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Preface

The present volume is a natural successor to a previous volume (vol. 35) in this series, ‘Mechanisms of dietary restriction in aging and disease’. In that volume, the role of body composition in mediating age-related impairments constituted a constant context, but was only addressed obliquely. Certainly, the obesity epidemic has made the role of body composition human health ever more salient, but there have been surprisingly few books surveying this subject, and none, to our knowledge, focusing on animal models examining the causes and consequences of age-related changes in body composition. Yet, as clearly described in the first chapter, increased adiposity with age may play a key role in determining lifespan. On the other hand, as described in the second chapter, the role of adiposity and mortality during aging is much more complex than it would appear, and in fact increased adiposity may play a paradoxically protective role to increase pathology yet decrease mortality in the elderly. Similarly, the third and fourth chapters describe the converse dangers of decreased body mass index secondary to reduced appetite during aging, which may be at least as deleterious as obesity. The next two chapters describe that the two salient changes in body composition during human aging, increased adiposity and decreased muscle mass, also characterize species as diverse as rats and Caenorhabditis elegans, suggesting that these changes may constitute an almost universal feature of aging in animals. This conclusion is supported by the following three chapters, which describe the robustness of sarcopenia with age and address several potential mechanisms addressing this apparently universal aspect of aging in animals. The next chapter addresses the key question of the efficacy of exercise in ameliorating age-related impairments, usefully contrasting these effects to those of dietary restriction. Finally, the causes and consequences of the third major age-related change in body composition, bone loss, are described. We are indebted to the outstanding investigators who have contributed their time and efforts in writing these reviews, and hope that our readers benefit as much from reading the articles as we did from editing them.

Charles V. Mobbs, Patrick R. Hof
New York, N.Y., USA


 

Mobbs CV, Hof PR (eds): Body Composition and Aging.
Interdiscipl Top Gerontol. Basel, Karger, 2010, vol 37, pp 1-19

______________________

Contribution of Adipose Tissue to Health Span and Longevity

Derek M. Huffmana,c · Nir Barzilaia-c

Departments of aMedicine,bGenetics and cInstitute for Aging Research, Albert Einstein College of Medicine, Bronx, N.Y., USA

______________________

Abstract

Adipose tissue accounts for approximately 20% (lean) to >50% (in extreme obesity) of body mass and is biologically active through its secretion of numerous peptides and release and storage of nutrients such as free fatty acids. Studies in rodents and humans have revealed that body fat distribution, including visceral fat (VF), subcutaneous (SC) fat and ectopic fat are critical for determining the risk posed by obesity. Specific depletion or expansion of the VF depot using genetic or surgical strategies in animal models has proven to have direct effects on metabolic characteristics and disease risk. In humans, there is compelling evidence that abdominal obesity most strongly predicts mortality risk, while in rats, surgical removal of VF improves mean and maximum life span. There is also growing evidence that fat deposition in ectopic depots such as skeletal muscle and liver can cause lipotoxicity and impair insulin action. Conversely, expansion of SC adipose tissue may confer protection from metabolic derangements by serving as a ‘metabolic sink’ to limit both systemic lipids and the accrual of visceral and ectopic fat. Treatments targeting the prevention of fat accrual in these harmful depots should be considered as a primary target for improving human health span and longevity.

Copyright © 2010 S. Karger AG, Basel

Obesity and Disease

The prevalence of overweight (body mass index; BMI >25) and obesity (BMI >30) now affects nearly two-thirds of Americans and has reached epidemic proportions in most of the developed world. The fundamental cause of obesity is a long-term imbalance in energy intake and expenditure (i.e. positive energy balance) leading to increased body mass including the accumulation of subcutaneous (SC) and visceral fat (VF). Although general obesity is an important risk factor for many diseases, several human studies have demonstrated that VF accrual, which is a hallmark of aging in humans [1], as a strong predictor of many health complications. In this review, we will discuss (1) data in humans demonstrating the importance of body fat distribution in the determination of disease risk, (2) studies which demonstrate a causal relationship between VF rather than SC fat accumulation to disease risk, and (3) corollary and causative evidence that VF unfavorably impacts mortality risk and longevity.

