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Abstract

Ž y1 y1 . Ž y1 y1.Verapamil 0.17mg kg min intravenous, i.v. but not elgodipine 35 ng kg min modestly enhanced the weak blood glucose
Ž y1 y1.increase induced by the i.v. infusion of isoprenaline 0.3mg kg min in conscious rabbits. However, elgodipine but not verapamil

suppressed the increase in circulating insulin evoked by the agonist. Both drugs enhanced the rise in plasma lactate mediated by
Ž y6 .isoprenaline but only elgodipine potentiated the lipolytic effect of the agonist. In isolated islets elgodipine 10 M blocked forskolin

Ž y6 .10 M -induced insulin release. However, in rabbit adipocytes elgodipine potentiated both glycerol release and cAMP accumulation
Ž y8 y6 . q Ž .induced by isoprenaline 10 –10 M . Excess K 40–60 mM did not alter basal lipolysis or the response to isoprenaline in either

rabbit or mouse adipocytes. Therefore, Ca2q influx through L-type Ca2q channels does not seem to play a significant role in the lipolytic
effect of isoprenaline. Metabolic alterations found with Ca2q channel antagonists were of minor intensity and probably devoid of
pathological implications.q2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is well known that Ca2q plays an essential role in
hormonal metabolism, especially in carbohydrate home-
ostasis, and that Ca2q channel-blocking agents might inter-
fere with metabolic control. Reports of the effects of these
drugs on glucose and lipid metabolism are rather complex
and conflicting. A large body of evidence suggests that
these drugs do not alter glucose handling in non-diabetic

Žand diabetic subjects Teuscher and Weidman, 1997; Gress
. 2q Žet al., 2000 , but Ca channel antagonists either short-

.acting drugs or sustained release formulations are associ-
ated with the development of diabetes, impaired glucose

Žtolerance and insulin resistance Kaplan, 1992; Gurwitz et
.al., 1993; Foot and Leighton, 1994; Giordano et al., 1995 ,

Žwhich limits their therapeutic applications Califf and Kra-
.men, 1998; Pahor et al., 1998 . Thus, patients with dia-

betes mellitus may represent a special group for whom
therapy with a Ca2q channel antagonist increases the risk
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Žof cardiovascular complications see also: Abernathy and
.Schwartz, 1999; Kuusisto and Laaklo, 1999 for reviews .

Catecholamines, by stimulatinga- and b-adrenocep-
tors, induce responses that either promote glucose produc-
tion or increase glucose utilisation. Extracellular Ca2q

seems to be a main requirement fora -adrenoceptor-medi-1

ated responses, such as liver glycogenolysis and insulin
Ž .release Maroto et al., 1992; Garcıa-Barrado et al., 1997 .´

However, adrenaline and noradrenaline inhibit glucose
clearance predominantly byb-adrenoceptor-mediated
mechanisms: liver and muscle glycogenolysis activation,
lipolysis, gluconeogenic stimulation and peripheral glucose

Ž .uptake inhibition Marette and Bukowiecki, 1989 . The
role played by extracellular Ca2q and Ca2q channel block-
ers in some of these metabolic effects has been only

Žpartially studied Maroto et al., 1992; Pershadsingh et al.,
.1989; Schimmel, 1973 and thus needs further and deeper

consideration. Therefore, it was considered of interest to
test the effects of two Ca2q channel blockers, with differ-
ent cardiac and vascular selectivity, namely verapamil and
the dihydropyridine derivative elgodipine, on the in vivo
and in vitro metabolic responses induced by ab-adrenoc-
eptor selective agonist, isoprenaline, in rabbits. Ca2q entry
blockers are used as therapeutic agents in the treatment of
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Ž .Fig. 1. Changes in plasma glucose A and in immunoreactive insulin
Ž . Ž . Ž y1 y1.IRI B levels induced by isoprenaline ISO, 0.3mg kg min when

Ž . Ž y1infused alone -̀ - or in the presence of either verapamil 0.17mg kg
y1 . Ž y1 y1 .min , -v- or elgodipine 35 ng kg min , -B- in fasted rabbits.

2q Ž .The Ca channel antagonist was infused for 30 min cross-hatched bar
Ž .immediately followed by a 30-min infusion of the agonist open bar .

