THE REGULATION OF VITAMIN D METABOLISM

IN THE KIDNEY AND BONE

Paul Hamill Anderson B.Sc. (Hons.)

Department of Physiology
The University of Adelaide

South Australia

A thesis submitted for the degree of

Doctor of Philosophy

to
The University of Adelaide

June 2002



Table of Contents

ABSTRACT

DECLARATION

ACKNOWLEDGEMENTS

PUBLICATIONS ARISING

PRESENTATIONS ARISING

AWARDS ARISING

LIST OF FIGURES

LIST OF TABLES

1.1

1.2

1.21

1.2.2

1.2.3

1.3

1.4

CHAPTER 1: VITAMIN D METABOLISM IN KIDNEY AND

BONE

Introduction

Vitamin D Metabolism

Hepatic 25-Hydroxylation

Renal 1o-Hydroxylation

24-hydroxylation

Molecular Mechanism For The Action Of Vitamin D

Biological Actions of 1,25D

i

Xiv

Xvii

Xviii

XiX

XiX

XX

XXi

XXV



1.41

1.4.2

1.4.3

1.4.4

1.5

1.51

1.5.2

1.5.3

1.5.4

1.6

1.6.1

1.6.2

1.7

1.71

1.7.2

1.7.3

1.7.4

1.7.5

2.1

Intestine

Bone

Parathyroid glands

Kidney

Factors That Effect The Kidney Vitamin D Metabolism
PTH

Calcium

Calcitonin

1,25D

Evidence For Bone Vitamin D Metabolism
Bone 1a-Hydroxylation

Bone 24-hydroxylation

Aims And Hypotheses

Detection and quantification of CYP27B1, CYP24 and VDR mRNA by
Real-Time RT-PCR
The effect of age on the metabolism of vitamin D in kidney and bone

The effect of dietary calcium on vitamin D metabolism in kidney and
bone

The effect of vitamin D-depletion on vitamin D metabolism in kidney and
bone

The effect of dietary calcium during vitamin D-depletion on vitamin D
metabolism in kidney and bone

CHAPTER 2: MATERIALS AND METHODS

Introduction

il

10

11

12

13

13

14

15

16

17

18

18

21

22

23

23

24

25

26

27

27



2.2

2.3

2.3.1

2.3.2

2.3.2.1

2.3.3

2.4

241

24.2

243

24.4

2.4.5

2.5

2.5.1

2.5.2

2.5.3

254

2.6

2.6.1

2.6.1.1

2.6.1.2

2.6.1.3

26.1.4

2.6.1.5

2.6.2

Materials
Animals
Housing
Diet
Semi-Synthetic diet
Blood sample collection
Blood Biochemistry
Serum calcium and phosphate
Serum 1,25 dihydroxyvitamin D3
Serum 25 hydroxyvitamin D3
Serum parathyroid hormone
Serum calcitonin
Statistical Analyses
One-way analysis of variance
Two-way analysis of variance
Tukey’s post-hoc test
Linear and multiple-linear regression analysis
Molecular Biology Techniques
Materials and preparation of reagents
Antibiotics
RNase inhibiting solution
Buffer solutions
Formamide
Loading buffers for electrophoresis

Preparation of cDNA

v

27

28

28

28

28

31

31

31

32

32

33

33

33

33

34

34

34

35

35

35

35

35

35

36

36



2.6.2.1

2.6.2.2

2.6.2.3

2.6.24

2.6.2.5

2.6.2.6

2.6.3

2.6.3.1

2.6.3.2

2.6.3.3

2.6.4

2.7

2.71

2.7.2

2.8

2.8.1

2.8.2

2.8.3

2.8.4

2.8.5

2.8.6

2.9

2.9.1

29.2

Transformation of plasmids into competent cells
Plasmid screening procedure
Growth of bacterial cultures
Isolation of plasmid DNA
Quantificantion of DNA
Digestion and isolation of cDNA fragments

Extraction of total RNA for kidney and bone tissue
Collection of rat kidneys and bones for RNA extraction
Extraction of RNA
Quantification of RNA

First-strand cDNA synthesis

Quantitative Real-Time Reverse Transcriptase - Polymerase Chain

Reaction

Real-time RT-PCR primers and probes
Polymerase chain reaction conditions
Ribonuclease Protection Assay

Labelling reaction and removal of template DNA
Gel purification of radio-labelled riboprobe

Determination of the quantity of total RNA used in ribonuclease
protection assay
Riboprobe: target RNA hybridisation

