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The ribonucleotide reductase inhibitor and radiosensitizer triapine (3-aminopyridine-2-carboxaldehyde
thiosemicarbazone (3-AP), NSC 663249) is clinically being evaluated via the intravenous (IV) route for
the treatment of cervical and vulvar cancer in combination with primary cisplatin chemoradiation. The
need for a 2-h infusion and frequent administration of triapine is logistically challenging, prompting us
to pursue oral (PO) administration. In support of the clinical trial investigating oral triapine in combina-
tion with chemoradiation, we developed and validated a novel LC-MS/MS assay for the quantification of

.llfrei}; V;fr:gs" triapine in 50 wL human plasma. After protein precipitation, chromatographic separation of the super-
Tandem mass spectrometry natant was a.chleved with a Shoc}ex 0DP2 column and an isocratic acetomtrll.e_—water mobile phase \_N}th
Assay 10% ammonium acetate. Detection with an ABI 4000 mass spectrometer utilized electrospray positive
Validation mode ionization. The assay was linear from 3 to 3,000 ng/mL and proved to be accurate (97.1-103.1%) and

precise (<7.4% CV), and met the U.S. FDA guidance for bioanalytical method validation. This LC-MS/MS
assay will be an essential tool to further define the pharmacokinetics and oral bioavailability of triapine.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction Ribonucleotide reductase (RNR) enzyme inhibition has been

known to sensitize both chemotherapy and radiation, which makes

In the United States, cervical cancer is the third most common
gynecologic cancer with approximately 12,900 new cases and 4100
succumbing to disease per year [ 1]. Currently, chemoradiation with
cisplatin weekly is used as first-line therapy for locally advanced
disease in both cervical and vulvar cancers [2]. However, due to
poor overall survival in patients with advanced stage disease, the
use of novel agents and/or combinational therapies is needed to
improve clinical outcomes.
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it an attractive target to combine with the current standard of care
treatments. DNA synthesis and repair are dependent on the supply
of deoxyribonucleoside triphosphates (ANTP) produced from RNR
enzymes. RNRs maintain homeostasis by providing balanced pro-
duction of dNTPs. The key role of RNRs in this process has been
identified as a potential target of inhibition in a variety of human
malignancies. Inhibitors have been developed that block the pro-
duction of deoxynucleotides and are able to prevent cells from
repairing and synthesising new DNA, triggering cellular senescence
[3].

Gemcitabine and hydroxyurea are two cytotoxic agents that
directly inhibit RNRs. Triapine is 1000-fold more potent in inhibit-
ing RNR than hydroxyurea, and it is a strong iron chelator that is
able to deplete the cellular iron necessary for proper RNR function.
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RNR may not be the only target for triapine, with the Fe(Triapine),
complex: (1) targeting mitochondrial function, depleting thiore-
doxin; (2) generating radical damage and reactive oxygen species;
and (3) oxidizing cellular thiols [4]. In addition, iron has been found
to play an important role in maintaining malignant tumor progres-
sion compared to normal cell function [5], which may explain, in
part, the selective anticancer activity of triapine. The combination
of triapine with radiation, which is currently being tested clini-
cally, is based on observations of increased RNR expression after
ionizing radiation and increased cell death upon combining triap-
ine and ionizing radiation [6]. To date, over 30 clinical trials have
been conducted to evaluate triapine alone or in combination with
other cytotoxic agents and/or radiation therapy.

The combination of 3 x weekly 25 mg/m?2 2-h IV triapine with
weekly 40 mg/m? 1V cisplatin and daily pelvic radiation in women
with cervical cancer has been studied in phase I and II trials with
clinical responses in 24 of 25 patients in the phase Il trial [3,7]. The
need for frequent administration of triapine and its 2-h infusion
duration is logistically challenging, prompting us to pursue oral
administration of triapine.

