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Vitamin D physiology has gained more importance and publicity than any of its coun-
terparts in the water- and fat-soluble vitamin groups combined. This is partly because
vitamin D deficiency is still widely prevalent in the developed world and the beneficial
effects are thought to extend beyond the regulation of calcium and phosphorus
homeostasis alone. Vitamin D deficiency becomes even more important in the various
stages of chronic kidney disease (CKD); CKD itself is also on the increase. How vitamin
D physiology is altered in CKD and how the various treatment modalities can alter the
morbidity and mortality associated with CKD is the topic of discussion for this article.
Chronic kidney disease, mineral and bone disorder (CKD-MBD) is the broad term used
to describe the disease complex of hyperphosphatemia, secondary hyperparathy-
roidism, low levels of vitamin D, and their associated complications.1 The National
Kidney Foundation, Kidney Disease Outcomes and Quality Initiative (KDOQI), and
subsequently, Kidney Disease: Improving Global Outcomes (KDIGO), has endeavored
to provide evidence-based clinical practice guidelines for various stages of CKD and
has set certain target levels for the major factors involved in CKD-MBD.2,3 These
factors include calcium, phosphorus, vitamin D, and parathyroid hormone (PTH).
Whether achieving and maintaining these targets will provide any benefit for the overall
survival of patients with kidney disease remains to be demonstrated.
CALCIUM

Calcium in present abundantly in the body. The skeleton acts as reservoir and buffer
for calcium such that when a large oral load of calcium is ingested and absorbed, it
gets buffered in the skeleton and when calcium is acutely needed, it is mobilized
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from the skeleton. Regulation of serum calcium is under complex control with short-
term and long-term regulation. This regulatory control is governed by vitamin D metab-
olism, phosphorus metabolism, fibroblast growth factor 23 (FGF-23), and PTH. These
regulators of calcium homeostasis are heavily dependent on each other, and there are
continuous positive and negative feedback mechanisms. For various reasons that are
discussed later, these regulatory mechanisms of calcium homeostasis become dis-
rupted in CKD and result in the presentation of CKD-MBD.
CKD-MBD

Patients with kidney disease are at a many fold higher risk of bone fracture than their
age-matched controls. Hyperphosphatemia and hyperparathyroidism are virtually
universal in patients with advanced kidney disease. Vascular calcification can be
debilitating and is strongly associated with the increased cardiovascular morbidity
and mortality associated with CKD.4–6 Many patients in CKD stage 4 (estimated
glomerular filtration rate [eGFR] 15–29) never seem to progress to CKD stage 5
(eGFR<15), and mortality from cardiovascular disease may be a contributing factor.
CKD-MBD starts early, usually by CKD stage 3 (eGFR 30–59) and, for the most
part, is a silent problem that only becomes manifest as CKD advances. Vitamin D defi-
ciency is widely prevalent in the general population and even more so in patients with
kidney disease.
NORMAL VITAMIN D PHYSIOLOGY

Vitamin D is crucial for calcium and phosphorus homeostasis and the regulation of
parathyroid function. In addition to obtaining vitamin D from diet, a significant amount
is formed in the skin (Fig. 1). Ultraviolet rays of the correct wavelength (UVB) in sunlight
convert 7-dehydrocholesterol in the skin to previtamin D. This is then transported to
the liver where it is hydroxylated at carbon 25 to form 25-hydroxyvitamin D
[25(OH)D]. This is the main storage form of vitamin D in the human body and is the
Fig. 1. Normal vitamin D metabolism showing the capacity of the kidney and extrarenal
sites to produce the active vitamin D sterol, 1,25-dihydroxyvitamin D.
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vitamin D metabolite that reflects the state of vitamin D nutrition. Almost all 25(OH)D is
bound to circulating vitamin D–binding protein (DBP) and is then filtered by the kidney
and taken up by the proximal convoluted tubule by an endocytic receptor, megalin.
The 25(OH)D-DBP complex is degraded in proximal tubule lysosomes, releasing
25(OH)D, which then translocates to the mitochondria. In the mitochondria, 25(OH)D
is converted to 1,25-dihydroxyvitamin D by the enzyme 1a-hydroxylase and returned
to the circulation as the active form of vitamin D.7–11 New research has shown the
presence of this enzyme in organs other than the kidney, such as pancreas, brain,
lymph nodes, heart, gastrointestinal tract, adrenal glands, and prostate gland, such
that 1,25-dihydroxyvitamin D may be made locally in these tissues. The biologic role
of the extrarenal 1a-hydroxylase and the local effects of 1,25-dihydroxyvitamin D in
extrarenal sites is the subject of ongoing studies.12

