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Insulin action in morbid obesity: a focus on muscle
and adipose tissue
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ABSTRACT

The aim of this review is to summarize the mechanisms underlying insulin resistance in mor-
bid obesity. Glucose regulation by insulin depends on the suppression of endogenous glucose
production and stimulation of glucose disposal. In morbid obesity, glucose production by the
liver is increased. Moreover, the sensitivity of glucose metabolism to insulin is impaired both
in muscle (due to defects in insulin-stimulated glucose utilization and decreased blood flow)
and in adipose tissue (due to decreased blood flow). However, recent studies suggest that ex-
panded total fat mass becomes a major consumer of glucose providing a sink for glucose and
compensating for insulin resistance. Metabolism and immunity are closely linked. Bearing in
mind the crosstalk between inflammatory pathways and the insulin signaling cascade, adipose
tissue derived cytokines may represent a link between inflammation and metabolic signals and
mediate, at least in part, insulin resistance. Adipose tissue plays a crucial role by buffering daily
influx of dietary fat, suppressing the release of non-esterified fatty acids into the circulation
and increasing triacylglycerol clearance. However, in morbid obesity there is an impairment of
the normal ability of adipose tissue to buffer fatty acids, despite hyperinsulinemia. Lipotoxic-
ity gradually impairs insulin action in the liver and muscle, aggravating insulin resistance.
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INTRODUCTION prevalence increasing rapidly worldwide. The increase
in body mass is associated with numerous adverse
consequences for health, many of which seem to stem
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liver and stimulation of glucose disposal by muscle
and adipose tissue.?

Previous studies in morbid obesity® have shown
that the sensitivity of glucose metabolism to insulin
is impaired in skeletal muscle, which is the most im-
portant tissue for insulin-dependent glucose disposal.?
This raises the question as to which tissue clears the
excess of glucose entering the circulation in obese,
non-diabetic subjects.

In a study using ["*F]-fluorodeoxyglucose-positron
emission tomography in moderately obese men, in-
creased fat mass has been shown to provide a sink for
glucose, despite adipose tissue insulin resistance.* In
morbid obesity, it has been reported that the sensitivity
of glucose metabolism to insulin is impaired in adipose
tissue, partly due to decreased blood flow, whereas
increased total fat mass provides a sink for the excess
of glucose and compensates for insulin resistance.’

Adipose tissue plays a crucial role by buffering
daily influx of dietary fat in the postprandial period,
suppressing the release of non-esterified fatty acids
(NEFA) into the circulation and increasing triacylg-
lycerol clearance.’ However, in obesity, adipose tissue
buffering of lipid fluxes is impaired through defects in
the ability of adipose tissue to respond rapidly to the
dynamic situation in the postprandial period.’ Previous
studies® have shown that the plasma concentration
and rate of appearance of fatty acids are reduced by
insulin less rapidly in obese subjects than in those
of normal body weight, whereas in recent studies”
examining adipocytes isolated from obese insulin
resistant subjects in vitro under fasting conditions,
hormone-sensitive lipase (HSL) and adipose triglyc-
eride lipase (ATGL) protein expression have been
found to be decreased. As a result, the extra-adipose
tissues are exposed to excessive fluxes of lipid fuels
and accumulate these in the form of triacycglyrelol,
leading to insulin resistance.’

Metabolism and immunity are closely linked. Adi-
pose tissue releases a significant number of cytokines
originating from either mature adipocytes or other
cells, such as peripheral blood mononuclear cells and
macrophages infiltrating adipose tissue. Obesity is as-
sociated with a state of aberrant immune activity and
increased risk for associated inflammatory diseases,
including atherosclerosis, diabetes and fatty liver

disease. The high level of coordination of inflam-
matory and metabolic pathways is highlighted by the
overlapping biology and function of macrophages and
adipocytes in obesity.” Several adipose tissue-derived
cytokines, including interleukin-6 (IL-6), tumour
necrosis factor o (TNF-a)) and resistin, have been
implicated in the impairment of insulin sensitivity,
while others (such as leptin and adiponectin) have
been shown to have an insulin-sensitizing effect.!

