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Abstract

Purpose: To investigate the metabolic pathways of triapine in primary cultures of human
hepatocytes and human hepatic subcellular fractions; to investigate interactions of triapine with
tenofovir and emtricitabine; and to evaluate triapine as a perpetrator of drug interactions. The
results will better inform future clinical studies of triapine, a radiation sensitizer currently being
studied in a phase 11 study.

Methods: Triapine was incubated with human hepatocytes and subcellular fractions in the
presence of a number of inhibitors of drug metabolizing enzymes. Triapine depletion was
monitored by LC-MS/MS. Tenofovir and emtricitabine were co-incubated with triapine in primary
cultures of human hepatocytes. Triapine was incubated with a CYP probe cocktail and human liver
microsomes, followed by LC-MS/MS monitoring of CYP specific metabolite formation.
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Results: Triapine was not metabolized by FMO, AO/XO, MAO-A/B, or NAT-1/2, but was
metabolized by CYP450s. CYP1A2 accounted for most of the depletion of triapine. Tenofovir and
emtricitabine did not alter triapine depletion. Triapine reduced CYP1AZ2 activity and increased
CYP2C19 activity.

Conclusion: CYP1A2 metabolism is the major metabolic pathway for triapine. Triapine may be
evaluated in cancer patients in the setting of HIV with emtricitabine or tenofovir treatment.
Confirmatory clinical trials may further define the in vivo triapine metabolic fate and quantify any
drug-drug interactions.
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Introduction

Triapine (3-aminopyridine-2-carboxaldehyde thiosemicarbazone, 3-AP, Triapine®) belongs
to a class of a-N-heterocyclic thiosemicarbazones that inhibits the catalytic activity of
ribonucleotide reductase (RNR). [1,2] RNR converts ribonucleotide diphosphates into
deoxyribonucleotide diphosphates, an important prerequisite for DNA synthesis as its
inhibition terminates DNA base chain elongation [3]. RNR is frequently overexpressed in
cancer cells and for this reason, it has been an attractive target for anticancer therapy. [4,5]
Further, triapine when given concomitantly with cisplatin and radiation therapy has resulted
in improved clinical outcomes in women with advanced stage cervical cancer [6].

Triapine has been studied in more than 20 phase | and phase I clinical studies?, and
recently, a phase 111 study was started in stage I1B2, I1, or 111B-1VA cervical cancer or stage
I1-1VVA vaginal cancer in combination with radiation and cisplatin (Clinical Trials.gov
Identifier: NCT02466971). Following oral administration in humans, triapine reaches a Cpax
of 5.0 £ 3.8 uM (~1000 ng/mL) in 1.9 £ 1.4 h [7]. While triapine is effective against
advanced leukemias [8] and against gynecologic cancers when combined with radiation [9],
it is largely ineffective against solid tumors [10-15]. It has been noted in previous reports
that rapid metabolism and excretion may be responsible for its lack of clinical activity in
solid tumor [16]. Yet, there is minimal information on the enzymes involved in the
biotransformation of triapine. Recently, Pelivan et a/reported a dehydrogenated metabolic
oxidation product of triapine, as well as amino hydroxylated metabolites of both the terminal
amino and the pyridine amino function in human liver microsomes. Mouse studies resulted
in detection of three additional, pyridine ring hydroxylated metabolites in serum, kidney,
liver, and urine, as well as a oxidatively desulfurated metabolite, and two triapine N-
glucuronide metabolites in mouse urine [17]. In humans, the total body clearance of triapine
is 57.5 £ 25 L/h following intravenous administration, which is close to the liver blood flow
[18,19]. Since urinary excretion of triapine is minimal in humans and as biliary excretion of
a molecule of this size is unlikely to occur, metabolism is the major contributor to triapine

1https://clinicaltrials.gov/th/resuIts?cond:&term:triapine&cntry:&state:&city:&dist (accessed October 4th 2019)
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clearance [20-22]. The precise enzymes involved in triapine metabolism have not been
described in the literature.

Triapine is specifically being evaluated in uterine cervix cancer which is considered an
acquired immunodeficiency syndrome (AIDS)-defining illness [23]. In preparation for an
evaluation of triapine in cancer patients who are also human immunodeficiency virus (HIV)-
infected and receive highly effective antiretroviral therapy, the potential for drug-drug
interactions with HIV drugs such as tenofovir and emtricitabine needs to be evaluated.

