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Abstract Vcrapamil IS knou II to abolish plucose- or \tllfonylurc~~-induced insulin release hq the isolated 

pcrl’uscd rat p:mcrc:~s. The mode or action or vernpamil upon islet function 1s investigated. The drug 
apprcntl) doa not interfere with the proccas of glucose metabolism and recognition by the B-cell. 
since the utiliration and oxidation of glucose. the total production of lactate. the synthesis of proinsulin. 

and the inhibitor) ell’cct of glucose on “c:~lc~um elllux in isolotcd islets were all unaffected by vcrapamil. 

The drug inhibited basnl and glucose- or sulfon!;lurea-stimulated “calcium not uptake, without fxilit:tt- 

ing t’calcium rlllux from pcrifused islets. It fnilcd to crbolish the increase in both “‘calcium clllux 

wd insulin output crokcd b> thcoph~lline. Thcsc data suggest that ;1 major &ct of verapamil is 

to inhibit calcium cntr! in the B-cell. as if such an intlux were to occur. In part at least. thl-ough 
calcium channels analogous to those described in myocardium and myometrium. The proper ell’cct 

of glucose on calcium handling by the islets was not abolished by verapamil and may. therefore. 

not require the l’unctwn~~l integrity of the system responsible for calcium inward transport in the 

B-cell. 

Vcrapamil. often described as ;I sclcctive Ca’+-anta- 
gonist. is currently used to probe the significance of 
Ca” inward transport in cells cxcrting a Ca’ ’ - 

depcndcnt function [I 51. For instance. it wah pro- 
posed that vcrapamil might help to elucidate the prc- 
cisc modality by which agents such as glucose 01 

thcophylline exert their insulinotropic action [6. 73. In 

the present study. reported in abstract form elsewhere 
[X]. it was investigated whether the influence of vera- 
pamil upon various parameters of islet function is in- 
deed compatible with its postulated mode of action, 
namely the inhibition of Ca2+ influx in the B-cell. 

The methods ~1sec1 for the measurement of insulin 
release [9], proinsulin biosynthesis [IO, I I]. glucose 
utilization as judged by the production of “Hz0 from 
[5”H]glucose [ 12. 131. glucose oxidation [ 141. lactate 
production [ 151. “calcium net uptake [ 161 and “‘cal- 
cium &ILIX [I71 in isolated islets rcmoked from full) 
fed female albino rats were previously described. 

.!C&r qf w~~rpa~nr/ qwr~ i~swlir~ I.~~/cws~~. Figurr I 
illustrates the dos+action rciationship for the inhibi- 
tory effect of verapamil LI~OII insulin relcasc evoked 
by glucose (16.7 mM) in isolated islets. Whereas vera- 
pamil at a 0.01 mM concentration suppressed glucose- 
induced insulin release. it did not abolish the en- 
hancing action of thcophylline (Table 1). The latter 
experiments were performed in the presence of glu- 
cose (16.7 mM) for. at the concentration here used 
(I.4 mM). theoph~;llinc does not exert any significant 
insulinotropic action in the absence of glucose [IX]. 

Phcntoluminc. which is known to abolish the inhibi- 
tory effect of epincphrine upon glucose-induced insu- 
lin release [I91 failed to protect the B-cell against the 
inhibitory action of verapamil (Table I ), 

t<flk’t of rcwpund ~rpmf irw/ir~ hio.s~~r~f~fc~.si.\. The 
effect of vcrapamil upon proinsulin qnthesis was 

tested at two glucose concentrations (4.2 and 

16.7 mM), the first close to the threshold value for 
the stimulant action of glucose upon proinsulin syn- 
thesis and the second inducing a ne~lr-to-ma\i~~~al 
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t‘ig. I. Mean values (+ SEM) for inauhn rcIc:Isc‘ e\ohcd 
by glucose (16.7 mM) at various vcrapamil conccntrntions 
(logarithmic scale) are shown to!ethcr with the number 

of indicidwl cxperlmcnts (II). 
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Table I. Effect of verapamil. theophylline and phentolamine upon insulin release 
evoked by glucose (16.7 mM) in isolated islets 

