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The problem of obesity has reached epidemic proportions. Sixty-five percent of US adults
are said to be overweight (body mass index, >25 kg/m?2).1 Globally, the overweight
population is estimated to be 1 billion people.2 This epidemic has led to a resurgence of
interest in adipose tissue metabolism, physiology, and pathophysiology. The adipocyte is ho
longer understood merely as a repository of fat but rather is a dynamic, metabolically active
factory that produces metabolic substrates, hormones, cytokines, and adipokines that exert
their actions locally, systemically, and even centrally at the hypothalamus to regulate overall
energy homeostasis. Increasingly, we understand that obesity is not only a problem of too
much fat, per se, but also a much more far-reaching dysregulation of metabolism that affects
adipose tissue and other organs, such as the liver, muscle, and pancreas.

FAT STORES

Adipose tissue is considered the natural organ for large stores of fat. A limited pool of fatty
acids can be found in other organs (such as the liver, muscle, and pancreas), where they are
considered “nontoxic” and are integral to cell function. The identification of non-
differentiated cells (preadipocytes) confers to adipose tissue the potential to acquire new
mature fat cells that appears to be permanent. The differentiation of the preadipocyte into an
adipocyte is a complex event that is initiated mainly by peroxisome proliferator-activated
receptor-y and CCAAT/enhancer binding proteins.3 During this process, these nuclear
factors trigger the expression of multiple genes that are involved in various steps of the
adipogenesis, such as CD36 (also called fatty acid translocase), fatty acid transport proteins,
fatty acid binding proteins, and lipoprotein lipase. Maturation of the adipocyte is associated
with the gain of new functions that include lipogenic capacity and the appearance of
cytoplasmic lipid droplets, acquisition of insulin sensitivity and increased glucose uptake,
and the expression and secretion of numerous bioactive molecules (Fig 1). Transport of fatty
acids through the lipid bilayer is a major step that regulates fatty acid utilization. Although
passive diffusion has been described as the only mechanism of fatty acid transport through
the cell membrane, the identification of new proteins in the plasma membrane added another
important component in fatty acid transport. Several candidate proteins have been identified
to play a role in this transport system: fatty acid translocase/CD36, fatty acid binding protein
plasma membrane, and fatty acid transport protein. At the inner side of the cell membrane,
fatty acid binds to fatty acid binding proteins (also designed aP2) and is transported to its
destination of either oxidation, signal transduction, or esterification and triglyceride
deposition.

In obesity, adipose tissue nears its threshold in its capacity to store lipids and trap dietary
fatty acids. As a result, the pool of circulating fatty acids increases and leads to an ectopic
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storage of fat in non-adipose tissues such as muscle, liver, pancreas, and possibly other
organs. This overload of fat appears to cause an array of metabolic derangements that are
associated with insulin resistance and commonly are dubbed the metabolic syndrome or
“syndrome X.”# It is now recognized that the intracellular accumulation of fatty acids and
their metabolites alter insulin signaling and hinder insulin’s ability to stimulate glucose
uptake.® Furthermore, murine studies have shown that inactivation of fatty acid uptake in
heart and skeletal muscle increased glucose uptake and prevented fat-induced insulin
resistance. Numerous studies in man that were reviewed recently by Yu and Ginsberg’
show that lipid accumulation in muscle can be correlated with insulin resistance and the
development of type 2 diabetes mellitus. Similarly, hepatic fatty infiltration is associated
with insulin resistance and impaired suppression of hepatic glucose production by insulin.
Additionally, body mass index and the waist-circumference ratio correlate positively with
insulin resistance,8 which implies a specific role of central fat in the adverse obesity-related
sequelae associated with the metabolic syndrome.

CENTRAL VERSUS PERIPHERAL ADIPOSITY

The current paradigm is that obese phenotypes can be classified as either android (truncal/
central fat deposition or the “apple” shape) or gynoid (predominance of gluteofemoral fat
deposition or the “pear” shape) with the android phenotype being linked to a greater
prevalence of the comorbidities of hypertension, dyslipidemia, and type 2 diabetes mellitus,
the sum of which encompasses the metabolic syndrome (Fig 2). Accordingly, the
International Diabetes Federation’s newly released definition of the metabolic syndrome is
predicated on racial- and gender-specific criteria for central obesity.?

Regional differences in fat depots are intriguing and far-reaching and involve processes such
as lipolysis, lipogenesis, fatty acid uptake, and the expression and secretion of hormones and
inflammatory factors. Relative to visceral adipose tissue, subcutaneous fat, for example,
exhibits a higher basal rate of lipolysis, hormone-sensitive lipase activity, anti-lipolytic
action of insulin, expression of insulin receptor substrate 1 expression, lipoprotein lipase
activity, and fatty uptake by preadipocytes.10 Additionally, expression of leptin (a
pleiotropic hormone that, among other actions, regulates satiety through its hypothalamic
action) correlates positively with the area of subcutaneous adipose tissue. Conversely,
visceral adiposity exhibits a greater lipolytic response to catecholaminesi© and a blunted
response to insulin’s anti-lipolytic effect with increasing doses of insulin.1! This response
may account for the hypertriglyceridemia seen in the metabolic syndrome.