The aim of this review is to summarize the mecha-
nisms underlying insulin resistance in morbid obesity
in peripheral tissues, focusing on the crosstalk be-
tween organs regulating energy homeostasis, insulin
sensitivity, lipid metabolism and the immune system.
Moreover, this review highlights the role of decreased
blood flow rates in the impairment of glucose disposal
and lipid metabolism in peripheral tissues, as well as
the role of expanded fat mass functioning as a sink
for glucose.

For this purpose, we performed a Medline search
using a combination of terms: morbid obesity, glucose
metabolism, insulin resistance, insulin secretion,
glucose uptake, glucose disposal, glucose produc-
tion, skeletal muscle, adipose tissue, blood flow, lipid
metabolism, triglycerides, non-esterified fatty acids
and cytokines. During the first phase, Medline search
resulted in 3652 citations. After excluding citations
that were referred to more than one time, 2067 cita-
tions were left. Focusing on human studies that could
be eligible for the purposes of this review, 79 papers
were finally selected and cited.

INSULIN SECRETION

In obesity, plasma insulin levels and their response
to a carbohydrate load are increased. Some people can
maintain compensatory hyperinsulinemia throughout
their life and keep their blood glucose levels within
normal range (Figure 1A, 1B).? This compensation
involves mechanisms that increase the sensitivity of the
beta cell to a glucose stimulus resulting in increased
insulin secretion.!" The exact pathophysiological
mechanisms leading to increased beta-cell secretory
activity are still uncertain. Recently it has been pro-
posed that insulin hypersecretion in morbid obesity is
partly adaptive to insulin resistance and partly due to
obesity itself.'? As regards substrates, increased non-
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Figure 1. Arterial plasma glucose (A), and insulin (B) levels in
obese and non-obese subjects after a meal [differences between
groups were tested with non-paired t-test (*: p<0.05)]. [Mitrou
P, et al, 2009 J Clin Endocrinol Metab 94: 2958-2961 with per-
mission from The Endocrine Society (Copyright 2009)].

esterified fatty acid levels may enhance insulin release
in humans, although long-term exposure to elevated
fatty acids may inhibit insulin biosynthesis and increase
the proinsulin:insulin ratio of secretion.’* Humoral or
neural signals originating in the central nervous system
may also be responsible for a sustained upregulation
of beta-cell function.'*"> Thus, under fasting or fed
conditions, the hyperinsulinemia of obesity mainly
depends on increased insulin secretion. However, in
patients with more marked basal hyperinsulinemia
and during intense stimulation of insulin secretion, a
reduction in hepatic insulin clearance may also con-
tribute to a more pronounced increase in circulating
insulin levels.'*' Insulin clearance is mediated by the
internalization of the bound insulin to its receptor and
subsequent degradation of insulin and a fraction of
the receptor. The reduced plasma insulin clearance
can be attributed to the downregulation of the insulin
receptor number which is evident in hyperinsulinemic

states. The reduced plasma insulin clearance can be
attributed to decreased hepatic extraction, related
to insulin resistance.

Previous studies examining 24hour secretory insu-
lin profiles show that in obese non-diabetic subjects
the dynamic aspects of beta-cell function are intact,
although set at a higher level.!'> Thus in obesity, the
regulatory mechanisms influencing secretory profiles
are still operative, although functioning beta-cell
mass is enhanced.

In other cases, especially in genetically predisposed
individuals, the important dynamic properties of the
feedback loop linking insulin secretion and glucose
are impaired and the ability of the pancreatic islets
to sustain high rates of insulin production gradually
decreases. At first, insulin levels may fall to a little
less than necessary, leading to mild hyperglycemia
(mainly in the postprandial period). If insulin levels
fall further, clinically evident diabetes develops.

However, these alterations in beta-cell function
can, in many cases, be reversed; previous studies
have shown that in morbidly obese subjects with or
without type 2 diabetes, defects in insulin secretion
can be improved after weight loss following bariatric
surgery.'”! Interestingly, malabsorptive bariatric
surgery in morbidly obese subjects has been shown to
correct both the insulin hypersecretion and the insulin
resistance at a time when body mass index was still
high. With continued weight loss over a 2-year period,
moderately obese subjects became supersensitive to
insulin and, correspondingly, insulin hyposecretors.'?

