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Summary. The isolated perfused rat pancreas was
utilized to investigate the effect of oleic acid on insu-
lin secretion. In the absence of glucose, a continuous
infusion of oleic acid (1500 pmol/l) induced a
biphasic insulin release. This effect was reduced at
low extracellular calcium concentration. In the pres-
ence of oleic acid 1500 ymol/l, the insulin response
to 10 mmol/l arginine occurrred earlier, the total
amount of insulin released in response to the amino
acid being unchanged. Such an effect was not
obtained when oleic acid in the medium was
750 umol/], but it was observed in the presence of
oleic acid 1500 umol/l when the concentration of
albumin in the perfusate was increased from 2 g/
100ml to 4g/100ml. The insulin response to a
continuous infusion of glucose (4.4 mmol/l and
16.7 mmol/l) was potentiated by the presence of
oleic acid 1500 umol/1 in the perfusate. No modifica-
tion of the biphasic pattern of insulin response to
glucose 16.7 mmol/l was observed. These results
demonstrate that high concentrations of oleic acid
stimulate insulin release from the isolated perfused
rat pancreas and modulate the insulin response to
arginine or glucose.

Key words: Arginine, glucose, insulin, isolated per-
fused rat pancreas, oleic acid, non-esterified fatty
acid.

The important role of insulin in the control of fatty
acid metabolism is well accepted [1]. In contrast, the
effect of these substrates in the regulation of insulin
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release from the pancreatic beta-cells remains con-
troversial. In fact, studies on the influence of non-
esterified fatty acids (NEFA) on insulin secretion
have yielded contradictory results in vivo both in
humans [2-6] and in animals [7-13]. The in vitro
studies of the effect of NEFA on insulin release are
also uncertain [14-22].

The present work was undertaken to further
investigate the effect of oleic acid on insulin release
using the isolated perfused rat pancreas. The studies
performed included the effects of oleic acid on basal
insulin release and the effect of oleic acid in the per-
fusion medium on the insulin response to arginine or
glucose.

Material and Methods

Male Wistar rats, weighing 250-300 ¢ and, fed ad /ibitum with
commercially available food, were utilized in all experiments.
After on overnight fast, the animals were anesthetised with sodium
pentobarbital (45 mg/kg body weight Nembutal Abbott) given
intraperitoneally. Pancreases were isolated as previously described
by Sussmann et al. [23] with minor modifications [24, 25]. The
preparation consisted of the rat pancreas without the stomach and
spleen and including only a small part of the duodenum. After
removal, the preparation was immediately transferred to the per-
fusion chamber of an Ambec Perfusion Apparatus (Beck Indus-
tries, Boulder, Colorado, U.S.A.) and immersed in a bath of NaCl,
9 /100 ml maintained at a constant temperature of 38 °C. The
pancreas was perfused via a cannula inserted into the aorta, the
effluent being collected from the cannulated portal vein without
recycling. A cannula was inserted into the duodenum to allow
evacuation of secretions. The flow rate was maintained constant at
2 ml/min which resulted in a perfusion pressure of 20-40 mm Hg.

The perfusate was a modified Krebs-Henseleit bicarbonate
buffer containing the following components: NaCl 120 mmol/l,
KCl 4 mmol/l, KH,PO, 1.2 mmol/l, MgSO, 0.7 mmol/l, NaHCO,
25 mmol/l and CaCl, at concentrations of 1.0 or 2.5 mmol/l. The
medium was supplemented with 2 g/100 ml bovine crystallised
albumin (Armour Pharmaceutical Co, Eastbourne England) and
2.5 g/100 ml dextran (MW 70000 Poviet Christiaens, Bruxelles,
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Table 1. NEFA/Albumin ratios in the various experimental condi-
tions

Incubation medium Oleic acid NEFA mol NEFA/mol
addition  measured Albumin
(umol/ly  (umol/1)
Standard:
Albumin 2 g/100ml  Nil 34615 1.19
Dextran 2.5 g/100 ml (n=25)
Ditto 1500 1632139 5.63
(n=15)
Ditto 750 1032+126 3.56
(=3
Modified:
Albumin 4 g/100ml  Nil 633+55 1.09
Dextran 0.5 g/100 ml (n=4)
Ditto 1500 1728+84 2.98
(n=3)

