ISSN 2409-4943. Ukr. Biochem. J., 2016, Vol. 88, N 5

EXPERIMENTAL WORKS

UDC 577.161.2:616.71-007.234+577.175.5:576.385 doi: https://doi.org/10.15407/ubj88.05.038

PREDNISOLONE AND VITAMIN D, MODULATE
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The study was designed to evaluate reactive oxygen species (ROS)/nitric oxide (NO) formation and
apoptotic/necrotic cell death elicited by prednisolone in peripheral blood and bone marrow mononuclear
cells and to define the efficacy of vitamin D, to counter glucocorticoid (GC)-induced changes. It was shown
that prednisolone (5 mg per kg of female Wistar rat’s body weight for 30 days) evoked ROS and NO overpro-
duction by blood mononuclear cells (monocytes and lymphocytes) that correlated with increased cell apo-
ptosis and necrosis. In contrast, prednisolone did not affect ROS/NO levels in bone marrow mononuclear
cells that corresponded to lower level of cell death than in the control. Alterations of prooxidant processes
revealed in mononuclear cells and associated with GC action were accompanied by vitamin D, deficiency in
animals, which was assessed by the decreased level of blood serum 25-hydroxivitamin D, (250HD.). Vitamin
D, administration (100 IU per rat daily for 30 days, concurrently with prednisolone administration) com-
pletely restored 250HD, content to the control values and significantly reversed ROS and NO formation in
blood mononuclear cells, thus leading to decreased apoptosis. In bone marrow, vitamin D, activated ROS/NO
production and protein nitration that may play a role in prevention of prednisolone-elicited increase in bone
resorption. We conclude that vitamin D, shows a profound protection against GC-associated cellular damage
through regulating intracellular ROS/NO formation and cell death pathways.

Key words: osteoporosis, prednisolone, vitamin D, blood/bone marrow mononuclear cells, reactive oxy-
gen/nitrogen species, nitric oxide, apoptosis, necrosis.

glucocorticoid (GC) therapy are emerging

health problem that limits GC use for the
treatment of patients with various inflammatory and
autoimmune diseases, allergies and lymphoprolife-
rative disorders. Osteoporosis is among the most
devastating side effects of chronic GC administra-
tion associated with significant alterations of mineral
metabolism and bone formation [1]. Glucocorticoid-
induced osteoporosis causes an increase in bone
fractures, delays healing of fractures, and affects the
quality of life.

It is known that osteoblasts, together with oste-
oclasts, control the amount of bone tissue and regu-
late bone remodeling. The underlying mechanism
of osteoporosis is associated with the prevalence of
osteoclast-dependent bone resorption over its osteo-

S everal adverse effects caused by long-term
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blast-mediated formation and mineralization leading
to loss of bone mass and mineral density [1]. GCs
modify osteoblastic and osteoclastic cell differen-
tiation, number, and function either directly or via
influencing the recruitment of their precursors from
the bone marrow [2]. Osteoblasts were shown to be
originated from bone marrow mesenchymal progeni-
tor cells. Multinucleated osteoclasts are the principle
bone resorbing cells that derive from hematopoietic
precursors of the monocytic lineage common to pe-
ripheral blood monocytes, macrophages and myeloid
dendritic cells. Pre-osteoclasts circulate in monocyte
fraction of the peripheral blood until they reach the
sites of bone resorption.

A common pathologic feature of GC-induced
cell disturbances is the development of oxidative
stress. Although the effects of prednisolone on cell
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function are largely mediated through glucocorticoid
receptors and metabolic changes, recent studies have
demonstrated the involvement of reactive oxygen
(ROS)/nitrogen species (RNS)-induced modifica-
tions of critical cellular macromolecules in modula-
tion of signal transduction cascades and cell death
pathways [3]. We have previously described and dis-
cussed the pathological role of synthetic glucocorti-
coid prednisolone in activation of ROS/RNS-media-
ted hepatocellular death [4]. Currently, insufficient
attention was focused on the generation of active me-
tabolites of oxygen and nitrogen in progenitor cells
as one of the major determinants contributing to cell
dysfunction and abnormalities of bone remodeling.

Alleviating excessive prooxidant reactions
might be a promising strategy to prevent or delay
the onset of pathological changes induced by GCs.
The positive effects of vitamin D, (cholecalciferol) in
maintaining functional activity of different cells may
be useful in correcting cellular dysfunction caused
by glucocorticoid therapy. Being a ligand for nuclear
receptor (VDR), the hormonally active form of vi-
tamin D, (1,25 (OH),D,) regulates the expression of
a variety of nuclear genes [5]. The recent discove-
ry of VDR in different cell types has expanded the
known function of 1,25(0H),D, from a role in cal-
cium homeostasis to physiological process of bone
formation/resorption and immune cell modulation.
Vitamin D, acting via VDR has been implicated in
the mechanisms by which cells proliferate, differen-
tiate, become functionally active or die [6]. Never-
theless, the possible pathogenetic role of impaired
vitamin D, metabolism in the mechanism of GC-
induced side effects on bone tissue remodeling still
requires better understanding.