INSULIN ACTION IN PERIPHERAL TISSUES

1. Endogenous glucose production

In obese subjects, insulin action in the liver is
impaired.””?! Hepatic insulin resistance in obesity can
be attributed to impaired insulin-induced suppression
of both gluconeogenesis and glycogenolysis.?? These
abnormalities persist when glucagon secretion is in-
hibited by somatostatin, indicating that factors other
than hyperglucagonemia impair the ability of insulin
to suppress gluconeogenesis and glucogenolysis.?

The relative contribution of these abnormities
to endogenous glucose production has been investi-
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gated by Chevalier et al;* in this study, obesity was
associated with an increase in both the fractional and
absolute contribution of gluconeogenesis to glucose
production, which could be attributed to increased
protein turnover rates and insulin resistance. High
protein catabolism and insulin resistance of glucose,
lipid and protein metabolism result in increased sup-
ply of gluconeogenic precursors (aminoacids)® and
stimulators (non-esterified fatty acids)** to the liver
that trigger gluconeogenesis.

2. Glucose utilization in skeletal muscle
and adipose tissue

Skeletal muscle is considered as the most important
tissue for insulin-mediated glucose uptake in vivo,>*
whereas adipose tissue is not a major consumer of
glucose in normal weight subjects.”2

Moreover, insulin affects vascular endothelium
and increases muscle and adipose tissue blood flow
by increasing vasodilation and capillary recruitment.?
Impairment of this mechanism in insulin-sensitive
tissues may partly account for insulin resistance in
insulin resistance states such as obesity*?’ and type
2 diabetes.*®

In morbidly obese subjects glucose disposal has
been found to be decreased. A major defect contrib-
uting to impaired insulin action in morbid obesity, as
studied with the euglycemic-hyperinsulinemic clamp
technique, is reduced glucose transport activity in
skeletal muscle.” After weight loss, glucose disposal
increased markedly; this improvement can be at-
tributed to enhanced glucose transporters (GLUT4)
translocation and/or activation.”

Further studies in morbidly obese subjects, us-
ing the arteriovenous difference technique across
the forearm muscles,>** have revealed that glucose
disposal as well as forearm blood flow are decreased
postprandially despite hyperinsulinemia (Figure
2A, 2B). In addition, fractional glucose extraction
(which is independent of blood flow) is also markedly
decreased in the forearm muscles. These studies sug-
gest that in morbid obesity, the resistance of glucose
disposal to insulin in skeletal muscle is due to defects
in both insulin-stimulated cellular glucose extraction
and decreased blood flow rates. As a result, in obe-
sity, insulin resistance of glucose uptake in skeletal

muscle cannot be ameliorated only by enhancing
endothelium-dependent blood flow.*!

Glucose disposal and blood flow rates in the adi-
pose tissue have also been found decreased in morbid
obesity (Figures 2C, 2D).* However, fractional glucose
extraction was not impaired in the adipose tissue,
suggesting that the resistance of glucose disposal to
insulin in adipose tissue could be accounted for, at
least in part, by the impairment in blood flow.? In ac-
cordance with these findings, a study in moderately
obese men, using euglycemic hyperinsulinemic clamp
technique and [*O]-labeled water, showed that in-
sulin stimulated glucose uptake and perfusion were
impaired in all fat depots.®

Taking into consideration these studies showing
that in morbid obesity the sensitivity of glucose me-
tabolism to insulin is impaired in both skeletal muscle
and adipose tissue, a reasonable question arises.
Which tissue clears the excess of glucose entering the
circulation in obese, non-diabetic subjects?

This question was addressed in a recent study
which showed that although adipose tissue glucose
disposal —expressed as per unit of adipose tissue —is
decreased, adipose glucose uptake multiplied by tissue
mass and expressed as per total fat mass is increased
in morbidly obese compared to non-obese subjects.?
In this study estimated total muscle glucose uptake in
non-obese subjects was equivalent to approximately
41% of meal carbohydrate ingested, whereas whole-
body adipose tissue uptake was only 7%, suggesting
that adipose tissue is not a major consumer of glucose
in non-obese subjects. In contrast, in the morbidly
obese group, total glucose uptake was increased (com-
pared to the non-obese group) in the adipose tissue
(approximately 17% of the ingested carbohydrate)
and was comparable to the percentage of the ingested
carbohydrate taken up by muscle (19%), suggesting
that expanded fat mass in morbid obesity can provide a
sink for the excess of glucose entering the circulation.
In accordance with the studies in morbid obesity, a
recent study using the ["*F]-FDG-PET method has
shown that adipose tissue contribution to whole-body
glucose uptake is also increased in moderately obese
compared to non-obese subjects.*