The initial assays for measuring triapine were based on
methanol-EDTA based protein precipitation of serum, followed
by ion-pairing reversed phase chromatography with UV detec-
tion at 400nm at high flow rate (1 mL/min) with a run time of
10 min, an equilibration delay of 6 min with a dynamic range of
20-10,000 ng/mL [8-10]. The first reported LC-MS-MS assay [11]
in plasma ranged from 1 to 1,000 ng/mL and utilized the chemically
distinct 2-pyridinecarboxaldehyde as internal standard, separated
on a reverse phase column by isocratic elution with 5% acetonitrile
containing 0.2% acetic acid. Strong hydrogen bonding and chelat-
ing capabilities of triapine with proteins and metal ions in human
plasma prompted the addition of EDTA (3 mM) to each sample to
chelate metalions prior to sample cleaning by cation exchange solid
phase extraction. More recently, Feng et al. investigated triapine
complexation behaviour and developed an LC-MS/MS assay uti-
lizing the fluorine analogue 2-[(3-fluoro-2-pyridinyl)methylene]
hydrazinecarbothioamide (NSC 266749) as internal standard [12].
Using this method, plasma samples were deproteinated with ace-
tonitrile, dried down, and reconstituted. EDTA was used for dilution
of stock solutions, and for reconstitution of dried down extracts to
improve reproducibility and sensitivity of the detector response.
and analytes were separated on a reversed phase column with
a methanol-ammonium bicarbonate buffer mobile phase set at
pH 8.5, resulting in a 4min run time and a linear calibration
range of 0.250-50.0 ng/mL. Plasma samples from mice adminis-
tered triapine were analyzed to demonstrate the application of the
assay.

In support of the clinical trial investigating oral triapine in
combination with chemoradiation, we developed and validated an
LC-MS/MS assay for the facile, sensitive quantification of triapine
in human plasma. Our assay has a range of 3-3000 for an expected
clinical concentration range of up to at least 500-1500 ng/mL as
suggested by previous clinical data.

2. Experimental
2.1. Chemicals and reagents

Triapine (M/(M+M.4)>99.99%) was purchased from Sell-
eckchem (Houston, TX). The internal standard, [13C3,1°N]-triapine
(Mig/(M+M.gq)>99.99%), was purchased from Alsachim (Illkirch
Graffenstaden, France). Acetonitrile, water (both HPLC grade),
ammonium acetate, and dimethyl sulfoxide were purchased from
Fisher Scientific (Fairlawn, NJ, USA). Control human plasma was
purchased from Valley Biomedical (Winchester, VA, USA) and Lam-

pire (Everett, PA, USA). PBS and Polyethylene glycol 400 (PEG400)
was purchased from Fisher Scientific (Fairlawn, NJ, USA).

2.2. Chromatography

The LC system consisted of an Agilent (Palo Alto, CA, USA) 1200
SL autosampler and binary pump, a Shodex (New York, NY USA)
ODP2 HP-2B (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/v), and mobile phase solvent
B consisted of water with 10 mM ammonium acetate pH 6.5. The
mobile phase composition was 85% solvent A and 15% solvent B
pumped at 0.3 mL/min from zero to 1.5 min, followed by a rate of
0.6 mL/min from 1.6 to 3 min. The total run time was 3 min.

2.3. Mass spectrometry

Mass spectrometric detection was carried out using ABI SCIEX
(San Jose, CA, USA) 4000 hybrid linear ion trap tandem mass
spectrometer with electrospray ionization in positive-ion, multiple
reaction monitoring (MRM) mode. The settings of the mass spec-
trometer in positive mode scanning parameters were as follows:
curtain gas 5, IS voltage 50V, probe temperature 500 °C, GS1 40,
GS2 40, declustering potential 30V, a collision energy of 30V, and
an exit potential of 15 V. Also, the temperature of the autosampler
was 4°C. The MRM m/z transitions monitored were: 196.0>121.0
for triapine and 200.0>125.0 for [13C3,'°N]-triapine. The LC sys-
tem and mass spectrometer were controlled by Analyst software
(version 1.4.2), and data were collected with the same software.

2.4. Preparation of calibration standards and quality control
samples

Stock solutions of analyte triapine and internal standard
[13C3,15N]-triapine (see Fig. 1 for structures), were prepared inde-
pendently at 1 mg/mL in dimethyl sulfoxide and stored at —80°C.
A diluted 0.1 mg/mL stock solution was also prepared indepen-
dently for both analyte and internal standard. These stock solutions
were prepared in acetonitrile/water (50/50, v/v). On the day of
assay, the internal standard was diluted 1000 times and the analyte
solution serially diluted (in steps of 10-fold) in acetonitrile/water
(50/50, v/v) to obtain the lower calibration working solutions. These
calibration working solutions were diluted in human plasma to pro-
duce the following analyte concentrations: 3, 10, 30, 100, 300, 1000,
and 3000 ng/mL. For each calibration series, zero and blank samples
were also prepared from 50 pL of control plasma.

