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Abstract: Background: Patients with end-stage chronic diseases, especially those undergo-
ing hemodialysis (HD), often experience mineral bone disease (MBD), leading to hypocal-
cemia, hyperphosphatemia, and elevated parathyroid hormone (PTH). Vitamin D defi-
ciency and metabolism disorders are also common, resulting from impaired conversion of
25(OH)D3 to its active form, 1,25(OH)2D3, and reduced inactivation to 24,25(OH)2D3. This
study aimed to assess the levels of 25(OH)D2, 25(OH)D3, 24,25(OH)2D3, 3-epi-25(OH)D3,
and the vitamin D metabolism ratio (VMR) in patients with maintenance HD. Methods: A
cross-sectional study was conducted on 66 HD patients (22–90 years, average 61.3 ± 16.4),
with a control group of 206 adults without chronic kidney disease (CKD), both with-
out cholecalciferol supplementation. Results: the HD patients had significantly lower
25(OH)D3 levels (15 ng/mL vs. 22 ng/mL) and higher deficiency rates (69% vs. 39%)
compared to the controls. However, both groups showed similarly low levels of optimal
vitamin D3. The HD patients had lower 24,25(OH)D3 levels (0.1 vs. 2.1 ng/mL) and a lower
VMR (0.9% vs. 9%). 3-epi-25(OH)D3 levels and its ratio to 25(OH)D3 were significantly
lower in the HD group. Alphacalcidol supplementation raised 1,25(OH)2D3 levels (30.4 vs.
16.2 pg/mL) without affecting other vitamin D metabolites. The HD patients had higher
levels of 25(OH)D2 compared to the controls (0.61 vs. 0.31 ng/mL). Conclusions: Vitamin
D3 reserves are lower, and both functional deficiency and impaired catabolism of vitamin
D3 are present in HD patients compared to the general population. The VMR index is the
most sensitive parameter for vitamin D3 deficiency assessment, highlighting the impor-
tance of measuring 24,25(OH)D3. Alphacalcidol supplementation increases 1,25(OH)2D3
levels without affecting other vitamin D metabolites. 25(OH)D2 is the only metabolite that
was higher in HD patients than the controls.

Keywords: vitamin D metabolite ratio; 3-epi-25(OH)D3; 24,25(OH)2D3; 25(OH)D3;
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1. Introduction
Vitamin D (ergocalciferol and cholecalciferol) describes a group of fat-soluble secos-

teroids that maintain bone health by regulating calcium and phosphate metabolism. The
active form of vitamin D, calcitriol (1,25(OH)2D3), increases renal phosphate reabsorption,
as well as intestinal phosphate and calcium absorption [1]. It is estimated that optimal
levels of vitamin D (in optimal level) enhance calcium levels by 30–40%, and phosphate
absorption by 80% [2].

Cholecalciferol (vitamin D3) is synthesized in skin cells from 7-dehydrocholesterol as a
result of ultraviolet B radiation (UVB). It is then converted by hepatic 25-alpha-hydroxylase
into calcifediol (25(OH)D3). Ergocalciferol (vitamin D2) does not undergo photoisomeriza-
tion in skin cells. Its main sources include plant-based products, mushrooms, and dietary
supplements [3].

Calcifediol (25(OH)D) obtained from both vitamin D2 and D3 is hydroxylated by
1-alpha-hydroxylase to 1,25(OH)2D3 in the proximal convoluted tubule [4]. Through
a feedback inhibition mechanism, 1,25(OH)2D3 limits its own production by inhibiting
CYP27B1 and upregulating the expression of CYP24A1. The latter encodes 24-hydroxylase,
responsible for inactivating calcitriol to 24,25-dihydroxycholecalciferol [5]. In patients
with chronic kidney disease (CKD), the level of 1,25(OH)2D3 is significantly reduced in
proportion to the stage of kidney damage. This is mainly caused by the gradual loss of
nephrons and an increased level of fibroblast growth factor-23 (FGF-23), which decreases
the activity of 1-alpha-hydroxylase [6,7]. As a result of the worsening calcitriol deficit, sec-
ondary hyperparathyroidism (SHPT) develops, especially in dialyzed patients. CKD affects
over 10% of the global population, accounting for more than 800 million individuals [8],
of whom 4 million receive renal replacement therapy, with 70% undergoing hemodialysis
(HD) [9,10].

The assessment of vitamin D status is essential for the prevention and treatment of
SHPT. 25(OH)D3 is primarily used to evaluate the body’s vitamin D3 reserves and its
adequate intake, serving as a relatively inflexible marker that does not adequately reflect
functional disturbances in calcium–phosphate metabolism, unlike 1,25(OH)2D3 [11]. How-
ever, due to its short half-life and very low serum levels, KDIGO still recommends using
25(OH)D3 to assess vitamin D3 levels in patients with CKD, as in the general popula-
tion [12,13]. In light of this information, it would be beneficial to develop a compound that
combines the advantages of the aforementioned metabolites while avoiding their defects.

24,25(OH)2D3 is a promising biomarker for assessing vitamin D metabolism activity,
particularly in patients with CKD. The vitamin D metabolite ratio (VMR), defined as the
proportion of 24,25(OH)2D3 to 25(OH)D3, provides a more accurate measure of vitamin
D adequacy than 25(OH)D3 alone, as it is less influenced by confounding factors like
variability in vitamin D binding protein (VDBP) levels [14]. CYP24A1 (24-hydroxylase),
the key enzyme responsible for catabolizing 25(OH)D3 and 1,25(OH)2D, plays a central
role maintaining plasma vitamin D homeostasis through a negative feedback mechanism.
Its transcription is induced by high levels of calcitriol and FGF-23, but it is suppressed
by parathyroid hormone (PTH) [15]. In CKD, reduced CYP24A1 activity is driven by
low calcitriol, high PTH, decreased renal mass, and an impaired delivery of 25(OH)D3 to
tubular cells. This leads to lower 24,25(OH)2D3 levels despite 25(OH)D3 concentrations
being comparable to the general population. Consequently, dialysis patients should exhibit
very low VMR values [15–17]. Notably, higher VMR levels are correlated with reduced
risks of fractures, slower CKD progression, and lower overall mortality, correlations not
observed with 25(OH)D3 levels. This further underscores its clinical relevance [14].

The metabolite 3-epi-25(OH)D3, also referred to as the 3-epimeric form of 25-
hydroxyvitamin D3, is a structural variant of 25(OH)D3, differing only in its stereochem-
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istry at the C3 position. This epimer arises through a process of epimerization and ex-
hibits unique biological characteristics. Compared to 25(OH)D3, 3-epi-25(OH)D3 has a
diminished capacity to increase calcium levels in the blood and has less potent effects on
genes sensitive to the vitamin D receptor. Nevertheless, it retains comparable efficacy to
1,25(OH)2D3 in suppressing PTH gene transcription, suggesting a potential protective
role against hypercalcemia in cases of hypervitaminosis D3. Current data suggest that
high vitamin D levels do not significantly affect the percentage of 3-epi-25-OH-D3, despite
high absolute concentrations [18]. The studies suggest that the ratio of 3-epi-25(OH)D3
to 25(OH)D3 may provide valuable insights for a more precise assessment of vitamin D
status [19].

It seems reasonable to identify a better indicator for the evaluation of vitamin D activity
in the CKD population, especially in dialyzed patients, to improve diagnostic approaches
and treatment outcomes. The aim of this study was to demonstrate differences in the con-
centrations of vitamin D metabolites between dialyzed patients and the general population,
especially in terms of 24,25(OH)D3 levels and VMR values, as well as epi-25(OH)D3 and
epi-25(OH)D3/25(OH)D3, to determine their usefulness in assessing vitamin deficiencies.

2. Materials and Methods
We enrolled 66 adults HD patients and 206 healthy participants as the control in

this cross-sectional study. All patients provided informed consent to participate in the
study. The study received ethical approval No. NKBBN/96/2020, prepared by the Bioethic
Committee of Medical University of Gdansk, Poland.

