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Vitamin D (cholecalciferol or ergocalciferol) is essential for regulating serum calcium and
maintaining bone integrity. As vitamin D is not biologically active, it must undergo two sequential
enzyme-catalyzed hydroxylations to form the active metabolite, 1a,25-hydroxyvitamin D
(1a,25(0OH)2D), via the intermediate, 25-hydroxyvitamin D (25(OH)D). The predominant
circulating form of 25(0OH)D, 25(0OH)Ds, is metabolized to other metabolites, including 24,25-
dihydroxyvitamin D3 (24,25(0OH)2Ds), 43,25-dihydroxyvitamin D3 (4(3,25(OH).D3), 25-
hydroxyvitamin D-3-O-sulfate (25(OH)Ds-S), and 25-hydroxyvitamin D-3-O-glucuronide
(25(0OH)Ds-G). Changes in enzyme expression due to disease, ontogeny, or drug interactions
may alter the circulating concentrations of 25(0OH)D3 and its metabolites, and contribute to an
increased risk of vitamin D deficiency. The aim of this dissertation was to explore mechanisms
of altered vitamin D homeostasis in patients with cystic fibrosis (CF) and in pregnant women,
and to evaluate 43,25(0OH).Ds; as an endogenous biomarker of CYP3A4 activity. Chapter 2
describes the development and validation of a liquid chromatography-tandem mass

spectrometry (LC-MS/MS) method for the simultaneous quantification of vitamin D, vitamin Ds,



25(0OH)D3, 25(0OH)D3, 1a,25(0OH)2D-, 1a,25(0H).Ds, 24R,25(0H).Ds, 483,25(0H):Ds,
1B8,25(0OH)2Ds, and 1a,24,25(0OH)s;Ds. We measured the serum concentration of 25(0OH)Ds and
selected metabolites in a cohort of patients with CF (n = 83) and age-, sex-, and race-matched
healthy controls (n=82) (Chapter 3). Patients with CF had 15%, 35%, and 40% lower circulating
concentrations of 1a,25(0H).Ds, 43,25(0OH).Ds, and 25(0OH)Ds-S, respectively. We found no
difference in the clearance or half-life of de-25(OH)Ds3 in patients with CF compared to healthy
controls (n =5 per group) after IV bolus administration of ds-25(OH)Ds. To assess changes in
25(0OH)D3; metabolism during pregnancy, we measured 25(0OH)D; and selected metabolites in a
longitudinal study of healthy women (n = 15) before, during, and after pregnancy (Chapter 4).
The change in the concentration of 25(OH)Ds and its metabolites were evaluated using linear
mixed-effects, modeling. The model predicted increase in the concentration of 25(OH)D; was
45% during preghancy. Serum concentrations of 1a,25(0OH).Ds, 43,25(0H).D3, and 25(0OH)Ds-G
increased by 200%, 14%, and 38%, respectively, as estimated by the linear mixed-effects
model from pre-pregnancy to 36 weeks of gestation (p < 0.001). Additionally, 25(OH)Ds-S
concentrations decreased 25% from pre-pregnancy to 36 weeks of gestation (p < 0.001 for all).
Protein binding was altered during pregnancy; vitamin D binding protein (VDBP) serum
concentrations increased by 190% and albumin concentrations decreased 26% from pre-
pregnancy to 36 weeks of gestation, resulting in a 20% decrease in the percent unbound of
25(0OH)Ds. To evaluate the potential of 43,25(0OH).Ds as a biomarker of CYP3A4 activity, we
developed semi-mechanistic pharmacokinetic-pharmacodynamic models for midazolam,
clarithromycin, rifampin, 25(OH)D3, and 4f3,25(OH).Ds. The midazolam, clarithromycin, and
rifampin models were developed using published clinical data. Model parameters for 25(0OH)Ds
and 43,25(0OH).D3 were estimated using clinical data following administration of placebo
(control), clarithromycin, rifampin, or clarithromycin and rifampin in combination for 14 days. The
sensitivity of 43,25(OH).D3 to detect induction or mechanism-based inhibition of CYP3A4 was

compared to midazolam, a sensitive probe drug for CYP3A4 activity. For mechanism-based



inhibition, we found that a 5.4-fold increase in midazolam AUC corresponded with a 46%
decrease in the serum concentration 43,25(OH).Ds. For induction, we found that an 44%
decrease in midazolam AUC corresponded with a 200% increase in 4[3,25(OH).D3 activity.
Further clinical studies are necessary to validate 43,25(0OH).Ds as a biomarker of CYP3A4
activity. Although there are still many unanswered questions, the research presented in this
dissertation furthers our understanding of vitamin D disposition in health and disease, and

provides more insight into the complexity of vitamin D homeostasis.
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Chapter 1.

Introduction

1.1. Background

Vitamin D is a fat-soluble hormone, derived from a steroid precursor, that plays an
essential role in the human endocrine system (1-6). Vitamin D works with parathyroid hormone
(PTH) to regulate calcium homeostasis (2-5). Low levels of vitamin D result in bone disorders
such as rickets and osteoporosis (1, 2, 7-13). However, more recent literature suggests that
adequate levels of vitamin D are also key in overall health (7, 14-18). Low levels of vitamin D
have been linked to decreased immune function, increased risk of cardiovascular disease, and
can exacerbate chronic health conditions like chronic kidney disease (19-21). It is estimated that
only 40-60% of adults in the United States are vitamin D sufficient (6, 22-25). As a result,
current research is focused on understanding the contributors to vitamin D deficiency and

insufficiency, apart from low vitamin D intake.

1.2. Vitamin D

Vitamin D exists in two forms, vitamin D», ergocalciferol, and vitamin D3, cholecalciferol.
These molecules have the same backbone and differ only in the side chain with the addition of a
methyl group on carbon 24 and a double bond between carbon 22 and 23 (Figure 1.1) (3).
Vitamin D3 can be synthesized endogenously from 7-dehydrocholesterol (3, 5, 26-28). Upon
exposure to ultraviolet (UVB) light, keratinocytes in the skin photolytically convert 7-
dehydrocholesertol to pre-vitamin Ds, followed by thermal isomerization to form vitamin Ds (2,
3). Although both vitamin Dz and vitamin D, can be absorbed from dietary sources, there are
only a few foods which are a natural source of the hormone (3, 29). These foods include eggs,
mushrooms and fatty cold-water fish like salmon (3-5). Many processed foods containing high
levels of calcium are also fortified with either vitamin D- or vitamin D3 (e.g., dairy products,

bread, and cereal) (29-31). In addition, vitamin D is sold as a standalone supplement or as a

1



component in most multivitamins with doses ranging from 400-10,000 international units (1U)

(29, 30, 32).

1.3. Mechanism of Action of Vitamin D

Vitamin D regulates serum calcium homeostasis through its binding of the active form,
1a,25(0OH).D, to the vitamin D receptor (VDR) (3, 28, 33). When serum calcium is low, PTH is
released from the parathyroid gland and stimulates the formation of 1a,25(OH).D from 25(OH)D
in the kidney by cytochrome P450 27B1 (CYP27B1) (33, 34). Together PTH and 1a,25(0OH).D
increase calcium absorption in the gut, increase calcium reabsorption from bone, and decrease
phosphate reabsorption in the kidney (33, 34). Some of these effects are mediated by
transcriptional activation of calcium transport and binding proteins (35, 36). The release of
fibroblast growth factor 23 (FGF23) from bone is also stimulated by increased levels of
1a,25(0OH).D (33, 34). FGF23 can downregulate CYP27B1 and induce the catabolism of
1a,25(0OH).D, thereby decreasing the circulating levels of 1a,25(0OH).D after it has exerted its
biological effect (33, 37). VDR is also expressed in immune cells, intestines, skin, and placenta
(29). 1a,25(0H).D is known to directly and indirectly regulate more than 200 genes, including
genes that control cell differentiation, apoptosis, and endogenous and exogenous metabolism

(29, 38).

1.4. Definition of Vitamin D Deficiency and Insufficiency

The half-life of 1a,25(0OH).D, determined after oral administration, is approximately 4-6
hours (39). Due to the short half-life of 1a,25(0OH).D, 25(0OH)D is typically used as a biomarker
of vitamin D status (24, 34, 40, 41). With an estimated half-life of 2 weeks, 25(OH)D better
reflects long-term exposure to vitamin D and can be rapidly converted to 1a,25(0OH).D as
needed (24, 34, 41). Although vitamin D, and D3 have differing biological activities, total
25(0OH)D (i.e., the summed concentrations of 25(OH)D, and 25(OH)Ds) are used for clinical

assessment of vitamin D status (24, 34, 41). Prior to the 1990s, vitamin D sufficiency was based
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on a serum 25(OH)D concentration greater than 10 ng/mL (25 nM), which was thought to be the
minimum 25(OH)D concentration needed to prevent rickets (41, 42). Over the last 20 years, a
new reference range for vitamin D sufficiency was established based on the concentration of
25(0OH)D required to minimize serum PTH (41). Currently, the Endocrine Society defines vitamin
D sufficiency as serum 25(OH)D concentrations greater than 30 ng/mL (41, 43). Vitamin D
insufficiency is defined as serum 25(OH)D concentrations between 20 to 29 ng/mL and vitamin
D deficiency as concentrations below 20 ng/mL (43, 44). In contrast, the Institute of Medicine

(IOM) defines vitamin D sufficiency as 25(OH)D concentration greater than 20 ng/mL (45).

1.5. Bound versus Unbound Vitamin D

The free hormone hypothesis proposes that only the unbound portion of circulating
hormones are able to enter the cell and exert a biological effect (46-48). The remaining bound
fraction is restricted to blood and is too large to pass through the cell membrane (46-48). Since
greater than 99% of 25(OH)D and 1a,25(OH).D circulate bound to vitamin D binding protein
(VDBP) and albumin, researchers have long questioned whether total or unbound
concentrations of 25(0OH)D better represent vitamin D status (47, 48). Only 0.02 — 0.09% of
25(0OH)D and 0.4% of 1a,25(0OH).D circulate unbound to plasma proteins, with ~85% bound to
VDBP and the remaining ~15% bound to albumin (49, 50). In a direct comparison, the
dissociation constant of 25(0OH)D; for VDBP was half of that for 25(OH)D,, suggesting that the
unbound fraction of 25(OH)D; is higher than 25(OH)Ds, which leads to a greater fraction of
25(0OH)D;, circulating unbound to plasma proteins (51).

Polymorphisms in VDBP can affect the circulating concentration of VDBP as well as the
affinity of the protein for the hormone and, hence, total and free concentrations of 25(OH)D. In a
study of more than 500 non-pregnant women, subjects homozygous for the GC1 haplotype had
serum concentrations of VDBP approximately 20% higher than subjects homozygous for the

GC2 haplotype (52). Additionally, Schwartz et al. found that the total and unbound



concentrations of 25(OH)Ds were lowest in participants homozygous for the GC2 haplotype

(53).

1.6. Biological Differences Between Vitamin Dz and Vitamin Ds

The structural differences between vitamin D2 and vitamin Ds result in differences in the
distribution and clearance of 25(0OH)D. Supplementation with vitamin Dz is more effective at
raising serum levels of total 25(OH)D. In a study by Armas et al., 30 men were followed for 28
days to evaluate the difference in pharmacokinetics of 25(OH)D after high dose
supplementation (50,000 1U) of either vitamin D, or vitamin Dz (54). Both vitamin D, and vitamin
D; were absorbed at the same rate (54). However, the subjects treated with vitamin D, achieved
a peak 25(0OH)D concentration ~4 ng/mL higher than baseline on day 3. In contrast, subjects
treated with vitamin D3 reached a peak 25(OH)D concentration ~7 ng/mL higher than baseline
on day 14 (54). Concentrations of 25(OH)D remained elevated above baseline on day 28 for
subjects treated with vitamin D3, whereas subjects treated with vitamin D, had 25(0OH)D
concentrations that dropped below baseline by day 21 (54). Additionally, the area under the
plasma vs. concentration time curve from day O to day 28 of 25(OH)D was 3.3 times higher in
subjects that received vitamin Ds; compared to subjects that received vitamin D, (54). A similar
study saw a 70% higher increase in 25(OH)D concentrations after treatment with vitamin D3
compared with vitamin D; (55).

In 2015, Jones et al. published a pharmacokinetic study comparing the half-lives of
deuterium-labeled vitamin D, and vitamin D3 following oral administration (40). The mean
observed half-life of 25(OH)D; was 15.1 days compared to 13.9 days for 25(OH)D- (40). The
observed difference in the half-life of 25(OH)D; and 25(OH)D3; was attributed to the difference in
binding affinity to VDBP (40, 54, 55). It is hypothesized that as a higher percentage of 25(0OH)D»
circulates unbound to VDBP and albumin, more 25(OH)D; is available for metabolism and

elimination (1, 46, 48).



1.7. Vitamin D Metabolism

As previously discussed, vitamin D is not biologically active and must undergo a series
of enzyme-catalyzed hydroxylations to form the active metabolite, 1a,25(OH).D. In addition to
forming the active metabolite, 25(OH)Dz is metabolized to several inactive metabolites (3-5, 28,
56). The specific metabolites studied in this dissertation are discussed in more detail below.
Partial metabolic schemes for vitamin D, and vitamin D3 are presented in Figure 1.2 and Figure

1.3, respectively.

1.7.1. Formation of 25-Hydroxyvitamin D

The conversion of vitamin D to 25(OH)D occurs primarily in the liver, catalyzed by
multiple microsomal and mitochondrial CYP isoforms (3, 5, 28). The primary enzyme of
25(0OH)D formation is CYP2R1, first identified in the microsomal fraction of mouse livers (3, 57-
62). CYP2RL1 is able to hydroxylate both vitamin D2 and vitamin Dz with similar efficiency (58,
62). In CYP2R1-null mouse models, 25(0OH)D concentrations were reduced more than 50%
without large effects on serum calcium and phosphate (61, 62). In humans, a rare genetic
CYP2R1 variant was identified in Nigerians with severe bone disorders (57, 58, 60). In vitro
kinetic experiments conducted in transfected HEK293T cells showed that the CYP2R1 variants
resulted in misfolded, inactive CYP2R1 protein and a nearly 2-fold decrease in the intrinsic
clearance for 25-hydroxylation (60). Generally, individuals with “genetic rickets” (i.e., CYP2R1
variants) present with serum 25(OH)D concentrations below 15 ng/mL; indeed, one individual
was reported to have a 25(OH)D concentration of 1.5 ng/mL (60). These individuals must be
treated with high dose (> 50,000 IU monthly) vitamin Dz and calcium to resolve symptoms of
rickets (57, 60).

The enzyme with the second largest contribution to formation of 25(OH)D formation is
CYP27A1 (2, 3, 56, 61, 62). Unlike CYP2R1, CYP27ALl is expressed in the mitochondria of the

liver and only hydroxylates vitamin Dz (56, 59, 61, 62). Surprisingly, mouse knock-out models of



CYP27A1 have serum 25(OH)Ds concentrations 2- to 3-times higher than wild-type mice,
suggesting that other CYP enzymes are able to compensate for the absence of CYP27AL1 (3, 4,
56, 59, 61, 62). In individuals with CYP27A1 variants that result in inactive CYP27A1,
plasma/serum 25(OH)D concentrations are about half that of healthy controls (14.6 £ 6.6 ng/mL
compared to 30.4 = 8.0 ng/mL), but in general, these individuals do not present with rickets or
other bone disorders (3, 63). Instead, these patients are diagnosed with cerebrotendinous
xanthomatosis, a condition characterized by abnormal bile and cholesterol metabolism,

reflecting the more critical role of the enzyme in maintaining cholesterol homeostasis (3, 63-66).

1.7.2.  Formation of 1a,25-dihydroxyvitamin D

Further hydroxylation of 25(OH)D to 1a,25(0OH).D is performed exclusively by CYP27B1,
primarily in the proximal tubule of the kidney (56, 59, 67). With a reference range for 1a,25(0OH)2D3
concentrations of 24 to 66 pg/mL, 1a,25(0OH).D circulates at concentrations approximately 1000-
fold lower than 25(OH)D (68). Unlike 25(OH)D, the concentration of 1a,25(0OH):D is tightly
regulated by PTH, FGF23, and autoregulatory mechanisms (33). PTH induces the expression of
CYP27B1, while FGF and 1a,25(0OH).D downregulates CYP27B1 synthesis (33). While the
kidney is the primary source of circulating 1a,25(0OH):D, other organs (e.g., small intestine, skin,
bone, immune cells, and placenta) can contribute to the local formation of 1a,25(0OH).D, which

may drive local biological effects (27).

1.7.3.  Formation of 24,25-dihydroxyvitamin D

Located in the kidney mitochondria, CYP24A1 converts 25(OH)D to 24,25-
dihydroxyvitamin D (24,25(0OH).D) (3, 56, 59, 67). In a study of 1,996 subjects, the mean serum
concentrations of 24,25(0OH),D was reported to be 5.7 + 3.4 ng/mL (69). Humans with CYP24A1

mutations resulting in inactive protein develop idiopathic infantile hypercalcemia (l1H) in



childhood (3, 70). In contrast to CYP27B1, FGF23 stimulates CYP24A1 activity, whereas PTH

and 1a,25(0OH).Ds; downregulate CYP24A1 expression (33).

1.7.4. Formation of 48,25-dihydroxyvitamin D3

More recently, 4f3,25-dihydroxyvitamin D3 (43,25(0H).D3) has been identified as an
additional elimination pathway of 25(OH)Ds. The search for an alternative CYP3A4-dependent
pathway began after Brodie et al. reported that 25(OH)Ds concentrations were reduced after
extended treatment with rifampin, a potent inducer of CYP activity (71, 72). In 2012, Wang et al.
reported that 4f3,25(0OH).Ds is a metabolite of 25(0OH)Ds following enzymatic incubations with
CYP3A4 Supersomes and human liver microsomes (73). Additionally, they determined that
25(0OH)D3 was not converted to 43,25(0OH).Ds by CYP24A1 or other P450 enzymes (74).
Clinical studies confirmed that serum concentrations of 43,25(0OH).Ds increased after treatment
with rifampin (38, 70, 73, 74). In 2017, Hawkes et al. tested rifampin as a treatment for IIH (70).
In the two patients that received rifampin, serum calcium, PTH and 1a,25(0OH).Ds
concentrations were reduced; the reduction was hypothesized to be due to the induction of
CYP3A4 and increased formation of 43,25(0OH).Ds (70). Additionally, there is potential that

43,25(0OH)2D; could serve as a biomarker of CYP3A4 activity in vivo.

1.7.5. Formation of 25-hydroxyvitamin D3-3-O-Sulfate

A major metabolite of 25(OH)Ds is 25-hydroxyvitamin Ds-O-sulfate (25(OH)Ds-S), which
circulates at plasma concentrations similar to 25(OH)Ds (10 to 40 ng/mL) (75-80). Using in vitro
incubations with human liver cytosol, recombinant sulfotransferase (SULT) enzymes and human
hepatocytes, investigators identified SULT2A1 as the liver enzyme responsible for the formation
of 25(0OH)D3-S from 25(0OH)Ds (75, 81). 25(0OH)Ds-S was detected in human bile at a
concentration of approximately 1.3 ng/mL, which supports the hypothesis that 25(OH)Ds-S

undergoes enterohepatic recirculation and may serve as an additional source of 25(OH)D3; once



deconjugated (75). Additionally, 25(OH)Ds-S circulates tightly bound to VDBP and is not

excreted into the urine (75).

1.7.6. Formation of 25-hydroxyvitamin D3-3-O-Glucuronide

In 1975, glucuronidated metabolites of 25(0OH)Ds; were detected in human bile after IV
administration of *H-25(0OH)D; (82). Subsequently, two isomers of 25-hydroxyvitamin Ds-O-
glucuronides, at the 3- and 25- positions, were identified in rat and human bile (83, 84). 25-
hydroxyvitamin Ds-3-O-glucuronide (25(OH)Ds-G) is formed primarily from 25(OH)D3 by uridine
5'-diphospho-glucuronosyltransferase (UGT) 1A4, with a smaller contribution from UGT1A3
(85). Similar to 25(0OH)Ds-S, 25(0OH)Ds-G is thought to undergo enterohepatic recirculation after

biliary excretion into the small intestine (82, 84-86).

1.8. Bone Health

Vitamin D plays an essential role in bone growth and development in children (10, 13,
23, 87). Children who are vitamin D deficient develop rickets, a bone disorder characterized by
pain in extremities, short stature, bowed legs, and deformed teeth (88). Children with rickets are
also at an increased risk of bone fractures (88). Children with rickets can be treated with high
doses of vitamin D and calcium and frequently, with early detection and proper treatment, bone
deformities improve or are reversed (88).

In addition, low serum levels of 25(OH)D are associated with poor bone mineral density
(BMD), osteoporosis, and increased risk of bone fractures in adults (89, 90). In a study of more
than 13,000 adults 20 years of age and older, bone mineralization was strongly associated with
circulating levels of 25(0OH)D (89). Participants in the upper quintile of 25(OH)D concentrations
had a 4% higher BMD compared to those in the lowest quintile (89). In a meta-analysis of 12
randomized-control trials, subjects treated with 700 to 800 IU of vitamin D3 daily had a 23% and

26% reduction in the relative risk of hip fractures and non-vertebral fractions, respectively,



compared to subjects treated with 400 U of vitamin D3 per day (90). Subjects receiving 400 IU
of vitamin D3 per day had no significant benefit compared to untreated subjects (90). A meta-
analysis published in 2017 found that supplementation with vitamin D and calcium reduced the
risk of falls in the elderly compared to those not receiving supplements (odds ratio: 0.87 95% ClI,

0.80-0.94) (91).

1.9. Beyond Bone Health

While vitamin D is traditionally known for its role in bone health, other biological effects
related to systemic 25(OH)D is an area of active research. CYP27B1 and VDR are expressed in
immune cells, lung, intestines, skin, and reproductive organs, suggesting that 1a,25(OH).D is
synthesized outside of the control of the parathyroid endocrine system (7, 15-17, 26, 27). For
example, production of 1a,25(0OH).D stimulates the expression of antibacterial proteins in
macrophages (14, 16, 92, 93). Expression of these antibacterial proteins are triggered by
pathogens and recruit additional immune cells to the site of infection (14, 16, 92, 93). Clinical
studies of tuberculosis, upper respiratory infections, and influenza reported that lower levels of
25(0OH)D were associated with longer duration of iliness, as well as increased risk of
hospitalization and mortality (14, 15).

Additionally, vitamin D deficiency and insufficiency have been linked to a severity of
various autoimmune disorders, including Type 1 Diabetes, rheumatoid arthritis, and multiple
sclerosis (14, 18, 20, 22, 94-96). Individuals with lower levels of 25(OH)D were at increased risk
of coronary heart disease and cardiac mortality (21, 22, 96-98). Epidemiological studies found
that lower circulating levels of 25(OH)D were associated with an increased risk of cancer, most
notably in the colon (15, 17, 21, 22, 87, 96). In a study with 193 women diagnosed with
colorectal cancer, the relative risk of developing colorectal cancer was 0.53 for subjects in the
upper quintile of serum 25(OH)D (median: 35.2 ng/mL) compared to those in the lowest quintile

(median: 15 ng/mL) (90, 99). Individuals with low levels of 25(OH)D were found to be at an



increased risk of being diagnosed with polycystic ovary syndrome (PCOS) or endometriosis,
and had higher rates of infertility (100). Although epidemiology studies found associations
between serum levels of 25(OH)D and risk of disease, clinical studies in which subjects were
treated with vitamin D frequently fail to confirm these associations in patients with diabetes and

pregnant women (101, 102).

1.10. Dissertation Aims

The aim of this dissertation was to explore mechanisms of altered vitamin D
homeostasis in several specific populations. As discussed previously, vitamin D undergoes a
series of metabolic steps for biological activation, inactivation, and storage. The circulating
concentration of 25(0OH)Ds and its metabolites, and thereby risk of vitamin D deficiency, may be
altered by changes in enzyme expression caused by disease, ontogeny, or drug interactions. An
additional mechanism of altered vitamin D homeostasis could be as a result of changes in the
plasma concentration of VDBP and albumin due to disease or pregnhancy. Many conditions,
such as pregnancy and chronic kidney disease, result in altered concentrations of serum
proteins (20, 26, 93, 103-105).

This dissertation focuses on understanding altered 25(OH)D metabolism in pregnancy,
in patients with cystic fibrosis, and following drug interactions. In Chapter 2, we developed a
method to accurately and reproducibly measure 25(OH)D and its hydroxylated metabolites in
human plasma and serum. In Chapter 3, we characterized the changes in 25(0OH)D3; metabolism
and pharmacokinetics in patients with cystic fibrosis (CF) compared to age- and gender-
matched healthy controls. In Chapter 4, we studied the longitudinal effects of pregnancy on
25(0OH)D3 metabolism and plasma proteins. Lastly, in Chapter 5, we investigated 43,25(0OH)2Ds
as a potential biomarker of CYP3A4 activity by using a semi-mechanistic pharmacokinetic
model to describe CYP3A4 induction by rifampin and CYP3A4 inhibition by clarithromycin. A

brief rationale for each chapter is presented below.
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1.10.1. Cystic Fibrosis

Cystic fibrosis (CF) is an autosomal recessive genetic disorder that affects more than
33,000 people in the U.S (106-109). CF is caused by a mutation in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene (107, 108). Although CFTR is expressed
throughout the body, CF primarily affects epithelial cells and results in mucus retention and
chronic lung infections (107, 110-112). The prevalence of vitamin D deficiency and insufficiency
in CF patients was estimated to be as high as 90% (113, 114). Consequently, many
investigators are trying to understand the underlying causes of low vitamin D levels in patients
with CF.

Vitamin D deficiency in patients with CF increases the risk of lung infections and lower
bone mass density (106, 115-121). While the majority of research in the last two decades has
focused on the development of new vitamin D supplement formulations and alternative dosing
strategies to increase plasma concentrations of 25(OH)Ds, some researchers have suggested
that decreased formation or increased metabolism of 25(OH)Ds may contribute to vitamin D
deficiency in patients with CF (113, 117, 120, 122-125). Additionally, a more complete profile of
25(0OH)D3; metabolites has yet to be determined in patients with CF. In Chapter 3, we
characterized the circulating levels of 25(0OH)D3 and five of its metabolites in patients with CF
and paired healthy control subjects. Additionally, we assessed the pharmacokinetics of a single
intravenous dose of deuterium-labeled 25-hydroxyvitamin Dz (de-25(OH)Ds) in patients with CF
and healthy controls to evaluate whether increased 25(OH)Ds clearance contributes to low

25(0OH)Ds levels in patients with CF.

1.10.2. Pregnancy

Adequate levels of vitamin D during pregnancy are essential for fetal bone development
and maternal health. Low maternal levels of 25(OH)D are associated with pre-eclampsia,

preterm delivery, low birthweight, and childhood asthma (100, 126-131). Although 50-90% of

11



women take prenatal vitamins, 45% of white women and 83% of black women in the
northeastern United States were classified as vitamin D deficient or insufficient at the time of
delivery, and only 34% of white and 7.6% of black nhewborns were vitamin D sufficient at birth
(132, 133). Physiological changes that occur in pregnancy (i.e., changes in enzyme expression,
cardiac output, protein binding, and placental enzyme expression) may contribute to altered
concentrations of 25(OH)D3 and its metabolites (134). In Chapter 4, we measured 25(0OH)Ds
and five of its metabolites in a cohort of pregnant women to assess longitudinal changes from
pre-pregnancy, through gestation, and postpartum. This observational study was unique in that
subjects were recruited prior to becoming pregnant, pregnancy samples were collected as early
as 4 weeks of gestation, and up to 11 samples were collected from each woman during
pregnancy and postpartum. Plasma concentrations of specific metabolites that have not been
previously reported in pregnant women (i.e., 43,25(0OH);Ds, 25(0OH)Ds-S, and 25(0OH)D3-G)
were measured during pregnancy and postpartum. Additionally, we characterized the plasma
concentrations of VDBP and albumin to assess changes in the free concentrations of 25(OH)Ds

and 1a,25(0OH).Ds during the first trimester of pregnancy.

1.10.3. 4f,25-Dihydroxyvitamin D3 as a Biomarker of CYP3A4 Activity

Endogenous biomarkers of drug metabolizing enzymes and transporters are useful tools
early in clinical development for evaluating the potential of new molecular entities to cause drug
interactions. Understanding the sensitivity, specificity, and half-life of a biomarker is essential for
implementation into clinical development. In Chapter 5, we used semi-mechanistic
pharmacokinetic modeling to investigate 43,25(0OH).Ds as an endogenous biomarker of
CYP3A4 activity. Plasma concentrations of 43,25(0OH).Ds; and 25(0OH)Ds; were measured before,
during, and after treatment with water (control arm), rifampin, clarithromycin, or rifampin and
clarithromycin in combination. The data from the study and published in vitro and in vivo studies

were used to build semi-mechanistic models of midazolam, rifampin, clarithromycin, 25(OH)Ds

12



and 4f3,25(0OH).Ds. To assess the duration of treatment and sample size required to detect
significant changes in the plasma concentration of 4§3,25(OH).D3, simulations of clinical trials
were conducted. Additionally, we simulated the effects of strong, moderate, and weak inhibitors

of CYP3A4 to probe the in vivo sensitivity of 43,25(0OH).D; as a biomarker of CYP3A4 activity.
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1.12. Figures

Vitamin D, Vitamin D;
(Ergocalciferol) (Cholecaliciferol)

Figure 1.1: Chemical structures of vitamin D2 and vitamin Ds. The blue shaded regions highlight

the structural differences between vitamin D, and vitamin Ds.
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Chapter 2.
Simultaneous Quantification of Vitamin D2, Vitamin Ds; and Eight Hydroxylated Vitamin D

Metabolites in Human Serum and Plasma by LC-MS/MS

2.1. Abstract

In recent decades, research supports an essential role of vitamin D in multiple aspects of
human health, in addition to maintaining bone integrity. There are numerous methods to
qguantify 25-hydroxyvitamin D, the primary circulating metabolite of vitamin D. However, vitamin
D metabolism is complex and produces multiple metabolites that may be useful for
understanding the effects of genetic variation, drugs or disease on vitamin D disposition and
health outcomes. To evaluate these additional metabolites, we developed a liquid
chromatography-tandem mass spectrometry (LC-MS/MS) method that simultaneously quantifies
vitamin D>, vitamin D3, 25-hydroxyvitamin D2, 25-hydroxyvitamin D3 24R,25-dihydroxyvitamin
Ds, 1a,25-dihydroxyvitamin D2, 1a,25-dihydroxyvitamin Ds, 1B,25-dihydroxyvitamin Ds, 43,25-
dihydroxyvitamin D3, and 1a,24R,25-trihydroxyvitamin Ds. Solid-phase extraction was used to
isolate vitamin D metabolites of interest from human plasma and serum samples. The isolated
metabolites were derivatized with (4’-dimethylaminophenyl)-1,2,4-triazoline-3,5-dione
(DAPTAD) to improve analytical sensitivity. The method was found suitable for the quantification
of all metabolites in serum and plasma samples. This method should be useful for

comprehensively assessing vitamin D metabolite status in one assay.

