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Abstract We have previously identified expression of multiple protein kinase C (PKC) isoforms in insulinoma- 
derived beta-cells and whole islets. Both PKC 6 and PKC a appear to be the more abundantly expressed isoforms. in this 
report we studied the effects of arachidonic acid (AA) on the subcellular distribution of PKC a and PKC 6. AA has been 
reported to activate both PKC a and PKC 6 and it is  thought to be an important second messenger in beta-cells. Here we 
report that AA interacted with and altered beta-cell pools of PKC 6 preferentially over PKC a. AA (100 pM) over the 
course of 45 min reduced cytosolic levels of PKC 6 (to 40 * 15%, compared to time zero control) leaving membrane- 
and cytoskeleton-associated levels near control levels. Analysis of whole cell homogenates showed a slight down- 
regulation of PKC 6 indicating proteolysis. The down-regulation of cytosolic PKC 6 appeared to be isoform specific since 
cytosolic PKC a remained at control levels over the time course. The response was dose-dependent and negligible at 
concentrations below 30 pM and occurred, at least partially, in the cytosolic compartment of the cell. lndomethacin 
also down-regulated cytosolic PKC 6 preferentially over PKC a possibly through accumulation of AA. These findings 
suggest that cytosolic PKC 6 may be a downstream target of this beta-cell second messenger. 
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The signal transduction pathway involved in 
glucose-mediated insulin release has been excep- 
tionally difficult to characterize. It is clear that 
the sugar must be metabolized in order to cause 
secretion, thus it is apparent that some meta- 
bolic-coupling factor(s) exists which alters the 
machinery of the beta-cell. Several hypotheses 
have been put forward regarding the existence 
of putative coupling factors transducing the glu- 
cose signal to the secretory apparatus, including 
ATP [Cook et al., 19881, acyl-CoA derivatives 
[Prentki et al., 19921, free fatty acids [Turk et 
al., 19931, and DAG [Zawalich and Rasmussen, 
19901. Given the available evidence it would not 
be difficult to hypothesize that glucose-mediated 
insulin release is caused by the collective organi- 
zation of many metabolic events. One particular 
signal transduction pathway that has generated 
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considerable interest is that involving protein 
kinase C. 

Protein kinase C (PKC) is a family of lipid- 
dependent serinelthreonine protein kinases that 
are central to signal transduction in virtually all 
cells. Since Inoue and coworkers discovered the 
enzyme activity in 1977 [Inoue et al., 19771 it 
has become increasingly evident that the regula- 
tion of this family of enzymes is very complex. 
The best characterized activator is diacylglyc- 
erol (DAG) [Stabel and Parker, 19911. However, 
it is now becoming apparent that many other 
activators and activity potentiators exist within 
the cell [Nishizuka, 19921. Some of the more 
thoroughly studied activators include arachi- 
donic acid and oleic acid. Studies with these 
fatty acids suggest that they can modulate PKC 
activity independently of DAG [Aris et al., 1993; 
Ogita et al., 1992; Koide et al., 1992; Diaz- 
Guerra et al., 1991; May et al., 1993; Nakanashi 
and Exton, 1992; Chen and Murakami, 1992; 
Shinomura et al., 1991; Yoshida et al., 1992; 
Touny et al., 1990; Khan et al., 1992, 19931. 