The study group consisted of 66 adult HD patients aged 22 to 90 years, with an
average age of 61.3 ± 16.4 years, and 38 (57.6%) were male. Patients were hemodialyzed at
the Dialysis Centre of the Department of Nephrology and Transplantology and Internal
Diseases of the University Clinical Center in Gdańsk, Poland, between July and December
2021. HD was performed 3 times per week (high-flux dialyzer, 12–14 h per week). The mean
Kt/V (parameter to measure dialysis adequacy, evaluating the removal of urea relative to
the patient’s total body water) was 1.63 ± 0.29. (reference value Kt/V ≥ 1.2) [20]. Kt/V was
calculated according to following formula: K: the clearance rate (mL/min), representing
the volume of plasma cleared of urea per minute by the dialyzer; t (time): the duration of a
single HD session (typically in hours), V (volume of urea distribution): the estimated total
body water volume, usually 55–60% of body weight for adults.

Twenty-five (37.9%) of the patients, due to SHPT, were administered the active form
of vitamin D (alphacalcidol) at a mean dose of 0.25 mcg per day for at least 3 months.
All HD patients were under the regular care of a renal dietitian. The standard dietary
recommendations included a phosphate intake of up to 1000 mg/day, protein intake of ap-
proximately 1.0–1.3 g/kg body weight, and potassium intake of 2–2.5 g/day. Additionally,
in our center, nutritional status was assessed using the Subjective Global Assessment (SGA)
every 6–12 months. None of the patients met the criteria for severe malnutrition, which
was an exclusion criterion for the study. In the HD group, the primary causes of CKD
were diabetes (38.5%), atherosclerotic nephropathy (16.9%), glomerulonephritis (11.2%),
autosomal dominant polycystic kidney disease (7.5%), vasculitis (4.6%), and unknown
etiology (21.3%). Additionally, 91.5% of patients suffered from hypertension. The inclusion
criteria were as follows: patient consent for participation in the study, a minimum age of
18 years, at least 6 months of HD treatment, regular HD treatment (3 times per week), and a
Kt/V value ≥ 1.2. Exclusion criteria included lack of consent, dialysis treatment duration of
less than 6 months, having spent more than 5 days in a high-temperature country located in
the warm temperate, subtropical, or tropical zone within the last 3 months, diseases: (liver
insufficiency, liver disease (hemochromatosis, Wilson’s disease), autoimmune diseases
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requiring immunosuppressive therapy), severe malnutrition, use of cholecalciferol or other
vitamin D forms other than alphacalciol, diseases affecting calcium–phosphate imbalance
(sarcoidosis, Fanconi syndrome, Crohn’s disease and ulcerative colitis, multiple myeloma,
tumors producing PTHrP, or sarcoidosis), advanced-staged cancer, and liver insufficiency.
The details are partly presented in Figure 1 and Table 1.
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and 24,25(OH)2D3/25(OH)D3 (VMR were available for 56 patients).

Table 1. The characteristics of the study group and summary of the laboratory findings.

HD Group
n = 66 Reference Range

males n(%) 38 (57.6%)

age [years]
(average ± SD)
(median)

61.3 ± 16.4
67 not applicable

Hgb [g/dL] (median)
(Q1;Q3)

10.65
9.9; 11.6 12–15

therapy with erythropoetin
n(%)

50
(75.8%) not applicable

WBC [G/L] (median)
(Q1;Q3)

PLT [G/L] (median)
(Q1;Q3)

6.45
5.5; 7.98

206
172; 262

4–10

150–410

residual diuresis (>500 mL/day)
n(%)

24
(36.3%) not applicable
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Table 1. Cont.

HD Group
n = 66 Reference Range

Kt/V (median)
(Q1;Q3)

1.63
1.46; 1.8 >1.2

CRP [mg/L] (median)
(Q1;Q3)

4
2; 9.8 <5

Pi [mg/dL] (median)
(Q1;Q3)

5.2
4.4; 6.3 2.5–4.5

Ca [mg/dL] (median)
(Q1;Q3)

8.9
8.6; 9.5 8.5–10.2

The control group consisted of 206 randomly enrolled adults without CKD aged from
29 to 86 years old, with an average age of 60.8 ± 13.7 years; 101 (37.1%) of them were males.
None of the participants were using any form of vitamin D or any medications that directly
affect calcium–phosphorus metabolism, nor were they following any specific diet.

Patients were subjected to a complete history review regarding the usage of vitamin D,
and peripheral blood samples were analyzed for the concentrations of vitamin D metabo-
lites, including 25(OH)D2, 25(OH)D3, 24,25 (OH)2D3, 3-epi-25(OH)D3, and 1,25(OH)2D3
in the HD group.

2.1. Sample Collection and Measurements of CBC, CRP, Phosphate, and Total Calcium

Blood was taken from the patients’ veins and collected in tubes appropriate for bio-
chemical analysis (e.g., serum or plasma tubes). The blood samples were centrifuged at
1500–2000× g for a duration of 10–15 min to separate serum or plasma. The measurements
were immediately performed in the hospital laboratory. Total calcium was determined
using a colorimetric method, where calcium reacts with a specific reagent (e.g., arsenazo
III), resulting in a color change proportional to calcium concentration, which is measured
spectrophotometrically. Phosphates were measured using a colorimetric assay, where they
react with ammonium molybdate in an acidic environment to form a complex that can
be measured spectrophotometrically. Complete blood count (CBC) was performed using
an automated hematology analyzer, which applies electrical impedance and flow cytom-
etry methods to determine blood cell counts and morphological parameters. C-reactive
protein (CRP) concentrations were measured using an immunoturbidimetric assay, in
which CRP reacts with specific antibodies, causing turbidity changes that are measured
spectrophotometrically.

2.2. Sample Collection and Measurements of Vitamin D Metabolites Levels

Blood (9 mL) was collected once, in the morning. Venous blood samples were collected
into S-Monovette® tubes (Sarstedt, Nümbrecht, Germany) containing a coagulation acceler-
ator for serum separation. The serum was processed using standard methods, aliquoted,
and stored at −80 ◦C until analysis.

Sample preparation involved serum protein precipitation and derivatization using
DAPTAD (synthesized by Masdiag, Warsaw, Poland). Quantitative analysis was performed
via liquid chromatography–tandem mass spectrometry (LC-MS/MS, QTRAP®4500, Sciex
coupled with an ExionLC HPLC system), with minor modifications based on a previously
published method [21]. Raw data were processed with Analyst®, and quantification
was performed with MultiQuant® (Version 3.0.3, Framingham, MA, USA). LC-MS-grade
reagents, including acetonitrile (ACN), water, ethyl acetate, methanol, and formic acid (FA),
were used.
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The analysis measured 25(OH)D3, 24,25(OH)2D3, 3-epi-25(OH)D3, 25(OH)D2, VMR,
and 3-epi-25(OH)D3 to 25(OH)D3. Vitamin D metabolite concentrations were corrected for
changes in plasma volume [22].

The VMR was calculated by dividing the 24,25(OH)2D3 concentration by the
25(OH)D3 concentration and then multiplying it by 100% [23].

2.3. Statistical Analysis

For the statistical analysis, the Shapiro–Wilk test (S-H test) was used to check the nor-
mality of the distribution of variables. Since the data did not follow a normal distribution,
the median values were reported, and the non-parametric Mann–Whitney U test (M-W test)
was employed to assess the statistically significant difference in the vitamin D parameter
levels between patients in the control group and the study group. To assess statistically
significant differences in the vitamin D metabolite levels in the HD group (between sub-
groups supplementing alfadiol and not supplementing alphacalcidol), the M-W test was
used. To assess the correlation between vitamin D metabolites in the study and control
group, Spearman’s rank correlation coefficient was used. A very high correlation strength
was defined between 0.7 < rho < 1.0, high correlation between 0.5 < rho < 0.7, medium
correlation between 0.3 < rho < 0.5, and low correlation was 0.1 < rho < 0.3. Statistical
significance was set at p < 0.05.

