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I. ABSTRACT

Inactivating mutations of 24-hydroxylase (CYP24A1) cause mild hypercalcemia in humans that can
become severe during pregnancy. We studied Cyp24al null mice (NULL) during reproductive cycles,
hypothesizing that they have a greater increase in calcitriol during pregnancy, leading to a greater
increase in intestinal calcium absorption that causes hypercalcemia. We also hypothesized that bone

loss would be reduced during lactation due to a persistent increase in intestinal calcium absorption.

Wild-type (WT) and NULL females were mated with heterozygous (HET) males. We examined them
at baseline (BL), late pregnancy (LP), mid-lactation (ML), late lactation (LL), and during four weeks
of post-weaning recovery (R1-4). Tests included intestinal calcium absorption, bone mineral content
(BMC), uCT of femurs, 3-point bending tests of tibias, serum hormones, serum and urine minerals,

hematocrit, milk analysis, and intestinal gene expression.

At LP, both NULL and WT mice saw a ~12% increase in BMC. In NULLSs, calcitriol was 2.5-fold
higher, with a 3-fold increase in intestinal calcium absorption, and marked hypercalcemia. By LL,

NULLSs remained hypercalcemic compared to WT and had reduced lactational BMC loss in the

lumbar spine (11% vs. 21%, p<0.02).

In summary, Cyp24al ablation raises intestinal calcium absorption and causes hypercalcemia during
pregnancy and lactation, with reduced lactational BMC loss. Treatment for women with gestational
hypercalcemia due to Cyp24al mutations should target lowering calcitriol or intestinal calcium

absorption, as increased bone resorption is not the underlying issue.
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II. GENERAL SUMMARY

The primary function of calcitriol, the active form of vitamin D, is to increase calcium levels in the
blood. The maternal body increases calcitriol levels during pregnancy to provide sufficient calcium
for the developing fetus. Without adequate catabolism of calcitriol, an excessive increase in calcium
can occur, leading to potential complications during pregnancy. CYP24A1 is the primary enzyme

responsible for degrading calcitriol, thus keeping this hormone in adequate levels.

In this project, we studied mice lacking a functional CYP24A41 gene before and during pregnancy,
lactation, and post-weaning. We hypothesized that these mice would experience a more significant
increase in calcitriol during pregnancy and lactation, leading to increased intestinal calcium

absorption and reduced bone loss.

In summary, the CYP24A1 ablation increased intestinal calcium absorption, caused hypercalcemia
during pregnancy and lactation, and reduced lactational BMC loss. Treatment for women with
gestational hypercalcemia from CYP24A1 mutations should focus on lowering calcitriol or intestinal

calcium absorption.
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1. INTRODUCTION

1.1. Preamble

This thesis builds upon and expands the content of the homonymous paper published in JBMR,!
where I am the first author. The use of this content has been authorized by Oxford University Press

(Appendix 1).

The project involves the study of the global knockout mice not expressing 24-Hydroxylase
Cytochrome P450 family 24 subfamily A member 1 (Cyp24al). The objective was to understand the
mechanisms by which the deletion of Cyp24al leads to gestational hypercalcemia and the impact of

this on bone resorption during lactation.

I will begin by explaining bone and mineral homeostasis in adults, followed by the mother’s
adaptations during pregnancy and lactation and their relationships with calcitriol and Cyp24al. Then,
I’ll review previous relevant studies for my project and provide the rationale, hypothesis, purpose,

and objectives.

Proteins and genes follow the international standards of nomenclature in humans and mice.? For mice,
gene names start with a capital letter followed by lowercase letters and are italicized (e.g., Cyp24al),
while protein names are not italicized (e.g., Cyp24al). For humans, gene names are entirely in
uppercase and italicized (e.g., CYP24A41), while protein names are not italicized (e.g., CYP24A1).
When both models are referenced, we used human nomenclature. The protein form is used when both

the gene and the protein are implied.

Serum phosphorus primarily exists as inorganic phosphates (dihydrogen and monohydrogen
phosphate). In bone, it is mostly found in the form of hydroxyapatite, while in soft tissues and
extracellular fluid (ECF), it predominantly exists as an organic phosphates complex with proteins,
carbohydrates, and lipids. For simplicity and consistency, and since phosphorus is reported in serum

and urine assays, the term "phosphorus" will be used to refer to all its forms throughout this thesis.



1.2. Bone and mineral homeostasis

1.2.1. Bone Tissue

Bone is a mineralized connective tissue with four types of cells: osteoblasts, bone lining cells,
osteocytes, and osteoclasts.? It has several vital functions in the body, including locomotion, support
and protection of soft tissue and bone marrow, and calcium and phosphate storage. Despite its

apparent inertia, it is constantly being remodelled by tightly regulated interactions.?

1.2.2. Bone structure

Bone can be morphologically divided into cortical and trabecular (spongy or cancellous) bone.**
Cortical bone is a dense tissue containing less than 10% soft tissue. It forms the external layer of all
bones, particularly in the mid-portion of long bones (diaphysis). Cortical bone represents 80% of the
weight of the human skeleton and, therefore, supports most of the mechanical functions. Trabecular
bone comprises trabeculae shaped like plates or rods, interspersed with bone marrow. It is found
mainly in the axial skeleton, such as the scapulae, pelvis, and vertebrae. Although trabecular bone
forms only 20% of the skeleton, it is metabolically four times more active per unit volume than

cortical bone.’

1.2.3. Bone Matrix

Collagen is a primary component of the bone matrix, with type I collagen fibers composed of two al
chains and one a2 chain.® Along with noncollagenous proteins, collagen fibers make up about 90%
of the organic composition of bone tissue. These fibres create arches in lamellar bone formation,
allowing for the greatest collagen density per unit of tissue volume. In the trabecular bone and the
periosteum, the lamellae may be parallel to each other. In contrast, in the cortical bone, they are

concentrically positioned around a central blood vessel in the Haversian system.® Hydroxyapatite



crystals (Caio(PO4)s(OH)2) are present on and within the collagen fibers and throughout the matrix.
Among the noncollagenous proteins, the most important is osteocalcin, also known as bone gamma-
carboxyglutamic acid-containing protein (BGLAP), which plays a crucial role in regulating bone

formation.®’

1.2.4. Osteoblasts

Osteoblasts compose approximately 4-6% of the human skeleton®. They are mononuclear cells that
form tight junctions with neighbouring osteoblasts and use their membranes for communication.’

Their primary role is to produce the organic collagenous matrix and coordinate its mineralization.

Many factors affecting osteoblast differentiation will impact bone formation. One key influencer is
the transcription factor RUNX2, which triggers downstream cell signal cascades to express
osteoblast-specific genes such as type I collagen (COL1), alkaline phosphatase (ALP), osteopontin
(OPN), osteonectin (ON), and osteocalcin.® RUNX2 also regulates Osterix (OSX) downstream,
which interacts with the Nuclear factor of activated T cells 2 (NFATC2) to control the transcription
of target osteoblastic genes.” Other transcription factors influencing bone formation include
parathyroid hormone (PTH), fibroblast growth factors (FGFs), bone morphogenic proteins (BMPs),
transforming growth factor B (TGF-f), WNTs, hedgehogs, insulin-like growth factor-1 (IGF-1), and

Notch.!® The hormones PTH and FGF23 will be explained in more detail in the session 1.4.3.

1.2.5. Bone Lining Cells

Bone lining cells are inactive, flat-shaped osteoblasts that cover bone surfaces where neither bone
resorption nor formation occurs.® These cells have a thin, flat nuclear profile and a cytoplasm with

few organelles, extending along the bone surface.® They are know to prevent osteoclasts from



interacting with the bone matrix when resorption is unnecessary and to participate in osteoclast

differentiation by producing OPG and RANKL, thus regulating calcium balance.’

1.2.6. Osteocytes

Approximately 90-95% of all bone cells are osteocytes.” Osteocytes are the most mature
differentiation state of osteoblast lineage that become embedded in the bone matrix.’ The mineralized
matrix around them forms an extensive lacunocanalicular network, where the cell body is encaged in

a lacuna, and the dendrites permeate through the bone.>

Osteocytes are responsible for sensing various stimuli and regulating bone remodelling accordingly.
Their unique arrangement allows them to translate mechanical stimuli into biochemical signals, a
process known as the piezoelectric effect.!! When mechanically stimulated, osteocytes produce
several secondary messengers, such as ATP, nitric oxide (NO), Ca2+, and prostaglandins (PGE2 and

PGI2), which influence bone physiology.>

Additionally, osteocytes regulate phosphate homeostasis and act as an endocrine gland.'? The
enzymes PHEX and DMP1 are highly expressed in osteocytes and are responsible for downregulating
the expression of FGF23, which in turn increases phosphate reabsorption by the kidneys, helping to

maintain homeostasis. '

1.2.7. Osteoclasts

Osteoclasts are large, multinucleated, highly motile cells that comprise about 1-2% of the cells in the
human skeleton.® They are shaped with finger-like cytoplasmic projections and originate from
hematopoietic stem cells.!® Their development occurs in the presence of the cytokines macrophage

colony-stimulating factor (M-CSF) and RANKL."



The primary function of osteoclasts is to promote bone resorption. This process begins when there is
physical contact between osteoclasts and bone matrices, mediated by integrin avB3, forming a sealed
zone under the osteoclast with a pH of 4.5.!%!> The acidic environment releases the mineral content
from the bone and exposes the organic matrix. The main organic compound, type I collagen, is further
degraded by the lysosomal enzyme cathepsin K.!° Factors such as parathyroid hormone (PTH) and
prostaglandin E2 increase the secretion of acid, promoting bone resorption, whereas calcitonin

inhibits this process.!’

1.2.8. Bone remodeling

Bone remodelling is a highly complex process by which old bone is replaced by new bone in a cycle
comprised of three phases: (1) initiation of bone resorption by osteoclasts (the cutting cone), (2) the
transition (or reversal zone) from resorption to new bone formation, and (3) bone formation by

osteoblasts (closing zone).>!8

Osteoclasts, osteoblasts, osteocytes, and bone lining cells act in coordination to form a temporally
anatomical structure named the basic multicellular unit (BMU).® The idealized creation of a
Haversian system with a central blood vessel, represented in Figure 1, illustrates the BMU in cortical
bone. In contrast, the BMU in trabecular bone forms scallop-like depressions, as shown in Figure 2.
Despite these morphological differences, the biological processes of BMUs in trabecular and cortical

bones are fundamentally similar.
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Figure 1. Schematic bone remodeling in cortical bone

The cutting cone comprises clusters of osteoclasts that erode the bone using acid and enzymes. The
reversal zone is formed by osteoblasts, reversal cells, and secondary osteoclasts, which release signals
to initiate bone formation. Osteoblasts compose the closing zone and promote bone formation by
depositing an unmineralized protein matrix material (osteoid) and its subsequent mineralization. A
line of symmetry divides the representation of a complete BMU in the cortex, moving toward the
longitudinal axis of the long bone. Used with permission from Nature (licensed under a Creative

Commons Attribution 4.0 International License).!®
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Figure 2. Schematic bone remodeling in trabecular bone

The diagram illustrates the distinct phases of BMU of bone remodeling in trabecular bone. The
process begins with activation, where hematopoietic stem cells differentiate into osteoclast
progenitors, and pre-osteoclasts migrate to the bone surface. During resorption, large, multinucleated
osteoclasts resorb bone, creating cavities, while osteocytes embedded in the bone matrix play a
regulatory role. In the reversal phase, macrophages clean and prepare the bone surface, and osteoblast
progenitors derived from mesenchymal stem cells migrate to the site. The formation phase involves
pre-osteoblasts differentiating into mature osteoblasts, which synthesize new bone matrix (osteoid).
Finally, in the mineralization phase, bone lining cells contribute to the mineralization of the osteoid,
forming new bone that replaces the resorbed bone. The structure formed by bone lining cells and
other supporting cells that covers the remodeling site is called a canopy. Used with permission from

AIMS Press (licensed under a Creative Commons Attribution 4.0 International License)."”

The bone remodeling cycle begins with the activation of osteoclasts, primarily by osteocytes, but it
may also involve contributions from lining cells and pre-osteoblasts in the bone marrow.® These cells
change in shape and start to secrete digestive proteins on the bone surface and start to express receptor
activator of NF-kappa B ligand (RANKL), a member of the superfamily tumor necrosis factor
(TNF).® The interaction of RANKL with its receptor RANK initiates the differentiation of and fusion

of hematopoietic cells of the osteoclast lineage, and it also suppresses osteoclast apoptosis, leading
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to prolonged survivability.® Both bone resorption and bone formation are coupled by RANKL. When
osteoblast or bone marrow produces osteoprotegerin (OPG), a secretory dimeric glycoprotein that
also belongs to TNF family, the effects of RANKL are blocked. OPG achieve this by serving as a
decoy for RANKL, limiting the number of RANKL molecules available to bind to RANK (Figure

3).0

The reversal phase starts when osteoclasts have moved further away and is characterized by the
appearance of a mononuclear cell layer on the bone surface. These cells are responsible for signaling
osteoblasts to migrate and differentiate. The final process involves osteoblasts laying down new bone
tissue until the old bone is replaced. In the end, the final surface is covered with flattened lining cells

that remain there until a new remodeling cycle is initiated.®

Preosteoclast
Osteoclast
Osteoblast

- Osteocyte
RANKL
sRANKL
RANK

OPG

Figure 3. A simplified representation of the RANK-RANKL-OPG signaling pathway

Osteoblasts produce RANKL, which binds to RANK receptors on the precursor cells of osteoclasts,
promoting their differentiation. Additionally, osteoblasts and osteocytes secrete OPG, which
competitively inhibits RANKL, thereby regulating the development of osteoclasts and preventing
excessive bone resorption. Used with permission from MDPI (licensed under a Creative Commons

Attribution 4.0 International License).?’



1.2.9. Bone remodelling biomarkers

There are several biomarkers used to measure bone formation and bone resorption,>'*> but the
International Osteoporosis Foundation (IOF) and the International Federation of Clinical Chemistry
and Laboratory Medicine (IFCC) have recommended using serum procollagen type I N-terminal
propeptide (PINP) and serum C-telopeptide of type I collagen (CTX-1 or CTX) and as reference
markers for bone formation and resorption, respectively.?! These markers are intended for assessing

fracture risk, monitoring therapy in clinical settings, and being used in research.?!

Bone formation markers are molecules produced by osteoblasts at various stages of development that
indicate bone formation activity and its different aspects.?! Type I collagen constitutes 90% of bone
proteins and is synthesized as type I procollagen.”> PINP is produced by the post-translational
cleavage of type I procollagen molecules by proteases at the N-terminus and circulates in serum in
either trimeric or monomeric forms.?!?*> The primary advantage of PINP over other markers is that it

remains unaffected by other metabolic pathways that may challenge the result interpretation.?!

Bone resorption markers are molecules made during the resorption phase of bone remodelling,
including byproducts of osteoclast activity or osteocytic osteolysis released during bone
resorption.?** CTX is formed by the degradation products of Type 1 collagen in bone generated by
the enzyme cathepsin K and exists in two native forms: o and B isomers. Despite being the gold
standard for measuring bone resorption, CTX levels exhibit circadian variation, necessitating samples

being collected during the same day period for accurate comparison.?!**

1.3. Serum Minerals

1.3.1. Calcium



Calcium is the most abundant mineral in the body.?® It is often associated with healthy bones and
teeth, although it also plays an essential role in blood clotting, muscle contraction, and maintaining
normal heart rhythms and nerve functions.?® An adult has roughly 1200 g of this element.?” Most of
it (99%) exists in the form of hydroxyapatite in the skeleton, and the remaining is found in the blood,
extracellular fluid, and soft tissues.?” Around 50% of the calcium in blood is free or ionized, 40% is
bound to albumin, and 10% is bound to citrate or phosphate ions.’ The ionized portion is biologically
functional, and it’s often used as a reference for clinical calcium status. The normal concentration of
calcium in serum is 2.2-2.6 mmol/L, whereas for ionized free calcium is 1.1-1.4 mmol/L.?® These
levels are tightly regulated and rarely oscillate more than 5%. The main receptor responsible for
calcium homeostasis is the Ca'’-sensing receptor (CaSR), which is primarily expressed in
parathyroid, can also be found in kidneys, intestine, C-cells of the thyroid gland, and osteoblasts,

osteocytes, and osteoclasts in bone.®

The Recommended Dietary Allowance (RDA) for calcium is 1200 mg/day for healthy adults.?’
according to the Institute of Medicine (IOM),? In the USA and Canada, the 50'" percentile of calcium
intake for women between 18 and 50 is 800-1000 mg/day, of which 200-250 mg is absorbed.?’

Therefore, most of them barely or don’t achieve the minimum calcium requirement.

Pregnant and breastfeeding women require enough calcium to support the healthy development of
their babies.*® The increase in calcium intake during these periods is not necessary if the mother is

already consuming 1200 mg of calcium per day (Section 1.6).2%°

1.3.2. Phosphorus

Phosphorus is the second most abundant mineral in the body, composing 0.65-1.1% of adults
bodyweight.?*3!32 It acts as a structural component of bones, teeth, and nucleic acids and enables the
bipolarity of lipid membranes and circulating lipoproteins.®! Of the total body phosphorus content in
adults (500-800 g), roughly 80% are stored in the bones as hydroxyapatite, 14% are distributed in

soft tissues, and trace amounts are found in extracellular fluids.?’** There are two forms of
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phosphorus in extracellular fluids: the inorganic phosphate (Pi) and the organic phospholipids.®'-**

The average amount of phosphorus commonly found in the blood is 13 mmol/L (40 mg/dL).** Most
of this phosphorus is located within the phospholipids of red blood cells and lipoproteins in the
plasma, while about 1 mmol/L (3.1 mg/dL) exists in the form of inorganic phosphate. Phosphorus

homeostasis is not fully understood, but Wild et al®’

proposed that inositol polyphosphates
communicate information about the levels of phosphate within cells to SYG1/Pho81/XPR1 (SPX)

domains, which then allows them to interact with various proteins to control the uptake, transport,

and storage of phosphate in organisms such as fungi, plants, and animals.

The Recommended Dietary Allowance (RDA) for phosphorus is 700 mg/day for healthy adults.>*
According to the National Health and Nutrition Examination Survey (NHANES) of 2013-2016,%¢ in
North America, adults aged 20 and older, have an average daily phosphorus intake from foods of

1,189 mg for women and 1,596 mg for men. Therefore, most of them must excrete the excess.

1.3.3. Magnesium

The adult body contains nearly 25g of magnesium, of which 50 — 60% is stored in bones.?’
Magnesium influences many functions, including protein, DNA, and RNA synthesis, nerve impulse
conduction, structural development of bone, and many others.® Less than 1% is found in blood serum,
and these levels are tightly regulated. The normal serum concentration is generally between 0.75 and

0.95 mmol/L.**

The RDA for adult men is 400 mg/day, while for women it is 310 mg/day when non-pregnant, 350
mg/day when pregnant, and 310 mg/day when lactating.>’” According to the NHANES of 2013—

2016,%” 48% of Americans ingest less magnesium than recommended.
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1.4. Hormonal Regulation of Calcium and Phosphorus

Several hormones and organs work in coordination to tightly regulate calcium and phosphorus. These
hormones include parathyroid hormone (PTH), calcitriol (1,25(OH),D), and fibroblast growth factor
23 (FGF23).34% Other hormones such as Parathyroid hormone-related peptide (PTHrP), estradiol

(E2), and testosterone also influence the regulation.?%4°

1.4.1. PTH

PTH is responsible for raising the amount of calcium in the bloodstream back to the desired range of
1.1-1.3 mmol/L, decreasing the level of phosphorus, promoting the production of calcitriol and
inhibiting its catabolism, and regulating the process of bone formation and resorption.> The hormone
is a polypeptide produced and divided into an active form inside the rough endoplasmic reticulum

(RER) of the parathyroid glands.’

PTH production is regulated by the levels of ionized calcium and calcitriol in the blood.*'*> The
calcium-sensing receptor (CaSR), located on the plasma membrane of chief cells in the parathyroid
glands, detects the amount of free calcium in the blood and regulates PTH secretion accordingly.*!
Once free calcium binds to the receptor, it triggers a signal transduction process that temporarily
suppresses PTH secretion and reduces PTH mRNA transcription in the long term.** On the other
hand, when extracellular calcium levels decrease, PTH transcription and secretion are increased. High
levels of phosphorus also increase the release of PTH, although to a lesser extent than calcium
concentrations affect PTH release.*** This is because PTH is suppressed by CaSR when calcium

levels are high, which prevents PTH from fully correcting hyperphosphatemia.

Calcitriol can also inhibit PTH directly and indirectly.*>*® The direct pathway occurs when calcitriol
binds to the VDR inside the cell, triggering its translocation to the nucleus. Once there, the calcitriol—
VDR complex can assemble at various promoter regions, ultimately suppressing PTH gene

12



transcription and thus reducing PTH production and secretion.Calcitriol also indirectly inhibits PTH
by increasing intestinal calcium absorption, thereby elevating serum calcium levels, which are then
sensed by the CaSR.*** Lastly, FGF23 also has a role in blocking the release of PTH, by

phosphorylating ERK1/2 and activating the MAPK pathway.*’

Its response is rapid, with PTH being secreted within seconds via exocytosis.* However, the active
form of PTH has a short serum half-life of just a few minutes and is quickly eliminated from the

bloodstream by the kidneys and liver.

PTH, along with PTHrP, binds and activates the Parathyroid Hormone Receptor Type 1 (PTHIR)
expressed mainly in the bones, kidneys, and intestines, but also the heart, brain, liver, testis, pancreas,
uterus, placenta, and blood cells.*’ The hormone also activates Parathyroid Hormone Receptor Type

2 (PTH2R), but it seems to have less effect on Ca and P homeostasis.*

1.4.1.1. Effects of PTH on Bone

The main target of PTH is the osteoblast since its receptor is located within these cells. Intermittent
elevation of PTH can increase the number and life span of osteoblasts by suppressing the expression
of the bone formation inhibitor SPX and also raising the expression of RANKL, a signaling molecule
that helps promote the differentiation of osteoblasts into osteocytes.*®*° PTH also promotes the
differentiation of osteoclast precursors into osteoclasts by reducing the amount of OPG produced by
osteoblasts.’! OPG competes with RANKL for binding to receptors so when its level decreases,
RANKL is more successful in promoting differentiation into osteoclasts. Therefore, if PTH
stimulation is prolonged or at a higher level, it can cause excessive bone turnover, resulting in an

overall decrease in bone.>?

In addition, PTH has been shown to suppress sclerostin (SOST) expression in osteoblasts through the

cAMP signaling pathway downstream of the PTH/PTH-related peptide (PTHrP) receptor (PPR).
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Since sclerostin inhibits bone formation by osteoblasts, PTH can decrease bone formation via this

pathway.>?

Overall, PTH operates through multiple, sometimes opposing pathways in bone turnover. The overall
effect depends on factors like timing and dosage, although many details of this regulatory process

remain unknown.>?

