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all-trans-retinoic acid (atRA), the active metabolite of vitamin A, is a ligand for several
nuclear receptors and acts as a critical regulator of many physiological processes. The
cytochrome P450 26 (CYP26) enzymes are responsible for atRA clearance and are potential
drug targets to increase concentrations of endogenous atRA in a tissue-specific manner. The first
project of this thesis aimed to establish the relationship between CYP26 inhibition, by the potent
CYP26A1 and B1 inhibitor talarozole, and altered atRA concentrations in tissues, and to
quantify the increase in endogenous atRA concentrations necessary to alter atRA signaling in
target organs. The second part of this thesis focused on evaluating exogenous atRA and retinoid
dosing on gene regulation. Several in vitro and preclinical studies have suggested that atRA
down-regulates CYP2D6 expression and activity. Both atRA and its stereoisomer 13-cis retinoic
acid (13cisRA) are used clinically, and steady state exposures of atRA are similar after dosing

with atRA or 13cisRA. The second aim of this thesis was to determine whether 13-cis retinoic
acid (13cisRA) or its active metabolites, atRA and 4-oxo-13cisRA, cause a drug-drug interaction
(DDI) with CYP2D6, decreasing the clearance of the CYP2D6 probe dextromethorphan. Further,
the effects of 13cisRA and its metabolites (i.e., atRA and 4-oxo-13cisRA) on CYP2D6 and
CYP3A4 in human hepatocytes were determined and used to predict whether the in vivo results
could be correctly predicted from in vitro.
Following a single 2.5-mg/kg dose of talarozole to mice, atRA concentrations increased
up to 5.7-, 2.7-, and 2.5-fold in serum, liver, and testis, respectively, resulting in induction of
Cyp26a1 in the liver and testis and Rarβ and Pgc1β in liver. The increase in atRA concentrations
was well-predicted from talarozole pharmacokinetics and in vitro data of CYP26 inhibition.
After multiple doses of talarozole, a significant increase in atRA concentrations was observed in
serum but not in liver or testis. This lack of increase in tissue atRA concentrations correlated
with increase in CYP26A1 expression in liver and testis. The increased atRA concentrations in
serum without a change in liver suggest that CYP26B1 in extrahepatic sites plays a key role in
regulating systemic atRA exposure.
The putative DDI between 13cisRA and dextromethorphan was studied in clinical study
in eight healthy volunteers. The geometric mean ratio (GMR; 90% CI) of dextromethorphan area
under the curve from time zero to infinity (AUC0-∞) prior to and after 13cisRA treatment was
0.822 (0.677 – 0.998) indicating that dextromethorphan clearance and CYP2D6 activity was
increased following 13cisRA treatment. The dextrorphan-to-dextromethorphan AUC0-∞ ratio and
dextrorphan formation clearance (Clf) were also increased consistent with CYP2D6 induction. In
addition, the Clf of 3-methoxymorphinan, a CYP3A4-specific metabolite of dextromethorphan,

and the Clf of 6β-hydroxycortisol, an endogenous marker of CYP3A4 activity, were also
increased suggesting that CYP3A4 expression was also induced by 13cisRA.
Quantitative DDI predictions were made with data for CYP2D6 mRNA down-regulation
in human hepatocytes assuming that 13cisRA and its metabolites competitively bind to the same
receptor to elicit CYP2D6 down-regulation. An ~50% decrease in CYP2D6 activity and 2-fold
increase in dextromethorphan AUC were predicted to be observed in vivo after dosing with
13cisRA. These data demonstrate a clear disconnect between in vitro and in vivo CYP2D6
down-regulation. In contrast to data with CYP2D6, data from hepatocytes support the induction
of CYP3A4 observed in the clinical study. This is the first study to fully characterize the
concentration-response effect of retinoids on CYP2D6 activity and highlights the difficulty in
translating in vitro observations of CYP down-regulation to the clinic.
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Chapter 1. INTRODUCTION
Portions of this chapter have been published in:
James Hardwick, editor: Cytochrome P450 function and pharmacological roles in inflammation
and cancer, Vol 74, APHA, UK: Academic Press, 2015, pp. 373-412
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1.1

RETINOIC ACID ISOMERS AS IMPORTANT ENDOGENOUS SIGNALING
MOLECULES AND THERAPEUTIC AGENTS

Retinoic acid (RA), the active metabolite of the fat-soluble vitamin A, has been shown to
be important in various biological processes and in treatment of several diseases (Wolbach and
Howe, 1925; Cantorna et al., 1995; Fenaux et al., 2007; Ross, 2012; Matthay, 2013). The biological
activity of RA is predominantly mediated by binding to the family of nuclear retinoic acid
receptors (RARα, RARβ and RARγ), but all-trans-RA (atRA) has also been shown to bind to
peroxisome proliferator-activated receptors (PPARβ/δ) (Schug et al., 2007). Binding of retinoids
to either RARs or PPARs results in increased transcription of respective target genes, generally
promoting apoptosis through RAR signaling and cell proliferation through PPARβ/δ signaling
(Noy, 2010; Gudas, 2012). The importance of the RAR signaling and RAR binding of atRA is
illustrated in the pro-apoptotic effects of atRA in the treatment of acute promyelocytic leukemia
(APL). APL is definitively marked by a chromosomal translocation affecting the RARα gene
(Martens et al., 2010). The translocation ultimately results in a promyelocytic leukemia (PML)RARα fusion protein (Kakizuka et al., 1991; Pandolfi et al., 1991; Guidez et al., 1998), which
binds, with its heterodimer partner retinoid X receptor (RXR), to the retinoic acid response element
of target genes (Martens et al., 2010) ultimately blocking myeloid differentiation and leading to
leukemogenesis (Guidez et al., 1998; Collins, 2002). With wild type RARα, physiological levels
of atRA are sufficient to dissociate negative co-repressors, but PML-RARα fusion proteins are
less sensitive to atRA and pharmacological levels of atRA are required to dissociate negative corepressors from the fusion protein for gene transcription and terminal myeloid differentiation
(Guidez et al., 1998).
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Retinoic acid has five chemical isomers (atRA, 9cisRA, 13cisRA, 11cisRA and 9,13dicisRA). Of these isomers atRA (Figure 1.1) is considered to be the biologically active isomer
because of its high affinity (1 – 24 nM EC50) for RARs compared to its endogenous levels (ranging
from 3 nM in serum to 7 – 40 nM in mouse tissues) (Aström et al., 1990; Idres et al., 2002; Kane
et al., 2008; Topletz et al., 2015). However, in various species including humans, the 9cisRA,
13cisRA, and 9,13-dicisRA isomers have also been detected in different organs and in circulation
(Kane et al., 2008; Arnold et al., 2012). 9cisRA binds to RXRs and this isomer may be important
in tissues such as the pancreas where it has been detected (Kane et al., 2010). Yet, 9cisRA
concentrations in tissues and in circulation are typically very low or undetectable, and the
biological role of this isomer has not been confirmed. In contrast, 13cisRA has been detected in
several tissues in mice and humans (Kane et al., 2008; Arnold et al., 2012; Nya-Ngatchou et al.,
2013). However, 13cisRA has historically been considered to be devoid of biological activity due
to its relatively low affinity to RARs (43 – 365 nM EC50) compared to atRA and low endogenous
13cisRA concentrations (generally ≤ 6 nM in mouse tissues and 4 – 5 nM in human serum)
(Aström et al., 1990; Idres et al., 2002; Kane et al., 2008; Arnold et al., 2012). The major primary
metabolite of atRA, 4-OH-atRA, and its subsequent oxidation product 4-oxo-atRA, also bind
RARs, but with lower affinity than the parent molecule (45 – 800 nM and 8 – 90 nM EC50 for 4OH-atRA and 4-oxo-atRA, respectively) (Idres et al., 2002; Topletz et al., 2015). Both 4-OHatRA and 4-oxo-atRA have been shown to induce expression of the RARα-responsive genes
RARβ and CYP26A1 in vitro (Topletz et al., 2015). 13cisRA is also extensively metabolized to 4OH-13cisRA and then to 4-oxo-13cisRA, but no data are available for binding of these metabolites
to RARs. However, atRA, 13cisRA and their 4-oxo metabolites exhibit transcriptional activity in
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in vitro cultures of keratinocytes and fibroblasts (Baron et al., 2005), and 4-oxo-13cisRA activity
has been demonstrated in neuroblastoma cell lines (Sonawane et al., 2014).
Although several RA isomers and metabolites exhibit affinity to RARs and have activity
in vitro, the importance of endogenous atRA signaling is apparent in several organ systems. For
example, endogenous atRA is critical in the maintenance of healthy skin, epithelia and the immune
system (Napoli, 2012), in regulation of bone growth and homeostasis, and in regulating
continuous, asynchronous spermatogenesis (Chung and Wolgemuth, 2004; Hogarth and Griswold,
2013b). In addition, atRA is a classic morphogen that regulates embryonic development (Duester,
2008), organogenesis, stem cell differentiation (Gudas and Wagner, 2011) and body patterning in
all chordates. In addition, retinoid signaling has been linked to regulation of insulin stimulated
glucose secretion (Chung and Wolgemuth, 2004; Kane et al., 2008, 2010) and to lipid homeostasis
and adiposity (Bonet et al., 2012).
Exogenous atRA and 13cisRA have been shown to be beneficial in the treatment of chronic
hand eczema (Ruzicka et al., 2004) and in a variety of cancers including APL (Tang and Gudas,
2011), neuroblastoma in children (Veal et al., 2007), and Kaposi’s sarcoma (Altucci et al., 2007).
Whether exogenous atRA or 13cisRA function via similar pathways and receptors as endogenous
atRA is not well defined especially given that circulating concentrations of retinoids after
therapeutic dosing are much higher than endogenous levels. For example, steady state
concentrations for a typical dosing regimen of 13cisRA range from 500 – 1000 nM (Muindi et al.,
2008a; Amory et al., 2017), concentrations considerably higher than the EC50 for RARs. Thus, it
is plausible that exogenous 13cisRA could exert signaling effects through this pathway.
Throughout this text the terms atRA and 13cisRA are used when a specific isomer has been
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identified in the research, and the generic term RA is employed when the identity of the isomer
has not been specified.

1.2

SYNTHESIS, ELIMINATION, AND PHARMACOKINETICS OF ATRA AND 13CISRA
The main dietary forms of vitamin A, the precursor to RA, are retinol and retinyl esters

(Figure 1.1), typically obtained from animal products (Schoeff, 1983; Sklan, 1987). However,
retinol and retinyl esters are not biologically active but require oxidation by several enzymes to
generate retinaldehyde and ultimately RA (D’Ambrosio et al., 2011; Kedishvili, 2013). While the
oxidation of retinol to retinaldehyde by alcohol dehydrogenase enzymes is reversible, oxidation of
retinaldehyde to RA is irreversible. Aldehyde dehydrogenase (ALDH1A1, 1A2, and 1A3)
enzymes and aldehyde and xanthine oxidases have been reported to catalyze the oxidation of
retinaldehyde to RA (D’Ambrosio et al., 2011; Kedishvili, 2013). The clearance of atRA has been
studied extensively and is mediated predominantly by the cytochrome P450 family 26 enzymes
(CYP26) in all chordates, although many other CYP enzymes including human CYP3A4 and
CYP2C8 and rat Cyp2c22 also oxidize atRA (Nadin and Murray, 1999; Marill et al., 2000;
McSorley and Daly, 2000) (Figure 1.1).
The effects of endogenous atRA on gene transcription are dependent on the cellular
concentrations of atRA as well as the expression levels of RAR and PPAR nuclear receptors.
Endogenous atRA concentrations in various tissues are tightly controlled by the expression and
activity of the atRA synthesizing and eliminating enzymes. For example, ALDH1A1 appears to
be responsible for atRA synthesis in the mouse liver while ALDH1A2 and ALDH1A1 make the
main contributions to atRA synthesis in both mouse and human testes (Arnold et al., 2015a;
Arnold et al., 2015b). Similarly, extrahepatic expression of CYP26 enzymes has been
demonstrated (Topletz et al., 2012) and likely plays a role in tissue specific clearance and
5

regulation of atRA concentrations. CYP26 enzymes are proposed to constitute a tissue barrier for
atRA distribution from circulation to specific organs. This hypothesis originated from the
observation that uptake of administered atRA was limited in some tissues, such as the testes,
pancreas and spleen, (Smith et al., 1973; Ahluwalia et al., 1975; McCormick et al., 1983;
Kurlandsky et al., 1995), and that CYP26 enzymes were detected in keratinocytes and epithelial
cells of the testes and embryonic uterus (Heise et al., 2006; Vernet et al., 2006; Xia et al., 2010).
The metabolic barrier provided by CYP26 enzymes in some tissues, such as the testes, likely
ensures that tissue atRA concentrations are regulated by enzyme expression and activity within
the tissue and not by circulating concentrations. Therefore, understanding the activity and
expression of CYP26 enzymes in individual tissues and cell types is critically important for
defining the relationship between atRA concentrations and biological outcomes within a tissue.
The CYP26 family consists of three highly conserved enzymes CYP26A1, CYP26B1 and
CYP26C1. Despite the fact that atRA appears to be the primary substrate of all three CYP26
enzymes, these enzymes share only 40-50% sequence similarity in a given species (Thatcher and
Isoherranen, 2009). Yet, the individual isoforms are highly conserved across chordates which all
have three CYP26 enzymes. Overall, the affinity of atRA to each of the CYP26 enzymes is high,
but the CYP26 isozymes metabolize atRA in a stereoselective manner (Topletz et al., 2012; Zhong
et al., 2018), further supporting the spatiotemporal importance of the three CYP26 enzymes in
regulating atRA concentrations. The Km values for CYP26A1, CYP26B1, and CYP26C1 are
<100 nM for atRA (Topletz et al., 2012; Zhong et al., 2018), and are near the concentrations of
atRA in various tissues (Topletz et al., 2012). While the affinity of the substrate is high, the kcat
values for atRA with CYP26 enzymes are similar to other mammalian P450 enzymes
(approximately 1-10 pmol/min/pmol) (Thatcher et al., 2010; Topletz et al., 2012). Since the
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affinity of atRA to CYP26 is approximately 1000-fold higher than that to other CYP enzymes, the
overall intrinsic clearance of atRA by CYP26 enzymes is 1,000- to 10,000-fold higher than other
CYP enzymes such as CYP3A4 and CYP2C8 (Thatcher et al., 2010). Therefore, even in tissues
such as the human liver which have high expression of CYP3A4 and CYP2C8, the CYP26s are
expected to be the main contributors to atRA clearance even if they are expressed at lower levels
(Thatcher and Isoherranen, 2009; Thatcher et al., 2010, 2011). Indeed, in a study of individual
donors in a human liver bank, CYP26A1 was shown to be the main enzyme contributing to hepatic
atRA clearance, although the expression of CYP26A1 was subject to considerable inter-individual
variability (Thatcher, Zelter, & Isoherranen, 2010). Interestingly, in the human liver, CYP26B1
protein was completely absent pointing to tissue- and cell-type specific roles of the CYP26
enzymes in adult tissues and during fetal development.
Based on tissue specific expression and activity of CYP26 enzymes, it can be hypothesized
that tissue specific alterations in CYP26 activity will alter atRA concentrations in a given tissue
and result in altered atRA signaling. For example, inhibition of CYP26s or genetic polymorphisms
that decrease CYP26 activity would be expected to increase atRA concentrations within the tissue.
Yet a direct effect of decreased CYP26 activity and increased atRA concentrations in a tissue has
never been demonstrated, even though P450 inhibitors such as ketoconazole and CYP26-specific
inhibitors talarozole and liarozole increase RA concentrations in various tissues and plasma (Van
Wauwe et al., 1990; Stoppie et al., 2000; Nelson et al., 2013). Likewise, specific effects of
inhibition of CYP26A1 or CYP26B1 have not been shown to have different effects in different
tissues.
The products of metabolism of atRA by CYP26 have been characterized in vitro, and it is
widely believed that oxidation of atRA in the 4-position of the β-ionone ring to generate 4-OH-
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atRA (Figure 1.2) is the predominant route of elimination of atRA but no unequivocal mass
balance studies confirm this (Lutz et al., 2009; Thatcher et al., 2011). Determining the major route
of atRA elimination in humans or animal species is challenging, as 4-OH-atRA is extensively
metabolized both in vitro and in vivo. 4-OH-atRA is glucuronidated predominantly by UGT2B7
and oxidized by CYP26s and microsomal alcohol dehydrogenases to 4-oxo-atRA and other
products (Samokyszyn et al., 2000; Topletz et al., 2015). The CYP26s and other CYP enzymes
also generate several other hydroxylation products from atRA (Thatcher et al., 2011). The best
characterized of these additional hydroxylation products is the 18-OH-atRA which has been
synthesized (Rosenberger and Neukom, 1982) and shown to be a metabolite formed by CYP26A1,
CYP26B1, CYP26C1, and other CYPs (Topletz et al., 2012; Zhong et al., 2018). In addition, 16OH-atRA has been proposed as a metabolite of atRA, but this metabolite has never been
synthesized, and therefore the identification of the metabolite is based on interpretation of mass
spectrometry fragmentation patterns (Thatcher et al., 2011).
Similar to atRA, 13cisRA is extensively metabolized, but elimination of 13cisRA has been
attributed primarily to CYP2C8, CYP2C19 and CYP3A4 (Marill et al., 2002; Sonawane et al.,
2014) rather than CYP26s. We have observed that CYP26A1, CYP26B1, and CYP26C1 in
addition to CYP2C8, CYP2C19, and CYP3A4 can all catalyze the formation of 4-OH-13cisRA
(Figure 1.3), but the rate of metabolite formation by CYP26s is only ~5-fold higher than the rate
of formation by CYP3A4. Thus, given the low expression levels of CYP26s compared to CYP3A4,
it is unlikely that CYP26s are the predominant route of 4-OH-13cisRA formation in vivo. While
4-OH-13cisRA appears to be the primary 13cisRA metabolite formed by CYPs, several other
metabolites of 13cisRA have also been identified. Following oral administration of 13cisRA in
humans, metabolites including 4-OH-13cisRA, 4-oxo-13cisRA, atRA, 4-oxo-atRA and their
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glucuronides as well as glucuronide conjugates of 13cisRA, 16-OH-13cisRA and 18-OH-13cisRA
(Figure 1.2) have been detected in either blood, urine or feces (Vane and Buggé, 1981; Khoo et
al., 1982; Lucek and Colburn, 1985; Vane et al., 1990). The predominant circulating metabolite
of 13cisRA is 4-oxo-13cisRA (Brazzell and Colburn, 1982; Colburn et al., 1983) (Figure 1.2). As
is the case for 4-oxo-atRA, 4-oxo-13cisRA is a secondary metabolite generated from oxidation of
4-OH-13cisRA although the enzyme primarily responsible for formation of 4-oxo-13cisRA from
4-OH-13cisRA is unknown. In addition, the pathway for elimination of 4-oxo-13cisRA is unclear,
but several UGT1A isoforms have been shown to form 13cisRA and 4-oxo-13cisRA glucuronide
conjugates in vitro (Rowbotham et al., 2010; Sonawane et al., 2014).
While the metabolite profiles for atRA and 13cisRA are similar, the pharmacokinetics of
the two isomers as therapeutic agents are quite different. atRA is used in the treatment of APL,
and pharmacologically administered atRA has a short ~1-hour half-life (Ozpolat et al., 2003a;
Thudi et al., 2011). atRA exhibits non-linear kinetics with dose-dependent decreases in oral
clearance (Jing et al., 2017). In addition, upon multiple dosing, atRA also induces its own
clearance (Ozpolat et al., 2003b). In fact, auto-induction of atRA metabolism and resulting
resistance to atRA is the best characterized mechanism of APL relapse. In clinical pharmacokinetic
studies in APL patients, exposure to atRA was significantly decreased at relapse when compared
to exposure after the first dose (Muindi et al., 1992). Doubling the clinical dose of atRA at relapse
was insufficient to match initial atRA exposures. To overcome this auto-induction and maintain
exposure in APL patients, atRA is dosed on an intermittent schedule of one week on atRA
treatment and one week off atRA treatment. In contrast, although 13cisRA is also extensively
metabolized, it exhibits linear kinetics with an oral clearance ranging from 240 – 900 mL/min, a
~20-hour half-life, and does not induce its own clearance (Khoo et al., 1982; Brazzell et al., 1983;
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Colburn et al., 1983). The predominant circulating metabolite of 13cisRA, 4-oxo-13cisRA,
circulates at concentrations 3 - 5-fold higher than the parent drug and exhibits elimination ratelimited kinetics with a longer half-life than the parent drug (Brazzell and Colburn, 1982; Colburn
et al., 1983).
Another important metabolite of 13cisRA is atRA, which is formed by isomerization. In
vitro, 13cisRA and atRA have been shown to interconvert, although 13cisRA conversion to atRA
occurs to a greater extent than the reverse (Sass et al., 1994; Chen and Juchau, 1997; Tsukada et
al., 2000). For example, incubation with 13cisRA alone in neuroblastoma cell lines resulted in
atRA accounting for 15–31% of total RA. In contrast, after incubation with atRA, 13cisRA
accounted for <10% of total RA (Armstrong et al., 2007). Isomerization has been observed both
via glutathione-S-transferase-mediated and thermodynamic processes (Sass et al., 1994; Chen and
Juchau, 1997). Because of the differences in RAR affinity for the two isomers, the activity of
13cisRA is widely believed to be a result of isomerization to atRA. Further, because of the longer
half-life of 13cisRA compared to atRA, atRA as a metabolite of 13cisRA exhibits formation ratelimited kinetics resulting in a much longer atRA half-life with much less fluctuation in atRA
concentrations after dosing with 13cisRA (Muindi et al., 2008b). As a result, exposure to atRA is
similar after dosing of either 13cisRA or atRA. At present, it is not possible to differentiate the
pharmacodynamic effects caused by 13cisRA versus atRA following 13cisRA dosing and the
clinical advantages are largely due to pharmacokinetic effects. For example, in neuroblastoma cell
lines, 13cisRA and atRA have similar potency on cellular differentiation and growth arrest
(Reynolds et al., 1994), but 13cisRA is superior to atRA in the treatment of neuroblastoma due to
its favorable pharmacokinetic and toxicological properties (Reynolds et al., 2003).
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1.3