2 Assuming M. W. 69.000

Belgium). Unless otherwise stated, this medium (“standard
medium’’) has been used in all experiments. In some experiments,
the albumin concentration was raised to 4 g/100 ml and the dex-
tran concentration reduced to 0.5 g/100 ml. The medium contain-
ing oleic acid was prepared by adding oleic acid (Merck, Darm-
stadt, Germany) to a Krebs bicarbonate buffer at 38 °C (without
CaCl, which was added afterwards) and then agitating the mixture
for 30 min with a magnetic stirrer. The medium was continuously
gassed with a mixture of O, and CO, (95:5); the resulting pH
was 7.5.
The following experiments were performed:

1. Effect of Oleic Acid on Insulin Secretion. after removal, the
pancreas was perfused for 30 min with the standard medium; it
was then substituted by a medium containing oleic acid
(1500 wmol/l) infused from a reservoir via three way valves which
allowed rapid changes without affecting flow rate.

2. Effect of Oleic Acid on the Insulin Response to Arginine or
Glucose: the pancreas was perfused from the beginning of the
experiments using a medium with or without added oleic acid for
30 min before exposure to the secretatogues. Arginine (L-arginine
HCI, Fluka A.G., Buchs, Switzerland) and glucose (Merck) were
dissolved in the perfusate and infused into the circuit immediately
above the pancreas through a side-arm perfusion pump working at
a flow rate of 0.1 ml/min. Control experiments without infusing
glucose or arginine were also performed, with or without oleic acid
present in the medium from the beginning of the perfusion.
Perfusate samples (2ml) were collected from the cannula
inserted in the portal vein into chilled tubes, containing 1000 U
Trasylol (Bayer, Leverkusen, Germany) and immediately frozen
for storage at —20° C until assayed. The final fatty acid concentra-
tion reached in each experiment was measured according to Dole
and Meinertz [26]. Table 1 indicates the concentrations of NEFA
measured in the various experimental conditions and the respec-
tive values of the FFA/albumin ratios. Insulin (immunoreactive
insulin, JRI) was measured in duplicate by the double antibody
procedure of Hales and Randle [27] with rat insulin as standard
(Novo, Copenhagen, Denmark). Insulin dilutions for standard
curves were performed in the perfusion medium, with or without
oleic acid, to obtain the same conditions as in the sample tubes.
The readings were made on the respective curves for the samples
containing or not oleic acid. Oleic acid did not interfere with the
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immunoassay since no difference between insulin standard curves
due to the presence of oleic acid was detected. Insulin secretion
rates were calculated by muitiplying the concentration in the
respective samples by the flow rate and expressed as ng/min. Total
release during the stimulation period were obtained by planimetry
of the individual perfusion profiles and by calculating the mean of
the respective areas. All results are expressed as mean + standard
error of the mean (SEM). Statistical evaluation was performed
using the Student r test for non paired data.

Results

1. Effect of Oleic Acid Alone on Insulin Release

Figure 1 shows the effect of a continuous infusion of
oleic acid (1500 umol/1) on insulin release in the ab-
sence of glucose in the perfusate. A biphasic insulin
response was clearly observed when the perfusate
contained 2.5 mmol/l calcium. The peak response for
the first phase always occurred within two minutes.
The secondary rise consisted of a more gradual
increase in the insulin secretion rate which reached a
maximum at 20 minutes, and then spontaneously
declined while remaining higher than the basal level.
At a lower calcium concentration (1.0 mmol/1) in the
perfusate, both the first and the second phases of the
insulin response to oleic acid were significantly
reduced. The total amount of insulin released in
response to the 60 minute oleic acid infusion was
18.0 % 2.5 ng/60 min at 1.0 mmol/l calcium and 65.1
+ 12.7 ng/60 min at 2.5 mmol/] calcium (p < 0.02).

2. Effect of Oleic Acid on the Arginine-Induced
Insulin Release

The pancreas was perfused with the standard
medium or with the 1500 pmol/1 oleic acid-enriched
medium from the beginning of the experiment and
insulin release measured between 30 and 75 min
from the start of the perfusion. Basal insulin release,
at 2.5 mmol/l calcium, was slightly but not signifi-
cantly (N.S.) higher in the presence (0.52 + 0.18 ng/
min) than in the absence (0.10 = 0.02 ng/min) of
oleic acid. At 1.0mmol/l calcium, basal insulin
release was 0.75 *+ 0.26 ng/min in the presence and
0.19 £ 0.03ng/min in the absence of oleic acid
(N.S).

