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Summary. The models proposed for the means 
whereby the B-cell recognises glucose and related 
compounds as signals for insulin release and biosyn- 
thesis are discussed. The observed correlations be- 
tween rates of metabolism and insulin release and 
biosynthesis are consistent with the substrate-site 
hypothesis. For glucose itself, the enzymes catalysing 
the phosphorylation of the sugar provide an explana- 
tion for the major characteristics of the islet 
responses, but for N-acetylglucosamine evidence is 
presented that the sugar transport system fulfils this 
discriminatory role. Possible mechanisms whereby 
sugar metabolism may be linked to changes in Ca 2+- 
handling are considered and evidence is given sup- 
porting a role for the cytosolic NADPH/NADP + 
ratio and the islet content of phosphoenolpyruvate. 
The nature of the targets for cyclic AMP and Ca 2+ is 
discussed and some properties of islet cAMP-de- 
pendent protein kinase are summarised. Evidence is 
presented for the presence of calmodulin in islets and 
the possible involvement of calmodulin in stimulus- 
secretion coupling. On the basis of these considera- 
tions a speculative hypothesis for the mechanisms in- 
volved in the B-cell responses to glucose is out- 
lined. 

The mechanisms whereby glucose stimulates the 
biosynthesis of insulin and its secretion from the pan- 
creatic B-cell have been extensively studied since the 
introduction of methods for the isolation of viable 
islets of Langerhans [1, 2, 3]. The conceptual founda- 
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tions for the approaches used in these investigations 
were however laid by earlier in vitro studies on insu- 
lin release from pancreas preparations [4, 5]; exami- 
nation of the specificity of the insulin secretory 
response to sugars suggested a relationship between 
sugar metabolism and insulin release and led to the 
formulation of a fruitful hypothesis [6] subsequently 
to be explored fully with isolated islets as described in 
this paper. A requirement for extracellular Ca 2+ for 
stimulation of insulin release [7, 8] suggested a key 
role for Ca 2+ in stimulus-secretion coupling in the 
B-cell as in other tissues: this concept has been fully 
confirmed [9-12]. The potentiatory effects of gluca- 
gon on insulin release [13] also indicated that cAMP 
may modulate the secretory process. 

In this paper I shall discuss studies with isolated 
islets of Langerhans which have sought to explore the 
actions of glucose on the B-cell by considering the 
following questions: 

I) How is glucose recognised as a signal for insulin 
biosynthesis and release? 

II) How does recognition of glucose lead to 
changes in intracellular Ca2+? 

III) How may Ca 2+, cAMP and other factors 
interact with regulatory components of the secretory 
and biosynthetic machinery? 

These studies have been conducted with islets iso- 
lated by a collagenase method from rat or mouse 
pancreas. The islets of these species contain pre- 
dominantly B-cells, and it is an assumption and limi- 
tation of the studies that the metabolic behaviour of 
the islets reflects essentially that of the B-cells: it has 
not thus far proved practicable to study pure prepa- 
rations of B-cells. The methods used in these studies 
are to be found in the references cited. 
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Table 1. Metabolism of sugars by islets and stimulation of insulin 
release and biosynthesis 

Sugar Response 

Metabo- Insulin Insulin 
lism release biosyn- 

thesis 

site mode l  f avoured  by  any instance of  non-paral le l  
behav iour  e.g. significant metabol i sm of a sugar that  
failed to st imulate insulin release/biosynthesis;  
s t imulat ion of  insulin release/biosynthesis  by  a non-  
metabol ized  sugar;  inhibit ion of sugar metabol i sm 
wi thout  impai rment  of  secret ion or  biosynthesis.  

Glucose + + + 
N-acetylglucosamine + + + 
N-acetylmannosamine - - - 
Allose -- - -- 
Altrose - -- - 
Arabinose - - - 
2-Deoxyglucose - - -- 
Fructose • • +_ 
Fucose - -- - 
Galactose - -- -- 
L-Glucose - - - 
Gulose - - - 
Idose -- -- - 
Mannose + + + 
3 -Methylglucose - - - 
Ribitol - -- -- 
Ribose - - - 
Sorbitol - - - 
Sucrose -- -- -- 
Talose - -- -- 
Xylitol -- -- - 

The table compares the ability of sugars to serve as metabolic 
substrates for islets and to stimulate insulin release and biosynthe- 
sis. The data are taken from [14-17]. All sugars are the D-stereo- 
isomers unless stated otherwise 

H o w  I s  G l u c o s e  R e c o g n i s e d  a s  a S i g n a l  

b y  t h e  B - C e l l ?  

