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Abstract

Diacylglycerols (DAG) modulate secretory responses by the
activation of protein kinase C. Early changes in DAGforma-
tion induced by the muscarinic receptor agonist carbachol were
compared to those caused by the nutrient secretagogue glucose
in pancreatic islets. Turnover rates of DAGwere investigated
in radiolabeling experiments, whereas changes in total mass
and fatty acid composition of DAGwere assessed by gas-liquid
chromatography. Whenislet lipids were labeled to steady state
in tissue culture with VHjglycerol, carbachol induced a rapid
(10 s) and sustained increase of rHIDAG generation. In con-
trast, glucose stimulation failed to increase VHjglycerol con-
taining DAG, and this was probably due to the isotopic dilution
of the label secondary to enhanced glycolysis. This was sub-
stantiated by following the transfer of "4C from glucose into
DAG. Within 1 min of acute exposure of islets to D[U-4CjC
glucose at stimulatory concentrations, DAGlabeling increased
fivefold representing up to 2%of total glucose usage. Similar
stimulation of 14C incorporation into other neutral lipids and
inositol phospholipids was observed, suggesting the enhanced
de novo synthesis of phosphatidic acid, the commonprecursor
for DAG, and inositol phospholipids from glycolytic interme-
diates. Transfer of "C from glucose was not stimulated by
agents such as carbachol and exogenous phospholipase C that
act primarily on inositol phospholipid breakdown. The total
mass of islet DAGwas increased by 60%after both carbachol
and glucose stimulation. However, analysis of the fatty acid
composition of carbachol-generated DAGrevealed at the early
time point (10 s) a prevalent stearoyl-arachidonoyl configura-
tion similar to that reported for inositol phospholipids. This
pattern shifted to a DAGenriched in palmitic acid at a later
time point. Glucose-stimulated islets displayed a predomi-
nance of palmitic acid containing DAG, indicating increased de
novo synthesis of the, putative second messenger rather than its
formation by inositol phospholipid hydrolysis. Indeed, steady-
state labeling of these phospholipids with I3Hiinositol con-
firmed this idea since only carbachol caused detectable inositol
phospholipid hydrolysis. Thus, although protein kinase Cmay
be activated by both carbachol and glucose, the two secreta-
gogues generate diacylglycerols through different mechanisms.

Address correspondence and reprint requests to Dr. Wollheim, Institut
de Biochimie Clinique, Centre Medical Universitaire, 121 1 Geneva 4,
Switzerland.

Receivedfor publication 27 July 1987.

Introduction
Diacylglycerol (DAG)' is postulated to play an important role
in cellular activation. Thus, DAGis an endogenous activator
of protein kinase C, a Ca2+- and phospholipid-dependent en-
zyme known to modulate secretory responses (1, 2). Its second
messenger role is implied from the fact that it is the product of
the phosphodiesteratic cleavage of phosphatidylinositol 4,5-
bisphosphate (PtdIns 4,5P2), an enzymatic reaction stimulated
by a wide variety of receptor agonists (3). Alternatively, DAG
can be derived from the glycolytic intermediate dihydroxy-
acetone phosphate and from glycerol 3-phosphate after step-
wise acylation to lyso-phosphatidic acid and phosphatidic acid
(PA) (4, 5).

Insulin secretion from the pancreatic B cell is stimulated by
fuels, neurotransmitters, and hormones (6). The question
therefore arises as to how metabolic stimulation and surface
receptor activation lead to the same final event, namely en-
hanced exocytosis of secretory granules. It is generally believed
that the triggering of the insulin secretory response requires
both a rise in cytosolic free Ca2' and the activation of protein
kinase C (7, 8). Carbachol acts via muscarinic receptors cou-
pled to phospholipase C to produce a rapid rise of inositol
1,4,5-trisphosphate (Ins1,4,5P3), which mobilizes Ca2' from
an intracellular store (3, 9-1 1). In contrast, the fuel secreta-
gogue glucose depolarizes the B cell membrane and elicits
electrical activity, which results in an increase of cytosolic free
Ca2+ by opening of voltage-dependent Ca2+ channels during
the action potentials (6, 7, 12). Less information is available
with regard to the activation of protein kinase Cduring carba-
chol- and glucose-stimulated insulin release. In pancreatic
islets and insulinoma cells, the synthetic DAG, l-oleoyl-2-ace-
tylglycerol, and the tumor promoter 12-O-tetradecanoyl phor-
bol 13-acetate have been shown to activate protein kinase C
and elicit insulin secretion (13, 14). Moreover, the involve-
ment of protein kinase C in the stimulation of islet cells by
glucose has recently been underscored by the identification of
several proteins, the phosphorylation of which is stimulated
both by glucose and by 12-O-tetradecanoylphorbol 13-acetate
(15). Because of this converging evidence we decided to inves-
tigate the early changes of the endogenous activator of protein
kinase C, i.e., DAG, during stimulation of pancreatic islets
with glucose. The effects of the fuel were compared to those of
the muscarinic agonist carbachol. Three experimental ap-
proaches were chosen. First, islet DAGwas isotopically labeled
by the means of [3H]glycerol. Secondly, DAGwas directly
measured by gas-liquid chromatography (GLC) yielding infor-
mation on total mass and fatty acid composition; the latter