Ordinate scales,Dmmolrl plasma glucose refers to the variations from
control values. IRI levels are expressed as % changes from the control

Ž .level controls100% . Mean responses from at least five rabbits are
presented.)P-0.05, ))P-0.01, )))P-0.001, values significantly

Ž .different from those seen on infusing salinePPP PPP . qP-0.05,
qqP-0.01, qqqP-0.001, when the level of significance was
calculated between both experimental groups, Ca2q channel blocker
treated and non-treated animals.

cardiovascular diseases. As a result of their hypotensive
effect, they can evoke a reflex sympathetic discharge with

Ž .tachycardia ab-adrenergic-mediated effect . Our study
could contribute in this way to understanding the changes
in blood glucose homeostasis as a result of the short-term
effects derived from this interaction.

A preliminary account of part of this research has been
Žpreviously published in abstract form Garcıa-Barrado et´

.al., 1998a .

2. Material and methods

2.1. Animals

The experiments were performed in male New Zealand
Žwhite rabbits aged 7–12 months body weight between 2.8

.and 3.5 kg .

2.2. In ÕiÕo experiments

The experimental design carried out in conscious ani-
mals fasted for the previous 24 h has been fully described

Žin earlier publications Moratinos et al., 1988; Garcıa-Bar-´
.rado et al., 1997 . Arterial blood was sampled by means of

an indwelling cannula placed in the central artery of one
ear. Two control samples separated by an interval of 30
min were taken before drug infusion started. Drug solu-

Ž y1.tions were infused at a constant rate 0.15 ml min for
30 min through an indwelling cannula in the marginal vein
of the contralateral ear. The arterial cannula was kept
functional by a slow constant infusion of physiological

Ž y1.saline 0.07 ml min .

2.3. Analyses of glucose, lactate, glycerol and insulin

Plasma glucose was estimated by means of the glucose
oxidase procedure using a kit from Boehringer Mannheim
Ž .Mannheim, Germany . Blood lactate levels were quanti-
fied enzymatically using lactic dehydrogenase and measur-
ing the amount of reduced nicotinamide-adenine dinucleo-

Ž . Ž .Fig. 2. Changes in plasma lactate A and glycerol B levels induced by
Ž . Ž .isoprenaline ISO when infused alone -`- or in the presence of

Ž .verapamil -B- in fasted rabbits. The effects of verapamil are also
Ž . 2qshown -v- . The Ca channel antagonist was infused for 30 min

Ž .cross-hatched bar , followed by a 30-min infusion of either the agonist or
saline. For more details see legend for Fig. 1.
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Ž . Ž .Fig. 3. Changes in plasma lactate A and glycerol B levels induced by
Ž . Ž .isoprenaline ISO when administered alone -`- or in the presence of

Ž . Ž .elgodipine -B- . The effects of elgodipine are also shown -v- . The
2q Ž .Ca channel antagonist was infused for 30 min cross-hatched bar ,

followed by a 30-min infusion of either isoprenaline, or saline.

Ž .tide NADH formed spectrophotometrically at 340 nm
Ž .Reverte et al., 1991 . The determination of glycerol in-
volved the conversion of glycerol to lactate via a three-step
enzymatic process involving glycerol kinase, pyruvate ki-
nase and lactate dehydrogenase. The amount of NADH
consumed during the conversion of pyruvate to lactate was
measured spectrophotometrically at 340 nm. Kits for lac-
tate and glycerol assays were provided by Boehringer
Mannheim. Immunoreactive insulin was determined by
using a radioimmunoassay kit, with human insulin as

Ž .standard CIS-Radioquımica, Spain ; the detection limit´
was 3mIU mly1.

2.4. Drugs

Fresh stock solutions of isoprenaline hydrochloride
Ž .from Sigma, Madrid, Spain were prepared daily. Isopre-

Ž .naline solutions were made in acidified saline pHs4.5 .
Appropriate dilutions were made in saline just before
infusion. The Ca2q channel blockers were also diluted in
saline and administered immediately after withdrawal of

Žthe second control sample. Verapamil hydrochloride Knoll,
. ŽSpain and elgodipine a gift from Dr. Galiano, Instituto de

.Investigacion y Desarrollo Quımico y Biologico, , Spain´ ´ ´
were infused for 30 min just before the start of the
administration of agonist or saline. All drug concentrations
are expressed in terms of free base.