1.4.1.2. Effects of PTH on the Kidneys

PTH plays a role in regulating calcium and phosphate levels in the kidney.’'** The hormone
stimulates calcium resorption in the distal convoluted tubule through the use of specific ion channels,
such as TRPVS5.°*% It also promotes phosphorus excretion by decreasing phosphate reabsorption in
the proximal convoluted tubule. This mechanism involves removing the sodium-phosphate
cotransporters NaPi2a and NaPi2c from the brush border membrane (BBM) via protein kinase A- and
C-dependent pathways.>*>> Moreover, the hormone indirectly increases the absorption of calcium and

phosphate in the intestine by stimulating the production of calcitriol in the kidney.>!-**

1.4.2. Calcitonin
Calcitonin (CT) is a hormone whose main effect is to inhibit osteoclast-mediated bone resorption.

CT is secreted by the C-cells of the thyroid gland all the time, and breast and placenta during
pregnancy.>® It primarily lowers calcium levels in the blood but also reduces serum phosphorus,
thereby serving as an opposing mechanism to PTH.>® When calcium levels are high, CaSR signals
this hormone's release. CT acts by inhibiting the osteoclast's breakdown in the bone and promoting
urine calcium and phosphorus excretion. Pharmacologic doses of CT have been employed to reduce

bone resorption in conditions such as osteoporosis, Paget's disease of bone, and hypercalcemia
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associated with malignancy. It primarily lowers calcium levels in the blood but also reduces serum
phosphorus, thereby serving as an opposing mechanism to PTH.® However, the physiological
influence of calcitonin in calcium and phosphorus homeostasis seems to be vestigial compared to
other hormones, such as PTH, calcitriol, and FGF23. This was demonstrated by normocalcemia in
both thyroidectomized patients and patients with medullary thyroid cancer who have very high

calcitonin levels. 7

1.4.3. FGF23

The fibroblast growth factor-23 (FGF23) is a pivotal hormone regulating mineral homeostasis and
many other processes in the body.>>*® One of its main purposes is to downregulate serum phosphorus
by primarily reducing renal phosphate reabsorption, as well as decreasing intestinal phosphate

absorption and bone phosphate resorption phosphate.>**8

The hormone is mostly expressed by osteocytes and osteoblasts, but can also be found in smaller
amounts in salivary glands, stomach, etc.’?°> FGF23 regulates itself by negative feedback, along with

other regulators, such as bone mineralization and remodeling, phosphate and calcium.>

The FGF-receptor-a-Klotho complexbinds to FGF23 with higher affinity than FGFR or Klotho
alone®>>. More specifically, FGF binds to FGF tyrosine kinase receptor 1 (FGFR1) and the FGF23-
specific co-receptor Klotho to inhibit the translation of the sodium phosphate cotransporters NaPi2a

and NaPi2c.>®

FGF-receptor-a-Klotho complexes are primarily located in the renal distal tube. However, FGF23
mainly inhibits phosphate transport in renal proximal tubular cells through weaker interactions with

FGFR and co-factors other than Klotho.’
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In addition, the hormone inhibits Cyp27b1, which is responsible for calcitriol synthesis, and enhances
Cy24al expression and activity, which is responsible for calcitriol degradation, thereby lowering

calcitriol to influence phosphate and calcium homeostasis.>®

1.4.4. Calcitriol synthesis and catabolism pathway

Vitamin D is a group of fat-soluble vitamins that includes different vitamers, such as Vitamin D3
(Cholecalciferol), Vitamin D. (Ergocalciferol), among others.3”*° It can be either ingested in the form
of Vitamin D; or Vitamin D: or converted from 7-dehydrocholesterol (7-DHC) in the skin (Figure 4)
6! Several 25-hydroxylase enzymes, such as CYP27A1 and CYP2R1, convert both molecules into
Calcifediol (25-hydroxyvitamin D; 25(OH)D), which is the main form of vitamin D found in the

blood.®! This conversion occurs mainly in the liver but can also happen in other tissues.

However, vitamin D has no biological effects. To become biologically effective, it must be further
hydroxylated in the 1o position by the enzyme CYP27B1.°! This leads to the formation of the most
potent form of vitamin D, calcitriol (1,25-dihydroxyvitamin D; 1,25(OH):D). This 1a-hydroxylation
primarily occurs in the kidney but can also happen in other tissues, such as placenta, monocytes, and
macrophages.®' The calcitriol and its precursor calcifediol are mostly transported in blood bound to

vitamin D binding protein (DBP) and albumin, with a minor portion circulating as the free form.!

Both calcitriol and its precursor, calcifediol, are converted to inactive forms by CYP24A1.%% This
enzyme is responsible for the five-step, 24-oxidation pathway that converts calcitriol into calcitroic
acid, a known biliary catabolite.®> Additionally, it catalyzes a similar pathway starting with 23-
hydroxylation, resulting in the formation of 1,25-(OH)>D3-26,23-lactone. Furthermore, CYP24A1
efficiently hydroxylates the vitamin D, side chain of 25-OH-D» and 1,25-(OH),D;, producing a series
of polyhydroxylated products. Other enzymes, such as CYP3A4, can represent an alternative pathway

to calcitriol breakdown.®

16



Mydmcholesterol
HO

Smnl

Q@Ap/re\v(itamin D,
HO Z

Skinl

| vitamin D,
| (cholecalciferol)

vitamin D,
(ergocalciferol)

HO HO'
Li CYP2R1
VT | cvp27a1
OH
|
CYP24A1 CYP278B1 CYP24A1 Calcitroic acids
Polyhydroxylated products o ‘ K_‘d_’ ——p  1,25-(0H)2D3-26,23-lactone
S EHE . ianey - Polyhydroxylated products
25-hydroxyvitamin D, 1a,25-dihydroxyvitamin D, D)
(Calcifediol) (calcitriol)
Inactive form Active form

Figure 4. Calcitriol synthesis and catabolism pathway

The initial form of vitamin D, known as previtamin D, is produced in the top layers of the skin when
7-dehydrocholesterol is exposed to ultraviolet light B (UVB). As the previtamin D3 moves to the
lower layers of the skin, it is converted into vitamin D3 (cholecalciferol) through a nonenzymatic
process. Vitamin D3 is then rapidly transported by vitamin D binding protein (DBP) to either be stored
in adipose tissue or to be activated in the liver. Within the liver, various cytochrome P450 enzymes
can catalyze the 25-hydroxylation of vitamin D3 (or plant-based vitamin D2 or ergocalciferol). This
step produces 25-hydroxyvitamin D2, which is then converted into the active form of vitamin D3,
la,25-dihydroxyvitamin D, by the enzyme CYP27B1. This la-hydroxylation primarily takes place in
the kidney. Both calcitriol and calcifediol are converted to several inactive forms by CYP24A1. Used

)_60

with permission from the American Physiological Society (Appendix 4 Adapted using

BioRender.com (Appendix 5).

1.4.5. Alternative pathway for calcitriol and calcifediol catabolism
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CYP24A1 is the primary and most well-established pathway for calcitriol and calcifediol catabolism.
However, recent studies suggest that CYP3A4 may serve as an alternative pathway to degrade both

molecules (Figure 5).%*

Vitamin D3

Inactive Inactive
.

48,25(0H),D, € ===~~~ ~-~-- Calcifediol ----=====-- » 24,25(0H),D,

T eepsusscse > 1,24,25(0H),D,

1,23,25(0H)3D3< ------- Calcitriol CYP24A1

/ \ ----------- » Lactone

1 Intestinal Calcium * Renal Tubular
Absorption Calcium Reabsorption

1 Osteoclastic Bone Resorption

Figure 5. Alternative pathways for calcitriol and calcifediol catabolism by CPY3A4
CYP24AL1 is the canonical pathway for the inactivation of calcifediol and calcitriol, while CYP3A4

represents an alternative pathway. Used with permission from The Endocrinology Society (Appendix

6).64

CYP3A4 is a member of the cytochrome P450 superfamily of enzymes. This enzyme is expressed in
the liver, small intestine, and other tissues, metabolizing many xenobiotics, steroids, and drugs. Under
physiological conditions, this enzyme does not have a significant impact on the vitamin D catabolism.
However, Hawkes et al. (2017)%* used rifampin to enhance CYP3A4 activity as a therapeutic
intervention when CYP24A1 function was compromised. They treated two patients with I[ITH caused
by mutations in CYP24A1 with daily doses of 600 mg of rifampin for one month. The treatment

resulted in reductions in serum levels of calcitriol and calcium, with PTH levels returning to the
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normal range. Additionally, urinary calcium excretion decreased, and serum creatinine levels
improved to 1.1 mg/dL. Although promising, further studies should test the toxicology and increase

the sample size to confirm the benefits of rifampin in treating CYP24A1 loss of function.

1.4.6. VDR

Most of calcitriol’s biological activity occurs when it binds to the vitamin D receptor (VDR).%> VDR
belongs to a superfamily of nuclear receptors for steroid hormones that regulate gene expression
through transcriptional regulators.®> Several steps are required to control the gene expression, starting
with (1) ligand binding, followed by (2) heterodimerization with retinoid X receptor (RXR), binding
of the heterodimer to vitamin D response elements (VDRESs) in the promoter of calcitriol responsive
genes, and (4) recruitment of VDR-interacting nuclear proteins (coregulators) into the transcriptional

pre-initiation complex that will enhance or suppress the gene transcription by VDR

Calcitriol binds to the ligand-binding domain (LBD), located in the carboxyterminal portion of the
VDR molecule, with an affinity 100 times higher than calcifediol and 24,25(OH)-D3 * Upon binding,
VDR dimerizes with RXR to form an essential conformation for transactivation. The DNA-binding
domain of VDR is a two-zinc nucleated module highly conserved among nuclear steroids.®>*” This
domain interacts with promoters of calcitriol target genes and modulates their expression.
Coregulators then play a role in up or downregulating the expression of VDREs. Co-activators such
as SRCI1, -2, and -3, CBP/p300 unfold and expose the DNA. Then, the DRIP/TRAP complex and
VDR interact with the exposed DNA to enhance gene expression.®>®” On the contrary, PTH is
suppressed by the recruitment of co-repressors of the family of histone deacetylases, which prevent
the DNA exposures and access of transcription factors (TF) essential to initiating transcription.®
Other molecules are co-modulators that can enhance or repress the expression depending on the cell

and cellular environment conditions, such as NCoA62/Skip and ATP-dependent chromatin
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remodelling complex.®> The most upregulated gene by VDREs is CYP24A1, the primary enzyme

responsible for degrading vitamin D.%?

VDR is vastly expressed throughout the body, including osteoblasts, enterocytes, distal renal tubule
cells, parathyroid gland cells, skin keratinocytes, promyelocytes, lymphocytes, colon cells, pituitary
gland cells, and ovarian cells.%® Its vast expression in the body led to the hypothesis that calcitriol has

many extra skeletal roles that still need to be proven.®

1.4.7. Summary of calcium and phosphorus regulation

As seen in the previous chapters, the regulation of Ca and P involves a multitude of biological systems
and regulators. The pleiotropism of the primary regulators, PTH, FGF23, and calcitriol, are illustrated
in Figure 6. However, their interplay may shift depending on specific conditions. PTH, for example,
can promote bone formation or resorption depending on exposure time (Section 1.4.1.1), and many

other molecules, such as sex steroids and PTHrP, can also influence the dynamic.3%-7°
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Figure 6. Calcium and phosphorus homeostasis

The small intestine, kidneys, and bones are the primary organs influencing Ca and P homeostasis.
They are tightly regulated by PTH, calcitriol, FGF23, and other factors not shown. PTH influences
effectors like TRPVs, NaPi-II counterorders, PTHIR, etc., to increase bone resorptions and kidney
reabsorption of Ca and P. Calcitriol mainly acts by increasing the intestinal Ca and P absorption but
can also act in bone resorption e kidney reabsorption. FGF23 promotes P excretion by primarily
decreasing NaPi-II cotransporters in proximal tubules. The yellow and blue arrows show how
hormones influence Ca and P metabolism in each organ, while the black arrows indicate whether
these hormones enhance or inhibit one another. Used with permission from the Frontiers (licensed

under a Creative Commons Attribution 4.0 International License).”!

1.5. Intestinal calcium absorption

Calcium absorption in the intestine occurs through two primary mechanisms: a transcellular active
transport process that mainly occurs in the duodenum and upper jejunum, and a paracellular passive
process throughout the intestine (Figure 7).”>* The proportion of each calcium absorption mechanism

depends on the luminal Ca*" concentration. When calcium concentrations are high due to a calcium-
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rich diet, paracellular transport predominates. Conversely, when calcium intake is low, transcellular

transport is upregulated.

Both pathways are regulated by calcitriol, but the active transcellular calcium transportation is
significantly more sensitive to calcitriol concentration.”>”® During pregnancy, the maternal body

increases the conversion of calcitriol to meet the fetal needs for calcium (Section 1.6).%°

1.5.1. Paracellular transportation

Paracellular transportation (passive diffusion) process is generally less regulated than transcellular
transport but involves complex mechanisms related to the structure and function of tight junctions

between epithelial cells.”*”

Paracellular transport occurs between the epithelial cells through tight junctions, which are complex
protein structures that seal the space between adjacent cells.”>”*> Most of the calcium moves passively
down its concentration gradient. No metabolic energy is required for this process, as it relies on the
differences in concentration and electrical gradients across the epithelial layer. Moreover, the water
movement through the paracellular pathway can drag some of the dissolved calcium ions along with

it, a process known as solvent drag.

Once calcium passes through the tight junctions and enters the intercellular space, it can diffuse into
the capillaries in the lamina propria (a layer of connective tissue underlying the epithelium) and

subsequently enter the bloodstream.’?"3

Claudins are critical components of tight junctions that regulate paracellular permeability. Claudin-2
and claudin-12 have been shown to increase calcium permeability in the intestine.’>”® Claudin-16
(also known as paracellin-1) is another claudin involved in calcium transport, although it is primarily
expressed in the kidney. Occludin and Junctional Adhesion Molecules (JAMs) are also proteins that

contribute to the structural integrity and selective permeability of tight junctions.
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Calcitriol enhances the expression of various proteins involved in tight junction integrity and

function, ultimately leading to increased permeability of tight junctions to calcium.’”3

1.5.2. Transcellular Calcium Transport

Transcellular calcium transport requires the energy stored in adenosine triphosphate (ATP) to pump
calcium against its concentration gradient, making it an active transport process.’>’* This is a highly
regulated process that allows for efficient calcium absorption in the intestine, particularly when
dietary calcium intake is low. There are three main steps involved: apical entry, intracellular transport,

and basolateral exit.

Apical entry: The primary channels involved in the apical entry of calcium are the Transient
Receptor Potential Vanilloid 6 (TRPV6) and, to a lesser extent, Transient Receptor Potential
Vanilloid 5 (TRPVSY). These channels are located on the apical membrane of enterocytes (intestinal
epithelial cells). The voltage-dependent L-type calcium channel, alpha 1D subunit (Cav1.3) also plays
an important role in calcium transportation, particularly during periods of dietary calcium
insufficiency.”””® Calcium enters the enterocytes through these channels, driven by a steep
electrochemical gradient. The luminal concentration of calcium is typically much higher than the
intracellular concentration, facilitating passive entry of calcium into the cells. When bound to
calcitriol, the VDR acts as a transcription factor that upregulates the expression of these and many

other calciotropic genes.

Intracellular transport: Once inside the enterocytes, calcium ions bind to calcium-binding proteins,
such as calbindin-D9k.”*”* Calbindin-D9k transports the bind calcium from the apical side of the cell
to the basolateral side. This binding prevents free calcium from disrupting cellular functions and
ensures efficient transport across the cell. Another calcium-binding protein, calmodulin (CaM), may
interact with various intracellular signaling pathways to regulate calcium homeostasis. Although

calmodulin's role in direct calcium transport is less clear, it is involved in modulating the activity of
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calcium channels and transporters. Vesicles formed by TRPV-mediated Ca®" uptake can be
transported through the cells via microtubules. These vesicles can pass through the endoplasmic
reticulum (ER) and be released at the basolateral membrane. Alternatively, they can merge with

lysosomes and be released by exocytosis.

Basolateral Exit: The primary mechanism for extruding calcium from enterocytes into the
bloodstream is the plasma Membrane Calcium ATPase 1b (PMCAI1b) pump.”>”® This ATP-
dependent pump actively transports calcium ions out of the cell against their concentration gradient.
Although less significant in the intestine compared to PMCAT1b, the Sodium-Calcium Exchanger
I(NCX1) also contributes to calcium extrusion. This exchanger typically operates in a mode that
swaps three sodium ions for one calcium ion, driven by the sodium gradient maintained by the

Na+/K+ ATPase.
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Figure 7. Model of transepithelial calcium transport in the duodenal epithelium

Three adjacent enterocytes are illustrated along with the key proteins involved in transepithelial
intestinal calcium transport. Both transcellular and paracellular pathways are shown. Transcellular
transport primarily starts with TRPV6 facilitating calcium influx at the brush border, where it
subsequently binds to the intracellular buffering protein calbindin-D9k. Calcium is then released from
calbindin-D9k and exits the enterocytes through the basolateral membrane via PMCAIlb. The
expression of these proteins is regulated by calcitriol in response to the body's calcium requirements.
Paracellular ion movement occurs through tight junctions between adjacent enterocytes, and it’s more
prominent with high calcium intake. Additionally, the Cavl.3 calcium channel on the apical

membrane may be involved in transcellular calcium transport during periods of dietary sufficiency.
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The lower enterocyte shows a schematic representation of vesicular Ca?* transport and Ca?* tunneling

through the endoplasmic reticulum (ER). Used with permission from Elsevier (Appendix 7).”?

1.6. Maternal body adaptations during pregnancy, lactation and post-weaning to maintain

calcium homeostasis.

In the USA and Canada, the 50™ percentile of calcium intake for women between 18 and 50 is 800-
1000 mg/day, while the recommended intake is 1200 mg/day.?”** The situation can be even more
severe in developing regions such as Asia, Africa, and South America, where daily calcium intake
ranges from 400 to 700 mg/day.”* If the normal efficiency of 25% of intestinal Ca absorption
remained unchanged, women would have to consume an extra 1,200 mg/day during the third trimester
of pregnancy, whereas lactating women would have to consume an extra 800 mg daily during the first
semester and 480 mg daily during the second semester.’® However, the increase in calcium intake is
not required for women who already consume adequate levels of calcium and don’t have preexisting
disorders that cause skeletal fragility because of several adaptations during pregnancy and lactation
(Figure 8).>%7> The maternal adaptations may include the increased intestinal absorption of calcium,
renal conservation of calcium, and increased skeletal resorption of calcium.*® During pregnancy, the
main adaptation is the doubling of intestinal calcium absorption (Section 1.6.1), whereas during
lactation, the main adaptation is the increased skeletal resorption (Section 1.6.2). It is unclear why
different adaptations arose in these two distinct periods, but it is known that these hormone-induced
adaptations are generally sufficient to meet daily mineral requirements for the fetus and infant without

long-term negative effects.>
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Figure 8. Adaptive processes of calcium homeostasis in humans during pregnancy and
lactation.

The thickness of the arrows indicates a relative increase or decrease compared to normal. The main
adaptation during pregnancy is increased intestinal calcium absorption, whereas the main adaptation
during lactation is increased bone resorption. *In rodents, the intestinal calcium absorption also
remains upregulated during lactation. Used with permission from the Europe PMC (Licensed under

a Creative Commons (CC BY-NC-ND) license).’¢

1.6.1. Pregnancy

During pregnancy, the maternal body adapts to provide enough minerals for the fetus. Around 80%
of the fetus's calcium content is accreted during the third trimester.>* During this period, the placenta

transports between 5 to 10% of the calcium available in the mother’s serum to the fetus hourly.*
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The main adaptation during pregnancy is the doubling of intestinal calcium absorption.** The primary
mechanism behind the upregulation is likely paracellular passive calcium transport, which operates
independently of calcitriol or VDR. However, calcitriol levels increase significantly during this
period—ranging from a 2- to 5-fold rise in humans and a 3- to 5-fold rise in rodents. Calcitriol
enhances calcium permeability during paracellular transport and upregulates the expression of
calcium transporters involved in transcellular active transport.”>’>"7 Therefore, calcitriol is partially

attributable to the increased doubling of intestinal calcium absorption.

Animal research indicates that calcitriol levels rise in maternal blood due to the increased activity of
renal CYP27B1, where placentas and fetuses contribute very little calcitriol®®. This increase in
maternal calcitriol is not triggered by PTH, which typically drops to low levels early in human and
rodent pregnancies. Instead, both animal and some human studies suggest that the boost in calcitriol
production might be influenced by factors like estradiol, prolactin, placental lactogen, oxytocin, or

PTH-related protein (PTHrP).*°

Early research in humans indicated that serum calcium levels were lower during pregnancy,
suggesting hypocalcemia.”®” However, later studies demonstrated that the observed decrease in
serum calcium was actually due to reduced albumin-bounded calcium serum, which resulted from the
expansion of intravascular volume typical of normal pregnancy.®® Since albumin-bound calcium is
not physiologically significant, subsequent studies that measured ionized (physiologically active)
calcium found no significant changes in its levels, indicating no physiological consequences from the

drop in total serum calcium.?%#!

Studies in mice have shown no changes in either ionized calcium or albumin-bound calcium during
pregnancy.’’7"82-8 The exception occurs when the mother has a deleterious condition such as vitamin

D deficiency®® or a lack of Vdr®® or Cyp27b1.%
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1.6.2. Lactation

During lactation, the neonate demands that nearly 200 mg of calcium be provided daily through milk
to a singleton during the first 6 months and approximately 120 mg during the next semester.’*%

However, the demand can vary greatly depending on individual aspects of both mothers and babies,

but it is shown to be positively correlated with the litter size and weight.>°

Humans mostly rely on bone resorption to keep up with the babies’ demands for calcium, while
intestinal calcium absorption returns to pre-pregnancy levels.>* During this period, the maternal body
loses between 4-7% in the lumbar spine and femoral neck.®® Other adaptations do not, or only
marginally, compensate for the expected bone resorption.>*”> On the contrary, rodents keep both bone
resorption and intestinal calcium absorption upregulated.’® The amount of bone resorption in rodents
depends on how much calcium is being absorbed by the intestines.Therefore, elevated intestinal
calcium absorption due to high calcitriol levels or a calcium-rich diet reduces bone resorption, while
reduced intestinal calcium absorption, such as from a low-calcium diet, increases bone resorption to
compensate for the lower calcium availability.. *° Likewise, The reason why rodents differ from
humans regarding the adaptations during lactation is unclear, but it might be an evolutionary

advantage to have both mechanisms when nursing many pups.

The mechanisms involved in bone resorption during lactation are osteoclast-mediated bone resorption
and osteocytic osteolysis.*® PTH and calcitriol do not seem to be the primary regulators of these
processes. Rather, bone resorption is mainly driven by PTHrP secreted from breast tissue and low
systemic estradiol levels.*® Adaptations in humans have consistently been shown not to affect either
free or albumin-bound calcium levels in the serum of breastfeeding women.>***°? Similar findings
were observed in studies using WT Black Swiss or C57BL/6 mice on a standard 1% calcium diet,
where both ionized and total serum calcium levels remained consistent during lactation, regardless of

whether the samples were collected from fasting or non-fasting mice.>”-”7-8283.87
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1.6.3. Post-weaning

After weaning, the maternal skeleton recovers its mineral and biomechanical properties. This

recovery takes between 9 to 12 months in humans and up to four weeks in mice.*

Studies in humans have been focusing on longitudinal changes in bone mass and mineralization.*

The available DXA scan data revealed that, although women generally recover to their pre-pregnancy
BMD levels on average, individual responses can vary significantly, with some surpassing and others

falling below their baseline levels,3%1:93-94

Rodent studies have encompassed a broader range of measurements compared to human studies.
Molecular pathways indicate that recovery begins as early as 24 to 48 hours after artificially weaning
the pups. Changes include the osteoclast number and activity, accompanied by a significant decrease
in RANKL and RANK expression, and a notable increase in osteoblast precursors, osteoblast number,
osteoid surface, and bone formation rate.”>°” During this period, PTH and calcitriol levels decrease
while calcitonin levels surge. Bone resorption markers decline rapidly, while bone formation markers
rise.328395 Osteolysis also ceases, with osteocytes beginning to express osteoblast-specific genes,
leading to the restoration of the matrix to its previous mineral content, as evidenced by tetracycline-
labeled bands in their lacunae.”® This anabolic activity of osteoblasts and osteocytes continues for
several weeks, ultimately improving bone strength, mineralization, and microarchitecture, potentially

reaching or exceeding pre-pregnancy levels.>

1.7.  Physiological consequences of CYP2441 mutations during infancy and adulthood

The mitochondrial enzyme CYP24A1 was first described in the early 1970s and initially believed to
be involved solely in the degradation of calcifediol, the most abundant circulating form of vitamin D
and precursor of calcitriol®. It is now known that CYP24A1 is the main enzyme responsible for

catabolizing both calcifediol and calcitriol into several inactive metabolites (Section 1.4.4). Without
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proper catabolism due to homozygous or compound heterozygous inactivating mutations of
CYP24A1, calcitriol can rise above normal. Many individuals appear asymptomatic whereas others
develop physiological consequences of the hypercalcemia, including hypercalciuria, low parathyroid
hormone (PTH), vomiting, dehydration, fever spikes, nephrocalcinosis, and likely increased intestinal

calcium absorption. 529101

When symptoms manifest early in life, it leads to Infantile Idiopathic Hypercalcemia Type I, which
can cause developmental problems affecting both bone and neurological function, in addition to the
105

previously described symptoms.'>"1* The condition may be transient or prolonged. David et al.

have shown that hypercalcemia can begin as early as in utero in mice.

