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Abstract:

The active form of 1,25-dihydroxyvitamin D� prevents neuronal damage in vitro and in vivo, however, it induces also hypercalcemia

and hyperphosphatemia. Side-chain-modified analogues of 1,25-dihydroxyvitamin D�, which show low calcemic activity, may be

potentially useful in the treatment of some neurodegenerative diseases. Previously, we have found that PRI-2191 more potently than

1,25-dihydroxyvitamin D� protects human neuroblastoma (SH-SY5Y) cells against hydrogen-peroxide-induced toxicity. In the

present study, we evaluated effects of two other 1,25-dihydroxyvitamin D� analogues – PRI-1890 and PRI-1901 on the neuronal

degeneration in the same cell model. In line with the previous study, 24-h incubation with hydrogen peroxide (0.5 mM) was toxic to

cells, as evidenced by an enhanced efflux of lactate dehydrogenase into the culture medium, and these effects were prevented by

PRI-1890 and PRI-1901 at concentration of 5, 50 and 500 nM. Comparing the neuroprotective effects of secosteroids, we found that

all three analogues were efficient at lower concentration than 1,25-dihydroxyvitamin D� and among them the PRI-2191 showed the

most evident concentration-dependent effect. In the second part of this study, an involvement of mitogen-activated protein kinase

(MAPK) and phosphatidylinositol 3-kinase (PI3-K), kinases which play a crucial role in neurodegenerative processes, in

neuroprotective action of 1,25 dihydroxyvitamin D� and its the most potent analogue PRI-2191 has been investigated. The inhibitor

of c-Jun N-terminal kinase (JNK)-MAPK (SP600125, 1 µM), inhibitor of p38-MAPK (SB-203580, 1 and 10 µM) and inhibitor of

extracellular signal-regulated kinase (ERK)-MAPK (PD-98059, 15 and 30 µM) attenuated the hydrogen peroxide-induced toxicity.

Moreover, PD-98059 (30 µM) enhanced neuroprotective effects of 1,25 dihydroxyvitamin D�, but not that of PRI-2191. In contrast,

the inhibitor of PI3-K (wortmannin, 10, 100 nM) did not affect hydrogen peroxide-induced cell damage itself, however, it

significantly antagonized the effect of PRI-2191. On the other hand, wortmannin did not affect the neuroprotective effects of 1,25

dihydroxyvitamin D�. This suggests that the activation of PI3-K/Akt signaling pathway plays an important role in the mechanism of

inhibitory action of PRI-2191 on hydrogen peroxide-evoked toxicity in SH-SY5Y cells. Furthermore, these data point to differential

involvement of ERK-MAPK and PI3-K in neuroprotective effects of 1,25 dihydroxyvitamin D� and its low-calcemic analogue –

PRI-2191.
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Introduction

There is growing evidence that active form of vitamin

D3, besides regulating calcium phosphate homeosta-

sis, may play an important role in the central nervous

function and promote neuronal cell survival [15]. In-

deed, 1,25-dihydroxyvitamin D3 and its low calcemic

analogues have been shown in vivo to diminish neu-

ronal damage related to aging, ischemia, seizures or

elevated level of transition metals [8, 21, 23, 32, 37].

Even stronger support to neuroprotecive effects of

these secosteroids have come from in vitro studies.

1,25-Dihydroxyvitamin D3 attenuated neuronal cell

damage evoked by a plethora of toxic agents, e.g.