The role of PKC in nutrient- and hormone- 
induced insulin release is controversial. Some 
investigators have suggested that its contribu- 
tion, if any, is negligible in nutrient-induced 
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insulin secretion. These suggestions arise from 
several observations such as a lack of significant 
generation of the endogenous activator DAG 
[Turk et al., 19931, lack of effect of prior PKC 
down-regulation on glucose-induced insulin re- 
lease [Hii et al., 1987; Persuad et al., 1991; 
Arkhammer et al., 19891, lack of inhibition of 
insulin release by a PKC inhibitor [Metz, 
1988a,b] or lack of significant translocation of 
the enzymes from the cytosol to the membrane 
fraction of the cells upon stimulation by glucose 
[Persuad et al., 1989; Easom et al., 19891. How- 
ever, some other studies have suggested a role 
for the enzymes in nutrient-induced insulin re- 
lease. For example, it was shown that both glu- 
cose and a-ketoisocaproate induced a measur- 
able translocation of the a isoform from the 
cytosol to  the particulate fraction of whole islets 
[Ganesan et al., 19901, and a PKC inhibitor 
(albeit non-specific) decreased the secretory re- 
sponse to glucose in perifusion assays [Zawalich 
et al., 19911. It was also shown that PKC down- 
regulation potentiated phase 1 and inhibited 
phase 2 of glucose-induced insulin release 
[Thams et al., 19901, and glucose increased the 
activity of membrane bound PKC [Sahai et al., 
19921. 

Free fatty acids, most notably arachidonic acid, 
have recently emerged as potentially important 
mediators in glucose-induced insulin release. 
Furthermore, exogenous free fatty acids, such 
as oleic acid, arachidonic acid, and palmitic acid, 
have been reported to have effects on both basal 
and stimulated insulin release [Opara et al., 
1994; Sako and Grill, 19901. Recently, the exis- 
tence of both Ca2+-independent [Gross et al., 
19931 and Ca2+-dependent isoforms of phospho- 
lipase A2 (PLA2) [Laychock, 1982; Metz et al., 
19911 was identified in the pancreatic beta-cell. 
PLA2s are enzymes that liberate free fatty acids 
from the sn-2 site of cellular phospholipids. It 
has been observed that nutrient stimulation of 
beta-cells resulted in activation of PLA2 [Lay- 
chock, 1982; Wolf et al., 19911. Therefore it is 
possible that activation of these enzymes results 
in the increases in intracellular levels of many 
free fatty acids observed after exposure to high 
glucose [Wolf et al., 19911. Two prominent spe- 
cies generated after exposure of islets to glucose 
or carbachol are arachidonic and oleic acid [Wolf 
et al., 19911, suggesting a role for these mol- 
ecules (or their derivatives) as metabolic cou- 
pling factors. Indeed levels of arachidonic acid 
have been reported to increase by =38-75 IJ.M 

during nutrient-induced insulin release [Wolf et 
al., 19911 possibly leading to intracellular concen- 
trations as high as 100-200 pM [Metz, 1988a,bl. 
Further evidence for a potential role of these 
fatty acids in insulin release is that inhibition of 
PLA2 activation attenuated glucose-induced in- 
sulin release and mobilization of intracellular 
Ca2+ [Ramanadham et al., 19931. 

These previous observations have led us to 
evaluate the effect of arachidonic acid on the 
subcellular distribution of the 6 isoform of PKC. 
Here we show that arachidonic acid alters the 
subcellular levels of PKC 6 in the beta-cell and 
suggests that there is an interaction between AA 
metabolism and cytosolic PKC 6. 

MATERIALS AND METHODS 
Materials 

An isoform-specific antibody to the PKC 6 was 
purchased from GIBCO-BRL (Grand Island, 
NY). The polyclonal antibody to PKC a was 
generously provided by Dr. Kirk Ways of East 
Carolina University (Greenville, NC). Specific- 
ity of the antibodies was determined by inclu- 
sion of competing peptide to preabsorb the epi- 
tope binding sites. Western blotting was 
performed using the Bio-Rad (Hercules, CA) 
mini-electrophoresis system. Immobilon-P 
PVDF transfer membranes were purchased from 
Millipore (Bedford, MA). lZ5I-Protein A (68038) 
was obtained from ICN Biomedicals (Irvine, CAI. 
Unless specified, other chemicals were obtained 
from Sigma (St. Louis, MO). 

