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Abstract

The cytochrome P450 monooxygenase enzymes have been
demonstrated to play a role in the metabolism of ~75% of FDA-approved drugs.
Though generally thought to facilitate excretion, the metabolism of drugs by
P450s generates new molecular entities, which can have differential effects from
those of the parent drugs, including off-target, cytotoxic effects. Two hepatotoxic
drugs used to treat HIV, efavirenz (EFV) and nevirapine (NVP), are so
extensively metabolized by cytochrome P450 enzymes that their main P450
metabolites, 8-hydroxy-EFV (8-OHEFV) and 12-hydroxy-NVP (12-OHNVP),
respectively, exist at micromolar concentrations in patient plasma. Previous work
suggests that these metabolites play a role in the respective hepatotoxic events
observed with these drugs. We probed whether EFV and 8-OHEFV activate
hepatic IRE1a-XBP1 signaling, which has been previously demonstrated to
activate hepatocyte death under select stimuli. Interestingly, we observed that
EFV treatment resulted in a greater magnitude of IRE1a-XBP1 signaling
activation in primary hepatocytes than 8-OHEFV. With this, we surveyed other
structural changes to EFV and two other compounds (analog 3 and 14) with only
single-atom changes from EFV that demonstrated greater activation of IRE1a-
XBP1 than EFV itself. Despite all being activators of IRE1a-XBP1, only EFV and
analog 3 induced hepatocyte cell death, and only cell death with EFV was
inhibited by co-treatment with the IRE1a-XBP1 inhibitor STF083010. Taken
together these results suggest that EFV activates IRE1a-XBP1 and that this

activation plays a role in the hepatocyte death observed with EFV. In addition,



while other very similar compounds, analogs 3 and 14, are activators of IRE1a-
XBP1, they demonstrate variable toxicity or toxicity mechanisms different from
that of EFV. We also investigated whether twelfth position deuteration on NVP,
generating 12-D3sNVP is an effective strategy in controlling hepatic P450
metabolism to 12-OHNVP and ultimately NVP toxicity. A 10.6-fold reduction in
production of 12-OHNVP was observed in human hepatocytes during treatments
with clinically relevant concentrations of 12-DsNVP (as compared to NVP) with no
impact on the formation of other detectable P450 metabolites of NVP. In addition,
a kinetic isotope effect of 10.1-fold was measured in incubations with human liver
microsomes. Despite this large change in 12-OHNVP production, hepatocyte
death was only modestly reduced with 12-DsNVP in primary mouse hepatocytes,
as compared to NVP. To investigate potential differences in cell signaling with
these compounds we performed relative quantitation proteomics analysis on
hepatocytes treated with NVP or 12-D3sNVP and observed differential protein
expression with these two treatments. These results suggest that deuterium
substitution, while an effective strategy for controlling 12-OHNVP production
does not drastically reduce NVP hepatotoxicity and that this compound can

induce differential protein expression from that observed with NVP.
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Chapter 1: Introduction

A Brief History of the Study of Drug Metabolism and Cytochrome P450s

The earliest descriptions of the ability of the human body to chemically
modify and excrete a foreign organic compound date back to the mid-1800s, in a
pair of publications regarding benzoic acid. Dr. Alexander Ure discovered that
following his own oral ingestion of benzoic acid, the structurally similar hippuric
acid could be readily detected in his urine (Ure, 1841). This result was verified by
Dr. William Keller, who through his own self-experimentation, observed the same
result and proposed that the hippuric acid was a product of benzoic acid
conjugation by the human body (Keller, 1842). Though in discussing his work Dr.
Ure focuses mainly on its implications in the treatment of gout (Ure, 1841), in
combination with observations of Dr. Keller, these findings have been cited the
beginnings of the study of human drug metabolism (Murphy, 2001). In treating
patients with foreign chemical compounds (i.e. drugs), careful characterization of
the fate of these drugs following administration is not only scientifically
interesting, but is also crucial to the development of safe and effective therapies.
Because of this, it is no surprise that the study of drug metabolism has grown
significantly and become a vital part of new pharmaceutical development since
this early work by Ure and Keller (Murphy, 2001).

An early pioneer in defining the study of human drug metabolism, R.T.
Williams, published several works throughout the 1940s-1960s that, in addition to
summarizing the work of those before him, helped to define and shape the field

of drug metabolism (Jones, 2015). Williams was the first to propose two distinct



phases of drug metabolism: phase | reactions, which consist of drug oxidations,
reductions, and hydrolyses; and phase Il reactions, which are drug and/or phase
| metabolite conjugation reactions. He reasoned that while most drug metabolism
reactions were largely inactivating, phase | metabolites may retain biological
activity, either against the intended drug target or have an off-target, potentially
toxic effect (Figure 1) (Williams, 1959; Jones, 2015).

Many of the first instances of characterized drug and drug metabolite
pairings were examples of these phase | oxidation reactions: the conversion of
cinnamic acid to benzoic acid (Erdmann and Marchand, 1842), benzene to
phenol (Schultzen and Naunyn, 1867), and benzaldehyde to benzoic acid
(Wohler and Frerichs, 1848). Almost a century following this initial work, isolated
sub-cellular liver fractions, called microsomes, were demonstrated to perform
these oxidation reactions in a nicotinamide adenine dinucleotide phosphate
(NADPH)-dependent manner (Mueller and Miller, 1949; Axelrod, 1955).
Discovered in 1958 and further characterized in 1962 was a novel group of
cytochromes in liver microsomal preparations with a strong absorbance peak at
450 nm when carbon-monoxide bound, for which they were given the name “P-
450" (hereafter referred to as P450) (Klingenberg, 1958; Omura and Sato, 1962).
Not long after this, it was observed that these microsomal cytochrome P450s are
able to catalyze the oxidation of small molecules (Estabrook et al., 1963). Since
that discovery, 57 different human cytochrome P450 enzymes have been
identified and categorized into 18 different families. Cytochrome P450s have

been demonstrated to be involved not only in oxidative drug metabolism, but also



in steroid synthesis, cholesterol biosynthesis, bile acid biosynthesis, vitamin
degradation, and the metabolism of eicosanoids (Nebert et al., 2013)
Throughout the years of their study, cytochrome P450 nomenclature has
been standardized: they are named beginning with “CYP” for cytochrome P450
followed by a number indicating family, a letter indicating subfamily, and finally a
number indicating the order of discovery within that subfamily, an example being
“‘CYP1A1” (Nelson, 2006). Cytochrome P450 families 1, 2, 3, and 4 (CYP1,
CYP2, CYP3, and CYP4, respectively), are the P450 families implicated in drug
metabolism (Nebert et al., 2013). Roughly 75% of approved drugs are
metabolized by cytochrome P450 enzymes, and a vast majority (~94%) of these
are metabolized by a select few cytochrome P450 enzymes: CYP1A1, -1A2, -
1B1, -2A6, -2B6, -2C8, -2C9, -2C19, -2D6, -2E1, -3A4, and -3A5 (Rendic and

Guengerich, 2015).
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Figure 1. The two phases of human drug metabolism as described by R.T.
Williams. Drugs (A) can be oxidized, reduced, or hydrolyzed by the human body
to form a phase | drug metabolite (B). In addition the drug or phase | metabolite
can undergo subsequent conjugation metabolism to form a phase Il metabolite
(C). Phase | reactions can result in an inactive or biologically active metabolite,
while generally phase |l reactions are inactivating. This figure has been re-

created from Williams, 1959.



Drug Metabolism by Cytochrome P450s

Following oral ingestion, a drug will be absorbed through the gut wall and
into circulation, where the first major organ it encounters is the liver. The liver is
home to many different drug metabolizing enzymes, including cytochrome
P450s, that will begin to metabolize the drug before it even reaches systemic
circulation, an event known as first-pass metabolism (Pond and Tozer, 1984)
(Figure 2). The most common result of P450 metabolism is the insertion of an
oxygen molecule onto its substrate (Guengerich, 2001). This facilitates foreign
compound excretion by increasing hydrophilicity, and therefore clearance from
the body via the kidneys, into the urine. Because of this, it has often been
reasoned that cytochrome P450s evolved as a defense mechanism against
potentially toxic foreign compounds, by metabolically modifying them to facilitate
clearance from the body (Gonzalez and Nebert, 1990; Nebert et al., 2013)
(Figure 2).

Cytochrome P450s are heme-containing enzymes that catalyze oxygen
insertion in an NADPH-dependent fashion. They exist as membrane bound
proteins, found largely in the endoplasmic reticulum membrane, on the cytosolic
face, and much less so in the mitochondrial membrane (Nebert et al., 2013;
Guengerich, 2015). Their activity is facilitated through a complex reaction cycle
(Figure 3) that is dependent upon partnering with another membrane bound
enzyme, cytochrome P450 reductase. First, the substrate binds near the iron
(Fe*3)-containing heme causing a conformational shift in the cytochrome P450

enzyme (Figure 3A). P450 reductase utilizes NADPH to donate one electron to



the heme iron (now Fe*?) (Figure 3B), which is then able to complex with
molecular oxygen (O2) (Figure 3C). Yet another electron is donated by reductase
from NAPDH (Figure 3D). Then, through the addition of two protons, one oxygen
atom is released as water, during which the iron is reduced, forming a complex of
Fe** and one oxygen atom (Figure 3E and F). In a series of radical-chemistry
catalyzed bond breaking/reforming steps, an oxygen is inserted onto the drug
substrate (Figure 3G), which can then be released as a novel drug metabolite
(Figure 3H) (Guengerich, 2007; Ortiz de Montellano, 2015). These radical-
chemistry-based steps are shown in more detail in Figure 4. First, a proton is
abstracted from the drug substrate by the iron-bound oxygen. Following this, the
carbon radical is then able to abstract the protonated oxygen, resulting in the
final oxidized drug metabolite product, and regenerating the initial +3 charge

state of the heme iron (Figure 4) (Ortiz de Montellano, 2015).
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Figure 2. First-pass metabolism promotes early systemic exposure to drug
metabolites. When orally ingested, a portion of a drug is absorbed through the
gut wall and into the portal vein. Before reaching systemic circulation the drug
encounters the liver, where it is metabolized by an array of drug metabolizing
enzymes, the most common being the cytochrome P450s. This initial act of drug
metabolism by the liver, and to some extent also by the gut wall, prior to reaching
systemic circulation is known as first-pass metabolism. Following this event, both
drug and drug metabolites enter systemic circulation where they can have

therapeutic effects, toxic effects, no effect, and/or be excreted in the urine.
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Figure 3. The cytochrome P450 catalytic cycle. Upon binding of its substrate
(A), a cytochrome P450 will undergo a conformational change that primes it for
electron donation by P450 reductase (B). Following this reduction, the P450 can
then bind molecular oxygen (C) and be given yet another electron by reductase
(D). Through the addition two protons (E and F), one oxygen atom is released in
the form of water and the P450 is primed to insert an oxygen onto its substrate
(G), which is then released (H). This figure was modified from Ortiz de

Montellano, 2015.
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Figure 4. The mechanism of P450-dependent oxygen insertion onto an
organic substrate. The bound oxygen atom will first donate an electron to
reduce the iron of the cytochrome P450 heme. This event primes the oxygen to
abstract and proton from the substrate, creating a carbon radical that is then
resolved when the substrate subsequently abstracts the protonated oxygen atom
bound to the P450 heme iron. This step returns the iron to its initial charge state

(Fe*3), allowing the P450 to restart its catalytic cycle following substrate release.



Implications of Cytochrome P450 Metabolism in Drug Toxicity

It is important to emphasize that upon metabolizing a drug, cytochrome
P450 oxidation creates a completely new molecular entity. Because of this, there
are several possible consequences of P450 drug metabolism. First, the drug
metabolite may be rendered completely inactive. If not completely inactivated,
the metabolite may retain pharmacologic activity towards the intended drug
target that is greater or lesser than the parent drug. In addition to this, the
metabolite may also have off-target, potentially cytotoxic effects that could be the
same as or different from the parent drug (Williams, 1959; Guengerich, 2001).
This last potential outcome is the main focus of the subsequent chapters.

One of the first identified toxic cytochrome P450 metabolites was
characterized by G. Dahl et al., in which they demonstrated that bacterial cell
death during incubation with vinyl carbamate and metabolically active hepatic
microsomes was drastically reduced during co-treatment with cytochrome P450
inhibitors (Dahl et al., 1978). Another example of the toxic effects of P450
metabolites can be seen in formation of neurotoxic protein pyrroles formed from
the metabolite of hexane, 2,5-hexanedione (Couri and Milks, 1982; Couri and
Milks, 1985; Genter St Clair et al., 1988). Suicide inactivation of cytochrome
P450 metabolizing enzymes, in which the drug becomes covalently bound to the
P450 itself during the course of the metabolism reaction, has been observed for
many different P450 substrates. This often results in unintended increased drug
exposure or drug-drug interactions if the inactivated P450 is involved in the

metabolism of another drug a given patient is taking. This can also cause the
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inactivation of a P450 involved in endogenous small molecule synthesis (Oritz de
Montellano and Correia, 1983; Guengerich, 2001; Hollenberg et al., 2008). Some
of the first identified incidences of this suicide inactivation involved acetylenic
substrates that covalently bind to the P450 heme during metabolism, resulting in
altered P450 absorbance spectra (Ortiz de Montellano and Kunze, 1980;
Hollenberg et al., 2008). The “grapefruit juice effect” is another representation of
suicide inactivation in which bergamottin, a furanocoumarin found in grapefruit,
results in the inactivation of several P450s in the 3A and 2B subfamilies (Lin et
al., 2005), and can result in decreased drug plasma concentrations in patients
following ingestion of grapefruit juice (Edgar et al., 1992; Hollenberg et al., 2008).
Hepatotoxicity with the widely used analgesic acetaminophen is a well-
studied example of a drug metabolism-related adverse event. During standard
dosing, acetaminophen is extensively cleared (~90 %) through conjugation by
uridine 5’-diphospho-glucuronosyltransferase (UGT) or sulfotransferase (SULT)
drug metabolizing enzymes. A smaller portion of this drug is also metabolized by
CYP2E1 to form N-acetyl-p-benzoquinone imine (NAPQI). NAPQI is toxic but
also generally inactivated by conjugation with endogenous glutathione. Under
instances of acetaminophen overdose these UGT and SULT enzyme systems
become saturated, and glutathione drastically reduced. This results in shunting to
metabolism by CYP2E1, causing increased production of NAPQI that can no
longer be inactivated by glutathione conjugation. This increase in liver exposure

to NAPQI can cause serious hepatotoxicity (Jollow et al., 1973; Mitchell et al.,
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1973a; Mitchell et al., 1973b; Potter et al., 1973; Guengerich, 2001; James et al.,
2003).

One can imagine that the concern for P450 metabolite-related toxicity is
that much greater for extensively metabolized drugs, and in addition for drugs
that reach high systemic concentrations. Together, these factors may result in
exposure to high circulating concentrations of a drug metabolite, which could
have serious consequences if that metabolite has harmful effects. This thesis
work focuses on two such drugs, which demonstrate high plasma concentrations
and are extensively metabolized by cytochrome P450s, within the same drug
class: first-generation non-nucleoside inhibitors (NNRTIs) used in the treatment
of human immunodeficiency virus (HIV).

Cytochrome P450 Metabolism of Efavirenz and Nevirapine

Nevirapine (NVP) and efavirenz (EFV), approved for use in the United
States in 1996 and 1998, respectively, are two of the three first-generation
NNRTIs approved for the treatment of human immunodeficiency virus. They
function by allosterically inhibiting the reverse transcriptase enzyme vital to
successful integration of HIV into the host genome (Usach et al., 2013). Both of
these drugs are categorized as essential therapies by the World Health
Organization as part of combination therapy for the treatment of HIV; NVP is also
used to prevent mother-to-infant transmission of HIV during childbirth (WHO,
2017).

NVP, sold under the trade name Viramune® (Boehringer Ingelheim

Pharmaceuticals, 2018), is used in combination therapy with the nucleoside
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reverse transcriptase inhibitors zidovudine and lamivudine (WHO, 2017). NVP is
dosed at 200 mg per day for the first 14 days of administration, after which the
dose is increased to 200 mg twice per day (Boehringer Ingelheim
Pharmaceuticals, 2018). EFV is marketed under the name Sustiva® (Bristol-
Meyers Squibb Company, 2017). In 2006, the first single-pill formulation
combination therapy for the treatment of HIV was released containing EFV with
the nucleoside reverse transcriptase inhibitors tenofovir and emtricitabine,
marketed under the name Atripla®. EFV is dosed once-daily at 600 mg. (Usach
et al., 2013; Gilead Sciences, 2018).

At steady-state, under normal dosing regimens, both EFV and NVP reach
circulating concentrations in the micromolar range. NVP has been demonstrated
to reach steady-state plasma concentrations averaging 16.0 uM (95% CI [10.0,
19.2]) (Marinho et al., 2014) and 26.7 uM (95% CI [19.1, 50.2]) (Fan-Havard et
al., 2013). EFV target plasma concentrations generally range from 3-12 yM
(Fayet Mello et al., 2011), though in some instances EFV plasma concentrations
have been demonstrated to climb as high as 50 yM (Marzolini et al., 2001;
Gounden et al., 2010). In comparison, rilpivrine, a more recently developed
second-generation NNRTI that is dosed at 25 mg per day (Usach et al., 2013),
has been demonstrated to have circulating plasma concentrations of 0.71 £0.15
MM (Goebel et al., 2006).

Both EFV and NVP are extensively metabolized by cytochrome P450
monooxygenase enzymes. Nevirapine is metabolized to four mono-oxygenated

metabolites: 2-hydroxy- (2-OH), 3-hydroxy- (30H), 8-hydroxy (8-OH), and 12-
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hydroxy-nevirapine (12-OHNVP) (Figure 5) (Erickson et al., 1999). On the other
hand, efavirenz is metabolized by P450s to both mono- and dioxygenated
metabolites: 7-hydroxy (7-OHEFV), 8-hydroxy (8-OHEFV), 7,8-dihydroxy- (7,8-
OHEFV), 8,14-drihydroxy-efavirenz (8,14-OHEFV), as well as a third
dioxygenated, metabolite from 8-OHEFV for which the position oxygen insertion
has not been fully characterized (Figure 6) (Avery et al., 2013).

Given the high circulating plasma concentrations of EFV and NVP, as well
as their extensive metabolism, it is of little surprise that patients are also exposed
to micromolar circulating concentrations of the primary monooxygenated
metabolites. In patients receiving standard dosing of NVP-containing therapies,
circulating levels of 12-OHNVP are the highest of the NVP P450-dependent
metabolites. Plasma concentrations of 12-OHNVP have been measured at 1.0
MM (95% CI [0.5, 3.8]) (Fan-Havard et al., 2013), and 1.3 pM (95% CI [0.9, 1.9])
(Marinho et al., 2014). For EFV, 8-OHEFV has been demonstrated to be the
primary P450 metabolite (Ward et al., 2003; Grilo et al., 2016). The metabolism
of EFV to 8-OHEFV is so extensive that circulating concentrations of this P450
metabolite have been demonstrated to be nearly equimolar to that of EFV. In one
study of patients receiving standard EFV- containing therapy, concentrations of
EFV and 8-OHEFV were 10.33 + 0.98 uM and 6.51 + 0.87 yM, respectively
(Ngaimisi et al., 2010). In another, average plasma concentrations were 4.61 yM

for EFV and 3.14 uM for 8-OHEFV (Girilo et al., 2016).
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Nevirapine Hepatotoxicity

The prescribing information for NVP contains a black-box warning for
potentially fatal hepatotoxic events. In addition, it states that monitoring patients
during their initial weeks taking NVP is “essential”’, prompting physicians to
employ “extra vigilance”. It is because of this that NVP is prescribed with a lead-
in dose of 200 mg per day for the first 14 days, after which the dose is increased
to 200 mg twice per day (Boehringer Ingelheim Pharmaceuticals, 2018).
Nevirapine hepatotoxicity has been characterized as an immune hypersensitivity
response (Popovic et al., 2010), resulting in extensive immune-cell infiltration of
the liver, promoting hepatic cell death and tissue necrosis (Jao et al., 2010;
Adaramoye et al., 2012; Sharma et al., 2012). One mechanism that promotes
drug-induced hypersensitivity reactions is the formation of neo-antigens through
the adduct formation of reactive drugs or drug metabolites with biomolecules
such as DNA or proteins. These form hapten-like neo-antigens that appear
foreign to the adaptive immune system, resulting in a potentially cytotoxic
immune response towards the cells harboring the novel drug-biomolecule
derived antigens (Zhang et al., 2013; Mak and Uetrecht, 2017).

There have been several studies investigating the potential for reactivity of
NVP and NVP monooxygenated metabolites with proteins and DNA. Across the
board these studies have demonstrated that P450 metabolism to 12-OHNVP
plays a role in adduct formation, either by way of promoting downstream
metabolism to a potentially reactive 12-sulfoxy-NVP conjugate or through the

formation of a reactive intermediate during the production of 12-OHNVP itself
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(Chen et al., 2008; Antunes et al., 2010; Sharma et al., 2012; Antunes et al.,
2013; Sharma et al., 2013; Zhang et al., 2013; Pinheiro et al., 2016). Rats dosed
with 12-OHNVP as compared to NVP show a higher incidence of another NVP
hypersensitivity reaction, skin rash formation (Chen et al., 2008). In addition the
formation of NVP-protein adducts in human liver fractions has been
demonstrated to be drastically reduced or modified using treatments with a pan-
CYP inhibitor preventing overall NVP metabolism, and during treatments with
equimolar amounts of a tri-deuterated version of NVP that undergoes less P450
metabolism to 12-OHNVP (Sharma et al., 2012). This tri-deuterated NVP (12-
DsNVP) has been also demonstrated to reduce NVP skin rash incidence in rats
(Chen et al., 2008), and will be the subject of research and discussion in this

thesis work investigating P450 metabolite-mediated hepatotoxicity.

Efavirenz Hepatotoxicity

Efavirenz, like nevirapine, has also been demonstrated to cause severe
hepatotoxic events in patients (Brlick et al., 2008), including hepatocyte cell
death and dyslipidemia (Feeney and Mallon, 2011; Shubber et al., 2013).
Hepatotoxicity has been linked to elevated plasma concentrations of EFV (Yimer
et al., 2012), prompting both therapeutic drug monitoring and dose reduction in
patients (Fayet Mello et al., 2011). During treatment with EFV patients present
~10% of the time with grade 3 or grade 4 (severe) hepatotoxicity, characterized
by highly elevated serum transaminases and cholestasis (Kontorinis and
Dieterich, 2003). In severe cases, life-threatening fulminant hepatic failure has

occurred (Abrescia et al., 2002).
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The metabolism to 8-OHEFV has also been implicated in another adverse
reaction of EFV, neurotoxicity, and has been shown to cause cytotoxic effects to
primary neuronal cell cultures at concentrations much lower than EFV itself
(Tovar-y-Romo et al., 2012). Interestingly, it has also been demonstrated by our
lab that treatment of primary human hepatocytes with 8-OHEFV results in the
activation of c-Jun N-terminal kinase (JNK)-dependent cell death more readily
than treatment with EFV, and that co-treatment with EFV and a pan-CYP inhibitor
reduces the levels of EFV-induced hepatocyte death (Bumpus, 2011). It has
recently been uncovered that EFV is an activator of the ER stress response
(Apostolova et al., 2013), however the contributions of the 8-OHEFV metabolite
in this activation has yet to be examined. One pathway of this cell stress
response, the inositol requiring enzyme 1a (IRE1a)/ X-box binding protein 1
(XBP1) signaling axis, can result in the activation of JNK-dependent cell death
(Urano et al., 2000), as we have observed with EFV and 8-OHEFV treatment in
hepatocytes. Given this information, it is important to understand whether EFV or
8-OHEFV are activators of IRE1a-XBP1 and if activation of this pathway by either

compound is playing a part in the hepatocyte death observed with EFV.

