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Stimulatory Short-Term Effects of Free Fatty Acids on Glucagon Secretion at
Low to Normal Glucose Concentrations

L. Cornelius Bollheimer, Heike C. Landauer, Stephanie Troll, Joachim Schweimer, Christian E. Wrede,
Jürgen Schölmerich, and Roland Buettner

hile free fatty acids (FFA) are well known as insulin secretagogues, their effects on pancreatic � cells have been mostly

eglected. In the present study we therefore systematically analyzed the glucagon metabolism of rat pancreatic islets under

he influence of FFA. Primary islets were incubated in the presence or absence of 200 �mol/L albumin-complexed palmitate

r oleate at 2.8 mmol/L versus 16.7 mmol/L glucose and glucagon secretion was monitored over 8 hours. In addition to these

ime-course experiments, dose dependency of palmitate-induced effects was tested by a 2-hour incubation with 50 to 300

mol/L albumin-complexed palmitate at 2.8 mmol/L and 5.6 mmol/L glucose. Apart from glucagon secretion, intracellular

mmunoreactive glucagon and cellular preproglucagon-mRNA (PPG-mRNA) content were determined from the remaining cell

ysates. FFA, especially palmitate, induced a significant and dose-dependent increase of glucagon secretion (in average 2-fold

bove control) during the first 120 minutes of incubation at low to normal glucose (2.8 and 5.6 mmol/L). There was no

ignificant glucagonotropic effect of FFA at concomitant 16.7 mmol/L glucose. Intracellular glucagon as well as cellular

PG-mRNA content were found to be dose-dependently diminished by palmitate when compared with untreated controls at

.6 mmol/L glucose. The present analysis therefore points to a new role for FFA as a nutritient secretagogue and a modulator

f �-cellular glucagon metabolism.
2004 Elsevier Inc. All rights reserved.
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N THE LAST DECADE the interest in interactions between
free fatty acids (FFA) and endocrine islet function has been

timulated by the theory of lipotoxicity in obesity-related type 2
iabetes.1 Numerous �-cell studies employing new methods and
pproaches of fatty acid research have shown a complexity of fatty
cid–induced effects.2,3 In contrast to � cells, the influence of FFA
n the glucagon producing � cell has received less attention.

More than 30 years ago, Madison et al,4 followed by Luyckx
nd Lefebvre,5 observed an increase of plasma insulin and a
ecrease of plasma glucagon when plasma FFA were artifi-
ially elevated in starved dogs. Edwards and Taylor subse-
uently described a glucagon-supressing effect of FFA in iso-
ated guinea pig islets.6 These early data provided the basis for
he working hypothesis that a fatty acid–induced inhibitory
eedback on pancreatic glucagon secretion (together with a
timulatory feedback on insulin secretion) may prevent over-
helming lipolysis during fasting.7,8

In contrast to these reports, more recent studies suggest a
timulatory effect of FFA on glucagon secretion: Gross and
ialhe9 observed a fatty acid–induced increase of glucagon se-

retion in the isolated perfused pancreas of ducks and Gremlich et
l10 and Dumonteil et al11 found elevated amounts of glucagon in
ellular supernatants of rat pancreatic islets that had been incu-
ated for more than 24 hours with high amounts of palmitate.

Taken together, only a few data concerning the influence of
FA on the secretion of glucagon from isolated rat pancreatic

slets have been published. Here, we systematically examined
he influence of FFA on (1) pancreatic glucagon secretion, (2)
ntracellular content of glucagon, and (3) preproglucagon-
RNA (PPG-mRNA) expression. Short-term fatty acid expo-

ure (�8 hours) was chosen to avoid interfering cytotoxic
nd/or proapoptotic effects of palmitate known to occur with
ong-term exposure.10,11