CYP DOWN-REGULATION AND DRUG-DRUG INTERACTIONS WITH RETINOIDS
In addition to classically recognized roles for RA signaling, RA isomers have also been

shown to regulate expression of CYPs. Induction of CYP3A4 by atRA, 13cisRA, and 9cisRA has
been shown in vitro and proposed to be mediated by RXR/CAR (constitutive androstane receptor)
and RXR/VDR (vitamin D receptor) pathways (Wang et al., 2008; Chen et al., 2010). Between
1.5- and 2.5-fold induction of CYP3A4 and CYP2C19 has also been observed in human
hepatocytes treated with 5 μM of 13cisRA (Sonawane et al., 2014). Much of the CYP regulatory
activity of RA isomers has been associated with activation of RXR, the obligate heterodimer
partner of many nuclear receptors including RARs, PPARs, VDR, the thyroid hormone receptor
(TR), liver X receptor (LXR), farsenoid X receptor (FXR), pregnane X receptor (PXR), and CAR
(Wang et al., 2008; Yang et al., 2014). While 9cisRA is considered the endogenous ligand for
RXR due to its 40-fold higher affinity for RXR compared to other retinoids, both atRA and
13cisRA can bind RXR as well (Heyman et al., 1992; Allenby et al., 1993). Thus, pharmacologic
dosing of atRA or 13cisRA could result in induction of CYP3A4 in vivo.
atRA has also been implicated in down-regulation of CYPs, but whether down-regulation
of CYPs observed in vitro translates to clinical DDIs is uncertain. The best example of DDIs
involving decreases in CYP expression stems from the effects of pro-inflammatory cytokines like
interleukin -6 (IL-6) decreasing transcriptional regulation and increasing proteolytic degradation
of CYPs in inflammatory diseases (Lee et al., 2009; Dickmann et al., 2011; Schmitt et al., 2011;
Evers et al., 2013). Clinical therapeutic protein-drug interactions have been observed following
treatment of rheumatoid arthritis patients with anti-IL-6 monoclonal antibodies tocilizumab and
sirukumab where exposures of substrates of CYP2C9, CYP2C19, and CYP3A4 were decreased
after treatment compared to baseline (Schmitt et al., 2011; Zhuang et al., 2015). These decreases
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in exposure were presumably due to increased CYP expression following treatment with anti-IL6 monoclonal antibodies, which reversed the suppressive effects of IL-6 on CYP expression.
Examples of in vitro CYP down-regulation by small molecule perpetrators have also been
presented in the literature (Gibson et al., 2005; Zamek-Gliszczynski et al., 2014; Sager et al.,
2017). However, due to a lack of in vitro-to-in vivo translation of CYP down-regulation in
preclinical species (Gibson et al., 2005) and insufficient exposure of perpetrators to predict a
clinical DDI (Zamek-Gliszczynski et al., 2014), no study of a DDI resulting solely from CYP
down-regulation has been reported. In the case of bupropion, the effects of bupropion and its
metabolites to down-regulate and reversibly inhibit CYP2D6 were combined to correctly predict
the magnitude of the decrease in CYP2D6 activity observed clinically (Sager et al., 2017), but at
present it is impossible to differentiate between CYP down-regulation and reversible inhibition
based on the clinical data. As such, CYP down-regulation by a drug resulting in a clinical DDI
remains to be shown.
A classic example of the importance of CYP down-regulation in vivo is homeostatic
regulation of bile acids. Bile acids are critical endogenous signaling molecules and are formed
from metabolic break-down of cholesterol by several enzymes including CYP7A1 and CYP8B1
(Goodwin et al., 2000). Bile acids are also cytotoxic and endogenous concentrations are tightly
regulated (Kim et al., 2007). Activation of the nuclear receptor FXR by excess bile acids induces
expression of small heterodimer partner (SHP). SHP is a classic FXR target gene and a corepressor protein that is recruited to the promoter of target genes to prevent transcription (Goodwin
et al., 2000; Cai et al., 2010). Upon bile acid activation of FXR and SHP induction, SHP inhibits
hepatocyte nuclear receptor 4α (HNF4α)-activated transcription of CYP7A1 and CYP8B1,
resulting in enzyme down-regulation to decrease bile acid formation (Shimamoto et al., 2004;
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Boulias et al., 2005). atRA has also been shown to induce SHP and down-regulate CYP7A1 and
CYP8B1 in in vitro models of human liver and in vivo in the mouse (Cai et al., 2010; Yang et al.,
2014). Treatment of HepG2 cells with atRA caused rapid induction of SHP mRNA and downregulation of CYP7A1 that was linked to RXR activation (Cai et al., 2010). After 12 or 24 hours
of atRA treatment in both HepG2 cells and primary human hepatocytes at least 2-fold SHP
induction resulted in greater than 50% decreases in CYP7A1 and CYP8B1 mRNA (Cai et al.,
2010; Yang et al., 2014). Signaling effects of atRA on bile acid homeostasis have also been
demonstrated in vivo where an approximate 2-fold increase in SHP and 50% decrease in CYP7A1
and CYP8B1 was observed in livers of mice treated with atRA (Yang et al., 2014).
A similar mechanism of SHP- and HNF4α-mediated regulation of CYP2D6 has been
proposed (Koh et al., 2014; Pan and Jeong, 2015; Pan et al., 2015). In CYP2D6-humanized (TgCYP2D6) mice when SHP levels were decreased (during pregnancy or with the introduction of
siRNA targeting SHP), increased HNF4α and CYP2D6 were observed (Koh et al., 2014).
Conversely, activation of FXR or treatment with atRA in Tg-CYP2D6 mice demonstrated
approximately 2-fold increases in SHP, which resulted in 50% decreases in CYP2D6 (Koh et al.,
2014; Pan and Jeong, 2015; Pan et al., 2015). These data provide strong evidence that increased
levels of atRA lead to induction of SHP and that multiple enzymes including CYP2D6 are downregulated as a result of SHP induction. This suggests that patients who take atRA therapeutically
may be at risk for DDIs resulting from down-regulation of CYP2D6. However, the
pharmacokinetic profile (short half-life and auto-induction of clearance with multiple doses)
makes atRA a poor model compound to test whether down-regulation of CYP2D6 observed in
vitro and in preclinical species translates to a clinical DDI. In contrast, after dosing with 13cisRA,
atRA has a much longer half-life and steady state concentrations of atRA are similar to those
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achieved after dosing with atRA (Muindi et al., 2008a). Thus, a greater risk for a DDI involving
CYP2D6 may be expected with 13cisRA as compared to atRA. In addition, activity of 13cisRA
and 4-oxo-13cisRA has been demonstrated in a variety of in vitro systems, and it is plausible that
these retinoids could also contribute to CYP2D6 down-regulation. In fact, decreased expression of
CYP2B6, CYP2C8, and CYP2C9 has been observed in human hepatocytes following treatment
with 13cisRA (changes in CYP2D6 were not studied) (Sonawane et al., 2014). Therefore, dosing
of 13cisRA provides a unique model to assess the potential for a clinical DDI involving CYP2D6
down-regulation.

1.4

HYPOTHESIS AND AIMS
Retinoic acid, specifically atRA, is a critical endogenous signaling molecule that regulates

a variety of physiological processes. The enzymes of the CYP26 family are important regulators
of tissue-specific concentrations of endogenous atRA, and pharmacological-targeted inhibition of
CYP26 enzymes has been proposed to increase endogenous atRA levels in certain diseases. In
addition, atRA and its stereoisomer 13cisRA are used as therapeutic agents in treatment of
psoriasis, acne, and cancers (e.g., APL and neuroblastoma). For APL, CYP26 is also an attractive
drug target to overcome the auto-induction of atRA metabolism that occurs with multiple dosing
of atRA. In vitro and preclinically, atRA has also been shown to down-regulate CYP2D6 and
atRA and 13cisRA have been shown to induce CYP3A4, but whether atRA and 13cisRA cause
DDIs has not been tested in humans. The overall hypothesis for this thesis is that in vitro
characterization of the inhibition by the panCYP26 inhibitor talarozole, and induction and downregulation caused by retinoids can be used to predict the magnitude of CYP interactions in vivo.
This hypothesis was tested with three aims:
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Aim 1. Quantify the increase in endogenous atRA in serum, liver, and testis after
administration of the panCYP26 inhibitor, talarozole, and correlate atRA concentration changes
to atRA signaling changes via the RAR and PPAR nuclear receptors in these tissues.
Aim 2. Determine whether CYP2D6 down-regulation by atRA translates to decreased
CYP2D6 activity in humans after atRA exposure using 13cisRA with its circulating metabolites
atRA and 4-oxo-13cisRA as precipitants.
Aim 3. Quantitatively predict the magnitude of DDIs involving CYP2D6 down-regulation
and CYP3A4 induction perpetrated by 13cisRA and its metabolites, atRA and 4-oxo-13cisRA, by
characterizing the effects of each retinoid in human hepatocytes.
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Figure 1.1. Enzymatic processes that regulate endogenous atRA homeostasis in humans.
Retinyl ester hydrolase (REH) hydrolyzes retinyl esters, acquired as vitamin A from the diet, to
retinol, and lecithin retinol acyltransferase (LRAT) esterifies retinol to retinyl esters for storage.
Retinol is reversibly converted to retinaldehyde by retinol dehydrogenases (RDHs), and then
retinaldehyde is irreversibly oxidized to the active metabolite atRA by ALDH1A isoforms,
aldehyde oxidase (AO) and xanthine oxidase (XO). In the cell, atRA will localize to the nucleus
and bind to RXR:RAR heterodimers to induce gene transcription. atRA is cleared through
oxidation to polar metabolites by several P450 enzymes, including predominantly the CYP26
family. Figure adapted from Cytochrome P450 function and pharmacological roles in
inflammation and cancer, Vol 74, APHA, UK: Academic Press, 2015, pp. 373-412.
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Figure 1.2. Metabolic scheme for 13-cis-retinoic acid (13cisRA) and all-trans-retinoic acid
(atRA). atRA is metabolized primarily to 4-OH-atRA and subsequently to 4-oxo-atRA.
Interconversion between 13cisRA and atRA favors conversion from 13cisRA to atRA. 13cisRA
is extensively metabolized and 4-OH-13cisRA, 4-oxo-13cisRA, and the glucuronide conjugates
of 13cisRA, 4-OH-13cisRA, 4-oxo-13cisRA, 16-OH-13cisRA and 18-OH-13cisRA have been
detected following dosing of 13cisRA to human subjects.
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Figure 1.3. Formation of 4-OH-13cisRA from incubation of 13cisRA. Recombinantly
expressed CYPs (10 pmol protein/mL) were incubated with 10 μM 13cisRA for 20 min and
formation of 4-OH-13cisRA was measured.
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Chapter 2. INHIBITION OF THE ALL TRANS-RETINOIC ACID
(ATRA) HYDROXYLASES CYP26A1 AND CYP26B1 RESULTS IN
DYNAMIC, TISSUE-SPECIFIC CHANGES IN ENDOGENOUS
ATRA SIGNALING
This chapter was published in: Drug Metabolism and Disposition (2017) 45:1 - 9
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2.1

INTRODUCTION
The active metabolite of vitamin A, all-trans retinoic acid (atRA), is essential in the

regulation of many physiological processes including embryonic development, immune system
function, reproduction, and epithelial integrity, among others (Wolbach and Howe, 1925; Cantorna
et al., 1995; Ross, 2012). Due to its many endogenous roles, control of atRA concentrations in
various tissues is of critical importance. Decreased levels of retinoic acid have been found in a
variety of diseases such as cancer, diabetes and non-alcoholic fatty liver disease (Moulas et al.,
2006; Chang et al., 2008; Liu et al., 2015). In the liver, atRA has been proposed to regulate lipid
homoeostasis and mitochondrial function via activation of the nuclear retinoic acid receptors
(RARs) and peroxisome proliferator activated receptor (PPAR) β/δ (Berry and Noy, 2009;
Tripathy et al., 2016). In healthy testes, atRA signaling through RARs has been shown to control
sex-specific timing of meiotic initiation and asynchronous spermatogenesis (Griswold, 2016).
Importantly, studies in mouse testis containing synchronized germ cell development have shown
that spermatogonial differentiation is associated with a 2- to 5-fold change in intratesticular atRA
concentrations (Hogarth et al., 2015a). However, it is not known what magnitude of change in
atRA concentrations in different tissues is required to alter atRA signaling.
Maintenance of atRA homeostasis is complex and involves several enzymes. Vitamin A is
stored as retinyl esters mainly in the liver, lungs and adipose, and upon demand, the esters are
hydrolyzed to retinol. Retinol is oxidized to atRA via a two-step enzymatic process involving
retinol dehydrogenase (RDH) enzymes and the aldehyde dehydrogenase 1A family (ALDH1A)
(Napoli, 2012). atRA is eliminated from the body via metabolism to polar metabolites
predominantly by the cytochrome P450 26 (CYP26) enzymes CYP26A1 and CYP26B1(Lutz et
al., 2009; Thatcher and Isoherranen, 2009; Thatcher et al., 2010). CYP26A1 and CYP26B1 appear
20

to have functional redundancy as atRA hydroxylases, but have distinct tissue- and cell-type
specific expression (Topletz et al., 2012). For example, CYP26A1 is the predominant CYP26
enzyme in adult human and mouse liver while CYP26B1 protein is not detectable in the liver
(Thatcher et al., 2010; Peng et al., 2012). Similarly, cell-type specific knock outs of CYP26B1
have a distinct phenotype (Li et al., 2009; Hogarth et al., 2015b). Both CYP26A1 and CYP26B1
are expressed in the adult testis and play a role in the onset and maintenance of spermatogenesis
(Hogarth et al., 2015a). Yet, it is not known what effect CYP26 inhibition may have on tissuespecific retinoid signaling. In humans, several variant alleles of CYP26A1 and CYP26B1 have
been associated with increased risk of oral cancer, increased size in atherosclerotic lesions and
decreased risk of Crohn’s disease (Krivospitskaya et al., 2012; Fransén et al., 2013; Wu et al.,
2015), but at present it is not known whether these variants alter atRA concentrations or signaling
in target tissues.
CYP26 enzymes appear to play a critical role in the control of tissue atRA concentrations,
and their expression is believed to be regulated via an auto-feedback of atRA concentrations. When
atRA levels are increased, such as in pharmacologic dosing of atRA, atRA clearance is
significantly increased, likely via induction of CYP26 expression leading to atRA therapy
resistance and relapse (Ozpolat et al., 2002; Ross et al., 2011). Upregulation of CYP26 has also
been noted in many cancers. suggesting potential changes in atRA concentrations (Shelton et al.,
2006; Brown et al., 2014; Wu et al., 2015). Overall, the changes in CYP26 expression suggest that
altered atRA signaling contributes to disease development and progression. However, whether
endogenous atRA concentrations are altered as a result of, or lead to increased CYP26 expression,
is not known.
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Inhibition of CYP26s has been proposed as an attractive drug target both to increase
endogenous atRA concentrations and to prevent atRA therapy resistance. Yet, at present it is not
known what magnitude of change in endogenous atRA concentrations is needed to alter atRA
signaling in target tissues. In addition, it is not known whether inhibition of CYP26 enzymes
increases atRA concentrations in vivo in a manner that can be predicted from in vitro data. The
aim of this study was to quantify the increase in endogenous atRA in serum, liver and testis after
single and multiple dose administration of the panCYP26 inhibitor, talarozole, and to correlate
concentration changes to atRA signaling changes via the RAR and PPAR nuclear receptors in
these tissues.

2.2
2.2.1

MATERIALS AND METHODS
Chemicals and reagents

all-trans retinoic acid, itraconazole, and mass spectrometry grade formic acid were purchased
from Sigma-Aldrich (St. Louis, MO). atRA-d5 was obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). Talarozole was purchased from Active Biochem (Maplewood, NJ). Hexanes,
water, acetonitrile and methanol were Optima LC/MS grade from Thermo Fisher Scientific
(Waltham, MA). Ethanol, xylene, and Histoplast paraffin used in preparation of slides for
immunohistochemistry were from Thermo Fisher Scientific (Waltham, MA), and HARLECO®
Bouin fixative fluid from EMD Millipore (Darmstadt, Germany).
2.2.2

Animal care and talarozole treatments

All animal experiments were approved by the Washington State University Animal Care and
Use Committee. Male C57BL/6X129 mice were housed in a temperature- and humidity-controlled
environment and food and water were available ad libitum. Two separate talarozole treatment
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studies were conducted. In the first study, male mice (n=24) were treated with a single oral dose
of 2.5 mg/kg talarozole dissolved in PEG 300 (Sigma-Aldrich, St. Louis, MO) or PEG 300 alone
as a vehicle control (n=3). Talarozole-treated mice (n=3 per time point) were euthanized via CO2
asphyxiation followed by cervical dislocation at 0.25, 0.5, 1, 2, 4, 8, 12, and 24 h after the single
dose of talarozole while vehicle controls were euthanized at 24 h. In the second study, male mice
(n=5) were treated with multiple oral doses of 2.5 mg/kg talarozole dissolved in PEG 300 twice
daily for three days or with PEG 300 alone as a vehicle control group (n=5). Talarozole-treated
mice were fasted overnight and euthanized 4 h following a final dose of talarozole in the morning
of the fourth day of treatment. Vehicle control mice (n=5) were similarly fasted and euthanized at
the same time to serve as a baseline control. In both studies, the mice were exsanguinated, and all
of the blood was collected into 1.5 ml Eppendorf tubes and serum isolated from blood by
centrifugation at 1,100 x g for 10 min at 4°C. Liver and testis were collected for atRA
concentration measurements and for mRNA analysis. All samples were collected in a lightprotected environment, snap frozen on dry ice and stored at -80°C until use. In the multiple dose
study, one testis from three mice was processed to be analyzed via immunohistochemistry (IHC).
For IHC analysis, testes were fixed in HARLECO® Bouin fixative fluid for 5 h, dehydrated through
a graded ethanol series, washed with xylene, embedded in Histoplast LP paraffin wax and
sectioned (4 µm sections) onto charged glass slides.
2.2.3

Determination of talarozole pharmacokinetic parameters in the mouse
To prepare mouse serum samples for analysis of talarozole by liquid chromatography-

tandem mass spectrometry (LC-MS/MS), 80 µL of 1:3 methanol:acetonitrile with 10 nM of
itraconazole as internal standard was added to 40 µL of serum, the samples were centrifuged at
3,000 x g for 20 min at 4°C, and supernatant was collected for quantification. Concentrations of
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talarozole and internal standard were measured using an AB Sciex (Framingham, MA) API 4500
triple quadrupole mass spectrometer. Analytes were separated using a 100 x 2.1mm, 1.9-µm C18
Hypersil Gold column (Thermo Fisher Scientific, Waltham, MA) coupled to a Shimadzu (Kyoto,
Japan) LC-20AD liquid chromatography system. Ten microliters of sample was injected and the
mobile phase flow was 500 µL/min. LC solvents were A: 0.1% formic acid in water and B:
acetonitrile. The following gradient was used: 0  0.5 min 5% B, 0.5  3.5 min gradient to 90%
B, 3.5  5 min 90% B, then returned to initial conditions over 0.1 min and equilibrated at 5% B
until 7 min. Analytes were monitored using positive ion electrospray ionization and m/z transitions
of 378.1  239.0 for talarozole and 705.2  392.2 for itraconazole. For mass spectrometry
parameters, a declustering potential of 16, collision energy of 33, and collision exit potential of 4
for talarozole and declustering potential of 76, collision energy of 43, and collision exit potential
of 6 for itraconazole were used, and the source temperature was 450ºC. Data were analyzed using
Analyst software (AB Sciex, Foster City, CA) and talarozole concentrations were quantified with
a standard curve ranging from 0.5 – 50 nM.
A one compartment model with first-order absorption and elimination (equation 2.1) was
fit to data collected from the single 2.5 mg/kg dose of talarozole in Phoenix WinNonlin v6.3
(Pharsight, St. Louis, MO) using sparse sampling fitting methods:

=
C

F × D × ka
−k t
−k t
× e ( ) − e a( )
V ( ka − k )

(

)

(2.1)

where F is bioavailability, D is the dose, ka is the rate of absorption, k is the rate of elimination,
and V is the volume of distribution of talarozole.
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2.2.4

Talarozole protein binding
The unbound fraction of talarozole in mouse serum was determined by ultracentrifugation

as previously described (Shirasaka et al., 2013). Serum from mice treated with oral 2.5 mg/kg
talarozole as a single dose or twice daily for three days was pooled into three groups (n=7 per
group), which was then aliquoted into ultracentrifuge tubes. Samples (n=2 per group) were
incubated for 90 min at 37°C or centrifuged at 435,000 x g at 37°C for 90 min in a Sorval Discovery
M150 SE ultracentrifuge with a Thermo Scientific (Waltham, MA) S100-AT3 rotor. Supernatant
or incubated sample (40 µL) was added to 80 µL of 1:3 methanol:acetonitrile with 10 nM of
itraconazole as internal standard and centrifuged at 3,000 x g at 4°C for 20 min. The supernatant
was transferred and talarozole concentrations were analyzed by LC-MS/MS as described above.
For each group, the fraction unbound was calculated as the ratio between mean talarozole
concentrations with (unbound concentration) and without (total concentration) ultracentrifugation.
The final fraction unbound is reported as the mean ± standard deviation of the three groups.
2.2.5

Prediction of CYP26 inhibition following single or multiple doses of talarozole
The change in CYP26A1 and CYP26B1 activity following a single dose of talarozole was

predicted according to equation 2.2:

CYP26 Activity Remaining ( %
=
) 100 ×

1

(1 + )
Iu
Ki

(2.2)

in which Iu is the unbound talarozole concentration and Ki is the reported inhibition constant for
CYP26A1 or CYP26B1 (Diaz et al., 2016).
Induction of CYP26A1 protein in the liver was incorporated to predict the change in
CYP26A1 activity following multiple doses of talarozole using equation 2.3:
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100 ×
CYP26 Activity Remaining ( % ) =

1

(1 + )
Iu
Ki

× Eind

(2.3)

where Eind is the observed fold-increase in CYP26A1 protein in the liver measured by Western
blot following the final dose of 2.5 mg/kg talarozole administered twice daily for three days.
2.2.6

Quantitation of atRA in mouse serum and tissues
atRA was quantified in serum, liver and testis as previously described (Arnold et al., 2015a;

Arnold et al., 2015b). In brief, liver (68 – 84 mg) or testis (65 – 126 mg) tissue samples were
homogenized with a 1:1 volume of saline and 10 µL of 1.5 µM atRA-d5 as internal standard was
added. Each homogenate or serum (50 µL serum plus 10 µL of 1.5 µM atRA-d5) sample was
transferred to a 15 mL glass culture tube and extracted in a 2:1 volume of acetonitrile + 1% formic
acid and 10 mL of hexanes. The organic layer was separated by centrifugation, dried under
nitrogen flow and reconstituted in 60:40 acetonitrile:water for LC-MS/MS analysis. All extractions
were performed on ice and under red light to ensure atRA stability.
The concentrations of atRA with atRA-d5 as an internal standard in serum and tissue
homogenates were measured using an AB Sciex (Framingham, MA) qTrap 5500 mass
spectrometer equipped with an Agilent Technologies (Santa Clara, CA) 1290 Infinity ultrahigh
pressure liquid chromatography system as previously described (Arnold et al., 2012; Arnold et al.,
2015b). Briefly, atRA was separated with an Ascentis® Express RP-Amide 15 cm x 2.1 mm, 2.7
µm column (Sigma-Aldrich, St. Louis, MO) with an Ascentis Express RP-Amide 2.7 µm guard
column with a mobile phase flow of 500 µL/min and solvents A: 0.1 % formic acid in water and
B: 60:40 acetonitrile:methanol plus 0.1% formic acid. The gradient was 02 min 40% B, 2  10
min increase to 95% B, 10  15 min hold at 95% B before return to initial conditions. For
detection, positive mode atmospheric pressure chemical ionization was used and m/z transitions of
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301.2205.3 and 306.2116.0 were monitored for atRA and atRA-d5 quantification,
respectively. Data was analyzed using Analyst software (AB Sciex, Foster City, CA).
2.2.7

Quantification of mRNA and protein changes in mouse liver and testis
Mouse liver and testis mRNA was extracted as previously published (Tripathy et al., 2016).

In brief, 1 mL of TRI reagent (Invitrogen, Grand Island, NY) was added to approximately 100 mg
of liver or testis tissue and mRNA was extracted according to the manufacturer’s
recommendations. Total mRNA was quantified using a Nanodrop 2000c Spectrophotometer
(Thermo Fischer Scientific, Waltham, MA), cDNA was generated using 1 µg RNA and TaqMan
Reverse Transcription Reagents (catalog number N8080243, Applied Biosystems, Carlsbad, CA).
Changes in Rdh1, Rdh11, Aldh1a1, Aldh1a2, Cyp26a1, Cyp26b1, Rarβ, small heterodimer partner
(Shp), peroxisome proliferator activated receptor gamma coactivator 1α (Pgc1α), Pgc1β, nuclear
respiratory factor (Nrf1), and stimulated by retinoic acid 8 (Stra8) mRNA were measured by
quantitative reverse-transcriptase polymerase chain reaction (q-rtPCR) using a StepOnePlus
(Applied Biosystems) instrument with TaqMan real-time gene expression master mix and PCR
primers and probes as described previously (Tripathy et al., 2016). The primer probe pairs were
obtained from Applied Biosystems and included Rdh1 (Mm00650636_m1), Rdh11
(Mm00458129_m1), Aldh1a1 (Mm00657317_m1), Aldh1a2 (Mm00501306_m1), Cyp26a1
(Mm00514486_m1, FAM), Cyp26b1 (Mm00558507_m1), Rarβ (Mm01319677_m1, FAM), Shp
(Mm0044278_m1), Pgc1α (Mm01208835_m1, FAM), Pgc1β (Mm00504730_m1, FAM), Nrf1
(Mm01135606_m1,

FAM),

Stra8

(Mm00486473_m1),

β-glucuronidase

(Gusb;

Mm00446953_m1), and β-actin (Actb; Mm00607939_s1, FAM). Both Gusb and Actb were
evaluated as housekeeping genes for liver and testis, and based on the data, Gusb was used as a
housekeeping gene in the liver and Actb in the testis. All samples were analyzed in duplicate and
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any undetermined CT values were assigned a CT value of 40 (the maximum number of cycles).
Changes in target mRNA were measured using relative quantification (fold-difference) and the ΔΔ
cycle threshold method.
The amount of CYP26A1 protein in livers from mice treated with either vehicle or 2.5
mg/kg talarozole twice daily for three days was measured by Western blot as described previously
(Tripathy et al., 2016). The expression of CYP26A1 protein following a single dose of talarozole
was not measured, as previous data suggested a delay of CYP26A1 protein synthesis following
mRNA induction (Topletz et al., 2015). In brief, livers were homogenized and proteins were
extracted using whole liver lysis buffer in the presence of protease (Roche Applied Science,
Indianapolis, IN) and phosphatase inhibitors (1 mM β-glycerol phosphate, 2.5 mM Napyrophosphate, 1 mM Na3VO4). Protein concentrations were measured by BCA protein assay
(Thermo Fisher Scientific, Waltham, MA). Whole liver protein extracts were separated by SDSpolyacrylamide gel electrophoresis (NuPAGE-Novex 4–12% polyacrylamide Bis-Tris, Life
Science Technologies, Carlsbad, CA) and transferred to nitrocellulose membranes. Blots were
incubated with primary antibodies against CYP26A1 and β-Actin overnight at 4°C, and on the
next day, blots were washed and incubated with secondary antibody for 1 hour at room
temperature. The CYP26A1 antibody was made in-house as previously described (Thatcher et al.,
2010), and the β-Actin antibody (product # AC-15) was purchased from Abcam (Cambridge, MA).
The secondary antibodies, IRDye 680 (anti-mouse) and IRDye 800 (anti-rabbit), were obtained
from LiCor Inc (Lincoln, NE). Antigen-antibody reactions were detected and quantified using
LiCor Odyssey scanner and software (Licor Inc., Lincoln, NE). All Western blots were conducted
as technical duplicates.
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2.2.8

Immunohistochemistry of Stra8 in mouse testis
IHC was performed as previously described (Hogarth and Griswold, 2013a). In brief, the

tissue sections were first immersed in xylene, rehydrated using a graded series of ethanol and then
antigen retrieval was achieved using 0.01 M citrate buffer (2.94 mg/mL sodium citrate dihydrate
in double distilled water; pH 6) at a rolling boil for ~5 min. Non-specific binding of the secondary
antibody was blocked via incubation of the tissue sections in a commercially available blocking
solution (Histostain Kit, #956143B, Invitrogen, Carlsbad, CA) for 20 min at room temperature. To
detect Stra8, sections were incubated at room temperature overnight (~16 h) in 1:1000 dilution of
Stra8 primary antibody in blocking solution. The Stra8 antibody was made in-house as described
previously (Hogarth et al., 2015a). Control sections were incubated in blocking solution alone.
Biotinylated goat-anti-rabbit secondary antibody (Histostain Kit) was applied for 1 hour at room
temperature following the manufacturer’s instructions. Strepdavidin-conjugated horseradish
peroxidase (Histostain Kit) was then applied for 1 hour at room temperature. Primary antibody
binding was visualized by a brown precipitate formed by HRP activity in the presence of 3,3′diaminobenzidine tetrahydrochloride (DAB, Invitrogen, Carlsbad, CA). Tissue sections were then
counterstained with a 1:3 dilution Harris Hematoxylin (Sigma-Aldrich, St. Louis, MO) and
dehydrated via a graded ethanol series to xylene. Tissue sections were mounted under glass
coverslips using DPX mounting media (VWR International, Radnor, PA) or DAPI. Cell types were
determined using nuclear morphology and location within the tubules (Russell et al., 1993).
2.2.9

Statistical analysis
Results are presented as mean ± standard deviation. To determine time-dependent changes

in atRA tissue concentration or mRNA levels, log transformed concentration or q-rtPCR data was
analyzed by ANOVA with a Dunnett’s test as a post-hoc analysis using Prism (GraphPad, La Jolla,
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CA). Differences between vehicle control and treated mice in the multiple dose study were
assessed by t-tests on log-transformed data. In all analyses, p<0.05 was considered significant.

2.3

RESULTS

2.3.1

Effect of single dose talarozole on CYP26 activity and endogenous atRA
concentrations
Following a single 2.5 mg/kg oral dose of talarozole in mice, the absorption of talarozole

was rapid with a peak concentration (80.3 nM) observed at 30 min post dose (Figure 2.1). The
observed talarozole AUC0-∞ was 190 h*nM resulting in a relatively high oral clearance of 590
mL/min/kg. Talarozole had a short half-life in mice, 2.2 h, leading to low to undetectable
concentrations of talarozole 12 h after dosing. The unbound fraction of talarozole in plasma was
5.8 ± 2.5%.
Based on the reported inhibitory constants for talarozole (5.1 nM for CYP26A1 and
0.46 nM for CYP26B1) (Diaz et al., 2016), talarozole concentrations in mice were above the
CYP26A1 Ki for 8 h and above the CYP26B1 Ki for 12 h. Using the observed concentrations of
talarozole, talarozole unbound fraction, and the Ki for each CYP26 isoform, a maximum 48%
decrease in CYP26A1 activity and 79% decrease in CYP26B1 activity was predicted at 30 min
post-dose (Figure 2.1). In agreement with the time above Ki and the short half-life of talarozole, at
least 80% of enzyme activity was predicted to return by 4 h post-dose for CYP26A1 and 12 h postdose for CYP26B1. These results suggest that talarozole is a transient inhibitor of both CYP26
enzymes.
Observed serum, liver, and testis concentrations of atRA as a function of time after a single
dose of talarozole are presented in Figure 2.2. Baseline concentrations of atRA in vehicle-treated
mice were 1.0 ± 0.61 nM in serum, 21 ± 0.48 pmol/g tissue in liver, and 11 ± 2.5 pmol/g tissue in
30

testis. Following talarozole dosing, endogenous atRA concentrations increased transiently with a
maximum increase in atRA 4 h after talarozole dosing. The maximum atRA concentrations were
5.7 ± 3.7 nM, 56 ± 20 pmol/g tissue, and 27 ± 13 pmol/g tissue in serum, liver, and testis,
respectively, representing a 5.7-, 2.7-, and 2.5-fold increase over concentrations measured in
vehicle control mice. In all matrices, concentrations of atRA returned to baseline by 12 h after the
talarozole dose.
To determine whether the 2.5- and 2.7-fold increases in testis and liver atRA concentrations
resulted in increased atRA signaling in these organs, changes in the mRNA of Cyp26a1, Rarβ,
Shp, Pgc1α, Pgc1β, and Nrf1 in the liver and Cyp26a1, Cyp26b1, Rarβ, and Stra8 in the testis
were measured by q-rtPCR. Cyp26a1 mRNA was increased in both the liver and testis, and similar
to atRA concentrations, the induction was transient and peaked at 8 h. A significant increase in
Cyp26a1 was observed in the liver at 4, 8, and 12 h (Figure 2.3, p<0.05) and at 4 and 8 h in the
testis (Figure 2.3, p<0.05) There was no change in Cyp26b1 in the testis (Figure 2.3). Of the RAR
target genes, Rarβ was significantly increased in the liver at 4 and 8 h, while Shp was unchanged.
In contrast, in the testis, no changes in Rarβ or Stra8 mRNA expression were observed (Figure
2.3). In the liver, a significant increase in the PPARδ target gene Pgc1β was observed at 2, 4, 8,
and 12 h (Figure 2.3, p<0.05), while Pgc1α, and Nrf1 were unchanged. In addition, no changes
were detected over 24 h following a single dose of talarozole in the mRNA levels of genes that are
involved in atRA formation (i.e., Rdh1, Rdh11, Aldh1a1, or Aldh1a2), in the liver or testis (Figure
2.3). Despite previous reports, no Rdh1 was detected in the liver.
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2.3.2

Effects of multiple doses of talarozole on CYP26 activity and endogenous atRA
concentrations
Multiple doses of talarozole (2.5 mg/kg BID for 3 days) were administered to mice to assess

the effect of prolonged inhibition of Cyp26 on atRA concentrations and signaling. The disposition
of talarozole following a single dose was used to simulate the concentrations of talarozole in mice
during the 2.5 mg/kg BID dosing for 3 days (Figure 2.4). Due to the short half-life of talarozole,
no accumulation was expected with multiple dosing. Concentrations of talarozole in serum were
measured at 4 h following the last dose, and the observed concentrations were similar (11.3 ±
4.9 nM) to those observed at 4 h in the single dose study (12.9 ± 3.5 nM). As in single dose
inhibition predictions, a transient inhibition of Cyp26a1 and Cyp26b1 was expected during each
dosing interval with greatest inhibition predicted at 30 min post-talarozole dose and complete
return of Cyp26a1 and Cyp26b1 activity by 12 h following talarozole dosing (Figure 2.4).
Based on the inhibition data and simulated and observed talarozole concentrations, atRA
serum and tissue concentrations were expected to be increased following multiple doses of 2.5
mg/kg talarozole BID. Indeed, serum atRA concentrations were significantly higher in talarozoletreated compared to vehicle-treated mice (Figure 2.4, p<0.05). However, there was no significant
increase in endogenous atRA in livers or testes of mice treated with multiple doses of talarozole
(Figure 2.4). Based on the transient increase in Cyp26a1 mRNA following the single dose of
talarozole, and the lack of increase in tissue atRA concentrations despite similar inhibitor exposure
as measured after a single dose of talarozole, it was hypothesized that the lack of increase in atRA
following multiple doses of talarozole was due to Cyp26 induction in target tissues. Therefore, the
Cyp26a1 and Cyp26b1 mRNA expression in liver and testis were measured. Liver Cyp26a1
mRNA was significantly higher in talarozole-treated mice compared to control mice (Figure 2.5,
p<0.05). In the testis, no significant increase in Cyp26a1 or Cyp26b1 mRNA was observed in
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talarozole-treated mice compared to control mice, though a trend of increased Cyp26a1 was
observed (Figure 2.5).
To determine whether changes in Cyp26a1 mRNA in the liver translated to increased
CYP26A1 protein expression, hepatic CYP26A1 protein was measured by Western blot. On
average, an 11-fold increase in CYP26A1 protein in livers from talarozole-treated versus vehicletreated mice was observed (Figure 2.5). When the 11-fold induction was included with the
transient CYP26A1 inhibition in the prediction of changes in CYP26A1 activity, a net 5-fold
increase in hepatic CYP26A1 activity was predicted. Thus, in the liver, which expresses CYP26A1
but not CYP26B1, accounting for transient inhibition, as well as induction of CYP26A1 protein,
predicted a potential decrease in atRA concentrations. To explore potential reasons for the
discrepancy between predicted and observed liver atRA concentrations, the changes in the mRNA
of enzymes involved in vitamin A homeostasis (Rdh11 and Aldh1a1 in the liver and Rdh1, Rdh11,
Aldh1a1, and Aldh1a2 in the testis) were measured. Consistent with results from the single dose
talarozole study, no significant changes in the expression of any of these genes were observed in
the liver or testis (Figure 2.5).
2.3.3

Effect of CYP26 inhibition on atRA signaling in mouse liver and testis
The effect of multiple doses of talarozole on genes that are transcriptionally regulated by

atRA in the liver was investigated to further assess atRA signaling. No differences were observed
in Rarβ, Shp, Pgc1α or Nrf1 mRNA in the liver (Figure 2.6) while Pgc1β mRNA was decreased
in talarozole-treated mice compared to vehicle-treated mice (Figure 2.6, p<0.05). The impact of
CYP26 inhibition on atRA signaling in the testis was assessed by immunohistochemical staining
for STRA8, a marker of response to atRA in testicular germ cells (Hogarth et al., 2015a). In
agreement with the lack of significant increase in atRA concentrations in the testis, there was no
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increase in STRA8 expression 4 h following the last dose of multiple doses of talarozole (Figure
2.6).

