EUR REV MED PHARMACOL SCI

2026; 30: 113-125

TISSUE-SPECIFIC ADAPTIVE RESPONSES
OF THE VITAMIN D, AUTO-/PARACRINE
SYSTEM TO VITAMIN D, DEFICIENCY
IN BONE AND BRAIN

l. SHYMANSKYT', O. LISAKOVSKA', A. KHOMENKO', V. BILOUS?,
Y. KUCHERIAVYP, 1. POLADYCH®, Y. PARKHOMENKO', M. VELIKY'

'Department of Biochemistry of Vitamins and Coenzymes, Palladin Institute of Biochemistry,
National Academy of Sciences of Ukraine, Kyiv, Ukraine
2Department of Enzyme Chemistry and Biochemistry, Palladin Institute of Biochemistry,
National Academy of Sciences of Ukraine, Kyiv, Ukraine
3Department of Protein Structure and Function, Palladin Institute of Biochemistry,
National Academy of Sciences of Ukraine, Kyiv, Ukraine
“Department of Obstetrics and Gynecology No 1, Bogomolets National Medical University, Kyiv, Ukraine

CORRESPONDING AUTHOR
Ihor Shymanskyi, Ph.D; e-mail: ihorshym@gmail.com

ABSTRACT — Objective: We hypothesized that vitamin D, (VD,) coordinates a complex functional interplay between
cerebral homeostasis and skeletal integrity by modulating mineral metabolism and osteotropic signaling. This neuroskeletal
axis is likely mediated via a feedback loop involving fibroblast growth factor 23 (FGF23), a key regulator within both osseous
and cerebral tissues. In this context, our study aimed to characterize tissue-specific adaptive responses by analyzing correla-
tions between components of the vitamin D, system and FGF23 signaling under physiological and VD,-deficient conditions.

Materials and Methods: Twenty-four female Wistar rats were randomized into three experimental groups: intact (stan-
dard diet), VD,-deficient (vitamin-free diet), and repletion. The latter underwent an initial two-month depletion phase fol-
lowed by one month of therapeutic VD, supplementation (1,000 IU/kg b.w.). Serum 25(OH)Ds, PTH, and FGF23 levels (circulat-
ing and tissue-specific) were quantified via ELISA. The expression of the vitamin D, receptor (VDR), vitamin D_-binding protein
(VDBP), and hydroxylases CYP27B1 and CYP24A1 in cerebral and osseous lysates was determined via Western blotting.

Results: Dietary VD, deficiency triggered systemic metabolic disturbances, including reduced serum 25(0H)Ds, hypo-
calcemia, secondary hyperparathyroidism, and elevated systemic FGF23. Tissue analysis revealed shared compensatory
responses in both compartments, notably the induction of VDBP and CYP27B1. However, osseous regulation appeared to
be dominated by systemic feedback loops (the FGF23/CYP24A1 correlation), whereas the brain exhibited distinct regula-
tory patterns, characterized by reduced VDR and CYP24A1 despite stable local FGF23 levels. Following VD, replenishment,
systemic and bone markers normalized, yet cerebral VDR levels remained persistently low.

Conclusions: VD, deficiency triggers divergent, tissue-specific regulatory responses, suggesting that the brain may
preserve a more stable internal environment than osseous tissue. These findings reflect a degree of cerebral metabolic
regulation distinct from the systemic endocrine susceptibility driven by the FGF23 axis. However, the functional signifi-
cance of these localized patterns and their underlying neuroprotective implications requires further comprehensive and
robust experimental validation.

KEYWORDS: Brain-bone axis, FGF23, VDR, CYP27B1, CYP24A1, Vitamin Da-binding protein, Mineral metabolism,
Neuroprotection, Osteotropic proteins, Cholecalciferol.

D) This work is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License

113


https://creativecommons.org/licenses/by-nc-sa/4.0/

Systemic metabolic

correlation)

! *  Restoration of vitamin D,

metabolism !
i Full normalization of -

Tissue-specific adaptive responses of
vitamin D; auto-/paracrine system

Bone tissue P Brain J ) |
——a—_ i i
-~

Common compensatory responses in the bone and brain

response
i+ 1] 25(0OH)D; PR
i« Hypocalcemia b 4
i »  Hypophosphatemia :
i+ TALP
i« 1 PTH (secondary i
5 hyperparathyroidism) i+ No effe‘ft on VDR .
« 1FGF23 i« Predominance of systemic loop

| (local } FGF23 /1 CYP24Al

Oral vitamin D, supplementation (1000 IU/kg of b.w., per os, 30 days)

: status |
!« Correction of mineral 1+ | CYP27BI, | VDR

; i No effect on CYP24A1
i« |PTH i+ 1FGF23

(increased VDBP and CYP27B1)

* Reduced VDR/CYP24Al1 despite
; stable local FGF23

i *  No effect on CYP27B1

!« VDR levels remained low, while
CYP24A1 normalized, suggesting
potential localized adaptive
mechanisms isolated from the
systemic FGF23 axis

Vitamin D; deficiency triggers tissue-specific responses, demonstrating cerebral resistance
versus osseous susceptibility to systemic endocrine factors like FGF23

Graphical Abstract. Schematic representation of tissue-specific responses to vitamin D3 (VDs) deficiency and oral supplementa-
tion (1,000 1U/kg). VD3 deficiency induces systemic alterations (hypocalcemia, 1PTH, 1FGF23). Bone responses follow systemic en-
docrine regulation (FGF23—CYP24A1 axis), whereas the brain shows distinct local adaptations, including reduced VDR despite sta-
ble FGF23. Supplementation restores systemic and osseous parameters but not cerebral VDR, indicating tissue-specific regulation.

