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Statins rise cytoplasmic calcium level [Ca��]
�

in cultured endothelial
cells. B. LORKOWSKA, S. CHLOPICKI, E. MARCINKIEWICZ, R.J. GRY-
GLEWSKI. Pol. J. Pharmacol., 2004, 56, 313–318.

Recently, we have shown that some HMG-CoA reductase inhibitors
(statins) induce immediate pleiotropic effects in vascular endothelium both
in vivo and in vitro, to mention only PGI�-mediated thrombolysis in rats and
NO-mediated endothelium-dependent vasodilation in guinea pig coronary
circulation. Here we look whether immediate endothelial effect of statins is
associated with mobilization of intracellular calcium ions [Ca��]� in cultured
bovine aortic endothelial cells (BAEC). We analyzed the effects of various
statins (atorvastatin, cerivastatin, simvastatin, lovastatin and pravastatin at
concentration of 10–30 µM) on [Ca��]� in BAEC in comparison to responses
induced by bradykinin (Bk) (10 nM), adenosine diphosphate (1 �M), acetyl-
choline (100 nM), adrenaline (10 �M), serotonin (10 �M) or calcium iono-
phore A 23187 (0.1 �M) using FURA-2 according to fluorimetric method of
Grynkiewicz et al. Basal [Ca��]� level in BAEC was between 60 and 100 nM.
Bk was the most potent to induce [Ca��]� response. �[Ca��]� induced by Bk
was 331.9 ± 19.49 nM (n = 36). �[Ca��]� induced by statins (30 �M), i.e.
atorvastatin, cerivastatin, simvastatin, lovastatin and pravastatin were 66.4
± 7.38% (n = 6), 54.8 ± 10.12% (n = 5), 58.8 ± 13.9% (n = 8), 27.7 ± 7.19%
(n = 5) and 0% (n = 5) of the response induced by Bk (10 nM), respectively.
In summary, all statins tested, except pravastatin, induce immediate increase
in [Ca��]� in endothelium. This pleiotropic activity of statins in endothelium,
most likely not related to the inhibition of HMG-CoA reductase, may repre-
sent an intracellular correlate for the immediate release of NO and PGI� by
these drugs that was reported by us previously.
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INTRODUCTION

Statins are the drugs increasingly used in the
treatment of cardiovascular diseases, in particular
in primary and secondary prevention of athero-
thrombosis. They act as inhibitors of the 3-hydroxy-
3-methylglutaryl-coenzyme A (HMG-CoA) reduc-
tase, the rate limiting enzyme in the biosynthesis of
cholesterol. Interestingly, recent clinical trials have
demonstrated that statins reduce cardiovascular-
related morbidity and mortality in patients irrespec-
tive of the initial serum level of cholesterol [9].
Ample evidence suggests presently that statins ex-
ert pleiotropic effects which include reversal of en-
dothelial dysfunction [6], inhibition of inflamma-
tion and thrombosis [18], promotion of fibrinolysis
[24], re-endothelialization and neovascularization
[1] that may, at least partly, explain profound re-
duction of cardiovascular events by these drugs
across the whole spectrum of blood cholesterol lev-
els [9]. At the cellular level, statins increase bioa-
vailability of nitric oxide (NO) [14], reduce super-
oxide anion production, and inhibit action of many
pro-inflammatory and pro-thrombotic mediators,
such as endothelin-1 (ET-1), angiotensin II (Ang II),
C-reactive protein (CRP), cytokines (e.g. IL-6,
IL-8), chemokines (e.g. MCP-1), adhesion mole-
cules (e.g. VCAM-1), and tissue factor (TF) [15,
18, 25].