Multiple allelic variations in the CYP24A41 gene have been reported to cause hypercalcemia.!®® Most
of the wvariations exhibit recessive traits, affecting individuals with varying degrees of
penetrance.!%%194106 Therefore, individuals who are heterozygous for inactivating mutations generally
exhibit no symptoms, whereas individuals who are homozygous or compound heterozygous for

mutations in CYP24A1 are more likely to be symptomatic.®>°°-101.106

Still, many affected infants and adults show no symptoms, and the loss of CYP24A1 function may
not be clinically evident even in the homozygous state.”>””%83% However, factors such as intense
sunlight exposure, vitamin D supplementation, or pregnancy can lead to more severe hypercalcemia
in those adults.>®"® These factors increase calcitriol synthesis, potentially overwhelming a deficient
catabolic pathway and leading to hypercalcemia. Conversely, patients who are vitamin D deficient or

insufficient are unlikely to develop symptomatic hypercalcemia.

The condition is considered rare, with homozygous and compound heterozygous inactivating
mutations of CYP24A1 having a biallelic frequency of 4-20% to cause infantile hypercalcemia type
1 (OMIM#143880).104106-108 Tt i likely underdiagnosed due to the hypercalcemia remaining
undetected (serum calcium is not routinely measured) and to the potential for physicians to
misattribute the symptoms from hypercalcemia to other causes. This is particularly true during
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pregnancy, when symptoms caused by hypercalcemia, such as nausea and lethargy, can easily be
mistaken for typical pregnancy-related conditions. Additionally, the definitive diagnosis can only be

obtained through DNA sequencing, which is not routinely requested by the physicians.

1.7.1. Gestational hypercalcemia

Hypercalcemia during pregnancy (gestational hypercalcemia) is a rare condition, affecting roughly
0.03% of women of reproductive age.'” The symptoms may include nausea, dehydration,
preeclampsia, pancreatitis, and nephrolithiasis.>***!% In more severe cases, it can cause maternal or
fetal death.’®**1% Especially when the symptoms are mild, the diagnosis of hypercalcemia in
pregnancy can be challenging because its symptoms often resemble those of a typical

pregnancy.30,99,109,1 10

The condition may have different etiology, such as primary hyperparathyroidism (PHPT), Familial
Hypocalciuric Hypercalcemia (FHH), Pseudohyperparathyroidism caused by breast and placenta

PTHrP production, and the lack of a functional CYP24A1 enzyme.”!"

Calcitriol has a crucial role during pregnancy, increasing from 2 to 5-fold, which partially explains
the doubling of intestinal calcium absorption to meet the fetal demand for minerals (Section 1.6).
30.1T Consequently, it reaches levels that would be toxic in non-pregnant individuals but are essential

during gestation®.

When unopposed by catabolism from CYP24A1, the upregulation of calcitriol during pregnancy may
exceed the expected values, possibly contributing to excessive intestinal calcium absorption and

marked hypercalcemia (Figure 9),10%110.112-114

32



t Calcitriol 2 - 5 fold ' Calcitriol >5 fold

’ Absence of Calcitriol -
#T 4
J) Metabolism ‘L}()
! (CYP24A1 inactivation)
Normal Pregnancy Gestational Hypercalcemia

Figure 9. Illustration of how CYP24A1 inactivation causes gestational hypercalcemia.

Calcitriol normally increases between 2-5 folds during pregnancy, but the lack of calcitriol catabolism
by CYP24A41 exacerbates the increase, leading to hypercalcemia during pregnancy. Created with

BioRender.com (Appendix 8).

1.7.2. Consequences during lactation and pos-weaning

Few cases have been reported whether the loss of CYP24A1 has any impact during lactation, as most
have focused on hypercalcemic crises during pregnancy. In a case involving a breastfeeding woman
with CYP24A1 deficiency, her hypercalcemia was less severe, and her serum calcitriol levels were
normal.''® Normally, during lactation, the maternal skeleton undergoes resorption to supply minerals
to the milk, primarily due to low estradiol levels and high levels of PTHrP from the lactating breast
tissue.’> PTH remains low, while calcitriol drops to non-pregnant levels.>* Intestinal calcium
absorption in lactating women returns to normal,*® whereas in rodents, it remains high, similar to
during pregnancy.’®!'> Women only rely on skeletal resorption to provide the necessary minerals to
the milk, while rodents require both a high rate of intestinal calcium absorption and skeletal resorption
to meet the higher calcium demand of a litter of pups.*° If elevated calcitriol and increased intestinal
calcium absorption continue during lactation, this might lead to a compensatory reduction in skeletal

resorption in mice.*
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1.8. Rationale, purpose, and hypothesis

There are several case reports linking gestational hypercalcemia to CYP24A41 mutations,!0%!10:112-114

but they do not clarify whether this condition is driven by increased intestinal absorption, bone
resorption, renal calcium conservation, a combination of these factors, or another mechanism entirely.
Other studies have explored the mechanisms and consequences during fetal development and
idiopathic infantile hypercalcemia type 1,%*!%° but did not extend their research into pregnancy. Our
lab also studied the lack of calcitriol anabolism during pregnancy, lactation, and post-weaning,’” but
the effect of the lack of calcitriol catabolism remained unclear.

Thus, our objective was to determine the mechanism by which the loss of Cyp24al leads to
gestational hypercalcemia, and to what extent it influences bone resorption and bone strength during
lactation.

We hypothesized that since calcitriol levels typically increase 2-5-fold during pregnancy, its rise may
be even more pronounced with Cyp24al inactivation due to the lack of catabolic regulation. This
unopposed increase could lead to significant effects during pregnancy. Some consequences may
include increased calcium absorption, hypercalcemia, and potentially decreased bone resorption
during pregnancy. We also hypothesized that calcitriol would not be rapidly cleared after pregnancy,
resulting in the persistence of its physiological effects during lactation. In mice, it is known that both
increased intestinal calcium absorption and bone resorption play crucial roles in supplying sufficient
calctum for the litter and that one mechanism will compensate for the other. Therefore, the
hypothesized sustained increase in intestinal calcium absorption would likely reduce the typical bone

resorption and loss of bone strength.
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2. MATERIALS AND METHODS

2.1. Animals

2.1.1. Animal care approval

All studies involving live mice were performed with the prior approval of the Institutional Animal

Care Committee of Memorial University under protocol 21-02-CK (Appendix 2).

2.1.2. Mouse Model

The Cyp24al null mice were provided by our collaborator from McGill University in Montreal, Dr.
René St-Arnaud. To produce the genetically engineered mice, Dr. St-Arnaud and colleagues
constructed a vector containing a PGK-Neo cassette in the opposite orientation, flanking the exons 9
and 10 that encode the Heme-biding domain (Figure 10).*® The J1 ES cell line was cultured with the
DNA and electroporated as described.!'® The DNA from ES cells or tail was extracted, and the
transformation was confirmed by Southern Blot.*® The ES cells carrying the disrupted Cyp24al gene

were injected into C57BL/6 embryos at the blastocyst stage.!!
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Figure 10. Schematic representation of Cyp24al NULL mice allele.
In summary, a PGK-Neo cassette substituted the Heme-binding domain flanking exons 9 and 10,
disrupting the normal gene function. The figure is not in scale. Used with permission from the Oxford

Press (Appendix 9).3

We generated three genotypes by crossing heterozygous male and female mice: wild type
(Cyp27b1™* or WT), with two normal Cyp24al alleles, heterozygous (Cyp27b1"" or HET) with one

normal and one ablated allele and null (Cyp27bh”- or NULL) with both ablated alleles.

2.1.3. Housing

The animals were housed in individually ventilated rodent cages (GM500, Techniplast, Canada) and
Bed-O-Cobs corn cob absorbent bedding (The Andersons, Maumee, OH, USA). The humidity in the
animal room was kept between 40% and 60%, and the room temperature was between 22-25 °C. All

mice were kept on a light and dark cycle of 12 h each.

2.1.4. Diet and water
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All mice were fed Teklad Global 18% Protein Rodent Diet (Envigo, Medison, USA), ad libitum. A
complete list of ingredients can be found in Appendix 3. Filtered water was provided ad libitum. The

filtration system removes small particles, but not minerals, such as calcium.

2.2.  Genotyping

2.2.1. Animal Identification

The mice were weaned at 21 days of age and separated by sex, with a maximum of four mice per
cage. After brief anesthetization using isoflurane, each mouse had its right ear tagged with a letter

and number for identification.

2.2.2. Tissue Collection and DNA extraction

Immediately after tagging, the ear was notched with a sanitized ear puncher and placed in a 1.5 mL
microtube for genotyping. The tissue was then digested in 250 pL of 50 nM NaOH for 30 minutes at
98°C. After digestion, the sample was vigorously homogenized and centrifuged for 5 minutes at
15,000 RCF. Then, 20 pL of the supernatant was placed in a new tube containing 80 puL of TE buffer

(10 mM Tris-HCI with 1 mM EDTA, pH 7.4) and stored at -20°C until further processing.

2.2.3. Polymerase Chain Reaction (PCR)

PCR was performed using a four-primer system. Primers WT _F (CCA AGT GTG CCA TTC ACA
AC)and WT R (TCT CTC GCT GAA CCT GGA TT) identify the WT mice and generate a band at
557 bp, whereas primers NEO_F (GAT CGG CCA TTG AAC AAG AT) and NEO_R (TCG TCC

TGC AGT TCA TTC AG) amplify the Neomycin/Kanamycin resistance gene present in the
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CYP24A1 null mice, generating a band at 193 bp (Figure 11 and Figure 12). Heterozygous mice

(HETs) were expected to generate both fragment bands (557 bp and 193 bp).

(2L135) Mscdl  WT_F (21175, 21.194) R_WT (21,712 .. 21.731)

21,2501 205001 Zr50! 220000

[ XN ]
CYP24A1

Figure 11. Map of the region near the binding sites of WT primers.

Primer WT F binds to exon 9, while WT R binds to the intron between exons 9 and 10, a region that

is only present in WT mice. Created with SnapGene.'!”

F NEQ (1222..1241) R_NFO (1395 .. 1414)

et — —
1200 12500 13001 50 eIy 14501
NeoR/KanR

Figure 12. Map of the region near the binding sites of NULL primers.
Primers F NEO and R_NEO bind to the Neomycin/Kanamycin resistance gene present in NULL

mice. Created with SnapGene.!!’

The PCR was done using the Invitrogen Platinum II Taq Hot-Start DNA Polymerase kit (Invitrogen,
Carlsbad, USA). Each reaction consisted of a mastermix with 1X Platinum II PCR Buffer (without
Mg), 0.2 mM dNTP mix, 0.2 uM of primers Forward and Reverse, 2 pL of DNA (varied

concentration) and 0.04 U/uL of Platinum II Taq Hot-Start DNA Polymerase.
The PCR program was as follows:

Step 1: 94°C for 5 minutes to degrade the antibody attached to the Taq polymerase, exposing its

active site (activation).
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Step 2: 94°C for 30 seconds to denature the double-helix

Step 3: 58°C for 30 seconds to anneal the primers

Step 4: 72°C for 1 minute to synthesize the new strand.

Step 5: Repeat Steps 2-4 for 30 cycles

Step 6: 72°C for 5 minutes to elongate the remaining strands.

Step 7: Hold at 4°C until the samples were removed from the thermocycler.

2.2.4. Gel Electrophoresis

The PCR products were separated by size using agarose gel electrophoresis. 10X Tris-actetate-EDTA
(TAE) buffer (0.12 M EDTA, 0.40 M Tris, 11.5% glacial acetic acid, pH 8.0), was diluted to 1X and
a 1.2% gel was prepared by adding 100ml 1X TAE, 1.2 g agarose (Invitrogen, Carlsbad, USA) and
10 uL of SYBR Safe DNA Gel Stain (Invitrogen, Carlsbad, USA) The solution was heated until
dissolved and poured into a casting tray and left for 30 minutes to polymerize. PCR samples were
prepared for electrophoresis by adding 4 pL of 6X loading dye (10 mM Tris, 0.03% bromophenol
blue, 0.03% xylene cyanol FF, 60% glycerol, 60 mM EDTA, and 1.5 M dH:0) to each reaction. The
gel was covered with 1X TAE running buffer and 10 uL of each PCR reaction was pipetted into the
wells. The gel ran for 20 minutes at 200 V. The bands were visualized with UV light and analyzed
using the Bio-Rad Gel Doc XR+ imaging system, software version 5.1. (Bio-Rad, Hercules, USA).
Figure 13 is a representative gel image. The presence of a single band at 557 bp indicated the mouse
was WT, a single band at 193 bp indicated the mouse was NULL, and two bands indicated the mouse

was HET.
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Figure 13. Representative gel image.
Mice with a single band at 193 bp were identified as NULLs, while mice with a single band at 557
bp were identified as WT. Mice showing both bands were identified as HETs.

2.3. Mating scheme

The colony was maintained using HET females and males, which were crossed to each other to
generate all genotypes following Mendelian ratios of 1 WT: 2 HETs: 1 NULL. In each generation,
some HETs were separated to replace older HETs and maintain a constant colony size. HETs not
used for colony maintenance were utilized for fetal studies being completed by another student, while

WTs and NULLSs became the experimental mice used for this project.

Mice used for colony maintenance were bred starting at 8 weeks of age, and each female was allowed
to have up to three litters. Some retired from the breeding colony and became the “experienced
mothers” who were placed with experimental mice to reduce stress, thereby decreasing the likelihood

of litter destruction by the new mom.
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Experimental mice of all genotypes were mated starting at 10 weeks of age, at which time bone mass
reached a relatively stable plateau. We maintained this starting point even for mice that did not

undergo bone measurements.

Once a week, the experimental female mice were placed in the same cage as the male HETs around
4:00 PM and removed at approximately 10:00 AM the next day. This process was repeated until the
mice were visibly pregnant or had undergone 8 unsuccessful attempts, at which point they were
considered too old for further breeding attempts. The detection of vaginal mucus plugs the following
day confirmed successful mating, designating that day as embryonic day 0.5. Once pregnancy was
further verified by a noticeable size increase, the pregnant mice were individually housed alongside
an “experienced mother” mouse, as previously described. The average gestation period lasted

approximately 19.5 days.

2.4. Litter Size

To accurately assess changes in BMC and other parameters throughout the reproductive cycle in mice,
it is essential that both WT and NULL mothers have similar litter sizes, especially during lactation.
The number of pups nursed during lactation directly affects calcium requirements, influencing the
extent of bone resorption from the maternal skeleton and calcium absorption from the intestines. In
this study, breeding pairs were well-matched in terms of litter sizes, with averages close to 6 for both
groups. Larger litters were culled to 6 by 48 hours after delivery, and litters smaller than 4 were not

used for analysis.

2.5. Timeline, data collection points, and sample size

The timeline, along with all the collection points, can be tracked in Figure 14. In the first cohort,

blood, urine, bone, and DXA scans were collected at BL, LP, LL, R1, R2, R3, and R4. Subsequently,
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an additional collection point (ML) was introduced in a second cohort to study hormonal and mineral
changes during lactation; however, urine samples were not collected at that time. As the reviewers of
JBMR requested additional data to publish our project, we introduced a third cohort to collect more
blood and urine samples for measuring albumin-adjusted serum calcium and creatinine, fractional
excretion of calcium, phosphorus, and magnesium, and the renal expression of Cyp24al and

Cyp27bl.

Instead of performing power calculations for each assay, we targeted an empirical sample size of 10
for each genotype. This empirical approach stems from decades of experience in our laboratory,
which has shown that a sample size of 10 generally provides sufficient power in most in vivo assays.
The hormonal and gene expression assays were capped at 7 samples in order to fit everything on a
single plate, while 5 samples per genotype is a widely accepted standard for gPCR and uCT analyses.
The sample size for the fractional excretion of phosphorus and magnesium was further constrained

due to a shortage of remaining samples.

Presence of vaginal

mucus plug Normal delivery
BL1 BLZ LP( ML LL R1 R2 R3 R4
! ! !

Maturation Preghancy Recovery

.
10 Embryonic Embryonic 7 days 21 days
weeks day 0.5 day 18.5 after after
after birth . weaning weaning
1 Embryonic 10 days 21 days .
weeks day 19.5  after delivery after delivery 14 days 28 days
after birth after after
weaning weaning

Figure 14. Schematic showing sample collection time points during the reproductive cycle.

The time from birth to R4 lasts around 21 weeks (5 months). BL.1: Baseline one, data collected from
virgin mice. BL2: Baseline two, data collected one week after BL1. LP: Late pregnancy, 18.5 days
of pregnancy. ML: Mid lactation, 10 days of lactation. Milk production and bone resorption are at
their peak. LL: Late lactation, 21 days of lactation. The pups are weaned on this day. R1: Recovery

1: 7 days after weaning. The skeleton is regaining the minerals lost during lactation. R2: Recovery 2,
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14 days after weaning. Recovery of the skeleton should be complete for most mice at this point. R3:
Recovery 3, 21 days after weaning. Some mice may require more time to recover fully. R4: Recovery

4, 28 days after weaning. All the mice be recovered completely by this point.

2.6. Bone analysis

2.6.1. Bone Mineral Content (BMC)

Dual-energy X-ray absorptiometry (DXA or DEXA) is a non-invasive diagnostic imaging technique
used to assess body composition.''®!!” The DXA machine emits two low-current X-ray wavelengths
that penetrate the subject's body and are subsequently detected by a sensor!'®. The differential
absorption of these X-rays by various tissues allows body composition measurements, such as bone

mineral content (BMC), bone mineral density (BMD), and body fat percentage.!'®

BMC of mice in this study was measured using the Lunar PIXImus 2 DXA (General Electric, Boston,
USA), and quality control measurements were performed before each scan by calibrating with a

“phantom” mouse (BMD=0.0630 g/cm, % fat =11.9%).

For immobilization during the scan, mice were given an intraperitoneal injection of a mixture of
ketamine (50 mg/ml) and xylazine (20 mg/ml). The amount of anesthetic was adjusted accordingly
to the average mouse size at each time point, varying from 25 pL at BL, 40 pL at LP, 30 pL at LL,
and 25 pL at R1-4. The amount of anesthetic was optimized to use the minimum amount to keep the
mice immobilized during the scan while ensuring a fast recovery. Once anesthetized, mice were
placed in the prone position (Figure 15) by the same person throughout all measurements. Each

measurement took approximately 3 minutes to complete.
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Figure 15. Representative photo of a mouse in the prone position for DXA scan.

The image was analyzed using Lunar PIXImus software (v1.45). To reduce variability, the head and

neck were excluded from all scans, and the ear tag was kept out of the region of interest (ROI).

All ROIs were manually adjusted to measure the whole body (except the head and neck), lumbar

spine, and hind limb. Three representative images of the scans are illustrated in Figure 16.
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Whole body

Figure 16. Representative BMC scans of the whole body, lumbar spine, and hind limbs.

The green box represents the ROI, while the red ellipse indicates the excluded region.

2.6.2. Micro-computed tomography

Computed tomography (CT) is a non-invasive x-ray imaging technique that permits the
reconstruction of a three-dimensional image of the sample.!?® Continuous improvements of
tomography technology led to the development of micro-computed tomography (LCT) scanners with

resolutions at the sub-micron level.'?°
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The principle of uCT involves generating a series of radiographs (projection images) around a fixed
axis of a sample placed between the X-ray source and detector.'?*!?! The sample can either be fixed
at the center while the X-ray source and detector rotate around it, or the sample can rotate around its
axis while the X-ray source and detector remain fixed.'”? Both methods reconstruct a three-
dimensional image using reconstruction algorithms on two-dimensional images (Figure 17).!20-122
More recent versions of this technique use helical scans, but the principle remains the same'?*. Both
soft and hard tissues can be analyzed using uCT scans; however, hard tissues like bone interact

strongly with X-rays, eliminating the need for contrast agents.!20122

X-Ray
Tube
m ¢ Q)
Projections over 360°
X-Ray

Detector l

Cross-Sectional Images

Reconstruction
Algorithm

3D
Visualization

Figure 17. Schematic of the nCT imaging process, including image acquisition of cone beam
projections, reconstruction, and visualization of tomographic data.

The mouse sample is placed between an X-ray tube and an X-ray detector, which rotates around it.
Projections are typically taken over 360° at intervals of 0.1 to 1°. The images are then reconstructed

to form three-dimensional images. Used with permission of Elsevier (Appendix 10).!*
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WT and NULL mice were anesthetized with isoflurane and then euthanized via cervical dislocation.
Lumbar vertebrae and the right hind limb were collected and placed in 10% neutral buffered formalin
(NBF) at 4° C overnight. The next day, the samples were washed with 1X PBS for 10 min and stored

in 70% ethanol in the dark until they were analyzed.

uCT was performed Dr. Natalie Sims’ group at St Vincent's Institute of Medical Research in
Melbourne, Australia. A high-resolution uCT scanner (Skyscan 1076, Kontich, Belgium) was used
for imaging. The settings included a 9 mm voxel resolution, 0.5 mm aluminum filter, 50 kV voltage,
and 100 mA current, with an exposure time of 2600 ms, a rotation of 0.5 degrees, and frame averaging
set to 1. Image reconstruction and analysis were carried out using Skyscan's NRecon (version 1.6.3.3),
DataViewer (version 1.4.4), and CT Analyzer (version 1.12.0.0) software. Femoral lengths were
measured, and the diaphyseal (cortical) region analyzed commenced at a distance of 30% of the length
of the bone proximal to the distal end of the femoral growth plate, while the metaphyseal (trabecular)
region commenced at 10% of bone length proximal to the distal end of the femoral growth plate; both
had regions of interest with a length of 15% bone length. The lower thresholds for detecting bone

were equivalent to 0.3579 g/cm3 CaHA for trabecular and 0.5229 g/cm3 CaHA for cortical bone.

2.6.3. Biomechanical test (Three-point bend test)

Hind limbs were collected, and the tibias were isolated. The surrounding tissues were removed, the
fibula was detached from each specimen, and all bones were stored at -20°C until analysis. The three-
point bend test was performed on the left tibia from both WT and NULL mice. On the day the test
was performed, the bones were thawed at room temperature in 1X PBS for 2 h to rehydrate and
stabilize the samples. The assessment of cortical bone strength was conducted using an Instron Series
3340 single-column electromechanical testing device (Instron, Norwood, MA) in conjunction with
the Instron Series IX software (v8.30.00). Each tibia was consistently positioned on the platform, and

the ends were securely fixed (Figure 18). The crosshead of the machine was positioned roughly 2-3
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cm above the tibia's midshaft and calibrated before each test. The crosshead descended at a rate of 10
mm/min until the tibia fractured. Each test generated a range of biomechanical data, including
maximum load (gf), displacement (um), maximum strain (gf/mm?2), strain percentage, and slope

(gf/mm). All collected bones were analyzed on the same day.

Figure 18. Representative image of a tibia positioned on the Instron Series 3340 single-column
electromechanical testing device platform.

Tibias were placed at fixed positions on the platform, and a flexural device applied pressure to the

mid-shaft of each tibia until it fractured.

2.7. Blood and urine collection

2.7.1. Blood

Blood samples were collected from the tail vein for longitudinal studies and heart puncture for

terminal procedures.

Tail bleeding was performed by cutting a thin section at the end of the tail with a sharp razor. The

blood was collected into a 0.6 mL microtube.

A cardiac puncture was performed to collect larger amounts of blood for terminal procedures.

Immediately before the procedure, all mice were deeply anesthetized with isoflurane. A sterile 1 mL
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syringe with a 20-gauge needle was then used to pierce the skin below the ribcage to access the heart.

After collecting the blood, the mice were immediately euthanized by cervical dislocation.

Blood from tail bleeding and heart puncture were centrifuged at 1500 x g for 15 minutes to separate
the serum from white blood cells (leukocytes), red blood cells (erythrocytes), platelets, or clotting
factors. The supernatant (serum) was pipetted into a new microtube and stored at -20 °C until further

analysis. The samples were aliquoted to avoid freezing and thawing.