Growing evidence suggests that inadequate
supply with vitamin D, is a crucial factor that signifi-
cantly increases the risk of a number of common pa-
thologies, such as cancer, cardiovascular, infectious,
autoimmune and diabetes mellitus [6]. We have re-
cently found that chronic liver injury associated with
long-term prednisolone action can be a major cause
of vitamin D, deficiency because liver is known to
play a principle role in the synthesis of the prohor-
mone — 250HD, [4]. Available scientific data also
show that vitamin D, possesses direct and indirect
antioxidant effects in normal and diseased states,
effectively inhibiting lipid peroxidation and oxida-
tive damage to proteins in cells of different types,
that leads at the structural level to improvement and
better preservation of cellular integrity (cell protec-
tive effect) and restoration of functional activity of

damaged cells [7]. Vitamin D, is thought to provide
anti-inflammatory, immunomodulatory and cyto-
protective effects in various tissues [5, 6]. However,
there is a lack of consistent information regarding
the vitamin D, ability to prevent ROS/RNS-mediat-
ed cell dysfunction associated with the deleterious
effects of long-term prednisolone administration in
bone marrow.

The present study was therefore aimed at inves-
tigating prednisolone-associated modulation of ROS/
nitric oxide (NO) formation and cell death pathways
in mononuclear cells from peripheral blood and bone
marrow and to evaluate how vitamin D, adminis-
tered concurrently with prednisolone attenuates GC-
induced disturbances.

Materials and Methods

Animals. Female Wistar rats weighing
100 £ 5 g had unrestricted access to food and wa-
ter and were housed in temperature and humidity
controlled rooms. Animals were randomly divided
into 3 groups: 1 — control rats (n = 8); 2 — rats that
orally received prednisolone at a dose 5 mg/kg of
body weight (daily for 30 days, n = 8); 3 — rats that
orally received prednisolone at a dose 5 mg/kg of
body weight and 100 IU of vitamin D, (daily for 30
days, n = 8). All animal procedures were performed
in accordance with international recommendations
of the European Convention for the Protection of
Vertebrate Animals used for Research and Scientific
Purposes (Strasbourg, 1986), General Ethical Prin-
ciples of Animal Experimentation, approved by the
First National Congress on Bioethics (Kyiv, 2001).

Peripheral blood and bone marrow mononu-
clear cell isolation. Peripheral blood mononuclear
cells were isolated using Histopaque-1083 (Sigma,
USA) in accordance with the standard manufactu-
rer’s protocol. Bone marrow cells were obtained as
briefly described below. Rat femurs were excised,
dissected and bone marrow cells were harvested
by repeated flushing of the femoral cavities with
1 ml syringe using phosphate-buffered saline (PBS)
10 times. Total marrow isolate was collected by
centrifugation at 400 g for 1 min at 4 °C and re-
suspended in PBS. The resultant cell suspension
was filtered through successive 70 and 40 pm nylon
cell strainers followed by washes at 400 g for 5min
at 4 °C. Subsequently, red blood cells (RBC) were
lysed with RBC Lysis Buffer and the bone marrow
mononuclear cells were washed twice, centrifuged
and final pellet was resuspended in PBS.
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Serum 250HD.,. Blood was obtained by cardiac
puncture for mononuclear cells isolation and analysis
of serum 25-hydroxyvitamin D, (250HD,). The con-
tent of 25-hydroxyvitamin D, in serum was assayed
using a commercial ELISA kit (The IDS 25-Hydroxy
Vitamin D EIA, USA) as described by the manufac-
turer’s protocol.

DCFH oxidation measurement. Fluorescence
detection of intracellular reactive oxygen species
(ROS) production was analyzed using the fluoro-
genic probe 2'7'-dichlorodihydrofluorescein diace-
tate (DCFH-DA; Sigma, USA). ROS generated by
cells oxidizes DCFH-DA to produce highly fluo-
rescent green compound (2',7'-dichlorofluorescein).
Isolated cells (approximately 0.5:10°) were incuba-
ted in Hank’s balanced salt solution with DCFH-
DA concentration of 10 pM for 30 min (37 °C) in
a humidified atmosphere of 5% CO,. Subsequently,
the cells were washed, centrifuged, resuspended and
fluorescence was measured with an EPICS XLTM
flow cytometer (Beckman Coulter, USA) using the
excitation/emission wavelengths of 485/530 nm. Re-
sults were expressed as a relative fluorescence of the
samples in comparison to control. Analysis of the
results of all studies obtained by flow cytometry was
performed using the FCS Express V3 software.

