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There is an increasing number of examples of cells
which, upon activation, display enhanced turnover of
phospholipids, particularly the inositol-containing lip-
ids and phosphatidic acid. Such an effect, commonly
referred to as the phosphatidylinositol or PI effect, was
first demonstrated in pancreactic exocrine tissue by Ho-
kin and Hokin [1]. Subsequently, the list of examples of
this effect has been extended to include a wide spec-
trum of agonist-receptor interactions and an even more
diverse range of biological responses, including propa-
gation of nerve impulses, cell motility, cell division and
differentiation, and exocytosis. This topic has been ex-
tensively surveyed in recent years, notably by Michell
and co-workers [2-4], Hawthorne et al. [5, 6], Berridge
[71 and Putney [8]. The aim of this review is to examine
the evidence for enhanced phospholipid metabolism in
pancreatic islets during stimulation and to speculate up-
on the possible role(s) that phospholipids may play in
stimulus-secretion coupling.

Nature of the Phosphatidylinositol Effect

Figure 1 shows a simplified scheme for phospholipid
interconversions in mammalian tissues, diacylglycerol
forming an important intermediate both in the metabo-
lism of phosphatidylcholine and phosphatidylethanol-
amine, and in the phosphatidylinositol cycle. Enhanced
phospholipid metabolism during stimulation is gener-
ally confined to phosphatidic acid and the inositol-con-
taining lipids. The key step in triggering turnover of the
phosphatidylinositol cycle may be the breakdown of
this lipid to diacylglycerol [2, 3, 6, 8] or as suggested by
recent studies [7, 9, 10], the breakdown of one or both of
the polyphosphoinositides (phosphatidylinositol-4-

phosphate and phosphatidylinositol-4,5-bisphosphate)
via specific phospholipases C.

Studies of enhanced phospholipid turnover in cells
are often based on the use of radioactive precursors
(e.g. 3*PO,*~, *H-glycerol, *H-inositol, labelled fatty ac-
ids). The rate of incorporation of precursor into lipid
can be measured in the presence or absence of stimulus,
providing an index of phospholipid synthesis (or resyn-
thesis following breakdown). Alternatively, to assess
phospholipid breakdown, the phospholipids may be
prelabelled close to isotopic equilibrium, the unincor-
porated label removed and the tissue subsequently stim-
ulated. These techniques should be combined ideally
with measurements of phospholipid concentrations by
chemical analysis. However, the limited amounts of tis-
sue available using islets of Langerhans present consid-
erable technical difficulties in measuring individual
phospholipids, particularly those (such as the phos-
phoinositides) which constitute only a small proportion
of the total cellular lipid.

Enhanced Phospholipid Metabolism in Pancreatic Islets

In a study of *?P-labelling of phospholipids in obese
mouse islets, Fex and Lernmark [11] first showed that
glucose caused increased labelling, most markedly in a
fraction containing phosphatidylinositol and phos-
phatidylserine. Freinkel et al. [12, 13] also noted that
glucose stimulated 3?P-labelling of phosphatidylinosi-
tol, phosphatidic acid and phosphatidylethanolamine
in rat islets. Tanigawa et al. [14] have shown recently
that glucose results in a specific stimulation of
phosphatidylinositol labelling when islet nucleotide
pools are pre-labelled with *>P before stimulation. We
have confirmed this finding and also demonstrated en-
hanced labelling in response to glucose of phosphatidic
acid and the polyphosphoinositides [15], additional
components of the phosphatidylinositol cycle.
Montague and Parkin [16] demonstrated that glu-
cose caused a depletion in radioactivity associated with
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phospholipids in islets which had been prelabelled with
3H-glycerol. This fall in phospholipid-bound radioac-
tivity was apparent in all phospholipid fractions and
therefore may not correspond to the specific stimu-
fation of turnover of the phosphatidylinositol cycle.