2.7.2. Hematocrit test

A hematocrit test, also referred to as packed cell volume (PCV), volume of packed red cells (VPRC),
or erythrocyte volume fraction (EVF), measures the percentage of red blood cells in the blood.!?>:126
Abnormally high or low hematocrit levels can indicate various conditions, including dehydration.
Dehydration reduces the overall water content in the body, including the plasma in the blood.
Therefore, reduced plasma levels increase the proportion of hematocrit to total blood volume,

indicating dehydration, with the opposite also being true.!?>126

Hematocrit is expressed as a unitless value between 0.00 and 1.00. In mice, hematocrit values
typically range between 0.40 and 0.50, with levels during pregnancy being comparatively lower than

pre-pregnancy values due to plasma volume expansion during this period.!?’

Blood for the test was collected from the tail vein using capillary tubes coated with ammonium
heparin. The microtubes were sealed with wax and centrifuged for 10 minutes at 15,000 x g. The
microtubes were positioned with a ruler placed underneath them to measure the length of the red cell
fraction. The length of the red cell fraction was recorded in centimeters and then divided by the length
of the total blood volume fraction, also recorded in centimeters. The measurement was performed by

the same person for consistency.
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2.7.3. Urine

Mice were placed in clean, empty cages to urinate in the morning. Urine was collected with a pipette,

placed in 0.6 mL microcentrifuge tubes, and stored at -20°C until analysis.

2.8. Serum and urine mineral analysis

All mineral levels in serum and urine were measured using colorimetric assays with absorbance

determined using the Ultraspec 2000 spectrophotometer (Pharmacia Biotech, Piscataway, NJ).

2.8.1. Calcium content

The calcium colorimetric assay by Sekisui Diagnostics'?® (Sekisui Diagnostics, Charlottetown, PEI)
was used to measure serum and urine calcium concentrations. Arsenazo III [2,2'-(1,8-dihydroxy-3,6-
disulfonaphthylene-2,7-bisazo) bisbenzenearsonic acid] reacts with calcium in an acid solution to
form a blue-purple complex. The color developed has a maximum absorbance of 650 nm and is
proportional to the calcium concentration in the sample. The linear range of the kit was 0.01 mmol/L

to 3.75 mmol/L. The stoichiometric reaction is shown below:

2 Arsenazo III + Ca™ — Ca-Arsenazo Complex™ (blue-purple)

To perform the test, 10 uL of the sample (serum or urine) or calcium standard of known concentration
were pipetted into 1000 pL of Calcium Reagent in 1.5 mL plastic cuvettes. The absorption at 650 nm
was measured using a spectrophotometer, and the concentration of calcium was calculated using the
absorbance of the calcium standard. Some samples were diluted with saline (0.9% NaCl) when

concentrations were beyond the linear range of detection.
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2.8.2. Phosphorous content

The phosphorus-SL colorimetric assay by Sekisui Diagnostics (Sekisui Diagnostics, Charlottetown,
PEI) was used to measure serum and urine phosphorus concentrations.'?* A reaction between
inorganic phosphorus and ammonium molybdate in the presence of sulfuric acid results in the
formation of an unreduced phosphomolybdate complex. The absorbance intensity at 340 nm is
directly proportional to the amount of inorganic phosphorus in the sample. The reportable range of

the kit was 0.03 mmol/L to 6.46 mmol/L. The stoichiometric reaction is written below:

Inorganic Phosphorus + Ammonium Molybdatesz 04um‘ecluced
Phosphomolybdate complex
To perform the test, 10 pL of the sample (serum or urine) or phosphorous standard of known
concentration were pipetted into 1000 uL of Reagent 1 and 200 pL of Reagent 2 in 1.5 mL plastic
cuvettes. Samples were incubated for 10 min at room temperature. The absorption at 340 nm was
measured using a spectrophotometer, and the concentration of phosphorous was calculated using the

absorbance of the phosphorous standard. Some samples were diluted with saline (0.9% NaCl) when

concentrations were beyond the linear range of detection.

2.8.3. Magnesium content

The magnesium colorimetric assay by Sekisui Diagnostics (Sekisui Diagnostics, Charlottetown,
PEI).!*® When magnesium from a sample is mixed with the Magnesium reagent under alkaline
conditions, it forms a red complex with xylidyl blue diazonium salt. The concentration of magnesium
in the sample can be determined by measuring the decrease in absorbance at 660 nm using
spectrophotometry. The reportable range of the kit is 0.12 mmol/L to 3.29 mmol/L. The

stoichiometric reaction is as follows:
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Xylidyl blue-1 + Mg —  Mg-xylidyl blue complex (red)

The first step was adding 10 puL of the sample (serum or urine) or magnesium standard of known
concentration into 1000 uL of Magnesium Reagent in 1.5 mL plastic cuvettes. The mix was incubated
for 5 min at room temperature, the absorption at 520 nm was measured, and the concentration of
magnesium was calculated using the absorbance of the magnesium standard. Some samples were

diluted with saline (0.9% NaCl) when concentrations were beyond the linear range of detection.

2.8.4. Creatinine content

Creatinine was measured using a colorimetric assay by Sekisui Diagnostics (Sekisui Diagnostics,

Charlottetown, PEI).!3! The kit is based on the Jaffe chemical reaction:

Creatinine + alkaline picrate —> creatinine-picrate complex (Janvovsky complex)

At alkaline pH, creatinine reacts with picrate to form Janvovsky complex. The rate of increase in
absorbance (measured at 20 sec and 80 sec) is due to the formation of the creatinine-picrate complex
is directly proportional to the concentration of creatine in the sample. The limit of detection was 4

pmol/L to 1945 pmol/L.

First, one part of the Creatinine Picrate reagent and four parts of the Creatinine base reagent were
mixed to form the working reagent. Next, 50 pL of the sample (serum or urine) was pipetted into
1000 pL of working reagent in 1 mL plastic cuvettes. The absorbance at 510 nm was recorded after
20 and 80 s the addition of the working reagent, and the concentration of creatinine was calculated
using a standard. Some samples were diluted using a saline solution (0.9% NaCl) to fit within the

linear range of detection.
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2.9. Albumin-adjusted calcium

Ionized calcium, the biologically active form of calcium, is regarded as the gold standard for calcium
assessment, but obtaining precise measurements can be challenging due to the time-sensitive nature
of sample processing.'*? Consequently, calcium levels are typically reported as total calcium, which
includes both free (ionized) and albumin-bound calcium!'*. Fluctuations in bound calcium can
sometimes lead to misdiagnoses of hypo- or hypercalcemia when the variations involve non-
biologically active calcium.'** To determine if hypercalcemia in the NULL mice was related to

changes in albumin, we calculated albumin-adjusted calcium.

Both albumin-adjusted calcium and fractional mineral excretion were performed in the same group
of mice. The group comprised a mix of cross-sectional and serial samples due to the large sample

volume required.

Albumin was measured by the Pierce™ BCA Protein Assay Kit'** (Thermo Fisher Scientific,
Waltham, USA), and the calcium measuements calculated for fractional excretion were adjusted

using the formula!*:

Albumin Ca (mmol/L) = Total Ca(mmol/L) + 0.02 (40 — albumin(g/L)

2.10. Fractional mineral excretion

Fractional excretion refers to the percentage of plasma component filtered by the glomerulus that is
excreted into the urine.'*® This method, used to assess kidney function, involves measuring the
concentration of the mineral in both urine and serum and adjusting for creatinine, which is excreted
at a relatively constant rate.'*® The technique can also be utilized to determine whether renal calcium

retention is contributing to hypercalcemia.
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Calcium, phosphorus, magnesium, and creatinine levels were measured in both serum and urine
samples from the same mice, following the previously described protocol (Section 2.8). To eliminate
inter-assay variability, all samples for any assay were run at the same time. After measuring the
amount of mineral in all samples, the fractional excretion for each mineral was calculated using the

formula'3’:

Urine X/Serum X )

Fractional excretion of X = - — —
f (Urme Creatinine/Serum Creatinine

Calcium analysis was prioritized; however, due to the limited remaining sample volume, only a few
samples from Cyp24al null mice at late pregnancy could be measured for phosphorus and

magnesium.

2.11. Hormonal analysis

The hormones were measured using separate aliquots of serum, thus thawing only once for each
sample. All hormones were measured using ELISA kits, and the results were measured at their
specified wavelengths using a Biotek Epoch microplate reader (Agilent Technologies, Santa Clara,
CA) and analyzed with GenS5 software v 3.15.15. Values below the detection limit were set to the

detection limit, while those exceeding the maximum were set to the maximum.

2.11.1. Calcitriol

Calcitriol levels in mouse serum were determined using a 1,25-Dihydroxy Vitamin D Enzyme
Immunoassay (EIA) (Immunodiagnostic Systems, Inc., Gaithersburg, MD).!3® This 2-day procedure
involved immune extraction for the purification of calcitriol from serum, followed by its
quantification through EIA. Each sample consisted of 50 uL of undiluted serum. The technique is

based on the competitive binding of free calcitriol or biotin-conjugated calcitriol to a limited number
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of specific sheep anti-calcitriol receptors. The degree of biotin linked to the anti-sheep antibody is
inversely related to the calcitriol levels present. The procedure followed an alternative approach for
sample preparation, with immune extraction and assay processes as outlined in the kit instructions.
Sample absorbances were measured at a wavelength of 450 nm using a spectrophotometer. The

detection range for the kit was from 6 pmol/L to 333 pmol/L.

2.11.2. Calcifediol

Calcifediol levels in mouse serum were determined using a 25-Hydroxy Vitamin D Enzyme
Immunoassay (EIA) (Immunodiagnostic Systems, Inc., Gaithersburg, MD).!** A 12.5 pL serum
sample was diluted with 25 pL of saline. Initially, calcifediol molecules in the sample are captured
by a dedicated calcifediol antibody fixed to the surface of the assay plate well. Subsequently, a
horseradish peroxidase (HRP)-tagged calcifediol antibody is introduced, binding to the anchored
calcifediol to form a highly selective sandwich complex. The strength of the enzymatic activity
demonstrated by this bound antibody complex is directly related to the amount of calcifediol in the
serum sample. This relationship enables the determination of calcifediol concentrations by measuring

absorbance at 450 nm. . The detection range for the kit was from 0 nmol/L to 260 nmol/L.

2.11.3. Serum parathyroid hormone (PTH)

PTH levels in mouse serum were determined using a MicroVue™ Mouse PTH ELISA (1-84)
(QuidelOrtho, San Diego, USA).!** This assay employs a two-site ELISA approach to measure serum
PTH concentration. Intact PTH, consisting of 84 amino acids, is detected in two parts: the C-terminal
portion is identified by a biotinylated anti-mouse PTH antibody fixed to the well surface, while the
N-terminal portion is recognized by a horseradish peroxidase (HRP)-labeled anti-mouse antibody.
These two antibodies form a 'sandwich' complex, with the enzymatic activity of this complex being
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directly proportional to the PTH quantity in the sample. The process was conducted according to the
kit's guidelines, using 25 uL of sample, and the absorbances were read at 450 nm. The kit’s detection

range was from 4 pmol/mL to 1,045 pg/mL

2.11.4. Serum fibroblast growth factor 23 (FGF23)

Mouse serum FGF23 was measured using an FGF23 ELISA Kit (Kainos Laboratories, Tokyo, Japan).
141 A 20 pL serum sample was analyzed undiluted. The FGF23 molecules in the sample are initially
bound by a specific FGF23 antibody that is immobilized on the surface of the assay plate well. This
is followed by the addition of a horseradish peroxidase (HRP)-labeled FGF23 antibody, which
attaches to the immobilized FGF23, creating a highly specific sandwich complex. The intensity of
the enzymatic reaction exhibited by this antibody complex, firmly anchored to the well, is in direct
correlation with the FGF23 concentration present in the serum sample, allowing the measurement of

FGF23 levels by absorbance at 540 nm. The kit’s detection range was from 6 pg/mL to 800 pg/mL.

2.12. Intestinal calcium absorption

The intestinal **Ca absorption protocol is based on a method by Delucca et al. (2008)'** with several
modifications. Mice were fasted overnight and given a 0.3 mL solution containing 0.5 pCi **Ca in a
buffer (0.5 mM CaCl2, 10 mM Tris-acetate, pH 7.5) by oral gavage. After 10 minutes, blood was
collected by cardiac puncture, and serum was separated by centrifugation at 1500 x g for 15 min. 50

pL of serum was used for counting **Ca, and the rest was stored at -20°C for further analysis.

For #*Ca counts, 50 pL of serum was bleached with 30% H,0, and 3N KOH for 30 minutes, then

neutralized with SN HCI. 5 mL of ScintiSafe™ 30% Cocktail (Fisher Chemical, Canada) was added,
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and the radioactivity in the sera was measured using a liquid scintillation counter (Beckman Coulter
LS6500, Brea, California, USA). Counts were adjusted for total blood volume and expressed as a

percentage of the administered dose.

2.13. Gene expression analysis by PCR

Duodena and kidneys were collected to analyze gene expression using qPCR. The duodenum is the
main portion of the intestine where intestinal calcium absorption takes place. The kidneys are where

most of the calcifediol is converted into calcitriol.

The genes analyzed in the duodenum are involved in calcium and phosphate transport. This included
calbindin-D9k (S§100g), Ca2+-ATPase (Atp2b1), potassium calcium-activated channel subfamily M
alpha 1 (KCNmal), sodium-calcium exchanger type 1 (Ncx1), transient receptor potential vanilloid 6
(Trpv6), sodium-phosphate transporter NaPi2b and phosphate transporters Pit/ and Pit2, Cyp27bl,

Cyp24al, Vdr, and protein disulfide isomerase family A, member 3 (Pdia3).

Genes analyzed in the kidneys were Cyp27b1, responsible for calcitriol synthesis, and Cyp24al,

involved in its degradation.

Tissue was collected at BL and LP, as these were the most relevant time points for observing gene
expression changes. 5 samples were collected at each time point for each tissue. Values below the
detection limit were set to the detection limit, while those exceeding the maximum were set to the

maximum.

2.13.1. Tissue collection

The mice were anesthetized with isoflurane and sacrificed by cervical dislocation. The duodenum

and kidneys were quickly removed and snap-frozen in liquid nitrogen and then stored at -80°C for
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gene expression analysis. All procedures were performed as quickly as possible to minimize RNA

degradation.

2.13.2. RNA extraction

Total RNA was purified using the RNeasy Midi Lipid kit (Qiagen, Toronto, ON). The frozen tissues
were transferred immediately to a tube containing 1 ml of cold QIAzol Lysis Reagent (Qiagen,
Toronto, ON) containing 2.8 mm zirconium oxide beads (Bertin Technologies, Paris, FR). The
samples were homogenized using the Percellys® Tissue Homogenizer (Bertin Technologies, Paris,
FR) 2 times for 30 seconds at speed 5, with the samples incubating on ice between the two steps. The
homogenized tissues were placed at room temperature for 5 min, 1 mL of chloroform was added, and
vigorous shaking was performed for 15 s. Tubes were let to rest for 3 min and centrifuged at 5,000 g
for 15 min at 4 °C. The upper phase was transferred to a new tube, 3 mL of 70% ethanol was added,
and the mixture was mixed thoroughly by vortexing. 4 mL of sample was transferred to a Qiagen
RNeasy Midi spin column placed in a 15 mL collection tube. The lid was closed, and the tube was
centrifuged at 5,000 g for 5 min at 25 °C. The overflow was discarded, and 4 mL of Buffer RW1 was
added, followed by centrifugation at 5000 g for 5 min. After centrifugation, the collection tube was
replaced, 2.5 mL of Buffer RPE was added to the column, and the tube was centrifuged at 5,000 g for
5 min. The previous step was repeated one more time. Another centrifugation was done without
putting RPE Buffer in order to clean the residues. The column was then transferred to a new 15 mL
collection tube, and 200 uL of RNase-free water eluted the RNA column for 2 min. Lastly, the tube
was centrifuged at 5,000 g for 3 min to collect the eluted RNA. All the procedure was carefully

performed in an RNAse-free environment.
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2.13.3. RNA quality control

The RNA was quantified using the Take 3 plate accessory for the Biotek microplate reader (Agilent
Technologies, Santa Clara, CA). 2uL of RNA was loaded onto the plate and concentration and quality
were determined with the method “Quantification of single strand RNA” using the Gen5 software (v
3.15.15) (Agilent Technologies, Santa Clara, CA). Samples with high concentration (>250 ng/uL)

and ratios of 260/230 and 260/280 greater than 1.8 were selected for qPCR reactions.

2.13.4. cDNA synthesis

RNA samples were diluted to 200 ng/uL. cDNA was synthesized using the Tagman® High Capacity
cDNA Reverse Transcription Kit (ThermoFisher, California, US). The RT master mix was prepared
on ice. The mastermix consisted of: 2.0 pL of 10X RT Buffer, 0.8 pL of 25X dNTP Mix (100 mM),
2.0 uL of 10X RT Random Primers, 0.1 pL of MultiScribe™ Reverse Transcriptase, 1.0 uL. of RNase
Inhibitor, and 3.2 uL of nuclease-free H>O. 10 uL of diluted RNA was added to 10 uL of mastermix
and the tubes were placed in a thermocycler with the following program: 10 min at 25 °C, 120 min at

37°C, 5 min for 85 °C and held at 4° C.

2.13.5. Quantitative real-time polymerase chain reaction (qPCR)

Pre-designed TagMan® Gene Expression Assays with primers and probes for optimal amplification
and TagMan™ Fast Advanced Master Mix (Thermo Fisher Scientific, Waltham, USA) were used to

measure gene expression with the manufacturer’s (Table 1).

Table 1. List of primers and probes used in qPCR

Gene

Abbreviation Gene Name Catalogue number

Glyceraldehyde-3-phosphate
Gapdh dehydrogenase Mm99999915 g1
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ATPase, Ca++ transporting, plasma

Atp2b1, Pmca1 membrane 1 MmO01245805 m1

Slc20a2, Pit2 solute carrier family 20, member 2 MmO00660203 m1

Slc20a1, Pit1 solute carrier family 20, member 1 MmO00489378 m1
transient receptor potential cation channel,

Trpv6 subfamily V, member 6 MmO00499069 m1

Vdr vitamin D receptor MmO00437297 _m1
cytochrome P450, family 27, subfamily b,

Cyp27b1 polypeptide 1 MmO01165918 g1
solute carrier family 34 (sodium

Slc34a2, NaPi-2b phosphate), member 2 MmO01215846 m1

S100g, Calb3 S100 calcium binding protein G Mm00486654 m1

potassium large conductance calcium-
activated channel, subfamily M, alpha

Kcnma member 1 Mm01268569 _m1
solute carrier family 8 (sodium/calcium

Slc8a1, Ncx1 exchanger), member 1 MmO01232254 m1
cytochrome P450, family 24, subfamily a,

Cyp24a1 polypeptide 1 MmO00487244 m1

Pdia3 protein disulfide isomerase associated 3 MmO00433130_m1

qPCR was performed in a 96-well plate, in triplicate, by mixing 10 pL (2pg) of cDNA with 10 puL of
TagMan™ Fast Advanced Master Mix (Thermo Fisher Scientific, Waltham, USA). The reaction was
run in the ViiA™ 7 Real-Time PCR System (Thermo Fisher Scientific, Waltham, USA) with the
following parameters: 2 minutes at 50°C, 20 seconds at 95°C, 40 cycles of 1 second at 95°C and 20
seconds at 60°C. Relative expression was determined using the threshold cycle (Ct) value of the gene

of interest normalized to the Ct of the reference gene (Gapdh).

2.14. Milk analysis

Milk was collected at ML to measure calcium and total protein levels. Lactating dams were separated
from their pups for 2 hours, anesthetized with 30 pL of ketamine (50 mg/mL) and xylazine (20
mg/mL) mixture, and given 1 IU of oxytocin intraperitoneally while in a supine position. After 5

minutes, all mammary glands were manually massaged from the base to the apex, and milk was
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collected using a 200 pL pipette. Fresh milk was used to measure creamatocrit, whereas the samples

for calcium and protein were stored at -20°C until analysis.

2.14.1. Calcium content

Calcium content was analyzed using the method described in Section 2.8.1. Frozen samples were
thawed, homogenized by vortexing for 1 minute, and diluted 400 times with distilled H>O to fit within

the linear range of detection.

2.14.2. Protein content

In milk, the primary calcium-binding and chelating proteins are caseins and whey proteins,'** which
together account for nearly all of the milk’s proteins.'* Because of this intrinsic relationship,
expressing calcium per unit of protein is a globally accepted standard. Otherwise, a small difference
in protein concentration will lead to a large artifactual difference in calcium concentration. Protein
content was measured using the Pierce™ BCA Protein Assay Kit'** (Thermo Fisher Scientific,
Waltham, USA). The kit uses bicinchoninic acid (BCA) for colorimetric detection and quantification
of total protein. The purple-colored product of this assay results in a complex that has a strong
absorbance at 562 nm, which is almost linear with increasing protein concentrations across a wide
range (20-2000 pg/mL). The BCA method is not a true end-point method, meaning the final color
continues to develop even after incubation. However, the rate of continued color development is

sufficiently slow, allowing for the simultaneous assay of large numbers of samples.
The protocol can be subdivided into two parts:

Preparation of the BCA working reagent (WR) and albumin (BSA) standards:
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The following formula was used to determine the total volume of WR required: (# standards + #
unknowns) x (# replicates) x (volume of WR per sample). 200 ul of WR reagent was needed per
sample. The required amount of WR was prepared by mixing 50 parts BCA Reagent A with 1 part
BCA Reagent B. Standards were made by serial dilution of 2 mg of Bovine Serum Albumin (BSA)

(Sigma-Aldrich, Saint-Louis, USA) in 1 mL of saline.

Microplate procedure:

For the assay, 25 puL of each standard or unknown sample was pipetted in duplicate into a microplate
well. 200 pL of WR was added to each well, and the plate was thoroughly mixed on a plate shaker
for 30 seconds to ensure uniform distribution of the reagent. The plate was covered and incubated at
37°C for 30 minutes. The absorbance of each well was measured at 562 nm using a plate. A standard
curve was generated by plotting the concentration of the standards against their corresponding

absorbances. This curve was then used to determine the protein concentration in each sample.

2.14.3. Creamatocrit

The creamatocrit test is a simple test to estimate milk’s fat content!*®

, and it was performed as follows:
Fresh milk was collected as described in Section 2.13. The milk was then transferred into a capillary
tube, filling approximately 4/5 of its capacity. The capillary tube was then sealed with wax and
centrifuged for 40 minutes at 15.000 RFC. Finally, the length of the cream portion was divided by

the total milk volume to calculate the creamatocrit. The percentage of cream relative to the total milk

volume was calculated to estimate the lipid content.

2.15. Statistical Analysis
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Instead of performing power calculations for each assay, we targeted an empirical sample size of 10
for each genotype. This empirical approach stems from decades of experience in our laboratory,
which has shown that a sample size of 10 generally provides sufficient power in most in vivo assays.
The hormonal and gene expression assays were capped at 7 samples in order to fit everything on a
single plate, while 5 samples per genotype is a widely accepted standard for gPCR and pCT analyses.
The sample size for the fractional excretion of phosphorus and magnesium was further constrained
due to a shortage of remaining samples.

Data were analyzed using GraphPad Prism 10 for MacOS, Version 10.0.3 (GraphPad Software,
Boston, MA). qPCR results were evaluated through the Comparative CT Method (2ACT).'*® The
primary prespecified outcomes were assessed via paired t-tests, comparing WT and NULL mice for
serum calcium levels and intestinal calcium absorption at the end of pregnancy, as well as BMC loss
measured by DXA at the end of lactation. All other analyses involved two-way ANOVA across the
full dataset (covering both genotypes and all time points), followed by Tukey's post-hoc test to adjust

for multiple comparisons. All data are presented as mean + SD with two-tailed p-values.