2.2. Introduction

Recent evidence suggests that vitamin D plays an essential role in overall human health,
in addition to bone health. (1-5) As such, there has been increased interest in developing
assays to accurately quantify vitamin D and its many metabolites for clinical and research

purposes. However, accurate quantification of vitamin D and its metabolites presents a range of
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challenges, including high plasma protein binding, isomeric products of metabolism, and low
plasma concentrations. (6-8)

Vitamin D exists in two primary forms: vitamin D, (ergocalciferol) and vitamin D3
(cholecalciferol) (Figure 2.1). Both forms of vitamin D regulate calcium and phosphate
homeostasis in the body and follow similar pathways of metabolism. (9, 10) In the liver, vitamin
D is converted to the major circulating metabolite, 25-hydroxyvitamin D (25(OH)D), by
cytochromes P450 (CYP) 2R1 and 27A1. (9-12) Given the long plasma half-life of 25(OH)D (2
to 3 weeks), 25(0OH)D is used as a biomarker of long-term vitamin D exposure. In the kidney,
25(0OH)D undergoes metabolism by CYP27B1 to form the biologically active 1a,25-
dihydroxyvitamin D (1a,25(0OH).D) and the inactive 24R,25-dihydroxyvitamin D (24R,25(0OH)2D)
by CYP24ALl. (9-12) The active metabolite, 1a,25(0OH).D, can be rendered inactive by
CYP24A1, resulting in 1a,24R,25-trihydroxyvitamin D (1a,24R,25(0OH)sD). (9, 10) Additional
metabolites, which are thought to be inactive include, 4B,25-dihydroxyvitamin D (43,25(0OH).D)
and 183,25-dihydroxyvitamin D (1,25(0OH):D). (13-15) Since 4f3,25(0OH).Ds is formed by the
drug-metabolizing enzyme CYP3A4, it is currently under investigation as a potential biomarker
for drug interactions involving CYP3A4. (13)

Most commonly, quantification of 25(OH)D and other metabolites is conducted by
immunoassay and LC-MS/MS, both of which have advantages and limitations. (6, 8)
Immunoassays allow for sensitive and rapid quantification of 25(OH)D and are often high
throughput methods that are easily automated. (6, 7) However, antibody-based assays cannot
distinguish between 25(0OH)D; and 25(OH)Ds, and cross-reactivity with other vitamin D
metabolites may contribute to inaccurate and irreproducible results. (6-8) Sequestration by
plasma binding proteins can limit sensitivity and accuracy. (8, 16) Additionally, specific
1a,25(0OH)D kits must be purchased as immunoassays cannot simultaneously measure

25(0OH)D and laa,25(0H).D.
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In contrast, LC-MS/MS assays can provide simultaneous quantification of multiple
metabolites using multiple reaction monitoring (MRM). Quantification of low abundance
metabolites, including active species, is challenging because of picomolar concentrations in
plasma or serum and weak ionization. However, these issues can be partially overcome through
derivatization with compounds like 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD) or 4-(4’-
dimethylaminophenyl)-1,2,4-triazoline-3,5-dione (DAPTAD). (17-20) Quantification of
1a,25(0OH)2D is also challenging due to structural isomers with the same precursor and product
ionization pattern, such as for 1a,25(0OH).Ds and 4B,25(0OH).Ds. In this case, additional efforts
must be made to ensure the chromatographic separation of the analytes for accurate
quantification of vitamin D and all its metabolites. Two previously published methods used LC-
MS/MS to separate and quantify epimers of vitamin D3 and to separate 1a,25(0OH).Ds from
4B,25(0OH).Ds. (21, 22)

In this paper, we describe an LC-MS/MS assay developed for the quantification of
vitamin D», vitamin D3, and eight of their metabolites in either serum or plasma samples. This
method may prove useful for simultaneously monitoring the circulating concentrations of vitamin
D and its metabolites in patients with vitamin D deficiency or in clinical studies where metabolic

changes in vitamin D metabolism are anticipated.

2.3. Materials and Methods

2.3.1. Chemicals and Materials

d7-vitamin D3, dg-25(0OH)D>, 24R,25(0H)2D3, de-24R,25(0H),Ds, ds-1a,25(0OH).Ds, and
43,25(0OH).D3 were purchased from Toronto Research Chemicals (North York, Ontario,
Canada). Vitamin D, ds-vitamin D, Vitamin D3, 25(OH)D2, 25(OH)Ds, de-25(0OH)Ds3,
10,25(0H)2D2, 1a,25(0H):D3, and 1a,24R,25(0OH)sDs were purchased from Cerilliant

Corporation (Round Rock, TX). 1B,25(0OH).Ds was purchases from MedChemExpress, LLC
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(Monmouth Junction, NJ). Bovine serum albumin (BSA) and iodobenzene |,I-diacetate were
purchased from Sigma-Aldrich Corp. (St. Louis, MO). 4-(4'-dimethylaminophenyl)-1,2,4-
triazolidine-3,5-dione (DAPTAD precursor) was purchased from Santa Cruz Biotechnology, Inc.
(Dallas, TX). HPLC grade acetonitrile, ethyl acetate, methanol, methyl tert-butyl ether (MTBE),
heptane, isopropanol, hexanes, formic acid, acetic acid, and dichloromethane were purchased
from Fisher Scientific (Pittsburgh, PA). Vitamin D-free serum was purchased from Golden West

Biologicals (Temecula, CA).

2.3.2.  Preparation of DAPTAD Solution

The DAPTAD solution was prepared by combining 6 mg of iodobenzene |,I-diacetate
with 4 mg of DAPTAD precursor in 4 mL of ethyl acetate. (19) The solution was stirred for 3
hours at room temperature until the color of the mixture changed to red. A fresh DAPTAD

solution was prepared for each day of sample preparation.

2.3.3.  Preparation of Working Solutions

Standards for vitamin D», vitamin D3, 25(OH)D3, 1a,25(0H).D-, 1a,25(OH)2Ds,
1B8,25(0OH).Ds, and 1,24R,25(0OH)sD3s were purchased as stock solutions in methanol. Stock
solutions of 24R,25(0OH).D3 and 4[3,25(0OH).D3s were prepared by dissolving solid in ethanol to a
final concentration of 0.1 ng/mL and 0.02 ng/mL, respectively. A single working calibration
standard in ethanol was prepared by diluting the appropriate amount of each stock solution to
final concentrations of 160 pg/uL, 220 pg/uL, 250 pg/uL, 500 pg/uL, 150 pg/uL, 8 pg/uL, 8
pg/uL, 8 pg/uL, 8 pg/uL, and 8 pg/uL for vitamin D2, vitamin D3, 25(0OH)D2, 25(0OH)Ds,
24R,25(0H),Ds, 1a,25(0H).D>, 1a,25(0H).Ds, 483,25(0OH).Ds, 1B3,25(0OH).Ds, and
1,24R,25(0OH)sDs, respectively (total volume of 25 mL). The working calibration standard was

aliquoted into amber vials and stored at -80°C until use.
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Similarly, stock deuterium-labeled internal standards were purchased as solutions in
methanol for d,-vitamin D3, ds-vitamin D, and ds-25(OH)Ds. Internal standard stock solutions of
de-25(0OH)D>, ds-24R,25(0H)2Ds and ds-1a,25(0OH).Ds; were prepared by dissolving solid in
ethanol to a final concentration of 0.1 ng/mL. A single working internal standard solution in
ethanol was prepared by diluting appropriate volumes of each internal standard stock solution to
final concentrations of 200 pg/uL, 200 pg/uL, 200 pg/uL, 500 pg/uL, 250 pg/uL, and 60 pg/uL for
ds-vitamin Da, d7-vitamin Ds, ds-25(0OH)D2, ds-25(0H)D3, ds-24R,25(0H),Ds and de-
1a,25(0OH).Ds, respectively (total volume of 100 mL). The working internal standard solution was

aliquoted into amber vials and stored at -80°C until use.

2.3.4.  Preparation of Quality Control Samples

Quiality control samples were prepared by adding the appropriate volume of working
standard solution into 150 mL of 30 mg/mL BSA solution. Low, mid, and high QC samples were
prepared to span the expected physiological concentrations in human plasma and serum. The

final metabolite concentrations in the QC samples are listed in Table 2.2.

2.3.5.  Chromatographic Conditions

Liguid chromatography-mass spectrometry (LC-MS/MS) analysis was performed on a
Sciex QTRAP 6500 hybrid triple quadrupole/linear ion trap mass spectrometer (Framingham,
MA) coupled with a Shimadzu liquid chromatography system (Kyoto, Japan). An Ascentis
Express RP-Amide column (2.1 mm x 150 mm x 2.7 um) (Sigma-Aldrich Corp, St. Louis, MO),
attached to a SecurityGuard™ ULTRA cartridge (2.1 mm x 2 ym) guard column (Phenomenex,
Torrance, CA) was used for chromatographic separation.

The column temperature was maintained at 20°C with a mobile phase flowing at a rate
of 0.275 mL/min. The mobile phase consisted of a mixture of 0.1% formic acid in water (A) and

100% methanol (B). Initial conditions were set to 55% B. Between 1 and 6 minutes, B was
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increased linearly from 55% to 65% and maintained at 65% from 6 to 8 minutes. Between 8 and
15 minutes, B was increased linearly from 65% to 75% and maintained at 75% until 15.5
minutes. Between 15.5 and 17 minutes, B was increased from 75% to 90%. B was maintained
at 90% until 23 minutes, and then B was returned to initial conditions. The total run time was 26

minutes. The autosampler was maintained at 4°C, and the injection volume was 10 pL.

2.3.6. Mass Spectrometric Conditions

Mass spectrometric conditions are summarized in Table 2.1. The electrospray ionization
(ESI) source of the mass spectrometer was operated in the positive ion mode. Multiple reaction
monitoring (MRM) was used for quantitation. The following MS parameters were selected for
optimal quantitation: curtain gas, 30 psi; nebulizer gas (GS1) and turbo gas (GS2), 75 psi; ion
spray voltage, 5500 V; source temperature, 350°C. The retention time, precursor and product
ions, declustering potential, entrance potential, collision energy, and collision cell exit potential

for each analyte are presented in Table 2.1.

2.3.7. Quantification and Data Analysis

Peak integration was performed using MultiQuant software (version 3.0.2) from AB
Sciex. Peak heights of vitamin D, and vitamin D; were normalized to ds-vitamin D, and d+-
vitamin Ds, respectively. 25(0OH)Ds and 24R,25(0OH).Ds; were normalized to ds-25(0OH)Ds and
ds-24R,25(0OH).Ds3, respectively. Peak heights of 1a,25(0OH).D-, 1a,25(0H).Ds, 43,25(0OH).D3,
1B8,25(0OH)2Ds, and 1a,24R,25(0OH)sDs were normalized to ds-1a,25(0OH).Ds. A quadratic
equation with 1/x? weighting was used to estimate the relationship between peak height ratios
and concentration. The lower limit of detection (LLOD) was set at 5 times above background

and the concentration range for each analyte is presented in Table 2.1.
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2.3.8. Sample Preparation

The calibration curve was prepared by adding 500 pL of 30 mg/mL BSA solution to nine
2 mL polypropylene micro-centrifuge tubes. Increasing volumes (0, 0.2, 0.5, 1, 2.5, 5, 10, 25,
and 50 pL) of the working calibration standard were added. After thawing, low, mid, and high
QC samples were vortexed for 15 seconds and 500 pL was aliquoted into 2 mL polypropylene
micro-centrifuge tubes. After thawing, serum or plasma samples were vortexed for 15 seconds
and centrifuged at 20,000 g for 5 minutes at 4°C. Sample aliquots of 500 pL serum or plasma

were transferred into 2 mL polypropylene micro-centrifuge tubes.

2.3.9.  Extraction of Analytes from Samples

After the addition of 20 pL of the internal standard solution, samples were vortexed and
allowed to equilibrate at room temperature for 25 minutes. Proteins were precipitated with 1 mL
of acetonitrile and samples centrifuged at 13,362 g for 10 min at 4°C. The supernatant was
transferred to silanized glass tubes and 1.5 mL of 0.1 M phosphate buffer (pH 10.5) was added.
Analytes were extracted using two SPE steps. First, the Agilent Bond Elut C18 OH solid-phase
extraction (SPE) cartridges (500 mg, 3 mL) were equilibrated with 2 mL of acetonitrile, 2 mL of
methanol, and 2 mL of deionized water. After the addition of the sample, the column was
washed with 5 mL of 70% methanol and eluted with 6 mL of 10% isopropanol in hexanes (v/v).
The eluants were collected into silanized glass culture tubes. Samples were dried under N2 gas
at 37°C and reconstituted in 1 mL of 10% dichloromethane in heptane (v/v). For the second
SPE step, samples were processed using Agilent Bond Elut Sl cartridges (100 mg, 1 mL). The
cartridge was conditioned with 1 mL of dichloromethane and 1 mL of heptanes. After loading the
sample, the cartridge was washed with 3 mL of 10% dichloromethane in heptane, 3 mL of 30%
dichloromethane in heptane (v/v), and 2 mL of 40% dichloromethane in heptane (v/v). Samples
were eluted with 5% isopropanol in MTBE (v/v) into silanized glass culture tubes. Samples were

dried under N gas at 37°C and reconstituted in 50 pL of acetonitrile. DAPTAD (50 pL) was
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added and samples were shaken at room temperature for 45 minutes. The derivatization
reaction was stopped by drying under N gas at 37°C. The residue was reconstituted in 45 pL of
methanol and 20 L of water. The derivatized samples were centrifuged at 13,362 g for 5 min to
remove insoluble particulates and excess DAPTAD. The supernatant was transferred to a 96-

well plate for LC-MS/MS analysis.

2.3.10. Method Validation

2.3.10.1. Selectivity

Selectivity was assessed by evaluating MRM chromatograms under the following
conditions: 1) Blank BSA, 2) BSA spiked with each analyte individually, 3) BSA spiked with all

analytes and internal standards. Representative chromatograms are shown in Figure 2.2.

2.3.10.2. Assessment of Calibration Curve

To determine the linearity of the calibration curve for each analyte, BSA was spiked with
eight volumes of the working calibration solution (0.2, 0.5, 1, 2.5, 5, 15, 25, 50 pL). The range of
the standard curve for each analyte is presented in Table 2.1. Calibration curves were plotted as
the peak height ratio of each analyte versus the spiked concentration and fit with a quadratic

equation and 1/x? weighting.

2.3.10.3. Accuracy and Precision

Intra-day accuracy and precision were evaluated by preparing six replicates of the low,
mid, and high QC samples in one day (concentrations for each analyte are listed in Table 2.2).
Inter-day accuracy and precision were evaluated by the preparation of low, mid, and high QC in
triplicate on three separate days. The accuracy was calculated as the percent relative error

(%RE = mean observed concentration / actual concentration). The precision was calculated as
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the percent relative standard deviation (%RSD = standard deviation / mean observed

concentration).

2.3.10.4. Stability

The stability of analytes in human serum was assessed by spiking known amounts of the
standard solution in vitamin D-free serum and subjecting them to the following conditions: 1)
leaving samples at room temperature for 2 hours, 2) three freeze-thaw cycles (RT to -80°C),
and 3) held in the autosampler at 4°C for 24 hours prior to LC-MS/MS analysis. Blank vitamin D-

free serum was also prepared in triplicate to correct for residual analytes in the matrix.

2.3.10.5. Application to plasma samples

The application of the extraction method to plasma samples was investigated by spiking
the standard solution at three concentrations into blank plasma in triplicate. Blank plasma was
also prepared in triplicate to correct for residual analytes in the matrix. Samples were extracted

and analyzed using the methods described above.

2.4. Results and Discussion

2.4.1. Optimization of Extraction Methods and LC-MS/MS Conditions

2.4.1.1. Optimization of Sample Preparation

In a previous report, Takeuchi et al. quantified 25(OH)Dz and 1a,25(0OH)2Ds from 0.5 mL
of plasma by precipitating plasma proteins with acetonitrile and extracting the supernatant with
Agilent Bond Elut C18 OH cartridges and used HPLC with UV detection for quantification. (22,
23)

Upon screening, we achieved sufficient recovery of 25(OH)D3, 1a,25(0OH).D3, and the
additional analytes of interest from this method; however, contaminants increased the noise

levels and raised the limits of detection. A second SPE step with an Agilent Bond Elut SI
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cartridge was added to reduce the contaminants. The best recovery of analytes from the second
SPE was achieved with a gradient of dichloromethane and heptane, with 3 mL of 10%
dichloromethane in heptane, 3 mL of 30% dichloromethane in heptane (v/v), and 2 mL of 40%
dichloromethane in heptane (v/v) (data not shown). Optimal derivatization was achieved with 50

pL of DAPTAD solution and 50 pL of acetonitrile (data not shown).

2.4.1.2. Optimization of LC-MS/MS Conditions for 1a,25(0OH).Ds, 1B,25(0OH).Ds, and

48,25(0H).D3

In 2011, Wang et al. published a method to quantify 25(0OH)D3, 24R,25(0OH)2Ds,
1a,25(0OH)2Ds, and 43,25(0OH).Ds; by LC-MS/MS. The optimized LC-MS/MS conditions for each
analyte are presented in Table 2.1. Due to previous reports of positional isomers (i.e., 3-epi-25-
hydroxyvitamin Ds) eluting simultaneously and reducing the accuracy of the quantification of
1a,25(0H).Ds, efforts were made to separate 1a,25(OH).Ds from interfering analytes by HPLC.
Chromatographic separation was achieved by using an Ascentis Express RP-Amide column
and a gradient of 0.1% formic acid in water and 100% methanol over 26 minutes. The column
was cooled to 20°C to increase separation. Since complete baseline separation of
1a,25(0OH).Ds and 43,25(0H).Ds was not achieved, peak height was used for quantification of
all analytes rather than peak area. Representative chromatograms demonstrating separation of

10,25(0OH)2Ds, 1B,25(0H).Ds, 43,25(0OH).Ds, and all other analytes are presented in Figure 2.2.

2.4.2. Method validation

2.4.2.1. Precision and Accuracy

Table 2.2 summarizes the precision and accuracy of the assay for all analytes. Intra-day
precision and accuracy were assessed by the extraction of independent replicates of the low,
mid, and high QC samples in a single run (n = 6). For all analytes, the intra-assay variation was

less than 10%. All analytes were within 11% of their target concentration. Inter-day precision
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and accuracy were determined by the extraction of the low, mid, and high QC replicates
prepared on three separate days (n = 9). For all analytes, the variation was less than 13%, and

the calculated concentrations were within 11% of their target concentrations.

2.4.2.2. Stability in human serum

Analyte stability was assessed in triplicate by spiking vitamin D-free serum with
standards to achieve the low, mid, and high QC concentrations. The untreated serum and
spiked serum were subjected to resting at room temperature for 2 hours or three freeze-thaw
cycles. Additionally, the stability of the prepared samples was tested by leaving derivatized
samples in the autosampler at 4°C for 24 hours. The results from each test are reported in
Table 2.3. The accuracy of all analytes was within 15% for all three concentrations after leaving
samples at room temperature for 2 hours and after three freeze-thaw cycles. All analytes were
with 15% of the target concentration for samples prepared and stored in the autosampler at 4°C

for 24 hours. These data suggest that the analytes are stable under the studied conditions.

2.4.2.3. Application of methods to plasma samples

Applicability of the extraction and analytical methods to plasma samples was
investigated by preparing control plasma and spiked plasma at low, mid, and QC concentrations
in triplicate in a single day. The measured concentrations of each analyte were corrected for the
endogenous vitamin D metabolites in plasma by subtracting the mean concentrations of the
control samples from each replicate of the spiked samples. As reported in Table 2.3, all analytes

were within 15% of their target concentration after correction for endogenous vitamin D levels.

2.5 Conclusions
We developed and validated an LC-MS/MS method for the simultaneous quantification
of vitamin D, vitamin Dz, and eight metabolites. We optimized chromatographic separation of

1a,25(0H).Ds from its isomers. This method can be applied to both human serum and plasma
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samples accurately and reproducibly. While this assay can simultaneously quantify the
numerous metabolites, it requires a relatively large sample volume (0.5 mL), is labor-intensive,
and requires long run times on the LC-MS/MS. However, this method can be used to
simultaneously quantify vitamin D and multiple metabolites in plasma or serum samples from
clinical studies to investigate changes in vitamin D metabolic pathways that may result from

genetic variation, drug therapy, pregnancy, or disease.
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2.7. Tables

Table 2.1. Retention time, precursor molecular ion/product ion for quantification and detection parameters for each analyte

Analyte Retention Precursor Product DP2 EP® CE° CXPH LLOD Standard Curve
Time lon lon V) V) V) V) Range
(min)
Vitamin D, 22.0 615.2 163.2 276 10 51 10 0.06 ng/mL  0.06 — 16 ng/mL
ds-vitamin D> 21.9 618.3 163.2 276 10 51 10 - -
Vitamin D3 22.2 603.2 163.1 276 10 53 10 0.06 ng/mL  0.09 — 22 ng/mL
dz-vitamin Ds 22.1 610.2 163.1 276 10 53 10 - -
25(0OH)D, 184 631.2 341.1 156 10 31 20 0.1 ng/mL 0.1 - 25 ng/mL
ds-25(OH)D> 184 637.3 341.1 156 10 31 20 - -
25(0OH)Ds 18.3 619.2 601.1 196 10 27 22 0.1 ng/mL 0.2 - 50 ng/mL
ds-25(OH)Ds 18.2 625.4 341.1 196 10 31 22 - -
24R,25(0OH).Ds 13.9 635.2 341.1 66 10 35 20 0.03 ng/mL  0.06 — 15 ng/mL
ds-24R,25(0H),D3 13.7 641.2 341.1 66 10 35 20 - -
10,25(0H)2D> 16.4 647.2 357.2 51 10 33 18 1.6 pg/mL 2 — 800 pg/mL
10,25(0H)2Ds 15.7 635.2 357.1 146 5 33 21 1.6 pg/mL 2 — 800 pg/mL
18,25(0OH)2Ds 16.8 635.2 357.1 146 5 33 21 1.6 pg/mL 2 — 800 pg/mL
4$3,25(0H).D3 155 635.2 357.1 146 5 33 21 1.6 pg/mL 2 — 800 pg/mL
de-10,25(0OH)2Ds 15.6 641.2 357.1 146 5 33 21 - -
10,24R,25(0H)3Ds 10.2 651.3 357.0 221 10 35 24 1.6 pg/mL 2 — 800 pg/mL

@ declustering potential

b entrance potential
¢ collision energy

d collision cell exit potential
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Table 2.2. Intra- and Inter-day accuracy and precision of vitamin D metabolites

Intra-day Variability (n = 6)2

Inter-day Variability (n = 9)®

Analyte Concentration
Measured® %RE¢ %RSD¢ Measured® %RE“ %RSD®
0.16 0.16 + 0.01 2.13 6.02  0.16 +0.01 3.60 9.71
Vitamin D, 1 1.69 + 42 4.44  1.78+01 1
(hg/mL) 6 .69 + 0.08 5. . 78 +0.18 0.35 9.98
8 7.84 +0.50 2.11 6.37 8.38+0.25 4.52 3.01
0.22 0.12 + 0.01 9.59 3.06 0.12+0.01 10.75 7.97
Vitamin Ds 22 2.16 £ 0.07 1.93 318  224+021 195 9.52
(hg/mL) . 16+ 0. . . 24 + 0. . .
11 10.1+ 0.7 8.75 6.60 10.7+1.2 2.45 10.84
0.25 0.24 + 0.02 4.90 7.03  0.23+0.02 6.94 6.91
(zrfg(/?n'?)Dz 25 2.43+0.22 2.88 9.01 2.44+022 2.55 9.12
12.5 11.5 + 0.26 8.40 227  12.0+0.50 4.07 4.45
0.5 0.54 + 0.04 6.83 7.88  0.51+0.06 2.60 12.18
25(0OH)Ds
(ng/mL) 5 4.92 +0.27 1.73 552  5.12+0.31 2.32 6.02
25 22.8+1.05 9.64 460 23.6+1.60 5.92 6.84
0.15 0.17 + 0.01 9.46 716  0.17 £0.01 9.40 6.44
(zrfg'%ff)(OH)ZD"‘ 1.5 1.37 +0.12 9.76 8.97 1.61+0.16 6.90 10.14
75 7.05 + 0.44 6.38 6.23 7.14+0.64 4.99 9.02
8 8.85 + 0.82 9.57 9.28 8.34+0.76 4.13 9.13
er‘é/znﬁ(SH)zDz 80 82.4+35 2.05 419  83.0+54 3.65 6.48
400 405 + 17 1.29 4.27 380 + 15 5.39 3.89
8 8.95 + 0.81 10.61 9.06  8.26 +0.49 3.16 7.17
zg‘é/zrﬁﬁ())H)zDe' 80 82.4+8.0 2.95 9.68 82.4+7.8 2.93 9.49
400 388 + 21 3.09 5.42 380 + 37 5.24 9.79
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8 8.32+£0.24 3.87 2.93 8.56 £ 0.67 6.51 7.79
zfé/zrgf_?H)zD?’ 80 87.8+ 5.1 885 584 825+604  3.03 7.32
400 396 + 13 1.13 3.19 385+ 34 3.93 8.90
8 8.53+0.74 6.25 8.64 8.35+ 0.67 4.19 8.02
?fé/zrgf_?H)zD?’ 80 78174 2.40 9.51 79.7+ 6.0 0.36 7.47
400 400 + 30 0.10 7.40 388 + 35 3.15 8.93
8 7.73 + 0.66 3.49 8.59 8.24+0.6 2.87 7.30
(1593/2;5),25(0H)3D3 80 80.8+ 7.9 094 983 8l2%56  1.45 6.89
400 408 £ 15 2.01 3.75 419+ 15 4.60 3.65
2 Intra-day precision was calculated from 6 replicates measured in a single run.
b Inter-day precision was calculated from 3 replicates samples prepared on each of 3 days.
¢ Values = Mean = SD of measured concentrations
4 %RE = mean overserved calculations / actual concentration
e

%RSD = standard deviation / mean overserved calculations
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Table 2.3: Stability of serum after 2 hours at room temperature, after 3 free-thaw cycles, prepared and stored at 4°C for 24 hours and

applicability of extraction method to plasma

% Accuracy?

Serum at room Serum after 3 Prepared serum samples Spiked

Analyte Concentration temperature for 2 hours® freeze-thaw cycles® stored at 4°C for 24 hours® plasmaP®
0.16 0.17£0.03 0.15+0.02 0.18+0.01 0.18 £ 0.06
Vitamin D,
(ng/mL) 1.6 1.39£0.04 1.75+£0.13 1.78 £ 0.05 1.81+0.20
8 8.47 £0.14 7.83+£0.11 8.64 £0.12 8.36 £ 0.19
0.22 0.24 £0.03 0.20£0.01 0.25+£0.03 0.21 £0.05
Vitamin D3
2.2 2.44 £0.11 2.34 £0.17 2.41 £0.09 2.42 £0.33
(ng/mL)
11 11.5+0.9 11.2+0.2 10.2+0.3 10.2+0.7
0.25 0.26 £ 0.02 0.27 £0.04 0.24 £0.03 0.28+£0.14
(Zr?éﬁnl'B)Dz 2.5 2.36 £ 0.02 2.41+£0.24 2.61+£0.19 2.29 £0.25
125 13.3+0.6 125+ 0.3 13.3+x04 12.0+x0.5
0.5 0.51 £0.06 0.56 £ 0.06 0.53+£0.03 0.57 £ 0.07
25(0H)Ds
5 5.46 £1.00 2.41+£0.34 5.11+£0.34 5.18 £ 0.20
(ng/mL)
25 22.2+0.9 23.4+£0.5 26.2+1.6 25.3+0.9
0.15 0.14£0.01 0.14£0.01 0.16 £0.03 0.16 £0.01
(Z:QR/)r’gE)(OH)ZD‘Q’ 15 144 +£0.17 1.32 £ 0.07 1.58 £0.21 1.37 £ 0.09
7.5 7.54 £ 0.25 7.85+0.26 7.73 £0.47 7.04£0.34
8 7.27 £0.26 8.53+£0.16 8.09 £ 0.29 7.82 £0.30
z;é/zrg(Lc))H)ZDz 80 75.7+3.6 85.0 + 1.8 83.4+1.2 84.2+5.2
400 382 + 22 395+ 14 384 +4 393+14
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1 G,25(OH)2D3
(pg/mL)

1B,25(0OH)2D3
(pg/mL)

4B,25(0H).D3
(pg/mL)

10,24R,25(0H)3Ds
(pg/mL)

8
80
400
8
80
400
8
80
400
8
80
400

8.54 +0.92
78.2+6.3
376 + 15

8.76 +1.16
84.9+6.8
413 +14

7.96 +0.19
849+41
372 +17

7.88 £0.45
83.7+5.7
392 +17

8.46 + 0.01
82.8+ 1.7
401+ 19

9.04 +0.28
85.5+ 3.6

359+8

8.16 + 0.44
81.3+2.0

408 + 6
9.15+1.11
76.5+6.70

377 +21

7.97+£0.48
84.3+24
396 + 14
8.23+0.52
84.4+22
385+9
8.67 +0.25
82.2+3.5
412 + 27
8.23+0.53
87.1+2.0
390 + 13

8.24+1.01
82.2+21
395+9
8.68 + 3.08
83.3+5.5
387 +14
8.31+0.59
80.6 +2.9
392+8
8.27 + 0.80
88.0+2.9
415+ 10

2 Corrected for residual analyte in blank serum or plasma

®Mean + SD reported
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2.8. Figures
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Figure 2.1: Metabolic scheme of A) vitamin D, and B) vitamin Ds and metabolites analyzed in

this assay.
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Figure 2.2: Representative chromatograms of vitamin D», vitamin D3, metabolites of interest

and their internal standards. A1) Vitamin D; A2) ds-vitamin D.; A3) Vitamin Ds; A4) d7-vitamin

Ds; A5) 25-hydroxyvitamin D2, A6) ds-25-hydroxyvitamin D, B1) 25-hydroxyvitamin D3z, B2) de-

25-hydroxyvitamin Ds; B3) 24R,25-dihydroxyvitamin Ds; B4) ds-24R,25-dihydroxyvitamin Ds; B5)

1a,25-dihydroxyvitamin D; B6) 1a,24R,25-trihydroxyvitamin Ds; C1) 1a,25-dihydroxyvitamin Ds;

C2) 4B,25-dihydroxyvitamin Ds; C3) 183,25-dihydroxyvitamin Ds; C4) 4[3,25-dihydroxyvitamin Ds,

1a,25-dihydroxyvitamin D3, and 1(3,25-dihydroxyvitamin Ds, respectively; C5) ds-1a,25-

dihydroxyvitamin Ds.
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Chapter 3.

