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Preeclampsia (PE) is a major cause of maternal and perinatal morbidity, with its pathogenesis in-
volving, in particular, impaired mineral homeostasis. Recent evidence suggest that fibroblast growth factor
23 (FGF23), a key regulator of phosphate balance and vitamin D, metabolism, may contribute to pregnancy
complications, however, its role in PE remains poorly understood. This study aimed to evaluate serum FGF23
level and its relationship with vitamin D, and calcium-phosphate balance at preeclampsia development in
animal experimental model. Thirty-five Wistar female rats were divided into three groups: controls on a
standard diet; vitamin D,-deficient rats; vitamin D,-deficient rats supplemented with cholecalciferol. Within
each group, PE was induced by Nw-nitro-L-arginine methyl ester administration. Serum concentrations of
25(0OH)D,, FGF23, parathyroid hormone (PTH), total calcium, inorganic phosphate, and alkaline phosphatase
(ALP) activity were determined by ELISA and biochemical assays. It was shown that vitamin D, deficiency was
accompanied by hypocalcemia, hypophosphatemia, elevated FGF23 and increased ALP activity in the serum.
Supplementation with vitamin D, increased 25(OH)D,, markedly reduced FGF23 levels and normalized mine-
ral parameters. Induction of PE caused significant disturbances in calcium—phosphate status, hypertension,
and 100% mortality of vitamin D,-deficient animals. In the presence of preeclampsia vitamin D, efficacy was
limited. In PE group, despite of vitamin D, supplementation, serum FGF23 was markedly elevated, indicating
impaired vitamin D, metabolism. Our findings demonstrate that vitamin D, deficiency amplifies PE severity
through disruption of mineral homeostasis and FGF23 dependent signaling.
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causes of maternal and perinatal morbidi-

ty and mortality worldwide, representing a
major medical and social challenge in modern ob-
stetrics [1, 2]. This multifactorial syndrome, typi-
cally manifesting after the 20" week of gestation, is
characterized by newly diagnosed arterial hyperten-
sion in combination with proteinuria and is accom-
panied by a wide spectrum of systemic disorders.
The pathogenesis of preeclampsia involves complex
interactions among defective vascular remodeling,
endothelial dysfunction, systemic inflammation,
and immune response imbalance [3, 4]. Despite sub-
stantial progress in understanding risk factors and

P reeclampsia (PE) remains one of the leading

molecular mechanisms underlying this condition,
highly specific and sensitive biomarkers for its early
detection and prediction, as well as effective preven-
tive strategies with proven clinical benefit, are still
lacking.

In recent years, there has been growing interest
in the role of hormonal regulators of calcium—phos-
phate metabolism in the pathogenesis of pregnancy
complications, particularly preeclampsia [5, 6].
Of special interest is fibroblast growth factor 23
(FGF23), a hormone-like protein predominantly se-
creted by osteocytes and osteoblasts, which plays a
key role in maintaining phosphate homeostasis and
regulating vitamin Ds metabolism [7-9]. At the level
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of renal proximal tubules, FGF23 reduces phosphate
reabsorption by suppressing the sodium—phosphate
co-transporters NaPi-1la and NaPi-llc, while simul-
taneously inhibiting the activity of la-hydroxylase
25-hydroxyvitamin D (CYP27Bl1) — the enzyme
responsible for the synthesis of the biologically ac-
tive form of vitamin D, (calcitriol, 1a,25(0OH),D,).
In parallel, it induces the expression of 24-hydroxy-
lase (CYP24A1), which catalyzes the degradation of
vitamin D,, thereby decreasing its bioavailability.
These effects are mediated through the activation
of intracellular signaling cascades (mainly ERK1/2)
following the interaction of FGF23 with its receptor
FGFRI1 in the presence of the co-receptor a-Klotho.

Experimental and clinical evidence indicates
that excessive FGF23 activity leads to a significant
reduction in 1a,25(0OH),D, concentrations, both
through the inhibition of its synthesis and through
enhanced catabolic degradation [10, 11]. Importantly,
the impact of FGF23 is not confined to renal tissue
but also extends to extra-renal sources of active vi-
tamin D, production, which is of fundamental sig-
nificance under conditions associated with its defi-
ciency.

Vitamin D,, represented both by its circulating
form 25-hydroxyvitamin Ds (25(OH)D,) and its bio-
logically active metabolite 1a,25(0H),D,, performs
a range of critically important functions during
pregnancy: it regulates immunological tolerance,
supports endothelial function, promotes placental
vascularization, and facilitates trophoblast differen-
tiation [12-15]. Maternal deficiency of 25(OH)D,
has been associated with an increased risk of preec-
lampsia, intrauterine growth restriction, and pre-
term birth. Although meta-analyses and systematic
reviews of clinical and experimental studies indicate
a potential protective effect of adequate vitamin D,
bioavailability, the results of interventional trials re-
main inconsistent due to variability in supplementa-
tion dosage, timing of administration, and popula-
tion characteristics [16-18].