INTRODUCTION

Vitamin D, (cholecalciferol, VD,) deficiency is a
widespread health concern associated with dis-
ruptions in calcium-phosphate metabolism, im-
mune function, and neurological integrity®. It is
estimated that around 80% of the global adult
population experiences mild to moderate vita-
min D3 hypovitaminosis. Clinically, this deficiency
manifests as rickets in children and as osteopo-
rosis, osteomalacia, muscle weakness, or immu-
nodeficiency in adults. Furthermore, chronic VD,
deprivation correlates strongly with increased
risks of autoimmune diseases, vascular disorders,
reproductive dysfunction, and potential cognitive
impairment®2,

Cholecalciferol is the most biologically vital
form for humans. Primarily synthesized in the skin
(80%) via UV irradiation of 7-dehydrocholesterol
and supplemented by dietary intake (20%), both
endogenous and exogenous forms are initially in-
ert®. Activation requires a two-stage hydroxylation
process: first, hepatic conversion to 25-hydroxyvi-
tamin D, (calcidiol, 25(0OH)D,), the standard diag-
nostic biomarker of VD, status; and second, the

3
predominantly renal conversion by 1a-hydroxylase

to the hormonally active 1a,25-dihydroxyvitamin
D, (calcitriol, 1a,25(0H),D,). Calcitriol exerts its
pleiotropic effects via the ubiquitous vitamin D, re-
ceptor (VDR)**. The production of this active hor-
mone is under tight feedback regulation involving
parathyroid hormone (PTH) and fibroblast growth
factor 23 (FGF23)>®. FGF23, secreted by osteocytes
and osteoblasts, acts as a major phosphaturic hor-
mone (phosphatonin) that promotes renal phos-
phate excretion and suppresses intestinal phos-
phate absorption. Critically, FGF23 modulates VD,
metabolism by directly inhibiting renal CYP27B1
(la-hydroxylase), while stimulating CYP24A1l
(24-hydroxylase), which facilitates calcitriol degra-
dation®’. Thus, FGF23 serves as a fundamental en-
docrine link coordinating phosphorus homeostasis
with the systemic regulation of VD, activity.
Recent recognition of the nervous system'’s
contribution to bone remodeling has driven ex-
tensive research into the neuro-osseous inter-
play, often referred to as the brain-skeleton axis.
Compelling clinical evidence indicates that neu-
rological diseases often involve altered osseous
physiology, leading to reduced bone mineral den-
sity and strength, which ultimately manifests as
osteopenia and osteoporosis®. This neuroskeletal
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axis encompasses complex metabolic, sensory,
and endocrine interconnections. Both the sym-
pathetic and parasympathetic nervous systems
influence skeletal health through diverse signaling
pathways involving mediators such as leptin, se-
rotonin, dopamine, glutamate, adiponectin, and
neuropeptide Y>!°, Conversely, the relationship
between the nervous system and skeletal tissue
appears reciprocal. Bone-derived proteins, in-
cluding osteocalcin, osteopontin, and sclerostin,
have demonstrated significant in vivo effects on
the central nervous system (CNS)'. Notably, the
osteogenic hormone osteocalcin is essential for
activating the acute stress response by inhibit-
ing parasympathetic signaling!?. It crosses the
blood-brain barrier to enhance the synthesis of
serotonin, dopamine, and norepinephrine, while
modulating y-aminobutyric acid (GABA) secretion
through binding to the orphan receptor GPR158 in
brainstem, midbrain, and hippocampal neurons*3.
This endocrine crosstalk underscores a bidirec-
tional link between psychological stress and bone
health; specifically, the development of osteopo-
rosis is linked to hypothalamic-pituitary-adrenal
axis activation. This pathway — driven by glucocor-
ticoids and altered growth factor responses, such
as insulin-like growth factor 1 (IGF-1) — collectively
impairs osseous mass preservation®,

While the roles of osteocalcin and IGF-1 in this
bidirectional axis are becoming clear, emerging ev-
idence suggests that FGF23 - traditionally viewed
as a renal-osseous regulator — also functions within
the CNS through its co-receptor, Klotho'. Beyond
its well-established role in VD, and mineral metab-
olism, adequate levels of FGF23 appear integral for
normal neurological functions. Specifically, patho-
logically high circulating FGF23 levels, frequently
observed in chronic kidney disease, are associated
with cognitive impairment, reduced hippocampal
ATP, increased stroke risk, and structural defects in
the cerebral white matter, potentially mediated by
vascular damage or direct neuronal toxicity>?. In
contrast, a previous study in mice showed that a
complete loss of FGF23 function leads to severe neu-
rodevelopmental abnormalities independently of
Klotho expression, revealing a direct role for FGF23
signaling in the brain®, However, it remains unclear
whether these effects are purely systemic or involve
localized cerebral FGF23 homeostatic mechanisms.