The actions of 1,25-dihydroxyvitamin D are mediated by binding to the vitamin D
receptor (VDR) and result in the alteration of the transcription of many genes in the
various target organs.
VITAMIN D METABOLISM IN KIDNEY DISEASE

Kidney disease seems to be a risk factor for vitamin D deficiency13 and as many as
70% to 85% of patients with CKD are found to have low levels of 25(OH)D.14,15

Many factors may contribute, including lack of sunlight, loss of 25(OH)D-DBP with
heavy proteinuria, diabetes, chronic illness, decreased production of previtamin D in
the skin,16 and other unknown factors. Thus, the concentration of substrate for
conversion to 1,25-dihydroxyvitamin D is decreased. This is further complicated by
the fact that with decreases in glomerular filtration rate (GFR) and decreased renal
mass, there is decreased delivery of substrate to the renal 1a-hydroxylase, which
limits the ability of the diseased kidney to produce the active 1,25-dihydroxyvitamin
D. In addition, as CKD develops, phosphate retention occurs decreasing 1a-hydrox-
ylase activity, directly12 and leading to increases in the levels of FGF-23, which in turn,
can directly decrease the activity of 1a-hydroxylase.17,18 FGF-23 is a recently discov-
ered phosphaturic hormone that is regulated by dietary phosphate, serum phosphate,
and 1,25-dihydroxyvitamin D. FGF-23 levels increase early in CKD, presumably in
response to phosphate retention, in an effort to increase phosphate excretion in
conjunction with increases in PTH. Although PTH stimulates the activity of 1a-hydrox-
ylase, the suppressive effect of FGF-23 on 1a-hydroxylase activity seems to dominate
in this clinical situation. In addition, it has been suggested that accumulation of N-
terminally truncated PTH peptides of C-terminal PTH fragments may decrease 1a-
hydroxylase.19 Thus, because of these abnormalities (Fig. 2), it is not surprising that
the levels of 1,25-dihydroxyvitamin D are reduced in CKD and progressively decline
with advancing stages of CKD.20 In addition to decreased production of 1,25-dihy-
droxyvitamin D, there is also evidence for resistance to the actions of vitamin D as
kidney disease progresses in that there may be decreased concentrations of the
VDR, impaired binding of the 1,25-dihydroxyvitamin D binding to the VDR, and
possibly impaired binding of the VDR complex to the vitamin D response elements
in the nuclei.21 This altered vitamin D physiology in patients with renal disease contrib-
utes to subclinical or less commonly overt hypocalcemia and leads to the need for
increased levels of PTH, which mobilizes minerals from the skeleton by stimulation
of osteoclastic-mediated bone resorption. This process leads to the loss of lamellar
bone and replacement with the woven and structurally weaker bone, increased
propensity for fractures, and overall decreased quality of bone.



Fig. 2. The mechanisms contributing to the progressive decrease in the levels of 1,25-dihy-
droxyvitamin D in kidney disease. (Modified from Al-Badr W, Martin KJ. Vitamin D and
kidney disease. Clin J Am Soc Nephrol 2008;3(5):1555–60; with permission.)
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PHOSPHORUS

Abnormal phosphorus metabolism is a major factor in CKD-MBD. Phosphate reten-
tion, as a consequence of decreased GFR, is thought to be a major factor in the path-
ogenesis of CKD-MBD. Phosphorus retention can lead to increased PTH directly22

and indirectly by increasing the levels of FGF-23, which, in turn, decreases the activity
of 1a-hydroxylase.17,18 High levels of phosphorus have been shown to promote
vascular calcification in animal models and are associated with vascular calcification
in experiments in vitro.23–25

