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Abstract

The dramatic increase in the prevalence of obesity and its strong association with cardiovascular

disease have resulted in unprecedented interest in understanding the effects of obesity on the

cardiovascular system. A consistent, but puzzling clinical observation is that obesity confers an

increased susceptibility to the development of cardiac disease, while at the same time affording

protection against subsequent mortality (termed the obesity paradox). In this review we focus on

evidence available from human and animal model studies and summarize the ways in which

obesity can influence structure and function of the heart. We also review current hypotheses

regarding mechanisms linking obesity and various aspects of cardiac remodeling. There is

currently great interest in the role of adipokines, factors secreted from adipose tissue, and their

role in the numerous cardiovascular complications of obesity. Here we focus on the role of leptin

and the emerging promise of adiponectin as a cardioprotective agent. The challenge of

understanding the association between obesity and heart failure is complicated by the multifaceted

interplay between various hemodynamic, metabolic, and other physiological factors that ultimately

impact the myocardium. Furthermore, the end result of obesity-associated changes in the

myocardial structure and function may vary at distinct stages in the progression of remodeling,

may depend on the individual pathophysiology of heart failure, and may even remain undetected

for decades before clinical manifestation. Here we summarize our current knowledge of this

complex yet intriguing topic.

I. INTRODUCTION

A. Changing Prevalence of Obesity and Link to Cardiovascular Disease

Obesity and overweight are most often defined by body mass index (BMI) (25), with

underweight being <20 kg/m2, normal 20–25 kg/m2, overweight 25–30 kg/m2, class I

obesity 30–35 kg/m2, class II obesity 35–40 kg/m2, and class III obesity >40 kg/m2. Surveys

based on self-reported data conservatively estimate that 15 and 33% of adults in Canada

were obese and overweight, respectively, yet these values are lower than in the United States

where the latest Behavioral Risk Factor Surveillance System (BRFSS) data demonstrate a

continued escalation in obesity in each of the states (44). A particularly worrying trend is the

striking increase in class III obesity in recent years with 4% of men and 7% of women in the

United States meeting this definition (136,171). Obesity is strongly associated with the

development of major risk factors for atherosclerotic disease such as hypertension,

hyperlipidemia, and diabetes (79,89,358). In addition, some evidence suggests that obesity

also has direct effects on the heart that may not be the result of atherosclerosis. It is
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estimated that in Canada, cardiovascular disease costs the economy over $18.5 million per

annum and accounts for over one-third of all deaths (data provided by Heart and Stroke

Foundation of Canada). Such statistics have provided great impetus for us to develop our

understanding of mechanisms linking obesity with increased cardiovascular morbidity and

mortality.

B. Evidence for Causative Role of Obesity in Heart Failure

Abundant evidence shows that obesity is associated with structural and functional changes

in the heart in both humans and animal models (see sects. III and IV). Many of these

changes, such as left ventricular (LV) hypertrophy, left atrial (LA) enlargement, and

subclinical impairment of LV systolic and diastolic function are believed to be precursors to

more overt forms of cardiac dysfunction and heart failure. Thus it is generally assumed that

longstanding obesity will eventually lead to heart failure. However, in human studies, we

mainly have to rely on cross-sectional data at this time, and the conclusions are not firm

regarding the direct role of obesity in the development of heart failure (14,46,132,376). One

major issue is the methods for diagnosing heart failure. Hospital discharge coding and death

certificates are notoriously inaccurate. Furthermore, misdiagnosis of heart failure is common

and may be more common in obese subjects because of the frequent occurrences of edema

and dyspnea (42). Pulmonary pathologies and right heart failure may easily be mistaken for

diastolic heart failure. Perhaps more importantly, obesity is very frequently associated with

other risk factors for developing heart failure (e.g., hypertension, diabetes, hyperlipidemia,

sleep-disordered breathing, etc.), and office-based blood pressure recordings in obese

patients may underestimate the burden of hypertension that would be picked up by 24-h

recordings. Only one large, longitudinal, population-based study addressing this issue is

available (173). In this study, participants in the Framingham Heart Study were stratified by

BMI at the time of enrollment and then followed for incident heart failure (diagnosed by

adjudicated clinical criteria). The main findings were that increased BMI was associated

with an increased risk of heart failure in both men and women and that this risk was graded

across categories of increasing BMI. In the subset of patients who had echocardiography

within 30 days of the heart failure diagnosis, the majority had reduced LV ejection fractions.

Although the investigators adjusted for the presence of cardiovascular risk factors, we know

that traditional risk factors explain only a fraction of the actual myocardial infarctions that

occur in the general population. Thus the possibility that coronary artery disease contributed

to the development of heart failure has not been excluded. Indeed, central obesity is

undeniably a risk marker, and probably a risk factor for the development and progression of

coronary artery disease (43,105,185–188,229,241,328). A summary of the crude cumulative

incidence of heart failure by gender and BMI category is shown in Figure 1.

C. The Obesity Paradox

While it is widely accepted that obesity increases the risk of developing heart disease, a

growing number of recent reports document a statistically significant survival benefit in

obese patients once they have been diagnosed with cardiovascular diseases

(128,144,145,200,201,211,244). For example, follow-up examination of a stable outpatient

cohort showed that obese patients had better survival than normal-weight patients with

comparable severity of heart failure (201). In another cohort of outpatients with established

heart failure, higher BMIs were associated with lower mortality risk (65). Another study

tracking 3-yr survival rates in patients post-myocardial infarction (MI) clearly showed

improvements as BMI increased after adjusting for severity of illness, age, and gender (128).

One group has suggested that the positive effect of obesity on survival of heart failure

patients is most significant in those with preserved systolic function (accounting for ~50%

of those with heart failure, Ref. 360) (124), although a very recent study demonstrated that

higher BMI was also associated with lower in-hospital mortality risk in patients with acute
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decompensated heart failure (103). In 9,633 consecutive patients undergoing percutaneous

coronary interventions, those who were very lean or with BMI in the normal range were

found to be at the highest risk for in-hospital complications, cardiac death, and 1-yr

mortality. Importantly, there was a graded response manifest as a progressive decrease in

mortality as BMI increased (121,123). In 1,676 consecutive patients with unstable angina or

non-ST-elevation MI, all of whom were treated with early revascularization, obese and very

obese patients had less than half the long-term mortality of normal BMI patients (35). Thus

it appears that these patients might have some degree of resistance to ischemia-reperfusion

injury. Lastly, a protective effect of obesity has been seen in hemodialysis patients

evidenced by improved survival in those with higher BMIs (164,307,311). Of note, these

end-stage renal failure patients have an extremely high risk of dying from cardiovascular

disease. Thus, although obesity is widely accepted as a risk factor for coronary heart disease

and heart failure, accumulating evidence strongly supports a protective role of obesity once

patients have developed cardiovascular disease.

Although a great deal of data support the existence of a protective effect of obesity, some

authors have questioned the existence of the obesity paradox (85,233). These authors have

suggested that there is a “U-shaped” outcome curve according to BMI for patients with heart

failure, in which mortality is greatest in underweight patients; lower in normal, overweight,

and mildly obese patients; but higher again in more severely obese patients (85,126). It has

also been posited that more intense treatment regimens are applied in obese patients and that

this might explain their increased survival post-MI (85). However, this seems doubtful given

the widely accepted and well-publicized guidelines for the treatment of cardiovascular

disease. One recent study has suggested that overweight and obese individuals were in fact

protected from short-term death yet have a long-term mortality risk that is similar to normal-

weight individuals (254).

The conclusion that obesity may both elicit cardiac disease and protect from cardiovascular

death clearly now requires further mechanistic analyses at cellular, molecular, and

systematic levels. If we can identify the beneficial component, then it might be possible to

harness the effect for therapeutic purposes.

II. OVERVIEW OF ANIMAL MODELS THAT HAVE BEEN USED TO STUDY

CARDIAC CHANGES ASSOCIATED WITH OBESITY

Many animal models have been studied in attempts to clarify the mechanisms that contribute

to cardiac injury and dysfunction in obesity. In evaluating results from animal studies, it is

important to bear in mind that similar to the situation in humans, obesity in certain animal

models is associated with coincident morbidities such as impaired glucose tolerance,

diabetes, and hypertension. In discussing various models, attempts will be made where

possible to highlight potential confounding variables. The majority of studies have been

performed in rodents (with a smaller number in other species such as rabbits or dogs). Most

of the animal data discussed in this review will be based on rodent models with generalized

obesity, or transgenic mice with targeted mutations in cardiomyocytes. Models with

generalized obesity are of two types: genetic mutations that result in obesity, and diet-

induced obesity achieved by feeding animals a high-fat diet.

Commonly used mouse models develop obesity on the basis of mutations in the leptin gene

or the leptin receptor. Thus ob/ob mice are null for the leptin gene. Ob/ob mice on the

C57BL6/J background develop obesity, hyperinsulinemia, and impaired glucose tolerance

shortly after weaning and develop overt diabetes between 10 and 15 wk of age (227). Mice

with mutations in the leptin receptor (db/db) developed this mutation on the C57BLK/SJ

background and develop diabetes as early as 5 wk of age (34). Thus, in evaluating cardiac
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phenotypes in these models, it will be important to take into consideration the age at which

the studies are performed, given the potentially confounding effects of hyperglycemia on

phenotypes that are observed. Moreover, it will be important to determine which changes in

these models are a consequence of obesity versus effects that are secondary to loss of leptin-

mediated signaling. Another mouse model (KKAy) in which central melanocortin signaling

is disrupted by the mutant agouti peptide has been used to elucidate the relationship between

obesity and activation of sympathetic nervous system (10).

There are numerous transgenic mouse models that develop obesity, yet only a few have been

evaluated in terms of the consequences of the obesity on cardiac function. The few models

in which there are data are now discussed. The UCP-DTA mouse in which a diphtheria-

toxin transgene is expressed in brown adipose tissue (BAT) resulting in BAT ablation

develop a mild degree of obesity and insulin resistance that is less severe than that observed

in mice with mutations in leptin or its receptor (215). Expression of 11β-hydroxysteroid

dehydrogenase (11β-HSD) in adipose tissue results in a mouse with abdominal obesity that

develops hypertension (225). Germ-line knockouts of the adiponectin gene have been

particularly informative in terms of elucidating the interaction between adiponectin and

cardiovascular injury (192,208,218,226,320,321). The relevance of this model stems from

the fact that levels of adiponectin are invariably reduced in animals and humans with obesity

(161). The Jackson laboratory is currently generating new mouse mutants with obesity and

cardiovascular disease by conducting random mutagenesis in mice on various genetic

backgrounds. It is expected that these animals will become valuable resources in the quest

for elucidating the complex interactions between obesity and cardiovascular disease (334).