In the absence of glucose and oleic acid in the
perfusate, arginine (10 mmol/1) elicited a mono-
phasic rise in insulin release (Figures 2, 3 and 4). As
shown by Figure 2, the arginine-induced insulin
release was not modified by the presence of
750 umol/l oleic acid in the perfusate. Total insulin
release during the stimulation period was 126.64 *
13.7 ng/30 min and 134.9 = 16.9 ng/30 min, in the
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Fig. 1. Oleic acid-induced insulin (IRT) release by the isolated per-
fused rat pancreas in a glucose-free perfusate. The pancreas was
perfused for 30 min before the beginning of the oleic acid infusion.
The number of perfusions is indicated in parentheses. Results are
given as mean = SEM

absence and in the presence of oleic acid respectively
(N.S.). In contrast (Fig. 3), when 1500 pumol/] oleic
acid was present in the perfusate, a monophasic pat-
tern of arginine-induced insulin release was also
observed, but the hormonal response occurred sig-
nificantly earlier without modification of the total
amount of insulin released in response to the amino
acid. At 1.0 mmol/l calcium, the amount of insulin
released during the stimulatory period was 61.78 *
10.3 ng/30 min and 58.5 * 8.2 ng/30 min in the ab-
sence and presence of oleic acid respectively (N.S.).
At 2.5mmol/l calcium, the amount of insulin
released during the same period averaged 125.64 *
13.7ng/30 min and 162.2 + 21.7 ng/30 min in the
absence and presence of oleic acid respectively
(N.S.). A significantly greater insulin response to the
amino acid was observed at 2.5 mmol/1 calcium both
in the absence (p < 0.01) and in the presence (p <
0.001) of 1500 umol/] oleic acid in the perfusate.

In addition and as shown in Figure 4, the earlier
insulin response to arginine induced by oleic acid
(1500 pmol/l) was also observed when the perfusion
medium contained 4 g/100 ml albumin. In these con-
ditions, total insulin released during the stimulatory
period was 99.9 * 22.9ng/30min and 145.8 *
28.0ng/30 min in the absence and presence of oleic
acid respectively (N.S.).

269

o—0 WITH OLEIC ACID 750 pmot/L{5)
& —e WITHOUT OLEIC ACID (14)

ARGININE 10 mmol /| ]

Cg**= 2.5 mmol /1

5]
T

IRI ng/min

PERFUSION TIME (min}

Fig. 2, Influence of 750 pmol/l oleic acid in the perfusate from the
beginning of the perfusion on the arginine-induced insulin (IRI)
release. No glucose was present in the medium. The number of
perfusions is indicated in parentheses. Results are given as mean +
SEM

3. Effect of Oleic Acid on the Glucose-Induced
Insulin Release

Figure 5 shows the effect of oleic acid (1500 pmol/l)
in the perfusate on the insulin response to a low glu-
cose concentration (4.4 mmol/l). In these experi-
ments, oleic acid was infused from the beginning of
the perfusion and no glucose was present in the
medium during the prestimulatory period. In the ab-
sence of oleic acid, only a shortlived modest first
peak insulin response was observed; it was signifi-
cantly (p < 0.05) enhanced by the presence of oleic
acid. The total amount of insulin released during the
stimulatory period averaged 7.99 + 3.0 ng/30 min in
the absence and 22.8 = 3.4 ng/30 min in the pres-
ence of oleic acid (p < 0.05). Thus oleic acid being
present in the perfusate potentiated the insulin
response to 4.4 mmol/l glucose. When 16.7 mmol/l
glucose was used as secretagogue (Figure 6), both in
the presence and in the absence of oleic acid a
biphasic pattern of insulin response was observed.
Total insulin released during the stimulatory period
averaged 130.5 = 22.2 ng/30 min in the absence and
349.5 £ 63.5ng/30min in the presence of oleic
acid (p < 0.05). Considerable potentiation of the
16.7 mmol/1 glucose-induced insulin release by oleic
acid was thus observed.
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Fig. 3. Influence of 1500 umol/1 oleic acid on the arginine-induced
insulin (IRI) secretion in a glucose free perfusate. Oleic acid was
present in the medium from the beginning of the perfusion. The
number of perfusions is indicated in parentheses. Results are given
as mean = SEM. Statistical comparisons are: * p < 0.01; ** p <
0.005; *** p < 0.001

