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Abstract. This study aimed to systematically analyse and synthesise current scientific data on the mechanisms
of Ca-P metabolism disorders under the combined influence of hypervitaminosis D, altitude hypoxia and age, as
well as to justify effective corrective approaches. Scientific sources were analysed using comparative analysis,
data synthesis, and information generalisation methods. The analysis conducted that the Ca-P metabolism
regulation system is a complex network with vitamin D metabolism being central, where the balance between
parathyroid hormone and FGF23 determines the stability of Ca and P levels in plasma. Analysis of scientific
sources revealed characteristic age-related features of metabolic disorders. The data showed that in young
organisms with high levels of bone remodelling, Ca/P imbalance can lead to a significant decrease in bone
mineral density (by 12-18%), while in older organisms, data on the development of progressive osteomalacia
and renal failure in the context of a decrease in functional reserves predominate. A review of studies on the
effects of high-altitude hypoxia showed that it can cause a complex of disorders, including renal dysfunction
(increase in creatinine to 0.81+0.04 mg/dL), electrolyte imbalance (decrease in calcium to 8.1+ 0.6 mg/dL with
an increase in phosphorus to 7.1 + 0.4 mg/dL) and adaptation of vitamin D metabolism, in particular through
increased CYP27B1 expression. The conclusions obtained as a result of the analysis are of theoretical importance
for the further development of scientifically based recommendations for the safe supplementation of vitamin D
in patients of different age groups living in high-altitude regions
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Introduction

Phosphorus-calcium metabolism is a central mech- tissue, regulating neuromuscular conduction, and
anism for ensuring the structural integrity of bone maintaining systemic metabolic balance. Blood calcium
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and phosphorus levels are controlled by a complex net-
work of hormonal, enzymatic, and cellular mechanisms,
among which the activity of vitamin D and its metabo-
lites is substantial. Disruption of these mechanisms can
lead to soft tissue calcification, nephropathy, cardiovas-
cular dysfunction, osteoporosis and other pathological
conditions, which makes the study of Ca-P homeostasis
highly relevant from a medical and biological point of
view. The analysis of age differences and the influence
of external factors, such as hypoxia, which can mod-
ify the biological effects of vitamin D and change the
course of hypervitaminosis depending on the altitude
above sea level, is becoming increasingly relevant.

A contribution to the relationship between vita-
min D, calcium and phosphates was made in a study by
L.V. Kolosovych & 1.V. Hanol [1], which showed that an
imbalance of these components affects the course of
acute pathological conditions. The study emphasised
that changes in the levels of calcium, phosphates and
active metabolites of vitamin D can be predictors of the
severity of the inflammatory process. A comprehensive
review by M. Sun et al. [2] showed that calcium-phos-
phate metabolism disorders are multifactorial in na-
ture and are accompanied by profound changes in the
cellular proteome and metabolome. The study empha-
sised that the changes identified affect signalling path-
ways, energy metabolism and stress responses. Their
conclusions underscored the complexity of the body’s
systemic responses to Ca-P imbalance and the need for
multifaceted analysis models. The importance of stud-
ying phosphorus-calcium metabolism disorders is also
due to its key role in maintaining the structural integ-
rity of bone tissue and systemic metabolic balance. As
noted by B. Caykara et al. [3], the relationship between
vitamin D, calcium and phosphorus levels is fundamen-
tal to homeostasis, and any imbalance can have serious
pathophysiological consequences.

D.D. Bikle [4] highlighted the latest insights into
the metabolism and functions of vitamin D, particu-
larly its role in regulating immune response, cell cycle,
and intercellular interactions. The study emphasised
that even small deviations in the levels of 25(0H)D
and 1.25(0H),D can cause a systemic effect. The study
by D. Bikle & S. Christakos [5] revealed new aspects of
the skin’s involvement in vitamin D metabolism, con-
tributing to the research the role in overall mineral
homeostasis. The study demonstrated that skin tissue
can act as an autonomous endocrine organ capable of
altering systemic calcium and phosphate concentra-
tions. F. Saponaro et al. [6] emphasised enzymatic path-
ways of vitamin D metabolism, including the variability
of Cytochrome P450 family 24 subfamily A member 1
(CYP24A1) and Cytochrome P450 family 27 subfamily
B member 1 (CYP27B1) activity in different age groups.
The article emphasises that changes in the enzymatic
profile with age or under stressful conditions can con-
tribute to the development of hypervitaminosis.

A. Papadopoulou et al. [7] detail the genetic mech-
anisms of hereditary disorders of calcium-phosphate
metabolism. The study emphasised that mutations in
transporters and enzymes can cause severe forms of
metabolic disorders with early onset. Vitamin D is cen-
tral in this regulatory network. According to N.A. Shai-
kh et al. [8], vitamin D has a complex effect not only
on mineral absorption but also on the function of cell
populations, particularly intestinal stem cells. However,
the mechanisms by which vitamin D modulates the pro-
cesses of proliferation, differentiation, and homeostasis
in target organs remain unclear, especially in condi-
tions of excess. The dissertation by A. Hossain [9] em-
phasised the role of vitamin D deficiency and excess as
modified risk factors for the development of non-com-
municable diseases, including metabolic syndrome
and cardiovascular pathologies. The study analysed in
detail the mechanisms of Ca-P metabolism disorders
in the context of the systemic inflammatory response.
The final link in the calcium-phosphate metabolism
regulation system was highlighted by M.L. Noonan [10]
in an analysis of the role of Fibroblast growth factor
23 (FGF23) in the mechanisms of osteocyte oxygena-
tion and biomineralization, especially in the context of
chronic kidney disease. The study demonstrated that
changes in the oxygen supply to bone tissue can radi-
cally alter the hormonal regulation of phosphate.