Nonobese transgenic mice with mutations or transgenes that mirror critical pathways that are

believed to be involved in the pathogenesis of cardiac dysfunction in obesity have been

developed and will be discussed. These include mice with targeted mutations in the insulin

signaling pathway as well as mice with targeted overexpression of transgenes that

precipitate lipotoxic cardiomyopathy (149). Table 1 summarizes recently generated

transgenic mouse models that develop lipotoxic cardiomyopathy

(47,50,51,101,102,127,202,203,280,363,381,382,386). The majority of these models were

generated by introducing mutations that increased fatty acid (FA) uptake to levels that

exceeded the capacity of mitochondria to oxidize them. Overexpression of peroxisome

proliferator-activated receptor (PPAR)-α induced lipotoxic cardiomyopathy that was

worsened on diets that were high in long-chain versus medium-chain FAs, implying that

lipotoxicity may be mediated primarily by intermediates derived from long-chain FAs.

Although PPAR-α increased in the expression of genes that promote mitochondrial fatty

acid oxidation (FAO), increased mitochondrial FAO could not accommodate the increase in

FA uptake. Indeed, genetic ablation of expression of the FA transporter (CD36) reversed

lipotoxicity in PPAR-α overexpressing mice (382). Mice with mutations that primarily

increase lipid uptake have also revealed that specific lipid uptake pathways might mediate

differential aspects of lipotoxicity-mediated cardiac dysfunction (50,51). Two models with

mutations that limit FA metabolism or triglyceride degradation are also presented. Impaired

mitochondrial FAO in cardiomyocyte-restricted PPAR-δ knockout (KO) mice leads to heart

failure and lipid accumulation in the absence of an increase in lipid uptake pathways,

underscoring the important role of mitochondrial FAO capacity in contributing to the

pathogenesis of lipotoxicity (47). Adipose tissue triglyceride lipase (ATGL) KO mice

develop massive myocardial lipid accumulation presumably because of a defect in lipolysis

of myocardial triglyceride leading to contractile dysfunction. The mechanism for heart

failure in ATGL KO mice remains to be completely characterized, but might be due in part

to disruption of contractile units by increased lipid and increased fibrosis (127). It remains to

be established if reduced lipolysis of myocardial triglycerides contributes to the

pathogenesis of lipotoxic cardiomyopathy in obesity.
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The most commonly studied genetic rat model of obesity is the Zucker or fa/fa rat, which

has a mutation in the leptin receptor. Zucker fatty rats are models of obesity, insulin

resistance, and glucose intolerance that develop glucose intolerance and relatively mild

hyperglycemia as they age. Zucker diabetic fatty rats (ZDF) were originally derived from

Zucker fatty rats by selective inbreeding of rats that developed severe hyperglycemia. These

animals have an additional defect in beta-cells that accelerates beta-cell dysfunction leading

to the early onset of severe type 2 diabetes (305).

High fat feeding has been used by many groups to study the consequences of obesity in the

heart, and some of these data are discussed in more detail in subsequent sections of this

review. Interpretation of the impact of dietary manipulation on cardiac structure and

function in animal models is confounded by differences in dietary lipid composition such as

saturated versus unsaturated fats, and whether or not the high-fat diets are isocaloric or

promote obesity. For example, isocaloric high-fat diets that are associated with reduced

levels of insulin and leptin appear to attenuate LV hypertrophy in pressure overload

hypertrophy and minimize LV remodeling in a rat infarct model (239,261,262). In contrast,

high-fat feeding that is associated with the development of insulin resistance and obesity is

associated with development of LV dysfunction in many (269,273,296) but not all studies

(40). Studies examining the effects of altering dietary FA composition have suggested that

diets with increased saturated fat content, or exposure of cultured cells to saturated FA

promote apoptosis, which can be reversed by the addition of mono- or polyunsaturated FA

(PUFA) (74,212,236,260). Although there is broad interest in the cardiovascular benefits of

dietary supplementation with n-3 and n-6 PUFA (32), most studies have focused on

potential antiarrthymic effects of n-3 and n-6 PUFAs particularly in the context of

myocardial ischemia, and few have specifically examined the effects on cardiac structure

and function in obesity. A small number of studies have suggested that increased dietary n-3

PUFA may increase cardiac efficiency and enhance recovery following ischemia/reperfusion

(230,277) and may attenuate LV hypertrophy (LVH) and reverse LV dysfunction in a mouse

model of cardiac lipid accumulation induced by systemic carnitine deficiency (juvenile

visceral steatosis) by remodeling the cardiac lipid pool and reducing the activation of protein

kinase C (337).

III. STRUCTURAL CHANGES IN THE HEART IN OBESITY

A. Human

1. Quantification of cardiac hypertrophy in obesity—Cardiac hypertrophy is usually

defined as an increase in the size of the entire heart or more commonly of a specific cardiac

chamber relative to body size. In the past, body surface area (BSA) was often chosen as the

index of body size against which to judge cardiac size or mass. However, in the setting of

significant obesity, LV weight/BSA is often normal or lower than normal because BSA

increases more than LV weight (72,73,197). Because of this, many investigators now choose

to index heart size to lean body mass, height, or height raised to the power of 2.7 (72,73).

The latter method is proposed to be an optimal allometric correction factor that minimizes

gender differences in cardiac size and geometry (70). Commonly accepted cut-off values for

increased LV mass are >50 g/m2in men and 47 g/m2.7in women (72,197).

2. Patterns of LVH in obesity—Many published studies have concluded that obesity is

independently associated with LV hypertrophy (22,28,63,72,116,235,242,266,279,284,377). A

few studies suggest that LV mass may be increased in obesity, but that the increase is

appropriate for body size if obesity is truly “uncomplicated” (i.e., lack of comorbid

conditions such as hypertension, diabetes, coronary artery disease, etc.) (151,155,156).

There are somewhat divergent views about the degree of hypertrophy and the particular LV

geometric patterns that are seen in obesity. Early studies in relatively small numbers of
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patients suggested that obese subjects predominantly had dilated hearts (11,13,14,92). These

reports may have been affected by a referral bias in which patients with heart failure

symptoms were selectively referred for evaluation. Thus the dilated phenotype may

conceivably have been a result of comorbid conditions rather than a direct result of obesity

(151,156). More recently, several studies have prospectively evaluated larger cohorts of

younger and older subjects with obesity who did not have evidence of organic

cardiovascular disease (22,151,156,242,279,377). These studies have generally relied on

noninvasive imaging such as echocardiography, radionucleotide studies, or magnetic

resonance imaging (MRI) to assess cardiac size, geometry, and function. The more recent

data confirm the increased prevalence of LV hypertrophy in obese subjects. In addition, the

results indicate that both LV cavity size and wall thickness are increased in obese subjects

compared with age-matched controls (22,134,151,156,242,279,377). However, wall

thickness is commonly increased to a greater extent than cavity size. Thus there appears to

be a slight predominance of concentric cardiac hypertrophy (increased wall thickness

relative to chamber size) compared with an eccentric pattern of hypertrophy (chamber

enlargement is more prominent than the increase in wall thickness). The pathophysiological

mechanisms proposed to account for the presence of LV hypertrophy and the different

patterns of LV geometry are discussed subsequently. The pattern of hypertrophy that is

present may be clinically meaningful, since accurate phenotypic characterization could help

us to better understand underlying mechanisms, which might allow more specific and

targeted therapeutic approaches.

3. Cardiac tissue composition in obesity—Relatively few studies have compared the

biochemical and structural composition of the heart in obese and normal subjects. This is not

too surprising given the large obstacles inherent in obtaining human cardiac tissue,

particularly from control subjects without organic heart disease. Thus we have largely been

forced to rely on data from animal models that may not accurately reflect the human

condition (see below). However, autopsy series present the opportunity to study heart tissue

from obese and nonobese subjects, and in general, these studies have shown cardiac

hypertrophy plus a variable extent of coronary artery disease (9,64,91,147,185–188,300).

However, studies relying on autopsy may be biased towards the presence of coexisting

conditions and/or unexpected causes of death.

4. Cardiac adiposity—Increased cardiac mass has been postulated to result from

increased epicardial fat and fatty infiltration of the myocardium (11). It is doubtful whether

excess epicardial fat should be considered as a true form of cardiac hypertrophy. However,

in autopsy studies, it might be difficult to separate adherent and infiltrating fat from

underlying cardiac muscle. Most imaging methodologies such as echocardiography and MRI

can now allow a relatively clear separation of myocardium from fat and allow calculation of

a “fat free” cardiac mass. Not surprisingly, increased epicardial fat is a common finding in

severe obesity. Iacobellis and colleagues (152,155) have argued that the amount of

epicardial fat parallels the amount of visceral adipose tissue and that the amount of

epicardial fat is correlated with the severity of LVH. Some authors have reported that

epicardial fat may penetrate into the right ventricular (RV) free wall and cause replacement

of RV myocardium (327). However, widespread use of cardiac MRI and computed

tomography, particularly when evaluating for possible arrhythmogenic right ventricular

dysplasia, have revealed that epicardial fat anterior to the right ventricle is extremely

common (178,342,344). Moreover, epicardial fat commonly interpolates into the RV free

wall. An example of a cardiac MRI showing a moderate accumulation of epicardial fat is

seen in Figure 2. One study used MRI spectroscopy to quantify triglyceride content in

human myocardium and found it to be significantly increased in obese compared with

normal-weight subjects (152). This observation is supported by the findings of Peterson et
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al. (278) who showed that obese subjects, particularly those with insulin resistance, have

increased myocardial fatty acid uptake and utilization (278). Using a different approach,

Kasper et al. (170) performed endomyocardial biopsy to assess myocardial histology, and

obese subjects were found to have mild myocyte hypertrophy but no evidence of abnormal

collagen accumulation. In contrast, Quilliot et al. (288) reported that serum markers thought

to reflect cardiac collagen turnover were increased in obese subjects. Taken together, there

does not appear to be a specific pathological change in the human heart which is clearly

associated with obesity, other than mild myocyte hypertrophy and perhaps intra- and

extracellular fat accumulation.

5. Right ventricular size in obesity—A few studies have focused on the right ventricle

in uncomplicated obesity. Wong et al. (378) reported that RV cavity size and wall thickness

were mildly increased in obese subjects compared with a normal-weight reference group.

Alpert and co-workers (16,17) reached similar conclusions. Although it seems likely that

RV enlargement could result from obstructive sleep apnea and chronic pulmonary

hypertension (see below), the available published data surprisingly do not consistently

support this hypothesis (266,378). In fact, in one study the majority of obese subjects did not

have enough tricuspid valve regurgitation to even estimate pulmonary artery pressures, and

those that did have tricuspid regurgitation generally had normal pressures (378).

