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Abstract 

          Renal fibrosis is a dominant pathological characteristic of progressive Chronic Kidney Disease 

(CKD). Epithelial-to-Mesenchymal-Transition (EMT), triggered by tissue damage, caused by renal 

inflammation, initiates and expands interstitial renal fibrosis. Renal fibrosis can, in turn, cause 

abnormalities in vitamin D and mineral metabolism, and therefore CKD patients are often vitamin D-

deficient and hyperphosphatemic. Treatment of CKD patients with 1,25-dihydroxyvitamin D3 (1,25D3, the 

active form of vitamin D) has been shown to ameliorate fibrosis, but it can also cause hypercalcemia and 

possibly exacerbate vascular and soft tissue calcification. We have hypothesized that, due to the longer 

half-life of calcifediol, or 25-hydroxyvitamin D3 (25D3), and the feedback-controlled activation of this 

prohormone, treatment of renal fibrosis in a murine Unilateral Ureteral Obstruction (UUO) model would 

suppress renal inflammation and fibrosis without inducing hypercalcemia. We have treated UUO mice by 

subcutaneous injection of 25D3 and 1,25D3, and compared their effects on suppression of renal fibrosis, 

using histological and molecular parameters, for one or two weeks, and monitored various markers of 

fibrosis and inflammation. Treatment of UUO mice kept on a normal diet with 25D3 significantly 

suppressed the expression level of the major fibrotic and inflammatory markers without inducing 

hypercalcemia. If the animals were kept on a vitamin D-deficient diet, the expected anti-fibrotic effects of 

vitamin D treatment were not achievable. Also, through in vitro studies, the regulatory effect of the 

inflammatory and fibrotic factors TGFβ1, TNFα, and FGF23 in the presence and absence of 1,25D3, on 

the expression level as well as regulation of Cyp24a1 (the vitamin D catabolizing enzyme) promoter 

construct were examined. These studies revealed that TGFβ1 and FGF23 in the presence of vitamin D 

could induce synergistic upregulation of the Cyp24a1 mRNA, and Tnfα in the presence of vitamin D 

abrogated upregulation of the enzyme with 1,25D3. Further mutational analysis of the hCYP24A1 

promoter confirmed the significant role of major DNA binding elements for the transcriptional effects of 

TGFβ1 and FGF23.



Acknowledgements 

          It has been the greatest adventure of my life, and there are many wonderful people that I would like 

to thank for making this journey possible. 

 

          First and foremost I would like to thank my supervisor, Dr. Martin Petkovich, for giving me this 

opportunity and being the best supervisor that I could ever ask for. I would never be able to thank you 

enough for all the support you provided everybody and me in the lab and your presence and guidance 

whenever we needed. I would also like to thank Patty for all her kindness and support. Thank you, Patty, 

for spoiling us with your beautiful Christmas gifts and delicious meals and desserts over the years! 

 

         To my incredible friend and mentor, Dr. Tracie Pennimpede, for your immeasurable and priceless 

supervision and support. Thank you for your patience, amazing in-depth explanations in my training and 

your friendship during my happy and sad days.  

 

         To Dr. Don Cameron, my amazing friend and mentor, thank you for your support, guidance and 

helpful discussions from day one. I also would like to thank Cara Inglese for her friendship and support. I 

really appreciate our time together. 

 

         To my labmates, past and present, for making each day an enjoyable and unforgettable day. Thank 

you Kiyoka, Vivienne, Matt, Elena, Cadia, Julia, Sophia, Laura and Kendall for all the friendship and 

laughter over the years and a special thanks to Sarina Lee, for your amazing friendship and 

encouragements in the past year and your wonderful animal care stories. 

 

         I also would like to thank the Department of Pathology and Molecular Medicine and my committee 

members, Dr. Peter Greer, Dr. Chris Nicol and Dr. Chris Mueller for incredible advice and 



iv 

 

encouragements, and to Mark Andrews and John Singleton for administrative supports. Also, I would like 

to thank the Queen’s Animal Care staff specially Dr. Andrew Winterborn, Dr. Nicole Compo and Deb 

Harrington for their assistance with the animal studies.  

 

         To my amazing friends across the world for all the supportive messages and telephone calls. To my 

best friends and sisters, Azadeh and Sepideh, thanks for being there for me the whole time. Thanks for 

your love and amazing Persian treats each year to remind me of home and your sweet memories. I am 

also grateful to my amazing brothers, Shahdad and Farshid and their families, for their love and care. 

 

          Finally, I would like to dedicate this thesis to Mina and Ramin, my incredible parents. I can’t 

possibly be able to thank you enough for your unconditional love, support, advice and encouragements in 

every step of this journey. Thank you, mom, for being present in every happiness and obstacle I faced and 

your unconditional love and desire to travel half of the world to be with me no matter how hard it could 

be for you! 

 



v 

  

Table of Contents 

Abstract ......................................................................................................................................................... ii	

Acknowledgements ...................................................................................................................................... iii	

List of Figures ............................................................................................................................................ viii	
List of Tables ................................................................................................................................................ x	

List of Abbreviations ................................................................................................................................... xi	

Chapter 1 General Introduction ..................................................................................................................... 1	
Chapter 2 Literature Review ......................................................................................................................... 4	

2.1 Chronic Kidney Disease ...................................................................................................................... 4	

2.1.1 Specific causes and prevalence of CKD ...................................................................................... 6	
2.1.2 CKD progression and diagnosis ................................................................................................... 7	

2.1.3 CKD outcome .............................................................................................................................. 7	
2.1.3.1 Renal inflammation and fibrosis ......................................................................................... 10	

2.2 Vitamin D metabolism and signalling .............................................................................................. 17	

2.2.1 Vitamin D metabolism ............................................................................................................... 17	
2.2.2 Vitamin D status ......................................................................................................................... 21	
2.2.3 Vitamin D signalling .................................................................................................................. 21	
2.2.4 VDR signalling .......................................................................................................................... 22	

2.3 Physiological and pathophysiological roles of vitamin D ................................................................ 25	
2.3.1 Role of vitamin D in calcium and phosphate metabolism ......................................................... 25	
2.3.2 Effects of vitamin D on cell proliferation and differentiation ................................................... 26	

2.3.3 Effects of vitamin D on the immune system .............................................................................. 26	
2.4 Vitamin D status in chronic kidney disease ...................................................................................... 27	

2.4.1 Imbalances in vitamin D and mineral metabolism ..................................................................... 28	

2.5 The use of vitamin D compounds in the treatment of CKD ............................................................. 28	

2.6 FGF23, the key regulator of phosphate and vitamin D homeostasis ................................................ 29	

2.7 Characteristics of the CYP24A1 promoter ........................................................................................ 31	
2.8 UUO: an in vivo model of kidney fibrosis and CKD ........................................................................ 32	

2.8.1 Studies of Vitamin D treatment in UUO animals ...................................................................... 33	
2.9 Rationale and hypothesis .................................................................................................................. 34	

Chapter 3 Materials and Methods ............................................................................................................... 36	

3.1 Unilateral ureteral obstruction (UUO) mouse model ........................................................................ 36	
3.2 Histopathology and immunohistochemistry ..................................................................................... 37	



vi 

 

3.3 Measurement of serum calcium ........................................................................................................ 38	

3.4 Cell lines and cell culture .................................................................................................................. 38	
3.5 RNA extraction and quantitative real-time PCR analysis ................................................................. 39	

3.6 Site-Directed Mutagenesis ................................................................................................................ 42	
3.7 Dual-luciferase assay ........................................................................................................................ 44	

3.8 Statistical analysis ............................................................................................................................. 44	

Chapter 4 Results: Therapeutic effects of vitamin D in a mouse model of kidney fibrosis ....................... 45	
4.1 Studying the effect of calcifediol on kidney fibrosis in the murine UUO ........................................ 45	

4.1.1 General observations .................................................................................................................. 45	

4.1.2 Treatment of UUO mice with 25D3 does not induce hypercalcemia ......................................... 45	
4.1.3 25D3 treatment reduces renal fibrosis: ....................................................................................... 49	

4.1.4 25D3 treatment reduces renal inflammation ............................................................................... 54	
4.1.5. Vitamin D treatment induces the expression of its catabolic enzyme ...................................... 58	

4.2 Studying the effect of calcifediol on kidney fibrosis in murine UUO model for 2 weeks ............... 62	
4.2.1 General observations .................................................................................................................. 62	
4.2.2 Treatment with 25D3 was unable to suppress fibrosis after 2-weeks in the UUO model .......... 65	

4.2.3 Expression of vitamin D metabolizing enzymes were affected by 2 weeks of 25D3 treatment 68	
4.3 Studying the effects of 25D3 and 1,25D3 on renal fibrosis in a murine vitamin D-deficient UUO 

model ....................................................................................................................................................... 70	
4.3.1 General observations .................................................................................................................. 70	

4.3.2 Treatment of vitamin D-deficient UUO mice with vitamin 25D3 and 1,25D3 induces high serum 

calcium levels ...................................................................................................................................... 70	
4.3.3 Treatment of vitamin D-deficient UUO mice with 1,25D3 suppresses fibrotic markers ........... 74	

4.3.4 Neither 25D3 nor 1,25D3 treatment was able to reduce the expression level of Tnfα in vitamin 

D-deficient UUO mice. ....................................................................................................................... 74	

4.3.5 Expression levels of vitamin D metabolizing enzymes in vitamin D-deficient UUO animals 

upon treatment with 25D3 and 1,25D3 ................................................................................................ 78	

Chapter 5 Results: Co-regulation of the CYP24A1 promoter by 1,25D3 and growth factors TGFβ1, FGF23 

and TNFα .................................................................................................................................................... 82	

5.1 Co-treatment of vitamin D and growth factors TGFβ1 and FGF23 induces synergistic upregulation 

of Cyp24a1 in kidney cell lines ............................................................................................................... 83	

5.1.1 Studying the effects of TGFβ1 on Cyp24a1 mRNA in the presence and absence of 1,25D3 .... 83	

5.1.2 Studying the effects of FGF23 on Cyp24a1 mRNA in the presence and absence of 1,25D3 .... 87	
5.1.3 Co-treatment of TNFα and 1,25D3 inversely affects Cyp24a1 expression ................................ 89	



vii 

 

5.2 Transcriptional regulation of the hCYP24A1 promoter .................................................................... 91	

5.2.1 Role of VDRE-1 in transcriptional regulation of hCYP24A1 by 1,25D3 ................................... 91	
5.2.2 Role of SBE-1 and SBE-2 in transcriptional regulation of hCYP24A1 by TGFβ1 and 1,25D3 . 93	

Chapter 6 Discussion and Conclusions ....................................................................................................... 99	
6.1 Therapeutic effects of vitamin D in a mouse UUO model ............................................................... 99	

6.1.1 Treatment with 25D3 for one week suppresses kidney inflammation and fibrosis in UUO mice

 ............................................................................................................................................................. 99	
6.1.2 Treatment with 25D3 for two weeks did not suppress kidney inflammation and fibrosis in UUO 

mice ................................................................................................................................................... 101	

6.1.3 Vitamin D-deficiency interferes with the anti-inflammatory and ant-fibrotic activity of 25D3

 ........................................................................................................................................................... 102	

6.2 Co-regulation of Cyp24a1 expression by 1,25D3 and growth factors TGFβ1, FGF23 and TNFα . 107	
6.3 VDRE-1, SBE-1, SBE-2, and EBS DNA binding elements play a significant role in the 

transcriptional regulation of the hCYP24A1 promoter .......................................................................... 108	
6.4 Perspectives and future directions ................................................................................................... 110	

References ................................................................................................................................................. 115	

  

 



viii 

 

List of Figures 

Figure 1. Imbalances in vitamin D and mineral metabolism are correlated with CKD progression. ........... 9	

Figure 2. Canonical TGFβ1 signalling pathway. ........................................................................................ 16	

Figure 3. Vitamin D metabolism. ................................................................................................................ 19	
Figure 4. Autocrine and paracrine actions of vitamin D. ............................................................................ 20	

Figure 5. Vitamin D signalling. .................................................................................................................. 24	

Figure 6. First UUO experimental plan. ..................................................................................................... 46	
Figure 7. Kidney morphology following 1-week UUO. ............................................................................. 47	

Figure 8. Quantitative analysis of serum calcium concentrations after 1-week treatment with 25D3. ....... 48	

Figure 9. Picrosirius Red staining. .............................................................................................................. 51	
Figure 10. Expression of Col1a1 and Fn1 following 1-week UUO. .......................................................... 52	

Figure 11. IHC analysis of αSMA. ............................................................................................................. 53	
Figure 12. qPCR analysis of Tgfb1. ............................................................................................................ 55	
Figure 13. qPCR analysis of Ccl5. .............................................................................................................. 56	

Figure 14. qPCR analysis of Tnfa. .............................................................................................................. 57	
Figure 15. qPCR analysis of Cyp27b1. ....................................................................................................... 59	
Figure 16. qPCR analysis of Cyp24a1. ....................................................................................................... 60	
Figure 17. qPCR analysis of Vdr. ............................................................................................................... 61	

Figure 18. The 2-week treatment experimental plan. ................................................................................. 63	
Figure 19. Harvested kidneys after 2 weeks of treatment. .......................................................................... 64	
Figure 20. qPCR analysis of Tgfb1 after 2 weeks of treatment. ................................................................. 66	

Figure 21. qPCR analysis of Col1a1 and Fn1 after 2 weeks of 25D3 treatment. ........................................ 67	
Figure 22. qPCR analysis of Cyp27b1 and Cyp24a1 after 2 weeks of 25D3 treatment. ............................. 69	
Figure 23. The experimental plan of 1-week treatment of vitamin D-deficient murine UUO model with 

25D3 and 1,25D3. ......................................................................................................................................... 71	

Figure 24. Harvested kidneys from vitamin D-deficient UUO model after a 1 week of treatment. ........... 72	

Figure 25. Quantitative analysis of serum calcium concentrations after a 1-week treatment with 25D3 and 

1,25D3 following induction of vitamin D-deficiency. ................................................................................ 73	

Figure 26. qPCR analysis of Col1a1 after a 1-week treatment with 25D3 and 1,25D3 in vitamin D-

deficient UUO model. ................................................................................................................................. 75	

Figure 27. qPCR analysis of Fn1 after a 1-week treatment with 25D3 and 1,25D3 in vitamin D-deficient 

UUO model. ................................................................................................................................................ 76	



ix 

 

Figure 28. qPCR analysis of Tnfα after a 1-week treatment with 25D3 and 1,25D3 in vitamin D-deficient 

UUO model. ................................................................................................................................................ 77	
Figure 29. qPCR analysis of Cyp27b1 after a 1-week treatment with 25D3 and 1,25D3 in vitamin D-

deficient UUO model. ................................................................................................................................. 79	
Figure 30. qPCR analysis of Cyp24a1 after a 1-week treatment with 25D3 and 1,25D3 in vitamin D-

deficient UUO model. ................................................................................................................................. 80	

Figure 31. qPCR analysis of Vdr after a 1-week treatment with 25D3 and 1,25D3 in vitamin D-deficient 

UUO model. ................................................................................................................................................ 81	

Figure 32. Quantitative analysis of Cyp24a1 expression in HK-2 and TCMK-1 cells upon treatment with 

TGFβ1 and 1,25D3. ..................................................................................................................................... 86	
Figure 33. Quantitative analysis of Cyp24a1 mRNA in TCMK-1 cells upon treatment with FGF23 and 

1,25D3. ......................................................................................................................................................... 88	
Figure 34. Quantitative analysis of Cyp24a1 mRNA in TCMK-1 cells upon treatment with TNFα and 

1,25D3. ......................................................................................................................................................... 90	
Figure 35. pGL3 hCYP24A1-Luc construct. .............................................................................................. 92	
Figure 36. Mutations in VDRE-1, SBE-1, and SBE-2 DNA binding elements lead to loss of synergistic 

upregulation of CYP24A1 promoter upon treatment with TGFβ1 and 1,25D3. .......................................... 96	
Figure 37. Site-directed mutagenesis in EBS site interferes with the induction of CYP24A1 promoter upon 

treatment with either 10nM 1,25D3 or a combination of 10nM 1,25D3 and FGF23. .................................. 98	
Figure 38. The network of comorbidities related to the progression of CKD. ......................................... 106	

Figure 39. Transcriptional regulation of CYP24A1 by vitamin D. ........................................................... 114	
 



x 

  

List of Tables 

Table 1.  Classification of CKD based on glomerular filtration rate  ........................................................... 5	

Table 2.  List of primers used in qPCR analysis ......................................................................................... 41	

Table 3. List of consensus sequences of DNA binding elements under study on the CYP24A1 promoter 

and primers used for SDM .......................................................................................................................... 43	

Table 4. Comparison of the anti-inflammatory and anti-fibrotic effects of 25D3 and 1,25D3 observed in 

the UUO studies. ....................................................................................................................................... 105	
 



xi 

 

List of Abbreviations 

°C degree celsius 

1,24,25(OH)2D3 1,24,25-trihydroxyvitamin D3 

1,25(OH)D3/1,25D3 1,25-dihydroxyvitamin D3 

24,25(OH)2D3 24,25-dihydroxyvitamin D3 

25(OH)D3/25D3 25-hydroxyvitamin D3 

ADHR autosomal dominant hypophosphatemic rickets 

bp base pair 

C concentration 

C57BL/6 black 6 mouse strain 

CASR calcium-sensing receptor 

CCL CC chemokine ligand 

CD cluster of differentiation 

cDNA complementary deoxyriboneucleic acid 

ChIP-chip chromatin immunoprecipitation with DNA microarray 

ChIP-seq chromatin immunoprecipitation with sequencing 

CKD chronic kidney disease 

CKD-MBD chronic kidney disease and mineral and bone disorder 

Col1a1 collagen1 

CTGF connective tissue growth factor 

CYP cytochrome P450 

CYP24A1 vitamin D 24-hydroxylase 

CYP27B1 vitamin D 1 α-hydroxylase 

D-Diet vitamin D-deficient diet 

Dab2 disabled2 

DBP vitamin D binding protein 

DC dendritic cell 

DMEM Dulbecco's modified Eagle's medium 

DR3/DR6 vitamin D response element with 3/6 nucleotide direct repeat spacer  

ECM extracellular matrix 

EGF epidermal growth factor 

EMSA electrophoretic mobility shift assay 



xii 

 

EMT epithelial-to-mesenchymal-transition 

EndMT endothelial-to-mesenchymal transition 

ESRD end-stage renal disease 

FBS fetal bovine serum 

FGF fibroblast growth factor 

FGFR fibroblast growth factor receptor 

Fn fibronectin 

GFR glomerular filtration rate 

GO gene ontology 

h human 

HK-2 human epithelial kidney cell line 

IDBP intracellular vitamin D binding protein 

IFN interferon 

IHC immunohistochemistry 

IL interleukin 

IU international unit 

IκB inhibitory κB 

KL klotho 

LAP latency-associated peptide 

LB lysogeny broth 

m mouse 

MAPK mitogen-activated protein kinase 

MH MAD homology 

MMP matrix metalloproteinase 

MR modified-release 

NaPi sodium phosphate co-transporter 

NFκB nuclear factor κB 

nM nanomolar 

NOD nucleotide-binding oligomerization domain 

nVDRE negative vitamin D response elements 

PAS periodic acid schiff 

Pmm2 phosphomannomutase 2 

PTH parathyroid hormone 



xiii 

 

PTHR parathyorid hormone receptor 

QLMP Queen's laboratory for molecular pathology 

qPCR/qRT-PCR quantitative real-time reverse transcriptase polymerase chain reaction 

R-SMAD receptor -regulated SMADs 

RNA riboneucleic acid 

RNA Pol II RNA polymerase II 

RXR retinoid X receptor 

Sa amount of calcium in unknown sample (µg) from a standard curve 

SARA SMAD anchor for receptor activation 

SBE SMAD binding element 

SDM  site-directed mutagenesis 

SHPT secondary hyperparathyroidism 

SMA smooth muscle actin 

SMAD mothers against decapentaplegic homolog 

Snail snai 1 

SREBP sterol regulatory element binding protein 

Sv sample volume (µL) for calcium colourimetric assay 

TCMK-1 mouse kidney epithelial cell line 

TEC tubular epithelial cells 

TGF transforming growth factor 

TGFR transforming growth factor receptor 

Th T-helper 

TLR toll-like receptor 

TNF tumor necrosis factor 

TRPV transient receptor potential cation channel subfamily V 

UUO unilateral ureteral obstruction 

UV ultraviolet 

VDR vitamin D receptor 

VDR-AP vitamin D alternative pocket 

VDR-GP vitamin D receptor genomic pocket 

VDRE vitamin D response elements 

WHO world health organization 

wt wild type 



xiv 

 

µg microgram 

µL microliter 

 



 

1 

 

Chapter 1 

General Introduction 

          Chronic Kidney Disease (CKD) is a major and growing global health problem.  The 

prevalence of CKD is 8-16% globally, and diabetes, hypertension, and obesity are considered as 

the three major causative factors for CKD [1-3]. Diagnosis of CKD is made by establishing 

permanent damage to the kidney structure along with permanent reduction in kidney function [4, 

5]. Glomerular Filtration Rate (GFR), which is equal to the total volume of fluid filtered through 

all nephrons per unit of time, is the most reliable indicator of overall kidney function [6]. As 

CKD progresses, the GFR declines and the glomerular permselectivity is disrupted, which lead to 

loss of macromolecules, which should primarily remain within the circulation, therefore inducing 

proteinuria [7]. CKD is divided into five progressive stages based on GFR [8]. At stage 5 there is 

a complete loss of kidney function, and kidney transplantation or dialysis are the current therapies 

considered for these patients [9]. CKD progression is associated with various comorbidities such 

as anemia, mineral and bone disorder (CKD-MBD) and cardiovascular disease [9-11]. Since the 

kidneys are the major sites of activation of vitamin D in the body – and vitamin D regulates 

calcium homeostasis – CKD patients at stage 3 or greater commonly face CKD-MBD and its 

complications such as hyperphosphatemia and hypocalcemia in addition to the vitamin D 

deficiency [11, 12].  The aim of the studies presented in this thesis is to evaluate the impact of 

factors triggered by kidney damage on the expression of genes associated with vitamin D 

metabolism.  