To assess whether differences in gender distribution between the groups could have
influenced metabolite levels, we performed a Mann–Whitney test, treating gender as an
independent variable and metabolite levels as dependent variables. The analysis revealed
no statistically significant differences in metabolite levels between males and females
(p > 0.05), indicating that gender differences between the groups did not affect the study
outcomes. All calculations were performed using IBM SPSS Statistics (Version 30.0.0,
Armonk, NY, USA) and Jamovi (Version 2.6.25, Sydney, NSW, Australia) statistical software
for Windows, provided by the Centre of Biostatistics and Bioinformatics Analysis at the
Medical University of Gdańsk.

3. Results
3.1. 25(OH)D3 Levels in Studied Groups

The median level of 25(OH)D3 in the HD group was statistically significantly lower
than in the control group (14.6 [9.31–25.27] vs. 22.89 [16.2–29.6], p < 0.001) [ng/mL]. This is
shown in Figure 2 and Table 2. A suboptimal level (deficiency and insufficiency at <20 and
between 20 and 30 ng/mL, respectively) of 25(OH)D3 affected 79.6% of participants in the
control group and 81.8% in the HD group. Vitamin D deficiency was observed in 39.8% of
the control group and 68.2% of the HD group, while vitamin D insufficiency was found in
35.9% of the control group and 12.1% of the HD group (Table 3).

Table 2. Characteristics of the study and control group and summary of vitamin D metabolites. * the
data for 24,25(OH)2D3 and VMR were available for 56 patients.

All Participants
n = 272

HD Group
n = 66

Control Group
n = 206

p-Value
(Test M-W)

males (n%) 101 (37.1%) 38 (57.6%) 63 (30.6%) 0.001

age [years]
(average ± SD

median)
60.9 ± 14.4

65
61.3 ± 16.4

67
60.8 ± 13.7

65
0.807

25(OH)D3 [ng/mL] (median)
(Q1;Q3)

20.80
13.55; 29.55

14.57
9.31; 25.27

22.89
16.17; 29.64 0.0001
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Table 2. Cont.

All Participants
n = 272

HD Group
n = 66

Control Group
n = 206

p-Value
(Test M-W)

25(OH)D2 [ng/mL] (median)
(Q1;Q3)

0.39
0.24; 0.66

0.61
0.46; 0.93

0.31
0.21; 0.53 0.0000

epi-25(OH)D3 [ng/mL] (median)
(Q1;Q3)

0.75
0.39; 1.42

0.40
0.29; 0.67

0.96
0.52; 1.6 0.0000

epi-25(OH)D3/25(OH)D3 3.72 [%] 2.77 [%] 4.59 [%] 0.0000

24,25(OH)2D3 [ng/mL] (median)
(Q1;Q3)

1.50
0.73; 2.60

0.10 *
0.06; 0.31

2.09
1.30; 3.04 0.0000

24,25(OH)2D3/25(OH)D3 (VMR)
(median)
(Q1;Q3)

8.24%
1.28%; 9.82%

0.91% *
0.37%; 1.40%

9.21%
5.23%; 10.22% 0.0000

Table 3. Vitamin D status categories and prevalence.

25(OH)D3 Control Group [n]/%
n = 206

Study Group (HD)
[n]/%
n = 66

deficiency < 20 ng/mL 82/39.8% 45/68.2%
insufficiency 20–30 ng/mL 74/35.9% 8/12.1%
sufficiency 30–50 ng/mL 44/21.4% 12/18.2%

high supply 50–100 ng/mL 6/2.9% 1/1.5%
toxicity > 100 ng/mL 0 0
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3.2. Vitamin D Metabolites and Vitamin D Metabolites Ratios (24,25(OH)2D3 to 25(OH)D3,
epi-25(OH)D3/25(OH)D3) in Studied Groups

The median level of 24,25(OH)2D3 [ng/mL] in the HD group was statistically sig-
nificantly lower than in the control group (0.1 [0.06–0.31] vs. 2.09 [1.30–3.04], p < 0.001)
(Figure 3 and Table 2). The median level of the VMR was lower in the HD group in com-
parison to the control population, as shown in Table 2. The median level of epi-25(OH)D3
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[ng/mL] in the HD group was statistically significantly lower than in the control group
(0.40 [0.29–0.67] vs. 0.96 [0.52–1.6], p < 0.001), as shown in Table 2.
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3.3. 25(OH)D2 Level in Studied Groups

The median level of 25(OH)D2 [ng/mL] in patients from the HD group was statistically
significantly higher than in the control group (0.61 [0.46–0.93] vs. 0.31 [0.21–0.53], p < 0.001)
(Table 2 and Figure 4). The current literature and guidelines from scientific organizations,
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such as the Endocrine Society and the National Institutes of Health, do not provide specific
reference ranges for 25(OH)D2 [12].

3.4. 1,25(OH)2D3 in HD Patients Supplemented with Alphacalcidol

The median level of 1,25(OH)2D3 [pg/mL] in the HD group was 21.4 pg/mL
(Table 4). The median level of 1,25(OH)2D3 [pg/mL] in patients supplemented with
alphacalcidol was statistically significantly higher compared to those not receiving the drug
(30.4 [25.2–56.5] vs. 16.2 [12.8–26.2], p < 0.01).

Table 4. Comparison of the vitamin D metabolites in HD patients with and without alphacalcidol
supplementation.

Metabolite
Alphacalcidol

Supply;
n = 25

Without
Alphacalcidol;

n = 41

HD Group;
n = 66 p-Value

1,25(OH)2D3
[pg/mL] 30.4 16.2 21.4 p < 0.01

25(OH)D3 [ng/mL] 14.06 14.94 14.57 p > 0.05
24,25(OH)2D3

[ng/mL] 0.15 0.14 0.14 p > 0.05

VMR 0.87% 0.96% 0.91% p > 0.05
3-epi-25(OH)D3 0.42 0.38 0.40 p > 0.05

However, there was no statistically significant difference in the median concentrations
of the metabolites: 25(OH)D3, 24,25(OH)2D3, 3-epi-25(OH)D3, and the VMR between these
patients (Table 4).

Therefore, we compared the metabolites in the HD group to those of the general
population, despite some patients using alphacalcidol. This approach was justified as the
supplementation did not influence the metabolite concentrations, allowing for a unified
analysis across the dialysis cohort.

3.5. Correlations Between Studied Parameters

In the present study, no correlation was found between the concentration of vitamin D
metabolites and the patient’s gender and age.

There was a statistically significant (p = 0.003) positive correlation between the levels
of 1,25(OH)2D3 and 25(OH)D3. Spearman’s rank correlation coefficient was 0.383.

There was a statistically significant (p < 0.001) positive correlation between the levels of
24,25(OH)2D3 and 25(OH)D3 in the HD group, and Spearman’s rank correlation coefficient
for these variables was high, 0.714. Also, in the control group, there was a statistically
significant positive correlation (p < 0.001) between 24,25(OH)2D3 and 25(OH)D3 levels,
with Spearman’s R = 0.885 (Figure 5).

There was no statistically significant (p = 0.150) correlation between the levels of
25(OH)D2 and 25(OH)D3 in the HD group, and Spearman’s rank correlation coefficient
for these variables was −0.179. Also, in the control group, there was not a statistically
significant correlation (p = 0.513) between 25(OH)D2 and 25(OH)D3 levels, with Spearman’s
R = −0.046.
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There was a statistically significant (p < 0.001) correlation between the levels of 3-epi-
25(OH)D3 and 25(OH)D3 in the HD group, and Spearman’s rank correlation coefficient for
these variables was 0.915. Also, in the control group, there was a statistically significant
positive correlation (p < 0.001) between 3-epi-25(OH)D3 and 25(OH)D3 levels, with R
Spearman’s = 0.776 (Figure 6).

Nutrients 2025, 17, x FOR PEER REVIEW 12 of 22 
 

 

Table 5. Correlations between studied parameters according to Spearman’s coefficient. 