2.4

DISCUSSION
The aim of this study was to determine whether changes in endogenous atRA

concentrations will alter retinoid signaling in two target organs, liver, and testis, following
administration of talarozole, a potent inhibitor of the atRA hydroxylase enzymes CYP26A1 and
CYP26B1 according to the model shown in Figure 2.7. In addition, this study aimed to determine
whether the magnitude and time-course of changes in the concentrations of an endogenous
signaling molecule upon inhibition of its main clearance pathway could be predicted from in vitro
data. atRA clearance by CYP26 and the inhibition of CYP26 by talarozole were used as a model
system. Inhibition of atRA clearance has been an attractive drug target due to the many tissuespecific roles of atRA and the potential therapeutic benefits of increasing atRA concentrations in
various tissues, including the liver and the testis (Njar et al., 2006; Nelson et al., 2013). However,
inhibition of atRA clearance could also lead to unwanted side effects due to excessive atRA
exposure. As such, better understanding of the effects of xenobiotic CYP inhibitors on endogenous
compound homeostasis is needed to aid in design of more effective inhibitors of key enzymes for
therapeutic purposes and in assessing potential toxicity of CYP inhibition.
Talarozole has previously been used as a CYP26 inhibitor to increase atRA levels and
signaling in mice, rats and humans but no data are available for talarozole disposition in these
species (Stoppie et al., 2000; Verfaille et al., 2007a; Verfaille et al., 2007b). Increased
concentrations of atRA have been observed following talarozole dosing, but effects of inhibitor
potency and disposition, and tissue-specific expression of CYP26 enzymes on atRA
concentrations in specific organs, has not been reported. This study showed that talarozole dosing
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caused the greatest changes in serum atRA concentrations, a finding in good agreement with
previously reported data in rats showing the greatest increase in retinoic acid concentrations in
plasma and skin and the smallest increase in the liver (Stoppie et al., 2000). However, the increase
in atRA concentrations in this study was modest in light of the inhibitory potency of talarozole (Ki
0.46 nM for CYP26B1 and 5.1 nM for CYP26A1) (Diaz et al., 2016). The data presented here
suggest that the limiting factor in the efficacy of talarozole is its short half-life, as the inhibition of
CYP26 enzymes lasts only a few hours. In addition, the lower potency of talarozole towards
CYP26A1 compared to CYP26B1 suggests that talarozole will inhibit predominantly CYP26B1
in vivo with smaller effects on CYP26A1. As a result, it is likely that talarozole will more
effectively increase atRA concentrations in tissues that have high CYP26B1 expression. This is in
agreement with the reported expression of CYP26B1 in the skin and the efficacy of talarozole in
disorders of the skin such as acne and psoriasis (Topletz et al., 2012; Verfaille et al., 2007a;
Verfaille et al., 2007b).
Of the two CYP26 enzymes, CYP26A1 has been shown to be the predominant atRA
metabolizing enzyme in the human liver with CYP26B1 being either absent or below limit of
detection (Thatcher et al., 2010). Hence, altered atRA concentrations in the liver are expected to
mainly reflect CYP26A1 inhibition. Both Cyp26a1 and Cyp26b1 mRNA have been detected in
mouse testis (Hogarth et al., 2015b), thus inhibition of both enzymes is likely needed to alter
intratesticular atRA concentrations significantly. The predicted maximum 50% decrease in
CYP26A1 activity by talarozole after the single dose used in this study is expected to result in an
up to 2-fold increase in atRA concentrations in tissues mainly expressing CYP26A1. The
maximum observed 2.7- and 2.5-fold increases in liver and testis atRA concentrations after single
dose talarozole, respectively, are in excellent agreement with this prediction and support a major
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role of CYP26A1 in regulating liver and testis atRA concentrations. However, the 5.7-fold
increase in atRA in serum after a single talarozole dose cannot be explained by inhibition of
CYP26A1 and likely reflects inhibition of CYP26B1 in extrahepatic tissues. The predicted 80%
decrease in CYP26B1 activity by talarozole is predicted to result in up to 5-fold increase in atRA
concentrations in tissues mainly expressing CYP26B1. Taken together, these data suggest that
circulating atRA levels are largely controlled by CYP26B1 expression at extrahepatic sites and
indicate that CYP26B1 inhibition by talarozole contributes significantly to the increase in
circulating atRA. Although CYP26 inhibition and subsequent increases in atRA concentrations
were well-predicted after a single dose of talarozole, the lack of any change in liver or testis atRA
concentrations following multiple talarozole doses was unexpected. When multiple-dose
predictions included CYP26A1 induction, the magnitude of CYP26A1 induction was expected to
result in net induction of atRA clearance despite talarozole inhibition and an overall decrease in
atRA concentrations in the liver. Yet no decrease in atRA concentrations was observed in the liver.
This discrepancy is unlikely to be due to altered atRA synthesis, as Rdh and Aldh1a mRNA were
unchanged. The lack of decrease in liver atRA concentrations is more likely due to inhibition of
CYP26B1 in extrahepatic tissues (Topletz et al., 2012) and the role of CYP26B1 in regulating
retinoic acid homeostasis. Serum atRA concentrations, which were elevated despite CYP26A1
induction, may contribute significantly to liver atRA concentrations. Thus, to establish whether
therapeutic CYP26 inhibition will alter atRA concentrations in a target tissues, a better
understanding of the relative contributions of individual organs and CYP26A1 and CYP26B1 to
atRA clearance is needed. These data also suggest that, in the liver and testis, > 90% inhibition of
CYP26s must be achieved to overcome autoinduction of CYP26A1 to increase atRA
concentrations.
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The brief inhibition of CYP26A1 and CYP26B1 activity in the single dose study was
sufficient to increase atRA concentrations in the serum, liver and testis of mice, although the
increase in atRA concentrations was transient. The time-course of the observed increase in
endogenous atRA following a single dose of talarozole is in good agreement with the previously
published atRA half-life ranging from 30 minutes in mouse liver to 1.3 hours in mouse testis
(Arnold et al., 2015a). Based on the maximum predicted inhibition of CYP26A1 and CYP26B1
by talarozole at 30 minutes post-dose, peak concentrations of atRA would be predicted to occur
four atRA half-lives later or between 2.5 and 5.7 hours following talarozole administration. This
predicted time-course of the peak effect is in good agreement with the observed peak
concentrations at 4 hours.
The transient and modest ~2-fold increase in atRA concentrations in the liver and testis
following a single dose of talarozole was nevertheless sufficient to induce Cyp26a1 in both organs.
This demonstrates that even small changes in the concentrations of endogenous signaling
molecules can cause major changes in specific signaling pathways. This is also in excellent
agreement with the observed 2- to 5-fold changes in testis atRA concentrations and altered atRA
signaling across the spermatogenic cycle (Hogarth et al., 2015a). The rapid time course of change
in Cyp26a1 induction suggests that Cyp26a1 mRNA half-life is only 2-3 hours in the liver and
testis, which is much shorter than the 7 hour half-life determined for CYP26A1 mRNA in HepG2
cells (Tay et al., 2010). This short half-life is biologically plausible as it allows rapid dynamic
changes in CYP26 expression in response to environmental factors and atRA concentrations
(Topletz et al., 2015). Several other genes, including the RAR target gene Rarβ and the PPARδ
target gene Pgc1β, which have previously been shown to be inducible by atRA, were also
responsive to the observed increase in endogenous atRA following a single dose of talarozole. In
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contrast, Shp, Pgc1α, Nrf1, Cyp26b1 and Stra8, which also have been shown to be inducible by
atRA, were not altered by single dose talarozole treatment in the liver or testis, possibly due to the
small changes in atRA concentrations in those tissues. These differences in gene responses are
likely due to diversity in inherent responses to atRA and other regulatory elements for these genes.
Multiple doses of exogenous atRA have previously been shown to induce Shp mRNA in mouse
liver (Koh et al., 2014). Although the magnitude of increase in atRA concentrations was not
measured in that study, it is likely to have been much greater than 2-fold, as therapeutic atRA
concentrations can exceed endogenous concentrations by 100-fold (Ozpolat et al., 2003a).
Similarly, administration of atRA to mice led to signaling changes in atRA-responsive
mitochondrial biogenesis genes Pgc1α, Pgc1β, and Nrf1 in the liver (Tripathy et al., 2016) and
STRA8 in the testis (Hogarth et al., 2015a). Yet in the current study, no effect in these genes was
observed following the 3-day dosing of talarozole, likely due to the lack of change in liver and
testis atRA concentrations.
In conclusion, inhibition of CYP26A1 and CYP26B1 with a single dose of talarozole led
to a modest and transient increase in endogenous atRA and increased atRA-mediated signaling in
the liver and testis. However, induction of CYP26A1 upon multiple dosing with talarozole was
sufficient to overcome the effect of CYP26A1 inhibition in these tissues. Inhibition of CYP26B1
by talarozole appears to drive the change in atRA concentrations observed in serum and specific
inhibition of CYP26B1 may be sufficient to promote tissue-specific changes in atRA
concentrations.
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Figure 2.1. Talarozole pharmacokinetics and predicted inhibition of CYP26A1 and
CYP26B1 by talarozole. (A) Serum concentration versus time profile of talarozole after oral
dosing of 2.5-mg/kg to mice. Data are shown as mean ± SD (n=3). (B) Predicted change in
CYP26A1 and CYP26B1 activity as a function of time following a single dose of 2.5-mg/kg
talarozole to mice.
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Figure 2.2. Time course of endogenous atRA changes following a single oral dose of 2.5 mg/kg
talarozole to mice. Concentrations of endogenous atRA in serum (A), liver (B), and testis (C) as
a function of time after a single 2.5 mg/kg oral dose of talarozole to mice. Data are presented as
mean ± SD (n=3). *p<0.05 compared to pre-dose atRA.
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Figure 2.3. Time-course of mRNA changes for genes involved in atRA formation and
elimination and atRA target genes following a single oral dose of 2.5 mg/kg talarozole to mice.
The fold change in Cyp26a1 (A); Rarβ (solid circle and solid line), Shp (open circle and hashed
line), Pgc1α (closed square and dotted line), Pgc1β (open square and hashed line), Nrf1 (cross and
dotted line) (B); Rdh11 (solid circle and solid line), and Aldh1a1 (open circle and hashed line) (C)
mRNA in the liver in talarozole-treated mice versus vehicle-treated mice as a function of time after
talarozole dosing. The fold-change in Cyp26a1 (solid circle and solid line), Cyp26b1 (open circle
and hashed line) (D); Rarβ (solid circle and solid line), Stra8 (open circle and hashed line) (E);
Rdh1 (solid circle and solid line), Rdh11 (open circle and hashed line), Aldh1a1 (solid square and
solid line), and Aldh1a2 (open square and hashed line) (F) mRNA in the testis of talarozole-treated
mice as a function of time after the earliest treatment timepoint (0.25 hour). Data are presented as
mean ± SD (n=3). *p<0.05 compared to predose mRNA
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Figure 2.4. Predicted change in CYP26 activity and concentrations of endogenous atRA
following 2.5 mg/kg talarozole dosed twice a day for 3 days. (A, top) Simulated concentrations
of talarozole administered as 2.5 mg/kg twice a day for 3 days (solid line). A final dose was
administered on the fourth day after overnight fast. Observed talarozole concentrations 4 hours
following the last 2.5 mg/kg dose are presented as mean ± SD (n=5). (A, bottom) Static predictions
of CYP26A1 (hashed line) and CYP26B1 (solid line) inhibition following 2.5 mg/kg talarozole
BID for 3 days. Concentrations of atRA in vehicle-treated and talarozole-treated mice in serum
(B), liver (C), and testis (D). Each data point represents an individual animal, and mean value is
shown as a solid line. *p<0.05. TLZ, talarozole.
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Figure 2.5. Fold change in mRNA of enzymes involved in atRA formation and elimination
and Cyp26a1 protein following dosing of 2.5 mg/kg talarozole twice a day for 3 days. (A)
The fold change in Rdh11 and Aldh1a1 (left axis) and Cyp26a1 (right axis) mRNA in the liver in
talarozole-treated mice (closed circles) compared with vehicle-treated mice (open circles). (B) The
fold-change in Rdh1, Rdh11, Aldh1a1, Aldh1a2, Cyp26a1, and Cyp26b1 mRNA in the testis in
talarozole-treated mice (closed circles) compared with vehicle-treated mice (open circles). (C)
Representative Western blot image of CYP26A1 and β-actin in vehicle control mice (lanes 1 – 5)
and talarozole-treated mice (lanes 6 – 10). (D) The quantification of signal intensity from Western
blot of CYP26A1 protein relative to β-actin protein in the livers of vehicle control mice (open
circles) and talarozole-treated mice (closed circles). Each data point represents an individual
animal and the mean is shown as a solid line. *p<0.05
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Figure 2.6. Changes in the expression of atRA target genes in the liver and testis following
dosing of mice with 2.5 mg/kg talarozole (TLZ) twice a day for 3 days. (A) Fold change in
mRNA of genes responsive to atRA signaling in the liver (Rarβ, Shp, Pgc1α, Pgc1β, and Nrf1) in
talarozole-treated mice compared with control. Each data point represents an individual animal,
and the mean is shown as a solid line. Representative cross-sections of testis collected from adult
male mice treated twice a day with 2.5 mg/kg talarozole (C) or vehicle (B) for 3 days. Crosssections were stained via immunohistochemistry to detect STRA8 protein as a means of assessing
atRA response. Black arrows indicate STRA8-positive cells. Scale bar = 50 µm.
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Figure 2.7. A proposed schematic of increased RAR-responsive gene transcription in
response to CYP26 inhibition by talarozole. Synthesis of atRA from retinol occurs via a twostep enzymatic process involving RDH and ALDH1A enzymes, and CYP26 enzymes are
responsible for atRA elimination. Decreased metabolism via CYP26 increases atRA levels, which
promotes atRA binding at retinoic acid receptor/retinoid X receptor (RAR/RXR) heterodimers on
retinoic acid response elements (RAREs). Binding of atRA causes dissociation of corepressors to
promote gene transcription.
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Chapter 3. INVESTIGATION OF CLINICAL DRUG-DRUG
INTERACTIONS INVOLVING 13-CIS RETINOIC ACID AND
CYTOCHROME P450S

46

3.1

INTRODUCTION
Drug-drug interactions (DDIs) can have severe consequences such as adverse events

resulting from unanticipated increased exposure of a victim drug or diminished efficacy due to
decreased exposure of the victim drug. Thus, to minimize the risk of unanticipated DDIs,
regulatory agencies require screening of new drug candidates for potential DDIs involving
inhibition or induction of drug metabolizing enzymes and transporters (EMA, 2012; Food and
Drug Administration, 2017b). Guidance from the European Medicines Agency (EMA) also
recommends investigation of possible DDIs resulting from transcriptional down-regulation of
enzymes in hepatocytes. In a recent survey of Innovation and Quality Consortium member
companies, more than half of survey respondents reported observing mRNA down-regulation in
at least 10% of routine induction studies (Hariparsad et al., 2017). When down-regulation of
mRNA was observed, maximal decreases of at least 50% were reported for approximately 14% of
studies, which would trigger follow-up investigations per EMA guidance. While in some cases,
the decreased mRNA may be due to cytotoxicity, these findings suggest CYP down-regulation
may occur relatively frequently in vitro.
Recently, two small molecule drugs (bupropion and LY2090314) that caused in vitro
down-regulation of a cytochrome P450 (CYP) were proposed to cause in vivo DDIs (ZamekGliszczynski et al., 2014; Sager et al., 2017). However, neither of these in vitro examples could
be unequivocally associated with in vivo CYP down-regulation due to confounding reversible
inhibition and/or lack of clinical DDI data. The active metabolite of vitamin A, all-trans retinoic
acid (atRA), has been shown to cause transcriptional down-regulation of CYPs and is not known
to be a reversible inhibitor of CYPs. Administration of atRA to CYP2D6-humanized mice was
shown to down-regulate CYP2D6 activity and expression (Koh et al., 2014). Moreover, liver
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concentrations atRA are negatively correlated with CYP2D6 mRNA in human liver biopsies
(Ning, M., et al., in revision). This down-regulation is believed to be a result of atRA inducing the
expression of the transcriptional corepressor small heterodimer partner (SHP) (Mamoon et al.,
2008; Cai et al., 2010; Yang et al., 2014), which represses hepatocyte nuclear receptor 4α (HNF4α)
activity and consequently CYP2D6 transcription (Koh et al., 2014). Whether down-regulation of
CYP2D6 occurs in humans is unknown, but atRA presents an intriguing opportunity to study a
DDI resulting from transcriptional down-regulation, in the absence of reversible CYP inhibition.
In addition, atRA has been shown to induce expression of CYP3A4 in vitro as CYP3A4 has been
shown to be regulated by the retinoid X receptor α (RXRα) (Wang et al., 2008; Chen et al., 2010).
Thus, interactions involving atRA may result in down-regulation of CYP2D6, induction of
CYP3A4, or alterations in the activity of both enzymes.
Both atRA and its isomer 13-cis retinoic acid (13cisRA) are used clinically. 13cisRA has
a more favorable pharmacokinetic profile than atRA in humans (Muindi et al., 1992, 2008a;
Adamson et al., 1995) including a much longer half-life (~20 hours for 13cisRA compared to ~1
hour for atRA) and linear kinetics (Khoo et al., 1982; Brazzell et al., 1983). atRA is a major
metabolite of 13cisRA, and dosing with 13cisRA was expected to mimic atRA exposures given
that steady state concentrations of atRA have been shown to be similar following dosing of either
atRA or 13cisRA (Muindi et al., 2008a). 13cisRA dosing provides a prolonged exposure to atRA
due to formation rate-limited kinetics of atRA from 13cisRA. The two isomers also likely share
mechanisms of CYP regulation as both are ligands for the same nuclear receptors (Aström et al.,
1990; Idres et al., 2002).
The aim of our current study was to determine whether in vitro CYP2D6 down-regulation
by atRA translates to decreased in vivo CYP2D6 activity as assessed by dextromethorphan

48

clearance following administration of 13cisRA (with its circulating metabolites atRA and 4-oxo13cisRA) in healthy male volunteers. In addition, CYP3A4 induction was also assessed using the
formation of 3-methoxymorphinan and 6β-hydroxycortisol. Further work was done in mice to
confirm the effect of atRA, 13cisRA, and 4-oxo-13cisRA on mouse Shp and Cyp2d expression in
vivo.

3.2
3.2.1

MATERIALS AND METHODS
Chemicals and reagents
Reference standards for dextromethorphan, dextrorphan, dextromethorphan-d3, 13cisRA,

atRA,

cortisol,

6β-hydroxycortisol,

6α-methylprednisolone,

3-methoxymorphinan,

3-

hydroxymorphinan, ethyl acetate, and mass spectrometry grade formic acid were purchased from
Sigma-Aldrich (St. Louis, MO). 13cisRA-d5 and atRA-d5 were obtained from Toronto Research
Chemicals (Toronto, ON). 4-oxo-13cisRA, 4-oxo-atRA-d3, and dextrorphan-O-glucuronide were
obtained from Santa Cruz Biotechnology (Dallas, TX). Water and acetonitrile were Optima
LC/MS grade from Thermo Fisher Scientific (Waltham, MA).
3.2.2

Clinical study protocol
This study was approved by the University of Washington Institutional Review Board,

and signed informed consent was obtained from all subjects prior to participation in any study
activities. Based on prior observations of the variability in dextromethorphan kinetics, this study
was designed to have 80% power to detect a 50% change in dextromethorphan exposure with an
α of 0.05. Eight healthy male volunteers were enrolled in the study. All subjects had normal
hepatic and renal function and no history of allergy to either study medication. Tobacco users or
subjects with a pregnant partner were excluded from the study. Subjects agreed to abstain from
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over the counter and prescription medications and dietary supplements for the duration of the
study. Subjects were administered a PHQ9 questionnaire at the beginning and end of the study to
monitor for symptoms of depression, and no subject with a history of severe mental health
problems was enrolled in the study. Subjects were genotyped for common CYP2D6 variants.
Subjects with the CYP2D6 poor metabolizer alleles (CYP2D6*3 or CYP2D6*4) or with multiple
copies of CYP2D6 were excluded from the study.
On study day 1, subjects received a 30 mg dose of dextromethorphan and blood samples
were collected prior to and 30 min, and 1, 2, 4, 6, 8, and 24 h after drug administration. Urine was
collected from 0 – 8 and 8 – 24 h. On study day 2, subjects were given 13cisRA to be taken as
40 mg twice a day (BID) with food for 13 days (study days 2 – 14). 13cisRA capsules were
purchased (as Isotretinoin) by the University of Washington Investigational Pharmacy, which
dispensed all study medications. On study day 15, subjects returned to clinic and had a blood draw
taken before administration of another 30 mg dose of dextromethorphan and a final 40 mg dose of
13cisRA. Blood samples were collected prior to and 30 min, and 1, 2, 4, 6, 8, 24, and 48 h after
drug administration. Urine was collected from 0 – 8 and 8 – 24 h. Blood samples were collected
in foil-wrapped serum separator tubes, allowed to clot for a minimum of 30 min and centrifuged
at 1,000 x g for 10 min. Serum was collected for storage in -80°C. Serum sample handling was
conducted under yellow light to protect light-sensitive retinoids from degradation.
3.2.3