 Low serum levels of vitamin D and 1,25D3 are associated with secondary 

hyperparathyroidism (SHPT) and imbalanced mineral metabolism in the advanced stage 2 and the 

subsequent stages 3 and 4 of CKD [13-15]. Therefore, to overcome vitamin D insufficiency in 

CKD and to increase the serum 1,25D3 levels, vitamin D therapies are generally used in these 
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patients [16]. Treatment of CKD patients with 1,25D3 has been shown to ameliorate fibrosis, but 

it can also cause hypercalcemia and possibly exacerbate vascular and soft tissue calcification and 

increase vitamin D catabolism [17, 18]. Vitamin D not only plays a central role in calcium and 

phosphate homeostasis, but also regulates cell proliferation, immunomodulation, and other 

hormonal systems [19-24].  

          Initiation and progression of kidney disease is driven by renal fibrosis [25].  Renal fibrosis, 

which is defined by a failed wound-healing response and excessive tissue scarring in the kidney, 

is a major outcome of CKD [26, 27].  A primary factor driving fibrosis in CKD is the factor 

associated with wound healing, Transforming Growth Factor-β (TGFβ1). TGFβ1 is considered to 

be the master regulator of glomerular and tubulointerstitial fibrosis [28-30]. TGFβ1 acts through a 

well-described canonical signalling pathway via phosphorylation and transcriptional regulatory 

effects of Mothers Against Decapentaplegic homolog 2 and 3 (SMAD2 and SMAD3) [31]. 

Studies had demonstrated that when kidney cells were treated with TGFβ1 and 1,25D3, liganded 

Vitamin D Receptor (VDR) was able to suppress the TGFβ1 signalling by interfering with the 

recruitment of SMAD3 to the promoter region of the target genes [32]. In liver cells, upon TGFβ1 

signalling, and the subsequent nuclear translocation of SMADs and further chromatin 

remodeling, the accessibility of the adjacent Vitamin D Response Elements (VDRE) for liganded 

VDR was increased [33]. Since these studies suggested crosstalk between the vitamin D and 

TGFβ signalling pathways, we wanted to determine whether significantly raising 25D3 levels 

would have a beneficial effect to reduce fibrotic activity, perhaps without the attendant risk of 

hypercalcemia associated with using vitamin D receptor agonists.  

 In this thesis, I describe the analysis and comparison of the therapeutic effects of 25D3 and 

1,25D3 on the suppression of renal fibrosis generated using the established Unilateral Ureteral 

Obstruction (UUO) procedure in mice. These in vivo studies demonstrated that, when UUO mice 

were kept on a normal diet and treated with 25D3 for one week, the expression levels of the major 
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fibrotic markers were suppressed without induction of hypercalcemia. Furthermore, the 

regulatory effects of the inflammatory and fibrotic factors TGFβ1, Tumor Necrosis Factor-α 

(TNFα), and Fibroblast Growth Factor (FGF)23 in the presence and absence of 1,25D3, on the 

expression level as well as the regulation of a CYP24A1 promoter construct were examined. 

These in vitro studies revealed a synergistic upregulation of the Cyp24a1 enzyme expression 

when kidney cells were treated with TGFβ1 plus 1,25D3 and mutational analysis of the 

hCYP24A1 promoter confirmed the significant role of the VDRE-1 and SMAD binding elements 

in this synergistic induction. Moreover, subsequent in vitro studies revealed a synergistic 

induction of Cyp24a1 mRNA when kidney cells were treated with FGF23 plus 1,25D3 and 

mutational analysis demonstrated the essential role of an Ets-1 Binding Element (EBS) 

downstream of VDRE-1 for the transcriptional effects of FGF23 on the CYP24A1 promoter.  

          The current body of work not only provides evidence for the limiting effects of the 

CYP24A1 enzyme, and the consequent drug resistance of CKD patients when vitamin D and/or 

its analogues are chosen as a therapeutic approach, but also for the potential interaction of the 

various transcription factors with the basal transcription machinery at the CYP24A1 promoter 

when vitamin D is available. Consequently, it emphasizes the need for further evaluation of these 

potential interactions via ChIP-chip/ChIP-seq and EMSA analysis and validation of the 

consequences of these mutations on the level of vitamin D in vivo. 
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Chapter 2 

Literature Review 

2.1 Chronic Kidney Disease 

          CKD is defined as a reduced kidney function measured by a GFR of less than 60 

ml/min/1.73m2, or presence of well-defined markers of kidney damage, or both, for three months 

or more, irrespective of the primary cause [8]. Prevalence of CKD is 8-16% globally, and its 

incidence and progression vary between countries (discussed further below) [1]. Many conditions 

can alter the structure and function of the kidney; however, the most common causes of CKD are 

diabetes and hypertension [8]. The early stages of CKD can be asymptomatic and it can progress 

over decades. Diagnosis is often made when symptoms become severe [8]. 

 Kidney failure is a severe consequence of CKD. Kidney failure can only be treated with 

kidney replacement therapies in the form of dialysis or transplantation; this condition is known as 

the end-stage renal disease (ESRD) [8, 9]. Unfortunately, CKD patients are five to ten times more 

likely to die prematurely than they are to advance to ESRD. The increasing risk of death among 

CKD patients is mostly due to increased incidence of cardiovascular disease [34]. In CKD 

patients the overall health-related quality of life reduces as the GFR declines; therefore, prompt 

detection and diagnosis of CKD are critical to prevent disease progression and development of 

cardiovascular disease [8].  

 The conceptual model and CKD staging (Table 1) which was introduced by the Kidney 

Disease Outcome Quality Initiatives (KDOQI) raised a need to consider CKD as a life-

threatening disorder, and suggest a need for strong public health approaches for prevention, early 

detection, and management of this condition [8]. 
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Table 1.  Classification of CKD based on glomerular filtration rate [8] 
 

CKD stage GFR (ml/min/1.73m2) 

G1 ≥90 (Normal/high GFR) 

G2 60-89 (Mildly decreased) 

G3a 45-59 (Mildly to moderately decreased) 

G3b 30-44 (Moderately to severely decreased) 

G4 15-29 (Severely decreased) 

G5 <15 (Kidney failure) 
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2.1.1 Specific causes and prevalence of CKD 

          Although the underlying cause of CKD varies worldwide, diabetes, hypertension, and 

obesity are the three most significant factors for CKD in all developed and several developing 

countries [9]. Diabetes, which affects 6.4% of adults globally and is expected to increase to 7.7% 

by 2030, accounts for causing 30-50% of all CKD [1, 8, 9, 35]. In 2000, more than a quarter of 

the adult population had been estimated to have hypertension, and this is imperiled to rise to 60% 

by 2025 [2]. Moreover, the prevalence of obesity is increasing globally, and at the beginning of 

the 21st century, nearly 312 million adults were estimated to be obese [1, 36].  

          Herbal medicines with nephrotoxic effects (due to the intake of toxic dosages of herbs or 

interactions with conventional medicines) and environmental pollution of water and soil (by 

heavy metals and organic compounds such as pesticides) also contribute to the development of 

CKD [1, 37]. Infectious diseases, for example, hepatitis B and hepatitis C that affect 2-4% of the 

world’s population, are correlated with severe kidney lesions, and antiretroviral therapies with 

nephrotoxic effects comprising crystal deposition and interstitial nephritis can lead to tubular 

dysfunction and CKD [9]. More than 80% of patients under treatment for ESRD are estimated to 

be in countries with a large elderly population and universal access to health care [38]. Even 

though the occurrence of CKD is higher in the elderly population, ageing is not currently 

considered as a risk factor for CKD [39].  CKD is for the most part, environmentally caused [8]. 

          Although the prevalence of CKD is consistently reported to be around 11% in first world 

countries, the global death rate from CKD is increasing rapidly. The incidence of CKD is as high 

as 200 cases per million people per year in many countries, and near 11% in USA, Taiwan and 

some parts of Mexico, 8.5% in the UK, and is affecting 12.5% of Canadians [8, 9, 40]. According 

to the World Health Organization (WHO), CKD was ranked 27th in the list of causes of global 

death in 1990, and rose to 18th in 2010, and to 14th in 2012 [1, 9].  
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2.1.2 CKD progression and diagnosis 

          Diagnosis of CKD relies on establishing that there is a permanent reduction in kidney 

function along with damages to the kidney structure. The most reliable indicator of overall kidney 

function is estimating GFR, which is equal to the total volume of fluid filtered through all 

nephrons per unit of time [4, 5]. GFR can be measured by estimating the clearance of creatinine, 

which is the by-product of muscle metabolism and is usually produced at a constant rate and 

filtered by glomerulus [41]. GFR depends on the person’s height, weight, sex, age, and race [9, 

41]. On the basis of GFR, CKD is divided into 5 progressive stages: more than 90 ml/min/1.73m2 

(stage 1), 60-89 ml/min/1.73m2 (stage 2), 30-59 ml/min/1.73m2 (stage 3), 15-29 ml/min/1.73m2 

(stage 4) and lower than 15 ml/min/1.73m2 (stage 5) (Table 1) [8]. 

          CKD progression implies kidney damage with decreased glomerular filtration efficiency 

and increased glomerular permeability, which leads to loss of macromolecules that should remain 

within the circulation and induction of proteinuria [7]. In addition to estimating GFR and 

detection of proteinuria, renal imaging and kidney biopsy are the other techniques that are used 

for the diagnosis of CKD [42, 43].  

 

2.1.3 CKD outcome 

          Progression of CKD is associated with various comorbidities. CKD patients may develop 

anemia because the kidneys are the primary source for producing erythropoietin (EPO), a 

hormone that triggers red blood cell production in bone marrow and induces hemoglobin 

homeostasis [9]. In CKD patients, the serum concentration of EPO is considerably lower than in 

anemic patients without CKD [9, 44]. 

          CKD patients are at a higher risk of developing acute kidney injury that can subsequently 

proceed toward ESRD [45]. As well, cardiovascular mortality is 10-30 times higher in CKD 

patients than in the general population [1]. Death seems to be a more likely outcome of CKD than 
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is progression to ESRD in all stages of CKD, and this increased death rate reflects the increased 

risk of atherosclerosis and heart failure [1, 34]. 

          CKD is associated with CKD-MBD [46]. This disorder is characterized by biochemical and 

bone abnormalities such as imbalanced calcium, phosphorus, Parathyroid Hormone (PTH), and 

vitamin D metabolism, as well as abnormal bone turnover, mineralization, and vascular and soft 

tissue calcification (Figure 1) [47, 48].  CKD patients at stage 3 or greater generally face CKD-

MBD and its complications [47, 49]. The main cause underlying CKD-MBD is that kidneys are 

the primary sites of activation of vitamin D in the body, which regulates calcium absorption in the 

intestine, in addition to affecting bone turnover [50]. The kidneys are also responsible for 

phosphate reabsorption in the renal tubules under feedback control of PTH and FGF23 [51, 52]. 
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Figure 1. Imbalances in vitamin D and mineral metabolism are correlated with 
CKD progression.   
CKD progression leads to reduced serum calcium, vitamin D and Klotho (FGF23 co-factor) 
levels, as well as increases in serum FGF23, PTH, and plasma phosphate concentrations. Adapted 
from Drueke et al. 2000 [49]. 
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2.1.3.1 Renal inflammation and fibrosis 

          Prolonged disease-related injury in any organ triggers a series of complex cellular and 

molecular responses that subsequently leads to tissue fibrosis [53, 54]. In CKD, interstitial kidney 

fibrosis is the primary pathological outcome [26] . Failed wound-healing response and excessive 

tissue scarring in the kidney causes renal fibrosis. This process is characterized by an activated 

inflammatory response and accumulation of Extracellular Matrix (ECM) proteins by 

myofibroblasts in the interstitial space of the kidney [55, 56]. Both acute and chronic renal 

inflammation trigger renal fibrosis, as they induce injury to the resident epithelial and endothelial 

cells, resulting in increased release of inflammatory mediators including chemokines and 

cytokines [55, 57]. 

 A significant portion of the kidney is made up of renal tubules and tubulointerstitium, 

which are the primary sites for responding to injury [58, 59]. Increasing evidence indicates that 

Tubular Epithelial Cells (TEC) play a diverse role in renal inflammation and fibrosis, and 

progression to CKD [60, 61]. Damaged TECs facilitate an immune response through production 

and secretion of proinflammatory cytokines such as Interleukins (e.g. IL-6, IL-16, IL-1β), TNFα, 

and Connective Tissue Growth factor (CTGF) [60, 62-65]. The activated TECs also produce 

different chemokines such as those of the CC Chemokine Ligand (CCL) subfamily, including 

CCL2, CCL5 (RANTES) and CCL3 [66-68]. This inflammatory response ultimately leads to 

recruitment and infiltration of lymphocytes, monocytes/macrophages, mast cells, and dendritic 

cells to the site of injury. The key driver of this inflammatory response is Nuclear Factor κB 

(NFκB) [69].   

 Macrophages play a well-defined role in kidney inflammation and fibrosis. The 

accumulation of macrophages in the site of the injury results from the recruitment and local 

proliferation of monocytes [70, 71]. Macrophages can differentiate into different subsets and 

cause acute renal injury and also promote fibrosis. Classically activated macrophages (M1) are 

the proinflammatory macrophages that are stimulated by TNFα and produce a wide range of 
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proinflammatory molecules including IL-1, IL-6, IL-12, IL-1β, CCL2 and Matrix 

Metalloproteinase 12 (MMP-12). Alternatively activated macrophages (M2) are either profibrotic 

or wound healing macrophages (M2a) that are induced by IL-4 and IL-13, or immunoregulatory 

macrophages (M2b) that are induced by immune complexes, or anti-inflammatory macrophages 

(M2c) that are induced by IL-10 and TGFβ [72-77].  The degree of macrophage infiltration in 

CKD patients has shown to be correlated with the severity of kidney injury [71, 78].  The uptake 

of apoptotic cells and anti-inflammatory cytokines induces polarization of M1 macrophages to the 

anti-inflammatory M2 phenotype to promote renal repair [79].  In addition, T-cell infiltration has 

been reported in most types of experimental and human CKDs. T-cells also produce cytokines 

and chemokines such as IL-2 to induce monocyte infiltration, which causes an inflammatory 

response [66, 80, 81].    

          Acute fibrosis is the final outcome for most of the inflammatory diseases. The profibrotic 

cytokines produced by the damaged tubular cells, as well as inflammatory cells, contribute to 

activation of the matrix-producing cells [82]. The main type of cells in the process of fibrosis, are 

the myofibroblasts, which are defined as cells that repair tissue damage by producing 

extracellular matrix [82].  Over the past twenty years, many efforts have been taken to describe 

the origin of the myofibroblasts. These investigations resulted in four different controversially 

discussed hypotheses: Epithelial-to-Mesenchymal-Transition (EMT), Endothelial-to-

Mesenchymal Transition (EndMT), bone marrow recruitment, and vascular pericyte-derived 

myofibroblasts [83]. Out of these four, the process of EMT emerged as the main source of 

myofibroblasts, and the central mechanism that drives fibrosis [84]. 

 It has been suggested that in kidney fibrosis, injured TECs undergo a reversible process 

by which fully differentiated epithelial cells undergo a phenotypic transition to form motile 

matrix-producing myofibroblasts. Through EMT, epithelial cells lose their junctions, apical-basal 

polarity, and epithelial markers such as E-cadherin and cytokeratin [85]. This process is followed 
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by a reorganization of the cytoskeleton of the cell, which increases its mobility and allows it to 

gain an invasive phenotype to escape apoptosis [86]. Additionally; myofibroblasts express 

mesenchymal markers such as collagen (Col1a1), fibronectin 1 (Fn1) and α-smooth muscle actin 

(αSMA) [87]. 

          A study conducted by LeBleu et al. using fate mapping in a mouse UUO model of fibrosis 

analyzed that 50% of myofibroblasts resulted from the proliferation of resident fibroblasts, 35% 

from bone marrow-derived progenitor cells, 10% from EndMT and the remaining 5% of the 

myofibroblast pool were from EMT [83]. In this regard, recent studies have discovered damage-

mediated Snai1 (Snail) reactivation in murine models of renal fibrosis [88]. Snai1 encoding the 

Snail family zinc finger transcriptional repressor is a well-known EMT inducer during embryonic 

development and tumor progression. Upon epithelial differentiation during adulthood, Snail 

expression is downregulated and maintained in a silent state in order to preserve healthy tissue 

architecture as well as homeostasis [88]. Using a transgenic mouse model (Snail1-ERT2), Grande 

et al. analyzed that reactivation of Snail in TECs is not only sufficient but required to induce renal 

inflammation and fibrosis [89]. Using fate mapping of renal epithelial cells, the authors found that 

only 1% of TECs were present in the interstitial space of the fibrotic kidney in a transgenic mouse 

model subjected to UUO. In fact, dedifferentiated TECs were still incorporated in renal tubules 

and expressed epithelial markers as well as the mesenchymal marker αSMA. Therefore it has 

been concluded that UUO-induced renal injury reactivates Snail expression in TECs, causing 

them to undergo only a partial EMT and remain integrated into the tubular tissue without 

inducing an invasive phenotype, and still promote fibrosis in renal tissue.  

          Studies have shown that TGFβ1 is the primary factor in driving fibrosis in many forms of 

CKD and have established that TGFβ1 is the master regulator of glomerular and tubulointerstitial 

fibrosis [90, 91]. TGFβ can be secreted by all types of renal cells as well as infiltrated 

inflammatory cells [92, 93]. TGFβ has 3 mammalian isoforms (TGFβ1, TGFβ2, and TGFβ3) that 
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share 70-80% homology at the amino acid level and are part of the TGFβ superfamily [94]. All of 

the 3 isoforms are secreted in a latent form as a result of non-covalent binding to the latency-

associated peptide (LAP). Upon activation through various mechanisms including heat, 

conformational changes induced by thrombospondin, or proteolytic cleavage by MMPs (MMP2 

and MMP9), the ligand binds to serine/threonine kinase TGFβ Receptor type 2 (TGFR2) on the 

surface of its target cells [95, 96]. Upon binding, TGFR2 phosphorylates the TGFβ Receptor type 

1 (TGFR1), leading to activation of various intracellular signalling pathways [97]. TGFβ 

receptors are expressed ubiquitously and facilitate cell-specific signalling pathways [98]. TGFβ1 

acts through a well-described canonical signalling pathway through phosphorylation and 

activation SMAD2 and SMAD3 [99]. Upon phosphorylation of TGFR1, the protein SMAD 

Anchor for Receptor Activation (SARA) binds SMAD2 and SMAD3, and facilitates their 

interaction with TGFR1. This interaction leads to phosphorylation of SMAD2 and SMAD3 by 

TGFR1; hence, they are called R-Smads (Receptor-regulated Smads). Later, phosphorylated R-

Smads form a heteromeric complex with SMAD4 (Co-Smad). This complex facilitates nuclear 

translocation of R-Smads in order to induce transcription of their target genes (Figure 2) [56, 99]. 

Smad proteins are a family of transcription factors and are the only TGFβ receptor substrates that 

can transmit signals [100]. R-Smads consist of two conserved domains that are separated by a 

linker region [101]. The N-terminal MH1 domain has DNA-binding ability, and the C-terminal 

MH2 domain helps with nuclear translocation and transcriptional regulatory activities [102]. Both 

SMAD3 and SMAD4 can specifically recognize the SMAD Binding Element’s (SBE) 

palindromic GTCTAGAC sequence on DNA via the MH1 domain [102, 103]. The optimal 

binding of SMADs is reached with 5bp CAGAC sequence; however, the AGAC sequence is 

sufficient, and these half-site sequences are usually called CAGA boxes [102, 104]. It has been 

calculated that the SBE CAGAC is present on average once every 1024bp in the genome, or at 

least once in promoter region of any gene [102], nevertheless, this occurrence doesn’t guarantee 
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binding of R-Smads to every SBE due to the fact that the affinity of the SMAD MH1 domain is 

very weak for the efficient binding [104]. On the other hand, binding of R-SMADS to SBEs lack 

selectivity, therefore additional cofactors seem to be essential to increase binding affinity and 

specificity of Smad complexes for a target gene [104, 105]. In this regard, it has been shown that 

DNA binding of SMADs recruits other transcriptional coactivators and corepressors such as CBP 

and p300 [105]. 