Metabolite HD Group (R, p-
Value) 

Control Group (R, 
p-Value) 

Interpretation 

24,25(OH)2D3 and 
25(OH)D3 

R = 0.714 
p < 0.001 

R = 0.885  
p < 0.001 

Statistically significant 
positive correlation in both 

groups. 
25(OH)D2 and 

25(OH)D3 
R = −0.179 
p = 0.150 

R = −0.046 
p = 0.513 

No statistically significant 
correlation in either group. 

3-epi-25(OH)D3 and 
25(OH)D3 

R = 0.915 
p < 0.001 

R = 0.776 
p < 0.001 

Statistically significant 
positive correlation in both 

groups. 

24,25(OH)2D3 and 
3-epi-25(OH)D3 

R = 0.692 
p < 0.001 

R = 0.780 
p < 0.001 

Statistically significant 
positive correlation in both 

groups. 

1,25(OH)2D3 and 
25(OH)D3 

R = 0.383 
p < 0.003 

lack of data for 
control group 

Statistically significant 
positive correlation in HD 

group 

 

Figure 5. Comparison of correlation between 25(OH)D3 and 24,25(OH)2D3 in HD and control 
group. 

 

Figure 6. Comparison of correlation between 25(OH)D3 and 3-epi-25(OH)2D3 in HD and con-
trol group.

There was a statistically significant (p < 0.001) positive correlation between the of
24,25(OH)2D3 and 3-epi-25(OH)D3 levels in the HD group, and Spearman’s rank coefficient
for these variables was 0.692. Additionally, in the control group, there was statistically
significant positive correlation (p < 0.001) between 24,25(OH)2D3 and 3-epi-25(OH)D3
levels, with Spearman’s R = 0.780 (Table 5).
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Table 5. Correlations between studied parameters according to Spearman’s coefficient.

Metabolite HD Group
(R, p-Value)

Control Group
(R, p-Value) Interpretation

24,25(OH)2D3 and
25(OH)D3

R = 0.714
p < 0.001

R = 0.885
p < 0.001

Statistically significant positive
correlation in both groups.

25(OH)D2 and 25(OH)D3 R = −0.179
p = 0.150

R = −0.046
p = 0.513

No statistically significant
correlation in either group.

3-epi-25(OH)D3 and
25(OH)D3

R = 0.915
p < 0.001

R = 0.776
p < 0.001

Statistically significant positive
correlation in both groups.

24,25(OH)2D3 and
3-epi-25(OH)D3

R = 0.692
p < 0.001

R = 0.780
p < 0.001

Statistically significant positive
correlation in both groups.

1,25(OH)2D3 and
25(OH)D3

R = 0.383
p < 0.003

lack of data for
control group

Statistically significant positive
correlation in HD group

4. Discussion
As CKD progresses, tubular phosphate excretion is less effective, leading to hyper-

phosphatemia, which in turn contributes to the increased release of PTH and FGF-23 to
maintain normophosphatemia by increasing the phosphaturic effect (this action becomes in-
sufficient starting from stage 4 CKD) [11] and activity of renal CYP24A1, which encodes the
24-hydroxylase, resulting in calcitriol inactivation and acting as a main inhibitor of 1-alpha
hydroxylase [5]. Concomitant hyperphosphatemia, reduced renal 1 alpha hydroxylase
(CYP27B1) activity, and hypocalcemia (secondary to low calcitriol) are directly responsible
for the increased release of PTH, leading to SHPT.

Moreover, SHPT can lead to vascular calcification, contributing to significant car-
diovascular mortality in patients with CKD [24], as well as to bone disease, consequently
increasing the risk of fractures [25]. Nevertheless, an increased PTH concentration is usually
not enough to normalize phosphate and calcium levels; therefore, the most common set of
laboratory abnormalities in CKD includes hypocalcemia, hyperphosphatemia and signifi-
cantly elevated PTH with vitamin D deficiency. The above-mentioned calcium-phosphate
metabolism disorders, in the setting of CKD, are referred to as CKD-MBD (chronic kidney
disease-mineral bone disorder) [5].

4.1. 25(OH)D3

The measurement of 25(OH)D3 is the most reliable indicator of vitamin D status
due to its long half-life (3 weeks) [26,27]. While it reflects dietary vitamin D supply, it
is not the most active metabolite, nor is its synthesis regulated by feedback mechanisms.
This makes 25(OH)D3 less effective in assessing mineral and bone disorders compared
to 1,25(OH)2D3 [28]. Despite this, KDIGO recommends its use for evaluating vitamin D
status [13]. The National Institute of Health defines vitamin D deficiency (level < 20 ng/mL)
and insufficiency as 20 to 30 ng/mL [29]. Based on these thresholds, in our study, subopti-
mal levels (<30 ng/mL) were common in both the general population and dialysis patients,
with deficiency being significantly higher in dialysis patients (68% vs. 40%). The 25(OH)D3
levels in dialysis patients were significantly lower than in the control group.

The HELENA study (over 1000 individuals from nine European countries) reported a
median 25(OH)D3 level of 22.4 ng/mL in the general population, similar to our findings [30].
Globally, low vitamin D levels are common, affecting up to 80% of the population, with
regional differences (e.g., approx. 60% in Scandinavia and United States.). In Europe,
suboptimal levels occur in 80% of the population, with deficiency observed in 40% of the
population [31–33]. A pooled analysis of studies (2002–2022, 8 million participants) showed
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levels <30 ng/mL in 70%, and deficiency in 49% [34]. In our study, suboptimal levels
(<30 ng/mL) were found in 75.7% of the control group, with a median of 22.9 ng/mL,
which makes our findings consistent with those reported in the literature.

Studies indicate no significant differences in vitamin D deficiency prevalence between
patients with CKD (stages 1–4) and the general population. Guesseous et al. reported
relatively similar deficiency rates (69% in CKD stages 3–4 vs. 75% in the general popula-
tion) with comparable mean 25(OH)D3 levels (23.1 vs. 23.5 ng/mL) [35]. Bosworth’s study
showed that 25(OH)D3 levels do not decline with worsening eGFR due to balanced pro-
duction and catabolism [36]. On the other hand, studies regarding dialysis patients show
a significant decrease in 25(OH)D3 levels, reflected in the high prevalence of deficiency
in French and Palestinian studies reporting rates of 89% and 87%, and severe deficiency
(<10 ng/mL) in 42% and 22%, respectively [37,38], and in a study from Madrid that found
suboptimal levels in 93% of dialysis patients [39]. According to some studies [40,41], CKD
progression (stages 3 to 5D) is associated with declining vitamin D levels, likely due to
reduced endogenous synthesis (limited sun exposure) and low-phosphate diets [42].

In our study, deficiency (<20 ng/mL) was found in 68.2% of HD patients and insuffi-
ciency (20–30 ng/mL) in 12.1%, resulting in suboptimal levels (<30 ng/mL) in over 80% of
patients, which makes our findings consistent with those reported in the literature.

4.2. 24,25(OH)D3 and VMR

24,25(OH)D3 appears to be a very appropriate metabolite for assessing vitamin D
metabolism disorders in CKD because it represents the result of a feedback mechanism. On
the other hand, its relatively long circulating half-life, which is approximately 7 days, and
its circulation at levels of 1–10 ng/mL, higher than any other vitamin D metabolites (except
of 25(OH)D) and 100-fold higher than 1,25(OH)2D3, make it convenient for laboratory
measurements [36,43].

We demonstrate a statistically significantly lower concentration of both 25(OH)D3 and
24,25 (OH)D3 as well as VMR in the study group, compared to the control group. However,
the difference in concentrations between the general population and the HD patients is
much greater in the case of the metabolite 24,25(OH)D3 than 25(OH)D3. A noteworthy
observation is that in the HD group, for both 24,25(OH)2D3 and 3-epi-25(OH)D3, the
correlation with 25(OH)D3 takes on a more logarithmic shape, whereas in the control
group, the ratio of these metabolites appears to be more linear.