Quantitation of study drugs and metabolites in serum
To measure 13cisRA and its metabolites atRA and 4-oxo-13cisRA in serum collected from

study day 15, serum was diluted 20-fold in water prior to addition of 100 μL of acetonitrile with
13cisRA-d5 (250 nM), atRA-d5 (100 nM), and 4-oxo-atRA-d3 (500 nM) as internal standards.
Samples were centrifuged at 16,000 x g for 10 min at 4°C, chilled at 4°C for 10 min, and
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centrifuged again at 16,000 x g for 10 min. Analytes were quantified on an Agilent Technologies
(Santa Clara, CA) 1290 Infinity ultrahigh-pressure liquid chromatography system coupled to an
AB Sciex (Framingham, MA) qTrap 5500 mass spectrometer as previously described (Arnold et
al., 2012). The percentage coefficient of variation (%CV) for all analytes was ≤ 11% and the lower
limit of quantification (LLOQ) in serum was 2.5 nM for 13cisRA and atRA, and 50 nM for 4-oxo13cisRA. Quality control samples were included in all analytical runs and had to meet standard
assay validation criteria for run acceptance.
To prepare serum and urine samples for analysis of dextromethorphan and metabolites,
100 μL of serum or urine was added to 100 μL of acetonitrile with 10 nM dextromethorphan-d3 as
internal standard. The samples were centrifuged at 16,000 x g for 10 min at 4°C, chilled at 4°C for
10 min, and centrifuged again at 16,000 x g for 10 min. Supernatant was collected and
concentrations

of

dextromethorphan,

dextrorphan,

dextrorphan-O-glucuronide,

3-

hydroxymorphinan, and 3-methoxymorphinan were measured with an Agilent Technologies
(Santa Clara, CA) 1290 Infinity ultrahigh-pressure liquid chromatography system coupled to an
AB Sciex (Framingham, MA) qTrap 5500 mass spectrometer as previously described with minor
modifications (Sager et al., 2014). Briefly, analytes were separated with a Kinetex® 100 x 2.1 mm
2.6 µm EVO C18 column (Phenomenex, Torrance, CA) with a mobile phase of A) water with
0.1% formic acid and B) acetonitrile with 0.1% formic acid and a gradient elution of 10% B for
0.5 min, increased to 90% B for 2 min and held for 1.5 min before returning to initial conditions
and held for 2 min. Analyte detection was performed with electrospray ionization operated in
positive ion mode, with the exception of dextrorphan-O-glucuronide which was detected in
negative ion mode, with m/z transitions 272128 for dextromethorphan, 258157 for
dextrorphan, 432256 for dextrorphan-O-glucuronide, 244157 for 3-hydroxymorphinan,
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258171 for 3-methoxymorphinan, and 275128 for dextromethorphan-d3. Standard curves in
serum ranged from 0.3 – 30 nM for dextromethorphan and dextrorphan with quality control sample
%CV ≤ 8% and ≤ 17%, respectively. In urine, all analytes had LLOQs of less than 7.8 nM except
for dextrorphan-O-glucuronide which had a LLOQ of 78.1 nM. The %CV for analytes in urine
was ≤ 7% except for dextrorphan-O-glucuronide that had a %CV of ≤ 17%. Urine samples initially
quantified above the standard curve ranges were diluted with blank urine and reanalyzed.
Concentrations of cortisol and 6β-hydroxycortisol were measured in serum and urine
samples, respectively, using liquid-liquid extraction and monitored by liquid chromatography
tandem mass spectrometry (LC-MS/MS) as described previously (Peng et al., 2011; Sager et al.,
2014). Serum samples (250 μL) were diluted with 750 μL water and urine samples (1 mL) were
spiked with 100 nM 6α-methylprednisolone as internal standard and then extracted twice with
3 mL of ethyl acetate. After each extraction, samples were centrifuged and the organic phase was
collected. The combined ethyl acetate layers were evaporated under nitrogen and reconstituted in
100 μL 1:1 methanol:water for analysis by LC-MS/MS with an Agilent Technologies (Santa Clara,
CA) 1290 Infinity ultrahigh-pressure liquid chromatography system coupled to an AB Sciex
(Framingham, MA) qTrap 5500 mass spectrometer. A Thermo Hypersil Gold C18 100 x 2.1mm,
1.9 µm column (Waltham, MA) was used for analyte separation with a mobile phase of A) water
plus 0.1% formic acid and B) acetonitrile. A gradient elution of 10% B for 0.5 min, increased to
90% B over 3 min and held for 1.5 min before returning to initial conditions and held for 2 min
was used. Cortisol detection was performed with electrospray ionization operated in positive ion
mode with m/z transition of 363121 and 6β-hydroxycortisol and 6α-methylprednisolone were
detected in negative ion mode with m/z transitions of 423347 for 6β-hydroxycortisol and
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421345 for 6α-methylprednisolone. The LLOQ was 3.1 nM for cortisol in serum and 1.6 nM
for both cortisol and 6β-hydroxycortisol in urine with CV% of ≤ 15% for all analytes.
3.2.4

Pharmacokinetic analysis
Serum pharmacokinetic parameters for dextromethorphan and its CYP2D6-generated

metabolite dextrorphan were determined by noncompartmental analysis in Phoenix WinNonlin
v6.3 (Pharsight, St. Louis, MO). For each analyte, the maximum concentration (Cmax) was reported
from the observed concentration versus time profiles and the area under the serum concentrationtime curve from time 0 to infinity (AUC0-∞) was determined using the linear up-log down
trapezoidal rule. The half-life (t1/2) was calculated as ln2 divided by the slope of the terminal linear
phase. The oral clearance (CL/F) for dextromethorphan was calculated as dose divided by AUC0-∞.
The formation clearance (Clf) of dextrorphan was determined by dividing the sum of the molar
equivalents of dextrorphan and its metabolite dextrorphan-O-glucuronide recovered in urine over
24 hours by the AUC0-24h of dextromethorphan. The serum metabolite-to-parent AUC ratio was
calculated as the ratio of the AUC0-∞ of dextrorphan to the AUC0-∞ of dextromethorphan. The
urinary metabolite-to-parent ratios were determined by recovery of dextrorphan and dextrorphanO-glucuronide divided by the recovery of dextromethorphan in 24 hours. The relative fraction of
dextromethorphan and each of its metabolites recovered in urine was determined by dividing the
molar amount of each analyte recovered in urine by the total molar amounts of all analytes
recovered in urine. The formation clearance (Clf) of the CYP3A4-specific metabolite, 3methoxymorphinan, was determined by dividing the molar equivalents of 3-methoxymorphinan
and its metabolite 3-hydroxymorphinan recovered in urine over 24 hours by the AUC0-24h of
dextromethorphan. The Clf of 6β-hydroxycortisol was determined by dividing the molar amount
of 6β-hydroxycortisol recovered in urine over 8 hours following dosing of dextromethorphan by
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the AUC0-8h of cortisol. The average steady state concentrations (Css) for 13cisRA, 4-oxo-13cisRA,
and atRA following two weeks of 13cisRA dosing were determined by dividing the AUC0 -12h
calculated for each analyte by 12 h.
3.2.5

Animal care and retinoid treatments
Experiments in mice were approved by the Washington State University Animal Care and

Use Committee. Male C57BL/6X129 mice were housed in a temperature- and humidity-controlled
environment, and food and water were available ad libitum. Two separate studies were conducted.
In the first study, mice were treated once daily for three days with intraperitoneal (ip) injection of
5 mg/kg 13cisRA (n=6), 5 mg/kg atRA (n=6) or vehicle (10% dimethyl sulfoxide with 90% sesame
oil) (n=5). In the second study, mice were treated IP once daily for three days with 5 mg/kg 4oxo-13cisRA (n=6) or vehicle control (n=6). On the evening of the third day mice were fasted
overnight (12 h), and then food was replaced in the morning of the fourth day and a final dose of
retinoid or vehicle was administered. At 4 h following the last dose, mice were euthanized by CO2
asphyxiation followed by cervical dislocation, and livers were collected for mRNA analysis. All
samples were collected in a light-protected environment and stored at -80˚C until use.
3.2.6

Quantification of mRNA in mouse liver
Preparation and analysis of mRNA in mouse liver samples was performed as previously

described (Stevison et al., 2017). Briefly, approximately 100 mg of mouse liver was homogenized
with 1mL of TRI reagent (Invitrogen, Grand Island, NY). Then, total mRNA from mouse liver
homogenates was extracted with TRIzol Reagent (Invitrogen, Carlsbad, CA) and quantified on a
Nanodrop 2000c Spectrophotometer (Thermo Fischer Scientific, Waltham, MA). cDNA was
generated using 1 µg RNA and TaqMan Reverse Transcription Reagents (catalog number
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N8080243, Applied Biosystems, Carlsbad, CA). Changes in Shp, Cyp7a1, Cyp8b1, Cyp2d9,
Cyp2d10, Cyp2d11, Cyp2d22, Cyp2d40, Cyp26a1, and Gapdh mRNA were measured by q-rtPCR
using a StepOnePlus (Applied Biosystems) instrument with TaqMan real-time gene expression
master mix and PCR primers and probes as described previously (Tay et al., 2010; Stevison et al.,
2017). The primer probe pairs were obtained from Applied Biosystems and included mouse Shp
(Nrob2; Mm0044278_m1), Cyp7a1 (Mm00484150_m1), Cyp8b1 (Mm00501637_s1), Cyp2d9
(Mm00651731_m1), Cyp2d10 (Mm00731648_m1), Cyp2d11 (Mm04205381_gH), Cyp2d22
(Mm00530542_m1), Cyp2d40 (Mm01303815_m1), Cyp26a1 (Mm00514486_m1), and Gapdh
(Mm99999915_g1). Gapdh was used as a housekeeping gene. All samples were analyzed in
duplicate. Changes in target mRNA were measured using relative quantification (fold-difference)
and the ΔΔ cycle threshold method.
3.2.7

Statistical analysis
Statistical analyses were performed in Prism version 5.03 for Windows (GraphPad

Software, La Jolla, CA). The geometric mean and %CV are reported for all pharmacokinetic
parameters. A D’Agostino-Pearson omnibus normality test was used to determine whether
pharmacokinetic parameters had Gaussian distributions, and Grubbs’ test was used to identify any
outliers in the data. Differences in pharmacokinetic parameters on study day 15 compared to study
day 1 were assessed by comparing the geometric mean ratio (GMR) and the 90% confidence
interval to bioequivalence bounds of 0.8 – 1.25 according to FDA guidance on DDI studies (Food
and Drug Administration, 2017a). Differences in mRNA levels between vehicle control and
retinoid treated mice were assessed on log-transformed q-rtPCR data by ANOVA for the first study
dosing 13cisRA, atRA, or vehicle control or by t-tests for the second study dosing 4-oxo-13cisRA
and vehicle control. For all analyses, p<0.05 was considered significant.
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3.3
3.3.1

RESULTS
Clinical study
The mean (± SD) age of study subjects was 33 ± 10 years and the mean height and weight

were 177 ± 7.53 cm and 79.1 ± 11.0 kg, respectively. Five of the study subjects were Caucasian
(four non-Hispanic and one Hispanic) and three were Asian. Compliance with 13cisRA dosing as
determined by self-reported drug logs and counts of returned 13cisRA capsules was on average
95%. All subjects complained of anticipated adverse events related to 13cisRA dosing including
chapped lips and dry skin around the mouth. After 13 days of 40 mg 13cisRA BID, concentrations
of 13cisRA, 4-oxo-13cisRA, and atRA were relatively stable over 24 h after the final dose (Figure
3.1). The mean (CV%) Css values for 13cisRA, 4-oxo-13cisRA, and atRA were 0.88 µM (46%),
4.2 µM (59%), and 0.069 µM (22%), respectively.
The concentration-time profiles for dextromethorphan and dextrorphan before and after
dosing of 13cisRA are shown in Figure 3.2 and the calculated PK parameters are listed in Table
3.1. Despite the anticipated CYP2D6 down-regulation, no increase in dextromethorphan or
decrease in dextrorphan AUC0-∞ was observed following 13cisRA treatment (Figure 3.2). In
contrast, based on the bioequivalence bounds of 0.8 – 1.25, the geometric mean ratio (GMR) and
the 90% confidence interval for dextromethorphan Cmax and AUC0-∞ indicated a decrease in
dextromethorphan

exposure

following

13cisRA

dosing,

corresponding

to

increased

dextromethorphan oral clearance and CYP2D6 induction (Table 3.1). In support of increased
CYP2D6 activity, the urinary dextrorphan-to-dextromethorphan GMR was 1.13 following
13cisRA treatment (Table 3.1). The fraction of total urinary recovery as dextromethorphan and
each of its metabolites (3-methoxymorphinan, 3-hydroxymorphinan, dextrorphan, and
dextrorphan-O-glucuronide) are presented in Table 3.2. The mean (CV%) percent of the total dose
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of dextromethorphan recovered in urine prior to 13cisRA dosing was 44% (39%) and after dosing
with 13cisRA was 42% (36%). Dextromethorphan was recovered in urine primarily as
dextrorphan-O-glucuronide (93% of the recovered dose) both prior to and following treatment with
13cisRA (Table 3.2). To further explore the potential increase in CYP2D6 activity, the metaboliteto-parent AUC ratio for dextrorphan was calculated prior to and following 13cisRA treatment. The
dextrorphan-to-dextromethorphan AUC ratio increased after 13cisRA treatment (GMR 1.25, 90%
CI: 0.998 – 1.57), consistent with an increase in dextrorphan formation clearance and CYP2D6
induction (Table 3.1). Finally, the dextrorphan Clf GMR was 1.29, consistent with increased
CYP2D6 mediated clearance.
To evaluate whether 13cisRA also affected CYP3A4 activity, the Clf of 3methoxymorphinan and 6β-hydroxycortisol were determined (Table 3.1). Formation of 3methoxymorphinan from dextromethorphan and 6β-hydroxycortisol from cortisol are CYP3A4
marker reactions (Peng et al., 2011; Shin et al., 2013). The mean (range) Clf of 3methoxymorphinan increased from 22.1 L/h (2.90 – 137) prior to 13cisRA dosing to 30.7 L/h (3.40
- 274), with a GMR of 1.39 (90% CI 1.05 – 1.84) (Table 3.1). Similarly, the mean (range) of the
Clf of 6β-hydroxycortisol was 35.6 mL/h (24 - 52) prior to and 52.8 mL/h (42 - 67) following
13cisRA dosing, resulting in a GMR (90% CI) of 1.49 (0.993 – 2.24). Large inter-subject
variability was observed in Clf of 3-methoxymorphinan and 6β-hydroxycortisol (Fig 3).
3.3.2

Changes in mRNA in mouse liver
To evaluate whether the apparent CYP2D6 induction or the predicted CYP2D down-

regulation could be observed in mice, changes in mouse Cyp2d ortholog mRNAs were measured
following dosing of 13cisRA, atRA, or 4-oxo-13cisRA. Genes known to be down-regulated in
response to Shp induction, Cyp7a1 and Cyp8b1, and a positive control for retinoic acid signaling,
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Cyp26a1, were also evaluated. Changes in mouse Cyp3a mRNAs were not considered due to the
known differences in Cyp3a regulation between mice and humans. As expected, dosing with atRA
resulted in decreases in Cyp8b1, Cyp2d9, and Cyp2d10 mRNA, but only Cyp8b1 mRNA was
significantly decreased in response to 13cisRA (Fig 4). In contrast to effects of atRA and 13cisRA
dosing, administration of 4-oxo-13cisRA to mice resulted in induction of Shp, Cyp2d9, Cyp2d10,
Cyp2d22, and Cyp2d40 (Fig 4). All retinoids tested induced expression of Cyp26a1 with the
greatest magnitude of induction resulting from administration of 4-oxo-13cisRA.

3.4

DISCUSSION
There are several examples in the literature of in vitro down-regulation of CYPs (Zamek-

Gliszczynski et al., 2014; Hariparsad et al., 2017; Sager et al., 2017). However, minimal evidence
exists of in vivo DDIs resulting solely from CYP down-regulation, and existing data on
extrapolation of in vitro down-regulation by small molecule drugs is ambiguous. For example, a
small molecule inhibitor of the human kinase insert domain-containing receptor caused downregulation of CYP1A in beagle hepatocytes, but induction of CYP1A was seen in vivo (Gibson et
al., 2005). Another compound, LY2090314 decreased CYP2B6 in human hepatocytes in a
concentration-dependent manner, but simulations based on human hepatocyte data and human
circulating concentrations suggested that in vivo LY2090314 would only decrease
hydroxybupropion exposure and CYP2B6 activity by <1% (Zamek-Gliszczynski et al., 2014). At
present, the best established DDIs resulting from CYP down-regulation are related to the
suppressive effects of pro-inflammatory cytokines on CYPs (Dickmann et al., 2011; Schmitt et
al., 2011; MacHavaram et al., 2013; Xu et al., 2015; Jiang et al., 2016). Pro-inflammatory
cytokines such as interleukin -6 (IL-6) and IL-1β are elevated in diseases like rheumatoid arthritis.
Increased levels of inflammatory cytokines are associated with decreased CYP expression and
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activity likely due to transcriptional down-regulation and increased proteosomal degradation of
CYPs (Lee et al., 2009; Dickmann et al., 2011; J. Dickmann et al., 2012). When therapeutic
proteins are administered to ameliorate inflammation, cytokine-mediated CYP suppression can be
reversed. For example, treatment with the anti-IL-6 monoclonal antibodies, tocilizumab and
sirukumab, increased the clearance of CYP2C9, CYP2C19, and CYP3A4 substrates in rheumatoid
arthritis patients (Schmitt et al., 2011; Zhuang et al., 2015). However, therapeutic protein-drug
interactions are challenging to predict from in vitro data due to the complex nature of the
interactions.
In terms of selecting a compound to demonstrate in vitro and in vivo CYP down-regulation,
LY2090314 is not a good model due to the predicted minimal change in CYP2B6 activity.
Bupropion has been shown to down-regulate CYP2D6 in vitro, but the simultaneous reversible
CYP2D6 inhibition by bupropion and its metabolites (Sager et al., 2017) may confound in vitroto-in vivo extrapolation. Therefore, a bupropion-CYP2D6 DDI does not allow unequivocal
translation of in vitro CYP down-regulation to in vivo DDIs. Overall, due to the lack of good
model compounds, the translation of in vitro CYP downregulation to in vivo DDIs has not been
established. This study sought to determine whether down-regulation of CYP2D6 observed in
preclinical studies can be translated to clinical DDIs using retinoic acid as a model compound.
Retinoic acid was chosen as it does not inhibit any CYP enzymes but decreases CYP2D6
expression in several model systems.
The downregulation of CYP2D6 by atRA is believed to be a result of induction of the
transcriptional corepressor SHP. atRA induces SHP in various mouse models and in vitro systems
(Mamoon et al., 2008, 2014; Cai et al., 2010; Yang et al., 2014). In the in vitro studies, doseresponse relationships were not characterized and the nominal atRA concentrations tested (1 – 10
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µM) were higher than circulating concentrations of atRA after dosing to humans, preventing
systematic in vitro-to-in vivo predictions. Nevertheless, atRA has been shown to induce Shp
mRNA and decrease the mRNA of Cyp8b1, a SHP target gene, in mice (Mamoon et al., 2014;
Yang et al., 2014). While this study reproduced the Cyp8b1 downregulation by atRA and 13cisRA,
neither retinoid induced Shp mRNA. The lack of Shp induction in this study is similar to the
observed lack of Shp induction in mice with increased endogenous atRA concentrations after
treatment with talarozole, an inhibitor of atRA metabolism (Stevison et al., 2017). The lack of Shp
induction may be attributed to differences in dosing regimens between the current study (5 mg/kg
IP daily for four days) and the previous studies (150 mg/kg atRA in chow for 7 days), likely
resulting in different atRA exposure and potentially different receptor activation. The atRA dosing
in the current study is consistent with typical pharmacologically-active doses of atRA in mice that
result in activation of retinoic acid receptors (RARs) (Snyder et al., 2011; Davis et al., 2013;
Busada et al., 2014). The RAR activation in the mice was confirmed by robust Cyp26a1 induction.
Shp induction may require activation of other nuclear receptors such as farsenoid X receptor (FXR)
or RXR. In vivo evidence of atRA-mediated regulation of SHP and CYP2D6 comes from
induction of Shp and down-regulation of CYP2D6 observed following atRA treatment in a
CYP2D6 humanized mouse model (Koh et al., 2014). Further, decreased atRA concentrations
during mouse pregnancy were linked to decreased Shp expression and consequently increased
CYP2D6 expression (Koh et al., 2014). Similarly, several studies have shown that FXR/RXR
agonists induce SHP and down-regulate CYP2D6 in CYP2D6-humanized mice (Pan and Jeong,
2015; Pan et al., 2015). In contrast, FXR activation by cholic acid was shown to induce both SHP
and CYP2D6 in the same mouse model (Pan et al., 2017a). Nevertheless, collectively the existing
data suggest that CYP2D6 is regulated in vivo by atRA and via SHP.
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We explored the regulation of CYP2D6 in humans in this study using 13cisRA as the
precipitant. Administration of 13cisRA, which isomerizes to atRA (Tsukada et al., 2000; Veal et
al., 2002; Armstrong et al., 2005), avoids issues specific to atRA pharmacokinetics, such as large
fluctuations in atRA concentrations due to a short 1 hour half-life and atRA induction of its own
clearance by greater than 2-fold (Muindi et al., 1992, 2008a; Adamson et al., 1995). atRA as a
metabolite of 13cisRA exhibits formation rate-limited kinetics. As 13cisRA has an ~20 hour halflife, atRA concentrations after 13cisRA dosing have little fluctuation and average steady-state
concentrations are similar to those observed after atRA dosing (Muindi et al., 2008a). As expected
from the previous studies, steady-state atRA concentrations of ~70 nM were observed following
13cisRA dosing. Based on the side effects observed in all study subjects, adequate and
pharmacologically active exposure to retinoids was achieved during 13cisRA dosing. However, in
contrast to the expected decrease in CYP2D6 activity, all the measures of CYP2D6 activity (i.e.,
dextromethorphan AUC, urinary dextrorphan-to-dextromethorphan ratio, formation clearance of
dextrorphan, and dextrorphan-to-dextromethorphan AUC ratio) indicated that CYP2D6 was
induced following 13cisRA treatment. The change in urinary dextrorphan-to-dextromethorphan
ratio was the smallest of all PK parameters assessed (GMR 1.13, Table 3.1). This ratio depends on
renal clearance of both dextrorphan and dextromethorphan, which can be affected by urine pH,
and has been shown to be an unreliable method of detecting small changes in CYP2D6 activity
(Özdemir et al., 2004; Borges et al., 2005). However, the change in dextrorphan formation
clearance is independent of changes in renal clearance, and in the absence of changes in the
clearance of dextrorphan, any change in formation clearance is indicative of altered metabolite
formation. While these findings are inconsistent with the expected decrease in CYP2D6 activity,
they are in agreement with the observations in pregnant mice; namely, increased Cyp2d11,
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Cyp2d22, Cyp2d26, and Cyp2d40 mRNA and activity, the positive correlation between the Cyp2d
isoforms and Rar mRNA, as well as increased retinoic acid signaling in the maternal liver during
pregnancy (Topletz et al., 2013).
It is possible that the results of this study that were inconsistent with previous findings of
CYP2D6 down-regulation by atRA were influenced by 13cisRA and 4-oxo-13cisRA exposure.
While both atRA and 13cisRA can bind to RARs and activate transcription (Aström et al., 1990;
Idres et al., 2002; Wang et al., 2008; Chen et al., 2010), the transcriptional regulation of RAR
target genes by 4-oxo-13cisRA has not been previously evaluated. To further investigate the
potential impact of 13cisRA and 4-oxo-13cisRA, mice were treated with either 13cisRA, 4-oxo13cisRA, or atRA and the changes in hepatic mRNA of Cyp2d orthologs, Shp, and SHP target
genes Cyp7a1 and Cyp8b1 were assessed. Surprisingly, while both 13cisRA and atRA decreased
Cyp8b1, 13cisRA had no effect on Cyp2d in the mice and atRA decreased expression of Cyp2d9
and Cyp2d10. In contrast, 4-oxo-13cisRA significantly induced Shp, Cyp2d9, Cyp2d10, Cyp2d22
and Cyp2d40. Taken together, these data suggest a lack of linkage between SHP and CYP2D
regulation and indicate that in the clinical study, 4oxo-13cisRA may be responsible for the
apparent CYP2D6 induction. It is noteworthy that in mice, unlike in humans, 4-oxo-13cisRA is
not the primary circulating metabolite of 13cisRA and therefore the effects of dosing 13cisRA to
mice are likely to be independent of the effects of the metabolite (Nau, 2001). 4-oxo-13cisRA was
also found to be the strongest inducer of Cyp26a1, a classic RAR target gene, in mice with
increases of approximately 30-fold by 4-oxo-13cisRA, but less than 10-fold by atRA and 13cisRA.
This higher in vivo potency would be expected to translate to humans as 4-oxo-13cisRA circulates
at 10-100-fold higher concentrations than 13cisRA or atRA following dosing of 13cisRA. Based
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on these data, the effect of the 13cisRA metabolites must be accounted for in in vitro-to-in vivo
predictions of changes in CYP2D6 expression.
In addition to CYP2D6 induction, our results suggest that CYP3A4 induction occurs in
vivo upon 13cisRA dosing. The Clf of the CYP3A4-specific metabolite of dextromethorphan, 3methoxymorphinan, as well as the endogenous CYP3A4-probe 6β-hydroxycortisol increased
approximately 1.3-fold, indicating that CYP3A4 was induced by treatment with 13cisRA. Both
atRA and 13cisRA have been shown to induce CYP3A4 in vitro (Wang et al., 2008; Chen et al.,
2010). Prospective studies with CYP3A4 probe substrates are needed to confirm this induction
and to define the magnitude of CYP3A4 induction by 13cisRA and/or atRA in vivo.
The variability in CYP2D6 activity in vivo is believed to be mainly due to genetic
polymorphisms and variability in CYP2D6 genotypes (Gaedigk et al., 2017). In general, CYP2D6
is not considered to be inducible by xenobiotics although constitutive expression of CYP2D6 is
believed to be transcriptionally regulated by factors such as SHP and HNF4α (Lee et al., 2008;
Pan et al., 2017b). Further studies are required to determine whether treatment with retinoids
induces CYP2D6 as suggested by this study, as the current study was not adequately powered to
determine low level induction of CYP2D6.
In conclusion, the findings presented here suggest that 13cisRA, likely via the activity of
its major circulating metabolite 4-oxo-13cisRA, induces both CYP2D6 and CYP3A4 in vivo.
These data demonstrate the difficulty in translating observations of enzyme down-regulation to
clinical DDIs and show that further work is necessary to elucidate the mechanisms of downregulation observed in pre-clinical studies.
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Figure 3.1. Concentrations of 13cisRA, 4-oxo-13cisRA, and atRA after 13 days of 40 mg bid
13cisRA dosing. Concentrations versus time profiles for 13cisRA, 4-oxo-13cisRA, and atRA
(A) and concentrations of atRA alone (B) in serum following the final 40 mg dose of 13cisRA
on study day 15. Data are presented as mean and range (N = 8). The line represents the best fit of
the data.
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Figure 3.2. Concentrations of dextromethorphan (DXM) and dextrorphan (DX) before and
after dosing with 13cisRA. Serum concentrations of DXM (A) or DX (B) on study day 1 prior
to 13cisRA dosing and on study day 15 after 13cisRA dosing. Data are presented as mean and
range of individual values (N = 8). The line represents the best fit of the data. Day 1: circle with
solid line; Day 15: square with dashed line.