3. RESULTS

3.1.  Litter size and genotype ratio

The ratio of WT:HET:NULL born from colony breeders was 1:2:1, as verified by David Bennin’s
project.!% However, consistent with the previous findings reported by the laboratory that developed
the mice,*® approximately half of the null mice survived to three weeks of age (expected time of

weaning). This limited the availability of adult null mice for these experiments.
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3.2. Longitudinal changes in calciotropic hormones

Serum calcitriol levels increased in both genotypes during pregnancy as expected, with a 2.5-fold
higher increase in NULLs compared to WT (185.3+7.0 vs. 76.3+21.5 pmol/L, p<0.001). This increase
was attenuated at mid-lactation but remained significantly higher in NULLs compared to WT
(91.1£52.5 vs. 20.5+£6.0 pmol/L, p=0.0174), and returned to normal levels by R1 (Figure 19A). The
absence of Cyp24al-mediated catabolism also contributed to apparently higher baseline levels of
calcifediol in NULLs, though not statistically significant (56.4+8.6 vs. 40.5+3.8 mmol/L, p=0.067)
(Figure 19B). During pregnancy, calcifediol levels significantly decreased in both genotypes, with a
more pronounced drop in NULL mice (29.8+6.3 vs. 56.4£8.6 mmol/L, p=0.0001). Subsequently,
calcifediol levels returned toward baseline values during post-weaning recovery but did not reach

levels significantly higher than controls at these time points (Figure 19B).

Mean serum PTH was not significantly different in NULLs at baseline compared to WTs. During
pregnancy and mid-lactation, PTH was suppressed to at or near the lower limit in both genotypes.
Afterward, PTH levels in both genotypes rose toward baseline values (Figure 19C). Serum FGF23
rose 6.5-fold higher in NULL compared to WT mice during pregnancy (1,716.3£867.4 vs

269.0+162.8, p>0.001) (Figure 19D).
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Figure 19. Longitudinal changes in calciotropic hormones.

Serum calcitriol levels increased during pregnancy as expected, with a 2.5-fold greater increase in
NULLs, although this increase was less pronounced at mid-lactation (A). Calcifediol levels were
higher in NULLSs at baseline but decreased more than in WTs during pregnancy (B). PTH levels were
slightly lower in NULL mice compared to WT mice during baseline. Still, the difference was not
significant, and PTH became suppressed during pregnancy and lactation in both genotypes (C).

Serum FGF23 levels rose 6.5-fold in NULLs compared to WTs during pregnancy (D).

3.3. Longitudinal changes in serum and urine mineral

The serum calcium levels, unadjusted for serum albumin, were not significantly different between
WT and NULL dams at baseline (Figure 20A). However, serum calcium of NULLs rose 17% higher
than WTs during pregnancy (3.1£0.5 vs 2.7+0.4, p=0.041) before returning to values no different
from WT at subsequent time points (Figure 20A). About 20% of our NULL mice used for longitudinal

studies had some problems during the perinatal period and had to be euthanized. Issues included
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failure to deliver, offspring becoming stuck in the vagina (dystocia) or extreme distress symptoms
post-partum. The serum calcium of these mice, measured the day before delivery, was not
significantly higher than that of NULLs that successfully delivered (3.3+0.3 vs 3.1+0.5 mmol/L,
p=ns) (Figure 20A, compare magenta to blue bars at late pregnancy). Urine calcium excretion did not
differ between genotypes at baseline but rose significantly in NULLSs at late pregnancy (9.4+8.2 vs

0.6+0.4 Ca/Cr, p<0.001) (Figure 20B).

There were no differences in serum phosphorus levels between WT and NULL mice at any time point
(Figure 20C). However, both groups exhibited elevated phosphorus levels at mid-lactation, aligning
with bone resorption and the release of skeletal phosphate (as hydroxyapatite) during lactation (Figure

20C). Urine phosphorus showed no statistically significant changes (Figure 20D).

Unlike phosphorus levels, NULLs had significantly higher serum magnesium levels from the start
(1.1£0.049 vs 1.0+£0.1 mmol/L, p=0.029), which continued to rise, reaching their peak during mid
(1.6+0.1 vs 1.1+0.1 mmol/L, p<0.001) and late lactation (1.5%0.1 vs 1.1£0.1, p<0.001) (Figure 20E).
Urine magnesium levels significantly increased in both genotypes from baseline to late pregnancy
(NULLSs: 3.6+3.0 vs 3.0£2.5 Mg/Cr, p=0.015; WTs: 0.7+0.4 vs 3.0£2.5, p=0.04) before returning to

baseline values in late lactation (Figure 20E).
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Figure 20. Longitudinal changes in serum and urine minerals.

NULL mice became hypercalcemic during pregnancy, but their calcium levels returned to values that
were not significantly different from WT mice at subsequent time points (A). The magenta bars
represent the serum calcium levels the day before delivery in the 20% of NULL mice that had to be
euthanized during parturition (A). Urine calcium excretion rose significantly in NULL at late
pregnancy (B). There were no differences in serum phosphorus levels between WT and NULL mice
at any time point (C), while urine phosphorus increased numerically but not significantly in both

genotypes from baseline to late lactation (D). NULLs exhibited elevated serum magnesium levels
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during pregnancy and lactation (E), whereas urine magnesium rose significantly in both genotypes

during pregnancy before returning to the baseline in late lactation (F).

3.4. Baseline and pregnancy values of albumin-adjusted serum calcium, fractional excretion

of minerals, and creatinine.

In separate experiments, blood and urine samples were collected to measure the albumin-adjusted

serum calcium and the fractional excretion of minerals.

NULL mice had a 19% albumin-adjusted serum calcium than WT by late pregnancy (2.8+0.4 vs
2.240.2, p<0.001) (Figure 21A), which shows that the hypercalcemia was not due to fluctuations of

albumin content.

Fractional excretion of calcium (Figure 21B) and phosphorus (Figure 21C) showed no differences
between genotypes at baseline. However, during pregnancy, there was an increase of approximately
37 times in calcium fractional excretion (1.10+0.73 vs 0.03+£0.04, p<0.0001) and almost 9 times in
phosphorous fractional excretion (2.32+0.52 vs 0.24+0.26, p<0.0001) (Figure 21BC). Fractional
excretion of magnesium (Figure 21D) remained unchanged between genotypes and time points.
However, due to limited sample volumes, fractional excretion of phosphorus and magnesium during
pregnancy could only be measured in a few NULL mice. Meanwhile, serum creatinine remained the

same for both genotypes at all time points (Figure 21E).
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Simultaneous samples of serum and urine were collected, and it was determined that NULLs showed
persistent hypercalcemia during pregnancy after adjusting the serum calcium for albumin (A),
accompanied by increased renal fractional excretion of calcium (B). Renal fractional phosphorus
excretion was also increased (C), whereas magnesium remained stable (D), but the pregnancy
samples from the null were limited for phosphorus and magnesium. Serum creatinine did not differ

between genotypes at any time point (E).

3.5. Hematocrit test

The hematocrit was measured to assess whether the hypercalcemia in NULL mice resulted in volume

depletion.

The hematocrit in both genotypes decreased by approximately 11% during pregnancy (0.48+0.03 vs
0.43+0.02, p=0.01 for NULLs; 0.44+0.02 vs 0.48+0.02, p=0.02 for WTs) and returned to baseline
values afterward (Figure 22). This indicates that hypercalcemia in NULLs during pregnancy was not
associated with significant volume depletion or renal dysfunction but does not exclude the possibility

of volume depletion in NULLSs that died during delivery.
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WT and NULL mice experienced a small decline in hematocrit during pregnancy with no differences

between genotypes (Figure 22).
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Figure 22. Volume depletion indicator

WT and NULL mice experienced a slight decline in hematocrit during pregnancy, with no differences

between genotypes, and returned to baseline levels by mid-lactation.

3.6. Intestinal calcium absorption and the expression of calciotropic genes

During pregnancy, intestinal calcium absorption increased in both genotypes but achieved a
significantly greater increase in NULLs, with levels becoming three times that of WT (3.6£1.6 vs
1.0+£0.9, p<0.001) (Figure 23A). The increased intestinal absorption in NULL mice was attenuated
during mid-lactation but remained almost significantly higher than pre-pregnancy levels (2.5+1.9 vs
1.0£0.9, p=0.062) (Figure 23A). This increase in NULLs was accompanied by higher duodenal
mRNA levels of Trpv6, Atp2bl1, and S100g ((Figure 23BCD). In both genotypes, mRNA levels of
Ncex1 were significantly lower (Figure 23E), while Kcnmal remained unchanged (Figure 23F). Vdr
mRNA levels were reduced during pregnancy in both genotypes, while Cyp27b1 remained unchanged
(Figure 23GH). Cyp24al expression was low in the duodenum, increasing significantly in WT but

remaining low to undetectable in NULLs (Figure 23I). Regarding phosphate metabolism, duodenal
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Napi2b expression increased significantly in Cyp24al nulls, while Pit] and Pit2 expression remained

unchanged (Figure 23KJ).
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Figure 23. Intestinal calcium absorption and duodenal gene expression.

BL WT was chosen as the control, and its mean value was set to 1. All other gene expression levels

were expressed relative to the control. Intestinal calcium absorption increased during pregnancy and
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lactation in both genotypes, with NULL mice showing a 3-fold higher value than WT mice in late
pregnancy (A). NULL mice also exhibited increased expression of calcium-relevant channels and
transporters, including 7rpv6 (B), Atp2b1 (C), and S100g (D). In both genotypes, Ncx! expression
was significantly reduced (E), and Kcnmal expression was non-significantly reduced (F). Vdr
expression was also reduced during pregnancy in both genotypes (G), while Cyp27b1 expression
remained unchanged (H). Cyp24al expression in the duodenum was low but rose significantly in WT
mice, while it remained low to undetectable in NULLs (I). Expression of the phosphate-relevant
transporter Napi2b increased significantly in NULLs (J), while Pit/ (K) and Pit2 (L) expression

remained unchanged.

3.7.  Renal expression of calcitriol synthesis and catabolic pathway genes

As expected with the global gene ablation, the renal expression of the gene responsible for calcitriol
synthesis, Cyp24al, was absent in NULL mice both at baseline and during pregnancy, while it
increased 3.9-fold in WT mice during pregnancy (Figure 24A). In contrast, renal Cyp27b1 expression

was reduced by more than 95% in Cyp24al nulls compared to WT at baseline, and this reduction

persisted during pregnancy (Figure 24B).
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Figure 24. Renal gene expression of calcitriol synthesis and catabolic pathway genes.

In keeping with the global gene deletion, renal expression of Cyp24al was absent in the Cyp24al
null at baseline and pregnancy, whereas it increased 3.9-fold during pregnancy in WT (Figure 24A).
Conversely, renal expression of Cyp27b1 was downregulated more than 95% compared to WT at

baseline and remained so during pregnancy (Figure 24B).
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3.8. Milk calcium, protein and creamatocrit

Milk from NULLs contained higher concentrations of calcium (67.1£11.0 vs. 52.0+9.8, p=0.006) and
protein (2.8+0.4 vs. 2.2+0.4, p<0.001) compared to WT at mid-lactation (Figure 25AB). However,
when adjusted for protein content, the calcium levels were similar to those in WT milk (Figure 25C).

Additionally, the creamatocrit levels were the same for both types of mice, indicating similar water

content (Figure 25D).
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Figure 25. Milk calcium and protein content.
The milk from CYP24A1 null mice had higher concentrations of calcium (A) and protein (B) at mid-
lactation, but when the calcium content was adjusted for protein, it was not different from that of WT

mice (C). Milk cream content remained the same for both genotypes (D).
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3.9. Longitudinal Assessment of Skeletal Mineral Content by DXA

Whole body, lumbar spine, and hind limb BMC were similar between NULLs and WT at the start of

the study (Figure 26).

BMC increased similarly during pregnancy in the whole body and hindlimb for each genotype,
becoming statistically significant in WT (0.576+£0.05 vs 0.638+0.078, p=0.021). (Figure 26).
Meanwhile, both genotypes experienced BMC loss in the lumbar spine, with statistically significant

change for WT (0.059+0.005 vs 0.05+0.01, p=0.004) (Figure 26).

By late lactation, BMC had decreased in both genotypes (Figure 26). NULLSs lost ~12% less BMC
between BL and LL (0.581+0.052 vs 0.572+0.056 g, p=0.973) compared to WT (0.576+£0.045 vs
0.519+0.035 g, p=0.038), ultimately leading to a significant difference in BMC in the whole body
(0.572+0.056 vs 0.519+£0.035 g, p=0.014) (Figure 26A). A significant difference was also observed
in the spine (0.054+0.006 g vs 0.049+0.004 g, p<0.001), while a non-significant decline was observed

in the hind limb (0.08+0.006 g vs 0.075+0.004 g, p=0.08) (Figure 26BC).

During the recovery phase, BMC increased at all three sites in both genotypes to levels that were
equal to or higher than baseline (Figure 26). By R4, NULL mice had higher BMC than BL in the
whole body (0.67440.05 vs 0.581+0.052 g, p=0.009) and hind limb (0.092+0.006 vs 0.08+0.09 g,
p=0.044), but the increase was not significantly high in the spine (0.067+0.007 vs 0.0594+0.006, p=ns)
(Figure 26). Meanwhile, the increase in BMC during the same period for WT mice was significant

only in the hind limb (0.087+0.004 g vs 0.078+0.008 g, p=0.017) (Figure 26).
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Figure 26. Longitudinal Assessment of Skeletal Mineral Content by DXA.

There were no differences in whole body, lumbar spine, and hind limb BMC between WT and NULL
mice at BL (ABC). Both genotypes experienced increases in whole body and hind limb BMC during
pregnancy, with minimal changes in the lumbar spine, and no significant differences between
genotypes (ABC). NULL mice exhibited significantly less BMC loss than WT mice in both the whole
body and spine by late lactation (ABC). Subsequently, BMC in both genotypes increased to levels
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that were significantly higher than BL in the hind limb, but not in the whole body or lumbar spine
(ABC).

3.10. Bone resorption marker (CTX)

CTX levels were similar in both genotypes before pregnancy (Figure 27). By late pregnancy, CTX
increased by approximately 80% in WT mice (28.249.9 vs 50.7+0.7, p<0.001), whereas it rose by
about 31% in NULL mice (23.2+9.3 vs 30.3%12.3, p=ns) (Figure 27). The less marked increase in
NULL mice led to a significant difference between genotypes at this time point (30.3+12.3 vs
50.7£10.7 ng/mL, p<0.001). During lactation, CTX levels declined at different rates for each
genotype. NULLs declined about 20% by mid-lactation (24.1£9.9 vs 30.3+12.3, p=ns), while WTs
dropped close to 32.6+6.6 vs 50.7+10.7, p<0.001), which diminished the difference between them to
non-significant levels(24.1+9.9 vs 32.6+6.6 ng/mL, p=ns) (Figure 27). CTX continued to decline,
reaching the same low plateau for both genotypes in late lactation and remaining stable through R1

(Figure 27).
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Figure 27. CTX serum levels.
WT mice exhibited significantly increased bone resorption at LP compared to NULL mice. Although

this heightened bone resorption persisted during ML, the difference was not statistically significant.
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3.11. pCT assessment of femur macro and microstructure

Both WT and NULL mice experienced similar growth during their reproductive cycles, reaching their
peak towards the end of the experiments, as indicated by the increased lengths of their femurs (Figure
28A). The endocortical and periosteal perimeters remained constant during pregnancy but increased
similarly by late lactation in both genotypes and remained high afterwards (Figure 28BC). Their polar
moment of inertia progressively increased but was only significant for NULLs at R4 (0.452+0.084
mm®*, p=0.003) (Figure 28D). Cortical thickness and cortical bone area were similar between
genotypes at the start and did not change during pregnancy (Figure 28EF). Still, they decreased
significantly and equally during lactation before returning to baseline levels by the end of the 4-week
recovery period in both genotypes (Figure 28F). Trabecular bone volume and number were initially
the same between NULL and WT mice but the gap increased significantly during pregnancy
(1.644+0.119 vs 0.756+0.196 %, p=0.001; 0.334+0.024 vs 0.162+0.013 /mm, p<0.001) before
decreasing during lactation to baseline levels (Figure 28GH). Trabecular separation (Figure 281)
increased significantly by late lactation in both genotypes before returning to baseline levels, while
trabecular thickness (Figure 28J) increased in WT during lactation and showed a similar but

nonsignificant increase in NULLs (Figure 281J).

Figure 29 illustrates representative images from distal femurs that were used to collect data used in

Figure 28.
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Figure 28. Cross-sectional pCT assessment of femur macro and microstructure.

WT and NULL mice exhibited comparable growth during their reproductive cycles, resulting in
similar increases in femur lengths (A). Both endocortical (B) and periosteal perimeters (C) remained
constant during pregnancy but expanded over three weeks of lactation in both genotypes, along with
the polar moment of inertia (D). There were no differences in cortical thickness (E) and cortical area
(F) between WTs and NULLSs at the outset, both of which significantly decreased during lactation

and then reverted to initial levels. Trabecular bone volume (G) and number (H) were identical
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between WTs and NULLSs initially but significantly rose during pregnancy in NULLs before falling
back to starting values during lactation. Trabecular separation (I) significantly increased by the end
of lactation in both genotypes before returning to initial levels, while trabecular thickness (J)

increased in WT during lactation and exhibited a similar yet nonsignificant rise in NULLs.

wild type

baseline

late pregnancy late lactation recovery 4

Cyp24a1 null

Figure 29. Representative nCT images of distal femurs.

Scale bars equal 600 microns.
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3.12. Biomechanical properties

The three-point bend test revealed significantly lower tibial strength in NULL compared to WT at the
start of the study, as shown by ultimate load (1.687+0.272 vs 2.171+£0.333 gf, p=0.043), but the
differences disappeared during pregnancy (7.176+1.34 vs 7.83+0.683, p=ns) (Figure 30A). During
lactation, the ultimate load significantly decreased from baseline for NULL (1.687+0.272 vs
1.193+0.168 gf, p=0.037) and WT mice (2.1714+0.333 vs 1.239+0.183 gf, p<0.001) (Figure 30A).
Still, because WTs had more strength initially and experienced a more dramatic decline, there was no
difference between genotypes by the end of lactation (Figure 28A). Following this period, bone

strength returned to similar pre-pregnancy values (Figure 30A).

Maximum displacement did not change significantly in either genotype, while stiffness decreased

only in NULL mice at late lactation (Figure 30BC).
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Figure 30. Cross-sectional assessment of tibial bone strength.
The three-point bend test showed that NULLs had significantly lower tibial strength at baseline, as

indicated by the ultimate load graph (A). Ultimate load decreased during lactation and then increased
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during post-weaning to reach baseline values in both genotypes (A). Bone strength in NULLs
increased during pregnancy and late lactation to become similar to WTs but then trended downward
in NULLSs to approach the lower bone strength observed at baseline (A). Maximum displacement

remained unchanged in both genotypes (B), while stiffness only decreased in NULLs at late lactation

(©).

4. DISCUSSION

This study aimed to investigate the mechanism by which the loss of Cyp24al leads to gestational

hypercalcemia and to assess its impact on bone resorption and bone strength during lactation.

We hypothesized that calcitriol levels would rise above normal during pregnancy due to the disruption
of the catabolic pathway caused by Cyp24al inactivation. As a result, we would observe significant
hypercalcemia, enhanced intestinal calcium absorption, and potentially increased skeletal resorption

during pregnancy.

We also proposed that the elevated calcitriol levels would persist during lactation, sustaining
increased intestinal calcium absorption, which would lead to reduced lactational bone resorption and

less bone strength loss in mice.

Our main findings revealed that serum calcitriol was 2.5-fold higher in NULLs during pregnancy,
accompanied by a 3-fold increase in intestinal calcium in NULL mice, and marked hypercalcemia.
Both genotypes had equivalent bone resorption during pregnancy, whereas renal calcium excretion

was 5-fold higher in NULL mice.

The increases in calcitriol and intestinal calcium absorption in NULLs were attenuated during
lactation, but still sufficient to contribute to a reduction in bone resorption by about 12% in NULLS
compared to WT. This implies that proportionately more of the milk calcium content was provided

by intestinal calcium absorption in the NULLs. The loss in bone strength loss in NULLs was less
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marked during lactation, but both genotypes reached equivalent strength by the end of lactation

despite the reduction in BMC loss.

4.1. Cyp24al inactivation causes mild effects on mineral metabolism in adult mice before

pregnancy.

Deletion of Cyp24al had mild effects on mineral metabolism. Serum levels of calcitriol, PTH, and
FGF23 were similar between genotypes in the non-pregnant, baseline state. Consequently, the
expression of calciotropic genes in the duodenum remained equivalent in both groups at baseline,
with no differences in intestinal calcium absorption. The mean serum calcium levels in NULL mice
were numerically higher, though not statistically significant, indicating that they were within the
normal range or exhibited only mild hypercalcemia. This finding aligns with observations in both
humans and mice, where Cyp24al mutations can be asymptomatic and result in only mild increases

in serum calcium,38:62:99-101,106

Without Cyp24al catabolism, NULL mice must rely on alternative pathways for calcitriol
degradation. The alternative pathways for calcitriol catabolism are not well understood, but one
known pathway involves the enzyme CYP3A4 (Section 1.4.5).%* Additionally, calcitriol inhibits its
own formation by suppressing the activity of Cyp27bl, thereby helping to maintain its levels within
an adequate range.*® This may, in part, explain why mRNA expression of Cyp27b1] was significantly

reduced in NULLSs at baseline and late pregnancy.

The half-life of calcitriol in non-pregnant WT and HET mice is approximately 3-6'4"1*® and 6-12
hours,'* respectively. However, in non-pregnant NULL mice, clearance extends to 96 hours.'*’ This
suggests that, despite the extended clearance time, the combination of alternative pathways and self-
regulation is sufficient to minimize the rise in calcitriol when non-pregnant and thereby minimize any
disturbance in mineral metabolism. The half-life of calcitriol has not been measured in pregnant mice.
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However, if synthesis of calcitriol surges in the absence of Cyp24al, the alternative catabolic pathway
becomes overwhelmed and is unable to effectively eliminate the excess calcitriol. As noted earlier,
factors such as pregnancy (Section 1.6.1), vitamin D supplementation, and intense sunlight exposure

can cause increased synthesis of calcitriol and decompensate mineral homeostasis in NULL mice.

Calcifediol levels were increased at baseline in NULLs compared to WT. This difference was
evidently due to the combination of reduced catabolism of 250HD and reduced conversion of 250OHD
into calcitriol. Vitamin D is rapidly converted to calcifediol in the liver, but its catabolism should be
slowed without Cyp24al. Furthermore, we observed reduced mRNA expression of Cyp27bl,
indicating reduced calcifediol conversion into calcitriol. Calcifediol normally has a half-life of 3-4

150 as compared to the few hours of calcitriol,'* but its half-life is likely increased in the

weeks,
absence of Cyp24al. With the onset of pregnancy and upregulation of calcitriol synthesis, more

substrate (250HD) was consumed, thereby accounting for the marked fall in serum calcitriol.

BMC of the whole body, lumbar spine, or hind limb, as assessed by DXA, and cortical and trabecular
microarchitecture of the femurs, as assessed by pCT, showed no significant differences. Still, tibial
bone strength was lower in NULLs before pregnancy, as measured by the ultimate load. This may

imply a difference in some aspect of bone composition that has yet to be detected by other methods.

Previous studies have shown that adult mice lacking Cyp24al demonstrated negative effects on bone
health, particularly during fracture repair.!>!"!3 These studies revealed that endochondral ossification
was inadequate, leading to a smaller callus, reduced stiffness, decreased mineralization, and delayed
healing. These adverse effects were reversed by treatment with 24,25-dihydroxyvitamin D
(24,25(0OH)2D), but not with calcitriol.'** 24,25(OH)2D is a metabolite produced from the catabolism
of calcifediol by CYP24A1, which is absent in NULLs. Thus, the lack of or reduced 24,25(OH)2D

may at least partially explain the observed deficits in skeletal strength at baseline.
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4.2. Gestational hypercalcemia in Cyp24al mice is caused by increased intestinal calcium

absorption, but not bone resorption or renal calcium conservation.

Calcitriol normally increases several-fold during pregnancy through PTH-independent mechanisms,
contributing to the usual doubling of intestinal calcium absorption efficiency during this period.>**?
In NULL mice, calcitriol levels increased 2.5 times more than in WT mice, likely due to the
pregnancy-related increase in Cyp27bl activity not being counteracted by Cyp24al-mediated
catabolism of calcitriol and calcifediol. The hypercalcemia was further confirmed on additional

samples when the serum calcium was adjusted for the lower serum albumin during pregnancy.