MATERIALS AND METHODS

aterials

Radioimmunoassays for pancreatic glucagon (crossreactivity to

xyntomodulin �0.1%) and for immunoreactive insulin (IRI) were

etabolism, Vol 53, No 11 (November), 2004: pp 1443-1448
erformed with kits from Linco Research (St Louis, MO). Fatty acid
ltra-free bovine serum albumin (BSA, Fraction V), protease inhibitor
ocktail (Complete), Collagenase P (1.5 U � mg�1), as well as all
echnical and chemical equipment for semiquantitative Light Cycler
olymerase Chain Reaction (PCR), were from Roche Diagnostics
Mannheim, Germany). Reverse transcription was performed using a
it from Promega (Madison, WI). Palmitic (hexadecanoic) acid and
leic (cis-�9-octadecenoic) acid and all other analytical-grade bio-
hemicals were purchased either from Sigma-Aldrich (Taufkirchen,
ermany) or from Merck Eurolab (Darmstadt, Germany).

slet Isolation and Culture

Pancreatic islets were isolated from male 200-g Wistar-rats (Charles
iver, Sulzfeld, Germany) by collagenase digestion and Histopaque-
icoll density gradient centrifugation as described previously.12 The
ewly isolated islets were then conditioned for 16 hours in RPMI-1640/
1.2 mmol/L glucose/10% (wt/vol) fetal calf serum (FCS) at 37°C in a
% CO2 atmosphere.13 Afterwards islets were used for the experiments
s described below. All animal procedures complied with the UFAW
andbook on the Care and Management of Laboratory Animals and

he German Law on the Protection of Animals and were approved by
he local animal’s rights committee.

reparation of the FFA/BSA Complex Solution

Stock solutions of oleic and palmitic acid were prepared as previ-
usly described14 and employed in the experiments at a 1:50 dilution.
inal FFA concentrations ranged between 50 �mol/L and 300 �mol/L
ith a concomitant fix concentration of 0.2 % (wt/vol) BSA. These
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1444 BOLLHEIMER ET AL
oncentrations were chosen according to the fasting plasma FFA levels
ublished previously for rats.15,16 Controls were incubated with 0.2 %
wt/vol) BSA alone.

ime-Course Experiments

Batches of 40 islets were washed and transferred into 1,000 �L (V0)
f Krebs-Ringer bicarbonate buffer/16 mmol/L HEPES (pH 7.4) con-
aining either 2.8 mmol/L or 16.7 mmol/L glucose with or without
FA. Two FFA compounds were tested: (1) 200 �mol/L palmitate/
.2% BSA and (2) 200 �mol/L oleate/0.2 % BSA. At different time
oints, tx (where t1� 30 minutes, t2� 60 minutes, t3 � 120 minutes, t4

240 minutes, and t5 � 480 minutes), aliquots of a certain volume, Vp

V1 � V5) were taken from the supernatants, centrifuged, and kept
rozen pending analysis by radioimmunoassay for concentration (c1 �

5) of glucagon and insulin, respectively. Cumulative secretion of
lucagon or insulin at time tx were calculated according to:

Secrtx � �
n�1

x

��cn � cn�1� � �V0 � �
p�1

n�1

Vp��

After 8 hours, islets were washed and lysed in 250 �L ice-cold,
etergent-containing HEPES-buffer (50 mmol/L HEPES [pH 8.0],
.1% [vol/vol] Triton X-100 plus protease inhibitor cocktail). Follow-
ng sonication and centrifugation at 10,000 	 g for 2 minutes to remove
ebris, aliquots were taken for the assessment of cellular glucagon by
adioimmunoassay.

ose-Dependency Experiments

Batches of 40 islets were washed and transferred into Krebs-Ringer
icarbonate buffer/16 mmol/L HEPES (pH 7.4) containing either 2.8
mol/L or 5.6 mmol/L glucose with or without additional palmitate

upplementation. Five different palmitate concentrations were tested:
1) 50 �mol/L palmitate/0.2 % BSA (r palmitate:albumin � 1.7), (2) 100
mol/L palmitate/0.2% BSA (r palmitate:albumin � 3.4), (3) 150 �mol/L
almitate/0.2% BSA (rpalmitate:albumin � 5.1), (4) 200 �mol/L palmitate/
.2% BSA (rpalmitate:albumin � 6.7), and (5) 300 �mol/L palmitate/0.2%
SA (rpalmitate:albumin � 10.1). After 2 hours of incubation, supernatants
ere collected, centrifuged, and kept frozen. Glucagon levels of the

upernatants as well as of the corresponding intracellular lysates (see
bove) were determined by radioimmunoassay.