Using islets pre-labelled with *H-inositol, which is
incorporated solely into the inositol-containing lipids,
Clements and Rhoten [17] observed a fall in lipid-bound
radioactivity upon subsequent exposure of rat islets to
glucose, together with an increase in the release of wa-
ter-soluble *H-inositol-derived products. These authors
suggested that glucose-induced insulin secretion was as-
sociated with accelerated phosphatidylinositol metabo-
lism. Since the polyphosphoinositides were apparently
poorly labelled in this study, the contribution of these
lipids to such an effect could not be assessed.

Secretagogues which Stimulate
Islet Phospholipid Metabolism

In certain tissues, enhanced phospholipid metabolism
is only observed upon stimulation with certain classes
of stimuli (e.g. cholinergic or a-adrenergic agonists),
suggesting that the phenomenon is not simply a second-
ary, non-specific response to cell activation, but may
play an important role in the cellular response to those
stimuli. The evidence summarised in the previous sec-
tion indicates that glucose causes a marked stimulation
of islet phospholipid turnover, particularly that of the
phosphatidylinositol cycle. The list of secretagogues
which also exert such an effect has been extended by
Clements et al. [18] to include a number of stimulatory
carbohydrates and also tolbutamide, ouabain and iso-
proterenol. No stimulatory effects were seen, however,
with insulinotropic amino acids. In contrast, Fex and
Lernmark [19] reported that leucine and arginine,
though not glibenclamide, caused increased 32P-label-
ling of phosphatidylinositol. We have recently obtained
evidence [20] that enhanced **P-labelling of phosphatid-
ic acid and the phosphoinositides occurs in response to
nutrient secretagogues, such as glucose and a-ketoiso-
caproate, and also those substances (e. g. 3-phenylpyru-
vate and 2-amino-2-carboxyl-bicycloheptane) which
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Fig. 1. Schematic diagram of meta-
bolic interconversions of phospho-
lipids in mammalian tissues

promote the metabolism of endogenous nutrients in is-
lets [21--24]. The concentration-response curve for phos-
phatidylinositol labelling in response to glucose was
found to closely resemble that previously reported for
islet NAD(P)H levels [25]. In addition, enhanced phos-
pholipid labelling was found to be markedly impaired
by menadione, a drug previously shown to reduce islet
NAD(P)H levels without affecting those of ATP [26].
These observations suggest that stimulated turnover of
the phosphatidylinositol cycle by nutrient secreta-
gogues may result from generation of reduced nicotin-
amide nucleotides following metabolism of these nu-
trients.

We have also observed stimulated **P-labelling of is-
let phospholipids in response to carbamylcholine and
to cholecystokinin-pancreozymin, whereas no signifi-
cant effects were found with arginine, glibenclamide,
glucagon or thyrotropin [27]. Thus, in common with
several other tissues including exocrine pancreas [28],
stimulated turnover of the phosphatidylinositol cycle in
islets can be triggered by hormone-neurotransmitter
stimuli. In addition, pancreatic islets provide one, if not
the only example of a tissue in which accelerated phos-
pholipid metabolism occurs in response to a metabolic
signal.

Time Course, Initial Event and Intracellular Location
of Stimulated Phespholipid Turnover