6. Left atrial size in obesity—Many studies have shown increased LA dimensions in

obese subjects compared with normal-weight control subjects (16,17,22,140,274,371,375).

Unlike LV mass, LA size is usually not indexed to body size, so this finding could be

misleading. The most commonly reported measure of LA size is the uniaxial anterior-

posterior dimension, which is generally measured from the parasternal long axis

echocardiographic view. This is a well-accepted, reproducible measure of LA size that has

known clinical relevance with respect to long-term event rate, survival, and the risk of

developing atrial fibrillation (114,180). The mechanisms of increased LA size appear to be

similar to those causing LVH: increasing BMI, hypertension, volume overload, and possibly

LV diastolic filling abnormalities. Interestingly, obese subjects in the Framingham heart

study were found to have an increased risk of developing atrial fibrillation, and this risk was

entirely explained by the increase in LA size (371).

7. Valvular heart disease in obesity—Only limited data exist regarding the direct

effects of obesity on the heart valves. Nevertheless, the topic of valvular disease in obesity

has received increased attention in recent years because of the finding that anorexigenic

drugs used to facilitate weight loss are associated with mitral and aortic valve regurgitation

(57). Somewhat counterintuitively, a widely cited paper that evaluated the frequency of

valvular abnormalities in a relatively large cohort of subjects undergoing echocardiography

showed a lower prevalence of valvular regurgitation in obese than in normal-weight subjects

(323). The problem of difficult echocardiographic imaging windows in obese subjects

complicates the quantitative assessment of valvular disease in this population.

B. Animal

1. LVH—LVH has often been observed in most models reported to date, such as mice and

rats (to be discussed in more detail below) as well as rabbits (38) and dogs (364). Within a

given species there are strain differences and age-dependent effects. For example, while

some groups have reported cardiac hypertrophy in hearts of young ob/ob mice (30,34,227),

others have only observed this phenotype in older animals (23,24). Similarly, cardiac

hypertrophy has been reported in old but not in young db/db mice (23,24). Likewise, high-

fat feeding of Sprague-Dawley rats for up to 14 wk has not been associated with LVH

despite the development of obesity (40,299), whereas 7 wk of high-fat feeding in Wistar rats
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results in LVH (269). Also, isocaloric high-fat diets that do not lead to hyperinsulinemia or

weight gain seem to attenuate pressure overload LVH (261,262). The pathogenesis of

cardiac hypertrophy is complex and may involve the presence of coexisting hypertension,

plasma volume expansion, and activation of the sympathetic nervous system. In models with

leptin deficiency, there are data emerging that leptin may have independent effects on

cardiac hypertrophy, and this is discussed further in section VIC. Other cytokines that play a

role in energy expenditure or appetite regulation may also modulate cardiac hypertrophy.

For example, activation of ciliary neurotrophic factor receptors induces regression of cardiac

hypertrophy in ob/ob and db/db mice, independently of its effects on weight loss (294), and

adiponectin mediates antihypertrophic effects in the heart in part through activation of

AMPK signaling (320).

2. Lipid accumulation—A commonly described feature of most animal models of obesity

is increased accumulation of intramyocellular triglycerides in the heart. This has been

reported in the hearts of genetic models such as ob/ob and db/db mice (29,31,34,53), Zucker

or fa/fa rats (394), and following high-fat feeding (346). Accumulation of myocardial

triglyceride and lipid metabolites such as ceramides has been associated with cardiomyocyte

apoptosis in Zucker rats, and reduced levels correlate with reduced apoptosis following

thiazolidinedione (TZD) treatment (394). Moreover, a diet that was high in saturated fat was

associated with increased triglyceride and ceramide concentrations that correlated with an

increase in apoptosis (260). There is no evidence that triglyceride accumulation per se is

damaging and may represent an adaptive mechanism to sequester increased lipids, thereby

representing a marker but not necessarily a mediator of lipotoxicity (214). Although there is

much evidence that increased concentrations of ceramide may mediate apoptosis in the heart

in response to ischemia or drugs or cytokines that promote apoptosis, will promote

cytochrome c release and apoptosis when directly applied to cardiomyocytes, and that

inhibition of de novo ceramide synthesis prevents palmitate-induced apoptosis in L6

myotubes (75,82,276,355,368), it remains to be established if ceramides induce apoptosis in

lipotoxic heart disease. Evidence exists that increased palmitate may mediate apoptosis via

ceramide-independent mechanisms despite the associated increase in ceramide content,

suggesting the existence of other lipid mediators of lipoapoptosis (184,213). The existence

of mouse mutants with impaired ceramide biosynthesis and the availability of

pharmacological inhibitors of ceramide biosynthesis that can be safely administered to

animals (142) now provide the opportunity to clarify the role of ceramide accumulation in

mediating lipoapoptosis that characterizes lipotoxic cardiomyopathies.

3. Fibrosis—Increased interstitial fibrosis has been described in the hearts of Zucker (fa/

fa) rats (350,394) and in UCP-DTA mice (54). In ob/ob mice, fibrosis occurs mainly in the

coronary perivascular region (391,392). The fibrosis is correlated with increased expression

of plasminogen activator inhibitor 1 (PAI-1), increased levels of transforming growth factor

(TGF)-β, and increased activation of stress signaling pathways such as Jun NH2-terminal

kinase (JNK). It is likely that the fibrotic response is due in part to local activation of the

renin-angiotensin system as treatment of animals with angiotensin converting enzyme

inhibitors (ACEI) or angiotensin II receptor blockers (ARBs) result in regression of fibrosis

and normalization of PAI-1 and TGF-β levels. Fibrotic responses may also ensue as a result

of replacement fibrosis following apoptotic cardiomyocyte death.

IV. FUNCTIONAL CHANGES IN THE HEART IN OBESITY

A. Human

1. LV systolic function—Many studies have evaluated LV systolic function in obesity.

The findings of these studies are quite variable. Various authors have reported depressed LV
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ejection fraction (EF) (15,68,100), normal EF (22,111,116,191,242,266,279,377), and

supernormal EF (28,155,274,375) in obese subjects. The findings of the various studies

likely depend to some extent on the population being evaluated. The technique used for

measuring EF seems to matter less since similar findings have been obtained with

echocardiography, nuclear imaging, and cardiac MRI. As mentioned in the preceding

discussions, it is always a challenge to separate out the effects of obesity from the effects of

comorbidities such as hypertension, diabetes, and vascular disease. All of the latter are

important causes of LV dysfunction.

The early reports of cardiac enlargement and systolic dysfunction led to the development of

a notion that there was a specific “cardiomyopathy of obesity” (11). More recently,

however, several studies have found that LV ejection fraction is normal or even supranormal

in the majority of obese subjects, even those with severe obesity

(22,28,155,191,242,274,279,375,377). These results need to be interpreted with caution since

increased endocardial shortening is a common finding in concentric LVH due to the

relatively enhanced excursion of the endocardium in a thick-walled ventricle (21,71). Thus,

even if the EF is normal, myocardial function is often reduced when it is measured with

more sensitive methods such as midwall LV fractional shortening, systolic velocity

measured with tissue Doppler, or systolic strain rate. Indeed, obese subjects have generally

been found to have subclinical contractile abnormalities when assessed with the

aforementioned techniques (21,22,71,279,377). Invasive studies have also led to the

conclusion that myocardial contractility is reduced (111). Interestingly, LVH and mild

abnormalities of myocardial systolic function have been observed in obese children and

adolescents (48,367), and the severity of the dysfunction is comparable to that seen in obese

subjects in their 30s, 40s, and 50s. Thus it is unclear whether the relatively mild alterations

of myocardial systolic function progress with longer durations of obesity. Alpert et al. (14)

have argued that duration of obesity is the factor that determines the likelihood of

developing systolic dysfunction and heart failure. Although this is an attractive hypothesis,

not all studies have found such a relationship (377). Moreover, no longitudinal studies in

obese subjects are available to delineate the natural history of the contractile abnormalities

in obesity. Lastly, obesity in older individuals appears to pose less of a mortality risk than it

does in younger subjects (367). In summary, the jury is still out on whether long-term

obesity leads to heart failure independent of coronary disease or other morbidities.

2. LV diastolic function—Several studies have also assessed LV diastolic filling and

diastolic function in obesity. As with the findings in systolic function, results are variable

and somewhat conflicting. Mitral inflow velocities measured with pulsed-wave Doppler give

information about LV relaxation rate and atrial contractile strength, but the effects of altered

loading conditions (i.e., LA pressure) tend to dominate over the effects of LV relaxation

abnormalities. Some studies have found reduced early diastolic (E-wave) velocities (155)

while others have found them to be unchanged (242,266,274,279,314). Similarly, E-wave

deceleration times have been reported to be increased (274) or unchanged (279) in obese

subjects. Lastly, late diastolic (A-wave) velocities have been reported to be increased

(28,155,242) or unchanged (266,274,279,314). Prolongation of the isovolumic relaxation

time is probably the most consistent diastolic abnormality seen in obesity (28,242,375).

Because increased age predictably is associated with reduced E-velocity, prolonged E-

deceleration time, and increased A-velocity, controlling for age is mandatory in the

assessment of mitral flow patterns.

Over the last decade, echocardiographic techniques have been developed that allow us to

quantify relatively load-independent indexes of myocardial diastolic function (141,245).

These are based mainly on tissue Doppler imaging, a robust method of recording the

velocity and amplitude of myocardial movements with high temporal resolution. From the
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parent tissue Doppler velocities, strain and strain rate at different locations in the heart can

be derived. Using these approaches, at least two groups have reported evidence of reduced

early diastolic tissue velocities and diastolic strain rate in obese compared with normal-

weight subjects (279,377). It is believed that decreases in these parameters predominantly

reflect slowing in the rate of LV relaxation. Recently, speckle tracking techniques have been

added to the ultrasound-based methods for assessing myocardial function, but they have not

yet been studied in obesity.

Limited studies are available that compare intracardiac pressures in obese and normal-

weight subjects. Resting pulmonary capillary wedge pressures were found to be normal in

obese subjects (165). However, compared with normal-weight control subjects, the obese

subjects had an exaggerated rise in wedge pressure during passive leg raising or during

exercise. These data were interpreted as showing reduced distensibility of the central

circulation. Noninvasive methods have also been used to estimate resting LV filling

pressures in obese subjects. The ratio of the mitral E-wave velocity to the early diastolic

mitral annular tissue velocity (E′) is a well validated index of pulmonary capillary wedge

pressure (87,264). E/E′ measured at rest has been reported to be normal (<10) in obese

subjects (377). Serum levels of brain natriuretic peptide (BNP) are widely used in the

clinical evaluation of patients with known or suspected heart failure. Elevated levels of this

hormone are indicative of volume overload and higher LV filling pressures. Interestingly,

obese subjects have lower levels of serum BNP than normal-weight controls with similar

pulmonary capillary wedge pressure (232). Moreover, BNP levels are consistently reported

to be in the normal range or below normal in the majority of obese subjects (66). Thus the

bulk of evidence points to the conclusion that even though obesity is associated with

diastolic dysfunction at the myocardial level, LV filling pressures remain normal at rest. The

vast majority of obese patients, even those with severe obesity, do not have clinical heart

failure.