Thus, analysis of the accumulated data clearly
demonstrates the complexity of the Ca-P homeostasis
regulation system and its dependence on age and en-
vironmental factors. However, there are gaps in the re-
search on this problem. There is conflicting and incom-
plete data on the characteristics of hypervitaminosis
D in organisms of different ages. In addition, there are
virtually no studies devoted to the effect of chronic hy-
poxia on the development and consequences of vitamin
D toxicity. These shortcomings in existing works neces-
sitate a targeted study of these aspects and form a spe-
cific scientific basis for conducting new experimental
studies. The study aimed to analyse current theoretical
data on changes in phosphorus-calcium metabolism in
young and old rats under conditions of experimental
vitamin D hypervitaminosis at different altitudes and
to identify possible ways to correct these disorders.
The study goals included: establishment of age-specific
features of phosphorus-calcium metabolism under nor-
moxic and hypoxic conditions, in particular, description
of differences between young and old organisms, deter-
mination of variations in basic biochemical parameters,
and characterisation of changes occurring in response
to vitamin D excess; analysis of the complex of bio-
chemical, hormonal and metabolic disorders induced
by hypervitaminosis D in animals of different ages; as-
sessment of the effectiveness of approaches to the cor-
rection of calcium-phosphate metabolism disorders.

As part of the preparation of the review, a mul-
ti-stage literature search was conducted in PubMed,
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Scopus, Web of Science, and Google Scholar databases.
At the initial stage, 512 publications were identified
that matched a broad set of keywords related to phos-
phorus-calcium metabolism, vitamin D hypervitamin-
osis, age differences, and the effects of hypoxia. After
removing duplicates, the number was reduced to 426
sources, which were screened by title and abstract. Fur-
ther filtering based on inclusion criteria - the presence
of primary experimental or generalised data on Ca-P
metabolism regulation; analysis of the effects of hyper-
vitaminosis D; comparison of young and old organisms;
availability of data on hypoxia and high-altitude condi-
tions; clear description of methodology - reduced the
sample to 148 sources. Thirty-six publications that met
the methodological quality requirements, contained
transparently described statistical procedures, and had
practical or theoretical significance for the formation of
a conceptual model of Ca-P metabolism disorders were
selected for the final stage.

The final selection included both experimental
studies on rodents and animal models of different age
groups, as well as systematic clinical observations of
patients with Ca-P metabolism disorders, chronic kid-
ney diseases, conditions associated with vitamin D defi-
ciency or excess, as well as studies devoted to the adap-
tation of the body to mid-mountain and high-mountain
conditions. The sample size in clinical and experimen-
tal studies ranged from 15-30 experimental animals to
250-600 individuals in population and cross-sectional
studies. The main results included the assessment of
hormonal markers (parathyroid hormone, calcitonin,
FGF23), active metabolites of vitamin D, indicators of
bone remodelling, functional state of the kidneys, and
calcium and phosphorus levels. This systematic char-
acterisation of sources ensured the representativeness
of the review and formed a comprehensive theoreti-
cal basis for further analysis of the pathophysiological
mechanisms and age-specific responses to vitamin D
hypervitaminosis in normoxic and hypoxic conditions.
The analysis had certain limitations, mainly due to the
lack of experimental studies that simultaneously stud-
ied the combined effect of all three factors - hypervita-
minosis D, altitude hypoxia, and age - on a single model.
Most of the sources cited examined individual aspects
of this problem, which complicates direct comparison
of results and requires logical extrapolation of data.

Theoretical basis
of Ca-P metabolism regulation
A systematic analysis of scientific literature synthe-
sised a comprehensive overview of the mechanisms
regulating phosphorus-calcium metabolism, including
age-related characteristics, the effects of vitamin D
toxicity, and conditions of altitude hypoxia. B. Zhang et
al. [11] provided a fundamental concept of the systemic
nature of changes, demonstrating profound age-relat-
ed remodelling of ion profiles, including calcium and
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phosphorus, in various organs of mice. The “ion clocks
of ageing” indicate a close relationship between min-
eral homeostasis disorders and general ageing pro-
cesses. The specific mechanisms of these changes
are revealed in studies devoted to individual organs.
V.A. Areco et al. [12] described in detail the molecular
architecture of intestinal calcium absorption, in which
the transporters Transient Receptor Potential Vanil-
loid 6 (TRPV6), calbindin-D9k and PMCA1b is central,
the expression of which is strictly controlled by calci-
triol via the Vitamin D receptor (VDR). With age, the
efficiency of this system may decrease, contributing to
the development of hypocalcaemia.

W.L. Miller & E.A. Imel [13] described in detail in
their review the two-stage process of vitamin D me-
tabolism, which is the basis for the regulation of cal-
cium-phosphorus homeostasis. The authors empha-
sised that the first stage of 25-hydroxylation occurs in
the liver with the formation of 25(0OH)D, the main cir-
culating marker of the body’s supply. The second key
stage, according to their data, occurs in the kidneys,
where the enzyme CYP27B1 (1a-hydroxylase) converts
25(0OH)D into the biologically active hormone calcitri-
ol (1.25(0H),D), whose activity is hundreds of times
higher. D. Bellavia et al. [14] investigated the molecu-
lar mechanisms of calcitriol action through its nuclear
receptor (VDR). The study described how the calcitri-
0l-VDR complex, forming a heterodimer with the reti-
noic acid receptor (RXR), binds to vitamin D response
elements (VDRE) in deoxyribonucleic acid (DNA), regu-
lating gene transcription. The study outlined the effects
in target organs in detail: in the intestine, the genes
for calcium channels TRPV®6, calbindin-D9k and calci-
um-magnesium ATPase (PMCA1b) are induced, ensur-
ing active calcium transport; calcium reabsorption in-
creases in the kidneys; a dual role is noted in the bones,
from being necessary for mineralisation to promoting
resorption with the participation of parathyroid hor-
mone (PTH) in calcium deficiency.