Visceral Fat Accrual as a Determinant of Disease Risk in Human

Obesity increases the risk for several comorbidities including type 2 diabetes (T2DM), stroke, cardiovascular disease (CVD), and metabolic syndrome [2]. In a report from the National Health and Nutrition Examination Survey III (NHANES III), by comparison with normal weight men, the odds of having metabolic syndrome increase in a dose-response manner from overweight (5.2), moderately obese (25.2), to severely obese (67.7) [3]. More recently, the risks associated with obesity have been extended to many site-specific cancers, including prostate [4]. Relevant to this review, studies have shown that lifestyle interventions which combat general and abdominal obesity [5] can lessen the risk of developing and dying from these diseases which could significantly impact both human health span and longevity.

Over the past two decades, a growing number of studies have also assessed the health risk attributed to abdominal obesity either by using waist circumference or waist-to-hip ratio for example or by utilizing state-of-the-art imaging tools. Remarkably, the majority of these studies have concluded that central obesity is a stronger risk factor for disease and mortality than BMI, total body fat or other fat depots. Indeed, several cardiometabolic complications are increased by visceral obesity, including insulin resistance, T2DM [6], CVD [7], heart failure [8] and stroke [9]. Interestingly, the hazards associated with abdominal obesity have even been extended to central nervous system disorders such as cognitive decline, [10], Alzheimer’s disease [11] depression [12] and dementia [10].

Studies have also found that an increasing waist circumference is predictive of worsening mobility and disability [13] as well as frailty [14] in elderly men and women. Likewise, several recent studies have linked visceral adiposity with greater risk for developing colorectal cancer [15] while a limited amount of data have found associations with cancers of the liver [16] and prostate [17]. It has also been observed that SC and VF have differential and, in some cases, opposing effects on health. For example, it was recently shown that increasing amounts of SC fat were associated with better bone structure and strength while VF was negatively linked with these outcomes [18]. It is not entirely clear how visceral obesity is causally related to these diseases, but its link to insulin resistance and secretion of pro-inflammatory markers, as will be discussed in the following section, have been proposed [19].

Potential Mechanisms Linking Visceral Fat to Disease Risk in Humans

The mechanism(s) linking VF with the metabolic syndrome has been proposed to involve its anatomical location, leading to a ‘portal’ effect of greater free fatty acids (FFA) and glycerol release with proximal access to the liver [20]. This hypothesis had remained attractive for many years since obesity is associated with higher FFA levels and excess circulating FFA are known to promote insulin resistance in skeletal muscle and liver [21,22]. However, careful examination of FFA fluxes in obese humans did not strongly support this model and have raised some doubts as to the importance of FFA in linking VF to insulin resistance [23]. Specifically, while an increasing amount of VF was found to augment the contribution of hepatic FFA delivery from VF, it was generally observed that VF was only a minor contributor to systemic FFA release (20% of portal vein FFA and 14% of total FFA release) [23]. Overall, this study did not lend strong support to the hypothesis that portal release of FFA from VF explains its link to hepatic insulin resistance.

More recently, evidence has shown that adipose tissue is an active endocrine organ, capable of secreting many cytokines, often referred to as adipokines, that can promote a pro-inflammatory state and interfere with insulin action [24]. For example, human studies have found that VF predicts C-reactive protein (CRP) and interleukin-6 (IL-6) levels in young and middle-aged men and that adjusting for VF eliminates the increase observed in these pro-inflammatory markers commonly observed with aging [25]. Likewise, Fontana et al. [26] directly measured adipokine arteriovenous level differences across fat and concluded that VF is an important site of IL-6 secretion. Furthermore, studies from our group [27,28] and others [29] have shown that SC and VF are biologically distinct, with VF demonstrating far greater pro-inflammatory characteristics.

Ectopic Fat Deposition and Disease

In addition to visceral adiposity, fat accumulation in ectopic depots, including liver, muscle, pancreas and heart have also proven highly relevant to disease risk [30,31]. It is not entirely clear what leads to fat accumulation in these organs rather than adipose tissue, but it likely involves the net effect of excess FFA flux, increased lipogenesis or a decreased ability to locally oxidize lipids, leading to excess fat deposition. Ultimately, excess lipid accrual in these metabolically relevant tissues can result in lipotoxicity, although it is unclear if this is the direct result of TG or potentially more toxic intermediates such as diacylglycerol and ceramides [31,32], which among other things may interfere with tissue insulin signaling. Obese, type 2 diabetic subjects have been observed to have increased intramyocellular lipid (IMCL) content and the amount of IMCL content is predictive of the degree of insulin resistance, even after adjustment of visceral and total adiposity [33]. Furthermore, mice predisposed to accrue IMCL in either muscle or liver by tissue-specific overexpression of lipoprotein lipase demonstrate impaired insulin sensitivity in muscle and liver, respectively [34].