excitatory amino acids, reactive oxygen species and

neurotoxins (MPTP, 6-hydroxydopamine) [18, 22, 31,

34]. However, the side effects of 1,25-dihydroxy-

vitamin D3, such as hypercalcemia and renal insuffi-

ciency exclude the use of its high doses. Importantly,

the neuroprotective effects of 1,25-dihydroxyvitamin

D3 analogues do not seem to depend on peripheral

calcium homeostasis, which indicates that some

1,25-dihydroxyvitamin D3 analogues with low calce-

mic activity or devoid of it may be considered as po-

tential drugs for treatment of some neurodegenerative

disorders [27]. Previously, we found that 1,25-dihy-

droxyvitamin D3 and PRI-2191 attenuated hydrogen-

peroxide-induced neurodegeneration of the human

neuroblastoma SH-SY5Y cells [33]. In the first part of

the present study, the effect of two other new, low-

calcemic 1,25-dihydroxyvitamin D3 analogues – PRI-1890

and PRI-1901 on neurodegeneration of SH-SY5Y cells

were determined. Biochemical mechanism of neuro-

protective effects of the secosteroids has not been

fully elucidated, however, it encompasses the stimula-

tion of neurotrophic factor synthesis, down-regulation

of L-type calcium channels, increase in intracellular

glutathione content and inhibition of proinflammatory

cytokines and nitric oxide synthesis [4, 14, 18, 26, 28,

31]. On the other hand, no data are available on the in-

volvement of protein kinase pathways in intracellular

mechanism of neuroprotective action of 1,25-

dihydroxyvitamin D3. Recent reports indicate that

protein kinases, especially the mitogen-activated pro-

tein kinase (MAPK) and phosphatidylinositol 3-

kinase (PI3-K) participate in critical steps of neuro-

toxic cascades, though in different ways. MAPKs are

serine/threonine protein kinases, subdivided into ex-

tracellular signal-regulated kinase (ERK), c-Jun

N-terminal kinase (JNK) and p-38. JNK- and p38-

MAPK are activated by various cellular stress and

proinflammatory cytokines, and usually their activa-

tion leads to necrotic or apoptotic cell injury [17]. The

ERK-MAPK, which is regulated by mitogens and

growth factors, may both aggravate and ameliorate ef-

fects of neuronal insults, depending on the cell type

and the toxic agent [2, 3]. The PI3-K/Akt signaling

pathway which is also mainly activated by insulin and

growth factors is regarded as the major cell survival

mechanism [5, 39]. Since 1,25-dihydroxyvitamin D3

has been reported to enhance expression of some

growth factors in the central nervous system, it would

be logical to assume that it may modify PI3-K/Akt

and ERK-MAPK pathways. Moreover, 1,25-dihy-

droxyvitamin D3 through its influence on proinflam-

matory cytokine synthesis can also affect JNK- and

p38-MAPK. In order to find out which kinase signal-

ing pathways may be involved in neuroprotective ef-

fects of the secosteroids, in the second part of the

present study, we evaluated the effects of MAPKs and

PI3-K selective inhibitors on neuroprotective action

of 1,25-dihydroxyvitamin D3 and its analogue

PRI-2191 against hydrogen-peroxide-induced toxicity

in human neuroblastoma (SH-SY5Y) cell line. Of three

1,25-dihydroxyvitamin D3 analogues, we have chosen

the PRI-2191 for this study, because it showed the most

evident concentration-dependent neuroprotective ef-

fect. The hydrogen peroxide was used because it is

a widely accepted model of oxidative stress, which

leads to both necrotic and apoptotic cell death and

members of MAPK family and PI3-K are implicated in

these processes [2, 10, 12, 36].

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, Germany) supple-

mented with 10% fetal bovine serum (FBS, Gibco-

BRL, Germany), 100 U/ml of penicillin and 100 µg/ml

of streptomycin (Sigma Co, USA), and kept in hu-

midified atmosphere of 5% CO2/95% O2 at 37°C.
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Several (3–4) days before the experiment the cells

(passages 2–5) were seeded at 15,000 cells per well in

96-well plates in medium containing reduced amount

of serum (5% FBS).

Treatment of cells with PRI-1890 and PRI-1901

The SH-SY5Y cells were treated with (5E)-1,24-

dihydroxycholecalciferol (PRI-1890; Pharmaceutical

Research Institute, Warszawa, Poland) and (1R)-1,24-

dihydroxycholecalciferol (PRI-1901; Pharmaceutical

Research Institute, Warszawa, Poland) at 5, 50 and

500 nM. Twenty minutes later the hydrogen peroxide

(0.5 mM) was added and cells were cultured for 24 h.