In summary, in morbid obesity the sensitivity of
glucose metabolism to insulin is impaired in both
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Figure 2. Blood flow (A) and glucose uptake (per 100ml tissue) (B) in the forearm muscles and blood flow (C) and glucose uptake
(per 100ml tissue) (D) in the adipose tissue in obese and non-obese after a meal [differences between groups were tested with non-
paired t-test (*: p<0.05)]. [Mitrou P, et al, 2009 J Clin Endocrinol Metab 94: 2958-2961 with permission from The Endocrine Society

(Copyright 2009)].

skeletal muscle and adipose tissue. More specifically,
in skeletal muscle due to defects in insulin-stimulated
glucose utilization and decreased blood flow rates,
and in adipose tissue mainly due to decreased blood
flow. However, expanded total fat mass provides a
sink for the excess of glucose and compensates for
insulin resistance. On the other hand, further increase
in obesity or co-existence of other factors (genetic
predisposition, endocrinopathies, drugs that interfere
with glucose metabolism, etc) can lead to rupture of
the compensatory mechanism and development of
overt diabetes.

3. Lipid metabolism in adipose tissue

The buffering of fatty acids by insulin is mainly
regulated by the suppression of lipolysis and NEFA
release from the adipose tissue via a decrease in the
activity of hormone-sensitive lipase (HSL) and adi-
pose triglyceride lipase (ATGL),* and the increase
of triglyceride clearance through an increase in the
activity of lipoprotein lipase (LPL).?

In obesity, adipose tissue function is impaired

so that buffering is less effective. In both moderate®
and morbid obesity,* plasma triglyceride levels are
elevated both in the fasting and the postprandial state,
suggesting a lower triglyceride turnover (Figure 3A).
This can be attributed to a decreased rate of removal
by the adipose tissue due to decreased LPL activity,
despite hyperinsulinemia (Figures 3B, 3C). Given
that the arteriovenous differences of triglycerides
(which are independent of blood flow rates) across
the adipose tissue have been found to be similar be-
tween obese and non-obese subjects, low LPL activity
in the obese subjects could be accounted for, at least
in part, by decreased blood flow rates.*

Fasting plasma NEFA levels are not increased
in morbid obesity, despite the excess of fat mass.?**
However, previous studies show that postprandially,
plasma NEFA levels are suppressed less in the obese
compared to the non-obese subjects (Figure 4A).*

Lipid fluxes have been examined by the arterio-
venous difference technique in a study performed in
moderately obese men; this study showed impaired
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Figure 3. Arterial plasma triglyceride levels (A), LPL activity
(B) and triglyceride (TAG) clearance from adipose tissue (C)
in obese vs non-obese after a meal (*p<0.05). [Mitrou P, et al,
2010 Int J Obes (Lond) 34: 770-774].

suppression of HSL, resulting in abnormal NEFA
release per 100g of adipose tissue.®

In morbid obesity, although plasma NEFA levels
have been found increased in the obese (compared
to the non-obese) subjects, the rates of NEFA fluxes
and HSL-derived glycerol output per 100g of adipose
tissue were not different between the two groups
(Figures 4B, 4C). However, NEFA flux multiplied by
tissue mass and expressed as per total fat mass was
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Figure 4. Arterial plasma NEFA levels (A), NEFA flux from
100g adipose tissue (B) and adipose tissue HSL activity (C) in
obese vs non-obese after a meal (*p<0.05). [Mitrou P, et al,
2010 Int J Obes (Lond) 34: 770-774].

increased in morbidly obese compared to non-obese
subjects, suggesting that the increased circulating
NEFA levels could be explained by the excess of fat
mass in morbid obesity.*