1. Abbreviations used in this paper: DAG, 1,2-diacylglycerol(s);
Insl,4,5P3, inositol 1,4,5-trisphosphate; PA, phosphatidic acid; Ptdlns,
phosphatidylinositol; PtdIns4P, phosphatidylinositol 4-monophos-
phate; Ptdlns4,5P2, phosphatidylinositol 4,5-bisphosphate.
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may indicate the origin of secretagogue-induced DAG.
Thirdly, the incorporation of D-[U-'4C]glucose metabolites
into DAG-was followed during agonist stimulation. It was
found that both secretagogues raise DAG, albeit via different
mechanisms. Our results favor the conclusion that carbachol
stimulation of DAGresults from enhanced inositol phospho-
lipid breakdown, whereas glucose stimulation of DAGlevels is
primarily the consequence of enhanced de novo lipid synthesis.
These results were supported by measurements of inositol
phospholipids, which were either labeled by [3H]inositol or
[3H]glycerol and by following the incorporation of D-[U-14C]
glucose.

Methods

Pancreatic islets were isolated from male Wistar rats after collagenase
digestion and enrichment by centrifugation on a Ficoll gradient. After
collagenase digestion the tissue was washed twice and resuspended in
10 ml of a Ficoll solution (1.085 g/ml), and two layers of a Ficoll
solution (1.075 and 1.045 g/ml), 8 and 4 ml, respectively, were care-
fully layered on top. After a 10-min centrifugation (800 g at 200C) the
upper two layers and approximately one-third of the bottom layer were
diluted into 50 ml of a modified KRBcontaining 5 mMNaHCO3, 1
mMCaCl2, 10 mMHepes, 2.8 mMglucose, and 0.5% BSA and cen-
trifuged 2 min at 200 g. The supernatant was aspirated except for the
bottom 10 ml. 20 ml of Ficoll (1.16 g/ml) was added and the tissue was
thoroughly mixed. Then in succession 8 ml of Ficoll (1.085 g/ml) and 4
ml of Ficoll (1.045 g/ml) were carefully layered on top. After centrifu-
gation (20 min at 20°C, 455 g) the interphase between the Ficoll layer
1.045 and 1.085 g/ml contains virtually all the islets essentially free of
exocrine cell aggregates. This interphase was removed and diluted with
KRB (0.5% BSA) and islets were collected under a dissection micro-
scope.

Analysis of islet lipid metabolism using radioactive labeling. Neu-
tral lipids and phospholipids were labeled by maintaining batches of
400-500 islets for 48 h in 4 ml of medium 199 containing 10% heat-
inactivated newborn calf serum, 8.3 mMglucose, 400 IU/ml sodium
penicillin G, 200 ug/ml streptomycin sulfate, 50 gg/ml gentamycin,
and 5 ACi/ml [2-3H]glycerol or 5 MCi/ml myo [2-3H]inositol.

After labeling the islets were washed with the modified KRBcon-
taining 0.07% BSAor 1%heat-inactivated newborn calf serum (pH 7.4
at 37°C). Batches of 50-100 islets were preincubated at 37°C for 10
min in 250 ul of KRBcontaining 0.07% BSA and stimulated by the
addition of 250 Ail of doubly concentrated prewarmed agonist solutions
to yield appropriate final concentrations.

The incorporation of glucose-derived '4C into DAGwas assessed in
another group of experiments, in which islets were only prelabeled with
[2-3H]glycerol. After the 10-min preincubation at 37°C in 250 y1 of
isotope-free buffer, containing 1% heat-inactivated newborn calf
serum, the islets were stimulated with 250 uld of doubly concentrated
agonist solution in the presence of D[U-'4C]glucose at a final tracer
concentration of - 16 and 2.7 mCi/mmol corresponding to a final
glucose concentration of 2.8 and 16.7 mM, respectively.

For the determination of label incorporated into neutral lipids the
incubations were terminated by the addition of ice-cold chloroform/
methanol (1:2, vol/vol). For extraction, chloroform and distilled water
were added with vigorous mixing to obtain a final ratio of chloroform/
methanol/water (2:2:1) (16). After 30-60 min at 4°C, samples were
centrifuged (2,000 g, 5 min) and the aqueous layer was discarded. After
two washes with one part of chloroform and one of water, the solvent
lipid extract was evaporated to dryness under a gentle stream of nitro-
gen at room temperature. Samples were reconstituted in 50 ,1 of chlo-
roform/methanol/water (75:25:2) and DAGwere separated from other
lipids on silica gel G thin-layer plates, developed in benzene/ether/
ethanol/acetic acid (25:20:1:0.1) (17, 18). Neutral lipids were identified
by comigrating standards and visualized by iodine staining. Mono-
acylglycerols were identified as comigrating with monooleoylglycerol

(Rf 0.145±0.004), DAGwere identified as comigrating with 1,2-dipal-
mitoylglycerol (Rf 0.535±0.002) with 1,2-distearoylglycerol (Rf
0.546±0.002), 1,2-dioleoylglycerol (Rf 0.552±0.002). Note that 1,3-
dioleoylglycerol (Rf 0.581±0.003) separated well from DAGand that
free arachidonic acid (Rf 0.433±0.003) does not contaminate DAG.
Triacylglycerols were identified as comigrating with trioleoylglycerol
(Rf 0.681±0.002). Mono-, di-, and tri-acylglycerols were scraped from
the plates into scintillation vials and radioactivity was determined by
liquid scintillation counting.

