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Introduction

Obesity is clinically defined as a body mass
index (BMI) of = 30 kg/m? (a BMI of 30 repre-
sents an overweight of approximately 30 Ib (14
kg) for any given height)®. It is a disease that is
highly prevalent at all ages?® and is quickly
reaching pandemic proportions*. Obesity is as-
sociated with significant comorbidity and in-
creased mortality’. The exact etiology of this
disease in the majority of humans is not known.
It is, however, widely accepted that obesity re-
sults from a chronic imbalance between energy
intake and energy expenditure®’. Obesity is
heritable®19; it is likely that genes (as yet, mostly
unidentified) controlling eating behavior and
daily physical activity interact with the environ-
ment to increase the susceptibility to weight
gain in certain groups of individuals**.

Clinicians have observed for centuries that
fatter people are more likely to have type 2 di-
abetes mellitus (T2DM) and overwhelming
evidence has accumulated to prove this clinical
impression accurate. The association of obesi-
ty with T2DM has been observed in compar-
isons of different populations and within pop-
ulations!?*3. Prospective studies of pre-diabetic
subjects have shown conclusively that obesity
and its duration are major risk factors for
T2DM?¥22, Notwithstanding the remarkable
consistency of the association between the two
diseases, obesity is neither sufficient nor nec-
essary for the development of T2DM%?5, For
example, many U.S. Caucasians are over-
weight or obese, but less than 10% of the pop-
ulation has T2DM?22,

How does obesity cause T2DM and why
does it cause it only in some people? It is easy
to understand how T2DM develops in the ab-
sence of insulin secretion. Circumstantial and
experimental evidence indicate that weight
gain causes hyperinsulinemia and insulin re-
sistance?’-2, but how does insulin resistance
gradually result in the disease? Does insulin
secretory function simply decrease with age?

The concepts of “glucotoxicity” and “lipo-
toxicity” have been advanced to explain the
pathogenesis of T2DM. More recently it has
been proposed that adipokines, i.e., hor-
mones secreted by the adipose tissue, can im-
pair glucose tolerance. In this editorial I tried
to highlight some recent developments in the
understanding of the pathophysiological links
between obesity and T2DM in humans.

Glucotoxicity

Physiologically, glycemia is maintained
within a very narrow range by the pancreatic
insulin secretory response to fluxes of
macronutrients produced by daily meals.
Despite these fluctuations, fasting glycemia is
homeostatically controlled, i.e., glucose al-
ways returns to the initial level after each
meal. We have recently coined the expres-
sion “glucose allostasis” to better describe
the changes that take place when insulin re-
sistance ensues. In response to insulin resis-
tance, a small increase in fasting glycemia
(even in the normal glucose range) becomes
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one of the signals for the compensatory in-
crease in insulin secretion (rather than result-
ing from a lack of it)®*. As long as insulin re-
sistance and the resulting mild hyperglycemia
persist, the pancreas is forced to constantly
over-secrete insulin, a condition termed ‘allo-
static load’. Prospective analysis shows that
normal glucose tolerant individuals with a
high pancreatic allostatic load have an in-
creased risk of developing type 2 diabetes
compared to individuals with a low pancreat-
ic allostatic load*. Thus, obesity-induced in-
sulin resistance may cause T2DM by increas-
ing the allostatic load of the pancreas.

One of the possible ways that an increased
allostatic load can eventually lead to failure
of the endocrine pancreas is through the di-
rect detrimental affect of hyperglycemia on
the beta cell, which is commonly referred to
as glucotoxicity®!. Mechanisms include de-
crease in expression of relevant genes (insulin
receptor, GLUTZ2, glucokinase, inward recti-
fier potassium channel), beta cell de-differen-
tiation and increased apoptosis®>®. Also, it
has been suggested that chronic hyper-
glycemia per se can worsen insulin resis-
tance®.

Lipotoxicity

How does obesity cause insulin resistance
in the first place? Many studies indicate that
over a wide range of insulin action, from the
greatest insulin resistance to the greatest in-
sulin sensitivity, glucose storage, not glucose
oxidation, makes a progressively greater con-
tribution to glucose uptake33¢. Thus, the ef-
fect of obesity on insulin action is likely to be
mediated by a progressive decline in muscle
glycogen synthase activity and glycogene-
Sis37,38_

There is strong evidence that acute and
chronic increases in fatty acid supply to pe-
ripheral tissues may play an important role in
impairing glucose uptake and storage in the
muscle3*42. A theory has been set forth
proposing that the adipose tissue plays a cru-
cial role in buffering the flux of FFA in the
postprandial period and that this buffering ac-
tion becomes progressively impaired as obesi-
ty develops, which would in turn expose extra-
adipose tissues to excessive lipid fluxes*. This
theory is partially supported by the following

observations. Obesity-induced insulin resis-
tance is associated with increased lipid concen-
trations in insulin-responsive tissues*-47.
Normal glucose tolerant people with enlarged
subcutaneous abdominal adipocytes*® and ele-
vated levels of FFA* (possible markers of re-
duced adipose tissue buffering action®) are at
increased risk of developing T2DM. People
with lipodystrophy (very little or no adipose
tissue available to buffer daily lipid fluxes) are
also insulin resistant and prone to T2DM®,