Cell Preparation and Fractionation 

A radiation-induced transplantable insuli- 
noma was maintained by serial transplantation 
under the right kidney capsule of male New 
England Deaconess Hospital rats as previously 
described [Hoenig et al., 19841. The purification 
of beta-cells from the insulinoma has been de- 
scribed in detail [Hoenig and Sharp, 19861. In 
brief, the tumor was removed and minced into 
fine pieces. The tissue was then subjected to  
trypsin-collagenase digestion and the beta-cells 
were purified from other cells on discontinuous 
ficoll gradients. After rinsing in Hank’s buffer, 
the cells were resuspended in Krebs buffer (in 
mM, 25 Hepes, 5 NaHC03, 118 NaC1, 4.7 KCl, 
1.19 KH2P04, 1.19 MgS04, 5 glucose, and 1.1 
CaC12, pH 7.4) and incubated for 10 min at  37°C 
prior to addition of secretagogues. Arachidonic 
acid was purchased in its sodium salt form and 
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solubilized in 95% ethanol at 50 mg/ml. This 
was further diluted to 100 mM in dimethyl 
sulfoxide and added to cell incubations. Fraction- 
ation of the cells was done as previously de- 
scribed [Knutson and Hoenig, 19941. 

In Vitro Down-Regulation of PKC 6 

Isolated cells were homogenized in fraction- 
ation buffer [Knutson and Hoenig, 19941. The 
homogenate was then centrifuged at 100,OOOg 
to yield cytosol. The cytosol was diluted to 10 
mgiml in the same buffer. Ten microliters of 
cytosol (i.e., 100 kg) were then added to a buffer 
containing 20 mM Tris HC1, pH 7.5, 10 pM 
ATP, 10 mM MgC12, and either control vehicle 
or 100 kM AA in a final volume of 100 pL. This 
reduced the concentrations of the protease in- 
hibitors 10-fold. The mixture was allowed to 
incubate at  30°C for 30 min and terminated with 
the addition of 5 x Laemmli buffer, followed by 
boiling for 5 min. Forty microliters of the mix- 
ture was then resolved by SDS-PAGE followed 
by quantitative Western blotting. 

Western Blotting 

Blotting was done essentially as previously 
described [Knutson and Hoenig, 19941. The 
autoradiograms of the resultant blots were 
scanned with a BioRad model 620 video densi- 
tometer and statistics performed using un- 
paired Student's t-test. 

RESULTS 
Differential Effects of Phorbol Ester 

on PKC cx and PKC 6 

Phorbol esters induce proteolysis of the en- 
zyme, a manipulation which is sometimes useful 
in understanding the role that PKC plays in 
various cellular processes. We have already 
shown that PKC 6 is incompletely down-regu- 
lated by chronic treatment of cells with 1 KM 
phorbol ester for 24 h [Knutson and Hoenig, 
19951. To investigate proteolysis of PKC a, cells 
were incubated in the presence or absence of 1 
kM PMA and sampled at 6, 12, and 24 h and 
homogenate levels of the isoform were then 
analyzed. In contrast to  the effects seen with 
PKC 6, PKC a was down-regulated to undetect- 
able levels by 6 h (Fig. 1). Interestingly, PKC a 
started to reappear by 24 h indicating either 
catabolism of the phorbol ester andlor increased 
PKC production. Consistent with the known 
behavior of PKC a in response to phorbol ester, 
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Fig. 1. Differential effects of phorbol esters on PKC 01 and PKC 
6 in beta-cells. Cells were incubated for various times in the 
presence or absence of 1 FM PMA. Forty micrograms of homog- 
enate were examined by blotting as described in Materials and 
Methods. The results are presented as a percentage of time- 
matched controls and are the mean of two independent preps 
which gave nearly identical results. Inset: Initial translocations 
induced by 1 pM PMA. Cells were incubated for 10 (PKC 01) or 
15 min (PKC 6) and fractionated as described. Forty micrograms 
of each fraction was analyzed by blotting as described. Shown 
are the mean % SEM for 3 independent observations (expressed 
as a percent of time-matched control). The results for PKC 6 
have been described elsewhere [Knutson and Hoenig, 19951 
and are depicted here for comparison purposes. 

this down-regulation was preceded by transloca- 
tion of the enzyme to the membrane fraction of 
the cell (Fig. 1, inset). In control cells the levels 
of each of the enzymes remained at time-zero 
levels (data not shown). 