For the determination of label incorporated into phospholipids the
incubations were stopped with chloroform/methanol/HCI 12 N
(200:100:0.75). The organic phase was then washed three times with
chloroform/methanol/HCl 0.6 N (3:48:47). After evaporation under
nitrogen, phospholipids were separated by thin-layer chromatography
(TLC) on silica gel G plates pretreated with potassium oxalate and
developed in a solvent system containing chloroform/methanol/ace-
tone/water/acetic acid (35:13:15:8:12). Inositol phospholipid stan-
dards, including phosphoinositides (PtdIns, PtdIns4P, PtdIns4,5P2,
-10Itg each) were added to each sample and visualized by iodine

staining (19). Corresponding areas were scraped off and radioactivity
was determined by liquid scintillation counting in the presence of 0.5
ml of water and 10 ml of hydroluma using an LS 7500 scintillation
counter (Beckman Instruments, Inc., Palo Alto, CA).

Analysis of total mass andfatty acid composition of DAGby GLC.
Batches of 250 freshly isolated islets were preincubated at 37°C in 900
,u of KRB(0,07% BSA) in the presence of 2.8 mMglucose for 30 min.
The stimulation was started by the addition of 100 MI of the same buffer
containing the test substances as described above and terminated ex-
actly as detailed for neutral lipids. For the purification of DAGidenti-
cal procedures as for labeled neutral lipids were followed. To preserve
unsaturated fatty acid species, butylated hydroxyltoluene 0.05% (wt/
vol) was present in the extracting solvent and in all subsequent solvent
systems. Furthermore, all manipulations were carried out at 4°C and
under nitrogen whenever possible. After the separation of DAGon
TLC (see above) the corresponding area was identified by visualization
of the DAGstandards, run in separate lanes on the same plate, under
ultraviolet light after spraying the plates with an ethanol solution of
rhodamine 6G. Rhodamine 6Gwas preferred to iodine to preserve the
integrity of the lipid molecules (20). The spots containing DAGwere
scraped and transferred into teflon-capped pyrex glass tubes. After
addition of 5 ml of methanol containing I% concentrated H2SO4(vol/
vol) tubes were flushed with nitrogen, and then transmethylation was
performed at 70°C for 3 h. Before and after transmethylation tubes
were weighed to detect possible evaporation. Fatty acid methylesters
were extracted twice with 3 ml of petroleum ether (b.p. 40-60°C).
Then an aliquot of the fatty acid methylesters was chromatographed
on a 200-cm glass column with an internal diameter of 3 mm. The
column was packed with 10% SP-2330 on 100/120 Chromosorb (W
AW). Analysis was performed on a Carlo Erba gas chromatograph
equipped with a flame ionization detector. Nitrogen was used as the
carrier gas at a flow rate of 24 ml/min. The column temperature was
set at- 180°C isotherm for 9 min and raised to 200°C by 3°C/min. The
gas chromatograph was calibrated using a standard mixture of methy-
lated fatty acids. Yields of reactions were determined by adding known
amounts of heneicosanoic methyl ester to the petroleum ether extrac-
tion just before GLC. Recovery of DAG, determined by processing
known amounts of standard DAGin parallel was found to be 82±3%.
Integration of GLCpeaks was performed using an integrator (model
3390, Hewlett-Packard Co., Palo Alto, CA).

This method is a modification of earlier described procedures (18,
21). To evaluate our methodology we also measured DAGin human
neutrophils and rat hepatocytes. In pancreatic islets we obtained a total
DAGcontent of 0.27±0.01 nmol per 100 islets (n = 10) corresponding
to 6 pmol/ug protein (assuming an average molecular weight of 625 for
DAGand 0.4 Mg of protein per islet). In hepatocytes we found a total
DAGcontent of 0. 19±0.01 nmol/mg wet weight (n = 11) correspond-
ing to 0.95 pmol/Mg protein. This can be compared to results published
for hepatocytes; one group reported 1.48 nmol/mg, wet weight of cells
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or 7.4 pmol/,sg protein (21) while another reported 0.21 nmol/mg wet
weight or I pmol/,g protein (22). Finally, we measured a value of
2.8±0.05 nmol/ 108 cells of total DAGin human neutrophils (n = 3),
close to the reported value for this cell type of 2 nmol DAG/108
cells (23).

Results are shown as mean±standard error for the number of
observations indicated. Statistical analysis was made by Student's t test
for unpaired data.

The sources of all materials were as previously described (24), ex-
cept for neutral lipid and phospholipid standards, carbachol, and
phospholipase C (Clostridium perfringens), which were purchased
from Sigma Chemie, Munich, Federal Republic of Germany (FRG).
All solvents of the best analytical grade commercially available, were
from Merck Darmstadt, FRG, as were the silica gel Gplates. Fatty acid
methylester standards and rhodamine 6G were from Supelco, Hous-
ton, TX. Isotopes were from Amersham International Plc, Bucks.,
United Kingdom.

