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Introduction

Abstract

Patients with type 2 diabetes who have hypercholesterolemia
frequently need to take HMG-CoA reductase inhibitors. A key fac-
tor in the pathophysiology of type 2 diabetes is altered pancreatic
beta-cell activity, which results in a reduced ability of the pancreas
to secrete insulin in response to glucose. The impact of HMG-CoA
reductase inhibitors on -cell function must therefore be investi-
gated. The regulation of -cell function is greatly influenced by the
cytosolic Ca2+ concentration ([Ca2+]i). The current work looked at
how HMG-CoA reductase inhibitors affected the [Ca2+]i signaling
and insulin release that glucose-induced in rat islet -cells. Simv-
astatin, a lipophilic HMG-CoA reductase inhibitor, suppressed the
initial phase increase and oscillation of [Ca2+]i caused by 8.3 mM
glucose in single -cells at concentrations ranging from 0.1 to 3 g
ml—1. The fewer Simvastatin-acid, a lipophilic inhibitor, decreased
the first [Ca2+]i rise but was two orders of magnitude less effective.
Pravastatin (100g ml—1), a hydrophilic inhibitor, has little impact
on [Ca2+]. Simvastatin (0.3g ml-1) reduced glucose-induced insulin
production from islets more effectively than simvastatin-acid (30g
ml-1), whereas pravastatin (100g ml-1) had no effect. Simvastatin,
but not pravastatin, showed a reversible blockage of the L-type
Ca2+ channels in -cells in whole-cell patch clamp recordings. Simv-
astatin also prevented the opening of L-type Ca2+ channels, which
is how L-arginine and HCl enhance [Ca2+] Conclusion: By blocking
L-type Ca2+ channels in -cells, lipophilic HMG-CoA reductase in-
hibitors can prevent glucose-induced [Ca2+]i signaling and insulin
secretion, and their inhibitory potencies are inversely correlated
with their lipophilicities. Precaution must be takenWhen HMG-CoA
reductase inhibitors are utilized in clinical settings, attention should
be given to these findings, especially in type 2 diabetic patients.
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nel; Insulin secretion; Diabetes

The rate-limiting enzyme in cholesterol production is inhib-
ited specifically and competitively by 3-hydroxy-3-methylgluta-
ryl coenzyme A (HMG-CoA) reductase inhibitors [1]. HMG-CoA
reductase inhibitors have been shown to be effective in low-
ering plasma cholesterol levels and lowering the incidence of
cardiovascular disease in long-term clinical studies (2—5.3 years)
[7,18,19,21]. As a result, HMG-CoA reductase inhibitors are fre-
quently utilized to treat hypercholesterolemic individuals [15].
Patients with diabetes and atherosclerotic plaque frequently
experience hypercholesterolemia. One of the main causes of
death among diabetic people is cardiovascular disease. HMG-

CoA reductase inhibitors are so frequently given to diabetic in-
dividuals. According to numerous studies (Hosaka et al., 1977)
[16,17,51], type 2 diabetes (non-insulin-dependent diabetes
mellitus) is thought to develop and progress as a result of al-
tered pancreatic beta-cell function that results in an impaired
insulin secretory response to glucose. Therefore, it is crucial to
look into any potential inhibition of -cell functions by HMG-CoA
reductase inhibitors. It is well known that the control of -cell
processes, including insulin secretion, depends heavily on the
cytosolic Ca2+ concentration ([Ca2+]i) [10,26]. Ammala and
others 1996). Recent studies have shown that [Ca2+]i oscilla-
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tions can control gene expression [8,38]. Therefore, the current
investigation looked at how HMG-CoA reductase inhibitors af-
fected the [Ca2+]i oscillations and insulin secretion in islet -cells
caused by glucose. HMG-CoA reductase inhibitors come in two
different varieties: pravastatin, a hydrophilic inhibitor, and sim-
vastatin and lovastatin, lipophilic inhibitors. Simvastatin's lac-
tone ring makes it lipophilic. Simvastatin-acid, an in vivo active
metabolite, is partly hydrophilic in its open acid form [20]. The
acid form of pravastatin is hydrophilic [20]. Both versions of
simvastatin and pravastatin have equivalent HMG-CoA reduc-
tase inhibitory activity in decreasing serum cholesterol levels.
Inhibitors of HMG-CoA reductase have Although the frequency
is very low, it has been clinically and experimentally reported
to produce myotonia and severe rhabdomyolysis [24,25,33]. It
has been demonstrated that the lipophilicity of HMG-CoA re-
ductase inhibitors plays a key role in their ability to cause fast
cell damage in L-myocytes [42]. Therefore, the effects of simv-
astatin, simvastatin-acid, and pravastatin on glucose-stimulated
-cells were compared in the present investigation.