Effects of Arachidonic Acid on PKC 6 and PKC a 

Over the course of 45 min, exogenous AA (100 
KM) promoted the rapid and sustained decrease 
of cytosol-associated PKC 6 (Fig. 2A and B). The 
levels of the enzyme decreased to 40 & 15% 
(P < 0.05, compared to time zero control) in the 
cytosol. The down-regulation was isoform-spe- 
cific for PKC 6 since, in the same experiments, 
cytosolic PKC a remained near control levels 
(Fig. 2A). The down-regulation was compart- 
ment-specific since the membrane levels of PKC 
6 remained unchanged during the same period 
(Fig. 2C). Evidence that down-regulation may 
have been caused by proteolysis was tested by 
analysis of whole cellular homogenate levels over 
the same time course where a sustained drop of 
~ 1 5 %  was observed (Fig. 2C). The slight de- 
crease in homogenate levels likely reflects the 
fact that PKC 6 in the cytosolic compartment 
represents only 25-30% of the total cellular 
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enzyme. Application of high concentrations of 
AA to cells can result in lysis followed by leakage 
of the enzyme into the medium due to the fatty 
acid’s detergent effects, which could explain the 
decrease. However, these effects were observed 
in the absence of detectable alterations in the 
cytosolic/homogenate protein ratios. For ex- 
ample, at 15 min 100 pM AA induced a decrease 
of cytosolic PKC 6 to 66 ? 9% (P < 0.025, 
n = 4, compared to control) but not a decrease 
in the cytosoliclhomogenate protein ratio (con- 
trol: 44 ? 2% vs. AA: 43 ? 8%, not significant) 
(Fig. 3). Furthermore, Coomassie analysis of the 
cytosolic proteins over the time course showed 
no significant alterations while lysis induced by 
high concentrations of fatty acids showed dra- 
matic alterations in the cytosolic profile (data 
not shown). In addition, this compartment- 
specific down-regulation could be mimicked at 
least partially in a cell-free cytosolic preparation 
(Fig. 4). These effects were not accompanied by 
increases of PKC 6 in the cytoskeletal fraction, 
which did not differ significantly from control 
over the time course (data not shown). The 
down-regulation of cytosol-associated PKC 6 was 
dose dependent as seen in Figure 5. At 30 pM 
AA (30 min) the decrease was slightly detectable 
and at 60 p,M the decrease was intermediate. 

Effects of AA Metabolism Inhibitors on PKC 6 

In order to  determine if the down-regulating 
effect was due to the metabolism of AA in the 
beta-cells, we analyzed the effects of cyclooxygen- 
ase and lipoxygenase inhibitors in cells exposed 
to AA and to vehicle. Indomethacin (10 FM), in 
the absence ofAA, was able to  reduce the cytosol- 
associated enzyme to 72 ? 2.9% (P < 0.001) 
compared to time-matched controls in 1 h incu- 
bations (Fig. 6). Similar to effects elicited by AA, 
this was not accompanied by an increase in 
membrane-associated levels of the enzyme 
(101 -+ 5.6%, NS compared to control). Higher 
concentrations of the inhibitor were not evalu- 
ated because of uncoupling of oxidative phos- 
phorylation. Analysis of the time course of the 
effects of indomethacin (Fig. 7) on cytosol- 
associated PKC (a  and 6) over 3 h shows that it 
is remarkably similar to the effect of AA as seen 
in Figure 2A. The fatty acid, however, exerted 
its effect sooner. Indomethacin down-regulated 
cytosol-associated PKC 6 in the absence of any 
sustained effects on cytosol-associated PKC a. It 
was observed that cytosol-associated PKC a de- 
creased at 1 h to =80%, but this drop was not 