65

Figure 3.3. Formation clearance (Clf) values for dextrorphan, 3-methoxymorphinan, and 6βhydroxycortisol in individual subjects before and after dosing with 13cisRA. The formation
clearance (Clf) of the CYP2D6-specific metabolite of dextromethorphan, dextrorphan (A, N = 7),
the CYP3A4-specific metabolite of dextromethorphan, 3-methoxymorphinan (B, N = 7), and an
endogenous marker of CYP3A4 activity, 6β-hydroxycortisol (C, N = 6), were measured for each
subject on study day 1 before 13cisRA dosing and on study day 15 after 13cisRA dosing. One
subject was identified as an outlier and removed from all analyses involving urine and an additional
subject had no measureable 6β-hydroxycortisol in urine collected from study day 15.
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Figure 3.4. Effects of retinoids on mRNA expression in livers of mice. Fold-change compared
to control of liver mRNA in mice (n=6) treated for four days with 5 mg/kg IP of 13cisRA (A),
atRA (B), or 4-oxo-13cisRA (C). Inset tables provide p-values calculated from t-tests for each
gene compared to control. *p<0.05
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Table 3.1. Pharmacokinetic parameters for dextromethorphan and dextrorphan and
formation clearance of the two CYP3A4 markers 3-methoxymorphinan and 6βhydroxycortisol before (control) and after 13cisRA dosing (treatment).

Dextromethorphan
Cmax (nM)
AUC0-∞ (h*nM)
Cl/F (L/h)
t1/2 (h)
Dextrorphan
Cmax (nM)
AUC0-∞ (h*nM)
Clf (L/h)a
AUCm/AUCp
Um/Upa
3-methoxymorphinan
Clf (L/h)a
6β-hydroxycortisol
Clf (mL/h)a

Control
Mean (CV%)

Treatment
Mean (CV%)

Treatment/Control
GMR (90% CI)

3.59 (109)
28.4 (127)
3870 (94)
5.07 (30)

3.00 (104)
23.3 (119)
4750 (102)
5.03 (34)

0.829 (0.698 – 0.985)
0.822 (0.677 – 0.998)
1.23 (1.02 – 1.48)
0.991 (0.831 – 1.18)

11.1 (44)
51.3 (43)
1840 (106)
1.81 (78)
153 (70)

10.8 (29)
52.9 (29)
2360 (121)
2.28 (69)
173 (72)

0.971 (0.747 – 1.26)
1.03 (0.851 – 1.25)
1.29 (1.05 – 1.58)
1.25 (0.998 – 1.57)
1.13 (0.817 – 1.56)

22.1 (107)

30.7 (135)

1.39 (1.05 – 1.84)

35.6 (48)

52.8 (29)

1.49 (0.993 – 2.24)

a)

N=7. The urinary recovery of two analytes from one subject in the 0-8 h collection on study day 1 were
determined to be outliers thus, all data from this subject was excluded from any analysis involving
measurements from urine.
All parameters are shown as geometric means with a % CV
GMR, geometric mean ratio
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Table 3.2. The fraction of dextromethorphan or each of its metabolites recovered in urine
compared to total urinary recovery for dextromethorphan before (control) and after
13cisRA dosing (treatment).
Analyte
Dextromethorphan
Dextrorphan
Dextrorphan-O-glucuronide
3-methoxymorphinan
3-hydroxymorphinan

Control
Mean (CV%)
0.02 (150)
0.04 (60)
0.93 (5.5)
0.0004 (100)
0.01 (36)

a)

Treatment
Mean (CV%)
0.02 (150)
0.04 (62)
0.93 (5.0)
0.0003 (89)
0.01 (31)

N=7. The urinary recovery of two analytes from one subject in the 0-8 h collection on
study day 1 were determined to be outliers thus, all data from this subject was excluded
from any analysis involving measurements from urine.
Fraction of urinary recovery determined as the molar amount of a given analyte divided by
the sum of all analytes measured in urine. Data are shown as means with a % CV.
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Chapter 4. IN VITRO TO IN VIVO PREDICTION OF
TRANSCRIPTIONAL REGULATION OF CYTOCHROME P450S BY
13-CIS RETINOIC ACID AND ITS METABOLITES ALL-TRANS
RETINOIC ACID AND 4-OXO-13-CIS RETINOIC ACID
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4.1

INTRODUCTION
All-trans-retinoic acid (atRA), the active metabolite of vitamin A, has been shown to

regulate expression of several cytochrome P450s (CYPs), including CYP2D6, in vitro and in mice
(Mamoon et al., 2008; Cai et al., 2010; Koh et al., 2014; Yang et al., 2014). The proposed
mechanism for regulation of CYP2D6 by atRA is via atRA-mediated regulation of the small
heterodimer partner (SHP), which is a co-repressor that prevents hepatocyte nuclear factor 4α
(HNF4α)-mediated transcription of CYP2D6 (Koh et al., 2014). Both atRA and its stereoisomer,
13cisRA, are used clinically to treat a variety of conditions including acute promyelocytic
leukemia, neuroblastoma, acne, and psoriasis. Interconversion occurs between atRA and 13cisRA
and favors 13cisRA isomerization to atRA (Sass et al., 1994; Chen and Juchau, 1997; Tsukada et
al., 2000). Because the half-life of 13cisRA (~20 hours) is longer than the half-life of atRA (~1
hour), following 13cisRA dosing, atRA exhibits formation rate-limited kinetics, and average
exposure to atRA is similar following administration of either 13cisRA or atRA (Khoo et al., 1992;
Ozpolat et al., 2003b; Muindi et al., 2008a; Jing et al., 2017). Thus, atRA is an important active
metabolite of 13cisRA. Additionally, the major metabolite of 13cisRA, 4-oxo-13cisRA, has also
been shown to be active in vitro (Baron et al., 2005; Sonawane et al., 2014).
A clinical study was conducted to test the hypothesis that 13cisRA and its metabolites,
atRA and 4-oxo-13cisRA, would precipitate a drug-drug interaction (DDI) involving CYP2D6
down-regulation (Chapter 3). Surprisingly, no down-regulation of CYP2D6 was observed in the
clinical study. These results were unexpected given the substantial evidence for atRA-mediated
regulation of SHP (Mamoon et al., 2008; Cai et al., 2010; Yang et al., 2014), in addition to findings
by several groups for the involvement of HNF4α in transcriptional regulation of CYP2D6 (Lee et
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al., 2008; Koh et al., 2014). There is a lack of characterization of the concentration-dependent
effects of atRA, 13cisRA, or 4-oxo-13cisRA on CYP2D6 expression in vitro. Therefore, it is not
possible to fully assess whether the clinical study results represent a disconnect between CYP2D6
down-regulation in vitro and in vivo.
Methods to characterize CYP induction have been well established (Fahmi et al., 2008,
2009, 2010; Fahmi and Ripp, 2010; Einolf et al., 2014), and regulatory agencies provide guidance
on how to conduct and interpret induction studies to predict the risk of clinical DDIs (EMA, 2012;
Food and Drug Administration, 2017b). However, these methods may not be adequate to
appropriately design experiments to study down-regulation. One challenge in predicting in vivo
down-regulation from in vitro assessment is the limited dynamic range to study CYP downregulation. Strong inducers can cause over 10-fold (>1000%) increases in CYP expression, but the
magnitude of effect for down-regulation is limited to a maximum of 100% decrease, though
assessment may be confounded by detection limits of mRNA or protein expression or activity.
Similar to the response to CYP inducers, the magnitude of effect of down-regulation is also
dependent on basal expression of the enzyme (Dickmann et al., 2008). Studies have been
conducted with CYP inducers in hepatocyte incubation media to increase baseline CYP expression
(Dickmann et al., 2011). However, kinetic results from cells treated simultaneously with inducers
and down-regulators of CYPs can be altered. For example, IL-6 was shown to suppress expression
of CYP1A2 and CYP3A4 with an EC50 of 730 and 83 pg/mL, respectively, in a selected hepatocyte
donor. When hepatocytes from this same donor were first treated with inducers of CYP1A2
(omeprazole) or CYP3A4 (rifampin), the EC50 for IL-6 down-regulation were increased by 1.5and 19-fold, respectively (Dickmann et al., 2011). Thus, although low basal CYP expression limits
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the range for detecting CYP down-regulation, including inducers in hepatocyte incubations likely
confounds interpretation of study results.
To date, little attention has been paid to DDIs perpetrated by metabolites as inducing
agents, although several recent publications have identified metabolites as inducers of CYPs
(Sugiyama et al., 2016; Ho et al., 2018; Johänning et al., 2018). Tamoxifen and several of its
metabolites were found to induce the expression of CYP3A4 in hepatocytes with an EC50 between
200 – 300 nM (Johänning et al., 2018). Additionally, ketamine and two of its pharmacologically
active metabolites as estrogen receptor α (ERα) ligands, induced CYP2A6 and CYP2B6 in primary
human astrocytes and HepaRG cells (Ho et al., 2018). CYP2A6 and CYP2B6 can be
transcriptionally regulated by ERα and are important in the formation of the active ketamine
metabolites. These examples illustrate the importance of considering the role of metabolites in
CYP induction and the potential effects of decreased parent drug exposure or increased exposure
of pharmacologically active metabolites. However, methods to predict the magnitude of DDIs
resulting from induction by a parent drug and its metabolites are lacking.
The aim of this study was to characterize the effects of 13cisRA, atRA, and 4-oxo-13cisRA
on the expression of CYP2D6 and CYP3A4 in human hepatocytes and to determine whether a
more comprehensive evaluation of the in vitro effects of 13cisRA, atRA and 4-oxo-13cisRA would
explain the in vivo observations of CYP2D6 and CYP3A4 induction.

4.2
4.2.1

MATERIALS AND METHODS
Chemicals and reagents
Dimethyl sulfoxide (DMSO), rifampin, 13cisRA, and atRA were purchased from Sigma-

Aldrich (St. Louis, MO). Dextorphan-d3, 13cisRA-d5 and atRA-d5 were obtained from Toronto
Research Chemicals (North York, Ontario, Canada). 4-oxo-13cisRA and 4-oxo-atRA-d3 were
73

obtained from Santa Cruz Biotechnology (Dallas, TX). Testosterone and 6β-hydroxytestosteroned3 were purchased from Cerilliant (Round Rock, Texas). GW4064 was obtained from Genentech,
Inc. Compound Management Group (South San Francisco, CA). Optima LC/MS grade water,
acetonitrile, methanol, and formic acid, QuantiGene Plex 2.0 Assay Kits (Panel #13130),
Geltrex®, and RNAlater were purchased from Thermo Fisher Scientific (Waltham, MA).
Universal Cryopreservation Recovery Media (UCRMTM) was purchased from In Vitro ADMET
Laboratories, Inc. (Columbia MD). InvitroGROTM CP and HI culture media (without
hydrocortisone) and TorpedoTM antibiotic mix were purchased from BioreaclamationIVT
(Baltimore, MD). BD BioCoatTM 96-well Collagen I coated plates were purchased from Corning
(Oneonta, NY).
4.2.2

Cell culture and in vitro assessment of CYP mRNA and activity
Cell culture. Cryropreserved human hepatocytes from Hu1558 (84-year-old Caucasian

male) and Hu1765 (37-year-old Caucasian female) were purchased from Thermo Fisher Scientific
(Waltham, MA), and hepatocytes from FOS (34-year-old Arabic male) were purchased from
BioreaclamationIVT (Baltimore, MD). All donors were CYP2D6 extensive metabolizers. For all
experiments, cryopreserved human hepatocytes were thawed at 37°C, resuspended in pre-warmed
UCRMTM Medium, and centrifuged at 100 x g at room temperature for 10 minutes. The
supernatants were discarded, and cells were resuspended in InVitroGRO CP medium with
TorpedoTM for a final concentration of 1.0 x 106 cells/mL. Then 65 µL of the cell suspension was
added to each well of 96-well, collagen-coated plates. Plates were incubated at 37°C in 5% CO2
for 4-6 hours to allow cells to adhere to the plate. After the 4-6 hour incubation, the plating media
was aspirated and replaced with 0.35 mg/mL Geltrex® in cold HI medium without hydrocortisone
containing TorpedoTM as an overlay. The cells were incubated at 37°C in 5% CO2 for 24 hours. On
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day two, the cells were dosed with 100 µL/well of incubation media (HI media without
hydrocortisone containing TorpedoTM) with test material (13cisRA, atRA, 4-oxo-13cisRA,
rifampin, or GW4064 depending on the experimental design) or vehicle control (0.1% DMSO).
Experiments were conducted for 48 hours, and media and test materials were refreshed after 24
hours. All experiments were conducted in triplicate unless otherwise noted. In all experiments, cell
viability was assessed using the lactate dehydrogenase assay as described previously (Halladay et
al., 2012), and cell morphology was monitored with the IncuCyte® Zoom System from Essen
BioScience Inc. (Ann Arbor, MI).
Two time-course experiments were conducted to determine the optimal time to characterize
changes in expression of SHP, CYP2D6, and CYP3A4 and for assessment of retinoid depletion and
interindividual variability in donor response to retinoids. In the first experiment, cells from the
FOS donor were plated and cultured then treated with 0.1, 0.3, 1, 3, 10, 30, and 100 μM atRA or
vehicle control in duplicate for 1, 2, 24, and 48 hours. Levels of SHP, CYP2D6, and CYP3A4
mRNA and activity were assessed at each time point as described below. In the second time-course
experiment, cells from the three hepatocyte donors were plated and cultured then treated with 1 μM
of 13cisRA, atRA, or 4-oxo-13cisRA or vehicle control for 48 hours with media replenished at
24 h. Aliquots of media were taken at 2, 17, and 24 h after dosing on both treatment days for
determination of 13cisRA, atRA, 4-oxo-13cisRA, and 4-oxo-atRA concentrations. Retinoid
concentrations in media prior to addition to cells were also measured. Media samples were
prepared for analysis of retinoid concentrations by precipitating 30 μL of sample plus 30 μL water
with 60 μL acetonitrile plus internal standards (200 nM each of 13cisRA-d5, atRA-d5, or 4-oxoatRA-d3). Samples were centrifuged at 18,000 x g at 4°C for 30 min and supernantant was taken
for analysis by liquid chromatography-tandem mass spectrometry (LC-MS/MS) as described
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below for quantification of retinoids. At the end of the experiment, all media was removed and
replaced with RNAlater and cells were stored at -80˚C for analysis of CYP26A1 and RARβ mRNA
as described below.
To determine the concentration-dependent effects of retinoids on SHP, CYP2D6, and
CYP3A4, cells from the three hepatocyte donors were plated and cultured then treated with
rifampin (0.1, 1, 10, 25 µM), GW4064 (0.1, 0.5, 1 µM), 13cisRA, atRA, 4-oxo-13cisRA (0.005,
0.01, 0.04, 0.12, 0.37, 1.11, 3.33, 10, 30 µM), or vehicle control (0.1 % DMSO). Plates were
incubated for 2 or 48 hours at 37°C in 5% CO2 prior to assessment of SHP mRNA (2 hours) and
CYP mRNA and activity (48 hours). To determine retinoid concentrations in media at 2 and 48
hours, 25 µL of media were transferred to a 96-well plate, quenched with 50 µL of acetonitrile,
and stored at -80˚C until analysis by LC-MS/MS as described below for quantification of retinoids.
Determination of retinoid concentrations in incubations. From the time-course experiment,
a noncompartmental analysis of concentration-time data was performed in Phoenix WinNonlin
v6.3 (Pharsight, St. Louis, MO) to determine the area under the hepatocyte media concentrationtime curve from zero to 24 h (AUC0-24h). The AUC was calculated using the linear up, log down
trapezoidal rule and the concentration at time zero was set as the concentration measured in the
media prior to addition to cells. The average media concentration (Cavg) in each 24-hour treatment
for the treated retinoid was determined by dividing the AUC0-24h by 24 hours. Data are presented
as the geometric mean of the Cavg determined on the two treatment days. Data from the time-course
experiment was used to confirm that the average concentration of retinoid measured between 2
and 48 hours in the concentration-effect experiments could be used as a surrogate for the actual
concentration of retinoid at each nominal treatment level in order to quantify the concentrationdependent effects of retinoids on SHP, CYP2D6, and CYP3A4.
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Quantitation of mRNA. Expression of CYP26A1 and RARβ mRNA was quantified as
previously described (Stevison et al., 2017). Quantitative reverse-transcriptase polymerase chain
reaction was used to measure mRNA with TaqMan gene expression assays Hs00175627_m1 for
CYP26A1, Hs00977140_m1 for RARβ, and Hs99999905_m1 for GAPDH. GAPDH was used as
the housekeeping gene to normalize expression of CYP26A1 and RARβ in each sample. All
samples were analyzed in triplicate, and data presented here are the mean of the triplicate analyses.
For purposes of estimating a maximum possible induction of CYP26A1, any undetermined cycle
threshold (CT) values were assigned a CT value of 39. The fold-change in CYP26A1 and RARβ
mRNA in retinoid-treated versus control-treated cells was determined with the ΔΔCT method. A
QuantiGene Plex 2.0 Assay Kit (Panel #13130) from Affymetrix (Santa Clara, CA) was used to
quantitate mRNA levels of SHP, CYP2D6, and CYP3A4 using a previously detailed method
(Halladay et al., 2012). The PXR reporter gene assay was performed and analyzed at Puracyp, Inc.
(Carlsbad, CA)
Activity determination. To determine CYP activity, each well was washed three times with
100 µL of incubation medium (without hydrocortisone) followed by the addition of 100 µL
incubation media containing cocktailed CYP substrates: dextromethorphan (5 µM; CYP2D6 probe
substrate) and testosterone (200 µM; CYP3A4/5 probe substrate). The plates were incubated at
37°C in 5% CO2 for 30 minutes. After a 30 minute incubation, 80 µL of each sample was removed
and transferred to wells that contained 160 µL of acetonitrile with internal standards (dextrorphand3 and 6β-hydroxytestosterone-d3). The plates were centrifuged for 10 minutes at 2,000 x g,
supernatant (60 µL) was removed and added to wells containing 180 µL water. The samples were
analyzed by LC-MS/MS as previously described (Halladay et al., 2012) to quantify the CYP-
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specific metabolites (dextrorphan and 6β-hydroxytestosterone) to determine the activities of
CYP2D6 and CYP3A4/5, respectively.
4.2.3