Our study aimed to: (1) investigate the metabolic pathways of triapine in primary cultures of
human hepatocytes and human subcellular fractions; (2) investigate the potential drug-drug
interaction between tenofovir and emtricitabine, and triapine; and (3) evaluate the drug
interaction potential of triapine through CYP450 enzymes.

Triapine was obtained from Selleckchem (Houston, TX), tenofovir was generously donated
by Dr. Lisa Rohan (University of Pittsburgh). Methimazole, N-benzyl imidazole,
chlorogyline, deprenyl hydrochloride, (+) raloxifene hydrochloride, carnitine
acetyltransferase, acetyl DL-carnitine, acetyl coA, triethanolamine and allopurinol were
obtained from Sigma Aldrich (St Louis, MQO). Human liver microsomes, human liver
mitochondria, and human liver cytosol with high aldehyde oxidase and xanthine oxidase
activity were obtained from Xenotech (Kansas City, KS). Human liver cytosol was obtained
from Corning (Corning, NY). Plated primary human hepatocytes were obtained from the
Department of Surgery at the University of Pittsburgh. (Suppl.Table 1). Furafylline, phenyl
piperidinyl propane, montelukast, sulfaphenazone, tranylcypromine hydrochloride,
emtricitabine, disulfiram, and 4-methyl pyrazole were obtained from Cayman Chemical
(Ann Arbor, MI). [?Hg)-tenofovir and [2Hg, 1N]-emtricitabine were purchased from
Alsachim (lllkirch-Graffenstaden, France). 3-Benzyl nirvanol was purchased from Santa
Cruz Biotechnology (Dallas, TX). Quinidine was obtained from Alfa Aesar (Tewksbury,
MA). All samples generated were stored at =20 °C or lower until further analysis.

Triapine metabolism in human liver microsomes

Human liver microsomes (1.1 mg/mL) were incubated with MgCl, (10 mM), EDTA (1.15
mM) in 0.1 M phosphate buffer pH 7.4. For CYP-mediated reactions, triapine (6 uM) was
added followed by preincubation for 5 min at 37 °C. The reaction was initiated by the
addition of NADPH (2 mM). For FMO mediated reactions in phosphate buffer pH 8.4,
following addition of NADPH (2 mM) the solution was preincubated at 37 °C for 5 min. The
reaction was subsequently initiated by addition of triapine (6 uM). The specific inhibitors,
N-benzyl imidazole for CYP (1 mM) or methimazole (200 pM) for FMO, were added before
the preincubation step. The total volume of the reaction was 500 pL. Aliquots (50 pL) were
taken at 5, 20, 40, 80, and 120 min. The reactions were stopped by addition of 100 L of
methanol.
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Triapine metabolism in human hepatocytes

Hepatocytes were plated at 1-1.5 million cells/well in six-well plates and replenished with
fresh media every day. Cells were allowed to stabilize for 24 h prior to treatment.
Hepatocytes were pretreated with specific enzyme inhibitors: N-benzyl imidazole (1 mM),
methimazole (200 uM), raloxifene hydrochloride (100 uM), allopurinol (100 pM),
chlorgyline (0.5 uM), deprenyl hydrochloride (0.5 uM) for 30 min followed by treatment
with triapine in presence of these inhibitors for 48 h, and sampling (cell scrapings + media)
at0, 2, 6, 24, and 48 h. Control plates for triapine metabolism were also processed
simultaneously.

Triapine metabolism by CYP450 isoforms in human liver microsomes

For CYP isoform identification, the same procedure as noted above for human liver
microsomes was followed. The CYP isoform specific inhibitors used were: furafylline (20
uM) for 1A2 [24], tranylcypromine (0.5 uM) for 2A6, 2-phenyl-2-(1-piperidinyl)propane
(PPP) (30 uM) for 2B6, montelukast (0.5 pM) for 2C8, sulfaphenazone (5 uM) for 2C9, (+)
3-benzyl nirvanol (0.3 uM) for 2C19, quinidine (2 uM) for 2D6, 4-methylpyrazole (10 uM)
for 2E1. For PPP, the preincubation was for 30 min followed by addition of NADPH. For all
other inhibitors, the preincubation time was 10 min.