Our hypothesis centers on the capacity of VD,
to act as a key coordinator of the functional cross-
talk between cerebral homeostasis and skeletal
status by fine-tuning mineral metabolism and os-
teoendocrine signaling pathways. This neuroskele-
tal network is likely maintained by the established
role of VD, in maintaining mineral balance and
the regulation of bone-derived protein synthesis.
We propose that variations in VD, status modu-

late the expression of VD_-metabolizing enzymes
and VDR-mediated signaling across both osseous
and cerebral tissues. This axis is integrated with
FGF23, which functions within a reciprocal regula-
tory feedback loop with VD, and PTH. Given that
FGF23 is expressed in the brain, it may serve as an
under-explored component of the neuro-osseous
interaction. This study investigates the tissue-spe-
cific expression profiles of VD, auto-/paracrine sys-
tem components (VDR, VDBP, CYP27B1, CYP24A1)
and FGF23 levels in bone and brain tissues, and
evaluates their correlation with systemic VD, sta-
tus under both physiological and experimentally
induced VD,-hypovitaminosis conditions.

MATERIALS AND METHODS
Animals and experimental design

This study was carried out using female Wistar
rats (State Enterprise “L.l. Medved’s Research
Center of Preventive Toxicology, Food and Chem-
ical Safety” of the Ministry of Health of Ukraine,
Kyiv, Ukraine; 5-6 weeks old upon arrival; n = 24)
housed in a temperature-controlled room (21 +
2°C). While the facility maintained a standard 12-h
light-dark cycle, the light phase was specifically
adjusted for the experimental groups to limit en-
dogenous vitamin D, synthesis. All rats were fed
a standard laboratory diet and had ad libitum ac-
cess to tap water. After a 1-week acclimatization
period, the female rats weighing 132.3316.99 g
were randomly divided into three groups (n=8 for
each group) and maintained for three months: 1)
the intact group (VD, sufficiency), 2) the VD,-defi-
cient group, and 3) the VD,-supplemented group,
which received cholecalciferol (1,000 1U/kg of
body weight, per os) for 1 month following a two-
month VD, -depletion period.

In contrast to the intact animals, which con-
sumed a normal, balanced growth diet (REZON-1,
Ukraine), the rodents in the deficient and supple-
mented groups were fed a custom-prepared, nor-
mocalcemic, VD,-deficient diet. The nutrient com-
position of this diet included 60% carbohydrates,
18% protein, and 7% fat, along with water-soluble
and fat-soluble vitamins (excluding VD,). Micro-
nutrients consisted of 5.2 g/kg calcium carbonate
and 2.8 g/kg inorganic phosphate salt. To prevent
endogenous vitamin D, synthesis, the VD_-defi-
cient and supplemented (during the depletion
phase) animals were also kept in partial darkness
by limiting their light exposure to six hours per
day. Body weights were recorded weekly through-
out the study. Finally, all rats were anesthetized
(1.9% diethyl ether) and humanely decapitated.
The brain and femora were quickly dissected and
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transferred to specialized buffers according to the
downstream procedures. All samples that were
not used immediately were stored at -80°C.

Given the significantly higher prevalence of os-
teoporosis in human females compared to males,
this study focused exclusively on the female Wistar
rat model to investigate the skeletal and cerebral
response to vitamin D, dynamics. We utilized young
female rats (5-6 weeks old), a critical life stage co-
inciding with peak active skeletal growth and the
onset of puberty, to robustly model the long-term
impact of vitamin D, deficiency during develop-
mental periods. The use of a single-sex, genetical-
ly uniform outbred cohort facilitated reliable data
analysis by minimizing individual physiological vari-
ance and eliminating confounding variables arising
from sex-based hormonal differences.

Animal handling and experimental protocols
complied with international bioethical principles
and ARRIVE (Animal Research: Reporting of In
Vivo Experiments) guidelines. The study was ap-
proved by the Animal Care Ethics Committee of
the Palladin Institute of Biochemistry (Protocol
#3, February 26, 2024).

Biochemical analysis of serum

Blood samples were collected via cardiac puncture
under anesthesia. Serum PTH and FGF23 concen-
trations were determined using the Rat PTH ELISA
kit (RTFI00259; Assay Genie, Ireland) and the Rat
FGF23 ELISA kit (RTFIO0086; Assay Genie, Ireland),
respectively. Total 25(OH)D, levels were measured
using the Rat Vitamin D total ELISA kit (DE1971;
Demeditec Diagnostics GmbH, Germany). Serum
mineral components (calcium and inorganic phos-
phate) were quantified using commercially avail-
able assay kits (ab102505 and ab65622, respective-
ly; Abcam, UK). All assays were performed in strict
accordance with the manufacturers’ protocols.

Total alkaline phosphatase (ALP) activity in blood
serum was determined by measuring the forma-
tion of 4-nitrophenol resulting from the enzymatic
cleavage of 4-nitrophenylphosphate®®. The reac-
tion was terminated by adding a 30 mM solution
of EDTA (Trilon B) in 1M NaOH. The optical density
of the samples was measured spectrophotometri-
cally at A =410 nm. To distinguish between ALP iso-
enzymes, a differential inactivation approach was
employed. The activity of the bone-specific ALP
isoform was calculated as the difference between
total ALP activity and the heat-stable ALP fraction,
determined after incubating samples in a water
bath at +56-57°C to inactivate heat-labile isoforms.
Additionally, the activity of the intestinal ALP isoen-
zyme was assessed using 5 mM L-phenylalanine as
a specific inhibitor.