Protein binding
The unbound fraction of 13cisRA, atRA, and 4-oxo-13cisRA in human plasma and in the

hepatocyte media was determined by rapid equilibrium dialysis (RED) and cross-validated using
ultracentrifugation. Due to the high protein binding of the retinoids, human plasma and the
hepatocyte incubation media were diluted (1:10 or 1:20 for plasma and 1:20 for media) in 100 mM
potassium phosphate buffer, pH 7.4, then spiked with 1 μM (final concentration) 13cisRA, atRA,
or 4-oxo-13cisRA. All experiments were conducted in triplicate. For each retinoid, 200 μL of
spiked diluted plasma or diluted hepatocyte incubation media was aliquoted into the matrix
chamber of a Thermo Scientific RED Device (Waltham, MA) insert and 400 μL of potassium
phosphate buffer was added to the respective buffer chamber. The RED device was incubated at
37°C for 24 hours. An initial time-course experiment determined that the time needed to reach
equilibrium was ~24 hours (data not shown). After 24 hours, 75 µL of diluted matrix or buffer
sample was precipitated with 75 µL of acetonitrile plus internal standards (200 nM each of
13cisRA-d5, atRA-d5, or 4-oxo-atRA-d3) and centrifuged at 18,000 x g at 4°C for 30 min. The
supernatant was transferred for quantification of 13cisRA, atRA, or 4-oxo-13cisRA by LCMS/MS as described below. The fraction unbound in the diluted matrix (fu,dil) was calculated as
the ratio between the concentration measured in the buffer chamber divided by the concentration
measured in the matrix chamber. The fraction unbound (fu) for each retinoid in undiluted plasma
or hepatocyte incubation media was calculated from the data obtained with diluted matrices based
on the known dilution factor of the plasma protein concentration and the known relationship
between plasma protein concentration ([P]), the binding constant (Ka) and fu (equation 4.1):
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fu =

1
1 + K a [ P]

(4.1)

Equation 4.1 can be rearranged to yield equation 4.2,

fu =

1D
 1   1
− 1 +
 
 fu ,dil   D
 


(4.2)

in which fu,dil is the unbound faction in diluted matrix, fu is the unbound fraction in undiluted
matrix and D is the dilution factor. The fu was determined from each fu,dil and D (1:10 or 1:20 for
plasma and 1:20 for media). Two experiments were performed with 1:10 dilution in plasma and
one experiment each was performed with 1:20 dilution in plasma or hepatocyte media, and the
final fu reported for plasma or hepatocyte media is the mean from the separate experiments.
To validate determination of fu with diluted matrix by RED, binding of retinoids in
hepatocyte incubation media was also determined by ultracentrifugation as previously described
(Shirasaka et al., 2013). 13cisRA, atRA, or 4-oxo-13cisRA were added to hepatocyte incubation
media (1 μM final concentration), aliquoted into ultracentrifuge tubes, and either centrifuged in a
Sorvall Discovery M150 SE ultracentrifuge (Thermo Fisher Scientific, Waltham, MA) at
435,000 x g for 90 minutes at 37°C (n=6 per retinoid) or incubated for 90 minutes at 37°C (n=6
per retinoid). Samples were prepared for LC-MS/MS analysis as described below and the fu was
determined as the ratio of retinoid concentration measured in centrifuged samples divided by the
concentration measured in incubated samples. Values of fu are presented as the mean from the
single ultracentrifugation experiment.
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4.2.4

Quantification of retinoids
Concentrations of retinoids in hepatocyte media and protein binding experiments were

measured on an AB Sciex (Framingham, MA) qTrap 5500 mass spectrometer coupled to an
Agilent Technologies (Santa Clara, CA) 1290 Infinity ultrahigh-pressure liquid chromatography
system using a previously validated method (Arnold et al., 2012) with some modifications. In
brief, analytes were separated using a Kinetex® 100 x 2.1 mM, 1.7 µM C18 column (Phenomenex,
Torrance, CA) and a mobile phase of A) 60:40 water:methanol and 0.1% formic acid and B) 60:40
acetonitrile:methanol and 0.1% formic acid. The gradient was from initial conditions of 50% B for
0.5 min to 95% B for 4 min, then held at 95% B for 2 min before re-equilibration for 1.5 min. The
flow rate was 400 µL/min. Analyte detection was performed as previously described with the
addition of m/z transition of 318137 for 4-oxo-atRA-d3 (Arnold et al., 2012). The declustering
potential, collision energy, and collision exit potential were 62, 18, and 14 for 13cisRA and atRA,
66, 23, and 16 for 4-oxo-13cisRA, 97, 97, and 6 for 13cisRA-d5 and atRA-d5, and 71, 35, and 10
for 4-oxo-13cisRA-d3, respectively. Data were quantified using MultiQuant (AB Sciex, Foster
City, CA). The lower limit of quantitation was 5.6 nM in hepatocyte incubation media and 2.8 nM
in plasma for all analytes, and a minimum of six quality control samples were included in each
analytical run with %CV < 10 for all analytes.
4.2.5

Prediction of drug-drug interactions
Prior to fitting, the nominal retinoid concentration was adjusted for the average depletion

during the 48-hour incubation, which was determined from average concentration of each retinoid
measured in media at 2 and 48 hours. To quantify the concentration-effect relationship of 13cisRA,
atRA, or 4-oxo-13cisRA on CYP2D6 in human hepatocytes, estimates of the maximum foldchange relative to control (Emax) and the retinoid concentration at 50% of the maximum fold80

change (EC50) were determined by fitting the observed concentration-effect data with threeparameter nonlinear regression in GraphPad Prism version 5.03 for Windows (GraphPad Software,
San Diego, CA). The Emax and EC50 values are presented as the mean (90% confidence interval)
for each donor. For use in predictions, the total EC50 were converted to a free EC50 (EC50,u) using
the fraction unbound in hepatocyte media (fu,media) measured for each retinoid.
The change in CYP2D6 expression in vivo following 13cisRA dosing was predicted based
on the magnitude of CYP2D6 mRNA down-regulation in human hepatocytes and steady state
concentrations of 13cisRA (0.88 µM) and its metabolites, atRA (0.069 µM) and 4-oxo-13cisRA
(4.2 µM), determined following dosing of 40 mg 13cisRA BID to eight healthy volunteers as
reported in Chapter 3. Total precipitant concentrations were converted to free precipitant
concentrations ([Iu]) using the fraction unbound in plasma (fu,plasma) measured for each retinoid.
The overall effect of the three compounds on in vivo CYP expression was predicted assuming that
all three precipitants (13cisRA, atRA, and 4-oxo-13cisRA) bind to the same receptor to result in
altered CYP expression via a competitive mechanism as described previously (Sager et al., 2017).
The prediction for the change in exposure of dextromethorphan, a CYP2D6 probe substrate,
following dosing of 13cisRA to steady state was performed as previously described (Fahmi et al.,
2008) with an adaptation to account for the presence of m number of retinoids k each competing
for binding to the receptor of interest (equation 4.3). The fm is the fraction of substrate metabolized
by the CYP of interest. For dextromethorphan, the fm by CYP2D6 in CYP2D6 extensive
metabolizers was set to 0.98 (Lutz and Isoherranen, 2011).
'
AUC po
1
Cl
= ='
AUC po Cl  1 + ∑ m Emax,k ×[ Iu ]k
k =1 EC50,adj ,u ,k

 1 + ∑ m EC[ Iu ]k
k =1
50,adj ,u ,k
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(4.3)

4.2.6

Simulation of in vitro CYP2D6 mRNA and protein degradation
To explore the difference in the time-course of change in CYP2D6 mRNA and activity (as

a surrogate for CYP2D6 protein levels), the effects from incubation of hepatocytes from the FOS
donor with 1 µM atRA for 1, 2, 24, and 48 hours were plotted for the two endpoints. The firstorder rate constant (k) determined for the decrease in mRNA over time was 0.04 h-1 and for activity
over time was 0.015 h-1. A model was constructed in MATLAB and SimBiology Toolbox Release
2018b (The MathWorks, Inc., Natick, MA) to simulate the decline of CYP2D6 mRNA and protein
with differing inhibition of mRNA synthesis (100, 75, 50, and 25% inhibition). The rate of mRNA
synthesis was assumed to be zero-order and set at 0.04 pmol/h as the input for the mRNA species.
The first-order rate constant for mRNA degradation (k = 0.04 h-1) was set as the input into the
protein species, and the first-order degradation rate constant for CYP2D6 was applied to the
protein species. The simulation was run until all species reached steady state, and then the rate of
mRNA synthesis was decreased by 25, 50, 75, or 100% and the concentrations of the decline in
mRNA or protein species as a function of time was followed.

4.3
4.3.1

RESULTS
CYP2D6 regulation by retinoids in human hepatocytes
Significant depletion of retinoids was observed in hepatocyte incubations in all donors

(Figure 4.1) and the calculated Cavg of 13cisRA, atRA, and 4-oxo-13cisRA following 1 µM
treatment are presented in Figure 4.1. Relative to nominal concentrations, the average depletion of
the retinoids in the three donors was similar. The mean Cavg (Figure 4.1) over the treatment interval
at 1 μM was 13% of the nominal for 13cisRA, 22% of the nominal for atRA, and 35% of the
nominal for 4-oxo-13cisRA. In the concentration-effect experiments, the depletion of the retinoids
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at 1 μM (average between 2 and 48 hours) was similar (within 5%) as observed in the time-course
experiment. Thus, the average concentration measured from 2 and 48 hours at each treatment
concentration was used to adjust each nominal concentration tested for estimation of EC50. In
Hu1558 hepatocytes, the calculated Cavg was 7 - 14% of nominal for 13cisRA, 7 - 18% of nominal
for atRA, and 9 - 23% of nominal for 4-oxo-13cisRA across the concentration range tested. In
Hu1765 hepatocytes a range of 11 - 26% of 13cisRA, 16 - 40% of atRA, and 28 - 50% of 4-oxo13cisRA nominal concentrations were measured, and in the FOS donor 17 - 56% of 13cisRA, 20
- 77% of atRA, and 36 - 67% of 4-oxo-13cisRA nominal concentrations were measured.
Concentration-dependent decreases in CYP2D6 mRNA were observed in response to
treatment with 13cisRA, atRA, and 4-oxo-13cisRA, but large interindividual variability was
observed among the three donors (Figure 4.2). The Emax (fraction of CYP2D6 mRNA remaining)
and EC50 (μM) for down-regulation of CYP2D6 mRNA by retinoids in each donor are shown in
Figure 4.2. No cytotoxicity or change in lactate dehydrogenase assay was observed in hepatocytes
in response to retinoid treatments. For each hepatocyte donor the maximum down-regulation of
CYP2D6 mRNA and EC50 were comparable when treated with 13cisRA, atRA, or 4-oxo-13cisRA
(Figure 4.2). Hu1765 was least responsive, whereas FOS was the most responsive to CYP2D6
mRNA down-regulation. For the three donors, the average maximum CYP2D6 mRNA remaining
was 42% (range: 5 – 80%) after 13cisRA, 47% (range: 7 – 100%) after atRA, and 41% (range: 5
– 78%) after 4-oxo-13cisRA. The mean EC50 from the three hepatocyte lots were 34 nM (range:
2.9 – 82 nM) for 13cisRA, 22 nM (47 nM – >30μM) for atRA, and 60 nM (2.0 – 137 nM) for
4-oxo-13cisRA. The EC50,u was determined by multiplying EC50 by the fu,media and the value was
used in predictions of the effects of 13cisRA, atRA, and 4-oxo-13cisRA on CYP2D6 (Table 4.1).
The final fu,media measured by RED correlated well with ultracentrifugation values of unbound
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fractions of 0.017 for 13cisRA, 0.028 for atRA, and 0.154 for 4-oxo-13cisRA. While all three
retinoids down-regulated CYP2D6 mRNA, down-regulation of CYP2D6 activity was inconsistent
between the three donors (Figure 4.3). Up to 1.5-fold increase in CYP2D6 activity was observed
at the highest concentrations of retinoids tested in Hu1765 donor, and the changes were significant
at nominal concentrations greater than 0.04 µM for 13cisRA, greater than 0.123 µM for atRA, and
at all treated concentrations of 4-oxo-13cisRA when analyzed by ANOVA with a Dunnet’s posthoc analysis. For FOS, both CYP2D6 mRNA and CYP2D6 activity were decreased, however the
magnitude of change was different (greater than 90% decrease in CYP2D6 mRNA versus less than
50% decrease in CYP2D6 activity). In contrast, no decrease in CYP2D6 activity was observed in
hepatocytes from Hu1558.
To investigate the disconnect between the magnitude of decrease in CYP2D6 mRNA and
enzyme activity in the hepatocytes, simulations of mRNA and enzyme degradation were
conducted. As illustrated in the simulation (Figure 4.4), if the half-life of mRNA is approximately
17 hours (k = 0.04 h-1), only ~15% of mRNA remained 48 hours after complete inhibition of
mRNA synthesis. With 75% inhibition of mRNA synthesis, a ~50% decrease in mRNA could be
expected. When mRNA synthesis was inhibited by 25 or 50%, less than a 50% decrease in mRNA
at 48 hours could be expected. In contrast, regardless of the magnitude of inhibition of mRNA
synthesis, at 48 hours, CYP2D6 enzyme expression would decrease by less than 50%. This
difference in the magnitude of depletion of mRNA and enzyme are driven by the differences in
degradation rate (or half-life) between mRNA and enzyme. For an enzyme with a half-life of ~48
hours (k = 0.015 h-1), hepatocytes would need to be treated for at least 72 hours to observe 50%
enzyme down-regulation following complete inhibition of mRNA synthesis and absence of any
lag time in effect on mRNA and protein synthesis.
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4.3.2

Prediction of CYP2D6 down-regulation and a potential clinical DDI
The magnitude of CYP2D6 down-regulation in vivo was predicted for each retinoid

individually and in combination (Table 4.1). Steady state concentrations of 13cisRA (0.88 µM),
atRA (0.069 µM), and 4-oxo-13cisRA (4.2 µM) reported in Chapter 3 and fu,plasma were used to
predict the potential for a clinical DDI with dextromethorphan. An average of 72% (range: 62 –
82%) of CYP2D6 remaining was predicted in response to the effects 13cisRA alone. Despite
preclinical evidence for atRA down-regulation of CYP2D6, we predicted that CYP2D6 expression
would decrease by only ~1% based on steady state atRA concentrations and in vitro concentrationresponse data for CYP2D6 mRNA in the three hepatocyte lots. In contrast, across all donors, the
average percent of CYP2D6 remaining based on circulating 4-oxo-13cisRA concentrations
achieved after steady-state dosing with 13cisRA was 49% (range: 29 – 78%). Based on the
predictions, CYP2D6 down-regulation in vivo is predicted to be mediated predominantly by the
4-oxo-13cisRA metabolite. When predictions were made with the combination of parent drug
(13cisRA) and metabolites (atRA and 4-oxo-13cisRA) using in vitro data from Hu1558, Hu1765,
and FOS, the predicted percent decreases in CYP2D6 were 35, 22, and 72%, respectively. The
corresponding predictions for the increase in dextromethorphan AUC following dosing of 13cisRA
were 1.5-, 1.3-, and 3.4-fold with an average of 2.0-fold increase predicted using the mean Emax
and EC50,u from all donors. Thus, despite the large interindividual variability between the three
donors, using a cut-off of ≥1.25 for the dextromethorphan AUC ratio, a DDI involving downregulation of CYP2D6 would be predicted with all three hepatocyte lots.
Predictions for the change in dextromethorphan exposure were also made with
concentration data from each subject enrolled in the clinical study described in Chapter 3 (Figure
4.5). The concentrations of 13cisRA, atRA, and 4-oxo-13cisRA are shown for each subject, and
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the range of predicted and observed AUC ratios (AUCRs) for dextromethorphan after and before
13cisRA dosing are presented. The average total steady state concentration of 4-oxo-13cisRA in
the clinical study subjects was 4.2 μM (range: 2.6 to 10 μM). These values correspond to free 4oxo-13cisRA concentrations of 50 nM (range: 31 – 120 nM), which are higher than the average
EC50,u for 4-oxo-13cisRA of 7.3 nM determined in this study (Table 4.1). Dextromethorphan
exposure was predicted to increase by 2-fold with a wide confidence interval (1.3 – 4.9-fold) due
to the variability in CYP2D6 mRNA down-regulation in the three hepatocyte donor lots and the
variability in retinoid exposures. In contrast to the predicted dextromethorphan AUCR, the
observed geometric mean AUCR was 0.82 (90% confidence interval: 0.677 – 0.998).
Based on previous data supporting a role for SHP in regulation of CYP2D6 by atRA (Koh
et al., 2014), changes in SHP mRNA were explored in hepatocyte incubations. An initial time
course experiment demonstrated that maximum responses in SHP mRNA occurred at 1 – 2 hours
(Figure 4.4). Thus, changes in SHP mRNA in human hepatocytes in response to treatment with
13cisRA, atRA, and 4-oxo-13cisRA were assessed at 2 hours. atRA induced expression of SHP
mRNA between 2- to 4-fold at the highest concentrations of atRA tested (Figure 4.6). Similarly,
both 13cisRA and 4-oxo-13cisRA also induced SHP mRNA in a dose-dependent manner with a
maximum 2- to 3-fold increase.
4.3.3

CYP induction by retinoids in human hepatocytes
The dose-response relationships for 13cisRA, atRA, or 4-oxo-13cisRA and CYP3A4

mRNA and activity in the three tested hepatocyte lots are shown in Figure 4.7 and Figure 4.8.
Treatment of Hu1765 and FOS hepatocytes with 13cisRA, atRA, or 4-oxo-13cisRA resulted in a
1.5- to 3-fold increase in CYP3A4 expression, but no change in CYP3A4 mRNA or activity were
observed with incubation of hepatocytes from donor Hu1558. As was the case for CYP2D6 mRNA
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down-regulation, the effects of each retinoid on CYP3A4 mRNA or activity were similar within a
given donor, but variability was observed between the donors. Overall, the greatest induction of
CYP3A4 mRNA and activity was observed for each retinoid in hepatocytes from the FOS donor.
The regulation of CYP3A4 by the nuclear receptor PXR and the induction of CYP3A4 by
PXR ligands is well established. To investigate whether 13cisRA, atRA or 4-oxo-13cisRA are
PXR ligands, a ligand binding assay was conducted (Figure 4.9). All three retinoids demonstrated
concentration-dependent increases in receptor binding but were less potent binders than rifampin.
For 13cisRA, atRA, and 4-oxo-13cisRA, the Emax values were 15, 29, and 9.5-fold increase in
luciferase activity relative to control, and the EC50 values were estimated to be 20, 140, and 16 μM,
respectively, compared to the rifampin Emax of 22-fold and EC50 of 4.7 μM. These data suggest
that the increased CYP3A4 mRNA and activity observed in hepatocytes in response to treatment
with retinoids may be mediated by retinoid activation of PXR.
4.3.4

Assessment of interindividual variability in response to retinoids
Endogenous atRA exerts many of its physiological effects by binding to and activating

retinoic acid receptors (RARs) (Aström et al., 1990; Idres et al., 2002). CYP26A1 is an RAR-target
gene and the CYP primarily responsible for elimination of endogenous and dosed atRA (Thatcher
et al., 2010). Based on current knowledge, induction of CYP26A1 is expected in cells treated with
atRA (Topletz et al., 2015). Therefore, to investigate whether the variable response of CYP2D6
and CYP3A4 in the three hepatocyte lots correlated to variability in the magnitude of induction of
known retinoid-responsive genes, changes in expression of CYP26A1 and RARβ were assessed.
Vehicle control-treated cells from the FOS donor had low (CT = 38) or undetectable levels (CT >
40) of CYP26A1, but CT values ranged from 22 – 25 in cells after treatment with 13cisRA, atRA,
or 4-oxo-13cisRA. Although the fold-change in CYP26A1 expression (normalized to the
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housekeeping gene) in retinoid- versus control-treated cells could not be accurately quantified due
to the undetectable levels of CYP26A1 in control-treated cells, CYP26A1 was estimated to increase
by 1,000 – 10,000-fold in the FOS hepatocytes. In contrast, for Hu1765 hepatocytes, CYP26A1 CT
values were ~31 in vehicle-treated cells and increased ~100-fold (to CT 23 – 27) in response to all
three retinoids. A similar pattern was seen in that FOS was more responsive in terms of RARβ
induction (20- to 44-fold) compared to the Hu1765 (3- to 7-fold). Thus, for all the target genes
tested in this study, the effect of retinoid treatment was greatest in FOS hepatocytes.