O0.M. Gutiérrez et al. [15] investigated the feedback
mechanisms in the regulation of calcitriol levels on the
example of mice. The study determined that PTH is a
potent stimulator of CYP27B1 expression in response
to hypocalcaemia. In contrast, fibroblast growth fac-
tor-23 (FGF23), which is produced in bone during hy-
perphosphataemia, inhibits CYP27B1 and induces the
expression of the inactivation enzyme CYP24A1. Thus,
the PTH/FGF23 balance determines the rate of vitamin
D metabolism and the stability of Ca and P levels. S. De
Vincentis et al. [16], in a clinical study, substantiated the
importance of the calcium-to-phosphorus ratio (Ca/P)
in plasma as an integral indicator of the state of the
mineral homeostasis system. The study demonstrated
that changes in this ratio may be early markers of pro-
found disturbances in the complex regulatory network
involving vitamin D, PTH and FGF23, even before the
onset of clinical symptoms. Thus, the results of these
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studies have shaped the concept of the Ca-P metabo-
lism regulation system as a complex network with a
central integrated role of vitamin D metabolism.

Effects of hypervitaminosis D
at the molecular and systemic levels
Hypervitaminosis D causes a rapid disruption of this
finely tuned system. Experimental data from M. El-
Boshy et al. [17] on rats documented the development
of severe hypercalcaemia (12.4 £ 0.5 mg/dL) and hyper-
phosphataemia (7.9 +0.3 mg/dL) in the context of severe
oxidative stress and inflammation. According to the anal-
ysis by M. Gurudatta [18], the endocrine profile of this

condition includes a sharp suppression of parathyroid
hormone secretion due to the activation of calcium-sen-
sitive receptors (CaSR) and a compensatory increase in
FGF23 levels aimed at reducing toxicity. However, as de-
scribed by A. Nowacka et al. [19], the enzyme CYP24A1,
which catalyses the inactivation of both calcitriol and
25(0H)D, are substantial in protecting against intoxi-
cation. Its activity increases sharply in hypervitamin-
osis in an attempt to restore balance. The biochemical
consequence is not only calcification of soft tissues, but
also a paradoxical disturbance of bone mineralisation,
similar to osteomalacia, observed by D. Durup et al. [20]
in female rats under conditions of deficiency (Table 1).

Table 1. Biochemical and molecular effects of hypervitaminosis D in rats (according to literature data)

Parameter [norm(;tl’?l’ic:::\?ilr;ogrljevels] with hype[i'r\?i;j;minosis D Effect
Serum calcium (mg/dL) 9.8+0.3 12.4+05 Hypercalcaemia
Serum phosphorus (mg/dL) 6.2+0.2 79+0.3 Hyperphosphataemia
Malondialdehyde in the liver (nmol/mg prot.) 1.8+0.2 45+0.3 Oxidative stress
TNF-acin the liver (pg/mL) 25.6+21 68.3+4.5 Systemic inflammation
Serum creatinine (mg/dL)* 0.52+0.03 0.81+0.04 Kidney dysfunction

Note: * - creatinine data are taken from a study of the effects of hypoxia, which also demonstrates similar mechanisms of renal damage
during metabholic stress, which is relevant for the hypervitaminosis D model
Source: compiled by the authors based on M. EI-Boshy et al. [17], M. Gurudatta [18], A. Nowacka et al. [19], D. Durup et al. [20]

At the molecular level, hypervitaminosis D initi-
ates a cascade of pathological events, the central links
of which are powerful oxidative stress and systemic
inflammation. Experimental data from M. El-Boshy et
al. [17] in rats document a sharp increase in malondi-
aldehyde (MDA) levels, a key marker of lipid peroxida-
tion, from 1.8+ 0.2 to 4.5 # 0.3 nmol/mg protein in the
liver. At the same time, there was a significant increase
in the concentration of the pro-inflammatory cytokine
tumour necrosis factor-alpha (TNF-a) from 25.6 £2.1 to
68.3 £4.5 pg/mL. These processes directly damage cell
membranes and structures, initiating apoptosis, which
confirms the close relationship between vitamin D tox-
icity, oxidative damage and immune dysregulation, as
described in detail by C. Argano et al. [21]. A key patho-
physiological consequence is soft tissue calcification,
as excess Ca’*and PO,* ions in plasma lead to the for-
mation of hydroxyapatite microcrystals in the walls of
blood vessels, kidneys, heart and lungs, accompanied
by structural and functional disorders. Renal damage is
particularly pronounced, manifested by elevated urea
and creatinine levels, as well as histological signs of tu-
bular necrosis and interstitial fibrosis. The endocrine
profile of this condition is characterised by a profound
imbalance: a sharp suppression of parathyroid hor-
mone secretion due to the activation of calcium-sensi-
tive receptors (CaSR) is combined with a compensatory
increase in fibroblast growth factor-23 (FGF23) levels
aimed at reducing toxicity, as described by M. Gurudat-
ta [18]. However, the effectiveness of this protective
mechanism may be limited, especially in the context