Preparation of tissue homogenates
for FGF23 analysis

Homogenization was performed using standard-
ized protocols adapted to the specific morpho-
logical characteristics of each biological matrix.
Specimens from the whole brain and femurs
were initially snap-frozen in liquid nitrogen and
subsequently mechanically pulverized into a fine
powder using a pre-cooled mortar and pestle to
maximize the surface area for protein recovery.
To ensure maximum stability, all subsequent ex-
traction and demineralization steps were con-
ducted at 4°C in buffers supplemented with a
broad-spectrum protease inhibitor cocktail (1%
v/v; P8340, Sigma-Aldrich, St. Louis, MO, USA),
containing AEBSF, aprotinin, bestatin, E-64, leu-
peptin, and pepstatin A.

While the pulverized cerebral specimens were
stored at -80°C to prevent degradation, osseous
samples underwent a specialized demineralization
step in a 14% EDTA solution (pH 7.4; prepared in
ultrapure water and adjusted with NaOH) at a 1:20
(w/v) ratio for 10-14 days under constant gentle
agitation. This procedure was designed to facilitate
the complete recovery of matrix-bound proteins
from the mineralized bone phase. After demin-
eralization was complete, the powder specimens
were weighed and homogenized in ice-cold phos-
phate-buffered saline (PBS) at a 1:10 (w/v) ratio.

Subsequently, both the cerebral homogenates
and the demineralized bone suspensions were
subjected to ultrasonication on ice (3 cycles of 10
s at 20 kHz) to ensure efficient cell lysis and the
release of all intracellular and matrix-associated
proteins. Homogenates were then centrifuged
(5,000 x g, 10 min, 4°C) to remove cellular and
mineral debris. Total protein concentrations in the
resulting supernatants were determined by the
Lowry method and standardized to 5 mg/mL to
ensure analytical consistency across all samples.

Quantification and validation of tissue FGF23

Tissue FGF23 levels were quantified using the
Rat FGF23 ELISA kit (RTFIO0086; Assay Genie, Ire-
land). To address potential matrix effects in tissue
homogenates, the validity of this experimental
procedure was confirmed via linearity-of-dilu-
tion tests. High-concentration cerebral and os-
seous samples were serially diluted (1:2, 1:4, 1:8,
and 1:16) using the standardized sample diluent.
These evaluations demonstrated a strong linear
recovery (R? > 0.98) within the assay’s dynamic
range (15.625-1,000 pg/mL), indicating that the
tissue matrices did not significantly interfere with
antibody—antigen interaction.
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For the experimental analysis, standardized
supernatants (5 mg/mL total protein) were used
to ensure that FGF23 concentrations remained
within the detection limit. Raw values were nor-
malized to each sample’s total protein content,
and final tissue FGF23 levels were expressed as
picograms per milligram of total protein (pg/mg
protein). This normalization approach accounts
for potential variations in tissue density and ex-
traction efficiency, enabling a reliable comparison
across experimental groups.

Western blotting

Protein lysates were obtained from brain and
bone samples by treatment with RIPA lysis buf-
fer [50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 1% sodium deoxycho-
late, and 0.1% SDS] supplemented with the same
broad-spectrum protease inhibitor cocktail (1%
v/v; Sigma-Aldrich, St. Louis, MO, USA) used for
the FGF23 analysis. Notably, while osseous sam-
ples for FGF23 quantification required prolonged
demineralization, proteins for Western blotting
were extracted directly from the pulverized bone
powder using RIPA buffer to preserve the integ-
rity of the target markers. Samples were subse-
quently subjected to sonication on ice to achieve
complete cell lysis. To standardize quantification
across the distinct cerebral and osseous matrices,
a two-tier normalization strategy was employed.
Total protein concentration was initially deter-
mined by the Lowry method, and all samples were
adjusted to a uniform loading of 40 ug per lane.
Protein lysates were heated in a sample buffer
containing B-mercaptoethanol (Sigma-Aldrich, St.
Louis, MO, USA) (95°C, 5 min) and separated via
10% Tris-Glycine SDS-PAGE?°. Molecular weights
were confirmed using the Spectra Multicolor
Broad Range Prestained Protein Ladder (#26634,
Thermo Fisher Scientific, Waltham, MA, USA).
Following electrophoresis, proteins were trans-
ferred to nitrocellulose membranes, which were
blocked with 5% non-fat milk and incubated over-
night at 4°C with primary antibodies against VDBP
(1:1000, NBP1-88027, Novus Biologicals, Centen-
nial, CO, USA), VDR (1:500, NBP2-66778, Novus
Biologicals, Centennial, CO, USA), CYP27B1 (1:500,
PA5-26065, Thermo Fisher Scientific, Waltham,
MA, USA), CYP24A1 (1:500, PA5-79127, Thermo
Fisher Scientific, Waltham, MA, USA), or B-actin
(1:10,000, A3854, Sigma-Aldrich, St. Louis, MO,
USA). Protein signals were detected using an
anti-rabbit horseradish peroxidase-conjugated
secondary antibody (1:1000, #1706515, Bio-Rad,
Hercules, CA, USA) and developed with the fol-
lowing chemiluminescent agents: p-coumaric acid

(C9008, Sigma-Aldrich, St. Louis, MO, USA) and
luminol (A4685, AppliChem GmbH, Darmstadt,
Germany).

