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Abstract:

The active form of vitamin D� and some of its related compounds show neuroprotective effects in various models of neuronal damage,
however, mechanism of their anti-apoptotic action has not been elucidated. Therefore, the present study was designed to investigate
the effects of 1,25-dihydroxyvitamin D� and its low-calcemic analogues, PRI-2191, PRI-1890 and PRI-1901 on staurosporine-
induced apoptosis in human neuroblastoma SH-SY5Y cells. Twenty-four hour incubation with staurosporine (1 �M) enhanced
the caspase-3 activity, decreased mitochondrial membrane potential and increased the number of apoptotic cells as visualized
by Hoechst staining. 1,25-Dihydroxyvitamin D� and PRI-2191 attenuated the staurosporine-induced caspase-3 activity at 5, 50 and
500 nM, whereas PRI-1890 and PRI-1901 were active only at higher concentrations. Furthermore, 1,25-dihydroxyvitamin D� (50
and 500 nM) and PRI-2191 (500 but not 50 nM) reversed the staurosporine-evoked decrease in mitochondrial membrane potential.
Hoechst and calcein staining confirmed the neuroprotective effects of the secosteroids under study. Further study revealed that
a selective inhibitor of phosphatidylinositol 3-kinase (PI3-K), wortmannin, at concentration of 100 nM antagonized the effect of
1,25-dihydroxyvitamin D� and PRI-2191 on staurosporine-induced caspase-3 activation. These data indicate that 1,25-dihydroxy-
vitamin D� and its low-calcemic analogues at nanomolar concentrations inhibited mitochondrial pathway of apoptosis in SH-SY5Y
neuronal cells, though with different potency. Moreover, the activation of PI3-K/Akt signaling pathway appears to play a role in
anti-apoptotic effects of the secosteroids.
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Introduction

1,25-Dihydroxyvitamin D3, besides regulating cal-
cium/phosphate homeostasis and osteoclast formation

[33], has profound effect on cell survival and depend-
ing on tissue and toxic agent may enhance or inhibit
apoptotic processes. It has been shown that 1,25-
dihydroxyvitamin D3 reveals pro-apoptotic action in
various tumor cell lines such as prostate cancer cells,
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leukemia cells, retinoblastoma, glioma, breast and co-
lon cancer cells [1, 8, 12, 38]. Moreover, 1,25-
dihydroxyvitamin D3 has been found to sensitize
breast cancer cells to reactive oxygen species-induced
toxicity [41]. Recently, it has been demonstrated that
1,25 dihydroxyvitamin D3 and its new low-calcemic
analogues (PRI-2191and PRI-1906) increase differen-
tiation and decrease proliferation of leukemia cells,
although they can also induce resistance of HL-60
promyelocytic leukemia cells to pro-apoptotic effects
of some anticancer drugs such as genistein, doxorubi-
cin, cisplatin and taxol [6, 24]. The above-mentioned
facts give rationale for use of the secosteroids in anti-
cancer therapies [37]. However, in some experimental
models, 1,25-dihydroxyvitamin D3 and its analogues
may attenuate apoptosis, e.g. they protect human pan-
creatic islets against cytokine-induced apoptosis and
human keratinocytes, melanocytes and fibroblasts
against ultraviolet exposure [30, 44]. On the other
hand, effects of vitamin D3 on staurosporine-induced
apoptosis in osteosarcoma cells are controversial [13,
43]. An increasing body of evidence suggests that
these compounds have potential also in treatment of
neurodegenerative diseases. Secosteroids are lipophilic
agents, penetrate through blood-brain barrier and
exert a direct effect on neuronal cell function. Further-
more, the presence of 1,25-dihydroxyvitamin D3
synthesizing and metabolizing enzymes as well as
specific nuclear receptors in brain tissue has been
confirmed in many studies [10, 18, 32]. 1,25-
Dihydroxyvitamin D3 and its low-calcemic analogues
prevent neuronal damage in experimental models of
stroke [40], status epilepticus [34], in aging-related
neuronal loss [17] and in 6-hydroxydopamine and
transition metals (Zn, Fe)-induced neurotoxicity [5,
20, 39]. In vitro experiments show that 1,25-
dihydroxyvitamin D3 and its analogues attenuates
neurotoxic effects of excitatory amino acids, neuro-
toxins (MPTP, 6-hydroxydopamine) and oxidative
stress [15, 35, 36, 39]. This suggests that the secoster-
oids may be particularly useful in preventing neuronal
injury induced by oxidative stress. Indeed, we observed
recently inhibitory effects of 1,25-dihydroxyvitamin
D3 and their analogues on hydrogen peroxide-induced
toxicity of NG108-15 and SH-SY5Y cells [35, 36].
Regarding the mechanism of neuroprotective effects
of secosteroids, stimulation of neurotrophin synthesis,
inhibition of proinflammatory cytokines and nitric ox-
ide synthesis, increased intracellular glutathione con-