Evaluation of nitric oxide synthesis. Intra-
cellular nitric oxide production in isolated cells
was estimated using the specific fluorescent probe
4,5-diaminofluorescein diacetate (DAF-2DA; Sigma,
USA). Upon entering the cells, the diacetate bond of
the probe is cleaved by intracellular esterases libera-
ting DAF, which specifically reacts with the nitric
oxide (II), producing the fluorescent 4,5-diamino-
fluorescein triazole as an indicator of NO production
in the cell. Immediately after isolation, the cells (ap-
proximately 0.5-10°) were incubated in Hank’s balan-
ced salt solution with dye concentration of 10 uM
for 30 min (37 °C) in a humidified atmosphere of
5% CO,. The fluorescence intensity was measured
by EPICS XLTM flow cytometer (Beckman Coulter,
USA) using the excitation/emission wavelengths of
495/515 nm. Results were normalized to control cells
and expressed as a relative fluorescence intensity.

Detection of cell death (apoptosis vs. necrosis
assay). Annexin V-EGFP/propidium iodide (PI) dou-
ble staining was used to differentiate apoptotic vs ne-
crotic cells. In brief, 5 pl of Annexin V-EGFP (Ab-
cam, USA) and 5 pl of PI (Sigma, USA) (50 pg/ml)
were diluted with 500 pl of binding buffer and then
the mixture was added to the samples (5-10° bone

40

marrow or blood mononuclear cells). Cells were in-
cubated at room temperature, in the dark, for 15 min
and analyzed by an EPICS XLTM flow cytometer
(Beckman Coulter, USA) using the excitation/emis-
sion wavelengths of 488/530 nm and 530/645 nm,
respectively. A minimum of 10,000 cells in gated
region was analyzed and results were interpreted by
the percentage of total cells appearing in each quad-
rant.

Western blot analysis of 3-nitrotyrosine. Whole
bone marrow cell extracts were prepared as de-
scribed previously [8]. Bone marrow cells isolated
from rats were lysed in RIPA buffer containing pro-
tease inhibitor cocktail (PIC, Sigma, USA). Samples
of 50 pg of protein were loaded on 10% SDS poly-
acrylamide gel. After electrophoresis, the proteins
were transferred onto nitrocellulose membranes. For
protein signal detection, the samples were blocked
with a phosphate-buffered saline containing 5% fat-
free milk and 0.05% Tween-20 for 1h at room tem-
perature. The membrane was than incubated with
anti-3-nitrotyrosine antibody (1:4000; Millipore,
USA) overnight at 4°C. After extensive washing,
the membrane was incubated with horseradish-per-
oxidase conjugated anti-mouse secondary antibody
at a dilution of 1:1000 for 1 h at room temperature.
The bands were visualized by enhanced chemolumi-
nescene agents p-coumaric acid (Sigma, USA) and
luminol (AppliChem GmbH, Germany). To provide
equal protein loading, membranes were incubated
with anti-B-actin peroxidase conjugated antibody
(1:50 000; Sigma, USA) for 1 h. The immunoreactive
bands were quantified with Gel-Pro Analyzer 32.

Statistics. Data are expressed as mean + SEM
for at least six rats per group. Student’s #-test was
used for all analyses and values of P < 0.05 were
considered to indicate statistically significant dif-
ference. All calculations were performed using the
Microsoft Excel software for ¢-test analysis.

Results and Discussion

As a close relation exists between vitamin D,
deficiency and increased risk of most deleterious side
effects induced by glucocorticoids, we conducted an
assessment of 25-hydroxyvitamin D, (250HD,) level
in blood serum as a reliable biomarker of vitamin D,
bioavailability. Those rats that chronically received
prednisolone demonstrated severe vitamin D, defi-
ciency, since more than 2.5-fold decrease in 250HD,
was found in blood serum compared with the control

group (Fig. 1).
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Fig. 1. Effects of prednisolone and vitamin D, ad-
ministration on 25-hydroxyvitamin D, level in
blood serum of three animal groups: 1 — control;
2 — prednisolone administration; 3 — prednisolone
and vitamin D, administration. All data are presen-
ted as mean = SEM (n = 8); * P < 0.05 vs. control,
# P < 0.05 vs. prednisolone administration

These results indicate the negative effect of
prednisone on the metabolism of cholecalciferol,
which may be linked to significant changes in pro-
tein content and activity of vitamin D, 25-hydroxy-
lase isoenzymes in liver cells that we have previ-
ously established [9]. Vitamin D, treatment led to
complete restoration of 250HD, level. On the back-
ground of prednisolone-induced impairment of vi-
tamin D, metabolism and D,-deficiency significant
changes in oxidative metabolism were detected.