Treatment of cells with protein kinase inhibitors,

1�,25-dihydroxyvitamin D
3

and PRI-2191

PD 98059 (15 and 30 µM; Tocris, UK), SP 600125 (1

and 10 µM; Tocris, UK) and SB 203580 (1 and 10 µM

Calbiochem, Germany) – inhibitors of ERK-, JNK-

and p38-MAP kinases, respectively, and wortmannin

(10 and 100 nM; Sigma Chemical Co., USA) – an in-

hibitor of PI3-K were added to the SH-SY5Y cells 30

minutes before secosteroids. Next the cultures were

treated with 1�,25-dihydroxyvitamin D3 (calcitriol,

Pharmaceutical Research Institute, Warszawa, Po-

land) or 1�,24R-dihydroxyvitamin D3 (tacalcitol,

PRI-2191, Pharmaceutical Research Institute, War-

szawa, Poland) at 5, 50 and 500 nM concentrations

and 20 min later hydrogen peroxide (0.5 mM) was

added and cells were cultured for 24 h.

PD 98059, SP 600125, SB 203580 and wortmannin

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 con-

trol cultures were supplemented with the same

amount of an appropriate vehicle.

LDH determination

Hydrogen peroxide toxicity was quantified by meas-

uring the efflux of lactate dehydrogenase (LDH) into

the culture media 24 h after treatment with the toxic

agent (hydrogen peroxide). LDH activity was deter-

mined in medium using colorimetric method (Cyto-

toxicity Detection Kit – Roche Diagnostic GmbH,

Germany), according to which the amount of colored

hydrazone, formed in the reaction of pyruvic acid

with 2,4-dinitrophenylhydrazine, was inversely pro-

portional to the LDH activity in the sample and could

be quantified by measuring the absorbance at

400–550 nm.

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 two-way analysis of variance.

Results

Effect of PRI-1890 and PRI-1901 on hydrogen

peroxide-induced LDH release in SH-SY5Y cells

Twenty-four-hour incubation of cells with 0.5 mM

hydrogen peroxide elevated LDH level in culture me-

dium by ca. 70%. PRI-1890 and PRI-1901 at 5, 50 and

500 nM, but not at 0.5 nM concentration in statisti-

cally significant manner inhibited hydrogen peroxide-

induced LDH release (Fig. 1). The effects of all three
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effective PRI-1890 concentrations were similar,

whereas for PRI-1901, a weak concentration-dependence

was noted. Secosteroids under study did not interfere

with the LDH activity.

Effect of PRI-2191 and 1,25-dihydroxyvitamin

D
3

on hydrogen peroxide-induced LDH release

in SH-SY5Y cells

PRI-2191 (5–500 nM) inhibited the hydrogen perox-

ide-evoked toxicity in a concentration-dependent man-

ner. 1,25-Dihydroxyvitamin D3 also attenuated the hy-

drogen peroxide-induced LDH release, however, only

at higher concentrations (50 and 500 nM) (Tab. 1).

Effect of MAPKs inhibitors on protective effects

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

against hydrogen peroxide-induced toxicity

in SH-SY5Y cells

The inhibitor of JNK-MAPK, SP600125 given alone

at concentration of 1 µM, but not 10 µM, decreased

the hydrogen peroxide toxicity. Preincubation with

this compound (1 and 10 µM) had no effect on neuro-

protective effect of both PRI-2191 and 1,25-dihy-

droxyvitamin D3. The inhibitor of p38-MAPK,

SB-203580 given alone at concentration of 1 and

10 µM, attenuated the hydrogen peroxide-induced

LDH release. However, SB-203580 at either concen-

tration did not affect neuroprotective effects of both

secosteroids. The inhibitor of ERK-MAPK, PD-98059

at 15 and 30 µM, decreased the hydrogen peroxide

toxicity. This compound at both above concentrations

did not interfere with neuroprotective effects of

PRI-2191, but at 30 µM it enhanced the inhibitory ef-

fect of 1,25 dihydroxyvitamin D3 (5 and 50 nM) on

hydrogen peroxide-induced LDH efflux (Tab. 1).

Effect of PI3-K inhibitor, wortmannin,

on protective effects of PRI-2191

and 1,25-dihydroxyvitamin D
3

against hydrogen

peroxide-induced toxicity in SH-SY5Y cells

Wortmannin at concentrations of 10 and 100 nM had

no effect on the hydrogen peroxide-induced cell death

(Fig. 2). However, at both these concentrations, it sig-

nificantly reversed cytoprotective action of PRI-2191

(5, 50 and 500 nM) and did not influence the effect of

1,25-dihydroxyvitamin D3 (Fig. 2).

