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Abstract

This PhD thesis is focused on the renal-bone axis which involves an endocrine feed-back loop
and cross-talk between these two organs. Several hormones and regulators play key roles in
this extensive cross-talk, including: parathyroid hormone (PTH), fibroblast growth factor-23
(FGF23), 1,25-dihydroxy vitamin D, 25-hydroxy vitamin D and Sclerostin. Ageing is associated
with a decrease in both renal function (most commonly measured as the estimated
glomerular filtration rate (eGFR)), bone loss and reduced tissue sensitivity to regulating
hormones. The mechanisms involved in this cross-talk are poorly understood. Although
changes in plasma concentrations of these factors are well-characterized in advance renal
impairment, less is known in the early stages of renal impairment and how this may affect the
response to vitamin D supplementation. The main aim of the research presented in my thesis
was to develop a better understanding on the renal-bone cross-talk. Therefore, | investigated
the consequences and changes caused by renal impairment on renal-bone axis and the effect

of vitamin D supplementation on the renal-bone axis.

More specifically, the focus of my research was on the effect of vitamin D supplementation
on FGF23 and markers of Wnt-signalling. FGF23 plays a key role in the renal-bone axis,
together with parathyroid hormone and vitamin D metabolites. FGF23 is a phosphaturic
hormone which is produced and secreted by osteocytes and acts in the kidney to induce
phosphate excretion in order to maintain homeostasis. It also affects bone metabolism
through its regulatory function on the Wnt-signalling pathway. In addition, recent evidence

showed associations of FGF23 with iron and inflammation markers.

This study utilized data and samples from the dose-ranging vitamin D interventional
randomized controlled trial ‘the VDOP study’. This study was conducted in collaboration
between Medical Research Council, Human Nutrition Research, The University of Newcastle
and University of East Anglia. Further, a systematic review and meta-analyses of RCTs with
vitamin D and its analogues in chronic kidney disease (CKD) patients and reviewed current

guidelines.

Most chapters (2-5) are based on my published papers or are currently under review for

publication (references and details are provided in each chapter).
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The systematic review of RCTs showed that Vitamin D treatment of CKD patients has an
inconsistent effect on PTH, although meta-analysis showed a significant overall effect.
Calcifediol and analogues consistently suppress PTH, but the reported increase in FGF23 with
1,25(0H),D analogues warrants caution. Current guidelines for the first CKD stages (G1-G3a)
follow general population recommendations for the prevention of vitamin D deficiency. Use
of calcitriol or analogues is restricted to stages G3b-G5 and depends on patient

characteristics.

The VDOP study showed that vitamin D supplementation in older people leads to a decrease
in intact-PTH (iPTH) and increase in procollagen type | N-propeptide: beta-C-terminal
telopeptide (PINP:CTX) ratio. This suggests a protective effect of supplementation on bone
metabolism although no significant effect on bone mineral density (BMD) or pronounced
changes in regulators of the Wnt-signalling pathway were found. There was an increase in
FGF23. This warrants caution due to its negative associations with bone and cardiovascular

health.

Further analyses with data categorised by eGFR (G1-2 >60 and G3a/b <60 ml/min/1.73m?)
showed that even a moderate decline in eGFR has a negative impact on vitamin D metabolism,
Whnt-signalling and bone turnover markers. Vitamin D supplementation had beneficial effects
on markers of the renal-bone axis in older people of both groups. The response to vitamin D
supplementation was however dependent on renal function. Supplementation improved
vitamin D status and Klotho in the group with moderate renal impairment (G3a/b) to
concentrations comparable to those found in the group with the higher renal function (G1-
2). Plasma intact-FGF23 (iFGF23), 1,25(0OH);D, PINP increased only in the group with the

higher renal function (G1-2).

Moreover, in subgroup analysis comparing people with early renal impairment (CKDG3a/b)
and normal renal function (CKDG1 eGFR >90 ml/min/1.73m?), alterations in regulators of the
renal-bone axis, inflammation and iron status were observed in early CKD. Early renal
impairment was associated with changes in regulators of calcium, phosphate, vitamin D and
bone metabolism and in iron status and inflammation. After vitamin D supplementation,
differences between the two groups were no longer significant for iPTH, Klotho, iron and

tumor necrosis factor-a (TNFa). The response of iron and inflammation markers, to vitamin D

5|Page



supplementation differed between the groups. Plasma iron, Interleukin 10 (IL10) increased
and TNFa decreased in the group with renal impairment. In the group with normal renal
function, no changes were observed in markers of iron status and inflammation, except for
an increase in IL10. Regression analyses showed that plasma c-terminal FGF23 and iFGF23

were predominantly predicted by eGFR and regulators of calcium/phosphate metabolism.

In conclusion, this study identified changes in the renal bone-axis with early renal impairment
and differences in the response between groups with normal and early CKD. Vitamin D
supplementation may partly abate the effects of renal impairment. Diagnosis of renal
impairment at an early stage may provide opportunities for the prevention of the progression

of renal disease and CKD-Mineral Bone Disease.
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CHAPTER 1a: Introduction

1. Vitamin D

Vitamin D can be obtained from diet either from animal sources (cholecalciferol D3) or plant
sources (ergocalciferol Dy). It can be also produced endogenously after Ultraviolet B (UVB)
exposure of the skin, form 7-dehydrocholesterol®. The main dietary sources of vitamin D are
food of animal origin which includes egg yolk, oily fish, meat, fat and liver?. Nowadays fortified
foods are also available and commonly used. Foods are fortified either with vitamin D3 or D2
such as margarines, milk, breakfast cereals?. The only plant food with significant amount of
vitamin D are wild mushrooms?. The endogenous production of vitamin D varies with season,
latitude and skin exposure to the sun'. Sunscreen and clothing have been reported to reduce
the production of 7-dehydrocholesterol®>*. Also, the rate of cutaneous vitamin D synthesis is
lower in people with darker skin thus the exposure time is longer for any equivalent amount
of vitamin D produced?. The pigment melanin which gives the skin the brown colour, absorbs
UVBZ. Therefore, less UVB reaches the layer of the skin where vitamin D is synthesized from
7-dehydrocholesterol?.

Vitamin D supplements contain either D3 or D; and can be used orally or by intramuscular
injection?. According to a meta-analysis, supplementation with vitamin D3 is more efficient to
maintain vitamin D status than D2, due to its longer half-life>. Vitamin D status is assessed on
the basis of the plasma concentration of 25-hydroxyvitamin D (25(OH)D) (see section 1.1). In
the UK, 25(0OH)D serum levels <25nmol/L is defined as the threshold of deficiency?. Vitamin
D deficiency is associated with an increased risk of skeletal disorders. During growth, vitamin
D deficiency can lead to development of rickets?. Early diagnosis and vitamin D
supplementation treatment can reverse those defects?. Vitamin D deficiency can also result
to the development of osteomalacia?. The symptoms are severe aching in bone and muscles,
making walking and standing painful because of impaired bone mineralisation?. Vitamin D
deficiency is one of the factors contributing to the development of osteoporosis during
ageing?. Osteoporosis is a progressive skeletal disorder?. Its main characteristics are loss of
bone mass, increased bone fragility and fracture risk?.

Recommendations for vitamin D intake for the general population and for specific patient

groups differ because of altered metabolism and requirements associated with disease
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process such as with chronic kidney disease. There are also differences between countries in
population guidelines. The UK Dietary Reference Nutrient Intake (RNI) is 10 ug/day (400
international units (IU)/day) for all adults®, in North America the Recommended Dietary
Allowance (RDA) is 15 pg/day (600 IU/day) for adults and 20 pg/day (800 IU/day) for people
over 70 years old, which is double the amount of UK recommended intake’. Both the UK and
US recommendations are mainly based on the relationship with bone health, although also
other health outcomes were considered’.

Excessive vitamin D intake can lead to vitamin D toxicity which is characterized by increased
serum calcium and 1,25-dihydroxy vitamin D (1,25(0OH);D; calcitriol)?. This generally is
associated with a plasma 25(0OH)D >220ml/L, but some individuals may be more sensitive.
Cutaneous synthesis of vitamin D does not lead to vitamin D toxicity?. The Scientific Advisory
Committee on Nutrition (2016) reported a safer upper limit up to 3000 1U/d®. The US Institute
of Medicine (IOM) (2011) established the Tolerable Upper Intake Level for vitamin D intake
up to 100 pg/d (4000 1U/d) for adults =19y of age®. Also in Europe, the European Food Safety
Authority (EFSA) (2012) established the Tolerable Upper Intake Level at 100 pg/d (4000 1U/d)

including pregnant and lactating women?°,

1.1. Vitamin D metabolism

Vitamin D itself is not biologically active. It is converted to the active hormone in the body
through a chain of enzymatic reactions''*2, Vitamin D from the diet or the skin is transported
to the liver through the lymph or blood bound to the vitamin D binding protein (DBP)*!. In the
liver vitamin D is hydroxylated predominantly at the position C-25 by 25-hydroxylase resulting
in the formation of 25(0OH)D*3. It is suggested that the molecule can be hydroxylated in other
positions as well'3. 25-hydroxyvitamin D is the major circulating form of vitamin D in the
human body*. It is used as a marker to assess vitamin D status due to its long half-life (2-3
weeks)4. After hydroxylation in the liver 25(OH)D is transported bound to DBP to the kidney.
In the kidney, megalin (low-density lipoprotein receptor) allows 25(0OH)D to enter the cells
through an endocytic process'. In the kidney, another hydroxylation reaction occurs at the
position of C-1 by 1a hydroxylase (1a(OH)ase), resulting in the formation of 1,25(0OH),D which
is the hormonally active form of vitamin D. The half-life of calcitriol is very short (~4 hours)?®.

This reaction primarily takes place in the proximal renal tubular epithelial cells of the kidney.
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The 1a(OH)ase enzyme, (encoded by the gene CYP27B1) is mostly expressed in the kidney but
it is also found in the placenta, macrocytes, macrophages and other organs. These
organs/cells hydroxylate 25(0OH)D for their own use or for cells close to them (auto- and
paracrine effects)'”*8. Parathyroid hormone (PTH) and fibroblast growth factor 23 (FGF23)
influence the expression of CYP27B1'° (see section 1.2). Mutations in the CYP27B1 gene can
cause inactivation in the 1a(OH)ase resulting in vitamin D dependent rickets type 1, which
occurs despite normal vitamin D intake or status, hereby indicating the importance of the
enzyme for vitamin D function?°.

1,25(0H)2D is catabolized by 24 hydroxylase (24(OH)ase)?!. This enzyme hydroxylates both
25(0OH)D and 1,25(0OH),D!! but it has been shown that the preferred substrate is 1,25(0H),D??.
24-hydroxylase is expressed in the kidney and many other organs and tissues. The main role
of 24(OH)ase is to reduce the amount of 1,25(0OH),D in plasma and tissues by promoting the
catabolism of 1,25(0H);D to 1,24,25(0H)3D and further downstream metabolites, leading to
the formation of calcitroic acid. It also hydroxylates 25(0OH)D into 24,25-dihydroxy vitamin D
(24,25(0H)2D)?%. This results in decreasing the pool of 25(OH),D available for 1a-
hydroxylation, in that way preventing conditions of toxicity from 1,25(0OH)D?* which can cause
impaired bone mineralization??.

Most of the 1,25(0OH).D actions require the activation of a high affinity receptor, vitamin D
receptor (VDR)?3. The initial step to activate the receptor is binding to a molecule of calcitriol
which induces or suppresses the expression of gene regulate a wide range of physiological
processes including maintaining mineral homeostasis, skeletal health, immune and
cardiovascular function?*,

All the vitamin D metabolites circulate bound to proteins predominantly (vitamin D binding

protein; DBP)!L. Small fractions are free in the circulation®.

1.2. Regulation of vitamin D hydroxylases

1.2.1. Parathyroid hormone and calcitriol

Calcitriol and Parathyroid hormone regulate the expression of CYP27B1 and CYP24A1 and
through this vitamin D metabolism?°. Indirectly, low dietary calcium (Ca) enhances the activity

of 1a(OH)ase!l. This positive feedback occurs with the stimulation of PTH secretion which
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mediates the production of 1,25(0OH).D in the kidney through increasing the transcription of
CYP27A1%%%7, On the other hand, a negative feedback loop occurs (Figure 4) through an
increase in intestinal calcium absorption. That suppresses PTH and 1,25(0OH),D*. 1,25(0OH).D
suppresses PTH production, la(OH)ase gene expression?® and stimulates 24(OH)ase

expression?® (see section 6.3.1).

1.2.2. Fibroblast growth factor-23

Increased levels of FGF23 suppress the expression of 1a(OH)ase and promotes catabolism of
1,25(0OH),D through increased 24(OH)ase expression in the kidney. This leads to a decrease
in FGF23 expression in bone creating a negative feedback loop3°. FGF signaling requires
Klotho, a protein involved in calcium and phosphate homeostasis, as a cofactor (see section
4). Loss of Klotho leads to an increased expression of 1la(OH)ase although the exact
mechanism of this is still unknown3!. Fibroblast growth factor-23 (FGF23) it is produced
mainly by osteocytes and osteoblasts3?. It belongs to the FGF19 subfamily that function
through an endocrine mechanism33. FGF23 is a phosphaturic hormone which stimulates renal
excretion of phosphate by inhibiting its reabsorption in the proximal tubule in response to an
elevated plasma phosphate concentration3*. It is also a regulatory factor for vitamin D
metabolism as described above3%34, 1,25(0H),D stimulates the production of FGF23 in bone,
independent to phosphate serum levels3>.

Elevated FGF23 is linked to pathological conditions such as hypophosphatemia, low serum
1,25(0H).D, rickets and osteomalacia3®. High FGF23 has been identified as the cause of
autosomal dominant hypophosphatemic rickets (ADHR), X-linked hypophosphatemic rickets

(XLH) and tumor-induced osteomalacia (TIO) mainly due to excessive phosphate excretion36-

38

1.2.3. Other hormones regulating vitamin D metabolism

It has been reported that oestrogen alone or with progesterone or androgens stimulate
1,25(0OH)2D production3®*1. Also, oestrogen suppresses 24,25(0H),D synthesis®®. Studies
showed a direct effect of calcitonin on renal 1a(OH)ase transcription increasing circulating

1,25(0H)2D in case of increased calcium requirements®2. This is particularly important during
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phases of growth or lactation when calcitonin protects against excessive resorption and
promotes calcium accretion into the skeleton®?. Prolactin, a hormone that increases during
lactation, is related with the rate of 1a(OH)ase transcription and can stimulate 1,25(0OH).D
production*?. Therefore, calcitonin and prolactin have a stimulatory effect on calcium
absorption and inhibit bone resorption and through this protect the maternal skeleton during
lactation343,

Under conditions with high calcium demand, calcitonin decreases osteoclast activity in order
to inhibit bone reabsorption and calcium release in the circulation3. Elevated calcitonin is
correlated with smaller size osteoclast®®. These actions of calcitonin are very important during
lactation when the requirement for calcium is increased and both 1,25(OH),D and calcitonin

levels are elevated.

2. Bone structure and physiology

2.1. Bone anatomy

The human skeleton has various functions. The bones of the skeleton provide structural
support for the body, protect vital organs, regulate mineral homeostasis and provides the
environment for hematopoiesis**. There are four categories of bones: the short bones, the
long bones, the irregular bones and the flat bones®.

Macroscopically, the bone has two components: cortical and trabecular bone. Cortical bone
forms the shaft of long bones and the outer surface of flat bones. The texture of cortical bone
is very dense and it has mechanical and protective functions®. Trabecular bone is found at
the epiphysis (Figure 1) of long bones, in the pelvis, ribs, skull and vertebrae. It consists of a
latticework of trabeculae*®and is mineralised in a highly regulated process*'. Trabecular bone
has a major metabolic role in mineral homeostasis*®.

The main component of the extracellular mineralised matrix of bone consists of
hydroxyapatite crystals bound to proteins, mostly collagen®®. New bone is initially synthesised
as osteoid (unmineralised bone matrix) which consist of type | collagen and

glycosaminoglycans*’. Matrix maturation is directly associated with alkaline phosphatase
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expression and some calcium- and phosphate-binding non-collagenous proteins such as

osteopontin, osteocalcin and sialoprotein (which are incorporated in the osteoid)*.

2.2. Bone cells

There are number of cell types: osteoblasts, osteoclasts, osteocytes, bone lining cells and cells
of vascular and nervous supply. Osteoblasts are known for their function as bone forming
cells3940, They originate from mesenchymal stem cells (MSC) (Figure 1). Many factors affect
osteoblast differentiation such as components of the Wnt-singlling pathway, PTH, 1,25(0H);
vitamin D, FGF18 and connexin 43449, Osteoblasts synthesise organic bone matrix and
regulates its mineralization during the process of bone formation>%>%, Mature osteoblasts can
undergo apoptosis or differentiate to become bone lining cells or osteocytes >%>3,

Bone lining cells are flat-shaped osteoblasts on the bone surface®. Their function is not
completely clear. They have a protective function against bone resorption>3. Bone lining cells
prevent the direct interaction between bone matrix and osteoclasts>. Bone lining cells also
produce the receptor activator of nuclear factor kappa-B ligand (RANKL) and osteoprotegerin
(OPG) which regulate osteoclast differentiation (see section 2.3)°*>. It is also suggested that
RANKL and OPG are produced by osteoblasts and osteocytes>*>.

Osteocytes are the most abundant bone cells and are located in lacunae within mineralized
bone matrix>3. In contrast with the osteoblasts, osteocytes have a dendritic cell morphology,
although this depends on the bone type®®. Osteocytes are derived from MSCs through
osteoblast differentiation. Osteocyte differentiation can be divided in four stages: osteoid-
osteocyte, preosteocyte, young osteocyte and mature osteocyte®®. They are close to vascular
supply from where they get oxygen and nutrients for their survival®®. Osteocytes have an
important role in osteoblast-osteoclast communication®’. They sense mechanical loading
through fluxes of the interstitial fluid®’. Through this mechanism, osteocytes control bone
remodelling by regulating osteoblasts and osteoclasts activity in order for bone to adapt to
mechanical loading>2.

Osteoclasts are the only resorbing bone cells®. Osteoclastogenesis is regulated by many
factors. receptor activator of nuclear factor kappa-B RANKL is the main factor and is produced

by bone lining cells, osteoblasts and osteocytes. RANKL binds to its receptor receptor
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activator of nuclear factor kappa-B (RANK) in osteoclast precursor cells and induces osteoclast
differentiation®?. This can be inhibited by OPG which can also bind to RANK receptor there by
preventing the RANKL/RANK interaction®. This mechanism is regulated by other factors (see

section 2.3) and are directly related with the rate of bone remodelling.

Figure 1. Endochondral ossification
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A, B: Mesenchymal cells condense and differentiate into chondrocytes and form the cartilaginous model of the
bone. C: Chondrocytes while change and mineralize their extracellular matrix undergo hypertrophy and
apoptosis. Their apoptosis open access for blood vessels to enter. D, E: Blood vessels bring in osteoblasts, which
bind to the degenerating cartilaginous matrix and deposit bone matrix. F-H: Bone formation and growth consist
of an ordered arrangement of proliferating, hypertrophic, and mineralizing chondrocytes. Secondary ossification
also occurs when blood vessels enter near the tips of the bone®.
1: epiphysis, 2: metaphysis, 3: diaphysis®?.

2.3. Bone modelling and remodelling

Bone constantly undergoes resorption and formation in order to adjust to the mechanical
demands of the body (bone modelling) and to repair damages (bone remodelling). Modelling
is a process during which the shape and the size of the bone is changed in contrast with
remodelling where new bone replaces old bone at the site of resorption?®®. During childhood

and adolescence bone modelling is necessary for longitudinal and radial growth and to

increase bone mass.
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Bone remodelling starts before birth and continues until death. This procedure is required in
order to maintain bone strength and mineral homeostasis by removing discrete pockets of
old bone and replacing them with newly formed bone*. Under physiological conditions the
amount of resorbed bone is equivalent to the newly formed bone**. However, with ageing
less bone is formed and loss of bone mass occurs®. In healthy people osteoclasts and
osteoblasts work in a tightly coupled group during bone remodelling. The remodelling cycle
can be divided into four phases: activation, bone resorption, reversal and bone formation*
(Figure 2). Bone resorption lasts about two to four weeks in every bone remodelling cycle.
The remodelling cycle is regulated from a variety of factors such as the ratio of RANKL/OPG,
cloning-stimulating factor (CSF), PTH, 1,25(0OH),D and calcitonin®*%4, During the activation
phase, mononuclear monocyte-macrophage and osteoclast precursors are recruited from the
circulation®. Bone lining cells move away from the bone surface exposing the bone matrix to
preosteoclasts®. Osteoclasts are formed to start the resorption process* (Figure 2). They
secrete hydrogen ions into the resorbing cavity*. The hydrogen ions acidify the environment,
mobilizing bone minerals and degrading type-l collagen**. The end products of bone
resorption, collagen fragments, phosphate and calcium are released in the circulation. Part of
the removed calcium and phosphate is re-incorporated in the matrix®. The remainder is
transported through the blood to kidneys for excretion®. Some of these end products that
are released in the circulation, such as, collagen fragments and matrix proteins. These are
used as bone turnover markers and can be measured in the blood or urine depending on the
marker tested®® (Table 1). The reversal phase is the intermediate stage between resorption
and formation where the newly formed bone cavity is being prepared for osteoblast
formation. Transforming growth factor beta (TGF-B) is released from the resorbed bone
matrix and inhibits osteoclast resorption through RANKL®7-%8, Bone formation is a much longer
process than bone resorption and it takes approximately four to six months*. Osteoblasts
produce new collagenous organic bone matrix on the resorbed cavity and regulate the
mineralization of the newly synthesised bone>! (Figure 2). At the end of the bone formation
phase half or more of the osteoblasts undergo apoptosis and the rest of the cells differentiate
into osteocytes and bone lining cells*. Perimenopausal and early postmenopausal women
have an increased bone remodelling rate. This decreases with further ageing but it is still

higher than premenopausal women and both pre- and post-andropausal men*® (Figure 3).
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The rate of bone modelling is increased under pathological conditions such as

hyperparathyroidism® and renal osteopathy which lead to bone loss’®.

Figure 2. Bone remodelling cycle*
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Figure 3. Bone mineral density during the life cycle
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2.4. Bone mineral density and bone biochemical markers

Bone mineral density (BMD) and bone mineral content (BMC) are the diagnostic criteria for
osteoporosis’!. BMD is measured with dual-energy X-ray absorptiometry (DXA). A DXA scan
compares measured bone density with a reference bone density value for young healthy
adults (30 years) of the same gender and ethnicity’2. The difference of the measured value
and the reference value is calculated as a standard deviation (SD) score’?. This is known as
the T-score’>. BMD may also be expressed as the Z-score. This is the difference of
measurement and reference values for healthy adults with the same characteristics (age,
gender and potentially ethnicity)’2. According to UK NHS guidelines, above -1 SD is normal,
below -2 is low bone density, between -1 and -2.5 is mildly reduced BMD and at or below -2.5
is defined as osteoporosis’?.

The biochemical measurement of bone turnover markers can support the differential

diagnosis of osteoporosis at they indicate the rate of bone formation and resorption. Bone
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markers can be classified as an indicators of bone resorption and bone formation (Table 1).
Increased rates of bone turnover markers are correlated with higher fracture risk in older
adults in western populations®. Assessment of bone turnover markers (Table 1) in
combination with other classical risk factors are suggested to improve the assessment of
fracture risk’3. However, the interpretation of these markers is complicated due to the
biological variability and they are influenced by different physiological and pathological
conditions. The International Federation of Clinical Chemistry and Laboratory Medicine
recommend the use of C-terminal telopeptide of type-I collagen (CTX) and procollagen type-I

N peptide (PINP) as reference analytes’ (Table 1).
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Table 1. Biochemical markers of bone turnover’>~7"7

. . . . Analytical
Markers of bone resorption Molecule type Tissue of origin soJrce Comments
. . All tissues containing NTX is generated by osteoclasts during bone resorption and released
N- terminal telopeptide of . . . . . .
Telopeptide type-1 collagen (bone, Urinet/serum in the circulation. Serum or urine NTX measurement reflects the rate
type-I collagen (NTX) . Lo .
skin, connective tissue) of bone resorption.
. . All tissues containing During ageing of the molecule, the C-terminal telopeptides al chain
C- terminal telopeptide of . . . o
Telopeptide type-1 collagen (bone, Urinet/serum undergoes B-isomerization. Serum B-CTX represents breakdown of
type-I collagen (CTX) ) Lo
skin, connective tissue) mature collagen.

PYD cross-links is a combination of three hydroxylysine side-chains
and DPD is a combination of two hydroxylysine side-chains and one

Deoxypyridinoline (DPD Protein Bone, connective tissue  Urine* ) . ; i~
YPy ( ) lysine chains. DPD is more bone specific than PYD. These two
molecules’ pyridinium ring connects the collage molecules and
stabilizing the structure of type-1 collagen. During bone resorption
Pyridinoline (PYD) Protein Bone, connective tissue  Urine* and collagen breakdown PYD and PDP are released into the
circulation.
Bone. dentin Serum/ Is one of the most abundant proteins in bone. It is involved in
. . . ’ ’ . plasma/ mineralization of new bone matrix and the calcification of extra-
Bone sialoprotein (BSP) Glycoprotein cementum and calcified . . . . . L .
cartilage synovial serum  skeletal tissues. It is a highly acidic protein with very strong affinity
& fluid to hydroxyapatite.
Glycosylated Osteoclasts, . o .
. . ycosy . . Is expressed in osteoclasts and it is involved in skeletal development,
Tartrate-resistant acid monomeric macrophages, dendritic . . . .
. Serum collagen synthesis and degradation and bone mineralisation. TRAP
phosphatase (TRAP) metalloprotein  cells and other cell .
can degrade skeletal osteoproteins.
enzyme types

Analytical
source

Comments

Markers of bone regulation Molecule type Tissue of origin

Negative regulators of bone formation. They inhibit osteoblast

Sclerostin (SOST) Glycoprotein Bone (osteocytes) Serum > ) ) )
activity via blocking Wnt pathway. DKK1 is recommended to be
Dickkopf-related protein 1 Protein Bone (osteocytes) lasma measured in plasma |nstgad of serum smcg it is present. in F)Ioo.d
(DKK1) (cytokine) % platelets. Both are new biomarkers and their exact function is still
unclear.
. . . . Analytical
Markers of bone formation Molecule type Tissue of origin source Comments
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Alkaline phosphatase (ALP)/

In most tissues (ALP)/

Serum alkaline phosphatase consists of liver and bone isoforms. In

ope . Glycosylated e people with normal liver function total alkaline phosphatase can be
Bone specific alkaline . Specific originated from  Serum/ plasma . .
hosphatase (BAP) protein bone tissue (BAP) used to assess bone metabolism. BAP is found on the surface of
phosp osteoblast cells and reflects their biosynthetic activity.
Non-
collagenous
. . Bone, tin, calcifi I thesized t teoblasts. F ts of OC |
Osteocalcin (OC) protein (with ong dentin, calcified Serum 's syn .ESIZE .by ma'ure osteoblas s. ragments of OC are released
cartilage in the circulation during bone resorption.
hormonal
functions)
Type-1 procollagen C-terminal _ Soft connective tissues Osteoblasts synthesize procollagen a precursor of type-1 collagen in
propeptide (PICP) Propeptide and bone Serum bone. Procollagen is cleaved and the C-terminal and N-terminal
peptides (PICP and PINP) are released in the circulation. The serum
Type-1 procollagen N- ) Soft connective tissues levels are mainly from skeletal sources due to its high rate of
Propeptide Serum turnover.

terminal propeptide (PINP)

and bone

tSecond morning void without dietary restrictions, *Random urine sample
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3. The kidney: Renal physiology and glomerular filtration

The kidneys are a pair of organs located in the posterior wall of the abdomen’®. The outer
region of the kidney is the cortex and the inner region is the medulla’®. Both consist of
nephrons, blood vessels, lymphatics and nerves. The medulla is divided in different renal
pyramids’®, These are placed between the corticomedullary border and the minor calyx’®. The
minor calyces collect urine which then through the major calyces is transferred to the ureter
and then the urinary bladder for excretion”’®.

Nephrons are the functional unit of kidneys. The nephron is a single cell layer tube and
consists of renal corpuscle, proximal tubule, loop of Henle, distal tubule and a collecting duct
system?’®, The renal corpuscle consists of glomerular capillaries and Bowman'’s capsule’®. Each
nephron segment has unique suited cells which perform specific transport functions (see
section 4.3).

The blood flow of the kidneys is approximately 25% of the cardiac output (in resting stage)’®.
The blood supply in the kidney has a key role in various functions’®. It determines the
glomerular filtration rate (GFR), modifies the rate of reabsorption in the proximal tubule,
influences the concentration of urine, delivers oxygen, nutrients and hormones to renal cells
and returns carbon dioxide and the reabsorbed fluid to the general circulation and delivers
substrate for excretion’®. The first step in the formation of urine is the production of an
ultrafiltrate from the plasma across the renal filtration barrier’® of the glomerulus. The
composition of the ultrafiltrate is determined by the pore size of the restricting the size of the
molecules filtered’®. In healthy individuals the plasma ultrafiltrate does not contain cellular
elements e.g. blood cells, platelets and the protein concentration is very low’®. This contrasts
with the organic molecules (e.g. glucose and amino acids) and salts which have similar
concentrations as in the plasma’®.

The second step of urine formation is the reabsorption of water and other molecules from
the ultrafiltrate’®. That occurs across the different segments of the nephron through diverse
transepithelial mechanisms specific for each segment (see section 4.3 and 5.1). The
reabsorption procedure regulates and limits urinary losses of key molecules as necessary for
homeostasis e.g. calcium, phosphate and magnesium’®. The last step of the urine formation
is the secretion of selected molecules into the tubular fluid’®. The tubules regulate the
volume, the composition, the osmolality and the pH of the intracellular and extracellular
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fluid’®. Under pathological conditions these processes may be altered, resulting in various
changes in the urine composition and molecules retained and accumulating in the human

body as a result or causing disease (see section 7).

4. Calcium and Phosphate metabolism

The tight regulation of the plasma and intracellular calcium and phosphate concentration is
very important since they have major physiological functions. Homeostasis of these two
minerals is mainly regulated by 1,25(0OH),D, PTH and FGF23 through their actions on the

specific target organ systems: the intestine, bone and kidney.

4.1. Intestine

The intestine has an important role in calcium homeostasis. It is the organ where dietary
calcium is absorbed. Vitamin D (1,25(0H);D) regulates calcium absorption in the intestine in
order to maintain the calcium homeostasis’® (Figure 4). There are two pathways, active and
passive®. The passive, paracellular pathway of calcium absorption becomes dominant when
calcium intake is high and it is regulated by transepithelial electrochemical gradients®!. The
active pathway of calcium absorption is upregulated by 1,25(OH),D in cases of high tissue
requirements or low dietary intake of calcium. In more detail, 1,25(0OH).D stimulates the
absorption of calcium ions by the epithelial cells through the upregulation of transient
receptor potential vanilloid type 6 (TRPV6) calcium channel and calbindin (calbindin-Dq), an
intracellular binding protein’>. Calcium ions are translocated through the TPRV6 channel in
the enterocyte and binds to calbindin-Dskin order to be transferred to the basolateral space?®?.
Via Na*/Ca?* exchanger and the intestinal plasma membrane Ca?* ATPase 1b (PMCA1b),
calcium ions are transferred into the circulation®. Most calcium is be absorbed in the
duodenum and jejunum but also small amounts of calcium can be absorbed in the ileum and
colon”®. Active calcium absorption in the intestine decreases with age’°. That is a result of age
related decline in oestrogen and decreased intestinal sensitivity to 1,25(0H),D%.

Intestinal absorption of phosphate takes place mainly in the duodenum and jejunum through

paracellular pathways®*. Active absorption take place through the type-2 sodium-phosphate
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co-transporter (NaPi-2b) which is expressed in the intestine and is regulated by 1,25(0OH),D
and dietary phosphate intake®*. From the enterocyte, phosphate molecules pass into the
circulation through an unknown basolateral transporter®. Active phosphate absorption,
regulated by 1,25(0OH)D accounts for up to 30%%?> and the remaining 70% of phosphate is
absorbed through passive paracellular absorption®. Therefore phosphate absorption is highly
dependent on phosphate intake®?. Maintaining phosphate balance occurs predominantly in
the kidney through the regulation of renal phosphate reabsorption and excretion82. Any

damage or renal impairment can therefor affect phosphate homeostasis®2.

4.2. Bone

In response to a low circulating calcium and phosphate concentration, PTH and 1,25(0H),D
increase®® (Figure 4). PTH stimulates bone resorption for calcium and phosphate to be
released in the circulation®®. However, PTH does not act directly on osteoclasts because they
have no PTH receptors®®. PTH signaling occurs through osteoblasts through the activation of
expression of RANKL and Macrophage colony-stimulating factor!®. This in return activates
osteoclasts differentiation and through this, stimulate osteoclastic mediated bone resorption

(see section 2.2). Also 1,25(0OH).D increases the expression of RANKL gene®’.

4.3. Kidney

Renal reabsorption of calcium occurs through a passive (paracellular) route or an active
(transcellular) route®. Approximately 80% of calcium is reabsorbed through the passive
route®*. Passive reabsorption of calcium takes place in the proximal tubule of the nephron
together with sodium and water. Active renal calcium reabsorption mainly occurs in the distal
tubule. PTH stimulates both active and passive routes. It activates the apical Na*-K*-2Cl
cotransporter which stimulates paracellular calcium reabsorption®. Transcellular calcium
reabsorption involves activation of transient receptor potential cation channel subfamily V
member 5 (TPRV5) which allows calcium ions to enter the cell, bind to calbindin-D2sk and be
transported to the basolateral side through a sodium-calcium exchanger (NCX1) and PMCA1b

transporter®”88 (see section 4.1.2).
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The kidneys regulate phosphate homeostasis through its reabsorption and excretion.
Approximately 85% of phosphate reabsorption occurs in the proximal tubule®. Phosphate is
transferred from the luminal filtrate into the cell though an energy dependent process which
requires sodium®. There are three phosphate cotransporters: Npt2a, Npt2c and PiT-2 all on
the apical brush border membrane of the proximal tubule®®. The amount of reabsorbed
phosphate depends on the number of phosphate cotransporters on the cell membranes®. An
increase in the dietary intake of phosphate leads to internalization and degradation of Npt2a,
Npt2c and PiT-2 from the proximal renal tubule in order to decrease renal reabsorption. In
contrast, dietary restriction of phosphate leads to an increase in expression and in the
abundance of Npt2a, Npt2c and PiT-2%*. PTH and FGF23 act on the kidney and increase
phosphate excretion by decreasing the number of phosphate cotransporters on the brush

border membrane of proximal tubule cells®*°? (see section 4.1.1) (Figure 4).

36| Page



Figure 4. Parathyroid hormone regulation signalling
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Hypercalcemia reduces PTH secretion and promotes PTH fragment release in contrast with hypocalcemia which
stimulates intact PTH secretion. High Pi stimulates PTH secretion and. 1,25(0OH)2D inhibits the production of PTH
either directly by affecting the transcription of the PTH gene or indirectly by increasing the intestinal calcium
absorption which then activates the calcium sensing receptor (CaSR). FGF23 is stimulated by high serum Pi or
1,25(0H).D. FGF23 decreases PTH secretion and renal 1,25(0H)D synthesis and increase urinal excretion of Pi%.

5. Parathyroid hormone synthesis and functions

PTH is a single chain hormone (84 amino acids) mainly produced by the chief cells in the
parathyroid gland®3. Pre-pro-PTH (115 amino acids) breaks down to pro-PTH (90 amino acids)
in the endoplasmic reticulum and finally it converted into (1-84)PTH by the Golgi complex®*
(1-84)PTH is stored in a secretory granules until it is released in the blood stream?®:.
Catabolism of PTH occurs in liver and fragments are cleared from the circulation through the
kidneys®*. Therefore any renal impairment might lead to accumulation of PTH fragments®*. In
the circulation, PTH is present in its intact form (the full length 1-84 PTH) and different
fragments of PTH®3. PTH fragments include carboxyl terminal PTH (C-PTH), amino terminal
PTH and mid length PTH®*%, C-PTH includes (7-84)PTH, (10-84)PTH and (15-84)°%%’. PTH
metabolism and secretion from the parathyroid gland is mainly regulated by extracellular
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concentration of calcium®, through its binding and activation of calcium-sensing receptor
(CaSR) on the parathyroid cells®3. Other factors that regulate PTH secretion include plasma
phosphate, 1,25(0H),D, FGF23 in a system of negative and positive feedback loops®* (Figure
4). Accordingly, plasma PTH increases in response to impaired 1,25(0OH),D production (e.g.
with CKD or severe vitamin D deficiency) and low calcium absorption. Also increased
resistance of the kidneys and bone to PTH, due to a downregulation of its receptor®® leads to
an increase in PTH. An increase in plasma phosphate and FGF23 further stimulate PTH
secretion.

As set out above, PTH regulates the activation of vitamin D in the kidney and renal calcium
and phosphate reabsorption and excretion.

Intact PTH (iPTH) regulates bone remodelling through a direct pathway acting on osteoblasts
and osteocytes or indirectly through osteoclasts® (see section 2.3). The effect of PTH can be
anabolic (intermitted exposure) or catabolic (sustained high PTH concentrations)®3. The
anabolic effect of PTH acts via downregulation of sclerostin expression in osteocytes thus
Whnt-signalling pathway can proceed?®? (see section 6.3.2).

The actions of PTH are predominantly through the PTH-receptor 1 (PTHR1). PTH binds to the
PTH-receptor which activates the protein kinase A (PKA) and C (PKC), resulting in
phosphorylation of Na+/H+ exchange regulatory factor (NHERF-1) and this results in
phosphate excretion®’ (Figure 5).

Intact 1-84 PTH is the most biological active form, but (1-34)PTH has also been suggested to
stimulate the synthesis of 1,25(0OH).D. It is suggested that (7-84)PTH is an antagonist of the
biological activation of (1-84)PTH in bones and kidneys®®1®. (7-84)PTH binds the C-PTH
receptor (C-PTHR) which is mainly expressed in osteoblasts and osteocytes but it can also bind
PTHR1, and through this, antagonize the effect of PTH on the PTHR1%. The (7-84)PTH
fragment has also been reported to antagonize the synthesis of 1,25(0H),D%. With CKD, the
skeleton becomes resistant to the action of PTH. This is thought to be partly mediated through

the increased concentrations c-terminal fragments and reduction of receptor expression.
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6. FGF23 and Klotho signaling

FGF23is a phosphaturic hormone. Its main function is to reduce phosphate reabsorption from
the glomerular filtrate through downregulating the available sodium phosphate
cotransporters323. FGF23 can also downregulate the expression of 1a(OH)ase in the kidney
suppressing the production of active vitamin D and increasing the catabolism of 1,25(0OH),D.
This indirectly suppresses plasma phosphate through decreasing 1,25(0OH),D mediated active
intestinal absorption32. Osteoblasts and osteocytes are the main sources of FGF23 as
mentioned above32. High extracellular phosphate and 1,25(0OH),D stimulate the production
of FGF23 resulting in a feedback loop between bone and kidney°-1%2, FGF23 receptor binding
requires a formation of a complex consisting of FGF receptors (FGFRs) and the
transmembrane protein aKlotho (Klotho)'93194 There are four types of FGFRs (FGFR1, 2, 3
and 4). It has been suggested that Klotho can bind to FGFR1, 3 and 4 but not FGFR2%4, There
is only one known Klotho gene expressed in mammalians, aKlotho, but there are 2 isoforms
of the Klotho protein (the full length protein 130-kDa and an alternative smaller protein 62
kDa)%. Klotho is mainly expressed in proximal and distal renal tubules, the choroid plexus

and the parathyroid glands6:197,

6.1. FGF23 and Klotho signalling in the kidney

6.1.1. Renal proximal tubule

Kidney is one of the major target organs for FGF23 and Klotho. As mentioned above, FGF23
increases excretion of phosphate in urine by decreasing its reabsorption through suppression
of the apical membrane abundancy of Npt2a and Npt2c321%8 (Figure 5). In more detail, FGF23
downregulates the expression of phosphate cotransporters (NaPi-2a) in renal proximal
tubule membrane by phosphorylation of the NHERF-1%%, This occurs through a Klotho
dependent mechanism that involves extracellular signal regulated kinase-1 (ERK1/2) and
serum glucocorticoid regulated kinase-1 (SGK1)!%7 (Figure 5). Phosphorylation of Na+/H+
exchange regulatory factor-1 (NHERF-1) results in degradation and internalization of NaPi-
2399110 Mice with a deletion of the FGFR1 gene (but not FGFR3 and FGFR4) in the proximal

renal tubule are resistant to the phosphaturic actions of FGF23 which suggest that FGFR1 is
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essential for the FGF23 signalling in proximal renal tubule!!!

, although very little is known
about the role of different FGFRs in the proximal renal tubule.. In vivo studies suggest that
FGF23 predominantly acts in the distal renal tubule!!?,

PTH and FGF23 have similar physiological effects on phosphate reabsorption and there is
interaction between these two hormones in the regulation of renal phosphate
handling.%7110 |t has been suggested that PTH has a permissive role in FGF23 mediated renal
phosphate!!2, Similar to FGF23, PTH is also involved in the phosphorylation of NHERF-1%.
FGF23 and PTH have important roles in the regulation of the 1,25(0OH),D production in the
kidney. 1a(OH)ase is mainly expressed in the proximal tubule and is tightly regulated by PTH,
FGF23 and 1,25(0H),D!*3. The activity of this enzyme is suppressed by FGF23 and 1,25(0OH).D
but stimulated by PTH4. A study showed that functional loss of FGF23 and Klotho cause
tumoral calcinosis a result of high 1,25(0H).D, hyperphosphatemia, hypercalcemia,
calcification of blood vessels and soft tissues!'>'1¢. Studies on phenotypes of knock out Klotho
(-/-) and FGF23 (-/-) suggest that FGF23 regulates 1a(OH)ase expression through a Klotho and
ERK1/2 dependent mechanism!?’ (Figure 5). These knock out mice are characterised by an
elevated serum level of FGF23 which is correlated with high ERK1/2 signalling. Activation of
the ERK1/2 by FGF23'!8 can subsequently suppress 1a(OH)ase transcription!® (Figure 5).
Blockage of ERK1/2 pathway improved hypophosphatemia, bone mineralization defects and

lower 1,25(0OH)2D concentration®®®.

6.1.2. Renal distal tubule

Klotho is expressed in the distal renal tubule (Figure 5), where calcium reabsorption occurs!?0.
Calcium reabsorption requires the action of both Klotho and FGF23%°, FGF23, through the
FGFR/Klotho receptor complex activates ERK1/2, SCK1 and the kinase with-no-lysine kinase 4
(WNK4)%7. WKN kinases are main regulators of intracellular protein transportation which act
in a complex of WKN1, 3 and 421122 |n vijvo studies suggest that plasma FGF23 is positively
associated with active calcium reabsorption in the renal distal tubule®’, where calcium is
reabsorbed through the TPRVS5 channel (Figure 5)%’. FGF23 and Klotho regulate the
abundance of the TPRV5 on the apical membrane®’. This pathway is independent of
1,25(0OH)2D concentration?’. Studies in mice showed that injections with FGF23 upregulates

TPRV5 membrane expression and reduce urinary excretion of calcium®’. Another study
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confirmed this, by showing renal calcium wasting in knockout mice with fgfr1 deletion in distal

tubule!l?,

Figure 5. Renal FGF23-Klotho signalling®’
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Proximal renal tubules: FGF23 binds to FGFRs and aKlotho (Klotho) receptor complex and activates a signalling
pathway involving ERK1/2 and SGK1. Activated SGK1 in turn phosphorylates NHERF-1, resulting in internalization
and degradation of NaPi-2a. FGF23 signalling may also involve Janus kinase-3 (JAK3) but this is still unclear. PTH
binds to the PTH receptor (PTHR), which activates PKA and PKC, and subsequent phosphorylation of NHERF-1.
Phosphorylation of NHERF-1 reduces the membrane abundance of NaPi-2a and leads to increased urinary
phosphate excretion. The FGF23 signalling activates downstream of ERK1/2 which in return suppresses the
transcription of la-hydroxylase in proximal renal tubule cells, regulating plasma 1,25(0H).D. Distal renal
tubules: circulating FGF23 binds to the FGFRs-Klotho receptor complex, activates ERK1/2, SGK1, and then
WNK1/4 complex. Therefore, stimulates the luminal membrane abundance of glycosylated TRPV5 and of Na+-
Cl- cotransporter (NCC), resulting to increased distal tubular Ca* and Na* reabsorption®’.

6.2. The interaction of parathyroid hormone and the FGF23-Klotho axis

Sustained elevated PTH levels stimulate the secretion of FGF23 in bone!Z3. FGF23 inhibits the

secretion of PTH, forming a negative feedback loop between the bone and the parathyroid
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gland!?3, The regulatory mechanism by which regulates PTH secretion by FGF23 is not yet fully
clarified*?*. Klotho and FGFRs are expressed in parathyroid gland'?>1%¢, The expression of
FGFRs and Klotho on the parathyroid gland suggest a direct effect of FGF-Klotho signaling!?®.
However, an in vivo study using a PTH specific Klotho (-/-) mice model showed that Klotho
deficiency was not associated with functional changes in the parathyroid gland*?’. In contrast,
other in vivo and in vitro experiments showed that the regulation of PTH secretion by FGF23
is Klotho dependent and involves calcineurin'?’. Also, a study with chronic kidney disease
patients (CKD) showed a resistance of parathyroid gland to FGF23 action as a result of
downregulation of Klotho and FGFR*?,

As described in section 6.1, both PTH and FGF23 regulate renal P handling, renal 1,25(0H).D
and through this intestinal calcium and phosphate absorption. Through this, PTH and FGF23

have indirect mutual effects on their expression and secretion.

6.3. Bone

Fgf23 mRNA expressed at its highest levels in bone compared to other tissues!?. It is thought
that osteocytes and osteoblasts are the main source of circulating FGF2332125, However,
Klotho expression in bone is very low compared to it expression in the kidney!?>139, Despite
that, Klotho plays an important role in bone metabolism. Klotho and FGF23 influence bone
mineralization and their deficiency impairs this3?12>12°. This was confirmed in various
studies3?125, Klotho deficient mice are characterized by osteomalacia, elevated plasma
1,25(0H),D, phosphate and osteopontin. Although this might be a result of lack of renal
Klotho which leads to an increase of plasma phosphate and decrease of plasma calcium due
to the reduced sensitivity to FGF23, decreasing renal clearance of phosphate and retention
of calcium. A study in Fgf23 -/- mice showed that also lack of FGF23 is associated with
impaired mineralization *?°. In the absence of FGF23, tissue nonspecific alkaline phosphatase
(Tnap) and osteopontin expression are increased*?®. This appears to be independent of
Klotho'?°. The increase in Tnap together with a high plasma phosphate lead to an increase in

osteopontin which inhibits bone mineralization!?°.
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7. Age-related changes

Ageing is a progressive natural process caused by oxidative stress and cellular damage!3! in
combination with a decline in cellular and organ function and structural changes in several

organ systems?3?,

7.1. Bone metabolism during ageing

Ageing is associated with various physiological changes, including an increase in bone
catabolism and reduced tissue sensitivity to regulating hormones (PTH, 1,25(OH).D and
FGF23)%. Also the prevalence of vitamin D insufficiency and deficiency increases with
age'32133 | ow vitamin D status, combined with age-related changes, results in changes in the
renal-bone axis and altered bone metabolism and bone loss (see section 8.1). More
specifically Wnt-signalling is affected during ageing. Plasma concentrations of SOST and
FGF23 increase with age, while the FGF23 receptor co-factor aKlotho, declines!3* (see section
8.3.2). There is also some evidence that there is an increase in circulating fragments of PTH
and FGF2313>13¢ (see section 8.3.1). These changes may lead to a reduction in Wnt-signalling
and eventually to loss of bone mass and integrity®3. The latter may particularly be detectable

in trabecular bone, the partition that is the most metabolically active.

7.2. Hormonal changes during ageing

With ageing, the secretion and sensitivity to many hormones decrease!®’. Also circadian
rhythms change!®’. This affects various endocrine systems regulating adrenal function
(leading to adrenopause) and reproductive system (leading to menopause and
andropause)®’. The reproductive function declines in both males and females. However,
females have more rapid changes in their reproductive capacity than men®’, Ovulation
frequency decreases by the age of 40% and 90% of the circulating oestrogen is lost by the
time of complete ovarian failure'®’. Follicle-stimulating hormone (FSH) and Luteinizing
hormone (LH) are increased with age progression, causing a decrease of estrogen
concentrations!38, Andropause is mainly caused by the decrease of free testosterone due to
139-

the decrease of its production and increase of sex- hormone-binding globulin with ageing

141 During andropause FSH and LH are also increased®3.
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Both in men and women loss of sex hormones contributes to changes in body-mass and
musculoskeletal system®3’. Menopause is characterised by a phase of rapid bone loss*?
(Figure 3). 5-15% of age related bone loss appears during the perimenopausal period of which
80% is trabecular bone®. With age progression a moderate rise of serum calcium occurs

without changes in PTH levels®3. That indicates a decrease in PTH sensitivity in older age®3.

7.3. The ageing kidney

Kidney is also affected by age progression. These changes can be either functional or
structural or both'3%, Decline in renal function is predominantly a result of a reduction of the
number of functional nephrons. Changes also occur in the capillary wall of glomeruli. This
results in a decline in GFR, changes in tubular reabsorption of components in the glomerular
filtrate, urinary concentration and production of the kidney derived hormones!31:143-145 The
volume of kidneys and GFR are strongly correlated with age'#®; the volume is estimated to
decline by 1% per year after the age of 50 and eGFR declines by approximately 1 mL/min/m?
from the age of 30142143,

Structural changes can be identified by renal biopsy or imaging procedures such as
computerized tomography (CT) scans!3'. Macro-anatomical changes include nephrosclerosis
and nephron hypertrophy!3!. Ageing is mostly associated with nephrosclerosis rather than
nephron hypertrophy'#’. Nephrosclerosis is caused by arteriosclerosis of small arteries in the
kidney and results in glomerulosclerosis, interstitial fibrosis and tubular atrophy®3!. On the
other hand, micro-anatomical changes mainly affect kidney volume and the development of
kidney cysts and tumors?3?,

Age progression it is related to low blood supply because of age-related cortical atrophy which
leads to progressive loss of nephrons'4®14°. The most important functional age-related
changes are a decline of GFR and renal plasma flow (RPF)®31, It is suggested that this begins
at the age of 301, Filtration fraction (FF) is the ration of GFR to RPF (FF=GFR/RPF) which
represents the proportion of fluid that reaches the kidney and passes into renal tubules4°.

With age progression this proportion increases due to the rapid change of the RPF*°,
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7.3.1. FGF23-Klotho signalling in the ageing kidney

With age progression, Klotho decreases and FGF23 increases®! This is associated with an
increased risk of chronic kidney disease (CKD), atherosclerosis'®>2 and mortality>3. Klotho
can suppress FGF and regulate of Wnt-signalling!>*1>> (Figure 6). With a decrease in Klotho
expression, Whnt-signalling increases resulting in increased fibrosis and vascular
calcification®®. Peroxisome proliferator-activated receptor-y (PPARy) also decreases during
ageing and is suggested to influence FGF23/Klotho signalling®®l. PPARy protects against
oxidative stress, the main cause of ageing®’. It is suggested that PPARy agonists increase

Klotho expressiont>8159,

Figure 6. Functional and structural alterations in ageing kidney!31.151
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Functional and structural alterations occur in the kidneys during ageing affecting gene expressions, homeostasis
and kidney function. In response to that is development of pathologic conditions.