Triapine metabolism by glucuronosyltransferases in human liver microsomes

The incubation for glucuronide metabolism was adapted from a previously published
approach to allow for a 500 pL incubation volume [25]. The incubation mixture contained
0.1 M phosphate buffer (pH 7.4), 0.5 mg/mL microsomal protein concentration, 25 pg/mL
alamethicin, 10 mM MgCly, and 1.2 pg/mL triapine. The reaction (N=3) was started with the
addition of 2 mM UDPGA.. At 5, 20, 40, 80, and 120 minutes, 100 L aliquots were sampled
from the reaction mixture for analysis. SN38 was incubated at 1 pg/mL to monitor SN38
glucuronide generation as positive control.

Triapine metabolism in human liver mitochondria and cytosol with high AO/XO activity

Triapine (6 uM) was incubated with human liver cytosol enriched with aldehyde oxidase
(AO) and xanthine oxidase (XO) (0.5 mg/mL) or human liver mitochondria (0.5 mg/mL) for
90 min in the presence and absence of specific enzyme inhibitors: raloxifene hydrochloride
(100 uM) for AO, allopurinol (200 uM) for XO, chlorgyline (0.5 uM) for MAO-A and
deprenyl (0.5 pM) for MAO-B. Deprenyl and chlorgyline were preincubated for 18 min
before the initiation of reaction by addition of triapine. Human liver mitochondria were used
for screening monoamine oxidases (MAQO)-A/B. The reactions were carried out in 0.1 M
phosphate buffer and total reaction volume was 500 pL at 37 °C.

Triapine metabolism by acetyltransferases in human hepatocytes

Primary cultures of human hepatocytes were obtained from the hepatocyte isolation facility
at the University of Pittsburgh, see above. After 24 h, hepatocytes were pre-treated with
either acetaminophen (2 mM, N-acetyl transferase-2 inhibitor) or disulfiram (50 UM, N-
acetyl transferase-1 inhibitor) in duplicates. Control wells were treated with vehicle (0.2%
dimethyl sulfoxide (DMSQ)) simultaneously. Following 30 minutes of pre-incubation with
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the inhibitors, the cells were treated with triapine (6 uM) for 48 h with sampling (cell
scrapings + media) at 2, 6, and 24 h respectively. The metabolic capacity of cells was
assessed by metabolic conversion of testosterone either in presence of rifampin (10 uM) or
ketoconazole (10 pM).

Drug interaction between tenofovir and emtricitabine, and triapine

Human hepatocytes were obtained from the University of Pittsburgh hepatocyte isolation
facility and plated at 1-1.5 million cells/well in six-well plates. The cells were allowed to
stabilize for 24 h followed by treatment with relevant concentrations of tenofovir (0.5 uM),
emtricitabine (7.2 uM), or rifampin (10 uM), or ketoconazole (10 uM) for 4 days. Drug
solutions were prepared in Williams E media containing cell supplements and
dexamethasone and replenished daily. Control wells (no drug treatment) were maintained
along with the treatment wells. On the 5™ day, 6 uM triapine along with the above drugs was
added to the respective wells, and the treatment was continued for 48 h with sampling (cell
scrapings + media) at 0, 2, 6, 24, and 48 h. Cells were lysed by ultrasonication (1 min, 50
W).

Impact of triapine on production of CYP specific metabolic products of probe substrates

Bioanalysis

CYP probe cocktail consisting of phenacetin (5 uM) for CYP1A2, diclofenac (2.5 uM) for
CYP2C9, Smephenytoin (30 uM) for CYP2C19, dextromethorphan (5 uM) for CYP2D6
and midazolam (2.5 uM) for CYP3A4, were incubated with human liver microsomes (pool
of 50, mixed gender, Sekisui Xenotech, Kansas City, KS) at a concentration of 0.25 mg/mL,
based on a previous report [26]. The reactions were carried out in phosphate buffer (pH 7.4).
The reactions were initiated by addition of 1 mM NADPH, and carried out at 37 °C in open
Eppendorf tubes for 15 min. The total reaction volume was 500 L and the reactions were
stopped by freezing on dry-ice/methanol. The reactions were carried out with and without
triapine (2 ug/mL, the higher end of clinically expected plasma concentrations).

