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The aim of this study was to assess the role of vitamin D in chronic heart failure (CHF) progression and to analyze its association
with mineral metabolism parameters and pro-inflammatory cytokines.

Materials and methods. The study included 219 CHF patients aged 30-89 years: 123 with NYHA class |-l (mean age 60.4 + 1.0)
and 96 with class IlI-IV (mean age 62.9 + 1.0). Serum levels of vitamin D, calcium, phosphorus, magnesium, parathyroid hormone
(PTH), endothelin-1, FGF-23, IL-6, IL-18, TNF-a, and VEGF-A were analyzed.

Results. Vitamin D deficiency worsened progressively with CHF severity. Compared to controls, vitamin D levels were reduced
by 31 % (p <0.001) in NYHA |-l and 2.4-fold (p < 0.001) in NYHA IlI-IV compared with controls. In advanced CHF, calcium and
magnesium decreased by 5.5 % (p < 0.001) and 8.8 % (p < 0.001), respectively, while phosphorus changes were nonsignificant
between NYHA I-Il and lll-IV. PTH, endothelin-1 and FGF-23 rose significantly: in NYHA |-l by 51.5 %, 54.2 %, and 10.8 %
(p <0.001), and in NYHA -V by 62.3 %, 94.5 %, and 17.0 % (p < 0.001). Inflammatory cytokines also increased. IL-6 rose
by 75.0 % (p < 0.001) in NYHA |-l and 2.4-fold (p < 0.001) in NYHA IlI-IV. IL-18 increased by 75.2 % and 95.0 % (p < 0.001),
while TNF-a rose by 46.0 % and 62.0 % (p < 0.001) in respective groups. VEGF-A levels showed the most pronounced change,
increasing 4.2-fold (p < 0.001) in NYHA I-Il and 8.6-fold (p < 0.001) in NYHA IlI-IV. Correlation analysis revealed a strong positive
association between vitamin D and ejection fraction, and negative correlations with FGF-23 and inflammatory cytokines. These
findings suggest that CHF progression appears to involve both metabolic and immunological mechanisms, and that vitamin D
deficiency is associated with aggravation of these processes.

Conclusions. Vitamin D deficiency in CHF worsens with advancing NYHA class and is closely linked to increased levels of FGF-23,
PTH, and pro-inflammatory cytokines. Its positive correlation with ejection fraction highlights vitamin D’s regulatory role beyond bone
metabolism, extending to cardiovascular and immune systems. Correction of vitamin D deficiency may therefore hold therapeutic
potential for patients with reduced ejection fraction.
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Poab BiTamiHy D y nporpecyBaHHi XpOHiuHOi cepuLeBoi HeAOCTaTHOCTI:
B3a€EMO03B’A30K i3 MiHepaAbHUM 06MiHOM i Npo3anaAbHUMM LIUTOKIHAMM

®. Y. AAmammapnoB

Merta po6otu - oujHUTV ponb BiTamiHy D y nporpecyBaHHi XpoHi4HOI cepLieBoi HegocTaTHocTi (XCH) Ta npoaHanisysatu 1oro
3B'A130K i3 NOKa3HWKaMn MiHeparnbHOro 06MiHY Ta PiBHAMM Npo3ananbHUX LUTOKIHIB.

Marepiaau i metoau. [lo focnimkeHHs 3anyyeHo 219 nauienTis i3 XCH Bikom Big 30 go 89 pokis: 123 obcTexerux i3 -1 dyHk-
uioHanbHuM knacom 3a NYHA (cepenHiii Bik — 60,4 + 1,0 poky) Ta 96 oci6 i3 Ill-IV knacom (cepegint Bik — 62,9 + 1,0 poky). Y
CcypoBaTL KpoBi 0BCTEXEHNX BWU3Ha4amu piBHi BiTamiHy D, kanbuito, chocdopy, marHito, napatropmoHy (MTT), eHgoteniHy-1,
FGF-23, IL-6, IL-18, TNF-a Ta VEGF-A.