Glucoreceptor Models 

Two models  have been  fo rmula ted  for  the 
g lucoreceptor  mechan i sm [6]. In  the regulator-s i te  
model ,  the recogni t ion system is envisaged as a pro-  
tein located p resumably  on the cell m e m b r a n e  and 
capable of binding glucose. A result ing conforma-  
t ional  change  in this pro te in  initiates the events lead- 
ing to insulin release and biosynthesis.  O n  the alter- 
nat ive 'substrate-si te '  model ,  it is the metabol i sm of 
glucose within the B-cell  that  genera tes  a change in 
concent ra t ion  of  one  o r  m o r e  key  metabol ic  inter-  
mediates  that  acts as an intracellular tr igger for  insu- 
lin release and biosynthesis.  T he  approach  to  distin- 
guishing these models  has, broadly,  been  to devise 
me thods  for  the m e a su re m e n t  of  various metabol ic  
parameters  in islets and to de te rmine  whether  par-  
allel rates  of sugar metabol i sm and of  insulin release 
and biosynthesis  are found.  The  substrate-si te 
hypothesis  would  be  invalidated and the regulator-  

Islet Metabolism and the Release and Biosynthesis 
of  Insulin 

Table  1 summarises  the results of  detai led studies 
[14-17]  on  the ability of  glucose analogues to  st imu- 
late insulin release and biosynthesis  and to be 
metabol ized  by  pancreat ic  islets. Metabol i sm has 
been  assessed in various ways including 14C02 evolu- 
t ion f rom 14C-labelled sugar as an index of  oxidat ion;  
3H20 produc t ion  f rom 3H-labelled sugar as an esti- 
ma te  of  glycolysis; ability to mainta in  A T P  levels as a 
measure  of  fuel funct ion;  lactate output .  Of  the wide 
range of  sugars and derivatives tested, only  glucose 
itself, mannose  and N-acety lg lucosamine  are well- 
metabol ized  by  islets and these are the only  sugars we 
have found  to be  capable  of eliciting insulin release 
and biosynthesis.  The  range of  glucose analogues 
ineffective as st imulants and as substrates for  
metabol i sm is impressive and  includes, for  instance 
all six D-a ldohexoses  apart  f rom glucose and man-  
nose  [16]. Fruc tose  deserves comment :  ineffective 
alone as a stimulant, f ructose nevertheless  stimulates 
bo th  insulin release [15] and biosynthesis  [16] in the 
presence  of  a non-s t imula tory  concent ra t ion  of glu- 
cose. This apparent ly  anomalous  behaviour  has been  
rat ional ized by studies on fructose metabol i sm [18] in 
which it was shown that  rates of  fructose metabol i sm 
never  exceed those seen with sub-s t imulatory glucose 
concentra t ions:  howeve r  the combined  fluxes of  fruc- 
tose and  low glucose fall within the range of  values at 
s t imulatory glucose concentrat ions.  These  da ta  then 
suppor t  the substrate-si te hypothesis.  

A fur ther  aspect of  specificity arises f rom consid- 
erat ion of potent ial  metabol i tes  that  may  enter  car-  
bohydra t e  metabol i sm at a level o ther  than hexose-P.  
The  c o m p o u n d s  studied are glyceraldehyde and  
d ihydroxyace tone  which may  enter  glycolysis at the 
t r iose-P level and inosine which can also give rise to 
t r iose-P after first being conver ted  to hypoxanth ine  
and r ibose 1-P. I t  is f ound  that  all these agents are 
substrates for  B-cell  metabol i sm and all elicit insulin 
release and biosynthesis [14, 16, 19, 20]. These  data,  
summar ized  in Figure  1, are in accord  with the view 
that  the substrate-si te hypothesis  may  apply bo th  to 
insulin release and insulin biosynthesis.  

The  quest ion of  whe ther  metabol ic  rates vary  
over  those concentra t ions  of  sugar  that  st imulate 
release and biosynthesis  of  insulin has been  most  
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extensively investigated for glucose and N-acetyl- 
glucosamine [15, 16, 21, 22, 23]. There is in general 
excellent agreement for both these sugars between 
rates of metabolism and rates of insulin release and 
biosynthesis as a function of sugar concentration. 
One possible exception is that the threshold for 
stimulation of insulin biosynthesis by glucose is mar- 
ginally lower than for glucose utilization or glucose- 
stimulated insulin release [15]. 