A previously validated LC-MS/MS assay was adapted to quantitate triapine [27]. In brief,
300 pL of acetonitrile with 10% ammonium acetate (pH 6.5) was added to each 100 uL
sample containing 10 pL of 0.1 ug/mL isotopic internal standard ([13C3,1°N]-triapine).
Samples were vortexed for 1 min and then centrifuged at 13,000 x g at room temperature for
10 min. 200 uL of the resulting supernatant was transferred to autosampler vials followed by
injection of 5 L into the LC-MS/MS system. The LC system was an Agilent 1200 SL
autosampler and binary pump, a Shodex ODP2 HP-2 B (5 pm, 50 x 2 mm) column, and an
isocratic mobile phase. Mobile phase solvent A consisted of acetonitrile/10 mM ammonium
acetate pH 6.5 (90/10, v/), and mobile phase solvent B consisted of water with 10 mM
ammonium acetate pH 6.5. Analytes were detected using an APl Sciex 4000 mass
spectrometer. The total run time was 3 minutes. The assay range was 30-3,000 ng/mL, and
calibrators and QCs were prepared in a sample matrix of either hepatocyte media containing
20% human plasma or microsome incubation buffer containing 0.25 mg/mL bovine serum
albumin to match hepatocyte or microsome incubation samples, respectively.

Cancer Chemother Pharmacol. Author manuscript; available in PMC 2021 November 01.
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The bioanalysis of the metabolites of the CYP probes from the human liver microsomal
incubations was performed by LC-MS/MS, based on a previously reported method [26].
Samples were prepared by taking 100 pL and mixing with 50 pL acetonitrile containing 5
ng/mL terfenadine internal standard. The calibration ranges and transitions are detailed as
follows: 1-hydroxy midazolam (/7/z 342>324) ranged from 1-300 ng/mL, 4-hydroxy
diclofenac (m/z 312>266) from 10-3,000 ng/mL and dextrorphan (/m/z 258.5>199) from 1-
300 ng/mL, 4-hydroxy mephenytoin (/2 235>150) from 10-3,000 ng/mL, and
acetaminophen (/m/z152>110) from 10-3,000 ng/mL. The LC method consisted of Solvent
A (acetonitrile, 0.1% formic acid) and Solvent B (water, 0.1% formic acid), pumped through
an Phenomenex XB-C18 (2.6 um, 100 x 2.1 mm) at a constant flow rate of 0.3 mL/min. The
gradient changed solvent A from 0% to 50% over 3 min, held until 6 min, followed by a
return to initial conditions to allow for re-equilibration for 4 min, with a total run time of 10
min.

Results

Control incubation without either NADPH or microsomes resulted in >95% of triapine
remaining intact after 2 h indicating that triapine was stable under the incubation conditions
throughout the duration of the experiment. (Suppl.Table 2). In NADPH-fortified human liver
microsomes (pH 7.4), triapine exhibited an estimated half-life of approximately 3 h with
depletion of about 35% of the starting concentration after 2h. Minimal depletion of triapine
was observed under the same incubation conditions in the presence of the CYP isoform non-
specific inhibitor N-benzyl imidazole (Figure 1, Suppl.Table 3). When triapine was
incubated with human liver microsomes in phosphate buffer pH 8.4 (boosting FMO enzyme
activity [28] 2) fortified with NADPH, 17% of triapine disappeared within 2 h. However,
control incubations both without NADPH or in the presence of FMO inhibitor methimazole
resulted in depletion of only 9%, indicating that FMO only has a minor contribution to the
metabolism of triapine (Figure 1, Suppl.Table 3).

Triapine was not appreciably metabolized by human liver microsomal
glucuronyltransferases over a 120-minute incubation period with 100.3% triapine remaining
(Suppl.Figure 1, Suppl.Table 4).

Triapine did not undergo metabolism over a 90-minute incubation time period in human
liver cytosol enriched in AO/XO in the presence or absence of raloxifene-a selective AO
inhibitor and allopurinol-a selective XO inhibitor (Suppl.Figure 2, Suppl.Table 5). Similarly,
there was no triapine depletion in human liver mitochondria after incubation in the presence
or absence of MAO-A and B inhibitors (Suppl.Figure 3, Suppl.Table 6).