Oxidative/nitrosative stress associated with
increased generation of reactive oxygen and nitro-
gen species as well as impaired effectiveness of an-
tioxidant defense has recently been recognized as
one of the key mechanisms in the pathogenesis of
various disorders associated with 250HD; deficiency
[10]. To clarify whether alterations of oxidative me-
tabolism are involved in the development of cellular

dysfunction associated with GCs, we examined the
levels of free radicals formation in mononuclear cells
isolated from peripheral blood and bone marrow
using DCFH-DA. As DCFH-DA has no specificity
in detecting actual oxygen species [11], we use the
term ROS as it is generally accepted to encompass
the initial species generated by oxygen reduction,
as well as their secondary reactive products. DCFH
oxidation that reflects the intensity of pro-oxidant
processes in cells, are presented in Table 1.

It was found that chronic administration of
prednisolone stimulated ROS production in isola-
ted blood mononuclear cells by 35% compared with
the control animals. Vitamin D, treatment showed
antagonistic effect on the level of ROS generation
induced by glucocorticoid hormone. In contrast to
mononuclear blood cells, the rate of ROS forma-
tion in bone marrow cells remained unchanged after
prednisolone administration. Despite the fact that
prednisolone had no influence on ROS production in
bone marrow cells, vitamin D, treatment slightly in-
creased the level of intracellular oxidants when com-
pared with the control and GC-administered groups.

Cytotoxic and mutagenic effects of ROS/RNS
are caused by increased free radical oxidation of
physiologically important macromolecules. Moreo-
ver, redox modulation of cellular signaling by NO
is central to regulation of cell proliferation, differen-
tiation and death pathways. To assess the potential
involvement of nitric oxide and its metabolites in
the mechanism of prednisolone-induced changes
we next investigated the levels of NO production
by isolated cells. It was found using NO-sensitive
fluorescent probe, DAF-2DA, that administration of
prednisolone results in a significant elevation of NO
synthesis in blood mononuclear cells (by 30%) as
compared with controls (Fig. 2).

Vitamin D, diminished the level of NO forma-
tion in these cells compared with the group of ani-
mals administered with the glucocorticoid. Similarly

Table I Intracellular ROS production in mononuclear cells isolated from rat bone marrow and peripheral
blood after prednisolone and vitamin D, administration, (M +m, n = §)

Prednisolone Prednisolone
Groups Control, a.u. administration, and vitamin D,
a.u. administration, a.u.
Mononuclear cells from peripheral blood 4523 +£21.2 668.7 + 46.31* 535.1 +£23.6*
Mononuclear cells from bone marrow 150.5+9.9 140.9 + 10.4 186.3 + 13.7%

Note: the ROS levels are shown as mean (fluorescence intensity, a.u. — arbitrary units) = SEM; * P < 0.05 vs. control,

# P <0.05 vs. prednisolone administration.
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Fig. 2. Effects of prednisolone and vitamin D, administration on nitric oxide formation in rat peripheral
blood mononuclear cells. Representative histograms of DAF fluorescence (count — the number of events; FLI
LOG — fluorescence intensity) (A); quantification of DAF oxidation documented by flow cytometry analysis:
1 — control; 2 — prednisolone administration; 3 — prednisolone and vitamin D, administration (B). Results are
shown as mean = SEM (n = 8); * P < 0.05 vs. control, * P < 0.05 vs. prednisolone administration

to what we observed in the case of DCFH oxidation,
no changes in nitric oxide formation were seen in
bone marrow cells in the group of animals that re-
ceived prednisolone (Fig. 3). Vitamin D, treatment
enhanced NO production to the level almost 2.5-fold
as much as in the control group.
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Given that free oxygen and nitrogen species
under the conditions of their excess production can
mediate either regulatory or cytotoxic effects on
cells, it was essential to define whether dependence
exists between the intensity of ROS/RNS forma-
tion and cell death following prednisolone and vi-
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Fig. 3. Effects of prednisolone and vitamin D, administration on nitric oxide formation in mononuclear cells
isolated from rat bone marrow. Representative histograms of DAF fluorescence (count — the number of events;
FLI LOG - fluorescence intensity) (4); quantification of DAF oxidation documented by flow cytometry analy-
sis: I — control; 2 — prednisolone administration; 3 — prednisolone and vitamin D, administration (B). Results
are shown as mean + SEM (n = 8); * P < 0.05 vs. control, * P < 0.05 vs. prednisolone administration
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tamin D, administration. Quantitative evaluation
of apoptosis and necrosis using Annexin V-EGFP/
PI double staining was analyzed by flow cytometry.
As shown in Table 2, the rate of blood mononuclear
cells with apoptosis and necrosis raised to 14.70 and
10.52% of total cells after prednisolone administra-
tion compared with 11.50 and 7.91% in control rats,
respectively. Treatment with vitamin D, prevented
prednisolone-induced apoptosis without affecting
cell necrosis. Prednisolone provided opposite effect
on cell death within the bone marrow as compared
with peripheral blood mononuclear cells. Following
prednisolone administration, a significant reduction
of Annexin V-EGFP* and PI" cells to 6.87 and 0.95%
from 12.85 and 2.07% in control was established. Vi-
tamin D, caused a marked increase in apoptotic cell
death compared with prednisolone without influenc-
ing the number of necrotic cells.

