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GRAPHICAL ABSTRACT 

 

ABSTRACT  

Vitamin D deficiency is common in patients with chronic kidney disease (CKD) and associates with 

poor outcomes. Current clinical practice guidelines recommend supplementation with nutritional 

vitamin D as for the general population. However, recent large-scale, clinical trials in the general 

population failed to demonstrate a benefit of vitamin D supplementation on skeletal or non-skeletal 

outcomes, fueling a debate on the rationale for screening for and correcting vitamin D deficiency, both 

in non-CKD and CKD populations. In a collaboration between the European Renal Osteodystrophy 

initiative of the European Renal Association (ERA) and the European Society for Paediatric 

Nephrology (ESPN), an expert panel performed an extensive literature review and formulated clinical 

practice points on vitamin D supplementation in children and adults with CKD and after kidney 

transplantation. These were reviewed by a Delphi panel of members from relevant working groups of 

the ERA and ESPN. Key clinical practice points include recommendations to monitor for, and correct, 

vitamin D deficiency in children and adults with CKD and after kidney transplantation, targeting 25-

hydroxyvitamin D levels >75 nmol/L (>30 ng/mL). While vitamin D supplementation appears well-

tolerated and safe, it is recommended to avoid mega-doses (≥100000 IU) and very high levels of 25 

hydroxyvitamin D (>150-200 nmol/L, or 60-80 ng/mL) to reduce the risk of toxicity. Future clinical 

trials should investigate the benefit of vitamin D supplementation on patient-relevant outcomes in the 

setting of vitamin D deficiency across different stages of CKD. 
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hormone, renal osteodystrophy, vitamin D 

 

 

Introduction 

Vitamin D deficiency is common in patients with chronic kidney disease (CKD) and associates with 

poor outcomes. Even so, the evaluation and management of vitamin D deficiency in patients with 

CKD remains controversial. Therapy with active vitamin D compounds in patients with CKD failed to 

improve outcomes and is known to confer risk of hypercalcaemia.1-3 Current clinical practice 

guidelines state that it is reasonable to reserve the use of calcitriol and active vitamin D analogues for 

patients with advanced CKD and severe and progressive hyperparathyroidism.4,5 Nutritional vitamin D 

supplementation is recommended as for the general population.4,5 

Recently, large, randomised, controlled trials, such as the vitamin D and omega-3 Trial (VITAL), 

failed to show health benefits of nutritional vitamin D supplementation in the general population, even 

in individuals with low 25-hydroxy vitamin D (25(OH)D) levels at baseline.6,7 Following the 

publication of these trials, key opinion leaders suggested that health care providers should stop 

screening for vitamin D deficiency,8 and that people should stop taking vitamin D supplements.9 

Others advocated for a more nuanced interpretation.10-12 The results of these trials are diffusing into 

the nephrology community,13 raising the question of whether nutritional vitamin D supplementation 

should also be abandoned in patients with CKD. 

Besides this ‘existential question’ on the need for screening for and correcting vitamin D deficiency, 

other questions related to the optimal monitoring14 (quantitative measures vs vitamin D metabolites 

ratios, total vs free 25(OH)D) and treatment strategy (target 25(OH)D level, combination therapy of 

nutritional vitamin D and active vitamin D compounds) in patients with CKD should be considered as 

well.15 This consensus statement addresses these questions and aims to provide guidance on how to 

monitor for and correct vitamin D deficiency using nutritional vitamin D supplements in children and 

adults with CKD, on dialysis, and after kidney transplantation, anno 2025.  

Methods 
Developing the PICO questions 

We developed clinical questions to be addressed and framed them in a searchable format, with 

specification of the population (P) to whom the statements would be applicable; the intervention (I) 

considered; the comparator (C; which may be placebo, “no therapy” or alternative intervention); and 

the outcomes (O) of interest. Our PICO terms were as follows: 

Population: All patients (children and adults) with CKD grades 2-5, on dialysis, and after kidney 

transplantation 
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Intervention: Nutritional vitamin D supplementation (cholecalciferol, ergocalciferol, calcifediol) 

Comparator: Placebo or no supplementation, standard of care, active vitamin D compounds 

Outcomes:  

- Patient-level outcomes: All-cause mortality, cardiovascular mortality, major adverse 

cardiovascular events (MACE), falls in the elderly, fractures, growth in children. 

- Bone imaging: Bone mineral density (BMD)  

- Bone histology: Measures of bone turnover, mineralization, and volume 

- Surrogate measures of cardiovascular disease: vascular stiffness, vascular calcification, 

endothelial dysfunction and blood pressure 

- Biomarkers: Parathyroid hormone (PTH), serum calcium (for toxicity), fibroblast growth 

factor 23 (FGF23), total alkaline phosphatase and bone turnover markers (particularly non-

renally excreted markers such as bone-specific alkaline phosphatase, BALP), 25(OH)D and its 

metabolites, vitamin D metabolic ratio(s) 

Outcomes outside the scope of this review include the potential effects of vitamin D supplementation 

on progression of CKD and albuminuria, infection risk, malignancies, inflammation, autoimmune 

diseases and others.  

Literature search 

A comprehensive literature search was conducted with the aim of summarizing available evidence 

based on the following hierarchy of studies; systematic meta-analysis, trials with clinical outcomes, 

trials with intermediate outcomes, prospective cohort studies with clinical outcomes, and cross-

sectional studies with intermediate outcomes when higher level of evidence was not available. 

Existing guidelines on recommended daily intake and target ranges of vitamin D for the general 

population were reviewed. In the absence of applicable studies, guidance is based on expert opinion. 

Framing advice 

Summary of the available evidence from the literature are presented as ‘Key evidence points’, while 

‘Clinical practice points’ represent the resulting clinical practice recommendations. The final draft of 

the manuscript was sent to members of the CKD-mineral and bone disorder (CKD-MBD) working 

group of the European Renal Association and the CKD-MBD and Dialysis working groups of the 

European Society for Paediatric Nephrology (ESPN) with an e-questionnaire to provide a level of 

agreement on a 5-point scale (strongly disagree, disagree, neither agree nor disagree, agree, strongly 

agree) for the practice points. Participants were also given the opportunity of providing direct 

feedback, including suggestions for re-wording of the practice points. A priori, an agreement of >70% 

was required for each statement. If this condition was not fulfilled, the practice point would be 

discussed and adapted by the writing team. 
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Q1: What are the current recommendations for vitamin D supplementation 
in the general population?  
 

1.1  Vitamin D metabolism in health 

Key evidence points 

 Dermal production upon ultraviolet-B light exposure is the most important source of vitamin 

D in humans as most foods have a low natural content of vitamin D. 

 Liver 25-hydroxylase activity is metabolically controlled, rather than constitutively 

determined. 

 Renal 1,25 dihydroxy vitamin D (1,25(OH)2D) production and degradation is tightly 

controlled by the hormones that govern mineral metabolism (PTH, FGF23, vitamin D 

metabolites). 

 Extrarenal 1,25(OH)2D production is largely substrate-dependent and may assist in 

maintaining circulating 1,25(OH)2D levels, at least in conditions of insufficient renal 

production. 

Background and rationale  

Vitamin D is not a single compound but refers to a group of over 50 metabolites. Cholecalciferol 

(vitamin D3) and ergocalciferol (vitamin D2) are the two parent forms of vitamin D. The dietary intake 

of vitamin D is limited, as most foods (apart from oily fish16) have a low natural content of vitamin D. 

In most countries, the average daily intake of vitamin D is <5µg (1 µg = 40 IU), and even in countries 

where foods are enriched with vitamin D, the total vitamin D intake is often lower than 10 µg/d.17 

Thus, humans are largely dependent on ultraviolet-B radiation induced cutaneous synthesis of vitamin 

D3 (cholecalciferol).16 Vitamin D is inactive and requires several metabolic steps, first by 

hydroxylation in the liver (mostly, but not exclusively, by CYP2R1, 25-hydroxylase) into 25(OH)D, 

followed by a second hydroxylation by CYP27B1 (1--hydroxylase) into 1,25(OH)2D to become fully 

active (Figure 1).18 CYP24A1 is the main enzyme responsible for the catabolism of all vitamin D 

metabolites. Through a multistep pathway, this catabolism results in a large number of mostly inactive 

metabolites with side chain modifications, ultimately ending with calcitroic and calcioic acid.  

Recent findings indicate that CYP2R1 expression is not constitutively determined, but under the 

control of metabolic signals induced by energy metabolism (fasting, diabetes) or exposure to high-

dose glucocorticoids.19,20 In contrast to CYP2R1, CYP27B1 and CYP24A1 are widely expressed across 

different body tissues.21 Renal CYP27B1 and CYP24A1 expression levels are transcriptionally 

regulated, mainly by the hormones of mineral metabolism, PTH, FGF2322, and 1,25(OH)2D. 

Reciprocal regulation of CYP27B1 and CYP24A1 in the kidney acts to raise or lower 1,25(OH)2D to 

maintain physiologically appropriate levels of the hormone (Figure 2). In extra-renal tissues, 

hormonal regulation of CYP27B1 is variable and likely tissue specific (Figure 3).23-26 CYP24A1 

regulation is limited to induction by 1,25(OH)2D,27 which, at least in osteoblasts, may be amplified by 
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PTH28. Production of 1,25(OH)2D in extra-renal tissues seems mainly driven by substrate availability29 

with activation/up-regulation by inflammatory mediators such as lipopolysaccharides and interferon-

gamma30. 