Verapamil 

(mM) 

Theophylline 

(mM) 
Phentolamine 

CmM) 
Insulin output* 

(“,J 

100.0 i 5.1 (56) 
0.01 15.6 i 4.2 (55) 
0.01 0. I 18.6 + 3.0(9) 

1.4 ‘55.1 _t 15.9(1X) 
0.0 I I .4 62.3 * 6.3 (IX) 

* Mean values (+ SEM) for insulin output are shown together with the number 
of individual experiments (in parentheses) and are expressed in percent of the mean 
control value found in the presence of glucose alone within the same experiment(s). 
such a control value averaging 292 k 21 kIU!islet per 90min. 

Table 2. Effect of glucose and verapamil upon proinsulin biosynthesis and conversion by isolated Islets 

Proinsulin synthesis* 
Glucose Verapamil ___ 

(mM) (mM) (cpm. lo-+25 islets) ( ‘Icj of total synthesis) 

4.2 45.3 + 14.6 33.4 + 8.5 
4.2 0.01 40.5 + 2.6 33.2 + 5.2 

16.7 136.8 i 24.0 55.7 i 4.1 
16.7 0.01 122.4 + ‘I.8 54.1 + 6.1 

* Mean \nlues (i SFM) are each derned from 4 individual measurements. 

Proinsulin conversion* 

(“,,) 

43.7 + 6.X 
40.5 * 7.2 
34.x * 3.7 
43 7 2 6.1 

Table 3. ElTect of verapamil and theophylline upon glucose metabolism m isolated islets 

Glucose (mM) 16.7 16.7 16.7 16.7 
Verapamil (mM) 0.0 I 0.01 
Theophylline (mM) I .4 1.4 

Glucose utilization* 105 * lO(20) 106 i 9 (18) 98 k II (16) x4 + 7(1X) 
Lactate output* 65 * 5(1l) 44 i&(ll) 58 & 5(11) 57 _+ 6(ll) 
Glucose oxidation* 30 * ‘I(l7) 29 f 5(16) 35 + 4(171 76 & 3 (171 

* Mean values (k SEM) for the utilization of glucose (as judged by the production of “HZ0 from 
[S”H]glucose over IZOmin incubation). the output of lactate in the incubation medium (measured 
o\er 90min incubation) and the oxidation of glucose (as judged by the production of ‘“CO? from 
[U-‘“C]glucose ober l2Omin Incubation) in the islets are invariably expressed as pmol of glucose 
residues metabolized per islet and per hr. and are shown together with both the number of individual 
determinations (in parentheses) and the statistical significance (a: P < 0.01) of differences hetween ey- 
pcrimental and control (glucose alone) data 

biosynthetic response [IO]. Verapamil failed to signifi- 
cantly affect the various parameters of islets biosyn- 
thetic activity at these two glucose levels (Table 2). 

IZficr qf‘~~upurt~il upo” glucose twtaholisrn. At high 
glucose concentration (16.7 mM), verapamil 
(0.01 mM), theophylline (1.4 mM) and the combina- 
tion of both agents failed to affect glucose utilization 
and oxidation by the islets (Table 3). Verapamil also 
failed to affect the total production of lactate by the 
islets but apparently retarded its exit from the islets 
(Fig. 2). so that the amount of lactate released by 
the Islets in the medium was decreased. Such a reduc- 
tion was not encountered when theophylline was also 
present in the incubation medium (Table 3). 

,5&t of’ 7vrapa117i/ upon 4”culcium uptake. The 
results of the measurements of 45calcium net uptake 
are summarized in Table 4. Verapamil (0.01 mM) in- 
hibited basal net uptake (Table 4. lines I and 2). 