ROLE OF VITAMIN D TREATMENT IN CKD-MBD

Because of the major role of abnormal vitamin D metabolism in the disturbances of
calcium and phosphorus homeostasis and in the pathogenesis of secondary hyper-
parathyroidism in the setting of CKD, use of vitamin D sterols is an important aspect
of the therapy of patients with CKD. Current practice guidelines suggest evaluation
for the presence of hyperparathyroidism early in the course of CKD, and if PTH values
are elevated, vitamin D deficiency should be evaluated by measurement of 25(OH)D
levels. If 25(OH)D levels are less than 30 ng/mL then vitamin D supplementation should
be initiated. This is most often accomplished by the administration of ergocalciferol or
cholecalciferol. Although the KDOQI guidelines suggest a dosage regimen for ergocal-
ciferol, this is not always effective in achieving correction of the low levels of 25(OH)D
in this patient group.26 The reasons for this are currently unclear. However, if the levels
of 25(OH)D are increased then PTH values are seen to decrease in CKD stage 3. The
decrease in PTH in patients with CKD stage 4 seems to be less, but again, there is
marked heterogeneity in response to ergocalciferol.26,27 Accordingly, the use of active
vitamin D sterols can be considered. The preparations available in North America are:
calcitriol (1,25-dihydroxyvitamin D3), doxercalciferol (1a-25-hydroxyvitamin D2), and
paricalcitol (19-nor-1,25-dihydroxyvitamin D3). All are effective in reducing the
secondary hyperparathyroidism associated with CKD, consistent with the finding
that activation of the VDR in parathyroid glands results in decreased PTH gene tran-
scription. Dosing should be monitored carefully to avoid toxicity, which is mainly man-
ifested by hypercalcemia. In studies in animals, the analogue, paricalcitol, has been
shown to be less calcemic and less phosphatemic than the native hormone.28,29 There
are limited data on head-to-head studies of the active vitamin D sterols in patients, but
paricalcitol seems to have the widest therapeutic window. It is likely that early
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recognition of secondary hyperparathyroidism and initiation of therapy early in the
course of CKD may lead to effective control of hyperparathyroidism and prevent para-
thyroid growth.

EFFECTS OF VITAMIN D ON THE CARDIOVASCULAR SYSTEM

Studies have shown that VDR knockout mice have an overactive renin-angiotensin-
aldosterone system (RAAS) and develop hypertension and left ventricular hypertrophy
(LVH).30 Similarly, Dahl salt-sensitive rats develop vitamin D deficiency and LVH with
diastolic dysfunction, and the administration of paricalcitol has been shown to be
associated with decreased LVH in these rats.31 Similarly, 1a-hydroxylase knockout
mice develop hypertension, cardiac hypertrophy, and depressed cardiac function.32

These effects are not corrected by correction of calcium and phosphorus alone. Cal-
citriol, however, seems to ameliorate hypertension and improve cardiac function in
this animal group.32 Therefore, it seems that the vitamin D system is a regulator of
the renin-angiotensin system. These observations, coupled with other animal studies
that have shown improved cardiac function and decreased LVH and the suggestion
that 1,25-dihydroxyvitamin D may actually suppress the RAAS axis, have led to the
initiation of 2 prospective trials in patients to evaluate this possibility. The Paricalcitol
benefits in Renal Failure Induced Cardiac Morbidity (PRIMO) trials, PRIMO I and
PRIMO II will evaluate the beneficial effects of paricalcitol in patients predialysis and
those on dialysis, respectively (clinicaltrials.gov NCT00497146 and NCT00616902).

VITAMIN D AND OVERALL SURVIVAL

Some observational studies have shown decreased overall mortality in patients with
end-stage renal disease (ESRD) who are being treated with an active vitamin D sterol.
In 1 study there was a 26%, 2-year reduction in mortality in the patient groups who
received some form of vitamin D versus those who received none.33 In another obser-
vational study by Teng and colleagues,34 in 60,000 patients undergoing hemodialysis
there were lower rates of mortality in those treated with paricalcitol versus calcitriol.
Other studies have also shown similar survival benefits with the use of paricalcitol.
Melamed and colleagues35 (KI2006) noted a 26% reduction in mortality with injectable
vitamin D as part of the Choices for Health Outcomes in Caring for ESRD (CHOICE)
study. Tentori and colleagues36 showed a similar survival benefit irrespective of the
formulation of the active vitamin D sterol (calcitriol, paricalcitol, or doxercalciferol).
Similarly, Kalantar-Zadeh and colleagues37 showed paricalcitol administration to be
associated with improved survival compared with those receiving no vitamin D in
patients with ESRD. Similar apparent survival benefits associated with the use of
active vitamin D sterols are now being presented in predialysis patients.38,39 Indeed,
low levels of 25(OH)D have been associated with greater mortality in patients with
cardiovascular disease as well as in patients with hypertension, and even in apparently
normal people.40 These observational studies warrant the need for prospective,
randomized trials to evaluate any survival benefit of vitamin D therapy in patients
with CKD.