Quality control (QC) stock solutions were stored at —80 °C. These
solutions were diluted in human plasma to produce the follow-
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Fig. 1. Structures of triapine and [3C3, 15N]-triapine internal standard.
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ing QC samples of either: QC Lower Limit of Quantification (QCLL)
3 ng/mL, QC Low (QCL) 5 ng/mL; QC Mid (QCM) 100 ng/mL, and QC
High (QCH) 2500 ng/mL.

2.5. Sample preparation

To each microcentrifuge tube were added 50puL of each
sample (standard, QC or sample plasma), 10 nL of 0.1 pg/mL
[13C3,T>N]-triapine and 250 L of mobile phase A extraction mix-
ture (acetonitrile with 10% ammonium acetate, pH 6.5). Samples
were vortexed for 1 min on a Vortex Genie-2 set at 8 (Model G-
560 Scientific Industries, Bohemia, NY, USA) and then centrifuged
at 13,000 x g at room temperature for 10 min. The resulting super-
natants were transferred (200 L) to autosampler vials, followed
by injection of 5 p.L into the LC-MS/MS system.

2.6. Validation procedures

2.6.1. Calibration curve and lower limit of quantitation (LLQ)

Decreasing concentrations of analytes were injected into the
analytical system to determine the minimal concentration with
a signal-to-noise ratio of at least 5:1. Calibration standards and
blanks were prepared (see paragraph 2.4 and 2.5) and analyzed
in triplicate to establish the calibration range with acceptable
accuracy and precision. The analyte-to-internal standard ratio
(response) was calculated for each sample by dividing the area of
the analyte peak by the area of the internal standard peak. Standard
curves were constructed individually by plotting the analyte-to-
internal standard ratio versus the known concentrations in each
sample. Standard curves were fitted by linear regression with
weighting by 1/y2, followed by back-calculation of concentrations.
The deviations of these back-calculated concentrations from the
nominal concentrations were expressed as percentage of the nom-
inal concentration.

2.6.2. Accuracy and precision

The accuracy and precision of the assay were determined by
analyzing samples at the QCL, QCM, and QCH concentrations
in 6 replicates each in 3 analytical runs, together with inde-
pendently prepared, triplicate calibration curves. Accuracy was
calculated at each test concentration as: (mean measured concen-
tration/nominal concentration) x 100%.

Assay precision was calculated by ANOVA as previously
described [13], by using SPSS 23.0 for Windows (SPSS Inc., Chicago,
IL, USA). Back-calculated concentrations of calibration and QC sam-
ples were entered with the run number as factor. From the resulting
mean squares of the within runs and mean squares of the between
runs, the intra-assay and inter-assay precisions were calculated.

2.6.3. Selectivity and specificity

To investigate whether endogenous matrix constituents inter-
fered with the assay, six individual batches of control, drug-free
human plasma were processed and analyzed according to the
described procedure. Responses of analytes at the LLQ concen-
trations were compared with the response of the blank samples.
Cross-talk of triapine and [13C3,!>N]-triapine was characterized by
detection in their respective MRM channels.

2.6.4. Extraction recovery and matrix effect

We determined the extraction recovery of triapine from plasma
by comparing the absolute response of an extract of control plasma
to which this analyte had been added after extraction, with the
absolute response of an extract of plasma to which the same
amount had been added before extraction. The matrix effect by
plasma matrix components was defined as the decrease of the

absolute response of an extract of control plasma to which ana-
lyte had been added after the extraction relative to the absolute
response of reconstitution solvent to which the same amount of
analyte had been added. Experiments were performed at the three
QC concentrations, in quadruplicate.