Apoptosis in rat bone marrow cells after vita-
min D, treatment can potentially be ascribed to ex-
cess ROS/RNS production. To further confirm that
the occurring cell death correlates with oxidative-ni-
trosative damage to biomolecules, we measured the
level of 3-nitrotyrosine by western blotting (Fig. 4).

It is known that tyrosine residues of proteins
are sensitive targets for the active nitrating agent
peroxynitrite (ONOO-), which is formed by interac-
tion of nitric oxide with superoxide anion radicals.
Therefore, the content of 3-nitrotyrosine is regar-
ded as a specific and reliable marker of nitrosative
stress. As Fig. 4 depicts, there was no difference in

protein nitration between prednisolone-administered
and control groups. Compared with prednisolone-
administered rats, bone marrow cells displayed
a 2.3-fold induction of nitrosylated proteins after
cholecalciferol treatment that corresponds to the
level of ROS and NO production by these cells.

Collectively, our findings indicate the develop-
ment of essential prednisolone-induced alterations
of oxidative metabolism and cell death pathways
that can be discussed from two following points of
view, namely (1) how discrepancies in the effects of
prednisolone and cholecalciferol on ROS/RNS pro-
duction in blood cells and bone marrow cells can be
interpreted; and (2) what the functional consequen-
ces of the described disturbances could be for bone
formation/resorption.

Revealed alterations of oxidative metabolism
elicited by chronic prednisolone administration are
clearly consistent with the results of cell dysfunc-
tion published previously [3, 12]. Excessive GCs-
evoked production of ROS and oxidative stress
were observed in a variety of cell types [13, 14]. By
contrast, recent evidence also suggests a protective
role of hormonal therapy against oxidative damage
to cells [15]. Discrepancies in glucocorticoid ability
to modulate pro-/antioxidant status of cells could be
accounted for by different experimental conditions.
They include doses and administration routes, ex-
perimental models, endogenous versus exogenous
GC excess, underlying disease for which GCs were
administered; and most importantly, there is increa-

Table 2. Evaluation of apoptotic (Annexin V-EGFP-positive) and necrotic (Pl-positive) mononuclear
cells isolated from rat bone marrow and peripheral blood after prednisolone and vitamin D,administration,

MEtm; n=23)

Control Prednisolone administration | Prednisolone and vitamin

D, administration
Group Annexin Annexin Anngxin
V-EGFP*, % P, % V-EGFP*, % PT’, % V-EGFP*, % P, %

Blood
mononuclear
cells 11.50 + 1.02 791 +0.45 1470 + 1.31* 10.52 £0.84* 9.31 +£0.61* 9.24 + 0.55
Bone marrow
mononuclear
cells 1285+1.09 207+0.13 6.87+049* 095+0.06* 8.12 +0.63" 0.78 +£0.04

Note: Mononuclear cells from bone marrow and peripheral blood were stained by Annexin V-EGFP and PI and analyzed
by flow cytometry. Summarized data of all measurements are presented as mean (fluorescence intensity, a.u.) = SEM,
* P <0.05 vs. control, “P < 0.05 vs. prednisolone administration.
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Fig. 4. Effects of prednisolone and vitamin D, administration on the levels of nitrated proteins in bone mar-
row: I — control; 2 — prednisolone administration, 3 — prednisolone and vitamin D, administration. Western
blot analysis of total bone marrow lysates was performed using the antibody against 3-nitrotyrosine. Rep-
resentative immunoblot (4) and quantification of three experiments (B) are shown. The mean protein expres-
sion level was quantified as the sum of the densities of immunoreactive bands in each track corresponding to
proteins with molecular masses from 50 to 130 kDa. Protein levels were normalized to p-actin. All data are
shown as mean = SEM (n = 6); * P < 0.05 vs. control, *P < 0.05 vs. prednisolone administration

sing evidence that early effects may be opposite to
effects of prolonged GC action in therapeutically
relevant doses.