The upregulation of calcitriol was accompanied by altered expression of calciotropic genes, including
Trpv6, Atp2bl, and S100g in the duodenum, leading to a 3-fold increase in intestinal calcium

absorption in the NULL mice, making them hypercalcemic compared to WT mice.

Skeletal resorption is also unlikely to have contributed to the hypercalcemia, as BMC increased
equally in both genotypes in the whole body and hind limbs during pregnancy, with no changes
observed in the lumbar spine. Additionally, NULL mice did not increase CTX levels during
pregnancy, and were comparatively lower than those WT mice, indicating reduced bone resorption.
Indeed, trabecular volume and thickness spiked in the NULL mice, and bone strength also showed a

numerical increase, though it was not significantly different from the baseline.

Renal conservation does not seem to contribute to hypercalcemia in NULL mice, as they excreted
over 5-fold the amount of calcium in their urine compared to WT mice. Further analysis of fractional
calcium excretion revealed a 6-fold increase, suggesting that the NULL mice were attempting to

maintain calcium homeostasis by excreting excess serum calcium.

Although there was a significant rise in calcitriol levels during pregnancy, we did not observe an
increase in renal Cyp27b1 expression in NULL mice during this period, which had been seen in
previous studies.'* This may be attributed to the prolonged 96-hour half-life of calcitriol clearance,
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where even small changes can have a significant impact on the mice. Additionally, although fetal
calcitriol contributes minimally to maternal serum,® the impaired ability to degrade calcitriol could

have amplified this small contribution, making it more significant in the NULL mice.

Altogether, the data indicate that the hypercalcemia observed in Cyp24al null mice was primarily
due to an excessive increase in intestinal calcium absorption driven by elevated calcitriol levels, rather

than increased bone resorption or enhanced renal calcium reabsorption.

4.3. Serum phosphorus levels remained constant throughout the reproductive cycle, while

magnesium progressively increased in both genotypes but remained higher in Cyp24al NULL

mice at all time points.

Calcitriol also promotes intestinal phosphate absorption and renal phosphate conservation; therefore,
increased calcitriol concentrations would be expected to lead to increased serum phosphorus.
Intestinal expression of Napi2b was significantly increased in NULLs during pregnancy compared to
WT, which suggests that intestinal phosphate absorption was also higher in NULLs vs. WT, although
this was not directly measured. However, phosphate regulation involves a complex interplay among
calcitriol, PTH, and FGF23 across multiple organs.>> FGF23 not only enhances renal phosphate
excretion but also reduces intestinal phosphate absorption.*’>> Therefore, the 6.5-fold increase in
FGF23 in NULLs during pregnancy likely counteract calcitriol’s effects on intestinal phosphate
absorption. The net effect was normal serum phosphorus and a modest but non-significant increase
in urine phosphate excretion during pregnancy and lactation. It is possible that with a larger sample

size, differences in urine excretion might have reached statistical significance.
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Unlike calcium and phosphorus, serum magnesium progressively increased in both genotypes during
and after the reproductive cycle, remaining higher in NULLSs at all time points. Meanwhile, urinary
magnesium excretion peaked during pregnancy in both genotypes, with no difference observed at
other time points. These findings suggest that the Cyp24al knockout likely enhances intestinal
magnesium absorption along with calcium. Notably, the peak in magnesium excretion during
pregnancy corresponds to the peak in urinary calcium excretion in NULLs. Measuring intestinal
magnesium absorption with 2®Mg in the same mice used for intestinal calcium absorption studies
using **Ca would have confirmed this hypothesis. However, because both isotopes are beta-emitters,
their signals would overlap, making the data unreliable. Consequently, a separate cohort of WT and
NULL would be required at each time point to assess magnesium absorption, substantially increasing
both the time commitment (by an additional 612 months) and costs. Furthermore, 2*Mg is rarely

produced, extremely expensive, and has a short half-life of 21.3 hours,!>*

necessitating on-site
production timed precisely to mouse matings. Since no such facility is available here, using 28Mg is

simply not feasible.

Research into magnesium metabolism regulation is less comprehensive compared to calcium or
phosphate. Existing studies, although limited, offer some insights. Some rodent and human studies
suggest that calcitriol may enhance intestinal magnesium absorption.!>157 Conversely, other
research indicates that calcitriol does not influence magnesium absorption.'*®1% Additionally,
magnesium deficiency has been linked to reduced CYP27B1 activity and increased CYP24A1 mRNA
levels, whereas other studies report that magnesium does not significantly impact the in vivo

conversion of calcifediol to calcitriol or 24,25(0H)2D."*
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4.4. Inactivation of Cyp24al alters physiology during lactation, reducing bone resorption

while maintaining calcium levels in milk.

During lactation, the maternal body must supply sufficient calcium for the offspring.’® In humans,
most of this calcium is sourced from the skeleton through osteoclast-mediated bone resorption and
osteolysis. The mechanisms of skeletal resorption reduction may involve a compensatory reduction
in PTHrP production by the mammary glands, although PTHrP was not measured in this study. A
small portion of the calcium can come from renal calcium conservation, while intestinal calcium

absorption returns to pre-pregnancy levels.*

Women with higher calcium intake during pregnancy experience little to no reduction in bone
resorption compared to those who consume adequate levels of calcium, as they are likely to excrete
the excess calcium through urine. In fact, hypercalciuria is a normal finding in human pregnancy. In
rodents, however, both bone resorption and increased intestinal calcium absorption are upregulated
to meet the maternal demands, likely due to their relatively large litters and short lactation periods.*
Indeed, the upregulation of intestinal calcium absorption can reduce the need for bone resorption and
vice versa.’*® Thus, a calcium-enriched diet, for example, reduces bone resorption during lactation,

while a low-calcium diet is compensated for by increased bone resorption.

In this study, we observed that the elevated intestinal calcium absorption in NULL mice during
pregnancy diminished by mid-lactation compared to late pregnancy but was numerically and almost
statistically significantly (p=0.057) higher than baseline. Despite the diminished effects during
lactation compared to pregnancy, BMC loss was still significantly less pronounced in NULL mice
compared to WT mice at both the whole body and lumbar spine (p<0.05), with a borderline difference
observed at the hind limb (p=0.08). The reduced bone loss in NULL mice suggests that increased
intestinal calcium absorption persisted during lactation and was sufficient to minimize the need for

skeletal resorption to support milk production.
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Thus, we expected to observe a peak in bone resorption markers by mid-lactation as demonstrated by
previous studies.>®”* Instead, the serum CTX for both NULLs and WTs was not significantly higher
than the baseline. Further investigation led us to conclude that the phenomenon was likely caused by
an unanticipated technical issue during the blood collection at mid-lactation. CTX release is
stimulated by the pups' suckling of the mammary gland and has a half-life of one hour.'**!%! However,
the blood was collected two hours after the mother had been separated from the pups, as they needed
to be separated for milk collection. Therefore, the samples did not reflect the CTX peak that occurs
when pups are suckling. Previous studies have shown that CTX is 2-fold greater than baseline when
the blood is drawn right after removing the dams from the pups.”> The same was also observed with

another bone resorption marker deoxypyridinoline, which is stably excreted into urine.?>#

Moreover, CTX is an indirect marker of bone resorption—resulting from osteoclast or osteocytic
osteolysis at a given moment—and can fluctuate rapidly in response to factors such as circadian
rhythms, fasting, therapy, or cessation of pup suckling.?!?*162 Because of its short half-life, CTX
levels decline quickly when osteoclast activity drops, even though osteoclasts already engaged in
resorption may continue working for a time.'®® Thus, some bone resorption persists after CTX begins
to decrease, albeit at a much slower pace. In contrast, the change in BMC during lactation directly
reflects the cumulative bone resorption over a three-week period, and this decline was notably smaller

in NULLs compared to WT.

The observed increased intestinal calcium absorption, coupled with reduced bone resorption observed
in NULLs, maintained milk calcium levels (corrected for protein) equivalent to those in WTs. The

same was observed for the estimated fat content measured by creamatocrit test.
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4.5. Cyp24al inactivation impacts macro- and microstructure and biomechanical properties

throughout the reproductive cycle.

Macro- and microstructure and BMC were similar in both genotypes before pregnancy, but the 3-
point bend test revealed that NULLSs had significantly lower tibial strength than WT. The mechanism

behind this difference is unclear, but it may be caused by an untested variation in bone composition.

Differences in bone structure started during the reproductive cycle. Cross-sectional studies of femoral
bone structure using pCT revealed progressive increases in femur lengths during pregnancy and
lactation, with similar patterns observed in both genotypes. This was anticipated, as the mice aged
approximately 80 days from the start to the end of their reproductive cycles. Significant increases in
endocortical and periosteal perimeters were also noted, occurring within the three weeks between late
pregnancy and the end of lactation, rather than during the four weeks between baseline and late
pregnancy. These changes suggest an expansion in femur diameter. Previous rodent studies have also
reported increased cross-sectional diameters, cortical perimeters, and volumes of the tibiae or femora
by post-weaning compared to pre-pregnancy or age-matched controls.’”1%1> Limited human data
similarly indicate that cortical width expansion may occur during lactation and post-weaning
recovery.>? Such increases in bone diameter enhance the cross-sectional and polar moments of inertia,
thereby increasing breaking strength. This may help maintain bone strength during lactation, even as
skeletal resorption progresses, and despite the potential incomplete recovery of cortical and trabecular
microarchitecture afterward. However, continued growth could also contribute to these changes.

Comparisons with age-matched non-pregnant controls could clarify this issue.

Despite having increased BMC, the NULL mice did not exceed the bone strength of their WT
counterparts. Bone strength depends on the interplay of mineralization, spatial organization, and
overall composition. Notably, the NULL mice had weaker bones even before pregnancy, despite
having comparable BMC and similar micro- and macrostructure. A histomorphological analysis

could have elucidated the underlying reasons for this discrepancy, and a larger sample size might
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have more conclusively determined whether any true differences exist for both points.As cortical
thickness increased in the femurs of both genotypes, it is likely that a similar change occurred in the
tibia, even though it was not measured. The cortical bone is the primary structure responsible for

166,167 g1ch as in the case of the

providing strength when stress is applied to the mid-shaft of the tibia,
3-point bend test. Therefore, the increase in cortical bone thickness may partially explain the recovery

of bone strength in both genotypes, which returned to levels comparable to those observed before

pregnancy.

In outbred strains of mice, such as BlackSwiss, whole body, lumbar spine, and hind limb BMC all
increase significantly during pregnancy.’® However, in the inbred C57BL/6J strain (as used in this
study), the pattern differs slightly: whole body and hind limb BMC increase during pregnancy, while
the lumbar spine either remains unchanged or slightly decreases. The gains in hind limb BMC may
be partly driven by the approximate doubling of body weight during pregnancy, which increases limb
loading. These BMC increases likely prepare the maternal skeleton for the enhanced need to resorb

minerals during lactation by creating more readily resorbed trabecular bone.*

The trabecular bone increases within the primary spongiosa of both WT and NULL mice between
baseline and late pregnancy, but the same is not observed during lactation and is absent at later time
points. This increase is likely more pronounced in NULLs for two reasons: first, the enhanced
intestinal calcium absorption enables newly formed trabeculae to become more fully mineralized and
thus detectable by puCT; second, the higher calcitriol levels in NULLs may stimulate osteoblast

activity more than in WT.

4.6.  Study strengths and limitations

4.6.1. Strengths
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The study analyzed a wide range of parameters throughout the reproductive cycle, including serum
levels of calcium, phosphorus, and magnesium; serum calcitriol, calcifediol, PTH, and FGF23; urine
excretion of calcium, phosphorus, and magnesium; calciotropic and phosphotropic gene expression
in the duodenum; intestinal calcium absorption; hematocrit; as well as milk calcium, protein, and
creamatocrit. Additionally, bone mineral content, microstructure, and biomechanical properties were
assessed. The extensive data collected allowed for a comprehensive understanding of the mechanisms

underlying gestational hypercalcemia.

Most analyses of blood, urine, and milk samples, as well as all DXA scans, were longitudinal,
meaning they were performed on the same set of mice over time. Longitudinal studies are
advantageous for understanding changes across time because they are less affected by confounding

factors.

Milk demand in mice varies depending on the number of pups being nursed, and to minimize

differences that could affect bone resorption, the study maintained litter sizes close to six pups.

Both WT and NULL mice used in the experiments were closely related, being born from
heterozygous parents who were either first-degree relatives or closely inbred relatives, which helped

reduce confounding factors.

4.6.2. Limitations

The expected genotypic ratio from breeding two heterozygous mice carrying a mutation on an
autosomal chromosome is 1 WT: 2 HETs: 1 NULL, meaning roughly 1/4 of the litter should be
NULL. David Bennin, a member of our lab using the same colony, confirmed the expected proportion
of genotypes in utero at embryonic day 18.5, one day before delivery.'®> However, as reported by Dr.
René St-Arnaud,®® who developed the mutated colony, roughly 50% of NULL mice die before 3

weeks of age. This high mortality rate is likely due to the murine equivalent of idiopathic infantile
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hypercalcemia type 1 being more severe than the human condition, NULL mothers recognizing
something wrong with their progeny and cannibalizing them, or a combination of both factors.

Consequently, significantly fewer NULLs than WTs were available for experiments.

Additionally, about 20% of NULL mice used in longitudinal studies experienced issues during or
immediately after delivery and had to be euthanized. Symptoms included dystocia (difficult or
obstructed labor), severe lethargy, and hunched posture. Blood samples collected one day before
parturition revealed no significant differences in hypercalcemia levels between these mice and
NULLs that delivered normally, but it is conceivable that they experienced more severe
hypercalcemia during delivery. Hematocrit measurements at all time points showed a similar decrease
in both genotypes during pregnancy, returning to baseline afterward, suggesting dehydration from
hypercalcemia was not a factor. Blood could not be collected during the delivery crisis, as affected
mice were euthanized immediately to prevent further suffering, leaving the role of severe

hypercalcemia uncertain.

Another potential contributing factor was anesthesia for BMC measurements performed one day
before delivery. NULL mice might have been more sensitive to anesthesia than WTs, as subsequent
studies in mice not subjected to DXA scans or anesthesia showed no signs of dystocia or perinatal
distress. Both WT and NULL mice also displayed cannibalistic behavior, destroying their litters
within a day or two of delivery. Social distress from solitude, compounded by their defective
genotype, may have contributed to this behavior. To minimize litter destruction, experienced colony
maintenance mothers were housed with inexperienced experimental mice, including both WTs and

NULLSs, which significantly reduced cannibalistic behavior.

Lastly, both uCT and the 3-point bend test provide cross-sectional data as they require sacrificing the
mice before conducting bone analyses. While cross-sectional research is useful, it is less ideal for
tracking changes over time due to its susceptibility to confounding effects. Our lab has been using

DXA to analyze longitudinal changes in bone because it provides easy and non-invasive scans, but it
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has its limitations. We have successfully tested in-vivo pCT (data not shown), and once Memorial
University acquires its own uCT, we plan to transition to longitudinal in-vivo uCT instead of relying
on ex-vivo uCT or DXA. Currently, there is no reliable method to measure biomechanical properties
without using the 3-point bend test, which requires breaking the bones. Other techniques, including

uCT, can only provide estimates of biomechanical properties.

4.7.  Implications for human health

Our findings in the Cyp24al null mouse model confirm that hypercalcemia primarily results from
increased intestinal calcium absorption, with no apparent contributions from skeletal resorption or
renal calcium conservation. We expect to observe a similar excessive increase in intestinal calcium
absorption in affected women during pregnancy. Therefore, treatments for hypercalcemia that mainly
reduce skeletal resorption, such as bisphosphonates and denosumab, are likely to be ineffective.
Treatment options that should still be effective include increased hydration, dietary calcium
restriction, phosphate supplementation to bind dietary calcium, oral glucocorticoids to suppress

intestinal calcium absorption, and calcitonin or loop diuretics to promote urinary calcium excretion.

Primary hyperparathyroidism is the most common cause of hypercalcemia and, therefore, a clinician's
first consideration when hypercalcemia occurs during pregnancy. However, hypercalcemia due to
hyperparathyroidism is characterized by normal to elevated serum PTH. Instead, when PTH is
suppressed in the presence of hypercalcemia (as it was in Cyp24al NULL mice), it suggests other
causes of hypercalcemia, such as excess PTHrP or calcitriol.. Therefore, the combination of
hypercalcemia and low serum PTH during pregnancy should serve as key indicators to rule out
PTHrP-mediated and calcitriol-mediated causes of hypercalcemia, with DNA sequencing of the

CYP24A1 gene to needed confirm or exclude the diagnosis of CYP24A1 deficiency.
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4.8. Future directions

We plan to explore approaches that directly target the mechanism of gestational hypercalcemia. One
potential strategy involves using azoles (ketoconazole, fluconazole, and itraconazole) to inhibit
CYP27B1 activity and reduce calcitriol anabolism.!” Additionally, we could employ rifampin to
enhance calcitriol catabolism through an alternative pathway involving CYP3A4.541%¢ More generic
treatments for hypercalcemia, such as dietary calcium restriction, phosphate supplementation,

glucocorticoids calcitonin or loop diuretics could be used as controls.

There is currently no data on the safety of these specific approaches for treating hypercalcemia during

pregnancy, and there are plenty of treatments that could be tested in this mouse model.

S. CONCLUSION

The hypercalcemia observed in Cyp24al null mice during pregnancy is due to the normal stimulation
of calcitriol production during pregnancy that is unopposed by catabolism. That increases intestinal
calcium absorption by overexpressing calcium transporter genes while simultaneously suppressing
bone resorption. During lactation, the increases in calcitriol and intestinal calcium absorption were
reduced but still sufficient, resulting in NULL mice resorbing less BMC than normal to support milk
production. While the skeleton experienced diminished losses during lactation with recovery during
the post-weaning period, the long-term effects of the CYP24A1 deletion on bone health are still
unknown. Evaluating women with inactivating mutations in CYP24A1 is necessary to determine

whether there are lasting impacts on skeletal health following reproductive events.

The change in serum calcium didn’t disrupt the normal calcium levels provided in the milk. Their
skeleton exhibited reduced bone strength at baseline, a phenomenon that remains mostly unexplained.

The bone macro- and microstructure followed a similar pattern across genotypes, with a notable
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increase in trabecular bone in the NULLs during pregnancy. This spike may result from the elevated

serum calcium levels observed during the same period, but further research would have to assess that.

Treatments for women carrying this mutation should prioritize reducing calcitriol levels or intestinal
calcium absorption rather than targeting bone resorption. These approaches will be explored in future

research projects.
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Receipt of this automated response confirms that your "AUP Amendment - Administrative" event form was received.

The form will be reviewed at the next available meeting of the Institutional Animal Care Committee.

Sincerely,

ANULIKA MBAKWE | ACC COORDINATOR
Department of Animal Care Services

Memorial University of Newfoundland

Health Sciences Centre | Room H1848

P: 709-777-6621

E-Mail: ambakwe@mun.ca

www.mun.ca/acs

https://mail.google.com/mail/u/1/?ik=28c34c6f19&view=pt&search=all&permthid=thread-f:1791445569806801128&simpl=msg-f:17914455698068.... 1n
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Appendix 3: Teklad Global 18% Protein Rodent Diet

2018

Teklad Global 18% Protein Rodent Diet

Product Description- 2018 is a fixed formula, non-autoclavable diet

manufactured with high quality ingredients designed to support gestation,
lactation, and growth of rodents. 2018 exludes alfalfa meal, which lowers
phytoestrogen (coumestrol) content, and reduces chlorophyll, improving optical

imaging clarity. A moderate inclusion of soybean meal results in an expected

isoflavone range of 225-340 mg/kg diet (daidzein + genistein aglycone

equivalents). Absence of fish meal minimizes the presence of nitrosamines.
Related codes 2018C (certified), 2918 (irradiated), 2918C (irradiated, certified),

inoliv

analyze. answer. advance

Ingredients (in descending order of inclusion)- Ground wheat, ground corn, wheat

middlings, dehulled soybean meal, corn gluten meal, soybean oil, calcium

carbonate, dicalcium phosphate, brewers dried yeast, iodized salt, L-lysine, DL-
methionine, choline chloride, magnesium oxide, vitamin E acetate, menadione
sodium bisulfite complex (source of vitamin K activity), manganous oxide, ferrous

sulfate, zinc oxide, niacin,

, calcium pantothenate, copper sulfate, pyridoxine

hydrochloride, riboflavin, thiamin mononitrate, vitamin A acetate, calcium iodate,

vitamin B, supplement, folic acid, biotin, vitamin D; supplement, cobalt

2018X (extruded), 2918X (irradiated, extruded), 20185/5C (sterilizable, carbonate.
certified), 20185X (sterilizable, extruded).

Standard Product Form: Peliet
Vitamins
Crude Protein % 18.4 vitamin A ®' U/g 15.0
Fat (ether extract) * % 6.0 Vitamin D3 # U/g 15
Carbohydrate (available) L % 44.2 Vitamin E U/kg 110
Crude Fiber % 3.8 Vitamin K; (menadione) mg/kg 50
Neutral Detergent Fiber © % 14.7 Vitamin B, (thiamin) mg/kg 17
Ash % 5.5 Vitamin B, (riboflavin) mg/kg 15
Energy Density ° keal/g (ki/g) 3.1(13.0) Niacin (nicotinic acid) mg/kg 70
Calories from Protein % 24 Vitamin By, (pyridoxine) mg/kg 18
Calories from Fat % 18 Pantothenic Acid mg/kg 33
Calories from Carbohydrate % 58 Vitamin By, (cyanocobalamin) mg/kg 0.08

Biotin mg/kg 0.40
Calcium % 1.0 Folate mg/kg 4
Phosphorus % 0.7 Choline mg/kg 1200

Non-Phytate Phosphorus % 0.4

Sodium % 0.2 C16:0 Palmitic % 0.7
Potassium % 0.6 €18:0 Stearic % 0.2
Chloride % 0.4 C18:1w9 Oleic % 1.2
Magnesium % 0.2 C18:2w6 Linoleic % 3.1
Zinc mg/kg 70 C18:3w3 Linolenic % 0.3
Manganese mg/kg 100 Total Saturated % 0.9
Copper mg/kg 15 Total Monounsaturated % 1.3
lodine mg/kg 6 Total Polyunsaturated % 3.4
Iron mg/kg 200
Selenium mg/kg 0.23 Cholesterol mg/kg -
Amino A
Aspartic Acid % 1.4 Shelf life: With proper storage, diet is suitable for use out to 9 months.
Glutamic Acid % 3.4 www.inotivco.com/shelf-life-of-diets-used-in-research
Alanine % 1.1 ® Ether extract is used to measure fat in pelleted diets, while an acid hydrolysis
Glycine % 08 method is required to recover fat in extruded diets. Compared to ether
— p” p— extract, the fat value for acid hydrolysis will be approximately 1% point higher.
Proline % 16 ® Carbohydrate (available) is calculated by subtracting neutral detergent fiber
e o 11 from total carbohydrates.
Leucine o 1.8 ‘ Neutral detergent fiber is an estimate of insoluble fiber, including cellulose,
Isoleucine % 0.8 hemicellulose, and lignin. Crude fiber methodology underestimates total fiber.
Valine % 0.9 4 Energy density is a calculated estimate of metabolizable energy based on the
Phenylalanine % 1.0 Atw.atsrfacmrs assigning 4 keal/g to protein, 9 keal/g to fat, and 4 keal/g to
Tyrosine % 0.6 -
Methionine o% 0.4 * Indicates added amount but does not account for contribution from other
Cystine % 03 ingredients.
Lysine % 0.9 11U vitamin A = 0.3 pg retinol
Histidine % 0.4 ¥ 11U vitamin D = 25 ng cholecalciferal
Arginine % 1.0 For nutrients not listed, insufficient data is available to quantify.
Tryptophan % Nutrient data represent the best information available, calculated from published

Teklad Diets are designed and manufactured

for research purposes only.

Teklad Diets, Madison, Wi

Teklad@inotivco.com

800.483 5523 |

values and direct analytical testing of raw materials and finished product. Nutrient

values may vary due to the natural variations in the ingredients, analysis, and

effects of processing.

inotivco.com
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Appendix 4: Permission Agreement (American Physiological Society)

\;cc Marketplace

This Is a License Agreement between Memaorial University of Newfoundland - Alexandre Maekawa (“User”) and
Copyright Clearance Center, Inc. ("CCC") on behalf of the Rightsholder identified in the crder details below. The
license consists of the order details, the Marketplace Permissions General Terms and Conditions below, and any
Rightsholder Terms and Conditions which are included below.