          In addition to the direct role of TGFβ1, the distinct role of Smad proteins in the process of 

renal fibrosis has been studied. The pathogenic role of SMAD3 has been confirmed through 

studies conducted on SMAD3 KO animals, in which SMAD3 deletion inhibited fibrosis in UUO 

mice [91]. In contrast, conditional KO of SMAD2 in kidney TECs was shown to increase SMAD3 

nuclear localization and subsequently caused fibrosis [106]. Studies have also shown that 

disruption of SMAD4 reduces renal fibrosis by decreasing the transcriptional activity of SMAD3, 

through inhibiting SMAD3 binding to the SBEs [107]. Therefore, SMAD2 is known to play a 

protective role and SMAD4 plays a regulatory role in the process of renal fibrosis. 

          Canonical TGFβ1 signalling is regulated by a feedback mechanism [108, 109]. The 

inhibitory SMAD7, which is induced by TGFβ1, blocks the interaction of SMAD2/3 with TGFR1 

[110, 111]. Studies have confirmed that disruption of SMAD7 in UUO animals result in more 

severe renal fibrosis, and overexpression of SMAD7 in different CKD models significantly 

reduces canonical TGFβ1 signalling [112]. SMAD7 plays an anti-inflammatory role in renal 

disease and it can induce the expression of IκBα (Inhibitory κBα), the inhibitor of NFκB [113]. In 

renal fibrosis, TGFβ1 induces transcription of SMAD7, but ubiquitin-dependent degradation of 

the SMAD7 protein represses its inhibitory effect via a SMAD3-dependent SMURF-mediated 

degradation pathway [110, 111].  

          Other signaling pathways including vitamin D also influence TGFβ signalling [32].  This 

relationship, described in more detail below, has captured our interest in using vitamin D and its 
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analogs to modify responses to affect the process of wound healing.  The question of how vitamin 

D status affects progression of CKD through direct or indirect modification of fibrosis is relevant 

to how vitamin D and analogs are currently used in the treatment of secondary 

hyperparathyroidism [114]. 
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Figure 2. Canonical TGFβ1 signalling pathway. 
The TGFβ1 signalling pathway is initiated by the interaction of TGFβ1 with the transmembrane 
receptor serine/threonine kinase, TGFR1, and TGFR2, at the cell membrane. Upon ligand 
binding, the activated TGFR2 phosphorylates (purple circle) the TGFR1. Once TGFR1 is 
phosphorylated, the protein SARA binds SMAD2 and SMAD3 and facilitates their interaction 
with TGFR1. This interaction leads to phosphorylation of SMAD2 and SMAD3 by TGFR1 and 
formation of a complex with SMAD4 that subsequently translocates to the nucleus and binds to 
the SBE located at the promoter region of target genes, to either induce or repress their 
transcription.   
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2.2 Vitamin D metabolism and signalling  

          Vitamin D is a fat-soluble prohormone which, following controlled sequential metabolic 

hydroxylation steps, is able to interact with the VDR transcription factor [115, 116]. The vitamin 

D endocrine system plays a central role in calcium and phosphate homeostasis, cell proliferation, 

immunomodulation, and control of other hormonal systems [117]. 

 

2.2.1 Vitamin D metabolism 

          Vitamin D is synthesized in the skin through exposure of 7-dehydrocholesterol (Provitamin 

D3) present in the tissue to the UVB radiation of sunlight (UV-B 290-315nm light) [118, 119]. 

Other sources of vitamin D are through consuming foods containing cholecalciferol (vitamin D3), 

ergocalciferol (vitamin D2), or from dietary supplements [120]. Subsequently, vitamin D is 

released into the circulation and accumulates in the liver, where it is hydroxylated at C25-position 

to form 25-hydroxyvitamin D3 [25(OH)D3; 25D3; calcifediol], by the Cytochrome P450 enzyme 

CYP2R1 [118]. Once bound to vitamin D Binding Protein (DBP), 25D3 is then released into the 

circulation and transferred to the kidneys and other target tissues [121]. In target cells, the 

enzyme 25-hydroxyvitamin D-1α-hydroxylase (CYP27B1) converts the 25D3 prohormone to its 

biologically active form, 1α-25-dihydroxyvitamin D3 (1,25(OH)2D3; 1,25D3; calcitriol). CYP27B1 

is highly expressed in the kidney; hence kidney is the primary organ in activation of vitamin D 

[50, 122]. To strictly maintain adequate levels of vitamin D signaling, CYP24A1 (24-

hydroxylase) catabolizes both 25(OH)D3 and 1,25(OH)2D3 to their excretory forms, 24,25-

dihydroxyvitamin D3 (24,25(OH)2D3) [123] and 1,24,25-trihydroxyvitaminD3 (1,24,25(OH)3D3) 

in the kidney and other target tissues [124, 125]. Hence, CYP24A1 acts as a barrier to vitamin D 

activity [126]. Both 25D3 and 1,25D3 induce expression of CYP24A1 through VDR binding to 

several VDREs in its promoter region [127]. Hence, via a feedback loop mechanism, CYP24A1 

can reduce the availability of 1,25D3 to target tissues, while reducing the substrate (25D3) 
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availability for CYP27B1 (Figure 3) [126]. CYP27B1 and CYP24A1 are highly expressed in the 

mitochondria of proximal convoluted tubules of the kidney [50, 122], but they have also been 

detected in other tissues [128, 129]. The renal excretion of vitamin D is very low (<5%) and the 

excreted DBP-vitamin D complex is taken back up by TECs [130]. 

          The synthesis of 1,25D3 in renal proximal tubules is the primary source of this circulatory 

hormone [122] where regulation of calcitriol is dependent on the balance between CYP27B1 and 

CYP24A1 activities [131]. Serum calcium and phosphate, along with calcitriol, tightly regulate 

the expression level of both enzymes [131]. When there are low levels of serum calcium and/or 

low serum levels of vitamin D, PTH secreted by the parathyroid glands triggers expression of 

CYP27B1. On the other hand, PTH inhibits expression of CYP24A1 in addition to inducing 

expression of FGF23 from osteoblasts and osteocytes [52, 131-133]. Successively, FGF23 

inhibits expression levels of CYP27B1 and induces expression of CYP24A1 to reduce serum 

calcitriol and calcium levels under hyperphosphatemia conditions (Figure 4) [134, 135]. 

Calcitriol and vitamin D analogues directly induce calcium reabsorption and absorption in renal 

tubular cells and intestine, respectively, therefore playing a major role in calcium and phosphate 

homeostasis [136, 137]. 

          It should be noted that the expression of CYP27B1 in extra-renal tissues appears to be 

regulated differentially. For example, in parathyroid tissue, calcium and FGF23 increase the 

expression level of CYP27B1, opposite to what is observed in kidney; meanwhile, in osteoblasts, 

calcium and PTH do not affect its expression levels [138, 139]. 
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Figure 3. Vitamin D metabolism.  
Vitamin D is initially produced in the skin via exposure to the UV radiation of the sunlight, and 
by thermal isomerization is converted to vitamin D3. As well, it can enter into the body through 
digestion and be released into the circulation. Through the action of CYP2R1 in the liver, it is 
converted to 25(OH)D3,  and in the kidney, CYP27B1 catalyzes hydroxylation to generate the 
active form of vitamin D (1,25(OH)2D3). CYP24A1 is the catabolizing enzyme for vitamin D.  
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Figure 4. Autocrine and paracrine actions of vitamin D.  
When there are low levels of serum calcium and/or low serum levels of vitamin D, PTH is 
secreted by the parathyroid glands to trigger expression of CYP27B1 in kidneys. Also, PTH 
inhibits expression of CYP24A1 in addition to inducing expression of FGF23 in bone. 
Successively, FGF23 inhibits expression of CYP27B1 and induces expression of CYP24A1 to 
reduce serum calcitriol and calcium levels under hyperphosphatemia conditions. 1,25D3 increases 
calcium reabsorption through regulation of TRPV5 in the kidney alongside TRPV6 in intestine, 
and increases renal resorption and intestinal absorption of Pi through Na/Pi co-transporter. 
Additionally, PTH increases calcium and phosphate efflux by osteoblasts in bone to stimulate 
osteoclast-mediated bone resorption. Through a feedback mechanism, 1,25D3 suppresses PTH 
expression levels in parathyroid gland. 
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2.2.2 Vitamin D status 

          Vitamin D status is best reflected by serum calcifediol (25D3) concentrations rather than 

the serum concentrations of 1,25D3. In the liver, prohormone 25D3 binds to DBP to form a stable 

complex with a long circulating half-life of about 480 hours [140, 141]. On the other hand, 

1,25D3 has a shorter circulating half-life of around 15 hours, as it has a lower affinity toward 

DBP in addition to the tight regulation of expression levels of CYP27B1 by various factors [142, 

143]. 

          The serum total 25D3 concentration has a clinical significance due to its lower affinity 

toward VDR and higher serum concentration when compared to 1,25D3 [140]. The United States 

Institute of Medicine in 2010 concluded that people with total serum 25D3 concentrations of <20 

ng/ml are vitamin D deficient [144]. Serum levels of vitamin D measured between 12-20 ng/ml, 

are considered inadequate for bone and overall health and such individuals are at risk of vitamin 

D deficiency. Normal levels of serum 25D3 concentration lie between 20-50 ng/ml [144]. 

          In different countries, nutritional vitamin D (D2 and D3) is available as an over-the-counter 

supplement. Vitamin D2 and D3 intake does not induce hypercalcemia unless taken at a regular 

high dose [140]. Vitamin D supplementation has not been found to induce changes in FGF23 

concentration [145, 146]. The United States Institute of Medicine has recommended an average 

oral intake level of 4000 IU/day of vitamin D supplements [144]. 

 

2.2.3 Vitamin D signalling 

          Once provitamin D3 reaches the kidney through circulation, the 25D3-DBP complexes are 

frequently filtered within glomerular filtration barriers and reabsorbed in the brush border of 

proximal tubules via receptor-mediated uptake, by binding to megalin, and through an endocytic 

process which is facilitated by several adapter proteins, such as cubilin and Disabled 2 (Dab2) 

[147].  Upon endocytosis, DPB is degraded via lysosomes and releases 25D3 into the cytoplasm, 
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which subsequently binds to Intracellular vitamin D Binding Proteins (IDBP-1 and IDBP-3) to be 

transferred to mitochondria for further hydroxylation and conversion to the active 1,25D3 by 

CYP27B1 [148-150]. The expression level of megalin is increased by 1,25D3, which provides a 

feed-forward mechanism for production of 1,25D3 [151]. 

          The biological responses and transcriptional effects of 1,25D3 are mediated via the VDR, 

through binding to VDRE DNA motifs in the promoters of vitamin D target genes [152]. VDR 

and its transcriptional machinery is expressed in most cell types, and Gene Ontology (GO) 

analysis of target genes of VDR revealed that 47% of these genes are involved in metabolism 

[33]. Therefore, the availability of 25D3 and 1,25D3 to target cells is of great importance. 

However, 1,25D3 can regulate its own availability by downregulating CYP27B1 expression 

through VDR binding to a negative response element (nVDRE) on the promoter region of 

CYP27B1, or by upregulating CYP24A1 and inducing its own catabolism [127, 153]. 

 

2.2.4 VDR signalling 

          The vitamin D nuclear hormone receptor (VDR) is a ligand-dependent transcription factor 

[116]. VDR belongs to the nuclear hormone receptor superfamily, and is a Type II non-steroid 

receptor [154]. Similar to other Type II nuclear receptors, VDR heterodimerizes with an 

unoccupied Retinoid X Receptor (RXR) to generate active signal transduction via specific 

association with VDREs in target genes (Figure 5) [155]. VDR consists of three distinctive 

regions; the conserved N-terminal dual zinc finger DNA-binding domain and the C-terminal 

ligand-binding domain (heterodimerization domain) which are connected via a hinge region 

[156]. There are two overlapping ligand-binding sites in the VDR ligand-binding domain; the 

genomic pocket (VDR-GP) and the alternative pocket (VDR-AP). The VDR-GP interacts with 

RXR upon interaction of the VDR with the ligand 1,25D3 to recognize and interact with VDREs 

[157, 158]. In general, VDREs consist of direct repeats of two hexanucleotide half-elements that 
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are separated by a spacer of three nucleotides (DR3) or a repeat of two half-sites separated by a 6-

nucleotide spacer (DR6) [159]. The DR3 is the most common VDRE, with the highest affinity 3’ 

VDR half-site of PGTTCA and the highest affinity 5’ RXR half-site of PGGTCA [160]. 

          Interaction of 1,25D3 with VDR induces conformational changes within the ligand-binding 

domain of the receptor, which results in sequential recruitment of multiple comodulators in order 

to induce different actions in various tissues in a promoter specific context [161]. The promoter 

regions of vitamin D target genes often possess multiple VDREs [162, 163]. Various studies have 

indicated that multiple VDREs on the promoters of vitamin D target genes appear to function 

synergistically to attract coactivators for maximal induction of those promoters via suggested 

chromatin looping model [164, 165]. 

  

 

 

 

 

 

 

 

 

 

 

 



 

24 

 

 

 

 

 

 

Figure 5. Vitamin D signalling. 
Once 1,25D3 reaches the nucleus, it binds to VDR. Subsequently, the liganded VDR 
heterodimerizes with RXR and further interacts with the VDREs at the promoter regions of target 
genes, and functions as a transcription factor. 
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2.3 Physiological and pathophysiological roles of vitamin D 

          Calcitriol (1,25D3) plays a central role in calcium, and phosphate homeostasis, cell 

proliferation, immunomodulation, cell differentiation and control of other hormonal systems [19-

24, 166]. Vitamin D deficiency correlates with the pathogenesis of certain types of cancer, 

hypertension, secondary hyperparathyroidism, type 1 diabetes, as well as CKD [167-172]. 

 

2.3.1 Role of vitamin D in calcium and phosphate metabolism 

          PTH and 1,25D3 have long been known to be key regulators of bone and mineral 

homeostasis [19, 173, 174]. The discovery of FGF23 transformed the understanding of vitamin D 

and phosphate homeostasis, which led to the establishment of PTH-vitamin D-FGF23 axis [175]. 

These three hormones interact with one another in a complex feedback mechanism, involving 

multiple tissues, to maintain blood calcium and phosphate levels [176-178]. 

          The expression level of PTH is regulated by the calcium-sensing receptor (CaSR) located 

in the parathyroid gland [179]. The parathyroid gland, in response to hypocalcemia, secretes PTH 

[173]. Secreted PTH hormone, binds to PTH Receptor (PTHR1) G protein-coupled receptors on 

the renal tubules as well as in osteoblasts and osteocytes in bone [179]. In addition, PTH directly 

induces expression of CYP27B1 in renal proximal tubules to increase serum 1,25D3 [131]. 1,25D3 

increases calcium reabsorption through regulation of transient receptor potential cation channel, 

subfamily V, member 5 (TRPV5) in the kidney alongside TRPV6 in intestine [19]. On the other 

hand, 1,25D3 increases renal resorption and intestinal absorption of Pi through Na/Pi co-

transporter [180]. In bone, PTH increases calcium and phosphate efflux by osteoblasts by 

triggering RANKL to stimulate osteoclast-mediated bone resorption [179]. As a feedback 

mechanism, 1,25D3 suppresses PTH expression levels in the parathyroid gland (Figure 4) [174]. 

          



 

26 

 

2.3.2 Effects of vitamin D on cell proliferation and differentiation 

          In addition to the central role of 1,25D3 in calcium homeostasis and mineral metabolism, it 

is well established that vitamin D functions as a modulator of cell proliferation and differentiation 

[22]. The anti-proliferative effects of 1,25D3 are related to its ability to induce cell cycle arrest in 

G0/G1 via induction of cyclin-dependent kinase inhibitor p21, which is sufficient for cell growth 

arrest [181-183], and stabilization of cyclin-dependent kinase inhibitor p27, the cell cycle 

inhibitor protein [184]. Therefore, it is suggested that vitamin D and its analogues have antitumor 

function [185]. Colston et al. first demonstrated the antitumor effect of 1,25D3 in 1981, by 

verifying that 1,25D3 administration inhibited cell growth in cultured skin cancer cells [186]. In 

addition, also in 1981, Abe et al. revealed that 1,25D3 was able to induce terminal differentiation 

of promyelocytes to monocytes in mouse cultured myeloid leukemia cells [187]. Various in vitro 

studies have since confirmed that 1,25D3 can affect cell growth and differentiation in a variety of 

cancer cell types [188, 189] and a strong association between vitamin D deficiency and breast, 

prostate, pancreas, and colon cancer argues for a protective role of vitamin D in cancer [22, 190]. 

In addition, studies have revealed that 1,25D3 has antiapoptotic and proapoptotic effects in some 

cell lines. For example, 1,25D3 induces apoptosis in breast cancer cells, but in normal mammary 

tissue it functions as an antiapoptotic factor in order to control hyperplastic growth, especially 

during pregnancy, lactation, and postlactational involution [191, 192]. Therefore, vitamin D plays 

a significant role in normal tissue development aside from stimulation of growth arrest in cancer. 

 

2.3.3 Effects of vitamin D on the immune system  

          Immune cells possess VDR along with CYP27B1 that facilitates the local synthesis of 

1,25D3 [115, 193]. Vitamin D affects both innate and adaptive immunity, and vitamin D-

deficiency is associated with increased risk of immune dysfunction in various disease states such 

as CKD, autoimmune, and infectious diseases [194]. It has been shown that 1,25D3 stimulates the 
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differentiation of monocytes to mature phagocytic macrophages in the presence of pathogens 

[195, 196]. Activation of innate immunity to initiate a defense response to microorganisms 

activates Toll-like receptors (TLR1, TLR2, TLR4) on the cell surface of macrophages and 

monocytes [197]. TLRs alongside interferon-γ (IFN-γ) induce expression of CYP27B1 [198]. On 

the other hand, in contrast to renal CYP27B1, local production of 1,25D3 does not inhibit 

expression of CYP27B1 in macrophages [199, 200]. 1,25D3 can enhance expression of the 

antibacterial proteins cathelicidin (directly) and β-defensin 2 (indirectly, through activation of 

NOD2 signalling) to promote macrophage autophagy [201, 202]. Therefore, vitamin D deficiency 

in CKD patients may lead to decreased bacterial killing effects of macrophages.                            

          Recently it has been shown that vitamin D plays a significant role in the cross-talk between 

innate and adaptive immunity [203]. Dendritic Cells (DCs) and macrophages are the central 

antigen-presenting cells to T cells and B cells [203, 204]. Many studies support the inhibitory 

effects of vitamin D on DC maturation through NF-κB signaling [205]. These studies have shown 

that vitamin D decreases the expression level of necessary co-stimulatory markers of antigen 

presentation to T cells, such as CD40 and CD80 [206, 207]. 

          The paracrine and endocrine anti-inflammatory effects of vitamin D have been studied. 

Activated T cells and activated B cells possess VDR and are the primary targets of 1,25D3 in 

adaptive immunity [208]. Studies showed that vitamin D triggers expression of anti-inflammatory 

T helper 2 (Th2) cytokines (IL-3, IL-4, and IL-10) and suppresses expression of IL-12, which 

induces development of T helper 1 cells (Th1), as well as suppressing secretion of Th1 

inflammatory cytokines (IFN-γ and TNFα) [209-212]. 

 

2.4 Vitamin D status in chronic kidney disease 

          The incidence of vitamin D deficiency increases with progression of CKD, which is 

associated with low serum levels of 1,25D3 (the active form of vitamin D), SHPT and imbalanced 
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mineral metabolism [14, 171, 213-215]. Vitamin D deficiency in CKD can be related to 

decreased sunlight exposure, nutritional inadequacy, reduced vitamin D synthesis and increased 

catabolism of this hormone [213, 216]. It is evident that CKD patients develop vitamin D 

insufficiency in the advanced stage 2 and progress to vitamin D deficiency at stages 3 and 4 [11, 

15, 217]. Therefore, increasing serum 1,25D3 levels upon vitamin D therapies are commonly used 

in order to overcome vitamin D insufficiency in CKD patients [218, 219]. 