Vitamin D metabolites in serum are bound with high affinity to the specific vitamin D binding protein 

(DBP), and to a lesser extent to albumin. DBP is highly polymorphic and circulates in high 

concentrations, so that the free concentrations of all vitamin D metabolites are low. For most tissues, 

only the unbound metabolites can cross the cell membrane through diffusion. In the kidneys, 

parathyroid glands and placenta, 25(OH)D and 1,25(OH)2D bound to DBP may also enter cells by 

endocytosis via megalin/cubilin.31 Once internalized, 1,25(OH)2D binds to the vitamin D receptor 

(VDR), present in most cells. Vitamin D regulates a large number of genes, mainly related to calcium 

and phosphate metabolism, but also others that are involved in iron metabolism, the immune and 

cardiovascular systems, and overall regulation of cell proliferation and differentiation.32   

A prevailing paradigm in vitamin D metabolism is that the kidney is the only relevant source of 

circulating 1,25(OH)2D, while extrarenal CYP27B1 activity serves only paracrine or autocrine 

functions.18,33 This paradigm is challenged by experimental data from a kidney-specific CYP27B1 

pseudo-null mouse model34 and by clinical data in anephric patients29,35, which indicate that extrarenal 

CYP27B1 activity may contribute to maintaining circulating 1,25(OH)2D levels, at least in conditions 

of defective renal CYP27B1 activity (Figure 3).  

 

1.2 Nutritional vitamin D targets and supplementation guidelines in the general 

population  

Key evidence points 

 Infants and small children should be supplemented with vitamin D (400-600 IU/d), at least 

during their first years of life. 

 Adults, especially elderly and pregnant individuals, should have access to vitamin D 

supplementation, but recommended doses vary widely (from 200 IU to 2000 IU/d), in line 

with the uncertainty regarding the minimal desirable serum concentration of 25(OH)D. 

Background and rationale 

Several groups of people have a shortfall between their requirement for vitamin D and the combined 

cutaneous synthesis and food intake and may therefore need vitamin D supplementation. 

Governments, scientific societies, and expert panels are regularly updating recommendations for the 

intake of vitamin D, especially for groups that should (infants) or prefer to (especially elderly 

individuals) avoid direct sunlight exposure. There is a fair consensus that all infants and small children 

should receive 400-600 IU daily at least during their first years of life and that pregnant women and 

elderly should have access to vitamin D supplementation.36 The recommended doses for adults vary 

widely (from 200 IU to 2000 IU/d),16 in line with disagreement regarding the minimal desirable serum 

concentration of 25(OH)D (Table 1). All guidelines agree that 25(OH)D levels <30 nmol/L (<12 
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ng/mL) should be avoided and that levels >75 nmol/L (>30 ng/ml) are sufficient. Adequate vitamin D 

status by this definition is probably reached by less than 50% of the world population, at least in 

winter.37 In 2019, NHANES reported a prevalence of vitamin D deficiency (<30 nmol/L or 12 ng/mL) 

of 5% in the United States, with no change in prevalence between 2003 and 2014.38 

 

Vitamin D deficiency has been defined in the context of skeletal mineralisation. Serum 25(OH)D level 

<30 nmol/l (<12 ng/mL) strongly increases the risk of rickets in children and osteomalacia in 

adults.39,40 This 25(OH)D level is also consistent with the threshold below which active intestinal 

calcium absorption decreases.41 Vitamin D adequacy is most often defined as the vitamin D level that 

minimizes circulating PTH levels. Observational studies are inconsistent regarding this threshold, but 

clinical trials demonstrate that vitamin D supplementation results in a decrease in PTH if the baseline 

25(OH)D is <50 nmol/L (<20 ng/mL).42,43 Conversely, large-scale randomised, controlled trials and 

Mendelian randomisation studies failed to demonstrate a benefit of vitamin D supplementation for 

skeletal or extra-skeletal health in adults with 25(OH)D levels >50 nmol/L (>20 ng/mL).44 Thus, in 

summary, the recommendations for the general population is to maintain serum 25(OH)D above 50-75 

nmol/L, mainly to ensure skeletal health, as extra-skeletal benefits of vitamin D supplementation 

remains controversial. 

 

1.3  Vitamin D metabolism in CKD 

Key evidence points 

 CKD is a state of dysregulated vitamin D metabolism and vitamin D hypo-responsiveness. 

 CKD is likely a state of extrarenal CYP27B1 activation with extra-renal production of 1,25-

dihydroxyvitamin D. 

Background and rationale 

Patients with CKD have a high prevalence of vitamin D deficiency.45-47 Several underlying 

mechanisms have been proposed, including: (1) reduced ingestion of foods high in vitamin D content, 

(2) reduced endogenous synthesis of vitamin D3 in the skin due to reduced sunlight exposure or 

dermopathy, (3) increased FGF23-mediated vitamin D catabolism, and (4) increased losses, either 

through the kidneys (e.g. nephrotic syndrome48,49) or the dialysate (peritoneal dialysis50,51). It remains a 

matter of ongoing debate whether impaired liver 25-hydroxylase activity contributes to the low 

25(OH)D levels in patients with CKD. Experimental kidney failure and hyperparathyroidism have 

been shown to decrease several CYP450 isoforms involved in the 25-hydroxylation of vitamin D, but 

not CYP2R1.52 Endotoxaemia may be a common culprit of 25(OH)D deficiency in patients with CKD, 

diabetes, and non-alcoholic fatty liver disease.19,53,54 25(OH)D levels in the general population show 

seasonal fluctuations, vary across ethnic groups and according to dietary habits55, and are lower in 

obese individuals56. There is no reason to assume that these sources of variability do not also apply in 

the setting of CKD. Studies comparing 25(OH)D levels in patients with CKD and otherwise healthy 
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individuals, matched for key variables such as age, body mass index, ethnicity, and season are 

scarce.57,58 As such, it is hard to estimate the direct impact of CKD on vitamin D deficiency.   

1,25(OH)2D levels decline as kidney failure progresses.57 This decline seems mainly driven by the 

rising levels of FGF23, since FGF23-neutralizing antibodies have been shown to normalize serum 

1,25-dihydroxyvitamin D levels in experimental models of CKD.59,60 Cohort studies also show 

decreasing levels of the catabolic product 24,25(OH)2D paralleling kidney function decline,61 

suggesting overall impaired CYP24A1 activity, possibly as a consequence of reduced 1,25(OH)2D 

levels.  

The impact of CKD on extrarenal vitamin D metabolism is not well-defined, but it may be 

hypothesized that there is an increase in the extrarenal contribution to circulating levels of 1,25(OH)2D 

as kidney function declines. CKD enhances both the expression and efficiency of CYP27B1 in 

peripheral blood monocytes as compared to healthy volunteers.23,62 Microinflammation, a common 

finding in patients with CKD,54 is a plausible driver of increased extrarenal CYP27B1 activity.23 Of 

interest, the extrarenal production of 1,25(OH)2D seems to be highly substrate-driven, which may have 

implications for target levels of 25(OH)D in CKD.29 The cellular uptake of 25(OH)D and its affinity 

for CYP27B1, conversely, are impaired in CKD, and may be partly restored by 1,25(OH)2D 

supplementation.62  In addition to a decreased production of 1,25(OH)2D, altered expression of the 

VDR or altered binding properties of the hormone receptor complex to DNA could also contribute to 

impaired 1,25(OH)2D signalling in CKD.63,64 Thus, CKD qualifies as a state of overall stagnant 

vitamin D metabolism, where both production and degradation of 1,25(OH)2D are suppressed.61 The 

clinical systemic implications of extra-renal production of 1,25(OH)2D remains unclear. 

 

1.4  Vitamin D metabolism in incident kidney transplant recipients 

Key evidence points 

 25(OH)D levels show a transient decline early after kidney transplantation. 

 Renal production of 1,25(OH)2D recovers after kidney transplantation paralleling kidney graft 

function. 

Background and rationale 

Low levels of vitamin D are common after kidney transplantation,65-67 despite an increased focus on 

supplementation in recent years.68 Longitudinal studies show a transient decline in 25(OH)D levels 

shortly after transplantation,69,70 which may be related to decreased vitamin D production in the skin 

(reduced sunshine exposure), impaired hepatic 25-hydroxylase activity (glucocorticosteroids20) or 

increased degradation (mediated by FGF23). Parallel to the recovery of kidney function, and 

progressive decreases in PTH and FGF23, 1,25(OH)2D levels rapidly increase from 3 months post-

transplant an onwards.29 Of interest, patients who were able to maintain their 25(OH)D stores pre-

transplant show a greater increase in 1,25(OH)2D levels in the early post-transplant period.69-71  
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Q2: What are the (pre)-analytical issues of vitamin D measurements and 
monitoring? 
 

2.1 Analytical considerations  

Key evidence points 

 LC-MS/MS is the method of choice for measuring vitamin D metabolites, particularly in 

patients with CKD. 

 The added value of the assessment of free vitamin D or metabolic ratios is uncertain. 

Background and rationale 

The most accurate approach to measure 25(OH)D in patients with advanced CKD is by liquid 

chromatography coupled with mass spectrometers in tandem (LC-MS/MS). This methodology brings 

an added advantage in its ability to quantify metabolites, e.g. the metabolite 24,25(OH)2D which is 

produced by the enzyme CYP24A1 and is the first step of the metabolization pathway of 25(OH)D. 

This metabolite is used to calculate the vitamin D metabolic ratio, which is further discussed below. 

Despite being the method of choice for quantifying 25(OH)D, LC-MS/MS is not widely implemented 

in clinical practice. Instead, many laboratories rely on commercially available immunoassays. 

Unfortunately, the vast majority of these immunoassays are inaccurate in the context of advanced 

CKD.72,73 A notable under-recovery, exceeding 20% of the metabolite, is observed, with no clear 

explanation beyond the alteration in the uremic matrix of these patients, which diverges from the 

matrix typically used for assay calibration, resulting in what is referred to as "matrix effects". As a 

consequence, the traditional cut-offs used to delineate vitamin D sufficiency and insufficiency should 

probably not be applied to these immunoassays, even if they adhere to full standardization according 

to the Vitamin D Standardization Program criteria and are impeccably traceable to reference methods. 

Additionally, immunoassays do not uniformly quantify vitamin D2 metabolites (such as 

ergocalciferol), contributing to an elevated level of uncertainty in the reported values.  