Altered Vitamin D Metabolism in Patients with Cystic Fibrosis

3.1. Abstract

Historically, patients with cystic fibrosis (CF) have lower circulating levels of 25-
hydroxyvitamin D (25(OH)D), the major circulating metabolite of vitamin D, compared to healthy
individuals. Lower 25(OH)D is associated with an increased risk of osteoporosis, decreased
lung function, and a higher risk of lung infections. In this chapter, we investigated whether
patients with CF had increased metabolism of 25(OH)D in an observational cohort study and a
pharmacokinetic study. In the observational cohort study, single blood samples were analyzed
for 25(OH)D and its metabolites, including 1a,25-dihydroxyvitamin D (1a,25(0OH).D), 24,25-
dihydroxyvitamin D3 (24,25(0H)2Ds), 48,25-dihydroxyvitamin D3 (48,25(0OH).Ds3), 25-
hydroxyvitamin Ds-3-sulfate (25(OH)Ds-S), and 25-hydroxyvitamin Ds-3-glucuronide (25(OH)Ds-
G) by liquid chromatography with tandem mass spectrometry (LC-MS/MS) in 83 patients with
CF and 82 age-, race-, and sex-matched healthy controls. Although serum 25(OH)D were
similar in healthy controls and CF patients, both serum 43,25(0OH).Ds; and 25(0OH)Ds-S were
40% lower in patients with CF compared to healthy controls. In the pharmacokinetic study,
deuterium-labeled 25(0OH)Ds (ds-25(0OH)D3s) was administered intravenously to 5 patients with
CF and 5 healthy controls to study the disposition of 25(0OH)Ds. We observed no difference in
the clearance of ds-25(0OH)Ds in patients with CF compared to healthy controls, however, this
study was underpowered to detect small changes in clearance. Larger studies would need to be
conducted to determine if the kinetics of ds-25(OH)D3 or ds-24,25(0OH)2Ds is altered in patients

with CF.

3.2. Introduction
Cystic Fibrosis (CF) affects an estimated 30,000 individuals in the United States and

70,000 individuals worldwide (1). Occurring at a rate of approximately 1:3200 births in
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Caucasians, CF is one of the most prevalent, lethal genetic disorders (1, 2). CF is caused by
defects in the cystic fibrosis transmembrane conductance regulator (CFTR) protein (1-3). CFTR
is a chloride channel protein, important in balancing the osmolarity in epithelial cells (1-3). CFTR
is expressed at the apical membrane of epithelial cells in the lungs, skin, kidney, pancreas,
digestive tract, and reproductive organs (1-3). A loss of CFTR function results in the
accumulation of mucus in the lumen of the affected tissues, most notably the lungs (1-3). The
buildup of mucus in the lungs allows for the colonization of bacteria, resulting in frequent lung
infections and a decrease in lung function (1-3). Approximately 2,000 CFTR variants have been
identified in patients with CF (4). While the majority of these variants are rare, 85% of patients
carry a three-base deletion in CFTR that encodes the phenylalanine 508 deletion (F508del).
Half of CF patients are homozygous for F508del and the remaining patients carry one F508del
and another reduced or loss of function genetic variant (4).

Vitamin D deficiency increases the risk of bone disorders, including rickets,
osteomalacia, osteopenia, and osteoporosis in healthy children and adults (5-12). However,
these effects on bone health are further compounded in patients with CF (13, 14). Bone strength
in patients with CF is affected by a decreased ability to exercise and from malnutrition due to
poor absorption of nutrients (13, 14). Additionally, the use of medications, especially
corticosteroids, commonly used to manage the symptoms of CF, can further impair bone health
(13, 15). In 2013, 21% of young adults in the Cystic Fibrosis Foundation Patient Registry
reported having osteopenia. Globally, other studies have shown that up to 50% of adults with
CF have osteopenia, while 10-34% report having osteoporosis (15-17). Additionally, a meta-
analysis of bone health in patients with CF found that the prevalence of vertebral fractures was
38%, while the prevalence of non-vertebral fractures was 23.5% (13, 18). Supplementation with
calcium and vitamin D have been shown to be effective at reducing bone loss in patients with

CF (19).
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Apart from bone health, there is also evidence suggesting that higher levels of vitamin D
in CF patients are associated with better immune function and health outcomes (20). In a
randomized, placebo-controlled trial of adult patients with CF hospitalized with pulmonary
exacerbations, subjects that received a single high dose of vitamin D3 (250,000 IU orally) spent
36 fewer days in the hospital in the 6 months following treatment. Additionally, the subjects
treated with high dose vitamin D had higher 1-year survival rates compared to subjects
receiving the placebo control (21). However, there is mixed evidence as to whether serum
concentrations of 25-hydroxyvitamin D (25(0OH)D) are positively associated with forced
expiratory volume (FEV), a measure of pulmonary function (22, 23).

The Cystic Fibrosis Foundation (CFF) published guidelines for testing and monitoring
vitamin D levels in patients with CF, strategies for optimizing supplementation, and
recommendations for the daily supplementation of vitamin D in pediatric and adult patients (24).
Despite the awareness of vitamin D deficiency and routine supplementation, researchers in the
U.S. and Europe have found that vitamin D deficiency is still a critical issue in patients with CF
(14, 25). Multiple studies have reported that up to 90% of children and adults with CF have
25(0OH)D concentrations lower than 30 ng/mL (75 nM) recommended by the Cystic Fibrosis
Foundation and Endocrine Society (18, 22, 24, 26, 27). However, Hall et al. reported gradual
improvement in serum levels of 25(0OH)D in children and adults since the CFF guidelines were
implemented in the early 2000s (28).

There are numerous potential causes of vitamin D deficiency in patients with CF.
Approximately 85-90% of patients with CF have exocrine pancreatic insufficiency due to the
accumulation of mucus blocking the secretion of pancreatic enzymes into the small intestine, a
process similar to how the disease prevents appropriate air flow in the lungs (1, 2, 29). The
accumulation of mucus, and subsequent reduction in secreted pancreatic enzymes, reduces the
intestinal absorption of fat and fat-soluble vitamins (1). Although the absorption of fat-soluble
vitamins, such as vitamin D, can be increased when supplemented with pancreatic enzymes,
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absorption is still reduced in patients with CF compared to healthy controls (14). Many
formulations of vitamin D have been developed specifically to overcome the malabsorption of
vitamin D in patients with CF (23, 30-32). Other factors that may contribute to vitamin D
insufficiency in patients with CF including: reduced sun exposure, increased use of sunscreen,
and decreased fat storage, a site for sequestering vitamin D for future needs following sunlight
production or dietary consumption (28, 33, 34).

The elimination of 25(OH)D is primarily through metabolism, either to oxidation or
conjugated products (Figure 3.1). The biologically active 1a,25-dihydroxyvitamin D
(1a,25(0OH)2D) and inactive 24R,25-dihydroxyvitamin D (24,25(0OH).D) metabolites are formed
predominantly in the kidney by cytochrome P450 (CYP) 27B1 and 24A1, respectively (35-39). In
the liver, 4[3,25-dihydroxyvitamin D (4B,25(0OH).D) is formed by the major drug metabolizing
enzyme, CYP3A4 (40-42). The major hepatic conjugated metabolites are 25-hydroxyvitamin Ds-
3-sulfate (25(0OH)Ds-S), formed by sulfotransferase (SULT) 2A1, and 25-hydroxyvitamin Ds-3-
glucuronide (25(0OH)Ds-G), formed by uridine 5'-diphospho-glucuronosyltransferase (UGT) 1A3
and 1A4 (43, 44). The high prevalence of liver disease in CF populations, especially in
adulthood, may further reduce the capacity of the liver to metabolize vitamin D.

25(0OH)D circulates maore than 99% bound to plasma proteins. Approximately 85% of
25(0OH)D is bound to the vitamin D binding protein (VDBP), while the remaining 15% is bound to
albumin (45, 46). It has been reported that patients with CF have decreased serum
concentrations of both VDBP and albumin (47). Decreased concentrations of plasma proteins
can potentially contribute to the increased elimination of vitamin D and result in lower steady-
state levels of total 25(OH)D, without altering unbound 25(OH)D levels (48). Binding of
25(OH)D3 to VDBP is essential for 25(OH)Ds reabsorption in the kidney. 25(OH)Ds bound to
VDBP is endocytosed by the proximal tubule cells via the megalin-cubilin system (49).

Vitamin D works in tandem with parathyroid hormone (PTH) and fibroblast growth factor
23 (FGF) to regulate serum calcium (50). Low concentrations of 1a,25(OH)D stimulate the
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release of PTH from the parathyroid (50). Concentrations of PTH are more variable in patients
with CF compared to healthy populations. There is also evidence to suggest that higher
concentrations of 25(OH)D are required to suppress the release of PTH in patients with CF (13).
In contrast, when concentrations of 1a,25(0OH).D are elevated, FGF is released from the bones
and reduces the circulating concentration of 1a,25(0OH).D (50). It is unknown if CF affects the
release of FGF23.

To better understand the contribution of altered 25(OH)D metabolism to vitamin D
deficiency in patients with CF, we conducted an observational cohort study and a
pharmacokinetic study. In the observational cohort study, serum samples were collected from
patients with CF and age-, race-, and sex-matched healthy controls to investigate differences in
basal levels of 25(0OH)D; and its metabolites. In the pharmacokinetic study, healthy controls and
patients with CF were administered deuterium-labeled 25(OH)Ds (ds-25(OH)Ds) intravenously to
compare the pharmacokinetics of de-25(0OH)Ds and ds-24,25(0OH)2Ds. Together, these studies

provide insights into the metabolism and elimination of 25(OH)Ds in patients with CF.

3.3. Materials and Methods

3.3.1. Chemicals and materials

25(0OH)Ds-S, 25(0OH)D3-G and ds-25(0OH)Ds were purchased from Toronto Research
Chemicals (North York, Ontario, Canada). (Diacetoxyiodo)benzene, 3'-phosphoadenosine-5'-
phosphosulfate (PAPS), uridine 5'-diphosphoglucuronic acid trisodium salt (UDPGA),
alamethacin, 2-amino-2-(hydroxymethyl)-1,3-propanediol hydrochloride (Tris HCI), and bovine
serum albumin (BSA) were purchased from Sigma-Aldrich Corp. (St. Louis, MO). 4-(4'-
dimethylaminophenyl)-1,2,4-triazolidine-3,5-dione (DAPTAD precursor) was purchased from
Santa Cruz Biotechnology, Inc. (Dallas, TX). HPLC grade acetonitrile, ethyl acetate, sodium

acetate, ammonium hydroxide (28% w/w), methanol, methyl tert-butyl ether (MTBE), heptane,
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isopropanol, hexanes, formic acid, acetic acid, dichloromethane, and magnesium chloride were
purchased from Fisher Scientific (Pittsburgh, PA). Vitamin D free serum (Seratrol™) was
purchased from Golden West Biologicals, Inc. (Temecula, CA). Human liver microsomes and

human liver cytosol were generated at the University of Washington.

3.3.2.  Basal Vitamin D and Metabolite Levels in Healthy Controls and Patients with Cystic

Fibrosis

3.3.2.1. Study Population

Patients with CF were recruited into a study to better understand the catabolism of
25(0OH)Ds in patients with CF. A single blood sample was collected from each patient with CF.
Healthy controls with banked blood samples were matched by age, sex, and race to patients

with CF.

3.3.2.2. Quantification of vitamin D metabolites

Vitamin D metabolites (i.e., 25(0OH)Ds, 1a,25(0OH)2Ds, 24,25(0H).D3, 25(0OH)D2, and
1a,25(0OH).D-) and circulating levels of fibroblast growth factor 23 (FGF), parathyroid hormone
(PTH), albumin, and VDBP were measured in serum samples by liquid chromatography and
tandem mass spectrometry (LC-MS/MS) by the Department of Laboratory Medicine at the
University of Washington. VDBP haplotype was determined from DNA samples by the
Department of Laboratory Medicine at the University of Washington.

The concentrations of 43,25(0OH).D; were measured as described in Chapter 2. In brief,
a 4f3,25(0H).Ds calibration curve was prepared in BSA. After thawing, 500 pL of serum was
aliquoted and an internal standard solution (20 pL of 60 pg/mL of ds-1a,25(0OH).D3) was added
to each sample. Samples were vortexed, allowed to rest at room temperature for 25 minutes to
allow for equilibration of the internal standard and centrifuged at 13,362 g for 10 min at 4°C

following the addition of 1 mL of acetonitrile to precipitate soluble proteins. The supernatant was
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transferred to silanized glass tubes. After the addition of 1.5 mL of 0.1 M phosphate buffer (pH
10.5), analytes were extracted using two solid phase extraction (SPE) steps using Agilent
(Santa Clara, CA) Bond Elut C18 OH SPE cartridges (500 mg, 3 mL) and Agilent Bond Elut Sl
cartridges (100 mg, 1 mL). Sample analytes were eluted with 5% isopropanol in MTBE (v/v) into
silanized glass culture tubes and dried under N gas at 37°C. The residue was reconstituted in
50 uL of acetonitrile, followed by the addition of DAPTAD (50 pL). Samples were shaken at
room temperature for 45 minutes before the reaction was quenched by drying under N gas at
37°C. Following reconstitution in 45 pL of methanol and 20 pL of water, the derivatized samples
were centrifuged at 13,362 g for 5 min to remove insoluble particulates and excess DAPTAD.
The supernatant was transferred to a 96-well plate for LC-MS/MS analysis.

Liguid chromatography-mass spectrometry (LC-MS/MS) analysis was performed on a
Sciex QTRAP 6500 hybrid triple quadrupole/linear ion trap mass spectrometer (Framingham,
MA) coupled with a Shimadzu liquid chromatography system (Kyoto, Japan). Chromatographic
separation was achieved using an Ascentis Express RP-Amide column (2.1 mm x 150 mm x 2.7
pm) (Sigma-Aldrich Corp.), attached to a SecurityGuard™ ULTRA cartridge (2.1 mm x 2 ym)
guard column (Phenomenex, Torrance, CA). The column temperature was maintained at 20°C
with a mobile phase flowing at a rate of 0.275 mL/min. The autosampler was maintained at 4°C
and the injection volume was 10 pL. A gradient was used to elute the analytes with a mobile
phase consisting of 0.1% formic acid in water (A) and 100% methanol (B). The total run time
was 26 minutes. Mass spectrometric conditions are summarized in Table 3.1. The electrospray
ionization (ESI) source of the mass spectrometer was operated in the positive ion mode.
Multiple reaction monitoring (MRM) was used for quantitation. The retention time, precursor and
product ions, declustering potential, entrance potential, collision energy, and collision cell exit
potential for each analyte are presented in Table 3.1.

Peak integration was performed using MultiQuant software (version 3.0.2) from AB
Sciex. The peak height of 43,25(0OH).Ds was normalized to ds-10,25(OH).Ds. A quadratic
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equation with 1/x? weighting was used to estimate the relationship between the peak height ratio
and concentration. The lower limit of detection (LLOD) was set at 5 times above background.

The conjugated metabolites, 25(0OH)Ds-S and 25(0OH)Ds-G, were quantified by the LC-
MS/MS method described by Gao et al. (51). In brief, the calibration curve and QC samples
were prepared in vitamin D-free serum. The internal standards, de-25(OH)D3-S and de-
25(0OH)Ds-G, were generated by enzymatic incubations with dg-25(0OH)Ds. The des-25(0OH)D3-S
internal standard was prepared by incubating 25 uM of ds-25(0OH)D3, 0.1 M PAPS, and 4 mg/mL
of pooled human liver cytosol in 50 mM Tris HCI buffer (pH: 7.5) (final volume 1 mL) at 37°C.
The reaction was quenched after 3 to 5 hours with the addition of 1 mL of cold acetonitrile. The
de-25(0OH)Ds-G internal standard was prepared by incubating with 25 pM de-25(0OH)Ds, 50
pg/mL alamethacin, 5 mM MgClz, 5 mM UDPGA, and 1 mg/mL pooled human liver microsomes
in 50 mM Tris HCI buffer (pH 7.5) (final volume 1 mL) at 37°C. The reaction was quenched after
3 to 5 hours with 1 mL of cold acetonitrile. Precipitated proteins were removed from the internal
standard products by centrifuging the samples at 13,000 g for 10 min at 4°C. Following
derivatization with DAPTAD as described below, the abundance of ds-25(0OH)Ds-S and de-
25(0OH)Ds-G in the internal standard solutions was estimated by comparing LC-MS/MS peak
heights with undeuterated 25(0OH)Ds-S and 25(0OH)D3-G standards.

Human serum (200 pL) was combined with approximately 4 pmol of ds-25(OH)Ds-S and
1.6 pmol of ds-25(OH)D3-G. Proteins were precipitated with 1 mL of acetonitrile and centrifuged
at 13,000 g for 10 min at 4°C. The supernatants were combined with 1 mL of 0.1 M sodium
acetate (pH 3.2). The samples were subjected to SPE using Waters Oasis WAX (1 cc, 30 mg,
60 um) anion exchange cartridges (Waters (Milford, MA). The analytes were eluted from the
column with the addition of 28% w/w ammonium hydroxide in methanol (3:97 v/v). Samples
were dried under N2 at 37°C and reconstituted in 50 pL of acetonitrile and derivatized with 50 pL

of DAPTAD solution for 1 hour. Solutions were dried under N2 at 37°C, reconstituted in 100 uL
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of 30% acetonitrile in water and centrifuged at 20,000 g at 4°C for 5 min to remove excess
DAPTAD.

Chromatographic separation was achieved using a Hypersil Gold (2.1 x 100 mm, 1.9
pMm) column (Thermo Fisher Scientific, Waltham, MA) maintained at 45°C. LC-MS/MS analysis
was performed on a Sciex QTRAP 6500 hybrid triple quadrupole/linear ion trap mass
spectrometer with ESI operated in the positive mode coupled with a Shimadzu liquid
chromatography system. The MRM transitions used for quantification, standard curve range,
and the limits of quantification are presented in Table 3.2.

Peak integration was performed by MultiQuant software (version 3.0.2). Peak area ratios
were determined by taking the peak areas of 25(OH)Ds-S or 25(0OH)Ds-G and normalizing to the
respective deuterated metabolite peak areas. A linear equation with 1/x? weighting was fit to
estimate the relationship between peak area ratios and concentrations of 25(OH)Ds-S or

25(0H)Ds-G.

3.3.2.3. Estimation of unbound concentrations of 25-hydroxyvitamin Dz and 1a,25-

dihydroxyvitamin D3

Unbound concentrations of 25(OH)D3s and 1a,25(OH).Ds were calculated using the
equations previously published by Bikle et al. (Equation 3.1),

Diotal (3.1)
(1 + (kavp - [ALB]) + (kypgp - [VDBP)))

Dfree =

where Dre is the calculated free concentration of 25(OH)D3 or 1a,25(0OH)2Ds3. Digta is the
measured serum concentration of 25(OH)Ds or 1a,25(0OH).Ds. [ALB] and [VDBP] are the
measured serum albumin and VDBP concentrations, respectively. kaie and kvoeg are the binding
constants for albumin and VDBP, respectively (46, 52, 53). The values of the 25(OH)D3 binding

constants for albumin and VDBP are 6 x 10° M and 7 x 108 M, respectively. The values of the
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10,25(0H).Ds binding constants for albumin and VDBP are 5.4 x 10* M and 3.7 x 10’ M?,
respectively.
The percent unbound of 25(0OH)D3; and 1a,25(0H).Ds was estimated by Equation 3.2.

D
% Unbound = —< . 100% (3.2)

total

3.3.2.4. Statistical Analysis

The parent-to-metabolite molar ratio was calculated as (molar concentration of
metabolite)/(molar concentration of parent)-1000, where the parent was 25(OH)D, 25(OH)D- or
25(0OH)D;, where appropriate.

Concentrations of vitamin D, its metabolites, parent-to-metabolite ratios, unbound
concentrations, PTH, FGF, VDBP, and albumin were compared between healthy controls and
patients with CF using a Wilcoxon test. Due to the small sample size, seasons were grouped as
spring/summer and fall/winter. The comparison of total 25(OH)D concentrations between
healthy controls and patients with CF was performed using linear regression, adjusted by
season. Comparison between 25(0OH)D3; and gender was performed using linear regression,
adjusted by season. Separate linear regressions were performed for healthy controls and
patients with CF. Comparisons of 25(OH)D between seasons, VDBP haplotypes, and CFTR
haplotypes were done using a Wilcoxon test. Correlations of 25(OH)D with its metabolites were
calculated with a Spearman’s Correlation. Correlations of 25(OH)D and 1a,25(0OH).Dto FGF
and PTH were assessed using a Spearman’s Correlation. A value of p < 0.05 was considered

statistically significant.

57



3.3.3.  Pharmacokinetics of de-25-hydroxyvitamin Dz in Healthy Controls and Patients with CF

3.3.3.1. Study Design

A single bolus dose of ds-25(0OH)D3; was administered intravenously to healthy controls
and patients with CF. All study participants were required to be 18 years or older and have a
screening serum 25(OH)D concentration between 10 to 50 ng/mL. Participants were excluded if
they had taken supplements of more than 400 IU of vitamin D or vitamin Dz within 3 months of
enrollment or used vitamin D receptor agonists or cinacalcet within 4 weeks of enroliment. In
addition, participants were excluded if they used cytochrome P450 inhibitors or inducers within 4
weeks of enrollment.

The dose of ds-25(0OH)D3 was individualized for each study participant and calculated to
target a maximum initial concentration of 5 ng/mL. Estimated blood volume (EBV) was
calculated using the equation by Nadler et al. (54) and the dose was estimated as 5 ng/mL *
EBV. Serum samples were collected at 15 minutes, 4 hours, 1, 4, 7, 14, 21, 28, 42, and 56 days

after de-25(OH)D3 administration.

3.3.3.2. Analysis of ds-25-hydroxyvitamin Dz and ds-24,25-dihydroxyvitamin Ds

The vitamin D metabolites, de-25(OH)Ds, and ds-24,25(0OH).Ds, were measured by liquid
chromatography with tandem mass spectrometry (LC-MS/MS) by the Department of Laboratory

Medicine at the University of Washington.

3.3.3.3. Non-Compartmental Analysis of de-25-hydroxyvitamin Ds; and de-24,25-

dihydroxyvitamin D3

Serum concentrations of de-25(OH)Ds and ds-24,25(0OH).Ds were analyzed using non-
compartmental analysis (NCA) with Phoenix software (version 8.0.0). Since the administered

dose of ds-25(OH)D3 was calculated from EBVs, the concentration-time profiles were dose-
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normalized and scaled to a 25 ug dose of ds-25(0OH)Dsto compare the pharmacokinetic
parameters between the patients with CF and healthy controls.

For de-25(0OH)D3, Cmax and Tmax Were the observed dose-normalized peak de-25(0OH)Ds
concentration and the time when the concentration was observed, respectively. The elimination
rate constant (k) was estimated using uniform weighting of the timepoints after 14 days. The
elimination half-life of ds-25(OH)D3 was calculated as ti» = In(2)/k. For de-25(0OH)Ds, the area
under the concentration-time curve (AUCo..) was calculated as AUCo...st + Ciast/k, where the
trapezoidal rule was used to calculate AUCo...st (AUC from t = O to the last observed timepoint)
and added to the extrapolated AUC from the last observed concentration (Ciast) to time = infinity.
Clearance (CL) of ds-25(0OH)Ds was calculated as dose/AUCo... The volume of distribution (Vss)

was calculated using Equation 3.3, where AUMC is the area under the first moments curve.

v _dose-AUMC (3.3)
S (AUCy_o0)?

Concentrations of ds-24,25(0OH).Ds were not dose-normalized for group comparisons.
For ds-24,25(0H)2D3, Cmax and Tmax were the observed peak ds-24,25(0OH).Ds concentration and
the time when the peak concentration was observed, respectively. There were not enough data
to determine the elimination rate constant of ds-24,25(0OH).Ds due to its long half-life and
measured concentrations being near the lower limit of quantification. The area under the

concentration-time curve from time = 0 to the last observed serum sample (AUCo.jast) was

calculated using the trapezoidal rule.

3.3.3.4. Statistical Analysis

Pharmacokinetic parameters of patients with CF were compared to healthy controls

using a Mann-Whitney test. A value of p < 0.05 was considered statistically significant.
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3.4. Results

3.4.1.  Survey of Vitamin D and Metabolite Levels in Patients with CF Matched to Healthy

Controls

3.4.1.1. Demographics

A total of 83 study patients with CF and 82 healthy controls were recruited. The
demographics for the participants are provided in Table 3.3. While an effort was made to match
healthy controls to patients with CF by age, gender, and race, participants were not matched by
the season during which the sample was collected. The mean age for both groups was
comparable (Healthy: 32.5 £ 11.2 years, CF: 32.3 + 11.1 years). The percentage of males in the
healthy controls (38% male) was lower than that of the CF group (55% male). Nearly all of the
participants self-identified as Caucasian in both groups (96%). More than 85% of patients with
CF were diagnosed with pancreatic insufficiency. About 50% and 40% of the patients with CF
were homozygous and heterozygous for the F508del CFTR mutation, respectively. The
remaining 10% were not carriers of the F508del CFTR mutation. Serum VDBP concentrations
were similar between healthy controls and patients with CF (274 £ 56 pg/mL and 264 + 41
pg/mL, respectively). The most frequent VDBP haplotype in healthy controls and patients with
CF was the Gcls/Gcels haplotype (healthy controls = 67%, patients with CF = 49%). Serum
albumin concentrations were 10% lower in the patients with CF compared to healthy controls
(healthy controls = 4.3 £ 0.3, patients with CF = 3.9 £ 0.4, p < 0.001). FGF and PTH

concentrations were similar between healthy controls and patients with CF.

3.4.1.2. Basal Levels of Total 25-hydroxyvitamin D and 1a,25-dihydroxyvitamin D

The concentrations of total 25(OH)D and 1a,25(0OH).D are presented in Table 3.4.
Vitamin D sufficiency, insufficiency and deficiency are defined as 25(OH)D concentrations

greater than 30 ng/mL, 20 to 30 ng/mL, and less than 20 ng/mL, respectively (25). The
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distribution of vitamin D status in healthy controls and patients with CF is shown in Figure 3.2.
Less than 40% of participants in both groups were vitamin D sufficient. In the healthy controls,
41% of participants were vitamin D insufficient and 21% were vitamin D deficient. Similarly, 34%
of patients with CF were vitamin D insufficient and 33% were vitamin D deficient. Mean basal
levels of 25(OH)D in healthy controls and patients with CF were 27.7 £ 9.9 ng/mL and 26.7 £
12.3 ng/mL, respectively. However, the total concentration of 1a,25(0OH).D was 14% lower in
patients with CF compared to healthy controls (Healthy Controls = 50.7 + 13.0 pg/mL, patients
with CF =43.6 £ 12.7 pg/mL, p < 0.001). In contrast, the molar ratios of 1a,25(0OH).D to
25(0OH)D were comparable between the two groups (Healthy Controls = 1.97 + 0.90 pg/mL;
Patients with CF =2.10 + 1.57).

The mean concentration of 25(OH)D by season was similar between the two groups
(Figure 3.3). For patients with CF, concentrations of 25(OH)D were significantly lower in the fall
and winter compared to the spring and summer (p < 0.01, Figure 3.3). The concentrations of
25(0OH)D in healthy women were 22% lower than in healthy men (p < 0.05, Figure 3.4). In
patients with CF, there was no difference in 25(OH)D concentrations between men and women
(Figure 3.4). Concentrations of total and unbound 25(OH)D did not vary by VDBP haplotype
(data not shown). In the patients with CF, 25(OH)D concentrations were not affected by

pancreatic insufficiency or the number of F508del alleles (data not shown).

3.4.2. Basal levels of 25-hydroxyvitamin Dz and its metabolites

The concentrations of 25(0OH)D3 and its metabolites are presented in Table 3.4 and
Figure 3.5. The basal 25(OH)Ds concentrations were comparable between healthy controls and
patients with CF (Healthy Controls = 26.8 + 10.1 ng/mL, Patients with CF = 25.3 £ 12.5 ng/mL).
The concentrations of 1a,25(0OH).Ds; were 15% higher in healthy controls compared patients
with CF (Healthy Controls = 49.5 + 12.8 pg/mL, Patients with CF = 42.3 + 13.3; p < 0.001). In

contrast, the molar ratio of 1a,25(0OH).Ds to 25(0OH)D3s; was comparable between the two groups
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(Healthy Controls = 2.01 + 0.92, Patients with CF = 2.14 £+ 1.57) (Table 3.4 and Figure 3.6A).
The circulating concentrations of 24,25(0OH),Ds and the 24,25(0OH).D3 to 25(OH)Ds molar ratio
were comparable between the two cohorts (Figures 3.5B and 3.6B). Concentrations of
24,25(0H).Ds were highly corelated with 25(OH)Ds in both cohorts (Figure 3.7B). The basal
concentrations of 43,25(0OH).Ds were 35% lower in patients with CF (52.1 + 38.9 pg/mL)
compared to healthy controls (79.9 £ 60.2 pg/mL, p < 0.001, Figure 3.5C). Similarly, the molar
ratios of 43,25(0OH).D3 to 25(OH)D3 were 30% lower in the patients with CF (2.09 + 1.49)
compared to healthy controls (2.94 + 1.79, p < 0.001) (Figure 3.6C). Concentrations of
413,25(0H).Ds were weakly correlated with 25(OH)Ds in both the healthy controls and patients
with CF (Figure 3.7C).

For the conjugated metabolites, 25(0OH)Ds-S concentrations were 40% lower in the
patients with CF compared to the healthy controls (52.1 £ 38.9 and 79.9 £ 60.2, respectively, p
< 0.001, Figure 3.5E). Similarly, the 25(OH)Ds-S to 25(OH)D3 molar ratio in patients with CF
(587 + 274) was 40% lower than in the healthy controls (985 £ 426, p < 0.001, Figure 3.6D). The
25(0OH)Ds-G concentrations were similar between the healthy controls and patients with CF (2.2
+ 1.6 and 1.9 £ 1.2, respectively, Figure 3.5F) as were the 25(0OH)Ds-G to 25(0OH)Ds; molar
ratios (Figure 3.6E). Levels of 250HD3-S and 25(OH)Ds-G were both moderately correlated with

25(0OH)D; (Figures 3.7D and 3.7E).

3.4.2.1. Basal Levels of 25-hydroxyvitamin D, and 1a,25-dihydroxy vitamin D>

The concentrations of 25(0OH)D; and 1a,25(0OH).D; are presented in Table 3.4 and
Figure 3.8. In general, concentrations of 25(OH)D, were more than 20-fold lower than
concentrations of 25(OH)Ds. In healthy controls, the mean 25(OH)D, concentration was 0.9 +
1.9 ng/mL compared to 1.3 + 5.4 ng/mL in patients with CF (p < 0.001). Concentrations of
1a,25(0OH).D, were 30% lower in healthy controls compared to patients with CF (p < 0.001).

However, when normalized to 25(OH)D- concentrations, the molar ratios of 1a,25(0OH)2D- to
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25(0OH)D, were comparable between the two groups. Concentrations of 1a,25(0OH).D, were not

correlated with 25(OH)D2 concentrations (data not shown).

3.4.2.2. Basal levels of unbound 25-hydroxyvitamin D3 and 1a,25-dihydroxyvitamin D3

Mean unbound concentrations and percent unbound of 25(OH)D3; and 1a,25(0OH).Ds are
presented in Table 3.5. The unbound concentrations of 25(OH)D3 and 1a,25(0OH).Ds were
estimated using 25(0OH)Ds or 1a,25(0OH).D3; concentrations, serum concentrations of VDBP and
albumin, and their respective binding constants. The unbound concentrations and percent
unbound of 25(0OH)D3; were unchanged between healthy controls (18.2 + 6.8 ng/mL and 0.0693
+ 0.001%, respectively) and patients with CF (17.9 £ 8.4 ng/mL and 0.0716 + 0.009%,
respectively). The unbound concentration of 1a,25(OH).D3s was 10% lower in patients with CF
(0.508 + 0.151 pg/mL) compared to healthy controls (0.566 + 0.126 pg/mL, p < 0.05). In
contrast, the fraction unbound of 1a,25(0OH).D3s was 4% higher in patients with CF compared to

the healthy controls (p = 0.03).

