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Abstract

The Bcl-2 family small molecule inhibitor navitoclax is being clinically evaluated to treat multiple 

cancers including lymphoid malignancies and small cell lung cancer. A sensitive and reliable 

method was developed to quantitate navitoclax in human plasma using liquid chromatography 

with tandem mass spectrometry to perform detailed pharmacokinetic studies. Sample preparation 

involved protein precipitation using acetonitrile. Separation of navitoclax and the internal standard, 

navitoclax-d8, was achieved with a Waters Acquity UPLC BEH C18 column using isocratic flow 

over a 3 minute total analytical run time. A SCIEX 4500 triple quadrupole mass spectrometer 

operated in positive electrospray ionization mode was used for the detection of navitoclax. The 

assay range was 5-5000 ng/mL and proved to be accurate (89.5-104.9%) and precise (CV ≤11%). 

Long-term frozen plasma stability for navitoclax at −70°C has been determined for at least 34 

months. The method was applied for the measurement of total plasma concentrations of navitoclax 

in a patient with receiving a 250 mg daily oral dose.
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1. Introduction

The B-cell lymphoma-2 (BCL-2) family is comprised of anti-apoptotic and pro-apoptotic 

proteins that serve as key regulators of the intrinsic apoptotic pathway.(Kale, Osterlund, 

& Andrews, 2018; Korsmeyer, 1999) Overabundance of anti-apoptotic proteins, including 

BCL-2, BCL-XL or MCL-1, can contribute to pathogenesis and therapeutic resistance in 

multiple malignancies including chronic lymphocytic lymphoma (CLL), acute myelogenous 

leukemia (AML) and small cell lung cancer (SCLC).(Adams & Cory, 2018; Zhang, 

Ming, & Yu, 2007) BH3 mimetics, a class of small molecules designed to antagonize 

antiapoptotic BCL-2 proteins, are predicted to have therapeutic efficacy in cancers reliant 

on overexpression of anti-apoptotic proteins.(Merino et al., 2018) Venetoclax, a BCL-2 

selective BH3-mimetic, is currently FDA-approved for the treatment of CLL and AML.

Navitoclax is an orally-bioavailable BH3 mimetic with high affinity for the anti-apopototic 

proteins BCL-2, BCL-XL and BCL-W.(Merino et al., 2012; Tse et al., 2008) In preclinical 

studies of acute lymphoblastic leukemia, SCLC, and oral cancers navitoclax demonstrated 

antitumor efficacy in vitro and in vivo.(Shoemaker et al., 2008; Tse et al., 2008; I. H. Yang 

et al., 2019) In early phase studies navitoclax was safe and tolerable at the recommended 

phase 2 dose of 150 mg/day 7 day lead-in followed by 325 mg daily.(Wilson et al., 2010) 

Navitoclax is substantially metabolized in humans as was demonstrated in a mass balance 

study with nearly 90% of radioactivity being recovered in the feces of which ~50% was 

metabolites.(J. Yang et al., 2014) The most prominent dose-limiting toxicity of navitoclax 

is thrombocytopenia, driven by on-target inhibition of BCL-XL, which controls platelet 

turnover.(Mason et al., 2007; Wilson et al., 2010) The thrombocytopenia could be mitigated 

by at least a 7 day lead-in the majority of patients. Modest anti-tumor activity has been 

observed in phase I/II trials including patients with SCLC.(Gandhi et al., 2011; Roberts et 

al., 2012; Wilson et al., 2010)

Previously reported clinical trials using navitoclax have not reported detailed analytic 

methods for pharmacokinetic analysis. However, a preclinical method has been reported 

over the range of ~5-10000 ng/mL but lacks sample preparation and reproducibility 

and reliability details.(Choo et al., 2014) To support the continued development of this 

therapeutic agent and ongoing clinical trials in oncology, we developed and validated 

method for the determination of navitoclax in plasma using LC-MS/MS. This method 

is applicable over clinically relevant concentration ranges with short run times to allow 

for reliable, high throughput analysis. We further demonstrate the application of this 

pharmacokinetic analysis in patients receiving oral navitoclax as part of a clinical trial.