In our control group, the level of 24,25(OH)D3 was similar to that observed in the
general population, as suggested by studies from the USA and South Korea, with a value
of 2.09 ng/mL. The studies mentioned above reported levels of 2.7 ± 1.8 ng/mL and
1.9 ± 1.1 ng/mL, respectively [23,44].

Standardized reference ranges for these parameters (24,25(OH)D3 and VMR) are
lacking, although some researchers have proposed a potential reference range for VMR,
ranging from 4.4 to 14.3% [45], and from 0.4 to 8.9 nmol/L for 24,25 (OH)D3 [46]. The
ratio of 24,25 (OH)D3 to 25 (OH)D3 (VMR) in the general population is approximately 10%
(1:10). In individual studies, it ranges from 7.3% to 8.3%, and up to 12.3% [45,47] (Table 6).

Similarly, in our study, the VMR in the control group was comparable to those afore-
mentioned and stated as 10.3%, whereas in the HD group, the median VMR level was
significantly lower and equal to 0.97%. Moreover, a low VMR was reported in other studies
regarding HD patients. In an American–Canadian study involving 91 HD patients, the
median VMR was 1.28%, and the average levels of 24,25(OH)2D3 ranged from 0.15 to
0.55 ng/mL, which are also close to our results (median level: 0.1 ng/mL) [48]. Similar
results were also presented by Weisman Y. et al. [49]. Renal CYP24A1 is mainly responsible
for vitamin D catabolism and its activity depends on kidney function; therefore, decreased
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eGFR is associated with a reduction in circulating 24,25(OH)2D3 [36,50], whereas no sig-
nificant correlation has been observed between 25(OH)D3 and eGFR [51]. Hence, the
substantially lower VMR in the HD group compared to the general population primarily
results from the difference in 24,25(OH)2D3 levels, as the differences in 25(OH)D3 between
the populations are not as pronounced, as partly demonstrated in this study. This finding
has also been corroborated in other studies, such as those by Gueossousa and Bosworth, as
indicated above [35,36].

Table 6. The reference values for vitamin D metabolites compared to the analyzed population [45,52,53].

Metabolite Reference Value Study Group [% n with
Reference Range]

Control Group [% n with
Reference Range]

25(OH)D3 [ng/mL] >30 [ng/mL] 19.7% (n = 13/66) 24.4% (n = 50/205)
epi-25(OH)D3 no data existed - -

epi-25(OH)D3/25(OH)D3 no data existed - -

24,25(OH)2D3 [ng/mL] >1.68 ng/mL
(>4.2 nmol/L) 0% (n = 0) 62.0% (n = 127/205)

24,25(OH)2D3/25(OH)D3
(VMR) 4.4–14.3 [%] 1.8% (n = 1/56) 93.2% (n = 191/205)

4.3. 25(OH)D2

The clinical utility of measuring 25(OH)D2 is limited due to its functional overlap
with 25(OH)D3 in the metabolic pathway. Armas et al. suggest that the shorter half-life of
vitamin D2 reduces its effectiveness in treating 25(OH)D3 deficiency and preventing related
diseases compared to vitamin D3 [3]. In most laboratories, 25(OH)D2 is not measured
separately, and its concentration is reported together with 25(OH)D3. As a result, reference
values for ergocalciferol are not typically available. Studies report average 25(OH)D2
concentrations of between 4.1 and 7.4 ng/mL, and low detectability (11–28%, respec-
tively) [54,55]. In contrast to the above, our study found concentrations approximately
ten times lower, likely due to a higher detection sensitivity (100% detection). Interestingly,
25(OH)D2 levels were higher in HD patients than the general population (0.61 ng/mL
vs. 0.31 ng/mL), while other metabolites were lower. An interesting result was reported
by Swanson et al. in that higher 25(OH)D2 levels correlated with lower 25(OH)D3 lev-
els [56]. Similarly, Tang J. et al. observed higher 25(OH)D2 levels (G1–2: 1.6 ng/mL, G3a:
1.8 ng/mL, G3b+: 2.2 ng/mL) and decreasing 25(OH)D3 levels (16.4, 13.2, and 12.2 ng/mL,
respectively) in advanced CKD [57]. This may reflect a greater stability or reduced clearance
of vitamin D2 in comparison to D3 in patients with CKD. Additionally, it is noteworthy
that patients with CKD, especially those with advanced disease, often follow a plant-based
diet to limit phosphate intake, which may result in a proportionally higher consumption of
plant-based products, further contributing to elevated 25(OH)D2 levels [58].

4.4. 3-epi-25(OH)D3

The clinical relevance of measuring 3-epi-25(OH)D3 remains uncertain due to the lack
of standardized reference ranges for its levels or its ratio to 25(OH)D3 (Table 6). HPLC-
MS (high-performance liquid chromatography–mass spectrometry), commonly used for
25(OH)D3 measurement, often fails to separate the C3 epimer, potentially inflating results
and highlighting the need for improved methods and reference ranges [53].

Higher 3-epi-25(OH)D3 levels are observed in infants due to immature enzymatic
systems and protection against hypercalcemia [19]. In the general population, the ra-
tio of 3-epi-25(OH)D3 to 25(OH)D3 is ~5%, consistent with this study’s control group
(mean 4.59%), and absolute concentrations average ~1.5 ng/mL (median 1.4 ng/mL), being
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consistent across various populations and closely aligning with our findings (median:
0.96 ng/mL) [18,19]. A Spanish study noted higher epimer levels (mean 4.5 ng/mL) in indi-
viduals with elevated 25(OH)D3 (>64 ng/mL), suggesting a proportional relationship [59],
as seen in our study in both groups. Its protective value against excess vitamin D3 may
also explain the positive correlation with 24,25(OH)D3, as demonstrated in this study
(Table 5). Emerging research suggests that 3-epi-25(OH)D3 may have implications in CKD.
Tang J. et al.’s study indicated a proportional increase in epi-25(OH)D3 concentrations
with CKD progression (stages 2–4), although the values remained comparable to those
of the general population [57]. Similarly, Arroyo E. et al., in a study on patients with
advanced CKD, including kidney transplant recipients and those on dialysis, reported
median concentrations ranging from 0.2 to 0.9 ng/mL [60], similar to this study’s HD group
(0.4 ng/mL), and lower than the controls (0.96 ng/mL). Importantly, patients with CKD G5
on dialysis appear to being particularly susceptible to low levels of this metabolite. These
findings, coupled with evidence linking 3-epi-25(OH)D3 to skeletal muscle strength, mass,
and exercise capacity, suggest that monitoring this epimer may hold clinical significance in
managing CKD-related complications [60].

4.5. 1,25(OH)D3

Although calcitriol reflects the metabolic activity of vitamin D, its routine measure-
ment in CKD patients is not recommended by KDIGO due to its short half-life (4–6 h),
high daily variability, and the impact of calcitriol or vitamin D analog supplementation
on measurements. Moreover, the factors influencing the activity of the 25(OH)D3 1α-
hydroxylase and 24(OH)D hydroxylase enzymes, along with the lack of standardized
assay methods and evidence supporting its clinical utility, limit the practical application
of this test [43,61]. The circulating level of 1,25(OH)2D3 is 1000 times lower than that
of 25(OH)D3, making the accurate measurement of serum levels challenging. In this
study, median serum 1,25(OH)2D3 concentrations were low (21.4 pg/mL; reference range:
25–45 pg/mL), consistent with previous studies reporting similar levels in dialysis patients
(e.g., 20.1 pg/mL [62], and 22.4 pg/mL [63]). Patients in this study receiving alphacalcidol
supplementation had significantly higher 1,25(OH)2D3 levels compared to those without
supplementation, corroborating findings from other studies [64,65]. This increase high-
lights alphacalcidol’s therapeutic role in reducing excessive PTH secretion. Additionally,
1,25(OH)2D3 and 24,25(OH)D3 levels were positively correlated with serum 25(OH)D3
levels (Table 5), suggesting that maintaining adequate 25(OH)D3 levels contributes to
higher levels of active vitamin D3 and its catabolite. Cholecalciferol supplementation may
serve as an initial or partial alternative to alphacalcidol in dialysis patients (until the use of
alphacalcidol becomes clinically necessary), improving vitamin D status and increasing
1,25(OH)2D3 levels, showing comparable or superior efficacy in bone disease prevention
and SHPT management [62,65,66]. These findings highlight the potential of cholecalcif-
erol for broader clinical benefits and enhanced safety in the long-term management of
dialysis patients.