2.6.5. Stability

Long-term stability experiments were performed in plasma and
in stock solution after storage at —80°C. Stability in the stock
solution was expressed as the percentage recovery of the stored
solution (3 months) relative to a fresh solution. The stability of tri-
apine in plasma at —80°C was determined by assaying samples
before and after storage. In addition, the stability of triapine in
stock solution at room temperature for 6 h was determined in trip-
licate. All stability testing in plasma was performed in triplicate at
the QCL, QCM and QCH concentrations. The effect of 3 freeze/thaw
cycles analyte concentrations on plasma was evaluated by assay-
ing samples after they had been frozen (—80°C) and thawed on 3
separate days and comparing the results with those of freshly pre-
pared samples. The stability of triapine in plasma during sample
preparation was evaluated by assaying samples before and after
4 h of storage at room temperature. To evaluate the stability of tri-
apine in reconstituted samples in the autosampler, we re-injected
QCsamples and calibration curves approximately 72 h after the first
injection and compared the concentrations derived from the sec-
ond injection with those derived from the first injection. The results
of the second run were expressed as a percentage of their respective
values in the first run.

2.6.6. Dilutional integrity

To demonstrate dilutional integrity, the ability to dilute sam-
ples from above the upper limit of quantitation to within the
validated concentration range, plasma samples containing triapine
above the upper limit of quantitation were diluted to within the
assay range. Plasma samples (N =3) with analyte concentrations of
30,000 ng/mL were diluted 20-fold (to 1500 ng/mL) with control
plasma and assayed.

2.6.7. Cross validations

To demonstrate the ability of our EDTA plasma-based assay to
quantitate heparinized plasma samples, we quantitated our EDTA
QCL, QCM, and QCH samples (N=4) against a heparinized plasma
triplicate calibration curve.

To demonstrate the ability of our human plasma-based assay to
quantitate murine plasma samples, we quantitated our human QCL,
QCM, and QCH samples (N=4) against a murine plasma triplicate
calibration curve.

2.7. Application of the assay

As our clinical trial is on hold till manufacturing of drug sup-
ply has been completed, we demonstrated the application of the
assay in mice. Samples obtained from mice intravenously dosed
20 mg/kg triapine were analyzed. Six female C57BL/6 mice were
dosed with triapine and two mice were administered vehicle con-
trol (40% PEG400/60%PBS) at 10 .L/g. Blood was collected at 5 min
(N=3 mice) and 30 min (N =3 mice) time points using retro-orbital
sinus bleeds with heparinized micro hematocrit capillary tubes fol-
lowed by centrifugation (12,000x g for 4 min) to obtain plasma.
Terminal samples in these same mice were collected at 60 and
120 min using cardiac puncture following euthanization with CO,
inhalation. Plasma was immediately stored at —80°C upon collec-
tion until LC-MS/MS analysis.
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After triapine quantitation, non-compartmental analysis of
pharmacokinetic parameters was performed using PK Solutions
(Summit PK, Montrose, CO) on naively pooled data.

3. Results and discussion
3.1. Development

The method development of the assay included multiple varia-
tions in column type, extraction solvents, and HPLC gradients.

3.1.1. Mass spectrometry

The analyte was scanned in both negative and positive ioniza-
tion modes until the most sensitive mode was identified for drug
and internal standard. We determined that optimal sensitivity was
achieved with positive ionization. The MRM transitions used have
been reported previously [11,12].

3.1.2. Extraction and sample preparation

The dilute-and-shoot method is simple to work with due to the
reduced number of steps. However, it dilutes the amount of drug,
which can adversely affect sensitivity. Therefore, different propor-
tions and amounts of organic solvent were tested. Three extraction
solvents were tested: acetonitrile, acetonitrile followed by ammo-
nium acetate addition to the autosampler vial, and acetonitrile with
10% ammonium acetate pH 6.5. The last solvent was chosen for pro-
tein precipitation due to the combination of best sensitivity and
peak shape.

Triapine forms chelates with metal ions, including iron, and
EDTA-plasma was chosen to reduce the potential loss of drug in
the samples by such complexation. A plasma sample volume of
50 L was applied to keep solvent use low, resulting in a practi-
cal sample preparation executable in microtubes. In an additional
experiment, the presence of 10 mM ferric chloride decreased the
mass spectrometric signal, and this effect was magnified by a dry-
ing down step, see Fig. 2. Although the presence of iron decreased
the absolute peak area, the stable isotope internal standard tracked
this behaviour, and the ratio of triapine to internal standard was not
affected.