Results

Glycerol labeling of DAG. DAGlabeling with [3H]glycerol
reaches a steady state after 48 h (160+24, 245+16, 221±24
cpm per 100 islets at 24, 48, and 72 h, respectively). Prolonged
labeling results in a condition close to isotopic equilibrium in
which alterations in radioactivity most likely reflect quantita-
tive changes, unless the isotopic conditions are perturbed upon
stimulation. Indeed, carbachol, which acts primarily to acti-
vate phospholipase C causes a rapid and sustained increase in
DAG. In contrast, glucose does not change 3H labeled DAG
(Fig. 1). This could be due to the perturbation of the isotopic
steady state by the increase in extracellular glucose. The in-
crease in extracellular glucose from 2.8 to 16.7 mMis known
to lead to massive acceleration of glucose metabolism (24):
unlabeled trioses from glycolysis could cause a chase of [3H]-
glycerol label from neutral lipids masking the overall increase
in DAG.
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Figure 1. Time-dependent changes of DAGin islets labeled to steady
state with [3H]glycerol after stimulation with carbachol (0.5 mM)
and glucose (16.7 mM). Islets were labeled in medium 199 contain-
ing 10% newborn calf serum, 8.3 mMglucose, a,nd 5 uCi/ml [2-3H]-
glycerol during 48 h. Groups of 50 islets were then preincubated at
37°C for 10 min in 250 ,u of KRBcontaining 0.07% BSAand then
stimulated with 250 ;LI of the same buffer containing agonists to yield
appropriate final concentrations. Reactions were stopped by the ad-
dition of chloroform/methanol and radioactivity in DAGwas deter-
mined after extraction and TLC as described in Methods. Control
islets incubated under identical conditions in the absence of stimula-
tors maintained stable levels of 3H-labeled DAGwhich averaged
119±6 cpm (n = 53). Shown are the mean±SE of 20-30 determina-
tions.

Rapid incorporation ofglucose metabolites into neutral and
phospholipids. The effects of glucose on the turnover of DAG
can be tested measuring acute DAGlabeling from D-[U-14C]-
glucose. To this end, islets labeled to steady state with [3H]-
glycerol are exposed to D-[U-'4C]glucose simultaneously with
stimulation. As is shown in Fig. 2, the transfer of '4C from
D-glucose to DAGis markedly enhanced at elevated glucose
levels, being stimulated five- and eight-fold at 1 and 30 min,
respectively. Stimulation by high glucose of "'C transfer from
glucose to DAGis unaffected by lowering of extracellular Ca2+
by addition of EGTA. However, it is inhibited by the addition
of mannoheptulose, an inhibitor of glucose metabolism that
blocks its phosphorylation in islets (25). The appearance of
glucose metabolites in neutral lipids is unaffected by stimuli
that enhance DAGlevels selectively. Neither carbachol (Fig. 1)
nor phospholipase C, the latter raising [3H]glycerol-labeled
DAGfrom 197±19 to 1088±123 (cpm/100 islets) in 1 min,
alter the transfer of label from glucose to neutral lipids (Fig. 2).

These experiments on "1C transfer were carried out in me-
dium containing 1 % heat-inactivated newborn calf serum
based on an earlier report in which the incorporation was
claimed to depend on the fatty acid availability (5). This de-
pendency was investigated in two experiments in which the
serum had been replaced by 0.07% BSA. Again, glucose stimu-
lation for 1 min resulted in a sixfold increase of "'C incorpora-
tion into DAG(data not shown). The effect of glucose is there-
fore not dependent on the presence of serum. The experiments
on "1C transfer thus confirm that glycolytic metabolites appear
very rapidly in neutral lipids. More importantly, they suggest
that at high glucose levels the de novo synthesis of lipids is
accelerated.

This is further substantiated by measurements of other
neutral lipids (Table I) and the most rapidly turning over phos-
pholipids, the inositol phospholipids (Fig. 3). Elevated glucose

G2.8mM i G16.7 mM CCh 0.5 mM Figure 2. Acute transfer
1 m of 14C from D-[U-14C]-
1 min 30 min glucose to DAGof rat

08 - pancreatic islets. Islets

7- were cultured as de-
scribed in the legend to

,, 3 - X Fig. 1. Batches of 100
2 islets were preincubated

52 - t for 10 min at 37°C in
250 !ul of KRBcontain-

ing 1% heat-inactivated
newborn calf serum and_ then acutely exposed to

, 1 mSn ~~~~~~D-[U-'4C]glucose by03 - n adding 250 ,ul of the
same buffer containing

2 - doubly concentrated ag-
onist concentrations. D-

1 _ _ B @ [U_'4C]glucose was

o I I I0 i , present at a final tracer
PLC EGTA MH concentration of - 16

and 2.7 mCi/mmol at a
glucose concentration of 2.8 and 16.7 mM, respectively. The final
concentration of phospholipase C (PLC) was 2 U/ml and that of
mannoheptulose (MH) 20 mM. The results for [3H]glycerol-labeled
DAGare given in Table I. Shown are the mean+SE (n = 6-9, upper
panel; n = 3, lower panel). The data were calculated based on the
specific radioactivity of glucose in the medium. G, glucose; CCh, car-
bachol.
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Table I. Effect of Glucose on Islet Neutral Lipids