of a possible decrease in the expression of the Klotho
co-receptor. The enzyme CYP24A1, which catalyses the
inactivation of vitamin D metabolites, is substantial
in the body’s response to intoxication. A. Nowacka et
al. [19] emphasise that its activity increases sharply
in hypervitaminosis D, attempting to restore homeo-
stasis by accelerating the breakdown of both calcitriol
(1,25(0H),D) and its precursor 25(0H)D. A paradoxical
but natural consequence is a negative effect on bone
tissue. Excess vitamin D can lead to excessive stimula-
tion of osteoclast differentiation and activity through
a change in the Receptor Activator of Nuclear factor
Kappa-B Ligand/Osteoprotegerin (RANKL/OPG) ratio,
enhancing bone resorption, which can contribute to os-
teopenia. This is consistent with the data of D. Durup et
al. [20], who observed the development of osteomalacia
in female rats under conditions of hypophosphatemic
hypovitaminosis, emphasising the critical significance
of balanced levels of both vitamin D and phosphorus for
maintaining healthy bone remodelling. Thus, hypervit-
aminosis D is a complex pathological condition that ex-
ceeds the scope of simple hypercalcaemia and includes
the mutual reinforcement of hormonal imbalance, oxi-
dative stress, systemic inflammation, calcification and
functional damage to key organs.

Age-related features
of Ca-P metabolism disorders

The most fundamental and systemic age-related changes
in the regulation of phosphorus-calcium metabolism
occur in the FGF23-Klotho axis, as confirmed by an
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in-depth analysis in a review by S. Devi [22]. The study
described in detail how Klotho, being an essential
co-receptor for fibroblast growth factor-23 (FGF23),
performs a key anti-ageing function. Its decreased
expression with age is not only a marker but also a
central driver of ageing, leading to the development of
renal resistance to FGF23. S. Wang et al. [23] further
contributed to the topic by demonstrating how a
defective FGF23-Klotho axis directly contributes
to chronic microinflammation and the progression

of renal fibrosis, creating a cycle of damage. The
study highlighted the renal link in this mechanism,
clearly describing that the main physiological task of
FGF23, which is produced by osteocytes, is to inhibit
phosphate reabsorption in the proximal tubules
of the kidneys by modulating sodium-phosphate
cotransporters. Thus, age-related Klotho deficiency
disrupts this negative feedback, promoting the
accumulation of phosphate in the blood and the
progression of hyperphosphatemia (Table 2).

Table 2. Synthesised age differences in the regulation of Ca-P metabolism

Parameter/System Young organisms

0ld organisms

Axis FGF23-Klotho high Klotho levels

Adequate renal sensitivity to FGF23,

Resistance to FGF23, a sharp decrease in Klotho,
and hyperphosphataemia

Kidney function

High clearance, effective phosphaturia

Decreased glomerular filtration rate (GFR),
impaired phosphate excretion

Intestinal absorption of Ca and calbindin

Effective due to high expression of TRPV6

Possible reduction due to decreased expression
of VDR and transport proteins

Systemic mineral balance Stable ion profile

Deep remodelling of Ca and P content in organs

Musculoskeletal cross-flow

Synchronised remodelling, synergism

Imbalance, development of osteoporosis
and sarcopenia

Source: compiled by the authors based on B. Zhang et al. [11], S. Devi [22], D.-X. Huang et al. [24], B. Kirk et al. [25]

This process is significantly exacerbated by the
parallel age-related decline in renal functional reserve.
Experimental data from D.-X. Huang et al. [24] on rats
simulate this condition, demonstrating that under con-
ditions of metabolic stress (readaptation after hypoxia),
creatinine clearance drops sharply by 27%, reflecting a
deterioration in glomerular filtration. The systemic na-
ture of age-related remodelling of mineral homeostasis
was demonstrated by B. Zhang et al. [11] in a study of
ion mice. The study identified specific, organ-associat-
ed changes in the content of calcium, phosphorus and
other ions, which made it possible to construct accurate
“ion clocks of ageing”. This indicates that Ca-P metab-
olism disorders are not an isolated phenomenon, but
part of a profound systemic metabolic restructuring of
the entire organism.

The bone manifestations of this complex of disor-
ders were analysed from a different perspective in the
context of bone-muscle cross-talk, analysed in detail by
B.Kirk et al. [25]. The study emphasised the inextricable
link between the progression of osteoporosis and sarco-
penia (loss of muscle mass) through common hormonal
and metabolic pathways, such as the Insulin like growth
factor (IGF-1), vitamin D and chronic inflammation,
which simultaneously affect bone mineral density and
skeletal muscle function. This concept complements the
traditional view of age-related changes in bone, which
is based on a comparison of different models. A study
by T. Li et al. [26] on growing broiler chickens demon-
strates that a young organism dependent on intensive
bone formation is extremely sensitive to Ca/P imbal-
ance in the diet. Calcium or phosphorus deficiency led
to sharp fluctuations in alkaline phosphatase (ALP)
activity and a significant decrease in bone mineral

density (by 12-18%) and bone strength (by 15-22%).
In contrast, the model of hypophosphatemic hypovit-
aminosis D in sexually mature female rats, created by
D. Durup et al. [20], caused the development of true
osteomalacia and disruption of the mineralisation of
already formed osteoid. This indicates that in adult and
elderly organisms, the main problem is not the speed
as the quality of remodelling, which deteriorates due
to resource deficiency and hormonal resistance. A clin-
ical study by S. Jiampochaman et al. [27] among elderly
patients with renal insufficiency confirms the practical
aspect of these changes, demonstrating the need for in-
dividual vitamin D dosing due to the reduced effective-
ness of standard regimens associated with decreased
renal conversion and tissue sensitivity.

