonged condition may induce
myocardial lipid accumulation 9,

The presence of triglycerides may not appear to be toxic;nevertheless, a lipid overload that exceeds the oxidative or
storage capacity of the tissue may provoke the induction of other alternative biochemical pathways, for example, towards
the production of ceramides, which may preserve proapoptotic properties [B8I4142]  Moreover, FFAs promote
diacylglycerol (DAG) synthesis, which may activate protein kinase C (PKC), which in turn inhibits insulin signaling via the
phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt)-dependent pathway B8I38] | ipotoxicity also contributes to the
excessive production of reactive oxygen species (ROS) and impaired mitochondrial biogenesis, which favor both
inflammation and cellular apoptosis 23],

In the next section, researchers describe more comprehensively the hemodynamic factors, which are the main causative
factor for cardiomyocyte hypertrophy in obese individuals 28, Non-hemodynamic factors and their contribution to the
changes in the cellular and ECM components will be presented in the paragraph entitled ‘The effect of obesity on
myocardial ECM expression, heart fibrosis, and cellular hypertrophy’ in Section 7.



3.1. Hemodynamic Changes Observed in Obesity

Obesity exerts several adaptive hemodynamic changes on the cardiac muscle (Figure 1) 4. First, obesity is generally
considered to be a hypercirculatory condition 2. Elevated fat-free (lean) mass and the high activity of RAAs may be
putative reasons Q44451 |n obese patients, increased cardiac output (CO) is observed, and as the heart rate (HR)
remains normal or may be only slightly elevated, a major cause for this high CO is subjected to increased stroke volume
(SV) &, Increased SV may also result in increased LV end-diastolic pressure, which was also detected in obese persons
[9144]
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Figure 1. Pathogenesis of hemodynamic alterations in the course of obesity. RAAs—renin—-angiotensin—aldosterone
system; SVR—systemic vascular resistance; SV—stroke volume; HR—heart rate; CO—cardiac output; L\V—Ieft ventricle.

Interestingly, excess weight leads to decreased systemic vascular resistance (SVR), which may also lead to the
augmentation of CO and LV dilatation [ Increased chamber volume exerts tension on the ventricular wall, according to
the Law of Laplace, and such a chronic process may cause hypertrophy 22, Such remodeling depicts the model of
volume overload that contributes to eccentric hypertrophy, characterized by the lengthening of the myocytes 48!,

Clinical manifestation of hemodynamic changes in the course of obesity may differ entirely depending on the distribution
of the adipose tissue in the body 4. The Dallas Heart Study carried out on 2710 participants without organic heart
disease suggested that hemodynamic features such as high CO and low SVR may pertain to individuals with an excess of
subcutaneous adipose tissue (SAT), especially distributed within the gluteal-femoral region, whereas increased visceral
adipose tissue (VAT) was rather related to lower CO and elevated SVR . Patients with excessive VAT proportions
developed a concentric hypertrophy of LV (i.e., increased myocyte thickness), and also had increased LV wall thickness,
increased LV mass/volume ratio, and smaller LV end-diastolic volume 2847, Similarly, Liu et al. showed in their study that

VAT in obese patients was a better predictor of cardiac remodeling and subclinical dysfunction of LV than elevated BMI
gy,

3.2. The Impact of Obesity on Myocardial Geometry and the Ejection Fraction

Left ventricular hypertrophy appears to be the most predominant observation in the hearts of obese individuals (441421501
Bl The results from the Framingham Heart Study, which was carried out on 3922 healthy participants, concluded that
BMIwas strongly correlated with left ventricular mass, LV wall thickness, and LV internal dimensions B2, In a different
study, an increase in BMI by 1 kg/m? and an increase in waist circumference by 1 cm increased the risk of LV hypertrophy
by 5.1% and 2.6%, respectively 22, |t may be concluded that increased LV mass is commonly encountered among obese
individuals and, in particular, it may be dependent on the central distribution of fat depots (abdominal fat) 23],



Nevertheless, in the literature, it is commonly discussed whether heart enlargement in the course of obesity results from
concentric or rather eccentric hypertrophy B4, A meta-analysis that included 4999 obese individuals and 6623 nonobese
controls showed that eccentric hypertrophy was more frequent in obese subjects than the concentric phenotype 291551,
This is in agreement with the initially formulated hypothesis of cardiomyopathy of obesity, based on increased cardiac
output and blood volume, which in turn exerts tension on the LV wall, leading to its dilatation (28],

Today, investigators are more inclined to think that the concentric pattern may be more prevalent than initially expected &
(291 and is even independent of the occurrence of hypertension B4, It is also believed that the distribution of fat tissue in
the viscera was more correlated with concentric hypertrophy 22, as well as with higher blood pressure (BP) values in
comparison with healthy, nonobese subjects, even without a diagnosis of hypertension, which may predispose to such
remodeling . Fat distribution and hemodynamic alterations also have an impact on cardiac remodeling, as mentioned
above. Lower body SAT prompted eccentric cardiac remodeling, whereas abdominal subcutaneous adipose tissue did not
have an effect on the hemodynamics. It was concluded that visceral abdominal adiposity (more often associated with the
presence of metabolic syndrome) was a causative factor for concentric remodeling [44. The existence of two different
patterns of hemodynamic alterations in obese individuals may contribute to different LV remodeling (Figure 2).
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Figure 2. Two distinctive patterns of cardiac remodeling in the course of obesity and a proposition for their pathogenesis
based on adipose tissue distribution. SVR—systemic vascular resistance; CO—cardiac output.