Data regarding alterations in FGF23 levels
during pregnancy and in preeclampsia remain in-
consistent. Some studies report its serological eleva-
tion in affected mothers, while others demonstrate a
decrease [19]. These discrepancies may be attributed
to differences in preeclampsia phenotypes (early- vs.
late-onset and severity), timing of sample collec-
tion, and methodological aspects of measurement.
Recent clinical studies show correlations between
FGF23 concentrations and biomarkers of placental
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dysfunction, suggesting its potential involvement in
the pathogenesis of preeclampsia, although a com-
prehensive understanding of this association has yet
to be fully established [20]. Experimental models
indicate a possible influence of FGF23 on the ex-
pression of placental genes involved in vitamin D,
metabolism (particularly Cyp24al), as well as its
capacity to indirectly modulate angiogenesis. At
present, it remains relevant to elucidate the relation-
ship between FGF23-mediated signaling, vitamin D,
metabolism, and mineral homeostasis in both normal
and pathological pregnancy.

A relevant scientific challenge is to elucidate
the role of fibroblast growth factor 23 in the regu-
lation of vitamin D, metabolism and its impact on
pregnancy under both physiological and complicated
conditions. In particular, the relationship between
changes in FGF23 levels, disturbances in calcium—
phosphate homeostasis, and the development of PE
remains insufficiently understood. In this context,
the objective of our study was to assess FGF23 levels
during pregnancy and determine their association
with preeclampsia in an experimental model.

Materials and Methods

Animals and general experimental design. The
experimental cohort consisted of 35 eight-week-
old female Wistar rats with a mean body weight of
174 + 12 g. All animals were housed under standard
vivarium conditions (temperature 22 + 2°C, relative
humidity 55-60%, 12-h light/dark cycle) with unre-
stricted access to food and water.

The animals were allocated into three experi-
mental groups (Fig. 1). Group I (n = 10) — control
females fed a standard vivarium diet without vita-
min D, restrictions. Group Il (n = 12) — females fed
a rachitogenic diet (wheat flour — 89.5%, CaCO, -
3%, NaCl — 2%, dried brewer’s yeast — 0.01%, vi-
tamin A — 0.01%, vitamin E — 0.01%, water-soluble
vitamins (Complevit) — 0.02%) completely lacking
vitamin D, for 60 days before mating to establish
a vitamin D,-deficient status. Group III (n = 13) -
females subjected to the same vitamin D,-deficient
diet for 60 days, followed by transition to a regular
laboratory diet supplemented with oral vitamin D..
Cholecalciferol (Sigma, USA) was administered in
sunflower oil via gavage at a dose of 1000 1U/kg
body weight (0.2 ml oil solution) daily for two weeks
prior to mating.

Ethical statement. All experimental proce-
dures were conducted following established bioethi-
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cal principles and international regulations for the
use of laboratory animals, including EU Directive
2010/63/EU, the European Convention for the Pro-
tection of Vertebrate Animals Used for Experimen-
tal and Other Scientific Purposes (Strasbourg, 1986),
and the Ukrainian Guidelines for Bioethical Assess-
ment of Preclinical and Other Scientific Research on
Animals (Kyiv, 2006). The study was approved by
the Bioethics Committee of Bogomolets National
Medical University (Protocol No. 123, November 4,
2024).

Induction of vitamin D, deficiency. Groups Il
and Il were fed a vitamin D,—deficient rachitogenic
diet for 60 days prior to mating to induce deficiency
[16]. Blood samples were collected from the tail vein
to assess 25-hydroxyvitamin D, (25(OH)D,) levels
using a General 25-Hydroxyvitamin D, ELISA Kit
(UNDLO0047, Assay Genie, Ireland), and concen-
trations were calculated with Gain Data® (Arigo’s
ELISA Calculator).

Mating and pregnancy monitoring. After con-
firming vitamin D, deficiency, the females were
mated with fertile males at a male-to-female ratio of
2:1. The presence of spermatozoa in vaginal smears
the next morning was used to define gestational
day 1 (GD3).

Induction of preeclampsia. To induce L-
NAME-mediated preeclampsia (PE), each experi-
mental group was divided into subgroups A and B.
Animals in subgroup B received subcutaneous in-
jections of L-NAME (Nw-nitro-L-arginine methyl
ester) at a dose of 100 mg/kg body weight on GD5
and GD7 [21]. From GD5 to GD15, the animals were
further administered L-NAME daily in drinking
water at a dose of 40 mg/kg body weight. Rats in
subgroup A continued on the respective diet and re-
ceived two subcutaneous injections of physiological
saline (vehicle).