Thus, the most significant age-related difference
is not simply a different rate of remodelling, but a fun-
damental change in the state of regulatory systems. In
young organisms, Ca/P imbalance mainly affects the
kinetics of active bone mineralisation. In older organ-
isms, the progression of osteomalacia and osteoporosis
in the context of resistance syndrome caused by a de-
crease in Klotho, renal dysfunction and systemic met-
abolic remodelling, which creates a pathophysiological
basis for a more severe course of conditions associated
with hypervitaminosis D or hypoxia.

The effect of high-altitude hypoxia
on oxygenation, renal function
and metabolism
The effects of altitude hypoxia exert a complex
and potent modulatory influence on phosphorus-
calcium homeostasis, often acting as a catalyst or
amplifier of disturbances initiated by other factors,
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notably hypervitaminosis D. Systematic reviews by
L.M. Palubiski et al. [28] and S.-Y. Wang et al. [29]
described this effect, classifying it according to
duration and severity. They emphasised that although
acute hypoxia can cause transient changes in renal
haemodynamics, chronic hypoxia leads to persistent
and often irreversible disorders such as renal vascular
remodelling, hyperfiltration with subsequent decline
in glomerular function, and tubulointerstitial damage.
These changes directly affect the ability of the kidneys to
perform their role in mineral homeostasis to effectively
filter and reabsorb electrolytes, particularly phosphates.

Experimental data from C. Yan et al. [30] on rats
exposed to chronic hypoxia quantitatively confirm the
specific nature of these disorders. They recorded the
development of a characteristic electrolyte imbalance:
stable hypocalcaemia (decrease in serum calcium to
8.1+0.6 mg/dL) and hyperphosphataemia (increase in
phosphorus to 7.1 + 0.4 mg/dL). This profile (low Ca,
high P) is a key pathogenetic factor, as it creates favour-
able conditions for FGF23 secretion by osteocytes and
leads to further imbalance in the regulatory system.
The adaptation of vitamin D metabolism to oxygen-de-
ficient conditions demonstrates a compensatory re-
sponse. A study by X. Chen et al. [31] on high-altitude
rodents revealed increased expression of the CYP27B1
(La-hydroxylase) gene in the kidneys. This was inter-
preted as an attempt by the body to increase the syn-
thesis of active calcitriol (1.25(0H),D) to counteract
hypocalcaemia by enhancing intestinal calcium absorp-
tion. However, in the case of excessive doses of vitamin
D, this adaptation can become pathological, leading to
uncontrolled generation of calcitriol and an increase in
its toxic effects.

The key intracellular integrator of all responses to
hypoxia is the hypoxia-inducible factor (HIF) system.
G. Almanzar et al. [32] described in detail how the sta-
bilisation of HIF-1a under conditions of oxygen defi-
ciency triggers a large-scale reorganisation of cellular
metabolism, directing it towards anaerobic glycolysis,
and modulates numerous signalling pathways associ-
ated with angiogenesis, inflammation and cell survival.
Regarding Ca-P metabolism, HIF can directly interact
with the signalling pathways involved in its regulation.
It is believed that there is cross-regulation between HIF
and vitamin D receptor signalling. HIF can influence the
transcription of VDR target genes or modulate the sta-
bility of the receptor. In addition, hypoxia through HIF
activation can suppress the expression of NaPi-Ila and
NaPi-lIlc, the main transporters responsible for phos-
phate reabsorption in the renal tubules. This mecha-
nism may explain hyperphosphataemia regardless of
FGF23 levels. Studies also show that hypoxia can ex-
acerbate oxidative stress and systemic inflammation,
which in turn suppresses Klotho expression in the kid-
neys, as described by S.-Y. Wang et al. [29]. Thus, hy-
poxia creates a triple blow to phosphate homeostasis:

through direct renal effects (inhibition of transport-
ers), through increased resistance to FGF23 (decreased
Klotho), and through modulation of vitamin D metab-
olism (increased CYP27B1). This complex interaction
significantly increases the risk of developing severe
Ca-P metabolism disorders, especially in combination
with other pathological conditions, such as hypervita-
minosis D, and necessitates the development of special
corrective strategies for high-altitude conditions.

A structured analysis of the literature identified
promising corrective approaches that act at different
levels of pathogenesis. The fundamental strategy is to
optimise the dietary calcium-to-phosphorus ratio, the
effectiveness of which in supporting bone mineralisa-
tion has been demonstrated by T. Li et al. [26]. Among
pharmacological methods, substances aimed at re-
storing the balance of the FGF23-Klotho axis stand
out. B.-H. Liu et al. [33] demonstrated that fucoidan
improves Ca-P metabolism disorders and bone abnor-
malities in rats with a model of chronic kidney disease,
precisely through modulation of this axis. Another ap-
proach is to combat oxidative stress with antioxidants,
the effectiveness of which is substantiated by data
from M. El-Boshy et al. [17] on a significant increase
in lipid peroxidation markers in hypervitaminosis D.
Non-pharmacological interventions are substantial.
J. Zhang & Z.-B. Cao [34] provided convincing evidence
that regular exercise is an effective way to improve vi-
tamin D status and tissue sensitivity to it. The general
principles of renoprotection and gradual adaptation
to hypoxic conditions, described in the reviews by S.-
Y. Wang et al. [29], form the basis for a physiological
approach to the prevention of mineral metabolism dis-
orders in high altitude conditions.