2.5. In Õitro experiments. Preparation of isolated
adipocytes and lipolysis measurements

White adipose tissue of perirenal and epididymal origin
was removed from fed rabbits after the induction of gen-

Ž y1 .eral anaesthesia with pentobarbital 30 mg kg , i.v. .
Isolated fat cells were obtained by collagenase digestion
Ž y1.1.5 mg ml of adipose tissue fragments in Krebs–

ŽRinger–bicarbonate buffer containing albumin 3.5 g 100
y1. Ž . Ž .ml KRBA and glucose 6 mM adjusted to pH 7.4

just before use. After 30 min of digestion at 378C under

Ž .Fig. 4. Effects of increasing concentrations of isoprenaline ISO alone
Ž . Ž y6 .-`- or in the presence of either verapamil -v-, 10 M or elgodipine
Ž y6 . Ž .-B-, 10 M on glycerol release A from isolated rabbit perirenal

Žadipocytes. Values are expressed as percentages of mean control control
.s100% . Concentration–response curves were obtained for at least six

individual assays. Basal release was 0.240"0.065mmol glycerolr100
Ž . y6mg lipidr90 min. In B , the effect of ISO 10 M on cAMP accumula-

Ž y6 .tion either alone, or in the presence of verapamil 10 M or elgodipine
Ž y6 .10 M . Basal values in perirenal fat cells were 0.42"0.10 pmolr100
mg lipidr45 min, ns6. )P-0.05,))P-0.01,)))P-0.001, values
significantly different from basal glycerol release or cyclic nucleotide
content.qqP-0.01, when the level of significance was established
between cells incubated with isoprenaline in the absence or presence of
elgodipine.
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shaking, isolated cells were filtered and washed three times
in KRBA buffer to eliminate collagenase. The packed cells
were adjusted to a suitable dilution in the same buffer. Fat

Žcells were incubated in plastic vials 1 ml of incubation
.medium with gentle shaking at 378C under an air phase.

After a 90-min incubation the tubes were placed on ice and
200-ml aliquots were removed for the determination of

Ž .glycerol Wieland, 1957 , taken as an index of fat-cell
lipolysis. Metabolic activity is expressed as micromoles of
glycerol produced per 100 mg of total lipid, determined
gravimetrically after extraction according to Dole and

Ž .Meinertz 1960 . Pharmacological agents were added just
Ž .before the incubation 10ml dose volume was started.

Ž .When isoprenaline was used ascorbic acid 0.1 mM was
included in the medium.

In another set of experiments, mouse adipocytes were
used. In this particular case, fat cells were obtained from
pooled perirenal and epididymal fat pads removed from
fed animals.

2.6. cAMP assay

After incubation, samples were homogenised at 48C in
Ž1 ml of a solution containing isobutylmethylxanthine 0.4

. Ž . ŽmM , edetate disodium EDTA, 40 mM and NaCl 2.0

. Ž .mM . Samples were centrifuged 10 min at 08C 2000=g
and the fat cake was aspirated and discarded. A sample of
the infranatant was added to an equal volume of 10%
Ž . X Xwrv trichloroacetic acid for adenosine 3 ,5 -cyclic

Ž .monophosphate cAMP assay. Samples were then ex-
tracted with diethyl ether and nucleotide accumulation was

Žestimated by radioimmunoassay Amersham International
.TRK 432, UK .

2.7. In Õitro insulin release measurements

The experiments were performed with islets isolated by
collagenase digestion of rabbit pancreas. After isolation,
islets were first pre-incubated for 90 min at 378C in a
bicarbonate buffer medium, pH 7.4, containing 15 mM
glucose and supplemented with 1 mg mly1 bovine serum

Ž .albumin fraction V Boehringer Mannheim . They were
then incubated for 60 min in batches of three, in 1 ml of
medium containing appropriate concentrations of glucose
and test substances. At the end of the incubation, a portion
of the medium was withdrawn and diluted for the insulin
assay. Insulin was measured with a radioimmunoassay kit

Ž .insulin-CT CIS Bio International, France .

2.8. Statistics and data analysis

Changes in blood glucose, glycerol, lactate and plasma
insulin levels from at least five rabbits are expressed as
means"S.E.M. Changes in immunoreactive insulin are
expressed as percentages of mean control. When the
lipolytic response was investigated in vitro, concentra-
tion–response curves were obtained for at least six individ-
ual assays.

Values for in vitro insulin secretion are means"S.E.M.
for 15 batches of islets. Changes in glycerol and insulin
release are expressed as percentages of mean control. A
one-way analysis of variance and the Newman–Keuls test
were used for statistical analysis.