While considering LV diastolic dysfunction, it was shown that it is present in all classes of isolated obesity [LIEB58]
Moreover, its degree correlated with BMI 24, This supports the high prevalence of HFpEF in obese individuals 22,

Data about the systolic LV function are inconsistent, as various authors have reported that the LV ejection fraction (EF)
was decreased, normal, or even supernormal in obese subjects [24. An increased EF may be observed in the early stages
of obesity due to increased volume overload 24.Some authors believe that long-lasting obesity without metabolic and
cardiovascular comorbidities may not be conducive to the impairment of the systolic function 58l Khan et al. concluded
that there is not enough evidence in clinical studies to make the claim that obese patients have left ventricular ejection
fraction (LVEF) < 35% 28], Overt systolic dysfunction may suggest the presence of concomitant heart disease, especially
coronary artery disease (CAD) L[58],

Similarly, the right ventricle (RV) in obese individuals may by characterized by a mild increase in size and wall thickness
(691 |n addition, a mild dysfunction of RV was reported [&. This may be a potential reason for the high prevalence of sleep
apnea among obese individuals [. Nevertheless, Wong et al. concluded that increased BM| was associated with the
severity of RV dysfunction in overweight and obese subjects without overt heart disease, even independent of sleep
apnea [9. Moreover, obesity may also induce the enlargement of the left atrium (LAE) as a consequence of LV diastolic
dysfunction [ELE2 The large MONICA/KORA study conducted on 1212 men and women showed that the presence of
obesity was the strongest predictive factor for LAE development 3! Lavie et al. presumed that obesity may constitute a
risk factor for atrial fibrillation [,

| 4. Myocardial Extracellular Matrix

The myocardial extracellular matrix (ECM) is a network of fibrillar collagens (mainly type | and Ill) and other nonfibrillar
components such as glycoproteins—for example, fibronectin, proteoglycans, and glycosaminoglycans (GAG)—that



surrounds the cardiac myocytes alignment and provides a connection between the cardiomyocytes, as well as between
the cardiomyocytes and the surrounding vessels 84851 Sych scaffolding converts the force generated by individual
cardiomyocytes during the systole into an organized ventricular contraction and prevents cardiomyocyte slippage as well
as overstretching during the diastole by providing passive stiffness 41561 |t also influences the cardiac tissue architecture
and chamber geometry 8. Moreover, the interstitial network of connective tissues may also play a role in the
mechanosensory process by intercellular signaling, such as through the collagen—integrin—cytoskeleton—myofibril
connection &2, Apart from being a cellular scaffolding, the ECM also constitutes an environment for numerous bioactive
signaling molecules, such as transforming growth factor beta (TGF-B), TNF-a, angiotensin Il (Ang II), and endothelin-1
(ET-1) among others €8], They are often stored in inactive forms until they are activated in response to physiological or
pathological stimuli €4,

Myocardial ECM undergoes constant turnover, approximately by 0.6% per day, physiologically €. Its composition is
precisely regulated by MMPs and TIMPs, which are mostly synthesized by cardiac fibroblasts, as well as other cells such
as cardiomyocytes, endothelial cells, and macrophages 4],

4.1. Collagen

Collagen is the main component of the cardiac ECM [Z2, Recent morphometric evaluations of human hearts from the
deceased for noncardiac reasons showed that collagen constitutes on average 15.2% of the RV, 8.6% of the
interventricular septum (IVS), and 9.5% of the LV (8], Generally, collagens, based on their structure, can be divided into
two main classes: (1) fibril-forming collagens, which include the following types—I, Il, lll, and V; (2) nonfibrous collagens—
type IV (which is the main component of the basal lamina) and type VI collagen 4. In the cardiac ECM, fibrillar collagens
types | and lll are the most predominant, while collagen types IV (membrane base forming), V, and VI occur less
abundantly [, Type | accounts for approximately 80% forms of all thick fibers and provides tensile strength in the
myocardium, whereas type lll collagen constitutes less than 10% of all collagens and forms a thin network of fibers that
support distensibility of the heart B3, The fibers are organized into the following areas: the epimysium, perimysium, and
endomysium €8, The epimysium is a sheath of connective tissue surrounding the entire muscle, whereas the perimysium
surrounds groups of myocytes and the endomysium interconnects individual cells £,

It has been shown that the amount of collagen fibers, their distribution, and organization are the determinators of heart
function and alterations in its interface, both in structure and composition, may influence LV geometry and impair systolic
and diastolic heart function B4IZ7,