The ratio between the catabolic product 24,25(OH)2D and 25(OH)D, termed the vitamin D metabolic 

ratio, has been proposed as a measure of vitamin D status, with the rationale that lower levels of the 

catabolic product would indicate functional vitamin D deficiency.74,75 As discussed in the previous 

section, vitamin D catabolism is certainly affected by CKD, with levels of 24,25(OH)2D decreasing as 

kidney function declines.76,77 The 24,25(OH)2D response to vitamin D supplementation is also less 

pronounced in patients with CKD compared to kidney-healthy populations.78,79 In keeping with this, 

the vitamin D metabolic ratio decreases more prominently than 25(OH)D levels as CKD progresses.80 

However, whether this decrease is due to functional vitamin D deficiency or rather CYP24A1 

dysfunction in CKD is not clear. Reduced 25(OH)D clearance has been demonstrated in patients with 

CKD,81 indicating the latter and making the interpretation of metabolic ratios in CKD difficult. In one 

of the few studies to investigate the potential clinical value of the vitamin D metabolic ratio in CKD, a 
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lower ratio was associated with cardiovascular events; however, the association disappeared after 

adjusting for kidney function.82 

The majority of vitamin D metabolites circulate bound to DBP and albumin (>99%) and, according to 

the free hormone hypothesis, may not be able to exert biological effects in most tissues. The utility of 

determining free vitamin D is a subject of ongoing debate.83 The free fraction of vitamin D can be 

estimated mathematically through an equation that takes into account the levels of 25(OH)D, albumin, 

and DBP, along with affinity coefficients, akin to the approach published by Vermeulen et al. for free 

testosterone.84 DBP should be measured using LC-MSMS or a method utilizing polyclonal antibodies 

to avoid under-recoveries linked to DBP polymorphism. An LC-MS/MS method for DBP quantitation 

has been published85 and international standards are readily available. In addition to the analytical 

considerations, the calculations utilized are based on multiple assumptions and have not been validated 

in different disease conditions.83 Another option for direct measurement of free vitamin D is through a 

commercially available two-step competitive ELISA assay.86 In this approach, a monoclonal antibody 

against 25(OH)D is bound to a solid phase, which is supposed to selectively capture the free forms 

while excluding the bound ones. Subsequently, the quantification of this free form is achieved with a 

spectrophotometer. Alternatively, free vitamin D can be determined by an LC-MS/MS method, 

utilizing an equilibration dialysis step for sample preparation.87 Of note, a recent comparison of both 

‘direct’ methods revealed significant differences.87 Measurement of free vitamin D is currently not 

recommended for the healthy background population,8 and with only a handful of studies investigating 

free vitamin D in CKD88-90, there is insufficient evidence to consider the clinical utility in this setting.  

Measuring 1,25(OH)2D is more complex than 25(OH)D as it circulates in the picomolar range, at 

concentrations approximately 1000 times lower than its precursor. Unlike the latter, there is currently 

no reference method available for 1,25(OH)2D. Given the lack of clinical support for determining 

1,25(OH)2D in CKD, analytical challenges will not be further discussed.  

In summary, 25(OH)D remains the preferred biomarker of vitamin D status. LC-MS/MS is the 

recommended method for determining vitamin D metabolites in CKD, particularly in later stages, but 

may not (yet) be widely available in clinical practice. Commercially available immunoassays should 

adhere to the current analytical standards and be traceable by the Vitamin D Standardization Program. 

2.2 Monitoring strategy  

Clinical practice points 

 In patients with CKD G2-5D, we suggest measuring 25(OH)D concentrations at first 

presentation, with repeated analysis 3 months after any changes to vitamin D 

supplementation, and at least annually thereafter. 
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 Routine monitoring of 1,25(OH)2D levels, free vitamin D levels, and ratios between 

vitamin D metabolites are not recommended. 

Background and rationale  

Given the high prevalence of vitamin D deficiency and secondary hyperparathyroidism, and the 

apparent substrate dependence of CYP27B1 activity in CKD, monitoring of vitamin D status seems 

reasonable in these patients. A tailored approach might be preferred, but practical guidance from 

clinical trials is lacking. Pragmatically, we suggest to measure 25(OH)D in patients with CKD G2-5D 

at first presentation and annually thereafter. A repeated analysis 3 months following 25(OH)D 

targeting intervention (e.g. change of supplementation dose or interval) may be advised to assess 

treatment response, as both the supplement chosen (particularly with over the counter dietary 

supplements) and several patient-related factors (obesity, proteinuria, dialysis regime, baseline 

25(OH)D level) can influence the response between dose given and increase in 25(OH)D levels. 

Potential benefits should be weighed against increased costs. These issues are further discussed in 

section 5. We do not recommend the monitoring of 1,25(OH)2D, free vitamin D, or the ratio between 

24,25(OH)2D and 25(OH)D in daily clinical practice pending additional evidence clarifying their 

clinical value. 

Q3: Is there evidence for benefit of vitamin D supplementation on bone and 

mineral metabolism in CKD? 

3.1 Vitamin D supplementation and PTH control in CKD 

Key evidence points 

 Vitamin D supplementation improves control of secondary hyperparathyroidism in adults and 

children with CKD. 

Clinical practice points 

 We recommend supplementing vitamin D to >75 nmol/L (>30 ng/mL) in adults and children 

with CKD G2-5D to delay the onset, or improve the control, of secondary 

hyperparathyroidism, recognizing that the effect in CKD G5-5D is uncertain. 

 We suggest replenishing vitamin D before using an active vitamin D compound in CKD G2-3 

and before or concomitantly with an active vitamin D compound in CKD G4-5D.   

Background and rationale  

Vitamin D deficiency is a well-known cause of secondary hyperparathyroidism, and the inverse 

relationship between PTH and 25(OH)D levels is also apparent in CKD.91,92 A recent meta-analysis 

found a significant reduction in PTH by supplementation with vitamin D in CKD G3-4, but noted 

small study sizes and heterogeneity in the supplement chosen (cholecalciferol, ergocalciferol, or 

calcifediol), dosages used, and duration of the studies to be important limitations.93 Not all studies 
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were placebo-controlled, and some included participants regardless of vitamin D status at baseline94-96. 

Considering placebo-controlled trials in more detail, PTH reduction seems evident when achieving a 

target 25(OH)D >75 nmol/L (>30 ng/mL), particularly when using cholecalciferol (Table 2).94,97-113 

Ergocalciferol appears less efficient in achieving PTH reduction despite sufficient increases in 

25(OH)D.95,114-117 In a head-to-head comparison, cholecalciferol resulted in greater increases in 

25(OH)D levels in patients with CKD G3-5 compared to an equal dose of ergocalciferol, and only 

cholecalciferol resulted in PTH suppression.103 Increased catabolism of vitamin D3 metabolites 

induced by ergocalciferol has been proposed as the explanation for the difference in clinical efficacy 

between these two vitamin D compounds.117 In addition, three randomised, controlled trials 

demonstrated PTH reduction with extended release calcifediol compared to placebo in patients with 

CKD G2-4.118-121 Very high levels of 25(OH)D were achieved in these trials, with successive PTH 

reduction, leading the authors to argue that a higher 25(OH)D target may be appropriate in CKD.  

Most, but not all, studies specifically included patients with vitamin D insufficiency, typically defined 

as 25(OH)D <50-75 nmol/L (20-30 ng/mL), and some further specified that patients should have 

secondary hyperparathyroidism98,102. One study reported no overall difference in PTH levels after 

cholecalciferol supplementation in CKD G2-3, except in the subgroup of patients with 

hyperparathyroidism at baseline.94 This raises the question of whether vitamin D monitoring and 

supplementation should be reserved for patients with secondary hyperparathyroidism. However, in 

children with CKD, the time to manifest hyperparathyroidism could be delayed with vitamin D 

supplementation,122 and in adults, vitamin D supplementation was found to be equally effective to an 

active vitamin D compound in achieving PTH target levels in CKD G3-4,116 which provides 

arguments for a more pre-emptive approach. 

The effect of vitamin D supplementation on PTH control in CKD G5-5D is less certain than in earlier 

stages, with discordant findings in available trials (Table 3). Changes in concomitant medical therapy 

for secondary hyperparathyroidism (active vitamin D compounds, calcimimetics) may, to some 

degree, obscure the effect of vitamin D supplementation on PTH. Indeed, some studies reported 

decreased use of active vitamin D compounds in the intervention arm105,107; however, others reported 

no change in dose111,112,115. One study demonstrated that 1,25(OH)2D levels increased to a similar 

degree with cholecalciferol vs alfacalcidol104, and another that PTH reduction was greater with the 

combination of paricalcitol and cholecalciferol, compared to the active vitamin D compound alone,108 

which argues for a role of ensuring vitamin D sufficiency even in kidney failure. PTH reduction was 

also reported with vitamin D supplementation in prospective studies that did not include a control 

group.123-125 Thus, the effect of vitamin D supplementation on PTH control is clearly less certain in 

CKD G5-5D than in earlier stages. Considering the substrate-dependence of CYP27B1 activity in 

CKD G5-5D29,126, a higher 25(OH)D treatment target could be argued for; however, there is no solid 

evidence to support this. Given the tolerability of vitamin D supplementation and the potential benefit, 

it seems prudent to avoid vitamin D deficiency in CKD G5-5D. 
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The ESPN has published comprehensive clinical practice recommendations for both vitamin D 

supplementation and active vitamin D therapy in children with CKD.5,127 In children with CKD G2-4, 

ergocalciferol given to a target of 25(OH)D >75 nmol/L (>30 ng/mL) delayed the onset of secondary 

hyperparathyroidism.122 A second study, including children with CKD G2-4 also demonstrated PTH 

reduction with high-dose cholecalciferol with approximately half of the cohort achieving a 30% 

reduction in PTH levels.128 Lastly, in the C3 trial114,115, which included children with CKD G2-4, lower 

PTH levels where seen when achieving 25(OH)D >75 nmol/L (>30 ng/mL)129, and there was an 

inverse relationship between the 25(OH)D increase and the PTH decrease130.  

In conclusion, for both children and adults with CKD, vitamin D supplementation to a 25(OH)D target 

>75 nmol/L delays the onset of, or improves the control of, secondary hyperparathyroidism. Although 

the effect is less certain in CKD G5-5D, there is currently insufficient evidence to suggest differential 

25(OH)D targets in patients with kidney failure.  