Summary

Given the similarities between EFV and NVP (high systemic
concentrations, extensive P450 metabolism, and serious adverse hepatotoxic
events), | feel that these first-generation NNRTIs present an intriguing
opportunity to study the chemical and molecular mechanisms of drug-induced

hepatotoxicity, and the potential role of cytochrome P450 metabolism in these
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toxicities. Patients are exposed to micromolar concentrations of both the parent
drug compound (EFV or NVP) and of the primary monooxygenated metabolites
(8-OHEFV and 12-OHNVP), and previous work suggests that these
monooxygenated metabolites may play a role in promoting the toxicity of these
compounds. With this work, | aim to investigate potential contributions of these
P450 metabolites and the dynamics of P450 metabolism in the hepatotoxicity of
EFV or NVP (Figure 7).

Furthering our scientific understanding of drug metabolism has been a
point of genuine curiosity not only for myself but for over a century’s worth of
scientists; from the early identification of drug and oxidized drug metabolite pairs,
followed by the discovery of the cytochrome P450 monooxygenase drug
metabolizing enzymes, to the characterization of P450s significant contributions
to drug metabolism of the vast majority of approved pharmaceuticals.
Cytochrome P450 drug metabolism is an imperative topic of investigation should
we desire to continue to develop safer and more efficacious small molecule

therapies.
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Figure 7. A visual summary of the questions and principles guiding this

work. The extensive P450 metabolism of the hepatotoxic first-generation

NNRTIs NVP and EFV (NVP to 12-OHNVP and EFV to 8-OHEFV) provides an

interesting opportunity to study the contributions of both drug and drug-

metabolite in promoting hepatotoxicity. In addition, | also am interested in

modifying the dynamics of P450 metabolism to observe any potential impact on

drug hepatotoxicity.
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Chapter 2: Efavirenz and Efavirenz-like Compounds Activate Human,
Murine, and Macaque Hepatic IRE1a-XBP1

Abstract

Efavirenz (EFV), a widely used antiretroviral drug, is associated with
idiosyncratic hepatotoxicity and dyslipidemia. Here we demonstrate that EFV
stimulates the activation in primary hepatocytes of key cell stress regulators:
inositol requiring 1a (IRE1a) and X-box binding protein 1 (XBP1). Following EFV
exposure, XBP1 splicing (indicating activation) was increased 35.7-fold in
primary human hepatocytes. Paralleling this, XBP1 splicing and IRE1a
phosphorylation (p-IRE1a, active IRE1a) were elevated 36.4-fold and 4.9-fold,
respectively, in primary mouse hepatocytes. Of note, with EFV treatment, 47.2%
of mouse hepatocytes were apoptotic; which was decreased to 23.9% in the
presence of STF083010, an inhibitor of XBP1 splicing. Experiments performed
using pregnane X receptor (PXR)-null mouse hepatocytes revealed that EFV-
mediated XBP1 splicing and hepatocyte death were not dependent on PXR,
which is a nuclear receptor transcription factor that plays a crucial role in the
cellular response to xenobiotics. Interestingly, incubation with the primary
metabolite of EFV, 8-hydroxyEFV (8-OHEFV), only resulted in 10.3-, and 2.9-fold
increased XBP1 splicing in human and mouse hepatocytes and no change in
levels of p-IRE1a in mouse hepatocytes. To further probe the structure-activity
relationship of IRE1a-XBP1 activation by EFV, 16 EFV analogs were employed.
Of these, an analog in which the EFV alkyne is replaced with an alkene and an

analog in which the oxazinone oxygen is replaced by a carbon stimulated XBP1
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splicing in human, mouse, and macaque hepatocytes. These data demonstrate
that EFV and compounds sharing the EFV scaffold can activate IRE1a-XBP1

across humans, mice, and macaques.

Introduction

Efavirenz (EFV) is a non-nucleoside reverse transcriptase inhibitor widely
used for treatment of HIV. Both EFV and EFV-containing multidrug regimens are
classified as essential therapies by the World Health Organization (WHO,
2017a). However, EFV causes dyslipidemia (Feeney and Mallon, 2011) and
hepatotoxicity (Shubber et al., 2013) in some patients, and elevated plasma EFV
concentrations have been linked to EFV-induced liver injury (Yimer et al., 2012).
Target therapeutic plasma concentration range for EFV is 3-12 uM, however
concentrations can climb dramatically above this, requiring dose adjustment
(Fayet Mello et al., 2011). In some instances, plasma EFV concentrations have
been reported to meet or exceed 50 uM (Marzolini et al., 2001; Gounden et al.,
2010).

EFV is extensively metabolized in the liver by cytochrome P450 (CYP)
mono-oxygenases (Avery et al., 2013), with the primary mono-oxygenated
metabolite being 8-hydroxyefavirenz (8-OHEFV) (Ward et al., 2003).
Concentrations of 8-OHEFV can become nearly equal to EFV in plasma during
EFV dosing (Ngaimisi et al., 2010; Grilo et al., 2016). One study measured
average plasma EFV and 8-OHEFV concentrations of 4.61 yM and 3.14 uM,
respectively, in patients receiving 600 mg of EFV daily for at least one month

(Grilo et al., 2016). In addition, EFV induces its own metabolism via activation of
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the pregnane X receptor (PXR) (Ngaimisi et al., 2010; Swart et al., 2012; Sharma
et al., 2013b; Narayanan et al., 2018), which is a nuclear receptor transcription
factor that modulates the cellular response to xenobiotics via altering expression
of drug metabolizing enzymes (Hedrich et al., 2016; Buchman et al., 2018).
Previously, we demonstrated that 8-OHEFV causes hepatocyte death in vitro,
observing that incubation with either EFV or 8-OHEFV is able to activate cell
death in a c-Jun N-terminal kinase (JNK)-dependent fashion in primary human
hepatocytes (Bumpus, 2011).

One highly conserved signaling pathway that results in JNK- dependent
cell death activation is the inositol-requiring enzyme 1a (IRE1a) arm of the
endoplasmic reticulum (ER) stress response (Urano et al., 2000). During ER
stress, misfolded proteins accumulate in the ER, stimulating the release of
deactivating chaperone binding immunoglobulin protein from IRE1a, allowing this
membrane protein to dimerize and auto-phosphorylate, at which point IRE1a is
considered to be activated (Bertolotti et al., 2000; Lee et al., 2008b; Korennykh et
al., 2009). When activated, IRE1a can recruit TNF receptor-associated factor 2
and subsequently activate JNK-dependent cell death (Urano et al., 2000). In
addition, dimerized IRE1a possess endoribonuclease activity allowing for
targeted cleavage of the mRNA transcript of the transcription factor X-box-
binding protein 1 (XBP1); resulting in the loss of an internal 26 nucleotide
sequence, converting this transcript from its unspliced, inactive form (uUXBP1), to
its spliced, active form (sXBP1) (Lee et al., 2002). As such, the levels of

phosphorylated IRE1a and XBP1 splicing are routinely measured experimentally
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as hallmarks of the activation of this pathway (Sha et al., 2009; Ning et al., 2011;
Hur et al., 2012).

It is generally assumed that sXBP1 transcriptional regulation serves a
cytoprotective function, as many of its known gene targets consist membrane
biogenesis and ER-associated protein degradation components, that work to
reduce the build-up of potentially harmful misfolded proteins, as well as expand
the capacity of the ER (Jiang D, 2015). However, in the instance of hepatotoxicity
and hepatic dyslipidemia, sXBP1 has been shown to both prevent and promote
these occurrences, depending upon the stimuli. Inhibition of XBP1 splicing
diminished the negative effects of high-fat diet in mice, which exhibited
decreased steatosis, decreased hepatic lipid droplet number, and decreased
serum alanine and aspartate transaminases (Lebeaupin et al., 2018).
Conversely, hepatocyte specific IRE1a-null mice, which lack the ability to activate
XBP1, show increased hepatic steatosis and lipid content over WT mice both
basally and during ER stress activation. (Zhang et al., 2011).

With this previous work in mind, we sought to gain a deeper
understanding of the impact of EFV and 8-OHEFV on hepatocytes. In doing so,
we tested whether EFV and 8-OHEFV activate IRE1a-XBP1 signaling, and on a
broader level the relationship in EFV structure and its ability to activate IRE1a-
XBP1. We observed the conservation of this response across sex and in humans
versus model organisms. Because EFV causes patient hepatic dyslipidemia and
XBP1 regulates lipid homeostasis, we probed for XBP1-dependency in EFV-

mediated hepatic lipid accumulation. And finally, we investigated whether
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activation of either IRE1a-XBP1 signaling plays a role in EFV- and 8-OHEFV-
induced hepatotoxicity. Using EFV, 8-OHEFV, and structurally-related
compounds to EFV we aim to contribute to the growing body of work on the

stimuli-specific role of XBP1s in liver disease progression.

Materials and Methods

Chemical Reagents

Efavirenz (EFV) was obtained from the National Institutes of Health AIDS
Research and Reference Reagent Program (Germantown, MD), and had a purity
of 99.4% as assessed by the manufacturer using HPLC in comparison to a USP
reference standard. EFV analogs and 8-OHEFV were synthesized by Toronto
Research Chemicals (Toronto, Canada). Analogs used in this study were (S)-1-
(2-Amino-5-chlorophenyl)-1-(trifluoromethyl)-3-cyclopropyl-2-propyn-1-ol (1), (R)-
5-Chloro-a-(cyclopropylethynyl)-2-amino-a-(trifluoromethyl) benzenemethanol
(2), (4S)-6-Chloro-4-[(1E)-2-cyclopropylethenyl]-1,4-dihydro-4-(trifluoromethyl)-
2H-3,1-Benzoxazin-2-one (3), rac 6-Chloro-1,4-dihydro-4-(1-pentynyl)-4-
(trifluoromethyl)-2H-3,1-benzoxazin-2-one (4), (R)-5-Chloro-a-
(cyclopropylethynyl)-2-[[(4-methoxyphenyl)methyl]amino]-a-
(trifluoromethyl)benzenemethanol (5), (S)-5-Chloro-a-(cyclopropylethynyl)-2-[[(4-
methoxyphenyl)methyllJamino]-a-(trifluoromethyl)benzenemethanol (6), rac N-[4-
Chloro-2-[3-cyclopropyl-1-hydroxy-1-(trifluoromethyl) -2-propynyl]phenyl]-4-
methoxybenzamide (7), (4S)-6-Chloro-4-(2-cyclopropylethynyl)-1,4-dihydro-4-
(trifluoromethyl)-2H-3,1- benzoxazine (8), (4S)-6-Chloro-4-(cyclopropylethynyl)-

1,4-dihydro-2-(4-methoxyphenyl)-4-(trifluoromethyl)-2H-3,1-benzoxazine (9), 1-
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(2-Amino-5-chloro-3-methoxyphenyl)-2,2,2-trifluoro Ethanone (10), 6-Chloro-4-(2-
cyclopropylethynyl)-1,4-dihydro-2-methyl-4-(trifluoromethyl)-2H-3,1-benzoxazine
(11), (4S)-6-Chloro-4-[(1E)-2-cyclopropylethenyl]-3,4-dihydro-4-(trifluoromethyl)-
,2(1H)-quinazolinone (12), (4S)-6-chloro-4-(cyclopropylethynyl)-3,4-dihydro-4-
(trifluoromethyl)-2(1H)-Quinazolinone (13), 6-Chloro-4-(cyclopropylethynyl)-3,4-
dihydro-4-(trifluoromethyl)-2(1H)-quinolinone (14), 6-Chloro-4-
(cyclopropylethynyl)-4-(trifluoromethyl)-4H-benzo[d][1,3]dioxin-2-one (15), and 7-
Chloro-1-(cyclopropylethynyl)-1-(trifluoromethyl)isochroman-3-one (16). EFV
analogs and 8-OHEFV had a purity of 2 97%, except analog 9 which had a purity
of 95%, as assessed by the manufacturer (using 1H nuclear magnetic resonance
and mass spectrometry). Tunicamycin (TM) was purchased from Sigma,
STF083010 from Tocris Bioscience, staurosporine from Cell Signaling

Technology, oleic acid from Sigma, and hydrogen peroxide from Sigma.

Primary hepatocyte isolation and culture

Experiments using mice were approved by the Johns Hopkins Animal
Care and Use Committee and performed in accordance with Guide for the Care
and Use of Laboratory Animals as adopted and promulgated by the U.S. National
Institutes of Health. Primary mouse hepatocytes were isolated from C57BL/6J
male and female wild-type mice, aged 8-12 weeks (The Jackson Laboratory),
and from male and female PXR-null mice, aged 8-12 weeks (Taconic
Biosciences, Inc). Hepatocytes were isolated as previously described (Lee et al.,
2004). All hepatocyte preparations used for experiments were = 80% viable upon

plating. For mRNA isolation, cells were plated onto 12-well collagen coated
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plates (Corning) at a density of 100,000 viable cells/well. For protein isolation,
cells were plated onto 6-well collagen coated plates (Corning) at density of
240,000 viable cells/well. For cell staining experiments, cells were plated on rat
tail collagen-1 (ThermoFisher) coated 18 mm coverslips and placed in non-
coated 12-well plates (Falcon), at a density of 100,000 cells/well. Cells were
allowed to adhere overnight following isolation, and new medium was added prior
to treatment.

Primary human (male and female) and cynomolgus macaque (male)
hepatocytes were purchased from BiolVT (Baltimore, MD). Cells were plated at a
density of 700,000 viable cells/well for EFV versus analog incubations and at
100,000 viable cells/well for EFV versus 8-OHEFV with a viability of 2 90%. Cells
were plated in 12-well collagen coated plates. Upon receipt of the cells, the
medium was changed to the above described and cells were allowed to
acclimate to medium for 4 hours prior to addition of drug. Hepatocytes from all
species were cultured in Williams’ E Medium (Gibco) supplemented with 5% fetal
bovine serum (Gibco) 2 mM L-Glutamine (Gibco) 100 units/mL penicillin and 100

pg/mL streptomycin (Gibco).

RT-PCR measurement of XBP1 splicing

EFV, 8-OHEFV and analogs dissolved in 100% DMSO were added
directly to culture wells (containing 1 mL of medium) for final concentrations of
10, 20, 30, 40, or 50 yM and 0.1% DMSO. For comparison of EFV and 8-
OHEFV, cells were incubated with 10 or 50 uM of EFV or 8-OHEFV for 4 hours.

For time and concentration dependency experiments, cells were exposed to
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concentrations ranging from 10-50 yM EFV for 4 hours or 50 uM EFV for 5
minutes, 15 minutes, 30 minutes, 1 hour, 2 hours, or 4 hours. For comparison of
analogs, a final concentration of 50 yM EFV or analogs of EFV was tested for 4
hours. For PXR dependency experiments, WT and PXR-null cells were treated
with 50 uM EFV for 4 hours. For co-treatments with STF083010, STF083010 was
added at the same time as EFV for final concentrations of: 100 uM inhibitor, 50
MM EFV or analogs, and 0.2% DMSO, with which cells were incubated for 8
hours. Positive control incubations with tunicamycin (TM) at 1 pg/mL were
performed. After incubations, medium was aspirated,and cells were harvested in
0.5 mL TRIzol reagent (Life Technologies). RNA was isolated following the
manufacturer’s protocol for TRIzol reagent. RNA was then quantified (A260) and
reverse transcribed (RT) at 50 ng/uL into cDNA (Maxima enzyme,
ThermoFisher). Polymerase chain reaction (PCR) (Phusion HF enzyme, New
England Biolabs) was then performed using primers (purchased from IDT) that
simultaneously amplify both sXBP1 and uXBP1, which was confirmed by Sanger
sequencing. The primer sequences used were: 5-TACGGGAGAAAACTCACGG-
3’ (Mouse XBP1 forward), 5-TTCCAGCTTGGCTGATGAGG-3’' (Mouse XBP1
reverse), 5-GCTCGAATGAGTGAGCTGGA-3’ (Human and Cynomolgus
macaque XBP1 forward), and 5-GGTGGTAAGGAACTGGGTC-3’ (Human and
Cynomolgus macaque XBP1 reverse). PCR products were resolved using 7.5%
polyacrylamide (Biorad) tris-borate EDTA (Quality Biologicals) gel
electrophoresis. Gels were stained with SYBR safe DNA stain (Invitrogen) and

visualized using UV light with a Bio-Rad ChemiDoc gel imager. Image Lab
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software by Bio-Rad (Version 5.2.1) was used for densitometric PCR band
quantitation. Densitometric signal for sXBP1 was divided by that for uXBP1 to

obtain a semi-quantitative measure of XBP1 splicing activation.

Immunoblotting

For comparison of IRE1a phosphorylation activation by EFV and 8-
OHEFV, cells were incubated with EFV at 10, 20, 30, 40, or 50 yM, or 8-OHEFV
at 50 uM for 2 hours. For PXR-dependency of IRE1a phosphorylation
experiments, cells were treated with EFV at 50 uM for 2 hours. For 4-
hydroxynonenal measurements, cell were treated with EFV at 20 yM for 8 hours.
DMSO (0.1%) was used for vehicle. Hepatocytes were washed and harvested in
PBS (Gibco), lysed in 1X cell lysis buffer (Cell Signaling Technology) with 0.5
mM phenylmethylsulfonyl fluoride (Sigma) and 1X Halt™ protease and
phosphatase inhibitor cocktail (ThermoFisher) by passage through a 27-gauge
syringe tip 30 times. Insoluble debris was removed by centrifugation at 3000 x g
for 10 minutes at 4 °C. Protein concentration was quantified using a bicinchoninic
acid assay (Pierce), 50 ug of protein per sample was resolved using 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (Biorad) and then transferred
to a nitrocellulose membrane (Life Technologies). Blots were then probed using
antibodies specific to the following target proteins: phospho-S724-IRE1a (Abcam,
ab48187), IRE1a (Cell Signaling Technology, 14C10), 4-hydroxynonenal
(Abcam, ab46545) and B-actin (Cell Signaling Technology, 13E5), and probe
binding detected with horseradish peroxidase-conjugated goat anti-rabbit IgG

secondary antibody (Cell Signaling Technology) followed by development with
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SuperSignal® West Femto Maximum Sensitivity Substrate (p-IRE1a, and IRE1a)
or SuperSignal® West Dura Extended Duration Substrate ((3-actin). Light release
was imaged using a Bio-Rad ChemiDoc gel imager. Densitometry quantitation
was performed as described above and p-IRE1a signal intensity divided by

IRE1a signal intensity.

Lipid Droplet Staining

Hepatocytes were incubated for 8 hours with EFV at 20 yM (with 0.1%
DMSO as a final vehicle concentration) or with EFV at 20 yM in the presence or
absence of 100 yuM STF083010 (with 0.2% DMSO as a final vehicle
concentration). Positive control incubations were with oleic acid at 500 uM. Cells
were washed in PBS, fixed in 4% paraformaldehyde in PBS (Affymetrix) for 7
minutes, permeabilized in 60% isopropanol (Fisher Chemical) for 5 minutes,
stained with 0.3% Oil Red O (Sigma) in 60% isopropanol, and counterstained
with hematoxylin (Cell Signaling Technology). Coverslips were then attached to
slides with SignalStain mounting media (Cell Signaling Technology) and allowed
to dry overnight. Images were taken using Olympus BX51TF bright field
microscope equipped with a DP70 color camera, maintained by the Johns
Hopkins Medicine Institute for Basic Biomedical Sciences Microscope Facility. Oil
Red O stain was quantified using Nikon NIS- Elements, Advanced Research

Version 3.22.00, and normalized to cell count for each image.

8-hydroxydeoxyguanosine staining
Following 4 hour exposure to 20 yM EFV, 50 uM EFV, or 200 uM of the

positive control hydrogen peroxide (all treatments were in a final vehicle
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concentration of 0.1% DMSO) cells were washed in PBS, then fixed and
permeabilized by incubation at room temperature in pre-chilled 100% methanol
(Fisher Chemical) for 5 minutes. Coverslips were blocked using 1% bovine
serum albumin (Sigma), 300 mM glycine (Affymetrix) and 0.1% Triton™ Xte-100
(Sigma) in PBS, probed with an antibody specific to 8-hydroxydeoxyguanosine
(8-OHdG, ThermoFisher, PA1-84172), and probe binding detected with an Alexa
Fluor 488 conjugated rabbit anti-goat IgG Superclonal™ secondary antibody
(ThermoFisher). Nuclei were counterstained with 4',6-Diamidino-2-Phenylindole,
Dihydrochloride (DAPI, Cell Signaling Technology). Coverslips were mounted as
described above and images were obtained using an Olympus BX51 fluorescent
equipped with a Roper Photometrics Coolsnap HQ CCD camera, maintained by
the Johns Hopkins Medicine Institute for Basic Biomedical Sciences Microscope
Facility. DAPI was detected using a dichroic 400 nm filter, and for Alexa Fluor
488 a dichroic filter of 495 nm for excitation and a 525/50 nm filter for emission.
Images were processed using Imaged software. Staining was assessed by cell
counting, with cell nuclei co-staining for both DAPI and 8-

hydroxydeoxyguanosine identified as positive.

Cell viability staining

Cells were treated for 8 hours with EFV, analog 3, or analog 14 at 20 uM
in the presence or absence of 100 yM STF083010, or staurosporine alone at 10
MM (all treatments were in a final vehicle concentration of 0.2% DMSO). Cells
were then washed in PBS, and incubated in 100 yg/mL ethidium bromide (EtBr,

Sigma) and 100 pg/mL acridine orange (AcrO, Life Technologies) diluted in PBS
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for 15 minutes at room temperature. Coverslips were mounted, fluorescently
imaged, and images processed in Imaged. EtBr was detected using dichroic filter
of 593 nm for excitation and a 642/40 nm filter for emission, and for AcrO a
dichroic filter of 495 nm for excitation and a 525/50 nm filter for emission. Viability
was assessed by cell counting, with cell nuclei co-staining with both AcrO and

EtBr identified as apoptotic.

qPCR measurement of DNJB9 and CYP2B10 gene expression

Hepatocytes were incubated for 8 hours with 20 yM EFV, 20 uM analog 3,
20 uM analog 14, or 1 yg/mL TM for DnaJd heat-shock protein family member 9
(DNAJB9) expression analysis or with 50 uM EFV for 4 hours for CYP2B10
expression analysis (treatments were performed with final vehicle concentrations
of 0.1% DMSO). RNA was isolated and reverse transcribed as described above.
Quantitative PCR was performed for DNAJB9 and GAPDH using Maxima SYBR
Green gPCR Master Mix (ThermoFisher). The primers used during quantitative
real-time PCR analyses of mouse DNAJB9, CYP2B10, and GAPDH were as
follows: DNJB9 forward 5-GGGCGCACAGGTTATTAGAA-3’, DNAJB9 reverse
5-ACGCTTCTGCAATCTCTCTGA-3’, CYP2B10 Forward 5’-
GCCCAATGTTTAGTGGAGGA-3’, CYP2B10 Reverse 5'-
GACTTCTCCTTCTCCATGCG-3' GAPDH forward 5’-
GAAGGCCGGGGCCCACTTGA-3’, and GAPDH reverse 5'-
TCTCCAGGCGGCACGTCAGA-3'. The GAPDH PCR product from mouse cDNA
was isolated and ligated into a pJET1.2 plasmid using a CloneJET PCR cloning

kit (ThermoFisher). This plasmid was transformed into and purified from DH5a
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competent cells (Invitrogen). Purified plasmid was used to generate a gene copy
number standard curve used in gPCR analyses. Normalized DNAJB9 expression
levels were calculated by dividing DNAJB9 copy number by GAPDH copy

number.