Ž . 2q q Ž . Ž y5 .Fig. 5. A The effects of Ca -channel blocking drugs, high K 60 mM and forskolin 10 M on glycerol release from isolated perirenal fat cells. In
Ž . Ž . Ž . q Ž .B , the effect of increasing concentrations of isoprenaline ISO alone -`- or in the presence of 60 mM K -v- on glycerol release from cells of the
same origin. For more details, see legend for Fig. 4 and text.
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3. Results

3.1. Effects of Õerapamil and elgodipine on the metabolic
responses induced by isoprenaline in conscious rabbits

ŽIt has been previously reported that verapamil 0.17mg
y1 y1.kg min alone does not modify basal values of either

Žplasma glucose or circulating insulin Garcıa-Barrado et´
. 2qal., 1992 . However, in the presence of this Ca channel

antagonist, the weak and transient increase in plasma
Žglucose level evoked by a low dose of isoprenaline 0.3mg

kgy1 miny1; D at 15 mins0.41"0.15 mM, ns10
P-0.05 vs. 0.04"0.09 mM, ns12 for saline treated

.rabbits was replaced by a moderate and sustained hyper-
Žglycaemia D at 30 min for animals infused with isopre-

naline in the absence or presence of verapamil was 0.32"

0.12 mM, ns10 vs. 1.25"0.3 mM, ns6, respectively,
.P-0.01, Fig. 1A . Interestingly, verapamil did not reduce

the ability of the agonist to increase arterial insulin levels
ŽD at 45 min found with the agonist alone or in the
presence of the Ca2q channel antagonist was 112.35"

.24.30%, ns6, vs. 124.35"42%, ns8, Fig. 1B . Elgo-

Ž . Ž . Ž y6 . Ž y6Fig. 6. Effects of increasing concentrations of isoprenaline ISO aloneI or in the presence of either verapamil , 10 M or elgodipine , 10
. Ž . Ž .M on glycerol release from mouse pooled perirenal and epididymal fat cells. Adipocytes were incubated in normal medium A , or in one containing 40

Ž . 2q qmM KCl B . The effects of Ca -channel antagonists, alone, are also presented. Basal glycerol release in both normal and enriched K medium was
Ž .1.01"0.20 and 1.42"0.34mmol glycerolr100 mg lipidr90 min ns5 , respectively.
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Ž y1 y1.dipine 35 ng kg min did not alter the effects of
Žisoprenaline on plasma glucose levelsD at 15 mins0.40

."0.22 mM, ns8 but suppressed its insulin secretory
ŽresponseD at 45 mins11.45"9.40%,ns5 P-0.001,

Fig. 1B. It is known that the dyhydropyridine derivative
when infused alone induces a mild and transient increase

.in blood glucose levels; Garcıa-Barrado et al., 1997 .´
Pre-infusion absolute values of arterial plasma glucose and
circulating insulin for saline and drug-treated animals
ranged between 5.40"0.22 and 5.90"0.19 mM, and
8.45"1.60 and 11.1"1.26mIU mly1, respectively.

The b-adrenoceptor agonist induced a significant in-
Žcrease in plasma lactate levelsD at 45 mins2.42"0.9

mM, ns8 P-0.05 vs. 0.07"0.25 mM, ns8 for saline
.control rabbits and evoked a minor but non-significant

Žreduction in the levels of circulating glycerolD at 45
minsy0.35"0.20 mM, ns8, vs.y0.020"0.04 mM,

.ns6, for control animals, Fig. 2 . Plasma levels of lactate
and glycerol were not significantly modified after vera-
pamil administration. The Ca2q entry blocker did not alter

Žthe effect of isoprenaline on plasma glycerol levelsD at
.45 mins0.17"0.26 mM, ns5, n.s. but the ability of

this agonist to increase the levels of lactate was signifi-
Žcantly enhancedD at 30 min in the absence and presence

of verapamil was 1.60"0.70 mM, ns8 vs. 3.02"0.45
.mM, ns8 P-0.05, Fig. 2 . Elgodipine by itself induced

very minor changes in the plasma levels of both substrates
but the dihydropyridine derivative significantly potentiated

Žthe lipolytic effect of isoprenalineD at 45 min in the
absence and presence of elgodipine wasy0.35"0.20
mM, ns8 vs. 0.58"0.14 mM, ns7 P-0.001, Fig.

.3B , as well as the rise in plasma lactate level due to
Žb-adrenoceptor stimulationD at 30 min in the presence of

.elgodipines3.24"0.57 mM, ns7, P-0.05, Fig. 3A .
In these experimental designs, pre-infusion levels of

plasma lactate fluctuated between 1.05"0.19 and 1.77"
0.34 mM and those for glycerol ranged from 0.26"0.01
to 0.84"0.29 mM.