From the very early stages of renal impairment, plasma FGF23 increases before an increase
in plasma phosphate is detectable!®. With the progression of CKD, FGF23 continues to
increase %, In parallel, the expression of Sclerostin (SOST) and RANKL, both inhibitors of the
Wnt/B-catenin signalling pathway increase, stimulating osteoclast activity®’. This leads to a
decrease of bone integrity, increased fracture risk together with calcification of soft

tissues®?, the hallmarks of CKD-Mineral Bone Disease (MBD).
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8. Chronic kidney disease and hormonal changes

Alterations in plasma concentration of FGF23 play a central role in the changes observed with
CKD. Multiple pathways are involved and described in detailed in sections 7.3 and 8.2
Approximately 50% of adults over 70 years old are diagnosed with CKD63164 CKD is more
prevalent in older men than in women!®>. The most common causes are diabetes,
inflammation of the glomerulus and nephron (glomerulonephritis), inherited kidney structure
abnormalities (e.g. polycystic kidney disease), obstruction of urine flow, hypertension and
blockage of kidney blood supply®>. CKD can be diagnosed with routine tests before clinical
symptoms are apparent!®. The most important features of kidney impairment are: a reduced
estimated Glomerular Filtration Rate (eGFR), based on plasma creatinine and/or cystatin,
excess protein and/or blood in urine and abnormal appearance of the kidney!®. The disease
has five stages depending on its progression and symptoms (Table 2). According to the Kidney
Disease Improving Global Outcome (KDIGO) (2012) guidelines, CKD is defined as a eGFR less
than 60 ml/min/1.73m? for 3 months or more!®® and additionally considers albuminuria.

For further detail on markers of renal function, see section 8.5.

Table 2. Stages of chronic kidney disease defined by NHS guidelines?®>

Kidney function

Stage (eGFR)

Characteristics Medical approach

Stage G1 Normal kidney function but kidney

Umi

Al-3 >90ml/min damage may be found

Stage G2 . Normal to mildly reducgt.:l kidney

AL-3 60-89ml/min function and/or an addition damage Look for complications.

was found in the Kidney Provide treatment.

Make lifestyle changes

Stage . Mild to moderate reduction of kidney  (€-8. nutrition)

G3A Al1-3 45-59ml/min function

Stage . Moderate to severe reduction of

G3B Al1-3 30-44m|/min kidney function

Stage G4 15-29ml/min Severe reduced of kidney function Dialysis or kidney

Al1-3 transplant

Stage G5 <15ml/min Kidney failure Dialysis or kidney

transplant
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The stages are defined from 1 to 5 depending to eGFR range and the second parameter (A) is the amount of
protein (albumin) lost in urine.

A1l: Hardly any protein in the urine (<30 mg/g).

A2: Small amount of protein in the urine (30-299 mg/g).

A3: Significant amount of protein in the urine (2300 mg/g)

8.1. Vitamin D metabolism in chronic kidney disease

The prevalence of vitamin D deficiency/insufficiency is higher in CKD patients than in the
general population!®”. 70-80% of CKD patients are vitamin D insufficient (<25-50 nmol/I),
according to the US IOM in Full here plus abbreviation guidelines'®’. Many factors contribute
to the high prevalence of vitamin D deficiency in CKD patients. CKD patients, especially on
hemodialysis (HD) have restricted sun light exposure!®’. In addition, HD patients are
characterized by skin hyperpigmentation which reduces the cutaneous synthesis of vitamin
D'®7. Nutritional factors also contribute to insufficient status of vitamin D in CKD patients.
Some of the disease symptoms affect overall food intake of patients, such as reduced
appetite and capacity of physical activity caused and uremia'®®. In vivo studies showed low
jejunal absorption of vitamin D in uremic rats!®®, CKD patients usually have to follow a lot of
dietary restrictions, dependent on the stage of the disease. These include a
reduction/limitation of protein and phosphate intake'®. Foods that typically contain vitamin
D, are also high in protein and phosphate and therefore, these specific dietary restrictions
affect vitamin D intake.

As mentioned in the beginning, vitamin D is converted to its active form in the kidney. With
renal impairment, the functional kidney mass decreases and with that the ability of converting
25(0OH)D to 1,25(0H),D decreases'®’. Also proteinuria contributes to vitamin D deficiency!’°.
DBP and 25(0OH)D are filtered and reabsorbed in glomerulus through a megalin/cubilin
mediated internalization process'’?. With CKD, megalin and cubilin expression'’! is reduced.
As a result, patients with proteinuria excrete DBP and vitamin D metabolites bound to this
excreted DBP in urine!’l. in addition, the reduction in megalin/cubili reduces the
internalization of 25(OH)D into tubular cells, required for the hydroxylation into
1,25(0H).D*"2 This, together with the reduced expression of CYP27B1, impairs the capacity to
generate 1,25(0H);D. Further, when 25(OH)D falls below 15nmolL/L, this results in a reduction

of 25(0OH)D levels in the glomerular ultrafiltrate!> reducing the substrate for hydroxylation.
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The importance of megalin was shown in a study with megalin-null mice. These mice have a
phenotype of severe vitamin D deficiency despite their normal renal function®®. This is due to
the loss of DBP and vitamin D metabolites in urine. There is also a strong correlation between
vitamin D deficiency and albuminuria since megalin also regulates renal albumin (a second
binder of 25(0H)D) reabsorption and through that, 25(0OH)D reabsorption!’3. Renal megalin
is stimulated by 1,25(0H).D?*’ therefore, the decreased 1,25(0OH).D production capacity with
CKD may lead to a further megalin mediated functions®’3.

Specific deletion of renal megalin expression also reduces the phosphaturic response to
PTH74. Megalin regulates sodium-phosphate internalization through NaPi2a cotransporter
which is required for the inhibition of renal phosphate reabsorption by PTH’>. In CKD
patients, the decline in megalin and VDR expression might be therefore partially responsible

for not only albuminuria but also phosphate retention despite elevated serum PTH74,

8.1.1. Medication use and its relationship with vitamin D deficiency

Many drugs used by older people to manage symptoms of CKD and cardiovascular disease
(CVD) influence vitamin D metabolism and synthesis'’®1’7 but mechanisms are still largely
unclear'’®, The most commonly used therapies for CKD patients involve angiotensin inhibitors
(ACE), aldosterone receptor antagonists (ARAs) and receptor blockers'’®. They inhibit the
Renin-Angiotensin-Aldosterone System (RAAS)'°. Statins are also often used 2%. However,
data on their correlation with vitamin D status are conflicting. Yuste et al. found significant
lower 25(0OH)D concentrations in patients treated with statins compared to patients treated
with ACE inhibitors or ARAs'’8, In the same study, higher 25(OH)D concentrations were found
in patients treated with xanthine oxidase inhibitors'’®. On the other hand, another study
showed no significant association between low vitamin D status and treatment with statins,
ACE inhibitors and/or ARAs'70. Differences in the study population or statistical analyses might
explain the outcome variations of the different studies. Also, the influence of proteinuria was
considered whereas Yuste,’8did not.

Vitamin D analogs (paricalcitriol, calcitriol) are commonly used on CKD patients (see section
8.1) to treat secondary hyperparathyroidism (SHPT) and CKD-MBD. Vitamin D analogs have

been shown to significantly reduce proteinuria',
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8.2. Chronic kidney disease hormonal phenotype and mortality risk factors

In CKD patients, PTH and FGF23 levels are chronically elevated because of decreased renal
1,25(0H)2D production and phosphate retention®®!. Plasma FGF23 concentration is positively
correlated with CKD progression, heart failure, vascular calcification, left ventricular
hypertrophy and mortality in CKD patients!®2. In addition, calcium retention caused by
increased concentrations of FGF23 and PTH is highly associated with vascular calcification!8!
(Figure 7). Aldosterone is usually elevated in CKD patients due to activation of RAAS®®3, High
circulating aldosterone may enhance the effect of FGF23 on sodium retention in CKD patients
due to their synergetic effect in sodium metabolism (see section 4.1.2)*?3 . Sodium and volume
retention further contributes to the risk of vascular calcification'8! (Figure 7).

The plasma concentration of FGF23 increases in early stages of CKD, before an increase in
plasma phosphate is detectable'®*. FGF23 is a phosphaturic hormone which is predominantly
produced by osteocytes and acts in the kidneys to increase phosphate excretion!8. It requires
the co-factor aKlotho, the expression of which decreases with ageing and renal impairment,
thereby decreasing FGF23 receptor activation. As described in section 7.3, FGF23 also has
other functions. FGF23 stimulates the catabolism of both 25(0OH)D and 1,25(0H).D. FGF23
also downregulates the expression of 1a(OH)ase, suppressing the production of renal
1,25(0H)2D. Further, FGF23 can stimulate PTH secretion!®, although the mechanism of this
FGF23-PTH interaction is not well understood. An increased plasma FGF23 concentration is
associated with soft tissue calcification, increased risks of CVD and the promotion of CKD-

MBD*84,

Figure 7. Chronic kidney disease as a risk factor of Coronary artery calcification
development?33

" FGF23,
OPG, fca and
CKD Sclerostin Pi artery CAC
BKiotho deposition

Increased FGF23, sclerostin and OPG in serum are risk factors for vascular calcification progression in CKD
patients. Klotho is an inhibitor of coronary artery calcification (CAC) and its deficiency reduces this protective
function.
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8.3. Chronic kidney disease and bone health

Renal impairment leads to abnormalities in hormones and the regulation of bone and mineral
metabolism!®? causing CKD-MBD (Figure 8). As described in earlier sections, renal impairment
causes a decline in 1,25(0OH),D production by the kidney, phosphate and calcium retention,
increased PTH, FGF23 and alkaline phosphatase!®*8> |n CKD, the kidney and bone become
resistant to actions of PTH due to the downregulation of the expression of PTHR1 and
downstream signals®®. CKD-MBD leads to a decrease of bone integrity, increased fracture risk

and decreasing bone health and calcification of soft tissues'®? (Figure 8).

Figure 8. Development conditions of Chronic Kidney Disease-Mineral Bone Disorder33

 § PTH, serum
CKD Pi, ALP, FGF23 CKD‘
§ vitamin D, MBD
serum Ca?*

Renal impairment in CKD patients results in hyperphosphatemia, high alkaline phosphatase (ALP), low vitamin
D and hypocalcemia. PTH and FGF23 are used for the diagnosis of CKD-MBD.

8.3.1. Parathyroid hormone in renal impairment

The elevation in PTH is one of the main causes of CKD-MBD (for actions of PTH, see section 5).
This might be the result of the accumulation of PTH fragments, in particular (7-84)PTH8, An
in vivo study suggested that (7-84)PTH decreases the effect of (1-84)PTH on plasma
calcium?®®, It has also been suggested that (7-84)PTH could inhibit the expression of PTHR1
in the skeleton or could inhibit the osteoclastic activity88.

PTHRs are expressed in cardiovascular system and may explain why CVD is a common
complication in CKD (see section 5.2)'%. The different PTH fragments have diverse actions in
cardiovascular system. Myocardial fibrosis is very common and observed mainly during the
final stages of CKD and has been suggested to be a result of elevated PTH levels and calcium

retention'®. A study in a CKD rat model showed that intermittent (1-34)PTH dose decreased
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vascular calcification in comparison with a (7-84)PTH dose, which only showed to have a
minor effect'®. Taken together, the above findings indicate that PTH fragments have various

functions in the skeleton, kidney and cardiovascular health.

8.3.2. Sclerostin (SOST) as a negative regulator of bone health

CKD-BMD is associated with changes in osteocyte morphology and function®®!. Osteocytes
have a dendritic morphology (see section 2.2) which allows them to regulate the
communication between osteoblasts, osteoclasts and other osteocytes. Through this, they
regulate bone remodeling and mineral metabolism®2. The wnt/B-catenin pathways plays a
key role and is regulated by FGF23, Sclerostin and Dickkopf-1 (DKK1)!°? (see section 2.2). The
effect of wnt/B-catenin signaling is mainly anabolic'®® as it increases osteoblast differentiation
and osteocyte function2, Wnt/B-catenin signalling also inhibits osteoclasts differentiation
through upregulation of OPG (see section 2.2).

Sclerostin is expressed by the SOST gene'®?. Sclerostin is mainly expressed in osteocytes®4, in
contrast to DKK1 which is more widely expressed in the human body*®>. Sclerostin acts as an
inhibitor of Wnt/B-catenin pathway causing bone loss®2. Sclerostin production is regulated
by a variety of factors such as TGF-B and PTH'%? (Figure 9). TGF-B (see section 2.3) is suggested
to suppresses osteoblast maturation through stimulation of sclerostin®3. In contrast, PTH
down-regulates sclerostin®2,

Signal transduction of Wnt occurs upon binding to the low density lipoprotein receptor
(LRP)%>, Cytoplasmic B-catenin acts a second messenger, which enters the nucleus and
activates the transcription of Wnt target genes'®?. The regulation of this pathway can be
inhibited by molecules that bind to Wnt itself or to the low-density lipoprotein receptor-
related protein (LRP) coreceptors e.g. Sclerostin or DKK1%°2, PTH, upon binding to PTHR1
stimulates phosphorylation of LRP6, which promotes B-catenin expression in a Wnt
independent way'%®. Thus, sclerostin, expression is controlled by B-catenin targeted
transcription'®?. Further, it has been suggested that sclerostin negatively regulates bone
mineralization through the regulation of the expression of FGF23'°7. High phosphate
concentrations, intermittent secretion of PTH and TGFB are inhibitors of sclerostin. However,
FGF23, tumor necrosis factor-a (TNFa), calcitriol and calcitonin can stimulate the expression
of sclerostin?®2,
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A genetic model of progressive CKD suggests that the anabolic Wnt/B-catenin pathway is
suppressed due to an increase in sclerostin which occurs already in the early stages of CKD®8,
My study showed that even mild renal impairment was associated with an increase of the
sclerostin plasma concentration'®®. Since sclerostin depends on clearance through the kidney,
lower filtration rate and clearance may also be responsible for the high levels of sclerostin in
serum with renal impairment!®, An alternative explanation for the high serum sclerostin
concentrations may also be the presence of inactive sclerostin fragments that are measured
in the assays used!®2, This has to date not been examined or confirmed.

In cross-sectional studies, a positive association between plasma sclerostin and rate of bone
mass loss is found. Higher plasma concentrations are also associated with an increased risk of

CVD and increase in mortality?,

Figure 9. Interactions and factors regulating Sclerostin expression'®
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8.4. Inflammation and iron status and kidney impairment

The risk of iron deficiency and increased plasma concentrations of markers of inflammation

increase both with ageing and with CKD?°%2%2, |t has been suggested that iron deficiency?®3
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and inflammation?%® mediate part of the multiple pathways that lead to alterations in the
renal-bone axis with renal impairment Preclinical studies suggest that increased
inflammation and a decrease in iron status may play a role in the regulation of FGF23. In
healthy people, plasma phosphate is the main regulator of plasma FGF23, but from early
stages of CKD, FGF23 increases before an increase in CKD associated plasma phosphate is
observed?%. Preclinical studies suggest that these factors may influence FGF23 transcription
and post-translational modification?%. Iron deficiency and the pro-inflammatory cytokines
TNFa and Interleukin 6 (IL6) have been shown to be associated with increased osteocytic
FGF23 transcription and cleavage, resulting in increased plasma concentrations of particularly
c-terminal (FGF23) and to a lesser extent intact-FGF23 (iFGF23)296297, Also, hepcidin, the main
hormonal regulator of systemic iron homeostasis, may play a direct or indirect role. Hepcidin
increases in response to inflammation and inhibits the incorporation of iron into

erythrocytes?08:209,

High concentrations of FGF23, iron deficiency and increased inflammation have been
reported to be association with poor skeletal integrity, low BMD and bone loss?10-2%2,
Increases in FGF23 and inflammation are also associated with alterations of regulators of Wnt-
signaling, SOST and RANKL*213, This suggest that these factors may mediate the
development of CKD-MBD.

Vitamin D deficiency, frequently found in CKD?4 as reported in detail in section 8.1., has been
reported to be associated with elevated concentrations of c-reactive protein (CRP) and pro-

220 and regulatory mechanisms are

inflammatory cytokines?*>=219 but evidence is conflicting
only partly elucidated. However, states of acute inflammation and infection are reported to
increase catabolism of 25(0OH)D??!. Also iron status has been reported to be negatively

associated with vitamin D status in some but not all reports??2-224,

Supplementation with Vitamin D may increase erythropoiesis through the reduction of
hepcidin and inflammatory cytokines, but human studies are limited and have provided mixed
results?0%222.225 \We (this thesis) and others reported that vitamin D supplementation was
associated, an increase in iron status and the anti-inflammatory cytokine interleukin 10 (I1L10)
and a reduction in TNFa. We found (this thesis) that this effect was dependent on renal

function??®22’, Qur findings suggest that an effect of vitamin D supplementation on
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inflammation and iron status may particularly be found in those with lower renal function.
We and others also found that an increase in iFGF23 and cFGF23214226-228 \yhich was
accompanied by a decrease in plasma phosphate in those with normal renal function, but not
in those with renal impairment. The physiological significance of this increase in FGF23

remains unclear.

Further detail regarding the effect of vitamin D supplementation in CKD populations is

described in section 9.1 and Chapter 2 of this thesis.

8.5. Kidney function markers

A range of biochemical markers are used to assess renal function (Table 3)°. Plasma
concentrations of creatinine and urea are routinely used??. The measurement of the
clearance of inulin is considered to be the golden standard measurement of kidney
function?3°. This method assesses the renal clearance of inulin after an intravenous single
dose??°. Other methods use an isotope as a tracer.

Renal clearance is expressed in the GFR. GFR is a measure of how many milliliters (ml) of fluid
the kidneys can filter from blood in one minute (ml/min). A normal GFR is defined as
>90ml/min®>. However, direct measurement of GFR by a tracer clearance method is
expensive and not commonly used due to its strict protocol?3°. In practice, urinary and plasma
creatinine concentrations are more commonly used, which is a relatively easy and
inexpensive marker to measure. The creatinine clearance rate is calculated from concomitant
(timed) urinary and plasma measurements. In clinical practice, kidney function is mainly
assessed on the basis of plasma concentrations of creatinine or and/or Cystatin C from which
the eGFR!® is calculated. Several formulae are used which include different parameters and
characteristics of the patient'®>. These are given in Table 3. The most commonly formulae
used are: Cockroft Gault (CG), 4-modification of diet in renal disease (MDRD-4) and Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI) (2009)%3° (Table 3). All formulae have
their limitations and were developed and validated in populations with specific
characteristics?3°. The MDRD-4 and CKD-EPI are the formulae most commonly used clinically
in the UK and elsewhere'®>. CKD-EPI was developed in large population based cohort?3° and

is recommend for the classification of CKD for the majority of patients?3!. CG and MDRD-4 are
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more accurate when eGFR is <60ml/min'® since they were developed in populations with
that characteristic. In addition to the eGFR, various other biochemical markers are used to aid
the differential diagnosis of patients, including serum creatinine and urea, blood urea
nitrogen??® (Table 3). Also, imaging tests and kidney tissue biopsy might be necessary in some
cases.

UK National Institute of Health and Care Excellence (NICE), National Kidney foundation (NKF),
Kidney Disease Improving Global Outcomes (KDIGO) and the Caring for Australasians with
Renal Impairment (CARI) have established guidelines on the use of these different formulae.

This is explained in more detail in Chapter 2b.

Table 3. Biochemical markers?3° of renal function and eGFR calculations?32-234

Biomarker Tissue of expression/origin  Analytical source Part of the kidney processed
Creatinine (Cr) Muscles Urine/ Serum Significant percentage of
creatinine in the urine derived
from proximal tubular
secretion. It is used to
calculate GFR.
Urea Liver Serum Filtered from blood by
glomeruli.
Blood urea nitrogen Liver Urine Filtered from blood by
(BUN) glomeruli.
Cystatin C Produced by all nucleated Serum Filtered in proximal tubules.
cells
B-trace protein (BTP) N/a Urine Filtered in proximal tubule.
Inulin or isotope tracer Non metabolised molecule Blood Measurement of glomerular
(given as single bolus) filtration rate.
B2-microglobulin (B2-M)  All nucleated cells in the Blood Filtered in proximal tubule.
body
Urinary liver-type fatty Kidney, liver Urine Filtered in proximal tubule.
acid-binding protein
Urinary N-Acetyl-b-O- Proximal tubule cells Urine Filtered in proximal tubule.
glucosaminidase
Urinary connective Connective tissues Urine Filtered in proximal tubule.
tissue growth factor
Urinary CD14 Bladder epithelial cells Urine Kidney cells.

mononuclear cells

Neutrophil gelatinase Produced by injured Urine / serum Filtered in proximal and distal

tubule.

associated lipocalin

nephron epithelial

Kidney injury molecule-
1 (KIM-1)

Not normally present in
what? but it is expressed in

Urine/serum

Filtered in proximal tubule.
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proximal tubule apical

membrane
Fibroblast growth Osteocytes, osteoblasts Serum Filtered in proximal and distal
factor-23 (FGF23) tubule. It responds to decline
in phosphate clearance.
Urinary retinol binding Synthesised in liver Serum Filtered in proximal tubule.
protein 4 (uRBP4)
Type of formula Equation Abbreviations/units
Ccr (clearance creatinine) in
ml/min
Cer={((240— ight)/(72xSC 0.85 (if
Cockroft Gault (CG) fecrrn;(l(e) age) x weight)/(72x5Cr)ix (i Age (years)
Weight in kg
SCr in mg/dL

4-modification of dietin  GFR= 175 x (Scr)11>* x (Age)®2%% x (0.742 if

H 2
renal disease (MDRD-4)  female) x (1.212 if African American) GFR (mL/min/1.73 m?)

SCr (mg/dL)
GFR = 198 x [sCr]°%°8 x [age] %17 x [0.822 if Age (years)
6-modification of dietin  patient is female] x [1.178 if African American] x serum urea nitrogen
renal disease (MDRD-6)  [serum urea nitrogen concentration]®?*x [urine  concentration (mg/dL)
urea nitrogen excretion]®2% urine urea nitrogen excretion

(g/d)

GFR = 141 x min(Scr/k, 1)* x max(Scr/k, 1)2% x

Chronic Kidney Disease  go3x0e 1 015 (if female) x 1.159 (if black)

Epidemiology Scrin umol/L
:Z;;I(?gb)oratlon (CKD-EPI) k= 61.9 (for females) and 79.6 (for males) Age (vears)
a=-0.329 (for females) and -0.411 (for males)
GFR=133 x min(Scys/0.8, 1)%4° x max (Scys/0.8, 1)
1.328 ¥ 0.996"8° x 0.932 [if female] )
CKD-EPI with CC Scys in mg/L
Age (years)

min = indicates the minimum of Scys/0.8 or 1
max = indicates the maximum of Scys/0.8 or 1

135 x min(Scr/k, 1)® x max(Scr/K, 1)-0.601 %
min(Scys/0.8, 1)%37> x max(Scys/0.8, 1)°7 x
0.995%¢° x 0.969 [if female] x 1.08 [if black]

k = 0.7 for females or 0.9 for males;
o =-0.248 for females or -0.207 for males;

min(SCr/k or 1) = indicates the minimum of SCr/k  S¢ (mg/dL)
CKD-EPI with CC and Cr Scys (mg/L)

orl
Age (years
max(SCr/k or 1) = indicates the maximum of ge ly )

SCr/k or 1
min(Scys/0.8, 1) = indicates the minimum of
Scys/0.8, 1
max(Scys/0.8, 1) = indicates the maximum of
Scys/0.8, 1
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9. Vitamin D supplementation and the renal-bone axis

International guidelines provide recommendations for the prevention, management and
correction of vitamin D deficiency, secondary hyperparathyroidism and metabolic bone
disease. These depend on stage of CKD and were subject to review in Chapter 2 and are briefly
outlined here.

In the early stages of CKD (G1 &G2), The Kidney Disease Outcomes Quality Initiative (KDOQ),
NFK and KDIGO recommend the same approach to prevent vitamin D deficiency/insufficiency
and treatment strategies to correct deficiency for the general population?3>236, These
recommendations vary by age-group and by country or continent. Specific guidelines for
patients with more advanced renal impairment consider altered vitamin D metabolism and
increased requirements. The target concentration range of 25(OH)D is usually higher than
defined in population guidelines. For patients with CKD 3-4, it is recommended that with
vitamin D supplementation, plasma calcium and phosphate should be monitored and
supplementation dose should be adjusted when required??’ (Figure 14). The use of vitamin D
analogues?®” may be recommended on the basis of progressive SHPT and CKD-MBD. Detailed

discussion can be found in Chapter 2b of this thesis.

9.1. The effect of vitamin supplementation on PTH, 1,25(0OH),D and clinical outcomes
in CKD patients

In patients with CKD and dialysis, native (i.e. the naturally occurring form) vitamin D
supplementation improves their biochemical profile and clinical symptoms: (i) increased
serum levels of 25(OH)D and 1,25(0H),D?38-240, (ii) decreased PTH serum levels?*1=243, {(iii)
reduced proteinuria®*4, (iv) improvement on endothelial cardiovascular markers?* and (v)
decrease inflammation markers?*6. However, the effect depends on the stage of the
disease?4”248, Vitamin D supplementation may also be required to prevent or reverse CKD
associated bone disease. Vitamin D supplementation efficiently increases serum 25(0OH)D and
1,25(0OH)2D production in stage 3 and 4 of the disease?*”?8, in contrast to the small effect
reported in stage 5 patients?*°. Only are few randomized controlled trials evaluating the effect
of vitamin D supplementation on bone health of CKD patients have been conducted and

results are conflicting. Also, vitamin D supplementation does not consistently result in
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normalization of serum calcium and phosphate?°. Vitamin D supplementation is not as
efficient as active vitamin D (i.e. 1,25(0OH),D or its analogues) in decreasing PTH?>%2>2 and
reversing or preventing SHPT associated with renal impairment. For the treatment of SHPT is
calcitriol or vitamin D analogs (or vitamin D receptor activator-VDRA) are recommended?>3,
VDRAs have high efficacy in decreasing PTH serum levels although they have adverse effects
such as, adynamic bone disease, toxicity risk and hypercalcemia®*2>>, In most cases of
reported adverse effects, this occurred in patients with serum PTH values which were not
significantly above the reference range®>*2°>>, Vitamin D analogs are not recommended as a
routine treatment in pre-dialysis due to these adverse effects!®3. The use of active vitamin D
or analogs are also associated with increased FGF23 levels which may result in adverse effect

on vascular health?°°,

9.2. Vitamin D catabolism in CKD

As described in section 8.1 renal production of 1,25(0OH).D is impaired and supplementation
does not uniformly lead to a decrease in PTH in CKD patients. In addition, studies show much
lower concentration of 24,25(0OH)D in CKD patients compared to healthy individuals?>”-2°8 and

259 |t was

a progressive decline of 24,25(0OH)D concentration as renal failure progresses
initially thought that is due to lower 25(OH)D availability as a substrate for 24-
hydroxylation?6®. This hypothesis has been challenged since it has been showed that
correction of serum 25(OH)D with supplementation did not increase serum 24,25(0OH)D in
CKD patients?®°. This suggests that reduced 24,25(0OH),D in CKD patients involves different
mechanisms. It has been suggested that these may include: (i) the majority of circulating
24,25(0H),D is produced in the kidney and CYP24A1 enzyme expression declines with kidney
mass despite the upregulation in CYP24A1 mRNA due to an increase in FGF232%, (ii) the

increase in PTH with CKD down-regulates CYP24A1 expression or activity261262,

9.3. Vitamin D supplementation and regulators of Wnt-signalling

Plasma concentrations of OPG and sclerostin are increased and DKK1 decreased in CKD
patients?®3. Low Vitamin D status has been shown to be associated with increased plasma
concentrations of SOST in healthy people and in patients with CKD?%*. Cross sectional studies

also identified inverse correlations between serum sclerostin and biochemical markers of the

58 |Page



renal-bone axis, such as iFGF23, iPTH and serum alkaline phosphatase?®*2%7. In addition,
sclerostin has been shown to be inversely associated with uric acid and eGFR?%4,

Similar to eGFR, increased concentrations of SOST and OPG are associated with the risks of
the development of coronary artery calcification (CAC) and CVD?%210 (Figure 7).
Supplementation studies and correction of vitamin D deficiency in CKD patients have however
yielded conflicting results?38239,274-278,240,264,268-273. gome studies showed that correction of
vitamin D status results in reduction of sclerostin?’?28% while others reported an increase in
sclerostin after supplementation with native?®! or active forms?®? of vitamin D in healthy
people and CKD patients. Other trials reported no effect of vitamin D3 supplementation on
sclerostin levels despite a decrease in serum PTH levels?83.284,

Also data on the effect of vitamin D supplementation on RANKL are conflicting. Several ex-
vivo, in-vitro studies reported that 1,25(0OH),;D decreased the expression of RANKL and
upregulate of the OPG/RANKL ratio. This is partly mediated through the inhibitory effect of
1,25(0OH)2D on inflammatory factors?®>28¢. However, another study suggests that 1,25(0H).D

increases the expression of RANKL and decreased OPG and enhanced osteoclast formation?®’.

10. Summary

Bone and renal metabolism are regulated by common factors and there is extensive cross-
talk between these two organs. PTH, FGF23 and vitamin D metabolites are among the main
regulatory factors of the renal-bone axis. They also have regulatory functions in other organ
systems such as cardiovascular system and intestine. Ageing is associated with a range of
physiological changes, including reduced bone mass, renal impairment and reduced
sensitivity to regulating hormones which results in changes in this cross-talk. Also, the
prevalence of vitamin D insufficiency and deficiency increases with age. Together, these age-

related changes lead to changes in the hormonal regulation of the renal-bone axis.
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Chapter 1b: PhD Research

The PhD research described in this dissertation aimed to investigate the effect of vitamin D
supplementation and renal impairment on the renal-bone axis in older adults with a particular

focus on FGF23 and markers of the Wnt-signalling pathway.

The central hypothesis addressed in this thesis is:
Vitamin D supplementation and renal impairment influence the renal-bone axis.
Aims

I.  To provide a comprehensive review of guidelines for adult, pre-dialysis renal patients
for the management of vitamin D status and SHPT. Generate a road map and tabulate
guidelines on the form and dosages of vitamin D recommendations for the prevention
or correct of vitamin D deficiency and target values of plasma 25(OH)D concentrations,
according to the different stages of CKD (Chapter 2a).

II.  To conduct a systematic review of recent RCTs with different forms of vitamin D in
CKD patients with a focus on CKD-MBD related outcomes and a meta-analyses of the
effectiveness of supplementation on plasma PTH concentrations (Chapter 2b).

lll.  Toinvestigate changes in regulators and markers of bone metabolism, BMD and BMC
in response to different dosages of vitamin D supplementation in older people for 12
months. We investigated four categories of markers: (a) calcium metabolism and renal
function, (b) vitamin D metabolites, (c) Wnt-signalling and (d) bone parameters and
bone metabolism. Further, we investigated their associations with total 25(OH)D and
free 25(0OH)D at baseline and after 12 months of supplementation (Chapter 3).

IV.  To identify differences in vitamin D metabolism, bone turnover and Wnt-signalling
markers between adults categorised on the basis of kidney function (eGFR 260
mL/min/1.73m? (representing CKD G1 and G2) versus eGFR 30-60 mlL/min/1.73
m2representing CKD3a and 3b; mild to moderately and moderately to severely
impairment, respectively). Differences were investigated before after 12 months of

vitamin D supplementation (Chapter 4).
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VI.

To investigate the differences in the response to vitamin D supplementation by
category of CKD (with markers defined in aim lll) (Chapter 3 & 4).

To investigate markers of inflammation, iron status and regulators of Wnt-signalling
and bone metabolism and their associations with FGF23 in older adults with an eGFR
<60 ml/min/1.73m? (CKD stage G3a and G3b) and eGFR >90 ml/min/1.73m? (CKD
stage G1; normal renal function) and their response to vitamin D supplementation

(Chapter 5).

Outcomes

The following markers were selected for study:

Calcium and Phosphate metabolism: plasma calcium, phosphate, cFGF23 and iFGF23
Kidney function: plasma albumin, creatinine, cystatin C and Klotho

Vitamin D metabolism: plasma 25(0OH)D, 1,25(0H).D, 24,25(0OH),D, DBP and iPTH
Whnt-signalling: OPG, DKK1, SOST and RANKL

Bone mineral density and metabolism: hip BMD, hip BMC, FN BMD, FN BMC, plasma
BAP, B-CTX and PINP

Iron status: plasma iron and hepcidin

Inflammation markers: serum CRP, IL10, plasma IL6 and TNFa
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CHAPTER 2: Vitamin D supplementation for patients with chronic kidney disease

Chapter 2 is based on the following publication?4,

Christodoulou M, Aspray TJ, Schoenmakers I. Vitamin D Supplementation for Patients with
Chronic Kidney Disease: A Systematic Review and Meta-analyses of Trials Investigating the
Response to Supplementation and an Overview of Guidelines. Calcif Tissue Int. 2021

Aug;109(2):157-178. doi: 10.1007/s00223-021-00844-1.

Summary

CKD patients are often vitamin D deficient (25(0OH)D <25 or 25-30nmol/L per UK and US
population guidelines). CKD-MBD due to secondary hyperparathyroidism and vitamin D
deficiency is common in these patients. There are still many gaps in the literature for the
management of vitamin D status in relation to CKD—MBD hindering the formulation of
comprehensive guidelines.

A systematic review of 22 RCTs using vitamin D or analogues treatment and a meta-analysis
for PTH was carried out. An overview of current guidelines on vitamin D status management
for pre-dialysis CKD patients is provided.

The effect of vitamin D on PTH concentrations was inconsistent but meta-analyses showed a
borderline significant reduction. Calcidiol consistently reduced PTH. Calcitriol and paricalcitol
treatment were associated with a consistent greater suppression of PTH. Increase FGF23 after
analogue treatment was observed in all studies reporting this outcome but was unaltered in
studies with Vitamin D or 25(0OH)D. Few RCTs reported markers of bone metabolism and
variations in the range of markers prevented direct comparisons.

Current guidelines for the first CKD stages (G1-G3a) follow general population
recommendations for the prevention of vitamin D deficiency. Use of calcitriol or analogues is
restricted to stages G3b-G5 and depends on patient characteristics.

In conclusion, vitamin D administration in CKD patients has an inconsistent effect on PTH
although meta-analysis showed a significant overall effect. Calcifediol and analogues
consistently suppress PTH, but the reported increase in FGF23 with 1,25(0OH).D analogues

warrants caution.
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CHAPTER 2a: A systematic review and meta-analyses of randomized controlled
trials investigating the response of CKD patients on vitamin D treatment

The physiology of altered vitamin D and bone metabolism with CKD

The alterations in in vitamin D metabolism7, calcium and phosphate homeostasis and bone
metabolism!®” with CKD is multifactorial and associated with CKD-MBD?¢2,

A high proportion, 70-80% of CKD patients have a plasma 25(OH)D concentration below
50nmol/L'®” and the majority well below the concentration recommended for patients with
renal impairment (>75nmol/L), if not treated. Many factors contribute to the high prevalence
of vitamin D deficiency in CKD patients and changes in vitamin D metabolism occur at several
levels.

Supply is decreased as a result of lower cutaneous vitamin D production due to skin
hyperpigmentation, ageing, sun avoidance and dietary restrictions®. Losses are increased
with proteinuria, when vitamin D binding protein and albumin and vitamin D metabolites
bound to these proteins are lost in urine'®®. Hepatic conversion of vitamin D into 25(0OH)D is
reported to be suppressed in CKD patients?13288 Accordingly, the dose-response appears to
be lower than in healthy individuals, although this is poorly characterized.

With the loss of functional renal tissue the capacity to convert 25(0H)D to 1,25(0OH).D (1,25
dihydroxy vitamin D or Calcitriol) is reduced leading to a decline in plasma 1,25(0H),D*3. Also,
the renal capacity to internalise 25(OH)D may be impacted, reducing its availability of
25(0OH)D. In healthy people, plasma 25(0OH)D concentrations between 15-40nmol/L are
thought to be required to ensure there is no substrate limitation for renal 1,25(0OH).D
production?®, In people with CKD, higher concentrations may be required.

Plasma PTH increases in response to impaired 1,25(OH).D production and calcium
malabsorption in combination with increased resistance of the kidneys and bone to PTH, due
to a downregulation of PTHR1%. An increase in plasma phosphate and FGF23 further
stimulate PTH secretion.

The plasma concentration of FGF23 increases in early stages of CKD, before an increase in
plasma phosphate is detectable'®*. FGF23 is a phosphaturic hormone which is predominantly
produced by osteocytes and acts in the kidneys to increase phosphate excretion!®. It requires
the co-factor aKlotho, the expression of which decreases with ageing and renal impairment,

thereby decreasing FGF23 receptor activation. FGF23 also has other functions. FGF23
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stimulates the catabolism of both 25(0OH)D and 1,25(0OH),D. FGF23 also downregulates the
expression of 1a(OH)ase, suppressing the production of renal 1,25(0OH),D. Further, FGF23 can

stimulate PTH secretion18*

, although the mechanism of this FGF23-PTH interaction is not well
understood. An increased plasma FGF23 concentration is associated with soft tissue
calcification, increased risks of CVD and the promotion of CKD-MBD*84,

CKD-MBD has a heterogeneous phenotype due to the involvement of several underlying
mechanisms, in which SHPT plays an important role?°. CKD-MBD can either be characterised
by an increase or a decrease in bone turnover, but may also be normal. An increase can lead
to osteomalacia, which is characterized by the excessive presence of undermineralised bone
tissue and osteoporosis defined as a low bone mineral density (Z-score -2.5 SD) and loss of
bone integrity. A decrease in bone remodelling leads to adynamic bone disease increasing
fracture risk?°. CKD-MBD is therefore generally characterized by a decrease of bone integrity,
increased fracture risk and calcification of soft tissues'®? and alterations in bone turnover

markers?°L, In the management of SHPT and CKD-MBD, maintenance of a sufficient vitamin D

status is recognized as an important target.

Clinical trials of vitamin D in CKD patients and gaps in the evidence-base

There are gaps in the evidence base for the management of vitamin D status in relation to
CKD-MBD, i.e. SHPT, altered bone metabolism, bone density and integrity and fracture risk.
These include the dose- response to vitamin D supplementation and the response in PTH. The
optimal concentration ranges of PTH and 25(OH)D for the management and prevention of
CKD-MBD are not well established for each stage of CKD. This is reflected in the guidelines for
the management of vitamin D status in CKD-MBD.

The limited number of randomized controlled trials reporting the effects of treatment with
vitamin D or its analogues on CKD-MBD related outcomes provided conflicting
results?38:239,274-278,240,264,268-273  Seyeral studies reported the effect of supplementation on
renal function and proteinuria?** and markers of endothelial and cardiovascular function and
inflammation2*>24¢, The effects were shown to depend on the stage of the disease?*”:2%,
Adverse treatment effects were reported, particularly with active vitamin D and analogues

and includes hypercalcemia?**2%>, adynamic bone disease and increased FGF23 levels?°2.
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In this systematic review we aimed to summarize the findings of the most recent randomized
controlled trials reporting the effects of vitamin D or its analogues, conducted with pre-
dialysis CKD patients and that report 25(0OH)D, PTH, markers of calcium and phosphate and/or
bone metabolism. Where provided, we also summarized adverse effects and other outcomes
that may be relevant for vitamin D metabolism (e.g. proteinuria) or the effects of
interventions on markers of vascular health. Findings are grouped according to form of
vitamin D given, preceded by a short description of their characteristics. Meta-analyses were
conducted to provide an estimate of the effectiveness of supplementation on plasma PTH

concentrations.

Methods

Search strategy

We searched for published studies indexed in MEDLINE, EBSCO, Science direct and PubMed
from inception of 2003, the year that NKF KDOQI guidelines were published, to October of
2020. Search terms used: vitamin D, oral vitamin D, vitamin D supplementation, vitamin D
analogues, paricalcitol, calcifediol, calciferol, ergocalciferol, chronic kidney/renal disease,
renal/kidney impairment, impaired kidney/renal failure, RCT, randomized controlled trials.
Outcomes search terms were not used in order not to limit search results. Papers were
selected on basis of relevant outcomes. English was applied as a language limitation. Only full
text published manuscripts were included. References were hand searched for additional

publications.

Inclusion criteria

The detailed process of study selection presented on Figure 10. Only randomized controlled
trials (RCT) were included that used any type of vitamin D in non-dialysis CKD patients (>18
years old) and studies at any stage of the disease were considered. Studies were included if
placebo controlled, compared 2 or more treatments or were randomized cross-over studies.
Studies had to include a definition of dosage and duration of the vitamin D administered and

outcomes related to CKD-MBD. This systematic search provided 22 RCTs (Table 4).

65| Page



Figure 10. Flow chart of systematic search and literature selection

Records identified through
database searching
(n=204)

l
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through other sources
(n=15)
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Records after duplicates removed
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Full-text articles assessed
for eligibility
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l

Final articles included in the
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(n=22)

l

Articles included in meta-

analyses —

(n=9)

Adjusted from PRISMA protocol 2019.

Records exclude due to no
relevant outcomes
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Full-text screened articles
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(n=15)
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meta-analyses due to the
form of results reported
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Table 4. Study characteristics and outcomes included in the systematic review

Authors

Country

Study population

Intervention
Vitamin D*

Outcomes

40 predialysis CKD patients
(stage 3 and 4), PTH <200pg/ml.

300 000 IU D3/month for 1

Treatment group: 1 25(0H)D, | iPTH, <> serum calcium, <>

2018%%

Sprague et al. 2014238

USA

>64.1pg/ml. No calcimimetic use

78 CKD patients (stage 2-4),
25(0OH)D <75 nmol/L,
iPTH>70pg/ml

Route: oral

ER calcifediol (30, 60 or 90
ug/day) or placebo for 6
weeks

Dogan et al. 20082%3 Slovakia ’ month or placebo
No use of phosphate binders Route: oral serum phosphorus, <> ALP
87 CKD patients (stage 2-4)
(including hypertensive, diabetic
Oksa et al. 20087 UK a"d_ \{itamin D ins'ufficient/ foeolgt:]:;?tggo U/week Ds 1 25(0H)D, & iPTH in both treatment groups, <> serum calcium,
' deficient CKD patients). Use of &> serum phosphate, < urinary calcium, <> urinary phosphate
phosphate binders (calcium- Route: oral
based). No calcimimetics use
e 28 CKD patients (stage 3-4), 2000 IU/day Ds or placebo for | 4 25(0H)D, P 1,25(0H):D, <> PTH, <> serum calcium, <> serum
Petchey et al. 2013 USA 25(0H)D <150 nmol/L 6 months phosphate, < insulin sensitivity
Route: oral
50 000 IU/week D2for 1
h foll 25(0OH)D PTH Ici hosph I
s 38 CKD patients (stage3-4), non- month followed by 50 000 M 25(0H)D, &> , @ calcium, H phosphate, <> b f)od
Dreyer et al., 2014 USA diabetic, 25(0H)D <40 nmol/L IU/month D2 for 5 months or pressure, <>left ventricular mass index. Improvement in
! placebo for 6 months endothelium dependent microcirculatory vasodilation
Route: oral
34 CKD patients (stage 3 and 4),
Chandra et al. urke 25(0H)D <75 nmol/L and SPTH fsgrc’l()zo\/:/zi‘livseek Dsorplacebo | 1 55 (0H)D, € 1,25(0H)2D, <> PTH, <> serum calcium, <> BAP,
20082 Y| (PTH>70 pg/mL). No &> TRAPSb, <> CTX
calcimimetic use Route: oral
95 CKD patients (stage 3-4), 8000 IU/day Ds or placebo for N25(0H)D, 1M 1,25(0H)2D, € PTH but it was significantly lower
Westerberg et al. Sweden 25(0H)D <75nmol/L, PTH 12 weeks than the mean value of the placebo group. 1 calcium, <>

phosphate and <> FGF23

25 (OH) Vitamin D - calcifediol

Dose dependent P 25(0OH)D and { iPTH, serum & calcium, &
serum phosphorus <>FGF23
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Route: oral

Petkovich et al.

29 CKD patients (stage 3-4),

Single oral dose of ER
calcifediol (450mg or 900mg)
or a single bolus IV injection

ER calcifediol (450mg or 900mg): <> 25(0OH)D and <>
1,25(0H)2D, ¢ PTH compared to IV group

ER calcifediol (900mg) <> 25(0OH)D and <> 1,25(0H)2D, <
24,25(0H)2D, {/iPTH after 72h compared to IV group.

USA e 1
2015%%7 25(0OH)D <75 nmol/L, SHPT of calcifediol (448mg) and IV injection group: P25(0OH)D, N 1,25(0H)D, 124,25(0H).D,
monitoring for 42 days <>iPTH.
Route: oral and iv <>calcium in all treatment groups.
. ER calcifediol
429 CKD patients (stage 3-4), (30 or 60 pg/day) or placebo N25(0OH)D, J PTH in both treatment groups compared to
Sprague et al.2016%°® USA 25(0OH)D 25-75 nmol/L, SHPT (=

85 and <500pg/ml)

1,25(0H)2

220 CKD patients (stages 3 and

for 26 weeks
Route: oral

Paricalcitol capsules (Dosing
was based on serum iPTH,
calcium, and phosphorus

placebo, <> serum calcium, <> serum phosphorus, <>FGF23

vitamin D or Vitamin D analogues**

{ iPTH compared to placebo, <> urinary calcium, € urinary

Coyne et al. 20062%° USA 4) with PTH (>70 pg/mL) levels) 3/week or 1/day or phosphorus, |, BA_P, Jd osteocalcin, { urinary pyridinoline
placebo for 24 weeks compared to baseline.
Route: oral
1ug paricalcitol/day, 2 ug
de Zeeuw et al 281 patients with type 2 paricalcitol/day or
20103 ) USA diabetes, nephropathy (stages 1- | placebo for 24 weeks M25(0OH)D, iPTH in both treatment groups
4) and PTH 35-500 pg/mL Route: Oral
. . . Cross-over study with
22 - KD
de Boer et al., USA. Poland (Stanc;n;-i:;b:\el’zc ios phaa'c;(znts paricalcitol or placebo for 8 { 25(0OH)D, { 1,25(0H)2D, 1 24,25(0H)D, {, PTH, 1 serum
2013271 ! . g ) phosp weeks (washout 8 weeks calcium, € serum phosphorus, I FGF23, < insulin sensitivity
binders use
between arms) Route: oral
Germany,
2 1,2 H)2D or 1
GlrtZTcel 110 CKD patients (stage 3-4), N /Z;*g{; ,arisc(aolci')ctjl f?)rr 24 J iPTH, €& serum calcium, €< serum phosphorus, J ALP
Coyne et al. 20143 Y, PTH >120 pg/ml. Use of He/day ot p ’ . ’ phosp ’
Netherlands, . weeks compared to baseline
phosphate binders
Poland, Route: oral
Portugal,
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Spain, USA,

Taiwan
paricalcitol (2 pg/day) or &> 25(0H)D, { iPTH, 1 plasma calcium, 1 plasma phosphate,
26 CKD patients (stage 3-4), non- | placebo for 6 weeks urinary calcium (24h), P FGF23, {, ALP, { albumin excretion
Larsen et al., 2013?73 Sweden diabetic, albuminuria (urine (crossover design) with a 2- rate, { creatinine clearance, <> renin, <> angiotensin Il, <>
albumin >30 mg/L) week washout period Route: aldosterone
oral
&> 25(0H)D, {4 PTH, & calcium, <> phosphate in both
N . Paricalcitol (1pg or 2 pg/day) | treatmentgroups.
Lundwall et al. Denmark | 3 non-diabetic CKD patients or blacebo f <> albuminuria, € pulse wave velocity, <> muscle sympathetic
269 placebo for 3 months o ) )
2015 (stage 3-4), PTH 35-500 pg/mL Route: oral nerve activity, 1 endothelial function at the placebo and 1pg
treatment group, I blood velocity in both treatment groups
227 CKD patients (stage 3-4),
Thadhani et al iPTH 50-300 pg/ml and mild- Paricalcitol (2 ug/day) or
201227 ’ USA moderate left ventricular placebo for 48 weeks Jd PTH, I calcium, <> phosphate, <> left ventricular mass index
hypertrophy Route: Oral
60 CKD patients (stage 3b-5),
PTH 20-300 pg/mL and anaemia C
(Hb levels: 10-12.5 g/dL), iazr;c(?;a;ollj((tp;g/ d/az\)/:rr <>PTH, <>calcium, <>phosphate compared to baseline, | GFR in
Riccio et al. 2015302 Italy including use of calcium o:cher da;) for.6 r:gonths y the paricalcitol group. The paricalcitol group had a significant
supplements and phosphate Route: oral “MHb where in 1,25(0OH)2D group was significantly decrease.
binders.
88 CKD patients (stage 3 to 4), Paricalcitol (2 ug/ day) or N25(0H)D, 1/ 1,25(0H)2D, &, PTH, M serum calcium, 1 serum
Zoccali et al. 2014303 Italy PTH >65 pg/mL. Use of placebo for 12 weeks phosphate, I FGF23, { GFR
phosphate binders Route: oral
50 000 IU/week D3 titrated to
KD i -4 hi 2 H)D 7
Kovesdy et al. 80 CKD patients (stage 3-4), achieve serum 5(.0 D75 N25(0OH)D in both groups compared to baseline, {,PTH in
2012304 USA 25(0H)D <75 nmol/L and SHPT. nmol/L or paricalcitol (1 paricalcitol group, € serum calcium, €< serum phosphorus
Use of phosphate binders. ug/day) for 16 weeks ! !
Route: oral
4000 IU/day Ds for 1 th
47 CKD stages 3 and 4 with then 2 Oéoalzj/cjaorD n;oc:nz ! ‘N 25(0OH)D in both treatment groups, . PTH in doxercalciferol
Moe et al. 20103% Australia 25(0OH)D < 50 nmol/L and SPTH yUs group, <> serum calcium, < serum phosphorus, < urinary

(>100 to 150pg/mL for stage 3

months or doxercalciferol (1
ug/day) for 3 months

calcium
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and >150 to <400pg/mL for Route: oral
stage 4). No calcimimetic use

Calcifediol (5000 IU) or

87 CKD patients (stage 3b-4). 1,25(0H).D ('0'5 Kg) or N 25(0OH)D in the calcifediol group.
Levin et al.20173% USA Use of phosphate binders placebo, thrice weekly for 6 &> 1,25(0H)2D, | PTH, <> serum calcium, <> serum phosphate,
(calcium-based) months &> FGF23 in calcifediol and 1,25(OH)2D group
Route: oral

Combination treatment

40 000 IU/week D2 plus

68 CKD patients (stage 3-4), placebo or 40 000 IU/week D, | ‘T 25(0H)D in both treatment groups (higher in the combined

Susar;gtaphong etal. Thailand 25(0H)D <75 nmol/L with plus 1,25(0H)2D (5pg two group), € iPTH in D2group, |f>TH levels in the combined
2017 roteinuria times/ week) for 12 weeks treatment group, <> serum calcium <= serum phosphate. |,
P Route: oral urine protein-creatinine ratio in both treatment groups

*3 further studies with vitamin D (Moe et al. 2010, Kovesdy et al. 2012 and Susantitaphonget al. 2017) and ** further study with calcifediol (Levin et al. 2017) are listed
below.

Conversion factor plasma concentration 25(0OH)D in nmol/L to ng/mL: divide by 2.5

Conversion factor Vitamin D in IU to ug: divide by 4
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Quality assessment

The 22 studies were assessed for their methodological quality using the Van Tulder et al.
criteria list3%” by two independent investigators (Table 5). High quality studies were defined
with score 28 and low quality with score <7. Eighteen studies were categorized as high quality

and five as low quality. Scores are provided in Table 5.