sustained and returned to control levels at 2 and 
3 h. The lipoxygenase inhibitor nordihy- 
droguaiaretic acid (NDGA, 30 pM), in contrast, 
had no effect on cytosol-associated enzyme 
(98 -+ 8.8%, NS compared to control) in 1 h 
incubations but was able to slightly but signifi- 
cantly reduce membrane levels of the enzyme to 
85 -+ 4.5 (P < 0.05, compared to control) in the 
absence of AA (Fig. 6). NDGA did not block 
AA-induced decrease in cytosol-associated en- 
zyme (Fig. 6, lower graph) and AA did not im- 
pact the decline in membrane-associated en- 
zyme observed with NDGA (data not shown). 
NDGA (30 pM) did however inhibit the decrease 
in cytosol-associated PKC 6 induced by indo- 
methacin in 1 h incubations (Fig. 6). This effect 
was not observed with 10 pM NDGA (Fig. 7 
inset). 

CONCLUSIONS 

Arachidonic acid has recently been investi- 
gated as a possible second messenger in insulin 
release since concentrations of the free fatty 
acid have been shown to rise when islets are 
exposed to high glucose [Wolf et al., 19911 and 
could potentially reach an intracellular concen- 
tration as high as 100-200 pM [Metz, 1988a,bl. 
There are a number of identified pathways lead- 
ing toward the generation of AA in cells. In 
addition to  cleavage of AA from membrane phos- 
pholipids by the action of PLA,, AA can be 
generated from the hydrolysis of DAG [Konrad 
et al., 19921. The generation of AA in islets 
stimulated with glucose or glucose plus carba- 
chol is very rapid and appears to peak between 
10 and 15 min [Jolly et al., 19931. Activation of 
the Ca2+-dependent PLAz appears to occur no 
earlier than 10 min in islets stimulated with 
glucose and carbachol [Jolly et al., 19931 suggest- 
ing that the initial fluxes of AA are either the 
result of Ca2+-independent PLA2 activation or 
hydrolysis of DAG. Activation of Ca2+-indepen- 
dent PLA, is thought to  be mediated by an 
ATP-regulatory protein, such that changes in 
ATP levels during glucose stimulation may lead 
to AA generation via this mechanism [Gross et 
al., 19931. It is the inhibition of this PLA2 by a 
selective inhibitor that suppresses glucose-in- 
duced insulin release and Ca2+ entry, suggesting 
that early glucose-recognition is mediated by AA 
generation [Ramanadham et al., 19931. 

The mechanism by which AA is involved in 
insulin secretion has been a source of debate. 
Exogenous AA induces insulin secretion in the 
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Fig. 2. PKC isoform- and compartment-selective down- 
regulation by AA. A: Cells were incubated in a time-course over 
45 min in the presence of 100 pM AA. At the indicated times, 
cells were fractionated and 40 pg of cytosolic protein was 
subjected to blotting as described in Materials and Methods 
with anti-PKC a or anti-PKC 6. Circles = cytosolic PKC a; 
squares = cytosolic PKC 6. B: Representative blot showing a 
time course of the effects of AA on cytosolic and membrane 

PKC 6. lanes 1,s: Control; 2: 15 min; 3: 30 min; 4: 45 min. AA 
treatment. C: Effects of AA on membrane and total cellular PKC 
6. See A legend for details. Squares = membrane PKC 6; 
circles = total cellular PKC 6. a = P < 0.05. Results are the 
mean 2 SEM of 3 independent observations (expressed as a 
percent of time-zero control. a = P < 0.05, b = P < 0.025, 
c = P < 0.005). 