ight Cycler Analysis of Cellular PPG-mRNA Content

Batches of 10 islets were incubated under the same conditions as
escribed in the previous section. After 120 minutes of exposure,
ytoplasmic RNA was prepared from islet lysates according to the
ethod of Gough.17 Real-time PCR for PPG-mRNA and glyceralde-

yde-3-phosphate-dehydrogenase-mRNA (GAPDH-mRNA) was per-
ormed as described in detail elsewhere.18 In brief, first-strand comple-
entary cDNA was synthesized from the RNA templates by priming
ith arbitrary hexamers. For subsequent PCR amplification (Roche
ightCycler system) the following primer pairs (1 �mol/L) were em-
loyed: (1) 5
-TCGTGGCTGGATTGTTTGTA-3
 (sense, 17-36) / 5
-
AATGTTGTTCCGGTTCCTC-3
 (antisense, 246-265) for PPG-
DNA; and (2) 5
-TTAGCACCCCTGGCCAAGC-3
 (sense, 495-511)
5
-CTTACTCCTTGGAGGCCATG-3
 (antisense, 1014-1033) for
APDH-cDNA. First-strand cDNA-samples were then amplified for
0 cycles of denaturation (95°C for 5 seconds), annealing (57°C
PPG-cDNA] / 56°C [GAPDH-cDNA] for 5 seconds) and extension
72°C for 22 seconds). Efficiency of amplification was 1.97 (EPPG at 5
mol/L MgCl2) and 1.96 (EGAPDH at 3 mmol/L MgCl2), respectively.
he distinct melting points of 86°C for PPG and 88°C for GAPDH,

espectively, guaranteed a specific amplification under the given con-

itions and ruled out interfering primer dimerization. The quantification p
f the relative amount of the PPG-cDNA and GAPDH-cDNA in each
ample was based on the crossing point values obtained by the Light-
ycler software. Results are expressed as PPG/GAPDH-cDNA ratio of

he sample divided by PPG/GAPDH-cDNA ratio of a standard cDNA
ool used as calibrator.

tatistical Analysis

Unless otherwise mentioned, data are presented as means � SE of at
east 3 independent experiments. Statistically significant differences
ere analyzed using unpaired Student’s t test where P � .05 was

onsidered significant.

RESULTS

ime- and Glucose-Dependent Effects of Palmitate on
lucagon and Insulin Secretion

At 2.8 mmol/L glucose, palmitate elicited a 1.7- to 2.7-fold
ie, in average a 2.0 [�0.3]-fold) increase in glucagon secretion
ver 30 minutes (P � .041), 60 minutes (P � .0003), 120
inutes (P � .001), and 240 minutes (P � .0003). The glu-

agonotropic effect was fading after 480 minutes (Fig 1A). At
oncomitant 16.7 mmol/L glucose, no relevant glucagonotropic
almitate effect was observed (Fig 1B). Comparing glucagon
ecretion at 16.7 mmol/L glucose with that at 2.8 mmol/L
lucose, we could not find a glucose-induced suppression of
lucagon secretion in the palmitate-free controls, which is in
ccordance to previous findings.6,11,19 However, in the addi-
ional presence of 200 �mol/L palmitate there was a glucose-
ependent inhibition of glucagon release. The decrease
mounted to 37% � 9 % at 30 minutes (P � .017), 44% � 11%
t 60 minutes (P � .03), and 27% � 10 % at 120 minutes (P �
02) when comparing the secretory output of islets incubated
ith 16.7 mmol/L glucose and palmitate with concurrent
almitate-treated islets at 2.8 mmol/L glucose.
To validate proper islet cell function, insulin release was
easured under the same experimental conditions (Figs 1C and
). In the presence of palmitate, basal IRI secretion at 2.8
mol/L glucose was increased 2.0 (�0.1)-fold (P � .01 for 30,

0, 120, and 240 minutes) as already described.13,20 IRI secre-
ion in FFA-exposed islets at 16.7 mmol/L glucose was not
ignificantly different from that in control islets, which is also
n accordance with previous results.20