Methods

Selection of-Cells and the Populations of Islets and Individ-
ual-Cells

As described before [30], islets and single -cells were pro-
duced. In a nutshell, islets of Langerhans were extracted by col-
lagenase digestion from Wistar rats aged 8—12 weeks. Pentobar-
bital was administered intraperitoneally to the animals to make
them unconscious.80 mg/kg-1. After ligating the common bile
duct proximal to the pancreas, the abdomen was opened, and
collagenase (3 mg ml—1) was injected into the distal end of the
duct. This was done in a solution containing 5 mM Ca2+. Cervi-
cal dislocation caused the rats to die. After being removed, the
pancreas was incubated for 17 minutes at 37°C. Hand-collected
islets were either divided into single cells in Ca2+-free HRB for
insulin release tests or used in insulin release experiments. Ea-
gle's minimal essential medium, which contains 5. mM glucose,
10% Foetal Bovine Serum (FBS), 100 g ml—1 streptomycin, and
100 U ml—1 penicillin, was used to maintain the single cells in
short-term culture for up to 3 days after plating them on cover-
slips. 5% CO2 and 95% air make up the atmosphere. Throughout
this period of culture, the cells reacted to the test chemicals in
a predictable way. Physiological and morphological parameters
were used to select -cells, as previously described [29].

Solutions

NaCl 121.7, HCI 4.4, HH2PO4, CaCl 2, MgS04, NaHCO3, and
4-(2-hydro- xyethyl) were the main components of HRB (in
mM).HEPES, a -1-piperazineethanesulphonic acid with a pH
of 7.4, with 0.1% bovine serum albumin. The following ingre-
dients made up the standard pipette solution for whole-cell
patch clamp recording of Ca2+ channel current (in mM): as-
partate 75, tetraethylammonium (TEA) 30, HEPES 11, EGTA 11,
MgCl2 3, CaCl2, ATP-Na2 3, and GTP 0.1 (at pH 7.2) (Boehringer
Mannheim, Indianapolis, IN). To create a whole-cell clamp, an
external solution containing Tris-HCI 100, TEA-CI 30, HEPES 10,
and CaCl2 (at pH 7.3) was utilized. 2.

Calculations of [Ca2+Ji As previously described [28,30],
[Ca2+]i was quantified using dual-wavelength fura-2 microfluo-
rometry in conjunction with imaging. In a nutshell, 1 M fura-2
acetoxymethylester was incubated with cells on coverslips for
30 min at 37°C in HRB containing 2.8 mM glucose. Then, with
the cells mounted in a chamber, HRB was superfused at a rate

of 1 ml min—1 at 37°C. An Intensified Charge-Coupled Device
(ICDD) camera was used to detect emission signals at 510 nm,
and an Argus-50 system created ratio images while the cells
were activated at 340 and 380 nm in alternate intervals every
2.5 s. Japan's Hamamatsu is home to Hamamatsu Photonics.
Calibration curves were used to convert ratio results to [Ca2+]
i [30].
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Figure 1: Glucose-induced first phase [Ca2+]i increases and their
inhibition by simvastatin in single B-cells. (a) A rise in glucose con-
centration from 2.8 to 8.3 M, under superfusion conditions, evoked
the first phase [Ca2+]i increase in single rat pancreatic B- cells. The
majority of B-cells responded to two sequential challenges 2+chal-
lenge was either larger than or comparable to that in response to
the second challenge. In the presence of simvastatin (Simva) at 0.3
pug ml—1 (b) and 3 ug ml—1 (c), the first phase [Ca2+]i increase was
reduced and abolished, respectively. After washing out simvastatin,
the first phase [Ca2+]i increase was restored in response to the sec-
ond challenge with 8.3 mM glucose. Tolbutamide at 300 uM (Tolb)
induced rapid increases in [Ca2+]i as seen in (a) and (b). The bars
above the tracing indicate the periods of exposure to the agents
specified. Dotted lines indicate beginning of exposure. The basal
glucose concentration was 2.8 mM throughout measurements
when not indicated otherwise. The results shown are representa-
tive of 14 cells in (a), six in (b) and ten in (c).
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Figure 3: Simvastatin-acid, but not pravastatin, inhibits glucose-
induced first phase [Ca2+]i increases in single B-cells. Simvastatin-
acid (Simva-acid) at 30 ug ml—1 reduced (a) and at 100 ug ml—1
abolished phase [Ca2+]i increase in response to 8.3 mM glucose
(G8.3). After washing out simvastatin-acid, the first phase [Ca2+]i
increase was restored in response to the second challenge with 8.3
mM glucose. (c) Pravastatin (Prava) at 100 ug ml—1 had no effects
on the first phase [Ca2+]i increase in response to 8.3 mM glucose.
The results shown are representative of eight cells in (a), six in (b)
and 17 in (c).