 

3.2 Vitamin D supplementation and bone outcomes in CKD 

Key evidence points 

 There is no evidence for a benefit of vitamin D supplementation alone on the risk of bone loss 

and fractures in adults or children with CKD, or for improved growth in children with CKD. 

 

Background and rationale 

Vitamin D supplementation may benefit skeletal health indirectly through improved intestinal calcium 

absorption and suppression of secondary hyperparathyroidism,131 or directly through effects on bone 

mineralisation.132 However, whether fracture risk is reduced by vitamin D supplementation at the 

population level remains controversial.44 A recent meta-analysis attempted to pool fracture data from 

trials of vitamin D supplementation in CKD, but the low number of events in each trial renders these 

analyses inconclusive.133 Of two studies identified investigating the effect of vitamin D 

supplementation on intermediate bone outcomes (bone imaging), one was a combined intervention 

with calcium and cholecalciferol given to frail, elderly women with CKD G1-3.134 This study 

concluded that there was an overall positive treatment effect on distal radius BMD, which did not 

differ based on baseline kidney function.134 A second study included patients with CKD G5D 

receiving haemodialysis and investigated an intervention of cholecalciferol 5000 IU/d versus no 

vitamin D supplement on top of cinacalcet and calcitriol, and reported a non-significant trend towards 

improved BMD at the femoral neck with cholecalciferol.107  

Vitamin D deficiency has been associated with bone mineralisation defects both in the general 

population135 and in CKD136, but to our knowledge, there are no trials that inform on the effects of 

vitamin D supplementation on bone histomorphometry in (contemporary) patients with CKD. Trials of 

active vitamin D compounds demonstrate improvements in bone histology both in early137 and late138 

stages of CKD, but it is difficult to separate any independent and direct effects of vitamin D in bone 
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from those mediated by improved control of hyperparathyroidism.137 To our knowledge, there are no 

trials to inform on the effect of vitamin D supplementation on bone outcomes, including growth, in 

children with CKD. Thus, although there is biological plausibility, there is insufficient evidence to 

support beneficial effects on skeletal health by vitamin D supplementation beyond what results from 

improved PTH control. 

 

3.3 Vitamin D metabolism, PTH control and bone outcomes in kidney transplant 

recipients 

Key evidence points 

 Vitamin D supplementation improves the control of hyperparathyroidism after kidney 

transplantation. 

 Vitamin D supplementation may reduce the risk of bone loss and fractures after kidney 

transplantation. 

Clinical practice points 

 We suggest supplementing vitamin D to >75 nmol/L (>30 ng/mL) in kidney transplant 

recipients to reduce the risk of bone loss and fractures. 

Background and rationale 

As in the general population, low levels of vitamin D associate with poor outcomes post-transplant67 

including osteoporosis139 and disturbed bone turnover and mineralisation140. Five trials investigated the 

effect of vitamin D supplementation on bone or related biochemical outcomes after kidney 

transplantation (Table 4),141-145 two of which were randomised, controlled trials.142,146 Tsujita et al. 

randomised recipients of a living donor kidney transplantation from 1 month post-transplant to either 

cholecalciferol 4000 IU/d or placebo for 12 months.142 Baseline 25(OH)D was notably low, at 25 

nmol/L (10 ng/mL). Supplementation resulted in a substantial increase in 25(OH)D levels (to 100 

nmol/L or 40 ng/mL) and a greater decrease in PTH than in the placebo group. The treatment effect on 

PTH was more pronounced in patients with good kidney graft function and lower baseline levels of 

calcium or 25(OH)D. Lumbar spine BMD was better preserved with vitamin D supplementation, 

which could be partly explained by the lower PTH levels. In the VITALE study, prevalent kidney 

transplant recipients with stable kidney graft function and 25(OH)D levels <75 nmol/L (<30 ng/mL) 

were randomised to either high or low dose of cholecalciferol for 24 months.141 The primary outcome 

was a composite of diabetes mellitus, cardiovascular disease, cancer or death (discussed in the next 

section), and symptomatic fractures were included as a secondary outcome. Fracture incidence was 

significantly lower in the high-dose cholecalciferol group, although the number of events were small 

(3 vs 12 events). There was a marginal PTH lowering effect of high-dose cholecalciferol, but no effect 

on BMD in a subgroup of patients with available dual-energy x-ray absorptiometry-scans. Two 

additional studies investigating effects of calcium and vitamin D supplementation on BMD in the first 

post-transplant year reported diverging results.144,145  
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In conclusion, although the evidence is sparse, two well-performed randomised, controlled trials 

indicate benefit of vitamin D supplementation on bone outcomes after kidney transplantation, likely 

mediated through improved control of hyperparathyroidism. 

 

Q4: Is there evidence for benefit of vitamin D supplementation on 

cardiovascular outcomes and all-cause mortality in CKD?   

4.1 Vitamin D supplementation and cardiovascular outcomes and mortality in 
CKD 

Key evidence points 

 There is no evidence for a benefit of vitamin D supplementation on cardiovascular outcomes 

or all-cause mortality in CKD. 

 No studies revealed clinically relevant cardiovascular safety concerns of vitamin D 

supplementation. 

Background and rationale  

It has been hypothesized that vitamin D deficiency contributes to a range of illnesses, beyond and 

unrelated to its role in disturbed mineral homeostasis and bone disease. These pleiotropic effects are 

assumed to also involve the cardiovascular system. This hypothesis is based on the finding that the 

VDR is expressed on many cells, including in cardiovascular tissues,147 and on observational data that 

demonstrate an inverse association between 25(OH)D levels and the incidence of cardiovascular 

events and mortality, both in the general population148,149 and in patients with CKD150,151. However, 

systematic reviews and meta-analyses on the effects of vitamin D supplementation on these outcomes 

in CKD have provided contradictory results.133,152 Importantly, recent large-scale intervention studies 

in the general population essentially refute the causality of this association. The VITAL trial recruited 

over 25000 participants who were randomised to either 2000 IU cholecalciferol or placebo (and to 

omega 3 fatty acids or placebo in a 2x2 factorial design).153 The study was negative on its primary 

(incident invasive cancer or MACE) and secondary endpoints, and there was no effect modifications 

of any subgroup on MACE. In addition, there was no signal of beneficial effect of vitamin D 

supplementation within the subgroup with baseline 25(OH)D levels <50 nmol/L (<20 ng/mL), 

although the number of events were too small to reliably show a difference between the study arms. 

The absence of effect on cardiovascular morbidity and mortality confirmed findings from previous 

large trials in the general population.154,155 Moreover, a subsequent study from Australia, the D-Health 
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Trial, of comparable size to VITAL, found no indication of any benefit of vitamin D supplements on 

mortality risk, including cardiovascular mortality in the older general population.156 One conclusion 

from these studies may be that vitamin D deficiency has no causal role in these non-skeletal outcomes. 

However, a recent Mendelian randomisation study from the UK biobank provided some evidence to 

the contrary.157 Studying the association between predicted levels of 25(OH)D, based on a wide range 

of genetic determinants, and all-cause and cause-specific mortality, a sharp increase in risk emerged 

with 25(OH)D levels <25 nmol/L (<10 ng/mL), i.e. severe vitamin D deficiency (Figure 4). This 

‘inflection level’ corresponds to the level of 25(OH)D below which 1,25(OH)2D production becomes 

substrate dependent.158 Importantly, baseline 25(OH)D levels of patients enrolled in the VITAL study 

were well above the range where according to the UK biobank study, 25(OH)D levels really matter 

(Figure 4). Thus, the population included in the VITAL study may have been too vitamin D replete to 

benefit from the intervention.  

Next, the question arises whether data obtained in the general population can be applied to the CKD 

setting. The VITAL investigators failed to demonstrate effect modification by estimated glomerular 

filtration rate (eGFR)159, but the number of participants with an eGFR<60 was low, limiting statistical 

power. So far, only one prospective trial examined the potential benefits of vitamin D supplementation 

on cardiovascular outcomes in a CKD population. The VITALE study randomised 538 kidney 

transplantation recipients to low or high dose cholecalciferol for two years.141  There was no difference 

between groups in the time to occurrence of the composite endpoint of diabetes, cancer, MACE or 

death, nor between any of the individual components.141 This study also warrants cautious 

interpretation given the relatively small sample size and short follow-up time.  

One may speculate that the abovementioned ‘inflection level’ is either non-existing or higher in the 

setting of CKD, acknowledging the marked impact of CKD on vitamin D metabolism with 

1,25(OH)2D becoming increasingly substrate dependent as kidney function declines. This reasoning 

fuels the hope that the currently recruiting Survival Improvement with Cholecalciferol in Patients on 

Dialysis (SIMPLIFIED) study will yield meaningful results. SIMPLIFIED is a prospective, 

randomised, open-label, multicentre trial of cholecalciferol versus standard care in patients receiving 

dialysis. Approximately 4200 subjects from 65 dialysis units in the United Kingdom will be included 
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in the trial, and the primary objective is to determine the effect of cholecalciferol 60000IU every two 

weeks on patient survival.160 

Besides the above-mentioned trials on patient-relevant endpoints, a range of studies assessed the 

effects of vitamin D supplements on surrogate markers of cardiovascular health in people with CKD 

(Table 5), including pulse wave velocity (PWV; reflecting arterial stiffness)97,112,161,162 progression of 

arterial calcification163, flow-mediated vasodilation (reflecting endothelial function)100, left ventricle 

mass index,164 and blood pressure94,97,165,166. Overall, these studies found no benefit of vitamin D 

supplementation, with just a few nuances. In the study by Levin et al. the group allocated to calcifediol 

had an improved PWV after 6 months as compared to placebo.161 However, there were substantial 

differences of PWV at baseline, and when results were adjusted for that, the benefit was lost. The 

other exception was the study by Kumar et al. studying the effects of high dose cholecalciferol 

(300000 IU administered twice) on flow-mediated vasodilation in patients with CKD.100 This study 

found a 5.5% improved endothelial function as compared to placebo after 16 weeks. 