To ensure precise normalization, target pro-
teins were analyzed on parallel gels loaded with
identical samples from a single master mix. In this
approach, B-actin served as a common internal
loading control, confirming equal protein loading
across all gels in each experimental run. Densito-
metric quantification was performed using the
Gel-Pro Analyzer v3.1 software, in which the signal
intensity of each target protein was normalized to
its corresponding B-actin signal from the parallel
run. For CYP27B1 and CYP24A1l, although sec-
ondary minor bands were occasionally observed
(likely representing tissue-specific isoforms or
post-translational modifications), only the spe-
cific bands aligning with the validated molecular
weights (~56 kDa and ~59 kDa, respectively) were
included in the analysis. Notably, comparisons of
protein expression were conducted strictly with-
in each specific tissue type (brain or bone) across
experimental groups. This approach precluded
absolute quantitative comparisons between cere-
bral and osseous tissues, due to inherent differ-
ences in tissue density and extraction efficiency.

Statistical analysis

Statistical analysis was performed using Origin Pro
8.5 software (OriginLab Corporation, Northamp-
ton, MA, USA). The normality of data distribution
was verified using the Shapiro-Wilk test. Data are
presented as mean + standard deviation (SD). Com-
parisons between two groups were performed us-
ing the Student’s t-test, while multiple group eval-
uations were conducted using one-way analysis
of variance (ANOVA) followed by Tukey’s post-hoc
test. A value of p < 0.05 was considered statistically
significant. All analyses were based on the number
of individual animals per group (n = 8).

RESULTS

Biochemical analyses (Table 1) demonstrate that
dietary VD, deprivation in the deficient group
led to a substantial reduction — exceeding 6-fold
— in circulating 25(0H)D, content. As this stable,
predominant cholecalciferol metabolite reliably
reflects systemic vitamin VD, status and bioavail-
ability, its diminished concentration validates the
success of the experimental model. Furthermore,
this condition resulted in a 1.6-fold increase in
total alkaline phosphatase activity in serum com-
pared with the intact group. This enzyme facil-
itates the hydrolysis of phosphoric acid mon-
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Table I. Serum mineral components, PTH, FGF23, 25(0H)D, levels and alkaline phosphatase activity

across the experimental groups.

Characteristic/variable Control Vitamin D, Vitamin D,
deficiency administration
Total calcium, mM-L? 2.24+0.04 1.58+0.01* 2.1£0.02%, **
Protein-bound calcium, mM-L* 0.20£0.01 0.18+0.02 0.19£0.01**
Ultrafiltered calcium, mM-L? 2.0410.01 1.40+0.01* 1.91+0.02%, **
Inorganic phosphate, mM:L?* 2.1£0.01 1.46+0.02* 1.7810.04*, **
Total activity of ALP, IU/L 230.2£2.7 386.0+4.0* 281.0+1.9% **
Activity of intestinal ALP isoenzyme, IU/L 48.912.2 73.0£1.7* 61.9+0.4* **
Activity of bone ALP isoenzyme, IU/L 190.9+4.3 320.2+3.9* 269.01.6* **
25(0H)D,, ng/mL 47.3017.20 7.78+0.60* 31.3049.03**
(nmol/L) (118.27+18.05) (19.45+1.52%) (78.24422.57**)
PTH, pg/mL 256.0+20.5 448.1+38.0* 357.0+12.5% **
FGF23, pg/mL 169.8413.6 436.6+18.9* 169.0£11.2**

All data are presented as mean + SD (n = 8 per group). The experimental groups included: 1) Intact group (maintained on a balanced diet for
3 months); 2) VD,-deficient group (maintained on a VD,-deficient diet for the entire 3-month period); 3) VD,-supplemented group (received
cholecalciferol, 1,000 IU/kg, for 1 month following a 2-month VD,-depletion period). *p < 0.05 vs. the intact group; **p < 0.05 vs. the VD,-
deficient group. ALP, alkaline phosphatase; PTH, parathyroid hormone; FGF23, fibroblast growth factor 23; 25(0H)D,, 25-hydroxyvitamin

D, (calcifediol); VD,, vitamin D, (cholecalciferol).

oesters and serves as a critical biomarker for bone
remodeling. The observed rise in total ALP was
driven primarily by an almost 1.7-fold increase
in bone-specific isoform activity, signaling an in-
tensification of pro-resorptive processes in the
skeletal tissue. Low VD, intake also induced a 1.5-
fold enhancement in intestinal isoenzyme activity,
which coincided with a 1.44-fold decline in serum
phosphate levels relative to the controls.