Triapine metabolism studies in hepatocytes in the presence of enzyme inhibitors indicated
that triapine metabolism was inhibited by the non-isoform specific CYP inhibitor N-benzyl
imidazole. The depletion of triapine in the presence of all other non-CYP enzyme inhibitors
previously tested in subcellular fractions was comparable to the control wells containing

2https://wvvw.absorption.com/wp—content/uploads/2014/07/8ubstrate+Specificity+for+Fl\/IO—+and+CYPMediated+Feeactions+and
+Enzyme+Inactivation+in+HLM_+Methyl-p-Tolyl+Sulfide+versus+Benzydamine.pdf (accessed 10/06/2019)
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hepatocytes with no inhibitors (Figure 2, Suppl.Table 7). In the presence of acetylation
inhibitors, triapine metabolism was not significantly different from that in the presence of
inhibitors (Figure 3, Suppl.Table 8), even when incubated with human cytosol fortified with
acetylation regenerating system (data not shown). In screening CYP isoform specific
inhibitors, only CYP1AZ2 inhibitor furafylline was able to completely inhibit triapine
depletion in human liver microsomes (Figure 4, Suppl.Table 9).

Triapine incubated with human hepatocytes exhibited a mean half-life of 8 hours, which was
not impacted by co-incubation with tenofovir and emtricitabine. The AUCy_4g and the
%triapine remaining after 48 hours were not significantly different (Figure 5, Suppl.Table
10). Triapine depletion was also unaffected by the presence of CYP3A inducer rifampin or
CYP3A inhibitor ketoconazole.

Triapine at clinically relevant concentrations i.e. 6 UM (Cpax Of approximately 5.0 uM after
intravenous or oral dosing [7]) inhibited metabolism of CYP1A2 probe phenacetin by 23%
and appeared to increase the metabolism of CYP2C19 probe S-mephenytoin by 20% (Figure
6).

Discussion

Our study aimed to investigate the metabolic pathways of triapine in primary human
hepatocytes and human subcellular fractions; to investigate drug-drug interactions between
triapine and the anti-HIV agents tenofovir or emtricitabine; and to evaluate triapine as a
perpetrator of drug interactions.

While triapine displays a high clearance in humans that is close to the liver blood flow
[18,19], human microsomes fortified with NADPH resulted in only 35% depletion of
triapine, suggesting that perhaps additional enzymes may be involved in its metabolism or
that a substantial portion is eliminated unchanged. One of the major pathways involved in
triapine metabolism is a CYP450-related pathway, with the non-specific CYP450 inhibitor
N-benzyl imidazole abolishing most of the triapine depletion. Other metabolic pathways
were also evaluated. Microsomal studies in the presence of methimazole, an FMO inhibitor,
indicated that FMO may have a minor contribution in the metabolism of triapine, which was
confirmed in the human hepatocytes. This is consistent with previous reports that observed
triapine to produce oxidative metabolites such as dehydrogenated and hydroxylated
metabolites in human liver microsomes [17]. Triapine displayed minimal depletion in the
presence of AO/XO rich human liver cytosol and in human liver mitochondria indicating
that neither AO/XO nor monoamine oxidases (MAOs) are involved in metabolism of
triapine. Lastly, hepatocyte studies with NAT-1 and NAT-2 inhibitors indicated acetylation is
not a major contributor to triapine metabolism.

While the involvement of CYP450s was evident from the microsomal and hepatocyte
studies, it was also clear that CYP3A is not involved in triapine metabolism with depletion
of triapine being unaltered after incubation of hepatocytes pretreated with rifampin or
incubated with ketoconazole. Furafylline, the isoform specific CYP1A2 inhibitor,
completely inhibited the depletion of triapine in human liver microsomes indicating that