Fat accumulation in liver (i.e. fatty liver) is another well-characterized site of ectopic fat accrual and can lead to fatty liver disease and even more severe complications including, steatohepatitis, necrosis, and hepatocellular carcinoma [35,36]. Interestingly, the accumulation of VF has been shown to predict intrahepatic triglyceride (IHTG) content [37] and an increase in IHTG is also associated with many of the same metabolic abnormalities linked to visceral adiposity, including hyperlipidemia, insulin resistance and T2DM [38]. Since visceral obesity is correlated with IHTG content, a recent study [39] postulated that fat accrual in liver rather than VF, is a better marker of metabolic disease in nondiabetic humans. In order to discern between these two sites of fat storage, obese subjects were grouped by high or low IHTG content, but matched for VF. Alternatively, subjects were also categorized by VF volume (high or low) but matched on IHTG content, and insulin sensitivity was assessed by hyperinsulinemic-euglycemic clamps and very-low-density lipoprotein-triglyceride (VLDL-TG) secretion rate was assessed with tracers. Interestingly, they observed that when subjects were matched for VF, insulin action at the level of the liver, adipose tissue and skeletal muscle was significantly impaired while the VLDL-TG secretion rate was concomitantly increased in subjects with the greatest IHTG content [39]. In contrast, when individuals were matched for IHTG, no differences in insulin sensitivity or VLDL-TG secretion were observed between subjects with high versus low VAT volume. The study conclusion was that hepatic fat accumulation in humans trumps visceral adiposity as a predictor of obesity-related metabolic dysfunction. However, others have shown that VF accrual is predictive of the extent of hepatic inflammation, fibrosis and steatohepatitis in humans [40], such that the inflammatory potential of VF may still be an important catalyst for derangements occurring in liver.

In summary, there is abundant evidence which links obesity, and specifically visceral obesity, as an independent predictor of systemic inflammatory markers, hyperlipidemia and numerous diseases including cardiometabolic risk, cognitive decline and cancer in humans. There are also data in rodents and humans linking fat accumulation in ectopic depots, including liver and skeletal muscle, with metabolic abnormalities such as insulin resistance. Although not discussed in detail here, ectopic fat accumulation in heart and pancreas has also been linked to metabolic complications, while a recent study has even implicated a role for perivascular fat in obesity as a source of local inflammation and poor vascular tone [41]. Therefore, while VF remains the single strongest predictor of cardiometabolic risk and other complications, ectopic fat accrual may also be highly relevant. Because many health complications are associated with obesity, more studies are necessary to better understand both the individual contribution and biology of central and ectopic fat accrual to metabolic derangements in humans.

Animal Models of Visceral Obesity

Human studies have clearly demonstrated that obesity, and specifically abdominal obesity is strongly associated with disease risk [42]. In order to better understand the pathophysiology of obesity in mammals, several strategies have been developed and implemented including, high-fat feeding in rodents [43] and dogs [22], seasonal models of obesity [44], transgenic mice [45] and spontaneous mutants such as ob/ob and db/db mice [46]. A common feature of obese animal models is a marked increase in VF and hyperinsulinemia, but similar to human studies, the distinct contribution of body fat distribution in these models cannot be directly elucidated. However, clever experimental strategies in animal models including transgenic [47] and surgical approaches [19,48] have been conducted in order to demonstrate causality between VF and disease. The next section will briefly highlight key studies which have employed either fat transplantation or removal in animal models in an effort to demonstrate a direct link between VF and disease.