5. Conclusions
The measurement of 25(OH)D3 is the most accurate indicator of vitamin D status due

to its long half-life. Still, it does not fully capture vitamin D’s metabolic activity, which is
better reflected by 24,25(OH)2D3 and the VMR. Our study revealed significantly lower
concentrations of 25(OH)D3 in the HD group, with a higher frequency of deficiency (69%
vs. 39%). Despite this, both groups exhibited a similarly low frequency of optimal vitamin
D3 levels (>30 ng/mL). Moreover, HD patients demonstrated lower levels of 24,25(OH)2D3,
3-epi-25(OH)D3, and VMR, compared to controls, indicating a functional deficiency in
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vitamin D3 that is more accurately captured than by 25(OH)D3 alone. Additionally, the
significantly reduced 24,25(OH)2D3 levels observed due to the diminished activity of
CYP24A1 in CKD reflect profoundly impaired vitamin D3 catabolism. These data suggest
a reduced vitamin D reserve and a heightened demand for vitamin D in patients with
CKD. Unlike other forms of vitamin D, 25(OH)D2 levels may increase in advanced CKD,
reflecting different regulatory mechanisms requiring further investigation. Although cal-
citriol (1,25(OH)2D3) indicates vitamin D activity, its short half-life and variability limit
routine use. Its positive correlation with 25(OH)D3 highlights the importance of main-
taining adequate 25(OH)D3 levels. Cholecalciferol supplementation may also effectively
manage SHPT as an alternative to alphacalcidol. However, a notable strength of our study
is the inclusion of individuals who did not receive cholecalciferol supplementation. It
is noteworthy that, to date, no study has specifically focused on 3-epi-25(OH)D3 among
dialysis patients in comparison to other vitamin D metabolites. Additionally, our study
introduces some new data to the limited number of studies on the end-stage kidney disease
population regarding 25(OH)D2, 24,25(OH)D3, and the VMR.

Further research is necessary to better understand the clinical relevance and demon-
strate the benefits of the above-mentioned metabolites as indicators of vitamin D status. At
present, these markers are more of a research tool than a standard diagnostic measure.

1. The vitamin D3 reserves, assessed by 25(OH)D3 levels, were lower in the HD group
than in the general population.

2. Both functional deficiency and impaired vitamin D3 catabolism were present in the
HD patients.

3. The most sensitive parameter for assessing vitamin D3 deficiency was the VMR, which
requires the measurement of 24,25(OH)D3.

4. Alphacalcidol supplementation increases the concentration of 1,25(OH)2D3 without
influencing 25(OH)D3.

5. 25(OH)D2 is the only studied vitamin D metabolite that reached higher concentrations
in the HD group than in the general population.

6. This study demonstrated a statistically significant positive correlation between
25(OH)D3 and 24,25(OH)2D3 as well as 3-epi-25(OH)D3 in both the hemodialysis and
control groups, indicating a strong relationship between these metabolites in vitamin
D metabolism regardless of renal function status.

Limitations

Several limitations should be considered when interpreting this study’s results. The
main limitations were the small number of HD patients, the variation in dialysis therapy
duration, and the inclusion of some HD patients taking alphacalcidol (no statistically sig-
nificant impact of alphacalcidol administration on metabolites other than calcitriol was
observed). Another limitation of this study was the incomplete matching of demographic
characteristics, including gender, between groups. Additionally, the groups differed signifi-
cantly in terms of the number of participants, which may have influenced the statistical
power of the analysis. However, the statistical analysis (Mann–Whitney test) indicated
that the gender distribution did not significantly influence metabolite levels (p > 0.05),
minimizing concerns regarding its potential confounding effect.

Dietary intake is another factor that was not controlled in this study, which may have
influenced the levels of certain metabolites. Nutritional status and dietary restrictions
in HD patients, particularly concerning calcium, phosphate, and vitamin D intake, can
significantly affect biochemical parameters. However, due to the retrospective nature of
the study, detailed dietary data were not available for analysis. Future research should
consider the role of dietary factors in modulating these biochemical markers. Another
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limitation is that the study focused on biochemical parameters without evaluating clinical
outcomes or conducting long-term observations.

Future research, especially on vitamin D supplementation and its long-term effects on
bone and cardiovascular health, is necessary.
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Bieńkowski, T.; Antosiewicz, J. Ultra-Marathon-Induced Increase in Serum Levels of Vitamin D Metabolites: A Double-Blind
Randomized Controlled Trial. Nutrients 2020, 12, 3629. [CrossRef] [PubMed]

23. Berg, A.H.; E Powe, C.; Evans, M.K.; Wenger, J.; Ortiz, G.; Zonderman, A.B.; Suntharalingam, P.; Lucchesi, K.; Powe, N.R.;
Karumanchi, S.A.; et al. 24,25-dihydroxyvitamin D3 and Vitamin D Status of Community Dwelling Black and White Americans.
Clin. Chem. 2015, 61, 877–884. [CrossRef] [PubMed]

24. Kendrick, J.; Chonchol, M. The Role of Phosphorus in the Development and Progression of Vascular Calcification. Am. J. Kidney
Dis. 2011, 58, 826–834. [CrossRef] [PubMed]

25. Pimentel, A.; Ureña-Torres, P.; Bover, J.; Luis Fernandez-Martín, J.; Cohen-Solal, M. Bone Fragility Fractures in CKD Patients.
Calcif. Tissue Int. 2021, 108, 539–550. [CrossRef]

26. Hollis, B.W. Editorial: The determination of circulating 25-hydroxyvitamin D: No easy task. J. Clin. Endocrinol. Metab. 2004, 89,
3149–3151. [CrossRef]

27. Holick, M.F.; Biancuzzo, R.M.; Chen, T.C.; Klein, E.K.; Young, A.; Bibuld, D.; Reitz, R.; Salameh, W.; Ameri, A.; Tannenbaum, A.D.
Vitamin D2 is as effective as vitamin D3 in maintaining circulating concentrations of 25-hydroxyvitamin D. J. Clin. Endocrinol.
Metab. 2008, 93, 677–681. [CrossRef] [PubMed]

28. Bikle, D.D. Vitamin D metabolism, mechanism of action, and clinical applications. Chem. Biol. 2014, 21, 319–329. [CrossRef]

https://doi.org/10.1038/sj.ki.5002009
https://www.ncbi.nlm.nih.gov/pubmed/17091124
https://doi.org/10.1677/jme.0.0250141
https://www.ncbi.nlm.nih.gov/pubmed/11013342
https://doi.org/10.1016/j.kisu.2021.11.003
https://www.ncbi.nlm.nih.gov/pubmed/35529086
https://doi.org/10.1016/j.kint.2019.07.012
https://www.ncbi.nlm.nih.gov/pubmed/31582227
https://doi.org/10.1038/s41581-022-00542-7
https://www.ncbi.nlm.nih.gov/pubmed/35194215
https://journals.viamedica.pl/renal_disease_and_transplant/article/view/96819
https://doi.org/10.1210/clinem/dgae290
https://www.ncbi.nlm.nih.gov/pubmed/38828931
https://doi.org/10.1016/j.kisu.2017.04.001
https://www.ncbi.nlm.nih.gov/pubmed/30675420
https://doi.org/10.1093/clinchem/hvad050
https://www.ncbi.nlm.nih.gov/pubmed/37220642
https://doi.org/10.1359/JBMR.0301264
https://www.ncbi.nlm.nih.gov/pubmed/15040831
https://doi.org/10.1016/j.abb.2011.11.003
https://www.ncbi.nlm.nih.gov/pubmed/22100522
https://doi.org/10.1053/j.ajkd.2014.02.015
https://www.ncbi.nlm.nih.gov/pubmed/24703961
https://journals.viamedica.pl/endokrynologia_polska/article/view/57111
https://journals.viamedica.pl/endokrynologia_polska/article/view/57111
https://doi.org/10.1210/jc.2011-0584
https://www.ncbi.nlm.nih.gov/pubmed/22013102
https://doi.org/10.1053/j.ajkd.2015.07.015
https://doi.org/10.1016/j.jpba.2020.113529
https://doi.org/10.3390/nu12123629
https://www.ncbi.nlm.nih.gov/pubmed/33255807
https://doi.org/10.1373/clinchem.2015.240051
https://www.ncbi.nlm.nih.gov/pubmed/25922442
https://doi.org/10.1053/j.ajkd.2011.07.020
https://www.ncbi.nlm.nih.gov/pubmed/21956015
https://doi.org/10.1007/s00223-020-00779-z
https://doi.org/10.1210/jc.2004-0682
https://doi.org/10.1210/jc.2007-2308
https://www.ncbi.nlm.nih.gov/pubmed/18089691
https://doi.org/10.1016/j.chembiol.2013.12.016