Pesyabratu. Jediunt BitamiHy D nporpecvBHo nornubnioBascs 3i 30inblueHHaM TspkkocTi XCH. TopiBHAHO 3 KOHTPOMbHO
rpynoto piBeHb BitamiHy D 3Hn3uBcs Ha 31 % (p < 0,001) y naujeHTiB i3 NYHA |-l Ta y 2,4 pa3a (p < 0,001) y xBopux i3 NYHA
I1I-IV. Mpu nporpecysanHi XCH piBHi kanbLito Ta marHito 3Huxysanucs Ha 5,5 % (p < 0,001) ta 8,8 % (p < 0,001) signosigHo,
a 3MiHu hocdopy cratuctuyHo He BigpisHanues y rpynax NYHA I-II ta IlI-IV. Pisni MTT, eHgoTeniny-1 Ta FGF-23 goctosipHo
niguwmnucst: y xeopux i3 NYHA |-l — Ha 51,5 %, 54,2 % Ta 10,8 % (p < 0,001), y nauienTi i3 NYHA llI-IV — Ha 62,3 %, 94,5 %
1a 17,0 % BignosigHo (p < 0,001). PigHi npo3ananbHuX LMTOKIHIB Takox nigsuilyBanucs. IL-6 36inbLumecs Ha 75,0 % (p < 0,001)
y rpyni NYHA -1l Ta'y 2,4 pa3sa (p < 0,001) y rpyni NYHA IlI-IV. IL-18 nigBuwumees Ha 75,2 % Ta 95,0 % (p < 0,001), a TNF-a — Ha
46,0 % 1262,0 % (p < 0,001) y BignosigHux rpynax. Wopao pisHs VEGF-A 3achikcoBaHo HaibinbLL BUpaxeHi 3MiHW — NigBULLEHHS
y 4,2 pa3a (p < 0,001) y nauienTie i3 NYHA |-Il Ta y 8,6 pasa (p < 0,001) y xeopwux i3 NYHA lll-IV. ¥ pesynbrarti kopensuiinHoro
aHanisy BUSIBMNEHO CUIMbHWI MO3UTUBHWI 3B'A30K MiX piBHEM BiTaMiHy D i dpakuiieto BUKkiaY, a Takox HeraTusHi Kopensuii 3 FGF-
23 i nposananbHUMK LMTOKIHaMK. Pe3ynbTtatit JOCHigQXeHHS fany 3Mory BCTaHOBWTH, WO nporpecyBaHHs XCH nos’sizaHe i 3
MeTaboniyH1MK, i 3 iIMyHONOTIYHUMI MexaHiaMamu, a aediuunT BiTamiHy D acouinoBaHWi i3 NOCUNEHHSM LiX NPOLIECIB.

BucHoBku. Jediumt Bitamity D npu XCH nornubnioetbes 3i 3pocTaHHsaM yHkuioHanbHoro knacy NYHA Tta TicHo noB’ssaHuii
i3 nigBuLieHHam pisHiB FGF-23, MTT i npo3ananbHuX LMTOKIHIB. Moro noauTviBHa kopensuia 3 dpakuielo BUKMAY MigTBEpoKYe
perynsaTopHy ponb BitamiHy D He nuwwe B KicTkoBOMY MeTaboniami, ane iy cepLeBo-CyanHHi Ta iMyHHii cucTemax. Kopekuis
fediunTy BiTamiHy D Moxe MaTi TepaneBTUYHWIA NOTEHLian y NawuieHTiB 3i 3HUKEHO PpaKLiet BUKALY.
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OpwuriHaAbHI AOCAIAXKEHHS

Chronic heart failure (CHF) is one of the most significant
challenges in modern medicine [1,2]. Due to the increas-
ing prevalence of its primary causes, such as arterial
hypertension, ischemic heart disease, and type 2 diabetes
mellitus, the number of patients with CHF is expected to
rise. Despite improvements in treatment and preventive
strategies, patients with CHF continue to face a high risk
of mortality, the development of comorbid conditions, and
frequent hospitalizations [3]. Therefore, there is a need for
additional therapeutic approaches to further improve the
prognosis and quality of life in patients with CHF.

Recently, increasing attention has been paid to vitamin
D deficiency in patients with CHF. Vitamin D deficiency is
a widespread global issue, with approximately 40.4 % of
the world population affected [4]. Various metabolites are
used in the diagnosis of vitamin D deficiency. Currently, the
measurement of total 25-hydroxyvitamin D (t25(OH)D) lev-
els is considered the primary method for assessing vitamin
D status [5]. Vitamin D is naturally present in only a limited
number of food products. Therefore, about 90 % of vitamin
D in the human body is synthesized under the influence
of sunlight (ultraviolet B — UVB radiation). Cholecalciferol
(vitamin D,) is mainly found in animal-based products (meat,
fish, eggs, etc.), while ergocalciferol (vitamin D,) is found
in plant-based foods and mushrooms. Under the effect of
UVB rays from sunlight, 7-dehydrocholesterol in the skin is
converted into cholecalciferol [6]. Both vitamin D, and D, are
biologically inactive and must undergo additional enzymatic
processes to be converted into their active forms. In the liver,
both ergocalciferol and cholecalciferol are hydroxylated to
form calcidiol and calcifediol, respectively. These metabo-
lites are the main circulating forms of vitamin D in the blood.
Subsequently, through a 1-alpha-hydroxylation reaction in
the kidneys, they are converted into ercalcitriol and calcitriol.
Among these metabolites, calcitriol is considered the most
biologically active form of vitamin D [1].

