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Abstract

It is well known that free fatty acids (FFAs) play a central role in insulin resistance. However, increasing
evidence suggests that they are also implicated in the control of pancreatic insulin secretion. Simultaneous
exposure of pancreatic B-cells to high levels of glucose and to saturated FFAs results in a substantial increase
in insulin release, whereas chronic exposure may lead to a desensitization and suppression of secretion. A
source of fatty acid, either exogenous or endogenous, is necessary to support normal insulin secretion. A
rapid increase in fatty acids potentiates glucose-stimulated secretion by increasing the concentration of fatty
acyl-coenzyme A or complex lipids, which act indirectly by modulating key enzymes, such as protein kinase C,
or directly by modulating the exocytotic machinery. Mathematical models including FFAs in controlling
insulin secretion are devised. Finally, insulin secretion in a human model of very low-fat diet, the
malabsorptive bariatric surgery for morbid obesity, is described.
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intravenous glucose tolerance test; MUFA: monounsaturated fatty acid; SFA: saturated fatty acid; ZDF rat:

Nafa 2006

Taylor & Francis
Taylor & Francis Group

Zucker diabetic fatty (falfa) rat.

Introduction
Ithough there is a large body of literature
Ashowing that free fatty acids (FFAs) play a
pivotal role in the cellular mechanisms
involved in insulin resistance (1-4), relatively few
reports deal with the role of FFAs in the insulin
secretion process.

In 1969, Crespin et al. (5) reported that a rapid
onset of a two- to 12-fold increase in plasma insulin
was observed in conscious dogs with acutely rising
FFA concentration during infusion of sodium
oleate into the circulation. The magnitude of the
insulin response correlated with the mean FFA level
during infusion. This observation remained isolated
for about a decade.

In 1979 Campillo et al. (6) showed that in the
isolated perfused pancreas of rat, oleic and octanoic
acids potentiated glucose-induced insulin release
without modification of the pattern of secretion.
Thereafter, from time to time, isolated studies
showed the effect of FFAs in increasing insulin
secretion. Vara and Tamarit-Rodriguez (7) found
that palmitate increased the insulin response of fed
islets to glucose in a dose-related manner. In 1990
Sako and Grill (8) observed that in experimental
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animals hyperlipidaemia was associated with short-
term stimulation, but long-term inhibition, of
glucose-induced insulin secretion. Wolf et al. (9)
described that glucose-induced phospholipid hydro-
lysis and free arachidonate accumulation in pan-
creatic islets may play a role in the signalling process
leading to insulin secretion.

The role of lipotoxicity (10) in the derangement
of the insulin secretory capacity of B-cells is evident
in obese Zucker diabetic fatty (ZDF fa/fa) male rats,
which have a leptin receptor mutation and conse-
quent hyperleptinaemia. In these animals, a model
of type 2 diabetes mellitus, the inability of leptin to
suppress insulin secretion results in chronic hyper-
insulinaemia and increases the de novo lipogenesis
in pancreatic islets (11, 12). Enhanced activity of
fatty acid synthase (FAS), a key insulin-sensitive
enzyme in lipogenesis, and overaccumulation of fat
in pancreatic islets of obese ZDF rats, induce p-cell
failure, resulting in frank diabetes (13).

The progression from insulin hypersecretion as-
sociated with insulin resistance to insulin secretion
failure in male ZDF rats is a function of lipid
accumulation in pancreatic B-cells. These rats de-
velop progressive insulin resistance and glucose
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intolerance between 3 and 8 weeks of age and
become overtly diabetic between 8 and 10 weeks;
the development of diabetes is associated with a 10—
50-fold increase in islet triglyceride content (14).

It has been shown that exogenous saturated
long-chain fatty acids markedly potentiate glucose-
induced insulin release and elevate long-chain acyl-
coenzyme A (CoA) esters in the clonal B-cell line
(15). The secretory action depended on the fatty
acid chain length, occurred in the range 3—20 uM
free palmitate concentration, and was reversible and
inhibitable by the neuromodulator somatostatin.

When the elevated level of circulating FFAs in
18-24 h fasted rats was acutely lowered by infusion
of the antilipolytic agent nicotinic acid, subsequent
glucose-stimulated insulin secretion was completely
ablated, but became supranormal when FFA con-
centration was maintained at high levels by coinfu-
sion of a lipid emulsion plus heparin (16, 17).
Qualitatively similar results have also been obtained
in humans (17, 18). The axiom that glucose was the
only secretagogue stimulus for pancreatic insulin
secretion was, therefore, definitely refuted.