Discussion

The obtained data indicate that two new, low-

calcemic 1,25-dihydroxyvitamin D3 analogues under

study, PRI-1890 and PRI-1901 at nanomolar concen-

trations showed neuroprotective effect on hydrogen

peroxide-induced damage of human neuroblastoma
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CONTROL SP 600125 SB 203580 PD 98059

1 µM 10 µM 1 µM 10 µM 15 µM 30 µM

Vehicle 59.73 ± 1.22 50.55 ± 13.34 53.86 ± 7.34 49.94 ± 4.16 48.23 ± 8.94 49.57 ± 6.36 51.65 ± 11.51

H�O� 100.00 ± 3.43 72.22 ± 7.59* 80.17 ± 8.32 74.05 ± 3.06* 72.22 ± 2.57* 78.95 ± 1.96* 86.17 ± 13.46*

H�O� + PRI 5 nM 85.07 ± 0.61* 85.92 ± 12.00 79.93 ± 10,53 84.94 ± 12.85 85.31 ± 10.89 84.58 ± 11.51 69.89 ± 3.30

H�O� + PRI 50 nM 74.42 ± 2.33* 83.84 ± 5.75 85.19 ± 13.10 85.07 ± 7.10 85.31 ± 7.34 82.74 ± 9.67 84.33 ± 7.96

H�O� + PRI 500 nM 69.89 ± 4.16* 85.43 ± 12.48 84.94 ± 5.63 85.31 ± 4.65 82.50 ± 10.04 86.78 ± 14.93 74.79 ± 9.55

H�O� + Vit D� 5 nM 86.54 ± 7.22 70.38 ± 1.10 75.64 ± 4.65 75.64 ± 4.53 67.07 ± 2.20 74.17 ± 5.39 65.73 ± 3.06#

H�O� + Vit D� 50 nM 80.17 ± 4.53* 77.36 ± 7.22 73.56 ± 0.98 73.93 ± 8.69 64.01 ± 6.49 74.17 ± 5.51 57.65 ± 2.20#

H�O�+ Vit D� 500 nM 77.11 ± 5.02* 73.68 ± 5.88 76.62 ± 6.24 68.67 ± 8.20 68.91 ± 10.65 71.24 ± 7.22 68.18 ± 3.36
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SH-SY5Y cells. These results confirm the hypothesis

based on structure-biological activity relationship

studies that 1,25-dihydroxyvitamin D3 analogues with

lower or without calcemic activity could have neuro-

protective properties [24, 27]. It should be also men-

tioned here that 1,25-dihydroxyvitamin D3 belongs to

neurosteroids, which were considered endogenous neu-

roprotective factors [38]. Our present and previous [33]

data showed that all three investigated 1,25-

dihydroxyvitamin D3 analogues protected SH-SY5Y

cells against hydrogen peroxide-induced damage at

lower concentrations than 1,25-dihydroxyvitamin D3

did. However, the neuroprotective effect of PRI-2191

found in the previous study [33] and confirmed pres-

ently was clearly concentration-dependent. Therefore,

this compound was chosen to study the intracellular

mechanism of neuroprotective action of secosteroids.

It turned out that despite close structural similarity,

PRI-2191 and 1,25-dihydroxyvitamin D3 engage vari-

ous intracellular signaling pathways. The PRI-2191

action appears to involve activation of PI3-K, as evi-

denced by efficiency of wortmannin to antagonize

neuroprotective effect of this secosteroid. In line with

these findings, other authors observed that hydrogen

peroxide toxicity was attenuated by agents which in-

crease PI3-K activity. Interestingly, Zhang et al. [41]

found that an antipsychotic, stepholidine, prevented

the hydrogen peroxide toxicity and enhanced phos-

phorylation of Akt in rat cortical neurons. Both effects

were blocked by LY 294002, a PI3-K inhibitor. It

should be mentioned here that neuroprotective effects

of some mood stabilizers, e.g. valproate and lithium as

well as cannabinoids, bromocriptine and 17�-estradiol

also depend on PI3-K activation [7, 11, 20, 25, 39].