Blood pressure measurement. Blood pressure
was measured using the CODA® Monitor (Kent
Scientific, USA), a non-invasive tail-cuff system
based on volume pressure recording (VPR). Measu-
rements were taken on GD1 (baseline) and GD15
(following 10 days of L-NAME treatment). Rats
were placed in restrainers on a thermostatically con-
trolled platform (37-38°C) to ensure stable blood
flow, and 3-5 readings were obtained within 5-7
minutes to minimize variability.

Determination of calcium—phosphate metabo-
lism and related biomarkers. The serum content
of FGF23 in pregnant rats was measured using an
enzyme-linked immunosorbent assay (ELISA) with
the Rat FGF23 (Fibroblast Growth Factor 23) ELISA
kit (RTFI00086; AssayGenie, Ireland) according to
the manufacturer’s protocol.

Parathyroid hormone (PTH) levels were de-
termined by ELISA using the Rat Pth (Parathyroid
Hormone) ELISA kit (RTFI00259; AssayGenie, Ire-
land) following the manufacturer’s instructions. The
concentrations of FGF23 and PTH in the analyzed
samples were calculated using GainData® (arigo’s
ELISA Calculator).

Serum calcium levels were assessed with a
commercial bio-test kit (Lachema, Czech Repub-
lic), using a standard solution of 25 mmol/I CaCO,
dissolved in 1.7% HCI. The method is based on the
ability of calcium to form, in an alkaline medium,
a red-colored complex with glyoxal-bis-2(oxyanil),
which was quantified spectrophotometrically at
A =540 nm.

The concentration of inorganic phosphate (Pi)
in serum was determined after protein precipita-
tion with 12% trichloroacetic acid (TCA) using the
Dyce method. Protein-free extracts (0.5 ml) were
incubated at 37°C for 10 min with ascorbic acid
(260 mM) and ammonium molybdate (7 mM). Af-
ter incubation, the samples were placed on ice for
10 min, and optical density was measured spectro-
photometrically at A = 640 nm.

The activity of alkaline phosphatase (alka-
line phosphomonoesterase, orthophosphoric acid
monoester hydrolase) in serum was determined by
measuring the formation of 4-nitrophenol resulting
from the hydrolysis of the substrate 4-nitrophe-
nylphosphate. The reaction was stopped by adding
30 mM Trilon B solution in 1 M NaOH. The optical
density of the samples was measured spectrophoto-
metrically at A = 410 nm. The activity of total alka-
line phosphatase was calculated using the following
formula:
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X = g(sample)/e(standard)*xK,
where X is the number of micromoles of 4-nitrophe-
nol released by the enzyme per liter of serum per
minute at 37°C; 0.096 — mmol of 4-nitrophenylphos-
phate in 0.04 ml of standard solution; 0.04 — serum
volume (ml); 15 — incubation time (min).

The activity of the bone-specific alkaline phos-
phatase isoform was determined as the difference
between the total alkaline phosphatase activity and
the thermostable alkaline phosphatase activity, after
heating the samples in a water bath at 56-57°C.

Statistical analysis. Data were analyzed using
conventional methods of variation statistics, with the
calculation of the mean (M) and standard error of
the mean (+m). Statistical significance of differen-
ces between groups was assessed using one-way
ANOVA followed by Bonferroni post hoc correction.
Differences were considered significant at P < 0.05.
Statistical processing was performed using Origin-
Lab 8.5 software.

Results and Discussion

Serum 25-hydroxyvitamin D,, the primary hy-
droxylated metabolite of cholecalciferol, serves as a
reliable marker of systemic vitamin D, bioavailability
due to its prolonged half-life (2-3 weeks), reflecting
both endogenous synthesis and dietary or supple-
mental intake. In the present study, we observed that
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serum 25(0OH)D, concentrations in pregnant female
rats were significantly modulated by dietary regimen
(standard versus rachitogenic), exogenous vitamin D,
supplementation, and the presence of experimental
preeclampsia, highlighting the combined influence
of nutritional status and pathological conditions on
vitamin D, homeostasis during gestation.

As shown in Fig. 2, in animals maintained on a
vitamin D,-deficient diet (Group IIA), the mean se-
rum 25(OH)D, level was 16.5 + 1.2 ng/ml, which was
nearly threefold lower (P < 0.001) compared with the
control Group IA (49.6 £ 2.4 ng/ml) and corresponds
to the development of severe vitamin D, deficiency
(Holick, 2011). In Group IIB (vitamin D, deficien-
cy with preeclampsia), all animals died, indicating
high mortality associated with the combination of
profound vitamin D, deficiency and preeclampsia.
Consequently, biochemical data for this group were
not obtained.