Of note, none of these studies revealed any safety issues with vitamin D supplements in terms of 

incidences of hypercalcemia or hyperphosphatemia. A few studies reported on the effects of vitamin D 

supplements on FGF23 (Supplementary Table S1).94,98,100,104,106,118,119,129,130 Overall, no effect was seen 

on FGF23 levels, although one study reported a transient increase in FGF23 in CKD patients with 

baseline vitamin D sufficiency (25(OH)D levels >75 nmol/L) allocated to cholecalciferol.69 A recent 

meta-analysis of randomised clinical trials did indicate an increase in FGF23 levels with vitamin D 

supplements in a wide range of study populations, most of them without CKD.167 The effect was 

modest, with a weighted mean difference in FGF23 levels of +21 pg/ml; however, it was more 

pronounced in people with kidney or heart failure (+300 pg/ml). FGF23 has consistently been 

associated with dismal clinical outcomes, but it is still unclear if FGF23 should be a treatment target in 

CKD. 
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Q5: What is the approach to the management and prevention of vitamin D 
deficiency in patients with CKD? 

5.1 Pharmaceutical considerations 

Clinical practice points 

 We suggest using oral cholecalciferol to increase and maintain serum 25(OH)D concentration 

in the target range. If cholecalciferol is unavailable, oral ergocalciferol may be used in an 

equivalent dose. 

 Oral administration of cholecalciferol should be preferred, with intramuscular administration 

reserved for patients with gastrointestinal malabsorption disorders. 

 Vitamin D compounds should be administered by mouth and not through feeding tubes. 

Background and rationale  

Clinical evidence shows that nutritional vitamin D compounds are effective at increasing serum 

25(OH)D levels in patients with CKD. Cholecalciferol seems to be more efficient than ergocalciferol, 

both for increasing serum 25(OH)D168 and reducing serum PTH levels103 (Table 6). This is consistent 

with findings in the general population (Supplementary Table S3)169-171, and likely due to increased 

catabolism of vitamin D3 metabolites induced by ergocalciferol, as previously discussed. 

Studies of nutritional vitamin D have largely focused on the oral route of administration with only one 

study in CKD providing comparative data for the intramuscular route (Supplementary Table S3).172 

The pharmacokinetic profiles of vitamin D differ substantively between oral and intramuscular routes 

with respect to the rate at which peak levels are attained and decline, and therefore differences in when 

25(OH)D levels were measured can confound comparisons. Thus, such comparisons need to be 

interpreted cautiously.172-174 Despite this limitation, the data collectively show that both routes of 

administration lead to an increase in serum 25(OH)D levels.172-174 However, intramuscular injections 

are invasive, and may cause pain, swelling, bleeding, and bruising at the injection site, and should 

therefore be reserved for patients with gastrointestinal malabsorption disorders. Vitamin D compounds 

are lipophilic, hence must be given by mouth and not through feeding tubes as they may adhere to the 

plastic175, resulting in a lower and variable dose ingested.  

Oral nutritional vitamin D products are commercially available in both pharmaceutical-grade and 

dietary supplements sold as over-the-counter preparations.176,177 While pharmaceutical-grade vitamin 

D products are subject to the same rigorous regulatory manufacturing standards as other medicines, a 
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number of studies have reported substantial variation in the actual vitamin D content compared to the 

value declared on the label (ranging from <10 to >200%) for over the counter vitamin D dietary 

supplements (Supplementary Table S4).176-181 Thus, monitoring the response on 25(OH)D levels 

within a reasonable time-frame (arbitrarily set at 3 months, see section 2.2) after initiation of therapy is 

advisable.  

 

5.2 Recommended dosage regimens in CKD 

Clinical practice points 

 We suggest using oral cholecalciferol with once daily, weekly, fortnightly, or monthly dosing 

schedules, adjusting the dose for baseline 25(OH)D levels and body size.  

 In adults with CKD G2-5D or after kidney transplantation with serum 25(OH)D concentration 

<75 nmol/L (<30 ng/mL), we suggest an equivalent daily dose of 5000 – 7000 IU/day of 

cholecalciferol for a duration of 12 weeks to achieve the optimal target range. To maintain 

serum 25(OH)D concentration in the target range, we suggest continuous dosing with an 

equivalent daily dose of 2000 IU/day. 

 In children with CKD G2-5D or after kidney transplantation with serum 25(OH)D 

concentration <75 nmol/L (<30 ng/ml), we suggest an equivalent daily dose of 3000-7000 

IU/day of cholecalciferol for a duration of 12 weeks to achieve the optimal target range. To 

maintain serum 25(OH)D concentration in the target range, we suggest continuous dosing with 

an equivalent daily dose of 1000-2000 IU/day, adjusting for body size. 

 We suggest avoiding exceeding doses of 100000 IU given as a single dose. 

Background and rationale 

The dose of vitamin D is a key determinant of the rate at which serum 25(OH)D concentration 

increases, although wide variability is observed between dose given and 25(OH)D levels achieved in 

both patients with CKD122 and in the general population182. Due to the heterogeneity in dosing 

regimens across studies (dose, frequency of dosing, duration of therapy) and variable patient-related 

factors (body weight, obesity, proteinuria, baseline 25(OH)D levels) which could affect the dose-

response relationship,56,129,170,183 determining the optimal dose is challenging.127,133 Certain patient 

groups such as those that are obese, have high-grade proteinuria, or receive peritoneal dialysis therapy 

may require higher doses of cholecalciferol to achieve target 25(OH)D levels. The association between 

obesity and lower vitamin D levels is well described for the background population56,184 and is also 
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apparent in CKD123. Proposed mechanisms include effects of metabolic status on hydroxylation of 

vitamin D in the liver (discussed in section Q1) and sequestration of vitamin D metabolites by adipose 

tissue. For glomerular diseases129,185 and peritoneal dialysis therapy50,51,186, increased loss of DBP (in 

urine or dialysate) is hypothesized to be the reason for lower 25(OH)D levels and need for higher 

supplement doses to reach treatment targets.  

There is no clear consensus on optimal dosages of vitamin D supplementation for adults or children 

with CKD. A commonly employed strategy is to use higher dose for a variable duration of 4-12 weeks 

to increase serum total 25(OH)D concentration to the target range followed by a lower dose as 

maintenance therapy.127,187 The vitamin D doses used in randomised, controlled trials in adults with 

CKD with PTH outcomes are shown in Table 2+3 and Figure 5+6. There is no rationale for rapid 

correction of 25(OH)D deficiency, and the use of mega-doses is not recommended (see below). There 

is significant variation in the doses used in trials (equivalent daily dose: ~700 to 8000 IU), but 

collectively, it seems reasonable to suggest an equivalent daily dose of 5000-7000 IU/day of 

cholecalciferol for 12 weeks to achieve 25(OH)D >75 nmol/l (>30 ng/ml). Of note, the average 

baseline 25(OH)D level in studies ranged from 33-68 nmol/l (13.2-27.2 ng/ml), and individuals with 

lower 25(OH)D may require longer duration and higher doses to achieve the same target range. 

Equally, variation in individual responses, as indicated by the large standard deviations, suggests that 

personalised dosing regimens may be needed. As discussed above, in patients with CKD, 25(OH)D 

production is not substrate dependent, and there is a non-linear correlation between the dose given and 

the 25(OH)D level achieved.122 To maintain serum 25(OH)D >75 nmol/l (>30 ng/ml), continuation 

with a lower dosing regimen is advocated. In the only study in adults with non-dialysis-dependent 

CKD that examined cessation of treatment, serum 25(OH)D levels declined substantially at 6 weeks 

following treatment cessation.103 There are few studies examining the optimal dose needed to maintain 

serum 25(OH)D, but the available data suggest an equivalent daily dose of 2000 IU/day of 

cholecalciferol.94,105,111,112  

In a randomised placebo-controlled trial of nutritional vitamin D in children with CKD, a modified 

version of the K/DOQI dosage recommendations was used, adjusting for both baseline 25(OH)D 

concentrations and the child’s age. A target 25(OH)D >75 nmol/L (>30 ng/ml) was achieved in 80% 
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of children after 3 months of high-dose treatment whereas only for 60% of children on 1000 IU/d of 

ergocalciferol.122 A study comparing a daily equivalent dose of 3000-3500 IU of cholecalciferol (given 

as daily, weekly, or monthly regimens) in a cohort of children with CKD G3-4 reported that 78% of 

children achieved 25(OH)D ≥75 nmol/l (>30 ng/ml), and after switching to 1000 IU/d, 65% 

maintained the target after 3 months, 70% after 6 months and 82% after 9 months.129 Further, there are 

two randomised dose-comparison studies (Supplementary Table S5).188,189 Nadeem et al. randomised a 

cohort of children with CKD G3-5 to 1000 or 4000 IU/d and concluded that 1000 IU/d cholecalciferol 

is unlikely to achieve or maintain serum 25(OH)D ≥75 nmol/L (>30 ng/ml).188 The second study found 

that doses 2000 IU/day for 4 months in children with very low 25(OH)D levels (median 12.5 nmol/l, 

or 5 ng/ml) failed to achieve the target 25(OH)D range.189 Noticeably, these studies showed wide 

variation in responses, and in the only population pharmacokinetic modelling study of cholecalciferol 

in children with CKD, it was suggested that optimal dosing should take into consideration body 

weight, baseline 25(OH)D concentration, and the presence of proteinuria.183 

The dosing interval, vary considerable between trials, ranging from a single dose, daily, twice weekly, 

thrice weekly, weekly, fortnightly, to every 3, 4, 8 and 12 weeks.133 Two studies that directly 

compared different dosing intervals reported comparable increase in serum 25(OH)D (Table 7).129,190 

Thus, similar dosages administered at different dosing intervals seem equally efficacious at increasing 

serum 25(OH)D levels. 

Extending the dosing interval is often accompanied by using higher doses, sometimes described as 

megadoses, although there is currently no consensus on the definition. Randomised, controlled trials in 

community-dwelling adults, usually the elderly, have reported a higher risk of falls and fractures in 

those who received very high doses of oral cholecalciferol,191 192 although a dose-response effect is 

unclear (Supplementary Table S6). Similar findings have not been reported in adults with CKD,110 but 

very few trials in CKD have used such high doses, and CKD trials are generally of short duration. 