3.2. Effects of Õerapamil and elgodipine on the lipolytic
response to isoprenaline in isolated fat cells

Fat cells were incubated in the absence of adenosine
deaminase, since its inclusion is unable to increase basal

Ž .lipolysis in rabbits Castan et al., 1994 . Isoprenaline
Ž .induced a moderate lipolytic response Fig. 4A . In cells of

perirenal origin, a significant increase in glycerol release
y6 Žwas already observed with a dose of 10 MDs170"

19.2%, ns10, P-0.001, basal release being 0.240"
.0.065 mmol glycerolr100 mg lipidr90 min . A higher

concentration of the agonist was required to obtained a
Ž y4significant effect in fat cells from epididymal tissue 10

M Ds257.8"83%, ns5, P-0.05; basal releases
0.200"0.06 mmol glycerolr100 mg lipidr90 min. Data

. Ž y6 .not shown. . Verapamil 10 M did not modify the
lipolytic effect of isoprenaline in epididymal cells though

it slightly, but not significantly, enhanced the response to
the agonist in perirenal fat cells. Elgodipine, also 10y6 M,
potentiated the response to theb-adrenoceptor agonist in

Ž y6both perirenal isoprenaline 10 M,D in the absence and
presence of the drug wass170"19.24%, ns10; 304.7

."36.6%, ns10, P-0.01, Fig. 4A and epididymal fat
Ž y6 2qcells 10 M,D in the absence and presence of the Ca

channel antagonists198"55.6%, ns5, vs. 282.4"
.76.3%, ns5, P-0.01. Data not shown. . The basal

release of glycerol was not affected by the addition of any
2q Ž .of the Ca entry blockers Fig. 5A .

In perirenal fat cells, the lipolytic response tob-adren-
oceptor stimulation in the presence of both Ca2q channel-
blocking drugs was correlated with the accumulation of

Fig. 7. Insulin release from rabbit isolated islets. Islets were incubated for
60 min in 1 ml of medium containing different glucose concentrations
Ž . Ž y7 .A . The inhibitory effect of either adrenaline 10 M or UK14,304
Ž . Ž y6 . Ž .brimonidine 10 M on glucose 15 mM -mediated insulin release are

Ž .shown in B . The effects of different concentrations of isoprenaline
Ž . Ž .ISO when the islets were bathed in 10 mM glucose are shown in C .
Values are means"S.E.M. for 15 batches of islets.)P-0.05, ))P-

0.01, values significantly different from the insulin secretory response to
15-mM glucose.
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cAMP. Again, isoprenaline 10y6 M evoked a significant
Žincrease in the accumulation of this nucleotide from 0.42

"0.10, ns6 to 0.85"0.08 pmolr100 mg lipidr45 min,
.ns6, P-0.05, Fig. 4B . In the presence of elgodipine, a

further increase was detected after the addition of the
Žb-adrenoceptor agonist 1.10" 0.14 pmolr100 mg

.lipidr45 min, ns6, P-0.01, Fig. 4B . Elgodipine and
Žverapamil increased cAMP accumulation 0.78"0.20;

0.83"0.14 pmolr100 mg lipidr45 min, respectivelyns
.6 , but this increase was not statistically significant. As

expected, forskolin 10y5 M induced a very marked in-
Žcrease 2.74"0.36 pmolr100 mg lipidr45 min, ns5.

.P-0.001, Fig. 4B .

3.3. The lipolytic response to isoprenaline in the presence
of high K q

The experiments were carried out in perirenal fat cells.
Basal release of glycerol was not altered by the addition of

Ž60 mM KCl to the incubation medium 0.235"0.020 vs.
0.220"0.035 mmol glycerolr100 mg lipidr90 min in

.normal Krebs, Fig. 5A . However, cells responded with a
very large increase in glycerol release when forskolin 10y5

ŽM was added normal medium,Ds444.25"49%, ns5.
. Ž y6P-0.001, Fig. 5A . Similarly, neither verapamil 10

. Ž y6 .M nor elgodipine 10 M modified glycerol release in
q Ž . qthe presence of 60 mM K data not included . K excess

Ždid not enhance the lipolytic effect of isoprenaline Fig.
.5B .
The lipolytic response mediated by theb-adrenoceptor

agonist in the presence of both Ca2q channel antagonists,

either in normal medium or in high Kq, was also investi-
Žgated in mouse adipocytes. In normal medium basal re-

leases1.01"0.20mmol glycerolr100 mg lipidr90 min,
.ns5 , the response to isoprenaline was not affected by the

addition of 10y6 M of either Ca2q channel antagonist
Žmaximum increase in glycerol release was found with the
agonist 10y5 M, Ds210.25"23.3%, ns5, P-0.01,

. ŽFig. 6A . In 40 mM KCl basal releases1.42"0.34
.mmol glycerolr100 mg lipidr90 min, ns5 , the dose–re-

sponse curve for isoprenaline did not differ from that
recorded in normal medium. The Ca2q channel antagonists
did not alter the effect of isoprenaline or basal glycerol

Ž .release Fig. 6B .