During the investigation, a classic correlation
was observed between serum 25(0OH)D, con-
centrations and calcium balance. Rearing the
animals on a deficient diet resulted in a marked
1.42-fold decrease in serum calcium levels (Ta-
ble ). This cation is typically maintained within
a narrow homeostatic range and exists in two
primary forms: a protein-bound, biologically in-
active pool and an ultrafilterable, active fraction.
The latter consists predominantly of ionized cal-
cium (~85%) alongside various anionic complex-
es, such as citrate and phosphate?!. The ratio
between these components varies under differ-
ent physiological and pathological conditions. In
our study, VD, hypovitaminosis did not signifi-
cantly alter the protein-bound calcium content.
Instead, the reduction in the total mineral pool
was entirely attributed to a 1.46-fold decline in
the biologically active, ultrafilterable fraction
compared with the intact group. Administration
of cholecalciferol to the hypovitaminotic rodents
almost completely normalized both the 25(0OH)
D, levels and the associated parameters of min-
eral homeostasis.

In the VD,_-deficient group, hypocalcemia oc-
curred concurrently with the development of sec-
ondary hyperparathyroidism (SHPT), evidenced
by a statistically significant, approximately 2-fold
elevation in serum parathyroid hormone relative
to the intact group (Table I). This hypersecretion
represents a compensatory mechanism aimed at
promoting mineral mobilization from the skeleton
to support systemic calcium balance®. Our find-
ings illustrate the progression of SHPT as a direct
consequence of compromised intestinal absorp-
tion during vitamin D, deprivation. The chronic
persistence of this condition is associated with a
heightened risk of reduced bone mineral density,
potentially leading to osteopenia and osteoporo-
sis. Importantly, sustained PTH elevation is known
to stimulate the secretion of FGF23, a master reg-
ulator of phosphate homeostasis®. In the deficient
state, we observed a significant 2.57-fold increase
in circulating levels of this phosphatonin relative
to control values; however, therapeutic adminis-
tration of cholecalciferol fully restored both fac-
tors to baseline concentrations (Table I).

Vitamin D,-binding protein (VDBP) serves as
the principal carrier for all vitamin D, metabo-
lites. Beyond transport, this globulin facilitates
fatty acid delivery and promotes actin scaveng-
ing?%. Emerging evidence also highlights its role in
immune modulation, particularly in macrophage
activation and complement-mediated neutrophil
recruitment during inflammation?®. Consequently,
fluctuations in VDBP concentrations may provide
insights into vitamin D, status across various bio-
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logical compartments, including the CNS. Despite
its significance, the regulation of VDBP in specific
organs under VD, deficiency remains poorly un-
derstood. Our analysis revealed that VD, deple-
tion led to a significant elevation in VDBP protein
levels: 1.20-fold in cerebral specimens (Figure

1A) and 1.36-fold in osseous tissue (Figure 2A)
compared with their respective intact controls.
Following cholecalciferol supplementation, VDBP
expression remained elevated at both sites, with
no significant reversal toward baseline levels ob-
served in intact animals.
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Figure 1. Relative protein expression of cerebral vitamin D, system components across the experimental groups. Panels repre-
sent: (A) VDBP; (B) CYP27B1; (C) VDR; (D) CYP24A1. Representative immunoblots are displayed above the corresponding scatter
dot plots. To ensure analytical consistency, all target markers from the same experimental series were analyzed on parallel gels
using a single master mix and quantified relative to a common internal B-actin control. Data are presented as individual data
points with mean £ SD (n = 8 per group). The experimental groups included: 1) Intact group (maintained on a balanced diet for 3
months); 2) VD,-deficient group (maintained on a VD _-deficient diet for the entire 3-month period); 3) VD,-supplemented group
(received cholecalciferol, 1,000 IU/kg, for 1 month following a 2-month VD_-depletion period). *p < 0.05 vs. the intact group;
**p < 0.05 vs. the VD_-deficient group. VDBP, vitamin D, binding protein; CYP27B1, 25-hydroxyvitamin D, la-hydroxylase; VDR,
vitamin D, receptor; CYP24A1, 25-hydroxyvitamin D,-24-hydroxylase; VD,, vitamin D, (cholecalciferol).



The classical pathway of VD, activation is driv-
en by CYP27B1 (25-hydroxyvitamin la-hydroxy-
lase). Traditionally localized in the renal proximal
tubules, this enzyme converts 25(0H)D, into its
active hormonal form, 1a,25(0H),D,**. It is now
recognized that extrarenal expression of CYP27B1
enables local synthesis of the hormone, facili-

tating auto- and paracrine regulation of cellular
functions (non-calcemic effects). In this study,
VD, hypovitaminosis induced a marked increase
in CYP27B1 protein content: 1.42-fold in the brain
(Figure 1B) and 2.20-fold in the skeleton (Figure
2B) vs. the intact group. This upregulation likely
represents a compensatory response to dimin-
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ished substrate levels (25(0H)D,) or disrupted VDR
signaling. Notably, while VD, supplementation did
not appreciably alter enzyme expression in neu-
ral tissue, it substantially reduced enzyme levels
in osseous samples compared with the hypovita-
minotic state.