The actions of a number of metabolic inhibitors 
have been studied. The findings further support the 
substrate-site hypothesis. Thus mannoheptulose 
inhibits only the metabolism of glucose and mannose; 

D i hydr oxyace[o ne~.~_ ~G6P �9 Glucose 

Glycer~[dehyde II, lrioso @ ~ - -  ~1~ M6PIII /Vlannose 

Inosino ~ R i b o s ~  I P / ~  ~"~-, 
* $ "" 

hypox~nthine NAG-6P 4 N-acetytglucosamine 

[] 

Insulin 

Biosynthesis 

Fig. 1. Metabolites stimulating insulin release and biosynthesis. 
For details see [14, 26, 29, 201 

Table 2. Metabolic recognition of glucose 

and only insulin release or biosynthesis induced by 
these sugars [1, 16]. Phloretin, on the other hand, 
inhibits preferentially N-acetylglucosamine metabo- 
lism and effects of N-acetylglucosamine on release 
and biosynthesis of insulin [16, 23, 24, 25]. It is also 
now generally agreed [26], in contrast to an earlier 
claim [27], that inhibition of sugar metabolism by 
iodoacetate is accompanied by parallel inhibition of 
insulin release. 

These data, together with findings such as the 
anomeric specificity of glucose metabolism [28] and 
the stimulatory effect of glycogenolysis on insulin 
release in glycogen-loaded islets [29], constitute the 
major part of the case for the substrate-site 
hypothesis. They do not exclude the possibility that 
direct actions of glucose itself may also be involved. 
Studies in support of this possibility are described 
elsewhere [30, 31, 32]. Nevertheless they provide 
strong support for a major role for glucose metabo- 
lism in glucose-stimulated release and biosynthesis of 
insulin. 

Therefore the 'glucoreceptor' is identified with 
the rate-limiting step for glucose utilization. Avail- 
able evidence suggests strongly that for the pancre- 
atic islets the rate-limiting step for glucose utilization 
is phosphorylation of the sugar. Data for parameters 
of glucose metabolism are summarised in Table 2 (a). 

(a) 
Process Kinetics Effects of inhibitors 

Km (nmaol/1) Vmax phloretfia manno- iodoacetate 
heptulose 

Transport 50 1600 pmol/h/ ~ o o 
islet 

Phosphorylation 16 52 pmol/h/ o ~ o 
islet 

Utilization 7 42 pmol/h/ o ~ 
islet 

Oxidation 7 22 pmol/h/ o ~ 
islet 

Insulin release 10 ~ 10-fold o ,~ ,L 

Insulin biosynthesis 7 ~,~ 10-fold o ~ 

mannoheptulose iodoacetate 
(b) ~ )  

II  ,.cokm se 
Glucose ] Glucose G6P ---* --~ 

II "- - G6Pase 

In (a) are shown values for rates of initial steps of glucose metabolism in islets and the effects of inhibitors (~ = inhibition; o = no 
inhibition). The data are taken from [16, 26, 30-32, 34]. In (b) are shown the conclusions derived from these data. J represents a rapid 
non-rate-limiting step; ~ represents a rate-limiting step. @ indicates a site of inhibition 
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Table 3. Metabolic recognition of N-acetylglucosamine (NAG) 
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(a) 
Process Kinetics 

Km (mmol/1) Vmax 

Effects of inhibitors 

phloretin mannoheptulose iodoacetate caffeine 3-0-MG 

Transport - - Q) 

Phosphorylation 0.02 200 pmol/h/ o 
islet 

Utilization - 34 pmol/h/ (~) 
islet 

Oxidation 26 21 pmol/h/ 
islet 

Insulin release 17 ~ 4-fold 

Insulin biosynthesis 15 ~ 5-fold 

(b) NAG H 
phloretin . . ~ ' ~  
caffeine k ~  
3-0-methylglucosek) 

NAG 

(o) 

o 

o 

o 

o 

NAG-kinase 

(o) (D ($) 

(o) (o) (o) 

NAG-@--* - -~ iodoace ta t e  

In (a) are given values for rates of initial steps of NAG metabolism by islets and the effects of inhibitors (~ = inhibition; o = no inhibition; 
-- = not measured. Symbols in parenthesis represent inferences rather than direct measurement). The data are taken from [16, 23, 24, 42]. 
In (b) are shown the conslusions derived from these data: same symbols as in Table 2(b). NAG, N-acetylglucosamine; 3-0-MG, 3-0- 
methylglucose 