Monoacylglycerols 1.2-Diacylglycerols Triacylglycerols

Glucose "3 14C 14C/3H 3 14C 14C/3H 3 14C 4C/3

mM cpm/100 islets

2.8 38±5 35±2 1.0 197±19 34±1 0.17 1833±251 26±2 0.0142
16.7 35±6 224±43$ 6.4 198±29 183±5* 0.92 1949±381 156±17* 0.08

Islets were steady-state labeled during culture with [3H]glycerol and acutely exposed to D-[U-'4C]glucose as described in the legend to Fig. 2. '4C
and 3H content of neutral lipids was determined from chloroform/methanol-extracted samples after further TLC separation. Incubations were
for 1 min. The results are shown as the mean±SE (n = 6-8). Statistically significant differences between glucose 2.8 and 16.7 mMare indicated:
*P<0.00l;*P<0.0I.

= G2.8mM 1Z G16.7mM _ CCh 0.5 mM

0c

0
C.)

0

0.
0

U)
0
C
C

C/)

0

Co
c-
co

>O
(1

cc

PIP2 PIP Pi

Figure 3. Effects of glucose and carbachol on islet inositol phospho-
lipids measured as changes in [3H]inositol or [3H]glycerol labeling
and as ["C] transfer from D-[U-"'C]glucose. Islet culture and incuba-
tion were as described in the legend to Fig. 2; 5 1Ci/ml of either [2-
3H]glycerol or myo [2-3H]inositol was present. Islets were exposed to
agonists and D-[U-"C]glucose for I min. Inositol phospholipids were
extracted with acidic chloroform/methanol and separated by TLC as
described in Methods. Shown are the means±SE (n = 6). The effect
of agonists on [3H]glycerol-labeled Ptdlns 4,5P2 and PtdIns4P was
significant; P < 0.05 and < 0.005 for glucose and carbachol, respec-
tively. Carbachol significantly decreased [3H]inositol-labeled
Ptdlns4,5P2, PtdIns4P, and Ptdlns (P < 0.001, < 0.005, < 0.05, re-
spectively). PIP2, Ptdlns4,5P2; PIP, PtdIns4P; PI, Ptdlns.

levels lead to a significantly enhanced incorporation of glucose
metabolites into monoacyl-, 1,2-diacyl-, and triacylglycerols
within the first minute of stimulation. Glucose stimulation
appears to enhance predominantly the incorporation of '4C
from glucose into the glycerol backbone of neutral lipids. This
is apparent from the fact that the '4C/3H ratio increases to a
similar extent five- to six-fold in mono-, di-, and triacylglyc-
erols reflecting the same enhancement of glucose metabolite
incorporation irrespective of the number of fatty acid side
chains (Table I).

The changes in neutral lipids occurring upon glucose stim-
ulation of cultured islets described above are paralleled by
changes in inositol phospholipids. Due probably to the rapid
turnover of these phospholipids, it is possible to monitor the
acute appearance of ["4C]glucose metabolites. Glucose stimu-
lation leads within the first minute to a six- to eight-fold in-
crease in inositol phospholipid labeling from glucose. All three
inositol phospholipids are labeled to the same extent suggest-
ing that the label appearing in PtdIns is extremely rapidly
reequilibrated into PtdIns4P and PtdIns4,5P2. Interestingly,
the stimulation of glucose carbon transfer into inositol phos-
pholipids is stimulated to the same degree by glucose as the
transfer into neutral lipids, suggesting a common underlying
pathway such as the de novo synthesis of PA, a precursor for
both PtdIns and DAG(Table I, Fig. 3) (5, 26).

The acceleration of glucose metabolism by elevated glu-
cose levels also perturbs the isotopic steady state in islet inosi-
tol phospholipids reached after prolonged exposure to [3H]-
glycerol. This is apparent from a reduction of 3H label in all the
inositol phospholipids (Fig. 3, middle panel). The failure to
observe enhanced [3H]glycerol-labeled DAGlevels after glu-
cose stimulation (Fig. 1) can also be explained by a chase of the
[3H]glycerol label from neutral as from phospholipids.

In contrast to glucose stimulation which leads to reduced
[3H]glycerol label in all three inositol phospholipids, carbachol
causes a selective loss of [3H]PtdIns4,5P2 and PtdIns4P. This is
not associated with increased incorporation of glucose-derived
'4C atoms and therefore represents a net breakdown of
Ptdlns4,5P2 (Fig. 3). Moreover, this decrease is greater than
that seen with glucose even when the isotopic dilution effect is
ignored, indicating that carbachol must induce a much greater
hydrolysis of Ptdlns4,5P2 than glucose. It appears that elevated
glucose levels and enhanced glucose metabolism accelerate the
incorporation of glucose metabolites into neutral and phos-
pholipids; however, it remains unclear whether de novo syn-
thesis rates of lipids are truly enhanced. The quantitative in-
crease in DAGlevels after glucose stimulation, described
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Table 11. Changes in Total Mass and Fatty Acid Composition of Islet DAGduring Carbachol or Glucose Stimulation