Fat Transplantation Models

Ohman et al. [49] determined whether transplanting epididymal fat pads from C57BL/6J mice could affect vascular disease in atherosclerosis-prone apolipoprotein E-deficient (ApoE–/–) mice. In plasma from ApoE–/– mice receiving fat transplants, they displayed elevated levels of leptin, resistin, and monocyte chemoattractant protein-1 (MCP-1) compared with sham-operated mice. Furthermore, mice transplanted with VF developed significantly more atherosclerosis than controls. In contrast, SC fat transplants did not accelerate atherosclerosis despite a similar degree of inflammation, suggesting that VF rather than SC fat-related inflammation accelerates atherosclerosis development in this model. Likewise, another study designed to determine whether differences in SC and VF are intrinsic or due to anatomic location transplanted either SC or VF pads into recipient mice [50]. They found no effect on the metabolic phenotype when VF was transplanted into recipient mice. However, they did observe that when SC fat was transplanted into the visceral cavity, recipient mice lost body weight and body fat and had improved insulin sensitivity, suggesting that SC fat is intrinsically different from VF. Furthermore, this study is in agreement with the growing contention that SC fat is protective from metabolic abnormalities as will be discussed in more detail later.

Surgical Removal of Visceral Fat

Our group and others have selectively removed perinephric and epididymal fat pads from rats and mice and studied its impact on insulin action (refer to table 1 for a summary of the metabolic effects of VF removal in animal models). In an initial study [48] from our laboratory, young moderately obese Sprague-Dawley (SD) rats were randomized either to surgical removal of VF (VF–) or to sham operation (SO). Since the VF that was removed accounted for only ~10% of total fat mass, there was no difference between groups for body weight or total fat mass. Nevertheless, VF– rats demonstrated significantly reduced insulin levels, and during a glucose clamp, the rates of insulin infusion required to maintain plasma glucose levels and hepatic glucose production were reduced by 50%. More recently, we have shown that VF accretion is an important determinant of hepatic insulin resistance during pregnancy, which can be largely prevented by surgical removal of VF prior to mating [51], providing further evidence that VF directly impacts hepatic insulin action.

Table 1. Effect of visceral fat removal on metabolic parameters in animal models

[image: Img]

Borst et al. [52] studied the impact of VF removal on insulin action and skeletal muscle glucose transport in male SD rats. VF removal in rats tended to improve glucose tolerance (15% reduction in glucose AUC) and significantly lowered some proinflammatory adipokines in serum. Most striking, VF– animals displayed increased insulin-stimulated glucose transport in excised soleus and digitorum longus muscle as compared to sham-operated controls. Overall, these studies provide verification that VF is a potent modulator of both hepatic and peripheral insulin action.

Our group [19] and others [53] have also demonstrated protection from T2DM in rodents with VF removal. In our study, 2-month-old Zucker diabetic fatty (ZDF) rats were assigned to receive either a sham operation (ZDSO), or surgical removal of VF (ZDVF–) [19]. Despite no differences in plasma glucose or FFA levels, ZDVF rats had a marked reduction in fasting insulin levels by ~50%. In addition, during a glucose clamp, ZDVF rats demonstrated a greater glucose infusion rate and insulin suppression of glucose production than controls. Furthermore, when rats were monitored longitudinally, the development of diabetes, as determined by fasting glucose, was delayed in ZDVF-rats but not in sham-operated rats.

Using a mouse model of diet-induced obesity and T2DM, Pitombo et al. [53] assessed the impact of VF removal on glucose metabolism, insulin signaling and serum adipokine levels. Control mice became diabetic and hyperinsulinemic, but VF removal partially restored metabolic parameters. In addition, VF removal completely attenuated the impairment of insulin signaling observed in skeletal muscle from control animals and normalized serum adipokines levels. Other studies have also shown a similar differential response to SC versus VF removal and that these responses are influenced by both the sex of the animal and diet [54,55]. More recently, it was shown that greater omentectomy in dogs improved peripheral insulin sensitivity, a finding that was attributed to an albeit small (7%) reduction in VF [56]. In humans, evidence that VF removal can favorably affect metabolic parameters is limited, though one pilot study found that the addition of omentectomy to gastric banding resulting in lower fasting glucose and insulin [57]. Taken together, these studies demonstrate the ability of VF removal to improve insulin action and prevent T2DM in animal models.

Can Subcutaneous Fat Be Beneficial?

Surrogate measures of obesity including increased body weight, BMI and total body fat have long been known to be predictive of greater cardiometabolic risk and other health complications [58]. Despite the fact that over two-thirds of adult Americans are considered overweight or obese, not all of these individuals have characteristics of the metabolic syndrome [59]. In contrast to VF accretion, most but not all [60] studies in humans and rodents have found that SC fat is often at worst, mildly associated with risk while most have either found no link or even a protective effect of SC fat on metabolic parameters [61]. This has led to the growing hypothesis that SC fat may be beneficial by serving as a ‘metabolic sink’ to limit both systemic lipids and the accrual of fat in more harmful regions, such as visceral and ectopic fat depots.