Another possible explanation for the increased
levels of NEFA in the circulation in obesity could
be a defect in the adipocyte uptake of fatty acids
liberated from plasma triacylglycerol by LPL. It is
well known that LPL in the adipose tissue capillar-
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ies generates a surplus of fatty acids, a proportion of
which will be taken up by adipocytes for reesterifica-
tion and storage as triacylglycerol.’> A proportion of
the LPL-generated fatty acids, however, always enters
the plasma as NEFA.® Total arterial plasma NEFA
levels are composed of both the rate of appearance
of NEFA derived from tissue stores and of NEFA
appearing from intravascularly hydrolyzed triglyc-
erides that escape from tissue uptake. In morbidly
obese subjects adipose tissue NEFA reesterification
rates have been found decreased, supporting the
hypothesis that a defect in the adipocytes uptake of
fatty acids liberated from plasma triacylglycerol by
LPL could contribute to increased plasma NEFA
levels. This is in accordance with studies in moderately
obese subjects using the euglycaemic clamp technique
under non-equilibrium tracer conditions, suggesting
that impaired insulin-induced suppression of the rate
of appearance of NEFA could be attributed to an
enhanced escape of NEFA uptake after intravascular
triglyceride hydrolysis.*

Another possible explanation for the excess of
NEFAs in morbid obesity lies in the liver. It is well
known that the postprandial increase in insulin can
acutely inhibit VLDL secretion.” However, hepatic
insulin resistance in obesity might prevent such in-
hibition and thus could explain, in part, postprandial
hyperlipidemia.®

In conclusion, in morbid obesity plasma triglyceride
levels are increased following a defect in the post-
prandial dynamic adjustment of LPL (partly caused
by blunted adipose tissue blood flow). In addition,
postprandially, there is an impairment of the normal
ability of adipose tissue to buffer fatty acids excess,
despite hyperinsulinemia.

Under these conditions, all tissues are chronically
exposed to very high concentrations of non-esterified
fatty acids and triacylglycerol. The toxic effect of
excess lipid products, known as “lipotoxicity”, gradu-
ally impairs insulin action on the liver and muscle,
aggravating insulin resistance. Hyperlipidemia leads
to increased uptake of lipids by muscle cells in a simi-
lar and parallel fashion as in nonalcoholic fatty liver
disease.* Fat accumulates in the skeletal muscle of
morbidly obese individuals, both between fibers and
within myocytes. It has been hypothesized that the

accumulation of active fatty acid metabolites, such as
acyl CoA, ceramides and diacylglycerol, rather than the
accumulation of triglycerides stimulate inflammatory
cascades and inhibit insulin signalling.’”” Weight loss
leads to a reduction in intramuscular lipid content,
which in turn is related to an improvement in insulin
action.*®¥ Interestingly, intramyocellular lipid deple-
tion after biliopancreatic diversion (an operation that
induces predominant lipid malabsorption) has been
shown to induce a normal metabolic state (in terms
of insulin-mediated whole-body glucose disposal,
intracellular insulin signaling and circulating leptin
levels) even before pronounced weight loss.*#!

ROLE OF CYTOKINES AND ADIPOKINES ON
INSULIN ACTION

The circulating levels of many cytokines increase
with the enlargement of fat mass. In obesity, adi-
pose tissue becomes inflamed, both via increased
production of inflammatory cytokines by mature
adipocytes and through infiltration of adipose tissue
by macrophages;’ indeed, it has been suggested that
most adipokines, in morbidly obese humans, are
derived from nonfat cells.*** These cytokines might
act locally in an auto-/paracrine manner or might
exert systemic effects on metabolism, immunology
and endocrinology.*

1.IL-6

IL-6 is released by adipose tissue (both visceral and
subcutaneous) and has been implicated in regulating
insulin signaling in peripheral tissues.”* Other reports
indicate that IL-6 could be a myokine, defined as a
cytokine which is produced and released by contract-
ing skeletal muscle fibres, exerting its effects in other
organs of the body.>**!