Insulin secretion models

When glucose concentration increases, insulin secre-
tion is progressively stimulated. This dose—response
relationship is depicted in Fig. 1. If the glucose
concentration is briskly increased and maintained at
a suprabasal level, insulin secretion shows an initial
burst (first phase insulin secretion) followed by a
gradually increasing secretion that approaches a
nearly constant level after about 60 min (second
phase insulin secretion). Prolonged exposure to
hyperglycaemia determines a global increase in the
insulin response, denoted as potentiation.
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Fig 1. Dose—response curve relating glucose uptake to insulin levels
in normal subjects in conditions of euglycaemia.
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The B-cell response to an oral glucose challenge,
such as after an oral glucose tolerance test, is much
higher than that observed during an intravenous
glucose infusion at matched glucose levels, as a
consequence of the intestinal incretin secretion,
mainly represented by glucose-dependent insulino-
tropic peptide (GIP) and glucagon-like peptide-1
(GLP-1).

In insulin resistance states, B-cell function is
increased to overcome the impaired insulin action
at the level of peripheral tissues, such as skeletal
muscle, and at the level of the liver, by increasing the
glucose output.

The methods most often used for assessing insulin
secretion include the intravenous glucose tolerance
test (IVGTT) and the hyperglycaemic clamp, which
is also the reference test for first phase insulin
secretion. The arginine test is based on the observa-
tion that the intravenous injection of arginine
produces a large burst in insulin secretion which is
also dependent on the current glucose levels. In
comparison with the IVGTT, the arginine test
releases a larger pool of insulin granules. The
physiological significance of this pool is unknown.
The response to arginine is also present in diabetic
subjects in whom the first phase after the IVGTT is
lacking.

B-Cell insulin secretion is generally computed
using the C-peptide deconvolution method (19—
21), which is based on a standardized model of
C-peptide kinetics (22). In normal B-cells, the
sensitivity—secretion relationship is expressed as a
rectangular hyperbola (23). The product of insulin
sensitivity and insulin secretory response equals a
constant, named the “disposition index” (Fig. 2).
Changes in insulin sensitivity are accompanied by
compensatory modifications in B-cell sensitivity
to glucose. Insulin resistance is accompanied by
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Fig 2. Hyperbolic sensitivity—secretion curve. Note that when
insulin sensitivity is reduced insulin secretion is increased as a result
of an up-regulation of the B-cells’ sensitivity to glucose.



up-regulation of B-cell sensitivity, and thus hyper-
insulinaemia, whereas higher insulin sensitivity is
associated with a down-regulation of B-cell sensi-
tivity.

Mechanisms of stimulation of insulin secretion
The role of fatty acids in controlling insulin secre-
tion has been recently reviewed by Yaney and
Corkey (24). These authors underline that a source
of fatty acid, either exogenous or endogenous, is
necessary to support normal insulin secretion. A
rapid increase in fatty acid concentration potenti-
ates glucose-stimulated secretion by increasing the
concentration of fatty acyl-CoA or complex lipids
that act indirectly by modulating key enzymes, such
as protein kinase C, or directly by modulating the
exocytotic machinery. The hypothesis is that nutri-
ents stimulate insulin secretion through the simul-
taneous activation of two pathways, one involving
accelerated adenosine triphosphate (ATP) produc-
tion and increased intracellular calcium cations, and
the other depending on the generation and accu-
mulation of excess citrate in the cytosol and on the
increase in cytosolic malonyl-CoA, which in turn
blocks long-chain acyl-CoA transport into mito-
chondria. Glucose-stimulated insulin secretion is
associated with decreased FFA oxidation (24).

The signal transduction model in nutrient-in-
duced insulin secretion postulates that increased
glycolysis leads to accelerated ATP production and,
consequently, to an increased ratio of ATP to
adenosine diphosphate (ADP) (25). The increase
in ATP in the B-cells closes the Karp channel and
determines the depolarization of the cell membrane,
opening the voltage-dependent Ca®>™ channels and
raising the intracellular Ca®". The rise in intracel-
lular Ca®™ levels activates the kinase system, which
controls insulin secretion, allowing the secretion
granules of insulin to fuse with the cellular mem-
brane, thus liberating insulin molecules. However,
there is recent evidence that glucose-stimulated
insulin secretion (GSIS) can also be independent
of the K op channel (26—28) and can be stimulated
by other nutrients, such as FFAs. Further, the action
of glucose in the absence of Ca>" can be mimicked
by FFAs (29).

According to the view that a dual signalling
pathway is involved in the stimulation of insulin
secretion by nutrients, a mathematical model in
which insulin secretion rate is expressed as a
function of both plasma glucose and FFA concen-
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trations has been proposed recently (30). Model
parameters, obtained by fitting the individual
experimental data of plasma C-peptide concentra-
tion, give an estimated insulin secretion rate com-
parable to that obtained by the deconvolution
method. This inclusive model of nutrient-stimulated
insulin secretion is the first attempt to represent in a
simple way a complex molecular mechanism of
regulation of insulin secretion in the B-cell, and
explains, at least in part, the “potentiation factor”
used in previous models (30) to account for control
factors other than glucose.