To finally rule out relevant fatty acid–induced detergent
nd/or cytotoxic effects on the pancreatic � cell, the percentage
f final cumulative glucagon secretion relative to final intracel-
ular glucagon content was assessed after 8 hours when the
lucagonotropic effect had declined. In untreated control islets,
he ratio amounted to 6% � 2% at 2.8 mmol/L glucose and to
% � 2% at 16.7 mmol/L glucose. In palmitate-exposed islets
he ratio was similar with 7% � 1% at 2.8 mmol/L glucose and
% � 1% at 16.7 mmol/L glucose.

omparison Between Palmitate and Oleate in Terms of
lucagon Secretion

Using the same experimental setting we additionally tested
leate in terms of glucagon secretion (Fig 2). At 2.8 mmol/L
lucose, both palmitate and oleate exerted significant glu-
agonotropic effects during the first 120 minutes of exposure.
owever, the glucagonotropic effect of palmitate was more

ronounced. Thus, palmitate induced during the first 30 min-
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1445GLUCAGONOTROPIC EFFECTS OF PALMITATE
tes a 1.6 [�0.3]-fold higher (P � .043) and during the first 60
inutes an 1.8 [�0.4]-fold higher (P � .006) secretory output

han the concurrent oleate samples (Fig 2A).
At 16.7 mmol/L glucose, there was no FFA-induced glu-

agonotropic effect during the first 120 minutes of exposure,
either with palmitate nor with oleate (Fig 2B).

ose-Dependent Effects of Palmitate on Glucagon Secretion
nd Cellular Content

The glucagonotropic effect of FFA was further characterized
n terms of its dose dependency. Based on the time-course
xperiments, we chose the following experimental conditions:
1) palmitate as model FFA (concentrations 50 to 300 �mol/L),
2) low (2.8 mmol/L) to normal (5.6 mmol/L) glucose concen-
rations, and (3) short exposure time (120 minutes).

At 2.8 mmol/L glucose, glucagon release in the presence of
almitate was 1.8 (�0.1)-fold increased when compared to
oncurrent controls (Fig 3A). This reached statistical signifi-
ance at 50 �mol/L (P � .001), 200 �mol/L (P � .003), and
00 �mol/L (P � .0002). Palmitate also exerted glucagono-

Fig 1. Time- and glucose-dependent effects of palmitate on gluca

mol/L glucose (A and C) or at 16.7 mmol/L glucose (B and D) in t

lbumin over 8 hours. (F) Palmitate; (E) control. The curves depict th

n 4 independent experiments (mean � SE). *Significant changes (P
ropic effects at 5.6 mmol/L glucose with a 1.7 (�0.3)-fold c
ncrease above the corresponding controls (Fig 3B). This stim-
lating effect was statistically significant at 150 �mol/L (P �
045), 200 �mol/L (P � .034), and 300 �mol/L (P � .020)
ith a dose-dependent increase between 50 �mol/L and 200
mol/L palmitate.
Palmitate not only influenced glucagon secretion but also

ntracellular glucagon stores. At 2.8 mmol/L glucose, palmitate
nduced a dose-dependent depletion of cellular glucagon up to
5% � 5% when compared to untreated control islets (P � .02
or 50, 150, 200, and 300 �mol/L palmitate; Fig 3A). At 5.6
mol/L glucose, palmitate led to a reduction of the intracellular

lucagon stores up to 35% � 15% (P � .02 for 100, 150, and
00 �mol/L palmitate; Fig 3B).