 

2.4.1 Imbalances in vitamin D and mineral metabolism 

          Reduction in functional renal mass as a consequence of kidney fibrosis subsequently results 

in loss of expression of the vitamin D anabolizing enzyme, CYP27B1, in kidney cells and thus 

lowers the circulating levels of the hormone [220, 221]. However, the mRNA levels of CYP27B1 

remain unchanged in some CKD patients [222] and therefore, this decreased level of vitamin D is 

thought to be the outcome of increased circulating levels of the vitamin D catabolizing enzyme, 

CYP24A1 [223, 224]. SHPT, a disorder in which elevated levels of serum PTH, parathyroid 

gland hyperplasia, and imbalances in bone and mineral metabolism occurs, is often observed in 

CKD patients, and is associated with vitamin D deficiency [171, 225]. 

 

2.5 The use of vitamin D compounds in the treatment of CKD 

          Vitamin D compounds have been used in the treatment of CKD for nearly six decades 

[226]. As mentioned earlier, SHPT as a consequence of vitamin D-deficiency is one of the 

primary outcomes of CKD, which is dangerously linked with arterial and soft tissue calcification, 

MBD and increased level of fracture in CKD patients, as well as cardiovascular mortality [225, 

227, 228]. Therefore, the rationale to use vitamin D treatment in CKD is to try to reverse or 

prevent the adverse effects of SHPT [217]. Sadly there are no exclusive recommendations for 
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vitamin D supplementation for CKD by kidney disease outcome quality initiatives, and the 

provided guidelines are the same as for the overall population [229]. Aside from the 

recommendation to use cholecalciferol, ergocalciferol and 1,25D3 in CKD, there are still many 

unanswered questions regarding their use, such as when to start the treatments, which one of the 

vitamin D derivatives to use, and what form of supplementation is best [219]. At present, in 

addition to 1,25D3, different synthetic vitamin D hormones are used in clinical practices which all 

have significant restrictions. Despite the partial effects of different vitamin D derivatives on 

increasing serum 25D3 concentrations and decreasing PTH levels, significant proportions of CKD 

patients under these treatments do not accumulate intended levels of serum 25D3 [230-233]. In 

addition, high doses of vitamin D treatment in CKD patients may both induce hypercalcemia and 

increase vitamin D catabolism [17]. 

 

2.6 FGF23, the key regulator of phosphate and vitamin D homeostasis 

          FGF23 is a bone-derived endocrine hormone, which is mainly expressed by osteocytes and 

osteoblasts, but it is also expressed in skeletal muscle, brain, salivary gland, mammary gland, 

heart, and stomach [234, 235]. FGF23 was first discovered in mouse brain and its importance was 

first revealed in Autosomal Dominant Hypophosphatemic Rickets (ADHR) patients, in which a 

missense mutation gave rise to resistance to proteolytic cleavage of the hormone [235, 236]. 

Various studies clearly indicated the role of VDR in transcriptional regulation of this hormone 

[176], by which 1,25D3 rapidly induced expression of FGF23 via VDR signalling [177]. FGF23 

secreted by bone predominantly targets the kidney to regulate vitamin D metabolism as well as 

phosphate homeostasis [237]. In transgenic animals with overexpression of FGF23, or by 

administration of FGF23 to rodents, there is suppression of phosphate reabsorption along with 

inhibition of vitamin D metabolism in renal proximal tubules [238, 239]. These animals suffer 

from hypophosphatemia, aberrant vitamin D metabolism that leads to rickets, and impaired 
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growth [240, 241]. On the other hand, mice with ablation of FGF23 suffer from excess 1,25D3, 

soft tissue calcification, and hyperphosphatemia [51, 242, 243]. 

          The FGF23 protein circulates in two distinct forms: a short form and a full-length mature 

form [244]. The full-length form is active and interacts with FGF23 receptors (FGFR) on 

different target cells [245]. However, FGF23 requires a receptor cofactor protein known as 

Klotho (Kl) due to its weak binding affinity to its receptors [246, 247]. The Klotho gene (named 

after the Greek goddess who spins the thread of life) was first discovered in 1997 as the gene 

responsible for a syndrome resembling human premature ageing syndrome in mice [248]. Klotho 

is expressed mainly in renal distal convoluted tubules as well as the parathyroid gland and a lower 

expression is reported in placenta, testis, ovary, urinary bladder, pituitary gland, skeletal muscle, 

aorta, colon, and pancreas [248-250]. There are two main Kl gene transcripts generated via 

alternative splicing encoding the membrane-bound or secreted isoform [251, 252]. The target 

organs of FGF23 are marked by co-expression of FGF23 and the membrane Kl isoform [247, 

253]. The soluble Kl isoform functions as a humoral factor, and it is established that soluble Kl 

inhibits internalization of TRPV5 and TRPV6 in kidney and intestine respectively [254, 255]. 

          FGFs signal via four different tyrosine kinase receptors (FGFR1-4), in which ligand 

binding induces dimerization and subsequent phosphorylation of downstream signalling 

molecules [256]. Even though FGF23 is able to bind to FGFR1c, FGFR3c and FGFR4, the 

FGFR1c-Klotho receptor complex is the most prominent interaction in renal distal convoluted 

tubules [247]. 

          As mentioned earlier, 1,25D3 is a potent inducer of FGF23 and, conversely, FGF23 is a 

potent suppressor of 1,25D3, offering a classical hormonal feedback circuit in which high serum 

1,25D3 leads to increased FGF23 that subsequently lowers 1,25D3 [241]. Studies demonstrated 

that FGF23 suppresses expression of renal CYP27B1 via activation of the Mitogen-Activated 
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Protein Kinase (MAPK) signaling pathway, and induces expression of CYP24A1 through a VDR-

dependent mechanism in renal proximal tubules [257]. 

         FGF23 regulates serum phosphate levels via suppression of sodium-dependent phosphate 

co-transporters (NaPi2a and NaPi2c) expression in renal proximal tubular cells [51, 241]. 

Approximately 80-85% of filtered phosphate via glomerulus is reabsorbed in the proximal tubules 

via NaPi2a and NaPi2c; therefore FGF23 directly reduces serum phosphate concentrations [51, 

258]. 1,25D3 and PTH, along with serum phosphate, induce expression of FGF23 whereas 

FGF23 negatively regulates expression of PTH and CYP27B1 as well as Kl as a feedback 

mechanism [250, 259, 260]. Hence establishing another classical hormone loop in which 

increased PTH induces expression of FGF23, which subsequently lowers PTH (Figure 4) [261].  

 

2.7 Characteristics of the CYP24A1 promoter 

          CYP24A1, encoding the 25-hydroxyvitamin D3 24-hydroxylase, has significant 

physiological and clinical importance [124]. The enzymatic activity of CYP24A1 is fundamental 

for the inactivation of vitamin D metabolites [126]. Under normal conditions, the basal 

expression of CYP24A1 is low, but it is significantly upregulated by its ligand 1,25D3 as well as 

by FGF23 [134, 262]. Furthermore the CYP24A1 promoter is suggested to be the most responsive 

promoter to the effects of 1,25D3 [127]. 

          Imbalanced high or prolonged expression of this enzyme has been suggested to influence 

progression of CKD [263]. Various molecular regulatory investigations into CYP24A1 promoter 

expression elicited by 1,25D3 showed that human and rat CYP24A1 contain two VDREs located 

within 300bp upstream of its transcriptional start site, which are essential for the promoter 

induction [264, 265]. Gel mobility shift assays provided evidence that the distal VDRE (VDRE-

2) has a higher affinity toward the VDR-RXR complex when compared to the proximal VDRE 

(VDRE-1) [266]. In addition, mutational analyses illustrated that point mutations within the 5’ 
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half-site of either of the hCYP24A1-VDREs eliminated the promoter response to 1,25D3, 

indicating both VDREs are able to induce transactivation of the promoter individually [267]. 

These studies revealed that VDRE-1 had greater transactivation ability, and point mutation within 

this region resulted in loss of promoter response to 1,25D3 to the same extent as that when both 

VDREs were mutated [267]. Therefore, the likelihood of transcriptional collaboration between 

the VDR-RXR complex and additional potential transcription factors was suggested [268]. 

Subsequent studies revealed that induction of the wild type promoter is greater than the individual 

contribution of VDRE-1 and VDRE-2, thus suggesting both VDREs might act synergistically, 

and VDRE-1 is more sensitive to lower levels of 1,25D3 [266]. 

          Further studies lead to the discovery of 10bp consensus sequence of TCCATCCTCT for 

the EBS on the antisense strand, which has been shown to be essential for maximal-expression of 

the CYP24A1 promoter [269]. This transcriptional synergy between VDRE-1 and EBS was 

related to the close location of EBS downstream of VDRE-1, and further investigations revealed 

that this synergy is VDRE-1 dependent, as mutations in VDRE-1 completely suppressed the 

effects of EBS on rat Cyp24a1 promoter in the presence of 1,25D3 [269]. 

 

2.8 UUO: an in vivo model of kidney fibrosis and CKD 

          The model of unilateral ureteral obstruction is a robust system that generates progressive 

severe renal fibrosis in as few as seven days. Studies have revealed that 7 days of UUO is 

required to obtain complete loss of the epithelial marker E-cadherin and maximum induction of 

α-SMA [270, 271]. In the UUO model, the ureter of one of the kidneys is surgically ligated, 

which induces inflammation and subsequent fibrosis [272]. The contralateral kidney remains un-

ligated to serve as the internal control. The UUO model unites all of the critical features of 

fibrosis, including an increase in interstitial capillary permeability, invasion of inflammatory 

monocytes and macrophages, upregulated synthesis of profibrotic molecules such as TGFβ1, and 
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presence of myofibroblasts [273]. The fibrotic kidney can not only be compared to the 

contralateral kidney as the control, but additionally to those from sham-operated and un-operated 

animals [274, 275]. Hence, the UUO model is inter- and intra-conditionally comparative, and is 

widely used as a model of renal fibrosis. 

 

2.8.1 Studies of Vitamin D treatment in UUO animals 

          Various in vivo and in vitro studies have been performed to not only understand the 

mechanisms underlying renal inflammation and fibrosis better, but also to examine the 

therapeutic effects of vitamin D and its analogues in different fibrotic models. Based on these 

studies, it has been reported that vitamin D can suppress both renal inflammation and fibrosis. 

The UUO model is the most commonly used fibrotic model in these studies besides the Adenine-

induced CKD model [32, 263]. Ito et al. in 2013 showed that a subcutaneous injection of 

0.6µg/kg/day of 1,25D3 in UUO mice for 7 days was able to significantly reduce the expression 

levels of fibrotic factors Col1a1, αSMA, and Serpine1 but this treatment also significantly 

increased the level of serum calcium in these animals [32]. In another study performed by Tan et 

al. in 2006, it was shown that when the UUO mice were treated with 0.1µg/kg/day of paricalcitol 

(a vitamin D analogue) for 7 days, the expression level of different fibrotic factors such as Col1a1 

and Fn1 was significantly reduced, and the expression of E-cadherin (an epithelial marker) was 

preserved [276]. In a subsequent study, Tan et al. in 2008, showed that injection of the same dose 

of paricalcitol in UUO animals was able to not only reduce the infiltration of T-cells and 

macrophages to the obstructed kidney, but also it could suppress inflammatory factors such as 

Tnfα and CCL5 [277]. 
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2.9 Rationale and hypothesis 

          Over the past two decades, there have been significant advances in our understanding of the 

mechanisms behind initiation and progression of inflammation and fibrosis [53, 54]. Various 

clinical, in vivo as well as in vitro studies have been conducted in order to examine the 

therapeutic roles of vitamin D supplementation to stop and/or reverse inflammation and fibrosis 

in diverse tissues [217, 231, 278]. Studies conducted by Ito et al. revealed that upon treatment of 

TCMK-1 cells (a mouse kidney epithelial cell line) with 5ng/ml TGFβ1 and 10nM 1,25D3, 

liganded VDR suppresses TGFβ1 signalling by interfering with the recruitment of SMAD3 to the 

promoter region of the target genes [32]. In addition, studies performed by Ding et al. revealed 

that upon TGFβ1 signalling in liver cells and nuclear translocation of SMADs and further 

chromatin remodeling, there is an increase in the accessibility of the adjacent VDREs for 

liganded VDR [33]. These studies provided evidence that the subsequent binding of liganded 

VDR to VDREs antagonizes SMAD binding to the chromatin by compromising histone H3 

acetylation, which ultimately suppresses profibrotic gene expression and therefore suggesting a 

crosstalk between the two signalling pathways.   

          Consequently, these studies raise the question: Can vitamin D treatment be optimized to 

suppress kidney fibrosis without inducing hypercalcemia, which might be useful in slowing 

progression of CKD? In contrast to bolus administration of 1,25D3, the synthesis and availability 

of calcitriol from calcifediol (25D3), the inactive form of vitamin D is more tightly regulated [18, 

127, 279]. Since 1,25D3 downregulates the expression level of Cyp27b1 enzyme (Figure 4) 

[127], we hypothesized that 25D3 treatment may suppress renal fibrosis without inducing 

hypercalcemia.  

          The objective of the current in vivo studies was to generate renal fibrosis using the 

established unilateral ureteral ligation procedure and further examine and compare the effects of 

25D3 and 1,25D3 on the suppression of renal fibrosis using histological and molecular parameters 
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(described in Chapter 4). Furthermore, through in vitro studies, the regulatory effects of the 

inflammatory and fibrotic factors TGFβ1, Tnfα, and FGF23 in the presence and absence of 

1,25D3, on the expression level as well as the regulation of Cyp24a1 promoter construct was 

examined (described in Chapter 5).  

          The animal studies revealed that treatment of UUO mice kept on a normal diet with 25D3 

for one week was able to suppress the expression level of the major fibrotic markers without 

inducing hypercalcemia (Chapter 4). Also, the in vitro studies revealed that TGFβ1 in the 

presence of vitamin D could induce a synergistic upregulation of the Cyp24a1 enzyme expression 

and further mutational analysis of the hCYP24A1 promoter revealed that VDRE-1, SBE-1, and 

SBE-2 are playing the significant role in this synergistic upregulation. The subsequent 

investigation revealed that the EBS downstream of VDRE-1 is essential for the transcriptional 

effects of FGF23 on the CYP24A1 promoter (Chapter 5).  
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Chapter 3 

Materials and Methods 

3.1 Unilateral ureteral obstruction (UUO) mouse model 

          UUO was induced in 6-8 week old C57BL/6 male mice, each having a mass of 

approximately 20g, by suture ligation of the left ureter. Sham operated and un-operated C57BL/6 

mice were used as control.  

          For the pilot study, animals were divided into Vitamin D treatment and vehicle treatment 

subgroups, where each subgroup included 4 mice. Drug treatment was started 24 hours after the 

surgery by subcutaneous injection of 50µg/kg/day of calcifediol (25(OH) vitamin D3) in 100µl 

total volume  (Sigma-Aldrich, Oakville, ON, Canada) or vehicle (2% Tween-80 in PBS) (Sigma-

Aldrich). The treatments were continued for 6 days with a single injection per day. The 

experiment was terminated 24 hours after the 6th injection.  

          In the second set of experiments (2-week UUO study), animals were divided into 

calcifediol treatment and vehicle treatment subgroups, where each contained 12 and 8 mice 

respectively. The treatment started 24 hours after the surgery with subcutaneous injection of 25D3 

(75µg/kg/day in 100µl) or vehicle (2% Tween-80 in PBS). The treatments were continued for 13 

days with a single injection per day. The experiment was terminated 24 hours after the 13th 

injection.  

          In the third set of experiments (Vitamin D-deficient diet study), UUO and Sham-operated 

animals were divided into 25D3, 1,25D3 and vehicle treatment subgroups where each subgroup 

included 5 mice. Animals were kept on Vitamin D-deficient diet (D-Diet) (Tekland Custom diet 

TD.89123 and OpenSource Diets AIN-93G-D10073001) for the duration of the study. Surgery 

was performed two and half weeks after initiation of the study, and 24 hours after surgery, 

treatments were started by subcutaneous injection of 25D3 (50µg/kg/day in 100µl) or 1,25D3 
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(calcitriol; 0.3µg/kg/day in 100µl) (Sigma-Aldrich) or vehicle (2% Tween-80 in PBS) once a day 

for up to six days. The experiment was terminated 24 hours after the final injection.  

          Animals were sacrificed by cardiac puncture under isoflurane anesthetic. The kidneys, liver 

(only in the later study) as well as ear punch and serum were collected.  Kidneys were divided 

into 2 halves, where one half was formalin-fixed to be used for sectioning, and the other half was 

divided into two quarters, one was placed in 500µl of RNAlater®  (Sigma-Aldrich) and stored at -

80°C and the other half was directly submerged in 1ml TRIzol reagent (Life Technologies, 

Burlington, Canada) for RNA extraction. The ear punch and a piece of liver were also submerged 

in 500µl RNAlater® reagent and stored at -80°C, to be used to assess systemic vitamin D 

exposure by Cyp24a1 expression, if required. Approximately 1 ml of blood was collected from 

each animal and transferred to BD microtainer gel tubes (BD Biosciences, Mississauga, ON, 

Canada) for serum extraction. Serum was extracted following standard procedures, and was 

stored at -80°C.  

 

3.2 Histopathology and immunohistochemistry 

          Kidney halves were submerged in 10% formalin (Fisher Scientific) at 4°C overnight and 

then processed into paraffin wax using standard methods. Paraffin-embedded sections of ~4µm 

thickness were prepared by Queen’s Laboratory for Molecular Pathology (QLMP). The tissue 

sections were stained with Periodic Acid Schiff (PAS) and Jones’ staining for routine evaluation 

with and without treatment by QLMP. To assess fibrosis in the UUO model, kidney sections were 

stained using Picrosirius Red (Chondrex, Inc. Redmond, WA, USA) according to the 

manufacturer’s instructions. To analyze the levels of αSMA in the fibrotic kidney with and 

without treatment with 25D3, immunohistochemistry was performed on the kidney sections 

according to standard procedure, using a primary antibody targeting αSMA (1:200 dilution, 
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Novus Biologicals, NB600-531) and a secondary antibody coupled to HRP (1:500; Life 

Technologies, A16023). 

 

3.3 Measurement of serum calcium  

          To assess the calcium level in serum, a calcium colorimetric assay kit (Sigma-Aldrich, 

MAK022) was used according to the manufacturer’s specifications. Colour change was assessed 

using a micro plate reader (Molecular Devices, SpectraMAX 190) at 575nm (wavelength) and 

was calculated based on a standard curve using the formula Sa/Sv= C according to the 

manufacturer; where Sa is the amount of calcium of an unknown sample fitted to the standard 

curve, and Sv is the volume added to the well. Then final concentration was calculated in mg/dL 

based on the molecular mass of calcium (40µg/µmole). 

 

3.4 Cell lines and cell culture 

          HK-2 (Human kidney epithelial cells, ATCC® CRL-2190TM) and TCMK-1 (Mouse kidney 

epithelial cells, ATCC® CCL-139TM) cells were obtained from the American Type Culture 

Collection (through Cedarlane Labs, Burlington, ON). HK-2 cells were maintained in 

DMEM/F12 (Life Technologies, 11320-033) supplemented with 5ng/ml epidermal growth factor 

(EGF, Life Technologies), as well as 10% fetal bovine serum (FBS, Life Technologies or Wisent 

Bio Products, Saint-Jean-Baptiste, QC), 10,000units/ml penicillin, 10,000µg/ml streptomycin and 

25µg/ml Amphotericin B (Life Technologies). TCMK-1 cells were maintained in DMEM 

(Wisent Bio Products, 319-005-CL) supplemented with 10% FBS and antibiotic/anti-mycotic as 

above. Both cell lines were maintained in a humidified incubator with 5% CO2 at 37°C.  
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          HK-2 and TCMK-1 cells were treated with 1,25D3 (Sigma Aldrich) dissolved in ethanol to 

the final concentration of 1nM and 10nM, and 5ng/ml recombinant human TGF-β1 in sterile 0.1N 

HCl (R&D Systems, Minneapolis, MN, USA).  

          In addition, TCMK-1 cells were treated with 100ng/ml recombinant mouse FGF-23 (R&D 

Systems) in sterile 1x PBS containing 0.1% bovine serum albumin (Sigma, A-3294) as well as 

with 10ng/ml recombinant mouse TNF-α (R&D Systems) in filter-sterilized PBS/0.1% BSA. 

 

3.5 RNA extraction and quantitative real-time PCR analysis 

          Prior to the various treatments, cells were seeded at a density of 1.0 x105 cells/well in 12-

well plates. At the time of RNA extraction, cells were washed with 1x PBS and the total RNA 

was extracted using 1ml TRIzol reagent according to the manufacturer’s protocol. The RNA yield 

and purity was analyzed using an Ultrospec 2100 pro, UV/Visible Spectrophotometer, and an 

aliquot of each sample was run on a denaturing agarose gel in order to verify the RNA integrity.  