Data Analysis

Statistical analysis was performed in GraphPad Prism 7. For any
measures involving ratios (sXBP1/uXBP1, p-IRE1a/ IRE1a, gPCR gene
expression analysis, and fold change in Oil Red O staining), data was log-
transformed, and the data analysis performed on the log transformed data. For
these data sets, fold-changes throughout the text are reported as ratios of
geometric means. For XBP1 splicing, western blotting, gPCR, and Oil Red O
staining data, statistical significance was determined using an unpaired t-test
(without assuming consistent SD, without corrections for multiple comparisons,
generating two-tailed P values). For comparison of XBP1 splicing levels across
sex, statistical significance from vehicle was determined for treatments in both
male and female mouse primary hepatocytes, and for any compounds that
showed statistically significant splicing in either group, statistical significance of
splicing differences between male and female mouse hepatocytes was
assessed. For cell imaging with EtBr/AcrO and 8-OHdG staining a paired-ratio t-
test was performed to assess statistical significance of fold-changes between
control and treated values, generating two-tailed P values. P-values are shown
as: " or # P<0.05, ** or ## P<0.01, *** or ### P<0.001, and n.s. highlighting

select non-statistically significant differences. For values reported in the text,
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95% confidence intervals have been provided, and were calculated assuming

normal distribution.

Results

Stimulation of IRE1a-XBP1 Activation by EFV in Human and Mouse Primary
Hepatocytes

In order to investigate whether IRE1a -XBP1 is activated by EFV and 8-
OHEFV, XBP1 splicing was quantified following incubation of primary
hepatocytes with these two compounds. In primary human hepatocytes, a 35.7-
fold (95% CI [10.6,120.3]) increase in the ratio of unspliced to spliced XBP1 was
measured following 4 hour exposure of cells to 50 yM EFV as compared to
vehicle control, while parallel treatments performed using 8-OHEFV only
rendered a 10.3-fold increase (95% CI [4.9,21.7]). Neither compound stimulated
splicing at 10 yM in primary human hepatocytes. In order to test whether the
impact of EFV and 8-OHEFV on hepatic XBP1 splicing is conserved in mice,
mouse primary hepatocytes were employed. Commensurate with what was
observed using human hepatocytes, XBP1 splicing was increased 36.4-fold (95%
ClI [21.0, 63.3]) in mouse hepatocytes in response to 50 uM EFV. In addition,
primary mouse hepatocytes incubated with 10 uM EFV showed a 1.9-fold (95%
Cl[1.3, 2.9]) increase in XBP1 splicing. In contrast to what was observed using
primary human hepatocytes, the presence of 50 yM 8-OHEFV only resulted in a
2.9-fold increase (95% CI [1.5, 6.0]) in spliced XBP1 in mouse hepatocytes.
Tunicamycin (TM), a known activator of IRE1a -XBP1 signaling (Yoshida et al.,

2001), was used as a positive control in this study, exhibiting an increase in
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splicing in both human and mouse primary hepatocytes (Figure 1). To further
characterize this response in primary mouse hepatocytes, we examined time-and
dose-dependence of EFV activation of XBP1 splicing. When primary mouse
hepatocytes were incubated for 4 hours with a range of concentrations of EFV
(10-50 uM) XBP1 splicing was elevated in the presence of 30, 40 and 50 yM
EFV (Figure 2A). Following primary mouse hepatocyte treatment with 50 uM EFV
for a range of time points (5 min to 4 hours), XBP1 splicing was first elevated at 1
hour and this was sustained through 4 hours. The time profile determined for
EFV paralleled that of TM (Figure 2B).

Since IRE1a is the endoribonuclease responsible for splicing XBP1
mMRNA, and phosphorylation of IRE1a is a marker for activation of this enzyme
(Lee et al., 2008b), we tested whether IRE1alpha is phosphorylated in response
to EFV or 8-OHEFV. Following 2 hours of treatment, the levels of phosphorylated
IRE1a were increased in a dose responsive manner from 1.5-fold (95% CI [1.2,
1.9]) with 20 uM EFV to 4.9-fold (95% CI [4.1, 5.8]) with 50 yM EFV, as
compared to vehicle control. Phosphorylation of IRE1a was not elevated above

vehicle controls in the presence of 10 yM EFV or 50 yM 8-OHEFV (Figure 2C).
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Figure 1. XBP1 splicing during incubation of primary human and mouse
hepatocytes with EFV and 8-OHEFV. Representative gel images and
sXBP1/uXBP1 densitometry quantification ratios of XBP1 mRNA splicing from
semi-quantitative RT-PCR in A. human primary hepatocytes (n=6) and B. male
mouse primary hepatocytes (n=6) in the presence of EFV or 80OH-EFV at 10 yM
or 50 uM for 4 hours. Data are the mean = SD. Ratios of sXBP1/uXBP1
densitometry were log-transformed and the statistical significance of TM, EFV, or
8-OHEFV treatments from DMSO (0.1%) control was determined using an
unpaired t-test on the transformed data, generating two-tailed P-values (* P<0.05

and *** P<0.001).
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Figure 2. IRE1a-XBP1 signaling during exposure of primary mouse
hepatocytes to EFV or 8-OHEFV. Representative gel images and
sXBP1/uXBP1 densitometry quantification ratios of XBP1 mRNA splicing from
semi-quantitative RT-PCR in A. male mouse primary hepatocytes incubated with
10, 20, 30, 40, or 50 yM EFV for 4 hours (mean + SD, n=5), and B. male mouse
primary hepatocytes with 50 yM EFV for 5 min, 15 min, 30 min, 1 hr, 2 hr, or 4 hr
(mean £ SD, n=4). C. Representative images for western blotting of p-IRE1q,

total IRE1a, and B-Actin and densitometry quantification ratios of p-IRE1a/total
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IRE1a for male mouse primary hepatocytes treated with 10, 20, 30, 40, 50 uM
EFV or 50 uM 8-OH EFV for 2 hours (mean + SD, n=3). Ratios of sXBP1/uXBP1
and p-IRE1a/total IRE1a densitometry were log-transformed and the statistical
significance of TM, EFV, or 8-OHEFV treatments from DMSO (0.1%) control was
determined using an unpaired t-test on the transformed data. For B. treatments
were compared to the DMSO control from the same time point. Two-tailed P-

values were generated for all analyses (* P<0.05, ** P<0.01, *** P<0.001).
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Impact of EFV Structure on XBP1 Splicing Activation in Primary Mouse
Hepatocytes

Single oxygen insertion, changing EFV to 8-OHEFV, markedly decreased
IRE1a-XBP1 activation. Because of this, we were interested in investigating how
other structural changes to EFV impact its ability to activate this signaling event,
and whether the structure-activity relationship between EFV and IRE1a-XBP1
activation is conserved across species. A panel of sixteen EFV analogs was
employed (Figure 3). The structural changes in these analogs have been
previously observed by our group to impact both PXR activation (Narayanan et
al., 2018) and metabolism by CYP2B6 (Cox and Bumpus, 2014; Cox and
Bumpus, 2016). They have been designed to probe specific sections and
features of the EFV molecule: the integrity of the oxazinone ring (analogs 1 and
2), the alkyne-cyclopropyl arm (analogs 3 and 4), increases in EFV size (analogs
5-7, and 9), decrease in size (analog 10), and discreet changes to the
constituents of the oxazinone ring (analogs 8 and 11-16).

In addition to EFV, treatment with several of the sixteen analogs tested
consistently resulted XBP1 splicing activation across species (Figure 4): analog
3, in which the EFV alkyne is changed to a trans-alkene; analog 14, in which the
oxazinone ring oxygen has been replaced with a carbon atom; and analogs 12,
13, 14 and 15. Macaque hepatocytes were least sensitive to XBP1 splicing
activation in response to both EFV and analogs of EFV (Figure 4A and 4D).

To investigate potential sexual dimorphisms in the activation of IRE1a-

XBP1 by EFV and EFV analogs, XBP1 splicing was quantified in male and
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female primary mouse hepatocytes separately (Figure 4B). XBP1 splicing in
vehicle control treated hepatocytes was not statistically different between the two
groups. In the presence of EFV, as well as analogs 3, 5, 6, 7, 12, 14, and 15,
similar magnitudes of XBP1 splicing were observed in male and female primary
mouse hepatocytes. Of note, analogs 3 and 14 exhibited higher levels of XBP1
splicing than that of EFV in both groups. Using analog 3, XBP1 splicing was 2.4-
fold (male) and 1.8-fold (female) higher (95% ClI are [0.8, 7.0] and [0.67, 4.9],
respectively) than splicing in EFV cells, and using analog 14, splicing was 3.7-
fold (male) and 2.7-fold (female) greater (95% Cl are [1.2, 11.5] and [1.0, 6.9],
respectively) than that measured following treatment with EFV. Analog 11
stimulated splicing to a level that reached statistical significance only in male
mouse hepatocytes, although XBP1 splicing was also elevated, albeit not to a
statistically significant degree, by this compound in female mouse hepatocytes as
well. XBP1 splicing in the presence of analog 13 was measured in both male and
female primary hepatocytes, but was higher in female (4.1-fold above that in
male, 95% CI [2.1, 8.2]). Following incubation with analog 1 or 2, both of which
have broken oxazinone rings with missing carbonyl moieties, splicing was
detectable over vehicle, demonstrating a 3.5-fold increase for analog 1 and 3.2-
fold with analog 2 (95% Cl are [2.0, 6.2] and [1.7, 5.9], respectively) in female

mouse hepatocytes only (Figure 4B).
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Figure 3. EFV, 8-OHEFV, and the structural analogs of EFV used in this

study, with differences from EFV highlighted in blue.
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Figure 4. XBP1 splicing activation in primary hepatocytes in the presence
of EFV and structural analogs of EFV. A. Representative XBP1 mRNA splicing
PAGE gel images for male mouse (n=5 for all but 3 and 14, for which n=8),
female mouse (n=4), human (n=4, for all but 14, in which n=3), and cynomolgus

macaque (n=4 for all but 8, in which n=3) primary hepatocytes incubated with
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EFV and analogs of EFV at 50 yM for 4 hours. B. sXBP1/uXBP1 densitometry
quantification ratios of XBP1 mRNA splicing for the above described treatments
in male and female mouse primary hepatocytes, C.in human hepatocytes, and D.
in primary cynomolgus macaque hepatocytes. In male primary mouse
hepatocytes, a DMSO (0.1%) control and TM positive control was run for all
replicates, including additional replicates measuring splicing with only analog 3
and analog 14. For statistical analysis of this data from male mouse hepatocytes,
each treatment was compared to the DMSO controls that were run in the same
preparations of primary hepatocytes. For all data sets, ratios of sXBP1/uXBP1
densitometry were log-transformed and the statistical significance of TM, EFV, or
analog treatments from DMSO (0.1%) control was determined using an unpaired
t-test on the transformed data, generating two-tailed P-values (* P<0.05, **
P<0.01, *** P<0.001). Ratios were compared between male and female
hepatocytes for any treatment that showed significant splicing in either group
using an unpaired t-test, generating two-tailed P- values (# P<0.05 and ##

P<0.01).
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IRE1a-XBP1 activation with EFV in PXR-null Mouse Primary Hepatocytes
EFV is a well-known activator of the xenobiotic sensing nuclear receptor
PXR (Sharma et al., 2013b). We therefore sought to determine whether PXR
might play a role in the activation of IRE1a-XBP1 in response to EFV. Of note,
EFV activation of XBP1 splicing was not dependent upon PXR, since in fact there
was a trend towards increased XBP1 splicing in hepatocytes isolated from PXR-
null mice versus WT mice, demonstrating 4.2-fold (95% CI [1.1, 18.7]) greater
splicing in male PXR-null mouse hepatocytes as compared to male WT, and 2.0-
fold greater (95% CI [0.64, 6.3]) in female mouse PXR-null as compared to
female WT, although this difference did not rise to the level of statistical
significance (Figure 5A). Still, in consideration of this increase, we moved forward
by probing for differences in the levels of IRE1a phosphorylation between WT
and male PXR-null mouse hepatocytes in response to EFV. In line with the
above XBP1 splicing data, the levels of phosphorylated IRE1a in PXR-null
mouse hepatocytes were commensurate with those of WT mice (Figure 5B).
Given that EFV activates PXR, resulting in the increased expression of
P450 drug-metabolizing enzymes, we wanted to investigate whether a change in
the expression of EFV-metabolizing P450 enzymes occurs during EFV treatment
in these hepatocytes. Though it is unknown which P450 metabolize EFV in
mouse, EFV is primarily metabolized by CYP2B6 in humans (Ward et al., 2003),
and because of this we measured expression of mouse CYP2B10, which shares
74% amino acid sequence identity with human CYP2B6(Davies et al., 2005). The

normalized expression of CYP2B10 did not change with EFV treatment (50 uM, 4
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hours) as compared to the DMSO control in both WT and PXR-null primary
mouse hepatocytes. However, the overall expression of CYP2B10 was on
average 2.9-fold (n=3, 95% CI [2.1, 4.0], P<0.0001, unpaired t-test) higher in WT

cells as compared to PXR-null cells.
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Figure 5. IRE1a-XBP1 signaling in WT and PXR-null primary hepatocytes
during exposure to EFV. A. Representative XBP1 mRNA splicing PAGE gel
images and densitometry quantification (mean + SD) of XBP1 mRNA splicing
from semi-quantitative RT-PCR for sXBP1 and uXBP1 in WT (n=5) and PXR-null
male (n=5) mouse primary hepatocytes, as well as WT (n=5) and PXR-null (n=5)
female hepatocytes treated with EFV and analogs of EFV at 50 yM for 4 hours.
B. Representative images for western blotting of p-IRE1q, total IRE1a, and B-
Actin and densitometry quantification ratios of p-IRE1a/total IRE1a for WT (n=3)
and PXR-null (n=3) male mouse primary hepatocytes incubated with 50 yM EFV
for 2 hours (mean + SD). Ratios of sXBP1/uXBP1 and p-IRE1a/total IRE1a

densitometry were log-transformed and the statistical significance of EFV
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treatments from DMSO (0.1%) control determined using an unpaired t-test on

transformed data, generating two-tailed P-values (** P<0.01, *** P<0.001).
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Effects of inhibition of XBP1 splicing on lipid droplet formation with EFV

Because XBP1 has been previously demonstrated to be involved in lipid
biogenesis (Sriburi et al., 2004), and hepatic dyslipidemia is commonly indicated
clinically along with EFV toxicity (Feeney and Mallon, 2011), we tested whether
we could detect lipid accumulation in mouse hepatocytes following treatment with
EFV and subsequently, if this accumulation was XBP1 dependent. Following 8
hours in the presence of 20 uM EFV, an approximate 7.7-fold (95% CI [3.6, 16.4]
increase in lipid droplet formation was measured as compared to vehicle in
primary mouse hepatocytes (Figure 6). Since lipid homeostasis has been
previously shown to be differentially regulated in WT versus PXR-null mice (He et
al., 2013; Choi et al., 2018) we also performed experiments to probe the impact
of PXR on EFV-mediated lipid droplet formation. We observed no difference in
lipid droplet formation in response to EFV between PXR-null and WT mouse
hepatocytes (Figure 6).

To investigate whether EFV increases lipid droplet formation in an XBP1-
dependent manner, STF083010, a chemical inhibitor of IRE1a endoribonuclease
activity (Papandreou et al., 2011) was employed. Following 8 hours with 20 yM
EFV £ 100 uM STF083010, there was no observed impact of XBP1 splicing
inhibition on EFV-mediated lipid droplet accumulation in primary mouse
hepatocytes (Figure 7A). We did however confirm that co-treatment with
STF083010 at 100 uM decreased the activation of XBP1 splicing by both EFV at

50 uM and TM after 8 hours (Figure 7B): though splicing levels were still higher
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than vehicle with both compounds, XBP1 splicing with EFV was 9.9-fold lower

(95% CI [6.1, 16.0]) in the presence of STF083010.
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Figure 6. Lipid droplet formation in WT and PXR-null primary hepatocytes
treated with EFV. Representative images (40X) of Oil Red O (red) and
hematoxylin (blue) stained primary mouse hepatocytes and quantitation of Oil
Red O signal intensity in WT (n=4) and PXR-null (n=4) primary mouse
hepatocytes incubated with 20 uM EFV for 8 hours (mean = SD).. Fold change
was calculated with respect to the mean of the DMSO (0.1%) control within each
group, and fold changes were log-transformed. The statistical significance of EFV
treatments from DMSO (0.1%) control was determined using an unpaired t-test

on transformed data, generating two-tailed P-values (* P<0.05, ** P<0.01).
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Figure 7. XBP1 splicing and lipid droplet formation in male mouse primary
hepatocytes during EFV exposure. A. Representative images (20X) of Oil Red
O (red) and hematoxylin (blue) stained primary mouse hepatocytes and

quantitation of Oil Red O signal intensity in WT (n=4) primary mouse hepatocytes
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in presence of 20 yuM EFV for 8 hours + STF083010 at 100 yM (mean * SD).
Fold change in Oil Red O intensity was calculated with respect to the mean of the
DMSO (0.1%) control and fold changes were log-transformed. B. Representative
XBP1 mRNA splicing PAGE gel images and densitometry quantification (mean *
SD) of XBP1 mRNA splicing from semi-quantitative RT-PCR for sXBP1 and
uXBP1 in male mouse primary hepatocytes (n=4) treated with EFV and analogs
of EFV at 50 yM for 8 hours +/- STF083010 at 100 uM. Ratios of sXBP1/uXBP1
and p-IRE1a/total IRE1a densitometry were log-transformed. The statistical
significance in both A. and B. was determined for all treatments with respect to
DMSO (0.2%) control using an unpaired t-test on transformed data, generating
two-tailed P-values (* P<0.05, ** P<0.01, *** P<0.001). Additional un-paired t-
tests were performed to compare treatments indicated by brackets generating

two-tailed P- values (## P<0.01 and ### P<0.001).
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Primary hepatocyte death in response to EFV and the role of XBP1 splicing

Reactive oxygen species accumulation is one example of a cellular
stressor that can result in IRE1a-XBP1 activation (Hanada et al., 2007). We
measured formation of 8-hydroxydeoxyguanosine (8-OHdG) DNA adducts, which
are formed when reactive oxygen species build up in the cell (Kasai et al., 1986),
during incubation with EFV. In primary mouse hepatocytes treated for 4 hours,
positive 8-OHdG staining increased in from 25.3 % (95% CI [13.2, 37.3]) with
vehicle to 52.2% (95% CI [41.1, 73.9]) with 20 uM EFV, and increased from 20.9
% (95% CI [7.7, 34.1]) with vehicle to 52.2% (95% CI [39.9, 64.5]) in the
presence of 50 uM EFV (Figure 8A). Given this observed increase in 8-OHdG
with EFV, as well as the increase in lipid droplet formation with EFV, we also
probed for formation of 4-hydroxynonenal protein adducts, a result of increased
lipid oxidation during cellular oxidative stress (Comporti, 1998). After an 8 hour
incubation with EFV at 20 uM, no 4-hydroxynonenal protein adducts were
observed (data not shown).

To assay the impact of EFV exposure on primary hepatocyte viability,
AcrO/EtBr co-staining was used in primary male mouse hepatocytes treated with
20 uM EFV for 8 hours (Figure 8B). In the presence of EFV, a marked increase in
EtBr positive cells was observed, with 47.2 % (95% CI [32.3, 62.0]) of cells
positive, as compared to 10.8 % (95% CI [1.59, 20.0]) for vehicle. Because we
saw higher levels of XBP1 splicing with analog 3 and analog 14, we also
performed EtBr/AcrO viability measurements during incubation with these

compounds at 20 yM for 8 hours. Interestingly, analog 3 also resulted in an
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increase in EtBr positive cells, with 49.7% (95% CI [30.8, 68.6]) positive, as
compared to 7.3% (95% CI [4.0, 10.5]) for vehicle. Analog 14 showed no
increase in positive EtBr/AcrO staining (Figure 8B). To assay whether this cell
death was dependent upon IRE1a endoribonuclease activity, we also performed
EtBr/AcrO staining on cells co-treated with 100 uM of the splicing inhibitor
STF083010 and either EFV, analog 3, or analog 14. Co-treatment with this XBP1
splicing inhibitor decreased EFV-mediated hepatocyte death to 23.9% (95% ClI
[15.9, 32.0])of cells positive for apoptosis, but did not decrease cell death with
analog 3 and had no impact on cell death with analog 14 (Figure 8B).

Because the cell death levels with EFV, analog 3, and analog 14 showed
differential dependence on IRE1a-XBP1 signaling, we hypothesized that the
activity of XBP1 as a transcription factor may differ across these stimuli. Because
of this, we measured the expression of the XBP1 target gene DNAJ heat shock
protein family member 9 (DNAJB9) (Lee et al., 2003). During incubations with
EFV, analog 3, and analog 14, 2.4- (n=4, 95% CI [1.7, 3.4], P<0.01), 1.9- (n=4,
95% ClI [1.2, 2.9], P<0.05), and 1.9-fold (n=4, 95% CI [1.2, 3.2], P<0.05)
increases were measured (respectively) in DNAJB9 expression (P-values

generated using an un-paired t-test).
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Figure 8. 8-OHdG and EtBr/AcrO viability staining in primary mouse
hepatocytes during EFV incubations. A. Representative images (20X) of 8-
OHJdG (red) and DAPI (blue) stained primary mouse hepatocytes and
quantitation (mean = SD, n=4) of 8-OHdG stained cells after incubations with
EFV at either 20 or 50 uM for 4 hours. Positively stained 8-OHdG nuclei are
purple. B. Representative images (20X) of EtBr (red) and AcrO (green) stained
primary mouse hepatocytes and quantitation (mean = SD, n=5) after treatment
with EFV, analog 3 or analog 14 for 8 hours + co-treatment with STF083010 at
100 uM. Hepatocytes positive for cell death have yellow/orange nuclei. Ratio-
paired t-tests were performed to determine significance from DMSO controls or
for bracketed comparisons. For A. five separate isolations of mouse hepatocytes
were used to generate these results, and each treatment EFV (20 uM) and EFV
(50 uM) was performed four times among these five batches of cells. For B.
STF083010 (100 uM), EFV (20 uM), and EFV (20 yM) + STF083010 (100 uM)
were performed in the same group of five hepatocyte isolations, while treatments
with 3 (20 yM), 3 (20 uM) + STF083010 (100 uM), 14 (20 uM), and14 (20 pM) +
STF083010 (100 uM), were performed in a separate set of five isolations. A ratio
paired t-test was used to test for significance from DMSO controls or for
bracketed comparisons in both A. and B, generating two-tailed P-values (*
P<0.05, ** P<0.01 for significance from DMSO control and ## P<0.01 for

indicated comparisons.)
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Discussion

In this work, we demonstrate that EFV and 8-OHEFV, despite being very
structurally similar compounds, differ in their activation of IRE1a-XBP1signalling.
EFV treatment resulted in greater XBP1 splicing in human and mouse primary
hepatocytes than 8-OHEFV. Previously, our group has shown that both
compounds activate cell death in a JNK- and BimEL- dependent mechanism,
with 8-OHEFV exposure resulting in greater activation than EFV (Bumpus, 2011).
Taken together, these results indicate that EFV and 8-OHEFV have diverging
pharmacological effects, via activating different cell signaling events. It is
especially important to consider the effects of 8-OHEFV because the levels of
this metabolite in the blood stream can reach levels nearly equal to EFV
(Ngaimisi et al., 2010; Grilo et al., 2016).