If stimulated phospholipid metabolism is involved in
stimulus-secretion coupling in islets, altered phospho-
lipid labelling and/ or levels upon stimulation should be
detectable before, or at least in parallel to, the secretory
response. Fex and Lernmark [11] failed to detect a sig-
nificant increase in **P-labelling of phospholipids with-
in 10 min of exposure to high glucose concentrations,
and concluded that the effect was probably related to a
later phase of insulin secretion. However, as pointed out
by Clements and Rhoten [17], the measurement of 3*P-
incorporation into lipids essentially monitors resynthe-
sis of lipids, as opposed to breakdown which may be the
initial event in enhanced phospholipid turnover. Using
islets pre-labelled with 3H-inositol, Clements and Rho-
ten [17] were able to demonstrate a loss of lipid-bound
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radioactivity (presumably reflecting phosphoinositide
breakdown) 2 min after stimulation with glucose. We
have observed that islets pre-labelled with 32P show a
rapid, marked accumulation of **P-phosphatidic acid
upon stimulation with carbamylcholine [27]. Further-
more, islets pre-labelled with *H-inositol also show an
equally rapid production of *H-inositol phosphates up-
on treatment with carbamylcholine [29], suggesting that
phosphoinositide breakdown to diacylglycerol may be
an early, possibly the initial event, in cholinergic-medi-
ated phospholipid turnover in islets. Which of the phos-
phoinositides is primarily broken down remains to be
established. In the case of nutrient stimuli (e. g. glucose),
there may be an additional effect on phospholipid bio-
synthesis [30]. Different mechanisms of activation
would perhaps not be surprising when one considers
the nature of these two types of stimulus. Neurotrans-
mitters (and possibly some hormones), acting through
plasma-membrane-bound receptors, presumably trigger
an event at, or close to the cell surface. On the other
hand, nutrient secretagogues undergo intracellular me-
tabolism, and may thus influence phospholipid turn-
over at an intracellular location. In an attempt to local-
ise altered islet phosphoinositide metabolism upon
glucose stimulation, Clements et al. [31] subjected *H-
inositol-prelabelled rat islets to subcellular fractiona-
tion following a 30 min incubation in the presence or
absence of glucose. It was found that glucose produced
a significant fall in radioactivity associated with the se-
cretory granule fraction, and these authors suggested
that phosphatidylinositol breakdown in the B-granule
membrane in response to glucose could play a role in
the migration and/or fusion of the granule with the
plasma membrane during exocytosis. However, this
study did not report whether any changes occurred in
label associated with the plasma membrane fraction. In
addition, it is possible that considerable redistribution
of label could have occurred between various cellular
lipid pools during a 30-min period of incubation with
glucose. Thus, the most heavily labelled fraction (in this
study, the secretory granules) might be expected to
show the greatest change in radioactivity, though this
would not necessarily prove that the initial step in stim-
ulated phospholipid metabolism occurred in, or was
limited to the secretory granule membrane. A further
difficulty in this type of study is the lability of phospho-
lipids - particularly the polyphosphoinositides - fol-
lowing cell homogenisation [9]. These factors pose seri-
ous obstacles to the subcellular location of enhanced
phospholipid turnover.

Interrelationships between
Stimulated Phosphatidylinositol Metabolism
and Calcium Mobilisation in Islets

A considerable amount of effort into the investigation
of phosphatidylinositol metabolism has been motivated
by the hypothesis forwarded by Michell in 1975 [2] that

301

enhanced turnover of this phospholipid may be in-
volved in some way in the regulation of calcium mobili-
sation during cell activation. If such a relationship
exists, it would be expected that altered phospholipid
metabolism would not itself be dependent upon cal-
cium mobilisation. A large number of studies offer evi-
dence both in support [7, 8, 10] and otherwise [32, 33] of
Michell’s hypothesis.