All payments must be made in full to CCC in accerdance with the Marketplace Permissions General Terms and

Conditions below.

Order Date
Order License ID
ISSN

LICENSED CONTENT

Publication Title
Artlcle Tltle

Author / Editor

Date
Language
Country
Rightsholder

REQUEST DETAILS

Portion Type

Number of Images /
Photos / lllustrations

Farmat (select all that
apply)

who Will Republish the
Content?

Duration of Use

Lifetime Unit Quantity
Rights Requested

NEW WORK DETAILS

Title

Instructor Name

23-ALg-2024
1518872-2
1522-1210

Physiological reviews

Current understanding of
the molecular actlons of
vitamin D.

American Physiological
Society (1887-)

01/01/1921
English
United States of America

American Physiological
Soclety

Image/photo/illustration
1

Print, Electronic
Academic institution

Life of current and all
future editions

Up to 499
Main product

Master's student in
Medicine

Dr. Christopher Kovacs

Type of Use
Publisher

Portion

Publication Type
Start Page

End Page

Issue

Volume

URL

Distribution
Translation

Copies for the Disabled?
Minor Editing Privileges?

Incidental Promotional
Use?

Currency

Institution Name

Expected Presentation
Date

marketplace.copyright.com/rs-ui-web/mpllicense/7 686084 c- 15ca-4d8f-b6ab-33046e82beb8/68ffabe5-0837-43fa-b7df~48785 ...

Republishina
thesis/dissertation
AMERICAN
PHYSIOLOGICAL SOCIETY
Image/photo/illustration

eJournal
1193
1231

4

78

hitp://physrev physiology.
org

Worldwide

Criginal language of
publication

Nao
No
No

CAD

Memarial University of
Newfoundland

2024-12-01

ADDITIONAL DETAILS
Order Reference Number N/A The Requesting Person / Memorial University of
Organization to Appear Newfoundland - Alexandre
on the License Maekawa
https://marketplace. copyright.com/rs-ui-web/mp/license/ 7686084 ¢-15ca-4d8f-h6alb-33046e82bebB/68ff1be 5-0837-43fa-h 7 d-48786 1de958h 17
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REQUESTED CONTENT DETAILS

Title, Description or

Fig. 1. A: nutritional forms

Title of the Article /

Current understanding of

markelplace.copyright.com/rs-ui-web/mp/license/7696094 c- 15ca-4d8f-bEab-33046e82beh 9/681f4be5-0937-43fa-b 7 d-48786. ..

Numeric Reference of the of vitamin D. B: steps Chapter the Portion Is the melecular actions of
Portion(s) involved in activation of From vitamin D,
vitamin D3 molecule, Note
Auth f Portl , G; St II, S A;
that names of cytochrome o gEPorian(s) danes Tughell 3%
Deluca,HF
P-450 |soforms currently ’ el
thought to be responsible Issue, if Republishing an 4
for enzyme steps are also Article From a Serial
provided. Publication Date of 1998-10-01
Editor of Portion(s) Jones, G; Strugnell, S A; Partlon
Deluca, HF
Volume / Edition 78
Page or Page Range of 11931231
Portion

RIGHTSHOLDER TERMS AND CONDITIONS

1) Attribution; You must publish in your new or derivative wark a citation to the original source of the material(s) being
licensed hereln, Including publication name, author(s), volume, yr, and page number prominently displayed in the article
or in the flgure/Image legend. 2) For requests for reuse of three or more images, please contact APS directly at
cvillemez@the-aps.org. 3) Please use article pricing. No per page pricing.

Marketplace Permissions General Terms and Conditions

The following terms and conditions ("General Terms"), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. (“CCC") on behalf of the
applicable Rightsholders of such Works through CCC's applicable Marketplace transactional licensing services (each, a
“Service™).

1) Definltions. For purposes of these General Terms, the followlng definitions apply:

“License” Is the licensed use the User obtalns via the Marketplace platform In a particular licensing transactlon, as set
forth in the Order Confirmation.

“Order Canflrmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Conflrmation Terms” are additional terms set forth on specific Order Confirmations not set forth in the General
Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific terms.

“Rightsholder(s)" are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confirmations.

“Terms” means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
collectively.

“User" or “you” is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a User is a freelancer or other third party who the User authorized to accept the General Terms on the
User's behalf, such person shall be deemed jointly a User for purposes of such Terms.

“Work(s)" are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identifled in the relevant
Order Confirmation.

3) Applicabllity of Terms. The Terms govern User's use of Works In connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretlon whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to moedify any such discretionary act by a Rightsholder.

4) Representatlons; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms.

hitps://marketplace. copyright. comirs-ui-web/mp/license/ 7686084 c-15ca-4d8f-bBab-33046e82bebh9/69ff4be5-0937-4 3fa-h 7 di-48786 1de858h 27
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5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i} remit payments in the manner identified on specific invoices, (i) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availability of the invoice via the Marketplace
platform, and (iii} if the User does not pay the inveice within 30 days of receipt, the User may incur a service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever Is less. While User may exerclse the rights In
the License immediately upon recelving the Order Confirmation, the License is automatically revoked and is null and void,
as If it had never been issued, if CCC does not receive complete payment on a timely basis.

7} General Limlts on Use, Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves
only the rights set forth In the Terms and dees not include subsequent or additlonal uses, (I} Is non-exclustve and non-
transferable, and (lil} is subject to any and all limitatlons and restrictions (such as, but not limited to, limltations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s} or immediately cease any new use
of the Werk{s) and shall render inaccessible {(such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is unlawful, including without limitation if such use would viclate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties’ rights of copyright, privacy, publicity, or ather tangible or Intanglble property), or Is otherwlise illegal, sexually
explictt, or obscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform
CCC if it becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.

8) Third Party Materlals. In the event that the material for which a License Is sought Includes third party materlals (such
as photographs, illustraticns, graphs, inserts and similar materials) that are identified in such material as having been
used by permission {or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is reguired as a condition of any License granted under
the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: “Used with permission of [Rightsholder's name], from [Work's title, author, volume, edition number and year of
copyrightl; parmission conveyed through Copyright Clearance Center, Inc.” Such notice must be provided in a reasonably
legible font size and must be placed either on a cover page or in another location that any person, upen gaining access to
the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or In the place where substantially all other credits or
notices for the new work contalning the republished Work are located. Fallure to Include the required notice results In
loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges
specified.

10) Indemnity. User hereby Indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs, and expenses, including legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
A WORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full llabllity for the actions and omisslons of Its
principals, employees, agents, affillates, successors, and asslgns.

12) Limited Warranties, THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS 15" CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT, CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR CTHER PORTIONS OF THE WORK

https://marketplace. copyright. com/rs-ui-web/mpllicense/ 7696084 c-15ca-4d8f-hBab-33046e82bebh 8/68ff1be5-0837-4 3fa-b 7 df-48786 1de859h 37
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{AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (but licensable} use of a Work that is terminated immediately upon notice thereof may be
liquidated by payment of the Rightsholder's ordinary license price therefor; any unautherized (and unlicensable) use that
is not terminated immediately for any reason {including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies avallable at law or In equlty, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's andfer CCC's costs and expenses incurred in collecting such payment.

14) Additlonal Terms for Specific Products and Services, If a User is making one of the uses described in this Section 14,
the additlonal terms and conditlons apply:

a) Print Uses of Academic Course Content and Materials {photacopies for acsdemic coursepacks or classroom
handouts). For photocaples for academic coursepacks or dassroom handouts the following additional terms apply:

i) The copies and anthclogies created under this License may be made and assembled by faculty members
Individually or at thelr request by on-campus bookstores or copy centers, or by off-campus copy shops and other
simllar entities.

ii) No License granted shall in any way: () include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work {except by means of deleting material immediately
preceding or following the entire portlen of the Work copied] (Il) permit “publishing ventures” where any particular
anthology would be systematlcally marketed at multiple institutions.

iii) Subject to any Publisher Terms {and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorlzed under the academic pay-per-use service Is limited as
follows:

A) any Llcense granted shall apply to only one class (bearing a unique Identifier as assigned by the Instltution,
and thereby including all sections or other subparts of the class) at one Institution;

B} use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a joumnal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one institution of learning;

E) In the case of a photocopy permission, no materials may be entered Into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term {or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (but still within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way indude
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Waork {except by means of deleting material immediately preceding or following the entire portion
of the Work copied).

iv) Boocks and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
nurnbers of copies made by User under such perrission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User’s ordinary business hours, upon two days’ prior
notlce. If any such audit shall determine that User shall have underpald for, or underreported, any photocoples
sold or by three percent (3%) ar more, then User shall bear all the costs of any such audit; otherwlse, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

https://marketplace. copyright. com/rs-ui-web/mpllicense/ 7696084 c-15ca-4d8f-hBab-33046e82bebh 8/68ff1be5-0837-4 3fa-b 7 df-48786 1de859h
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b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, elecironic reserves, learning
management systems, acadermic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14{b}) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
college or university, accessible only under appropriate electranic contrals (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14{bXi)(A) above, but also the following authorization: to incude the requested material in course materials
for use consistent with Section 14(b)i{A) above, including any necessary resizing, refermatting or modification
of the resolutlon of such requested materlal (provided that such medification does not alter the underlylng
editorial content or meaning of the requested materlal, and provided that the resulting modIfled content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmaticn and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distributlon for
audiovisual content, which granis not only the authorizations described in Section 14{b)i}{A) above, but also
the following authorizations: (i) to include the requested material in course materials for use consistent with
Section 14{b){i)(A} above; (i) to display and perform the requested material to such members of such dass in
the physical classroom or remotely by means of streaming media or other video formats; and (ii) to “clip” or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such “clipping” or reformatting does not alter the underlying editorial content or meaning of the
requested materlal and that the resulting materlal 1s used solely within the scope of, and In a manner
consistent with, the particular autherization described In the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material.

1) Unless expressly set forth In the relevant Order Conflrmation, no License granted shall in any way: {i) Include
any right by User to create a substantively non-Identical copy of the Work or to edit or In any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Work
copied or, in the case of Works subject to Sections 14{b){1XB) or (C} above, as described in such Sections) (ii)
permit “publishing ventures” where any particular course materials would be systematically marketed at multiple
institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B} use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

Cuse |s IImited to not more than the greater of {a) 25% of the text of an Issue of a journal or other perlodical
or (b) two articles from such an issue;

D} no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure {through use of an electronic cover page or cther appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

© a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,

o astatement to the effect that such copy was made pursuant to permission,
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© a statement identifying the class to which the material applies and notifying the reader that the material
has been made available electronically solely for use in the class, and

o a statement to the effect that the material may not be further distributed to any person outside the class,
whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupan reguired to delete the applicable material from any electronic storage or to block electronic
access to the applicable material.

) Uses of separate porticns of a Work, even If they are to be included In the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term {or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall Immediately be pald to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was origlnally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

¢} Pay-Per-Use Permissions for Certaln Reproductions {Academic photocoples for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commerclal document delfvery). The License
expressly excludes the uses listed in Section (c)i}{v) below (which must be subject to separate license from the
applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-
academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction {whether in plain-text, PDF, or any other format) other than on a
transitory basis;

1ij the Input of Works or reproductions thereof into any computerized database;
iii) reproduction of an entire Work {caver-to-cover copying) except where the Work is a single article;
iv) reproduction for resale to anyone other than a specific customer of User;

v) republication In any different form. Please obtain authorlzations for these uses through other CCC services or
directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/for in
these Terms.

d) Electronic Reproductions in Online Environments {Non-Academic-emnail, intranet, internet and extranet). For
“slectronic reproductions”, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance Incldental thereto), the followlng additlonal terms apply:

1) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an Intranet or extranet and one year for any other use, all as
measured from the “republication date” as identified In the Order Confirmation, If any, and otherwise from the
date of the Order Confirmation.

i) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, If necessary, be resized, reformatted or have Its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be “clipped” or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting. resolution medification or “clipping” does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a2 manner
consistent with, the particular License described in the Order Confirmation and the Terms,
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15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additicns to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms,

b) Use of User-related information collected through the Service is governed by CCCs privacy policy, available online
at www.copyright.com/about/privacy-policy/.

c) The License Is personal to User. Therefore, User may not asslgn or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or walver of any Terms is binding unless set forth In writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing
is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
on a copy of the Order Confirmation or in a separate instrument,

€) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located In the County of New York, State of New York, USA, or In any federal or state court
whose geographlcal Jurisdiction covers the location of the Rightsholder set forth In the Order Cenfirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court.

Last updated October 2022
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7.5. Appendix 5: Permission Agreement (BioRender)

49 Spadina Ave. Suite 200
I Toronto ON M5V 2J1 Ganada

www.biorender.com
RENDER

Confirmation of Publication and Licensing Rights - Open
Access

October 19th, 2024

Subscription Type: Student Plan - Academic

Agreement nimber: YP27G1NS6Z

Publisher Name: Memorial Universily of Newfoundiand

Figure Title: Figure 4. Calcitriol synthesis and catabolism pathway

Citation to Use: Created in BioRender. Maskawa, A. (2624} BioRender com/o41 /644

To whom this may concern,

This document {“Confirmation”} hereby confirms that Science Suite Inc. dba BioRender ("BioRender”) has
granted the following BioRender user: Alexandre Maekawa ("User"} a BicRender Academic Publication
License in accordance with BioRender's Terms of Service and Academic License Terms (“License
Terms"} to permit such User to do the following on the condition that all requirements in this
Confirmation are met:

1} publish their Completed Graphics created In the BioRender Services containing both User Content
and BicRender Content (as both are defined in the License Terms) in publications (journals, textbocks,
websites, etc.); and

7} sublicense such Completed Graphics under “epen access” publication sublicensing moedels such as
CC-BY 4.0 and more restrictive models, so leng as the conditions set forth hereln are fully met.

Requirements of User:

1} All Completed Graphics to be published in any publication {journals, textbooks, websites, etc.} must
he accompanied by the following citation either as a caption, feotnote or reference for each figure that
includes a Completed Graphic:

'Created in BioRender. Maekawa, A. (2024} BioRender.com/o41v644 "

7} All terms of the License Terms including all Prohibited Uses are fully complied with. E.g. For
Academic License Users, no commercial uses {(beyond publication in journals, textbooks or websites}
are permitted without obtaining or switching tc a BioRender Industry Plan.

3} A Reader (defined below) may request that the User allow their figure to be a public template for
Readers to view, copy, and modify the figure. It Is up to the User to determine what level of access to
grant.

Open-Access Journal Readers:
Open-Access journal readers ("Reader”) who wish to view and/or re-use a particular Completed Graphic

In an Open-Access jeurnal subject to CC-BY sublicensing may de so by clicking en the URL link In the
applicable citaticn for the subject Completed Graphic.
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The re-use/moedification options below are available after the Reader requests the User to adapt their
figure as a BioRender template and the User has granted such access.

]

2)

3

View-Only/Free Plan Use: A Reader who wishes to only view the Completed Graphic may de so in the
BioRender Services as either a BioRender Free Plan user or simply as a viewer. By becoming a
BicRender Free Plan user, the Reader may view, modify and re-use the Completed Graphic as permitted
under BioRender's Basic License Terms {e.g. personal use only, no publishing or commercial use
permitted).

Re-Use/Publish with No Modifications: For any re-use and re-publication of a Completed Graphic with
no medification(s) to the Completed Graphic made by the Reader, a Reader may do sc by ¢iting the
original author using the citation noted above with the Completed Graphic. The Reader must also
comply with the underlying License Terms which apply to the Completed Graphic as noted above (e.g.
no commercial use for Academic License).

Re-Use/Publish with Modificaticns: For any re-use and re-publicaticn of a Completed Graphic with a
modification{s} made by the Reader, the Reader may do so by becoming a BioRender user themselves
under either an Academic or Industry Plan, citing the original author using the citation noted above with
the Completed Graphlc and complying with the applicable License Terms.
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Appendix 6: Permission Agreement (Endocrine Society)

\;cc Marketplace

This Is a License Agreement between Memaorial University of Newfoundland - Alexandre Maekawa (“User”) and
Copyright Clearance Center, Inc. ("CCC") on behalf of the Rightsholder identified in the order details below. The
license consists of the order details, the Marketplace Permissions General Terms and Conditions below, and any
Rightsholder Terms and Conditions which are included below.

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and

Conditions below,

Order Date
Order License ID
ISSN

LICENSED CONTENT

Publication Title

Article Tltle

Author / Editor
Date

Language
Country
Rightsholder

REQUEST DETAILS

Portion Type

Number of Images /
Photos / llustrations

Format (select all that
apply)

wWho Will Republish the
Content?

Duratlon of Use

Lifetime Unit Quantity
Rights Requested

NEW WORK DETAILS

Title

Instructor Name

23-Aug-2024
15188721
1945-7197

The Journal of Clinical
Endocrinology &
Metabolism

CYP3A4 Induction by
Rifampin: An Alternative
Pathway for Vitamin D
Inactivation in Patients

With CYP24A1 Mutations.

Endocrine Soclety.
01/01/1952

English

United States of America

Oxford Universlty Press -
Journals

Image/photo/illustration
1

Print, Electronic
Academic institution

Life of current and all
future editions

Up to 499
Main product

Master's student In
Medicine

Dr. Christopher Kovacs

ADDITIONAL DETAILS

Order Reference Number

N/A

Type of Usa

Publisher
Portion

Publication Type
Start Page

End Page

Issue

Volume

URL

Distribution
Translation

Copies for the Disabled?
Minor Editing Privileges?

Incidental Promotional
Use?

Currency

Institution Name

Expected Presentation
Date

Republishin a
thesis/dissertation
ENDOCRINE SOCIETY
Image/photo/illustration

e-Journal

102

http://press.endocrine.org
fjournal/jcem

Worldwide

Original language of
publlcation

Memorial University of
Newfoundland

2024-12-01
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The Requesting Person /
Organization to Appear
on the License

Memorial University of

Newfoundland - Alexandre

Maekawa

REQUESTED CONTENT DETAILS

Title, Description or
Numerlc Reference of the
Portion(s}

Figure 1,The activation
and inactivation pathways
of vitamin D,
demoenstrating the role of
CYP24A1 in inactivating
25-hydroxyvitamin D
[25(CH)D] and 1,25~
dihydroxyvitamin D
[1,25(0H)2D] and the
potential of CYP3A4

Title of the Article /
Chapter the Portion Is
From

Author of Portion(s}

CYP3A4 Induction by
Rifampin: An Alternative
Pathway for Vitamin D
Inactivation in Patients
With CYP24A1 Mutations.

Hawkes, Colin Patrick; Li,
Dong; Hakonarson,
Hakon; Meyers, Kevin E;
Thummel, Kenneth E;
Levine, Michael A

marketplace.copyright.com/frs-ui-web/mpllicense/7636094c-15ca-4d8f-bBab-33046e82heh9/12c085ef-c130-4072-85f2-b875. ..

Editor of Portion(s} gawk.e:, (IZ‘oIin Patrick; Li, Issue, if Republishing an 5
) ———— Article From a Serial
Hakon; Meyers, Kevin E;
Thummel, Kenneth E; Publicatlon Date of 2017-05-01
Leving, Michael A Portlon
Volume / Edition 102
Page or Page Range of 1440-1446
Portion

SPECIAL RIGHTSHOLDER TERMS AND CONDITIONS

-Permission is granted for the reuse of the Material in your academic thesis/ dissertation provided it is not published
commerclally. If at some future date it [s published, It will be necessary to re-clear this permission. -Incluslon under a
Creative Commons license or any other Open Access license allowing onward reuse Is prohlibited. The credit line and any
copyright/disclaimer notices provided by QUP shall be included on the same page as the Material: Author, title, journal,
year, volume, issue number, pagination, DOl number. Reprinted by permission of Oxford University Press on behalf of the
Endocrine Scciety.

Marketplace Permissions General Terms and Conditions

The following terms and conditions (*General Terms*), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. {*CCC™) on behalf of the
applicable Rightsholders of such Works through CCC's applicable Marketplace transactional licensing services {(each, a
“Service®).

1) Definitions. For purposes of these General Terms, the following definitions apply:

“License” is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forth in the Order Canfirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confirmation Terms” are additicnal terms set forth on specific Order Confirmations not set forth in the General
Terms that can include terms applicable to a particular CCC transactional licensing service andfor any Rightsholder-
specific terms.

“Rightsholder(s)’ are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confirmations.

“Terms” means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
collectively.

“User” or "you" is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a User is a freelancer or other third party who the User authorized to accept the General Terms on the
User's behalf, such person shall be deemed jointly a User for purposes of such Terms,

“Work(s)" are the copyright protected works described in relevant Order Confirmations.
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2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation.

3) Applicahbility of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Crder Confirmation Terms, the latter shall govemn. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to modify any such discretionary act by a Rightsholder,

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms.

5) Scope of License; Limitations and Obligations. All Works and all rights thereln, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: {I} remit payments in the manner Identified on specific Involces, (i} unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availability of the invoice via the Marketplace
platform, and (jii) if the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
as if it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves
only the rights set forth in the Terms and does not include subsequent or additional uses, (i} is non-exclusive and non-
transferable, and {iii} is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or crculatlon) Included In the Terms. Upon completion of the llcensed use as set forth In the Order
Conflrmation, User shall either secure a new permisslon for further use of the Work(s) or Immediately cease any new use
of the Worlk{s) and shall render inaccessible {such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is unlawful, including without limitation if such use would viclate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or obsceane. In addition, User may not canjoin a Work with any other material that may result in damage to the
reputatlon of the Rightshalder. Any unlawful use will render any licenses hereunder null and vold. User agrees to Inform
CCC If it becomes aware of any Infringement of any rights In a Werk and to cooperate with any reasonable request of CCC
or the Rightsholder In connectlon therewith.

8) Third Party Materlals. In the event that the material for which a License is sought includes third party materials (such
as photographs, lllustrations, graphs, Inserts and similar materials) that are [dentified In such materlal as having been
used by permission {or a simllar Indicator), User Is responsible for 1dentifying, and seeking separate licenses {under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.

9} Copyright Notlce. Use of proper copyright notice for a Work Is required as a conditlen of any License granted under
the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantfally as
follows: “Used with permission of [Rightsholder's name], from [Worlk's title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc.” Such notice must be provided in a reasonably
legible font size and must be placed either on a cover page or in anather location that any person, upon gaining access to
the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all ather credits or
notices for the new work containing the republished Work are located, Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be llable to pay liquidated damages for each such failure equal to
twice the use fee specified In the Order Confirmatlon, in additlon to the use fee [tself and any other fees and charges
specified.

10} Indemnity., User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, agalnst all claims, llabllity, damages, costs, and expenses, Including legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and In the Order Conflrmation, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitatlon of Llabllity. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
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BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
A WORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC {including their respective employees and directers) shall not exceed the total
amount actually paid by User for the relevant License, User assurmnes full liability for the actions and omissions of its
princlpals, employees, agents, afflllates, successors, and assigns.