tent and down-regulation of L-type calcium channels
have been proposed [3, 9, 10, 19, 26], however, an in-
terference with other intracellular processes cannot be
excluded. Since 1,25-dihydroxyvitamin D3 can in-
duce hypercalcemia and hyperphosphatemia, which in
turn may lead to renal insufficiency its application as
a neuroprotective drug is rather unlikely and more
promising in this respect are some vitamin D3 ana-
logues with low calcemic activity. In order to shed
more light on the secosteroid influence on neuronal
cell apoptosis, in the present study, we investigated
the effects of 1,25-dihydroxyvitamin D3 and its low-
calcemic analogues, PRI-2191, PRI-1890 and PRI-1901
on staurosporine-induced caspase-3 activation, mito-
chondrial membrane potential and changes in calcein
staining in human neuroblastoma SH-SY5Y cells.
Since PI3-kinase signaling pathway was reported to
play an important role in the mechanism of neuronal
survival [4, 45], the effect of specific PI3-K inhibitor,
wortmannin, on antiapoptotic effects of 1,25-dihydr-
oxyvitamin D3 and PRI-2191 was also evaluated.

Materials and Methods

Cell culture

The SH-SY5Y neuroblastoma cell line was obtained
from the American Type Culture Corporation (ATCC).
Cells were cultured in Dulbecco’s modified Eagle’s
medium (Gibco-BRL) supplemented with 10% fetal
bovine serum (FBS, Gibco-BRL), 100 U/ml of peni-
cillin and 100 �g/ml of streptomycin (Sigma-Aldrich
Co), and kept in humidified atmosphere of 5%
CO2/95% O2 at 37°C.

Treatments of cells

The SH-SY5Y cells were treated with 1�,25-dihy-
droxyvitamin D3 (calcitriol), 1�,24R-dihydroxyvita-
min D3 (tacalcitol, PRI-2191), (5E)-1,24-dihydroxy-
cholecalciferol (PRI-1890) or (1R)-1,24-dihydroxy-
cholecalciferol (PRI-1901) from Pharmaceutical Re-
search Institute, Warszawa. Secosteroids were applied
at final concentration of 5, 50 and 500 nM and 1 h
later the staurosporine at concentration of 1 �M was
added and cells were cultured for 24 h.
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In the next part of the study, the effect of wortman-
nin on anti-apoptotic action of 1,25-dihydroxyvitamin
D3 and PRI-2191 was determined. Wortmannin (100 nM;
Sigma Aldrich Co.) – an inhibitor of PI3-K were added
to the SH-SY5Y cells 30 min before secosteroids.
One hour later the staurosporine (1 �M) was applied
and cells were cultured for 24 h.

Wortmannin and staurosporine were dissolved in
DMSO (the final concentration of DMSO was 0.5%)
and calcitriol, PRI-2191, PRI-1890 and PRI-1901 in
the ethanol/water mixture. The control cultures were
supplemented with the same amount of an appropriate
vehicle.