We can hypothesize that negative impact of
chronically administered prednisolone on cellular
function may be mediated via impaired interaction
of glucocorticoid receptors with prooxidant and/or
inflammatory transcription factors to repress tran-
scriptional activity, i.e. transrepression. More recent-
ly it has been proposed that transrepression mediates
most of the beneficial effects of GCs, whereas trans-
activation promotes most of their adverse effects
[16]. The possible reason for prednisolone-associated
cell injury may lie in the inhibitory glucocorticoid
action on the expression of factors that not only fa-
cilitate ROS/RNS formation but also reduce or limit
oxidative stress.

In the present study we followed the prevention
paradigm to diminish pathogenic changes caused
by chronic administration of prednisolone using
concurrent vitamin D, treatment. Our results have
clearly shown the antioxidant effect of vitamin D,
in blood mononuclear cells, while prooxidant action
of cholecalciferol on bone marrow progenitor cells
was observed. The potent antioxidant activity of vi-
tamin D, has been reported by others [6, 7]. At the
same time several studies also suggest an increase
in ROS/RNS production [17]. The dual behavior re-
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vealed in different tissues shows that the outcome
from challenge with an oxidative stress may have
relevance to the integration of a series of intracel-
lular signaling mechanisms that depending on cell
type involved could both protect against or promote
oxidative-nitrosative stress. Modulation of oxidative
metabolism by vitamin D, can largely be mediated
by the effects of its hormonally active metabolite —
1,25-dihydroxyvitamin D, through VDR [5]. Over-
all, vitamin D, may effectively regulate the rate of
free radicals formation in liver cells and their sur-
vival via changes of pro/antioxidant and pro/anti-
apoptotic genes expression [5-7].

Our data may also have significance for under-
standing a pivotal role of ROS/RNS in osteoblast and
osteoclast formation from progenitor marrow cells
in the regulation of bone remodeling by steroids. Al-
though glucocorticoids were shown to inhibit bone
formation through increasing the death of mature
osteoblasts and blocking osteoblastic differentiation
from precursor cells, the character of steroid action
on osteoclast activity and bone resorption is still a
controversial subject. Sustained stimulation of bone
matrix degradation by isolated osteoclasts incubated
with GCs as well as their cytotoxic effects on os-
teoclasts have been reported in recent studies [18].
The increase in osteoclast-mediated bone resorption
is likely responsible for the initial bone destruction
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after GC administration. In contrast, chronic expo-
sure of high GC doses has inhibiting effects both
on bone formation and resorption [19] that largely
corresponds to experimental design of the present
investigation. Notably, prednisolone-induced patho-
logical changes in bone tissue were confirmed in our
previous studies by assessment of bone formation/re-
sorption markers indicative of osteoporosis develop-
ment.

In spite of the fact that there is still no clear
explanation for a direct effect of GCs on osteoclas-
tic precursors, GCs could modulate recruitment
of osteoclasts. Our findings may suggest that pre-
osteoclast maturation rather than their formation is
impaired in GC-induced osteoporosis. Demonstrated
here decreasing effect of prednisolone on apoptosis
of bone marrow cells that occurs concomitantly with
unchanged rate of ROS/RNS production, most likely
reflects the enhancement of bone marrow cells pro-
liferation. As osteoclasts are formed from marrow-
derived cells that circulate in the monocyte fraction,
we also isolated blood mononuclear cells enriched
in monocytes to evaluate oxidative metabolism and
apoptosis. An increase in oxidative stress and apo-
ptotic death of blood mononuclears suggests a pos-
sible prednisolone-induced inhibition of osteoclast
differentiation from an early stage of circulating pre-
cursor cells. Together, these data are in accordance
with a systemic suppression of osteoclast activation
by prednisolone that can be related to glucocorticoid
influence on early precursors of osteoclasts in the
bone marrow and their subsequent differentiation
rather than on mature osteoclasts of bone tissue.

It seems quite likely that vitamin D, can abro-
gate prednisolone-induced disruptions of key steps
in the differentiation and activation of osteoblasts
or/and osteoclasts by modulating intracellular re-
dox state as well as survival and death pathways in
progenitor cells. Based on the evidence that reac-
tive oxygen species act as signal mediators in cell
differentiation, the established ability of vitamin D,
to induce ROS and NO production in bone marrow
may suggest additional role for cholecalciferol, be-
yond its capacity to increase bone mineralization,
to promote osteoblast/osteoclast differentiation from
hematopoietic precursors. Simultaneous increase in
osteoblast and osteoclast formation with subsequent
activation of these cells naturally can lead to aug-
mentation of bone turnover that ameliorate predniso-
lone-evoked loss of bone mass and mineral density.
Because of the recent observation that nitric oxide

can counter prednisolone-induced osteoporosis [20],
induction of NO synthesis in bone marrow cells by
cholecalciferol can also be referred to as an impor-
tant mechanism of osteotropic action of vitamin D,