OTHER POTENTIALLY BENEFICIAL EFFECTS OF VITAMIN D TREATMENT IN CKD

Vitamin D metabolism has a role in immune function, which was elucidated by Liu and
colleagues41 in studies evaluating the response of human macrophages to activation
of toll-like receptors. These studies demonstrated that the antimicrobial protein cath-
elicidin was regulated by the generation of 1,25-dihydroxyvitamin D by the
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macrophage 1a-hydroxylase. This pathway may be important in CKD, which has
a high incidence of infections. Indeed, an association between low levels of the cath-
elicidin, hCAP18, and death from infectious causes in patients on hemodialysis has
been observed.42

It is also possible that the vitamin D system may affect the progression of CKD.
Several studies in animals show that administration of active vitamin D sterols can
favorably affect the processes that lead to progression of kidney disease.43–50

Recently, studies have shown that paricalcitol seems to reduce proteinuria in patients
with CKD,51 and this has been confirmed in a randomized controlled trial.52

SUMMARY

CKD is associated with decreased vitamin D metabolites, both the storage form
25(OH)D and the active form 1,25-dihydroxyvitamin D. This contributes to hyperpara-
thyroidism, and increased levels of PTH mobilize minerals from the skeleton and
increase the risk for fractures. Treatment with vitamin D sterols efficiently reduces
secondary hyperparathyroidism of CKD. Observational studies suggest survival and
other potential benefits of vitamin D treatment in the CKD population. These observa-
tions need to be verified with controlled prospective trials.

REFERENCES

1. Moe S, Drueke T, Cunningham J, et al. Definition, evaluation, and classification of
renal osteodystrophy: a position statement from kidney disease: improving global
outcomes (KDIGO). Kidney Int 2006;69(11):1945–53.

2. Kidney Disease: Improving Global Outcomes (KDIGO) CKD-MBD Work Group.
KDIGO clinical practice guideline for the diagnosis, evaluation, prevention, and
treatment of chronic kidney disease-mineral and bone disorder (CKD-MBD).
Kidney Int Suppl 2009;76(113):S1–130.

3. National Kidney Foundation. K/DOQI clinical practice guidelines for bone metab-
olism and disease in chronic kidney disease. Am J Kidney Dis 2003;42:S1–201.

4. Blacher J, Guerin AP, Pannier B, et al. Arterial calcifications, arterial stiffness, and
cardiovascular risk in end-stage renal disease. Hypertension 2001;38(4):938–42.

5. Goodman WG, Goldin J, Kuizon BD, et al. Coronary-artery calcification in young
adults with end-stage renal disease who are undergoing dialysis. N Engl J Med
2000;342(20):1478–83.

6. Moe SM. Vascular calcification and renal osteodystrophy relationship in chronic
kidney disease. Eur J Clin Invest 2006;36(Suppl 2):51–62.

7. Hilpert J, Wogensen L, Thykjaer T, et al. Expression profiling confirms the role of
endocytic receptor megalin in renal vitamin D3 metabolism. Kidney Int 2002;
62(5):1672–81.

8. Willnow TE, Nykjaer A. Pathways for kidney-specific uptake of the steroid
hormone 25-hydroxyvitamin D3. Curr Opin Lipidol 2002;13(3):255–60.

9. Nykjaer A, Fyfe JC, Kozyraki R, et al. Cubilin dysfunction causes abnormal
metabolism of the steroid hormone 25(OH) vitamin D(3). Proc Natl Acad Sci
U S A 2001;98(24):13895–900.

10. Leheste JR, Rolinski B, Vorum H, et al. Megalin knockout mice as an animal
model of low molecular weight proteinuria. Am J Pathol 1999;155(4):1361–70.

11. Nykjaer A, Dragun D, Walther D, et al. An endocytic pathway essential for renal
uptake and activation of the steroid 25-(OH) vitamin D3. Cell 1999;96(4):507–15.

12. Dusso AS, Brown AJ, Slatopolsky E. Vitamin D. Am J Physiol Renal Physiol 2005;
289(1):F8–28.



Vitamin D in Kidney Disease 361
13. Thomas MK, Lloyd-Jones DM, Thadhani RI, et al. Hypovitaminosis D in medical
inpatients. N Engl J Med 1998;338(12):777–83.

14. Gonzalez EA, Sachdeva A, Oliver DA, et al. Vitamin D insufficiency and defi-
ciency in chronic kidney disease. A single center observational study. Am J
Nephrol 2004;24(5):503–10.

15. LaClair RE, Hellman RN, Karp SL, et al. Prevalence of calcidiol deficiency in CKD:
a cross-sectional study across latitudes in the United States. Am J Kidney Dis
2005;45(6):1026–33.