Table 5. Quality assessment of the RCTs included in the systematic review according to Tulder
et al, 20033%7

Van Tulder et al. 2003 criteria list

Studies included 1. 2. 3. 4. 5 6. 7. 8. 9. 10. 11. SCORE
Dogan et al. 2008* [ ] [ ] o O [ ] ] L @ o 8] ® 4
Oksa et al. 2008 ® e O @ @ @ L @ @ e O 3
Moe et al. 2009* ) e * 0 ¢ o e 0 e 0 o 10
Petcheyet al., 2013 (] o ® @ ® 8] L o L o} O 9
Dreyer et al., 2014* ® ® n/a [ ] L] [ ] L ® L ® (] 10
Chandra et al. 2008 o (] ® [ ] © & ] @ L o & 10
Westerberg et al. 2018* o} [ ] [ ] @ 8} @ el ® o ® 8] 11
Spragueet al., 2014 o ® ® [ ] [ ] e [ L e L o 6
Petkovich et al. 2015 ® ® L [ ] o ® L o ® @ @ 6
Sprague et al.2016 ® o} ® L] @ L o} L ] ® @ 10
Coyne et al. 2006 ] [o} . [ ] @ o) o e ® ® © 9
de Zeeuw et al. 2010 (] (] L] ® [ ] ® L @ o L o 9
de Boer et al., 2013 ® L] @ @ @ @ n/a o ] @ ® 9
Coyne etal. 2014 ® ® ® (] ® ® ® ® ® @ [ ] 7
Larsenetal., 2013 ® (] ] o ® &l [ ] @ ® [ L 9
Lundwall et al., 2015* & @ O ® ® o o @ & o o 9
Thadhani et al., 2012 e o ® o o ¢ e & o o o 9
Riccio et al. 2015 [s} ® m @ ® ® o @ Q [ ] 2 9
Zoccaliet al. 2014 (] o} ® [ ] @ ® ° @ o L @ 9
Susantitaphong et al., 2017* ® o [ ] ® ® 9 o o ® m e 8
Kovesdy et al. 2012* o (] ® [ ] e ] L [ ] o [ 6
Levin et al.2017* [ ) e & 0 0 o e @ e & o 9

Green: Yes, Red: No, Grey: Unknown

Was the method of randomization adequate?

Was the treatment allocation concealed?

Were the groups similar at baseline regarding the most important prognostic indicators?

Was the patient blinded to the intervention?

Was the care provider blinded to the intervention?

Was the outcome assessor blinded to the intervention?

Were co-interventions avoided or similar?

Was the compliance acceptable in all groups?

Was the drop-out rate described and acceptable?
10 Was the timing of the outcome assessment in all groups similar?
11. Did the analysis include an intention-to-treat analysis?

*Studies included in the meta-analyses

O ONUAEWN P
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Meta-analyses

A semi-formal meta-analyses were conducted to provide an estimate of the effectiveness of
supplementation on PTH. PTH plasma concentrations were converted into uniform units
(pg/ml). Separate analyses were conducted for studies using the precursor of 1,25(0);D, i.e.
vitamin D or 25(OH)D and with 1,25(OH);D or analogues. All analyses were conducted on the
basis of the reported mean and standard deviations, either between treatment groups and/or
placebo as appropriate. Not all studies reported sufficient detail for inclusion. Also, some
studies were excluded from the meta-analyses due to the non-normally distributed PTH and
the form of the reported values. In view of the limited number of placebo-controlled studies,
for some studies baseline data were used as comparator. Four studies reported baseline and
post-placebo treatment data and none of these individual studies reported a significant
change in PTH. This was confirmed by meta-analysis showing a non-significant change (results
not shown).

Heterogeneity was assessed using the 12 test. Significant heterogeneity was present with 12
>50%. A fixed effect model was used. Meta-analyses were performed using RevMan (version

5.4; non-Cochrane Collaboration). A p-value of <0.05 was considered significant.

Results

RCTs with Vitamin D supplementation

Vitamin D is the inactive precursor of 1,25(0OH);D and exists in two forms, vitamin D3
(cholecalciferol) and D; (ergocalciferol). Vitamin D is the most commonly used form for the
prevention and treatment of deficiency in both the general population and patient groups.
Vitamin D3 supplementation leads to a longer sustained increase of 25(0OH)D, but otherwise
the metabolism of D3 and D; is identical.

Nine of the RCTs included in this systematic review used vitamin D3 (six studies)?7%.293-296,305
or Dy (three studies)?’>?78304 sypplementation. In some of these studies the group that
received Vitamin D served as the reference group. They were all conducted with CKD patients
stages 3-4. The doses varied from 2 000-4 000 IU daily or 40 000-50 000 U weekly (Table 4)

and the duration was between 1 and 12 months. All nine studies found a significant increase
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in plasma 25(0OH)D concentrations. Four?93:294304305 of these studies observed a significant
reduction of PTH, while in the remaining five, no significant change of PTH in response to the
vitamin D supplementation was found?’927>2952% The differences in dosages and duration of
supplementation may explain these inconsistent results; higher doses show to be more
effective in suppressing PTH. Only five of these studies provided sufficient detail for inclusion
in meta-analysis. This showed a borderline significant effect on PTH (Figure 11). When also
two studies with the 1,25(0H).D precursor calcifediol were considered, the effect on PTH was

highly significant (p< 0.0001), but heterogeneity was substantial (1> 60%) (not shown).

Figure 11. Forest plot showing the effect of Vitamin D, or D3 on PTH

Intervention Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD_Total Weight IV, Fixed, 95% CI Year IV, Fixed, 95% CI
Dogan et al. 2008 273 179 20 288 194 20 1.5% -9.00([-124.69, 106.69) 2008
Moe et al. 2008a a7 43 22 109 43 22 27.7% -12.00[-39.24, 15.24] 2009 B
Dreyer et al. 2014 972 745 20 1358 962 18  6.8% -38.60[-93.75 16.55] 2014 S ——
Susantitaphong et al. 2017 a6 46 36 8511 4742 36 44.2% 0.89 [-20.69, 22.47) 2017 0
Westerberg et al. 2018 a9 4715 47 1433 103.73 48 19.7% -44.30[-76.59, -12.01] 2018 —_—
Total (95% CI) 145 144 100.0% -14.43 [-28.78, -0.08] -
e Chi2 = = = = t t t }
Heterogeneity: Chi* = 6.00, df = 4 (P = 0.20); = 33% 1m0 a7 ) =0 o

Test for overall effect: Z = 1.97 (P = 0.05) Favours experimental  Favours control

Only three of the studies?’%29>2% measured changes in 1,25(0OH).D, with two showing a
significant increase with supplementation. Most of the studies reporting no effect of the
supplementation on PTH, also noted no effect on calcium and phosphate concentrations. Only
one study measured FGF23 and found no change. Bone turnover markers were only reported
in two studies. Alkaline Phosphatase (ALP), CTX and Tartrate-resistant acid phosphatase 5b
(TRAP5b) were shown not to change with supplementation. One study reported a significant
improvement on the endothelium dependent microcirculatory vasodilation and other

markers of vascular function.

RCTs with Calcifediol supplementation

In recent years, preparations of the 25 hydroxylated form of vitamin D, i.e. 25(0OH)D or
calcifediol were developed for oral administration. There are three forms; calcifediol and the
extended release (ER) formula, provided as capsules and the immediate release (IR), provided

as a liquid or capsule. The pharmacokinetic profile differs from the parent compound vitamin
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D. Intestinal absorption of 25(0OH)D is known to be more efficient and is not dependent on fat
absorption, the increase in plasma 25(0OH)D is more rapid and the dose-response higher than
that of the parent compound. The IR calcifediol formulation was approved in the US in 1980
for treatment of CKD-MBD in dialysis patients3%®. However, it was withdrawn from the market
in 2002, since it failed to show meaningful reduction of PTH (230%) in patients with CKD G3-
4. IR calcifediol is still available in Europe and licensed for use in various conditions including
vitamin D deficiency rickets, renal osteopathy and hypocalcaemia3®. ER formulations of
25(0OH)D are only available in the US at the moment3%, In 2016 ER calcifediol was approved
in the US to treat SHPT in adult CKD patients G3-4 and vitamin D insufficiency3®®. Studies in
CKD patients showed that ER calcifediol results in a slower increase of 25(0OH)D levels, more
significant suppression of iPTH and less of an increase of 24,25(0H)D compared to IR-
calcifediol®”’.

Three ER calcifediol and one calcifediol study in CKD patients (G2-4) published since 2003
were found in our systematic search?38297.298306 (Table 4). Dosages and durations of
treatment varied but a significant dose-dependent increase in 25(OH)D and a decrease in iPTH
was seen after oral administration in all studies?38297.2%8 A meta-analysis could not be
conducted due to study and data limitations.

ER calcifediol showed a significant but gradual increase of serum 25(0OH)D in all three of the
studies in contrast to the sharp increase with intra-venous administration of calcifediol. Intra-
venous administration did not significantly suppress iPTH but there was an increase in
24,25(0H),D, a catabolic product of 25(0OH)D. ER calcifediol administration was associated
with unaltered plasma calcium and phosphate concentrations in all studies and FGF23

concentrations in the 2 studies that included this measurement.

RCTS with calcitriol and vitamin D analogues

The active form of vitamin D and its analogues used in the treatment of CKD patients include
calcitriol and the vitamin D analogues paricalcitol (19-nor-1,25(0OH),D;) and the 1,25(0OH),D
precursor alfacalcidol (1a(OH)D3)3%. 1,25(0H).Ds is identical to the endogenous activated
form of calcifediol (25(0OH)Ds). Paricalcitol and alfacalcidol, the latter of which requires
hepatic hydroxylation at the 25 position, are synthetic analogues of vitamin D3% and are also

referred to as VDRA. VDRAs have been used for the management of SHPT in CKD patients for
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a few decades310

and show to have reno-protective properties such as reducing albuminuria,
renal damage and dysfunction?’3390311 paricalcitol suppresses PTH secretion while it has a
lower stimulatory effect on intestinal absorption of calcium and phosphate compared to
1,25(0OH)2D?73. Paricalcitol is also associated with reduction of cardiovascular events?’®,
although sufficient studies with CKD patients are still lacking.

All twelve studies included CKD patients G3-4, however there were differences between
studies in patient characteristics. For example, diabetes, established SHPT, use of phosphate
binders and proteinuria.

All twelve RCTs showed a significant reduction in plasma PTH after administration of
paricalcitol or 1,25(0H),D?69:271,305,306,312,273,276,299-304 (Table 4). This was also seen in a study
that combined 1,25(0OH),D and Vitamin D,?’8. The duration of administration varied from 2
weeks to 48 weeks and the dosages used in these studies from 0.25ug to 2ug. Meta-analysis
of the five studies for which sufficient detail was available, confirmed this finding (Figure 12).
The effect of paricalcitol on serum 25(OH)D and 1,25(OH).D concentrations were
inconsistent. Two of the studies with paricalcitol?’13% reported a reduction of 1,25(0H).D

after supplementation.

Figure 12. Forest plot showing the effect of calcitriol or analogues on PTH

Intervention Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD_Total Weight IV, Fixed, 95% CI Year IV, Fixed, 95% CI
Moe et al. 2009b a0 49 25 106 44 25 16.3% -0.55 [-1.12, 0.02] 2009 —]
Kovesdy et al. 2012b 119 64 40 168 62 40 252% -0.77 [-1.23, -0.32) 2012 -
Lundwall et al. 2015a 50.92 2923 12 9947 48.09 12 6.7% -1.18 [-2.06, -0.30) 2015 I
Lundwall et al. 2015b 264 1415 12 9948 481 12 51% -1.99 [-3.00, -0.98]) 2015 —_—
Levin et al. 2017b 4149 754 39 4715 7.54 40 25.0% -0.74 [-1.20, -0.20) 2017 -
Susantitaphong et al. 2017b 739 733 32 B8.57 64.49 32 216% -0.21 [-0.70, 0.28) 2017 -
Total (95% CI) 160 161 100.0% -0.70 [-0.92, -0.47] L 2
Heterageneity: Chi* = 11,62, df = 5 (P = 0.04); I* = 57% by 5 5 3 ]

Test for overall effect: Z = 5.97 (P < 0.00001) Favours experimental Favours cantrol

Several studies compared different forms of supplementation. Kovesdy et al. compared the
effects of vitamin D, compared to paricalcitol in vitamin D deficient CKD patient with SHPT304,
In both treatment groups, 25(0OH)D significantly increased, but only the paricalcitol group
there was a significant decrease in PTH. Coyne’s study compared the effects of 1,25(0OH).D

with paricalcitol?®!. In both treatment group there was a significant decrease of PTH.
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However, paricalcitol appeared to be suppress PTH more compared to 1,25(0OH)2D (-52% and
-46% PTH reduction, respectively). Susantitaphong et al. examined the effect of Vitamin D2
with or without 1,25(0OH),D and found a suppression of PTH only in the combined group?’&.
Levin et al.3% compared the effects of oral calcifediol with 1,25(0OH),D. Both treatment groups
had a significant reduction of PTH, which was larger in the calcifediol group. A significant
increase in 25(0OH)D was shown in the calcifediol group, while there were no differences
between the groups in the 1,25(0OH),D. Meta-analysis comparing the effects of calcitriol or
vitamin D analogues versus the administration of the precursor calcidiol or vitamin D on PTH,
showed no significant difference between these forms. However, this analysis was limited to

4 studies for which sufficient detail was available (Figure 13).

Figure 13. Forest plot showing the effect of calcitriol or analogues (active) versus Vitamin D2
or D3 (precursors) on PTH

Active and analogues Precursor Std. Mean Difference 5td. Mean Difference
Study or Subgroup Mean SD  Total Mean SD Total Weight IV, Fixed, 95% Cl Year IV, Fixed, 95% CI
Moe etal 2009 1] 49 25 97 49 22 17.1% -0.34 [0.92,0.24] 2009 I
Kovesdy etal. 2012 1149 G4 40 166 85 40 28.5% -0.62 [1.07,-0017] 2012 —a—
Levin et al. 2017 41.49 7.54 39 3866 8.49 40 29.1% 0.35 010, 0.79] 2017 T
Susantitaghong etal 2017 7iE 733 3 86 46 36 25.0% -0.20 [0.68,0.28] 2017 —a—
Total {95% CI) 136 138 100.0% -0.18 [-0.42, 0.06] 0[
Heterageneity: Chi*= 9.40, df= 3 (P =0.02); F= 68% 14 12 1 é 1
Testfor overall effect Z=1.50 (F=0.13) Favours active-analogues Favours precursor

Inconsistent results were reported for serum/plasma calcium (four increase; six unchanged)
and phosphate (two increase; eight unchanged) concentrations. Most of the studies reported
no cases of hypercalcemia. Only one study reported significant higher incidence of
hypercalcemia in the intervention group compared to placebo (22.6% and 0.9%
respectively)?’®. An increase in FGF23 after vitamin D analogues administration was found in
all three studies reporting this outcome and in two of these studies, also a decrease in renal
function was reported?’12733% Anincrease in FGF23 was not reported in the four studies with
Vitamin D or 25(OH)D and one with 1,25(0OH),D. Meta-analysis of the FGF23 in response to
vitamin D or analogue administration could not be conducted due to the low number of
studies and lack of sufficient information provided (e.g. not all manuscripts reported whether

iFGF23 or cFGF23 was measured).
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All four studies that measured either ALP or bone specific (BAP) after paricalcitol treatment
reported a decrease in this marker of bone metabolism.
Further outcomes included markers of endothelial and cardiovascular function, insulin

sensitivity and proteinuria and were inconsistent between studies.

Discussion

As expected, 25(0H)D increased after supplementation, but the vitamin D -25(OH)D dose-
response appeared to be lower than in healthy people. Individual participant data (IPD)-level
meta-analysis to characterize this relationship in CKD patients would be helpful to underpin
the evidence base of vitamin D requirements to prevent and correct vitamin D deficiency in
CKD patients.

The effect of vitamin D on PTH concentrations was inconsistent but meta-analysis showed a
borderline significant suppressive effect. Comparing these studies with a meta-analysis of the
PTH response in studies with participants not selected on the basis of their renal
function3133%4 results in CKD patients are less consistent. In these meta-analyses in pre-
dominantly non-renal participants, a suppression of PTH was found in the majority of
individual studies and meta-analyses of results found an overall reduction in PTH after vitamin
D supplementation with generally lower dosages of vitamin D supplementation compared to
dosages used in CKD patients. To address this, IPD-level meta-analysis of existing data and a
vitamin D dose ranging study in CKD patients with and without SHPT to characterize the
response of PTH is urgently required. This research would facilitate the identification of
patient groups that do and do not respond with a decrease in PTH to supplementation.
Administration of calcifediol was reported in four studies and all reported suppression of PTH.
This may seem surprising since also this form requires renal activation to 1,25(OH).D.
Although it is difficult to compare these results to the administration of vitamin D, the use of
calcidiol to suppress PTH in CKD patients holds promise. Inclusion in and/or comparison with
the outcomes of the above mentioned IPD-level meta-analysis may clarify its relative effect.
This may aid the incorporation of calcidiol in guidelines and provide alternative options for
patients that might be prescribed calcitriol and paricalcitol. We found that treatment with

calcitriol and paricalcitol was associated a consistent and greater suppression of PTH but an
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increased risk of hypercalcaemia. In addition, an increase FGF23 after treatment with vitamin
D analogues was observed in all three studies reporting this outcome, but was unaltered in 4
studies with Vitamin D or 25(OH)D. This warrants further attention. FGF23 is a relatively novel
biomarker of phosphate metabolism with multiple functions. FGF23 is a phosphaturic
hormone. Its main function is to reduce phosphate reabsorption from the glomerular filtrate
through downregulating the available sodium phosphate cotransporters3?, FGF23 also
downregulates the expression of 1a(OH)ase, suppressing the production of renal 1,25(0H)2D
and upregulates 24(OH)lase increasing 1,25(0OH),D catabolism3?. FGF23 is concentration-
dependent and positively correlated with CKD progression, heart failure, vascular
calcification, left ventricular hypertrophy and mortality in CKD patients'®2. This is partly
thought to be caused by increased calcium retention caused by increased FGF23 and PTH
concentrations'®?, together with elevated aldosterone concentrations found in CKD patients
due to activation of the RAAS!3. High circulating aldosterone may enhance the effect of
FGF23 on sodium retention in CKD patients. Sodium and volume retention further
contributes to the risk of vascular calcification82.

An increase in both iFGF23 and cFGF23 with vitamin D supplementation is also reported in a
meta-analyses of trials with deficient and healthy individuals??®, but so far not linked to
increased risk of CVD events??2, It was also earlier reported in CKD patients?®2. The increase in
FGF23 may indicate an undesirable side effect of administration of vitamin D and its
analogues. A better understanding of its effects with different forms of vitamin D is required
especially in CKD patients in relation to their already increased FGF23 concentrations,
alterations in vitamin D metabolism and increased risk of CVD.

Few RCTs reported the effect of vitamin D on markers of bone metabolism and variations in
the range of markers prevented direct comparisons. However, all four studies that measured
either ALP or BAP after paricalcitol treatment reported a decrease in this marker indicative of

increased bone turnover in CKD patients.

Several factors may have influenced the overall findings. These include form, frequency and
dosages of vitamin D and its analogues used. The selection of patient population, co-
morbidities and their use of other medication will have influenced the response to
supplementation. Further, the method used for estimating renal function may have influence

the selection of study participants.
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Methods for estimating renal function

All studies included in this review used eGFR as a measure to assess kidney function. None
applied a direct method. Most studies used creatinine based algorithms, and the majority the
MDRD-4 equation, except Zoccali et al.3®® who used the CKD-EPI Creatinine-Cystatin C
algorithm, that incorporates both creatinine and cystatin C. Plasma creatinine is significantly
affected by age, nutrition, gender, physical activity and muscle mass3'>316, Also, Agarwal et
al showed that short-term paricalcitol treatment in CKD patients can increase serum
creatinine and creatinine excretion without altering creatinine clearance3'>3'6. MDRD-4 is the
most commonly used formula for eGFR in medical practice. However, there are differences
between guidelines. The UK NICE recommends the use of CKD-EPI for the majority of
patients?3!, but for the assessment of eGFR in those with CKD stage 3a (eGFR 45-59
mL/min/1.73m?) and no proteinuria, the use of cystatin C-based equations is
recommended3'’. Also, the KDIGO, NKF and CARI guidelines recommend the use of CKD-EPI.
The CG algorithm may be the preferred option for the older population since this incorporates

body size318,

Cystatin Cis a relatively new biomarker. Cystatin C based eGFR has been reported to correlate
better with mortality risk factors in CKD patients than creatinine based eGFR3'>316, Cystatin C
is filtered by the glomerulus, is not secreted by the renal tubules and it is generated at a
constant rate by all cells in the body3%>36, There are two formulae based on cystatin C; the

CKD-EPI using cystatin C and CKD-EPI using a combination of cystatin C and creatinine31>316,
There are considerable differences in the resulting eGFR value and CKD classification3!® and

accordingly, the choice of the method may have influenced the characteristics of patients

included in studies.

Medication use and vitamin D

Many drugs used by CKD patients to manage symptoms of CKD and CVD influence vitamin D
metabolism and synthesis, although the mechanisms are still largely unknown!’. The most

commonly used therapies for CKD patients involve angiotensin inhibitors (ACE), ARAs and

79 | Page



receptor blockers!’®. They are used to inhibit the RAAS?°. Statins are also frequently used?*.
There are conflicting results on the association between these medications and vitamin D
status. Yuste et al. found significant lower 25(OH)D levels in patients treated with statins
compared to the patients treated with ACE inhibitors or ARAs?’8. In the same study they found
higher 25(0OH)D levels in patient treated with xanthine oxidase inhibitors (medication for
hyperuricemia)’®. On the other hand, a different study showed no significant associations
between concentrations of 25(0OH)D and treatment with statins, ACE inhibitors and/or

ARAs'’0. The use of these medications is however seldomly reported in RCTs.

Medication use or dietary strategies to manage hyperphosphatemia in CKD can also have
influenced the findings and the reported side effects in these studies. Hyperphosphatemia is
usually managed by dietary restriction of phosphate intake or prescription of phosphate
binders3!® in order to decrease the availability of phosphate for intestinal absorption. There
are three types of phosphate binders available: containing calcium, aluminum or non-calcium
containing binders. Calcium based binders can be used as the initial binder therapy in CKD
patients but are not preferred in case of hypercalcemia and/or when plasma PTH
concentrations are <150 pg/ml on two consecutive blood tests32°. Calcimimetics are allosteric
activators of the calcium sensing receptor of parathyroidal cells3%. Calcimimetics are usually
prescribed in CKD patients with SHPT in order to activate calcium receptors and thus
suppressing PTH3% and are used when vitamin D analogues have failed to reduce SHPT.
Calcimimetics in combination with active vitamin D therapy are used to reduce the risk of
developing hypercalcemia and hyperphosphatemia3?L.

A secondary analysis of a large study showed that the choice of phosphate binders may
significantly impact vitamin D metabolism and may influence the safety profile of vitamin D

administration. In the Phosphate Normalization Trial on CKD patients3%?

, participants were
randomized to receive either sevelamer carbonate, lanthanum carbonate, calcium acetate for
9 months after which vitamin D metabolites were measured. In the group taking calcium
acetate, 24,25(0H)2D, the vitamin D metabolite ratio [24,25(0OH),D:25(0H)D] increased and
1,25(0H),D decreased3??. Also, the group taking sevelamer carbonate had an increased
24,25(0H),D and vitamin D metabolite ratio, but this was lower than in the calcium acetate

group3?2. No changes in 1,25(0OH);D were reported3??. In the group taking lanthanum there

we no changes in vitamin D metabolite concentrations.
80|Page


https://www.sciencedirect.com/topics/medicine-and-dentistry/parathyroid-cell

In the studies included in this systematic review, patients were included that did or did not
use phosphate binders and/or calcimimetics. No clear pattern in the response or incidence of

hypercalcemia appeared among these studies.
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CHAPTER 2b: An overview of existing guidelines on vitamin D treatment for CKD
patients

Guidelines for dietary Vitamin D intakes and supplementation for population health and
patient management

General population requirements and recommendations

Population guidelines for dietary vitamin D intakes are partly based on the required intakes
to prevent vitamin D deficiency or to achieve pre-defined target ranges of 25(0OH)D or
sufficiency. Also, evidence from RCTs and other research designs linking vitamin D intake and
health outcomes are considered. Thresholds for deficiency, i.e. the plasma concentration of
25(OH)D below which the risk of disease increases, are predominantly defined on the basis of
skeletal health outcomes, but in some guidelines also other health outcomes are considered.
In most guidelines, minimal contribution of vitamin D synthesis in the skin is assumed. There
is considerable variation in the definition and thresholds or ranges of 25(OH)D concentration
that encompasses vitamin D sufficiency or target ranges of 25(OH)D between health
authorities. In addition, strategies (e.g. type of data considered) to set requirements differ
between health authorities. Review of approaches are beyond the scope of this review and
are provided in Bouillon 201732,

Dietary reference values (DRV) or equivalents, defined by different public health institutes
vary as a consequence of differences in the defined threshold for deficiency or target values
for 25(0OH)D and by age group or physiological state and are summarized in Table 6 8324325,
The umbrella term DRV is used in Europe and World Health Organization/ Food and
Agriculture Organization (WHO/FAQ) and similarly, dietary reference intake (DRI) in the US
that comprise a range of nutrient values that apply to the general population or specific
population groups®324-326, The DRV includes the Reference Nutrient Intake (RNI) which is the
intake to meet the requirements of 97.5% of the population. There where this cannot be
established, an Adequate Intake (Al) is defined. Similarly in the US, RDA represents the
requirements of 97.5% of the population3?’. Population guidelines differ from clinical
guidelines as the latter consider altered dietary requirements associated with underlying

conditions.
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Table 6. Population daily Reference Nutrient Intake (RNI) or Recommended Dietary
Allowance (RDA) or equivalents for vitamin D according to different countries and
organizations

T O ETE Adults Older 65 y Deficiency of
(ng/day) (ng/day) 25(0OH)D**
Nordic countries3?® 10 10-20 25-30 nmol/L
uK? 10 10 <25 nmol/L
Ireland3?? 0-10 10 <30nmol/L
Netherlands3*° 0-10 20 25-30 nmol/L
Belgium33 10-15 15 -
France3% 5 10-15 -
DACH3% 20 20 25-30 nmol/L
Spain3%* 15 15 -
Australia and New Zealand?*! 15 15-20 25-30 nmol/L
EFSA 2017326 15 15 <50nmol/L*
Institute of Medicine3?’ 15 20 25-30 nmol/L
WHO/FAO 5 5 25 nmol/L

After Lips P et al. 201932* and Bouillon R. 201733
*Adequate intake set for vitamin D intake based on target value of 25(0OH)D.

Although vitamin D deficiency is one of the most common nutritional deficiencies in the
world, no routine screening for the general population and most patient groups is
recommended?31,326:327.332  Only people at high risk or with clinical features of vitamin D
deficiency are recommended to be tested33. For example, KDIGO working group and NKF
recommend annual screening for vitamin D deficiency for CKD patients?3’. CKD patients are
classified as a high-risk group due to their dietary modification (restricted protein intake),
advice to restrict sunlight exposure and reduced cutaneous synthesis associated with

common CKD comorbidities and renal losses.

Guidance for patient management and CKD patients

Clinical guidelines for patient management or for specific patient groups provide guidance for
the prevention and correction of vitamin D deficiency. These are partly based on population
guidance or define specific target values for 25(0H)D and vitamin D intakes, based on altered
supply or bioavailability, metabolism and/or requirements. The NICE?3! and the US Endocrine

332 offer guidelines for prevention and treatment of vitamin D deficiency in patients,

Society
including CKD patients. The UK Royal Osteoporosis Society (ROS)33* provides guidelines that

focus on patients with osteoporosis and for osteomalacia and osteoporosis prevention (Table
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7). Specific guidance for the management of CKD-MBD were developed by the NKF, the KDIGO

CKD-MBD Guideline?3” and CARI33%335336 Approaches and criteria used are discussed in more

detail below.

Table 7. Guidelines for the correction of vitamin D deficiency for patient management

(general and for specific groups)

DOSAGE SCHEMES FOR THE CORRECTION OF VITAMIN D DEFICIENCY

Endocrine society (2011)33?

Sufficient: >75nmol/L
Insufficient: 50-75nmol/L
Deficiency: <50nmol/L

NICE (2018)%!

Sufficient: >50nmol/L

Insufficient: 25-50nmol/L
Deficiency: <25nmol/L

ROS (2018)***

Sufficient: >50nmol/L

Insufficient: 25-50nmol/L
Deficiency: <25nmol/L

e Dietary intake for
patients at risk: 19-70y
600 IU/day; >70y 800
IU/day

* Treating vitamin D
deficiency in adults:
50,000 IU/week for 8
weeks or 6000 |U/day.

* Followed by
maintenance therapy of
1500-2000 1U/day.

e Vitamin Ds is the
preferred form of
supplementation to
treat vitamin D
deficiency.

e Vitamin D deficiency
treatment: Fixed
loading dose of vitamin
D up to total of 300,000
IU, split dose either
weekly or daily.

* Followed by lifelong
maintenance treatment
of 800 IU/day.

* Vitamin Dz is
recommended for
treating vitamin D
deficiency.

* Vitamin D deficiency
treatment: fixed
loading up to a total of
300,000 IU given
either as weekly or
daily split doses.

* Maintenance therapy:
started one month
after loading with
doses equivalent to
800- 2000 IU/day
(maximum 4000
IU/day) given either
daily or intermittently.

No specific guidelines for CKD patients are included. Endocrine society and ROS are led by clinical experts and

NICE is a government led committee.

The NKF and KDIGO guidelines cross-refer to guidelines for the general population, especially

for patients in early stages of CKD. Specific guidelines for patients with advanced renal

impairment include the use of vitamin D analogues?’. These guidelines, including the daily

recommended vitamin D intakes are detailed in Table 5 and Table 6 by CKD category.

Additional recommendations are in place for patients with CKD 3-4. For these patients, it is

recommended that with vitamin D supplementation, plasma calcium and phosphate should

be monitored and supplementation dose should be adjusted when required®*” (Figure 14).
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Figure 14. Changes in Vitamin D metabolism and the renal-bone axis with CKD
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Arrows indicate direction of changes with CKD. With chronic kidney disease the combination of limited vitamin
D intake and reduced renal capacity to activate 25(0OH)D to 1,25(0OH)2D results to a chain reaction of changes in
metabolism. A decrease in 1,25(0H)2D results in a decrease in intestinal absorption of calcium. This stimulates
PTH secretion which in turn increases bone resorption. Phosphate retention due to reduced kidney filtration
capacity further stimulates PTH and the production and release of FGF23 from bone cells in order to increase

renal phosphate excretion.
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The US NKF developed the KDOQI, a specific CKD-MBD guideline (Clinical Practice Guidelines
for Bone Metabolism and Disease in Chronic Kidney Disease), published in 20033%°. This
guideline includes recommendations for the management of vitamin D deficiency and SHPT,
calcium and phosphate metabolism. Also, the effects of vitamin D deficiency and
supplementation on bone metabolism and disease were considered (Table 8).

The guideline was predominantly based on evidence on the prevention and management of
vitamin D deficiency and the progressive increase of PTH. It is acknowledged that there is a
lack of high-quality evidence for bone health or patient orientated clinical outcomes, such as
mortality and cardiovascular disease risk. Part of this guidance was revised by NKF in 2016237
focusing on vitamin D deficiency and SHPT in CKD stages 3-4. In this updated guidance, targets
for iPTH thresholds by CKD category, as defined in the 2003 guideline were removed?®’, due
to lack of evidence of benefit. Specific dosage schemes for the prevention of vitamin D
deficiency for CKD patients are not given in the NKF guidelines 20033%° (Table 8), but for the
correction of deficiency, recommendations on dosages and duration are provided (Table 9).
Vitamin D analogues are recommended only for patients with a progressive increase in PTH
and for the treatment of SHPT. The 2016 update highlighted the potential benefits of the use
of oral ER 25(0OH)D in CKD patients. Few studies were available at that time to support this. In
our systematic review, additional studies using this form of vitamin D are included. In 2017, a
commentary was published, reflecting the views of the KDOQI CKD-MBD work group which

were mostly in agreement with the updated KDIGO guidelines discussed below33’.
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Table 8. Guidelines for monitoring and correction of vitamin D deficiency in CKD patients

; G2 G3
>90mL/min 60-89mL/min 30-59mL/min 15-29mL/min <15mL/min
e  Follow guidelines for e If plasma/serum 25(OH)D e VitaminD
general population concentration is <75nmol/L D2 analogue
'@_\ e Target thresholds as supplementation should be given therapy
= general population. with dosages dependent on should be
8 baseline values (Table 4) given when
& with monitoring of 25(0OH)D and calcium SHPT is
§ and phosphate homeostasist (Fig. 1) progressive
8 e Maintenance: continue and
g supplementation with a vitamin- persistent
8 D containing multi-vitamin and higher from
= an annual reassessment of the upper
> 25(0H)D. limit of the
e  ER calcifediol can be used with assay used.
vitamin D deficiency and SHPT.

KDIGO (2009)%! (2017)%¢

Follow guidelines for
general population
Target thresholds for
25(OH)D as for
general population
Monitor
plasma/serum
25(0OH)D
concentrations once
a year. If normal no
treatment is
required. If deficient,
treat per general
population¥

Monitoring of plasma/serum 25(OH)D concentrations at
intervals dependent on CKD stage, baseline values and
therapeutic interventions*, with monitoring of calcium
and phosphate homeostasis* Vitamin D deficiency and
insufficiency be corrected using treatment strategies
recommended for the general population.

In non-dialysis patients with progressively rising PTH
concentrations above the upper limit of normal for the
assay, despite correction of modifiable factors the use
1,25(0OH)2D or vitamin D analogues is recommended.
With severe and progressive SHPT and CKD-MBD in G4-5
1,25(0OH)2D or vitamin D analogues is recommended.

Kidney Health
Australia (CARI 2012-

2013) 331,335

Vitamin D deficiency (<37.5 nmol/L) and insufficiency (37.5-75 nmol/L) should be
corrected using treatment strategies recommended for the general population.

Vitamin D therapy for early CKD patients with SHPT is recommended with monitoring of
markers of calcium and phosphate homeostasis and bone metabolism®

25(0OH)D and PTH levels should be monitored regularly while on vitamin D therapy?®.

T Monitor of phosphorus and corrected total calcium every 3 months. See figure 1 for more details
tMonitor calcium and phosphate levels. Provide instructions to reduced dietary phosphate intake 236291, *
Monitoring intervals: G3: serum calcium and phosphorus: every 6-12 months; intervals for PTH based on
baseline concentration and CKD progression; G4: serum calcium and phosphorus: every 3-6 months; PTH: every
6-12 months; G5 to 5D: serum calcium and phosphorus: every 1-3 months; PTH: every 3-6 months 2362°1; §CKD

patients on vitamin D therapy: regular monitoring of plasma calcium, phosphate and alkaline phosphatase levels
331,335

237,320.
’
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Table 9. Correction and monitoring of vitamin D deficiency in patients with CKD G3-4
Serum 25(OH)D

. .. Vitamin D Duration
Definition 2 Comment

nmol/L [ng/ml] dose (months)
50 000 IU/w orally x Measure 25(0OH)D
6 months
Severe 12w; then monthly levels after 6 months
<12 [<5] VItE.er.Nn D 500 000 IU as a Assure patient
deficiency single |.M. dose n/a adherence; measure
gie LV 25(0H)D at 6 months
. . 50 000 IU/w x 4 w;
12-37 [5-15] Mild vitamin | ) 56000 1U/m | 6 months Measure 25(0H)D
D deficiency levels after 6 months
orally
Vi inD
2075 (16:30] | e P | 50000 1U/morally | 6months n/a
insufficiency

After NKF KDOQ] (2003): Guideline 7;Table 263%°

In 2003 the first detailed guidelines by KDIGO based on the available literature was
published?®*. Since then, updates of those guidelines occur due to new literature available.
That is the reason of carrying out a systematic search of RCTs dating back to 2003. In 2017
KDIGO issued their updated guideline for CKD-MBD?3¢. In parallel to the NKF guideline, there
are no specific recommendations (type of vitamin D, dose and duration) for the prevention of
vitamin D deficiency and the treatment of SHPT due to a lack of sufficient high-quality
evidence specific to CKD patients. This guideline emphasizes the importance of managing
other factors influencing PTH, including a high plasma phosphate and low calcium. This
recommendation also considered reported adverse effects (since the previous review) of
vitamin D analogues and calcitriol on the development of hypercalcemia, while clinically
relevant outcomes did not substantially improve. It was therefore concluded that the risk-
benefit ratio of treating an elevated PTH with these forms of vitamin D is no longer favorable
for the majority of patients3?°. Therefore, in this guideline, the use of vitamin D analogues and
1,25(0OH),D are recommended only for patients with severe and progressive SHPT (Table 8).
The Kidney Health Australia, CARI guidelines of 2012-2013331335 and the CKD guidelines for
general practice issued in 201533¢ recommend that vitamin D deficiency in CKD patients
should be corrected following guidelines for the general population (Table 6; Table 8).
Vitamin D therapy on prescription is recommended for early stages of CKD with SHPT, with
regular monitoring of plasma calcium, phosphate, PTH, ALP and 25(OH)D. Treatment with

1,25(0OH)2D is only recommended in later stages of CKD for the treatment of SHPT.
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Thresholds and correction of vitamin D deficiency

Thresholds for the definition of vitamin D deficiency for the general population differ between
advisory bodies (summarized in Table 6). Some, but not all also provide thresholds of
sufficiency Recommended 25(OH)D target concentrations and thresholds for deficiency for
specific patient groups may be higher than for generally healthy people (Table 7; Table 9).
Guidance for the correction of vitamin D deficiency is not provided in population guidance,
but instead relies on country-specific clinical guidance for patient management. Table 7 and
Table 8 provides an overview of the recommendations from 4 authorities, including the
NKF331’332.

There is considerable between-person variation in the dose-response to vitamin D because of
the numerous factors that can affect plasma 25(OH)D and its increment after intake. Reported
increases in plasma 25(0OH)D in apparently healthy populations (including those that were
deficient at baseline) range from 1.1-5.75nmol/L per 100IU/d338-341 This dose-response
relationship is influenced by baseline concentrations of 25(0OH)D, vitamin D dose, frequency
of administration, body composition and a number of medical conditions3%. Population
guidance for the prevention of deficiency allows for these variations, but specific at-risk
groups may need higher intakes to prevent and correct vitamin D deficiency. For the
correction of deficiency, higher intakes are required and often loading dosages are
recommended, followed by maintenance therapy (Table 7). Clinical monitoring is required
with these loading dosages.

Population guidance considered at what concentration range of 25(0OH)D, the risk of SHPT
was increased and this is incorporated in the assessment of vitamin D requirements®3?7, Also,
this relationship is characterized by a large variability and target values for PTH were not
formulated for the general population.

In CKD patients, the threshold for vitamin D sufficiency and the vitamin D intake to achieve
and maintain sufficiency is less well established than in generally healthy people. This partly
due to the fact that few high-quality studies relating 25(OH)D with clinical outcomes, such as
fragility fractures or bone mineral density, were conducted in CKD patients. Also, the
heterogeneity in this patient group plays a role. In these patients, the vitamin D dose-

response and relationship between 25(0OH)D and PTH is dependent of CKD category, renal
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capacity to produce 1,25(0OH);D and the degree of PTH resistance. Also, diversity in clinical
presentation of CKD-MBD, influences the response in bone metabolism.

For CKD patients, a higher target concentration (>75 nmol/L) than for the general population
is recommended in the NKF and CARI guidelines 237331 with regular monitoring and correction
as required on a 6-12 monthly basis (Table 7; Table 8; Table 9; Figure 15). Target values for
PTH could not be set on the basis of the evidence available. In addition, the PTH-25(0OH)D
relationship (used formulation of in many population guidelines) could not be used in the
assessment of vitamin D requirements for CKD patients due to their altered relationship.
Current recommendations advise regular monitoring and management if PTH progressively
increases. In view of the variability in clinical presentation, patients are managed on a case-
by-case basis with monitoring of calcium and phosphate homeostasis (Figure 15).

Guidance for management of vitamin D status and deficiency, population recommendations

and patient management are summarized in Table 6; Table 7 and Figure 15.
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Figure 15. Guidance for monitoring of vitamin D status and supplementation and monitoring

of calcium and phosphate metabolism in CKD stages G3-4
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Based on recommendations from the different organizations summarized in Table 5. Adapted from: NKF
KDOQI (2003)3%°, Finding in recent RCTs (2003-2019) included in the systematic review are summarized in
yellow boxes.
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Conclusion of Chapters 2a & 2b

Major gaps remain in the evidence base for the management of vitamin D status in relation
to CKD—MBD, i.e. SHPT, altered bone metabolism, bone density and integrity and fracture
risk. Recent studies included in this systematic review varied in design, vitamin D form used
there was a high degree of heterogeneity with regard to duration, dose, and population
characteristics. Our systematic review and meta-analyses showed that although the effect of
vitamin D on PTH concentrations was inconsistent between studies, meta-analyses showed a
borderline significant reduction. This is in contrast to findings in studies in patients not
selected on basis of pre-existing CKD. This is likely explained by the fact that in some but not
all patients with CKD, other drivers are predominant and prevent a decrease of PTH secretion.
More consistent effects on PTH were found with calcidiol; all four studies that used this form
reported a reduced PTH. Treatment with calcitriol and paricalcitol was associated with a
consistent and a greater suppression of PTH but an increased risk of hypercalcaemia. An
increase FGF23 after treatment with vitamin D analogues was observed in all three studies
reporting this outcome, but was unaltered in four studies with Vitamin D or 25(0OH)D. The
increase in FGF23 with analogue administration warrants attention as this hormone is already
elevated in CKD patients and is a predictor of vascular calcification and CVD. Its increase may
indicate an undesirable side effect of administration of these forms of vitamin D. Few RCTs
reported the effect of vitamin D on markers of bone metabolism and variations in the range
of markers prevented direct comparisons. However, all four studies that measured either ALP
or BAP after paricalcitol treatment reported a decrease in this marker indicative of increased
bone turnover in CKD patients.

Guidelines for the first stages (G1-G3a) follow general population recommendations for the
prevention of vitamin D deficiency. For the correction of deficiency, general or CKD specific
patient guidelines provide recommendations. These are summarized in a tabulated format to

facilitate their use in clinical practice.
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CHAPTER 3: Vitamin D supplementation for 12 months in older adults alters
regulators of bone metabolism but does not change Wnt-signalling pathway
markers

Chapter 3 is based on the following publication342.

Christodoulou M, Aspray TJ, Piec |, et al. Vitamin D Supplementation for 12 Months in Older
Adults Alters Regulators of Bone Metabolism but Does Not Change Wnt Signaling Pathway
Markers. JBMR Plus. March 2022:10619. doi:10.1002/JBM4.10619

Summary

Vitamin D status and supplementation regulates bone metabolism and may modulate Wnt-

signalling.

In this chapter the study aimed to investigate changes in regulators and markers of bone
metabolism, BMD and BMC in response to different dosages of vitamin D supplementation in
older people for 12 months (VDOP study: 12,0001U, 24,0001U, 48,0001U/month for 1 year;
men and women >70y; n=379; ISRCTN35648481). We investigated four categories of markers:
(a) calcium metabolism and renal function, (b) vitamin D metabolites, (c) Wnt-signalling
pathway markers and (d) bone parameters and bone metabolism. Further, we investigated
their associations with total 25(OH)D and free 25(OH)D at baseline and after 12 months of

supplementation.

Baseline vitamin D status was (mean + SD) 25(0OH)D: 40.0 +/- 20.1 nmol/L. Supplementation
dose-dependently increased total and free 25(OH)D concentrations and decreased plasma
phosphate and iPTH (all p<0.05). The PINP:CTX ratio, cFGF23 and iFGF23 significantly
increased with no between-group differences, while Klotho was unchanged. 1,25(0OH).D and
PINP significantly increased in the 24 and 48,0001U groups. SOST, OPG, RANKL, BMD, BMC
and CTX remained unchanged. Subgroup analyses with baseline 25(0H)D<25nmol/L (n= 94)

provided similar results.

Baseline total and free 25(OH)D concentrations were positively associated with 1,25(0H);D,

24,25(0H),D (p<0.001), DBP (p<0.05), BMD and BMC (p<0.05). Associations with iPTH
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(p<0.001), cFGF23 (p<0.01) and BAP (p<0.05) were negative. After supplementation, total and
free 25(0OH)D concentrations remained positively associated only with 24,25(0H).D
(p<0.001), DBP (p<0.001) and negatively with eGFR (p<0.01). iPTH and SOST were significantly
associated only with free 25(0OH)D. There were no significant relationships with BMD and BMC

after supplementation.

The decrease in iPTH and increase in PINP:CTX ratio suggest a protective effect of
supplementation on bone metabolism although no significant effect on BMD or pronounced
changes in regulators of Wnt-signalling were found. The increase in FGF23 warrants caution
due to its negative association with skeletal and cardiovascular health. Associations of total
and free 25(0OH)D with biomarkers were similar and known positive associations between
vitamin D status and BMD were confirmed. The change in associations after supplementation

might suggest a threshold effect.

Methods

Study design

This study is a secondary analyses utilising plasma samples collected as part dose-ranging
randomised vitamin D intervention trial in older people (VDOP)343 (ISRCTN35648481 and
EudraCT 2011-004890-10). In brief, this RCT included 379 adults aged 270 y (48% women;
mean age 75 y) from the northeast of England. Participants were randomly allocated to 1 of
3 doses of vitamin D3 [12,000 international units (1U), 24,000 IU, or 48,000 IU] given once a
month for a year. The 12,000 and 24,000 IU dosages correspond to the UK Dietary RNI of 400
IU/day (10 pg/day)® and the North American RDA of 800 IU/day (20 pg/day) for people over
70 years old.

This study was powered to detect a change in BMD at the hip in response to 12,000, 24,000,
or 48,000 IU vitamin D3/m for 1 year, using 12,000 IU as the reference dose. The power
calculation was based on findings in an earlier, similar study in the North of the UK343344,
Detailed description of the design, methods and primary outcomes of VDOP were earlier
published343345, Results for bone mineral density and bone area (at hip and femoral neck),

plasma concentrations of 25(0OH)D, iPTH, albumin, calcium and creatinine were earlier
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reported but are also included here as part of secondary analyses and to support data

interpretation.

Additional methods used for these secondary analyses are provided below. These explorative

secondary analyses were not pre-specified in the original trial design and analyses plan.

The study was conducted in accordance with guidelines laid down in the Declaration of
Helsinki. A favourable opinion was obtained from the Tyne & Wear South Research Ethics
Committee (REC, 12/NE/0050) with Research and Development approval from the sponsor,
Newcastle upon Tyne Hospitals NHS Foundation Trust. All participants provided written

informed consent.

Measurements

Measurements of BMD and BMC at the hip and femoral neck (FN), height and weight were
taken 3*3, Early morning fasting blood samples were collected from all participants at baseline
and after 12 months of supplementation. Plasma calcium, albumin and creatinine were
measured by Newcastle upon Tyne hospitals NHS Foundation Trust (NUTH) laboratories and

the analysis was carried out immediately after sample collection.

The remaining blood samples were placed on ice and separated within 30 minutes of
collection in a refrigerated centrifuge at 1,800 g for 20 minutes. Plasma was transported on
dry ice and stored at -80°C. Biochemical analysis took place at Medical Research Council
(MRC) Human Nutrition Research, Cambridge, UK. The assays specifications was as described
before 343, Analyses specific for this secondary study were conducted at Bioanalytical Facility

of University of East Anglia (UEA), UK and are specified below.

In brief, analyses conducted at MRC Human Nutrition Research included 25(OH)D (LC-
MS/MS), DBP (ImmunDiagnostik AG ELISA), iPTH (Immulite 2000, SIEMENS), PINP (UniQ, RIA),
B-CTX (Immunodiagnostic) and BAP (DiaSorin LIAISON). All assays were performed in
duplicate except for PTH. Assay performance was monitored using kit and in-house controls
and under strict standardisation according to 1SO 9001:2000. External quality assurance of
25(OH)D and iPTH assays were performed as part of the Vitamin D External Quality

Assessment Scheme (www.deqas.org) and the National External Quality Assessment Scheme
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(www.uknegas.org.uk). Measurements of 25(0H)D were harmonised against NIST standards

as part of the Vitamin D harmonisation program 343,

Measurements conducted at UEA included serum phosphate (Phosphate (Inorganic) ver.2,
Cobas, Roche), aKlotho (IBL international), cFGF23 (Immutopics, Gen 2), iFGF23 (Immutopics,
Gen 2), OPG (Biomedica), SOST (Biomedica), DKK1 (Biomedica), soluble RANKL (sRANKL
Biomedica), 24,25(0H).D (LC-MS/MS)34¢, 1,25(0H),D (Diasorin, Liaison XL assay) and Cystatin
C (Tina-guant Cystatin C Gen.2). All assays were performed in duplicate except for 1,25(0OH),D,
Cystatin C and phosphate. The inter and intra-assay coefficient of variation (CV) of all assays
were <10% except for 24,25(0H),D and 1,25(0OH),;D, which were <15%. Assay performance

was monitored using kit and in-house controls and following Good Laboratory Practice.

All the biochemical analysis was conducted prior the start of this PhD study except markers

of cystatin C and phosphate were conducted by M. Christodoulou during this PhD study.

Derived variables

eGFR was calculated using the MDRD-4 algorithm.

Calculated ratios included 25(OH)D:24,25(0H);D, 1,25(0H),D:24,25(0OH).D, PINP:CTX,
SRANKL:OPG and cFGF23:iFGF23 and were expressed as on molar:molar ratio, except for
PINP:CTX and cFGF23:iFGF23.

Free 25(0OH)D was calculated using the equation34’:

Free 25(0OH)D= total 25(OH)D/ [1+(6*103x Albumin) + (7*108xDBP)

Statistical analysis

The findings presented in this paper are the results of explorative secondary analyses. The
primary outcome of the VDOP study was the change in BMD at the hip. A formal power
calculation for secondary outcomes were not conducted but instead an estimation of the
detectable effect size is provided for SOST data. In addition, correction for repeated testing
was not deemed appropriate for this explorative analysis as any finding will require

confirmation in RCTs specifically designed and powered for respective outcomes.

The sample size calculation was based on a detectable effect size (a 15% reduction in plasma

SOST in any arm of study). This is within the observed % reduction of SOST after treatment
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with pharmaceutical agents to reduce bone resorption. Data from a study in older men and
women (>65 years of age; n=95) provided an estimate of the biological variability of SOST34%,
The mean (SD) plasma SOST concentration was 27.8 (14.1)ng/ml. The between subject CV %
[(CV); SD*100/mean %)] was 51%. Other data suggest a CV of 30-42%34°-31, It is assumed that
the within subject variation is approximately half the size of the between subject estimate,
i.e. 25-30 %. The sample size calculation was based on a conservative CV% of 30%. To detect
an effect size of 15%, with a 30% CV, 5% significance level and 90% power the required sample
size is 84 subjects per arm. Samples available from the VDOP study were n= 113, 114 and

116/arm.

Prior to t-tests and analysis of covariance (ANCOVA) analyses, all outcomes were assessed for
normality (defined as a posterior distribution skewness <2 or >-2) and visual inspection of
histograms. Non-normally distributed variables were converted to natural logarithm values
(LN) and checked again for normality. The distribution of Klotho and cFGF23 at both time
points (baseline and 12 months) were extremely skewed. Outliers were identified on basis of
z-scores (based on interquartile range; IQR) and excluded if <-2.68 or >2.68. After excluding
the extreme outliers, the LN values of both variables were normally distributed. Analyses
were conducted with and without these outliers and there were no material differences

between outcomes and interpretation of the data.

Differences between pre- and post- supplementation values were tested with paired sample
t-tests for each supplementation group. Between group differences post-supplementation
were tested by ANCOVA, with the baseline value as co-variate. Additional models included
eGFR and gender as co-variates. These models did not provide substantially different results
and/or these co-variates were non-significant and therefore only the result of the ANCOVAs
with the baseline value as co-variate were reported, unless stated otherwise. Data were
presented as mean and SD or median and IQR for normally distributed and skewed data,

respectively.

To assess whether vitamin D deficiency at baseline influenced the effect of supplementation,
analyses as described above were conducted separately for participants with a plasma

25(0OH)D <25nmol/L at baseline.
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Regression analyses was used to test associations with total and free 25(0OH)D concentration
before and after 12 months of supplementation. For post supplementation data, the dose
was entered as a co-variate, but was non-significant. Therefore, results of univariate models
are presented. Regression analyses for variables derived from the independent variable were
not conducted (i.e. for free 25(0OH)D these were: DBP, albumin and total 25(OH)D) and for
any of the ratios with total 25(0OH)D). Linearity of associations was visually inspected. Two
outliers for free 25(0H)D were excluded from the 12 months data. Results are presented as
the B-coefficient and associated p value. These regression analyses were conducted using the

natural values of the data (not LN converted).