In summary, the present study provides support
for ROS/RNS and mononuclear cells from blood and
bone marrow as therapeutic targets in prednisolone-
induced osteoporosis. It was shown that ROS/nitric
oxide production and cell death are differentially
regulated by prednisolone depending on cell type.
All the alterations associated with GC action were
accompanied by vitamin D, deficient state of animal
organism. Vitamin D, co-administration with pred-
nisolone and restoration of 250HD, content may
prevent osteoporosis by normalizing impaired oxi-
dative metabolism in mononuclear blood cells and
stimulating NO pathway in bone marrow cells. This
indicates that vitamin D, has potential usefulness
in the prevention and/or treatment of pathological
changes associated with the chronic administration
of glucocorticoids.
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[IpoBeneHo OIIHKY IHTEHCHBHOCTI T€HEPyBaH-
Hsa akTuBHUX (opMm kucHiO (ROS)/okcuny asory
(NO) i mnsxiB anmonTHYHOI/HEKPOTUYHOT 3aruderni
MOHOHYKJIeapiB neprupepruIHoi KpoBi Ta KICTKOBOTO
MO3KY 3a Jii TIpPeAHI30J0Hy 1 BCTaHOBJICHO
eexTuBHICTh BiTaMiHy D, y 3amo6iranni po3BuT-
Ky riirokokopTrKoi (GC)-1HAyKOBaHUX TIOPYIIEHb.
ITokazano, mo BBeIEHHS MPEAHI30JIOHY (5 MTI Ha
1 Xr Macu Tisa mypiB-camMunp JiHii Wistar mpoTsi-
rom 30 IHIB) 3yMOBJIFOBAJIO HaIMIpHE MTPOJyKYBaH-
Hs ROS Ta NO B MOHOHYKJICapax KpoBi (MOHOITUTH
i mimdonuTH), MO KOPETIOBANO 3 ITiABHIICHUMHU
PIBHSIMH amoONTHYHOI 1 HEKPOTHYHOI 3aruberni
KIiTHH. Ha mporuBary mpoMy, NpeaHI30JNIOH HE
BIUIMBaB Ha reHepyBaHHs ROS/NO B MoHOHY-
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KJIeapax KIiCTKOBOTO MO3KY, L0 MPHBOAMIO [0
3HIJKEHHsI piBHSI 3aru0eii KJITHH y TOpIBHAHHI
3 KOHTpoJeM. BwusiBieHi 3MiHH NPOOKCHIAHT-
HUX TPONECIB CYNPOBOIKYBAJINUCS PO3BUTKOM
nedinuty Bitaminy D, y TBapuH, AKMHA OLiHIOBaIH
3a  3HIDKEHHSM KOHLEHTpAlii CHUPOBATKOBOI'O
250HD,. Beenenns mypam sitaminy D, (100 MO
B JieHb TpoTsiroM 30 JTHIB OJTHOYACHO 13 BBEICHHSIM
MPE/IHI30JIOHY) TOBHICTIO BIJIHOBJIIOBAJIO BMICT
250HD, 110 piBHS KOHTPOJILHUX 3HAYEHb Ta ICTOTHO
3HIKYBaso npoaykyBanHs ROS i NO B kiiThHax
KPOBI, 1110 TPUBOAMIIO JI0 3HIKEHHSI iX anonrtosy. Y
KJIITHHAX KICTKOBOTO MO3KY BBEJICHHs BiTaMiny D,
CIPUYMHIOBAJIO TocuiieHe yTBopeHHs ROS/NO
Ta HITpyBaHHS MPOTEiHIB, IO MOXE BiAirpaBaTH
poib y 3amo0iraHHi iHIYKOBAaHOI MPEIHI30JI0HOM
iHTeHcugikamii pezopouii KicTkoBoi TKaHWHU. Ta-
KHM YHUHOM, BITaMiH D, e(heKTHBHO MPOTHUJIIE TIO-
LIKOPKEHHIO KJIITHH, aCOLiOBAHOMY 13 TPHUBAIHM
BBEJICHHSIM IPEAHI30JIOHY, 3a0€3MeUy0un peryJis-
TopHM BIIMB Ha popmyBanHs ROS/NO Ta nuisixu
KJIITUHHOI 3aru0eri.

Knmo4uoBi cioBa: OCTEONOpO3, MPEIHi-
30JI0H, BiTaMiH D,, MOHOHYKJI€apu KpOBi/KiCTKOBOTO
MO3KY, aKTUBHI ()OPMU KUCHIO/a30TY, OKCHJ] a30TY,
aronTo3, HEKPO3.