Discussion

The role of fatty acids in the regulation of insulin
secretion is not yet clearly defined. In man, the effect
of NEFA on insulin secretion has been studied by
giving oral or intravenous fat accompanied by hepa-
rin injection. Schalch et al. [2] and Balasse et al. [5]
found that elevation of plasma NEFA by fat inges-
tion and intravenous heparin did not significantly
affect basal plasma insulin in man. In contrast, Raptis
et al. [5] found a significant rise in insulin secretion
after both intravenous and oral administration of fat.
Hicks et al. [6] reported that, during elevation of
NEFA plasma levels by infusion of a triglyceride
emulsion supplemented with heparin, the mean basal
level of plasma insulin increased by 100%. In dogs,
the acute elevation of plasma NEFA levels by infu-
sion of triglyceride emulsion and heparin stimulated
insulin secretion [8, 10]. Infusion of sodium salts of
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o—<C WITH OLEIC ACID 1500pmol/l{3)
s-—e WITHOUT OLEIC ACID (4}

ARGININE 10 mmol /1

Ca**=2.5 mmol/l
ALBUMIN 4g/100ml

¥ I

IRI ng/min

v

PERFUSION TIME {min)

Fig. 4. Influence of 1500 pmol/1 oleic acid on the arginine-induced
insulin (IRI) release in a glucose free perfusate containing 4 g/
100 ml albumin. Oleic acid was present in the medium from the
beginning of the perfusion. The number of perfusions is indicated
in parentheses. Results are given as mean = SEM. Statistical com-
parisons is: ¥ p < 0.01

oleic, linoleic, lauric or palmitic acid into the pan-
creatic artery of anesthetized dogs, produced a
biphasic insulin response [11, 12]. In fasted rats, infu-
sion of oleic acid emulsion stabilized with albumin
doubled the plasma insulin concentrations [13].

The in vitro effects of NEFA on insulin release
are also conflicting. Howell [18], in rat pancreas
slices, and Pi-Sunyer [20], in pieces of rat pancreas,
were unable to demonstrate any effect of palmitate,
octanoate or oleate on insulin release at either low or
high glucose concentration. Such negative results
were also reported recently by Pek et al. [21] who did
not observe any change in the insulin secretion rate in
response to a one minute oleic acid (10 umol/1) infu-
sion in the isolated perfused rat pancreas. In contrast,
Montague et al. [17], in isolated rat islets, and Sanbar
et al. [15], in pieces of rat pancreas, reported that
octanoate directly stimulated insulin release.
Malaisse et al. [16], using incubated pieces or rat
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Fig. 5. Influence of 1500 pmol/1 oleic acid on the insulin (IRI)
response to 4.4 mol/l glucose. Oleic acid was present from the
beginning of the perfusion. No glucose was present in the perfusate
during the pre-stimulatory period. The number of perfusions is
indicated in parentheses. Results are given as mean + SEM. Statis-
tical comparisons is: * p < 0.05

pancreas found that insulin secretion was stimulated
by [hydroxybutyrate and palmitate but not by
octanoate. Using the isolated perfused rat pancreas,
Goberna et al. [19] reported that neither palmitate,
[-hydroxybutyrate nor acetoacetate were capable of
increasing insulin release when perfused in the ab-
sence of glucose.

Since studies in vitro have often failed to demon-
strate any effect of long-chain fatty acids on insulin
release in the absence of extracellular glucose [14,
16, 19), it has been suggested that the stimulatory
effect of NEFA on insulin secretion was glucose-
dependent and that minimum glucose levels were
necessary to “prime” beta-cells [19].