Electrical Physiological Signals

Using the conventional whole-cell patch-clamp arrange-
ment, voltage-dependent Ca2+ channel currents in single -cells
were captured under superfusion conditions at 1 ml min—1
at 30°C [11]. Pipettes were made of borosilicate glass (Sutter
Instruments Co., Novata, CA, USA), fire polished, and at their
tips were coated with Sylgard 184 (Dow Corning, Midland, Ml,
USA). When the usual pipette solution was used to fill them,
their resistance was 2 7 MM. An Axopatch-200B amplifier and
the program pCLAMP (Axon Instruments, Inc., Foster City, CA,
U.S.A.) were used to monitor membrane currents. The poten-
tial was maintained at —70 mV and pulsed with depolarizing
voltage to 0 mV. Applied at a frequency of 0.2 Hz for a period
of 100 ms. The data were digitalized at 10 kHz, filtered at 5 kHz,
and saved in a computer (IBM; Tokyo, Japan). The Clampfit tool
was used to analyze the data. The reference potential was the
pipette's zero-current potential, which was acquired right after
the junction potential had been corrected but before the seal
had been established.

Measuring Insulin Ejection

The procedures for measuring insulin release were followed
exactly [9,28]. In a nutshell, groups of five islets that were ex-
tracted from Wistar rats between 8 and 12 weeks of age were
first stabilized for 30 min in HRB containing 2.8 mM glucose.
Islets were then treated in 1 ml of HRB for 30 minutes at 37°C.
Amount of insulin was discovered by the use of an enzyme im-
munoassay kit from Morinaga in Yokohama, Japan.

Material

Sankyo Co. (Tokyo, Japan) synthesized simvastatin, simvas-
tatin-Na (simvastatin-acid), and pravastatin and graciously con-
tributed them for our study. Pravastatin and simvastatin-acid
were dissolved in distilled water, whereas simvastatin was dis-
solved in 100% ethanol. For the experiments, HRB was treated
with tiny aliquots of the stock solutions of HMG-CoA reductase
inhibitors. At a final ethanol concentration of less than 0.1%,
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Figure 4: Simvastatin, but not pravastatin, inhibits glucose-induced
[Ca2+]i oscillations in single B-cells. (a) Simvastatin (Simva) at 0.3
pg ml—1 partially and at 3 pg ml—1 almost completely inhibited
[Ca2+]i oscillations induced by 8.3 mM glucose in a reversible man-
ner. (b) Pravastatin (Prava) at 100 ug ml—1 had no effects on [Ca2+]
i oscillations. The results shown are representative of five cells in
(a) and 15 in (b). (c) Effects of simvastatin and pravastatin on the
incidence of [Ca2+]i oscillations.
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Figure 5: Simvastatin and simvastatin-acid, but not pravastatin,
inhibit glucose-induced insulin secretion in islets. Insulin release
from islets stimulated with 8.3 mM glucose, under static incuba-
tion conditions, was inhibited in the presence of 0.3 pg ml—1
simvastatin (Simva). Glucose-stimulated insulin release was mildly
reduced by 30 pug ml—1 simvastatin-acid (Simva-a), but not signifi-
cantly. Pravas- tatin (Prava) at 100 pg ml—1 was without effect on
glucose-stimulated insulin release. The results are expressed as
the meants.e.mean of six experiments. ¢, Significant difference
(P<0.05) vs the 8.3 mM glucose (G8.3) group and the pravastatin
group.
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Figure 6: Simvastatin inhibits Ca2+ currents in single B-cells. (A)
Whole-cell Ca2+ currents in a single B-cell depolarized to 0 mV from
the holding potential of —70 mV before (a), during (b) and after ex-
posure to 3 ug ml—1 simvastatin (c) under superfusion conditions.
(B) Recording of the temporal change of the whole-cell Ca2+ cur-
rents. a, b and c, specify the time points at which the current traces
in Aa, Ab and Ac were taken. (C) The current-voltage relationship of
the peak Ca2+ current amplitude in the control and in the presence
of 3 pg ml—1 simvastatin. The results shown are representative of
five cells in (A) and (B) and three in (C).