Cancer Chemother Pharmacol. Author manuscript; available in PMC 2021 November 01.
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CYP1A2 was the predominant microsomal isoform responsible for triapine metabolism.
Triapine was not metabolized by human liver UDP-glucuronosyltransferases. Previously,
Pelivan et al. had detected two triapine N-glucuronide metabolites in the urine but not serum,
liver, or kidney of mice treated with triapine [17]. Possible explanations for this discrepancy
are the concentrated nature of urine samples, and a possible species difference between mice
and human microsomes in their propensity to glucuronidate triapine.The primary route of
elimination of tenofovir and emtricitabine is as unchanged drug through the urine [29-32],
making them less susceptible as metabolic drug interaction victims. Conversely, tenofovir or
emtricitabine did not alter the half-life or the exposure of triapine in hepatocytes. Hence,
tenofovir and emtricitabine do not appear to impact the transport of triapine into the
hepatocytes nor its metabolic clearance. The absence of a drug interaction in hepatocytes
will facilitate the undertaking of clinical trials involving co-administration of triapine with
these anti-HIV drugs in the setting of cancer patients with HIV co-infection.

We also evaluated triapine as a perpetrator of CYP450 mediated drug-drug interactions.
Triapine had a small inhibitory effect on CYP1A2 activity, likely due to competitive
inhibition, as CYP1A2 represents the major metabolic clearance pathway for triapine.
Surprisingly, triapine also appeared to cause a slight increase in CYP2C19 activity.
Increased CYP450 enzyme activity has been reported before with acetonitrile and acetone
stimulating CYP2C9 mediated tolbutamide hydroxylation by 2—3-fold in microsomes [33],
quinidine increasing CYP3A4 Vax for S-warfarin 4’-hydroxylation 2.5-fold and Vs for
R-warfarin 10-hydroxylation 5-fold [34], quinidine increasing CYP3A4 mediated 5-, 5°-,
and 10-hydroxylation of diclofenac, piroxicam and R-warfarin, respectively by 5-7-fold
[35]. Sorafenib and sunitinib activated midazolam 1’-hydroxylation by CYP3A5 but
inhibited that by CYP3A4. [36], and citrate stimulated CYP3A4 catalytic activity [37].
These /n vitro observations of increases in VV max were confirmed /n vivo in monkeys where
the catalytic capacity of monkey hepatic CYP3A toward diclofenac metabolism was
enhanced almost 2-fold by quinidine [38]. The relatively small effect size of triapine on
CYP2C19 activity is unlikely to be of clinical significance, especially since most drugs that
are substrates for CYP2C19 will have additional metabolic routes in addition to CYP2C109.

Our results will be instrumental in guiding future clinical studies of the metabolism of
triapine, to confirm the human metabolic fate of triapine, and to quantify the drug
interactions of triapine both as a victim and perpetrator.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Triapine depletion in human liver microsomes at pH 7.4 (CYP) or pH 8.4 (FMO) in the

presence of CYP inhibitor N-benzyl imidazole (BZIM) or FMO inhibitor methimazole
(MEIM) (mean, SD).
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Figure 2.
Triapine depletion in primary human hepatocytes in presence of enzyme inhibitors of

aldehyde oxidase (AO, raloxifene), xanthine oxidase (XO, allopurinol), cytochrome P450
(CYP, N-benzyl imidazole), flavin monooxygenase (FMO, methimazole), or monoamine
oxidase (MAO) A (chlorgyline) or B (deprenyl) (mean, SD).
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Figure 3.
Triapine depletion in human hepatocytes in the presence of inhibitors of acetylating enzymes

NAT-1 (disulfiram) or NAT-2 (acetaminophen).
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Figure 4.
Triapine depletion in human liver microsomes in the presence of isoform specific CYP

inhibitors (mean, SD). *p<0.05. CYP1A2, furafylline; CYP2AG, tranylcypromine; CYP2BS6,
2-phenyl-2-(1-piperidinyl)propane; CYP2C8, Montelukast; CYP2C9, sulfaphenazone;
CYP2C19, 3-benzyl nirvanol; CYP2D6, quinidine; CY2E1, 4-methylpyrazole. CYP3A4
specific inhibition was not performed as CYP3A was not involved in triapine metabolism,
given the unaltered depletion of triapine by hepatocytes pretreated with rifampin or
incubated with ketoconazole, see Figure 5.
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Figure 5.
Interaction between triapine and tenofovir (TVF), emtricitabine (EMTCB), rifampin (RIF),

or ketoconazole (KET) in primary human hepatocytes (mean, SD).
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Figure 6.
Triapine impact on production of CYP specific metabolites of probe substrates in human

liver microsomes (mean, SD). *p<0.05
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