For the statistical analysis of the data IBM® SPSS® Statistics Version 25 software was used.

Results

Baseline characteristics are presented in Table 10. Baseline characteristics were well balanced

between treatment groups and no significant differences were found.

Plasma calcium and renal function markers

Adjusted calcium remained unaltered. There was a significant decrease in plasma phosphate
in all treatment groups compared to baseline (p<0.01), but there was no dose effect. There
were significant changes in plasma creatinine in all treatment groups (p<0.001), with no
between groups differences but eGFR was unaltered. Cystatin C significantly increased from
baseline in the 24,000 IU and 48,000 IU group (p<0.001; p<0.05 respectively) with no between
groups differences. Plasma cFGF23 and iFGF23 significantly increased in all treatment groups
with supplementation (p<0.05) without a significant dose effect. The c:iFGF23 ratio remained
unaltered (Table 10). Although Klotho remained unaltered compared to baseline, there were

significant between group differences (p<0.001) after supplementation.

In ANCOVA models for albumin and cFGF23, eGFR was a significant covariate. Inclusion of

eGFR in these models did not alter the interpretation of findings.
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Table 10. Participants’ characteristics and response to vitamin D supplementation?®

Baseline 12 months 12 months 12 months ANCOVAP

[12 000 IU] [24 000 1U] [48 000 IU] analysis
N 379 122 124 126
Age (years) 74.1[71.5-77.0] 75.6 [72.5-77.3] 76.0 [72.5-77.9] 76.4 (4.4) n/a
Albumin (g/L) 45.7 (2.2) 44.6 (2.1)* 44.5 (2.6)* 44.3 (2.0)* 0.70
Adjusted calcium (mmol/L) 2.2(0.1) 2.3(0.1) 2.2 (0.1) 2.2 (0.1) 0.07
Phosphate (mmol/L) 0.88 (0.18) 0.79 (0.19)* 0.81(0.17)* 0.81 (0.19)* 0.68
Cystatin C (mg/L) 0.87 (0.22) 0.88 (0.27) 0.92 (0.25)* 0.95 (0.29)* 0.41
Creatinine (umol/L) 82.1(19.1) 82.5 [67-94]* 84.6 [71-96]* 78.1 (66-88]* 0.25
eGFR (mL/min per 1.73 m?) 72 (15) 73 (14) 74 (16) 70 (15) 0.54
Klotho (pg/mL) 493.7 [392.6-627.7] 502.0 [403.1-639.6] 502.7 [395.5-611.2] 477.6 [399.6-589.2] <0.001
cFGF23 (RU/mL) 66.7 [54.9-84.2] 90.8 [65.3-104.9]* 85.7 [59.7-94.9]* 77.8 [58.4-87.3]* 0.11
iFGF23 (pg/mL) 55.1[44.5-72.7] 66.9 [42.5-88.4]* 71.7 [54.5-79.4]* 73.2[52.2-84.71* 0.80
i:cFGF23 1.9 [1.5-2.5] 2.1[1.4-2.2] 2.2 [1.4-2.3] 2.3[1.4-2.3] 0.75
Vitamin D metabolism markers
Total 25(0OH)D (nmol/L) 40.0(20.1) 55.9 (15.6)* 64.6 (15.3)* 79.0 (15.1)* <0.001
Free 25(0OH)D (pmol/L) 8.4 (4.3) 11.7 (3.3)* 13.8 (3.4)* 16.9 (4.3)* <0.001
24,25(0OH);D (nmol/L) 3.2 [2.0-5.5] 6.1(2.7)* 7.4 (2.8)* 9.4 (3.0)* <0.001
25(0H)D:24,25(0OH),D 14.5[11.3-18.8] 12.1 [9.4-12.9]* 11.9 [10.0-13.4]* 12.9 (4.7)* <0.001
1,25(0OH)2:D (pmol/L) 94.5 (29.0) 100.6 (29.8) 101.0 (29.4)* 101.9 (30.8)* 0.099
1,25(0OH).D:24,25(0H),D 25.7 [16.8-44.4] 17.7 [11.9-21.8] 14.6 [8.9-18.7] 15.3[9.0-18.2] <0.001
DBP (mg/L) 367.8 (63.4) 362.5 (74.1) 356.9 (46.1) 384.4 (57.8)* <0.01
iPTH (pg/ml) 43.4 [33.2-57.4] 39.8 [28.8-53.5]* 40.9 [26.3-55.5]* 37.3[27.8-47.5]* <0.01

Whnt-signalling pathway markers
SOST (pmol/L) 44.3 [32.4-60.0] 46.9 [32.6-63.5] 45.4 [32.1-57.8] 46.5 [33.2-61.2] 0.20
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DKK1 (pmol/L) 31.2 (16.5) 40.6 (17.9)* 33.2(19.0) 38.9 (18.1)* 0.87
OPG (pmol/L) 5.67 (2.08) 5.69 (2.04) 5.12 [4.25-6.47] 5.89 (2.17) 0.20
SRANKL (pmol/L) 0.12 [0.08-0.18] 0.14 [0.08-0.18] 0.13 [0.07-0.18] 0.14 (0.07) 0.75
SRANKL:0PG 0.02 [0.01-0.04] 0.03 [0.01-0.03] 0.04 [0.01-0.04] 0.03 [0.01-0.04] 0.85
Hip BMC (g) 35.44 (8.30) 34.08 (7.56) 35.42 (7.92) 35.73 (8.63) 0.14
FN BMD (g/m?) 0.902 (0.152) 0.88 (0.13) 0.90(0.14) 0.92 (0.15) 0.13
FN BMC (g) 4.90 (1.09) 4.78 (0.96) 4.82 (1.04) 4.70(1.16) 0.72
BAP (ug/L) 9.5[7.9-12.3] 11.4 [8.4-13.8]* 10.7 [7.7-12.7] 11.4 [8.0-14.1] 0.87
CTX (ng/mlL) 0.40 [0.30-0.50] 0.36 (0.16) 0.37(0.15) 0.35(0.14) 0.48
PINP (ug/L) 36.2 [28.8-46.2] 40.1 [31.7-52.6] 39.1[31.0-46.6]* 38.4[28.9-47.1]1* 0.53
PINP:CTX 101.4 [85.9-116.9] 120.5 [103.6-155.2]* 124.0 [107.6-158.5]* 118.8 [100.8-157.1]* 0.99

Participants’ characteristics and response to vitamin D supplementation?®
2For normally distributed data, results are expressed as mean (SD); for skewed results are expressed as median [interquartile range].

*Paired T-tests were used to analyse pre- and post- supplementation values for each supplementation group; * denotes significantly different from baseline p <0.05

PANCOVA was used to test between group differences after 12 months of supplementation, with the baseline value as a co-variate.
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Vitamin D metabolism

Post-supplementation all vitamin D metabolites were significantly higher in all treatment
groups (p<0.001) compared to baseline, except 1,25(0OH),D which only significantly increased
in the 24,000 IU and 48,000 IU group (both p<0.01). Supplementation had a significant dose-
dependent effect on total, free 25(0OH)D and 24,25(0OH),D (all p<0.001). The vitamin D
metabolites ratios were significantly different between the groups (p<0.001). DBP was
unchanged, except for a significant increase in the 48,000 IU group (p<0.05) after
supplementation and there were significant differences between treatment groups
(p<0.001). iPTH decreased in all treatment groups after supplementation (p<0.05) with a
significant dose-dependent effect (p<0.001) (Table 10).

In ANCOVA models for total and free 25(0OH)D, eGFR was a significant covariate. Both models

with and without this covariate were significant (both p<0.001).

Whnt-signalling pathway markers

There were no changes with supplementation in plasma concentrations of SOST, OPG,
SRANKL and sRANKL:OPG ratio. Differences between groups were non-significant. DKK1
significantly increased in the 12,000 IU and 48,000 IU groups (p<0.05) and there were

significantly differences between the treatment groups (p<0.05) (Table 10).

Bone parameters and markers of bone metabolism

BMD and BMC at the hip, FN and CTX were not significantly different compared to baseline
and there were no group differences as reported before 34334, Femoral neck area was
significantly lower in the 48,0001U group and there were significant differences between the
groups after supplementation (p<0.001). BAP significantly increased only in the 12,000 IU
group (p<0.05). PINP:CTX ratio significantly increased, respectively with supplementation in
all treatment groups (all p<0.001). PINP significantly increased compared to baseline only in

the 24,000 IU and 48,000 IU groups (p<0.001) with no differences between groups (Table 10).
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Subgroup analyses by vitamin D deficiency at baseline

Deficient study population characteristics and comparisons

At baseline, 28% of participants had a 25(0OH)D concentration <25nmol/L (mean 25(OH)D:
18.8 + 4.1 nmol/L and the numbers were equally distributed between supplementation
groups3. This group had a significantly lower hip and FN BMD and BMC. Plasma
concentrations of 1,25(0OH).,D, 24,25(0OH).D and PINP were lower and iPTH and cFGF23 were
higher compared to the group with baseline 25(0H)D >25nmol/L (all p<0.05). After
supplementation, no significant changes in hip and FN BMD and BMC were found. In line with
the findings in the full cohort, supplementation significantly increased concentrations of total
and free 25(0OH)D, 24,25(0OH);D and cFGF23 concentrations and decreased PTH in all
supplementation groups. Plasma iFGF23 significantly increased with the 2 highest dosages.
Plasma 1,25(0H);D was significantly higher in all treatment groups. Klotho, SOST, OPG,
RANKL, BAP and CTX remained unchanged. The observed increase in PINP in the full cohort
was not found but instead a PINP significantly decreased in the 24,000 IU group but the
PINP:CTX ratio significantly increased in all groups. The observed decrease in plasma

phosphate was not found in this subgroup.

Associations with total and free 25(OH)D plasma concentrations

Plasma calcium and renal function markers

At baseline, total and free 25(0OH)D were significantly negatively associated with cFGF23
(p<0.001) (Figure 1) and the c:iFGF23 ratio (p<0.05) (Table 11).

After supplementation, total and free 25(0H)D were negatively associated with adjusted
calcium (p<0.05) and eGFR (p<0.01 and p<0.001 respectively) (Table 11). No associations

were found with the rest of the biomarkers after supplementation (Table 11).

Vitamin D metabolism

Pre-supplementation both total and free 25(OH)D were positively associated with

24,25(0H),D and 1,25(0OH),D and negatively associated with 1,25(0H)2D:24,25(0H),D and
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iPTH (all p<0.001) (Table 11; Figure 17). DBP was positively associated with total 25(0OH)D
(p<0.01) (Table 11).

Post- supplementation, DBP and 24,25(0H).D were positively associated with total 25(0OH)D
(both p<0.001) (Table 11). Plasma PTH was negatively associated with free 25(OH)D (p<0.05)
and there was tendency of significance for total 25(OH)D (p=0.09) (Table 11; Figure 17).

Whnt-signalling pathway markers

The Wnt-signalling markers DKK1, OPG and sRANKL were not significantly associated with
either total or free 25(0OH)D both pre- and post-supplementation. SOST was positively

associated only with free 25(OH)D after supplementation (Table 11; Figure 18).

Bone density and metabolism

At baseline both total and free 25(0OH)D were positively associated with hip BMD (p<0.01 and
p<0.05, respectively), hip BMC (p<0.05 and p<0.01, respectively), FN BMC (p<0.05 and p<0.01,
respectively) and FN BMD (both p<0.05) (Table 11; Figure 16). Of the bone metabolism
markers, only BAP was significant (positively) associated with total and free 25(OH)D (p<0.05)
(Table 11).

After supplementation, no significant associations were found (Table 11).
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Table 11. Associations of total and free 25(0OH)D with biomarkers at baseline and 12 months

Plasma calcium and renal function markers

Baseline

12 months

Total 25(OH)D (nmol/L)

Free 25(OH)D (pmol/L)

Total 25(OH)D (nmol/L)

Free 25(OH)D (pmol/L)

B coefficient

p-value

B coefficient

p-value

B coefficient

p-value

B coefficient

p-value

Albumin (g/L) 0.004 0.44 n/a n/a -0.003 0.72 n/a n/a
Adjusted calcium (mmol/L) 0.000 0.34 0.001 0.46 -0.001 <0.05 -0.002 <0.05
Serum Phosphate (mmol/L) 0.001 0.08 0.003 0.18 0.000 0.84 0.003 0.18
Cystatin C (mg/L) 0.000 0.50 -0.002 0.425 0.000 0.88 0.004 0.19
Serum creatinine (umol/L) 0.027 0.58 0.169 0.47 -0.074 0.23 -0.424 0.10
eGFR (mL/min per 1.73 m?) 0.026 0.50 0.144 0.43 -0.141 <0.01 -0.710 <0.001
Klotho (pg/mL) -1.398 0.40 -7.066 0.37 -1.606 0.10 -1.771 0.66
cFGF23 (RU/mL) -0.433 <0.001 -1.741 <0.01 -0.203 0.10 -0.396 0.45
iFGF23 (pg/mL) 0.107 0.22 0.227 0.50 0.047 0.68 0.485 0.31
i:cFGF23 -0.023 <0.05 -0.104 <0.05 -0.005 0.21 -0.006 0.74
24,25(0H);D (nmol/L) 0.126 <0.001 0.559 <0.001 0.124 <0.001 0.452 <0.001
1,25(0H);D (pmol/L) 0.425 <0.001 1.964 <0.001 0.130 0.15 0.268 0.49
1,25(0H):D:24,25(0OH),D -0.916 <0.001 -0.114 <0.001 -0.010 0.73 -0.015 0.91
DBP (mg/L) 0.439 <0.01 n/a n/a 0.803 <0.001 n/a n/a
iPTH (pg/ml) -0.360 <0.001 -1.612 <0.001 -0.121 0.09 -0.752 <0.05
SOST (pmol/L) 0.020 0.76 0.237 0.45 0.014 0.86 0.634 <0.05
DKK1 (pmol/L) 0.000 0.99 -0.03 0.89 0.035 0.55 0.194 0.46
OPG (pmol/L) 0.002 0.76 -0.016 0.53 0.005 0.51 0.024 0.45
SRANKL (pmol/L) 0.000 0.90 0.000 0.79 0.000 0.78 0.000 0.66
SRANKL:0OPG 0.000 0.88 0.000 0.82 0.000 0.85 0.000 0.94

Bone density and metabolism
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Hip BMD (g/m?) 0.001 <0.01 0.006 <0.01 0.001 0.10 0.003 0.14

Hip BMC (g) 0.053 <0.05 0.298 <0.01 0.036 0.16 0.121 0.27
FN BMD (g/m?) 0.001 <0.05 0.005 <0.01 0.001 0.14 0.003 0.11
FN BMC (g) 0.007 <0.05 0.039 <0.01 0.000 0.99 0.000 0.99
BAP (ug/L) -0.019 <0.05 -0.096 <0.05 0.006 0.72 0.038 0.58
CTX (ng/mL) 0.000 0.61 -0.002 0.43 0.000 0.51 -0.001 0.73
PINP (ug/L) -0.034 0.42 -0.202 0.32 -0.031 0.63 -0.014 0.96
PINP:CTX 0.007 0.93 -0.005 0.99 -0.137 0.26 -0.315 0.54

Univariate linear regression analysis; the table displays the B coefficients and the ANOVA p-value for the B coefficient.

For abbreviations see Table 10.

Regression analyses for variables derived from the independent variable were not conducted (i.e. for free 25(0OH)D these were: DBP, albumin and total 25(0OH)D) and for any
of the ratios with total 25(OH)D).
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Figure 16. Correlations of total and free 25(0OH)D with cFGF23 at baseline and 12 months
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Figure 17. Correlations of 25(OH)D with 1,25 dihydroxy vitamin D and PTH at baseline and 12 months
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Figure 18. Correlations of 25(OH)D with Wnt-signalling pathway markers at baseline and 12 months
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Figure 19. Correlations of total and free 25(0OH)D with hip BMD at baseline and 12 months
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Discussion

Supplementation dose-dependently increased total and free 25(OH)D concentrations and
decreased plasma phosphate and iPTH in all groups (all p<0.05). The PINP:CTX ratio, cFGF23
and iFGF23 significantly increased with no between-group differences. Klotho was
unchanged. 1,25(0OH),D and PINP significantly increased in the 24 and 48,0001U groups. SOST,
OPG, RANKL, BMD, BMC and CTX remained unchanged. In subgroup analyses restricted to
participants deficient (25(0OH)D <25 nmol/L) at baseline, findings were similar. There were no
significant changes in BMD, BMC and CTX. Although an increase in PINP was not seen in this

subgroup, PINP:CTX ratio increased.

Before supplementation, plasma concentrations of both total and free 25(0OH)D were
associated with cFGF23 and iPTH but not any of the markers of Wnt-signalling or bone
metabolism, except for BAP. Both free and total 25(OH)D were positively associated with
BMD and BMC of both sites at baseline. After supplementation, total and free 25(0OH)D was
positively associated with DBP (p<0.001) and negatively with adjusted calcium and eGFR
(p<0.01). The negative association with iPTH and positive association with SOST (p<0.05) were
only significant for free 25(OH)D after supplementation. There were no significant
associations with other markers of Wnt-signalling and bone metabolism. The relationships

with BMD and BMC were no longer found after supplementation.

The expected dose-dependent increase in total and free 25(0H)D and 24,25(0H),D with
vitamin D supplementation was observed in this study. This was accompanied by a dose-
dependent decrease in iPTH, as observed before in generally heathy people3°23°¢, We also
found an increase in 1,25(0OH);D concentrations in the 24 and 48,0001U/month groups,
despite that fact that few of the study participants had baseline values of 25(OH)D below the
concentration usually considered as rate limiting for 1,25(0OH),D production. This was also

observed in other studies3®’.

We found a significant increase in cFGF23 and iFGF23 with vitamin D supplementation, some
individuals exceeding the normal ranges of cFGF23 and iFGF23 (laboratory-specific normal
range: cFGF23 <100 RU/ml3*%; iFGF23 28-121 pg/mL as established in n=50 healthy
individuals; personal communication Professor William Fraser). An increase in iFGF23 with

vitamin D supplementation was also reported in a recent meta-analysis 3°°. This may be partly
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mediated by the increase in 1,25(0OH),D observed in our study. There is a reciprocal regulation
of FGF23 and 1,25(0OH);D*’; 1,25(0OH);D stimulates the expression of FGF23 and
Klotho3°7:360361  An increase Klotho concentrations was found after vitamin D
supplementation3®? and in another study, Klotho has been shown to stimulate 25(0OH)D
activation in the kidney3l. FGF23 however stimulates the expression of CYP24A1, thereby
increasing catabolism of 1,25(0OH);D and the conversion of 25(0H)D into 24,25(0OH),D3%3>,
while at the same time inhibiting CYP27B1 expression and thus 1,25(0OH).D production®7.
FGF23 has also been reported to inhibit iPTH synthesis production, a mechanism modulated
by 1,25(0H),D37. The effects of supplementation on FGF23 appear to be contradictory to the
finding that at baseline, but not after supplementation, plasma 25(0OH)D was negatively
associated with cFGF23. This is likely linked to the effect of kidney function on both

measurements.

The increase in FGF23 may be also secondary an increase in intestinal calcium and phosphate
absorption3®® as mediated by the increase in 1,25(0OH)2D. It may thus reflect a compensatory
response to maintain phosphate homeostasis by increasing urinary phosphate excretion.
Accordingly, we found a decrease in plasma phosphate after supplementation. FGF23, in
conjunction with its co-factor Klotho is a phosphaturic hormone3%3>’, FGF23 downregulates
the expression of phosphate cotransporters in renal proximal tubule membrane by
phosphorylation of the NHERF-1 through a Klotho dependent mechanism'%’. Also, iPTH has a
phosphaturic effect thought NHERF-1; therefore, the increase in FGF23 may be a response to

the observed decrease in iPTH in this study.

Elevated plasma concentrations of cFGF23 and iFGF23 are found from early stages of renal
impairment followed by an increase in plasma phosphate and PTH as CKD progresses37,364,
This is associated with soft tissue calcification and increased risk of CVD!®l. It is also
associated with low plasma concentrations of 1,25(0OH),D due to FGF23 mediated inhibition
of production and increased catabolism. It may therefore contribute to the risk of
osteomalacia. Consistent with this hypothesis, negative associations have been reported
between FGF23 and other regulators of the Wnt-signalling and markers of bone integrity and
fracture risks, particularly in trabecular bone. These associations remained significant after
correction for eGFR?!23%5, Several of these studies showed no relationships with BMD or
BM(C?12366, Whether an increase in FGF23 in response to vitamin D supplementation, without
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a concomitant increase in plasma iPTH and phosphate and decrease in 1,25(0OH).D is also

associated with negative bone and CVD health outcomes needs further investigation.

Renal function is an important determinant of the response to vitamin D supplementation3°®,
In post-supplementation ANCOVA models that included eGFR as a covariate, eGFR was
significant for total and free 25(0H)D and cFGF23. The interaction of eGFR with post-
supplementation 25(0OH)D may reflect increased catabolism and impaired dose-response
associated with a decline in renal function®3. The interaction with cFGF23 may also be
explained by the importance renal function in the catabolism and urinary excretion of FGF23
fragments®’. In models for markers of Wnt-signalling, bone metabolism and BMD and BMC,
eGFR was not significant. It is possible that the effect of renal function on bone markers may
predominantly be observed at a lower eGFR than observed in this cohort. In reverse,
supplementation did not increase or decrease eGFR, although cystatin C significantly

increased in two highest dose groups.

Our study did not confirm an anabolic effect of vitamin D supplementation on components of
the Wnt-signalling pathway367:3¢8, The negative regulators SOST, OPG and sRANKL remained
unchanged, while DKK1 significantly increased in 2 groups. sRANKL:OPG ratio remained
unchanged. Data on the effect of vitamin D metabolites and vitamin D supplementation on
the SRANKL:OPG ratio are conflicting 3¢°. Some studies reported that 1,25(0OH).D can decrease
the expression of RANKL and upregulate OPG/RANKL. This is partly mediated through the
inhibitory effect of 1,25(0H);D on inflammatory factors?®>2%, However another study
suggests that 1,25(0OH);D increases the expression of RANKL and decreased OPG and
enhanced osteoclast formation?®’. Although no pronounced effects on these regulators of
bone metabolism were found, there was an increase in the formation marker PINP in the two
highest dose groups while the PINP: CTX ratio increased in all groups. This may indicate that
the balance of bone formation and resorption may have changed with supplementation.
Other studies also found an anabolic effect of vitamin D supplementation on bone turnover

markers370371,

Vitamin D supplementation may increase bone mineralization?? and therefore BMD and BMC
by increasing the bio-availability of calcium and phosphate’®. This may be independent of

potential effects of increased vitamin D status on alterations of bone cell differentiation and

113 |Page



function. This is most pronounced when substantial amounts of unmineralized bone matrix
are present before supplementation commences, such as with osteomalacia, associated with
vitamin D deficiency®3%*. Therefore, similar to other vitamin D intervention studies, the
effects of supplementation may have depended on vitamin D deficiency at baseline. In the
VDOP study, 28% of participants had a baseline 25(0OH)D below 25nmol/L, the threshold
typically associated with impaired mineralisation®. This study and earlier analyses of the VDOP
trial showed no interaction between the presence or absence of vitamin D deficiency
(<25nmol/L) at baseline and change in BMD of the hip and femoral neck3*3, markers of Wnt-
signalling and bone metabolism, except for PINP. However, our study was not powered for

this subgroup analyses.

In view of earlier reports of the importance of vitamin D status, rather than vitamin D supply,
for musculo-skeletal health outcomes (BMD, fractures, falls, muscle function, prevention and
treatment of secondary hyperparathyroidism) in both supplemented and unsupplemented
individuals, we conducted regression analyses with total 25(OH)D and its free fraction before
and after supplementation. We found that at baseline, BMD and BMC were positively
associated with both and total and free 25(OH)D. This is consistent with other cross-sectional
studies®**. The lack of an effect of supplementation appears to be contra-dictionary to these
findings. However, at baseline, 25(OH)D likely reflects a wider range of factors influencing
both vitamin D status and BMD and BMC, such as time spent outdoors, physical activity or
body composition3’%373, The associations between 25(0OH)D and BMD and BMC were no
longer significant after supplementation. This might indicate that after supplementation,
25(OH)D concentrations ranges were achieved within which a further increase does not result
in an increase in mineralization. In addition, after supplementation, vitamin D status will
predominantly have been determined by oral intake and as such may override the effect of
before mentioned life-style factors on 25(OH)D. Surprisingly, both at baseline and post-
supplementation no significant associations were found with any of the measured markers of

the Wnt-signalling pathway or bone metabolism, except for BAP.

It has been suggested that serum free 25(OH)D may be a better measure of tissue availability
and utilisation and may be a better predictor of functionality of vitamin D than total plasma
25(0OH)D374375, The majority of vitamin D metabolites circulate tightly bound to DBP (85-90%),
or with a lower affinity to albumin (10-15%) and only a small fraction circulates in its free
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form374375, According to the free hormone theory, only the free fraction can enter cells, unless
the megalin/cubilin-mediated endocytotic uptake allows for internalisation of DBP-bound
metabolites. This has so far only been demonstrated in the kidney, breast and muscle
tissue3’4. Bone cells may therefore depend on the free 25(0OH)D concentration in their micro-
environment. Both osteocytes and osteoblast express CYP27B137%377 |t is therefore possible
that vitamin D status regulates the auto and paracrine functions of osteocytes and osteoblast,
including the production of FGF23. In healthy individuals, total and free 25(OH)D are highly
correlated3’4375378 gnd generally have the same relationships with health outcomes, despite
the fact that DBP may have an independent association with indices of bone health369:374.375,
This was also found in this study, in which we used calculated, not directly measured free

25(0OH)D concentrations.

The plasma concentration of DBP is not considered to respond to vitamin D supply or plasma
25(OH)D. In this study, DBP significantly increased in the highest dose group. This finding
therefore remains unexplained. In reverse, the concentration of DBP may be a determinant
of the concentration of vitamin D metabolites since it protects against catabolism, thereby
prolonging half-lifel!. The significant association between DBP and plasma 25(OH)D in this

study appears to confirm this.

This study has several limitations. The absence of placebo group did not allow to account for
changes unrelated to the intervention (e.g. effect of ageing or secular trends). Our study was
not powered for subgroup analyses by baseline vitamin D status. The length of
supplementation may have been too short to detect significant changes in BMD and BMC as
measured by DXA. We however did also not observe the anticipated 0.6% decrease in BMD
(the average annual change in BMD in this age group34*34°) the study was powered to
detect3*3. We did not conduct peripheral quantitative computed tomography (pQCT) to
obtain measures of bone integrity and strength and changes in these parameters may have
gone undetected. Markers of bone metabolism and osteocyte signalling may however be
expected to respond to interventions more rapidly and within the length of a bone
remodelling cycle (¥3-4 months)3”. It is possible that markers measured after 12 months
reflect a newly achieved steady state that is seemingly no different from baseline and that
changes occurred within the first few months after commencement of the intervention, such
as observed in pharmaceutical trials®’%37°. We did not directly measure free 25(OH)D but
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instead calculated the free fraction. Although directly measured and calculated free 25(0OH)D
concentrations correlate well in healthy populations3¢®37437> it cannot be excluded that

directly measured concentrations would have provided different findings.

In conclusion, the decrease in iPTH and increase in PINP:CTX ratio suggest a protective effect
of supplementation on bone metabolism although no significant effect on BMD or
pronounced changes in regulators of the Wnt-signalling pathway were found. Also, no
changes in BMD were found in subgroup analyses restricted to participants that were vitamin
D deficient at baseline. The increase in FGF23 warrants caution due to its negative
associations with bone and cardiovascular health. Relationships between total and free
25(OH)D concentrations with biomarkers were similar and confirmed positive associations of
higher vitamin D status and BMD. The change in associations after supplementation might

suggest a threshold effect.
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CHAPTER 4: Early renal impairment affects hormonal regulators of calcium and
bone metabolism and Wnt-signalling and the response to vitamin D
supplementation in healthy older adults

Chapter 4 is based on the following publication:

Christodoulou M, Aspray TJ, Piec |, Washbourne C, Tang JCY, Fraser WD, Schoenmakers I;
VDOP Trial group, Terry J Aspray, Roger M Francis, Elaine McColl, Thomas Chadwick, Ann
Prentice, Inez Schoenmakers. Early renal impairment affects hormonal regulators of calcium
and bone metabolism and Wnt signalling and the response to vitamin D supplementation in
healthy older adults. J Steroid Biochem Mol Biol. 2023 Feb 3;229:106267. doi:
10.1016/j.jsbmb.2023.106267.

Summary

Bone and renal metabolism are regulated by common factors and there is extensive cross-
talk between these organs (the ‘renal-bone-axis’). Ageing is associated with physiological
changes including reduced bone mass, renal function and tissue sensitivity to regulatory
hormones, impacting the renal-bone axis.

We aimed to investigate the influence of eGFR on plasma concentrations of vitamin D
metabolites, Wnt-signalling and bone metabolism in a dose ranging RCT (12,0001U, 24,0001U,
48,000lU/month for 1 year; n=379, >70y) with a baseline eGFR >30 ml/min/1.73m?2.
Participants were categorised on basis of eGFR (=60 or <60 ml/min/1.73m?) based on 4
commonly used algorithms for eGFR. Differences between eGFR categories were tested by
ANCOVA and t-tests at baseline and after 12 months of supplementation.

Before supplementation commenced, a lower eGFR was associated with significantly higher
concentrations of cFGF23, iFGF23, iPTH and SOST and lower Klotho, 1,25(0OH),D and DKK1
concentrations. Differences between eGFR groups in 25(0OH)D, 24,25(0H),D and iPTH were
only detected with eGFR based on MDRD-4 and CKD-EPI algorithms. Differences in BMD and
BMC were detected only with CG.

Pre- and post- supplementation comparisons showed differences in the response to

supplementation between eGFR groups. Plasma 25(0OH)D, 24,25(0H);D, DKK1 increased and
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iPTH and CTX decreased in groups. Klotho only significantly increased in the group with lower
eGFR. Plasma iFGF23 and 1,25(OH).D, BAP, PINP increased only in the group with eGFR 260
ml/min/1.73m?. Findings were largely consistent across all eGFR algorithms.
Post-supplementation, cFGF23, iFGF23, iPTH and SOST remained significantly higher and
1,25(0H).D lower in the lower eGFR group. Differences between eGFR groups in Klotho were
no longer found. This was found for all eGFR algorithms, with the exception of iPTH and
iFGF23, which were not significantly different with eGFR based on CG.

This study showed that even a moderate decline in eGFR has a negative impact on vitamin D
metabolism, Wnt-signalling and bone turnover markers. Vitamin D supplementation has
beneficial effects on markers of the renal-bone axis in older people with both normal and
impaired renal function. The response depended on renal function. Supplementation
improved Vitamin D status and Klotho in the group with moderate renal impairment to
concentrations comparable to those found in the group with normal renal function. However,
although CTX decreased, an increase in bone formation markers was not found in the group

with eGFR <60 ml/min/1.73m?2.

Methods

Study design

This study is a secondary analyses utilising plasma samples collected as part of the vitamin D
supplementation in older people (VDOP) randomized controlled trial3*3 (ISRCTN35648481). In
brief, this RCT included relatively healthy 379 adults aged 270y (48% women; mean age: 75 y)
from the northeast of England. The study excluded those with an eGFR <30 ml/min/1.73m?
(CKD stage 4 and 5) at screening. Participants were randomly allocated into 3
supplementation groups of vitamin D3 [12,000 international units (IU), 24,000 IU, or 48,000
IU] given once a month for 1 year. More details of the study design, methods, exclusion
criteria and primary outcomes were previously described34334>, Additional methods used for
this secondary analysis are provided below. The results of this explorative secondary analyses

were not pre-specified in the original trial design and analyses plan.
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Results for BMD and bone area (at hip and neck), plasma concentrations of 25(0OH)D, iPTH,
albumin, calcium and creatinine were earlier reported by Aspray et al.3*3 but are also included

here as part of secondary analyses and data interpretation.

The study was conducted in accordance with guidelines laid down in the Declaration of
Helsinki. A favourable opinion was obtained from the Tyne & Wear South Research Ethics
Committee (REC, 12/NE/0050) with Research and Development approval from the sponsor,
Newcastle upon Tyne Hospitals NHS Foundation Trust. All participants provided written

informed consent.

Measurements

Methods for measurements BMD, height and weight, collection of early morning fasting
blood samples at baseline and after 12 months of supplementation3*3, as well as details of

blood processing, storage and biochemical analyses were provided elsewhere343,

In brief, analyses were conducted at 2 sites (MRC Human Nutrition Research, Cambridge, UK
(HNR-UK) and of University of East Anglia (UEA), UK. HNR-UK biochemical methods were:
plasma 25(0OH)D (LC-MS/MS), DBP (ImmunDiagnostik AG ELISA), iPTH (Immulite 2000,
SIEMENS), PINP (UniQ, RIA), B-CTX (Immunodiagnostic Systems), BAP (DiaSorin, Liaison). All
assays were performed in duplicate except for iPTH. Assay performance was monitored using
kit and in-house controls and under strict standardisation according to ISO 9001:2000. Assay
performance details were provided in Aspray T.J. et al. 20193*3, Quality assurance of 25(0OH)D
and iPTH assays were performed as part of the Vitamin D External Quality Assessment Scheme
(www.deqas.org), and the National External Quality Assessment Scheme

(www.uknegas.org.uk). Measurements of 25(0H)D were harmonised against NIST standards

as part of the Vitamin D harmonisation program343.

Measurements conducted at UEA included serum phosphate (Cobas, Roche Diagnostics),
aKlotho (IBL international), plasma cFGF23 and iFGF23 (Immutopics), OPG (Biomedica), SOST,
DKK1 and sRANKL (Biomedica), plasma 24,25-dihydroxy vitamin D (24,25(0H).D) (LC-
MS/MS)3%6, plasma 1,25(0OH).D (DiaSorin, Liaison XL) and Cystatin C (Cobas, Roche
Diagnostics). All assays were performed in duplicate except for 1,25(0OH),D, Cystatin C and
phosphate on basis of consistent performance with intra and inter-assay CV < 4%. The inter
and intra-assay CV of all assays were <10% except for 24,25(0OH).D and 1,25(0H).D, which
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were <15%. Assay performance was monitored using kit and in-house controls and following

Good Laboratory Practice.

All the biochemical analysis was conducted prior the start of this PhD study except markers

of cystatin C and phosphate were conducted by M. Christodoulou during this PhD study.

Derived variables

Different equations to calculate eGFR are used for population health and clinical practice;
they are based on plasma measurements of creatinine or cystatin C or a combination of both
and include age, race and gender (Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI) and Modification of Diet in Renal Disease 4 variable (MDRD-4) or age, gender and body
weight (Cockcroft Gault (CG)). These equations were validated in different populations or
patient groups and provide somewhat different results?327234, In clinical practice CKD-EPI and
MDRD-4 and are most commonly used for the diagnosis and categorisation of CKD, but there
are differences between guidelines. The UK National Institute of Health and Care Excellence
(NICE) recommends CKD-EPI with creatinine for the majority of patients?3! but cystatin C
based equations are recommended for the assessment of eGFR in those with CKD stage 3a
(eGFR 45-59 mlL/min/1.73m?) and no proteinuria®'’. CKD-EPI is also recommended in
guidelines specific for renal patients (the National Kidney foundation (NKF), Kidney Disease
Improving Global Outcomes (KDIGO) and the Caring for Australians and New Zealanders with
Renal Impairment (CARI) guidelines). For the US, the latest guidelines recommend the
removal of race from the CKD-EPI algorithm3&. In some countries, including the UK, the CG
algorithm may be used for the older population, particularly in the context of decision making
in the treatment of metabolic bone disease?1#318381-383,

In the VDOP study population there were no non-white participants therefore race was

removed.
The eGFR was calculated using different algorithms:

MDRD-4= 175 x (Scr) 11> x (age) 0203 x 0.742 [if female] x 1.212 [if Black]

With serum creatinine (S¢r) in mg/dL and age in years
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CKD-EPI Creatinine = 142 x min(Scr/x, 1)a x max(Scr/k, 1)-1.200 x 0.9938Age x 1.012 [if female]
With serum creatinine (Scr) in mg/dL and age in years;

k = 0.7 for females or 0.9 for males;

a =-0.241 for females or -0.302 for males;

min(Scr/k, 1) is the minimum of Scr/k or 1.0

max(Scr/k, 1) is the maximum of Scr/k or 1.0

CG= {((140—age) x weight)/(72xScr)}x 0.85 (if female)

With serum creatinine (Scr) in mg/dL and age in years and weight in kg

CKD-EPI cystatin C= 133 x min(Scys/0.8, 1)%4%° x max (Scys/0.8, 1)-328 x 0.996”8¢ x 0.932 [if
female]

With serum cystatin C (Scys) in mg/L and age in years;

min = indicates the minimum of Scys/0.8 or 1

max = indicates the maximum of Scys/0.8 or 1

CKD-EPI Creatinine-Cystatin C= 135 x min(Scr/k, 1)* x max(Scr/k, 1)°-61 x min(Scs/0.8, 1)
0375 x max(Scys/0.8, 1)1 x 0.995%¢¢ x 0.969 [if female] x 1.08 [if black]

With serum creatinine (S¢r) in mg/dL, serum cystatin C (Scys) in mg/L and age in years;

k = 0.7 for females or 0.9 for males;

a =-0.248 for females or -0.207 for males;

min(SCr/k or 1) = indicates the minimum of SCr/k or 1

max(SCr/k or 1) = indicates the maximum of SCr/k or 1

min(Scys/0.8, 1) = indicates the minimum of Scys/0.8, 1

max(Scys/0.8, 1) = indicates the maximum of Scys/0.8, 1

Free 25(0OH)D was calculated as follows3*’:

Free 25(0OH)D= total 25(0OH)D/ [1+(6*103x Albumin) + (7*108xDBP)
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Statistical analysis

The response to the intervention by supplementation group without considering eGFR was
reported in detail before3*2. In brief, to test the response to supplementation, differences
between pre- and post- supplementation values were analysed with paired sample t-tests for
each supplementation group. For the purpose of providing descriptive data included in the
analyses reported in this paper, post-supplementation data are presented pooled for all 3

groups and significant changes from baseline by group are denoted in superscripts.

Participant data were categorised based on their eGFR score (=60 and <60 ml/min/1.73m?)
according to all 5 algorithms. Some individuals were in a different eGFR category at baseline
and 12 months (6.5% (with MDRD-4) and 9.5% (with CG), respectively), but there was no
difference in the numbers that changed to or from the higher category. There was no
difference in eGFR between baseline and 12 months and no effect of dose of vitamin D

supplementation on eGFR with any of the algorithms.

The following comparisons were conducted: (1) Pre- and post-supplementation comparisons
within each eGFR category were tested with paired sample t-test. (2) Differences between
eGFR categories were tested by ANCOVA pre- and post-supplementation, with
supplementation group as a co-variate for 12 months data. ANCOVAs with eGFR,
supplementation group and an interaction term for eGFR *supplementation group were also
conducted but are not presented since these models partly replicate the comparisons

addressed by (1).

Body Mass Index (BMI) was considered as a covariate (except for models with CG) but did not
materially change the findings and therefore was removed from final models. Since age and

gender are incorporated in all eGFR algorithms, these were not used as covariates.

Results for MDRD-4 and CG algorithms with creatinine are presented in Table 13. Results for
CKD-EPI with creatinine were very similar to those for MDRD-4 and are only briefly
summarised in the results section. Results for CKD-EPI cystatin C and CKD-EPI creatinine-
cystatin C based algorithms are provided in the supplementary materials. Data were
presented as mean (SD) or median (IQR) for normally distributed and skewed data,

respectively.

122 |Page



Correction for repeated testing was not deemed appropriate as any findings will require

confirmation in RCTs specifically designed and powered for respective outcomes.

All outcomes and/or the difference between pre- and post-supplementation were assessed
for normality (defined as a posterior distribution skewness <2 or >-2) and visual inspection of
histograms. Non-normally distributed variables were converted to LN and checked again for
normality. The distribution of Klotho and cFGF23 at both time points (baseline and 12 months)
were extremely skewed. Outliers were identified on basis of z-scores (based on interquartile
range; IQR) and excluded if <-2.68 or >2.68. After excluding the extreme outliers, the LN
values of both variables were normally distributed. Analyses were conducted with and
without these outliers and there were no material differences between outcomes and

interpretation of the data.

Linear regression analysis with eGFR as a continuous variable (all 5 algorithms) was conducted
to evaluate the linearity of relationships and to eliminate bias due to the differences in group
size. Regression analyses with variables included in the eGFR algorithms were not conducted
nor were they entered as co-variates (i.e., serum creatinine, cystatin C, gender, age, weight,
BMI (CG only)). For 12-month data, no effect of vitamin D supplementation dose was found
on the slope of relationships and therefore the dose was removed as co-variate, resulting in
univariate models. Linearity of associations was visually inspected prior to analysis. Two
outliers for free 25(0H)D were excluded from the 12 months data. Results of regression
analyses with CKD-EPI creatinine were very similar to MDRD-4. Therefore, these findings are
not presented. Results are presented as B-coefficient and associated p-value. These

regression analyses were conducted using the natural values of the data (not LN converted).

For the statistical analysis of the data IBM® SPSS® Statistics Version 28 software was used.

Results

Baseline characteristics without consideration of eGFR are presented in (Table 12). Baseline
characteristics were well balanced between treatment groups and no significant differences
were found. There were very few non-Caucasians (<1%) participants. Characteristics by eGFR

categories are presented in Table 13 and Table 14. Dependent on the algorithm used, 18%
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(MDRD-4) to 28% (CG) of participants had an eGFR <60 mL/min/1.73 m?, of which 3% and 5%
had an eGFR <45 mL/min/1.73 m?. The overall range was 32.5-138.3 (MDRD-4) and 33.5-145.2
(CG), respectively. There were differences between eGFR categories in age and BMI,

dependent on the algorithm used.

Table 12. Participant’s characteristics at baseline and after a 12-months of vitamin D
supplementation®343

Baseline 12 months
Male/Female (N)° 195/182 176/165
Age (years) 74.1[71.5-77.0] 76.0[72.5-78.0]
Albumin (g/L) 45.7 (2.2) 44.5 (2.2)
Adjusted calcium (mmol/L) 2.2(0.1) 2.2 (0.1)
Phosphate (mmol/L) 0.88 (0.18) 0.80 (0.19)V*
MDRD-4 eGFR (mL/min per 1.73 m?) 72 (15) 73 (15)
CG eGFR (mL/min per 1.73 m?) 69 (17) 70 (18)
Klotho (pg/mL) 493.7 [392.6-627.7] 494.5 [398.5-613.1]
cFGF23 (RU/mL) 66.7 [54.9-84.2] 73.6 [60.7-97.0] 4*
iFGF23 (pg/mL) 55.1[44.5-72.7] 63.3 [50.48-80.0] 4*
Total 25(0OH)D (nmol/L) 40.0(20.1) 66.5 (18.0)**
1,25(0H).D (pmol/L) 94.5 (29.0) 101.2 (29.9)A2448
iPTH (pg/ml) 43.4 [33.2-57.4] 38.5[28.0-52.2]V*
SOST (pmol/L) 44.3 [32.4-60.0] 46.3 [32.9-60.6]
DKK1 (pmol/L) 31.2 (16.5) 37.6 (18.5) 41248
OPG (pmol/L) 5.7 (2.1) 5.5 [4.5-6.9]
SRANKL (pmol/L) 0.12 [0.08-0.16] 0.12 [0.08-0.18]
Hip BMD (g/m?) 0.98 (0.17) 0.98 (0.17)
Hip BMC (g) 35.44 (8.30) 35.08 (8.06)
BAP (ug/L) 9.5[7.9-12.3] 9.9 [7.9-13.5]A12
CTX (ng/mlL) 0.40 [0.30-0.50] 0.36 (0.15)
PINP (ug/L) 36.2 [28.8-46.2] 39.1[30.7-49.0]"2448

2For normally distributed data, results are expressed as mean (SD); for skewed data, results are expressed as
median [interquartile range (IQR)]. Post supplementation data (12 months) are presented pooled for the 3
supplementation groups. °Number of participants for which data were available for individual variables was >85
% of the total N.

124 |Page



Paired T-tests were used to analyse pre- and post- supplementation values for each supplementation group;
*Significant p<0.05; %increase or VY decrease from baseline in all 12,0001U/m; 24,000 |U/m and 48,0001U/m
vitamin D treated groups; #1224 %8 increase or V1224 %8 decrease in respective supplementation group.

Supplementation effect

The effect of supplementation on markers of bone, calcium and phosphate metabolism were
reported previously>®. Post supplementation data are presented pooled for all
supplementation groups (Table 12). In summary, when eGFR was not considered there was a
dose dependent increase of 25(0OH), 24,25(0OH),D and decrease of iPTH (all p<0.05). Plasma
1,25(0H),D significantly increased in the 2 highest treatment groups. Both cFGF23 and iFGF23
significantly increased (all p<0.05). Vitamin D supplementation had no effect on eGFR, Klotho,
SOST, OPG, sRANKL, hip and FN BMD, BMC and CTX. The remainder of markers did not follow

a dose-dependent pattern (Table 12).

Response to supplementation by eGFR category

There were differences in the response to vitamin D supplementation by eGFR category.
Findings were largely the same for all eGFR algorithms (Table 13; Table 14). Plasma cFGF23,
total and free 25(0OH)D, 24,25(0OH).D and DKK1 increased and plasma phosphate, iPTH and
CTX decreased in both eGFR groups (all p<0.05). The decrease in CTX as non-significant when
eGFR >60 ml/min/1.73m? as calculated according with GC (Figure 20). Klotho significantly
increased only in the group with the lower eGFR (Figure 20). Plasma iFGF23 and 1,25(0H).D,
BAP and PINP only increased in the group with eGFR =60 ml/min/1.73m? (Figure 21) (all
p<0.05). OPG significantly decreased in both eGFR groups but this was only found when eGFR
calculated with CG. SOST and sRANKL remained unchanged in both eGFR groups. There were
no changes in hip and FN BMD, BMC in either eGFR group.
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Table 13. Differences between eGFR groups at baseline and after 12 months of supplementation with eGFR calculated according to MDRD-4
and Cockcroft-Gault algorithms

MDRD-4 CKD-EPI creatinine Cockcroft-Gault
Characteristics eGFR Baseline 12 months Baseline 12 months Baseline 12 months
category® N (%) or Mean N (%) or Mean N (%) or Mean N (%) or Mean N (%) or Mean N (%) or Mean
(SD) (SD) (SD) (SD) (SD) (SD)

260 160/149 141/133 156/151 135/136 144/127 124/118
Male/Female

<60 35/33 35/32 38/31 37/29 51/55 52/47
N 260 309 (82%) 274 (80%) 307 (82%) 271 (80%) 271 (72%) 242 (71%)

<60 68 (18%) 67 (20%) 69 (18%) 66 (20%) 106 (28%) 99 (29%)
eGFR (mL/min per 1.73 260 76.9 (12.5)* 77.4 (12.2)* 76.4 (9.3)* 76.5 (8.8)* 78.1(14.6) * 78.1(15.2)*
m?) <60 51.7 (6.6) 52.2(7.0) 51.5(6.8)t 51.6(7.4) 51.8(6.6) 50.7 (7.4)
Age (years) 260 74.5 (4.0)* - 74.4 (3.9)* - 74.2 (3.6) * -

<60 77.1(4.1) - 77.4 (4.3) - 76.9 (4.7) -
BMI (ke/m?) 260 26.7 (3.6)* - 26.7 (3.7)* - 27.7(3.8) * -

<60 28.5(4.7) - 28.5(4.7) - 25.2(3.6) -

Markers of renal function and calcium and phosphate metabolism

Biomarkers eGFR Mean (SD) or Mean (SD) or Mean (SD) or Mean (SD) or Mean (SD) or Mean (SD) or
category® median [IQR] median [IQR] median [IQR] median [IQR] median [IQR] median [IQR]
Albumin (/L) 260 45.8 (2.2)F 44.6 (2.3) 45.8 (2.2)* 44.6 (2.3)t 45.8 (2.2) 44.6 (2.1)
<60 45.8 (2.2)* 44.1 (2.1) 456 (2.2)t 44.2 (2.0)t 45.6 (2.2) 44.4 (2.5)
Adjusted calcium 260 2.3 (0.1)* 2.3(0.1) 2.2(0.1) 2.2(0.1) 2.2(0.1) 2.2(0.1)
(mmol/L) <60 2.2 (0.2)t 2.3(0.1) 2.2 (0.1)t 2.3(0.1)t 2.2(0.1) 2.2(0.1)
260 0.89 (0.17)*+ 0.80 (0.19) 0.89 (0.17)*+ 0.80 (0.19) 0.87 (0.17)t 0.80 (0.19)
Phosphate (mmol/L)
<60 0.83 (0.20)* 0.82(0.18) 0.83 (0.20) 0.82(0.17) 0.89 (0.18)t 0.82(0.18)
60 513.6 [398.7- 492.5 [399.0- 514.3 [402.3- 490.0 [393.8- 509.2 [399.5- 497.1 [400.7-
642.4]* 606.6] 643.0]* 609.8] 644.6]* 618.3]
Klotho (pg/mL) 440.0 [367.2- 436.2 [364.9- 467.0 [376.2- 493.1[398.2-
<60 553.8]t 502.3(14) 552.3]t 497.6 (1.4) 590.9] 592.2]
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560 64.5 [53.1- 71.1[58.9- 64.4 [53.1- 73.54 [60.66- 64.9 [52.9- 71.4 [59.5-

- 76.6]*t 87.6]* 76.8]*t 97.09]* 80.3]*t 88.3]*
cFGF23 (RU/mL)

<60 85.0 [68.1- 99.2 [78.5- 84.0 [68.6- 71.97 [60.98- 72.1 [60.0-95.6] 84.8 [65.4-

121.6]% 136.0] 119.3]+F 96.58] ’ ) ’ 116.8]
53.2[42.8- 62.6 [50.0- 53.0[42.7- 62.98 [50.41- 53.0[42.9-

> -
. 260 65.2]*t 79.2]* 65.1]*t 79.83]* 67.4]*t 63.3[50.0-81.2]
iFGF23 (pg/mL) 65.38 [50.92-

<60 69.4 [51.6-84.9] | 66.5[51.2-87.2] | 70.4 [51.9-86.0] .84 20]’ 59.1 [48.0-79.0]F | 59.8 [50.2-78.8]

Markers of Vitamin D metabolism

260 41.3 (20.6)*t 66.6 (18.1) 41.2 (20.6)*t 66.7 (18.2) 39.6 (19.1)t 64.9 (17.2)*
Total 25(0OH)D (nmol/L)
<60 34.3 (16.9)t 66.4 (17.6) 34.4 (16.8)t 66.1(17.4) 41.1(22.6)% 70.4 (19.2)
260 8.7 (4.4)*t 14.0(4.0 8.7 (4.4)*t 14.1 (4.0 8.4 (4.1)t 13.7 (4.0)*
Free 25(0OH)D (pmol/L) (44) (4.0) (44) 4.0 (4.1) (4.0
<60 7.2 (3.7)t 14.5 (5.2) 7.3 (3.1)t 14.4 (5.18) 8.6 (4.7)t 15.0 (4.8)
2 . 1-6.1]*t 11.3[9.7-13.6 . 1-6.1]*t . . . .1-5.6]t . .
24,25(0H),0 (nmol/L) 60 4.42.1-6.1] [ 1 | 4.4[2.1-6.1] 7.8 (3.3) 3.2 [2.1-5.6] 7.5(3.1)
<60 2.9 (1.7)t 12.1[10.1-14.7) 3.0 (1.7)t 7.0 (2.7) 2.9[1.9-5.3] t 7.8 (3.0)
260 98.0 (28.1)*t 105.6 (29.4)* 98.0 (28.2)*t 105.6 (29.4)* 97.0 (28.7)*t 104.0 (30.3)*
1,25(0OH),D (pmol/L)
<60 79.7 (28.1) 83.5 (25.8) 80.4 (28.0) 83.8(26.2) 88.9 (28.7)t 94.3(28.1)
DBP (mg/L) 260 367.3 (63.6) 368.3 (61.9) 368.0 (63.8) 369.4 (62.4) 366.2 (63.5) 368.41 (64.7)
& <60 369.5 (64.1) 373.7 (61.0) 366.7 (63.8) 369.9 (59.1) 371.5 (64.0) 371.7 (54.0)
42.5[32.3- 37.0[27.7- 41.5[32.3- 38.0 [27.6-
> - + -
PTH (g 260 55,3+ 50.4]¢ 55.3]¢+ 510" 43.7 [33.1-57.4]t | 37.7[27.8-51.6]
52.1[37.9- 51.7 [38.1-
48.2 [32.1-64.9 . .5-55. . .1-57.0]t . .5-55.
<60 76.0]* [ ] 75.9]t 39.5[29.5-55.1] | 42.0[33.1-57.0]t | 41.2 [29.5-55.4]
Wht-signalling pathway markers
43.0[31.1- 43.3 [32.0- 42.7 [31.2- 46.7 [34.1- 43.4[31.1-
> _ *
SOST (pmol/L) 260 56.3]* 57.8]* 55.9]* 61.8]* 43.2(31.0-56.6] 57.8]*
<60 54.6 (1.5) 56.3 [41.3-72.6] 54.6 (1.5) 55.5 (1.5) 49.1 (1.5) 52.0 [36.5-68.3]
260 32.4 (16.6)*t 38.0(18.3)* 32.2 (16.7)*% 37.6 (18.4) 32.4 (16.2)*t 37.0(18.8)
DKK1 (pmol/L)
<60 26.3 (15.0)t 32.3(17.3) 27.0(15.1)* 33.6(17.0) 28.5 (15.1)t 36.4 (16.6)
OPG (pmol/L) 260 5.6 (2.0) 5.7 [4.5-6.9] 5.6 (2.0)t 5.6 [4.5-7.] 5.5 (2.0)*t 5.2 (1.5)
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<60 5.9 (2.3) 5.4 (2.3) 5.9 (2.3)t 5.63 (1.50) 6.1(2.1)t 5.3 [4.2-7.2]
SRANKL (pmol/L) >60 0.12[0.08-0.18] | 0.12[0.08-0.19] | 0.12 [0.08-0.18] | 0.12 [0.08-0.19] | 0.13 [0.08-0.18] | 0.14 (0.08)*
<60 0.13[0.09-0.18] | 0.12[0.07-0.18] | 0.12 (2.00) | 0.12 [0.07-0.18] | 0.11[0.08-0.17] | 0.12 [0.08-0.18]
Hio BMID (g/) >60 0.98 (0.18) 0.99 (0.17)* 0.98 (0.18) 0.99 (0.17)* 0.99 (0.18)* 0.98 (0.17)
<60 0.97 (0.17) 0.92 (0.13) 0.97 (0.17) 0.93 (0.14) 0.94(0.17) 0.95 (0.16)
Hio BMC (g >60 35.44 (8.24) 35.35 (8.35) 35.35 (8.27) 35.15 (8.30) 36.28 (8.26)* | 35.19(8.14)
<60 35.48 (8.67) 33.01 (6.66) 35.74 (8.51) 33.69 (7.10) 33.30 (8.09) 34.18 (7.95)
>60 0.90 (0.15) 0.91(0.15) 0.90 (0.15) 0.91 (0.15) 0.91 (0.15)* 0.91 (0.15)
FN BMD (g/m?)
<60 0.89 (0.15) 0.87 (0.11) 0.89 (0.15) 0.87 (0.12) 0.88 (0.15) 0.88 (0.14)
>60 4.90 (1.09) 4.80 (1.07) 4.89 (1.08)F 4.77 (1.06) 5.00 (1.11)* 4.78 (1.06)
FN BMC (g)
<60 4.87 (1.11) 4.58 (1.02) 4.90 (1.09) 4.67 (1.06) 4.64 (1.01) 4.69 (1.05)
AP (gL >60 9.5[7.8123]% | 99[7.9-136] | 95[7.8123]f | 9.8[7.9-13.6] | 9.4[7.9-12.3]t | 10.1[7.9-13.8]
<60 10.6 (3.5) 10.2 [7.7-14.0] 10.6 (3.5) 10.3 [7.8-14.1] 105(37) | 10.0[7.7-13.3]
>60 0.40[03-05]F | 037(0.16) | 0.40[03-05]t | 0.36(0.16) | 0.40[0.30-0.50] | 0.37(0.16)
CTX (ng/ml) <60 0.40[03-0.6]t | 0.36(0.15) 0"(‘)05[;)]'30' 036(0.15 | 0.40[0.30-0.60]* | 0.35(0.15)
35.7 [28.8- 35.5 [28.8- 35.1 [28.1-
PN (1g/L) >60 A 6.[0] > 38.7 [30.7-49.2] A 6.[01 ’ 38.4 [30.7-49.4] g 39.4 [31.2-48.8]
<60 38.7[28.551.7] | 39.6 [31.1-51.1] | 39.6 [28.7-50.9] | 42.1 [31.6-51.4] | 40.6[30.4-50.8] | 38.1[29.7-51.9]

For normally distributed data, results are expressed as mean (SD); for skewed data, results are expressed as median [interquartile range (IQR)].
2Range of number of participants for which data were available by eGFR group: MDRD-4 at baseline eGFR 260 n=309-277; <60 n=68-62 and at 12 months eGFR 260 n= 269-
235; <60 n=67-57; GC at baseline eGFR>60 n= 271-242; <60 n=106-99 and at 12 months eGFR >60 n= 238-206; <60 n=99-86.