          For each set of experiments, first strand cDNA was synthesized from an equal amount of 

RNA using 5X All-In-One RT MasterMix (Applied Biological Materials Inc., Richmond, BC) or 

SuperScriptTMIII Reverse Transcriptase (Invitrogen) (in vivo studies) and EasyScript PlusTM 

Reverse Transcriptase or OneScriptr® Plus Reverse Transcriptase (Applied Biological Material 

Inc.) (in vitro studies), according to the manufacturer’s instructions. The synthesized cDNA was 

diluted to 20ng/ml or 50ng/ml for qRT-PCR analysis.  

          qRT-PCR analysis was performed using PowerUpTM SYBR® Green Master Mix (Life 

technologies). For each reaction, 100ng of cDNA, 400nM of each primer (Table 2), 1X 

PowerUpTM Master mix, and nuclease-free water up to 20µl of final volume was used. The 

amplification was accomplished using a ViiaTM 7 Real-Time PCR System (Life Technologies) at 

50°C for 2 minutes (UDG activation), 95°C for 2 minutes (enzyme activation), and 40 cycles of 

95°C for 15 seconds (denaturing) followed by 1 minute at 60°C for combined annealing and 
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extension. The quantification of relative mRNA levels was calculated using comparative Ct 

(ΔΔCt) method (Qiagene), and expression of the target gene was calculated relative to the 

phosphomannomutase 2 (Pmm2) housekeeping gene. Fold-change was calculated relative to 

control samples (to the respective contralateral kidney of UUO animals or to the respective sham-

operated kidney in in vivo studies and to the vehicle-treated cells in in vitro studies). 
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Table 2.  List of primers used in qPCR analysis 
 

Primer Sequence (5'-3') 

mTGF-B1 Fwd CCCGAAGCGGACTACTATGC 

mTGF-B1 Rev GCACTGCTTCCCGAATGTCT 

mCol1a1 Fwd GCTCCTCTTAGGGGCCACT 

mCol1a1 Rev ATTGGGGACCCTTAGGCCAT 

mFn1 Fwd GCTCAGCAAATCGTGCAGC 

mFn1 Rev CTAGGTAGGTCCGTTCCCACT 

mCcl5 Fwd GCTGCTTTGCCTACCTCTCC 

mCcl5 Rev TCGAGTGACAAACACGACTGC 

mTnf-α Fwd CCACCACGCTCTTCTGTCTAC 

mTnf-α Rev GTGAGGGTCTGGGCCATAGA 

mCyp27b1 Fwd CCGGAGCTTGTCTGACATCC 

mCyp27b1 Rev GACCATATTGGCCCGTACCG 

mCyp24a1 Fwd ATGATCCTGGAAGGACAGGAGTG 

mCyp24a1 Rev TGCCCCATAAAATCAGCCAAG 

mVdr Fwd ACCCTGGTGACTTTGACCG 

mVdr Rev GGCAATCTCCATTGAAGGGG 

mPmm2 Fwd AGGGAAAGGCCTCACGTTCT 

mPmm2 Rev AATACCGCTTATCCCATCCTTCA 

hCYP24A1 Fwd TATCGCGACTACCGCAAAG 

hCYP24A1 Rev TGTCCAGCTTCATCACTTC 
hPMM2 Fwd AAGAAGCTGCAGCCAAGAAG 
hPMM2 Rev GCCTCCTATGGAAAACGTGA 
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3.6 Site-Directed Mutagenesis 

          Site-directed mutagenesis (SDM) was performed on the pGL3hCYP24A1 plasmid [280] 

using the QuickChange Lightning Site-Directed Mutagenesis kit (Agilent Technologies, 

California, USA). To induce SDM primers were designed according to the primer design 

guidelines provided by the manufacturer (Table 3). 50µl of chemically competent DH5α 

Escherichia coli cells (Invitrogen) were used for transformation with 2µl of the mutated plasmids 

by heat shocking the bacteria for 50 seconds at 42°C. Transformed cells were rescued by adding 

500µl of lysogeny broth (LB) and incubated at 37°C for 30 minutes with shaking. Following 

incubation, cells were cultured on agar plates containing 100µg/ml ampicillin (Sigma Aldrich) 

and incubated overnight at 37°C. Clones were selected and cultured in 3ml LB medium 

containing 100µg/ml ampicillin and incubated with shaking (180rpm) at 37°C overnight after 

which minipreps were performed by alkaline lysis following standard procedure. Isolation of the 

correct plasmid DNA was examined by performing a diagnostic restriction digest (Table 3), and 

2 correct samples were sent for DNA sequencing to verify correct clones. The sequencing 

reactions were carried out at Eurofins Scientific (Toronto, ON) using the GL2 rev primer 5’- 

CTTTATGTTTTTGGCGTCTTCCA - 3’. Following sequencing, correct clones were cultured in 

50ml LB medium containing 100µg/ml ampicillin and incubated with shaking (180rpm) at 37°C 

overnight and midipreps were performed using the QIAfilter Plasmid Midi Kit (QIAGEN Inc.). 

Yield and purity of DNA were determined using Ultrospec 2100 pro, UV/Visible 

Spectrophotometer before transfection.  
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Table 3. List of consensus sequences of DNA binding elements under study on the 
CYP24A1 promoter and primers used for SDM 
 

DNA binding element Consensus sequence (5'-3') SDM primer (5'-3') 
Test 
Restriction 
enzyme 

VDRE-1 CGCCCTCGCTCACCT 
TOP CCAGGCACGGTTTCGCTCACCTCGCTG 

BsaHI 
BOT CAGCGAGGTGAGCGAAACCGTGCCTGG 

SBE-1 GTCT 
TOP CGTCCCTCGGCCGCTGGCCAGCC 

EagI 
BOT GGCTGGCCAGCGGCCGAGGGACG 

SBE-2 AGAC 
TOP GGCCCTGGCAGATCTCGGCAGCTTTTC 

NheI 
BOT GAAAAGCTGCCGAGATCTGCCAGGGCC 

EBS TCCATCCTC 
TOP CTCGCTGACTCCGGACTCCTTCCAC 

BspEI 
BOT GTGGAAGGAGTCCGGAGTCAGCGAG 

 

* Bolded nucleotides indicate the site-directed mutations 
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3.7 Dual-luciferase assay 

          Approximately 30 hours before transfection, TCMK-1 cells were cultured in 24-well plate 

at 5x104 cell/well. Cells were transfected using 2.4µl Viafect reagent (Promega, Madison, WI, 

USA) and a total of 400ng DNA per well, according to the manufacturer’s protocol. Each well 

was transfected with 25ng of pRL-TK (Renilla luciferase control) and 375ng of respective Firefly 

luciferase plasmids. Approximately 16 hours after transfection, cells were given fresh media 

containing the indicated treatment. Depending on the treatment, cells were incubated for either 24 

or 48 hours, at which point cells were washed with 1x PBS and lysed with 100µl of Passive Lysis 

Buffer (Promega), and assayed using the Dual-Luciferase® Reporter Assay system (Promega), 

according to the manufacturer’s instruction. Quantification of the luciferase activity was 

performed using a LUMIstar Galaxy Luminometer (BMG LABTECH, Ortenberg, Germany). 

 

3.8 Statistical analysis 

          Statistical analysis was completed using GraphPad Prism® 6 software, using Student’s 

unpaired two-tailed t-tests, assuming normal variance. P-values are summarized as follows: 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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Chapter 4 

Results: Therapeutic effects of vitamin D in a mouse model of kidney 

fibrosis 

 

4.1 Studying the effect of calcifediol on kidney fibrosis in the murine UUO  

         To examine our hypothesis and study the effect of 25D3 on kidney fibrosis, the one-week 

UUO study was performed (Figure 6).  

 

4.1.1 General observations  

          During the course of the study mice were weighed each day, and neither surgery nor 

treatment was found to have an effect on their mass. At the time of kidney harvest, the UUO 

kidney looked pale in color and was approximately twice the size of the contralateral kidney, due 

to hydronephrosis (Figure 7).  

 

4.1.2 Treatment of UUO mice with 25D3 does not induce hypercalcemia 

          As mentioned earlier, one of the major side effects of vitamin D treatment is 

hypercalcemia, which subsequently leads to vascular calcification and results in cardiovascular 

events. Thus, serum calcium was measured in all animals at the end of the study. The calcium 

colorimetric assay confirmed that serum calcium levels were not increased by 25D3 treatment 

(6.05 ± 0.27 vs. 5.95 ± 0.25 mg/dl, p= 0.80), nor was hypercalcemia observed in any of the 

groups (Figure 8). This suggests that the animals were normocalcemic throughout the course of 

the study.  
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Figure 6. First UUO study experimental plan.  
This study included 3 main groups of mice: UUO operated, Sham-operated and Control (un-
operated). Each main group is divided into 2 subgroups: vehicle-treated and drug-treated, and in 
each subgroup there were 4 mice. 24 hours after the surgery, subcutaneous injection of 25D3 
(50µg/kg/day) and vehicle (2% Tween-80 in PBS) were started and continued for 6 days. 24 
hours after the final injection the experiment was terminated and kidneys as well as whole blood 
was collected. 
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Figure 7. Kidney morphology following 1-week UUO.  
The UUO operated kidney (right) appears larger in size and paler in color as compared to the 
contralateral kidney (left). This increase in size is related to hydronephrosis due to the ureter 
ligation.  
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Figure 8. Quantitative analysis of serum calcium concentrations after 1-week 
treatment with 25D3.  
The calcium colorimetric assay revealed that there were no significant alterations in the serum 
calcium in UUO mice with or without 25D3 treatment for 1-week. Statistical significance was 
calculated by Prism software using student’s t-test. NS: Non-Significant. 
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4.1.3 25D3 treatment reduces renal fibrosis: 

          The main characteristic of the fibrotic kidney is an increase in extracellular matrix (ECM) 

deposition in the renal interstitial region. ECM is mainly composed of collagen and fibronectin. 

Therefore, to assess whether 25D3 treatment was able to decrease fibrosis in the UUO model, 

kidney sections were stained using Picrosirius Red. This stain causes collagenous proteins to 

appear red, and non-collagenous proteins are counter-stained green using Fast Green. An 

examination of sections from the UUO kidneys revealed areas of collagen accumulation after 

Picrosirius Red staining, which indicated that the UUO model effectively elicits kidney fibrosis. 

Expectedly, in the contralateral kidneys, fewer collagen-stained areas were observed. The UUO 

kidneys of the 25D3 treatment group showed relatively less staining compared to the vehicle 

treatment group.  Similarly, in the contralateral kidneys after treatment with 25D3, very little red 

staining was detectable. Based on these observations, it seems that vitamin D treatment for one 

week was able to reduce the collagen levels in murine UUO kidney fibrosis (Figure 9). To 

confirm this observation, the mRNA level of Col1a1 was analyzed by quantitative PCR. The 

Col1a1 expression level was found to be elevated in the UUO kidney; however, it was 

downregulated significantly after treatment with 25D3. The mRNA level of Col1a1 in the 

contralateral kidney was also downregulated significantly after vitamin D treatment (Figure 

10.a).  

 In addition to Col1a1, qPCR analysis revealed that there was a high level of Fn1 in the 

UUO kidneys of the vehicle treatment group, which was significantly downregulated by vitamin 

D treatment (Figure 10.b).  

          Another well-studied mesenchymal marker, which is upregulated in the course of fibrosis, 

is αSMA. Immunohistochemical analysis showed expression of αSMA in the UUO kidney, with 

the number of αSMA expressing cells reduced after treatment with vitamin D (Figure 11).  
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Figure 9. Picrosirius Red staining.  
(a) Kidney sections stained with Picrosirius Red.  Collagenous proteins stain red and non-
collagenous proteins are counterstained green. The thickness of the medulla and cortex regions is 
decreased (Top), which is ameliorated by 25D3 treatment (Bot). (b) Magnification of collagenous 
areas of the kidney cortex reveals higher collagen deposition in the UUO kidneys compared to the 
contralateral kidneys, as well as a reduction in the collagenous proteins after treatment with 25D3 
in both the UUO and contralateral kidneys. Bright field microscopy at 10X magnification. 
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Figure 10. Expression of Col1a1 and Fn1 following 1-week UUO.  
(a) The expression level of Col1a1 was found to be upregulated in the UUO kidneys, and was 
significantly downregulated by treatment with 25D3. (b) The mRNA level of Fn1 was 
upregulated in the UUO kidney, and was significantly downregulated after treatment with 25D3. 
For vehicle-treated kidneys n=3, and vitamin D-treated kidneys n=4. Mean relative expression to 
the Pmm2 housekeeping gene is shown ± standard error.  Statistical significance was calculated 
by Prism software using student’s t-test. *P<0.05, ** P<0.01, ****P<0.0001. 
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Figure 11. IHC analysis of αSMA.  
(a) αSMA detection in kidney sections revealed a higher level in the UUO kidney (brown 
staining), which was significantly reduced after treatment by 25D3. Bright field microscopy at 
20X magnification. (b) Staining intensity was quantified by counting positively stained cells in 
10 equal areas for each section, and averaged. Bars represent mean ± standard error. **P<0.01, 
****P<0.0001. 
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          TGFβ is a well-known driver of fibrosis, which is upregulated in the UUO model [90, 91]. 

Therefore, we wanted to examine whether the expression level of Tgfb1 in the UUO mice was 

directly controlled by 25D3 treatment. To do this, we examined its expression by qPCR. Tgfb1 

expression was expectedly upregulated in the UUO kidney as compared to the contralateral 

kidney, but, 25D3 did not affect its expression (Figure 12). 

 

4.1.4 25D3 treatment reduces renal inflammation 

          In the UUO model, ligation of the ureter, which represents an injury to the tissue, activates 

an inflammatory response. Therefore, we next wanted to examine whether 25D3 treatment was 

able to reduce inflammation in this model. Following tissue injury, damaged cells produce 

chemokines to attract inflammatory cells to the damaged region. CCL5 is one of the first 

chemokines secreted by the kidney cells after injury [66]. Real time PCR analysis revealed that 

the level of Ccl5 was increased in the UUO kidneys of both the vehicle and vitamin D treatment 

groups, as compared to the sham-operated kidneys of the vehicle and vitamin D treated groups. 

However, the mRNA level of Ccl5 in the UUO kidney was not reduced after treatment with 25D3 

(Figure 13).  

            Tnfa is mainly secreted by macrophages in response to the secretion of RANTES. 

Therefore, the expression level of Tnfa was also examined by qPCR. Quantitative analysis 

revealed a high level of Tnfa in the UUO kidney, whereas very little was present in the 

contralateral kidney. The expression level of Tnfa in the UUO kidney was significantly reduced 

after treatment with 25D3 (Figure 14).  
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Figure 12. qPCR analysis of Tgfb1.  
The expression level of Tgfb1 was significantly upregulated in the UUO kidney, which was not 
affected by treatment with 25D3. For vehicle-treated kidneys n=3, and vitamin D-treated kidneys 
n=4. Mean relative expression to the Pmm2 housekeeping gene is shown ± standard error.  
Statistical significance was calculated by Prism software using student’s t-test. NS: Non-
Significant, ****P<0.0001. 
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Figure 13. qPCR analysis of Ccl5.   
The mRNA level of Ccl5 was significantly upregulated in the UUO operated kidneys as 
compared to the contralateral and sham operated kidneys. Treatment with 25D3 did not 
significantly suppress its expression. For sham operated kidneys n=4, for UUO vehicle-treated 
kidneys n=3, and for UUO vitamin D-treated kidneys n=4. Mean relative expression to the Pmm2 
housekeeping gene is shown ± standard error.  Statistical significance was calculated by Prism 
software using student’s t-test.   NS: Non-Significant, ***P<0.001,  ****P<0.0001. 
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Figure 14. qPCR analysis of Tnfa.  
The expression level of Tnfa was upregulated in the UUO operated kidneys as compared to the 
contralateral and sham operated kidneys, and was downregulated after treatment with 25D3 in 
both UUO and contralateral kidneys. For sham operated kidneys n=4, for UUO vehicle-treated 
kidneys n=3, and for UUO vitamin D-treated kidneys n=4. Mean relative expression to the Pmm2 
housekeeping gene is shown ± standard error.  Statistical significance was calculated by Prism 
software using student’s t-test.  **P<0.01, ***P<0.001,  ****P<0.0001. 
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4.1.5. Vitamin D treatment induces the expression of its catabolic enzyme 

          Besides analyzing the effects of 25D3 treatment on renal inflammation and fibrosis in the 

murine UUO model, I also assessed the effect of 25D3 treatment on the expression of vitamin D 

metabolizing enzymes. Quantitative analysis of the mRNA levels of the vitamin D anabolic 

enzyme, Cyp27b1, in sham-operated mice revealed that vitamin D treatment was able to repress 

expression of Cyp27b1. Following the UUO procedure, Cyp27b1 was induced in the operated 

kidneys and was again significantly downregulated by vitamin D treatment (Figure 15). 

However, it appears that the UUO kidney has a reduced capacity to respond to the treatment 

when compared to the contralateral kidney.  

          The expression level of the vitamin D catabolizing enzyme, Cyp24a1, was also assessed by 

qPCR. In the sham-operated mice, 25D3 treatment caused significant upregulation of Cyp24a1 in 

both kidneys. Based on the qPCR analysis, in the vehicle-treated mice, there is a very low basal 

level of Cyp24a1 mRNA, however, after treatment with 25D3, Cyp24a1 mRNA levels are 

significantly upregulated in the contralateral kidney, whereas, they weren’t upregulated to the 

same extent in the UUO kidney (Figure 16). According to these observations, the UUO kidney is 

not responding to the high level of serum vitamin D.  

          As mentioned before, the direct effects of vitamin D on expression level of its catabolizing 

enzymes is through liganded VDR, and vitamin D itself induces expression of Vdr. qPCR 

analysis revealed that 25D3 did not induce any significant changes to the expression level of Vdr 

in sham-operated animals, whereas it was upregulated in the contralateral kidneys of UUO 

animals upon vitamin D treatment. The mRNA levels of Vdr were significantly lower in the UUO 

kidneys (Figure 17).   
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Figure 15. qPCR analysis of Cyp27b1.  
In the sham-operated mice, treatment with 25D3 caused significant downregulation of Cyp27b1 in 
both kidneys. In UUO kidneys the mRNA levels of Cyp27b1 were upregulated, and vitamin D 
treatment was able to reduce expression in both UUO and contralateral kidneys. For sham 
operated kidneys n=4, for UUO vehicle-treated kidneys n=3, and for UUO vitamin D-treated 
kidneys n=4. Mean relative expression to the Pmm2 housekeeping gene is shown ± standard 
error.  Statistical significance was calculated by Prism software using student’s t-test.  *P<0.05, 
**P<0.01, ***P<0.001, ****P<0.0001. 
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Figure 16. qPCR analysis of Cyp24a1.  
The mRNA levels of Cyp24a1 were significantly upregulated after treatment by 25D3 in sham-
operated and UUO mice. Treatment caused higher upregulation in the contralateral kidney than 
the UUO kidney. For sham operated kidneys n=4, for UUO vehicle-treated kidneys n=3, and for 
UUO vitamin D-treated kidneys n=4. Mean relative expression to the Pmm2 housekeeping gene 
is shown ± standard error.  Statistical significance was calculated by Prism software using 
student’s t-test.  *P<0.05, **P<0.01, ***P<0.001,  ****P<0.0001. 
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Figure 17. qPCR analysis of Vdr.  
The mRNA levels of Vdr remained unchanged after treatment by 25D3 in sham-operated mice. 
25D3 induced upregulation of Vdr in the contralateral kidney of UUO animals. For sham operated 
kidneys n=4, for UUO vehicle-treated kidneys n=3, and for UUO vitamin D-treated kidneys n=4. 
Mean relative expression to the Pmm2 housekeeping gene is shown ± standard error.  Statistical 
significance was calculated by Prism software using student’s t-test. *P<0.05, **P<0.01,  
****P<0.0001. 
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4.2 Studying the effect of calcifediol on kidney fibrosis in murine UUO model for 2 

weeks  

         Based on the observations of 1-week 25D3 treatment of the UUO model, which suppressed 

inflammation and fibrosis without inducing hypercalcemia, we decided to examine the effects of 

continued 25D3 treatment for up to 2 weeks to determine whether this would result in further 

suppression of fibrosis (Figure 18). 

 

4.2.1 General observations 

          During the course of the experiment the weight of mice did not undergo any changes, but 

one animal from each group died of unknown causes. The UUO kidneys exhibited no difference 

compared to those following 1-week calcifediol treatment; they were pale in color and 

approximately twice the size of the contralateral kidney. The appearance of the UUO kidneys in 

the vitamin D group and that of the vehicle treatment group were morphologically 

indistinguishable (Figure 19).  
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Figure 18. The 2-week treatment experimental plan.  
The second experimental plan consisted of 1 UUO group, which was divided into 2 subgroups, 
vehicle treatment (n=8) and vitamin D treatment group (n=12). 24 hours after the surgery, 
subcutaneous injection of 25D3 (75µg/kg/day) and vehicle (2% Tween 80 in PBS) were started, 
and the treatment was continued for up to 13 injections, 1 injection per day. 24 hours after the 
final injection the experiment was terminated, and kidneys were harvested and blood was 
collected. 
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Figure 19. Harvested kidneys after 2 weeks of treatment.  
UUO kidneys appeared larger and paler in colour in both the vehicle and vitamin D treated 
groups. There was no observable gross morphological difference between the UUO kidneys 
treated with vehicle or 25D3. 
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4.2.2 Treatment with 25D3 was unable to suppress fibrosis after 2-weeks in the UUO model  

          Quantitative real-time PCR analysis was performed to study the expression levels of the 

fibrotic markers, which had been studied in the 1-week treatment plan. The mRNA level of Tgfb1 

was significantly upregulated in both kidneys in the vehicle treatment group. The expression level 

of Tgfb1 was significantly higher in the UUO kidney compared to the contralateral kidney. 