Caspase-3 activity assay

After 24-h treatment with staurosporine (with and
without secosteroids), the medium was removed, the
cells were washed once with cold PBS and lysed with
a lysis buffer (25 mM HEPES, 5 mM MgCl2, 5 mM
EDTA, 5 mM dithiothreitol, 2 mM phenylmethane-
sulfonyl fluoride and 10 �g/ml of each leupeptin and
pepstatin A) by four cycles of freezing/thawing proce-
dure. Cell lysates were centrifuged at 16000 × g for
20 min at 4°C and supernatants were used for deter-
mination of caspase-3 activity. Caspase-3 activity was
determined using fluorometric CaspACETM assay
system (Promega), according to which the amount of
fluorochrome 7-amino-4-methyl coumarin (AMC) is
released from the substrate, Ac-DEVD-AMC upon
cleavage by caspase 3-like enzymes. Free AMC pro-
duces a yellow-green fluorescence which is propor-
tional to the amount of caspase-3 activity present in
the sample. Aliquots of cell lysates were incubated
with Ac-DEVD-AMC (50 �M) for 60 min at 30°C in
the absence and presence of a specific caspase-3 in-
hibitor (Ac-DEVD-CHO; 50 �M). The fluorescence
was measured with a fluorescence plate reader
(Fluoroscan Ascent, Labsystem) at 360 nm excitation
and 460 nm emission wavelengths. Caspase-3 activity
was calculated per amount of protein in the sample.
The protein concentration in cell lysates was deter-
mined by the method of Lowry et al. [23].

Measurement of mitochondrial membrane

potential

After 24-h treatment with staurosporine (with and
without secosteroids), the medium was removed and
the cells were harvested and incubated with 5,5’,6,6’-

tetrachloro-1,1’,3,3’-tetraethyl-benzimidazolylcarbo-
cyanine iodide (JC-1) at 37°C for 15 min. Next, the
cells were washed, resuspend in assay buffer and red
fluorescence (excitation 550 nm, emission 600 nm)
and green fluorescence (excitation 485 nm, emission
535 nm) was measured with a fluorescence plate
reader (Fluoroscan Ascent, Labsystem). The results
were calculated as the ratio of red fluorescence di-
vided by green fluorescence. JC-1, a cationic dye, ex-
hibits a potential-dependent accumulation in the mito-
chondria. In healthy cells, it accumulated in mito-
chondrial matrix in a red aggregated form, whereas in
apoptotic cells, in which the mitochondrial membrane
potential had decreased, the JC-1 is stained in the cy-
toplasm in a green fluorescent monomeric form.

Calcein test for cell viability

After 24-h treatment with staurosporine (with and
without secosteroids), the medium was removed and
the calcein AM (Trevigen) was added to the cells.
After incubation at 37°C for 30 min, red fluorescence
was measured with a fluorescence plate reader (Fluoro-
scan Ascent, Labsystem) at 490 nm excitation and
520 nm emission wavelengths. Calcein AM, a non-
fluorescent, hydrophilic compound easily enters live
cells in which it is hydrolyzed by endogenous intra-
cellular esterases to calcein, a fluorescent compound.
The fluorescence intensity is proportional to the
number of viable cells.

Hoechst staining

After 24-h treatment with staurosporine (with and
without secosteroids), cells were harvested and fixed
for 1 h at room temperature in PBS containing 4%
formaldehyde. Next the cells were washed with PBS
and stained with Hoechst 33342 (1 �g/ml; Sigma Ald-
rich Co.) for 25 min. Apoptotic changes, like nuclear
condensation and cell body shrinkage was observed
under a fluorescence microscope. To quantify the
apoptotic process, cells with fragmented or condensed
DNA and normal DNA were counted. Data were
shown as apoptotic neurons as a percentage of total
neurons.