In the present experiments, a continuous infusion
of oleic acid in the isolated rat pancreas clearly
induced a biphasic insulin release in the absence of
extracellular glucose. This effect was significantly
reduced at low calcium concentration. The insulin
response to oleic acid infusion was rapid: maximal
rates of insulin release were attained within two
minutes after the beginning of the infusion. It is note-
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Fig. 6. Influence of oleic acid on the insulin (IRI) response to the
infusion of 16.7 mmol/l glucose. Oleic acid was present from the
beginning of the perfusion. No glucose was present in the perfusate
during the pre-stimulatory period. The number of perfusions is
indicated in parentheses. Results are given as mean = SEM. Statis-
tical comparisons are: * p < 0.05; ** p < 0.01

worthy that the rate of insulin release declined to a
lower level after the secondary rise despite further
continuing infusion of oleic acid. This effect agrees
with the results reported by Goberna et al. [19] in the
isolated perfused rat pancreas and by Crespin et al.
[12] in anesthetized dogs. This kinetic pattern is in
striking contrast to the well established sustained sec-
ondary phase of glucose-induced insulin release [28];
it is more similar to what has been reported for
arginine [29, 31]. These data seem to indicate that
high concentratiors of oleic acid as well as arginine
can stimulate insulin release in the absence of glu-
cose, but that the effect is of short duration. Its
biological significance remains to be elucidated. The
evanescent character of the oleic acid-induced insulin
secretion in the isolated perfused pancreas probably
explains why it has not been observed [18, 19] when
isolated pieces of pancreas were utilized.

Both oleic acid- and arginine-induced insulin
release, in a glucose-free medium, are influenced by
the extracellular calcium concentration. Unlike
results obtained at 1.0 mmol/l calcium, when the
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extracellular calcium concentration was 2.5 mmol/] a
significant increase of the insulin response to oleic
acid or arginine was observed, without modification
of the respective patterns of release.

The mechanism of the insulin releasing effect of
fatty acids and ketone bodies is so far obscure. It has
been shown recently that both medium-chain and
long-chain fatty acids and ketone bodies are oxidized
by the beta-cell [32]. The oxidation rates found for
these substrates were of such a magnitude that they
can be assumed to represent an important part of the
total islet energy metabolism. However, as was the
case with amino acids [32], a direct correlation be-
tween the rate of oxidation of fatty acids and their
insulin-releasing capacity is difficult to establish.

The present results also show that, aside from the
stimulating effect that oleic alone exerts on insulin
secretion, it also modulates the arginine- and glu-
cose-induced insulin release. When oleic acid
(1500 wmol/1) was present in the medium, the insulin
response to arginine occurred clearly earlier without
modification of the total amount of insulin released.
In contrast, the total amount of insulin released in
response to glucose was significantly increased in the
presence of oleic acid without modification of the
biphasic pattern of release.

Little attention has been paid to the effect of fatty
acids or ketone bodies on the insulin response to glu-
cose or amino acids [6, 19]. The effects of oleic acid
(more rapid insulin response to arginine and potenti-
ation of the response to glucose) are similar to those
elicited by the presence of a basal, non-stimulatory,
glucose concentration [28, 34]. Low glucose or high
oleic acid could act by a similar mechanism on the
beta-cell, i. e. providing sufficient energy to facilitate
insulin release mechanisms to take place.

Many problems are involved in the in vitro exper-
iments using long chain fatty acids. One such prob-
lem is the level of albumin that is present in the
medium. Under normal physiological conditions,
most on the fatty acids are bound to albumin and
each molecule of albumin, on an average, has only 7
sites for binding NEFA [35]. In our experimental
conditions, the albumin concentration present in the
perfusate allowed binding all the oleic acid added.
On the other hand, it is known that NEFA exceeding
the transport capacity of albumin could exert pro-
found unphysiological effects on cells. In our hands
however, when the effect of oleic acid (1500 wmol/1)
on the arginine-induced insulin release was tested in
the presence of 4g/100ml albumin the results
obtained were similar to those seen using 2 g/100 ml
albumin. This seems to rule out the possibility that
the effects observed are due to NEFA exceeding the
binding capacity of albumin. The effect reported,

J.E. Campillo et al.: Oleic Acid and Insulin Release

however, could perhaps be due not to oleic acid spe-
cifically since oleic acid might displace other FFA
from albumin, albeit bound to high affinity sites.

In conclusion, the results clearly show that oleic
acid may play a role in the modulation of insulin
secretion by the isolated perfused rat pancreas.
Whether this role is physiologically relevant remains
to be assessed.
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