Surgical Removal of Subcutaneous Fat in Humans and Rodents

Early studies on the effect of liposuction in humans, which targets the removal of large quantities of SC fat in the abdominal area, have produced conflicting results on metabolic outcomes. A study by Klein et al. [62] attempted to definitively address this controversy by performing liposuction in humans as a tool to treat obesity-related metabolic disorders. In a study consisting of 15 obese patients (8 nondiabetic controls and 7 T2DM patients) with similar BMI, several metabolic parameters were assessed before and 10–12 weeks after having ~10.5 kg of SC abdominal fat removed. Utilizing hyperinsulinemic-euglycemic clamps, they found that liposuction did not significantly alter insulin action in muscle, liver, or adipose tissue, nor was there any effect on plasma levels of CRP, IL-6, tumor necrosis factor-α (TNF-α), adiponectin, glucose, insulin, blood lipids and blood pressure. A more recent study from the same group also found no improvement in CVD risk factors, such as HDL, LDL and TG with liposuction [63]. Although the initial study from Klein and colleagues is now often cited as authoritative evidence against a role for SC fat in metabolic complications in humans, some studies continue to report improvements in cardiometabolic risk factors with liposuction [64,65]. Why these studies have reached different conclusions regarding the effect of this procedure remains an issue of debate.

We have assessed the effect of SC fat removal in rats in order to understand which fat depot(s) plays a ‘causative’ role in the peripheral and hepatic insulin resistance of aging. As described previously, VF extraction in old rats was able to restore peripheral and hepatic insulin action to the levels observed in young rats [19]. Interestingly, surgically removing an equivalent amount of SC fat (SC–) had no effect on peripheral or hepatic insulin sensitivity. In addition, while postabsorptive plasma glucose and FFA levels were similar in all groups, plasma insulin levels were ~50% higher in the SC– and sham-operated rats compared with VF rats. Thus, surgically removing substantial amounts of SC fat in rodents fails to improve markers of metabolic health.

Expansion of Subcutaneous Adipose Tissue Improves Metabolic Parameters

Kim et al. [66] hypothesized that a major link between obesity and insulin resistance is due to a limited ability to expand SC adipose tissue leading to fat deposition in the viscera and ectopic fat deposition in skeletal muscle and liver. In order to test this hypothesis, they overexpressed adiponectin in ob/ob mice which lack leptin. They observed that increasing adiponectin levels dramatically improved the metabolic profile in ob/ob mice including normalized glucose and insulin levels and lower TG. They also displayed reduced macrophage infiltration in adipose tissue and systemic inflammation. Most striking, the transgenic mice were morbidly obese, weighing nearly 100 g by 20 weeks of age as compared to ob/ob littermates that weighed nearly 40 g less. Furthermore, transgenic mice had much greater fat mass including SC fat mass, but less relative VF (VF% of total body weight) than ob/ ob mice and less TG in muscle and liver. These data illustrate an interesting paradox which is in line with most studies showing no metabolic benefit to SC fat removal. This finding is also in agreement with the study of Tran et al. [50] described earlier demonstrating metabolic benefits from transplanting SC fat pads into donor mice. Collectively, these studies suggest that expansion of the SC fat depot is not harmful but instead appears to be beneficial for insulin action by preventing ectopic and VF deposition.

Expansion of SC fat as a therapeutic target for T2DM treatment has also been proposed in humans. As an example, compounds that activate the transcription factor, peroxisome proliferator-activated receptor-γ (PPAR-γ), such as thiazolidin-ediones (TZDs), have been commonly used to treat insulin resistance and T2DM in humans [67]. It is now known that these compounds can promote depletion of circulating lipids [68] and ectopic fat stores [69] in humans and promote differentiation and expansion of preadipocytes in vitro [70]. More recently, a study examining the effect of pioglitazone on body fat distribution, insulin sensitivity and fat cell size in obese humans found that 12 weeks of treatment increased the proportion of SC fat and reduced VF stores [71]. This is also in line with prior studies demonstrating that incubation of preadipocytes from human SC and omental fat with TZDs increased lipid accumulation in the SC, but not omental adipocytes [72].