Nerve growth factor assay

Nerve growth factor (NGF) was quantified in the cell
culture medium by enzyme immunoassay (ELISA)
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using NGF ELISA kit from Roche Molecular Bio-
chemicals. The antibody against �-subunits of NGF
was fixed adsorptively on the walls of the microplate.
After blocking the non-specific binding sites, aliquots
of the cell culture medium were added and incubation
was performed at 2°C for 24 h. Next, the samples were
incubated with anti-NGF antibody conjugated with
�-galactosidase at 37°C for 4 h and after addition of
the substrate, chlorophenol red-�-D-galactopyranoside
(CPRG), absorbance was measured at 575 nm. The
amount of chlorophenol red formed from CPRG was
proportional to the amount of �-galactosidase bound
to NGF present in sample. The sample NGF concen-
trations were calculated from standard curve. The sen-
sitivity of the assay was 5 pg/ml.

Statistical analysis

The data are presented as the means ± SD of three in-
dependent experiments, and the significance of differ-
ences between the means has been evaluated by the
Duncan’s test following analysis of variance.

Results

Effects of 1,25-dihydroxyvitamin D
3

and

PRI-2191 on staurosporine-induced apoptosis

as measured by Hoechst 33342 staining

Hoechst staining revealed morphological changes in
staurosporine-treated cells such as nuclear condensa-
tion, and cell body shrinkage. Twenty-four hour incu-
bation of SH-SY5Y cells with staurosporine enhanced
fourfold the number of apoptotic cells. PRI-2191 (50
nM) and 1,25-dihydroxyvitamin D3 (50 and 500 nM)
significantly decreased the staurosporine-induced num-
ber of apoptotic cells (Fig. 1).

Effects of 1,25-dihydroxyvitamin D
3
, PRI-2191,

PRI-1890 and PRI-1901 on staurosporine-

induced caspase-3 activity

Twenty-four hour incubation with staurosporine (1 �M)
enhanced the caspase-3 activity by ca. 10-fold as com-
pared to control cells. The specificity of caspase-3
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Fig. 1. 1,25-Dihydroxyvitamin D� and PRI-2191 prevented chromatin condensation induced by staurosporine. Chromatin condensation was
evaluated after staining with Hoechst 33342. Photomicrographs show control SH-SY5Y cells; cells treated with 1 µM staurosporine; cells
treated with PRI-2191 and staurosporine; cells treated with 1,25-dihydroxyvitamin D� and staurosporine. Results are shown as the mean ± SD
and the significance of differences between the means was evaluated by the Duncan’s test following a two-way analysis of variance (* p < 0.05
vs. control culture; # p < 0.05 vs. cells treated with staurosporine) n = 6



measurements was verified using a specific caspase-3
inhibitor (Ac-DEVD-CHO), which fully prevented
the staurosporine-induced activation of this enzyme.
Neither 1,25-dihydroxyvitamin D3 nor any of its ana-
logues when given alone at concentration between
5–500 nM affected the basal activity of the enzyme.
However, 1,25-dihydroxyvitamin D3 and PRI-2191
(5, 50 and 500 nM) significantly and in a concentra-
tion-dependent manner attenuated the staurosporine-
induced caspase-3 activity (Fig. 2). PRI-1890 at con-
centration of 500 nM and PRI-1901 (50 and 500 nM)

also significantly inhibited the staurosporine-evoked
changes in caspase-3 activity (Fig. 3).

Effects of wortmannin on inhibitory action of

1,25-dihydroxyvitamin D
3

and PRI-2191 on

staurosporine-induced caspase-3 activity

Wortmannin at concentration of 100 nM had no effect
on basal or staurosporine-induced caspase-3 activity
(Fig. 4, 5). However, wortmannin significantly attenu-
ated inhibitory effects of 1,25-dihydroxyvitamin D3
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Fig. 2. The effect of 1,25-dihydroxyvitamin D� and PRI-2191 on
staurosporine (St.)-induced caspase-3 activity in SH-SY5Y cells. The
data were normalized to the caspase-3 activity in the cells exposed
to staurosporine only (100%). Results are shown as the mean ± SD
and the significance of differences between the means was evalu-
ated by the Duncan’s test following a two-way analysis of variance
(* p < 0.05 vs. control culture; # p < 0.05 vs. cells treated with stauro-
sporine) n = 9