Notably, the palmitate-induced depletion of intracellular glu-
agon (compared to control) was more than 10-fold higher than
he corresponding palmitate-induced surplus glucagon secre-
ion (Fig 3).

almitate-Induced Effects on PPG-mRNA

To investigate the effects of FFA on the cellular PPG-mRNA

nd insulin secretion. Forty rat pancreatic islets were cultured at 2.8

esence or absence of 200 �mol/L palmitate pre-complexed to 0.2%

ulative secretion of glucagon (A and B) and IRI (C and D) measured

) when standardized for the corresponding control.
gon a

he pr

e cum
ontent, batches of 10 islets were incubated for 120 minutes
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1446 BOLLHEIMER ET AL
ith different concentrations of palmitate as described for the
ose-dependency experiments. In the absence of palmitate,
here was a trend towards a reduction of the PPG-mRNA
ontent at 2.8 mmol/L glucose when compared to the PPG-
RNA content at 5.6 mmol/L glucose (by 40% � 20%), which
as not statistically significant (P � .09). In the presence of
almitate, increasing concentrations of palmitate tended to
radually reduce the intracellular content of PPG-mRNA. This
as most pronounced at 5.6 mmol/L glucose, reaching a max-

mum reduction of 40% � 10% (P � .003) with 300 �mol/L
almitate (Fig 4).

DISCUSSION

In the present study, palmitate and oleate induced a rele-
ant increase of glucagon secretion from isolated rat pan-

Fig 2. Type-specific effects of palmitate and oleate on glucagon

ecretion. Fourty rat pancreatic islets were cultured at 2.8 mmol/L

lucose (A) or at 16.7 mmol/L glucose (B) in the presence or absence

f either 200 �mol/L palmitate (see also Fig 1) or 200 �mol/L oleate.

ecretion of glucagon was monitored over 8 hours. The bars depict

he type-specific FFA effects as a relative change over the concurrent

ntreated control (mean � SE, n � 4). The absolute levels of gluca-

on secretion in the controls were as follows: 2.8 mmol/L glucose–30

inutes: 0.006 � 0.001 pmol/islet, —60 minutes: 0.009 � 0.004 pmol/

slet, —120 minutes: 0.017 � 0.006 pmol/islet, —240 minutes: 0.022 �

.013 pmol/islet, �480 minutes: 0.038 � 0.014 pmol/islet; 16.7

mol/L glucose—30 minutes: 0.012 � 0.001 pmol/islet, —60 min-

tes: 0.010 � 0.002 pmol/islet, —120 minutes: 0.020 � 0.004 pmol/

slet, —240 minutes: 0.021 � 0.005 pmol/islet, —480 minutes:

.034 � 0.010 pmol/islet. *Significant changes above control (P <

05); ¶significant differences between palmitate and oleate (P < .05).
reatic islets during short-term exposure (ie, �4 hours). This
r

1

lucagonotropic effect was only observed at low to normal
lucose levels (2.8 to 5.6 mmol/L) but not at high glucose
16.7 mmol/L). A decrease of the glucose concentration per
e (ie, in the absence of FFA) exerted no relevant glucagono-

Fig 3. Dose-dependent effects of palmitate on �-cellular glucagon

ecretion and intracellular content. Fourty rat pancreatic islets were

ultured at 2.8 mmol/L glucose (A) or at 5.6 mmol/L glucose (B) for 2

ours with 0 to 300 �mol/L palmitate (pre-complexed to 0.2 %

lbumin). Glucagon secretion (F, }, left ordinate) was determined

rom the supernatants, and corresponding glucagon content (E, {,

ight ordinate) from the cellular lysates. Values are means � SE of 4

ndependent experiments. Significant changes v control (ie, 0 �mol/L

almitate) are indicated by ¶ for glucagon secretion and by * for

lucagon content, respectively (P < .05). Note that the scale of the
ight ordinate (glucagon content) exceeds that of the left ordinate by

magnitude.
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1447GLUCAGONOTROPIC EFFECTS OF PALMITATE
ropic effect, which is in accordance to previous in vitro
tudies.6,11,19 Ishishara et al recently described a moderate
ecrease of glucagon secretion in rat pancreatic islets solely
nduced by glucose. In addition, they also observed a para-
oxical stimulation of glucagon secretion by the glycolysis
ntermediate pyruvate possibly through the closure of �-cel-
ular KATP channels.21 In contrast to our present results, the
tudy of Ishishara et al might indicate an active inhibitory
ffect of glucose on glucagon secretion. Nonetheless, the
timulating effect of pyruvate at low glucose together with
ur present findings point to acetyl-coenzyme A (CoA) and
he rapid generation of adenosine triphosphate (ATP) as
ossible coupling factors for nutritient-stimulated glucagon
ecretion. Islets (which naturally comprise both � and �
ells) characteristically metabolize mitochondrial pyruvate
n a remarkably high degree through pyruvate carboxy-
ase.22,23 At low glucose levels, it can therefore be specu-
ated that the 4-carbon intermediates of the Krebs cycle
reponderate the production of acetyl-CoA from pyruvate.3