Treatment by 25D3 for 13 days did not affect the expression level of Tgfb1 in either of the 

kidneys (Figure 20).  

          In addition to Tgfb1, the expression levels of Col1a1 and Fn1 were assessed. The qPCR 

analysis revealed that the expression level of Col1a1 in the UUO kidney and contralateral kidney 

in the vehicle treatment group was in the same range as that observed in the UUO kidney of the 

1-week treatment group. The mRNA level of Col1a1 was significantly higher in the UUO kidney 

compared to the contralateral kidney. Treatment with 25D3 for 2 weeks was no longer able to 

reduce the expression of Col1a1 in the UUO kidney (Figure 21.a). Expression of Fn1 in the 

UUO kidneys from the vehicle treatment group was induced to the same extent as seen in the 1-

week vehicle treatment UUO samples. Prolonged vitamin D treatment also could not 

downregulate Fn1 expression in the UUO kidney, and the mRNA level of Fn1 in the UUO 

kidney was further upregulated compared to those levels observed after the 1-week treatment  

(Figure 21.b).   
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Figure 20. qPCR analysis of Tgfb1 after 2 weeks of treatment.   
The mRNA levels of Tgfb1 were upregulated in the UUO kidneys after 2 weeks. There was no 
significant alteration in the mRNA levels of Tgfb1 after treatment with vitamin 25D3. For vehicle-
treated kidneys n=7, and vitamin D-treated kidneys n=11. Mean relative expression to the Pmm2 
housekeeping gene is shown ± standard error. Statistical significance was calculated by Prism 
software using student’s t-test.  NS: Non-Significant,  ****P<0.0001. 
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Figure 21. qPCR analysis of Col1a1 and Fn1 after 2 weeks of 25D3 treatment. 
(a) After 2 weeks of UUO there was significant upregulation in the mRNA levels of Col1a1 in 
the UUO kidneys. After treatment by 25D3, there was no longer a significant decrease in the 
expression of Col1a1. (b) The expression level of Fn1 was induced upon UUO in vehicle-treated 
animals for 2-weeks treatment. 25D3 no longer showed a protective effect after 2-weeks. For 
vehicle-treated kidneys n=7, and vitamin D-treated kidneys n=11. Mean relative expression to the 
Pmm2 housekeeping gene is shown ± standard error. Statistical significance was calculated by 
Prism software using student’s t-test. NS: Non-Significant,  ****P<0.0001. 
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4.2.3 Expression of vitamin D metabolizing enzymes were affected by 2 weeks of 25D3 

treatment 

          In the 2-week vehicle and vitamin D treatment groups, there was induction of Cyp27b1 and 

Cyp24a1 mRNA levels. The qPCR analysis revealed a high expression level for Cyp27b1 in the 

UUO kidney compared to the contralateral kidney of the vehicle treatment group. However, 

following 25D3 treatment, the mRNA level of Cyp27b1 was significantly downregulated in the 

contralateral kidney. The Cyp27b1 expression level in the UUO kidney following vitamin D 

treatment was also significantly downregulated, but not to the same extent (Figure 22.a).  

          The mRNA level of Cyp24a1 was very low in the kidneys of the vehicle treatment group, 

whereas in the vitamin D treatment group there was a considerable upregulation in both 

contralateral and UUO kidneys. As shown in Figure 22.b, in the 25D3 treatment group, due to 

excess vitamin D, there is extensive induction of Cyp24a1 in the contralateral kidney, which 

perhaps is one of the reasons that vitamin D treatment for 2 weeks was not able to suppress 

fibrosis.  
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Figure 22. qPCR analysis of Cyp27b1 and Cyp24a1 after 2 weeks of 25D3 treatment.  
(a) The mRNA level of Cyp27b1 was significantly upregulated in the UUO kidneys following 2 
weeks vehicle treatment compared to the contralateral kidney. After treatment with 25D3 there is 
downregulation of Cyp27b1 mRNA in both kidneys. (b) The mRNA level of Cyp24a1 was 
significantly upregulated after 2-weeks of treatment by 25D3 in both the UUO and contralateral 
kidneys, as compared to the vehicle treatment group. A very high induction of Cyp24a1 mRNA 
levels was observed in the contralateral kidney of the 25D3 treatment group. For vehicle-treated 
kidneys n=7, and vitamin D-treated kidneys n=11. Mean relative expression to the Pmm2 
housekeeping gene is shown ± standard error. Statistical significance was calculated by Prism 
software using student’s t-test. *P<0.05,  ****P<0.0001. 
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4.3 Studying the effects of 25D3 and 1,25D3 on renal fibrosis in a murine vitamin D-

deficient UUO model  

          The third set of UUO experiments was performed in order to determine whether 25D3 

treatment is able to suppress kidney fibrosis equally, or to a greater extent, without inducing 

hypercalcemia, when compared to treatment with 1,25D3. In this study, mice were kept on a 

vitamin D-deficient diet (D-Diet) in order to induce vitamin D-deficiency, resembling the 

situation that would be present in CKD patients (Figure 23). 

 

4.3.1 General observations 

          During the course of experiments, mice were weighed each day, and neither surgery nor 

treatment was found to have an effect on their mass, although one animal from UUO 1,25D3 

treatment group died of unknown causes. At the termination of the study, we observed that the 

UUO kidney was nearly the same size as the contralateral kidney in all of the groups, even though 

it still appeared pale in colour (Figure 24). 

 

4.3.2 Treatment of vitamin D-deficient UUO mice with vitamin 25D3 and 1,25D3 induces 

high serum calcium levels 

          As before, a calcium colorimetric assay was used to quantify serum calcium levels. The 

assay confirmed that treatment with 25D3 or 1,25D3 induced high serum calcium in both sham-

operated groups as well as UUO animals (sham-operated animals: 6.52 ± 0.13 vs. 7.27 ± 0.14 vs. 

8.29 ± 0.14 mg/dl/ UUO animals: 7.03 ± 0.18 vs. 7.76 ± 0.22 vs. 8.87 ± 0.15 mg/dl). The calcium 

colorimetric assay revealed that 1,25D3 treatment resulted in higher serum calcium levels 

compared to the 25D3 treatment in both sham-operated and UUO animals (Figure 25).   
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Figure 23. The experimental plan of 1-week treatment of vitamin D-deficient murine 
UUO model with 25D3 and 1,25D3.  
The third experimental plan consisted of a sham-operated and a UUO group, which were each 
divided into 3 subgroups: vehicle treatment (n=5), 25D3 treatment (n=5), and 1,25D3 treatment 
(n=5). Animals were kept on a vitamin D-deficient diet throughout the study. The surgery was 
performed two and half weeks after initiation of the study and 24 hours after surgery, treatments 
were started by the subcutaneous injection of 25D3 (50µg/kg/day) or 1,25D3 (0.3µg/kg/day) or 
vehicle (2% Tween-80 in PBS) once a day for up to 6 days. The experiment was terminated 24 
hours after the final injection and kidneys were harvested and blood was collected. 
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Figure 24. Harvested kidneys from vitamin D-deficient UUO model after a 1 week of 
treatment.  
UUO kidneys appeared similar in size to the contralateral kidney, but paler in colour in all 
animals regardless of treatment.  
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Figure 25. Quantitative analysis of serum calcium concentrations after a 1-week 
treatment with 25D3 and 1,25D3 following induction of vitamin D-deficiency.  
The calcium colorimetric assay revealed that there was a significant increase in the serum calcium 
concentrations in sham-operated and UUO mice with 25D3 treatment, and further increase with 
1,25D3 treatment, after 1-week. Statistical significance was calculated by Prism software using 
student’s t-test. *P<0.05, **P<0.01,  ****P<0.0001. 
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4.3.3 Treatment of vitamin D-deficient UUO mice with 1,25D3 suppresses fibrotic markers 

          Quantitative real-time PCR analysis was performed to study the expression levels of the 

fibrotic markers which had been examined in previous studies, including Col1a1 and Fn1. qPCR 

analysis revealed that the mRNA level of Col1a1 was significantly upregulated in the UUO 

kidney and contralateral kidney when compared to the sham-operated animals, but this 

upregulation was much greater in the UUO kidneys. 25D3 treatment for 1 week was able to 

reduce this upregulation in the contralateral kidney but not in the UUO kidney. On the other hand, 

1,25D3 treatment significantly downregulated the expression level of Col1a1 in both UUO and 

contralateral kidney when compared to both vehicle and 25D3 treatments (Figure 26).  

         Similarly, the expression level of Fn1 was highly upregulated in the UUO kidney and to a 

lesser extent in the contralateral kidney when compared to the sham-operated animals. However, 

treatment of vitamin D-deficient animals with 25D3 for 1 week was unable to reduce the mRNA 

levels of Fn1 in either of the kidneys. Similar to the effects of 1,25D3 on Col1a1 mRNA levels, 

1,25D3 was able to significantly downregulate the mRNA levels of Fn1 in both kidneys (Figure 

27). It is possible that these animals were not exposed to a vitamin D deficient diet to have a 

significant impact on the outcome of these experiments. 

 

4.3.4 Neither 25D3 nor 1,25D3 treatment was able to reduce the expression level of Tnfα in 

vitamin D-deficient UUO mice. 

           Quantitative real-time PCR analysis was performed to study the mRNA levels of Tnfα in 

vitamin D-deficient UUO animals. qPCR analysis revealed that UUO had induced upregulation 

of Tnfα in the UUO kidneys when compared to the contralateral kidneys. Sadly, neither 25D3 nor 

1,25D3 treatments were able to reduce this upregulation (Figure 28). 
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Figure 26. qPCR analysis of Col1a1 after a 1-week treatment with 25D3 and 1,25D3 
in vitamin D-deficient UUO model.  
The mRNA levels of Col1a1 were significantly upregulated in the UUO kidneys of vehicle 
treated animals when compared to the sham-operated animals. 25D3 Treatment for 1 week was 
unable to downregulate the expression levels of Col1a1 but 1,25D3 treatment for 1 week 
significantly reduced this upregulation in the UUO kidneys when compared to both vehicle 
treatmed and 25D3 treated animals. For all sham-operated and UUO operated kidneys n=5. Mean 
relative expression to the Pmm2 housekeeping gene is shown ± standard error.  Statistical 
significance was calculated by Prism software using student’s t-test.  *P<0.05, **P<0.01,  
****P<0.0001. 
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Figure 27. qPCR analysis of Fn1 after a 1-week treatment with 25D3 and 1,25D3 in 
vitamin D-deficient UUO model.  
The mRNA levels of Fn1 were significantly upregulated in the UUO kidneys of vehicle treated 
animals when compared to the sham-operated animals. 25D3 Treatment for 1 week was unable to 
downregulate the expression levels of Fn1 but 1,25D3 treatment for 1 week significantly reduced 
this upregulation in the UUO kidneys. For all sham-operated and UUO operated kidneys n=5. 
Mean relative expression to the Pmm2 housekeeping gene is shown ± standard error.  Statistical 
significance was calculated by Prism software using student’s t-test.  *P<0.05, **P<0.01,  
****P<0.0001. 
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Figure 28. qPCR analysis of Tnfα after a 1-week treatment with 25D3 and 1,25D3 in 
vitamin D-deficient UUO model.  
The mRNA levels of Tnfα were significantly upregulated in the UUO kidneys of vehicle treated 
animals when compared to the contralateral kidneys. 25D3 and 1,25D3 treatments for 1 week were 
unable to downregulate Tnfα expression levels. For UUO operated kidneys n=5. Mean relative 
expression to the Pmm2 housekeeping gene is shown ± standard error.  Statistical significance 
was calculated by Prism software using student’s t-test.  ***P<0.001,  ****P<0.0001. 

 
 

 

 

 

 

Vehicle 25D3 1,25D3 

0.00

0.02

0.04

0.06

0.08

Tnfa 

UUO Mice
 (D Diet, 1 week treatment)

R
el

at
iv

e 
Ex

pr
es

si
on

 T
o 

Pm
m

2
UUO Kidney   
Contralateral Kidney  

****

***



 

78 

 

4.3.5 Expression levels of vitamin D metabolizing enzymes in vitamin D-deficient UUO 

animals upon treatment with 25D3 and 1,25D3 

          As before, qPCR analysis was used to quantify the expression level of vitamin D 

metabolizing enzymes and Vdr. A qPCR analysis revealed basal expression of Cyp27b1 in sham-

operated animals. Treatment of these animals with either 25D3 or 1,25D3 induced downregulation 

of Cyp27b1 in both kidneys. The mRNA level of Cyp27b1 was highly induced following UUO. 

Treatment of UUO animals with 25D3 for 1-week downregulated Cyp27b1 expression level, but 

1,25D3 was not able to induce the same effect as 25D3 (Figure 29).  

         As expected, the mRNA levels of Cyp24a1 were upregulated in both kidneys in the sham-

operated animals upon treatment with 25D3 and to a higher extent in the operated kidney when 

compared to the contralateral kidney upon treatment with 1,25D3 in vitamin D-deficient animals.  

In the UUO group, the expression level of Cyp24a1 was also upregulated with 25D3 and 1,25D3 

treatments in both kidneys. 1,25D3 treatment induced higher upregulation in the contralateral 

kidney when compared to the UUO kidney (Figure 30). This supports previous observations that 

the UUO kidney is less responsive compared to the contralateral kidney. 

         qPCR analysis revealed that 25D3 treatment caused upregulation of Vdr in sham-operated 

vitamin D-deficient animals, and this upregulation was significantly higher in the contralateral 

kidney. 1,25D3 treatment in sham-operated animals also had significantly upregulated Vdr mRNA 

levels in both operated and contralateral kidney, as expected. In the case of 1,25D3 treated UUO 

animals, high expression of Vdr mRNA was found in both kidneys, but to a higher extent in the 

contralateral kidney. Vitamin D treatment caused significant induction of Vdr in contralateral 

kidneys but not in the UUO kidneys (Figure 31).  
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Figure 29. qPCR analysis of Cyp27b1 after a 1-week treatment with 25D3 and 1,25D3 
in vitamin D-deficient UUO model.  
The mRNA levels of Cyp27b1 were significantly downregulated in the sham-operated animals 
upon treatment with 25D3 and 1,25D3 when compared to the vehicle treatment. Induction of 
Cyp27b1 was observed in the UUO kidneys of vehicle and vitamin D-treated animals. The 
expression level of Cyp27b1 was downregulated upon treatment with 1,25D3 in UUO mice but 
1,25D3 treatment was unable to elicit the same effect as 25D3 on UUO animals. For all sham-
operated and UUO operated animals n=5. Mean relative expression to the Pmm2 housekeeping 
gene is shown ± standard error.  Statistical significance was calculated by Prism software using 
student’s t-test.  *P<0.05, ## or **P<0.01, ***P<0.001, #### or ****P<0.0001. 
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Figure 30. qPCR analysis of Cyp24a1 after a 1-week treatment with 25D3 and 1,25D3 
in vitamin D-deficient UUO model.  
The mRNA levels of Cyp24a1 were significantly upregulated in the sham-operated animals upon 
treatment with 25D3 and 1,25D3 when compared to the vehicle treatment. In UUO animals 25D3 
and 1,25D3 treatment induced a significant upregulation of Cyp24a1 in both kidneys but to a 
higher extent in the contralateral kidney. This induction in the Cyp24a1 mRNA levels by vitamin 
D was not to the same extent as was observed in the sham-operated animals. For all sham-
operated and UUO operated animals n=5. Mean relative expression to the Pmm2 housekeeping 
gene is shown ± standard error.  Statistical significance was calculated by Prism software using 
student’s t-test. ## or **P<0.01, ***P<0.001, #### or ****P<0.0001. 
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Figure 31. qPCR analysis of Vdr after a 1-week treatment with 25D3 and 1,25D3 in 
vitamin D-deficient UUO model.  
The mRNA levels of Vdr were significantly upregulated in the sham-operated animals upon 
treatment with 25D3 and 1,25D3 when compared to the vehicle treatment. In UUO animals higher 
levels of Vdr were detected in contralateral kidneys than the UUO kidney in vehicle treated 
animals. 25D3 and 1,25D3 treatment induced a significant upregulation of Vdr in the contralateral 
kidney but these treatments did not affect the expression level of Vdr in the UUO kidneys. For all 
sham-operated and UUO operated animals n=5. Mean relative expression to the Pmm2 
housekeeping gene is shown ± standard error.  Statistical significance was calculated by Prism 
software using student’s t-test. **P<0.01, ****P<0.0001. 
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Chapter 5 

Results: Co-regulation of the CYP24A1 promoter by 1,25D3 and growth 

factors TGFβ1, FGF23 and TNFα 

 

          One of the major observations resulting from in vivo studies (Chapter 4) was that, in all of 

the UUO animals, there was a consistently high level of Cyp24a1 mRNA expression induced in 

the contralateral kidneys, especially upon treatment of animals with either 25D3 or 1,25D3. These 

observations suggested that there may be some circulating inflammatory and/or fibrotic factor(s), 

which are produced as a result of the ureteral ligation in the UUO animals, and that are strongly 

inducing expression of Cyp24a1 mRNA in the presence of 25D3 and 1,25D3 treatment. Therefore, 

for further examination into these observations, the next set of experiments was performed. The 

main objective of this study was to quantify the expression levels of Cyp24a1 in kidney epithelial 

cells upon treatment with 1,25D3 and a combination of different inflammatory and fibrotic 

factors. Regulation of a CYP24A1 promoter construct was also examined in this context. 

          As explained previously, there are a variety of inflammatory and fibrotic factors that are 

produced during the course of CKD and in the fibrotic kidney [62, 66, 86]. For the purpose of this 

study, TGFβ1, FGF23, and TNFα, the 3 major factors that are playing a central role in the 

initiation and progression of CKD, were selected for further examination.  
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5.1 Co-treatment of vitamin D and growth factors TGFβ1 and FGF23 induces 

synergistic upregulation of Cyp24a1 in kidney cell lines 

5.1.1 Studying the effects of TGFβ1 on Cyp24a1 mRNA in the presence and absence of 

1,25D3 

          In order to examine the direct effects of TGFβ1on Cyp24a1 mRNA, HK-2 cells, a human 

kidney epithelial cell line, were used. HK-2 cells were treated with 1nM and 10nM final 

concentration of 1,25D3, alone or in combination with 5ng/ml TGFβ1 for 24 hours. Quantitative 

PCR analysis revealed, as expected, that when HK-2 cells are treated with either 1nM or 10nM of 

1,25D3, there is a significant induction of CYP24A1 as compared to the vehicle-treated cells. This 

result was dose-dependent, where 10nM 1,25D3 is able to induce a significantly higher expression 

level of CYP24A1 than 1nM 1,25D3.  TGFβ1 alone was also able to induce upregulation of 

CYP24A1 in HK-2 cells. Furthermore, when cells were treated with a combination of 1nM 1,25D3 

and TGFβ1, there was no further induction of CYP24A1 mRNA, but upon treatment with a 

combination of 10nM 1,25D3 and TGFβ1 there was a striking synergistic upregulation of 

CYP24A1 (Figure 32.a). These observations were in agreement with our previous results in the in 

vivo studies.  

          In order to further verify the synergistic upregulation of CYP24A1 upon treatment of HK-2 

cells with TGFβ1 and 1,25D3, TCMK-1 cells, a mouse kidney epithelial cell line, was used. 