Fig. 3. The effect of PRI-1890 and PRI-1901 on staurosporine (St.)-
induced caspase-3 activity in SH-SY5Y cells. The data were normal-
ized to the caspase-3 activity in cells exposed to staurosporine only
(100%). Results are shown as the mean ± SD and the significance of
differences between the means was evaluated by the Duncan’s test
following a two-way analysis of variance (* p < 0.05 vs. control cul-
ture; # p < 0.05 vs. cells treated with staurosporine) n = 9

Fig. 4. The effect of wortmannin (PI3-K inhibitor, wort) on protective
effect of 1,25-dihydroxyvitamin D� (Vit. D�) against staurosporine
(St.)-induced caspase-3 activity in SH-SY5Y cells. The data were nor-
malized to the caspase-3 activity in cells exposed to staurosporine
only (100%). Results are shown as the mean ± SD and the signifi-
cance of differences between the means was evaluated by the Dun-
can’s test following a two-way analysis of variance (* p < 0.05 vs. con-
trol culture; # p < 0.05 vs. cells treated with staurosporine; ^ p < 0.05
vs. cells treated with appropriate concentration of 1,25-dihydroxy-
vitamin D�) n = 9

Fig. 5. The effect of wortmannin (PI3-K inhibitor, wort) on protective
effect of PRI-2191 against staurosporine (St.)-induced caspase-3 ac-
tivity in SH-SY5Y cells. The data were normalized to the caspase-3
activity in cells exposed to staurosporine only (100%). Results are
shown as the mean ± SD and the significance of differences between
the means was evaluated by the Duncan’s test following a two-way
analysis of variance (* p < 0.05 vs. control culture; # p < 0.05 vs. cells
treated with staurosporine; ^ p < 0.05 vs. cells treated with appropri-
ate concentration of PRI-2191) n = 9



(Fig. 4) and PRI-2191 (Fig. 5) at each of the concen-
trations (5, 50 and 500 nM).

Effects of 1,25-dihydroxyvitamin D
3

and

PRI-2191 on staurosporine-induced decrease

in cell viability

Calcein assay showed a 3-fold decrease in SH-SY5Y
cell viability after staurosporine treatment as com-
pared to control cells (Fig. 6). 1,25-Dihydroxyvitamin
D3 (50 and 500 nM) significantly reversed the stauro-
sporine toxicity in a concentration-dependent manner,
whereas neuroprotective effect of PRI-2191 reached
statistical significance in this test only at concentra-
tion of 50 nM (Fig. 6).

Effects of 1,25-dihydroxyvitamin D
3

and

PRI-2191 on staurosporine-induced decrease

in mitochondrial membrane potential

Staurosporine (1 �M) decreased the mitochondrial
membrane potential in SH-SY5Y cells by ca. 45% as
compared to control cells. Both secosteroids at con-

centration of 50 and 500 nM given alone did not de-
polarize mitochondria. 1,25-Dihydroxyvitamin D3
(50 and 500 nM) and PRI-2191 (500 but not 50 nM)
reversed the staurosporine-evoked decrease in mito-
chondrial membrane potential (Fig. 7).

Effects of 1,25-dihydroxyvitamin D
3

and

PRI-2191 on nerve growth factor level in

SH-SY5Y cells

As estimated by ELISA assay, the basal level of NGF
in control culture medium was about 8 pg/ml. Twenty
five hours of incubation with 1,25-dihydroxyvitamin
D3 (50 and 500 nM) and PRI 2191 (50, 500 nM) had
no effect on the basal NGF level (Tab. 1).