While it has been previously shown that EFV activates XBP1 splicing in
HEP3B cells and increases XBP1 expression in both Hep3B cells and primary
human hepatocytes (Apostolova et al., 2013), the role of XBP1 splicing activation
in EFV-mediated hepatocyte death has not been explored. In addition, we have
expanded on this by directly monitoring EFV activation of XBP1 splicing in
primary human, male and female mouse, and cynomolgus macaque primary
hepatocytes. Importantly, we have examined the impact of structural changes to
EFV on IRE1a-XPB1 activation and to the best of our knowledge this is the first
study to perform this structure-activity analysis. As such, these data can be
leveraged in understanding the activation of these signaling molecules more

broadly. Several changes to the structure of EFV, including breaking of the
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oxazinone ring (analogs 1 and 2), the cyclopropyl group (analog 4), removal of
the oxazinone carbonyl (analog 8), or replacement of the oxazinone ring oxygen
with carbon (analog 16) all decreased or abrogate activation of XBP1 splicing.
Conversely, changing the EFV alkyne to an alkene (analog 3), and replacement
of the oxazinone ring nitrogen with carbon (analog 14) resulted in augmented
XBP1 splicing. These structural changes to EFV could modulate IRE1a-XBP1
activation in several ways: through impacting compound reactivity and therefore
stimulation of reactive oxygen species formation, or by changing certain
physiochemical properties (such as Log P and protein binding) that affect free
intracellular concentration of the compound. Future work to directly monitor ROS
formation with these compounds and the free intracellular concentration would
help to elucidate how each structural change impacts IRE1a-XBP1 activation.
Though few of the analogs in this study have been tested for anti-retroviral
activity, two compounds, analog 12 and 13 have previously demonstrated nearly
identical IC90s against viral replication to that of EFV (Corbett et al., 2000). Here
we observed that like EFV, both of these compounds activate IRE1a-XBP1.
Here we observed a trend toward increased activation of XBP1 splicing in
primary hepatocytes from female mice, as compared to those from male mice,
though for most compounds tested this change was not statistically significant.
This difference could be suggestive of increased sensitivity to IRE1a-XBP1
activation in females, which could be cytoprotective or cytotoxic. It would also be

interesting to test whether all ER stress machinery is more readily activated in
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females. Further research is necessary to investigate this sex difference and its
potential biological implications.

We show similar impacts of EFV structure on activation of XBP1 splicing
across model organisms. Of note, while IRE1a-XBP1 activation has been
previously measured in rhesus macaque primary retinal pigment epithelium cells
(Ma et al., 2016), it has not to our knowledge been measured before in
cynomolgus macaque. In fact, previous studies regarding ER stress in this
biological model are limited to one regarding in a cynomolgus macaque
glaucoma model (lto et al., 2011). Considering the growing knowledge of this
pathway’s role in drug toxicities, (Cao et al., 2010; Van Summeren et al., 2011;
Hur et al., 2012; Uzi et al., 2013; McConkey, 2017) and the fact that cynomolgus
macaques are often used as models in drug development studies, during which
early indications of toxicities may be observed, we feel our comparison is
especially important. Here we demonstrate that for EFV and this panel of
structures that similar XBP1 splicing activation results can be seen across
nonhuman models (cynomolgus macaque and mouse) that are used in various
stages of clinical development. In addition, we have expanded upon the
characterization of EFV hepatotoxicity in vitro by demonstrating lipid droplet
formation, 8-OHdG formation, and positive EtBr/AcrO staining in primary mouse
hepatocytes treated with EFV.

PXR ablation has been shown to reduce high fat diet induced JNK-
dependent cell-death and lower levels of hepatic lipid accumulation in mice

receiving a high fat diet (He et al., 2013). On the other hand, PXR-ablation shows
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no protective effect against ethanol-induced triglyceride formation and lipid
droplet staining in mice, and higher basal levels of the lipid biosynthesis-
activating transcription factor sterol regulatory element binding protein 1c
(Srebp1c) (Choi et al., 2018). From this, it seems that PXR’s involvement in lipid
homeostasis and hepatotoxicity varies across stimuli. With this work we showed
that there is no measurable effect of PXR-ablation on EFV-mediated lipid droplet
formation or IRE1a- XBP1 activation.

Though the targets of XBP1, such as protein degradation and membrane
biogenesis machinery, are often considered to be cytoprotective (lurlaro and
Munoz-Pinedo, 2016), the role of XBP1 in hepatocyte cell death and dyslipidemia
is not well understood. Increased sXBP1 levels have been shown to decrease
triglyceride levels and lipogenic gene expression in diet-induced obesity mouse
models (Herrema et al., 2016), and hepatocyte specific IRE1a-null mice have
increased steatosis over WT mice (Zhang et al., 2011). On the other hand, XBP1
ablation has shown to decrease hepatic lipogenesis associated with high-
carbohydrate diet in mice (Lee et al., 2008a). In addition, co-treatment with the
IRE1a inhibitor STF083010 has been demonstrated to decrease serum
transaminase levels, hepatic lipid accumulation, steatosis, and apoptosis
associated with high fat diet in mice (Lebeaupin et al., 2018). As with PXR, the
contribution of XBP1 splicing to hepatocyte cell death and lipid formation appears
to be stimuli dependent.

In this study we determined that co-treatment of cells with the IRE1a

endoribonuclease inhibitor STF083010, which inhibited XBP1 splicing activated
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by EFV in primary mouse hepatocytes, lessened EFV-induced primary
hepatocyte death, but not lipid droplet formation. These results suggest that for
EFV, IRE1a-XBP1 signaling promotes cell death in response to EFV (Figure 9),
but does not play a role in EFV-mediated hepatocyte lipid accumulation.
Interestingly, STF083010 did not block primary hepatocyte cell death caused by
the EFV analog 3, which stimulated a splicing to a greater extent than that of
EFV. Further, analog 14, despite resulting in the highest levels of XBP1 splicing
activation, caused no measureable primary hepatocyte cell death. Yet, we found
that EFV, analog 3, and analog 14 were all able increase the mRNA abundance
of DNAJB9, an XBP1 target gene, to a similar extent. Taken together, these data
reveal that the consequences of IRE1a-XBP1 are stimuli dependent, and while
beyond the scope of the present study, this warrants future investigation.

In summary, our results demonstrate that EFV and several EFV-like
compounds activate XBP1, and this is conserved among humans, mice and
macaques. Further, activation of XBP1 by EFV may contribute to EFV-mediated
hepatocyte death. Of broader interest, our data indicate that even within a class
of structurally similar compounds discreet changes in structure can impact the
magnitude and outcome of XBP1 splicing. These findings provide insight into the
impact of EFV on cellular signaling within hepatocytes while also identifying

structural features that may contribute to IRE1a-XBP1 activation.
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Figure 9. EFV activation of IRE1a-XBP1. Treatment with EFV results in the
activation of IRE1a and subsequently IRE1a-catalyzed mRNA splicing of XBP1.
In addition, EFV exposure causes formation of reactive oxygen species, an event
that can lead to the activation of ER stress response, including the IRE1a-XBP1
signaling axis (Hanada et al., 2007). Reactive oxygen species production may
drive the activation IRE1a-XBP1 by EFV, though a direct link between these two
events remains to be established. STF083010 inhibition of XBP1 splicing by
IRE1a during incubation with EFV results in decreased EFV-mediated

hepatocyte death
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Chapter 3: Impact of Twelfth Position Deuterium Substitution on Hepatic

Metabolism and Cytotoxicity of Nevirapine

Abstract

Nevirapine (NVP) is an antiretroviral drug used in the treatment of HIV,
despite causing potentially fatal hepatotoxicity. Previous work has implicated the
cytochrome P450 metabolism of NVP to 12-hydroxy-NVP (12-OHNVP) in the
development of NVP toxicities. With this, we investigated the impact of twelfth-
position deuterium substitution (12-D3sNVP) on the hepatic metabolism of NVP. A
10.6- and 4.6-fold reduction was measured in the formation of 12-OHNVP with
12-D3sNVP vs. NVP (10 uM, 24h), in primary human and mouse hepatocytes,
respectively. No increases in other P450 metabolites, 2- and 3-OHNVP, were
observed. We profiled the contributions of human P450 isoforms to the formation
of 12-OHNVP and concluded that multiple P450s contribute to the production of
this metabolite. We quantified the kinetic isotope effect (KIE) in liver microsomal
incubations with NVP and 12-D3sNVP, and measured an observed KIE of 10.1
and demonstrated a 9.1-fold decrease in the catalytic efficiency of 12-OHNVP
production by P450s. During treatments of primary mouse hepatocytes with 400
MM NVP or 12-D3sNVP, only a modest reduction of cell death was observed
(52.6% dead/dying cells with NVP vs. 36.8% with 12-D3sNVP). In addition, at
these high treatment concentrations we saw evidence of metabolic switching.
With this, we also profiled the changes in protein expression during treatment
with NVP or 12-D3NVP in primary human and mouse hepatocytes using relative

quantitation proteomic analysis. Changes in the expression of several proteins
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were observed uniquely with treatment with 12-DsNVP, one of note being the
hepatic stress marker IGFBP-1. These results demonstrate that while this
trideuteration is an effective strategy to reduce P450 formation of 12-OHNVP,
differential hepatocyte response specifically to 12-DsNVP must be considered in

the use of this tool to study P450 metabolite-related hepatotoxicity.

Introduction

Nevirapine (NVP) is a first generation non-nucleoside reverse
transcriptase inhibitor currently used for the treatment of human
immunodeficiency virus (HIV) infections, for HIV post-exposure prophylaxis, and
for prevention of mother to child transmission of HIV during childbirth (Usach et
al., 2013; WHO, 2017). The World Health Organization includes both NVP and
NVP-containing combination therapy on its most recent List of Essential
Medicines (WHO, 2017). Unfortunately, NVP has been shown to cause life-
threatening hepatotoxicity in patients (Pollard et al., 1998; (CDC), 2001; Sanne et
al., 2005; Zhang et al., 2013).

There have been many clinical studies that have reported on liver function
with this standard NVP regimen, generally in combination with other
antiretrovirals, with varying results. One review of prospective international
clinical trial data from 906 adult patients taking NVP reported an incidence of
abnormal liver function of 6.0% (Pollard et al., 1998). In Sanne et al., 2005, 17%
of South African patients receiving NVP-containing combination therapies
developed hepatotoxicity, while in another study of patients in China, the overall

incidence of hepatotoxicity was 36.1%, with 7.7% of patients experiencing severe
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hepatotoxicity. (Zhang et al., 2013). In very rare cases, patients taking NVP have
experienced fulminant hepatitis, sometimes resulting in liver transplantation or
even death (CDC, 2001; Sanne et al., 2005; Buyse et al., 2006; Maniar et al.,
2006; Jao et al., 2010).

NVP is metabolized by human cytochrome P450 phase-| drug
metabolizing enzymes (P450s), resulting the in formation of four mono-
oxygenated metabolites: 2-hydroxy- (2-OH), 3-hydroxy- (3-OH), 8-hydroxy- (8-
OH), and 12-hydroxy- (12-OH) NVP (Erickson et al., 1999; Riska et al., 1999).
The average plasma concentration of NVP during regular dosing has previously
been observed to be 16.0 uM (95% CI [10.0, 19.2]), with 12-OHNVP at 1.3 yM
(95% CI [0.9, 1.9]), followed by 2-OHNVP at 0.2 uM (95% CI [0.1, 0.4]), 3-
OHNVP at 0.2 uM (95% CI [0.9, 1.9]), and unquantifiable levels of 8-OHNVP
(Marinho et al., 2014). These P450 metabolites are precursors to other NVP
metabolites, including glucuronidation by uridine 5'-diphospho-
glucuronosyltransferases (Riska et al., 1999), sulfation by sulfotransferases
(Sharma et al., 2013), and glutathione conjugation by glutathione S-transferases
(Wen et al., 2009; Dekker et al., 2016).

NVP toxicities have been characterized as immune hypersensitivity
reactions (Carr et al., 1996; Wit et al., 2008), that may be a response to the
formation of immunogenic NVP metabolite adducts with large biomolecules
(Antunes et al., 2010; Srivastava et al., 2010; Caixas et al., 2012). Formation of
12-OHNVP by P450s has been previously implicated the hepatotoxicity of NVP,

as well as in skin toxicity, another severe side effect of NVP (Chen et al., 2008;
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Sharma et al., 2012; Sharma et al., 2013). Previous research suggests that NVP
metabolism to 12-OHNVP may result in the formation of bio-reactive
intermediates, either during the formation of 12-OHNVP itself (Sharma et al.,
2012) or through subsequent sulfation at the twelfth position (Chen et al., 2008;
Sharma et al., 2013). To probe this, Chen et al. (2008) treated rats with NVP and
a version of NVP in which the twelfth-position had been trideuterated (12-
DsNVP). This trideuteration was intended to reduce P450 oxygen insertion at the
twelfth position and was demonstrated to reduce both circulating concentrations
of 12-OHNVP and the incidence of skin rash in rats treated with 12-DsNVP
versus those treated with NVP (Chen et al., 2008). Other work has demonstrated
a reduction 12-OHNVP-protein adducts in the livers of mice and rats treated with
12-D3sNVP as compared to NVP (Sharma et al., 2012). Substitution of hydrogens
at the site of P450 metabolism with the heavier deuterium isotope of hydrogen
has long been leveraged to study P450 reaction mechanisms. The impact of
deuteration on P450 activity has been reported to vary significantly: a change of
1-20 fold in the rate of P450 bond breaking, which is a necessary step in
cytochrome P450 product formation (also called the intrinsic kinetic isotope
effect), has been observed. (Guengerich, 2017).

With this work, we probed the difference in P450-dependent metabolism
of NVP versus 12-D3sNVP in primary human and mouse hepatocytes. Not only did
we want to understand the impact on 12-OHNVP production, but also on the
formation of other P450-dependent metabolites of NVP. In addition, we

characterized the contribution of various human P450s in NVP metabolism and
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quantified the observed kinetic isotope effect of this trideuteration on 12-OHNVP
production by human liver microsomes. From here, we probed the difference in
hepatocyte cell-death levels with either NVP or 12-DsNVP, and performed
relative-quantitation proteomics analysis of hepatocytes treated with NVP- and
12-D3NVP in an effort to not only characterize novel signaling pathways involved
in the hepatotoxicity of NVP, but also in differential response to this trideuterated

compound.

Materials and Methods

Reagents

NVP (with a purity of > 99.9%, assessed by the manufacturer using HPLC
compared to a USP standard) was provided National Institutes of Health AIDS
Research and Reference Reagent Program. 12-D3sNVP (98% purity, 99% isotopic
purity), 2-OHNVP (98% purity), 3-OHNVP (98% purity), and 12-OHNVP (96%
purity) standards were synthesized by Toronto Research Chemicals. Purity of
these compounds was assessed by the manufacturer using 1H nuclear magnetic
resonance and mass spectrometry. Staurosporine was purchased from Cell
Signaling Technology. Furafylline, tranylcypromine, sulfaphenozole, (+)-N-3-
benzyl-nirvanol, quinidine, and ketoconazole were all purchased from Sigma. 2-
phenyl-2-(1-piperidinyl)propane (PPP) was purchased from Santa Cruz. LC-MS
grade water, acetonitrile, methanol, acetone and formic acid were all purchased
from Fisher. Bovine pancreas trypsin was purchased from Sigma. Dithiothreitol,

and iodoacetamide were purchased from Pierce.

87



Primary mouse hepatocyte isolation and culture

The Johns Hopkins Animal Care and Use Committee approved all
experiments with mice, and all procedures were in accordance with Guide for the
Care and Use of Laboratory Animals as adopted and promulgated by the US
National Institutes of Health. Hepatocytes were isolated from male C57BL/6J
mice, aged 8-12 weeks (The Jackson Laboratory). Primary hepatocytes were
isolated as previously described (Lee et al., 2004). Cells were = 85% viable upon
plating and were cultured as previously described (Heck et al., 2019). Following

adherence overnight, fresh treatment-containing medium was added.

Cryoplateable human hepatocyte culture

LIVERPOOL cryoplateable human hepatocytes (three lots of pools from
10 different human, mixed sex, donors) were obtained from BiolVT. Cells were
thawed and plated as according to the manufacturer’s protocol into 12-well
collagen coated plates (Corning), with a viability of = 90% upon plating. Cells
were allowed to adhere overnight, after which they received fresh treatment-
containing InVitroGRO CP medium supplemented with Torpedo Antibiotic Mix

(BiolVT).

Extraction of monooxygenated and O-glucuronidated metabolites of NVP
and 12-D3NVP from the culture medium of primary human and mouse
hepatocytes

Fresh mouse hepatocytes and cryoplateable human hepatocytes were
treated in a 12-well format with vehicle (0.1% DMSO), 10 uM NVP, or 10 yM 12-

DsNVP for 24 or 48 hours. Fresh mouse hepatocytes were also treated with
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vehicle (0.2% DMSO), 400 uM NVP, or 400 uM 12-D3sNVP for 8 hours. Following
these treatments, 100 pL of culture medium was obtained and metabolites
extracted via protein precipitation with the addition of acetonitrile to a final
concentration of 50%. Samples were vortexed and centrifuged (3 minutes,
10,000g, 4 °C). Supernatant was then dried under vacuum centrifugation and
reconstituted in 50 yL (mouse samples) or 17 pL (human samples) of methanol,

and 2 pL was injected for uHPLC-Orbitrap analysis.

Extraction of intracellular glutathione-conjugated NVP and 12-DsNVP
metabolites from primary mouse hepatocytes

Fresh primary mouse hepatocytes were treated with vehicle (0.2%
DMSO), 400 uM NVP, or 400 uM 12-D3sNVP for 8 hours in a 6-well format. Three
wells of each treatment (720,000 cells total) were collected and pooled via cell
scraping into PBS, followed by centrifugation (5 minutes, 500g, 4 °C). Cell pellets
were flash frozen and stored at -80 °C prior to metabolite extraction. Pellets were
lysed and metabolite extracted in 50 pL of 50% methanol. Samples were
incubated for 10 minutes at room temperature. Centrifugation was used to pellet
insoluble debris (10 minutes, 10,000g, 4 °C), and 25 L of supernatant injected

for uHPLC-Orbitrap analysis.

Metabolism by individual c-DNA expressed cytochrome P450s

NVP (10 uM) was incubated microsomes containing the following
individual cDNA-expressed cytochrome P450 enzymes (Supersomes, BD
Biosciences): CYP1A1, -1A2, -2A6, -2B6, -2C8, -2C9, -2C19, -2D6, -3A4, and -

3A5. NVP was warmed in potassium phosphate buffer and an NADPH-
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regeneration system (Corning, used as per manufacturer’s protocol) for 5
minutes at 37 °C. Reactions were initiated with the addition of microsomes for
final concentrations of 0.1 M potassium phosphate buffer, 100 nM P450, 10 uM
NVP, final reaction volume of 100 pL, and a final vehicle concentration of 0.1%
DMSO. Following a 30 minute incubation at 37 °C, reactions were stopped,
centrifuged, and dried described above. Samples were reconstituted in 50 pL of
methanol and 2 yL was injected for uHPLC-triple quadrupole analysis.
Microsomal NVP metabolism during co-incubation with P450 inhibitors
Human liver microsomes (0.5 mg/mL) were incubated in potassium
phosphate buffer and NADPH-regenerating reagents, along with the following
panel of P450 inhibitors: 20 uM furafylline (CYP1AZ2 inhibitor), 2 yM
tranylcypromine (CYP2AG6 inhibitor), 30 uM PPP (CYP2B6 inhibitor), 20 uM
sulfaphenazole (CYP2C9 inhibitor), 10 uM (+)-N-3-benzyl-nirvanol (CYP2C19
inhibitor), 1 yM quinidine (CYP2D6 inhibitor), and 1 uM ketoconazole (CYP3A4
inhibitor). These compounds and concentrations were selected based on
previous work regarding isoform selective cytochrome P450 inhibitors (Suzuki et
al., 2002; Khojasteh et al., 2011). Following a 5 minute pre-incubation at 37 °C,
NVP (10 uM) was added to initiate the reaction. The final reaction volume was
100 uL, with a final vehicle concentration of 0.2% DMSO. Following a 30 minute
incubation at 37 °C reactions were stopped, centrifuged, and dried as described
above. Samples were reconstituted in 50 yL methanol, and 2 yL was injected for

uHPLC-Orbitrap analysis.

90



Kinetics of 12-OHNVP production in liver microsomes

Pilot experiments were performed to determine linearity of 12-OHNVP
production with respect to time and microsomal protein concentration, from which
the subsequent reaction conditions (2.5 mg/mL protein and 30 minute reaction
times) were chosen. As above, NVP or 12-DsNVP were warmed in potassium
phosphate buffer and NADPH-regeneration system for 5 minutes at 37 °C.
Following this, reactions were initiated through the addition of liver microsomes.
Substrate concentrations of 1, 5, 10, 25, 50, 100, 200, or 400 uM NVP or 12-
D3sNVP were tested in a final reaction volume of 250 uL, and a final vehicle
concentration of 0.1% DMSO or 0.2% DMSO for 400 uM substrate reactions.
Reactions were incubated at 37 °C for 30 minutes, after which time they were
stopped, centrifuged, and supernatant dried as described above. Samples were
reconstituted in 112.5 yL of methanol, and 2 yL was injected for Orbitrap uHPLC-
MS/MS analysis. For quantification of 12-OHNVP formation, a standard curve of
12-OHNVP was prepared using the same method and microsome concentrations
as the reactions, but with water in place of the NADPH-regeneration system. The
following known final concentrations of 12-OHNVP standard were spiked into the
samples in place of NVP or 12-D3sNVP: 1, 2, 5, 20, 50, 100, 200, 500, 1000, and
2000 nM. The 12-OHNVP peak area intensity of these samples were then used
to calculate 12-OHNVP amounts in each reaction with NVP or 12-DsNVP. The
curve was fit using GraphPad prism software to a line with 1/Y? weighting. An

accuracy of £ 15% was observed for all standard curve points.
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Orbitrap detection of NVP and 12-D3sNVP metabolites

Samples were injected for analysis using a Dionex 3000 ultra-high
performance liquid chromatography (UHPLC) system coupled to a Thermo Fisher
Q-Exactive high-resolution Orbitrap mass spectrometer. Samples were
separated on a Waters X Bridge BEH C18 column (2.5 pm pore size, 50 mm
long, and 2.1 mm internal diameter) using water with 0.1% formic acid (solvent A)
and 100% acetonitrile with 0.1% formic acid (solvent B). A gradient of solvents
was used for separation flowing at 750 yL/min during which the concentration of
B increased from 5 to 15% over 1 minute, 15 to 18% over 2 minutes, increased
immediately to 100% and held 100% for 30 seconds, and then decreased
immediately to 5% and held at 5% for 1.5 minutes. The heated electrospray
ionization source conditions were as follows: 3.5 kV spray voltage, 600 °C aux
gas heater temperature (monooxygenated metabolites) or 350 °C
(glucuronidated or glutathione conjugated metabolites), 60 sheath gas, 5 aux
gas, 350 °C capillary temperature, and 60 S-Lens RF amplitude.