presence of substimulatory concentrations of 
glucose [Band et al., 19931 but has been shown 
to inhibit glucose-induced insulin release at con- 
centrations at or above 20 mM glucose [Landt et 
al., 1992; Wolf et al., 19861. Because AA can 
stimulate basal release of insulin it may func- 

tion as a fusogen rather than mediating its 
secretory activity through protein phosphoryla- 
tion or as a calcium mobilizer [Band et al., 
19931. The ability of AA to inhibit glucose- 
induced insulin release argues that the fuso- 
genic effects, if any, may be limited. However, it 
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Fig. 3. Dissociation of cytolysis and PKC 6 down-regulation. 
Cells were incubated in the presence of 100 )I.M AA for 15 min 
followed by fractionation and blotting for PKC cytosol-associ- 
ated PKC 6 as described in Figure 2. Total cytosolic protein was 
then quantitated and expressed as a percentage of total cellular 
homogenate protein and compared to  a similar procedure for 
control cells. There is no difference in cytosolihomogenate ratios 
between the two groups, although there is a significant decline in 
cytosol-associated PKC 6 ( P  < 0.025) in cells incubated in AA. 
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Fig. 4. Cell-free down-regulation of cytosolic PKC 6. Cytosol was 
incubated in the absence or presence of 100 )LM AA as described in 
Materials and Methods. The cytosol was then blotted and probed. 
a = P < 0.02. 

has also been suggested that AA induces insulin 
release by two mechanisms, Ca2+ mobilization 
and activation of PKC [Metz, 1988c; Ra- 
manadham et al., 19923. The secretory response 
to  AA in the presence of low glucose is slow in 
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Fig. 5. Dose-dependency of AA-induced down-regulation of 
cytosolic PKC 6. See details of Figure 2. Cells were incubated for 
indicated times in the absence or presence of varying concentra- 
tions of AA. Results are the mean % SEM of 3 independent 
observations (expressed as a percent of time-matched control). 
a = P < 0.025: b = P < 0.005. 

onset and small compared to that seen with high 
glucose [Ramanadham et al., 19921. An inhibi- 
tory effect of AA was seen only on the second 
phase of glucose-induced insulin release and it 
was suggested that AA may be important in 
modulating the temporal pattern of sustained 
stimulation [Jolly et al., 19931. Previous studies 
have shown that islet cytosol-associated PKC 
activity can be stimulated by AA in a Ca2+- 
dependent manner, indicating that the activity 
being measured was most likely that of a Ca2+- 
dependent isoform such as PKC a [Thams et al., 
1993; Landt et al., 19921. Furthermore the appli- 
cation of AA to whole islets did not increase the 
phosphorylation state of the 80 kD PKC sub- 
strate, suggesting that AA does not activate the 
enzymes [Landt et al., 19921. 

Metabolites of AA may also participate in 
modulating insulin secretion, although their im- 
portance is unknown [reviewed in Turk et al., 
1993; Metz, 1988; Prentki and Matschinsky, 
19871. In whole islets less than 5% of the total 
AA is metabolized via a cyclooxygenase or lipoxy- 
genase pathway and very little is thought to be 
used as fuel [Metz, 19881. Some studies have 
shown that inhibition of cyclooxygenase metabo- 
lism leads to amplification of glucose-induced 
insulin release lending speculation that these 
metabolites may be negative modulators of insu- 
lin release [reviewed in Metz, 1988~; Prentki and 
Matschinsky, 19871. However, others have found 
that under conditions where cyclooxygenase was 
completely inhibited by indomethacin, glucose- 
induced insulin release was unaffected [Turk et 
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Fig. 6. Effects of oxygenase inhibitors on PKC 6 in beta-cells. 
Cells were incubated for 60 min in the presence or absence of 
listed drugs. See Figure 2 for details. Top: Results are the 
mean ? SEM for 3-4 independent experiments. INDO = 10 
pM indomethacin; NDCA = 30 (IM NDGA; HCLC = 30 mM 
glucose. Bottom: AA (50 FM) was added 15 min into the 
incubation in cells treated with NDCA and incubated for an 
additional 45 min. Cytosol was extracted from cells and sub- 
jected to blotting. Results are the mean ? SEM for 4 indepen- 
dent experiments. a = P < 0.05; b = P < 0.025; c = P < 
0.001. 

al., 19841. Studies have also shown that inhibi- 
tion of the lipoxygenase pathway inhibited glu- 
cose-induced insulin release, suggesting that this 
pathway is a positive modulator of insulin re- 
lease [reviewed in Metz, 1988c; Prentki and 
Matschinsky, 198 71. 