Administration of vitamin D, to rats (Group
IIIA) resulted in a significant increase in 25(OH)D,
levels to 34.6 £ 2.1 ng/ml (P < 0.01 vs. TA); howe-
ver, in Group IIIB (with preeclampsia), 25(OH)Ds
decreased to 30.7 £ 1.2 ng/ml (P < 0.05 vs. 111A),
indicating partial attenuation of vitamin D, supple-
mentation efficacy in the presence of preeclampsia.
Intact animals (Group IA) exhibited the highest se-
rum 25(OH)D, levels (49.6 + 2.4 ng/ml), whereas the
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Fig. 2. Serum 25(0OH)D, levels in the experimental groups (M £ m): IA — control group without preeclampsia,
IB - control group + preeclampsia, 1A — vitamin D,-deficiency, without preeclampsia, I1IA — vitamin D,-
deficiency + vitamin D,, without preeclampsia, I11B — vitamin D,-deficiency + vitamin D, + preeclampsia.
*Statistically significant difference compared to Group IA; *statistically significant difference compared to
Group A; &statistically significant difference compared to Group IIIA; "statistically significant difference

compared to Group 1B, P < 0.05
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development of preeclampsia in this group (Group
IB) was associated with a reduction to 40.4 + 3.6 ng/
ml (P < 0.01 vs. control).

One of the key diagnostic criteria for preec-
lampsia in the studied groups was the presence of
hemodynamic alterations, specifically hypertension,
as presented in Fig. 3.

In the group of animals with vitamin D, de-
ficiency (I1A), on gestational day 15 (GD15),
mean systolic/diastolic blood pressure values were
132.00 + 2.31/88.90 + 2.04 mmHg, which was sig-
nificantly higher (P < 0.01) compared with control
rats in Group IA (110.20 + 4.56/69.60 = 4.01 mmHg).
In Group IIB (vitamin D, deficiency + preeclampsia),
all animals died prior to blood pressure measure-
ment, confirming the severe progression of preec-
lampsia induced by L-NAME in the context of vita-
min D, deficiency.

Vitamin D, supplementation in Group I11A (with-
out preeclampsia) was associated with a reduction in
blood pressure to 118.50 + 4.27/77.00 + 1.69 mmHg
(P < 0.05 vs. ITA), indicating a beneficial effect of
vitamin D, correction on vascular tone and hemo-
dynamics. However, in the presence of preeclampsia
with vitamin D, supplementation (Group I11B), blood
pressure increased to 174.70 + 5.11/118.00 + 5.67
mmHg (P < 0.001 vs. I11A), which exceeded even
the hypertension observed in Group IIA. In the
control Group IA, blood pressure remained within
the physiological range (110.20 + 4.56/69.60 + 4.01
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mmHg), whereas the development of preeclampsia
in Group IB was accompanied by an increase to
163.80 + 2.76/105.20 + 3.57 mmHg (P < 0.001 vs.
intact controls). These findings indicate that the
combination of vitamin D, deficiency and preec-
lampsia leads to more pronounced hemodynamic
disturbances than any other experimental condition
studied in this model.

Considering the direct involvement of the hor-
monally active form of vitamin D, in the formation
of the inorganic bone matrix and in the regulation
of calcium—phosphate metabolism, we further ana-
lyzed changes in blood mineral components. The
observed alterations were generally consistent with
the vitamin D, status of pregnant rats under normal
conditions, as well as during the induction of nutri-
tional vitamin Ds deficiency and L-NAME-induced
preeclampsia (Table).

In Group IIA, total serum calcium was de-
creased to 1.87 = 0.02 pmol/min-1 compared with
2.30 £ 0.04 pmol/min-l in intact controls (P < 0.001),
reflecting the development of classical hypocalcemia
under conditions of low vitamin D, status. In Groups
IIIA and I1IB, calcium levels increased to 1.92 + 0.02
and 1.94 + 0.02 pmol/min‘l, respectively, correlating
with elevated serum 25(OH)D, concentrations and
indicating partial restoration of calcium homeostasis
following vitamin D, supplementation. In control an-
imals with induced preeclampsia (Group IB), serum
calcium decreased significantly to 2.10 += 0.01 pmol/
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Fig. 3. Blood pressure characteristics in the experimental groups (M + m): 1A — control group without preec-
lampsia, IB — control group + preeclampsia, IIA — vitamin D,-deficiency, without preeclampsia, I1IA — vita-
min D,-deficiency + vitamin D,, without preeclampsia, I11B — vitamin D,-deficiency + vitamin D, + preec-
lampsia. *Statistically significant difference vs. Group 1A, *statistically significant difference vs. Group I1A;
&statistically significant difference vs. Group IlIA; "statistically significant difference vs. Group IB, P < 0.05
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Table. Calcium—phosphate metabolism parameters

_ Ds hypovitaminosis | Ds hypovitaminosis + vitamin
Indicator Control (Group 1), n =10 (Group II),n=6 Ds (Group IIT), n = 13
IA (without | IB (PE),n=5 IIA (without IIIA (without | IIIB (PE),n=6
PE),n=5 PE),n=6 PE),n=7