Vitamin D levels are regulated by the enzyme 24-hy-
droxylase, which leads to the deactivation of active forms
and their elimination from the body. Vitamin D and its
metabolites are transported in the blood primarily bound
to vitamin D-binding protein (DBP) and albumin, with only
a small fraction circulating in a free form [7]. 1,25(0OH),D
(calcitriol) binds to the vitamin D receptor (VDR), which is
located in the nuclei of most cells in the body. Through this
receptor, vitamin D carries out a range of biological func-
tions, including the regulation of calcium and phosphorus
metabolism, bone metabolism, and the immune system.

Several studies have shown an association between
vitamin D deficiency and cardiovascular diseases, including
heart failure (HF), arterial hypertension, and atrial fibrillation
[1,8]. Adecrease in vitamin D levels leads to the activation
of the renin — angiotensin — aldosterone system, the emer-
gence of inflammatory responses, and endothelial dysfunc-
tion [9]. Despite numerous studies examining 25(OH)D as a
prognostic marker in HF, the results have been contradictory.

The association between vitamin D deficiency and HF
is explained by numerous pathophysiological mechanisms.
Low levels of vitamin D lead to the activation of the renin
— angiotensin — aldosterone system, which results in the
retention of sodium and water in the body [10]. In cases
of vitamin D deficiency, the synthesis of pro-inflammatory
cytokines such as interleukin-8 (IL-8) and tumor necrosis
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factor-alpha (TNF-a), which are inflammatory mediators,
accelerates, thereby causing oxidative stress. Vitamin D
regulates the NF-kB pathway, thereby reducing the synthe-
sis of IL-6, IL-12, interferon-y and TNF-a [11].

During vitamin D deficiency, the decrease in serum
calcium levels impairs the contractile function of the heart,
leading to systolic dysfunction. 1,25(0H),D stimulates
the influx of calcium into cardiomyocytes through calcium
channels, which exerts a positive chronotropic effect [12].
Calcium deficiency leads to secondary hyperparathyroidism
and increased synthesis of parathyroid hormone (PTH).
This, in turn, contributes to myocardial fibrosis, hypertrophy,
and impaired systolic function of the left ventricle [13].

Recent studies have shown that vitamin D plays a
significant role in cardiovascular health, particularly in indi-
viduals with HF. Preclinical studies indicate that calcitriol,
the active form of vitamin D, can inhibit the hypertrophy
and proliferation of cardiomyocytes, which in turn leads
to a reduction in the secretion of natriuretic peptides [14].

Recent studies show that patients with vitamin D de-
ficiency have a higher risk of CHF, and the clinical course
in these patients tends to be more severe. The pleiotropic
effects of vitamin D deficiency have the potential to directly
and indirectly influence the development of HF. Calcitriol
binds to VDRs expressed in cardiac and vascular cells,
particularly in cardiomyocytes and vascular endothelium.
The role of vitamin D in the pathogenesis of CHF, espe-
cially in myocardial fibrosis, has not been fully elucidated.
Furthermore, the variation in vitamin D levels depending on
the clinical severity of CHF and its association with fibrotic
metabolites remain insufficiently studied [1].

Aim
The aim of this study was to assess the role of vitamin
D in chronic heart failure progression and to analyze its

association with mineral metabolism parameters and
pro-inflammatory cytokines.