All metabolites were subjected to a tSIM scan in positive mode (resolution
of 35,000, automatic gain control target of 5e4, maximum injection time of 100
ms) to generate high-resolution MS spectra and a PRM scan in positive mode
(resolution of 35,000, automatic gain control target of 2e5, maximum injection
time of 100 ms, and a normalized collision energy of 50 for monooxygenated
metabolites and a three-step collision energy of 20, 35, and 50 for glucuronidated
and glutathione conjugated metabolites) was performed to generate high-

resolution MS/MS spectra. For all scans across the various metabolites the
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quadrupole isolation was set to the compound accurate mass + 0.5 m/z. For NVP
monooxygenated metabolites, PRM fragment peak area was used for
quantitation was in order to increase specificity for each of the three metabolites,
and achieve baseline separation between metabolites in the chromatograms
used for quantitation. The expected m/z for these metabolites were: 283.1190 (2-
, 3-, or 12-OHNVP), 285.1315 (for 12-OHD2NVP detection), or 286.1378 (for 2-
or 3-OHD3NVP detection). Extracted ion chromatograms (XICs) generated from
the spectral intensities of the following specific high-resolution fragments (+
5ppm) and their peak areas monitored for quantitation of the monooxygenated
metabolites: 161.0709 m/z for 2-OHNVP and 2-OHD3sNVP, 242.0798 m/z for 3-
OHNVP, 245.0987 m/z for 3-OHD3sNVP, 223.1104 m/z for 12-OHNVP, and
225.1230 m/z for 12-OHD2NVP. For O-glucuronidated or glutathione conjugated
NVP metabolites, the expected accurate masses were: 459.1510 (O-GIucNVP),
572.1922 (glutathione-NVP), 462.1700 (O-GlucDsNVP), 575.2110 + 0.5 m/z
(glutathione-D3NVP), 461.1636 (12-O-glucD2NVP), and 574.2048 (12-
glutathione-D2NVP). For quantitation of glucuronidated or glutathione
metabolites, the XIC peak areas for the high-resolution accurate parent masses
(= 5ppm) were observed. PRM scans of these metabolites were used only to look

for identifying fragments that would provide structural confirmation.

Triple-Quadrupole detection of NVP metabolites
Sample was injected for analysis using a Dionex 3000 ultra-high
performance liquid chromatography (UHPLC) system coupled to a Thermo Fisher

TSQ Vantage triple quadrupole mass spectrometer. The sample was separated
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on a Polaris C18 column (5 pm pore size, 100 mm long, and 2 mm internal
diameter). Samples were separated using water with 0.1% formic acid (solvent
A) and 100% acetonitrile with 0.1% formic acid (solvent B), using a gradient of
solvents flowing at 400 yL/min during which the concentration of B increased
from 5 to 15% over 1 minute, 15 to 21% over 5 minutes, and then dropped
immediately back to 5% and then held at 5% for 1.5 minutes. The heated
electrospray ionization source conditions were as follows: 5000 V spray voltage,
352 °C vaporizer temperature, 30 sheath gas, 25 aux gas, 390 °C capillary
temperature, and 141 S-Lens RF amplitude. Positive mode SRM scans (scan
with of 0.002 m/z, scan time of 0.1 sec, collision energy of 33, and quadrupole
widths of 0.7 FWHM) were used to detect monooxygenated NVP metabolites,
using the following specific transitions, as confirmed using authentic standards:
283.1 — 160.9 for 2-OHNVP, 283.1 — 241.9 for 3-OHNVP, and 283.1 — 223.0
for 12-OHNVP. Peak height was monitored as a measure of metabolite

abundance.

Cell death staining

Primary mouse hepatocytes were plated on collagen coated coverslips as
previously described (Heck, and treated in a 12-well format with vehicle (0.2%
DMSO), 400 uM NVP, or 400 uM 12-D3sNVP for 8 hours. Staurosporin treatments
at 10 yM were also included as a positive control for cell death activation.
Primary hepatocytes were stained, imaged, and those images processed as

previously described (Heck et al., 2019).
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uHPLC-MS Proteomics Sample Preparation

Fresh primary mouse hepatocytes were treated in a 6-well format with
vehicle (0.2% DMSO), 400 uM NVP, or 400 uM 12-D3NVP for 8 hours.
Cryoplateable LIVERPOOL hepatocyte cultures were treated in a 12-well format
with vehicle (0.1% DMSQO), 10 uM NVP, or 10 uM 12-D3sNVP for 48 hours.
Treated cells were harvested through cell scraping into PBS, followed by
centrifugation (5 minutes, 500g, 4 °C) to pellet cells to be flash frozen and stored
at -80 °C prior to sample preparation. Frozen samples were then thawed and re-
suspended in 1X cell lysis buffer (Cell Signaling Technologies) supplements with
1X Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific),
0.5 mM phenylmethylsulfonyl fluoride (MilliporeSigma), and 0.5% sodium dodecyl
sulfate. Cells were lysed via 30 passages through a 27-guage syringe needle,
and clarified via centrifugation (10 minutes, 3000g, 4 °C). Protein concentration
was quantified using a bicinchoninic acid assay (Pierce). Lysate (100 ug for
mouse samples and 50 pg for human samples) was diluted to 1 mg/mL in 1X cell
lysis buffer (Cell Signaling Technologies), supplemented with 0.5% sodium
dodecyl sulfate. Dithiothreitol was added to a final concentration of 10 mM and
the sample was incubated for 45 minutes at 50 °C. lodoacetamide was added to
a final concentration of 55 mM and the samples was incubated for 20 minutes
protected from light. Protein was then precipitated through the addition of ice-cold
acetone to a final concentration of 80%, followed by incubation for 1 hour at -20
°C. Protein was pelleted at 16,000g for 10 minutes at 4 °C, and the resulting

pellet washed once with ice-cold 90% acetone. Pellet was re-suspended in 200
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ML of digestion buffer (Pierce). Trypsin (in a ratio of 1:25 pg of trypsin to pg of
sample) was added and the sample was digested overnight at 37 °C. Samples
were flash frozen to stop the digestion.

Following digestion, samples were desalted using Oasis HLB 1cc
Extraction Cartridges (Waters, according to the manufacturers protocol), and
fractionated using an Agilent 3100 OFFGEL Fractionator with pH 3-10, twelve-
well gel strips (according to the manufacturers protocol). Fractions were then
pooled into six final fractions (fraction 1 with 2, 3 with 4, 5 with 6, 7 with 8, 9 with
10, and 11 with 12) and fractions desalted using Pierce C-18 Spin Columns
(according to the manufacturers protocol). Eluent was dried under vacuum
centrifugation and re-suspended (35 L for mouse, 17.5 pL for human) of 5%

acetonitrile and 0.1% formic acid.

nanoLC-MS Proteomics Analysis

Sample (5 pL) was injected for analysis using a Thermo Fisher Easy nLC
nano-flow liquid chromatography system coupled to a Thermo Fisher Q-Exactive
high-resolution Orbitrap mass spectrometer. The sample was separated on a
Thermo Scientific Easy-Spray C18 Column (2 um pore size, 150 mm long, and
0.050 mm internal diameter) equipped with a trap column (an Acclaim PepMap
100 C18 LC column with a 3 ym particle size, 150 mm long, and 0.075 mm
internal diameter). Samples were separated using water with 0.1% formic acid
(solvent A) and 80% acetonitrile with 0.1% formic acid (solvent B), using a
gradient of solvents flowing at 300 nL/min during which the concentration of B

increased from 2 to 24% over 60 minutes, 24 to 36% over 10 minutes, from 36 to
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98% over one minute, and then held at 98% for 15 minutes. Samples were
ionized at 300 °C and 200 V, with an S-lens RF level of 80. A full scan (resolution
of 70,000, automatic gain control target of 3e6, maximum injection time of 40 ms,
and scan range of 400 to 1600 m/z) coupled to a data-dependent MS? top 10
scan (resolution of 17,500, automatic gain control target of 5e4, maximum
injection time of 150 ms, 0.8 m/z isolation window, normalized collision energy of
27, and dynamic exclusion period of 10 seconds) was performed to generate

high-resolution parent and fragment masses of ionized peptides.

Proteome Discoverer 2.1 Proteomics Data Analysis

Raw files for sample fractions were pooled for analysis, with data
processed and the consensus generated in Proteome Discoverer version 2.1.
Spectra (with a precursor range of 350-5000 daltons, a minimum charge state of
+2, and minimum signal to noise of 1.5) were processed and assigned to
peptides using Sequest HT. The proteome fasta files used in analysis were
Uniprot Mus musculus 10090, and Homo sapiens 9606 version 2016-05-11. The
digestion enzyme was given as trypsin, with the allowance of up to two missed
cleavage sites. Mass tolerances for precursor ions was 5 ppm and 0.05 Da for
fragment ions. Assignment was performed based on b- and y- ions. The
maximum number of dynamic modifications allowed for an identified peptide was
three. The following dynamic modifications were included in analysis: methionine
oxidation, deamidation of asparagine or glutamine, and n-terminal acetylation.
Carbidomethyl cysteine was included as a static peptide modification.

Assignments were validated using the Target Decoy Peptide Spectral Match
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(PSM) Validator node, with a maximum/relaxed FDR of <0.05, and a strict FDR
of <0.01. Peptide spectral matches demonstrating a + 2 ppm a precision in
mass/charge measurements across repeat scans qualified for relative
quantitation based on precursor ion area detection.

In data consensus, PSMs were grouped with a site probability threshold of
25 and validated based on PSM level FDR calculation (<0.05 relaxed FDR, and
<0.01 strict FDR). Only high confidence peptide assignments (<0.01 FDR) were
included in protein identification analysis, with a minimum peptide length of 6
amino acids, counting only rank 1 peptides. Protein assignments were scored
using the Protein FDR validator node (<0.05 relaxed FDR, and <0.01 strict FDR).
Proteins were grouped using the strict parsimony principle. Protein relative
quantitation in each sample is based on precursor ion area assignments
generating in the data processing step, and included up to 10 unique and razor
peptides for each protein.

Only high-confidence protein hits (FDR<0.01) of Uniprot master protein
identifications are reported. Data was analyzed in Microsoft Excel and hits were
determined to be significant via paired, two-tailed t-test (P<0.05), with an effect
size (Cohen's d) cut off of 2. This alternative analysis to using multiple
comparisons corrections has been previously suggested for low-power (small
sample size), exploratory, relative-quantitation proteomics studies (Pascovici et
al., 2016). In identified hits, any missing quantitation values were filled using
observed values for other biological replicate. After this adjustment, any hits that

failed to remain significant (P<0.05) or have an effect size 22 were excluded from
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analysis. Certain hits were not identified in any replicates of a given treatment

and are listed as “not found with” a given treatment in the results.

Statistical Analysis

Data analysis for all data sets except proteomics data was performed
using GraphPad Prism, version 7.00. Throughout the text, fold changes are given
as means of the ratios observed for each the individual experimental replicate,
and reported with 95% confidence intervals (95% CI). Means of experimental
replicate values are also reported throughout the text with their 95% Cls.
Statistical significance was assayed using an unpaired, two-tailed t-test and P-

values are reported as: * P<0.05, ** P<0.01, or *** P<0.001.

Results

Metabolism of NVP and 12-D3;NVP in primary hepatocyte culture

To assay the impact of twelfth-position deuteration on hepatic metabolism
of NVP, we first developed a method to characterize the production of P450-
dependent metabolites of NVP or 12-D3NVP in the culture medium of primary
hepatocytes treated with 10 uM of either of these compounds for 24 hours. In our
initial method development we used C57BL/6J mouse hepatocytes, which have
been previously employed as a model to study NVP hepatotoxicity (Sharma et
al., 2012). Using high resolution uHPLC-MS (Orbitrap) detection, and by
comparison with known standards of monooxygenated NVP metabolites (Figure
1A), we were able to identify three monooxygenated metabolites of NVP formed

in primary mouse hepatocytes: 2-OHNVP, 3-OHNVP, and 12-OHNVP (Figure

99



1B), as well as three main monooxygenated metabolites produced from 12-
D3sNVP: 2-OHD3sNVP, 3-OHD3sNVP (Figure 1C), and 12-OHD2NVP (Figure 1D).
We also identified peaks corresponding to 2- and 3-OHD2NVP, though the peak
areas of these dideuterated metabolites were less than 10% of the trideuterated
versions. Because of this, only the production of 12-OHD2NVP, 2-OHDsNVP, 3-
OHD3NVP were monitored in subsequent experiments with 12-D3sNVP. No peaks
corresponding to 8-OHNVP were detected. These peaks were not found in
vehicle-treated hepatocyte medium (data not shown). With these metabolite
peaks identified, we developed specific MS/MS transitions to detect these
metabolites in future assays of P450 metabolism of NVP and 12-DsNVP (Figure
2). Monitoring these fragments for quantitation, as opposed to the high resolution
parent masses, allowed for improved baseline separation of metabolite peaks in
extracted ion chromatograms (XICs), especially for 12-OHNVP and 12-
OHD2NVP production (Figure 2 D and H). For simplicity, in the following results
and discussion, comparisons of production of 12-OHNVP from NVP or 12-
OHD2NVP from 12-DsNVP is referred to only as 12-OHNVP, with the deuteration
for the product from 12-D3sNVP implied. The same abbreviation is used for 2-
OHNVP vs. 2-OHD3NVP and 2-OHNVP and 3-OHD3sNVP production from NVP
and 12-DsNVP, respectively.

Using this method, we compared the production of these three metabolites
by primary human hepatocytes treated with either 10 uM of NVP or 12-DsNVP for
24 or 48 hours. Levels of 12-OHNVP production with 12-D3sNVP decreased 10.6-

fold (95% CI [6.7, 14.6]) at 24 hours and 13.2-fold (95% CI [11.2, 15.3]) at 48
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hours, as compared to production with NVP (Figure 3A). Because of this
reduction in 12-OHNVP production, we probed whether other P450-dependent
metabolites of NVP would increase in response. No difference was observed in
production of 2- or 3-OHNVP (Figure 3B and 3C), and as with mouse
hepatocytes no peak corresponding to 8-OHNVP formation was identified (data
not shown). At these same treatment times and concentrations, we assayed for
differences in P450-dependent metabolism in C57BL/6J mice. As with human
hepatocytes, we saw decreases in 12-OHNVP production: 4.6- (95% CI [3.6,
5.7]) and 4.0-fold (95% CI [2.7, 5.3]) at 24 and 48 hours of treatment,
respectively (Figure 3D). Again, no difference was observed in either 2- or 3-
OHNVP production (Figure 3E and 3F).

As previously mentioned, monooxygenated metabolites of NVP can be
subsequently glucuronidated to form O-Glucuronide-NVP (O-GlucNVP) (Riska et
al., 1999). Because of this, we were interested in monitoring any impact of
deuterium substitution on this subsequent metabolism of monooxygenated NVP.
Again, we used C57BI/6J hepatocytes in our initial method development for
detection of these metabolites. One uUHPLC-MS/MS peak corresponding to an O-
GlucNVP metabolite was observed in the medium of primary mouse hepatocyte
incubations with 10 uM NVP or 12-D3sNVP for 24 hours (Figure 4). This peak was
not detected in vehicle-treated hepatocyte medium (data not shown). In
incubations with 12-D3NVP, the high-resolution accurate mass of this peak was
that of a trideuterated O-glucuronidated metabolite (O-GlucD3sNVP, 462.1700

m/z), which suggests that this metabolite is likely from 2- or 3-OHNVP
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glucuronidation, as these are the two metabolites that retain all three deuterium
atoms following metabolism by cytochrome P450s. In our treatments of primary
human and primary mouse hepatocytes with 10 yM NVP or 12-DsNVP, no

difference was observed in the levels of this O-GlucNVP metabolite (Figure 5).
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Figure 1. Characterization of P450-dependent NVP and 12-DsNVP
metabolite formation in primary mouse hepatocytes. Fresh primary mouse
hepatocytes from male C57BL/6J mice were cultured and treated with 10 uM
NVP or 12-DsNVP for 24 hours. Metabolites were extracted from the medium
from these treatments and subjected to uHPLC-MS (Orbitrap) analysis. The
following high resolution ions were observed to assay for the presence of P450

metabolites: 238.1190 £ 5 ppm for monooxygenated, undeuterated NVP,
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286.1378 + 5 ppm for monooxygenated, trideuterated NVP, and 285.1315 £ 5
ppm for monooxygenated, dideuterated NVP. Representative extracted ion
chromatograms (XICs) from this analysis are shown for a mix of authentic
standards for undeuterated 2- 3- and 12-OHNVP (A, each at 50 nM),
monooxygenated, undeuterated metabolites formed during incubations with NVP
(B), monooxygenated, trideuterated metabolites formed during incubations with
12-D3NVP (C), and monooxygenated, dideuterated metabolites formed during
incubations with 12-D3sNVP (D). Results are representations of four experimental

replicates.
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Figure 2. Fragment selection for uHPLC-MS/MS based quantitation of
monooxygenated NVP and 12-D3NVP metabolites. Fresh primary mouse

hepatocytes from male C57BL/6J mice were cultured and treated with 10 uM
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NVP or 12-DsNVP for 24 hours. Metabolites were extracted from the medium
from these treatments and subjected to uUHPLC-MS/MS (Orbitrap) analysis.
Representative fragmentation spectra are shown for the following metabolites
from NVP incubations: 2-OHNVP (A), 3-OHNVP (B), and 12-OHNVP (C), with
the selected fragmentation ions used for quantitation and their proposed sights of
fragmentation highlighted. The extracted ion chromatograms (XICs) of these
fragments from incubations with NVP are shown, with the metabolite highlighted
that is quantified with each mass transition (D). Representative fragmentation
spectra are also shown for the following metabolites from 12-D3NVP incubations:
2-OHDsNVP (E), 3-OHD3NVP (F), and 12-OHD2NVP (G), with the selected
fragmentation ions used for quantitation and their proposed sights of
fragmentation highlighted. The extracted ion chromatograms (XICs) of these
fragments from incubations with 12-D3sNVP are shown (H). Results are

representations of four experimental replicates.
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Figure 3. NVP and 12-D3NVP cytochrome P450-dependent metabolism in

primary human and mouse hepatocytes. Cryopreserved primary human

hepatocytes (A-C) and fresh primary mouse hepatocytes (D-F) were incubated

with 10 uM NVP or 12-D3sNVP for 24 or 48 hours. Cytochrome P450 metabolites

extracted from hepatocyte culture medium were measured using uHPLC-MS/MS
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(Orbitrap) detection. 12-OHNVP (A,D), 2-OHNVP (B,E), and 3-OHNVP (C,F)
were monitored using MS/MS scans for the following transitions: 283.1190 —
223.1104 m/z (12-OHNVP), 285.1315 — 225.1230 m/z (12-OHD2NVP),
283.1190 — 161.0709 m/z (12-OHNVP), 285.1315 — 161.0709 m/z (2-
OHDsNVP), 283.1190 — 242.0798 m/z (3-OHNVP), and 285.1315 — 245.0987
m/z (3-OHD3NVP). Data are representative of the mean * standard deviation of
three (human) or four (mouse) experimental replicates. Significant differences
between metabolite production with NVP and 12-DsNVP were determined using

an unpaired t-test generating two-tailed P values (* P<0.05 and *** P < 0.001).
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Figure 4. Extracted ion chromatograms of O-glucuronidated NVP and 12-
D3NVP metabolite formation in primary mouse hepatocytes. Fresh primary
mouse hepatocytes from male C57BL/6J mice were cultured and treated with 10
MM NVP or 12-D3sNVP for 24 hours. Metabolites were extracted from the cell
culture medium and subjected to uHPLC-MS (Orbitrap) analysis. The following
high resolution ions were observed to assay for the presence of P450
metabolites: 459.1510 £ 5 ppm for O-glucuronidated, undeuterated NVP (O-
GlucNVP) and 462.1700 £ 5 ppm for O-glucuronidated, trideuterated NVP (O-
GlucD3sNVP). Representative extracted ion chromatograms (XICs) from this
analysis are shown for O-GlucNVP formed during incubations with NVP (A) and
O-GlucD3sNVP formed during incubations with 12-DsNVP (B). Results are

representations of four experimental replicates.
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Figure 5. Representative fragmentation spectra for an O-glucuronidated
NVP and 12-D3NVP metabolite formed in primary mouse hepatocytes. Fresh
primary mouse hepatocytes from male C57BL/6J mice were cultured and treated
with 10 uM NVP or 12-D3NVP for 24 hours. Metabolites were extracted from the
cell culture medium and subjected to uUHPLC-MS/MS (Orbitrap) analysis.
Fragmentation scans for the following ions were performed: 459.1510 £ 5 ppm

for O-glucuronidated, undeuterated NVP (O-GlucNVP) and 462.1700 + 5 ppm for
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O-glucuronidated, trideuterated NVP (O-GlucDsNVP). Representative
fragmentation spectra for these ions are shown are shown for O-GlucNVP
formed during incubations with NVP (A) and O-GlucDsNVP formed during
incubations with 12-DsNVP (B). The high resolution parent mass is indicated as
[M+H*], and the high resolution fragments used for structural confirmation are
indicated, along with their predicted sites of fragmentation. Results are

representations of four experimental replicates.
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Figure 6. O-glucuronidated NVP and 12-D3sNVP formation in primary human
and mouse hepatocytes. Cryopreserved primary human hepatocytes (A) and
fresh primary mouse hepatocytes (B) were incubated with 10 uM NVP or 12-
DsNVP for 24 or 48 hours. O-glucuronidated metabolites extracted from
hepatocyte culture medium were measured using uHPLC-MS (Orbitrap)
detection. The peak area of the XICs for the following high resolution ions were
observed to assay metabolite formation: 459.1510 £ 5 ppm for O-glucuronidated,
undeuterated NVP (O-GlucNVP) and 462.1700 + 5 ppm for O-glucuronidated,
trideuterated NVP (O-GlucD3sNVP). Data are representative of the mean *

standard deviation of three (human) or four (mouse) experimental replicates.
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Identifying human cytochrome P450s involved in the metabolism of NVP