ong-chain-acyl-CoA esters from exogenously administered
FA would be an alternative source for mitochondrial
cetyl-CoA and for efficient energy production. High glu-
ose levels might act as a preventive factor by providing
ataplerotic intermediates (eg, malonyl-CoA), which then
egatively regulate mitochondrial �-oxidation through inhi-
ition of carnitine palmitoyltransferase I (CPT-I).2 However,
o definitively prove whether the FFA-induced stimulation
f glucagon secretion we describe here is dependent on such
echanisms involving mitochondrial fatty acid oxidation,

urther studies, eg, measuring the glucagon response after
nhibition of CPT-I by etomoxir or bromopalmitate, would
e required.
It has to be noted that the effects we observed cannot be
ediated via glucagon-suppressive insulin,24 since the secre-

ory pattern of fatty acid–induced insulin release paralleled that
f the fatty acid–induced glucagon secretion. The somehow

Fig 4. Dose-dependent effects of nonesterified fatty acids on islet

PG-mRNA content. Ten rat pancreatic islets were cultured at 2.8

mol/L glucose (F) or at 5.6 mmol/L glucose (}) for 2 hours with 0

o 300 �mol/L palmitate (pre-complexed to 0.2% albumin). PPG-

RNA content was determined by real-time reverse transcriptase-

CR analysis from the cellular lysates. Values are means � SE of 4

ndependent experiments. *Significant changes above the palmitate-

ree controls at 2.8 or 5.6 mmol/L (dashed lines), P < .05.
lunted insulin secretory response observed at high versus low c
lucose conditions (16.7 mmol/L v 2.8 mmol/L) might be
ccounted for by the initial preconditioning period at 11.2
mol/L glucose, which we chose to deactivate any potential

lucagonotropic stimulus.
Increased glucagon secretion may be due to an enhanced

lucagon synthesis or to a depletion of cellular glucagon
tores. Therefore, intracellular content of glucagon was de-
ermined. Palmitate dose-dependently induced a reduction of
he islet glucagon content by up to 40%, which is reminis-
ent of the insulin-depleting effect of FFA in the pancreatic

cell.13,20,25 Notably, the palmitate-induced surplus gluca-
on secretion (ie, the absolute amount above the secretory
elease of untreated controls) was found to be an order of
agnitude lower than the corresponding amount of palmi-

ate-induced intracellular loss. This indicates that the in-
rease of glucagon secretion is not the primary cause of
FA-induced intracellular glucagon depletion.
In contrast to previous studies,10,11 interfering cytotoxic

nd/or apoptotic effects of palmitate can be ruled out in our
tudy since (1) the FFA-induced glucagonotropic effects de-
ended on the concurrent glucose concentration; (2) FFA
roved to be a secretagogue at very low concentrations such as
0 �mol/L palmitate/0.2 % BSA, which do not induce relevant
-cell apoptosis for up to 48 hours of incubation26; (3) the
lucagonotropic effects of FFA were mainly noticed within the
hort term; and (4) a regulated insulin secretion was retained
uring the FFA incubation.
To address the question whether the reduced intracellular

lucagon content is due to a diminished biosynthesis, PPG-
RNA expression was measured using LightCycler real-

ime PCR. We found a decrease in preproglucagon-mRNA
ith increasing palmitate suggesting a reduced biosynthesis
f glucagon in the presence of higher concentrations of FFA.
n view of the reduced cellular glucagon content it therefore
an be speculated that—similar to the the pancreatic �
ell13— higher FFA concentrations might be able to inhibit
he biosynthetic back-up also in the pancreatic � cell. How-
ver, the biologic importance of this finding is unclear since
e also found a higher content of PPG-mRNA at 5.6
mol/L glucose when compared to 2.8 mmol/L glucose
ithout having any corresponding effect on the cellular

ontent of the hormone. Also, the fact that the quantitative
mount of intracellular glucagon depletion immediately ex-
eeds the secretory loss by far points to a high intracellular
urnover rate predominating over the blunted biosynthetic
ackup proposed above. Whether the trendwise decrease of
he FFA-induced stimulation of glucagon secretion observed
t higher palmitate levels (�200 �mol/L) is due to the
eduction in intracellular content and/or biosynthesis or to a
pecific regulatory mechanism of the �-cellular stimulus
esponse coupling remains to be determined.