Based on the previous study, 10nM 1,25D3 was selected as a final concentration to be used for the 

rest of the experiments. TCMK-1 cells were treated with 5ng/ml TGFβ1 alone and/or in 

combination with 10nM 1,25D3 for 24 hours. Analysis using qPCR revealed that TGFβ1 alone 

was not able to induce the expression level of Cyp24a1 in these cells. Moreover, treatment with 

10nM 1,25D3 significantly upregulated Cyp24a1 mRNA but, there was no synergistic 

upregulation when cells were treated with the combination of 10nM 1,25D3 and TGFβ1 (Figure 

32.b). Therefore, the treatments were continued for 48 hours to examine whether these cells 
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required prolonged exposure to TGFβ1 and 1,25D3 treatment. qPCR analysis revealed that 48 

hours treatment of TCMK-1 cells with TGFβ1 plus 10nM 1,25D3, was able to induce a 

synergistic upregulation of the Cyp24a1 mRNA, while TGFβ1 alone still was not able to induce 

expression of  Cyp24a1 mRNA (Figure 32.c). 
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Figure 32. Quantitative analysis of Cyp24a1 expression in HK-2 and TCMK-1 cells 
upon treatment with TGFβ1 and 1,25D3.  
(a) The expression level of CYP24A1 was significantly upregulated upon treatment with TGFβ1, 
as well as with 1nM and 10nM 1,25D3 for 24h.  Upon treatment of HK-2 cells with a combination 
of 10nM 1,25D3 and TGFβ1, there was a synergistic upregulation of CYP24A1 mRNA levels 
when compared to the 10nM 1,25D3 treatment alone. (b) The mRNA level of Cyp24a1 was not 
induced upon treatment of TCMK-1 cells with TGFβ1 for 24 hours, and treatment with TGFβ1 
and 10nM 1,25D3 did not induce a synergistic upregulation when compared to 1,25D3 treatment 
alone. (c) The mRNA level of Cyp24a1 was synergistically upregulated when TCMK-1 cells 
were treated with TGFβ1 and 10nM 1,25D3 for 48 hours as compared to 1,25D3-treated cells. 
Values were normalized to Pmm2 housekeeping gene and fold changes are shown ± standard 
error relative to vehicle-treated samples. Statistical significance was calculated by Prism software 
using student’s t-test. NS: Non-Significant, ** P<0.01, ***P<0.001, ****P<0.0001. 
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5.1.2 Studying the effects of FGF23 on Cyp24a1 mRNA in the presence and absence of 

1,25D3 

          Previous studies had revealed that FGF23 is highly upregulated in the initial stages of CKD 

in order to suppress phosphate reabsorption and to lower serum phosphate levels [48, 281, 282]. It 

had also been previously shown that FGF23 directly induces transcriptional upregulation of 

CYP24A1, but the transcriptional regulation of CYP24A1 by FGF23 in the presence of liganded 

VDR had not been studied [241]. Therefore, in vitro studies using TCMK-1 cells were performed 

to examine the effects of FGF23 treatment on the expression level of Cyp24a1 in the presence 

and absence of 1,25D3. Initially, TCMK-1 cells were treated with 100ng/ml FGF23 (every 8 

hours as FGF23 has a short half-life) alone and in combination with 10nM 1,25D3 for 24 hours 

and Cyp24a1 expression levels were assessed. qPCR analysis revealed that FGF23 treatment 

alone was not able to affect the expression levels of Cyp24a1 when compared to the vehicle-

treated cells. However, when cells were treated with a combination of FGF23 and 10nM 1,25D3, 

the mRNA levels of Cyp24a1 were synergistically upregulated as compared to the 1,25D3-treated 

cells (Figure 33.a).  

          Subsequently, TCMK-1 cells were treated with FGF23 alone and in combination with 

1,25D3 for 48 hours. qPCR analysis revealed that even after 48 hours of treatment, FGF23 is not 

able to induce the expression of Cyp24a1. Furthermore, the synergistic upregulation of Cyp24a1 

that was observed after 24-hour treatment was not achievable in these cells at 48 hours (Figure 

33.b).  
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Figure 33. Quantitative analysis of Cyp24a1 mRNA in TCMK-1 cells upon 
treatment with FGF23 and 1,25D3.  
 (a) The expression level of Cyp24a1 remained unchanged upon treatment with FGF23 for 24 
hours when compared to the vehicle-treated cells. 10nM 1,25D3 induced the mRNA level of 
Cyp24a1 significantly, and treatment with FGF23 and 1,25D3 resulted in synergistic upregulation 
of Cyp24a1 when compared to the 1,25D3-treated cells. (b) After 48 hours of treatment with 
FGF23, the mRNA levels of Cyp24a1 remained unchanged when compared to the vehicle-treated 
group. Treatment of TCMK-1 cells for 48 hours with 10nM 1,25D3 induced a significant 
upregulation of Cyp24a1, which was not further affected by treatment with FGF23 and 1,25D3. 
Values were normalized to Pmm2 housekeeping gene and fold changes are shown ± standard 
error relative to vehicle-treated samples. Statistical significance was calculated by Prism software 
using student’s t-test. NS: Non-Significant, ** P<0.01, ***P<0.001, ****P<0.0001. 
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5.1.3 Co-treatment of TNFα and 1,25D3 inversely affects Cyp24a1 expression 

          In addition to studying the co-regulatory effects of TGFβ1 and FGF23 with 1,25D3 on the 

expression level of Cyp24a1, the effects of co-regulation of TNFα and 1,25D3 on Cyp24a1 

transcriptional regulation was studied. The direct transcriptional regulation of TNFα on Cyp24a1 

expression level had been previously studied in other cells lines, wherein TNFα had induced 

Cyp24a1 expression [283]. However, a study on the effects of TNFα treatment on the expression 

level of Cyp24a1 in a kidney cell line had not been examined. Therefore, an in vitro study using 

TCMK-1 cells was performed in order to investigate whether TNFα treatment is able to induce 

Cyp24a1 expression in kidney cells and what effect treatment of these cells with both TNFα and 

1,25D3 had on the expression level of Cyp24a1.  

          TCMK-1 cells were treated with 10ng/ml TNFα alone and in combination with 10nM 

1,25D3 for 24 hours. Surprisingly, the qPCR analysis revealed that TNFα alone did not affect 

Cyp24a1 expression level, although when cells were treated with TNFα and 1,25D3, the 

expression level of Cyp24a1 was drastically reduced when compared to the 1,25D3-treated cells 

(Figure 34).  
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Figure 34. Quantitative analysis of Cyp24a1 mRNA in TCMK-1 cells upon 
treatment with TNFα and 1,25D3. 
The expression level of Cyp24a1 remained unchanged upon treatment with 10ng/ml TNFα for 24 
hours when compared to the vehicle-treated cells. The mRNA level of Cyp24a1 was induced 
significantly upon treatment with 10nM 1,25D3 but, when cells were treated with a combination 
of TNFα and 1,25D3 for 24 hours, this induction was abrogated. Values were normalized to 
Pmm2 housekeeping gene and fold changes are shown ± standard error relative to vehicle-treated 
samples. Statistical significance was calculated by Prism software using student’s t-test. NS: Non-
Significant, ***P<0.001, ****P<0.0001. 
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5.2 Transcriptional regulation of the hCYP24A1 promoter 

          Based on the in vitro studies performed in HK-2 and TCMK-1 cells, it is evident that 

TGFβ1 and FGF23 in combination with 1,25D3 are able to co-regulate transcription of Cyp24a1. 

In order to further study the mechanism behind this transcriptional co-regulation, dual-luciferase 

experiments using a CYP24A1 reporter construct were performed.  

          For these studies, the pGL3 hCYP24A1-Luciferase plasmid was used [280]. The pGL3 

hCYP24A1-Luc construct contains 1202bp of the human CYP24A1 promoter upstream of 

luciferase. This plasmid contains 2 well-defined VDREs, as well as a well-defined EBS close to 

VDRE-1 (Figure 35.a) [280]. Previous mutational analysis of the hCYP24A1 promoter had 

confirmed that VDRE-1 plays the main role in vitamin D-regulated induction of the CYP24A1 

promoter, as mutations in VDRE-1 reduced the promoter activity to baseline even when VDRE-2 

remained intact [266, 267]. Moreover, it was also confirmed that EBS is essential for the 

maximum induction of the promoter [269].  

 

5.2.1 Role of VDRE-1 in transcriptional regulation of hCYP24A1 by 1,25D3 

          The first objective of the dual-luciferase studies was to confirm the effects of TGFβ1 alone 

and in combination with 1,25D3 on Cyp24a1 that were observed on the mRNA level.  TCMK-1 

cells were transfected with the pGL3 hCYP24A1 plasmid (Wt) as well as pRL-TK (Renilla) 

plasmid as the control. Transfected cells were treated with 5ng/ml TGFβ1 alone and in 

combination with 10nM 1,25D3 for 48 hours as previously. Dual-luciferase analysis revealed that 

TGFβ1 was unable to induce the promoter activity when compared to the vehicle-treated cells. 

On the other hand, as expected, the promoter activity was highly induced upon treatment of cells 

with 10nM 1,25D3 and, furthermore, the hCYP24A1 promoter was synergistically induced upon 

treatment of transfected cells with the combination of TGFβ1 and 1,25D3 (Figure 36.a), in 

agreement with our previous observations in TCMK-1 cells. 
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a 

 

 

b 

 

Figure 35. pGL3 hCYP24A1-Luc construct.  
(a) The map of the pGL3 hCYP24A1 plasmid showing the CYP24A1 promoter region of -1136 to 
-36 bp followed by luciferase.  (b) VDRE-1 and VDRE-2, as well as EBS and multiple SBE sites 
are present upstream of the TATA box. VDRE-1, EBS, SBE-1, and SBE-2 were selected for site-
directed mutation.  
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          As previously mentioned, mutational analysis had shown that VDRE-1 plays the main role 

in induction of CYP24A1 by vitamin D [266]. To examine whether VDRE-1 is also playing an 

essential role in the synergistic induction of the promoter upon treatment of cells with TGFβ1 and 

1,25D3, the same mutation induced by Zou et al. was induced in the VDRE-1 sequence using site-

directed mutagenesis. Subsequently, TCMK-1 cells were used to compare the effects of VDRE-1 

mutation with the wt plasmid upon treatment with TGFβ1 and 1,25D3.  

          TCMK-1 cells were transfected with either wt plasmid or pGL3 hCYP24A1-VDRE-1-mut-

Luc plasmid, along with the pRL-tk Renilla plasmid. Transfected cells were treated with 5ng/ml 

TGFβ1 alone and in combination with 10nM 1,25D3 for 48 hours. Dual-luciferase analysis 

revealed that the VDRE-1 mutation not only interferes with the induction of the promoter by 

1,25D3, but it also interferes with the synergistic upregulation of the promoter when cells are 

treated with TGFβ1 and 1,25D3 (Figure 36.a). 

 

5.2.2 Role of SBE-1 and SBE-2 in transcriptional regulation of hCYP24A1 by TGFβ1 and 

1,25D3 

          To further investigate the transcriptional regulation of the CYP24A1 promoter, the promoter 

sequence was investigated for the presence of SMAD Binding Elements (SBE). As described 

previously, the transcriptional regulation of TGFβ1 signalling is achieved through nuclear 

localization of Co-SMADs and binding of SMAD3 to the consensus sequence of SBEs [102, 

103]. Upon investigating the hCYP24A1 promoter, several SBEs were identified upstream or 

downstream of the 2 VDREs (Figure 35.b). In order to study the importance of SBEs on the 

promoter activity of CYP24A1, three different site-directed mutations were induced in the SBE-1 

and SBE-2 consensus sequences, while VDRE-1 was intact. These plasmids were named pGL3 

hCYP24A1-SBE-1-mut-Luc (SBE-1 mut), pGL3 hCYP24A1-SBE-2-mut-Luc (SBE-2 mut) and 

pGL3hCYP24A1-SBE-1/SBE-2-doublemut (SBE-1/SBE-2 dbl mut). Subsequently, dual-
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luciferase analysis was performed in order to study the effects of these mutations on the 

CYP24A1 promoter activity. 

          TCMK-1 cells were transfected with either SBE-1 mut or SBE-2 mut or SBE-1/SBE-2 dbl 

mut or wt plasmid along with pRL-TK as a positive control. Transfected cells were treated with 

5ng/ml TGFβ1 alone and in combination with 10nM 1,25D3 for 48 hours. Dual-luciferase 

analysis revealed that hCYP24A1 promoter activity was significantly reduced in all of the 

treatment groups to the same extent when cells were transfected with either SBE-1 mut, SBE-2 

mut or SBE-1/SBE-2 dbl mut plasmids and compared to the wt transfected cells (Figure 36.b).  
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Figure 36. Mutations in VDRE-1, SBE-1, and SBE-2 DNA binding elements lead to 
loss of synergistic upregulation of CYP24A1 promoter upon treatment with TGFβ1 
and 1,25D3. 
(a) The dual-luciferase analysis reveals that when TCMK-1 cells are transfected with the wt 
plasmid and treated with 10nM 1,25D3, there is a significant induction of CYP24A1 promoter. 
When cells are treated with a combination of TGFβ1 and 10nM 1,25D3, there is a synergistic 
upregulation of CYP24A1 promoter when compared to the 1,25D3 treated cells. Site-directed 
mutagenesis in VDRE-1 interferes with both induction and synergistic upregulation of the 
CYP24A1 promoter when cells are treated with 10nM 1,25D3 or a combination of TGFβ1 and 
10nM 1,25D3, respectively. (b) Mutational analysis revealed that mutation in either and both SBE 
sites when VDRE-1 is intact can inhibit the induction as well as synergistic upregulation of the 
CYP24A1 promoter when cells are treated with 10nM 1,25D3 or a combination of TGFβ1 and 
10nM 1,25D3, respectively. Values were normalized to Renilla and fold changes are shown ± 
standard error relative to vehicle-treated cells. Statistical significance was calculated by Prism 
software using student’s t-test. # or *P<0.05, ## or **P<0.01, ***P<0.001.  
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5.2.3 Role of EBS in transcriptional regulation of the hCYP24A1 promoter by FGF23 and 

1,25D3 

          In addition to the effects of TGFβ1 and 1,25D3 treatments on the mRNA levels of Cyp24a1 

in kidney cell lines, we observed that treatment of TCMK-1 cells with 100ng/ml of FGF23 in a 

combination with 10nM 1,25D3 for 24 hours induced a synergistic upregulation of Cyp24a1 

mRNA. The mechanism of this transcriptional regulation of CYP24A1 by FGF23 is not known. It 

has been suggested that FGF23 might induce CYP24A1 upregulation through activation of the Ets 

transcription factor and its interaction with the EBS consensus sequence downstream of VDRE-1 

on the CYP24A1 promoter [284].  

 As mentioned before, EBS mutagenesis studies by Dwivedi et al. had confirmed that the 

intact EBS is essential for CYP24A1 promoter activity upon treatment of cells with 1,25D3, but its 

effect was not studied upon treatment of cells with FGF23 [269]. Therefore, to examine whether 

EBS plays an essential role in the induction of CYP24A1 following co-treatment of cells with 

FGF23 and 1,25D3, the same mutation was induced in the EBS site, while the rest of the 

consensus sequences under study were intact. This plasmid was named pGL3 hCYP24A1-EBS-

mut-Luc (EBS-mut) and subsequently, dual-luciferase assay was performed.                                      

          TCMK-1 cells were transfected with either wt or EBS-mut plasmids along with Renilla as 

the positive control. Transfected cells were treated with 100ng/ml FGF23 (every 8 hours) alone 

and in combination with 10nM 1,25D3 for 24 hours. Dual-luciferase analysis revealed that 

treatment of cells harboring the wt plasmid with FGF23 and 1,25D3 did not show a synergistic 

induction of the hCYP24A1 promoter, although the upregulation is statistically significant when 

compared to the 1,25D3 treatment alone (Figure 37). However, the dual-luciferase analysis also 

revealed that the EBS mutation interfered with hCYP24A1 promoter activity upon treatment of 

transfected cells with 1,25D3 alone or in combination with FGF23, when compared to the wt 

plasmid (Figure 37). 
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Figure 37. Site-directed mutagenesis in EBS site interferes with the induction of 
CYP24A1 promoter upon treatment with either 10nM 1,25D3 or a combination of 
10nM 1,25D3 and FGF23. 
TCMK-1 cells were transfected with wt pGL3 hCYP24A1 plasmid. Dual-luciferase analysis 
revealed that FGF23 for 24 hours is not able to induce the CYP24A1 promoter when compared to 
the vehicle-treated cells. When cells were treated with 10nM 1,25D3, there was a significant 
induction of the CYP24A1 promoter, and treatment with the combination of FGF23 and 10nM 
1,25D3 was not able to induce a synergistic upregulation of the promoter. Site-directed 
mutagenesis in the EBS interfered with the induction of the promoter upon treatment with either 
10nM 1,25D3 or a combination of 10nM 1,25D3 and FGF23. Values were normalized to Renilla 
and fold changes are shown ± standard error relative to vehicle-treated cells. Statistical 
significance was calculated by Prism software using student’s t-test. *P<0.05, #### or 
****P<0.0001. 
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 Chapter 6 

Discussion and Conclusions 

6.1 Therapeutic effects of vitamin D in a mouse UUO model  

6.1.1 Treatment with 25D3 for one week suppresses kidney inflammation and fibrosis in 

UUO mice  

          In the first UUO study, we demonstrated that treatment of UUO mice kept on a normal diet 

with 25D3 for one week could significantly suppress inflammation and fibrosis. Ureteral 

obstruction was performed to induce fibrosis in vivo, and we have analyzed the expression levels 

of various inflammatory and fibrotic markers after treatment with 25D3. One of the significant 

observations from this study was that treatment of UUO animals with 25D3 did not induce 

hypercalcemia (Figure 8). This observation supports our hypothesis, wherein we suggested that 

due to the more rigid regulation of metabolism and availability of 25D3, treatment of UUO 

animals with 25D3 may suppress fibrosis without inducing hypercalcemia.  

          To examine effects on fibrosis, the expression levels of Tgfb1, Col1a1 and Fn1 were 

determined. This analysis revealed that, after treatment of the UUO mice with 25D3, there was 

significant downregulation of Col1a1 and Fn1 (Figure 10). Histological studies also revealed a 

reduction in the accumulation of collagenous proteins and αSMA (Figures 9 and 11). In this 

study, we observed downregulation of TGFβ1 target genes, but the mRNA level of Tgfb1 itself 

was not affected (Figure 12), as Tgfb1 is not directly regulated by vitamin D [33]. It had been 

reported that vitamin D signalling suppresses TGFβ signalling by interfering with SMAD3 

binding to the promoter region of target genes [33].  

          In addition to the analysis of the effects of 25D3 treatment on fibrotic markers, the anti-

inflammatory effect of 25D3 was also examined in the UUO animals. Treatment with 25D3 for 

one week did not significantly reduced the expression level of Ccl5 in the UUO kidney relative to 
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vehicle treatment (Figure 13). This observation could be due to the severity of the damage in the 

UUO model, which is not reversible, and therefore would cause prolonged destruction to the 

kidney cells and subsequently induce secretion of Ccl5. However, the high expression level of 

Tnfa in the UUO kidney was significantly reduced after treatment with 25D3 (Figure 14).  Taken 

together, these results suggest that 25D3 treatment decreases the renal inflammatory response, 

even though the severity of the damage has not been entirely abolished.  

          In addition to examining the anti-fibrotic and anti-inflammatory effects of 25D3 in the 

UUO animals, the expression level of the metabolizing enzymes of vitamin D were assessed.  

Expression of both Cyp27b1 and Cyp24a1 enzymes were affected by the treatment, as was 

expected since these are vitamin D target genes, and this analysis showed that the UUO kidney 

did not respond as well to the high levels of vitamin D as the contralateral kidney. The mRNA 

level of Cyp27b1 was downregulated, and Cyp24a1 was upregulated upon treatment with 25D3 in 

both kidneys of sham and UUO animals (Figures 15 and 16), but Cyp24a1 was very highly 

induced in the contralateral kidneys of the UUO animals upon treatment with 25D3, when 

compared to the operated kidney as well as sham-operated kidneys. This interesting observation 

suggests that 25D3 is indeed being converted to 1,25D3 in these animals, and the induced 

expression of Cyp24a1 is, therefore, able to reduce the levels of vitamin D in the system, thus 

affecting the treatment. However, even though Cyp24a1 was increased, a positive effect of 25D3 

treatment on reducing fibrosis was still observed. Vdr was also upregulated in the contralateral 

kidney of the UUO animals upon treatment with 25D3, and the expression level of Vdr is 

correlated to the expression level of Cyp27b1 and Cyp24a1 enzymes (Figure 17).  

          One significant shortcoming became apparent regarding the ability to interpret the data 

based on the low number of animals in each subgroup. Therefore we decided to increase the 

number of animals in the subsequent studies. Also, to examine whether treatment of UUO 
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animals with 25D3 was able to ameliorate fibrosis to a greater extent by using prolonged 

treatment, we performed another set of experiments treating the UUO mice for two weeks.  

 

6.1.2 Treatment with 25D3 for two weeks did not suppress kidney inflammation and fibrosis 

in UUO mice 

           In our second set of in vivo studies, in which the UUO animals were treated with 25D3 for 

two weeks, there was no observable positive effect of the treatment on the fibrotic response. This 

could be due to the severity of the damage from the UUO after two weeks being so extensive that 

the kidney cells are unable to respond to the treatment. The expression levels of the fibrotic 

markers Col1a1 and Fn1, in addition to Tgfb1, revealed induced expression of these factors in the 

UUO kidney, and 25D3 treatment did not reduce their expression (Figures 20 and 21).  