Discussion

This study revealed neuroprotective properties of
1,25-dihydroxyvitamin D3 and its three low-calcemic
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Fig. 6. The effect of 1,25-dihydroxyvitamin D� (Vit. D�) and PRI-2191
on staurosporine (St.)-induced decrease in SH-SY5Y cell viability.
The data were normalized to the calcein fluorescence in cells ex-
posed to staurosporine only (100%). Results are shown as the mean
± SD and the significance of differences between the means was
evaluated by the Duncan’s test following a two-way analysis of vari-
ance (* p < 0.05 vs. control culture; # p < 0.05 vs. cells treated with
staurosporine) n = 9

Fig. 7. The effect of 1,25-dihydroxyvitamin D� (Vit. D�) and PRI-2191
on staurosporine (St.)-induced decrease in mitochondrial membrane
potential in SH-SY5Y cells. The data are shown as the ratio of red fluo-
rescence divided by green fluorescence (the mean ± SD) and the
significance of differences between the means was evaluated by the
Duncan’s test following a two-way analysis of variance (* p < 0.05 vs.
control culture; # p < 0.05 vs. cells treated with staurosporine) n = 9

Tab. 1. The effect of 1,25-dihydroxyvitamin D
�

and PRI-2191 on the NGF concentration

1,25-Dihydroxyvitamin D� PRI-2191

Control 5 nM 50 nM 500 nM 5 nM 50 nM 500 nM

NGF pg/ml 8.4 ± 0.8 7.4 ± 0.5 9.4 ± 1.1 14.4 ± 2.9 14.0 ± 1.8 8.9 ± 0.7 9.4 ± 1.0

SH-SY5Y cells were incubated with 1,25-dihydroxyvitamin D
�

or PRI 2191 for 25 h. The level of NGF was measured in cell culture medium by
NGF-ELISA method. Results are shown as the mean ± SD; n = 10



analogues in the model of neuronal apoptosis induced
by staurosporine. Staurosporine is a nonspecific pro-
tein kinase inhibitor widely used to initiate the cell
death program in a majority of cells including the hu-
man neuroblastoma SH-SY5Y cells [2, 27, 28]. In our
study, we used a relatively high concentration (1 �M)
of staurosporine, which ensured 10-fold increase in
caspase-3 activity. This is in agreement with study of
Bijur et al. [2], although these authors used shorter ex-
posure time (3 h) of SH-SY5Y cells to the apoptotic
agent. Apoptotic cell death was confirmed by Hoechst
staining, which demonstrated nuclear condensation
and cell shrinkage in staurosporine-treated culture. In
line with these data, calcein assay showed the de-
creased number of viable cells in staurosporine-
treated cultures.

It has been commonly accepted that there are two
main pathways of apoptosis, i.e. that initiated by
death receptors and caspase-8, and the mitochondrial
pathway of apoptosis, where the main step is depo-
larization of mitochondrial membrane and cyto-
chrome c release [11, 22]. Since it has been demon-
strated that in the same cells as in our study stauro-
sporine was not able to activate caspase-8 [21], it is
unlikely that Fas/Fas-L-caspase-8 pathway is in-
volved in the staurosporine-induced apoptosis. Moreo-
ver, the strong decrease in mitochondrial membrane
potential, as evidenced by JC-1 indicator, further sup-
ports the assumption that staurosporine affects SH-
SY5Y cells via mitochondrial pathway of apoptosis.
The present data showed that 1,25-dihydroxyvitamin
D3 and all three its analogues attenuated stauro-
sporine-induced apoptosis as demonstrated by Hoechst
staining and caspase-3 measurements. The most ac-
tive compounds in caspase-3 assay were 1,25-
dihydroxyvitamin D3 and PRI-2191, whereas PRI-
1890 and PRI-1901 inhibited this enzyme only at high
concentrations. Similar differences in the neuropro-
tective potency of these secosteroids were found in
the model measuring hydrogen peroxide-, NMDA-
and kainate-induced lactate dehydrogenase efflux in
SH-SY5Y cells [29, 35]. Since PRI-1890 which has a
high affinity for nuclear vitamin D receptor (nVDR),
showed the weakest neuroprotective effect, whereas a
low-affinity ligand of nVDR, PRI-2191, was the most
potent neuroprotectant, it is not likely that neuropro-
tective action of the secosteroids depends on nVDR
activation [24]. Recent data point to a role of putative
plasma membrane-associated receptors (mVDR) in
fast response to 1,25-dihydroxyvitamin D3 [14], such
as the activation of protein kinase C (PKC), mitogen