2. Experimental

2.1. Chemical and reagents

Navitoclax and the internal standard, navitoclax-d8, were purchased from Toronto Research 

Chemicals (Toronto, ON). HPLC grade acetonitrile and formic acid were purchased from 

EMD Chemical Inc. (Billerica, MA). Deionized water was obtained from the Millipore 

Milli-Q-UF filtration system (Milford, MA). All other chemicals were of molecular 

biological grade or higher and were obtained from Sigma–Aldrich (St. Louis, MO). Drug-
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free sodium heparin human plasma was purchased from Biological Specialty Company 

(Colmar, PA, USA).

2.2. Chromatography

The LC system was a Shimadzu Nexera X2 UHPLC system (Columbia, MD) with the 

autosampler operating at 5°C. Analyte separation was achieved using Waters Acquity 

UPLC BEH C18 column (50 mm × 2.1 mm, 1.7 μm, Milford, MA) at 40°C. The mobile 

phase consisted of acetonitrile-water-formic acid (70:30:0.1, v/v/v) and was delivered using 

isocratic elution at a flow rate of 0.15 mL/min for a total runtime of 3 minutes. After each 

injection, the autosampler needle was washed with 0.5 mL of acetonitrile:water (50:50, v/v).

2.3. Mass spectrometry

An AB SCIEX 4500 triple quadrupole mass spectrometer operated in positive electrospray 

ionization utilizing multiple reaction monitoring (MRM) mode. The LC and the mass 

spectrometer were controlled by the Analyst software (version 1.6.2 and greater).

The settings for the mass spectrometer were as follows: curtain gas 10 psi, collision gas 8 

psi, ion spray voltage 5500 V, probe temperature 450°C, ion source gas 1 16 psi, ion source 

gas 2 16 psi, and exit potential 10. The collision cell exit potentials were 12 for navitoclax 

and 10 for navitoclax-d8. The declustering potentials were 86 and 181 for navitoclax and 

IS, respectively. The collision energies were 19 and 43 for navitoclax and IS, respectively. 

MRM m/z transitions were the following: 487.76 → 742.06 for navitoclax and 983.12 → 
751.20 for navitoclax-d8.

2.4. Preparation of calibration standards and quality control samples

Stock solutions for navitoclax and navitoclax-d8 were prepared independently at a 

concentration of 1 mg/mL in dimethyl sulfoxide (DMSO). All stock solutions were stored at 

−20 °C. All working solutions, standards, and quality control (QC) samples were prepared 

fresh daily unless otherwise stated. Working solutions were made in acetonitrile:water (1:1, 

v/v) at the following concentrations: 125, 250, 1,250, 2,500, 5,000, 12,500, 25,000, and 

125,000 ng/mL. Working solutions (4:100, v/v) were spiked into blank sodium heparin 

human plasma to make the calibration curve at the following concentrations: 5, 10, 50, 100, 

200, 500, 1000 and 5000 ng/mL. The QC samples were made at five different concentration 

levels for validation: a lower limit of quantitation (LLOQ) 5 ng/mL, low QC 15 ng/mL, 

medium QC 400 ng/mL, and high QC 4000 ng/mL, An above upper limits of quantitation 

(AULQ) QC 40000 ng/mL was prepared and diluted 1:10 (v/v) in pooled plasma for 

quantitation. Blank and zero calibrators were also part of the standard curve and made 

from blank human plasma. QC samples were prepared as a batch and stored at −70°C for 

long-term and freeze–thaw stability.

2.5. Sample preparation

A 50 μL aliquot of plasma sample was added to a borosilicate glass test tube and mixed with 

200 μL of acetonitrile containing the internal standard (500 ng/mL of navitoclax-d8). For 

blank samples, 200 μL of acetonitrile was added in lieu of internal standard. Samples were 

vortex-mixed, centrifuged (1200 ×g for 10 minutes at ambient temperature) and transferred 
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to an autosampler vial. A volume of 5 μL was injected onto the LC-MS/MS system using a 

temperature-controlled autosampling device operating at approximately 5 °C.

2.6. Method validation

The validation of this method includes precision and accuracy, sensitivity and selectivity, 

carryover, stock and plasma stability, and freeze/thaw stability. The FDA guidelines were 

followed for all acceptance criteria.(Food and Drug Administration Center for Drug 

Evaluation and Research, May, 2018.)