Nonetheless, direct experimental evidence
that the adipose tissue progressively loses its
normal ability to buffer excessive lipid fluxes
as obesity develops is still lacking and it has
been difficult to directly demonstrate an in-
crease in FFA flux to the muscle of obese
subject (and in fact the reverse has been re-
ported®?). Finally, we are still missing an un-
equivocal biochemical explanation for a role
for FFA in regulating glycogen synthesis.
Some possible mechanisms have been pro-
posed, including the effect of long chain fatty
acids on glycogen synthase®®%, cellular mem-
brane fluidity®, translocation of GLUT4 con-
taining vesicles® and activation of the hex-
osamine pathway®’.

The toxic effect of lipids may extend to the
beta cell. FFA serve as an important source
of energy for most body tissues, but they
have a broader function as signals in a variety
of cellular processes. One such role is to en-
hance the responsiveness of the pancreas to a
variety of insulin secretagogues®. However,
numerous studies indicate that chronic expo-
sure of the pancreas to elevated FFA concen-
trations has deleterious effect on the beta
cells®€, Possible mechanisms underlying the
lipotoxic effect of FFA on the beta cell in-
clude overproduction of NO®, interleukin-
1B®, and ceramide®, the latter likely respon-
sible for the accelerated apoptosis observed
in fat-laden beta cells.

Adipokines

The adipose tissue is increasingly recog-
nized as an endocrine organ® (Figure 1).
Others and we have observed that many of
the hormones that are secreted by the adi-
pose tissue (TNF-a, IL-6, complement C3,
MIF, adiponectin) are associated with insulin
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Figure 1. The adipocyte is an endocrine cell capable of secreting proteins that act as endocrine, paracrine and meta-
bolic signals to proximal and distant tissues and organs. These signals may be the pathophysiological link between
obesity and many associated comorbid conditions, including type 2 diabetes, hypertension, dyslipidemias and athero-
sclerosis.

IRS

IKKB  p——salicylates

v

NF-kB/IkB
v / Prostaglandins
NF-kB activation —>  COX-2
and translocation to nucleus T

Leukotrienes

Figure 2. A schematic representation of the hypothetical link between adipokines, the NFk/IKB pro-inflammatory
pathway and insulin action. The figure shows the mechanism by which salicylates, which are thought to block
IKKb73, may be able to improve insulin resistance by mechanisms that remain to be elucidated. IR, insulin receptor.
IRS, insulin receptor substrates.
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resistance, often independently of the degree
of adiposity%-%. More important, several
prospective studies have shown a relationship
between adipokines (IL-6 and adiponectin)
and the risk of developing T2DM™". The ex-
act biological mechanism underlying this as-
sociation remains obscure, but in vitro studies
suggest that the effect of adipokines on in-
sulin action may be related to their ability to
activate NF-kB, a transcription factor that
plays a key role in inflammatory and immune
responses’. Adipokines stimulate the pro-in-
flammatory effects of NF-kB by modulating
the action of IkB kinase (IKK)”. IKK phos-
phorylates (inactivates) IkBs, proteins that
maintain NF-kB in an inactive state in the cy-
toplasm™. Some experiments suggest that one
of the catalytic subunits of IKK released in
the process (IKK[) can impair insulin action™
(Figure 2).

While the role of the NF-kB/IKK pathway
in modulating insulin action remains an area
of intense investigation, there is mounting evi-
dence that a chronic low-grade activation of
the immune system may play an etiologic role
in the development of T2DM. Numerous
prospective studies have now shown that high
levels of inflammatory markers such as sialic
acid, oromucoid acid, CRP, serum im-
munoglobulins and WBC predict T2DM70.74-78,
Therefore, it is possible that an adipokine-in-
duced activation of the immune system may
mediate the effect of over-nutrition on insulin
resistance and later development of T2DM?.
The effect of adipokines on insulin secretory
function is unclear at this point.

Conclusion

Obesity is a major cause of type 2 diabetes
(T2DM) in all affected populations.
Nonetheless, obesity is neither sufficient nor
necessary to develop T2DM. In some predis-
posed individuals and populations, obesity in-
creases the risk of T2DM by causing insulin
resistance and directly or indirectly affecting
the ability of the pancreas to secrete ade-
quate amounts of insulin.

No simple metabolic defect is likely to ex-
plain the cause of obesity-induced T2DM in
large numbers of people and the precise
link(s) between obesity and T2DM have yet

to be unequivocally identified. A complete
understanding of the causes of T2DM will re-
quire a better knowledge of the environmen-
tal and molecular genetic determinants of
both insulin action and insulin secretory func-
tion, and, equally important, a better knowl-
edge of how they interact pathophysiological-
ly over time.
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