Visceral fat predominates in the production of certain adipokines (eg, resistin, adiponectin),
inflammatory cytokines (eg, interleukin 6), and plasminogen activator inhibitor 1.10 This
observation provides a link between the low-grade, chronic inflammatory state of obesity
and insulin resistance, in that resistin can induce insulin resistance in mice, and tumor
necrosis factor-a (TNF-a) and interleukin-6 interfere with insulin activity directly by
altering intracellular signaling and indirectly by influencing leptin concentration.
Furthermore, the increase in glucose and non-esterified fatty acid concentrations seen with
diabetes mellitus can lead to p-cell loss, which further facilitates the onset of diabetes
mellitus.12 Some investigators have postulated that the increase in visceral fat-derived,
portally delivered non-esterified fatty acids to the liver is a primary mechanism in the
development of impaired hepatic glucose metabolism. Ironically, visceral fat secretes the
newly identified hormone, visfatin that exhibits insulin-like properties, which is a fact that,
at best, appears to mitigate the role of visceral fat in the development of insulin resistance.13
Visceral adipose tissue also expresses the angiotensinogen gene,14 which provides a
potential mechanism for the hypertension that is seen in the metabolic syndrome.
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Visceral and subcutaneous fats differ also in their morphologic condition and adipogenic
capacity. In obese premenopausal women, the gynoid habitus is associated with smaller and
more numerous fat cells than the android habitus, and visceral adipocytes are smaller than
subcutaneous adipocytes.1® Fat cells that are harvested from obese patients who are
undergoing gastric bypass exhibit 2 distinct populations of preadipocytes, rapidly and slowly
replicating subtypes, both of which were identified in subcutaneous, mesenteric, and
omental fat biopsy specimens, albeit in differing proportions by depot.1® Relative to
mesenteric or subcutaneous fat, the slowly replicating subtype comprises a statistically
greater proportion of preadipocytes, has a lower lipid-accumulating capacity, is more
susceptible to TNF-a—induced apoptosis, and expresses less CCAAT/enhancer binding
proteins a (adipogenic transcription factor). In fact, both preadipocyte subtypes accumulate
less fat in omental tissue than in subcutaneous tissue. Although not proved, it seems a
logical conclusion that visceral adipose tissue is “over-loaded” more readily, thereby leading
to untoward sequelae.

Studies that used animal models have shown that the association of visceral fat with the
metabolic syndrome is not absolute, however.17:18 Transgenic expression of human growth
hormone in the hypothalamus of the ratl’ induced late onset obesity in the male rat that is
mostly visceral in nature and due to adipocyte hyperplasia and not hypertrophy, which
suggests that the visceral fat in these animals has a greater storage potential because of a
greater number of adipocytes. However, the animals have normal fasting blood glucose,
enhanced insulin sensitivity, and a lack of intrahepatocellular or intramyocellular fatty
deposits. This evidence indicates that abdominal obesity cannot be the sole, fundamental
cause of the metabolic syndrome. Moreover, Korach-Andre et al'® questioned the causal
relationship between visceral adiposity and insulin resistance in the muscle of rats under
dietary and pharmacologic treatments.

Conversely, selective over-expression of 11p-hydroxysteroid dehydrogenase type 1 (the
enzyme responsible for the formation of active glucocorticoids) in mouse adipose tissue
increased the level of corticosterone and induced visceral obesity that was associated with
pronounced insulin-resistance and hyperlipidemia.1® In humans and mice, elevation of
serum retinol binding protein 4 is seen in obesity. Serum retinol binding protein 4 impairs
insulin signaling in muscle and increases hepatic glucose production, likely through an
effect on phosphoenolpyruvate kinase.20 Taken together, these observations suggest that
abdominal obesity may not be the sole, fundamental cause of the metabolic syndrome. The
onset of metabolic syndrome is most likely the result of biochemical factors either secreted
or regulated by visceral fat that acts on vulnerable target organs.

LIPODYSTROPHY

The various forms of lipodystrophy (acquired and congenital) provide further support for the
notion that the obesity-related metabolic syndrome is perhaps more an issue of storage
capacity than fat quantity or location (lipodystrophy), in general, is a condition whereby a
pathologic loss of fat leads to a constellation of symptoms like the metabolic syndrome.
Despite the heterogeneity of the various lipodystrophies, the resultant impairment in insulin
sensitivity common to all forms leads to type 2 diabetes mellitus.