The rate of transport of glucose is very much faster 
than the rate of glucose utilization and the maximal 
amount of glucose-phosphorylating activity [31, 33, 
34]. The latter is just sufficient to account for the 
maximum rate of glucose utilization. Intracellular 
glucose concentrations are the same as extracellular 
[35]. Glucose utilization and oxidation is inhibited by 
mannoheptulose but not by phloretin although the 
latter markedly inhibits transport of glucose into 
islets [36]. Moreover the Km for transport of glucose 
is well above that for utilization of the sugar. These 
data identify the phosphorylation of glucose as the 
rate-limiting step for its metabolism [Table 2 (b)]. 

Studies on mouse and rat islet extracts [34, 35, 
37] have identified D-glucose-ATP-phosphotrans- 
ferase activity with a Km for glucose of 16 mmol/1. 
This enzyme appears to be distinct from hexokinase 
(Kin for glucose 0.1 mmol/1) since it is not inhibited 
by glucose 6-phosphate and may be similar to liver 
glucokinase: this conclusion remains tentative pend- 
ing separation and purification. In addition, glucose 
6-phosphatase inhibited by glucose has been demon- 
strated in extracts of mouse islets [34, 38]. Glucose 
phosphorylation is inhibited competitively by man- 
noheptulose [37]. Thus, the properties of the en- 
zymes involved in the phosphorylation of glucose by 
islets (reviewed in [39, 40]) provide an explanation 
for the concentration dependence and inhibition by 

mannoheptulose of islet glucose utilization and, on 
the substrate-site hypothesis, may constitute the glu- 
cose-sensor mechanism. 

However it is of conceptual importance to note 
that such enzymic activity fails to explain islet 
responses to N-acetylglucosamine. Most obviously 
N-acetylglucosamine metabolism and N-acetyl- 
glucosamine-stimulated release and biosynthesis of 
insulin are not inhibited by mannoheptulose [16, 26, 
41, 42]. Data which resolve this problem are sum- 
marized in Table 3 (a). It was found that phosphoryl- 
ation of N-acetylglucosamine by islets was catalysed 
by a specific N-acetylglucosamine kinase which was 
not inhibited by mannoheptulose [43]. However this 
enzyme had a Km for N-acetylglucosamine of 
0.02 mmol/1, several orders of magnitude lower than 
the Km for N-acetylglucosamine-stimulated release 
and biosynthesis. Metabolism of N-acetylgluco- 
samine had a high Km for N-acetylglucosamine, and 
the Vmax of N-acetylglucosamine utilization was 
much lower than the maximal extractable activity of 
N-acetylglucosamine kinase [24, 43]. These findings 
suggested that, in contrast to glucose, the rate-limit- 
ing step for N-acetylglucosamine metabolism (and 
hence the 'N-acetylglucosamine receptor') was trans- 
port into the cell. 

This possibility was supported by the observed 
effects of three agents. Firstly, phloretin was found to 
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be a potent inhibitor of islet N-acetylglucosamine 
utilization and of N-acetylglucosamine-stimulated 
insulin release and biosynthesis [16, 23, 24, 30]. Sec- 
ondly, caffeine inhibits the oxidation of N-acetyl- 
glucosamine by islets [23, 24]; the site of this effect is 
believed to be transport into the cell since it has been 
found that caffeine impairs islet sugar transport [44]. 
This action may underlie the paradoxical inhibitory 
action of methylxanthines on N-acetylglucosamine- 
stimulated release and biosynthesis of insulin [23, 
24]. Thirdly the effects of 3-0-methylglucose were 
studied [24]. 3-0-Methylglucose is transported into 
islets by the glucose transport system [45] but is not 
metabolized and does not stimulate insulin release or 
biosynthesis. Nor, since glucose-transport is non- 
rate-limiting, does 3-0-methylglucose inhibit glucose 
utilization or glucose-stimulated insulin release and 
biosynthesis [24, 26]. However, competition between 
3-O-methylglucose and N-acetylglucosamine would 
be expected to inhibit N-acetylglucosamine and 
hence, on the substrate-site hypothesis, N-acetyl- 
glucosamine-stimulated insulin release. This predici- 
tion has been verified [24]. 