Since the biological effects of calcitriol are
mediated through its specific receptor (VDR), we
investigated alterations in receptor expression
across different vitamin D, statuses. Hypovitamin-
osis resulted in a significant 2.78-fold decrease
in VDR protein within the cerebral compartment
(Figure 1C), whereas its expression in bone re-
mained stable (Figure 2C) relative to the intact
group. Subsequent VD, administration resulted in
a slight reduction in protein abundance, and ce-
rebral VDR levels showed no recovery compared
with the intact group.

The localized VD, auto-/paracrine system also
involves CYP24A1 (24-hydroxylase), a mitochon-
drial monooxygenase found in most mammalian
cells?®, This regulatory enzyme mediates the in-
activation of 1a,25(0OH),D, and 25(0OH)D, through
side-chain oxidation, converting them into me-
tabolites with markedly diminished biological
activity. In this capacity, CYP24A1l protects the
organism from potential calcitriol toxicity®; thus,

its regulation is a key mechanism by which target
cells modulate their hormonal response. Deficient
animals exhibited a 1.26-fold decline in cerebral
CYP24A1 protein (Figure 1D). In contrast, enzyme
expression in the osseous tissue increased 1.24-
fold (Figure 2D). While VD, restoration did not
significantly affect the catabolic enzyme content
in the skeleton, it stimulated the synthesis of this
cytochrome in the brain, effectively restoring it to
baseline levels.

Given the intricate association between
VD,-metabolizing cytochromes, VDR expres-
sion, and FGF23, we finally sought to determine
whether local FGF23 levels exhibit tissue-specif-
ic regulatory patterns distinct from the systemic
profile. Consequently, we quantified the growth
factor’s content directly in both bone and brain
specimens. A significant 1.76-fold increase in local
FGF23 was observed in the skeletal matrix of the
hypovitaminotic group compared with controls
(Figure 3A). This increase was partially attenuated
following cholecalciferol administration. In con-
trast, no significant shifts in FGF23 levels were de-
tected in cerebral samples across all experimen-
tal groups (Figure 3B), highlighting a remarkably
stable local profile despite systemic disturbances
and high circulating phosphatonin levels.
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Data are presented as scatter dot plots of individual data poin
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DISCUSSION

The present investigation explored the impact of sys-
temic vitamin D, deficiency and subsequent short-
term repletion on the local metabolic environment
of both bone and brain tissues. By evaluating key reg-
ulatory components — VDR, VDBP, and the hydroxy-
lases CYP27B1 and CYP24A1 —we aimed to delineate
how different physiological compartments adapt to
fluctuations in mineral homeostasis. Our findings
reveal a complex landscape of adaptive responses,
characterized by distinct tissue-specific expression
patterns that suggest a divergence between systemic
endocrine control in the skeleton and a more local-
ized regulatory profile within the CNS.

A primary observation in our study was the
concurrent upregulation of VDBP and CYP27B1 in
both skeletal and cerebral specimens during VD,
deprivation. The increase in VDBP expression like-
ly represents a unified compensatory mechanism
designed to enhance the sequestration and reten-
tion of available VD, metabolites within the tissue
microenvironment®. By increasing the local pool of
the carrier protein, the tissues may facilitate more
efficient delivery of substrates to the activating en-
zymes. This is complemented by the induction of the
la-hydroxylase CYP27B1, which suggests an auto-
crine attempt to maintain adequate levels of active
1a,25(0OH),D; despite systemic depletion. Such local-
ized upregulation of the activating machinery is well
documented in extrarenal sites, where it preserves
the non-canonical functions of vitamin D,, including
cell differentiation and immune modulation?.

However, the regulation of the catabolic en-
zyme CYP24A1 and the hormone-receptor complex
VDR marks a clear point of divergence between the
two sites, potentially mediated by the osteoendo-
crine FGF23 system. In the skeleton, VD, depletion
initiated a cascade of metabolic disturbances, in-
cluding hypocalcemia and a compensatory rise in
PTH, which, in turn, stimulated FGF23 secretion to
regulate phosphate homeostasis*:*. Consequent-
ly, we observed a significant elevation of both se-
rum and osseous FGF23 levels. According to clas-
sical feedback models, a state of low 1a,25(0OH),Ds3
should theoretically lead to the downregulation of
the catabolic enzyme CYP24A1. However, our data
show a paradoxical upregulation of CYP24A1 in
bone tissue. It is plausible to hypothesize that with-
in the osseous microenvironment, the stimulatory
influence of elevated FGF23 predominates over the
inhibitory signals of VD, deficiency. This sustained
elevation of FGF23 and subsequent induction of
CYP24A1 may exacerbate mineralization disorders,
such as osteomalacia or osteoporosis, by limiting
local VD, availability through accelerated degrada-
tion?. Notably, bone tissue retained a preserved
VDR pool during the depletion phase, with protein

levels remaining stable despite severe systemic hy-
povitaminosis.