Increased Subcutaneous Fat Mass in Long-Lived Mice

Life span extension has been demonstrated in animal models with diminished insulin/IGF-1 signaling and/or reduced function of the somatotropic axis, including the Ames (Prop1df) and Snell dwarf mouse (Pit1dw), or mice with a disruption in the GH receptor-binding protein gene (GHR–/–) [73]. These mouse models are also commonly observed to be substantially smaller than wild-type and to have improved insulin sensitivity. Interestingly, despite their small body size, these mice have been shown to have similar levels of absolute fat mass and hence greater percentage fat than wild-type mice. However, the accumulation of fat mass in these mice preferentially occurs in the SC depots in both males and females, with concomitantly low levels of VF [74].

Obesity and Mortality Risk in Humans

In light of the overwhelming evidence linking obesity to disease risk, it should come as no surprise that obesity has also been shown to increase the risk of disease-specific and all-cause mortality [75–78] and reduce human life expectancy [79]. For example, a landmark study by Calle et al. [80] in 2003 reported that obesity was associated with increased risk of death from all cancers and many site-specific cancers in men and women including, liver, pancreas, stomach, esophagus, colon, breast, prostate, gallbladder, non-hodgkin’s lymphoma, and multiple myeloma. Furthermore, it was estimated that 90,000 deaths due to cancer each year in the US could be prevented by maintaining a normal weight. Likewise, obesity has been linked to a reduced life expectancy [79] and to accelerated aging as demonstrated by obese women having shorter telomeres (~240 bp) than age-matched lean controls [81].

Abdominal Obesity and Mortality Risk

Since abdominal obesity, as assessed by waist circumference or waist-to-hip ratio for example, in large population studies has emerged as a stronger predictor of disease risk than BMI, studies have begun assessing the mortality risk posed by abdominal obesity [82–84]. While results from these studies have varied, inconsistencies have been attributed to different methods of obtaining and expressing anthropometry surrogate data, as well as the sex, ethnicity and age of the population. There have been several notable recent studies which have demonstrated that abdominal obesity measures most strongly predict mortality risk. For instance, Wannamethe et al. [85] found that a particularly high waist circumference (>102 cm), waist-to-hip ratio (top quartile), and a composite of waist circumference and sarcopenia were the strongest predictor of mortality in men. Similarly, a large cohort study in Europe (EPIC) reported that general (BMI) and abdominal adiposity (waist circumference; waistto-hip ratio) were both strong predictors of mortality risk but that the importance of abdominal obesity was most striking among persons with a low BMI [86]. Likewise, the incidence of overall and cardiovascular-related death was greatest in those with a low BMI coupled with a high waist circumference [87].

General Obesity, Abdominal Obesity and Mortality: Effect of Age

When considering the impact of obesity on mortality risk and life expectancy, it is important to also consider other variables such as the sex, race and age of the population. For example, in a study by Fontaine et al. [79], it was shown that the earlier age at which individuals became obese, the greater the toll on life expectancy, and this was generally true regardless of sex or race. For example, Caucasian men with a BMI>45 in their 20s, could expect a reduction in life expectancy of 13 years while those who reached this level in the seventh decade of life would only expect to lose 2 years off their life expectancy. Other studies have also shown that the health risk associated with a high BMI declines with advancing age, while inversely, a low BMI in the elderly has actually been shown to be predictive of a greater mortality risk [88].

In regards to abdominal obesity, there have only been a limited number of studies performed which have assessed the toll of abdominal obesity in relatively younger versus older populations on life expectancy. While the impact of abdominal obesity in middle-aged individuals has proven detrimental for disease-specific and all-cause mortality risk in most studies, the consequence of abdominally obesity on mortality risk in the elderly has been mixed. For instance, it was shown in a study utilizing the NHANES data set, that out of several body composition measures, abdominal obesity most strongly predicted mortality risk, but this observation was only detected in adults younger than 65 years [89]. Likewise, a study by Reis et al. [88] found that most surrogate measures of increased abdominal obesity in middle-aged (30–64 years) men and women predicted mortality risk, but not in those >64 years of age. In fact, a greater BMI in both sexes and WC in men were actually associated with a lower risk of mortality. Likewise, in a 12-year follow-up study of nearly 5,800 men and 6,400 women >75 years of age, Price et al. [90] found that a higher BMI or WC was associated with lower mortality risk in men and women while a modest increase in mortality risk was observed with an increasing waist-to-hip ratio. On the other hand, the Health Professionals Study [91] reported that a greater waist circumference or waist-to-hip ratio, in men >65 years was predictive of coronary heart disease risk or cardiovascular disease-related mortality.