Theophyllinc (1.4 mM) failed to protect against such 
an inhibitory effect (Table 4. line 3). Verapamil 
(0.01 mM) also reduced tolbutamide- and gliclazide- 
stimulated calcium net uptake (Table 4. lines 4 to 
7). In the presence of glucose (I 6.7 mM). verapamil 
(0.002 to 0.1 mM) cause a dose related inhibition of 
calcium net uptake (Table 4. lines X-10 and 12). a 
significant effect (P < 0.005) being already noted with 
the lowest concentration of verapamil here examined 
(0.002 mM). Theophylline (I .4 mM) again failed to 
protect against the inhibitory action of verapamil 
(Table 4. lines 10 and 11). The mean degree of inhibi- 
tion in calcium net uptake attributable to verapamil 
(0.01 mM). relative to the appropriate control value 
found in its absence within the same experiment(s), 
was invariably and significantly (P < 0.001) less pro- 
nounced in the presence of glucose (16.7 mM : inhibi- 
tory effect of verapamil: -21 f 6”,,; II = 66) than 
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Fig. 2. Isolated islets were incubated for 60 or 90 min with 
glucose (16.7 mM) in the absence (open columns) or pres- 
ence (shaded columns) of verapamil (0.01 mM). After incu- 
bation, lactate was measured either after sonification of 
the islets in their incubation medium (total production; 
upper left panel). or separately in the medium (upper right 
panel) and in the islets homogenates (lower left panel), the 
sum of these two latter measurements being shown in the 
lower left panel. Each value represents the mean (i SFM) 

of four individual experiments. 

either in its absence (basal uptake; -59 + N”,,: 
II = 43) or when tolbutamide (-72 _t 6”;,; n = 10) 
and gliclazide (- 73 & 5”:,; II = 19) were used as the 
insulinotropic agents. 

EfSrct cf wrapand upon 4”culciutn c@ts. We have 
examined the effect of verapamil upon “5calcium 
efflux from islets which were first exposed to glucose 

and “calcium for 60 min. extensively washed. and 
eventually placed in a perifusion chamber where they 
were exposed to media deprived of calcium and 
enriched with EGTA (ethyleneglycol-bis-(B-amino- 
ethyl ether)N,,V-tetraacetic acid, I .O mM). The latter 
media were used to prevent the release of 4-icalcium 
often associated with the exocytosis of secrctoq 
granules [ 171. 

Addition of verapamil (0.01 mM) to the perifusate. 
whether in the absence (Fig. 3) or presence (Fig. 4) 
of glucose, failed to cause any obvious accident in 

t 
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Fig. 3. Effect of verapamil upon “calcium rfflux m the 
absence of glucose. The islets were perifused with calcium- 
deprived media enriched with EGTA (Ka) and containing 
no glucose (G,). Verapamil (0.01 mM ; VER ,()) was added 
at the time shown by the dotted line (upper panel). Control 
experiments performed throughout in the absence of vera- 
pamil are shown in the lower panel. Individual values for 
4’calcium efllux are expressed in percent of the mean con- 
trol value found within the same experiment between 
4@44 min. Mean values (k SEM) are shown together with 
the number of individual experiments in each group (II). 

Table 4. Effect of verapamil and other insulinotropic agents upon ‘“calcium net uptake by isolated islets 

Line Glucose Theophylline Tolbutamide Gliclazide Verapamil Calcium uptake* 

(Nrl (mM) (mM) (mM) (mM) (mM) (pgiislet at YOth min) 

I 67.0 + 3.5 (93) 

3 0.010 31.6 f 3.3 (43) 

3 1.4 0.010 32.0 f 3.9 (24) 

4 0.75 186.5 + 7.5 (40) 

5 0.75 0.010 56.3 * 7.4(X)) 

6 0.055 220.5 + 8.3 (40) 

7 0.055 0.010 67.3 i 5.9 (19) 
8 16.7 152.5 * 5.9(K) 

Y 16.7 0.002 124.3 5 6.7 (5Y) 

IO 16.7 0.010 109.1 + 4.x (66) 
11 16.7 1.4 0.010 100.2 + 7.0(29) 
12 16.7 0.100 64.2 + 6.2 (30) 