In stark contrast, the CNS exhibited a marked
reduction in both VDR and CYP24A1 levels during
VD, deficiency. These results indicate a tissue-spe-
cific regulatory pattern that diverges from systemic
endocrine loops. The suppression of the catabolic
enzyme CYP24A1 in the brain is likely a protec-
tive adaptation aimed at minimizing the degrada-
tion of the active hormone, thereby preserving
its concentration throughout the neural microen-
vironment3%3, Concurrently, the decrease in VDR
expression may be attributed to a downregulation
of receptor synthesis in response to the persistent
deprivation of its primary ligand, 1a,25(0OH),D,.
Unlike the skeleton, cerebral FGF23 levels re-
mained remarkably stable throughout the study.
This observation is consistent with reports sug-
gesting that FGF23 acts predominantly as an en-
docrine hormone of osseous origin, targeting the
renal-parathyroid axis rather than the CNS*. This
lack of local FGF23 response in the brain, coupled
with the downregulation of CYP24A1, underscores
a discrete regulatory profile that may buffer neural
tissue against systemic mineral fluctuations3%3334,

The subsequent cholecalciferol treatment fur-
ther highlighted the differential sensitivity of these
tissues. Inthe CNS, the rapid restoration of CYP24A1
levels suggests that the cerebral catabolic path-
way is highly responsive to substrate availability,
reflecting a capacity for localized control**3>. Con-
versely, cerebral VDR levels remained persistently
reduced even after systemic VD, replenishment.
This outcome may signify stable regulatory alter-
ations, such as long-term epigenetic modifications
—including DNA methylation or histone remodeling
— of the Vdr promoter, induced by chronic hypovi-
taminosis®*3¢37, While some research indicates that
VDR expression remains relatively stable across the
central nervous system irrespective of VD, status,
our findings suggest a more dynamic or tissue-spe-
cific response to chronic deficiency®.

In the skeletal compartment, the transition
to vitamin D, sufficiency was marked by a pro-
nounced downregulation of the activating enzyme
CYP27B1. This rapid feedback inhibition occurred
alongside a much more stable osseous VDR pool,
which showed only a slight, though statistically sig-
nificant, reduction in protein levels during the re-
pletion period®?°, These observations imply that
while the hydroxylase machinery is highly respon-
sive to acute substrate fluctuations, the skeletal re-
ceptor apparatus maintains relative structural con-
sistency during short-term recovery. Meanwhile,
the refractory state of elevated matrix CYP24A1
points to the enduring influence of pathological re-
modeling and persistently high systemic FGF23 sig-
nals. Importantly, this lack of immediate normaliza-
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tion extends to the local transport machinery; the
continued elevation of VDBP in both cerebral spec-
imens and the skeletal matrix reinforces the signif-
icance of the initial compensatory response. The
fact that VDBP levels remained high despite treat-
ment suggests a prolonged compensatory state or
a slow turnover of the local VDBP pool, indicating
that restoring substrate availability is insufficient to
promptly reverse this upregulation.

Within this context, the stability of cerebral
FGF23 alongside divergent hydroxylase expression
represents a tissue-specific regulatory pattern rather
than definitive proof of functional autonomy. While
providing a basis for understanding the neuroskele-
tal axis, certain limitations must be considered. As
our results are predicated on protein abundance,
they may not strictly correlate with mRNA levels due
to post-transcriptional mechanisms; thus, further
verification via RT-qPCR is warranted. Additionally,
Western blotting assesses bulk protein in lysates
but does not delineate precise cellular co-localiza-
tion or actual enzymatic activity — factors critical for
VD,-metabolizing hydroxylases. To ensure reliability
across biological matrices, we used a multilevel nor-
malization strategy, confirming that the observed
fluctuations in VDR, VDBP, and CYP expression
reflect consistent biological patterns rather than
technical artifacts. Validation of the cerebral FGF23
profile further demonstrated that its homeostatic
stability was independent of tissue-specific inter-
ference, highlighting a distinct regulatory environ-
ment in the brain compared to the endocrine-driven
changes in osseous tissue.

By accounting for these methodological nuances,
our findings provide reliable insights into tissue-spe-
cific expression patterns and serve as a descriptive
foundation for further exploration. To build upon
this framework, future studies should correlate pro-
tein profiles with precise cellular co-localization via
immunohistochemistry. Additionally, functional as-
sessments — such as evaluating neuronal viability,
utilizing tracer-labeled VD,, or conducting behav-
ioral testing — are necessary to determine whether
the observed profiles might represent a localized
neuroprotective axis*®. Ultimately, such multi-level
validation is vital for delineating complex cellular in-
teractions and elucidating the molecular drivers of
the osteoendocrine bone-brain axis.

CONCLUSIONS

The results of this study demonstrate that vitamin
D, deficiency elicits divergent, tissue-specific ex-
pression patterns in the brain and bone, reflecting
distinct homeostatic profiles. Our data suggest that
the brain may maintain a more stable internal FGF23
environment than bone, characterized by localized

AN

downregulation of the catabolic enzyme CYP24A1
and the absence of a marked response to systemic
FGF23 fluctuations. In contrast, bone tissue exhibits
notable susceptibility to systemic humoral factors;
specifically, the FGF23 endocrine axis appears to play
a major role, with elevated levels during deficiency
potentially contributing to pathological bone remod-
eling and exacerbating mineral metabolic disorders.
Furthermore, the persistent suppression of cerebral
VDR expression following VD, supplementation sug-
gests long-term regulatory shifts within the central
nervous system that could differ from the more flex-
ible feedback mechanisms observed in the skeleton.
While these distinct findings are compatible with
differential metabolic regulation, further functional
studies are required to confirm the potential pres-
ence of a localized neuroprotective axis.
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