          In addition to quantifying the expression levels of the fibrotic markers, the mRNA levels of 

the vitamin D metabolizing enzymes were also analyzed. The expression level of Cyp27b1 was 

downregulated, and the expression level of Cyp24a1 was upregulated upon treatment with 25D3 

(Figure 22). The expression level of the Cyp24a1 enzyme was again highly induced in the 

contralateral kidney of the UUO animals upon treatment with 25D3, and this upregulation may be 

a factor as to why vitamin D treatment over two weeks was not able to suppress fibrosis.            

          From this study, we concluded that to study the effect of treatment on renal fibrosis using 

the UUO model, it is important to note that the UUO model is a rapidly evolving model and long-

term studies may not be possible. One shortcoming of this experiment was that the mice used 

were not vitamin D-deficient, as would be the case for patients suffering from CKD. Sun et al. 

have reported that high levels of endogenous vitamin D in UUO mice can protect the animals 

from adverse effects of kidney fibrosis in kl/kl mice [285]. These results suggest that, to truly 

validate the impact of the treatment of UUO mice with 25D3, studies should be performed on 

vitamin D-deficient mice, as lower starting levels of vitamin D would possibly suppress the 
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expression of Cyp24a1, which might allow for a better therapeutic effect of 25D3. Also, to 

determine whether the effectiveness of 25D3 treatment is comparable to that of the active 

hormone, 1,25D3, we also included a comparison study. 

 

6.1.3 Vitamin D-deficiency interferes with the anti-inflammatory and ant-fibrotic activity of 

25D3 

          The final in vivo study provided evidence that vitamin D-deficiency can interfere with the 

expected anti-inflammatory and anti-fibrotic effects of 25D3, which were observed in the first 

UUO study. In this study the animals were kept on a vitamin D-deficient diet for two and a half 

weeks prior to UUO followed by treatments for 1 week. Treatment of animals with either 25D3 or 

1,25D3 induced hypercalcemia in all animals, and 1,25D3 treatment resulted in higher serum 

calcium levels compared to the 25D3 treatment (Figure 25).  

          The expression level of Col1a1 was significantly upregulated in the contralateral kidney 

and to a higher extent in the UUO kidney in comparison with the sham-operated animals. 

Treatment of UUO mice with 25D3 reduced this upregulation in the contralateral but not in the 

UUO kidney. In addition, 1,25D3 treatment significantly downregulated the expression level of 

Col1a1 in both kidneys when compared to both vehicle and 25D3 treatments (Figure 26). The 

mRNA level of Fn1 was highly upregulated in the UUO, and to a lesser extent in the contralateral 

kidney, when compared to the sham-operated animals. However, 25D3 treatment for 1 week was 

unable to reduce the expression levels of Fn1 in either of the kidneys but, 1,25D3 treatment 

significantly downregulated mRNA levels in both kidneys (Figure 27).  

           As mentioned previously, the anti-inflammatory effect of vitamin D has been established 

and it has been suggested that 1,25D3 is able to suppress the expression level of Tnfα in 

monocytes and macrophages via inhibition of the transcriptional activity of NFκB [286, 287]. In 

the first UUO study, we observed that 25D3 treatment for 1 week was able to significantly reduce 
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the mRNA levels of Tnfα in the UUO animals, but neither 25D3 nor 1,25D3 treatment was able to 

reduce the high expression level of Tnfα in the vitamin D-deficient UUO animals (Figure 28).  

           When the expression level of Cyp27b1 in sham-operated animals was examined it was 

revealed that both 25D3 and 1,25D3 treatments were able to induce its downregulation in both 

kidneys. In the UUO mice, Cyp27b1 was highly induced, and it was significantly downregulated 

by 25D3 treatment, but 1,25D3 was not able to elicit the same effect (Figure 29). Furthermore, in 

the sham-operated animals, 25D3 induced the expression level of Cyp24a1, and 1,25D3 caused an 

evident increase in its mRNA level in the operated kidney when compared to the contralateral 

kidney. We currently do not have an explanation for this observation. Moreover, in the UUO 

group, 25D3 and 1,25D3 treatments were able to upregulate the expression level of Cyp24a1 in 

both kidneys. In contrast to the sham-operated group, 1,25D3 treatment induced a higher 

upregulation in the contralateral kidney when compared to the UUO kidney in the UUO animals 

(Figure 30). Once again, these results indicate the adverse effects of the damage on the UUO 

kidney and the limited response of these cells toward the treatments. In addition, it is evident that 

the active form of vitamin D is able to induce transcriptional regulation of the hormone to a 

greater extent in the vitamin D-deficient animals when compared to the 25D3 treatment.  

          Furthermore, the expression level of Vdr was also quantified, and the qPCR analysis 

revealed that both 25D3 and 1,25D3 treatment induced upregulation of Vdr in sham-operated 

animals.  In vehicle-treated UUO animals, the expression level of Vdr was higher in the 

contralateral kidney when compared to the UUO kidney, and Vdr upregulation in these animals 

upon treatment with 25D3 and 1,25D3 followed the same trend (Figure 31). Overall, the 

expression levels of Vdr in UUO animals can be related to the effects of 25D3 and 1,25D3 on the 

expression levels of Cyp27b1 and Cyp24a1. The data imply that a high expression level of Vdr is 

correlating with the decreased and increased expression levels of Cyp27b1 and Cyp24a1, 

respectively, in vitamin D-deficient UUO mice.  
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          In summary, these observations notably disclose the adverse effects of vitamin D-

deficiency prior to vitamin D treatment in the UUO model, suggesting the implementation of a 

normal diet for future studies on the effects of 25D3 treatment on renal inflammation and fibrosis.  

          Table 4 displays the major anti-inflammatory and anti-fibrotic effects of 25D3 and 1,25D3 

treatments in the three UUO studies. These observations suggest that, to combat the progression 

of inflammation and fibrosis in CKD, it is essential to raise the serum level of vitamin D without 

inducing hypercalcemia, and calcifediol seems to be a suitable candidate for treatment. In this 

regard, Petkovich et al. had previously verified the effect of a modified-release (MR) oral 

formulation of calcifediol for increasing serum vitamin D levels, without inducing the expression 

of CYP24A1 or FGF23, in CKD patients of stages 3 and 4 [288]. However, in these studies, the 

effect of MR calcifediol in the suppression of renal inflammation and fibrosis had not been 

studied. Therefore, further in vivo investigations are required to evaluate these effects. This 

approach can be reached by immunohistochemistry studies of the central inflammatory and 

fibrotic markers on kidney biopsies from CKD patients during different stages of their treatments.  

          It is valuable to understand the networks between potential outcomes resulting from the 

progression of CKD, such as vitamin D and mineral metabolism imbalances and the processes of 

inflammation and fibrosis, in addition to the initiation and progression of EMT (Figure 38). This 

vast inter-connected network of signalling pathways in the progression of CKD can introduce a 

varying number of potential target genes for different therapeutic strategies.  
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Table 4. Comparison of the anti-inflammatory and anti-fibrotic effects of 25D3 and 
1,25D3 observed in the UUO studies. 
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Figure 38. The network of comorbidities related to the progression of CKD.   
Initiation and progression of CKD give rise to imbalances in mineral and vitamin D metabolism, 
in addition to induction of inflammation as well as the progress toward EMT and renal fibrosis. 
The positive therapeutic effects of 25D3 on the expression levels of the target genes of interest to 
the current study in UUO mice, which were observed in the fisrt study, are shown.  
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6.2 Co-regulation of Cyp24a1 expression by 1,25D3 and growth factors TGFβ1, 

FGF23 and TNFα 

         In vitro studies were performed to further investigate the recurrent upregulation of the 

Cyp24a1 message that was observed in the UUO studies in the context of kidney inflammation. 

The high expression level of CYP24A1 is reported in CKD patients and is accounted for limiting 

the therapeutic effects of vitamin D in these patients [18]. Therefore, this approach was taken to 

examine the effect of different inflammatory and fibrotic factors on the expression level of the 

Cyp24a1 enzyme in the presence of 1,25D3.  These studies provided evidence that treatment with 

TGFβ1 for 24 hours was able to induce CYP24A1 mRNA in HK-2 human renal tubular epithelial 

cells (Figure 32.a). In contrast, 24 to 48 hours treatment of TCMK-1 mouse renal epithelial cells 

with TGFβ1, FGF23, or TNFα alone, was unable to induce the expression of this enzyme 

(Figures 32.b/c - 34). When HK-2 cells were treated with 5ng/ml TGFβ1 plus 10nM 1,25D3 for 

24 hours, synergistic upregulation of the gene was achieved. Similar synergism of the gene was 

achieved in TCMK-1 cells upon treatment for 48 hours.  

          The next remarkable observation achieved by these studies was that co-treatment of 

TCMK-1 cells with a combination of 100ng/ml FGF23 and 10nM 1,25D3, for 24 hours, induced a 

synergistic upregulation of Cyp24a1, when compared to the 1,25D3 treatment alone. But, this 

synergistic upregulation was no longer achievable at 48 hours of treatment. It seems that the 

induction of expression reaches a peak near 24 hours of treatment, which ultimately declines 

when the treatment is extended to 48 hours. Studies conducted on VDR knockout mice had 

previously demonstrated that administration of recombinant FGF23 was not able to induce 

Cyp24a1 in these animals, and therefore it was suggested that FGF23 regulates the Cyp24a1 

expression in a VDR-dependent manner [289]. Our study also provides additional evidence that 

FGF23 induces the expression level of Cyp24a1 in the presence of liganded VDR in mouse 

kidney cells. 
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          The final investigation in these in vitro studies was to examine the expression regulation of 

the Cyp24a1 enzyme by TNFα and 1,25D3. This study revealed that when TCMK-1 cells were 

co-treated with 10ng/ml TNFα and 10nM 1,25D3 for 24 hours, the mRNA level of Cyp24a1 was 

reduced significantly when compared to the 1,25D3-treated cells. This observation is in contrast 

with previous studies by Ziv et al. in keratinocytes, in which TNFα plus 1,25D3 was able to 

induce expression of this enzyme [283]. However, studies by Xiong et al. had shown that when 

HK-2 cells were treated with 10ng/ml TNFα for 24 hours, the expression level of Vdr was 

reduced, and there was complete inhibition of Vdr expression upon treatment for 48 hours [290]. 

From these observations, it can be concluded that TNFα interferes with the expression of Vdr in 

kidney cells, and subsequently, it limits the effects of 1,25D3 on the expression of Cyp24a1 in 

TCMK-1 cells. Furthermore, it can be concluded that high expression level of TNFα in the UUO 

kidney of the operated animals, in the in vivo studies, may be interfering with upregulation of the 

Cyp24a1 upon treatment with either 25D3 or 1,25D3 (Chapter 3). This observation suggests a 

protective role of the inflammatory factor TNFα in the kidney in CKD patients. Therefore, it 

implies the importance of future studies to evaluate the effect of TNFα on the expression level of 

CYP24A1 in CKD patients under vitamin D treatment. 

 

 

6.3 VDRE-1, SBE-1, SBE-2, and EBS DNA binding elements play a significant role 

in the transcriptional regulation of the hCYP24A1 promoter 

          Another goal of the current study was to examine the contribution of various DNA binding 

elements on the regulation of the promoter region of hCYP24A1. This was performed to further 

analyze upregulation of the enzyme seen in the UUO studies upon co-treatment with 1,25D3 and 

TGFβ1 or FGF23. In these dual-luciferase studies, the pGL3 hCYP24A1-Luc (wt) plasmid was 
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used [280], and induction of the promoter upon exposure to different treatments was measured 

following various mutations to sequences of DNA binding elements of interest.  

          These studies revealed that, when TCMK-1 cells were transfected with wt plasmid and 

were treated with 10nM 1,25D3 there was a significant induction of the promoter when compared 

to the vehicle or TGFβ1-treated cells, and when these cells were treated with a combination of 

5ng/ml TGFβ1 and 10nM 1,25D3, a synergistic induction of the promoter was observed (Figure 

36). Upon mutational analysis, it was revealed that when VDRE-1 was mutated, not only was the 

significant induction of the promoter not achievable upon treatment with 10nM 1,25D3, but also 

the synergistic induction of the promoter was lost when transfected cells were treated with a 

combination of TGFβ1 and 1,25D3 (Figure 36.a). This mutational analysis of VDRE-1 was in 

agreement with the previous study performed by Zou et al. regarding its effect on the promoter 

activity upon treatment of cells with 1,25D3 [267], and this observation also indicates that VDRE-

1 is essential for the transcriptional effects of TGFβ1 on the promoter activity of CYP24A1 in the 

presence of 1,25D3.  

        The hCYP24A1 promoter was examined for the presence of potential Smad binding elements 

(SBEs), to investigate transcriptional regulation of the promoter by TGFβ1 in the presence of 

1,25D3. This investigation uncovered the presence of several SBEs in the hCYP24A1 promoter 

(Figure 35). Subsequently, the potential transcriptional regulatory role of SBE-1 and SBE-2 were 

studied by mutational analysis and creation of three different mutated constructs, with the VDRE-

1 site intact. These studies revealed that when SBE-1 was mutated, transfected cells treated with 

either 1,25D3 or the combination of TGFβ1 and 1,25D3 showed reduced induction of the 

hCYP24A1 promoter. The same trend was also observed when cells were transfected with either 

SBE-2 mut or SBE-1/SBE-2 double mut constructs (Figure 36.b). These observations provide 

evidence that either of the Smad binding elements is fundamental in the transcriptional regulation 

of hCYP24A1 promoter when VDRE-1 is intact.   
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          The final approach of the current study was to evaluate the role of EBS in the induction of 

the CYP24A1 promoter upon treatment of cells with FGF23 and 1,25D3. It has been suggested 

that FGF23 may induce the expression level of CYP24A1 via Ets-1 transcription factor activation, 

but the mechanism behind this induction has not been investigated [241]. Our studies revealed 

that treatment of transfected cells with 100ng/ml FGF23 for 24 hours was not able to induce the 

CYP24A1 promoter. However, when transfected cells were treated with 10nM 1,25D3 alone or in 

combination with FGF23, the promoter was highly induced but without synergistic upregulation 

in the latter case. Even though we were not able to see the synergistic induction of the promoter 

upon co-treatment of cells with FGF23 and 1,25D3, the EBS mutation was able to interfere with 

the induction of the promoter in both cases (Figure 37). Therefore, this study confirms that EBS 

contributes to the transcriptional regulation of the CYP24A1 promoter upon liganding of VDR 

and in the presence of Ets transcription factors, which are induced upon treatment with FGF23.   

 

6.4 Perspectives and future directions 

          Vitamin D deficiency is one of the major comorbidities of CKD progression [11, 14] and is 

related to the occurrence of secondary hyperparathyroidism [171].  Reduction in renal mass and 

the subsequent decline in the expression level of CYP27B1 are commonly associated with a 

decrease in the serum levels of both 25D3 and 1,25D3 [220, 221]. However, the mRNA level of 

CYP27B1 remains unchanged in some CKD patients suffering from a progressive decline in 

calcitriol levels [222]. Further investigations revealed the presence of additional intrinsic 

mechanisms, including increased vitamin D catabolism, are responsible for the reduced serum 

vitamin D levels [18]. It has been reported that the CYP24A1 enzyme is expressed in many cell 

types that express VDR, including kidney and intestine [126, 222, 291], and it is strongly 

inducible by calcitriol, therefore protecting cells from excess VDR signalling activation [18, 126]. 

Furthermore, the catabolic activity of CYP24A1 was confirmed by studies on the Cyp24a1 
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knockout mouse, where the complete loss-of-function of the enzyme and the impaired clearance 

of administered 1,25D3, and a 10-fold increase in serum half-life of the hormone were reported 

[292].  

          The transcriptional regulation of CYP24A1 acts through binding of liganded VDR to the 

VDREs present in the proximal promoter region, upon heterodimerization with RXR, and 

recruitment of co-regulatory protein complexes, to facilitate entry of RNA Polymerase II to the 

transcription initiation complex [156, 266, 268]. Mutational and gel mobility shift analysis 

conducted by Kerry et al. in 1996, in COS-1 cells revealed transcriptional synergism between 

VDRE-1 and VDRE-2 and the higher binding affinity of the liganded VDR/RXR complex 

towards VDRE-2 [266]. These studies additionally revealed a higher sensitivity of VDRE-1 

toward low levels of 1,25D3, therefore indicating that VDRE-1 is the major contributor to the 

induction of the enzyme.  Further mutational analysis of hCYP24A1 promoter, by Zou et al., 

confirmed the significant role of VDRE-1 in the induction of the promoter [267]. Hence, it has 

been suggested that VDRE-1 is utilized in conditions of lower serum vitamin D levels, but the 

synergistic response is achieved to repress the excess bone resorption and potential hypercalcemia 

when the serum vitamin D level becomes sufficiently high [266]. However, this synergism 

observed between the two VDREs is not due to a cooperative binding between the VDR/RXR 

complexes bound to these DNA binding elements, and therefore, it was suggested to be as a result 

of their possible interaction with the basal transcription machinery [266, 268, 293]. In addition, a 

functional EBS consensus sequence is located downstream of VDRE-1, and Dwivedi et al., using 

electrophoretic mobility shift analysis, were able to verify the formation of a heteromeric 

complex of VDR/RXR/Ets-1 at this region [269]. These studies confirmed the transcriptional 

synergy between the VDRE-1 and the adjacent EBS.  

          Aside from the proximal VDREs located on the CYP24A1 promoter, an intergenic region 

containing two enhancers at +35 and +37 kb downstream of the promoter, which also contribute 
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to the transcriptional regulation of CYP24A1, were identified by Meyer et al. through ChIP-chip 

and ChIP-seq analyses [293]. These studies revealed that each of these units contains VDRE-like 

consensus sequences and liganded VDR/RXR complex binding was identified at these regions. 

Moreover, further mutational analysis established the significant role of these enhancers in the 

maximal induction of the CYP24A1 promoter in the presence of 1,25D3. These results suggested 

that either mutation of the proximal promoter VDREs or the deletion of the downstream enhancer 

regions could abrogate induction of the promoter by 1,25D3, and that promoter induction was lost 

entirely when both sites were mutated.  

          In the current study, we showed that Cyp24a1 is strongly upregulated in the UUO kidney 

upon treatment with vitamin D. Also, the in vitro studies, in mouse kidney cells, provided 

evidence that TGFβ1 and FGF23 can upregulate Cyp24a1 mRNA levels in a co-dependent 

manner in the presence of 1,25D3. Furthermore, the subsequent mutational analysis demonstrated 

that not only VDRE-1 is required for this synergistic induction, but also SBE-1, SBE-2, and EBS 

sites play a significant role in maximal induction of the promoter when cells are treated with a 

combination of 1,25D3 and TGFβ1 or FGF23. Therefore, this study suggests that the Cyp24a1 

upregulation is correlated with the kidney injury, and that major circulating inflammatory and 

fibrotic factors are facilitating the maximal induction of the enzyme when vitamin D is present. 

These results provide evidence for the limiting effects of the CYP24A1 enzyme when vitamin D 

and/or its analogues are chosen as a therapeutic approach, and therefore induce drug resistance in 

patients [18]. However, for final confirmation, it is necessary to investigate the potential 

interaction of liganded VDR/RXR, SMAD3, and Ets-1 proteins not only at the corresponding 

consensus sequences but also with each other via ChIP-chip, ChIP-seq and EMSA analysis. 

Furthermore, it is required to validate the consequences of these mutational analyses in vivo.  

         It is of concern that CYP24A1 is also highly upregulated in several human tumors, and is 

considered an oncogene in breast cancer [294, 295]. CYP24A1 expression also correlates with the 
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advanced stages of lung, breast, colon and prostate cancers, and may be responsible for vitamin D 

deficiency in these patients [296-299]. This is substantiated by the fact that the VDR-knockout 

mouse is more receptive to cancer by chemical induction [300], which provides evidence that 

vitamin D is playing a role for cancer prevention. Overexpression of CYP24A1 can block the 

cellular responses to 1,25D3 and interfere with vitamin D-based therapies [126].  

          Recently, a study conducted by Kagawa et al. provided evidence that sterol regulatory 

element binding protein 1 (SREBP1), in the presence of 1,25D3, can additively induce the 

CYP24A1 promoter in a human kidney cell line [301]. Taken together, it appears that various 

protein complexes may interact with the basal transcriptional machinery to initiate and increase 

transcription of CYP24A1 when vitamin D is available (Figure 39). Unravelling these 

interactions under various treatments and environmental conditions will contribute to our 

understanding of the dysregulated CYP24A1 expression observed in both CKD and cancer, and 

will assist in designing new therapeutic approaches.   

           

 

 

 

 

 

 

 

 

 

 

 



 

114 

 

 

 

 

 

 

 

Figure 39. Transcriptional regulation of CYP24A1 by vitamin D. 
The diagram illustrates the possible interaction of different transcription factors with the basal 
transcription machinery in different treatment conditions when vitamin D is available. Adapted 
from Omdahl et al., 2001 [302]. 
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