3.4.2.3. Correlation of fibroblast growth factor 23 and parathyroid hormone with 25-

hydroxyvitamin D and 1a,25-dihydroxyvitamin D

FGF concentrations were not associated with total 25(OH)D concentrations, but were
weakly negatively associated with 1a,25(OH)D concentrations (Healthy: R? = 0.132, p < 0.001;
CF: R?=0.288, p < 0.001) (Figure 3.9). In contrast, PTH was not associated with 25(OH).D

1a,25(0OH).D concentrations (Figure 3.9).

3.4.3.  Pharmacokinetics of de-25-hydroxyvitamin Dz in Healthy Controls and Patients with CF

3.4.3.1. Demographics

A total of 10 participants, 5 patients with CF and 5 healthy controls were recruited to

receive ds-25(OH)Ds intravenously. The demographics for the participants are presented in
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Table 3.6. The mean age of patients with CF were 38.8 + 13.3 compared to 24.8 + 3.3 in
healthy controls. A higher percentage of males were enrolled in the CF cohort (4 of 5) compared

to the healthy controls (1 of 5).

3.4.3.2. Pharmacokinetics of ds-25-hydroxyvitamin Dz

A single bolus dose of ds-25(0OH)Ds; was administered intravenously to five healthy
controls and five patients with CF. The chemical structure of the de-25(OH)D3 with the location
of the deuterium labels is presented in Figure 3.10. The mean dose of ds-25(0OH)Ds was 22.0 ug
(range: 18 to 26 ug) in the healthy controls and 26.4 ug (range: 22 to 30 ug) for the patients with
CF. Pharmacokinetics of ds-25(0OH)D3 were determined after concentrations were dose-
normalized and scaled to a 25 pg dose of ds-25(OH)Ds. The mean and representative
concentration vs. time profiles are presented in Figure 3.11. The mean de-25(0OH)D; estimated
pharmacokinetic parameters are presented in Table 3.7. No differences were noted between
healthy controls and patients with CF for the dose-normalized Cmax and AUC.-.. following
intravenous administration of de-25(OH)Ds. In addition, clearance, terminal half-life and Vss were

comparable between healthy controls and patients with CF.

3.4.3.3. Pharmacokinetics of de-24,25-dihydroxyvitamin D3

The serum ds-24,25(0OH).D3 concentrations were measured after intravenous
administration of ds-25(OH)Ds. The mean and representative ds-24,25(0OH),Ds; concentration vs.
time profiles are presented in Figure 3.10. Mean de-24,25(0OH).D3 estimated pharmacokinetic
parameters are presented in Table 3.8. The peak ds-24,25(0OH),Ds concentration was observed
between 4 to 21 days and the peak concentrations were comparable between the two groups
(Healthy = 0.13 £ 0.02 ng/mL, CF = 0.16 £ 0.02 ng/mL). The AUCo.ast Was calculated to the last
observed concentration for each subject and was comparable in healthy controls and patients

with CF. Due to variability in the data, the terminal half-life and AUCo... could not be estimated.
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3.5. Discussion

Optimizing vitamin D levels in patients with CF is essential for maintaining bone strength
and immune function. Low levels of vitamin D in patients with CF has been attributed to poor
intestinal absorption, reduced time outdoors, and reduced storage capacity due to low body fat
(28). While many factors can contribute to vitamin D deficiency in patients with CF, in this
chapter, we investigated the hypothesis that altered 25(OH)D3; metabolism in patients with CF
contributes to low circulating levels of 25(OH)Ds.

In our study, approximately 70% of the 83 patients with CF were vitamin D insufficient or
deficient, as defined by the Cystic Fibrosis Foundation (25). The prevalence of vitamin D
insufficiency and deficiency was similar to the healthy controls, however 50% of patients with
CF were taking supplements compared to 22% in healthy controls. The dose of vitamin D
supplements was not recorded. A chart review at Emory University Hospital showed a near
doubling of the dose of vitamin D supplementation between 2008 and 2012 and a concomitant
increase in 25(0OH)D levels in patients with CF (18). Hall et al. reported an increase in 25(0OH)D
concentrations in patients with CF over the last 15 years (28). The results from our study, as
well as studies conducted at other institutions, suggest that recent efforts to increase vitamin D
supplementation in patients with CF have resulted in improved 25(OH)D levels.

Although concentrations of 25(OH)D in healthy controls was lower in the fall and winter
months compared to the spring and summer months, no difference was noted among the
patients with CF. Larger cohort studies in both patients with CF and healthy controls have
reported that serum concentrations of 25(OH)D are lower in winter compared to summer, which
is attributed to the change in sun exposure throughout the year. In a study of 185 patients with
CF, Wolfenden et al. reported that concentrations 25(OH)D were nearly 40% lower in the winter
compared to summer and fall (22). Similarly, a study of 540 healthy blood donors in Sweden
found that 25(OH)D concentrations were 40% lower in the winter compared to the summer (55).
The current recommendation of the Cystic Fibrosis Foundation is to test serum levels of
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25(0OH)D annually late in the fall or during the winter to assess 25(OH)D levels at their lowest
point of the year (25).

We observed no differences in 25(OH)D concentrations between sexes in patients with
CF, though healthy women had lower levels than healthy men. In contrast, Wolfenden et al.
reported the prevalence of vitamin D deficiency was higher in men with CF (84%) compared to
women with CF (70%) in a cohort of 185 patients with CF (22). Although VDBP haplotype is
reported to affect the binding of affinity of 25(OH)D, we found no difference in the total 25(OH)D
concentrations by VDBP haplotype, which may be due to the small sample size in our study (53,
56).

We did not find an association of the number of F508del alleles with 25(OH)Ds
concentrations. The number of patients with CF in our study may not have been sufficient to
detect differences in the number of F508del alleles. In additional, pancreatic insufficiency did not
appear to be associated with lower levels of 25(0OH)Ds. Dorlochter et al. also reported no
difference in 25(OH)D3 levels between subjects with CF with and without pancreatic
insufficiency compared to those that were pancreatic sufficient, if adequately supplemented
(57).

Serum concentrations of 25(OH)D3 were correlated with the serum concentrations of its
metabolites. To compare the concentration of 25(OH)D; metabolites in patients with CF, the
metabolite to parent ratios were calculated to account for interindividual variability 25(OH)Ds
concentrations. We observed lower basal serum 1a,25(0OH).Ds, however, the 1a,25(0H).Ds to
25(0OH)Ds ratios were similar between patients with CF and healthy controls, which suggests
that the lower concentration of 1a,25(0OH).Ds in patients with CF is likely due to the variability it
the concentration of 25(OH)Ds. Greer et al. also reported that 1a,25(OH).D was lower in adults
with CF compared to healthy controls (58).

Unlike 1a,25(0OH).Ds, serum concentrations of 43,25(0OH).Ds, and 25(OH)Ds-S were
lower in patients with CF compared to healthy controls, even with adjusting for the concentration
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of 25(0OH)Ds. The activity of CYP3A4 and SULT2A1 have not been directly evaluated in patients
with CF compared to healthy controls. However, in a pharmacokinetic study of R-warfarin in
patients with CF, the elimination of 10-hydroxywarfarin, formed primarily by CYP3A4, was
similar to that of healthy controls, which suggests that CYP3A4 activity is not significantly
altered in patients with CF (59). In contrast, sulfation was increased in patients with CF
compared to healthy controls after dosing with acetaminophen (60), but
dehydroepiandrosterone-sulfate (DHEAS), an endogenous metabolite formed by SULT2A1, was
lower in patients with CF compared to standard reference ranges, indicating SULT2A1 activity
may be decreased in patients with CF (61). Additionally, 25(OH)Ds-S is transported by breast
cancer resistance protein (BCRP) and organic-anion-transporting polypeptide (OATP) 2B1 and
1B3 in the liver (62). Changes in the expression or function OATP2B1 on the apical membrane
of enterocytes in CF patients may disrupt the reabsorption of 25(OH)D from the gut lumen
following biliary excretion. To better understand the impact of altered drug metabolism in
patients with CF, clinical studies on the pharmacokinetics of a conventional CYP3A4 probe
substrate, such as midazolam, should be conducted in patients with CF and healthy controls to
clarify whether CYP3A4 activity is altered at the intestinal or hepatic level in patients with CF.

Since vitamin D circulates up to 99% bound to plasma proteins, primarily to VDBP (80-
85%) and albumin (10-15%), changes in the circulating concentration VDBP or albumin
concentrations could alter the metabolism of 25(OH)D in patients with CF (63-65). Additionally,
a CF mouse model has decreased cubilin expression in the proximal tubule, defective receptor-
mediated endocytosis, increased cubilin excretion in the urine compared to wild-type mice (66).
While we found albumin concentrations were on average 9% lower in patients with CF
compared to healthy subjects, we observed no difference in VDBP concentrations between the
cohorts. Aris et al. reported that concentrations of VDBP and albumin were lower in patients
with patients with CF compared to healthy individuals (67). Additionally, we found no difference
in the unbound concentration of 25(0OH)D3 between healthy controls and patients with CF.
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However, the unbound 25(0OH)D; concentrations in our study were estimated using published
equations rather than direct measurement. While direct measurement of unbound 25(OH)D is
highly correlated with calculated estimates in healthy subjects, we could find no study in which
this was evaluated in patients with CF. The unbound 1a,25(0OH),Ds; concentrations were lower in
patients with CF compared to healthy controls, however, this is expected as serum
concentrations of 1a,25(0OH),D; were lower in patients with CF.

Markers of the biological response to vitamin D status, FGF and PTH, were comparable
between the healthy controls and patients with CF. However, these hormones are variable
throughout the day and a single sample may not accurately represent daily exposure.
Nonetheless, our results are consistent with a study by Greer et al. reporting comparable PTH
concentrations between 291 adults with CF that were age- and gender-matched to healthy
controls (58). Previous studies reported that PTH is elevated in patients with CF (15, 27, 67,
68).

It is hypothesized that patients with CF have a reduced capacity to hydroxylate vitamin D
in the liver and a limited intestinal absorption of fat-soluble vitamins (29, 67). Others have
hypothesized that elimination of 25(0OH)D is increased in patients with CF due to decreased
plasma protein binding and reduced enterohepatic recirculation (48). We probed the kinetics of
25(0OH)Ds; elimination by administering an intravenous bolus dose of deuterium-labeled
25(0OH)Ds. To avoid any uncontrolled variability in vitamin D absorption and bioavailability
following an oral dose, we opted to administer the dose intravenously. Moreover, low doses of
ds-25(0OH)D3 were targeted to reduce the likelihood of CYP27B1 downregulation and CYP24A1
induction with higher 25(OH)Ds.

There was no difference in the half-life of ds-25(OH)Ds between the patients with CF and
healthy controls. The estimated half-life of 16 days was similar to previously reported estimates
of 16 days (50, 69). The clearance and volume of distribution of ds-25(OH)Ds were comparable
between healthy controls and patients with CF. With only five participants in each group, our
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study was underpowered to detect changes in these parameters. Although, de-24,25(0OH)D3
concentrations were measurable, the concentrations were close to the limit of detection
resulting in a high degree of variability. Higher doses of ds-25(0OH)D3 and/or more sensitive
analytical methods are required to more accurately quantify de-24,25(0OH),Ds; and measure
additional metabolites. The exposure of ds-24,25(0OH),Ds was comparable between groups
indicating that this metabolic pathway is likely unaltered in patients with CF. Although the
sample size was small, these data and the lack of difference in 25(OH)D half-life, suggest that
lower circulating levels of 25(OH)D is not due to large changes in the elimination of 25(OH)Ds.
The pharmacokinetic study was limited by the small number of subjects in enrolled and
the low dose of ds-25(0OH)D3s administered. More extensive studies, with a larger number of
participants are required to make conclusions about the effects of CF on 25(OH)D3 disposition
and metabolism. Higher doses of de-25(0OH)Ds are required to detect other metabolites of de-
25(0OH)Ds3, unless more sensitive quantification methods are developed. Additionally,
investigators should probe the hypothesis that decreased 25-hydroxylation of vitamin D
contributes low levels of 25(OH)Dsin patients with CF. Finally, previous studies have
demonstrated that vitamin D absorption is greatly reduced in patients with CF (70), by
administering deuterium-labeled vitamin D3 both intravenously and orally, the difference in the
bioavailability and 25-hydroxylation of vitamin D3 between healthy individuals and patients with

CF can be evaluated.

3.6. Conclusions

While these data suggest that the CF patients are receiving sufficient supplementation to
match average 25(OH)D concentrations in healthy controls, the majority of the patients with CF
in this study still do not have sufficient levels, as defined by the Endocrine Society and Cystic
Fibrosis Foundation. The ratios of 43,25(0OH).Ds; and 25(0OH)D3-S normalized to 25(0OH)Ds were

decreased in patients with CF compared to healthy controls, suggesting down-regulation of
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hepatic CYP3A4 and UGT. By using deuterium-labeled 25(OH)Ds, we were able to directly
assess the disposition of 25(OH)Ds in healthy controls and patients with CF. In our
pharmacokinetic study, we found no difference in the clearance or half-life of de-25(OH)D3
between healthy and patients with CF. While the pharmacokinetic study was small, our data
suggest that patients with CF do not have altered 25(OH)D elimination and that other factors
such as altered absorption of vitamin D or hepatic 25-hydroxylation contribute to higher risk of

vitamin D deficiency in patients with CF.
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3.8. Tables

Table 3.1: Retention time, precursor molecular ion/product ion for quantification and detection parameters for 4@3,25(0OH).Ds and its

internal standard

Retention Time Dp? CEP LLOQ® Standard Curve
Analyte (min) Precursor lon  Product lon V) % (pg/mL) Range (pg/mL)
43,25(0OH).Ds 15.5 635.2 357.1 146 33 1.6 2-800
de-10,25(0OH)2D3 15.6 641.2 357.1 146 33 - -

a declustering potential
® collision energy
¢ lower limit of quantification
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Table 3.2: Retention time, precursor molecular ion/product ion for quantification and detection parameters for 25-dihydroxyvitamin

Ds-sulfate, 25-dihydroxyvitamin Ds-glucuronide, and their internal standards

Analyte Retention Time Precursor lon  Product lon DP? CEP LLOQ® Standard Curve
(min) (V) (V) (ng/mL) Range (ng/mL)
25(0OH)Ds-S 10.78 699.5 323.0 100 45 0.5 2.4 -96
ds-25(0OH)Ds-S 10.72 705.5 323.0 100 45 - -
25(0OH)Ds-G 9.59 795.5 341.1 100 42.5 0.2 0.3-115
de-25(OH)Ds-G 9.56 801.5 341.1 100 42.5 - -

@ declustering potential
b collision energy
¢ lower limit of quantification
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Table 3.3: Demographics of participants in the cohort of healthy controls and patients with CF to

study basal levels of 25-hydroxyvitamin D and its metabolites

Healthy Controls Patients with CF
(n=82) (n=83)
Age (years) 325+11.2 32.3+11.1
Male 31 (38%) 45 (55%)
BMI (kg/m?) 25549 23.0+34
Race
White 79 (96%) 80 (96%)
Other 3 (4%) 3 (4%)
Season of Sample Collection
Winter 37 (45%) 23 (37%)
Spring 31 (38%) 14 (17%)
Summer 10 (12%) 11 (13%)
Fall 4 (5%) 35 (42%)
Pancreatic Insufficient 0 (0%) 71 (86%)
Vitamin D Supplementation 18 (22) 44 (53)
CFTR Genotype?
Homozygous F508del ND 33 (40%)
Heterozygous F508del ND 42 (51%)
Other ND 8 (10%)
VDBP Diplotype
GcelfiGelf 7 (9%) 10 (12%)
Gclf/iGels 15 (18%) 24 (29%)
Gcls/Gels 55 (67%) 41 (49%)
GclfiGe2 1 (1%) 5 (6%)
Gcls/Ge2 0 (0%) 1 (1%)
Gc2/Ge2 4 (5%) 2 (2%)
Protein or Hormone Levels
VDBP (ug/mL) 274 + 56 264 + 41
Albumin (g/dL) 4.3+0.3 3.9+04™
FGF (pg/mL) 41.4+11.38 44.4 + 18.3
PTH (pg/mL) 40.6 £ 154 43.1+19.0

Results are reported as mean + SD or count (%). ND = not determined.
*** < 0.001 compared to healthy controls
a2 CFTR genotype was not determined in healthy controls
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Table 3.4: Basal levels of 25-hydroxyvitamin D and its metabolites in healthy controls and

patients with cystic fibrosis

Healthy Controls

Patients with CF

Metabolite (n =82 (n=83)
Concentration Ratio? Concentration Ratio®
Total
25(0OH)D (ng/mL) 27.7+9.9 - 26.7 +12.3 -
1a,25(0OH)zD (pg/mL) 50.7 + 13.0 1.97 + 0.90 43.6 + 12.7 *** 2.10 + 1.57
Vitamin D3 Metabolites
25(0H)D3 (ng/mL) 26.8 +10.1 - 25.3+12.0 -
1a,25(0H),Ds (pg/mL) ~ 49.5+12.8 2.01+0.92 42.3 + 13.3 2.14 + 1.57
24,25(0H),Ds (ng/mL) 1.7+1.0 59.3 + 16.4 1.7+1.2 58.6 + 19.9
4B,25(0H).Ds (pg/mL)>  79.9 + 60.2 2.94+1.79 52.1+38.9** 200+ 1.49 ***
25(0OH)Ds-S (ng/mL) 30.1+12.3 985 + 426 17.7 + 11.6 *** 587 + 274 ***
25(0OH)D3-G (ng/mL) 22+16 55.2 + 24.9 1.9+1.2 51.0+17.7
Vitamin D, Metabolites
25(0H)D> (ng/mL) 0.9+1.9 - 1.3 + 5.4 *** -
1a,25(0H)2D; (pg/mL) 1.2+25 1.37 £ 1.07 1.3 + 4.2 % 1.52 +1.26

Values = mean £ SD. - = not applicable.

*p < 0.05, **p < 0.01, **p < 0.001 compared to healthy controls

& Molar ratio calculated as (molar concentration of metabolite)/(molar concentration of
parent)-1000, where parent is 25(0OH)D, 25(0OH)D- or 25(0OH)D,, where appropriate
®  For the CF group, n = 82 due to insufficient sample volume for one study participant
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Table 3.5: Basal unbound serum concentrations and percent unbound of 25-hydroxyvitamin D3

and 1a,25-dihydroxyvitamin D3 in healthy controls and patients with cystic fibrosis

Healthy Controls

Patients with CF

(n=82) (n=83)

25(0OH)D3

Total 25(0H)Ds (ng/mL) 26.8 +10.1 25.3+12.0

Unbound 25(OH)Ds (pg/mL) 18.2 + 6.8 17.9+8.4

Percent Free 25(0OH)Ds (%) 0.0693 + 0.0010 0.0716 + 0.0092
1,25(0OH)Ds

Total 10,25(0H).Ds (pg/mL) 495+ 12.8 42.3 + 13.3 ***

Unbound 1a,25(0OH).Ds (pg/mL) 0.566 + 0.126 0.508 + 0.151 "

Percent Free 1a,25(0OH).D3 (%) 0.486 + 0.065 0.504 £ 0.061

Values = mean + SD

*p < 0.05, **p < 0.01, **p < 0.001 compared to healthy controls
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Table 3.6: Demographics of participants in the pharmacokinetic study of de-25-hydroxyvitamin

Ds
Healthy Controls Patients with CF
(n=5) (n=5)
Age (years) 248 +3.3 38.8+14.3
Male 1 (20%) 4 (80%)
Weight 65.7+9.9 78.7+13.3
BMI (kg/m2) 22.4+3.0 25.0+3.1
Race
White 5 (100%) 5 (100%)
Season at Start of Study
Winter 0 (0%) 2 (40%)
Spring 4 (80%) 1 (20%)
Summer 1 (20%) 2 (40%)
Fall 0 (0%) 0 (0%)
Pancreatic Insufficiency ND 3 (60%)
CFTR Genotype F508del® ND 3 (60%)

Values given as mean + standard deviation or count (%) . ND = not determined

a

CFTR genotype was not determined in healthy controls
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Table 3.7: Mean pharmacokinetic parameters after intravenous administration of de-25-

hydroxyvitamin Ds.

Healthy Controls

Patients with CF

Parameter (n=5) (n=5)

de-25(OH)D3
Dose (ug) 22.0+3.2 26.4 + 3.6
Cmax® (ng/mL) 94+19 88+14
AUCo.ast (Ng-day/mL) 67.2+8.3 58.3+9.7
AUCo. (ng-day/mL) 73.9+9.0 65.1+12.5
Extrapolated AUC (%) 89+16 10.0+ 3.6
CL (mL/day) 342 + 41 397 + 73
Vss (L) 7.2+1.1 8.4+14
Half-life (day) 15.8+ 1.6 16.2 + 3.3

de-24,25(0H),Ds
Cmax (Ng/ML) 0.13+0.02 0.16 + 0.02
Tmax (day) 14 (7 — 28) 21 (4 - 21)
AUCo.ast (Ng-day/mL) 48+0.9 5.9 +1.2

de-25(0OH)Ds serum concentrations were adjusted to a 25 pg dose of ds-25(0OH)Ds.

a8 de-25(0OH)Ds Cmax and AUCs were the dose-normalized concentration after the completion of

the ds-25(OH)Ds bolus.
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3.9.

Figures
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Figure 3.1: Partial metabolic schemes of A) vitamin D, and B) vitamin Ds.
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Figure 3.2: Vitamin D deficiency (less than 20 ng/mL), insufficiency (20 to 30 ng/mL), and
sufficiency (greater than 30 ng/mL), as defined by the Endocrine Society and Cystic Fibrosis

Foundation, in healthy controls (red) and patients with CF (blue).
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Figure 3.3: Boxplot of total 25(0OH)D by season in healthy controls (red) and patients with CF
(blue). For each boxplot, the center line represents the median. The shaded region is the 25" to
75" percentile (interquartile range). The whiskers are the largest value within 1.5 times
interquartile range above the 75™ percentile and smallest value within 1.5 times the interquartile
range below the 25™ percentile. The black circles are data points that are not within the 1.5

times the interquartile range.
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Figure 3.4: Total serum concentrations 25(OH)D by gender in healthy controls (red) and
patients with CF (blue). For each boxplot, the center line represents the median. The shaded
region is the 25" to 75" percentile (interquartile range). The whiskers are the largest value
within 1.5 times the interquartile range above the 75" percentile and smallest value within 1.5
times the interquartile range below the 25" percentile. The black circles are data points that are
not within the 1.5 times the interquartile range. Linear regression including gender and season

was used to analyze the data separately for healthy controls and patients with CF.
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Figure 3.5: Basal levels of A) 25(0OH)Ds, B) 1a,25(0OH)2Ds, C) 24,25(0OH).Ds, D) 48,25(0H)2Ds,
E) 25(0OH)Ds-S, and F) 25(0OH)Ds-G in healthy controls (red) and patients with CF (blue). For
each boxplot, the center line represents the median. The shaded region is the 25™ to 75%
percentile (interquartile range). The whiskers are the largest value within 1.5 times the
interquartile range above the 75" percentile and smallest value within 1.5 times the interquartile
range below the 25" percentile. The black circles are data points that are not within the 1.5

times the interquartile range.
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Figure 3.6: Molar concentration ratios of A) 1a,25(0OH).Ds, B) 24,25(0OH).Ds, C) 43,25(0OH).Ds,
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interquartile range above the 75" percentile and smallest value within 1.5 times the interquartile
range below the 25" percentile. The black circles are data points that are not within the 1.5

times the interquartile range.
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Figure 3.8: Basal serum concentrations of A) 25(0OH)D, B) 1a,25(0OH).D,, and C) the molar
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range below the 25th percentile. The black circles are data points that are not within the 1.5

times the interquartile range.
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Figure 3.10: Chemical structure of de-25-hydroxyvitamin D3 used in the pharmacokinetic study.
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Figure 3.11 A) Dose normalized serum concentration versus time curves of ds-25(OH)D3z and
de-24,25(0H).Ds after intravenous administration of de-25(OH)Ds3 in healthy controls (red circles)
and patients with CF (blue triangles). A) Group mean and standard deviation, B) a
representative healthy control, and C) a representative patient with CF shown for ds-25(0OH)Ds

(solid line) and des-24,25(0OH).D; (dashed line).
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Chapter 4.
An Observational Study of Longitudinal Changes in 25-Hydroxyvitamin Dz and its

Metabolites During Preghancy and Postpartum

4.1. Abstract

Although more than 90% of pregnant women take prenatal supplements during
pregnancy, the prevalence of vitamin D deficiency and insufficiency is high in pregnant women.
Low maternal levels of vitamin D are associated with poor birth outcomes, such as preterm
delivery and low weight for gestational age. Physiological changes that occur in pregnancy,
including changes in blood flow, organ enzyme expression and plasma protein concentrations,
may affect the circulating concentrations of 25-hydroxyvitamin D3 (25(0OH)Ds) and its
metabolites. Fifteen healthy nulliparous women between the ages of 18-45 years were recruited
for a longitudinal observational study of vitamin D and its metabolites in plasma. Samples were
collected pre-pregnancy, during pregnancy, and postpartum. When possible, maternal and fetal
samples were collected at delivery. The following metabolites were measured by liquid
chromatography-mass spectrometry: 25(0OH)Ds, 1a,25-dihydroxyvitamin Ds (1a,25(0OH)2D3),
24R,25-hydroxyvitamin D3 (24,25(0H)2D3), 48,25-dihydroxyvitamin D3 (48,25(0OH)2D3), 25-
hydroxyvitamin Ds-3-sulfate (25(0OH)Ds-S), and 25-hydroxyvitamin Ds-3-glucuronide (25(OH)Ds-
G). In addition, the serum levels of vitamin D binding protein (VDBP) and albumin were
guantified and used to estimate the free concentration and the percent unbound of 25(OH).Ds
and 1a,25(0OH).Ds. Linear mixed-effects modeling was used to analyze the association between
25(0OH)Ds3 and its metabolites with gestational age. Gestational age was associated with a 50%
increase in the circulating concentrations of 25(OH)D; (p < 0.001) and a 2-fold increase in
10,25(0H).D3 (p < 0.001). Gestational age was positively associated with changes in
24,25(0H).Ds, 4B3,25(0H)Ds, and 25(0OH)D3-G and negatively associated with 25(0OH)Ds-S.

VDBP increased almost 2-fold by 32 weeks of gestation, whereas albumin concentrations
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decreased by 24%. Overall, the changes in protein concentrations resulted in a 20% decrease
in the fraction unbound of 25(OH)Ds. Postpartum changes were difficult to detect due to limited
sample size, however, 25(0OH)D3 concentrations appeared to return to pre-pregnancy levels by
12 weeks postpartum. Our study showed that 25(OH)Ds; metabolism is altered in healthy
pregnant women. As vitamin D is a critical nutrient during pregnancy, additional research is
warranted to understand how changes in vitamin D metabolism support fetal development and

maternal health.

4.2. Introduction

Vitamin D3 is a fat-soluble prohormone that, in combination with parathyroid hormone
(PTH), regulates the transport and absorption of calcium in the gut and kidney. Bioactivation of
vitamin D3 requires two sequential hydroxylation steps (1, 2). The first step is 25-hydroxylation in
the liver by cytochrome P450s (CYP) 27A1 and 2R1 (CYP27A1 and CYP2R1) to form 25-
hydroxyvitamin D3 (25(0OH)Ds) (3, 4). In the kidney, 25(0OH)Ds undergoes further metabolism by
CYP27B1 to form the active moiety of vitamin D3, 1a,25-dihydroxyvitamin Ds (1a,25(0OH).Ds) (3,
4). In circulation, 25(0OH)Ds and 1a,25(0OH).Ds are highly bound to plasma proteins, with
approximately 85-90% bound to vitamin D binding protein (VDBP) and the remaining 10-15%
bound to albumin (5). Due to the extensive binding, changes in plasma protein levels can
greatly influence the unbound 25(OH)D3 concentrations.

In addition to the active metabolite, 25(OH)Ds can be catabolized by CYP24A1 in the
kidney to the inactive metabolite, 24R,25-dihydroxyvitamin D3 (24,25(0OH).Ds). In the liver,
CYP3A4 converts 25(0OH)Ds to 483,25-dihydroxyvitamin Ds (43,25(OH).Ds). Conjugated
metabolites are formed in the liver, including 25(OH)Ds-(3)-sulfate (25(0OH)Ds-S) by
sulfotransferase (SULT) 2A1 and 25(OH)Ds-(3)-glucuronide (25(0OH)Ds-G) by uridine 5'-
diphospho-glucuronosyltransferases (UGT) 1A3 and 1A4 (3, 4, 6-8). While the biological

function of the hepatic metabolites is not well understood, it has been hypothesized that
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25(0OH)Ds3-S and 25(0OH)Ds-G could be a mechanism to store excess 25(0OH)Ds that can be
utilized following deconjugation (9). The metabolic scheme of 25(OH)Ds and selected
metabolites is provided in Figure 4.1.

Although 1a,25(0OH).Ds is the active hormone form of vitamin Ds, it is a poor biomarker
of overall vitamin D exposure because of its short half-life (4-6 hours) and tight regulation of
serum concentrations (10). Given the longer half-life of 25(OH)D3 (~2 weeks), serum 25(0OH)D3
is a better marker of total vitamin D exposure. Vitamin D sufficiency is defined by the Endocrine
Society as a total serum 25(OH)D concentration greater than 30 ng/mL, while insufficiency is
defined as 25(OH)D concentrations between 20-30 ng/mL, and deficiency is defined as
25(0OH)D concentrations less than 20 ng/mL (11). As many as 50-90% of women take prenatal
vitamins, which typically contain 400-1000 international units (IU) of vitamin Ds. However, an
estimated 45% of white women and 83% of black women in the northeastern United States
were classified as vitamin D insufficient or deficient at the time of delivery (12, 13). At birth, only
34% of white and 7.6% of black newborns were vitamin D sufficient (13).

Recent studies reported that vitamin D is critical for maternal and fetal health during
pregnancy. Low maternal 25(OH)Ds levels were associated with pregnancy complications and
poor birth outcomes. A case-control study of 50 women with early-onset severe preeclampsia
found that a 10 ng/mL increase in 25(OH)Ds levels was associated with a 63% reduction in the
odds of being diagnosed with preeclampsia (14). A recent meta-analysis reported that pregnant
women who are vitamin D deficient have an increased risk for a low-birth-weight delivery (15).
Additionally, low circulating levels of 25(0OH)D3 are negatively correlated with the duration of
oxygen therapy of neonates after birth (16).