3. RV function—One recent study found that RV ejection fraction was not altered in obese

subjects (378). However, those with BMI >35 kg/m2 had reduced RV function compared

with a reference population as evidenced by reduced systolic tissue Doppler velocities, and

reduced measures of systolic strain and strain rate. Surprisingly, these changes occurred

irrespective of the presence of sleep apnea. Similar but lesser degrees of reduced systolic

function were present in overweight and mildly obese groups. Differences in RV diastolic

velocities were also seen in obese versus a reference population. BMI remained

independently related to RV changes after adjusting for age, log insulin, and mean arterial

pressures. In obese patients, these changes were associated with reduced exercise capacity

but not the duration of obesity or the severity of sleep apnea. Two other studies showed

preserved RV systolic function in obesity (137). However, one of these did find altered RV

diastolic filling characteristics (266).

4. Vascular function—The topic of vascular dysfunction in obesity is large, and we will

not attempt to review it in any detail in this paper but will refer the reader to a

comprehensive recent review in this area (247). Suffice it to say that obesity, especially

abdominal obesity, is a well-defined risk factor for the development of atherosclerotic

coronary artery disease (12,188,241). However, since abdominal obesity is part of the

diagnostic criteria for the metabolic syndrome, it is nearly impossible to dissect out the

independent contributions of the different components of this syndrome. In addition,

endothelial dysfunction is widely present in obesity and the metabolic syndrome

(84,325,358). Both macro- and microvascular abnormalities likely contribute to the many

structural and functional problems of the heart in obesity.
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B. Animal

Obesity is associated with alterations in cardiac function, and in animal models, studies have

been performed 1) in vivo, 2) in isolated perfused hearts or in papillary muscles, or 3) in

vitro using isolated cardiomyocyte preparations. Furthermore, studies have been performed

under normoxic conditions or following ischemia. This section will focus primarily on

studies performed in obese animal models. Transgenic models designed to isolate

abnormalities of various pathways that are hypothesized to be involved in obesity-related

pathologies are discussed in sections II and VC.

1. In vivo studies—Echocardiography has been the most widely used modality to

investigate cardiac function in murine models of obesity-related cardiac dysfunction. A

smaller number of studies have also performed invasive hemodynamic assessment of LV

function or used cardiac MRI. In most studies in vivo cardiac function has been evaluated in

anesthetized animals. Anesthetic agents vary from study to study and may have variable

effects on heart rate, which could influence echocardiographic findings. Generally, most

studies reveal evidence of mildly impaired systolic function in vivo that is absent in younger

animals (<12 wk of age) but become evident between 12 and 20 wk of age

(34,53,313,357,361,388). Fewer studies reveal changes in diastolic function (53,313). Ob/ob

mice on the LDLR null background have reduced functional shortening (FS) by

echocardiography at 24 wk of age. These animals are hypercholesterolemic and develop

atherosclerosis. In addition, there is a loss of the normal diurnal variation in heart rate and

blood pressure. Caloric restriction leads to a 45% reduction in body weight, reduced

atherosclerosis, improved glucose homeostasis, reduced markers of inflammation, and

normalization of cardiac function (361). These studies suggest that many of the associated

changes in cardiac function are dependent on the effects that may be secondary to obesity

and glucose intolerance as opposed to leptin deficiency per se. Similar beneficial effects

were also reported following treatment with a dual PPAR-α/-γ agonist (362). In 10- to 11-

wk-old female ob/ob mice, Christoffersen et al. (53) reported minimal changes in LV

systolic function under baseline conditions but a reduction in the inotropic response to

dobutamine. They reported evidence of diastolic dysfunction manifested by reduced E/A

ratios (53). Similar findings have been reported in db/db mice with evidence of systolic and

diastolic function by echocardiography that was absent in 6-wk-old (shortly after onset of

hyperglycemia) but present in 12-wk-old mice (313). The study of ob/ob mice was

performed under anesthesia, which reduced heart rates to between 300 and 400/min,

whereas the db/db mouse studies were performed in conscious mice at heart rates of 600–

700/min.

In a study of ob/ob and db/db mice in which cardiac function was evaluated using invasive

LV catheterization, Buchanan et al. (34) reported that LV function differed by strain and

varied with age. In younger mice of both strains, rates of LV contraction and relaxation (dP/

dt) were actually increased in young animals (4–5 wk of age) despite the presence of

significant obesity. Moreover, LV systolic pressures were increased, without any significant

differences in LV end-diastolic pressures. In 15-wk-old ob/ob mice, the increase in dP/dt

remained and LV end-diastolic pressure did not increase. Thus these studies do not support

the existence of significant in vivo diastolic dysfunction in ob/ob animals. In contrast, db/db

mice that develop a much earlier onset of hyperglycemia exhibited a progressive decline in

indices of LV contractility so that by 15 wk of age +dP/dt were equivalent to controls and

−dP/dt were reduced (34). The mechanisms for the hypercontractile phenotype in younger

ob/ob and db/db mice are most likely the result of load-dependent variables such as preload

and afterload, as was recently shown by Van den Bergh et al. (357), who also demonstrated

load-independent cardiac dysfunction in db/db mice that developed in 24-wk-old but not in

12-wk-old animals. These data are consistent with a progressive reduction in cardiac
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function, which may represent the cumulative effects of persistent hyperglycemia, insulin

resistance, and increased myocardial lipid supply.

In vivo changes in cardiac function in mouse models with lesser degrees of obesity are more

subtle. Thus C57BL6 mice when placed on a high-fat diet develop LV dysfunction as

evidenced by reduced fractional shortening only after 20 wk of high-fat feeding (273). UCP-

DTA mice are a model of the insulin resistance syndrome with lesser degrees of obesity and

insulin resistance than leptin-deficient mouse models. These mice have a modest increase in

blood pressure, eccentric LVH (with increased LV chamber size), and increased cardiac

output (54).

Studies in rats have shown a similar pattern to mouse studies. In genetically obese Zucker

fatty rats, LVH is present in young animals shortly after the development of diabetes. This is

associated with increased LV function by echocardiography (104); however, they eventually

develop significant LV dysfunction in vivo as evidenced by decreased fractional shortening.

This can be reversed with TZD treatment (394). The beneficial effect of TZD treatment was

ascribed to the reversal of lipid accumulation and prevention of lipotoxicity (lipid

accumulation and subsequent apoptosis). Studies in high-fat fed rats have not revealed such

striking findings. Thus 12 wk of high-fat feeding of Sprague-Dawley rats revealed no

changes in invasive LV hemodynamics, e.g., dP/dt, echocardiographic parameters, LV

hypertrophy, or LV fibrosis despite significant obesity and dyslipidemia (40). A similar lack

of LVH was observed independently by another group following a 14-wk high-fat diet in

Sprague-Dawley rats (299).

2. Studies in isolated hearts—These studies have revealed subtle changes in cardiac

function at time points when significant changes are not apparent when evaluated in vivo.

Examination of cardiac function in isolated working db/db mouse hearts revealed significant

reduction in cardiac power despite preserved in vivo cardiac function (34). Similarly, when

perfused with 5 mM glucose and 0.4 or 1.0 mM palmitate, significant reductions in cardiac

performance were also observed in ob/ob mouse hearts (227). In isovolumic ob/ob hearts,

although cardiac performance was similar at low work loads, there was a significant

reduction at increased work loads (30). In Langendorff-perfused hearts from fa/fa (Zucker)

rats prior to the onset of diabetes, cardiac function was also depressed (369), and in rats

studied after the onset of diabetes, increased FA utilization and decreased glucose and

lactate utilization were observed (370). Treatment of Zucker rats with a TZD improved

systemic glucose homeostasis and intracardiac triglyceride accumulation, increased glucose

oxidation rates, and improved cardiac function (115). Similar studies in db/db mice revealed

that treatment of these mice with PPAR-γ or PPAR-α agonists can improve cardiac

metabolism, but do not necessarily restore cardiac function (1,2,36).

3. Studies in isolated cardiomyocytes or papillary muscles—Cardiomyocyte or

papillary muscle function has been examined in Zucker rats, ob/ob mice, and models of diet-

induced obesity. In ob/ob mice, cardiomyocyte contractile function is reduced and is

associated with reduced calcium sensitivity and altered calcium transients (88,207). In

addition, others have shown that there is reduced β-adrenergic responsiveness in

cardiomyocytes isolated from ob/ob mice (238). Ob/ob cardiomyocytes are also more

susceptible to nitric oxide (NO)-mediated depression in contractility relative to nonobese

controls (330). Treatment of Wistar rats with a high-fat diet for 7 wk was associated with

LV hypertrophy triglyceride accumulation and insulin resistance. Papillary muscles revealed

an increase in baseline and maximal force generation, but impaired recovery from high work

loads, impaired insulin-mediated augmentation of calcium-mediated contractility, and

reduced insulin-mediated phosphorylation of phospholamban (269).
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4. Normoxia versus ischemia—Given the possible association between obesity, insulin

resistance, and increased mortality following cardiac ischemia, many groups have examined

the recovery of hearts from rodent models of obesity following ischemia/reperfusion in vitro

and in vivo. Findings have been somewhat variable depending on the model examined. Thus

isolated working hearts from db/db mice exhibit reduced recovery following ischemia and

reperfusion after diabetes develops, but recovery is normal in the pre-diabetic stage (3).

Treatment with PPAR-γ or PPAR-α agonists while improving myocardial substrate

utilization did not increase postischemic recovery in db/db hearts (3,36), but acute treatment

with high concentrations of glucose and insulin, which substantially increased glucose

oxidation rates, increased postischemic recovery and cardiac efficiency (90). In UCP-DTA

mice, functional recovery following low-flow ischemia was impaired (54). In fa/fa rats

studied very shortly after the onset of hyperglycemia, ischemia was associated with

increased ischemic contracture, but functional recovery following reperfusion was enhanced

in the obese mice despite the fact that at baseline, cardiac function was reduced (369). The

mechanism for cardioprotection is unclear. In contrast, studies in older Zucker rats

demonstrated reduced recovery from ischemia, which could be prevented by treating these

animals with a TZD (159,322,389). Studies in nondiabetic rats have also shown a positive

benefit of TZD treatment upon ischemia/reperfusion (158,176,390), although this has not

been shown to be true for other models such as pigs (380). Studies performed in vivo using

coronary artery ligation show that obesity and insulin resistance are associated with

impaired recovery of cardiac function. This is true in genetic models such as Zucker rats, db/

db mice, and mice with diet-induced obesity (119,146,346). Infarct size is unchanged in

high-fat fed models (347) but increased in db/db mice (160). The existence of impaired

leptin signaling in the hearts of many models of obesity has prompted some investigators to

evaluate the role of leptin in mediating cardioprotection in the context of ischemia and

reperfusion. Thus leptin administration has been shown to reduce infarct size and enhance

myocardial functional recovery following coronary artery ligation in mice (4,326).