Nutrients 2025, 17, 774 18 of 19

29. Chauhan, K.; Shahrokhi, M.; Huecker, M.R. Vitamin D. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA,
2024. Available online: http://www.ncbi.nlm.nih.gov/books/NBK441912/ (accessed on 23 December 2024).

30. González-Gross, M.; Valtueña, J.; Breidenassel, C.; Moreno, L.A.; Ferrari, M.; Kersting, M.; De Henauw, S.; Gottrand, F.; Azzini, E.;
Widhalm, K.; et al. Vitamin D status among adolescents in Europe: The Healthy Lifestyle in Europe by Nutrition in Adolescence
study. Br. J. Nutr. 2012, 107, 755–764. [CrossRef] [PubMed]

31. Schleicher, R.L.; Sternberg, M.R.; Looker, A.C.; Yetley, E.A.; Lacher, D.A.; Sempos, C.T.; Taylor, C.L.; Durazo-Arvizu, R.A.; Maw,
K.L.; Chaudhary-Webb, M.; et al. National Estimates of Serum Total 25-Hydroxyvitamin D and Metabolite Concentrations
Measured by Liquid Chromatography-Tandem Mass Spectrometry in the US Population during 2007–2010. J. Nutr. 2016, 146,
1051–1061. [CrossRef] [PubMed]

32. Amrein, K.; Scherkl, M.; Hoffmann, M.; Neuwersch-Sommeregger, S.; Köstenberger, M.; Tmava Berisha, A.; Martucci, G.; Pilz, S.;
Malle, O. Vitamin D deficiency 2.0: An update on the current status worldwide. Eur. J. Clin. Nutr. 2020, 74, 1498–1513. [CrossRef]
[PubMed]

33. Cashman, K.D.; Dowling, K.G.; Škrabáková, Z.; Gonzalez-Gross, M.; Valtueña, J.; De Henauw, S.; Moreno, L.; Damsgaard, C.T.;
Michaelsen, K.F.; Mølgaard, C.; et al. Vitamin D deficiency in Europe: Pandemic? Am. J. Clin. Nutr. 2016, 103, 1033–1044.
[CrossRef] [PubMed]

34. Cui, A.; Zhang, T.; Xiao, P.; Fan, Z.; Wang, H.; Zhuang, Y. Global and regional prevalence of vitamin D deficiency in population-
based studies from 2000 to 2022: A pooled analysis of 7.9 million participants. Front. Nutr. 2023, 10, 1070808. [CrossRef]

35. Guessous, I.; McClellan, W.; Kleinbaum, D.; Vaccarino, V.; Zoller, O.; Theler, J.-M.; Paccaud, F.; Burnier, M.; Bochud, M.; Swiss
Survey on Salt Group. Comparisons of serum vitamin D levels, status, and determinants in populations with and without chronic
kidney disease not requiring renal dialysis: A 24-hour urine collection population-based study. J. Ren. Nutr. 2014, 24, 303–312.
[CrossRef] [PubMed]

36. Bosworth, C.R.; Levin, G.; Robinson-Cohen, C.; Hoofnagle, A.N.; Ruzinski, J.; Young, B.; Schwartz, S.M.; Himmelfarb, J.;
Kestenbaum, B.; de Boer, I.H. The serum 24,25-dihydroxyvitamin D concentration, a marker of vitamin D catabolism, is reduced
in chronic kidney disease. Kidney Int. 2012, 82, 693–700. [CrossRef]

37. Jean, G.; Charra, B.; Chazot, C. Vitamin D deficiency and associated factors in hemodialysis patients. J. Ren. Nutr. 2008, 18,
395–399. [CrossRef] [PubMed]

38. Nazzal, Z.A.; Hamdan, Z.; Natour, N.; Barbar, M.; Rimawi, R.; Salaymeh, E. Prevalence of Vitamin D Deficiency among
Hemodialysis Patients in Palestine: A Cross-Sectional Study. Int. J. Nephrol. 2021, 2021, 6684276. [CrossRef] [PubMed]

39. Gracia-Iguacel, C.; Gallar, P.; Qureshi, A.R.; Ortega, O.; Mon, C.; Ortiz, M.; Villarreal, I.; Garcia-Lacalle, C.; Olieta, A.; Sánchez, M.;
et al. Vitamin D deficiency in dialysis patients: Effect of dialysis modality and implications on outcome. J. Ren. Nutr. 2010, 20,
359–367. [CrossRef]

40. Kim, S.M.; Choi, H.J.; Lee, J.P.; Kim, D.K.; Oh, Y.K.; Kim, Y.S.; Lim, C.S. Prevalence of vitamin D deficiency and effects of
supplementation with cholecalciferol in patients with chronic kidney disease. J. Ren. Nutr. 2014, 24, 20–25. [CrossRef] [PubMed]

41. Aggarwal, H.K.; Jain, D.; Mittal, A.; Pawar, S.; Ver, R. The prevalence of vitamin D deficiency in pre-dialysis patients with chronic
kidney disease. Med. Stud. 2015, 31, 75–81. [CrossRef]

42. Krause, R. Vitamin D and UV exposure in chronic kidney disease. Dermato-Endocrinology 2013, 5, 109–116. [CrossRef] [PubMed]
43. Zittermann, A.; Ernst, J.B.; Becker, T.; Dreier, J.; Knabbe, C.; Gummert, J.F.; Kuhn, J. Measurement of Circulating 1,25-

Dihydroxyvitamin D: Comparison of an Automated Method with a Liquid Chromatography Tandem Mass Spectrometry
Method. Int. J. Anal. Chem. 2016, 2016, 8501435. [CrossRef] [PubMed]

44. Kim, H.K.; Chung, H.J.; Lê, H.G.; Na, B.K.; Cho, M.C. Serum 24,25-dihydroxyvitamin D level in general Korean population and
its relationship with other vitamin D biomarkers. PLoS ONE 2021, 16, e0246541. [CrossRef] [PubMed]

45. Tang, J.C.Y.; Nicholls, H.; Piec, I.; Washbourne, C.J.; Dutton, J.J.; Jackson, S.; Greeves, J.; Fraser, W.D. Reference intervals for serum
24,25-dihydroxyvitamin D and the ratio with 25-hydroxyvitamin D established using a newly developed LC-MS/MS method. J.
Nutr. Biochem. 2017, 46, 21–29. [CrossRef]

46. Dirks, N.F.; Ackermans, M.T.; de Jonge, R.; Heijboer, A.C. Reference values for 24,25-dihydroxyvitamin D and the 25-
hydroxyvitamin D/24,25-dihydroxyvitamin D ratio. Clin. Chem. Lab. Med. 2019, 57, e259–e261. [CrossRef]

47. Tang, J.C.Y.; Jackson, S.; Walsh, N.P.; Greeves, J.; Fraser, W.D. The dynamic relationships between the active and catabolic vitamin
D metabolites, their ratios, and associations with PTH. Sci. Rep. 2019, 9, 6974. [CrossRef] [PubMed]