Most of the above effects of statins are thought
to be mediated by inhibition of biosynthesis of iso-
prenoids (farnesyl pyrophosphate or geranogeranyl
pyrophosphate) and subsequent inhibition of cova-
lent modification, subcellular localization and in-
tracellular trafficking of a variety of intracellular
proteins including small GTP binding proteins,
such as Rho or Rac [21]. On the other hand, we
have recently shown that simvastatin produces im-
mediate thrombolytic effect in vivo in rats associ-
ated with an increase in prostacyclin release, as
well as direct vasodilatory effects in isolated guinea
pig heart mediated by endothelial NO [7]. The im-
mediate pattern of these responses makes involve-
ment of isoprenoid intermediates rather unlikely.
As production of NO and prostacyclin (PGI') in en-
dothelial cells is regulated by Ca'(-dependent sig-
naling, here we investigate the immediate effects of
various statins on mobilization of intracellular cal-
cium ions in cultured bovine aortic endothelial
cells (BAEC).

MATERIALS and METHODS

Culture of bovine aortic endothelial cells

Endothelial cells were harvested from bovine
thoracic aorta (BAEC) and cultured as previously
described by Makarski [17]. Briefly, endothelial
cells from 3–6 aortas were isolated using PBS
buffer containing 0.05% trypsin and 0.02% EDTA.
After 1 h of incubation the suspension of endothe-
lial cells detached from vessel wall was centrifuged
(200 × g), pooled and seeded in T25 flasks (NUNC,
Denmark) precoated with 1% gelatin (Sigma, USA).
After 1 h of incubation of BAEC at 37°C in hu-
midified air containing 5% CO', non-adherent cells
were removed. Then BAEC were cultured in OPTI-
MEM I supplemented with fetal bovine serum
(4%) and with antibiotics (streptomycin, penicillin,
amphotericin B) [26] according to a standard pro-
cedure. After reaching confluence, endothelial cells
were treated with trypsin, passaged and reseeded
into T80 culture flasks. The culture media were re-
placed three times a week. Cells of second passage
were used for experiments. The homogeneity of
cultured endothelial cells was identified by their
typical cobblestone morphology under an optical
microscope (Axiovert 25, Carl Zeiss, Germany).

Measurements of [Ca��]
�
in BAEC

Free intracellular calcium ion ([Ca'(]�) assay
was accomplished by the method of Grynkiewicz
et al. [8]. Endothelial cells suspended in PBS buffer
were loaded with 5 �mol/l Fura-2AM (Sigma, USA)
and incubated at 26°C for 30 min in a water bath.
Then, cells were incubated for another 15–20 min
in a PBS containing 5 mmol/l glucose. The concen-
tration of [Ca'(]� was assessed with a fluorimeter
(LS50B, Perkin Elmer, UK) using an excitation
wavelength of 340 nm and 380 nm and an emission
wavelength of 510 nm. Fluorescence was measured
at 37°C in cuvettes containing 0.5 × 10 ml)� BAEC
with magnetic stirring. To calculate the maximum
intensity of fluorescence in every sample (Rmax)
calibration was performed with detergent (0.1%
Triton X-100, POCH, Gliwice, Poland) that de-
stroyed the cell membranes. The calcium chelator
EGTA was used to obtain a minimum level of fluo-
rescence.
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Experimental protocol

In each batch of endothelial cells, bradykinin at a
concentration of 10 nM was used as a reference com-
pound. Statins [lovastatin (Merck Sharp & Dohme,
USA), simvastatin (Merck Sharp & Dohme, USA),
atorvastatin (Pfizer, USA), cerivastatin (Bayer,
USA), pravastatin (Bristol Myers Squibb, USA)]
were applied at a range of concentrations of
10–30 �M. For comparison, [Ca'(]� responses in-
duced by endogenous activators of endothelium,
such as adenosine diphosphate (ADP), adrenaline
(ADR), serotonin (5-HT), acetylcholine (Ach) as
well as by classic exogenous activator, such as cal-
cium ionophore (A 23187) were assayed. Despite
the fact that only BAEC of passage 2 were used,
and samples showing basal [Ca'(]� level higher
than 100 nM were rejected, there was a consider-
able variability in magnitude of the response in-
duced by bradykinin or statins in a series of experi-
ments. That is why the increase in intracellular cal-
cium induced by statins was presented in relation to
the response obtained with bradykinin (10 nM) in
an individual experiment. All statins with the excep-
tion of cerivastatin were dissolved in dimethylo-
sulfoxide (DMSO). The volume of DMSO admin-
istered to isolated cells never exceeded 6 �l.
DMSO alone caused an increase in [Ca'(]� less than
20% of bradykinin response.