AA has been studied extensively as an activa- 
tor and modulator of PKC activity [Aris et al., 
1993; Ogita et al., 1992; Koide et al., 1992; 
Nakanashi and Exton, 1992; Chen and Mu- 
rakami, 1992; Shinomura et al., 1991; Wang et 
al., 19931. Although our studies clearly indicate 
that AA can modulate cytosolic levels of the 
enzyme, it is unknown if this is a direct effect 
(i.e., activational down-regulation) or secondary 
to activation of a protease. Aris et al. [19931 and 
Ogita et al. [1992] have shown that arachidonic 
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Fig. 7. Effects of indomethacin on cytosolic levels of PKC 6 
and PKC a. Cell were incubated for various times in the pres- 
ence or absence of 10 pM indomethacin, followed by fraction- 
ation. Forty to fifty micrograms of cytosolic protein were ana- 
lyzed by immunoblotting with antibodies to either PKC a or 
PKC 6. Inset: Groups of cells were incubated in the presence or 
absence of 10 FM indomethacin and 10 FM NDGAfor 3 h. The 
NDCA was added 10 min before the addition of the indometha- 
cin. Results are expressed as a percent of control cells incubated 
without any agents (mean ? SD) and show that indomethacin 
st i l l  down-regulated cytosolic PKC even in the presence of the 
lipoxygenase inhibitor (C = control; I = 10 pM indomethacin; 
N = 10 (IM NDCA). Similar results were obtained in two 
independent cell preparations. 

acid inhibited DAG/PS-activated PKC 6 in vitro, 
suggesting that the fatty acid does indeed inter- 
act with the kinase. However, there are conflict- 
ing reports as to whether the fatty acid can 
activate the enzymes. Aris et al. [19931 have 
reported that arachidonic acid alone (i.e., in the 
absence of DAG and PS) was incapable of activat- 
ing human PKC 6. This, however, is in contrast 
to other reports where the porcine and murine 
enzymes were strongly activated by the fatty 
acid [Leibersperger et al., 1990; Wang et al., 
19931. These results suggest that AA may be, in 
some cases, a physiological inhibitor of DAG- 
activated PKC 6. However, there may be sub- 
strate and species differences for AA-induced 
activation of PKC 6. 

In these studies, we showed that phorbol ester 
selectively down-regulated PKC CY over PKC 6. 
PKC ci was rapidly down-regulated within 6 h 
while PKC 6 could not be fully down-regulated 
over a 24 h period. This may reflect the greater 
affinity of phorbol esters for PKC a or different 
susceptibilities of each isoform t o  proteases. 
Nonetheless, this is interesting in view of the 
fact that PKC 6 is preferentially down-regulated 
in the presence of AA. However, this effect could 
also be due to inaccessibility of PKC ci to AA. 
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Selective down-regulation, therefore, may be use- 
ful to study the dependency of insulin release on 
PKC in freshly isolated islets which express 
both PKC ci and PKC 6 in amounts similar to  
that of tumor-derived beta-cells. 