Using palmitate as model FFA, the present study demon-
trated (1) a stimulating FFA effect on glucagon secretion at
ow to normal glucose levels; (2) a FFA-induced depletion
f intracellular glucagon content; and (3) a FFA-induced
eduction of PPG-mRNA. From these data, a putative phys-
ologic role for FFA and their stimulatory effect on glucagon
ecretion can be hypothesized, which however challenges

onventional paradigms. In the fasting state, glucose and
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1448 BOLLHEIMER ET AL
nsulin levels are low, leading to less suppression of lipol-
sis. Consecutively, higher levels of FFA stimulate secretion
f the glucogenic hormone glucagon, which in turn increases
epatic glucose production to sustain fasting blood glucose
evels. The lipotoxic effect on cellular glucagon stores and
PG-mRNA needs further characterization in terms of its
olecular mechanism and its pathogenic importance. The
resent study brings FFA into the focus of �-cell research d

REN

nhibition of glucose and insulin-like growth factor I-induced deoxyri-

b
c

d
i
c

h
e

R

e
6

c
1

t
s

t
C

y
i
1

m
M

i
J

t
i
2

b
c

here—similar to the � cell—they might be a physiologi-
ally relevant nutritient secretagogue.

ACKNOWLEDGMENT

The authors acknowledge the excellent technical assistance of Iris
ttinger. They are also indebted to Dr Christa Buechler for helpful

iscussions.
REFE

1. McGarry JD: What if Minkowski had been ageusic? An alterna-
ive angle on diabetes. Science 258:766-770, 1992

2. McGarry JD: Banting lecture 2001: Dysregulation of fatty acid
etabolism in the etiology of type 2 diabetes. Diabetes 51:7-18, 2002
3. Yaney GC, Corkey BE: Fatty acid metabolism and insulin secre-

ion in pancreatic beta cells. Diabetologia 46:1297-1312, 2003
4. Madison LL, Seyffert WA Jr, Unger RH, et al: Effect on plasma

ree fatty acids on plasma glucagon and serum insulin concentrations.
etabolism 17:301-304, 1968
5. Luyckx AS, Lefebvre PJ: Arguments for a regulation of pancre-

tic glucagon secretion by circulating plasma free fatty acids. Proc Soc
xp Biol Med 133:524-528, 1970
6. Edwards JC, Taylor KW: Fatty acids and the release of glucagon

rom isolated guinea-pig islets of Langerhans incubated in vitro. Bio-
him Biophys Acta 215:310-315, 1970

7. Unger RH, Orci L: Physiology and pathophysiology of glucagon.
hysiol Rev 56:778-826, 1976
8. Unger RH: Glucagon physiology and pathophysiology in the light

f new advances. Diabetologia 28:574-578, 1985
9. Gross R, Mialhe P: Free fatty acids and pancreatic function in the

uck. Acta Endocrinol (Copenh) 112:100-104, 1986
10. Gremlich S, Bonny C, Waeber G, et al: Fatty acids decrease

DX-1 expression in rat pancreatic islets and reduce GLUT2, glucoki-
ase, insulin, and somatostatin levels. J Biol Chem 272:30261-30269,
997
11. Dumonteil E, Magnan C, Ritz-Laser B, et al: Glucose regulates

roinsulin and prosomatostatin but not proglucagon messenger ribonu-
leic acid levels in rat pancreatic islets. Endocrinology 141:174-180,
000
12. Alarcon C, Lincoln B, Rhodes CJ: The biosynthesis of the

ubtilisin-related proprotein convertase PC3, but no that of the PC2
onvertase, is regulated by glucose in parallel to proinsulin biosynthesis
n rat pancreatic islets. J Biol Chem 268:4276-4280, 1993