Increased collagen accumulation in the ECM may appear as a sign of fibrosis within the heart muscle /4. Beyond
measurement of its protein levels, biomarkers of its synthesis and degradation are frequently assessed as indicators for
collagen turnover 84111 propeptides from the amino- and carboxy-terminal procollagen sides, which are cleaved in the
ECM, are considered to be biomarkers of collagen synthesis. These are PICP (procollagen type | carboxy-terminal
propeptide) and PINP (procollagen type | amino-terminal propeptide) for collagen type I, and their counterparts for
collagen type lI—PIIICP and PIIINP, and they are released in a stoichiometric manner BAZ1 puyring pathological ECM
remodeling as well as physiological ECM turnover, collagen fibers are degraded, which is associated with the cleavage of
C- and N-terminals of collagen molecules 2. Hence, those C- and N-terminal telopeptides of collagen type | (CITP, NITP)
and type Ill (CIIITP, NIIITP) are considered to be biomarkers of their degradation €4l |t js also feasible to assess the
enzyme involved in collagen processing, such as prolyl-4-hydroxylase (PH4), procollagen-lysine,2-oxoglutarate 5-
dioxygenase (PLOD), and lisyl oxidase (LOX) 8],

Not only does the amount of collagen have an influence on the activity of the heart muscle, but also the cross-linking of its
fibers Y |n most studies, the degree of cross-linking was determined by the amount of insoluble collagen versus
soluble collagen in the heart 3. The disturbances of cross-linking were observed in chronic diseases, which may be due
to obesity-related comorbidities such as hypertension L2 chronic ventricular volume overload 3184 diabetes [E31186]
and in aging hearts B2, Increased crosslinking may also contribute to enhanced diastolic stiffness of LV 4. Furthermore,
the reduction of cross-linking, regardless of its type and quantity may contribute to cardiac dilatation, which was observed
in models of pressure-overload-induced heart failure &2,

Another factor worth considering is the ratio of type | collagen to type Il collagen (I/11l collagen ratio), as its increase may
be responsible for left ventricle stiffness and a lower rate of relaxation (8889 |ts elevation was observed in hypertension
(2918999 iy patients with dilated cardiomyopathy B, obesity 22831 and in the experimental model of myocardial infarct
4 |n diabetes, the contrary was observed, as this ratio was lower in diabetic animals and humans compared with
unaffected controls [B81195],



4.2. Metalloproteinases (MMPSs)

Researchers distinguish two principal types of MMPs: MMPs that are soluble in the ECM and secreted in the latent
proenzyme form (proMMPs) and membrane-type metalloproteinases (MT-MMPs, such as MMP-14, also known as MT-
MMP-1) that undergo processing in the cellular compartment and, subsequently, are attached to the cell membrane in the
already activated form [ZA98187],

Soluble MMPs encountered in the myocardium and involved in remodeling include interstitial collagenases such as MMP-
1, MMP-8, MMP-13;the stromelysins such as MMP-3; and the gelatinases such as MMP-2, MMP-9, and MMP-28 also
known as epilisyn 4. MMP-1, MMP-8, and MMP-13 degrade type 1, Il, and Il collagens. In addition, MMP-1 degrades the
basement membrane proteins 4. The classically known gelatins, MMP-2 and MMP-9, also process many collagens,
including type 1, IV, and V collagen; MMP-2 additionally cleaves type Il collagen 22281 MT1-MMP can cleave many ECM
proteins, including fibronectin, laminin-1, and type | collagen [Z4],

Expression and activity of MMPs is tightly controlled on many different levels B89 First, it is regulated on a
transcriptional level by a variety of growth factors, cytokines, chemokines, hormones, cellular transformation, and
interaction with extracellular matrix components. Second, most MMPs (except the membrane type) are synthesized as
inactive zymogens, called proMMPs 12, which require proteolytic activation by other already active MMPs or endogenic
proteases such as plasmin, urokinase-type plasminogen activator (uPA), tissue plasminogen activator (tPA), or thrombin
64 Third, active MMPs may be inhibited directly by their most specific inhibitors, such as tissue inhibitors of
metalloproteinase (TIMPs) 12,

4.3. Tissue Inhibitors of Metalloproteinase (TIMPs)

TIMPs are low-molecular-weight proteins (21-30 kDA) that create noncovalent high-affinity complexes with active MMPs
in the stoichiometric 1:1 ratio 22, To date, there have been four TIMPs (TIMP-1, -2, -3, -4) reported in the literature (2001
All four of them are expressed in the normal human heart, but their profile varies under pathological conditions 191,
Beyond their apparent inhibitory properties towards MMPs, TIMPs are also involved in several other processes and may
promote cellular growth, proliferation, and apoptosis 122, For example, it has been shown that upregulated TIMP-1 may

induce collagen synthesis and its elevated serum concentration may correlate with cardiac fibrosis 2031,
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