2.6.1. Sensitivity and selectivity—The sensitivity of the assay was determined by the 

signal to noise ratio of the LLOQ QC from the three precision and accuracy runs. The 

selectivity of the method was evaluated using blank human heparin plasma assessing for the 

presence of endogenous or exogenous interfering peaks. The interfering peak area needed 

to be less than 20% of the peak area of the analytes at the LLOQ in blank plasma. In the 

same six lots, the plasma was spiked at the low QC concentration level. Each plasma lot was 

analyzed in triplicate and the results were acceptable if at least 50% of the QCs in each lot 

were within 85-115% of the nominal concentration.

2.6.3. Precision and accuracy—The precision and accuracy validation runs were 

performed on three consecutive days. This included a calibration curve processed in 

duplicate, QC samples at five different concentrations (LLOQ, low, medium, high, and 

AULQ QC) in quintuplicate, a single blank, and zero-level standard (blank with internal 

standard). Estimates of the inter-day precision, intra-day precision and accuracy were 

obtained.

2.6.4. Carryover—In order to determine if carryover is present after an injection of 

a sample with high navitoclax concentration, a zero-level standard (blank with internal 

standard) was injected following a 5,000 ng/mL (upper limit of quantitation (ULOQ)) 

standard in replicates of six. Next, a lower limit of quantitation (LLOQ, 5 ng/mL) standard 

was injected following a ULOQ standard in replicates of six. Carryover was deemed not 

significant if the zero-level standards are below the limit of quantitation and LLOQ samples 

are within 20% of 5 ng/mL.

2.6.4. Stability—The long-term stability of navitoclax stock solution stored at −20°C 

was determined by injecting the test stock solution compared to freshly prepared stock 

solution. Each stock was injected five times, and long-term stock stability was evaluated 

up to 13 months. Long term stability in human heparin plasma at −70°C was evaluated in 

triplicate for up to 13 months. The stability was evaluated after three freeze/thaw cycles 

by assaying QC samples that had been frozen (−70°C) and thawed on three separate days 

and comparing the results to samples that had not been thawed. The processed sample 

stability was assessed by injecting freshly prepared low and high QCs and storing at 5°C 

(autosampler temperature) for ~26 hours and reinjecting the sample.
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2.8. Assay application

To assess the applicability of the assay, we applied the method to a patient who received 

navitoclax in an ongoing Phase I clinical trial (ETCTN10070 ClinicalTrials.gov Identifier 

NCT03366103). The protocol was approved by the National Cancer Institute’s Central 

Institutional Review Board. The patient provided written informed consent.

Navitoclax was administered orally at a dose of 150 mg daily for 7 days followed by a 

dose of 250 mg daily. Navitoclax in patient plasma samples were determined using the 

validated method described above. The pharmacokinetic parameters for the navitoclax were 

estimated using noncompartmental analysis as implemented in Phoenix WinNonlin version 

8.3 (Pharsight A Certara Company, Cary, NC).

3. Results

3.1. Chromatographic separation and detection

The LC/MS/MS method was developed and validated to determine navitoclax in human 

heparin plasma. The assay was validated with a Waters Acquity UPLC BEH C18 analytical 

column. The total run time was 3.0 minutes, and the retention times for navitoclax and the 

internal standard (navitoclax-d8) were approximately 1.0 minute. The column eluent was 

diverted to waste for the first 0.6 minutes and last 0.8 minutes of each injection. Mass 

spectrometer detection was using a Sciex 4500 triple quadrupole mass spectrometer with a 

Tubro V ion source in MRM in positive electrospray mode. The mass transitions, the double 

charged molecular ion was selected as the precursor ion for navitoclax since it had better 

sensitivity in the extracted plasma samples. The internal standard was optimized for the 

single charged molecular ion.

3.2. Method validation

3.2.1. Sensitivity and selectivity—The LLOQ for navitoclax was determined to be 5 

ng/mL in three precision and accuracy runs (Table 1). No significant interferences were seen 

at the retention times for navitoclax and the internal standard for six lots of plasma (Fig. 

1). Additionally, the low QC spiked in the same six lots of plasma was within acceptance 

criteria. The average signal to noise ratio of the LLOQ was 152.8 (data not shown). Since 

the metabolites of navitoclax were unknown and not commercially available, we compared 

the ionization response of the stable label internal standard (navitoclax-d8) between the 

spiked calibration standards and QCs and the unknown patient samples. There was no 

statistically significant difference in the internal standards over analytical runs (p = 0.24; 

Fig. 2) suggesting that the unknown metabolites do not interfere with navitoclax ionization.