13. Bollheimer LC, Skelly RH, Chester MW, et al: Chronic expo-
ure to free fatty acid reduces pancreatic beta cell insulin content by
ncreasing basal insulin secretion that is not compensated for by a
orresponding increase in proinsulin biosynthesis translation. J Clin
nvest 101:1094-1101, 1998

14. Cousin SP, Hugl SR, Wrede CE, et al: Free fatty acid-induced
CES

onucleic acid synthesis in the pancreatic beta-cell line INS-1. Endo-
rinology 142:229-240, 2001

15. Buettner R, Newgard CB, Rhodes CJ, et al: Correction of
iet-induced hyperglycemia, hyperinsulinemia, and skeletal muscle
nsulin resistance by moderate hyperleptinemia. Am J Physiol Endo-
rinol Metab 278:E563-E569, 2000

16. Lam TK, van de Werve G, Giacca A: Free fatty acids increase basal
epatic glucose production and induce hepatic insulin resistance at differ-
nt sites. Am J Physiol Endocrinol Metab 284:E281-E290, 2003

17. Gough NM: Rapid and quantitative preparation of cytoplasmic
NA from small numbers of cells. Anal Biochem 173:93-95, 1988
18. Bollheimer LC, Troll S, Landauer HWC, et al: Insulin-sparing

ffects of troglitazone in rat pancreatic islets. J Mol Endocrinol 31:61-
9, 2003
19. Oliver JR, Williams VL, Wright PH: Studies on glucagon se-

retion using isolated islets of Langerhans of the rat. Diabetologia
2:301-306, 1976
20. Zhou YP, Grill VE: Long-term exposure of rat pancreatic islets

o fatty acids inhibits glucose-induced insulin secretion and biosynthe-
is through a glucose fatty acid cycle. J Clin Invest 93:870-876, 1994

21. Ishihara H, Maechler P, Gjinovci A, et al: Islet beta-cell secre-
ion determines glucagon release from neighbouring alpha-cells. Nat
ell Biol 5:330-335, 2003
22. MacDonald MJ: Estimates of glycolysis, pyruvate (de)carbox-

lation, pentose phosphate pathway, and methyl succinate metabolism
n incapacitated pancreatic islets. Arch Biochem Biophys 305:205-214,
993
23. MacDonald MJ: Export of metabolites from pancreatic islet
itochondria as a means to study anaplerosis in insulin secretion.
etabolism 52:993-998, 2003
24. Greenbaum CJ, Havel PJ, Taborsky GJ Jr, et al: Intra-islet

nsulin permits glucose to directly suppress pancreatic A cell function.
Clin Invest 88:767-773, 1991
25. Bollheimer LC, Kestler TM, Michel J, et al: Intracellular deple-

ion of insulin by oleate is due to an inhibited synthesis and not to an
ncreased secretion. Biochem Biophys Res Commun 287:397-401,
001
26. Cnop M, Hannaert JC, Hoorens A, et al: Inverse relationship

etween cytotoxicity of free fatty acids in pancreatic islet cells and

ellular triglyceride accumulation. Diabetes 50:1771-1777, 2001


	Stimulatory Short-Term Effects of Free Fatty Acids on Glucagon Secretion at Low to Normal Glucose Concentrations
	MATERIALS AND METHODS
	Materials
	Islet Isolation and Culture
	Preparation of the FFA/BSA Complex Solution
	Time-Course Experiments
	Dose-Dependency Experiments
	Light Cycler Analysis of Cellular PPG-mRNA Content
	Statistical Analysis

	RESULTS
	Time- and Glucose-Dependent Effects of Palmitate on Glucagon and Insulin Secretion
	Comparison Between Palmitate and Oleate in Terms of Glucagon Secretion
	Dose-Dependent Effects of Palmitate on Glucagon Secretion and Cellular Content
	Palmitate-Induced Effects on PPG-mRNA

	DISCUSSION
	ACKNOWLEDGMENT
	REFERENCES