Materials and methods

In this study, blood samples were analyzed from patients
who attended the Baku City Republic Clinical Centre No. 1
for examination and treatment. In this study, blood samples
from 219 patients aged between 30 and 89 years with CHF
were analyzed. The overall study population comprised 219
patients with CHF and had a mean (median, Q1; Q3) age
of 61.5 years (61.0 years, 54.0; 68.0 years). Of these, 123
patients with NYHA class I-I had a mean (median, Q1-Q3)
age of 60.4 years (60.0 years, 52.0; 67.0 years), whereas 96
patients with NYHA class Ill-IV had a mean (median [Q1;
Q3]) age of 62.9 years (62.0 [57.0; 69.0] years). The control
group consisted of 51 practically healthy individuals with a
mean (median [Q1; Q3]) age of 54.3 years (59.0 [44.0; 68.0]
years). According to echocardiographic findings, EF was
significantly reduced in patients with CHF. Mean (median
[Q1; Q3]) EF values were 39.5 % (40.0 % [33.0; 46.0] %)
in NYHA class -1, 36.8 % (37.5 % [31.5; 41.5] %) in NYHA
class lll-I1V, and 66.9 % (68.0 % [62.0; 71.0] %) in the control
group (p <0.001). Systolic arterial pressure was significantly
higher in both CHF groups compared with the control group
(p<0.001), whereas diastolic arterial pressure did not differ
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Table 1. Parameters of hypertension and cardiac function in patients with CHF

Parameter,units of

measurement

e o o v e o o Jw e o Jo

Age, years 543 59.0 440 68.0 60.4 60.0 52.0 67.0 62.9 62.0 57.0 69.0
plp, = p=0.189 0.127/0.090

SAP, mmHg 116.2 120.0 1100 120.0 135.4 130.0 115.0 150.0 1338 130.0 115.0 150.0
plp, = p<0.001 <0.001/0.800

DAP, mmHg 79.0 80.0 80.0 80.0 81.0 80.0 70.0 90.0 796 80.0 70.0 90.0
plp, = p=0458 0.581/0.680

EF, % 66.9 68.0 62.0 710 395 40.0 330 46.0 36.8 375 315 415
plp, = p<0.001 <0.001/<0.001

SAP: systolic arterial pressure; DAP: diastolic arterial pressure, EF: ejection fraction, M: represents the mean value; Me: the median; Q1: the first quartile (25th percentile); Q3: the third
quartile (75th percentile); p: indicates statistical significance compared with the control group; p1: compared with patients in NYHA class I-I.

significantly among the groups. Patients with impaired renal
function were excluded from the study (Table 1).

Inclusion criteria: patients with a confirmed diagnosis of
CHF who were in a stable clinical condition. Exclusion crite-
ria: patients with acute myocardial infarction, chronic kidney
disease, severe hepatic disease, malignant neoplasms,
autoimmune disorders, active infections, treatment with
vitamin D or calcium preparations within the last two months,
pregnancy or lactation, and severe renal insufficiency.

The study was conducted in accordance with the
principles of the Declaration of Helsinki (2013 revision).
The study protocol (Protocol No. 29) was reviewed and
approved by the Local Ethics Committee of Azerbaijan
Medical University in 2020. All participants signed informed
consent forms prior to enrolment.

The study also included patients with reduced ejection
fraction (HFrEF), indicating impaired myocardial contrac-
tility (EF <40 %). Serum samples from the participants
were analyzed to determine the concentrations of vitamin
D, calcium, phosphorus, magnesium, PTH, endothelin,
FGF-23 (fibroblast growth factor-23), IL-6, IL-18, TNF-q,
and VEGF-A. The concentrations of vitamin D (Bioakti-
va Diagnostic), PTH (Roche Elecsys), endothelin (R&D
Systems Quantikine), FGF-23 (Human FGF-23), IL-6
(Vector Best), IL-18 (Vector Best), TNF-a (Vector Best),
and VEGF-A (R & D Systems Quantikine) were measured
using the enzyme-linked immunosorbent assay (ELISA)
method in the Research Laboratory of the Department of
Biochemistry, Azerbaijan Medical University, using a Stat
Fax 303 microplate reader. Calcium, phosphorus, and
magnesium (Human) concentrations were analyzed using
standard biochemical methods on a Stat Fax 400 analyzer
(Awareness Technology, USA).

The normality of distribution was assessed using the
Shapiro-Wilk test. The Mann—-Whitney U test was applied
for between-group comparisons. The obtained results were
presented using median (Me), Q1 (25th percentile), and Q3
(75th percentile). Statistical calculations were performed us-
ing the SPSS software package, version 26. Differences in
indicators between the groups were considered statistically
significant at the level of p < 0.05. Spearman correlation
analysis was used to evaluate the relationships between
the indicators. Percentage and fold changes reported in
the study were calculated based on median values of the
analyzed parameters.
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Results

Serum creatinine levels did not differ significantly across the
study groups. Glomerular filtration rate (GFR) was modestly
lower in patients with advanced CHF; however, values re-
mained consistent with generally preserved renal function
and the absence of clinically significant renal impairment.
In NYHA functional class I-Il, the serum concentration of
vitamin D was approximately 31.0 % lower compared to the
control group (p <0.001), while in class IlI-1V, this decrease
reached 2.4 fold (p < 0.001). As seen from the results, more
severe vitamin D deficiency was observed in class -1V,
with vitamin D levels being 40.7 % lower (p < 0.001) in this
group compared to class |-Il (Table 2).