3.4. Effect of Ca2q channel antagonists on insulin secre-
tion from isolated islets

Ž y7In the presence of 10 mM glucose, isoprenaline 10 –
y4 . Ž .10 M did not elicit insulin release Fig. 7C . Hormone

Žsecretion did not differ from basal release 19.91"2.32
.mIUrmlrisletrh, ns28 . As expected, rabbit islets re-

sponded to glucose in a concentration-dependent manner.
Similarly, a significant inhibitory response induced by

Ž . Žeither UK 14,304 brimonidine or adrenaline 60.20"

5.6%, ns22 P-0.01, and 45.40"5.7%, ns10 P-
.0.05, Fig. 7A and B in the presence of 15-mM glucose

was obtained. Therefore, for further studies, forskolin in-
stead of isoprenaline was used. Verapamil and elgopine
Ž y6 .both 10 M blocked insulin release in the presence of

Ž15 mM glucose 62.63"5.79%, ns18 P-0.05 and
68.25"5.70%,ns19 P-0.05, respectively; basal secre-

Ž y6 . Ž .Fig. 8. Effect of forskolin 10 M on glucose 15 mM -induced insulin release from rabbit isolated islets, either in the absence or presence of verapamil
Ž y6 . Ž y6 . Ž .10 M or elgodipine 10 M . Values are expressed as percentages of mean control controls100% . Insulin release in the presence of glucose was
19.14"3.5 mIUrmlrisletr1 h, ns22. )P-0.05, )))P-0.001, values significantly different from the insulin secretory response to glucose.
qP-0.05, when the level of significance was established between islets treated with forskolin in the absence or presence of elgodipine.
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.tions19.14"3.50 mIUrmlrisletrh, ns22, Fig. 8 . In
very good agreement with in vivo data, verapamil seemed
to increase the insulin secretory response to 10y6 M
forskolin, though the response was not statistically signifi-

Ž 2qcant D in the absence and presence of the Ca channel
antagonist was 62.48"19.02%, ns16; 88.90"18.82%,

. Žns18 . Elgodipine suppressed the forskolin effect Fig.
.8 .

4. Discussion

The present in vivo study was carried out using a rather
small dose of isoprenaline. At this particular concentration,
the b-adrenoceptor agonist already induces significant

Ž .haemodynamic changes Garcıa-Barrado et al., 1998b ,´
which are accompanied by an increase in the levels of
plasma lactate and insulin. The lack of a lipolytic response
and the very weak effect of isoprenaline on plasma glucose
levels derive from its ability to stimulate insulin secretion
Ž .Potter et al., 1972 .

At the doses used in the present work, basal levels of
Ž .plasma glucose, insulin Garcıa-Barrado et al., 1997 , lac-´

tate and glycerol were not changed after either verapamil
or elgodipine administration. However, the effects of both
drugs on the metabolic responses elicited by isoprenaline
were complex and at first sight contradictory. Surprisingly,
verapamil enhanced the weak hyperglycaemic effect of the
agonist even if this Ca2q channel antagonist failed to
block the increase in insulin secretion mediated by the
b-adrenoceptor agonist. Interestingly, a similar response
pattern was found when verapamil was infused in the
presence of a higher concentration of isoprenaline, though
a greater increase in blood glucose was then reported
Ž .Garcıa-Barrado et al., 1992 . Elgodipine clearly sup-´
pressed this response. It is known that insulin release
triggered by a rise in cAMP in theb-cell partly results
from Ca2q influx through dihydropyridine-sensitive L-type

2q Žvoltage-dependent Ca channels Leiser and Fleischer,
.1996; Suga et al., 1997 . Our results with elgodipine

certainly support this notion. The failure of verapamil
could be explained by additional actions of this Ca2q

channel antagonist that mask its own blocking properties
Ž .Lebrun et al., 1997: see below for further discussion .