activated protein kinase (MAPK), PI3-K and regula-
tion of calcium channels [10, 24]. Moreover, PRI-
2191 has been shown to differentiate the HL-60 cells
by activation of PI3-K and MAPK more potently than
1,25-dihydroxyvitamin D3 does [24]. Since PI3-K is
also involved in neuronal survival, we evaluated the
effects of its specific inhibitor, wortmannin, on anti-
apoptotic properties of PRI-2191 and 1,25-dihydroxy-
vitamin D3. Wortmannin at concentrations which se-
lectively inhibit PI3-K activity (100 nM) blocked
antiapoptotic effects of both PRI-2191 and 1,25-
dihydroxyvitamin D3. Similarly, wortmannin reversed
neuroprotective effects of PRI-2191 on hydrogen
peroxide-induced damage in SH-SY5Y cells [29].
PI3-K/Akt pathway is activated mainly by insulin and
growth factors and is considered a major cell survival
mechanism. Akt is known to phosphorylate and in-
hibit a pro-apoptotic factors, such as Bad, caspase-9
and glycogen synthase kinase-3 (GSK-3) [4, 7]. Be-
sides phosphorylating cytosolic proteins, Akt is trans-
located to the nucleus and influences there some tran-
scription factors, e.g. it enhances action of CREB and
NF-�B and inhibits Forkhead, thereby enhancing ex-
pression of some anti-apoptotic proteins and inhibit-
ing synthesis of some proapoptotic agents [4]. The
main endogenous activators of PI3-K/Akt pathway
are growth factors and some hormones (insulin,
growth hormone). In fact, nerve growth factor (NGF)
expression was reported to be enhanced by 1,25-di-
hydroxyvitamin D3 and its analogues in some cell cul-
tures, i.e. in fibroblasts and astrocytes [25, 26, 31]. In
our study, SH-SY5Y cells expressed measurable basal
level of NGF, as estimated by ELISA assay, however,
neither 1,25-dihydroxyvitamin D3 nor PRI-2191 during
25 h exposure enhanced the NGF level. Thus, it is un-
likely that in our model the activation of PI3-K is
a secondary event to the enhancement of NGF synthesis.

Stabilization of mitochondrial membrane potential
is an important mechanism of some neuroprotective
agents. Indeed, in the present study, PRI-2191 and
1,25-dihydroxyvitamin D3 significantly prevented mi-
tochondrial membrane depolarization induced by
staurosporine. This may then protect cells against cy-
tochrome c release and activation of subsequent steps
in biochemical cascade of apoptosis. It should be
stressed here that in some cancer cells, 1,25-dihy-
droxyvitamin D3 augments the drop in mitochondrial
membrane potential evoked by another cytototoxic
agent, TNF-� [42]. It seems that in our experimental
model, secosteroids restore the decreased membrane
potential by activation of PI3-K/Akt pathway, since
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overexpression of a constitutively active form of Akt
protects mitochondrial membranes of SH-SY5Y cells
against nitric oxide toxicity [16].

Summing up, 1,25-dihydroxyvitamin D3 and its
three low-calcemic analogues PRI-2191, PRI-1890,
and PRI-1901 at nanomolar concentrations inhibited
staurosporine-induced apoptosis in human neuroblas-
toma SH-SY5Y cells, though with different potency.
Moreover, the activation of PI3-kinase signaling path-
way seems to play a significant role in antiapoptotic
effects of PRI-2191 and 1,25-dihydroxyvitamin D3.
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