RNase digestion of unbound RNA

Separation and detection of riboprobe bound target mMRNA
In Situ Hybridisation

In vitro transcription with digoxigenin-11-UTP

Estimation of the riboprobe yield

36

37

37

37

38

39

40

40

40

41

42

43

43

44

46

46

46

47

48

48

48

49

49

49



2.9.3

294

2.9.5

2.9.6

29.7

3.1

3.2

3.2.1

3.2.2

3.2.3

3.2.4

3.3

3.3.1

3.3.2

3.3.3

3.3.4

3.3.5

3.3.6

Tissue preparation
Section pre-treatment
Hybridisation
Post-hybridisation wash

Antibody hybridisation / colour reactions

CHAPTER 3: EVALUATION OF THE QUANTIFICATION OF
CYP27B1, CYP24, VDR AND GAPDH mRNA USING THE REAL-TIME

REVERSE TRANSCRIPTASE-POLYMERASE CHAIN REACTION.

Introduction

Protocol

Experimental procedure

Estimation of cDNA standard copy number

Calculation of the slope of the linear regression line for optimal PCR
amplification

Data expression and statistical analysis

Results

Optimisation of the fluorogenic probe concentration
Range and sensitivity of fluorogenic detection
Standard curves

Reproducibility of cDNA standard detection

Comparison of copy numbers of mMRNA obtained from standard curves
generated in different assays

Accuracy of the estimation of mMRNA levels by reverse-transcription and
real-time PCR amplification

vi

49

50

50

51

51

52

52

54

54

99

95

56

57

57

o7

58

58

64

65



3.3.7

3.3.8

3.4

41

4.2

4.2.1

422

423

424

4.3

4.3.1

4.3.1.1

4.3.1.2

43.1.3

4314

4.3.1.5

43.2

4.3.2.1

43.2.2

Reproducibility of mRNA detection

Assessment of GAPDH and total RNA as the referent for mRNA
guantitation

Discussion

CHAPTER 4: THE EFFECTS OF AGE ON THE
REGULATION OF CYP27B1, CYP24 AND VDR mRNA

EXPRESSION

Introduction
Protocol
Experimental procedure
Biochemical analysis
Messenger RNA analyses
Data expression and statistical analyses
Results
Body weight and serum biochemistry
Serum Calcium
Serum 25D
Serum 1,25D
Serum PTH
Serum Calcitonin
Gene Expression in the Kidney
CYP27B1 mRNA

Relationship between serum 1,25D and kidney CYP27B1 mRNA

vii

69

72

75

81

81

83

83

83

83

84

84

84

84

84

85

85

85

88

88

88



43.2.3

43.2.4

4.3.2.5

4.3.2.6

43.2.7

4.3.2.8

4.3.2.9

4.3.3

4.3.3.1

4.3.3.2

4.3.3.3

4334

4.3.3.5

4.3.3.6

43.3.7

4.3.3.8

4.4

441

442

443

4.4.3.1

443.2

4433

Relationship between serum calcitonin and kidney CYP27B1 mRNA

CYP24 mRNA

Relationship between serum 1,25D and kidney CYP24 mRNA

Relationship between kidney CYP27B1 mRNA and kidney CYP24

mRNA

Relationship between serum calcitonin and kidney CYP24 mRNA

VDR mRNA

Relationship between kidney CYP24 mRNA and kidney VDR mRNA
Gene Expression in the bone

CYP27B1 mRNA

Relationship between serum calcium and bone CYP27B1 mRNA

Relationship between serum PTH and bone CYP27B1 mRNA

CYP24 mRNA

Relationship between bone CYP27B1 mRNA and bone CYP24
mRNA
Relationship between serum PTH and bone CYP24 mRNA

VDR mRNA
Relationship between serum 1,25D and bone VDR mRNA
Discussion
Determinants of serum 1,25D
Determinants of serum 25D
Renal expression of CYP27B1, CYP24 and VDR mRNA
Determinants of kidney CYP27B1 mRNA
Determinants of kidney CYP24 mRNA

Determinants of kidney VDR mRNA

viii

88

92

92

92

96

96

96

100

100

100

100

104

104

104

108

108

108

108

111

111

111

114

116



4.4.4

4441

4442

4443

445

446

5.1

5.2

5.2.1

5.2.2

5.2.3

5.2.3.1

5.2.3.2

5.2.3.3

5.2.34

5.2.4

5.2.5

5.3

5.3.1

Bone expression of CYP27B1, CYP24 and VDR mRNA
Determinants of bone CYP27B1
Determinants of bone CYP24
Determinants of bone VDR

Comparisons of kidney and bone vitamin D endocrine systems

Summary

CHAPTER 5: THE EFFECT OF DIETARY CALCIUM AND
VITAMIN D ON CYP27B1, CYP24 AND VDR mRNA

EXPRESSION

Introduction
Protocol
Experimental procedure
Biochemical analysis
Bone histomorphometry
Bone fixation, cutting and resin embedding
Section Production
Modified von Kossa method for identification of calcified tissue