16. Jacob AI, Sallman A, Santiz Z, et al. Defective photoproduction of cholecalciferol
in normal and uremic humans. J Nutr 1984;114(7):1313–9.

17. Perwad F, Azam N, Zhang MY, et al. Dietary and serum phosphorus regulate
fibroblast growth factor 23 expression and 1,25-dihydroxyvitamin D metabolism
in mice. Endocrinology 2005;146(12):5358–64.

18. Shimada T, Hasegawa H, Yamazaki Y, et al. FGF-23 is a potent regulator of
vitamin D metabolism and phosphate homeostasis. J Bone Miner Res 2004;
19(3):429–35.

19. Usatii M, Rousseau L, Demers C, et al. Parathyroid hormone fragments inhibit
active hormone and hypocalcemia-induced 1,25(OH)2D synthesis. Kidney Int
2007;72(11):1330–5.

20. Levin A, Bakris GL, Molitch M, et al. Prevalence of abnormal serum vitamin D,
PTH, calcium, and phosphorus in patients with chronic kidney disease: results
of the study to evaluate early kidney disease. Kidney Int 2007;71(1):31–8.

21. Patel SR, Ke HQ, Vanholder R, et al. Inhibition of calcitriol receptor binding to
vitamin D response elements by uremic toxins. J Clin Invest 1995;96(1):50–9.

22. Slatopolsky E, Finch J, Denda M, et al. Phosphorus restriction prevents parathy-
roid gland growth. High phosphorus directly stimulates PTH secretion in vitro.
J Clin Invest 1996;97(11):2534–40.

23. Giachelli CM, Jono S, Shioi A, et al. Vascular calcification and inorganic phos-
phate. Am J Kidney Dis 2001;38(4 Suppl 1):S34–7.

24. Jono S, McKee MD, Murry CE, et al. Phosphate regulation of vascular smooth
muscle cell calcification. Circ Res 2000;87(7):E10–7.

25. Moe SM, Chen NX. Mechanisms of vascular calcification in chronic kidney
disease. J Am Soc Nephrol 2008;19(2):213–6.

26. Al-Aly Z, Qazi R, Gonzalez EA, et al. Changes in serum 25-hydroxyvitamin D and
plasma intact PTH levels following treatment with ergocalciferol in patients with
CKD. Am J Kidney Dis 2007;50(1):59–68.

27. Zisman AL, Hristova M, Ho LT, et al. Impact of ergocalciferol treatment of vitamin
D deficiency on serum parathyroid hormone concentrations in chronic kidney
disease. Am J Nephrol 2007;27(1):36–43.

28. Finch JL, Brown AJ, Slatopolsky E. Differential effects of 1,25-dihydroxy-vitamin
D3 and 19-nor-1,25-dihydroxy-vitamin D2 on calcium and phosphorus resorption
in bone. J Am Soc Nephrol 1999;10(5):980–5.

29. Slatopolsky E, Finch J, Ritter C, et al. A new analog of calcitriol, 19-nor-1,25-
(OH)2D2, suppresses parathyroid hormone secretion in uremic rats in the
absence of hypercalcemia. Am J Kidney Dis 1995;26(5):852–60.

30. Xiang W, Kong J, Chen S, et al. Cardiac hypertrophy in vitamin D receptor
knockout mice: role of the systemic and cardiac renin-angiotensin systems. Am
J Physiol Endocrinol Metab 2005;288(1):E125–32.

31. Bodyak N, Ayus JC, Achinger S, et al. Activated vitamin D attenuates left ventric-
ular abnormalities induced by dietary sodium in Dahl salt-sensitive animals. Proc
Natl Acad Sci U S A 2007;104(43):16810–5.



Qazi & Martin362
32. Zhou C, Lu F, Cao K, et al. Calcium-independent and 1,25(OH)2D3-dependent
regulation of the renin-angiotensin system in 1alpha-hydroxylase knockout
mice. Kidney Int 2008;74(2):170–9.

33. Teng M, Wolf M, Ofsthun MN, et al. Activated injectable vitamin D and hemo-
dialysis survival: a historical cohort study. J Am Soc Nephrol 2005;16(4):
1115–25.

34. Teng M, Wolf M, Lowrie E, et al. Survival of patients undergoing hemodialysis with
paricalcitol or calcitriol therapy. New Engl J Med 2003;349(5):446–56.

35. Melamed ML, Eustace JA, Plantinga L, et al. Changes in serum calcium, phos-
phate, and PTH and the risk of death in incident dialysis patients: a longitudinal
study. Kidney Int 2006;70(2):351–7.