[Ca2+]i in -cells remained unaffected. Dojin Chemical (Huma-
moto, Japan) provided the fura-2 and fura-2 acetoxymethyles-
ter. Life Technologies Inc. (New York, NY, USA) provided the FBS.
We bought mevalonic acid lactone from Nacalai-Tesque Chemi-
cal Co. in Tokyo, Japan. Other compounds came from either Na-
calai-Tesque or Sigma Chemical Co. (St. Louis, Missouri, United
States).

Statistic Evaluation

The mean and s.e. mean were used to express the calcu-
lated values (n = number of observations). The Student's t-test
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Figure 7: Simvastatin (Simva) inhibits [Ca2+]i increases in response
to L-arginine (Arg) and HCl in single B-cells. (a) An increase in [Ca2+]
i induced by 10 mM L-arginine was inhibited in the presence of 3
pug ml—1 simvastatin, but not 60 ug ml—1 pravastatin (Prava). (b)
A sustained increase in [Ca2+]i induced by 25 mM HCI was almost
instantaneously inhibited by the addition of 3 ug ml—1 simvastatin,
and it was restored upon washing out the drug. The glucose con-
centration was 8.3 mM in (a) and 2.8 mM in (b). G16.7: change to
16.7 mM glucose. The results shown are representative of five cells
in (a) and 14 in (b).

was used for the statistical analysis. When P 0.05, differences
were deemed statistically significant. Inhibition was therefore
visible at the single cell level if the experiments revealed that
the response to the initial glucose stimulation obtained in the
presence of HMG-CoA reductase inhibitors was consistently
lower than the response to the subsequent glucose stimulation
obtained after washing out the inhibitors. It was established at
the conclusion of the studies that the cells responded to 300
M tolbutamide with significant increases in [Ca2+]i, a feature
of healthy -cells [9]. Simvastatin, simvastatin-acid, and pavas-
tatin effects on the glucose-induced first phase [Ca2+Ji induc-
tion in single -cells] The peak of the first phase [Ca2+]i increase
in response to 8.3 mM glucose was diminished in the presence
of 0.3 g ml—1 simvastatin (Figure 1b). Simvastatin at a greater
dosage of The first phase [Ca2+]i rise was severely reduced or
even completely stopped by 3 g ml—1 (Figure 1c). Simvastatin is
removed after washing, and the first phase [Ca2+]i rises in reac-
tion to the second 8.3 mM glucose causes an increase in [Ca2+]i
during the first phase. However, simvastatin-acid marginally de-
creased the first phase [Ca2+]i rise at 30 g ml—1 (Figure 3a) and
severely inhibited it at 100 g ml—1 (Figure 3b) in a reversible
way. a mean Simvastatin inhibits glucose-induced first phase
[Ca2+]i rises in individual -cells. (a) In superfusion conditions, a
rise in glucose concentration from 2.8 to 8.3 M induced the first
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phase [Ca2+]i increase in individual rat pancreatic - cells. Most
-cells reacted to two consecutive challenges.

2+ Using 8.3 mM glucose (G8.3)gains in [Ca] with a compara-
ble The restoration of stimulation with 8.3 mM glucose showed
that the inhibition was reversible (Figure 1b and c). Simvastatin
at concentrations of 0.1-3 g ml-1 also decreased the mean am-
plitude of the first phase [Ca2+]i increase for the single -cells
under study (P 0.05, P 0.02, P 0.001, and P 0.0001 for the three
g ml-1 simvastatin concentrations, respectively) (Figure 2). Sim-
vastatin inhibits the first phase [Ca2+]i response to glucose as
a result, and this inhibition is concentration-dependent. Simv-
astatin-acid, which has inhibitory effects at doses of 1 and 10 g
ml—1, had no effect on it.