Total calcium,
pmol/min-| 2.30 £ 0.04 2.10 £ 0.010 1.87 £ 0.02* 1.92 + 0.02* 1.94 + 0.02%
Inorganic
phosphate,
pmol/min-| 215+£003  2.29+0.02" 1.80 £ 0.03* 2.02 £0.07* 2.15 £ 0.04&
Total alkaline
phosphatase,
pmol/min-| 2076 £15 276.90 +3.29" 325.6 £ 2.4* 24440 + 3.84* 34770 + 7.01%
Bone isoenzyme
of alkaline
phosphatase,
pmol/min-| 196.30£3.03  259.5+5.6" 302.80 + 4.05* 236.20 £3.97*  327.40 + 7.98%

Note. Group IIB(PE) — all animals died demonstrating extremely high mortality associated with vitamin D, deficiency
and preeclampsia. *Statistically significant difference vs. IA; *statistically significant difference vs. I1A; ®statistically
significant difference vs. IIIA; “statistically significant difference vs. IB; P < 0.05

min-l compared with rats not receiving L-NAME
(P < 0.05).

Serum inorganic phosphate concentration
in vitamin D_-deficient animals (Group IIA) de-
creased to 1.80 £ 0.03 pmol/min-I compared with
2.15 + 0.03 pmol/min-l in intact controls (P < 0.05;
Table). Correction of vitamin D, deficiency with
cholecalciferol in Group II1A resulted in the Pi ele-
vation to 2.02 £ 0.07 umol/min-l, while in the con-
text of preeclampsia induction (Group IIIB), levels
rose to 2.15 + 0.04 pmol/min:I (P < 0.05). In control
animals, the development of preeclampsia (Group
IB) was associated with a further increase in Pi to
2.29 4+ 0.02 pmol/min-1 (P < 0.05 vs. IA), which like-
ly reflects the adverse effects of preeclampsia and
renal dysfunction on phosphate excretion.

In the control group (1), the mean total alkaline
phosphatase (ALP) activity was 207.6 £ 1.5 pumol/
min-l, whereas in animals with vitamin D, deficiency
(II), this parameter increased to 276.9 £ 3.29 umol/
min-l. The highest values were observed in the vi-
tamin D,-supplemented group (I11) — 325.6 + 2.40
pmol/min-l (P < 0.05 vs. control), which may re-
flect compensatory enhancement of mineralization
processes in response to restored vitamin D status.
Analysis of subgroups differing by preeclampsia
status showed that in animals without PE (IA, 1B,
lHA, 111A), total ALP activity ranged from 244.4
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to 347.7 umol/min-l, whereas in the presence of PE
(111B) an additional increase to 347.7 £ 7.01 pmol/
min-l was observed.

Bone-specific ALP isoenzyme demonstrated a
similar pattern: 196.3 + 3.03 pmol/min‘l in controls,
259.5 £ 5.60 umol/min‘l in the vitamin D,-deficient
group, and 302.8 + 4.05 umol/min-l in the vita-
min D,-supplemented group (P < 0.05 vs. control).
In the 111B subgroup (PE), this parameter reached
327.4 £ 7.98 pmol/min‘l, exceeding values in ani-
mals without PE, indicating a possible contribution
of pathological pregnancy to bone tissue remodeling
and osteoblast activation.

Increased activity of total alkaline phosphatase,
particularly its bone isoform, may reflect distur-
bances in the deposition of calcium and phosphate in
bone tissue and/or enhanced bone resorption as a key
mechanism for mobilizing mineral components to
maintain systemic calcium—phosphate homeostasis.

The classical response to hypocalcemia and
hypophosphatemia associated with vitamin D, defi-
ciency is the development of secondary hyperpara-
thyroidism [22]. Analysis of serum parathyroid
hormone levels demonstrated elevations above refe-
rence values for young non-pregnant female rats in
all experimental groups. According to the literature,
normal physiological PTH levels in non-pregnant fe-
males range from 15 to 65 pg/ml [23].
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In vitamin D,-deficient animals (Group IIA),
PTH concentration reached 266.9 + 8.7 pg/ml com-
pared with 326.5 + 13.0 pg/ml in the intact control
group (P < 0.05; Fig. 4). Vitamin D, supplementa-
tion in Group IIIA resulted in an increase of PTH to
310.7 £ 9.8 pg/ml (P < 0.05 vs. I11A), likely reflecting
activation of calcium metabolism and enhanced bone
turnover. In Group IIIB, preeclampsia induction led
to a decrease in PTH to 266.9 + 15.6 pg/ml (P < 0.05
vs. IITA), possibly highlighting significant renal im-
pairment and suppression of PTH secretion.

In control rats (Group 1A), PTH levels were
the highest among all groups (326.5 = 13.0 pg/ml),
whereas preeclampsia induction (Group 1B) reduced
PTH to 272.7 + 9.9 pg/ml (P < 0.05), confirming
the probable inhibitory effect of L-NAME-induced
preeclampsia on hormone secretion under the condi-
tions of this experiment.

Fibroblast growth factor 23 (FGF23) is an im-
portant regulator of phosphate metabolism and pla-
cental function, with serum levels exhibiting sig-
nificant and highly contrasting intergroup changes
(Fig. 5).