After appropriate chromatography was established with column
3, see below, the possible plateauing of the response at higher con-
centrations due to detector saturation became limiting. This issue
was resolved by varying the volume of plasma taken into prepara-
tion and volume injected into the mass spectrometer resulting in
500 L solvent added to 100 L of plasma, with injection of 10 p.L.
Upon switching to column 4, see below, the assay proved to be more
sensitive, and we subsequently modified the volumes to 250 L sol-
vent added to 50 p.L of plasma and a 5 pL injection volume, in effect
halving the amount injected on column and reducing sample and
solvent use. The internal standard amount added was modified to
approximately 20 ng/mL triapine in plasma, which is the lower end
of the calibration range.

3.1.3. Chromatography

We evaluated the following four columns: Synergi Polar RP
80A (100 x 2.0mm, 4 pm), Synergi Hydro RP 80A (100 x 2.0 mm,
4 m), Asahi Pak NH2P-502D (150 x 2mm, 5um) and ODP2
HP-2B (50 x 2.0mm, 5wm). The first two columns did not
allow adequate chromatographic behaviour due to bad peak
shape, high background signal, or short retention time, even
with a variation of mobile phases and gradients mobile phases
tested: methanol/water, methanol/ammonium bicarbonate, ace-
tonitrile/water, and acetonitrile/water with 0.1% formic acid.

The third column allowed chromatography based on the HILIC
principle with water being the strong solvent [14], and this col-
umn was also tested with various mobile phases and gradients. A
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Fig. 2. (A) ['3C3,'>N]-triapine internal standard peak area in calibration samples
prepared in either EDTA or heparin anticoagulated plasma; (B) peak area of QCM
samples processed as described (C), with a dry-down and reconstitution step (N3),
with the addition of 5 wL 0.1 M FeCl; (Fe3*), or with the addition of 5 uL 0.1 M FeCls
and a dry-down and reconstitution step (Fe3* +Nj).

mobile phase of acetonitrile/water with 0.1% formic acid (50/50
and 75/25, v/v) resulted in early elution (1 min). When the com-
position was changed to 90/10, v/v, retention time increased 30s;
however the triapine peak started to split. We next applied a gra-
dient from 98% to 50% acetonitrile from 0 to 3 min, held for another
2 min, followed by re-equilibration, which resulted in 3 separate
peaks; a small peak at 2.5min, a large peak at 5.6 min, and a
broadly eluting peak between 4 and 6 min. A gradient elution in
acetonitrile/water with 10 mM ammonium acetate pH 5.5 or pH
6.5 starting out with 95% acetonitrile resulted in a small and a large
peak separated by approximately 1 min. Isocratic elution at 70%
acetonitrile followed by a wash phase resulted in a single symmet-
rical peak, but at the expense of retention. The peak shape, retention
time (1.16 min), and sensitivity (LLQ approximately 20 ng/mL) were
acceptable using this gradient, mobile phases and column.

In a final attempt to shorten the run time, we contacted the sup-
plier of the NH2P column to enquire about shorter NH2P columns,
and were prompted to evaluate the ODP2 column. This ultimately
utilized column was perfused with acetonitrile with 10% ammo-
nium acetate pH 6.5/water with 10 mM ammonium acetate as
mobile phase components. In attempting to create more retention
at lower acetonitrile content, the triapine signal again split in two
peaks. After evaluating multiple gradients, we settled for a simple
isocratic elution with a wash-step, as detailed above. The elution
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flow rate of 0.3 mL/min with an increase to 0.6 mL/min during the
wash step allowed a 3 min run time. As detailed above, the new
column resulted in a better sensitivity for triapine. Carry-over was
assessed by injecting a prepared plasma sample with 30,000 ng/mL
triapine, followed by serial plasma blank injections. Carry-over was
less than 0.0025%.

3.2. Assay validation

3.2.1. Chromatography

The approximate retention time of triapine was 0.7 min and of
the internal standard, ['3C3,1°N]-triapine, was also 0.7 min. At a
void volume of 0.5 min, triapine had a capacity factor of 0.4. Rep-
resentative chromatograms of triapine (at the LLQ), and internal
standards in plasma are displayed in Fig S1.