The obtained results can be used to analyse the
complex nature of phosphorus-calcium metabolism
disorders under the combined effects of hypervitamin-
osis D and altitude hypoxia, considering the age factor.
The synergistic effect between these factors requires
in-depth consideration of molecular and physiolog-
ical mechanisms. The study by W.R. Beck et al. [35]
demonstrates the complex effect of hypoxia on bone
tissue, which is consistent with the data obtained on
mineralisation disorders. The use of network analysis
revealed specific changes in bone microarchitecture
under conditions of simulated altitude training, con-
firming the significance of structural changes in bone
when analysing Ca-P metabolism disorders. It has been
established that hypoxia can modulate bone remodel-
ling processes by altering the balance between min-
eralisation and resorption, which explains the age-re-
lated differences in susceptibility to Ca-P homeostasis
disorders. O. Melnyk et al. [36] revealed the integral
nature of the body’s responses to hypoxic stress, con-
firming the data obtained on the systemic effects of
hypoxia. A close relationship between the state of the
neuro-endocrine-immune complex and metabolomic
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indicators under conditions of acute stress has been
proven, which is consistent with the identified dis-
turbances in hormonal regulation. Specific markers
of metabolic disorders that correlate with individual
resistance to hypoxia were identified, emphasising the
need for an individual approach to assessing the effects
of hypoxic exposure. E. Sivertsson et al. [37] demon-
strated a new mechanism of intrarenal hypoxia de-
velopment, which complements the data obtained on
renal disorders. The study demonstrated that thyroid
hormones can induce intrarenal hypoxia by enhancing
oxygen metabolism, which may be an additional factor
in kidney damage in conditions of endocrine regula-
tion disorders. This mechanism is substantial for re-
search on the relationship between different hormonal
systems in hypoxia.

The study by Y. Du et al. [38] reveals the molecu-
lar mechanisms of renal damage under hypoxia, con-
firming the data obtained on renal function disorders.
Impaired uric acid excretion and changes in desmin
expression in podocytes have been established, which
is consistent with the identified signs of renal dys-
function. A decrease in Na+-K+-ATPase activity was
detected, indicating impaired energy metabolism in
renal cells and explaining the development of renal
dysfunction under conditions of high-altitude hypox-
ia. D. Chang et al. [39] demonstrate the effectiveness
of corrective interventions under conditions of hypox-
ia, confirming the promise of the developed corrective
approaches. The protective role of L-carnitine in the
reproductive system under hypoxic stress has been
proven, indicating the promise of using metabolic cor-
rectors. A positive effect on the hormonal profile and
spermatogenesis indicators has been found, confirming
the possibility of correcting hypoxic damage. The study
by M.M. Soliman et al. [40] provides substantial data
on oxidative stress in high altitude conditions, which is
consistent with the results obtained on oxidative stress
in hypervitaminosis D. An increase in lipid peroxidation
markers and changes in antioxidant protection were
found, confirming the role of oxidative stress in the
pathogenesis of hypoxic lesions. Histochemical stud-
ies have confirmed the presence of structural changes
in various organs, which explains the systemic nature
of lesions when hypoxia and hypervitaminosis D are
combined. A.E. Ahmed et al. [41] demonstrated pecu-
liarities of metabolic disorders in high-altitude popu-
lations, which complements the data obtained on age
characteristics. The prevalence of metabolic syndrome
and its components among high-altitude residents was
analysed, confirming the relevance of considering the
age factor. Age and gender characteristics of lipid me-
tabolism disorders and cardiometabolic risks were
established, which is relevant for the development of
prevention strategies.

A study by L. Jie et al. [42] on a rat model with co-
morbid osteoarthritis and osteoporosis demonstrated

that the alkaloid palmatine can effectively influence
bone tissue metabolism disorders by modulating the in-
testinal microflora and host metabolism. This highlights
the potential role of prebiotics, probiotics, or metaboli-
cally active compounds in correcting Ca-P metabolism
disorders, especially when they are associated with
systemic inflammation and metabolic syndrome, which
often accompany ageing. Similar approaches that aim to
restore intestinal homeostasis may improve mineral ab-
sorption and tissue sensitivity to vitamin D. Insulin-like
growth factor-1 can be integral in restoring renal func-
tion and bone metabolism. As noted by J.M.D. Tocados et
al. [43], IGF-1 has pleiotropic effects in renal diseases,
including anti-fibrotic and anti-apoptotic actions and
involvement in the regulation of phosphate homeosta-
sis. Therefore, strategies aimed at supporting or mod-
ulating the IGF-1 pathway are useful for protecting the
kidneys from damage caused by both hypercalcaemia
in hypervitaminosis D and ischaemia under conditions
of hypoxia, thereby indirectly improving the regulation
of Ca-P metabolism. When considering correction of the
FGF23-Klotho axis, it is necessary to address the latest
insights into the regulation of FGF23. S. Dastghaib et
al. [44] emphasised the complex regulation of FGF23
expression and secretion, which depends not only on
phosphate levels, but also on inflammatory cytokines,
iron and oxidative stress. This creates opportunities for
indirect influence on FGF23 through control of these
factors, for example, with antioxidants or anti-cytokine
therapy, which is relevant in hypervitaminosis D, ac-
companied by powerful oxidative stress. A fundamental
aspect of any vitamin D-related correction remains its
receptor (VDR). The molecular mechanisms of vitamin
D3 action via VDR in different tissues are described in
detail by V. Morsanuto [45]. Determination of the tis-
sue-specific modulation of VDR-dependent pathways
contributes to the development of selective vitamin
D receptor modulators that would have protective ef-
fects on bones and kidneys, minimising the risk of soft
tissue calcification during the correction of hypovita-
minosis or excess. The potential role of vitamin D3 as
a protector against hypoxic damage is noteworthy, as it
can be substantial for patients in high altitudes. A study
by C. Dai et al. [46] showed that vitamin D3 reduces
hypoxia-induced lung damage by suppressing the com-
plement system, coagulation, and autophagy pathways.
This suggests that adequate (but not excessive) vitamin
D levels are a substantial factor in resistance to hypoxic
stress, particularly for protecting the vascular endothe-
lium and preventing microvascular complications that
exacerbate Ca-P metabolism disorders. Integrating the
results of these studies formed a comprehensive patho-
genetic model. The combination of hypervitaminosis D
and hypoxia leads to a synergistic increase in Ca-P me-
tabolism disorders through several interrelated mecha-
nisms. Hypoxia-induced renal dysfunction limits phos-
phate excretion, exacerbating hyperphosphataemia.
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Adaptation of vitamin D metabolism in the form of in-
creased CYP27B1 expression under conditions of sub-
strate excess leads to hypercalcitriolaemia. Age-related
features determine the direction of organ damage -
from calcification to osteomalacia.