Incubation Arachidonic
Additions time n Total DAG Palmitic acid Stearic acid Oleic acid acid

s ng/100 islets

Carbachol 0.5 mM 10 7 126±15* 29±12 54±13* 5±2 40±6t
60 2 119 54 16 14 24

300 6 100±20* 72±11* 16±5 0±2 24±4
Glucose 16.7 mM 300 10 87±17* 74±13* 15±11 1±2 7±2.8

Islets were incubated in KRB(0.07% BSA) containing glucose 2.8 or 16.7 mM, or carbachol 0.5 mMin the presence of 2.8 mMglucose for the
time indicated. After chloroform/methanol extraction, islet DAGwere analyzed by TLC, transmethylation, and GLCas described under
Methods. Results are shown as incremental changes of total mass and the fatty acids, respectively (expressed as the delta fatty acid mass derived
from DAGper 100 islets) and are the means±SE. Total DAG-derived fatty acid mass of unstimulated samples averaged 202±7, 187±9,
200±22, and 166±7 ng per 100 islets at 10, 60, 300, and 300 s respectively. Islets incubated for 5 min in the presence of 2.8 mMglucose con-
tained 49±7, 39±3, 40±4, and 37±5 ng for palmitic, stearic, oleic, and arachidonic acid, respectively. Values significantly different from con-
trol are indicated: *P < 0.001; $P < 0.05.

below, strongly supports the idea of an acceleration of de novo
synthesis of lipids possibly triggered by the increase in glucose
metabolites.

This contention is further substantiated from the results of
[3H]inositol labeling of islet phospholipids shown in Fig. 3
(upper panel). Under these conditions only carbachol causes
decreases in all three inositol-phospholipids. In contrast, glu-
cose stimulation does not result in any change in the steady-
state labeled [3H]inositol phospholipids. This does not mean
that glucose is unable to cause hydrolysis of Ptdlns4,5P2, since
under the same labeling conditions small increases of
Ins1,4,5P3 have been demonstrated which are smaller than
those induced by carbachol (27). These apparently discrepant
results, i.e., Insl,4,5P3 production without changes in
Ptdlns4,5P2 levels can be explained by the availability of [3H]-
inositol for the resynthesis of the inositol phospholipids. It
should be pointed out that we did not alter the steady-state
labeling conditions adding nonradioactive inositol. In view of
these difficulties it is commendable to measure islet-lipid mass
by techniques not involving isotopic labeling. Such an ap-
proach was recently reported for the major phospholipid
classes investigated after 30 min of glucose stimulation (28). As
there was no change in PtdIns, we have focused our study on
the changes in DAGand its fatty acid composition, in an
attempt to substantiate further the difference in glucose and
carbachol-induced generation of DAG. The changes in this
lipid were assessed in a limited number of experiments.

Biphasic alteration in islet DAGafter muscarinic receptor
activation. The determination of fatty acids in DAGby GLC
allows the assessment of quantitative changes in DAGlevels,
as well as alterations in the overall distribution of different
fatty acid species in DAG.

Four major species of fatty acids were identified, i.e., pal-
mitic acid (C 16:0), stearic acid (C 18:0), oleic acid (C1 8:1), and
arachidonic acid (C20:4), which are present in approximately
equal amounts in islets maintained for 5 min in KRBwith low
glucose (2.8 mM)(Table II).

Stimulation of islets with carbachol leads without an ap-
parent lag to an elevation of total DAGmass by - 60% and
significantly enhanced DAGlevels are maintained for at least
5 min. Carbachol is known to accelerate phosphodiesteratic
cleavage of PtdInsP2 (7, 11, 27, 29, 30). This cleavage should

yield DAGcontaining preferentially stearate and arachidon-
ate, since the inositol phospholipids exhibit this fatty acid
composition (31). In Table II it is shown that this is indeed the
case for early times after carbachol addition: 10 s after stimula-
tion, both arachidonate and stearate levels in DAGare signifi-
cantly (P < 0.05) enhanced. However, the rise in these DAG
species is transient, since the levels are reduced at 1 and 5 min
relative to the peak value and remain only slightly higher than
control. The persistent elevation of total DAGlevels is due to
palmitic acid containing DAGthe level of which rises contin-
uously- during the first 5 min of carbachol stimulation.

The response of DAGto carbachol stimulation is thus bi-
phasic, a feature only appreciable from the detailed analysis of
fatty acid content. The first transient phase of the response is
consistent with the activation of PtdInsP2 phosphodiesterase
yielding the corresponding DAGspecies presumably in the
plasma membrane. The second phase is a maintained eleva-
tion of palmitic acid containing DAG.

Glucose stimulation enhances DAGmass. The time course
of alterations in DAGmass during stimulation with 16.7 mM
glucose was assessed in one experiment performed in dupli-
cate.2 As is shown in Fig. 4, glucose stimulation of rat pancre-
atic islets results in an increase in the total mass of DAG. This
increase occurs after a lag of 30 s such that at 1 min DAGlevels
are raised by > 50%, and elevated DAGlevels are maintained
for at least 10 min.