In pancreatic islets, Freinkel and Cohanim [12] first
reported that enhanced *?P-labelling of phospholipids
in response to glucose persisted in the absence of added
Ca’*, whereas insulin secretion was impaired. These
authors concluded that altered phospholipid metabo-
lism occurred prior to the calcium-dependent aspects of
secretion. Berne [30] also noted that the biosynthesis of
phospholipids from “C-glucose in mouse islets was un-
impaired by the omission of Ca’>*. However, Clements
et al. [18] later reported that the fall in lipid-bound
radioactivity in *H-inositol-labelled rat islets following
glucose stimulation was prevented by EGTA, Ca’* or
by Ni?*, which were believed to inhibit calcium fluxes.
It was suggested from these observations that glucose-
induced phosphatidylinositol hydrolysis resulted from
transmembrane movement of Ca?*, or from increased
cytosolic Ca** concentrations. However, it is paradoxi-
cal that in the same study, these authors failed to dem-
onstrate effects comparable to glucose on phosphatidyl-
inositol metabolism of secretagogues such as «-keto-
isocaproate, leucine and arginine which have also been
shown to trigger calcium uptake in istets [34-36]. We
have recently shown that enhanced 3?P-labelling of
phosphatidylinositol in rat islets in response to either
neurotransmitter [27] or nutrient [15, 20] secretagogues
persists in the absence of added Ca’*; conditions
known to impair insulin secretion [37, 38]. In contrast,
increased phospholipid labelling by either type of stim-
ulus was markedly reduced by the addition of excess
EDTA. We suggested consequently that at least one
step in the phosphatidylinositol cycle in islets is Ca?*-
dependent, but that initiation of turnover of the cycle
does not itself result from increased calcium uptake into
the islet. In support of this conclusion, we have been un-
able to detect enhanced phosphatidylinositol labelling
in response to either ionophore A23187 or Ba**, both of
which are thought to trigger insulin secretion via a rise
in cytosolic Ca?™ levels [39, 40].

The distinction between calcium-dependent and
calcium-activated processes is an important one, and
may to some extent explain the apparent inconsisten-
cies which appear in the literature relating to this topic.
Thus, it is still conceivable that stimulated phospholipid
metabolism in islets is linked in some way to the regula-
tion of calcium movements, and a number of mecha-
nisms have been proposed as to how such a control
might be achieved. It is well-known that phospholipids,
particularly the phosphoinositides which contain a po-
lar, acidic head-group, are powerful chelators of diva-
lent cations. It is conceivable, therefore, that the cleav-
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Fig.2. Possible mechanisms of arachidonic acid release from mem-
brane phospholipids

age of this head-group by a phospholipase C may
release a proportion of divalent cations bound in the
membrane, and might also result in a marked change in
permeability of the membrane to cations [7, 10]. An ad-
ditional, or alternative mechanism whereby phospho-
lipid breakdown may trigger calcium mobilisation is
through the formation of endogenous ionophoretic sub-
stances [7, 8]. One potential candidate for such a com-
pound is phosphatidic acid which has been shown to
possess potent ionophoretic activity in artificial systems
[41]. It is interesting to note that Dunlop et al. [42] have
recently demonstrated a correlation between phospha-
tidic acid levels, ionophoretic activity and glucose-in-
duced insulin secretion in rat islets during the post-natal
period. Phosphatidic acid may thus be an important
component of the ionophoretic activity demonstrated in
organic extracts of rat islets [43-46].

Whilst a link between accelerated phospholipid
turnover and calcium mobilisation is an attractive possi-
bility, there is no shortage of alternative suggestions
concerning the role of the former in cell regulation. For
instance, the hydrolysis of phospholipid to diacylglyc-
erol may have an effect on membrane fluidity [32] and
facilitate membrane fusion at the exocytotic site [47]. In-
deed, glucose has been shown to increase membrane
fluidity in pancreatic islet cells [48]. Another possible
link between the formation of diacylglycerol and the
stimulation of hormone secretion arises from the dis-
covery of Ca?*-activated, phospholipid-dependent pro-
tein kinase (C-kinase) which can be activated by diacyl-
glycerol [49]. This enzyme was recently identified in
pancreatic islets, and its activation by diacylglycerol de-
rived from phosphatidylinositol proposed to play a role
in glucose-induced insulin secretion [14].

The discovery that a large proportion of the inositol-
phosphates derived from phosphoinositide breakdown
was in the form of inositol-1,2-cyclic monophosphate
[50] lead to the suggestion that this nucleotide might
play a second messenger role in a manner analogous to
cyclic AMP [51]. However, investigations to date have
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failed to provide conclusive evidence in favour of this
hypothesis [52].