Von Kossa method for sites of calcium deposition with haematoxylin
and eosin counterstain

Messenger RNA Analyses
Data expression and statistical analysis
Results

Serum biochemistry

X

118

118

119

120

122

125

127

127

128

128

129

130

130

130

131

131

132

132

132

132



5.3.1.1

5.3.1.2

5.3.1.3

53.1.4

5.3.1.5

5.3.1.6

5.3.2

5.3.2.1

5.3.3

5.3.3.1

5.3.3.2

5.3.3.3

5.3.3.4

5.3.3.5

5.3.3.6

5.3.3.7

5.3.3.8

5.3.3.9

534

5.3.4.1

5.3.4.2

5.3.4.3

53.4.4

Serum 25D
Serum 1,25D
Serum calcium
Serum phosphate
Serum PTH

Serum calcitonin

Bone histomorphometry

Relationship between serum calcium and BV/TV in the D(-) animals

Gene expression in the kidney

CYP27B1 mRNA

Relationship between serum PTH and kidney CYP27B1 mRNA levels
CYP24 mRNA

Relationship between serum 25D and kidney CYP24 mRNA levels
Relationship between serum 1,25D and kidney CYP24 mRNA levels
Relationship between serum calcium and kidney CYP24 mRNA levels
Relationship between serum PTH and kidney CYP24 mRNA levels
Relationship between serum calcitonin and kidney CYP24 mRNA

Kidney VDR mRNA

Gene expression in the bone

CYP27B1 mRNA

Relationship between serum calcitonin and bone CYP27B1 mRNA
levels in D(+) animals

Relationship between serum PTH and bone CYP27B1 mRNA levels
in D(-) animals

Relationship between serum calcium and bone CYP27B1 mRNA

levels in D(-) animals

133

133

133

133

134

134

138

138

141

141

141

144

144

144

149

149

149

149

155

155

155

155

159



5.3.4.5

5.3.4.6

5.3.4.7

5.3.4.8

5.3.4.9

5.3.4.10

5.3.4.11

5.3.5

5.4

5.4.1

54.2

54.3

5.4.3.1

54.3.2

54.3.3

54.4

5.4.4.1

54.4.2

54.4.3

5.4.5

5.4.6

Relationship between BV/TV and bone CYP27B1 mRNA in D(-)
animals
Bone CYP24 mRNA

Relationship between bone CYP27B1 and bone CYP24 mRNA levels

Relationship between serum PTH and bone CYP24 mRNA

Bone VDR mRNA

Relationship between serum calcium and bone VDR mRNA levels

Relationship between serum PTH and bone VDR mRNA levels

Assessment of CYP27B1 mRNA levels in kidney and bone by
ribonuclease protection assay

Discussion

Determinants of serum calcium levels

Determinants of serum 1,25D levels

Renal expression of CYP27B1, CYP24 and VDR mRNA
Determinants of CYP27B1 mRNA levels
Determinants of CYP24 mRNA levels
Determinants of VDR mRNA levels

Bone expression of CYP27B1, CYP24 and VDR mRNA
Determinants of CYP27B1 mRNA levels
Determinants of CYP24 mRNA levels
Determinants of VDR mRNA levels

Comparisons of the kidney and bone vitamin D endocrine systems

Summary

Xi

159

163

163

163

163

168

168

168

172

172

172

174

174

176

178

179

179

184

185

185

188



6.1

6.2

6.2.1

6.2.2

6.2.3

6.2.4

6.2.5

6.3

6.3.1

6.3.2

6.3.3

6.3.4

6.3.5

6.3.6

6.3.7

6.3.8

6.4

6.4.1

6.4.1.1

6.4.1.2

6.4.1.3

CHAPTER 6: IDENTIFICATION OF BONE CELL TYPES

WITH THE CAPACITY TO METABOLISE VITAMIN D

Introduction

Protocol

Experimental procedures

Cell culture

Messenger RNA analyses

Insitu hybridisation

Data expression and statistical analyses

Results

Expression of CYP27B1 mRNA in the separate bone fractions

Expression of CYP24 mRNA in the separate bone fractions

Relationship between the expression of CYP27B1 and CYP24 mRNA

Expression of VDR mRNA in the separate bone fractions
Expression of CYP27B1 mRNA in bone cells