The highest concentrations of this growth fac-
tor were observed in vitamin D,-deficient animals
(Group ITA), exceeding more than twice those of the
intact control group (473.2 £ 10.59 vs. 208.2 £+ 11.16
pg/ml, P < 0.001). This may reflect activation of the
mechanisms for enhanced renal phosphate excretion
and the development of phosphaturia under condi-
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tions of vitamin D, deficiency. Partial correction of
vitamin D, deficiency by cholecalciferol supplemen-
tation in Group IIIA elicited a marked decrease in
FGF23 levels to 167.6 £ 5.57 pg/ml compared with
the D_-deficient group (P < 0.001). Upon induction of
preeclampsia (Group I1IB), FGF23 levels increased
to 386.5 + 28.74 pg/ml compared with Group IITA
(P < 0.01), likely reflecting pronounced preeclamp-
sia-associated renal dysfunction. In control rats,
FGF23 levels remained unchanged during preec-
lampsia modeling (214.6 £ 14.99 pg/ml) compared
with intact animals (208.2 + 11.16 pg/ml).

The results of this study in an experimental rat
pregnancy model confirm the pivotal role of vita-
min D, in the hormonal regulation of calcium-phos-
phate metabolism under both physiological condi-
tions and during the development of preeclampsia.
The observed reduction in serum 25(OH)D, levels
to nearly 16 ng/ml in vitamin D_-deficient animals
indicates the development of severe vitamin D, defi-
ciency according to current classifications of vitamin
D, status [24]. Previous studies have shown that low
25(0OH)D, levels are associated with an increased
risk of preeclampsia in pregnant women [25]. The
100% mortality observed in animals with experi-
mentally induced preeclampsia on the background
of severe vitamin D, deficiency highlights the com-
pounded negative impact of these two factors (D,
deficiency + PE), consistent with other experimental
studies [26].
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Fig. 4. Serum PTH levels in the studied groups (M £ m): 1A — control group without preeclampsia, 1B — control
group + preeclampsia, I1A — vitamin D,-deficiency + without preeclampsia, 1114 — vitamin D,-deficiency +
vitamin D,+ without preeclampsia, I1IB — vitamin D,-deficiency + vitamin D, + preeclampsia. *Statistically
significant difference vs. I A; *statistically significant difference vs. IIA; 4statistically significant difference vs.

111A; "statistically significant difference vs. IB; P < 0.05
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Fig. 5. Serum FGF23 levels in the studied groups (M + m): 1A — control group without preeclampsia, 1B — con-
trol group + preeclampsia, I1A — vitamin D,-deficiency, without preeclampsia, I1IA — vitamin D,-deficiency
+ vitamin D,, without preeclampsia, 111B — vitamin D,-deficiency + vitamin D, + preeclampsia.*Statistically
significant difference vs. I, *statistically significant difference vs. II1A; &statistically significant difference vs.

11IA; "statistically significant difference vs. IB; P < 0.05

Vitamin D, supplementation led to a signifi-
cant increase in 25(OH)D, levels in Group IITA,
demonstrating the efficacy of the intervention and
correlating with its important role in maintaining
normal calcium/phosphate metabolism and placen-
tal function [27]. At the same time, the decrease in
25(0OH)D, levels in Group IIIB (supplementation +
PE) reflects a partial loss of corrective efficiency
under more severe pathological conditions that is in
agreement with experimental evidence of disrupted
vitamin D, metabolism during preeclampsia, par-
ticularly due to inflammatory mechanisms and renal
dysfunction [28-31].

Hemodynamic disturbances (elevated blood
pressure) observed in the groups with vitamin D,
deficiency and preeclampsia are consistent with
studies indicating the role of vitamin D in regulating
the renin-angiotensin-aldosterone system, endothe-
lial function, and oxidative stress [30]. Vitamin D
supplementation reduced blood pressure (Group
IITA), confirming its vasodilatory and anti-inflam-
matory effects [32]. However, the excessive increase
in blood pressure observed during PE in Group I11B
emphasizes the complex pathophysiological and cel-
lular-molecular mechanisms underlying preeclamp-
sia pathogenesis, when the positive pharmacothera-
peutic effects of vitamin D, may be limited by the
severity of the pathological process [33].

Calcium metabolism exhibited classic features
of hypocalcemia under D, deficiency and disrupted
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mineral metabolism during PE, corroborating
findings from numerous clinical and experimental
studies [34, 35]. The increase in inorganic phosphate
levels during PE indicates impaired renal excretion
and activation of phosphaturic mechanisms, particu-
larly mediated by hormonal influences of PTH and
FGF23.