 

5.3 Use of (extended release) calcifediol in CKD 

Clinical practice points 

 Calcifediol may be considered instead of cholecalciferol or ergocalciferol in patients with 

CKD and liver failure. 

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/advance-article/doi/10.1093/ndt/gfae293/7985766 by U

niversidade N
ova de Lisboa Law

 faculty user on 10 February 2025



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

 Extended release calcifediol may be considered in adults with CKD G3-4 and secondary 

hyperparathyroidism. 

Background and rationale 

There are some recent data on the use of calcifediol in adult patients with CKD (Table 8).118,119,161,193 

Calcifediol is more hydrophilic, has a shorter half-life, and does not require hepatic 25-hydroxylation 

for its activation. It also has a more linear and predictable dose–response relationship and increases 

serum 25(OH)D levels more rapidly194,195 than ergocalciferol or cholecalciferol. In a placebo-

controlled randomised, controlled trial, each microgram of orally consumed calcifediol was about 5 

times more effective in raising serum 25(OH)D in healthy older adults in winter than an equivalent 

amount of cholecalciferol.196 An extended-release calcifediol product, approved by the US Food and 

Drug Administration and the European Medicines Agency, is available in some countries, where it is 

registered for the treatment of secondary hyperparathyroidism in adults with CKD G3-4 and serum 

total 25(OH)D <75 nmol/L (<30 ng/ml). In trials investigating the use of extended release calcifediol 

in patients with CKD, the dosages utilized (30-90 μg/d) resulted in very high 25(OH)D levels, with 

successive PTH reduction until 25(OH)D levels exceeded 125 nmol/L (50 ng/mL) without any 

apparent toxicity.118,119 A few real-world observational studies are also available, reporting 

effectiveness of calcifediol in increasing serum 25(OH)D and reducing PTH without notable impact 

on serum calcium and phosphate.197,198 In a study directly comparing extended-release calcifediol to 

high-dose cholecalciferol and active vitamin D with low-dose cholecalciferol, extended-release 

calcifediol resulted in markedly higher 25(OH)D levels, with the target 25(OH)D >75 nmol/L reached 

for 100% of patients treated with extended-release calcifediol, 44% treated with cholecalciferol, and 

15% treated with paricalcitol and low-dose cholecalciferol.120 Thus, extended-release calcifediol may 

be considered when treating vitamin D deficiency in CKD, although it should be noted that the cost of 

this formulation is currently considerably higher than for ergocalciferol or cholecalciferol. 
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5.4 Safety considerations 

Key evidence points 

 Hypercalcaemia is rarely seen with nutritional vitamin D supplements when 25(OH)D levels 

are below 250 nmol/L (<100 ng/ml). 

 The upper safe limit of 25(OH)D and the safety of long-term use of nutritional vitamin D in 

patients with CKD are unknown. 

Clinical practice points 

 In adults and children with CKD or after kidney transplantation, we suggest withholding 

nutritional vitamin D supplements when serum 25(OH)D levels are above 150-200 nmol/L 

(60-80 ng/ml), in the absence of hypercalcaemia. 

 In patients with CKD and hypercalcaemia, check for and manage other causes of high calcium 

including iatrogenic (the use of active vitamin D compounds, high dialysate calcium, oral 

calcium-containing medications), CKD-related (presence of tertiary hyperparathyroidism), and 

non-CKD related conditions (malignancy, haematological conditions, sarcoidosis, 

hypovitaminosis A, etc) before stopping vitamin D supplementation. 

Background and rationale  

In the general population, large epidemiological studies have suggested a reverse J-shaped association 

between 25(OH)D levels and increased all-cause and cardiovascular mortality, with an increased risk 

at 25(OH)D  >120 nmol/l (>48 ng/ml).199-201 A similar safety signal has not been reported in studies in 

CKD; however, while these studies indicate a linear reduction in all-cause mortality with increasing 

levels of 25(OH)D, their analyses have not examined 25(OH)D levels above 100 nmol/l.123 202,124 

Keeping in mind the substrate dependency of vitamin D metabolism in advanced CKD, observational 

data in children122 and adults29 suggest that 25OHD >100 nmoL/L (>40 ng/ml) are needed to achieve 

near-normal 1,25(OH)2D levels in CKD, which could translate to a higher safe upper limit of 

25(OH)D. Concurrently, in a recent meta-analysis there was no increased risk of hypercalcemia or 

hyperphosphatemia in studies of nutritional vitamin D in patients with CKD.133 Thus, vitamin D 

supplements are unlikely to cause hypercalcemia unless 25(OH)D levels are substantially elevated, or 

there is inappropriate extra-renal CYP27B1 activity with a high degree of substrate dependence.  

A particular situation arises in the post-transplant setting, where 10-20% of patients present with mild 

hypercalcemia, with little spontaneous remission over time.203 Unfortunately, trials of vitamin D 

supplementation post-transplant have so far excluded patients with hypercalcemia.141,142 In primary 

hyperparathyroidism, vitamin D supplementation given to patients with hypercalcemia has been 

shown to decrease PTH levels prior to a parathyroidectomy, and to alleviate bone loss both before and 

after surgery, without meaningful increases in serum or urinary calcium.204 Similar studies should be 

considered in the post-transplant setting. Currently, significant heterogeneity in investigator-defined 
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thresholds for these biochemical measures, analytical issues, and short-duration of trials, make it 

impossible to determine the upper-safety limit and the safety of long-term use of nutritional vitamin D 

in patients with CKD.  

 

Results of the Delphi survey 
The Delphi survey revealed an overall high level of agreement. All but three clinical practice points 

reached the pre-defined goal of agreement, defined as being rated ‘Strongly agree’ or ‘Agree’ by more 

than 70% of the panel. Agreement was generally in the range of 80-90%, and disagreement 

(‘Disagree’ or ‘Strongly disagree’) did not exceed 10% for any of the practice points. The three 

practice points that failed to reach a 70% agreement received high ratings for ‘Neutral’ (27-33%), 

which may reflect hesitancy due to lack of conclusive evidence. Following discussions of the results of 

the Delphi survey, one practice point was removed (4.1), one was expanded upon in the discussion 

(5.1), and the last was modified for clarity (5.3). The full list of scores from the survey is available as 

Supplementary Table S7. All comments given in the Delphi survey was likewise reviewed by the core 

writing team, with subsequent minor adjustments to the clinical practice points and discussion. Many 

responses reflected personal practice with notable variations between responders, further highlighting 

the need for an evidence-informed consensus.  

 

Research recommendations 
 Data comparing vitamin D status of patients with CKD to the general population should be 

sought, to define whether CKD per se is a risk factor of vitamin D insufficiency.  

 Research is needed to evaluate whether profiling of vitamin D metabolites beyond 25(OH)D 

will improve risk stratification and provide therapeutic guidance 

 The optimal frequency of 25(OH)D measurement should be investigated, taking into 

consideration different supplementation strategies (for example cholecaliferol vs extended 

release calcifediol and different dosing regimens) 

 (Pragmatic) trials are needed to evaluate the effect of nutritional vitamin D supplementation 

on meaningful skeletal and non-skeletal (particularly cardiovascular) outcomes across 

different stages of CKD and after kidney transplantation.  

 Future trials should primarily include participants with clinically apparent vitamin D 

deficiency.  

 

Concluding remarks 
Despite consistent associations between vitamin D deficiency and morbidity and mortality both in the 

general population and in patients with CKD, there is no conclusive evidence for a benefit of vitamin 

D supplementation on patient-relevant skeletal or non-skeletal outcomes. However, CKD is a setting 

of severely affected vitamin D metabolism, which contributes to the complex mineral metabolism 
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disturbances of CKD-MBD, and vitamin D supplementation has been shown to improve the control of 

secondary hyperparathyroidism. Therefore, based on available evidence, we recommend monitoring 

for, and treating, vitamin D deficiency in adults and children with CKD across stages of disease and 

after kidney transplantation. Vitamin D supplementation is well-tolerated without prominent safety 

signals in CKD, but based on concerns raised in the background population, we suggest avoiding 

mega-doses of vitamin D and very high serum levels of 25(OH)D. Future research should focus on 

(pragmatic) clinical trials investigating the benefit of vitamin D supplementation on patient-relevant 

outcomes in the setting of vitamin D deficiency, across the spectrum of CKD. 
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Tables + table legends: 

Table 1 Definitions of vitamin D deficiency and adequacy according to different organisations (divide by 
2.5 to convert from nmol/L to ng/mL) 

Agency 
Deficiency threshold 

nmol/L 
Adequacy threshold 

nmol/L 

European Food Safety Authority $ <30 >50 

Nordic co-operation* <30 >50 

Institute of Medicine & <30 >50 

Endocrine Society 205 <50 >75 

European Calcified Tissue Society 206 <50  

$ Dietary reference values for vitamin D. 4547 (European Food Safety Authority, 2016).  
* Nordic nutrition recommendations 2012: integrating nutrition and physical activity. (Nordic Council of 
Ministers, Copenhagen, 2012). 
& Dietary reference intakes for calcium and vitamin D. (Institute of Medicine, Washington, D.C., 2010). 
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Table 2: Randomized trials of vitamin D supplementation on parathyroid hormone (PTH) levels in patients with chronic 
kidney disease (CKD) (divide by 2.5 to convert from nmol/l to ng/ml) 

Study N 
Population, 
CKD grade 

Supplement and 
dose 

Equivalent 
daily dose 

Duration 
Baseline 
25(OH)D 
(nmol/L) 

Follow-up 
25(OH)D 
(nmol/L) 