Conclusions

Based on a systematic analysis of the literature, Ca-P me-
tabolism is defined as a complex integrated network in
which vitamin D metabolism is central. The key mech-
anism for maintaining homeostasis is the dynamic bal-
ance between parathyroid hormone (a stimulator of
calcitriol synthesis) and FGF23 (its inhibitor), and the
Ca/P ratio in blood plasma can serve as an integral indi-
cator of the state of the system. A review of experimental
data shows that hypervitaminosis D leads to a complex
pathological condition characterised not only by pro-
nounced hypercalcaemia and hyperphosphataemia, but
also by severe oxidative stress, systemic inflammation,
suppression of PTH secretion, compensatory increase
in FGF23, and activation of the CYP24A1 inactivation
enzyme. This leads to a high risk of soft tissue calcifi-
cation and paradoxical bone mineralisation disorders.

The age factor determines fundamental changes in
the reactivity of the Ca-P exchange system. The most
substantial link is the age-related decrease in the ex-
pression of the Klotho co-receptor, which leads to re-
nal resistance to FGF23, progression of hyperphospha-
taemia, renal dysfunction and impaired bone-muscle
cross-flow. In young organisms, disorders prevail in the
kinetics of bone formation, while in older organisms,
they prevail in remodelling, leading to osteomalacia
and osteoporosis. Altitude hypoxia acts as a substantial
modulator that exacerbates Ca-P homeostasis disor-
ders through a range of mechanisms: it causes a charac-
teristic electrolyte imbalance (hypocalcaemia and hy-
perphosphataemia), contributes to renal dysfunction,
inhibits Klotho expression, modulates the activity of

renal phosphate transporters, and increases CYP27B1
expression. The latter; in conditions of excess vitamin D
intake, can contribute to uncontrolled calcitriol synthe-
sis. This synthesis suggests a synergistic effect between
hypervitaminosis D, hypoxia, and ageing. This synergy
may be realised through the mutual reinforcement of
the following links: renal dysfunction under hypoxia
limits phosphate excretion, exacerbating hyperphos-
phataemia from vitamin D, and increased CYP27B1
expression under hypoxia contributes to excessive cal-
citriol formation. Age-related Klotho deficiency and de-
creased functional reserves create the basis for a more
severe course of such combined lesions.

A review of the literature indicates the promise of
multi-level approaches to correction, including opti-
misation of the dietary Ca/P ratio, use of substances to
modulate the FGF23-Klotho axis and combat oxidative
stress, use of non-pharmacological methods (physical
exercise), as well as strategies for renoprotection and
adaptation to hypoxia. Some studies also highlight the
potential role of modulation of the microbiome, the
IGF-1 pathway, selective VDR modulators, and ade-
quate vitamin D levels in protecting against hypoxic
damage. Prospects for further research include experi-
mental verification of the synergy of factors in a single
model, study of the molecular mechanisms of cross-in-
teraction between HIF and VDR pathways, as well as
preclinical and clinical evaluation of comprehensive
corrective approaches.
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IKRCHepuMeHTAIbIK D BUTAMUHU I'MIEePBUTAMUHO3Y HIAPTHIH/1A
ap KaHall OUIMMKTHKTEP/Ie sKaHAa aHbIH TY30TYY *KOJIJIOPY aPKRbLIYY sKalll
JKAaHA Kapbl YblYRaHapAArbl pochop-KaabIMil META00JTU3SMIUHUH a0aJIbl
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napatupuH ropmony MeHeH FGF23 opTocynparel TeH ca/iMakTyyayk masMmagarel Ca xaHa P peHrssanH
TYPYKTyy KapMal Typyyra »xoontyy. Unumuil 6ynakrapibl Taag00 MeTaboJIUKaAbIK 6y3y/ayyaapAblH KypaKkka
6aMJIaHBILIITYy MYHO3/YY 63r646/IYKTOPYH aHbIKTa/ibl. MaajibIMaTTap C66K PeMOJeIUPJIee JJeHI33JI1 KOTopy
60JIroH Kau opranusMmepae Ca/P TeHCU3UTH COOK MUHEPAJIbIK ThITbI3AbITBIHBIH 12-18 %ra KbICKaphIlIbIHA
aJIblll KeJIepUH KOpPCOTTY, aJl 3MHU KapbiraH opraHusMmjepZe OYHKIMOHAIABIK pe3epBJepJUH a3aibllIb
IapThIH/A IPOTPECCUB/YY OCTEOMAJIALIMS )KaHa 68 MPOK »KEeTUILICU3AUTHHUH OHYTYILY TYypalyy MaajabIMaTTap
yCTeMAYK KbLaaT. YKOropKy GMMMKTUKTETH TMIOKCHUSHBIH TaacUpH OOIOHYA >KYPry3y/IreH U3WJIJIe6JepyH
0630py aHbIH 661peK GYHKIUACBIHBIH 0y3ynyiiyH (kpeaTuHUHAUH 0,81+ 0,04 Mr/Jire 4eluH KoropyJsiallibl),
3JIEKTPOJUTTEPJUH TeHcUu3Auru (kaapuuiaud 8,1 + 0,6 mr/jire 4eduH TeMeHJelly aHa ¢ocdopayH
7,1 £ 0,4 Mr/pare 4eduH »KoropyJambl) xaHa D BUTaMUHUHHUH MeTA0OJM3MUHUH aJalTalHsChl, 63re4e
CYP27B1 3kcnpecCUsICBIHBIH KOrOpyJIalllbl apKblIyy. AHaJIU3/JUH XKbIMBIHTBITBIH/A aJbIHIaH KOPYTYHAYJIAP
»KOTOPKY TOOJIyy aliMaKTap/a »allaraH ap KaHZaid Kypakrarel 6efitantapra D BUTaMUHUH KOOIICY3 KOIIyM4a
6epyy 60I0HYA UIMMUM HETU3/le/ITeH CyHYIITAp/bl MbIH/IaH apbl UILITEI YbITYyY/a TEOPUSJIbIK MaaHUTe 33