3.2.2. Calibration curve and LLQ

According to the FDA guidance for bioanalytical method
validation [15], the calibration curve adequately describes the con-
centration versus response relationship if the observed deviation
and precision are <20% for the LLQ and <15% for all other calibra-
tion concentrations. At least 4 of 6 calibration points should meet
the above criteria [15].

The selected assay range of 3-3000 ng/mL fulfilled the FDA crite-
ria for the LLQ concentration and the calibration curve. Accuracies
and precisions at the different concentrations were determined
from triplicate calibration curves on 5 separate days and are
reported in Table S1. At most concentrations, the mean square of
the within runs was greater than the mean square of the between
runs, indicating that there was no significant additional variability
due to the performance of the assay in different runs [13]. Rep-
resentative calibration curves and corresponding correlation and
regression coefficients are shown in Fig. S2.

3.2.3. Accuracy and precision

FDA guidance specifies that the accuracies for all tested concen-
trations should be within +15%. Moreover, the precisions should
not be >15% CV except for the LLQ, in which case these parameters
should not exceed 20% [15].

The accuracies and intra- and inter-assay precisions for the
tested concentrations (QCL, QCM, and QCH) were all within the
defined acceptance criteria (Table S2).

3.2.4. Selectivity and specificity

According to FDA guidance, the signal at the LLQ must be at least
5 times the signal of any co-eluting peaks [15].

Chromatograms of six individual control plasma samples con-
tained no co-eluting peaks >20% of the analyte areas at the LLQ
concentration (interference <18.2%) (Fig.S1).

Cross-talk calculations were performed and revealed that triap-
ine cross-talks with the internal standard channel at approximately
0.0002% with identical retention times. The internal standard is
added at approximately 20 ng/mL, which would not be expected
to result in meaningful interference with the triapine signal at the
LLQ at 3 ng/mL.

3.2.5. Extraction recovery and matrix effect

The FDA-guidance stipulates that extraction recovery be con-
sistent and precise [15]. A recovery of >70% with a variation of
15% is generally accepted [13,15]. There is no specific requirement
for matrix effect. Ultimately, the assay performance, as expressed
in the precision and accuracy, is most relevant; however, a large
and/or variable matrix effect may result in lack of assay robustness.

The recovery of triapine ranged from 90.7 to 110%, with CVs
between 9.7 and 12.1%. Matrix effect ranged from 55 to 110% (i.e.

10,000 +

Triapine (ng/mL)

1,000

30 60 90 120
Time (min)

Fig. 3. Application of the assay. Concentration (mean =+ SD, N =3) vs time of triapine
(O) in murine plasma (ng/mL) after 20 mg/kg IV administration of triapine.

ionization enhancement), with CVs between 5.0 and 11.1% (Table
S3).

3.2.6. Stability

Stability in biological samples is acceptable when >85% of the
analyte is recovered. The stability of triapine stock solution at room
temperature for 6 h was 99.4% (Table 1). Stability in stock solution
for 4 months at —80 °C was 97.6%. The stability of the analyte after
3 freeze thaw cycles (—80°C to RT) was between 99.7 and 103%.
Long-term stability (3 months) of the analyte in plasma at —80°C
was adequate with recovery between 94.1 and 99.8%. The absolute
responses of plasma extracts of triapine at the calibration concen-
trations, when reconstituted and kept in the autosampler for 72 h,
were 74.7-87.7% of the initial responses (CV 7.3-27.5%), while the
response of triapine relative to the internal standard signal ranged
from 98.0 to 103.5% (CV 3.8-6.5%). Importantly, the reinjection run
passed the requirements of any run set by the FDA [7].

3.2.7. Dilutional integrity

The samples diluted from 30 pg/mL to 1500 ng/mL displayed
100.7% accuracy for triapine with a CV of 0.7%. This result indicates
dilutional integrity for triapine.

3.2.8. Cross validations

Accuracy and precision of back-calculated concentrations were
within 15% at QCL, QCM, and QCH concentrations. Results of EDTA
vs heparin are provided in Table S4. Interestingly, although the
back-calculated values and the response was not affected by the
anticoagulant, the absolute peak areas in heparinized plasma were
approximately half those in EDTA plasma (see Fig. 2), yet variabil-
ity in absolute peak area varied less in heparinized plasma than in
EDTA plasma.