* Significant difference p<0.05 between eGFR groups tested with independent t-tests (baseline) or ANCOVA analysis (post-supplementation; 12 months)

tSignificant difference p<0.05 between pre- and post-supplementation values.
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Table 14. Differences between eGFR categories at baseline and after 12 months of supplementation with eGFR calculated according to CKD-EPI
with cystatin C and creatinine-cystatin C algorithms

CKD-EPI cystatin C CKD-EPI creatinine-cystatin C
Biomarkers eGFR Baseline 12 months Baseline 12 months
category?® N (%), Mean (SD) or | N (%), Mean (SD) or | N (%), Mean (SD)or | N (%), Mean (SD) or
median [IQR] median [IQR] median [IQR] median [IQR]
260 141/157 137/137 173/162 147/142
Male/Female
<60 21/22 36/27 22/19 27/22
260 328 (88) 274 (81) 335 (89) 289 (86)
N <60 43 (12) 63 (19) 41 (11) 49 (14)
>60 73.7 [71.4-76.7]* - 73.7 [71.4-76.5]* -
Age (years) <60 77.6 [73.1-81.1] - 77.7 (4.7) -
. 5 260 91 (17)% 89 (20)% 90 (18)% 88 (21)%
eGFR (mL/min per 1.73 m?) <60 50 (7) 50 (8) 53 (11) 29 9)
, >60 26.8 (3.8)t - 26.8 (3.8)f -
BMI (ke/m?) <60 28.5 (4.8) - 28.8 (4.6) -
Biomarker eGFR Mean (SD) or Mean (SD) or Mean (SD) or Mean (SD) or
category® median [IQR] median [IQR] median [IQR] median [IQR]
, >60 45.8 (2.2)t 445 (2.3) 45.8 (2.2)t 44.6 (2.3)
Albumin (g/L)
<60 45.5 (2.2)t 443 (2.1) 455 (2.2)t 44.1 (2.3)
. . 260 2.2 (0.1)* 2.2(0.1) 2.2(0.1) 2.2 (0.1)
Adjusted calcium (mmol/L) <60 23(0.1) 22(01) 23(0.1) 23(0.1)
260 0.87 (0.17)*+ 0.79 (0.19)* 0.87 (0.17)* 0.79 (0.19)*
Phosphate (mmol/L) <60 0.94 (0.17) 0.89 (0.15) 0.90 (0.20) 0.86 (0.14)
260 488.3 [392.4-623.5] 504.2 [403.7-619.9] | 507.4 [397.8-631.5]* | 494.9 [403.6-609.8]
Klotho (pg/mL) <60 498.4 [375.7-625.5] 496.0 [390.0-599.8] | 435.9 [364.1-557.0]t | 498.8 [383.3-569.9]
260 65.3 [54.0-81.0]*t 71.1[59.1-86.0]* 65.2 [54.2-80.2]** 72.7 [59.9-97.8]*
cFGF23 (RU/mL)
<60 94.1 [68.6-135.7] 105.9 [81.3-143.5] 98.6 [68.3-143.0] 83.8[67.7-99.0]
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iFGF23 (pg/mL)

260

53.8 [43.5-66.2]*

63.7 [49.8-80.4]*

53.8 [43.0-69.8]*t

63.1 [49.7-80.0]*

Vitamin D metabolism markers

<60

73.1[52.5-84.2]

62.2 [52.3-80.4]

68.4 [52.2-83.5]

63.3 [53.3-84.3]

Total 25(0HID (nmol/L) >60 40.2 (20.2)t 66.3 (17.9) 40.6 (20.3)t 66.1 (17.5)
o nmeo <60 37.8 (19.5)F 67.9 (18.9) 35.0 (17.8)F 68.5 (20.7)
Free 25(0HID (pmol/L) >60 8.5 (4.3)F 14.0 (4.1) 8.6 (4.3)F 13.9(3.9)
ree pmo <60 7.9 (4.2)F 14.5 [11.5-17.0] 5.9[4.7-9.7]F 14.4[11.517.9]
> 2[2.0-5.8]*t 7.7 (3.2 3.3[2.1-5.8]* 7.7 (32
24,25(0H),D (nmol/L) 60 3.2[2.0-5.8] 8-2) [ ] 3.2
<60 3.2 (2.0)t 7.2(2.9) 3.0 (1.8)F 6.9 (2.6)
L 25(0H1D (pmol/L) >60 96.2 (28.8)*t 103.6 (28.4)* 96.5 (28.6)* T 104.0 (29.8)*
’ 22 {Pmo <60 83.2 (27.2) 85.0 [70.0-103.5] 79.3 (26.8) 84.9 (25.7)
08P (/L) >60 367.1(63.7) 369.1 (62.5) 367.8 (65.0) 368.3 (61.6)
me <60 368.9 (55.7) 372.6 (54.6) 366.8 (51.5) 378.4 (58.9)
PTH (pg/mi) >60 42.9[32.856.7]*t | 37.7[27.551.6]* | 42.9[32.956.6]*t | 37.7[27.6:51.6]*
rinipe/m <60 53.4 [37.9-71.0] 43.1[32.4-57.8] 52.4 [35.5-74.8] 46.7 [32.3-65.0]
Wht-signalling pathway markers
>60 43.4 [31.5-58.4]* 43.5[32.1-58.7]* 43.3[31.5-57.6]* 44.1[32.1-58.7]*
SOST (pmol/L)
<60 52.5 [38.3-65.9] 56.2 (20.0) 57.7 (20.5) 58.5 (21.0)
>60 31.8(16.6)F 37.3(18.1) 322 (16.5)*t 37.1(18.1)
DKK1 (pmol/L)
<60 27.0 (15.8)t 35.8(18.7) 23.9 (15.0)F 36.3 (19.0)
>60 5.6 (2.1) 5.6 [4.5-6.9] * 5.6 (2.1) 5.6 [4.5-9.6]*
OPG (pmol/L)
<60 6.1(2.3) 5.4(2.2) 5.8 [4.87.0] 5.0 (2.3)
>60 0.12 [0.08-0.18] 0.12 [0.080.19] 0.12 [0.08-0.18] 0.12 [0.08-0.19]
SRANKL (pmol/L)
<60 0.13[0.11-0.18] 0.12 [0.07-0.19] 0.12 [0.09-0.18] 0.11 [0.06-0.17]
Bone mineral density and metabolism
, , >60 0.98 (0.17) 0.98 (0.17) 0.98 (0.17) 0.98 (0.17)
Hip BMD (g/m?)
<60 0.94 (0.18) 0.94 (0.14) 0.94 (0.18) 0.94 (0.14)
Hin BMC (g >60 35.64 (8.33) 35.08 (8.18) 35.51(8.27) 35.13 (8.30)
|
P 8 <60 33.52 (8.04) 3330 (7.11) 34.72 (8.67) 33.18 (6.36)
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>60 0.90 (0.15) 0.90 (0.14) 0.90 (0.15) 0.91(0.15)
FN BMD (g/m?)
<60 0.87 (0.16) 0.88 (0.13) 0.88 (0.16) 0.88 (0.13)
>60 4.92 (1.10) 4.77 (1.05) 4.91(1.10) 4.77 (1.06)
FN BMC (g)
<60 4.67 (1.01) 4.64 (1.07) 4.78 (1.07) 4.65 (1.05)
AP (ug/l) >60 9.5 [7.9-12.2]F 9.9 [7.9-13.3] 9.5 [7.8-12.3]F 9.9 [7.9-13.5]
He <60 10.8 (3.6) 11.3 [8.1-15.2] 10.5 (3.2) 11.3 [7.8-15.4]
X (ng/m) >60 0.40 [0.30-0.50] 0.36 (0.16) 0.40 [0.30-0.50] 0.36 (0.16)
ne/m <60 0.40 [0.30-0.60] 0.38 (0.15) 0.40 [0.30-0.60] 0.38 (0.15)
NP (gL >60 35.7 [28.4-45.8]* 38.1[30.6-48.7] 35.7 [28.4-46.0]* 38.2 [30.6-48.8]
he/L) <60 43.8(13.7) 45.0 [34.9-52.7] 41.4[33.6-52.8] 44.0 [33.6-51.9]

For normally distributed data, results are expressed as mean (SD); for skewed results are expressed as median [interquartile range].
* Significant difference p<0.05 between eGFR categories tested with independent t-tests (baseline) or ANCOVA analysis (post-supplementation; 12 months)
tSignificant difference p<0.05 between pre- and post-supplementation values.
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Figure 20. Serum concentrations of a-Klotho pre- and post- vitamin D supplementation in

groups categorized on basis of eGFR 60< or = 60 mL/min/1.73m? calculated according MDRD-
4 algorithm
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Data are presented as median (IQR).

The effect of supplementation was analysed by t-test (significance Tp<0.05). Difference between eGFR
categories was analysed by ANCOVA (significance *p<0.05).
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Figure 21. Plasma or serum concentrations of cFGF23, iFGF23, 1,25(0H)?D, PTH and SOST pre-
and post- vitamin D supplementation in groups categorized on basis of eGFR as <60 or > 60
mL/min/1.73m? according MDRD-4 algorithm
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Data are presented as mean (SD) or median (IQR) values for normal and skewed data respectively.
The effect of supplementation was analysed by t-test (significance Tp<0.05). Difference between eGFR
categories was analysed by ANCOVA (significance *p<0.05).
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Differences in biomarkers between eGFR categories

Findings with MDRD-4 and CKD-EPI equations were comparable, with some exceptions and
are presented in Table 13 and Table 14, respectively. Findings with MDRD-4 and CG are

described in more detail below.

Markers of renal function and calcium and phosphate metabolism

At baseline, with eGFR categorised on basis of MDRD-4, adjusted calcium, serum phosphate
and Klotho were significantly lower and cFGF23 and iFGF23 were significantly higher when
eGFR <60 mL/min/1.73 m? (all p<0.05) (Table 13; Figure 20; Figure 21). When categorised on
basis of CG, similar results were found for Klotho, cFGF23 and iFGF23 (all p<0.05) (Table 13).
After 12 months of supplementation, when MDRD-4 was used, only cFGF23 and iFGF23
remained significantly higher in patients with eGFR <60 mL/min/1.73 m? (p<0.05) (Table 13;
Figure 21). Based on CG, this was only found for cFGF23 (Table 13). No between groups

differences in Klotho were found, regardless of eGFR equation used.

Markers of vitamin D metabolism

Before supplementation, with eGFR calculated and categorised on basis of MDRD-4, all
vitamin D metabolites were significantly lower and iPTH significantly higher with eGFR <60
mL/min/1.73m? (all p<0.05) (Table 13; Figure 21). When categorised on basis of CG only
1,25(0OH),D differed significantly between eGFR groups (Table 13). Similar to CG, no
differences were found in total and free 25(OH)D between groups with CKD-EPI algorithms
(Table 14).

Post-supplementation, when MDRD-4 was used, 1,25(0OH).D remained significantly lower and
iPTH higher with eGFR <60 mL/min/1.73m? while other metabolites were no longer
significantly different between eGFR groups (all p<0.05) (Table 13; Figure 21). Based on CG,
total and free 25(0OH)D were significantly higher and 1,25(0H).D significantly lower with eGFR
<60 mL/min/1.73 m? (all p<0.05) (Table 13). DBP remained not significant regardless the eGFR

equation used.
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Whnt-signalling pathway markers

At baseline, with eGFR categorised on basis of both MDRD-4 and CG, SOST was significantly
higher and DKK1 significantly lower with eGFR <60 mL/min/1.73 m? (all p<0.05) (Table 13;
Figure 21). In addition, when using CG, OPG was significantly higher with eGFR <60
mL/min/1.73 m? (p<0.05) (Table 13). There were no between-group differences for sSRANKL
regardless of equation used.

After supplementation, when MDRD-4 was used, SOST remained higher and DKK1
significantly lower in the group with eGFR <60 mL/min/1.73 m? similar to findings at baseline
(all p<0.05) (Table 13; Figure 21). Based on CG, SOST was higher and sRANKL lower with eGFR
<60 mL/min/1.73 m? (all p<0.05) (Table 13).

Bone parameters and markers of bone metabolism

At baseline, with eGFR categorised on basis of MDRD-4, no significant differences in any of
the bone markers were found (Table 13). Categorised on the basis of CG, however, BMD and
BMC at both the hip and femoral neck were lower in the eGFR category <60 mL/min/1.73 m?
and PINP significantly higher compared to the group with 260 mL/min/1.73 m? (all p<0.05)
but trends were in a similar direction (Table 13).

After 12 months of supplementation, when MDRD-4 was used, hip BMD was significantly
lower with eGFR <60 mL/min/1.73 m? (p<0.05) (Table 13). Based on CG, there were no
significant differences between the eGFR groups after supplementation (Table 13). There

were no differences by eGFR category in markers of bone metabolism with either algorithm.

Associations with eGFR (by four equations for eGFR)

Regression analyses showed that all relationships were linear and there were no apparent
thresholds of eGFR at which slopes changed.

Regression analyses with eGFR as the independent, continuous variable mostly confirmed
findings of t-tests comparing differences between eGFR categories. Significant negative
associations were found for cFGF23, iFGF23, iPTH and SOST and positive associations with
24,25(0H);D, 1,25(0H).D for both MDRD-4 and CG data (Table 15). A significant association
with Klotho was only found with MDRD-4 data and OPG with CG data. The differences

135|Page



between eGFR groups in total and free 25(0H)D found with MDRD-4 and in DKK1 with both
MDRD-4 and CG, were however not reflected in significant associations between eGFR and
these variables (Table 15). Also, in accordance with findings with t-tests, no significant
associations of eGFR by MDRD-4 or CG with BMD, BMC and the bone metabolism markers
(BAP, CTX, PINP) were found.

Similar to analyses with MDRD-4, regression analyses with CKD-EPI algorithms also confirmed
findings with t-tests; significant association with cFGF23, iFGF23, iPTH, SOST, 24,25(0OH).D and
1,25(0H),D were found (Table 16). In addition, significant negative associations were found

for serum phosphate and OPG (Table 14).

After supplementation, only the association with 1,25(0OH).D and cFG23 remained significant
by both MDRD-4 and CG. Associations of iFGF23, Klotho and iPTH with eGFR by both MDRD-
4 and CG were no longer significant. Total and free 25(OH)D and SOST remained significant
only with MDRD-4 and 24,25(0OH).D remained significant only with CG. Regression analyses
thus did not confirm findings of t-tests for iFGF23, iPTH, total and free 25(OH)D (Table 15).
With MDRD-4, there were significant positive associations with BMD and BMC, in accordance
with findings of t-tests. No significant associations of eGFR by CG with BMD and BMC were
found. No associations with the bone metabolism markers were found with either algorithm.
Post-supplementation, regression analyses with CKD-EPI algorithms confirmed findings of t-
tests. Significant associations were found with serum phosphate and 1,25(0OH),D. Negative
associations with free 25(0OH)D and iPTH were only found with CKD-EPI creatinine-cystatin C.
Similar to analyses with MDRD-4, associations with cFGF23, iFGF23, and SOST were no longer

significant after supplementation (Table 14; Table 16).
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Table 15. Association between biomarkers and eGFR calculated according to MDRD-4 and Cockcroft-Gault algorithms at baseline and 12
months?

MDRD-4 CKD-EPI Creatinine Cockcroft-Gault

Biomarkers Baseline 12-months Baseline 12-months Baseline 12-months

B-coefficient | p-value | B-coefficient | p-value | B-coefficient | p-value | B-coefficient | p-value | B-coefficient | p-value | B-coefficient | p-value

Renal function markers

Albumin (g/L) -0.003 0.69 0.020 0.02 0.006 0.525 0.019 0.058 0.011 0.05 0.009 0.215
Adjusted calcium (mmol/L) 0.000 0.56 0.000 0.95 0.000 0.844 0.000 0.898 0.000 0.03 0.000 0.99
Phosphate (mmol/L) 0.001 0.10 -0.001 0.36 0.002 0.014 -0.001 0.513 -0.002 <0.001 -0.004 <0.001
Klotho (pg/mL) 5.560 0.01 0.802 0.49 5.713 0.023 0.447 0.737 1.062 0.16 1.086 0.14
cFGF23 (RU/mL) -0.648 <0.001 -0.985 <0.001 -0.743 <0.001 -0.081 0.638 -0.588 <0.001 -0.428 0.018
iFGF23 (pg/mL) -0.254 0.03 -0.058 0.66 -0.296 0.028 -0.107 0.487 -0.176 0.04 0.049 0.57
Vitamin D metabolism markers

Total 25(0H)D (nmol/L) 0.046 0.50 -0.196 <0.001 0.091 0.251 -0.162 0.031 0.043 0.40 -0.272 <0.001
Free 25(0H)D (pmol/L) 0.011 0.43 -0.056 <0.001 0.020 0.246 -0.059 0.001 0.011 0.32 -0.057 <0.001
24,25(0H)2D (nmol/L) 0.022 0.04 -0.007 0.51 0.032 0.007 0.007 0.612 0.023 <0.001 -0.029 0.002
1,25(0OH)2D (pmol/L) 0.569 <0.001 0.606 <0.001 0.665 <0.001 0.779 <0.001 0.202 0.01 0.238 <0.001
DBP (mg/L) -0.067 0.76 -0.380 0.10 -0.010 0.968 -0.377 0.167 0.060 0.71 -0.137 0.36
iPTH (pg/ml) -0.162 0.04 -0.152 0.05 -0.281 0.002 -0.127 0.183 0.012 0.861 -0.013 0.84
SOST (pmol/L) -0.282 <0.001 -0.356 <0.001 -0.376 <0.001 0.154 0.169 -0.226 <0.001 -0.096 0.19
DKK1 (pmol/L) 0.099 0.10 0.092 0.19 0.143 0.035 0.089 0.277 0.060 0.17 0.016 0.72
OPG (pmol/L) -0.008 0.28 0.007 0.41 -0.012 0.153 0.007 0.465 -0.015 <0.001 0.008 0.15
SRANKL (pmol/L) 0.000 0.71 0.000 0.85 0.000 0.089 0.000 0.737 0.000 0.08 0.000 0.55
Hip BMD (g/m?) -0.001 0.17 0.002 0.002 -0.001 0.214 0.002 0.002 0.002 <0.001 0.001 0.062
Hip BMC (g) -0.043 0.14 0.076 0.01 -0.063 0.056 0.095 0.008 0.135 <0.001 0.021 0.42
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FN BMC (g) -0.002 0.61 0.008 0.06 -0.004 0.313 0.010 0.033 0.018 <0.001 0.001 0.69
FN BMD (g/m?) -0.001 0.29 0.001 0.02 -0.002 0.373 0.001 0.646 0.002 <0.001 0.001 0.22
BAP (pg/L) 0.011 0.36 -0.001 0.96 0.010 0.462 -0.010 0.653 0.003 0.79 -0.002 0.92
CTX (ng/mL) 0.000 0.92 0.000 0.95 0.000 0.697 0.000 0.688 -0.002 0.005 0.000 0.46
PINP (ug/L) -0.002 0.98 -0.028 0.71 -0.017 0.798 -0.010 0.909 -0.087 0.08 0.007 0.92

aB-coefficients and associated p-values from linear regression analysis with eGFR as a continuous variable. Significant associations p<0.05 are indicted in bold.
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Table 16. Association between biomarkers and eGFR calculated according to CKD-EPI cystatin C and CKD-EPI creatinine-cystatin C algorithms at

baseline and 12 months

CKD-EPI cystatin C

CKD-EPI creatinine-cystatin C

Biomarkers

Baseline

12-months

Baseline

12-months

Renal function markers

B-coefficient

p-value

B-coefficient

p-value

B-coefficient

p-value

B-coefficient

p-value

Vitamin D metabolism markers

Albumin (g/L) 0.011 0.05 >0.000 1.00 >0.010 0.15 0.006 0.42
Adjusted calcium (mmol/L) >0.000 0.03 >0.000 0.99 >0.000 0.10 >0.000 0.95
Phosphate (mmol/L) -0.002 <0.001 -0.004 <0.001 -0.002 <0.001 -0.004 <0.001
Klotho (pg/mL) 1.062 0.160 1.086 0.139 2.248 0.257 1.320 0.158
cFGF23 (RU/mL) -0.588 <0.001 -0.094 0.33 -0.774 0.00 -0.112 0.35
iFGF23 (pg/mL) -0.176 0.04 0.049 0.57 -0.246 0.02 0.005 0.96

Total 25(OH)D (nmol/L) 0.043 0.40 -0.005 0.90 0.076 0.22 -0.054 0.31
Free 25(OH)D (pmol/L) 0.011 0.32 -0.015 0.12 0.017 0.19 -0.032 0.01
24,25(0H)2D (nmol/L) 0.023 <0.001 0.010 0.19 0.032 <0.001 0.009 0.34
1,25(0H)2D (pmol/L) 0.202 0.01 0.238 <0.001 0.040 <0.001 0.417 <0.001
DBP (mg/L) 0.060 0.71 -0.137 0.36 0.063 0.75 -0.219 0.25
iPTH (pg/ml) -0.185 0.00 -0.079 0.114 -0.250 <0.001 -0.147 0.020
SOST (pmol/L) -0.226 <0.001 0.036 0.56 -0.320 <0.001 0.072 0.36
DKK1 (pmol/L) 0.060 0.17 0.016 0.72 0.097 0.07 0.037 0.52
OPG (pmol/L) -0.015 <0.001 0.008 0.15 -0.015 0.02 0.010 0.15
SRANKL (pmol/L) >0.000 0.08 >0.000 0.55 >0.000 0.16 >0.000 0.65
Hip BMD (g/m?) >0.000 0.54 >0.000 0.99 >0.000 0.98 0.001 0.26
Hip BMC (g) 0.008 0.70 -0.009 0.64 -0.010 0.69 0.015 0.56
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FN BMD (g/m?) >0.000 0.86 >0.000 0.71 >0.000 0.87 >0.000 0.59
FN BMC (g) 0.002 0.43 -0.002 0.46 0.001 0.77 0.001 0.84
BAP (pg/L) -0.006 0.52 -0.013 0.31 -0.001 0.93 -0.013 0.42
CTX (ng/mL) -0.001 0.07 0.000 0.40 -0.001 0.10 0.000 0.51
PINP (ug/L) -0.073 0.08 -0.007 0.88 -0.080 0.13 -0.006 0.92

aB-coefficients and associated p-values from linear regression analysis with eGFR as a continuous variable.

Significant associations p<0.05 are indicted in bold.
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Discussion

In a cohort of apparently healthy older adults, 18-28% had an eGFR below <60 ml/min/1.73m?
(CKD G3a) and 3-5% <45 ml/min/1.73m? (CKD G3b). Before supplementation, significantly
higher concentrations cFGF23, iFGF23, iPTH and SOST and lower Klotho, 1,25(0OH),D and DKK1
concentrations were found in the group with CKD G3a/b compared to the group with eGFR
>60 ml/min/1.73m?. Differences in 25(OH)D, 24,25(0H),D and iPTH by eGFR category were
only detected with MDRD-4 and CKD-EPI equations. Differences in BMD and BMC were
detected only with CG.

Pre- and post- supplementation comparisons showed differences in the response to
supplementation by eGFR category. Supplementation resulted in an increase in 25(0OH)D,
24,25(0H),D, DKK1 and a decrease in plasma phosphate, iPTH and CTX in both eGFR groups.
Plasma Klotho only significantly increased in the group with a lower eGFR. Plasma iFGF23 and
1,25(0OH)2D, BAP, PINP increased only in the group with eGFR =60 ml/min/1.73m?. Findings
were largely consistent across all eGFR algorithms. After vitamin D supplementation, cFGF23,
iFGF23, iPTH and SOST remained significantly higher in the lower eGFR group and 1,25(0OH),D
lower. Klotho did no longer differ between eGFR groups. Findings were consistent for all eGFR
algorithms, with the exception of iPTH and iFGF23, for which no significant differences were
found when eGFR was categorised on basis of CG.

Regression analyses mostly confirmed comparisons between eGFR categories, although these
did not all reach statistical significance. Regression analyses further showed that relationships
between eGFR and markers of calcium, phosphate and bone metabolism were continuous

without an obvious threshold effect.

Consistent with earlier reports we found that, even with moderate renal impairment, Klotho
was lower and both iFGF23 and cFGF23 were higher'>31>438 e also found differences in
markers of vitamin D status and metabolism, iPTH and in markers of Whnt-signalling.
Secondary hyperparathyroidism is a known complication of advanced stages of CKD and an
increase in iPTH is usually reported from stage 3 or 421438, However we found significantly
higher iPTH concentrations already with moderate renal impairment, with iPTH
concentrations above the assay-specific references range (4.7-114 pg/ml38®) in a considerable

proportion of participants, similar to other reports®®. A reduction in plasma 1,25(0OH);D is
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reported from early renal impairment and continues to decrease with declining renal
function®®38’, The changes in plasma 1,25(0OH)2D concentrations with CKD are thought to be
the result of the combined effect of a reduced renal hydroxylation capacity and increased
catabolism induced by FGF23.

FGF23 and SOST are both produced by osteocytes and regulate renal mineral and vitamin D
metabolism and influence bone formation and resorption®. The Wnt/B-catenin signalling
pathway plays a key role bone homeostasis by regulating osteocyte function and osteoblast

192 and its effect is mainly anabolic!®3. Inhibitors of

and osteoclast differentiation and function
Whnt-signalling include SOST, DKK1 and, indirectly, RANKL. Increases in plasma concentrations
of these factors is associated with loss of bone mass and integrity®0134192388-391  QpG
antagonises the actions of RANKL by binding and preventing interaction with its receptor,
RANK>#>560  We showed that SOST concentrations were higher and DKK1 lower with a
moderate decline in kidney function. Similar findings were reported by Sabbagh et al. 201232,
Reference ranges of plasma concentrations of these regulators of Wnt-signalling in healthy
and CKD patients are not well defined. However, comparing to the reported normal ranges in
a limited number of healthy subjects for the kits used for these analyses, plasma
concentrations of SOST and OPG were above and RANKL below these ranges in the group with
CKD G3a/b (normal range SOST: 13.31-41.77pmol/L; OPG median: 1.8pmol/L; SRANKL: 0.37-
0.46 pmol/L). The clinical relevance of these findings needs be established. However, together
with the changes in FGF23, intact iPTH and 1,25(0OH);D it may be anticipated that these
changes with early CKD are associated with negative effects on mineral and bone
metabolism1343883%0,331 g, ch early changes in renal function are usually not detected or give
rise to clinical monitoring but may signify a stage during which early intervention may offer

health benefits.

There were differences in the response to vitamin D supplementation by eGFR category. As
expected, plasma total and free 25(0OH)D and 24,25(0H).D increased with supplementation.
We earlier reported an increase in 1,25(0OH).D in the full cohort3*3, similar to findings in other
RCTs?792% Here we show that this increase was only observed in the group with an eGFR >60
ml/min/1.73m?. This illustrates the reduced 1 a-hydroxylation capacity and/or increased

167

catabolism with lower renal function'®’, which resulted in lower plasma 1,25(0OH),D

concentration, despite increased availability of 25(0OH)D for hydroxylation.
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Plasma iPTH decreased with supplementation in both eGFR groups. In healthy individuals,
iPTH and 25(0OH)D are inversely correlated and vitamin D supplementation is associated with
a decrease in iPTH!3, although this may only be observed at lower baseline 25(0OH)D
concentrations. However, reports on the effect of vitamin D supplementation on iPTH in
patients with CKD and secondary hyperparathyroidism (SHPT) are conflicting and the effect
depends on the stage of CKD. This is partly explained by the fact that the aetiology of SHPT
with impaired renal function is complex and multifactorial. It is unclear at what stage of CKD
and/or SHPT, vitamin D supplementation is no longer effective in reducing iPTH8214,

The response of iIFGF23 and Klotho differed by eGFR category, while plasma cFGF23 increased
and plasma phosphate decreased in both eGFR groups. An increase in cFGF23 and iFGF23 with
vitamin D supplementation was reported before3*23*3 and may be a response to increased
intestinal phosphate absorption and the decline in iPTH. In this study, iFGF23 only significantly
increased in the group with the higher eGFR, while Klotho remained unaltered. In the group
with eGFR <60 ml/min/1.73m? however, Klotho increased and iFGF23 remained unchanged
with supplementation. This might indicate an increase in FGF23 sensitivity as result of an
increase in its co-factor Klotho and thus a potential benefit of supplementation in people with
compromised kidney function. There is limited evidence that vitamin D supplementation may
increase the expression of Klotho, but data are conflicting3362, Our findings suggest that the

effect may depend on renal function.

Vitamin D may modulate SOST expression in osteocytes3683%3, Recent findings show an inverse
correlation between vitamin D status and SOST concentrations in healthy postmenopausal
women and adults343367.3% However, conflicting results have been reported regarding the
effect of vitamin D supplementation on SOST and DKK1393:3953%_Seyeral studies showed that
vitamin D supplementation can lead to decline in SOST3%%3%7, Other studies showed the
opposite, reporting an increase in SOST following supplementation with native3°>3% or
activated forms of vitamin D in non-CKD and CKD subjects3?3. Another RCT with CKD patients
(G3-4) showed that vitamin D supplementation did not significantly affect SOST2%*. In our
study, SOST concentrations remained unchanged with supplementation, irrespective of
category of eGFR. We also observed no significant effect of supplementation on OPG and
RANKL, while DKK1 increased. The bone turnover markers however suggest that

supplementation altered the rate bone remodelling. We found a decrease in plasma CTX in
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both eGFR groups after supplementation, while BAP and PINP increased only in the group
with higher renal function. No effects were found on bone mineral density and content in
either eGFR group. Recent studies have shown associations between FGF23, SOST and other
regulators of the Wnt-signalling and micro-architectural changes and fracture risk, particularly
in trabecular bone, in the absence of marked changes in (DXA measured) BMD or BM(C?12:366,
Future research with pQCT measures of bone integrity is required to investigate such effects

of vitamin D.

The use of different eGFR algorithms provided, as expected somewhat different results.
Although the MDRD-4 and CKD-EPI algorithms, as based on either creatinine or cystatin C
provided similar results, those with CG differed. CG is the only algorithm tested that includes
weight. This might explain the differences in bone density detected between the eGFR
categories when using the CG algorithm. In addition, the higher number of participants
categorised to the eGFR <60 ml/min/1.73m? group (baseline n=106; 12 months n=99) may
have influenced the statistical power to detect these differences.

In medical practice, kidney function is routinely assessed in older adults3®® and mostly based
on the calculation of eGFR based on serum creatinine or more recently, cystatin C389400,
Urinary creatinine to estimate clearance or tracer clearance are seldomly measured. The use
of serum creatinine in older adults may lead to an overestimation of the GFR?324%1, Plasma
creatinine is also influenced by muscle mass and dietary protein intake. Both of these are
known to decrease with age*? and this can lead to misclassification of patients*®, Cystatin C
is produced at a constant rate by all nucleated cells and filtered in proximal tubules?3°. Recent
studies have shown that cystatin C may be a better marker for progression of CKD#%3-4% since
it is less affected by exogenous factors?2. In this study, relationships between cystatin C and
creatinine based eGFR with the investigated markers were comparable. That might be due to

nature of the study population used for this analysis.

This study has several limitations. The VDOP study included relatively healthy older adults and
excluded those with an eGFR <30 ml/min/1.73m? at screening. The eGFR categorisation was
solely based on eGFR, without data regarding albuminuria. In addition, since participants had
no prior diagnosis of renal disease, the underlying causes of impaired renal function are

unknown and may be expected to be heterogenous. As a result, the bone phenotype may also
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be of a heterogenous nature. Participants of the VDOP study were predominantly of
Caucasian origin and therefore results may not be applicable to other populations.

Since the design of this study, evidence has been published that a monthly vitamin D dosing
regimen may have different, less beneficial effects on musculoskeletal function and
metabolism compared to more frequent dosing.

Changes in bone metabolism may not be reflected in DXA measured BMD and BMC. Although
the study was powered to detect a change in hip BMD from baseline in each supplementation
group as based on an earlier, similar study in the North of the UK343344 this was found to be
non-significant in this study. This may be explained by differences in the study protocol or
population The response to supplementation may have depended on both renal function and
baseline 25(0OH)D. There was however insufficient statistical power to test this hypothesis and
studies to address this question are required. The large number of comparisons conducted in
this study will have increased the chance of type 2 errors; research specifically designed and
powered to confirm our findings are required. Group sizes were unequal; the group with the
lower eGFR had limited numbers compared to the group with the higher eGFR.

The follow-up time was 12 months, and this may have been too short to detect a change in
BMD. Markers of bone metabolism and osteocyte signalling may be expected to respond to
interventions within the length of a bone remodelling cycle (~3-4 months)3”°. Therefore,
changes in bone metabolism may be identified with these biochemical markers before they
are reflected in BMD. However, it is possible that markers measured after 12 months reflect
a newly achieved steady state that is seemingly no different from baseline and that changes
occurred within the first few months after commencement of the intervention, such as
observed in pharmaceutical trials37837°,

Further, we did not directly measure free 25(0H)D but instead calculated the free fraction
and thus considers the potential influence of binding proteins. Although directly measured
and calculated free 25(0OH)D concentrations correlate well in healthy populations36237437> it
cannot be excluded that directly measured concentrations would have provided different

findings.

In conclusion, this study showed that a moderate decline in eGFR has a negative impact on
vitamin D metabolism, Wnt-signalling and bone turnover markers. Vitamin D

supplementation has beneficial effects on markers of the renal-bone axis in older people with
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both normal and impaired renal function. The response depended on renal function.
Supplementation improved Vitamin D status and Klotho in the group with moderate renal
impairment to concentrations comparable to those found in the group with normal renal
function. However, although CTX decreased, no effect on bone formation markers was found

in the group with eGFR <60 ml/min/1.73m?.
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CHAPTER 5: Vitamin D supplementation improves iron status and inflammation
markers in older people with renal impairment

Summary

CKD leads to alterations in FGF23 and the renal-bone axis, may partly be driven by altered
inflammation and iron status. Vitamin D supplementation was reported to reduce
inflammation.

Older adults with normal renal function (eGFR >90mL/min/1.73m?; CKDG1; n=35) or early
CKD (eGFR 30-60mL/min/1.73m?; CKDG3a/b; n=35) received 12,000, 24,000 or 48,000IU
Ds/month for 1 year. Markers of inflammation, iron and renal-bone axis were investigated
pre- and post-supplementation. Predictors of cFGF23 and iFGF23 were identified by
univariate and multivariate regression.

Pre-supplementation, plasma cFGF23, iFGF23, iPTH, sclerostin and TNFa were significantly
higher and Klotho, 1,25-dihydroxyvitamin D and iron lower with CKDG3a/b compared to
CKDGL1. Post-supplementation, only 25(0OH)D, cFGF23 and IL6 differed between groups.

The effect of supplementation was eGFR dependent. In the CKDG3a/b group TNFa
significantly decreased and iron increased. In the CKDG1 group, phosphate decreased,
cFGF23, iFGF23, PINP, IL10 and 25(OH)D increased and CTX decreased in both groups. No
significant differences were found between vitamin D doses.

In univariate models cFGF23 and iFGF23 were predicted by eGFR and regulators of
calcium/phosphate metabolism at both time points; IL6 predicted cFGF23 (post-
supplementation) and iFGF23 (pre-supplementation) but was not significant in multivariate
models. Hepcidin predicted cFGF23 in a multivariate model with eGFR and iFGF23 post-
supplementation.

Alterations in regulators of the renal-bone axis, inflammation and iron status were observed
in early CKD. The response to vitamin D supplementation differed between eGFR groups. IL6

predicted cFGF23 and iFGF23, hepcidin cFGF23.
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Methods

Study design

This study utilised plasma samples and data collected as part of the vitamin D
supplementation in older people (VDOP) randomized controlled trial343 (ISRCTN35648481). In
brief, this RCT included 379 ambulatory, community dwelling adults aged >70y (48% women;
mean age: 75y) from the northeast of England. Participants were recruited through general
practices and those with known CKD or MDRD-based eGFR <30 ml/min/1.73m? at pre-
screening were excluded. Participants were randomly allocated into 3 groups supplemented
with vitamin D3 [12,000 international units (IU), 24,000 IU, or 48,000 IU] given once a month
for 1 year. More details of the study design, methods and primary outcomes were previously
described343345, From this cohort, participants were selected if the mean eGFR (baseline and
12 months) based on MDRD-4 was <30-60 mL/min/1.73 m? or >90 mL/min/1.73 m?, and
additionally, if samples were available at both time points. Haemolytic samples were not

used. This resulted in n=70 sets of data, with n=35 participants in each eGFR group.

The analyses were explorative and secondary and were not pre-specified in the original trial
design and analyses plan. Results for plasma concentrations of 25(0OH)D, iPTH, BMD and Wnt-
signalling markers in the full cohort were earlier reported by Aspray et al.3*3 and Christodoulou

et al.??’ but are also included here to support data interpretation.

The study was conducted in accordance with guidelines laid down in the Declaration of
Helsinki. A favourable opinion was obtained from the Tyne & Wear South Research Ethics
Committee (REC, 12/NE/0050) with Research and Development approval from the sponsor,
Newcastle upon Tyne Hospitals NHS Foundation Trust. All participants provided written

informed consent.

Measurements

Methods for measurements BMD, height and weight, collection of early morning fasting
blood samples at baseline and after 12 months of supplementation, as well as details of blood

processing, storage and biochemical analyses were provided elsewhere 343, Sample collection
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and processing methods were used suitable for the measurement or iron status and other

markers included in this study.

In brief, analyses were conducted at 3 sites (Newcastle upon Tyne hospitals NHS Foundation
Trust; MRC Human Nutrition Research, Cambridge, UK (HNR-UK) and of University of East
Anglia (UEA), UK. HNR-UK biochemical methods were: 25(0OH)D (LC-MS/MS), iPTH (Immulite
2000, SIEMENS), PINP (UniQ, RIA), B-CTX (Immunodiagnostic Systems), BAP (DiaSorin,
Liaison). All assays were performed in duplicate except for iPTH. Assay performance was
monitored using kit and in-house controls and under strict standardisation according to ISO
9001:2000. Assay performance details were provided in Aspray T.J. et al. 20193* and
Christodoulou M. et al. 2022342, Quality assurance of 25(0OH)D and iPTH assays are performed

as part of the Vitamin D External Quality Assessment Scheme (www.degas.org) and the

National External Quality Assessment Scheme (www.ukneqgas.org.uk). Measurements of

25(OH)D were harmonised against NIST standards as part of the Vitamin D harmonisation

program?3+3,

Measurements conducted at UEA included plasma phosphate (Cobas, Roche Diagnostics),
aKlotho (IBL international), cFGF23 and iFGF23 (Immutopics), OPG (Biomedica), SOST, DKK1
and soluble RANKL (sRANKL) (Biomedica), 1,25(OH).D (DiaSorin, Liaison XL), iron (Cobas,
Roche Diagnostics), hepcidin (R&D systems Bio-Techne), CRP (High sensitivity; Cobas, Roche
Diagnostics), TNFa (R&D systems Bio-Techne), IL-6 (Cobas, Roche Diagnostics) and IL-10 (High
sensitivity; R&D systems Bio-Techne). All assays were performed in duplicate except for
phosphate, 1,25(0OH).D, CRP, iron and IL-6 on basis of consistent performance with intra and
inter-assay CV <4%. The inter- and intra-assay CVs of all other assays were <10%. Assay
performance was monitored using kit and in-house controls and following Good Laboratory
Practice. The measurement ranges of TNFa and IL-10 were expanded by diluting the lowest

standards of the calibration curve.

All the biochemical analysis was conducted prior the start of this PhD study except markers
of cystatin C, phosphate, iron, hepcidin, CRP, TNFa, IL-6 and IL-10 were conducted by M.
Christodoulou during this PhD study.

MDRD-4 eGFR was calculated as follows?*%4%7: MDRD-4= 175 x (Scr) >*>* x (age) 0293 x 0.742 [if

female] x 1.212 [if Black], with serum creatinine (S¢r) in mg/dL and age in years. Since there
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were no non-white participants therefore race was removed. Analyses were also conducted
with eGFR calculated according to the CKD-EPI algorithm with creatinine and without race32°,

CKD-EPI data provided very similar results and are therefore not presented.

Statistical analysis

The findings presented in this paper aimed to test the following:

(1) Differences in markers of iron status and inflammation and regulators of Wnt-
signalling and bone metabolism between eGFR categories before and after 12 months
of vitamin D supplementation.

(2) The effect of vitamin D supplementation by eGFR group.

(3) Predictors of cFGF23 and iFGF23.

A power calculation was not conducted due to a lack of relevant data. Correction for repeated
testing was not deemed appropriate for this explorative analysis as any finding will require

confirmation in RCTs specifically designed and powered for respective outcomes.

The response to the intervention by supplementation group without considering eGFR was
reported in detail before?26:227, Differences in the response to the dosage of vitamin D was
considered by the inclusion of the dose as a co-variate in statistical modelling, where
appropriate. Since there were no significant differences between dosage groups post-
supplementation, descriptive data at 12 months are presented pooled for all 3
supplementation groups. Pre- and post-supplementation comparisons within each eGFR
group were tested with paired t-tests. Between eGFR group differences pre- and post-
supplementation were tested by ANCOVA, with baseline values and supplementation group

as co-variates for 12 months data.

All outcomes were assessed for normality (defined as a posterior distribution skewness <2 or
>-2) and visual inspection of histograms. Non-normally distributed variables were converted
to natural LN and checked again for normality. One extreme outlier was identified for TNFa
and was excluded. For normally distributed data, results are expressed as mean (SD); for
skewed data, results are expressed as median [IQR].

Univariate linear regression analysis was conducted to identify predictors of cFGF23 and

iFGF23. Variables included were selected a prior on the basis of a theoretical biological
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mechanism and included those related to renal function, calcium and phosphate, iron status
and inflammation. Multivariate linear regression was subsequently performed including all
variables with a p-value <0.2 in univariate analyses (Table 18; Table 19), followed by
hierarchical elimination of non-significant variables. Co-linearity of independent variables
(R>0.6) was checked prior to inclusion in multivariate models. Linearity of associations were
checked visually. These regression analyses were conducted using the natural values of the

data (not LN converted).

IBM® SPSS® Statistics Version 28 software was used.

Results

Differences in biomarkers between eGFR categories

Median eGFR was 51.0 [IQR: 45.8-53.8] mL/min/1.73 m? (CKDG3a: n=23; CKDG3b: n=7) and
95.7 [92.1-102.8] for the CKDG3a/b and G1, respectively. Age was significantly higher in the
group with CKD3a/b; gender and BMI did not differ (Table 17).

At baseline, compared to the group with normal renal function, plasma PTH, cFGF23, iFGF23
were higher, klotho and 1,25(0OH),D were lower in the group CKDG3a/b. Also, plasma iron
was lower, but there was no difference in the hepcidin concentration between groups. Of the
inflammation markers, the pro-inflammatory cytokine TNFa was significantly higher and IL6
near significantly (p=0.075) higher in the group with CKDG3a/b, but plasma CRP and IL10 did

not differ.

SOST was higher in the group with eGFR <60 mL/min/1.73m? but no differences were found

in other markers of the Wnt-signalling pathway and bone density and remodelling (Table 17).

Post vitamin D supplementation, cFGF23 concentrations remained significantly different
between eGFR groups. Post-supplementation 25(0H)D was higher in the group with
CKDG3a/b. Plasma iron and hepcidin and the markers of inflammation, CRP, TNFa and IL10
were not different between groups, but the pro-inflammatory cytokine IL6 was significantly
higher in the group with CKDG3a/b. There were no between eGFR group differences in

markers of Wnt-signalling and bone density and remodelling (Table 17).
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Table 17. Between group comparisons at baseline and 12 months?

eGFR<60 mL/min/1.73 m? (n=35)° eGFR>90 mL/min/1.73 m? (n=35)¢
Characteristics®
BASELINE 12 MONTHS BASELINE 12 MONTHS
Men/ Women 18/17 - 20/15 -
Age (years) 769  (4.1) - 72.3 (4.1)% -
BMI (kg/m?) 279 (4.5) - 27.6 (4.5) -
MDRD eGFR (mL/min/1.73 m?)® 51.0 [45.8-53.8] 95.7 [92.1-102.8]%
MDRD eGFR (mL/min/1.73 m?) | 50.0 [44.8-53.1] 51.0 [44.6-54.4] 97.5 [93.3-103.0] 94.5 [89.6-105.0]
Markers of calcium, phosphate and vitamin D metabolism
Acalcium (mmol/L) 22 (0.1) 2.2 (0.1) 2.2 [2.2-2.3] 2.2 (0.1)
Phosphate (mmol/L) 0.81 (0.2) 0.83 (0.2) 0.88 (0.17)t 0.78 (0.16)
iPTH (pg/mL) 59.9  (27.1) 52.7 (23.9) 42.9 [27.9-67.8]* 423  (22.6)
iFGF23 (pg/mL) 69.4 [49.7-78.4] 78.4 [54.9-91.5] 53.4 (19.0)** 57.1 [48.1-68.2]
cFGF23 (RU/mL) 81.9 [71.0-154.6] 112.0 [84.8-139.8] 58.2 (18.5)**+ 61.1 [53.4-74.6]*
Klotho (pg/mL) 436 (102) 471.1 (109) 509 [392-643]* 507.4  [403-730]
25(OH)D (nmol/L) 30.0 [21.8-39.0]F 73.5 (20.3) 39.9 (21.2)t 61.5 (18.7)*
1,25(0H)2D (pmol/L) 712 [56.1-102.0] 82.4 (29.6) 111.5  (30.9)** 112.0  (31.6)
Iron status and inflammation markers
Iron (pmol/L) 126 (6.4)t 16.2 (6.4) 16.1 (6.0)* 18.0  (5.8)
Hepcidin (ng/mL) 24.7 (16.0) 20.2 (14.1) 19.7 [11.9-31.6] 19.6 11.2
CRP (nmol/L) 18.8 [8.1-35.5] 18.3 [8.2-39.2] 155 [7.5-27.7] 12.8 [4.9-27.9]
TNFa (pg/mL) 9.4 [7.8-11.1]* 6.5 [5.1-12.0] 6.8 [5.8-9.8]* 7.0 [4.2-8.8]
IL6 (pg/mL) 2.54 [0.75-4.61] 2.93 [1.78-5.85] 0.75 [0.75-2.90] 0.75 [0.75-2.80]*
IL10 (pg/mL) 0.33 [0.02-0.61]F 0.52 [0.38-1.00] 0.18 [0.02-0.60]t 0.69 [0.52-0.81]
Bone turnover and Wnt-signalling markers
Hip BMD (g/ m?) 1.01  (0.19) 1.00 (0.19) 0.95 (0.14)t 0.94  (0.15)
BAP (pg/L) 9.5 [7.4-11.3] 9.8 (3.1) 11.4 (3.6) 11.6  [8.3-14.2]
CTX (ng/mL) 0.41  [0.29-0.58]% 0.36 (0.15) 0.37 [0.28-0.53]F 0.34  [0.26-0.42]
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PINP (pg/L) 414  [29.1-53.5] 403  [31.8-50.7] 383  [26.8-46.0]t 40.0  [32.7-47.5]
SOST (pmol/L) 61.39  (22.6) 623  (24.0) 415  (16.7)** 419  (18.6)
DKK1 (pmol/L) 250  (12.1) 329  (15.7) 306  (13.3) 409  (19.2)
OPG (pmol/L) 540  [4.39-6.29] 545  [4.45-6.61] 525  (1.86) 526  (1.61)

aFor normally distributed data, results are expressed as mean (SD); for skewed data, results are expressed as median [interquartile range (IQR)].