In NYHA functional class I-Il, PTH levels increased
by 51.5 % (p < 0.001) and by 62.3 % (p < 0.001) in class
l1I-IV compared with the control group, with a 7.2 % higher
concentration in class IlI-1V (p = 0.099).

A8.5 % decrease in calcium concentration (p <0.001)
was observed in NYHA class IlI-IV patients, while
phosphorus levels increased by 58.6 % (p < 0.001) in
the early stages and by 62.1 % (p < 0.001) in the late
stages. Magnesium concentration was decreased by
9.3 % (p < 0.001) in patients with NYHA class I-Il and
by 16.5 % (p < 0.001) in patients with NYHA class IlI-IV
compared with the control group. Phosphorus increased
significantly compared to controls in both NYHA groups
(p <0.001) but did not differ significantly between NYHA
I-Il'and IlI-IV (p = 0.804), whereas calcium and magne-
sium levels decreased by 5.5 % (p < 0.001) and 8,0 %
(p < 0.001), respectively.

The concentration of IL-6 increased by 75.0 %
(p <0.001) in NYHA class I-Il and by 2.4 times (p < 0.001)
in class llI-IV. IL-18 levels rose by 75.2 % (p < 0.001) and
95.0 % (p <0.001), respectively, while TNF-a levels increased
by 46.0 % (p <0.001) and 62.0 % (p < 0.001), respectively. In
NYHAclass ll-1V, IL-6 levels were 37.1 % higher (p < 0.001),
TNF-a levels were 11.0 % higher (p < 0.001), IL-18 levels
were 11.3 % higher (p = 0.003) compared to class I-II.

FGF-23 levels increased by 10.8 % (p = 0.003) in
NYHA class I-Il and by 17.0 % (p < 0.001) in class IlI-IV
compared with controls, reflecting a mechanism of myocar-
dial remodeling associated with vitamin D deficiency and
phosphate dysregulation.

According to our results, VEGF-Alevels increased 4.2-
foldinNYHAclass |-l (p <0.001) and 8.6-fold in class IlI-IV
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Table 2. Some biochemical parameters in patients with CHF

Parameter, units of

measurement

Creatinine, mg/dl 0.86 0.88 0.76 0.96
p/p, -

GFR, % 97.3 96.0 81.0 112.0
p/p, =

Vitamin D, ng/ml 435 42.0 38.0 48.0
p/p,

PTH, pg/ml 384 37.7 259 50.9
p/p, -

P, mmol/l 1.14 1.16 1.05 1.23
p/p,

Ca, mg/di 9.3 9.4 8.9 9.6
p/p, =

Mg, mmol/l 0.95 0.97 0.90 1.00
p/p, =

IL-6, pg/ml 2.26 2.00 1.60 2.90
p/p, =

IL-18, pg/ml 197.0 210.0 146.9 2435
p/p, =

TNF-a, pg/ml 4.9 5.0 46 53
p/p, =

FGF-23, pg/ml 483 482 39.1 61.2
pp/p, -

VEGF-A, pg/ml 35.3 36.4 28.7 431
p/p, =

Endothelin-1, pg/ml 5.6 59 4.0 6.7
p/p, =

NYHA class I-II NYHA class IlI-IV

0.90 0.92 0.79 1.00 0.89 0.89
p=0.112 0.488/0.376
93.1 92.0 84.0 103.0 90.3 90.0
p=0.181 0.009/0.079
28.6 29.0 21.0 37.0 20.5 17.5
p <0.001 <0.001/<0.001
58.6 571 483 67.2 61.9 61.2
p <0.001 <0.001/0.099
1.89 1.84 1.50 2.31 191 1.88
p <0.001 <0.001/0.804
9.2 9.1 8.4 9.8 8.6 8.6
0.083 <0.001/<0.001
0.87 0.88 0.80 0.93 0.82 0.81
<0.001 <0.001/<0.001
3.59 3.50 3.10 4.10 4.74 4.80
<0.001 <0.001/<0.001
366.9 368.0 295.0 430.0 409.9 409.5
<0.001 <0.001/0.003
73 73 6.5 7.9 8.2 8.1
<0.001 <0.001/<0.001
55.0 53.4 48.9 62.9 58.2 56.4
0.003 <0.001/<0.001
155.2 154.4 124.0 186.5 300.5 3127
<0.001 <0.001/<0.001
9.2 9.1 7.9 10.5 1.8 1.5
<0.001 <0.001/<0.001