3.2.2. Precision and accuracy—The calibration curve for navitoclax was constructed 

from the peak area ratio of the analyte to the peak area of its internal standard (navitoclax-

d8) by using the least-squares quadratic regression analysis with 1/x2 weight for navitoclax. 

Validation experiments revealed excellent goodness of fit, with the r2 ≥ 0.99 with a 

calibration range of 5 ng/mL to 5,000 ng/mL. The average intra-day precision for low, 

medium and high quality controls ranged from 1.0% to 6.8% (Table 1). The inter-day 

precision for low, medium and high quality controls ranged from 1.7% to 6.3%. The percent 
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accuracy ranged from 98.5% to 104.9%. The intra-day precision, inter-day precision and 

percent accuracy for the 1:10 dilution AULQ quality controls were 7.4%, 7.1%, and 102.3%, 

respectively (Table 1).

3.2.3. Stability—The master stock of navitoclax in DMSO determined to be stable up for 

approximately 13 months in DMSO at −20 °C. The stability of the analyte was evaluated 

in human heparin plasma at the low and high QC level stored at −70°C and was found to 

be stable up to 34 months (Table 1). The analyte was stable in plasma for three freeze-thaw 

cycles at −70°C (Table 1). Processed samples did not meet stability acceptance criteria after 

26 hours at 5°C, with difference in mean concentration of 34.6% for low QC and 25.1% for 

high QC (threshold for acceptance ≤15%). Processed samples are considered stable for the 

length and of a precision and accuracy validation run (~2.3 hours, n=43 samples including 

calibrators and QCs).

3.2.4. Carryover—Carryover assessment was conducted to ensure accurate quantitation 

of patient samples. No peaks were detected in blank plasma following the highest calibration 

standard (ULOQ). Additionally, LLOQ QCs injected after the highest calibration standard 

all met acceptance criteria. Therefore the method results in no carryover for the analyte 

under the chromatographic conditions described in the methods.

3.3. Application of the method

The assay was capable of quantifying navitoclax in a single patient receiving a lead-in dose 

of 150 mg dose orally once daily for 7 days followed by 250 mg once daily (Fig. 3). The 

pre-treatment sample was undetectable. At steady state on Cycle 1 Day 15, the maximum 

total plasma concentration (Cmax) of 1990 ng/mL which occurred at 8.0 h with an AUCTau 

of 36.2 μg*h/mL.

4. Conclusion

An analytical assay method was developed and validated to quantify navitoclax 

concentrations in plasma. The analytical assay was shown to be robust and reproducible, 

with over 1 year stability of analyte in stock solution and in human heparin plasma. The 

method has been successfully applied to the study of plasma pharmacokinetics of navitoclax 

after its oral administration in a patient, and is being used to support the Phase I clinical trial.
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Figure 1. 
Chromatograms of plasma for navitoclax (A, B, C) and internal standard (navitoclax-d8; D, 

E, F): (A, D) blank human plasma (B, E) LLOQ (5 ng/mL), and (C, F) patient sample with 

1990 ng/mL of navitoclax.
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Figure 2. 
Comparison of the internal standard response in spiked calibration standards and QCs and 

the unknown patient samples. There was no statistically significant difference in the internal 

standards over analytical runs (p = 0.24).
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Figure 3. 
Navitoclax concentration-time profile from a single patient receiving a 7-day lead-in of 150 

mg orally once daily followed by 15 days of 250 mg orally once daily.
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Table 1.

Validation characteristics of navitoclax

LLOQ
(5 ng/mL)

Low
(15 ng/mL)

Medium
(400 ng/mL)

High
(4000 ng/mL)

AULQ
(40000 ng/mL)

n 15 15 15 15 15

Average 4.5 14.8 410 4197.8 40918

Standard Deviation 0.5 0.9 24.4 71.3 2894

Accuracy (%) 89.5 98.5 102.5 104.9 102.3

Within-day Precision (%) 7.3 6.8 5.9 1.0 7.4

Between-day Precision (%) 11.0 6.3 5.9 1.7 7.1

Plasma Stability (−70°C)

3.5 months (%) 107.5 105.2 104.3

7 months (%) 97.0 91.6 98.9

13 months (%) 99.6 90.8 95.0

Freeze-thaw cycles

3 (%) 109.4 99.7 -
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