A greater rise in plasma lactate levels was found when
isoprenaline was administered in the presence of either
verapamil or elgodipine. This increase in circulating lactate
levels could be due to a reduction in lactate uptakerutilisa-
tion by the liver and a larger release of the substrate from
muscle. Stimulation of glucose production from lactate
seems to be mediated byb-adrenoceptor agonists, being
dependent on cAMP accumulation and an increase in

2q Žcytosolic Ca Sanchez-Gutierrez et al., 1997; Garcıa-´ ´ ´
.Barrado et al., 1998b; Hers and Hue, 1983 . Therefore, the

effect of the agonist on liver gluconeogenesis activation

would be attenuated by both compounds, considering that
isoprenaline-mediated liver glycogenolysis is also depen-
dent of extracellular Ca2q and can be antagonised by Ca2q

Ž .channel-blocking agents Maroto et al., 1992 . However,
both Ca2q entry blockers could enhance the well-estab-
lished effect of isoprenaline on muscle glycogenolysis and

Ž .lactate release Moratinos et al., 1975 by different mecha-
nisms. Verapamil could increase cytosolic Ca2q, and con-
sequently, glycogenolysis, as the result of its own in-
hibitory effect on the sarcoplasmic reticulum Ca2q-ATPase,

2q Ž .reducing Ca sequestration Ortega et al., 1997 . Elgodip-
ine, like other dihydropyridines, could directly increase

Žglucose uptake and lactate formation Foot and Leighton,
.1994 . Therefore, more lactate would be available for

release. Only elgodipine mediated an increase in plasma
glycerol levels after isoprenaline administration. Suppres-
sion of the insulin secretory rise induced by theb-adrenoc-
eptor agonist would help to facilitate its own lipolytic
activity. In addition, elgodipine directly potentiated the
lipolytic response to isoprenaline in fat cells of different

Ž .origin perirenal and epididymal , an effect that was ac-
companied by an increased accumulation on cAMP in
perirenal adipocytes. Since dihidropyridines acting as
phosphodiesterase inhibitors can potentiate the effects of

Žb-adrenoceptor agonists on different tissues Sarria et al.,´
.1994 , it is reasonable to assume that elgodipine working

in a similar way could enhance the lipolytic effect of
isoprenaline.

Muscle and fat glucose uptake is reduced by theb-
adrenoceptor agonist, even during insulin stimulation, as a
result of phosphorylation and inactivation of the glucose

Žtransporter Clark et al., 1995; Jensen et al., 1997;
Lawrence et al., 1990; Nishimura et al., 1991; Faintrenie

.and Geloen, 1992 . This inhibitory effect could be counter-´ ¨
acted by elgodipine, which, like nifedipine, might activate

Žglucose transport and lactate formation Giugliano et al.,
.1980 . By contrast, verapamil, by increasing muscle cy-

2q Žtosolic Ca , could reduce glucose uptake Foot and
.Leighton, 1994 , thus reinforcing the inhibitory effect of

isoprenaline. This also explains the modest but sustained
increase in plasma glucose levels when both theb-adren-
oceptor agonist and verapamil were administered together
Ž .see also Garcıa-Barrado et al., 1992 .´

In rabbit isolated islets, isoprenaline did not induce
insulin release in the presence of 10-mM glucose. These in
vitro results are in clear contradiction to previous in vivo

Ž .data Moratinos et al., 1977 and the present work. The
islets also failed to respond to isoprenaline and the selec-
tive b -adrenoceptor agonist terbutaline when the glucose2

Ž .concentration was raised to 15 mM data not shown .
Interestingly, forskolin-stimulated insulin release in re-
sponse to glucose was dose-dependent, and the functional
inhibitory response mediated by thea -adrenoceptor ago-2

nist adrenaline and brimonidine was clearly shown. The
results concerning the direct effects ofb-adrenoceptor
agonists on isolated islets are controversial. Human pan-
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creatic b-cells are equipped withb -adrenoceptors since2

an insulin secretory response is found after clenbuterol
Ž .administration Lacey et al., 1993 . However, the rabbit

behaves like the rat and the mouse, species where the in
vitro secretory response to isoprenaline is hard to evoke
Ž .Lacey et al., 1991 . We do not have a clear explanation
for these conflicting results. There is an abundance of data
showing good parallelism between islet blood flow and
plasma insulin levels. Therefore the increase islet blood
flow induced byb-adrenoceptor stimulation could be one
of the mechanisms involved in the secretory response

Ž .described in conscious rabbits Atef et al., 1996 .
Interestingly, irrespective of whether the insulin secre-

tory response was elicited by isoprenaline or forskolin,
both Ca2q channel-blocking drugs behaved in a similar
way in vivo and in vitro. The underlying mechanism for
cAMP enhancement of insulin secretion is not easily un-
derstood. cAMP modulates the activity of L-type voltage-
dependent Ca2q channels and non-selective cation chan-
nels, and, more importantly, it seems to sensitise the
exocytotic machinery to Ca2q through a cAMPrprotein-