Given our observed reduction in P450 formation of 12-OHNVP with 12-
DsNVP as compared to NVP, we became interested in which human P450s
isoforms are responsible for the formation of 12-OHNVP. We performed
incubations of NVP (10 uM) with individual human cytochrome P450 enzymes
(100 nM active enzyme), and NADPH regenerating reagents. We employed a
panel of ten cytochrome P450 enzymes commonly implicated in drug metabolism
(Rendic and Guengerich, 2015). As in our incubations with hepatocytes, peaks
corresponding to 2-, 3- and 12-OHNVP were observed in these incubations, and
no peak corresponding to 8-OHNVP was observed (data not shown). Using the
unique fragments identified for these metabolites, uHPLC-MS/MS (triple
quadrupole) detection was employed to quantify 2-, 3-, and 12-OHNVP in these
incubations. For 12-OHNVP (Figure 6A), all but one P450 tested (CYP3AS)
formed this metabolite, with CYP2C19 producing the highest levels. CYP3A4
produced the highest levels of 2-OHNVP (Figure 6B) and CYP2B6 produced the
highest levels of 3-OHNVP (Figure 6C)

Cytochrome P450 isoforms do not exist in equal concentrations within the
human liver. In order to assay the contribution of these P450s in model that is
more representative of the relative abundances of P450 isoforms in the human
liver, we measured monooxygenated NVP metabolite formation in human liver
microsomes. Liver microsomes are endoplasmic retuculum fractions from
pooled-donor human liver homogenate, representing the diversity and relative

abundances of P450s in the hepatic endoplasmic reticulum (Knights et al., 2016)
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We performed one hour co-incubations with liver microsomes (0.5 mg/mL),
NADPH regenrating reagents, and NVP (10 uM), with and without the addition of
small molecule P450 inhibitors at the following concentrations specific to
indicated P450 isoform: 20 uM furafylline (CYP1AZ2 inhibitor), 2 yM
tranylcypromine (CYP2AG6 inhibitor), 30 uM 2-phenyl-2-(1-piperidinyl)propane
(PPP, a CYP2B6 inhibitor), 20 uM sulfaphenazole (CYP2C9 inhibitor), 10 uM (+)
N-3-Benzyl-nirvanol (CYP2C19 inhibitor), 1 uM quinidine (CYP2D6 inhibitor), or 1
MM ketoconazole (CYP3A inhibitor). Using uHPLC-MS/MS (Orbitrap) detection,
we monitored the formation of 12-, 2- and 3-OHNVP in these incubations (Figure
7A, B, and C, respectively). Interestingly, no P450 inhibitor was able to reduce
the formation of 12-OHNVP, including (+)-N-3-benzyl-nirvanol, a CYP2C19
inhibitor (Figure 7A). P450 production of 2-OHNVP was inhibited by
ketoconozole, a CYP3A inhibitor (Figure 7B), and 3-OHNVP production was

inhibited by PPP, a CYP2B6 inhibitor (Figure 7C).
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Figure 7. NVP monooxygenated metabolite produced during incubations
with individual cDNA-expressed human P450 enzymes. Insect cell
microsomes containing one the following c-DNA expressed cytochrome P450s
(100 nM): CYP1A1, -1A2, -2A6, -2B6, -2D6, -2C8, -2C9, -2C19, -3A4, and -3A5,

were incubated with NVP (10 uM) and NADPH regenerating reagents for 30
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minutes. 12-OHNVP (A), 2-OHNVP (B), and 3-OHNVP (C) were extracted from
these incubations and measured using uHPLC-MS/MS (triple quadrupole)
detection for the following transitions: 283.1 — 223.0 m/z (12-OHNVP),

283.1 — 160.9 m/z (2-OHNVP), and 283.1 — 241.9 m/z (3-OHNVP). Data are

representative of the mean + standard deviation of three experimental replicates.
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Figure 8. NVP cytochrome P450-dependent metabolism in human liver
microsomes during co-incubations with cytochrome P450 inhibitors. Liver
microsomes (0.5 mg/mL) prepared from human liver were incubated with NVP
(10 uM) and NADPH-regenerating reagents for one hour either with additional
vehicle as a control (0.2% DMSO) or with the following Cytochrome P450
inhibitors: 20 uM furafylline (CYP1AZ2 inhibitor), 2 uM tranylcypromine (CYP2A6
inhibitor), 30 uM PPP (CYP2B6 inhibitor), 20 uM sulfaphenazole (CYP2C9
inhibitor), 10 uM (+)-N-3-benzyl-nirvanol (CYP2C19 inhibitor), 1 uM quinidine
(CYP2DG6 inhibitor), or 1 uM ketoconazole (CYP3A inhibitor). Metabolites were
measured using uUHPLC-MS/MS (Orbitrap) detection. 12-OHNVP (A), 2-OHNVP
(B), and 3-OHNVP (C) were monitored using MS/MS scans for the following
transitions: 283.1190 — 223.1104 m/z (12-OHNVP), 283.1190 — 161.0709 m/z
(12-OHNVP), and 283.1190 — 242.0798 m/z (3-OHNVP). Data are
representative of the mean + standard deviation of three experimental replicates.
Significant differences in inhibitor containing incubations to vehicle control
incubations were determined using an unpaired t-test generating two-tailed P

values (* P < 0.05 and *** P < 0.001).
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Quantifying the kinetic isotope effect of twelfth-position deuteration of NVP
on 12-OHNVP production in human liver microsomes

No single P450 isoform produced 12-OHNVP and no P450 inhibitor was
able to inhibit liver microsome production of this metabolite at therapeutically
relevant (10 uM) concentrations of NVP. Because of this, we decided to quantify
the kinetic isotope effect of NVP trideuteration on twelfth position oxygen
insertion by P450s using human liver microsomes. Preliminary incubations were
performed in microsomes to determine optimal microsomal protein
concentrations and incubation time points to obtain linear rates of 12-OHNVP
formation from NVP (data not shown). Liver microsomes (2.5 mg/mL) were
incubated with NADPH regenerating reagents and a range of concentrations (1-
400 puM) of either NVP or 12-D3sNVP for 30 minutes. We were unable to achieve
saturation of the rate of 12-OHNVP production even with up to 400 uM NVP, and
beyond this concentration NVP solubility became limiting (data not shown).
Because of this, we monitored the rate of 12-OHNVP production, using uHPLC-
MS/MS Orbitrap detection, with lower concentraions of NVP and 12-DsNVP (0, 1,
5, 10, 25 and 50 yM), where the curve of rate of 12-OHNVP production vs.
substrate concentration maintained linearity for both NVP and 12-DsNVP. To do
this, we employed a standard curve of 12-OHNVP prepared in equal
concentrations of human liver microsomes, without NADPH regenerating
reagents.

12-OHNVP was quantifiable in incubations with all concentrations of NVP,

in incubations with 5, 10, 25 and 50 yM of 12-D3sNVP (Figure 8A). The catalytic
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efficiency (Kcat/Km, the slope of the rate vs. substrate concentration line at non-
saturating conditions) of 12-OHNVP formation with both NVP and 12-DsNVP,
was 83.7 (95% CI [78.2, 89.1]) M-* min™', and 9.2 (95% CI [8.1, 10.3]) M"" min-
respectively (Figure 8A). The average fold change (NVP/12-D3sNVP) in Kcat/Km
was 9.1 (95% CI [7.4, 10.9]). The fold change in rate of 12-OHNVP production,
known as the observed kinetic isotope effect, with 12-DsNVP as compared to
NVP across all concentrations tested was 10.1 (95% CI [9.4, 10.8]).

As with our human hepatocyte incubations we wanted to observe whether
decreased production of 12-OHNVP in liver microsomes would result in
increases in the production of other P450 metabolites of NVP. No significant
change was observed in 2- or 3-OHNVP formation with 50 yM of 12-DsNVP vs
NVP (Figure 8B and 8C, respectively), or with any of the other substrate

concentrations tested (5, 10, 25, 100, 200, 400 uM, data not shown).
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Figure 9. Rate of 12-OHNVP production, as well as 2- and 3-OHNVP
formation, from NVP and 12-D3NVP in human liver microsome incubations.
Liver microsomes (2.5 mg/mL) prepared from pooled human donor livers were
incubated with a range of concentrations of NVP (0, 1, 5, 10, 25, and 50 yM) or
12-D3NVP (0, 5, 10, 25 and 50 yM) and NADPH regenerating reagents for 30
minutes. Cytochrome P450 metabolites extracted from these incubations were
measured using uUHPLC-MS/MS (Orbitrap) detection. Metabolites were monitored

using MS/MS scans for the following transitions: 283.1190 — 223.1104 m/z (12-
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OHNVP), 285.1315 — 225.1230 m/z (12-OHD2NVP), 283.1190 — 161.0709 m/z
(12-OHNVP), 285.1315 — 161.0709 m/z (2-OHDsNVP), 283.1190 — 242.0798
m/z (3-OHNVP), and 285.1315 — 245.0987 m/z (3-OHD3NVP). The rate of
formation of 12-OHNVP (A) was quantified by comparing peak areas of 12-
OHNVP or 12-OHD2NVP to those of a standard curve of 12-OHNVP prepared in
liver microsomal incubations without NADPH regenerating reagents. Formation
of 2-OHNVP (B) and 3-OHNVP(C) from 50 uM of NVP or 12-D3sNVP is also
shown. For rates of 12-OHNVP production, all data points are shown, in addition
to results of linear curve fitting for the graphs of rate vs. substrate concentration.
For 2- and 3-OHNVP production, data are representative of the mean + standard

deviation of three experimental replicates.
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Hepatocyte viability during treatments with NVP and 12-D3:NVP

With our observed reduction in hepatocyte formation of 12-OHNVP with
12-D3NVP, we probed whether there is a difference in hepatocyte viability during
treatments with NVP vs. 12-D3sNVP. Primary mouse hepatocytes were treated
with 400 uM of NVP or 12-D3sNVP for 8 hours, and their viability assayed using
ethidium bromide (EtBr)/acridine orange (AcrO) co-staining, and compared to
treatment with vehicle alone (Figure 9A and 9B). EtBr positive nuclei were
observed as a marker for cell death. Staurosporin (10 uM, 8 hours) treatments
were used as a positive control (data not shown). During treatment with NVP, the
percentage of EtBr- positive cell nucleii was 52.6% (95% CI [37.0, 68.2]), which
is noteably higher than the 19.0% (95% CI [9.5, 28.4]) observed for vehicle
treatments. The percentage of EtBr-positive cell nucleii in treatments with 12-
DsNVP was 36.8% (95% CI [25.3, 48.2]), a modest reduction from levels in
treatments with NVP, though still elevated above vehicle control.

Given the high treatment concentrations needed to induce cell death, we
wanted to compare NVP and 12-D3sNVP metabolite formation in these
incubations. The differences in metabolism between NVP and 12-DsNVP
observed with lower (10 uM) hepatocyte treatment incubations may be differ at
these higher concentrations. Production of 12-OHNVP was reduced 3.5-fold
(95% CI [3.2, 3.8]) with 12-D3sNVP as compared to NVP (Figure 9C) and though
differences between 2- and 3-OHNVP formation did not rise to the level of
statistical significance, the formation of both of these metabolites trended

towards an increase with 12-D3NVP as compared to NVP. Given this trend, we
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also measured the formation of the downstream O-GlucNVP metabolite, likely
formed from 2- or 3-OHNVP, and observed an 2.8-fold (95% CI [1.9, 3.4])
increase with 12-D3sNVP as compared to NVP (Figure 9D). With this observed
increase, we became interested in quantifying other subsequent metabolites of
mono-oxygenated NVP. Glutathione conjugation has been previously observed
on both the 3- and 12- positions (Dekker et al., 2016). We were able to profile
one glutathione cojugated metabolite in our primary mouse hepatocyte
incubations (Figures 11 and 12). Given that with 12-DsNVP this metabolite
retains all three deuteriums (Figures 11 and 12), we propose that this is likely 3-
glutathione-NVP, rather than 12-glutathione-NVP, which would only have two
deuteriums remaining following the metabolism by P450s, sulfotransferases, and
glutathione-s-transferases necessary to produce 12-glutathione-NVP.
Interestingly, during these treatments, we observed a 3.0-fold increase (95% CI
[0.486, 5.514]) in this glutathione-conjugated metabolite with 12-D3sNVP as

compared to NVP.
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Figure 10. EtBr/AcrO viability staining and metabolite formation in primary

mouse hepatocytes treated with NVP or 12-D3sNVP. Fresh primary mouse

hepatocytes were incubated with vehicle (0.02% DMSO), 400 uM NVP, or 400

MM 12-D3NVP for 8 hours. Quantitation of nuclear EtBr incorporation from

EtBr/AcrO viability co-staining (A), as well as representative images of EtBr/AcrO
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co-staining (B) are shown for these incubations. Cytochrome P450 metabolites
extracted from hepatocyte culture medium were measured using uHPLC-MS/MS
(Q-Exactive) detection. 12-OHNVP (C), 2-OHNVP (D), and 3-OHNVP (E) were
monitored using MS/MS scans for the following transitions: 283.1190 —
223.1104 m/z (12-OHNVP), 285.1315 — 225.1230 m/z (12-OHD2NVP),
283.1190 — 161.0709 m/z (12-OHNVP), 285.1315 — 161.0709 m/z (2-
OHDs3NVP), 283.1190 — 242.0798 m/z (3-OHNVP), and 285.1315 — 245.0987
m/z (3-OHD3NVP). One O-glucuronidated metabolite (F) was extracted from the
cell culture medium and subjected to uHPLC-MS (Orbitrap) analysis. The
following high resolution ions were observed to assay for the presence of O-
glucuronidated metabolite: 459.1510 + 5 ppm for O-glucuronidated, undeuterated
NVP (O-GlucNVP) and 462.1700 = 5 ppm for O-glucuronidated, trideuterated
NVP (O-GlucDsNVP). Data are representative of the mean + standard deviation
of four experimental replicates. Significant differences from vehicle (A) or for the
indicated comparisons (A, C, D, E, F) was determined using an unpaired t-test

generating two-tailed P values (* P < 0.05; ** P < 0.01).
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Figure 11. Extracted ion chromatograms of a glutathione conjugated NVP
and 12-D3NVP metabolite formed in primary mouse hepatocytes. Fresh
primary mouse hepatocytes from male C57BL/6J mice were cultured and treated
with 10 uM NVP or 12-D3sNVP for 24 hours. Metabolites were extracted from
isolated cell pellets and subjected to uUHPLC-MS (Orbitrap) analysis. The
following high resolution ions were observed to assay for the presence of P450
metabolites: 572.1922 + 5 ppm for glutathione conjugated, undeuterated NVP
(Glutathione-NVP) and 575.2110 + 5 ppm for glutathione conjugated,
trideuterated NVP (Glutathione-D3NVP). Representative extracted ion
chromatograms (XICs) from this analysis are shown for glutathione conjugates
formed during incubations with NVP (A) and with 12-D3sNVP (B). Results are

representations of four experimental replicates.
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Figure 12. Representative fragmentation spectra for a glutathione
conjugated NVP and 12-D3NVP metabolite formed in primary mouse
hepatocytes. Fresh primary mouse hepatocytes from male C57BL/6J mice were
cultured and treated with 10 yM NVP or 12-D3sNVP for 24 hours. Metabolites
were extracted from isolated cell pellets and subjected to uHPLC-MS/MS
(Orbitrap) analysis. Fragmentation scans for the following ions were performed:
572.1922 + 5 ppm for glutathione conjugated, undeuterated NVP (Glutathione-
NVP) and 575.2110 + 5 ppm for glutathione conjugated, trideuterated NVP

(Glutathione-D3sNVP). Representative fragmentation spectra for these ions are
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shown are shown for glutathione conjugates formed during incubations with NVP
(A) and 12-D3sNVP (B). The high resolution parent mass is indicated as [M+H"],
and the high resolution fragments used for structural confirmation are indicated,
along with their predicted sites of fragmentation. Results are representations of

four experimental replicates.
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Relative-quantitation proteomics analysis of NVP and 12-D3NVP treated
hepatocytes

The molecular mechanisms underlying NVP-induced hepatocyte death are
poorly understood. In addition, though deuterium substitution in this case is
intended to slow metabolism at a specific position, it can also lead to other
unintended consequencecs such as increases in other metabolites, as we have
observed at high concentrations, and even altered parent drug exposure, as has
been previously observed in rats dosed with NVP and 12-DsNVP (Chen et al.,
2008). This may result in alternative cell signalling in response to exposure to
NVP vs. 12-D3NVP. To better understand differential responses to these two
compounds, we performed relative-quantitation label-free proteomics analysis of
primary mouse heptocytes treated with vehicle (0.2% DMSOQO), 400 uM NVP, or
400 uM 12-D3sNVP for 8 hours. In addition, to assess potential changes at more
therapeutically relevant concentrations in a human model, we also performed this
analysis on primary human hepatocytes treated with with vehicle (0.1% DMSO),
10 uM NVP, or 10 uM 12-D3sNVP for a longer treatment duration (48 hours). We
looked for protein changes with NVP or 12-D3sNVP treatment alone, but also
between NVP and 12-D3sNVP. For the purposes of making easier visual
comparisons, changes greater in magnitude than +2.0-fold across the above
comparisons are are shown in Table 1 (mouse hepatocyte treatments) and Table
2 (human hepatocyte treatments). All significant protein changes, regardless of
magnitude, are shown in Tables 3-5 (mouse hepatocyte treatments) and Tables

6-8 (human hepatocyte treatments). Comparisons of housekeeping proteins actin
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and glyceraldehyde-3-phosphate dehydrogenase are also shown in Tabels 3-8.
No change in these housekeeping proteins was observed across any of the
treatments. In treament of mouse hepatocytes for 8 hours, 7 proteins were
elevated or decreased more than 3-fold with 400 uM NVP (as compared to
vehicle), 9 with 400 uM 12-DsNVP (as compared to vehicle), and 9 between 400
MM NVP and 12-DsNVP treaments (Table 1). In treament of human hepatocytes
treated for 48 hours, 3 proteins were elevated or decreased more than 3-fold with
10 uM NVP (as compared to vehicle), 7 with 10 uM 12-D3sNVP (as compared to
vehicle), and 8 between 10 yM NVP and 12-DsNVP treaments (Table 2).

The largest observed change was a 15.96-fold increase in the expression
of mitochondrial pyruvate carrier protein 1 (MPC1) during treatment of human
hepatocytes with 12-D3sNVP as compared to vehicle. An 8.32-fold increase the
the mitochondrial 39S ribosome protein L23 (MRPL23) was also observed with
12-D3NVP treatment in human hepatocytes, as compared to NVP treatment.
Interestingly one protein was differentially expressed in mouse hepatocytes
treated with 12-D3NVP as compared to both vehicle and NVP: increased insulin-
like growth factor-binding protein 1 (Igfbp1, 4.18-fold higher than vehicle and
4.70-fold higher than with NVP treatment). Two cytochrome P450 enzymes,
CYP2D6 and CYP2C9 were both decreased during 12-D3sNVP treatment in
human hepatocytes as compared to NVP, by around 1.92- and 2.06- fold,
respectively (Table 8). Most of the observed changes with NVP vs. 12-D3NVP

were unique to either of these compounds. In addition, among all of the identified
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changes in human hepatocytes there appears to be an abundance of

mitochrondrial proteins (Tables 2 and 6-8).
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Protein Changes with NVP Treatment (in comparison to Vehicle)

UniProt Accession UniProt Entry Gene Name Fold Change P-Value
Q91VC3 Eukaryotic initiation factor 4A-111 Eif4a3 -2.02+0.12 0.0047
Q9Z1N5 Spliceosome RNA helicase Ddx39b Ddx39b -2.15+0.16 0.0381
Q91W92 Cdc42 effector protein 1 Cdc42ept -2.54 +0.05 0.0039
P13597 Intercellular adhesion molecule 1 lcam1 -2.8510.01 0.0001
Q9DC13 Lysosomal membrane glycoprotein 1, isoform CRA_a Lamp1 -3.24 £0.19 0.0336
P70318 Nucleolysin TIAR Tial1 Not found with NVP 0.0047
D3Z5N6 Zinc finger protein ubi-d4 Dpf2 Not found with NVP 0.0038

Protein Changes with 12-D;NVP Treatment (in comparison to Vehicle)
Q8BKT7 THO complex subunit 5 homolog Thoc5 Not found with DMSO 0.0072
A2AIL4 NADH dehydrogenase (ubiquinone) complex |, assembly factor 6 Ndufafé Not found with DMSO 0.0089
P47876 Insulin-like growth factor-binding protein 1 lgfbp1 4.18 £ 1.16 0.0179
035405 Phospholipase D3 Pld3 3.36 £0.98 0.0250
Q9DAS9 Guanine nucleotide-binding protein G(1)/G(S)/G(O) subunit gamma-12 Gng12 2411098 0.0408
BOEKL6 MCG114106 Ptp4ai -2.16+£0.2 0.0179
Q92111 Serotransferrin Tf -2.22+0.07 0.0057
Q3UUI3 Acyl-coenzyme A thioesterase THEM4 Them4 -3.18£0.16 0.0460
P15116 Cadherin-2 Cdh2 Not found with 12-D;NVP 0.0385
Changes with 12-D;NVP Treatment (in comparison to NVP)

UniProt Accession UniProt Entry Gene Name Fold Change P-Value
P47876 Insulin-like growth factor-binding protein 1 lgfbp1 4.7 +1.38 0.0048
E9QPI2 Putative methyltransferase NSUN7 Nsun7 3.89+£273 0.0244
Q642L7 MCG 13441 Rps27a 3.03+251 0.0144
D3Z5F7 Protein Gm20521 Gm20521 264079 0.0079
P70441 Na(+)/H(+) exchange regulatory cofactor NHE-RF1 Slc9a3r1 25086 0.0319
008600 Endonuclease G, mitochondrial Endog 2.07 £ 047 0.0336
Q6A0A9 Constitutive coactivator of PPAR-gamma-like protein 1 Fam120A 2.06 £ 0.6 0.0204
Q3KNM2 E3 ubiquitin-protein ligase MARCH5 March5 -2.14 £ 0.17 0.0061
QB6ZWY 3 408 ribosomal protein S27-like Rps27! -5.67 £ 0.08 0.0416
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Table 1. Relative-quantitation proteomics analysis of protein expression
changes with NVP and 12-D3NVP treatment of primary mouse hepatocytes.
Freshly isolated primary mouse hepatocytes were treated for 8 hours with vehicle
(0.2% DMSO), 400 uM NVP, or 400 uM 12-D3sNVP. Cell lysate was then
prepared for and subjected to Top10 nanoLC-MS based proteomics, with data
analysis performed in Proteome Discoverer 2.1, using Sequest HT for peptide
spectral matching/protein identification and precursor ion area detection for
relative quantitation. Up to 10 unique or razor peptides were used in protein
precursor ion-based quantitation. Relative quantitation changes over 2- fold (ratio
of means) are shown for treatment with NVP as compared to vehicle (top panel),
with 12-D3sNVP as compared to vehicle (middle panel), and with 12-DsNVP as
compared to NVP (bottom panel). UniProt proteome Mus musculus 10090 was
used for protein identification profiling, with UniProt accession numbers, protein
entry (protein name), and gene name’s provided. P-values were generated using
un-paired t-test and effect size calculated using Cohen's d equation. Data are

representative of four biological replicates.
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Protein Changes with NVP Treatment (in comparison to Vehicle)

UniProt Accession UniProt Entry Gene Name Fold Change P-Value
Q13098 Isoform 3 of COP9 signalosome complex subunit 1 GPS1 2.06+0.26 0.0289
Q13190 Syntaxin-5 STX5 2.02+0.39 0.0183
P36543 V-type proton ATPase subunit E 1 ATP6V1E1 -2.16 £ 0.25 0.0460

Protein Changes with 12-D;NVP Treatment (in comparison to Vehicle)
Qoys5uU8 Mitochondrial pyruvate carrier 1 MPC1 15.96 + 11.14 0.0015
Q16718 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 5 NDUFAS5 -2.14+0.1 0.0247
Q92552 Isoform 2 of 288 ribosomal protein S27, mitochondrial MRPS27 24 +0.17 0.0490
P61457 Pterin-4-alpha-carbinolamine dehydratase PCBD1 -2.63 £0.17 0.0042
015127 Secretory carrier-associated membrane protein 2 SCAMP2 -2.68 £ 0.05 0.0380
Q7L8L6 FAST kinase domain-containing protein 5, mitochondrial FASTKD5 -4.73 £0.06 0.0456
Q96K37 Solute carrier family 35 member E1 SLC35E1 Not Found in 12-D;NVP 0.0151
Changes with 12-D;NVP Treatment (in comparison to NVP)

UniProt Accession UniProt Entry Gene Name Fold Change P-Value
Q16540 398 ribosomal protein L23, mitochondrial MRPL23 8.32+221 0.0159
Q8N163 Cell cycle and apoptosis regulator protein 2 CCAR2 -2.05+0.09 0.0164
QouJes Mitochondrial peptide methionine sulfoxide reductase MSRA -2.05+0.14 0.0358
P11712 Cytochrome P450 2C9 CYP2C9 -2.06 £ 0.16 0.0498
QONYL9 Tropomodulin-3 TMOD3 -2.1+£0.01 0.0356
Q93096 Protein tyrosine phosphatase type IVA 1 PTP4A1 -2.42 017 0.0466
QoY2D5 Isoform 2 of A-kinase anchor protein 2 AKAP2 -2.67 £0.06 0.0249
Q9Y3B2 Exosome complex component csl4 EXOSC1 -2.73 +0.09 0.0086
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Table 2. Relative-quantitation proteomics analysis of protein expression
changes with NVP and 12-D3NVP treatment of cryopreserved human
hepatocytes. Cryopreserved pooled-donor (10, mixed-sex) primary human
hepatocytes were treated for 48 hours with vehicle (0.1% DMSO), 10 uM NVP, or
10 uM 12-D3NVP. Cell lysate was then prepared for and subjected to Top10
nanoLC-MS based proteomics, with data analysis performed in Proteome
Discoverer 2.1, using Sequest HT for peptide spectral matching/protein
identification and precursor ion area detection for relative quantitation. Up to 10
unique or razor peptides were used in protein precursor ion-based quantitation.
Relative quantitation changes over 2- fold (ratio of means) are shown for
treatment with NVP as compared to vehicle (top panel), with 12-D3sNVP as
compared to vehicle (middle panel), and with 12-D3sNVP as compared to NVP
(bottom panel). UniProt proteome Homo sapiens 9606 was used for protein
identification profiling, with UniProt accession numbers, protein entry (protein
name), and gene name’s provided. P-values were generated using un-paired t-
test and effect size calculated using Cohen's d equation. Data are representative

of experiments with three different 10-donor pools of hepatocytes.