€ Arm: 12000 IU n=4; 24000 IU n=13; 48000 IU n=18
4 Arm: 12000 IU n=8; 24000 IU n=16; 48000 IU n=11
¢Average of pre- and post-supplementation values

¥ Independent t-test significant difference p<0.05 between eGFR groups

* ANCOVA significant difference p<0.05 between eGFR groups
** ANCOVA significant difference p<0.001 between eGFR groups
T Paired t-test significant difference p<0.05 between pre- and post-supplementation values within eGFR groups; the vitamin D dose was non-significant and therefore

removed from models.
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Supplementation effect within each eGFR group

Estimated GFR did not change. There were differences in the response to supplementation
between eGFR groups. In the group with CKDG3a/b, plasma phosphate, iFGF23, cFGF23 was
unchanged, whereas in the group with normal renal function plasma phosphate decreased
and both cFGF23, iFGF23 increased (both p<0.01). Plasma 25(OH)D increased in both groups
and the remainder markers of calcium and phosphate metabolism did not significantly change

in either group.

In the group with CKDG3a/b, plasma iron increased, while hepcidin was unchanged. The pro-
inflammatory cytokine TNFa decreased and the anti-inflammatory cytokine IL10 increased.
Plasma CRP and IL6 did not change. The bone resorption marker CTX decreased, but BMD,
BAP, PINP and markers of Wnt-signalling were unchanged. In the group with normal renal
function, no changes were observed in markers of iron status and inflammation, except for
an increase in I1L10. CTX and BMD decreased and PINP increased. BAP and markers of Wnt-
signalling were unchanged (Table 17). As indicated in the methods section, there were no

significant differences between vitamin D dosages in the response.

Predictors of cFGF23 and iFGF23

At baseline, predictors of cFGF23 were eGFR, iFGF23, PTH and 1,25(0H);D, but no significant
associations were found with markers of inflammation and iron status in univariate analyses,
although a tendency of significance was detected for plasma iron (p=0.076) (Table 18). In a
multivariate model, only eGFR remained significant (R2=19%) (Table 19).

Significant predictors of iFGF23 were eGFR, cFGF23, 1,25(0OH).D, albumin adjusted calcium
and IL6 (all p<0.05) and a tendency for hepcidin (p=0.078). No significant associations were
found with other markers of inflammation and iron status (Table 18). In a multivariate model,
cFGF23, 1,25(0H).D and adjusted calcium remained significant (total R2=31%) (Table 19).

At 12 months, predictors of cFGF23 were the same as at baseline, i.e., eGFR, iFGF23, PTH,
1,25(0OH),D and also albumin adjusted calcium and IL6 and there was a tendency of
significance for hepcidin (p=0.077) and CRP (p=0.070) (Table 18). In a multivariate model,
eGFR, iFGF23 and hepcidin were significant (total R2=37%) (Table 19).
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Predictors of iFGF23 were eGFR, cFGF23, Klotho and 1,25(0OH).D, and a tendency for iron

(p=0.08), of which cFGF23 and 1,25(OH),D were significant in a multivariate model (Total

R?=30%) (Table 18; Table 19).

Table 18. Predictors of c-terminal and intact FGF23 at baseline and 12 months? in univariate

regression models

Baseline 12-months

B-coefficient (SE) | p-value | B-coefficient (SE) | p-value
eGFR (mL/min/1.73 m?) | -1.70 (0.266) <0.001 | -1.13 (0.269) <0.001
Acalcium (mmol/L) 24.0(131.775) 0.856 293.6 (113.670) 0.012
Phosphate (mmol/L) -74.6 (41.539) 0.077 | 53.1(46.710) 0.26
iFGF23 (pg/mL) 0.72 (0.261) 0.007 0.92 (0.226) <0.001
Klotho (pg/mL) -0.037 (0.035) 0.294 | -0.051(0.037) 0.167
iPTH (pg/mL) 0.66 (0.304) 0.033 0.67 (0.327) 0.045
25(0H)D (nmol/L) -0.56 (0.413) 0.178 | 0.15(0.392) 0.711
1,25(0H)2D (pmol/L) -0.56 (0.220) 0.013 | -0.50 (0.228) 0.03
Iron (umol/L) -2.26 (1.253) 0.076 -0.67 (1.295) 0.599
Hepcidin (ng/mL) <-0.001(0.001) | 0.513 | -0.001 (0.001) 0.077
CRP (nmol/L) 0.143 (0.128) 0.269 0.309 (0.168) 0.07
TNFa (pg/mL) 1.23 (2.102) 0.561 | 1.26(1.520) 0.41
IL6 (pg/mL) 1.32 (1.690) 0.437 | 3.54(1.764) 0.049
IL10 (pg/mL) -9.33 (18.806) 0.622 2.99 (4.434) 0.502

iFGF23 (pg/mL)

eGFR (mL/min/1.73 m?) | -0.38 (0.122) 0.003 | -0.45 (0.135) 0.002
Acalcium (mmol/L) 187.4 (53.316) | <0.001 | 100.5 (55.969) | 0.077
Phosphate (mmol/L) 9.1 (18.660) 0.627 | 15.9(22.591) 0.484
cFGF23 (pg/mL) 0.14 (0.051) 0.007 | 0.21(0.052) <0.001
Klotho (pg/mL) -0.012 (0.015) 0.445 | -0.037 (0.017) 0.036
iPTH (pg/mL) -0.07 (0.138) 0.614 | 0.06(0.162) 0.711
25(0H)D (nmol/L) 0.29 (0.181) 0.111 | 0.03(0.186) 0.153
1,25(0H)2D (pmol/L) -0.34 (0.092) <0.001 | -0.40 (0.102) <0.001
Iron (umol/L) -0.28 (0.563) 0.619 | -1.08(0.610) 0.08
Hepcidin (ng/mL) <0.001(0.0002) | 0.078 | <0.001 (0.0003) | 0.258
CRP (nmol/L) 0.042 (0.057) 0.464 | 0.064 (0.082) 0.437
TNFa (pg/mL) 0.04 (0.913) 0.965 | 1.07(0.723) 0.143
IL6 (pg/mL) 1.57 (0.721) 0.031 | 0.73(0.686) 0.404
IL10 (pg/mL) -10.24 (8.029) 0.207 | -0.34(2.139) 0.874

aB-coefficients and associated p-values from univariate linear regression analysis; Dependent variables are
indicted in bold in grey bars; Significant (p<0.05) associations are indicted in bold.

155 | Page



Table 19. Predictors of c-terminal and intact FGF23 at baseline and 12 months?® in multivariate
regression models

Baseline 12-months
B-coefficient (SE) | p-value | B-coefficient (SE) | p-value
eGFR (mL/min/1.73 m?) | -1.07 (0.27) <0.001 | -0.83 (0.26) 0.002
iFGF23 (pg/mL) - - 0.74 (0.22) 0.001
Hepcidin (ng/mL) - - -0.001 (0.001) 0.007
cFGF23 (pg/mL) 0.10 (0.05) 0.034 0.17 (0.05) 0.001
1,25(0H)2D (pmol/L) -0.223 (0.091) 0.017 -0.319 (0.099) 0.002

aB-coefficients and associated p-values from multivariate regression analysis; Dependent variables are indicted
in bold in grey bars; Significant (p<0.05) predictors are indicted in bold. Supplementation effect is significant
within each eGFR group.

Discussion

In this post-hoc analyses of a 12-month double-blind RCT with vitamin D in older people, we
showed that at baseline plasma concentration of cFGF23, iFGF23, PTH, SOST and TNFa were
higher and Klotho, 1,25(0OH),D and iron lower in the group with CKD G3a/b compared to the
group with normal renal function. After supplementation, only 25(0OH)D, cFGF23 and IL6
differed between groups. The response to supplementation differed by eGFR category; a
significant decrease in TNFa and increase in iron was only found in the group with CKD G3a/b.
In the group with normal renal function, plasma phosphate decreased and cFGF23, iFGF23
and PINP increased. A significant increase in 25(0OH)D and IL10 and a decrease in CTX was
found in both groups. In univariate regression analyses, both cFGF23 and iFGF23 were
predicted by renal function and regulators of calcium and phosphate metabolism. IL6
significantly predicted iFGF23 at baseline and cFGF23 after supplementation, which did not
remain significant in multivariate models. Post-supplementation hepcidin predicted cFGF23

in a multivariate model.

The alterations in regulators of calcium, phosphate and vitamin D metabolism found at
baseline in the group with predominantly CKDG3a are consistent with changes reported in

more advanced stages of CKD'>31>438 The pro-inflammatory cytokines TNFa and IL6 were
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significantly or tended to be higher in the group with renal impairment, indicating a state of
higher chronic inflammation. The majority of participants (86%), regardless renal function,
had CRP values within the International Federation of Clinical Chemistry reference range
(<47.6 nmol/L)*°8, indicating absence of acute infection and inflammation. Our findings also
suggest that a decline in iron status occurs from early renal impairment, although this was
not accompanied by higher hepcidin concentrations. This may potentially only occur when
iron falls below the threshold of deficiency (5.8 umol/L as per Cobas, Roche Diagnostics kit
insert), observed in very few study participants. Recent studies suggest that iron deficiency
and systemic inflammation upregulate FGF23 transcription?®®=!! and cleavage into C-terminal
FGF23, leading to a mild increase in iIFGF23 but a significant increase in cFGF23295-207.412  A|so
in our study, cFGF23 was proportionally higher in the CKDG3a compared to the CKDG1 groups
(iFGF3 to cFGF23 ratio 0.72 and 0.98, respectively; p< 0.01). One of the suggested mechanisms
involves a reduction of N-acetylgalactosaminyltransferase 3 (GALNT3) which inhibits
proteolysis of FGF23 through glycosylating its cleavage site. This potentially modulates
sensitivity to plasma phosphate*'3. In return, iFGF23 stimulates renal and hepatic
inflammation*'%414 | possibly resulting a self-reinforcing loop, since an increase in pro-
inflammatory cytokines, such as IL-6 and TNFa, upregulate hepcidin and suppress
erythropoiesis**>#16, Together with a hepcidin mediated increase in iron retention in

enterocytes and macrophages this leads to a reduction in circulating iron concentrations#'e~

418

Our data indicate that the effect of vitamin D supplementation on iron and inflammation
status may be influenced by renal function. Supplementation significantly increased plasma
iron and decreased TNFa concentrations only in the group with renal impairment, to values
comparable to those in the group with normal renal function. IL10 increased in both groups.
These results are similar to the reported effects of vitamin D supplementation and/or VDR
activation in in-vitro models on pro-inflammatory (including TNFa and IL6) and anti-
inflammatory cytokines (IL10), mostly in conditions with increased inflammation®**=%2>, It has
been suggested that an increase in iron status after vitamin D supplementation is mediated
through a decline in IL6 and TNFa and an increase in the anti-inflammatory cytokine
[L10209,222,225,268,426,427 'nssibly explaining that an increase in iron status was only seen in the

group with renal impairment. Although a reduction in hepcidin may be expected to be
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observed simultaneously and has been observed after a bolus of vitamin D#26428431 in our
study hepcidin did not significantly change.

Only in the group with normal renal function, the increase in iFGF23 and cFGF23 was
significant, but the data distribution in group with renal impairment was wide, limiting the
statistical power to detect a change. A corresponding decrease in plasma phosphate was only
found in the group with normal renal function. It may be speculated this was the result of
differences in iFGF23 sensitivity due to lower klotho expression and iron status in the group
with renal impairment. The mechanisms of the increase in FGF23 with vitamin D
supplementation remains to be elucidated but has been reported before by our group and
others?'4227.342 |t may be a response to increased intestinal phosphate absorption and
plasma 25(0OH)D. In addition, it may be a compensatory mechanism to maintain phosphate
homeostasis when iPTH declines in response to vitamin D supplementation?14.227:342,

Vitamin D supplementation did not substantially change the predictors of cFGF23 and iFGF23.
Both cFGF23 and iFGF23 were predicted by each other, by renal function and regulators of
calcium and phosphate metabolism; for cFGF23 these were PTH and 1,25(OH).D and for
iFGF23, 1,25(0H).D, klotho and albumin adjusted calcium. Associations with plasma IL6 were
significant for cFGF23 (12 month) and iFGF23 (at baseline) and there were tendencies (p<0.1)
of significant associations with CRP and markers of iron status. In a multivariate model,
hepcidin significantly predicted cFGF23 at 12 months, independent of eGFR and iFGF23. These
data provide limited evidence that in a small cohort of people with normal and early renal
impairment, inflammatory factors and iron status are determinants of plasma iFGF23 and
cFGF23 206:207,208,209 3though these variables explained a minor part of variance.

Whether renal function, FGF23, inflammation and iron status have independent effects on
the renal-bone axis and the response to vitamin D supplementation needs further detailed
investigation. Many of differences between eGFR categories in regulators of the renal bone
axis (PTH, iFGF23, Klotho; 1,25(0OH);D, SOST), inflammation (TNFa) and plasma iron found at
baseline and were no longer significant after supplementation, although eGFR did not
significantly change. Together these data may indicate that vitamin D supplementation may
partly abate the effects of renal impairment. However, although the bone resorption marker
CTX decreased in both groups, an increase in the bone formation marker PINP was only found

in the group with normal renal function. As nett bone mass depends on the balance between
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bone formation and resorption, this potentially indicates a more limited response in those
with impaired renal function.

This study has several limitations. The VDOP study included relatively healthy older adults and
excluded those with an eGFR <30 ml/min/1.73m? (CKD stage 4 and 5) at screening.
Albuminuria was not considered. In addition, since participants had no prior diagnosis of renal
disease, the underlying causes of impaired renal function are unknown and may be expected
to be heterogeneous. As a result, the bone phenotype may also be of a heterogeneous nature.
Also, the creatinine analyses was conducted using the Roche kinetic-Jaffe method. The
disadvantage of this method is its low specificity due to interfering substances which
introduces a potential limitation to our creatinine measurements. We did not measure other
markers of iron status or metabolism e.g. ferritin, transferrin or total iron-binding capacity,
due to limitations in available sample types. Power for statistical analyses was limited due to
the small group sizes and wide, non-normal distribution of the data. We did not collect data
allowing the assessment of dietary iron intake. Therefore, it cannot excluded that group
differences in iron status were explained by nutrient intake rather altered iron homeostasis

or can we distinguish between absolute and functional low iron supply2°L.

In this community dwelling cohort of older people considered to be generally healthy, a
substantial proportion of participants had undetected renal impairment. This study showed
that early renal impairment (CKDG3a/b) has a negative impact on PTH, FGF23, vitamin D and
iron status, inflammation and bone metabolism markers. The effect of vitamin D
supplementation depended on renal function and after supplementation few differences
between the group with impaired and normal renal function remained. However, our data
suggest an altered response in FGF23 and bone metabolism to vitamin D supplementation
with renal impairment. Predictors of cFGF23 and iFGF23 were eGFR and regulators of
calcium/phosphate metabolism.

This study identified changes in the renal bone-axis which occur before patients are generally
clinically monitored. Vitamin D supplementation may partly abate the effects of renal
impairment. Diagnosis in the early stages of renal impairment may provide opportunities for

the prevention and progression of renal disease and CKD-MBD and other complications.
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CHAPTER 6: General discussion

Methodology overview

The research described in this dissertation is composed of firstly, a systemic review and meta-
analysis of recent RCTs with different forms of vitamin D in CKD patients with a focus on CKD-
MBD related outcomes, accompanied by an overview of existing guidelines of vitamin D
intake for CKD patients. Secondly, a series of studies designed to provide novel insights into
the crosstalk of the kidney and bone -the renal and bone axis- and the effects of vitamin D
supplementation. These studies utilised samples and data from a dose-ranging (12,000;
24,000 and 48,000 IU vitamin D3z per month for 1 year) RCT study (the VDOP study) with
relatively healthy older men and women (n=379; >70 years old) in UK. We investigated the
response to vitamin D supplementation without (Chapter 3) and with consideration of renal
function (Chapter 4 and 5). The analysis included markers of: (a) vitamin D metabolism, (b)
kidney function, (c) bone turnover, (d) Wnt signalling, and in subgroups selected on basis of
renal function, (e) iron and (f) inflammation (Chapter 5). Also, a series of regression analyses
was performed to investigate relationship of 25(OH)D, eGFR and FGF23 with the different

markers as mentioned above.

Discussion of findings

Vitamin D supplementation guidelines for CKD patients and recent RCTs

Aims of this part of the research were:

I.  To provide a comprehensive review of guidelines for adult, pre-dialysis renal patients
for the management of vitamin D status and SHPT.

II.  To conduct a systematic review of recent RCTs with different forms of vitamin D in
CKD patients with a focus on CKD-MBD related outcomes and a meta-analyses of the

effectiveness of supplementation on plasma PTH concentrations.
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Systematic review and meta-analysis

Major gaps remain in the evidence base for the management of vitamin D status in relation
to CKD and CKD—MBD. Our systematic review and meta-analysis showed that the effect of
supplementation with the parent molecule, vitamin D on PTH concentrations was
inconsistent between the 22 studies included and meta-analysis showed a tendency (p=0.08)
but non-significant, significant reduction in PTH. Three other studies using calcidiol, the 25
hydroxylated form of vitamin D, showed a consistent, reducing effect on PTH concentrations.
Treatment with calcitriol and paricalcitol also led to a consistent and greater suppression of
PTH, but increased the risk of hypercalcaemia. In addition, treatment with vitamin D
analogues and calcitriol showed an increase in FGF23, in contrast with vitamin D or 25(0OH)D
treatments. The increase in FGF23 with analogue administration requires further attention as
this hormone is already elevated in CKD patients and is a predictor of vascular calcification
and CVD. This may indicate an undesirable side effect of administration of these forms of
vitamin D. Limited data are available on the effect of vitamin D treatment on markers of bone
metabolism and the variations in the range of reported markers prevented direct
comparisons.

A summary of the latest guidelines is summarized in Figure 15. Guidelines depend on the
stage of CKD. In the first stages (G1-G3a), general population recommendations for the
prevention of vitamin D deficiency are followed. For more advanced stages, monitoring of
25(OH)D and PTH is recommended and correction of deficiency as required. For the
correction of deficiency, general or CKD specific patient guidelines provide recommendations.
In more advanced stages of CKD, treatment with Vitamin D analogues or 1,25(0OH).D is
recommended as an alternative to Vitamin D, and D3 only when PTH is persistently high and

progressively over the upper limit of the assay.

The effect of vitamin D supplementation

Aims of this part of the research were:

Ill.  To investigate changes in regulators and markers of bone metabolism, BMD and BMC

in response to different dosages of vitamin D supplementation in older people for 12
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months. Further, we investigated their associations with total 25(OH)D and free

25(0OH)D at baseline and after 12 months of supplementation.

Bone metabolism and Wnt-signalling pathway markers

» Full cohort analysis (VDOP)

The main findings of the investigation of the response of markers of bone metabolism, BMD
and BMCin response to different dosages of vitamin D supplementation and their relationship

with total 25(OH)D and free 25(0OH)D are summarised in this section.

Vitamin D supplementation dose-dependently increased total and free 25(OH)D
concentrations and decreased plasma phosphate and PTH in all supplementation groups (all
p<0.05). The PINP:CTX ratio, cFGF23 and iFGF23 significantly increased with no between-
group differences. Klotho was unchanged. Plasma 1,25(0OH),D and PINP significantly increased
in the highest dose groups (24,000IU; 48,0001U). SOST, OPG, RANKL, BMD, BMC and CTX
remained unchanged. In subgroup analyses restricted to participants deficient (25(0OH)D <25
nmol/L) at baseline, findings were similar. There were no significant changes in BMD, BMC
and CTX. Although an increase in PINP was not seen in this subgroup, the PINP:CTX ratio

increased.

Before supplementation, in all groups plasma concentrations of both total and free 25(OH)D
were associated with cFGF23 and PTH but not any of the markers of Wnt-signalling or bone
metabolism, except for BAP. Both free and total 25(OH)D were positively associated with
BMD and BMC of both sites at baseline. After supplementation, total and free 25(OH)D was
positively associated with DBP and negatively with adjusted calcium and eGFR. The negative
association with PTH and positive association with SOST were only significant for free 25(0H)D
after supplementation. There were no significant associations with other markers of Wnt
signalling and bone metabolism. The relationships with BMD and BMC were no longer found

after supplementation.

The expected dose-dependent increase in total and free 25(0OH)D and 24,25(0OH);D with
vitamin D supplementation was confirmed. This was accompanied by a dose-dependent

decrease in PTH, as previously reported in generally heathy people3>273%6, We also showed an

162 |Page



increase in 1,25(0OH).D concentrations in the 24 and 48,0001U/m groups, despite that only
28% of participants had baseline values of 25(0OH)D below the concentration of <25nmol/L

usually considered as limiting factor for 1,25(0OH)2D production3>’.

We found a significant increase in cFGF23 and iFGF23 with vitamin D supplementation, some
individuals exceeding the normal ranges of cFGF23 and iFGF23. Increase of FGF23 after
vitamin D supplementation was also reported in a recent meta-analysis®>°. This may be partly
mediated by the increase in 1,25(0OH),D observed in our study. There is a reciprocal regulation
of FGF23 and 1,25(0H),D3>7; 1,25(0H)2D stimulates the expression of FGF23 and Klotho3>736%-
362 and in reverse, Klotho has been shown to stimulate 25(OH)D activation in the kidney3?.
FGF23 however stimulates the expression of CYP24A1l, resulting to the catabolism of
1,25(0H)2D and 25(0OH)D3%35, at the same time inhibiting CYP27B1 expression and thus
1,25(0H)2D production3. It has been reported before that FGF23 can inhibit PTH synthesis

through a 1,25(0OH),D mediated mechanism3>’.

The increase in FGF23 may be secondary effect of an increase in intestinal calcium and
phosphate absorption3%3 as mediated by the increase in 1,25(0H),D. Thus, this might reflect
a compensatory response of FGF23 to maintain phosphate homeostasis by increasing urinary
phosphate excretion3%197:357  Accordingly, we found a decrease in plasma phosphate after
supplementation. Also, PTH has a phosphaturic effect; therefore, the increase in FGF23 may
also be a response to the observed decrease in PTH. The increase in FGF23 after vitamin D
supplementation requires further understanding due to its negative associations with bone

and cardiovascular health.

Published data on the effect of vitamin D supplementation on RANKL and OPG are
conflicting3®®. My study did not confirm an anabolic effect of vitamin D supplementation on
components of the Wnt-signalling pathway as reported elsewhere3%3%8, |n the VDOP study
the regulators SOST, OPG and sRANKL remained unchanged. Although no pronounced effects
Whnt-signalling markers were found, there was an increase in the formation marker PINP in
the two highest dose groups and the PINP: CTX ratio increased in all groups. This may indicate
that the balance of bone formation and resorption may have changed with supplementation,

consistent with other published findings37%371,
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Vitamin D supplementation may increase bone mineralization?? and therefore BMD and BMC
by increasing the bio-availability of calcium and phosphate’®. This may be independent of
potential effects of increased vitamin D status on alterations of bone cell differentiation and
function, particularly when unmineralised bone matrix was present at baseline. The effects of
supplementation may therefore have depended on vitamin D deficiency at baseline.
However, we showed no interaction between the presence or absence of baseline vitamin D
deficiency and change in BMD of the hip and femoral neck (also presented in the VDOP
primary paper)3*3, markers of Wnt-signalling and bone metabolism, except for PINP.

However, our study was not powered for this subgroup analyses.

Regression analyses showed similar patterns of associations of total and free 25(OH)D
concentrations with markers of calcium and bone metabolism. After supplementation, most
of the associations disappeared and PTH and SOST were significantly associated only with free

25(0OH)D.

The positive associations of BMD and BMC with both and total and free 25(0OH)D at baseline,
are consistent with findings in other cross-sectional studies3*4. Our findings that showed a
lack of an effect of supplementation seems to be contra-dictionary to these findings.
However, in unsupplemented individuals, 25(0OH)D likely reflects a wider range of factors
influencing both vitamin D status and BMD and BMC, such as time spent outdoors, physical
activity or body composition372373, The associations between 25(0OH)D and BMD and BMC
were no longer significant after supplementation. The change in these associations with
supplementation suggests a threshold effect of total and free 25(0OH)D. More specifically this
might indicate that there is no additional effect of vitamin D supplementation after sufficiency
is achieved. In addition, after supplementation, vitamin D status will predominantly have
been determined by oral intake and as such may override the effect of before mentioned life-
style factors on 25(0OH)D. Although BMD, BMC and BAP at baseline were associated with
25(0H)D this was not reflected on the Wnt signalling markers. No significant associations

were found with any of the measured markers of the Wnt signalling pathway.

ANCOVA analyses showed that renal function was significant determinant of the response
to vitamin D supplementation3>®; we showed that eGFR was a significant (positive) predictor

of post-supplementation concentrations of total and free 25(0OH)D (and a negative predictor
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of FGF23). The interaction of eGFR with post-supplementation 25(0OH)D may reflect increased
catabolism and impaired dose-response associated with a decline in renal function®. The
interaction with cFGF23 may also be explained by the importance of renal function in the
catabolism and urinary excretion of FGF23 fragments®’. Estimated GFR was not a significant
covariate (ANCOVA analysis) for values of markers of Wnt signalling, bone metabolism and
BMD and BMC post supplementation. However, further post-hoc analyses with data
categorized on the basis of eGFR detected differences between individuals with normal and

early CKD, partially at baseline. This is presented in the next section.

The effect of early renal impairment

Aims of this part of the research were:

IV.  To identify differences in markers of vitamin D metabolism, bone turnover and Wnt-
signalling between adults categorised on the basis of kidney function. Differences
were investigated before after 12 months of vitamin D supplementation.

V. To investigate the differences in the response to vitamin D supplementation by

category of CKD.

Bone metabolism, Wnt-signalling and the response to vitamin D supplementation
> Full VDOP population categorized on basis of eGFR: 260 and <60 ml/min/1.73m?

To investigate influence of renal function on vitamin D metabolism, bone turnover and Wnt-
signalling markers, we investigated differences between subgroups categorised on the basis
of their kidney function.

In this cohort of relatively healthy older adults without a prior diagnosis of renal disease we
found that dependent on the algorithm for eGFR used, 18 and 28% of the study population
had an eGFR <60 ml/min/1.73m? (CKD G3a) and 3 and 5% <45 ml/min/1.73m? (CKD G3b)
calculated with MDRD-4 and CG respectively. The choice of algorithms therefore introduced
variation in categorization of patients and thus is expected to influence any subsequent data
analyses. The percentage of participants, using MDRD-4 data as a reference is presented in

Figure 22. These algorithms were developed based on populations with different

165|Page



characteristics (i.e. generally healthy, renal patients), and the variables included in each
algorithm vary Figure 22.

Analyses of VDOP data, comparing subgroups divided on basis of renal function (260 versus
<60 ml/min/1.73m?) showed that a moderate decline in eGFR has a negative impact on
vitamin D metabolism, Wnt-signalling and bone turnover markers. Also the response to
supplementation depended on renal function, but vitamin D supplementation had beneficial
effects on markers of the renal-bone axis in older people with both normal and impaired renal
function. We explored these differences with data categorised on basis of 5 different
algorithms for calculation of eGFR. Differences these algorithms are discussed at the end of

this section. Here data are described for MDRD-4 and CKD-EPI unless otherwise stated.

Secondary hyperparathyroidism is a known complication of advanced stages of CKD and an
increase in iPTH is usually reported from stage 3 or 421438 However, we found significantly
higher iPTH concentrations already with moderate renal impairment. A reduction in plasma
1,25(0OH),D is reported from early renal impairment and continues to decrease with declining
renal function®®3%’. The changes in plasma 1,25(0H):D concentrations with CKD are
hypothesised to be the result of the combined effect of a reduced renal hydroxylation
capacity and increased catabolism induced by FGF23. This study confirms that eGFR <60
ml/min/1.73m? is related to higher iPTH and FGF23 and lower 1,25(0OH),D with compared to
people with eGFR 260 ml/min/1.73m?2. At baseline, also plasma 25(OH)D concentrations were
significantly lower with MDRD-4 eGFR <60 ml/min/1.73m? (41.3 vs 34.3 nmol/L) and may have
contributed to the relatively high PTH values.

FGF23 and SOST are both produced by osteocytes and regulate renal mineral and vitamin D
metabolism and influence bone formation and resorption®. We reported that SOST
concentrations were higher and DKK1 lower with a moderately lower eGFR, confirming similar
findings reported by Sabbagh et al. 20123%2, Reference ranges of plasma concentrations of
these regulators of Wnt-signalling in healthy and CKD patients are not well defined. However,
plasma concentrations of SOST and OPG were above and RANKL below the reference ranges
reported for the kits used, in the group with CKD G3a-b (normal range SOST: 13.31-
41.77pmol/L; OPG median: 1.8pmol/L; sRANKL: 0.37-0.46 pmol/L). The exact clinical
relevance of these findings it is not established yet. However, in combination with the changes

in FGF23, iPTH and 1,25(0OH),D it may be anticipated that these changes with early CKD are
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associated with negative effects on mineral and bone metabolism34383%0391 gych early
changes in renal function are usually not detected or give rise to clinical monitoring but may

signify a stage during which early intervention may offer health benefits.

The responses in biomarkers to vitamin D supplementation were dependent on the eGFR
category. As expected, plasma total and free 25(OH)D and 24,25(OH).D increased with
supplementation. The analysis in the full cohort showed an increase in 1,25(0H),D3*3, similar
to findings in other RCTs?’%2%, However, when dividing the population based on eGFR (=60
and <60 ml/min/1.73m?) this increase was only observed in the group with an eGFR >60
ml/min/1.73m?. This illustrates the reduced 1 a-hydroxylation capacity and/or increased
catabolism with lower renal function'®’, which resulted in lower plasma 1,25(0OH).D
concentrations, despite increased availability of 25(OH)D after supplementation for
hydroxylation.

Plasma iPTH decreased with supplementation in both eGFR groups. Vitamin D
supplementation is associated with a decrease in iPTH®3, although this may only be observed
at lower baseline 25(0OH)D concentrations. However, reports on the effect of vitamin D
supplementation on iPTH in patients with CKD and SHPT are conflicting as mentioned in our
systematic review?!4. This is partly explained by the fact that the aetiology of SHPT with
impaired renal function is complex and multifactorial. It is unclear at what stage of CKD and/or
SHPT, vitamin D supplementation is no longer effective in reducing iPTH%214,

Our data suggest that in early CKD the response of iFGF23 and Klotho differed by eGFR
category, while plasma cFGF23 increased and plasma phosphate decreased regardless of the
eGFR. An increase in cFGF23 and iFGF23 with vitamin D supplementation was reported
before342343 and may be a response to increased intestinal phosphate absorption and a
decline in iPTH. In this study, iFGF23 only significantly increased in the group with eGFR >60
ml/min/1.73m?, while Klotho remained unaltered. On the other hand, in the group with eGFR
<60 ml/min/1.73m? Klotho increased and iFGF23 remained unchanged with
supplementation. This might indicate an increase in FGF23 sensitivity as result of an increase
in its co-factor Klotho and thus a potential benefit of supplementation in people with
compromised kidney function. There is limited evidence that vitamin D supplementation may

increase the expression of Klotho, and data are conflicting313%2, Our findings thus suggest that
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the effect may depend on renal function. Other factors, including iron status and

inflammation may also play a role and were subject of investigation of Chapter 5.

Effect of early renal impairment on the response to vitamin D supplementation
» Full VDOP population categorized on basis of eGFR: 260 and <60 ml/min/1.73m?

Vitamin D may modulate SOST expression in osteocytes3683%3, Recent findings show an inverse
correlation between vitamin D status and SOST concentrations in healthy postmenopausal
women and adults343367.39% However, conflicting results have been reported regarding the
effect of vitamin D supplementation on SOST and DKK1393:3%53% |n our study, SOST, OPG and
RANKL concentrations remained unchanged with supplementation, irrespective of eGFR
while DKK1 increased, suggesting limited effects on the Wnt-signalling pathway. The bone
turnover markers however indicate that supplementation altered the rate bone remodelling.
A decrease in plasma CTX was found in both eGFR groups after supplementation, while BAP
and PINP increased only in the group with higher renal function. No effects were found on
bone mineral density and content as measured by DXA in either eGFR group. Micro-
architectural changes and fracture risk changes might have not been reflected in DXA
measurements. Future research with pQCT measures of bone integrity is required to
investigate such effects of vitamin D. The relatively short duration of the study and/or the
sensitivity of DXA to detect changes and the limited numbers in each eGFR subgroups may
also have limited the power to detect potential changes.

The use of different eGFR algorithms provided, as expected somewhat different results.
Although the MDRD-4 and CKD-EPI algorithms, as based on either creatinine or cystatin C
provided similar results, based on CG differed. CG is the only algorithm tested that includes
weight. This might explain the differences in bone density detected between the eGFR
categories when using the CG algorithm. In addition, the higher number of participants
categorised to the eGFR <60 ml/min/1.73m? group (baseline n=106; 12 months n=99) with
CG may have influenced the statistical power to detect these differences. In addition, the CG
algorithm tends to underestimate eGFR compared to MDRD-4 and CKD-EPI influencing the
characteristics of participants in respective groups (Table 13).

In clinical practice, kidney function is routinely assessed in older adults3®® and mostly based

on the calculation of eGFR based on serum creatinine or more recently, cystatin C38%4%, The
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use of serum creatinine in older adults may lead to an overestimation of the GFR?32401 due
to the influenced of muscle mass and dietary protein intake on creatinine plasma
concentrations. Both of these factors are known to decrease with age*®? and this can lead to
misclassification of patients*®. On the other hand, cystatin C is produced at a constant rate
by all nucleated cells and filtered in proximal tubules?3. Recent studies have suggested that
cystatin C may be a better marker for progression of CKD*%37%%> since it is less affected by
exogenous factors?®2, In this study, relationships between cystatin C and creatinine based
eGFR with the investigated markers were comparable. Thus, our findings do not provide
evidence of pronounced differences in correlation with the biomarkers. That might be due to

nature of the study population used for this analysis.

Figure 22. Re-classification of the VDOP population with the use of different algorithms at
baseline and 12 months data
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The numbers on the bars indicated the percentage of population re-classification compared to MDRD-4.
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Iron and Inflammation markers, bone metabolism, Wnt-signalling and the response to
vitamin D supplementation

> Subgroup analysis on basis of eGFR: 260 and <60 ml/min/1.73m?

In this part of my research, | investigated markers of inflammation, iron status and regulators
of Wnt-signalling and bone metabolism and their associations with FGF23 in in subgroups
with impaired and normal renal function (eGFR <60 ml/min/1.73m? (CKD stage G3a and G3b)
and eGFR >90 ml/min/1.73m? and CKD stage G1; normal renal function) and their response

to vitamin D supplementation.

In this further subgroup analysis with study participants selected on the basis of eGFR (CKD
3a/ b and CKD G1), we found, similar to the findings in the full cohort, negative impacts of
early CKD (CKD3a/b) on PTH, FGF23 and vitamin D metabolites. We also found differences in

iron status, inflammation and bone metabolism markers.

The inflammation markers TNFa and IL6 were or tended to be elevated in the people with
CKD G3, suggesting a state of higher chronic inflammation. Absence of acute inflammation or
infection was confirmed in most of the participants since CRP concentrations were within the
reference range?°®. Our findings also suggest a decline in iron starts from early renal
impairment. Literature shows that iron deficiency and systemic inflammation can upregulate
FGF23 transcription?®1 |eading to significant increase of cFGF23 and mild increase of
iFGF23205-207412 One of the suggested mechanisms involves decrease in GALNT3 which
inhibits proteolysis of FGF23 through glycosylating its cleavage site*'3. In return, iFGF23
stimulates renal and hepatic inflammation*'44 possibly resulting a self-reinforcing loop,
since an increase in pro-inflammatory cytokines, such as IL-6 and TNFa, upregulate hepcidin
and suppress erythropoiesis*>#16, Together with a hepcidin mediated increase in iron
retention in enterocytes and macrophages this leads to a reduction in circulating iron

concentrations*16-418,

After supplementation many of the differences between the people with G1 and G3a/b
disappeared. However, in this smaller data set, the response of FGF23 and bone metabolism
to vitamin D supplementation was dependent on kidney function.

Supplementation significantly increased plasma iron and decreased TNFa concentrations only

in the group with renal impairment, to values comparable to those in the group with normal
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renal function. Plasma IL10 increased regardless of kidney function. These results confirmed
findings of other human studies using different forms of vitamin D supplementation findings
of in-vitro models on pro-inflammatory (including TNFa and IL6) and anti-inflammatory
cytokines (IL10), mostly in conditions with increased inflammation*®#25 It has been
suggested that the increase in plasma iron after vitamin D supplementation may be mediated
through a decline in IL6 and TNFa and increase in the anti-inflammatory cytokine
[L10209,222,225,268,426,427 nossibly explaining that the observed increase in iron status in my study
was only seen in the group with renal impairment. In this study we did not observe an increase
of hepcidin after vitamin D supplementation as reported in other studies 426:428-431,

Also this secondary analysis suggest that changes in the renal bone-axis and regulatory factors
occur before patients are generally clinically monitored. Also the findings of this sub-study

suggest that vitamin D supplementation may partly abate the effects of renal impairment.

Predictors of cFGF23 and iFGF23

Subgroup analysis (pooled data)

To investigate whether iron status and inflammation were predictors of cFGF23 and iFGF23, |
conducted a series of regression analyses before and after supplementation. cFGF23 was
predicted by iFGF23, renal functions PTH and 1,25(OH).D. iFGF23 was predicted by cFGF23,
renal function, 1,25(0OH),D, klotho and albumin adjusted calcium.

Associations with plasma IL6 were significant for cFGF23 (12 month) and iFGF23 (at baseline)
and there were tendencies (p<0.1) of significant associations with CRP and markers of iron
status. In a multivariate model, hepcidin significantly predicted cFGF23 at 12 months,
independent of eGFR and iFGF23. Vitamin D supplementation did thus not substantially
change the predictors of cFGF23 and iFGF23. These data provide limited evidence that
inflammatory factors and iron status are determinants of plasma iFGF23 and cFGF23206-20°

although these variables explained a minor part of variance.
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Limitations

Systematic review and meta-analysis

Studies included in the systematic review varied in design and form of vitamin D
supplementation. Also, there was a high degree of heterogeneity regarding duration, dose,
and population characteristics. Therefore, the statistical power of the meta-analysis was
limited by a high degree of heterogeneity. Our systemic review and meta-analyses
demonstrated Major gaps remain in the evidence base for the management of vitamin D
status in relation to characteristics of CKD—MBD, i.e. SHPT, altered bone metabolism, bone

density and integrity and fracture risk.

The VDOP study design

This study has several limitations. The absence of placebo group did not allow to account for
changes unrelated to the intervention (e.g. effect of ageing or secular trends). The VDOP
study was not powered for subgroup analyses by baseline vitamin D status or eGFR. The
length of supplementation may have been too short to detect significant changes in BMD and
BMC as measured by DXA. We however, did also not observe the anticipated 0.6% decrease
in BMD (the average annual change in BMD in this age group3**3%%), even though the study
was powered to detect a change in hip BMD from baseline in each supplementation groups
based on an earlier, similar study in the North of the UK343432, This may be explained by
differences in the study protocol or population (only female population, age-range, dosing
frequency). pQCT measurement was not conducted to obtain measures of bone integrity and
strength and changes in these parameters may have gone undetected. Markers of bone
metabolism and osteocyte signalling may however be expected to respond to interventions
more rapidly and within the length of a bone remodelling cycle (~ 3-4 months)3”°. It is possible
that markers measured after 12 months reflect a newly achieved steady state that is
seemingly no different from baseline and that changes occurred within the first few months

after commencement of the intervention, such as observed in pharmaceutical trials37837°,

Since the design of this study, evidence has been published that a monthly and other less
frequent vitamin D dosing regimens may have different, less beneficial effects on

musculoskeletal function and metabolism compared to more frequent dosing (daily/weekly).
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The VDOP study included relatively healthy older adults and excluded those with an eGFR <30
ml/min/1.73m? and/or renal disease at screening. The eGFR categorisation was solely based
on eGFR, without data regarding albuminuria, although this was checked at screening. The
underlying cause of the impaired renal function are unknown in these participants and may
be expected to be heterogenous. Even though CKD patients were excluded from the study,
we found that a significant proportion of participants has an eGFR classified as CKD G3a/b
(30-60 ml/min/1.73m?). As a result, the bone phenotype may also be of a heterogenous
nature. Participants of the VDOP study were predominantly of Caucasian origin and therefore

results may not be generalizable to other populations.

Secondary analysis methodology

The response to supplementation may have depended on both renal function and baseline
25(0H)D. There was however insufficient statistical power to fully test this hypothesis and

studies to address this question are required.

The subgroup analysis conducted in Chapter 4 includes a large number of comparisons
conducted. This will have increased the chance of type 1 errors. Group sizes were unequal;
the group with the lower eGFR had limited numbers compared to the group with the higher
eGFR. This will have increased the chance of type 2 errors. Research specifically designed and

powered to confirm our findings are required.

Also, for this secondary analysis we did not directly measure free 25(0OH)D but instead
calculated the free fraction. Although directly measured and calculated free 25(OH)D
concentrations correlate well in healthy populations3®®37437> it cannot be excluded that

directly measured concentrations would have provided different findings.

Future research- suggested leads

The data presented in this PhD dissertation have shown that CKD stage 3 a/b (early stages of
renal impairment) are associated with changes in markers of calcium and phosphate
metabolism, bone metabolism, Wnt signalling, iron and inflammation compared to those with
normal kidney function. Although a beneficial effect of vitamin D supplementation was
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reported on some of these markers, the statistical power in the VDOP study may have limited
the detection of potential differences or changes with supplementation due to the small
group size of those with renal impairment. However, even with limited power we showed
that supplementation improved vitamin D status and bone turnover markers, well known
complications of CKD. This also applies to the small group size of the study of inflammation
and iron status markers, presented in Chapter 5. Further research needs to be done in a larger
population size with established kidney impairment in order to develop a better
understanding of the changes of these markers and effect of supplementation. Also, a placebo
group in this type of study would have enabled us to consider any changes occur during ageing
for the duration of the supplementation and follow-up. The increase of FGF23 after
supplementation, particularly in those with normal renal function, requires also further
research to understand its potential properties when that increase occurs after vitamin D
supplementation. An RCT study of CKD patients supplemented with vitamin D
supplementation or placebo (for the duration of >12 months, to allow more time to observe
changes on BMD and BMC markers) compared to healthy individuals will allow us to study
further the changes in all the above biomarkers. Further studies are also needed in order to
identify potential differences between the different types of vitamin D supplementation on

the response of these biomarkers in CKD patients.

This study has shown that early CKD is associated with alterations in different vitamin D, Wnt
signalling, bone turnover, inflammation and iron status markers in a stage that people are not
yet clinically monitored. The series of studies have shown that considering renal function is
important in the investigation of the response to vitamin D supplementation. A RCT designed
specifically to investigate the effects in early CKD, with the aim to prevent CKD progression

and the development of CKD-MBD.

The future application of this work applies mainly to clinical practise to promote healthy
ageing. Vitamin D status and kidney function screening in older adults is really important to
be included in routine screening as a preventative measure for CKD-MBD. Also, vitamin D
supplementation shows to be a potential beneficial tool to partly abate the effects of renal

impairment.
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Conclusion

This study showed that vitamin D supplementation increases the concentrations of the
vitamin D metabolites in plasma and decreases iPTH. Also, it increases intact and c-terminal
FGF23 and PINP:CTX ratio. However, over 12 months no effect on bone mineral density and
content and Wnt signalling markers were found. No additional benefit was found from the
higher doses in calcium and renal function markers, Wnt signalling markers, bone turnover,
iron status and inflammation markers of vitamin D supplementation (24,000 and 48,000 1U)
compared to 12,000 IU. These indicate no further beneficial effects of higher dosages of
vitamin D supplementation on most vitamin D metabolites, iPTH and bone turnover markers
compared to the recommended amount of 400 IU/daily (equivalent of 12,000 IU/month) for

the general population were found.

However, when eGFR is considered, we see differences in the markers of the renal-bone axis
and their response to vitamin D supplementation. Firstly, the characteristics of the people
with <60 ml/min/1.73m? are: lower vitamin D metabolites and Klotho and higher PTH and
SOST compared to people with >60 ml/min/1.73m?2. In both these eGFR categories iPTH and
CTX decreased in response to vitamin D supplementation and increase cFGF23and DKK1.
However, only the group with eGFR >60 ml/min/1.73m? had increased of iFGF23, 1,25(0H).D,
BAP and PINP. And only the group with eGFR <60 ml/min/1.73m? had and increased Klotho

post-supplementation.

Moreover, early renal impairment (CKD G3a/b <60 ml/min/1.73m?) has a negative impact on
iron status and inflammation. After vitamin D supplementation plasma iron, IL10 increased
and TNFa decreased in the group with early renal impairment. Also, predictors of cFGF23 and

iFGF23 were eGFR and regulators of calcium and phosphate metabolism.

Overall, our data suggest an altered response in FGF23 and bone metabolism to vitamin D
supplementation with renal impairment. The effect of vitamin D supplementation depended

on renal function.

In conclusion, these outcomes highlight the potential benefit of vitamin D supplementation
to people with compromised kidney functions even for the early stages of kidney decline.
Diagnosis in the early stages of renal impairment may provide opportunities for the
prevention and progression of renal disease and CKD-MBD and other complications.

175 | Page



REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

Prentice A. Vitamin D deficiency: a global perspective. Nutr Rev. 2008;66(10 Suppl 2):S153-
$164. doi:10.1111/j.1753-4887.2008.00100.x

SCAN. Vitamin D and Health 2016. 2016.

Matsuoka LY, Wortsman J, Dannenberg MJ, Hollis BW, Lu Z, Holick MF. Clothing prevents
ultraviolet-B radiation-dependent photosynthesis of vitamin D3. J Clin Endocrinol Metab.
1992;75(4):1099-1103. do0i:10.1210/jcem.75.4.1328275

Matsuoka LY, Ide L, Wortsman J, Maclaughlin JA, Holick MF. Sunscreens Suppress Cutaneous
Vitamin D 3 Synthesis*. J Clin Endocrinol Metab. 1987;64(6):1165-1168. doi:10.1210/jcem-64-
6-1165

Tripkovic L, Lambert H, Hart K, et al. Comparison of vitamin D2 and vitamin D3
supplementation in raising serum 25-hydroxyvitamin D status: a systematic review and meta-
analysis. Am J Clin Nutr. 2012;95(6):1357-1364. doi:10.3945/ajcn.111.031070

Press Notice SACN Publishes New Recommendations on Vitamin D.; 2010. www.sacn.gov.uk.
Accessed November 13, 2018.

Ross AC, Taylor CL, Yaktine AL, Valle HB Del. Dietary Reference Intakes for Calcium and
Vitamin D. Washington, D.C.; 2011. doi:10.17226/13050

SACN. Vitamin D and Health 2016.; 2016. https://www.gov.uk/government/groups/scientific-
advisory-committee-on-nutrition. Accessed March 5, 2019.

Ross AC, Institute of Medicine (U.S.). Committee to Review Dietary Reference Intakes for
Vitamin D and Calcium. DRI, Dietary Reference Intakes : Calcium, Vitamin D. National
Academies Press; 2011.

Scientific Opinion on the Tolerable Upper Intake Level of vitamin D. EFSA J. 2012;10(7).
doi:10.2903/j.efsa.2012.2813

Omdahl JL, Morris HA, May BK. HYDROXYLASE ENZYMES OF THE VITAMIN D PATHWAY :
Expression, Function, and Regulation. Annu Rev Nutr. 2002;22(1):139-166.
doi:10.1146/annurev.nutr.22.120501.150216

PROSSER D, JONES G. Enzymes involved in the activation and inactivation of vitamin D. Trends
Biochem Sci. 2004;29(12):664-673. doi:10.1016/j.tibs.2004.10.005

Christakos S, Ajibade D V, Dhawan P, Fechner AJ, Mady LJ. Vitamin D: metabolism. Endocrinol
Metab Clin North Am. 2010;39(2):243-253, table of contents. doi:10.1016/j.ecl.2010.02.002

Schoenmakers |, Goldberg GR, Prentice A. Abundant sunshine and vitamin D deficiency. BrJ
Nutr. 2008;99(06). doi:10.1017/S0007114508898662

Nykjaer A, Dragun D, Walther D, et al. An endocytic pathway essential for renal uptake and
activation of the steroid 25-(OH) vitamin D3. Cell. 1999;96(4):507-515.
http://www.ncbi.nlm.nih.gov/pubmed/10052453. Accessed November 13, 2018.

Lips P. Relative Value of 25(0OH)D and 1,25(0OH)2D Measurements. J Bone Miner Res.
2007;22(11):1668-1671. doi:10.1359/jbmr.070716

Stoffels K, Overbergh L, Giulietti A, Verlinden L, Bouillon R, Mathieu C. Immune Regulation of
25-Hydroxyvitamin-D3-1a-Hydroxylase in Human Monocytes. J Bone Miner Res.
2005;21(1):37-47. doi:10.1359/JBMR.050908

176 |Page



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Adams JSS, Hewison M. Extrarenal expression of the 25-hydroxyvitamin D-1-hydroxylase.
Arch Biochem Biophys. 2012;523(1):95-102. d0i:10.1016/j.abb.2012.02.016

Bergwitz C, Jiippner H. Regulation of Phosphate Homeostasis by PTH, Vitamin D, and FGF23.
Annu Rev Med. 2010;61(1):91-104. doi:10.1146/annurev.med.051308.111339

Kitanaka S, Takeyama K, Murayama A, et al. Inactivating Mutations in the 25-Hydroxyvitamin
D 3 1la-Hydroxylase Gene in Patients with Pseudovitamin D—Deficiency Rickets. N Engl J Med.
1998;338(10):653-662. doi:10.1056/NEJM199803053381004

Shinki T, Shimada H, Wakino S, et al. Cloning and expression of rat 25-hydroxyvitamin D3-
lalpha-hydroxylase cDNA. Proc Natl Acad Sci U S A. 1997;94(24):12920-12925.
http://www.ncbi.nlm.nih.gov/pubmed/9371776. Accessed November 13, 2018.