Results

Temporal profile of the [Ca2+Ji-induced incuease in single
uat pancueatic -cells due to glucose At a basal glucose content
of 2.8 mM, [Ca2+]i in individual -cells varied between 30 and
150 nM (7.8-3.7 nM for 58 cells). As previously reported, an in-
crease in glucose concentration from 2.8 mM to 8.3 or 1.07 mM
resulted in a biphasic increase in [Ca2+]i in -cells: a first peak at
about 400-500 nM (Figure 1), followed by a moderate elevation
at about 100-200 nM that was occasionally superimposed with
an oscillation of [Ca2+]i (second phase). Unless otherwise stat-
ed, the effects of HMG-CoA reductase inhibitors on the initial
[Ca2+]i increase were investigated in the current investigation.
Glucose stimulation was performed twice: once with inhibitors
present and once without to assess the impact of the inhibitors
at the single cell level. In control studies, 8.3 mM glucose was
used to stimulate -cells twice. Twenty of the 29 cells responded
to the first stimulation by increasing [Ca2+]i, while 24 of the 29
cells responded to the second stimulation. When it came to the
amplitude of the first phase [Ca2+]i increase, the response to
the first stimulation was either greater than or equivalent to the
response to the second stimulation in 22 of these 24 respond-
ing cells (92%; Figure 1a).

Concentration-response relationship for the inhibition of
glucose-induced first phase [Ca2+]i increases by HMG-CoA re-
ductase inhibitors in single B-cells. The mean amplitude of the
first phase [Ca2+]i increase in response to 8.3 mM glucose was
averaged and expressed as the meants.e.mean. The number of
single B-cells examined was 127 for the control and 18 - 50 for
each experimental condition. The mean amplitude of the first
phase [Ca2+]i increase was reduced by simvastatin at 0.1 - 3 pg
ml—1 and simvastatin-acid at 30 — 100 pg ml—1. 9P<0.05 for
0.1 pg ml—1 simvastatin, ¢P<0.02 for 0.3 pg ml—1 simvastatin
and 30 pg ml—1 simvastatin-acid,

¢CP<0.002 for 100 pg ml—1 simvastatin-acid, *P<0.001
for 1 pg ml—1 simvastatin, and **P<0.0001 for 3 ug ml—1 sim-
vastatin vs the control.

Simvastatin-acid doses of 30 and 100 g ml—1 considerably
decreased the first phase [Ca2+]i increase's amplitude (P0.01
for 30 g ml—1 and P0.002 for 100 g ml—1) (Figure 2). Simv-
astatin-acid suppresses the first phase [Ca2+]i response to glu-
cose as a result, but its inhibitory activity is about two orders of
magnitude less strong than that of simvastatin (Figure 2).

The [Ca2+]i response to 8.3 mM glucose was unaffected by
the addition of pravastatin to the superfusion solution at con-
centrations up to 100g ml—1 (Figures 2 and 3c). According to
the findings, the hydrophilic HMG-CoA reductase inhibitor had
no immediate impact on how the -cells responded to glucose.

Simvastatin and puavastatin effects on glucose-induced [Ca2+Ji
oscillation in individual -cells

It There is evidence to support the theory that [Ca2+]i oscil-
lations in islet -cells are causally linked to the pulsatile secretion
of insulin, which is crucial for the physiological regulation of glu-
cose metabolism [49,50]. So, it was investigated how HMG-CoA
reductase inhibitors affected [Ca2+]i oscillations. Simvastatin
partially and almost completely suppressed the [Ca2+]i oscilla-
tions brought on by 8.3 M glucose at concentrations of 0.3 and
3 mg/ml, respectively (Figure 4a). The oscillations were either
totally or partially reversible after washing away the inhibitor.
Simvastatin partially suppressed the [Ca2+]i oscillations at dos-
es of 0.1 and 1 mg ml—1 as well (results not shown). Pravas-
tatin, however, comes in a range of concentrations. Up to 100 g
ml—1 had no discernible impact (Figure 4b). Only two of the 14
cells that displayed [Ca2+]i oscillations (14% continued to oscil-
late clearly throughout treatment with 1 g ml—1 simvastatin for
approximately 15 min), while 13 cells (93%) remained to oscil-
late after the medication was removed, demonstrating a potent
and reversible inhibition (Figure).

Among the 14 cells exhibiting [Ca2+]i oscillations in response
to 8.3 mM glucose, two cells oscillated during treatment with 1
pg ml—1 simvastatin for about 15 min, and 13 cells oscillated
after washing out this drug. In contrast, among the 18 oscillat-
ing cells, 17 and 15 cells oscillated during treatment with and
after washing out 100 ug ml—1 pravastatin, respectively. 4c). In
contrast, among 18 cells that exhibited [Ca2+]i oscillations, 17
(94%) and 15 cells (88%) exhibited oscillations during treatment
with and after washing out 100 pug ml—1 pravastatin, respec-
tively, in a manner similar to that before the drug treatment.