Statistical analysis

The results are presented as means ± SEM of
changes in [Ca'(]� . Significance of differences be-
tween groups was established by Student’s t-test.
The value of p < 0.05 was considered significant.

RESULTS

Effects of bradykinin and other endothelial acti-

vators on [Ca��]
�
in BAEC

Basal level of [Ca'(]� in BAEC was between
60 and 100 nM (88.0 ± 1.73 nM, n = 10). Bradyki-
nin caused an increase in [Ca'(]� that was depend-
ent on concentration of bradykinin (a range of con-
centrations from 10 pM to 10 nM) (Fig. 1A,B).
Bradykinin at a concentration of 10 nM induced
a maximum increase in [Ca'(]� by 331.9 ± 19.49 nM
(n = 36). Interestingly, in some experiments (n = 3)
even femtomolar concentrations of bradykinin in-
creased [Ca'(]� to approximately twice a basal level
(Fig. 1A). [Ca'(]� in BAEC was also raised by ADP

(1 �M), Ach (100 nM), ADR (10 �M), 5-HT
(10 �M) or A 23187 (0.1 �M), but the increase in
[Ca'(]� in response to these substances have never
reached as high level as that observed after 10 nM
of bradykinin (Fig. 2).

Effects of statins on [Ca��]
�
in BAEC

Lovastatin, simvastatin, atorvastatin and ceri-
vastatin, but not pravastatin (each at a concentra-
tion of 10–30 �M), induced response in BAEC.
[Ca'(]� responses induced by atorvastatin (30 �M),
cerivastatin (30 �M), simvastatin (30 �M) and lo-
vastatin (30 �M) were 66.4 ± 7.38% (n = 6), 54.8
± 10.12% (n = 5), 58.8 ± 13.9% (n = 8), and 27.7
± 7.19% (n = 5) of the response induced by 10 nM
of bradykinin, respectively (Fig. 3).
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Fig. 1. Concentration-dependent increase in [Ca�� ]� induced by
bradykinin in BAEC: A) original tracings showing representative
[Ca�� ]� responses evoked by bradykinin at a range of concentra-
tions from 1 fM to 10 nM. B) summarized data showing
concentration-dependent effect of bradykinin on [Ca�� ]�. Data
are presented as means ± SEM from n = 5–36 experiments. * in-
dicates p < 0.05 vs. basal level of [Ca�� ]�



DISCUSSION

The present study shows that hydrophobic statins:
lovastatin, simvastatin, atorvastatin and cerivasta-
tin, but not hydrophilic statin, pravastatin, are able
to increase [Ca'(]� in cultured BAEC. Atorvastatin,
cerivastatin, and simvastatin (30 �M)-induced in-
creases in [Ca'(]� were similar in magnitude, reach-
ing 58–66% of the response elicited by bradykinin
(10nM). Importantly, these responses were compa-
rable to those evoked by maximum effective con-
centrations of Ach, 5-HT, ADR or calcium iono-
phore. On the other hand, [Ca'(]� response to lovas-
tatin was weak, while pravastatin failed to increase
[Ca'(]� in BAEC. The relative potency of statins to
elicit BEAC response (atorvastatin = cerivastatin =
simvastatin > lovastatin > pravastatin) does not
seem to correlate with their known potency to in-
hibit HMG-CoA reductase (cerivastatin > atorvas-
tatin > simvastatin > pravastatin > lovastatin) [4].
Moreover, simvastatin and lovastatin in a form of
pro-drugs elicited BAEC response further support-
ing the concept that this response is not related to
HMG CoA reductase inhibition. The lack of effi-
cacy of pravastatin, in comparison with other
statins, to induce expression of tissue plasminogen
activator (tPA) in cultured endothelial cells [24] or
to inhibit smooth muscle cell proliferation was re-
ported [23]. It might be due to its hydrophilic prop-
erties that could hinder penetration of pravastatin

through the cell membrane. Still, leaving out pra-
vastatin, the relative order of potencies of remain-
ing statins to increase [Ca'(]� does not reflect their
potencies to inhibit HMG-CoA reductase.