St-Arnaud R, Arabian A, Travers R, et al. Deficient Mineralization of Intramembranous Bone in
Vitamin D-24-Hydroxylase-Ablated Mice Is Due to Elevated 1,25-Dihydroxyvitamin D and Not
to the Absence of 24,25-Dihydroxyvitamin D 1. Endocrinology. 2000;141(7):2658-2666.
doi:10.1210/endo.141.7.7579

Dusso AS, Brown AJ, Slatopolsky E. Vitamin D. Am J Physiol Physiol. 2005;289(1):F8-F28.
doi:10.1152/ajprenal.00336.2004

Dusso AS. Kidney disease and vitamin D levels: 25-hydroxyvitamin D, 1,25-dihydroxyvitamin
D, and VDR activation. Kidney Int Suppl. 2011;1(4):136-141. doi:10.1038/kisup.2011.30

Deluca HF. Evolution of our understanding of vitamin D. Nutr Rev. 2008;66(10 Suppl 2):573-
$87.d0i:10.1111/j.1753-4887.2008.00105.x

HENRY HL. Parathyroid Hormone Modulation of 25-Hydroxyvitamin D 5 Metabolism by
Cultured Chick Kidney Cells Is Mimicked and Enhanced by Forskolin*. Endocrinology.
1985;116(2):503-510. doi:10.1210/endo-116-2-503

Murayama A, Takeyama K, Kitanaka S, et al. Positive and Negative Regulations of the Renal
25-Hydroxyvitamin D ; 1a-Hydroxylase Gene by Parathyroid Hormone, Calcitonin, and
1a,25(0OH) 2 D 3 in Intact Animals . Endocrinology. 1999;140(5):2224-2231.
doi:10.1210/end0.140.5.6691

Brenza HL, DelLuca HF. Regulation of 25-Hydroxyvitamin D3 1a-Hydroxylase Gene Expression
by Parathyroid Hormone and 1,25-Dihydroxyvitamin D3. Arch Biochem Biophys.
2000;381(1):143-152. doi:10.1006/abbi.2000.1970

Kim M, Fujiki R, Murayama A, et al. 1a,25(0OH) ; D 3 -Induced Transrepression by Vitamin D
Receptor through E-Box-Type Elements in the Human Parathyroid Hormone Gene Promoter.
Mol Endocrinol. 2007;21(2):334-342. doi:10.1210/me.2006-0231

Shimada T, Kakitani M, Yamazaki Y, et al. Targeted ablation of Fgf23 demonstrates an
essential physiological role of FGF23 in phosphate and vitamin D metabolism. J Clin Invest.
2004;113(4):561-568. doi:10.1172/JCI19081

Tsujikawa H, Kurotaki Y, Fujimori T, Fukuda K, Nabeshima Y-I. Klotho , a Gene Related to a
Syndrome Resembling Human Premature Aging, Functions in a Negative Regulatory Circuit of
Vitamin D Endocrine System. Mol Endocrinol. 2003;17(12):2393-2403. doi:10.1210/me.2003-
0048

Shimada T, Hasegawa H, Yamazaki Y, et al. FGF-23 Is a Potent Regulator of Vitamin D
Metabolism and Phosphate Homeostasis. J Bone Miner Res. 2003;19(3):429-435.
doi:10.1359/JBMR.0301264

177 |Page



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Goetz R, Beenken A, lbrahimi OA, et al. Molecular Insights into the Klotho-Dependent,
Endocrine Mode of Action of Fibroblast Growth Factor 19 Subfamily Members. Mol Cell Biol.
2007;27(9):3417-3428. doi:10.1128/MCB.02249-06

Bai X, Miao D, Li J, Goltzman D, Karaplis AC. Transgenic Mice Overexpressing Human
Fibroblast Growth Factor 23 (R176Q) Delineate a Putative Role for Parathyroid Hormone in
Renal Phosphate Wasting Disorders. Endocrinology. 2004;145(11):5269-5279.
doi:10.1210/en.2004-0233

Liu S, Tang W, Zhou J, et al. Fibroblast Growth Factor 23 Is a Counter-Regulatory Phosphaturic
Hormone for Vitamin D. J Am Soc Nephrol. 2006;17(5):1305-1315.
doi:10.1681/ASN.2005111185

Shimada T, Mizutani S, Muto T, et al. Cloning and characterization of FGF23 as a causative
factor of tumor-induced osteomalacia. Proc Nat/ Acad Sci. 2001;98(11):6500-6505.
doi:10.1073/pnas.101545198

White KE, Carn G, Lorenz-Depiereux B, Benet-Pages A, Strom TM, Econs MJ. Autosomal-
dominant hypophosphatemic rickets (ADHR) mutations stabilize FGF-23. Kidney Int.
2001;60(6):2079-2086. doi:10.1046/j.1523-1755.2001.00064.x

Weber TJ, Liu S, Indridason OS, Quarles LD. Serum FGF23 Levels in Normal and Disordered
Phosphorus Homeostasis. J Bone Miner Res. 2003;18(7):1227-1234.
doi:10.1359/jbmr.2003.18.7.1227

Pike JW, Spanos E, Colston KW, Maclntyre I, Haussler MR. Influence of estrogen on renal
vitamin D hydroxylases and serum lalpha,25-(0H)2D3 in chicks. Am J Physiol Metab.
1978;235(3):E338. doi:10.1152/ajpendo.1978.235.3.E338

TANAKA'Y, CASTILLO L, WINELAND MJ, DELUCA HF. Synergistic Effect of Progesterone,
Testosterone, and Estradiol in the Stimulation of Chick Renal 25- Hydroxyvitamin D 3 -la-
Hydroxylase*. Endocrinology. 1978;103(6):2035-2039. doi:10.1210/endo-103-6-2035

Stevenson JC, Hillyard CJ, Maclintyre |, Cooper H, Whitehead MI. A physiological role for
calcitonin: protection of the maternal skeleton. Lancet (London, England). 1979;2(8146):769-
770. http://www.ncbi.nlm.nih.gov/pubmed/90862. Accessed November 13, 2018.

Zhong Y, Armbrecht HJ, Christakos S. Calcitonin, a Regulator of the 25-Hydroxyvitamin D 3 la-
Hydroxylase Gene. J Biol Chem. 2009;284(17):11059-11069. doi:10.1074/jbc.M806561200

Caplan RH, Beguin EA. Hypercalcemia in a calcitriol-treated hypoparathyroid woman during
lactation. Obstet Gynecol. 1990;76(3 Pt 2):485-489.
http://www.ncbi.nlm.nih.gov/pubmed/2381632. Accessed November 13, 2018.

Taichman RS. Blood and bone: two tissues whose fates are intertwined to create the
hematopoietic stem-cell niche. Blood. 2005;105(7):2631-2639. doi:10.1182/blood-2004-06-
2480

Clarke B. Normal Bone Anatomy and Physiology. Clin J Am Soc Nephrol. 2008;3(Supplement
3):5131-S139. doi:10.2215/CJN.04151206

(US) O of the SG. Bone Health and Osteoporosis. Office of the Surgeon General (US); 2004.
http://www.ncbi.nlm.nih.gov/pubmed/20945569. Accessed December 11, 2018.

Ross FP. OSTEOCLAST BIOLOGY.; 2008.
https://pdfs.semanticscholar.org/24fc/c8f85119902a8cffe5a851ebe5540a82ae3c.pdf.
Accessed November 30, 2018.

178 |Page



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Montero A, Okada Y, Tomita M, et al. Disruption of the fibroblast growth factor-2 gene
results in decreased bone mass and bone formation. J Clin Invest. 2000;105(8):1085-1093.
doi:10.1172/)CI8641

Zhang Y, Xie R -l., Croce CM, et al. A program of microRNAs controls osteogenic lineage
progression by targeting transcription factor Runx2. Proc Natl Acad Sci. 2011;108(24):9863-
9868. doi:10.1073/pnas.1018493108

Yoshiko Y, Candeliere GA, Maeda N, Aubin JE. Osteoblast autonomous Pi regulation via Pit1l
plays a role in bone mineralization. Mol Cell Biol. 2007;27(12):4465-4474.
doi:10.1128/MCB.00104-07

Anderson HC. Matrix vesicles and calcification. Curr Rheumatol Rep. 2003;5(3):222-226.
http://www.ncbi.nlm.nih.gov/pubmed/12744815. Accessed November 21, 2018.

Jilka RL, Weinstein RS, Bellido T, Roberson P, Parfitt AM, Manolagas SC. Increased bone
formation by prevention of osteoblast apoptosis with parathyroid hormone. J Clin Invest.
1999;104(4):439-446. doi:10.1172/1CI6610

Florencio-Silva R, Sasso GR da S, Sasso-Cerri E, Sim&es MJ, Cerri PS. Biology of Bone Tissue:
Structure, Function, and Factors That Influence Bone Cells. Biomed Res Int.
2015;2015:421746. doi:10.1155/2015/421746

Mosley JR. Osteoporosis and bone functional adaptation: mechanobiological regulation of
bone architecture in growing and adult bone, a review. J Rehabil Res Dev. 2000;37(2):189-
199. http://www.ncbi.nim.nih.gov/pubmed/10850825. Accessed November 21, 2018.

Andersen TL, Sondergaard TE, Skorzynska KE, et al. A physical mechanism for coupling bone
resorption and formation in adult human bone. Am J Pathol. 2009;174(1):239-247.
doi:10.2353/ajpath.2009.080627

Currey JD. The many adaptations of bone. J Biomech. 2003;36(10):1487-1495.
http://www.ncbi.nlm.nih.gov/pubmed/14499297. Accessed November 21, 2018.

Mullender MG, van der Meer DD, Huiskes R, Lips P. Osteocyte density changes in aging and
osteoporosis. Bone. 1996;18(2):109-113. http://www.ncbi.nlm.nih.gov/pubmed/8833204.
Accessed November 21, 2018.

BONEWALD LF. Osteocytes as Dynamic Multifunctional Cells. Ann N Y Acad Sci.
2007;1116(1):281-290. doi:10.1196/annals.1402.018

Sodek J, McKee MD. Molecular and cellular biology of alveolar bone. Periodontol 2000.
2000;24:99-126. http://www.ncbi.nlm.nih.gov/pubmed/11276877. Accessed November 21,
2018.

Boyce BF, Xing L. Functions of RANKL/RANK/OPG in bone modeling and remodeling. Arch
Biochem Biophys. 2008;473(2):139-146. doi:10.1016/j.abb.2008.03.018

Grabowski P. Physiology of Bone. In: Calcium and Bone Disorders in Children and Adolescents.
Basel: KARGER; 2009:32-48. d0i:10.1159/000223687

Paxton S, Peckham M, Knibbs A, Paxton S, Knibbs A, Peckham M. The Leeds Histology Guide.
2003. https://www.histology.leeds.ac.uk/bone/bone.php. Accessed March 5, 2019.

Boyle WJ, Simonet WS, Lacey DL. Osteoclast differentiation and activation. Nature.
2003;423(6937):337-342. doi:10.1038/nature01658

Blair HC, Athanasou NA. Recent advances in osteoclast biology and pathological bone

179 |Page



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

resorption. Histol Histopathol. 2004;19(1):189-199. doi:10.14670/HH-19.189

Crockett JC, Rogers MJ, Coxon FP, Hocking LJ, Helfrich MH. Bone remodelling at a glance. J
Cell Sci. 2011;124(7):991-998. do0i:10.1242/jcs.063032

Civitelli R, Armamento-Villareal R, Napoli N. Bone turnover markers: understanding their
value in clinical trials and clinical practice. Osteoporos Int. 2009;20(6):843-851.
doi:10.1007/s00198-009-0838-9

Locklin R, Oreffo RO, Triffitt JT. Effects of TGFB and BFGF on the differentiation of human
bone marrow stromal fibroblasts. Cell Biol Int. 1999;23(3):185-194.
doi:10.1006/cbir.1998.0338

Smit TH, Burger EH. Is BMU-Coupling a Strain-Regulated Phenomenon? A Finite Element
Analysis. J Bone Miner Res. 2010;15(2):301-307. doi:10.1359/jbmr.2000.15.2.301

Ubara Y, Tagami T, Nakanishi S, et al. Significance of minimodeling in dialysis patients with
adynamic bone disease. Kidney Int. 2005;68(2):833-839. doi:10.1111/j.1523-
1755.2005.00464.x

Ubara Y, Fushimi T, Tagami T, et al. Histomorphometric features of bone in patients with
primary and secondary hypoparathyroidism. Kidney Int. 2003;63(5):1809-1816.
doi:10.1046/j.1523-1755.2003.00916.x

Assessment of fracture risk and its application to screening for postmenopausal osteoporosis.
Report of a WHO Study Group. World Health Organ Tech Rep Ser. 1994;843:1-129.
http://www.ncbi.nlm.nih.gov/pubmed/7941614. Accessed December 11, 2018.

DEXA (DXA) scan - NHS. https://www.nhs.uk/conditions/dexa-scan/. Accessed January 22,
2019.

Johnell O, Odén A, De Laet C, Garnero P, Delmas PD, Kanis JA. Biochemical Indices of Bone
Turnover and the Assessment of Fracture Probability. Osteoporos Int. 2002;13(7):523-526.
doi:10.1007/s001980200068

Vasikaran S, Eastell R, Bruyére O, et al. Markers of bone turnover for the prediction of
fracture risk and monitoring of osteoporosis treatment: a need for international reference
standards. Osteoporos Int. 2011;22(2):391-420. doi:10.1007/s00198-010-1501-1

van der Spoel E, Oei N, Cachucho R, et al. The 24-hour serum profiles of bone markers in
healthy older men and women. Bone. 2018;120(September 2018):61-69.
doi:10.1016/j.bone.2018.10.002

Eastell R (Richard), Bone Markers: Biochemical and Clinical Perspectives Workshop (2000 :
Geneva S. Bone Markers : Biochemical and Clinical Perspectives. London: Martin Dunitz; 2001.
http://www.worldcat.org/title/bone-markers-biochemical-and-clinical-
perspectives/oclc/809915844. Accessed December 10, 2018.

Blumer MJF, Hausott B, Schwarzer C, Hayman AR, Stempel J, Fritsch H. Role of tartrate-
resistant acid phosphatase (TRAP) in long bone development. Mech Dev. 2012;129(5-8):162-
176. doi:10.1016/j.mod.2012.04.003

Koeppen BM, Stanton BA. Renal Physiology. ELSEVIER; 2013.

Favusl MJ, Goltzman’ D. Chapter 21. Regulation of Calcium and Magnesium. American Society
for Bone and Mineral Research; 2008. https://idim.com.ar/blog/wp-
content/uploads/2013/04/capitulo-21.pdf. Accessed November 30, 2018.

180 | Page



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Christakos S. Recent advances in our understanding of 1,25-dihydroxyvitamin D3 regulation
of intestinal calcium absorption. Arch Biochem Biophys. 2012;523(1):73-76.
doi:10.1016/j.abb.2011.12.020

Silverman SL, Madison RE. Decreased Incidence of Hip Fracture in Hispanics, Asians, and
Blacks: California Hospital Discharge Data. Vol 78.; 1988.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1350247/pdf/amjph00250-0096.pdf.
Accessed November 30, 2018.

Christakos S, Dhawan P, Porta A, Mady LJ, Seth T. Vitamin D and intestinal calcium
absorption. Mol Cell Endocrinol. 2011;347(1-2):25-29. doi:10.1016/j.mce.2011.05.038

Chahal H, Drake W. The endocrine system and ageing. J Pathol. 2007;211(2):173-180.
doi:10.1002/path.2110

Blaine J, Chonchol M, Levi M. Renal control of calcium, phosphate, and magnesium
homeostasis. Clin J Am Soc Nephrol. 2015;10(7):1257-1272. doi:10.2215/CJN.09750913

Lambers TT, Bindels R, Hoenderop J. Coordinated control of renal Ca 2 b handling. Kidney Int.
2006;69:650-654. doi:10.1038/sj.ki.5000169

Riccardi D, Brown EM. Physiology and pathophysiology of the calcium-sensing receptor in the
kidney. Am J Physiol Physiol. 2010;298(3):F485-F499. doi:10.1152/ajprenal.00608.2009

Lambers TT, Bindels RJM, Hoenderop JGJ. Coordinated control of renal Ca2+ handling. Kidney
Int. 2006;69(4):650-654. http://www.ncbi.nlm.nih.gov/pubmed/16518325. Accessed
November 29, 2018.

Mensenkamp AR, Hoenderop JG, Bindels RJ. Recent advances in renal tubular calcium
reabsorption. Curr Opin Nephrol Hypertens. 2006;15(5):524-529.
doi:10.1097/01.mnh.0000242179.38739.fb

Blaine J, Weinman EJ, Cunningham R. The Regulation of Renal Phosphate Transport. Adv
Chronic Kidney Dis. 2011;18(2):77-84. doi:10.1053/j.ackd.2011.01.005

Forster IC, Hernando N, Biber J, Murer H. Proximal tubular handling of phosphate: A
molecular perspective. Kidney Int. 2006;70(9):1548-1559. doi:10.1038/sj.ki.5001813

Millar AL, Jackson NA, Dalton H, et al. Rapid analysis of epitope-paratope interactions
between HIV-1 and a 17-amino-acid neutralizing microantibody by electrospray ionization
mass spectrometry. Eur J Biochem. 1998;258(1):164-169.

Berndt T, Kumar R. Phosphatonins and the Regulation of Phosphate Homeostasis. Annu Rev
Physiol. 2007;69(1):341-359. doi:10.1146/annurev.physiol.69.040705.141729

Chen H, Han X, Cui Y, Ye Y, Purrunsing Y, Wang N. Parathyroid Hormone Fragments: New
Targets for the Diagnosis and Treatment of Chronic Kidney Disease-Mineral and Bone
Disorder. Biomed Res Int. 2018;2018:1-14. doi:10.1155/2018/9619253

Cavalier E, Plebani M, Delanaye P, Souberbielle J-C. Considerations in parathyroid hormone
testing. Clin Chem Lab Med. 2015;53(12):1913-1919. doi:10.1515/cclm-2015-0314

Gonzalez-Casaus ML, Gonzélez-Parra E, Sdnchez-Gonzalez C, et al. A lower proportion of
circulating active parathyroid hormone in peritoneal dialysis does not allow the pth inter-
method adjustment proposed for haemodialysis. Nefrologia. 2014;34(3):330-340.
doi:10.3265/Nefrologia.pre2014.Feb.12384

D’Amour P. Acute and chronic regulation of circulating PTH: Significance in health and in

181 |Page



97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

disease. Clin Biochem. 2012;45(12):964-969. doi:10.1016/J.CLINBIOCHEM.2012.04.029

Erben RG, Andrukhova O. FGF23-Klotho signaling axis in the kidney. Bone. 2017;100:62-68.
doi:10.1016/).BONE.2016.09.010

Evenepoel P, Bover J, Urefia Torres P. Parathyroid hormone metabolism and signaling in
health and chronic kidney disease. Kidney Int. 2016;90(6):1184-1190.
doi:10.1016/J.KINT.2016.06.041

Malluche HH, Koszewski N, Monier-Faugere MC, Williams JP, Mawad H. Influence of the
parathyroid glands on bone metabolism. Eur J Clin Invest. 2006;36(s2):23-33.
doi:10.1111/j.1365-2362.2006.01664.x

Nakajima K, Nohtomi K, Sato M, Takano K, Sato K. PTH(7-84) inhibits PTH(1-34)-induced 1,25-
(OH)2D3 production in murine renal tubules. Biochem Biophys Res Commun.
2009;381(2):283-287. d0i:10.1016/J.BBRC.2009.02.023

Jippner H. Phosphate and FGF-23. Kidney Int. 2011;79:524-S27. doi:10.1038/KI.2011.27

Martin A, David V, Quarles LD. Regulation and Function of the FGF23/Klotho Endocrine
Pathways. Physiol Rev. 2012;92(1):131-155. doi:10.1152/physrev.00002.2011

Tatar M, Bartke A, Antebi A, et al. The Endocrine Regulation of Aging by Insulin-like Signals.
Science (80- ). 2003;299(5611):1346-1351. doi:10.1126/science.1081447

Goetz R, Ohnishi M, Kir S, et al. Conversion of a paracrine fibroblast growth factor into an
endocrine fibroblast growth factor. J Biol Chem. 2012;287(34):29134-29146.
doi:10.1074/jbc.M112.342980

Xu'Y, Sun Z. Molecular Basis of Klotho: From Gene to Function in Aging. Endocr Rev.
2015;36(2):174-193. doi:10.1210/er.2013-1079

Hu MC, Shi M, Zhang J, et al. Klotho: a novel phosphaturic substance acting as an autocrine
enzyme in the renal proximal tubule. FASEB J. 2010;24(9):3438-3450. doi:10.1096/fj.10-
154765

Andrukhova O, Zeitz U, Goetz R, Mohammadi M, Lanske B, Erben RG. FGF23 acts directly on
renal proximal tubules to induce phosphaturia through activation of the ERK1/2-SGK1
signaling pathway. Bone. 2012;51(3):621-628. doi:10.1016/J.BONE.2012.05.015

Larsson T, Marsell R, Schipani E, et al. Transgenic Mice Expressing Fibroblast Growth Factor
23 under the Control of the al(l) Collagen Promoter Exhibit Growth Retardation,
Osteomalacia, and Disturbed Phosphate Homeostasis. Endocrinology. 2004;145(7):3087-
3094. doi:10.1210/en.2003-1768

Déliot N, Hernando N, Horst-Liu Z, et al. Parathyroid hormone treatment induces dissociation
of type lla Na * -P ; cotransporter-Na * /H * exchanger regulatory factor-1 complexes. Am J
Physiol Physiol. 2005;289(1):C159-C167. doi:10.1152/ajpcell.00456.2004

Weinman EJ, Biswas RS, Peng G, et al. Parathyroid hormone inhibits renal phosphate
transport by phosphorylation of serine 77 of sodium-hydrogen exchanger regulatory factor-1.
J Clin Invest. 2007;117(11):3412-3420. doi:10.1172/JCI32738

Han X, Yang J, Li L, Huang J, King G, Quarles LD. Conditional Deletion of Fgfrl in the Proximal
and Distal Tubule Identifies Distinct Roles in Phosphate and Calcium Transport. Fenton RA,
ed. PLoS One. 2016;11(2):e0147845. doi:10.1371/journal.pone.0147845

Bhadada SK, Palnitkar S, Qiu S, Parikh N, Talpos GB, Rao SD. Deliberate Total
182 |Page



113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Parathyroidectomy: A Potentially Novel Therapy for Tumor-Induced Hypophosphatemic
Osteomalacia. J Clin Endocrinol Metab. 2013;98(11):4273-4278. doi:10.1210/jc.2013-2705

BRUNETTE MG, CHAN M, FERRIERE C, ROBERTS KD. Site of 1,25(OH)2 vitamin D3 synthesis in
the kidney. Nature. 1978;276(5685):287-289. doi:10.1038/276287a0

Verstuyf A, Carmeliet G, Bouillon R, Mathieu C. Vitamin D: a pleiotropic hormone. Kidney Int.
2010;78(2):140-145. doi:10.1038/KI1.2010.17

Ichikawa S, Imel EA, Kreiter ML, et al. A homozygous missense mutation in human KLOTHO
causes severe tumoral calcinosis. J Clin Invest. 2007;117(9):2684-2691. doi:10.1172/JCI31330

Araya K, Fukumoto S, Backenroth R, et al. A Novel Mutation in Fibroblast Growth Factor 23
Gene as a Cause of Tumoral Calcinosis. J Clin Endocrinol Metab. 2005;90(10):5523-5527.
do0i:10.1210/jc.2005-0301

Ide N, Olauson H, Sato T, et al. In vivo evidence for a limited role of proximal tubular Klotho in
renal phosphate handling. Kidney Int. 2016;90(2):348-362. d0i:10.1016/J.KINT.2016.04.009

Zhang MYH, Ranch D, Pereira RC, Armbrecht HJ, Portale AA, Perwad F. Chronic Inhibition of
ERK1/2 Signaling Improves Disordered Bone and Mineral Metabolism in Hypophosphatemic (
Hyp ) Mice. Endocrinology. 2012;153(4):1806-1816. doi:10.1210/en.2011-1831

Urakawa |, Yamazaki Y, Shimada T, et al. Klotho converts canonical FGF receptor into a
specific receptor for FGF23. Nature. 2006;444(7120):770-774. doi:10.1038/nature05315

Andrukhova O, Slavic S, Smorodchenko A, et al. FGF23 regulates renal sodium handling and
blood pressure. EMBO Mol Med. April 2014:n/a-n/a. doi:10.1002/emmm.201303716

Cha S-K, Huang C-L. WNK4 kinase stimulates caveola-mediated endocytosis of TRPV5
amplifying the dynamic range of regulation of the channel by protein kinase C. J Biol Chem.
2010;285(9):6604-6611. doi:10.1074/jbc.M109.056044

Jiang Y, Cong P, Williams SR, et al. WNK4 regulates the secretory pathway via which TRPV5 is
targeted to the plasma membrane. Biochem Biophys Res Commun. 2008;375(2):225-229.
doi:10.1016/J).BBRC.2008.08.010

Meir T, Durlacher K, Pan Z, et al. Parathyroid hormone activates the orphan nuclear receptor
Nurrl to induce FGF23 transcription. Kidney Int. 2014;86(6):1106-1115.
doi:10.1038/K1.2014.215

Imura A, Tsuji Y, Murata M, et al. alpha-Klotho as a regulator of calcium homeostasis. Science.
2007;316(5831):1615-1618. doi:10.1126/science.1135901

Kuro-o M, Matsumura Y, Aizawa H, et al. Mutation of the mouse klotho gene leads to a
syndrome resembling ageing. Nature. 1997;390(6655):45-51. doi:10.1038/36285

Kawakami K, Takeshita A, Furushima K, et al. Persistent fibroblast growth factor 23 signalling
in the parathyroid glands for secondary hyperparathyroidism in mice with chronic kidney
disease. Sci Rep. 2017;7(1):40534. doi:10.1038/srep40534

Olauson H, Lindberg K, Amin R, et al. Parathyroid-Specific Deletion of Klotho Unravels a Novel
Calcineurin-Dependent FGF23 Signaling Pathway That Regulates PTH Secretion. Carpenter
TO, ed. PLoS Genet. 2013;9(12):e1003975. doi:10.1371/journal.pgen.1003975

Komaba H, Goto S, Fujii H, et al. Depressed expression of Klotho and FGF receptor 1 in
hyperplastic parathyroid glands from uremic patients. Kidney Int. 2010;77(3):232-238.
doi:10.1038/KI1.2009.414

183 |Page



129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Murali SK, Roschger P, Zeitz U, Klaushofer K, Andrukhova O, Erben RG. FGF23 Regulates Bone
Mineralization in a 1,25(0OH) ; D 5 and Klotho-Independent Manner. J Bone Miner Res.
2016;31(1):129-142. doi:10.1002/jbmr.2606

Miyagawa K, Yamazaki M, Kawai M, et al. Dysregulated Gene Expression in the Primary
Osteoblasts and Osteocytes Isolated from Hypophosphatemic Hyp Mice. Makishima M, ed.
PLoS One. 2014;9(4):€93840. doi:10.1371/journal.pone.0093840

Denic A, Glassock RJ, Rule AD. Structural and Functional Changes With the Aging Kidney. Adv
Chronic Kidney Dis. 2016;23(1):19-28. doi:10.1053/j.ackd.2015.08.004

Herrick KA, Storandt RJ, Afful J, et al. Vitamin D status in the United States, 2011-2014. Am J
Clin Nutr. 2019;110(1):150-157. doi:10.1093/AJCN/NQZ037

Calame W, Street L, Hulshof T. Vitamin D Serum Levels in the UK Population, including a
Mathematical Approach to Evaluate the Impact of Vitamin D Fortified Ready-to-Eat Breakfast
Cereals: Application of the NDNS Database. Nutrients. 2020;12(6):1-14.
doi:10.3390/NU12061868

Rossini M, Gatti D, Adami S. Involvement of WNT/B-catenin signaling in the treatment of
osteoporosis. Calcif Tissue Int. 2013;93(2):121-132. doi:10.1007/500223-013-9749-2

Berndt TJ, Craig TA, Mccormick DJ, et al. Biological activity of FGF-23 fragments.
doi:10.1007/s00424-007-0231-5

Ho BB, Bergwitz C. FGF23 signalling and physiology. J Mol Endocrinol. 2021;66(2):R23-R32.
doi:10.1530/JME-20-0178

Jones CM, Boelaert K. The Endocrinology of Ageing: A Mini-Review. Gerontology.
2014;61(4):291-300. doi:10.1159/000367692

Christensen K, Doblhammer G, Rau R, Vaupel JW. Ageing populations: the challenges ahead.
Lancet. 2009;374(9696):1196-1208. doi:10.1016/50140-6736(09)61460-4

Wu FCW, Tajar A, Beynon JM, et al. Identification of Late-Onset Hypogonadism in Middle-
Aged and Elderly Men. N Engl J Med. 2010;363(2):123-135. do0i:10.1056/NEJM0a0911101

ISHIMARU T, PAGES L, HORTON R. Altered Metabolism of Androgens in Elderly Men with
Benign Prostatic Hyperplasia. J Clin Endocrinol Metab. 1977;45(4):695-701. doi:10.1210/jcem-
45-4-695

Batrinos ML. The aging of the endocrine hypothalamus and its dependent endocrine glands.
Hormones (Athens). 11(3):241-253. 2012 Jul-Sep;11(3):241-53. doi:10.14310/horm.2002.1354

Scopacasa F, Wishart JM, Need AG, Horowitz M, Morris HA, Nordin BEC. Bone Density and
Bone-Related Biochemical Variables in Normal Men: A Longitudinal Study. Journals Gerontol
Ser A Biol Sci Med Sci. 2002;57(6):M385-M391. doi:10.1093/gerona/57.6.M385

Wiggins JE. Aging in the Glomerulus. Journals Gerontol Ser A Biol Sci Med Sci.
2012;67(12):1358-1364. doi:10.1093/gerona/gls157

Huber TB, Edelstein CL, Hartleben B, et al. Emerging role of autophagy in kidney function,
diseases and aging. Autophagy. 2012;8(7):1009-1031. doi:10.4161/auto0.19821

Esposito C, Dal Canton A. Functional changes in the aging kidney. J Nephrol. 2010;23 Suppl
1:541-5. http://www.ncbi.nlm.nih.gov/pubmed/20872370. Accessed February 7, 2019.

Emamian SA, Nielsen MB, Pedersen JF, Ytte L. Kidney dimensions at sonography: correlation

184 |Page



147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

with age, sex, and habitus in 665 adult volunteers. Am J Roentgenol. 1993;160(1):83-86.
doi:10.2214/ajr.160.1.8416654

Elsherbiny HE, Alexander MP, Kremers WK, et al. Nephron Hypertrophy and
Glomerulosclerosis and Their Association with Kidney Function and Risk Factors among Living
Kidney Donors. Clin ] Am Soc Nephrol. 2014;9(11):1892-1902. doi:10.2215/CJN.02560314

Wang X, Vrtiska TJ, Avula RT, et al. Age, kidney function, and risk factors associate differently
with cortical and medullary volumes of the kidney. Kidney Int. 2014;85(3):677-685.
doi:10.1038/ki.2013.359

Glassock RJ, Rule AD. Aging and the Kidneys: Anatomy, Physiology and Consequences for
Defining Chronic Kidney Disease. Nephron. 2016;134:25-29. doi:10.1159/000445450

Esposito C, Plati A, Mazzullo T, et al. Renal function and functional reserve in healthy elderly
individuals. J Nephrol. 2007;20(5):617-625.

O’Sullivan ED, Hughes J, Ferenbach DA. Renal Aging: Causes and Consequences. J Am Soc
Nephrol. 2017;28(2):407-420. doi:10.1681/ASN.2015121308

Keles N, Caliskan M, Dogan B, et al. Low Serum Level of Klotho Is an Early Predictor of
Atherosclerosis. Tohoku J Exp Med. 2015;237(1):17-23. doi:10.1620/tjem.237.17

Nitta K, Nagano N, Tsuchiya K. Fibroblast Growth Factor 23/Klotho Axis in Chronic Kidney
Disease. Nephron Clin Pract. 2014;128(1-2):1-10. doi:10.1159/000365787

Zhou L, Li Y, Zhou D, Tan RJ, Liu Y. Loss of Klotho Contributes to Kidney Injury by Derepression
of Wnt/ -Catenin Signaling. J Am Soc Nephrol. 2013;24(5):771-785.
doi:10.1681/ASN.2012080865

Kuro-o M. Klotho as a regulator of fibroblast growth factor signaling and phosphate/calcium
metabolism. Curr Opin Nephrol Hypertens. 2006;15(4):437-441.
do0i:10.1097/01.mnh.0000232885.81142.83

Hu MC, Bian A, Neyra J, Zhan M. Klotho, stem cells, and aging. Clin Interv Aging.
2015;10:1233. doi:10.2147/CIA.S84978

Zhang H, Li Y, FanY, et al. Klotho is a target gene of PPAR-y. Kidney Int. 2008;74(6):732-739.
doi:10.1038/ki.2008.244

lemitsu M, Miyauchi T, Maeda S, et al. Aging-induced decrease in the PPAR-a level in hearts is
improved by exercise training. Am J Physiol Circ Physiol. 2002;283(5):H1750-H1760.
doi:10.1152/ajpheart.01051.2001

Wang P, Li B, Cai G, et al. Activation of PPAR-y by Pioglitazone Attenuates Oxidative Stress in
Aging Rat Cerebral Arteries Through Upregulating UCP2. J Cardiovasc Pharmacol.
2014;64(6):497-506. doi:10.1097/FJC.0000000000000143

de Oliveira RB, Graciolli FG, dos Reis LM, et al. Disturbances of Wnt/B-catenin pathway and
energy metabolism in early CKD: effect of phosphate binders. Nephrol Dial Transplant.
2013;28(10):2510-2517. doi:10.1093/NDT/GFT234

Faul C, Amaral AP, Oskouei B, et al. FGF23 induces left ventricular hypertrophy. J Clin Invest.
2011;121(11):4393-4408. doi:10.1172/)Cl46122

Moe SM. Definition and classification of renal osteodystrophy and chronic kidney disease—
mineral bone disorder (CKD—MBD). In: The Spectrum of Mineral and Bone Disorders in Chronic
Kidney Disease. Oxford University Press; 2010:1-14.

185 |Page



163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

do0i:10.1093/med/9780199559176.003.001

Schaeffner ES, Ebert N, Delanaye P, et al. Two Novel Equations to Estimate Kidney Function in
Persons Aged 70 Years or Older. Ann Intern Med. 2012;157(7):471. doi:10.7326/0003-4819-
157-7-201210020-00003

Coresh J, Selvin E, Stevens LA, et al. Prevalence of Chronic Kidney Disease in the United
States. JAMA. 2007;298(17):2038. doi:10.1001/jama.298.17.2038

Christopher Winearls JW. Chronic Kidney Disease Information for Patients and Their Families.;
2017. https://www.ouh.nhs.uk/patient-guide/leaflets/files/14409Pckd.pdf.

Stevens PE, Levin A, Kidney Disease: Improving Global Outcomes Chronic Kidney Disease
Guideline Development Work Group Members. Evaluation and Management of Chronic
Kidney Disease: Synopsis of the Kidney Disease: Improving Global Outcomes 2012 Clinical
Practice Guideline. Ann Intern Med. 2013;158(11):825. doi:10.7326/0003-4819-158-11-
201306040-00007

Nigwekar SU, Bhan |, Thadhani R. Ergocalciferol and Cholecalciferol in CKD. Am J Kidney Dis.
2012;60(1):139-156. doi:10.1053/j.ajkd.2011.12.035

Vaziri ND, Hollander D, Hung EK, Vo M, Dadufalza L. Impaired intestinal absorption of vitamin
D3 in azotemic rats. Am J Clin Nutr. 1983;37(3):403-406. doi:10.1093/ajcn/37.3.403

Rhee CM, Ahmadi S-F, Kovesdy CP, Kalantar-Zadeh K. Low-protein diet for conservative
management of chronic kidney disease: a systematic review and meta-analysis of controlled
trials. J Cachexia Sarcopenia Muscle. 2018;9(2):235-245. doi:10.1002/jcsm.12264

Caravaca-Fontdn F, Gonzales-Candia B, Luna E, Caravaca F. Relative importance of the
determinants of serum levels of 25-hydroxy vitamin D in patients with chronic kidney disease.
Nefrol (English Ed. 2016;36(5):510-516. doi:10.1016/j.nefroe.2016.11.010

Kalousova M, Dusilova-Sulkova S, Zakiyanov O, et al. Vitamin D Binding Protein Is Not
Involved in Vitamin D Deficiency in Patients with Chronic Kidney Disease. Biomed Res Int.
2015;2015:492365. doi:10.1155/2015/492365

LEHESTE JR, MELSEN F, WELLNER M, et al. Hypocalcemia and osteopathy in mice with kidney-
specific megalin gene defect. FASEB J. 2003;17(2):247-249. doi:10.1096/fj.02-0578fje

de Boer IH, loannou GN, Kestenbaum B, Brunzell JD, Weiss NS. 25-Hydroxyvitamin D Levels
and Albuminuria in the Third National Health and Nutrition Examination Survey (NHANES IIl).
Am J Kidney Dis. 2007;50(1):69-77. doi:10.1053/j.ajkd.2007.04.015

Takemoto F, Shinki T, Yokoyama K, et al. Gene expression of vitamin D hydroxylase and
megalin in the remnant kidney of nephrectomized rats. Kidney Int. 2003;64(2):414-420.
doi:10.1046/j.1523-1755.2003.00114.x

Bachmann S, Schlichting U, Geist B, et al. Kidney-specific inactivation of the megalin gene
impairs trafficking of renal inorganic sodium phosphate cotransporter (NaPi-lla). J Am Soc
Nephrol. 2004 Apr;15(4):892-900. doi: 10.1097/01.asn.0000120389.09938.21.

Takahashi S, Yamamoto T, Moriwaki Y, Tsutsumi Z, Yamakita J, Higashino K. Decreased serum
concentrations of 1,25(0OH)2-vitamin D3 in patients with gout. Adv Exp Med Biol.
1998;431:57-60. doi:10.1016/s0026-0495(98)90267-0

Rejnmark L, Vestergaard P, Heickendorff L, Mosekilde L. Simvastatin does not affect vitamin d
status, but low vitamin d levels are associated with dyslipidemia: results from a randomised,

186 | Page



178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

controlled trial. Int J Endocrinol. 2010;2010:957174. doi:10.1155/2010/957174

Yuste C, Quiroga B, Garcia de Vinuesa S, et al. The effect of some medications given to CKD
patients on vitamin D levels. Nefrol (English Ed. 2015;35(2):150-156.
doi:10.1016/J.NEFROE.2015.05.006

Manson JE, Bassuk SS, Lee |-M, et al. The VITamin D and OmegA-3 Trial (VITAL): Rationale
and design of a large randomized controlled trial of vitamin D and marine omega-3 fatty acid
supplements for the primary prevention of cancer and cardiovascular disease . Contemp Clin
Trials. 2012;33(1):159-171. doi:10.1016/j.cct.2011.09.009

Molina P, Gorriz JL, Molina MD, et al. The effect of cholecalciferol for lowering albuminuria in
chronic kidney disease: a prospective controlled study. Nephrol Dial Transplant.
2014;29(1):97-109. doi:10.1093/ndt/gft360

Erben RG. Update on FGF23 and Klotho signaling. Mol Cell Endocrinol. 2016;432:56-65.
doi:10.1016/J.MCE.2016.05.008

Middleton R, Parfrey P, Foley R, et al. Left Ventricular Hypertrophy in the Renal Patient. J Am
Soc Nephrol. 2014;12(5):1079-1084. doi:10.1681/asn.2013050465

Lattanzio MR, Weir MR. Does Blockade of the Renin-Angiotensin-Aldosterone System Slow
Progression of All Forms of Kidney Disease? Curr Hypertens Rep. 2010;12(5):369-377.
doi:10.1007/s11906-010-0142-2

Isakova T, Wahl P, Vargas GS, et al. Fibroblast growth factor 23 is elevated before parathyroid
hormone and phosphate in chronic kidney disease. Kidney Int. 2011;79(12):1370-1378.
doi:10.1038/KI1.2011.47

Perwad F, Zhang MYH, Tenenhouse HS, Portale AA. Fibroblast growth factor 23 impairs
phosphorus and vitamin D metabolism in vivo and suppresses 25-hydroxyvitamin D-1a-
hydroxylase expression in vitro. Am J Physiol Physiol. 2007;293(5):F1577-F1583.
doi:10.1152/ajprenal.00463.2006

Wesseling-Perry K, Harkins GC, Wang H, et al. The Calcemic Response to Continuous
Parathyroid Hormone (PTH)(1-34) Infusion in End-Stage Kidney Disease Varies According to
Bone Turnover: A Potential Role for PTH(7-84). J Clin Endocrinol Metab. 2010;95(6):2772-
2780. doi:10.1210/jc.2009-1909

Slatopolsky E, Finch J, Clay P, et al. A novel mechanism for skeletal resistance in uremia.
Kidney Int. 2000;58(2):753-761. do0i:10.1016/S0085-2538(15)47156-X

Yavropoulou MP, Michopoulos A, Yovos JG. PTH and PTHR1 in osteocytes. New insights into
old partners. Hormones. 2017;16(2):150-160. doi:10.14310/horm.2002.1730

Tomaschitz A, Ritz E, Pieske B, et al. Aldosterone and parathyroid hormone interactions as
mediators of metabolic and cardiovascular disease. Metabolism. 2014;63(1):20-31.
doi:10.1016/J.METABOL.2013.08.016

Sebastian EM, Suva LJ, Friedman PA. Differential effects of intermittent PTH(1-34) and
PTH(7-34) on bone microarchitecture and aortic calcification in experimental renal failure.
Bone. 2008;43(6):1022-1030. doi:10.1016/J.BONE.2008.07.250

Sapir-Koren R, Livshits G. Osteocyte control of bone remodeling: is sclerostin a key molecular
coordinator of the balanced bone resorption—formation cycles? Osteoporos Int.
2014;25(12):2685-2700. doi:10.1007/s00198-014-2808-0

187 |Page



192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

Moysés RMA, Schiavi SC. Sclerostin, Osteocytes, and Chronic Kidney Disease - Mineral Bone
Disorder. Semin Dial. 2015;28(6):578-586. doi:10.1111/sdi.12415

Baron R, Kneissel M. WNT signaling in bone homeostasis and disease: from human mutations
to treatments. Nat Med. 2013;19(2):179-192. doi:10.1038/nm.3074

Winkler DG, Sutherland MK, Geoghegan JC, et al. Osteocyte control of bone formation via
sclerostin, a novel BMP antagonist. EMBO J. 2003;22(23):6267-6276.
doi:10.1093/emboj/cdg599

Thambiah S, Roplekar R, Manghat P, et al. Circulating sclerostin and dickkopf-1 (DKK1) in
predialysis chronic kidney disease (CKD): Relationship with bone density and arterial stiffness.
Calcif Tissue Int. 2012;90(6):473-480. doi:10.1007/s00223-012-9595-4

Wan M, Yang C, Li J, et al. Parathyroid hormone signaling through low-density lipoprotein-
related protein 6. Genes Dev. 2008;22(21):2968-2979. doi:10.1101/gad.1702708

Boyle IT, Gray RW, Deluca HF, et al. Regulation by Calcium of In Vivo Synthesis of 1,25-
Dihydroxycholecalciferol and 21,25-Dihydroxycholecalciferol. Proc Nat! Acad Sci.
1971;68(9):2131-2134. doi:10.1073/pnas.68.9.2131

Sabbagh Y, Graciolli FG, O’Brien S, et al. Repression of osteocyte Wnt/B-catenin signaling is an
early event in the progression of renal osteodystrophy. J Bone Miner Res. 2012;27(8):1757-
1772. doi:10.1002/jbmr.1630

Bonani M, Rodriguez D, Fehr T, et al. Sclerostin Blood Levels Before and After Kidney
Transplantation. Kidney Blood Press Res. 2014;39(4):230-239. doi:10.1159/000355781

Malluche HH, Davenport DL, Cantor T, Monier-Faugere M-C. Bone Mineral Density and Serum
Biochemical Predictors of Bone Loss in Patients with CKD on Dialysis. Clin J Am Soc Nephrol.
2014;9(7):1254-1262. doi:10.2215/CIJN.09470913

Gafter-Gvili A, Schechter A, Rozen-2vi B. Iron Deficiency Anemia in Chronic Kidney Disease.
Acta Haematol. 2019;142(1):44-50. doi:10.1159/000496492

Thomas MC, Cooper ME, Zimmet P. Changing epidemiology of type 2 diabetes mellitus and
associated chronic kidney disease. Nat Rev Nephrol. 2016;12(2):73-81.
doi:10.1038/NRNEPH.2015.173

David V, Francis C, Babitt JL. Inflammation and Inflammatory Mediators in Kidney Disease:
Ironing out the cross talk between FGF23 and inflammation. Am J Physiol - Ren Physiol.
2017;312(1):F1. doi:10.1152/AJPRENAL.00359.2016

Danziger J. The bone-renal axis in early chronic kidney disease: An emerging paradigm.
Nephrol Dial Transplant. 2008;23(9):2733-2737. doi:10.1093/ndt/gfn260

Ratsma DMA, Zillikens MC, van der Eerden BCJ. Upstream Regulators of Fibroblast Growth
Factor 23. Front Endocrinol (Lausanne). 2021;12. doi:10.3389/FEND0.2021.588096

Agoro R, Ni P, Noonan ML, White KE. Osteocytic FGF23 and Its Kidney Function. Front
Endocrinol (Lausanne). 2020;11:592. doi:10.3389/FEND0.2020.00592

Ratsma DMA, Zillikens MC, van der Eerden BCJ. Upstream Regulators of Fibroblast Growth
Factor 23. Front Endocrinol (Lausanne). 2021;12:45. doi:10.3389/FEND0.2021.588096/BIBTEX

Wessling-Resnick M. Iron Homeostasis and the Inflammatory Response.
doi:10.1146/annurev.nutr.012809.104804

188 | Page



209.

210.

211.

212.

213.

214,

215.

216.

217.

218.

219.

220.

221.

222,

223.

Smith EM, Tangpricha V. Vitamin D and anemia: insights into an emerging association. Curr
Opin Endocrinol Diabetes Obes. 2015;22(6):432-438. doi:10.1097/MED.0000000000000199

Lewerin C, Ljunggren O, Nilsson-Ehle H, et al. Low serum iron is associated with high serum
intact FGF23 in elderly men: The Swedish MrOS study. Bone. 2017;98:1-8.
doi:10.1016/J.BONE.2017.02.005

Greendale GA, Jackson NJ, Han W, et al. Increase in C-Reactive Protein Predicts Increase in
Rate of Bone Mineral Density Loss: The Study of Women’s Health Across the Nation. JBMR
Plus. 2021;5(4). doi:10.1002/JBM4.10480

Rupp T, Butscheidt S, Vettorazzi E, et al. High FGF23 levels are associated with impaired
trabecular bone microarchitecture in patients with osteoporosis. Osteoporos Int.
2019;30(8):1655-1662. doi:10.1007/500198-019-04996-7

Bouquegneau A, Evenepoel P, Paquot F, Malaise O, Cavalier E, Delanaye P. Sclerostin within
the chronic kidney disease spectrum. Clin Chim Acta. 2020;502:84-90.
doi:10.1016/J.CCA.2019.12.008

Christodoulou M, Aspray TJ, Schoenmakers I. Vitamin D Supplementation for Patients with
Chronic Kidney Disease: A Systematic Review and Meta-analyses of Trials Investigating the
Response to Supplementation and an Overview of Guidelines. Calcif Tissue Int 2021 1092.
2021;109(2):157-178. d0i:10.1007/500223-021-00844-1

Garbossa SG, Folli F. Vitamin D, sub-inflammation and insulin resistance. A window on a
potential role for the interaction between bone and glucose metabolism. Rev Endocr Metab
Disord. 2017;18(2):243-258. d0i:10.1007/511154-017-9423-2

Charoenngam N, Holick MF. Immunologic Effects of Vitamin D on Human Health and Disease.
Nutrients. 2020;12(7):1-28. doi:10.3390/NU12072097

Grlibler MR, Zittermann A, Verheyen ND, et al. Randomized trial of vitamin D versus placebo
supplementation on markers of systemic inflammation in hypertensive patients. Nutr Metab
Cardiovasc Dis. 2021;31(11):3202-3209. doi:10.1016/J.NUMECD.2021.07.028

Szymczak-Pajor I, Sliwiriska A. Analysis of Association between Vitamin D Deficiency and
Insulin Resistance. Nutrients. 2019;11(4). doi:10.3390/NU11040794

De Oliveira C, Biddulph JP, Hirani V, Schneider IJC. Vitamin D and inflammatory markers:
cross-sectional analyses using data from the English Longitudinal Study of Ageing (ELSA). J
Nutr Sci. 2017;6. doi:10.1017/JNS.2016.37

Srikanth P, Chun RF, Hewison M, et al. Associations of total and free 250HD and 1,25(0OH)2D
with serum markers of inflammation in older men. Osteoporos Int. 2016;27(7):2291-2300.
doi:10.1007/500198-016-3537-3

Schoenmakers |, Fraser WD, Forbes A. Vitamin D and acute and severe illness — a mechanistic
and pharmacokinetic perspective. Nutr Res Rev. 2021:1-16. doi:10.1017/50954422421000251

Masoud MS, Alokail MS, Yakout SM, et al. Vitamin D supplementation modestly reduces
serum iron indices of healthy Arab adolescents. Nutrients. 2018;10(12).
doi:10.3390/nu10121870

Masoud MS, Yakout SM, Al-Attas OS, Alokail MS, Al-Daghri NM. The association between iron
and Vitamin D status in Arab adolescents. Public Health Nutr. 2020;23(7):1208-1213.
doi:10.1017/51368980019001113

189 |Page



224,

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

EL-Adawy EH, Zahran FE, Shaker GA, Seleem A. Vitamin D Status in Egyptian Adolescent
Females with Iron Deficiency Anemia and Its Correlation with Serum Iron Indices. Endocrine,
Metab Immune Disord - Drug Targets. 2018;19(4):519-525.
doi:10.2174/1871530318666181029160242

Dalvi SM, Ramraje NN, Patil VW, Hegde R, Yeram N. Study of IL-6 and vitamin D3 in patients
of pulmonary tuberculosis. Indian J Tuberc. 2019;66(3):337-345.
doi:10.1016/j.ijtb.2018.05.018

Christodoulou M, Aspray T, Piec |, et al. Renal-bone axis: Vitamin D status and
supplementation in older adults. J Bone Miner Res. 2020;35:159.
doi:10.1002/JBMR.4206/FORMAT/PDF

Christodoulou M, Aspray TJ, Piec I, Washbourne C, Tang JC, Fraser WD, Schoenmakers |;
VDOP Trial Group. Vitamin D Supplementation for 12 Months in Older Adults Alters
Regulators of Bone Metabolism but Does Not Change Wnt Signaling Pathway Markers. JBMR
Plus. 2022 Mar 24;6(5):e10619. doi: 10.1002/jbm4.10619

Charoenngam N, Rujirachun P, Holick MF, Ungprasert P. Oral vitamin D3 supplementation
increases serum fibroblast growth factor 23 concentration in vitamin D-deficient patients: a
systematic review and meta-analysis. Osteoporos Int. 2019;30(11):2183-2193.
doi:10.1007/s00198-019-05102-7

Gowda S, Desai PB, Kulkarni SS, Hull V V, Math AAK, Vernekar SN. Markers of renal function
tests. N Am J Med Sci. 2010 Apr;2(4):170-3.

Lopez-Giacoman S, Madero M. Biomarkers in chronic kidney disease, from kidney function to
kidney damage. World J Nephrol. 2015;4(1):57-73. doi:10.5527/wjn.v4.i1.57

NICE. Chronic kidney disease - NICE CKS. https://cks.nice.org.uk/chronic-kidney-
disease#!scenario. Published 2019.

Levey AS, Stevens LA, Schmid CH, et al. A new equation to estimate glomerular filtration rate.
Ann Intern Med. 2009 May 5;150(9):604-12. doi: 10.7326/0003-4819-150-9-200905050-
00006. Erratum in: Ann Intern Med. 2011 Sep 20;155(6):408.

Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D. A more accurate method to
estimate glomerular filtration rate from serum creatinine: a new prediction equation.
Modification of Diet in Renal Disease Study Group. Ann Intern Med. 1999;130(6):461-470.
http://www.ncbi.nlm.nih.gov/pubmed/10075613. Accessed January 21, 2019.

Cockcroft DW, Gault H. Prediction of Creatinine Clearance from Serum Creatinine. Nephron.
1976;16(1):31-41. doi:10.1159/000180580

National Kidney Foundation. Evaluation and Treatment of Chronic Kidney Disease-Mineral
and Bone Disorder (CKD-MBD).; 2008. https://www.kidney.org/sites/default/files/02-10-
390B_LBA_KDOQI_BoneGuide.pdf.

KDIGO. KDIGO 2017 Clinical Practice Guideline Update for the Diagnosis, Evaluation,
Prevention, and Treatment of Chronic Kidney Disease—Mineral and Bone Disorder (CKD-
MBD). Kidney Int Suppl. 2017;7(1):1-59. doi:10.1016/j.kisu.2017.04.001

National Kidney Foundation. A Clinical Update on Vitamin D Deficiency and Secondary
Hyperparathyroidism: Vitamin D Testing and Supplementation in CKD Stages 3-4 Part 2.;
2016. https://www.kidney.org/sites/default/files/Vitamin D Part 2.pdf.