Effects of simvastatin and pavastatin on glucose-induced
insulin secretion from islets Insulin release from rat islets, un-
der static incubation conditions, was stimulated with 8.3 mM
glucose. The Simvastatin, 0.3 g ml—1, significantly inhibited
stimulated insulin release (P 0.05) (Figure 5). Simvastatin-acid
minimally inhibited the release of insulin at 30 g ml—1, the con-
centration at which it only slightly affected the statistically in-
significant first phase [Ca2+]i response to glucose. Pravastatin,
however, did not have any effect on the release of insulin at
100 mg/ml. Simvastatin and pavastatin's effects on L-type Ca2+
channels in individual -cells It has been demonstrated that the
Ca2+influx through the L-type Ca2+ channels in the -cell plasma
membrane is primarily, if not entirely, responsible for the glu-
cose-induced increase in [Ca2+]i in -cells [4,13]. Consequently,
we looked at how HMG-CoA reductase inhibitors affected the
Ca2+ currents of individual pancreatic -cells using a whole-cell
voltage-clamp setup. A depolarizing pulse from a holding poten-
tial of —70 to 0 mV in the control external solution containing
2.8 mM glucose evoked a long-lasting inward current with an
amplitude of about —70 pA (Figure Aa, B, and C), whose char-
acteristics are similar to those of the current flowing through L-
type Ca2+ channels in -cells [4]. The current fell quickly and no-
ticeably when exposed to 3 g ml-1 simvastatin (Figures Ab and
B), and it returned to normal after rinsing the simvastatin out.

Restored just partially (Figure Ac and B). Figure C displays the
current-voltage correlations of -cells before and after exposure
to 3 g ml—1 simvastatin. Simvastatin decreased the Ca2+ cur-
rent amplitude without changing the voltage-current relation-
ship. Pravastatin, however, had no impact on the Ca2+ current
at 100 g ml—1 (results not shown). Simvastatin inhibits augi-
nine- and KCl-induced [Ca2+Ji incueases in single cells. Accord-
ing to Ashcroft and Rorsman (1989), the main mechanism for
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the glucose-, L-arginine-, and HCl-induced releases of insulin is
the Ca2+ influx through the L-type Ca2+ channels. When car-
ried across the -cell plasma membrane, the cationic amino acid
arginine immediately depolarizes the membrane at relatively
high quantities (1 to 20 mM). It activates L-type Ca2+ channels
in a voltage-dependent manner, increasing [Ca2+]i [6,14,23,28].
Through a direct depolarization, HCl also causes L-type Ca2+
channel activation and a long-lasting rise in [Ca2+]i (Yaekura et
al., 1999). Simvastatin's ability to block L-type Ca2+ channels led
researchers to investigate if it may also block [Ca2+]i increases
brought on by arginine and HCI. Simvastatin significantly de-
creased the [Ca2+]i response to arginine in a reversible manner
when given in combination with sequential administration of 10
mM arginine in short pulses (Figure 7a). 25 mM HCl and a sus-
tained rise in [Ca2+]i were generated. Simvastatin significantly
decreased it (Figure 7b). About 20 seconds after the medication
was administered, the inhibition began.

Discussion

The novel results of our study were as follows: (1) Among the
HMG-CoA reductase inhibitors, simvastatin was approximately
two orders of magnitude more potent than simvastatin-acid in
inhibiting glucose-induced [Ca2+]i signalling in rat islet -cells,
whereas pravastatin was ineffective; (2) Simvastatin inhibited
glucose-induced insulin secretion from islets more potently
than Simvastatin and simvastatin-acid were the only HMG-CoA
reductase inhibitors that reduced the glucose-induced first
phase [Ca2+]i rises and [Ca2+]i oscillations, whereas pravastas-
tin had no effect on any of these variables. The [Ca2+]i's [Ca2+
Inhibition] Potency Rank Order Simvastatin, Simvastatin Acid,
and Pravastatin increased in the same order as the suppres-
sion of insulin secretion. The [Ca2+]i rise and insulin secretion
were both partially inhibited by simvastatin at 0.3 g ml—1, al-
though the magnitude of the inhibition was slightly greater for
insulin secretion. This may be explained by the longer simvas-
tatin treatment duration for insulin secretion (30 min) than for
[Ca2+]i (10—15 min). The primary signal that initiates insulin se-
cretion is a rise in [Ca2+]i (Wollheim & Sharp, 1981; Gilon et al.,
1993; Ammala et al., 1993; Yada et al., 1994; Henquin, 1994).
All of these findings point to the inhibition of the [Ca2+]i rise
as the cause of the inhibition of insulin production. Simvastatin
blocks L-type Ca2+ channels in -cells, as was amply shown by
the whole-cell patch-clamp investigation. This idea was expand-
ed upon backed up by the discovery that Simvastati.