* Mean values (k SEM) are shown together with the number of individual determinations (in parentheses). 
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Fig. 4. Effect of verapamil upon “‘calcium efflux in the 
presence of glucose. Same presentation as in Fig. 3. Glu- 
cose (16.7 mM; G,) was present throughout the perifusion. 

the pattern of progressively decreasing effluent radio- 
activity normally observed in the present system. Ver- 
apamil did not prevent the immediate reduction in 
4scalcium efflux normally seen on addition of glucose 
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Fig. 5. Effect of glucose upon “5calcium efflux in the 
absence (lower panel) or presence (upper panel) of verapa- 
mil. Same presentation as in Fig. 3. Glucose (16.7 mM; 

G3) was added at the time shown by the dotted line. 

(16.7 mM) to the perifusate (Fig. 5). Thus, both m 
the absence and presence of verapamil (0.01 mM 1. the 
rate of fdli in effluent radioactivity was significant\! 
increased by glucose (Table 5. lines 5 and 6). Likcwisc. 
verapamil did not prevent the immcdiatc increase in 
“‘calcium cfllux normally seen on addition of thcB- 
phylline (2.0 mM) to the perifusate (Fig. 6). 

A closer examination of the experimental data sug- 

gested that verapamil may tend to minimize the et&t 
of theophylline on 45calcium eWux, both in the pres- 
cnce and absence of glucose (Table 5, lines 7 IO). This 
bchaviour contrasts with that seen in the abscncc ol 
theophylline, where an opposite trend towards facili- 
tation of 4”calcium efflux was noted upon addition 
of verapamil to the system (Table 5. lines I 4). 
Although none of these changes achicvcd statistical 
significance. it should be noted that a clear-cut facih- 
tation of ‘icalcium efflux. characterized by an in- 
crease in the effluent radioactivity, was observed when 
verapamil was added to the perifusate in a much 
higher concentration (0.1 mM), the latter phenom- 
enon being observed both in the abscncc and presence 
of glucose (data not shown). 

The inhibitory effect of verapamil upon glucosc- 
induced insulin release is apparently not due to anq 
ma.jor defect in the process of glucose metabolism 
and/or recognition by the B-cell. The utilization and 
oxidation of glucose, its inhibitory effect on “‘calcium 
efflux and its stimulant action upon proinsulin bio- 
synthesis were all unaffected hy the calcium-anta- 
gonist. 
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Fig. 6. Effect of theophylhne upon 5’calcium efflux in the 
absence (lower panel) or presence (upper panel) of vcrap:t- 
mil. Same presentation as in Fig. 3. Theophyllinc (2.0 mM : 
T) was added at the time shown by the dotted line. The 
broken line in the lower panel refer to mean control data 
obtained when no theophylline was added to the slqtem 

(see Fig. 3). 
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Table 5. Effect of glucose. vorapamil and theophylline upon “‘calcium efflux 
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Lint Expts. 
iNrt (0) 

Period: min 38 44 

Conditions* b (“,,.min- ’ t$ 

Period: min 4650 
_-- 

Conditions* h (“,,.tnin.-I): 

1 161 G, ~ 1.64 + 0.34 G, ~ 1.46 & 0.43 
, 

; 
(6) Go -2.36 f 0.12 Go + Vl” ~ I.39 f 0.33 1;:;; : ;:;;:_, > 

NS 
- 

(7) G3 -7.39 f 0.76 GX -2.39 i: 0.56 0.00 ) 0.61 
4 (7) G, - 1.96 & 0.40 G3 + V,I~ - 1.36 ri_: 0.62 +o.hO ?: 0.74 ) 

NS 

5 (5) G0 - 1.89 + 0.27 Gz -6.18 + 0.40 
6 (61 G, + V,” -‘.?I + 0.55 GX + V,o -5.14 + 0.71 

1;:;; 2 ;:;;:: 
_ ) 

NS 

7 110) G, - I.75 f 0.32 Go + T + 2.25 r 0.29 
x (9) c&l+ V,, - 1.99 * 0.44 G,, + V,n + T +0.78 ; 0.34 

1;:;; Iit ;;::;:; 
- > 

NS 

9 (X) G, _ 2.01 + 0.50 G-3 + T + 1.43 f 0.41 
10 (9) G, + V,, - 1.76 i_ 0.21 G, + V,o + T +0.12 & 0.69 

1;:;; $ I;:;;: NS 
_. 1 

* Vcrapamii (0.01 mM; V,,) and tllcoph~lline (7.OmM; T) were used in the ahscnce (G,) or prescncc of glucose 
(I6.7mM; G,). 