Dietary fatty acids and insulin secretion
Dietary supplementation of n-3 fatty acids from
marine oils in gold-thioglucose-injected CBA/T6
mice, an animal model of type 2 diabetes, led to
an improvement in glycosylated haemoglobin asso-
ciated with a higher plasma insulin concentration.
This suggests that the metabolic effects of n-3 fatty
acids were mediated by insulin hypersecretion,
rather than by an enhancement of peripheral insulin
sensitivity (31)

Monounsaturated fatty acids (MUFAs) exert a
higher stimulatory effect on incretins than saturated
fatty acids; however, this graded effect does not
result in different insulin secretion. While a mixed
meal constituting 80 g olive oil plus 50 g carbohy-
drates induced lower triacylglycerol and higher
GLP-1 and GIP plasma concentrations than a
mixed meal containing the same amount of butter,
no differences in the concentrations of glucose,
insulin and fatty acids were found (32).

In healthy volunteers, diets rich in saturated fatty
acids (SFAs) or MUFAs exerted different effects on
insulin sensitivity, with MUFAs improving and
SFAs worsening insulin secretion, while B-cell func-
tion resulted unchanged (33).

The Finnish Diabetes Prevention Study showed
that the incidence of type 2 diabetes mellitus was
dramatically reduced by a 3 year intervention study,
where the total fat intake was reduced to less than
30%, with a content of SFAs lower than 10% (34).
In contrast, in the Nurses’ Health Study the total fat
intake was not associated with the risk of diabetes
mellitus after adjusting for other known risk factors.
However, polyunsaturated fatty acid intake was
related to a reduction in diabetes incidence, whereas
trans fatty acids increased this risk (35). Finally, the
30 year dietary survey of Finnish, Italian and Dutch
survivors of the Seven Countries Study showed that
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the incidence of diabetes was independent of dietary
fat intake (36). Environmental and genetic factors,
physical activity and other lifestyle-related factors
should be taken in account to explain these
apparently discordant results.

Increased levels of FFA may, through their effect
on stimulating insulin secretion, have a protective
event in reducing the development of diabetes in
obese, insulin-resistant individuals. In obese people
with normal pancreatic B-cells, FFAs are potent
insulin secretagogues and can compensate for the
insulin resistance that they produce. When chroni-
cally elevated plasma FFA levels were lowered in
obese diabetic and non-diabetic subjects, insulin
secretion rates decreased by 30—50% (37), indicating
that the elevated plasma FFAs had supported 30—
50% of basal insulin secretion. In contrast, in first
degree relatives of patients with type 2 diabetes,
FFAs are unable to compensate fully with ade-
quately increased insulin secretion for the insulin
resistance that they produce (38). This defect in
FFA-stimulated insulin secretion can also be de-
monstrated in patients with impaired glucose toler-
ance (38) or with frank type 2 diabetes (38). These
observations suggest that the obese individuals who
develop type 2 diabetes may have a genetic predis-
position to pancreatic p-cell failure.

Malabsorptive bariatric surgery as a model of
very-low fat diet

Biliopancreatic diversion (BPD) is a bariatric surgi-
cal technique inducing massive lipid malabsorption
and, therefore, it represents a fair model to evaluate
how dietary lipid deprivation can affect glucose
metabolism in humans. After BPD a large depletion
of fats in the muscle cells was coupled with the
normalization of insulin sensitivity (39). The insulin
resistance reversion (40) probably occurred through
a reduced tumour necrosis factor-o. (41) and acetyl-
coenzyme A carboxylase (ACC) (42), and an
increased GLUT4 mRNA expression (41). Pyruvate
kinase gene expression was also reduced, resulting
in a reduction in the inhibition of pyruvate dehy-
drogenase activity (43).

Modified BPD in two sisters, affected by familiar
lipoprotein lipase deficiency, decreased serum tri-
glycerides while improving insulin sensitivity and
reversing type 2 diabetes (44). The complete rever-
sion of type 2 diabetes after BPD is an early
phenomenon appearing in the first few days after
the operation (45).
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Morbidly obese subjects with normal glucose
tolerance, impaired glucose tolerance and type 2
diabetes show characteristically an increased fasting
insulin secretion rate, while in type 2 diabetics -cell
glucose sensitivity is depressed with lower insulin
output after a glucose load. Following BPD, fasting
insulin secretion rate and total insulin output
decreased, although a tendency towards an im-
provement in B-cell glucose sensitivity in impaired
glucose tolerance and type 2 diabetes was observed
(46). Furthermore, B-cell glucose sensitivity re-
mained significantly impaired in type 2 diabetic
subjects compared with lean controls. In conclusion,
malabsorptive bariatric surgery was associated with
a rapid improvement in B-cell glucose sensitivity
and co-ordinated changes in insulin sensitivity and
total insulin output, the latter decreasing as the
former increased.
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