NPEAHHU30JIOH U

BUTAMMUH D, MOJI}’.JII/IPYIOT
OKHUCJIUTEJBHBIU METABOJIN3M
U IIYTHU KJIETOYHOM I'MBEJIH
MOHOHYKJIEAPOB KPOBHU

N KOCTHOT'O MO3TA

U A. Hlumanckuu, O. A. Jlucakoéckas,
A. A. Maszanosa, /1. O. Jlabyo3unckuil,
A. B. Xomenxo, H. H. Beauxuii

WucturyT Onoxumunu um. A. B. [Tannagnna,
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IIpoBeneHa oreHKa WHTEHCHUBHOCTH TIeHepa-
uuu akTuBHBIX (GopMm kuciopomga (ROS)/okcuma
azora (NO) u myTe#l anmonTH4eCKOW/HEKpOoTHUYE-
CKOIi TH0eIM MOHOHYKJIEapHBIX KJIETOK nepudepu-
YEeCKOH KPOBU M KOCTHOTO MO3ra Ha ()OHE BBEJCHUS
MPETHU30JIOHA, a Takke onpeneieHa 3(pdekTus-
HOCTh BUTaMuHa D, B Ipes0OTBpaIeHHU Pa3BUTUS
riokokopTukon]; (GC)-MHAYIUPOBAHHBIX H3Me-
Henuit. [lokazano, uto nmpenHn30s0H (5 Mr Ha 1 kr
MAaccChl Tella caMOK KpbIc JuHHH Wistar B TeueHUe
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30 nHeit) BbI3bIBAJI Ype3MepHYI0 npoaykiuio ROS
1 NO B MOHOHYKJIeapax KpOBH (MOHOIIUTBI U JTHM-
(OUHUTEI), YTO KOPPEIMPOBAIO C TOBBIICHHBIMU
YPOBHSIMU allONTHYECKONH M HEKPOTHUYECKOH Truode-
JU KJIETOK. B ImpOTHBOMOIOXKHOCTH 3TOMY, MpEa-
HU30JIOH He BIUsN Ha reHepupoBanue ROS/NO B
MOHOHYKJIeapax KOCTHOI'O MO3Ta, 4TO IPUBOAMIIO K
CHIDKEHHUIO YPOBHSI THOENIN KJIETOK 110 CPaBHEHHUIO
C KOHTpoJIeM. BBIsIBJIEHHBIE M3MEHEHHS MPOOKCH-
JAHTHBIX IPOLIECCOB COMPOBOXKIATUCH Pa3BUTHEM
neduuura BUTamMuHa D, y JKMBOTHBIX, KOTOPBIH
OLICHMBAJIM 110 CHUYKEHUIO KOHLEHTPALMK ChIBOPO-
Toynoro 250HD,. Beezenue kpbicam Butamuna D,
(100 ME B nenn B Teuenne 30 mHEH OJHOBPEMEHHO C
BBEJICHUEM INPEIHN30JI0HA) IOJTHOCTHIO BOCCTaHAB-
nuBao conepxanne 250HD, 10 ypoBHs KOHTPOIIBb-
HBIX 3HAYeHWH W 3HAYMTEIHHO CHIXAJO BBHIPabOT-
Ky ROS 1 NO B kneTkax KpoBH, YTO MPHUBOIUIO K
CHI)KCHMIO aronTo3a. B kieTkax KOCTHOTO Mo3ra
BBEJICHUE BUTaMHUHA D, BBI3BIBAJIO yCHJIEHHOE 00-
pazoBanrie ROS/NO u HUTpOBaHUE TPOTEHHOB, YTO
MOXET WUTpaTh pojib B MPEIOTBPALICHUU WHIYIHU-
POBaHHOTO MPEIHU30JI0HOM IMOBBIIIEHUS] pe30pO-
MM KOCTHOM TKaHu. Takum oOpasom, Butamun D,
3(G(PEKTUBHO MPOTHBOACHCTBYET MOBPEKICHUIO
KJIETOK, aCCOIIMMPOBAHHOMY C MPOAOJIKUTEIBbHBIM
BBEJCHUEM IMPEIHU30JI0HA, oOecreynBas perysis-
TopHOE BozaeicTBre Ha popmupoBanre ROS/NO u
ITyTH KJIETOYHON rnOemu.

KinrodeBbie €IJ10Ba: 0CTeONopo3, MpeaHu-
30JI0H, BUTAMHH D,, MOHOHYKJIEApHBIC KIIETKH KPO-
BH/KOCTHOT'O MO3Ta, aKTUBHBIE (POPMBI KUCIOPOIa/
a30Ta, OKCHJ] a30Ta, aroITo3, HEeKPO3.
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