Taken together, there is sufficient evidence to warrant abdominal obesity as an important risk factor not only for disease risk but also mortality risk in young and middle-aged populations. However, the relationship between abdominal obesity and mortality in the elderly is more ambiguous. There are several possibilities which may explain a lack of consistency in studies of this population and these have been described in detail elsewhere [90]. Briefly, surrogate measures of abdominal obesity may be confounded by age-related changes in body composition including the loss of both SC fat and lean mass. It is also not clear whether simple measures such as waist circumference or ratios are adequate or appropriate estimates of abdominal obesity in the elderly, and as these studies often rely on a single measurement, it is not known how long individuals have had abdominal obesity. As weight loss and fat loss are also a common observation in the elderly prior to death, the reliability of the measurement as representative of their peak late-life abdominal obesity should also be considered. Along those same lines, people with large quantities of VF may already have died prior to becoming elderly leading to a selection bias in the population. Finally, the possibility that abdominal obesity in the elderly is a risk factor for disease-specific deaths, such as CVD-related deaths, rather than all-cause deaths, is another possibility.

Role of Adiposity in Caloric Restriction-Mediated Longevity

Studies dating back to the early 1900s by Moreschi and Rous, and later by McCay and Tannenbaum [92,93], respectively, were the first to demonstrate that a reduction in food intake was capable of increasing life span and inhibiting tumor formation in rats [94]. Nearly a century later, calorie restriction (CR) remains the only known behavioral intervention capable of delaying the onset of many age-related diseases and extending maximal longevity [95].

In the laboratory, CR is generally implemented by limiting food intake 20–40% of ad libitum-fed controls [96]. Thus, the beneficial effects of CR have historically been attributed to a reduction in food intake [97–99]. However, this view has since been challenged as CR is not only characterized by less food intake, but also by concurrent changes energy balance, body mass, and body composition [100,101]. Because adipose tissue has been historically viewed as an inert storage depot for TG, this robust phenotypic change had been widely discounted as merely a byproduct of reducing energy intake [97,98,102]. It was not until 1960 that a reduction in fat stores was proposed as an important mediator of CR [103]. Since many believed CR worked by slowing metabolism or retarding growth and development, this hypothesis was never fully embraced at the time, although it was neither discounted until 20 years later.

Evidence against a Role for Body Fat in Determining Life span

In 1980 and 1984, respectively, two historic studies were published which essentially discredited the ‘reduction of body fat hypothesis’ for many years. The first by Bertrand et al. [97] reported that fat mass was not related to life span in ad libitum-fed rats, but was paradoxically associated with a greater life span in calorie-restricted rats. The later study by Harrison et al. [102] found that calorie-restricted ob/ob mice were longer lived than ad libitum-fed wild types, despite having nearly twice as much body fat. Indeed, these studies made a compelling case against a role for body fat in the determination of life span. However, the conclusions of these studies have since been criticized and debated [98,101].

A Paradigm Shift: Adipose Tissue Is an Active Endocrine Organ

Since the discovery of leptin in 1994 [104], the view of adipose tissue has evolved from that as an inert storage depot to an active endocrine organ. As previously mentioned, obesity and specifically abdominal obesity is associated with a low-grade pro-inflammatory state [25]. Many of these cytokines also referred to as ‘adipokines’ including leptin, TNF-α, IL-6, PAI-1, heparin-binding epidermal growth factor (HB-EGF), and vascular endothelial growth factor (VEGF) among others, may play an important role in many disease pathologies by promoting angiogenesis, inflammation, cell proliferation, and insulin resistance [105,106]. Considering this new perspective of fat, coupled with studies from our group linking age-related changes in body composition with insulin resistance, we hypothesized that the ability of CR to improve insulin action is primarily by reducing VF.