Expression of CYP24 mRNA in bone cells

Expression of VDR mRNA in bone cells

Detection of CYP27B1 mRNA by in situ hybridisation
Discussion

Expression of CYP27B1, CYP24 and VDR mRNA in specific bone
regions
CYP27B1 mRNA

CYP24 mRNA

VDR mRNA

Xii

190

190

191

191

192

192

193

193

193

193

195

195

195

199

199

199

203

203

203

203

206

207



6.4.2

6.4.2.1

6.4.2.2

6.4.2.3

6.4.3

6.4.4

71

7.2

7.3

Expression of CYP27B1, CYP24 and VDR mRNA in bone cells
CYP27B1 mRNA
CYP24 mRNA
VDR mRNA

Insitu identification of CYP27B1 mRNA in rat femora

Summary

CHAPTER 7: SUMMARY AND CONCLUSIONS

Summary
Limitations
Future Directions

BIBLIOGRAPHY

Xiii

208

208

209

210

212

213

215

215

223

225

226



Abstract

The activation of 1,25D-dihydroxyvitamin D3 (1,25D) is catalysed by the enzyme 25-
hydroxyvitamin D-1o-hydroxylase (CYP27B1) in the kidney, which is the primary
producer of 1,25D in the body. Although the synthesis of 1,25D by CYP27BI1 and the
catabolism of 1,25D by 25-hydroxyvitamin D-24-hydroxylase (CYP24) also take
place in the bone, the significance of the bone cell-specific metabolism of vitamin D
remains largely unknown. This thesis investigates the regulation of the expression of
CYP27B1, CYP24 and vitamin D receptor (VDR) mRNA, both in the bone and in the
kidney, with the aim to determine whether the regulation of the vitamin D metabolism
in the bone is independent from that in the kidney. The effects of age, dietary calcium
and vitamin D status on the expression these genes in both the kidney and the bone, as
well as on a number of biochemical factors known to regulate the renal metabolism of
1,25D, such as PTH, calcium and 1,25D itself, were examined. CYP27B1 mRNA
expression was also studied in histological sections of rat femoral bone. Furthermore,
CYP27B1, CYP24 and VDR mRNA expression were also identified in specific
regions of the rat femur and in a number of bone cell lines, with the aim to identify the

bone cell types that have the capacity to metabolise and/or to respond to vitamin D.

The age-related decrease in the circulating levels of 1,25D detected in animals ranging
in age from 3 weeks to 2 years old, was a direct result of a reduction in the expression
of CYP27B1 mRNA and an increase in the expression of CYP24 and VDR mRNA in
the kidney. In contrast, the expression of CYP27B1 and CYP24 mRNA in the bone is
high from 3 to 15 weeks of age, which is the period of rapid growth and development.
The expression of CYP27B1 mRNA in the bone was positively correlated with the

circulating levels of calcium throughout aging, which suggests that the 1,25D

X1V



produced in the bone may be involved in the mineralisation process. The positive
correlation found between the expression of CYP27B1 and CYP24 mRNA in the
bone was in contrast with the negative correlation found between the expression of
these two enzymes in the kidney. This suggests that the 1,25D produced locally in the
bone, rather than the 1,25D produced in the kidney, is the primary determinant of the

CYP24 activity in the bone.

In vitamin D-deplete animals, fed a 0.1% calcium diet (D(-)/LC), the expression of
CYP27B1 mRNA was induced and the expression of CYP24 mRNA was suppressed
in the kidney. In contrast, both the expression of CYP27B1 and CYP24 mRNA were
low in the bones of these D(-)/LC animals. When vitamin D-deplete animals were fed
a 1% calcium diet (D(-)/HC), the expression of both CYP27B1 and CYP24 mRNA
was high in the bone, which was in direct contrast with the low expression of these
genes detected in the kidney. Besides this, a positive correlation was found between
the expression of CYP27B1 mRNA in the bone, serum calcium levels and bone
mineral volume (BV/TV) in the epiphysis, which supports the findings for the age
study that the locally produced 1,25D may be involved in the promotion of bone
mineralisation. Although serum PTH levels was positively correlated with the
expression of CYP27B1 mRNA in the kidneys of hypocalcaemic animals, there was
no such relationship detected between the levels of serum PTH and the expression of
CYP27B1 mRNA in the bone. This finding suggests that the regulation of the
expression of CYP27B1 mRNA in the bone is different from the regulation found in
the kidney. The identification of CYP27B1 mRNA in osteoblasts-like cells, taken
together with the associations between serum calcium and CYP27B1 mRNA

expression in the previous studies, suggests that 1,25D produced in osteoblasts may

XV



play a significant role in the bone mineralisation process. The detection of CYP27B1
mRNA expression in a number of bone marrow cells suggests that locally produced

1,25D may also play a role in the growth and differentiation of hematopoietic cells.
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