The Release and Metabolism of Arachidonic Acid
in Pancreatic Islets

The liberation of arachidonic acid for the synthesis of
prostaglandins and lipoxygenation products is a proc-
ess which is entirely dependent upon phospholipid
breakdown. In mammalian cells, virtually all of the ara-
chidonate is esterified in the 2-position of phospholip-
ids and must be enzymatically cleaved before subse-
quent metabolism of the fatty acid can occur. It is
generally believed that arachidonate release results
from activation of a phospholipase A, (Fig.2).

In a recent study, Laychock [53] has described a
phospholipase A, activity in islets which is stimulated
upon prior exposure of islets to glucose. This author has
also reported that glucose stimulates the incorporation
of C-arachidonic acid into certain islet phospholipids
and suggested that enhanced exchange of the fatty acid
may result from phospholipase A, activation by the sug-
ar [54]. Yamamoto et al. [55] have shown that two pur-
ported inhibitors of phospholipase A, - mepacrine and
bromophenacylbromide - also reduce insulin secretion
in response to the tumour promoter 12-0-tetradecanoyl-
phorbol-13-acetate. However, the production of ara-
chidonic acid or its metabolites was not assessed in this
study, and the specificity of these drugs as inhibitors of
phospholipase A, also remains to be established.

In recent years, Lapetina and his colleagues have
elaborated a scheme whereby the regulation of arachi-
donate release is intimately associated with turnover of
the phosphatidylinositol cycle (Fig.2; [56]). These work-
ers have suggested that the formation of phosphatidic
acid subsequent to phosphoinositide hydrolysis may ac-
tivate phospholipase A,, either directly or as a result of
calcium mobilisation. This enzyme would then be re-
sponsible for cleaving arachidonate from phospholip-
ids. It is not known whether this scheme represents a
general mechanism for arachidonate liberation in mam-
malian tissues, but it might in part explain why the stim-
ulation of islets by secretagogues such as glucose, which
promote enhanced turnover of the phosphatidylinositol
cycle, is often associated with the production of metab-
olites of arachidonic acid [57, 58].

The role of these arachidonic acid metabolites in is-
let function has also been the subject of a large number
of investigations, and several reviews have dealt with
this topic [57-60]. Initially, the literature relating to ara-
chidonic acid metabolites and islet function can be con-
fusing and appear contradictory. For example, the ma-
jority of in vivo studies indicate that prostaglandins may
act as inhibitors of insulin secretion [59, 61-63]. In con-
trast, several reports have shown that in vitro, prostag-
landins can exert a positive effect on insulin secretion
[58-60]. One possible explanation for these discrepan-
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cies may be that prostaglandins can induce both stimu-
latory or inhibitory effects on insulin secretion depend-
ing on the concentration of prostaglandin to which the
islet is exposed. This phenomenon of bell-shaped dose-
response curves is well-documented in prostaglandin
pharmacology [64]. Other factors which may be impor-
tant include type and concentration of secretagogue
used [57], secondary effects of prostaglandins on the is-
let via changes in vascular supply or the release of other
hormones or neurotransmitters [59, 60] and the unprov-
en specificity of drugs used in several studies. The latter
is particularly important since there is evidence that in-
hibition at different levels in the arachidonic acid meta-
bolic cascade may result in different effects on insulin
secretion [58]. For example, in a recent study, Yamamo-
to et al. [65] have provided evidence that the metabolism
of arachidonic acid via the lipoxygenase pathway, in
addition to the cyclo-oxygenase pathway, may be an im-
portant determinant in the regulation of glucose-in-
duced insulin secretion. Thus, it is possible that cyclo-
oxygenase products inhibit whereas lipoxygenase prod-
ucts stimulate insulin secretion [66-68}. In any case, the
accumulating evidence suggests strongly that metabo-
lites of arachidonic acid do play a role in islet function
although they now appear more likely to act as modula-
tors than as mediators [58].