4.4

DISCUSSION
Based on numerous reports of retinoic acid inducing SHP (Mamoon et al., 2008; Cai et al.,

2010; Koh et al., 2014; Yang et al., 2014), and a study in mice demonstrating atRA downregulation of CYP2D6 via SHP (Koh et al., 2014), we studied the potential for a DDI involving
CYP2D6 down-regulation by 13cisRA in the clinic, and the data are presented in Chapter 3. No
down-regulation was observed in the study, and the data supported apparent CYP2D6 induction
after 13cisRA dosing. One limitation to available data from HepG2 cells and hepatocytes is that
concentrations of atRA studied for their effects on SHP induction were high (1 – 10 μM) relative
to pharmacologically relevant atRA concentrations (Mamoon et al., 2008; Cai et al., 2010; Yang
et al., 2014) and no assessment of atRA effects on CYP2D6 were reported. Indeed, evidence for
direct effects of atRA on CYP2D6 expression is limited to one study in CYP2D6-humanized mice
(Koh et al., 2014). Thus, a thorough evaluation of the effects of atRA on CYP2D6 expression in
human hepatocytes was necessary to determine whether the results of the clinical study represent
a true disconnect between in vitro-and-in vivo CYP down-regulation. Additionally, 13cisRA rather
than atRA was used to probe the potential clinical interaction. However, no data are available for
the effect of 13cisRA or its major circulating metabolite, 4-oxo-13cisRA, on CYP2D6 expression.
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In fact, we found that 4-oxo-13cisRA induced expression of several Cyp2d isoforms in mice
(Chapter 3), thus induction may potentially oppose atRA down-regulation of CYP2D6 in human
liver. Therefore, this study aimed to assess the dose-dependent effects of 13cisRA, atRA and 4oxo-13cisRA on CYP2D6 expression in hepatocytes and determine whether those effects would
predict CYP2D6 down-regulation in the clinic.
All three retinoids decreased expression of CYP2D6 mRNA to a similar extent and with
similar EC50s within each of the three hepatocyte donor lots, although variability was observed
between the donors. Using our prediction model and free concentrations, 4-oxo-13cisRA was
predicted to have the largest effect on CYP2D6 followed by 13cisRA, and no change in CYP2D6
was predicted with atRA. The average unbound concentration of 4-oxo-13cisRA in the clinical
study was ~50 nM, which is 3 – 200-fold greater than the estimated EC50,u of 0.24 – 17 nM. In
contrast, the unbound concentration of atRA (~0.01 nM) after 13cisRA dosing is lower than EC50,u
of 0.16 – 1.3 nM, and no DDI would be expected from atRA exposure. It was assumed that the
three retinoids exert effects on CYP2D6 regulation via the same receptor-binding pathway. Thus,
an equation accounting for competitive binding to the same receptor was used to determine the
fraction of CYP2D6 expression remaining following the combined exposure of 13cisRA, atRA,
and 4-oxo-13cisRA (Sager et al., 2017). Predictions of the combined effect of 13cisRA and its
metabolites on CYP2D6 were similar to that of 4-oxo-13cisRA alone. Based on predictions made
with the average Emax and EC50,u from the three hepatocyte donors and Css,u for each retinoid, an
average 2-fold increase in dextromethorphan exposure was predicted after dosing with 13cisRA,
and the DDI prediction was driven by exposure to 4-oxo-13cisRA.
Current regulatory guidance documents recommend investigating new chemical entities as
perpetrators of induction-mediated DDIs, but do not address potential effects of metabolites on
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CYP induction (EMA, 2012; Food and Drug Administration, 2017b). However, several recent
reports have identified metabolites with greater or equal effects on CYP induction as their
respective parent molecules (Schneider, 2017; Ho et al., 2018; Johänning et al., 2018). This study
illustrates another example in which parent molecule (13cisRA) and metabolites (atRA and 4-oxo13cisRA) all transcriptionally regulate CYP2D6 in vitro. Because 4-oxo-13cisRA circulates at
higher concentrations than 13cisRA or atRA, effects of this metabolite drive the prediction for a
clinical DDI. Although no down-regulation of CYP2D6 was observed clinically, the induction of
CYP2D6 that was observed was hypothesized to be related to effects of 4-oxo-13cisRA based on
evidence of induction of Cyp2d isoforms in the mouse (Chapter 3). Therefore, data from 13cisRA
effects on CYP2D6 demonstrate the need to consider metabolites as perpetrators of DDIs resulting
from transcriptional regulation of CYPs.
This study clearly demonstrates a lack of in vitro to in vivo correlation for CYP2D6 downregulation by retinoids. To investigate the in vitro to in vivo disconnect, the effects of retinoids on
SHP were determined. As expected from previous reports (Cai et al., 2010; Yang et al., 2014), we
observed ~2-fold induction of SHP mRNA in a donor-dependent manner following treatment with
10 μM atRA. Further, the timing of SHP mRNA induction in this study is consistent with previous
studies showing rapid induction of SHP within two hours of atRA treatment in HepG2 cells with
mRNA levels returning to baseline by 24 – 48 hours (Cai et al., 2010). Induction of SHP mRNA
was also observed with 13cisRA and 4-oxo-13cisRA, which has not been previously reported. If
retinoid-mediated induction of SHP is the cause for CYP2D6 down-regulation observed in vitro,
what accounts for the in vitro-to-in vivo disconnect? SHP is a classic farsenoid X receptor (FXR)target gene and is induced by excess bile acids in the liver as a negative feedback mechanism for
maintenance of bile acid homeostasis (Goodwin et al., 2000). Retinoic acid induction of SHP has
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been shown to be FXR-independent and likely occurs via retinoid binding to the retinoid X
receptor (RXR), though atRA and 13cisRA are weak RXR ligands (Heyman et al., 1992; Allenby
et al., 1993; Cai et al., 2010). Thus, it is possible that the in vitro-to-in vivo disconnect occurs
because treatment of 13cisRA in vitro recapitulates the activation of the FXR/RXR heterodimer
that occurs with endogenous bile acids or retinoids in vivo, and that administration of 13cisRA
does not cause further signaling through this pathway in vivo.
One limitation to this study was that effects of retinoids on CYP2D6 activity were
inconsistent between hepatocyte donors. Additionally, in the FOS donor where >90% of CYP2D6
mRNA was depleted, only minor changes in CYP2D6 activity were observed. The half-life of
CYP2D6 has been estimated to be ~48 hours (Venkatakrishnan and Obach, 2005). Thus, the
maximum decrease in CYP2D6 expression expected in a 48-hour incubation would be 50%
assuming no lag time in response for mRNA or protein down-regulation. With complete inhibition
of CYP2D6 mRNA synthesis, the 48-hour simulations showed a 90% decrease in CYP2D6 mRNA,
but ~70% of CYP2D6 protein would remain. To observe a 50% decrease in CYP2D6 protein,
simulations indicated that mRNA synthesis would need to be fully inhibited for 72 hours.
Simulations also showed that with less than complete inhibition of CYP2D6 mRNA synthesis, the
magnitude of mRNA and protein degradation decreased. This suggests that down-regulators of
CYP2D6 must drastically alter mRNA synthesis in order for down-regulation of CYP2D6 activity
or protein levels to be observed. Increases in CYP2D6 activity, as seen in vivo following dosing
of 13cisRA, were observed for one of three hepatocyte donor lots (Hu1765), though it is unclear
whether these results are significant due to the low effect size and lack of clear concentrationeffect relationship.
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The effects of 13cisRA, atRA, and 4-oxo-13cisRA on CYP3A4 were also assessed to
determine whether the weak induction of CYP3A4 observed after dosing of 13cisRA could be
predicted from hepatocyte data. Up to 3-fold induction of CYP3A4 mRNA and activity was
observed in response to treatment with retinoids. Although no kinetic determination of retinoid
effects on CYP3A4 was performed due to the weak induction of CYP3A4 mRNA and activity,
these data from hepatocytes support the clinical observation. Previous studies have demonstrated
that retinoids can induce CYP3A4 via activation of constitutive androstane receptor (CAR)/RXR
or vitamin D receptor (VDR)/RXR heterodimers (Wang et al., 2008; Chen et al., 2010). In this
study, 13cisRA, atRA, and 4-oxo-13cisRA were shown to be ligands for the pregnane X receptor
(PXR). It is well documented that CYP3A4 is inducible by PXR ligands (Stanley et al., 2006; Sinz,
2013). Furthermore, PXR-activating ligands can also activate CAR, and activation of either of
these nuclear receptors can induce expression of CYP3A4 or CYP2B6 (Stanley et al., 2006; Fahmi
et al., 2010). Additionally, retinoids also bind to RXR which is the heterodimer partner for PXR,
CAR, and VDR (Heyman et al., 1992; Allenby et al., 1993). Thus, 13cisRA, atRA, and 4-oxo13cisRA likely induce CYP3A4 as ligands of PXR/RXR and possibly CAR/RXR or VDR/RXR.
The well-defined mechanisms for transcriptional activation of CYP3A4 permit in vitro-to-in vivo
prediction of induction. In contrast, the mechanisms for CYP down-regulation observed in vitro,
in particular CYP2D6 as evidenced by this study, are generally unknown and the potential impact
of these findings in vivo cannot be predicted at present.
In conclusion, this study showed that 13cisRA, atRA, and 4-oxo-13cisRA all downregulate CYP2D6 mRNA in human hepatocytes. A DDI involving CYP2D6 down-regulation
following administration of 13cisRA was predicted from in vitro data, and the 13cisRA metabolite,
4-oxo-13cisRA, was predicted to drive the interaction. These results support other in vitro
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observations of CYP down-regulation by retinoids but are inconsistent with clinical findings. This
study also highlights the role metabolites can play as precipitants of DDIs and suggests that future
studies should include metabolites in assessment of potential DDIs involving transcriptional
regulation.
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Figure 4.1. Concentration versus time profiles for retinoids after treatment of Hu1558 (A, B,
C), Hu1765 (D, E, F), and FOS (G, H, I) hepatocytes following treatment with 1 µM 13cisRA
(top row), atRA (middle row), or 4-oxo-13cisRA (bottom row). Hepatocytes were treated for
48 hours and retinoid concentrations in media were measured at 2, 17, and 24 hours on each
treatment day. Concentrations of the treated retinoid and metabolites are presented as mean and
standard deviation. Inset shows the Cavg (geometric mean) of the treated retinoid determined on
the two treatment days. 13cisRA (circles), atRA (diamonds), 4-oxo-13cisRA (squares), 4-oxoatRA (inverted triangles)
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Figure 4.2. The effects on CYP2D6 mRNA following treatment with 13cisRA (top row),
atRA (middle row), and 4-oxo-13cisRA (bottom row) compared to control in Hu1558 (A, B,
C), Hu1765 (D, E, F), and FOS (G, H, I) hepatocytes. The points show the mean and range of
the measured effect and the line shows the fit of the data. Emax and EC50 (μM) are presented as
mean (90% CI).
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Figure 4.3. The effects of 13cisRA (top row), atRA (middle row), and 4-oxo-13cisRA (bottom
row) on CYP2D6 activity in Hu1558 (A, B, C), Hu1765 (D, E, F), and FOS (G, H, I)
hepatocytes. Data are presented as mean and range of the measured effect (formation of
dextrorphan from dextromethorphan in a 90 min incubation following 48 h retinoid treatments).
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Figure 4.4. Depletion over time of (A) CYP2D6 mRNA, (B) CYP2D6 activity, and (C) SHP
mRNA after treatment of FOS hepatocytes with 1 μM atRA (solid circles) or vehicle (open
circles). The degradation rate for mRNA was 0.04 h-1 (17 h half-life) and for activity was 0.015
h-1 (48 h half-life). Simulations of (D) CYP2D6 mRNA and (E) protein were conducted with a
zero-order synthesis rate of 0.04 pmol/h set as the input of mRNA and mRNA and protein
elimination rate constants set to 0.04 h-1 and 0.015 h-1, respectively. Simulations were run until
steady state of mRNA and protein were achieved and then the synthesis rate was inhibited by
100% (solid black line), 75% (dashed line), 50% (dotted line), or 25% (solid gray line) for panels
D and E.
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Figure 4.5. Predicted change in dextromethorphan exposure after and before 13cisRA dosing
to individual clinical study subjects. A) Individual concentrations of 13cisRA, atRA, and 4-oxo13cisRA for the eight subjects enrolled in the clinical study (mean shown by line). B) Predicted
versus observed changes in the area under the curve ratio (AUCR) of dextromethorphan (DXM)
after and before dosing of 40 mg 13cisRA BID to steady state for each subject. Data are presented
as a box representing the 25th, median, and 75th percentiles and whiskers show the minimum and
maximum AUCR. The mean predicted AUCR was 2.0.
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Figure 4.6. The effects of 13cisRA (top row), atRA (middle row), and 4-oxo-13cisRA (bottom
row) on SHP mRNA in Hu1558 (A, B, C), Hu1765 (D, E, F), and FOS (G, H, I)
hepatocytes. Data are presented as mean and range of SHP response.
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Figure 4.7. The effects of 13cisRA, atRA, and 4-oxo-13cisRA on CYP3A4 mRNA in Hu1558
(A - D), Hu1765 (E - H), and FOS (I – L) hepatocytes. Data are presented as the mean and range
of the effect on CYP3A4 mRNA.
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Figure 4.8. The effects of 13cisRA, atRA, and 4-oxo-13cisRA on CYP3A4 activity in Hu1558
(A - C), Hu1765 (D - F), and FOS (G – I) hepatocytes. Data are presented as the mean and range
of the measured effect (formation of 6β-OH-testosterone from testosterone in a 90 min incubation
following 48 h retinoid treatments).
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Figure 4.9. The effects of increasing concentrations of (A) rifampin (positive control), (B)
13cisRA, (C) atRA, and (D) 4-oxo-13cisRA on PXR activation. The points show the mean of
the measured effect (n=2) and the line shows the fit of the data. Emax and EC50 (μM) are presented
as mean (90% CI).
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Table 4.1. Average unbound concentration in plasma and hepatocyte media for retinoids and
the predicted in vivo change in CYP2D6 from 13cisRA, atRA, and 4-oxo-13cisRA
individually or in combination.
Precipitant
4-oxo13cisRA
0.012
0.121
3.8

Donor

Combined
parent and
metabolites

Endpoint
13cisRA
atRA
fu,plasma
0.0004
0.0002
fu,media
0.011
0.027
EC50,u (nM)
0.18
0.37
Hu1558 Predicted %
CYP2D6 remaining 0.76
0.99
0.66
0.65
EC50,u (nM)
0.03
NA
0.24
Hu1765 Predicted %
CYP2D6 remaining 0.82
NA
0.78
0.78
EC50,u (nM)
0.91
1.3
17
FOSa
Predicted %
Rep. 1
CYP2D6 remaining 0.74
0.99
0.29
0.27
EC
(nM)
0.40
0.16
8.4
50,u
FOSa
Predicted %
Rep. 2
CYP2D6 remaining 0.62
0.93
0.31
0.29
EC50,u (nM)
0.38
0.60
7.3
Mean
Predicted %
CYP2D6 remaining 0.72
0.99
0.49
0.48
a) The concentration-dependent effects of retinoids in FOS donor hepatocytes were
assessed in two replicate experiments
NA = not applicable
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Chapter 5. CONCLUSIONS
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The goal of this thesis was to demonstrate that in vitro characterization of precipitants of
drug-drug interactions (DDIs) can be used to predict the magnitude of in vivo DDIs. Retinoic acid
was used as a model compound to investigate in vitro to in vivo translation of complex DDIs.
To quantify the increase in endogenous all-trans retinoic acid (atRA) concentrations
following inhibition of CYP26, the enzyme primarily responsible for atRA elimination, single
and multiple dose studies of the panCYP26 inhibitor, talarozole, were conducted in mice. The
change in CYP26A1 and CYP26B1 activity after a single dose of talarozole was predicted based
on in vitro inhibition characteristics for CYP26A1 and CYP26B1 and the pharmacokinetic
profile of talarozole. The observed increases in atRA concentrations in serum, liver, and testis
agreed well with the predicted change in CYP26A1 and CYP26B1 activity over time in response
to a single dose of talarozole. However, after multiple doses of talarozole, increases in
endogenous atRA were observed only in serum and not in liver and testis. Induction of Cyp26a1
was observed in liver and testis after multiple doses of talarozole suggesting that inhibition of
this isoform by talarozole was insufficient to overcome induction in response to increased
endogenous atRA in vivo. Further, the increased atRA concentrations in serum without a change
in liver suggest that CYP26B1 in extrahepatic sites plays a key role in regulating systemic atRA
exposure.
To test whether atRA down-regulation of CYP2D6 in mice translates to CYP2D6 downregulation in humans, a clinical study with the atRA isomer, 13cisRA, and the CYP2D6
substrate, dextromethorphan, was conducted in eight healthy male volunteers. In response to
exposure to 13cisRA and its metabolites atRA or 4-oxo-13cisRA, no down-regulation of
CYP2D6 was observed. In fact, the increased oral clearance of dextromethorphan, increased
dextrorphan-to-dextromethorphan AUC ratio, and increased formation clearance of dextrorphan
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following dosing of 13cisRA all suggest induction, rather than down-regulation, of CYP2D6 in
vivo. Data in mice indicate that CYP2D6 induction is likely driven by the activity of the primary
circulating metabolite of 13cisRA, 4-oxo-13cisRA. To our knowledge this is the first report of a
clinical study designed specifically to assess the potential for a DDI involving CYP downregulation by a small molecule drug.
To determine whether induction of CYP2D6 observed in the clinic would be predicted
from in vitro assessment, a thorough characterization of the effects of 13cisRA, atRA, and 4oxo-13cisRA on CYP2D6 expression and activity in human hepatocytes was conducted. All
retinoids were shown to down-regulate CYP2D6 mRNA in vitro to a similar extent. A 2-fold
increase in dextromethorphan AUC was predicted from in vitro data using steady state
concentrations of 13cisRA, atRA, and 4-oxo-13cisRA from the clinical study. Interestingly,
predictions for the increase in dextromethorphan following dosing of 13cisRA were driven by
concentrations of 4-oxo-13cisRA, highlighting the fact that metabolites may be important
precipitants of DDIs involving transcriptional regulation. This study clearly demonstrated a
disconnect between down-regulation of CYP enzymes observed in vitro and in vivo. In contrast,
induction of CYP3A4, likely mediated by activation of PXR/RXR by retinoids, was observed in
hepatocytes and in the clinical study. The data generated here highlight the lack of understanding
for the mechanisms involved in CYP down-regulation in vitro and the importance of mechanistic
understanding to translate DDIs to the clinic.
In conclusion, the results from this thesis demonstrate that in vitro characterization of
precipitants of DDIs must be coupled with a thorough understanding of transcriptional regulation
of CYPs in vivo in order to correctly predict clinical DDIs.
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