36. Tentori F, Hunt WC, Stidley CA, et al. Mortality risk among hemodialysis patients
receiving different vitamin D analogs. Kidney Int 2006;70(10):1858–65.

37. Kalantar-Zadeh K, Kuwae N, Regidor DL, et al. Survival predictability of time-
varying indicators of bone disease in maintenance hemodialysis patients. Kidney
Int 2006;70(4):771–80.

38. Kovesdy CP, Ahmadzadeh S, Anderson JE, et al. Association of activated vitamin
D treatment and mortality in chronic kidney disease. Arch Intern Med 2008;
168(4):397–403.

39. Shoben AB, Rudser KD, de Boer IH, et al. Association of oral calcitriol with
improved survival in nondialyzed CKD. J Am Soc Nephrol 2008;19(8):1613–9.

40. Dobnig H, Pilz S, Scharnagl H, et al. Independent association of low serum 25-
hydroxyvitamin D and 1,25-dihydroxyvitamin D levels with all-cause and cardio-
vascular mortality. Arch Inter Med 2008;168(12):1340–9.

41. Liu PT, Stenger S, Li H, et al. Toll-like receptor triggering of a vitamin D-medi-
ated human antimicrobial response. Science 2006;311(5768):1770–3..

42. Gombart AF, Bhan I, Borregaard N, et al. Low plasma level of cathelicidin antimi-
crobial peptide (hCAP18) predicts increased infectious disease mortality in
patients undergoing hemodialysis. Clin Infect Dis 2009;48(4):418–24.

43. Aschenbrenner JK, Sollinger HW, Becker BN, et al. 1,25-(OH(2))D(3) alters the
transforming growth factor beta signaling pathway in renal tissue. J Surg Res
2001;100(2):171–5.

44. Kruger S, Kreft B. 1,25-Dihydroxyvitamin D3 differentially regulates IL-1alpha-
stimulated IL-8 and MCP-1 mRNA expression and chemokine secretion by
human primary proximal tubular epithelial cells. Exp Nephrol 2001;9(3):223–8.

45. Kuhlmann A, Haas CS, Gross ML, et al. 1,25-Dihydroxyvitamin D3 decreases
podocyte loss and podocyte hypertrophy in the subtotally nephrectomized rat.
Am J Physiol Renal Physiol 2004;286(3):F526–33.

46. Mizobuchi M, Morrissey J, Finch JL, et al. Combination therapy with an angio-
tensin-converting enzyme inhibitor and a vitamin D analog suppresses the
progression of renal insufficiency in uremic rats. J Am Soc Nephrol 2007;18(6):
1796–806.

47. Schwarz U, Amann K, Orth SR, et al. Effect of 1,25 (OH)2 vitamin D3 on glomer-
ulosclerosis in subtotally nephrectomized rats. Kidney Int 1998;53(6):1696–705.

48. Subramaniam N, Leong GM, Cock TA, et al. Cross-talk between 1,25-dihydroxy-
vitamin D3 and transforming growth factor-beta signaling requires binding of VDR
and Smad3 proteins to their cognate DNA recognition elements. J Biol Chem
2001;276(19):15741–6.

49. Zhang Z, Sun L, Wang Y, et al. Renoprotective role of the vitamin D receptor in
diabetic nephropathy. Kidney Int 2008;73(2):163–71.



Vitamin D in Kidney Disease 363
50. Zhu KJ, Shen QY, Zheng M, et al. Effects of calcitriol and its analogues on inter-
action of MCP-1 and monocyte derived dendritic cells in vitro. Acta Pharmacol
Sin 2001;22(1):62–5.

51. Agarwal R, Acharya M, Tian J, et al. Antiproteinuric effect of oral paricalcitol in
chronic kidney disease. Kidney Int 2005;68(6):2823–8.

52. Fishbane S, Chittineni H, Packman M, et al. Oral paricalcitol in the treatment of
patients with CKD and proteinuria: a randomized trial. Am J Kidney Dis 2009;
54(4):647–52.


	Vitamin D in Kidney Disease: Pathophysiology and the Utility of Treatment
	Calcium
	CKD-MBD
	Normal vitamin D physiology
	Vitamin D metabolism in kidney disease
	Phosphorus
	Role of vitamin D treatment in CKD-MBD
	Effects of vitamin D on the cardiovascular system
	Vitamin D and overall survival
	Other potentially beneficial effects of vitamin D treatment in CKD
	Summary
	References