Glucose stimulation causes a significant alteration of the
fatty acid composition of DAG. The fatty acid composition of
islet DAGwas analyzed after 5 min of glucose stimulation
(Table II). Glucose enhances DAGcontaining palmitic acid
and a slight but not significant rise in stearic acid containing
DAG, whereas the oleic acid and arachidonic acid content of
DAGis unaltered by sustained glucose stimulation. Conse-
quently, the overall fatty acid composition of DAGis mark-
edly changed resulting in a predominantly (43%) palmitic acid
containing species. As anticipated from the data in Fig. 4, the
increase in palmitic and stearic acid containing DAGadd up
to an overall enhancement of DAGlevels by 54% (Table II).

2. Glucose stimulation is defined as an increase in the glucose concen-
tration of the medium from a basal value (2.8 mM) to a level which
maximally stimulates insulin secretion (16.7 mM).
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Figure 4. Time course of changes in DAGmass after glucose stimu-
lation of pancreatic islets. Batches of 250 isolated islets were preincu-
bated at 37°C in KRBcontaining 0.07% BSA in the presence of 2.8
mMglucose for 30 min. Islets were stimulated at time zero by the
addition of the same buffer containing glucose to yield a final con-
centration of 16.7 mM. Total mass of generated DAGwas measured
by GLCof fatty acid methylesters derived from chloroform/metha-
nol-extracted and TLC-purified DAG.

In summary, DAGlevels in pancreatic islets appear to be
enhanced during stimulation by at least two mechanisms, the
first being the phosphodiesteratic cleavage of PtdInsP2, the
second most probably related to enhanced de novo synthesis of
phospholipids and neutral lipids. Receptor mediated activa-
tion of B cells can trigger both mechanisms whereas metabolic
stimulation of DAGlevels reflects predominantly enhanced de
novo synthesis.

Discussion

Increased turnover of inositol phospholipids is known to give
rise to the two second messengers DAGand Insl,4,5P3 (3).
While many studies have addressed the latter compound, in-
formation on DAGformation is restricted to the two reports in
intact pancreatic endocrine cells (32) and islet cell membranes
(33), in which the compound has been measured by prelabel-
ing neonatal islets with ('4C]arachidonic acid. The present
study demonstrates for the first time that DAGmass and DAG
fatty acid composition are differentially affected by glucose
and carbachol.

At first sight, the additional observation that glucose fails to
increase [3H]glycerol containing DAGseems surprising, but is
probably explained by the high glycolytic rate in islets and the
formation of unlabeled triose-phosphates which would dilute
the [3H]glycerol pool during glucose exposure. This idea was
reinforced by the demonstration that radioactive glucose car-
bon can be detected in DAGas early as 1 min after stimula-
tion. Furthermore, mannoheptulose, a potent inhibitor of glu-
cose phosphorylation (25) completely blocks the incorporation
of glucose carbon, thereby attesting to the specificity of this
effect. It is also of interest that the incorporation is not affected
by the omission of extracellular Ca2", a maneuver which does
not inhibit glucose metabolism by the islets (24). Stimulation
of phospholipid breakdown leading to an increase in DAG
formation does not favor glucose carbon incorporation. Thus
the addition of exogenous phospholipase C which raises DAG
levels fivefold and has been shown to stimulate insulin release
(34, 35) does not increase glucose-derived 14C labeling of

DAG. Similarly, activation of endogenous phospholipase C,
best achieved in insulin secreting cells by carbachol (1 1, 27,
29), does not enhance transfer of 14C from glucose to DAGat
an early time point (1 min). Indeed, muscarinic receptor ago-
nists have been suggested to increase glycolytic flux in islets
only at later time points (36). In three studies with islets at-
tempts have been made to analyze PA, which is both a precur-
sor and a metabolite of DAG. In one of these reports, phospho-
lipids were prelabeled to apparent steady state with 32P. Glu-
cose elicited an early and sustained increase in PA, reflecting
de novo synthesis of the DAGprecursor (26). Another study
where both glucose and carbachol increased 32p labeling of
islet PA is difficult to interpret because of the non-steady-state
labeling conditions (37). The results may either reflect in-
creased turnover through the phosphatidylinositol cycle or de
novo synthesis. The same criticism pertains to another report
where carbachol and glucose increased [3H]glycerol labeling of
PA during a 90-min incubation (38).

It should be noted that a sizeable amount, - 0.6% and
1.7% of total glucose utilization at 2.8 and 16.7 mMglucose,
respectively, is recovered in DAGat 1 min. This calculation is
based on the data of Janjic and Wollheim (24). A similar rate
of incorporation into triacylglycerols has been reported for
glucose-stimulated ob/ob mouse islets (4). However, in neona-
tal islets a much larger fraction of glucose carbon was recov-
ered in DAG(5), more than can be accounted for by the higher
rate of glucose metabolism in such islets (39). Our data (Table
I) suggest that a large proportion of the acutely incorporated
glucose carbon is associated with the glycerol backbone and
not with the acyl chains of DAG. In addition, in glucose-stim-
ulated ob/ob mouse islets < 4% of the radioactivity incorpo-
rated from [14C]glucose into neutral lipids was recovered in the
fatty acid moieties even after 3 h of incubation (4). Moreover,
the findings that phosphatidate phosphohydrolase activity,
catalyzing the dephosphorylation of PA to DAGis stimulated
in islets preexposed to glucose, lends further support to the
idea that this pathway is operative in stimulated islets (40).