On the other hand, in many experimental models,

cytotoxic agents including hydrogen peroxide, be-

sides activation of intracellular cell death mecha-

nisms, often enhance also signaling which promotes

cell survival e.g. the PI3-K/Akt pathway [10, 42]. The

activation of PI3-K leads to phosphorylation and acti-

vation of protein kinase B (PKB, Akt). The main anti-

apoptotic mechanism of Akt involves phosphoryla-

tion of Bad and caspase-9 and in this way prevents

their pro-apoptotic action [9]. Akt is also known to

phosphorylate and inactivate glycogen synthase

kinase-3 (GSK-3), a critical regulator of Wnt signal-

ing pathway which prevents degradation of �-catenin.

Besides phosphorylation of cytosolic proteins, Akt is
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translocated to the nucleus and inhibits expression of

genes which encode some pro-apoptotic proteins, e.g.

FasL, tumor necrosis factor-� and pro-apoptotic Bcl-2

family member, BIM-1 [5].

In contrast to PRI-2191, the neuroprotective effect

of 1,25-dihydroxyvitamin D3 was insensitive to

a PI3-K/Akt inhibitor. PRI-2191 was designed as

a low-calcemic analog of 1,25-dihydroxyvitamin D3

with strong ability to regulate genes necessary for cell

differentiation. It binds with lower affinity to nuclear

vitamin D receptor (nVDR) than 1,25-dihydroxyvitamin

D3, but has higher differentiation-inducing activity

and potency in activating of PI3-K and ERK-MAPK

than 1,25-dihydroxyvitamin D3 in leukemia cells

[24]. Moreover, Zhang et al. [40] reported that apop-

tosis induced by PI3-K inhibitors in HL-60 cells was

reduced by 1,25-dihydroxyvitamin D3. The fact that

in our study only PRI-2191, but not 1,25-

dihydroxyvitamin D3, enhanced PI3-K activity may

be due to various cell models and to the fact that in the

cited papers the authors used secosteroids at a higher

concentration.

Regarding other kinase pathways, we observed that

inhibitors of JNK-, p38- and ERK-MAPK lowered

hydrogen peroxide-induced toxicity in SH-SY5Y

cells. The fact that JNK- and p38-MAPK inhibitors

showed neuroprotective effect are in full agreement

with previous data on essential role of these kinases in

oxidative stress-related neuronal and astrocytic dam-

age [2, 10, 29, 35]. Although neuroprotective effects

of JNK and p38 inhibitors showed no synergy with

1,25-dihydroxyvitamin D3 or PRI-2191 action, it can-

not be excluded that the inhibition of the pro-

apoptotic JNK- and p38-MAPK pathway plays a role

in neuroprotective effects of the secosteroids. In fact,

it has been reported that 1,25-dihydroxyvitamin D3

inhibits the stress-induced activation of JNK and p38

in keratinocytes [30].

There are controversial data on ERK-MAP path-

way function in cell survival. It has been suggested

that ERK activation in some cell models, e.g. 3T3 and

cardiac myocytes, represents a survival response to

oxidative stress damage [1, 16]. In our study, the in-

hibitor of ERK-MAP kinases showed a neuroprotec-

tive effects, which speaks for a promoting role of

these kinases in oxidative stress-induced neurodegen-

eration. In agreement with these data, inhibitors of

ERK-MAP kinases have been reported to lower the

toxic effects of hydrogen peroxide in oligodendrocyte

cell line, rat pleural mesothelial cells, smooth muscle

cells and leukemia cells [2, 6, 13, 19]. In the SH-

SY5Y cells, the inhibitor of ERK-MAPK, PD 98059,

enhanced the neuroprotective action of lower concen-

trations of 1,25-dihydroxyvitamin D3, but not of its

low-calcemic analog – PRI-2191. Additive effects of

PD 98059 and 1,25-dihydroxyvitamin D3, but not

PD 98059 and PRI-2191, suggest that these two struc-

turally close secosteroids may modulate different in-

tracellular signaling pathways.

Summing up, the present study confirmed and ex-

tended previous findings on neuroprotective proper-

ties of side-chain modified low-calcium analogues

(PRI) of 1,25-dihydroxyvitamin D3. Furthermore, it

has been found that the activation of PI3-K signaling

pathway appears to play an important role in the

mechanism of inhibitory action of PRI-2191 on hy-

drogen peroxide-evoked toxicity in SH-SY5Y cells,

whereas the neuroprotective effects of 1,25-dihy-

droxyvitamin D3 are enhanced by the ERK-MAPK in-

hibition.
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