12) Limited Warranties. THE WORK({S) AND RIGHT(S) ARE PROVIDED “AS 15." CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT, CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT{S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
{AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any fallure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be
liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that
is not terminated immediately for any reason {induding, for example, because materials containing the Work cannot
reascnably be recalled) will be subject to all remedies available at law or in equity, but in ne event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred In collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making cne of the uses described in this Section 14,
the additional terms and conditions apply:

a) Prinmt Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

i} The copies and anthclogies created under this License may be made and assembled by faculty members
individually or at their request by on-tampus bookstores or copy centers, or by off-campus copy shops and other
similar entities,

ii) No License granted shall in any way: (i} include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work {except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (ii) permit *publishing ventures” where any particular
anthology would be systematlcally marketed at multiple institutlons.

iii) Subject to any Publisher Terms {and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follaws:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B} use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articlas;

C) use is limited to no more than the greater of {(a) 25% of the text of an issue of a joumnal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopled or electronic, at more than
one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except
In order to produce an Identical copy of a Work befare or during the academic term {(or analogous perlod) as
to which any particular permission Is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (but still within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way

modify the Work {except by means of deleting material immediately preceding or following the entire portion
of the Work copied).
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iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and recerds at any time during User’s ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpald for, or underreported, any photocoples
sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpald by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materlals (e-coursepacks, electronic reserves, learning
management systems, academic institution Infranets). For uses in e-coursepacks, posts in electronic reserves, posts
in learning management systerns, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14{b}) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
college or university, accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14{bXi)4) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14{b}iXA) ahove, including any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and In a manner caonsistent with, the particular authorization described In the
Order Confirmation and the Terms), but not including any other form of manlpulation, alteration or editing of
the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution far
audlovisual content, which grants not only the authorizations described In Section 14{b}(A} above, but also
the following authorizations: (1) to include the requested materlal In course materlals for use consistent with
Section 14{b){i)(A} above; (ii) to display and perform the requested material to such members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (jii) to “clip” or
reformat the requested material for purpeses of time or content management or ease of delivery, provided
that such “clipping” or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material is used solely within the scope of, and in a manner
cansistent with, the particular authorization described in the Order Confirmation and the Terms, Unless
expressly set forth [n the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested materlal.

ii) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: {i) include
any right by User to create a substantively non-Identical copy of the Work or to edit or In any other way medify the
Work (except by means of deleting materlal Immed|ately preceding or followlng the entire pertion of the Work
copied or, in the case of Works subject to Sectlons 14(b)}{1¥B) or {C} above, as described in such Sections] {ii)
permit “publishing ventures” where any particular course materials would be systematically marketed at multiple
institutions.

lil) Subject to any further limitations determined In the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unigue identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at cne institution;

B) use Is limlted to not more than 25% of the text of a book or of the ltems In a published collection of essays,
poems or articles;

Q) use is limited ta not more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles fram such an issue;

D} no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning;
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E) electronic access to material which is the subject of an electronic-use permissicn must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure {through use of an electronic cover page or cther appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

© a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
o astatement to the effect that such copy was made pursuant to permission,

@ a statement identifying the class to which the material applies and notifying the reader that the material
has been made available electronically solaly for use in the class, and

© astatement to the effect that the material may not be further distributed to any person outside the class,
whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof,

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon reguired to delete the applicable material from any electronic storage or to block electronic
access to the applicable material,

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as ta which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User’s ordinary business hours, upon two days' prior
natice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpald by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

c) Pay-Per-Use Permissions for Certain Reproductions {Academic photocopies for library reserves and interiibrary
loan reporting) {(Non-academic Internal/external business uses and commerdial document deiivery). The License
expressly excludes the uses listed in Section (cXi}{v) below (which must be subject to separate license from the
applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-
academic internal/external business uses and commercial docurment delivery.

i) electronic storage of any repreoduction {whether in plain-text, PDF, or any other format) other than on a
transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;

1) repraduction of an entire Work (cover-to-cover copying) except where the Work Is a single article;

iv) reproduction for resale to anyone other than a specific custommer of User;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.

Any license granted Is further limited as set forth In any restrictions Included In the Order Confirmation and/or In
these Terms.

d) Electronic Reproductions In Online Environments (Non-Academic-emall, intranet, internet and extranet). For
“electronlc reproductions”, which generally Includes e-mall use (Including Instant messaging or other electronic
transmisslon to a defined group of reciplents) or posting on an intranet, extranet or Intranet site {including any
display or performance incidental thereto), the following additional terms apply:

1) Unless otherwise set forth In the Order Confirmaticon, the License Is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
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measured frem the “republication date” as identified in the Order Confirmation, if any, and otherwise frem the
date of the Order Confirmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be “clipped” or reformatted for purposes of time or content management or ease of delivery {(provided that any
such resizing, reformatting, resolution modification ar “clipping” does not alter the underlying editorial content or
meaning of the Work used, and that the resulting materlal [s used solely within the scope of, and In a manner
consistent with, the particular License described in the Order Confirmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available cnline
at www.copyright.com/about/privacy-policy/.

c) The License is personal to User. Therefore, Liser may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth [n the Order Conflrmation, and/er In CCC's standard operating procedures, whether such writing
|s prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
on a copy of the Order Confirmation or in a separate instrument.

¢) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, sult, actlon, or
proceeding arising out of, In connection with, or related to such License shall be brought, at CCC's sole discretion, In
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court.

Last updated October 2022
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ELSEVIER LICENSE
TERMS AND CONDITIONS

Oct 25, 2024
This Agreement between Alexandre Maekawa - Memorial University of Newfoundland

("You") and Elsevier ("Elsevier") consists of your license details and the terms and
conditions provided by Elsevier and Copyright Clearance Center.

License Number 5892550621960

License date Oct 19, 2024

Licensed Content Publisher Elsevier

Licensed Content Publication Elsevier Books

Licensed Content Title Physiology of the Gastrointestinal Tract
Licensed Content Author Pawel R. Kiela Fayez K. Ghishan
Licensed Content Date Jan 1, 2018

Licensed Content Pages 45

Start Page 1405

End Page 1449

Type of Use reuse in a thesis/dissertation
Portion figures/tables/illustrations
Number of figures/tables/illustrations 1

Format both print and electronic
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Are you the author of this Elsevier chapter? No

Will you be translating?

Title of new work

Institution name

Expected presentation date

Portions

The Requesting Person / Organization to
Appear on the License

Requestor Location

No

Master's Thesis - Alexandre Mackawa

Memorial University

Dec 2024

Figure 70.2 Model of transepithelial
calcium transport in de duodenum
epithelium.

Alexandre Maekawa - Memorial University
of Newfoundland

Memorial University of Newfoundland

300 Prince Philip Dr

Memorial University - Faculty of Medicine
HSC 5313

St Johns, NL A1B 3X5

Canada

Attn: Memorial University of
Newfoundland

Publisher Tax ID GB 494 6272 12
Total 0.00 CAD
Terms and Conditions

INTRODUCTION

1. The publisher for this copyrighted material is Flsevier. By clicking "accept” in
connection with completing this licensing transaction, you agree that the following terms
and conditions apply to this transaction (along with the Billing and Payment terms and
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you
opened vour RightsLink account and that are available at any time at

hitpsy/fmvacconnt.copyright.com).

GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementioned material subject

to the terms and conditions indicated.
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3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source. If such permission is not obtained then that material
may not be included in vour publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:

"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
TLancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."

4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given. The material may not be reproduced or used in any other way,
mncluding use in combination with an artificial intelligence tool (including to train an
algorithm, test, process, analyse, generate output and/or develop any form of artificial
mtelligence tool), or to create any derivative work and/or service (including resulting from
the use of artificial intelligence tools).

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions,
deletions and/or any other alterations shall be made only with prior written authorization
of Elsevier Ltd. (Please contact Elsevier’s permissions helpdesk here). No modifications
can be made to any Lancet figures/tables and they must be reproduced in full.

6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that vour future requests for Elsevier materials may attract a fee.

7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by vou and accepted in the course of this
licensing transaction, {ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.

8. License Contingent Upon Payment: While vou may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your
proposed use, no license is finally effective unless and until full payment is received from
you (either by publisher or by CCC) as provided in CCC's Billing and Payment terms and
conditions. If full payment is not received on a timely basis, then any license
preliminarily granted shall be deemed automatically revoked and shall be void as if never
granted. Further, in the event that you breach any of these terms and conditions or any of
CCC's Billing and Payment terms and conditions, the license is automatically revoked and
shall be void as if never granted. Use of materials as described in a revoked license, as
well as any use of the materials beyond the scope of an unrevoked license, may constitute
copyright infringement and publisher reserves the right to take any and all action to
protect its copyright in the materials.

9. Warranties: Publisher makes no representations or warranties with respect to the
licensed material.

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
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12. No Amendment Except in Writing: This license may not be amended exceptin a
writing signed by hoth parties (or, in the case of publisher, by CCC on publisher's behalf).

13. Objection to Contrary Terms: Publisher hereby ohjects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and
Payment terms and conditions. These terms and conditions, together with CCC's Billing
and Payment terms and conditions (which are incorporated herein), comprise the entire
agreement hetween you and publisher {(and CCC) concerning this licensing transaction. In
the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions
described in this License at their sole discretion, for any reason or no reason, with a full
refund payable to you. Notice of such denial will be made using the contact information
provided by you. Failure to receive such notice will not alter or invalidate the denial. In
no event will Elsevier or Copyright Clearance Center be responsible or liable for any
costs, expenses or damage incurred by you as a result of a denial of your permission
request, other than a refund of the amount(s) paid by you to Elsevier and/or Copyright
Clearance Center for denied permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If vou licensed translation rights
you may only translate this content into the languages you requested. A professional
translator must perform all translations and reproduce the content word for word
preserving the integrity of the article.

16. Posting licensed content on any Website: The following terms and conditions apply
as follows: Licensing material from an Elsevier journal: All content posted to the web site
must maintain the copyright information line on the bottom of each image; A hyper-text
must be included to the Homepage of the journal from which you are licensing at
http:/fwww.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books
at http://www.elsevier.com; Central Storage: This license does not include permission for
a scanned version of the material to be stored in a central repository such as that provided
by Heron/XanEdu.

Licensing material from an Elsevier book: A hyper-text link must be included to the
Elsevier homepage at http://www.elsevier.com . All content posted to the web site must
maintain the copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only
to bona fide students registered on a relevant course. This permission is granted for 1 year
only. You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been

peer-reviewed, nor has it had any other value added to it by a publisher (such as
formatting, copyright, technical enhancement etc.).
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Authors can share their preprints anywhere at any time. Preprints should not be added to
or enhanced in any way in order to appear more like, or to substitute for, the final versions
of articles however authors can update their preprints on arXiv or RePEc with their
Accepted Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOIL. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.

Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

s immediately
o via their non-commercial person homepage or blog
o by updating a preprint in arXiv or RePEc with the accepted manuscript
o via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
o directly by providing copies to their students or to research collahorators for
their personal use
o for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement
e After the embargo period
o via non-commercial hosting platforms such as their institutional repository
o via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

link to the formal publication via its DOT

bear a CC-BY-NC-ND license - this is easy to do

if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way
to appear more like, or to substitute for, the published joumal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If vou are an author, please share a link to your article rather than
the full-text. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help your users to find, access, cite, and use the best
available version.

Theses and dissertations which contain embedded PJAs as part of the formal submission
can be posted publicly by the awarding institution with DOI links back to the formal

publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
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for classroom teaching and internal training at the institution (including use in course
packs and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy; for further information.

18. For book authors the following clauses are applicable in addition to the above:
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may
you scan the printed edition to create an electronic version. Posting to a repository:
Authors are permitted to post a summary of their chapter only in their institution's
repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation vour thesis may
be submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOT links
back to the formal publications on ScienceDirect.

FElsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in
nearly 2000 established subscription journals that support open access publishing.
Permitted third party re-use of these open access articles is defined by the anthor's choice
of Creative Commons user license. See our open access license policy for more
nformation.

Terms & Conditions applicable to all Open Access articles published with Elsevier:

Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour
or reputation. If any changes have been made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOT link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our
publication with credit or acknowledgement to another source it is the responsibility of the
user to ensure their reuse complies with the terms and conditions determined by the rights

holder.
Additional Terms & Conditions applicable to each Creative Commons user license:

CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOT), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
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CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is
not done for conmmercial purposes, and that the user gives appropriate credit (with a link
to the formal publication through the relevant DOI), provides a link to the license,
mndicates if changes were made and the licensor is not represented as endorsing the use
made of the work. Further, any new works must be made available on the same
conditions. The full details of the license are available at

http://creativecommons.org/licenses/bv-nc-sa/4.0.

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the
Article, provided this is not done for commercial purposes and further does not permit
distribution of the Article if it is changed or edited in any way, and provided the user gives
appropriate credit (with a link to the formal publication through the relevant DOT),
provides a link to the license, and that the licensor is not represented as endorsing the use
made of the work. The full details of the license are available at
http://creativecommons.org/licenses/by-nc-nd/4.0. Any commercial reuse of Open Access
articles published with a CC BY NC SA or CC BY NC ND license requires permission
from Elsevier and will be subject to a fee.

Commercial reuse includes:

Associating advertising with the full text of the Article
Charging fees for document delivery or access

Article aggregation

Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.

20. Other Conditions:

v1.10

Questions? customercare(@copyright.com.
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49 Spadina Ave. Suite 200
I Toronto ON M5V 2J1 Canada
www bicrender.com

RENDER

Confirmation of Publication and Licensing Rights - Open
Access

October 19th, 2024

Subscription Type: Student Plan - Academic

Agreement number: JX27G10KX4

Publisher Name: Memorial Universily of Newfoundland

Figure Title: Figure 9. flustration of how CYP24A1 inactivation causes gestational

hypercalcemia.

Citation to Use: Created in BioRendsr. Maekawa, A. (2024} BioRender.com/g34i397

To whom this may concern,

This document (“Cenfirmation”} hereby confirms that Science Suite Inc. dba BioRender (“BioRender”) has
granted the following BioRender user: Alexandre Maekawa ("User"} a BioRender Academic Publication
License in accordance with BioRender's Terms of Service and Academic License Terms (“License
Terms"} to permit such User to do the following on the condition that all requirements in this
Confirmation are met:

1} publish their Completed Graphics created in the BicRender Services containing both User Content
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details and the terms and conditions provided by Oxford University Press and Copyright
Clearance Center.

License Number 5892600074859
License date Cct 19, 2024
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Bl Oxford University Press
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Licensed content title Dihydroxyvitamin D and Not to the Absence of 24.25-

Dihydroxyvitamin D"
Licensed content author  St-Arnaud, René; Arabian, Alice
Licensed content date Jul 1, 2000
Type of Use Thesis/Dissertation
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Title of your work Master's Thesis - Alexandre Maekawa
Publisher of your work  Memorial University
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Value added tax 0.00 CAD

Total 0.00 CAD

Title of new work Master's Thesis - Alexandre Maekawa
Institution name Memorial University

Expected presentation

it Dec 2024
Portions FIG. 1. Targeted inactivation of the 24-OHase gene in mice.
The Requesting Person /

Organization to Appear on Alexandre Maekawa / Memorial University of Newfoundland
the License

Memorial University of Newfoundland

300 Prince Philip Dr

Memorial University - Faculty of Medicine
Requestor Location HSC 5313

St Johns, NL A1B 3X5

Canada

Attn: Memorial University of Newfoundland

Publisher Tax ID GB125506730

Billing Type Invoice

Memorial University of Newfoundland

300 Prince Philip Dr

Memorial University - Faculty of Medicine
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STANDARD TERMS AND CONDITIONS FOR REPRODUCTION OF
MATERTAL FROM AN OXFORD UNIVERSITY PRESS JOURNAL

1. Use of the material is restricted to the type of use specified in your order details.

2. This permission covers the use of the material in the English language in the following
territory: world. If you have requested additional permission to translate this material, the
terms and conditions of this reuse will be set out in clause 12.

3. This permission is limited to the particular use anthorized in (1) above and does not
allow you to sanction its use elsewhere in any other format other than specified above, nor
does it apply to quotations, images, artistic works etc that have been reproduced from
other sources which may be part of the material to be used.

4. No alteration, omission or addition is made to the material without our written consent.
Permission must be re-cleared with Oxford University Press if/when you decide to
reprint.

5. The following credit line appears wherever the material is used: author, title, journal,
year, volume, issue number, pagination, by permission of Oxford University Press or the
sponsoring society if the journal is a society journal. Where a journal is being published
on hehalf of a learned society, the details of that society must be included in the credit
line.

6. For the reproduction of a full article from an Oxford University Press journal for
whatever purpose, the corresponding author of the material concerned should be informed
of the proposed use. Contact details for the corresponding authors of all Oxford
University Press journal contact can be found alongside either the abstract or full text of
the article concerned, accessible from www.oxfordjournals.org Should there be a problem
clearing these rights, please contact journals.permissions(@oup.com

7. If the credit line or acknowledgement in our publication indicates that any of the
figures, images or photos was reproduced, drawn or modified from an earlier source it
will be necessary for you to clear this permission with the original publisher as well. If
this permission has not been obtained, please note that this material cannot be included in
your publication/photocopies.

8. While you may exercise the rights licensed immediately upon issuance of the license at
the end of the licensing process for the transaction, provided that you have disclosed
complete and accurate details of your proposed use, no license is finally effective unless
and until full payment is received from you (either by Oxford University Press or by
Copyright Clearance Center (CCC)) as provided in CCC's Billing and Payment terms and
conditions. If full payment is not received on a timely basis, then any license preliminarily
granted shall be deemed automatically revoked and shall be void as if never granted.
Further, in the event that you breach any of these terms and conditions or any of CCC's
Billing and Payment terms and conditions, the license is automatically revoked and shall
be void as if never granted. Use of materials as described in a revoked license, as well as
any use of the materials beyond the scope of an unrevoked license, may constitute
copyright infringement and Oxford University Press reserves the right to take any and all
action to protect its copyright in the materials.

9. This license is personal to you and may not be sublicensed, assigned or transferred by
you to any other person without Oxford University Press’s written permission.

10. Oxford University Press reserves all rights not specifically granted in the combination
of (i) the license details provided by you and accepted in the course of this licensing

transaction, (ii) these terms and conditions and (iii) CCC’s Billing and Payment terms and
conditions.
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11. You hereby indemnify and agree to hold harmless Oxford University Press and CCC,
and their respective officers, directors, employs and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.

12. Unless otherwise specified, inclusion under a Creative Commons license or any other
Open Access license allowing onward reuse is prohibited.

13. Where permission to translate has been agreed, the credit line and any
copyright/disclaimer notices provided by OUP shall be included on the same page as the

Material, translated into the language of the new work, except for trademark names:

Translated and reproduced by permission of Oxford University Press on behalf of the
<Society Name>. Translation Disclaimer: OUP and the <Society Name> are not
responsible or in any way liable for the accuracy of the translation. The Licensee is solely
responsible for the translation in this publication/reprint.

14. Other Terms and Conditions:
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conditions provided by Elsevier and Copyright Clearance Center.

License Number 5892600853580
License date Qct 19, 2024
Licensed Content Publisher Elsevier
Licensed Content Publication Physica Medica
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Terms and Conditions

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier. By clicking "accept” in
connection with completing this licensing transaction, you agree that the following terms
and conditions apply to this transaction (along with the Billing and Payment terms and
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that vou
opened vour RightsLink account and that are available at any time at

httpsy//mvaccount.copvright.com).
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GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementioned material subject
to the terms and conditions indicated.

3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in ocur publication with credit or acknowledgement to another source, permission
must also be sought from that source. If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:

"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCTIETY COPYRIGHT OQWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."

4, Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given. The material may not be reproduced or used in any other way,
mcluding use in combination with an artificial intelligence tool (including to train an
algorithm, test, process, analyse, generate output and/or develop any form of artificial
mtelligence tool), or to create any derivative work and/or service (including resulting from
the use of artificial intelligence tools).

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted mintmally to serve your work. Any other abbreviations, additions,
deletions and/or any other alterations shall be made only with prior written authorization
of Elsevier Ltd. (Please contact Elsevier’s permissions helpdesk here). No modifications
can be made to any Lancet figures/tables and they must be reproduced in full.

6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.

7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by vou and accepted in the course of this
licensing transaction, {ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.

8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your
proposed use, no license is finally effective unless and until full payment is received from
you (either by publisher or by CCC) as provided in CCC's Billing and Payment terms and
conditions. If full payment is not received on a timely basis, then any license
preliminarily granted shall be deemed automatically revoked and shall be void as if never
granted. Further, in the event that you breach any of these terms and conditions or any of
CCC's Billing and Payment terms and conditions, the license is automatically revoked and
shall be void as if never granted. Use of materials as described in a revoked license, as
well as any use of the materials beyond the scope of an unrevoked license, may constitute
copyright infringement and publisher reserves the right to take any and all action to
protect its copyright in the materials.

9. Warranties: Publisher makes no representations or warranties with respect to the
licensed material.

10. Tndemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
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claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.

12. No Amendment Except in Writing: This license may not be amended except in a
writing signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).

13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and
Payment terms and conditions. These terms and conditions, together with CCC's Billing
and Payment terms and conditions (which are incorporated herein), comprise the entire
agreement between you and publisher {and CCC) concerning this licensing transaction. In
the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall control.

14. Revocation: Flsevier or Copyright Clearance Center may deny the permissions
described in this License at their sole discretion, for any reason or no reason, with a full
refund payable to you. Notice of such denial will be made using the contact information
provided by you. Failure to receive such notice will not alter or invalidate the denial. In
no event will Elsevier or Copyright Clearance Center be responsible or liable for any
costs, expenses or damage incurred by you as a result of a denial of your permission
request, other than a refund of the amount(s) paid by you to Elsevier and/or Copyright
Clearance Center for denied permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If vou licensed translation rights
you may only translate this content into the languages you requested. A professional
translator must perform all translations and reproduce the content word for word
preserving the integrity of the article.

16. Posting licensed content on any Website: The following terms and conditions apply
as follows: Licensing material from an Elsevier journal: All content posted to the web site
must maintain the copyright information line on the bottom of each image; A hyper-text
must be included to the Homepage of the journal from which you are licensing at
http:/fwww.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books
at htip://www.elsevier.com; Central Storage: This license does not include permission for
a scanned version of the material to be stored in a central repository such as that provided
by Heron/XanEdu.

Licensing material from an Elsevier book: A hyper-text link must be included to the
Elsevier homepage at htip://www.elsevier.com . All content posted to the web site must
maintain the copyright information line on the bottom of each image.

Posting licensed content on Flectronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only
to bona fide students registered on a relevant course. This permission is granted for 1 year
only. You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:
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Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been
peer-reviewed, nor has it had any other value added to it by a publisher (such as
formatting, copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to
or enhanced in any way in order to appear more like, or to substitute for, the final versions
of articles however authors can update their preprints on arXiv or RePEc with their
Accepted Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.

Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
mncorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

¢ immediately
o via their non-commercial person homepage or hlog
o by updating a preprint in arXiv or RePEc with the accepted manuscript
o via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
o directly by providing copies to their students or to research collaborators for
their personal use
o for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement
¢ After the embargo period
o vianon-commercial hosting platforms such as their institutional repository
o via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

link to the formal publication via its DOI

bear a CC-BY-NC-ND license - this is easy to do

if aggregated with other manuscripts, for example in a repository or other site, be
shared in alighment with our hosting policy not be added to or enhanced in any way
to appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If vou are an author, please share a link to your article rather than
the full-text. Millions of researchers have access to the formal publications on

ScienceDirect, and so links will help your users to find, access, cite, and use the best
available version.
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Theses and dissertations which contain embedded PJAs as part of the formal submission
can be posted publicly by the awarding institution with DOT links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course
packs and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the above:
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may
you scan the printed edition to create an electronic version. Posting to a repository:
Authors are permitted to post a summary of their chapter only in their institution's
repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation vour thesis may
be submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOT links
back to the formal publications on ScienceDirect.

Flsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in
nearly 2000 established subscription journals that support open access publishing.
Permitted third party re-use of these open access articles is defined by the author's choice
of Creative Commons user license. See our open access license policy for more
information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour

or reputation. If any changes have been made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our
publication with credit or acknowledgement to another source it is the responsibility of the
user to ensure their reuse complies with the terms and conditions determined by the rights
holder.

Additional Terms & Conditions applicable to each Creative Commons user license:
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CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is
not done for commercial purposes, and that the user gives appropriate credit (with a link
to the formal publication through the relevant DOID), provides a link to the license,
indicates if changes were made and the licensor is not represented as endorsing the use
made of the work. Further, any new works must be made available on the same
conditions. The full details of the license are available at
http://creativecommons.org/licenses/by-nc-sa/4.0.

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the
Article, provided this is not done for commercial purposes and further does not permit
distribution of the Article if it is changed or edited in any way, and provided the user gives
appropriate credit (with a link to the formal publication through the relevant DOT),
provides a link to the license, and that the licensor is not represented as endorsing the use
made of the work. The full details of the license are available at
http:/fereativecommons.org/licenses/by-nc-nd/4.0. Any commercial reuse of Open Access
articles published with a CC BY NC SA or CC BY NC ND license requires permission
from Elsevier and will be subject to a fee.

Commercial reuse includes:

Associating advertising with the full text of the Article
Charging fees for document delivery or access

Article aggregation

Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.

20. Other Conditions:
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