Žkinase A pathway Leiser and Fleischer, 1996; Ding and
Gromada, 1997; Renstrom et al., 1997; Yajima et al.,¨

.1999 . Our results with elgodipine support the primary role
played by the influx of extracellular Ca2q through L-type
Ca2q channels, and the cAMP-mediated excitatory effect.
Verapamil, however, at a concentration able to block the

Žinsulin secretory response to a glucose load Garcıa-Bar-´
.rado et al., 1997 , did not modify the effect of any of the

used excitatory agents. It has recently been reported that
verapamil and other phenylalkylamines, but not nifedipine,

q Ždecrease the activity of ATP-sensitive K channels KATP
.channels in theb-cell in a concentration-dependent man-

Ž .ner Lebrun et al., 1997 . In this way, verapamil could
enhance the ability of cAMP to block K channelATP

Ž .activity Holz et al., 1993; Gromada et al., 1997 , thus
restraining its own inhibitory properties.

The role played by external Ca2q and Ca2q influx
through dihydropyridine-sensitive Ca2q channels in lipoly-
sis is certainly controversial. Changes in the Ca2q concen-
tration of the incubation medium did not alter the lipolytic

Ž .response induced by isoprenaline Ebert et al., 1974 or
Žattenuate the effect of adrenaline or noradrenaline Emami
.and Perry, 1986; Izawa and Komabayashi, 1994 . More

recent experiments showed that Ca2q entry through dihy-
dropyridine-sensitive channels could be implicated in me-
diating the increase in lipolysis seen in ethanol withdrawal
Ž .Jelic and Taberner, 1996 . However, no evidence for
inward currents carried by Ca2q have been reported
Ž .Ramırez-Ponce et al., 1996 , and no increase in cytoso-´

w 2qxlicrintracellular calcium Ca was detected in rat fati
Žcells incubated in the presence of isoprenaline Izawa et

.al., 1994 . Our results for both rabbit and mouse fat cells
do not support the involvement of an increase in cytosolic
Ca2q through these channels in the lipolytic effect of this
agonist.

Kq excess, which is known to depolarise and to evoke
2q Ža sustained increase in intracellular Ca Pershadsingh et

.al., 1989 , did not increase glycerol release, or potentiate
the effect of theb-adrenoceptor agonist. Ca2q channel

q w 2qxantagonists can block the K -mediated increase in Cai
Ž .Pershadsingh et al., 1989 in fat cells but did not alter the
response to Kq or reduce the effect of isoprenaline. It has
been shown that lipolysis is affected to different extents by

Ž .dihydropyridines Jelic and Taberner, 1997 . In rabbit
adipocytes, both verapamil and elgodipine increased,
though not significantly, cAMP accumulation, and elgodip-
ine enhanced in a parallel way the increase in glycerol
release and cyclic nucleotide content in fat cells in the
presence of theb-adrenoceptor agonist. Neither agent
modified the effect of isoprenaline in mouse cells. Hor-
mone-sensitive lipase stimulation by agonist mainly relies
on enzyme phosphorylation by the cAMPrprotein-kinase
A pathway because a large part of lipase activity is under
the strict control of intracellular cAMP levels. Thus, phos-
phodiesterase inhibition by elgodipine could explain our
data. However, other kinases besides protein-kinase A may
be involved in lipase activation by isoprenaline, and the
Ca2q-calmodulin complex may be necessary for full acti-

Žvation of the response in trained animals Izawa and
.Komabayashi, 1994 .

In summary, the modest but sustained increase in blood
glucose levels found with theb-adrenoceptor agonist when
infused in the presence of verapamil seems to result from
the inhibitory effects of both compounds on peripheral
glucose uptake. Both Ca2q channel antagonists attenuated
the effect of isoprenaline on liver glucose production from
lactate. In addition to their ability to block Ca2q channels,
these drugs also exhibit several other complex and differ-

Žent properties inhibition of muscle sarcoplasmic reticulum
2q .Ca pump, K channels, phosphodiesterase if specificATP

metabolic responses are investigated. The different be-
haviour shown by verapamil and elgodipine may help us to
understand the difficulties encountered when discussing
the deleterious effects of Ca2q channel-blocking drugs on
glucose homeostasis. Under our experimental conditions,
the metabolic alterations observed in the presence of vera-
pamil and elgodipine, though sustained and statistically
significant, were rather modest and probably devoid of
serious pathological complications.
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