Futhermore, statin-induced changes in [Ca'(]�
in BAEC occur within seconds after administration
of a statin, whereas it is accepted that intracellular
effects related to the inhibition of biosynthesis of
isoprenoids and subsequent changes in activity of
small GTP binding proteins take much longer time
[14]. Interestingly, recent demonstration of a rapid
Rac GTPase-dependent regulation of the pulmo-
nary endothelial cytoskeleton [2], as well as of the
involvement of Rho kinase in agonist- [12] or
pressure-induced contraction of arteries [3] might
challenge this view. Moreover, some isoprenoids
inhibit L-type Ca'( channels in vascular smooth
muscle cells that could offer an explanation for
HMG-CoA reductase-dependent mechanism of
statin-induced [Ca'(]� increase [16]. However, en-
dothelial cells are devoid of L-type calcium chan-
nels [19].

Taking all the above together, we speculate that
an increase in [Ca'(]� induced by statins in BAEC
is an HMG-CoA reductase-independent response.
Recently, Weitz-Schmidt et al. [22] reported that
statins would selectively block leukocyte function
by binding to allosteric site within leukocyte func-
tion antigen-1 (LFA-1) receptor. This effect was
also unrelated to the inhibition of HMG-CoA re-
ductase. Apparently, pharmacological targets of
statins extend beyond HMG-CoA reductase.
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Fig. 3. Effect of statins on [Ca��]� in BAEC. [Ca��]� response is
shown as percent of response to bradykinin (10 nM) for each
experiment. Average increase in [Ca��] induced by bradykinin
(10 nM) was 331.9 ± 19.49 nM (n = 36). Columns represent
means ± SEM from n = 5–8 experiments
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Fig. 2. An example of original tracings showing [Ca��]� BAEC
response to bradykinin (Bk) as compared to other endothelial
cell activators adrenaline (ADR), acetylcholine (Ach), adenosine
diphosphate (ADP), serotonin (5-HT), calcium ionophore
(A 23187). The maximum effective concentration of all
substances were used



The mechanisms by which statins induce the in-
crease in [Ca'(]� in endothelial cells have not been
studied here. They could involve either mobiliza-
tion of Ca'( from intracellular stores or extracelul-
lar Ca'( entry via membrane cation channels [20].
Most importantly, activation of Ca'(-calmodulin-
-dependent pathways in endothelium results in
phospholipase A' and NOS-3 activation, leading to
a subsequent PGI' and NO release, respectively
[10, 13]. Indeed, immediate thrombolytic effect of
simvastatin and atorvastatin in vivo was ascribed to
the endothelial release of PGI' [7]. On the other
hand, immediate, HMG-CoA reductase-indepen-
dent, vasodilator effects of simvastatin were as-
cribed to NO in isolated guinea pig heart [7] and to
NO and PGI' in isolated rat aorta [5]. Moreover, it
was demonstrated that cerivastatin directly released
NO from a single endothelial cell [11]. Our data
presented here suggest that all these responses evoked
by various statins are related to direct stimulation of
endothelial cells, activation of Ca'(-calmodulin-
-dependent pathways and subsequent NO and PGI'
release. Interestingly, in patients treated with sim-
vastatin, inhibition of platelet function was ob-
served ex vivo as early as 3 h after drug administra-
tion and that could also be related to the immediate
endothelial action of this drug but obviously not to
its hypolipemic effect (Grodziñska et al., unpub-
lished data).

In summary, all statins tested, with the excep-
tion of pravastatin, induce an immediate increase in
[Ca'(]� in endothelium. This pleiotropic activity of
statins in endothelium, which most likely is not re-
lated to the inhibition of HMG-CoA reductase, may
represent an intracellular correlate for the immedi-
ate release of NO and PGI' by these drugs as de-
scribed previously by us [7] and by the others [5].
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