These studies demonstrate that AA (or a me- 
tabolite) interacts and selectively down-regu- 
lates PKC isoforms in beta-cells. The down- 
regulation appeared to be pool-specific since 
cytosol-associated PKC 6 was more sensitive 
than membrane-associated enzyme. These re- 
sults are consistent with a recent model propos- 
ing that cytosolic PKC is an important target for 
fatty acids while membrane bound PKC is a 
target for diacylglycerols [Khan et al., 19931. 
Furthermore, down-regulation of PKC by fatty 
acids has just been recently demonstrated al- 
though the physiological importance is un- 
known [Diaz-Guerra et al., 19911. This down- 
regulation induced by AA in beta-cells was not 
inhibitable by NDGA, suggesting that the down- 
regulation was not due to  a lipoxygenase or 
cyclooxygenase metabolite since this compound 
has been reported to inhibit both pathways al- 
though showing preference for lipoxygenase 
[Salari et al., 19841. However, the effects of AA 
could be mimicked by indomethacin (albeit over 
a longer time period) which possibly increases 
the bioavailability of AA. In the resting beta-cell 
the levels of AA are maintained by release from 
membranes and degradation by oxygenases. 
Thus, by inhibiting pathways of degradation it 
would be possible that new resting levels of AA 
would be higher. If NDGA was inhibiting both 
pathways then it would have been expected to 
behave like indomethacin. However, the effects 
of NDGA in whole cell metabolism appear to be 
quite complex and evidence suggests that it may 
inhibit many cellular processes. For example, 
NDGA is more potent in inhibiting endogenous 
metabolism of AA than exogenously supplied 
AA, suggesting it has multiple effects within the 
cell in addition to inhibiting lipoxygenase [Salari 
et al., 19841. NDGA also inhibits fuel metabo- 
lism in islets and would thus likely decrease 
availability of factors (e.g., ATP) which may be 
required for the generation of free AA [Metz, 
1988~1. The inhibition of indomethacin-induced 
down-regulation of cytosol-associated PKC 6 by 
NDGA was therefore probably not related to  
inhibition of the lipoxygenase pathway since 
indomethacin has been observed to inhibit both 
cyclooxygenase and lipoxygenase pathways in 

beta-cells [Turk et al., 19841 and platelets [Sie- 
gel et al., 19791. 

The time course of the effects of indomethacin 
was much slower, which is possibly due to  a slow 
transition to  a new steady state level of AA 
within the beta-cell. Interestingly, over the time 
course, PKC ci remained near control levels simi- 
lar to  that seen with AA, further suggesting that 
the effects of indomethacin are mediated by 
increases in AA. Although this may be the first 
report of isoform-specific depletion of PKC by 
the fatty acid, others have observed that free 
fatty acids including AA can decrease total cellu- 
lar PKC activity [May et al., 1993; Thams et al., 
19931. In mouse pancreatic islets, the addition 
of concentrations of AA similar to those used in 
this study, over 60 min decreased total cellular 
PKC activity [Thams et al., 19931. This effect 
was seen in both the cytosolic and membrane 
compartments and could be reproduced in lysed 
cell preparations. The isoform expression in 
mouse pancreatic islets, however, is currently 
unknown but worthy of investigation. 

In conclusion we have shown that AA pro- 
motes the down-regulation of PKC 6 in a time- 
and dose-dependent fashion. These effects are 
pool specific, showing preference for the cytosol- 
associated enzyme, and occur at concentrations 
observed in normal islets during nutrient-in- 
duced insulin release. Furthermore, these stud- 
ies establish a link between AA generation and 
PKC in beta-cells and support the notion that 
cytosolic PKC may be a downstream target in 
AA-induced insulin release [Metz, 19881. The 
role of the enzyme in glucose-induced insulin 
release remains to be determined, but the rapid 
effects of AA may indicate that it is involved in 
some aspects of beta-cell memory, such as sensi- 
tization. Aside from the ability of AA to activate 
PKC, the rapid down-regulation may explain 
why the free fatty acid has inhibitory effects on 
glucose-induced insulin release. These studies 
also support our previous reports suggesting 
that PKC 6 is a multifunctional enzyme in the 
beta-cell [Knutson and Hoenig, 19951. Future 
studies using isoform specific down-regulation 
of PKC 6 should clarify the role of this enzyme 
in beta-cell functions. 
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