From these observations the following conclu- 
sions have been drawn, l. Stimulation of insulin 
release and biosynthesis by sugars involves their 
metabolism by the B-cell. 2. The 'glucoreceptor' is 
the enzyme or transport system regulating the entry 
of the stimulating sugar into metabolism. 3. For glu- 
cose itself, glucokinase (perhaps together with glu- 
cose 6-phosphatase) constitutes the glucoreceptor: 
the properties of this enzymic step explain the Km, 
specificity and sensitivity to mannoheptulose of glu- 
cose-stimulated insulin release and biosynthesis. For 
N-acetylglucosamine, however, the glucose-trans- 
porter plays this discriminatory role and constitutes 
the 'N-acetylglucosamine receptor'; inhibition by 
phloretin, caffeine and 3-0-methylglucose are ex- 
erted at this step. These models are summarized in 
Tables 2 (b) and 3 (b). 

H o w  Is Glucose  Metabol ism Linked 
to CaZ+-Movement? 

The concentration of free C a  2+ in the B-cell cytosol 
depends on the rates of several processes: 1. Entry 
into the B-cell down its concentration gradient; 2. 
Pumping out of the B-cell against a concentration 
gradient; 3. Uptake into and release from intracellu- 
lar organelles; 4. Binding to membranes or soluble 
components of the cell. Evidence has been obtained 
relating to two possible control events: the first of 
these concerns the hypothesis that the extent of 
reduction of pyridine nucleotides in the B-cell may 

be a key factor linking glucose metabolism to C a  2+- 

inf lux.  The second concerns the possibility that islet 
mitochondrial Ca2+-uptake may play a role in the 
fine regulation of cytosolic Ca2+-concentration. 

Islet Cytosolic N A D P H / N A D P  + Ratio 

Several lines of evidence have suggested that the 
extent of reduction of pyridine nucleotides may be of 
importance in stimulus-response coupling in the B- 
cell. An increase in pyridine nucleotide fluorescence 
in intact islets of Langerhans was observed on stimu- 
lation with glucose and such changes have been cor- 
related with rates of insulin release under various 
conditions [46, 47]. The techniques used did not per- 
mit definition of the identity or cellular location of 
the reduced pyridine nucleotides. Measurements of 
whole tissue concentrations of pyridine nucleotides in 
islets exposed to stimulants such as glucose or pyru- 
vate [48-51] or to inhibitors such as menadione [52, 
53], NH4 + [54], and methylene blue [55] have also 
shown correlations between rates of insulin release 
and the whole tissue concentrations of reduced 
pyridine nucleotides. However such studies cannot 
give information on the changes in any particular cel- 
lular compartment, whereas ratios of NADPH/ 
NADP + and NADH/NAD + are known to differ by 
several orders of magnitude between cytosol and 
mitochondria [56]. In order to overcome this prob- 
lem of compartmentation an approach previously 
used for liver [56] has been applied to islets. The 
principle of the method is that measurement of the 
concentration of substrate a H  2 and product A of a 
pyridine nucleotide-linked dehydrogenase can be 
used to calculate the ratio of reduced to oxidised 
form of the pyridine nucleotide in a particular cellu- 
lar compartment. 

Since for the reaction AH 2 + NADP + ~ A + 
NAPDH + H + 

[A] [H +] [NADPH] 
at equilibrium, = Keq 

[AH2] [NADP +] 

_ 1 then [NADPH] [AU2~] • Keq • - -  
[NADP +1 [a] [H+I 

certain conditions must be fulfilled [56], the major 
ones being that the dehydrogenase is confined essen- 
tially to one cellular compartment and catalyses a 
near-equilibrium reaction. For rat islets, evidence 
was obtained that the activity of 'malic enzyme' was 
sufficient to catalyse a near-equilibrium reaction. 
The maximal extractable activity of 'malic enzyme' 
was 11 pmol/islet/min at 30 ~ equivalent to 106 ,umol/ 
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Fig. 2. Effect of glucose on islet cytosolic NADPH/NADP + ratio. 
Islets were incubated for 30 min with glucose (2 or 20 mmol/1). 
The islets were spun through a layer of silicone oil into perchloric 
acid (PCA) and extracted by heating at 60 ~ for 30 min. Malate and 
pyruvate in the extract were assayed using malate dehydrogenase 
and pyruvate dehydrogenase. The NADH formed was measured 
by bacterial luciferase. The cytosolic NADPH/NADP + was calcu- 
lated as described in the text. [] 2 mM glucose, [] 20 mM 
glucose 

0.6 
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Fig. 3. Effects of uncouplers, oligomycin and ruthenium red on 
islet mitochondrial 45Ca2+-uptake. Data from [65] 

min/g. The activity of 'malic enzyme' in liver shown 
to be sufficient to cataiyse a near equilibrium reac- 
tion is 1.27 9mol/min/g at 25 ~ [56]. 