Herusrum ce3a0p: napaTHUpUH TOPMOH; OCTEOMAJISIHUs; >XOTOPKY OUHUKTHUKTErd THIIOKCHUS; KypaKkKa
0aMJIaHBILITYy 63TOYOYKTOP; 06MPOK XKETUIICU3IUTU
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A”HHOTanMsA. llenblo AaHHOTO HCCAENOBAaHUS ObLJIO CUCTEMAaTH4YeCKOe aHaJM3WpPOBaHHME U 0000I[eHHe
COBpPEMEHHBIX HAy4YHbIX [JaHHbIX O MeXaHM3MaX HapylleHUH Kaabluuili-pochopHoro ob6MeHa IM0J
KOMOHUHUPOBAHHBIM BO3/leHiCTBHEM rHIIepBUTAaMHUHO3a D, BBICOTHOM 'MITIOKCUU U BO3PACTa, @ TAKXKe 000CHOBaHHe
3} PeKTUBHBIX KOPPEKTUPYIOLIUX I10/[X0/10B. Hay4HbIe HCTOYHUKH ObIJIM TPOAHATM3UPOBAHbI C UCII0JIb30BaHUEM
MEeTOZ0OB CPaBHUTEJBHOTO aHa/M3a, CHHTEe3a JaHHbIX U 0000u[eHUs WHbopManuu. [IpoBeZieHHBIA aHA/INU3
MO0KasaJl, YTO CUCTeMa peryiasnuu Metabosusma Ca-P npejcraBisieT co60i CI0XKHYIO CeTh, B LIEHTPE KOTOPOU
HaxoAUTCs MeTabosiM3M BUTaMUHA D, rae 6asaHc Mex/y napaThpeouHbIM ropmoHoM U FGF23 ompenenser
cTabuabHOCTh ypoBHel Ca v P B myiasme. AHa/iu3 HayYHbIX UCTOYHUKOB BBISIBUJI XapaKTepHble BO3pacCTHbIE
0COOEHHOCTHU HapylleHUH MeTabosiM3Ma. /laHHble oKa3aJiy, YTO Y MOJIO/bIX OPTraHW3MOB C BBICOKMM yPOBHEM
peMoziesiMpoBaHusl KocTed guc6anaHc Ca/P MoXXeT NPUBECTH K 3HAUYUTEJbHOMY CHIKEHUI0 MHUHEpaJbHOU
IJIOTHOCTH KocTed (Ha 12-18 %), TorAa Kak y MOXKHUJIBIX OPraHU3MOB INpPeo6J1a/laloT JlaHHble O Pa3BUTHUU
MPOTrpPeCcCUpyIneld OCTEOMa/IIIUK U TOYEYHOU HEeJOCTAaTOYHOCTU Ha (OHe CHMXKeHUS QYyHKIHOHAJbHBIX
pe3epBoB. 0630p HCCJIEOBAaHUN 1O BJUSHUIO BBICOKOTOPHOM TMIIOKCUM MOKAa3as, YTO OHA MOKET BbI3bIBaTh
KOMIIJIEKC HapyLIeHUH, B TOM YUC/Ie oYeyHyo AuchYHKIMIO (MoBbllleHHe KpeaTHHUHA 1o 0,81 + 0,04 mr/ ),
3JIEKTPOJIUTHOTO JucbasaHca (cHMKeHue Kanblud 0 8,1+ 0,6 Mr/aj npu noseiienuu ocdopa g0 7,1+0,4 mr/
JUT) U afialiTallui MeTabo/1M3Ma BUTaMHHa D, B 4aCTHOCTH, 3a cyeT moBbileHus akcrpeccur CYP27B1. BoiBoabl,
NoJly4eHHble B pe3yJsibTaTe aHa/M3a, UMEIT TeopeTHYecKoe 3HAYeHUe /s JajbHellel pa3paboTKU HAyYHO
060CHOBaHHbIX pPeKOMeHJalui Mo 6e30MacHOMYy [J06aBjeHHUI0 BUTaMMHA D B palMOH MalMeHTOB pa3HbIX
BO3PACTHBIX I'PYII, MPOXKUBAIIHUX B BbICOKOIOPHBIX PErHOHAX

RioueBbie C/I0BAa: MapaTUPEOUHBIA TOPMOH; OCTEOMAJSIUS; BBICOKOTOpHAs THUIOKCHS; BO3pPACTHbIE
0COOGEHHOCTH; TT0YeYHas HeZloCTaTOYHOCTh
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