Previous studies reported that circulating 1a,25(OH).Ds increases two- to three-fold
during pregnancy, however the changes in the concentration of other 25(0OH)Ds metabolites are
not well understood (17, 18). Many physiological changes that occur during pregnancy (e.g.,
changes in hepatic and renal enzyme expression, cardiac output, protein binding, and placental
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enzyme expression (19)) may contribute to altered concentrations of 25(OH)D3 and its
metabolites (18, 20). In addition, pregnancy is known to affect the circulating concentrations of
VDBP and albumin; however, the rate and magnitude of these changes during the first trimester
have yet to be established (21, 22). This study aims to characterize the changes in the
concentrations of 25(OH)Ds and its metabolites from pre-pregnancy, through pregnancy, at
delivery and up to 12 weeks postpartum. Additionally, we aim to characterize VDBP and
albumin to estimate changes in the unbound concentration and fraction unbound of 25(OH)Ds
and 1a,25(0OH).Ds. These data will provide insights into how physiological changes in

pregnancy contribute to altered 25(OH)Ds; metabolism.

4.3. Materials and Methods

4.3.1. Chemicals and Materials

25(0OH)D3 and 24,25(0H).D3; were purchased from IsoSciences (Ambler, PA). d7-vitamin
D3, de-25(0OH)D3, 4B,25(0OH)2D3s, 25(0OH)Ds-S, and 25(0OH)Ds-G were purchased from Toronto
Research Chemicals (North York, Ontario, Canada). 1a,25(0OH).D3, de-10,25(OH)2Ds3,
de-24,25(0H).Ds were purchased from Medical Isotopes, Inc. (Pelham, NH).
(Diacetoxyiodo)benzene, 3'-phosphoadenosine-5'-phosphosulfate (PAPS), uridine 5'-
diphosphoglucuronic acid trisodium salt (UDPGA), and bovine serum albumin (BSA) were
purchased from Sigma-Aldrich Corp. (St. Louis, MO). 4-(4'-dimethylaminophenyl)-1,2,4-
triazolidine-3,5-dione was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX). HPLC-
grade acetonitrile, ethyl acetate, methanol, methyl tert-butyl ether (MTBE), heptane,
isopropanol, hexanes, formic acid, acetic acid, and dichloromethane were purchased from
Fisher Scientific (Pittsburgh, PA). Vitamin D-free serum (Seratrol™) was purchased from

Golden West Biologicals, Inc. (Temecula, CA).
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4.3.2. Participants

Healthy women who intended to become pregnant in the 12 months following study
enrollment or who were less than eight weeks pregnant were recruited to take part in the study.
Subjects were 18-45 years of age with a body mass index of 18-30 kg/m? at enroliment.
Potential participants were excluded if they had an existing major medical condition (e.g., heart
disease, liver disease, renal impairment, gastrointestinal disease, hyperthyroidism, diabetes, or
metabolic disorders) or if they required chronic medications that would alter drug-metabolizing
enzyme or transporter functions. Potential participants were excluded if they were current
cigarette smokers, had a prior or present addiction to drugs or alcohol, or if they had had two or
more previous miscarriages. The study was approved by the Institutional Review Board at the

University of Washington.

4.3.3. Sample Collection

For women who enrolled before becoming pregnant, baseline urine and blood samples
were collected every three months for 12 months or until a positive pregnancy test. Upon
confirmation of the pregnancy or for women who enrolled during their first trimester, blood and
urine samples were collected, along with concomitant medication and health information at
selected timepoints until delivery (up to 12 visits). Pregnancy visits were scheduled at 4, 8, 12,
16, 20, 24, 28, 32, 36, 38, 40, and 42 weeks of gestation or until delivery. Gestational age was
based on last menstrual period or early ultrasound dating. When possible, maternal and fetal
blood and urine were collected at delivery. Blood, urine, and breast milk samples were collected
at 3, 6, and 12 weeks postpartum. Up to 18 samples could be collected per subject (4 pre-

pregnancy, 12 during pregnancy, 1 at delivery, and 3 postpartum).

4.3.4. Analysis of Vitamin D Metabolites

Plasma concentrations of 25(OH)Ds, 24,25(0H)2Ds, 1a,25(0OH)2Ds, and 43,25(0OH).Ds
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were determined as described in Chapter 2. Vitamin D, metabolites were not quantified. In brief,
500 pL of serum was transferred into polypropylene micro-centrifuge tubes. Standard curve
samples were prepared in bovine serum albumin (BSA). 20 L of internal standard solution (0.2
ng/pL dz-vitamin Ds; 0.5 ng/pL de-25(OH)D3; 0.25 ng/pL de-24,25(0H)2Ds; 60 pg/pL de-
1a,25(0OH),Ds) was added to each sample. After equilibration at room temperature for 25
minutes, serum proteins were precipitated with 1 mL of acetonitrile. After centrifugation, the
supernatant was transferred and combined with 1.5 mL of 0.1 M phosphate buffer (pH 10.5)
before analytes were extracted using two solid phase extraction (SPE) steps. For the first step,
SPE Agilent Bond Elut C18 OH SPE cartridges (500 mg, 3 mL) were equilibrated with
acetonitrile, methanol, and water. After adding the sample, the cartridge was washed with 70%
methanol in water and eluted with 10% isopropanol in hexanes (v/v). The eluent was dried
under N2 gas at 37°C and the residual was reconstituted in 10% dichloromethane in heptane
(v/v). For the second SPE step, samples were processed using Agilent Bond Elut SI cartridges
(200 mg, 1 mL) conditioned with dichloromethane and heptanes. After adding the sample, the
cartridge was washed with 10% dichloromethane in heptane (v/v), 30% dichloromethane in
heptane (v/v), and 40% dichloromethane in heptane (v/v). Samples were eluted with 5%
isopropanol in MTBE (v/v) into silanized glass culture tubes and dried under N2 gas at 37°C.
The residue was reconstituted in 50 pL of acetonitrile and derivatized with DAPTAD (50 pL) at
room temperature for 45 minutes before the reaction was quenched by drying under N, gas at
37°C. Samples were reconstituted in 45 pL of methanol and 20 uL of water. The derivatized
samples were centrifuged to remove insoluble particulates and excess DAPTAD.

Ligquid chromatography-mass spectrometry (LC-MS/MS) analysis was performed on a
Sciex QTRAP 6500 hybrid triple quadrupole/linear ion trap mass spectrometer (Framingham,
MA) coupled with a Shimadzu liquid chromatography system (Kyoto, Japan). Chromatographic
separation was achieved using an Ascentis Express RP-Amide column (2.1 mm x 150 mm x 2.7
pum) (Sigma-Aldrich Corp, St. Louis, MO), attached to a SecurityGuard™ ULTRA cartridge (2.1
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mm X 2 um) guard column (Phenomenex, Torrance, CA). The column temperature was
maintained at 20°C with the mobile phase flowing at a rate of 0.275 mL/min. The autosampler
was maintained at 4°C and the injection volume was 10 uL. The mobile phase consisted of a
mixture of 0.1% formic acid in water (A) and 100% methanol (B). Initial conditions were set to
55% B and increased to 90% B through the 26 minute run time. The electrospray ionization
(ESI) source of the mass spectrometer was operated in the positive ion mode. Multiple reaction
monitoring (MRM) was used for quantitation. Mass spectrometric conditions are summarized in
Table 4.1.

Peak integration was performed using MultiQuant software (version 3.0.2) from AB
Sciex. Peak heights of vitamin D3, 25(0OH)Ds, and 24,25(0OH).Ds were normalized to d--vitamin
D3, de-25(0OH)D3 and de-24,25(0OH).Ds, respectively. Peak heights of 1a,25(0OH).D3; and
4B,25(0OH),Ds were normalized to ds-1a,25(0OH).Ds. A quadratic equation with 1/x? weighting
was used to estimate the relationship between the peak height ratio and concentration.

Plasma concentrations of 25(0OH)Ds-S and 25(0OH)Ds-G were measured as previously
described by Gao et al. (23). Briefly, standard curve and quality control samples were prepared
in vitamin D-free serum. The proteins from 200 uL of serum were precipitated with 200 pL of
acetonitrile and centrifuged at 13,362 g for 10 min at 4°C. The supernatant was subjected to
SPE using Waters Oasis WAX (1 cc, 30 mg, 60 um) anion-exchange cartridges and derivatized
with DAPTAD. After 1 hour, samples were dried under N, gas at 37°C. The residue was
reconstituted in 100 yL of 30% acetonitrile in water prior to LC-MS/MS analysis. LC-MS/MS
analysis was performed on a Sciex (Framingham, MA) Q-Trap 6500 hybrid triple
guadrupole/linear ion trap mass spectrometer with ESI coupled with a Shimadzu (Kyoto, Japan)
liquid chromatography system. A Hypersil Gold (2.1 mm x 100 mm, 1.9 ym) column (Thermo
Fisher Scientific, Waltham, MA) was used for chromatographic separation. The autosampler
was maintained at 4°C and the injection volume was 20 uL. The ESI source of the mass
spectrometer was operated in the positive ion mode and MRM was used for quantitation. Mass
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spectrometric conditions are summarized in Table 4.1.

Peak integration was performed using Analyst MultiQuant software (version 3.0.2) from
AB Sciex. To determine the peak area ratios, the peak areas of 25(OH)Ds-S and 25(0OH)Ds-G
were normalized to de-25(0OH)Ds-S and ds-25(0OH)Ds-G, respectively. A linear equation with 1/x?
weighting was fit to estimate the relationship between peak area ratio and concentration for

25(0H)Ds-S and 25(0H)Ds-G.

4.3.5. Calculation of Unbound 25(OH)Ds and 1a,25(0OH).Ds; Concentrations

VDBP and albumin were measured at selected timepoints (pre-pregnancy, 4, 8, 16, 24,
32 weeks, and the sample collected closest to delivery) by the Department of Laboratory
Medicine at the University of Washington. Unbound concentrations of 25(OH)D3 and
1a,25(0OH).D; were estimated using the equations published by Bikle et al. (Equation 4.1) (5,
24).

Diotal (4.2)
(1 + (binding constant ALB - [ALB]) + (binding constant VDBP - [VDBP]))

Dfree =

where Dree is the calculated free concentration of either 25(OH)Ds or 1a,25(OH)2D3, Diota is the
measured plasma concentration of 25(OH)Ds or 1a,25(0OH).D3, and [ALB] and [VDBP] are the
measured plasma albumin and VDBP concentrations. The 25(OH)Ds binding constants for
albumin and VDBP were 6 x 10° Mt and 7 x 10% M2, respectively (5, 24). The 1a,25(0OH).Ds
binding constants for albumin and VDBP were 5.4 x 10* M* and 3.7 x 10" M, respectively (5,
24). The unbound fractions of 25(0OH)D3; and 1a,25(0H).D3; were estimated by dividing the
unbound concentration by the total concentration of the respective metabolite (% free D = (Drree /

Dtotal) ) 100)

4.3.6. Statistical Analysis

To assess changes in 25(0OH)Ds; metabolism during pregnancy, data collected pre-
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pregnancy and during pregnancy were analyzed using linear, quadratic, and cubic mixed-effects
models for each analyte with gestational age as a fixed effect and subject as a random effect.
For subjects with multiple pre-pregnancy samples, the concentration of 25(OH)D3 and its
metabolites closest to conception were used for modeling. To compare models, an ANOVA was
performed between each model and its reduced form. Additionally, inspection of the predicted
model and residual plots were used to assess goodness of fit. Season at conception and
season at the time of sample collection were tested as fixed effects. A p-value less than 0.05
was considered significant. Statistical analysis was performed in RStudio (version 3.5.3, r-

project.org/).

4.4. Results

4.4.1. Subject Demographics

A total of 34 women were enrolled in the study. Five women did not meet the inclusion
criteria, seven failed to conceive within one year, two miscarried, and five withdrew from the
study for personal reasons. Of the 15 women included in the analysis, nine women completed
study visits pre-pregnancy through postpartum, four enrolled in the first trimester through
postpartum, and two enrolled pre-pregnancy but withdrew from the study after delivery. The
median number of samples collected from each participant was 14 out of a possible 18 visits.
The age of the women at their first visit was 31 + 4 years. Of the 15 participants included in the
analysis, ten were white, four were Asian/Pacific Islander and one was black. Demographic data

are presented in Table 4.2.

4.4.2. Changes in the plasma concentration of 25(OH)D3 and its metabolites

In order to assess trends in the concentration of 25(OH)D; and its metabolites during
pregnancy, linear, quadratic, and cubic mixed-effects models were fit to each metabolite from

the data collected pre-pregnancy through the last sample collected during pregnancy (n = 154

103



data points). The coefficients of the final model for 25(0OH)D3 and its metabolites are presented
in Table 4.3 and model fits and residuals are shown in Figure 4.2 and Figure 4.3, respectively.
The observed values at each visit of 25(0OH)Ds and its metabolites are presented in Table 4.4
and Figure 4.4 for comparison to model predictions.

Based on 25(0OH)Ds levels, at baseline (pre-pregnancy), three women were vitamin D
sufficient (> 30 ng/mL), five women were vitamin D insufficient (between 20 — 30 ng/mL), and
four women were vitamin D deficient (< 20 ng/mL). The concentration of 25(OH)Ds was linearly
associated with gestational age (p < 0.001 compared to null model). The model estimated
concentration of 25(OH)Ds pre-pregnancy was 25.0 + 9.5 ng/mL. The model estimated an
increase in plasma 25(OH)Ds concentrations of 0.314 ng/mL/week (95% CI 0.247 — 0.380), an
estimated mean increase of 11.3 ng/mL (95% CI 8.9 — 13.7) by 36 weeks of gestation compared
to the observed mean increase of 10.5 + 12.5 ng/mL. At 36 weeks, nine women were vitamin D
sufficient, four women were vitamin D insufficient, and two women were vitamin D deficient. Of
the women who were vitamin D insufficient at 36 weeks, one woman was sampled in the
summer, and three women were sampled in the fall. Two women were classified as borderline
vitamin D deficient at 36 weeks (19.1 and 19.3 ng/mL), and were of Asian/Pacific Islander
descent and sampled in the fall. The inclusion of season at conception and at the time of
sample collection was assessed as a potential model covariate of 25(OH)D3; concentration,
however, season did not improve the fit of the model (data not shown).

A quadratic model best described the change in the concentration of 1a,25(0OH).Ds
throughout pregnancy (p < 0.01 compared to linear model). Pre-pregnancy, the model
estimated concentration of 1a,25(0OH).D3z was 39.2 £ 7.0 pg/mL. Plasma concentrations of
1a,25(0OH).Ds rose rapidly in the first trimester, with a model estimated 1a,25(OH)2Ds
concentration of 65.5 £ 9.7 pg/mL (67% increase) at 12 weeks of gestation. Serum
concentrations of 1a,25(0OH).Ds plateaued early in the third trimester, reaching an estimated
81.7 £ 9.6 pg/mL at 28 weeks of gestation. At 40 weeks, the concentration of 1a,25(0OH).D3z was
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estimated to be 2.1-fold higher than pre-pregnancy.

The concentration of 24,25(0OH),Ds throughout pregnancy was best described by a cubic
model (p < 0.01 compared to quadratic model). Pre-pregnancy, the mean concentration of
24,25(0H).Ds was estimated to be 2.5 + 0.9 ng/mL. Plasma concentrations of 24,25(0OH)Ds
were predicted to be at the nadir at 10 weeks of gestation. After the first trimester,
concentrations of 24,25(0OH).D3 gradually increased to a model estimated 2.8 + 0.9 ng/mL, a
12% increase from baseline.

Changes of the concentrations of 43,25(0OH).Ds, 25(OH)Ds-S, and 25(0OH)D3-G
throughout pregnancy were best described by linear models (p< 0.01, p < 0.001, and p < 0.01,
respectively, compared to null for all models). Pre-pregnancy, the concentration of
43,25(0OH),Ds; was predicted to be 77.8 + 44.0 pg/mL. By 36 weeks, the concentration of
43,25(0H),Ds was estimated to increase by 13.6%, reaching an estimated concentration of 88.4
+ 39.3 pg/mL. Similarly, the serum concentration of 25(OH)Ds-G increased throughout
pregnancy by an estimated 38% from 1.3 + 1.0 ng/mL pre-pregnancy to 1.8 £ 0.9 ng/mL at 36
weeks of pregnancy. In contrast, the serum concentration of 25(OH)Ds-S decreased through
pregnancy with concentrations estimated to fall from 42.7 + 16.4 ng/mL pre-pregnancy to 32.3 +

15.0 ng/mL at 36 weeks, an overall estimated decrease of 25%.

4.4.3. Changes in VDBP and Albumin and Effects on the Unbound Concentrations of

25(0H)Ds and 1a,25(0OH)2Ds

Serum concentrations of VDBP and albumin were measured at selected time points
(pre-pregnancy, 4, 8, 16, 24, 32 weeks, and the sample collected closest to delivery) to estimate
the effects of pregnancy on the unbound concentrations of 25(OH)Ds and 1a,25(OH);Ds. Similar
to the serum concentrations of the metabolites, linear and quadratic mixed-effects models were
fit to VDBP, albumin, and unbound concentrations and percent unbound of 25(0OH)D3; and

1a,25(0OH).Ds from pre-pregnancy until delivery (n = 86 data points). The coefficients of the final
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models are presented in Table 4.5 and model fits and residuals are shown in Figure 4.5 and
Figure 4.6, respectively. The summary statistics and the observed values of each metabolite are
presented in Table 4.6 and Figure 4.7 for comparison to model predictions.

The serum concentration of VDBP was best fit with a quadratic model (p < 0.001
compared to linear model). At baseline, VDBP concentrations were estimated to be 221 + 42
pHg/mL compared to the observed 235 + 32 ug/mL. The concentration of VDBP increased
quickly in the first trimester and was estimated to reach 392 + 34 ug/mL at 8 weeks of gestation.
The concentrations of VDBP continued to rise, reaching peak concentrations in the third
trimester. At 32 weeks, the concentration of VDBP was predicted to be 429 + 40 pg/mL, an
estimated increase of nearly 2-fold. The serum concentrations of albumin were best fit with a
guadratic model (p < 0.001 compared to linear model). In contrast to VDBP, concentrations of
albumin decreased during pregnancy. The concentration of albumin decreased from an
estimated 4.6 £ 0.1 g/dL pre-pregnancy to 3.4 = 0.1 g/dL at 32 weeks, a decrease of 26%.

The unbound concentrations of 25(0OH)D3 and 1a,25(0OH).D; were estimated using the
equation previously published by Bikle et al. (5) The unbound concentration of 25(0OH)D3
decreased linearly during pregnancy (p < 0.001 compared to null model). The model estimated
unbound concentration of 25(0OH)Ds was 19 + 4 pg/mL pre-pregnancy and decreased to 16 + 4
pg/mL by 32 weeks of gestation. The change in the percent of unbound 25(0OH)D3 during
pregnancy was best described by a quadratic equation (p < 0.001 compared to linear model).
The percent unbound of 25(0OH)D3 pre-pregnancy was estimated to be 0.071 + 0.006% and
decreased 40% by 32 weeks of gestation to 0.043 + 0.05%.

The changes in the unbound concentration and percent unbound of 1a,25(0OH).Ds were
best described by a quadric model (p < 0.001 compared linear models for both). The estimated
unbound concentration of 1a,25(0OH).Ds; was 0.53 + 0.05 pg/mL pre-pregnancy. The estimated
unbound concentration of 1a,25(OH).Dsz increased to 0.63 + 0.09 pg/mL at 8 weeks of gestation.
At 32 weeks, the estimated unbound concentration of 1a,25(0OH).D3s was 0.70 £ 0.082 pg/mL, a
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32% increase. The percent unbound of 1a,25(0OH).Ds was estimated to decrease by 36% from

0.50 £ 0.04% pre-pregnancy to 0.32 = 0.03% at 32 weeks of gestation.

4.4.4. Postpartum Changes in 25(0OH)D3 and its metabolites

Due to sparse data collect postpartum, the postpartum concentrations of 25(OH)Ds and
its metabolites were compared to the concentration pre-pregnancy and at 36 weeks of
gestation. The mean concentration of 25(OH)D; and its metabolites are presented in Table 4.4
and Figure 4.4. By 3 weeks postpartum, serum concentrations of 25(OH)Ds, 1a,25(0OH)2Ds3,
43,25(0H)2D3, 25(0OH)Ds-S, and 25(0OH)D3s-G were similar to pre-pregnancy values. The mean
concentration of 24,25(0OH).D; at 3 weeks postpartum, 3.62 + 1.31 ng/mL, was higher than pre-
pregnancy concentrations (p < 0.001), however concentrations returned to pre-pregnancy levels
by 6 weeks postpartum. By 6 weeks postpartum, the serum concentration of VDBP and
albumin, 246 + 33 pg/mL and 4.4 £ 0.2 g/dL, respectively, were comparable to pre-pregnancy
values. Similarly, the unbound concentration and percent unbound of 25(0OH)D3; and

1a,25(0OH).Ds were similar to pre-pregnancy estimates by 6 weeks postpartum.

4.5. Discussion

We used linear mixed-effects modeling to describe pregnancy-induced changes in the
serum concentration of 25(OH)D3 and its metabolites. We found that the serum concentrations
of 25(0OH)Ds increased by 45% from pre-pregnancy to 36 weeks of gestation. At 36 weeks, 60%
of the study participants were vitamin D sufficient compared to 25% of the study participants
pre-pregnancy. We observed that 1a,25(0OH).Ds concentrations increased by more than 60% at
the end of the first trimester (12 weeks) compared to pre-pregnancy. Serum concentrations of
1a,25(0OH).Ds plateaued early in the third trimester, more than 2-fold above baseline, and
remained elevated through delivery. For 24,25(0OH).D3, serum concentrations decreased by

13% by week 8 of pregnancy, however, the concentrations of 24,25(OH).D3 then increased
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throughout the remainder of pregnancy and reached concentrations 27% higher at 36 weeks
compared to pre-pregnancy. The circulating concentrations of 43,25(0OH).D3z and 25(OH)D3-G
increased by 14% and 38%, respectively, from pre-pregnancy to 36 weeks of gestation and the
serum concentrations of 25(0OH)Ds-S were 25% lower at 36 weeks compared to pre-pregnancy.
Additionally, we found that the concentrations of VDBP increased nearly 2-fold during
pregnancy, while the concentrations of albumin decreased by 26%. During pregnancy, the
unbound concentrations of 25(OH)D3 decreased by 20% and the unbound concentrations of
1a,25(0OH).D; increased by 32%. The fraction unbound of both 25(OH)Ds and 1a,25(0OH)2D3
decreased by more than 35% throughout pregnancy.

While we observed a 45% increase in the concentrations of 25(OH)Ds from pre-
pregnancy to 36 weeks of gestation, in previously published studies, total concentrations of
25(0OH)D were reported to have no change (25, 26) or increased during pregnancy (20, 27-30).
Understanding the magnitude of change of 25(0OH)D; concentrations during pregnancy is
complicated by the numerous inter-individual determinants of 25(OH)D concentration (e.g., sun
exposure, amount of vitamin D consumed in diet and supplements, race, and BMI) (13, 31-34).
Endogenous formation of vitamin D3 is dependent on sun exposure. Therefore, 25(0OH)D3
concentrations can vary significantly between seasons (35, 36). Seasonal variability in the
prevalence of maternal vitamin D deficiency and insufficiency has been previously reported by
Bodnar et al. and by Best et al., in which they found that the prevalence of maternal vitamin D
deficiency and insufficiency at delivery was higher in the winter and spring compared to summer
(13, 37). Additionally, both authors reported that the prevalence of vitamin D deficiency and
insufficiency was higher in black women compared to white women, even when adjusted for
season (13, 20). Although subjects in our study reported taking prenatal vitamins, the dose of
vitamin Ds present in the supplements is unknown. However, the endogenous formation of
vitamin D3 makes it difficult to assess the “dose” of vitamin Dz on a given day, even when dietary
and supplemental sources are recorded (35).
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Due to the difficulty in recruiting women to participate in clinical studies early in
pregnancy, there is limited information about changes in the concentrations of 25(OH)Ds and
1a,25(0OH)2Ds in the first trimester. Figueiredo et al. measured the concentrations of 25(0OH)Ds
and 1a,25(0H).D; as early as the 5" week of pregnancy. In a dataset including more than 200
women, Figueiredo et al. estimated that concentrations of 25(OH)D increased by approximately
12.2 ng/mL between 5 and 40 weeks of gestation, similar to the 11.3 ng/mL increase in
25(0OH)Ds observed in our study from pre-pregnancy to 36 weeks of gestation (18). Additionally,
Figueiredo et al. reported an average 1a,25(0OH).D concentration in the first trimester of 72.2 +
32.4 pg/mL, which is in the range of the mean 1a,25(0OH),Ds, 62.6 = 13.9 pg/mL, at 12 weeks of
gestation observed in our study.

Similar to previous studies (18, 20, 26, 29, 38-40), we observed that 1a,25(0OH).Ds
concentrations increased two- to three-fold in the second and third trimesters compared to non-
pregnant women. While CYP27B1 is expressed in the placenta, it is likely that most of the
1a,25(0OH).Ds in circulation during pregnancy is formed by the maternal kidneys (41).However, it
is unknown whether CYP27B1 is induced in the kidney during pregnancy (42). It has been
suggested that increased 1a,25(0OH).Ds concentrations support increased calcium absorption
during pregnancy (37, 41, 43). Others proposed that elevated 1a,25(OH),Ds; modulates the
immune system to support maternal tolerance of the developing fetus (41, 43).

In circulation, 25(0OH)Ds is more than 99% protein bound, mainly by VDBP (~ 85%) and
albumin (~15%), and is highly sensitive to changes in plasma protein levels. Concentrations of
VDBP increased nearly two-fold, whereas albumin concentrations fell by 25% during pregnancy.
Similar changes in VDBP and albumin were observed in previous studies (20, 21, 38-40, 44,
45). However, our study is unigue in that we were able to measure VDBP and albumin early in
the first trimester. Since VDBP is expressed on the surface of placental trophoblasts, which are
in contact with the maternal blood supply, a proposed mechanism of increased VDBP during
pregnancy is the release of VDBP from trophoblasts as they undergo cell turnover (22).
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Increased 25(OH)Ds3 binding to VDBP during pregnancy may lengthen the half-life of 25(OH)Ds
as a mechanism to conserve vitamin D (22). Increased VDBP during pregnancy resulted in an
overall 20% decrease in unbound 25(0OH)D; concentrations and 41% decrease in the fraction
unbound of 25(0OH)D3 from pre-pregnancy to 36 weeks of gestation. Best et al. (17) used an
enzyme-linked immunosorbent assay (ELISA) to measure the unbound 25(OH)Ds directly and
reported a percent unbound of 0.0158 + 0.00064% at 40 weeks gestation, a value nearly three-
fold lower than the 0.046 + 0.006% at 32 weeks gestation observed in the current study. Further
work will need to be done to determine whether Bikle’s formula results in an overestimation of
the percent of 25(OH)Ds unbound, whether analytical issues with the ELISA exist, or if there is a
more appropriate methodology for ascertaining free concentrations in pregnancy samples.

Currently, there is limited data reported for 24,25(0OH).D3s and 25(OH)Ds-S during
pregnancy. Best et al. reported that the serum concentrations of 24,25(0OH).D increased
between weeks 15 and 40 of pregnancy, however, concentrations before 15 weeks were not
reported for comparison (17). Axelson et al. reported the 25(OH)Ds-S concentrations in 20
women at delivery as 10.4 = 5.2 ng/mL, which is three-fold lower than the 25(OH)Ds-S
concentrations observed in our study (46). Lower concentrations of 25(OH)Ds reported by
Axelson et al. may partially explain the lower 25(OH)Ds-S concentrations, as 25(0OH)D; and
25(0OH)Ds-S are highly correlated (8, 46, 47).

We could find no reports of 4p3,25(0OH)2Ds and 25(OH)Ds-G concentrations in
pregnancy. CYP3A4 and UGT1A4, the enzymes responsible for the formation of 43,25(0OH).Ds
and 25(0OH)Ds-G, respectively, are known to be induced in pregnancy. Hebert et al. reported
that CYP3A4-mediated clearance of midazolam was 2-fold higher in the third trimester of
pregnancy compared postpartum (48). Similarly, the clearance of lamotrigine, a UGT1A4 probe,
was higher in pregnant women as early as the fifth week of pregnancy and continued to
increase until delivery (49-51). Despite CYP3A4 and UGT1A4 activity increasing more than two-
fold during pregnancy, we only observed a 14% and 38% increase in the concentration of
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43,25(0H)2Ds and 25(0OH)Ds-G, respectively. Due to the low hepatic extraction ratio of
25(0OH)D3, changes in clearance are not only driven by altered hepatic enzyme expression, but
also by changes in the percent unbound of 25(OH)Ds. As previously discussed, the percent
unbound of 25(0OH)D3 decreased approximately 40% during pregnancy, which may explain why
the increase in 43,25(0OH).Ds; and 25(0OH)Ds-G concentration was not as significant as expected
given the putative increases in CYP3A4 and UGT1A4 expression.

In contrast to the liver situation, Tsuproykov et al. and Chapron et al. provided evidence
that 25(OH)D; does not follow the free-drug hypothesis in the kidney, which assumes that only
unbound 25(OH)D3 can distribute into tissues (52, 53). Instead, Chapron et al. (53) used an in
vitro kidney on-a-chip platform to confirm that 25(OH)Ds bound to VDBP can be endocytosed by
megalin and cubilin. We hypothesize that as VDBP concentrations increase through pregnancy,
more 25(0OH)Ds can be delivered to CYP27B1 in the proximal tubule cells of the kidneys and be
converted to 1a,25(0OH).Ds. In addition, increased renal blood flow may contribute to increased
1a,25(0OH).Ds formation during pregnancy (45). CYP27B1 and megalin are also expressed in
the placenta. Megalin expression increases over the course of placental development, which
may lead to a concurrent increase in the uptake of 25(OH)Ds into the placental epithelial cells,
and subsequent placenta CYP27B1-mediated conversion to 1a,25(0OH)2Ds (54).

We observed that concentrations of 25(OH)D; and its metabolites postpartum were
similar to pre-pregnancy levels. Most notably, 1a,25(OH).D3, the metabolite most affected by
pregnancy, returned to pre-pregnancy levels by three weeks postpartum. Additionally, plasma
levels of VDBP and albumin returned to pre-pregnancy levels by six weeks postpartum, though
the return to baseline may have occurred sooner. Samples collect at three weeks postpartum
were not analyzed for plasma protein levels. Earlier and more frequent sampling postpartum
would provide additional insight into how quickly VDBP, albumin, the unbound concentrations
and percent unbound of 25(0OH)D3 and 1a,25(OH).Dsreturn to pre-pregnancy levels.

Longitudinal studies are optimal for studying changes in 25(OH)Ds metabolism during
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pregnancy. With the exception of 1a,25(0OH).Ds, changes in the concentrations of 25(OH)D3; and
its metabolites during pregnancy were small, making them difficult to detect without paired
comparisons. Typically, longitudinal studies compare concentrations of 25(0OH)Ds and its
metabolites during pregnancy to paired postpartum values, rather than paired pre-pregnancy
values. Moreover, there are few reports describing when postpartum levels return to baseline
and if they are reliable surrogates for pre-pregnancy levels (21, 29, 30, 55). Alternatively, some
studies compared concentrations of 25(OH)Ds and 1a,25(0OH),Ds measured in pregnancy to a
cohort of healthy, non-pregnant women or to laboratory reference ranges. By recruiting women
prior to conception or early in the first trimester, we were able to model changes in the
metabolism of 25(OH)Dj3 through the entirety of pregnancy. Additionally, by collecting up to
eleven samples from each participant during pregnancy, these data allow for more statistical
power despite the limited sample size.