Fractionation of islet homogenates showed that 
'malic enzyme' was predominantly a cytosolic 
enzyme. A mitochondrial fraction containing 85% of 
islet citrate synthase activity contained less than 10% 
of the 'malic enzyme' activity. Seventy percent of the 
'malic enzyme' activity was recovered in a super- 
natant fraction that contained only 15% of the citrate 
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synthase activity. Hence measurements of islet con- 
tent of malate and pyruvate could be used to com- 
pute islet cytosolic NADPH/NADP + ratio. Islets 
were incubated for 30 rain with 2 or 20 mmol/1 glu- 
cose and then rapidly separated from incubation 
medium by centrifugation through a layer of silicone 
oil into a quenching solution of PCA. The results are 
shown in Figure 2 :20  mmol/1 glucose increased the 
islet content of malate significantly but not that of 
pyruvate. Hence an increase in malate/pyruvate ratio 
was found. The calculated values of islet cytosolic 
NADPH/NADP + ratio were increased from 16 to 26 
by 20 mmol/1 glucose. It is worth noting that these 
ratios, as expected, are much higher than the whole 
tissue ratio of approximately 1 [48-51] thus under- 
lining the necessity for this kind of approach. These 
findings are consistent with a role for this redox cou- 
ple in glucose-stimulated insulin release. However 
the change is less than 2-fold. Other redox couples 
may show larger changes: the approach used here 
should permit study of this point. For instance lactate 
dehydrogenase is likely to catalyse a near-equilib- 
rium reaction: hence measurements of islet lactate/ 
pyruvate ratio will give information on cytosolic 
NADH/NAD + ratio. 

Changes in NADPH/NADP + and NADH/ 
NAD + ratio generated by changes in rates of glucose 
metabolism could be linked to Ca 2+-influx in various 
ways. One attractive possibility is that they may influ- 
ence, either directly or via some intermediary redox 
couple such as the glutathione system [57], the extent 
of reduction of SH-groups in membrane proteins [58] 
that may determine the cell membrane permeability 
to K +. Electrophysiological data and measurements 
of K + or Rb + fluxes [59-63] have provided good 
evidence that Ca2+-influx occurs via a voltage- 
dependent Ca2+-channel opened by a decrease in 
membrane permeability to K +. 

Mitochondrial Ca; +-Uptake 

In addition to influx into the cell, the rate at which 
Ca 2+ is taken up into intracellular organelles is also 
likely to influence cytosolic C a  2+ concentration. Islet 
mitochondrial CaZ+-uptake may be of particular 
importance [64] and some properties have been 
defined [65]. Uptake is dependent on the presence 
of a respiratory substrate and a permeant anion and 
is enhanced by ATPMg 2+. Uptake is inhibited by 
respiratory chain inhibitors, by uncoupling agents 
and by ruthenium red (Fig. 3). Uptake of Ca 2+ is also 
depressed by methylxanthines and cAMP could not 
reproduce this effect [6]. Possible links with glucose 
metabolism were sought by examining the effects 
of various glycolytic intermediates: inhibition of 
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Addit ions Mi tochondr ia l  45Ca2+- uptake (% control) 
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I" 
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2 - -  

*p  <0 .001  
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5 5 mM 
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Fig. 5. Effects of glucose, glyceraldehyde and mannoheptulose on 
the concentration of phosphoenolpyruvate (PEP) in islets. Data 
from [66]. * p < 0.001 compared with control 
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,, 

Fig. 4. Effects of glucose metabolites on islet mitochondrial 
45Ca2+-uptake. Mitochondria were incubated for 10 min in media 
containing 5 mmol/1 ATP, 1 mmol/1 phosphate and either 1 mmol/ 
1 MgC12, 20 umol/1 CaC12 and 25 Hg/ml albumin (open bars), or 
5 mmol/l MgCI2, 220 Ftmol/l CaCI 2 and 200 ~g/ml albumin 
(hatched bars). Dotted line represents control values. Data from 
[65] 
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NADP + 
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Fig. 6. Metabolic model for stimulus-secretion coupling in the 
fl-cell. For details see text 

45Ca2+-uptake was observed (Fig. 4) with fructose 
diphosphate and with phosphoenolpyruvate (PEP). 
The effects of PEP have been investigated in detail 
[65]. Inhibition was non-competit ive with respect to 
calcium and was evident over a range of Pi and 
ATPMg 2+ concentrations. Moreover  [66] the islet 
content of PEP  could be correlated with rates of insu- 
lin release when these were varied by glucose or gly- 
ceraldehyde, alone or in combination with man- 
noheptulose (Fig. 5). These findings have suggested 
that PEP  may influence the extent, duration and 
location of the increase in cytosolic Ca 2+ in response 
to glucose, via inhibition of uptake into mitochon- 
dria. 