48. Graeff-Armas, L.A.; Kaufmann, M.; Lyden, E.; Jones, G. Serum 24,25-dihydroxyvitamin D3 response to native vitamin D2 and D3
Supplementation in patients with chronic kidney disease on hemodialysis. Clin. Nutr. Edinb. Scotl. 2018, 37, 1041–1045. [CrossRef]

49. Weisman, Y.; Eisenberg, Z.; Leib, L.; Harell, A.; Shasha, S.M.; Edelstein, S. Serum concentrations of 24,25-dihydroxy vitamin D in
different degrees of chronic renal failure. Br. Med. J. 1980, 281, 712–713. [CrossRef] [PubMed]

50. Bosworth, C.; de Boer, I.H. Impaired Vitamin D Metabolism in CKD. Semin. Nephrol. 2013, 33, 158–168. [CrossRef]
51. Lee, S.; Chung, H.J.; Jung, S.; Jang, H.N.; Chang, S.-H.; Kim, H.-J.; Cho, M.-C. 24,25-Dihydroxy Vitamin D and Vitamin D

Metabolite Ratio as Biomarkers of Vitamin D in Chronic Kidney Disease. Nutrients 2023, 15, 578. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/books/NBK441912/
https://doi.org/10.1017/S0007114511003527
https://www.ncbi.nlm.nih.gov/pubmed/21846429
https://doi.org/10.3945/jn.115.227728
https://www.ncbi.nlm.nih.gov/pubmed/27052537
https://doi.org/10.1038/s41430-020-0558-y
https://www.ncbi.nlm.nih.gov/pubmed/31959942
https://doi.org/10.3945/ajcn.115.120873
https://www.ncbi.nlm.nih.gov/pubmed/26864360
https://doi.org/10.3389/fnut.2023.1070808
https://doi.org/10.1053/j.jrn.2014.04.005
https://www.ncbi.nlm.nih.gov/pubmed/25030223
https://doi.org/10.1038/ki.2012.193
https://doi.org/10.1053/j.jrn.2008.04.003
https://www.ncbi.nlm.nih.gov/pubmed/18721733
https://doi.org/10.1155/2021/6684276
https://www.ncbi.nlm.nih.gov/pubmed/33791129
https://doi.org/10.1053/j.jrn.2010.03.005
https://doi.org/10.1053/j.jrn.2013.07.003
https://www.ncbi.nlm.nih.gov/pubmed/24216258
https://doi.org/10.5114/ms.2015.52904
https://doi.org/10.4161/derm.24539
https://www.ncbi.nlm.nih.gov/pubmed/24494043
https://doi.org/10.1155/2016/8501435
https://www.ncbi.nlm.nih.gov/pubmed/27127512
https://doi.org/10.1371/journal.pone.0246541
https://www.ncbi.nlm.nih.gov/pubmed/33606762
https://doi.org/10.1016/j.jnutbio.2017.04.005
https://doi.org/10.1515/cclm-2018-1096
https://doi.org/10.1038/s41598-019-43462-6
https://www.ncbi.nlm.nih.gov/pubmed/31061425
https://doi.org/10.1016/j.clnu.2017.04.020
https://doi.org/10.1136/bmj.281.6242.712
https://www.ncbi.nlm.nih.gov/pubmed/7427411
https://doi.org/10.1016/j.semnephrol.2012.12.016
https://doi.org/10.3390/nu15030578
https://www.ncbi.nlm.nih.gov/pubmed/36771287


Nutrients 2025, 17, 774 19 of 19

52. Parviainen, M.T.; Savolainen, K.E.; Alhava, E.M.; Mäenpää, P.H. 25-hydroxyvitamin D2, 25-hydroxyvitamin D3 and total
24,25-dihydroxyvitamin D in human serum. Ann. Clin. Res. 1981, 13, 26–33.

53. Bailey, D.; Veljkovic, K.; Yazdanpanah, M.; Adeli, K. Analytical measurement and clinical relevance of vitamin D(3) C3-epimer.
Clin. Biochem. 2013, 46, 190–196. [CrossRef] [PubMed]

54. Swanson, C.M.; Nielson, C.M.; Shrestha, S.; Lee, C.G.; Barrett-Connor, E.; Jans, I.; Cauley, J.A.; Boonen, S.; Bouillon, R.;
Vanderschueren, D.; et al. Higher 25(OH)D2 is associated with lower 25(OH)D3 and 1,25(OH)2D3. J. Clin. Endocrinol. Metab. 2014,
99, 2736–2744. [CrossRef] [PubMed]

55. Pang, X.; Yang, Z.; Wang, J.; Duan, Y.; Zhao, L.; Yu, D.; Lai, J. Relationship between Serum 25OH-Vitamin D2 Level and Vitamin D
Status of Children Aged 3-5 Years in China. Nutrients 2021, 13, 4135. [CrossRef]

56. Nimitphong, H.; Saetung, S.; Chanprasertyotin, S.; Chailurkit, L.O.; Ongphiphadhanakul, B. Changes in circulating 25-
hydroxyvitamin D according to vitamin D binding protein genotypes after vitamin D3 or D2supplementation. Nutr. J. 2013, 12, 39.
[CrossRef]

57. Tang, J.; Ying, B.; Yang, Y.; Xu, B.; Yu, L.; Jiang, W.; Pu, S. C3-Epimer of 25-Hydroxyvitamin D3 as a Superior Marker for Predicting
the Severity of Chronic Kidney Disease in Rheumatoid Arthritis Patients. Oxid. Med. Cell Longev. 2022, 2022, 5268706. [CrossRef]

58. Vitamin D Metabolism and Treatment in Chronic Kidney Disease [Internet]. Available online: https://www.medscape.org/
viewarticle/571558_3 (accessed on 23 December 2024).

59. Granado-Lorencio, F.; Blanco-Navarro, I.; Pérez-Sacristán, B.; Donoso-Navarro, E.; Silvestre-Mardomingo, R. Serum levels of
3-epi-25-OH-D3 during hypervitaminosis D in clinical practice. J. Clin. Endocrinol. Metab. 2012, 97, E2266–E2270. [CrossRef]

60. Arroyo, E.; A Leber, C.; Burney, H.N.; Li, Y.; Li, X.; Lu, T.-S.; Jones, G.; Kaufmann, M.; Ting, S.M.S.; Hiemstra, T.F.; et al. Epimeric
vitamin D and cardiovascular structure and function in advanced CKD and after kidney transplantation. Nephrol. Dial. Transplant.
2024, 39, 264–276. [CrossRef]

61. Souberbielle, J.-C.; Cavalier, E.; Delanaye, P.; Massart, C.; Brailly-Tabard, S.; Cormier, C.; Borderie, D.; Benachi, A.; Chanson, P.
Serum calcitriol concentrations measured with a new direct automated assay in a large population of adult healthy subjects and
in various clinical situations. Clin. Chim. Acta Int. J. Clin. Chem. 2015, 451 Pt B, 149–153. [CrossRef] [PubMed]

62. Huish, S.A.; Jenkinson, C.; Dunn, J.A.; Meredith, D.J.; Bland, R.; Hewison, M. Low serum 1,25(OH)2D3 in end-stage renal disease:
Is reduced 1α-hydroxylase the only problem? Endocr. Connect. 2021, 10, 1291–1298. [CrossRef] [PubMed]

63. Lotfollahi Haghi, L.; Ossareh, S.; Neyestani, T.R. SP392Evaluation of Serum Levels of 25-hydroxy vitamin D and 1,25-dihydroxy
vitamin D in Maintenance Hemodialysis Patients. Nephrol. Dial. Transplant. 2019, 34 (Suppl. 1), gfz103.SP392. [CrossRef]

64. Moe, S.; Wazny, L.D.; Martin, J.E. Oral calcitriol versus oral alfacalcidol for the treatment of secondary hyperparathyroidism in
patients receiving hemodialysis: A randomized, crossover trial. Can. J. Clin. Pharmacol. 2008, 15, e36–e43.
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