Taken together, these studies provide strong evidence for an association between obesity and

disturbances in cardiac function. Earliest changes are seen in isolated perfused hearts and

precede detectable changes in vivo. One reason for this is the presence of hemodynamic

compensations such as changes in preload or afterload, which might mask intrinsic

contractile defects. The extent of dysfunction in vivo or in vitro becomes more evident as

the duration of the obesity increases, or following an ischemic insult.

C. Comparison Between Animal and Human Data

It is a challenge to directly compare the findings of human compared with animal studies.

Generally, the abnormalities of cardiac structure and function uncovered in animal studies

tend to be significantly more pronounced than those in human studies. This may result from

the fact that the specific genetic abnormalities present in many of the animal models are not

seen in most humans with obesity. For example, leptin deficiency or absence of functional

leptin receptors is the basis of obesity in the widely studied ob/ob and db/db mice, whereas

leptin deficiency is an extremely rare cause of obesity in humans. To further emphasize this

point, leptin therapy has been associated with marked reversal of the obesity phenotype in

ob/ob mice, whereas administration of leptin has unfortunately been largely ineffective in

treating human obesity (27). With the use of similar logic, it is not surprising that complete

knockout or marked overexpression of a specific target in a mouse may produce a more

exaggerated phenotype than is seen in the less dramatic polygenic/environmental causes of

obesity that are usually present in humans. The environmental impact on heart failure in

humans is another factor that is difficult to mimic in laboratory animals. Lastly, end-organ

effects of obesity that require a long duration to become evident are much easier to study

and observe in small rodents with a life span of 1–2 years than in humans with a much
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longer life span. Thus many cardiac findings may be more apparent in the animal models of

obesity than in humans. Despite these caveats, the wealth of data that can be derived from

animal studies allows for “proof of concept” experiments that are often impossible to

perform in humans. Thus the two lines of investigation are felt to be synergistic, even

though establishing disease pathogenesis and final proof of the therapeutic benefits of any

treatment must ultimately be obtained in clinical studies.

V. MECHANISMS CONTRIBUTING TO STRUCTURAL AND FUNCTIONAL

CHANGES IN THE HEART IN OBESITY

A. Changes in Cardiac Metabolism

It has long been known that diabetes is associated with shifts in myocardial substrate

utilization characterized by an increase in FA utilization and a decrease in glucose utilization

(37,315). Only recently have similar studies been performed in genetic models of obesity,

prior to the onset of significant hyperglycemia. We have evaluated myocardial substrate

utilization in ob/ob and db/db mouse hearts prior to the onset of hyperglycemia. In both

instances we observed changes in myocardial substrate utilization that mimic the changes

that occur in diabetes. Indeed, reduced glucose oxidation rates and increased FA oxidation

rates were present in 4-wk-old obese mice (34). The reduction in glucose oxidation did not

decline any further as diabetes developed in these models, although FA oxidation rates

increased further. Changes in substrate metabolism seem to be the earliest measurable

abnormality in the hearts of these mice and precede measurable changes in in vivo cardiac

function (see sect. IVB) and in isolated hearts (34), thereby suggesting that altered

myocardial substrate utilization might be a critical mediator of subsequent contractile

dysfunction. Ob/ob mice also have increased capacity to oxidize FA in response to

increasing delivery of FA substrates, which exceeds that of wild-type hearts (227). The

mechanisms responsible for the substrate switching that characterizes the diabetic heart

likely involve increased delivery of fatty acids, decreased insulin signaling, and activation of

transcriptional pathways such as the PPAR-α/peroxisome proliferator-activated receptor-γ
coactivator (PGC-1) signaling network that regulate myocardial substrate utilization. In

studies of young ob/ob and db/db mice, changes in substrate utilization were not associated

with any increase in the expression of PPAR-α, PGC-1, or its transcriptional targets (34). In

a study of high-fat feeding, a reduction in myocardial glucose utilization was noted as early

as 10 days after the initiation of high-fat feeding, and the high-fat fed animals had evidence

of reduced insulin signaling (273). Thus early in the course of obesity, it is likely that

changes in myocardial substrate utilization reflect changes in substrate availability, such as

increased myocardial delivery of fatty acids and triglycerides. The reciprocal reduction in

glucose utilization likely reflects allosteric inhibition of glucose utilization in the face of an

increase in FA utilization (Randle phenomena). It is also possible that impaired insulin

signaling may have independent effects to reduce myocardial glucose utilization as was

observed in the hearts of mice with cardiomyocyte-restricted deletion of insulin receptors

(26). As caloric excess and/or obesity becomes more long-standing, activation of

transcriptional pathways, namely, activation of PPAR-α/PGC-1 mediated signaling increases

the expression of genes involved in FAO and FA import such as CPT1, LCAD, MCAD, and

FA transporters such as FATP1 and CD36, which contributes further to the metabolic

changes in these hearts. A second mechanism that may contribute to increased myocardial

FA uptake in obesity is redistribution of CD36 to the plasma membrane (59).

An important recent contribution to the field is the observation that alterations in myocardial

substrate utilization in mouse models of obesity are associated with increased myocardial

oxygen consumption and decreased cardiac efficiency (30,31,34,148,227). Potential

mechanisms for reduced cardiac efficiency will be discussed in the section on mitochondria
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(sect. VB). The implication for reduced cardiac efficiency in these hearts is the potential

consequence of a limitation in myocardial reserve, which may increase the likelihood of

worsening of cardiac function in the face of hemodynamic stressors such as cardiac

hypertrophy. In Zucker rats, a reduction in glucose (and lactate) metabolism has also been

described prior to the onset of significant hyperglycemia (115,370). Changes in FA

utilization in Zucker rats relative to observations in mouse models are distinct. Zucker rats

appear to have a defect in their ability to upregulate FA oxidative capacity in response to

increasing FA delivery that has been postulated to contribute to accumulation of myocardial

triglycerides and lipotoxicity (316,387). Recent studies in obese humans have yielded results

that mirror the changes described in mice. In a study of severely obese females, Peterson et

al. (278) reported that obesity was associated with increased rates of FA oxidation, increased

myocardial oxygen consumption, and reduced cardiac efficiency, and the extent of these

changes was proportionate to the degree of insulin resistance or obesity. Despite the increase

in myocardial FAO in mice and humans with obesity, there is an increase in the triglyceride

accumulation within the heart. Many animal studies have demonstrated this, and recent

studies in humans using either NMR spectroscopy or lipid staining of postmortem tissue

have provided strong evidence for the existence of lipid accumulation in human hearts

(228,316,336). It is postulated that an imbalance between FA oxidation and lipid uptake

exists in the heart in obesity, with uptake exceeding oxidation. This has also been supported

by studies in transgenic mouse models of lipotoxicity (see Table 1). Examination of

substrate utilization has been performed in some but not all of these models and has

demonstrated the existence of increased rates of FA oxidation that occur within the heart,

despite increased intramyocardial triglyceride accumulation. Impaired mitochondrial

function may contribute in part to the inability of the heart to oxidize the increased lipid

burden and will be discussed further below.

B. Mitochondrial Dysfunction and Oxidative Stress

Obesity is associated with changes in mitochondrial morphology. Increased mitochondrial

number has been described in the hearts of ob/ob mice (29,88), db/db mice (31), and UCP-

DTA mice (93). In UCP-DTA mice, the increase in mitochondrial number is due to

upregulation of PGC-1α and PPAR-α signaling and is blocked by the introduction of the

PPAR-α null allele. Despite the increase in number, there is accumulating evidence that

mitochondrial dysfunction exists. Studies in ob/ob and db/db mice revealed two distinct

defects (30,31). In hearts that were perfused with glucose prior to analysis, mitochondria

were characterized by reduced rates of oxygen consumption and ATP generation. Analysis

of protein content of OXPHOS subunits in ob/ob mice revealed significant reduction in

protein levels of mitochondrial complexes I, III, and V, and in db/db mice, although there

was an increase in the expression of PGC1-α and genes that regulate FAO, there was not a

coordinate increase in OXPHOS gene expression. Thus mitochondria isolated from ob/ob

and db/db mice exhibit striking defects in mitochondrial oxidative capacity. When

mitochondria were studied following perfusion of hearts with fatty acids, mitochondrial

oxygen consumption increased, but ATP production declined further. Reduced ATP/O ratios

are consistent with mitochondrial uncoupling, which was confirmed by measuring proton

leak kinetics (31). In these studies there was no increase in the protein content of uncoupling

protein 3 (UCP3), but evidence was obtained that mitochondrial uncoupling proteins were

activated in these hearts. Mechanisms that could activate uncoupling include increased

exposure of mitochondria to fatty acids and increased generation of superoxides (29,31).

Increased levels of UCP3 have been reported in db/db mice (249), suggesting that activation

as well as increased expression of uncoupling proteins both contribute to mitochondrial

uncoupling in db/db mouse hearts. A recent report in UCP-DTA mice, which is a model of

insulin resistance and mild obesity, revealed reduced ATP/O ratios, which are also

consistent with mitochondrial uncoupling (93). Uncoupled mitochondria exhibit increased

ABEL et al. Page 15

Physiol Rev. Author manuscript; available in PMC 2010 August 4.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



oxygen consumption rates. Moreover, FA utilization is increased in uncoupled

mitochondria. Thus uncoupling of mitochondria represents a novel mechanism contributing

to changes in substrate utilization and reduction in cardiac efficiency that exists in the heart

in obesity. Mitochondrial proliferation and dysfunction have also been described in the heart

in animal models with type I diabetes (318,319,353,354), indicating that obesity and

diabetes (both of which are associated with increased delivery of FA to the myocardium)

ultimately lead to mitochondrial alterations that ultimately become mal-adaptive. Given the

high rates of energy utilization within the heart, it is reasonable to hypothesize that

mitochondrial dysfunction and impaired myocardial energetics may contribute to contractile

dysfunction in the heart of obese individuals and increase their susceptibility to heart failure.