Based on these ideas and observations, the 
speculative model shown in Figure 6 may be pro- 
posed to underlie the effects of glucose on insulin 
release. An increase in glucose concentration leads 
via an increased rate of glucose metabolism to 
increased concentrations of PEP  and of reduced 
pyridine nucleotides. The latter influence membrane 

permeability to K + leading to depolarisation and 
consequent Ca2+-influx into the B-cell. The resultant 
increase in cytosolic Ca 2+ triggers exocytosis and is 
maintained by the restraining effects of PEP  on 
mitochondrial Ca2+-uptake. 

With what Components of the Biosynthetic 
and Secretory Processes Do Ca 2+, cAMP 
and Other Coupling Factors Interact? 

There  is at present little information on the actual 
components of the secretory and biosynthetic 
machinery of the B-cell. However  consideration of 
other  systems suggests possible components likely to 
be the direct mediators of Ca 2+ and cAMP action. 
For  cAMP in mammalian cells, the major  if not the 
only receptor is cAMP-dependent  protein kinase 
(cAMP-PrK).  The properties of cAMP-PrK in rat 
pancreatic islets have been studied in detail [67] 
(Table 4). Using DEAE-cel lulose chromatography, 
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Table 4, Properties of islet cAMP-dependent protein kinase 

Ka for cAMP 0.8 ,umol/1 
Km for ATP 16 gmol/l 
Km for histone 0.08 mg/mI 
Activation by cAMP x5,9 (Type I) 

x2.6 (Type II) 
S20,w (S) 6.73 
Stokes radius (nm) 5.2 
Mol. wt. 144,200 
Frictional ratio 1.5 
Axial ratio 6 

Values for the Kn1AT P and activation by cAMP were obtained 
using rat islet protein kinase partially purified by DEAE-cellulose 
chromatography: other values were obtained with islet homogena- 
tes. For details see [67] 
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Fig. 9. Possible mechanism in the control of insulin release and 
biosynthesis. For details see text 

it was  poss ible  to  demons tra te  two  i s o e n z y m e s  of  
c A M P - P r K  in islets, corresponding  to  the Types  I 
and II described in o ther  tissues.  De f in i t i on  of  the  
substrate(s)  for these  activities s e e m s  the  m o s t  p r o m -  
ising approach to  understanding  the  m o d e  of  act ion 
of  c A M P  in the B-ce l l  [68]. 

H o w e v e r  these  studies  also  s h o w e d  that a sub- 
stantial  prote in -phosphory la t ing  activity in rat islets 
was  not  act ivated by c A M P  nor  was  it inhibited by a 
specif ic  prote in  inhibitor of  c A M P - P r K .  T h e  nature  
of  this c A M P - i n d e p e n d e n t  PrK is not  k n o w n .  H o w -  
ever  it is t empt ing  to  speculate  that l ike certain o ther  
c A M P - i n d e p e n d e n t  PrK's it m a y  be  regulated by  
Ca 2+ and of  re levance  to recent  studies  wh ich  have  

a t t empted  to  def ine  the  target for  Ca2+-act ion  within 
the  B-ce l l  [77]. A growing  b o d y  of  ev idence  [69] 
impl icates  a family  of  h o m o l o g o u s  Ca2+-sens i t ive  
prote ins  in mediat ing  the act ions  of  Ca  2+ in m a m m a -  
l ian cells e. g. t roponin  C o n  C a 2 + - d e p e n d e n t  musc le  
contract ion.  O f  these  C a 2 + - d e p e n d e n t  proteins ,  cal-  
m o d u l i n  ( ca l c ium-dependent  regulator)  m a y  be  of  
particular s ignif icance as a general  intracellular 
Ca 2 +-receptor  protein,  in v i ew  of  its ubiqui tous  t issue 
distribution and the  wide  variety  of  prote ins  to  which  
it confers  sensit ivity to Ca 2+. C a l m o d u l i n  was  first 
d i scovered  as a heat -s table  act ivator of  brain cyclic 
nuc leo t ide  phosphod ie s t erase  [70]. Later  it was  
f o u n d  to  act ivate  brain adenyly l  cyclase  [71] and a 
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Ca2+-ATPase in erythrocyte membranes [72], and to 
be a component of phosphorylase b kinase [73] and 
myosin light chain kinase [74] in skeletal muscle. It 
has also been implicated inter alia in the phospho- 
rylation of various membrane proteins [75] and in the 
assembly-disassembly of brain microtubules [76]. 
The hypothesis that calmodulin may play a role in 
Ca2+-dependent insulin secretion has recently been 
investigated [77], firstly by demonstrating the pres- 
ence of calmodulin in extracts of rat islets, and, sec- 
ondly, by showing that trifluoperazine, a specific 
inhibitor of calmodulin [78], impairs glucose-stimu- 
lated insulin release. 