PTH 
change 

Dogan 2008101 70 Adults, G3-4 
Chol 300000IU/mo 
vs none 

10000 12 wks 21/17 45/18 ↓ 

Chandra 2008102 34 Adults, G3-4 
Chol 50000 IU/wk 
vs placebo 

7143 12 wks 43/47 123/49 ─ 

Alvarez 201294 46 Adults, G2-3 

Chol 50000 IU/wk 
for 12 wks > 50000 
IU/2 wk for 40 wks 
vs placebo 

7143 then 
3572 

52 wks 67/80 107/66 ↓ 

Marckmann 
201297 

27 
Adults, G1-
5D 

Chol 40000 IU/wk 
vs placebo 

5715 8 wks 39/29 166/22 ↓ 

Petchey 201396 28 Adults, G3-4 
Chol 2000 IU/d vs 
placebo 

2000 24 wks 95/88 146/81 ─ 

Kumar 2017100 
and Yadav 201899 

120 Adults, G3-4 
Chol 300000 IU 
every 8 wks vs 
placebo 

5357 16 wks 33/33 95/37 ↓ 

Westerberg 201898 95 Adults, G3-4 
Chol 8000 IU/d vs 
placebo 

8000 12 wks 58/57 162/57 ↓ 

Shroff 2012122 47 
Children, 
G2-4 

Ergo 2-8000IU/d for 
3mo, then 2000IU/d 
for 9mo vs placebo 

2-8000 
then 2000 

52 wks 50/52 83/ ↓ 

Gravesen 201395 43 Adults, G4-5 
Ergo 50000 IU/wk 
vs none 

7143 8 wks 63/59 129/60 ─ 

Dreyer 2014114 38 Adults, G3-4 
Ergo 50000 IU/wk 
for 1 mo then 50000 
IU/mo vs plaebo 

7143, then 
1667 

24 wks 30/25 80/25 ─ 

Sprague 2014119 78 Adults, G2-4 
Calcifediol (ERC) 
30, 60 or 90 μg vs 
placebo 

─ 6 wks 55/50 93-212/46 ↓ 

Sprague 2016118 

213 

Adults, G3-4 
Calcifediol (ERC) 
30 or 60 μg vs 
placebo 

─ 

26 wks + 26 
wks open-

label 
extension 

50/50 
125-

172/50 
↓ 

216 

Abbreviations: HD=haemodialysis; PD=peritoneal dialysis; PTH=parathyroid hormone 
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Table 3: Randomized trials of vitamin D supplementation on parathyroid hormone (PTH) levels in adults with kidney 
failure (divide by 2.5 to convert from nmol/L to ng/mL) 

Study N 
CKD 
grade 

Supplement and 
dose 

Equivalent 
daily dose 

(IU/d) 
Duration 

Baseline 
25(OH)D 
(nmol/L) 

Follow-up 
25(OH)D 
(nmol/L) 

PTH 
change 

Marckmann 
201297 

25 
G1-5D 
(HD) 

Chol 40000 IU/wk 
vs placebo 

5715 8 wks 21/36 136/26 ─/↓* 

Delanaye 
2013113 

43 
G5D 
(HD) 

Chol 25000 IU/2wks 
vs placebo 

1786 52 wks 30/30 80/44 ↓ 

Hewitt 2013112 60 
G5D 
(HD) 

Chol 50000 IU/wk 
for 8 wks then /mo 
vs placebo 

7143 then 
1667 

24 wks 43/43 88/40 ─ 

Li 2014111 96 
G5D 
(HD) 

Chol 50000 IU/wk 
for 6 wks then 10000 
IU/wk vs none 

7143 then 
1429 

52 wks 34/33 106/40 ─ 

Massart 2014110 55 
G5D 
(HD) 

Chol 25000 IU/wk 
vs placebo 

3571 24 wks 46/43 88/41 ─ 

Bhan 2015115 105 
G5D 
(HD) 

Ergo 50000 IU /wk 
or /mo vs placebo 

7143 or 
1667 

16 wks 55/56/54 
125 or 96 

/69 
─ 

Zheng 2016108 60 
G5D 
(HD) 

Chol 5000 IU/wk vs 
none 

714 16 wks 49/49 76/49 ↓ 

Wang 2016109 746 G5D 
Chol 50000 IU/wk 
vs placebo 

7143 52 wks 55/58 103/58 ↓ 

Zheng 2018107 60 
G5D 
(HD) 

Chol 5000 IU/d vs 
none 

5000 24 wks 46/48 94/58 ↓ 

Alshahawey 
2021106 

60 
G5D 
(HD) 

Chol 200000 IU/mo 
vs placebo 

6667 12 wks 45/47 80/47 ↓ 

Matuszkiewicz-
Rowinska 
2022104 

62 
G5D 
(HD) 

Chol 4000 IU x3/wk 
vs alfacalcidol or 
placebo 

1714 12 wks 32/38 78/33 ─ 

Brimble 
2022105 

65 
G5D 
(PD) 

Chol 50000 IU/wk 
for 8 wks then 10000 
IU/wk vs placebo 

7143 then 
1429 

52 wks 52/49 69/40 ─ 

Abbreviations: Chol=Cholecalciferol; Ergo=Ergocalciferol; HD=haemodialysis; PD=peritoneal dialysis; 
PTH=parathyroid hormone, *Prevalence of hyperparathyroidism decreased with cholecalciferol. 

All studies included adult patients; no trials with children in CKD G5D were identified. 
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 Table 4: Randomized controlled trials of vitamin D supplementation after kidney transplantation with bone or biochemical outcomes  (divide by 2.5 to convert from nmol/L to 
ng/mL) 

Study N Population Intervention Duration 
Equivalent 
daily dose 

(IU/d) 

Baseline 
25(OH)D 
(nmol/L) 

Follow-up 
25(OH)D  
(nmol/L) 

PTH BMD Fracture 

Courbebaisse 
2023146 

536 
Prevalent, 12-48 
mo post-TX 

Chol 100000 IU (high) 
vs 12000 IU (low) every 
2 wks for 2 mo, then /mo  

24 mo 
7143 then 3333 

vs  
857 then 400 

51/48 108/63 ↓ 
No effect 
(LS, FN) 

Reduced risk 
(clinical 
fractures)  

Tsjuita 
2022142 

193 
Incident, 1 mo 
post-TX 

Chol 4000 IU/d vs 
placebo 

12 mo 4000 25/25 100/35 ↓ 
Improved 
(LS)  

Not reported 

Courbebaisse 
2009143 

94 
Incident, 3 mo 
post-TX 

Chol 100000 IU /2 wks 
for 2 mo followed by 
every 2 mo vs none 

12 mo 7143 then 1667 35/30 75/32 ↓ Not reported Not reported 

Wissing 
2005144 

90 
Incident, from 
TX 

Chol 25000 IU/mo with 
400 mg/d Ca vs Ca 
alone 

12 mo 822 61/49 67/41 ↓ 
No effect 
(LS, FN) 

Not reported 

Talalaj 
1996145 

71 
Incident, from 
TX 

Calcidiol 40 μg/d  
+ Ca 3 g/d vs none 

12 mo 1600 32/41 72/48 _ 
Improved 
(LS, FN)  

Reduced risk 
(incident VFx) 

Data are mean ± SD or median [IQR], * marks full range – as given in the source data.  
Abbrevations: BMD=bone mineral density; Ca=calcium; Calc=calcidiol; Chol=Cholecalciferol; FN=Femoral neck; LS=lumbar spine; N/A = Not available; VFx=Vertebral 
fracture; TX=transplantation 
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Table 5: Randomized trials investigating the effect of nutritional vitamin D supplementation on intermediate cardiovascular endpoints in patients with 
chronic kidney disease (CKD) (divide by 2.5 to convert from nmol/L to ng/mL) 

Study N CKD grade Supplement and dose 
Equivalent daily 
dose (IU/day) Duration 

Baseline 
25(OH)D 
(nmol/L)  

Follow-up 
25(OH)D 
(nmol/L)  

Effect on 
cardiovascular 
outcome  

Alvarez 201294 46 G2-3 
Chol 50000 IU /wk for 12 wks, 
then /2 wks vs placebo 

7143 then 3572 52 wks 67/67 100/80 Blood pressure: ─ 

Courbebaisse 
2023141 

53
6 

G1-5T 
Chol 100000 IU vs 12000 IU 
both /2 wks for 2 mo, then /mo  

7143 then 3333 
vs 857 then 400 

104 wks 50/50 107/62 MACE: ─ 

Levin 2017161 87 G3b-4 
Calcifediol 5000 3x/wk vs 
placebo 

2143 26 wks 67/67 235/65 PWV: ─/↓ 

Banerjee 2021164 48 G3-4 
Chol 100000 IU at wk 0, 4, 8, 
12, 24, 42 vs placebo 

1648 52 wks 46/37 ~75/~40 LVMI: ─ 

Das 2023162 
10
0 

G3 
Chol 3000  IU/wk for 8 wks vs 
placebo 

429 24 wks 42/42 90/60 PWV: ─ 

Dreyer 2014114 38 G3-4 
Ergo 50000/wk for 1 mo, then 
/mo vs placebo 

7143, then 1,667 26 wks 30/25 80/25 
Endothelial function: 
↑ 

Hewitt 2013112 66 G5D(HD) 
Chol 50000/wk for 8 wks, 
then/mo vs placebo 

7143 then 1,667 26 wks 45/40 88/40 PWV: ─ 

Kumar 2017100 & 
Kaur 2022207 

12
0 

G3-4 
Chol 300000 wk 0 and 8 vs 
placebo 

5357 16 wks 32/32 94/34 FMD: ↑; PWV:↓ 

Liyanage 2017165 
& 2018208 

85 G1-3 Chol 50000 im/mo vs placebo 1667 52 wks 55/50 82/46 Blood pressure: ─ 

Marckmann 
201297 

52 G1-5D Chol 40000/wk vs placebo 5715 8 wks 24/33 155/24 
Blood pressure, 
PWV: ─ 

Massart 2014110 55 G5D(HD) 
Chol 25000/wk vs placebo for 
13 wks, then 26 wks to target  

3571 
(individualized) 

39 wks 42/45 65/65 
Aortic calcification: 
─ 

Samaan 2018163 47 G3-4 Chol 50000/mo vs placebo 1667 78 wks 50/55 95/75 
Coronary artery 
calcification score: ─ 

Abbrevations: Chol=Cholecalciferol, Ergo=Ergocalciferol, HD=haemodialysis, MACE=major cardiovascular events, PWV=Pulse wave velocity, FMD=flow 
mediated vasodilatation, LVMI=left ventricular mass index 

All studies included adult patients with CKD; no studies with children were identified 
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Table 6: Randomised trials comparing different types of nutritional vitamin D in adults with chronic kidney disease  
(divide by 2.5 to convert from nmol/L to ng/mL) 

Study  N CKD 
stage 

Baseline 
25(OH)D 
(nmol/l) 

Ergocalciferol 
dose 

Cholecalciferol 
dose 

Outcome 

Wetmore 
2016103 

44 G3-5 Ergo:  
51 
Chol:  
52 

50000 IU /wk 
for 12 wks 

50000 IU /wk 
for 12 wks 

Cholecalciferol yielded a greater mean change 
in 25(OH)D (113  41 nmol/l) than 
ergocalciferol (77  38 nmol/l) and was more 
efficient in decreasing PTH. 