The circulating levels of IL-6 increase with the
enlargement of fat mass. Indeed, in morbid obesity
both arterial and subcutaneous venous IL-6 levels
have been found increased compared with the non-
obese subjects.’>*

Moreover, recent studies suggest that subcuta-
neous adipose tissue-derived IL-6 could be associ-
ated with the impairment of insulin sensitivity in
the skeletal muscle of morbidly obese subjects.’? In
these studies, both arterial and subcutaneous venous
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IL-6 levels were negatively associated with forearm
glucose uptake, suggesting that IL-6 released from
the subcutaneous adipose tissue could act, at least in
part, as an endocrine mediator of insulin resistance in
the forearm muscles of morbidly obese subjects. The
association between the IL-6 levels and the forearm
glucose uptake remained significant after inclusion of
total fat mass as a covariate in the statistical analysis,
indicating that this association is not confounded by
fat mass, as has been previously proposed.**

In accordance with these studies, previous experi-
ments in vivo have demonstrated a strong relation-
ship between IL-6 and whole body insulin resistance
determined by an intravenous glucose tolerance
test.” Other studies ex vivo showed that chroni-
cally elevated IL-6 levels in mice are associated with
impaired insulin-stimulated glucose uptake by the
skeletal muscles, probably due to decreased amounts
of GLUT4 glucose transporters.*®

Interestingly, weight loss, obtained through lifestyle
intervention (hypocaloric diet and daily moderate
exercise), induced a reduction in circulating IL-6
levels in addition to an improvement in the metabolic
status.”® Besides the reduction in plasma values, IL-6
expression was also reduced after the lifestyle interven-
tion in adipose tissue and skeletal muscle biopsies.*

2. Leptin

Leptin is considered as an “adipostat” which re-
presses food intake and promotes energy expenditure.
Moreover, leptin has been shown to improve hepatic
and skeletal muscle insulin sensitivity and to modulate
pancreatic [3-cell function in normal weight subjects. !

Although leptin was first regarded as a promising
anti-obesity drug, administration of recombinant
leptin in subjects with excess body weight was not
efficient in terms of weight loss”’ due to central leptin
resistance. Indeed, obesity is characterized by “leptin
resistance” defined as a diminished response to the
anorexigenic and insulin-sensitizing effects, despite
high circulating leptin levels.'

Evidence derived from animal and human studies
suggests that the ability of leptin to stimulate fatty
acids oxidation in muscle is impaired in obesity. If the
above assumption is correct, leptin may be an initiat-
ing factor in the accumulation of intramuscular lipids

and the ensuing development of insulin resistance.’>’
Although this hypothesis is intriguing, further studies
are needed to identify if leptin resistance leads to,
aggravates or results from insulin resistance.

Morbid obesity has been associated with an ex-
cessive increase of both arterial and subcutaneous
venous leptin levels.”> However, despite increased
secretion of leptin by the subcutaneous adipose tissue,
leptin levels were not correlated to the sensitivity of
glucose metabolism to insulin in muscle, suggesting
that the insulin-sensitizing effects of leptin are lost
in morbid obesity.*

3. TNF-a

In morbidly obese subjects TNF-a levels are in-
creased compared to non-obese subjects.’>** In con-
trast to experiments performed in adipocytes isolated
and incubated in vitro showing increased TNF-a
secretion from the subcutaneous adipose tissue,” in
vivo studies using the arteriovenous difference tech-
nique, in moderately® and morbidly>* obese subjects,
show that TNF-a is not substantially secreted by this
depot. Recently, it has been proposed that TNF-a
is a paracrine factor released mainly by mast cells,
macrophages and other mononuclear cells that are
involved in the insulin resistance in obesity.**

Contlicting data exist regarding the role of TNF-a
in the regulation of glucose metabolism. In previ-
ous studies, TNF-a levels have been associated with
insulin resistance; ® in contrast, infusion of TNF-a-
neutralizing antibodies in obese subjects or patients
with type 2 diabetes did not improve insulin sensitiv-
ity.®>8 In morbid obesity, arterial and subcutaneous
venous TNF-a levels, although increased compared
to lean subjects, are not correlated to the sensitivity
of glucose metabolism to insulin.*

However, it has previously been suggested that
TNF-a production is a counter-regulatory mechanism
that acts in various ways to prevent further body-fat
deposition. A possible mechanism by which TNF-a
can limit fat depot enlargement is by modulating
LPL activity; indeed, adipose tissue LPL activity
has been found to be negatively related to TNF-a
expression.* Moreover, previous studies identified a
positive relationship between the expression of TNF-a
and adipocyte leptin production. As a result, TNF-a
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may also be involved in regulating fat stores through
leptin, which has been shown to play a central role
in regulating energy balance.*