Studies in humans with type 2 diabetes who do not have underlying coronary artery disease

demonstrating reductions on PCr/ATP ratios support this hypothesis (83,310).

Mitochondria also represent an important source of superoxide in cells. There are a number

of reports indicating increased indices of oxidative stress markers in the myocardium in

obesity (110,207,308,361). We recently demonstrated that mitochondrial ROS production is

increased in the hearts of db/db mice and is generated in complex I and possibly in complex

III (31). Nonmitochondrial mechanisms may also contribute to increased oxidative stress in

the hearts of models of obesity. Suggested mechanisms include reduced NOS1 activity and

increased xanthine oxidoreductase activity in ob/ob mice that are normalized with leptin

treatment and increased oxidative modifications of SERCA which is reversed following

exposure of ob/ob cardiomyocytes to inhibitors of NADPH oxidase (207,308).

C. Impaired Insulin Signaling

It is increasingly accepted that insulin signaling is impaired in the heart in various rodent

models of obesity and insulin resistance (5,6). Impaired insulin-mediated activation of

intracellular signaling molecules or glucose uptake have been described in ob/ob mouse

hearts and cardiomyocytes (227), db/db mouse cardiomyocytes (41), hearts of Zucker fatty

rats (52,133,322,389), Goto-Kakizaki (GK) rats (81), and mice and rats with diet-induced

obesity (273). Impaired insulin signaling occurs within 2 wk of high-fat feeding and

therefore represents an early adaptation of the heart to caloric excess. The consequences of

acquired insulin resistance are not completely understood. However, there is evidence that

reversal of myocardial insulin resistance with pharmacological insulin sensitizers will

increase myocardial glucose utilization, decrease FA utilization, and reduce injury and

enhance recovery following myocardial ischemia (322,389).

Using knockout techniques in mice, insulin receptors have been selectively deleted from

cardiomyocytes (26). These animals represent a genetic model of myocardial insulin

resistance. Although complete loss of insulin signaling might not necessarily recapitulate the

insulin resistance that develops in the heart in obesity, the model has been informative in

highlighting important roles of insulin signaling in the heart. Specifically, deletion of insulin

receptors in the heart is associated with reduced rates of FA and glucose oxidation and

reduced expression of FAO genes, consistent with mitochondrial dysfunction (26). Insulin

receptor-deficient hearts also have increased susceptibility to injury when exposed to

hypertrophic stimuli such as pressure overload and chronic adrenergic stimulation with

isoproterenol (150,231). Studies in isoproterenol-treated CIRKO hearts also highlighted the

important role of insulin signaling in promoting angiogenesis in the heart (231). Impaired

angiogenic signaling was also independently confirmed in the hearts of Zucker rats and in

muscle-restricted insulin receptor KO mice that also lack insulin receptor expression in the

myocardium (133,349).
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D. Diabetes (Hyperglycemia)

The development of insulin resistance and type 2 diabetes in obese individuals (163,219),

the significant contribution of diabetes to cardiovascular disease (234,255,352), and

potential mechanisms by which diabetes may lead to cardiac dysfunction (31) have been

extensively reviewed. Nevertheless, the precise role of diabetes in producing structural

changes in the adult heart is quite controversial. As with many aspects of cardiovascular

disease in obesity, it is a challenge to separate the direct effects of obesity from its frequent

traveling companions. The presence of diabetes, or measures of insulin resistance, was not

predictive of LV mass in the mainly Caucasian, middle-aged women studies by Avelar et al.

(22). In other populations, such as those in the STRONG heart study (native Americans of

the western United States) and the Framingham heart study, diabetes or the metabolic

syndrome do appear to be significant risk factors for LV hypertrophy (272,306,358). In the

population involved in the STRONG heart study, diabetes is almost universal and may have

a genetic underpinning. Thus it is likely that multiple predisposing factors for LV

hypertrophy and genetic modifiers may summate in a complex and nonlinear fashion that

produces different end effects, depending on the population under study. Advanced

glycation end products (AGE) mediate the detrimental influence of hyperglycemia on many

diabetic complications, and Laakso’s group (177) conducted a comprehensive 18-yr follow-

up study in Finnish subjects which was the first to demonstrate that AGE can predict total,

cardiovascular disease and coronary heart disease mortality in nondiabetic women.

Furthermore, it has been suggested that in cardiomyocytes AGEs regulate the response to

ischemia-reperfusion injury via modulation of cardiac energy metabolism (33). Ren’s group

recently demonstrated that a 12-wk high-fat diet in rats induced obesity and elevated serum

AGE levels which correlated with increased O-Glc-NAc modifications and apoptosis in

cardiomyocytes (205) in a similar manner to the apoptosis induced by hyperglycemia (206).

Many of the changes in cardiac metabolism, discussed in section VA, that have recently

been described in obesity, were long recognized to occur in animals and humans with type1

and type 2 diabetes. Thus the development of diabetes in individuals with obesity is likely to

have synergistic and deleterious effects on cardiac metabolism and function.

E. Inflammation

There is ever-increasing interest in the link between obesity and inflammation

(78,80,204,221), and an inflammatory state is both a causative factor in inducing MI and a

primary constituent of the response to MI (210,341,385). Several studies have established

clear correlations between markers of inflammation and mortality in patients with heart

failure (157,246). C-reactive protein, a heavily studied serum marker of inflammation, may

serve as a useful prognostic tool and as a marker of long-term mortality in patients with

acute MI (329,332). It appears that a disparity in the inflammatory cytokine system occurs in

obese individuals with heart failure since, while pro-inflammatory cytokines such as

interleukin (IL)-6, IL-1β, atrial natriuretic peptide (ANP), and tumor necrosis factor (TNF)-α
increase, there is not a corresponding increase in anti-inflammatory cytokines such as IL-10

and TGF-β (122,366). The degree and nature of inflammation may influence further

progression of disease via both direct myocardial effects and on other components of the

cardiovascular system. There are now many reports indicating that the various

proinflammatory cytokines can play a role in the myocardial remodeling process by directly

influencing aspects such as hypertrophy, apoptosis, fibrosis, and ultimately contractility

(20,138). Despite the potential promise of targeting inflammation, studies to date employing

anti-TNF-α therapeutic approaches have thus far proven ineffective in treating heart failure.

This has somewhat tempered enthusiasm regarding the possibility of targeting the imbalance

in inflammatory cytokines, although other aspects of the cytokine imbalance besides TNF-α
may still prove to be effective targets for therapeutic interventions (19,122).
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F. Pressure/Volume Overload

Hypertension is highly prevalent in obese subjects (>60%), and it is probably the most

common cause of LV hypertrophy in the general population. Typically, we think of pressure

overload as causing a concentric pattern of hypertrophy (120). Given the relatively high

frequency of concentric LV geometry in obese patients, there are compelling reasons to

believe that hypertension plays a major role. Even if daytime or office blood pressures are

normal, 24-h blood pressure recordings show that obese patients often have a “nondipping”

pattern in which they lose the normal nocturnal decline in blood pressure (190). Sleep-

disordered breathing may explain this phenomenon (see below). Thus the true prevalence of

hypertension in obesity may be even higher than what has been estimated in the literature.

Higher systolic blood pressures, even if they are not in the hypertensive range, are

associated with a greater extent of LV hypertrophy in obesity (22). Several studies have

shown synergistic effects between increasing BMI and increasing systolic blood pressure

(22,72).

Obese individuals have expanded central blood volume (165). In addition, stroke volume

and cardiac output are both increased (13,49,165,170,284). These changes in blood volume

and cardiac output are most likely due to the increased metabolic demand that result from

increases in both lean and fat mass. The large fat depots in significant obesity produce a

low-resistance vascular circuit that may further increase cardiac output. There may also be

changes in renal absorption of salt and water. The combination of these factors is proposed

to produce a form of volume overload similar to that which occurs with regurgitant valvular

heart disease, beriberi, or arterial-venous fistulas. Chronic volume overload or high output

failure is classically felt to produce an eccentric form of cardiac hypertrophy with enlarged

cardiac chambers, but normal wall thickness (120). However, dilated cardiomyopathy of any

etiology will produce a similar cardiac geometry. Even in high output failure, the cardiac

output may decline in the end stage of the disease. Several authors have argued that volume

overload is a primary mechanism contributing to the hypertrophy in obesity (13,58,199).

Unfortunately, this relatively straightforward and logical hypothesis is complicated by the

fact that multiple recent studies have shown a predominance of concentric geometry in

obese patients (22,63,72,279,377).

G. Sleep Apnea

Sleep-disordered breathing is increasingly recognized as an important cause of

cardiovascular abnormalities in obesity (287). Obstructive sleep apnea is very common in

obesity and is nearly universal in severe obesity. There are multiple routes by which sleep

apnea could lead to LV hypertrophy, including exacerbation of nighttime and daytime

hypertension, increased sympathetic tone, chronic hypoxemia, and exaggerated swings in

intrathoracic pressure during obstructive episodes (287). Although some studies have failed

to show a relationship between sleep apnea and LV hypertrophy, the majority do support

such an association (18,22,69,250,256–258,284,287,331,373). One of the confounding factors

in these analyses results from difficulties in the quantification of the severity of sleep apnea.

Most studies have relied on the apnea-hypopnea index (the number of apneic and hypopneic

episodes per hour of sleep). However, the number of such episodes may not be the actual

cause of hypertrophy. Rather, growing data suggest that nocturnal oxygen de-saturation may

be the true culprit (22,69). Cloward et al. (55) found that the use of continuous positive

airway pressure at night for 6 mo was associated with a reduction in LV wall thickness (55).

Avelar et al. (22) reported that in a predominantly Caucasian female population with severe

obesity, the degree of LV hypertrophy was related to BMI, systolic blood pressure, and the

severity of nocturnal hypoxemia (22). The majority of these patients had concentric LV

hypertrophy. In this study, a diagnosis of hypertension or an average nocturnal O2 saturation

<85% each had synergistic interactions with increasing BMI.
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H. Neurohumoral Activation

Numerous studies show evidence that obese subjects have activation of the sympathetic

nervous system. This appears to result at least in part from the effects of sleep-disordered

breathing (117,118,199,252). Increased sympathetic tone may contribute to the high

incidence of concentric LV geometry because of hemodynamic factors such as elevated

blood pressure and increased cardiac contractility. In addition, catecholamines may have

direct hypertrophic effects that are independent of hemodynamic factors. There also appears

to be activation of the renin-angiotensin system in obesity (304). These two pathways are

interrelated and are both prohypertrophic via direct signaling effects and hemodynamic

effects (i.e., vasoconstriction and elevation of blood pressure). As mentioned above,

sympathetic activation likely results from sleep apnea and other indirect factors. In contrast,

activation of the renin-angiotensin system may occur directly via signals from adipose

tissue. Engeli et al. have suggested that adipose tissue contains the major components of a

local renin-angiotensin system (96). Furthermore, increased activity of this system has been

implicated in human obesity hypertension (67,96). One proposed mechanism for such an

effect is increased secretion of angiotensinogen from adipocytes, especially those in visceral

fat (359). Angiotensin is thought to cause sympathoexcitation, so there may be additive

effects of renin-angiotensin and sympathetic activation with respect to blood pressure

elevation and cardiac remodeling in obesity (67).