Daroux 
2013168 

39 G5D 
(HD) 

50 200000 IU /mo 
given as 3x 
week, or /mo 
for 3 mo 

200000 IU /mo 
for 3 mo 

Cholecalciferol yielded a greater mean change 
in 25(OH)D (100  33 nmol/l) than 
ergocalciferol (63  23 nmol/l). 
 

Abbreviations: 25(OH)D = 25-hydroxyvitamin-D; Chol=Cholecalciferol: Ergo=Ergocalciferol; HD = Haemodialysis; IU = International 
unit; PTH = Parathyroid hormone 
 

 

 

 

 

 

 

 

 

  

Table 7: Randomised trials of nutritional vitamin D comparing different dosing intervals in patients with 
chronic kidney disease 

Study N Population 
CKD 
Stage 

Vitamin D 
compound 

Route Intervention 
Follow-
up 

Outcome 

Iyengar 
2022129 

90 
Children 
<18 yrs 

G3-4 Chol Oral 

3000 IU /d 
or 
25000 IU /wk  
or  
100000 IU /mo  
for 3 mo 

3 mo 
Similar 
effects on 
25(OH)D 

Nata  
2022209 

50 
Adults  
≥ 18 yrs 

G5D 
(PD) 

Ergo Oral 

20000 IU 3x /wk 
or 
60000 IU /wk 
for 8 wks 

8 wks 
Similar 
effects on 
25(OH)D 

Abbreviations: 25(OH)D = 25-hydroxyvitamin-D; Chol=Cholecalciferol; Ergo=Ergocalciferol; PD = Peritoneal dialysis; 
IU = International unit 
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Table 8: Randomised, controlled trials investigating oral calcifediol in adults with chronic kidney disease (CKD) (divide 
by 2.5 to convert from nmol/L to ng/mL) 

Study  n 
CKD 
stage 

Supplement and 
dose 

Follow-
up  

Baseline 
25(OH)D 
(nmol/L)  

Follow-up 
25(OH)D 
(nmol/L)  

Outcome 

Morrone 
2022193 

284 
G5D 
(HD) 

Calcifediol 40 μg 
x3/wk vs none 

24 mo 30/32 Not given 

A greater proportion of patients 
achieved 25(OH)D>75 nmol/L: 
36 vs 11%. No significant effects 
on mortality or cardiovascular 
outcomes. 

Levin 
2017161 

80 G3-4 
Calcifediol 5000 
IU x3/wk vs 
placebo 

6 mo 63/74 235/65 

Mean 25(OH)D change in the 
calcifediol group was 171 (145; 
197) nmol/l. Pulse wave velocity 
decreased compared to placebo-
group. 

Sprague 
2016118 & 
Strugnell 
2019121 

144  
+ 285 

G3-4 
ERC 30–60 μg/d 
vs placebo 

26 wks 50/50 125-172/50 

Steady-state 25(OH)D was 
reached after 12 wks and 
averaged 125 and 140 nmol/l (30 
µg/d) and 173 and 168 nmol/l 
(60 µg/d).  
Target 25(OH)D (>75 nmol/L) 
was achieved in 80 and 83% vs 3 
and 7% (active vs placebo).  

Sprague 
2014119 

78 G3-4 
ERC 30, 60, or 90 
μg/d vs placebo 

6 wks 55/50 93-212/46 

Mean 25(OH)D increased to 
93±5 nmol/l (30 μg/d), 167 ± 44 
nmol/l (60 μg/d) and 212 ± 14 
nmol/l (90 μg/d). 
Target 25(OH)D (>75 nmol/L) 
was acheived in 90 vs 3% (active 
vs placebo). 

Strugnell 
2023120 

69 G3-4 

ERC 60 μg/d vs  
IRC 266 μg/mo vs  
CHL 300000 
IU/mo vs  
PAR 1-2 μg +CHL 
800 IU/d 

8 wks 52 

ERC 207 
/IRC 63 
/CHL 72 
/PAR 60 

Target 25(OH)D (>75 nmol/L) 
was achieved in 100% (ERC), 
27% (IRC), 44% (high-dose 
CHL) and 15% (PAR) 

25(OH)D = 25-hydroxyvitamin-D; ERC=extended release; IRC=intermediate release; IU = International unit; 
PAR=paricalcitol; PTH = Parathyroid hormone 
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Figures + figure legends: 

Figure 1. Overview of vitamin D metabolism. Vitamin D is supplied through ultraviolet radiation of 

the skin or through the diet. Two hydroxylation steps are necessary for activation into the active 

hormone, first by CYP2R1 in the liver to 25 hydroxyvitamin D (25(OH)D) then in by CYP27B1 in the 

kidneys or other tissues to 1,25 dihydroxy vitamin D (1,25(OH)2D). Hepatic hydroxylation may be 

affected by energy metabolism, with reduced efficacy seen in diabetes mellitus and obesity. Renal 

CYP27B1 is under strict hormonal control by hormones governing mineral metabolism (parathyroid 

hormone, PTH and fibroblast growth factor 23, FGF23), with negative feedback from 1,25(OH)2D 

itself. In contrast, extrarenal CYP27B1 activity seems to be substrate dependent and stimulated by 

conditions of inflammation. 
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Figure 2. Renal vitamin D metabolism and primary regulators of 1α-hydroxylase and 24-hydroxylase 

enzymes. Vitamin D metabolites circulate bound to proteins, mainly vitamin D protein. The 25-

hydroxyvitamin D-DBP complex enters the proximal tubular cells from the glomerular filtrate through 

a megalin/cubulin mediated transport. 1α-hydroxylase (encoded by CYP27B1) is a cytochrome P450 

enzyme that catalyzes the hydroxylation of 25-hydroxyvitamin D (25[OH]D) to 1,25-

dihydroxyvitamin D (1,25[OH]2D; the active form of vitamin D). 24-hydroxylase (encoded by 

CYP24A1) catalyzes the 24-hydroxylation of 25(OH)D and 1,25(OH)2D to their inactive 24-

metabolites. Factors that regulate each enzyme are depicted in the figure. Renally produced 

1,25[OH]2D serves autocrine (genomic and non-genomic), paracrine and endocrine functions.   

Abbreviations: 24,25(OH)2D, 24,25-dihydroxyvitamin D; FGF23, fibroblast growth factor 23; PTH, 

parathyroid hormone; DBP, Vitamin D binding protein; Ca, calcium; Phos, Phosphate; VDRE, vitamin 

D responsive element; VDR, vitamin D receptor; RXR, retinoid X receptor 
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Figure 3. Extrarenal vitamin D metabolism and primary regulators of 1α-hydroxylase and 24-

hydroxylase enzymes. Free circulating 25-hydroxyvitamin D enters the cells through diffusion. 

Factors that regulate extrarenal CYP27B1 and CYP24A1 are depicted in the figure. Extrarenally 

produced 1,25(OH)2D mainly serves autocrine (genomic and non-genomic) and paracrine functions, 

but may also spill over the circulation and thus confer endocrine actions. Abbreviations: 

24,25(OH)2D, 24,25-dihydroxyvitamin D; FGF23, fibroblast growth factor 23; PTH, parathyroid 

hormone; DBP, Vitamin D binding protein; VDRE, vitamin D responsive element; VDR, vitamin D 

receptor; RXR, retinoid X receptor 
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Figure 4. Association between predicted levels of 25(OH)D, based on genetic determinants, and all-

cause and cause-specific mortality; arrows indicate the median baseline level in the VITamin D and 

OmegA-3 TriaL (VITAL)153. CV=Cardiovascular (divide by 2.5 to convert from nmol/L to ng/mL) 
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Figure 5. 25(OH)D response of 16 study arms from randomised controlled trials of nutritional vitamin 

D in adults with CKD where the outcome was change in PTH levels (divide by 2.5 to convert from 

nmol/L to ng/mL). Studies included: Alvarez et al., 201294; Marckmann et al. 201297; Westerberg et 

al., 201898; Yadav et al., 201899; Kumar et al., 2017100; Dogan et al., 2008101; Chandra et al., 2008102; 

Matuszkiewicz-Rowinska et al., 2021104; Alshahawey et al., 2021106; Zheng et al., 2018107; Zheng et 

al., 2016108;  Massart et al., 2014110; Li et al., 2014111; Hewitt et al., 2013112; Delanaye et al., 2013113. 
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Figure 6. 25(OH)D response of 5 study arms from randomised controlled trials of nutritional vitamin 

D in adults with CKD where doses to maintain 25(OH)D levels were investigated (divide by 2.5 to 

convert from nmol/L to ng/mL). Data for the initial period where higher doses of vitamin D were used 

in some of these studies are excluded for illustration purposes only. Studies included: Alvarez et al., 

201294; Li et al., 2014111; Hewitt et al., 2013112; Mager et al., 201210. (Note: Mager et al., 2016 included 

patients with CKD G1-2). 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/advance-article/doi/10.1093/ndt/gfae293/7985766 by U

niversidade N
ova de Lisboa Law

 faculty user on 10 February 2025