136



Protein Changes with NVP Treatment (in comparison to Vehicle)

UniProt Accession UniProt Entry Gene Name Fold Change P-Value
P70404 Isocitrate dehydrogenase [NAD] subunit gamma 1, mitochondrial Idh3g 1.8 £0.36 0.0071
P60710 Actin, cytoplasmic 1 Actb 1.15 £ 0.64 0.8847

AOAOAOMQF6 Glyceraldehyde-3-phosphate dehydrogenase Gapdh -1.01 £ 0.33 0.8643
Q9DBG7 Signal recognition particle receptor subunit alpha Srpra -1.27 £ 0.1 0.0408
Q9D710 Thioredoxin-related transmembrane protein 2 Tmx2 -1.39+0.1 0.0310
Q56976 Thyroid hormone receptor-associated protein 3 Thrap3 -1.46 £ 0.09 0.0064
Q9DB05 Alpha-soluble NSF attachment protein Napa -1.48 £ 0.09 0.0108
Q8C2T9 Putative uncharacterized protein Ik -1.51+0.19 0.0484
A1L2Z3 C230096C10Rik protein Emc1 -1.52+0.13 0.0404
Q3UMFO Cordon-bleu protein-like 1 Cobil1 -1.58+0.18 0.0477
Q8BFP9 Pyruvate dehydrogenase (acetyl-transferring)] kinase isozyme 1, mitochondrial Pdk1 -1.66 £ 0.09 0.0394
Q3TKM9 Actin-related protein 2/3 complex subunit 5 Arpch -1.69+0.1 0.0061
Q542U7 LSM6 homolog, U6 small nuclear RNA associated (S. cerevisiae) Lsmé -1.72+0.22 0.0292
Q91VC3 Eukaryotic initiation factor 4A-111 Eif4a3 -2.02+0.12 0.0047
QO9Z1N5 Spliceosome RNA helicase Ddx39b Ddx39b -2.15+£0.16 0.0381
Q91We2 Cdc42 effector protein 1 Cdc42ep1 -2.54 £0.05 0.0039
P13597 Intercellular adhesion molecule 1 lcam1 -2.85+0.01 0.0001
Q9DC13 Lysosomal membrane glycoprotein 1, isoform CRA_a Lamp1 -3.24+0.19 0.0336
P70318 Nucleolysin TIAR Tial1 Not found with NVP 0.0047
D3Z5N6 Zinc finger protein ubi-d4 Dpf2 Not found with NVP 0.0038

137




Table 3. Relative-quantitation proteomics analysis of protein expression
changes with NVP treatment of primary mouse hepatocytes. Freshly isolated
primary mouse hepatocytes were treated for 8 hours with vehicle (0.2% DMSO)
or 400 uM NVP. Cell lysate was then prepared for and subjected to Top10
nanoLC-MS based proteomics, with data analysis performed in Proteome
Discoverer 2.1, using Sequest HT for peptide spectral matching/protein
identification and precursor ion area detection for relative quantitation. Up to 10
unique or razor peptides were used in protein precursor ion-based quantitation.
Statistically significant relative-quantitation changes are shown for treatment with
NVP as compared to vehicle, as well as the results for housekeeping proteins
actin and GAPDH. UniProt proteome Mus musculus 10090 was used for protein
identification profiling, with UniProt accession numbers, protein entry (protein
name), and gene name’s provided. P-values were generated using un-paired t-
test and effect size calculated using Cohen's d equation. Data are representative

of four biological replicates.
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Protein Changes with 12-D,NVP Treatment (in comparison to Vehicle)

UniProt Accession UniProt Entry Gene Name Fold Change P-Value
Q8BKT7 THO complex subunit 5 homolog Thoc5 Not found with DMSO 0.0072
A2AIL4 NADH dehydrogenase (ubiquinone) complex |, assembly factor 6 Ndufafé Not found with DMSO 0.0089
P47876 Insulin-like growth factor-binding protein 1 Igfbp1 418 £1.16 0.0179
035405 Phospholipase D3 Pld3 3.36 £ 0.98 0.0250
Q9DAS9 Guanine nucleotide-binding protein G(1)/G(S)/G(O) subunit gamma-12 Gng12 2.41+0.98 0.0408
Q3TJO1 tRNA-splicing ligase RtcB homolog Rtcb 1.65 £ 0.47 0.0340
Q3TND1 Peptidyl-prolyl cis-trans isomerase Fkbp2 1.57 £ 0.31 0.0295
P60710 Actin, cytoplasmic 1 Actb 1.19 £ 0.68 0.7786

AOAOAOMQF6 Glyceraldehyde-3-phosphate dehydrogenase Gapdh 1.11 £ 0.53 0.6387
P13597 Intercellular adhesion molecule 1 leam1 -1.36 £ 0.03 0.0015
Q3TEX7 Putative uncharacterized protein Mfn2 -1.45 % 0.09 0.0266
P11352 Glutathione peroxidase 1 Gpx1 -1.5+0.03 0.0028
Q9DBG7 Signal recognition particle receptor subunit alpha Srpra -1.58 £ 0.17 0.0225
Q14C24 MCG14259, isoform CRA_a U2af1 -1.95+0.13 0.0042
BOEKL6 MCG1141086 Ptp4a1 -2.16+£0.2 0.0179
Q92111 Serotransferrin Tf -2.22 +0.07 0.0057
Q3UUI3 Acyl-coenzyme A thioesterase THEM4 Them4 -3.18 £ 0.16 0.0460
P15116 Cadherin-2 Cdh2 Not found with 12-D;NVP  0.0385
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Table 4. Relative-quantitation proteomics analysis of protein expression
changes with 12-D3NVP treatment of primary mouse hepatocytes. Freshly
isolated primary mouse hepatocytes were treated for 8 hours with vehicle (0.2%
DMSO) or 400 uM 12-D3NVP. Cell lysate was then prepared for and subjected to
Top10 nanoLC-MS based proteomics, with data analysis performed in Proteome
Discoverer 2.1, using Sequest HT for peptide spectral matching/protein
identification and precursor ion area detection for relative quantitation. Up to 10
unique or razor peptides were used in protein precursor ion-based quantitation.
Statistically significant relative-quantitation changes are shown for treatment with
12-D3NVP as compared to vehicle, as well as the results for housekeeping
proteins actin and GAPDH. UniProt proteome Mus musculus 10090 was used for
protein identification profiling, with UniProt accession numbers, protein entry
(protein name), and gene name’s provided. P-values were generated using un-
paired t-test and effect size calculated using Cohen's d equation. Data are

representative of four biological replicates.
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Changes with 12-D;NVP Treatment (in comparison to NVP)

UniProt Accession UniProt Entry Gene Name Fold Change P-Value
P47876 Insulin-like growth factor-binding protein 1 lgfbp1 47 +1.38 0.0048
E9QPI2 Putative methyltransferase NSUN7 Nsun7 3.89+273 0.0244
Qe42L7 MCG13441 Rps27a 3.03 251 0.0144
D3Z5F7 Protein Gm20521 Gm20521 264 +0.79 0.0079
P70441 Na(+)/H(+) exchange regulatory cofactor NHE-RF1 Slc9a3r1 25+£0.86 0.0319
008600 Endonuclease G, mitochondrial Endog 2.07£047 0.0336
Q6A0A9 Constitutive coactivator of PPAR-gamma-like protein 1 Fam120A 206+0.6 0.0204
Q91XE4 N-acyl-aromatic-L-amino acid amidohydrolase (carboxylate-forming) Acy3 1.6 £ 0.07 0.0067
Q8K2C6 NAD-dependent protein deacylase sirtuin-5, mitochondrial Sirts 1.56 £ 0.29 0.0481
Q3TMX5 Arginine-rich, mutated in early stage tumors, isoform CRA_b Manf 1.3+0.06 0.0066

AOAOAOMQF6 Glyceraldehyde-3-phosphate dehydrogenase Gapdh 1.4 +1.01 0.7024
P60710 Actin, cytoplasmic 1 Actb 1.05+£04 0.7289
Q4VBG1 DEAD (Asp-Glu-Ala-Asp) box polypeptide 47 Ddx47 -1.5+0.1 0.0094
Q92111 Serotransferrin Tf -1.52+0.17 0.0440
B2RT89 Predicted gene, EG434674 Slc22a28 -1.66 +0.16 0.0287
Q99N96 39S ribosomal protein L1, mitochondrial Mrpl1 -1.87+0.19 0.0295
Q4VA32 Thioesterase superfamily member 2 Acot13 -1.97 £ 0.16 0.0055
Q3KNM2 E3 ubiguitin-protein ligase MARCHS Marchb -2.14 £ 0.17 0.0061
Q6ZWY3 40S ribosomal protein S27-like Rps27i -5.67 £ 0.08 0.0416
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Table 5. Relative-quantitation proteomics analysis of protein expression
changes with 12-D3NVP treatment, as compared to NVP, of primary mouse
hepatocytes. Freshly isolated primary mouse hepatocytes were treated for 8
hours with 400 yM NVP or 12-D3sNVP. Cell lysate was then prepared for and
subjected to Top10 nanoLC-MS based proteomics, with data analysis performed
in Proteome Discoverer 2.1, using Sequest HT for peptide spectral
matching/protein identification and precursor ion area detection for relative
quantitation. Up to 10 unique or razor peptides were used in protein precursor
ion-based quantitation. Statistically significant relative-quantitation changes are
shown for treatment with 12-D3sNVP as compared to NVP, as well as the results
for housekeeping proteins actin and GAPDH. UniProt proteome Mus musculus
10090 was used for protein identification profiling, with UniProt accession
numbers, protein entry (protein name), and gene name’s provided. P-values
were generated using un-paired t-test and effect size calculated using Cohen's d
equation. Data are representative of four biological replicates. Protein
identifications that were only detected one of the two treatments, across all
replicates, are also included for discussion, though in highlighted incidences (*)

they did not rise to the level of statistical significance.
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Protein Changes with NVP Treatment (in comparison to Vehicle)

UniProt Accession UniProt Entry Gene Name Fold Change P-Value
Q13098 Isoform 3 of COP9 signalosome complex subunit 1 GPS1 2.06 £0.26 0.0289
Q13190 Syntaxin-5 STX5 2.02+0.39 0.0183
095298 NADH dehydrogenase [ubiquinone] 1 subunit C2 NDUFC2 1.91+£0.23 0.0135
Q96159 Pprobable asparagine--tRNA ligase, mitochondrial NARS2 1.88 £ 0.06 0.0263
Q9UQ53 Isoform 3 of Alpha-1,3-mannosyl-glycoprotein 4-beta-N-acetylglucosaminyltransferase B MGAT4B 1.87 £ 045 0.0339
Q14320 Protein FAM50A FAM50A 1.82+0.12 0.0387
Q14117 Dihydropyrimidinase DPYS 1.73+0.15 0.0359
P15907 Beta-galactoside alpha-2,6-sialyltransferase 1 ST6GAL1 1.65+£0.33 0.0371
095197 Isoform 3 of Reticulon-3 RTN3 1.62 +0.04 0.0111
P63208 S-phase kinase-associated protein 1 SKP1 1.59+0.15 0.0298
Q9Y3B2 Exosome complex component csl4 EXOSC1 1.55+0.17 0.0181
QOBVV7 Mitochondrial import inner membrane translocase subunit TIM21 TIMM21 1.52 £0.18 0.0368
P28072 Proteasome subunit beta type-6 PSMB6 1.44 £ 0.09 0.0241
Q9ULAO Aspartyl aminopeptidase DNPEP 1.42 £ 0.06 0.0075
Q9HD45 Transmembrane 9 superfamily member 3 TMISF3 1.41+£01 0.0258
Q9HER3 Acyl-CoA synthetase short-chain family member 3, mitochondrial ACSS3 1.31£0.11 0.0214
015382 Branched-chain-amino-acid aminotransferase, mitochondrial BCAT2 1.3+0.09 0.0270
QIONX47 E3 ubiquitin-protein ligase MARCH5 MARCH5 1.3+0.13 0.0489
Q5JTZ9 Alanine--tRNA ligase, mitochondrial AARS2 1.21 £ 0.06 0.0202
Q6P1MO Long-chain fatty acid transport protein 4 SLC27A4 1.17 £0.01 0.0019
P04406 Glyceraldehyde-3-phosphate dehydrogenase GAPDH 1.18 £0.13 0.2236
P60709 Actin, cytoplasmic 1 ACTB 1.03+£0.3 0.9894
P56182 Ribosomal RNA processing protein 1 homolog A RRP1 -1.32+£0.07 0.0402
P36543 V-type proton ATPase subunit E 1 ATP6V1E1 -2.16 £ 0.25 0.0460
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Table 6. Relative-quantitation proteomics analysis of protein expression
changes with NVP treatment of cryopreserved human hepatocytes.
Cryopreserved pooled-donor (10, mixed-sex) primary human hepatocytes were
treated for 48 hours with vehicle (0.1% DMSO) or 10 uM NVP. Cell lysate was
then prepared for and subjected to Top10 nanoLC-MS based proteomics, with
data analysis performed in Proteome Discoverer 2.1, using Sequest HT for
peptide spectral matching/protein identification and precursor ion area detection
for relative quantitation. Up to 10 unique or razor peptides were used in protein
precursor ion-based quantitation. Statistically significant relative quantitation
changes are shown for treatment with NVP as compared to vehicle, as well as
the results for housekeeping proteins actin and GAPDH. UniProt proteome Homo
sapiens 9606 was used for protein identification profiling, with UniProt accession
numbers, protein entry (protein name), and gene name’s provided. P-values
were generated using un-paired t-test and effect size calculated using Cohen's d
equation. Data are representative of experiments with three different 10-donor
pools of hepatocytes. Protein identifications that were only detected one of the
two treatments, across all replicates, are also included for discussion, though in

highlighted incidences (*) they did not rise to the level of statistical significance.
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Protein Changes with 12-D;NVP Treatment (in comparison to Vehicle)

UniProt Accession UniProt Entry Gene Name Fold Change P-Value
Q9Y5UB Mitochondrial pyruvate carrier 1 MPC1 15.96 + 11.14 0.0015
P60059 Protein transport protein Sec61 subunit gamma SEC61G 1.96 +£0.21 0.0285
Q96CU0 FAD-dependent oxidoreductase domain-containing protein 1 FOXRED1 1.95+0.27 0.0343
Q15397 Pumilio homolog 3 PUM3 1.94 £0.37 0.0320
P33261 Cytochrome P450 2C19 CYP2C19 1.79+0.12 0.0339

Q8WUKO Phosphatidylglycerophosphatase and protein-tyrosine phosphatase 1 PTPMT1 1.74 £0.01 0.0225
P60709 Actin, cytoplasmic 1 ACTB -1.13£0.06 0.1272
P04406 Glyceraldehyde-3-phosphate dehydrogenase GAPDH -1.17 £0.11 0.1835
P16152 Carbonyl reductase [NADPH] 1 CBR1 -1.25+0.04 0.0082
094973 AP-2 complex subunit alpha-2 AP2A2 -1.3+0.07 0.0373
Q02252 Methylmalonate-semialdehyde dehydrogenase [acylating], mitochondrial ALDHBA1 -1.32 £ 0.06 0.0229
P42765 3-ketoacyl-CoA thiolase, mitochondrial ACAA2 -1.33£0.02 0.0244
Q9ULCS Isoform 2 of Long-chain-fatty-acid--CoA ligase 5 ACSL5 -1.36 £ 0.09 0.0371
P61604 10 kDa heat shock protein, mitochondrial HSPE1 -1.38+£0.06 0.0291
P26440 Isovaleryl-CoA dehydrogenase, mitochondrial VD -1.38 £ 0.09 0.0349
Q13243 Serine/arginine-rich splicing factor 5 SRSF5 -1.45+0.06 0.0035
QBYN16 Hydroxysteroid dehydrogenase-like protein 2 HSDL2 -1.46 £ 0.05 0.0052
Q96199 Succinyl-CoA ligase [GDP-forming] subunit beta, mitochondrial SUCLG2 -1.48 £ 0.1 0.0302
QoauJz1 Stomatin-like protein 2, mitochondrial STOML2 -1.53+0.1 0.0441
Q9BYG3 MKI67 FHA domain-interacting nucleolar phosphoprotein NIFK -1.54 £ 0.08 0.0188
QO9BYT8 Neurolysin, mitochondrial NLN -1.57£0.13 0.0332
P51398 28S ribosomal protein S29, mitochondrial DAP3 -1.62 +0.03 0.0109
095297 Myelin protein zero-like protein 1 MPZL1 -1.64 £0.03 0.0039
000515 Ladinin-1 LAD1 -1.66 £ 0.09 0.0068
014561 Acyl carrier protein, mitochondrial NDUFAB1 -1.7+0.15 0.0456
Q07020 608 ribosomal protein L18 RPL18 -1.77 £0.15 0.0336
Q15392 Delta(24)-sterol reductase DHCR24 -1.85+0.15 0.0397
Q92734 Protein TFG TFG -1.87 £ 0.04 0.0497
P62995 Transformer-2 protein homolog beta TRA2B -1.94 £ 0.08 0.0067
P62241 408 ribosomal protein S8 RPS8 -1.98 £ 0.16 0.0067
QouL25 Ras-related protein Rab-21 RAB21 -1.99 £ 0.03 0.0482
Q16718 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 5 NDUFAS -2.14 £ 0.1 0.0247
Q92552 Isoform 2 of 288 ribosomal protein S27, mitochondrial MRPS27 24017 0.0490
P61457 Pterin-4-alpha-carbinolamine dehydratase PCBD1 -2.63+0.17 0.0042
015127 Secretory carrier-associated membrane protein 2 SCAMP2 -2.68 £ 0.05 0.0380
Q7L8L6 FAST kinase domain-containing protein 5, mitochondrial FASTKDS -4.73+£0.06 0.0456
Q96K37 Solute carrier family 35 member E1 SLC35E1 Not Found in 12-D3NVP_ 0.0151
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Table 7. Relative-quantitation proteomics analysis of protein expression
changes with 12-D3NVP treatment of cryopreserved human hepatocytes.
Cryopreserved pooled-donor (10, mixed-sex) primary human hepatocytes were
treated for 48 hours with vehicle (0.1% DMSO) or 10 yuM 12-D3sNVP. Cell lysate
was then prepared for and subjected to Top10 nanoLC-MS based proteomics,
with data analysis performed in Proteome Discoverer 2.1, using Sequest HT for
peptide spectral matching/protein identification and precursor ion area detection
for relative quantitation. Up to 10 unique or razor peptides were used in protein
precursor ion-based quantitation. Statistically significant relative quantitation
changes are shown for treatment with 12-D3sNVP as compared to vehicle, as well
as the results for housekeeping proteins actin and GAPDH. UniProt proteome
Homo sapiens 9606 was used for protein identification profiling, with UniProt
accession numbers, protein entry (protein name), and gene name’s provided. P-
values were generated using un-paired t-test and effect size calculated using
Cohen's d equation. Data are representative of experiments with three different
10-donor pools of hepatocytes. Protein identifications that were only detected
one of the two treatments, across all replicates, are also included for discussion,
though in highlighted incidences (*) they did not rise to the level of statistical

significance.
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Changes with 12-D;NVP Treatment (in comparison to NVP)