Sprague SM, Silva AL, Al-Saghir F, et al. Modified-Release Calcifediol Effectively Controls

190 |Page



239.

240.

241.

242.

243,

244,

245,

246.

247.

248.

249,

250.

251.

252,

Secondary Hyperparathyroidism Associated with Vitamin D Insufficiency in Chronic Kidney
Disease. Am J Nephrol. 2014;40(6):535-545. d0i:10.1159/000369939

Cupisti A, Egidi MF, Vigo V, Baronti ME, D’Alessandro C, Ghiadoni L. Vitamin D status and
cholecalciferol supplementation in chronic kidney disease patients: an Italian cohort report.
Int J Nephrol Renovasc Dis. 2015;8:151. doi:10.2147/1JNRD.S90968

Alvarez JA, Law J, Coakley KE, et al. High-dose cholecalciferol reduces parathyroid hormone in
patients with early chronic kidney disease: a pilot, randomized, double-blind, placebo-
controlled trial. Am J Clin Nutr. 2012;96(3):672-679. d0i:10.3945/ajcn.112.040642

Seibert E, Heine GH, Ulrich C, Seiler S, Kéhler H, Girndt M. Influence of Cholecalciferol
Supplementation in Hemodialysis Patients on Monocyte Subsets: A Randomized, Double-
Blind, Placebo-Controlled Clinical Trial. Nephron Clin Pract. 2013;123(3-4):209-219.
doi:10.1159/000354717

Jean G, Souberbielle J-C, Chazot C. Monthly cholecalciferol administration in haemodialysis
patients: a simple and efficient strategy for vitamin D supplementation. Nephrol Dial
Transplant. 2009;24(12):3799-3805. doi:10.1093/ndt/gfp370

Massart A, Debelle FD, Racapé J, et al. Biochemical Parameters After Cholecalciferol
Repletion in Hemodialysis: Results From the VitaDial Randomized Trial. Am J Kidney Dis.
2014;64(5):696-705. doi:10.1053/j.ajkd.2014.04.020

Kim MJ, Frankel AH, Donaldson M, et al. Oral cholecalciferol decreases albuminuria and
urinary TGF-B1 in patients with type 2 diabetic nephropathy on established renin—
angiotensin—aldosterone system inhibition. Kidney Int. 2011;80(8):851-860.
doi:10.1038/ki.2011.224

Aytac MB, Deveci M, Bek K, Kayabey O, Ekinci Z. Effect of cholecalciferol on local arterial
stiffness and endothelial dysfunction in children with chronic kidney disease. Pediatr Nephrol.
2016;31(2):267-277. doi:10.1007/s00467-015-3220-5

Meireles MS, Kamimura MA, Dalboni MA, Giffoni de Carvalho JT, Aoike DT, Cuppari L. Effect
of cholecalciferol on vitamin D-regulatory proteins in monocytes and on inflammatory
markers in dialysis patients: A randomized controlled trial. Clin Nutr. 2016;35(6):1251-1258.
doi:10.1016/j.cInu.2016.04.014

Zisman AL, Hristova M, Ho LT, Sprague SM. Impact of ergocalciferol treatment of vitamin D
deficiency on serum parathyroid hormone concentrations in chronic kidney disease. Am J
Nephrol. 2007;27(1):36-43. doi:10.1159/000098561

Al-Aly Z, Qazi RA, Gonzalez EA, Zeringue A, Martin KJ. Changes in Serum 25-Hydroxyvitamin D
and Plasma Intact PTH Levels Following Treatment With Ergocalciferol in Patients With CKD.
Am J Kidney Dis. 2007;50(1):59-68. doi:10.1053/J.AJKD.2007.04.010

Armas LAG, Andukuri R, Barger-Lux J, Heaney RP, Lund R. 25-Hydroxyvitamin D response to
cholecalciferol supplementation in hemodialysis. Clin J Am Soc Nephrol. 2012;7(9):1428-1434.
doi:10.2215/CIN.12761211

Melamed ML, Thadhani RI. Vitamin D therapy in chronic kidney disease and end stage renal
disease. Clin J Am Soc Nephrol. 2012;7(2):358-365. d0i:10.2215/CJN.04040411

Dusso AS. Kidney disease and vitamin D levels: 25-hydroxyvitamin D, 1,25-dihydroxyvitamin
D, and VDR activation. Kidney Int Suppl. 2011;1(4):136-141. doi:10.1038/kisup.2011.30

Moe SM, Saifullah A, LaClair RE, Usman SA, Yu Z. A Randomized Trial of Cholecalciferol versus

191 |Page



253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

Doxercalciferol for Lowering Parathyroid Hormone in Chronic Kidney Disease. Clin J Am Soc
Nephrol. 2010;5(2):299-306. doi:10.2215/CJN.07131009

Jean G, Souberbielle JC, Chazot C. Vitamin D in chronic kidney disease and dialysis patients.
Nutrients. 2017;9(4):1-15. d0i:10.3390/nu9040328

Slatopolsky E, Weerts C, Thielan J, Horst R, Harter H, Martin KJ. Marked suppression of
secondary hyperparathyroidism by intravenous administration of 1,25-dihydroxy-
cholecalciferol in uremic patients. J Clin Invest. 1984;74(6):2136-2143. doi:10.1172/JC1111639

Berl T, Berns AS, Hufer WE, et al. 1,25 dihydroxycholecalciferol effects in chronic dialysis. A
double-blind controlled study. Ann Intern Med. 1978;88(6):774-780. doi:10.7326/0003-4819-
88-6-774

Quarles LD. Skeletal secretion of FGF-23 regulates phosphate and vitamin D metabolism. Nat
Rev Endocrinol. 2012;8(5):276-286. doi:10.1038/nrendo.2011.218

Dai B, David V, Alshayeb HM, et al. Assessment of 24,25(0H)2D levels does not support
FGF23-mediated catabolism of vitamin D metabolites. Kidney Int. 2012;82(10):1061-1070.
doi:10.1038/KI1.2012.222

Ishimura E, Nishizawa Y, Inaba M, et al. Serum levels of 1,25-dihydroxyvitamin D, 24,25-
dihydroxyvitamin D, and 25-hydroxyvitamin D in nondialyzed patients with chronic renal
failure. Kidney Int. 1999;55(3):1019-1027. d0i:10.1046/).1523-1755.1999.0550031019.X

de Boer IH, Sachs MC, Chonchol M, et al. Estimated GFR and Circulating 24,25-
Dihydroxyvitamin D3 Concentration: A Participant-Level Analysis of 5 Cohort Studies and
Clinical Trials. Am J Kidney Dis. 2014;64(2):187-197. doi:10.1053/J.AJKD.2014.02.015

Graeff-Armas LA, Kaufmann M, Lyden E, Jones G. Serum 24,25-dihydroxyvitamin D 3 response
to native vitamin D 2 and D 3 Supplementation in patients with chronic kidney
disease on hemodialysis. Clin Nutr. 2018;37(3):1041-1045. d0i:10.1016/j.cInu.2017.04.020

Bosworth CR, Levin G, Robinson-Cohen C, et al. The serum 24,25-dihydroxyvitamin D
concentration, a marker of vitamin D catabolism, is reduced in chronic kidney disease. Kidney
Int. 2012;82(6):693-700. doi:10.1038/KI1.2012.193

Kaufmann M, Lee SM, Pike JW, Jones G. A High-Calcium and Phosphate Rescue Diet and VDR-
Expressing Transgenes Normalize Serum Vitamin D Metabolite Profiles and Renal Cyp27b1
and Cyp24al Expression in VDR Null Mice. Endocrinology. 2015;156(12):4388-4397.
doi:10.1210/en.2015-1664

Morena M, Jaussent |, Dupuy A-M, et al. Osteoprotegerin and sclerostin in chronic kidney
disease prior to dialysis: potential partners in vascular calcifications. Nephrol Dial Transplant.
2015;30(8):1345-1356. doi:10.1093/ndt/gfv081

Yadav AK, Kumar V, Banerjee D, Gupta KL, Jha V. Effect of vitamin D supplementation on
serum sclerostin levels in chronic kidney disease. J Steroid Biochem Mol Biol. 2018;180:15-18.
doi:10.1016/j.jsbmb.2018.01.007

Krishnan V, Bryant HU, Macdougald OA. Regulation of bone mass by Wnt signaling. J Clin
Invest. 2006;116(5):1202-1209. doi:10.1172/JCI28551

Durosier C, van Lierop A, Ferrari S, Chevalley T, Papapoulos S, Rizzoli R. Association of
Circulating Sclerostin With Bone Mineral Mass, Microstructure, and Turnover Biochemical
Markers in Healthy Elderly Men and Women. J Clin Endocrinol Metab. 2013;98(9):3873-3883.
doi:10.1210/jc.2013-2113

192 |Page



267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

Modder Ul, Hoey KA, Amin S, et al. Relation of age, gender, and bone mass to circulating
sclerostin levels in women and men. J Bone Miner Res. 2011;26(2):373-379.
doi:10.1002/jbmr.217

Alvarez JA, Zughaier SM, Law J, et al. Effects of high-dose cholecalciferol on serum markers of
inflammation and immunity in patients with early chronic kidney disease. Eur J Clin Nutr.
2013;67(3):264-269. doi:10.1038/ejcn.2012.217

Lundwall K, Joérneskog G, Jacobson SH, Spaak J. Paricalcitol, Microvascular and Endothelial
Function in Non-Diabetic Chronic Kidney Disease: A Randomized Trial. Am J Nephrol.
2015;42(4):265-273. doi:10.1159/000441364

Petchey WG, Hickman 1J, Prins JB, et al. Vitamin D does not improve the metabolic health of
patients with chronic kidney disease stage 3-4: A randomized controlled trial. Nephrology.
2013;18(1):26-35. d0i:10.1111/j.1440-1797.2012.01662.x

de Boer IH, Sachs M, Hoofnagle AN, et al. Paricalcitol does not improve glucose metabolism in
patients with stage 3-4 chronic kidney disease. Kidney Int. 2013;83(2):323-330.
doi:10.1038/ki.2012.311

Alborzi P, Patel NA, Peterson C, et al. Paricalcitol reduces albuminuria and inflammation in
chronic kidney disease a randomized double-blind pilot trial. Hypertension. 2008;52(2):249-
255. doi:10.1161/HYPERTENSIONAHA.108.113159

Larsen T, Mose FH, Bech JN, Pedersen EB. Effect of paricalcitol on renin and albuminuria in
non-diabetic stage IlI-1V chronic kidney disease: A randomized placebo-controlled trial. BMC
Nephrol. 2013;14(1). doi:10.1186/1471-2369-14-163

Alvarez JA, Law J, Coakley KE, et al. High-dose cholecalciferol reduces parathyroid hormone in
patients with early chronic kidney disease: A pilot, randomized, double-blind, placebo-
controlled trial. Am J Clin Nutr. 2012;96(3):672-679. d0i:10.3945/ajcn.112.040642

Dreyer G, Tucker AT, Harwood SM, Pearse RM, Raftery MJ, Yagoob MM. Ergocalciferol and
microcirculatory function in chronic kidney disease and concomitant vitamin D deficiency: An
exploratory, double blind, randomised controlled trial. PLoS One. 2014;9(7).
doi:10.1371/journal.pone.0099461

Thadhani R, Appelbaum E, Pritchett Y, et al. Vitamin D therapy and cardiac structure and
function in patients with chronic kidney disease: The PRIMO randomized controlled trial.
JAMA - J Am Med Assoc. 2012;307(7):674-684. doi:10.1001/jama.2012.120

Levin A, Perry T, De Zoysa P, et al. A randomized control trial to assess the impact of vitamin
D supplementation compared to placebo on vascular stiffness in chronic kidney disease
patients. BMC Cardiovasc Disord. 2014;14(1). doi:10.1186/1471-2261-14-156

Susantitaphong P, Nakwan S, Peerapornratana S, et al. A double-blind, randomized, placebo-
controlled trial of combined calcitriol and ergocalciferol versus ergocalciferol alone in chronic
kidney disease with proteinuria. BMC Nephrol. 2017;18(1). doi:10.1186/s12882-017-0436-6

Acibucu F, Dokmetas H, Acibucu D, Kilicli F, Aydemir M, Cakmak E. Effect of Vitamin D
Treatment on Serum Sclerostin Level. Exp Clin Endocrinol Diabetes. 2017;125(09):634-637.
doi:10.1055/s-0035-1559790

Cidem M, Karacan |, Arat NB, et al. Serum sclerostin is decreased following vitamin D
treatment in young vitamin D-deficient female adults. Rheumatol Int. 2015;35(10):1739-
1742. doi:10.1007/s00296-015-3294-1

193 |Page



281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294,

295.

Sankaralingam A, Roplekar R, Turner C, Dalton RN, Hampson G. Changes in Dickkopf-1 (DKK1)
and Sclerostin following a Loading Dose of Vitamin D 2 (300,000 IU). J Osteoporos.
2014;2014:682763. d0i:10.1155/2014/682763

Torino C, Pizzini P, Cutrupi S, et al. Active vitamin D treatment in CKD patients raises serum
sclerostin and this effect is modified by circulating pentosidine levels. Nutr Metab Cardiovasc
Dis. 2017;27(3):260-266. doi:10.1016/J.NUMECD.2016.11.005

Dawson-Hughes B, Harris SS, Krall EA, Dallal GE. Effect of Calcium and Vitamin D
Supplementation on Bone Density in Men and Women 65 Years of Age or Older. N Engl J
Med. 1997;337(10):670-676. doi:10.1056/NEJM199709043371003

Kumar V, Yadav AK, Lal A, et al. A Randomized Trial of Vitamin D Supplementation on
Vascular Function in CKD. J Am Soc Nephrol. 2017;28(10):3100-3108.
doi:10.1681/ASN.2017010003

Luo J, Wen H, Guo H, Cai Q, Li S, Li X. 1,25-dihydroxyvitamin D3 inhibits the RANKL pathway
and impacts on the production of pathway-associated cytokines in early rheumatoid arthritis.
Biomed Res Int. 2013;2013. doi:10.1155/2013/101805

Feng X, Lv C, Wang F, Gan K, Zhang M, Tan W. Modulatory effect of 1,25-dihydroxyvitamin D3
on IL1 B -induced RANKL, OPG, TNF a, and IL-6 expression in human rheumatoid synoviocyte
MH7A. Clin Dev Immunol. 2013;2013. doi:10.1155/2013/160123

Lee S-K, Kalinowski J, Jastrzebski S, Lorenzo JA. 1,25 (OH) 2 Vitamin D 3 -Stimulated
Osteoclast Formation in Spleen-Osteoblast Cocultures Is Mediated in Part by Enhanced IL-1a
and Receptor Activator of NF-kB Ligand Production in Osteoblasts . J/ Immunol.
2002;169(5):2374-2380. doi:10.4049/jimmunol.169.5.2374

Michaud J, Naud J, Ouimet D, et al. Reduced hepatic synthesis of calcidiol in uremia. J Am Soc
Nephrol. 2010;21(9):1488-1497. doi:10.1681/ASN.2009080815

Anderson PH, Lam NN, Turner AG, et al. The pleiotropic effects of vitamin D in bone. J Steroid
Biochem Mol Biol. 2013;136(1):190-194. d0i:10.1016/j.jsbmb.2012.08.008

De Francisco ALM. Secondary hyperparathyroidism: Review of the disease and its treatment.
Clin Ther. 2004;26(12):1976-1993. doi:10.1016/j.clinthera.2004.12.011

Group KDIGO (KDIGO) C-MW. KDIGO clinical practice guideline for the diagnosis, evaluation,
prevention, and treatment of Chronic Kidney Disease-Mineral and Bone Disorder (CKD-MBD).
Kidney Int Suppl. 2009. doi:10.1038/ki.2009.188

Koizumi M, Komaba H, Fukagawa M. Parathyroid function in chronic kidney disease: role of
FGF23-Klotho axis. Contrib Nephrol. 2013;180:110-123. doi:10.1159/000346791

Dogan E, Erkoc R, Sayarlioglu H, Soyoral Y, Dulger H. Effect of depot oral cholecalciferol
treatment on secondary hyperparathyroidism in stage 3 and stage 4 chronic kidney diseases
patients. Ren Fail. 2008;30(4):407-410. doi:10.1080/08860220801964210

Oksa A, Spustova V, Krivosikova Z, et al. Effects of long-term cholecalciferol supplementation
on mineral metabolism and calciotropic hormones in chronic kidney disease. Kidney Blood
Press Res. 2008;31(5):322-329. d0i:10.1159/000157177

Chandra P, Binongo JNG, Ziegler TR, et al. Cholecalciferol (vitamin D3) therapy and vitamin D
insufficiency in patients with chronic kidney disease: A randomized controlled pilot study.
Endocr Pract. 2008;14(1):10-17. doi:10.4158/EP.14.1.10

194 |Page



296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

Westerberg A, Sterner G, Ljunggren O, et al. High doses of cholecalciferol alleviate the
progression of hyperparathyroidism in patients with CKD Stages 3-4: results of a 12-week
double-blind, randomized, controlled study. Nephrol Dial Transpl. 2018;33:466-471.
doi:10.1093/ndt/gfx059

Petkovich M, Melnick J, White J, Tabash S, Strugnell S, Bishop CW. Modified-release oral
calcifediol corrects vitamin D insufficiency with minimal CYP24A1 upregulation. J Steroid
Biochem Mol Biol. 2015;148:283-289. d0i:10.1016/j.jsbmb.2014.11.022

Sprague SM, Crawford PW, Melnick JZ, et al. Use of Extended-Release Calcifediol to Treat
Secondary Hyperparathyroidism in Stages 3 and 4 Chronic Kidney Disease. Am J Nephrol.
2016;44(4):316-325. doi:10.1159/000450766

Coyne D, Acharya M, Qiu P, et al. Paricalcitol capsule for the treatment of secondary
hyperparathyroidism in stages 3 and 4 CKD. Am J Kidney Dis. 2006;47(2):263-276.
doi:10.1053/j.ajkd.2005.10.007

De Zeeuw D, Agarwal R, Amdahl M, et al. Selective vitamin D receptor activation with
paricalcitol for reduction of albuminuria in patients with type 2 diabetes (VITAL study): A
randomised controlled trial. Lancet. 2010;376(9752):1543-1551. doi:10.1016/S0140-
6736(10)61032-X

Coyne DW, Goldberg S, Faber M, Ghossein C, Sprague SM. A randomized multicenter trial of
paricalcitol versus calcitriol for secondary hyperparathyroidism in stages 3-4 CKD. Clin J Am
Soc Nephrol. 2014;9(9):1620-1626. doi:10.2215/CJN.10661013

Riccio E, Sabbatini M, Bruzzese D, et al. Effect of paricalcitol vs calcitriol on hemoglobin levels
in chronic kidney disease patients: A randomized trial. PLoS One. 2015;10(3).
doi:10.1371/journal.pone.0118174

Zoccali C, Curatola G, Panuccio V, et al. Paricalcitol and endothelial function in chronic kidney
disease trial. Hypertension. 2014;64(5):1005-1011.
doi:10.1161/HYPERTENSIONAHA.114.03748

Kovesdy CP, Lu JL, Malakauskas SM, Andress DL, Kalantar-Zadeh K, Ahmadzadeh S. Paricalcitol
versus ergocalciferol for secondary hyperparathyroidism in CKD stages 3 and 4: A randomized
controlled trial. Am J Kidney Dis. 2012;59(1):58-66. doi:10.1053/j.ajkd.2011.06.027

Moe SM, Saifullah A, LaClair RE, Usman SA, Yu Z. A randomized trial of cholecalciferol versus
doxercalciferol for lowering parathyroid hormone in chronic kidney disease. Clin J Am Soc
Nephrol. 2010;5(2):299-306. doi:10.2215/CJN.07131009

Levin A, Tang M, Perry T, et al. Randomized controlled trial for the effect of vitamin D
supplementation on vascular stiffness in CKD. Clin J/ Am Soc Nephrol. 2017;12(9):1447-1460.
doi:10.2215/CJN.10791016

van Tulder M, Furlan A, Bombardier C, Bouter L, Editorial Board of the Cochrane
Collaboration Back Review Group. Updated method guidelines for systematic reviews in the
cochrane collaboration back review group. Spine (Phila Pa 1976). 2003;28(12):1290-1299.
doi:10.1097/01.BRS.0000065484.95996.AF

Petkovich M. BCW. Vitamin D: Volume 1: Biochemistry, Physiology and Diagnostics. In:
Feldman David, Pike J. Wesley, Bouillon Roger, Giovannucci Edward, Goltzman David HM, ed.
4th ed. Elsevier; 2018:667-678.

Evenepoel P. Calcimimetics in chronic kidney disease: Evidence, opportunities and challenges.
Kidney Int. 2008;74(3):265-275. doi:10.1038/ki.2008.166

195|Page



310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

Slatopolsky E, Weerts C, Thielan J, Horst R, Harter H, Martin KJ. Marked suppression of
secondary hyperparathyroidism by intravenous administration of 1,25-
dihydroxycholecalciferol in uremic patients. J Clin Invest. 1984;74(6):2136-2143.
doi:10.1172/JCI111639

Alborzi P, Patel NA, Peterson C, et al. Paricalcitol reduces albuminuria and inflammation in
chronic kidney disease a randomized double-blind pilot trial. Hypertension. 2008;52(2):249-
255. doi:10.1161/HYPERTENSIONAHA.108.113159

Wang AYM, Fang F, Chan J, et al. Effect of paricalcitol on left ventricular mass and function in
CKD-The OPERA trial. J Am Soc Nephrol. 2014;25(1):175-186. doi:10.1681/ASN.2013010103

Moslehi N, Shab-Bidar S, Mirmiran P, Hosseinpanah F, Azizi F. Determinants of parathyroid
hormone response to Vitamin D supplementation: A systematic review and meta-analysis of
randomised controlled trials. Br J Nutr. 2013;114(9):1360-1374.
doi:10.1017/50007114515003189

Cranney A, Horsley T, O’Donnell S, et al. Effectiveness and Safety of Vitamin D in Relation to
Bone Health. Agency for Healthcare Research and Quality (US); 2007.

Hojs R, Bevc S, Ekart R, Gorenjak M, Puklavec L. Serum crystatin C-based equation compared
to serum creatinine-based equations for estimation of glomerular filtration rate in patient
with chronic kidney disease. Clin Nephrol. 2008;70(1):10-17. doi:10.5414/cnp70010

National Kidney Foundation. Cystatin C.; 2009. www.kidney.org. Accessed December 15,
2019.

National Institute for Clinical Excellence. Chronic Kidney Disease in Adults: Assessment and
Management. NICE; 2015.

Pedone C, Corsonello A, Incalzi RA. Estimating renal function in older people: A comparison of
three formulas. Age Ageing. 2006;35(2):121-126. doi:10.1093/ageing/afj041

Chan S, Au K, Francis RS, Mudge DW, Johnson DW, Pillans PI. Phosphate binders in patients
with chronic kidney disease. Aust Prescr. 2017;40(1):9-14. doi:10.18773/austprescr.2017.002

National Kidney Foundation. K/DOQI Clinical Practice Guidelines for Bone Metabolism and
Disease in Chronic Kidney Disease. Am J Kidney Dis. 2003;42:1-202.

Feldman D. Vitamin D. Volume 2 Health, Disease and Therapeutics. (Feldman D, Pike JW,
Bouillon R, Giovammucci E, Goltzman D, Hewison M, eds.). Academic Press; 2018.

Ginsberg C, Zelnick LR, Block GA, et al. Differential effects of phosphate binders on vitamin D
metabolism in chronic kidney disease. Nephrol Dial Transpl. 2020;35:616-623.
doi:10.1093/ndt/gfaa010

Bouillon R. Comparative analysis of nutritional guidelines for vitamin D. Nat Rev Endocrinol.
2017;13(8):466-479. doi:10.1038/nrendo.2017.31

Paul Lips, Kevin D Cashman, Christel Lamberg-Allardt, Heike Annette Bischoff-Ferrari, Barbara
Obermayer-Pietsch, Maria Luisa Bianchi, Jan Stepan GE-HF and RB. Current vitamin D status
in European and Middle East countries and strategies to prevent vitamin D deficiency: a
position statement of the European Calcified Tissue Society in: European Journal of
Endocrinology. Eur J Endocrinol. 2019;180(4):23-54. doi:10.1530/EJE-18-0736

Ross AC, Manson JAE, Abrams SA, et al. The 2011 report on dietary reference intakes for
calcium and vitamin D from the Institute of Medicine: What clinicians need to know. J Clin

196 |Page



326.

327.

328.

329.

330.

331.

332.

333.
334.

335.

336.

337.

338.

339.

340.

341.

Endocrinol Metab. 2011;96(1):53-58. doi:10.1210/jc.2010-2704

European Food Safety Authority (EFSA). TECHNICAL REPORT Dietary Reference Values for
nutrients Summary report. 2017. doi:10.2903/sp.efsa.2017.e15121

IOM (Institute of Medicine). Dietary Reference Intakes for Calcium and Vitamin D. (A
Catharine Ross, Christine L Taylor, Ann L Yaktine and HBDV, ed.).; 2011.

Hoteit M, Al-Shaar L, Yazbeck C, Bou Sleiman M, Ghalayini T, El-Hajj Fuleihan G.
Hypovitaminosis D in a sunny country: Time trends, predictors, and implications for practice
guidelines. Metabolism. 2014;63(7):968-978. doi:10.1016/j.metabol.2014.04.009

Food Safety Authority of Ireland. Recommended Dietary Allowances for Ireland: 1999 / Food
Safety Authority of Ireland.; 1999.

Spiro A, Buttriss JL. Vitamin D: An overview of vitamin D status and intake in Europe. Nutr
Bull. 2014;39(4):322-350. doi:10.1111/nbu.12108

Chan M, Johnson D. Vitamin D Therapy (Supplementation) in Early Chronic Kidney Disease.;
2012. https://www.cariguidelines.org/guidelines/chronic-kidney-disease/early-chronic-
kidney-disease/vitamin-d-therapy-supplementation-in-early-chronic-kidney-disease/.

Holick MF, Binkley NC, Bischoff-Ferrari HA, et al. Evaluation, treatment, and prevention of
vitamin D deficiency: An endocrine society clinical practice guideline. J Clin Endocrinol Metab.
2011;96(7):1911-1930. doi:10.1210/jc.2011-0385

Vitamin D deficiency in adults - treatment and prevention - NICE CKS. 2022

Roger Francis, Terry Aspray, William Fraser, Helen Macdonald, Sanjeev Patel, Alexandra
Mavroeidi, Inez Schoenmakers MS. Vitamin D and Bone Health : A Practical Clinical Guideline
for Patient Management. R Osteoporos Soc. 2018:1-25.

Johnson DW, Atai E, Chan M, et al. KHA-CARI Guideline: Early chronic kidney disease:
Detection, prevention and management. Nephrology. 2013;18(5):340-350.
doi:10.1111/nep.12052

Kidney Health Australia. Chronic Kidney Disease (CKD) Management in General Practice. 4th
ed. Melbourne; 2015. www.kidney.org.au. Accessed May 31, 2020.

Isakova T, Nickolas TL, Denburg M, et al. KDOQI US Commentary on the 2017 KDIGO Clinical
Practice Guideline Update for the Diagnosis, Evaluation, Prevention, and Treatment of
Chronic Kidney Disease—Mineral and Bone Disorder (CKD-MBD). Am J Kidney Dis.
2017;70(6):737-751. doi:10.1053/j.ajkd.2017.07.019

Autier P, Gandini S, Mullie P. A systematic review: Influence of vitamin D supplementation on
serum 25-hydroxyvitamin D concentration. J Clin Endocrinol Metab. 2012;97(8):2606-2613.
doi:10.1210/jc.2012-1238

Heaney RP, Armas LA, Shary IR, Bell NH, Binkley N, Hollis BW. 25-Hydroxylation of Vitamin D
3 : Relation to Circulating Vitamin D 3 under Various Input Conditions 1-3. Vol 87.; 2008.
doi:10.1093/ajcn/87.6.1738

Singh G, Bonham AJ. A predictive equation to guide vitamin D replacement dose in patients. J
Am Board Fam Med. 2014;27(4):495-509. doi:10.3122/jabfm.2014.04.130306

Cashman KD, Fitzgerald AP, Kiely M, Seamans KM. A systematic review and meta-regression
analysis of the vitamin D intake-serum 25-hydroxyvitamin D relationship to inform European
recommendations. BrJ Nutr. 2011;106(11):1638-1648. doi:10.1017/50007114511005058

197 |Page



342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

Christodoulou M, Aspray TJ, Piec |, et al. Vitamin D Supplementation for 12 Months in Older
Adults Alters Regulators of Bone Metabolism but Does Not Change Wnt Signaling Pathway
Markers. JBMR Plus. March 2022:e10619. doi:10.1002/JBM4.10619

Aspray TJ, Chadwick T, Francis RM, et al. Randomized controlled trial of vitamin D
supplementation in older people to optimize bone health. Am J Clin Nutr. 2019;109:207-217.
doi:10.1093/ajcn/nqy280

Macdonald HM, Reid IR, Gamble GD, Fraser WD, Tang JC, Wood AD. 25-Hydroxyvitamin D
Threshold for the Effects of Vitamin D Supplements on Bone Density: Secondary Analysis of a
Randomized Controlled Trial. J Bone Miner Res. 2018;33(8):1464-1469.
doi:10.1002/jbmr.3442

Schoenmakers I, Francis RM, McColl E, et al. Vitamin D supplementation in older people
(VDOP): Study protocol for a randomised controlled intervention trial with monthly oral
dosing with 12,000 U, 24,000 IU or 48,000 IU of vitamin D3. Trials. 2013;14(1):299.
doi:10.1186/1745-6215-14-299

Tang JCY, Nicholls H, Piec |, et al. Reference intervals for serum 24,25-dihydroxyvitamin D and
the ratio with 25-hydroxyvitamin D established using a newly developed LC—MS/MS method.
J Nutr Biochem. 2017;46:21-29. doi:10.1016/J.JNUTBIO.2017.04.005

Bikle DD, Gee E, Halloran B, Kowalski MA, Ryzen E, Haddad JG. Assessment of the free
fraction of 25-hydroxyvitamin d in serum and its regulation by albumin and the vitamin d-
binding protein. J Clin Endocrinol Metab. 1986;63(4):954-959. doi:10.1210/jcem-63-4-954

Dawson-Hughes B, Harris SS, Ceglia L, Palermo NJ. Effect of supplemental vitamin D and
calcium on serum sclerostin levels. Eur J Endocrinol. 2014;170(4):645-650. doi:10.1530/EJE-
13-0862

Chung YE, Lee SH, Lee S-Y, et al. Long-term treatment with raloxifene, but not
bisphosphonates, reduces circulating sclerostin levels in postmenopausal women. Osteoporos
Int. 2012;23(4):1235-1243. d0i:10.1007/5S00198-011-1675-1

Drake MT, Srinivasan B, Modder Ul, et al. Effects of Parathyroid Hormone Treatment on
Circulating Sclerostin Levels in Postmenopausal Women. J Clin Endocrinol Metab.
2010;95(11):5056-5062. doi:10.1210/JC.2010-0720

Mirza FS, Padhi ID, Raisz LG, Lorenzo JA. Serum sclerostin levels negatively correlate with
parathyroid hormone levels and free estrogen index in postmenopausal women. J Clin
Endocrinol Metab. 2010;95(4):1991-1997. doi:10.1210/JC.2009-2283

Francic V, Ursem SR, Dirks NF, et al. The Effect of Vitamin D Supplementation on its
Metabolism and the Vitamin D Metabolite Ratio. Nutrients. 2019;11.
doi:10.3390/nu11102539

Aloia JF, Dhaliwal R, Shieh A, et al. Vitamin D supplementation increases calcium absorption
without a threshold effect. Am J Clin Nutr. 2014;99(3):624-631. doi:10.3945/ajcn.113.067199

Christakos S, Lieben L, Masuyama R, Carmeliet G. Vitamin D endocrine system and the
intestine. Bonekey Rep. 2014;3:496. doi:10.1038/bonekey.2013.230

Jennings A, Cashman KD, Gillings R, et al. A Mediterranean-like dietary pattern with Vitamin
D3(10 pg/d) supplements reduced the rate of bone loss in older Europeans with osteoporosis
at baseline: Results of a 1-y randomized controlled trial. Am J Clin Nutr. 2018;108(3):633-640.
doi:10.1093/ajcn/nqy122

198 |Page



356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

Prentice A, Goldberg GR, Schoenmakers I. Vitamin D across the lifecycle: Physiology and
biomarkers. Am J Clin Nutr. 2008;88(2):500-506. doi:88/2/500S [pii]

Prié D, Friedlander G. Reciprocal Control of 1,25-Dihydroxyvitamin D and FGF23 Formation
Involving the FGF23/Klotho System. Clin J Am Soc Nephrol. 2010;5:1717-1722.
doi:10.2215/CJN.02680310

Connelly P, Galloway |, Gallacher S, Gallagher A. Fibroblast Growth Factor 23 (FGF23) is a
useful biomarker in the investigation of incidental hypophosphataemia. Endocr Abstr.
2018;59. doi:10.1530/ENDOABS.59.EP22

Zittermann A, Berthold HK, Pilz S. The effect of vitamin D on fibroblast growth factor 23: a
systematic review and meta-analysis of randomized controlled trials. Eur J Clin Nutr. 2020.
doi:10.1038/s41430-020-00725-0

Holick MF. Vitamin D Deficiency. N Engl J Med. 2007;357:266-281. www.nejm.org. Accessed
June 7, 2021.

Bischoff-Ferrari HA, Shao A, Dawson-Hughes B, Hathcock J, Giovannucci E, Willett WC.
Benefit-risk assessment of vitamin D supplementation. Osteoporos Int. 2010;21(7):1121-
1132. doi:10.1007/s00198-009-1119-3

Jebreal Azimzadeh M, Shidfar F, Jazayeri S, Hosseini AF, Ranjbaran F. Effect of vitamin D
supplementation on klotho protein, antioxidant status and nitric oxide in the elderly: A
randomized, double-blinded, placebo-controlled clinical trial. Eur J Integr Med.
2020;35:101089. doi:10.1016/j.eujim.2020.101089

Hernando N, Pastor-Arroyo EM, Marks J, et al. 1,25(0H)2 vitamin D3 stimulates active
phosphate transport but not paracellular phosphate absorption in mouse intestine. J Physiol.
2021;599(4):1131-1150. doi:10.1113/JP280345

Xu H, Hashem A, Witasp A, et al. Fibroblast growth factor 23 is associated with fractional
excretion of sodium in patients with chronic kidney disease. Nephrol Dial Transplant.
2019;34(12):2051-2057. doi:10.1093/ndt/gfy315

Mirza MAI, Karlsson MK, Mellstrém D, et al. Serum fibroblast growth factor-23 (FGF-23) and
fracture risk in elderly men. J Bone Miner Res. 2011;26(4):857-864. doi:10.1002/JBMR.263

Piccoli A, Cannata F, Strollo R, et al. Sclerostin Regulation, Microarchitecture, and Advanced
Glycation End-Products in the Bone of Elderly Women With Type 2 Diabetes. J Bone Miner
Res. 2020;35(12):2415-2422. doi:10.1002/JBMR.4153

Cidem M, Karacan |, Arat NB, et al. Serum sclerostin is decreased following vitamin D
treatment in young vitamin D-deficient female adults. Rheumatol Int. 2015;35(10):1739-
1742. doi:10.1007/s00296-015-3294-1

Aclbucu F, Dokmetas HS, Aclbucu DO, Klllcll F, Aydemir M, Cakmak E. Effect of Vitamin D
Treatment on Serum Sclerostin Level. Exp Clin Endocrinol Diabetes. 2017;125(9):634-637.
doi:10.1055/s-0035-1559790

Shymanskyi I, Lisakovska O, Mazanova A, Labudzynskyi D, Veliky M. Vitamin D3 modulates
impaired crosstalk between RANK and glucocorticoid receptor signaling in bone marrow cells
after chronic prednisolone administration. Front Endocrinol (Lausanne). 2018;9(JUN):1.
doi:10.3389/fendo.2018.00303

Jorde R, Stunes AK, Kubiak J, et al. Effects of vitamin D supplementation on bone turnover
markers and other bone-related substances in subjects with vitamin D deficiency. Bone.

199 |Page



371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

2019;124:7-13. doi:10.1016/j.bone.2019.04.002

Lips P, Van Schoor NM. The effect of vitamin D on bone and osteoporosis. Best Pract Res Clin
Endocrinol Metab. 2011;25(4):585-591. d0i:10.1016/j.beem.2011.05.002

Bischoff-Ferrari HA, Dawson-Hughes B, Staehelin HB, et al. Fall prevention with supplemental
and active forms of vitamin D: A meta-analysis of randomised controlled trials. BMJ.
2009;339(7725):843. doi:10.1136/bmj.b3692

Bischoff-Ferrari HA, Giovannucci E, Willett WC, Dietrich T, Dawson-Hughes B. Estimation of
optimal serum concentrations of 25-hydroxyvitamin D for multiple health outcomes. Am J
Clin Nutr. 2006;84(1):18-28. doi:10.1093/ajcn/84.1.18

Bikle D, Bouillon R, Thadhani R, Schoenmakers I. Vitamin D metabolites in captivity? Should
we measure free or total 25(OH)D to assess vitamin D status? J Steroid Biochem Mol Biol.
2017;173:105-116. d0i:10.1016/j.jsbmb.2017.01.007

Tsuprykov O, Chen X, Hocher CF, Skoblo R, Lianghong Yin, Hocher B. Why should we measure
free 25(0OH) vitamin D? J Steroid Biochem Mol Biol. 2018;180:87-104.
doi:10.1016/j.jsbmb.2017.11.014

Turner AG, Hanrath MA, Morris HA, Atkins GJ, Anderson PH. The local production of 1,25(0H)
2 D 3 promotes osteoblast and osteocyte maturation. J Steroid Biochem Mol Biol.
2014;144:114-118. doi:10.1016/j.jsbmb.2013.10.003

Driel M, Koedam M, Buurman CJ, et al. Evidence for auto/paracrine actions of vitamin D in
bone: 1a-hydroxylase expression and activity in human bone cells. FASEB J.
2006;20(13):2417-2419. doi:10.1096/fj.06-6374fje

Kerschan-Schindl K. Romosozumab: a novel bone anabolic treatment option for
osteoporosis? Wiener Medizinische Wochenschrift. 2020;170(5-6):124-131.
doi:10.1007/s10354-019-00721-5

Szulc P. Bone turnover: Biology and assessment tools. Best Pract Res Clin Endocrinol Metab.
2018;32(5):725-738. doi:10.1016/j.beem.2018.05.003

Inker LA, Eneanya ND, Coresh J, et al. New Creatinine- and Cystatin C-Based Equations to
Estimate GFR without Race. N Engl J Med. 2021;385(19):1737-1749.
doi:10.1056/NEJMOA2102953

National Institute for Health and Care Excellence. Prescribing in renal impairment | Medicines
guidance | BNF content published by NICE. https://bnf.nice.org.uk/guidance/prescribing-in-
renal-impairment.html. Accessed March 31, 2022.

National Institute for Health and Care Excellence. Recommendations | Chronic kidney
disease: assessment and management | Guidance | NICE.
https://www.nice.org.uk/guidance/ng203/chapter/Recommendations#investigations-for-
chronic-kidney-disease. Published 2021.

Major RW, Shepherd D, Medcalf JF, Xu G, Gray LJ, Brunskill NJ. The kidney failure risk
equation for prediction of end stage renal disease in UK primary care: An external validation
and clinical impact projection cohort study. PLoS Med. 2019;16(11).
doi:10.1371/JOURNAL.PMED.1002955

Sakan H, Nakatani K, Asai O, et al. Reduced renal a-Klotho expression in CKD patients and its
effect on renal phosphate handling and vitamin D metabolism. PLoS One. 2014;9(1).
doi:10.1371/JOURNAL.PONE.0086301

200 |Page



385.
386.

387.

388.

389.

390.

391.

392.

393.

394,

395.

396.

397.

398.

399.

400.

401.

Liu W-C, Wu C-C, Hung Y-M, et al. No Title. 2016;453:1-12. doi:10.1016/j.cca.2015.11.029

Kahnel W. Reference Range - IMMULITE® 2000 Reference Range Compendium. First Engl.
Diagnostic Products Corporation; 2000. https://cupdf.com/document/reference-range.html.

Musgrove J, Wolf M. Regulation and Effects of FGF23 in Chronic Kidney Disease. Annu Rev
Physiol. 2020;82:365-390. doi:10.1146/ANNUREV-PHYSIOL-021119-034650

Garnero P. New developments in biological markers of bone metabolism in osteoporosis.
Bone. 2014;66:46-55. doi:10.1016/J.BONE.2014.05.016

Peng J, Dong Z, Hui Z, Aifei W, Lianfu D, Youjia X. Bone Sclerostin and Dickkopf-related
protein-1 are positively correlated with bone mineral density, bone microarchitecture, and
bone strength in postmenopausal osteoporosis. BMC Musculoskelet Disord. 2021;22(1):1-8.
doi:10.1186/512891-021-04365-8/TABLES/3

Rupp M, Merboth F, Daghma DE, Biehl C, El Khassawna T, Heif3 C. Osteocytes. Z Orthop Unfall.
2019;157(2):154-162. doi:10.1055/A-0658-5922

Driieke TB, Massy ZA. Changing bone patterns with progression of chronic kidney disease.
Kidney Int. 2016;89(2):289-302. doi:10.1016/J.KINT.2015.12.004

Sabbagh Y, Graciolli FG, O’Brien S, et al. Repression of osteocyte Wnt/B-catenin signaling is an
early event in the progression of renal osteodystrophy. J Bone Miner Res. 2012;27(8):1757-
1772. doi:10.1002/JBMR.1630

Torino C, Pizzini P, Cutrupi S, et al. Active vitamin D treatment in CKD patients raises serum
sclerostin and this effect is modified by circulating pentosidine levels. 2017;27(3):260-266.
doi:10.1016/J.NUMECD.2016.11.005

Ardawi M-SM, Al-Kadi HA, Rouzi AA, Qari MH. Determinants of serum sclerostin in healthy
pre- and postmenopausal women. J Bone Miner Res. 2011;26(12):2812-2822.
doi:10.1002/JBMR.479

Sankaralingam A, Roplekar R, Turner C, Dalton RN, Hampson G. Changes in Dickkopf-1 (DKK1)
and Sclerostin following a Loading Dose of Vitamin D 2 (300,000 IU). J Osteoporos. 2014;2014.
doi:10.1155/2014/682763

Acibucu F, Dokmetas HS, Acibucu DO, Kilich F, Aydemir M, Cakmak E. Effect of Vitamin D
Treatment on Serum Sclerostin Level. Exp Clin Endocrinol Diabetes. 2017;125(9):634-637.
doi:10.1055/5-0035-1559790

Cidem M, Karacan |, Arat NB, et al. Serum sclerostin is decreased following vitamin D
treatment in young vitamin D-deficient female adults. Rheumatol Int 2015 3510.
2015;35(10):1739-1742. doi:10.1007/500296-015-3294-1

Dawson-Hughes B, Harris SS, Ceglia L, Palermo NJ. Effect of supplemental vitamin D and
calcium on serum sclerostin levels. Eur J Endocrinol. 2014;170(4):645-650. doi:10.1530/EJE-
13-0862

Stevens LA, Coresh J, Greene T, Levey AS. Assessing kidney function--measured and estimated
glomerular filtration rate. N Engl J Med. 2006;354(23):2473-2483.
doi:10.1056/NEJMRA054415

Inker LA, Schmid CH, Tighiouart H, et al. Estimating glomerular filtration rate from serum
creatinine and cystatin C. N Engl J Med. 2012;367(1):20-29. doi:10.1056/NEJMOA1114248

Zonoozi S, Ramsay SE, Papacosta O, et al. Chronic kidney disease, cardiovascular risk markers

201 |Page



402.

403.

404,

405.

406.

407.

408.

4009.

410.

411.

412.

413.

414,

415.

416.

and total mortality in older men: Cystatin C versus creatinine. J Epidemiol Community Health.
2019;73(7):645-651. doi:10.1136/jech-2018-211719

Lassus J, Harjola V-P. Cystatin C: a step forward in assessing kidney function and
cardiovascular risk. Heart Fail Rev. 2012;17(2):251-261. doi:10.1007/510741-011-9242-6

Stevens LA, Schmid CH, Greene T, et al. Factors other than glomerular filtration rate affect
serum cystatin C levels. Kidney Int. 2009;75(6):652-660. doi:10.1038/KI.2008.638

Tangri N, Stevens LA, Schmid CH, et al. Changes in dietary protein intake has no effect on
serum cystatin C levels independent of the glomerular filtration rate. Kidney Int.
2011;79(4):471-477. doi:10.1038/K1.2010.431

Peralta CA, Shlipak MG, Judd S, et al. Detection of chronic kidney disease with creatinine,
cystatin C, and urine albumin-to-creatinine ratio and association with progression to end-
stage renal disease and mortality. JAMA. 2011;305(15):1545-1552.
doi:10.1001/JAMA.2011.468

Levey AS, Coresh J, Greene T, et al. Using standardized serum creatinine values in the
modification of diet in renal disease study equation for estimating glomerular filtration rate.
Ann Intern Med. 2006;145(4):247-254. doi:10.7326/0003-4819-145-4-200608150-00004

Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D. A more accurate method to
estimate glomerular filtration rate from serum creatinine: A new prediction equation. Ann
Intern Med. 1999;130(6):461-470. doi:10.7326/0003-4819-130-6-199903160-00002

Dati F, Schumann G, Thomas L, et al. Consensus of a Group of Professional Societies and
Diagnostic Companies on Guidelines for Interim Reference Ranges for 14 Proteins in Serum
Based on the Standardization against the IFCC/BCR/CAP Reference Material (CRM 470). Eur J
Clin Chem Clin Biochem. 1996;34:517-520.

David V, Martin A, Isakova T, et al. Inflammation and functional iron deficiency regulate
fibroblast growth factor 23 production. Kidney Int. 2016;89(1):135-146.
doi:10.1038/KI1.2015.290

Farrow EG, Yu X, Summers LJ, et al. Iron deficiency drives an autosomal dominant
hypophosphatemic rickets (ADHR) phenotype in fibroblast growth factor-23 (Fgf23) knock-in
mice. Proc Natl Acad Sci U S A. 2011;108(46). doi:10.1073/PNAS.1110905108

David V, Francis C, Babitt JL. Inflammation and Inflammatory Mediators in Kidney Disease:
Ironing out the cross talk between FGF23 and inflammation. Am J Physiol - Ren Physiol.
2017;312(1):F1. doi:10.1152/AJPRENAL.00359.2016

Zhou M, Li S, Pathak JL. Pro-inflammatory Cytokines and Osteocytes. Curr Osteoporos Rep.
2019;17(3):97-104. doi:10.1007/511914-019-00507-Z

Leifheit-Nestler M, Haffner D. How FGF23 shapes multiple organs in chronic kidney disease.
Mol Cell Pediatr 2021 81. 2021;8(1):1-8. d0i:10.1186/540348-021-00123-X

Han X, Quarles LD. Multiple Faces of FGF-23. Curr Opin Nephrol Hypertens. 2016;25(4):333.
doi:10.1097/MNH.0000000000000240

Ganz T, Nemeth E. Iron Balance and the Role of Hepcidin in Chronic Kidney Disease. Semin
Nephrol. 2016;36(2):87-93. doi:10.1016/J.SEMNEPHROL.2016.02.001

Tomasz G, Ewa W, Jolanta M. Biomarkers of iron metabolism in chronic kidney disease. Int
Urol Nephrol. 2021;53(5):935-944. doi:10.1007/511255-020-02663-Z

202 |Page



417. tukaszyk E, tukaszyk M, Koc-Zérawska E, Tobolczyk J, Bodzenta-tUkaszyk A, Matyszko J. Iron
Status and Inflammation in Early Stages of Chronic Kidney Disease. Kidney Blood Press Res.
2015;40(4):366-373. doi:10.1159/000368512

418. Andrews NC. Anemia of inflammation: the cytokine-hepcidin link. J Clin Invest.
2004;113(9):1251-1253. doi:10.1172/JCI21441

419. Marckmann P, Agerskov H, Thineshkumar S, et al. Randomized controlled trial of
cholecalciferol supplementation in chronic kidney disease patients with hypovitaminosis D.
Nephrol Dial Transplant. 2012;27(9):3523-3531. doi:10.1093/NDT/GFS138

420. Alvarez A, Faccioli J, Guinzbourg M, et al. Endocrine and inflammatory profiles in type 2
diabetic patients with and without major depressive disorder. BMC Res Notes. 2013;6:61.
doi:10.1186/1756-0500-6-61

421. Limonte CP, Zelnick LR, Ruzinski J, et al. Effects of long-term vitamin D and n-3 fatty acid
supplementation on inflammatory and cardiac biomarkers in patients with type 2 diabetes:
secondary analyses from a randomised controlled trial. Diabetologia. 2021;64(2):437-447.
doi:10.1007/500125-020-05300-7

422. Prtina A, Simovi¢ NR, Milivojac T, et al. The Effect of Three-Month Vitamin D Supplementation
on the Levels of Homocysteine Metabolism Markers and Inflammatory Cytokines in Sera of
Psoriatic Patients. Biomolecules. 2021;11(12). doi:10.3390/BIOM11121865

423. Epsley S, Tadros S, Farid A, Kargilis D, Mehta S, Rajapakse CS. The Effect of Inflammation on
Bone. Front Physiol. 2021;11. doi:10.3389/FPHYS.2020.511799

424. L Bishop E, Ismailova A, Dimeloe S, Hewison M, White JH. Vitamin D and Immune Regulation:
Antibacterial, Antiviral, Anti-Inflammatory. JBMR Plus. 2021;5(1):e10405.
doi:10.1002/JBM4.10405

425. Icardi A, Paoletti E, De Nicola L, Mazzaferro S, Russo R, Cozzolino M. Renal anaemia and EPO
hyporesponsiveness associated with vitamin D deficiency: the potential role of inflammation.
Nephrol Dial Transplant. 2013;28(7):1672-1679. doi:10.1093/NDT/GFT021

426. Bacchetta R, Lucarelli B, Sartirana C, et al. Immunological Outcome in Haploidentical-HSC
Transplanted Patients Treated with IL-10-Anergized Donor T Cells. Front Immunol.
2014;5(JAN). doi:10.3389/FIMMU.2014.00016

427. Smith EM, Tangpricha V. Vitamin D and Anemia: Insights into an Emerging Association. Curr
Opin Endocrinol Diabetes Obes. 2015;22(6):432. doi:10.1097/MED.0000000000000199

428. Daryadel A, Bettoni C, Haider T, et al. Erythropoietin stimulates fibroblast growth factor 23
(FGF23) in mice and men. Pflugers Arch. 2018;470(10):1569-1582. doi:10.1007/500424-018-
2171-7

429. Hanudel MR, Eisenga MF, Rappaport M, et al. Effects of erythropoietin on fibroblast growth
factor 23 in mice and humans. Nephrol Dial Transplant. 2019;34(12):2057.
doi:10.1093/NDT/GFY189

430. Smith EM, Alvarez JA, Kearns MD, et al. High-dose vitamin D 3 reduces circulating hepcidin
concentrations: A pilot, randomized, double-blind, placebo-controlled trial in healthy adults.
Clin Nutr. 2017;36(4):980-985. d0i:10.1016/J.CLNU.2016.06.015

431. Bacchetta J, Zaritsky JJ, Sea JL, et al. Suppression of iron-regulatory hepcidin by vitamin D. J
Am Soc Nephrol. 2014;25(3):564-572. doi:10.1681/ASN.2013040355

203 | Page



432. MacDonald HM, Wood AD, Aucott LS, et al. Hip bone loss is attenuated with 1000 IU but not
400 IU daily vitamin D3: a 1-year double-blind RCT in postmenopausal women. J Bone Miner
Res. 2013;28(10):2202-2213. d0i:10.1002/JBMR.1959

433. Reiss AB, Miyawaki N, Moon J, et al. CKD, arterial calcification, atherosclerosis and bone
health: Inter-relationships and controversies. Atherosclerosis. 2018;278(November 2017):49-
59. doi:10.1016/j.atherosclerosis.2018.08.046

204 |Page