arginine and HCI, the insulin secretagogues that activate
L-type Ca2+ channels and therefore increase [Ca2+]i, were
blocked in their ability to elevate [Ca2+]i [6,14,23,28] (Yaekura
et al., 1999). Simvastatin inhibits Ca2+ currents with temporal
characteristics that are comparable to those of inhibiting [Ca2+]
i rises (Figure B vs. Figure 7b). Simvastatin also causes Ca2+ cur-
rents to rebound after drug washout. Simvastatin blocked both
[Ca2+]iincreases and L-type Ca2+ channels, whereas pravastatin
had no impact on either; hence, the two activities changed si-
multaneously. According to Henquin (1994) and Ashcroft & Ror-
sman (1989), the main mechanism by which glucose-induced
[Ca2+]i increases in -cells occur is Ca2+ inflow through L-type
Ca2+ channels. Therefore, our findings show that The blocking
of L-type Ca2+ channels is the main, if not the only, component
preventing [Ca2+]i increases. It's also possible that the inhibi-
tory activity of HMG-CoA reductase inhibitors results from the
decreased amount of mevalonate that results from the inhibi-
tion of HMG-CoA reductase, which catalyzes the formation of
mevalonate from HMG-CoA [1]. However, 100 M mevalonic acid

lactone was present both during the experimental (30 min) and
preincubation periods. Simvastatin decreased the first [Ca2+]i
response to glucose in a way that was comparable to the stud-
ies used as a control that lacked mevalonate (data not shown).
The finding that simvastatin administration resulted in the inhi-
bition of Ca2+ currents and [Ca2+]i increases starting as soon
as 10 to 20 seconds later suggests that the metabolic change
that lowers mevalonate levels is not the mechanism underly-
ing the inhibition of L-type Ca2+ channels and [Ca2+]i increases,
but rather a more direct interaction between the drug and the
plasma membrane L-type Ca2+ channels.

Simvastatin inhibited the glucose-induced first phase [Ca2+]
i rise and [Ca2+]i oscillation, in a fully or partially reversible
manner, at concentrations ranging from 0.1 to 3 g ml—1. In this
concentration range, the less lipophilic simvastatin-acid had no
impact, but at the The first phase [Ca2+]i rises were suppressed
at higher dosages of 30 and 100 g ml—1. Simvastatin-Ac had a
potency that was roughly two orders of magnitude lower than
that of simvastatin. At concentrations up to 100 M, the hydro-
philic pravastatin had no effect on either the glucose-induced
[Ca2+]i oscillation or the first phase [Ca2+]i rise. Simvastatin has
been shown to be significantly more potent than pravastatin
in other studies, including those that found that it worsened
segment shortening in dogs' reperfused myocardium [34] and
prevented the proliferation of human smooth muscle cells [44].
The inhibitory potencies of the HMG-CoA reductase inhibitors
seemed to correlate with their lipophilicity in both our investi-
gation and these publications. A demonstration of the partition
coeAcient between water and n-octanol, a Simvastatin has a li-
pophilicity of 25118, simvastatin-acid has a lipophilicity of 75.8
and pravastatin has a lipophilicity of 0.34 [20]. These results in
a relative lipophilic ratio of roughly 70000: 2000: 1. This pro-
portion is consistent with the HMG-CoA reductase inhibitor's
relative potency for inhibiting [Ca2+]i rises and insulin secretion
seen in the current investigation. Simvastatin is highly lipophilic,
so it is likely that it has a strong affinity for cell membranes and,
as a result, may also have an easy time entering the intracellular
space. It is also likely that these properties are connected to
simvastatin's capacity to effectively inhibit Ca2+ channels in the
plasma membrane of beta-cells, thereby preventing [Ca2+]i and
insulin responses to glucose. Contrarily, hydrophilic pravastatin
only accesses the body at a slow rate. This is probably why the
medication has no immediate impact on Ca2+ channels, [Ca2+]i
increases, or insulin secretion. plasma membrane and the intra-
cellular space. The amplitude of the first phase [Ca2+]i response
to 8.3 mM glucose was mildly attenuated in -cells that had been
cultured for 1 day with a high concentration of pravastatin (100
g ml—1) in comparison to that in the paired -cells cultured un-
der control conditions (T. Yada, unpublished data), supporting
this theory.