0.76

78.0

12.5

50.6

1.62

8.0

0.78

4.00

350.0

471

274.0

9.9

1.01

101.5

28.0

69.4

2.22

9.1

0.86

5.30

485.5

65.9

3474

13.6

v ve Ja o v Jve Ja o v Jue JoJos |

M: represents the mean value; Me: the median; Q1: the first quartile (25th percentile); Q3: the third quartile (75th percentile). p: indicates statistical significance compared with the

control group; p1: compared with patients in NYHA class I-II.

(p<0.001). VEGF-Alevels were 2.2 times higher (p <0.001)
compared to class I-Il. This indicator is explained by the
overexpression of VEGF in response to myocardial hypoxia
and pathological remodeling [15].

Endothelin-1 levels increased by 54.2 % (p < 0.001) in
NYHA class |-l and by 94.5 % (p < 0.001) in class IlI-IV.
In NYHA class IlI-IV, endothelin-1 levels were 26.4 %
(p <0.001) higher than in class I-II.

The study identified statistically significant correlations
between vitamin D deficiency and various biochemical
parameters in patients with CHF. A decrease in vitamin D
levels was accompanied by a compensatory increase in the
hormone FGF-23. FGF-23 primarily regulates phosphate
metabolism and reduces the synthesis of active forms of
vitamin D (p =-0.776, p < 0.001).

Vitamin D has immunomodulatory effects and inhibits
the synthesis of pro-inflammatory cytokines. A strong nega-
tive correlation was found between vitamin D deficiency and
elevated IL-6 levels (p =-0.751, p < 0.001). Additionally, a
decrease in vitamin D levels was associated with increased
IL-18 production (p =-0.760, p < 0.01) (Fig. 1).

TNF-a is associated with fibrosis, cell apoptosis, and
contractile dysfunction in the heart. Vitamin D has a reg-
ulatory effect on these processes (p = -0.724, p < 0.001).
VEGF-Ais involved in the regulation of angiogenesis and
vascular permeability. Its levels increase in hypoxia and
fibrosis, and this process may be associated with vitamin
D status (p =-0.347, p < 0.001).
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The study investigated the correlations between
vitamin D levels and biochemical parameters in patients
with CHF. A positive correlation between FGF-23 and IL-6
(p=10.898, p <0.001) indicates a simultaneous increase in
fibrosis and inflammation. A strong positive correlation was
found between IL-6 and IL-18 (p = 0.954, p < 0.001), as
well as between IL-6 and VEGF-A (p = 0.513, p < 0.001),
suggesting an interdependence between inflammation and
angiogenesis processes. Furthermore, positive correlations
between TNF-a and VEGF-A (p =0.596, p<0.01), and IL-18
and VEGF-A (p=0.512, p < 0.001) confirm the link between
vascular structural changes, fibrosis, and angiogenesis.
The level of Endothelin-1 increases with the clinical class
of CHF, which is inversely proportional to vitamin D levels
(p=-0.515; p < 0.001) [11,16,17].

Vitamin D also plays a role in maintaining calcium
metabolism and the electrophysiological stability of the
myocardium. Additionally, it slows the progression of
HF by inhibiting the renin — angiotensin — aldosterone
system. As vitamin D levels increase, the EF of the
heart improves, indicating enhanced contractile function
(p=0.154, p=0.034).

Anegative correlation was observed between EF and
the levels of IL-6 and TNF-a. This indicates that an increase
in pro-inflammatory cytokines contributes to myocardial cell
apoptosis, reduced contractile function, and the develop-
ment of fibrosis. Thus, as inflammation levels rise, EF de-
creases. In these patients, a significant negative correlation
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Fig. 1. Correlation of vitamin D with IL-6 and IL-18 levels.
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was found between EF and IL-6 (p = -0.156, p = 0.027),
as well as between EF and TNF-a (p =-0.210, p = 0.003).

The negative correlation between EF and FGF-23
(p =-0.169, p = 0.017) indicates that an increase in this
hormone contributes to myocardial hypertrophy and di-
astolic dysfunction, ultimately leading to a decline in EF.
A weak negative correlation was also observed between
EF and VEGF-A (p =-0.185, p = 0.009). Although VEGF-A
stimulates angiogenesis in hypoxic tissues, its compensa-
tory increase under CHF conditions does not significantly
improve overall cardiac function.