Results demonstrating the presence of calmodu- 
lin in rat islets are summarised in Figure 7. Islet 
extracts were boiled for 3 rain and then tested for 
their ability to activate brain phosphodiesterase. 
Standard curves of phosphodiesterase-activation 
were obtained using authentic calmodulin (a gift 
from Dr. P. Cohen, University of Dundee). Boiled 
islet extracts activated phosphodiesterase to a max- 
imum of 6-fold, a similar maximum value to that 
achieved with authentic calmodulin. Activation was 
dependent on the presence of Ca 2+ and was 
abolished by trifluoperazine. The amount of cal- 
modulin in islets, calculated from standard curves, 
was 1.8ng/islet. This corresponds to an intraislet 
concentration of 36,umol/1, assuming a mean 
intracellular volume of 3 nl/islet [79] and a molecular 
weight of calmodulin of 16,700 [73]. The effects of 
trifluoperazine on intact islets are shown in Figure 8. 
Insulin release stimulated by 20 mmol/1 glucose was 
inhibited by a low concentration (25 gM) of trifluo- 
perazine that did not affect islet glucose oxidation. 
This finding is consistent with the hypothesis that cal- 
modulin may play a role in stimulus-secretion cou- 
pling in the B-cell. Interpretation of results with 
50gmol/1 trifluoperazine is more difficult since 
although the response to glucose was abolished with- 
out impairment of glucose-oxidation, basal insulin 
release was elevated [77]. Some speculations as to 
the possible role of calmodulin in B-cell function are 
put forward in the next section. 

General Conclusions and Speculations 

Based on the observations and ideas discussed above 
a tentative working hypothesis for the regulation of 
insulin release and biosynthesis is shown in Figure 9. 
The actions of glucose are proposed to be mediated, 
entirely or in part, by changes in rates of glucose 
metabolism as discussed above. They involve Ca 2+ 
and cAMP primarily concerned with insulin release, 
and as yet unidentified factors regulating insulin 
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biosynthesis. The intracellular target for Ca 2+ is sug- 
gested to be calmodulin and for cAMP is cAMP-Prk. 
A major common denominator for these agents is 
envisaged as protein phosphorylation: protein phos- 
phorylating activity is heterogeneous and comprises 
cAMP-Prk, mediating effects of cAMP, and cAMP- 
independent PrK, suggested here to be controlled in 
part by Ca2+-calmodulin. It is relevant that, in stimu- 
lated mast cells, Ca2+-dependent protein phosphor- 
ylation has been shown to accompany secretion [80]. 
Ca 2+ via calmodulin may also influence the internal 
cytoskeleton of microtubules-microfilaments directly 
or by protein phosphorylation. Ca2+-calmodulin may 
also mediate effects of glucose on cAMP via its 
effects on adenylyl cyclase and phosphodiesterase. 
For insulin release it is suggested that phosphoryl- 
ation of membrane proteins may play a key role in 
facilitating the membrane-membrane interactions 
involved in exocytosis. For insulin biosynthesis, it is 
also conceivable that protein phosphorylation could 
play a regulatory role, perhaps involving protein kin- 
ase activity directly influenced by glucose metabo- 
lites. Current studies on the regulation of hemin 
biosynthesis in reticulocytes [81] provide a precedent 
for such a model. 

Irrespective of whether these speculations prove 
correct, they have the merit of being susceptible to 
experimental testing and it is clear that the B-cell will 
continue to provide a target for extensive investiga- 
tion. The achievement of a deeper understanding of 
the control of insulin biosynthesis and secretion 
remains a fascinating and challenging goal. 
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