While the study described herein adds to the overall understanding of vitamin D
disposition in pregnancy by monitoring concentrations of binding proteins and 25(OH)Ds3
metabolites, there are many limitations to this study. First, this study only presents data from 15
pregnant women from the Pacific Northwest. It is unclear whether the changes observed will be
reflective of pregnant women in general as the biological variability of vitamin D between
individuals is large and the changes in 4f3,25(0OH).D3, 25(0OH)D3-S and 25(0OH)Ds-G
concentrations were relatively small. Additionally, only healthy women participated in our study,
which is likely not representative of women with pregnancy complications, such as preeclampsia
and gestational diabetes. Although quantification of VDBP and albumin was limited to a
restricted number of timepoints in this study due to cost considerations, we were able to report
concentrations at 4 and 8 weeks of gestation which have not previously been described.
Postpartum data were extremely limited; thus we were unable to model changes in 25(OH)D3
and its metabolites after delivery. Collection of samples in the first week postpartum may allow
for postpartum changes in 25(OH)Ds3 disposition to be modeled. Finally, larger studies are
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needed to confirm the observed changes in the concentrations of 25(0OH)D3s metabolites (e.g.,
24,25(0H).D3, 483,25(0H).D3, 25(0H)Ds-S, and 25(0OH)Ds-G), and to include season and race,
confounders of 25(0OH)Ds concentrations, to be included in future models. While describing the
changes in the concentrations of 25(OH)Ds and its metabolites is useful in understanding
changes in vitamin D disposition during pregnancy, more data are needed to link these changes

to maternal and fetal health outcomes.

4.6. Conclusions

This longitudinal observational study measured changes in 25(0OH)Ds and its metabolites
in 15 women sampled prior to pregnancy, throughout pregnancy, at delivery, and postpartum.
Serum concentrations of 25(OH)Ds increased by nearly 50% during pregnancy, with a higher
proportion of subjects being vitamin D sufficient in the third trimester compared to pre-
pregnancy. As seen in other studies, 1a,25(OH),Ds concentrations increased by nearly two-fold
compared to pre-pregnancy. However, we were able to confirm that 1a,25(0OH)2D3
concentrations were elevated as early as 4 weeks of pregnancy. Serum levels of VDBP
increased by more than two-fold, while albumin concentrations fell by 25% during pregnancy.
This resulted in a decrease in the unbound concentrations and percent unbound of both
25(0OH)D3 and 1a,25(0H).Ds during pregnancy. The concentrations of 24,25(0OH).D; decreased
by nearly 15% in the first trimester and then steadily increased to more than 25% above pre-
pregnancy levels in the third trimester. Circulating levels of 25(OH)Ds-S decreased by 25%
during pregnancy. Circulating concentrations of 43,25(0OH).Ds; and 25(OH)Ds-G increased by
less than 40%, despite presumed 2-fold higher CYP3A4 and UGT1A4 expression during
pregnancy, likely due to the decreased fraction unbound of 25(OH)Ds. Concentrations of
25(0OH)Ds and its metabolites, except for 24,25(0OH).Ds, returned to pre-pregnancy levels by
three weeks postpartum. The disposition of 25(0OH)D3 and its metabolites was altered during

pregnancy and additional studies are required to determine the underlying mechanisms and
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significance of these results for maternal and fetal health.
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4.8. Tables

Table 4.1. Retention time, precursor molecular ion/product ion for quantification of hydroxylated and conjugated metabolites of

25(OH)D:s.

Analyte Retention Precurso Produc Dp? CE® LLOD Standard Curve
Time rlon tlon V) V) Range
(min)

Hydroxylated Metabolites

Vitamin D3 22.2 603.2 163.1 276 53 0.06 ng/mL 0.09 — 22 ng/mL

ds-vitamin D3 22.1 610.2 163.1 276 53 - -

25(0OH)Ds 18.3 619.2 601.1 196 27 0.1 ng/mL 0.2 - 50 ng/mL

ds-25(0OH)Ds 18.2 625.4 341.1 196 31 - -

24R,25(0OH).Ds 13.9 635.2 341.1 66 35 0.03 ng/mL 0.06 — 15 ng/mL

ds-24R,25(0H)2D3 13.7 641.2 341.1 66 35 - -

10,25(0H)2Ds 15.7 635.2 357.1 146 33 1.6 pg/mL 2 — 800 pg/mL

4$3,25(0H).D3 155 635.2 357.1 146 33 1.6 pg/mL 2 — 800 pg/mL

de-10,25(0OH).Ds 15.6 641.2 357.1 146 33 - -

Conjugated Metabolites

25(0OH)Ds-S 10.78 699.5 323.0 100 45 0.5 2.4 -96

ds-25(OH)Ds-S 10.72 705.5 323.0 100 45 - -

25(0OH)Ds-G 9.59 795.5 341.1 100 42.5 0.2 0.3-115

ds-25(0OH)Ds-G 9.56 801.5 341.1 100 42.5 - -

@ declustering potential
b collision energy
¢ lower limit of detection
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Table 4.2. Demographics of participants at the first study visit.

Parameter value
(N =15)
Age (years) 31+4
Weight (kg) 60 £ 10
BMI (kg/m2) 22+3
Race
White 10
Asian/Pacific Islander 4
Black 1
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Table 4.3: Final model estimates (betas) of the effect of gestational age on 25(0OH)D3 and its metabolites during pregnancy.

Metabolite Model Intercept Gestational Age (Gestational Age)? (Gestational Age)?® p-value
type

25(0OH)Ds3 linear 24.5 0.314 - - <0.001

(ng/mL) (19.1, 29.8) (0.247, 0.380)

1a,25(0OH).Ds  quadratic 41.7 2.24 -0.0284 - <0.01

(pg/mL) (33.6, 49.9) (1.50, 2.98) (-0.0467, -0.0103)

24,25(0H)2Ds cubic 2.36 -0.113 7.14x 103 -1.01 x 10* <0.001

(ng/mL) (1.81, 2.92) (-0.172, -0.054) (3.68 x107%,1.06 x 10?%) (-1.59 x 10*, -4.42 x 10%)

4(3,25(0H).Ds linear 71.6 0.466 - - <0.01

(pg/mL) (49.2, 93.8) (0.142, 0.790)

25(0OH)Ds-S linear 40.5 -0.228 - - <0.001

(ng/mL) (32.4, 48.5) (-0.304, -0.152)

25(0OH)D3-G linear 1.38 0.00117 - - <0.01

(ng/mL) (0.89,1.87) (0.00421, 0.0192)

Values = mean (95% Confidence Interval)
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Table 4.4. Observed concentrations of 25-hydroxyvitamin Ds; and its metabolites before pregnancy, during pregnancy, at delivery,

and postpartum.

Study Day N 25(0OH)Ds 1a,25(0OH);Ds  24,25(0OH).Dsz  4f3,25(0OH).Ds 25(0OH)Ds-S 25(0OH)Ds-G
(ng/mL) (pg/mL) (ng/mL) (pg/mL) (ng/mL) (ng/mL)

Pre-pregnancy 12 26.2+7.1 35.8 £10.5 2.59 + 0.80 81.5+32.6 43.4+ 22.9 1.30+0.81
Pregnancy

4 weeks 11 24.1+£6.8 49.1+13.6° 1.91+0.85 104.3 +47.3 41.4+195 1.22+0.79

8 weeks 14 26.8 £ 6.6 62.6 + 21.2" 1.69 + 0.65" 63.2 £ 24.5 39.3+19.7 1.35+0.92

12 weeks 13 27.4+£8.9 62.6 £ 13.9™ 1.92+0.80 67.8 £ 33.0 39.0+£20.8 1.53+0.72

16 weeks 14 30.3+9.7 71.0£14.8™ 2.15+0.80 68.4 +31.1 37.5+16.6 1.82+0.92

20 weeks 15 31.0+122 74.2 £21.3™ 2.23+1.10 73.7+43.2 36.0 £ 15.6 1.55+1.01

24 weeks 15 33.3+105 77.6£19.9™ 2.40+1.13 82.4+49.2 33.2+14.0 1.64 £ 0.96

28 weeks 14 32.1+11.0 77.9+13.1" 2.48 +1.18 93.5+56.1 32.3+14.0 1.82+1.18

32 weeks 15 36.1+13.0 92.0£28.7" 2.65+1.17 91.0+44.8 33.2+13.8 2.02+1.13

36 weeks 15 36.1+15.0 81.7 £ 25.1™ 2.82 +1.40 93.3+52.6 32.3+11.9 1.65+1.34

38 weeks 11 33.2+11 89.6 £ 19.5™ 2.65+1.24 87.3+72.4 31.2+11.6 1.75+1.44

40 weeks 36.2+18.1 89.2 +£ 26.2" 3.17+1.85 99.7 £ 78.6 29.5+8.8 1.69+1.24

Delivery 315+114 82.2 £19.3" 2.89+1.63 725+42.4 325+ 14.6 1.14+0.61
Postpartum

3 weeks 13 314+114 45.7 + 30%# 3.62+1.31 85.2+42.4 33.0+12.8 1.56 + 1.09

6 weeks 13 28.8+8.2 46.3 + 26.6" 3.22+0.89 81.8+38.0 34.0+11.2 1.51+1.03

12 weeks 12 25.0+7.4 53.5 £ 29.7%# 25+0.7 69.9 £ 23.5 34.3+13.3 1.27 £ 0.79

Values = mean + standard deviation
"p<0.05 " p<0.01,™ p <0.001 compared to pre-pregnancy using a Wilcoxson rank-summed test
#p<0.05 #* p<0.01, * p <0.001 compared to 36 weeks of gestation using a Wilcoxson rank-summed test
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Table 4.5: Final model estimates (betas) of the effect of gestational age on vitamin D binding protein, albumin, and the unbound

concentrations of 25(0OH)Ds and 1a,25(0OH).D3 during pregnancy.

Model Type Intercept Gestational Age (Gestational Age)? p-value
VDBP . 214 11.5 -0.151
(ug/mL) quadratic (189, 240) (9.7, 13.3) (-0.198, -0.102) <0.001
Albumin . 4.5 -0.059 6.9 x 10
(g/dL) quadratic (4.4, 4.7) (-0.070, -0.048) 4.0x 104 99x10% <0001
Unbound 25(0H)Ds . 20 -0.37 7.6 x 10
(pg/mL) quadratic (17, 22) (-0.54,-0.19) (3.0 x 10%, 0.012) <001
Percent Unbound uadratic 0.081 -2.1x10°3 3.3x10° < 0.001
25(0H)Ds q (0.077, 0.085) (-2.5x 103, -1.8 x 109) (2.4 x 10%, 4.1 x 10%) '
Unbound 1a,25(0OH),Ds : 0.60 3.5x10°% i
(pg/mL) linear (0.51, 0.68) (4.8 x 10%, 6.4 x 107 <0.05
Percent Unbound uadratic 0.56 -0.014 2.1 x10* <0001
1a,25(0H).Ds q (0.53, 0.58) (-0.016, - 0.012) (1.5 x 104, 2.6 x 10 :

Values = mean (95% Confidence Interval)
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Table 4.6. Observed concentrations of vitamin D binding protein (VDBP) and albumin, and calculated unbound concentrations and

percent unbound of 25-hydroxyvitamin and 1a,25-dihydroxyvitamin Ds.

Study Day (n) n (El/g_:?/riPL) A(Ig;:jr:;n 2USn(lé)oI-L|j)?Dd3 Wg&g%gd 1al,J2nStEOOul-r|])dzD3 % Unbound
(pg/mL) (pg/mL) 1a,25(0OH)2Ds
Pre-Pregnancy 12 238 + 33 45+0.3 21+4 0.077 £ 0.009 0.46 £ 0.99 0.53+0.06
Pregnancy
4 weeks 11 239 + 35 4.4+0.2 19+6 0.077 £ 0.010 0.63+0.19 0.53 + 0.06
8 weeks 13 296 + 45" 42+0.3 17+4 0.064 + 0.009™ 0.69 £ 0.31" 0.45 + 0.06™
16 weeks 14 371 +£43™ 3.7+0.2™ 165 0.052 + 0.005™ 0.64+0.16™ 0.38 £ 0.04™
24 weeks 15 400 + 60™ 3.5+0.2™ 165 0.049 + 0.006™ 0.66 +0.15™ 0.36 £ 0.04™
32 weeks 15 428 +56™ 3.4+02™ 165 0.046 + 0.006™ 0.73+0.18™ 0.34 £ 0.04™
Postpartum
6 weeks 13 246 + 33" 4.4 £ 0.2" 21+6 0.075 £+ 0.009 0.58 + 0.33' 0.52 +0.06"

Values = mean + standard deviation
"p<0.05 " p<0.01, ™ p <0.001 compared to pre-pregnancy using a Wilcoxson rank-summed test
"p<0.05 *"p<0.01, " p<0.001 compared to 36 weeks of gestation using a Wilcoxson rank-summed test
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Figure 4.1: Metabolic scheme of vitamin Dz and selected metabolites.
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mixed-effects fits for each subject. Each color represents one subject.
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the loess line. Each point represents the residuals for individual data. Each color represents one subject.
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Chapter 5.
A Semi-Mechanistic Modeling Approach Evaluating 48,25-dihydroxyvitamin Dz as a

Potential Biomarker of CYP3A4 Inhibition and Induction

5.1. Abstract

Investigation of the risk of a new molecular entity (NME) to precipitate drug interactions
is an essential part of drug development. To study drug-drug interactions in clinical
development, NMEs are simultaneously administered with a probe substrate. The endogenous
compound, 43,25-dihydroxyvitamin D3 (43,25(0OH).Ds), has been proposed as a biomarker of
CYP3A4 activity. To ascertain the utility of 43,25(0OH).Ds as an endogenous biomarker, we
developed a semi-mechanistic pharmacokinetic-pharmacodynamic (PKPD) model to describe
the pharmacokinetics of midazolam, clarithromycin, rifampin, 25-hydroxyvitamin D; and
43,25(0H),Ds. Midazolam, clarithromycin, and rifampin models were developed using data from
published clinical studies. The full PKPD model was fit to data from a healthy volunteer clinical
study measuring the changes in 43,25(0OH).Ds after treatment with water, 250 mg of
clarithromycin twice a day, 600 mg of rifampin daily, or 250 mg of clarithromycin twice a day in
combination with 600 mg of rifampin daily for 14 days. To assess the dynamic range of
43,25(0H).Ds as a biomarker, model simulations were conducted for a range of mechanism-
based inhibitors (MBIs) and inducers. After 14 days of treatment with an MBI of CYP3A4, a
50%, 75% and 90% reduction in CYP3A4 activity resulted in an estimated 20%, 35% and 45%
decrease in the 43,25(0OH).Ds concentrations, respectively. After 14 days of treatment with a
CYP3A4 inducer, a 1.2-, 2- and 5-fold induction of CYP3A4 activity was predicted to increase
43,25(0H).Ds levels by approximately 10%, 50%, and 200%, respectively. While this model
supports that 43,25(OH).Ds has potential as a biomarker of CYP3A4 activity, additional data

from clinical studies are required to verify the utility and dynamic range of 43,25(OH).Ds.
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5.2. Introduction

Characterizing the inhibitory and inductive effects of a new molecular entity (NME) is a
critical step in drug development (1, 2). While in vitro and animal models are useful tools to
investigate potential drug interactions, they frequently do not predict what will happen in human
trials (3-5). Currently, drug-drug interactions (DDIs) in humans are assessed by the
administration of a probe substrate, such as midazolam for cytochrome P450 3A4 (CYP3A4)
activity, with and without the potential precipitant NME in development (6). However, traditional
DDI studies require time, resources, and expose additional study participants, usually healthy
volunteers, to an investigational drug. (7). Endogenous biomarkers of drug metabolizing enzyme
or transporter activity may serve as a useful tool early in clinical development to evaluate the
potential of an NME to cause a drug interaction (8).

One of the first reported CYP3A4 biomarkers is 6p3-hydroxycortisol, a metabolite of
cortisol formed solely by CYP3A4. The advantage of 63-hydroxycortisol as a biomarker is that
the 6B-hydroxycortisol-to-cortisol ratio can be measured in urine, which is a less invasive
method of sample collection. Additionally, the short half-life of 63-hydroxycortisol results in rapid
changes in the 6B-hydroxycortisol-to-cortisol ratio in response to enzyme inhibition. One
weakness of 63-hydroxycortisol-to-cortisol ratio is the high degree of intra-individual variability
due to diurnal variation in cortisol formation (9). As such, the timing and length of urine
collection must be carefully considered when designing clinical studies (9).

A newer proposed endogenous biomarker of CYP3A4 activity is 43-hydroxycholesterol
(4B(OH)C) (2, 7). First reported in 2001, Bodin et al. found that 43(OH)C concentrations in
patients treated with carbamazepine, phenytoin, and phenobarbital (known inducers of
cytochrome P450 activity) were 7-8-fold higher compared to 43(OH)C concentrations in healthy
volunteers (10). A screening with recombinant CYP enzymes determined that 43(OH)C was
formed from cholesterol by CYP3A4 (10). Additional studies have been conducted with a range
of rifampin doses (10 — 500 mg per day QD) to show dose-dependent increases in 4p(OH)C
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concentrations with increasing levels of induction after 14 days of rifampin treatment (11-14).
Studies of competitive inhibition of CYP3A4 have shown that 43(OH)C is also responsive to
inhibition by ketoconazole after treatment for 2 weeks (15). Diczfalusy et al. estimated the half-
life of 43(OH)C as 17 days (16). The long half-life of 43(OH)C is the likely cause of the low intra-
individual variability in 48(OH)C concentrations (2, 9, 16).

Semi-mechanistic and population pharmacokinetic/pharmacodynamic (PK/PD) models
have been used to investigate the sensitivity and dynamic range of changes in 43(OH)C
concentrations relative to midazolam area under the concentration-time curve (AUC) (7, 17).
Using a semi-mechanistic PK/PD model, Leil et al. predicted that after 14 days of treatment with
a potent CYP3A4 inducer, the concentration of 43-hydroxycholesterol would increase by more
than 250% (7). Treatment with weak or moderate inducers would increase 43(OH)C
concentrations by approximately 20 to 100% and could be detected with an adequate sample
size (7). 4B(OH)C is not as sensitive for CYP3A4 inhibition, as clinical data and modeling
suggest that only strong competitive inhibition is detectable, due to the long half-life of
43,25(0H).Ds and typical degree of variability in the analytical assay (7, 15). The predicted
sample size that would be required to detect weak or moderate competitive inhibition (n = 50 to
80) is likely too large to be practical in Phase 1 clinical studies, which usually include 6 to 20
subjects per dosing group (7).

Recently, 4B,25-dihydroxyvitamin Dz (43,25(0OH).Ds) has been proposed as a potential
endogenous biomarker of CYP3A4 induction and inhibition based on in vitro data (18-20).
Formed solely by CYP3A4, 43,25(0OH);Ds is a metabolite of 25-hydroxyvitamin D3 (25(OH)D3),
the major circulating form of vitamin D3 (20, 21). Both in vitro and in vivo studies showed that
treatment with rifampin increased 43,25(OH).Ds concentrations (18, 20). In a study with 23
healthy volunteers, plasma 4f3,25(0OH).Ds increased by 60% following oral treatment with 300

mg of rifampin QD for 6 days (20).
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In a clinical study of deuterium-labeled de-25(OH)Ds; administered intravenously to
healthy subjects, the half-life of deuterated 25(OH)D; was estimated as 21.9 £ 5.7 days (Simon
Hsu, personal communication), similar to previous estimates (22, 23). The half-life of
43,25(0H).Ds is unknown. Wang et al. suggested that low circulating concentrations of
483,25(0OH).D3 relative to 24,25-dihydroxyvitamin D3 (24,25(0OH).D3), an inactive metabolite of
25(0OH)Ds3, might indicate that 4,25(OH).Ds elimination is more rapid than 24,25(0OH).Ds (24).
However, in cases where the half-life of the metabolite is shorter than the parent molecule,
metabolite elimination is limited by its formation, and the metabolite has the same apparent half-
life as the parent (25). Similar to 4B(OH)C, the long half-life of 25(OH)D3 likely makes it difficult
to detect rapid changes in CYP3A4 activity caused by competitive inhibition following a single
dose of the precipitant. However, prolonged treatment with a potent competitive inhibitor or a
mechanism-based inhibitor (MBI) of CYP3A4, such as clarithromycin, may be detectable. Unlike
competitive inhibitors, MBIs irreversibly bind to an enzyme rendering it inactive (26, 27). MBIs
reduce the amount of functional enzyme until new enzyme can be synthesized and, therefore,
decrease the metabolic clearance of the object drug (26, 27).

Before 43,25(0OH).Ds can be applied in clinical drug development as a biomarker of
CYP3A4 activity, the dynamic range of 4[3,25(0OH).D3; to CYP3A4 inhibition and induction in
comparison to CYP3A4 probe substrates should be well-understood. To assess the sensitivity
of 4[3,25(0OH).Ds; compared to midazolam, a typical CYP3A4 probe, we developed a semi-
mechanistic PK/PD model linking CYP3A4 enzyme levels, the effect of either rifampin or
clarithromycin treatment, and the resulting PK of midazolam or 25(0OH)D3 and 4f3,25(0OH).Ds.
The midazolam, clarithromycin, and rifampin PK/PD models were built using published models,
in vitro parameters, and clinical PK data. Published midazolam concentration vs. time data were
used to verify the effects of clarithromycin and rifampin on CYP3A4 activity. To build the
25(0OH)Dsand 483,25(0OH).D3 portions of the model, we used data from a clinical study in which
25(0OH)Ds and 43,25(0OH).Ds concentrations were monitored during 14 days of treatment with
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clarithromycin, rifampin, or clarithromycin and rifampin in healthy volunteers. Non-linear mixed
effects (NLME) modeling with first-order condition estimation (FOCE) was used to optimize
PK/PD parameters in MATLAB Simbiology. After verification of the model, we conducted
simulations to compare the ability of 43,25(OH).Ds vs. midazolam to detect changes in CYP3A4

activity.

5.3. Methods

5.3.1. Overview

A flow chart of model development is presented in Figure 5.1. Semi-mechanistic
pharmacokinetic models were developed for midazolam, clarithromycin, rifampin, 25(OH)D3; and
43,25(0H);Ds. The structural models of midazolam, clarithromycin, and rifampin were adapted
from previously published models (28, 29). The structural model of 43,25(0OH).D3; was adapted
from the Leil et al. model of 43(OH)C-drug interactions (7). Pharmacokinetic parameters were
optimized and verified using the data from published clinical studies in healthy adults for
midazolam, rifampin and, clarithromycin. Details for the clinical data for the vitamin D model are

presented in Section 5.3.3.10.

5.3.2. Simulated Study Population for Model Development

Due to the large proportion of clinical studies with all male participants, the simulated
population for model development was built upon a normal distribution of a mean body weight
(BW) of 75 * 15 kg (20% coefficient of variation). Allometric scaling was applied to calculate
hepatic blood flow (Qw) from body weight (Equation 5.1) (30). Portal vein blood flow (Qev) and
hepatic artery blood flow (Qna) were calculated as 75% and 25% of Qu, respectively.

Qy = 3.75- BWO°75 (5.1)
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5.3.3.  General Model Development Strategy

Physiological parameters were obtained from literature values (28). Midazolam,
clarithromycin, and rifampin models incorporated compartments representing the gut lumen, gut
wall, portal vein, and liver. The volume of the gut lumen (VeL) was equivalent to the volume of
liquid administered with an oral dose of the drug (250 mL). The volume of the gut wall (Vew, 250
mL), portal vein (Vpy, 70 mL), and liver (Vu, 2.8 L) were obtained from previously published
semi-mechanistic models (listed in Table 5.1) (31). Additional clinical data such as urinary
excretion and fraction unbound were incorporated into model development. Renal clearance of
midazolam, clarithromycin, and rifampin (CLr) were obtained from the mean of literature
estimates.

Clearance from the liver (CLy) was calculated using the well-stirred hepatic clearance
model (Equation 5.2), where f, is the fraction unbound of the drug and CLin+ is the intrinsic
clearance in the liver. CLinn Was calculated by the Michaelis-Menten equation (Equation 5.3),
where Vmaxn is the maximum metabolic capacity of the liver, Km is the Michaelis-Menten
constant (concentration at half of Vimax ), fuis the fraction unbound and Chis the total drug

concentration in the liver.

Qu- fu ’ CLint,H (52)
CLH =
Qu + fu ' CLint,]—[
VmaXH (53)
CLir oy = —maxH
mtH = g 4+, - Cy

It was assumed that oral doses of midazolam, clarithromycin, and rifampin were
instantaneously available in the gut lumen. For midazolam and clarithromycin, metabolism in the
gut wall was assumed to be solely by CYP3AA4. Intrinsic clearance from the gut (CLincw) Was
assumed to follow Michaelis-Menten kinetics, where Vmaxew is the maximum metabolic capacity

of the gut wall and Cew is the total concentration of drug in the gut wall (Equation 5.4). The K is
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the Michaelis-Menten constant in the gut and was assumed to be equivalent to the value in the
liver.

— Vmax,GW (5-4)

CL;
Parameters were fit to the previously published clinical studies using nonlinear mixed-
effects (NLME) modeling with first-order conditional estimation (FOCE). Intravenous, oral, and

multiple dosing, when applicable, were fit simultaneously. The final model parameters are

presented in Table 5.2.

5.3.3.1. Midazolam Model Development

The structural model for midazolam was previously described by Zhang et al., Chien et
al., and Quinney et al. (1, 28, 32). Midazolam is best described by a two-compartment model
(Figure 5.2). The mass balance equations are provided by Equations 5.5-5.10, where Acimpz,
Acw,mpz, Apv,mpz, Anmoz, Acmpz, @and Apvpz are the amounts of midazolam in the gut lumen, gut
wall, portal vein, liver, central compartment, and peripheral compartment, respectively; Cei mpz,
Cowmbz, Cpv.mpz, Chmpz, Cempz, and Cpmpz are the concentrations of midazolam in the gut
lumen, gut wall, portal vein, liver, central compartment, and peripheral compartment,
respectively; kampz is the first-order absorption rate constant for midazolam; CLintcw,mpz is the
intrinsic clearance of midazolam from the gut; CLnmpz is the hepatic clearance of midazolam;
CLerermpz is the clearance between the central and peripheral compartment of midazolam; and
CLrmpz is the renal clearance of midazolam. The model assumed that all gut and hepatic
metabolism was by CYP3A4.

dAgLMpz _ (5.5)

dt - _CGL,MDZ ' VGL ' Ka,MDZ
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dAgw,mpz (5.6)
T CeLmpz * VoL " Kampz — Cewmpz * Vew * Kampz — Cew,mpz

* CLint,gw,MDZ

dApy mpz (5.7)
—a Cew,mpz * Vew * Kampz + Compz - Qev — Cpvmpz - Qpy
dAy Mpz (5.8)
—at Cpyv,Mpz * Qpv + Ccmpz - Qua — Cumpz - Qu — Cumpz - CLympz
dAcmpz (5.9)
4t Cumpz " Qu + Cpmpz - CLper,Mpz — Cempz * Qua — Cempz * Qpv

_CC,MDZ ’ CLR,MDZ - CC,MDZ ' CI-‘PER,MDZ

dAp g (5.10)
—at_ Cempz Clegrmpz — Cpmpz * CLperMDZ

5.3.3.2. Clarithromycin Model Development

The structural model for clarithromycin was previously described by Quinney et al. (28).
Clarithromycin is best described by a one-compartment model (Figure 5.2). The mass balance

equations are provided by Equations 5.11-5.15:

dAgL,cLAR (5.11)
T = _CGL,CLAR VoL Ka,CLAR
dAgw,cLar (5.12)
T = Cgr,cLar " VoL " Kacrar — Cow,crar * Vow " Kacrar — Cow,cLar

’ CLint,GW,CLAR

dApy,cLAR (5.13)
—a Cow,crar " Vow " Kacrar + Cecrar - Qpv — Cpy,crar - Qpy
dAy,cLar (5.14)
o Cpvcrar “ Qpv + Cecrar * Qua — Crcrar - Qu — Chcrar " ClycLar
dAccLar (5.15)
T Ch,cLar " Qu — Cecrar “ Qua — Cecrar - Qpv — Cecrar * CLrcLar

where AGL,CLAR, AGW,CLAR, APV,CLAR, AH,CLAR, and AC,CLAR are the amounts of clarithromycin

in the gut lumen, gut wall, portal vein, liver and central compartment, respectively; CcL cLar,
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Cow.cLar, Crv.cLar, Ch,cLar, and CccLar, are the concentrations of clarithromycin in the gut lumen,
gut wall, portal vein, liver, and central compartment, respectively; KacLar is the first-order
absorption rate constant of clarithromycin; CLincw.cLar IS the intrinsic clearance of clarithromycin
from the gut; CLu,cLar is the hepatic clearance of clarithromycin; and CLgrcLar is the renal
clearance of clarithromycin. The model assumed that all gut and hepatic metabolism was by

CYP3AA4.

5.3.3.3. Rifampin Model Development

The structural model for rifampin was previously described by Smythe et al. (29).
Rifampin is best described by a one-compartment model (Figure 5.2). Rifampin auto-induces its
own metabolism by arylacetamide deacetylase (AADAC). The differential equation of the
amount of AADAC is provided in equation 5.16, where En aapac is the total concentration of
AADAC in the liver, Roaapac is the rate of AADAC synthesis, Emaxaapac is the maximal increase
in the production rate of AADAC, ECso.aapac is concentration of rifampin required to achieve half
of the Emaxaapac, Chriris the concentration rifampin in the liver and Kgeg.aapac is the degradation
rate of AADAC. Values for Roaapac and Kgeg,aapac Were obtained from Smythe et al. and the

ECso.2apac Was obtained from Hanke et al. (29, 33).

dEaspach _ o <1 4 EmaxAADAC” ChriF ) K B (5.16)
—at 0,AADAC ECso.aanac + Crir deg,AADAC * EH,AADAC
The mass balance equations for rifampin are provided by Equations 5:17-5.22:
dAgLRrIF (5.17)
T = —CoLrir * VoL " Karir
dATRANS,RIF 5.18
T = CGL,RIF ’ VGL ’ ka,RIF - CTRANS,RIF ! VTRANS ' Ka,RIF ( )
dAGw RIF 5.19
T = CTRANS,RIF ! VTRANS ! Ka,RIF - CGW,RIF ' VGW ' Ka,RIF ( )
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dApy RriF (5.20)

T Cew,rir * Vow * Karir + Corir - Qpv — Cpvrir " Qpy
dAy riF (5.21)
T Cpvrir - Qpv + Cerir - Qua — Chrir * Qu — Curir * CLyrir
dAc rir (5.22)
T Curir " Qu — Corir - Qua — Cerir - Qpv — Cerir " CLR rIF

where AcLriF, Atrans RIF, Acw.riF, ApvriF, Anrir, and Acrir are the amounts of rifampin in the gut
lumen, transit compartment, gut wall, portal vein, liver and central compartment, respectively;
CoLrir, Crransrir, Cowrir, Cevrir, Chrir, and Ccrir, are the concentrations of rifampin in the gut
lumen, transit compartment, gut wall, portal vein, liver, and central compartment, respectively;
karie is the first-order absorption rate constant of rifampin; CLurir is the hepatic clearance of
rifampin; and CLgr i is the renal clearance of rifampin. The model assumed that all hepatic

metabolism of rifampin was by AADAC.