Radioactive labeling techniques can yield some informa-
tion about the turnover of DAG. However, to obtain quanti-
tative data on DAGmass and fatty acid composition a time-
consuming multistep analysis involving DAGisolation, trans-
methylation, and GLCwas necessary. The complexity of this
analysis limits the number of data points. Glucose elicits max-
imal increases in islet DAGat 1 min and this level remained
elevated for 10 min. Interestingly, there is no increase after 30 s
of exposure to glucose. Indeed, glucose metabolism in isolated
islets is stimulated around this time point, but insulin release
lags behind (6, 41). However, in studies on the perfused pan-
creas, it was not possible to dissociate the accumulation of
intermediates such as dihydroxyacetonephosphate from the
secretory response already observed at 24 s (42). In islets stim-
ulated for 5 min with 16.7 mMglucose, analysis of the fatty
acid composition of DAGwas performed and showed a pre-
dominance of palmitic acid. This is consistent with an in-
creased palmitic acid incorporation into islet neutral and phos-
pholipids after long-term glucose stimulation (43).

Carbachol also increases total islet DAGto a similar extent
as glucose, but in this case the increase is already observed at
10 s. The fatty acid composition of DAGvaries as a function of
time of exposure to carbachol. The inositol phospholipids of
many tissues are characterised by a preferential 1 -stearoyl 2-
arachidonoyl fatty acid composition at the sn-glycerol back-
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bone (31). This pattern was found in DAGat the early (10 s)
time point, whereas at 5 min palmitic acid-enriched DAG
predominated. The early change is therefore compatible with
the well-documented rapid breakdown of inositol phospho-
lipids in response to carbachol (11, 27, 29, 30). The predomi-
nance of palmitic acid containing DAGafter prolonged incu-
bation with carbachol may reflect increased glycolysis which
has been reported to occur after continuous exposure to mus-
carinic agonists (36). Moreover, a source other than inositol
phospholipids has been implemented in the sustained increase
of DAGseen in other tissues in response to receptor agonists
(44-46).

Only limited information is available on receptor-agonist
induced changes in fatty acid composition of DAGin other
tissues. In vasopressin stimulated hepatocytes one laboratory
reported enrichement in both stearic and arachidonic acid
after 1 min of exposure to the agonist (21), while another
found increases in stearic and less changes in arachidonic acid
content (22). However the smaller increase of arachidonic acid
could have been due to oxidation of this labile fatty acid during
the HPLCpurification. On the other hand, DAGin human
neutrophils after activation with the chemotactic peptide
formylmethionyl-leucyl-phenylalanine did not display the
fatty acid pattern expected from inositol phospholipid break-
down at early time points, suggesting a distinct precursor for
DAG(23).

Glucose and carbachol appear to trigger distinct mecha-
nisms leading to enhanced DAGlevels. Although glucose gen-
erates some InsP3 by Ptdlns4,5P2 hydrolysis the effect is less
marked than that of carbachol (27, 29, 47). Glucose stimula-
tion of Ptdlns4,5P2 hydrolysis appears to depend on the pres-
ence of extracellular Ca2+ (7, 27, 48, 49). This Ca>2 depen-
dency is consistent with a Ca2+-mediated activation of phos-
pholipase C (27, 50). Our data on the enhanced generation of
DAGby glucose are not contradictory to the above observa-
tions but indicate that only a minor portion is derived from
inositol phospholipid hydrolysis. This conclusion, is supported
by our measurements of inositol phospholipids where carba-
chol caused a larger drop in glycerol-labeled polyphosphoino-
sitides than glucose. Taking into account the demonstrated
isotope dilution after glucose stimulation the real decrease
must be even smaller (Fig. 3, upper panel). In fact, after label-
ing with [3H]inositol, glucose-induced PtdInsP2 hydrolysis is
not detectable as a lowering of [3H]PtdInsP2 levels.

In conclusion, the present study provides clear evidence
that both the nutrient secretagogue glucose and the receptor
agonist carbachol increase DAGin pancreatic islets, assessed
directly as changes in mass and consistent with the observed
alterations in turnover rates. In the case of carbachol, the gen-
eration of DAGearly after stimulation arises from enhanced
hydrolysis of inositol phospholipids with a concomitant rise in
Insl,4,5P3 (27, 29, 47). Glucose generates DAGmainly by
stimulating its de novo synthesis. Based on the fatty acid com-
position of glucose-generated DAG, Ptdlns4,5P2 hydrolysis
does not seem to contribute to a significant extent to the in-
crease in DAGmass. Because of the different pathways of
DAGgeneration the question arises whether the compound
serves the same second messenger function in carbachol and
glucose stimulated insulin release. Receptor agonist-induced
DAGis generated in the plasma membrane which could also
occur after the transfer of newly synthesized PA to the mem-
brane. Indeed, phosphatidate phosphohydrolase has been sug-

gested to be a plasma membrane-associated enzyme in islets
(40). Finally, glucose appears to activate protein kinase C with
a similar time course to DAGgeneration, as judged from pro-
tein phosphorylation patterns in intact islets (15). The con-
verging evidence as well as the time course of changes in total
DAGmass support the contention that DAGacts as a second
messenger in both fuel- and receptor-mediated insulin secre-
tion.
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