VF Removal in Rats Mimics the Benefits of Caloric Restriction on Insulin Action

Since CR limits the accumulation of VF and preserves hepatic insulin action with aging in mammals [107] and extends life span in a variety of species [108], we suspected that the ability of CR to prevent insulin resistance with aging was due to the attenuation of VF, rather than other fat depots. To directly test this hypothesis, we studied four groups of rats: VF–, SC– (equivalent SC fat removed), SO (sham-operated controls), and CR (CR+ sham operated) [19]. Postabsorptive plasma insulin levels were nearly 50% greater in the SC– and SO rats as compared to CR and VF– animals. During a glucose clamp, VF– rats had an 80% increase in the rate of glucose infusion, significantly greater glucose uptake, and 50% increase in the ability of insulin to suppress hepatic glucose production compared to SC– and SO rats. Most striking, the dramatic improvement in insulin action with VF, but not SC fat removal, closely resembled the effects of prolonged CR, suggesting that decreased VF could largely account for the beneficial effects of a reduction in food intake. Additionally, our earlier studies had shown a causal role for VF in age-related metabolic decline [101] leading us to revisit the body fat and longevity hypothesis by proposing that the ability of CR to improve longevity is by reducing VF.

VF Removal in Rats Improves Longevity

VF accretion is a common hallmark of aging, and we have demonstrated metabolic benefits to VF removal [107], and that decreased VF largely accounts for the improvement in insulin action with CR [19,107]. Therefore, it seemed plausible that the beneficial effects of CR on longevity may be due to the attenuation of VF [101]. Quite surprisingly, very few rodent studies have found a role for body fat in the determination of life span. In the most widely cited report in support of a role for body fat by Bluher et al. [100] in 2003, fat-specific insulin receptor knockout (FIRKO) mice showed a modest reduction in body mass, but were markedly leaner than controls, demonstrating a 50% reduction in fat mass and lived nearly 20% longer than controls. Using a mathematical approach, Wang et al. [109] estimated that CR and body weight had independent effects on mortality rate in male Wistar rats, with body weight accounting for approximately 11% of the CR effect on mortality rate. However, this study may have underestimated the importance of body fat and specifically VF, since body composition was not measured.

In order to definitively demonstrate that VF modulates longevity, we prospectively studied life span in 3 groups of rats: ad libitum-fed (AL), 40% CR and VF– rats [110]. CR rats demonstrated the greatest survival and longevity among all experimental groups (fig. 1). Statistical analysis revealed a significant increase in both mean and maximum life span for VF– rats as compared to AL-fed animals and VF removal accounted for ~20% of the effect of CR on longevity. Furthermore, the hazard rate of death in the VF– group was 0.49 (51% reduction) and in the CR group was 0.13 (87% reduction) compared to the AL-fed group. This effect of VF per se was even more remarkable when considering that VF– rats had similar food intake, body weight and body fat as AL controls. In fact, VF– animals were 220 g heavier, had nearly 115 g more body fat and a percentage body fat nearly double that of CR rats. Furthermore, the only fat pads removed were the epididymal and perinephric fat pads, which do not drain into the portal vein in rats. Indeed, the mesenteric fat pad, which has been deemed the only ‘true’ VF pad in rodents because it drains into the portal vein, is difficult to safely remove in rodents. This raises the possibility in humans that VF depletion may be even more beneficial since VF depots in humans have direct portal access and hence a greater potential to harm the liver. In summary, these data provide the first causal evidence implicating VF depletion as an important underlying cause of improved life span with CR.

[image: Img]

Fig. 1. Mean and maximum life span of three groups of rats either fed ad libitum (AL), fed ad libitum with VF removed (VF–) CR rats had the greatest mean and maximum life span but VF removal only was sufficient to extend life span as compared to AL controls and accounted for nearly 20% of the CR effect on life span. Different letters denote a significant difference between groups, p < 0.05. The original survival curve can be found in Muzumdar et al. [110].

Conclusions

Studies in humans have implicated abdominal obesity as a major risk factor for insulin resistance, T2DM, CVD, stroke, metabolic syndrome and death. Studies in animal models have extended upon these observations to demonstrate a causal relationship between visceral adiposity and disease while surgical removal of VF in rats improves both mean and maximum life span. Fat deposition in ectopic depots such as pancreas, heart, skeletal muscle and liver can also lead to lipotoxicity and impair insulin action. Conversely, SC fat may be beneficial under certain circumstances by limiting levels of both circulating lipids and visceral and ectopic fat deposition. Taken together, these studies highlight the importance of accounting for body fat distribution when determining disease risk and the potential importance of preventing ectopic and VF accrual for improving human health-span and longevity.
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