5.3.3.4. CYP3A4 enzyme model

In the absence of a CYP3A4 inducer or MBI, the amount of CYP3A4 in the liver and gut
at steady-state (Eo.cvrsas) is determined by the zero-order formation rate constant (Ro,cypzas) and
the first-order degradation constant (Kdeg,cyrzas) (Equation 5.23). For CYP3A4, Eocypzaa
represents the baseline normalized levels of CYP3A4, and the half-life (ti2,cvp3as) was assumed
to be 28 hours in the gut and the liver. The value of Kqeg,cvrzas Was calculated as In(2)/tyz,cypsas
and was estimated to be 0.025 hr! (28). At steady-state, the rate of formation is equal to the
rate of degradation (Equation 5.24), thus the resulting Ro,cyrsas is 0.025 hrt when enzyme half-
life is converted to a rate constant using the equation Ro,cyrzas = IN(2)/t1/2,cypzas.

dEocypsas (5.23)
—a - Rocyp3as — Kdegcypsas * Eocypsas

Rocyp3as = Kdegcypsas * Eocypsas (5.24)
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5.3.3.5. Incorporating Competitive Inhibition of CYP3A4

Clarithromycin and rifampin are weak competitive inhibitors of CYP3A4, affecting the
intrinsic clearance of both midazolam and clarithromycin. Competitive inhibition by
clarithromycin and rifampin were incorporated into the intrinsic clearance equations by replacing
the K, with the apparent K (Equation 5.25 and 5.26), where Cciar.cw and Ccrarn are the
concentrations of clarithromycin in the gut wall and liver, respectively; Crircw and Cgrirn are the
concentrations of rifampin in the gut wall and liver, respectively; and KicLar and Kirie are the
reversible inhibitory constants of clarithromycin and rifampin for CYP3A4, respectively. The K;
values were obtained from published in vitro studies and were assumed to be equivalent in the
gut wall and the liver (28). Cew and Cy are the gut wall and hepatic concentrations of the
substrate (e.g., midazolam, rifampin, clarithromycin or 25(OH)Ds).

VmaX,GW

C C 2
K, - (1 4 Gowcerar GW,RIF) + Caw (5.25)
Kictar = Kirir

CLintow =

Vmax,H
C C 2
K, - (1 n KH,CLAR + KH,RIF) +Cy (5.26)
icLAR  KiRiF

CLint,H =

5.3.3.6. Incorporating Mechanism-Based Inactivation of CYP3A4

Due to mechanism-based inhibition by clarithromycin, the observed degradation rate of
CYP3A4 is increased after clarithromycin administration. The resulting Kdeg,cypzaa,obs, the
observed degradation rate of CYP3A4 in the presence of clarithromycin, is calculated by
Equation 5.27, where kinact is the maximum rate of inactivation the inhibition constant K| is the
clarithromycin concentration at 50% of Kinact, and Ccrar represents the concentrations of
clarithromycin in the gut wall or liver. The values of kina: and K, were obtained from Quinney et

al. (28).
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kinact " CcLar

) x 4 Sinact * LCLAR 5.27
deg,CYP3A4,0bs deg,CYP3A4 K; + Ccrar ( )

The differential equations of CYP3A4 expression in the gut wall in the presence of

clarithromycin are presented in Equations 5.28 and 5.29.

dEgw cyp3as Kinact - Cow,cLAR
—a Ro,cypsas — | Kdegcypsas — Ecw,cyp3as (5.28)
t Ki + Cow,cLar
dEg cyp3as Kinact * CH,cLAR
—a Rocypsas — | Kdegcyrzas ————~——— | " Encyp3as (5.29)
t Ki + ChcLar

5.3.3.7. Incorporating CYP3A4 Induction

In the presence of the CYP3A4 inducer, rifampin, the synthesis rate of CYP3A4 is
increased. The resulting Ro.cvypsas,obs, the observed synthesis rate of CYP3A4, in the presence of
rifampin is calculated by Equation 5.30; where Emax,cvp3as IS the maximum increase in the
enzyme synthesis rate, ECso,cyrsas is the concentration of rifampin at which half of the Emax.cypsas
is reached, and Cgr is the concentration of rifampin in the gut wall or liver. The ECso cypzas Was
obtained from published in vitro studies and were assumed to be equivalent in the gut wall and

the liver (33). The estimate for Emax.cyrsa Was optimized during model development.

Emax,cyp3as * Crir
Ro,cypsas,ops = Ro,cypzas - (1 + = 5.30
ECs0,cyp3as + Crir
The differential equations for CYP3A4 expression in the gut wall and liver in the
presence of rifampin are presented in Equations 5.31 and 5.32, respectively.
dEgw,cyp3as Emax,cyp3as " CowRrIF
—a Rocypsas |1+ Eg; ZXCYP3A4 T Cowrin) Kdeg,cypsas " Ecw,cypsas (5.31)
dEH,CYP3A4 E ,CYP3A4 * CH,RIF
—a Rocypsas |1+ E(;I;ZXCYpsAz; F Come) Kdeg,cypsas " Encypsas, (5.31)
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5.3.3.8. Verification of Midazolam, Clarithromycin, and Rifampin Models

Published clinical studies were used to qualitatively and quantitatively evaluate the
predictive performance of the midazolam, clarithromycin, and rifampin models. Simulations were
performed using MATLAB SimBiology model analyzer (version 2019B), incorporating the dosing
data for each study. Each model was evaluated by comparing observed and predicted
concentration-time profiles, area under the concentration-time curve, and maximum plasma
concentration (Cmax) values. The PKNCA package in R was used to estimate AUC from the
simulated data (version 0.9.1) (34). To quantify the predictive performance of the model the

geometric mean fold error (GMFE) was calculated using Equation 5.33:

pred PK parameter
(Z l°g10( /obs PK parameter))

(5.33)

n

GMFE = 10
where pred PK parameter is the model predicted estimate of AUC or Cnax, 0bs PK parameter is

the reported estimate of AUC or Cmax, and n is the number of simulations for each drug.

5.3.3.9. Assessment of DDI Predictions

The DDI model performance was evaluated by a comparison of the plasma-
concentration time curve of the midazolam alone and in combination with clarithromycin or
rifampin. The DDI ratio of the AUC and Cnax of midazolam were calculated by Equation 5.34
and 5.35. To quantitatively assess the predictive performance of the DDI, the GMFE of the AUC
and Cmax DDI ratios were calculated according the Equation 5.33.

AUCMpz ppI (5.34)

AUC DDI ratio =
AUCMDZ alone

C
Ciax DDI ratio = —2axMDZDDL (5.35)

max,MDZ alone

145



5.3.3.10. Vitamin D-Drug Interaction Clinical Study Design

Healthy volunteers were recruited to participate in a randomized open-label clinical study
to determine if vitamin D and bone mineral homeostasis are sensitive to changes in intestinal
and hepatic CYP3A4 activity caused by rifampin, grapefruit juice and/or clarithromycin
treatment. Selected data from the water (200 mL QD), rifampin (600 mg QD), clarithromycin
(250 mg BID), and rifampin + clarithromycin (600 mg QD and 250 mg BID, respectively) were
used to develop the vitamin D model for this chapter. Three baseline samples were collected on
Study Days 1, 4, and 7. Participants received one of the treatments on Days 8 through 21
(samples collected on Study Days 9, 12, 15, 18, 21). Subjects were followed through day 35
(samples collected on Study Days 23, 25, 28, 31, 35). The data used in the PK/PD model

included 710 483,25(0OH).D3 and 25(OH)D3 concentrations.

5.3.3.11. 25-hydroxyvitamin Dz and 4f,25-dihydroxyvitamin Dz Model Development

The proposed model for 25(0OH)Ds and 4,25(0OH).Ds is shown in Figure 5.2. The

synthesis rate of 25(OH)Ds (Ksyn,250H)p,) Was assumed to be zero-order and constant throughout

the study. The elimination of 25(OH)Ds by all pathways except for 4(3,25(OH).Ds were summed

as the elimination rate constant (Kotner,25(0H)p5). The volume of distribution of 25(OH)D3 (Vason)p.)

was estimated from a clinical study of the deuterium-labeled 25(OH)Ds (Chapter 3). The volume

of distribution of 43,25(0OH).Ds (Vag,2s(0H),0,) Was assumed to be equal to that of 25(OH)Ds. The
formation of 4(3,25(OH).Ds (CLint4g,25001),0,) Was assumed to follow Michaelis-Menten kinetics

and incorporated the changes in hepatic CYP3A4 and competitive inhibition by clarithromycin

and rifampin (Equation 5.36), where Vmax g 25(0H),0, iS the maximum metabolic capacity of
hepatic CYP3A4, KnzsoH)p, is the Michaelis-Menten constant (concentration at half of Vimax,n),
fu2s0mp, IS the fraction unbound of 25(0OH)Ds and Casonyp, is serum concentration of 25(OH)Ds.

The elimination of 43,25(0OH)2Ds (Kaeg, 4p,25(01),0,) Was assumed to follow first-order kinetics. The

146



mass balance equations are provided by Equations 5.37 and 5.38. The model was fit to the data

using MATLAB SimBiology (2019B) with FOCE estimation and 1000 iterations.

CLint,4B,25(OH)2D3 =

Vinax,4B,25(0H),D; * EH,cYP3A4, (5.36)
f, CLAR ’ CH CLAR f RIF ° CH RIF
K -(1+“' : + = : >+f -C
m,25(0H)Ds5 Kicrar Kirr u,25(0H)D; * C25(0H)D,
dAzs(omp,
dt (5.37)
Ksyn,25(01)Ds — C25(0H)D; * V25(01)D; * Kother,25(0H)Ds — C25(0H)D5 * Clint4p,25(0H),D4
dA 48,25(0H),D

qt = Cosomp, " Clintapasns — Capas(om), D, * Kaegap,2s(om),p, (5.38)

5.3.3.12. Evaluation of the PK/PD Model for 483,25-dihydroxyvitamin D3

The predictive performance of the model was assessed by generating a virtual
population of 1,000 iterations built from individuals with a normal distribution of body weight (75

+ 15 kg) and a log normal distribution of ksyn,zs(OH)Dg, Vmax,45,25(0H)2D3, kdeg,4B,25(OH)2D3, 25(0OH)Ds,

and 4f3,25(0OH).Ds. The virtual population and simulations were generated using MATLAB

SimBiology and compared to the observed data.

5.3.4.  Simulations of Dynamic Range of DDIs with 43,25-dihydroxyvitamin Dz vs. Midazolam

Simulations to compare the dynamic range of 43,25(0OH).D; and MDZ were performed
by assuming 14 days of treatment either with an MBI or inducer of CYP3A4. A total of 250 MBI
simulations with theoretical inhibitors with kinact ranging from 0 to 10 hr were simulated. The
MBIs were administered as 250 mg BID with the mean PK parameters of clarithromycin with no
competitive inhibition of CYP3A4. A total of 250 simulations with theoretical increase of 0-100-
fold in CYP3A4 activity using the mean PK parameters were simulated. The inducers were
administered as 600 mg QD with the mean PK parameters of rifampin and without competitive

inhibition of CYP3A4. Simulations were conducted in MATLAB SimBiology.
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5.4. Results

5.4.1. Model Development and Verification

A schematic of the non-linear mixed effects PK/PD models for CYP3A4 mediated drug
interactions are shown in Figure 5.2. The models describe the pharmacokinetics of midazolam,
clarithromycin, rifampin, 25(0OH)Ds, and 483,25(0OH).D3, and the inhibition and induction of
CYP3A4 activity by clarithromycin and rifampin, respectively.

The PK models of midazolam, clarithromycin, and rifampin were developed using
published clinical studies. Midazolam, clarithromycin, and rifampin models were optimized by
fitting the structural model to a training data set compiled from published clinical studies. The
final midazolam, clarithromycin, and rifampin model parameters are presented in Table 5.1. The
model fit was evaluated quantitatively by simulating each dosing regimen and comparing the
simulated AUC and Cnax to reported values. Qualitative assessment of models was performed
by visual inspection of model fit to published concentration vs. time curves and the geometric
mean fold error (GMFE) was used to provide a quantitative assessment of the predictive
performance of the model.

The midazolam model parameters were optimized using 9 dosing regimens (4 1V, 5 PO).
The parameters were verified using 11 dosing regimens (6 1V, 5 PO) with IV and oral doses
ranging from 0.4 to 5 mg and 1 to 7.5 mg, respectively. A summary of each dosing regimen is
presented in Table 5.3. The visual check of the simulations following 1V and oral dosing is
presented in Figure 5.3 and Figure 5.4, respectively. For the verification datasets, IV data were
better described by the proposed model compared to oral data. However, all of the predicted
AUC:s for IV and oral dosing were within 2-fold of the observed values. The GMFE of AUC and
Cmax for the verification data were 1.11 and 1.01, respectively.

The clarithromycin model parameters were optimized using 11 dosing regimens (1 1V, 10

PO). Multiple dosing regimens with 250 mg and 500 mg clarithromycin were also included in the
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training dataset. The model was verified using 9 oral dosing regimens (ranging from 200 to 800
mg) and included data after multiple dosing of 250 and 500 mg twice daily. A summary of each
dosing regimen is presented in Table 5.4. The visual check of the simulations is presented in
Figure 5.5. The model adequately described the pharmacokinetics of clarithromycin after single
and multiple dosing. All simulated AUC and Cnaxwere within 2-fold of the observed values. The
predicted AUC and Cnax for the verification dataset were both slightly high with GMFEs of 1.32
and 1.10, respectively.

The rifampin model parameters were optimized using 7 training dosing regimens (3 1V, 4
PO), including data from one multiple dosing study. The parameters were verified using 8
dosing regimens (3 1V, 5 PO) with IV doses ranging from 600 to 1200 mg and an oral dose of
600 mg. The verification data included two multiple dosing studies of 600 mg of rifampin QD for
up to 10 days. A summary of each dosing regimen is presented in Table 5.5. The visual check
of simulations following 1V and oral dosing is presented in Figure 5.6. Although all of the
simulated AUC and Cnax values were within 2-fold of the observed values, the AUC and Cax
values were underpredicted with the calculated GFME of 0.79 and 0.94, respectively.

The effects of clarithromycin and rifampin on CYP3A4 activity were verified by
comparing the simulated midazolam-clarithromycin and midazolam-rifampin drug interactions to
published data. The midazolam-clarithromycin interaction was well-predicted with the predicted-
to-observed change in midazolam AUC within 2-fold for all 3 studies. The midazolam-rifampin
prediction performed better for orally dosed midazolam compared to iv midazolam. A summary
of the drug-drug interaction verification results is presented in Table 5.6.

The PK model of 4B3,25(0OH).Ds formation from 25(OH)D3 was fit to data collected from
subjects administered water, clarithromycin, rifampin, or clarithromycin and rifampin in
combination. All study arms were fit simultaneously. Initial estimates of kinetic parameters were
obtained using published in vitro data and initial estimates for 25(OH)Ds pharmacokinetic
parameters were obtained from subjects administered deuterium-labeled 25(OH)Ds. The volume
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of distribution of 4[3,25(0OH).D; was assumed to be the same as 25(0OH)Ds. Additionally, it was
assumed that non-43,25(0OH).Ds clearance pathways of 25(OH)Ds were not affected by
clarithromycin or rifampin administration. Due to limited in vivo variability data, the
pharmacokinetics of midazolam, clarithromycin, rifampin, and change in CYP3A4 enzyme
activity were assumed to be identical for all subjects. The objective function and fixed effects
parameters converged and reached stationary values based on review of the caterpillar plots
(data not shown). The final model parameter values are presented in Table 5.2. The error model
was assessed by the plots of the residuals and Q-Q plots (data not shown). The residuals were
equally distributed and showed no bias to high or low concentrations of 25(OH)Ds and
43,25(0H).Ds (data not shown). The model estimate of the initial concentration of 25(OH)Ds and

4B,25(OH)2D3 (Co,25(o|-|)|33 and Co,4By25(OH)2D3) were 20.0 ng/mL (95% Cl: 18.5, 21.7 ng/mL) and

59.3 pg/mL (95% CI 54.5, 64.6 ng/mL), respectively, which are similar to the observed values of
21.2 £8.23 ng/mL and 62.8 £ 31.3 pg/mL, respectively. The synthesis rate of 25(OH)Ds3,

assuming a 21.9 day half-life of 25(OH)Ds, was estimated to be 6.44 ug/day (95% CI: 5.85, 7.08
pg/day). The estimated half-life of 43,25(0OH).Ds; was 11.8 days (95% CI: 10.4, 13.3 days) which

is shorter than the assumed half-life of 25(OH)Ds.

5.4.2.  Evaluation of the PK/PD model for 43,25-dihydroxyvitamin D3

The predictive performance of the final PK/PD model was evaluated by simulating the
treatment of 1,000 virtual subjects with water, clarithromycin, rifampin, or clarithromycin and
rifampin in combination for 14 days (Figure 5.7). The predicted 43,25(OH).Ds concentration-time
profiles and the observed values are shown in Figure 5.8. The simulated 43,25(OH).D3
concentrations adequately described the observed clinical data. Treatment with water did not
affect 43,25(0OH).Ds concentrations. The fit of the model following inhibition by clarithromycin
appeared to be adequate. While the increasing 43,25(0OH).D3 concentrations with rifampin

treatment was well captured, the rate at which 43,25(OH).Ds concentrations returned to
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baseline appear to be underestimated. A similar trend was observed for the clarithromycin and
rifampin combination treatment. Figure 5.8 shows the predicted change in CYP3A4 activity for
each of the treatment arms. For the clarithromycin and rifampin combination, induction of
hepatic CYP3A4 outweighed clarithromycin inhibition, though the fold-induction was less than
that observed with rifampin treatment alone. In contrast to hepatic CYP3A4, intestinal CYP3A4

activity was reduced with the clarithromycin and rifampin combination.

5.4.3.  Evaluation of the Dynamic Range of 4(,25-dihydroxyvitamin D; Compared to

Midazolam

Simulations using the final semi-mechanistic PK/PD model of CYP3A4 activity were
conducted to characterize the dynamic range of 43,25(0OH).Ds as a potential biomarker of
CYP3A4 activity. Changes in midazolam AUC were simulated for comparison. Figure 5.9A
shows the fold-change in midazolam AUC relative to the percent decrease in 43,25(0OH).Ds
concentrations after 14 days of treatment with theoretical mechanism-based inhibitors with
varying Kinact Values. A 50% decrease in hepatic CYP3A4 activity was predicted to decrease
483,25(0OH)2D3 by 21% and increase IV midazolam AUC by 60%. Similar to what was observed
following 14 days of treatment with clarithromycin, a 33% decrease in 4[3,25(0OH).D3
corresponded to a 2.8-fold increase in midazolam AUC. When CYP3A4 activity was decreased
to 10% of baseline, 4[3,25(OH).D3s was predicted to decrease by 46%, while the midazolam AUC
increased by 5.4-fold. While the midazolam AUC would continue to increase with decreasing
CYP3A4 activity, simulations suggested that 43,25(0OH).Ds concentrations would not decrease
by more than 60% of baseline values.

Figure 5.9B shows the change in midazolam AUC relative to the percent increase in the
483,25(0OH).D3 concentrations after 14 days of treatment with theoretical inducers with varying
CYP3A4 induction potential. For weak inducers, 43,25(0OH).D; appeared to be equally sensitive

as midazolam. A 20% increase in CYP3A4 activity resulted in a 10% increase in 43,25(0OH).Ds
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and 9% decrease in midazolam AUC. With a 2-fold increase in CYP3A4 activity, 4B,25(0OH).Ds
concentrations increased by 53%, whereas midazolam AUC decreased by 28%. Following
treatment with strong inducers where CYP3A4 activity increased by more than 5-fold (e.g., 600
mg of rifampin), predicted 4[3,25(0OH).D3s concentrations increased by 2-fold, while predicted
midazolam AUC decreased by 44%. While the decrease in midazolam AUC did not decreased
beyond 60%, 43,25(0OH).Ds concentrations are expected to continue to rise with greater

CYP3A4 induction.

5.5. Discussion

We developed a semi-mechanistic PK/PD model to evaluate the utility of 43,25(OH).Ds
as an endogenous biomarker of CYP3A4 activity in clinical studies. The semi-mechanistic
PK/PD model was developed using previously published models and clinical studies for
clarithromycin and rifampin. Midazolam was incorporated into the model to verify the inhibitory
and inductive effects of clarithromycin and rifampin, respectively, before fitting the model to
study data. Additionally, the midazolam model was used to compare the change in
43,25(0H).Ds relative to a “gold standard” probe of CYP3A4 activity. The semi-mechanistic
PK/PD model was fit to 25(OH)D3 and 483,25(OH).D3 data from a clinical study in which
clarithromycin, rifampin, or clarithromycin and rifampin in combination were given to healthy
volunteers.

Due to the limited knowledge about the pharmacokinetics of 25(OH)D3; and
483,25(0OH).D3, many assumptions were incorporated during model development. The structural
model of 25(0OH)Ds metabolism assumed that 25(OH)Ds synthesis was constant throughout the
study (i.e., endogenous formation and dietary intake of vitamin D were constant) and that
25(0OH)D; formation was not affected by treatment with an inducer or inhibitor. In vitro evidence
supports that 25(OH)Ds synthesis by CYP27A1 and CYP2R1 from vitamin Ds (35, 36), is

unaffected by treatment with rifampin (20, 37). In hepatocytes treated with rifampin, no induction
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of CYP27A1 or CYP2R1 was observed (20). Furthermore, no 25(0OH)D3; was detected after
incubating vitamin D3z with recombinant CYP3A4 (37). As described in Chapter 4 and other
clinical studies, the unbound concentration of 25(OH)Ds is very sensitive to changes in the
concentration of the plasma proteins albumin and vitamin D binding protein (38). Monitoring
serum albumin and vitamin D binding protein should be considered when the binding proteins
are affected by drug treatment.

Additionally, our model assumed that the formation of 43,25(0OH).Ds was the only
metabolic pathway altered by treatment with clarithromycin and rifampin. In the clinical study,
24,25(0H).D3 concentrations decreased by ~35% after treatment with rifampin and
concentrations of other conjugated metabolites of 25(OH)Ds (i.e., 25-hydroxyvitamin D3-3-
sulfate and 25-hydroxyvitamin Ds-3-glucuronide) were unaffected by treatment with
clarithromycin or rifampin (data not shown). Thus, although one metabolic pathway (formation of

24,25(0H)2D3s) may be slightly affected, the overall CLotner,250H)p5 IS likely to be unchanged.

Finally, our model assumed that treatment with clarithromycin and rifampin did not alter the
catabolism of 4(3,25(OH).Ds. 43,25(0OH).Ds is eliminated primarily through glucuronidation,
however the uridine 5'-diphospho-glucuronosyltransferase (UGT) isoforms responsible have not
yet been identified (24).

An additional impediment to the use of 4[3,25(0OH).D3 as a biomarker is the laborious
method of quantification. The assay requires multiple solid phase extraction steps and extensive
mass spectrometry resources (Chapter 2). The mass spectrometer must have sufficient
sensitivity to detect picomolar concentrations of 43,25(0OH).D3 as well as being able to quantify
25(0OH)D3 which has 1000-fold higher concentrations. Higher throughput quantification would be
necessary for 43,25(0OH).Ds to be a practical endogenous biomarker of hepatic CYP3A4

activity.
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Following treatment with strong MBIs, we predicted that once CYP3A4 activity falls
below 50% of baseline, 4B3,25(OH).D3 concentrations would decrease by ~20%. Given the
technical challenges of detecting 4[3,25(0OH).D3s concentrations, smaller changes in CYP3A4
activity are unlikely to be detectable using 43,25(0OH).D; as a biomarker due to the low
abundance of 43,25(0OH).Ds (pg/mL) and the limit of sensitivity of the mass spectrometric assay.
A 90% decrease in hepatic CYP3A4 enzyme activity would decrease 43,25(0OH).Ds
concentrations by 46%. For CYP3A4 induction, 43,25(0OH).Ds is likely able to detect moderate
and strong inducers. We predicted that 43,25(0OH).D3; concentrations would increase by ~10%
and ~55% for a 1.2-fold and 2-fold increase in CYP3A4 enzyme activity, respectively. A 5-fold
increase in CYP3A4 activity, similar to what is observed with rifampin, would result in a 203%
increase in 483,25(0OH).Ds concentrations. The ability to detect a 10% change in 43,25(0OH).Ds
concentrations would be dependent upon the ability of the assay to quantify such a minor
change.

The predicted changes in 43,25(0OH).D3 concentrations after induction are similar to
those predicted for 43(OH)C (7). The cholesterol-43(OH)C model by Leil et al. estimated that a
1.2- and 4.6-fold increase in CYP3A4 enzyme activity would result in a 10% and 206% increase
in 43(0OH)C concentrations, respectively (7). There are no reports of clinical studies in which the
concentration of 43(OH)C was measured during or after treatment with an MBI. However, Leil et
al. proposed that prolonged treatment with a competitive inhibitor could be detected by
43(0OH)C, but the study samples size required would be much larger than those necessary to
detect induction (7).

A major limitation of our data is that clarithromycin and rifampin concentrations were not
measured in the clinical study. With measured clarithromycin and rifampin concentrations, the
model could account for the interindividual variability in the PK of these drugs and refine the
parameter estimates for 25(OH)Dz and 43,25(OH).Ds kinetics. The PK/PD model described
herein does not allow for interindividual variability in the PK of clarithromycin and rifampin, which
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would increase the uncertainty in our estimates of the PK parameters of 25(OH)Ds and
43,25(0H).Ds. It may be possible to improve the fit of the model through the incorporation of
additional metabolites of 25(OH)Ds, especially those which change during drug treatment, such
as 24,25(0H)2Ds.

Compared to 43(OH)C, the development of 43,25(0OH),Ds as a biomarker of CYP3A4
activity is in its infancy. Many steps must be taken before 43,25(0OH).Ds; can be implemented as
a biomarker to screen for drug interactions during early clinical studies of NMEs. First, the
dynamic range of 43,25(0OH).Ds should be assessed in clinical studies to verify and improve the
model predictions. For example, studies should be conducted by treating healthy subjects with a
range of rifampin doses for 14 days as was done for 43(OH)C (11-14). As data regarding the
effect of MBIs are limited, a clinical study in which weak or moderate MBIs of CYP3A4 are
administered would provide more confidence in the dynamic range of 43,25(OH).Ds at lower
levels of inhibition. If 43,25(0OH).Ds is to be implemented in crossover studies, the half-life of
43,25(0H).Ds must be known to ensure baseline is reached prior to beginning the next stage of
the study. Given the apparent 11.8 day half-life of 43,25(0OH).Ds3, it is unlikely that it can be used
to detect single dose inhibition of CYP3A4. Finally, more data need to be collected to
understand the factors which contribute to intra- and inter-subject variability in 43,25(OH)2Ds
formation and elimination.

AstraZeneca has incorporated 43(OH)C into their drug development program,
specifically by including 43(OH)C as a biomarker in multiple ascending dose studies (11). If the
change in 4B(OH)C concentrations at the highest dose level is greater than 25%, samples from
all dosing levels are analyzed to establish a dose-response relationship (11). In combination
with in vitro studies, these data will prompt the conduct of a traditional DDI clinical study with
midazolam (11). While 43(OH)C is not approved as a biomarker by regulatory agencies,

AstraZeneca states that 43(OH)C is an integral part of their drug development strategy. The
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development of similar guidelines for 4[3,25(0OH).D3 would be necessary, prior to implementation

in clinical studies.

5.6. Conclusion

Recently, there has been interest in developing 43,25(0OH),D; as an endogenous
biomarker of CYP3A4 activity. In order to investigate the utility of 43,25(0OH).Ds, we developed a
semi-mechanistic PK/PD model of midazolam, clarithromycin, rifampin, 25(OH)D3, and
43,25(0H).Ds. Using the final model, we simulated the predicted change in 4[3,25(0OH).Ds
concentration for a range of theoretical MBls and inducers of CYP3A4 activity. After 14 days of
treatment with an MBI of CYP3A4, a 50%, 75% and 90% reduction in CYP3A4 activity results in
an estimated 20%, 35% and 45% decrease in the 43,25(0OH).Ds concentrations, respectively.
After 14 days of treatment with a CYP3A4 inducer, a 1.2-, 2- and 5-fold induction of CYP3A4
activity is predicted to increase 483,25(0OH).Ds levels by approximately 10%, 50%,and 200%,
respectively. The predicted increase in 483,25(0OH).Ds concentrations as a result of CYP3A4
inhibition is similar to the predicted increase in 43(OH)C, a more-established endogenous
biomarker of CYP3A4 activity. Although, more supporting evidence is required before
413,25(0OH).Ds can be routinely implemented into clinical studies, our modeling suggests that
43,25(0H).Ds can be used as endogenous biomarker to detect strong MBIs and moderate or

strong inducers of CYP3A4.
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5.8. Tables

Table 5.1: Model parameters of midazolam, clarithromycin, and rifampin.