Concentrations back-calculated using murine plasma resulted
in accuracy and precision of within 15% at QCL, QCM, and QCH
concentrations (Table S5).

3.3. Application of the assay

Analyte concentrations quantitated in plasma after dosing mice
with 20 mg/kg are depicted in Fig. 3. Appropriate dilutions placed
all samples within the calibration range and no samples fell below
the LLOQ.

Non-compartmental pharmacokinetic analysis of these samples
revealed a half-life of 65 min. Additional parameters included an
AUCy_; of 1.08 mg min/mL/kg, AUC._, of 1.44 mg min/mL/kg, clear-
ance of 13.8 mL/min/kg, and volume of distribution at steady state
of 1.15L/kg.
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Table 1
Stability of triapine under varying conditions.

Storage condition Concentration (ng/mL) Stability (%) CV (%) Replicates

Triapine

Stock solution 6 h

Ambient temp. 100,000 994 4.4 3

Stock solution 4 months

-80°C 100,000 97.6 4.5 3

Plasma 4h

Ambient temp. QCL 5 91.2 4.2 4
QCM 100 93.1 3.1 4
QCH 2500 96.5 5.8 4

Plasma 3 freeze-thaw cycles

-80°C QCL 5 103.0 3.6 4
QCM 100 99.7 4.0 4
QCH 2500 100.9 5.4 4

Plasma 3 months

-80°C QCL 5 94.1 114 4
QCM 100 99.8 6.0 4
QCH 2500 97.2 3.0 4

4. Conclusion

The objective of the present study was to develop and validate
a new analytical method for the quantitation of triapine in human
plasma. Reversed-phase chromatography was used to identify tri-
apine with triple quadrupole mass spectrometric detection. With
triapine being a relatively polar compound, the short retention
times on conventional reversed phase columns was predictable.
Historically, we have had good experience with HILIC columns
in achieving adequate retention for such compounds [14,16-18].
Unfortunately, triapine could not be eluted on our HILIC column
without some degree of peak-splitting. Such effects are expected
for sugars and other molecules that may exist in different steric
conformations, and perhaps triapine, with or without complexation
partners, also exists in some equilibrium of conformations which
is kinetically too slow to behave as a single chromatographic entity
on the HILIC column utilized [4,19]. Our assay is the first to utilize
a stable isotope internal standard, which is expected to minimize
variability due to a variety of factors including unforeseen com-
plexation behaviour of triapine in individual clinical samples. Our
development work also highlights the effects different anticoagu-
lants can have on analyte signal. Although a stable isotope internal
standard may appropriately correct for complexation and antico-
agulant effects, maximizing signal likely increases robustness of
the assay. When compared to the only other published LC-MS/MS
assay (range 0.25-50 ng/mL [12]), our assay (range 3-3000 ng/mL)
avoids the need for frequent dilutions of clinical samples, which
have been reported to reach 1500 ng/mL. In addition, the previ-
ously reported assay [12] utilized EDTA throughout the various
dilution steps to avoid triapine complexation effects, which is not
required with our assay. The latter may be attributable to our use of
a stable isotope internal standard, whereas the previous assay uti-
lized a close analogue, which was chromatographically separated
from triapine. Lastly, our assay is technically simpler without a dry-
down step and a slightly shorter run-time. Our assay allowed for
the evaluation of triapine in mouse plasma, which is the first report
of such data. Human reported PK parameter values are: clearance
43-58L/h [9,20], corresponding to 27-36 L/h/m?2, compared to our
murine clearance of 14 mL/min/kg corresponding to 2.5L/h/m?;
volume of distribution at steady state of 0.77 L/kg [9] compared
to our murine value of 1.15 L/kg; half-life of 55-63 min [9,20]| com-
pared to our murine value of 65 min. Possibly, humans are capable
of clearing triapine more extensively than mice, whereas the dis-
tribution volume is comparable.

In conclusion, we have developed and validated a rapid, facile
assay for the quantitation of triapine in human plasma with a
range of 3-3000 ng/mL, adequately covering the expected clinical

concentration range. By providing quantitative pharmacokinetic
information, our assay will be a valuable tool to support further
clinical development of triapine.
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