I. Changes in Extracellular Matrix and Fibrosis

Alterations in the composition and structure of the extracellular matrix (ECM) can make an

important contribution to changes in the cardiac size, structure, and function in heart failure

(98,237). Since changes in ECM composition clearly appear to be an important component

of cardiac remodeling in heart failure, it is important to delineate the potential mechanisms

contributing to these changes. With respect to obesity, it is important to consider the concept

that regulation of myocardial ECM by adipokines is of great importance (77,99). Although

relatively little is known to date, Tyagi’s group (243) has suggested that elevated matrix

metalloproteinase (MMP)-9 activity in the left ventricle of the human heart appears to be an

early trigger of pathological remodeling leading to end-stage human heart failure. Serum

markers thought to reflect cardiac collagen turnover have been shown to be elevated in

obese subjects (288). Furthermore, in a pressure-overload model of heart failure in mice, an

increased collagen degradation as a result of elevated expression and activity of MMP-2/9

correlated with development of heart failure (135). Increased fibrosis in coronary vessels as

well as accumulation of collagen in the cardiac interstitium was detected in a high-fat diet-

induced rabbit model of obesity (39). Leptin signaling may contribute to regulation of

cardiac ECM in obesity, since increased fibrosis has been described in the hearts of ob/ob

mice (391,392) and in Zucker (fa/fa) rats (350,394). We have recently demonstrated using

primary human pediatric ventricular myocytes that leptin increased pro-collagen type III and

type IV mRNA and decreased pro-collagen type I levels but did not change total collagen

synthesis (217). Leptin also increased MMP2 isoform expression and activity (217). Further

studies to examine direct effects of adipokines on myocardial ECM and alterations in animal

models lacking or overexpressing individual adipokines are likely to be of great interest.

J. Apoptosis

The mechanisms leading to cardiomyocyte death in heart failure have recently become more

clearly characterized (301,302,333). Myocyte apoptosis has been suggested to be an

important etiological component of heart failure, particularly in the transition from

compensatory remodeling to heart failure (112), although this concept has been somewhat

contentious (95,189,295,301). Endomyocardial biopsies from patients with dilated or

ischemic cardiomyopathy and end-stage heart failure demonstrated apoptotic cardiomyocyte

death (253,263), and there was increased susceptibility to hypoxia-induced apoptosis in
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cardiomyocytes isolated from failing human hearts (351). Besides the obvious role of

apoptotic cell death in myocyte loss, activation of several proteases in the apoptotic cascade

can cleave various contractile proteins (α-actin, α-actinin, α, β-myosin heavy chain,

tropomyosin and troponins, Ref. 56), leading to deterioration in contractile function of the

existing myocytes. Accordingly, inhibiting caspases can both reduce the occurrence of heart

failure or slow its progression after MI (45,131,374,383,384) as well as improve contractile

function (45). Thus there is great therapeutic potential to preserve cardiac function by

reducing apoptosis and furthering our current understanding of mechanisms regulating

myocyte apoptosis is essential (240).

Our understanding of obesity-induced alterations in cardiomyocyte apoptosis is,

surprisingly, still in its infancy. Studies in Zucker fatty rats have shown increased apoptosis

that was associated with increased cardiomyocyte levels of ceramide and triglycerides.

Treatment of these mice with a TZD reduced triglyceride and ceramide levels and reduced

apoptosis (394). Studies using TUNEL and caspase-3 activity assays demonstrated increased

levels of apoptosis in young ob/ob and db/db mice compared with control. In older obese

mice, more DNA damage and less DNA repair were noted, and the degree of apoptosis

became more enhanced and correlated with decreased survival, which suggests a potential

role for apoptosis in myocardial dysfunction and early mortality in these models of obesity

(24). Another very recent study used the high-fat diet-induced hyperinsulinemic and insulin-

resistant rat model of obesity and did not detect significant differences in apoptosis despite

impaired cardiomyocyte function (296). Future studies are required to define changes in

apoptosis, or necrosis, occurring in obesity and their pathophysiological significance.

VI. ROLE OF ADIPOKINES IN REGULATION OF CARDIAC REMODELING

A. Adipose Tissue as an Endocrine Organ

Adipose tissue, once considered simply a lipid storage depot, is now known to produce and

secrete an ever increasing range of factors, collectively termed “adipokines” (175). There is

currently great research and clinical interest in the endocrine effects of these factors on

cardiac tissue and their role in heart failure (86,129,267). Importantly, there is also a

growing appreciation for the potential importance of autocrine and paracrine effects

mediated by adipokines derived from myocardium itself or the larger pericardial fat mass in

obese subjects (153,220,281,285,293). It is important to consider the temporal nature of

changes in cardiac structure and function occurring in obese individuals, since the obesity

paradox might well be in part explained by potentially protective effects of adipokines on

the myocardium (343). This was addressed by Kim’s group via a high-fat feeding regimen in

mice (273). They found that obesity-associated defects in cardiac function did not develop in

concert with insulin resistance and concluded that changes in circulating adipokines could

be an important contributing factor in cardiac dysfunction. Although evidence is

accumulating on mechanisms via which various adipokines may influence cardiac

remodeling in obesity (Fig. 3), we will focus here on adiponectin and leptin (129,298,317).

B. Effects of Adiponectin on the Heart

Interest in the direct myocardial effects of adiponectin has escalated greatly in recent years

(345), and the promise of many initial studies is such that it is likely adiponectin may

represent a fruitful therapeutic target in heart failure (267,268). First, an important

pathophysiological contribution was suggested by the recent explosion in the number of

clinical studies that have established correlations between plasma adiponectin levels and

various aspects and severity of heart failure

(107,113,143,166,172,183,198,209,251,275,282,286,303,312,366). Genetic studies have also

pointed to an important role of adiponectin in heart failure with increased left ventricular
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mass observed in uncomplicated obese subjects carrying the G/G genotype at position 276

of the human adiponectin gene (154). Indeed, adiponectin has been proposed as a biomarker

that might serve as a suitable screening test facilitating early intervention and prevention of

heart failure (130,275,283). In particular, given our appreciation of the significant roles

played by the various multimeric forms of adiponectin (97), it will be most interesting to

observe if any aspects of coronary heart disease (CHD) correlate most strongly with

oligomeric, hexameric, or trimeric forms. Nevertheless, some studies reported little

correlation with adiponectin and risk factors for CHD, whereas adiponectin was clearly

inversely associated with diabetic risk factors in all studies (309,372), leading some to

suggest that adiponectin’s influence on CHD may principally occur secondary to diabetes. In

relation to the role of adiponectin in the obesity paradox, it was found that a high circulating

adiponectin level was a predictor of mortality in patients with congestive heart failure (179).

In another case, low plasma adiponectin was related to an increased risk of 5-yr mortality

after first-ever ischemic stroke (94).

Several impressive in vivo studies have demonstrated potent direct effects of adiponectin on

the heart. With the use of adiponectin KO mice, it was shown that adiponectin deficiency

enhanced progressive cardiac remodeling induced by surgical aortic constriction (208).

Similarly, pressure overload-induced concentric hypertrophy was enhanced in adiponectin-

deficient mice and led to increased mortality that was corrected by adiponectin replacement

(320). Administration of adiponectin diminished the infarct size, apoptosis, and TNF-α
production induced by ischemia-reperfusion in both wild-type and adiponectin KO mice

(321). Studies in cultured cells suggest that the modulating effects of adiponectin on LV

remodeling might play a role only when additional hypertrophic signaling pathways are

activated. Thus, whereas adiponectin may mediate a direct in vitro hypertrophic effect on

primary cardiomyocytes (320), another study showed that both full-length and globular

adiponectin attenuated endothelin (ET)-1-induced hypertrophy in cultured cardiomyocytes,

suggesting a potential role in the pathogenesis of ET-1-related cardiomyocyte hypertrophy

after MI (108).

Adiponectin is known to mediate potent metabolic effects in skeletal muscle and liver

(97,161), and an understanding of direct metabolic effects on cardiomyocytes is now

emerging. Adiponectin caused a small but significant increase in glucose and fatty acid

uptake and induced AMPK phosphorylation in cultured neonatal rat cardiomyocytes and

mouse HL-1 cells (281). Another study demonstrated a role for the COOH-terminal globular

fragment of adiponectin in regulating cardiac fatty acid oxidation in rabbit hearts in the

immediate newborn period (265). We have recently examined the effect of specific forms of

adiponectin on metabolism in neonatal rat cardiomyocytes and found that both full-length

and globular adiponectin elicited an acute increase in glucose uptake and oxidation (271).

After prolonged treatment, increased fatty acid uptake and oxidation predominated and

correlated with decreased PDH activity and glucose oxidation. Collectively, these effects

were mediated via both AdipoR1 and AdipoR2 and occurred via signaling mechanisms

involving AMPK, ACC, and Akt. Hence, from studies to date, we may speculate that acute

administration of adiponectin post-MI may confer beneficial metabolic effects.

Adiponectin may be synthesized and secreted by cardiomyocytes (281), and myocardial

adiponectin expression was recently analyzed in a small number of autopsy specimens.

Adiponectin was not found in individuals without cardiac lesions, but it was detected in

patients who suffered MI or dilated cardiomyopathy (339). Furthermore, myocardial

necrosis in obese mice with viral myocarditis was attenuated upon endogenous cardiac

induction of adiponectin expression, suggesting this may represent a compensatory

protective response (167,338,340). It is clear that further analysis of effects of adiponectin

on the heart will be of interest and ultimately perhaps of significant therapeutic value.
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Finally, indirect effects of adiponectin may contribute significantly to the development of

heart failure and progression of myocardial remodeling. Adiponectin mediates a variety of

cardiovascular effects including anti-atherogenic effects via a combination of effects on

endothelial cells, macrophages, and vascular smooth muscle cells (195). Antidiabetic (162),

anti-inflammatory (348), and antihypertensive (259) effects have all been established to

occur in response to adiponectin. Ferguson’s group (106) has shown that adiponectin can

directly act on the area postrema, which lies out with the blood-brain barrier, to ultimately

regulate cardiovascular function (106), and the possibility that adiponectin also controls

peripheral effects via the central nervous system was alluded to recently with the

demonstration of adiponectin, albeit at lower levels and with a different multimer profile, in

cerebrospinal fluid (193).