Discussion

The results of the conducted study showed that vitamin
D deficiency in patients with CHF worsens in parallel
with the functional stages of the disease. These findings
demonstrate that the effects of vitamin D on cardiovas-
cular health are not limited to bone metabolism but also
influence myocardial structure, cellular signaling pathways,
and immune balance [18,19]. The active form of vitamin
D, 1,25-dihydroxyvitamin D (1,25(0H),D,), regulates
calcium and phosphorus homeostasis through VDR, and
also influences the renin — angiotensin — aldosterone sys-
tem, oxidative stress, and the production of inflammatory
cytokines [20].

In our study, a decrease in calcium concentration was
observed in NYHA functional class IlI-IV, while phosphorus
levels increased in the early stages. In functional class Ill-
IV, phosphorus concentration did not change significantly,
whereas calcium and magnesium levels decreased. These
changes are indicative of the syndrome of hypocalcemia,
hypomagnesemia, and hyperphosphatemia associated
with vitamin D deficiency, and in this context, an increase
in FGF-23 levels is a natural consequence [21]. PTH levels
increased in patients with CHF. The results indicate that
PTH levels are elevated in patients with CHF, particularly
in those with NYHA class llI-IV. Itis well known that vitamin
D, especially its active form 1,25(0H),D,, directly regulates
parathormone secretion. It suppresses PTH gene transcrip-
tion via VDR in parathyroid cells. When there is a deficiency
of vitamin D, PTH levels increase, leading to secondary
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hyperparathyroidism. Vitamin D deficiency causes an im-
balance in the regulation of PTH levels.

FGF-23 is primarily synthesized by osteocytes and
osteoblasts. Its main role is to regulate phosphate ho-
meostasis and vitamin D metabolism. FGF-23 reduces
phosphate reabsorption in the kidneys and inhibits the
synthesis of 1,25(0OH),D,. In CHF, elevated FGF-23 levels
are associated with left ventricular hypertrophy, fibrosis,
and electrophysiological changes in the heart muscle. The
receptor for FGF-23 in the heart can be activated even in
the absence of the klotho cofactor, leading to direct myocar-
dial injury and remodeling [22]. According to the literature,
FGF-23 is directly involved in promoting left ventricular
hypertrophy and fibrosis in the myocardium and may also
activate pro-inflammatory signaling pathways [23]. These
findings are consistent with other studies demonstrating the
association between elevated FGF-23 and adverse cardio-
vascular remodeling in CHF patients [10,21,22].

Inflammatory mechanisms play a key role in the patho-
genesis of CHF. Vitamin D regulates the function of the
monocyte—macrophage system and inhibits the synthesis of
pro-inflammatory cytokines such as IL-6, IL-18, and TNF-a
[16,24]. We revealed that the levels of these cytokines pro-
gressively increased in accordance with the NYHA function-
al classes. IL-6 functions as both a pro-inflammatory and an
anti-inflammatory cytokine. It is synthesized by monocytes,
macrophages, endothelial cells, and T cells, and stimulates
the production of acute-phase proteins as well as the ac-
tivation of hepatocytes. During CHF, IL-6 levels increase,
which can lead to cardiomyocyte apoptosis, progression
of myocardial fibrosis, and left ventricular dysfunction.
Furthermore, IL-6 may contribute to endothelial dysfunction
by accelerating the production of reactive oxygen species
[25,26,27]. These observations are in line with prior studies
linking pro-inflammatory cytokine elevation to myocardial
remodeling and impaired contractility in CHF [26].

IL-18 is a pro-inflammatory cytokine activated by in-
flammasomes and secreted by macrophages. It primarily
stimulates the Th1-type immune response and enhances
the synthesis of interferon-gamma. Elevated levels of
IL-18 are associated with endothelial dysfunction, myocar-
dial injury, and the progression of ventricular hypertrophy.
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Moreover, IL-18 contributes to cardiomyocyte apoptosis and
induces fibrotic changes in the myocardium [28,29]. TNF-a
is a potent pro-inflammatory cytokine, mainly secreted by
monocytes and macrophages. It enhances the inflamma-
tory response by activating the NF-kB signaling pathway
in target cells, stimulates apoptosis, and can lead to tissue
damage. TNF-a exerts a negative inotropic effect on the
myocardium, promotes cardiomyocyte apoptosis, and ac-
celerates left ventricular remodeling. It is also associated
with NO synthesis and endothelial dysfunction [30,31,32].