Simvastatin has been shown to have a serum concentration
of roughly 0.01 g ml—1 of simvastatin and its active metabo-
lites in healthy volunteers after oral dosing [36]. The concentra-
tion at which simvastatin was found in our data was showed a
quick and considerable suppression of the [Ca2+]i rise brought
on by glucose, which was one order of magnitude larger at 0.1
g ml—1. Simvastatin may induce the inhibitory effect at lower
concentrations when used chronically because HMG-CoA re-
ductase inhibitors are frequently used for a lengthy period of
several years or more [7,10,18,19]. Diabetic patients frequently
develop hypercholesteremia. Type 2 diabetes has been linked
to functional changes in -cells [17,49], It is possible that some
type 2 diabetes patients have -cells that are more susceptible to
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lipophilic HMG-CoA reductase inhibitor inhibition. Simvastatin
may further attenuate -cell activity in type 2 diabetes patients
with impaired insulin secretory capacity [16,51] (Hosaka et al.,
1977). This may have a pathophysiologically substantial impact
on glucose metabolism. Itis also possible that people with lower
rates of drug metabolism and/or extrusion due to more or less
compromised liver and/or kidney functions, as is the situation
in some type 2 diabetes patients, have serum simvastatin levels
higher than 0.01 g ml—1. According to a recent study [46], Sim-
vastatin and simvastatin-acid serum concentrations increased
one order of magnitude higher and exceeded 0.1 g ml—1, the
level at which the suppression of - cells was detected in the
present investigation, when simvastatin was coupled with the
CYP3A4 inhibitor itraconazole. Additionally, it has been noted
that in healthy persons, blood concentrations of fluvastatin, an
HMG-CoA reductase inhibitor with a lipophilicity similar to that
of simvastatin-acid, can reach levels as high as 0.25 g ml—1 [3].

It is crucial from a clinical standpoint to understand how
HMG-CoA reductase inhibitors affect blood glucose levels and
glucose metabolism. poor insulin production and/or action (in-
sulin sensitivity) are thought to be the two main causes of type
2 diabetes and poor glucose tolerance. Regarding the effects
of HMG-CoA reductase inhibitors on insulin action, it has been
shown that lovastatin, a lipophilic HMG-CoA reductase inhibi-
tor, disrupts the early events of insulin signalling, which include
tyrosine phosphorylation of the insulin receptor B subunit and
MAP kinase, association of the p85 subunit of PI-3 kinase with
insulin receptor substrate- 1, and activation of MAP kinase
[27,40]. Simvastatin [47,48] and pravastatin [22] have been
shown to significantly cut LDL cholesterol, however they do not
improve or even slightly aggravate insulin resistance in patients
with hypercholesterolaemia.

Regarding the effects on blood glucose, it has been demon-
strated that plasma glucose concentrations were moderately
but significantly increased after pravastatin therapy from 8:00
a.m. to 1:00 p.m. in response to breakfast and lunch [22]. Sim-
vastatin treatment significantly increased plasma glucose con-
centrations both at fasting and during an Intravenous Glucose
Tolerance Test (IVGTT), according to a study in people with type
2 diabetes and hyperlipidemia. This increase was accompanied
by an increase in fasting insulin concentrations but not insulin
responses to the IVGTT [48]. This finding would suggest that the
plasma insulin concentration rises to make up for the decreased
insulin sensitivity, but not enough to keep blood sugar levels
low, leading to hyperglycemia [48]. Despite the small number of
publications, these in vitro and in vivo investigations show that
the use of HMG-CoA reductase inhibitors reduces insulin sensi-
tivity. The current work also demonstrated a unique simvastatin
effect that directly inhibits the insulin secretory response to
glucose in -cells. Therefore, it would seem that lipophilic HMG-
CoA reductase inhibitors have the potential to reduce secretion,
may potentially impact insulin sensitivity, and, as a result, may
hasten the pathophysiology and development of type 2 diabe-
tes. As a result of blocking L-type Ca2+ channels and [Ca2+]i
signaling in pancreatic -cells, simvastatin, a lipophilic HMG-CoA
reductase inhibitor, is able to block glucose-induced insulin pro-
duction. When using HMG-CoA reductase inhibitors, this con-
clusion should be considered with caution. Specifically in type
2 diabetic patients, in the therapeutic setting. Since insulin pro-
duction is regulated by L-type Ca2+ channels and [Ca2+]i signal-
ing, it is important to look into any potential effects of HMG-
CoA reductase inhibitors on -cell activities other than secretion.
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