$ The slope (b) of the regression line characterizing the rate of change in mean effluent radioactivity is expressed 
as percent per min (“,,.min-‘) for two successive periods of 7 tnin each (min 3844 and mm 43-50). Whencvcr a 
change in composition of the pcrifusate was introduced. the change took place at min 44. Also shown are the number 
of individual experiments in each group 01) and the statistical significance for the change in slope ober Ihc two successive 
neriods (a: P < 0.05: b: P < O.OOl) and for the ditfcrence between changes observed in ditterent sets of experiments 

A more likely explanation for the effect of verapa- 
mil B-cell function would be an inhibition of calcium 
entry in the B-cell. since the drug, at concentration 
up to 0.01 mM. i~~hibited the net uptake of 4’calcium 
by the islets without causing any obvious facilitation 
Of “‘calcium cfi-lux. A primary effect of verapamil 
upon the channel for calcium influx in the B-cell 
would also explain why the drug inhibited basal as 
well as glucose-stimulated calcium net uptake and 
why it abolished sulfonyiurea-induced calcium net 
uptake and subsequent insulin release. Last. because 
the insulinotropic action of theophylline is thought 
to result from an intracellular translocation rather 
than a change in the net uptake of calcium by the 
B-ccl1 [?(I. 21). it is not surprising that the methylxan- 
thinc protected giucos~-itldu~cd insulin release 
a_fainst the inhibitory action of verapamil[7] hut 

falled to protect against the vcrapamil-induced rcduc- 
tion in calcium net uptake. 

Within the framework of SLICK a hypothesis, the fol- 
lowing unexpected findings should be considered. 
First, verapamil (0.01 mM) caused lactate accumu- 
lation in the islets and retarded its appearance in the 
incubation medium. Second, the verapamif-induced 
reduction in glucose-stimulated “calcium net uptake 
was, in relative terms. less marked than that evoked 
by the calcium-antagonist in the absence of glucose 

or presence of sulfonylurea. Third, there might have 
been a tendency for ~/erapanlil to minimize the thco- 
p~~yllin~-~ndL~~~d increase in “calcium et&ix from 
perifused islets. And last, from preliminary observa- 
tions. it would appear that. in islets exposed to vera- 
pamil. there is no obvious reduction in the amount 
of calcium pyroantimonate precipitates detected in 
the secretory granules, whereas a significant depletion 
of this cationic pool can bc evoked by incubating 
the islets in the presence of a calcium-chelating agent 
(M. Ravazzola and F. Malaisse-Lagae. personal com- 
munication). Further work is obviously required to 
explore these phenomena and their possible interrela- 
tionship. 

Meanwhile. our experimental data are compatible 
with the view that a major effect of verapamil upon 
islet function is to inhibit calcium cntr! in the B-cell. 
as if such an influx were to occur. in part at kast, 
through calcium channels analogous to those dc- 
scribed in myocardium and myomctrium [I. 21. That, 
despite the impairment of calcium entry, glucose was 

still able both to stimulate calcium net uptake by the 
islets and to support the insulinotropic action of theo- 
phylline suggests that the proper effect of plucosc on 
calcium metabolism is not dependent on the func- 
tional integrity of the system responsible for calcium 
inward transport in the B-cell. Such :I conclusion is 
consistent with the idea that glucose mainly regulates 
some other step of calcium handling by the B-cell. 
such as the outward transport of the cation across 
the B-cell membrane [ 171. 
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