Thus, these cytokines contribute both to cardiomyo-
cyte apoptosis and to ventricular dilation and contractile
dysfunction. The elevated cytokine levels observed during
CHF indicate that vitamin D deficiency plays a significant
role in the development of immune-inflammatory imbalance
in CHF [33]. This aligns with previous research emphasizing
the interplay between vitamin D deficiency, inflammation,
and adverse cardiac outcomes in CHF patients [11,16,28].

In addition, the elevation of VEGF-A levels is one of
the key findings of our study. VEGF-A is a major regulatory
molecule that stimulates angiogenesis. It promotes en-
dothelial cell proliferation, migration, and the formation of
new capillary vessels. The effect of VEGF-A on the vascular
endothelium is associated with angiogenesis, capillary
leakage, and impaired myocardial perfusion. According to
our results, VEGF-A and endothelin-1 levels increased in
patients with CHF. This indicator is explained by the over-
expression of VEGF in response to myocardial hypoxia and
pathological remodeling [15]. During CHF, the elevation
of VEGF-A levels is considered a response to myocardial
hypoxia. VEGF-A enhances the process of angiogenesis
in an attempt to improve myocardial perfusion. However,
persistently high levels of VEGF-A may lead to pathological
neovascularization and further aggravation of myocardial
dysfunction [34,35,36]. These findings are consistent with
previous reports on the role of angiogenic factors in CHF
progression [15,34].

Endothelin-1 is a potent vasoconstrictor, promotes
endothelial dysfunction, and increases cardiac workload.
In CHF, elevated endothelin-1 levels are associated
with left ventricular hypertrophy, fibrosis, and myocardial
dysfunction. Due to vitamin D deficiency, high levels of
pro-inflammatory cytokines can inhibit endothelin-1 syn-
thesis both directly and indirectly. Vitamin D deficiency also
reduces endothelial NO synthesis, which contributes to
increased ET-1 levels [37,38,39]. These results corroborate
current understanding of the interaction between vitamin
D status, endothelial function, and vascular remodeling in
CHF [37,38].

Recent evidence highlights that vitamin D plays a crucial
role not only in bone metabolism but also in cardiovascular
health, influencing myocardial structure, immune-inflam-
matory balance, and risk reduction in HF [17]. In line with
this, S. R. Desai et al. emphasize that vitamin D deficiency
exacerbates inflammation and diminishes the endogenous
regenerative capacity of the myocardium in patients with
coronary heart disease. These mechanisms may contrib-
ute to adverse cardiac remodeling and the progression of
HF, underscoring the importance of maintaining adequate
vitamin D levels in patients with CHF [16].

Our study identified statistically significant correlations
between vitamin D deficiency and various biochemical pa-
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rameters in patients with CHF. Collectively, these findings
support the notion that vitamin D deficiency contributes to
maladaptive cardiac remodeling, immune-inflammatory
imbalance, and endothelial dysfunction, confirming obser-
vations from contemporary literature [1,19,39]. Therefore,
maintaining sufficient vitamin D status may represent a
potential strategy to mitigate inflammation, preserve myo-
cardial function, and improve cardiovascular outcomes in
CHF patients.

Conclusions

1. In patients with chronic heart failure, vitamin D
deficiency increased in parallel with the worsening of the
disease according to NYHA functional classes. This defi-
ciency was closely associated with disturbances in mineral
metabolism (calcium, phosphorus, magnesium), hormonal
indicators (PTH, FGF-23), and inflammatory markers.

2. Vitamin D levels positively correlated with ejection
fraction and were inversely associated with increased levels
of FGF-23 and pro-inflammatory cytokines (IL-6, TNF-q,
IL-18), highlighting its regulatory role in myocardial function
and its interaction with hormonal and inflammatory pathways.

3. Although the increase in VEGF-A levels with advanc-
ing NYHA functional classes suggests enhanced angiogen-
esis in hypoxic and fibrotic processes, this elevation did not
show a significant impact on cardiac output.

4. The obtained results further emphasize the complex
regulatory role of vitamin D in heart failure, its influence
on electrolyte balance, hormonal and inflammatory mech-
anisms, and its vital importance in maintaining cardiac
function.

5. Elevated endothelin-1 levels in NYHA classes
lI-1V were observed in parallel with vitamin D deficiency,
suggesting its association with disease severity and po-
tential interaction with vitamin D-related pathophysiological
mechanisms.
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