4. Resistin

Recent studies suggested that resistin levels may
be associated with obesity and insulin resistance,*
whereas other studies failed to identify changes of
resistin levels in these conditions.®”%

In morbid obesity, resistin levels have been found
increased compared to the non-obese group and
negatively correlating with forearm glucose uptake.*?
Given that there was no secretion of resistin by the
subcutaneous adipose tissue, studied with the arterio-
venous difference technique, it is possible that resistin
produced by other tissues (e.g. visceral adipose tissue)
or cells (e.g. peripheral mononuclear cells) interfere
with insulin action in skeletal muscle.®”

5. Adiponectin

It has been shown that there is a wide distribution
of adiponectin secretion rates as well as a substantial
variation in adiponectin secretion from the specific
adipose tissue depots.” Previous in vitro studies have
demonstrated secretion of adiponectin from both
visceral and subcutaneous adipose tissue.*”

In morbid obesity adiponectin has been found to
be decreased compared to lean subjects.™ Of specific
interest is the observation that low plasma adiponec-
tin and mRNA levels in adipose tissue biopsies from
subjects with severe obesity were not related to the
increase in adipose tissue macrophage infiltration
but may rather be the result of inhibitory effects of
other adipokines (such as IL-6 and TNF-a) released
from the macrophages resident in the adipose tissue.”

Adiponectin levels correlate negatively with body
fat, fasting plasma insulin, abnormal oral glucose tol-
erance and correlate positively with glucose disposal
during a euglycemic insulin clamp.”*” However, weight
loss through lifestyle intervention increases plasma
adiponectin levels and improves the metabolic status.>

Interestingly, it has previously been suggested that
adiponectin is an important cytokine antagonizing
factors (such as obesity, hepatic lipid deposition and
inflammation), leading to systemic insulin resistance.
Therefore, the inability to sustain elevated adiponectin

levels during times of excess caloric intake can lead
to ectopic fat accumulation in liver and associated
insulin resistance.”

CONCLUDING REMARKS (Figure 5)

Obesity-associated insulin resistance is manifested
by increased endogenous glucose production by the
liver and defects in glucose and lipid metabolism in
skeletal muscle and adipose tissue.

Hepatic insulin resistance in obesity can be at-
tributed to impaired insulin-induced suppression of
gluconeogenesis and, to a lesser extent, of glycog-
enolysis.?>?

In peripheral tissues, the sensitivity of glucose
metabolism to insulin is impaired both in muscle
(due to defects in insulin-stimulated glucose utiliza-
tion and decreased blood flow) and in adipose tissue
(mainly due to a defect in vascular vasodilatation and
decreased blood flow). However, expanded adipose
tissue fat mass becomes a major consumer of glucose
providing a sink for glucose in morbidly obese non-
diabetic subjects.’

Considering the crosstalk between inflammatory
pathways and insulin signaling cascade, it is also
possible that adipokines and inflammatory cytokines
contribute to the development of insulin resistance
in the skeletal muscle of morbidly obese subjects.

As far as lipid metabolism is concerned, in morbid
obesity plasma triglyceride levels are increased follow-
ing a defect in the postprandial dynamic adjustment
of LPL (partly caused by decreased adipose tissue
blood flow).* In addition, postprandially, there is an
impairment of the normal ability of adipose tissue to
buffer fatty acids excess, despite hyperinsulinemia.*
Under these conditions, all tissues are chronically
exposed to very high concentrations of non-esterified
fatty acids and triacylglycerol. The toxic effect of
increased levels of non-esterified fatty acids, known
as “lipotoxicity” gradually impairs insulin action
on the liver and muscle, aggravating insulin resist-
ance. As long as the pancreatic beta cell can adapt
to insulin resistance in peripheral tissues with an
appropriate increase in insulin secretion, normal
glucose homeostasis can be maintained. However,
an additional effect of lipotoxicity on the islet -cells
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Figure 5. Pathophysiology of insulin action in morbid obesity (TAG: triglycerides, NEFA: non-esterified fatty acids).

may result in a defect in insulin secretion. As soon
as the beta cell capacity for adaptation is exceeded,
glucose tolerance deteriorates and overt diabetes
mellitus eventually develops.
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