C. Effects of Leptin on the Heart

Elevated circulating levels of leptin, which act via a family of receptor (ob.R) isoforms

(335) to mediate an ever-growing wide range of physiological effects (8,312), are found in

obese individuals. Importantly, leptin may impact on myocardial function via direct

peripheral effects or via secondary central nervous system-mediated responses, and there is

an extensive literature documenting that leptin can influence many parameters associated

with obesity and heart failure (216,289). Lack of leptin or leptin resistance leads to

accumulation of lipids in non-adipose peripheral tissues due to loss of leptin’s antisteatotic

effects and results in a variety of lipotoxic effects (356). For example, leptin-deficient ob/ob

mice exhibit a higher degree of cardiomyocyte apoptosis that can be restored to normal

levels by leptin administration (24). The metabolic consequences observed in obese models

lacking leptin function are discussed above. Leptin can also induce generation of reactive

oxygen species in the heart (379). Another characteristic marker of heart failure, depressed

cardiac response to β-adrenergic agonists, is also observed in ob/ob mice and can be

corrected by leptin replacement therapy (238). Several reports have suggested that leptin

directly induced hypertrophy in both human and rodent cardiomyocytes (217,292,293,379).

One report concluded that leptin mediates antihypertrophic effects since infusion of leptin to

ob/ob mice, which exhibit LVH, decreased LV wall thickness (23). The original hypertrophy

in these mice may not have resulted from lack of leptin per se, but instead from other

systemic alterations. Similarly, recovery upon leptin administration does not necessarily

imply a direct effect on myocytes. In general, the ob/ob mouse model is rather unique

(plasma leptin levels are increased in almost all other obese rodent models and in humans,

Ref. 297) and may not precisely reflect the alterations observed in human obesity. Another

caveat of this model for the study of hypertrophy is the presence of low arterial pressure,

while the opposite is found in most forms of obesity (224). In summary, it would appear that

leptin mediates a myriad of effects that can impinge on development or progression of heart

failure, and it is likely that too much or too little is detrimental.

An intriguing aspect to consider with respect to the influence of leptin on the myocardium is

the concept that selective leptin resistance occurs in obesity (60,61,222,223). Initial studies

purporting this concept suggested that while the effects of leptin on satiety and energy

metabolism were resistant, the sympathoexcitatory effects were maintained

(60,61,222,223,290,291). Indeed, using a high-fat induced model of obesity in mice, leptin

resistance measured by STAT-3 activation was shown to be restricted to the arcuate nucleus

of the hypothalamus (60,194), and this correlated with expression of the suppressor of leptin

signaling SOCS-3 (248). It was also recently suggested that leptin resistance in obesity is

restricted to the metabolic actions of leptin (62), and impaired leptin signaling was observed

in one study using ventricular cardiomyocytes isolated from rats subjected to 10-wk dietary

sucrose feeding to generate hyperleptinemia and insulin resistance (139). Notably, leptin

administration in mice has been shown to reduce infarct size and enhance functional
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recovery following coronary artery ligation (4,326). Nevertheless, whether the various

actions of leptin on the heart are enhanced or suppressed in hyperleptinemic obese

individuals is uncertain and most certainly deserving of further investigation.

VII. CLINICAL ISSUES

Many studies have shown that weight loss improves blood pressure, diabetes, sleep apnea,

hyperlipidemia, and sympathetic/parasympathetic tone (196,284,324,365). If they are

maintained, these improvements are expected to translate into benefits for cardiac structure

and function (181,284). Indeed, several studies have reported beneficial effects of weight

loss on cardiac structure and LV function. Weight loss achieved via life-style modifications

or through bariatric surgery have both been consistently associated with reductions in LV

dimensions, LV wall thickness, LV mass, and LA dimension (14,16,17,169). Perhaps more

importantly, patients can exercise longer and they report less dyspnea and chest pain after

significant weight loss (168). It is widely believed that cardiovascular and other health

benefits accrue when weight loss is achieved by reduced caloric intake and increased

exercise. In fact, even modest amounts of weight loss or increased exercise may produce

salutary effects. The removal of subcutaneous fat by liposuction does not appear to produce

beneficial metabolic changes (182). Pharmacotherapy with the two currently approved drugs

for obesity treatment, orlistat (a gastrointestinal lipase inhibitor) and sibutramine (a

monoamine reuptake inhibitor), have both been associated with weight loss, improvements

in serum lipids, and insulin sensitivity (76,109,270). Orlistat treatment usually reduces blood

pressure, while sibutramine is commonly associated with increased heart rate and blood

pressure (109,393). Neither drug has significant effects on cardiac dimensions, valvular

function, or pulmonary artery pressures when given for up to 6 mo (125,393). This topic has

been reviewed elsewhere recently (270). The full extent and duration of benefits that can be

achieved when weight loss is induced by pharmacotherapy or bariatric surgery is not clear at

this point in time. Nonetheless, bariatric surgery in general produces much greater amounts

of weight loss than life-style modification or pharmacotherapy, and these losses are usually

sustained for much longer (324). Given the rapid increase in the prevalence of severe obesity

worldwide (136,171) and the growing popularity of surgical treatments, further studies of

the cardiovascular outcomes after bariatric surgery are clearly warranted (7).

VIII. PERSPECTIVES

The extraordinarily rapid increase in the worldwide prevalence of obesity has profound

public health implications. The full scope of the problem is hard to realize because many

obesity-related complications require decades to become manifest. Therefore, it is critical

that we further our understanding of the pathophysiological bases for the multiorgan

diseases that are associated with or caused by obesity. In this review, we have discussed the

complex constellation of physical, metabolic, neuronal, and hormonal alterations in obesity

that may lead to structural and functional alterations in the heart. In particular, we have

focused on processes that might link obesity to various aspects of cardiac remodeling and

the eventual development of heart failure (summarized in Fig. 4). It seems likely that obesity

influences cardiac remodeling both directly and via its closely associated comorbidities such

as hypertension, diabetes, sleep-disordered breathing, kidney dysfunction, atherosclerosis,

and endothelial dysfunction. This multifarious web of interconnected processes begins with

the onset of obesity, which increasingly occurs in childhood or adolescence. However, the

cumulative effects on the heart may not become clinically apparent for as much as 50 years

or more. Thus, in terms of the actual impact of obesity on the cardiovascular system, we are

only seeing the tip of the proverbial iceberg today. Further complicating our ability to

unravel the impact of obesity on human health is the growing body of data showing that

obesity may have protective as well as deleterious effects on the cardiovascular system.
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Multiple studies showing improved survival in obese patients with established

cardiovascular disease has led to the concept of “the obesity paradox.” Understanding the

nature of the beneficial and the detrimental components of obesity is arguably one of the

most pressing agendas for our current biomedical and scientific communities. We hope this

review will serve as a catalyst for further research into this fascinating, perplexing, and

troubling condition.
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FIG. 1.

Cumulative incidence of heart failure according to category of body mass index at the

baseline examination. The body mass index was 18.5–24.9 in normal subjects, 25.0–29.9 in

overweight subjects, and 30.0 or more in obese subjects. The mean age at enrollment ranged

between 53 and 60 years in the various categories. Interestingly, the curves for the three

groups remain rather close together for almost 15 years in the men. Thereafter, overweight

and obese men have significantly more heart failure. Given that the age when the curves

begin to diverge is in the late 60s, this again raises the question of whether coronary disease

might be a contributing factor. [From Kenchaiah et al. (174), copyright 2004 Massachusetts

Medical Society. All rights reserved.]
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FIG. 2.

Cardiac magnetic resonance image showing epicardial fat (*) with the largest accumulation

being seen anterior (A) to the right ventricle (RV). Fat appears white on this steady-state

free precision imaging sequence, while myocardium is gray. Smaller amounts of fat are seen

around the left ventricular (LV) free wall and in the atrioventricular groove. RA, right

atrium; LA, left atrium; R, right; L, left; P, posterior. This example shows a “typical”

amount of fat in an average-weight indivdual; however, the extent of epicardial fat varies

widely from person to person and correlates better with the amount of visceral abdominal fat

than with body mass index.
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FIG. 3.

Potential direct and indirect effects of adipokines on cardiac remodeling. Various circulating

adipokines, the profile of which alters in obesity, may directly (solid lines) influence

remodeling events known to occur in heart failure: hypertrophy, apoptosis, fibrosis, and

metabolic alterations. Another potential mechanism whereby adipokines may influence

cardiac structure and function is via indirect effects (broken lines) on parameters known to

influence cardiac remodeling, such as hypertension, insulin resistance, and renal effects.
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FIG. 4.

Summary of potential mechanisms via which obesity can influence structure and function of

the heart.
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TABLE 1

Transgenic models of lipotoxicity

Model Comments

Cardiomyocyte overexpression
of PPAR-α

Mice develop a lipotoxic cardiomyopathy that is associated with increased FAO, decreased glucose
oxidation, and increased peroxisomal production of ROS (102). Phenotype is worsened by diets high in
saturated fat, improved by diets enriched in medium-chain FAs (101), and reversed when CD36 is knocked
out (382).

Cardiomyocyte expression of
membrane-anchored LPL

Mice develop lipotoxic cardiomyopathy (381). Overexpression of apolipoprotein B in hearts reverses lipid
overload and restores heart function (386). PPAR-γ but not PPAR-α agonists also reduce lipotoxicity and
restore heart function (363). Most of the lipid that contributes to lipotoxicity in this model is derived from
triglyceride-containing lipoprotein particles (280).

Cardiomyocyte overexpression
of acyl CoA synthase

These mice develop lipotoxic cardiomyopathy, lipoapoptosis, and systolic dysfunction (51). Increasing
leptin levels via adenoviral overexpression in livers reverses the lipotoxicity and restores cardiac function
(202). α-Lipoic acid also reverses lipotoxic cardiomyopathy (203).

Cardiomyocyte overexpression
of FATP

These mice develop lipotoxicity, increased FAO, decreased glucose oxidation but develop diastolic
dysfunction with relatively preserved systolic function. Free FAs but not triglycerides are increased in these
hearts (50).

Cardiomyocyte-restricted KO of
PPAR-δ

Animals develop cardiac lipotoxicity and heart failure on the basis of a reduction in mitochondrial FAO
(47).

Adipose tissue triglyceride
lipase KO mice

Develop massive cardiac lipid accumulation because of inability to break down triglycerides (127).

PPAR, peroxisome proliferator-activated receptor; KO, knockout; FAO, fatty acid oxidation; ROS, reactive oxygen species; FA, fatty acid.

Physiol Rev. Author manuscript; available in PMC 2010 August 4.