UniProt Accession UniProt Entry Gene Name Fold Change P-Value
Q16540 39S ribosomal protein L23, mitochondrial MRPL23 8.32 £ 2.21 0.0159
QB8NI60 Atypical kinase ADCK3, mitochondrial COQ8A 1.95+0.2 0.0168
QOHAT7 Probable cysteine--tRNA ligase, mitochondrial CARS2 1.856+0.2 0.0041
Q14498 RNA-binding protein 39 RBM39 1.7+£0.2 0.0339
Q9Y2H5 Pleckstrin homology domain-containing family A member 6 PLEKHAG6 1.59 £ 0.05 0.0188
Q8IYS2 Isoform 2 of Uncharacterized protein KIAA2013 KIAA2013 1.36 + 0.01 0.0051
P60709 Actin, cytoplasmic 1 ACTB -1.09 £ 0.19 0.4937
P04406 Glyceraldehyde-3-phosphate dehydrogenase GAPDH -1.356+0.16 0.1836
P34897 Serine hydroxymethyltransferase, mitochondrial SHMT2 -1.28 £0.05 0.0225
P08574 Cytochrome ¢1, heme protein, mitochondrial CYC1 -1.4 £0.09 0.0478
Q15046 Isoform Mitochondrial of Lysine--tRNA ligase KARS -1.42 £ 0.06 0.0490
Q96124 Far upstream element-binding protein 3 FUBP3 -1.47 £ 0.03 0.0198
P00167 Cytochrome b5 CYB5A -1.5+0.11 0.0361
Q13438 Protein 0s-9 089 -1.563 £ 0.09 0.0187
Q9Y315 deoxyribose-phosphate aldolase DERA -1.63 £ 0.06 0.0229
Q4G176 Acyl-CoA synthetase family member 3, mitochondrial ACSF3 -1.63 £ 0.09 0.0278
P82979 SAP domain-containing ribonucleoprotein SARNP -1.65 £ 0.07 0.0043
075431 Metaxin-2 MTX2 -1.67 £ 0.09 0.0465
Q9HER4 Nucleolar protein 6 NOL6 -1.85+0.12 0.0121
P13716 Isoform 2 of Delta-aminolevulinic acid dehydratase ALAD -1.86 £ 0.08 0.0467
015321 Transmembrane 9 superfamily member 1 TM9SF1 -1.86 £ 0.08 0.0366
P10635 Cytochrome P450 2D6 CYP2D6 -1.92 £ 0.07 0.0317
Q9BVKS6 Transmembrane emp24 domain-containing protein 9 TMED9 -1.93£0.14 0.0218
Q8N163 Cell cycle and apoptosis regulator protein 2 CCAR2 -2.05+0.09 0.0164
QouJes Mitochondrial peptide methionine sulfoxide reductase MSRA -2.05+0.14 0.0358
P11712 Cytochrome P450 2C9 CYP2C9 -2.06 £0.16 0.0498
QINYL9 Tropomodulin-3 TMOD3 -2.1+£0.01 0.0356
Q93096 Protein tyrosine phosphatase type IVA 1 PTP4A1 -2.42 + 017 0.0466
Q9Y2D5 Isoform 2 of A-kinase anchor protein 2 AKAP2 -2.67 £ 0.06 0.0249
Q9Y3B2 Exosome complex component csl4 EXOSC1 -2.73 +0.09 0.0086
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Table 8. Relative-quantitation proteomics analysis of protein expression
changes with 12-D3NVP treatment, as compared to NVP, of cryopreserved
human hepatocytes. Cryopreserved pooled-donor (10, mixed-sex) primary
human hepatocytes were treated for 48 hours with 10 uM NVP or 12-D3sNVP. Cell
lysate was then prepared for and subjected to Top10 nanoLC-MS based
proteomics, with data analysis performed in Proteome Discoverer 2.1, using
Sequest HT for peptide spectral matching/protein identification and precursor ion
area detection for relative quantitation. Up to 10 unique or razor peptides were
used in protein precursor ion-based quantitation. Statistically significant relative
quantitation changes are shown for treatment with 12-D3NVP as compared to
NVP, as well as the results for housekeeping proteins actin and GAPDH. UniProt
proteome Homo sapiens 9606 was used for protein identification profiling, with
UniProt accession numbers, protein entry (protein name), and gene name’s
provided. P-values were generated using un-paired t-test and effect size
calculated using Cohen's d equation. Data are representative of experiments with
three different 10-donor pools of hepatocytes. Protein identifications that were
only detected one of the two treatments, across all replicates, are also included
for discussion, though in highlighted incidences (*) they did not rise to the level of

statistical significance.
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Discussion

With this work, through the use of high resolution uHPLC-MS/MS
analyses, we have assayed differences in the P450 metabolism of NVP and 12-
DsNVP in primary hepatocytes. At clinically relevant concentrations (10 uM) of
these compounds we observed a 10.6-fold reduction in 12-OHNVP production in
primary human hepatocytes and a lesser 4.6-fold reduction in C57BI/6J primary
mouse heptocytes. These results demonstrate that trideuteration at the twelfth
position NVP is an effective method of reducing hepatic production of the
potentially toxic 12-OHNVP metabolite, in both a human hepatocyte model and in
a model organism previously employed in the study of NVP toxicities (Sharma et
al., 2012; Sharma et al., 2013).

In an effort to concentrate on potential impacts of this deuterium
substitution for specific P450 isoforms, we assayed the contribution of various
human P450s in the production 12-OHNVP. We found that all but one P450
tested produced detectable 12-OHNVP and that no P450 isoform-specific
inhibitor reduced the production of this metabolite in liver microsomes incubated
with 10 yM NVP. We were able to demonstrate that CYP3A4 is the isform
responsible for 2-OHNVP produciton and CYP2B6 for 3-OHNVP production. In
initial work characterizing the P450 metabolism of NVP, similar results were
observed using a smaller sampling (four) of human P450s. Erickson et al. (1999)
observed 12-OHVNP production by multiple P450s, and no impact of antibody-
based P450 inhibition on 12-OHNVP production during incubations with 25 yM

NVP. However, there was an impact on the production of 12-OHNVP from anti-
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CYP3A4 with 400 uM NVP and from ketoconozole (CYP3A inhibitor) with 100 uM
NVP. From their work, Erickson et al. concluded that several P450s may
contribute to 12-OHNVP formation at lower, more clinically relevant
concentrations of NVP. They also attributed 2-OHNVP to the CYP3A subfamily
and 3-OHNVP to CYP2B6 subfamily (Erickson et al., 1999). Though we could
have continued with a more extensive characterization by varying substrate
concentrations or trying different modes of inhibition, we felt these results
supported quantitation of the kinetic isotope effect of twelfth position deuterium
substitution in a multi-P450 system such as human liver microsomes.

To quantify the kinetic isotope effect of this substitution, we performed
non-competitive intermolecular experiments with NVP and 12-D3sNVP.
Terminology estabilished by Norththrop (1982) is used to distinguish the different
parameters observed in this work (Northrop, 1982). In human liver micosome
incubations, we have demonstrated a marked (9.1-fold) reduction of the catalytic
efficiency of P450 production of 12-OHNVP as a result of twelfth-position
deuterium substitution, abbreviated commonly as P(V/K). In addition we have
quantified a primary, normal observed kinetic isotope effect (°PK), of this substition
on human P450 metabolism to be 10.1-fold. Both of which correspond with the
reduction in 12-OHNVP production observed with human hepatocyte incubations
(10.6-fold at 24 hours with 10 uM substrate). We were unable to calculate
intrinsic kinetic isotope effect (°k), which is a measure of the impact on the P450
hydrogen bond-breaking step specifically (Guengerich, 2017). However, it is our

understanding that our observed P(V/K) is fairly high considering the same
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measurements for other P450 reactions: 2-3 (Yun et al., 2000), 3.1-3.18
(Guengerich et al., 2002), 4.5 (Bell-Parikh and Guengerich, 1999), 5-11 (Pallan
et al., 2015), and >10 (Yun et al., 2000). Of note, one previous study observed
DV/K to be 10.9 in microsomal incubations, but only 3.7 in CYP2E1-specific
incubations (Chowdhury et al., 2012). In the future it would be interesting to
survey the diversity of kinetic isotope effects for 12-OHNVP from 12-DsNVP
across different isoforms, given that NVP appears to be a substrate for multiple
different P450s.

Interestingly, we observed no change in 2-OHNVP or 3-OHNVP, or in one
glucuronidated metabolite, which we propose to be either 2- or 3-O-glucNVP,
during 24 and 48 hour hepatocyte incubations with 10 yM 12-D3sNVP as
compared to NVP. This was consistent across human and C57BI/6J primary
hepatocytes. In incubations with human liver microsomes we also did not
observed any change in the production of 2- or 3-OHNVP, at substrate
concentrations ranging from 5-400 yM. We found this intriguing, as metabolic
switching, in which other drug metabolite levels increase in response to
decreased metabolism at one position, has been kown to occur with deuterium
substitution (Kim et al., 2014; Stringer et al., 2014; Sun et al., 2018; Ucal et al.,
2018).This may be due to differences in P450 contributions to metabolism at
these different positions of the NVP scaffold. Since we did not see a significant
decrease in 12-OHNVP with inhibitors that reduced production of 2-OHNVP and
3-OHNVP, this suggests that the enzymes responsible for 2- and 3-OHNVP

production (CYP3A4 and CYP2B6, respectively) may not play a large role in the
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conversion of NVP to 12-OHNVP. With that, modifying the dynamics of this
specific conversion may not impact formation of the rates of CYP3A4/CYP2B6
production of 2- or 3-OHNVP. However, it is worth noting that at high
concentrations of NVP or 12-DsNVP in primary mouse hepatocytes we did
observed a trend towards an increase in 2- and 3-OHNVP, as well as increased
O-GlucNVP formation. This difference from results with high concentration
incubations in human liver microsomes may be a result of species differences (at
higher concentrations in mice there is a mouse P450 that forms all three
metabolites, and therefore is subject to switching), differences in incubation times
(short term incubations with micrsomes versus long-term hepatocyte culture
incubations), system complexity (multiple classes of drug metabolizing enzymes
working simultaneously in hepatocytes versus only P450 activity in our liver
microsome incubations), or more likely some combination of all of these factors.
Previously, in rats treated with NVP and 12-DsNVP, a reduction in circulating
concentrations of 12-D3sNVP (as compared to NVP) was observed (Chen et al.,
2008). This suggests the possibility of metabolic switching, resulting in faster
drug clearance, in this model of toxicity.

Here we have also assayed for differences in hepatocyte death with NVP
and 12-D3NVP. Unfortunately, as with other in vitro work involving NVP, we had
to use high supra-therapeutic concentrations to observe any cell death with NVP
(Fang and Beland, 2013; Marinho et al., 2016; Pinheiro et al., 2017). We did see
a modest reduction in C57BI/6J hepatocyte death with 12-D3sNVP as compared to

NVP, though the clinical implications in this degree of change are difficult to

152



ascertain (from 52.6% of cells dead/dying with NVP to 36.8% with 12-DsNVP). It
may be that 12-OHNVP production is playing a role given that we did observe a
reduction, but given the high concentrations needed to stimulate cell death and
the small degree of decrease, future experimentation is needed. Selection of
model organism may also play a role in the observed outcomes. Previous work
regarding the liver toxicity of these compounds demonstrated that while C57BI/6
mice did experience mild hepatotoxicity with NVP, it was exacerbated in rat
models. However, it was demonstrated that treatment of C57BI/6 liver
microsomes resulted in NVP-protein adducts, and that this was lessened with 12-
DsNVP (Sharma et al., 2012) The use of human hepatocyte cell culture models,
like spheroid culture, that allow for long term, low-concentration incubations (Bell
et al., 2016), as well as co-culture with immune cells (Granitzny et al., 2017) may
be useful in profiling NVP-induced hepatotoxicity, especially given the proposed
involvement of immune hypersensitivity.

In order to understand differences in hepatocyte response to NVP and 12-
DsNVP we employed relative quantitation proteomics analysis on primary mouse
hepatocytes and human hepatocytes treated with these compounds. For both
treatment sets, more (greater than 3-fold in magnitude) differentially expressed
proteins were observed for NVP vs.12-D3NVP than for either treatement
compared to vehicle alone. Interestingly, many of the observed changes with
either NVP or 12-D3NVP were unique to these individual compounds, and not
shared across NVP and12-DsNVP treatment. One difference of note was a

significant increase in IGFBP-1 with treatment 12-DsNVP (4.18-fold higher than
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with vehicle, and 4.70-fold higher than with NVP). Increases in this protein have
been found in the serum of patients with advanced liver fibrosis and it has been
demonstrated to be elevated in general during hepatic stress (Hagstrém et al.,
2017). In general, differences in hepatocyte response, beyond metabolic impacts
between NVP and 12-DsNVP treatment are useful to consider in using this
trideuterated compound as way to probe the impacts of P450 metabolism on
NVP toxicities.

Across all protein changes, many indentified with either NVP or 12-
DsNVP were mitrochondrial components. This suggestes that perhaps
mitochondrial dysregulation may play a role in the toxicities of NVP or 12-D3sNVP.
Previously, mitochondrial damage during rat treatment with NVP has been
observed (Sastry et al., 2018), and in treatments of HepG2 cells (Paemanee et
al., 2017). The implications of the various changes observed warrents futher
exploration. One example, FASTKD5 (which was significantly decreased in
human primary hepatocytes treated with 12-D3sNVP), has been previously
demonstrated to be involved in non-canonical mitochondrial mMRNA processing.
FASTKD?5 silencing resulted in assembly defects of complex IV of the electron
transport chain (Antonicka and Shoubridge, 2015).

In this work we have demonstrated that deuterium substitution is effective
at controlling hepatic P450 production of 12-OHNVP in both human and
C57Bl/6J mouse hepatocytes. We have measured a high observed kinetic
isotope effect of this substitution on production of 12-OHNVP in human liver

microsomes. Metabolic switching was only observed during high concentration
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incubations with mouse primary hepatocytes. That being said, only a modest
reduction from NVP-induced primary mouse hepatocyte cell death was observed
with 12-D3sNVP, and in proteomics analysis unique proteomic shifts were
detected with 12-D3sNVP. Taken together, this trideuterated compound is very
effective at reducing P450 metabolism to NVP, though unintended effects, such
as metabolic switching and differential impacts on hepatocyte protein expression
should be taken into consideration when using this deuterated compound and

others to study drug-induced hepatotoxicity.
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Chapter 4: Final Discussion

Since their discovery, 57 different human cytochrome P450s have been
identified, and it has been observed that cytochrome P450 monooxygenase
enzymes play a role in the metabolism of ~75% of approved drugs. Following the
insertion of oxygen by a cytochrome P450, a new molecular entity is created that
could have potential cytotoxic effects. It has previously been demonstrated that
P450 metabolism can generate toxic metabolites, with one well characterized
example being the metabolism of the widely used analgesic acetaminophen by
CYP2EA1. The first generation non-nucleoside reverse transcriptase inhibitors
efavirenz (EFV) and nevirapine (NVP) are used in the treatment of HIV despite
causing hepatotoxicity in patients. These two drugs are both extensively
metabolized by cytochrome P450s, such that their main monooxygenated
metabolites reach micromolar concentrations in patient circulation. These two
drugs present an interesting opportunity to probe the contributions of cytochrome
P450 metabolite formation in the development of drug-induced hepatotoxicity.

Exposure to the cytochrome P450 metabolite 8-hydroxy-EFV (8-OHEFV)
has been previously demonstrated to play a role in both EFV-induced
hepatotoxicity and neurotoxicity. Both EFV and 8-OHEFV have been shown to
activate hepatocyte death in a JNK-dependent manner. We probed whether
these compounds activate IRE1a-XBP1 signaling in primary human and mouse
hepatocytes, as this pathway has been demonstrated under certain stimuli to
contribute to hepatocyte death progression. We demonstrated that EFV and 8-

OHEFV activated IRE1a-XBP1. In addition this activation appears to play a role
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in the toxicity of EFV, as inhibition of IRE1a-XBP1 with the small molecule
inhibitor STF083010 reduced EFV-induced primary mouse hepatocyte death
levels. We extended our investigation of IRE1a-XBP1 activation to include a
panel of sixteen analogs with discreet changes in the EFV scaffold. Interestingly,
analogs 3 and 14 were also strong activators, though cell death with analog 3
was not abrogated by STF083010 treatment, and cell death with analog 14 was
not observed. These results demonstrate that IRE1a-XBP1 plays a role in
hepatocyte cell death with EFV. And though 8-OHEFV did activate IRE1a-XBP1,
it did so to a much lesser magnitude than EFV, suggesting potential divergence
in signaling pathway activation between these two compounds. We have also
demonstrated the impact of discreet, single atom changes to the EFV scaffold to
impact compound toxicity and IRE1a-XBP1 activation.

Cytochrome P450 formation of 12-hydroxy-NVP (12-OHNVP) has been
implicated in the hepatotoxicity and skin toxicity of NVP. Previous work with a
trideuterated version of NVP (12-DsNVP), which was intended to reduce P450
formation of 12-OHNVP through the kinetic isotope effect, has demonstrated a
reduction in skin toxicity and in liver protein-NVP adduct formation with equimolar
amounts of 12-D3NVP as compared to NVP. With that, we became interested in
profiling the impact of this trideuteration on hepatic P450 metabolism of NVP. At
clinically relevant concentrations, we demonstrated a large 10.6-fold reduction in
the production of 12-OHNVP in primary human and mouse hepatocyte cultures
treated with 12-D3sNVP as compared to NVP, with no impact on the formation of

other P450 metabolites (2- and 3-OHNVP) or in a downstream metabolite of

165



monooxygenated NVP, O-glucuronidated-NVP. We performed characterization of
different human P450 isoforms in the metabolism of NVP and concluded that
multiple P450s are contributing to the formation of 12-OHNVP, while 2-OHNVP is
produced mainly by CYP3A4 and 3-OHNVP by CYP2B6. We quantified the
observed kinetic isotope effect, PV, of this substitution on 12-OHNVP production
in human liver microsomes to be 10.1. Despite this large change, only a
moderate reduction in hepatocyte cell death was observed with 12-D3NVP as
compared to NVP. In addition, we observed evidence of metabolic switching at
high concentrations of NVP/12-D3sNVP needed to induced hepatocyte death, as
well as significant changes in protein expression profiles during treatment with
these two compounds. We have demonstrated that deuterium substitution on
NVP is a very effective measure of modulating P450 metabolism, but given the
high concentrations needed to study hepatocyte death, metabolic switching may
be observed, and that during treatment with both high and low concentrations of
drug, cells display differential protein expression with deuterated and
undeuterated NVP.

Taken together this work demonstrates that toxic drugs and drug P450-
dependent metabolites may activate differential cell signaling mechanisms, as
was observed with EFV and 8-OHEFV. In addition, though deuterium is an
effective strategy for modulating P450 metabolite production in order to study
drug-metabolite induced hepatotoxicity, there may be unintended consequences
to this deuterium substitution, as was observed with NVP and 12-DsNVP.

Through the use of first generation non-nucleoside reverse transcriptase
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inhibitors as a tool to study drug and drug metabolite toxicities, this work has
furthered our understanding in the contributions of P450 metabolites in the
toxicities of both EFV and NVP. We have also demonstrated both differential
responses to drug and P450 metabolite as well as effective strategies to study

the question of P450 contribution to drug toxicity.
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Technical experience:

e Recombinant protein purification
e Arrayjet microarray printing
e MALDI-TOF imaging mass spectrometry

e Data collection, management, analysis, and presentation

Determining the Ligand and Confirming Surface Expression of Human G
Protein-Coupled Receptor GP133
September 2013 - April 2014, Shippensburg University Chemistry Department
Faculty Advisor: Dr. Thomas Frielle

Technical experience:

o Transfection
. Culturing of COS7 cells
J Immunofluorescent staining

o Data collection, management, analysis, and presentation
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Screening of Potential Small Molecule Inhibitors of Variola major H1
Phosphatase and Human Dual Specificity Phosphatase 14

June - August 2013, USAMRIID, Toxicology Department

Supervisor: Dr. Megan E. Hogan

Principle Investigator: Dr. Robert E. Ulrich

Technical experience:

e Recombinant protein purification

e Arrayjet microarray printing

e Absorbance-based enzyme activity assays
e Surface plasmon resonance

e Data collection, management, analysis, and presentation

Sequencing, Overexpression, and Gene Expression Analysis of Autophagy
Related Genes in Glioma Cells

September 2012 - December 2013, Shippensburg University Biology Department
Faculty Advisors: Dr. Sherri Bergsten and Dr. Lucinda Elliott

Technical experience:

e PCR and cloning
e Culturing of SNB19 glioblastoma cells

e Data collection, management, analysis, and presentation

Abstracts Accepted for Presentation

Twelfth-position deuterium substitution decreases cytochrome P450-

dependent production of 12-hydroxy nevirapine.
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Heck, CJS, HK Seneviratne, and NN Bumpus.

Poster at Microsomes and Drug Oxidations 2018 (Kanazawa, Japan).
Activation of X-Box Binding Protein 1 Splicing Contributes to Efavirenz-
mediated Hepatocyte Death.

Heck, CJS, AN Hamlin, and NN Bumpus

Poster at Experimental Biology 2018 (San Diego, CA).

Selected for Graduate Student Poster Competition

Site-Specific Deuteration Decreases Cytochrome P450 Production of 12-
Hydroxy-Nevirapine through the Kinetic Isotope Effect.

Heck, CJS, HK Seneviratne, and NN Bumpus.

Poster at Experimental Biology 2018 (San Diego, CA).
Efavirenz Treatment Activates XBP1 Splicing in Primary Hepatocytes: a
Comparison Across Species and an Investigation into the Role of PXR.

Heck, CJS and NN Bumpus.

Poster at Experimental Biology 2017 (Chicago, IL).

Selected for Graduate Student Poster Competition

Efavirenz Treatment in Primary Mouse Hepatocytes Results in Splicing of
XBP1.

Heck, CJS and NN Bumpus.

Poster at Microsomal Drug Oxidations 2016 (Davis, CA).
Selected for Graduate Student Poster Competition
Development of an activity assay for the Middle Eastern Respiratory

Syndrome coronavirus 3-Chymotrypsin-like Protease.
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Heck, CJS, T Glaros, B Zhao, and RG Ulrich.

Poster at the NCI at Frederick 2014 Spring Research Festival (Frederick, MD).
Plasma membrane-specific expression of human G-protein coupled
receptor GP133.

Heck, CJS and T Frielle.

Poster at ACS National Meeting 2014 (Dallas, TX).

Examining the Effectiveness of Potential Small Molecule Inhibitors of
Variola major H1 (VH1) Phosphatase and Human Dual Specificity
Phosphatase 14 (DUSP14).

Heck, CJS, M Hogan, B Zhao, and RG Ulrich.

Poster at the Summer 2013 NCI Frederick Student Poster Session (Frederick,
MD).

Expression, Cloning, and Sequencing of Atg4c Variant 1 and p62
Autophagy related cDNA from Glioma Cells

Heck, CJS, E Shadle, J Sergent, J Rauchut, L Elliott, and S Bergsten.

Poster at the 2013 Shippensburg University Celebration of Student Research

(Shippensburg, PA).

Awards and Honors

Molecular Pharmacology Highlighted Trainee Author February 2019
ASPET Karl H. Beyer, Jr. Travel Award 2018
Scheinberg Travel Award 2016

Shippensburg University Website Advertising Campaign: “Scholarship”

Student 2013
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Commonwealth of Pennsylvania University Biologists Outstanding Student

Award 2013
Shippensburg University Board of Governors Scholarship 2010-2014
Taylor N. Seitzinger Memorial Scholarship 2010-2011
Esther H. Ludwig Scholarship 2010-2014

Professional Society Memberships

American Society for Pharmacology and Experimental Therapeutics October

2016 - Present

Current Volunteering and Leadership Positions

Pharmacology Student Initiative January 2015 - Present
Position: Founding member and Officer

Description: Organize academic and social events, as well as community
outreach initiatives in the Johns Hopkins Pharmacology and Molecular Sciences
department to facilitate student and faculty interaction, as well as foster
camaraderie and community involvement

Destination Imagination January 2017 - Present
Position: Volunteer Appraiser

Description: Coordinate creative problem-solving challenges for K-12t" grade

teams
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