Parameter (Units) Description Value Reference
Physiological Volumes
Ve (L) Gut lumen volume 0.25 (28)
Voew (L) Gut wall volume 0.25 (28)
Vpy (L) Portal vein volume 0.07 (28)
V(L) Liver volume 2.8 (28)
Enzyme Parameters
Ro.cvpaaa (1/hr) zero-order synthesis rate of CYP3A4 0.025 (28)
Kdeg,cypsaa (1/hr) first-order degradation rate of 0.025 (28)
CYP3A4
Ro.aapac (1/hr) zero-order synthesis rate of AADAC 0.00603 (39)
Kdeg,anpac (1/hr) first-order degradation rate of AADAC 0.00603 (39)
Midazolam Parameters
fumpz MDZ fraction unbound 0.04 (28)
Kmmpz (g/mL) MDZ K 1.8 (28, 33)
Vewmpz (L)? MDZ central volume 25.2 -
Ve oz (L)? MDZ peripheral volume 54.2 -
CLpermpz (L/hr)? MDZ clearance between the central 22.7 -
and peripheral compartment
CLrwmpz (L/hr) MDZ renal clearance 0.06 (31, 33)
Kawmpz (1/hr)? MDZ absorption rate 1.32 -
Vmaxew,mpz (Mg/hr)2  MDZ Vmax in the gut wall 2.97 -
Vmax.xmpz (Mg/hr)? MDZ Vmax in the liver 1688 -
Clarithromycin Parameters
fucLar CLAR fraction unbound 0.3 (28, 33)
Km,cLar (Hg/mL) CLAR K, 40.8 (28, 33)
Ve cuar (L)? CLAR central volume 132.3 -
CLrcLar (L/hr) CLAR renal clearance 6.75 (28, 33)
KacLar (1/hr)2 CLAR absorption rate 2.0 -
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Vmax.ew.cLar (Mg/hr)2 - CLAR Vmax in the gut wall 72.3 -

VmaxH,cLar (Mg/hr)?@ CLAR Vnmax in the liver 4178 -

Kictar (Lg/mL) CLAR reversible inhibition dissociation 224 (28, 33)
constant for CYP3A4

KicLar (Mg/mL) CLAR Concentration at 50% of Kinact 3.9 (28, 33)

Kinact,aw,cLar (1/hr) CLAR maximum rate of CYP3A4 4.0 (28, 33)
inactivation in the gut wall

KinactH.cLAR (1/hr) CLAR maximum rate of CYP3A4 0.4 (28, 33)
inactivation in the liver

Rifampin Parameters

furiF RIF fraction unbound 0.17 (33)

Kmrir (Ug/mL) RIF K 160 (29, 33, 39)

Verie (L)? RIF central volume 45.2 -

Vrrans.riF (L) Volume of the RIF transit 0.25 (28)
compartment

CLgrrir (L/hr) RIF renal clearance 15 (33)

Karie (1/hr)?2 RIF absorption rate 2.75 -

Vmaxaapac.rir(Mg/hr)  RIF Vmax of metabolism by AADAC 7267 -

Kirir (Lg/mL) RIF reversible inhibition dissociation 1.0 (33)
constant for CYP3A4

ECmax,aapAcRIF RIF maximal induction rate of AADAC 2.3 (33)

Esoaspacrir (Mg/mL)  RIF concentration at half the 0.28 (33)
ECmax,AADAC RIF

ECmax,H,cyp3A4,R||: RIF maximal induction rate of 13.2 (33)
CYP3A4

ECmax.c,cyPsasrIF RIF maximal induction rate of 13.2 (33)
CYP3A4

Eso.cvraasrie (Ug/mL)  RIF concentration at half the 0.28 (33)

ECmax.cyp3as,RIF

a Parameters optimized using training data sets
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Table 5.2: Final model parameters of 43,25(0OH).D3 formation from 25(OH)Ds.

Parameter (Units) Description Estimate (95 % CI)
Vas(omp, (L) 25(OH)D; volume of distribution 9.89

Vap 25(0H),05 (L) 48,25(0OH),D3 volume of distribution 9.89

Kother 250103 (Lig/dlay) gg(rgﬂ;gf(omzm elimination of 0.0355
Co,25(0H)D, (ng/mL) Baseline 25(0OH)D; concentrations 20.0 (18.5, 21.7)
Co,4p,25(0H),05 (pg/mL) Baseline 43,25(0OH).D3 concentrations 59.3 (54.5, 64.6)
Ksyn25(0H)D5 (ug/day) 25(0OH)Ds synthesis rate 6.44 (5.85, 7.08)

Vmax of 43,25(OH).Ds formation from

Vmax 25(0H)D5,CYP3A4 (g/day) 5.01 (4.41, 5.69)

25(0H)Ds

Kdeg,4p.,25(0H),04 (1/day) 4B,25(0OH).Ds elimination rate constant 0.0587 (0.0519, 0.0664)
1V Co25(0H)p, (%0)* 31.6 (24.2, 39.2)

IV C,ap.25(0H),0, (%) 42.6 (33.0, 52.2)

IV Ksyn 25(0H)p (%6)? 33.6 (26.3, 40.9)

1V max,25(0H)D4,cYP3A4 (%0)* 37.6 (29.8, 45.4)

11V Kesg 4p.25(0H),0, (%6)? 23.1 (17.2, 29.0)

o Exponential 0.152

Cl, confidence interval; 11V, interindividual variability

2Interindividual variability expressed as the percent of the parameter estimate
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Table 5.3: Clinical studies with midazolam used for model training and verification.

?n??)a Route M(zoi/!f))s (y/::g?s) Weight (kg) 512;8*?19#8 ((r?gfhﬁrlif) prodions P(rneg;rgff ' ?ﬁgxﬁﬁx preaons Reference
Training
1 v 7 100 24+3 74+5 47.8 46.7 1.024 39.7 87.6 0.453 (40)
1  IVGmin) 16 - - - 47.8 39 1.226 39.7 37.1 1.07 (41)
1.25 v 24 83 46 75.4 60.8 46 1.322 49.6 22.3 2.224 (42)
2 IV(2min) 8 75 30%5 78 £ 17 96.5 52.3 1.845 79.4 115 0.69 (43)
3 PO 16 - - - 40.3 244 1.652 11 9.99 1.101 (42)
5 PO 24 83 46 75.4 83.6 78.9 1.060 22 26 0.846 (42)
5 PO 46 61 28+10 7511 83.6 55.9 1.496 22 255 0.863 (44)
7.5 PO 14 100 18-55 - 147.4 126.3 1.167 37.8 42.9 0.881 (45)
75 PO 18 - - - 147.4 118.08 1.248 37.8 39.05 0.968 (46)
GMFE 1.31 0.93
Within 2-fold 9/9 7/9
Verification
04 IV@B0min) 12 92 42.8 80.6 19.2 11.6 1.655 10.3 5.6 1.839 (47)
05 IV(2min) 24 42 37 - 241 234 1.03 19.8 19.1 1.037 (48)
25 IV(15min) 25 60 30x6.7 77.1+13.4 119.8 142 0.844 76.8 119 0.645 (49)
2.5 IV (10 s) 9 67 349 68.6+104 121.2 120 1.01 99.2 51.2 1.938 (50)
5 IV(5min) 13 46 31.5 7513 239.7 188 1.275 198.4 319 0.622 (51)
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5 IV(@5min) 12 - - - 239.7 186 1.289 198 167 1.186 (52)

1 PO 5 - - - 10.2 9.44 1.081 2.69 4.07 0.661 (53)

2 PO 23 42 37 - 23.6 27.4 0.861 6.37 7.71 0.826 (48)

2 PO 12 92 428 80.6 23.6 31.9 0.740 6.37 7 0.910 (47)

3 PO 6 - - - 40.3 31.8 1.267 11 12 0.917 (53)

7.5 PO 28 50 299 - 147.4 96.2 1.532 37.8 28 1.350 (54)
GMFE 1.11 1.01
Within 2-fold 11/11 11/11
Overall GMFE 1.19 0.97
Within 2-fold  20/20 18/20
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Table 5.4: Clinical studies with clarithromycin used for model training and verification.

Males Age . Pred AUC Obs AUC AUC Pred Crnax ODbSs Crax Crnax
Dose (mg) Route " qpy™ (vears) WEIBNt(KQ) (hoxhymL) (ng*hriml) Pred/iObs (ng/mL)  (ng/mL) Pred/Obs Reference
Training
250 IV 19 100 29+6 715+83  10.3 8.63 1.194 1.73 278 0622  (55)
100 PO 39 100 25+4 714+98  2.09 1.67 1.251 0.28 0.35 0.8 (56)
250 PO 30 100 - i 6.81 4.91 1.387 0.91 0958 095  (57)
250 PO 17 100 29+6 70.8+84  6.81 4.36 1562 0.91 078 1167  (58)
400 PO 39 100 25+4 714+98 119 8.55 1.392 157 113 1389  (56)
500 PO 17 100 31+6 722+60 156 1408  1.108 2.01 212 0948  (58)
1200 PO 39 100 25+4 714+98 431 44.6 0.966 5.19 397 1307  (56)
250 BID
PO 17 100 29+6 708+84  10.1 6.44 1.568 1.41 101 139  (58)
X 2 days
250BID 55 17 100 20+6 708+84  10.7 6.86 1.56 1.47 114 1289  (58)
X 3 days
500 BID
PO 17 100 31+6 722+60 253 1959  1.201 3.29 267 1232 (58
X 2 days
500 BID
PO 17 100 31+6 722+60 287 2084  1.377 3.6 285 1263  (58)
X 7 days
GMFE 132 1.09
Within 2-fold  11/11 11/11
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Verification

200 PO 39 100 25+4 714+98 516 299 1726  0.69 0.6 115  (56)
250 PO 19 100 29+6 715+83 6581 427 1595 091 076 1197  (59)
500 PO 12 50 39+5 68+12 15.6 2015 0774 201 247 0814  (60)
600 PO 39 100 25+4 714+98 156 1544  1.01 2.01 2.03 099  (56)
800 PO 39 100 25+4 714+98 27 2473 1092  3.36 263 1278  (56)
250BID 55§ 100 49+3  66+10 10.1 929 1087 141 152 0928  (61)
X 2 days
500 BID
PO 12 100 23+2 76.7+7.9 253 1887 1341  3.29 328 1003  (59)
X 2 days
S00BID 5y 18 100 18-46 i 28.7 15.6 1.84 3.61 2261 1597  (62)
X 6 days
500 BID
PO 24 100 2340  61-87 28.7 274 1047  3.62 327 1107  (63)
x 10 days
GMFE 123 1.10
Within 2-fold ~ 9/9 9/9
Overall GMFE 1.28 1.10
Within 2-fold  20/20 20/20
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Table 5.5: Clinical studies of rifampin used for model training and verification.

I(Drﬂzt)a Route  n M(zoi/!f))s (y/::g?s) Weight (kg) 512;8*?19#8 ((r?gfhﬁrlif) rediObs P(;e;/rgf)a ' ?ﬁgxﬁﬁx predops Reference
Training
300 IV@h) 2 - - - 30.1 17.6 1.71 4.9 4.1 1.195 (64)
450 IV@3h) 3 - - - 45.1 50.5 0.893 7.37 12.4 0.594 (64)
600 IV(3hr) 6 - - - 60 64.1 0.936 9.8 13.5 0.726 (64)
450 PO 12 100 18-30 62.13+4.32 48.4 33.3 1.453 6.71 5.22 1.285 (65)
450 PO 14 - - - 49.1 41 1.198 6.71 541 1.24 (66)
600 PO 24 100 277 769zx11 65.6 79.79 0.822 8.9 13.61 0.654 (67)
f(;o dg; PO 40.8 - 7.74 - (68)
GMFE 1.13 0.91
Within 2-fold 6/6 6/6
Verification
600 IV(2h) 6 100 - - 50.8 52.7 0.964 10.7 8 1.338 (69)
900 IV(2hr) 6 100 - - 76.4 92.43 0.827 16 12.5 1.28 (69)
1200 IV(hr) 6 100 - - 101.9 166.08 0.614 21.3 15.8 1.348 (69)
600 PO 6 - - - 65.6 - 8.96 - (68)
600 PO 6 100 18-55 > 50 kg 65.4 96.9 0.675 8.96 13.7 0.654 (70)
600 PO 10 80 2547 60-72 65.4 77.6 0.843 8.96 11.6 0.772 (71)
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62%%'/33" PO 19 58 2270 605-854 405 792 0511 7.91 142 0557  (72)
600QDx b 40.8 31.3 1304  7.74 8 0968  (73)
10 days
GMFE  0.79 0.94
Within 2-fold ~ 7/7 717
Overall GMFE  0.93 0.92
Within 2-fold  13/13 13/13
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Table 5.6: Clinical studies of rifampin used for model development and verification.

Without Perpetrator

With Perpetrator

Dose Pred Obs -
Perpetrator MDZ |, Pred AUC Obs AUC AUC Pred AUC Obs AUC AUC AUC  AUC AUC Ratio Reference
P (ng*hr/mL) (ng*hr/mL) Pred/Obs (ng*hr/mL) (ng*hr/mL) Pred/Obs Rati . Pred/Obs
(ma) atio Ratio
Clarithromycin
S00mgBID 550y g 153 188 0.81 291 333 0.87 190 1.77 1.07 (74)
X 7 days
500 mg BID
% 7 days 4 (PO) 8 42 55 0.76 294 278 1.06 7.00 5.05 1.39 (74)
P00maBID g b5y 19 120 806  1.34 612 752 081 510 839 0.6l (75)
X 7 days
GMFE 0.94 0.91 0.97
Within 2-fold  3/3 3/3 3/3
Rifampin
600mg QD 4 1y 59 68 1.15 19 26 1.37  0.322 0.378 0.85 (76)
x 5 days
600mgQD (V) 59 26 2.27 19 14 1.36  0.322 0.521 0.62 (77)
X 7 days
600mg QD 5 4\ 117 126 0.93 37 82 0.45 0.316 0.655 0.48 (78)
X 7 days
600mg QD (PO) 23 21.4 0.77 1.10 2.64 1.14  0.128 0.123 1.04 (79)
x 28 days
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600 mg QD

X 9 days 5.5 (PO) 94 49 1.92 12 6.1 1.97 0.128 0.124 1.03 (80)
GMFE 1.29 1.13 0.77
Within 2-fold  4/5 4/5 4/5
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5.9. Figures

Midazolam Training } >[ Midazolam Verification
Clarithromycin Training } >[ Clarithromycin Verification

Rifampin Training ] Rifampin Verification

[ Midazolam-Clarithromycin DDI Verification ]

[ Midazolam-Rifampin DDI Verification ]

[ Vit D-DDI Training ] Vit D-DDI Verification
A4
[ Clinical Trial Simulations ]

Figure 5.1: Development flowchart for a semi-mechanistic PK/PD model of CYP3A4 enzyme
activity. MDZ, midazolam; CLAR, clarithromycin; RIF, rifampin; Vit D, 25-hydroxyvitamin D3

conversion to 4f3,25-dihydroxyvitamin Ds.
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CYP3A4
Hepatic
CYP3A4 ClLsyn 4 250H)04
Hepatic
Q AADAC
Kdeg 4s,
(OH)2D3 deg 4p,25(0H)oD4
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Figure 5.2: Structural model of a semi-mechanistic PK/PD model of CYP3A4 activity including
midazolam (MDZ), clarithromycin (CLAR), rifampin (RIF), 25-hydroxyvitamin Dz (25(OH)Ds), and

4B,25-dihydroxyviatmin Ds (4B,25(0H)2Ds).
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Figure 5.3: Predicted plasma concentration midazolam (MDZ) after IV administration. If MDZ was given as an infusion, the length of
infusion is given in parentheses. The red line is the simulated concentration-time profile and the blue circles are the observed

concentrations.
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Figure 5.4: Predicted plasma concentration midazolam after oral administration. The red line is the simulated concentration-time

profile and the blue circles are the observed concentrations.
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Figure 5.5: Predicted plasma concentration clarithromycin after IV and oral administration. The red line is the simulated

concentration-time profile and the blue circles are the observed concentrations.
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Figure 5.6: Predicted plasma concentration rifampin after IV and oral administration. When RIF was given as an infusion, the length
of the infusion is given in the parentheses. The red line is the simulated concentration-time profile and the blue circles are the

observed concentrations.
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Figure 5.7: Evaluation of the predictive performance of the PK/PD model. Observed and

predicted concentrations of 43,25-dihydroxyvitamin D3 (43,25(0OH).Ds) after treatment with A)

water, B) 250 mg clarithromycin BID, C) 600 mg rifampin QD, and D) 250 mg clarithromycin BID

in combination with 600 mg rifampin QD for 14 days (Study Days 8 — 21). The blue circles are

the observed values, the red line and shaded region are the mean and 10" to 90" percentile of

483,25(0OH).D3 concentrations, respectively, after simulation with 1,000 virtual subjects.
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Figure 5.8: Predicted change in CYP3A4 activity treatment with A) 250 mg clarithromycin BID,
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Figure 5.9: Dynamic range of 43,25-dihydroxyvitamin Ds (43,25(0OH).Ds) compared to midazolam after 14 days of treatment with
theoretical CYP3A4 mechanism-based inhibitors and inducers. A) Fold increase in midazolam AUC vs. the predicted percent
reduction in 43,25(OH).D3 concentration for a range of kinact values. B) Relative decrease in midazolam AUC vs. the predicted
percent increase in 4f3,25(OH).D3 concentration for a range of induction potentials. The red line is the relationship between

midazolam AUC and 43,25(0OH).Ds. The dashed lines are provided as a reference for the change in CYP3A4 enzyme activity.
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Chapter 6.
Conclusions
Vitamin D (cholecalciferol or ergocalciferol) is not biologically active and must undergo
two sequential enzyme-catalyzed hydroxylations to form the active metabolite, 1a,25-
hydroxyvitamin D (1a,25(OH).D), via the intermediate, 25-hydroxyvitamin D (25(OH)D) (1, 2). In
addition to the formation of the 1a,25(0OH).Ds, 25(0OH)Dsis metabolized to other metabolites,
including 24,25-dihydroxyvitamin D3 (24,25(0OH).Ds), 483,25-dihydroxyvitamin Dz (43,25(OH).D3),
25-hydroxyvitamin D-3-O-sulfate (25(0OH)D3-S), and 25-hydroxyvitamin D-3-O-glucuronide
(25(0OH)Ds-G) (1-5). Changes in enzyme expression due to disease, ontogeny, or drug
interactions may alter the circulating concentrations of 25(0OH)D3 and its metabolites and
contribute to an increased risk of vitamin D deficiency. The aim of this dissertation was to

explore mechanisms of altered vitamin D homeostasis in various populations.

6.1. Simultaneous Quantification of Vitamin D, Vitamin D3, and Eight Hydroxylated
Vitamin D Metabolites in Human Serum and Plasma by LC-MS/MS

In Chapter 2, we developed a method to accurately and reproducibly measure 25(OH)Ds
and its metabolites in human plasma and serum. We developed and validated a liquid
chromatography-tandem mass spectrometry (LC-MS/MS) method for the simultaneous
guantification of vitamin D, vitamin D3, 25(OH)D,, 25(0OH)Ds3, 1a,25(0H).D2, 1a,25(0H).Ds,
24R,25(0H)2Ds, 4B,25(0H)2Ds, 1B,25(0H).Ds, and 1a,24,25(0OH)sDs. We optimized the
chromatographic separation of 1a,25(OH).Ds from isomers with similar mass and ion
fragmentation patterns. Two solid-phase extraction steps were used to isolate vitamin D
metabolites of interest from human plasma and serum samples. The isolated metabolites were
derivatized with (4’-dimethylaminophenyl)-1,2,4-triazoline-3,5-dione (DAPTAD) to improve
analytical sensitivity. Despite its limitations (i.e., requiring a large sample volume (0.5 mL), time

consuming extraction method, lengthy LC-MS/MS run times), this method can be used to
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simultaneously quantify vitamin D and multiple metabolites in plasma or serum samples in order
to investigate changes in vitamin D disposition. We applied this method to quantify vitamin D,
vitamin Dz and its metabolites in patients with cystic fibrosis (CF), healthy women in pregnhancy,
and to evaluate 4,25(0OH).Ds; as an endogenous biomarker of cytochrome P450 3A4 (CYP3A4)

activity.

6.2. Altered Vitamin D Metabolism in Patients with Cystic Fibrosis

Achieving adequate vitamin D levels (= 30 ng/mL) in patients with CF is essential for
maintaining bone strength and immune function (6, 7). In Chapter 3, we investigated the
hypothesis that altered 25(0OH)Ds; metabolism in patients with CF contributed to low circulating
levels of 25(OH)Ds. To test our hypothesis, we measured circulating serum levels of 25(OH)Ds
and five metabolites in 83 CF patients and 82 matched healthy controls. Additionally, we
assessed the pharmacokinetics of a single intravenous dose of deuterium-labeled 25-
hydroxyvitamin Ds (ds-25(OH)D53) in 5 patients with CF and 5 healthy controls.

In our study, the prevalence of 25(OH)D deficiency (i.e., 25(OH)D concentrations less
than 30 ng/mL) in patients with CF (67%) was similar to the healthy controls (62%) and lower
than previously reported rates of 85% to 90% (8, 9). These data suggest that recent efforts to
increase vitamin D supplementation in patients with CF have resulted in improved 25(OH)D
levels in this cohort. However, basal serum 1a,25(0OH).D-, 1a,25(0OH).Ds, 483,25(0OH).Ds, and
25(0OH)Ds-S concentrations were lower in patients with CF compared to healthy controls (p <
0.001). Although albumin concentrations were 9% lower in patients with CF compared to
healthy subjects, we found no difference in the unbound concentration of 25(OH)Ds, estimated
using published equations, between patients with CF and healthy controls. However, the
unbound concentration of the biologically active metabolite, 1a,25(0OH),Dswas 10% lower in

patients with CF compared to healthy controls (p < 0.05).
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The pharmacokinetics of 25(0OH)D3; were ascertained in patients with CF and healthy
controls following an intravenous bolus dose of ds-25(0OH)Ds. The estimated half-life of de-
25(0OH)D; was 16 days, similar to previous estimates of 2-3 weeks (2, 10). The clearance and
volume of distribution of ds-25(OH)D3s were comparable between patients with CF and healthy
controls. With only five participants in each group, our study was underpowered to detect small
changes in these parameters. Although des-24,25(0OH)D3 concentrations were measurable, the
concentrations were close to the limit of detection resulting in a high degree of variability. From
the data available, the plasma de-24,25(0OH).D3 concentration-time profile appeared comparable
between the two groups.

In conclusion, we found that patients with CF have lower serum concentrations of
1a,25(0OH);D, 43,25(0H).Ds, and 25(0OH)Ds-S compared to healthy controls. The decreased
1a,25(0OH).D concentration may have implications in maintaining bone health. Additionally, we
found that patients with CF have 25(OH)Ds-normalized levels of 43,25(0OH).D3; and 25(0OH)D3-S
lower than healthy controls. Studies with a larger number of participants, higher doses of ds-
25(0OH)Ds, more sensitive analytical methods, and quantification of other deuterated metabolites

are needed to understand the effects of CF on 25(OH)Ds disposition and metabolism.

6.3. An Observational Study of Longitudinal Changes in 25-Hydroxyvitamin Dz and
its Metabolites During Pregnancy and Postpartum

Biochemical and physiological changes that occur in pregnancy (i.e., changes in enzyme
expression, cardiac output, protein binding, and placental enzyme expression) may alter the
disposition of 25(0OH)D3 and its metabolites and the effectiveness of vitamin D supplementation
therapy (11). In Chapter 4, we measured plasma concentrations of 25(OH)Ds and five of its
metabolites in a cohort of 15 pregnant women studied from pre-pregnancy through delivery and
postpartum. Additionally, we characterized the serum vitamin D binding protein (VDBP) and

albumin levels to assess changes in free 25(OH)Ds and 1a,25(0OH).Ds concentrations over the
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course of pregnancy. We used linear mixed-effects modeling to describe pregnancy-related
changes in the plasma 25(OH)D3 and its metabolites.

Serum 25(OH)Ds concentrations increased by 45% from pre-pregnancy to 36 weeks of
gestation (p < 0.001). Serum 1a,25(0OH).D3 concentrations increased quickly, plateaued early in
the third trimester at greater than 2-fold that at baseline, and remained elevated through delivery
(p < 0.001). 24,25(0OH).D3 concentrations decreased 13% by week 8 of pregnancy and then
rebounded until concentrations were 27% higher than baseline at 36 weeks of pregnancy (p <
0.001). 4B,25(0OH).Ds; and 25(0OH)Ds-G concentrations increased by 14% and 36%,
respectively, at 36 weeks of gestation compared to pre-pregnancy (< 0.001). 25(0OH)Ds-S
concentrations decreased throughout pregnancy (25% lower at 36 weeks compared to pre-
pregnancy) (p < 0.001). VDBP levels increased nearly 2-fold during pregnancy, whereas
albumin levels decreased by 26% (p < 0.001). Consequently, unbound 25(OH)D3 concentrations
decreased by 20% from pre-pregnancy to 36 weeks of gestation, resulting in an overall 41%
decrease in the percent unbound of 25(OH)Ds (p < 0.001).

Despite CYP3A4 and UGT1A4 activity increasing more than two-fold during pregnancy,
we only observed a 14% and 38% increase in 43,25(0OH).D3; and 25(OH)Ds-G concentrations,
respectively (12, 13). 25(0OH)Ds is a low extraction ratio drug, thus changes in hepatic clearance
are driven by changes in enzyme expression and the unbound fraction of 25(0OH)Ds. The
decrease in free fraction and the unbound concentration of 25(OH)D3s may explain why the
increases in 43,25(0OH),Ds; and 25(0OH)Ds-G concentrations were not as significant as expected,
given the expected increase in CYP3A4 and UGT1A4 activity. In contrast, 1a,25(0OH).Ds is
formed in the kidney. Unlike the liver, 25(OH)D; distribution to the kidney does not follow the
free-drug hypothesis, which assumes that only unbound 25(OH)D; can diffuse through plasma
membranes (14, 15). Uptake of 25(OH)Ds into tubular epithelial cells is supported by
megalin/cubulin-mediated transcytosis of the VDBP-25(OH)Ds; complex in urine filtrate. We
hypothesize that as VDBP concentrations increase during pregnancy, more 25(OH)Ds can be
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delivered to CYP27B1 in the proximal tubule cells of the kidneys and be converted to
1a,25(0H);Ds. In addition, increased renal blood flow and glomerular filtration of VDBP-

25(0OH)D3 may contribute to increased 1a,25(0OH).Ds formation during pregnancy (16).

6.4. A Semi-Mechanistic Modeling Approach Evaluating 48,25-dihydroxyvitamin Ds
as a Potential Biomarker of CYP3A4 Inhibition and Induction

In Chapter 5, we investigated the use of 43,25(0OH).Ds as a potential biomarker of
CYP3A4 activity by developing a semi-mechanistic model describing CYP3A4 induction and
inhibition. Understanding the sensitivity, specificity, and time-scale of a biomarker is essential
for implementation into clinical drug development. Plasma concentrations of 43,25(0OH).Ds and
25(0OH)Ds were measured before, during, and after treatment with water (control arm), rifampin
(CYP3A4 inducer), clarithromycin (mechanism-based inhibitor (MBI) of CYP3A4), or rifampin
and clarithromycin in combination. The 48,25(0OH).Ds and 25(OH)Ds data from this study, along
with previously published in vitro and in vivo data, were used to build semi-mechanistic PKPD
models of midazolam, rifampin, clarithromycin, 25(0OH)Ds and 43,25(OH).Ds. Due to the limited
knowledge about the pharmacokinetics of 25(OH)Ds and 43,25(0OH).Ds, many assumptions
were incorporated during model development. These assumptions included a constant
synthesis rate of 25(OH)Ds and that treatment with clarithromycin and rifampin did not change
non-CYP3A4 clearance or catabolism of 43,25(0OH).Ds. Midazolam was incorporated into the
model to verify the inhibitory and inductive effects of clarithromycin and rifampin, respectively,
before fitting the model to study data. Models were verified with published clinical data and
midazolam was used to compare the change in 43,25(OH).Ds concentrations relative to a “gold
standard” probe of CYP3A4 activity.

Following treatment with strong MBIs, we predicted that at 50% of baseline CYP3A4
activity, 43,25(0OH).D3 concentrations would decrease by ~20%. Similarly, a 90% decrease in

hepatic CYP3A4 enzyme activity would decrease 43,25(0OH).Ds concentrations by nearly 50%.
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For CYP3A4 induction, 43,25(0OH).Ds is likely able to detect moderate and strong inducers. For
CYP3A4 induction, we predicted that 43,25(0OH).Ds concentrations would increase by ~10%
and ~50% for a 1.2-fold and 2-fold increase in CYP3A4 enzyme activity, respectively. A 5-fold
increase in CYP3A4 activity, similar to what is observed with rifampin, would result in a 2-fold
increase in 4[3,25(0OH).Ds concentrations. The predicted changes in 43,25(0OH).Ds
concentrations after induction are similar to those predicted for 43-hydroxycholesterol
(4B(OH)C) (17).

Although, more supporting evidence is required before 43,25(0H).D; testing can be
routinely implemented into clinical studies, our modeling suggests that 4§3,25(0OH).Ds can be
used as endogenous biomarker to detect strong MBIs and moderate or strong inducers of

CYP3A4.

6.5. Final Conclusions and Future Directions

In this body of work, we demonstrated that the characterization of 25(OH)D3; metabolites
in systemic plasma or serum samples is a useful tool for evaluating altered vitamin D
metabolism in populations at risk for vitamin D deficiency and insufficiency, including patients
with CF and pregnant women. Such data can be used to generate hypotheses of altered
25(0OH)D3; metabolic pathways, which can be investigated in future in vitro and in vivo studies.

Following the IV administration of deuterium-labeled 25(OH)D3 we found only minor
differences in its elimination by patients with CF and controls, suggesting that vitamin D
deficiency in CF is the result of aberrant pro-hormone absorption. However, more sensitive
analytical instrumentation is required to fully characterize the metabolites of deuterium-labeled
25(0OH)Ds. Moreover, given the long half-life of 25(OH)Ds and its metabolites, sample collection
must continue for at least 56 days or possibly longer. Studies in which deuterated vitamin D3 is
given intravenously and orally may further our knowledge of the mechanisms for differences in

vitamin D disposition in patients with CF, whether it be due to differences in oral bioavailability,
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hydroxylation pathways, or other factors. This information could be useful in helping design
better supplementation methods for patients with CF to maintain adequate levels of 25(OH)Ds.

As described in our pregnancy study, the unbound concentration of 25(0OH)Ds was very
sensitive to changes in the concentration of albumin and VDBP. Because the hepatic intrinsic
clearance of 25(0OH)D3 can be altered by changes in enzyme expression and plasma protein
binding, routine monitoring of serum albumin and VDBP should be considered as part of vitamin
D supplementation therapy during pregnancy and postpartum. Although we were able to
analyze VDBP and albumin, and subsequently calculate unbound 25(OH)Ds; and 1a,25(0OH).Ds
concentrations at 6 weeks postpartum, more intensive sampling during the postpartum may
allow for improved understanding of the complex interaction of enzyme expression, protein
binding and vitamin D metabolism in women after delivery.

We determined that 4,25(0OH).Ds has potential as a biomarker of CYP3A4. However,
more clinical data and validation are needed before it can be routinely implemented into clinical
studies. Specifically, the dynamic range of 4[3,25(0OH).Ds should be assessed in clinical studies
to verify and improve the model predictions. For example, studies should be conducted by
treating healthy subjects with a range of rifampin doses for 14 days as was done for 43(OH)C
(18-21). If 4B,25(0OH).Ds is to be implemented in crossover studies, there must be high
confidence in the half-life of 43,25(0OH).Ds to ensure baseline is reached prior to beginning the
next stage of the study. More data need to be collected to understand the factors which
contribute to the intra- and inter-subject variability in 4(3,25(OH).Ds formation and elimination.

Finally, 25(OH)Ds and its metabolites (i.e., 24,25(0OH)2Ds, 43,25(0OH)2D3, 25(0OH)Ds-S,
and 25(0OH)D3-G) may be useful endogenous biomarkers of other metabolic pathways. As
25(0OH)D3-G concentrations increased due to UGT1A4 induction during pregnancy, investigation
of 25(OH)D3-G as a biomarker of UGT1A4 activity should be considered. However, it has been
hypothesized that 25(OH)Ds-S and 25(0OH)D3-G undergo enterohepatic recirculation and can be
deconjugated as an additional source of 25(0OH)Ds (22). Work should be done to understand the
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biological role of 25(0OH)Ds-S and 25(0OH)Ds-G, as loss of the conjugated metabolites could be a
cause of low circulating levels of 25(OH)Ds, but also confound their use as endogenous
biomarkers. Although there are still many unanswered questions, the research presented in this
dissertation furthers our understanding of vitamin D disposition in health and disease and

provides more insight into the complexity of vitamin D homeostasis.
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