One interesting proposal which has arisen from
such considerations is that certain types of diabetes
mellitus in which glucose-induced insulin secretion is
impaired, might benefit from pharmacological or die-
tary suppression of prostaglandin production [57-60].

Fuel Function of Fatty Acids in Pancreatic Islets

Whilst the liberation of arachidonic acid from phospho-
lipids for the subsequent formation of biologically ac-
tive metabolites is an important step in the generation of
intracellular (and possibly extracellular) signals or mes-
sengers, it should be kept in mind that the release of es-
terified fatty acids from glycerolipids may contribute to-
wards supplying endogenous fuel in islets. In the
absence of exogenous nutrient, the uptake of O, and se-
cretion of insulin can persist for a considerable time,
utilising endogenous nutrients. Berne [30] has shown
that islets pre-labelled with “C-palmitate show a pro-
gressive decline in labelled triacylglycerol when subse-
quently incubated in the absence of exogenous nu-
trients. Further work has provided evidence that a
major proportion of the respiratory rate in islets is ac-
counted for by the oxidation of endogenous fuels (such
as fatty acids and amino acids) even when the islet is ex-
posed to physiological concentrations of glucose [69].
The regulation of triacylglycerol breakdown in pancrea-
tic islets is therefore likely to be an important process in
regulating the supply of free fatty acids for subsequent
oxidation.
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Phospholipid Methylation and Islet Activation

During the past few years, evidence has been accumu-
lating, particularly from the laboratory of Axelrod and
co-workers, that phospholipid methylation may be ac-
tively involved in the recognition of certain receptor-
mediated stimuli [70, 71]. In a number of cell-types
[72-74], stimulation is accompanied by a rapid, trans-
ient methylation of phosphatidylethanolamine to phos-
phatidylcholine. This conversion involves three sequen-
tial methylations by two methyltransferases [75] and is
accompanied by the translocation of the methylated
phospholipid from the cytoplasmic to the outer surface
of the plasma membrane [70]. Such a process is thought
to result in decreased membrane viscosity and a subse-
quent alteration in ion permeability and facilitation of
receptor-enzyme coupling in the membrane [71]. The
use of inhibitors of methyltransferase reactions suggests
that a close relationship may exist between phospho-
lipid methylation and the cellular response [70]. Glu-
cose-induced insulin secretion in rat pancreatic islets
is inhibited by -the methyltransferase inhibitors
3-deaza-adenosine and homocysteine [76]. The incor-
poration of label from *H-methyl-methionine into phos-
pholipids and proteins in islets was also inhibited by
these drugs, although glucose oxidation and “°Ca up-
take were not altered, suggesting that transmethylation
reactions may be involved in a late stage of the insulin
secretory process. Campillo and Ashcroft [77] also pre-
sented evidence that protein carboxymethylation may
play a role in the regulation of islet function. Clearly,
further work is necessary to fully elucidate the role of
phospholipid and protein methylation in stimulus-se-
cretion coupling in pancreatic islets.

Conclusions

The work reviewed above provides evidence that en-
hanced phospholipid turnover in islets may be a de-
terminant of the secretory response to nutrient secreta-
gogues and certain neurotransmitter and hormonal
stimuli. The available data are compatible with the hy-
pothesis that stimulated phospholipid turnover may be
involved in the control of calcium mobilisation in islets,
although additional possibilities clearly exist, such as
the facilitation of membrane fusion during exocytosis
and the liberation of arachidonic acid for subsequent
metabolism via the cyclo-oxygenase and lipoxygenase
pathways. Phospholipid and protein methylation may
also be involved at some stage in stimulus-secretion
coupling in pancreatic islets. Continued investigation of
these topics is likely to contribute to a better under-
standing of the control of secretory activity in pancrea-
tic islets, which in turn may throw light on pathophysio-
logical aspects of islet function and perhaps suggest
novel therapeutic approaches.
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