STRESS AND INFLAMMATION

The question now is how this putative triglyceride overload leads to the constellation of
symptoms seen in the metabolic syndrome. The answer may lie in the body’s stress
response. Weisberg et al?! and Xu et al?2 showed that, in obese humans, macrophages can
account for up to 40% of the tissue mass. Accumulation of macrophages in the subcutaneous
tissue appeared to plateau at an earlier level than that in visceral fat; these macrophages
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account for most of the overall secretion of TNF-a. These results lead to a reconsideration of
the role of the adipocytes (and preadipocytes) alone and to take into account the role of
macrophage infiltration into adipose tissue as a source of the inflammatory molecules.?3

In 1990, Daniel et al?* discovered a group of molecules termed F,-isoprostanes, which are
derived from free radical-catalyzed peroxidation of arachidonic acid. These investigators
documented a very strong correlation between increased F2-isoprostanes and body mass
index,25 which are findings that were reproduced by Keany et al2% in 2800 subjects who
were enrolled in the Framing-ham study. Additional indirect support is obtained from the
very strong association of obesity with platelet-activation, with more than a 3-fold increase
in the excretion of platelet-derived thromboxanes in the urine of obese women.2”
Furthermore, Ozcan et al8 studied murine models of obesity (diet-induced and genetic
[obese mice]) and demonstrated a link between the stress of the endoplasmic reticulum and
the inhibition of insulin action that is mediated by c-Jun N-terminal kinase and inositol-
requiring kinase-1o.

TARGETED LIPECTOMY

When the evidence for the role of “ectopic fat” is considered and especially the differences
in various fat depots and the particularly detrimental sequelae of central obesity in regard to
coronary and cerebrovascular disease, it seems logical to focus on the ectopic visceral fat
stores in the setting of obesity as a means of mitigating risk factors for stroke, heart attack,
and even diabetes mellitus. Although the lipodystrophic model would suggest that excess fat
removal could lead to a state of insulin resistance, perhaps there is a role for the selective
removal of adipose tissue in the setting of obesity-associated insulin resistance.

We have collected preliminary data in the dog model of the role of visceral fat on glucose
metabolism. Catheters in the hepatic vein, portal vein, and femoral artery were used to
sample blood during hyperinsulinemic-euglycemic clamps. We studied mongrel dogs under
a stepwise hyperinsulinemic-euglycemic clamp and achieved 4- and 10-fold basal levels of
insulin, respectively, before and after removal of visceral fat (“omentectomy”). Low-dose
insulin infusion is meant to shut off hepatic glucose production; higher insulin infusion
maximizes peripheral (skeletal muscle) glucose uptake. The removal of visceral fat resulted
in a reduction in basal hepatic glucose production by nearly 40%. Furthermore, during the
high insulin infusion, omentectomy resulted in a greater than 2-fold increase from basal in
peripheral glucose use by insulin-dependent tissue (predominantly skeletal muscle). In like
fashion, Barzilai et al?9 showed that in Zucker Diabetic Fatty rats, removing visceral fat
delayed the onset of diabetes mellitus. Conversely, Klein et al3® found no improvement in
insulin resistance, glucose, blood pressure, or other cardiovascular risk factors in 15 obese
women before and after liposuction removal of subcutaneous abdominal fat in amounts
equivalent to 9% of total body mass or 18% of total fat mass.

CONCLUSION

The proposition therefore is that fat, in and of itself, may not be the fundamental problem,
but rather it may be the out-stripping of the adipocytes ability to handle a given triglyceride
load that results in “ectopic fat storage”3! and subsequent inflammation that lead to the
metabolic syndrome.32 Obesity, and specifically visceral obesity, could be considered a
problem of excess triglycerides that leads to ectopic fat deposition, which could potentially
initiate a stress response that leads to inflammation, excess circulating triglycerides, the
under production of beneficial adipokines such as adiponectin, and the over production of
deleterious adipokines such as resistin, the sum of which leads to insulin resistance and
ultimately the metabolic syndrome. Understanding the significant role that visceral fat plays
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in the metabolic syndrome, either because of its more limited capacity to handle an
increasing triglyceride load or its preferential production of deleterious cytokines, in
conjunction with our own animal data combined with that of Barzilai et al,2° shows that
targeted lipectomy can mitigate the detrimental effects of ectopic fat positively. To that end,
we feel compelled to ask whether it would not make sense to offer omentectomy alone as
treatment for type 2 diabetes mellitus. This approach effectively would remove a major
source of portally delivered non-esterified fatty acids and possibly cytokines and adipokines
and result in a reduction in basal glucose production and a concomitant improvement in
glucose use by skeletal muscle, thus offering a potential cure for some of the major
metabolic derangements of type 2 diabetes mellitus and the metabolic syndrome. The
procedure could be performed easily by trained laparoscopic surgeons as an outpatient
procedure and would obviate the need for the chronic medical treatment of diabetes mellitus.
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Fig 1.

Model shows maturation of preadipocyte to adipocyte. Proteins that are implicated in fatty
acid uptake and factors that are secreted by mature adipocyte are presented. FATP, Fatty
acid transport protein; C/EBP, CCAAT/enhancer binding protein; PPARy, peroxisome
proliferator-activated receptor-y; FABPpm, fatty acid binding protein plasma membrane;
FFA, free fatty acids; N, nucleus; TG, triglycerides; AGT, angiotensinogen; PAI-1,
plasminogen activator inhibitor type 1; IL-6, interleukin-6; ACRP30, adipocyte complement-
related protein.
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Fig 2.
Development of an android phenotype (truncal/central obesity) leads to insulin resistance. A
gynoid habitus (gluteofemoral obesity) does not confer the same risk of insulin resistance.
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