The classical (calcemic) role of vitamin D, is
known to be primarily associated with the regula-
tion of calcium—phosphate homeostasis along with
two other key hormones produced by endocrine
glands — parathyroid hormone (PTH) and calci-
tonin. Hypocalcemia and hypophosphatemia due
to vitamin D, deficiency stimulate PTH secretion
from the parathyroid glands, leading to secondary
hyperparathyroidism. Increased synthesis and re-
lease of PTH enhance intestinal calcium absorption,
bone mobilization through osteoclast-dependent re-
sorption, and renal tubular reabsorption of calcium,
while simultaneously increasing renal phosphate ex-
cretion [36-38]. Elevated PTH secretion in response
to reduced serum calcium and phosphate addition-
ally induces the expression of mitochondrial cyto-
chrome P450 la-hydroxylase 25-hydroxyvitamin D
(CYP27B1) in proximal renal tubular cells, initiating
the synthesis of the biologically active metabolite
calcitriol (1a,25(0H),D,) — a high-affinity ligand
that mediates both endocrine and auto/paracrine ac-
tions of this steroid hormone and serves as a potent
regulator of phosphate-calcium homeostasis via the
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VDR (vitamin D, receptor) transcription factor. The
presence of secondary hyperparathyroidism may
further indicate the development and severity of D,
deficiency, as well as systemic disturbances in mine-
ral metabolism.

It should be noted that, according to the litera-
ture, an increase in PTH levels during early preg-
nancy is generally a normal physiological adapta-
tion to the additional calcium requirements of the
fetus. Early pregnancy may mask symptoms of hy-
perparathyroidism caused by vitamin D, deficiency
and hypocalcemia, which may explain the elevated
PTH levels observed across all experimental groups
in our study, with minor but statistically significant
intergroup variations, either above or below those of
the intact control group.

The role of FGF23 in the regulation of vita-
min D, metabolism and mineral homeostasis during
normal and pathological pregnancy remains an un-
derexplored area. The alterations in FGF23 observed
in our study closely correlate with the pathogenesis
of phosphate metabolism disturbances. The signifi-
cant increase in circulating FGF23 levels during vi-
tamin D, deficiency may represent a protective com-
pensatory response aimed at enhancing phosphaturia
and reducing tissue calcification under conditions of
intensified bone resorption [39].

The elevated FGF23 observed in preeclamp-
sia (Group I1IB) reflects the severity of renal injury
and exacerbated systemic inflammation, aligning
with studies that identify FGF23 as a biomarker of
renal dysfunction and cardiovascular risk [40-42].
Proteinuria, serving as an indicator of glomerular
damage, was most pronounced in the PE groups,
particularly when concomitant with vitamin D, de-
ficiency. This finding is consistent with published
literature and our previous data highlighting the
role of vitamin D in maintaining renal function and
preventing the progression of nephropathy during
preeclampsia [43]. These observations underscore
the interplay between vitamin D, status, phosphate-
calcium homeostasis, and renal integrity under con-
ditions of pathological pregnancy.

In summary, vitamin D, deficiency exacerbates
the course of preeclampsia by intensifying hemo-
dynamic disturbances, elevating FGF23 synthesis,

promoting phosphate—calcium imbalance, and im-
pairing renal function. Correction of vitamin D,
deficiency exerts beneficial effects on the investi-
gated biochemical parameters and vascular func-
tion; however, its efficacy is limited in the presence
of preeclampsia. These findings are of considerable
relevance for future insight into the therapeutic po-
tential of vitamin D, for the prevention and compre-
hensive management of preeclampsia.

Conclusions. This study demonstrated that vi-
tamin D, deficiency in pregnant female rats leads
to significant disturbances in calcium-phosphate
homeostasis, increased serum levels of PTH and
FGF23, and the associated activation of mechanisms
contributing to hypertension. Vitamin D, supple-
mentation partially restored vitamin D, status and
mineral metabolism, reduced blood pressure, and
mitigated renal injury in the absence of L-NAME-
induced preeclampsia. However, the development
of preeclampsia markedly worsened these parame-
ters, exacerbating arterial hypertension and glo-
merular damage, highlighting the critical systemic
role of vitamin D, deficiency in the pathogenesis of
preeclampsia. The observed imbalance of regulatory
factors governing calcium—phosphate metabolism
under conditions of vitamin D, deficiency and ex-
perimental preeclampsia underscores the complex,
multi-level mechanisms of hormonal and metabolic
disturbances during pathological pregnancy.

Practical implications. The obtained results
suggest the importance of early diagnosis and cor-
rection of vitamin D, deficiency to prevent the de-
velopment of severe obstetric complications. Further
studies should focus on elucidating the mechanisms
of interaction between vitamin D, and multiple
modulators of vascular—endothelial and renal func-
tion under conditions of preeclampsia complicated
by vitamin D, deficiency and renal pathology.
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DAKTOP POCTY ®IBPOBJIACTIB

23 TA PIBHI KAJIBIUIIO I ®OCPATY
B CUPOBATILI KPOBI 3A YMOB
EKCIIEPUMEHTAJIBHOI
MPEEKJIAMIICII: BINIUB CTATYCY
BITAMIHY D,

L B. llonaoud*™, 1. O. llumancoxuii?,
A. B. Xomenxo®, M. M. Beauxuii?,
. O. I'oscecé*

'HanionanbHUi MEHYHUN YHIBEPCUTET
imeni O. O. boromonsis, Kuis, Ykpaina;
Tucrutyt Gioximii iM. O. B. amnaxina
HAH VYkpainu, Kuis;
*le-mail: iren.poladich@gmail.com

[Ipeexnammcis (I1E) € ommiero 3 mpoBiIHHUX
MIPUYNH MAaTEPUHCHKOT Ta IEPUHATAIBHOI 3aXBOPIO-
BaHOCTI, NATOTEHe3 SIKOi, 30KpeMa, NOB’SI3aHui i3
MOPYLIEHHSM MiHepaJbHOro romeocrasy. OctanHi
JaHi cBiUaTh, MO GakTop pocty (idpodnacTis 23
(FGF23) — kmrodoBwmii perynarop ¢ocharHoro o6-
MiHy Ta MeTabonismy Bitaminy D, — Moxe Bigirpa-
BaTH POJIb Y PO3BUTKY aKyIIEPCHKUX YCKJIaIHEHb,
oJHaK ioro 3HaueHHs npu [IE 3annmaeTses Heno-
CTaTHbO BUBYCHHMM. METOIO JAHOTO JOCIiKEHHS
Oyno ominuTH piBeHs FGF23 y cuposariti KpoBi Ta
MOro B3a€EMO3B’SI30K 13 BITAMIHOM D, 1 KaJbITik-Poc-
(haTHUM OanaHCOM TMPHU PO3BUTKY IMpEEKIAMIICIi B
eKCIIepUMEeHTaNbHIN TBapUHHIN Moneni. Tpuanars
IUSITh CaMOK Ty piB JiHii Wistar Oyo po3moineHo
Ha TPH TPYINHU: KOHTPOJIBHY (CTaHJAapTHUH pallioH);
1y pis i3 nedinurom Bitaminy D,; mypis i3 nediun-
TOM BiTaMiHy D,, IKUM OTAaTKOBO BBOIMJIM XOJIE-
KampIudepost. Y KOXKHIH TpyIi MpeekIaMIICiio iH-
TyKYyBaJIM MIISAXOM BBeAeHHS No-HITpo-L-aprinin
meTunosoro — edipy. Komnenrpauii  25(OH)D,,
FGF23, maparropmony (IITT"), 3arampHOrO Kaib-
1if0, HeopranigHoro (ocdaTy Ta aKTHUBHICTH JTYXK-
HOi ocaraszu (JID) y cupoBariii KpoBi BU3HAYATH
METO/IOM iMyHO(EepMEHTHOTO aHamizy Ta O0ioXi-
MIYHUX JOCHi’KeHb. BcTaHoBiieHO, IO AediluT
BiTaminy D, CympoBOMKyBaBCs TillOKaIbLiEMIEO,
rimodocdaremiero, miapumeHHsM piBag FGF23 Ta
3pocTaHHsAM akTHBHOCTI JI® y cupoBarii KpoBi.
JonaBanHs BiTamMiHy D, npussoauiio 10 11 IBUIIICH-
us pisasg 25(OH)D,, cyTTeBOro 3HMKEHHS KOHLICH-
tpamii FGF23 ta HOpMmamizamii MiHepaidbHUX TO-
Ka3HUKiB. [HIyKIlig TpeexiamIicii 3yMOBIIOBalia
BHpaXXeHI TOPYIIeHHsS Kaibllii-pochaTrHoro o00-
MiHY, PO3BUTOK apTepianbHoi rineprensii ta 100%
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JNIETANBHICTh TBApUH 13 JedinuTom BiTaminy D,.
3a yMOB npeeksamIcii eekTuBHICTE BiTaminy D,
Oyna oomexenoro. Y rpymi [1E, He3Baxarouu Ha 3a-
crocysanHs Bitaminy D,, pisenb FGF23 y cuposar-
i KPOBi 3aJIMIIABCS 3HAYHO i ABUILECHUM, 1110 CBij-
YUTh MPO TOPYIIEHHS MeTabomisMy BiTaminy D,.
OTpuMaHi pe3ylnbTaTh JAEMOHCTPYIOTh, MO Jedi-
IUT BiTaMiHy D, MOCUIIIOE TSOKKICTh MPEEKIAMIICIT
HIISIXOM TIOPYIIEHHSI MiHEPaJIbHOTO TOMEOCTa3y Ta
FGF23-3anexxHo0i CUTHANBHOT peryisiiii.

Knwuosi cunosa: 25(0OH)D,, nepiuur Bi-
taminy D,, L-NAME, npeexnamrcis, kanpiii-(oc-
(haTHHIT OOMIH.
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